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1 Introduction 

1.1 Discovery of peroxisomes 

   Peroxisomes were first described as “microbodies” by electron microscopy in 

proximal tubular epithelial cells of the mouse kidney and characterized as single 

membrane-bound organelles, containing a fine granular matrix (Rhodin, 1954). 

Later in 1956, these “microbodies” were also discovered in rat liver cells 

(Bernhard and Rouiller, 1956).  After a decade, the separation of the distinct cell 

organelles by glycogen or sucrose-density gradient centrifugation in combination 

with morphological characterization of those fractions led to the identification of 

these “microbodies” as the cell organelles containing H2O2-producing oxidases 

and H2O2-degrading catalase (Baudhuin et al., 1965; Baudhuin et al., 1964). 

Therefore, De Duve coined the term “peroxisome” for this organelle (De Duve 

and Baudhuin, 1966), due to the functional involvement of most (at that time) 

known enzymes in hydrogen peroxide metabolism. A specific cytochemical 

staining for peroxisomes in light and electron microscopy was developed with the 

introduction of the alkaline 3, 3‟- diaminobenzidine (DAB) reaction for catalase 

(Fahimi, 1968, 1969; Hirai, 1969; Novikoff and Goldfischer, 1969). Using this 

technique, Hruban and colleagues reported that peroxisomes are ubiquitous 

eukaryotic organelles (Hruban et al., 1972). Moreover, the absence of DAB-

positive peroxisomes in patients with Zellweger syndrome - a devastating 

peroxisomal biogenesis disorder was noted by Goldfischer and colleagues 

(Goldfischer et al., 1973), further highlighting the specificity of DAB staining. 
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   The important role of peroxisomes in lipid metabolism was revealed when the 

β-oxidation system for fatty acid degradation (Cooper and Beevers, 1969; 

Lazarow and De Duve, 1976) and the metabolic pathways for the biosynthesis of 

ether lipid and cholesterol (Hajra et al., 1979; Keller et al., 1985) were 

discovered in this organelle. In recent years, several other enzymes involved in 

scavenging ROS have also been described in these organelles, such as Cu/Zn-

superoxide dismutase, Mn-superoxide dismutase, glutathione S-transferase and 

peroxiredoxin I and V (Antonenkov et al., 2009; Immenschuh and Baumgart-

Vogt, 2005; Schrader and Fahimi, 2004). Furthermore, the involvement of 

peroxisomes in the regulation of lipid- and ROS- homeostasis is extensively 

discussed (Karnati and Baumgart-Vogt, 2008; Masters and Crane, 1984).  

1.2 Biogenesis of peroxisomes 

1.2.1 Peroxisomal matrix import 

   Peroxisomes contain no DNA or ribosomes and thus have no means to produce 

proteins. Therefore all of their proteins are synthesized on free ribosomes in the 

cytoplasm and are imported posttranslationally into the organelle (Lazarow and 

Fujiki, 1985). Two peroxisomal targeting signals (PTSs), PTS1 and PTS2 have 

been described, which are necessary for peroxisomal protein import (Eckert and 

Erdmann, 2003; Subramani, 1993). PTS1, is a carboxyl-terminal tripeptide with 

the consensus sequence (S/C/A) (K/R/H) (L/M) and targets proteins to the 

peroxisome in all eukaryotic organisms examined from yeast to man. PTS1-

dependent protein import is mediated by a shuttling receptor, the peroxin Pex5p 

(see Fig1), that recognizes the PTS1 tripeptide in the cytoplasm and mediates 

the import of PTS1-containing proteins into the peroxisome (Dammai and 
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Subramani, 2001). Recent analysis of sequence variability in the PTS1 motif 

revealed that, in addition to the known C-terminal tripeptide, at least nine 

residues directly upstream are important for signal recognition in the PTS1-

Pex5p receptor complex (Neuberger et al., 2003). A small subset of peroxisomal 

matrix proteins is targeted by the PTS2 motif, which consists of a degenerate 

nine-residue signal located internally or near the amino terminus. The consensus 

consequence for the PTS2 is: (R/K) (L/V/I) X5 (H/Q) (L/A) (Rachubinski and 

Subramani, 1995). The import of PTS2 proteins into peroxisomes is mediated by 

the hydrophilic cytoplasmic receptor Pex7p, which is also dependent on the long 

isoform of Pex5p (Ghys et 

al., 2002; Mukai et al., 

2002).                   

Fig1. The model of peroxisomal 

matrix import according to 

Wanders RJ (Wanders, 2004a). 

The short form of Pex5p 

(Pex5pS) is capable of targeting 

PTS1-proteins to the 

peroxisomal docking machinery. 

At the membrane, Pex14p is 

the first binding partner. In 

contrast, Pex5pL is needed for 

PTS2-import together with 

Pex7p as the PTS2-receptor. In 

the absence of Pex5pL, the 

Pex7p/PTS2-protein complex is 

unable to dock at the 

peroxisomal membrane. After 

binding of the receptor-cargo 

complex to Pex14p and 

subsequently to Pex13p, the 

complexes dissociate and the PTS1- and PTS2-proteins (cargo) translocate across the peroxisomal 

membrane, a process dependent on Pex2p, Pex10p, and Pex12p. The receptors Pex5pS, Pex5pL, 

and Pex7p recycle back to the cytoplasm. Pex1p and Pex6p are supposed to be involved in the latter 

process.  
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   Most of the identified peroxins (Pex proteins=Pex…p), the proteins involved in 

the biogenesis of peroxisomes, participate in the import of peroxisomal matrix 

proteins and contribute to the formation of the docking (such as Pex14p and 

Pex13p) and translocation machinery at the peroxisomal membranes(Sacksteder 

and Gould, 2000). It is assumed that the targeting receptors (e.g. Pex5p and 

Pex7p) accompany their cargo inside the peroxisomes and recycle back to the 

cytoplasm. Only few peroxins are involved in membrane biogenesis of the 

organelle (see 1.2.2) or in peroxisome division and proliferation (see 1.2.3). An 

overview on the machinery of peroxisomal matrix protein import is given in Fig 1.  

1.2.2. Peroxisomal membrane import 

   In most pex mutants ( PEX5 and PEX13 knockout mice) (Baes et al., 1997; 

Maxwell et al., 2003), in which the import of PTS1 and PTS2 containing 

peroxisomal matrix proteins is abolished, peroxisomal membrane proteins (PMPs) 

can be found correctly inserted in peroxisomal membrane remnants, known as 

„ghosts‟ (Santos et al., 1988). Thus, the import of peroxisomal membrane is 

independent from the import of matrix proteins (Gould et al., 1996; Santos et al., 

1988).           

   So far, only three of the 32 peroxins identified (Pex3p, Pex16p and Pex19p) 

have been shown to be involved in peroxisomal membrane protein import. When 

any of these proteins are absent or mutated in cells, the peroxisomal ghosts 

disappear. Pex19p, a farnesylated protein, binds nascent PMPs in the cytoplasm 

and targets them to the peroxisomal membrane (Jones et al., 2004; 

Kashiwayama et al., 2005). Pex3p, an integral membrane protein, acts as a 

docking receptor for incoming complexes of Pex19p and its PMP cargoes (Fang et 

al., 2004; Ghaedi et al., 2000; Sacksteder et al., 2000). Pex16p is thought to 
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serve as a receptor for Pex3p or as a component of the membrane translocator 

(Fang et al., 2004; Honsho et al., 2002; Matsuzaki and Fujiki, 2008). However, 

to date it is not known how PMPs are exactly imported into peroxisomal 

membrane precursors. Heiland and Erdmann propose that this process might 

depend on the class of the PMP to be imported (Heiland and Erdmann, 2005). 

They suggest that at least two distinct classes of PMPs.  

   The first, class I PMPs, are synthesized on free ribosomes in the cytoplasm, 

where they are recognized by Pex19p that directs them to the peroxisomal 

membrane. The membrane association of the Pex19p receptor-cargo complex is 

mediated by Pex3p in the peroxisomal membrane precursors. However, how the 

insertion of peroxisomal membrane protein takes place still remains to be 

investigated.  

    Insertion of class II PMPs into the precursors is independent of Pex19p. 

Accumulating evidences suggest that class II PMPs might be targeted to the ER 

prior to their transport to peroxisomes (Heiland and Erdmann, 2005). But, how 

these proteins enter and leave the ER and their final destination in the 

peroxisome membrane is still unknown. Other authors also suggest that 

peroxisomal membrane might be synthesized de novo (Terlecky and Fransen, 

2000). 

1.2.3 Peroxisome growth and division 

Of the many PEX genes and products (peroxins) required for peroxisome 

biogenesis, only PEX11 has been shown to have a conserved role in peroxisome 

division (Erdmann and Blobel, 1995; Li et al., 2002a; Li and Gould, 2002; 

Marshall et al., 1995; Passreiter et al., 1998; Schrader et al., 1998). 

Overexpression of PEX11 promotes peroxisome elongation and subsequent 
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division, whereas loss of PEX11 results in reduced peroxisome abundance (Li et 

al., 2002b; Marshall et al., 1995; Schrader et al., 1998). These results indicate 

that PEX11 proteins may be implicated in the regulation of peroxisome growth in 

size and number and, thus, in peroxisomal division. Until now, three PEX11 

genes in mammals have been identified and characterized, the PEX11α gene, the 

PEX11β gene and the PEX11γ gene (Abe and Fujiki, 1998; Abe et al., 1998; Li et 

al., 2002a; Passreiter et al., 1998; Schrader et al., 1998). Studies in human and 

rat revealed that PEX11β has the ability to promote peroxisome proliferation in 

the absence of extracellular stimuli (Schrader et al., 1998). It was suggested 

that PEX11α may regulate peroxisome abundance in response to extracellular 

stimuli, such as the peroxisome proliferator clofibrate and di-(2-ethylhexyl)-

phthalate (Passreiter et al., 1998). However, Li and colleagues demonstrated 

that peroxisome proliferation occurs also in the liver of PEX11α knockout mice 

after treatment with these drugs (Li et al., 2002a). PEX11γ differs from PEX11α 

and PEX11β since its overexpression induces peroxisome clustering, but not 

peroxisome proliferation, and its expression is altered neither by classical 

peroxisome proliferators nor by the loss of PEX11α or PEX11β (Li et al., 2002a).  

Other proteins involved in peroxisome division are members of the dynamin 

family of large GTPases, which have been implicated in tubulation and fission 

events of cellular membranes (Danino and Hinshaw, 2001; McNiven, 1998). The 

dynamin-related protein Vps1p mediates peroxisome division in S. cerevisiae 

(Hoepfner et al., 2001). In contrast, the dynamin-like protein DLP1 has been 

shown to be required for peroxisome fission in mammalian cells (Koch et al., 

2003; Li and Gould, 2003). In addition, Koch and co-workers showed that the 

expression of a dominant-negative DLP1 mutant deficient in GTP hydrolysis 
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(K38A) inhibited peroxisomal division (Koch et al., 2003). Li and Gould reported 

that one function of PEX11β is to recruit DLP1 to the peroxisome membrane, at 

sites where PEX11β itself is sequestered away from other peroxisomal 

membrane proteins (Li and Gould, 2003). It has been suggested that the role of 

DLP1 at this site may be to act as a „pinchase‟ to release the daughter organelle. 

Recently, Koch and co-workers suggested that PEX11β should be involved in the 

elongation/tubulation of peroxisomes, whereas DLP1 should mediate peroxisome 

fission (Koch et al., 2004). However, this hypothesis is not supported by findings 

in the liver of PEX11β knockout mice, in which clusters of elongated tubular 

peroxisomes were described on the ultrastructural level (Li et al., 2002b). 

Therefore, the exact mechanism of peroxisome division is still an unresolved cell 

biological issue. 

1.3 Metabolic functions of peroxisomes 

1.3.1 Peroxisomal β-oxidation of fatty acids and fatty acid derivatives 

    The fatty acid β-oxidation system in peroxisomes was first discovered in plant 

cells (Cooper and Beevers, 1969) and thereafter in animal cells (Lazarow and De 

Duve, 1976). The peroxisomal fatty acid β-oxidation machinery resembles the 

one in mitochondria with exception of its first step, in which acyl-CoA oxidases 

are involved in peroxisomes in comparison to acyl-CoA dehydrogenases in 

mitochondria. Additionally, in contrast to mitochondria, peroxisomal β-oxidation 

has a much broader substrate specificity and oxidizes a range of fatty acids that 

cannot be metabolized in mitochondria. Peroxisomal substrates include very 

long-chain fatty acid (VLCFA), long branched chain and dicarboxylic fatty acids, 

eicosanoids (such as prostaglandins and leukotrienes), PUFAs involved in 
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signaling and apoptosis, and bile acid intermediates (Karnati and Baumgart-Vogt, 

2008; Mannaerts and Van Veldhoven, 1993; Wanders, 2004b).  

The four steps of peroxisomal β-oxidation for an acyl-CoA ester are: 1) 

oxidation to a 2-trans-enoyl-CoA compound, 2+3) hydration of the formed 2-

trans-enoyl-CoA and dehydrogenation of 3-hydroxyacyl-CoA, and 4) thiolytic 

cleavage of the 3-oxoacyl-CoA. These steps are catalyzed by three different 

enzyme classes in peroxisomes:1) acyl-CoA-oxidases, 2) multifunctional proteins 

and 3) thiolases. 

Peroxisomes contain two different β-oxidation systems, pathway I comprising 

the enzymes acyl-CoA oxidase I, multifunctional protein 1 and thiolase A/B as 

well as pathway II comprising acyl-CoA oxidases (2+3), multifunctional protein 2 

and the SCPx thiolase (Nenicu et al., 2007; Wanders, 2004b) (Fig2). The first 

acyl-CoA oxidase discovered was Palmitoyl-CoA oxidase, now called ACOX1, 

which is specific for straight-chain fatty acids (such as VLCFA) and eicosanoids 

(Baumgart et al., 1996). The two other acyl-CoA oxidases are respectively the 

trihydroxycoprostanoyl-CoA oxidase (ACOX2) and the pristanoyl-CoA oxidase 

(ACOX3), reacting with the CoA-esters of bile acid intermediates and 2-methyl 

branched-chain fatty acids, such as pristanoyl-CoA. In comparison to the 

situation in rodents, in which these different acyl-CoA oxidases are present, 

humans harbor only two enzymes involved in the oxidation of distinct lipid 

derivatives: 1) a straight-chain acyl-CoA oxidase (ACOX1) and 2) a branched-

chain acyl-CoA oxidase (ACOX2), involved in the degradation of 3-methyl-

branched fatty acids and bile acid intermediates -dihydroxycholestanoic acid 

(DHCA) and trihydroxycholestanoic acid (THCA) (Baumgart et al., 1996). 
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Fig2. Enzymology of the peroxisomal β-oxidation systems involved in the oxidaton pristanic acid, 

VLCFA and DHCA/THCA (Wanders et al.).  

 

The enoyl-CoA-esters of VLCFA, pristanic acid, DHCA, and THCA are further 

metabolized by multifunctional protein (MFPs), harboring both enoyl-CoA 

hydratase and 3-hydroxyacyl-CoA dehydrogenase activity. At present, two 

distinct proteins (MFP1 and MFP2) have been described that are involved in the 

second and third steps of peroxisomal β-oxidation. Both MFP1 and MFP2 can act 

on straight chain compounds, whereas only MFP2 is involved in the degradation 

of compounds containing a 2-methyl branch, such as pristanic acid and bile acid 

intermediates (Dieuaide-Noubhani et al., 1997; Van Veldhoven). 

The thiolytic cleavage is done by either a straight-chain 3-oxoacyl-CoA 

thiolase (ACAA1) or the sterol carrier protein X (SCPx), a 58 kDa protein with 

thiolase activity (Seedorf et al., 1994). SCPx reacts with the 3-keto-acyl-CoA-

esters of pristanic acid, DHCA and THCA, whereas ACAA1 only accepts the 3-

keto-acyl-CoAesters of VLCFA (Seedorf et al., 1994).  
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1.3.2 Biosynthesis of etherphospholipids and cholesterol in peroxisomes 

1.3.2.1 Etherphospholipid synthesis 

Ether phospholipids play a vital role in biophysical properties of membranes 

and are important ROS trappers, protecting membranes against damaging 

effects of lipid peroxidation (Karnati and Baumgart-Vogt, 2008).  The vinyl ether 

bond is especially important for ROS trapping, which is introduced in 

peroxisomes (Brites et al., 2004). 

Biosynthesis of etherphospholipids starts in the peroxisome with the 

conversion of dihydroxyacetonephosphate (DHAP) to acyl-DHAP, which is 

catalyzed by dihydroxyacetone phosphate acyltransferase (DHAPAT), followed by 

alkyldihydroxyacetone phosphate synthase (ADHAPS) with alkylDHAP as product 

(Wanders, 2004b). Both enzymes are strictly located in peroxisomes (Singh et 

al., 1989; Wanders, 2004b). The importance of DHAPAT and ADHAPS for 

etherphospholipid biosynthesis is emphasized by the fact that patients with a 

genetically determined deficiency of either DHAPAT or ADHAPS lack the synthesis 

of etherphospholipid (Brites et al., 2004). The third step of etherphospholipid 

biosynthesis is located in two different organelles - peroxisomes and the 

endoplasmatic reticulum (ER) and this reaction is catalyzed by the enzyme 

alkyl/acyl-DHAP: NAD (P) H oxidoreductase. Thereafter, the product 

alkylglycerol-3-phosphate (alkyl-G-3P) undergoes subsequent conversion into 

plasmalogens in the ER (Brites et al., 2004). According to the consensus 

nomenclature provided by the mouse Genome Informatics Database (MGI), 

“dihydroxyacetonephosphate (DHAP)” is now termed “glyceronephosphate 

(GNP)” and the enzyme names are changed accordingly, e.g. DHAPAT to GNPAT.   
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1.3.2.2 Cholesterol synthesis 

Cholesterol is another important lipid of the plasma membrane that is 

especially enriched in lipid rafts in which signaling receptors are embedded. 

Peroxisomes play a major role in isoprenoid and cholesterol biosynthesis, 

since enzymes catalyzing the conversion of mevalonate to farnesyl diphosphate 

(FPP), such as mevalonate kinase (MVK), phosphomevalonate kinase (PMVK), 

mevalonate pyrophosphate decarboxylase (MPD) and isopentenyl – diphosphate 

delta isomerase (IDI1) are localized in peroxisomes (Kovacs et al., 2002; Kovacs 

et al., 2007). Furthermore, acetyl-CoA derived from peroxisomal β-oxidation of 

very long-chain fatty acids and medium-chain dicarboxylic acids is preferentially 

channeled to cholesterol synthesis inside the peroxisomes (Kovacs et al., 2007). 

In addition, Kovacs and his colleagues demonstrated that peroxisomes play a 

vital role in the maintenance of cholesterol homeostasis (Kovacs et al., 2004). A 

recent study from their group further revealed that cholesterol biosynthesis 

pathway abnormalities persisted in PEX2 KO mice even when the cholesterol 

balance was maintained (Kovacs et al., 2009). 

1.3.3 Metabolism of reactive oxygen and nitrogen species (ROS and 

RNS) in peroxisomes 

In the past decades, it has been known that peroxisomes play an important 

role in the production and degradation of reactive oxygen species (ROS) and 

reactive nitrogen species (RNS).  

In addition, in this organelle, lipid and ROS metabolism are intensely coupled 

to each other, therefore, peroxisomes might be involved in “metabolic signaling” 

(Karnati and Baumgart-Vogt, 2008).  
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Peroxisomal enzymes producing ROS 

Mammalian peroxisomes are densely packed with enzymes that form ROS 

(Table 1). Most of them are FAD (or FMN)-dependent oxidases, generating H2O2 

during conversion of their substrates as a reaction byproduct. In addition, some 

observations indicate the presence of the superoxide radical O2·
- producing 

enzyme xanthine oxidoreductase (Angermuller et al., 1987) and the inducible 

form of nitric oxide synthase (Loughran et al., 2005) in this cell organelle.  

 

Table 1. Enzymes in mammalian peroxisomes that generate ROS (Antonenkov 

et al., 2009) 

Enzyme Substrate ROS 

Palmitoyl-CoA oxidase Long- and very long-chain fatty acids, 

dicarboxylic fatty acids, glutaryl-CoA 

H2O2 

Pristanoyl-CoA oxidase 2-Methyl-branched fatty acids H2O2 

Trihydroxycoprostanoyl-CoA Bile acids intermediates H2O2 

Urate oxidase Uric acid H2O2 

L-α-hydroxyacid oxidases Glycolate, lactate, medium- and long chain 

2-hydroxyacids 

H2O2 

Polyamine oxidase N-acetyl spermine/spermidine H2O2 

Pipecolic acid oxidase L-Pipecolic acid H2O2 

Sarcosine oxidase Sarcosine, L-proline H2O2 

D-amino acid oxidase D-isomers of neutral and basic amino acids H2O2 

D-aspartate oxidase D-isomers of acidic amino acids H2O2 

Xanthine oxidase Hypoxanthine, xanthine O2·
- 

NO synthase L-arginine ·NO 
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Peroxisomal antioxidant defense systems 

Peroxisomes are well equipped with antioxidant defense systems composed of 

enzymes involved in the decomposition of H2O2 and O2·
- (Table 2). Among them, 

catalase, the classical marker enzyme for peroxisomes, metabolizes both H2O2 

and a variety of substrates, such as ethanol, methanol, phenol and nitrites by 

peroxidatic activity (Oshino et al., 1973). In most mammalian cells, catalase is 

targeted to peroxisomes via a modified PTS1.  

 

Table 2. Antioxidative enzymes in mammalian peroxisomes (Antonenkov et al., 

2009) 

Enzyme Substrate                                         

Catalase  H2O2 

Peroxiredoxin I H2O2 

Peroxiredoxin V (PMP20) H2O2 

Cu/Zn-superoxide dismutase O2·
- 

Mn-superoxide dismutase O2·
- 

Epoxide hydrolase Epoxides 

Soluble glutathione S-transferase (member of kappa family) Hydroperoxides 

Membrane bound („microsomal‟) glutathione S-transferase Lipid hydroperoxides 
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The main metabolic functions of peroxisomes are summarized in Fig 3. 

                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig3. This scheme depicts the general functions of peroxisomes, including H2O2 metabolism, β-

oxidation of distinct lipid derivatives as well as the synthesis of cholesterol and Etherlipid.  This 

picture is provided by kind courtesy of Prof. Dr. Eveline Baumgart‐Vogt. 

 

1.4 Peroxisomal disorders 

The vital importance of the peroxisomal compartment for human health is 

depicted by the devastating diseases resulting from peroxisomal deficiency. To 

date, approximately 20 peroxisomal diseases are known. Currently, two groups 

of peroxisomal disorders are distinguished from each other: (1) peroxisomal 

biogenesis disorders (PBDs) and (2) single peroxisomal enzyme deficiencies.  

PBDs are autosomal recessive diseases that arise from mutations in PEX genes, 

encoding proteins, called peroxins (= Pex…p), required for the normal biogenesis 

of peroxisomes. The most severe form of a PBD is the cerebrohepatorenal 
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syndrome of Zellweger (Zellweger syndrome: ZS) (Goldfischer et al., 1973), a 

multiple congenital anomaly syndrome, characterized by craniofacial 

abnormalities, eye abnormalities, neuronal migration defects, hepatomegaly, and 

chondrodysplasia punctata. The craniofacial features include a high forehead, 

hypoplastic supraorbital ridges, epicanthal folds, midface hypoplasia, and a large 

anterior fontanel (Steinberg et al., 2006; Wilson et al., 1986). Children with this 

condition fail to thrive, are growth retarded and usually die in the first year of life 

(Wilson et al., 1986). Another severe form of the PBDs is rhizomelic 

chondrodysplasia punctata (RCDP) type 1, resulting from a deficient PEX7 gene 

(Heymans et al., 1985). One of the major characteristics of children with RCDP 

type 1 is that they suffer from shortening of the long bones humerus and femur 

and therefore have shortened proximal limbs (Agamanolis and Novak, 1995; 

Braverman et al., 1997; Heymans et al., 1985; Motley et al., 1997; Purdue et al., 

1999; Purdue et al., 1997; Shimozawa, 2007; Steinberg et al., 2006).  

The second group of peroxisomal diseases -the single peroxisomal enzyme 

deficiencies are characterized by disruption of a single peroxisomal function, e.g 

X-linked adrenoleukodystrophy (X-ALD), a disease caused by a defect in the ALD 

protein, an ABC transporter for VLCFA, now called ABCD1(Moser, 1993). Patients 

with the severe form of this disease suffer from demyelination and progressive 

paralysis, adrenal insufficiency as well as male infertility due to germ cell loss 

and leydig cell degeneration. 
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1.5 Animal models for peroxisomal biogenesis disorders 

(PEX2, PEX5, PEX7, PEX11β and PEX13 knockout mice) 

1.5.1 Animal models for Zellweger syndrome 

The first knockout (KO) mouse described as a model for peroxisomal 

biogenesis disorders was the PEX5 KO mouse model (Baes et al., 1997). 

Subsequently, several other KO mouse models have also been developed, e.g 

PEX2 (Faust and Hatten, 1997), PEX11β (Li et al., 2002b), PEX13 (Maxwell et al., 

2003) and PEX7 (Brites et al., 2003). Mouse models of ZS, like PEX2, PEX5 and 

PEX13 KO mice exhibit the pathological hallmarks of ZS patients, including the 

neuronal migration defect, enhanced neuronal apoptosis, a developmental delay, 

neonatal hypotonia, and neonatal lethality (Baes et al., 1997; Faust and Hatten, 

1997; Maxwell et al., 2003). These mice also show peroxisomal metabolic 

defects, including 1,000% increases in VLCFAs, a marker substrate of the 

peroxisomal β-oxidation pathway that cannot be oxidized in mitochondria and 90 

to 99% decreases in plasmalogens, a marker product for the peroxisomal ether 

lipid synthesis pathway (Baes et al., 1997; Faust and Hatten, 1997; Maxwell et 

al., 2003). In contrast, craniofacial dysmorphism, enlarged cranial fontanelles 

and renal cysts are not so strongly developed in comparison to Zellweger 

patients.  

PEX11β KO mice also exhibit numerous ZS pathologic features, including 

hypotonia, a developmental delay and growth defect as well as neuronal 

migration defect, even though peroxisomes are present in these animals, but 

exhibit a proliferation defect. Interestingly, peroxisomal import seems to be 

completely normal in PEX11β KO mice. In addition, these animals show only mild 
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defects in peroxisomal metabolic functions (Li et al., 2002b), challenging current 

models of ZS pathogenesis, such as the hypothesis of generation of pathological 

defects due to VLCFA accumulation or plasmalogen deficiency. PEX11β mice 

were used in this thesis to get more insights on the role of peroxisomes in 

ossification and bone growth. 

1.5.2 The animal model for Rhizomelic chondrodysplasia punctata 

A mouse model of RCDP type 1, PEX7 KO mouse, was generated and 

characterized by Brites and coworkers in 2003 (Brites et al., 2003). These mice 

also display many symptoms and pathologies, observed in the patients of RCDP 

type 1, but show no rhizomelia of long bone. The observed pathological 

alterations are the growth retardation, neuronal migration defects, and 

ossification impairments. Moreover, these mice exhibit peroxisomal metabolic 

defects related to a PEX7 deficiency, i.e. a severe depletion of plasmalogens, the 

impaired α-oxidation of phytanic acid and an impaired β-oxidation of VLCFAs 

(Braverman et al.; Brites et al., 2003). 

1.6 Bone, Cartilage and Ossification 

   The skeleton is composed of bones and associated ligaments, tendons, and 

cartilages. Bones consist of three major cell types plus a significant amount of 

extracellular matrix. Specific cell types in bone comprise: 1) the osteoblast, 

which is involved in synthesis and secretion of collagen I fibers and other organic 

components of the bone matrix; 2) the osteocyte, a mature bone cell, which is 

responsible for maintaining the bone tissue; 3) the osteoclast, which degrades 

bone tissue by removing its mineralized matrix and breaking up the organic bone 

structure. Osteoclasts and osteoblasts are instrumental in controlling the amount 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T20-4KWJXYR-B&_user=3857413&_coverDate=12%2F31%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000061585&_version=1&_urlVersion=0&_userid=3857413&md5=c935acce987cb4b1c8b68b3b5672f267&searchtype=a#secx6
http://en.wikipedia.org/wiki/Bone_tissue
http://en.wikipedia.org/wiki/Osteoblast
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of bone tissue: osteoblasts form bone (Harada and Rodan, 2003) and osteoclasts 

resorb bone (Boyle et al., 2003). Any abnormal interaction between osteoblasts 

and osteoclasts could lead to imbalance between the formation and resorption of 

bone, thus induce various bone-related diseases including osteoporosis.  

   Cartilage is an avascular tissue composed of specialized cells called 

chondrocytes that produce a large amount of extracellular matrix, composed of 

collagen fibers, abundant ground substance rich in proteoglycan, and collagen II 

fibers. Cartilage is classified in three types, hyaline cartilage, elastic cartilage and 

fibrocartilage. Hyaline cartilage is the most common variety of cartilage and it 

can be found in costal cartilages, articular cartilages, epiphyseal plates, and the 

majority of fetal skeleton that is later replaced by bone.  

   Ossification is a process of bone formation (Caetano-Lopes et al., 2007) and 

two types of ossification participate in this process. One is the intramembranous 

(or desmal) ossification. It is achieved by direct transformation of mesenchymal 

cells into osteoblasts, the skeletal cells involved in bone formation. It is the 

process responsible for the development of the flat bones of the cranial vault, 

including the cranial suture lines, some facial bones, and parts of the mandible 

and clavicle. The secondary ossification process is called endochondral 

ossification. Unlike intramembranous ossification, cartilage is present during 

endochondral ossification. It is an essential process during the rudimentary 

formation of long bones and the growth of long bones (Brighton et al., 1973; 

Caplan, 1988). A model for the formation and growth of long bones by 

endochondral ossification is depicted in figure 4 (Fig 4). 

http://en.wikipedia.org/wiki/Chondrocyte
http://en.wikipedia.org/wiki/Extracellular_matrix
http://en.wikipedia.org/wiki/Collagen
http://en.wikipedia.org/wiki/Ground_substance
http://en.wikipedia.org/wiki/Proteoglycan
http://www.wheelessonline.com/ortho/articular_cartilage
http://www.wheelessonline.com/ortho/growth_plate_anatomy
http://en.wikipedia.org/wiki/Intramembranous_ossification
http://en.wikipedia.org/wiki/Hyaline_cartilage
http://en.wikipedia.org/wiki/Long_bones
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Fig4. Model of the formation and growth of long bones by endochondral ossification according to 

Horton (Gilbert, 2000). (A, B) Mesenchymal cells condense and differentiate into chondrocytes to 

form the cartilaginous model of the bone. (C) Chondrocytes in the center of the shaft undergo 

hypertrophy and apoptosis while they change and mineralize their extracellular matrix. Their deaths 

allow blood vessels to enter. (D, E) Blood vessels bring in mesenchymal cells that differentiate into 

osteoblasts, which bind to the degenerating cartilaginous matrix and deposit bone matrix. (F-H) 

Bone formation and growth consist of ordered arrays of proliferating, hypertrophic, and mineralizing 

chondrocytes. Secondary ossification centers also form as blood vessels enter near the tips of the 

bone. 

 

1.7 Signaling pathways involved in bone metabolism 

1.7.1 Wnt signaling and bone  

   Wnt proteins form a family of highly conserved, secreted signaling molecules 

that play a central role in many processes during embryonic development and in 

later stages of life. At least three distinct wnt signaling pathways have been 

described: the wnt/β-catenin pathway, the Ca2+-dependent pathway and the 

planar cell polarity (PCP) pathway (Piters et al., 2008). In the wnt/β-catenin 

pathway, wnts binds to a receptor complex, comprising frizzled (Fz) and the low-

density lipoprotein receptor-related proteins 5 or 6 (LRP5 or LRP6) (He et al., 

2004; Tamai et al., 2000). Activation of this receptor complex leads to 
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inactivation of the glycogen synthase kinase 3β (GSK-3β), which prevents 

phosphorylation and consecutive degradation of β-catenin and, thereby, results 

in its accumulation in the cytoplasm (Liu et al., 2002; Ruel et al., 1999). 

Thereafter, β-catenin translocates into the nucleus where it acts as a coactivator 

with the T-cell factor (Tcf)/ lymphoid-enhancer binding factor (Fan et al.) 

transcription factors and regulates the expression of wnt target genes, such as 

cyclin D1 (Tetsu and McCormick, 1999), axin 2 (Yan et al., 2001) and runx2 

(Dong et al., 2006). 

In recent years, it has been shown that Wnt/LRP5 or LRP6 signaling is a 

critical determinant of bone mass. Indeed, loss of function mutations in LRP5 

gene leads to the osteoporosis-pseudoglioma syndrome (OPPG), a rare disease 

characterized by severe decreased bone formation and persistence of embryonic 

eye vascularization (Gong et al., 2001), whereas gain of funtion mutations 

causes the hereditary high bone mass trait in humans (Boyden et al., 2002; 

Little et al., 2002). Mutations in LRP6 have also been linked to changes in bone 

mass in humans. Members of a family in which a putative partial loss-of-function 

mutation in LRP6 is identified are predisposed to early cardiovascular-related 

death associated with dramatically elevated levels of plasma LDL and 

triglycerides, hypertensions, diabetes, and osteoporosis (Mani et al., 2007). In 

addition, LRP5-deficient mice also show decreased bone formation and osteoblast 

proliferation (Kato et al., 2002) whereas transgenic mice that express the LRP5 

G171V activating mutation in osteoblasts exhibit increased bone formation and 

high bone mass (Babij et al., 2003). Sclerostin was found to antagonize 

canonical wnt signaling by binding to Lrp5/6 (Li et al., 2005; Semenov et al., 

2005). Wnt-induced transcriptional reporter activity and alkaline phosphatase 
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activity were effectively antagonized by sclerostin in several cell lines (Li et al., 

2005; Semenov et al., 2005) and this inhibitory effect can be attenuated by the 

addition of anti-sclerostin antibodies (Ellies et al., 2006).  

1.7.2 ROS metabolism and bone           

    As described above, bone is a dynamic organ with a well-regulated turnover-

bone formation and bone absorption. The process of bone remodeling is affected 

in the most frequent degenerative disease of bones – osteoporosis a disease with 

a low bone mass, resulting from an imbalance between bone formation and 

resorption (Raisz, 2005; Rodan and Martin, 2000).  

Accumulating evidence suggests that bone remodelling is influenced by redox 

balance regulation. Almeida and coworkers have determined that female and 

male C57BL/6 mice lose bone strength and mass progressively between the ages 

of 4-31 months. These alterations are temporally linked with increased ROS 

levels and decreased glutathione reductase activity, as well as a corresponding 

increase in the phosphorylation of p53 and p66shc(Almeida et al., 2007). 

Consistent with this study, Chambers and colleagues show that both osteoblast 

number and bone formation are decreased in 2-month-old mice treated with the 

glutathione inhibitor buthionine sulfoximine (Jagger et al., 2005).  Furthermore, 

these workers also show in another study that the antioxidants NAC or ascorbate, 

antioxidants that increase tissue glutathione levels, prevented the increased 

osteoclastogenesis and abolished ovariectomy-induced bone loss (Lean et al., 

2003). These novel insights suggest that ROS may be one of the critical 

parameters determining the pathophysiology of bone loss. In addition, recent 

studies have provided evidences that FoxO-mediated defense against oxidative 
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stress in osteoblasts is indispensable for skeletal homeostasis in mice (Ambrogini 

et al., 2010; Rached et al., 2010). 

1.7.3 Nuclear receptor signaling and bone 

    Recently, it has been shown that the peroxisome proliferator-activated 

receptor (PPAR)-γ, a transcription factor of the ligand-activated nuclear receptor 

family, regulating the transcription of “peroxisomal” genes, might be involved in 

the bone remodelling process. Activation of this receptor by its ligands stimulates 

adipogenesis and inhibits osteogenesis in mesenchymal cell lines (Lecka-Czernik 

et al., 1999), whereas PPARγ insufficiency increases bone mass by stimulating 

osteoblastogenesis from bone marrow progenitors (Akune et al., 2004). 

Furthermore, activation of PPARγ inhibits the expression and DNA-binding 

activity of the transcription factor-Cbfa1 which is indispensable for osteoblast 

differentiation and reduces osteocalcin expression (Lin et al., 2007). The latest 

study from Manolagas group has shown that oxidized lipids, acting as ligands of 

PPARγ promote binding of PPARγ to β-catenin and reduce the levels of the latter, 

and they attenuate wnt3a stimulated proliferation and osteoblast differentiation 

(Almeida et al., 2009). Additionally, PPARγ also regulates the activation and 

migration of macrophages and might therefore exert an effect on bone 

osteoclasts as well (Mbalaviele et al., 2000; Ricote et al., 1998). Interestingly, 

this receptor and its other family member-PPARα activate the transcription of 

genes of peroxisomal β-oxidation enzymes necessary for the degradation of the 

putative ligands of PPARs. However, until now no information about the effect of 

their ligands on peroxisomes is available in primary osteoblasts and bone or on 

the molecular pathologies arising from peroxisome deficiencies on skeletal 

tissues. 
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1.8 Peroxisomes in the skeleton 

   As mentioned above, the patients with ZS and RCDP type 1, all exhibit bone 

development abnormalities. In ZS, they have a high forehead, hypoplastic 

supraorbital ridges, midface hypoplasia, and a large anterior fontanel (Steinberg 

et al., 2006; Wilson et al., 1986). Whereas, the patients of RCDP type 1 suffer 

from shortening of the long bones humerus and femur (Agamanolis and Novak, 

1995; Braverman et al., 1997; Motley et al., 1997; Purdue et al., 1999; Purdue 

et al., 1997; Steinberg et al., 2006). Likewise, in mouse models, a severe 

retardation of endochondral ossification (or intramembranous ossification) was 

also detected. In PEX7 KO mice, analysis of bone ossification revealed a defect in 

ossification of distal bone elements of the limbs as well as parts of the skull and 

vertebrae. However, no shortening of proximal limbs was noted in these animals 

(Brites et al., 2003). Additionally, PEX11β KO mice also exhibited a delay in the 

ossification of calvaria (Li et al., 2002b). Even though all distinct “peroxisomal 

biogenesis disorder” mouse models exhibit skeletal alterations and the absence 

of peroxisomes in patients with ZWS and RCDP has been already noted for such 

a long time, nothing is known about the molecular mechanisms resulting in the 

skeletal deformations in these diseases. In addition, to date, no knowledge is 

available on peroxisomal metabolism in bone and cartilage. 
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2 Aims of this study 

 
Scientific basis for the goals of this study: 

 

   It is well known that peroxisomes in different organ systems and cell types 

serve different metabolic functions. However, most of the knowledge on 

peroxisomes in the literature was acquired from studies on major metabolic 

organs, such as liver or kidney (Baumgart, 1997; Islinger et al., 2007; Wiese et 

al., 2007). Despite the fact that patients with peroxisomal diseases exhibit 

ossification defects, no information is available on the functions of peroxisomes 

in the skeleton.  

 

   Interestingly, the peroxisome proliferator-activated receptor γ (PPARγ) was 

suggested to be involved in bone remodeling. Since peroxisomes regulate the 

abundance of lipid ligands for this receptor by their β-oxidation system (Karnati 

and Baumgart-Vogt, 2008), this feed-back loop might be an important regulator 

pathway in the ossification process.  

 

   In addition, children with peroxisomal diseases and corresponding knockout 

mice are extremely growth retarded (Baes et al., 1997). Even in a mouse model 

in which only peroxisome proliferation is blocked (PEX11β knockout mice), a 

severe difference in the size of the animals was noted at birth (Li et al., 2002b). 

However, to date, nothing is known on the pathological consequences of PEX11β 

deficiency in the skeleton. 
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Therefore, the aims of this study were:  

 

 To localize and characterize peroxisomes in different cell types of the skeleton. 

 To investigate the differences and possible functional heterogeneity of 

peroxisomal metabolism during osteoblast maturation. 

 To analyze the effects of different PPAR agonists on peroxisomes in primary 

osteoblasts. 

 To study the consequences of peroxisome deficiency and the pathological 

alterations in the skeleton of PEX11β deficient mice. 

 To analyze the molecular pathogenesis of ossification impairment in PEX11β 

deficient mice. 
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3 Materials and Methods 

3.1 Materials 

3.1.1 Experimental animals 

   Specific pathogen free (SPF) C57Bl/6J mice at the age of 40 days and 

pregnant mice (for delivery of newborn pups) were purchased for experimental 

purposes from Charles River Laboratories (Sulzfeld, Germany). They had free 

access to food and water and were kept under standardized environmental 

conditions (12h light/dark cycle, 23°C ± 1°C and 55% ± 1% relative humidity). 

The 40d-old mice for experiments were transported to our institute 1 day in 

advance, whereas the pregnant mothers were kept in the animal laboratory until 

newborn pups were delivered.  

   The PEX11β mouse line was kept under SPF conditions in the Central Animal 

Facility of Justus Liebig University. PEX11β knockout (KO) mice were generated 

by breeding of the heterozygotes and identified by genotyping of the tail DNA. 

The pregnancy state of heterozygous mothers was calculated according to the 

appearance of the vaginal plug. The morning of the presence of a vaginal plug 

was considered as E0.5. Pregnant mice were transported to our institute when 

the fetuses were at E19.  

    All experiments with laboratory mice were approved by the German 

Government Commission of Animal Care. 
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3.1.2 Laboratory instruments 

Table 3. All laboratory instruments used here are listed alphabetically with notice of corresponding supplier: 

Instruments Company name 

AGFA Horizon Ultra Colour Scanner  AGFA, Mortsel, Belgium 

Biocell A10 water system Milli Q-Millipore, Schwalbach, Germany 

Biofuge Fresco Heraeus, Hanau, Germany 

Biofuge Pico Heraeus, Hanau, Germany 

Bio-Rad electrophoresis apparatus Bio-Rad, Heidelberg, Germany 

Dish washing machine  Miele, Gütersloh, Germany 

Cary 50 Bio-UV-visible spectrophotometer Varian, Darmstadt, Germany 

Gel-Doc 2000 gel documentation system Bio-Rad, Heidelberg, Germany 

Flat–panel volumetric computed tomography  GE medical systems, Milwaukee, WI 

Fraction collector Heidolph pump drive 5101 Heidolph Instruments, Schwabach, Germany 

Hera cell 240 incubator Heraeus, Hanau, Germany 

Hera safe, clean bench Heraeus, Hanau, Germany 

Ice machine, Scotsman AF-100 Scotsman Ice Systems, Vernon Hills, IL, USA 

iCycler PCR machine Bio-Rad, Heidelberg, Germany 

Leica DMRD fluorescence microscope Leica, Bensheim, Germany 

Leica DC 480 camera   Leica, Bensheim, Germany 

Leica TP1020 embedding machine  Leica, Nussloch, Germany  

Leica TCS SP2 confocal laser scanning 

microscope 

Leica, Heidelberg, Germany 

Leica SM 2000R rotation microtome  Leica, Nussloch, Germany  

Microwave oven LG, Willich, Germany 

Mini-Protean 3 cell gel chamber Bio-Rad, Heidelberg, Germany 

Microtome stretching water bath Vieth Enno, Wiesmoor, Germany 

Multifuge 3 SR centrifuge Heraeus, Hanau, Germany 

pH meter IKA, Weilheim, Germany 

Pipettes Eppendorf, Hamburg, Germany 

Potter-Elvehjem homogenizer   B.Braun, Melsungen, Germany 

Power supply - 200, 300 and 3000 Xi Bio-Rad, Heidelberg, Germany 

Pressure/Vacuum Autoclave FVA/3 Fedegari, Albuzzano, Italy 

Pump Drive PD 5001 Heidolph Instruments, Schwabach, Germany 

Sorvall Evolution RC centrifuge Kendro, NC, USA  

SmartspecTM 3000 spectrophotometer Bio-Rad, Heidelberg, Germany 

T25 basic homogenizer IKA, Staufen, Germany 

Thermo plate Medax, Kiel, Germany 

Thermo mixer HBT 130 HLC, BioTech, Bovenden, Germany 

Trans-Blot SD semidry transfer cell Bio-Rad, Heidelberg, Germany 

Trimmer TM60 Reichert, Wolfratshausen, Germany 

TRIO-thermoblock  Biometra, Göttingen, Germany 

Ultra balance LA120 S Sartorius, Göttingen, Germany 

Ultra Turrax T25 basic homogenizer Junke & Kunkel, Staufen, Germany 

Vortex M10 VWR International, Darmstadt, Germany 

Water bath shaker GFL 1083  GFL, Burgwedel, Germany 
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3.1.3 General materials and culture media 

Table 4. General materials and culture media are listed alphabetically with notice of corresponding suppliers: 

General materials and culture media Company name 

BioMax MR-films Kodak, Stuttgart, Germany 

Cover slips Menzel-Gläser, Braunschweig, Germany 

Culture dish (35mm) BD Biosciences, Heidelberg, Germany 

Culture dish (60mm) BD Biosciences, Heidelberg, Germany 

Filter tips and canules Braun, Melsungen, Germany 

Microtome blade A35 Feather, Köln, Germany 

Minimum essential Medium (MEM) α medium Invitrogen, Karlsruhe,Germany 

Molecular weight markers (DNA, RNA) Fermentas, St.Leon-Rot, Germany 

Multi-well cell culture plates (12 wells) BD Biosciences, Heidelberg, Germany 

Nylon meshes (100, 20 and 10µm) Bückmann, Mönchengladbach, Germany 

Oligo(dT)12-18 primer Invitrogen, Heidelberg, Germany 

Paraffin Paraplast Plus, MO, USA 

PVDF membranes Millipore, Schwalbach, Germany 

RT-PCR primers (see table 14) Operon, Cologne, Germany  

 

3.1.4 Proteins and enzymes  

Table 5. Proteins and enzymes used here are listed alphabetically with notice of corresponding suppliers: 

Proteins and enzymes Company name 

Bovine serum albumin (BSA) Roth, Karlsruhe, Germany 

Collagenase 2 PAA, Cölbe, Germany 

Dispase BD Biosciences, NJ, USA 

DNase I Sigma, Steinheim, Germany 

Fetal calf serum HyClone, UT, USA 

Immunostar-alkaline phosphatase Bio-Rad, Heidelberg, Germany 

Milk powder Roth, Karlsruhe, Germany 

Precision Plus protein standards, dual color  Bio-Rad, Heidelberg, Germany     

Precision Plus protein standards, unstained Bio-Rad, Heidelberg, Germany 

Primary antibodies (see table 15) Various companies see table 15 

Recombinant mouse wnt-3a R&D Systems, Wiesbaden, Germany 

Secondary antibodies (see table 16) Various companies see table 16 

SuperScript II reverse transcriptase Invitrogen, Karlsruhe, Germany 

Taq DNA polymerase  Eppendorf, Hamburg, Germany 

Trypsin Sigma, Steinheim, Germany 
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3.1.5 Chemicals and drugs 

Table 6. Alphabetical list of used chemicals and drugs in this study with notice of corresponding suppliers: 

Chemicals  Company name 

Acrylamide Roth, Karlsruhe, Germany 

Agarose LE Roche, Grenzach-Wyhlen, Germany 

Alcian Blue 8Gx Fluka, Neu-Ulm, Germany 

Alizarin Red S Fluka, Neu-Ulm, Germany 

Ascorbic acid Sigma, Steinheim, Germany 

Bradford reagent Sigma, Steinheim, Germany 

Bromophenol blue Riedel-de-Haën, Seelze, Germany 

Calcium chloride Merck, Darmstadt, Germany 

Ciprofibrate Sigma, Steinheim, Germany 

Citric acid Merck, Darmstadt, Germany 

Di-potassium hydrogen phosphate (K2HPO4) Merck, Darmstadt, Germany 

Dodocenylsuccinic anhydride (DDSA) Plano, Wetzlar, Germany 

Epoxy Resin 812 Agar, Essex, England 

Ethanol Riedel-de-Haën, Seelze, Germany 

Ethidium bromide Fluka, Neu-Ulm, Germany 

Ethylene diamine tetraacetic acid (EDTA) Fluka, Neu-Ulm, Germany 

Ethylene glycol-bis (2-aminoethylether)-

N,N,N′,N′-tetraacetic acid (EGTA) 

Fluka, Neu-Ulm, Germany 

Formvar 1595 E  Serva, Heidelberg, Germany 

Glutaraldehyde (GA) Serva, Heidelberg, Germany 

Glycine Roth, Karlsruhe, Germany 

Glycerol Sigma, Steinheim, Germany 

β-glycerolphosphate Sigma, Steinheim, Germany 

Hydrogen peroxide (H2O2) Merck, Darmstadt, Germany 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Roth, Karlsruhe, Germany 

Ketavet Bayer, Leverkusen, Germany 

L-Glutamate  Cambrex BioScience, MD, USA 

LR white medium grade LR White Resin, Berkshire, England 

Methylnadic anhydride (MNA) Plano, Wetzlar, Germany 

Mowiol 4-88 Polysciences, Eppelheim, Germany 

3-[N-Morpholino]-propanesulfonic acid (MOPS) Serva, Heidelberg, Germany 

N-propyl-gallate Sigma, Steinheim, Germany 

Osmium tetroxide Polysciences, Eppelheim, Germany 

Paraformaldehyde (PFA) Sigma, Steinheim, Germany 

Penicillin/Streptomycin  PAN Biotech, Aidenbach, Germany 

Phenylmethanesulfonyl fluoride (PMSF) Serva, Heidelberg, Germany 

1,4 Piperazine bis (2-ethanosulfonic acid) 

(PIPES) 

Sigma, Steinheim, Germany 

Ponceau S Serva, Heidelberg, Germany 

Potassiumhexacyanoferrate Merck, Darmstadt, Germany 

Potassium dihydrogen phosphate (KH2PO4) Merck, Darmstadt, Germany 

Potassium hydroxide (KOH) Fluka, Neu-Ulm, Germany 

http://www.made-in-china.com/showroom/xh-wax/product-detailLexEvVRDsIhY/China-Potassium-Dihydrogen-Phosphate-KH2PO4-.html
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Rotiphorese Gel 30 Roth, Karlsruhe, Germany 

RNaseZap Sigma, Steinheim, Germany 

Sodium carbonate Merck, Darmstadt, Germany 

Sodium chloride Roth, Karlsruhe, Germany 

Sodium hydrogen carbonate Merck, Darmstadt, Germany 

Sodium hydroxide Merck, Darmstadt, Germany 

Sucrose Merck, Darmstadt, Germany 

Sodium dodecyl sulphate Sigma, Steinheim, Germany 

Tetramethylethylenediamine (TEMED) Roth, Karlsruhe, Germany 

Trishydroxymethylaminomethane (Tris) Merck, Darmstadt, Germany 

Triton X-100 Sigma, Steinheim, Germany 

Troglitazone Sigma, Steinheim, Germany 

Trypan blue Sigma, Steinheim, Germany 

Tween 20 Fluka, Steinheim, Germany 

Xylene Merck, Darmstadt, Germany 

 

3.1.6 Kits 

Table 7. Alphabetical list of used kits in this study with notice of corresponding suppliers: 

Kits Company name 

Avidin / Biotin-blocking kit Vector Laboratories, Burlingame, USA 

Novared Peroxidase-Substrate kit Vector Laboratories, Burlingame, USA 

PCR kit Qiagen, Hilden, Germany 

Rabbit ExtrAvidin Peroxidase-Staining kit Sigma, Steinheim, Germany 

RNeasy kit Qiagen, Hilden, Germany 

RT-PCR kit Invitrogen, Karlsruhe, Germany 

 

3.1.7 Buffers and solutions 

Table 8. Solutions for immunofluorescence in tissue sections: 

Perfusion fixative solution  4% PFA in 1X PBS (150mM NaCl, 13.1mM K2HPO4 , 5mM KH2PO4 ), 

pH 7.4 

10X PBS  1.5M NaCl, 131mM K2HPO4, 50mM KH2PO4, pH 7.4 

Trypsin (0.1%) 0.1g trypsin in 100ml of 1X PBS buffer, freshly prepared 

TEG buffer 5mM EGTA, 0.1M Tris, pH 9.0 

Blocking buffer-4% PBSA 

+ 0,05% Tween 20 

To 8g BSA add 200ml of 1X PBS and 100µl of Tween 20 

Dilution buffer- 1% PBSA 

+ 0,05% Tween 20 

To 2g BSA add 200ml of 1X PBS and 100µl of Tween 20 

Mowiol 4-88 solution Overnight stirring of 16.7 % Mowiol 4-88 (w/v) + 80ml of 1X PBS, 

add 40ml of glycerol, stir again overnight; centrifuge at 15,000    

U/min for 1h and take off the supernatant and store at -20°C 

Anti-fading agent (2.5%)  2.5g N-propyl-gallate in 50ml of PBS and add 50ml of glycerol 

Mounting medium 3 parts of Mowiol 4-88 + 1 part of anti-fading agent 
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Table 9. Solutions for immunofluorescence in osteoblasts: 

Perfusion fixative solution  4% PFA in 1X PBS (150mM NaCl, 13.1mM K2HPO4 , 5mM KH2PO4 ), 

pH 7.4 

Glycine (1%) 1g Glycine in 100ml of 1X PBS buffer 

Glycine (1%) + Trition X-

100 (0.3%) 

1g Glycine in 100ml of 1X PBS buffer + 0.3ml Triton X-100 

Blocking buffer- 1% PBSA 

+ 0,05% Tween 20 

To 2g BSA add 200ml of 1X PBS and 100µl of Tween 20 

Mowiol 4-88 solution Overnight stirring of 16.7 % Mowiol 4-88 (w/v) + 80ml of 1X PBS, 

add 40ml of glycerol, stir again overnight; centrifuge at 15,000 

U/min for 1h and take off the supernatant and store at -20°C 

Anti-fading agent (2.5%)  2.5g N-propyl-gallate in 50ml of PBS and add 50ml of glycerol 

Mounting medium 3 parts of Mowiol 4-88 + 1 part of anti-fading agent 

 

Table 10. Solutions for isolation of proteins: 

Homogenization buffer 

(HMB) 

To 50ml of 0.25M sucrose and 5mM MOPS (pH 7.4) add only before 

use 500µl 100mM EDTA + 50µl 100% ethanol + 5µl 2M DTT + 50µl 

1M aminocaproic acid and 500µl cocktail of protease inhibitors 

Cell lysis buffer (1X) The stock solution (10X) is diluted into the working solution (1X), 

furthermore, add 1mM PMSF just prior to use 

 

Table 11.  Solutions for SDS-PAGE:  

Resolving gel buffer A 1.5M Tris-HCl pH 8.8 + 0.4% SDS  

Stacking gel buffer B 0.5M Tris-HCl pH 6.8 + 0.4% SDS  

Resolving gel (12%) 

(for 4 SDS-PAGE gels)  

8ml of 30% acrylamide + 10ml of buffer A + 2ml of ddH2O + 15µl of 

TEMED + 130µl of 10% APS 

Stacking gel 

(for 4 SDS-PAGE gels) 

1.25ml of 30% acrylamide + 5ml of buffer B + 5ml of DH2O + 15µl of 

TEMED + 130µl of 10% APS 

10X Sample buffer 3.55ml ddH2O + 1.25ml 0.5M Tris-HCl, pH 6.8 + 2.5ml 50% (w/v) 

glycerol + 2.0ml 10% (w/v) SDS + a pinch of 0.05% bromophenol 

blue. Before use, add 50ml β-mercaptoethanol 

 

Table 12. Solutions for Western Blotting: 

10X Electrophoresis buffer 250mM Tris + 2M glycin + 1% SDS  

20X Transfer buffer Bis-Tris-HCl buffered (pH 6.4) polyacrylamide gel; NuPAGE transfer 

buffer, Invitrogen, Heidelberg, Germany 

10X TBS 0.1M Tris + 0.15M NaCl in 1000ml of ddH2O, adjust to pH 8.0 

10% Blocking buffer 10g fat free milk powder in 100ml of ddH2O 

1% BSA 1g BSA in 100ml 1X TBST +0.05% Tween 20, pH 8.0 

10% Goat serum solution 1ml Goat serum + 9ml 1X TBST +0.05% Tween 20, pH 8.0 

1X Washing buffer (TBST) 10mM Tris/HCl, 0.15M NaCl, 0.05% Tween 20,  pH 8.0 

Stripping buffer (500ml) 62.5mM Tris (pH6.8), 0.2% SDS, 500ml ddH2O – 42°C water bath for 

40min  

Ponceau S solution 0.1% (w/v) Ponceau S in 5% (v/v) acetic acid 
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Table 13.  Solutions for molecular biology: 

Transfer buffer 10X (TAE) 40mM Tris base + 20mM acetic acid + 1mM EDTA, pH 7.6 

RNA-loading dye (10ml) 16µl saturated aqueous bromophenol blue, 80µl 500mM EDTA 

(pH8.0), 720µl 37% formaldehyde, 4ml 10X gel buffer, then fill up to 

10ml with ddH20 

10X RNA transfer buffer 200mM MOPS, 50mM  sodium acetate, 10mM EDTA, pH 7.0 

1X Formaldehyde gel  100ml 10X RNA transfer buffer + 20ml 37% formaldehyde + 880ml 

ddH20 

 

3.1.8 Primers 

Table 14 depicts the list of primers used in this study. 

 

3.1.9 Antibodies 

   Table 15 and 16 depict the overview of primary and secondary antibodies, 

which were used for various morphological methods and for Western blots.  
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3.2 Methods 

3.2.1 Alcian Blue/Alizarin Red staining of cartilage and bone in mice 

   The E19 pups were anaesthetised intraperitoneally with a combination of 

xylazine (13μg/g b.w.) and ketamine (65μg/g b.w.). Thereafter, they were fixed 

in an ample volume of 96% ethanol for at least seven days.  Prior to staining, 

skin and viscera were carefully removed. Afterwards, the mice were immersed in 

approximately 20ml of Alcian Blue solution and incubated for three days. Then 

96% ethanol was used to rinse the preparations at least twice to remove debris. 

In the following step, the skeletons were cleared in 2% KOH for approximately 

12h and the bones were stained in Alizarin red solution overnight. Thereafter, 

the skeletons remained in destaining solution for 2-3 days and any remaining 

loose bits of undissolved tissues were dissected out. The destaining solution was 

changed daily. Finally, the skeletons were passed through a series of glycerol/ 

ethanol (each of the 20% and 50% glycerols for 1-2 days, and stored in 100% 

glycerol. The skeletal preparations in 100% glycerol were photographed with a 

canon camera. 

3.2.2 Scanning of wildtype and PEX11β KO mice with flat-panel 

volumetric computed tomography 

3.2.2.1 FpvCT and Scan Parameters 

   Radiological analysis was performed with a flat-panel volumetric computed 

tomography (fpvCT) (Fig5) from General Electric company (GE), a research CT 

system, in conjunction with Dr. Obert from the Department of Neuroradiology at 

the Justus Liebig University of Giessen (Obert et al., 2005). This CT scanner uses 
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flat-panel detectors for radiation detection, which is the characteristic feature of 

a high-resolution CT system. The detectors consist of cesium iodide deposited on 

an amorphous silicon photosensitive array. The volume imaged with the applied 

acquisition protocol was 13.6cm diameter in the xy plane x 4.2cm in Z direction. 

In all scans, projection data of 1000 columns and 360 rows were used from the 

1,024 x 1,024 detector matrix. 1000 views were acquired within a single gantry 

rotation protocol with a scan time of 8s at 70kV and 200mA.  

                   

                         

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
                     Fig5. The flat-panel based volumetric Computer Tomography (fpvCT). 
 

3.2.2.2 Calibration device 

   A small Plexiglas specimen holder was prepared, which served as holder for 

the mouse pups and the calibration phantom for bone density estimates. The 

specimen holder consisted of two 10cm x 10cm x 0.6cm Plexiglas plates with a 

matrix of drill holes, in which the individual bore hole had a diameter of a plastic 

straw. Different straws with a length of 10cm were sealed on one end with silicon 

paste and filled with H2O or aqueous solutions of 50, 100, 200, and 400mg 

K2HPO4 per ml H2O. Thereafter, the ends of the straws were also closed. The 
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different K2HPO4 concentrations were used to produce a calibration curve that 

mimiced the calcium concentration in the skeleton. Additional straws were 

mounted between the edge bore holes of the Plexiglas plates to produce a stable 

holder. The calibration straws were positioned parallel to each other defining the 

bottom of the holder. A thin plastic sheet was positioned above the calibration 

straws that formed the holder of the mouse-pup bodies. The holder was placed 

on the specimen holder of the fpvCT such that mice as well as the calibration 

straws could be imaged together. The calibration straws were positioned 

precisely parallel to the Z direction of the fpvCT so that cross-sections of each 

straw with different K2HPO4 concentrations were visible in each sectional image 

of the scan.  

   Each mouse was scanned three times with a slightly different rotated 

positioning on the phantom holder so that partial volume effects could be 

estimated. The phantom was used not only for calibration purposes in each CT 

measurement, but also for a correction of the uniformity of the Z-image-plane of 

the VCT.  

3.2.2.3 Image reconstruction 

   VCT image analysis was done in cooperation with Dr. Martin Obert. The data 

were reconstructed with a cone-beam filtered back-projection algorithm into a 

512 x 512 x k voxel matrix, where k ranged from approximately 200 to 400 

depending on the length in the Z-direction of the specimen. The final 12 bit 

DICOM image data had isotropic voxel sizes of (0.100mm)3. A LINUX cluster with 

7 dual 2.2GHz processor PCs was used to perform the reconstruction. The 

reconstruction time for a data volume consisting of 5123 voxels was 

approximately 13min.  
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3.2.2.4 Image visualization 

   Visualization of the data was performed with an Advantage Workstation, 

Version 4.1, GE Medical Systems, USA, a LINUX based dual 2.2GHz processor PC 

with 4GB RAM. Using that workstation, the volume data were visualized as 

maximum intensity projection (MIP). Dr. Obert developed software (IDL, Version 

6.0, RSI, Boulder, CO, USA) that enabled the measurement of bone volume 

[mm3], bone mass [mg], and bone density [mg/mm3] of a complete mouse body. 

Averages were calculated of three scans for each mouse. The following steps 

were necessary to conduct the evaluation of each mouse scan: The 3D-data sets 

were transferred to an Advantage Workstation. The visualization tools of the 

workstation had been used to find the 3D-coordinates of a small cuboid that 

contained just the complete body of the scanner mouse. These coordinates were 

tabulated and used by the IDL program that performed a segmentation of the 

mouse-pup body based on Hounsfield Unit (HU) thresholding within the 

described cuboid. The software then automatically detected the straws with the 

different calibration liquids within the image data. Measurement of the HU in the 

areas of known concentration of bone density within the straw calibration 

phantoms allowed the linear conversion of HU to bone density of the mouse body, 

in units of mg/mm3. As result, the program returned volume, mass, and density 

of the complete mouse bones.  

3.2.3 Perfusion fixation of mice and processing of mouse tissues for 

paraffin embedding and sectioning 

   Five wildtype C57Bl/6J mice at the age of 40 days were anesthetized with 

isoflurane and subsequent intraperitoneal injection of a mixture of 

ketamine/xylazine. The skin was removed by median vertical incision from the 
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pelvis to the mandible, loosened with a scissor and fixed beside the animal on 

both sides with a needle. The thorax was opened sagittally through the sternum 

and cut laterally in the last intercoastal space. The heart was punctured with a 

21 size gauge needle connected to a perfusion system with a rotating pump. 

After a short rinse with 0.9% NaCl to remove blood cells, perfusion fixation was 

carried out for 5min via the left ventricle of the heart using freshly prepared 4% 

paraformaldehyde in PBS, pH 7.4. Mouse femora, knee joint and vertebrae were 

dissected out and immersion fixed overnight in the same fixative.  The femora, 

knee joints and vertebrae were decalcified with 10% EDTA at 4°C for 7d. 

Thereafter, the specimens were embedded into paraffin using a Leica TP 1020 

automated vacuum infiltration tissue processor with the following steps: 90min 

each- 70%, 80%, 90%, 3x 100% ethanol; 2h each: 2x xylene, 2x paraffin. 

Paraffin blocks were cut with a Leica RM2135 rotation microtome into sections of 

3-4µm thickness. 

Newborn (or E19) pups were anesthesized intraperitoneally with a combination 

of xylazine (13μg/g b.w.) and ketamine (65μg/g b.w.). The skin was removed 

from the thorax by median vertical incision, loosened with a scissor and removed 

from the ribs. Thereafter the mouse pups were perfused through the heart with 

4% freshly depolymerized paraformaldehyde in PBS, pH 7.4. After postfixation 

for 24h by immersion in the same fixative, the animals were cut sagittally in two 

halves and embedded in paraffin using the above-mentioned programme. 3-4µm 

sections of whole animals were cut with a Leica RM2135 rotation microtome and 

mounted on Superfrost Plus slides. 
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3.2.4 Indirect immunofluorescence on bone or cartilage sections 

   Prior to deparaffinization, sections were placed for a week at 37°C. Then, they 

were deparaffinized with xylene (3x 5min) followed by rehydration in a series of 

ethanol (2x 99%, 96%, 80%, 70%, 50% ethanol, 2min each step). For improved 

antigen retrieval and accessibility of epitopes, deparaffinized and rehydrated 

decalcified bone or cartilage sections from adult mice were subjected to digestion 

with 0.1% trypsin for 20min at 37°C and nondecalcified sections from newborn 

mice were microwaved in TEG buffer for 5-6min. Nonspecific binding sites were 

blocked with 4% BSA and 0.05% Tween 20 in PBS for 2h at room temperature 

(RT) and sections were incubated with primary antibodies (see Table 15) 

overnight at 4°C. On the following morning, the sections were rinsed carefully 

with PBS and thereafter incubated with the secondary antibodies (see table 16) 

for 2h at room temperature. Nuclei were labelled with Hoechst 33342 (2µg/ml). 

Negative control sections without primary antibody incubation were processed in 

parallel. 

3.2.5 Isolation and culture of primary osteoblasts 

Primary osteoblasts were isolated from E19 pups or newborn animals (P0.5). 

Calvariae were removed and washed with α-MEM. The fibrous tissue surrounding 

the bone was gently scraped off with the tweezers. The calvariae were divided in 

two halves and the sutures were cut out. The trimmed calvariae were transferred 

to a 50ml Erlenmeyer flask containing 4mM EDTA and placed in a shaking water 

bath (37°C) for 10min, washed with PBS for 5min, and incubated a second time 

in 4mM EDTA at 37°C for 10min. Calvariae were then subjected to a series of 

collagenase digestions in a 37°C water bath with gently shaking. The first two 
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digests were discarded. Digests 3, 4, and 5 (15min each), which were sufficient 

to release all cells from small calvariae, were neutralized with α-MEM, pooled, 

and filtered through a sterile polypropylene mesh with 200–297µm2 pore size 

into a 50ml tube. The filtrate was centrifuged for 5min at 1,000rpm, the 

supernatant was removed, and the cells were resuspended in α-MEM containing 

10% FCS and seeded into 35mm culture dishes. The next morning the medium 

was exchanged. Thereafter, the cells were cultivated to differentiate into 

osteoblasts with regular medium exchange every two days. Enhancement of 

mineralization was initiated from day 8 (or from day 10 in PEX11β experiments) 

by the addition of ascorbic acid (50µg/ml) and β-glycerolphosphate (10mM). The 

identity of these cells as osteoblasts was confirmed by immunostaining for 

osteocalcin as a specific cell marker. The purity of the osteoblast cultures was 

higher than 95% (Fig6). 

 

Fig6. Primary osteoblasts were labelled with the bone marker antibodies against osteopontin (OPN) 

or osteocalcin (BGP) to examine the purity of the osteoblast culture. The purity of the osteoblast 

cultures was higher than 95%.  
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3.2.6 Treatments with PPAR agonists and antagonists in osteoblasts  

For treatments with PPARα or PPARγ agonists, osteoblasts were precultivated 

in 35mm dishes for 3 days. On day 4, they were trypsinized and reseeded onto 

60mm culture dishes at a density of 2.5 x 104cells/cm2. Cells were grown for 24h 

and thereafter treated for 6 days, with the PPARα agonist -ciprofibrate (100µM 

and 500µM). Similarly, osteoblasts were also treated with the PPARγ agonist - 

troglitazone (2µM and 10µM) for 6 days.   

3.2.7 Indirect immunofluorescence on primary osteoblasts 

Primary osteoblasts grown on poly-L-lysine-coated coverslips were rinsed with 

PBS (pH 7.4) and fixed with 4% paraformaldehyde (PFA) in PBS for 20min at RT. 

After fixation, cells were washed three times with PBS. Thereafter, they were 

incubated for 10min in PBS containing 1% glycine and for an additional 10min in 

PBS containing 1% glycine and 0.3% Triton X-100 for permeabilization. After 

washing with PBS, cells were incubated for blocking of nonspecific protein 

binding sites for 30min in PBS containing 1% BSA and 0.05% Tween 20. After 

blocking, the coverslips were incubated with primary antibodies overnight at 4°C 

in a moist chamber, followed by extensively washing with PBS (3× 5min) and 

the incubation with secondary antibodies for 1h at RT. Nuclei were 

counterstained with Hoechst 33342 (2µg/ml). The high quality of 

immunofluorescence staining for the localization of specific proteins in distinct 

subcellular compartments (catalase and Pex14p for peroxisomes; SOD2 for 

mitochondria; Runx2 in nuclei) is shown in Fig7.  
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Fig7. Primary osteoblasts were labelled with different marker antibodies against catalase, pex14p, 

SOD2, Runx2 and Histone H3.  

 

3.2.8 Analysis of peroxisome abundance in osteoblasts 

Osteoblasts were stained after various time points of cultivation (3, 7, 11 and 

15d) with a rabbit anti-mouse Pex14p antibody and a donkey anti-rabbit Alexa 

Fluor 488 secondary antibody for analysis of peroxisome abundance. For each 

time point, pictures from 50 osteoblasts were taken by confocal laser scanning 

microscopy (CLSM) with a Leica TCS SP2 using a 63× objective and setting at 

Airy1. The number of peroxisomes per µm² was counted automatically in each 
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cell by using the Image-Pro Plus software (Media Cybernetics, USA). All different 

experiments were performed three times. 

3.2.9 Analysis of proliferation activity of osteoblasts at different time 

points 

   To quantify osteoblast proliferation at different time points in cell cultures (3, 7, 

11 and 15d), the expression of Ki67 was used as a marker for S, G2, and M 

phases. Osteoblasts were stained with the rat anti-mouse Ki67 antibody and a 

goat anti-rat Alexa Fluor 594 secondary antibody. Ki67 positive cells in 

comparison to the number of Hoechst 33342 positive nuclei were quantified with 

regular fluorescence microscopy using a 10× objective. For each time point, the 

number of Ki67 positive cells was counted in 10 different areas and each area 

contained approximately 100-150 cells. All counting experiments were performed 

three times. 

3.2.10 Mineralization analysis  

Osteoblasts were cultured at a density of 1.0 x 104cells/cm2. Differentiation 

was initiated on day 8 by the addition of ascorbic acid (50µg/ml) and β-

 glycerolphosphate (10mM). Mineralization analysis was performed at different 

time points in cell cultures (7, 15 and 23d). Briefly, cells were rinsed with PBS 

(pH 7.4) twice and incubated with 95% ethanol for 15min at RT. Thereafter, the 

cells were washed three times with distilled water and incubated in 0.1% Alizarin 

Red-S in Tris-HCl (pH 8.3) for 40 min at 37°C. After washing with distilled water 

(3× 5min), the stained cells in culture dishes were air-dried at RT. Finally, the 

different culture dishes were scanned with an ESPON perfection 1660 photo 

scanner. 
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3.2.11 RNA expression analysis by semiquantitative RT-PCR 

3.2.11.1 RNA isolation 

Total RNA was isolated from primary osteoblasts using the RNeasy Mini Kit 

from Qiagen. Homogenization of cells in RLT buffer was performed either with an 

Ultra Turrax T25 basic homogenizer for 30sec or the lysate was pipetted directly 

into a QIAshredder spin column placed in a 2ml collection tube, and centrifuged 

for 2min at full speed. RNA extraction was carried out with the Qiagen RNeasy 

Mini kit according to the manufacturer‟s protocol (http://www.qiagen.com/ 

products/rnastabilizationpurification/rneasysystem/rneasymini.aspx).The isolated 

RNA was redissolved in RNase free water and stored at -80°C for further use. 

The quantity and integrity of the isolated RNA was assessed by optical density 

measurements, obtaining the ratio of absorbance values at 260 and 280nm 

using a Bio-Rad spectrophotometer. The integrity of the RNA was analyzed by 

visualization of ethidium bromide-stained intact 28S, 18S and 5S ribosomal RNA 

bands in 1% denaturing formaldehyde agarose gels. For the consecutive RT-PCR 

experiments, the RNA samples with best quality were used.  

3.2.11.2 DNase I digestion 

Prior to reverse transcription, a DNase I digestion was performed to remove 

residual chromosomal DNA in the RNA preparation. One µg of the RNA sample 

was added to the DNase digestion mixture and incubated for 15min at RT. The 

DNase I was inactivated by the addition of 1µl of 25mM EDTA solution to the 

reaction mixture and heating for 10min at 65°C. Thereafter, the RNA sample was 

stored at -80°C for further experiments or was directly used for the subsequent 

reverse transcription reaction. 

http://www.qiagen.com/%20products/
http://www.qiagen.com/%20products/
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    Preparation of RNA samples for DNase digestion prior to RT-PCR 

 

 

 

 

3.2.11.3 Reverse transcription  

   Total RNA (0.5 - 1µg) was reverse-transcribed into cDNA using 0.5µg oligo (dT)     

12-18 primers and 10mM dNTP mixtures as described in the protocol below.  

Oligo(dT)12-18 (500µg/ml) 1µl 

RNA (1µg) ~ 10µl 

dNTP mixture (10mM each) 1µl 

Sterile distilled water to 12µl 

 

   For denaturation, the RNA mixture was heated to 65°C for 5min and thereafter 

immediately chilled on ice. Then, 4µl of 5X first strand buffer, 2µl of 0.1M DTT 

and 1µl of RNaseOUTTM (40U/µl) were added to the reaction mixture. 

   The reaction mixture was mixed gently and incubated at 42°C for 2min. Finally, 

1µl of SuperScriptTM II Reverse Transcriptase (200U) was added and the 

complete solution was incubated at 42°C for 50min for reverse transcription. The 

reaction was inactivated by heating at 70°C for 15min. 

3.2.11.4 Primer design 

    All primers used in this study are described in table 14. For primer design, all 

corresponding complete cDNA sequences of mRNAs to be analyzed were 

downloaded from the Nucleotide Database of the NCBI (http://www.ncbi.nlm.nih. 

gov/nucleotide/). For a standard PCR, 20-22bp long primer sequences were 

selected with the Primer3 online software (http://frodo.wi.mit. edu). The AT and 

GC content was set between 40%-60% and the difference in the melting 

RNA sample 1µg 

10X DNase I reaction buffer 1µl 

DNase I, amplification grade, 1U/µl 1µl 

DEPC-treated water to 10µl 



Materials and Methods 2010 

 

48 
 

temperature (Tm) between the forward and reverse primers was kept in a range 

of 2-4°C. 

   Intron-spanning primers were designed to prevent amplification of genomic 

DNA. The specificity of each primer was confirmed by BLAST searches against 

the EST and non-redundant mouse transcriptome databases (http://www.ncbi. 

nlm.nih.gov/blast/Blast.cgi). Only primers which in the BLAST search gave no 

matching results at their 3‟ ends were selected. All primers were ordered online 

from Operon (https://www.operon.com). Each primer pair was tested and the 

PCR conditions optimized in a gradient PCR from 55°C-70°C on a BioRad iCycler. 

3.2.12 Western Blot analysis 

3.2.12.1 Isolation of proteins from osteoblasts 

3.2.12.1.1 Isolation of whole cell lysates from osteoblasts 

   Whole cell lysates were obtained in two ways: 1) Primary osteoblasts were 

rinsed with PBS and suspended with 10 volume of cold lysis buffer (50mM Tris-

HCl, pH 7.2, 250mM NaCl, 0.1% NP-40, 2mM EDTA, 10% glycerol) containing 

appropriate protease inhibitors. Incubation was done on a rotating shaker for 

30min at 4°C. Thereafter, the solution was sonicated briefly (up to 10s). Finally, 

the tube was centrifuged at 12,000g for 10min at 4°C and the supernatant was 

collected for subsequent experiments. 2) Primary osteoblasts were washed with 

PBS to remove residual media. Thereafter, 400µl of 1x lysis buffer from Cell 

Siganling Technology Corp. was added per 10cm cell culture dish. The cells in 

the culture dishes were incubated on ice for 5min. In the following step, they 

were scraped off with a rubber cell scraper and sonicated briefly. Finally, they 

https://www.operon.com/


Materials and Methods 2010 

 

49 
 

were spun for 10min at 14,000g in a cold (4°C) microfuge and the supernatants 

were collected for further use. 

3.2.12.1.2 Isolation of nuclear proteins from osteoblasts 

   After washing with ice-cold PBS, the cells were suspended with cold low salt 

buffer A (10mM Hepes/KOH, pH 7.9, 10mM KCl, 0.1mM EDTA, 0.1mM EGTA, 

1mM β-mercaptoethanol) containing 10% protease inhibitor mix M (SERVA, 

Heidelberg, Germany). After incubation on ice for 10min, 10µl of 10% NP-40 was 

added and cells were lysed by gentle vortexing. The homogenate was 

centrifuged for 10s at 16,000g in a microfuge. The supernatant representing the 

cytosolic fraction was collected and the pellet containing the cell nuclei was 

washed 4 additional times in buffer A by centrifugation at 16,000g for 10s. 

Thereafter, the nuclear pellet was dissolved in high salt buffer C (20mM 

Hepes/KOH, pH 7.9, 400mM NaCl, 1mM EDTA, 1mM EGTA, 1mM β-

Mercaptoethanol, and 10% protease inhibitor mix M). The tubes were incubated 

for 15min on ice, and centrifuged for 10min at 16,000g at 4°C. The supernatant 

representing the nuclear extract was collected.  

3.2.12.1.3 Isolation of enriched peroxisomal fractions from osteoblasts 

   Primary osteoblasts were harvested and homogenized with a single stroke 

(2min, 1000rpm) using a Potter-Elvehjem homogenizer (Potter-S; B. Braun, 

Melsungen, Germany) in homogenization medium (HM: 5mM MOPS, pH 7.4, 

250mM sucrose, 1mM EDTA, 0.1% [v/v] ethanol, 0.2mM dithiothreitol, 1mM 6-

aminocapronic acid) supplemented with 10% protease inhibitor mix M. The 

homogenate was centrifuged at 500g for 10min. The resulting supernatant (S1a) 

was kept on ice, and the pellet was resuspended in HM and recentrifuged at 
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500g for 10min, resulting in the supernatant (S1b) and the pellet (P1) with 

unbroken cells and nuclei. The pooled supernatant S1 (S1a + S1b) was further 

subjected to centrifugation at 1,900g for 10min, the supernatant (S2a) was 

collected and kept on ice, and the pellet was dissolved in HM and recentrifuged 

at 1,900g for 10min, resulting in the supernatant (S2b) and the pellet (P2) with 

large mitochondria. The pooled supernatant S2 (S2a + S2b) was centrifuged at 

50,000g for 20min to yield the enriched peroxisomal fraction (pellet) and the 

supernatant (S3a). The enriched peroxisomal pellet was resuspended in HM and 

recentrifuged at  50,000g for 20min, yielding the enriched peroxisomal fraction 

(P3) and the supernatant (S3b). The supernatant S3a plus S3b were combined 

(S3). Fractions S2, P2, S3, and P3 were analyzed by Western blotting. The 

enriched peroxisomal fraction is a mixed organelle fraction, also known as light 

mitochondrial fraction (LM) or D-fraction, containing a high amount of 

peroxisomes with medium size as well as small mitochondria, lysosomes, and a 

lower amount of microsomal vesicles.  

3.2.12.2 Preparation of Western blots 

   Protein concentrations of the samples were determined with the Bradford 

method using BSA as a standard (Bradford, 1976). The protein samples (7-30µg) 

were separated on 12% SDS polyacrylamide gels and transferred onto 

polyvinylidene fluoride (PVDF) membranes. Nonspecific protein-binding sites 

were blocked with Tris-buffered saline (TBS) containing 10% nonfat milk powder 

and 0.05% Tween-20 for 1h. The blots were incubated overnight at 4°C or for 1h 

at RT with primary antibodies. Following the primary antibody incubation, the 

membranes were washed 3 times and thereafter directly incubated for 1h at RT 

with alkaline phosphatase-conjugated secondary antibodies. Alkaline 
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phosphatase activity was detected using the Immun-StarTM AP substrate from 

Bio-Rad (Munchen, Germany) and exposure of the blots to Kodak Biomax MR 

Films. Blots were scanned with an AGFA scanner. All Western blot analyses were 

performed three times. 

3.2.13 Statistical Analysis 

   For statistical evaluation, data were compared using One-way ANOVA test and 

P< 0.05 was considered as significant. Data are presented as the mean ± SEM. 
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4 Results 

   Even though children with peroxisomal diseases exhibit severe ossification 

defects, to date nothing is known about the function of peroxisomes in different 

cell types of the skeleton. Therefore, in the first part of this section, this cell 

compartment was characterized in different cell types of the skeleton during 

intramembranous and endochondral ossification processes. In addition, these 

results were completed with studies in differentiating primary osteoblast cultures 

and the analysis of functional alterations after treatment with peroxisome 

proliferator activated receptor (PPAR) agonists. 

In the second part of the result section, studies on PEX11β KO mice were 

performed to investigate the molecular pathogenesis of ossification defects 

observed in children with peroxisomal diseases. The PEX11β KO mouse model 

proved to be an ideal animal model for studying the consequences of peroxisome 

proliferation deficiency in different cell types of the skeleton.  

4.1 Characterization of the peroxisomal compartment in 

cartilage and bone 

4.1.1 Peroxisomes are present with heterogeneous abundance in 

different cell types of the skeleton 

Immunostaining preparations on paraffin-embedded sections for the 

localization of the peroxisomal biogenesis marker Pex14p revealed the presence 

of peroxisomes in all cell types of the skeleton (Fig8a-b, Fig9a-b, Fig10a and 

Fig11a). Peroxisomes could already be detected as individual organelles by 

regular fluorescence microscopy (Fig8), but were resolved much better by using 
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confocal laser scanning microscopy, especially in hypertrophic chondrocytes and 

osteoblasts (Fig9, Fig11). Clear differences were noted in the number of Pex14p-

positive particles and the intensities of individual signal. Pex14p-positive 

peroxisomes were most abundant in hypertrophic chondrocytes (Fig8a-b, Fig9a-

b). Peroxisomes in proliferating chondrocytes were less numerous and 

chondrocytes of reserve zone only contained very few peroxisomes (Fig8a-b, 

Fig9a-b). In addition to hypertrophic chondrocytes, osteoblasts were also 

intensively labelled for Pex14p, whereas only a weak staining was observed in 

osteocytes (Fig10a, Fig11a).  

4.1.2 Matrix proteins for ROS and lipid metabolism also exhibit a 

heterogeneous distribution in peroxisomes of cartilage and bone 

   Most knowledge on peroxisomal metabolic pathways has been obtained from 

results of experiments in liver and kidney. In these organs, peroxisomes are rich 

in enzymes involved in ROS and lipid metabolism. Therefore, antibodies against 

the H2O2-decomposing enzyme catalase and against the major lipid transporter 

ABCD3, formerly called PMP70, were used for labelling of peroxisomal metabolic 

pathways in different cell types of the skeleton. The ROS metabolizing enzyme-

catalase was distributed in a similar pattern as Pex14p with the staining 

intensities, showing a continuous increase from chondrocytes of the reserve zone 

to hypertrophic chondrocytes (Fig8c-d, Fig9c-d). Osteoblasts also showed strong 

catalase immunoreactivity (Fig10b, Fig11b). In contrast, the peroxisomal ABC 

transporter ABCD3 was strongly enriched in hypertrophic chondrocytes (Fig8e-f, 

Fig9e-f). Other chondrocytes were only very weakly stained for ABCD3 or 

remained negative. 
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Fig8. Detection of peroxisomes in distinct cell types of the skeleton by immunostainings 

for peroxisomal marker proteins using regular fluorescence microscopy. Stainings in a-d: 

vertebrae; e-f: femur growth plate. Staining for the peroxisomal biogenesis protein Pex14p 

revealed a higher intensity in hypertrophic chondrocytes (a, b). The peroxisomal metabolic enzyme 

catalase exhibited the same pattern as Pex14p (c, d). In contrast, the ABC transporter-ABCD3 was 

only enriched in hypertrophic chondrocyte (e, f). HC: hypertrophic chondrocytes. 
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Fig9. Immunofluorescence detection of peroxisomal proteins in distinct cell types of the 

embryonic skeleton by confocal laser scanning microscopy. Staining with antibodies against 

peroxisomal marker proteins–Pex14p, catalase and ABCD3 revealed that peroxisomes were 

abundant in hypertrophic chondrocytes in comparison to proliferative chondrocytes in embryonic 

ribs (a-f). PC: proliferative chondrocytes; HC: hypertrophic chondrocytes.  
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Fig10. Distribution of peroxisomes in different cell types of a mouse vertebra by regular 

fulorescence microscopy. Stainings for the peroxisomal membrane protein Pex14p and the 

metabolic enzyme catalase in a mouse vertebra (a,b). OB: osteoblasts; OC: osteocytes. 
 

 

Fig11. Localization of peroxisomal proteins in the calvaria of a mouse embryo by confocal 

laser scanning microscopy. Positive immunoreactivity for Pex14p and catalase was observed in 

the calvaria of a mouse embryo, showing a higher intensity in osteoblasts in comparison to 

osteocytes (a, b). OB: osteoblasts. 

 

4.1.3 Peroxisome numerical abundance is inverse proportional to 

osteoblast proliferation and parallels osteoblast differentiation  

As known from 4.1.1, the peroxisomal biogenesis protein, Pex14p is the best 

marker to analyze peroxisome numerical abundance. Immunofluorescence 

analysis for this protein in primary osteoblasts of different time points revealed 

that peroxisome abundance was significantly altered during osteoblast 

differentiation (time points of analyses: 3d, 7d, 11d and 15d) (Fig12). In the 

early osteoblasts (3d), the number of peroxisomes was lowest 

(0.189±0.037/µm2). Furthermore, most peroxisomes were spherical and only 
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few tubular peroxisomes could be observed at this stage. In comparison to early 

osteoblasts, osteoblasts in cultures of later time points showed a higher number 

of peroxisomes (Fig12). Osteoblasts at day 7 exhibited a 30% increase in 

peroxisome number compared with 3d osteoblasts (7d:0.244±0.036/µm2). 

Moreover, more tubular peroxisomes were detected from this stage (7d, 11d and 

15d).  
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Fig12. Morphometric analysis of the numerical abundance of peroxisomes at various time 

points. Osteoblasts were harvested at various time points (3d, 7d, 11d and 15d) and stained for 

Pex14p to analyze the peroxisome abundance. The morphometric analysis of Pex14p-positive 

particles revealed that the numerical abundance of peroxisomes was lowest at day3. Peroxisomes 

were present in a highest amount at day 7 and thereafter maintained a high level. Statistical 

analysis was performed to check for significant alterations of the peroxisome abundance at different 

time points. Compared to 3d osteoblasts, osteoblasts contained a significantly higher numerical 

abundance of peroxisomes at day7, day 11 and day 15 with P value of less than 0.001. A 

significantly higher peroxisomal abundance was also noted in 7d osteoblasts in comparison to 11d 

and 15d osteoblasts (P<0.01). However, no difference between 11d and 15d osteoblasts was 

observed (P>0.05). Red arrow head: spherical peroxisomes; white arrow head: tubular peroxisomes. 

 

To relate the alteration of the peroxisomal compartment to osteoblast 

proliferation, we analyzed the Ki67 protein expression, a marker of late G1, S, 

G2, and M phases, often used to detect cell proliferation. Immunofluorescence 

preparations for Ki67 revealed that osteoblasts had the highest proliferation rate 

at day 3 (0.630±0.048). Thereafter, the proliferation rate decreased (Fig13) (7d: 

0.276±0.020; 11d: 0.233±0.023; 15d: 0.227±0.011). Taken together, our data 

indicate that peroxisome proliferation is inversely proportional to osteoblast 

proliferation and is occurring during osteoblast differentiation. 
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Fig13. Detections of osteoblast proliferation rates at different time points.  To determine 

osteoblast proliferation rates at different time points, we analyzed the expression of the Ki67 protein. 

Staining for Ki67 antibody revealed that osteoblasts exhibited the highest proliferative rate at 3d, 

and then decreased. Compared to 3d osteoblasts, proliferation rates were much lower at day 7, day 

11 and day 15. P values were less than 0.001. White arrow head: Ki67-positive osteoblasts. 
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4.1.4 The heterogeneity of the peroxisome compartment is preserved 

during osteoblast differentiation 

   Using semiquantitative RT-PCR, the expression levels of mRNAs encoding 

peroxisomal proteins were determined in primary osteoblasts. Calculation of 

differences in mRNA expression levels were done by normalizing the RT-PCR 

band intensities of related genes to the band intensity of GAPDH of the same 

cDNA preparation. Massager RNAs for catalase, PEX14, MFP2 and ABCD3 were 

present at very low amounts in the early osteoblasts (3d). Their levels reached a 

maximum at day 7 or day 11 (compared with 3d osteoblasts, catalase: 2.2-fold 

induction; PEX14:1.5-fold induction; MFP2: 1.3-fold induction; ABCD3: 1.2-fold 

induction) and decreased at day 15 again (Fig14). Similarly, the mRNA levels of 

MFP1, PEX11β, OPN and RUNX2 were also present at lower levels initially (3d) in 

comparison to the later stages (Fig14). By contrast, PEX11α, PPARα and ABCD1 

mRNA levels were upregulated continuously in a time-dependent manner. In 

comparison to 3d osteoblasts, the expression levels for PEX11α, PPARα and 

ABCD1 increased about 1.2-fold, 1.5-fold and 1.3-fold at day 15, respectively 

(Fig14). Interestingly, the mRNA level of the first enzyme of peroxisomal β-

oxidation ACOX2 was higher at day 3 compared with 11d and 15d osteoblasts 

(Fig13). In addition, the expression level of PPARγ was reduced in a time-

dependent manner and the level at day 15 exhibited a 35% decrease compared 

with 3d osteoblasts (Fig14). The mRNAs for other genes, such as ALP, PEX5, 

PEX13, ACOX1 and PPARβ were not altered during these stages (Fig14). 

   To confirm the morphological and the RT-PCR results obtained from primary 

osteoblasts, Western blot analyses were performed using distinct subcellular 

fractions obtained by differential centrifugation from homogenized osteoblast 
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preparations. The highest abundance of Pex14p, the marker for peroxisomal 

membranes, was found in pellet 3, which corresponds to the enriched 

peroxisomal fraction, containing medium sized peroxisomes and small 

mitochondria. The amount of Pex14p was lower in pellet 2, which contains 

mostly large mitochondria and large peroxisomes. OPN, a bone marker protein, 

was present at higher amounts in pellet 2, where in addition to heavy 

mitochondria, apparently also Golgi apparatus and large secretory vesicles are 

present. In contrast, the highest level of the complex III of the respiratory chain 

(Oxphos III core 2), was observed in pellet 2 (heavy mitochondria), followed by 

pellet 3 (light mitochondria) (Fig15A). Due to enrichment of different organelles 

in distinct pellets, the corresponding subcellular fractions were used to detect 

different marker proteins at various time points of primary osteoblast cultures. 

Western blot analyses revealed that peroxisomal metabolic enzymes, such as 

catalase and thiolase exhibited the lowest levels at the early stage (3d), and 

subsequently reached their maximum expression at day 7(Fig15B), corroborating 

the mRNA results. In comparison to the mRNA levels, however, peroxisomal 

matrix proteins decreased again thereafter (Fig15B). By contrast, the lower 

levels of peroxisomal membrane proteins (ABCD3, Pex13p and Pex14p) were 

also found at day 3 and thereafter increased at day 7 (Fig15B). In addition, 

mitochondrial complex III of the respiratory chain was enhanced in a time-

dependent manner (Fig15B) and the mitochondrial antioxidant protein SOD2 

exhibited the highest abundance at day 11 (Fig15B). Moreover, a clear increase 

in the production of OPN was observed from day 7 to 15, suggesting 

differentiation of osteoblast into bone matrix synthesizing and secreting cells 

(Fig15B). 
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   PPARα, the nuclear receptor responsible for peroxisome proliferation, was 

present at low levels in nuclear fractions of 3d osteoblasts and most of the 

PPARα protein was located in the cytoplasmic fraction (Fig15C). During 

osteoblast differentiation (7d-11d), a significant increase of PPARα level in the 

nuclear fraction was observed (Fig15C), reflecting the PPARα translocation into 

the nucleus for transcriptional activation. A shift of the PPARα protein to the 

cytoplasm was noted at day 15, fitting well to the lower abundance of 

peroxisomal thiolase, a PPARα-dependent gene of the peroxisomal β-oxidation 

pathway 1 (Fig15C). 

   To investigate the effect of calciuming mineralization supplements in medium, 

ascorbic acid (50µg/ml) and β-glycerolphosphate (10mM) was added to the 

primary osteoblast cultures after day 7. Interestingly, the addition of these 

compounds into the culture exerted significant effects on peroxisomal thiolase 

and Pex14p expression at day 15 (Fig16). A significant increase of cytoplasmic 

Pex5p expression was also noted at day 15 (Fig16). Additionally, the addition of 

differentiation medium into the culture also resulted in the alteration of protein 

expression of OPN, showing low level of OPN expression at day 15 in comparison 

to day 7 (Fig16). Moreover, mineralization nodule staining showed that 15d 

osteoblasts incubated with differentiation medium had formed primary 

mineralization areas (Fig17), indicating maturation of these osteoblasts. 
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Fig14. Semiquantitative RT-PCR analysis was performed on cDNAs prepared from total 

RNA of distinct time points of osteoblasts. 
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Fig15. Western blot analyses of organelle fractions from primary osteoblasts were 

preformed. (A) Distinct pellets got by different centrifuge speeds were used to detect different 

marker proteins, such as peroxisomal marker protein-Pex14p, mitochondrial protein-oxphos III core 

2 and a bone marker protein- OPN. (B) Western blot analyses revealed that the levels of 

peroxisomal metabolic enzymes were not parallel to peroxisome abundance during osteoblast 

differentiation. Mitochondrial proteins and OPN were increased during osteoblast growth. (C) 

Nuclear enriched proteins were isolated to investigate the PPARα expression at different stages of 

osteoblasts. 

S1, P1, S2, P2, S3, and P3: all the details can be found in the method.  

 

 

 

Fig16. The addition of ascorbic acid (50µg/ml) and β-glycerolphosphate (10mM) was 

added to stimulate the osteoblastic differentiation. Under this condition, the expression levels 

of all peroxisomal marker proteins, mitochondrial proteins and OPN were investigated. 
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Fig17. Mineralization staining was performed to detect the synthesized matrix at various 

stages of osteoblast differentiation. The differentiation medium was added to the culture from 

day 8. 

 
 

4.1.5 Both PPARα and PPARγ are involved in regulating peroxisomal 

functions in osteoblasts 

   Based on the evidence that treatment with ciprofibrate leads to proliferation of 

peroxisomes and induction of peroxisomal β-oxidation enzymes in H4IIEC3 rat 

hepatoma cells, we examined whether ciprofibrate can induce the similar effect 

in primary osteoblast cultures as well. Indeed, treatment with ciprofibrate 

induced catalase and Pex14p expression in osteoblast homogenates, suggesting 

peroxisome proliferation (Fig18A). Moreover, treatment with this PPARα agonist 

also induced the catalase expression in individual peroxisomes of pellet 3 

(Fig18B). Additionally, the Pex13 protein was also enhanced when treated with 

the higher concentration of ciprofibrate (500µM) (Fig18B). In contrast, the 

expression level of ABCD3 was significantly reduced in a dose-dependent manner 

(Fig18B). Furthermore, thiolase expression was induced, suggesting a positive 
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effect of the PPARα activator on the function of peroxisomal β-oxidation (Fig18B). 

Consistent with previous report in which the PPARα/δ agonists upregulate 

osteoblast differentiation and induce bone formation (Still et al., 2008), the 

abundance of OPN protein was also elevated after treatment with ciprofibrate 

(Fig18C).  

To determine whether the PPARγ agonist troglitazone is also involved in the 

regulation of peroxisomal abundance and peroxisomal metabolism, osteoblasts 

were incubated with different concentrations of troglitazone for 6 days. After 

incubation with troglitazone, a dose-dependent induction of catalase expression 

occurred that was much more pronounced as the one after ciprofibrate treatment, 

suggesting a stronger effect of PPARγ on antioxidant enzyme expression than 

PPARα (Fig19A, B). Troglitazone treatment also exhibited a slight upregulation of 

Pex14 protein in osteoblast homogenates (Fig19A), which was similar to the 

result obtained from ciprofibrate treatment. In contrast, hardly any effect on the 

abundance of the peroxisomal membrane protein Pex13p and the enzyme of 

peroxisomal β-oxidation thiolase was noted in enriched peroxisomal fractions 

(Fig19B). Interestingly, the expression of the ABC transporter ABCD3 was 

increased in a dose-dependent manner (Fig19B). Contrarily, the marker of 

osteoblastic maturation -OPN was remarkably decreased (Fig19C), indicating an 

inhibitory effect of the PPARγ agonist on osteoblast differentiation. In addition, 

troglitazone also had an effect on abundance of the mitochondrial complex III, 

leading to a significant increase, especially with 10µM troglitazone (Fig19C). This 

result indicates that PPARγ activators are also important for the regulation of 

mitochondrial functions in osteoblasts. 
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Interestingly, even though peroxisomal matrix proteins were up-regulated, the 

expression level of Pex5p was decreased, especially after troglitazone treatment 

(Fig18B and 19B).  
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Fig18. Comparative western blot analyses to examine all peroxisomal marker proteins, 

OPN and mitochondrial protein as treated with ciprofibrate. Incubated with ciprofibrate for 6 

days, the whole cell lysate (A) or enriched organelle fractions (B, C) were isolated to detect the 

expressions of different proteins, such as peroxisomal proteins, mitochondrial protein and OPN.  

Control: only culture medium; 100µM: 100µM ciprofibrate; 500µM: 500µM ciprofibrate 
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Fig19. Comparative western blot analyses to investigate all peroxisomal marker proteins, 

OPN and mitochondrial proteins as treated with troglitazone. The levels of all proteins, 

including peroxisomal proteins, mitochondrial protein and OPN were investigated as treatment with 

troglizatone for 6 days. A: the whole cell lysate; B, C: enriched peroxisomal fractions. 

Control: only culture medium; 2µM: 2µM troglitazone; 10µM: 10µM troglitazone 
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4.2 Effect of PEX11β deficiency on the skeleton, osteoblast 

maturation and function 

   PEX11β KO mice were generated by disrupting the Exons 1 to 3 of the mouse 

gene in conjunction with my supervisor Prof. Baumgart-Vogt. These mice show a  

clear Zellweger phenotype, despite only minor alterations in very long-chain 

fatty acids (Li et al., 2002b). Until now, no studies on the skeleton have been 

performed with these mice. 

4.2.1 Mice with deficient peroxisome proliferation exhibit ossification 

defects and growth retardation 

   PEX11β KO fetuses at E19 were undersized, and exhibited a 60% reduction of 

body weight (WT: 0.96±0.16g; PEX11β KO: 0.70±0.08g). Therefore, a more 

detailed analysis was pursued to resolve the alteration in the skeleton due to 

peroxisome deficiency. For this purpose, the skeletons of E19 WT and PEX11β 

KO mice were stained for visualization of bone and cartilage. Alizarin red and 

Alcian blue staining revealed significant alterations of ossification in PEX11β KO 

pups (Fig20). In comparison to the skull of WT mice at this age, the skull of 

PEX11β KO pups showed less ossification, suggesting a defect in 

intramembranous ossification. In the axial skeleton, defects in ossification were 

evident in the sacral and coccygeal vertebrae of PEX11β KO pups. Additionally, 

the fore- and hindlimbs of PEX11β KO mice showed impaired ossification as well, 

indicating endochondral ossification problems. Moreover, defects in ossification 

were noted in the sternum of PEX11β KO animals. Take together, these results 

suggest that both intramembranous and endochondral ossifications are affected 

in PEX11β KO mice. 
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Fig20. Alizarin Red and Alcian Blue staining of the skeletons from control and PEX11β KO 

mice. Skeleton stainings revealed the impaired ossification of distal bone elements of the limbs, 

sacral and coccygeal vertebrae as well as parts of the skull and the sternum in PEX11β KO mice. 
        

4.2.2 PEX11β KO mice exhibit substantially lower bone volume and mass 

   Flat-panel based volumetric Computer Tomography (fpvCT) is a new 

noninvasive 3-dimentional (3D) imaging technology, which can monitor the 

skeleton of mice in vivo (Obert et al., 2005). Therefore, in this study both WT 

and PEX11β KO mice were scanned with this technique. The results revealed a 

significant lower bone mass in PEX11β KO mice. In comparison to WT littermates 

of the same age, both intramembranous (calvaria) and endochondral 

ossifications (vertebrae and limbs) were strongly impaired (Fig21A), 

corroborating the result obtained from skeleton stainings. Quantitative 

morphometric analysis of the skeleton revealed that PEX11β KO pups possessed 

a 70% reduction in total bone volume (WT: 1043.2±136.88mm3; PEX11β KO: 

613.08±60.58mm3) and a 123% decrease in bone mass (WT: 28.04±4.27mg; 
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PEX11β KO: 12.6±1.25mg), as well as a 31% decreased whole-body bone 

mineral density (WT: 26.82±0.88mg/mm3; PEX11β KO: 20.52±0.63mg/mm3), 

demonstrating the impaired ossification in PEX11β KO mice (Fig21B).  

A 

 

B 

 

Fig21. WT and PEX11β KO mice were scanned by flat panel volume computer tomography 

(fpvCT). (A) Pictures are presented with two different windows of Hounsfield Units (a, b, e, and f: 0 

to 500 HU; c, d, g and h: 200 to 500 HU). Large differences were observed in WT and PEX11β KO 

mice. (B) FpvCT analyses revealed the substantially lower total bone volume and mass, as well as a 

decrease in whole-body bone mineral density in PEX11β KO animals (WT: n=7; KO: n=5). 
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4.2.3 Histological analysis revealed reduced ossification and 

mineralization in PEX11β KO mice 

   Different mouse models for peroxisomal biogenesis disorders, like the PEX2, 

PEX5, and PEX7 mice, exhibit a severe retardation in growth and ossification. To 

examine whether these alterations also take place in PEX11β KO mice, 

immunofluorescence analysis for osteopontin (OPN) was performed. OPN is a cell 

secreted adhesive bone glycophosphoprotein with arginine-glycine-aspartic acid 

(RGD) cell-binding sequence, which plays a role in bone matrix organization and 

/or stability. Our results showed that OPN-positive ossification centers were 

significantly decreased in vertebrae of PEX11β KO mice, suggesting a reduced 

endochondral ossification process in comparison to age-matched littermates 

(Fig22a, b). Moreover, as shown in Fig22c and d, the abundance of OPN protein 

was remarkably decreased in proliferative and calcified zones of the epiphyseal 

growth plate, revealing the disturbance of endochondral ossification. In addition, 

Alizarin Red S staining exhibited an impaired mineralization for the limb and 

vertebrae of PEX11β KO mice (Fig23). Alizarin Red S is an anthraquinone 

derivative, which can be used to identify calcium in tissue sections. In PEX11β 

KO animals, calcium deposits were significantly reduced compared with WT mice 

(Fig23), indicating that the mineralization in the ossification process was affected 

in this animal, corroborating the fpvCT results. In sum, these data further 

suggest that PEX11β might play a role in the regulation of ossification and 

mineralization. 
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Fig22. An antibody against OPN was used to examine the alterations of endochondral 

ossification in WT and PEX11β KO mice. WT: a+c; PEX11β KO: b+d. Fig a+b: Overview on 

endochondral ossification of vertebrae with OPN staining. Fig c+d: Higher magnification view of the 

epiphyseal growth plate in the limb. 
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Fig23. Alizarin Red staining was performed to investigate the mineralization. WT: a+c+e; 

PEX11β KO: b+d+f. Fig a+b: Overview on the mineralization of the tibia and fibula. Fig c+d: 

Higher magnification view of the same areas in the tibia. Fig e+f: Differences of the mineralization 

in arches of lumbar vertebrae. 
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4.2.4 The peroxisomal numerical abundance is reduced and the protein 

composition altered in PEX11β KO mice 

Mouse models of Zellweger syndrome (PEX2, PEX5 and PEX13 knock-outs) 

display a number of cellular abnormalities. Chief among these is the inability to 

import peroxisomal matrix enzymes, leading to the mistargetting of peroxisomal 

enzyme into the cytoplasm and the disruption of all metabolic pathways in 

peroxisomes with all its secondary consequences. To determine whether similar 

phenomena are also present in PEX11β KO mice, both immunofluorescence 

preparations and Western blot analyses with antibodies against peroxisomal 

matrix proteins were done. The results revealed that enzyme import was 

unaffected in PEX11β KO osteoblasts as shown in Fig24+25 by the detection of 

the peroxisomal matrix enzyme catalase, demonstrating that the peroxisomal 

matrix protein import pathway is functional in osteoblasts lacking PEX11β 

(Fig24,25B). The specific organelle staining pattern indicates that peroxisomal 

matrix proteins are not mislocalized into the cytoplasm as in PEX2, PEX5 and 

PEX13 knockout animals. In addition, the responsible import receptor for PTS1-

containing proteins Pex5p was increased, especially on the surface of the 

organelles (Fig25B). Due to the dual localization of this receptor in the cytoplasm 

and on the peroxisomal surface, positive bands with different intensities are 

obtained from Western blot analyses in S3 and P3, depending on its subcellular 

distribution. However, the knockout of PEX11β induced a reduction of 

peroxisome number together with a concomitant increase of peroxisome 

elongation as shown in IF preparations for Pex14p (Fig24). Whereas, the overall 

amount of Pex14p was not altered in the whole cell lysate or in the enriched 

peroxisomal fraction compared with WT osteoblasts (Fig25A, B). The reduction of 
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the peroxisomal numerical abundance was also observed in stainings for other 

peroxisomal membrane proteins, such as ABCD3 (Fig24). In addition, western 

blots revealed that catalase, the major peroxisomal antioxidant enzyme was 

increased in PEX11β KO osteoblasts (Fig25A, B), suggesting that these cells 

might be under oxidative stress. The higher content of catalase in individual 

peroxisomes was reflected by a significant induction of the catalase protein band 

in the enriched peroxisomal fractions (P3) (Fig25B) as well as in more intensive 

and larger fluorescence signals representing individual peroxisomes in IF 

preparations (Fig24). Finally, a decrease was noted for the ABCD3 and thiolase 

levels in PEX11β KO osteoblasts, suggesting an altered capacity in peroxisomal 

β-oxidation (Fig25B). 
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Fig24. Double-immunofluorescence preparations revealed a decrease in numerical abundance of 

peroxisomes and an increase in tubular elongation of these organelles in PEX11β KO osteoblasts. The 

purity of the osteoblast preparation was assessed by double staining with OPN. White arrow head: 

spherical peroxisomes; Red arrow head: tubular peroxisomes. 
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Fig25. Western blot analyses for peroxisomal proteins were performed with the whole cell lysates 

(homogenates) and enriched peroxisomal fractions versus the 50,000g supernatant (S3), containing 

microsomes and the cytoplasmic proteins (A, B). The high quality of the isolated enriched 

peroxisomal preparations is indicated by the low leakage of matrix proteins into the S3 fractions 

(empty in WT S3). Due to stronger tubulation and longer organelles with concomitant width 

reduction, breakage into small organelles occurs during the homogenization procedure, leading to 

the occurrence of these small sized organelles also in S3 (faint bands). Heterogeneity and relative 

differences of peroxisomal protein alterations are obvious in PEX11β KO osteoblasts.  

A: the whole cell lysate; B: enriched peroxisomal fractions. 
 

4.2.5 Osteoblast- secretory proteins are reduced in primary osteoblast 

cultures of PEX11β KO mice 

     OPN and osteocalcin (BGP) are typical osteoblast marker proteins. OPN is the 

marker for osteoblast maturation in the middle stage of their differentiation and 

BGP is a late marker for mature osteoblasts. Here as shown in IF preparations 

for OPN and BGP, PEX11β KO osteoblasts in primary cultures are less mature in 

comparison to WT osteoblasts (Fig26). Both proteins were stained much weaker 

in PEX11β KO osteoblasts, suggesting that PEX11β KO osteoblasts produce less 

bone matrix proteins (Fig26). These results were also corroborated in Western 

blots, which showed less levels of OPN in enriched organelle fractions (Fig26A).  
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Fig26. (A) Immunofluorescence preparation and western blot analysis revealed a decrease in the 

level of OPN in PEX11β KO osteoblast. (B) In immunofluorescence preparations for osteocalcin in 

primary osteoblasts, a strong downregulation of the osteocalcin protein was also noted.   
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4.2.6 In addition to catalase also other antioxidant enzymes were 

enhanced in PEX11β KO mice 

The catalase upregulation in primary PEX11β KO osteoblasts could also be 

corroborated in bone sections. As shown in Fig27B, the abundance of the 

catalase protein was also upregulated in osteoblasts of calvaria. Besides catalase 

in peroxisomes, other major enzymes generally altered under oxidative stress 

are SOD1 in the cytoplasm, SOD2 in mitochondria and HO-1 in the ER. Indeed, 

SOD2 abundance was elevated (Fig27D, 28A, B), which might be induced by 

higher mitochondrial respiratory activity as shown by an increase of complex III 

in KO osteoblasts (Fig27A, 28B). SOD2 was significantly stronger increased than 

complex III, suggesting a release of ROS by the respiratory chain and a 

compensatory SOD2 increase (Fig28B). In addition to SOD2, also the SOD1 was 

upregulated, indicating a complex upregulation of antioxidant enzymes (Fig28A). 

Another enzyme HO-1, which is an important regulator for ROS metabolism, was 

also enhanced in PEX11β KO osteoblasts, suggesting the accumulation of ROS in 

these animals (Fig27C, 28A). Due to the indication for oxidative stress, lipid 

peroxidation was analyzed with an antibody against 4-hydroxynonenal (4-HNE) 

lysine adducts, depicting increased bands in PEX11β KO osteoblasts (Fig29A). In 

addition, oxidized DNA damage was also analyzed with an antibody against 8-

hydroxy-2‟-deoxyguanosine (8-OHdG), showing a strong nuclear labelling in the 

osteoblasts of calveria of PEX11β KO mouse (Fig29B). These data suggest that 

ROS causes oxidative damage to lipids and DNA in PEX11β deficient mice.  
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Fig27. Immunofluorescence preparation was performed to examine the protein levels of ROS 

producing enzyme and ROS scavenging enzymes in WT and PEX11β KO mice.                                       
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Fig28. Western blot analyses were performed to investigate the protein levels of antioxidant enzymes, 

including SOD1, SOD2, CAT, heme oxygenase 1 (HO-1), the complex III (core 2) of the mitochondrial 

repiratory chain (Oxphos III) in WT and PEX11β KO osteoblasts . 

A: the whole cell lysate; B: 16,000g supernatant 

 

 

A                                                               B 

 

Fig29. Western blot analysis was performed to analyze 

the levels of 4-HNE, a marker of lipid peroxidation (A) 

and 8-OHdG, a maker of oxidized DNA damage (B) in WT 

and PEX11β KO osteoblasts. 
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4.2.7 PEX11β deficiency diminished Canonical Wnt signaling activity and 

increased PPARγ abundance 

   In the following, the potential mechanisms by which PEX11β deficiency could 

result in ossification defects were explored. For this purpose, Western blots and 

IF preparations of major transcription factors and proteins involved in the 

regulation of signaling cascades for osteoblast differentiation were analyzed. The 

protein level of p-GSK, the cytoplasmic binding partner of β-catenin, was 

enhanced in PEX11β KO osteoblasts (Fig30A). In contrast, a reduction in β-

catenin was observed in KO osteoblasts using Western blot analysis (Fig30B). 

Furthermore, the translocation of β-catenin from the cytoplasm into the nucleus 

was attenuated in PEX11β deficiency osteoblasts compared with WT osteoblasts 

(Fig30B). Importantly, expression of the classical β-catenin/TCF target gene 

Cyclin D1 was also decreased in KO osteoblasts (Fig30C). These data indicate 

that canonical Wnt signaling is diminished in PEX11β KO osteoblasts. 

  In addition, the level of FoxO1, a crucial regulator of redox balance in 

osteoblasts, was reduced in PEX11β KO osteoblasts (Fig31A, B), suggesting an 

oxidative imbalance. Next we examined whether the pronounced expression of 

antioxidant genes in PEX11β KO osteoblasts is mediated via other transcriptional 

factors. Indeed, Nrf2 was increased in PEX11β KO osteoblasts (Fig31C). 

Moreover, the expression of IκBα, which is the inhibitor of NF-κB signaling, was 

found to be reduced in PEX11β KO mice (Fig31D, E), indicating the activation of 

NF-κB signaling.  

   Interestingly, we observed that the expression level of PPARγ was increased in 

PEX11β KO osteoblasts (Fig32). Moreover, the protein level of the osteoblast 

transcription factor-Runx2 in IF preparations was reduced (Fig33A). Furthermore, 
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its distribution was also altered, showing a reduction of this protein in the 

nuclear area and a more prominent abundance in the cytoplasm (Fig33B). These 

data indicate that ROS triggered signaling pathways might partially contribute to 

the ossification defects in PEX11β KO mice. 
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Fig30. The protein levels of GSK-3β, p-GSK-3β, β-catenin and cyclin D1 were determined in WT and 

PEX11β KO mice.  
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Fig31. The levels of FoxO1, Nrf2 and IκBα were examined by Western blot analyses and IF 

preparations. Arrow head: osteoblasts with FoxO1 positive labeling. 
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Fig32. Western blot analysis was performed to analyze the level of PPARγ in WT and PEX11β KO 

osteoblasts. 
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Fig33. Immunofluorescence analysis was used to detect Runx2 abundance and localization in WT and 

PEX11β KO osteoblasts. (A) The protein level of Runx2 was investigated in calvariae of WT and 

PEX11β KO mice. (B) Runx2 localization was examined in PEX11β KO osteoblasts, showing a shift of 

Runx2 into the cytoplasm.  
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5 Discussion 

5.1 Part 1 

    In the present study, we characterized the peroxisomal compartment to 

achieve insights into its possible metabolic roles in distinct cell types of the 

skeleton and the process of osteoblast maturation. Our results revealed that 

peroxisomes were present in all cell types of skeleton, however, with 

heterogenous abundance and enzyme composition. Furthermore, clear 

differences were observed in their abundance and functions during osteoblast 

maturation.  

5.1.1 Peroxisomes are ubiquitous, however, with heterogeneous enzyme 

composition in different cell types of the skeleton 

Bone develops through two essential processes, intramembranous ossification 

and endochondral ossification. During intramembranous ossification, bone tissue 

is differentiated directly from mesenchyme and no cartilage is present. By 

contrast, the process of endochondral ossification is characterized by the 

formation of initial cartilage anlagen that is replaced by bone (Olsen et al., 2000). 

Endochondral ossification is a complex and tightly regulated process that 

involves programmed proliferation and maturation of chondrocytes, followed by 

terminal differentiation, hypertrophy and replacement of cartilage by bone. 

Hypertrophic chondrocytes are localized at the end of growth plates of long 

bone prior to the ossification zones and are required for the process of 

endochondral ossification (Vu et al., 1998). Matrix vesicles play a key role in 

initiating mineralization. These vesicles are particles that are released from 
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plasma membrane of mineralizing cells, such as hypertrophic chondrocytes and 

are rich in lipids, such as cholesterol, free fatty acids, glycolipids and 

lysophospholipids (Wang and Kirsch, 2002; Wuthier, 1976). As shown in 

morphological stainings for Pex14p localization in this thesis, the highest 

numerical abundance of peroxisomes was present in hypertrophic chondrocytes, 

followed by osteoblasts. Pex14p is a biogenesis protein of the peroxisomal 

membrane in the docking complex, which facilitates inward transfer of targeted 

proteins. Since Pex14p is exposed to the cytoplasm and is present on each 

peroxisomal membrane surface, the anti-Pex14p antibody proved to be the best 

available marker for peroxisomes in morphological preparations, which stained 

peroxisomes ubiquitously in all cell types of the skeleton. Since peroxisomes are 

known to be involved in the synthesis of membrane lipids (cholesterol and 

etherlipids) (Singh et al., 1989; Wanders, 2004b), two lipid classes that strongly 

influence the physiological properties of membranes (Karnati and Baumgart-Vogt, 

2008), they might function in facilitating the formation of phospholipid-rich 

matrix vesicles in hypertrophic chondrocytes and osteoblasts, thereby exerting 

an effect on the process of endochondral ossification. Interestingly, in PEX7 KO 

mice which exhibit a plasmalogen synthesis defect, the endochondral ossification 

process is strongly impaired (Brites et al., 2003). Furthermore, other 

extracellular free ligands, their receptors, and various downstream cytoplasmic 

and nuclear transducers regulate the processes of chondrocyte maturation, 

differentiation, and hypertrophy. Molecules like retinoids (De Luca et al., 2000; 

Takishita et al., 1990) and vitamin D (Boyan et al., 2002; Dean et al., 2001) as 

well as extracellular matrix proteins such as parathyroid-hormone-related 

peptide (Chung et al., 1998), bone morphogenic protein 6 (De Luca et al., 2001; 
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Grimsrud et al., 1999) and insulin-like growth factor I (Hunziker et al., 1994; 

Nilsson et al., 2005) have been implicated in the switch of reserve or 

proliferative stage to hypertrophic stage. In this respect, it is of interest that 

peroxisomes are involved in retinoid and most probably also in vitamin D 

precursor synthesis (Fransen et al., 1999). Moreover, in PEX5 KO animals it was 

shown that IGF-I signaling was impaired (Baes et al., 1997). In addition, 

inhibition of mevalonate pathway in cholesterol synthesis abrogated IGF-I 

signaling (Siddals et al., 2004). Interestingly, all the enzymes for cholesterol 

synthesis from mevalonate to farnesyldiphosphate are localized in peroxisomes 

(Kovacs et al., 2007). Additionally, several studies have provided evidences that 

growth plate chondrocytes accumulate large amounts of cytoplasmic calcium 

before the initiation of mineralization (Gunter et al., 1990; Iannotti et al., 1994) 

and alterations of Ca2+ homeostasis play a vital role in chondrocyte 

differentiation and mineralization. Lasorsa and his colleagues demonstrated that 

peroxisomes are also involved in intracellular Ca2+ homeostasis besides 

mitochondria and the smooth ER (Lasorsa et al., 2008), suggesting that 

peroxisomes might play an important role in regulating the mineralization 

process of the growth plate.  

Osteoblasts are derived from pluripotent mesenchymal stem cells and are 

located on bony surfaces (Cohen, 2006). They are responsible for synthesizing 

matrix proteins that subsequently become mineralized during the process of 

bone formation. We observed that peroxisomes were more numerous in 

osteoblasts than in osteocytes. By affecting the synthesis of cholesterol and 

plasmalogens in lipid rafts, which are important platforms for signaling receptors 

and required for the osteoblast mineralization process (Anderson, 1995; 
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Babiychuk and Draeger, 2000; Brown and London, 1998; Genge et al., 1990; 

Pierini and Maxfield, 2001; Saslowsky et al., 2002), these organelles might also 

play an important role in the regulation of osteoblast signaling pathways and the 

osteoblast mineralization. Indeed, alterations of lipid rafts have been found in a 

mouse model with deficiency in plasmalogen synthesis (Rodemer et al., 2003). 

Moreover, since the vinyl ether bond in plasmalogens is more susceptible to 

oxidation than their 1-acyl analogues, this peroxisome-derived lipid class might 

scavenge ROS, thus „protecting‟ plasma membrane phospholipids from oxidative 

damage and prevent protein modification by lipid peroxidation (Brites et al., 

2004). In addition, catalase is also an important antioxidant enzyme, which 

possesses the highest capacity to degrade H2O2 (Schrader and Fahimi, 2004). 

Catalase protein was highly enriched in hypertrophic chondrocytes and 

osteoblasts, wherefore both cell types might be more protected against oxidative 

stress than others of the skeletal tissues. Together, our data indicate that 

peroxisomes play a crucial role in protecting hypertrophic chondrocytes and 

osteoblasts against ROS and regulating the process of bone formation. 

5.1.2 The abundance of peroxisomal enzymes is differently affected by 

osteoblast maturation and seems to be regulated by PPARα 

Immunofluorescence preparation (Fig12), RT-PCR (Fig14) and Western blot 

analyses (Fig15) revealed that peroxisomes and peroxisomal enzymes were 

present at lower abundance in 3 day-old osteoblasts in comparison to later time 

points, which is in agreement with the low mRNA levels of Pex11α and Pex11β at 

this stage. Pex11-type proteins were suggested to be involved in the 

proliferation of peroxisomes, since the knockout of the PEX11 gene leads to an 

increase in size and a decrease in the number of peroxisomes and 
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overexpression of these proteins results in an increase in tubulation and 

peroxisome number (Li et al., 2002a; Schrader et al., 1998; Thoms and 

Erdmann, 2005). In addition, we observed that PPARα, the nuclear receptor 

regulating Pex11α transcription (Passreiter et al., 1998; Schrader et al., 1998), 

was also expressed at a very low level in 3 day-old osteoblasts. PPARα is critical 

for peroxisomal protein induction and peroxisome proliferation after treatment 

with hypolipidemic substances (Issemann and Green, 1990). For induction of 

peroxisome proliferation, lipid ligands bind to PPARα and stimulate the 

heterodimerization of this transcription factor with RxR and its nuclear 

translocation (Keller et al., 2000). The activation of PPARα/RxR leads to an 

increased peroxisome number. Osumi and his colleagues have shown that 

proliferation of peroxisomes not only takes place in situ in rodents, but also in 

cultured cells, such as H4IIEC3 rat hepatoma cells after treatment with 

ciprofibrate, a PPARα agonist (Osumi et al., 1990). Taken together, our findings 

indicate that low levels of PPARα, PEX11α and PEX11β might contribute to the 

low number of peroxisomes in the early osteoblasts.  

In addition to low levels of these three regulating proteins, catalase and 3-

ketoacyl-CoA thiolase were also present in a lower level in the enriched 

peroxisomal fraction (P3) at day 3. This is in line with the low level of Pex5p, a 

cytoplasmic shuttling receptor involved in translocation of most peroxisomal 

matrix proteins containing PTS1 into peroxisomes (Dammai and Subramani, 

2001), which might explain the reduced import of catalase. Pex5pL is involved in 

the translocation of both PTS1 and PTS2 proteins into the peroxisomes, since it 

binds the PTS2 receptor (Pex7p) prior to import of PTS2 proteins. In the absence 

of Pex5pL, the Pex7p/PTS2-protein complex is unable to dock at the peroxisomal 
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membrane (Wanders, 2004a). Thiolase is a PTS2 protein to which Pex7p binds 

directly before it is associated with Pex5pL for the process of its import. In PEX5 

and PEX7 knockout mice, thiolase was present in its precursor form in the 

cytoplasm, whereas in extracts from wild type mice thiolase was detected in its 

mature form (Baes et al., 1997; Brites et al., 2003). Catalase and thiolase 

proteins reached a maximum at day 7 and thereafter decreased again. This 

pattern is also followed by Pex5p, suggesting that peroxisomal import goes down 

again at later time points. In this thesis, it was also observed that PPARα protein 

shifted from the nucleus back to the cytoplasm at day 15 and this may probably 

attenuate the transcription of “peroxisomal” genes.  

   In contrast to catalase, thiolase was still present at higher levels in 15day-old 

osteoblasts cultivated with differentiation medium. It is noteworthy that primary 

mineralization area was observed at the same time using Alizarin red S staining, 

suggesting that the high thiolase level might maintain a high activity of 

peroxisomal β-oxidation for shuttling of acetyl-CoA units into the synthesis of 

cholesterol and plasmalogens (Karnati and Baumgart-Vogt, 2008; Kovacs et al., 

2007), because intact lipid rafts are required for the osteoblast mineralization 

process (Gillette and Nielsen-Preiss, 2004).  

5.1.3 Treatment with PPARα or PPARγ agonists alters the enzyme 

composition of the peroxisomal compartment in osteoblasts 

PPARα is a member of the nuclear hormone receptor superfamily and plays an 

important role in lipid metabolism by regulating the genes involved in fatty acid 

oxidation. Our data exhibited an increase in the protein levels of Pex13p, Pex14p 

and thiolase in primary osteoblasts treated with the PPARα agonist ciprofibrate, 

indicating that the activation of PPARα increased peroxisome proliferation and 



Discussion 2010 

 

94 
 

induced the transcriptional activation of the genes required for the peroxisomal 

fatty acid β-oxidation. Moreover, catalase was enhanced as well, but to a lower 

extent. This is in line with previous reports that the peroxisomal proliferation and 

β-oxidation enzymes might be induced at high levels in cell cultures of H4IIEC3 

rat hepatoma cells (Osumi et al., 1990) and rat Fao cells (Duclos et al., 1997). 

Previous studies with whole animals (mostly rats) indeed demonstrated that the 

expression of the enzymes for the lipid β-oxidation, such as ACOX and thiolase is 

induced very strongly by PPARα agonist, whereas the maximal induction of 

catalase does not exceed 1 or 2-fold (Fahimi et al., 1982; Rao and Reddy, 1987). 

In contrast to other cell types (Causeret et al., 1993; Colton et al., 2004; Gatica 

et al., 2007), treatment with ciprofibrate displayed a dose-dependent reduction 

of the ABCD3 protein in osteoblasts.  

   In contrast to PPARα, PPARγ is implicated in adipogenesis and glucose 

homeostasis, and is recently considered as a negative regulator of osteogenesis 

(Jeon et al., 2003; Lecka-Czernik et al., 2002; Lin et al., 2007; Nuttall et al., 

1998). PPARγ can be activated by a wide variety of substances including long 

chain fatty acids, 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2), and 

thiazolidinedione compounds, such as troglitazone (Rosen and Spiegelman, 

2001). Results of this study showed that troglitazone enhanced catalase 

expression in both homogenates and enriched peroxisomal fractions. This is in 

agreement with previous report that PPARγ agonists could significantly enhance 

catalase mRNA and activity in adipose tissue (Okuno et al., 2008). In comparison 

to catalase, the peroxisomal membrane protein Pex14p was only slightly 

elevated in homogenates during troglitazone treatment, indicating that PPARγ 

might not be associated with strong peroxisome proliferation (Thoms and 
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Erdmann, 2005).  Interestingly, thiolase and ABCD3 exhibited an opposite 

expression pattern in individual peroxisomes and were also regulated in the 

opposite direction versus ciprofibrate treatment, suggesting that PPARγ and 

PPARα agonists exert different effects on the peroxisomal compartment in 

osteoblasts cultures. In addition, the results of this thesis indicate that ABCD3 is 

differently regulated from β-oxidation enzymes, even though it is suggested to 

be involved in the transport of lipid metabolites across the peroxisomal 

membrane. However, its exact functions are still under debate. 

   In addition, ciprofibrate increased the expression of OPN, but troglitazone 

reduced the level of this bone matrix protein, suggesting that PPARα induction 

leads to higher differentiation of osteoblasts and more bone matrix production, 

which is paralleled by peroxisomal enzyme induction. 

 

5.2 Part 2 

PEX11β KO mice were generated and partially characterized by Li et al (Li et 

al., 2002b). Even though PEX11β KO mice show no apparent defect in 

peroxisomal protein import and exhibit only mild defects in peroxisomal 

metabolic functions in the brain and liver, they exhibit numerous pathological 

features of Zellweger syndrome, including the developmental delay, hypotonia, 

and neuronal migration defects. In addition to these defects, ossification 

impairment was also observed in PEX11β KO mice.  
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5.2.1 Oxidative stress and lipid peroxidation might contribute to the 

impairment of bone ossification in PEX11β KO mice 

Bone development is regulated by two essential processes, intramembranous 

ossification and endochondral ossification. Intramembranous ossification refers 

to the process by which flat bones, including those of the cranial vault, some 

facial bones, and the lateral aspect of the clavicle, develop directly from the 

mesenchymal precursor cells (Mundlos, 1999). Whereas, endochondral 

ossification utilizes an intermediate step of cartilage formation for the 

development of long bones as well as other bones of the skeleton (Erlebacher et 

al., 1995). E19 PEX11β KO mice exhibit delayed ossification of bone elements in 

the cranial vault, sternum, coccygeal vertebrae and distal bone elements of fore- 

and hindlimbs. These data indicate that both intramembranous and endochondral 

ossification are impaired in PEX11β KO mice. Similar alterations in ossification 

were also reported in other mouse models for Zellweger syndrome or rhizomelic 

chondrodysplasia punctata (Baes et al., 1997; Brites et al., 2003; Faust and 

Hatten, 1997; Maxwell et al., 2003). However, the pathogenesis of the 

ossification impairment is not yet resolved. 

   Mammalian peroxisomes are normally found to be densely populated by 

enzymes that form ROS, such as acyl-CoA oxidases, urate oxidase, 2-

hydroxyacid oxidase as well as D-amino acid and D-aspartate oxidases 

(Antonenkov et al., 2009; Baumgart, 1997; Fahimi and Baumgart, 1999). In 

recent years, it has become clear that in addition to catalase peroxisomes also 

harbour a variety of other enzymes involved in the decomposition of H2O2 and 

O2·
-, such as Copper/Zinc superoxide dismutase (SOD1), glutathione peroxidase 

(GPx) and peroxiredoxin I (PrxI) (Immenschuh and Baumgart-Vogt, 2005; 
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Knoops et al., 1999; Morel et al., 2004; Oshino et al., 1973; Seo et al., 2000; 

Singh, 1996). Under normal conditions, there is an equilibrium distribution 

relationship between these enzymes. If the balance between the generation and 

scavenging of these ROS is disturbed, increased oxidative stress may develop, 

leading to oxidation of lipids in membranes, of thiol-containing proteins, and of 

mitochondrial DNA. In addition, even under physiological conditions, 2 to 3% of 

the consumed oxygen is converted to superoxide in mitochondria (Baumgart et 

al., 2001). Alterations in mitochondrial respiration might increase the ROS 

release, especially when mitochondrial antioxidant defense systems are 

overloaded or due to outer membrane damage and ROS leakage.  

In this study, several antioxidant enzymes were elevated in PEX11β KO 

osteoblasts, such as catalase and HO-1, suggesting the occurrence of oxidative 

stress in PEX11β KO osteoblasts. An increase in catalase was also reported in 

other studies on cells with peroxisomal deficiency. Singh and colleagues 

observed higher catalase activity in cultured skin fibroblasts from Zellweger 

patients than in control fibroblasts (Singh et al., 1996). Recently, a Belgian 

group described the upregulation of the peroxisomal enzyme catalase in white 

matter areas of brain-specific PEX5 KO mice (Hulshagen et al., 2008). As 

mentioned above, the protein level of HO-1 was also enhanced in PEX11β KO 

osteoblasts. Interestingly, HO-1 is an enzyme that is thought to be increased for 

regulating cellular defense mechanisms against oxidative stress. Under stress 

conditions, HO-1 can be translocated to the plasma membrane (specifically to 

caveolae), most probably influencing cell surface signaling (Wang et al., 2009). 

In addition, HO-1 in the liver can generate biliverdin, which is converted by 

biliverdin reductase to bilirubin and bilirubin is a potent antioxidant (Vile et al., 
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1994). A further sign of oxidative stress in PEX11β KO mice was the significant 

upregulation of SOD2, an important antioxidant enzyme in mitochondria for 

conversion of O2·
- into H2O2, which is further degraded by the mitochondrial 

glutathione peroxidase. A strong SOD2 increase was also described in PEX5 

deficient mice, however, in other cell types (Baumgart et al., 2001). In addition 

to the SOD2 increase, a complex III induction was found in this thesis, indicating 

mitochondrial proliferation. Indeed, Li and coworkers did detect mitochondrial 

proliferation in some hepatocytes of PEX11β KO mice (Li et al., 2002b). However, 

this proliferation was much more pronounced in PEX5 KO hepatocytes (Baumgart 

et al., 2001).  

   Two possible mechanisms might be involved in the generation of strong 

oxidative stress in PEX11β KO animals: 1) a decrease in Forkhead box O1 

(FoxO1) and 2) an increase in lipid peroxidation. Indeed, a significant reduction 

in FoxO1 was noted in PEX11β KO osteoblasts. FoxO1 belongs to the winged 

helix/forkhead family of transcription factors that is characterized by a 100–

amino acid monomeric DNA-binding domain called the FOX domain. Rached and 

his colleagues observed increased levels of ROS and lipid peroxidation products 

as well as  activation of the stress-evoked p53-dependent signaling cascade in 

the bones of FoxO1ob KO mice (Rached et al., 2010). Administration of the 

antioxidant NAC rescued the low bone formation phenotype of FoxO1ob KO mice 

and restored the redox balance in FoxO1-deficient osteoblasts (Rached et al., 

2010). These studies revealed that FoxO1 is indeed an important regulator of 

redox balance in osteoblasts. In addition to the FoxO1 reduction, an increase in 

lipid peroxidation was observed in PEX11β KO osteoblasts as shown by staining 

of 4-HNE adducts on Western blots. Recently, it was shown that increased lipid 



Discussion 2010 

 

99 
 

oxidation causes oxidative stress in the skeleton, resulting in an increase in the 

prevalence of apoptotic osteoblasts (Almeida et al., 2009).  

   Due to the strong reduction in the protein levels of ABCD3 and thiolase, the 

peroxisomal β-oxidation in the feedback loop of PPARγ ligand homeostasis is 

disturbed in PEX11β KO mice, leading to an increase of lipid ligands for PPARγ 

activation, which in combination with the increase of peroxidized lipids may 

strongly activate PPARγ (Almeida et al., 2009). In addition, several studies have 

provided the evidence that FoxO1 normally represses PPARγ activity in vivo and 

in vitro (Armoni et al., 2006; Armoni et al., 2007; Fan et al., 2009). Since FoxO1 

is downregulated, this repression would be relieved, leading in combination with 

the above mentioned lipid increase to the strong activation of PPARγ. PPARγ 

activation would negatively promote the association with the Wnts, resulting in a 

decrease in β-catenin. Indeed, canonical Wnt siganling pathway was attenuated 

in PEX11β KO osteoblasts, since less activated-β-catenin was translocated into 

the nucleus. Moreover, the protein level of Cyclin D1, a classical β-catenin/TCF 

target gene was reduced. The decreased canonical Wnt signal will negatively 

regulate the expression of its targeting genes, such as Runx2 (Dong et al., 2006; 

Gaur et al., 2005; Hamidouche et al., 2008). Indeed, this important osteoblast 

transcription factor was downregulated in PEX11β KO osteoblasts and was 

translocated from the nucleus to the cytoplasm. A less functional Runx2 signaling 

would lead to inefficient production of bone matrix proteins, such as OPN and 

BGP, which was definitely noted in PEX11β KO osteoblasts (Ducy et al., 1997; 

Fujiwara et al., 1999; Komori et al., 1997). In contrast to Runx2, decreased Wnt 

signaling would also increase PPARγ expression, resulting in a lower recruitment 

of mesenchymal stem cells into the osteoblast lineage and less osteoblast 
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differentiation (Kang et al., 2007; Lecka-Czernik et al., 1999; Takada et al., 

2009). As mentioned already above, PPARγ was increased in PEX11β KO cells, 

which would automatically lead to a vicious cycle and further repress the bone 

formation. In addition to Wnt and PPARγ, most recently Rached and colleagues 

described that FoxO1 also plays a vital role in osteoblast proliferation and 

differentiation. FoxO1ob KO mice showed decreased osteoblast numbers, a 

diminished bone formation rate (BFR), and reduced bone volume (Rached et al., 

2010). Moreover, it was demonstrated that FoxO1 is expressed during 

skeletogenesis in mouse embryos and that FoxO1 activity increased in the early 

hours of differentiation of mesenchymal cells into osteoblasts in vitro. Silencing 

of FoxO1 significantly disturbed skeletogenesis in vivo and ex vivo and prevented 

expression of osteoblast markers and subsequent matrix calcification (Teixeira et 

al., 2010). In addition, FoxO1 controls Runx2 expression and can directly 

interact with this transcription factor (Teixeira et al., 2010). These data suggest 

that a decrease in FoxO1 might at least in part contribute to the defect of 

ossification in PEX11β KO mice. The model shown in Fig34 summarizes a 

probable mechanism for the molecular pathogenesis of the ossification 

impairment in PEX11β KO mice.  

   Taken together, the data of this thesis revealed that PEX11β deficiency causes 

significant alterations of osteoblast signaling pathways involved in the regulation 

of ossification in PEX11β KO mice. Increased oxidative stress and lipid 

peroxidation due to the missing peroxisome proliferation capacity lead to the 

development of the ossification defects, wherefore, PEX11β mice might benefit 

by treatment with high levels of antioxidants. Further studies with different 
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treatment strategies of PEX11β KO mice might open new methods also for the 

therapies of patients with Zellweger syndrome. 

 

 

Fig34. Oxidative stress, abnormal lipid metabolism and lipid peroxidation might contribute to the 

impairment of bone ossification in PEX11β KO mice.  PEX11β deficiency causes lipid abnormalities, 

leading to an increase in PPARγ activity. The increase in PPARγ activity attenuates canonical wnt 

signaling. Decreased canonical Wnt pathway will promote β-catenin accumulation in the cytoplasm 

and suppress its translocation to the nucleus, further affecting the expression of target genes. In 

addition, the FoxO1 protein was also reduced due to PEX11β deficiency, resulting in increased 

oxidative stress and further induction of PPARγ. Due to a decrease in FoxO1, enhanced NRF2 and 

NF-κB signaling would contribute to antioxidant response. 

 

 



Summary 2010 

 

102 
 

6 Summary 
 

   Only sparse information is available in the literature on peroxisomes and their 

enzyme composition in different cell types of the mouse skeleton. However, the 

vital importance of peroxisomes in these tissues is accentuated by the strong 

ossification defects and growth retardation observed in children with peroxisomal 

biogenesis defects, such as the Zellweger syndrome, or corresponding knockout 

(KO) mouse models. Therefore, in the first part of this dissertation the 

peroxisomal compartment was characterized in different cell types of cartilage 

and bone, using a variety of morphological, biochemical as well as molecular 

biological techniques. In the second part of this dissertation, the pathological 

consequences of peroxisome dysfunction and the molecular pathogenesis of 

ossification defects were examined in PEX11β KO mice, a mouse model for 

Zellweger syndrome.  

   The results of this thesis revealed the presence of peroxisomes in all distinct 

cell types of the skeleton, however, with significant differences in their numerical 

abundance and enzyme composition. The peroxisomal biogenesis protein Pex14p 

proved to be the best marker for identification of the whole peroxisomal 

population in different cell types. The peroxisomal metabolic proteins catalase 

and the lipid transporter ABCD3 were strongly enriched in hypertrophic 

chondrocytes and osteoblasts, suggesting a close relationship of these proteins 

to ossification processes. In primary cell cultures, a low numerical abundance of 

peroxisomes was noted in 3d osteoblasts, whereas a constantly higher 

abundance of peroxisomes was observed in more mature osteoblasts at later 

time points (7d, 11d and 15d). In contrast, the protein levels of catalase and 3-

ketoacyl-CoA thiolase, which were also low in 3d osteoblast reached their 

maximum at 7 days and declined thereafter. Interestingly, different members of 

the PPAR-family (peroxisome proliferation-activated receptors α, β, γ), 

transcription factors regulating peroxisomal β-oxidation genes, were altered in 

an individual pattern during osteoblast differentiation. PPARα was regulated in a 

similar pattern as the peroxisomal metabolic proteins, whereas the expression of 
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PPARγ mRNA exhibited opposite regulation and the one for PPARβ was not 

altered at all. Activation of PPARα by treatment of primary osteoblasts with 

ciprofibrate for 6 days increased both peroxisomal number and metabolic 

enzymes, whereas treatment with the PPARγ agonist troglitazone altered the 

expressions of peroxisomal metabolic enzymes without a significant change in 

peroxisomal numerical abundance. Interestingly, thiolase and ABCD3 were 

differentially regulated by PPARα or PPARγ agonists, indicating that different 

PPARs might indeed have distinct effects on the regulation of “peroxisomal” 

genes.  

   Analyses of PEX11β KO mice with flat-panel volumetric computer tomography 

or skeletal stainings revealed a strong reduction of bone volume, mass and 

density in comparison to their wildtype littermates. Comparative analyses of 

skeletal tissues and primary osteoblast cultures showed a significant decrease in 

the synthesis of osteoblast secretory marker proteins and a severe retardation in 

different ossification processes. Furthermore, increased oxidative stress and 

severe alterations of bone specific signaling pathways were detected in PEX11β 

KO osteoblasts. An increase in PPARγ was observed, which was accompanied by 

a decrease in canonical Wnt signaling and FoxO1 protein expression. In addition, 

the osteoblast transcription factor Runx2 was relocalized from the nucleus into 

the cytoplasm. All above mentioned alterations might contribute to the 

ossification defects observed in peroxisomal disorders. 

   Taken together, the results of this dissertation indicate that regular 

peroxisomal metabolic functions are required for intramembranous and 

endochondral ossification processes through protecting osteoblasts against ROS 

and lipid toxicity as well as the control of PPAR ligand homeostasis.  
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7 Zusammenfassung 
 

   Zum Thema Peroxisomen und Enzymzusammensetzung dieser Organellen im 

Stützgewebe sind aus der Literatur kaum Informationen erhältlich. Jedoch wird 

deren hoher Stellenwert für den Organismus durch die starken 

Ossifikationsdefekte und Wachstumsretardierung verdeutlicht, die bei Patienten 

mit peroxisomalen Biogenesestörungen oder entsprechenden Knockout-

Mausmodellen auftreten. Deshalb wurde im ersten Teil dieser Dissertation das 

peroxisomale Kompartiment in unterschiedlichen Zelltypen von Knorpel und 

Knochen mithilfe einer großen Auswahl morphologischer, biochemischer und 

molekularbiologischer Methoden charakterisiert. Im zweiten Teil der Dissertation 

wurden die pathologischen Konsequenzen einer Peroxisomendysfunktion und die 

molekulare Pathogenese der Ossifikationsdefekte in PEX11β-Knockoutmäusen 

untersucht.  

   Die Resultate dieser Dissertation erbrachten den Nachweis von Peroxisomen in 

allen Zelltypen des Stützgewebes, jedoch mit unterschiedlicher numerischer 

Dichte und heterogener Enzymzusammensetzung der Organellen. Das 

peroxisomale Biogeneseprotein  Pex14p stellte sich als bester Marker für die 

Identifikation der gesamte Peroxisomenpopulation unterschiedlicher Zelltypen 

heraus, während die metabolischen Proteine Katalase und der Lipidtransporter 

ABCD3 sehr stark in hypertrophischen Knorpelzellen und in Osteoblasten 

angereichert waren, was eine enge Beziehung zu Ossifikationsprozessen 

nahelegte. In primären Osteoblastenkulturen wurde im Frühstadium (3 Tage) 

eine geringe numerische Dichte der Peroxisomen nachgewiesen, während eine 

wesentlich höhere Anzahl dieser Organellen in mehr maturen Osteoblasten zu 

späteren Zeitpunkten aufgefunden wurden (7d, 11d, 15d). Im Unterschied zu 

der Peroxisomenverteilung erreichten die Proteinmengen für Katalase und 3-

Ketoacyl-CoA-Thiolase, die in drei Tage alten Osteoblasten auch nur in geringer 

Menge vorhanden waren, ihr Maximum nach 7 Tagen und fielen danach wieder 

ab. Interessanterweise wurden unterschiedliche Mitglieder der PPAR-Familie 

(Peroxisomenproliferator-aktivierten Rezeptoren α, β, γ), Transkriptionsfaktoren 

für peroxisomale -Oxidationsgene, individuell in unterschiedlicher Weise im 
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Verlauf der Osteoblastendifferenzierung verändert. PPARα wurde in ähnlicher 

Weise wie die metabolischen peroxisomalen Proteine verändert, während die 

Expression der mRNA für PPARγ eine gegensätzliche Regulation aufwies und die 

für PPARβ nicht verändert wurde. Aktivierung von PPARα durch Behandlung 

primärer Osteoblasten für 6 Tage mit Ciprofibrat führte zur Erhöhung sowohl der 

Peroxisomenanzahl als auch der metabolischen Enzyme, während Behandlung 

mit dem PPARγ-Agonisten Troglitazon nur eine signifikante Veränderung 

metabolischer Enzyme bewirkte. Interessanterweise wurden Thiolase und ABCD3 

durch die PPARα-oder PPARγ-Agonisten in gegensätzlicher Weise verändert, was 

vermuten lässt, dass verschiedene PPARs unterschiedliche Wirkung auf die 

Regulation peroxisomaler Gene ausüben. Analysen von PEX11β-Knockoutmäusen 

mittels „flat-panel volumetric CT“ oder Skelettfärbungen erbrachten eine starke 

Verminderung des Volumens, der Masse und der Dichte der Knochen im 

Vergleich zu Kontrolltieren. Vergleichende Analysen der Stützgewebe und von 

primären Osteoblastenkulturen erbrachten eine signifikante Abnahme in der 

Synthese von osteoblastenspezifischen sekretorischen Markerproteinen 

(Osteopontin und Osteocalcin) und eine starke Retardierung der verschiedenen 

Ossifikationsprozesse. Weiterhin wurden oxidativer Stress und schwere 

Veränderungen von osteoblastenspezifischer Signaltransduktionswege in PEX11β 

-/--Osteoblasten nachgewiesen. Die Erhöhung der PPARγ mRNA-Expression wurde 

gezeigt und die Verminderung des kanonischen Wnt-Signalweges sowie die 

Translokation von Runx2 aus dem Zellkern ins Cytoplasma nachgewiesen. 

Zusätzlich wurde eine Reduktion der Proteinmenge des FoxO1-

Transkriptionsfaktors nachgewiesen, was zusammen mit den oben erwähnten 

Befunden zu einer Minderung der Ossifikationprozesse in peroxisomalen 

Krankheiten beitragen könnte.  

   Zusammenfassend lässt sich feststellen, dass reguläre peroxisomale 

Stoffwechselfunktionen für den normalen Ablauf desmaler und enchondraler 

Ossifikationsprozesse notwendig sind und sowohl für den Schutz der 

Osteoblasten gegen ROS- und Lipidtoxizität als auch zur Kontrolle der PPAR-

Ligandenhomöostase unerlässlich sind.  
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9. Index of abbreviations 

For abbreviations of enzyme and chemical names see page 28, 29 and 30. 

 

APS   Ammonium persulfate 

BLAST Basic Local Alignment Search Tool 

cDNA Complementary deoxyribonucleic acid 

°C Degree Celcius 

DNA Deoxyribonucleic acid 

DTT 1,4‐dithio‐DL‐threitol 

h Hour(s) 

IgG Immunoglobulin G 

min Minute(s) 

M Molar 

mg Milligram 

ml Millilitre 

μg Microgram 

μl Microliter 

μm Micrometer 

NCBI National Centre for Biotechnology Information 

ng Nanogram 

% Percentage 

PBD Peroxisome biogenesis disorder 

PBS Phosphate‐buffered saline 

PBST Phosphate‐buffered saline with Tween 

PCR Polymerase chain reaction 

PEX Gene encoding a peroxin (peroxisome biogenesis protein) 

PMP Peroxisomal membrane protein 

PPAR Peroxisomal proliferator-activated receptor 

PTS Peroxisomal targeting signal 

RNA Ribonucleic acid 

RT Room temperature 

s Second(s) 

NaCl Sodium chloride 

SDS‐PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

NaOH Sodium hydroxide 

TBS Tris-buffered saline 

v/v Volume/volume 

w/v Weight/volume 
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