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Novel aspects of peroxlsome composition and function In the llver 

1. The importance of peroxisomes in life is evident from the severity of peroxisome 
biogenesis disorders. 

2. Peroxisomes play a role in the enterohepatic circulation of bile salts. 
Dit proefschrift 

3. Cholesterol is required in the peroxisomal membrane for normal peroxisome biogenesis. 
Dit proefschrift 

4. The peroxisomal membrane contains caveolin-1, which is not required for peroxisome 
biogenesis. 
Dit proefschrift 

5. The involvement of the 70 kDa peroxisomal membrane protein in hepatic stellate cell 
activation suggests that it plays a role in liver fibrosis. 
Dit proefschrift 

6. Wij hebben de aarde niet als een kostbare erfenis in beheer, maar wij hebben haar van 
onze kinderen te lean. 
Claus van Amsberg 
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Mignon Mc Laughlin 
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General Introduction 



Chapter 1 

1. Liver architecture and function 

The liver is the second largest organ in the body and is involved in several essential 
physiological functions, including production of plasma proteins, carbohydrate and lipid 
metabolism, bile production and detoxification and excretion of waste products and 
xenobiotics 1• As shown in figure 1, the portal vein, hepatic artery, hepatic sinusoids and bile 
ducts are important architectural elements. The liver is composed of several different cell 
types that each have their own contribution to the variety of liver functions. 
The portal vein is the major vein that carries blood from the digestive tract into the liver, 
supplying the liver with nutrients and products of food digestion. The hepatic artery carries 
oxygenated blood to the liver. 
Hepatocytes are the predominant liver cell type and make up 70-80% of the total cellular 
mass of the liver. These cells carry out the multitude of hepatic metabolic processes, 
including carbohydrate and lipid metabolism as well as bile production and detoxification 1. 
Hepatocytes are organized in plates, which are separated by hepatic sinusoids composed of 
fenestrated endothelium. Bile is secreted from hepatocytes into bile canaliculi, which carry 
bile towards bile ducts. Bile ducts are lined by bile duct epithelial cells, also called 
cholangiocytes. Cholangiocytes alter the fluidity and alkalinity of bile by a series of 
absorptive and secretory events that lead to the final composition of bile 1•2• 

Hepatic sinusoids are lined by sinusoidal endothelial cells (SECs). SECs separate 
hepatocytes from sinusoids and control the exchange of material between the blood and the 
liver parenchyma 3.4 _ Furthermore, SECs are thought to play a role in inflammatory 
responses and antigen presentation 5• SECs and hepatocytes are separated by the space of 
Disse. Scattered between endothelial cells, Kupffer cells are liver-specific macrophages that 
play an important role in the immune system 1

. Their principal function is phagocytosis of 
(cell) debris and bacteria that may arrive from the portal blood 6 

Hepatic stellate cells (HSCs), also known as Ito cells, lipocytes, or fat-storing cells, are 
localized in the space of Disse. HSCs accumulate vitamin A in large cytoplasmic lipid 
droplets and store up to 80% of the total body supply of this essential vitamin. Furthermore, 
HSCs are involved in antigen presentation and the maintenance of liver architecture 7• 

vein 
branch 

Liver aclnus 

Figure 1. Three-dimensional structure of a liver lobule 

Bile 
canallculus 

The portal vein and hepatic artery supply the liver with nutrients and oxygenated blood respectively. Hepatic 
blood flows through sinusoids towards the central vein. Hepatocytes are organized in plates and secrete bile into 
bile canaliculi which merge into bile ducts. Hepatocytes are separated from sinusoidal endothelial cells by the 
space of Disse, which contains hepatic stellate cells. Kupffer cells are present in the sinusoids. Reprinted with 
permission from 8• 
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General introduction 

Biosynthesis and enterohepatic circulation of bile salts 

One of the major functions of hepatocytes is the biosynthesis and secretion of bile salts. 
Together with phospholipids, bilirubin, cholesterol, water and electrolytes, bile salts 
constitute bile 9• Bile salts are sinthesized from the precursor cholesterol in a complex 
cascade of enzymatic reactions 1 • The final step in this cascade is the conjugation of bile 
acids to glycine or taurine by Bile acid-coenzyme A:amino acid N-acyltransferase (BMT), 
resulting in the primary bile salts glyco- or tauro-conjugated cholic acid (GCA and TCA, Fig. 
2) or chenodeoxycholic acid (GCDCA and TCDCA, Fig. 2) 11 • 

D L H 

ltO ltO 

&,_ NH-CH2-COOH E t NH-CH2-COOH 

HO 

C 
A.o NH-CH2-CH2-S03H 

F 
A.o NH-CH2-CH2-S03H 

HO HO 

Figure 2. Chemical structure of bile salts 
The left panel shows the chemical structures of cholic acid (CA, A) and its conjugated counterparts glyco- and 
taurocholic acid (GCA, B and TCA, C). The chemical structures of chenodeoxycholic acid (COCA, D) and its 
glyco- and tauroconjugates (GCDCA, E and TCDCA, F) are shown in the right panel. 

After their biosynthesis, bile salts are exported from hepatocytes by the bile salt export pump 
(BSEP, ABCB11). BSEP is an ATP-dependent transporter that allows the efficient export of 
bile salts from hepatocytes to the bile against a strong concentration gradient 12• In the 
intestine, bile is essential for the digestion and absorption of fats and fat-soluble vitamins. 
Moreover, bile eliminates excess cholesterol and waste products from the body. Bile salts 
are reabsorbed from the terminal ileum by the apical sodium-dependent bile salt transporter 
(ASBT, SLC10A2) in the apical membrane of ileal enterocytes 13•14• Next, bile salts are 
transported from enterocytes to the blood by the heterodimeric organic solute transporter 
Osta/13 15, after which they return to the liver via the portal vein. In the liver bile salts are 
absorbed from the blood by hepatocytes. Conjugated bile salts are imported by the sodium
dependent taurocholate cotransporting polypeptide (NTCP, SLC10A 1) 16• A variable fraction 
of the bile acid pool is unconjugated due to the action of intestinal bacteria. These 
unconjugated bile salts are main� imported by organic anion transporting polypeptides 
(OATPs) of the SLC01 family 1 • The bile salt uptake by hepatocytes completes the 
enterohepatic cycle which allows re-use of this essential bile constituent (Fig. 3). This 
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enterohepatic circulation is highly efficient, reclaiming 90-95% of the intestinal bile salts. The 
fraction of bile salts that is lost via the faeces is compensated for by de nova synthesis of 
bile salts in the liver from cholesterol. In humans, it takes on average 3-4 hours for a bile salt 
to complete a full cycle. Approximately 0.5 g. of cholesterol needs to be converted to bile 
salts every day to maintain a healthy bile salt pool (reviewed in 18·19). 

Hepatocyte 

Blood 

Enterocyte 

Figure 3. Enterohepatic circulation of bile salts 

Bile 

Gut 
lumen 

Bile salts are synthesized in hepatocytes after which they are exported by the canalicu!ar bile salt export pump 
(BSEP). After passing through the small intestine, bile salts are reabsorbed in the terminal ileum by the apical 
sodium-dependent bile acid transporter (ASBT) in the apical membrane of ileal enterocytes. Bile salts are 
secreted into the blood by the heterodimeric organic solute transporter OSTa/�. In the liver, bile salts are taken 
up from the blood by the sodium-dependent taurocholate cotransporting polypeptide (NTCP) and organic anion 
transporting polypeptides (OATPs) in the basolateral membrane of hepatocytes. 

Hepatic stel/ate cells and liver disease 

In healthy liver, HSCs are in a quiescent state. In these conditions, hepatocytes and 
quiescent HSCs represent 80-90% and 5-8% of the total number of liver cells respectively. 
Morphologically, quiescent HSCs are characterized by the presence of large vitamin A
containing lipid droplets in their cytosol 7• The peroxisome proliferator-activated receptor y 
(PPARy), which reaulates fatty acid storage, is thought to be involved in the maintenance of 
HSC quiescence 2cr.21. 

Chronic liver diseases may dramatically alter the hepatic cellular composition. Hepatocytes 
die, while HSCs (and Kupffer cells) are activated and start to proliferate. During early HSC 
activation PPARy expression is strongly reduced and vitamin A-containing lipid droplets are 
lost 7·20·21 . Other hallmarks of HSC activation are the excessive secretion of cytokines, the 
increased expression of growth factor receptors and the overproduction of extracellular 
matrix proteins leading to fibrosis and ultimately cirrhosis. lntraceliularly, HSC activation is 
associated with a dramatic increase in the expression of a-smooth muscle actin (aSMA), 
leading to a strong development of stress fibers and hence HSC contractility 7• 
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Hepatic organelle function 

2. Liver peroxisomes 

General introduction 

The liver is characterized by its high metabolic 
activity. This implies the presence of many 
substrates and metabolites as well as highly 
specialized enzymes, which require an 
optimized microenvironment for their function. 
Hence, several hepatic metabolic pathways are 
compartimentalized to different subcellular 
organelles (reviewed in 10). Consequently, 
hepatocytes are packed with organelles, 
including the endoplasmic reticulum (ER), 
mitochondria and peroxisomes (Fig. 4). The ER 
is mainly involved in the de nova synthesis of 
proteins (including enzymes) and lipids 22. 
Mitochondria are the main subcellular site for 
the production of energy in the form of ATP via 
the citric acid cycle. Peroxisomes enclose a 
wide variety of different functions. Bile salt 
biosynthesis and fatty acid metabolism are the 
prototypical peroxisomal activities in 
hepatocytes. Little is known about the function 
of peroxisomes in other liver cell types, such as 
HSCs. 

Figure 4. The ER, mitochondria and peroxisomes are 
abundant organelles in hepatocytes 
Electron microscopy images were taken from freshly 
isolated rat hepatocytes. The high metabolic activity of 
hepatocytes is demonstrated by the abundance of 
organelles. The membranes of hepatocytes are 
characterized by the presence of microvilli (arrows, upper 
panel). Organelles, such as the Endoplasmic Reticulum 
(ER, arrowheads), mitochondria (#) and peroxisomes (*) 
are highly enriched in hepatocytes. Mitochondria contain 
characteristic cristae, while rodent peroxisomes are 
distinguished by their urate oxidase crystalline core 
(middle and lower panels). 

Peroxisomes are subcellular organelles present in almost every eukaryotic cell. Their name 
is derived from the presence of a variety of hydrogen peroxide (H2O2)-producing enzymes 
(oxidases). Catalase is the prototypical peroxisomal enzyme that converts the potentially 
toxic H2O2 to H2O and 02 

23·2 . 
Peroxisomes are involved in many metabolic processes. An activity present in peroxisomes 
of many different cells is the a- or �-oxidation of fatty acids. Other peroxisomal activities are 
highly organism- or tissue-specific, like methanol metabolism in yeast, photorespiration in 
plants 25 and bile salt biosynthesis in mammalian livers 26. Peroxisomes are particularly 
enriched in the liver and kidney 27, but they are present in almost all mammalian cells. The 
number of liver peroxisomes is highly dynamic. In hepatocytes, peroxisome numbers have 
been estimated at 300-500 per cell. An important peroxisomal function in hepatocytes is the 
�-oxidation of very long chain fatty acids (VLCFAs). After �-oxidative chain-shortening in 
peroxisomes, fatty acids are further metabolized in mitochondria and are used for energy 
storage or consumption. Therefore, peroxisomal �-oxidation is an essential process for the 
energy demand of the body 28. 
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Other activities of hepatocyte peroxisomes are the 13-oxidation of prostaglandins and 
leukotrienes, the a-oxidation of phytanic acid and the 13-oxidation of branched chain fatty 
acids (reviewed in 29). 
Except for their role in the catabolism of lipids, hepatic peroxisomes are also involved in 
anabolic functions, such as the biosynthesis of isoprenoids 30 and bile salts 26• 

Bile acid conjugation in hepatocytes 

Bile salts are continuously synthesized in the l iver to compensate for their faecal loss during 
the enterohepatic cycling. Bile salts are synthesized from cholesterol in a cascade of 
enzymatic reactions that are compartimentalized to different subcel lular locations; the 
cytosol, the ER, mitochondria and peroxisomes (reviewed in 10). The final step of bile salt 
biosynthesis is the conjugation of bile acids to glycine or taurine by BAAT 11 •  After their 
conjugation, bile salts need to be exported from peroxisomes to the cytosol. This transport 
activity has recently been demonstrated for peroxisomes using in vitro assays. However, the 
transporter involved remains to be Identified 31 • Cytosolic bile salts are then transported to 
the bile by ATP-driven BSEP (reviewed in 32). 

Blood 

Hepatocyte 

cholesterol 

multiple enzymatic conversions 

THCA-CoA DHCA-CoA 

Figure 5. Bile acids are conjugated in hepatocyte peroxisomes 
Bile acids are synthesized from cholesterol in a cascade of enzymatic reactions that take place in different 
subcellular organelles. The Coenzyme A (CoA)-activated bile acid biosynthesis intermediates di- and 
trihydroxycholestanoic acid (D- and THCA) are transported into peroxisomes by a yet unidentified transporter 
protein. Multiple side chain oxidation reactions lead to the production of (chenodeoxy)cholic acid, which is 
conjugated to glycine or taurine by the enzyme BAAT. After transport to the cytosol via an unknown mechanism, 
bile salts are exported by BSEP. 
Unconjugated bile acids returning from the enterohepatic circulation are taken up by NTCP or OATPs, followed 
by their FATPs mediated reactivatlon with CoA. Subsequently, CoA-activated bile acids are imported into 
peroxisomes via an unknown mechanism and conjugated to glycine or taurine by BAAT. Like in the bile salt 
biosynthesis pathway, bile salts are transported to the cytosol and exported by BSEP. 

Under normal conditions in humans, approximately one-third of the bile salt pool is 
deconjugated by intestinal bacteria on a daily basis 33• The larger part of these deconjugated 
bile salts is also reabsorbed in the intestine and transported back to the liver. Here, bile salts 
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General introduction 

are efficiently reconjugated to taurine or glycine. BM T is the only enzyme that performs this 
activity. Highly relevant is therefore the recent observation that BMT is strictly localized to 
peroxisomes in human and rat hepatocytes 34• This in contrast to previous observations that 
suggested significant amounts of BMT also to reside in the cytosol 3S-

37_ The sole 
peroxisomal localization of BM T suggests that unconjugated bile acids need to be taken up 
by peroxisomes for their conjugation and conjugated bile acids are transported out of these 
organelles to make them available for BSEP-mediated export into bile (Fig. 5). The 
importance of peroxisomal BM T in efficient glycine/taurine-conjugation of bile salts is 
supported by the observation that peroxisome-deficient Pexz1

- knockout mice seem to have 
a generalized defect in bile acid conjugation 38• However, the transit of unconjugated bile 
acids through peroxisomes to become conjugated to glycine or taurine has not been 
experimentally proven yet. 

Peroxisomes in non-parenchymal liver cells 

In contrast to the function of peroxisomes in hepatocytes, very little is known about 
peroxisome function in non-parenchymal cells. In fact, in the analysis of peroxisome function 
and characteristics from whole liver samples, the putative contribution of peroxisomes from 
other liver cell types is generally neglected. Significant but low catalase activity in Kupffer 
cells and endothelial cells was measured in rodent liver 39 and recently, the expression and 
function of catalase in HSCs was analyzed (Dunning S. et al: unpublished data). 
Remarkably, peroxisomal 13-oxidation activity could not be detected in Kupffer cells and 
endothelial cells, while this is a highly conserved activity of peroxisomes in most cell types. 
Therefore, peroxisome function in the liver may be more diverse than currently known 39• 
Peroxisomes in HSCs were found in close association with vitamin A-storing lipid droplets. 
This may suggest a role for these organelles in lipid and/or vitamin A homeostasis in these 
cells, but this has never been experimentally tested 40. 
During chronic liver diseases, the cellular composition of the liver changes drastically. The 
number of hepatocytes generally decreases, while the number of HSCs increases 7• 
Consequently, also the hepatic function of peroxisomes may change as they serve different 
metabolic activities in different cell types. At present, little is known about changes in 
peroxisome function and/or composition during liver disease and to what extend cell type
specific peroxisome function may contribute to this. 

3. Transporters of peroxisomal substrates 

Since fatty acid 13-oxidation is an important peroxisomal activity in the liver, efficient 
metabolite transport across the peroxisomal membrane is required. Peroxisomal membranes 
are impermeable for bulky solutes and metabolites, such as ATP, Coenzyme A and 
NAD(P)/H 4 1

• Therefore, substrate transporters are required for the efficient transfer of 
metabolites across peroxisomal membranes (Fig. 6). 

Members of the subfamily D of the ATP-binding cassette (ABC-)transporters are thought to 
be involved in solute transport across the peroxisomal membrane. These are the 
adrenoleukodystrophy protein (ALDP/ABCD1 42), the ALDP-related protein (ALDRP/ABCD2 
43), the 70 kDa Peroxisomal Membrane Protein (PMP70/ABCD3 44) and the PMP70-related 
protein (P70R/ABCD4 45). The peroxisomal ABC transporters are so-called half transporters. 
They contain 6 clustered membrane spanning domains and one cytosolic ATP-binding 
domain. To become active transporters they need to dimerize 42

.
46. It has been suggested 

that the peroxisomal ABC transporters can form homodimers as well as heterodimers. 
However, ALDP and PMP70 were shown to form exclusively homodimers in mouse liver 47• 
Also homodimers seem to prevail for human ALDP and PMP70, although ALDP-PMP70 
heterodimers can be formed after artificial co(over-)expression in in vitro-cultured cells 48. 

In yeast, there is compelling evidence that the two peroxisomal ABC half-transporters Pxa1 p 
and Pxa2p do heterodimerize 49 and that the Pxa1 p/Pxa2p heterodimers transport CoA 
esters of straight chain fatty acids across the peroxisomal membrane 49• 
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The transport function of mammalian peroxisomal ABC transporters is less clear. Based on 
their topology with an cytosolic ATP-binding domain,  mammalian peroxisomal ABC 
transporters most likely transport substrates into peroxisomes 42.46• Most studies have 
focused on the transport function of ALDP, which is defective in patients with X-linked 
adrenoleukodystrophy (X-ALD) 42• X-ALD patients have a reduced peroxisomal 13-oxidation 
of VLCFAs leading to an accumulation of these compounds in their body fluids and tissues. 
This suggests the involvement of ALDP in the transport of VLCFAs across the peroxisomal 
membrane 50

. The accumulation of VLCFAs is corrected by overexpression of ALDRP in 
fibroblasts of X-ALD patients as well as in vivo in Abcd1-1- mice. Therefore, ALDRP and 
ALDP may have overlapping substrate specificities 51. Overexpression of PMP70 in CHO 
cells increases the 13-oxidation of palmitic acid, but not of the VLCFA lignoceric acid 52. 
Therefore, this protein may transport LCFAs across the peroxisomal membrane 52. In 
addition, PMP70 has been suggested to be involved in the transport of branched chain fatty 
acids and bile salt biosynthesis intermediates 53

. However, conclusive evidence for these 
transport activities of PMP70 is still lacking. No data are available on the physiological 
function and putative substrates of P70R. The best characterized peroxisomal substrate 
transporter is PMP34 (SLC25A 17) 54, PMP34 transports ATP into peroxisomes, where it is 
required for the intraperoxisomal activation of fatty acids 54• 

Other putative peroxisomal substrate transporters have also been identified, including 
PMP22 (peroxisomal membrane 2, PXMP2), PXMP4 and MPV17. Although PMP22 is highly 
expressed in rat liver peroxisomes 55 its function still awaits characterization. MPV17 is 
thought to be involved in ROS metabolism 56 while the function of PXMP4 has not been 
investigated yet. 

- LCFA? 
- branched-chain FA? 
- bile salts? 

? 

? 
Figure 6. Peroxisomal substrate transporters 
The peroxisomal membrane contains four members of the ABC transporter family. Peroxisomal ABC transporters 
are so-called half-transporters and are most likely functionally active as homodimers. ALDP and ALDRP are 
thought to transport very long chain fatty acids (VLCFAs). PMP?O is suggested to transport LCFAs and might 
also be involved In the transport of branched-chain fatty acids and bile salts. The function of P?OR is currently 
unknown. In addition to ABC transporters, the peroxlsomal membrane contains the ATP transporter PMP34 and 
the proteins PMP22, MPV17 and PXMP4, which await functional characterization. 

4. Peroxisome Biogenesis 

Peroxisomes are involved in important metabolic functions. The formation and maintenance 
of a sufficient population of these organelles is therefore essential for normal cellular function 
and physiology. This is demonstrated by the existence of a spectrum of diseases that are 
caused by a defect in peroxisome biogenesis. This spectrum includes Zellweger Syndrome, 
rhizomelic chondrodysplasia punctata, and Refsum disease 57• These diseases are caused 
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by mutations in PEX genes that encode proteins called peroxins. Peroxins are required for 
the biogenesis of peroxisomes. In this process, peroxins are essential for the delivery of 
peroxisomal matrix and membrane proteins as well as peroxisome growth and division 
(proliferation) 58• Enzymes that are destined for the peroxisomal matrix are synthesized in 
the cytosol and post-translationally imported into peroxisomes. Most of the peroxisomal 
matrix enzymes contain a conserved tripeptide at their C terminus (S/A-K/R-UM), the so
called peroxisomal targeting signal type I (PTS1 ), which is required for their correct 
intracellular sorting 59. Alternatively, some peroxisomal matrix enzymes contain a 
peroxisomal targeting signal close to their N-terminus (R-UI-X5-H-L; PTS2) 60. 

PTS1 proteins are directed to peroxisomes by the peroxin Pex5p 61 . Pex5p picks up its cargo 
in the cytosol and the cargo-loaded Pex5p interacts with a docking complex containing 
Pex1 3p and Pex14p at the peroxisomal membrane. The (transient) interaction of Pex1 3p 
with Pex14p and Pex5p is required for the translocation of peroxisomal matrix proteins 
across the membrane 62. The actual translocation of cargo-loaded Pex5p across 
peroxisomal membranes involves the importomer, that consists of at least the peroxins 
Pex2p, Pex1 Op and Pex12p 63. In yeast, the importomer consists of a Pex2p, Pex1 Op and 
Pex12p subcomplex, a Pex13� Pex14p and Pex17p subcomplex as well as the bridging 
proteins Pex3p and Pex8p . Although detailed knowledge about the exact import 
mechanism is currently lacking, it is known that peroxisomal matrix proteins do not require 
unfolding during their import and Pex5p is not released from its cargo until the peroxisomal 
matrix is reached 65·66. At the end of the import pathway, Pex5p is transported back to the 
cytosol at the expense of ATP 67 (Fig. 7). 
The peroxins Pex3p, Pex16p and Pex19p are essential for sorting of peroxisomal membrane 
proteins 68·69. Pex19p functions as a cytosolic receptor that is required for the targeting 
and/or correct assembly of peroxisomal membrane proteins (PMPs) to/in the peroxisomal 
membrane 70

•
71. Pex3p functions as an anchor for the cargo-loaded Pex 19p complex at the 

peroxisomal membrane 72 (Fig. 7). 

Peroxisome Proliferation 

In rodents, proliferation of peroxisomes is induced by ligand-induced activation of PPARa 73• 
PPARa is predominantly expressed in the liver and stimulates fatty acid catabolism 74. 
Several genes involved in peroxisomal P-oxidation, including acyl-CoA oxidase (AOX), are 
known PPARa target genes 75 
Other members of the PPAR family include PPARPRi and PPARy. PPARP/i5 activation in the 
liver decreases hepatic �lucose output, thereby contributing to improved glucose tolerance 
and insulin sensitivity . PPARy, which regulates fatty acid storage, is predominantly 
expressed in adipose tissue, as wells as in macrophages, muscle and liver (in quiescent 
stellate cells) 77• PPARP/i5 and PPARy were initially thought not to be involved in peroxisome 
proliferation, althou�h recent data suggest that PPARy may regulate the expression of the 
peroxin Pex1 1cf 

78• . Pex11 p plays a key role in the division and proliferation of mature 
peroxisomes 8 and is a PPARa target gene 81• The number of peroxisomes is dramatically 
decreased in Pex11  p-1- mice, while the induction of Pex11 p expression by the PPARa 
aaonist clofibrate leads to a significant increase in peroxisome numbers in rat hepatocytes 
81';1!2 
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Figure 7. Peroxisome biogenesis 

peroxisomal 

membrane 

peroxisomal 

matrix 

Peroxisomal matrix proteins are synthesized in the cytosol and co-translationally transported into peroxisomes. In 
the cytosol, they are bound by the receptors Pex5p or Pex7p. For its peroxisomal targeting, Pex7p requires the 
long isoform of Pex5p (Pex5pl). At the peroxisomal membrane, Pex14p is the initial docking site for cargo
loaded Pex5p. Translocation across the peroxisomal membrane requires the interaction between Pex13p and 
Pex14p and the so-called lmportomer, which consists of at least Pex2p, Pex10p and Pex12p. In the peroxisomal 
matrix, Pex5p releases its cargo and is transported back to the cytosol at the expense of ATP. Peroxisomal 
membrane proteins require Pex19p for their peroxisomal targeting. Pex3p functions as an anchor in the 
peroxisomal membrane to facilitate the docking of Pex19p and correct membrane insertion of peroxisomal 
membrane proteins. The exact role of Pex16p in the assembly of peroxisomal membranes is currently unknown. 
The peroxisomal membrane protein Pex1 1 p is required for the division and proliferation of mature peroxisomes. 

Lipid components of the peroxisomal membrane 

In contrast to the rapidly increasing knowledge about the proteome of peroxisomes and the 
individual functions of peroxins and biosynthetic enzymes, very little is known about the lipid 
components and their putative role in peroxisome function and/or biogenesis. Only few 
studies have been performed on the lipid composition of peroxisomal membranes. 
Reviewing the limited data about the lipid composition of the peroxisomal membrane 
suggests that it is not substantially different from the ER or the mitochondria. The main lipid 
component of the peroxisomal, ER and mitochondrial membrane are phospholipids (Table 
1 ), in particular phosphatidylcholine (PC) and phosphatidylethanolamine (PE). These 2 
phospholipids make up over 90% of all peroxisomal membrane lipids as they do in the ER 
and mitochondria. The relative amounts of phosphatidylinositol (Pl) and phosphatidt;lserine 
(PS) may be somewhat lower in the peroxisomal membrane compared to the ER 8 

·55_ The 
membranes of �eroxisomes, ER and mitochondria contain low, but significant, amounts of 
cholesterol 85

·
87

-
9. This is in contrast to plasma-, Golgi- and endosomal membranes, in which 

cholesterol represents 30-40 % of the total membrane lipid pool 85• The presence and/or 
concentration of sphingomyelin in the peroxisomal membrane is not clear. Hardeman et al., 
reported that the peroxisomal membrane contained up to 4% sphingolipids. However, this 
was not confirmed by other reports 83

•90• The mitochondrial membrane is characterized by 
the presence of cardiolipin, a lipid that is unique for mitochondria and thus not present in the 
peroxisomal and ER membrane 83·90. 
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Table 1. Lipid composition of peroxisomal, ER and mitochondrial membranes 
Summary of Pub-Med accessible publications on the lipid composition of the membranes of peroxisomes, the ER 
and mitochondria 

peroxisomes Endoplasmic mitochondria tissue/species reference 
Reticulum 

ratio 257 nmol/mg 575 nmol/mg 232 nmol/mg rat liver Hardeman et al 1990 
phospholipids/ 151 nmol/mg 200 nmol/mg 141 nmol/mg rat liver Contreras et al 2000 
organelle protein 
ratio 204 nmol/mg rat liver Fujiki et al 1 982 
phospholipids/ 1054 nmol/mg 1 050 nmol/mg 1 1 80 nmol/mg rat liver Hardeman et al 1 990 
membrane protein 729 nmol/mg mouse liver Crane and Masters '86 

1 75 µg/mg 303 µg/mg 143 µg/mg S. cerevisiae Schneiter et al 1999 
PhOSl!h!!lil!ids 

PC 56 % 55 % 42 % rat liver Hardeman et al 1990 
60 % rat iiver Yang et al 2003 

50-60 % mammalian cells Holthuis et al 2005 
73 % mouse liver Crane and Masters '86 

58 % 40 % rat liver Van Meer 1989 
PE 28 % 18  % 29 % rat liver Hardeman et al 1990 

38 % rat liver Yang et al 2003 
25 % mammalian cells Holthuis et al 2005 
18  % mouse liver Crane and Masters '86 
22 'lo 35 % rat liver Van Meer 1989 

PS 3 'lo 7 'lo 7 % rat liver Hardeman et al 1 990 
0.6 % rat liver Yang et al 2003 

2.9 % 0.9 % rat liver Van Meer 1989 
Pl 5 'lo 1 1  % 4 % rat liver Hardeman et al 1 990 

1 .4 % rat liver Yang et al 2003 
10  'lo mammalian cells Holthuis et al 2005 
10 'lo 4.6 % rat liver Van Meer 1989 

Cholesterol 1 2  nmol/mg protein 17 nmol/mg protein 16 nmol/mg protein rat liver Contreras et al 2000 
5 % mammalian cells Holthuis et al 2005 

"some" "some" "some" rat liver Fujiki et al 1982 
"some" "some" "some" mammalian cells Appelkvist & Oallner '87 

Sphingomyelin 4 % 4 'lo 1 ,6 % rat liver Hardeman et al 1990 
2.5 % 0,5 'lo rat liver Van Meer 1989 

Cardiolipln none none 7.6 'lo rat liver Hardeman et al 1990 
17.8 % rat liver Van Meer 1989 

The role of membrane microdomains in peroxisome biogenesis 

The fact that peroxisomal membranes contain significant amounts of cholesterol, and 
possibly also small amounts of sphingomyelin, opens the possibility that these lipids form 
specialized lipid microdomains. Such lipid microdomains, also called lipid rafts are well
known for their presence in plasma membranes 91·92. Biochemically, lipid rafts are 
characterized by their insolubility in non-ionic detergents (typically Triton X-100) at low 
temperatures and their subsequent buoyancy in sucrose flotation gradients. The first type of 
rafts identified were caveolae, which are characterized by the presence of the protein 
caveolin-1 93. Lipid rafts are protein sorting platforms involved in several functions, including 
signal transduction and organization of the cytoskeleton 91•94. Moreover, the activity of 
substrate transporters such as Multidrug Resistance Protein 1 (MDR1/ABCB1), Multidrug 
Resistance-Associated Protein 1 (MRP1) and Breast Cancer Resistance Protein (BCRP) is 
regulated by their association with lipid rafts 95. In recent years, lipid rafts have also been 
identified in organellar membranes including the ER 96 and mitochondria 97• Remarkably, 
PMP70 97·98 and ALDP 98 were recently also detected as putative lipid raft-associated 
proteins in human Hela cells and rat liver respectively. This may suggest that lipid rafts also 
exist in peroxisomal membranes. In fact, pre-peroxisomal vesicles in the yeast Y. /ipolytica 
were already shown to contain ergosterol- and ceramide-rich (ECR) microdomains. These 
ECR domains resist solubilization by non-ionic detergents and serve the fusion of 
peroxisomes 99 . It is therefore conceivable that also liver peroxisomes may contain lipid rafts 
in their membrane. The identification and detailed characterization of lipid microdomains in 

17 



Chapter 1 

the mammalian peroxisomal membrane may reveal the importance of specific lipids in 
peroxisome function and/or biogenesis. 

Scope of this thesis 

The aim of this thesis is to obtain proof for the "extended" enterohepatic cycle of 
(unconjugated} bile salts through hepatocyte peroxisomes, to characterize peroxisome 
functions in fibrosis-causing hepatic stellate cells and to analyze the presence and function 
of lipid microdomains in hepatocyte peroxisomes. 

In chapter 2, we developed a novel in vitro assay to analyze transcellular and intracellular 
transport as well as conjugation of bile salts. Primary rat hepatocytes are exposed to 
deuterium-labeled cholic acid {D4CA) and, in time, samples from the medium and cells are 
analyzed for the presence of (conjugated) D4-bile acids. In addition, the presence of 
(conjugated) D4-bile acids in purified peroxisomes is determined. 

In chapter 3, we analyzed the presence and subcellular location of the peroxisomal marker 
proteins catalase, Pex14p, ALDP and PMP70 in activated HSCs. In healthy livers, HSCs are 
fat-loaded, vitamin A-storing cells. During chronic liver disease, HSCs become activated, 
lose their fats and vitamin A, and produce excessive extracellular matrix leading to fibrosis. 
We analyzed whether these peroxisomal proteins play a role in the transdifferentiation 
process of HSCs. 

In chapter 4, we examined whether the human peroxisomal membrane contains lipid rafts 
and if protein-lipid interactions play a role in the biogenesis of these organelles. Standard 
lipid-raft isolation procedures were applied to human HepG2 cells (hepatocyte cell line) and 
the co-purification of peroxisomal proteins was determined. Cholesterol-depletion/repletion 
experiments were performed to analyse its effect on the sorting of peroxisomal proteins. 

In chapter 5, we analyzed whether hepatocyte peroxisomes contain the protein caveolin-1 . 
In the plasma membrane, caveolin-1 strongly interacts with cholesterol to form caveolae, 
which are a subtype of l ipid rafts. The subcellular location of caveolin-1 in hepatocytes is not 
well established and a possible peroxisomal location has never been addressed. We 
combined immunofluorescence microscopy with biochemical approaches to firmly establish 
the subcellular location of caveolin-1 in hepatocytes. 

Overall , the aim of this thesis is to determine the function and composition of peroxisomes in 
different liver cell types, with special focus on transport processes across the peroxisomal 
membrane. 
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Chapter 2 

ABSTRACT 

Introduction: Bile acid-CoA:amino acid N-acyltransferase (Baat) conjugates bile salts to 
glycine or taurine, which is the final step in bile salt biosynthesis. In addition, Baat is required 
for reconjugation of bile salts in the enterohepatic circulation. Recently, we showed that Baat 
is a peroxisomal protein, implying shuttling of bile salts through peroxisomes for 
reconjugation. However, the subcellular location of Baat remains a topic of debate. The aim 
of this study was to obtain direct proof for reconjugation of bile salts in peroxisomes. 

Methods: Primary rat hepatocytes were incubated with deuterium-labeled cholic acid 
(04CA). In time, media and cell samples were collected and the levels of 04CA, 04-tauro-CA 
(04 TCA) and 04-glyco-CA (04GCA) were quantified by liquid chromatography-tandem mass 
spectrometry (LC/MS/MS). Subcellular accumulation of 04-labeled bile salts was analyzed 
by digitonin permeabilization assays and subcellular fractionation experiments. 

Results: Within 24 hours, cultured rat hepatocytes efficiently (> 90%) converted and 
secreted 100 µM 04CA to 04 TCA and 04GCA. The relative amounts of 04 TCA and 04GCA 
produced were dependent on the presence of glycine or taurine in the medium. Treatment of 
04CA-exposed hepatocytes with 30-150 µg/ml digitonin led to the complete release of 04CA, 
D4GCA and Gapdh (cytosolic marker). Full release of 04TCA, catalase and Baat was only 
observed at 500 µg/ml digitonin, indicating the presence of D4TCA in membrane-enclosed 
organelles. 04 TCA was detected in fractions of purified peroxisomes, which did not contain 
04CA and D4GCA. 

Conclusion: We established a novel assay to study conjugation and intra- and trans-cellular 
transport of bile salts. Using this assay, we show that cholic acid shuttles through 
peroxisomes for taurine-conjugation. 
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INTRODUCTION 

Bile salts are synthesized in the liver and are a major component of bile and the driving force 
of bile flow. In the intestine, bile is crucial for the digestion and absorption of fats and fat
soluble vitamins. Furthermore, bile is involved in the elimination of excess cholesterol and 
waste products from the body. In the terminal ileum, bile salts are efficiently reabsorbed and 
transported back to the liver via the portal vein. The enterohepatic circulation of bile salts is 
highly efficient, returning 90-95% of the intestinal bile salts back to the liver. Import and 
export of bile salts in hepatocytes and enterocytes is mediated by transmembrane substrate 
transporters 1 . 

The portion of bile salts that is lost via the faeces is replenished by de nova bile salt 
synthesis from cholesterol in the liver. Hepatic bile salt synthesis involves at least 13 
different enzymes that are located in different subcellular compartments, including the 
endoplasmic reticulum (ER), mitochondria, peroxisomes and the cytosol . De nova bile salt 
biosynthesis requires three main types of modifications of the cholesterol backbone: (i) 
hydroxylation of the steroid nucleus, (ii) shortening of the side chain and (iii) 
conjugation/amidation of glycine or taurine to the side chain.  The last two modifications take 
place in peroxisomes 2• Bile acid-coenzyme A:amino acid N-acyltransferase (BAAT) is the 
key enzyme catalyzing the third and final modification of bile salts before they enter the 
enterohepatic cycle 3• The activity of BAA T remains crucial also during enterohepatic cycling 
of bile salts. A significant amount of bile salts is deconjugated by intestinal bacteria. In  
healthy humans, approximately one-third of  the bile salt pool may undergo deconjugation on 
a daily basis 4. Unconjugated bile salts are reabsorbed in the enterohepatic circulation and 
transported back to the liver for their reconjugation. Bile salt reconjugation is a very efficient 
process, which is also demonstrated by the fact that more than 97% of the therapeutic bile 
salt ursodeoxycholate (UDCA) is conjugated to taurine or glycine after one single pass 
through isolated perfused rat livers 5• Unconjugated bile salts entering the hepatocyte are 
first activated with coenzyme A (CoA) by the fatty acid transport protein 5 (FATPS; 
SLC27A5). FATPS is exclusively expressed in the liver and resides at the basolateral 
membrane, a logical cellular position to CoA-activate incoming bile salts 6•7 . CoA-activated 
C24 bile salts are the substrate for BAAT. Until recently it was assumed that a cytosolic pool 
of BAAT was involved in reconjugating the recycling pool of unconjugated bile salts. This 
was concluded from the fact that in subcellular fractionation experiments BAA T was detected 
in both the peroxisomal and the cytosolic fractions 5·10. However, peroxisomes are very 
fragile organelles during these procedures and over 80% of true peroxisomal proteins may 
leak out and end up in the soluble fraction designated "cytosolic proteins" 1 1

• Therefore, other 
experimental approaches are required to firmly establish the subcellular location of proteins 
that are expected to reside in peroxisomes. We recently applied digitonin permeabilization 
assays and immunofluorescence microscopy on endogenous and GFP-tagged BAA T/Baat 
and observed that this protein is predominantly, if not solely, present in peroxisomes of 
hepatocytes 12• An exclusive peroxisomal location of BAAT implies that CoA-activated 
unconjugated bile acids need to be transported into peroxisomes, followed by glycine/taurine 
conjugation and export out of  these organelles. Since it is technically impossible to exclude 
the possibility that very small amounts of Baat are cytosolic and sufficient to perform the 
reconjugation of unconjugated bile salts, we sought further proof for the transit of 
unconjugated bile salts through peroxisomes. 

In order to demonstrate the transit of unconjugated bile salts through hepatocyte 
peroxisomes, we established a novel assay that allows their detection in these organelles. 
Rat hepatocytes were exposed to deuterated cholic acid (D4CA) to allow discrimination 
between exogenously-added and endogenously-produced bile salts. In time, the 
concentrations of taurine- and glycine-conjugated D4CA in cells and medium were 
determined. At peak intracellular accumulation of D4 TCA and D4GCA, digitonin 
permeabilization assays and cell fractionation experiments were performed. Our data show 
for the first time that unconjugated bile salts shuttle through peroxisomes for their 
conjugation to taurine. 
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MATERIALS AND METHODS 

Animals 
Specified pathogen-free male Wistar rats (220-250 g) were purchased from Charles River 
Laboratories Inc. (Wilmington, MA, USA). They were housed under standard laboratory 
conditions with free access to standard laboratory chow and water. Experiments were 
performed following the guidelines of the local Committee for Care and Use of laboratory 
animals. 

Primary cells and culture conditions 
Rat hepatocytes were isolated and cultured in William's medium E as described previously 
13. Cells were cultured in a humidified incubator at 37 •c and 5% CO2• Hepatocyte viability 
and purity were more than 90%. 

Uptake and conversion of deuterated cholic acid by primary rat hepatocytes 
Primary rat hepatocytes were plated at a density of 1.0 x 105 cells/cm2

. After a 24 hour 
attachment period, cells were incubated with 25, 100 or 300 µM [2,2,4,4-D]Cholic acid 
(D4CA; isotopic purity 98%, ISOTEC, Miamisburg, OH, USA) for 0 to 24 h. For taurine or 
glycine conjugation preference assays, hepatocytes were cultured in minimal essential 
medium (MEM, lnvitrogen, Breda, The Netherlands) lacking both glycine and taurine, 
supplemented with 666 µM glycine (Sigma-Aldrich, St. Louis, MO, USA) and/or 666 µM 
taurine (Sigma-Aldrich) for 24 h in the presence of 100 µM D4CA. At indicated time points, 
media and cells were collected followed by either subcellular fractionation or immediate 
storage at -20° C. 

Subcellular fractionation and isolation of peroxisomes 
The subcellular fractionation and isolation of peroxisomes from rat liver was performed as 
described previously 14 using PEG1500-containing homogenization buffer (isolation medium-
3) with minor modifications. Briefly, peroxisomes were purified from the 500 x g supernatant 
(post-nuclear supernatant) using Nycodenz density gradient centrifugation according to the 
method described by Verheyden et al. 15. The Nycodenz gradient consisted of 56% (2 ml), 
45% (3 ml), 30% (15 ml) and 18% (5 ml) discontinued layers. A vertical rotor was used 
(Sorvall, SV288, Thermo Fisher Scientific, Waltham, MA, USA) at 20,000 rpm, 2 hours at 4 
•c in a slow acceleration/deceleration mode. Equal volumes of all supernatants, pellets and 
gradient fractions were either analyzed by western blotting or further purified for mass 
spectrometry. 

Digitonin Assay 
Digitonin assays were performed as previously described 12. Equal volumes of supernatant 
and pellet fractions were analyzed by western blotting or further processed for mass 
spectrometry. 

Quantification of apoptotic cell death. 
Caspase-3 activity was analyzed as described previously 16. The arbitrary fluorescence unit 
(AFU) was corrected for the amount of total protein in the cell lysate. 

SOS-PA GE and western blotting. 
Protein samples were separated by SOS-PAGE and analyzed by western blotting according 
to established procedures 12. Protein concentrations were determined using the Bio-Rad 
Protein Assay system (Bio-Rad, Hercules, CA, USA) using bovine serum albumin as 
standard. Primary antibody dilutions used in this study are shown in Table 1. Proteins 
signals were detected and quantified in a ChemiDoc XRS system (Bio-Rad). Protein band 
intensities were quantified using Quantity One software (Bio-Rad). 

Purification of bile salts for mass spectrometry 
Media samples (0.1-1.5 ml) from D4CA-exposed hepatocytes were collected at indicated 
time points and diluted 1,000-fold in an internal standard (IS) solution (containing 100 ng/ml 
each of CA, TCA, GCA in H20). Hepatocytes were washed twice in 1x ice-cold HBSS buffer 
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{lnvitrogen), scraped in 250 µL 75% (v/v) methanol and 1,000 x diluted in IS solutions. 
Digitonin assay samples (1 ml, both representing supernatant and pellet fraction) were 
diluted 200 x in IS solutions. Nycodenz gradient fractions were 1,000 x diluted in IS 
solutions. Reversed phase C1 8 columns (Sep-Pak C1 8 cartridge; Waters, Milford, MA, USA) 
were pre-washed with 5 ml 10% (v/v) acetone and then washed with water (5ml) using a 
vacuum manifold. Subsequently, the columns were activated with 100% methanol and then 
conditioned with water (5 ml). The IS-containing samples of the media, cells or gradient 
fractions were loaded onto the columns (5 ml) and washed with 10 ml water. The columns 
were then washed with 10% methanol (5 ml) and the bile salts were eluted with 5 ml 75% 
methanol. 

LC/MS/MS analysis of bile salts 
LC/MS/MS analysis was performed using a triple quadrupole mass spectrometer API 3000 
(Applied Biosystems, Foster City, CA, USA) operating with an ESI ionization source in the 
negative mode. A capillary voltage of -4500V and a source temperature of 400°C were used. 
The declustering potentials were -96 V, -101 V and -100 V for (D4)TCA, (D4)CA and 
(D4)GCA, respectively. Due to the lack of any specific and stable fragment ions, detection of 
CA and D4CA was performed using single ion monitoring at m/z 407 and m/z 41 1 
respectively. Detection of GCA, D4GCA, TCA and D4TCA was performed using the selected 
reaction-monitoring mode. The transitions of the deprotonated molecules to their 
corresponding product ions were recorded at m/z 464.2 '7 73.9 (GCA), m/z 468.2 7 73.9 
(D4GCA), m/z 514.1 7 79.9 {TCA) and m/z 518.1 7 79.9 {D4 TCA). The collision energy 
used was -114 eV for TCA and D4TCA and -72 eV for GCA and D4GCA. For the 
chromatographic separation, two LC-200 HPLC pumps (Perkin-Elmer, Waltham, MA, USA) 
coupled to a series 200 autosampler (Perkin-Elmer) were used, all of them controlled by the 
mass spectrometer data system. Chromatography was performed with a Luna C18(2) 
(Phenomenex, Torrance, CA, USA) analytical column (50x2.0 mm; particle size 3 µm) in 
combination with a frit filter (Upchurch Scientific Inc, Oak Harbor, WA, USA). Ultra pure 
water and acetonitrile were used as mobile phases A and B, respectively. The initial mobile 
phase was ultra pure water:acetonitrile 60:40 v/v % which was kept constant for 2.5 minutes. 
Subsequently, the solvent was changed to 30:70 v/v in 1 minute and was kept constant for 2 
minutes. In the next step, the solvent was changed to 10:90 v/v % in 0.5 minute, and kept 
constant for 2 minutes. Finally, the solvent was changed to the initial composition and was 
kept constant for 4.5 minutes. Column flow was 0.2 ml/min and was introduced into the mass 
spectrometer without splitting. 

Calculation and interpretation of LC/MS/MS data 
The area under the curve (AUC) for the D4-labelled bile salts was determined and the 
concentration was calculated by using the ALIC of the corresponding unlabeled bile salt 
(internal standards). All values were corrected for the natural occurring amounts of (D4) 
stable isotopes in the IS. 
For the calculation of intracellular bile salt concentrations, the cellular volume of one million 
hepatocytes was estimated at 20 µL as reported by others 11•22• 

Statistical analysis 
All numerical results are reported as the mean of at least 3 independent experiments ± 
standard error of the mean. 

Table 1 :  Antibody dilutions for western blotting 

Antibody Dilution Company 

Rabbit a-PMP70 1 : 1 ,000 Sigma-Aldrich, SI. Louis, MO, USA 
Rabbit a-Baal 1 :2,000 Generous gift of Prof. C. Falany, Birmingham, AL, USA 8 

Rabbit a-catalase 1 :2,000 Calbiochem, La Jolla, CA, USA 
Mouse a-cytochrome C 1 :2,000 BD Biosciences, Franklin Lakes, NJ, USA 
Mouse a-Gapdh 1 : 1 0,000 Calbiochem, La Jolla, CA, USA 
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RESULTS 

In vitro cultured rat hepatocytes efficiently convert exogenously added cholate to 
taurocholate and glycocholate 
Our first aim was to determine the rate and specificity by which primary rat hepatocytes 
convert exogenously added cholic acid (CA) to tauro- and/or glycocholic acid (TCA and 
GCA, respectively). Overnight-attached hepatocytes were exposed to deuterated cholic acid 
(D4CA). We used three different D4CA input concentrations (25, 100 and 300 µM) and 
collected cells and media after 3 and 24 h of incubation (Fig. 1A). D4TCA and D4GCA and 
the input-bile salt (D4CA) were readily detectable in the medium after 3 h of incubation with 
all 3 D4CA starting concentrations (Fig. 1A). D4CA concentrations were clearly below input 
levels (7, 60 and 225 µM for an input of 25, 100 and 300 µM, respectively) indicating active 
conjugation, but not yet full conversion, of this bile salt by cultured rat hepatocytes. The 
detection of D4TCA (6, 10 and 10 µM, respectively) and 04GCA (6, 15 and 15 µM, 
respectively) in the medium indicates that D4CA is taken up, CoA-activated, taurine/glycine 
conjugated by and exported from the hepatocytes. After 24 h, D4CA was absent in medium 
of cells exposed to 25 µM. Instead, D4TCA (12 µM) and D4GCA (10 µM) were detected in 
these samples. Only small amounts (5 µM) of D4CA were detected with significant amounts 
of D4TCA (23 µM) and D4GCA (68 µM) in the medium of hepatocytes exposed for 24 h to 
100 uM D4CA. After 24 h, 70 µM D4CA, 40 µM D4TCA and 160 µM D4GCA were detected in 
medium of hepatocytes initially exposed to 300 µM D4CA. 

Strong intracellular accumulation of taurocholate and glycocholate in cholate
exposed rat hepatocytes 
Simultaneously with the media samples, hepatocytes were collected in order to determine 
intracellular bile salt accumulation. One million hepatocytes were harvested that, according 
to previous reports, represent a cellular volume of 4 to 20 µL 11·22. For our calculations, we 
used 20 µL for 1 million hepatocytes as a conservative measure of the intracellular bile salt 
concentration. After 3 hours incubation with D4CA, a strong intracellular accumulation of D4-
labelled bile salts was detected (Fig. 1B). D4TCA concentrations were approximately 200 µM 
for all 3 conditions, while D4GCA levels (120, 400 and 600 µM, respectively) were highly 
dependent on the initial concentration of D4CA added (25, 100, 300 µM, respectively). D4CA 
was undetectable in cells exposed to 25 µM D4CA, while cellular concentrations of this bile 
salt (80 and 310 µM, respectively) were close to the input levels of the other conditions (100 
and 300 µM respectively). After 24 h, the cellular concentrations of all these bile salts were 
strongly reduced again (Fig. 18). To study the dynamic changes in intracellular and 
extracellular D4-bile salts, hepatocytes were exposed to 100 µM D4CA and medium and 
hepatocytes were harvested at additional time points from 5 minutes to 24 h (Fig. 1C and D). 
Medium concentrations of conjugated D4-bile salts rapidly increased in the first 6 h (20 µM 
D4TCA and 60 µM D4GCA). Almost complete conversion of D4CA to D4TCA and D4GCA was 
observed after 24 h. Maximum intracellular accumulation of D4TCA (200 µM) and D4GCA 
(400 µM) was detected after 3 h exposure to D4CA. Thereafter the level of these bile salts 
gradually decreased again. Notably, in the first hour, only D4 TCA was detected in 
hepatocytes, while D4GCA started to appear after 1 h and increased to higher levels 
compared to 04 TCA (Fig. 1 D). 
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Figure 1. Unconjugated bile acids are efficiently converted by rat hepatocytes to their taurine and glycine 
conjugates in vitro 

Primary rat hepatocytes were incubated with either 25, 100 or 300 µM 04CA for 3 or 24 h. At indicated time 
points, media (A) and cells (B) were collected. To study the dynamic changes in intracellular and extracellular 04-
bile salts, hepatocytes were exposed to 1 00 µM 04CA and medium (C) and cells (D) were harvested at additional 
time points from 5 minutes to 24 h. 04-bile salts were purified and quantified relative to the internal standards. 

D4-CA does not induce apoptotic cell death in cultured rat hepatocytes 
As specific bile salts may induce apoptotic cell death at concentrations above 50 µM 
(especially glycochenodeoxycholate, GCDCA 23), we analyzed the caspase-3 activity in 
cultured rat hepatocytes exposed to 100 µM D4CA (Fig. 2). After 3 hours of incubation with 
100 µM D4CA, we observed only a minor increase in caspase-3 activity (two-fold induction), 
while 100 µM D4GCDCA induced a very strong apoptotic response (17-fold induction). Also 
no significant necrotic cell death was observed after 24 h incubation with 1 00 µM D4CA 
(results not shown). 
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Figure 2. Incubation of rat hepatocytes with 100 µM 
D4CA for 3 hours does not induce apoptosis 
Primary rat hepatocytes were incubated with either 100 
µM 04CA or 1 00 µM 04GCDCA for 3 h. Caspase-3 activity 
was determined and corrected for total protein amounts in 
the cell lysates. Results are presented as fold induction of 
caspase-3 activity compared to untreated control 
hepatocytes, which are set to 1 .  
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Taurine is the preferred substrate for conjugation to cholate in rat hepatocytes 
Taurine-conjugated bile salts predominate the bile salt pool in rats. It was therefore 
surprising to see that very high levels of D4GCA were detected both intracellularly and in the 
medium of D4CA-exposed rat hepatocytes, especially at the later time points. However, the 
standard culture medium for rat hepatocytes (Williams' E medium) contains very high levels 
of added glycine (666 µM) with no additional taurine present. To determine whether the 
presence of glycine and taurine in the medium affects the produced amounts of tauro- and 
glyco-conjugated D4 bile salts, we exposed rat hepatocytes for 24 h to 100 µM D4CA in 
minimal medium with or without the addition of 666 µM glycine and/or taurine (Fig. 3). When 
only glycine or taurine is present in the culture medium, a clear preference of conjugation of 
O4CA to these amino acids is observed, in both the extracellular (Fig. 3A) and intracellular 
fractions (Fig. 3B) of D4-labelled bile salts. In the absence of glycine and taurine in the 
medium, still significant amounts of D4GCA (30 µM) and D4 TCA (5 µM) became detectable 
in the medium after 24 h. When glycine and taurine are both present in excess in the 
medium, a clear preference of rat hepatocytes for taurine conjugation of D4CA (70 µM 
D4 TCA and 2 µM D4GCA) was detected (Fig. 3). These data show that the availability of 
glycine and taurine strongly affects the conjugation profile of bile salts by rat hepatocytes, 
with a high preference for taurine-conjugation. 
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Figure 3. Rat hepatocytes prefer taurine over glycine as a substrate for bile salt conjugation 
Primary rat hepatocytes were incubated for 24 h with D4CA in Minimal Essential Medium in the absence or 
presence of 666 µM taurlne, glycine or both amino acids. Media (A) and cells (B) were collected, followed by bile 
salt purification and analysis as specified in Fig 1 and Material and methods. 

Selective membrane permeabilization of rat hepatocytes reveals peroxisomes as bile 
salt accumulation sites 
During the first 3 h of incubation with D4CA, we observed a progressive intracellular 
accumulation of conjugated D4-labelled bile salts. In our model (see chapter 1, fig. 4 ), these 
bile salts may accumulate in peroxisomes or in the cytosol. To determine in which 
intracellular compartment D4-labelled bile salts accumulate, we performed digitonin 
permeabilization assays on rat hepatocytes exposed for 3 h to D4CA and cultured in 
William's E medium. Under these conditions, the intracellular concentrations of D4 TCA and 
D4GCA are approximately 200 µM and 400 µM, respectively (see Fig. 1 ). Low concentrations 
of digitonin (30 µg/ml) disrupt the plasma membrane and the cytosol (Gapdh is presented 
as marker) is released from the cellular fraction (Fig. 4A). As expected, D4CA Is fully 
released from hepatocytes at this concentration (Fig. 4B). Peroxisomes show more 
resistance to digitonin permeabilization (due to their lower cholesterol content) and are only 
fully permeabilized at 500 µg/ml with only a partial release at 30 and 150 µg/ml of the 
peroxisomal marker protein catalase (Fig. 4A). The digitonin extractability of D4 TCA lies 
exactly in between the profile for Gapdh and catalase, suggesting that D4 TCA accumulates, 
at least partly, in membrane-enclosed vesicles with peroxisomal characteristics. 
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Figure 4. Digitonin-mediated membrane permeabilization of rat hepatocytes reveals peroxisomes as bile 
salt accumulation sites 
Primary rat hepatocytes were Incubated with 1 00 µM 04CA for 3 h. Subsequently, hepatocytes were exposed to 
increasing concentrations of digitonin. Equal volumes of supernatant (S) and pellet fractions (P) were either 
analyzed by western blot using specific antibodies against the cytosolic marker Gapdh and the peroxisomal 
marker catalase (A, in B western blots signals are quantified and relative amounts in the supernatant fractions 
are indicated) or collected for bile sail purification and analysis by mass spectrometry (B). 

D4 TCA is detected in peroxisomes of D4CA-exposed hepatocytes 
To obtain definite proof for the shuttling of unconjugated bile salts through peroxisomes, we 
purified these organelles from a post-nuclear supernatant (PNS) fraction of rat hepatocytes 
treated for 3 hours with 04CA. After Nycodenz density gradient centrifugation of the PNS, all 
20 gradient fractions were analyzed for the presence of 04 TCA, 04CA and markers for 
various organelles. Western blot analysis of the gradient fractions revealed a clear 
PMP?O/Baat-positive peak at high density fractions 3-5, clearly separated from mitochondria 
(Cyt C; fractions 1 0-1 1 )  and cytosol (Gapdh; fractions 1 5-20) (Fig. 5). In addition, PMP?O 
and Baat were also present in fractions 9- 14, possibly representing a different subclass of 
peroxisomes. Highest concentrations of 04 TCA were detected at the top of the gradient. In 
addition, minor but significant amounts of 04 TCA were detected in fractions 3-5, revealing a 
similar concentration profile as the peroxisomal marker proteins (Fig. 5). In contrast, 04CA 
and 04GCA were not detected in the peroxisome-enriched fractions. These data show that 
externally added 04CA shows up, at least partly, as 04 TCA in peroxisomes. 
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Figure 5. D4TCA is detected in peroxisomes of D4CA-exposed hepatocytes 
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Primary rat hepatocytes were incubated with 1 00 µM D4CA for 3 h. Cells were homogenized and the post-nuclear 
supernatant was separated using Nycodenz density gradient centrifugation. Equal volumes of all gradient 
fractions were analyzed by western blotting, using specific antibodies against PMP70, Baal, Gapdh and 
cytochrome C (A) or collected for bile salt purification and analysis (B). C shows an enlargement of the bottom 8 
fractions of the gradient. 

DISCUSSION 

In this study, we established a novel assay that allows the study of transcellular and 
intracellular transport and conjugation of bile salts by rat hepatocytes in vitro. Primary rat 
hepatocytes effectively converted exogenously added deuterated cholate {D4CA) to its 
taurine or glycine conjugates (D4 TCA and D4GCA, respectively). Using digitonin 
permeabilization assays and peroxisome isolations, we demonstrate that conjugated D4-bile 
salts transiently reside in peroxisomes. This is the first evidence that unconjugated bile salts 
shuttle through these organelles for their (re-)conjugation. Hence, the enterohepatic 
circulation of deconjugated bile salts includes their transit through peroxisomes. 
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Reconjugation of deconjugated bile salts is an important process. Over 30% of the total bile 
salt pool may become deconjugated by intestinal bacteria on a daily basis 4• Our previous 
study showed that the enzyme catalyzinp bile salt conjugation, Baat, is localized 
predominantly, if not solely in peroxisomes 1 • This suggests that bile salts need to shuttle 
through peroxisomes for reconjugation. However, as the possible existence of a cytosolic 
pool of BAAT remains a matter of debate s-10·1 2

, we setup this novel assay to study trans
and intracellular transport and conjugation of (deuterium-labeled) chelate. Deuterium-labeled 
chelate has the advantage that it is structurally almost identical to normal chelate, but can be 
easily discriminated from endogenous chelate by its 4 Da weight difference using mass 
spectrometry. Moreover, mass spectrometry detection of bile salts is highly sensitive. 

Over 90% of exogenously added 04CA is efficiently converted to D4GCA and 04 TCA by in 
vitro cultured rat hepatocytes after 24 h. In the intact liver this process is much more efficient 
as 97% of exogenously added UDCA is conjugated to taurine or glycine after one single 
pass through isolated perfused rat livers 5• Hepatocytes are fully polarized in the intact liver 
and the introduction of the unconjugated bile salts via the portal vein allows them to flow 
through the sinusoids where efficient uptake of bile salts takes place. The architecture of the 
liver is in fact specialized to perform this function with high efficiency. Still, the in vitro 
cultured hepatocytes also perform this function with significant efficiency with less than 1 0% 
of the D4CA that remains unaccounted for after 24 h. This part of deuterium-labeled bile salts 
may either still reside in the hepatocytes, be present as (CoA-)intermediate or be 
metabolized to other products. When cultured in Williams' medium E, most of the D4CA was 
glycine-conjugated especially upon exposure to high 04CA concentrations. This is in 
contrast to the predominant presence of taurine-conjugated bile salts in rats 24• We show that 
this is a result of the high concentration of glycine (666 µM) in Williams' medium E. 
Supplying equal amounts of taurine to the growth medium leads to a clear shift to taurine
conjugation of D4CA. The preference for taurine-conjugation is also evident from the 
selective accumulation of 04 TCA in the first hour after 04CA exposure with almost no 04GCA 
detected in the hepatocytes and medium. During the initial stages, the cellular pool of taurine 
is used for conjugation and as this pool depletes, rat hepatocytes turn to glycine conjugation. 
In general, glycine-conjugated bile salts show a higher cytotoxic effect on rat hepatocytes 
than their taurine-equivalents 23. Taurine supplementation during cholestatic diseases may 
therefore help to keep the glycine-conjugated bile salt pool low and limit excessive liver 
damage. This is especially relevant in humans that have a predominance of glycine
conjugated bile salts. 
Upon exposure to 1 00 µM D4CA, primary rat hepatocytes accumulated high concentrations 
of D4TCA and D4GCA. It is unlikely that significant amounts of these bile salts are present in 
canalicular spaces as the rat hepatocytes do not form a significant canalicular network under 
the applied culture conditions. The cellular volume of a hepatocyte is estimated to be 
between 4 and 20 pl (4 to 20•1 0·12 l) 11-22. Taken 20 pl as the volume of a rat hepatocyte, 
we estimated that the peak intracellular concentration of 04 TCA and 04GCA were 
approximately 200 µM and 400 µM, respectively, while 04CA levels were in the range of the 
input concentrations. If a hepatocyte contains only 4 pl cellular volume, the intracellular 
concentrations of these bile salts is even 5-fold higher. The intracellular accumulation of 
conjugated bile salts is transient, peaks at 3 h exposure and then declines. This suggests 
that export of 04 TCA and D4GCA is the limiting factor and cannot keep up with the 
production of conjugated bile salts by BAAT. In our model with peroxisomal BAAT, transport 
of TCA and GCA occurs across the peroxisomal membrane and the plasma membrane (see 
Fig. 6). 
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Figure 6. The enterohepatic circulation of unconjugated bile salts includes their transit through 
hepatocyte peroxisomes 
Conjugated and unconjugated bile salts are taken up into hepatocytes by NTCP and OATPs25 respectively. 
Unconjugated bile salts are CoA-activated by FATP5 6 7, after which they are transported into peroxisomes by a 
yet unidentified transporter. Inside peroxisomes, bile salts are conjugated by BAAT, rollowed by their export by a 
currently unknown transport protein. Conjugated bile salts are exported into the bile by BSEP. 

04 TCA was detected in purified peroxisomes. Moreover, digitonin permeabilization assays 
indicate the presence of 04 TCA in a cellular compartment with peroxisomal characteristics. 
In addition, significant cytosolic pools of 04TCA are detected in these experiments. This is 
expected when transport of 04 TCA is a limiting factor at both the peroxisomal membrane 
and the plasma membrane. Our results do not reveal the exact concentrations of 04 TCA in 
the peroxisomes versus the cytosol. The experimental procedure will probably result in an 
underestimation of the peroxisomal pool of 04 TCA because 1) 04 TCA may leak form the 
peroxisomes during the experimental procedures applied; 2) dependent on the requirements 
for transport of 04TCA from peroxisomes, export of 04TCA may continue while no new 
04 TCA is produced in peroxisomes. Mechanical breakage of peroxisomes was kept to a 
minimum by using optimized protocols that stabilize these organelles 14• The use of these 
optimized protocols for subcellular fractionation also further reconfirmed the predominant 
peroxisomal location of BAAT as this enzyme remained (almost) undetectable at the top of 
the Nycodenz gradient containing the cytosolic proteins. The fact that 04 TCA is detected in 
peroxisomes implies that C24 bile salts shuttle through peroxisomes to become conjugated. 
This would not be necessary if there would be a significant cytosolic pool of BAAT. Recently, 
the transport activity of glycine and taurine-conjugated bile salts across the peroxisomal 
membrane was demonstrated and appeared to be independent of ATP 26. Remarkably, we 
were not able to detect D4GCA in the peroxisomal fractions. Still, BAA T is believed to be 
responsible for both taurine and glycine-conjugation of bile salts 3. Thus, also 04GCA should 
be produced inside peroxisomes. This may suggest that the peroxisomal transporter for 
conjugated bile salts in rat hepatocytes has a higher affinity for GCA compared to TCA. As 
expected, no D4CA was detected, since this is imported into peroxisomes in its CoA-
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activated form. Clearly, D4TCA and D4GCA also accumulate in the cytosol of hepatocytes. 
This implies that the BSEP-mediated export of conjugated bile salts from hepatocytes is a 
rate-limiting step in our assay. This may be a result of a suboptimal location and/or activity of 
BSEP in in vitro cultured rat hepatocytes. 
As shown in Figure 6, our results imply the presence of a peroxisomal transporter that 
imports CoA-activated C24 bile salts into peroxisomes. Following the action of Baat, taurine
or glycine-conjugated bile salts are exported by yet another peroxisomal transporter. The 
identity of both peroxisomal bile salt transporters is unknown to date. A possible transporter 
of CoA-activated C24 bile salts is the 70-kDa Peroxisomal Membrane Protein 
(PMP70/ABCD3). PMP70 is an ATP-binding cassette transporter that is particularly highly 
expressed in the liver 27

. It has been suggested to transport long chain fatty acids into 
peroxisomes 28•29• Though experimental evidence has not been presented, it has also been 
suggested to transport bile acid intermediates 30. 
The protein-mediated transport of conju�ated bile salts across the peroxisomal membrane 
has recently been demonstrated in vitro 6

• The characteristics of the transport activity make 
it unlikely that PMP70 or another peroxisomal ABC-transporter is involved in this step. 
Alternative candidates may be present in the SLC10A family of proteins that also contains 
NTCP (SLC10A1) and ASBT (SLC10A2). We and others have made a preliminary analysis 
of SLC10A3 to 6 and found that SLC10A5 is highly expressed in the liver and kidney, with a 
tissue expression profile that is highly similar to the bile sensor farnesoid X rexceptor (FXR) 
31•32. In fact, SLC10A5 expression is regulated by FXR. However, artificially-expressed 
SLC10A5 sorts to the plasma membrane of HEK293 cells and Xenopus leavis oocytes and 
does not show a significant transport activity for taurocholate 32• Though these data do not 
support a putative role for SLC1 OAS in bile salt transport in peroxisomes at this stage, this 
may need a detailed analysis of SLC10A5 in hepatocytes. 
Taken together, we provide evidence that unconjugated bile salts shuttle through 
peroxisomes for taurine or glycine conjugation. Defects in the shuttle of bile salts through 
these organelles may lead to yet unrecognized cholestatic disorders. 
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ABSTRACT 

Background and aims: Peroxisomes are multifunctional organelles that are especially 
enriched in the liver. In hepatocytes, they are involved in fatty acid 13-oxidation and bile salt 
biosynthesis. Their function(s) in other liver cell-types has not been analyzed yet. Typical 
peroxisomal proteins are the antioxidant enzyme catalase, the ATP-binding cassette (ABC) 
transporters Adrenoleukodystrophy protein {ALDP) and 70 kDa peroxisomal membrane 
protein (PMP70) and peroxins that are required for peroxisome biogenesis. We studied the 
expression, subcellular location and function of peroxisomal proteins in transdifferentiating 
hepatic stellate cells (HSCs), with emphasis on PMP70. 

Methods: Primary rat HSCs were analyzed after a 4 h-attachment period (quiescent-qHSCs) 
and after 1, 3, 7 and 14 days in culture (activated-aHSCs). Messenger RNA levels, protein 
expression and subcellular location of selected proteins were analyzed by quantitative PCR, 
western blotting and immunofluorescence microscopy, respectively. RNA interference was 
used to reduce PMP70 expression in aHSCs. 

Results: The peroxisomal markers Pex14p, catalase, ALDP and PMP70 are all expressed 
in transdifferentiating rat HSCs. Pex14p and catalase preferentially reside in HSC 
peroxisomes. In contrast, ALDP is predominantly present in the HSC endoplasmic reticulum 
and PMP70 in fibrillous strands that parallel the alpha-smooth muscle actin (aSMA) 
polymers. Silencing of PMP70 strongly reduces the expression of aSMA and desmin, 
without affecting the expression of other HSC activation markers that govern extracellular 
matrix synthesis. 

Conclusions: PMP70 is involved in HSC activation with a remarkable selective effect on the 
aSMA cytoskeleton. This implies a role for PMP70 in HSC contractility during fibrosis. 
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INTRODUCTION 

Peroxisomes are cellular organelles present in almost every eukaryotic cell. Peroxisomal 
enzymes play crucial roles in over 50 different metabolic pathways 14. A common 
peroxisomal function shared by many eukaryotic organisms is the metabolism of lipids 
through a- or 13-oxidation of either long chain fatty acids (LCFAs) or very LCFAs {VLCFAs) 5• 
During these metabolic processes H2O2 is formed. which is detoxified by the peroxisomal 
enzyme catalase 6• 

In mammals, peroxisomes are particularly enriched in the liver and kidney. Most of our 
knowledge about mammalian peroxisomes stems from research on the liver, where 
peroxisomes are abundantly present in hepatocytes 7. 

Peroxisome biogenesis and proliferation require the activity of a family of proteins called 
peroxins. Peroxins are required for import of peroxisomal matrix proteins (predominantly 
enzymes), membrane(protein) assembly and peroxisome proliferation 8• The peroxin Pex14p 
is a key component in the import of peroxisomal enzymes, such as catalase 9. In patients 
with Zellweger syndrome, peroxisome biogenesis is compromised due to mutations in one of 
the peroxins 10• 

The high metabolic activity of peroxisomes requires efficient metabolite transport across the 
peroxisomal membrane. The ATP-binding cassette (ABC) transporters 
Adrenoleukodystrophy protein (ALDP/ABCO1 11) and the 70 kDa Peroxisomal Membrane 
Protein (PMP70/ABCO3 12) are suggested to function as such substrate transporters. 
Patients with X-linked Adrenoleukodystrophy (X-ALD), a disease in which ALDP-activity is 
compromised due to mutations in the ABCD1 gene, have reduced peroxisomal 13-oxidation 
of VLCFAs, which accumulate in body fluids and tissues. This suggests the involvement of 
ALDP in the transport of VLCFAs across peroxisomal membranes . Substrates for PMP70 
are less well defined, but this protein has been proposed to transport LCFAs, including 
palmitic acid, and/or bile salt(-biosynthesis intermediate)s 14· 15. The peroxisome proliferator
activated receptor-alpha (PPARa) is highly expressed in hepatocytes 16 and regulates the 
expression of several peroxisomal proteins including aci coenzyme A oxidase (AOX) 17, 
Pex1 1 18 and the ALDP-related protein {ALDRP/ABCO2) 1 

In healthy liver, hepatocytes represent 80-90% of the total liver cell number. Hepatic stellate 
cells (HCSs), bile duct epithelial cells (cholangiocies), Kupffer cells, endothelial cells and 
progenitor cells account for the other 1 0-20% 2 • Especially HS Cs become much more 
abundant during chronic liver injury as these cells become activated and start to proliferate 
leading to fibrosis and cirrhosis 21 • Quiescent HSCs are characterized by the presence of 
large vitamin A-containing lipid droplets. PPAR-gamma (PPARy) is thought to be involved in 
the maintenance of HSC quiescence 22· 23• During HSC activation, PPARy expression is lost 
and HSCs transdifferentiate to contractile myofibroblastic, vitamin A-depleted cells that 
produce excessive amounts of extracellular matrix (collagen) and secrete cytokines. The 
functional and morphological changes during HSC activation are associated with a strong 
development of the ER and Gol�i apparatus as well as a cytoskeletal network composed of 
a-smooth muscle actin (aSMA) 4• Nothing is known about the presence and/or function of 
peroxisomes in quiescent or activated HSCs. Peroxisomal function in HSCs is of particular 
interest since 1) activation of HSCs leads to the rapid loss of a large pool of fatty acids that 
may be metabolized through peroxisomal 13-oxidation 2) the HSC transdifferentiation process 
per se may lead to changes in peroxisome function and 3) liver fibrosis leads to a 
pronounced increase of HSCs and may have a major impact on the predominant 
peroxisome function in the liver. 

In this study, we analysed the expression, regulation and function of several peroxisomal 
proteins in HSCs, in particular during the transdifferentiation process. Our data show the 
presence of peroxisomes in HSCs, an unexpected subcellular location of ALDP and PMP70 
and a role for PMP70 in the activation of HSCs. 
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MATERIALS AND METHODS 

Animals 
Specified pathogen-free male Wistar rats (220-250 g for hepatocyte isolations and 400-500 
g for HSC isolations) were purchased from Charles River Laboratories Inc. (Wilmington, MA, 
USA). They were housed under standard laboratory conditions with free access to standard 
laboratory chow and water. Experiments were performed following the guidelines of the local 
Committee for Care and Use of laboratory animals. 

Isolation and culture of rat hepatocytes 
Hepatocytes were isolated and cultured as described previously 25. Cells were cultured in a 
humidified incubator at 37 °C and 5% CO2• Hepatocyte viability and purity were always more 
than 90%. 

Isolation and culture activation of rat HSCs 
HSCs were isolated and cultured as described previously 26. Cells were cultured in a 
humidified atmosphere containing 5% CO2 at 37 °C. 

Plasmids 
The expression plasmid containing a C-terminal peroxisomal targeting signal (-SKL} fused to 
DsRed (DsRed-SKL} was used for peroxisome visualization in microscopy experiments 27• 

OsRed-SKL transfections on activated HSCs 
Culture-activated HSCs were trypsinized and plated at a density of 4,000 cells/cm2 in IMDM 
with Glutamax supplemented with 1 % heat-inactivated fetal calf serum, 1 mmol/L sodium
pyruvate and 1x MEM non essential amino acids (lnvitrogen, Breda, The Netherlands). Four 
hours after -Rlating, cells were transiently transfected with 4 µg DsRed-SKL using 
lipofectamine M 2000 (lnvitrogen) as a transfection reagent, according to the manufacturer's 
instructions. Cells were fixed for immunofluorescence 48 h after transfection. 

PMP70 RNA interference 
Culture-activated HSCs (t=7 days) were trypsinized and plated at a density of 1,500 
cells/cm2 in IMDM with Glutamax supplemented with 1 % heat-inactivated fetal calf serum, 1 
mmol/L sodium-pyruvate and 1x MEM non essential amino acids (lnvitrogen). Four hours 
after plating, cells were transfected with double-stranded siRNA duplexes (Table 1) to 
silence PMP70 (siRNA-PMP70, lnvitrogen). Control cells were transfected with 
oligonucleotides directed against luciferase (siRNA-luc, lnvitrogen). Oligofectamine 
(lnvitrogen) was used as a transfection reagent according to the manufacturer's instructions. 
Cells were re-transfected with either siRNA-PMP70 or siRNA-luc after 3 days and 6 days. 
After 9 days, cell viability was measured in a cell viability assay. In parallel experiments, cells 
were either lysed for Q-PCR mRNA analysis or western blot analysis or fixed with 4% 
paraformaldehyde for immunofluorescence. 

Cell Viability Assay 
The cell viability of siRNA-luc and siRNA-PMP70 transfected HSCs was determined by 
measuring cellular adenosine triphosphate (ATP} levels with the Cell Titer Glow assay 
(Promega, Madison, WI) according to the manufacturer's instructions. In each experiment, 
measured ATP levels were corrected for the number of cells. 

RNA isolation and Quantitative Polymerase Chain Reaction (Q-PCR) 
The isolation of total RNA, its conversion to cDNA and its analysis by Q-PCR was carried out 
as described previously 26. Primers and probes used in this study are listed in Table 2. The 
expression of each gene of interest was normalized with respect to the endogenous control, 
18S (MCt method). 

SOS-PAGE and western blotting 
Protein samples were separated by SOS-PAGE and analyzed by western blotting according 
to established procedures 29. Protein concentrations were determined using the Bio-Rad 
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Protein Assay system (Bio-Rad Hercules, CA, USA) using bovine serum albumin as 
standard. All primary antibodies used are listed in Table 3. Proteins signals were detected 
and quantified in a ChemiDoc XRS system (Bio-Rad). Protein band intensities were 
quantified using Quantity One software (Bio-Rad). 

lmmunofluorescence microscopy 
Cells were fixed with 4% paraformaldehyde, labeled and analyzed as described previously 30• Primary antibody dilutions are listed in table 3. 

Statistical analysis 
All numerical results are reported as the mean of at least 3 independent experiments ± 
standard error of the mean (S.E.M). A Mann-Whitney U test was used to determine the 
significance of differences between experimental groups. A p-value smaller than 0.05 was 
considered to be statistically significant. 

Table 1: Primers used for rat PMP70 RNA interference 
RNA Sense Antisense 

luciferase 5'-cuu acg cug agu acu ucg auu-3' 5'-ucg aag uac uca gcg uaa guu-3' 
PMP70 5'-gag aca ggg uac uuc aua c-3' 5-gua uca agu ace cug ucu c-3' 

Table 2: Sequences of rat Primers and Probes used for Real-time Quantitative PCR Analysis 
Gene Sense Antisense Probe 
18S 5'-cgg eta cca cat cca 5'-cca alt aca ggg eel cga aa- 5'FAM-cgc gca aat tac cca etc ccg a-

aoo a -3' 3' TAMRA3' 
ALDP 5' -cat ctg gee tgc tea tgg 5'-ltc atg get tct gag tct gac 5'FAM-ccc cat cat cac age cac tgg ct-

ta -3' tct-3' TAMRA3' 
AOX 5 · -gee acg gaa etc ate 5 · -cca ggc cac cac tta atg 5"FAM-cca ctg cca cat atg ace cca aga 

ltc ga-3" ga-3" ccc-TAMRA3' 
Baa! 5 · -tgt aga git tel eel gag 5 · -gtc caa tel ctg etc caa tgc- 5'FAM-tgc caa CCC ctg ggc cca g-

aca tee taa-3 · 3· TAMRA3" 
catalase 5'-gga lta tgg cct cc 5-acc ttg gtc agg tea aat gga 5'FAM-atg cca tcg cca gtg gca alt ace-

oaoa tct-3' t-3' TAMRA3' 
collagen 5'-tgg tga acg tgg tgt aca 5'-cag tat cac eel tgg cac cat- 5'FAM-tcc tgc tgg tee ccg agg aaa ca-
1a1 agg-3' 3' TAMRA3' 
desmin 5-tgg tac aag tee aag git 5'-ctg gtg tcg gta ltc cat cat 5'FAM-aag aac aac gat gcg ctg cgc c-

tea gac t-3' ct-3' TAMRA3' 
MFP 5'-agg ltg gag cag gal 5'-clt get ggc alt get gaa gtc- 5'FAM-cgg aat cag CCC atg act CCC ga-

gga ltg-3' 3' TAMRA3' 
Pex14p 5'-gct ace aca tea ace 5'-gga act gtc tee gat tea gaa 5"FAM-tga get caagtc aga aat caa etc tel 

aac tgg at-3' ga-3' gaa agg ac-TAMRA3" 
Pex1 1 p  5 • -gee cgc cac tact ac tat 5 · -tct gtc gcg tgc aac ltg tc-3 · 5'FAM-cat atg cag caa gac etc ala cag 

ltc ct-3' ate ccg -TAMRA3" 
PMP70 5'-ctg gtg ctg gag aaa 5'-cca gat cga act tea aaa eta �'FAM-tga tea tgt tee tit age aac ace aaa 

tea tea at-3' agg t-3' tgg-TAMRA3' 
PPARo 5 · -cac cct etc tee age ltc 5 · -gee ltg tee cca cat alt cg- 5"FAM-tcc cca cca gta cag atg agt ccc 

ca-3" 3· ctg-TAMRA3' 
PPARy 5 · -cac aat gee ate agg tit 5 · -get ggt cga tat cac tgg aga 5"FAM-cca aca get let eel tel egg eel g-

gg-3" tc-3" TAMRA3" 
aSMA 5 · -gee agt cgc cat cag 5 · -cac ace aga get gtg ctg tct 5"FAM-clt cac aca tag ctg gag cag cit etc 

gaa c-3' t-3" ga-TAMRA3' 
TGF-13 5 '-ggg eta cca tgc caa cit 5'-gag ggc aag gac cit get 5'FAM-cct gee cct aca tit gga gee tgg a-

ctg-3' gta-3' TAMRA3' 
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Table 3: Antibody dilutions for protein analysis 

Antibody western blotting lmmunofluorescence Company 

Mouse 1 : 1 000 1 : 100 Clone 1 D6, Euromedex, Mundolsheim 
a-ALDP France 
Rabbit 1 :2000 Generous gift of Prof. C. Falany, 
a-Baal Birmingham, AL, USA 31 

Rabbit 1 :2000 1 :200 SPA 860D, Stressgen, Ml, USA 
a-calnexin 
Rabbit 1 :2000 1 :200 Calbiochem, La Jolla, CA, USA 
a-catalase 
Mouse 1 :2000 BD Biosciences, Franklin Lakes, NJ, USA 
a-Cytochrome C 
Mouse 1 : 1000 Sigma-Aldrich, St. Louis, MO, USA 
a-desmin 
Mouse 1 : 10.000 Calbiochem, La Jolla, CA, USA 
a-Gapdh 
Rabbit 1 :2000 1 :200 Generous gift of Dr. M. Fransen, 
a-Pex14p Leuven, Belgium 32 

Rabbit 1 : 1000 1 :200 Sigma-Aldrich, St. Louis, MO, USA 
a-PMP70 
Mouse 1 :2000 1 :500 Sigma-Aldrich, St. Louis, MO, USA 
a-alphaSMA 

RESULTS 

mRNA expression of peroxisomal genes in hepatocytes and HSCs We first compared 
the relative mRNA and protein levels of the peroxisomal markers Pex14p, catalase, PMP70 
and ALDP in rat hepatocytes and fully activated HSCs (aHSCs) (Fig. 1 ). Bile acid
CoA:amino acid N-acyltransferase (Baat), a peroxisomal protein required for bile salt 
synthesis 33, was used as marker for hepatocy1es and aSMA as marker for aHSCs (Fig. 1A 
and B). Pex14p transcript and protein levels were similar in hepatocy1es and aHSCs (Fig. 1C 
and G), while catalase levels were much lower (10-fold) in aHSCs (Fig 1 D and G). ALDP 
transcript levels were 3.0-fold higher in aHSCs compared to hepatocy1es, however, ALDP 
protein levels appeared comparable in these cell types (Fig. 1 E and G). PMP70 was 
predominant in hepatocy1es, but significant levels (2.5-fold lower than in hepatocy1es) were 
detected in aHSCs (Fig. 1 F and G). Transcripts of genes involved in !3-oxidation of VLCFAs 
(AOX and Multi Functional Protein, MFP) and peroxisome proliferation (Pex11) were much 
lower in aHSCs compared to hepatocy1es (Supplementary Fig. S1 ). 
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Figure 1. mRNA and protein expression of peroxisomal markers in 
hepatocytes and activated HSCs 
Hepatocytes and HSCs were isolated using standard protocols. HSCs were 
activated in the presence of serum for 14 days (aHSCs). The relative mRNA 
expression (normalized to 18S) of each gene was normalized to its 
expression in hepatocytes, except for aSMA, which was normalized to its 
expression in aHSCs (A-F). Equal protein amounts from hepatocytes and 
aHSCs were analyzed by western blotting using specific antibodies against 
the hepatocyte marker Baal, the activated stellate cell marker aSMA, and the 
peroxisomal proteins Pex14p, catalase, ALDP and PMP70. Gapdh 
expression was analyzed as a control for equal protein loading (G). 
• Significant difference ( p<0.05) when compared to hepatocytes. # Significant 
difference ( p<0.05) when compared to aHSCs 

mRNA expression of peroxisomal genes during transdifferentiation of HSCs 
We next determined the expression of peroxisomal marker genes during HSC activation. 
HSCs were analyzed immediately after a 4h attachment period and after 1, 3, 7 and 14 days 
of in vitro cultivation. aSMA expression became detectable after 1 day in culture and steadily 
increased up to day 7, after which it did not further increase (Fig. 2A). Expression of PPARy, 
a marker for quiescent HSCs, sharply dropped when the HSCs were culture-activated and 
remained low over 2 weeks (Fig. 28). Pex14p levels slightly increased during 
transdifferentiation and returned to quiescent levels after 14 days (Fig. 2C). Catalase first 
dropped sharply in the first day of culture, then transiently increased during 
transdifferentiation after which levels dropped to approximately 25% of qHSCs (Fig. 2D). The 
expression of ALDP and PMP70 was transiently increased during HSC activation, this 
increase was not significant however (Fig. 2E and F). 
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Figure 2. mRNA expression of peroxisomal genes during HSC activation 
Freshly isolated HSCs were cultured in the presence of serum for 4 hours, 1 day, 3 days, 7 days or 14 days. The 
relative mRNA expression (normalized to 1 8S) of each gene was normalized to Its expression In aHSCs (t=14 
days). • Significant difference (p<0.05) when compared to qHSCs (t= 4 hours). 

Subcellular location of peroxisomal proteins in transdifferentiating HSCs 
lmmunofluorescence microscopy was used to analyze the subcellular location of Pex14p, 
catalase, ALDP and PMP70 in rat hepatocytes and aHSCs (Fig. 3). As expected, all 4 
proteins showed a typical peroxisomal staining pattern in hepatocytes indicated by many 
discrete dots in the cytoplasm (Fig. 3, A1-A4). A clear dotted staining was also observed for 
Pex14p and catalase in aHSCs (Fig. 3, B1, B2, C1 and C2). In addition, a clear nuclear 
staining for these proteins was also detected. Nuclear staining was also detected for ALDP 
and PMP70 with fibrillous strands diverting away from the nucleus (Fig. 3, B3, B4, C3 and 
C4). Peroxisome-like dots were detectable after staining for ALDP, but were rare in case of 
PMP70. The morphological appearance of the ALDP- and PMP70-positive strands was 
different. Co-staining experiments revealed little co-localization of these proteins in these 
structures in aHSCs (Fig. S2 G-1). This in sharp contrast to hepatocytes, where they strongly 
co-localize in peroxisomes (Fig. S2A-C). Remarkably, the PMP?O-positive fibrillous strands 
paralleled the aSMA fibers, without exactly co-localizing (Fig. 3, D1-D3). 
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Figure 3. Subcellular location of peroxisomal proteins in transdifferentiating HSCs 
Freshly isolated rat hepatocy1es (A) were cultured for 4 hours and freshly isolated HSCs were activated as 
described in Fig. 1 (B, zoomed images in C) followed by immunofluorescence microscopy to determine the 
subcellular location of Pex14p (column 1 ), catalase (column 2), ALDP (column 3), PMP70 (column 4) an aSMA 
(column 5). The subcellular location of PMP70 (D-1) and the HSC activation marker aSMA (D-2) in aHSCs were 
analyzed by immunofluorescence microscopy. The merged image is shown in D-3, clearly showing that PMP70 
and aSMA are localized to subcellular fibers that run parallel through aHSCs but do not co-localize. See also 
appendix I for a full color version of this figure. 

Co-localization studies of peroxisomal proteins with the peroxisomal marker DsRed
SKL in aHSCs 
To determine whether the dots observed in the cytoplasm of aHSCs represent peroxisomes, 
we transiently transfected aHSCs with a plasmid expressing DsRed containing the C
terminal peroxisomal targeting signal -SKL (Fig. 4). DsRed-SKL efficiently sorted to 
peroxisomes in aHSCs as indicated by its distinct location in cytoplasmic dots (Fig. 4, 81-
85). lmmunofluorescence microscopy shows a strong co-localization of Pex14p and 
catalase with these DsRed-SKL positive dots (Fig. 4, C2, C3, D2 and D3). ALDP partly co
localized with DsRed-SKL in perinuclear dots, but ALDP staining was weaker in DsRed-SKL 
positive dots localized outside the perinuclear space (Fig. 4, C4 and D4). Some co
localization of PMP70 and DsRed-SKL was detected. This was restricted to PMP70-positive 
dots, while the PMP70-positive staining in the nucleus and fibrillous strands was negative for 
DsRed-SKL (Fig. 4, C5 and D5). These data show that ALDP and PMP70 only partly reside 
in aHSC peroxisomes. ALDP and PMP70 reside predominantly at non-peroxisomal locations 
in these cells. 
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Figure 4. Co-localization studies of peroxisomal proteins with the peroxisomal marker DsRed-SKL in 
aHSCs 
Activated HSCs were transfected with 4 µg DsRed-SKL. Forty eight hours after transfection, stellate cells were 
fixed and subjected to immunofluorescence microscopy to determine co-localization of aSMA, Pex14p, catalase, 
ALDP and PMP70 (row A) with DsRed-SKL (row B). Merged images are displayed in row C and D (zoom of C). 
See also appendix I for a full color version of this figure. 

ALDP in the endoplasmic reticulum of aHSCs 
The perinuclear staining pattern of ALDP suggests that it may be present in the endoplasmic 
reticulum (ER) in aHSCs. Indeed, co-immunofluorescence staining for ALDP and the ER
specific marker calnexin revealed a clear co-localization in the perinuclear area (Fig. 5A-D). 
Calnexin was more restricted to the nuclear area than ALDP. ALDP staining was also 
detected distant from the nuclear rim, where it hardly co-localized with calnexin (Fig. 5C and 
D). After transfection with DsRed-SKL, a minor but obvious co-localization was detected of 
DsRed with calnexin at the nuclear rim (Fig. 5E-H). 
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Figure 5. ALDP resides partly 
in the endoplasmic reticulum 
in aHSCs 
Activated HSCs were processed 
for immunofluorescence 
microscopy to determine the co
localization of ALDP with calnexln 
(panels A-D). To determine co-
localization between the 
(endogenous) ER marker 
calnexin and the (transfected) 
peroxisomal marker DsRed-SKL, 
aHSCs were transfected with 4 
µg DsRed-SKL as described in 
Fig. 4 (E-H). See also appendix I 
for a full color version of this 
figure. 
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RNA interference-mediated silencing of PMP70 leads to a reduced expression of the 
HSC activation marker aSMA 
The subcellular location of PMP70 in aHSCs is clearly different from ALDP and calnexin. 
The fact that the PMP70-positive strands and the aSMA fibers appear to be organized in a 
parallel manner, led us to analyze the effect of PMP70 inhibition on the aSMA cytoskeleton 
and other HSC activation markers. mRNA levels of PMP70 were reduced by RNA 
interference (siRNA-PMP70) to 20% of control aHSCs (Fig. 6A). This was accompanied by 
strongly reduced PMP70 protein levels (over 90%, Fig. 6C). Expression and subcellular 
location of other peroxisomal markers was not affected in these cells (shown for Pex14p in 
Fig. S3). A strong (approx. 60%) reduction of aSMA mRNA and protein levels were detected 
in siRNA-PMP70-treated aHSCs (Fig 68 and C). Also desmin mRNA and protein expression 
were significantly reduced, but less pronounced (40%). The mRNA levels of TGF-13 and 
collagen 1a1 were not significantly changed in siRNA-PMP70 treated aHSCs (Fig. 68). 
Importantly, the viability of aHSCs was not affected by RNA interference-mediated silencing 
of PMP70 (Fig 6D) . 
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Figure 6. RNA interference-mediated silencing of PMP70 leads to a reduced expression of the HSC 
activation markers aSMA and desmin 
Primary rat HSCs were transiently transfected to silence PMP70 expression (siRNA-PMP70). Control cells were 
transfected with oligonucleotides directed against luciferase (siRNA-luc). After 3 and 6 days, HSCs were re
transfected with either siRNA-PMP70 or siRNA-luc. After 9 days, mRNA levels of PMP70, ALDP, catalase, 
Pex1 1 p  and Pex14p (A) or aSMA, desmin, TGF-13 and collagen 1a1 (B) were analyzed by Q-PCR. The relative 
mRNA expression (normalized to 1 8S) of each gene was normalized to its expression after siRNA-luc 
transfection. Levels of selected proteins were analyzed by western blotting, using antibodies against PMP70, 
ALDP, catalase, Pex14p, calnexin, aSMA and desmin. As a loading control, Gapdh expression was analyzed (C). 
The cell viability of siRNA-luc and siRNA-PMP70 transfected HSCs was determined by measuring cellular 
adenosine triphosphate (ATP) levels. In each experiment, measured ATP levels were corrected for the amount of 
cells and normalized to corrected ATP levels in siRNA-luc transfected cells (D). • Significant difference ( p<0.05) 
when compared to siRNA-luc treated control. 
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lmmunofluorescence microscopy revealed a strong reduction in aSMA-positive HSCs after 
silencing of PMP70 {Fig. 7), which dropped from 92% in (siRNA-luc) control-transfected 
HSCs (Fig. 7A-C) to 38% in siRNA-PMP70 transfected HSCs (Fig. 7H-J). The typical 
staining of PMP70 in fibrillous strands was absent in siRNA-PMP70-treated HSCs (compare 
Fig 7D-G to 7K-N) and coincided with the absence of aSMA staining. 

siRNA-luc siRNA-PMP70 

Figure 7. RNA interference-mediated silencing of PMP70 leads to a strong reduction in the amount of 

aSMA-positive HSCs 

PMP70 expression was silenced as described in Fig. 6. The subcellular location of PMP70 (slRNA-luc: A, D and 
E; siRNA-PMP70: H, K and L) and the HSC activation marker aSMA (siRNA-luc: B and F; siRNA-PMP70: I and 
M) were analyzed by immunofluorescence microscopy. The merged images are shown in C and G (siRNA-tuc) 
and J and N (siRNA-PMP70) respectively. showing clear expression of PMP70 and aSMA in siRNA-luc treated 
cells. The number of aSMA-positive fibers is seriously reduced by the downregufation of PMP70 (I ,  J. M and N). 
See also appendix I for a full color version of this figure. 

DISCUSSION 

In this study, we analyzed the expression and subcellular location of Pex14p, catalase, 
ALDP in PMP70 in aHSCs. These proteins are characteristic peroxisomal proteins in 
hepatocytes. Peroxisomes are readily detectable in aHSCs and visualized by staining for 
Pex14p and catalase. In contrast, only minor amounts of ALDP and PMP70 were detected in 
aHSC peroxisomes. ALDP was predominantly detected in the endoplasmic reticulum. 
PMP70 resides primarily in fibrillous strands that show a subcellular distribution that parallels 
the aSMA network. Suppression of PMP70 strongly decreased the expression of aSMA as 
well as desmin. In contrast, the expression of other HSC activation markers (TGF-� and 
collagen 1 a1) did not change upon PMP70 inactivation. These data suggest a role for 
PMP70 in activation of HSCs, with a remarkable selectivity towards the cytoskeleton. 

PMP70 is one of the major peroxisomal membrane proteins in the liver and the 
corresponding gene (ABCD3) was cloned and characterized almost 20 years ago 34• It is a 
member of the ATP-binding cassette transporter family that also includes the multidrug 
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resistance (MDR/MRP) proteins. PMP70 is believed to trans�ort substrates into peroxisomes 
for lipid and/or bile salt metabolism through 13-oxidation 35· 6, but no high affinity substrate 
has been identified yet. In contrast to its homolog ALDP (see below), no genetic disorder has 
been linked to mutations in the ABCD3 gene. 

We are the first to analyze PMP70 expression and subcellular location in hepatic stellate 
cells. PMP70 expression in HSCs is lower compared to hepatocytes, but PMP70 mRNA and 
protein levels are readily detectable in aHSCs. In contrast to its peroxisomal location in 
hepatocytes, PMP70 resides predominantly in yet unidentified fibrillous strands in aHSCs. 
Most surprisingly, these strands show a similar subcellular organization as the aSMA 
network and PMP70 inhibition leads to suppression of aSMA expression. PMP70-containing 
peroxisomes have previously been shown to associate with microtubules 37, but this has only 
been studied in relation to peroxisome movement and division. Our data imply a direct role 
for PMP70 in the development of the aSMA cytoskeleton in aHSCs. This function is 
independent of other HSC-activation pathways as expression of TGF-13 and collagen-1a1 
are not affected by modulation of PMP70 levels. Remarkably, the impaired development of 
the aSMA cytoskeleton after PMP70 RNA interference does not affect HSC viability. To our 
knowledge, this is the first time that such a selective effect on one of these classical HSC 
activation markers is reported. The mechanism by which PMP70 regulates the expression of 
aSMA and desmin requires further research. In a recent study, the reduction of PMP70 
expression resulted in a reduction of peroxisomal and mitochondrial 13-oxidation in rat glial 
cells 38. This is in line with previous observations, in which PMP70 was su:f1igested to be 
involved in the transport of (derivatives of) LCFAs for peroxisomal 13-oxidation . Importantly, 
PMP70 knock-down did not reduce the metabolic activity of HSCs. Thus, the effect on aSMA 
and desmin is not an indirect effect of the physiological state of these cells. In fact, the 
function of PMP70 in aHSCs may not be related to its (transport)function in hepatocytes at 
all. It is now highly relevant to analyze the role of PMP70 in the development of liver fibrosis. 
Liver fibrosis is observed in Zellweger Syndrome patients and animal models for this disease 
40• 41• The question is whether the "non-peroxisomal" subcellular location of PMP70 is 
disturbed in peroxisome-deficient HSCs. This is most likely not the case and therefore 
peroxisome deficiency may not impair the function of PMP70 in HSC activation allowing 
development of fibrosis. An essential tool to study this will be the generation and 
characterization of a (stellate cell-specific) PMP70/Abcd3-deficient mouse. 

Another remarkable observation in this study is the high expression and predominant ER
location of ALDP in aHSCs. Mutations in the human ABCD1 gene are the cause of X-ALD, 
the most common peroxisomal disorder that is characterized by impaired peroxisomal 13-
oxidation and associated accumulation of VLCFAs. As for PMP70, the function of ALDP is 
routinely studied with respect to its peroxisomal location. The presence of ALDP in the ER of 
HSCs may be a functional adaptation to transport substrates for 13-oxidation into the ER 
instead of peroxisomes. Expression levels of the genes involved in peroxisomal 13-oxidation 
of VLCFAs that we tested (AOX, MFP) are much lower in aHSCs compared to hepatocytes 
and therefore may not require high levels of ALDP in peroxisomes. On the other hand, the 
accumulation of ALDP in the ER may also be a result of its inefficient sorting to peroxisomes. 
Recent observations support the existence of a sorting pathway for peroxisomal membrane 
proteins via the ER 4244, however, mechanistically nothing is known about this pathway yet. 
Here, we studied the expression of only 2 of the 14 currently known mammalian peroxins 
that are required for peroxisome biogenesis. For Pex11 p and Pex14p we detected large 
differences in expression levels between hepatocytes and aHSCs. Pex14p, a protein 
involved in matrix protein import, shows similar levels in these liver cell types, whereas 
Pex11 p, involved in peroxisome proliferation, is much lower (10-fold) in aHSCs. The efficient 
sorting of DsRed-SKL in our experiments shows that the matrix protein import pathway is 
indeed operational in aHSCs. However, efficient sorting of peroxisomal membrane proteins 
depends on other factors and those may be limiting in HSCs. In fact, these characteristics of 
HSCs may make them an excellent model cell type to further study the ER-peroxisome 
relationship in detail. 
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It remains unclear whether peroxisomal activities are involved in the metabolism of the large 
quantities of fatty acids that are associated with the activation of stellate cells. If so, it would 
be expected that enzymes involved in 13-oxidation and/or peroxisome proliferation would 
increase during the transdifferentiation process. This was not observed for proteins involved, 
such as AOX, MFP and Pex11 p (see also Fig S1 ). Fatty acids released from the lipid 
droplets would be putative ligands for PPARa that induces the expression of peroxisomal 
proteins. However, PPARa expression is extremely low in HSCs, which may explain the lack 
of induction of these target genes in HSC activation. In line with this, fenofibrate treatment of 
HSCs did not induce expression of AOX, Pex11 p and PMP70, while it strongly induces 
expression of these genes in hepatocytes (data not shown) . 
Taken together, our data show that the ABC transporter PMP70 is involved in the 
development of the aSMA cytoskeleton in activated HSCs and is therefore a contributing 
factor in liver fibrosis. PMP70 is present in fibrillous strands that parallel the aSMA fibers. 
This is a highly unusual location for PMP70 as it is known for its abundant presence in the 
peroxisomal membrane in hepatocytes. Together with the residence of ALDP in the ER, our 
data suggest completely novel functions of proteins that have traditionally been thought to 
act as substrate transporters in the peroxisomal membrane. 
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Figure S1. mRNA expression of the peroxisomal markers AOX, Pex11p and MFP in hepatocytes and 
aHSCs 
Hepatocytes and HSCs were isolated using standard protocols (see materials and methods). HSCs were cultured 
in the presence of serum for 14 days (aHSCs). The relative mRNA expression (normalized to 1 8S) of each gene 
was normalized to its expression in hepatocytes (hepa). • Significant difference ( p<0.05) when compared to 
hepatocytes 
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Figure 52. Subcellular location of ALDP and PMP70 in hepatocytes, q- and aHSCs 
Freshly isolated rat hepatocytes were cultured for 4 h. (A-C) and freshly isolated HSCs were cultured in the 
presence of serum for 4 hours (qHSCs, D-F) or 14 days (aHSCs, G-1) followed by immunofluorescence 
microscopy to determine the subcellular location of ALDP and PMP70. See also appendix I for a full color version 
of this figure. 

Figure 53. RNA interference mediated silencing of PMP70 does not affect the sorting of the peroxisomal 
marker Pex14p 
PMP70 expression was silenced as described in Fig. 6. The subcellular location of Pex14p (siRNA-luc: A-C; 
siRNA-PMP70: D-F) was analyzed by immunofluorescence microscopy. The zoomed images are shown in C 
(siRNA-luc) and F (siRNA-PMP70) respectively, showing that the subcellular location of Pex14p is not affected by 
RNA interference-mediated silencing of PMP70. See also appendix I for a full color version of this figure. 
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ABSTRACT 

Peroxisomes are organelles that are involved in several metabolic pathways, including fatty 
acid �-oxidation. Adrenoleukodystrophy and Zellweger Syndrome are diseases, which are 
caused by malfunctioning of the adrenoleukodystrophy protein (ALDP) or proteins required 
for peroxisome biogenesis (peroxins), respectively. ALDP and most peroxins are localized to 
the peroxisomal membrane. It is unknown whether peroxisomal membrane proteins (PMPs) 
are embedded in cholesterol-enriched lipid microdomains (lipid rafts) and whether these 
control PMP function. Using detergent-treatment followed by flotation gradient centrifugation, 
we show that ALDP and its homolog PMP70 are associated with Lubrol WX- and Triton X-
1 00-resistant rafts, respectively. The peroxin Pex1 4p also associates with Triton-X-1 00-
resistant rafts, while its interacting partner Pex1 3p is extracted by both detergents. 
Cholesterol depletion and repletion experiments show that raft-association of PMPs is 
essential for peroxisome biogenesis, indicated by missorting of the peroxisomal matrix 
protein catalase and ALDP. This is the first report that shows that lipid rafts exist in the 
human peroxisomal membrane and that they are required for peroxisome biogenesis. 
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INTRODUCTION 

Peroxisomes are single membrane-bound organelles that are especially abundant in the 
human liver and kidney. They are involved in a wide range of metabolic processes, including 
�-oxidation of fatty acids, bile acid biosynthesis, plasmalogen biosynthesis and the removal 
of reactive oxygen species that are generated as a consequence of the high peroxisomal 
metabolic activity 1 · • Malfunctioning of peroxisomes is associated with life-threatening 
diseases like Zellweger Syndrome (ZS) and X-linked Adrenoleukodystrophy (X-ALD). Gene 
defects have been identified for both syndromes. ZS is caused by mutations in PEX genes. 
At present, mutations in 13 different PEX genes have been shown to cause ZS 3•5_ The PEX 
genes encode proteins called peroxins (Pex#p's, numbering in the order of discovery), which 
are required for the normal biogenesis of peroxisomes in eukaryotic species ranging from 
yeast to man. Over 30 different peroxins have been identified to date. Most of these proteins 
are associated with the peroxisomal membrane and function in import of peroxisomal matrix 
proteins (enzymes) or peroxisomal membrane proteins (PMPs). Pex13p and Pex14p (Fig 
1A) are crucial components for the import of peroxisomal matrix proteins and mutations in 
the corresponding genes have been shown to cause ZS 4•6 . Pex13p and Pex14p physically 
interact with Pex5p, the receptor that directs proteins containing a peroxisomal targeting 
signal type1 (PTS-1 ) to the peroxisome. In addition, they interact with each other suggesting 
that they act together in the process of peroxisomal matrix protein import 7·8• 
X-ALD is caused by mutations in the ABCD1 gene encoding the adrenoleukodystrophy 
protein ALDP and is biochemically characterized by elevated levels of very Ion� chain fatty 
acids (VLCFAs) in body fluids and reduced VLCFA �-oxidation in peroxisomes -1 1 • ALDP is 
an ATP-binding cassette (ABC-) transporter of which the peroxisomal membrane contains 3 
additional highly homolo�ous members; ALDRP/ABCO2, PMP70/ABCO3 and 
PMP70R/ABCO4 (PMP69) 2·1 • ALDP expression is detected in most tissues with moderate 
levels in the liver. PMP70 is highly expressed in the liver and kidney. ALDRP and PMP?OR 
are abundantly expressed in brain and kidney, respectively, but hardly expressed in the liver 
13• The peroxisomal ABC transporters are so-called half transporters. They contain 6 
clustered membrane spanning domains and 1 ATP-binding domain (Fig. 1A). Dimerization 
leads to the formation of functional substrate pumps resembling the prototypical ABC
transporter, P-glycoprotein/Multidrug resistance 1 protein (P-gp/MDR1). ALDP and PMP?0 
are the best characterized peroxisomal ABC transporters. They are thought to be involved in 
the ATP-dependent transport of VLCFAs and LCFAs across the peroxisomal membrane, 
respectively 10•14• However, direct evidence for these activities is still lacking. 
Our knowledge about the functions of peroxins and peroxisomal substrate transporters is 
steadily increasing, but remarkably little is known about the embedding of these PMPs in the 
peroxisomal membrane and their association with specific lipids. 
Over the last decade, research on protein-lipid interactions has been especially focused on 
their coexistence in detergent-resistant lipid microdomains, routinely called lipid rafts 1 5•16. 
Plasma membrane lipid rafts are enriched in cholesterol and (glyco)sphingolipids as well as 
specific membrane proteins. Biochemically, lipid rafts are characterized by their insolubility in 
non-ionic detergents (typically Triton X-100) at low temperatures and their subsequent 
buoyancy in sucrose flotation gradients. They function in protein trafficking, signal 
transduction, organization of the cytoskeleton, and pathogen internalization 17-1 9_ Moreover, 
lipid raft-association maJ directly regulate the activity of substrate transporters, including that 
of ABC transporters 20- • In recent years, lipid rafts have also been identified in organellar 
membranes including the endofllasmic reticulum, Golgi apparatus, lysosomes, mitochondria, 
endosomes and phagosomes 3·27_ Several studies suggest that lipid rafts may also exist in 
the human peroxisomal membrane. PMP?0 and ALDP were identified as putative lipid raft
associated proteins in two studies that analyzed the proteome composition of lipid rafts from 
human Hela cells and rat liver 25·28• However, a comprehensive analysis of lipid rafts in 
mammalian peroxisomes and their putative role in peroxisome biogenesis has not been 
described to date. 
In this study, we analyzed the association of the peroxisomal membrane proteins Pex13p, 
Pex14p, ALDP and PMP70 with peroxisomal lipid rafts. The proposed membrane topology of 
these PMPs is depicted in Figure 1A. With respect to their detergent-extractability, they can 
be subclassified in Triton X-100 in-extractable (Pex14p and PMP70), Lubrol WX in-
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extractable (ALDP) and detergent-extractable (Pex13p ). Cholesterol-depletion disrupts the 
association of PMPs with lipid rafts and leads to peroxisome biogenesis defects, which are 
restored upon cholesterol repletion. These data show for the first time that impaired lipid raft 
assembly in the peroxisomal membrane leads to peroxisome biogenesis defects. Conditions 
that interfere with lipid raft assembly and/or the association of PMPs with lipid rafts may 
therefore lead to clinical symptoms associated with Zellweger Syndrome and/or X-linked 
adrenoleukodystrophy. 

MATERIALS AND METHODS 

Cell lines and culture conditions 
The human hepatoma cell line HepG2 was cultured in Dulbecco's modified Eagle medium 
(DMEM), supplemented with GlutaMax-1, 4,500 mg/L O-glucose, sodium pyruvate, 
pyridoxine and with 10% (v/v) heat-inactivated (56°C, 30 min) fetal bovine serum (FBS), 100 
U/ml penicillin G, 100 mg/ml streptomycin and 250 ng/ml fungizone (lnvitrogen BV, Breda, 
the Netherlands). The cell cultures were passaged twice a week. 

Cholesterol depletion and repletion of HepG2 Cells 
In order to deplete cholesterol in vitro, 1 x107 HepG2 cells were washed two times in ice-cold 
HBSS {lnvitrogen) and lysed in 2.5 ml ice-cold TNE (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 
1 mM EDTA) containing either 1 % Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) or 1 % 
Lubrol WX {Lubrol 17A17, Serva, Heidelberg, Germany) in the presence of 10 mM methyl-P
cyclodextrin (m-P-CD, Sigma-Aldrich), Complete™ protease inhibitors (Roche, Basel, 
Switzerland} and 25UlµL Benzonase® (EMO Biosciences, Inc. La Jolla, CA, USA), followed 
by flotation gradient centrifugation as described in the section "isolation of lipid rafts". In 
order to deplete cholesterol from growing HepG2 cells (in vivo depletion), lovastatin (Sigma
Aldrich} and m-p-CD treatment was carried out as described previously 29

•
30 with some 

adaptations. For the isolation of lipid rafts, HepG2 cells (5x107 cells) were plated in DMEM 
supplemented with 10% FBS and antibiotics in 75 cm2 culture flasks. Twenty four h after 
plating, the cells were washed with HBSS twice, followed by a 24 h incubation with 10 µM 
lovastatin and 2 mM m-P-CD in DMEM without serum at 37° C. The cells were washed twice 
with ice-cold HBSS, followed by lysis in TNE containing 1% Lubrol WX, Complete™ 

protease inhibitors and 25UlµL Benzonasee. The isolation of lipid rafts was continued as 
described in the section "isolation of lipid rafts". To determine the effect of cholesterol 
depletion on cholesterol, mRNA and protein levels as well as protein localization, HepG2 
cells (6x105 cells) were plated In DMEM supplemented with 10% FBS and antibiotics in 6 
well plates. Twenty four h after plating, the cells were washed with HBSS twice. Different 
concentrations of lovastatin were added and refreshed each 24 h (for incubations of 48 or 72 
h). Different concentrations of m-P-CD were co-incubated with lovastatin during the last 24 h 
of treatment. All incubations were performed in DMEM without serum at 37°C. In order to 
restore cellular cholesterol levels, cells were incubated with preformed 
cyclodextrinlcholesterol complexes as described previously 30

•31 . Briefly, after cholesterol 
depletion, HepG2 cells were washed twice with HBSS and incubated 24 h at 37°C in the 
presence of m-P-CDlcholesterol complexes (400 µglml cholesterol) in serum free medium. 

RNA isolation and Quantitative Polymerase Chain Reaction (Q-PCR) 
The isolation of total RNA, its conversion to cDNA and its analysis by Q-PCR was carried out 
as described previously 32. Primers and probes used in this study are listed in Table 1. The 
expression of each gene was normalized to the endogenous control, 18S (MCt method). 

Isolation of detergent-resistant lipid microdomains (lipid rafts) 
Lipid rafts were isolated from 1x107 HepG2 cells as described by Slimane et al. 30 with minor 
modifications. Cells were washed two times in ice-cold HBSS {lnvitrogen) and lysed in 2.5 
ml ice-cold TNE buffer, containing either 1% Lubrol WX or 1% Triton X-100 in the presence 
of Complete™ protease inhibitors and 25UlµL Benzonase®. Cells were harvested from the 
flasks, passed ten times through a 22g needle and incubated on ice for 30 min. Lysates 
were mixed 1: 1 with 80% (wlv) sucrose in TNE buffer, 4 ml was transferred to the bottom of 
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a 12 ml centrifuge tube and overlaid with 4 ml 35% (wlv) and 4 ml 5% (wlv) sucrose in 
TNE buffer. The remainder of the lysate in 40% (wlv) sucrose was used as total protein 
extract (T). Gradients were centrifuged for 20 h at 36,000 rpm at 4 •c in a Beckman SW 41 
rotor. Fractions of 1 ml were harvested from the top of the gradient. The pellet was 
resuspended in 1 ml 35% (wlv) sucrose in TNE buffer and saved as pellet fraction (P). 

SOS-PAGE and western blotting 
Equal volumes of the gradient fractions and the fractions P and T were separated by SOS
PAGE and analyzed by western blotting according to established procedures 33. Protein 
concentrations were determined using the Bio-Rad Protein Assay system (Bio-Rad 
Hercules, CA, USA) using bovine serum albumin as standard. All primary antibodies used 
are listed in Table 2. Horse radish peroxidase-conjugated secondary antibodies (HRP
conjugated swine-anti rabbit, rabbit anti-goat and rabbit anti-mouse, Dako A/S, Glostrup, 
Denmark) and the phototopee-HRP Western Blot Detection System (Cell Signalling 
technology Inc, Danvers, MA) were used for detection according to the manufacturers' 
protocols. The blots were exposed in a ChemiDoc XRS system (Bio-Rad). Protein band 
intensities were quantified by the Quantity One software (Bio-Rad, Hercules, CA, USA). 

Cholesterol isolation and concentration measurements 
Cholesterol was isolated from total cell extracts using the Bligh-Dyer method 34• Cholesterol 
concentrations were determined spectrophotometrically by a cholesterol oxidaselperoxidase 
assay 35 and normalized against protein concentrations. 

Analysis of protein expression after cholesterol depletion 
Protein concentrations were determined as described in the section "SOS PAGE and 
western blotting". 

lmmunof/uorescence microscopy 
Control, cholesterol-depleted and cholesterol-repleted HepG2 cells (6x105 cells) were fixed 
with 4% paraformaldehyde, labeled and analyzed as described previously 33• Primary 
antibody dilutions are listed in Table 2. 

Table 1. Sequences of Primers and Probes used for Real-time Quantitative PCR Analysis 
Gene Sense Antisense Probe 
1 8S 5'-cgg eta cca cat cca agg 5'-cca alt aca ggg eel cga aa-3' S'FAM-cgc gca aat tac cca etc ccg a-

a -3' TAMRA3' 
Catalase 5'-ttc gal etc ace aag git 5'-gtt get tgg gtc gaa ggc tat-3' S'FAM-cac aag gac tac cct etc ate 

!QQ-3' cca git gg-TAMRA3' 
Pex14p 5'-gcc ccc tea eel cat tic 5'-aat gca atg cct gee atg at-3' S'FAM-cat aca gtc ccg cag get ccc 

tca-3' ga-TAMRA3' 
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Table 2. Antibody dilutions for protein analysis 

Antibody western blotting lmmunofluorescence Company/Reference 
Microscopy 

Mouse 1 : 1 000 1 : 1 00 Clone 1 D6, Euromedex, Mundolsheim 
a-ALDP France 
Rabbit 1 :2000 1 :200 Calbiochem, La Jolla, CA 

a-ca ta lase 
Mouse 1 :2000 1 :200 Sigma-Aldrich, St. Louis, MO 

a-catalase 
Mouse 1 :5000 Sigma-Aldrich, St. Louis, MO 

a-beta actin 
Rabbit 1 :500 SC18, Santa Cruz Inc, CA, USA 
a-c-Src 
Mouse 1 :1 0.000 Calbiochem, La Jolla, CA 

a-GAPDH 
Goat 1 : 1 000 Abeam, Cambridge, UK 

a-Pex1 3p 
Rabbit 1 :2000 1 :200 Generous gift of Dr. M. Fransen, 

a-Pex14p Leuven, Belgium 36 

Rabbit 1 : 1 000 1 :200 Sigma-Aldrich, St. Louis, MO 
a-PMP70 

RESULTS 

Pex1 3p, Pex14p, PMP70 and ALDP are differentially associated with lipid rafts 
To determine whether peroxisomal membrane proteins (PMPs) are associated with 
detergent-resistant lipid microdomains/lipid rafts, we performed the standard lipid raft
extraction protocol on liver-derived human HepG2 cells using Triton X-100 or Lubrol WX 
followed by flotation gradient centrifugation. Subsequently, the gradient fractions were 
analyzed for the location of marker proteins and various PMPs by western blot analysis. 
Figure 1 C shows that after extraction with the strong detergent Triton X-100 the cytosolic 
proteins GAPDH and actin were solely detected in the bottom fractions (8-12) of the 
gradient, whereas significant amounts of the prototypical lipid raft-associated c-Src were 
detected in fraction 4 and 5. It is relevant to emphasize that the gradients were analyzed by 
loading "equal volumes" of the different fractions. Our protocol was very stringent for 
extracting proteins from membranes as shown by the very low recovery of total protein in the 
lipid raft-peak fractions 4 and 5 (Fig. 18) and the partial extraction of c-Src (Fig. 1C). The 
peroxisomal ABC-transporter PMP70 and the peroxin Pex14p showed a similar gradient 
distribution as c-Src, suggesting that these proteins are, at least partly, associated with lipid 
rafts. In contrast, ALDP and Pex13p were only detected in the bottom (solubilized protein) 
fractions of the gradient. 
In addition to Triton X-100 extraction, less stringent extraction detergents are being used that 
also indicate an association of proteins to lipid rafts. Figure 2 shows the analysis of flotation 
gradient centrifugation of HepG2 cells after treatment with Lubrol WX. The distribution of the 
marker proteins GAPDH, actin and c-Src shows that cellular membranes are efficiently 
disrupted by Lubrol WX and that lipid rafts float to fractions 4 to 6. Total protein 
concentrations were slightly higher in fractions 4-6 after Lubrol WX-extraction (Fig. 2A) 
compared to Triton X-100 (Fig. 18), confirming the lower stringency of the detergent. As 
expected from the data obtained for Triton X-100 extraction, PMP70 and Pex14p were 
predominantly present in fractions 4 to 6 after WX extraction (Fig. 28). In contrast to the 
complete solubilization of ALDP by Triton X-100 (Fig. 1C), peak fractions of ALDP were 
observed in fractions 4 to 6 after Lubrol WX extraction (Fig. 28). Notably, Pex13p, an 
integral peroxisomal membrane protein and interacting partner of Pex14p, was solely 
detected in the bottom (cytosolic) gradient fractions after Lubrol WX extraction (Fig. 28). 
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Taken together, these data show that PMPs have differential extractability by Triton X-100 
and Lubrol WX, implying a different environment of these proteins in the peroxisomal lipid 
bilayer. 
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Figure 2. Association of human PMPs to Lubrol 
WX-reslstant lipid rafts in  HepG2 cells 
Human HepG2 cells were lysed in the presence of 
1% Lubrol WX followed by flotation gradient 
centrifugation. One (1) ml fractions (in total 12) 
were collected from the top and analyzed for protein 
concentration (A) and for western blot analysis (B). 
For western blot analysis, equal volumes of the 
gradient fractions were analyzed using specific 
antibodies against the lipid raft marker c-Src, the 
non-lipid raft markers 13-actin and GAPDH, and 
peroxisomal membrane proteins Pex1 3p, Pex 14p, 
ALDP and PMP70 (B). Equal volumes of the 
unfractionated total protein lysate (T) as well as the 
pellet fraction after flotation gradient centrifugation 
(P) were also analyzed. 

Figure 1. Membrane topology of the human PMPs 
analyzed in this study and their association with Triton 
X-100-resistant lipid rafts In HepG2 cells 
(A) Schematic representation of the current models for the 
membrane topology of the human Pex1 3p, Pex14p, ALDP 
and PMP70. Numbers indicate amino acid positions. ALDP 
and PMP70 are highly homologous proteins with 
comparable membrane topology. The amino acid positions 
for ALDP are indicated. Human HepG2 cells were lysed in 
the presence of 1 %  Triton X-100 followed by flotation 
gradient centrifugation. One ml fractions (in total 1 2) were 
collected from the top and analyzed for protein 
concentration (B) and for western blot analysis (C). For 
western blot analysis, equal volumes from the gradient 
fractions were analyzed using specific antibodies against 
the lipid raft marker c-Src, the non-lipid raft markers 13-actin 
and GAPDH, and peroxisomal membrane proteins 
Pex13p, Pex14p, ALDP and PMP70 (C). Equal volumes of 
the unfractionated total protein lysate (T) as well as the 
pellet fraction after flotation gradient centrifugation (P) 
were also analyzed. 

A 

'€ 2,0 [I 
r 1.s 

g 1.0 

i :: --� 
' f,.'t" ...,<t- 12 11 10 9 8 7 6 5 4 3 2 1 

,._o ,{<," fraction number 

61 



Chapter 4 

PMPs dissociate from Lubrol WX-lipid rafts after cholesterol depletion of HepG2 
membranes in vitro 
Plasma membrane lipid rafts are enriched in cholesterol and sphingolipids. Peroxisomal 
membranes have also been shown to contain cholesterol and sphingolipids 37·38

, though at 
significantly lower levels compared to the plasma membrane. Proteins residing in plasma 
membrane lipid rafts dissociate from lipid rafts when the cholesterol content is artificially 
reduced, e.g. through chemical extraction of cholesterol from the membrane using methyl-13-
cyclodextrin (m-l3-CD) 39. To determine whether cholesterol depletion results in dissociation 
of peroxisomal membrane proteins from lipid rafts, we performed an in vitro cholesterol 
extraction experiment in which HepG2 cells were extracted with Lubrol WX in the presence 
of 1 0  mM m-[3-CD followed by flotation gradient 
centrifugation. Figure 3 shows that cholesterol 
depletion using m-[3-CD results in a shift of peak 
fractions of c-Src and all lipid raft-associated 
PMPs from fractions 4-6 to the lower fractions of 
the gradient. Notably, c-Src is detected in fraction 
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.J 
9 to 1 2  after m-[3-CD treatment indicating full Pe•13P 

solubilization of the protein. In contrast, peak Pe•14P 

F1-=========�=--=--l levels of ALDP, PMP70 and Pex14p were ALDP �--==---------�-=-
=a
-
==

-==� 
detected in fractions 8 and 9 at the interface of PMP10 F L..--------_-_-::.-____ __, 
the 40% and 35% sucrose layers in the gradient. 
This suggests that the PMPs remain associated 
with lipids, but with altered flotation behavior 
compared to cholesterol-containing lipid rafts. 

Figure 3. Human PMPs dissociate from Lubrol WX

resistant lipid rafts after in vitro cholesterol depletion of 

HepG2 membranes 

Human HepG2 cells were lysed in the presence of 1 %  
Lubrol WX In the absence (A) and presence (B) of 1 0  mM 
methyl-�-cyclodextrin followed by flotation gradient 
centrifugation. Fractions collected from these gradients were 
analyzed as described in the legend of Figure 2. 

B 10 mM m-13-CD 

7 6 5 4 3 2 1 

PMPs dissociate from Lubrol WX-lipid rafts after cholesterol depletion of HepG2 
membranes in vivo 
To study the in vivo effects of cholesterol depletion on lipid raft-association of PMPs and 
peroxisome biogenesis, HepG2 cells were treated with m-[3-CD and/or lovastatin to obtain 
sufficient depletion of total cellular cholesterol content, including that at intracellular sites. 
Routine protocols to disrupt plasma membrane lipid rafts did not lead to significant release of 
PMPs from lipid rafts in HepG2 cells (see supplementary Figure S1 ). The short m-[3-CD 
treatment is most likely insufficient to effectively deplete cholesterol from intracellular 
membranes. Therefore, we optimized the conditions for cholesterol depletion of HepG2 cells 
to be able to analyze effects on peroxisomal proteins. Lovastatin treatment alone appears 
relatively ineffective in lowering cholesterol levels in HepG2 cells. After 24 h incubation with 
1 0  µM lovastatin only a 22% reduction in cellular cholesterol content was observed (Fig. 4A). 
24 h incubation with a relatively low concentration of 2 mM m-l3-CD leads to a much more 
pronounced cholesterol reduction of 66%. To obtain cholesterol depletion levels of more 
than 90% to efficiently disrupt rafts as reported by others 28, we co-treated HepG2 cells for 
24 h with lovastatin (10 µM) and m-[3-CD (2 mM). Under these conditions cholesterol levels 
were reduced to 8% compared to control cells. The mRNA and protein expression levels of 
peroxisomal marker proteins in the lovastatin/m-[3-CD-treated HepG2 cells were comparable 
to control cells (Fig. 4 B and C) and no increased apoptotic or necrotic cell death was 
observed (data not shown). Notably, the 24 h of lovastatin/m-[3-CD co-treatment of HepG2 
cells led to a significant decrease in cellular c-Src protein levels, most likely due to release 
into the medium (Fig. 4B). 
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Next, lovastatin/m-!3-CD treated HepG2 cells were subjected to Lubrol WX-extraction 
followed by flotation gradient centrifugation (Fig. 5). Western blot analysis for c-Src, PMP70, 
ALDP and Pex14p showed that these proteins were largely absent from the raft-containing 
fractions 4 and 5 (Fig. 58), where they appear in control cells (Fig. 5A). Significant amounts 
of Pex14p and c-Src appeared in fractions 8 to 12, indicating that they were solubilized upon 
Lubrol WX extraction. Similar to the in vitro extraction experiments described above, peak 
levels of PMP70 and ALDP were detected in fractions 7 and 8 at the 35%-40% sucrose 
interface. In addition, large amounts of PMP70, ALDP and Pex14p were also detected in the 
pellet fraction, which may indicate that the dissociation from lipids raft leads to aggregation 
of these PMPs either before or during the Lubrol WX-extraction procedure. The lovastatin/m-
13-CD treatment had no effect on the behavior of Pex13p during the lipid raft isolation 
procedure (Fig. 5). 
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cholesterol depletion of 
growing HepG2 cells 
Human HepG2 cells were 
cultured for 24 h in the 
presence of 10 µM 
lovastatin (L), 2 mM 
methyl-J3-cyclodextrin (m
J3-CD) or a combination of 
these 2 compounds. 
Treatment with 0 .1% 
DMSO (solvent for m-13-
CD) served as control. 
Total cellular cholesterol 
of treated cells was 
determined (A). Levels of 
selected proteins (B) and 
mRNA's (C) were 
determined in HepG2 
cells treated with a 
combination of 10 µM 
lovastatin and 2 mM m-13-
CD. 

• 
con 10µM L + 

2mM m-�-CD 

Figure 5. PMPs dissociate from Lubrol WX-resistant 
lipid rafts after in vivo cholesterol depletion of HepG2 
membranes 
Human HepG2 cells were cultured for 24 h in the absence 
(A) or presence (B) of 10 µM lovastatin and 2 mM methyl
J3-cyclodextrin (m-J3-CD). The cells were lysed in the 
presence of 1 % Lubrol WX, followed by flotation gradient 
centrifugation and gradient fractions were analyzed as 
described in the legend of figure 2. 
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Effect of cellular cholesterol depletion on sorting of PMPs and catalase 
To determine whether cellular cholesterol depletion affects peroxisome biogenesis, we 
analyzed the subcellular location of PMP70, ALDP, Pex14p and the peroxisomal matrix 
enzyme catalase in lovastatin/m-P-CD-treated HepG2 cells by immunofluorescence 
microscopy (Figs 6, 7 and S3). In untreated HepG2 cells, catalase co-localizes with Pex14p 
and ALDP (Fig. 6 and S3, respectively; A-C) and PMP70 co-localizes with ALDP (Fig. 7A-C) 
in small dots representing peroxisomes. Already after 24 h of lovastatin/m-P-CD treatment, a 
diffuse subcellular location of catalase becomes apparent while Pex14p remains localized in 
dots (Fig. 6D-F). In addition, staining for ALDP reveals a predominant cytoplasmic pattern in 
lovastatin/m-P-CD-treated cells, while PMP70 was still localized to punctuate structures 
(Figs 7 and S3, D-F). 
Extending the lovastatin/m-P-CD treatment leads to a further reduction of dotted ALDP 
staining while PMP70 remains localized to distinct dots (data not shown). 
After 24 h lovastatin/m-P-CD treatment we supplemented the medium with cholesterol and 
after an additional incubation of 24 h we again analyzed the subcellular location of the PMPs 
and catalase (Figs 6, 7 and S3; G-I). Pex14p and PMP70 were still localized to peroxisomes. 
In cholesterol-repleted HepG2 cells, catalase staining re-appeared predominantly in a dotted 
pattern and showed strong co-localization with Pex14p (Fig. 6G-I) indicating a peroxisomal 
location. ALDP staining on the other hand was heterogeneous. In some cells, clear dots 
were observed that co-localized with PMP70 and catalase (Fig. 7 and S3 respectively; G-I). 
In such cells also a significant amount of diffuse staining of ALDP was detected. In addition, 
many cells barely contained a significant peroxisomal dotted staining pattern for ALDP. 
Interestingly, in cells with a diffuse ALDP staining, catalase was predominantly localized to 
punctate dots indicating a peroxisomal location (Figs 7 and S3, lower panels). Collectively, 
these data show that cholesterol depletion leads to the disruption of the lipid raft-association 
of PMP70, ALDP and Pex14p. PMP70 and Pex14p remain peroxisomal, while ALDP and 
catalase are missorted. Cholesterol repletion leads to the efficient catalase accumulation in 
peroxisomes, while correct ALDP sorting is only partially restored. 
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Figure 6. Effect of cholesterol 
depletion and repletion on the 
subcellular location of Pex14p and 
catalase 
Human HepG2 cells were cultured 
for 24 h in the absence (A-C) or 
presence (D-F) of 10 µM lovastatin 
and 2 mM methyl-�-cyclodextrin 
followed by immunofluorescence 
microscopy to determine the 
subcellular location of Pex14p (A,D) 
and catalase (B,E). Merged images 
are presented in C and F. 
Cholesterol-depleted HepG2 cells 
(D-F) were subsequently cultured for 
24 h in the presence of exogenously 
added cholesterol (G-I) and the 
subcellular location of Pex14p (G) 
and catalase (H) were determined. 
The merged images are shown in I. 
In control cells (A-C), Pex14p and 
catalase show a strong co
localization in peroxisomal dots. 
Cholesterol-depletion leads to a 
diffuse staining for catalase, whereas 

Pex14p staining remains dotted (D-F)). Cholesterol repletion leads to a significant re-localization of catalase to 
Pex1 4p-positive peroxisomes. See also appendix I for a full color version of this figure. 

Figure 7. Effect of cholesterol 
depletion and repletion on the 
subcellular location of ALDP 
and PMP70 
Human HepG2 cells were 
cultured for 24 h in the absence 
(A-C) or presence (D·F) of 10 µM 
lovastatin and 2 mM methyl-�
cyclodextrin followed by 
immunofluorescence microscopy 
to determine the subcellular 
location of ALDP (A,D) and 
PMP70 (B,E). The merged 
images are presented in C and F. 
Cholesterol-depleted HepG2 cells 
(D-F) were subsequently cultured 
for 24 h in the presence of 
exogenously added cholesterol 
(G-I) and the subcellular location 
of ALDP (G) and PMP70 (H) 
were determined. Merged images 
are shown in I. In control cells (A
C), ALDP and PMP70 show a 
strong co-localization in 
peroxisomal dots. Cholesterol

u 

0 
..c: 
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ALDP PMP70 Merge 

depletion leads to a diffuse staining for ALDP, whereas PMP?O staining remains predominantly concentrated in 
dots (D-F). Cholesterol repletion does not lead to a significant re-localization of ALDP to PMP?O-positive 
peroxisomes. See also appendix I for a full color version of this figure. 
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DISCUSSION 

In this study we show that lipid raft-association of PMPs is required for normal human 
peroxisome biogenesis. 
Lipid rafts exist in plasma membranes and various organellar membranes, but have not 
been described yet in mammalian peroxisomal membranes. A clear hierarchy appears to 
exist in the lipid raft-association of PMPs. According to the classical criteria for solubilization 
of rafts by various detergents, the ABC-transporter PMP?0 and the peroxin Pex14p show the 
strongest lipid raft-association of the PMPs studied here. In contrast, the PMP?0-homologue, 
ALDP, is fully extracted by Triton X-100, but remains completely raft-associated after Lubrol 
WX treatment. The significance of the behavior of membrane proteins after Lubrol WX 
extraction, or any other mild detergent, is a matter of debate 4042

• However, the fact that the 
integral PMP Pex13p ls completely extracted by both detergents strongly suggests that 
ALDP is embedded in a lipid environment, different from PMP?0, Pex14p and Pex13p. 

ALDP, PMP?0, Pex13p and Pex14p have all been shown to be integral membrane proteins 
by biochemical methods 35,43.44_ In line with this, they contain predicted membrane spanning 
regions. In addition, both mammalian and yeast Pex13p and Pex14p have been shown to 
physically interact with each other and with Pex5p, the cycling receptor crucial for targeting 
of peroxisomal matrix proteins 36

•
4547. However, in studies with rat liver it was shown that 

Pex13p and Pex14p predominantly exist in separate protein complexes in the peroxisomal 
membrane 48• Our observation that Pex14p and Pex13p behave opposite in the detergent 
extraction procedures is in line with the existence of separate Pex13p and Pex14p
containing protein complexes and suggests that their transient interaction is crucial for 
peroxisome biogenesis. The domains in Pex13p and Pex14p that are required for the 
interaction have been identified and shown to be important for peroxisome biogenesis 49• 
Moreover, the stoichiometry of these two peroxins in yeast is very important, as 
overexpression of one of them results in matrix protein import defects, which is not observed 
when they are co-overexpressed 50. 

It is tempting to speculate that the transient association of peroxins to specific lipids may 
play a role in assembling a matrix protein import site in the peroxisoma! membrane that is 
capable of importing oligomeric protein complexes 51 ·53_ Our cholesterol-depletion and 
repletion experiments show that cholesterol and the associated lipid raft-embedding of 
peroxins is required for this process. 

The cholesterol content in the peroxisomal membrane is low compared to other cellular 
membranes 54. Still, our results show that cholesterol serves a crucial role in the assembly of 
peroxisomes. In cholesterol-depleted HepG2 cells, Pex14p and PMP?0 become Triton X-
1 DO-extractable, but remain associated to peroxisomes. The import of the peroxisomal 
matrix protein catalase is clearly disturbed under these conditions as it accumulates in the 
cytosol. The peroxisomal sorting of catalase import is efficiently re-established when 
cholesterol is supplied to the cholesterol-depleted HepG2 cells. This indicates that the raft 
association of Pex14p, and/or other membrane-bound peroxins not analyzed here, is 
essential for peroxisome biogenesis. 

To date, the only other report about lipid microdomains in peroxisomal membranes is on 
ergosterol/ceramide-rich {ECR) domains in peroxisomes of the yeast Yarrowia lipolytica. The 
functional relationship between the peroxisomal rafts described in our study and the ECR 
domains described in Yarrowia lipolytica remains to be determined 55• The AM-ATPases 
Pex1 p and Pex6p, two peripherally-associated peroxisomal membrane proteins, were shown 
to be associated with ECR domains in precursor structures of peroxisomes in this yeast. 
Two integral PMPs tested, Pex2p and Pex16p, were not associated with Triton X-100- or 
Lubrol WX-resistant rafts, similar to Pex13p in our study. A complex transition of pre
peroxisomal structures to mature peroxisomes has been described for Y. lipo/ytica, but it is 
unclear whether similar mechanisms are involved in human peroxisome biogenesis. 
Although a highly dynamic association-dissociation process was described for Pex1 p and 
Pex6p to these precursors of peroxisomes, the critical importance of ECR domains for 
peroxisome biogenesis in this yeast was not established. 
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In an elegant proteome analysis of lipid rafts from Hela cells, PMP70 and ALDP were 
identified as lipid raft-associated proteins 28• In this landmark study, a comparison was made 
of Triton X-1 00 extraction resistant proteins from m-13-CD-treated and control cells. The 
reduction in cellular cholesterol content in this study was similar as in ours (-96% vs. -92%, 
respectively). From their analysis, however, it remains unclear how much of the total cellular 
amount of PMP70 and ALDP (or any other protein classified as lipid raft-associated) is lipid 
raft-associated. In our analysis, we compared equal volume fractions of the flotation 
gradients. Our data therefore reveal the relative cellular distribution of the analyzed proteins 
between lipid rafts versus non-lipid rafts. Under the conditions applied, significant amounts of 
PMP70 and Pex14p (up to 50% of the total amount) resist Triton X-1 00 extraction. This 
amount is even significantly higher after Lubrol WX extraction. In line with the proteome 
analysis, cholesterol depletion leads to strong reduction of lipid raft-associated PMP70 and 
Pex1 4p in HepG2 cells. In contrast, ALDP already appears to be completely solubilized after 
Triton X-100 extraction of HepG2 cells. This apparent contradiction to the study of Foster et 
al. may be due to cell type-specific differences in raft-association of ALDP. Alternatively, it is 
also possible that only minute amounts of ALDP reside in the Triton X-1 00-resistant lipid raft 
fraction of HepG2 and Hela cells. Due to the high sensitivity of the proteome analysis, ALDP 
may be identified as a protein associated with Triton X-1 00-resistant lipid rafts as the amount 
of ALDP is further reduced by cholesterol depletion 28

• Our data indicate that the amount of 
ALDP associated with Triton X-1 00-resistant lipid rafts in HepG2 cells is extremely low and 
that it shows different extraction characteristics from PMP70 and Pex1 4p. Even though most 
of the cellular ALDP is associated with Lubrol WX-resistant lipid rafts, these observations 
indicate that the lipid environment of PMP70 and ALDP in the peroxisomal membrane is 
different. Whether different (functional) types of rafts exist in the peroxisomal membrane or 
that different extractability is a result of a heterogeneous lipid distribution within one raft 
remains to be determined as for rafts occurring in other cellular membranes 42• Several other 
ABC transporters, (MDR1 /Pgp/ABCB1, MRP1 /ABCC1, BCRP/ABCG2) have been shown to 
reside in lipid rafts and their substrate transporting activity is regulated by their lipid 
environment 21 •22•56•59. It is therefore likely that also the activity of PMP70 and ALDP is 
controlled by their association to specific lipids. It is interesting to note that significant 
amounts of ALDP and PMP70 appear to remain associated with lipids after Lubrol WX
extraction of cholesterol-depleted HepG2 cells, as indicated by their accumulation at the 
40%-35% sucrose interphase after flotation gradient centrifugation. Pex14p and c-Src, in 
contrast, are fully solubilized under these conditions. This may indicate that ALDP and 
PMP70 are associated with other lipids that reside in the peroxisomal membrane. The slight, 
but highly reproducible difference in peak fractions of raft-associated c-Src versus PMPs 
after flotation gradient centrifugation of Lubrol WX-extracted HepG2 cells may be a result of 
this peroxisome-specific lipid environment. 

It is relevant to note that many X-ALD patients are treated with cholesterol lowering drugs 
like lovastatin and simvastatin 60·61 aimed to reduce VLCFA levels. In X-ALD patients with 
residual ALDP protein-activity, cholesterol reduction could theoretically effect the subcellular 
location of ALDP thereby further reducing its function and aggravating X-ALD disease 
symptoms. In our HepG2 cells, treatment with lovastatin alone reduced the cellular 
cholesterol levels to maximally 50% compared to control cells. This reduction did not affect 
the raft association of ALDP, nor PMP70 or Pex1 4p (Fig. S2). It is therefore unlikely that 
lovastatin treatment alone will be harmful due to effects on peroxisome biogenesis. 
In summary, our data show that PMPs are differentially associated with detergent-resistant 
lipid rafts. Cholesterol depletion leads to disruption of lipid raft association and peroxisome 
biogenesis defects. This adds a novel function to lipid microdomains in (sub)cellular 
membranes. Moreover, the role of peroxisomal rafts in diseases where peroxisomes are 
malfunctioning, e.g. Zellweger Syndrome and X-linked adrenoleukodystrophy, needs further 
analysis. 

Ors J.W. Kok and S. van IJzendoorn (Department of Cell Biology, UMCG, Groningen, The 
Netherlands) are kindly acknowledged for their help and suggestions during this project. 
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Figure 51. Standard cholesterol depletion protocols do not cause dissociation of PMP70 from organellar 
lipid rafts Human HepG2 cells were cultured in the presence of 2.5 µM lovastatin (L) for 48 h followed by 
treatment with 1 O mM methyl-!3-cyclodextrin (m-13-CD) for 30 minutes. The cells were lysed in the presence of 1 % 
Triton X-100 (A) or 1 %  Lubrol WX (B), followed by flotation gradient centrifugation. One ( 1 )  mi fractions were 
taken from the top and analyzed by western blot analysis using antibodies against the lipid raft marker c-Src, and 
the peroxisomal membrane protein PMP70. Equal volumes of the unfractionated total protein lysate (T) as well as 
the pellet fraction after flotation gradient centrifugation (P) were also analyzed. 
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Figure 52. Incubation of HepG2 cells with only 
10 µM lovastatin (A) or 2mM methyl-13· 
cyclodextrin (8) does not lead to the 
dissociation of PMPs from rafts Human HepG2 
cells were cultured in the presence of 10 µM 
lovastatin or 2 mM methyl-!3-cyclodextrin (m-13-
CD) for 24 h. The cells were lysed in the presence 
of 1 %  Lubrol WX (B), followed by flotation 
gradient centrifugation. One (1 )  ml fractions were 
taken from the top and analyzed by Western blot 
analysis using antibodies against the lipid raft 
marker c-Src, and the peroxisomal membrane 
proteins Pex1 3p, Pex14p, ALDP and PMP70. 
Equal volumes of the unfractionated total protein 
lysate (T) as well as the pellet fraction after 
flotation gradient centrifugation (P) were also 
analyzed. 
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Figure 53. Effect of cholesterol depletion and repletion on the subcellular location of ALDP and catalase 
(This figure is added to substantiate the difference in peroxisomal accumulation of catalase and ALDP after 
repletion of cholesterol in HepG2 cells). 
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ALDP Catalasa Merge Human HepG2 cells were 
cultured for 24 h in the 
absence (A-C) or presence 
(D-F) of 10 µM lovastatin 
and 2 mM methyl-13-
cyclodextrln followed by 
immune fluorescence 
microscopy to determine 
the subcellular location of 
ALDP (A,D) and catalase 
(B,E using a rabbit 
polyclonal antibody against 
catalase, Calblochem 
Novabiochem Corp. La 
Jolla, CA, USA). The merge 
images are presented in C 
and F. Cholesterol-depleted 
HepG2 cells (D-F) were 
subsequently cultured for 
24 h in the presence of 
exogenously added 
cholesterol (G-1) and the 
subcellular location of 
ALDP (G) and catalase (H) 
were determined. The 
merged images are shown 
in I. In control cells (A-C). 
ALDP and catalase show a 

strong co-localization in peroxisomal dots. Cholesterol-depletion leads to a diffuse staining for ALDP and catalase 
(D-F). Cholesterol repletion leads to a significant clustering of catalase in dots, while the ALDP staining remains 
predominantly diffusely localized in the cytoplasm. See also appendix I for a full color version of this figure. 
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ABSTRACT 

Background: Caveolae are a subtype of cholesterol-enriched lipid microdomains/rafts that 
are routinely detected as vesicles pinching off from the plasma membrane. Caveolin-1 is an 
essential component of caveolae. Hepatic caveolin-1 plays an important role in liver 
regeneration and lipid metabolism. Expression of caveolin-1 in hepatocytes is relatively low 
and it has been suggested to reside also at other subcellular locations than the plasma 
membrane. Recently, we found that the peroxisomal membrane contains lipid microdomains. 
Like caveolin-1, hepatic peroxisomes are involved in lipid metabolism. Here, we analyzed 
the subcellular location of caveolin-1 in rat hepatocytes. 

Methods: Primary rat hepatocytes were isolated from Wistar rats. The subcellular location of 
endogenous caveolin-1 was analyzed by cell fractionation procedures, immunofluorescence 
and immunoelectron microscopy. The subcellular location of GFP-tagged caveolin-1 was 
analyzed by fluorescence microscopy. Lipid rafts were characterized after Triton X-100 or 
Lubrol WX extraction of total liver extracts or purified peroxisomes. RNA interference and/or 
fenofibric acid treatment were used to manipulate caveolin-1 expression in primary rat 
hepatocytes. 

Results: Cell fractionation and microscopical analyses reveal that caveolin-1 strongly co
localizes with peroxisomal marker proteins (catalase, PMP70, ALDP, Pex14p, BMT) in rat 
hepatocytes. Artificially expressed GFP-caveolin-1 accumulated in catalase-positive 
organelles. Peroxisomal caveolin-1 is associated with detergent-resistant microdomains 
showing different detergent-extraction characteristics than those containing the peroxisomal 
proteins Pex14p, PMP70 and/or ALDP. Caveolin-1 expression is strongly repressed by the 
PPARa-agonist fenofibric acid. Fenofibric acid exposure and RNA interference-mediated 
silencing of caveolin-1 expression did not disturb sorting of the peroxisomal matrix protein 
BMT. 

Conclusions: Caveolin-1 is highly enriched in peroxisomes of hepatocytes. Caveolin-1 is 
not required for peroxisome biogenesis, but this unique subcellular location may determine 
its important role in hepatocyte proliferation and lipid metabolism. 
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INTRODUCTION 

Caveolae are subtypes of lipid microdomains/rafts that are morphologically recognizable as 
flask-like invaginations of the plasma membrane. They are particularly involved in signal 
transduction and endocytosis . The characteristic protein component of caveolae are the 
caveolins that interact strongly with cholesterol 2• Three different caveolins (1, 2 and 3) have 
been described. Caveolin-1 is crucial for the formation of caveolae in non-muscle cells 1 and 
is highly expressed in lung, heart and adipose tissue 3• In accordance with this expression 
profile, severe pulmonary defects, abnormal cardiac function and lipid disorders have been 
reported in caveolin-1 knockout mice 4•5_ 
Caveolin-1 is moderately expressed in the liver 7·8 , where it has been detected in 
hepatocytes, Kupffer cells, stellate cells and endothelial cells 5-12. Still, hepatic caveolin-1 is 
involved in imeortant metabolic pathways like (intracellular) cholesterol trafficking 13 and lipid 
homeostasis 4• The important function of hepatic caveolin-1 is evident from the impaired 
liver regeneration and low survival of caveo/in-r1- mice after partial hepatectomy 15• In 
hepatocytes, caveolin-1 has been detected in the plasma membrane. However, significant 
amounts of caveolin-1 have also been detected intracellularly, where it has been reported to 
localize to lipid droplets, endoplasmic reticulum, Golgi and/or mitochondria 3·8·14• We became 
interested in a putative peroxisomal localization of caveolin-1 after we detected that the 
peroxisomal membrane contains lipid microdomains/rafts (Woudenberg, J. et al, chapter 4). 
Peroxisomes are required for important hepatocyte functions like bile acid biosynthesis and 
13-oxidation of very long chain fatty acids (VLCFAs) 16•17. Typical marker proteins for 
peroxisomes are the peroxins that are required for peroxisome biogenesis, the peroxisomal 
antioxidant enzyme catalase and the peroxisomal ATP-binding cassette (ABC) transporters, 
the Adrenoleukod¥strophy Protein (ALDP, ABCD1) and 70 kDa Peroxisomal Membrane 
Protein (PMP70) 1 · 19• Recently, we found that ALDP, PMP70 and the peroxins Pex13p and 
Pex14p are differentially associated with lipid rafts in human peroxisomes (Woudenberg, J. 
et al, chapter 4). Cellular depletion of cholesterol leads to defective sorting of the 
peroxisomal enzyme catalase, indicating that lipid rafts are required for peroxisome 
biogenesis. 
As caveolae are a subtype of lipid rafts, we here analyzed the subcellular location of 
caveolin-1 in rat hepatocytes using biochemical and microscopical techniques. Caveolin-1 
was predominantly detected in peroxisomes. Expression of caveolin-1 is strongly reduced 
after exposure to fenofibric acid, a strong ligand for the peroxisome proliferator activated 
receptor alpha {PPARa). We discuss these findings in relation to the putative function of 
caveolin-1 in liver peroxisomes. 
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MATERIALS AND METHODS 

Animals 
Specified pathogen-free male Wistar rats (220-250 g) were purchased from Charles River 
Laboratories Inc. (Wilmington, MA, USA). They were housed under standard laboratory 
conditions with free access to standard laboratory chow and water. Experiments were 
performed following the guidelines of the local Committee for Care and Use of laboratory 
animals. 

Primary cells and culture conditions 
Hepatocytes were isolated and cultured in William's E medium as described previously 20

• 
Cells were cultured in a humidified incubator at 37 •c and 5% CO2• Hepatocyte viability and 
purity were always more than 90% as assessed by trypan blue exclusion. 

Plasmids and transient transfection 
Full-length mouse caveolin-1 cDNA was obtained from C2C1 2 myoblast cells by PCR and 
cloned into pGEM-T-easy (Promega, Leiden, Netherlands). Constructs were sequenced and 
a clone without errors was selected. Bglll and Sa/I restriction sites were added to the 
caveolin-1 cDNA by PCR using adapter-primers 
(For-Bg/1I: 5' -GGACTCAGATCT-ATGTCTGGGGGCAAA T ACGTGGAC-3', Rev-Sa/I: 5' -
TACAAGAGTCGA-CTGCGAGAGCAACTTGGAATTG-3'). The resulting PCR product was 
inserted as a Bg/1I-Sa/l DNA fragment in the corresponding sites of pEGFP-C1 (Clontech, 
Palo Alto, CA, USA), resulting in an expression vector with caveolin-1 fused to the C
terminus of enhanced green fluorescent protein (EGFP). 
Primary rat hepatocytes were transiently transfected with EGFP-caveolin-1 using 
electroporation, as described previously 21• After 48 h, the expression of the hybrid protein 
was analyzed by western blotting and the subcellular location of EGFP-caveolin-1 was 
analyzed using fluorescence microscopy. 

Caveo/in-1 RNA interference 
Primary rat hepatocytes were plated at a density of 1 .25 x 1 05 cells/cm2 in William's E 
Medium with Glutamax supplemented with 1 %  heat-inactivated fetal calf serum (lnvitrogen) 
and dexamethasone (Sigma-Aldrich, St. Louis, MO) in the presence of double-stranded 
siRNA duplexes (Table 1 )  aimed to silence caveolin-1 (siRNA-Cav, lnvitrogen). Control cells 
were transfected with oligonucleotides directed against luciferase (siRNA-Luc, lnvitrogen). 
Lipofectamine (lnvitrogen) was used as transfection reagent according to the manufacturer's 
instructions. After 24 h, cells were either fixed for immunofluorescence microscopy or lysed 
for Q-PCR or western blot analysis. 

Fenofibric acid treatments 
Primary rat hepatocytes were plated as described previously 20. Four hours after plating, 
cells were incubated with 50 µM fenofibric acid (Sigma-Aldrich) or 0. 1 % DMSO (solvent for 
fenofibric acid) for 24 h. Cells were lysed for Q-PCR or western blot analysis. 

RNA isolation and Quantitative Polymerase Chain Reaction (Q-PCR) 
The isolation of total RNA, its conversion to cDNA and its analysis by Q-PCR was carried out 
as described previously 22. Primers and probes used in this study are listed in Table 2.  The 
expression of each gene of interest was normalized with respect to the endogenous control, 
18S (MCt method). 

Homogenization of rat lung and liver 
The homogenization of rat lung and liver was performed in polyethylene glycol 1 500 
(PEG1 500)-containing homogenization buffer (isolation medium-3 from Antonenkov et al. 23

), 
equal amounts of lung and liver protein were analyzed by western blotting. 

Subcel/ular fractionation and isolation of peroxisomes 
The subcellular fractionation and isolation of peroxisomes from rat liver was performed as 
described previously by Antonenkov et al. using isolation medium-3 23

• Peroxisomes were 
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further purified from the 17,000 x g pellet by Nycodenz density gradient centrifugation 
according to established methods 24. Equal volumes of all supernatants, pellets and gradient 
fractions were analyzed by western blotting. 

Extraction of peroxisomal membrane proteins 
The extraction of peroxisomal membrane proteins (PMPs) was performed according to 
established methods 25 with some adaptations. Three (3) fractions of -250 µg purified 
peroxisomes were pelleted at 100,000 x g in a Beckman TLA-100.3 rotor (Beckman, 
Fullerton, CA, USA). The pellets were resuspended in 1 ml of either 100 mM Tris-HCI, pH 
8.0, or 1 M NaCl in 100 mM Tris-HCI, pH 8.5, or 0.1 M Na2CO3, pH 11.0 and incubated on 
ice for 15 minutes. Insoluble materials were pelleted by centrifugation for 1 5  minutes at 
200,000 x g at 4 •c in a Beckman TLA-100.3 rotor (Beckman). Pellet fractions were 
resuspended in the appropriate buffer as described above. Equal volume fractions were 
analyzed by western blotting. 

Proteinase K protection assay 
Aliquots of purified peroxisomes (approximately 100 µg) were subjected to proteolysis by 
proteinase K as described previously 26• These aliquots were incubated with either O or 0.2 
mg/ml proteinase K (lnvitrogen) in the presence or absence of 0.1 % Triton X-100 (Sigma
Aldrich) for 30 minutes at 4°C. The proteinase K digestion was terminated by the 
precipitation of each sample with 12.5% trichloroacetic acid (TCA, Sigma-Aldrich), followed 
by TCA protein precipitation 26. Equal volumes of all protein samples were analyzed by 
western blotting. 

Isolation of detergent resistant microdomains from peroxisomes 
Purified peroxisomal fractions from the Nycodenz gradients were pooled and centrifuged in 
an SS34 rotor at 17,000 x g. The pellets (1-1.5 mg protein) were subjected to extraction by 
1% Triton X-100 or 1% Lubrol WX for the isolation of Triton X-100- or Lubrol WX-resistant 
rafts, respectively, according to established methods 27. Equal volume fractions of the 
gradient were analyzed by western blotting. 

SOS-PAGE and western blotting 
Protein samples were separated by SOS-PAGE and analyzed by western blot as described 
before 21 • Protein concentrations were determined using the Bio-Rad Protein Assay system 
(Bio-Rad Hercules, CA, USA) using bovine serum albumin as standard. Primary antibodies 
used are listed in Table 3. Horse radish peroxidase-conjugated secondary antibodies (HRP
conjugated swine anti-rabbit, rabbit anti-goat and rabbit anti-mouse, Dako A/S, Glostrup, 
Denmark) and the phototope®-HRP western blot Detection System (Cell Signalling 
Technology Inc, Danvers, MA, USA) were used for detection according to the manufacturers' 
protocols. Blots were exposed in a ChemiDoc XRS system (Bio-Rad). 

lmmunofluorescence microscopy 
Hepatocytes were fixed with 4% paraformaldehyde, labeled and analyzed as described 
previously 21 . Primary antibody dilutions are listed in Table 3. 

lmmunogold labeling and electron microscopy 
Ten million freshly isolated hepatocytes were pelleted and fixed with 2% glutaraldehyde 
(Sigma-Aldrich) at 4°C for 30 minutes and further processed according to the method 
described b� van der Wei et al. 28• Briefly, cryo-sections were prepared according to 
Tokuyashu 9 followed by immunogold labeling 30• Primary antibodies (Table 3) were 
visualized using gold-conjugated secondary antibodies (5 nm gold-conjugated goat-anti 
mouse and 1 5  nm gold-conjugated goat-anti rabbit, BB International, Cardiff, UK). Images 
were captured on a FEI CM100 Bio (FEI Co., Hillsboro, OR). Digital pictures were taken at 
80kV accelerating voltage. 

Statistical analysis 
All numerical results are reported as the mean of at least 3 independent experiments ± 
standard error of the mean (S.E.M). 
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Table 1 Primers used for caveolin-1 RNA interference 

RNA Sense Antisense Company/Ref. 

luciferase 5'-cuu acg cug agu acu ucg auu-3' 5'-ucg aag uac uca gcg uaa guu-3' lnvitrogen 

caveolin-1 5'-aau cue aau cag gaa gcu cuu -3' 5-gag cuu ccu gau uga gau uuu-3' lnvitrogen, 31 

Table 2. Sequences of Primers and Probes used for Real-time Quantitative PCR Analysis 

Gene Sense Antisense Probe 

1 8S 5'-cgg eta cca cat cca 5'-cca att aca ggg cct cga 5'FAM-cgc gea aat tac cca etc ccg a-
agg a -3' aa-3' TAMRA3' 

caveolin-1 5'-aac cgc gac ccc aag 5-ccg caa tea cat ctt caa agt 5'FAM-tct caa cga cga cgt ggt caa 
c-3' c-3' gat-TAMRA3' 

Pex1 1p s ·-gcc cgc cac tact ac 5 · -tct gtc gcg tgc aac ttg tc- 5"FAM-cat atg cag caa gac etc ata 
tat ttc ct-3" 3 ·  cag ate ccg -TAMRA3' 

P MP70 5'-ctg gtg ctg gag aaa 5'-cca gat cga act tea aaa 5'FAM-tga tea tgt tee ttt age aac ace 
tea tea at-3' eta agg t-3' aaa tgg-TAMRA3' 

AOX 5 · -gee acg gaa etc ate 5 · -cca ggc cac cac tta atg 5'FAM-cca ctg cca cat atg ace cca 
ttc ga-3· ga-3· aga ccc-TAMRA3" 

Baat 5"-tgt aga gtt tct cct gag 5 · -gtc caa tct ctg etc caa tgc- 5"FAM-tgc caa CCC ctg ggc cca g-
aca tee taa-3 · 3· TAMRA3' 

eatalase 5'-gga tta tgg cct cc 5-acc ttg gtc agg tea aat gga 5'FAM-atg cca tcg cca gtg gca att 
gaga tct-3' t-3' acc-TAMRA3' 

T bl 3 A fb d d"I a e n I O IY 1 utIons or protein ana ysIs I 
Antibody western lmmunofluoresc. Electron Company/Reference 

blotting Microscopy Microscopy 
Mouse 1 : 1000 1 : 100 Clone 1 D6, Euromedex, 
a-ALDP Mundolsheim France 
Rabbit 1 :2000 Generous gift of Prof. C. Falany, 
a-Baat Birmingham, AL, USA 32 

Rabbit 1 :2000 
a-BSEP 3-3 

Rabbit 1 :2000 
a-calnexin SPA 860D, Stressgen, Ml, USA 
Rabbit 1 :2000 1 :200 Calbiochem, La Jolla, CA, USA 
a-catalase 
Mouse 1 :2000 1 :200 1 :200 Sigma-Aldrich, St. Louis, MO, USA 
a-catalase 
Rabbit 1 : 1000 1 : 1 00 1 : 1 00 N20, Santa Cruz Inc, CA, USA 
a-caveolin-1 
Mouse 1 :2000 BD Biosciences, Franklin Lakes, 
a-cytochrome C NJ, USA 
Mouse 1 : 1 0.000 Calbiochem, La Jolla, CA, USA 
a-Gapdh 
Mouse 1 : 1000 Roche Diagnostic, Almere, 
a-EGFP The Netherlands 
Goat 1 : 1000 Abeam, Cambridge, UK 
a-Pex13p 
Rabbit 1 :2000 Generous gift of Dr. M. Fransen, 
a-Pex14p Leuven, BelQium 34 

Rabbit 1 : 1 000 Sigma-Aldrich, St. Louis, MO, USA 
a-PMP70 
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RESULTS 

Caveolin-1 is moderately expressed in rat liver 
We first compared the relative expression levels of caveolin-1 in rat liver and lung. As 
described before, caveolin-1 is highly expressed in rat lung (Fig. 1 )  3• In rat liver, caveolin-1 
levels are much lower, but still detectable. Western blot analysis of serial dilutions of total 
lung and liver extracts revealed that caveolin-1 expression levels in rat liver were 
approximately 100-fold lower compared to rat lung. 

rat rat 
lung liver 

caveolin-1 I-

rat rat 
lung liver 

(1 00x dil.) 

- 1  

Figure 1. Expression of caveolin-1 in rat liver 
Total protein extracts from rat lung and liver were analyzed 
by western blotting using a specific antibody against 
caveolin-1 and Gapdh. The left panel shows results when 
equal amounts of extracts (20 µg) were loaded of both 
organs. In the right panel, the total protein extract from rat 
lung was 1 00-fold diluted to obtain comparable signal 
intensities for caveolin-1. 

Endogenous caveolin-1 co-localizes with peroxisomal markers in rat hepatocytes 
To study the presence and location of caveolin-1 in rat hepatocytes, we performed 
immunofluorescence microscopy using specific antibodies against caveolin-1 and the 
peroxisomal markers catalase and ALDP (Fig. 2). As expected from the low hepatic 
expression of caveolin-1 (Fig. 1 ), the signal intensity was low in rat hepatocytes. When 
observing the caveolin-1 staining alone, no distinct localization pattern is evident, with 
significant dotted intracellular signals, together with nuclear and plasma membrane signals 
(Fig. 2B). However, when combined with a specific staining for catalase (Fig. 2, overlay in C, 
F and I) or ALDP (Fig. 2, overlay in L, 0, R) a significant co-localization of caveolin-1 with 
these peroxisomal markers is evident (Fig. 2, merged images, arrows). Some peroxisomes 
appeared to be (almost) devoid of caveolin-1, especially those at the rim of hepatocytes (Fig. 
2F and 0). To further substantiate our observations, we also used electron microscopy to 
study the subcellular location of hepatic caveolin-1 . As shown in Fig. 3 we observed 
caveolin-1-specific labeling at the membrane of catalase-positive peroxisomes (arrows, 15 
nm gold). Mitochondria were always negative for both catalase and caveolin-1 (data not 
shown). 

Figure 2. Caveolin-1 co-localizes with peroxisomal markers in rat hepatocy1es 
Primary rat hepatocytes were analyzed by immunofluorescence microscopy to determine the subcellular location 
of catalase (A, D, G), ALDP (J, M, P) and caveolin-1 (B, E, H and K, N, Q). The merged images are displayed in 
C, F, I, L, 0 and R. The high magnification images in G-I and P-R show strong co-localization between caveolin-1 
and catalase or ALDP, respectively (arrows). Some catalase-positive peroxisomes contain little amounts of 
caveolin-1 (I and R, arrowheads). See also appendix I for a full color version of this figure. 
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Figure 3. In rat hepatocytes, some caveolin-1 is 
detected at the membrane of catalase-positive 
peroxisomes 
Primary rat hepatocytes were analyzed by immuno
electron microscopy to determine the subcellular 
location of catalase and caveolin-1 . Catalase and 
caveolin-1 were detected using specific primary 
antibodies that were recognized by secondary 
antibodies conjugated to 5 nm gold and 1 5  nm gold 
(arrows), respectively. Gold-labeled catalase and 
caveolin-1 were clearly present in peroxisomes (P) 
but not in mitochondria (M). 

Heterologously expressed caveolin-1 sorts to hepatocyte peroxisomes 
To obtain further proof for a peroxisomal location of hepatic caveolin-1 , we transiently 
transfected primary rat hepatocytes with an expression plasmid producing Enhanced Green 
Fluorescent Protein (EGFP)-tagged caveolin-1 . Using antibodies against EGFP, a protein 
band with the expected molecular weight of 49 kDa was readily detected in transfected rat 
hepatocytes, whereas this band was absent in untransfected cells (Fig. 4A). Fluorescence 
microscopy revealed that EGFP-caveolin-1 was detected in dotted structures that also 
contain (endogenous) catalase, as clearly indicated by the yellow stain in the merged 
images (Fig. 4E-G, arrows) .  

A 

EGFP-cav-1 (49 kDa) 

caveolin-1 (21 kDa) 

untrans- GP F-
f ected cav-1 

Figure 4. In rat hepatocytes, EGFP-caveolin-1 
predominantly sorts to catalase-positive 
peroxisomes 
Primary rat hepatocytes were transiently 
transfected with EGFP-caveolin-1 .  Forty eight 
hours after transfection, expression of transfected 
(EGFP-caveolin-1 ,  49 kDa) and endogenous 
caveolin-1 (21 kDa) was analyzed by western 
blotting. Gapdh expression was analyzed as a 
marker for equal protein loading (A). EGFP
caveolin-1 -transfected hepatocytes were analyzed 
by immunofluorescence microscopy to determine 
the subcellular location of EGFP-caveolin-1 (B, E) 
or catalase (C, F). The merged images are 
displayed in figure D and G. in the high 
magnification images, clear co-localization between 
caveolin-1 and catalase in dotted structures 
(arrows), can be observed. Some catalase-positive 
peroxisomes contain little amounts of caveolin-1 
(G, arrowheads). See also appendix I for a full color 
version of this figure. 

Endogenous caveolin-1 co-fractionates with peroxisomal proteins after subcellular 
fractionation of rat liver 
To confirm the presence of caveolin-1 in hepatic peroxisomes, we performed cell 
fractionation studies on rat liver. After differential centrifugation of osmotically-stabilized total 
liver homogenates, caveolin-1 was almost exclusively detected in the 1 7,000 x g pellet 
fraction also containing the markers for peroxisomes, mitochondria ER and plasma 
membranes (Fig. 5A). The cytosolic marker Gapdh did not appear in any of the pellet 
fractions (Fig. 5A). Next, the organelles in the 1 7,000 x g pellet fraction were separated 
using Nycodenz density gradient centrifugation. Western blot analyses showed that the 
peroxisomal markers PMP70, Pex1 4p, catalase and Baat were enriched in fractions 3-6 (Fig. 
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58), the unique high density-location of peroxisomes in these gradients 24. Caveolin-1 was 
also highly enriched in these fractions and clearly separated away from mitochondria 
(cytochrome C, fractions 12-14), canalicular membranes (Bsep, fractions 12-15) and the ER 
(calnexin, fractions 12-15). These data show that caveolin-1 predominantly co-purifies with 
peroxisomes during cell fractionation studies of rat liver. Only minor amounts may be present 
in the plasma membrane, mitochondria, ER and/or other organelles not analyzed here. 

A 
Figure 5. Endogenous caveolin-1 co-fractionates with 
peroxisomal proteins after subcellular fractionation of 
rat liver 
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Pex14p J--- -

Total rat liver homogenates were fractionated by differential 
centrifugation. Equal volumes of all pellet and supernatant 
fractions were analyzed by western blotting, using specific 
antibodies against PMP?0, Pex14p, catalase, Baal, 
caveolin-1,  Bsep, calnexin, Gapdh and cytochrome C (A). 
The organelles in the 17,000 x g pellet fraction were 
separated using Nycodenz density gradient centrifugation. 
Equal volumes of the gradient fractions were analyzed as 
described in A (B). 
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Caveolin-1 is an integral peroxisomal membrane protein with its N-terminus exposed 
to the cytosol 
We next analyzed the association and topology of caveolin-1 in the peroxisomal membrane. 
Freshly isolated rat liver peroxisomes were lysed in buffers containing sodium chloride or 
sodium bicarbonate and compared to hypertonic lysis of peroxisomes (Fig. 6A). All 
treatments result in the effective release of the peroxisomal matrix proteins catalase and 
Baat from the organellar fraction. In contrast, the integral membrane proteins PMP70 and 
Pex14p are pelleted even after extraction with sodium carbonate at pH 1 1. Similarly, 
caveolin-1 remained associated with the peroxisomal membrane after treatment with sodium 
bicarbonate (Fig. 6A), implying that it is an integral component of the peroxisomal 
membrane. 
The membrane topology of peroxisomal caveolin-1 was studied by proteinase K protection 
assays on purified peroxisomes, either in the absence or the presence of Triton X-1 00 to 
disrupt the peroxisomal integrity. The PMPs PMP70 and Pex14p are readily digested by 
proteinase K in the absence of Triton X-100, indicating the presence of cytosolic loops 
accessible to proteinase K (Fig. 68). The peroxisomal matrix marker Baat on the other hand, 
was not digested by proteinase K in the absence of Triton X-100 confirming the intactness of 
peroxisomes under these conditions. Only in the presence of Triton X-100, Baal was 
digested by proteinase K (Fig. 68). Similar to PMP70 and Pex14p, proteinase K also 
removed caveolin-1 from the peroxisomal membrane in the absence of Triton X-100 (Fig. 
68). Collectively, these data show that hepatic caveolin-1 is an integral peroxisomal 
membrane protein, with its N-terminus exposed to the cytosol. 
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Figure 6. Caveolin-1 is a n  integral peroxisomal membrane protein with its N-terminus exposed to the 
cytosol 
Freshly isolated rat liver peroxisomes were lysed in buffers containing 1 M sodium chloride or 100 mM sodium 
bicarbonate (pH 1 1 )  and compared to hypertonic lysis of peroxisomes ( 100 mM Tris HCI). Insoluble materials 
were pelleted by centrifugation. Equal volume fractions of pellets and supernatants were analyzed by western 
blotting using antibodies against PMP70, Pex14p, catalase, Baal and caveolin-1 (A). Freshly isolated rat liver 
peroxisomes were subjected to proteinase K digestion (0.2 mg/ml proteinase K) in the absence or presence of 
1 %  Triton X-100. Equal volumes of all protein samples were analyzed by western blotting using antibodies 
against PMP70, Pex14p, Baal and caveolin-1 (B). 

Caveolin-1 is localized to detergent-resistant microdomains in the peroxisomal 
membrane 
In order to determine whether peroxisomal caveolin-1 is localized to detergent-resistant 
microdomains, we treated purified rat liver peroxisomes with Triton X-100 or Lubrol WX 
followed by flotation gradient centrifugation. Equal volumes of the gradient fractions were 
analyzed by western blotting. Caveolin-1 clearly resisted extraction by Triton X-100, as 
indicated by its flotation to fractions 3-5. All peroxisomal marker proteins analyzed, PMP70, 
Pex14p, Pex13p, catalase and Baat, were detected in the Triton X-100 solubilized fractions 
8 to 12 (Fig, 7A). Importantly, significant amounts of Pex14p, PMP70 and caveolin-1 resisted 
Triton X-100 extraction when performed on total hepatocyte cell lysates (Fig. S1A) as 
reported before in human HepG2 cells (Woudenberg, J. et al, chapter 4). PMP70 and 
Pex14p largely resisted Lubrol WX extraction when performed on purified peroxisomes (Fig 
7B) and total hepatocyte lysates (Fig S1 B), with a predominant flotation to fractions 4 and 5. 
As expected, also the majority of peroxisomal caveolin-1 was associated with these Lubrol 
WX-resistant microdomains. Pex13p, catalase and Baat were detected only in fraction 12, 
representing the solubilized fraction in this gradient (Fig. 7B). These results demonstrate that 
peroxisomal caveolin-1 is localized to detergent resistant microdomains distinct from the 
ones that contain the peroxisomal membrane proteins PMP70 and/or Pex14p. 
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Figure 7. Caveolin-1 is localized to detergent-resistant microdomains in the peroxisomal membrane 
Freshly isolated rat liver peroxisomes were lysed in the presence of 1 %  Triton X-100 or Lubrol WX followed by 
flotation gradient centrifugation. One ml fractions (in total 12) were collected from lhe top and analyzed by 
western blotting (A, Triton X-100 extraction; B, Lubrol WX extraction). Equal volumes from the gradient fractions 
were analyzed using specific antibodies against caveolin-1, the peroxisomal membrane proteins PMP70, 
Pex14p, Pex13p and the peroxisomal matrix proteins catalase and Baal. Equal volumes of the unfractlonated 
total protein lysate (T) as wel l  as the pellet fraction after flotation gradient centrifugation (P) were also analyzed. 
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RNA interference-mediated downregulation of caveolin-1 does not affect the 
peroxisomal location of Baat in primary rat hepatocytes 
To study whether caveolin-1 may play a direct role in the sorting of peroxisomal enzymes, 
we inhibited its expression by RNA interference. Transient transfection of primary rat 
hepatocytes with caveolin-1-specific small interfering RNA duplexes (siRNA-Cav) led to a 
70-80% reduction of caveolin-1 mRNA and protein levels (Fig. 8A, C). The mRNA and/or 
protein expression of the peroxisomal markers Pex11 p, PMP70 and Baat were comparable 
in siRNA-Cav-1-treated and control cells (Fig. 88, C). lmmunofluorescence microscopy 
analysis showed that the peroxisome-specific staining of caveolin-1 was strongly reduced in 
siRNA-Cav-treated hepatocytes. Under these conditions, the peroxisomal matrix enzyme 
Baat was still predominantly present in dotted structures in the cytoplasm, indistinguishable 
from the staining pattern in control cells (Fig. 8D-O). 
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Figure 8. RNA interference-mediated downregulation of caveolin-1 does not affect the peroxisomal 
location of Baat in primary rat hepatocytes 
Primary rat hepatocytes were transiently transfected to silence caveolin-1 expression (siRNA-Cav). Control cells 
were transfected with oligonucleotides directed against luciferase (siRNA-luc). After 24 h, mRNA levels of 
caveolin-1 (A) and Pex 1 1 p, PMP70, catalase and Baal (B) were analyzed by Q-PCR. Levels of selected proteins 
were analyzed by western blotting, using antibodies against caveolin-1, PMP70, catalase and Baal. As a loading 
control, Gapdh expression was analyzed (C). The subcellular location of caveolin-1 (siRNA-luc: D, G; siRNA-Cav: 
J, M) and the peroxisomal matrix marker Baal (siRNA-luc: E, H; siRNA-Cav: K, N) were analyzed by 
immunofluorescence microscopy. The merged images are shown in F, I (siRNA-luc) and L, 0 (siRNA-Cav) 
respectively, showing clear co-localization of caveolin-1 and Baat in iuciferase treated cells (arrows). The 
subcellular location of Baat is not affected by the downregulation of caveolin-1 (0, arrows). See also appendix I 
for a full color version of this figure. 
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Caveolin-1 is negatively regulated by the PPARa agonist fenofibric acid 
Finally, we determined whether expression of caveolin-1 is co-regulated with genes 
encoding peroxisomal proteins. Primary rat hepatocytes were treated for 24 h with the ligand 
for PPARa, fenofibric acid. Typical PPARa target genes, like Pex11, PMP70 and acyl 
coenzyme A oxidase (AOX) were strongly induced by this compound (Fig. 9A). In contrast, 
expression of Baat was not responsive to fenofibric acid treatment. Remarkably, fenofibric 
acid treatment strongly reduced the mRNA levels of caveolin-1 to 20-30% compared to 
untreated cells (Fig. 9B). These data show that expression of caveolin-1 is regulated by the 
PPARa ligand fenofibric acid, but that its expression is reduced under conditions were 
peroxisomes proliferate. 
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Figure 9. Caveolin-1 is negatively regulated by the PPARa agonist fenofibric acid 
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Primary rat hepatocytes were incubated with 50 µM fenofibric acid (FF) or 0.1 %  DMSO (solvent for FF) for 24 h. 
Pex1 1 p, PMP70, AOX, Baat, catalase (All in A) and caveolin-1 (B) mRNA levels were analyzed by Q-PCR. 

DISCUSSION 

In this study, we show that caveolin-1 in rat hepatocytes is predominantly present in 
peroxisomes. Peroxlsomal caveolin-1 is highly resistant to Triton X-100 extraction, more so 
than PMP70 and Pex14p that were previously shown to reside in peroxisomal lipid rafts 
(Woudenberg, J. et al, chapter 4). Hepatic caveolin-1 is negatively regulated by the PPARa 
agonist fenofibric acid, which induces peroxisome proliferation. 

Expression of caveolin-1 in the liver is relatively low 7·6, where it is particularly enriched in 
endothelial cells and stellate cells 9-1 1 • Still, significant amounts of caveolin-1 can be detected 
in hepatocytes 8·1 2·35

. Previous studies have predominantly focused on the role of caveolin-1 
in internalization of caveolae from the plasma membrane. However, it has also been noted 
that caveolin-1 may reside at other subcellular locations, including the ER, Golgi apparatus, 
endosomes and mitochondria 3•8· 14• Our observation that significant amounts of caveolin-1 
appear to reside in the peroxisomal membrane of hepatocytes therefore came as a surprise. 
A possible peroxisomal location of caveolin-1 in hepatocytes may, however, been 
overlooked in previous studies. Caveolin-1 has been shown to co-fractionate with catalase 
after Nycodenz gradient separation of mouse liver organelles 36, clearly separated from 
plasma membranes and the Golgi apparatus. Other studies excluded the analysis of 
peroxisomal marker proteins 37 and caveolin-1 may have been miss-assigned to plasma 
membranes or the ER, as peroxisomes also may co-fractionate with these subcellular 
fractions 38• In addition, immunofluorescence microscopy studies revealed that caveolin-1 
co-localized with PMP70 in peroxisomal structures in the rat hepatoma cell line mcA
RH7777 39. Our study shows that significant amounts of caveolin-1 co-localize with the 
peroxisomal markers catalase, Baat, ALDP, PMP70 and Pex14p in rat hepatocytes using 
both cell fractionation and microscopical techniques. Also, EGFP-tagged caveolin-1 
expressed in rat hepatocytes was found to accumulate in cellular structures that contain the 
peroxisomal marker catalase. Similar to endogenous caveolin-1, EGFP-caveolin-1 also 

84 



Caveolin-1 is enriched in rat hepatocyte peroxisomes 

sorted to other subcellular organelles and the plasma membrane, which was especially 
evident in cells expressing high levels of the hybrid protein (data not shown). These data 
suggest that when levels of caveolin-1 are low, peroxisomes are the primary subcellular 
destination of this protein, at least in hepatocytes. 
In the plasma membrane, caveolin-1 is an integral membrane protein with its hydrophilic N
and C-terminus exposed to the cytosol 40• We found that also in hepatocyte peroxisomes, 
caveolin-1 is an integral peroxisomal membrane protein with its hydrophilic N- (and most 
probably also C-) terminus facing the cytosol (Fig. 6, 10A). In plasma membranes, caveolin-
1 interacts with cholesterol to form caveolae, which are morphologically characterized by 
their flask-shaped appearance. Such structures have not yet been described at the 
peroxisomal surface. The level of caveolin-1 in the peroxisomal membrane may be too low 
to form caveolae and its function may be unrelated to vesicle traffic to or from this organelle. 
On the other hand, local concentrations of caveolin-1-specific staining were often observed 
in immunofluorescence and immunoelectron microscopy, which may suggest local caveolae 
formation. 
Recently, we found that ALDP, PMP70 and Pex14p are associated with peroxisomal lipid 
rafts and that these microdomains are essential for peroxisome biogenesis in human HepG2 
cells (Woudenberg, J. et al, chapter 4). PMP70 and Pex14p were detected in Triton X-100-
resistant lipid rafts, while ALDP was detected in Lubrol WX-resistant lipid rafts. Pex13p, also 
an integral component of the peroxisomal membrane and interacting partner of Pex14p, 
appeared not to be associated with either of these biochemically-defined lipid rafts. PMP70 
and Pex14p are also detected in Triton X-1 OD-resistant lipid rafts in rat liver extracts, as was 
caveolin-1 (Fig. S1). All the PMPs were, however, fully solubilized when purified hepatocyte 
peroxisomes were extracted with Triton X-100 (Fig. 7A). This is most likely due to the very 
low lipid:protein ratio in purified fractions of peroxisomes compared to total cell extracts. 
Consequently, peroxisomal membrane(lipid)s are exposed to high detergent concentrations 
when purified peroxisomes are used in these extraction procedures. It is well-known that 
lipid raft-associated proteins eventually will be extracted when the detergent:lipid ratio is 
increased, also in total cell lysates 41 . Nevertheless, peroxisomal caveolin-1 resisted Triton 
X-100 extractions even when performed on purified rat hepatocyte peroxisomes. These data 
suggest that three biochemically distinguishable lipid rafts exist in the peroxisomal 
membrane that contain either 1) caveolin-1 , 2) PMP70 and/or Pex14p or 3) ALDP (Fig. 1 OB). 
Pex13p does not seem to associate with either of these peroxisomal microdomains. 
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Peroxisomal 
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Peroxisomal 
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Figure 10. Membrane topology of peroxisomal caveolin-1 and its co-existence with other lipid rafts in the 
peroxisomal membrane 
Caveolin-1 is an integral membrane protein with its N- and C-terminus exposed to the cytosol. In the peroxisomal 
membrane, caveolin-1 is strongly embedded in Triton X-1 00-resistant mlcrodomains, which are characterized by 
the (enriched) presence of cholesterol (left panel). Caveolin-1 is embedded in a different lipid environment than 
the peroxisomal membrane proteins (PMPs) Pex13p, Pex14p, ALDP and PMP70. Pex13p is not raft-associated, 
while ALDP is associated with Lubrol-resistant rafts (gray). Pex14p and PMP70 are embedded in Triton X-1 00 
resistant rafts (dark gray). Caveolin-1 even resists Triton X-100 extraction under very stringent conditions, in 
which PMP70 and Pex14p are solubilized. Therefore, caveolin-1 (black) is embedded in a different lipid 
environment than the other PMPs (right panel). 
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The function of peroxisomal caveolin-1 -containing lipid rafts is currently unknown. RNA 
interference-induced repression of caveolin-1 did not affect the peroxisomal location of the 
enzyme Baat. This suggests that caveolin-1 is not required for peroxisome biogenesis, while 
other types of peroxisomal lipid rafts are (Woudenberg, J. et al. , chapter 4). Moreover, 
caveolin-1 expression was strongly reduced by treating rat hepatocytes with the PPARa 
agonist fenofibric acid, which induces peroxisome proliferation. This observation actually 
suggests a negative link between caveolin-1 and peroxisome proliferation. Although such a 
repressive effect of caveolin-1 on peroxisome proliferation is highly speculative, it is in line 
with the low levels of caveolin-1 and high numbers of peroxisomes in hepatocytes 7.42• 
Previously, mouse liver caveolin-1 has been shown to be positively regulated by PPARy 43. 
In contrast to PPARa, which is an important regulator of {_fleroxisomal} fatty acid oxidation, 
PPARy stimulates the storage of fatty acids and lipids 3• Caveolae and caveolin-1 are 
involved in intracellular cholesterol and lipid metabolism. Hepatocyte peroxisomes are 
involved in the conversion of cholesterol to bile acids and in 13-oxidation of VLCFAs. 
Peroxisomal caveolin-1 may therefore be involved in transporting substrates for these 
metabolic activities to or from the peroxisomes. Related to this, caveolin-1 has been 
suggested to play a role in lipid droplet formation. Hepatocytes accumulate triacylglycerol 
and cholesteryl esters in these lipid droplets during liver regeneration 15 .44_ The levels of 
hepatic cholesterol and triglycerides increase ten-fold 44 during the first 24 h after partial 
hepatectomy, which coincides with an increased number of peroxisomes 45. The lipid 
droplets are usually detected in the vicinity of peroxisomes 15• The number of hepatic lipid 
droplets is strongly decreased in caveolinr1- mice and liver regeneration is strongly 
compromised after partial hepatectomy, resulting in increased mortality. Our current 
research aims to determine the role of peroxisomal caveolin-1 in liver regeneration and/or 
hepatocyte proliferation. 

The authors would like to thank E.H. Blaauw , F. Dijk and Dr. J.J.L. van der Want for their 
excellent technical assistance and critical view on the electron microscopy experiments. 
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Figure S1. Triton X-100 and Lubrol WX extractions on rat hepatocytes 
Primary rat hepatocytes were lysed in the presence of 1 %  Triton X-100 or Lubrol WX followed by flotation 
gradient centrifugation. One ( 1 )  ml fractions (in total 12) were collected from the top and analyzed by western 
blotting (A, Triton X-100 extraction; B, Lubrol WX extraction). For western blot analysis, equal volumes from the 
gradient fractions were analyzed using specific antibodies against caveolin-1 , the peroxisomal membrane 
proteins ALDP, PMP70, Pex14p, Pex13p and the cytosolic proteins 13-actin and Gapdh. Equal volumes of the 
unfractionated total protein lysate (T) as well as the pellet fraction after flotation gradient centrifugation (P) were 
also analyzed. 
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Chapter 6 

Peroxisomes are multifunctional organelles, which are specifically enriched in liver and 
kidney. In the liver, hepatocyte peroxisomes are involved in fatty acid 13-oxidation and bile 
salt biosynthesis 1 .2_ Little is known about the function of peroxisomes in other liver cell 
types. Our knowledge about peroxisome biogenesis has significantly increased during the 
last decades. Peroxins are important for building and maintaining peroxisomes, including 
sorting of peroxisomal matrix and membrane proteins and controlling growth and division of 
the organelle 3• The high metabolic activity in peroxisomes requires the presence of 
dedicated "channel" proteins that transport substrates and metabolites into and out of the 
organelle. Unlike the detailed knowledge we have about most of the peroxins, little is known 
about the identity, function and substrates of peroxisomal substrate transporters. Similarly, 
only very limited information is available about the presence and function of specific lipids in 
the peroxisomal membrane. 
This thesis describes the role of (hepatocyte) peroxisomes in the enterohepatic circulation of 
bile salts and the role of the ABC-transporter PMP70 in hepatic stellate cells. Furthermore, 
we studied the association of peroxisomal membrane proteins with lipid rafts. In this chapter, 
we discuss our most relevant results and make suggestions for future research. 

Bile salts transit through hepatocyte peroxisomes for their conjugation 

In chapter 2 of this thesis, we demonstrate that unconjugated bile salts that enter 
hepatocytes are shuttling through peroxisomes to be conjugated to glycine or taurine. The 
enzyme BMT is the sole enzyme that performs this conjugation activity 4

. Previous research 
from our laboratory indicated that BMT is predominantly, if not exclusively, present in 
peroxisomes 5• The subcellular location of BMT suggests that unconjugated bile salts in the 
enterohepatic circulation need to transit through peroxisomes to become (re)conjugated. 
Hence, the peroxisomal membrane should contain transporters that are responsible for the 
import of unconjugated bile salts and the export of the conjugated products. This process is 
highly efficient as more than 97% of unconjugated bile salts entering the liver via the ;ortal 
blood appear as glycine or taurine conjugates after a single pass through the liver . Our 
previous work cannot completely rule out the possibility that minor amounts of BMT are 
localized to the cytosol that could be responsible for re-conjugation of (all) cytosolic bile 
salts. Moreover, other researchers reported the presence of a cytosolic pool of BMT 7

-
9

_ 

This prompted us to develop a novel in vitro assay to obtain direct proof for (re-) conjugation 
of bile salts in peroxisomes. For this, we exposed primary hepatoytes to cholate that 
contains deuterium at four positions in the steroid back bone (D4CA). The extra molecular 
weight of D4CA allowed us to discriminate exogenously added D4CA from endogenously 
produced CA using mass spectrometry. Hepatocytes in culture rapidly take up D4CA and 
within hours accumulate high levels of conjugated D4TCA and D4GCA. In time, D4TCA and 
D4GCA appear in the medium and after 24 h all added D4CA (starting concentration 100µM) 
was efficiently conjugated and secreted to the medium. At the moment of maximum 
intracellular levels of D4 TCA and D4GCA we performed an improved cell fractionation 
protocol and detected significant amounts of D4 TCA in purified peroxisomes. These data 
provide direct evidence for the extended shuttle of unconjugated bile salts that become (re-) 
conjugated in peroxisomes (Fig. 1 ). 

Unconjugated bile salts absorbed in the intestine and returning to the liver are taken up by 
hepatocytes through organic anion transporting polypeptides (OATPs) 10• This is immediately 
followed by their activation with CoA by FATP5, which is associated with the cytosolic side of 
the plasma membrane (Fig 1) 11•12. After their activation, bile salts are taken up into 
peroxisomes by an as yet unidentified transporter. Inside peroxisomes, bile salt conjugation 
to the amino acids glycine or taurine is mediated by BMT 4. Finally, conjugated bile salts 
are transported into the cytosol via an as yet unexplained mechanism after which they are 
exported into bile by BSEP 13• 
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Figure 1 .  The enterohepatic circulation of unconjugated bile salts includes their transit through 

hepatocyte peroxisomes 

Conjugated and unconjugated bile salts are taken up into hepatocytes by NTCP and OATPs respectively. 
Unconjugated bile salts are Coenzyme A (CoA)-activated by FATPS, after which they are transported into 
peroxisomes by a yet unidentified transporter. Inside peroxisomes, bile salts are conjugated by BAAT, followed 
by their export by a currently unknown transport protein. Conjugated bile salts are exported into the bile by BSEP. 

This novel assay can be applied to study the role of peroxisomes and/or selected 
peroxisomal proteins in bile salt conjugation and cycling. The dynamics of bile salt 
conjugation and transcellular transport can be studied in hepatocytes without peroxisomes 
after RNA interference-mediated silencing of peroxins. These studies could be 
complemented by studies in which peroxisome numbers are increased by the use of 
peroxisome proliferators like fenofibric acid. Moreover, the effect of selective BMT
knockdown in rat hepatocytes will be an interesting experiment. CoA-activated, but 
unconjugated bile salts will most probably accumulate inside peroxisomes and may therefore 
affect peroxisome biogenesis and function. These experiments will further enhance our 
understanding of the pathology of BM T deficiency. Patients with a BM T deficiency develop 
familial hypercholanaemia (FHC), which is characterized by elevated serum levels of 
unconjugated bile salts and intermediates of bile salt biosynthesis. 14. It will be interesting to 
study the integrity of peroxisomes and the function of peroxisomal proteins in liver biopsies 
from these patients. 

The primary focus of future research will be to establish which peroxisomal substrate 
transporters are involved in the shuttling of bile salts through the peroxisomal membrane. A 
straight forward approach is to perform RNA interference-mediated knockdown of putative 
peroxisomal bile salt transporters and analyze its effect on bile salt conjugation dynamics 
and transcellular transport using the developed in vitro assay. Previous research su�gested 
that the peroxisomal import of bile acid biosynthesis intermediates requires ATP . Most 
likely, this is also true for re-conjugation of bile salts. Likely candidates for the peroxisomal 
import of bile salts are the four peroxisomal members of the ATP Binding Cassette (ABC) 
transporter superfamily, ALDP (ABCD1 16),  ALDRP (ABCD2 17). PMP70 (ABCD3 18) and 
P?OR (ABCD4 19). ABC-transporters use ATP-hydrolysis to transport their substrates across 
membranes, sometimes against strong concentration gradients. The proposed topology of 
the peroxisomal ABC-transporters is such that they transport substrates into peroxisomes. 
ALDP is absent or non-functional in patients with X-linked adrenoleukodystrophy (X-ALD). 
This is a result of mutations in the ABCD1 gene. X-ALD patients are characterized by 
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elevated serum levels of very long chain fatty acids (VLCFAs). Hence, ALDP is thought to be 
involved in the uptake of CoA-activated VLCFAs into peroxisomes 1 6 20. However, X-ALD 
pathology is not characterized by a strong accumulation of unconjugated bile salts or bile 
salt intermediates. Therefore, ALDP is not likely to be a high affinity transporter of bile salts. 
The expression of ALDRP/ABCD2 is relatively low in the liver 21 • Overexpression of ALDRP 
in ALDP deficient fibroblasts from X-ALD patients functionally compensates for the loss of 
ALDP 22• Therefore, it has been proposed that ALDP and ALDRP have largely overlapping 
substrate specificity. Consequently, ALDRP has not been implicated in the transport of bile 
salts. 
PMP70/ABCD3 is highly expressed in the liver 23• In cells overexpressing PMP70, the 13-
oxidation rate of palmitic acid was significantly increased. Therefore, PMP70 was initially 
thought to be involved in the peroxisomal uptake of CoA-activated LCFAs 24• Recently, 
PMP70 was suggested to be also involved in the transport of bile acid intermediates and 
branched chain fatty acids across the peroxisomal membrane. This is based on the 
unpublished observation that Abcd3-knockout mice accumulate the bile acid precursors 
trihydroxycholestanoic acid (THCA) and dihydroxycholestanoic acid (DHCA) 25• This may 
however also be a secondary effect of the life-long absence of PMP70 in these animals. The 
in vitro assay developed in this thesis is particularly suitable to perform PMP70 knockdown 
by RNA interference in (rat) hepatocytes and analyze its primary effect on bile salt 
conjugation. Remarkably, in chapter 5 we describe a completely different function for PMP70 
in hepatic stellate cells. Instead of in peroxisomes, PMP70 in these cells is predominantly 
present in fibrillous strands that lay parallel to the aSMA network. RNA interference
mediated knockdown of PMP70 results in the disappearance of this aSMA-network, 
suggesting that PMP70 may have cell type-specific functions in the liver. 
Currently, nothing is known about the function of P70R/ABCD4. It seems particularly highly 
expressed in the k idneys of mice 23• In human, ABCD4 expression is detected in many 
tissues 21 . Remarkably, a recent study reported that ABCD4 may not be a peroxisomal 
protein all together 26. Cell fractionation studies and artificial expression of P70R in COS 
cells suggest a specific ER location of this protein. Independent of the putative function of 
this protein in the liver, it is unlikely that it is involved in bile salt transport through 
peroxisomal membranes. 

In this thesis and in a recent study 5 we demonstrated that bile salt conjugation is an 
exclusive peroxisomal process. Patients with Zellweger Syndrome, who have no (functional) 
peroxisomes, accumulate intermediates of bile salt biosynthesis in their serum but those 
appear effectively conjugated 27. This may suggest either of two things: 1) BAA T is (partially) 
active in the cytosol of these patients and is able to conjugate the accumulated bile salt 
intermediates; 2) another enzyme than BAAT is responsible for the conjugation of bile salt 
intermediates in these patients. Recent studies using peroxisome deficient Pexz1- mice 
showed that these animals have a compromised ability to conjugate bile acids that were 
given through the diet 28. However, normal taurine and glycine conjugates are detected. This 
indicates that cytosolic BAA T is able to conjugate bile acids, but possibly with a reduced 
catalytic activity. Therefore, it will be interesting to compare the activity of (peroxisomal) 
BAAT in healthy livers and (cytosolic) BAAT in the livers of Zellweger Syndrome patients. 

Rat Baat preferentially conjugates bile acids to taurine. However, the conjugation profile is 
strongly dependent on the availability of glycine and taurine. Remarkably, we detected 
specifically D4TCA in the peroxisomal fractions and not D4CA or D4GCA. As conjugation of 
either glycine or taurine depends on the same enzyme Baal, also D4GCA must be 
synthesized in peroxisomes. Apparently, export of D4GCA out of peroxisomes is more 
efficient than export of D4 TCA. 
The export of conjugated bile salts out of peroxisomes is performed by an as yet unidentified 
transporter. We analyzed NTCP/ASBT homologues in the SLC10A family (SLC10A3-A6) as 
putative peroxisomal bile salt exporters. Preliminary results suggest SLC10A5 to be an 
interesting candidate. SLC10A5 is enriched in liver and kidney and is regulated by the bile 
sensor farnesoid X receptor (FXR) 29·30• Unfortunately, its subcellular location is not yet 
known nor its substrate specificity. Use of our novel in vitro assay on SLC10A5 RNA 
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interference-treated hepatocytes may be a first step to determine whether it plays a role in 
bile salt conjugation and/or transcellular transport. 

Peroxisomes in Hepatic Stellate Cells 

In chapter 3 of this thesis we investigated the expression and subcellular location of 
peroxisomal proteins in primary rat Hepatic Stellate Cells (HSCs). In activated HSCs 
(aHSCs), we observed an abnormal subcellular location of the peroxisomal membrane 
protein PMP70. While strictly peroxisomal in hepatocytes, PMP70 was enriched in fibrillous 
strands that diverted from the nucleus to the plasma membrane in aHSCs. Upon silencing of 
PMP70, the expression of the HSC activation marker a-smooth muscle actin (aSMA) was 
dramatically reduced and the characteristic aSMA-network absent. Therefore, we concluded 
that PMP70 may be involved in the activation of HSCs during liver fibrosis, which may 
specifically control the contractility of these cells. 
In the same study, we also analyzed the subcellular location of Pex14p, catalase and ALDP 
in hepatocytes and HSCs. While Pex14p and catalase were peroxisomal in both cell types, 
ALDP was strictly peroxisomal in hepatocytes but predominantly localized to the ER in 
activated HSCs. It is unknown whether the ER-specific location of ALDP implies a functional 
adaptation of this substrate transporter in aHSCs. 

In healthy liver, HSCs are quiescent cells that are involved in vitamin A storage and the 
maintenance of liver architecture. During liver disease, HSCs lose their vitamin A content 
and transdifferentiate into myofibroblasts. Hallmarks of HSC activation are the excessive 
secretion of cytokines and the overproduction of extracellular matrix proteins, such as 
collagen, leading to fibrosis and ultimately cirrhosis. lntracellularly, the expression of aSMA 
is drastically increased, leading to a strong development of stress fibers and hence HSC 
contractility 31. Remarkably, the PMP70-positive strands lay parallel to the aSMA fibers 
without exactly co-localizing. So it is not clear whether they physically interact. The functional 
relationship is, however, evident from the PMP70-dependent expression of aSMA. 
Interestingly, the expression levels of the cytokine transforming growth factor 13 (TGFl3) and 
collagen 1a1 were not strongly reduced after PMP70 RNA interference. TGFl3 is a potent 
stimulus of extracellular matrix production and its expression is increased during fibrosis 32• 

PMP70 is therefore most likely not involved in the excessive production of extracellular 
matrix during HSC activation. Future experiments, such as microarray mRNA analysis of 
PMP70 deficient aHSCs, might give further insights in the molecular targets of PMP70 
during HSC activation. 

The involvement of PMP70 in HSC activation is a novel function for this "peroxisomal" 
substrate transporter. To further understand the function of PMP70 in liver fibrosis, it will be 
a challenge to study this protein during the transdifferentiation of HSCs in vivo. This may be 
studied in Abcd:J1

• mice, but as indicated above, this animal may also be defective in 13-
oxidation of LCFAs or even bile salt biosynthesis as a consequence of the absence of the 
PMP70 function specific for hepatocytes. Alternatively, a HSC-specific PMP70 knockout 
mice should be generated or novel experimental therapeutic approaches could be applied to 
specifically reduce PMP70 expression in activated hepatic stellate cells in fibrotic animals 33. 

It is currently unclear whether there is a cellular or functional relationship between the 
PMP70-positive strands and (PMP?0-positive) peroxisomes in HSCs and which of these 
structures is involved in HSC activation. Selective knockdown of Pex3p or Pex19p, both 
required for PMP70 sorting to peroxisomes 3 may be a first approach to study a possible 
functional relationship between the two organelles in HSCs. In addition, silencing of peroxins 
involved in matrix protein import, such as Pex5p or Pex14p, may reveal the importance of 
peroxisomes per se in HSC activation. In this study, we also detected for the first time a 
significant accumulation of (endogenous) ALDP in the ER of hepatic cells. This further 
substantiates a putative connection between this organelle and peroxisomes. In recent 
years, several research groups reported the presence of typical peroxisomal proteins, like 
Pex2p, Pex3p, Pex1 3p, Pex16p and PMP70 in the ER 34•35_ 
It remains to be determined whether the ER-specific location of ALDP is due to a functional 
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adaptation of this protein or whether it is the result of improper peroxisome biogenesis, even 
though normal-looking catalase- and Pex14p-containing peroxisomes are present in HSCs. 
For their normal biogenesis, peroxisomes require peroxins. We confirmed the expression of 
two (Pex11p and Pex14p) of the fourteen currently known mammalian peroxins in activated 
HSCs. However, PMPs like ALDP, PMP70 and Pex14p require the peroxins Pex3p and 
Pex19p for their correct insertion into the peroxisomal membrane 37•39_ Since ALDP (ER) and 
PMP70 (predominantly fibrous) are predominantly localized at extra-peroxisomal locations, it 
will be interesting to study the expression level of Pex3p and Pex19p in HSCs. 

The role of membrane microdomains in peroxisome biogenesis and function 

In chapter 4, we showed that the human peroxisomal membrane proteins Pex1 4p, ALDP 
and PMP70 are differentially associated with lipid rafts, while Pex13p did not show any 
significant lipid raft association. Lipid rafts are sphingolipid- and cholesterol-enriched 
membrane microdomains that regulate the activity of associated proteins and the cellular 
processes they are involved in. The importance of peroxisomal lipid rafts was shown by 
cholesterol depletion/repletion experiments that reveal that dissociation of PMPs from lipid 
rafts leads to missorting/localization of catalase and ALDP. We concluded that the 
association of human peroxisomal membrane proteins (PMPs) with lipid rafts is essential for 
peroxisome biogenesis. 
In chapter 5 we follow up on the observation of lipid rafts in peroxisomal membranes and 
studied the possible presence of caveolin-1 in these membranes. Caveolae are a specific 
type of lipid rafts that are stabilized by the interaction between cholesterol and the integral 
membrane protein caveolin-1. Caveolin-1 expression is relatively low in hepatocytes, but a 
detailed analysis revealed that most of this protein is actually present in peroxisomes in 
these cells. A comparison of the detergent-extraction characteristics of caveolln-1, PMP70, 
ALDP, Pex14p, and Pex13p suggests that at least three types of lipid rafts can be 
distinguished in the peroxisomal membrane (Fig. 2): The novel peroxisomal membrane 
protein caveolin-1 strongly resists solubilization by Triton X-100 even when performed on 
purified peroxisomes. Pex14p and PMP70 resist Triton X-100 extraction when using total cell 
lysates, but become solubilized when purified peroxisomes are used. These proteins resist 
Lubrol WX-solubilization from purified peroxisomes. ALDP is solubilized by Triton X-100, but 
resists extraction by Lubrol WX. Pex13 is solubilized from membranes by both detergents 
and thus appears not to be associated with lipid rafts at all. 

Figure 2. Membrane embedding and 
function of peroxisomal proteins 
studied In this thesis 
Peroxisomal Membrane Proteins 
(PMPs) are embedded in different lipid 
environments. The peroxin Pex13p Is 
not raft-associated. The association of 
ALDP with Lubrol-resistant rafts (light 
gray) is required for its sorting to the 
peroxisomal membrane and might 
modulate its function as a substrate 
transporter. The embedding of Pex14p 
in Triton X-100 resistant rafts (dark 
gray) is essential for normal peroxlsome 
biogenesis, since this peroxin is 
required for the docking of cargo-loaded 

Pex5p at the peroxisomal membrane. The substrate transporter PMP70 also resides in Triton X-100 resistant 
rafts. Caveolin-1 even resists Triton X-1 00 extraction under very stringent conditions, In which PMP70 and 
Pex14p are fully solubilised. Therefore, caveolin-1 ls embedded in a different lipid environment than the other 
PMPs (black). The function of peroxisomal caveolin-1 is currently unclear. 
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What does the differential association of PMPs to lipid rafts mean for their spatial (temporal) 
location in peroxisomal membrane subdomains? The true relationship between detergent
extraction criteria and the composition of lipid rafts is still subject to debate 40• Rafts might be 
composed of concentric layers of lipids with a protein and lipid core that is highly enriched in 
cholesterol. In this model of multiple layers, stringent detergents such as Triton X-100 may 
solubilize the layers that are loosely associated with the lipid core, while these layers might 
resist extraction by Lubrol WX. For peroxisomal proteins this would mean that caveolin-1 is 
located in the cholesterol-enriched core with PMP70 and Pex14p in a ring around it. ALDP 
would be located even further away form the caveolin-1 core and Pex13p would not be 
associated with any of these layers, probably unable to interact with Pex14p. The alternative 
is that different types of rafts exist independently from each other. According to this model, 
some rafts might be highly enriched in cholesterol (e.g. the rafts containing caveolin-1 ), while 
others have a relatively low cholesterol content (e.g. ALDP-enriched rafts) resulting in their 
solubilization by Triton X-100. This would make Pex14p better accessible for Pex13p, an 
interaction that is essential for matrix protein import. Co-immunoprecipitation experiments 
indeed indicate that Pex14p and PMP?0 reside in the same lipid rafts, while ALDP and c-Src 
(as plasma membrane protein) reside in different ones (Woudenberg et al., unpublished 
data). Purification of the different lipid rafts from the peroxisomal membrane should shed 
light on their lipid- and protein-composition. 
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Figure 3. Models of peroxisomal raft structure 40 

Peroxisomal rafts might be composed of concentric layers of lipids with a protein and lipid core that is highly 
enriched in cholesterol. Caveolin-1 is localized to the cholesterol-enriched core, while PMP70 and Pex14p are 
localized to the ring around it, which contains less cholesterol. ALDP is located further away from the cholesterol 
core, while Pex13p is not raft-associated (A). Alternatively, different types of lipid rafts exist independent from 
each other in the peroxisomal membrane. Some rafts are highly enriched in cholesterol (e.g. caveolin-1 
containing rafts), while other have a lower cholesterol content (e.g rafts containing ALDP) (B). 

It is highly likely that the lipid raft association of PMPs determines their proper localization 
and/or function. This was already observed for ALDP, which loses its typical peroxisomal 
location upon cellular depletion of cholesterol. The cholesterol concentration in the 
peroxisomal membrane is low 41 but apparently sufficient for the assembly of lipid rafts. The 
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subcellular location of PMP70 and Pex14p were not significantly changed in these cells, but 
the missorting of catalase at least indicates compromised matrix protein import machinery. In 
addition, the putative substrate transport function of PMP70 may be affected, but this cannot 
be experimentally tested as long as it remains unknown what the function of PMP70 in fact 
is. SphingolTiids are also an important component of lipid rafts, especially in plasma 
membranes 2• It is unclear whether the peroxisomal membrane contains sphingolipids, but if 
so, it is highly likely that they also reside in the peroxisomal lipid rafts. 

Pex13p and Pex14p are interacting partners in the sorting of proteins to the peroxisomal 
matrix 43. On the one hand it seems surprising that they show such different detergent
extraction characteristics. However, others have already reported that only very limited 
amounts of Pex13p and Pex14p co-exist in stable protein complexes in mouse liver 44• It is 
therefore conceivable that a transient interaction between these two proteins is the crucial 
step in matrix protein import rather than them being present in a sort of "protein translocation 
complex". The association to different lipid rafts may be an important factor in controlling the 
transient interaction between Pex13p and Pex14p. 
Another controversy about peroxisomal protein-protein interactions is whether peroxisomal 
ABC half transporters only homodimerize 45 or also form heterodimers 24•

45.47
_ We observed a 

clear difference in the detergent-extraction characteristics of PMP70 compared to ALDP. 
This indicates that these proteins are embedded in different lipid environments in the 
peroxisomal membrane. Moreover, cholesterol depletion leads to missorting of ALDP, 
whereas PMP70 remains largely peroxisomal.  This suggests that these proteins do not co
exist in heterodimers in HepG2 cells. This is even more evident in hepatic stellate cells 
(chapter 3), where ALDP largely resides in the ER, while PMP70 was detected in the novel 
fibrillous strands that are required for the aSMA network development. We have not studied 
the putative lipid-raft association of ALDP and/or PMP70 in HSCs. It will be interesting to 
determine whether "fibrillar" PMP70 in HSCs is associated with lipid rafts and if lipid rafts 
play a role in cytoskeleton dynamics during HSC activation. 

The function of caveolin-1 in the peroxisomes of hepatocytes remains to be determined. The 
discovery that this protein is enriched in the peroxisomes places earlier research in a new 
light. Caveolin-1 was shown to stimulate liver regeneration 48

• Is this related to its 
peroxisomal function/location? Caveolin-1 is involved in intracellular lipid and cholesterol 
transport. During liver regeneration, caveolin-1 was shown to be essential for lipid droplet 
formation 48

• Lipid droplets store cholesteryl esters and triacylglycerol, that serve as a 
subcellular energy supply 49. Therefore, caveolin-1 might facilitate the transfer of lipids from 
lipid droplets to peroxisomes to fuel peroxisomal 13-oxidation. Moreover, hepatic 
peroxisomes are involved in bile salt bios�nthesis and transport, which have also been 
shown to play a role in liver regeneration °. Peroxisomal caveolin-1 may be involved in 
these metabolic processes and can be studied in in vitro assays (see chapter 2 and 51). Such 
studies can be combined with manipulation of caveolin-1 expression by exposing rat 
hepatocytes to fibrates or through RNA interference. Alternatively, peroxisome specific 
function can be analyzed in caveolin-r'· mice. We hypothesize that caveolin-1 has primarily 
a metabolic function in hepatocytes as reduction of caveolin-1 expression in these cells does 
not lead to peroxisome biogenesis defects. While caveolin-1 is predominantly peroxisomal in 
hepatocytes, we found that this protein is predominantly localized to the plasma membrane 
in aHSCs (Figure 3), in which the levels of caveolin-1 are significantly higher. The intense 
plasma membrane staining of caveolin-1 in aHSCs may mask its localization to other cellular 
compartments such as peroxisomes. 
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Figure 4. Caveolin-1 is predominantly peroxisomal in 
hepatocytes and mainly localized to plasma 
membranes in aHSCs 
To study the presence and location of caveolin-1 in rat 
hepatocytes (A, B) and aHSCs (C, D), we performed 
immunofluorescence microscopy using specific antibodies 
against caveolin-1 .  The high magnification images B and D 
show that caveolin-1 is predominantly peroxisomal in 
hepatocytes (B) and mainly localized to plasma 
membranes in aHSCs (D). See also appendix I for a full 
color version of this figure. 

In this thesis we discovered novel features and functions of peroxisomes in the liver. We 
obtained proof for the "extended enterohepatic cycle" that includes a transit of unconjugated 
bile acids through peroxisomes to become (re-)conjugated. This implies the existence of bile 
salt transporters in the peroxisomal membrane that still remain to be identified. Even more 
surprising was the finding that PMP70 shows a completely unexpected subcellular location 
in hepatic stellate cells and is actually required for the build up of the a-smooth muscle actin 
network in these cells. PMP70 may therefore play a crucial role in the development of liver 
fibrosis. Finally, peroxisomes in hepatocytes contain lipid rafts that are required for 
peroxisome biogenesis. Moreover, caveolin-1 is enriched in the peroxisomal membrane. As 
we know that caveolin-1 stimulates liver regeneration, this may very well be a result of its 
peroxisomal function. 

In conclusion, this thesis reports on several novel aspects of liver peroxisomes in health and 
disease that, as scientific research should do, raises even more questions for future 
research. This research will be aimed at a better understanding of liver functions and to 
develop therapies to treat human liver disease. 
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Chapter 7 

The liver is involved in many functions, including glucose, lipid and protein metabolism, bile 
production and the clearance of xenobiotics. The liver is composed of parenchymal and non
parenchymal cells. The hepatic parenchyma consists of hepatocytes, which are the 
functional l iver cells. The production of bile and most hepatic metabolic functions take place 
in hepatocytes that constitute over 80% of the liver cells. The non-parenchymal cells include 
hepatic stellate cells (HSCs), Kupffer cells, sinusoidal endothelial cells and bile duct 
epithelial cells (or cholangiocytes). HSCs are the main storage site in the body for vitamin A 
and secrete extracellular matrix proteins that support the highly special ized liver architecture. 
Kupffer cells are l iver-specific macrophages that play a role in the (innate) immune 
response. The hepatic sinusoids are made up of a specialized type of fenestrated 
endothelial cells, that allow exchange of compounds between the liver and the blood. Bi le is 
excreted from hepatocytes into hepatic bile ducts. Bile ducts are aligned by cholangiocytes, 
which modify the composition of bile by a series of (re)absorptive and secretory events. 

Peroxisomes are organelles that are present in almost every eukaryotic cell, but in mammals 
they are particularly enriched in the liver. They are involved in several key liver functions, 
including bile salt biosynthesis and lipid metabolism. Peroxisomes are dynamic organelles 
that can adapt their function and number to specific conditions. 

Liver diseases are associated with dramatic changes in the architecture and composition of 
the liver. In  most cases there is pronounced hepatocyte loss as a direct result of cell death
inducing factors like cytokines, bile salts and oxidative stress. In contrast, HSCs become 
activated, start to proliferate and produce excessive amounts of extracellular matrix proteins, 
leading to a process generally known as fibrosis. 

In this thesis we analyzed the function of liver peroxisomes with respect to bile salt 
homeostasis (chapter 2) and liver fibrosis (chapter 3). In addition, we performed an detailed 
analysis on peroxisomal membrane proteins, their association with specific lipid 
microdomains and how they influence the formation of this organelle in liver cells (chapter 4 
and 5). In the following sections we will briefly summarize the obtained results and discuss 
the implications of our findings. 

Peroxisomes are essential for bile salt biosynthesis. Bile salts are essential components of 
bile that also contains phospholipids, cholesterol, electrolytes, bil irubin(conjugates) and 
water. Bile is excreted from the liver and plays an important role in the intestinal absorption 
of nutrients and vitamins as well as excretion of waste products and toxins. Bile salts are 
synthesized in hepatocytes and are the driving force of bile flow. After passage through the 
intestine, bile salts are reabsorbed in the terminal ileum and transported back to the liver via 
the portal vein. This process is called the enterohepatic circulation and ensures the recycling 
of 95% of the total bile salt pool. The fraction of bile salts that is lost in the feces 
(approximately 5% every cycle) is replenished by de novo bile salt synthesis. Bile salts are 
made from cholesterol in a process that requires at least 1 3  different enzymes in several 
subcellular locations, including the cytosol ,  endoplasmic reticulum, mitochondria and 
peroxisomes. The final step of bile salt blosynthesis is the conjugation of bile acid 
intermediates to the amino acids taurine or glycine by the enzyme Bile acid-coenzyme 
A:amino acid N-acyltransferase (BAAT), which is located in peroxisomes. The newly formed 
bile salt is exported out of peroxisomes and enters the enterohepatic circulation initiated by 
the Bile Salt Export Pump (BSEP) that secretes them into the bile ductules. 
During the enterohepatic circulation, a significant portion of bile salts loses its glycine or 
taurlne group (deconjugation) due to the action of intestinal bacteria. These unconjugated 
bile salts are also reabsorbed in the terminal ileum and transported back to the l iver. In the 
liver, unconjugated bile salts are reconjugated by BAAT. This implies that unconjugated bile 
salts must transit through peroxisomes for their conjugation. However, much controversy still 
exists about a possible cytosolic pool of BAAT that may be responsible for the reconjugation 
of bile salts. Novel approaches are required to study the import and/or export of bile salts 
through peroxisomes to solve this issue. 
Chapter 2 describes the development of a novel assay to demonstrate the transit of 
unconjugated bile salts through peroxisomes to become conjugated to taurine. Primary rat 
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hepatocytes were exposed to deuterated chelate, which was efficiently converted to 
deuterated tauro- or glycocholate by these cells. Using cell fractionation techniques, we were 
able to show that deuterated taurocholate accumulated in peroxisomes. This can only be a 
result of active transport of deuterated chelate into peroxisomes after which it is a substrate 
for peroxisomal BAAT. Hence, the enterohepatic circulation of unconjugated bile salts 
includes their transit through peroxisomes. This implies the presence of putative transporters 
in the peroxisomal membrane, which mediate the import of unconjugated bile salts and 
export of their conjugated counterparts. This novel assay will be a crucial tool to identify and 
characterize these peroxisomal bile salt transporters and the impl ication of their malfunction 
in bile salt homeostasis. 

All what we know about liver peroxisomes is derived from research focussed on their 
function in hepatocytes. Nothing is known about peroxisomes in other liver cell types. As 
they are such dynamic organelles, they may also be involved in the dramatic changes in the 
liver during liver disease. The formation of peroxisomes depends on proteins called peroxins 
(abbreviated as Pex). These are involved in import of peroxisomal enzymes, generation of 
the peroxisomal membrane and growth and division of the organelle. The prototypical 
peroxisomal enzyme is catalase that detoxifies H202 that is generated by peroxisomal 
metabolism. The high metabolic activity of peroxisomes requires efficient shuttling of 
substrates/products in and out of the organelle. In  chapter 3, we analyzed the expression 
and subcellular location of catalase, Pex14p (involved in catalase import) and the substrate 
transporters ALDP {adrenoleukodystrophy protein) and PMP?O (70 kDa peroxisomal 
membrane protein) in hepatic stellate cells (HSCs). These cells undergo transdifferentiation 
during chronic liver disease, during which they lose their lipid droplets and vitamin A and 
start producing excessive amounts of extracellular matrix proteins. Concomitantly, the 
expression of a-smooth muscle actin (aSMA) is dramatically increased during HSC 
activation leading to the appearance of stress fibers that enhance HSC contractility. 
The expression of the peroxisomal proteins ALDP and Pex14p is comparable between 
hepatocytes and activated HSCs (aHSCs), while the expression of catalase and PMP?O is 
lower in aHSCs. Pex1 4p and catalase are predominantly peroxisomal in aHSCs. In contrast, 
ALDP and PMP?O show a different subcellular location in aHSCs compared to hepatocytes. 
ALDP is primarily localized to the ER, while PMP?O is predominantly localized to subcellular 
fibers that extend from the nucleus to the plasma membrane. Notably, the PMP?O-postive 
fibers lay parallel to the aSMA network suggesting a functional relationship between these 
cellular structures. 
Reducing PMP?O expression in aHSCs indeed leads to a strong reduction in the expression 
of aSMA and the disappearence of the aSMA network. The expression of TGFl3 and 
collagen1 a 1 ,  which govern the excessive extracellular matrix production in aHSCs, is not 
altered under PMP?O repressed conditions. Therefore, PMP?O might be required for aHSC 
plasticity and contractil ity during liver fibrosis. 

The peroxisomal membrane is composed of membrane lipids and proteins. The proteins can 
be subdivided in peroxins and transporter proteins; the membrane lipids in phospholipids, 
cholesterol and possibly also sphingolipids. Cholesterol and sphingolipids often cluster in 
l ipid microdomains called l ipid rafts. Specific membrane proteins may be highly enriched in 
these l ipid rafts, which control the proteins' activity. Biochemically, these l ipid rafts are 
characterized by their resistance to solubilization by non-ionic detergents. Different 
detergents are being used, e.g. Triton X-1 00 and Lubrol WX that are thought to represent 
different types of lipid rafts. The role of protein-lipid interactions and more specifically l ipid 
rafts in peroxisome biogenesis and function was investigated in chapter 4. The peroxisomal 
membrane proteins Pex1 3p (also involved in matrix protein import and interacting partner of 
Pex14p), Pex14p, ALDP and PMP?O are differentially associated with detergent-resistant 
microdomains or lipid rafts. Pex14p and PMP?O show strong resistance to Triton X-1 00 and 
Lubrol WX extraction. ALDP only resists Lubrol WX extraction, while Pex1 3p is extracted by 
both detergents. This implies that these proteins are associated with different types of 
membrane lipids in the peroxisomal membrane. This is a remarkable finding, because 1 )  
The interaction of Pex13p and Pex14p is required for matrix protein import, yet they exist in 
separate lipid micro-environments in the peroxisomal membrane 2) ALDP and PMP?O are 
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very similar proteins, yet they also exist in different lipid rafts. The depletion of cellular 
cholesterol disturbs the lipid raft association of Pex14p, ALDP and PMP70 and leads to 
defects in the import of catalase into peroxisomes and the sorting of ALDP to the 
peroxisomal membrane. Our data show for the first time the existence of lipid rafts in the 
peroxisomal membrane of human cells and their involvement in peroxisome biogenesis. 

Caveolae are a specialized type of lipid raft characterized by the interaction between 
cholesterol and the protein caveolin-1. Routinely, these caveolae are detected at the plasma 
membrane and are involved in lipid trafficking and endo/exocytosis. The level of caveolin-1 
in the liver is relatively low, but it has been shown to be required for effective liver 
regeneration. In the liver it is predominantly present in endothelial cells and hepatic stellate 
cells. Caveolin-1 is detected in hepatocytes also, but its subcellular location has not been 
studied in great detail. In chapter 5, we made the surprizing observation that caveolin-1 in 
hepatocytes is predominantly localized to peroxisomes. Peroxisomal caveolin-1 is an integral 
membrane protein with its N- and C-terminus exposed to the cytosol. In the peroxisomal 
membrane, caveolin-1 is more strongly associated with detergent-resistant microdomains 
than Pex13p, Pex14p, ALDP and PMP70, implying the embedding of caveolin-1 in a 
different lipid environment than these peroxisomal membrane proteins. Caveolin-1 is 
downregulated by the PPARo agonist fenofibric acid. Fenofibric acid-treatment or RNA 
interference-mediated repression of caveolin-1 did not affect the sorting of Baat to the 
peroxisomal matrix. These results suggest that caveolin-1, in contrast to other peroxisomal 
lipid rafts, is not involved in peroxisome biogenesis. Peroxisomal caveolin-1 might rather be 
involved in the metabolic function of peroxisomes, like lipid or bile salt metabolism, which are 
required for effective liver regeneration 

Conclusions 

In this thesis we report several novel aspects on peroxisome function in different liver cell 
types. We obtained proof that unconjugated bile acids transit through hepatocyte 
peroxisomes to become {re-)conjugated, a process that we define as the "extended 
enterohepatic cycle". Moreover, we show that peroxisomal proteins in hepatocytes may be 
present at different subcellular locations in other liver cell types. This is particularly relevant 
for PMP70 In hepatic stellate cells. We detected PMP70 in cellular fibers that are required for 
the development of the a-smooth muscle actin network that is characteristic for these 
fibrosis-causing cells. We also observed that caveolin-1, which is well known for its presence 
in the plasma membrane in liver endothelial cells and hepatic stellate cells, resides in the 
peroxisomal membrane of hepatocytes. This may be important for peroxisomal processes 
involved in liver regeneration. Finally, we found that hepatocyte peroxisomes contain 
different subtypes of lipid rafts. At least one of these types of lipid rafts is crucial for 
peroxisome biogenesis. 
Taken together, this thesis shows that there is much more to learn about peroxisome 
function in the liver, especially in relation to the development of liver disease. 
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De lever is een orgaan dat verantwoordelijk is voor verschillende functies, waaronder het 
metabolisme van (toxische) stoffen, de synthese van eiwitten en lipiden en de productie en 
secretie van gal. De lever is opgebouwd uit parenchym- en non-parenchymcel len. Het 
leverparenchym bestaat uit hepatocyten,  de functionele levercellen (ongeveer 80% van het 
totale aantal levercellen). Het metabolisme van (toxische) stoffen en galproductie vinden 
voornamelijk plaats in hepatocyten. 
Lever stellaatcellen (hepatische stellaat cellen, HSCs), Kupffer cel len, sinusoidale 
endotheelcellen en galgangepitheelcellen (of cholangiocyten) behoren tot de non
parenchymcellen. HSCs zijn de belangrijkste opslagplaats voor vitamine A in het lichaam en 
ze produceren en secreteren extracel lulaire matrixeiwitten, die belangrijk zijn voor de drie
dimensionale opbouw van de lever. Kupffer cellen zijn lever-specifieke macrofagen die een 
rol spelen in het afweersysteem. De bloedvaten van de lever zijn opgebouwd uit 
endotheelcellen, die de uitwisseling van stoffen tussen de lever en de bloedbaan mogelijk 
maken. Gal wordt na zijn productie in hepatocyten uitgescheiden in galgangen. Het galgang 
epitheel bestaat voornamelijk uit cholangiocyten, die de galsamenstelling veranderen door 
middel van absorptie- en secretieprocessen. 

Peroxisomen zijn organellen die in vrijwel elke eukaryote eel aanwezig zijn. Organellen zijn 
door een membraan omgeven onderdelen van een eel met een gespecialiseerde functie. In  
de mens zijn peroxisomen vooral sterk aanwezig in de lever. In de lever zijn ze betrokken bij 
de biosynthese van galzouten, lipide metabolisme en de afbraak van waterstofperoxide. 
Peroxisomen zijn dynamische organellen, die hun aantal en functie kunnen aanpassen aan 
specifieke omstandigheden. 

Leverziekten kunnen gepaard gaan met dramatische veranderingen in de opbouw van de 
lever. In de meeste gevallen gaan veel hepatocyten verloren door de aanwezigheid van 
celdood-inducerende factoren, zoals cytokinen, galzouten en oxidatieve stress. HSCs, 
daarentegen, warden onder deze condities geactiveerd en produceren excessieve 
hoeveelheden extracellulaire matrix eiwitten. Dit kan leiden tot leverfibrose. 

In dit proefschrift hebben we de functie van peroxisomen bestudeerd in relatie tot 
galzouthomeostase (hoofdstuk 2) en lever fibrose (hoofdstuk 3). Daarnaast hebben we de 
functie van peroxisomale membraaneiwitten in detail bestudeerd, hun associatie met 
specifieke lipide microdomeinen gekarakteriseerd en geanalyseerd hoe deze associatie de 
vorming van peroxisomen in levercellen be"invloedt (hoofdstuk 4 en 5). In de hierop volgende 
secties komen we terug op de behaalde resultaten en bespreken we de implicaties van onze 
bevindingen. 

Peroxisomen spelen een essentiele rol in galzoutbiosynthese. Galzouten zijn belangrijke 
componenten van gal, naast fosfolipiden, cholesterol, electrolyten, bilirubine(conjugaten) en 
water. Gal wordt uit de lever uitgescheiden en speelt een belangrijke rol in de absorptie van 
voedingstoffen en vitaminen in de dunne darm en het afvoeren van (giftige) afvalstoffen. 
Galzouten warden gesynthetiseerd in hepatocyten en zijn de drijvende kracht achter gal 
flow. Na hun passage door de dunne darm warden galzouten gereabsorbeerd in het 
terminale ileum en terug getransporteerd naar de lever via de poortader. Dit proces wordt de 
enterohepatische kringloop genoemd en zorgt er voor dat 95% van de totale 
galzoutvoorraad gerecycled wordt. De galzouten die verloren gaan via de ontlasting 
(ongeveer 5% per cyclus) warden aangevuld via de novo galzoutsynthese. Galzouten 
warden gesynthetiseerd uit cholesterol in een proces waar tenminste 1 3  enzymen bij zijn 
betrokken. Deze enzymen bevinden zich op meerdere locaties in de eel, waaronder het 
cytosol, het endoplasmatisch reticulum (ER), mitochondrien en peroxisomen. De laatste stap 
in de galzoutsynthese is de conjugatie van galzoutintermediairen met de aminozuren taurine 
of glycine. Deze stap wordt uitgevoerd door het enzym Bile acid-coenzyme A:amino acid N
acyltransferase (BMT), welke in peroxisomen gelokal iseerd is. Het nieuw-gevormde galzout 
wordt uit peroxisomen geexporteerd en begint aan de enterohepatische kringloop door 
secretie naar de galgang via de galzout export pomp (Bile Salt Export Pump, BSEP). 
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Gedurende de enterohepatische kringloop, verliest een significante deel van de galzouten 
het glycine of taurine conjugaat {deconjugatie) door de werking van darmbacterien. Deze 
ongeconjugeerde galzouten worden eveneens gereabsorbeerd in het terminale ileum en 
terug getransporteerd naar de lever. In de lever worden ongeconjugeerde galzouten 
gereconjugeerd door BMT. Dit houdt in dat ongeconjugeerde galzouten het peroxisoom in
en uitgetransporteerd moeten worden voor hun conjugatie. 
Momenteel bestaat echter nog veel controverse over de exacte intracellulaire lokatie van 
BMT. Soomige onderzoeken suggereren dat een deel van de BMT-voorraad in het cytosol 
gelocaliseerd. Deze cytosolische pool van BMT kan verantwoordelijk zijn voor de 
reconjugatie van galzouten in cytosol. 
Om deze controverse te beeindigen zijn nieuwe experimentele procedures nodig, waarin de 
import en export van galzouten door peroxisomen kan worden bestudeerd. 

In hoofdstuk 2 wordt het opzetten van een nieuwe onderzoeksmethode beschreven om de 
aanwezigheid van galzouten in peroxisomen (voor taurine-conjugatie) aan te tonen. Primaire 
kweken van rat hepatocyten werden ge'incubeerd met gedeutereerd cholaat 
(ongeconjugeerd galzout), dat effectief werd omgezet in gedeutereerd tauro- of glycocholaat. 
Met behulp van celfractioneringstechnieken hebben we kunnen aantonen dat het 
gedeutereerde taurocholaat in peroxisomen kan warden gedetecteerd. Dit kan uitsluitend het 
gevolg zijn van actief, peroxisoom-inwaarts transport van gedeutereerd cholaat, waar het 
een substraat is voor peroxisomaal BMT. Peroxisomen zijn dus niet alleen belangrijk voor 
de vorming van galzouten uit cholesterol, maar vervullen ook een essentiele rol in het op 
gang houden van de enterohepatische kringloop van galzouten door deze voortdurend te 
(re-0conjugeren met taurine of glycine. Dit impliceert de aanwezigheid van transporters in 
het peroxisomale membraan, die ongeconjugeerde galzouten importeren en geconjugeerde 
galzouten exporteren. De door ons ontwikkelde onderzoeksmethode zal een cruciale rol 
spelen bij de identificatie en karakterisering van deze peroxisomale galzout transporters. 

Al onze kennis over peroxisomen in de lever is gebaseerd op onderzoek naar hun functie in 
hepatocyten. Er is tot op heden weinig tot niets bekend over peroxisomen in andere 
leverceltypen. Aangezien peroxisomen dynamische organellen zijn, zouden ze een 
belangrijke rol kunnen spelen in de dramatische veranderingen die in de lever optreden 
tijdens het ontstaan van leverziekten. Voor hun vorming zijn peroxisomen afhankelijk van 
eiwitten die peroxins (afgekort als Pex) genoemd worden. Peroxins zijn betrokken bij de 
import van peroxisomale enzymen, de ontwikkeling van het peroxisomale membraan en de 
groei en deling van peroxisomen. Het enzym catalase is een karakteristiek peroxisomaal 
eiwit. Catalase zorgt voor de ontgifting van H202, wat een product van peroxisomaal 
metabolisme is. 
De hoge metabole activiteit van peroxisomen vereist tevens een efficient transport van 
substraten en producten door het peroxisomale membraan. In hoofdstuk 3 hebben we de 
expressie en subcellulaire locatie van catalase, Pex14p (betrokken bij de import van 
catalase) en de substraat transporters ALDP (adrenoleukodystrophie eiwit) en PMP70 
(peroxisomaal membraaneiwit van 70 kDa) in stellaatcellen onderzocht. Deze cellen 
differentieren tijdens chronische leverziekten, waarbij ze hun karakteristieke lipidedruppels 
en vitamine A voorraad verliezen en excessieve hoeveelheden extracellulaire matrixeiwitten 
produceren. Tegelijkertijd is er sprake van een dramatische toename van de expressie van 
a-smooth muscle actine (aSMA), resulterend in de vorming van draden (stress fibers) die de 
contractiliteit van stellaatcellen vergroten. 
De expressie van de peroxisomale eiwitten ALDP en Pex14p is vergelijkbaar in hepatocyten 
en geactiveerde stellaatcellen (aHSCs), terwijl de expressie van catalase en PMP70 lager is 
in aHSCs. Pex14p en catalase zijn hoofdzakelijk gelokaliseerd in peroxisomen in zowel 
hepatocyten als aHSCs. Ook ALDP en PMP70 zijn strikt peroxisomaal in hepatocyten. In 
aHSCs bevindt ALDP zich echter vooral in het ER, terwijl PMP70 vooral te vinden is in 
draden die zich uitstrekken van de kern naar het plasmamembraan. Deze PMP70-positieve 
draden liggen parallel aan het netwerk van aSMA-positieve draden, hetgeen een functioneel 
verband tussen deze cellulaire structuren suggereert. 
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Remming van PMP70 expressie in aHSCs leidt inderdaad tot een sterke afname in de 
expressie van aSMA en het verdwijnen van het aSMA-netwerk. De expressie van factoren 
die betrokken zijn bij excessieve extracellular matrix productie in aHSCs {TGFl3 en 
collageen-1 a 1 ), verandert niet na reductie van PMP70 expressie. Hieruit concluderen wij , 
dat PMP70 een belangrijke rot kan spelen in de plasticiteit en contractil iteit van aHSCs 
gedurende leverfibrose. 

Het peroxisomale membraan bestaat uit eiwitten en lipiden. De (membraan)eiwitten kunnen 
warden verdeeld in peroxins en transporteiwitten; de membraanlipiden in fosfolipiden, 
cholesterol en wellicht oak sphingolipiden. Cholesterol en sphingolipiden vormen vaak 
clusters in lipide microdomeinen, beter bekend als "lipid rafts". Specifieke membraaneiwitten 
zijn soms sterk verrijkt in deze lipid rafts, waarbij de activiteit van het betreffende eiwit sterk 
be"invloed kan warden door de lipidenomgeving. 
Biochemisch worden lipid rafts gekarakteriseerd door hun onoplosbaarheid in non-ionische 
detergentia. Voor de isolatie van rafts warden verschillende detergentia gebruikt, zoals 
Triton X-1 00 en Lubrol WX, waarmee verschillende typen lipid rafts onderscheiden kunnen 
warden. 
De rol van eiwit-lipide interacties en l ipid rafts in het ontstaan en functioneren van 
peroxisomen in humane levercellen is onderzocht in hoofdstuk 4. De peroxisomale 
membraaneiwitten Pex13p {betrokken bij de import van peroxisomale matrix eiwitten, 
waarbij interactie met Pex14p plaatsvindt}, Pex14p, ALDP en PMP70 vertonen een 
differentiele associatie met lipid rafts. Pex14p en PMP70 zijn onoplosbaar na Triton X-1 00 
en Lubrol WX extractie. ALDP is Triton X-1 00 oplosbaar, maar onoplosbaar na Lubrol WX 
extractie, terwijl Pex1 3p door beide detergentia opgelost wordt. Dit betekent dat deze 
eiwitten geassocieerd zijn met verschillende soorten lipiden in het peroxisomale membraan. 
Dit is een opmerkelijke bevinding, omdat 1 )  de interactie tussen Pex1 3p en Pex14p 
noodzakelijk is voor de import van peroxisomale matrixeiwitten, terwijl uit onze resultaten 
bl ijkt dat deze eiwitten voorkomen in afzonderlijke lipide micro-omgevingen in het 
peroxisomale membraan; 2) ALDP en PMP70 sterke homologie vertonen, maar desondanks 
in verschillende soorten lipid rafts voorkomen. 
De opbouw van lipid rafts kan worden verstoord door verwijdering van cholesterol uit de 
membraan. Na verwijdering van 90% van de totale hoeveelheid cholesterol in humane 
levercellen, worden de raft-associatie van pex14p, ALDP en PMP70 verstoord, ontstaan er 
defecten in de import van catalase in peroxisomen en wordt de sortering van ALDP naar het 
peroxisomale membraan verstoord. Onze resultaten tonen daarmee voor het eerst aan dat 
het peroxisomale membraan van humane cellen l ipid rafts bevat en dat deze lipid rafts 
noodzakelijk  zijn voor de biogenese van peroxisomen. 

Caveolae zijn een gespecialiseerd type lipid raft, die warden gekarakteriseerd door de 
interactie tussen cholesterol en het eiwit caveolin-1 . Caveolae warden meestal in het 
plasmamembraan waargenomen, waar ze een rol spelen in lipidentransport en endo
/exocytose. De expressie van caveolin-1 in de lever is relatief laag, maar dit eiwit speelt wel 
een essentiele rol in lever regeneratie. In de lever komt caveolin-1 vooral tot expressie in 
endotheel- en stellaatcellen. Caveolin-1 expressie is oak beschreven in hepatocyten, maar 
de subcellulaire locatie van dit eiwit is nag niet eerder in detail bestudeerd. In  hoofdstuk 5 
hebben wij aangetoond dat caveolin-1 in hepatocyten voornamelijk gelokaliseerd is in 
peroxisomen. Peroxisomaal caveolin-1 is een integraal membraan eiwit waarbij zowel N- als 
C-terminus geexposeerd zijn in het cytosol. In  het peroxisomale membraan vertoont 
caveolin-1 een sterkere associatie met lipid rafts dan Pex1 3p, Pex14p, ALDP en PMP70, 
hetgeen betekent dat caveolin-1 ingebed is in een andere lipiden micro-omgeving dan deze 
peroxisomale membraan eiwitten.  
Caveolin-1 wordt negatief gereguleerd door de peroxisoom proliferator geactiveerde 
receptor subtype a (PPARa) agonist fenofibraat. Behandeling met fenofibraat of RNA 
interferentie gemedieerde repressie van caveol in-1 expressie hadden beide geen effect op 
de sortering van Baat naar de peroxisomale matrix. 
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Deze resultaten suggereren dat caveolin-1 , in tegenstelling tot andere peroxisomale lipid 
rafts, niet betrokken is bij de biogenese van peroxisomen. Peroxisomaal caveolin-1 speelt 
naar alle waarschijnl ijkheid een rol in de metabole functie van peroxisomen, zoals l ipide of 
galzout metabolisme, die noodzakelijk zijn voor leverregeneratie. 

Conclusles 

In dit proefschrift presenteren we een aantal nieuwe functionele karakteristieken van 
peroxisomen in verschillende leverceltypen. We hebben aangetoond dat ongeconjugeerde 
galzouten het hepatocyt peroxisoom in en uit getransporteerd moeten warden voor hun 
(re)conjugatie, een proces dat wij definieren als de "uitgebreide enterohepatische kringloop". 
Verder hebben we aangetoond dat eiwitten die strikt peroxisomaal zijn in hepatocyten, een 
afwijkende subcellulaire locatie kunnen hebben in andere leverceltypen. Dit geldt met name 
voor PMP70 in geactiveerde lever stellaatcellen. We detecteerden PMP70 in cellulaire 
draden, die essentieel zijn voor de ontwikkeling van het a-smooth muscle actine netwerk. Dit 
netwerk is karakteristiek voor geactiveerde stellaatcellen en speelt een belangrijke rol in de 
pathogenese van lever fibrose. 
Verder hebben we vastgesteld dat caveolin-1 in hepatocyten vooral in het peroxisomale 
membraan is gelokaliseerd, terwijl dit eiwit in de meeste andere celtypen (zoals 
endotheelcellen en stellaatcellen in de lever) in het plasmamembraan is gelokaliseerd, 
Caveolin-1 zou een rol kunnen spelen in peroxisomale processen die betrokken zijn bij 
leverregeneratie. Tenslotte hebben we aangetoond dat peroxisomen in humane levercellen 
verschil lende subtypen lipid rafts bevatten. Tenminste een van deze typen rafts is essentieel 
voor de biogenese van peroxisomen. 
Samenvattend: in dit proefschrift zijn een aantal nieuwe functies en eigenschappen van 
peroxisomen en peroxisomale eiwitten beschreven. Deze inzichten kunnen van belang zijn 
voor de kennis en behandeling van belangrijke leverziekten zoals leverfibrose en 
cholestatische leverziekten. 
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ontzettend gezellig. lk wil hier in het bijzonder nog even oma Woudenberg noemen. Oma, 
Titia en ik vonden het allebei heel bijzonder dat u in 2007 de reis naar Groningen wilde 
maken om onze bruiloft bij te wonen! 
Daarnaast heb ik de afgelopen jaren ook de Vrenkens en Bunnigs leren kennen. Ook jullie 
wil ik heel hartelijk danken voor de vele gezellige momenten! 
Mijn schoonfamilie wil ik hier ook heel graag bedanken. Martien en Anneke, ondanks dat de 
afstand naar jullie huis sinds onze verhuizing aanzienlijk is toegenomen, ben ik heel blij dat 
we elkaar toch zo vaak kunnen zien. Het tripje naar Gent was absoluut voor herhaling 
vatbaar. En dan maar hopen dat het terras van de Dulle Griet wel in de zon ligt. . .  Hugo en 
Roos, ook jullie wil ik heel hartelijk danken voor de gezelligheid en interesse. Roos, heel veel 
sterkte met de afronding van je proefschrift. In januari 2010 is ons promotie kwartet 
compleet. 

Uiteraard wil ik hier ook mijn broers en zussen en aanhang bedanken voor de belangstelling 
en gezellige familiemomenten. Henrique, Erik en Bertjan, super leuk die BBQ bij jullie thuis 
onlangs. Lil en Theo, wat is de boerderij opgeknapt het laatste jaar! Evert, Merel, Bram en 
Tom, het wordt de hoogste tijd dat we weer eens in Delft langskomen! Erik en Rob en dikke 
Gijs en Dirk, we moeten gauw weer eens een dierentuin uitje doen. 

Natuurlijk wil ik hier ook mijn ouders bedanken. Pap en mam, ik ben nog altijd dankbaar voor 
de vredige en gelukkige jeugd die ik op de boerderij heb gehad. Ook jullie nieuwe huis is 
onzettend mooi geworden, we hopen er natuurlijk nog vaak op de koffie te komen. Gelukkig 
wonen we nu weer wat dichterbij! 

Verder wil ik hier Pim en Porn (of Wim en Worn) nog noemen, onze 2 katten. Elke dag 
beleven wij weer enorm veel plezier aan deze donderstenen. Al is dat gevoel van 
dankbaarheid soms wat moeilijker uit te drukken als ze weer iets gesloopt hebben. 

Tenslotte wil ik de allerbelangrijkste persoon in mijn leven noemen, mijn lieve Titia. Dat wij 
elkaar hebben leren kennen, is voor mij het absolute hoogtepunt van mijn leven. lk beset me 
elke dag weer hoe gelukkig ik met jou ben en hoe uniek wij samen zijn. Verder heb jij me 
met je steun en doorzettingsvermogen ook heel goed door de laatste loodjes van dit 
promotie traject heen geholpen. lk kan niet wachten tot in november ons gezamenlijk geluk 
nog verder wordt versterkt met de geboorte van ons eerste kindje! 

Jannes 
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Chapter 3. Fig. 3. Subcellular location of peroxisomal proteins in transdifferentiating HSCs (see page 
1 24 for the figure legend) 
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Chapter 3. Fig. 4. Co-localization studies of peroxisomal proteins with the peroxisomal marker 
DsRed-SKL in aHSCs (see page 124 for the figure legend) 
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Full color figures 

Chapter 3. Fig. 5. ALDP resides partly in the endoplasmic reticulum in aHSCs (see page 1 24 for the 
figure legend) 
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Chapter 3. Fig. 7. RNA interference-mediated silencing of PMP?O leads to a strong reduction in the 
amount of aSMA-positive HSCs (see page 1 24 for the figure legend) 
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Figure legends page 1 22: 

Chapter 3.  Fig. 3. Subcellular location of peroxisomal proteins in transdifferentiating HSCs 
Freshly isolated rat hepatocytes (A) were cultured for 4 hours and freshly isolated HSCs were 
activated as described in Fig. 1 (B, zoomed images in C) followed by immunofluorescence 
microscopy to determine the subcellular location of Pex14p (column 1 ), catalase (column 2), ALDP 
(column 3), PMP70 (column 4) an aSMA (column 5). The subcellular location of PMP70 (D-1 ) and the 
HSC activation marker aSMA (D-2) in aHSCs were analyzed by immunofluorescence microscopy. 
The merged image is shown in 0-3, clearly showing that PMP70 and aSMA are localized to 
subcellular fibers that run parallel through aHSCs but do not co-localize. 

Chapter 3. Fig. 4. Co-localization studies of peroxisomal proteins with the peroxisomal marker 
DsRed-SKL in aHSCs 
Activated HSCs were transfected with 4 µg DsRed-SKL. Forty eight hours after transfection, stellate 
cells were fixed and subjected to immunofluorescence microscopy to determine co-localization of 
aSMA, Pex14p, catalase, ALDP and PMP70 (row A) with DsRed-SKL (row B). Merged images are 
displayed in row C and D (zoom of C). 

Figure legends page 123: 

Chapter 3. Fig. 5. ALDP resides partly in the endoplasmic reticulum in aHSCs 
Activated HSCs were processed for immune fluorescence microscopy to determine the co-localization 
of ALDP with calnexin (upper panels A-O). To determine co-localization between the (endogenous) 
ER marker calnexin and the (transfected) peroxisomal marker DsRed-SKL, aHSCs were transfected 
with 4 µg OsRed-SKL as described in Fig. 4 (E-H). 

Chapter 3.  Fig. 7. RNA interference-mediated silencing of PMP70 leads to a strong reduction in 
the amount of aSMA-positive HSCs 

PMP70 expression was silenced as described in Fig. 6. The subcellular location of PMP?0 (siRNA
luc: A, D and E; siRNA-PMP70: H, K and L) and the HSC activation marker aSMA (siRNA-luc: B and 
F; siRNA-PMP?0: I and M) were analyzed by immunofluorescence microscopy. The merged images 
are shown in C and G (siRNA-luc) and J and N (siRNA-PMP?0) respectively, showing clear 
expression of PMP70 and aSMA in siRNA-luc treated cells. The number of aSMA-positive fibers is 
seriously reduced by the downregulation of PMP?0 (I, J ,  M and N). 
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Full color figures 

Figure legends page 1 26: 

Chapter 3. Fig. S2. Subcellular location of ALDP and PMP70 in hepatocytes, q- and aHSCs 
Freshly isolated rat hepatocytes were cultured for 4 h. (A-C) and freshly isolated HSCs were cultured 
in the presence of serum for 4 hours (qHSCs, D-F) or 14 days (aHSCs, G-I) followed by 
immunofluorescence microscopy to determine the subcellular location of ALDP and PMP70. 

Chapter 3. Fig. S3. RNA interference mediated silencing of PMP70 does not affect the sorting 
of the peroxisomal marker Pex14p 
PMP70 expression was silenced as described in Fig. 6. The subcellular location of Pex14p (siRNA
luc: A-C; siRNA-PMP70: D-F) was analyzed by immunofluorescence microscopy. The zoomed 
images are shown in C (siRNA-luc) and F (siRNA-PMP70) respectively, showing that the subcellular 
location of Pex14p is not affected by RNA interference-mediated silencing of PMP70. 

Figure legend page 127: 

Chapter 4. Fig. 6. Effect of cholesterol depletion and repletion on the subcellular location of 
Pex14p and catalase 
Human HepG2 cells were cultured for 24 h in the absence (A·C) or presence (D-F) of 10 µM 
lovastatin and 2 mM methyl-�-cyclodextrin followed by immunofluorescence microscopy to determine 
the subcellular location of Pex14p (A,D) and catalase (B,E). Merged images are presented in C and 
F. Cholesterol-depleted HepG2 cells (D-F) were subsequently cultured for 24 h in the presence of 
exogenously added cholesterol (G-I) and the subcellular location of Pex14p (G) and catalase (H) were 
determined. The merged images are shown in I. In control cells (A-C), Pex14p and catalase show a 
strong co-localization in peroxisomal dots. Cholesterol-depletion leads to a diffuse staining for 
catalase, whereas Pex14p staining remains dotted (D-F)). Cholesterol repletion leads to a significant 
re-localization of catalase to Pex14p-positive peroxisomes. 
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Chapter 3. Fig. S2. Subcellular location of ALDP and PMP?O in hepatocytes, q- and aHSCs (see 
page 1 25 for the figure legend) 
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Chapter 3. Fig. S3. RNA interference mediated silencing of PMP?O does not affect the sorting of the 
peroxisomal marker Pex14p (see page 1 25 for the figure legend) 
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Full color figures 

Pex14p Catalase Merge 

Chapter 4. Fig. 6. Effect of cholesterol depletion and repletion on the subcellular location of Pex14p 
and catalase (see page 1 25 for the figure legend) 
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Full color figures 

Figure legend page 130: 

Chapter 4. Fig. 7.  Effect of cholesterol depletion and repletion on the subcellular location of 
ALDP and PMP70 
Human HepG2 cells were cultured for 24 h in the absence (A-C) or presence (D-F) of 10 µM 
lovastatin and 2 mM methyl-�-cyclodextrin followed by immunofluorescence microscopy to determine 
the subcellular location of ALDP (A,D) and PMP?O (B,E). The merged images are presented in C and 
F. Cholesterol-depleted HepG2 cells (D-F) were subsequently cultured for 24 h in the presence of 
exogenously added cholesterol (G-I) and the subcellular location of ALDP (G) and PMP70 (H) were 
determined. Merged images are shown in I. In control cells (A·C), ALDP and PMP70 show a strong 
co-localization in peroxisomal dots. Cholesterol-depletion leads to a diffuse staining for ALDP, 
whereas PMP?O staining remains predominantly concentrated in dots (D-F). Cholesterol repletion 
does not lead to a significant re-localization of ALDP to PMP?O-positive peroxisomes. 

Figure legend page 131: 

Chapter 4. Fig. S3. Effect of cholesterol depletion and repletion on the subcellular location of 
ALDP and catalase 
(This figure is added to substantiate the difference in peroxisomal accumulation of catalase and ALDP 
after repletion of cholesterol in HepG2 cells). Human HepG2 cells were cultured for 24 h in the 
absence (A-C) or presence (D-F) of 1 0  µM lovastatin and 2 mM methyl-�-cyclodextrin followed by 
immuno fluorescence microscopy to determine the subcellular location of ALDP (A,D) and catalase 
(B,E using a rabbit polyclonal antibody against catalase, Calbiochem Novabiochem Corp. La Jolla, 
CA, USA). The merge images are presented in C and F. Cholesterol-depleted HepG2 cells (D-F) were 
subsequently cultured for 24 h in the presence of exogenously added cholesterol (G-I) and the 
subcellular location of ALDP (G} and catalase (H) were determined. The merged images are shown in 
I. In control cells (A-C), ALDP and catalase show a strong co-localization in peroxisomal dots. 
Cholesterol-depletion leads to a diffuse staining for ALDP and catalase (D-F). Cholesterol repletion 
leads to a significant clustering of catalase in dots, while the ALDP staining remains predominantly 
diffusely localized in the cytoplasm. 
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Chapter 4. Fig. 7. Effect of cholesterol depletion and repletion on the subcellular location of ALDP 
and PMP70 (see page 129 for the figure legend) 
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Chapter 4. Fig. S3. Effect of cholesterol depletion and repletion on the subcellular location of ALDP 
and catalase (see page 1 29 for the figure legend) 
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Full color figures 

Figure legends page 134: 

Chapter 5. Fig. 2. Caveolin-1 co-localizes with peroxisomal markers in rat hepatocytes 
Primary rat hepatocytes were analyzed by immunofluorescence microscopy to determine the 
subcellular location of catalase (A, D, G), ALDP (J, M, P) and caveolin-1 (B, E, H and K, N, Q). The 
merged images are displayed in C, F, I, L, 0 and R. The high magnification images in G-I and P-R 
show strong co-localization between caveolin-1 and catalase or ALDP, respectively (arrows). Some 
catalase-positive peroxisomes contain little amounts of caveolin-1 (I and R, arrowheads). 

Chapter 5. Fig. 4B-G. In rat hepatocytes, EGFP-caveolin-1 predominantly sorts to catalase
positive peroxlsomes 
Primary rat hepatocytes were transiently transfected with EGFP-caveolin-1 . Forty eight hours after 
transfection, EGFP-caveolin-1 -transfected hepatocytes were analyzed by immunofluorescence 
microscopy to determine the subcellular location of EGFP-caveolin-1 (B, E) or catalase (C, F). The 
merged images are displayed in figure D and G. In the high magnification images, clear co
localization between caveolin-1 and catalase in dotted structures (arrows), can be observed. Some 
catalase-positive peroxisomes contain little amounts of caveolin-1 (G, arrowheads). 

Figure legends page 1 35: 

Chapter 5.  Fig. 8D-0. RNA interference-mediated downregulation of caveolin-1 does not affect 
the peroxisomal location of Baat in primary rat hepatocytes 
Primary rat hepatocytes were transiently transfected to silence caveolin-1 expression (siRNA-Cav). 
Control cells were transfected with oligonucleotides directed against luciferase (siRNA-luc). After 24 
h, the subcellular location of caveolin-1 (siRNA-luc: D, G; siRNA-Cav: J, M) and the peroxisomal 
matrix marker Baat (siRNA-luc: E, H; siRNA-Cav: K, N) were analyzed by immunofluorescence 
microscopy. The merged images are shown in F, I (siRNA-luc) and L, 0 (siRNA-Cav) respectively, 
showing clear co-localization of caveolin-1 and Baal in luciferase treated cells (arrows). The 
subcellular location of Baal is not affected by the downregulation of caveolin-1 (0, arrows). 

Chapter 6. Fig. 4. Caveolin-1 is predominantly peroxisomal in hepatocytes and mainly localized 
to plasma membranes in aHSCs 
To study the presence and location of caveolin-1 in rat hepatocytes (A, B) and aHSCs (C, D), we 
performed immunofluorescence microscopy using specific antibodies against caveolin-1 . The high 
magnification images B and D show that caveolin-1 is predominantly peroxisomal in hepatocytes (B) 
and mainly localized to plasma membranes in aHSCs (D). 
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Chapter 5. Fig. 2. Caveolin-1 co-localizes with peroxisomal markers in rat hepatocytes (see page 1 33 
for the figure legend) 

Chapter 5. Fig. 4B-G. In rat hepatocytes, EGFP-caveolin-1 predominantly sorts to catalase-positive 
peroxisomes (see page 1 33 for the figure legend) 
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Chapter 5. Fig. 80-0. RNA interference-mediated downregulation of caveolin-1 does not affect the 
peroxisomal location of Baat in primary rat hepatocytes (see page 1 33 for the figure legend) 

Chapter 6. Fig. 4. Caveolin-1 is predominantly peroxisomal in hepatocytes and mainly localized to 
plasma membranes in aHSCs (see page 1 33 for the figure legend) 
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