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ABSTRACT 
 

Peroxisomes are essential organelles for normal cell functions in all organisms from 

yeast to human. Their important contribution in different metabolic pathways is 

clearly visible by the severe phenotypes seen in the majority of peroxisomal diseases, 

where the symptoms often leads to an early death. Peroxisomes are involved in the 

synthesis of etherphospholipids and bile acids, in the metabolism of certain amino 

acids, purines and glyoxylate, and do also harbour an advanced system for 

degradation of various types of fatty acids and complex lipids. Peroxisomes are 

dynamic organelles that respond to different physiological and pharmacological 

changes by changing their number and contents of certain proteins.  

 

We carried out a tissue expression and regulation study on the majority of all known 

peroxisomal proteins (here called the ‘Pexiome’) in mouse at mRNA level to 

investigate if and how the different pathways may differ in their expression through 

out the mouse body. We studied how the mRNA expression varies in liver, kidney 

and intestinal epithelial in response to 12 hrs fasting, and also the effect of 

peroxisome proliferator activating receptor α (PPARα) agonist administration on 

gene expression in liver. The results show that indeed the mRNA expression of 

different genes varies markedly among tissues, while a number of genes seem to have 

a very wide tissue expression, which is in line with the content of peroxisomes in all 

cell types. Interestingly, fasting has a profound effect on the expression of the 

‘Pexiome’ and also affects the peroxisomal gene expression in a strongly tissue 

specific manner. By examination of mouse livers from fasted and PPARα agonist 

treated animals on PPARα(+/+) and PPARα(-/-) backgrounds, it was evident that the 

regulation of most of the peroxisomal genes by fasting is far more complex than just 

involving PPARα activation. 

 

We also carried out an in depth study on the mouse peroxisomal Nudix hydrolase 7α 

(NUDT7α), which had previously been shown to act as a CoASH diphosphatase. Our 

data show that NUDT7α preferably cleaves off 3’,5’-ADP from the CoA-moiety of 

medium chain acyl-CoA’s. The expression of the enzyme at mRNA level was down 

regulated during PPARα activation in liver, and we also found that the total Nudix 
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hydrolase activity was decreased in rat liver peroxisomes isolated from clofibrate 

treated mice. These findings suggest that NUDT7α may be an important regulator of 

the peroxisomal CoASH pool, and likely also regulates the β-oxidation of fatty acids 

in the peroxisome at substrate level. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 3 

 
LIST OF CONTENS 
 
 
ABSTRACT…………………...………………………………………………………1 

 
LIST OF PUBLICATIONS….…..……………………………………………………4 

 
ABBREVIATIONS…………………………………………………………………....5 

 
INTRODUCTION…………..…...………………………………………………….....7 

 
     Peroxisomal Biogenesis and Protein Transport – The Peroxins.……………...8            
     Peroxisomal Lipid Metabolism………………………………………………10 
                          Lipid Degradation……………………………………………...10 
                          Fatty Acid Activation………………………………………… 11 
                          Peroxisomal β-Oxidation……………………………………....11 
                          Degradation of Unsaturated Fatty Acids………………………13 
                          α-Oxidation……………………………………………………14 

Auxiliary Enzymes of Peroxisomal Lipid Metabolism………..16 
                          Etherphospholipid Biosynthesis……………………………….18 
    PPARα-Regulation of Peroxisomes and Lipid Metabolism………………….20 
    Metabolite Transport……………………………………………………….....21 
    Peroxisomal ROS Metabolism…….………………………………………….22 

    Glyoxylate Metabolism………….………………………………………….....23 
    Purine Metabolism……………….…………………………………………....24 
    Protein and Amino Acid Metabolism…….…………………………………...24 
    Polyamines…………………………….…………………………………........26 

 
AIMS OF THE PRESENT STUDY………..…...…………………………………...27 

 
RESULTS AND DISCUSSION………….………………………………………….28 

     
   Paper I – “The Pexiome”……………………………………………………...28 
   Paper II – Nudix hydrolase 7α…………………………………….………….35 

 
CONCLUDING REMARKS………..……..….………………………….………….41 

 
FUTURE PERSPECTIVES……..………….….…………………………………….42 

 
ACKNOWLEDGEMENTS………..……….….…………………………………….43 

 
REFERENCES………………………..…………..…………………………….…....44 

       
 

 
 
 
 



 4 

LIST OF PUBLICATIONS 
 
Paper I. 
 
Tissue expression and regulation of the ‘Pexiome’ in the mouse 
Veronika Tillander1, Thomas L. Lundåsen1, Thomas Svensson2, Mary C. Hunt3 
and Stefan E.H. Alexson1* 
 

1Division of Clinical Chemistry C1-74, Department of Laboratory Medicine, Karolinska 
Institutet, Karolinska University Hospital at Huddinge, SE-141 86 Stockholm, Sweden 

2Department of Biosciences and Nutrition, Karolinska Institutet, Stockholm, Sweden. 
3Department of Genetics, Microbiology and Toxicology, Stockholm University 
 Stockholm, Sweden. 
(Manuscript) 
 
 
Paper II. 
 
The Nudix hydrolase 7 is an acyl-CoA diphosphatase involved in regulating 
peroxisomal coenzyme A homeostasis. 
Sarah-Jayne Reilly1* Veronika Tillander1*, Rob Ofman2, Stefan E.H. Alexson1 and 
Mary C. Hunt3 

 
1Division of Clinical Chemistry C1-74, Department of Laboratory Medicine, Karolinska 
Institutet, Karolinska University Hospital at Huddinge, SE-141 86 Stockholm, Sweden; 
2Department of Clinical Chemistry, Emma Children’s Hospital, Academic Medical Centre, 
University of Amsterdam, PO Box 22700, 1100 DE Amsterdam, The Netherlands; and 
3Department of Genetics, Microbiology and Toxicology,Stockholm University, Arrhenius 
Laboratory, Svante Arrhenius va¨g 16F, SE-106 91 Stockholm, Sweden 
 
J.Biochem 144, 655-663 (2008) 
Received May 23, 2008; accepted September 3, 2008; published online September 17, 2008 
 
 
 
                
 
 
 
 
 
 
 
 
 
 
 
 
 



 5 

 
ABBREVIATIONS 
 
ABCD1 - ATP-binding cassette, sub-family D 1 
ABCD2 - ATP-binding cassette, sub-family D 2 
ABCD3 - ATP-binding cassette, sub-family D 3 
ACAA1A - Peroxisomal thiolase 1a 
ACAA1B - Peroxisomal thiolase 1b 
ACNAT1 - Acyl-CoA:amino acid N-acyltransferase 1 
ACNAT2 - Acyl-CoA:amino acid N-acyltransferase 2 
ACOT3 - Acyl-CoA thioesterase 3 
ACOT4 - Acyl-CoA thioesterase 4 
ACOT5 - Acyl-CoA thioesterase 5 
ACOT6 - Acyl-CoA thioesterase 6 
ACOT8 - Acyl-CoA thioesterase 8 
ACOT12 - Acyl-CoA thioesterase 12 
ACOX1 - Acyl-CoA oxidase 1 
ACOX2 - Acyl-CoA oxidase 2 
ACOX 3 - Acyl-CoA oxidase 3 
AGPS - Alkylglycerol phosphate synthase 
AGXT - Alanine-glyoxylate aminotransferase 
ALDH3A2 - Aldehyde dehydrogenase 3 family, member A2 
AMACR - Alpha-methylacyl-CoA racemase 
BAAT - Bile acid-CoA:amino acid N-acyltransferase 
CAT - Catalase 
CRAT - Carnitine acetyltransferase 
CROT - Carnitine octanoyltransferase 
DAO1 - D-amino oxidase 
DDO - D-aspartate oxidase 
DECR2 - 2,4-dienoyl-CoA reductase 2 
ECH1 - Enoyl-CoA hydratase 1 
EHHADH - Enoyl-coenzyme A hydratase/3-hydroxyacyl coenzyme A 
                     dehydrogenase, Peroxisomal Multifunctional protein 1 
EPHX2 - Epoxide hydrolase 2 
GNPAT - Glyceronephosphate O - acyltransferase 
GSTK1 - Glutathione S-transferase kappa 1 
HACL1 - 2-hydroxyacyl-CoA lyase 1 
HAO1 - Hydroxyacid oxidase 1 
HAO3 - Hydroxyacid oxidase 3 
HSD17B4 - 17-(estradiol dehydrogenase typ IV,  
                    Peroxisomal Multifunctional protein 2 
IDE - Insulin degrading enzyme 
MLSTD1 - Fatty acyl-CoA reductase 2 
MLSTD2 - Fatty acyl-CoA reductase 1 
NUDT7α -Nudix hydrolase 7 alpha 
NUDT19 - Nudix hydrolase 19 
NUDT12 - Nudix hydrolase 12 
PAOX - Polyamine oxidase (exo-N4-amino) 
PBD – Peroxisomal biogenesis disorder 
PECI - delta3, delta2-enoyl-CoA isomerase 
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PECR - peroxisomal trans-2-enoyl-CoA reductase 
PEX1 - Peroxin 1 
PEX3 - Peroxin 3 
PEX5 - Peroxin 5 
PEX6 - Peroxin 6 
PEX7 - Peroxin 7 
PEX11α - Peroxin 11α 
PEX11β - Peroxin 11β 
PEX12 - Peroxin 12 
PEX13 - Peroxin 13 
PEX14 - Peroxin 14 
PEX16 - Peroxin 16 
PEX19 - Peroxin 19 
PEX26 - Peroxin 26 
PHYH - Phytanoyl-CoA 2-hydroxylase 
PPAR - Peroxisome proliferator activated receptor 
PRDX5 - Peroxiredoxin 5 
PTS - Peroxisome targeting signal  
ROS - Reactive oxygen species 
RXR - Retinoid X receptor 
SCP2 - Sterol carrier protein X-related thiolase 
SERHL- Serine hydrolase-like 
SLC27A2 - Solute carrier family 27, very-long chain acyl-CoA synthetase 
SLC22A21 - Solute carrier family 22, carnitine transporter (Octn3) 
SLC25A17 - solute carrier family 25, PMP34 
TYSND1 - Trypsin domain containing 1 
UOX - Urate oxidase 
VLCFA-Very long chain fatty acid 
XDH - Xanthine dehydrogenase 
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INTRODUCTION 
 
Peroxisomes belong to the family of microbodies, which were first described 

morphologically by Johannes Rhodin, in a thesis from Karolinska Institutet [1]. 

Christian De Duve and co-workers later characterized these microbodies as single 

membrane bound organelles that contained urate oxidase, D-amino oxidase and the 

hydrogen peroxide degrading enzyme catalase. Because of the presence of hydrogen 

peroxide producing oxidases and the hydrogen peroxide degrading enzyme catalase, 

De Duve renamed the organelle as peroxisome [2]. For long time the functions of 

peroxisomes remained obscure, but today it is well established that peroxisomes are 

essential organelles for mammals, plants and certain unicellular eukaryotes like e.g. 

yeast. Mammalian peroxisomes have mostly been studied in liver and kidney in 

rodents, due to the high content of large peroxisomes (ranging from 0.5-1.0 µm in 

size) in these organs. However, peroxisomes are found in almost all mammalian cell 

types and the widespread appearance of peroxisomes is explained by their 

involvement in a wide range of metabolic pathways, like glyoxylate metabolism, 

degradation of certain amino acids, purine and polyamines, and the synthesis of 

etherphospholipids and bile acids. A major function of these organelles is the 

degradation of long chain and ‘complex’ fatty acids, like very long chain fatty acids, 

long chain dicarboxylic fatty acids, bile acids and methyl branched fatty acids, all 

being poor substrates for the ‘big brother organelle’, the mitochondrion (for review, 

see [3, 4]). 

 

The crucial role of peroxisomes is today underscored by the presence of a number of 

severe peroxisomal disorders. These disorders are usually divided into two groups; 

peroxisomal biogenesis disorders (PBD’s) and ‘single enzyme deficiencies’. The first 

group of diseases are caused by mutations in genes coding for proteins needed for 

peroxisomal protein transport and biogenesis. The most severe disease is the so called 

Zellweger syndrome, often caused by a mutation in the PEX5 gene, but also in some 

other PEX genes, which in the most critical cases show a lack of functional 

peroxisomes, which results in critical pathological symptoms like severe brain 

dysfunction and impaired neuronal migration. The symptoms of these patients are so 

severe that they usually die within the first year of life. To this group belongs also 

neonatal adrenoleukodystrophy  (NALD), infantile Refsum’s disease (IRD) and 
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rhizomelic chondrodysplasia punctata type 1 (RCP), all three with critical incurable 

pathological symptoms causing a short life span. The most common peroxisomal 

disorder is X-linked adrenoleukodystrophy, which is one of the nine identified 

diseases of single-enzyme deficiencies, which is caused by a mutation in the gene 

adrenoleukodystrophy gene (ALD) that codes for an ABCD half transporter, in the 

peroxisomal membrane (for review, see [5, 6]).  

 

The different metabolic pathways and the function of peroxisomes in mammalian, in 

particular the mouse, tissues will be the focus of this thesis. 
 

Peroxisomal Biogenesis and Protein Transport - The Peroxins 
 

Peroxisomal proteins are synthesized on free polyribosomes in the cytoplasm and are 

then transported in to the organelle. This system is able to transport fully folded, co-

factor bound as well as oligomeric proteins across the membrane into the matrix of 

the peroxisome. The import machinery is composed of a group of proteins called 

peroxins. This group of proteins also comprise proteins needed in the biogenesis 

(growth and division and membrane formation) of the organelle. Collectively, most of 

these genes are coded for by the so-called PEX genes and to date around 20 peroxins 

have been identified. The localisation of proteins to different cellular compartments 

(e.g. the endoplasmic reticulum, peroxisomes, nucleus or mitochondria) is mediated 

by  so-called ‘targeting signals’ most often located in the N- or C-terminal regions of 

the proteins. This is also true for peroxisomal matrix proteins that can have two kinds 

of peroxisomal targeting signals (PTS). PTS1 is the most common one and is 

characterized by a tripeptide with the consensus sequence of serine-lysine-leucine (-

SKL), or a number of allowed variations (S/AC)(K/R/H)(L/M), in the carboxylic 

terminal [7]. Only a few peroxisomal matrix proteins are carrying the type 2 targeting 

signal (PTS2) that is generally located in the N-terminal region of the protein and 

have a consensus sequence of -RLX5(H/Q)L- [8],which was later better defined as -

(R/K)(L/V/I/Q)XX(L/V/I/H/Q)(L/S/G/A/K)X(H/Q)(L/A/F)- [9]. However, some 

peroxisomal matrix proteins contain neither type of PTS in their sequence and are 

hypothesized to be transported into the organelle by some kind of ‘piggy back’ 

mechanism.  
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The receptors that recognises the two types of PTS are two of the peroxins, PEX5 that 

is the receptor for PTS1 proteins, and PEX7 that is the PTS2 receptor [10, 11]. 

Mammals have two splice variants of PEX5, one that binds the PTS1 containing 

proteins, and a longer isoform that interacts with PEX7 during protein binding[12]. 

The receptor-cargo complex is then transported to the peroxisome where it recognises 

a docking complex that contains PEX13 and PEX14. Exact molecular details in how 

the docking and translocation events are performed is still unclear, however it seems 

that the PEX7-PTS2 complex interacts with PEX13 via its amino terminal end, 

whereas the carboxylic end of PEX13 seems to interact with PEX5 and PEX14, while 

the PEX5-cargo complex has higher affinity for PEX14 than PEX13, thus PEX14 is 

probably the primary docking protein for PEX5, at least in yeast (for review see [13]). 

 

Once bound to the docking complex, PEX5 seems to change conformation to become 

an integral membrane protein [14]. The docking complexes also seem to interact with 

other peroxins, like the RING-finger proteins PEX10 and PEX12 that probably 

contribute to the transport of the cargo into the matrix [13]. PEX5 is known to be 

recycled back into the cytosol for another transport cycle of peroxisomal protein, and 

for that event, which is today known to be an ATP-dependent mechanism, PEX5 first 

needs to be monoubiquitinated, probably by the action of the PEX4p-like UbcH5a/b/c 

in humans [15]. This ‘export signal’ on PEX5 makes the AAA-proteins (ATPases 

associated with diverse cellular activities) PEX1 and PEX6 (associated to the 

peroxisomal membrane by PEX26) recognise PEX5 which by a not yet known 

mechanism releases the receptor back to the cytosol for further protein transport in a 

cyclic manner (for rev see [16]). 

 

The majority of all peroxisomal membrane proteins (PMP’s) are also synthesized on 

free ribosomes, but do not contain any PTS1 or PTS2. Instead these PMP’s are 

recognized by PEX19 via an internal signal that often consists of a cluster of basic 

residues without any clear consensus sequence. PEX19 and its cargo then bind to the 

anchor peroxin PEX3 in the peroxisomal membrane, where PEX16 also seems to 

have a critical function during this event. 
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PEX11 consists of a family of proteins, PEX11α, PEX11β and PEX11γ, which have 

not been shown to have any function in protein import but may be of importance to 

regulate peroxisome abundance during peroxisomal fission and fusion [17, 18].  

 

Peroxisomal Lipid Metabolism 
 

Lipid Degradation 

Fatty acids are energy rich molecules that are essential not only for energy supply, but 

also serve as structural compounds in membranes and also have functions as 

signalling molecules in different contexts. The degradation, or oxidation, of fatty 

acids (β-oxidation), is in mammalian cells located to both mitochondria and 

peroxisomes. β-Oxidation is a cyclic process that involves four reactions; 1. 

Oxidation/dehydrogenation of acyl-CoA to enoyl-CoA. 2. Hydration of enoyl-CoA to 

3-hydroxyacyl-CoA. 3. A second oxidation/dehydrogenation step to form 3-ketoacyl-

CoA and 4. The final thiolytic step in which the addition of a second CoA yields the 

final products of an acetyl-CoA (depending on the substrate) and the chain shortened 

acyl-CoA. However, there are some major differences between the β-oxidation 

systems in the two organelles. The different chemical reactions are the same but 

carried out by different enzymes, coded by different genes, and with different 

substrate preferences in the two organelles. In additions in mitochondria the produced 

acetyl-CoA is in most cases used for ATP/energy production via the citric acid cycle, 

or used for ketone body synthesis. Also in the mitochondria, the fatty acids that enter 

the β-oxidation are most often fully degraded. In contrast, peroxisomes cannot 

themselves use the produced acetyl-CoA for further energy production, and the β-

oxidation enzyme system in peroxisomes is unable to carry out β-oxidation of short 

chain fatty acids and thereby the peroxisomal β-oxidation works as a ‘chain 

shortening system’ for very long and long chain fatty acids for further use or 

oxidation in other cell compartments.  Examples of more specific chain-shortening 

reactions is the synthesis of bile acids and docosahexaenoic acid C22:6n-3 which are 

formed via one cycle of β-oxidation in peroxisomes. 
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Fatty Acid Activation 

To enter β-oxidation, fatty acids need to be in the form of acyl-CoA esters. 

Mammalian cells are today known to contain several acyl-CoA synthetases with 

different substrate preferences, different cellular locations and different tissue 

expression (for rev see [19]). Peroxisomes are known to harbour the very long chain 

fatty acid synthetase, VLACS (Scl27a2) that is active on very long chain fatty acids 

and methyl-branched fatty acids [20, 21]. According to the current concept, fatty acids 

enter the organelle in the form of the acyl-CoA esters and therefore extra peroxisomal 

acyl-CoA synthetases are of major importance in order to transport fatty acids into 

peroxisomes. 

 

Peroxisomal β-Oxidation 

The β-oxidation is a cyclic process that involves four enzymatic reactions. The first 

reaction, an oxidation, is catalysed by three different acyl-CoA oxidases (ACOX’s) in 

the mouse and rat, ACOX1, ACOX2 and ACOX3, coded for by three different genes 

(Acox1, Acox2 and Acox3). All mammalian acyl-CoA oxidases are FAD-containing 

enzymes, like the mitochondrial acyl-CoA dehydrogenases, but the electrons from 

FAD during the oxidation step of the acyl-CoA ester are transferred directly to 

molecular oxygen, which in the end generates H2O2. In contrast, in the mitochondria 

the electrons enter the respiration chain via the protein electron-transferring factor 

(ETF). ACOX1 have preference for straight chain acyl-CoA esters with low activity 

with shorter fatty acids, ‘bulky’ substrates and methyl branched fatty acids. ACOX2 

is responsible for the oxidation of the side chain of C27-bile acid intermediates, di-

and trihydroxycholestanoic acid (DHCA and THCA), that after one round of β-

oxidation yields cholic acid and chenodeoxycholic acid. ACOX3 have been shown to 

be the enzyme responsible for oxidation of methyl-branched fatty acids (see below) 

[22] and for review see [3]. Humans have only two functional oxidases; ACOX1 that 

carry out the same functions as the rodent ACOX1, and ACOX2 that in humans 

seems to have taken over the functions of rodent ACOX2 and ACOX3 [23]. 

 

The two following steps (hydration and another oxidation) are carried out by two 

multifunctional enzymes, L-specific bifunctional protein (LBP, or multifunctional 

protein 1, MFE-1) and D-specific bifunctional protein (DBP, MFE-2, or 17-(estradiol 
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dehydrogenase type IV, Hsd17b4). These two enzymes are structurally different and 

show no sequence similarity to each other. Both enzymes, however, show broad 

substrate specificity towards both straight chain enoyl-CoA esters (saturated, 

unsaturated and dicarboxylic fatty acids), methyl branched fatty acids and bile acid 

intermediates. Multifunctional protein-1 (or enoyl-coenzyme A hydratase/3-

hydroxyacyl coenzyme A dehydrogenase, Ehhadh) is however slightly more active 

toward shorter substrates (saturated and unsaturated) and produces 3S-hydroxyacyl-

CoA in the first enzymatic step. This enzyme also harbours the activity of Δ3, Δ2-

enoyl-CoA isomerase for degradation of unsaturated fatty acids (for review, see [24]). 

Interestingly, MFE1 is not essential for the chain-shortening of C24:6 (n-3) to C22:66 

(n-3) (for the so called retro-conversion), instead the second multifunctional protein 

was shown to be required [25].  

 

The second multifunctional protein, multifunctional protein -2 (DBP) produces 3R-

hydroxyacyl-CoA as intermediates from enoyl-CoA esters, and is probably also the 

enzyme that is most important for metabolism of bile acid intermediates, methyl 

branched fatty acids and VLCFA since MFP-2 knockout mouse models show severe 

phenotypes, with some similar pathogenesis to those seen in the few patients with 

MFP-2 deficiency. In contrast, the MFP-1 knockout mouse model did not show any 

major phenotypic changes [26] (for review see [27]). MFP-1 produces a 24S, 25S 

stereoisomer of THCA and DHCA during its first enzymatic step, but is then unable 

to carry out the dehydrogenation step. However, α-methylacyl-CoA racemase 

(AMACR), an essential enzyme in the α-oxidation of methyl-branched fatty acids 

was later shown to convert these 24S, 25S isomers of bile acid intermediates to 24S, 

25R (the L-isomer), which MFP-1 is able to dehydrogenate [26]. MFP-1 is strongly 

up regulated during PPARα activation, compared to MFP-2 that in most studies only 

show a slight, or no, up regulation. 

 

The thiolytic step, in which 3-ketoacyl-CoA yields an acetyl-CoA (or in some cases 

propionyl-CoA) and a two carbon chain shortened acyl-CoA can in rodents be 

catalysed by three different thiolases, 3-oxoacyl-CoA thiolase A (ACAA1A) and 

ACAA1B that handle straight chain fatty acid metabolites, and SCP-2/3-oxoacyl-CoA 

thiolase [(Scp2 (ScpX)] that have a broader substrate specificity towards both straight 
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chain 3-ketoacyl-CoA’s as well as branched chain acyl-CoA’s. The two straight chain 

thiolases seem to have similar substrate preferences and are active towards short- to 

very long chain 3-ketoacyl-CoA’s, however the genes do differ markedly in their 

regulation. Acaa1a shows a quite stable expression and responds only slightly to 

PPARα activation whereas Acaa1b has been shown to be highly inducible during 

PPARα activation [28, 29].  

 

ScpX (or SCP2/SCPx) has a thiolytic domain, but also contains a sterol carrier 

domain in the C-terminal region. It has been shown that after transport into the 

organelle, this protein is found in three different forms, a 58 kDa protein (un-cleaved 

form), a 46 kDa protein that contains the thiolytic domain and a small 13 kDa form 

containing the SCP-2 (sterol carrier) domain that could possibly have a sterol carrier 

function. This thiolase has been shown to be active towards the ‘bulky’ substrates not 

handled by the other thiolases, such as methyl-branched metabolites and the bile acid 

intermediates, but also being active on straight chain fatty acid metabolites [24, 30].  

 

Degradation of Unsaturated Fatty Acids 

Oxidation of unsaturated fatty acids yields different enoyl-CoA products depending 

on if the double bonds are located in an even or an odd number position. Oxidation of 

unsaturated fatty acids with an even double bond yields Δ2, Δ4 -dienoyl-CoA, which 

is further metabolised to Δ3-enoyl-CoA by the action of the NADPH dependent 

peroxisomal Δ2, Δ4 -dienoyl-CoA reductase (DECR-2) [31], and by the further action 

of a Δ3, Δ2-enoyl-CoA isomerase (PECI) is Δ2-enoyl-CoA produced, which can then 

re-enter the β-oxidation [32]. However oxidation of unsaturated fatty acids at an odd 

number position yields a Δ2, Δ5-dienoyl-CoA that can be metabolised further by two 

different pathways; one pathway only requires PECI after the action of any of the two 

multifunctional proteins and a thiolase to produce a Δ2-enoyl-CoA. The other 

pathway requires the action of first an Δ3, Δ2-enoyl-CoA isomerase that produces  

Δ3, Δ5-dienoyl-CoA, which is then further isomerised by an Δ3,5, Δ2,4-enoyl-CoA 

isomerase (ECH1), which is found in both mitochondria and peroxisome but coded 

for by the same gene [33], to Δ2, Δ4-dienoyl-CoA. The product is then reduced by 

DECR2, and finally, by the action of PECI transformed to a 2-enoyl-CoA species. 
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Another protein in peroxisomes that could have a function in the metabolism of 

unsaturated fatty acids is peroxisomal enoyl-CoA reductase (PECR), which has been 

shown to transform medium and long chain enoyl-CoA’s to their respective acyl-CoA 

ester. This protein has been suggested to be involved in chain elongation of fatty 

acids, however, so far no known physiological function for chain elongation in 

peroxisomes has been reported and therefore it is suggested that it could participate in 

the degradation of unsaturated fatty acids by reducing Δ2-enoyl-CoA species to acyl-

CoA’s [34].  

 

α-Oxidation 

Phytanic acid (3,7,11,15-tetramethylhexdecanoic acid) is a fatty acid present in the 

human diet, with the highest amounts in dairy products, fish and, with some 

exceptions, vegetables.  Depending on the diet, the daily intake is about 50-100 mg. 

This lipid is generated from the degradation of chlorophyll in which the precursor of 

phytanic acid, phytol (3,7,11,15-tetramethylhexadec-trans-2-ene-1-ol), is found. 

Chlorophyll is hardly absorbed by humans and rodents, but phytol (which can be 

more easily absorbed) can be released from chlorophyll in the rumen of ruminant 

animals where it can be converted into phytanic acid. Phytanic acid is a methyl 

branched fatty acid that because of its 3 carbon positioned (β-carbon) methyl group is 

unable to directly be degraded by β-oxidation and therefore must undergo α-

oxidation, a process in which the terminal carboxyl group of the molecule is removed 

(for review, see [35]).  

 

Phytanic acid is probably activated outside peroxisomes, but can also be esterified to 

CoA inside of the organelle by VLCS. Phytanoyl-CoA is then hydroxylated to form 

2-hydroxyphytanoyl-CoA by the phytanoyl-CoA hydroxylase (PHYH). In human the 

protein is coded by the gene PHYH, or PAHX, in which mutations that cause 

depletion of enzyme function are known to cause most of the cases of Refsum’s 

disease [36-38]. 

 

The second step of the pathway is a decarboxylation of 2-hydroxyphytanoyl-CoA to 

yield a fatty aldehyde, pristanal, and formyl-CoA by the enzyme 2-hydroxyphytanoyl-

CoA lyase (2-HPLC, HACL1) [39]. This enzyme also seems to be active on long 
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straight chain 2-hydroxy fatty acids [40]. The last step in the α-oxidation is the 

conversion of pristanal to pristanic acid by a fatty aldehyde dehydrogenase FALDH, 

(ALDH3A2). FALDH was initially shown to be a microsomal enzyme, however later 

an alternative splice variant was found, FALDH-V, which instead produces a 

peroxisomal targeting signal and indeed the protein was also later shown to be 

localised to peroxisomes [41, 42].  

The enzymes in this pathway are not stereo-specific, and R as well as S isomers of 

phytanic acids can after activation go through the system, producing both 

(2R,6R,10R)- and (2S,6R,10R)-pristanic acid. However, the β-oxidation is stereo-

specific for S isomers and therefore requires the action of AMACR so R isomers of 

pristanoyl-CoA can be converted into their S isomers and subsequently oxidised by 

ACOX3 (ACOX2 in human). Pristanoyl-CoA undergoes three rounds of β-oxidation 

to finally produce 4,8-dimethylnonanoyl-CoA (DMN-CoA) and simultaneously two 

molecules of propionyl-CoA and one acetyl-CoA [35]. DMN-CoA can then be further 

β-oxidised in the mitochondria. 

Fig 1. Lipid degradation in peroxisomes 
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Auxiliary enzymes of peroxisomal lipid metabolism 

Peroxisomes contain several additional enzymes that do not directly participate in β-

oxidation of lipids, but are believed to facilitate or regulate the β-oxidation. Acyl-

CoA thioesterases (ACOT’s) are enzymes that hydrolyse acyl-CoA esters to the 

corresponding free fatty acids and CoASH. They are found in several different 

cellular compartments including peroxisomes, in fact do mouse peroxisomes harbour 

6 different ACOT’s. Four of these (ACOT3-6) belong to the Type-1 family of acyl-

CoA thioesterases, with the corresponding genes found in a gene cluster on 

chromosome 12 D3 in mouse, together with the genes coding for mitochondrial 

ACOT2 and cytosolic ACOT1. ACOT3 and ACOT5 were shown to be active mainly 

towards long- and medium chain fatty acids, respectively, ACOT4 is only active on 

the two short chain dicarboxcylic fatty acids succinyl-CoA and glutaryl-CoA, and 

ACOT6 is active only on phytanoyl-CoA and pristanoyl-CoA [43-45].  

Mouse ACOT8 was shown to be an acyl-CoA thioesterase with very broad substrate 

specificity, able to hydrolyze all tested acyl-CoA’s ranging from short- to long- chain, 

methyl branched acyl-CoA esters, as well as CoA-esters of bile acid intermediates and 

methyl-branched fatty acids. However, this enzyme is not related to the ACOT’s 

mentioned above, and was shown to be regulated by CoASH with an IC50 of 10-15 

µM. The broad substrate specificity together with its sensitivity to CoASH suggest 

that ACOT8 plays a role in overall regulation of intraperoxisomal acyl-CoA/CoASH 

levels [46]. CoASH inhibiton was also seen with the murine short chain acyl-CoA 

thioesterase ACOT12, which is most active towards acetyl-CoA, propionyl-CoA and 

butyryl-CoA. Human peroxisomes seem to contain only ACOT8 and ACOT4, but 

interestingly it appears that human ACOT4 has ‘taken over’ the functions of all 

peroxisomal Type-1 thioesterases found in the mouse [47]. Whether ACOT12 in 

humans is peroxisomal or cytosolic is still not clear (for review see [48]). 

 

Related to the Type-1 thioesterases are, at least in rodents, three genes found in a gene 

cluster on chromosome 4 B3 in mouse that codes for two characterized (plus one 

predicted) acyltransferases, namely BAAT, ACNAT1 and ACNAT2. BAAT (bile 

acid-CoA:amino acid N-acyltransferase) is found in all species producing bile salts, 

however it is still not clear whether the protein is entirely peroxisomal, cytosolic or 

show dual localisation in the cell, which may depend on cell type [49, 50].The 
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enzyme catalyses the last step of bile acid synthesis, i.e. the amidation step in which 

taurine (the preferred amino acid in mouse) and glycine (in e.g. humans) are 

conjugated to the bile acid.  

 

Mouse ACNAT1 (acyl-CoA:amino acid N-acyltransferase), an enzyme that is not 

expressed in primates, was shown to conjugate long chain saturated acyl-CoA esters 

to taurine. In the mentioned mouse gene cluster is also the gene Acnat2 located. This 

protein shows 92% amino acid sequence identity to the ACNAT1 protein, however 

attempts to determine its substrate specificity has not yet been successful (Reilly et al, 

data not published). The amidation of bile acids and some xenobiotics makes the 

molecules more polar and by that more water soluble and thereby facilitate excretion  

into bile or urine. Thus, the amidation of fatty acids in peroxisomes could possibly 

work as a detoxifying pathway during conditions of fatty acid overload in the 

organelle or the cell [51] (and unpublished data). 

 

CRAT and CROT are two additional acyltransferases that are found in peroxisomes. 

Carnitine acetyltransferase (CRAT) shows dual localisation in peroxisomes and 

mitochondria due to two different splice variants, where one codes for a protein with 

dual targeting signals, an N-terminal mitochondrial leader peptide and a C-terminal 

PTS1, and the second variant lacking the mitochondrial targeting signal and therby 

only bearing a C-terminal PTS1 targeting it to the peroxisome [52].CRAT is active 

mainly on acetyl-CoA and propionyl-CoA, whereas carnitine octanoyltransferase 

(CROT), which is an exclusively peroxisomal protein is active on medium- to long  

chain straight as well as methyl branched chain acyl-CoA esters [53, 54]. The 

produced acyl-carnitine esters may be transported to the mitochondria for further 

oxidation.  

 

Peroxisomes also contain three different nudix (nucleoside diphosphate linked to 

another moiety, X) hydrolases. NUDT12 was shown to be a NADH-diphosphatase 

preferably hydrolysing NADH and NADPH to NMNH and AMP and 2’5’-ADP, 

respectively. Thereby NUDT12 may regulate the levels of intra-peroxisomal levels of 

nicotine amide nucleotide cofactors required for multiple peroxisomal enzymes, e.g. 

the activity of MFE-1 and DECR2 [55]. The other two peroxisomal nudix hydrolases, 

NUDT7α and NUDT19 (RP2p) were shown to cleave free CoASH and short chain 
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CoA-esters, and a broad range of acyl-CoA esters respectively [56, 57]. In Paper II we 

show that NUDT7α, whose activity only had been tested with few substrates, is able 

to hydrolyse CoA that is esterified to a variety of fatty acids, and that the enzyme in 

fact was more active on medium chain acyl-CoA’s than CoASH (Paper II) [58]. This 

finding and the role of acyl-CoA active enzymes will be discussed below. 

 
Fig 2. Schematic picture over auxiliary enzymes peroxisomal lipid metabolism, and of predicted transporters 

(ABCD, see section “Metabolite Transport”) for incoming lipid substrates.  

 

 

Etherphospholipid biosynthesis 

Characteristic for mammalian etherphospholipids is that they contain a single alkyl 

chain at the sn-1 position attached by a vinyl ether bond to glycerol. These ether 

bound phospholipids that contain a vinyl ether at the sn-1 position of glycerol are 

commonly called plasmalogens. Plasmalogens are stated to be one of the most 

abundant molecules in mammalian tissues, where they have both structural as well as 

functional properties of e.g. biological membranes (for review see [59]).  As the head 

group is usually choline or ethanolamine, the different species are differently 

distributed in different tissues and cell types, where choline plasmalogens mostly 
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occur at high levels in heart and skeletal muscle and the etanolamine plasmalogen 

species are more widely distributed like in brain, heart, kidney, spleen, testis and 

skeletal muscles [3, 59]. 

The fatty acid species in the molecule varies, but the alkyl chain in the sn-1 position is 

usually C16 or C18, unsaturated (plasmenyl-ethanol/choline) or saturated (plasmanyl- 

ethanol/choline), whereas the alkyl chain in the sn-2 position usually is a long chain 

ω-3 or ω-6 polyunsaturated fatty acid [59].  

 
Fig 3. Typical plasmalogen 

 

Two peroxisomal enzymes, dihydroxyacetone phoshate acyltransferase DHAPAT 

(GNPAT, glyceronephosphate O-acyltransferase) and ADAPS (AGPS, 

alkylglycerone phosphate synthase) are responsible for formation of the sn-1 

alkylglycerol ether bond in the etherphospholipids. The long chain alcohols needed 

for the synthesis of etherphospholipids are produced by two other peroxisomal 

enzymes, namely fatty acyl-CoA reductase 1 and 2 (FAR 1 and 2, or Mlstd2 and 1). 

 

The localisation of the membrane associated protein GNPAT to the peroxisome was 

first described in 1979 [60] and is today known to contribute in the first step of 

etherphospholipid synthesis to produce acyl-DHAP from acyl-CoA and DHAP 

(dihyroxyacetone phophate). The ether linkage is then formed by 

alkyldihydroxyacetone phosphate synthetase, which changes the bound alkyl chain in 

alkyl-DHAP to a fatty alcohol. Compared to GNPAT that shows a restrictive substrate 

specificity, being most active on saturated long chain fatty acids (C14:0 and 

C16:0)[61], alkyl-DHAP synthase is able to react with a wide range of fatty alcohols. 

These alcohols can be supplied via the diet, or produced by the reduction of fatty 

acids by the peroxisomal fatty acyl-CoA reductases. In mouse, two fatty acid 
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reductases have also been discovered, FAR1 (or Mlstd2) which shows a quite 

widespread expression and a wider substrate specificity, preferring C16:0, C18:0, 

C18:1 and C18:2, and FAR2 that had a more restrictive tissue expression and being 

active mainly on saturated C16 and C18 [62]. The produced alkyl-DHAP is then 

reduced to alkyl-G3P (glycerol-3-phosphate) by acyl/alkyl-DHAP reductase, which 

was shown to be localised to both ER and at the cytosolic face of the peroxisomal 

membrane. The following steps of the phospholipid synthesis occur in ER. 

 

PPARα - Regulation of Peroxisomes and Lipid Metabolism. 

Peroxisome proliferator-activated receptor α (PPARα) is one of three PPAR’s that 

belong to the super family of nuclear receptors (NR). A group of chemical 

compounds called peroxisomal proliferators (PP’s), which include a wide range of 

hypolipidemic drugs, like clofibrate and Wy-14,643, and some industrial phthalate-

monoester plasticizers, are long known to cause dramatic proliferation of 

peroxisomes, cause upregulation of lipid degrading enzymes as well as some enzymes 

of the P450 IV family, and also at high doses and long exposure cause carcinomas in 

livers of rodents (for review see [63]). The receptor responsible for some of these 

effects was cloned in 1990 [64] and the receptor is today known as PPARα. Two 

other isoforms have been discovered, PPARβ/δ and PPARγ. PPARα is activated by 

the above mentioned PP’s, but also by endogenous, or nutritionally supplied saturated 

as well as unsaturated long chain fatty acids and their derivates like CoA esters [65].  

In the nucleus the PPARα heterodimerises with the retinoid X receptor (RXR) and 

this dimer binds to specific response elements called PPRE (PPAR response element) 

in the promotor of the target genes, which today are known to include most of the β-

oxidation genes in mitochondria and the genes involved in straight chain β-oxidation 

in peroxisomes (the classical inducible pathway), and also to some genes coding for 

CYP4A enzymes involved in the ω-oxidation of fatty acids in the ER that yields 

dicarboxylic fatty acids that are further β-oxidized in the peroxisome. This gene 

regulation in response to endogenous β-oxidation substrates would be of benefit 

during certain metabolic conditions, like fasting, when in particular the liver may 

become overloaded with incoming fatty acids mobilized from the adipose tissue [63].  
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This situation is well described in PPARα knock out models, where the mice are 

unable to cope with the high amount of incoming fat to the liver during long term 

fasting, which in the end causes hepatic steatosis in these animals [66, 67].  

 

Metabolite Transport 
The peroxisomal membrane contains three proteins of the ATP-binding cassette 

transporter family, ABCD1, ABCD2 and ABCD3. The ATP-binding cassette proteins 

are so called half transporters that need do dimerise to form hetero- or homodimers in 

order to perform their ATP hydrolysis dependent actions as metabolite transporters, 

which also seems to be true for these peroxisomal half transporters, at least as judged 

from studies using 2-hybrid system [68].  

ABCD1 is so far the most studied of the three since mutations in the gene coding for 

the protein, also called ALDP (adrenoleukodystrophy protein) is today known to be 

the cause of the severe neurodegenerative disorder X-linked adrenoleukodystrophy 

(X-ALD) [69]. The biochemical hallmark of this disease is the accumulation of very-

long chain fatty acids in plasma, which is one reason to believe that this enzyme has 

the function of a transporter for very long chain fatty acids into the peroxisome. 

Experiments performed in the bakers yeast (S . cerevisiae) demonstrated a need for 

the heterodimer of Pxa1p/Paxa2p (the yeast orthologs) for uptake of long chain acyl-

CoA into peroxisomes and that introduction of human ABCD1 into a Pxa1p/Pxa2p 

deletion system was able to restore the growth of the yeast on these substrates [70]. 

 

ABCD3, or PMP70, was the first ABC protein to be found to be located to the 

peroxisome and is also one of the most abundant membrane proteins of the organelle.  

An Abcd3-/- mouse model was found to have aberration in the metabolism of bile 

acid precursors (THCA and DHCA) as well as pristanic acid, indicating that this 

protein is involved in the transport of methyl branched chain substrates into 

peroxisomes (reported in [71]). 

ABCD2 (ALDPR) seems to have an overlapping substrate specificity to ABCD1, and 

the two proteins show 66% identity in their amino acid sequences. However, it might 

be that ABCD2 also have an additional function in clearance of dietary erucic acid 

(C22:1) in adipose tissue [72]. 
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PMP34 is a membrane protein whose corresponding gene in S. cerevisiae was shown 

to code for a protein that acts as a adenosine transporter, and it is likely that this 

protein would fill this function also in mammalian peroxisomes [73].  

 

OCTN3 has been shown to be a peroxisome membrane protein able to transport L-

carnitine [74], which is in line with the fact that peroxisomes containing the two 

carnitine acyltransferases CRAT and CROT, and therefore OCTN3 may act as the 

transporter to supply peroxisomes with carnitine. 

 

Peroxisomal ROS Metabolism  
As mentioned above, peroxisomes contain a number of oxidases that transfer 

electrons from substrates to molecular O2 to produce H2O2. Catalase is one of the 

classical marker enzymes for peroxisomes and its main function is to degrade H2O2 to 

O2 and H2O. The enzyme was shown to be targeted to the organelle via a variant of 

PTS1, -KANL [75]. 

The high turnover of oxygen in the organelle, especially during times of high rates of 

metabolic activity in peroxisomes, will generate high amounts of H2O2, but also other 

reactive oxygen species like O2
•-  and •OH. To prevent peroxisomal (and cellular) 

damage caused by these ROS, peroxisomes also contain other antioxidant enzymes. 

Peroxiredoxin 5 (PRDX V, PMP20) is one of six peroxidase enzymes (peroxiredoxin 

1-6) in mammalian cells. The human protein was shown to localize to the peroxisome, 

as well as to the cytoplasm (later studies also show localisation to mitochondria and 

nucleus), and since the mouse protein showed 93% identity at the amino acid level it 

is likely that also the murine form is localised to peroxisomes [76, 77].  

 

Glutathione S-transferases are enzymes able to conjugate hydrophobic molecules and 

compounds to glutathione, and thereby favour degradation of toxic endogenous 

compounds or xenobiotics. Glutathione S-transferase kappa (Gstk1) was shown in 

human to be a peroxisomal enzyme, active on a variety of tested aryl halides, e.g. 

CDNB (1-chloro-2,4-dinitrobenzene). The murine enzyme has been reported to be 

mitochondrial, however these results are based on centrifugation studies that do not 

fully exclude peroxisomal localization due to the difficulties of separation of the two 
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organelles. The murine protein contains the same PTS1 as found in the human 

protein, which would predict a peroxisomal localisation also in the mouse [78, 79]. 

 

Stressful or pathological conditions in cells that generates high amount of ROS can 

result in biotransformation of molecules with double bonds, like unsaturated fatty 

acids, to become physologically active molecules (like for example 

epoxyeicosatrienoic acid [80]), or highly reactive and toxic epoxides. In humans and 

mice a cytosolic/peroxisomal epoxide hydrolase (EPHX2) is able to metabolise such 

compounds into their respective diols. Interestingly, the protein was shown to have 

dual activities since it was reported to have a phosphatase activity in the N-terminal 

end [81]. In both species the protein contains a putative peroxisomal targeting signal 

in the C-terminal end that at least partly, and/or in specific cells can localize the 

protein to peroxisomes [82-84]. These findings would be in line with a role for 

EPHX2 in metabolising fatty acid epoxides that may be present in peroxisomes. This 

possibility is further underscored by our findings in Paper I that Ephx2 mRNA tissue 

expression is ‘co-expressed’ with β-oxidation enzymes in the mouse. 

 

Glyoxylate Metabolism 
The glyoxylate cycle provides a pathway in which fats can be used to synthesise 

carbohydrates with glyoxylate being an intermediate. In plants this pathway is 

localised to glyoxysomes but the pathway is ‘lost’ in animals. Mammalian 

peroxisomes contain L-α-hydroxyacid oxidases, which as the name indicates oxidises 

L-α-hydroxyacids. In mice two types of L-α-hydroxyacid oxidases (HAO) and in 

humans three peroxisomal enzymes have been found. HAO1 has been shown to act 

on short chain L-α-hydroxyacids, mainly oxidising glycolate to glyoxylate, which can 

be further metabolised by alanine:glyoxylate aminotransferase (AGTX) [85]. HAO1 

is also somewhat active with glyoxylate and will thereby form oxylate when the 

substrate is available, for example during AGTX deficiency (see below). 

The two additional L-α hydroxyacid oxidases in humans, HAO2 and HAO3, have 

been shown to oxidise medium and long chain α-hydroxyacids, and the second 

murine enzyme, HAO3, is likely to perform similar reactions as the two human 

hydroxyacid oxidases together [86, 87]. 
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AGTX in rat liver was shown to catalyse the transamination between a number of L-

amino acids and pyruvate or glyoxlate [88], however it is most active towards alanine 

(amino donor) and glyoxylate, yielding glycine and pyruvate, and thereby preventing 

accumulation of glyoxylate that can otherwise be further converted to toxic oxalate. 

The gene coding for the AGTX is known to generate two mRNA transcripts, which in 

mice will target the translated protein to both the peroxisome and mitochondria [89]. 

However, AGTX is a peroxisomal protein in humans and mutations that favour the 

localisation of the protein to the mitochondria, or destroys/reduces its activity, is 

associated with the rare disease primary hyperoxaluria (for review see [90]). 

  

Purine Metabolism 

Purine and pyrimidine are the two nucleotide bases that e.g. make up the genetic code 

in DNA, and at least the purines are today known to be partly degraded by 

peroxisomal enzymes. Xanthine dehydrogenase (XDH) and xanthine oxidase are two 

enzymes coded by the same gene Xdh, which perform similar reactions towards the 

purine metabolite hypoxanthine to convert it to xanthine and then further metabolise 

that to produce the final product uric acid with the concomitant reduction of NAD+ 

(for XDH) or oxygen (for the oxidase). The activity of the enzyme was found to co-

localize with the crystalline urate oxidase core of rat liver peroxisomes [91], but the 

enzyme is likely also to be localized to the cytosol.  

The produced uric acid is in rodents further oxidised by urate oxidase (UOX) to 

allantoin, however birds, some reptiles, hominoid primates and human lack this 

enzyme and in these species the end product of purine degradation is uric acid.  

Uric acid is a potent antioxidant, and that feature of the molecule could be one 

explanation for the loss of urate oxidase in higher species. However the loss of the 

enzyme in a knock out mouse model did not seem to have any beneficial effects, but 

instead caused renal failure and similar pathological symptoms to the human disease 

gout because of the high amount of uric acid in these mice [92].   

 

Protein and Amino Acid Metabolism 
Peroxisomal Lon protease (LONP) is an ATP dependent protease that might be 

involved in processing, and thereby also activating, some PTS1 carrying proteins, like 

ACOX1 in humans, but may also contribute to the degradation of excess peroxisomal 
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proteins after terminated peroxisomal proliferation by degrading the induced matrix 

proteins [93-95]. TYSND1 is however probably the major protease for processing 

incoming proteins to their mature functional form, for example it has been shown to 

cleave the PTS2 leader peptide in thiolase, as well as processing PTS1 proteins [96].  

Insulin degrading enzyme (IDE), is a protease known to degrade insulin, but it also 

shows activity towards other compounds like glucagon, transforming growth factor-α 

and IGF-II (for review see [97]). This protease has a PTS1 that seems to target at least 

some amount of the produced protein into the matrix of the peroxisome, however its 

role in the organelle is probably not insulin degradation but may rather have a role in 

degrading oxidised proteins [98].  

 

Amino acids can be in two mirror image forms, L- or D-form, where the L-form is the 

exclusive form, at least in newly translated proteins from ribosomes. D-amino acids 

were first thought to only occur in bacteria, until the discovery in the 1980’s of 

detectable levels of D-aspartic acid in different tissues in both humans and rodents 

[99]. In mammals the major D-amino acids to be found are; D-Ala, D-Ser and D-Asp. 

In both humans and mice the only known degrading enzymes for these D-amino acids 

are found in peroxisomes (for review see[100]).  

D-amino acid oxidase (DAO1) was already in 1935 described and shown to be able to 

oxidise a variety of different D-amino acids to 2-oxo acids, H2O2, and NH3 [101]. D-

aspartate oxidase (DDO) is specific for the acidic amino acids D-aspartate and 

somewhat also to D-glutamate.     

D-serine can be formed endogenously from L-serine by the action of serine racemase 

and may have a function in the brain, acting as a co-agonist together with the binding 

of glutamate to the NMDA receptor (N-methyl D-aspartate receptor), NMDA which 

is an agonist that mimics the action of glutamate and is involved in many different 

physiological processes [102]. In the rat neuro-endocrine system, NMDA synthetase, 

which is able to transform D-aspartate to NMDA, has been identified, giving also this 

D-amino acid an important role for the NMDA signalling system, at least in certain 

cell types like hypothalamus where activation of these receptors can mediate release 

of different regulatory hormones for the endocrine system. D-aspartate also seems to 

affect the endocrine glands directly, and it has been detected in the pituitary, adrenal, 

pineal gland and testis [100]. So the function of these oxidases seems to be to regulate 
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both endogenously produced D-amino acids as well as D-amino acids derived e.g. 

from the intestinal bacterial flora. 

 

Accumulation of L-pipecolic acid was shown to be one biochemical marker for the 

Zellweger syndrome, and thus it was stated that an enzyme active on this substrate 

should be harboured in the organelle. The human L-pipecolic acid oxidase (PIPOX), 

was shown to co-localise to the peroxisome and to have activity towards L-pipecolic 

acid (derived from an alternative degradation of lysine), but also towards sarcosine, a 

bi-product of glycine metabolism that is thought to normally be degraded by the 

mitochondrial sarcosine dehydrogenase [103].  

 

Polyamines 
Spermine (SPM) and spermidine (SPD) are polyamines that have been shown to be 

important molecules for a variety of fundamental cellular processes, like cell growth 

and proliferation. An acetyl-CoA:SPM/SPD-N1-acetyl transferase is able to produce 

N1-acetylspermine or N1-acetylspermidine from these compounds, which then can be 

excreted from the body in the urine (for review see [104]). The N-acetyl polyamine 

oxidase (PAOX) has also been shown to be a peroxisomal protein, able to oxidise 

acetylated polyamines to produce, among other products, spermidine [105], a process 

that may be of importance during apoptosis.  
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AIMS OF THE PRESENT STUDY 
 

The aims of these studies were to expand the knowledge on peroxisomes and 

peroxisomal function by investigating; 1. The mRNA expression of the majority of all 

known peroxisomal/peroxisomal related proteins, and their regulation during fasting 

(in liver, kidney and intestine), and to evaluate the PPARα driven response during 

fasting and PPARα activation by the administration of Wy,14-643 in liver from both 

wild type and PPARα knockout mice. 2. An in-depth investigation of the CoA-moiety 

active peroxisomal Nudix hydrolase 7α to evaluate its role as a regulator of the 

peroxisomal CoASH pool and thereby also its role as a regulator of peroxisomal β-

oxidation.  
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RESULTS AND DISCUSSION 
 

Paper I – ”The Pexiome” 
As described above, and today also well established, peroxisomes are present in 

almost all mammalian cell types with important functions in several metabolic 

pathways. The goal with this study was to examine the basal mRNA expression of the 

majority of all known peroxisomally located proteins in 24 tissues in the mouse. We 

also examined the regulation of the mRNA expression during 12 hrs fasting in liver, 

kidney and intestine. The response to fasting and Wy-14,634 (PPARα agonist) 

treatment was also investigated in liver of both wild type mice and PPARα knockout 

mice. 

 

The concept of this study originated from the work of Westin et al. [52], who 

performed an mRNA expression study on different lipid degrading and ‘auxiliary’ 

enzymes of β-oxidation in the peroxisome. The study showed that peroxisomes 

probably give rise to different end products (and different amounts) from the 

peroxisomal β-oxidation in different tissues, based on the different expression 

patterns of short- and medium chain carnitine acyltransferases (CRAT and CROT) 

and the short- and medium chain acyl-CoA thioesterases ACOT12 and ACOT5. 

 

The current expression study was performed using a Taqman Low Density Array 

(TLDA, Applied Biosystems) in a 96-well format that provides us the flexibility to 

design a platform for quantitative measurement of expression of the genes of interest 

at mRNA level simultaneously in one sample. The probes were selected from the 

Applied Biosystems library for all peroxisomal genes available in the library. This 

format allows us to spot 96 genes that can be analysed in two biological samples in 

duplicate on a single plate and PCR run. We selected 73 peroxisomal genes (listed in 

Supplementary Table 1 in Paper I and the remaining wells were spotted with some 

mitochondrial genes as well as the three PPAR isoforms. For cost reasons we  

performed the study on pooled tissue samples, however, total RNA was isolated from 

individual tissue samples and quality controlled using the Experion system (Bio Rad). 

If the quality, or quantity, was judged not to be sufficient, the RNA samples were 

excluded from further pooling. As control experiments we measured the mRNA 
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levels of two housekeeping genes in individual samples and compared the results to 

levels in the tissue pools. At least from the selected tissues, we did not se any major 

differences in the expression of the selected genes in tissue pools compared to the 

mean of the individual tissue samples. Based on these control experiments we assume 

that the pooled tissue samples will yield similar results compared to the ‘mean of 

expression’ in individual samples. 

 

Obviously this type of experiments produces large amounts of data that presents a 

challenge to analyse. The ‘absolute’ expression of each gene in each tissue can be 

compared as well as the relative expression of each gene within a tissue. Also, tissues 

can be compared to each other. One objective was to ‘correlate’ expression to analyse 

which genes were co-expressed in order to identify ‘known’ metabolic pathways as 

well as, if possible, to identify and link novel genes to existing pathways. First we 

performed correlation and hierarchical cluster analysis that provides results 

concerning the similarity of tissues based on the mRNA expression of all the 

peroxisomal genes. Not surprisingly liver and kidney were the tissues that showed the 

highest expression levels of peroxisomal genes, and these two tissues (together with 

gallbladder) became outliers in the dendrogram as shown in figure 4. In spite of 

generally high gene expression in liver and kidney, they do not cluster closely 

together due to strong differences in expression of certain genes. Brown adipose 

tissue (BAT), white adipose tissue (WAT), adrenal gland and heart were found to 

form a cluster, which would be in line with the finding of reasonably high amounts of 

peroxisomes (at least for BAT, WAT and adrenal). Unexpectedly BAT and heart 

cluster closest together demonstrating that BAT is more similar to heart than to white 

adipose tissue. This is however in line with recent findings that the BAT lineage 

originates from muscle and not from adipocytes [106]. 
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Figure 4. Hierarchical clustering of tissues according to their relative expression (in log 10 scale) to the 
gene Arbp in lung, Euclidean distance, Complete linkage. 
 

There are several problems with this kind of analysis, expression level is a strong 

factor when comparing expression of genes and high mRNA expression does not 

necessarily correlate with high protein expression, or enzyme activity, and conversely 

a low mRNA expression do not necessarily mean that the protein would be of less 

importance for the tissue or the cell. We hypothesised that comparing the ‘shape’ of 

the expression throughout tissues, rather than the absolute expression of genes, might 

give a hint about how and if genes in different pathways are co expressed or not, 

without putting to much weight to the expression level per se. To do so, we used the 

ΔCt values (raw expression data that had been subtracted from a control gene) for the 

gene and subtracted that with the mean ΔCt generated from ΔCt’s of that gene in all 

tissues examined. This makes the mRNA expression of all genes to ‘oscillate’ around 

the baseline of zero. These data were then used for k-mean clustering that will sort the 

genes into different groups, in this case depending on the shapes of tissue expression. 

K (the number of clusters) was set to 7 according to the highest Dunn Index value for 

that number of clusters (se Figure 5). Cluster 1 assembled genes that in general were 

expressed in all tissues examined. Although most genes in this cluster were expressed 

at a rather low level, like most of the Pex-genes, this does not mean that the 

expression should be regarded insignificant since biogenesis of peroxisomes requires 
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peroxins. Cluster 2 mainly contained genes involved in lipid degradation, as did 

cluster 3, however there were some differences in which tissue most genes had the 

strongest expression; while cluster 2 was a ‘liver/kidney cluster’, cluster 3 was more 

of a ‘muscle/adipose tissue cluster’. Like cluster 1, most genes in clusters 2 and 3 

were also expressed in all tissues examined. Cluster 4 contained, similar to cluster 2, 

several genes with peak expression in kidney and liver, but these genes also showed a 

more restrictive expression pattern to certain tissues. Cluster 5 contained genes that 

were more or less liver and gallbladder specific, and the two remaining clusters were 

only made up by one gene each, D-amino acid oxidase and L-hydroxyacid oxidase 3, 

due to their unique expression patterns. 

 
Figure 5. Mean values of the expression of all genes in each cluster in the investigated tissues. Note 
that negative values correspond to higher expression in that tissue compared to the mean expression of 
all tissues. 
Table 1. Summary of functions of the genes in the different clusters and their general tissue expression 
pattern. For total gene expression, see Supplementary data 2 in Paper I.) 
 
Cluster (no. of 
genes) 

Metabolic pathway Tissue expression  

1 (34) Peroxins, etherphospholipid synthesis Ubiquitous  
In general low  

2 (19) α-Oxidation, β-oxidation, auxiliary enzymes 
to lipid degradation 

Ubiquitous - Widespread 
High in liver, kidney and “BAT 
cluster” 

3 (7) Unsaturated fatty acid deg., Gnpat and Ddo Widespread - Restrictive 
High in “BAT cluster”, liver, kidney, 
skeletal muscle, testis 

4 (8) Auxiliary enzymes of lipid metabolism Widespread - Restricted 
High in kidney and liver 

5 (4) Baat, Agxt , Hao1 , Uox Restricted 
High in liver  

6 (1) Dao1 Restricted 
High in kidney, WAT and brain 

7 (1) Hao3 Restrictive 
High in kidney and colon 
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Effect of PPARα agonist treatment and fasting on regulation of the ‘Pexiome’ 

 

Peroxisome proliferators have long been known to cause peroxisomal proliferation in 

rat and mouse, and also to be very potent regulators of expression, primarily via 

PPARα, of numerous genes including peroxisomal genes. PPARα is also believed to 

play an important role in response to fasting. In this study we explored the effect of 

Wy-14,643 treatment (a PPARα agonist) and fasting on expression of the ‘Pexiome’ 

in selected tissues of wild type and PPARα knockout mice.  

 

One week of 0.1% Wy-14,643 supplementation in the diet to wild type mice caused 

an up regulation (defined as in increase of  ≥ 20%) of the majority (67%) of the 

‘Pexiome’ (see supplementary Table 2). Interestingly, sixteen genes were down 

regulated while only seven genes were unchanged. The strongest response was seen 

with the medium- and long chain thioesterases, Acot5 and Acot3, which were up 

regulated more than hundred-fold. Strong up regulation was also seen for most of the 

lipid degrading enzymes and other so-called auxiliary enzymes of lipid metabolism. 

However, down regulation was also evident for some genes, for example Acox3, Agxt, 

Acnat1, Baat, and Nudt7α, an enzyme involved in degradation of CoASH. This 

massive up regulation in livers of wild-type mice was as expected not seen in livers 

from the PPARα knockout mice, but interestingly a down regulation of the majority 

of the ‘Pexiome’ was found with only two genes, Scp2 and Trim11 being up regulated 

in the knockout mice.  

 

The response to 12 hrs fasting was also investigated in livers from wild type and 

PPARα knockout mice. Surprisingly only 16% of the genes were up regulated (≥20% 

increase) in fasted wild type mice, while again, surprisingly 52% of the genes were up 

regulated in the PPARα knockout in response to fasting. In fact, almost half of the 

gene set in wild type mice was down regulated after 12 hrs fasting, while several 

archetypical PPARα-responsive genes, like thiolase 1b and multifunctional protein 1 

were up regulated in wild type mice but not in PPARα knockout mice. 
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Figure 6. Summary of up regulated genes (≥20% increase) in 12 hrs fasted PPARα+/+ or PPARα-/- 
mice and PPARα+/+ mice treated with Wy-14,643. 
 

Figure 6 summarises the results of these two experiments and it may be pointed out 

that nine genes were up regulated by Wy-14,643 treatment and by fasting in both wild 

type and knockout mice, of which six of these genes are referred to as auxiliary 

enzymes of fatty acid degradation. It thus appears that in addition to the well-known 

regulation of the ‘classical’ PPARα regulated genes of e.g. fatty acid oxidation, the 

enzymes that are considered to facilitate/regulate fatty acid oxidation seem to be more 

strongly regulated. Although PPARα has been claimed to be an important mediator of 

the fasting response, our data suggest that although most of the genes of the 

‘Pexiome’ may be positively regulated via PPARα in response to PP’s, PPARα may 

in fact be a repressor with regard to the fasting response. 

 

The fasting response was also investigated in kidney and the duodenal part of the small 

intestine. Kidney showed a similar response as the liver to fasting, i.e. largely the same 

genes were up regulated in both tissues with some exceptions.  For example Acaa1b, 

Ehhadh and Acot3 were up regulated and several genes were down regulated in both 

tissues. However, the response (up or down regulation) was weaker than in liver.  
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In the intestine, a surprisingly high number of the genes (84%) were up regulated 

during fasting. In fact, the intestine has been shown to be a highly active organ during 

fasting that also contributes to glucose production by its ability of carry out 

gluconeogenesis, especially during prolonged attenuated food supply [107]. While all 

genes that were up regulated in liver by fasting (and by PP-treatment) were also up 

regulated in the intestine, the majority of the genes that were down regulated in liver 

were actually up regulated in intestine by fasting. This finding is surprising in view of 

the general idea that the PPARα is activated by endogenous lipids while the intestine 

would be deprived of lipids during fasting. These data suggest that the role of the 

PPARα during fasting, and the regulation of the ‘Pexiome’ during fasting is more 

complex that previously anticipated. A major shortage of this study is of course that it 

is based on mRNA expression, which may not always correlate to protein amount 

and/or enzyme activity. However, these experiments provide information as to the 

regulation of transcription in response to fasting. For several of these genes both 

protein content and enzyme activity has been investigated during similar conditions as 

our, although mainly in liver.  
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Paper II- Nudix hydrolase 7α  

 

It is still an open question how different metabolites are transported across the 

peroxisomal membrane, although the current view is that it is a combination of 

specific transporters for molecules with masses over 400 Da, and that the membrane 

might form ‘channels’ for the diffusion of smaller solutes [108]. Fatty acids for 

peroxisomal degradation are proposed to be transported into the organelle in the form 

of their CoA esters via hetero- or homodimers of the ABCD-transporters described 

above. Inside the peroxisome these esters are chain shortened, and/or conjugated with 

amino acids or carnitine by any of the acyltransferase enzymes, or hydrolyzed by the 

different acyl-CoA thioesterases. All these reactions yield free CoA, a cofactor that is 

to large to diffuse across the membrane of the organelle [108]. 

Nudix hydrolases (nucleoside diphosphate linked to another moiety, X) are found in a 

variety of organisms and in different cellular compartments. The Pcd1 gene in S. 

cerevisiae as in year 2000 found to encode a peroxisomal nudix hydrolase (NUDT7) 

that was found to be active towards coenzyme A, with a preference for oxidised CoA 

(CoASSCoA), and some CoA-derivates [109]. The function of the protein was 

therefore stated to have a role in detoxification of ‘damaged’, oxidised CoA in 

peroxisomes. The mouse homologue of Pcd1 (NUDT7) was cloned in 2001, and also 

characterised as a CoASH diphosphatase [56], although the activity of the enzyme 

was only tested with a limited number of CoA esters. Subsequently an additional 

peroxisomal nudix hydrolase (NUDT19, or RP2p) was described [57], which was 

shown to hydrolase not only free CoASH and shorter acyl-CoA esters, but also a wide 

range of longer chain acyl-CoA ester,however with low activity. Therefore we 

decided to reinvestigate the activity and regulation of the NUDT7. 

 

Two isoforms of NUDT7 had previously been discovered, Nudt7α and Nudt7β, with 

the latter being shown to be inactive due to a destroyed nudix hydrolase motife. A 

third isoform was discovered in our study, however, due to its extremely low tissue 

expression, was this variant not further studied. Mouse NUDT7α was expressed in E. 

coli and the recombinant protein was, like NUDT19,indeed shown to be active 

towards CoASH (albeit with very low activity) and a variety of different acyl-CoA 

esters such as saturated and unsaturated acyl-CoA esters as well as to the CoA esters 
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of pristanic acid and bile acids. In contrast to previous data, the highest activity was 

found with medium chain acyl-CoA esters, and with respect to kcat/Km calculations 

lauroyl-CoA (C12-CoA) was found to the best substrate for the enzyme. 
 
 

Figure 7. Recombinant mouse NUDT7α activity was measured at various concentrations of CoASH 
and acyl-CoA’s and enzyme kinetics were calculated. The figure shows the calculated Vmax values for 
the various substrates and under the bars are Km and Kcat/Km values shown. The data are means of three 
different preparations. 
 

 

Quantitative Real-Time PCR showed that the relative mRNA expression of Nudt7α 

was highest in liver, followed by BAT, heart, WAT and kidney, tissues that are all 

known to contain high activities of peroxisomal β-oxidation enzymes. Nudt7α mRNA 

expression was found to be down regulated in liver from mice after administration of 

Wy-14,643 (Figure 8A), and the lack of down regulation in PPARα-/- mice indicate a 

PPARα dependency of the regulation. In addition, clofibrate treatment was found to 

down regulate the NUDT activity in peroxisomes isolated from mouse liver, in 

particular for short- to medium chain acyl-CoA’s (Figure 8B).  
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A.                                                                          B. 

 

Figure 8. A. Regulation of Nudt7α mRNA expression in livers from PPARα+/+ and PPARα-/- mice 
treated with the PPARα agonist Wy-14,643. B. Nudix hydrolase activity in liver peroxisomes isolated 
from untreated and clofibrate treated mice, measured with CoASH, C6-CoA and C14-CoA thioether (an 
un-hydrolysable substrate for acyl-CoA thioesterases). 
 

Our data show that NUDT7α has very low activity (low Vmax and high Km and thus 

low Kcat/Km) with CoASH and that NUDT7α is much more active to cleave the CoA-

moiety of acyl-CoA’s. This is indeed an intriguing finding since it suggests that 

NUDT7α in fact may mainly regulate peroxisomal β-oxidation by regulating the 

amount of acyl-CoA in peroxisomes (and not just by regulating the amount of 

CoASH). As discussed above, the current concept is that fatty acids enter 

peroxisomes in the form of acyl-CoA esters, and that CoASH is not transported across 

the peroxisomal membrane. This would imply a constant accumulation of CoASH in 

peroxisomes, which theoretically should be metabolised by NUDT7. However, since 

CoASH appears to be a very poor substrate for NUDT7, the question arises as to how 

peroxisomal CoASH homeostasis is maintained. The answer to this seems to be that 

the activity of NUDT7 yields three products; 4’-acyl-phosphopantetheine, 4’-

phosphopantetheine and 3’,5’-ADP and these smaller molecules is more likely to be 

transported out, or to diffuse out from the peroxisome. 4’-Phosphopantetheine and 

3’,5’-ADP may be recycled or may act as signalling molecules while the 4’-acyl-

phosphopantetheine can theoretically be further metabolised by peroxisomal 

thioesterases to free fatty acids and 4’-phosphopantetheine.  
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Figure 9. The hydrolyzing activity of acyl-CoA thioesterases and Nudix hydrolases on acyl-CoA esters. 
The Nudix hydrolase cleaves the CoA-moiety into 3’,5’-ADP and 4’-acylpantetheine and acyl-CoA 
thioesterases may cleave the thioester bond to produce free fatty acids and 4’-phosphopantetheine. 
 

Peroxisomes contain three different types of acyl-CoA thioesterases, the Type-I 

thioesterases that are CoA-insensitive, ACOT8 that is CoA-sensitive and ACOT12, 

which is a short chain acyl-CoA thioesterases. To test whether acyl-CoA thioesterases 

can hydrolyse 4’-acyl-phosphopantetheine we expressed peroxisomal ACOT3 and 

ACOT8 in E.coli and incubated the purified enzymes with 4’-acyl-

phosphopantheteine that was produced after complete hydrolysis by incubation of 

acyl-CoA with recombinant NUDT7α. These experiments showed that both ACOT3 

and ACOT8 are in fact able to hydrolyse 4’-acyl-phosphopantheteine to the 

corresponding free fatty acid and 4’-phosphopantheteine (see Figure 9). ACOT8 and 

ACOT3 hydrolysed lauroyl-phosphopantetheine with a Vmax of 1.43±0.61 

µmol/min/mg and 0.55±0.14 µmol/min/mg (± SEM) and a Km of 8.62±4.59 and 

8.18±2.18 µM, respectively (unpublished data). Also ACOT5 showed some activity 

towards this substrate. ACOTs are strongly up regulated during PPARα activation in 

liver, whereas NUDT7α is down regulated. This indicates interplay between the 

ACOTs and NUDT7 that maintains CoA homeostasis in peroxisomes. Whether any of 

the carnitine acyltransferases are able to transfer the fatty acid to carnitine from 4’-

acyl-phosphopantetheine is still unknown, but if they can do so this would provide an 

additional pathway to regulate acyl-CoA/CoASH homeostasis in peroxisomes. Based 

on these data, it seems that NUDT7α is an important regulator of the peroxisomal 
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pool of CoASH/acyl-CoA and therefore also the peroxisomal β-oxidation, which is 

highly dependent on free CoASH for continuous activity. The PPARα mediated 

decrease in expression and activity seems relevant in view of the current concepts that 

imply that PPARα activation causes an increased influx of CoASH in the form of 

acyl-CoA, which requires increased metabolism of CoA since it cannot be transported 

out of the peroxisome according to current knowledge. This further underscores the 

increasing understanding of the importance of enzymes with obscure functions in 

fatty acid metabolism, such as carnitine acyltransferases, bile acid and fatty acid 

acyltransferases (BAAT, ACNAT1 and ACNAT2), acyl-CoA thioesterases and the 

nudix hydrolases as ‘auxiliary’, or complementary enzymes to regulate or fine-tune 

the β-oxidation system, at least in peroxisomes. Interestingly, the number of these 

‘helper’ enzymes exceeds the number of the β-oxidation enzymes, which indicates 

that they are important in the overall regulation of metabolism but also that each 

individual enzyme may not be crucial and that deficiency may not cause severe 

pathological symptoms. Therefore there seems to be a lot of redundancy, which 

probably makes knockouts a ‘waste of time’. 

Fig 10. Hypothetical roles for ACOT and NUDT7α during PPARα activation in liver peroxisome. 
 

For more than a half a century the existence of peroxisomes has been known, and 

almost that long also how critical their presence is for mammalian health. Still new 

proteins are discovered to belong, or co localize, to the organelle, and the future will 

with certainty bring more knowledge about peroxisome contribution to general cell 

metabolism, how they assemble, multiply, how they are degraded and how they 

interact with other organelles in the cell. Although the ratios between the mRNA 
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expression and the actual protein expression (and enzyme activity) probably differ 

between cell types, the ‘Pexiome’ study give us reason to believe that differences in 

the behaviour and action of peroxisomes exist between different tissues. The 

expression pattern of different proteins, for example the auxiliary enzymes of the 

peroxisomal β-oxidation, would give rise to different chain shortened products from 

the organelle in different tissues, but also during different metabolic conditions due to 

different regulation of them. One example of this metabolic change in protein 

composition is the down regulation of NUDT7α in the liver concurrent with the up 

regulation of peroxisomal acyl-CoA thioesterases, which would enhance β-oxidation 

during PPARα activation. 
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CONCLUDING REMARKS 
 
In the first study we examined the expression of almost all peroxisomal genes, the 

‘Pexiome’ which showed that peroxisomes and their enzymes, at mRNA level, vary 

substantially in different tissues and thus play different metabolic roles in different 

tissues. Our findings that liver, kidney and, in particular intestinal epithelium, show 

very different response to 12 hrs fasting also underscores that the functions of the 

organelle varies in the response to different physiological conditions depending on the 

tissue or cell type. These results would be in line with the fact that different 

peroxisomal diseases show a multiplicity of pathological symptoms even though they 

may be caused by a central determinator of peroxisomal function, for example a 

mutation in one of the Pex genes. The first study provides new information to the 

regulation of the peroxisomal gene set, the ‘Pexiome’ with regard to the major 

regulator PPARα, in particular in response to fasting.  

 

The second study shows that regulation of the peroxisomal lipid oxidation is not only 

driven by regulation of the β-oxidation genes or β-oxidation enzymes per se, but also 

by the regulation of other genes (the so-called auxiliary enzymes of lipid 

degradation), as seen in this study, for example the coenzyme A degrading enzyme 

NUDT7α that may be an underestimated regulator of peroxisomal β-oxidation of 

fatty acids. In summary, this thesis work emphasises the multitude and importance of 

auxiliary, or peripheral enzymes that are involved in peroxisomal lipid metabolism. 

These enzymes may not be crucial but are probably important in optimising the 

degradation of lipids in peroxisomes. 
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FUTURE PERSPECTIVES 
 

Because of our findings that the ‘Pexiome’ seems to have different ‘peaks’ of 

expression of different metabolic pathways in different tissues, it would be of interest 

to see how enzymes of their metabolic pathways in other cellular compartments are 

expressed and regulated in relation to peroxisomes. This is especially true for the 

mitochondria that probably in most tissues would take care of e.g. chain shortened 

fatty acid products from peroxisomes. It would also be of interest to investigate 

regulation in e.g. mitochondria in peroxisomal disease models, such as the Zellweger 

syndrome or adrenoleukodystrophy, and regulation of peroxisomal function in models 

of mitochondrial β-oxidation defects. That may explain accumulation of certain 

metabolites in certain tissues during e.g. different pathological conditions and some of 

the complex pathological symptoms seen in these disorders. 

 

It would also be of interest to perform various metabolic studies on the regulation of 

the ‘Pexiome’ in response to for example the supplementation of the diet with certain 

long chain fatty acids that acts as ligands to transcription factors that regulate the 

expression of peroxisomal genes, and also to investigate the role of peroxisomes when 

it comes to the “clearance” of these most often exclusive substrates for the 

peroxisome when it comes to degradation. 

 

Further studies on NUDT7α should be performed in order to firmly establish its role 

in CoA homeostasis in the peroxisome, by e.g. investigating siRNA phenotypes and 

over expression phenotypes of cells lines. It would also be interesting to study the role 

of other auxiliary enzymes in relation to the lipid degradation process in peroxisomes, 

and to study if they have activity on acyl-pantetheine esters produced by the Nudix 

hydrolases, or if the product have other functions as metabolites in peroxisomes or in 

other parts of the cell. 
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