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Foreword

Peroxisomes are subcellular organelles found in almost all eukaryotic cells. They 
are involved in a variety of metabolic processes, including the β-oxidation of very 
long chain fatty acids as well as the synthesis of ether-phospholipids and bile acids 
in mammals. Peroxisomal disorders represent disease conditions caused by defects 
in the biogenesis and function of the peroxisome.

This time, Prof. Shimozawa, Prof. Imanaka, and other distinguished clinicians 
and researchers who lead peroxisomal research in Japan have published the text-
book Peroxisomes. This book includes current progress in basic research of peroxi-
somes and important roles of peroxisomes for genetic diseases as well as cancer and 
age-related diseases. In the textbook, Prof. Shimozawa organized the clinical aspect 
of peroxisomal disorders. Prof. Kaga described the neurophysiology and neuropsy-
chology in adrenoleukodystrophy (ALD), and Prof. Yokoyama described the lipido-
mics of peroxisomal disorders as new aspects of peroxisomal disorders. On the 
other hand, Prof. Imanaka organized the basic science of peroxisomes.

Peroxisomal disorders including ALD are sometimes difficult to diagnose clini-
cally, as these disorders present in a variety of symptoms. To make a definitive 
diagnosis of peroxisomal disorders requires various clinical tests based on biochem-
ical and molecular genetics. Prof. Shimozawa, Gifu University, has screened many 
patients with peroxisomal disorders for more than 30 years. There are few laborato-
ries in the world that can diagnose peroxisomal disorders. Prof. Shimozawa and his 
coworkers have a lot of experiences in this area and made many achievements.

The Ministry of Health, Labor and Welfare of  Japan has conducted national 
research projects for intractable diseases. I have been worked extensively a project 
related to lysosomal and peroxisomal diseases as Principle Investigator for more 
than 10 years. Prof. Shimozawa’s group including above-mentioned professors has 
achieved many successful works in the field of peroxisomal research. I sincerely 
express my thanks for their great contribution to this research project.
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I hope that many clinicians and researchers including postgraduate students in 
the world would read the wonderful textbook published by Springer-Nature to 
understand the basics of peroxisomes and its clinical importance for the diagnosis 
and treatment of peroxisomal disorders.

Lysosomal and Peroxisomal Research Team  
supported by a Ministry of Health  
Labor and Welfare Refractory Disease Policy Project in Japan� 
Tokyo, Japan

The Jikei University School of Medicine
Tokyo, Japan
October 2, 2019

Yoshikatsu Eto

Foreword
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Preface

Peroxisomes are organelles that are present in almost all eukaryotic cells. The 
organelles were first described as “microbodies” by Rhodin in 1954. Subsequently, 
de Duve et al. found that they contained various H2O2-producing oxidases along 
with H2O2-degrading catalase and named them peroxisomes in 1965. At present, it 
is well known that peroxisomes are essential organelle to maintain cellular function 
in lipid metabolism, redox homeostasis, and intracellular signaling. Recently, it has 
been shown that physical contact between peroxisomes and other organelles plays 
an important role in the transporting or shuttling of metabolites for regulation of 
cellular functions.

With regard to the biogenesis of the peroxisome, several models have been pro-
posed. It is now considered most likely that peroxisomes are endoplasmic reticulum-
derived organelles. The biosynthesis of peroxisomes in mammals involves three 
different processes: the formation of the pre-peroxisome from the ER, the import of 
the peroxisomal membrane and matrix proteins to the pre-peroxisome, and the 
growth and division of the peroxisome. It has been revealed that many proteins 
called “peroxins” encoded by PEX genes are involved in peroxisome biogenesis.

Mutation of the genes encoding peroxisomal proteins and/or proteins involved in 
peroxisome biogenesis causes congenital metabolic disorders. Brown first described 
Zellweger’s cerebro-hepato-renal syndrome (Zellweger syndrome) in 1964. Then, 
Goldfisher discovered that peroxisomes were absent from tissues in patients with 
Zellweger syndrome. This syndrome contributed to our understanding of peroxi-
somal assembly and the metabolic importance of peroxisomes. In 1992, Shimozawa 
discovered the first gene responsible for Zellweger syndrome, which led to the elu-
cidation of many pathogenic PEX genes.

Our understanding of peroxisome functions, biogenesis, and diseases is deep-
ened through continuous progress of peroxisome research. Recently, many excel-
lent reviews have been published about peroxisome and related diseases. These 
reviews are targeted at experts who are interested in research on peroxisomes. On 
the other hand, we provide here the whole picture of peroxisome, based on present 
knowledge, for postgraduate students, young scientists, and clinicians in the field of 
internal medicine, pediatrics, and neurology who want to understand peroxisomes.
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This book includes the history of peroxisome research, biogenesis, and function 
of peroxisomes, and peroxisomal disorders. In addition, the book covers specific 
subjects such as isolation of peroxisomes, structural biology of peroxisomal pro-
teins involved in peroxisome biogenesis, lipidomics of peroxisomal disorders, and 
neurophysiology and psychology for adrenoleukodystrophy. The book also shows 
the future direction of peroxisome research and therapeutic development for peroxi-
somal disorders. We hope the book is helpful for young people to understand 
peroxisomes.

We would like to express our admiration for the contribution of Professor 
Emeritus Takashi Hashimoto at Shinshu University in peroxisomal functions and 
disorders (Fig. 1). He was one of the great pioneers in the field. He has successfully 
characterized peroxisomal β-oxidation system. He purified the enzymes involved in 
the β-oxidation and cloned the genes encoding the enzymes. He also prepared anti-
bodies against the enzymes and distributed them to many researchers around the 
world. The antibodies were of help to demonstrate several peroxisomal disorders 
caused by deficiency of peroxisomal β-oxidation enzymes. He passed away on April 
18, 2019, at the age of 86, and we dedicate this book to him and are deeply grateful 
to him for his great contribution to the field of peroxisome and peroxisomal 
disorders.

In addition, we appreciate Ms. Kripa Guruprasad and Drs. Sue Lee and Emmy 
Lee of Springer Nature for the continuous encouragement and support in preparing 
this book.

Hiroshima, Japan; Toyama, Japan�   Tsuneo Imanaka 
Gifu, Japan �   Nobuyuki Shimozawa 
September 2019

Fig. 1  Prof. Takashi 
Hashimoto in the 54th 
Annual Meeting of the 
Japanese Society for 
Inherited Metabolic 
Diseases at Gifu, Japan, in 
November 2012. Prof. 
Hashimoto makes a speech 
at the welcome party

Preface
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Chapter 1
The History of Peroxisomal Research

Tsuneo Imanaka

Abstract  Peroxisomes are subcellular organelles bounded by a single membrane. 
They are involved in a variety of metabolic processes, including the β-oxidation of 
very long chain fatty acids, as well as the synthesis of ether-phospholipids and bile 
acid in mammals. These organelles were first described in 1954 in the cytoplasm of 
the proximal tubule cells of the mouse kidney by Rhodin and were first known as 
“microbodies”. Subsequently, in 1965 de Duve et al. isolated microbodies from the 
rat liver and defined them as membrane-bound organelles containing various H2O2-
producing oxidases along with H2O2-degrading catalase, and named them peroxi-
somes. The fatty acid β-oxidation system was identified in rat liver peroxisomes in 
1976. Goldfischer discovered that peroxisomes were absent from the tissues of 
patients with Zellweger syndrome in 1973, and the metabolic defects that character-
ize this disease contributed to the elucidation of the metabolic roles of peroxisomes 
in humans. With regard to the biogenesis of the peroxisome in mammals, several 
models have been proposed and the following process is generally accepted. Pre-
peroxisomes bud from the endoplasmic reticulum, and peroxisomal membrane and 
matrix proteins are then imported into these pre-peroxisomes. The mature peroxi-
somes grow by division. Here, I look back the history of peroxisomal research 
based on the investigation of the biogenesis and function of peroxisomes, along 
with peroxisomal diseases.

Keywords  Peroxisome · Biogenesis · Function · Lipid metabolism · Peroxisomal 
diseases

Abbreviations

ER	 Endoplasmic reticulum
PBD	 Peroxisome biogenesis disorder
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PMP	 Peroxisomal membrane protein
RCDP	 Rhizomelic chondrodysplasia punctata
VLCFA	 Very long chain fatty acid
X-ALD	 X-linked adrenoleukodystrophy

1.1  �Introduction

Peroxisomes are single membrane-bound organelles existing in almost all eukary-
otes and are ubiquitous in mammalian cells. Most cells contain spherical or sphe-
roidal peroxisomes with a diameter between 0.1 and 1 μm (Fig. 1.1), although the 
peroxisomes vary considerably in shape and size in different tissues. Peroxisomes 
are small organelles comprising only a few percent of the volume of the human 
liver and kidney cells, where peroxisomes are most abundant. Nonetheless, despite 
such low abundance, the function of peroxisomes is indispensable in mammals, 
including humans.

These organelles were first described in 1954 by Rhodin while he was a post-
graduate student at the Karolinska Institute working in the laboratory of Sjöstrand, 
one of the pioneers of electron microscopy. Rhodin closely examined the proximal 
tubule cells of the mouse kidney and observed a small organelle that had not been 
previously described. It was surrounded by a single membrane and filled with a fine 
granular matrix. He must have been excited about the appearance of an unknown 
cell compartment. He called these compartments “microbodies” (Rhodin 1954; de 
Duve 1983). Subsequently Rouiller and Bermhard reported similar structures in rat 
hepatic cells (Bernhard and Rouiller 1956). However, cell biologists did not express 
much interest in these microbodies since their function was unknown.

The microbodies were first characterized biochemically by de Duve and his col-
leagues (Baudhuin et al. 1965; de Duve and Baudhuin 1966). de Duve had always 
maintained that all members of a given organelle family have the same enzymatic 
composition (Fig.  1.2). He and his colleagues undertook efforts to separate the 
microbodies from other organelles, especially lysosomes. Initially, the distribution 
of the microbodies and lysosomes were found to be in tight proximity when normal 
rat liver cells were fractionated. In contrast, when rats were injected with the deter-
gent Triton WR-1339, the lysosome density was selectively lowered by the accumu-
lation of lipids derived from plasma lipoproteins, and the microbodies were then 
clearly separated from the lysosomes (Leighton et al. 1968). They also found that 
microbodies contained various H2O2-producing oxidases and the H2O2-degrading 
enzyme catalase (de Duve and Baudhuin 1966; Baudhuin 1969). They named these 
organelles “peroxisomes”, but the physiological function was still poorly understood.

In 1967 Beevers and his colleagues discovered particles that were character-
ized by a high equilibrium density in a sucrose gradient, which is a typical 
property of peroxisomes. These particles from castor been endosperm had gly-
oxylate cycle enzymes, so he named them “glyoxysomes” (Breidenbach and 

T. Imanaka
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Beevers 1967). Soon after they reported that glyoxysomes contain catalase, gly-
col oxidase and urate oxidase (Breidenbach et al. 1968). This finding supports 
the hypothesis that there is a phylogenetic relationship between peroxisomes 
and glyoxysomes in the plant and animal kingdoms.

P

P

M

Fig. 1.1  Electron micrograph of rat liver peroxisomes. P peroxisome, M mitochondrion. The bar, 
1 μm. [Courtesy of Sadaki Yokota (Professor emeritus at Yamanashi University)]

Fig. 1.2  Prof. de Duve in his laboratory of Biochemical Cytology at Rockefeller University in 
1987. Prof. de Duve is standing close to the centrifuge that he developed. (Figure from Imanaka 
2018 with the permission of the Pharmaceutical Society of Japan)

1  The History of Peroxisomal Research
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1.2  �Peroxisome Function

In 1969 Beevers’s group found glyoxysomes have all the enzymes necessary for the 
β-oxidation of fatty acids (Cooper and Beevers 1969). The β-oxidation enzymes 
allow efficient conversion of fatty acid to carbohydrate via the glyoxylate cycle. 
Interestingly, the first step of fatty acid β-oxidation was found to be a hydrogen-
producing oxidation that is different from that of the mitochondrial fatty acid 
β-oxidation system. Surprisingly in hindsight, the significance of this observation 
failed to be recognized for almost a decade.

On the other hand, it was shown in mammals at that time that ethyl-p-
chlorophenoxybutyrate (CPIB or clofibrate) decreased the concentration of serum 
neutral lipids in patients with hyperlipidemia (Thorp and Waring 1962). Then rodent 
studies showed that clofibrate increased liver size and induced a remarkable prolif-
eration of peroxisomes (Hess et al. 1965; Svoboda and Azarnoff 1966). However, 
the metabolic implications of these findings did not immediately receive attention. 
In the 1970s, based on the evidence that clofibrate and other hypolipidemic drugs 
induced the proliferation of hepatic peroxisomes, peroxisomes came to be under-
stood to play an important role in lipid metabolism (Reddy and Krishnakantha 
1975). Nonetheless, there was still no direct corroboration.

In 1976, Lazarow and de Duve found that rat liver peroxisomes were capable of 
palmitoyl-CoA oxidation, with reduction of O2 to H2O2 in a cyan-insensitive man-
ner, and that this oxidation was enhanced in rats given clofibrate (Lazarow and de 
Duve 1976). This was the first report on the physiological function of peroxisomes 
in mammals. They also suggested that the hepatic fatty acid β-oxidation system 
plays a role in reducing lipid serum levels with hypolipidemic drugs. It was subse-
quently shown that treating rodents with these drugs also induced certain peroxi-
somal enzymes involved in fatty acid β-oxidation (Osumi and Hashimoto 1978).

With regard to peroxisome function, several different metabolic pathways after 
the β-oxidation system had been reported in mammalian peroxisomes. These 
include very long chain fatty acid (VLCFA) β-oxidation, as well as the synthesis of 
ether-phospholipids and bile acid. Elucidation of these metabolic roles of peroxi-
somes in humans was coupled to the research on Zellweger syndrome, in which no 
functional peroxisomes exist (Goldfischer et al. 1973). In the middle years of the 
1980s, Moser and his colleagues demonstrated that VLCFAs were increased in the 
plasma and cultured skin fibroblasts from these patients, and VLCFA oxidation was 
impaired in the homogenates of cultured skin fibroblasts (Moser et al. 1984). The 
activity of dihydroxyacetone phosphate acyltransferase, a peroxisomal enzyme with 
a major role in ether-phospholipid synthesis, was found to be deficient in the skin 
fibroblasts of patients with Zellweger syndrome (Datta et al. 1984). Defective per-
oxisomal cleavage of the C27-steroid side chain in bile acid synthesis was also 
found in Zellweger syndrome (Kase et al. 1985). Later, antibodies against peroxi-
somal enzymes prepared by Hashimoto’s group at Shinshu University helped to 
confirm a relationship to a deficiency in peroxisomal β-oxidation enzymes in sev-
eral different peroxisomal diseases. In addition to lipid metabolism, peroxisomes 

T. Imanaka
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play a role in several non-lipid metabolic pathways, including purine, polyamine, 
glyoxylate and d-amino acid metabolism as wells as reactive oxygen metabolism. 
Recently, it is suggested that peroxisomes are multifunctional organelles that inter-
act with other organelles in various metabolic and signaling pathways.

Concerning proliferation of peroxisomes and their function, it must be pointed 
out that the peroxisome proliferator-activated receptor (PPAR) was discovered in 
1990 (Issemann and Green 1990). PPAR is a general transcriptional regulator of 
lipid homeostasis, and several hypolipidemic and antidiabetic agents have been 
shown to be effective ligands. PPARα is known to be able to control not only per-
oxisomal metabolism, but also lipid homeostasis (Vamecq et al. 2014).

1.3  �Biogenesis of the Peroxisome

In the early days of this research when microbodies were first found in the rat liver, 
they were thought to be precursors of mitochondria based on morphological obser-
vations in the course of liver regeneration and under various pathological conditions 
(Bernhard and Rouiller 1956). In the 1960–1970s, peroxisomes were thought to be 
formed from the endoplasmic reticulum (ER), since peroxisomes often appeared in 
clusters surrounded by a smooth ER and seemed to be continuous in a number of 
places with the ER (Novikoff and Novikoff 1972). A pulse-chase study of catalase 
in the rat liver showed that labeled-catalase appeared first in the ER fraction and 
then was transported to the mitochondrial fraction (Higashi and Peters Jr. 1963), 
although peroxisomes had not yet been identified in tissues.

In the 1980s, it was demonstrated that many peroxisomal proteins, including 
membrane proteins, are synthesized on free polysomes. In vitro import studies 
were developed and showed that newly synthesized peroxisomal matrix proteins 
were directly transported into peroxisomes. We demonstrated that acyl-CoA oxi-
dase, a peroxisomal matrix protein, was imported into purified rat liver peroxi-
somes and that the import required ATP hydrolysis, but not a change in the 
membrane potential (Imanaka et al. 1987). In addition, in 1987 Gould, a postgradu-
ate student in the Subramani laboratory at the University of California (San Diego), 
showed a peroxisome targeting signal in the COOH-terminal 12 amino acids of 
firefly luciferase by the transfection of the cDNA in CV-1 monkey cells (the lucif-
erase is present in peroxisome-like organelles in the cells of the firefly lantern 
organ) (Gould et  al. 1987). He subsequently showed that the COOH-terminal 
amino acids Ser-Lys-Leu (SKL) were sufficient for the targeting of the protein to 
peroxisomes (Gould et al. 1988). At the time, it had become generally accepted that 
peroxisomes could form by growth and division from pre-existing organelles, like 
mitochondria (Lazarow and Fujiki 1985).

By the end of the 1980s, a search for the genes involved in peroxisome biogenesis 
had been initiated. Erdman in Prof. Kunau’s laboratory at Ruhr-University in 
Germany isolated mutants of the yeast Saccharomyces cerevisiae that affected per-
oxisomal assembly (pas mutations) (Erdmann et al. 1989). The mutants were isolated 

1  The History of Peroxisomal Research
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based on the characteristics of the cells that were not able to grow on oleic acid as the 
sole carbon source. Subsequently, he isolated the PAS1 gene required for peroxisome 
biogenesis. Interestingly, Pas1p is a member of the ATPases associated with diverse 
cellular activities (AAA) -ATPase (Erdmann et al. 1991). On the other hand, Fujiki 
and his colleagues in Meiji Institute of Life Science at that time isolated mutant CHO 
cells defective in peroxisome assembly by screening cells with dihydroxyacetone 
phosphate acyltransferase deficiency (Tsukamoto et al. 1990). They isolated a per-
oxisome assembly factor (PAF) gene encoding a peroxisomal membrane protein 
(PMP) that restored peroxisome biogenesis (Tsukamoto et al. 1991). Subsequently, 
many genes involved in the biogenesis of peroxisomes have been identified in differ-
ent yeast strains and given names such as PER, PAY, and PEM. As the names became 
confusing in the course of multiple descriptions of the same gene in different species, 
the names were unified in 1996 as the gene “PEX” and the protein peroxin, “Pexp” 
for short (Distel et al. 1996). The genes are numbered according to the order in which 
they were identified.

During this time, it was shown that peroxisomes were not detected in cells with 
a mutation in either the PEX3 or PEX19 gene, and peroxisomes reappeared upon 
transfection with a normal cDNA of PEX3 or PEX19, respectively. Furthermore, 
the newly synthesized Pex3p was shown to be inserted into ER membranes. Based 
on these observations, it is considered most likely at present that peroxisomes are 
ER-derived organelles in mammals (Agrawal and Subramani 2016), although there 
is a suggestion that pre-peroxisomes are formed by the fusion of vesicles derived 
from the ER and mitochondrial outer membranes (Sugiura et al. 2017). The bio-
synthesis of peroxisomes in mammals is proposed to involve three different pro-
cesses, i.e. budding of pre-peroxisomes from the ER and the import of PMPs and 
matrix proteins into the pre-peroxisomes and peroxisomes, growth into mature 
peroxisomes and ultimately, division/proliferation (Fig. 1.3). However, it should be 
note that when peroxisomes already exist, newly synthesized PMPs are directly 
transported to peroxisomes.

In retrospect, a peroxisome biogenesis model was proposed based on the experi-
mental results obtained by the latest technology of that time, and then the model was 
reevaluated and revised based on new evidence obtained by subsequently emerging 
technology. Tracing the evolving history of the developing conceptualization of the 
biogenesis of the peroxisome is considerable interest. The idea of where the peroxi-
some originates goes back to the ER hypothesis from over half a century ago. It is 
known that many of the so-called peroxins encoded by the PEX genes are involved 
in peroxisome biogenesis. To date, 36 peroxins have been identified. Currently, it is 
important to analyze the sites that newly synthesized endogenous Pex3p or Pex16p, 
which initiate de novo peroxisome biogenesis, target in cells completely lacking 
peroxisome remnants.

T. Imanaka
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1.4  �Peroxisomal Diseases

The peroxisomal diseases comprise a congenital metabolic disorder and muta-
tion of the genes encoding peroxisomal proteins and/or proteins involved in per-
oxisome biogenesis results in a variety of human diseases. These diseases are 
generally classified into two groups: peroxisome biogenesis disorders (PBDs) 
and single peroxisomal enzyme deficiency disorders (Wanders et al. 2017).

Concerning the PBDs, Bowen first described Zellweger syndrome as 
Zellweger’s cerebro-hepato-renal syndrome in 1964 (Bowen et  al. 1964). As 
mentioned above, Goldfischer discovered that peroxisomes were absent from tis-
sues in Zellweger’s patients (Goldfischer et al. 1973). Initially, the importance of 
this finding was not well recognized. However, the syndrome came into the spot-
light as a specific inheritable metabolic disease with a defect in organelle assem-
bly through the emerging understanding of the metabolic importance of 
peroxisomes. In addition, as clinically similar but less severe phenotypes, neona-
tal adrenoleukodystrophy (Scotto et al. 1982) and infantile Refsum disease were 
reported (Ulrich et al. 1978). As another phenotype, rhizomelic chondrodysplasia 
punctata (RCDP) was reported by Spranger et al. in 1971 (Spranger et al. 1971). 
PCDP is clinically characterized by proximal shortening of the limbs and multi-
ple punctuate epiphyseal calcifications.

These diseases were first described in the past, before the biochemical and 
molecular bases of this disease spectrum were fully determined. During discovery 

Pre-peroxisome

Pex19p
PMP Matrix protein import

ER

Pex3p

Pex16p

budding

Free polysome

fusion

Peroxisome

division

Fig. 1.3  Biogenesis of the peroxisome. A pre-peroxisome containing Pex3p and Pex16p buds 
from the ER. Newly synthesized PMP and matrix proteins are post-translationally imported into 
the pre-peroxisome. After fusion of the pre-peroxisomes, a mature peroxisome is formed. The 
number of peroxisomes increases by division. (Figure from Imanaka 2018 with the permission of 
the Pharmaceutical Society of Japan)

1  The History of Peroxisomal Research



10

of the PEX genes, intensive investigation to identify the genes responsible for PBDs 
was undertaken. Shimozawa in 1992 first identified a point mutation in the PAF1 
(PEX2) gene in a patient that resulted in the premature termination of Pex2p 
(Shimozawa et al. 1992). Then many mutated genes were identified in Zellweger 
syndrome and surprisingly, in the case of RCDP, mutations of PEX7 gene was inde-
pendently reported by three different laboratories in the same issue of Nature 
Genetics (Braverman et al. 1997; Motley et al. 1997; Purdue et al. 1997).

The diseases due to single peroxisomal enzyme deficiency include defects in 
peroxisomal matrix enzymes as well as PMPs. Based on the discovery of metabolic 
pathways in peroxisomes, such as β-oxidation of VLCFA and branched chain of 
fatty acids, as well as the biosynthesis of ether-phospholipids and bile acids, many 
peroxisome diseases with a single enzyme deficiency have been discovered. Some 
of these diseases were described in the past and later the responsible proteins or 
genes were identified. The clinical phenotypes of single peroxisomal enzyme defi-
ciency depend upon the specific function of a given protein in peroxisomal metabo-
lism. These include mutation of the ABC transporters, ABCD1 and ABCD3, the 
enzymes involved in β or α-oxidation, ether-phospholipid synthesis, glyoxylate 
detoxification, and catalase (Wanders et al. 2017).

Among the cases of peroxisomal enzyme deficiency, X-linked adrenoleukodys-
trophy (X-ALD) is the most common peroxisomal disease caused by mutations in 
the ABCD1 gene. The affected patients display progressive demyelination of the 
central nervous system (CNS), adrenal insufficiency, and testicular dysfunction as 
pathological characteristics. According to the literature (Engelen et  al. 2012; 
Trompier and Savary 2013), in 1897 Heubner first described a young boy with rap-
idly progressive neurologic deterioration consistent with X-ALD who had “diffuse 
sclerosis” on autopsy. In 1970, the name adrenoleukodystrophy was proposed and 
the condition ultimately came to be known as X-ALD (Blaw 1970). In 1976, 
Igarashi established the biochemical basis for X-ALD by showing VLCFA accumu-
lation in the brain and adrenal glands of patients (Igarashi et al. 1976). In 1993, 
Aubourg and his colleagues identified the ALD (ABCD1) gene by positional cloning 
as the gene in which mutations are responsible for X-ALD (Mosser et al. 1993). As 
the VLCFA-CoA synthetase gene had been suspected to be associated with X-ALD 
at that time, it was surprising that the responsible protein was this transporter.

The indispensable role of peroxisomes in human health and development is 
evidenced by the existence of a large number of inborn errors of peroxisome 
assembly and peroxisomal metabolism. At present, 23 genetic diseases caused by 
the mutation of 32 genes are classified as peroxisomal diseases. With regard to 
these peroxisomal diseases, many genes have been identified and an understanding 
of their pathogenesis is as yet still a work in progress. However, many of these 
diseases are severe, so progress is urgently required. At present, therapeutic 
approaches to X-ALD are under investigation. I hope in the near future therapeutic 
protocols for X-ALD will become established and serve as a model approach to 
other peroxisomal diseases.

Additionally, glyoxysomes, glycosomes and Woronin bodies are known to be 
organelles related to the peroxisomes. They are formed by the same mechanism as 
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peroxisomes and carry out specific functions in different species. Glyoxysomes, as 
mentioned above, include fatty acid β-oxidation and glyoxylate cycle enzymes, and 
are involved in plant germination (Graham 2008). The glycosomes, a protozoan 
microbody-like organelle, were discovered in Trypanosome brucei by Opperdoes 
and Borst in 1977 (Opperdoes and Borst 1977). Glycosomes possess glycolytic 
enzymes but no catalase, and play an important role in survival of protozoans in the 
host animal blood stream, including humans (Haanstra et al. 2016). The Woronin 
bodies in ascomycete fungi contain the structural protein, hexagonal peroxisome 
protein (Hex1). The hyphal cells are separated by perforated septa and by Woronin 
bodies. They seal the pore to protect the remaining cells when extensive wound-
induced damage occurs (Steinberg et al. 2017). This chapter was written based on 
the review article (Imanaka 2019).

Acknowledgments  The publication is supported in part by a Grant-in-Aid for Intractable 
Diseases from the Ministry of Health, Labour and Welfare of Japan. Pacific Edit reviewed the 
manuscript prior to submission.

References

Agrawal G, Subramani S (2016) De novo peroxisome biogenesis: evolving concepts and conun-
drums. Biochim Biophys Acta 1863(5):892–901

Baudhuin P (1969) Liver peroxisomes, cytology and function. Ann N Y Acad Sci 168(2):214–228
Baudhuin P et al (1965) Combined biochemical and morphological study of particulate fractions 

from rat liver. Analysis of preparations enriched in lysosomes or in particles containing urate 
oxidase, D-amino acid oxidase, and catalase. J Cell Biol 26(1):219–243

Bernhard W, Rouiller C (1956) Microbodies and the problem of mitochondrial regeneration in 
liver cells. J Biophys Biochem Cytol 2(4 Suppl):355–360

Blaw M (1970) Melanodermic type leukodystrophy (adrenoleukodystrophy). In: Vinken PJ, Bruyn 
GW (eds) Handbook of clinical neurology, vol 10. American Elsevier, New York, pp 128–133

Bowen P et al (1964) A familial syndrome of multiple congenital defects. Bull Johns Hopkins 
Hosp 114:402–414

Braverman N et al (1997) Human PEX7 encodes the peroxisomal PTS2 receptor and is responsible 
for rhizomelic chondrodysplasia punctata. Nat Genet 15(4):369–376

Breidenbach RW, Beevers H (1967) Association of the glyoxylate cycle enzymes in a novel sub-
cellular particle from castor bean endosperm. Biochem Biophys Res Commun 27(4):462–469

Breidenbach RW et al (1968) Characterization of glyoxysomes from castor bean endosperm. Plant 
Physiol 43(5):705–713

Cooper TG, Beevers H (1969) β oxidation in glyoxysomes from castor bean endosperm. J Biol 
Chem 244(13):3514–3520

Datta NS et al (1984) Deficiency of enzymes catalyzing the biosynthesis of glycerol-ether lipids 
in Zellweger syndrome. A new category of metabolic disease involving the absence of peroxi-
somes. N Engl J Med 311(17):1080–1083

de Duve C (1983) Microbodies in the living cell. Sci Am 248(5):74–84
de Duve C, Baudhuin P (1966) Peroxisomes (microbodies and related particles). Physiol Rev 

46(2):323–357
Distel B et  al (1996) A unified nomenclature for peroxisome biogenesis factors. J Cell Biol 

135(1):1–3

1  The History of Peroxisomal Research



12

Engelen M et al (2012) X-linked adrenoleukodystrophy (X-ALD): clinical presentation and guide-
lines for diagnosis, follow-up and management. Orphanet J Rare Dis 7:51

Erdmann R et al (1989) Isolation of peroxisome-deficient mutants of Saccharomyces cerevisiae. 
Proc Natl Acad Sci U S A 86(14):5419–5423

Erdmann R et al (1991) PAS1, a yeast gene required for peroxisome biogenesis, encodes a member 
of a novel family of putative ATPases. Cell 64(3):499–510

Goldfischer S et al (1973) Peroxisomal and mitochondrial defects in the cerebro-hepato-renal syn-
drome. Science 182(4107):62–64

Gould SG et al (1987) Identification of a peroxisomal targeting signal at the carboxy terminus of 
firefly luciferase. J Cell Biol 105(6 Pt 2):2923–2931

Gould SJ et al (1988) Identification of peroxisomal targeting signals located at the carboxy termi-
nus of four peroxisomal proteins. J Cell Biol 107(3):897–905

Graham IA (2008) Seed storage oil mobilization. Annu Rev Plant Biol 59:115–142
Haanstra JR et al (2016) Biogenesis, maintenance and dynamics of glycosomes in trypanosomatid 

parasites. Biochim Biophys Acta 1863(5):1038–1048
Hess R et  al (1965) Nature of the hepatomegalic effect produced by ethyl-chlorophenoxy-

isobutyrate in the rat. Nature 208(5013):856–858
Higashi T, Peters T Jr (1963) Studies on rat liver catalase. I. Combined immunochemical and enzy-

matic determination of catalase in liver cell fractions. J Biol Chem 238:3945–3951
Igarashi M et  al (1976) Fatty acid abnormality in adrenoleukodystrophy. J Neurochem 

26(4):851–860
Imanaka T et al (1987) Translocation of acyl-CoA oxidase into peroxisomes requires ATP hydro-

lysis but not a membrane potential. J Cell Biol 105(6 Pt 2):2915–2922
Imanaka T (2018) Biogenesis, the function of peroxisomes, and their role in genetic disease: with 

a focus on the ABC transporter. Yakugaku Zasshi 138:1067–1083
Imanaka T (2019) Biogenesis and function of peroxisomes with a focus on the ABC transporter. 

Biol Pharm Bull 42(5):649–665. https://doi.org/10.1248/bpb.b18-00723
Issemann I, Green S (1990) Activation of a member of the steroid hormone receptor superfamily 

by peroxisome proliferators. Nature 347(6294):645–650
Kase BF et al (1985) Defective peroxisomal cleavage of the C27-steroid side chain in the cerebro-

hepato-renal syndrome of Zellweger. J Clin Invest 75(2):427–435
Lazarow PB, de Duve C (1976) A fatty acyl-CoA oxidizing system in rat liver peroxisomes; 

enhancement by clofibrate, a hypolipidemic drug. Proc Natl Acad Sci U S A 73(6):2043–2046
Lazarow PB, Fujiki Y (1985) Biogenesis of peroxisomes. Annu Rev Cell Biol 1:489–530
Leighton F et al (1968) The large-scale separation of peroxisomes, mitochondria, and lysosomes 

from the livers of rats injected with triton WR-1339. Improved isolation procedures, automated 
analysis, biochemical and morphological properties of fractions. J Cell Biol 37(2):482–513

Moser AE et  al (1984) The cerebrohepatorenal (Zellweger) syndrome. Increased levels and 
impaired degradation of very-long-chain fatty acids and their use in prenatal diagnosis. N Engl 
J Med 310(18):1141–1146

Mosser J et al (1993) Putative X-linked adrenoleukodystrophy gene shares unexpected homology 
with ABC transporters. Nature 361(6414):726–730

Motley AM et al (1997) Rhizomelic chondrodysplasia punctata is a peroxisomal protein targeting 
disease caused by a non-functional PTS2 receptor. Nat Genet 15(4):377–380

Novikoff PM, Novikoff AB (1972) Peroxisomes in absorptive cells of mammalian small intestine. 
J Cell Biol 53(2):532–560

Opperdoes FR, Borst P (1977) Localization of nine glycolytic enzymes in a microbody-like organ-
elle in Trypanosoma brucei: the glycosome. FEBS Lett 80(2):360–364

Osumi T, Hashimoto T (1978) Enhancement of fatty acyl-CoA oxidizing activity in rat liver per-
oxisomes by di-(2-ethylhexyl)phthalate. J Biochem 83(5):1361–1365

Purdue PE et al (1997) Rhizomelic chondrodysplasia punctata is caused by deficiency of human 
PEX7, a homologue of the yeast PTS2 receptor. Nat Genet 15(4):381–384

T. Imanaka

https://doi.org/10.1248/bpb.b18-00723


13

Reddy JK, Krishnakantha TP (1975) Hepatic peroxisome proliferation: induction by two novel 
compounds structurally unrelated to clofibrate. Science 190(4216):787–789

Rhodin J (1954) Correlation of ultrastructural organization and function in normal and experimen-
tally changed proximal convoluted tubule cells of the mouse kidney. PhD thesis.

Scotto JM et al (1982) Infantile phytanic acid storage disease, a possible variant of Refsum’s dis-
ease: three cases, including ultrastructural studies of the liver. J Inherit Metab Dis 5(2):83–90

Shimozawa N et al (1992) A human gene responsible for Zellweger syndrome that affects peroxi-
some assembly. Science 255(5048):1132–1134

Spranger JW et  al (1971) Heterogeneity of Chondrodysplasia punctata. Humangenetik 
11(3):190–212

Steinberg G et al (2017) Woronin body-based sealing of septal pores. Fungal Genet Biol 109:53–55
Sugiura A et al (2017) Newly born peroxisomes are a hybrid of mitochondrial and ER-derived pre-

peroxisomes. Nature 542(7640):251–254
Svoboda DJ, Azarnoff DL (1966) Response of hepatic microbodies to a hypolipidemic agent, ethyl 

chlorophenoxyisobutyrate (CPIB). J Cell Biol 30(2):442–450
Thorp JM, Waring WS (1962) Modification of metabolism and distribution of lipids by ethyl chlo-

rophenoxyisobutyrate. Nature 194:948–949
Trompier D, Savary S (2013) X-linked adrenoleukodystrophy. Colloquium series on the genetic 

basis of human disease #4, Morgan and Claypool Life Sciences, Williston, USA
Tsukamoto T et al (1990) Isolation and characterization of Chinese hamster ovary cell mutants 

defective in assembly of peroxisomes. J Cell Biol 110(3):651–660
Tsukamoto T et al (1991) Restoration by a 35K membrane protein of peroxisome assembly in a 

peroxisome-deficient mammalian cell mutant. Nature 350(6313):77–81
Ulrich J et  al (1978) Adrenoleukodystrophy. Preliminary report of a connatal case. Light- and 

electron microscopical, immunohistochemical and biochemical findings. Acta Neuropathol 
43(1–2):77–83

Vamecq J et al (2014) The human peroxisome in health and disease: the story of an oddity becom-
ing a vital organelle. Biochimie 98:4–15

Wanders RJ et al (2017) Clinical and laboratory diagnosis of peroxisomal disorders. Methods Mol 
Biol 1595:329–342

1  The History of Peroxisomal Research



15© Springer Nature Singapore Pte Ltd. 2019
T. Imanaka, N. Shimozawa (eds.), Peroxisomes: Biogenesis, Function, and Role 
in Human Disease, https://doi.org/10.1007/978-981-15-1169-1_2

Chapter 2
Peroxisome Biogenesis

Kosuke Kawaguchi and Tsuneo Imanaka

Abstract  It is considered most likely at present that peroxisomes are endoplasmic 
reticulum (ER)-derived organelles. The biosynthesis of peroxisomes in mammals 
involves three different processes, the formation of the pre-peroxisome from the 
ER, the import of the peroxisomal membrane and matrix proteins to the pre-
peroxisome, and the growth and division of the peroxisome. Very recently a new 
process was reported, i.e. that pre-peroxisomes are formed by the fusion of vesicles 
derived from the ER and outer mitochondrial membranes. Based on recent findings, 
we discuss where the pre-peroxisomes are formed and become organized into 
mature peroxisomes. It is known that many proteins, called “peroxins”, are encoded 
by PEX genes and involved in peroxisome biogenesis, including the targeting of 
peroxisomal matrix and membrane proteins. To date, 36 peroxins have been identi-
fied. Here, recent progress in the mechanisms by which peroxisomal matrix and 
membrane proteins are targeted to the peroxisome are discussed. In addition, the 
selective targeting of ATP-binding cassette (ABC) transporter subfamily D to per-
oxisomes as well as lysosomes is also covered.
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PPV	 Pre-peroxisomal vesicle
PTS	 Peroxisomal targeting signal
TA	 Tail-anchored
VLCFA	 Very long chain fatty acid

2.1  �Introduction

Peroxisomes are single-membrane bound organelles that are ubiquitous in almost 
all eukaryotic cells. These organelles are involved in a variety of metabolic pro-
cesses, including the β-oxidation of fatty acids, especially very long chain fatty 
acids (VLCFA), and, in mammals, the synthesis of ether-phospholipids and bile 
acids (Waterham et al. 2016; Honsho and Fujiki 2017; Walker et al. 2018). Early 
studies suggested that peroxisomes, like mitochondria and chloroplasts, are autono-
mous organelles exclusively derived from the growth and division of pre-existing 
peroxisomes, because peroxisomal matrix and membrane proteins had been shown 
to be synthesized on cytosolic free polysomes and imported to pre-existing peroxi-
somes (de Duve 1982; Lazarow and Fujiki 1985). However, it was subsequently 
found that there are no peroxisomes in certain mutant cells lacking the proteins 
required for peroxisome biogenesis, and peroxisomes appear in these cells upon the 
introduction of the genes responsible for peroxisome biogenesis (Hohfeld et  al. 
1991; Wiemer et  al. 1996). These findings indicate that peroxisome biogenesis 
occurs de novo. Furthermore, it has been shown that endoplasmic reticulum (ER) is 
involved in de novo peroxisome biogenesis in Saccharomyces cerevisiae as well as 
mammals (Tabak et al. 2003; Hoepfner et al. 2005).

It is currently thought that peroxisomes arise de novo from the ER as pre-
peroxisome vesicles. During the fusion of these vesicles as well as the post-
translational transport of peroxisomal membrane and matrix proteins, 
pre-peroxisomes grow into mature peroxisomes and divide in two. However, it 
should be note that when peroxisomes already exist, newly synthesized peroxisomal 
membrane proteins (PMPs) are directly transported to peroxisomes, as in a “growth 
and division” model.

The proteins involved in peroxisome biogenesis are known as peroxins, referred 
to as PEX or Pex proteins in mammals and yeast, respectively (Fujiki 2016; Farre 
et  al. 2019), and 36 peroxins are presently identified across a variety of species 
(Table  2.1). Most of these peroxins are essential for the import of peroxisomal 
matrix proteins, and the rest are involved in the sorting of PMPs and peroxisome 
proliferation.

Among the PMPs, ATP-binding cassette (ABC) transporter subfamily D exists 
on peroxisomal membranes. ABCD1–4 belong to subfamily D in mammals and 
ABCD3 is one of the major components of the mammalian peroxisome (Imanaka 
et al. 1999). ABCD1–3 are involved in the transport of the various fatty acids includ-
ing VLCFA, branched chain fatty acids and bile acid intermediates, and di- and tri-
hydroxycholestanoyl-CoA (DHCA and THCA) for β-oxidation (see Chap. 4). The 
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ABCD1–3 are targeted to peroxisomes in a Pex19p-dependent manner. In contrast, 
ABCD4 is targeted to lysosomes via the ER since ABCD4 lacks a domain for the 
interaction of Pex19p, and is co-translationally inserted into the ER membrane. We 
discuss the organelle selective translocation of ABCD1–4.

Table 2.1  List of peroxins

Peroxin Property
Identified in
Mammal Yeast Fungi

Pex1p AAA-ATPase complex ◯ ◯ ◯

Pex2p Ubiquitin ligase (E3), RING-subcomplex ◯ ◯ ◯

Pex3p Membrane anchor of Pex19p ◯ ◯ ◯

Pex4p Ubiquitin conjugating enzyme (E2) ◯ ◯

Pex5p PTS1-receptor, PTS2-co-receptor ◯ ◯ ◯

Pex6p AAA-ATPase complex ◯ ◯ ◯

Pex7p PTS2-receptor ◯ ◯ ◯

Pex8p might be involved in cargo release ◯ ◯

Pex9p PTS1-receptor under a strictly defined growth condition ◯a

Pex10p Ubiquitin ligase (E3), RING-subcomplex ◯ ◯ ◯

Pex11p Membrane elongation, recruits the fission machinery ◯ ◯ ◯

Pex12p Ubiquitin ligase (E3), RING-subcomplex ◯ ◯ ◯

Pex13p PTS-receptor docking complex at the peroxisomal membrane ◯ ◯ ◯

Pex14p PTS-receptor docking complex at the peroxisomal membrane ◯ ◯ ◯

Pex15p Membrane anchor of AAA-ATPase complex ◯a

Pex16p RecruitsPMPs into ER ◯ ◯b ◯

Pex17p PTS-receptor docking complex at the peroxisomal membrane ◯

Pex18p PTS2-co-receptor ◯a

Pex19p Chaperon and receptor of PMPs ◯ ◯ ◯

Pex20p PTS2-co-receptor ◯b,c ◯

Pex21p PTS2-co-receptor ◯a

Pex22p Subcomplex of ubiquitin conjugating enzyme (E2) ◯ ◯

Pex23p Comprise a family of dysferlin domain-containing peroxin ◯ ◯ ◯

Pex24p Required for peroxisome assembly ◯ ◯

Pex25p Membrane elongation, recruits the fission machinery ◯

Pex26p Membrane anchor of AAA-ATPase complex ◯ ◯ ◯

Pex27p Negatively affects fission ◯a

Pex28p Controlsperoxisome size and proliferation ◯a

Pex29p Forms ER subdomain for PPV exit site ◯

Pex30p Forms ER subdomain for PPV exit site ◯a

Pex31p Forms ER subdomain for PPV exit site ◯a

Pex32p Controls peroxisome size and number ◯a,c

Pex33p PTS-receptor docking complex at the peroxisomal membrane ◯

Pex34p Functional ortholog of mammalian Pex16p ◯a

Pex35p Regulates peroxisome size and abundance ◯a

Pex36p Functional ortholog of mammalian Pex16p ◯c

Identified in aSaccharomyces cerevisiae, bYarrowia lipolytica or cKomagataella phaffii
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This chapter will focus on the formation of the pre-peroxisome from the ER, the 
targeting of peroxisomal matrix and membrane proteins, and the detailed mecha-
nisms underlying the targeting of ABCD proteins to peroxisomes.

2.2  �The Location Where the Pre-peroxisomes Are Formed 
and How They Mature into Peroxisomes

Since the discovery of peroxisomes, their biogenesis has been much debated. An ER 
origin of the peroxisome was initially proposed based on electron microscopy stud-
ies in mammalian cells (Novikoff and Novikoff 1972), as well as subcellular frac-
tionation studies in plants (Gonzalez and Beevers 1976). Subsequently, it was 
revealed that PMPs are synthesized on free polysomes in the cytosol and post-
translationally inserted into the peroxisomal membrane (Fujiki et al. 1984; Suzuki 
et al. 1987; Imanaka et al. 1996). Therefore, peroxisomes came to be considered as 
autonomous organelles that arise exclusively by the growth and division of pre-
existing peroxisomes (Lazarow and Fujiki 1985).

In the process of a characterization of mammalian cells having a PEX gene muta-
tion, it was revealed that peroxisomes were not detected in cells with a mutation in 
either the PEX3 or PEX19 gene, later the PEX16 gene, and that peroxisomes 
appeared upon transfection with a normal cDNA of these genes. It is difficult to 
explain this observation from the growth and division model. Furthermore, the 
newly synthesized Pex3p was shown to be inserted into the ER membranes in mam-
mals and S. cerevisiae. It is considered most likely at present that peroxisomes are 
ER-derived organelles. Three peroxins, Pex3p, Pex19p, and Pex16p, play a critical 
role in peroxisome membrane biogenesis in mammals. The functional orthologs of 
Pex16p are Pex34p and Pex36p in S. cerevisiae and Komagataella phaffii (formerly 
called Pichia pastoris), respectively. The steps for de novo peroxisome formation 
are described below (Fig. 2.1).

2.2.1  �Insertion of PMPs into the ER Membrane and Their 
Sorting to the Specific Domain

Not only Pex3p and Pex16p, but also several PMPs, transit to peroxisomes via the 
ER, and the pathway is conserved across species from yeast to mammals (Elgersma 
et  al. 1997; Titorenko and Rachubinski 1998; Lisenbee et  al. 2003; Karnik and 
Trelease 2005; Kragt et al. 2005; Kim et al. 2006; van der Zand et al. 2010; Schrul 
and Kopito 2016). For protein targeting to and insertion into the ER, two pathways 
are highly conserved. One is the classical co-translational pathway, utilized by most 
membrane proteins, involving targeting by the signal recognition particle (SRP) fol-
lowed by insertion via the Sec61 translocon (Rapoport 2007). The other is post-
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translational insertion of tail-anchored (TA) proteins mediated by cytosolic receptor 
proteins, Get3  in yeast and ASNA-1/TRC40  in mammals (Borgese and Fasana 
2011; Hegde and Keenan 2011).

The first direct evidence for involvement of the ER in peroxisome biogenesis was 
shown in Yarrowia lipolytica without any overexpression of PMPs (Titorenko and 
Rachubinski 1998). Two peroxins, Pex2p and Pex16p, were shown to be delivered 
to peroxisomes via the ER depending on Srp54p, a subunit of SRP. In mammalian 
cells, Pex16p expressed at endogenous levels is located mostly on peroxisomes. 
However, when expressed in Pex16p-deficient cells lacking peroxisomes, Pex16p 
localizes to the ER (Kim et al. 2006). The targeting of mammalian Pex16p to the ER 
was co-translational, similar to Pex3p, and in a SRP-dependent but not Pex3p- or 
Pex19p-dependent manner. Meanwhile Pex3p itself requires Pex16p for ER sorting 
(Aranovich et al. 2014). In S. cerevisiae, Pex3p, Pex8p, Pex13p and Pex14p were 
inserted into the ER in a Sec61 complex dependent manner (van der Zand et al. 
2010; Thoms et al. 2012).

The trafficking of TA-PMPs via the ER is not consistent in yeast and mammalian 
cells. In S. cerevisiae, a TA peroxin, Pex15p, interacts with Get3 and is then 
inserted  into the ER before it is finally translocated to the peroxisomes. Pex15p 
requires the Get3 complex, since Pex15p mis-localizes to the mitochondria in its 
absence (Schuldiner et al. 2008). In contrast to yeast, the TA peroxin Pex26p, the 
mammalian functional ortholog of yeast Pex15p, does not require ASNA-1 for per-

Fig. 2.1  Schematic representation of de novo peroxisome biogenesis in mammalian cells. The 
targeting of mammalian Pex16p to the ER was co-translational but not in a Pex3p- and Pex19p-
dependent manner. In contrast, Pex3p requires Pex16p for ER sorting. After the insertion of PMPs 
into the ER, the PMPs must to be sorted to specific sites in the ER where pre-peroxisomal vesicles 
(PPVs) exit. Then the ER-derived PPVs might be fused with the mitochondria-derived PPVs. Pre-
peroxisomes are post-translationally received PMPs and matrix proteins that become mature per-
oxisomes. The peroxisomes are then divided into two peroxisomes through elongation, constriction, 
and scission
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oxisomal targeting, but rather is directly transported to peroxisomes in a manner 
dependent on Pex19p, a peroxin responsible for the targeting of PMPs to peroxi-
somes (see below) (Yagita et al. 2013).

After the insertion of PMPs into the ER, they must to be sorted to specific ER 
sites where pre-peroxisomal vesicles (PPVs) exit. The signals required for the ER 
insertion and for intra-ER sorting have been characterized in detail in yeast Pex3p 
(Fakieh et  al. 2013). The NH2-terminal 17-amino acid region, conserved in its 
human and Drosophila homologs, has two signals that are each sufficient for sorting 
to the exit site. Two other types of intra-ER sorting of PMPs to the exit site have 
been revealed in K. phaffii (Agrawal et al. 2016, 2017). One is Pex3p- and Pex19p-
independent sorting with the docking subcomplex proteins (Pex13p, Pex14p and 
Pex17p), and Pex3p. The other is Pex3p and Pex19p dependent sorting of RING 
(really interesting new gene) domain PMPs (Pex2p, Pex10p and Pex12p), and 
Pex11pγ.  In mammalian cells, Pex16p is essential for the Pex19p-independent 
recruitment of both Pex3p and Pmp34p to the ER or for their intra-ER sorting (Hua 
et al. 2015). Mutational analysis of Pex16p identified the molecular targeting sig-
nals involved in its ER-to-peroxisome trafficking and the domain essential for PMP 
recruitment at the ER. The specific domain (AA.66–103) and adjacent transmem-
brane region are necessary for PMP recruitment at the ER, and a separate region 
(AA.71–81) serves as the ER-to-peroxisome signal.

2.2.2  �Budding and Fusion of PPV

Little is known about the PPV exit site, but it seems to be a stable ER subdomain 
like the ER exit site. In S. cerevisiae, Pex30p and its paralog, Pex31p, were shown 
to be enriched in ER subdomains that serve as the PPV exit site (Joshi et al. 2016). 
Moreover, PPVs and even lipid droplets (LDs) bud from similar ER domains 
through a process requiring cooperation between Pex30p and seipin, a widely con-
served protein frequently mutated in familial forms of lipodystrophy. Simultaneous 
deletion of these components significantly inhibits the budding of PPVs and LDs, 
indicating their partially redundant roles in organelle biogenesis (Joshi et al. 2018). 
Many other proteins, such as secretory proteins, ESCRT-III proteins, Pex19p and 
Pex29p in yeast (Titorenko and Rachubinski 1998; Perry et al. 2009; Agrawal et al. 
2011; Mast et al. 2016, 2018), and Sec16B in mammals (Tani et al. 2011; Yonekawa 
et al. 2011), are implicated in PPV budding.

It is particularly important that peroxisomal matrix protein import should not 
occur into PPV buds while PMPs reside in the ER. This requirement appears to be 
met be segregating PMPs into distinct ER-derived PPVs (Agrawal et al. 2016; van 
der Zand et al. 2012). In S. cerevisiae, one type of PPV contains the docking sub-
complex (Pex13p, Pex14p and Pex17p), while the other has components of the 
RING-subcomplex (Pex2p, Pex10p and Pex12p) (van der Zand et al. 2012). It was 
shown in K. phaffii that one PPV contains, in addition to the docking complex, the 
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PMPs, Pex3p and two RING proteins, Pex10p and Pex12p, whereas the other con-
tains Pex2p, Pex3p and Pex11pγ (Agrawal et al. 2016; Farre et al. 2017).

Moreover, a recent study in mammals suggests that some PPVs might also origi-
nate from mitochondria (Sugiura et  al. 2017). The translocation of exogenously 
expressed Pex3p-YFP or Pex16p-YFP in Zellweger syndrome fibroblasts lacking 
peroxisomes by a mutation in either the PEX3 or PEX16 gene was investigated. 
Interestingly, Pex3p-YFP was targeted to the outer mitochondrial membranes with 
endogenous Pex14p in the cells lacking Pex3p, and Pex16p-YFP was targeted to the 
ER in a Pex3p- and Pex19p-dependent manner. These observations show that Pex3p 
and Pex14p are released into vesicles and fuse with ER-derived vesicles containing 
Pex16p. In early studies, it was shown that many overexpressed PMPs are targeted 
to mitochondria in mutant cell lines lacking peroxisomes. In addition, it has been 
suggested that human Pex3p is co-translationally integrated into ER and exits the 
ER in budding vesicles in an in vitro assay (Mayerhofer et al. 2016). The expression 
levels of Pex3p and Pex16p might affect their targeting. Detailed analysis of the 
targeting of Pex3p and Pex16p using endogenous expression levels is required.

2.2.3  �The Elongation and Fission of Peroxisomes

Pre-peroxisomes are post-translationally received PMPs and matrix proteins and 
become mature peroxisomes. The peroxisomes are then divided into two peroxi-
somes through elongation, constriction, and scission. Pex11p is involved in the 
elongation step. In mammals, peroxisomes are associated with microtubules through 
Ras GTPase and MIRO1, an adaptor linking mammalian peroxisomes to microtu-
bules (Castro et al. 2018). As MIRO1 has been shown to mediate pulling forces in 
several cell types, it is believed to contribute to peroxisome elongation through 
microtubules together with Pex11p, especially Pex11pβ. However, peroxisomes can 
elongate in the presence of microtubule-depolymerizing drugs, suggesting that 
other pulling forces are involved in peroxisome elongation with Pex11p (Passmore 
et al. 2017). How peroxisomes constrict is not well understood at present. However, 
as peroxisomes seem to share the components of a common division machinery 
with mitochondria, the multiple constriction steps involved in mitochondrial divi-
sion might be helpful in guiding peroxisome research.

Peroxisome fission starts in K. phaffii with the phosphorylation of Pex11p(Ser173) 
that stimulates its interaction with the adaptor, Fis1p (Joshi et al. 2012). Fis1p then 
recruits the peripheral receptors, Mdv1p and/or Caf4p (Motley et al. 2008). They 
assemble a Dnm1p ring around the peroxisome constriction site. Mammals do not 
have homologs of these proteins, and Dlp1p is recruited to peroxisomes by Mffp 
and Fis1p (Loson et al. 2013). Yeast Dnm1p interacts with Fis1p and two Pex11p 
helices named B1 and B3. The hydrolysis of GTP by Dnm1p, enhanced by the inter-
action with the B3 helix of Pex11p, leads to a constriction that divides the 
peroxisome. Dnm1p is required for scission (Williams et al. 2015). Dnm1p forms a 
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ring-like structure around membranes, and the hydrolysis of GTP leads to a con-
striction that divides the organelle.

2.3  �Peroxisomal Matrix Protein Targeting

The peroxisomal matrix proteins are synthesized in the cytosol and imported to 
peroxisomes in a post-translational manner. Protein import into peroxisomes differs 
from protein import into other organelles such as mitochondria and chloroplasts 
(Leon et al. 2006a). Proteins may be imported in a fully folded, oligomeric and co-
factor bounded state. The import process can be divided into four steps: (1) cargo 
recognition in the cytosol, (2) docking of the receptor-cargo complex at the peroxi-
somal membrane, (3) cargo translocation across the membrane, and (4) receptor 
recycling (Fig. 2.2).

2.3.1  �Cargo Recognition in the Cytosol

The majority of the matrix proteins possess a COOH-terminal type 1 peroxisomal 
targeting signal (PTS1), which is defined as the tripeptide SKL and its variants in 
the consensus (S/A/C)-(K/R/H)-(L/A) (Gould et al. 1987, 1990; Lametschwandtner 
et al. 1998). PTS1 is recognized by the receptor Pex5p, which contains two separate 
domains: a COOH-terminal tetratricopeptide repeat (TPR) domain providing a high 
affinity PTS1-binding site (Stanley and Wilmanns 2006) and NH2-terminal domain 
binding with other peroxins (Stanley et al. 2006).

PTS type 2 (PTS2) conforms to the motif R-(L/V/I/Q)-xx-(L/V/I/H)-(L/S/G/A)- 
x-(H/Q)-(L/A) and is localized close to the NH2-terminal of the protein (Swinkels 
et al. 1991; Lazarow 2006). Few proteins (only four in human and three in S. cere-
visiae) are known to use PTS2 (Grunau et al. 2009; Jung et al. 2010), whereas in 
plants, approximately one third of peroxisomal matrix proteins possess PTS2 
(Lingner et al. 2011), The PTS2-dependent pathway is absent in Caenorhabditis 
elegans, Drosophila melanogaster and diatoms (Motley et  al. 2000; Faust et  al. 
2012; Fodor et al. 2012). PTS2-cargo is recognized by Pex7p, which contains sev-
eral tryptophan-aspartic acid (WD) repeats that mediate the binding (Marzioch et al. 
1994). Whereas Pex5p is sufficient for targeting PTS1-containing proteins to the 
peroxisomal membrane, Pex7p requires the assistance of species-specific auxiliary 
proteins. These PTS2-co-receptors are the orthologous redundant Pex18p and 
Pex21p in S. cerevisiae, Pex20p in most other yeast and fungi, and Pex5pL, a longer 
splice variant of the PTS1-receptor Pex5p, in mammals and plants (Schliebs and 
Kunau 2006).

In addition to the PTS1- or PTS2-dependent pathways, several matrix proteins 
may be co-imported in association with PTS-cargo proteins. This mechanism is 
known as “piggy-back import” and has been reported for the enoyl-CoA isomerases 
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Eci1p and Dci1p in S. cerevisiae (Yang et al. 2001), the five acyl-CoA oxidase iso-
forms in Y. lipolytica (Titorenko et al. 2002) and Cu/Zn superoxide dismutase in 
mammals (Islinger et al. 2009). Furthermore, it has been reported that other pro-
teins, like acyl-CoA oxidase from S. cerevisiae (Klein et al. 2002) and alcohol oxi-
dase from Ogataea polymorpha (formerly called Hansenula polymorpha) (Gunkel 
et  al. 2004), interact directly with Pex5p in a PTS1-independent manner. These 

PTS1cargo

PTS2 cargo

Fig. 2.2  Peroxisomal matrix protein import cycle in mammalian cells. Peroxisome matrix pro-
teins harboring PTS1 or PTS2 are recognized by the receptors Pex5p and Pex7p, respectively, in 
the cytosol. The cargo-bound receptors associate with the peroxisomal membrane via a docking 
complex that consists of the core components Pex13p and Pex14p. After docking of the cargo-
loaded receptors, the cargo must be translocated across the membrane and released inside the 
peroxisome. The mechanism by which cargo is released into the peroxisomal lumen is still 
unknown. After cargo release into the peroxisomal lumen, the receptors are mono-ubiquitinated at 
the peroxisomal membrane by the RING protein subcomplex, Pex2p, Pex10p and Pex12p. After 
mono-ubiquitination, PTS-receptors are transported to the cytosol, a process mediated by ATPase 
associated with diverse cellular activities (AAA)-ATPase complex composed of Pex1p and Pex6p. 
After being exported back to the cytosol, PTS-receptors are deubiquitinated and then reused in the 
next round of import
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proteins bind to the NH2-terminal region of Pex5p without any need of the TPR 
domain required for PTS1 recognition. This process is called “non-PTS import” 
(Gunkel et al. 2004).

2.3.2  �Docking of Receptor-Cargo Complex at the Peroxisomal 
Membrane

After the recognition of cargo in the cytosol, the cargo-bound receptors associate 
with the peroxisomal membrane via a docking complex comprised of the core com-
ponents Pex13p and Pex14p. Pex13p is an integral membrane protein, which inter-
acts with Pex14p via both the COOH-terminal Src-homology-3 (SH3) domain and 
an intraperoxisomal binding site, and also with PTS1-receptor Pex5p and PTS2-
receptor Pex7p via the SH3-domain and NH2-terminus, respectively (Pires et  al. 
2003; Schell-Steven et  al. 2005; Williams and Distel 2006). Pex14p harbors a 
proline-rich region that associates with the SH3-domain of Pex13p, and also inter-
acts with both PTS-receptors at distinct sites (Niederhoff et al. 2005). Pex14p is 
generally considered as the initial binding partner of cargo-bound PTS1-receptor 
Pex5p via two hydrophobic cavities, which interact with the characteristic WxxxF/Y 
motifs of Pex5p (Schliebs et al. 1999; Saidowsky et al. 2001).

In yeast, Pex17p is involved in the docking complex along with Pex13p and 
Pex14p. Yeast Pex17p is a peripheral membrane protein of unknown function, 
which associates with peroxisomes via Pex14p but not with Pex5p. A deficiency of 
Pex17p results in a failure to import matrix proteins into peroxisomes via either the 
PTS1- or PTS2-dependent pathways for unknown reasons (Huhse et al. 1998). A 
homolog of Pex17p has not yet been identified in higher eukaryotes. These docking 
complexes associate with another subcomplex comprised of three conserved RING 
domain proteins, Pex2p, Pex10p, and Pex12p, which possess E3 ligase activities. 
Together, the docking and RING subcomplexes form the importomer complex 
(Rayapuram and Subramani 2006; Meinecke et al. 2010).

2.3.3  �Cargo Translocation Across the Membrane

After docking with the cargo-loaded receptors, the cargo must be translocated 
across the membrane and released inside the peroxisome. However, these processes 
are still elusive. Over the years, several observations provided insights into how 
folded and oligomeric proteins are transported across the membrane. The most con-
vincing model is that the translocation occurs through a transiently opened pore. 
This pore is proposed to be composed of Pex14p and Pex13p (Grou et al. 2009) or 
Pex14p and the PTS1-receptor Pex5p (Erdmann and Schliebs 2005). Indeed, Pex5p 
possesses certain unique features. Pex5p changes its membrane topology during 
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protein import cascade, adjusts to a carbonate-resistant and a partial protease-
protected state, and thereby behaves like an integral membrane protein (Gouveia 
et al. 2000, 2003a; Platta et al. 2005; Kerssen et al. 2006). Furthermore, Pex5p and 
Pex14p together constitute the minimal translocon required for translocation of 
intraperoxisomal Pex8p across the peroxisomal membrane in K. phaffii (Ma et al. 
2009). In vitro, the Pex5p-Pex14p complex of S. cerevisiae is able to form an ion-
conducting channel with a variable pore size of up to 9 nm according to the size of 
the cargo (Meinecke et al. 2010). However, the actual architecture of the pore, as 
well as the driving force for translocation, remains unexplained.

The mechanism of how cargo is released into the peroxisomal lumen is also 
unknown. An in vitro study in O. polymorpha suggested that Pex8p might be respon-
sible for this process, because this peroxin is able to dissociate the receptor-cargo 
complex, and that a change in pH might resolve Pex5p-oligomers into the mono-
meric form and thereby also lead to the dissociation of the cargo from this receptor 
(Wang et al. 2003). Another study in K. phaffii suggests that Pex8p is concerned 
with disassembly of Pex5p oligomers and cargo depending on the redox-state (Ma 
et al. 2013). However, Pex8p is a less widely conserved yeast protein and is not 
conserved in higher eukaryotes (Kiel et al. 2006). Therefore, it is not easy to estab-
lish a consensus model. In mammalian cells, it was demonstrated that the NH2-
terminus of Pex14p takes part in the release of Pex5p-bound PTS1 protein from the 
translocon into the peroxisomal lumen (Freitas et al. 2011).

2.3.4  �Receptor Recycling

After cargo release into the peroxisomal lumen, the receptor and co-receptor are 
exported to the cytosol and recycled. During these processes, the receptors are 
mono-ubiquitinated and transported in an ATP-dependent manner (Gouveia et al. 
2003b; Oliveira et al. 2003). In general, ubiquitination is a highly conserved post-
translational protein modification, resulting in covalent attachment of a 76 amino 
acid polypeptide, ubiquitin (Goldstein et al. 1975). This attachment is archived by 
an enzyme-cascade, i.e., a ubiquitin-activating E1 enzyme, a ubiquitin-conjugating 
E2 enzyme and a ubiquitin-ligating E3 enzyme. During this modification, ubiquitin 
is activated in an ATP-dependent process by the E1 enzyme, which forms a thioester 
with the COOH-terminal amino acid (Gly) of ubiquitin. Subsequently, the activated 
ubiquitin is transferred to the active-site cysteine of the E2 enzyme to form an 
E2-ubiquitin thioester intermediate. Finally, the E3 ligase transfers ubiquitin from 
the E2, generally to a lysine residue or NH2-terminus of the substrate, but also, 
although rarely, to a cysteine (Kerscher et al. 2006). This mono-ubiquitination is 
required prior to the export of Pex5p back to the cytosol and is conserved across 
species from yeast to mammals, and occurs at a conserved NH2-terminal cysteine 
residue of Pex5p. Pex4p, anchored to peroxisomal membrane via Pex22p, functions 
as the E2-conjugating enzyme in yeast (Platta et  al. 2007; Williams et  al. 2007, 
2012). Its association with Pex22p stimulates the full E2 activity of Pex4p 
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(El Magraoui et al. 2014). As mammalian cells lack Pex4p- and Pex22p-orthologs, 
the functional related isoforms E2D1/2/3 (UbcH5a/b/c) function as E2 for cysteine 
mono-ubiquitination (Grou et al. 2008). The RING protein subcomplex, comprised 
of Pex2p, Pex10p and Pex12p, functions at the peroxisomal membrane as E3 ligase 
and is responsible for proper mono-ubiquitination of Pex5p (Platta et al. 2009; El 
Magraoui et al. 2012). The PTS2-coreceptor Pex18p of S. cerevisiae and its ortho-
log Pex20p of K. phaffii were found to be ubiquitinated in a manner similar to Pex5p 
(Purdue and Lazarow 2001; Leon et al. 2006b). Both Pex18p and Pex20p are poly-
ubiquitinated on lysine residues and mono-ubiquitinated on cysteines. The mono-
ubiquitination is essential for matrix protein import, while the poly-ubiquitination 
regulates the stability of the PTS2-co-receptors (Leon et al. 2006b; Hensel et al. 
2011; Liu and Subramani 2013) and renders the Pex5p a substrate ready for 
proteasome-mediated degradation (Francisco et al. 2014; Schwartzkopff et al. 2015).

After mono-ubiquitination, PTS-receptors or co-receptors are transported to 
the cytosol mediated by ATPase associated with diverse cellular activities (AAA)-
ATPase complex composed of Pex1p and Pex6p (Platta et  al. 2005; Miyata and 
Fujiki 2005). Pex1p and Pex6p display a dual localization in the cytosol and at the 
peroxisomal membrane. They are anchored to the peroxisomal membrane by asso-
ciating with the TA proteins Pex15p, Pex26p and APEM9 in yeast, mammals and 
plants, respectively (Birschmann et  al. 2003; Matsumoto et  al. 2003; Goto et  al. 
2011; Nashiro et al. 2011). It is supposed that the binding and hydrolysis of ATP by 
AAA-ATPases induce conformational changes which generate the force for pulling 
the receptor out of the membrane (Fujiki et al. 2012; Grimm et al. 2012). However, 
the exact molecular mechanisms of substrate recognition and extraction from the 
membrane are still unclear.

After being exported back to cytosol, PTS-receptors and co-receptors are deu-
biquitinated by Ubp15p for the mono-ubiquitinated Pex5p in yeast or by USP9X in 
mammals (Debelyy et al. 2011; Grou et al. 2012). Subsequently, the PTS receptors 
are reused in the next round of import.

2.4  �Targeting of the Peroxisomal Membrane Proteins

As mentioned above, certain PMPs are inserted into the ER membrane prior to their 
transit to the peroxisome. Here, the direct targeting pathway of PMPs to peroxi-
somes is described (Fig. 2.3). It has been demonstrated that only three peroxins in 
mammals, Pex3p, Pex19p and Pex16p, are essential for peroxisomal membrane bio-
genesis (Lazarow and Fujiki 1985; Fujiki et al. 2006). In the absence of these, there 
is no peroxisome remnant or “ghost” and PMPs are mistargeted or degraded (Kim 
et al. 2006).

PMPs are synthesized on cytosolic free polysomes and inserted post-
translationally into peroxisomal membranes. The PMP import pathway is distinct 
from that of matrix protein. Therefore, PMPs harbor neither PTS1 nor PTS2, but 
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rather, contain a membrane peroxisome targeting signal (mPTS) consisting of a 
Pex19p binding motif and membrane anchor sequence (Jones et  al. 2001). The 
PMPs that are sorted to the peroxisomal membrane in a Pex19p-depending manner 
are annotated as class I. The identified mPTS sequences are characterized by a clus-
ter of basic residues or a mixture of basic and hydrophobic amino acids, as well as 
the presence of one or more short and usually α-helix segments, in addition to at 
least one transmembrane segment (Jones et  al. 2001; Fransen et  al. 2001; 
Rottensteiner et al. 2004). In spite of these similarities in the mPTS motif, a clear 
consensus cannot be deduced. A subclass of peroxisomal PMPs belonging to TA 
proteins possesses a common COOH-terminal hydrophobic sequence as the mPTS 
that is responsible for both targeting and membrane insertion. TA proteins are 
inserted into the ER membranes by the ER-associated and ATP-dependent Get path-
way (Borgese and Fasana 2011; Hegde and Keenan 2011). However, at least two TA 
proteins, Pex26p and Fis1p, which are involved in peroxisome biogenesis, are sorted 
to peroxisomes in a Pex19p-dependent manner (Chen et al. 2014). In addition to the 
Pex19p-dependent pathway, class II PMPs do not require Pex19p-binding for per-
oxisomal targeting. The Pex19p-independent pathway was initially identified for 
Pex3p in mammalian cells (Kim et al. 2006; Jones et al. 2004), which traffics via the 

Fig. 2.3  The peroxisomal membrane protein import cycle in mammalian cells. After being trans-
lated on cytosolic free polysomes, PMPs are recognized by Pex19p via mPTS. Pex19p functions 
as both a shuttling PMP receptor and chaperone, with a capacity for self-recovery after PMP 
release. After the formation of the Pex19p-cargo complex in the cytosol, Pex19p docks on Pex3p 
at the peroxisomal membrane. Subsequently, PMP is inserted into the peroxisomal membrane and 
Pex19p recycles back to the cytosol for another round of PMP import
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ER (Fakieh et al. 2013; Mayerhofer et al. 2016). Since the early studies, many PMPs 
have been revealed to traffic to peroxisomes via the ER. However, it should also be 
note that the same PMP may traffic to peroxisomes directly or indirectly. For 
instance, mammalian Pex3p can also be transported directly to peroxisomes in a 
Pex16p- and Pex19p-dependent manner (Matsuzaki and Fujiki 2008).

Pex19p is ubiquitous in peroxisome-containing organisms and is a hydrophobic 
and acidic protein exhibiting a broad binding specificity for PMPs. Among verte-
brates, Pex19p are highly conserved and most versions are 299 amino acids in 
length. In contrast, Pex19p from plants, fungi and amoebozoa are highly diverse in 
sequence and length, suggesting functional diversity. Pex19p is predominantly cyto-
solic, but a small yet significant portion of Pex19p interacts with the peroxisomal 
membrane (Jones et al. 2004; Matsuzono et al. 1999). A farnesylation consensus 
motif exists at the COOH-terminus of all of the known forms of Pex19p except for 
the trypanosomatid (Banerjee et al. 2005). Pex19p possesses the ability to interact 
with most PMPs and stabilizes newly synthesized ones before sorting to the peroxi-
somal membrane in a Pex3p-dependent manner (Jones et al. 2004; Halbach et al. 
2006). Based on these findings, Pex19p functions as both a shuttling PMP receptor 
and chaperone, with a capacity for self-recovery after PMP release. In addition, it is 
suggested that Pex19p may function in the regulation of the docking process 
between cargo-loaded PTS1-receptor Pex5p and Pex14p (Knoops et  al. 2014; 
Veenhuis and van der Klei 2014), and in peroxisomal inheritance by binding directly 
to the myosin motor protein Myo2p in a Pex19p-farnesylation dependent manner 
(Otzen et al. 2012).

Pex19p has multiple protein-protein interaction regions: the NH2-terminus binds 
to Pex3p and thus mediates peroxisomal docking, a central domain is suggested to 
play a role in the formation of the PTS-receptor docking complex, and the COOH-
terminal domain binds to the mPTS of several PMPs (Shibata et al. 2004; Matsuzono 
et al. 2006; Sato et al. 2008). The binding affinity of the Pex3p-Pex19p complex has 
been determined to be less than 10 nM. The high affinity of this complex seems to 
be caused by an intricate set of interactions beyond a simple binary binding site. The 
affinity of the NH2-terminal binding site was determined structurally to be approxi-
mately five to ten times less than that full-length Pex3p, but this is still sufficient to 
establish a stable and constitutive protein/protein complex (Sato et al. 2010). The 
finding of a second low affinity Pex3p binding site within the central part of Pex19p 
could help explain the difference in binding affinity, but does not appear to be suf-
ficient to establish binding on its own (Schmidt et al. 2010, 2012). Little is known 
on the mechanism of the mPTS-mediated binding between PMPs and Pex19p. A 
crystal structure of the COOH-terminal segment revealed that it forms a largely 
α-helical bundle, thereby molding the mPTS-binding domain (Schueller et  al. 
2010). PMP binding data from truncated Pex19p indicated a crucial contribution of 
the first α-helical bundle in the COOH-terminal domain to PMP binding. The bind-
ing affinity corresponds to a dissociation constant KD of approximately 10 μM and 
is thus moderate. Furthermore, replacement of a number of exposed hydrophobic 
residues from this helix leads to loss of mPTS binding, indicating the non-specific 
hydrophobic interactions to be crucial (Schueller et al. 2010). After the formation of 
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Pex19p-cargo complexes in the cytosol, Pex19p docks on Pex3p at the peroxisomal 
membrane (Muntau et al. 2003; Fang et al. 2004), thereby forming a trimeric Pex3p-
Pex19p-cargo complex (Pinto et al. 2006). The crucial interaction between Pex3p 
and Pex19p was reported initially in S. cerevisiae (Gotte et al. 1998). The impor-
tance of the Pex3p-Pex19p interplay is further highlighted by the observation that 
an impaired interaction between these proteins contributes to a defective peroxi-
somal membrane biogenesis in the fibroblasts of a Zellweger Syndrome patient 
(Muntau et al. 2000).

Pex3p is anchored in the peroxisomal membrane by its NH2-terminal transmem-
brane segment, so that it exposes a large COOH-terminal domain towards the cyto-
sol. Similar to Pex19p, vertebrate Pex3p is highly conserved and is 372 or 373 
amino acids in length. In contrast, Pex3p from more distantly related organisms 
such as fungi and plants generally share less than 35% sequence identity with 
human Pex3p and are divergent in length. Despite these differences, the targeting 
information is still contained within the NH2-terminus 46 amino acids (Wiemer 
et al. 1996; Kammerer et al. 1998; Haan et al. 2002; Tam et al. 2005). The cytosolic 
region of Pex3p that is comprised of a “twisted six-helix bundle” binds to an NH2-
terminal site of Pex19p that is different from the PMP binding site of Pex19p. Based 
on this, Pex3p has been proposed to function as a Pex19p-dependent receptor and 
membrane docking factor (Fang et al. 2004). The Pex19p binding site on Pex3p is 
distant from the anticipated NH2-terminal transmembrane anchor. Three Pex3p loop 
regions contribute to this Pex19p binding site. Several residues, responsible for the 
Pex3p-Pex19p interaction in both Pex3p and Pex19p, especially hydrophobic resi-
dues, are universally conserved among the respective sequences from various spe-
cies, indicating that the interaction is conserved as well. A cluster of conserved 
hydrophobic residues near the NH2-terminal membrane insertion site seems to play 
a role in facilitating PMP membrane insertion, possibly by deforming the peroxi-
somal membrane (Huhse et al. 1998; Chen et al. 2014; Schmidt et al. 2012).

Although the structure of the fragments of the Pex3p-Pex19p complex have been 
determined, little is known about the architecture and conformational transitions 
this complex may undergo during the mPTS-PMP delivery process into the peroxi-
somal membrane.

2.5  �Organelle Selective Targeting of ABC Transporters

The ATP-binding cassette (ABC) transporters comprise a superfamily of membrane-
bound proteins found in almost all organisms from eubacteria to mammals. The 
architecture of the ABC transporters is composed of two nucleotide-binding 
domains (NBDs) that catalyze the hydrolysis of ATP and two transmembrane 
domains (TMDs) that form a translocation pathway. There are 48 ABC transporters 
in humans that are classified into seven subfamilies, A–G, based on structural orga-
nization and amino acid homology (Dassa and Bouige 2001; Vasiliou et al. 2009). 
The ABC transporters exist on plasma membranes and intracellular compartments 
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such as the mitochondria, peroxisomes, ER, Golgi apparatus and lysosomes, and 
play important roles in transporting a wide variety of substrates across both extra- 
and intracellular membranes in order to sustain cellular homeostasis. Defects in 
their functions are related to various diseases (Ueda 2011).

To date, four ABCD transporters have been identified: adrenoleukodystrophy 
protein (ALDP/ABCD1), ALDP-related protein (ALDRP/ABCD2), the 70-kDa 
peroxisomal membrane protein (PMP70/ABCD3) and the PMP70-related protein 
(P70R/ABCD4) (Kamijo et  al. 1990; Mosser et  al. 1993; Lombard-Platet et  al. 
1996; Shani et  al. 1997). The ABCD transporters have a predicted ABC half-
transporter structure, with one TMD comprised of six transmembrane helixes 
(TM1–6) and one NBD. ABCD1–3 are known to be peroxisomal proteins and pre-
dominantly function as a homodimer (Morita and Imanaka 2012), but a heterodi-
meric structure has also been suggested (Geillon et  al. 2014). It is reported that 
ABCD1 and ABCD2 are involved in the transport of long and very long chain fatty 
acids (VLCFAs) or their CoA-derivatives into peroxisomes (van Roermund et al. 
2008, 2011). ABCD3 is thought to play an important role in the transport of branched 
chain acyl-CoA and the bile acid intermediates DHCA and THCA (van Roermund 
et al. 2014). It is known that ABCD1 and ABCD3 defects are the cause of X-linked 
adrenoleukodystrophy (X-ALD), a neurodegenerative disease, and hepatospleno-
megaly, a liver disease, respectively (Mosser et al. 1993; Ferdinandusse et al. 2015).

The ABCD transporters are translated on free polysomes. ABCD1–3 are sorted 
to peroxisomes in a Pex19p-dependent manner. An NH2-terminal hydrophilic region 
containing an H0 motif, a hydrophobic segment adjacent to the NH2-terminal por-
tion of TM1, plays an important role in this translocation (Lee et al. 2014). In con-
trast, ABCD4 hardly interacts with Pex19p because of its lack of the NH2-terminal 
H0 motif, and as a result, ABCD4 is recognized by a certain SRP and integrated into 
the ER membrane (Kashiwayama et  al. 2009). Subsequently, ABCD4 is translo-
cated to lysosomes in a manner dependent on the lysosomal targeting ability of 
lysosomal membrane protein, LMBD1 (Kawaguchi et al. 2016).

In terms of the trafficking of newly synthesized peroxisomal ABCD transporters, 
ABCD3 has been studied in the greatest detail (Sacksteder et al. 2000; Biermanns 
and Gartner 2001; Kashiwayama et al. 2005, 2007). As ABCD3 is a hydrophobic 
integral membrane protein, binding with Pex19p is indispensable for ABCD3 to 
retain its soluble form and proper conformation for targeting to peroxisomes. In the 
absence of Pex19p, ABCD3 mostly remains in the cytosol and is rapidly degraded 
(Kinoshita et  al. 1998). Various truncated or mutated ABCD3 were prepared to 
investigate the region of ABCD3(AA.1–659) that is critical for binding with Pex19p 
(Kashiwayama et al. 2005). The truncation of the NH2-terminal 61 amino acids of 
ABCD3 severely reduced the interaction of ABCD3 with Pex19p. COOH-terminal 
truncation of TM6 also decreased the interaction, but further deletion of TM3–5 did 
not result in any additional decrease. In these conditions, the stoichiometry for the 
binding of ABCD3 to Pex19p is one-to-one. Furthermore, chimeric proteins of the 
NH2-terminal 61 amino acids as well as TM5 and TM6 fused with Escherichia coli 
dihydrofolate reductase (DHFR) associate with Pex19p. Therefore, both the NH2-
terminal 61 amino acids and the regions around TM5 and TM6 are required for the 
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efficient interaction of ABCD3 with Pex19p, and the lack of either region leads to a 
decrease in the interaction. It is deduced that the amino acid sequence xxx-
(CFILTVW)-xx-(ACFILQVWY)-(CILV)-xx-(ACFILVWY)-(ILQRV)-xxx is the 
common Pex19p binding motif in PMPs (Rottensteiner et al. 2004). Eight corre-
sponding regions are found in the ABCD3 sequence. Among them, three sites are 
found in the TM5–6 region and one overlaps with the isolated Pex19p binding site 
of ABCD3. However, none of these sites are found in NH2-terminal 61 amino 
acids region.

In terms of mPTS, there are no consensus primary amino acid sequences or com-
mon structural properties. To characterize the regions responsible for the peroxi-
somal targeting of ABCD3, various COOH-terminally or NH2-terminally deleted 
constructs of ABCD3 fused with GFP were prepared and their intracellular localiza-
tion determined (Kashiwayama et  al. 2007). In the COOH-terminally truncated 
ABCD3, ABCD3(AA.1–144)-GFP, including TM1 and TM2 of ABCD3, was still 
sorted to peroxisomes. However, further deletion of TM2 (AA.125–144) led to mis-
localization of the ABCD3(AA.1–124)-GFP.  The substitution of TM2  in 
ABCD3(AA.1–144)-GFP for TM4 (AA.224–259) or TM6 (AA.314–347) did not 
affect the peroxisomal localization. Meanwhile, ABCD3(TM2)-GFP, ABCD3(TM4)-
GFP and ABCD3(TM6)-GFP did not localize to peroxisomes by themselves. These 
facts indicate that the important targeting information of ABCD3 is included within 
the NH2-terminal 124-amino acid region and that at least two TM are necessary for 
proper peroxisomal targeting. In the NH2-terminal 124-amino acid region, there are 
three clusters of basic amino acids which are suggested to be the peroxisomal tar-
geting motif of other PMPs (Dyer et al. 1996; Baerends et al. 2000; Honsho and 
Fujiki 2001; Wang et al. 2001). However, the substitution of these basic amino acids 
to alanine does not affect the peroxisomal targeting of ABCD3(AA.1–144)-
GFP. This finding revealed that these basic amino acid clusters are not essential 
forw the targeting of ABCD3. In the case of Pmp22p, it is reported that Y-xxx-L-
xxx-P-xxx-(K/Q/N) comprise the core of the mPTS of Pmp22p orthologs, the basic 
cluster in the first peroxisomal matrix loop is not essential for targeting, and the 
hydrophobic sequence is required for the targeting and/or insertion of Pmp22p 
(Pause et al. 2000). Based on the hydropathy profile, all peroxisomal ABC proteins 
possess two hydrophobic segments adjacent to the NH2-terminal side of TM1. When 
hydrophobic segments of ABCD3, i.e. Leu21-Leu22-Leu23 and Ile70-Leu71, were sub-
stituted to hydrophilic amino acids, both ABCD3(AA.1–144 L21Q/L22Q/L23Q)-
GFP and ABCD3(AA.1–144 I70N/L71Q)-GFP were degraded by proteasomes and 
did not exhibit any peroxisomal localization even in the presence of a proteasome 
inhibitor. As mentioned above, it is important for ABCD3 to interact with Pex19p to 
maintain its solubility and proper conformation. ABCD3(AA.1–659 L21Q/L22Q/
L23Q) was reduced in solubility and the efficiency of the interaction with Pex19p. 
On the other hand, ABCD3(AA.1–659 I70N/L71Q) existed in a soluble form in the 
presence of Pex19p and interacted with Pex19p at almost the same level as wild 
type ABCD3, but this mutant ABCD3 did not localize to peroxisomes. These data 
indicate that the first set of the NH2-terminal hydrophobic residues, Leu21-Leu22-
Leu23, is essential for the interaction with Pex19p in order to keep ABCD3 soluble 
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and in proper conformation in the sorting process, and the second set, Ile70-Leu71, is 
necessary for the targeting step after the interaction with Pex19p. Further analysis 
of the subcellular localization of the NH2-terminal truncated ABCD3 fused with the 
COOH-terminus of GFP revealed that ABCD3 possesses a second mPTS in the 
region of TM5–6 (AA.263–375). In this region, a hydrophobic motif, Ile307-Leu308, 
also exists. The substitution of Ile307 and Leu308 to Asn307 and Gln308, respectively, led 
to the failure in peroxisomal localization of ABCD3(AA.1–659 I307N/L308Q)-
GFP, although ABCD3(AA.1–659 I307N/L308Q) interacted with Pex19p and was 
solubilized by Pex19p. The hydrophobic amino acid pairs Ile70-Leu71 and Ile307-
Leu308 adjacent to TMD1 and TMD5, respectively, are essential for the targeting to 
peroxisomes, but not for binding with Pex19p. This indicates that the targeting ele-
ment and Pex19p-binding site are functionally separated.

As discussed above, the NH2-terminal region of ABCD3 is important for binding 
with Pex19p and targeting to peroxisomes. Furthermore, it has been shown that the 
NH2-terminal region of ABCD3 possesses multiple organelle-targeting signals 
(Iwashita et al. 2010). The TM1–2 region of ABCD3 (AA.81–150) are targeted and 
inserted into the ER membrane, since a hydrophobic transmembrane segment is 
recognized by a signal recognition particle and cotranslationally targeted to the ER 
(Egea et al. 2005). The NH2-terminal 80 amino acid residues suppress the ER target-
ing of the TM1–2 regions. Furthermore, the NH2-terminal nine amino acid residues 
are essential for the suppression of ER-targeting. Among these residues, Ser5 is 
indispensable for the peroxisomal targeting of ABCD3 (Sakaue et al. 2016). It has 
also been demonstrated that specific binding factors, 50-kDa and 20-kDa proteins, 
are involved in the ER-targeting suppression system.

A hypothetical scenario for the peroxisomal targeting of ABCD3 is as follows 
(Fig. 2.4). After being synthesized on free cytosolic ribosomes, the NH2-terminal 
short motif is recognized by specific binding factors. This interaction may suppress 
the function of signal recognition particles and their receptor. Subsequently, ABCD3 
interacts with Pex19p at the NH2-terminal hydrophobic motif constituted by Leu21-
Leu22-Leu23 and the region of TM5–6. Through this interaction, ABCD3 is retained 
in a soluble state and proper conformation in the cytosol. Then the ABCD3-Pex19p 
complex is transported to peroxisomes by the mPTSs located in the NH2-terminal 
124-amino acid region as well as the region of TM5–6. In this transporting process, 
the hydrophobic amino acid pairs Ile70-Leu71 and Ile307-Leu308 adjacent to TM1 and 
TM5, respectively, are essential. Finally, ABCD3 is inserted into the peroxisomal 
membranes through a putative proteinaceous receptor on the peroxisomal mem-
brane. In this process, at least two TMs are required for proper insertion.

The targeting of ABCD1 to peroxisomes has also been characterized 
(Halbach  et  al. 2005). It was shown that the 14-amino acid motif 
(F-(F/L)-x-(R/Q/K)-(L/F)-(L/I/K)-x-LLKIL-(F/I/V)-P) adjacent to TM1 functions 
as an mPTS for ABCD1, and it was demonstrated that the substitution or deletion of 
these hydrophobic residues significantly reduced the targeting efficiency. In particu-
lar, the three amino acids Leu78-Leu79-Arg80 were shown to be critical for peroxi-
somal targeting of ABCD1. This region corresponds to Ile70-Leu71-Lys72 in ABCD3, 
which was identified as an mPTS in ABCD3. In ABCD2, a potential Pex19p binding 
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site was also identified as ABCD1 (Halbach et  al. 2005). This corresponds to 
AA.84–97, which are localized in proximity to the putative TM1. However, no 
experimental data are available as yet to support the functionality of this putative 
Pex19p binding site.

2.6  �Concluding Remarks

Since the PEX genes were first identified in the early 1990s, our understanding of 
biogenesis of peroxisome has deepened. It has been revealed that there is a unique 
mechanism by which matrix proteins are imported into peroxisomes in a complex 
with their receptors, such as Pex5p, and these receptors are recycled through the 
ubiquitination system. With regard to PMPs targeting, an indirect pathway via the 
ER has been elucidated and it is well accepted that the ER-derived vesicles signifi-
cantly contribute to de novo peroxisome biogenesis. In addition, it has been 

Fig. 2.4  A hypothetical model for the targeting of ABCD3 to the peroxisome. After being synthe-
sized in the cytosol, ABCD3 is recognized by and bound to Pex19p at the NH2-terminal hydropho-
bic motif constituted by Leu21-Leu22-Leu23 and the region of TM5–TM6. The ABCD3-Pex19p 
complex is transported to peroxisomes by the mPTSs located in the NH2-terminal 124-amino acid 
region and the region of ABCD3(AA.263–375) (the hydrophobicity of Ile70-Leu71 and Ile307-Leu308 
might be essential). Finally, ABCD3 is inserted into peroxisomal membranes through certain 
unidentified proteinaceous components on these peroxisomal membranes. In this process, at least 
two TMs are required for correct insertion

2  Peroxisome Biogenesis



34

recognized that PMPs targets peroxisomal membranes in a complex with Pex19p 
through interaction with the Pex3p on the peroxisomes.

Yet, despite such progress, there are unresolved questions which remain. Where 
pre-peroxisomes are formed is one question. It is important to analyze the sites that 
newly synthesized endogenous Pex3p or Pex16p, which initiate de novo peroxi-
some biogenesis, target in cells completely lacking peroxisome remnants. We think 
PPV formation is initiated anywhere that newly synthesized Pex3p or Pex16p has 
reached. Considering the fact that overexpressed PMPs are mistargeted to mito-
chondria in mammalian cells in the absence of peroxisomes, where PPV forms 
might depend on the expression levels of Pex3p and Pex16p. It might also vary 
depending on where PPV forms among different species and cell types. Recently, it 
was revealed that peroxisomal membranes (probably PPV) dynamically come into 
contact with other organelles such as the ER and mitochondria. This contact might 
affect the place where pre-peroxisome is formed as well. In addition, with regard to 
targeting of matrix proteins and PMPs to peroxisomes, the precise mechanisms by 
which receptor proteins such as Pex5p and Pex19p release the cargo into the peroxi-
somes or their membranes and then return to recycling processes need to be 
elucidated.

Peroxisomes are highly dynamic organelles and can rapidly change in size, num-
ber and protein content in response to alterations in the prevailing environmental 
conditions. It is of critical importance to determine the precise mechanism of per-
oxisome maturation through elongation, constriction and scission. Furthermore, it is 
also important to understand how control is exerted over the number of peroxisomes 
in cells. It is to be hoped that a better understanding of peroxisome biogenesis will 
flow from new evidence obtained by ever more sophisticated new experiments in 
the near future.
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Chapter 3
Peroxisome Degradation and Its Molecular 
Machinery

Masahide Oku and Yasuyoshi Sakai

Abstract  Peroxisomal metabolism and its regulation play important roles in vari-
ous cellular functions. The regulation of peroxisomal metabolism is controlled by 
modulation of peroxisome biogenesis as well as the degradation of intra-organellar 
components and the organelle itself. An accumulation of experimental findings 
demonstrate that the majority of organelle degradation is accomplished through 
autophagy, an important cellular process involving transport of cytoplasmic con-
stituents into lysosomes for degradation. The first part of this chapter discusses 
several processes responsible for the degradation of peroxisomes in mammalian 
cells, including autophagy. Next, following a general description of the molecular 
machinery of autophagy, molecular details of selective autophagy of peroxisomes, 
termed pexophagy, are described based on studies conducted in yeast and mamma-
lian cells. In the final section, expected medical applications associated with 
pexophagy are described along with potential future developments in this field.

Keywords  Autophagy · Methylotrophic yeast · Peroxisome · PEX1 · Reactive 
oxygen species · Ubiquitin · Yeast genetics

3.1  �Pathways for the Degradation of Mammalian 
Peroxisomes and Their Components

Feeding rodents a diet containing specific hypolipidemic agents or plasticizers, both 
of which are potent agonists of a group of nuclear hormone receptors (peroxisome 
proliferator-activated receptors, or PPARs), leads to an enlargement of the liver and 
an increase in the number of peroxisomes in the hepatocytes (Reddy et al. 1982). 
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Subsequent removal of these chemicals from the diet results in a gradual decline in 
liver size and peroxisome number, affording an ideal experimental system for the 
morphological and molecular analyses of peroxisome degradation. Based on pio-
neering studies with the rat experimental model, three pathways were proposed to 
account for the degradation of peroxisomes: (1) Lon protease, (2) 15-lipoxygenase 
(15-LOX), and (3) autophagy pathways (Yokota and Dariush Fahimi 2009). The 
following section is a general introduction to these pathways.

3.1.1  �Lon Protease

Peroxisomes from a wide range of organisms are endowed with an ATP-driven 
protease, known as Lon protease, located in the lumen of the organelle (Pomatto 
et al. 2017). The mammalian orthologue of this protein (peroxisomal Lon prote-
ase, or PSLP) has a molecular mass of 75 kDa and includes a C-terminal peroxi-
some targeting signal 1 (PTS1) (Kikuchi et  al. 2004). The expression level of 
PSLP in rat hepatocytes was found to be up-regulated during treatment with di-
(2-ethylhexyl) phthalate (DEHP), one of the PPAR agonists. Intriguingly, the 
expression level of PSLP continued to be induced 3 days after cessation of treat-
ment with DEHP, in contrast to the other peroxisomal β-oxidation enzymes 
(Yokota et al. 2008). This observation implies PSLP plays a role in the clearance 
of peroxisome luminal contents (Yokota et al. 2008).

A study of peroxisome dynamics in a yeast species Ogataea polymorpha (previ-
ously called Hansenula polymorpha) gave supporting evidence to the role of PSLP 
in peroxisome degradation (Aksam et al. 2007). In this organism, accumulation of a 
misfolded protein in the peroxisome was enhanced by knockout of the PSLP homo-
logue. Notably, further loss of an autophagy factor Atg1 (described below) along 
with blockage of the PSLP homologue resulted in severe toxicity to the yeast cells, 
concomitant with accumulation of intracellular reactive oxygen species (ROS). 
Toxicity resulting from the double knockout was more significant than that from a 
single knockout of either the PSLP homologue or a factor necessary for autophagy 
Atg1, suggesting a complementary role in the clearance of the peroxisomal proteins 
mediated by the Lon protease and autophagy.

3.1.2  �15-LOX

15-LOX (also termed arachidonate 15-lipoxygenase, ALOX15) enzymes convert 
polyunsaturated fatty acids, such as linoleic acid and arachidonic acid, to their 
hydroperoxy derivatives via introduction of molecular dioxygen at specific posi-
tions (C13 for linoleic acid and C15 for arachidonic acid) (Colakoglu et al. 2018). 
To date, two types of human 15-LOX enzymes have been identified: (1) 15-LOX-1, 
which preferentially acts on linoleic acid, and (2) 15-LOX-2, which displays a 
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preference for arachidonic acid. The hydroperoxy products of 15-LOX are bioac-
tive, mediating multiple events in inflammation or tumorigenesis.

While the majority of 15-LOX is distributed in the cytoplasm, a small amount 
can associate with organelle membranes causing them to become permeabilized 
(van Leyen et  al. 1998). Peroxisomes can be targeted by this permeabilization. 
Indeed, an immune-electron microscopy study demonstrated that 15-LOX is 
localized onto the surface of peroxisomes in rat hepatocytes (Yokota et al. 2001). 
This finding suggested 15-LOX plays a role in peroxisomal degradation.

3.1.3  �Autophagy

The involvement of autophagy (degradation after transfer into the lysosome) in the 
degradation of peroxisomes was clearly demonstrated by electron microscopy 
studies of rat hepatocytes obtained after the animal was fed on a DEHP-containing 
diet and subsequently transferred to a regular diet (i.e. without DEHP) (Yokota 
1993). Six days after the rat was put on a regular diet, the hepatocytes exhibited a 
staining pattern for catalase activity in the lysosomal compartment reminiscent of 
peroxisomes. This observation strongly suggested transfer of the whole organelle 
into the lysosome. Moreover, when hepatocytes were obtained from a rat injected 
with leupeptin, which is an inhibitor of lysosomal proteases, a characteristic dou-
ble membrane structure surrounding the peroxisomes was observed (Fig.  3.1). 
These structures, termed autophagosomes, were derived from newly-synthesized 

Fig. 3.1  Electron microscopy of rat hepatocytes exhibiting autophagosome formation. The cells 
were obtained from a rat treated with DHEP and subsequently injected with leupeptin. The arrows 
indicate autophagosomes. [This image is a reprint from an article in Yokota and Fahimi (2009)]
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double-membrane structures, called isolation membranes, which eventually elon-
gated along the whole surface of the peroxisome and completed the enclosure by 
membrane fusion (Fig. 3.2). The sequestration steps are so rapid that it was not 
possible to detect intermediate structures without pharmacologically inhibiting the 
final degradation process of the trapped peroxisomes. Biochemical determinations 
of enzyme activities in the cell lysates from rat hepatocytes were consistent with 
the morphological observations. Specifically, the decrease in the level of acyl-CoA 
oxidase, a peroxisomal enzyme, was blocked by an inhibitor of autophagy, 3-meth-
yladenine (3-MA, described below) (Luiken et al. 1992).

Further detailed morphological analyses conducted by microscopic detection of 
lysosomal proteins demonstrated that the autophagosomes sequestering peroxi-
somes were initially negative for lysosomal marker proteins, but then acquired lyso-
somal composite proteins (Yokota et al. 1993). Based on these findings, a scheme for 
the degradation of peroxisomes through autophagy was established, which was con-
sistent with the morphological changes observed during macroautophagy (Fig. 3.2).

Fig. 3.2  Schematic drawing of mammalian pexophagy processes. On the surface of peroxisome, 
the isolation membrane is formed and elongated to completely enwrap the organelle, ending in the 
formation of the autophagosome (pexophagosome). The outer membrane of this structure is fused 
with endosome or lysosome, leading to the lysis of the autophagosome inner membrane and the 
trapped peroxisome
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3.2  �Molecular Machinery of Macroautophagy

3.2.1  �Identification of Autophagy-Related (ATG) Gene 
Products

Autophagy is a general term for the degradation of cytoplasmic components in lyso-
somes. Overall autophagy encompasses different intracellular traffic systems where 
cytoplasmic constituents are delivered to the lysosome. Among the various systems, 
one accompanying the formation of autophagosome is known as macroautophagy.

Historically, identification of gene products responsible for macroautophagy was 
initiated by research with the budding yeast Saccharomyces cerevisiae (Tsukada 
and Ohsumi 1993). Cytoplasmic materials transferred into the vacuole of S. cerevi-
siae (equivalent to the mammalian lysosome) through macroautophagy were read-
ily detected by light microscopy in ‘sac’ structures within the vacuole under 
starvation conditions when the vacuolar hydrolase activities were inhibited. The 
first autophagy mutant was isolated based on visible and morphological screening 
of yeast mutants that lacked these sac-like structures inside the vacuole. The mutated 
gene giving rise to this autophagy mutant is now termed ATG1. Next, Ohsumi and 
his colleagues established that the mutant strain of ATG1 was vulnerable to nitrogen 
starvation conditions in contrast to wild-type yeast that can survive a week under 
such conditions. The discovery of this phenotype led to the isolation of further 15 
mutant types defective in macroautophagy.

The macroautophagy mutants regained autophagic activity and viability under 
nitrogen starvation conditions upon receipt of a normal version of the mutated gene 
from a yeast genomic library cloned in a plasmid. These experiments enabled isola-
tion of macroautophagy-restored (complemented) yeast cells. Subsequent recovery 
of the corresponding plasmids from the isolated cells facilitated identification of the 
cloned genes. Using this strategy, multiple genes responsible for macroautophagy in 
S. cerevisiae were identified. Similar genetic approaches were performed in other 
yeast species, and a unified nomenclature of such genes as the ATG genes required 
for macroautophagic processes was established in 2003 (Klionsky et  al. 2003). 
Subsequent studies with mammalian cells demonstrated that most of the identified 
genes are conserved in the experimental system. Moreover, developmental and 
pathological aspects of autophagy have been extensively studied (Mizushima and 
Komatsu 2011). These striking findings led Yoshinori Ohsumi to be awarded the 
Nobel Prize for physiology or medicine in 2016.

3.2.2  �Functional Groups of ATG Gene Products

After identification of multiple ATG genes, functional details of the gene products 
were revealed by investigations of interactions between the factors and by micro-
scopic observations of the factors. Taken together, these studies demonstrate two 
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major points. Firstly, the ATG gene products comprise a set of ‘core’ factors that 
contribute to biogenesis of the autophagosome, while other factors act to ‘fine-tune’ 
membrane biogenesis (e.g. guidance of membrane biogenesis to surround target 
components) (Xie and Klionsky 2007; Suzuki et al. 2017). Secondly, the core fac-
tors can be categorized into six distinct groups as outlined in Table 3.1. These groups 
will be described in the following paragraphs, and briefly illustrated in Fig. 3.3.

Atg1 (Unc-51-like kinases ULK1 and 2 for mammalian cells) is a pivotal kinase 
for the initiation of autophagosome biogenesis and forms a complex with regulatory 
factors (i.e. others in this group) (Papinski and Kraft 2016). Alteration in nutrient 
availability or hormonal signaling changes the interactions in the complex of factors 
or phosphorylation status of these factors, which modulates the kinase activity of 
Atg1. Atg9 is the only transmembrane protein among these core factors. Membrane 
vesicles containing Atg9 are thought to shuttle between the site of autophagosome 
biogenesis and other authentic organelles (Yamamoto et al. 2012; Imai et al. 2016).

Table 3.1  ATG proteins responsible for autophagosome assembly and their classification

Group Yeast component Mammalian component

Atg1/ULK complex Atg1 ULK1/2
Atg11 (selective 
autophagy)
Atg13 ATG13
Atg17 (bulk autophagy)
Atg29 (bulk autophagy)
Atg31 (bulk autophagy)

FIP200
ATG101

Atg9 vesicle Atg9 ATG9A/B
PI3K complex Vps34 VPS34

Vps15 VPS15
Vps30 (Atg6) Beclin 1
Atg14 ATG14L

Atg2-18 complex Atg2 ATG2A/B
Atg18 WIPI1-4

Atg12-conjugation 
machinery

Atg12 ATG12

Atg7 ATG7
Atg10 ATG10
Atg5 ATG5
Atg16 ATG16L1/2

Atg8-conjugation 
machinery

Atg8 LC3A/B/C, GABARAP, 
GABALAPL1-3

Atg7 ATG7
Atg3 ATG3
Atg4 ATG4A/B/C/D
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Phosphatidylinositol 3′-kinase (PI3K) Class III converts phosphatidylinositol, 
one of the phospholipids contained in the cell membrane, into phosphatidylinositol 
3′-phosphate (PI3P). For this enzyme to act on autophagosome biogenesis, several 
Atg factors of this group associate with the enzyme (Kihara et al. 2001). The lipid 
product of PI3K Class III, PI3P, in turn recruits Atg proteins of another group, 
namely Atg2 and Atg18 (the mammalian orthologues termed WIPI, WD repeat 
protein interacting with phosphoinositides) proteins (Obara et al. 2008). The enzy-
matic activity of PI3K Class III is inhibited by 3-MA, a drug widely used to block 
autophagy (Seglen and Gordon 1982).

The remaining groups of core Atg factors function to covalently attach small 
proteins to other proteins or lipid molecules in a process reminiscent of ubiquitina-
tion. Ubiquitin is a highly conserved protein among eukaryotes comprising 76 
amino-acid residues. The C-terminal glycine residue of ubiquitin forms an amide-
bond with the ε-amino group of a lysine residue in the target protein. The ubiquiti-
nation reaction consists of three steps: activation, conjugation, and ligation. For 
autophagosome biogenesis, two small Atg proteins (Atg8 and Atg12) are attached 
to a phospholipid phosphatidylethanolamine (PE) and Atg5 through an amide and 
isopeptide conjugation, respectively (Mizushima et al. 1998; Ichimura et al. 2000). 
Atg7 acts on both of the two reactions as E1 enzyme for activation, and Atg3 and 
Atg10 function as E2 enzymes for conjugation (Ichimura et al. 2000; Shintani et al. 
1999). The resulting Atg12-Atg5 complex mediates the ligation step of Atg8-PE 
attachment (Hanada et al. 2007). Overall, these reactions serve to modify lipids of 

Fig. 3.3  Mammalian ATG proteins responsible for biogenesis of autophagosomes. The isolation 
membrane is formed in close vicinity to ER subdomain onto which ULK complex is recruited. The 
recruited ULK complex triggers relocation of ATG9-vesicles and induces the enzymatic activity of 
PI3K, leading to accumulation of PI3P on the isolation membrane. WIPI proteins that associate 
with ATG12 complex and/or ATG2 are then recruited to the membrane by recognizing the accumu-
lated PI3P. The ATG12 complex functions in the ligation step of Atg8 to phosphatidylethanolamine 
on the isolation membrane, and ATG2 has a lipid transfer activity that may contribute to expansion 
of the isolation membrane. The leading edge of the isolation membrane fuses to form the autopha-
gosome. ATG12c, ATG12 complex; LC3, light chain 3 protein, the orthologue of Atg8; PE, phos-
phatidylethanolamine; PI3Kc, phosphatidylinositol 3′-kinase complex; PI3P, phosphatidylinositol 
3′-phosphate; ULKc, ULK (Unc-51-like kinase, the orthologue of Atg1) complex; WIPI, WD 
repeat protein interacting with phosphoinositides, the orthologue of Atg18
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the autophagosome membrane with Atg8 (LC3, light chain 3 protein in mammalian 
cells) (Kabeya et al. 2000).

3.3  �Molecular Machinery of Peroxisome-Specific Autophagy 
(Pexophagy)

3.3.1  �Insights from Yeast Studies

While autophagosomes formed during starvation-induced macroautophagy com-
prise the bulk of the cytoplasm, microscopic images of rat hepatocytes (Fig. 3.1) 
indicate that the autophagosomes enwrap the peroxisomes with a greater preference 
than the other intracellular components. Thus, this process is regarded as a type of 
selective autophagy toward the peroxisome, named pexophagy. Studies have been 
conducted to elucidate the molecular machinery of pexophagy using several yeast 
species. Of particular value were electron microscopy studies of methylotrophic 
yeasts (yeasts that can be grown on methanol as a solo carbon source), which selec-
tively degrade peroxisomes under specific nutrient conditions (Veenhuis et al. 1983; 
Tuttle and Dunn Jr 1995).

Screening strategies for pexophagy factors in the methylotrophic yeasts are 
based on detection of the activity of a peroxisomal enzyme, alcohol oxidase (AO) 
(Titorenko et  al. 1995; Mukaiyama et  al. 2002). Peroxisomes containing AO are 
massively induced when these organisms are cultured on methanol; subsequent 
transfer of the organisms to another medium (glucose or ethanol medium) rapidly 
induces pexophagy, and AO is eventually degraded. Thus, after changing the 
medium the wild-type strain of methylotrophic yeast lost AO activity while pexoph-
agy mutants retained the activity. Because AO activity in a single colony of methy-
lotrophic yeast can be readily visualized by staining, it is possible to pick pexophagy 
mutants among a randomly-mutagenized population of cells.

The screening experiments with the methylotrophic yeast Komagataella phaffii 
(previously called Pichia pastoris) identified most of the core Atg factors as being 
required for pexophagy (Mukaiyama et al. 2002). This finding reflects the biogen-
esis of the autophagosome enwrapping the peroxisome (pexophagosome) and of an 
isolation-membrane-like structure termed MIPA (micropexophagy-specific mem-
brane apparatus) (Mukaiyama et al. 2004), observed during macropexophagy and 
micropexophagy, respectively (Fig. 3.4). In addition, another study identified a key 
factor Atg30 that recruits the core Atg machinery onto the surface of the target per-
oxisomes (Farre et al. 2008). Atg30 interacts with peroxisomal membrane proteins 
Pex3 and Pex14 as well as the core Atg proteins (Atg11 and Atg8) to mediate local-
ization of the core Atg protein complexes on the peroxisome (Fig. 3.5). Interestingly, 
interactions of Atg30 with Atg8 and Atg11 are primed by phosphorylation of serine 
residues within Atg30 (Farre et al. 2013). Thus, initiation of the pexophagosome 
formation is triggered by the phosphorylation of Atg30. The counterpart protein of 
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Atg30 in K. phaffii was found in the budding yeast S. cerevisiae and named Atg36 
(Motley et al. 2012). Both Atg30 and Atg36 are phosphorylated by Hrr25 (Tanaka 
et al. 2014; Zientara-Rytter et al. 2018), a kinase belonging to the casein kinase 1 
family that exerts diverse physiological functions (Schittek and Sinnberg 2014).

Another study on the interaction network centered on K. phaffii Atg30 identified a 
plausible link between pexophagy and peroxisome metabolism (Nazarko et al. 2014). 

Fig. 3.4  Two types of pexophagy process in the methylotrophic yeast Komagataella phaffii. 
Peroxisomes are induced when the cells are cultured on methanol as a carbon source. When the 
cells are shifted to glucose medium, part of the vacuoles (equivalent to the lysosomes) extends 
toward and engulf the peroxisomes cluster by forming VSM (vacuolar sequestering membrane). 
An Atg8-positive double-membrane structure, termed MIPA (micropexophagy-specific membrane 
apparatus), is formed to fully enwrap peroxisomes from the cytoplasm. Then VSM and MIPA fuse 
to incorporate the peroxisomes into the vacuole. When the cells are transferred to ethanol medium, 
autophagosomal structures enwrapping a single peroxisome, termed macropexophagosome 
(MPP), is formed in a similar manner to pexophagy in mammalian cells

Fig. 3.5  Protein 
interactions intervened 
with the pexophagy 
adaptor protein, Atg30, in 
the yeast Komagataella 
phaffii. The arrows indicate 
the interactions. The 
arrowheads and P stand for 
phosphorylation. The 
inhibitory action of 
palmitoyl-CoA toward 
Atg37-Atg30 interaction is 
also shown
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In this study, a peroxisomal membrane protein Atg37 was identified to be an interact-
ing partner of both Pex3 and Atg30. Atg37 has an acyl-CoA-binding domain and is 
known to interact with palmitoyl-CoA.  Noteworthy, the Atg37-Atg30 interaction 
competes with binding of Atg37 to palmitoyl-CoA, suggesting that palmitoyl-CoA 
exhibits an inhibitory effect toward the formation of the Atg complex, thereby pre-
venting pexophagy (Fig.  3.5). This result seems to be reasonable because, under 
physiological conditions in the presence of an excess amount of palmitoyl-CoA, 
there is a requirement for enhanced peroxisomal β-oxidation activity to degrade the 
fatty acid. Thus, pexophagy should be inhibited under these growth conditions.

3.3.2  �Molecular Machinery of Mammalian Pexophagy (1): Atg 
Proteins

The functional requirement of Atg proteins for the degradation of peroxisomes in 
mouse hepatocytes was demonstrated in a study using a conditional (liver-specific) 
knockout of ATG7 (Iwata et al. 2006). Degradation of DHEP-induced peroxisomes 
was severely impaired with concomitant loss of autophagosome detection in the 
knockout hepatocytes. Furthermore, decline in the amount of a pulse-labelled per-
oxisomal protein in a Chinese hamster ovary (CHO) cell line was also found to be 
inhibited by 3-MA treatment, which strongly suggests the contribution of autophagy 
for basal turnover of peroxisomes (Huybrechts et al. 2009).

3.3.3  �Molecular Machinery of Mammalian Pexophagy (2): 
Ubiquitin

For induction of pexophagy, mammalian cells utilize ubiquitin as a ‘tag’. As noted 
earlier, the ubiquitination reaction yields covalently-attached ubiquitin to specific 
proteins, which is recognized by different proteins with ubiquitin-binding domains. 
In the case of pexophagy, proteins on the peroxisome surface are ubiquitinated and 
two adaptor proteins, neighbor of BRACA1 gene 1 (NBR1) and sequestosome 1 
(SQSTM1 or p62), are known to bind to the ubiquitinated proteins (Kirkin et al. 
2009). Both these proteins possess an LC3 (the orthologue of yeast Atg8)-interacting 
region (LIR), in addition to a ubiquitin-associated (UBA) domain, one of the 
ubiquitin-binding domains (Fig. 3.6). The central region of LIRs contains the amino 
acid sequence WTHL (SQSTM1) or YIII (NBR1), characterized by hydrophobic 
residues in the first (W or Y) and the fourth (L or I) positions, which is common to 
various LC3-interacting proteins (Noda et al. 2010). These adaptor proteins contrib-
ute to the formation of autophagosomes along the surface of the peroxisome by 
interacting with LC3, one of the core Atg proteins, and ubiquitin on the peroxisomal 
protein. In CHO cells, LC3 conjugated to PE also interacts with Pex14, a component 
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of peroxisome protein import machinery, during starvation-induced pexophagy 
(Hara-Kuge and Fujiki 2008; Jiang et  al. 2015). SQSTM1 and NBR1 form self-
oligomers or interact with each other through their N-terminal Phox and Bem1p 
(PB1) domains (Lamark et al. 2003).

When several peroxisomal membrane proteins are expressed in conjugation with 
ubiquitin, pexophagy dependent on SQSTM1 is induced (Kim et al. 2008). By con-
trast, overexpression of PEX3 induces NBR1-dependent pexophagy in the CHO 
cell line (Yamashita et al. 2014), and overexpression of NBR1 itself induces pexoph-
agy in HeLa cells (Deosaran et al. 2013). These findings highlight the functional 
importance of NBR1. SOSTM1 also plays a role in clustering the peroxisomes 
(Yamashita et al. 2014), which appears to facilitate pexophagy.

Peroxisomal proteins known to be subject to ubiquitination during pexophagy 
include PEX5, the shuttling factor of the peroxisomal import machinery, and an 
ATP binding cassette (ABC) transporter PMP70 (ABCD3). When PEX5 was fused 
to GFP at its C-terminus, most of the protein was found to be located on the peroxi-
somal surface in a ubiquitinated state, with the concomitant induction of pexophagy 
(Nordgren et al. 2015). Ubiquitination of Pex5 and PMP70 in the HeLa cell line is 
induced in response to amino-acid starvation, which depends on one of the peroxi-
some assembly factors Pex2, a peroxisomal ubiquitin ligase (Sargent et al. 2016). 
Induction of Pex2 expression and pexophagy was observed in hepatocytes isolated 
from mice fed an amino-acid restricted diet (Sargent et al. 2016). The ubiquitination 
of peroxisomal proteins is reversed by an enzymatic action of USP30 to remove the 
ubiquitin moiety, which is thought to serve as a regulatory mechanism of pexophagy 
(Marcassa et al. 2018; Riccio et al. 2019). It remains to be elucidated whether other 
peroxisomal proteins are ubiquitinated and whether other ubiquitin ligases function 
in pexophagy under various physiological conditions. These issues are discussed in 
the next chapter.

Fig. 3.6  Pexophagy adaptor proteins for mammalian pexophagy. The functional intra-molecular 
domains within the adaptor proteins, PB1, LIR, and UBA domains, are shown as the gray or black boxes
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3.4  �Medical and Physiological Aspects of Mammalian 
Pexophagy

3.4.1  �Peroxisomal Biogenesis Disorders and Pexophagy

Peroxisomal biogenesis disorders, such as Zellweger syndrome, are characterized 
by a severe decrease in the number of functional peroxisomes due to mutations in 
the Peroxin (PEX)-coding genes. One of the most common mutations associated 
with these disorders is found in PEX1-encoding gene, resulting in a substitution of 
glycine at position 843 of the protein product for aspartic acid (G843D). PEX1, 
forming a complex with PEX6 and PEX26, acts as ATPase associated with diverse 
cellular activities (AAA ATPase) to export PEX5 from the peroxisome, and thereby 
supports an efficient recycling of PEX5 for multiple rounds of shuttling between the 
cytoplasm and the peroxisome (Fig. 3.7). It had been proposed that the decrease in 
the number of peroxisomes resulting from the PEX1G843D mutation is derived from 
accumulation of PEX5 in the peroxisome, which depletes the cytoplasmic pool of 
PEX5 eventually impairing peroxisomal protein transport. However, recent studies 
suggest the involvement of pexophagy in peroxisome loss associated with this 
mutation (Nuttall et al. 2014; Law et al. 2017).

One important finding from these studies was that the decrease in the number of 
peroxisomes by knockdown or knockout of PEX1 was reversed by inhibition of 
autophagy. In a study with the HeLa cell line, suppression of the core Atg protein 
(ATG12) or NBR1 expression led to recovery in peroxisome numbers (Law et al. 
2017). Of note, a separate study with the budding yeast also gave similar results, 
which suggested loss of PEX1 gave rise to overrun of peroxisome protein degrada-
tion that was cancelled by simultaneous knockout of a core Atg protein (Atg1) or the 
key pexophagy factor Atg36 (Nuttall et al. 2014). Because enhanced ubiquitination 
of PEX5 was detected in the HeLa cell line where PEX1 was knocked down, 

Fig. 3.7  Model scheme of pathological processes arising from PEX1 G843D mutation. The bold 
arrows indicate the action of PEX1 to export PEX5 to the cytoplasm, while the asterisk denotes 
mutation in PEX1. Ub ubiquitin
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accumulation of ubiquitinated PEX5 on the peroxisome is thought to enhance the 
level of pexophagy (Fig. 3.7).

In pex1 mutant fibroblasts with the G843D mutation, very-long-chain fatty acids 
accumulate due to impaired β-oxidation activity as a direct outcome of peroxisome 
deficiency. Intriguingly, treatment of these mutant cells with chloroquine, an FDA-
approved chemical that inhibits autophagy, reduces the levels of very-long-chain 
fatty acids to those comparable with normal cells (Law et al. 2017). This finding 
suggests autophagy inhibitors may be promising drugs for alleviating symptoms of 
the disease arising from the PEX1 G843D mutation. Moreover, inhibition of autoph-
agy not only partly recovers the lipid profile, but also rectifies the depletion in the 
number of peroxisomes of the mutant cells.

3.4.2  �Oxygen, ROS and Pexophagy

Peroxisome metabolism contains various oxidases, and inevitably yields reactive 
oxygen species (ROS) as byproducts in the reactions. Therefore, the number of 
organelles should be tightly regulated in response to changes in the levels of oxygen 
or ROS.  Specifically, when oxygen supply is limited, the organelle metabolism 
should be restricted accordingly. Likewise, when the ROS level from a population 
of peroxisomes is high enough to damage the organelle, the peroxisome portion 
should be promptly removed before it imposes detrimental effects on the cell. 
Pexophagy contributes to oxygen-related regulation of peroxisome abundance 
under varying physiological and pathological situations.

The sensing machinery of hypoxia (low concentration of oxygen), termed 
hypoxia-inducible factors (HIF), is composed of α and β subunits. The HIF α sub-
units (HIF-1α and HIF-2α) are degraded in the presence of normal concentrations 
of oxygen as a result of ubiquitination by a ligase complex containing von Hippel 
Lindau (VHL) tumor suppressor protein followed by targeting to the proteasome, 
the main protease complex responsible for rapid protein degradation. During 
hypoxia the HIFα subunits are stabilized and function as transcriptional factors 
together with HIF-1β (Keith et al. 2011). A recent study demonstrated that loss of 
the VHL protein causes HIF-2α-dependent enhancement of pexophagy, a decrease 
in the number of peroxisomes and a similar lipid profile to that seen in peroxisomal 
biogenesis disorders (Walter et al. 2014). In line with the fact that VHL protein is 
frequently mutated in carcinoma cells, accumulation of HIF-2α and a decrease in 
peroxisome numbers is often observed in renal cell carcinoma tissue samples.

Catalase is the main enzyme responsible for eliminating hydrogen peroxide gen-
erated within the peroxisome. When this enzyme is knocked down or its enzymatic 
activity is pharmacologically inhibited in a liver-derived HepG2 cell line under 
serum starved conditions, pexophagy is enhanced along with ubiquitination of 
PEX5 and recruitment of NBR1 to the peroxisomes (Lee et al. 2018). The HepG2 
cell line also induces pexophagy in response to treatment with hydrogen peroxide, 
a representative ROS (Zhang et  al. 2015). Similar induction of pexophagy by 
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hydrogen peroxide depends on ataxia-telangiectasia mutated (ATM) kinase in 
another human cell line (HEK293) (Zhang et al. 2015). This kinase, which is also 
known to respond to DNA damage in the nucleus (Iijima et al. 2008), is recruited to 
the peroxisome and phosphorylates PEX5 in response to hydrogen peroxide treat-
ment. The phosphorylation of PEX5 is required for its efficient ubiquitination.

3.5  �Future Perspectives

Most of the studies that unveiled the molecular machinery of mammalian pexoph-
agy employed artificial manipulations of the cellular status, such as overexpression 
or knockdown of certain proteins and inhibition of peroxisomal enzymes (e.g. cata-
lase). Future studies will aim to analyze the molecular mechanisms of pexophagy 
under more physiological and pathological conditions. From a clinical perspective, 
inhibition of the overrun of pexophagy appears to be a promising strategy for alle-
viating at least one type of peroxisome biogenesis disorder. A similar approach will 
be sought to treat other diseases that are characterized by a severe reduction in per-
oxisome abundance.
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Chapter 4
The Function of the Peroxisome

Masashi Morita and Tsuneo Imanaka

Abstract  Peroxisomes are organelles that are essential for maintaining cellular 
function in lipid metabolism, redox homeostasis and intracellular signalling. They 
are involved in the β-oxidation of various fatty acids, especially very long chain 
fatty acids, as well as the synthesis of ether-phospholipids and bile acids in mam-
mals. Substrates for the β-oxidation are transported into peroxisomes by the ABC 
transporters ABCD1–3, and the metabolites produced by the β-oxidation cycle are 
released from peroxisomes through certain unique transporters and channels on the 
peroxisomal membrane. The initial steps of ether-phospholipid synthesis take place 
in peroxisomes, with one of steps being tightly controlled by negative feedback 
regulation. As peroxisomes have various enzymes that generate reactive oxygen 
species such as H2O2, their metabolic activity significantly impacts cellular redox 
balance, which is closely connected to the redox homeostasis in mitochondria. It 
has been shown that the physical contact sites between peroxisomes and lysosomes, 
the ER, mitochondria or lipid droplets are formed by tethered proteins and play an 
important role in the transporting or shuttling of metabolites between peroxisomes 
and other organelles. Furthermore, peroxisomes tightly collaborate with mitochon-
dria in the antiviral defence system. In this chapter, we describe the current under-
standing of the peroxisomal metabolic pathways including lipid metabolism and 
redox metabolism, as well as the crosstalk that takes place between peroxisomes 
and other organelles.
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Abbreviations

ABC	 ATP-binding cassette
ACOXs	 Acyl-CoA oxidases
CNS	 Central nervous system
DHCA	 Dihydroxycholestanoic acid
ER	 Endoplasmic reticulum
LCFA	 Long chain fatty acid
LDs	 Lipid droplets
MAVS	 Mitochondrial antiviral-signaling protein
NBD	 Nucleotide-binding domain
PMP	 Peroxisomal membrane protein
PPAR	 Peroxisome proliferator-activated receptor
PUFAs	 Polyunsaturated fatty acids
ROS	 Reactive oxygen species
THCA	 Trihydroxycholestanoic acid
TMD	 Transmembrane domain
VLCFA	 Very long chain fatty acid
X-ALD	 X-linked adrenoleukodystrophy

4.1  �Outline of Peroxisome Function

Peroxisomes are comprised of a dense matrix surrounded by a single membrane. 
They are highly dynamic organelles and can rapidly change in size, abundance and 
protein content in response to nutritional and environmental alterations. They con-
tain a unique set of enzymes include various H2O2-generating oxidases and the 
H2O2-degrading enzyme catalase across most species. Human peroxisomes contain 
over 50 different enzymes. Most of these are involved in the various metabolic path-
ways unique to this organelle and play an essential role in cellular functions 
(Waterham et al. 2016).

Among the metabolic processes in the peroxisomes in mammals, the β-oxidation 
of fatty acids is the major catabolic pathway. Very long chain fatty acid (VLCFA), 
long-chain dicarboxylic acids, 2- or 3-methyl branched-chain fatty acids and bile 
acid intermediates are selectively β-oxidized in peroxisomes. These fatty acids are 
mostly imported into peroxisomes as CoA  esters via the ATP-binding cassette 
(ABC) transporters ABCD1–3, and metabolized by one or more cycles of the 
β-oxidation. The metabolites, medium or short chain acyl-CoA as well as acetyl-
CoA, are converted to other forms such as acylcarnitine and acetate, and released 
into the cytosol for further metabolism (Wanders 2014). In the case of bile acids, the 
choloyl-CoA and deoxycholoyl-CoA produced in peroxisomes are converted to tau-
rine- or glycine-conjugates and exported into the cytosol (Rembacz et al. 2010).
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Peroxisomes also catalyze the synthesis of the ether-phospholipids, a family of 
phospholipids in which one of the acyl chains is joined to glycerol by an ether bond 
at the sn − 1 position. The most abundant ether-phospholipids are plasmalogens 
with a vinyl ether bond at the sn −  1 position. The ether-phospholipids occupy 
approximately 20% of the total phospholipid mass in humans (Vance 2015). They 
are an important membrane constituent in the heart, brain and white blood cells. The 
ether-phospholipids have antioxidant properties and protect the biomembrane and 
myelin sheath from reactive oxygen species (ROS).

In addition to lipid metabolism, peroxisomes play a role in several non-lipid 
metabolic pathways, including purine, polyamine, glyoxylate and d-amino acid 
metabolism. Among these, human peroxisomes play a crucial role in the detoxifica-
tion of the glyoxylate produced in the liver. The conversion of glyoxylate to glycine 
is catalyzed by peroxisomal alanine-glyoxylate aminotransferase (AGT), an enzyme 
expressed predominantly in the liver. Peroxisomes are also involved in ROS metab-
olism. Human peroxisomes contain anti-oxidant enzymes such as catalase and 
superoxide dismutase (SOD). Peroxisomes are potentially important organelles in 
cellular redox metabolism (Fransen et al. 2012).

Recently, a new function of peroxisomes was reported that is based on commu-
nication with other organelles. Dixit et al. suggested that peroxisomes as well as 
mitochondria are important sites of antiviral signal transduction through a sensor of 
cytosolic virus, called mitochondrial antiviral-signaling protein (MAVS), that is 
also located on the peroxisomal membrane (Dixit et al. 2010). MAVS induces anti-
viral signalling from this organelle by the expression of several antiviral factors and 
serves critical subcellular hubs for promoting MAVS dependent antiviral immunity 
(Odendall et al. 2014). Furthermore, Chu et al. reported a novel peroxisomal func-
tion in cellular cholesterol transport (Chu et al. 2015). They demonstrated, based on 
genome-wide RNAi screening, that peroxisomes have a role in the transport of free 
cholesterol from lysosomes to the endoplasmic reticulum (ER) through lysosome-
peroxisome membrane contact. Furthermore, phosphatidylinositol 4,5-bisphosphate 
(PI(4,5)P2) on the peroxisomal membrane might regulate the transport of choles-
terol via peroxisomes from lysosomes (Hu et al. 2018). It is thus highly likely that 
peroxisomes are multifunctional organelles that interact with other organelles. The 
crosstalk of peroxisomes with mitochondria, lysosomes and other organelles is 
important in various metabolic and signalling pathways.

The peroxisome proliferator-activated receptor (PPAR) was discovered in 1990 
(Issemann and Green 1990). PPAR is a general transcriptional regulator of lipid 
homeostasis, and several hypolipidemic and antidiabetic agents have been shown to 
be effective ligands. PPARα is known to be able to control not only peroxisomal 
metabolism, but also lipid homeostasis (Vamecq et al. 2014). However, the physio-
logical importance of PPARα has not yet been well elucidated in humans, although 
PPARα has been shown to have a variety of functions at the cellular as well as 
organism level using PPARα knockout mice.
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4.2  �Peroxisome and Lipid Metabolism

As mentioned above, peroxisomes are important for lipid metabolism. Here we 
describe in detail the β- and α-oxidation of various fatty acids in peroxisomes, 
including both how the substrates are imported and the metabolites are then 
exported. In addition, the synthesis of ether-phospholipids and its regulation are 
mentioned briefly.

4.2.1  �Transport of Substrate into Peroxisomes

Fatty acids exist mainly as CoA esters in the cytosol. Therefore, fatty acid-CoA 
(acyl-CoA) is transported into peroxisomes by transporters before being oxidized 
by peroxisomal enzymes. In mammals, three ABC transporters belonging to sub-
family D, i.e. ABCD1–3, are involved in the transport of these fatty acids on the 
peroxisomal membrane (Morita and Imanaka 2012). ABCD1 and ABCD2 have a 
high sequence homology and both are involved in the transport of saturated and 
unsaturated VLCFA-CoA into peroxisomes (Fig.  4.1). In contrast, ABCD3 is 
involved in the import of bile acid intermediates such as trihydroxycholestanoic 
acid (THCA), dihydroxycholestanoic acid (DHCA), pristanic acid and phytanic 
acid. The recent identification of an ABCD3 deficiency in a patient with markedly 
elevated DHCA and THCA levels in the plasma, along with studies in the Pmp70−/− 
mouse, have provided support for this conclusion (Ferdinandusse et al. 2015).

4.2.2  �Fatty Acid β-Oxidation

In mammals, certain fatty acids are metabolized exclusively in peroxisomes. These 
include VLCFA (such as C22:0, C24:0 and C26:0), polyunsaturated VLCFA (C24:5 
n − 6, C24:6 n − 3), long chain dicarboxylic acids, 2-methyl branched chain fatty 
acid (pristanic acid, 2,6,10,14-tetramethylpentadecanoic acid), 3-methyl branched 
chain fatty acid (phytanic acid, 3,7,11,14-tetramethylhexadecanoic acid) and bile 
acid intermediates (DHCA and THCA) (Fig. 4.1). Phytanic acid and pristanic acid 
are taken into the body via food intake, including plant-derived oil, ruminant animal 
fats and certain kinds of fish. These fatty acids are imported into peroxisomes via 
ABCD1–3, degraded by one or more cycles of β-oxidation and released into the 
cytosol for further metabolism.

The enzymes that catalyse the formation of DHCA and THCA are localized in 
different subcellular compartments, including the cytosol, ER, and mitochondria. 
Cholesterol is converted to 25R-THCA and 25R-DHCA, and these are activated to 
25R-THCA-CoA and 25R-DHCA-CoA by bile acid-CoA ligase on the ER mem-
brane, entering the peroxisome through ABCD3. Then 25R-THCA-CoA and 
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25R-DHCA-CoA are converted to 25S-THCA-CoA and 25S-DHCA-CoA by 
2-methyl-acyl-CoA racemase for β-oxidation, respectively.

Phytanic acid exists in 3R- and 3S-forms. Both are activated as CoA esters and 
transported into peroxisomes by ABCD3. As phytanic acid has a methyl group at 
the 3-position, it cannot be oxidized by the peroxisomal β-oxidation system. 
Therefore, 3R- and 3S-phytanic acid are first converted to 2R- and 2S-pristanic acid 
by α-oxidation in peroxisomes (see below). Subsequently, 2R-pristanoyl-CoA is 
converted to 2S-pristanoyl-CoA by 2-methyl-acyl-CoA racemase and 2S-pristanoyl-
CoA enters the β-oxidation cycle (Fig. 4.1) (Wanders et al. 2011).
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Fig. 4.1  Fatty acid oxidation pathway in the peroxisome. A variety of types of fatty acid-CoA is 
transported into peroxisomes via three ABC transporters. 3R- and 3S-phytanic acid-CoA are 
respectively metabolized to 2R- and 2S-pristanoyl-CoA. 2R-pristanoyl-CoA is converted by race-
mase to 2S-pristanoyl-CoA. 25R-DHCA-CoA and 25R-THCA-CoA are converted to 25S-DHCA-
CoA and 25S-THCA-CoA by racemase, respectively. These substrates are then oxidized by fatty 
acid β-oxidation enzymes. sVLCFA, saturated very long chain fatty acid; usVLCFA, unsaturated 
very long chain fatty acid; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, dicarboxylic 
acid
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Like mitochondria, the β-oxidation that occurs in peroxisomes is conducted in 4 
steps, dehydrogenation (oxidation), hydration, dehydrogenation again and thiolytic 
cleavage. In peroxisomes, FADH reacts with O2 to produce H2O2, which is degraded 
by catalase into H2O and O2. The re-oxidation of FADH is coupled to the electron 
transport chain so as to produce ATP in mitochondria (Wanders et al. 2015).

The first step in β-oxidation is catalysed by acyl-CoA oxidases (ACOXs) that 
interact directly with molecular oxygen, generating H2O2. H2O2 is subsequently 
converted to molecular oxygen by catalase. There are at least three different ACOXs. 
ACOX1 preferentially degrades long and medium saturated and unsaturated straight 
chain fatty acids, whereas ACOX2 has a high affinity for 2-methyl branched fatty 
acids such as pristanoyl-CoA, DHCA-CoA and THCA-CoA. ACOX3 is also known 
to be involved in the degradation of 2-methyl branched fatty acids. Unlike the rat 
homolog, the human gene is expressed at very low levels in the liver and the physi-
ological role of ACOX3 has yet to be elucidated.

In the second and third steps, bifunctional proteins possessing dual enoyl-CoA 
hydratase and 3-hydroxyacyl CoA dehydrogenase activities, conduct the process. 
They are an l-bifunctional (l-PBE) and d-bifunctional enzyme (d-PBE), or alterna-
tively, multifunctional enzyme type 1 and type 2 (MEP1 and MEP2), respectively. 
It has been elucidated that d-PBE catalyses the hydration and subsequent dehydro-
genation of enoyl-CoA esters of VLCFAs, pristanic acid, DHCA and THCA.  In 
contrast, the physiological role of l-PBE is not well understood, but it might be 
involved in the degradation of long to medium chain dicarboxylic enoyl-CoA esters.

In the last step, the two thiolases 3-ketoacyl-CoA thiolase 1 (pTH1) and sterol 
carrier protein X (SCPX) (pTH2) are involved in the thiolytic cleavage of 
3-ketoacyl-CoA to acetyl-CoA and acyl-CoA, shortened by two carbon atoms. 
pTH1 metabolizes only straight-chain fatty acids. The branched chain fatty acids 
and bile acid precursors are solely cleaved by pTH2. Once the fatty acid chains are 
shortened to medium-chain fatty acyl-CoA via peroxisomal β-oxidation, they are 
conjugated to carnitine or exist in part as free fatty acids, exit the peroxisomes, and 
undergo further β-oxidation in mitochondria. During β-oxidation, the NADH 
formed in peroxisomes is partially transported to mitochondria, re-oxidized to 
NAD+, and returned back to peroxisomes. NADH is also re-oxidized in peroxi-
somes via lactate/pyruvate and the glycerophosphate shuttle (Antonenkov and 
Hiltunen 2006). Several different kinds of acyl-CoA thioesterases exist in peroxi-
somes in mammals. They might contribute to the recycling of CoA in the process of 
β-oxidation, and the free fatty acids that are produced are released into the cytosol 
(Hunt et al. 2014).

In contrast, the choloyl-CoA and deoxycholoyl-CoA produced in peroxisomes 
are converted to taurine- or glycine-conjugated cholic acid, or deoxycholic acid, by 
bile acid-CoA: amino acid N-acyltransferase and then exported into the cytosol 
(Rembacz et al. 2010).
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4.2.3  �Fatty Acid α-Oxidation

In contrast to the 2-methyl branched-chain fatty acids, the 3-methyl-branched chain 
fatty acids are not directly oxidized by the β-oxidation system because of the 
methyl-group at position 3. Such fatty acids first have the last carbon atom removed 
by α-oxidation to generate 2-methyl branched-chain fatty acids that can be 
β-oxidized. Phytanoyl-CoA is coverted to 2-hydroxyphytanoyl-CoA by phytanoyl-
CoA 2-hydroxylase. Subsequently, 2-hydroxyphytanoyl-CoA is cleaved to pristanol 
and formyl-CoA by 2-hydroxyl-CoA lyase. Pristanol is then oxidized to pristanic 
acid by pristanol aldehyde dehydrogenase. Formyl-CoA is hydrolyzed to formic 
acid and CoA by acyl-CoA thioesterase. The pristanic acid activated as pristanoyl-
CoA is oxidized by ACOX2 and enters the β-oxidation cycle (Fig. 4.2) (Wanders 
et al. 2011).
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Fig. 4.2  α-oxidation of phytanic acid. The α-Oxidation pathway for phytanic acid. The pathway 
is necessary to remove the β-carbon blocked with a methyl group so that β-oxidation can be 
proceed
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4.2.4  �Ether-Phospholipid Synthesis

The ether-phospholipids are a special class of phospholipids with an ether bond at the 
sn − 1 position of the glycerol backbone. The most abundant ether-phospholipids are 
the plasmalogens, which have a vinyl ether bond at the sn − 1 position (Fig. 4.3a). The 
plasmalogens mostly have either ethanolamine or choline as the head group. They are 
a constituent of the membrane glycerophospholipids and are enriched in polyunsatu-
rated fatty acids (PUFAs) at the sn − 2 position (Braverman and Moser 2012). The 
plasmalogens are largely found in the central nervous system (CNS) as major con-
stituents of myelin phospholipids. As they contain PUFAs, they serve as antioxidants 
in the CNS. Plasmalogen biosynthesis deficiency is reported to result in a peroxisomal 
disease with abnormal myelin formation, suggesting that the plasmalogens play a 
pivotal role in the CNS (see Chap. 5) (Sztriha et al. 2000).
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Fig. 4.3  Biogenesis of ether-phospholipids. (a) Structure of plasmalogen. (b) Pathway for plas-
malogen biosynthesis. AADHAPR, acyl/alkyl-dihydroxyacetone phosphate dehydrogenase; 
ADHAPS, alkyldihydroxyacetonephosphate synthase; DHAPAT, dihydroxyacetone phosphate 
acyltransferase; Far1, fatty acyl-CoA reductase
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Plasmalogen biosynthesis requires enzymes localized in both peroxisomes and 
the ER (Fig. 4.3b) (Nagan and Zoeller 2001). Plasmalogen synthesis is initiated in 
peroxisomes. Dihydroxyacetone phosphate (DHAP) is converted to acyl-DHAP by 
DHAP acyl transferase (DHAPAT). The ester linkage of acyl-DHAP is converted to 
an ether linkage by an exchange reaction with long chain alcohol by alkyldihy-
droxyacetonephosphate synthase (ADHAPS). Both DHAPAT and ADHAPS are 
intraperoxisomal enzymes, and they form a functional complex to increase effi-
ciency. The fatty alcohol for the ADHAPS reaction is generated by the fatty acyl-
CoA reductase (FAR1) that is a peroxisomal tail-anchored protein (Farr et al. 2016; 
Honsho et al. 2013). This step is suggested to be rate limiting in plasmalogen bio-
synthesis. The resulting precursor, alkyl-DHAP, moves to the outer leaflet of the 
peroxisomal membrane and alkyl-DHAP is converted to 1-O-alkyl-2-hydroxy-sn-
glycerophosphatidic acid by acyl/alkyl-DHAP reductase (AADHAPR) and is trans-
ported to the ER (Dorninger et al. 2017). Subsequently, the plasmalogen synthesis 
completes in the ER by four additional modification steps before transport to the 
plasma membrane.

Plasmalogen biosynthesis is subjected to feedback regulation by the plasmalo-
gen level. Honsho et  al. reported that plasmalogen synthesis is regulated by the 
proteolytic stability of FAR1 on the peroxisomal membrane by a feedback mecha-
nism in which the plasmalogen level on the inner plasma membrane leaflet is sensed 
(Honsho and Fujiki 2017). Deficiency of certain peroxisomal enzymes essential for 
plasmalogen synthesis, i.e. DHAPAT, ADHAPS, or FAR1, results in a fatal genetic 
disease, rhizomelic chondrodysplasia punctata (RCDP) (see Chap. 5).

4.3  �Structure and Function of the ABC Transporter

Peroxisomes are involved in a variety of metabolic processes. Recently it has 
become clear that several transporters are involved in the transport of the resulting 
metabolites. One of the transporter families is the ABC transporter. The structure of 
the ABC transporters is highly conserved, and they catalyse ATP-dependent trans-
membrane transport of a variety of substrates into or out of cells so as to maintain 
cellular homeostasis. The human ABC transporter family is comprised of 48 mem-
bers, if we exclude ABCC13, which is a pseudogene product lacking any functional 
ABC protein domain. The ABC transporters are divided into seven subfamilies, 
A–G, based on structural organization and amino acid homology (Dassa and 
Bouige 2001; Vasiliou et  al. 2009). The human ABC proteins are involved in a 
number of important physiological processes, and dysfunction of the ABC trans-
porters is known to result in severe disease.
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4.3.1  �ABCD Transporters

In mammals, four ABC transporters belonging to subfamily D, ABCD1–4, have 
been identified: the adrenoleukodystrophy protein (ALDP/ABCD1), ALDP-related 
protein (ALDRP/ABCD2), 70-kDa peroxisomal membrane protein (PMP70/
ABCD3) and PMP70-related protein (P70R/ABCD4) (Kamijo et al. 1990; Mosser 
et al. 1993; Lombard-Platet et al. 1996; Holzinger et al. 1997a, b; Shani et al. 1997). 
ABCD3 is markedly induced by the administration of hypolipidemic agents in par-
allel with peroxisome proliferation and induction of peroxisomal β-oxidation 
enzymes (Kamijo et al. 1990).

The ABCD1 gene was discovered by the positional cloning that was performed 
in an effort to identify the gene responsible for X-linked adrenoleukodystrophy 
(X-ALD) (Mosser et al. 1993). The deduced protein sequence showed significant 
sequence identity with ABCD3. There was considerable surprise at this unex-
pected result since it was suspected at that time that VLCFA-CoA synthetase was 
the gene responsible for X-ALD.  The ABCD2 gene was cloned from a cDNA 
library from the mouse monocyte/macrophage cell line P388D1 using PCR prod-
ucts encoding Walker A and a 12-mer conserved motif in the ABC transporters 
(Holzinger et al. 1997a). ABCD4 was identified by a homology search for ABCD1- 
and ABCD3-related sequences in a database of expressed sequence tags (ESTs) 
(Holzinger et al. 1997b; Shani et al. 1997).

ABCD1–3 exist in the peroxisomal membrane and are involved in the transport 
of various kinds of fatty acid-CoA. ABCD4 localizes to the lysosome and is sug-
gested to be involved in the transport of vitamin B12 from the lysosome to the 
cytosol.

4.3.2  �Structure of the ABCD Transporters

The ABCD transporters are half-size ABC transporters with one transmembrane 
domain (TMD) and one nucleotide-binding domain (NBD). From the hydropathy 
profile, the amino terminal half is hydrophobic, with six transmembrane segments, 
and the COOH-terminal half is hydrophilic, having the NBD (Fig. 4.4a). The TMD 
provides the passageway for the substrate across the membranes, while the NBD 
energizes the directional transport of these substrates by alternating cycles of ATP 
binding and hydrolysis. The NBD contains three conserved motifs: Walker A, 
Walker B and the ABC signature motif, which is situated upstream of the Walker B 
sequence (Dassa and Bouige 2001; Higgins 1992).

In early studies, we showed that the binding and hydrolysis of ATP induced con-
formational changes in ABCD3 close to the boundary between the TMD and NBD, 
as well as the helical domain between the Walker A and B motifs (Kashiwayama 
et al. 2002; Tanaka et al. 2002). On the other hand, Guimarães et al. showed with a 
protease-based assay that LCFA-CoA and VLCFA-CoA induced conformational 
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Fig. 4.4  Function of the ABC transporter. Hypothesized structure of the peroxisomal ABC trans-
porter (a) and the possible function of ABC transporters on the peroxisomal membrane (b). The 
ABCD transporters are comprised of a half-size ABC transporter with one transmembrane domain 
(TMD) and one nucleotide-binding domain (NBD). Six transmembrane domains are located in the 
NH2-terminal half of the transporter, and the Walker A, B and ATP-binding cassette signature 
sequence (the ABC signature) is located in the COOH-terminal half of the transporter. In mam-
mals, ABCD1 and ABCD2 have overlapping substrate specificities toward saturated and monoun-
saturated VLCFA-CoAs. However, ABCD1 has a higher specificity for C24:0-CoA and C26:0-CoA 
than ABCD2. In contrast, ABCD2 has a higher specificity for C22:0-CoA and C20:0-CoA than 
ABCD1. ABCD2, but not ABCD1, has an affinity for polyunsaturated VLCFA-CoA. C24:5-CoA 
and C24:6-CoA synthesized in the ER are transported into peroxisomes by ABCD2 and converted 
to docosapentaenoic acid (DPA) and DHA, respectively. ABCD3 is thought to be involved in the 
transport of LCFA-CoA, branched chain acyl-CoA, THCA-CoA and DHCA-CoA
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alterations in ABCD1, suggesting that the TMD is involved in the recognition of 
substrates (Guimaraes et al. 2005). These findings suggest that the NH2-terminal 
TMD of ABCD1 is involved in the recognition of these substrates, and undergoes a 
conformational change on ATP binding to the COOH-terminal NBD of ABCD1.

How do the peroxisomal ABC transporters recognize their substrates and import 
them into the lumen of peroxisomes? This is one of the key outstanding questions 
at present. The X-ray crystallographic structure of the peroxisomal ABC transport-
ers has yet to be obtained. However, a recent study on the structure of homomeric 
Cyanidioschyzon merolae P-glycoprotein (CmABCB1), a homolog of human 
P-glycoprotein (Mdr1), suggests a complex structure. This study revealed a two-
fold structure at 1.9 Å and 3.0 Å resolution: an outward-facing conformation state 
with a bound nucleotide and an inward-facing conformation, respectively (Kodan 
et  al. 2019). According to the model proposed, the inward facing conformation 
results in a large internal cavity open to both the cytoplasm and inner leaflet of the 
plasma membrane. This conformation represents the initial stage of the transport 
cycle and is suitable for substrate binding. Then, when substrate enters the internal 
substrate-binding pocket, ATP binds to the NBD, causing a large conformational 
change, thereby presenting the substrate and substrate-binding sites to the outer 
space. Based on these findings, the peroxisomal ABC transporters might have a 
similar catalytic mechanism of ATP binding and hydrolysis. On the other hand, the 
ABCD transporters possess acyl-CoA thioesterase activity (De Marcos Lousa 
et al. 2013; Okamoto et al. 2018), and it is suggested that this activity is required 
for the transport of VLCFA-CoA into peroxisomes. It is of considerable interest to 
determine the location of the active site of acyl-CoA thioesterase on the transporter 
and how the respective cavity in VLCFA-CoA or VLCFA is specifically organized.

In terms of the quaternary structures of the ABCD proteins, ABCD1, ABCD3 
and ABCD4 are suggested to exist in the membrane mainly as a homodimer (Liu 
et al. 1999; Guimaraes et al. 2004; Hillebrand et al. 2007), although ABCD1 is able 
to form a complex with ABCD2 or ABCD3. Recently it was reported that ABCD1 
and ABCD2 might assemble as a heterotetramer (Geillon et al. 2017).

4.3.3  �Function of the ABCD Transporters

4.3.3.1  �ABCD1

ABCD1 has been thought to transport VLCFA-CoA, as ABCD1 mutation causes 
X-ALD, which is characterized by abnormal VLCFA tissue accumulation. Early 
studies showed that exogenous expression of ABCD1 in X-ALD skin fibroblasts 
restored VLCFA β-oxidation. Furthermore, it was demonstrated by expressing 
human ABCD1 in a pxa1/pxa2 knockout yeast mutant that ABCD1 is involved in 
the transport of saturated, monounsaturated and polyunsaturated LCFA-CoA and 
VLCFA-CoA, such as such as C18:0-, C22:0-, C24:0-, C26:0-, C18:1- and C24:6-
CoA, across the peroxisomal membrane (Fig. 4.4b) (van Roermund et al. 2011). 
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However, the mechanism of fatty acid transport by ABCD1 has yet to be well 
characterized. It is proposed that the CoA moiety of VLCFA-CoA is cleaved dur-
ing the transport cycle since COMATOSE, a homolog of human ABCD1  in 
A. thaliana, itself possesses intrinsic acyl-CoA thioesterase activity (De Marcos 
Lousa et al. 2013). In addition, β-oxidation of oleic acid was analysed in peroxi-
somes in a medium including [18O]H2O using yeast cells with a deficiency of thio-
lase but expressing carnitine palmitoyltransferase 2-SKL in peroxisomes (van 
Roermund et al. 2012). Quantitation of the amount of isotope-labeled carnitine sug-
gests that acyl-CoA is hydrolyzed before it is metabolized. Another model suggests 
that esterified fatty acids are delivered directly to the peroxisomal matrix. This 
model depends on the observation that the β-oxidation of VLCFA-CoA in peroxi-
somes isolated from fibroblasts directly depends on ABCD1 without any need of 
additional re-esterification by an acyl-CoA synthetase (Wiesinger et al. 2013).

Recently we showed that purified ABCD1 reconstituted in proteoliposomes pos-
sesses acyl-CoA thioesterase activity (Okamoto et al. 2018). It is of interest to deter-
mine how acyl-CoA thioesterase activity is involved in the transport of VLCFA into 
peroxisomes. On the other hand, the activity of ABCD1 was shown to be very low 
in mammals compared with other acyl-CoA thioesterases found in peroxisomes, 
mitochondria, the ER and cytosol. In addition, the acyl chain covalently bound to 
ABCD1 was shown to be detectable under a condition in which such intermediates 
were not detectable in other acyl-CoA thioesterases. This suggests that acylation of 
ABCD1 occurs over a relatively long period of time. Therefore, acyl-CoA thioester-
ase might be required for regulating the transport of VLCFA through acylation of 
the ABCD1 protein.

The export of cholesterol from lysosomes is reduced by mutation of ABCD1 
(Chu et al. 2015). It is interesting that there is crosstalk between peroxisomes and 
lysosomes in the course of cholesterol metabolism. In Abcd1-deficient mice brain 
and X-ALD fibroblasts, free cholesterol was shown to have accumulated in lyso-
somes, indicating that the peroxisomal ABCD1 protein is directly or indirectly 
involved in cholesterol trafficking.

4.3.3.2  �ABCD2

ABCD2 shares functional redundancy with ABCD1 (Pujol et al. 2004). ABCD2 has 
an affinity for PUFAs such as C24:5-CoA and C24:6-CoA, although ABCD1 has a 
higher specificity for saturated VLCFA-CoA (Fig. 4.4b). This was shown by experi-
ments using the yeast pxa1/pxa2Δ mutant, which expresses ABCD1 and/or ABCD2 
(van Roermund et  al. 2011). In addition, the abnormal fatty acid phenotype in 
Abcd2−/− mice is different from that in Abcd1−/− mice (Fourcade et  al. 2009). 
Abcd1−/− mice display a higher accumulation of C24:0 and especially C26:0. In 
contrast, Abcd2−/− mice display different fatty acid abnormalities, especially mono-
unsaturated and PUFAs. The β-oxidation activity of C24:6n − 3, an immediate pre-
cursor of docosahexaenoic acid (DHA), is reduced in the Abcd2−/− mouse brain. In 
addition, ABCD2 expression is highly sensitive to PUFAs, suggesting that ABCD2 
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is involved in the transport of PUFAs in DHA metabolism (van Roermund et al. 
2011; Fourcade et al. 2009; Genin et al. 2011). Furthermore, the ABCD2 expression 
pattern is different from that of ABCD1 in tissues and cells in mice and humans. It 
is hypothesized that there are different benefits conferred on cells by the respective 
expression of ABCD1 and ABCD2.

ABCD2 appears to have a role in the metabolism of monounsaturated and poly-
unsaturated VLCFAs rather than saturated VLCFAs, and may be involved in the 
regulation of oxidative stress and synthesis of DHA (Fourcade et al. 2010). However, 
the actual function of ABCD2 in vivo is still unclear because the endogenous expres-
sion level of ABCD2 is quite low in human cells and there is no reported disease 
caused by mutation of the ABCD2 gene.

4.3.3.3  �ABCD3

ABCD3 is one of the most abundant PMPs, at least in the liver and kidney, and has 
been reported to be involved in the transport of various fatty acids that ABCD1 and 
ABCD2 cannot transport (Fig.  4.4b). We demonstrated that overexpression of 
ABCD3 stimulates C16:0 β-oxidation activity in CHO cells, but inhibits C24:0 
β-oxidation activity (Imanaka et  al. 1999). In addition, we showed that C24:0 
β-oxidation activity was not decreased by the silencing of ABCD3 in ABCD1-
knockdown U87 cells (Morita et al. 2012). These data suggest that ABCD3 does not 
contribute to peroxisomal VLCFA β-oxidation. ABCD3 has been shown to have a 
role in the transport of more hydrophilic substrates compared to VLCFA. It has been 
reported in Abcd3−/− mice that the bile acid precursors THCA and DHCA, as well 
as pristanic acid, accumulate in plasma. There was a significant reduction of cheno-
deoxycholic acid and cholic acid conjugated with taurine or glycine shown in the 
liver, bile, and intestine. On the other hand, a remarkable increase of bile acid inter-
mediates with C27 was observed (Ferdinandusse et al. 2015). These results suggest 
that ABCD3 is active in the transport of LCFA-CoA, THCA-CoA, DHCA-CoA, 
branched chain acyl-CoA and dicarboxylic acid-CoA (Fig. 4.4b). In the mouse liver, 
ABCD3 expression is induced by treatment with fibrates, such as ciprofibrate and 
fenofibrate, via PPARα. Recently, a patient with an ABCD3 defect reportedly exhib-
ited hepatosplenomegaly and severe liver disease (Ferdinandusse et  al. 2015). 
ABCD3 possesses intrinsic acyl-CoA thioesterase activity, as do ABCD1 and 
ABCD2 (Okamoto et  al. 2018). Very recently peroxisomal fatty acid oxidation 
through ABCD3 was suggested to be important when mitochondrial fatty acid oxi-
dation is impaired or overloaded (Violante et al. 2019).

4.3.3.4  �ABCD4

It was a surprise when it was reported that mutation of ABCD4 causes a lysosomal 
storage disease with vitamin B12 deficiency (Coelho et al. 2012). In humans, cobala-
min in complex with transcobalamin in the blood is endocytosed into cells and 
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delivered to lysosomes. The cobalamin in the lysosomes is then exported to the 
cytosol and in part to mitochondria, and converted into methylcobalamin (MeCbl) 
and adenosylcobalamin (AdoCbl), which are coenzymes of methionine synthase in 
the cytosol and methylmalonyl-CoA mutase in mitochondria, respectively (Coelho 
et al. 2008). A defect in ABCD4 results in lysosomal accumulation of cobalamin. In 
patient fibroblasts, the intracellular enzyme-bound cobalamin level is significantly 
lower than in control fibroblasts. Expression of wild-type ABCD4 in patient fibro-
blasts was shown to normalize the intracellular enzyme-bound cobalamin levels and 
remarkably increase the synthesis of MeCbl and AdoCbl. As mutations in ABCD4 
and LMBD1 encoded by the limb region 1 domain containing 1 gene (LMBDR1) 
result in a quite similar phenotype (Rutsch et al. 2009), these two proteins function 
as a complex in the process of transporting cobalamin from lysosomes to the cyto-
sol. Recently, we demonstrated that the ABCD4 dimer complexes with LMBD1 on 
the ER membrane and is transported to lysosomes by the lysosomal targeting signal 
of LMBD1 (Kawaguchi et  al. 2016). The bacterial ABC transporter BtuCD is 
involved in the import of cobalamin into the cytoplasm across the inner membrane 
and possesses ATPase activity (Beedholm-Ebsen et al. 2010). ABCC1, a multidrug 
resistance-associated protein on the plasma membranes of mammalian cells, may 
be involved in the cobalamin export from cells (Borths et al. 2005). ABCC1 itself 
also possesses ATPase activity. Therefore, we postulate that ABCD4 comprises the 
transporter unit and that LMBD1 is an accessory protein. LMBD1 is a highly gly-
cosylated protein and this might protect ABCD4 from proteases in lysosomes. 
Recently we showed that the ABCD4 reconstituted on liposomes exported cobala-
min outside of the liposomes coupled to ATP hydrolysis (unpublished observation).

ABCD1–3 transport substrates from the cytosol to peroxisomes. In contrast, 
ABCD4 transports cobalamin from lysosomes to the cytosol. It is of special interest 
to determine the mechanisms underlying the difference in the direction of these 
transport activities.

4.4  �Solute/Metabolite Traffic Across the Peroxisomal 
Membrane

The various fatty acids metabolized in peroxisomes are mainly transported into per-
oxisomes from the cytosol as CoA forms via ABCD1–3 (Figs. 4.1 and 4.5). They are 
then metabolized by β- and α-oxidation in the peroxisomes (Wanders 2014). However, 
as peroxisomal β-oxidation is not carried out completely in peroxisomes, the final 
products, a shortened fatty acyl-CoA (medium chain acyl-CoA with a carbon chain 
length of 6–8) as well as acetyl-CoA, formyl-CoA and propionyl-CoA, must be 
exported for further metabolism. In addition, the NADH formed in peroxisomes must 
be re-oxidized to NAD+ to continue the β-oxidation process. On the other hand, in 
mammals VLCFA is partly activated to VLCFA-CoA in peroxisomes by VLCFA-
CoA synthase. ATP and CoA must be transported to peroxisomes from the cytosol. 
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The exchange of metabolites and cofactors through the peroxisomal membrane is 
important for adequate facilitation of the metabolic process in peroxisomes.

Early studies by de Duve et al. led to the concept that peroxisomes are freely 
permeable to compounds of low molecular weight based on evidence from equilib-
rium density gradient centrifugation in sucrose, and several of the peroxisomal 
enzymes failed to exhibit latency as a membrane barrier, unlike the lysosomal mem-
brane (Beaufay et al. 1964; De Duve and Baudhuin 1966). Later Veldhoven et al. 
suggested that a PMP of 22- to 28-kDa is responsible for the nonspecific permeabil-
ity of small solutes on the peroxisomal membrane (Van Veldhoven et  al. 1987). 
Subsequently, Wanders’ group at the University of Amsterdam predicted that a 
transporter and carrier must exist on the peroxisomal membrane from the evidence 
that the peroxisomal membrane in fibroblasts is not freely permeable to certain 
types of substrate (Wolvetang et al. 1990).

Around the same time, other important findings were reported. Disruption of the 
peroxisomal malate dehydrogenase gene (MDH3) in Saccharomyces cerevisiae was 
shown to cause impairment of the peroxisomal β-oxidation capacity, as measured in 
intact cells, whereas β-oxidation was normal in cell lysates. In addition, mdh3-
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disrupted cells were unable to grow in oleate medium, whereas their growth in a 
glucose medium was normal. These data suggested that it is difficult for NADH to 
permeate the peroxisomal membrane, and it is oxidized to NAD+ coupled to a con-
version of oxaloacetate to malate by MDH (van Roermund et al. 1995). Furthermore, 
disruption of both the citrate synthase gene (CIT2) and carnitine acetyltransferase 
gene (YCAT) blocked the β-oxidation, but not in lysates. This suggests that the 
acetyl-CoA produced by β-oxidation does not permeate the peroxisomal membrane 
and it is released by the acetylcarnitine and maleate converted by the glyoxylate 
cycle. An ATP transporter, a mitochondrial inner membrane solute carrier superfam-
ily was discovered in the peroxisome membrane obtained from different cell sources 
(Palmieri et al. 2001; Visser et al. 2002; Linka et al. 2008; Arai et al. 2008).

Based on these findings, the peroxisomal membrane is predicted to possess a 
non-selective channel and several transporters for selective compounds (Fig. 4.5). 
Hiltunen’s group at the University of Oulu at Finland have made contributions in 
this area with their extensive studies (Antonenkov and Hiltunen 2006; Antonenkov 
et al. 2015; Mindthoff et al. 2016).

4.4.1  �Non-selective Channels on the Peroxisomal Membrane

As described above, peroxisomal membrane protein 2 (PXMP2), also known as 
PMP22, is responsible for channel formation. Pxmp2  in rodents is one of the 
major integral membrane proteins in the liver peroxisomes of mammals (Hartl and 
Just 1987). It belongs to a small family of membrane proteins consisting of four 
members in mammals: Pxmp2, Mpv17 (Weiher et al. 1990), Mpv17-like protein 
(M-LP) (Iida et  al. 2003) and the FKS24 gene product. The yeast S. cerevisiae 
contains two proteins homologous to Pxmp2: Sym1p (Trott and Morano 2004) 
and the YOR292c gene product.

In an early study by Veldhoven et al., peroxisomes in the rat liver were predicted 
to possess pore-forming channel capacity with low molecular weight polypeptides 
such as Pxmp2 (PMP22) (Van Veldhoven et al. 1987). Subsequently, Hiltunen and 
his colleagues have taken up the challenge of detecting the channel forming activity 
of Pxmp2 using purified protein from mouse liver peroxisomes. Pxmp2 is a homotri-
mer that mainly exhibits channel-forming activity at three conductance levels: 0.45, 
0.9, and 1.3 nS in 1.0 M, with KCl as the electrolyte. The channel is weakly cation-
selective and in a stably open configuration for long periods of time. The estimated 
diameter of the channel is 1.4 nm. The size is estimated to be well over the dimen-
sions of small solutes but it is close to the size of bulky metabolites. Further studies 
revealed that the Pxmp2 channel enables free diffusion across the membrane of 
compounds with molecular masses up to 300 Da. The permeation of larger mole-
cules up to 500–600 Da is partially restricted, while larger metabolites do not enter 
the channel (Antonenkov and Hiltunen 2012; Rokka et al. 2009). Metabolites such 
as acylcarnitine, free fatty acid and acetoacetate all probably diffuse through the 
channel. In addition, a study on Pxmp2-deleted mice revealed a partial restriction of 
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peroxisomal membrane permeability to solutes both in vivo and in vitro in the 
absence of Pxmp2. An inability of female Pxmp2−/− mice to nurse their pups was 
observed owing to an adverse effect on the development of the mammary gland 
epithelium (Vapola et al. 2014).

Mpv17 and M-LP are additional candidate peroxisomal membrane channels. 
Human MPV17 has been shown to form a membrane channel as Pxmp2 (Antonenkov 
et al. 2015). Initially these proteins were reported as being localized to peroxisomes. 
However, later they are reported to locate exclusively to the inner mitochondrial 
membrane (Spinazzola et al. 2006; Krick et al. 2008) and be involved in the main-
tenance of mitochondrial DNA (mtDNA) (El-Hattab et al. 2017; Iida et al. 2018). 
On the other hand, very recently Weiher et  al. reported that MPV17 localizes to 
peroxisomes, endosomes and lysosomes, but not mitochondria in human U2OS 
cells. MPV17 might have a novel function on the peroxisomal membrane instead of 
mtDNA depletion (Weiher et al. 2016). Sym1p, a yeast homolog to Pxmp2, is local-
ized to the inner mitochondrial membrane (Trott and Morano 2004). Recently, it 
was suggested that Sym1p might be involved in mitochondrial transport and is 
essential for maintenance of mtDNA (Dallabona et al. 2010).

Interestingly, Pex11p is a candidate cannel-forming protein on the peroxisomal 
membrane. Mindthoff et  al. showed that yeast Pex11p has sequence similarity 
with TRPM cation-selective channels possess pore-forming activity (Mindthoff 
et  al. 2016). Overexpression of Pex11p resulted in acceleration of fatty acids 
β-oxidation in intact cells, but not in the corresponding lysates. The results suggest 
that Pex11p as a non-selective channel responsible for the transfer of metabolites 
across the peroxisomal membrane.

Based on these studies, unique channel proteins exist on the peroxisomal mem-
brane that are involved in the transport of the various metabolites produced in per-
oxisomes (Fig. 4.5).

4.4.2  �The ATP and Cofactor Transporter

ATP is required for metabolism in peroxisomes. The molecular size of ATP 
(507.2 Da) and its strong negative charge predict that the transfer of ATP across the 
peroxisomal membrane is highly restricted. An ATP transporter must exist in the 
peroxisomal membrane as in the inner mitochondrial membrane.

The Pmp47 of Candida boidinii shows the highest similarity to a mitochondrial 
ATP/ADP translocase. Interestingly, the topology of Pmp47  in the peroxisomal 
membrane is in the opposite orientation as the mitochondrial ATP/ADP translocase. 
In yeast, medium-chain fatty acids such as laurate are activated in the peroxisomal 
matrix by Faa2p for β-oxidation. We demonstrated that the pmp47Δ strain could not 
grow on laureate and that the level of laureate oxidation in the permeabilized cells 
of the pmp47Δ strain was lower than that in the wild-type strain. These results 
suggest that Pmp47 may be involved in the transport of a small molecule (possibly 
ATP) required in the activation of laureate to its CoA form in peroxisomes (Nakagawa 
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et al. 2000). Palmieri et al. subsequently found that Ant1p is essential as the sole 
carbon source for growth on medium-chain fatty acids in S. cerevisiae  (Palmieri 
et al. 2001). Upon reconstitution of the overexpressed and purified Ant1p into lipo-
somes, specific transport of ATP was demonstrated. The physiological role of Ant1p 
is to transport cytoplasmic ATP into the peroxisomal lumen in exchange for the 
AMP generated in the activation of fatty acids. To facilitate this process, PMP34 in 
mammalian peroxisomal membranes (Visser et al. 2002), and PNC1 and PNC2 in 
plant peroxisomal membranes (Linka et al. 2008; Arai et al. 2008) function as ATP 
transporters. They belong to a superfamily of mitochondrial solute carriers and 
accelerate the transfer of cytoplasmic ATP into the peroxisomal lumen in exchange 
for ADP and AMP, which provides a shift in the steady-state concentrations of the 
nucleotides inside the peroxisomes toward ATP (Fig. 4.5).

The cofactors CoA, FAD and NAD+ that are essential for β-oxidation are synthe-
sized outside the peroxisome and therefore must be imported. Solute carrier family 
25 member 17 (SLC25A17), a member of the mitochondrial carrier superfamily, is 
located the peroxisomal membrane. Purified SLC25A17 reconstituted in liposomes 
displays transport properties and kinetic parameters that suggest SLC25A17 is a 
transporter of CoA, FAD, FMN and AMP, and to a lesser extent of NAD+, adenosine 
3, 5-diphosphate (PAP) and ADP (Agrimi et al. 2012). SLC25A17 is expressed to 
various degrees in all of the human tissues examined and is involved in the transport 
of free CoA, FAD and NAD+ into peroxisomes in exchange for PAP, FMN and AMP 
generated in peroxisomes (Fig.  4.5). As mentioned above with regard to the re-
oxidized NADH induced β-oxidation of fatty acids, a shuttle mechanism is used to 
re-oxidise NADH. In S. cerevisiae, peroxisomal NADH is re-oxidized to NAD+ by 
malate dehydrogenase (Mdh3p) via the malate/oxaloacetate shuttle. The presence 
of multiple peroxisomal redox systems probably allows the cells to maintain the 
proper peroxisomal redox status when the metabolic conditions are altered.

It is known that the acetyl-CoA produced by the β-oxidation does not permeate 
the peroxisomal membrane. It may be released as acetylcarnitine or maleate con-
verted by glyoxylate cycle. The exchange of acyl-CoA to acylcarnitine is important 
for keeping the acyl-CoA/CoA pool constant (Ferdinandusse et al. 1999). OCTN3 
(SLC22A21) is an organic cation transporter family protein and human OCTN3 is 
reported to localize on the peroxisomal membrane. OCTN3 might contribute to the 
transport of carnitine from the cytosol to peroxisomes in the course of peroxisomal 
lipid metabolism (Lamhonwah et al. 2005) (Fig. 4.5).

4.4.3  �The Export of Metabolites by β-Oxidation 
and the Degraded Cofactors

Peroxisomes contain various lipid metabolizing enzymes, including carnitine acet-
yltransferase, carnitine octanoyltransferase, acyl- or acetyl-CoA thioesterses, bile 
acid-CoA: amino acid N-acyltransferase (BAAT) and nucleotide diphosphates 
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linked to some moiety X (Nudix) hydrolases. These enzymes seem to contribute to 
the modification of metabolites produced by fatty acid β-oxidation as well as the 
degradation of NADH and NADPH.

Carnitine is a small and highly hydrophilic molecule that plays a key role in the 
transfer of acetyl or acyl moieties between different compartments in the cells. 
Carnitine acetyltransferase is active towards acetyl-CoA and propionyl-CoA (Farrell 
et al. 1984), and carnitine octanoyltransferase is specific for medium-chain acyl-
CoAs (Ferdinandusse et al. 1999) in mammals. The acetyl- and acylcarnitines pro-
duced in peroxisomes might be released, since the size of these compounds are 
smaller than the corresponding CoA derivatives.

Acyl- and acetyl-CoA thioesterases comprise a large group of enzymes that cata-
lyze the hydrolysis of acyl- or acetyl-CoA to either free fatty acids or acetic acid, 
and CoA.  The thioesterases are localized to almost all cellular compartments, 
including peroxisomes. Mouse peroxisomes have been shown to contain six thioes-
terases. They have different substrate specificity and can hydrolyze various acyl-
CoA, including long and medium-chain acyl-CoA, branched chain acyl-CoA, 
medium-chain dicarboxylic acyl-CoA, short-chain acyl-CoA, acetyl-CoA and 
propionyl-CoA.  The thioesterases modulate the intraperoxisomal pools of CoA 
(Hunt et al. 2014, 2012). The thioesterases might also create conditions favourable 
for the transfer of at least some of the β-oxidation products out of peroxisomes via 
peroxisomal membrane channels (Fig. 4.5).

BAAT is involved in export of bile acids from peroxisomes by producing tauro- 
and glyco-bile acids by amidation (Issemann and Green 1990; He et  al. 2003; 
Pellicoro et al. 2007; Visser et al. 2007). A significant portion of BAAT is known to 
be located in liver peroxisomes in mammals. However, it is not clear how these bile 
acids conjugates are transported across the peroxisomal membrane at present.

A portion of the cofactors such as NADH, NADPH and CoA are degraded in 
peroxisomes. Elimination of degraded cofactor molecules from peroxisomes also 
seems to contribute to the regulation of their steady-state concentration in the par-
ticles. The mechanism responsible for the removal of soluble cofactors from the 
peroxisomal lumen is quite unusual, combining the actions of membrane channels 
with matrix enzymes called Nudix hydrolases. The Nudix family consists of a large 
group of pyrophosphatases containing a highly conserved amino acid sequence, 
the Nudix box (McLennan 2006). The enzymes catalyze the hydrolysis of a pyro-
phosphate bond connecting nucleosides with various moieties, including compo-
nents of the cofactor molecules. Several Nudix hydrolases are localized to 
peroxisomes. Mammalian NUDT7 and NUDT19 are CoA diphosphatases (Gasmi 
and McLennan 2001; Ofman et  al. 2006), whereas NUDT12 cleaves NAD(P)H 
(Abdelraheim et al. 2003). Similarly, yeast peroxisomes contain two Nudix hydro-
lases, Pcd1p (Cartwright et al. 2000) and Npy1p (AbdelRaheim et al. 2001) that 
catalyse the hydrolysis of CoA and NAD(P)H, respectively. Peroxisomal Nudix 
hydrolases cleave pyrophosphate bonds connecting two ‘bulky’ cofactor molecules 
of nearly equal size. As a result, the size of the reaction products is approximately 
half that of the initial substrate. It is suggested that due to their size the products of 
cofactor cleavage might be freely released from peroxisomes via membrane chan-
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nels (Fig. 4.5). Peroxisomal Nudix hydrolases show some preference for damaged 
cofactor molecules, indicating a role as ‘housecleaning’ enzymes. In addition, the 
mammalian Nudix hydrolases specific for CoA are active towards certain acyl-
CoA derivatives. NUDT19 not only hydrolyses CoA but cleaves a wide range of 
acyl-CoA, including medium chain acyl-CoA and choloyl-CoA. Similarly, NUDT7 
exhibits a high level of diphosphatase activity towards bile acid-CoA and lauroyl-
CoA. The products of these reactions are acyl (bile acid)-phosphopantetheines and 
3, 5-ADP. The compounds might be cleaved by thioesterases to free fatty acids or 
bile acids and 4-phosphopantetheine for release from peroxisomes (Reilly 
et al. 2008).

The system for producing metabolites in peroxisomes as well as the transporters 
and cannels on the peroxisome membrane act in coordination to release metabo-
lites. Recently, it was reported that peroxisomes associate with other organelles 
through specific contact sites, including mitochondria. The contacts facilitate the 
exchange of metabolites between peroxisomes and these other organelles (see 
Sect. 4.6).

4.5  �Peroxisomes and Oxidative Stress

The cellular redox state is closely related to a variety of important functions, includ-
ing cell survival, proliferation and differentiation. Disruption of cellular redox 
homeostasis induces “oxidative stress”, which refers to elevated intracellular levels 
of reactive oxygen and/or nitrogen species (ROS/RNS). When the level of ROS/
RNS exceeds the capacity of the antioxidant defence and repair mechanisms, the 
ROS/RNS cause oxidative damage to various biomolecules, with deleterious effects 
on cellular function, resulting in various diseases, including neurodegenerative and 
age-related diseases. Recently, peroxisomes as well as mitochondria have come to 
be recognized as key organelles in the maintenance of cellular ROS metabolism. 
The role of peroxisomes in cellular redox homeostasis has been well described in 
two recent reviews (Fransen et  al. 2012; Walker et  al. 2018). In this section, we 
focus on the role of peroxisomes in redox regulation in connection to 
mitochondria.

4.5.1  �Oxidative Stress and the Antioxidant Defence Systems

Mitochondria are organelles that generate a high amount of ROS in association with 
the production of ATP via oxidative phosphorylation. Peroxisomes also have an 
important role in the production and degradation of ROS/RNS, and act as modula-
tors of cellular oxidative balance (Antonenkov et al. 2010). It has become clear that 
the interplay of peroxisomes with mitochondria is important for the regulation of 
the redox signalling pathway.
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Peroxisomes contain various enzymes that generate ROS/RNS, such as hydrogen 
peroxide (H2O2), superoxide (O2

•−), or nitric oxide (NO•) (Fig. 4.6). The most abun-
dant ROS-producing enzymes are flavin-containing oxidases, including ACOXs, 
urate oxidase, d-amino acid oxidase, polyamine oxidase and xanthine oxidase, 
which reduce O2 to H2O2 (Demarquoy and Le Borgne 2015). Oxidation of fatty acids 
is a pivotal function of peroxisomes and the ACOXs are the most significant source 
of peroxisome-derived H2O2. It has been reported that peroxisomes contribute 
approximately 35% of the H2O2 generated in the cell (Schrader and Fahimi 2006). In 
contrast, the inducible form of nitric oxide synthase (iNOS) to generate NO• is 
partly localized peroxisomes after inflammatory cytokine stimulation (Loughran 
et al. 2013). Peroxisomes produce hydroxyl radical •OH and peroxynitrite ONOO− 
as secondary by-products from H2O2, O2

•− and NO• (Fransen et al. 2012). Although 
a low level of H2O2 is an important signalling molecule to mediate beneficial meta-
bolic responses, a high level of ROS leads to the oxidative damage of biomolecules, 
which in turn results in profound cellular dysfunction and disease.

To protect peroxisomal enzymes and their membranes from oxidative stress, 
peroxisomes have multiple enzymatic and non-enzymatic antioxidant defence 
systems that scavenge H2O2 and free radicals (Fig. 4.6). The antioxidant enzymes 
include catalase, Cu/Zn superoxide dismutase (Cu/Zn SOD), peroxiredoxin 5, 
epoxide hydrolase, glutathione peroxidase and epoxide hydrolase 2 (Fransen 
et al. 2012; Lismont et al. 2015; Bonekamp et al. 2009). Catalase is a heme-con-
taining enzyme which scavenges H2O2 by converting it to water and oxygen 
(Glorieux and Calderon 2017). Cu/Zn SOD, also known as SOD1, converts O2

•− 
to O2 and H2O2 (Dixon and Stockwell 2014), which are subsequently decomposed 
by catalase and glutathione peroxidase in peroxisomes. Peroxiredoxin 5 reduces 
H2O2 to H2O and also converts the alkyl hydroperoxides (ROOH) to their respec-
tive alcohols, and ONOO− to NO2

− (Knoops et al. 2011; Walbrecq et al. 2015). 
Peroxisomal peroxidase coverts H2O2 into H2O through the oxidation of two 
reduced glutathione (GSH) molecules to form a disulfide-bridged dimeric GSSG 
form. The GSSG form is again reduced to two GSH molecules by glutathione 
reductase. Epoxide hydrolase 2 catalyses the conversion of epoxides to the cor-
responding dihydrodiols (Decker et  al. 2009; Morisseau and Hammock 2013). 
These anti-oxidizing enzymes exist not only in peroxisomes but also various sub-
cellular compartments, including the cytosol, mitochondria and nucleus.

On the other hand, a role for the non-enzymatic antioxidants such as GSH and 
vitamin C in the regulation of the peroxisomal redox state is also reported (Lismont 
et al. 2015). In addition, plasmalogens are reported to delay the oxidative degrada-
tion of PUFAs (Engelmann et al. 1994; Reiss et al. 1997; Hahnel et al. 1999) because 
they function as antioxidants with their viny-ether bond serving as a trap for free 
radicals (Wallner and Schmitz 2011). PUFAs and plasmalogens are enriched in the 
CNS and have important roles in the brain.

As peroxisomal enzymes are subjected to oxidative modification and inactiva-
tion by ROS/RNS, the enzymes are eliminated from the organelle through selective 
proteolysis, as occurs in mitochondria as well (Pinti et al. 2015). The ATP-stimulated 
Lon protease known as LonP2, which we first identified by proteomic analysis of 
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purified rat liver peroxisomes (Kikuchi et al. 2004), is involved in the removal of 
oxidatively damaged and misfolded proteins (Pomatto et  al. 2017) (Fig.  4.6). In 
addition, we previously reported that insulin-degrading enzyme (IDE) isolated from 
rat liver peroxisomes is able to degrade oxidized proteins, suggesting that IDE is 
involved in maintaining peroxisomal function by eliminating oxidized proteins 
(Morita et al. 2000).

β

Fig. 4.6  Peroxisomal ROS/RNS generation and degradation. VLCFA or branched chain fatty 
acids (BCFA) are transported into peroxisomes via ABCD1–3 and subjected to the β-oxidation 
cycle, including acyl-CoA oxidase activity, which is a significant source of peroxisome-derived 
H2O2. Inducible nitric oxide synthase (iNOS) generates NO• by the oxidation of l-arginine (l-
Arg). Peroxisomes also produce the hydroxyl radical•OH and peroxynitrite ONOO− as secondary 
by-products from H2O2, O2

•− and NO•. Catalase scavenges H2O2 by converting it to H2O and O2. 
Cu/Zn SOD converts O2

•− to O2 and H2O2. Glutathione peroxidase coverts H2O2 into H2O through 
the oxidation of two reduced glutathione molecules (GSH) to form a disulfide-bridged dimeric 
GSSG form. The GSSG form is again reduced to two GSH molecules by glutathione reductase. 
The oxidized enzymes in the peroxisomes are eliminated by degradation via selective proteolysis 
by LONP2 or insulin-degrading enzyme (IDE). ATM is activated by peroxisomal ROS, and the 
activated ATM signals to TSC to repress mTORC1 signaling, which leads to pexophagy. Activated 
ATM also leads to Pex5p ubiquitination and pexophagy
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4.5.2  �Impact of Peroxisomal ROS Production 
on Mitochondrial Function

It has become evident that a disturbance in peroxisomal ROS production directly and 
indirectly impacts the mitochondrial redox balance (Walton and Pizzitelli 2012; Wang 
et al. 2013). In Pex gene knockout mice that exhibit a peroxisomal import defect and 
lack of peroxisomes, mitochondria display structural abnormalities, defective respira-
tory chain complex and a marked increase in manganese superoxide dismutase 
(MnSOD) (Baumgart et al. 2001). Recently, Salpietro et al. reported the role of sec-
ondary mitochondrial dysfunction in Zellweger syndrome (Salpietro et  al. 2015). 
These results indicate that peroxisome dysfunction leads to an increased production of 
ROS in mitochondria. This increased oxidative stress is probably due to the defective 
peroxisomal antioxidant mechanisms as well as the accumulation of lipid intermedi-
ates such as phytanic acid (Reiser et al. 2006), pristanic acid (Ronicke et al. 2009), and 
saturated VLCFAs (Baarine et al. 2012), which are substrates for peroxisomal fatty 
acid oxidation (Lismont et  al. 2015) (Figs.  4.1 and 4.7). In Abcd1-deficient mice, 
which are known to be a model for adrenomyeloneuropathy (AMN), the saturated 
VLCFAs that accumulated in spinal cord were reported to induce oxidative damage, a 
process which might underlie the axonal degeneration observed in X-ALD patients 
(Fourcade et  al. 2009). In X-ALD patient fibroblasts, an excess of C26:0 induces 
mtDNA oxidation and impairs oxidative phosphorylation, which in turn triggers mito-
chondrial ROS production (Lopez-Erauskin et al. 2013). It seems likely that the satu-
rated VLCFAs introduce changes in the lipid composition of mitochondrial membranes 
that lead to ROS generation (Lismont et al. 2015). Although the precise mechanisms 
underlying the mitochondrial dysfunction caused by peroxisomal deficiency remain 
to be elucidated, functional peroxisomes play an important role in maintaining mito-
chondrial redox homeostasis.

M-LP, homologous to Pxmp2, was initially reported to localize to peroxi-
somes and is implicated in the regulation of peroxisomal ROS metabolism (Iida 
et al. 2006). However, M-LP was later found in the inner mitochondrial mem-
brane and may be involved in the maintenance of mtDNA by protecting proteins 
essential for mtDNA stability (Iida et al. 2018). It is therefore of interest to elu-
cidate how the channel-forming proteins such as Pxmp2 or M-LP are involved in 
ROS metabolism in peroxisomes and mitochondria. It is reported that a decrease 
in peroxisomal catalase activity by pharmacological treatment triggers elevated 
oxidative stress and reduced mitochondrial enzymatic activity (Walton and 
Pizzitelli 2012), suggesting that the catalase activity in peroxisomes exerts an 
impact on mitochondrial function.

These results show that peroxisomal ROS metabolism is tightly interconnected 
to mitochondrial redox homeostasis, although the precise mechanisms remain to be 
determined.
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4.5.3  �Oxidative Stress-Related Signaling Pathways

Peroxisomes have a potential role as regulators of oxidative stress-related signaling 
pathways by producing ROS/RNS. As both cysteine thiols and lipids are among the 
most prominent targets of ROS/RNS (Trachootham et al. 2008; Hekimi et al. 2011), 
many redox signals are conveyed through cysteine oxidation and lipid peroxidation. 
In contrast to an excess amount of H2O2, a low amount of H2O2 elicits desirable 
biological reactions in which H2O2 oxidizes proteins by converting the thiol groups 
of reactive cysteine to sulfenic acids or by forming disulfide bounds. It is now clear 
that H2O2 is important as a signaling molecule that plays a major role in the redox-
dependent mechanisms of adaptive homeostasis.
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Fig. 4.7  Interplay between peroxisomes and mitochondria in redox homeostasis and the innate 
immune response. (a) Increased oxidative stress, presumablely due to defective peroxisomal anti-
oxidant mechanisms may induce the impairment of mitochondrial oxidative phosphorylation and 
thereby bring about a reduction of the ATP level. The accumulation of lipid intermediates such as 
branched chain fatty acids (BCFA) and saturated VLCFAs due to the failure of peroxisomal 
β-oxidation could trigger mitochondrial ROS production. The mitochondrial dysfunction associ-
ated with decreased peroxisomal function is suggested to underlie the pathophysiological pro-
cesses in various diseases, including the axonal degeneration observed in X-ALD patients. (b) 
Viral RNA recognized by retinoic acid-inducible gene I (RIG-I) like receptors (RLRs) binds to an 
adaptor protein called mitochondrial antiviral-signalling (MAVS), a tail anchored protein on the 
mitochondrial and peroxisomal membranes. Upon binding to MAVS, the mitochondrial MAVS 
leads to the expression of interferon-stimulated genes (ISGs) and sustains stable antiviral response. 
In contrast, the peroxisomal MAVS directly induces ISG expression independently of type I IFNs 
and thereby induces a rapid and transient expression of anti-viral factors
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It has been reported that damaged peroxisomes produce ROS, which in turn can 
signal for their own degradation (pexophagy) (Chen et al. 2009). In mammals, the 
serine/threonine kinase mTOR is involved in the regulation of autophagy. 
Mammalian target of rapamycin complex 1 (mTORC1), the kinase component of 
the TORC1 complex, is a negative regulator of autophagy. It does this by inhibiting 
ULK1, a key kinase involved in autophagy initiation, by phosphorylation. Recently, 
it was demonstrated that pexophagy requires ubiquitination of Pex5p (Fig. 4.6). It 
has become clear that the tumor suppressors ATM (ataxia telangiectasia mutated) 
and TSC2 (tuberous sclerosis complex 2), which regulate mTORC1 signalling, are 
localized to peroxisomes and Pex5p-dependent translocation of ATM to peroxi-
somes is involved in the activation of pexophagy (Tripathi and Walker 2016). In 
peroxisomes, ROS activate ATM by forming an intermolecular covalent linkage 
between two cysteine residues. Tripathi and Walke showed that when ATM is acti-
vated by peroxisomal ROS, ATM signals to the TSC to repress mTORC1 signaling. 
As mTORC1 is a repressor of autophagy, the mTORC1 repression induces autoph-
agic flux in cells. In addition, the activated ATM phosphorylates Pex5p, which 
leads to Pex5p ubiquitination at Lys209 and eventually pexophagy. These results 
suggest that excess ROS production in peroxisomes is a signal of peroxisomal dys-
function that can trigger pexophagy.

On the other hand, the cellular oxidative balance is reported to be closely con-
nected to the subcellular distribution of catalase, the most abundant peroxisomal 
H2O2-degrading enzyme. Catalase in the cytosol is involved in cellular defence to 
prevent oxidative damage of extra-peroxisomal origin. Recently, it has been reported 
that Pex5p is a redox-sensitive protein and functions as a stress sensor, retaining 
catalase in the cytosol under oxidative conditions (Apanasets et al. 2014; Walton 
et al. 2017). Catalase has a non-canonical PTS1 and is captured by Pex5p in the 
cytosol and imported to peroxisomes. After the Pex5p-catalase complex docks with 
the peroxisomal membrane, monoubiquitinylation of Pex5p at a conserved cysteine 
residue (Cys-11) is facilitated to dislocate it back into the cytosol. Under an oxida-
tive condition, the oxidation of the cysteine residue in Pex5p blocks such recycling 
and the functional Pex5p in the cytosol is decreased. As a result, the catalase is 
retained in the cytosol and thereby can scavenge cellular H2O2. These results indicate 
that Pex5p regulates the cellular localization of catalase as an oxidative stress sensor 
and is involved in an antioxidant defence system.

Another feedback mechanism was revealed by Murakami et  al. (Murakami 
et al. 2013). They found that the Valosin-containing protein (VCP) that belongs to 
the AAA class of ATPases is able to sense H2O2 level through redox changes in a 
cysteine group and regulate it by controlling the localization of catalase, although 
the control mechanism has yet to be elucidated. Under an oxidative condition, 
VCP ATPase is inactivated by oxidation, which in turn retains catalase in the 
cytoplasm, leading to reduced cellular H2O2 levels. On the other hand, catalase 
release from peroxisomes is regulated by the pro-apoptotic BCL-2 effector pro-
tein BAK, which contributes to the permeability of the peroxisomal membrane 
(Fujiki et al. 2017; Hosoi et al. 2017). Taken together, cellular catalase localiza-
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tion is surprisingly controlled by oxidative stress, which provides a defence 
mechanism against high levels of cellular H2O2.

4.5.4  �Oxidative Stress and Neurodegenerative Diseases

Recently, it has been suggested that the oxidative stress caused by dysregulated 
peroxisomal ROS metabolism is associated with not only peroxisomal disorders 
but also aging-related disorders, such as neurodegenerative diseases (Fransen 
et  al. 2012; Deori et  al. 2018), because brain is highly vulnerable to oxidative 
stress and biomolecules damaged by oxidative stress accelerate the aging process 
(Cipolla and Lodhi 2017). Furthermore, most patients with peroxisomal disorders, 
including X-ALD and Zellweger syndrome, exhibit neurological defects, such as 
neurodevelopmental abnormalities, demyelination with neuroinflammation, and 
loss of axonal integrity (Berger et  al. 2016). In X-ALD patients, a significant 
increase of plasma lipid peroxidation and glutathione peroxidase activity occurs 
in erythrocytes, and a deficient capacity to handle excess ROS has been observed 
(Vargas et al. 2004). Petrillo et al. found that both total glutathione and reduced 
glutathione were decreased in the lymphocytes of X-ALD patients, this was asso-
ciated with high levels of oxidation of all glutathione forms (Petrillo et al. 2013). 
These results suggest that oxidative stress may be involved in the pathophysiology 
of X-ALD.  It has been made apparent that the redox balance perturbation that 
occurs due to the increase of dysfunctional peroxisomes contributes to the devel-
opment of various neurodegenerative disorders, such as Alzheimer’s disease 
(Fanelli et al. 2013; Kou et al. 2011; Nell et al. 2017; Giordano et al. 2014) and 
Parkinson’s disease (Yakunin et al. 2010). Therefore, the restoration of a normal 
peroxisomal oxidative state might slow the progression of these neurodegenera-
tive conditions (Cipolla and Lodhi 2017).

4.6  �Crosstalk Between the Peroxisome and Other Organelles

Peroxisomes have been recognized as being multifunctional organelles involved in 
lipid metabolism, ROS metabolism, and also the innate immune response. To fulfil 
their functions, peroxisomes form metabolic networks with other organelles in con-
nection with lipid synthesis in ER, lipid storage in lipid droplets (LDs), β-oxidation 
in mitochondria, and lipid hydrolysis in lysosomes. It has become evident that per-
oxisomes share signals and exchange metabolites with these organelles (Castro 
et al. 2018; Shai et al. 2016; Schrader et al. 2019). This closstalk frequently occurs 
through inter-organelle membrane contacts (Fig. 4.8). Recently, using multispec-
tral imaging techniques, Valm et al. have reported interactions among peroxisomes, 
the ER, the Golgi apparatus, lysosomes, mitochondria and LDs, each of which has 
a characteristic distribution in three-dimensional space and a reproducible pattern 
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of contacts among the six organelles (Valm et al. 2017). Furthermore, Shai et al. 
reported that systematic mapping of the contact sites revealed that the organelles 
were held in a state of organized dynamic interplay through membrane contact sites 
(Shai et al. 2018). Therefore, it has now become clear that the physical membrane 
contact that is formed by protein-protein and/or protein-lipid interactions is a com-
mon approach for communication between organelles. Thus, the direct shuttling of 
metabolites, lipids and ions may largely depend on membrane contacts between 
peroxisomes and other organelles. This pattern of crosstalk, including signal trans-
duction pathways, vesicular trafficking and the contact sites, has been reviewed 
elsewhere (Castro et al. 2018; Shai et al. 2016, 2018; Islinger et al. 2018; Farre 
et al. 2019; Schrader et al. 2015). In this section, we focus on lipid metabolic inter-
play between peroxisomes and other subcellular organelles. In addition, antiviral 
systems that act in coordination with peroxisomes and mitochondria are also 
described.

4.6.1  �Crosstalk Through Lipid Metabolites

Multiple contact sites between peroxisomes and other organelles have been identi-
fied, most of which likely contribute to the transfer of lipid metabolites (Valm 
et al. 2017). Yeast is a good model system for studying the function of the contact 
sites between peroxisomes and mitochondria on lipid metabolism, because the 
fatty acid β-oxidation takes place in peroxisomes, but not in mitochondria. In this 
section, we focus on the crosstalk that takes place through lipid metabolites 
between peroxisomes and other organelles in both mammals and yeast.

4.6.1.1  �Mitochondria

It has now been made apparent that physical contact sites between peroxisomes and 
mitochondria are one possible pathway for the exchange of small molecules. Shai 
et al. discovered two novel yeast contact sites between peroxisomes and mitochon-
dria that form through the tethering molecules Fzo1 and Pex34p (Shai et al. 2016) 
(Fig.  4.8). Fzo1 is a homolog of the human mitofusins that mediate 
mitochondria-mitochondria tethering, but which have also been suggested to medi-
ate peroxisome-mitochondria tethering. Pex34p interacts with Pex11p and is a per-
oxisomal protein involved in peroxisomal growth and division that also has the 
capacity to tether the peroxisome-mitochondria contact. They found that peroxi-
somes in close proximity to mitochondria increased under a culture condition in 
which yeast were grown with oleate as the sole carbon source. As yeast fatty acid 
β-oxidation takes place exclusively in peroxisomes, the peroxisomal proximity to 
mitochondria might facilitate the transport of β-oxidation products (acetyl-CoA and 
its derivatives) to mitochondria. These results indicate that the physical membrane 
contact tethered by Pex34p is important for the transfer of metabolites from peroxi-
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somes to mitochondria (Shai et al. 2018) although its mitochondrial counterpart has 
yet to be identified. In mammals, VLCFAs, branched chain fatty acids, dicarboxylic 
fatty acids and bile acid intermediates are degraded exclusively by the peroxisomal 
β- and α-oxidation pathways (Wanders 2014). However, as β-oxidation is not car-
ried out to completion in peroxisomes, the final products, such as shortened fatty 
acyl-CoAs, must be shuttled into mitochondria for further oxidation. It is important 

β

Fig. 4.8  Crosstalk between peroxisomes and other organelles through lipid metabolites. The 
β-Oxidation products in peroxisome, such as acetyl-CoA in yeast or medium chain acyl-CoA in 
mammals, are transferred to mitochondria for further oxidation, presumably through peroxisome-
mitochondria contact sites. The contact sites via Pex34p or Fzo1 might facilitate the transport of 
acetyl-CoA and via ACBD2 assist in the exchange of metabolites for the purpose of steroid hor-
mone synthesis. In addition, Pex11p tethers peroxisomes to mitochondria through direct interac-
tion with Mdm34, a mitochondrial component of the ERMES complex. The peroxisome-ER 
contact site that is formed through the complex of VAPA/B and ACBD5 is involved in the transport 
of phospholipids, including the plasmalogen precursor. The contact sites may also assist the trans-
fer of VLCFA-CoA to ABCD1 on peroxisomes. The peroxisome-lysosome contact site formed 
between synaptotagmin VII (Sty7) and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) at the 
peroxisomal membrane is involved in the transport of LDL-derived cholesterol from lysosomes to 
plasma membranes. The peroxisome–LD contact site functions in the β-oxidation of fatty acids 
liberated from LD to serve as an energy source
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to determine how the contact facilitates the transfer of peroxisomal β-oxidized prod-
ucts to mitochondria.

A possible clue to the tether between peroxisomes and mitochondria in yeast was 
previously suggested by the association of Pex11p with mitochondrial distribution 
and morphology protein 34 (Mdm34) (Mattiazzi Usaj et al. 2015) (Fig. 4.8). The 
ER-mitochondria encounter structure (ERMES) complex, including Mdm34 as a 
component, is thought to facilitate the exchange of molecules between the ER and 
mitochondria. As Pex11p physically interacts with mitochondrial Mdm34 
(Kornmann et al. 2009), peroxisomes might form a contact site via specific mito-
chondrial subdomains of the ERMES complex (Cohen et al. 2014). Mattiazzi Usaj 
et al. have suggested that Pex11p may be a sensor of the metabolic state of the per-
oxisome matrix and acetyl-CoA a signalling molecule in this mechanism (Mattiazzi 
Usaj et al. 2015). These results indicate that ERMES is a major platform for the 
shuttling of lipid metabolites between mitochondria, ER and peroxisomes.

In contrast to yeast, direct contacts between peroxisomes and mitochondria in 
mammals remain obscure. However, acyl-CoA-binding domain (ACBD2)/enoyl-
CoA delta isomerase 2 (ECI2) has been suggested to mediate the close contact 
between peroxisomes and mitochondria that occurs via a “peroxisome-like struc-
ture” (Fan et al. 2016). Fan et al. reported ACBD2/ECI2 has dual targeting signal 
(peroxisomal and mitochondrial targeting signals) and bind with both Pex5p and 
TOMM20, a translocator of outer mitochondrial membrane 20, which promote the 
contact between peroxisomes and mitochondria. Steroid hormone biosynthesis 
requires multiple biological processes with the rate-limiting step involving the 
import of cholesterol into mitochondria. They reported in Leydig cells, which pro-
duce steroid hormones, ACBD2/ECI2-mediated interaction between peroxisomes 
and mitochondria assist the exchange of metabolites between these two organelles 
for steroid hormone biosynthesis (Fan et al. 2016).

4.6.1.2  �The ER

The ER produces several kinds of phospholipids and provides them to other com-
partments via vesicular or non-vesicular pathways. It has been suggested that the 
ER has the most abundant contact sites for peroxisomes among all organelles (Valm 
et al. 2017). Raychaudhuri and Prinz demonstrated the direct transfer of phospho-
lipids from purified microsomes to purified peroxisomes in non-vesicular pathways 
(Raychaudhuri and Prinz 2008), indicating that lipid transfer from the ER to peroxi-
somes is mediated through ER-peroxisome contact. It has been demonstrated that 
the tethering of peroxisomes to the ER is necessary for both the regulation of per-
oxisome movement and membrane dynamics (Castro et al. 2018).

The transfer of lipids from the ER to peroxisomes is necessary for not only per-
oxisomal membrane expansion but also the synthesis and catabolism of lipids. The 
interplay of peroxisomes with the ER is needed to complete lipid metabolic reac-
tions, including the biosynthesis of DHA, plasmalogen, bile acids and cholesterol 
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(Lodhi and Semenkovich 2014). The biosynthesis of DHA, C22:6 n − 3 is mainly 
conducted by the ER, but requires β-oxidation of the C24 precursor in peroxisomes. 
DHA is subsequently transferred back to the ER for incorporation in phospholipids. 
In plasmalogen synthesis, the intermediate metabolites must be transferred from 
peroxisomes to the ER (Cockcroft and Raghu 2018). In bile acid synthesis, the bile 
acids DHCA and THCA must undergo peroxisomal β-oxidation to generate bile 
acids. As for cholesterol, more than 30 enzymes that are related to cholesterol bio-
synthesis are distributed in subcellular compartments, such as the cytosol, ER and 
peroxisomes. Recently, peroxisomes were shown to mediate cholesterol trafficking 
of free cholesterol from lysosomes to the ER, as described below (Chu et al. 2015). 
Although it remains unclear how these metabolites are shuttled to each organelle, it 
seems likely that the shuttling of lipid metabolites between organelles preferentially 
occurs at contact sites.

The importance of vesicle-associated membrane protein-associated protein 
(VAP)–peroxisomal acyl-CoA binding protein 5 (ACBD5) mediated contact 
between ER and peroxisomes for lipid homeostasis has been demonstrated 
(Schuldiner and Zalckvar 2017) (Fig. 4.8). Costello et al. and Hua et al. indepen-
dently identified a peroxisome-ER contact site in human cells through the complex-
ing of VAP A/B with ACBD5 (Costello et al. 2017a, b; Hua et al. 2017). The VAPs 
are anchored to the ER membrane and implicated in the tethering various organ-
elles, inter-organelle lipid exchange, and membrane trafficking. Peroxisomes are 
tethered to the ER through an interaction between ACBD5 with the ER-resident 
VAPs. It was demonstrated that loss of the ACBD5/VAP tethering complex alters 
the peroxisome-ER interaction and perturbs peroxisomal membrane expansion, 
suggesting that this tethering complex facilitates peroxisome transport from the ER 
to peroxisomes (Costello et  al. 2017a). It has been reported that the loss of the 
ACBD5-VAP interaction by depleting either ACBD5 or VAPs reduce the plasmalo-
gen level in cultured Hela cells (Hua et al. 2017), indicating that the interaction of 
ACBD5 and VAPs is required for plasmalogen precursor (alkyl-DHAP) shuttling 
and thereby efficient plasmalogen synthesis. A deficiency of ACBD5 impairs 
VLCFA β-oxidation in peroxisomes. In contrast, any involvement of ACBD5  in 
DHA synthesis has yet to be elucidated (Yagita et al. 2017).

4.6.1.3  �Lysosomes

Recently, it has come to be understood that peroxisomes have a role in the transport 
of low density lipoprotein (LDL)-derived cholesterol from lysosomes to the plasma 
membrane (PM) (Chu et al. 2015). Cellular cholesterol is derived from the ER via de 
novo synthesis and from lysosomes via LDL receptor (LDLR)-mediated endocytosis 
of plasma LDL. LDL particles are endocytosed via the LDLR pathway and trans-
ported to lysosomes. The cholesterol esters in the LDL particles are hydrolyzed by 
acid lipase to free cholesterol, which is subsequently captured by the lysosomal NPC2 
protein and delivered to NPC1, a lysosomal membrane protein (Sleat et  al. 2004; 
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Pfeffer 2019). The free cholesterol in lysosomes is thought to be distributed to other 
cellular compartments through an NPC1-mediating pathway. As the cellular choles-
terol level is tightly regulated at both the transcriptional and post-translational level, 
the intracellular cholesterol distribution pattern in each compartment has a significant 
impact on cholesterol homeostasis. It is known that less than 1% of the total cellular 
cholesterol is present in the ER membrane, while the PM is highly enriched in cho-
lesterol (~60% to 80%). Therefore, the cholesterol synthesized in the ER and the 
LDL-derived cholesterol in lysosomes must be transported to the PM from the ER 
and/or lysosomes.

Chu et al. used a genome-wide shRNA screen to show that peroxisomes have an 
essential role in intracellular cholesterol transport through the formation of mem-
brane contacts with lysosomes (Chu et al. 2015). When the PEX1 or PEX6 gene 
essential for peroxisomal biogenesis was reduced by gene silencing, the cholesterol 
transport from the lysosomes to the PM was decreased, suggesting that peroxisomes 
have some sort of functional connection with lysosomes during the transfer of LDL-
derived cholesterol from lysosomes to the PM. They showed that LDL-derived cho-
lesterol efficiently blocks sterol regulatory element binding protein (SREBP) 
processing and stimulates cholesterol esterification, but these effects were markedly 
diminished in the absence of lysosome-peroxisome membrane contact. In addition, 
it has been reported that the loss of ACBD5, which tethers peroxisomes to the ER, 
leads to an increase in the cellular cholesterol levels (Hua et al. 2017). This is pre-
sumably because the decrease in peroxisome-ER contact sites results in a reduced 
level of cholesterol in the ER, which induces SREBP processing and thereby an 
increase in the cellular cholesterol level. These results indicate that LDL-derived 
cholesterol in lysosomes is, at least in part, transported to ER via peroxisomes.

Furthermore, Song’s group demonstrated that physical contacts are formed between 
lysosomal protein synaptotagmin VII and phosphatidylinositol 4,5-bisphosphate 
(PI(4,5)P2) on the peroxisomal membrane (Fig. 4.8) (Luo et al. 2017). Hu et al. have 
reported that the level of PI(4,5)P2 on the peroxisomal surface is important for regulat-
ing the transport of cholesterol via peroxisomes (Hu et al. 2018). It should be noted 
that efficient formation of peroxisomes and lysosome contact sites is required for 
ABCD1 as well as NPC1. Free cholesterol was shown to accumulate in lysosomes in 
both abcd1-deficient mouse brain and X-ALD fibroblasts, indicating that peroxisomal 
ABCD1 is directly or indirectly involved in cholesterol trafficking. The defects in 
cholesterol trafficking that occur due to the dysfunction of ABCD1 might be associ-
ated with the pathology of X-ALD. Although the possibility that peroxisomal dys-
function leads to secondary failure of lysosomes by impairing the turnover of 
glycolipids containing VLCFA cannot be excluded (Kleinecke et al. 2017), it is impor-
tant to determine precisely how the ABCD1 protein is involved in cellular cholesterol 
trafficking and metabolism.
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4.6.1.4  �Lipid Droplets

Increasing evidence suggests that contact sites between lipid droplets (LDs) and 
other organelles play important roles in the trafficking of lipids and in the regulation 
of lipid metabolism (Valm et al. 2017). LDs are organelles that can store and mobi-
lize fatty acids and other lipid species such as cholesterol ester and triacylglycerol, 
and serve as an energy source. It has come to be understood that the cellular distri-
bution of LDs is in close proximity to peroxisomes as well as mitochondria 
(Schuldiner and Bohnert 2017; Henne et  al. 2018). A deficiency of peroxisomal 
fatty acid metabolism and biogenesis leads to the enlargement of LDs and altera-
tions in their number (Zhang et al. 2010), as observed in patients with Zellweger 
syndrome and X-ALD (Engelen et al. 2012). These results suggest that peroxisomes 
may interact with LDs by forming contact sites that facilitate the transport of 
fatty acids.

Furthermore, LDs reportedly contain several different β-oxidation enzymes 
(Binns et al. 2006; Barbosa et al. 2015). As yeast perform fatty acid β-oxidation 
only in peroxisomes, LD-peroxisome contacts seem to be essential for the fatty acid 
metabolism in LDs. These results suggest that the extensive physical contact 
between peroxisomes and LDs facilitate the direct transport of fatty acids. In mon-
key fibroblast cell line COS-7 cells, the LD-peroxisome contact sites are increased 
under starvation conditions (Valm et al. 2017). In this situation, the fatty acids liber-
ated by lipase in LDs are thought to be transported to peroxisomes for β-oxidation, 
which ultimately generates ATP via the mitochondrial oxidative phosphorylation 
pathway. In contrast, the LD-peroxisome contact sites are decreased in response to 
excess fatty acids. These results suggest that the contact sites contribute to the trans-
fer of fatty acids between LDs and peroxisomes.

Studies on the pathogenesis of the hereditary spastic paraplegias (HSPs), a group 
of inherited neurological disorders (Blackstone 2018), have provided insight into 
the proteins involved in the LD-peroxisome contact sites (Fig. 4.8). HSPs are neu-
rologic disorders characterized by prominent lower-extremity spasticity, a condition 
resembling that of X-ALD. The mutations in the gene encoding Spastin that are the 
most common cause of autosomal dominant HSP lead to aberrant fatty acid metabo-
lism in LDs (Papadopoulos et al. 2015). Recently, Chang et al. have reported a new 
role for peroxisomal ABCD1 in the fatty acid β-oxidation that occurs in lipid drop-
lets (Chang et al. 2019). They showed that an isoform of Spastin on LDs named M1 
Spastin plays a cooperative role with peroxisomal ABCD1 in the fatty acid traffick-
ing from LDs to peroxisomes. M1 Spastin contains an integral membrane hairpin 
motif in the N-terminal region and forms an LD-peroxisome contact site by tether-
ing to peroxisomal ABCD1. The extent of LD-peroxisome contacts induced by M1 
Spastin was shown to be significantly reduced by a decrease in ABCD1. An immu-
noprecipitation experiment showed that M1 Spastin directly associates with 
ABCD1, although the ABCD1 domain that interacts with M1 Spastin has yet deter-
mined. These results indicate that ABCD1 is required for the formation of 
LD-peroxisomes contact sites. In contrast, M1 Spastin does not interact with 
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ACBD5, which tethers peroxisomes to the ER. Further studies are needed to prop-
erly elucidate the contribution of ABCD1 to the transfer of fatty acids from LDs.

4.6.2  �Crosstalk During Antiviral Signalling

The mammalian innate immune system is constituted by several families of micro-
bial detection receptors, i.e. pattern recognition receptors (PRPs) which are located 
in different subcellular compartments (Kagan 2012). Retinoic acid-inducible gene I 
(RIG-I) like receptors (RLRs) are one of PRPs which bind cytosolic viral RNA. Once 
viral RNA is recognized by RLR, it must bind to an adaptor protein called MAVS, 
a tail anchored protein on the mitochondrial membrane. Upon binding to MAVS, a 
series of signalling events are induced that produce pro-inflammatory cytokines and 
interferons (IFNs).

Dixit et al. first reported that not only mitochondria but also peroxisomes consti-
tute an important site of antiviral signal transduction and cooperate with mitochon-
dria to combat viral infections through activation of the RLR/MAVS signalling 
pathway (Fig.  4.7) (Dixit et  al. 2010). MAVS localization to each organelle is 
important for antiviral signaling, because MAVS induces the expression of different 
antiviral factors when localized to either mitochondria or peroxisomes. Mitochondrial 
MAVS leads to the production of type I interferon, which leads to the expression of 
interferon-stimulated genes (ISGs) (Odendall et al. 2014). In contrast, peroxisomal 
MAVS directly induces ISG expression independently of type I IFNs. Therefore, 
peroxisomal MAVS induces the rapid and transient expression of anti-viral factors, 
whereas mitochondrial MAVS sustains the stable antiviral response. These results 
indicate that peroxisomal MAVS in cooperation with mitochondrial MAVS have a 
role in antiviral defence.

4.7  �Concluding Remarks

Since the discovery of the fatty acid β-oxidation system in mammalian peroxisomes 
by Lazarow and de Duve at 1976, our understanding of the functions of peroxi-
somes has been deepened by a large number of important studies. It is now well 
understood that peroxisomes are indispensable for lipid metabolism, redox homeo-
stasis and intracellular signalling. It is now recognized various fatty acids including 
bile acid intermediates are transported into peroxisomes through ABCD1–3, while 
the metabolites produced by the fatty acid β- and α-oxidation pathways are released 
outside of peroxisomes through various transporters and channels. However, the 
precise mechanism by which the ABCD transporters recognize and transport their 
substrates has yet to be elucidated. In addition, the actual form of the metabolites 
that can be released from peroxisomes is not well understood. A detailed analysis of 
the metabolites in peroxisomes is going to be needed, based on the knockout of 
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enzymes such as peroxisomal acyl-CoA thioesterases and carnitine 
acyltransferases.

Increasing evidence has demonstrated that peroxisomes are involved in cellular 
redox homeostasis. An inherited metabolic defect of peroxisomes or reduced per-
oxisomal function due to aging can lead to increased levels of ROS, which eventu-
ally cause damage to mitochondria. Such damage may trigger mitochondrial ROS 
production, which in turn exacerbates the progression of age-related disorders and 
neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease and 
X-ALD. However, further studies are required to understand how peroxisomal dys-
function specifically inflicts damage on mitochondria.

The progress of studies on the cross talk between and among organelles has been 
quite remarkable. The organelles within cells are much more tightly interconnected 
with each other than we had been previously imagined. The recent discovery of 
membrane contact sites between peroxisomes and other organelles has provided 
critically important insight into how metabolites shuttle between organelles. The 
disruption of contact sites between peroxisomes and other organelles leads to meta-
bolic abnormalities, indicating the importance of these contacts. For example, a 
defect in the VLCFA-CoA binding protein ACBD5 on the peroxisomal membrane, 
which acts as a tether to form peroxisome-ER contact sites, results in decreased 
VLCFA β-oxidation. It is important to determine how the formation of membrane 
contact site is regulated and influences the efficiency of the metabolic processes that 
occur in peroxisomes. Furthermore, recent findings let us entertain the possibility of 
previously unexpected peroxisomal functions related to viral infection defence and 
intracellular cholesterol trafficking in coordination with mitochondria and lyso-
somes, respectively. In this regard, the further progress of peroxisome studies with 
the continued emergence of new technologies is greatly anticipated.
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Chapter 5
Peroxisomal Disorders

Nobuyuki Shimozawa

Abstract  Peroxisomal disorders (PD) are genetic disorders caused by peroxisome 
dysfunction and are classified into two groups: genetic defects in peroxisome-
localized proteins and genetic defects in peroxisomal biogenesis. The dawn of PD 
research came with the detailed analysis of the Zellweger syndrome, the prototype 
of PD. Even recently, new PD are still being identified by whole-exome sequencing 
analysis, which means that the concept of PD has been expanding. Furthermore, the 
role of peroxisome in cancer and age-related diseases has also been studied. In con-
trast, PD pathophysiology and treatment are not clarified yet completely and even in 
adrenoleukodystrophy, which is the most common PD, the prognosis of phenotype 
and disease in pre-symptomatic patients is a difficult task.

In this chapter, various types of PD based on patient clinical data will be 
described, which will be useful to researchers and clinicians. I hope that this chapter 
will be a valuable aid to many researchers and clinicians in a conjoint effort to over-
come this intractable disease.

Keywords  Peroxisome · β-oxidation · VLCFA · Plasmalogens · Phytanic acid · 
Zellweger syndrome · Adrenoleukodystrophy · Whole-exome sequencing

5.1  �Introduction

Peroxisomes are single-membrane lined organelles present in all eukaryotic cells. 
They have many metabolic functions in humans, such as β-oxidation of saturated 
very long-chain fatty acids (VLCFA), unsaturated fatty acids, and bile acids; 
α-oxidation of phytanic acid; plasmalogen synthesis; hydrogen peroxide degrada-
tion; and glyoxylic acid detoxification (see Chap. 4).
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Peroxisomal disorders (PD) are a group of inherited metabolic diseases with 
genetically defective peroxisomal functions. Zellweger syndrome (ZS), a prototype 
of PD with generally impaired peroxisomal function, has greatly contributed to the 
discovery of other PD as well as to the understanding of their pathophysiology.

ZS was first reported as a ‘familial syndrome of multiple congenital defects’ 
(Bowen et al. 1964). A peroxisomal defect in the liver of ZS patients was reported 
(Goldfischer et al. 1973) however, at that time, the peroxisomal function had not 
been clarified, so not much attention was given to this finding. Later, the β-oxidation 
system was found not only in the mitochondria but also in the peroxisomes (Lazarow 
and De Duve 1976), and since then, research on the peroxisomal metabolic function 
in humans and in the pathology of ZS was accelerated. For some time, the genetic 
etiology of ZS was unknown, however, we succeeded in identifying the first gene 
responsible for ZS, the peroxisome assembly factor 1 (PAF1, called PEX2 later) 
(Shimozawa et al. 1992). Since then, 12 PEX genes responsible for ZS have been 
identified to date (Shimozawa et  al. 2004). There are more than 30 kinds of PD 
caused by genes involved in faulty peroxisomal biogenesis and metabolic pathways. 
Furthermore, the concept of PD is still expanding by advances in basic research 
regarding peroxisomal function, progress of mass spectrometry for peroxisomal 
metabolite measurements in the patients, and emergence of the next generation 
sequencer (NGS).

PD are caused by mutations in genes that can be classified into two major groups 
(Table 5.1); including: (a) genes involved in the import of peroxisomal membrane 
and matrix proteins, as well as in peroxisomal proliferation and fission (Peroxisome 
biogenesis disorders: PBD) and (b) genes encoding enzymes that are located in the 
peroxisomes, where they exert their function (Single enzyme deficiencies: SED).

In this chapter, PBD, SED, and adrenoleukodystrophy (ALD)-the most frequent 
PD, and finally the role of peroxisomes in cancer and age-related diseases are 
described.

5.2  �Peroxisome Biogenesis Disorders (PBD)

Peroxisomal matrix proteins can be imported into peroxisomes by the various PEX 
proteins via the peroxisome-targeting sequences, PTS1 and PTS2, after their syn-
thesis on free ribosomes. PTS1 proteins bind to their receptor, a short isoform of 
PEX5 (PEX5S) in the cytosol, and PTS2 proteins bind to their receptors, PEX7 and 
the long isoform of PEX5 (PEX5L); these complexes are transferred to the peroxi-
some and are docked on PEX13 and 14, and only matrix proteins are imported into 
peroxisomes by PEX2, 10, and 12. On the other hand, the receptors are recycled in 
the cytosol by PEX1, 6 and 26, and recently the involvement of also TRIM37 in the 
recycle has been reported (see Sect. 5.2.3.2). In addition, the peroxisomal mem-
brane proteins are recognized by PEX19  in the cytosol followed by docking on 
PEX3 whereas PEX16 is required for peroxisome membrane biogenesis and could 
play a role in the early stages of peroxisome assembly (Fig. 5.1) (Shimozawa 2011).
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Table 5.1  Classification of Peroxisomal diseases (PD) (Disease-causable genes)

A. Peroxisome biogenesis disorders (PBD)
 � Zellweger spectrum disorders (ZSD) (PEX 1,2,3,5,6,10,12,13,14,16,19,26)
 �   Zellweger syndrome (ZS)
 �   Neonatal adrenoleukodystrophy (NALD)
 �   Infantile Refsum disease (IRD)
 � Rhizomelic chondrodysplasia punctata (RCDP) type 1 (PEX 7)
 �                                       type 5 (PEX 5-long isoform)
 � Broad phenotypes of PEX gene defects (PEX1,2,3,6,7,10,12,16)
 � Mulibrey nanism (TRIM37)
 � PEX11β deficiency (PEX11β)
 � Encephalopathy due to defective mitochondrial and peroxisomal fission 1 (EMPF1) (DNM1L)
 � Charcot-Marie-Tooth disease Type 4A (GDAP1)
B. Single enzyme deficiencies (SED)
 � Impaired β-oxidation of fatty acids
 �   Adrenoleukodystrophy (ALD) (ABCD1)
 �   Acyl-CoA oxidase 1 (ACOX1) deficiency (ACOX1)
 �   d-bifunctional protein (DBP) deficiency (HSD17B4)
 �   Sterol carrier protein X (SCPX) deficiency (SCP2)
 �   2-Methylacyl-CoA racemase (AMACR) deficiency (AMACR)
 �   Acyl-CoA-binding domain-containing protein 5 (ACBD5) deficiency (ACBD5)
 � Impaired bile acids synthesis
 �   Acyl-CoA oxidase 2 (ACOX2) deficiency (ACOX2)
 �   Peroxisomal membrane protein, 70KD (PMP70) deficiency (ABCD3)
 �   Bile acid-CoA: amino acid N-acyltransferase (BAAT) deficiency (BAAT)
 � Impaired α-oxidation of fatty acids
 �   Refsum disease (phytanoyl-CoA hydroxylase deficiency) (PHYH)
 � Impaired ether-phospholipid biosynthesis
 �   RCDP type 2 (dihydroxyacetone phosphate acyltransferase deficiency) (GNPAT)
 �   RCDP type 3 (alkyl-dihydroxyacetone phosphate synthase deficiency) (AGPS)
 �   RCDP type 4 (fatty acyl-CoA reductase 1 deficiency) (FAR1)
 � Impaired hydrogen peroxide metabolism
 �   Acatalasemia, Hypocatalasemia (catalase deficiency) (CAT)
 � Impaired glyoxylate metabolism
 �   Hyperoxaluria type 1 (alanine: glyoxylate aminotransferase deficiency) (AGXT)
 �   Glycolate oxidase 1 (GOX1) deficiency (HAO1)

As generalized peroxisomal metabolic abnormalities occur similarly in patients 
with PEX gene defects, patients with different PEX gene defects tend to show 
common clinical phenotypes. Indeed, most patients with mutations in PEX1, 2, 5, 6, 
10, 12, 13, 14, or 26 involved in both PTS1 and PTS2 protein import tend to mani-
fest common clinical features of Zellweger spectrum disorders (ZSD) including ZS, 
neonatal adrenoleukodystrophy (NALD) and infantile Refsum diseases (IRD), and 
their severity depend on the mutational severity and residual function of these PEX 
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proteins. Most patients with defected PEX3, 16, and 19 involved in peroxisomal 
membrane protein import or synthesis tend to manifest phenotypes similar to the 
most severe ZS. On the other hand, most patients with mutated PEX7 and PEX5L, 
which are involved only in PTS2 protein import, manifest a clinical type of rhizo-
melic chondrodysplasia punctate (RCDP).

With the recent expansion of whole-exome sequencing (WES), the abnormalities 
of these PEX genes have been identified in undiagnosed atypical patients, especially 
those with inherited neurological disorders, leading to the establishment of broad 
clinical phenotypes derived from PEX gene defects.

5.2.1  �Zellweger Spectrum Disorders

ZSD are divided into different phenotypes according to clinical severity, ZS is the 
most severe phenotype, and NALD and IRD are milder variants, however, there is 
no clear distinction among these three phenotypes.

ZS is characterized by facial dysmorphism such as enlarged anterior fonta-
nelles, high forehead, hypertelorism, broad nasal bridge, epicanthal folds, micro-
gnathia, and malformed ears (Fig.  5.2a). Furthermore, severe hypotonia at birth 
(Fig. 5.2b, c), absent or weak sucking, hepatomegaly (Fig. 5.2c) with prolonged 
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jaundice and liver dysfunctions, renal cortical microcysts, ventricular enlargement 
in the brain (Fig. 5.2d), abnormal calcific stippling of multiple joints (Fig. 5.2e), 
cataracts and pigmentary retinopathy in the ophthalmic finding also appear. ZS 
patients typically show no developmental progress and die in early infancy.

In contrast, NALD patients have a less severe clinical phenotype than ZS, usually 
survive until the late infantile period, and exhibit mild facial dysmorphism (Fig. 5.3a) 
and no chondrodysplasia. Developmental regression and intractable seizures occur 
during the clinical course of NALD, and demyelination and progressive cortical 
atrophy in the brain become remarkable with age (Fig. 5.3b) as the survival time of 
patients is longer than that of ZS patients.

IRD, the mildest phenotype among the various ZSD, is very different from 
ZS. IRD patients manifest minimum facial dysmorphism, hearing impairment, reti-
nal degeneration, and psychomotor retardation. Many patients with IRD develop up 
to walking alone (Fig. 5.4a) and acquiring meaningful words, therefore, IRD diag-
nosis in early childhood is difficult. In brain MRI findings, white matter degenera-
tion appears first (Fig. 5.4b), and cerebral and spinocerebellar atrophies gradually 
become evident with increasing age (Fig. 5.4c, d); therefore, early diagnosis and 

A B

C

D E

Fig. 5.2  Clinical features of Zellweger syndrome at neonatal age. (a) Facial features. Enlarged 
anterior fontanelles, high forehead, broad nasal bridge, and low-set ears. (b) Traction response. 
Severe hypotonia was seen. (c) Supine position. Severe hypotonia and hepatomegaly. (d) Brain 
CT.  Enlarged lateral ventricles are seen. (e) X-ray photo of knee joints. Abnormal calcific 
stippling
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20m

A B
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Fig. 5.3  Clinical features of neonatal adrenoleukodystrophy. (a) Facial features at neonatal. Mild 
or subtle facial dysmorphism. (b) Brain CT at the age of 20 months (upper row) and 30 months 
(lower row). Progressive cortical atrophy
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Fig. 5.4  Clinical features of infantile Refsum disease. (a) Standing alone at the age of 3 years. (b) 
Fluid-attenuated inversion recovery (FLAIR) image of brain MRI at the age of 3 years. High signal 
regions slightly in white matter of around the lateral ventricles (Matsunami et al. 2016). (c, d) 
Brain T2 weighted MRI at the age of 32 years. Severe atrophy of cerebellum and brain stem (c) and 
cortical atrophy and severe enlarged lateral ventricles (d) (Matsui et al. 2013)
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subsequent treatment are important for a better prognosis. Many patients survive 
beyond the second decade of their life.

ZSD patients show generalized peroxisomal metabolic disturbances, such as 
accumulation of VLCFA, phytanic and pristanic acids, and intermediate metabolites 
of bile acids of di-/trihydroxycholestanoic acid (D/THCA) in the blood, as well as 
decreased levels of plasmalogens and docosahexaenoic acid (DHA), however, it 
should be noted that some biochemical parameters do not appear abnormal, espe-
cially in the mild phenotypes (see Table 7.1).

In ZSD therapy, although curative treatment is difficult, early liver transplanta-
tion may improve prognosis of patients with a mild ZSD phenotype. We performed 
a liver transplantation from a heterozygous parent to a 3-year-old patient diagnosed 
with IRD at 1 year of age, and observed that the increased VLCFA and phytanic acid 
concentrations in the patient’s serum were improved (Matsunami et al. 2016), and 
no obvious symptoms worsening was noticed during the first 3 years after transplan-
tation. Furthermore, Demaret et al. also speculated that liver transplantation per-
formed before the onset of severe sensorineural defects in mild ZSD enables partial 
metabolic remission and improves long-term clinical outcome (Demaret et  al. 
2018). Dietary treatment with decreased phytanic acid intake may be effective for 
mild ZSD patients with elevated phytanic acid levels (Sá et al. 2016). Further treat-
ment options for ZSD refer to the overview by Braverman et al. (2016). Recently, 
the Food and Drug Administration (FDA) in the U.S. has approved cholic acid for 
adjunctive treatment of ZSD patients with symptoms of liver disease, steatorrhea, or 
complications from decreased absorption of fat-soluble vitamins (https://www.fda.
gov/Drugs/InformationOnDrugs/ucm446282.htm).

5.2.2  �Rhizomelic Chondrodysplasia Punctate Type 1 and 5

Patients with rhizomelic chondrodysplasia punctate (RCDP) type 1 and type 5 
caused by PEX7 and PEX5L defects respectively, exhibit limited peroxisomal met-
abolic abnormalities, including a deficiency in plasmalogen synthesis and 

A B

Fig. 5.5  Clinical features of rhizomelic chondrodysplasia punctata type 1 at neonatal. (a) X-ray 
photograph of knee joints. Abnormal calcific stippling. (b) Whole picture. The proximal extremity 
truncated short stature
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α-oxidation of phytanic acid. Defective PEX7 and PEX5L are involved only in 
PTS2 protein import (Fig.  5.1) and result in the common clinical phenotype of 
RCDP. RCDP type 1 has been classified as a skeletal dysplasia characterized by the 
presence of calcific stippling in multiple joints (Fig.  5.5a); the patients show a 
disproportionally short stature with symmetric shortening of the proximal extremi-
ties, typical craniofacial dysmorphism resembling that of ZS (Fig. 5.5b), ichthyosis, 
cataract, failure to thrive, and severe mental retardation. Patients with RCDP type 1 
show biochemical alterations, such as accumulation of phytanic acid and decrease 
in plasmalogens, whereas their pristanic acid and VLCFA levels are normal (see 
Table 7.1). Patients with a defect in PEX7 display various clinical phenotypes, 
including severe typical RCDP and milder bone lesions with moderately decreased 
plasmalogen levels. Many patients die in the first 2 years of life, but some survive 
beyond the second decade of life. Furthermore, there are patients with a PEX7 
defect manifesting similar phenotypes to those with Refsum disease, who do not 
display bone lesions and their plasmalogen levels remain normal (see Sect. 5.2.3.1).

RCDP type 5 caused by a mutation in PEX5L was recently identified by WES 
and biochemical verification (Barøy et al. 2015). PEX5 encodes two distinct iso-
forms, PEX5L and PEX5S, and previous patients with a PEX5 defect manifested 
ZSD only, mainly owing to deficient import of PTS1 and PTS2 proteins. However, 
patients with PEX5 mutations located in PEX5L specific exon 9, loose only PEX5L, 
a co-receptor of PTS2-proteins with PEX7, resulted in intact PEX5S, a receptor of 
PTS1-proteins (Fig. 5.1). The clinical and biochemical features of RCDP type 5 
patients have similar manifestations to mild PEX7 defect patients who manifest less 
pronounced skeletal abnormalities, milder growth delay and intellectual disability, 
and fewer biochemical disturbances.

5.2.3  �Broad Phenotypes of Known PEX Gene Defects 
and Newly Identified Disease-Causing Genes

5.2.3.1  �Broad Phenotypes of PEX Gene Defects

The phenotypic spectrum of PEX7 mutations appears broad, including not only the 
severe phenotype of RCDP, but also relatively mild phenotypes. Some patients with 
the mild phenotypes display clinical symptoms similar to those of patients with 
Refsum disease, which are characterized by increased phytanic acid caused by a 
single enzyme deficiency [Phytanoyl-CoA hydroxylase (PHYH) deficiency (see 
Sect. 5.3.3)]. The biochemical abnormalities in Refsum patients due to PEX7 defect 
show only increase in phytanic acid whereas the plasmalogen levels remain normal 
(Braverman et al. 2002; van den Brink et al. 2003).

There have been also reported extensive phenotypic heterogeneity among patients 
with mutation of several PEX genes which cause the ZSD. Indeed, there was a report 
in 2002 on patients with compound heterozygous mutations of PEX6 manifesting as 
Usher syndrome characterized by sensory hearing loss and retinitis pigmentosa 
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(Raas-Rothschild et al. 2002). Furthermore, since 2010, gene mutations in PEX10 
(Régal et al. 2010), PEX16 (Ebberink et al. 2010), PEX2 (Sevin et al. 2011), and 
PEX6 (Tran et al. 2014) have been detected in undiagnosed patients with cerebellar 
ataxia and progressive leukodystrophy by combined biochemical analysis and 
Sanger sequencing, following detection of mild peroxisomal metabolite abnormali-
ties in the patients. Among these cases, there was a 51-year-old man who presented 
with childhood onset and slowly progressive disease, caused by a mutated PEX2, 
with symptoms of ataxia, areflexia, nystagmus and strabismus (Mignarri et al. 2012).

After NGS became widely available, further disease-causing PEX mutations 
have been reported, mainly in patients with neurodegenerative diseases who had 
mutations in genes, such as PEX1 (Ventura et al. 2016), PEX3 (Bjørgo et al. 2017), 
PEX10 (Renaud et al. 2016; Blomqvist et al. 2017; Yamashita et al. 2017), PEX12 
(Schabhüttl et al. 2014), and PEX16 (Ohba et al. 2013; Bacino et al. 2015; Kumar 
et al. 2016), and in patients with Heimler syndrome who had mutations in PEX1 and 
PEX6 (Ratbi et al. 2015; Smith et al. 2016) (in detail, see Sect. 7.3).

Interestingly, it was reported that the allelic expression imbalance (AEI) induces 
mutant PEX6 allele to cause ZSD, and the AEI of PEX6 was correlated with hetero-
zygosity of a frequent variant in the 3′ untranslated region (UTR) of the mutant 
allele (Falkenberg et al. 2017). The patients that carry this mutation presented mul-
tiple symptoms similar to the symptoms of patients with a mild phenotype of ZSD, 
characterized by neurological abnormalities, such as profound hypotonia, gait 
abnormalities, developmental delay, neuropathy, visual impairment, sensorineural 
hearing loss, and white matter abnormalities detected through brain MRI. The bio-
chemical findings showed elevated VLCFA levels in the serum of patients and 
impaired peroxisomal biogenesis in their fibroblasts.

5.2.3.2  �Mulibrey Nanism (TRIM37 Deficiency)

TRIM37, which was identified as a disease-causing gene of muscle–liver–brain–
eye (Mulibrey) nanism, encodes a peroxisomal RING-B-box-coiled-coil protein; 
therefore, Mulibrey nanism is characterized by severe growth retardation of 
prenatal-onset, characteristic dysmorphic features, pericardial constriction, and 
hepatomegaly and was classified as a PD. TRIM37 was localized in the peroxi-
somes; however, peroxisomes of fibroblasts from the patients appeared normal by 
immunocytochemical methods, using both the peroxisomal matrix and membrane 
protein markers, suggesting normal peroxisomal biogenesis (Kallijärvi et al. 2002). 
Subsequent studies have revealed that TRIM37-mediated ubiquitination stabilizes 
PEX5 and promotes peroxisomal matrix protein import, which means that inactiva-
tion of TRIM37 leads to reduced PEX5 accumulation by inducing proteasomal 
degradation and compromising PEX5 functions in cargo binding and PTS protein 
import (Fig.  5.1); thereby Mulibrey nanism has been classified as a new PBD 
(Wang et al. 2017).
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5.2.4  �Dysfunction of Peroxisomal Proliferation and Fission

5.2.4.1  �PEX11β Deficiency

A homozygous nonsense mutation of PEX11β involved in peroxisomal growth and 
division, was found in a 26-year-old male patient with congenital cataract, mild 
intellectual disability, progressive hearing loss, sensory nerve involvement, gastro-
intestinal problems, recurrent migraine-like episodes, and Chiari I malformation on 
MRI. Biochemical parameters of peroxisomal metabolites were normal, including 
VLCFA, phytanic and pristanic acids, bile acid intermediates and plasmalogens, 
whereas patient’s fibroblasts did not contain PEX11β protein and exhibited a low 
number of enlarged and elongated peroxisomes (Ebberink et  al. 2012) (see 
Table 7.1).

5.2.4.2  �Encephalopathy Due to Defective Mitochondrial and Peroxisomal 
Fission 1 (EMPF1) (DNM1L Deficiency)

Waterham et  al. reported a case of a newborn girl with microcephaly, abnormal 
brain development, optic atrophy and hypoplasia caused by heterozygous dominant 
negative mutations in dynamin 1-like (DNM1L) gene involved in the fission of both 
mitochondria and peroxisomes. The patient’s biochemical profile showed persistent 
lactic acidemia and mildly elevated VLCFA. Peroxisomes in patient’s fibroblasts 
were less in number, varied in size and were regularly arranged in rows (Waterham 
et al. 2007) (see Table 7.1). These patients developed epileptic encephalopathy with 
intractable seizures, followed by neurologic decline and died during childhood. 
Additionally, in several families with autosomal dominant optic-atrophy 5, hetero-
zygous mutations in DNM1L have been identified (Gerber et al. 2017). Furthermore, 
Yoon et al. reported that in patients with autosomal recessive encephalopathy due to 
defective mitochondrial and peroxisomal fission resulting in early infantile death, 
complex heterozygous truncating mutations in DNM1L were identified (Yoon 
et al. 2016).

5.2.4.3  �Charcot-Marie-Tooth Disease Type 4A (GDAP1 Deficiency)

Distinct mutations in the ganglioside-induced differentiation-associated protein 1 
(GDAP1) gene, expressing a tail-anchored mitochondrial protein that induces mito-
chondrial fragmentation, were found in patients with Charcot-Marie-Tooth disease 
type 4A (Cuesta et al. 2002). The patients showed demyelinating peripheral neu-
ropathy characterized by distal motor and sensory impairment resulting in gait dif-
ficulties and foot deformities. It was reported that GDAP1 was imported to 
peroxisomes by the import receptor Pex19, and regulated peroxisomal fission 
(Huber et al. 2013).
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5.3  �Single Enzyme Deficiencies (SED)

Single enzyme deficiencies (SED) exhibit clinical phenotypes caused by individual 
metabolic disturbances. Here, we describe the metabolic dysfunction in each PD, 
including β-oxidation of fatty acids, bile acids synthesis, α-oxidation of fatty acids, 
plasmalogen biosynthesis, hydrogen peroxide metabolism and glyoxylate metabo-
lism (Table 5.1). Broad phenotypes and newly identified PD have also been reported 
in SED through WES.

5.3.1  �Impaired β-Oxidation of Fatty Acids

5.3.1.1  �Adrenoleukodystrophy (ALD)

ABCD1 was identified as the gene responsible for adrenoleukodystrophy (ALD) 
and encoding a peroxisomal membrane protein that may transport VLCFA-CoA 
through the peroxisomal membrane. Defect in this protein results in accumulation 
of VLCFA, however, various phenotypes of ALD are not correlated to genotypes 
and VLCFA values. The mechanism underlying the onset of cerebral ALD remains 
unknown. ALD is described in more detail later (see Sect. 5.4).

5.3.1.2  �Acyl-CoA Oxidase 1 (ACOX1) Deficiency

ACOX1 catalyzes the initial step in peroxisomal fatty acid β-oxidation. Patients 
with ACOX1 deficiency have decreased muscle tone since the neonatal period, con-
vulsions since infancy, hearing and vision disturbances, but absence of prominent 
facial dysmorphism (Fig. 5.6a). These symptoms gradually regress, whereas patients 
survive until childhood. The clinical findings resemble those of the mild ZSD phe-
notypes. In brain MRI, abnormal findings in cerebellar and cerebral white matter 
progress with age (Fig. 5.6b, c). As this enzyme oxidizes only the saturated fatty 
acids, VLCFA accumulation is the only biochemical abnormality that occurs. 
Peroxisomes appear larger than usual in the immunocytochemical analysis (Funato 
et al. 2006). Furthermore, adult patients with ACOX1 deficiency characterized by 
cerebellum and brain stem atrophy have been reported (Ferdinandusse et al. 2010). 
In therapy, although there is no curative treatment, a sibling comparison study on 
the effects of hematopoietic stem cell transplantation (HSCT) has been reported 
(Wang et al. 2014).
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5.3.1.3  �d-Bifunctional Protein (DBP) Deficiency

HSD17B4 encodes DBP which catalyzes the second and third steps of peroxisomal 
fatty acid β-oxidation. In addition to straight-chain fatty acids, bile acids and 
branched fatty acids are oxidized by this enzyme, therefore, the biochemical find-
ings show accumulation of VLCFA, D/THCA, phytanic, and pristanic acids. Patients 
with DBP deficiency are in a more severe condition than those with ACOX1 defi-
ciency and are characterized by facial dysmorphism (Fig. 5.6d), hypotonia from the 
neonatal period (Fig. 5.6e), poor feeding, hepatomegaly, convulsions since the neo-
natal period, and die within 2 years of life. These clinical findings seem to resemble 
those of the severe phenotypes of ZS patients (Fig. 5.2a, b). Peroxisomes in DBP 
deficient patients also present a larger shape than usual, similar to that of peroxi-
somes in ACOX1 deficient patients (Funato et al. 2006). In DBP deficiency, as well, 
broad phenotypes, including the Perrault syndrome, which is characterized by ovar-
ian malformation, hearing loss, and cerebellar ataxia (Pierce et al. 2010), and senso-
rineural hearing loss, progressive cerebellar  ataxia and  subclinical retinitis 
pigmentosa (McMillan et al. 2012) have been reported.

A

D E
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5y 3y 9y

Fig. 5.6  Clinical features of acyl-CoA oxidase 1 (ACOX1) and d-bifunctional protein (DBP) 
deficiencies. (a) Facial feature of ACOX1 deficiency at the age of 5 years. (b) Brain T2 weighted 
MRI of ACOX1 deficiency at the age of 3 years. High signal regions in cerebellar white matter, 
peduncle and pons. (c) Brain T2 weighted MRI of ACOX1 deficiency at the age of 9 years. High 
signal regions in white matter around the occipital horn of lateral ventricles, subcortical white mat-
ter, and splenium of corpus callosum. (d) Facial features of patient with DBP deficiency. High 
forehead and broad nasal bridge. (e) Traction response of patient with DBP deficiency at neonatal. 
Severe hypotonia was seen
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5.3.1.4  �Sterol Carrier Protein X (SCPx) Deficiency

The SCPx enzyme encoded by SCP2 exerts thiolase activity in the last step of per-
oxisomal β-oxidation and oxidizes branched-chain fatty acids. Patients with SCPx 
deficiency have elevated levels of pristanic and phytanic acids, and D/THCA 
whereas normal VLCFA levels, and clinical manifestations of leukoencephalopathy 
with dystonia and motor neuropathy (Ferdinandusse et al. 2006).

5.3.1.5  �2-Methylacyl-CoA Racemase (AMACR) Deficiency

AMACR is a peroxisomal enzyme that catalyzes the conversion of 2R-pristanoyl-
CoA and 25R-D/THCA to their (S)-stereoisomers. Consequently, the enzymatic 
defect causes accumulation of plasma pristanic acid and D/THCA in patients with 
various clinical symptoms, such as adult-onset sensorimotor neuropathy 
(Ferdinandusse et al. 2000). Furthermore, a homozygous mutation in the AMACR 
was identified in an infant with defect in bile acid synthesis and increased levels of 
THCA (Setchell et al. 2003).

5.3.1.6  �Acyl-CoA-Binding Domain-Containing Protein 5 (ACBD5) 
Deficiency

ACBD5 is a peroxisomal membrane protein with a cytosolic acyl-CoA binding 
domain. A variant of ACBD5 in three siblings characterized by cone-rod dystrophy, 
developmental delay, spastic paraparesis, and white matter disease was identified by 
autozygome analysis followed by exome sequencing (Abu-Safieh et al. 2013). Next, 
Ferdinandusse et al. identified another patient with a homozygous deleterious indel 
mutation in ACBD5 presenting progressive leukodystrophy, syndromic cleft palate, 
ataxia, retinal dystrophy, and accumulation of VLCFA due to impaired peroxisomal 
β-oxidation (Ferdinandusse et al. 2017).

5.3.2  �Impaired Bile Acids Synthesis

5.3.2.1  �Acyl-CoA Oxidase 2 (ACOX2) Deficiency

ACOX2 is a peroxisomal branched-chain acyl-CoA oxidase participating in bile 
acid synthesis. A patient with ACOX2 deficiency identified by WES presented inter-
mittently elevated transaminase levels, liver fibrosis, mild ataxia, and cognitive 
impairment (Vilarinho et al. 2016). The patient showed increased D/THCA levels in 
plasma and urine, whereas no increase in branched-chain fatty acids, phytanic acid, 
and pristanic acid was noticed.
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5.3.2.2  �Peroxisomal Membrane Protein, 70KD (PMP70) (ABCD3) 
Deficiency

ABCD3 encodes a PMP70 involved in the transport of branched-chain fatty acids 
and C27 bile acids into the peroxisomes. A patient with a homozygous 1758-bp 
deletion in ABCD3 had accumulation of D/THCA, and increased C26/C22 and 
C24/C22 ratios owing to low levels of C22:0 whereas normal phytanic and pristanic 
acids in the plasma levels (see Table 7.1). On the contrary, measurement of peroxi-
somal beta-oxidation activities in fibroblasts from the patient revealed decreased 
beta-oxidation of pristanic acid, whereas that of C26:0 was normal. Peroxisomes in 
PMP70 deficient patients present a larger shape than usual and fewer in number. 
The patient manifested hepatosplenomegaly with severe liver dysfunction, but nor-
mal developmental milestones (Ferdinandusse et al. 2015).

5.3.2.3  �Bile Acid-CoA: Amino Acid N-Acyltransferase (BAAT) Deficiency

BAAT transfers bile acid moiety from the acyl-CoA thioester to either glycine or 
taurine. Hence, bile acids conjugated glycine or taurine are decreased in the body 
fluids of patients deficient in BAAT. Patients’ phenotype shows familial hyperchol-
anemia characterized by elevated bile acid serum concentrations, itching, and fat 
malabsorption (Carlton et al. 2003).

5.3.3  �Impaired α-Oxidation of Fatty Acids

5.3.3.1  �Phytanoyl-CoA Hydroxylase (PHYH) Deficiency (Refsum 
Disease)

Refsum disease is characterized by an increase in phytanic acid due to deficiency of 
PHYH, localized in the peroxisomes. Phytanic acid is converted to pristanic acid by 
α-oxidation and then is subjected to β oxidation; therefore, pristanic acid levels in 
the patients are not increased. Many patients with Refsum disease have been 
reported in UK and Northern Europe and develop symptoms, such as retinitis pig-
mentosa, polyneuropathy (atrophy of lower limb muscles, muscle weakness, sen-
sory paralysis), and cerebellar ataxia at the age of 1–50 years. Treatment is based on 
a diet that severely restricts dairy products rich in phytanic acid, and also meat and 
fats derived from cows, sheep, goats, etc.

N. Shimozawa



121

5.3.4  �Impaired Plasmalogen Biosynthesis

	(a)	 Dihydroxyacetone phosphate acyltransferase (GNPAT) deficiency (RCDP type 
2)

	(b)	 Alkyl-dihydroxyacetone phosphate synthase (AGPS) deficiency (RCDP type 3)

The first and second steps of plasmalogen biosynthesis are performed in peroxi-
somes by GNPAT (PTS1 protein) and AGPS (PTS2 protein), respectively. Clinical 
findings in both deficiencies revealed an RCDP phenotype, including rhizomelic 
shortening of upper extremities, typical facial appearance, cataract, dwarfism, and 
severe mental retardation. Biochemically, both types of patients only show decreased 
levels of plasmalogens, whereas plasma phytanic acid levels are normal.

	(c)	 Fatty acyl-CoA reductase 1 (FAR1) deficiency (RCDP type 4)

Mutations of FAR1 involved in plasmalogen biosynthesis in peroxisomes were 
identified by WES in two families affected by severe intellectual disability, early-
onset epilepsy, microcephaly, congenital cataracts, growth retardation and spasticity 
(Buchert et al. 2014). This disease was later named as RCDP type 4, although show-
ing no typical RCDP phenotype.

5.3.5  �Impaired Hydrogen Peroxide Metabolism

5.3.5.1  �Catalase Deficiency (Acatalasemia, Hypocatalasemia)

Acatalasemia (Takahara disease) a metabolic disorder characterized by a total or 
near total loss of catalase activity in erythrocytes was first discovered by Takahara 
in patients with progressive oral gangrene (Takahara and Miyamoto 1948). Patients 
with hypocatalasemia have heterozygous mutations of the catalase gene and mani-
fest half-normal levels of catalase activity and no obvious clinical symptoms, how-
ever, studies on Hungarian patients with hypocatalasemia showed increased 
occurrence of type 2 diabetes (see Sect. 5.5.2).

5.3.6  �Impaired Glyoxylate Metabolism

5.3.6.1  �Hyperoxaluria Type 1 (Alanine: Glyoxylate Aminotransferase 
Deficiency)

Primary hyperoxaluria type 1 (PH1) is a glyoxylate metabolism disorder caused by 
a deficiency of alanine: glyoxylate aminotransferase (AGT) present in liver peroxi-
somes. Glyoxylic acid is a precursor of oxalic acid, and due to the deficiency in 
AGT, an enzyme converting glyoxylate to glycine, a large amount of oxalic acid is 
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produced, and insoluble calcium oxalate is deposited on the whole body organs, 
including the kidney. After successive renal colic and hematuria, typical symptoms 
of urinary calculus, the disease progressed to nephrocalcinosis and renal failure, and 
most of the cases resulted in end-stage renal failure. In mild cases, administration of 
vitamin B6, a coenzyme of AGT, can be effective. Early liver transplantation for 
replacement of the AGT enzyme is considered an effective curative treatment. 
Kidney transplantation may be necessary in cases of renal failure, when recovery is 
not expected.

5.3.6.2  �Glycolate Oxidase 1 (GOX1) Deficiency

The hydroxy-acid oxidase 1 (HAO1) gene encodes glycolate oxidase 1 (GOX1), 
which catalyzes the oxidation of glycolate to glyoxylate in the peroxisomes of hepa-
tocytes. Frishberg et al. reported a patient with a homozygous splicing site mutation 
in HAO1 who manifested a persistent and markedly increased urinary glycolate 
excretion; normal excretion of oxalate, citrate and glycerate; and no obvious renal 
symptoms. This observation suggested that substrate reduction might be targeted 
for the development of novel approaches for the treatment of PH1 (Frishberg 
et al. 2014).

5.4  �Adrenoleukodystrophy (ALD)

Adrenoleukodystrophy (ALD) is the most common PD characterized by demyelin-
ation of the cerebral white matter and adrenal dysfunction. ALD is an X-linked 
inherited disease attributed to mutations in the ABCD1 gene, and its product, ALDP/
ABCD1, a peroxisomal membrane protein. ALDP possesses an ATP-binding cas-
sette region at the C-terminus involved in the import of saturated VLCFA into the 
peroxisomes, leading to β-oxidation of the saturated VLCFA. Therefore, a dysfunc-
tion of ALDP/ABCD1 results in the accumulation of saturated VLCFA in the tissues 
and plasma. Various clinical phenotypes exist in ALD, such as the childhood cere-
bral ALD (CCALD), adolescent cerebral ALD (AdolCALD), adult cerebral ALD 
(ACALD), adrenomyeloneuropathy (AMN), olivo-ponto-cerebellar type of ALD 
(OPCALD) and Addison only with no genotype-phenotype correlation. Even female 
carriers of the mutated gene present occasionally mild spinal symptoms with age. 
The prognosis of cerebral ALD is generally very poor and many patients risk 
becoming bedridden within a few years if they remain without effective treatment. 
Hematopoietic stem cell transplantation (HSCT) is currently the only curative 
approach, which can prevent the progression of brain deterioration; however, HSCT 
is only effective for patients in the early stages of cerebral ALD (Peters et al. 2004). 
Therefore, not only is early diagnosis just after disease onset critical, but pre-
symptomatic diagnosis is also essential in order to prevent the progression of cere-
bral ALD.
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5.4.1  �Epidemiology and Phenotypes

In the United States, one ALD patient in 21,000 newborn boys and one ALD carrier 
in 14,000 newborn girls have been reported (Bezman et al. 2001). Furthermore, in 
New York, over 700,000 newborns were screened; 45 babies (22 boys and 23 girls) 
were identified as having ALD, suggesting that the birth-incidence of ALD could be 
1:15,000 (https://adrenoleukodystrophy.info/clinical-diagnosis/newborn-screen-
ing). At least 4.1% of individuals with ALD have de novo mutations (Wang et al. 
2011); therefore, the mothers of male probands may not be carriers. There are vari-
ous phenotypes, shown below, which do not correlate with genotypes; however, the 
incidence of each phenotype varies from country to country, probably due to differ-
ent genetic backgrounds.

5.4.1.1  �Childhood Cerebral ALD (CCALD)

CCALD is the most common phenotype and is characterized by the progressive 
deterioration of the intellectual, psychic, visual, and gait characteristics at the age of 
onset between 3 and 10 years. The prognosis of CCALD is generally very poor and 
many patients become bedridden within a few years.

5.4.1.2  �Adolescent Cerebral ALD (AdolCALD)

AdolCALD has symptoms similar to CCALD at the age of onset between 11 and 
21 years but tends to progress more slowly.

5.4.1.3  �Adrenomyeloneuropathy (AMN)

AMN is a noninflammatory distal axonopathy which develops after puberty with 
gait disturbance, rectal bladder dysfunction, and impotence. AMN progresses 
slowly, however, it may develop to cerebral ALD.

5.4.1.4  �Adult Cerebral ALD (ACALD)

ACALD develops after adulthood and presents personality changes, intellectual 
deterioration and psychiatric symptoms, therefore, sometimes is misdiagnosed as 
psychosis or dementia. Clinical progression varies and can lead to bedridden 
patients after a few years.
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5.4.1.5  �Olivo-Ponto-Cerebellar Type of ALD (OPCALD)

Cerebellar ataxia is the main symptom of patients with OPCALD, with most of 
them being diagnosed in Japan. Some patients with OPCALD may develop cere-
bral ALD.

5.4.1.6  �Addison Only

Addison disease develops between the age of 2 years and adulthood with symptoms 
of adrenal insufficiency, such as unexplained vomiting, weight loss, and pigmenta-
tion. The youngest patient showing abnormal adrenal function was reported to be 
7  months old. There was no significant difference in the VLCFA values of the 
plasma among patients with adrenal insufficiency (Huffnagel et al. 2019). It should 
be noted that most patients with an “Addison only” phenotype may progress to 
AMN and/or cerebral ALD and most male patients with ALD have adrenal insuffi-
ciency regardless of their phenotype.

5.4.1.7  �Symptomatic Female

Some female carriers have symptoms like those of AMN patients including gait 
disorder, sensory disturbance, and fecal incontinence. Symptoms rarely appear 
before the age of 20, and the incidence increases with age. In details, 18% of women 
under 40 and 88% of women over 60 years of age present light neurological signs 
(Engelen et al. 2014). In female carriers, the adrenal dysfunction is rare and cerebral 
ALD is even rarer.

5.4.2  �Diagnostic Methods

	(a)	 Very long chain fatty acids (VLCFA)
Male patients show increased saturated VLCFA plasma levels such as C26:0, 
C25:0, C24:0. There is no correlation between the rate of accumulation of 
VLCFA and clinical severity. Fifteen percent to 20% of female carriers have 
normal VLCFA levels, although increased VLCFA levels are observed in the 
majority (Kemp et al. 2001). Therefore, ABCD1 mutation analysis should be 
performed in all suspected female carriers even with normal VLCFA levels.

	(b)	 Brain MRI
In cerebral ALD, CT and T2 weighted MRI imaging show a low density and a 
high signal region, respectively, coinciding with the site of demyelination in the 
cerebral white matter (Fig. 5.7a). The distribution of demyelination is common 
in the white matter of the occipital lobe, around the lateral ventricle in the white 
matter of the parietal lobe, and in the splenium of the corpus callosum; however, 
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in some cases, it initiates from the white matter of the frontal lobe. At sites with 
active neuroinflammation, the contrast effect is recognized by gadolinium (Gd) 
enhancement (Fig. 5.7b). In AMN and OPCALD, abnormal T2 weighted MRI 
findings are mainly observed in the pyramidal tract, cerebellum, and spinocer-
ebellar tract.

	(c)	 Adrenal function test
The lifetime risk of adrenal insufficiency in male patients with ALD is nearly 
80% (Huffnagel et  al. 2019). Even without adrenal insufficiency symptoms, 
elevated plasma ACTH levels or low response to rapid ACTH loading test are 
observed. Adrenal insufficiency affects the prognosis of ALD patients, and a 
recent study on the natural history of adrenal insufficiency in ALD recommends 
adrenal testing every 4–6 months for patients aged ≤10 years, annual testing for 
those aged 11–40  years, and testing on demand for those aged >40  years 
(Huffnagel et al. 2019).

	(d)	 ABCD1 mutation analysis
The mutations in the ABCD1 are diverse, as more than 750 different mutations 
have been identified (https://adrenoleukodystrophy.info/mutations-and-vari-
ants-in-abcd1). There is no genotype-phenotype correlation, even in female car-
riers. As 15–20% of female carriers display normal VLCFA levels (Kemp et al. 
2001), ABCD1 mutation analysis is recommended for female carrier detection.

	(e)	 Pathological findings
In autopsy of patients with cerebral ALD, demyelination of the white matter, 
gliosis, and infiltration of the inflammatory cells around the blood vessel are 
recognized in the cerebral lesion.

	(f)	 Neurophysiological and psychological findings (see Chap. 12)

A B

Fig. 5.7  Brain MRI of adolescent cerebral ALD at the age of 13 years. (a) FLAIR image of brain 
MRI. High signal regions in white matter of occipital lobe with subcortical region. (b) Gadolinium 
enhancement. Contrast effect is recognized at the sites with active phase of neuroinflammation
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5.4.3  �Differential Diagnosis

5.4.3.1  �Diseases to Be Differentiated in ALD of Boys

Attention deficit hyperactivity disorder (ADHD), learning disability, psychosomatic 
disorder, strabismus, blurred vision, hearing loss, Addison’s disease, brain tumor, 
subacute sclerosing panencephalitis (SSPE), and other leukodystrophies.

5.4.3.2  �Diseases to Be Differentiated in ALD of Adults

Familial spastic paraplegia, multiple sclerosis, psychosis, dementia, spinocerebellar 
degeneration, Addison’s disease, brain tumor, malignant lymphoma, and other 
leukodystrophies.

5.4.4  �Treatment

	(a)	 Steroid replacement therapy
Adrenal insufficiency significantly affects prognosis; therefore, it is necessary 
to evaluate the adrenal function of all male patients, including asymptomatic 
and post HSCT patients. Corticosteroid replacement therapy should be initiated 
when necessary, however it should not affect the cerebral and spinal cord 
lesions.

	(b)	 Lorenzo’s oil
Lorenzo’s oil, a blend of 4:1 mixture of glycerol trioleate and glycerol trierucate 
reduces VLCFA in plasma, whereas it does not affect the natural course of the 
disease after the onset of cerebral symptoms. It has also been tried in the treatment 
of presymptomatic or AMN patients; however, its efficiency was not defined.

	(c)	 HSCT
HSCT is the only curative approach, that when performed early can prevent 

the progression of brain involvement in CCALD and AdolCALD.  Raymond 
et  al. recently reported that prognosis of early HSCT was clearly improved 
when survival was assessed without the major functional disabilities considered 
as a relevant treatment goal, rather than solely assessing overall survival as an 
indicator of treatment success (Raymond et  al. 2018). Because of that, it is 
essential to suspect ALD as soon as possible and to obtain a prompt diagnosis. 
Kato et al. reported that allogeneic HSCT with reduced intensity conditioning 
for ALD patients was safely performed without major transplant-related com-
plications even in symptomatic patients (Kato et  al. 2018). Furthermore, the 
effectiveness of transplantation has been reported even in ACALD, through a 
retrospective analysis of the feasibility, toxicity, and long-term neurological 
outcome of 14 adult males treated with allogeneic HSCT in four European cen-
ters (Kühl et al. 2017).
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There was a report that 3 out of 5 cases developed myelopathy in a long-term 
follow-up study of patients transplanted at an early stage. It is suggested that 
although the inhibitory effect on the progression of inflammation in the cerebral 
type is recognized in HSCT, the effect of inhibiting the onset of AMN may not 
be recognized (van Geel et al. 2015).

	(d)	 AMN and symptomatic female
For myelopathy in AMN and symptomatic females, there has been no effective 
therapy available yet, therefore, physical therapy and antispasmodic drugs are 
the main treatments. Studies using Abcd1 knockout mice have revealed that 
oxidative stress may be involved in axonal degeneration of AMN, hence, the 
examinations on antioxidant drugs are ongoing (López-Erauskin et al. 2011).

	(e)	 HSC gene therapy
ALD patients at the early stages of the cerebral-type of disease were adminis-
tered Lenti-D gene therapy, where autologous CD34+ cells transduced with 
Lenti-D lentiviral vector were injected in patients as a phase II-III safety and 
efficacy study (Eichler et al. 2017). Based on results, the FDA in the US has 
granted the Breakthrough Therapy designation to Lenti-D™ for treating patients 
with the cerebral type of ALD on May 23, 2018.

	(f)	 Further therapeutic strategies for ALD (see Chap. 8)

5.4.5  �Presymptomatic Diagnosis and Newborn Screening

5.4.5.1  �Presymptomatic Diagnosis

Patients after cerebral ALD onset have limitations in HSCT effect; hence, in order 
to improve prognosis, it is important to identify patients before the onset of disease, 
by familial analysis of the probands. This is also important for improving the prog-
nosis of adrenal insufficiency. Furthermore, as the onset of symptoms cannot be 
predicted, it is necessary to present a system of long-term follow-up (Engelen et al. 
2012) (in detail, see Sect. 7.4.2 and Fig. 7.3).

5.4.5.2  �Newborn Screening (NBS)

In New York, neonatal screening for ALD was initiated on December 30, 2013. 
During the first 3 years, over 700,000 newborns were screened in New York and 45 
babies with ALD, including 22 boys and 23 girls, were identified (https://adrenoleu-
kodystrophy.info/clinical-diagnosis/newborn-screening). Later, testing was con-
ducted in many states in the United States. In an effort to arrive to a steady effect on 
overcoming ALD, it is essential to establish a precise diagnostic system even for 
female ALD patients and other PD, a genetic counseling system and a long-term 
follow up system for patients found by NBS.
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5.4.6  �Pathophysiology

5.4.6.1  �Elucidated Facts and Unresolved Issues

Dysfunction of ALDP/ABCD1 due to mutated ABCD1 in ALD patients, which is a 
peroxisomal membrane transporter causes impaired β-oxidation of saturated 
VLCFA resulting in the accumulation of VLCFA in the tissues and plasma. 
Therefore, diagnosis of ALD can be confirmed by elevated saturated VLCFA in 
plasma and detection of ABCD1 mutations, however there is no correlation between 
genotypes and various phenotypes. Cerebral ALD is an inflammatory demyelinat-
ing disease, whereas AMN is a non-inflammatory distal axonopathy, and some 
AMN patients can develop cerebral ALD. We cannot predict phenotypes and prog-
nosis in presymptomatic patients, therefore, it is now difficult to perform HSCT 
before cerebral ALD onset. Abcd1 knockout mice exhibited only minor neurologic 
symptoms without inflammatory demyelination (Pujol et al. 2002), whereas there 
was a recent report that chimpanzee naturally developed cerebral ALD (Curiel et al. 
2017). Furthermore, the function of ALDP/ABCD1 as a transporter in the peroxi-
somal membrane and the pathophysiology caused by accumulated VLCFA are not 
completely understood.

5.4.6.2  �Task to Be Solved

The most important task should be the development of a phenotype prediction diag-
nosis method for medical intervention before the onset of the disease. For that pur-
pose, the search for modifier factors causing cerebral ALD onset is essential and can 
lead to the development of a cerebral-type onset in a mice model. This model can 
help to elucidate the mechanism of onset of inflammatory demyelination as well as 
the therapeutic mechanism of HSCT, leading to new treatments and optimal trans-
plantation methods for patients with cerebral ALD. It is also important to clarify the 
underlying biochemical and molecular pathology of ALDP/ABCD1, including syn-
thesis and β-oxidation of VLCFA, for the discovery of new approaches for success-
ful preventive treatment.

5.4.7  �Current and Future Prospective

Currently, early diagnosis is the most important factor in conquering ALD; hence, it 
is important to spread information regarding the first symptoms of ALD widely and 
provide a prompt diagnostic system to detect VLCFA levels and ABCD1 mutations. 
We have developed a prompt ALD diagnostic system that provides results on 
VLCFA values and ABCD1 mutations within a few days (see Sect. 7.4.1). In addi-
tion, presymptomatic diagnosis and neonatal screening combined with genetic 
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counseling and a long-term follow-up system may have to be adopted as a national 
strategy. Furthermore, in an effort to improve the prognosis of patients diagnosed 
before disease onset, it is important to develop a phenotype prediction method, as 
well as further therapeutic approaches.

5.5  �Role of Peroxisome in Cancer and Age-Related Diseases

Research on the pathology of patients with PD, including the prototype of ZS, has 
greatly contributed to the elucidation of the physiological functions of peroxisomes 
in humans. Furthermore, the spread of WES in recent years has led to the discovery 
of further variants of known genetic diseases and also newly identified PD (see Sect. 
7.3); hence, the concept of PD has been expanding.

On the other hand, in age-related diseases, such as diabetes, cancer and neurode-
generative disorders, the association with peroxisomal function has been suggested 
long ago, through disease models and genetic, epidemiological, and biochemical 
research. For example, there have been reports on the induction of liver cancer in 
rodents by peroxisome proliferators, increased occurrence of type 2 diabetes in 
Hungarian patients with hypocatalasemia, reduced plasmalogen levels in postmor-
tem brain tissues of patients with Alzheimer’s disease etc. Furthermore, recent 
studies suggest that peroxisomal function may be altered with aging and could con-
tribute to these age-related diseases (Cipolla and Lodhi 2017).

It is well known that mitochondrial dysfunction may be involved in the onset and 
progression of age-related diseases via reactive oxygen species (ROS). Peroxisomes 
produce ROS during the process of fatty acid oxidation, and also contain catalase, 
an enzyme that reduces ROS (see Sect. 4.5). Peroxisomal functions are performed 
in cooperation with the function of other organelles, including mitochondria (see 
Sect. 4.6), thus it can be difficult to evaluate the exact role of peroxisomes 
independently.

In a report of age-related changes in peroxisomes of human cells, aging compro-
mised PTS1 protein import, affecting the critical anti-oxidant enzyme catalase, 
which led to an increased load of ROS, further reduction of peroxisomal protein 
import, and exacerbation of aging effects (Legakis et al. 2002). Furthermore, the 
analysis of peroxisome dynamics in mammalian cells also suggested heterogeneity 
in peroxisomal import ability with age (Huybrechts et al. 2009). In this section, we 
pay particular attention to the relationship between age-related diseases and PD.

5.5.1  �Role of Peroxisomes in Neurodegenerative Diseases

PD patients themselves exhibit neurologic symptoms, such as white matter degen-
eration, cerebellar ataxia, and developmental regression, as described above (see 
Sects. 5.2–5.4). Peroxisomes are involved in the biosynthesis of plasmalogens that 
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are rich in myelin sheaths (Wanders and Poll-The 2017); therefore, patients with 
ZSD and RCDP manifest decreased levels of plasmalogens in plasma and tissues 
(see Table 7.1), which may be related to myelination deficits in these patients 
(Bams-Mengerink et  al. 2006). Moreover, a mouse model of RCDP type 2 
(Gnpat−/−), which completely lacked plasmalogens, showed defects in myelination 
in the cerebellum (Teigler et al. 2009). On the other hand, although no impaired 
plasmalogen synthesis was seen in ALD (see Sect. 5.4), not only increased VLCFA 
levels, but also reduced plasmalogen levels and increased ROS levels were observed 
in the white matter of the brains of cerebral ALD patients (Khan et al. 2008).

In Alzheimer’s disease (AD), Han et al. reported a dramatic decrease in plas-
malogen contents in white matter at a very early stage, which indicated that plas-
malogen defects may play an important role in AD pathogenesis and suggested that 
altered plasmalogen contents may contribute to neurodegeneration, synapse loss, 
and synaptic dysfunction in AD (Han et al. 2001). Recently, it was reported that oral 
administration of scallop-derived purified plasmalogens may improve cognitive 
functions of mild AD (Fujino et al. 2017).

In Parkinson’s disease, reduced levels of plasmalogen were reported in lipid rafts 
isolated from the cortical gray matter of patients (Fabelo et al. 2011). Furthermore, 
Zellweger model mice (Pex2−/−, Pex5−/− and Pex13−/−) exhibited increased 
α-synuclein phosphorylation, oligomerization, and inclusion body formation 
(Yakunin et  al. 2010). These findings are seen in the pathology of patients with 
Parkinson’s disease. Later, Wang et al., using a pex3 yeast mutant, reported that a 
defect in peroxisomal biogenesis prevents the binding of alpha-synuclein to lipid 
droplets in lipid-loaded yeast (Wang et al. 2013). These PEX are disease-causing 
gene for PBD (see Fig. 5.1).

5.5.2  �Role of Peroxisomes in Diabetes

In a study on Hungarian patients with acatalasemia, the frequency of occurrence of 
type 2 diabetes is high in patients with hypocatalasemia who are heterozygous for a 
mutation in the catalase gene, which detoxifies cells from hydrogen peroxide (Nagy 
et al. 2015). Increased levels of ROS are a key factor involved in the pathogenesis 
of type 2 diabetes, and oxidative stress is thought to promote pancreatic β-cell dys-
function and contribute to type 2 diabetes. On the contrary, recent studies have 
shown that β-cells have the capacity to detoxify hydrogen peroxide through a thio-
redoxin reductase-dependent mechanism and are not as sensitive to oxidative dam-
age as was previously thought (Stancill et al. 2019).
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5.5.3  �Role of Peroxisomes in Cancer

There are many reports on peroxisomal function in cancer. Some of them show 
decreased peroxisomal function in many tumors, whereas others show the require-
ment of peroxisomal function for efficient tumor growth. These contradictory find-
ings might be a result of tumor heterogeneity (Islinger et al. 2018). Recent studies 
revealed that the overexpression of a tumor suppressor, phospholipase A/acyltrans-
ferase (PLA/AT)-3, inhibited the binding of PEX19 to peroxisomal membrane pro-
teins, resulting in the specific disappearance of peroxisomes and decrease in levels 
of plasmalogen. PLA/AT-3 inhibited the binding of PEX19 to various peroxisomal 
membrane proteins, such as PEX3 and PEX11β (see Fig. 5.1), which suggested that 
PLA/AT-3 may be involved in a novel regulatory mechanism of peroxisomal bio-
genesis (Uyama et al. 2015). Moreover, Asare et  al. found that the imbalance in 
epidermal differentiation resulting from PEX11β deficiency and peroxisome mislo-
calization in mitosis was caused by the inability of basal stem cells to orient their 
spindle perpendicularly to the underlying basement membrane (Asare et al. 2017). 
Further studies on the metabolic function, proliferation, and division of peroxi-
somes in cells might elucidate their role in cancer development and proliferation by 
clarifying the dynamics of organelles in cell growth and differentiation.
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Chapter 6
Model Organisms for Understanding 
Peroxisomal Disorders

Shigeo Takashima and Nobuyuki Shimozawa

Abstract  Peroxisomal disorders are congenital human diseases caused by the dys-
function of peroxisomes, which are small vesicular organelles distributed in the cyto-
plasm. In patients suffering from these disorders, multiple defects manifest in a variety 
of tissues and organs, such as the brain, spinal cord, peripheral nerves, eyes, kidneys, 
liver, spleen, and bone. A number of biological metabolites are synthesized and 
degraded in the peroxisomes, such that the metabolites fluctuate severely in patients 
with peroxisomal disorders. A link between peroxisomal metabolites and symptoms 
of peroxisomal disorders has long been suspected; however, we have only limited 
knowledge about the pathology of this disease in humans due to the rarity of peroxi-
somal disorders. To overcome this problem, model organisms of peroxisomal disor-
ders were established and studied in detail. These models successfully recapitulate the 
major human symptoms and have become powerful tools to understand the biological 
basis of the disease pathology and the development of therapeutic strategies against it.

Keywords  Peroxisomal disorders · Peroxisome · Very long chain fatty acid · 
Phytanic acid · Bile acid intermediates · Plasmalogens · Mouse · Fruit fly · 
Zebrafish · Model organism

6.1  �Introduction

A wide variety of model organisms of multiple animal species, such as the mouse, 
zebrafish, and fruit fly, are available to evaluate peroxisomal disorders (Table 1). To 
overcome the limited pathological information available for human patients, model 
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Table 1  List of selected mutant animal models for studying peroxisomal disorders

Organism
Disease 
type

Affected 
gene

Type of 
mutation Phenotypes

Biochemical 
hallmark References

Models of peroxisome biogenesis disorder (PBD)

Mouse Zellweger 
spectrum 
disorder 
(ZSD)

Pex1 G844D 
substitution

Preadult mortality. 
Progressive 
psychomotor 
retardation

VLCFA and 
bile acid 
intermediates 
increase. 
Plasmalogen 
decrease. 
Decreased 
branched fatty 
acid oxidation 
in fibroblasts

Hiebler et al. 
(2014)

Mouse ZSD Pex2 Generalized 
KO (in 
different 
back 
grounds)

Growth retardation. 
Hypotonia. Sucking 
disability. Neonatal 
mortality. Neural 
migration defect. 
Cerebellar anomaly. 
Abnormal Purkinje 
cells. Fatty liver. 
Neuronal lipidosis. 
Hepatic steatosis

VLCFA 
increase. 
Plasmalogen 
decrease

Faust and 
Hatten 
(1997), Faust 
et al. (2001), 
Faust (2003), 
Keane et al. 
(2007)

Mouse ZSD Pex5 Generalized 
KO (and 
conditional 
rescue)

Growth retardation. 
Sucking disability. 
Neonatal mortality. 
Neural migration 
defect. Hepatic 
steatosis. Abnormal 
mitochondria in liver

VLCFA 
increase, 
Plasmalogen 
decrease

Baes et al. 
(1997), 
Janssen et al. 
(2003)

Mouse ZSD Pex5 Conditional 
KO in CNS

Growth retardation. 
Early death. Delayed 
cortical neuronal 
migration. Delayed 
cerebellar 
development. 
Abnormal Purkinje 
cells. Neuronal 
lipidosis. Gliosis. 
Myelin anomaly. 
Cataract

VLCFA 
increase in 
brain. 
Plasmalogen 
and DHA 
decrease in 
brain

Krysko et al. 
(2007), 
Hulshagen 
et al. (2008)

(continued)

S. Takashima and N. Shimozawa



139

Table 1  (continued)

Organism
Disease 
type

Affected 
gene

Type of 
mutation Phenotypes

Biochemical 
hallmark References

Mouse ZSD Pex5 Conditional 
KO in liver

Growth retardation. 
Neonatal mortality. 
Abnormal hepatic 
mitochondria. Neural 
migration defect 
(severer than CNS 
KO). Abnormal 
cerebellum. 
Abnormal Purkinje 
cells

Unchanged 
plasmalogen 
level in liver

Krysko et al. 
(2007)

Mouse ZSD Pex10 Generalized 
KO

Progressive 
locomotive defect in 
embryo. Sucking 
disability. Neonatal 
mortality. Growth 
retardation. Schwann 
cell defects in 
peripheral nerves

VLCFA 
increase. 
Plasmalogen 
decrease. Bile 
acid 
intermediates 
increase

Hanson et al. 
(2014)

Mouse – Pex11α Generalized 
KO

Increased body 
weight. High 
triglyceride levels. 
Hepatic steatosis

Normal 
peroxisomal 
metabolites

Li et al. 
(2002b), 
Weng et al. 
(2013)

Mouse ZSD Pex11β Generalized 
KO

Growth retardation. 
Neonatal mortality. 
Sucking disability. 
Hypotonia. Neural 
migration defect

Slight increase 
of VLCFAs 
and slight 
decrease of 
plasmalogen

Li et al. 
(2002a)

Mouse ZSD Pex13 Generalized 
KO

Growth retardation. 
Neonatal Mortality. 
Sucking disability. 
Hypotonia. Neural 
migration defect. 
Hepatic steatosis. 
Abnormal 
mitochondria in liver

VLCFA 
increase. 
Plasmalogen 
decrease. 
Decreased 
branched fatty 
acid oxidation 
in fibroblasts

Maxwell 
et al. (2003)

Mouse RCDP 
type1

Pex7 Generalized 
KO

Growth retardation. 
Cataracts. 
Incomplete and 
delayed ossification. 
Neonatal mortality. 
Neural migration 
defect in cerebrum. 
Male and female 
sterility. Testicular 
atrophy

Plasmalogen 
decrease. 
VLCFA 
increase in 
neonate

Brites et al. 
(2003), 
Brites et al. 
(2009), da 
Silva et al. 
(2014)

(continued)
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Table 1  (continued)

Organism
Disease 
type

Affected 
gene

Type of 
mutation Phenotypes

Biochemical 
hallmark References

Mouse RCDP 
type1

Pex7 Hypomorph Slight growth 
retardation. Delayed 
ossification. 
Cataracts

Plasmalogen 
decrease. 
Normal 
VLCFAs

Braverman 
et al. (2010)

Fruit fly ZSD Pex1 Generalized 
KO

Larval death. 
Locomotive defect. 
Developmental 
defects in CNS and 
PNS

Unexamined Mast et al. 
(2011)

Fruit fly ZSD Pex2 Generalized 
KO

Delayed growth. 
Male sterility. 
Decreased female 
fertility. Defective 
spermatogenesis

Unexamined Chen et al. 
(2010)

Fruit fly ZSD Pex3 Generalized 
KO

Larval death. Growth 
retardation

Longer acyl 
chain length 
in 
triacylglycerol

Faust et al. 
(2014), 
Nakayama 
et al. (2011)

Fruit fly ZSD Pex10 Generalized 
KO

Delayed growth. 
Male sterility. 
Decreased female 
fertility. Defective 
spermatogenesis

VLCFA 
increase

Chen et al. 
(2010)

Fruit fly ZSD Pex12 Generalized 
KO?

Defective 
spermatogenesis

Unexamined Chen et al. 
(2010)

Fruit fly ZSD Pex16 Generalized 
KO

Male sterile. 
Abnormal 
spermatogenesis. 
Locomotive defects. 
Affected optic lobe 
development

VLCFA 
increase

Nakayama 
et al. (2011)

Fruit fly ZSD Pex19 Generalized 
KO

Larval-pupal death 
in zygotic mutants. 
Embryonic death in 
maternal-zygotic 
mutants. Locomotive 
defects. Increased 
cell death in CNS

VLCFA 
increase. 
Decrease of 
shorter fatty 
acids. 
Increased free 
fatty acids

Bülow et al. 
(2018), Sellin 
et al. (2018)

Models of single enzyme deficiencies

Mouse ACOX1 
deficiency

Acox1 Generalized 
KO

Growth retardation. 
Male and female 
sterility. Hepatic 
steatosis. Viable

VLCFA 
increase

Fan et al. 
(1996), Fan 
et al. (1998), 
Sheridan 
et al. (2011)

(continued)
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Table 1  (continued)

Organism
Disease 
type

Affected 
gene

Type of 
mutation Phenotypes

Biochemical 
hallmark References

Mouse D-BP 
deficiency

Hsd17b4 Generalized 
KO

Growth retardation. 
Increased neonatal 
death. Cataracts. 
Male sterile. 
Cerebellar atrophy 
with demyelination. 
Purkinje cell death

VLCFA 
increase. Bile 
acid 
intermediates 
(DHCA, 
THCA) 
increase. 
Branched fatty 
acid increase

Baes et al. 
(2000), 
Huyghe et al. 
(2006a, b), 
De Munter 
et al. (2016)

Mouse SCPx 
deficiency

Scp2/ 
SCPx

Generalized 
KO

Normal and fertile Phytanic acid 
and pristanic 
acid increase 
on phytol diet

Seedorf et al. 
(1998), 
Atshaves 
et al. (2007)

Mouse RCDP 
type2

Gnpat Generalized 
KO

Growth retardation. 
Cataracts. Increased 
mortality (especially 
in males). Testicular 
atrophy. Cerebellar 
defects with ataxia, 
abnormal 
myelination, 
Purkinje cell 
misinnervation

Plasmalogen 
decrease. 
DHA decrease

Rodemer 
et al. (2003), 
Komljenovic 
et al. (2009), 
Teigler et al. 
(2009), da 
Silva et al. 
(2014)

Mouse RCDP 
type3

Agps Hypomorph Cataracts. Male 
sterility. Testicular 
atrophy. Shortening 
of humerus bones 
(rhizomelia)

Ether lipid 
decrease

Liegel et al. 
(2011), 
Liegel et al. 
(2014)

Mouse X-ALD Abcd1 Generalized 
KO

Locomotive defects 
(AMN-like)

VLCFA 
increase

Kobayashi 
et al. (1997), 
Lu et al. 
(1997), 
Forss-Petter 
et al. (1997), 
Pujol et al. 
(2002)

Zebrafish X-ALD Abcd1 Generalized 
KO

Defect in adrenal 
gland development. 
Locomotive defects. 
Reduced 
oligodendrocyte 
precursor cells in 
CNS.
Hypomyelination. 
Increased cell death 
in brain

VLCFA 
increase

Strachan 
et al. (2017)

(continued)
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organisms are practically important to comprehensively understand the pathogene-
sis of the disease. In this section, we focus on studies using model organisms for 
studying peroxisomal disorders based on the similarity of their phenotypes and 
symptoms with those of human patients. The benefits and limitations of these model 
organism studies are also discussed.

6.2  �Model Organisms for Peroxisome Biogenesis Disorder 
(PBD)

Peroxisome biogenesis disorder (PBD) manifests as multiple symptoms in various 
organs, including the brain, eyes, liver, kidneys, and bones. Zellweger spectrum 
disorder (ZSD) is a subgroup of PBD, where the peroxisomal function is entirely 
affected. ZSD is classified into Zellweger syndrome (ZS), neonatal adrenoleuko-
dystrophy, and infantile Refsum disease, based on severe to mild disease severity. 
Rhizomelic chondrodysplasia punctata (RCDP), type 1 and type 5, comprise 
another subgroup where the defect is limited to selected metabolic pathways (see 
Sect. 5.1.2). The defect in the peroxisome biogenesis causing PBD resulted from 
a mutation of the Pex genes. Pex genes have been well-conserved throughout ver-
tebrate evolution and hence share high sequence similarity at the nucleic acid and 
amino acid levels among species. Such high similarity implies the conserved func-
tion of proteins encoded by Pex genes across the animal kingdom; therefore, 
model organisms carrying inactivation of Pex genes would be useful to study 
human PBD.  In order to understand the pathogenesis of PBD in detail, several 
animal models have been established, including those in mice, zebrafish, and fruit 
flies, by genetically altering the Pex genes. The following sections describe the 
phenotypic and biochemical details, as well as the proposed mechanisms of patho-
genesis of PBD model animals.

Table 1  (continued)

Organism
Disease 
type

Affected 
gene

Type of 
mutation Phenotypes

Biochemical 
hallmark References

Mouse AMACR 
deficiency

AMACR Generalized 
KO

No symptomatic 
phenotype. 
Development of liver 
failure on a phytol 
diet

Phytanic acid 
and pristanic 
acid increase. 
Decrease of 
bile acids. 
Increase of 
bile acid 
intermediates 
(DHCA, 
THCA)

Savolainen 
et al. (2004)
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6.2.1  �PBD Mouse Models

In the models established thus far, eight Pex genes have been inactivated in mice, 
namely Pex1, Pex2, Pex5, Pex7, Pex10, Pex11α, Pex11β, and Pex13 genes (Table 1). 
In the first attempt, knockout (KO) mice with the gene inactivation in the whole 
body were produced; however, they had higher lethal rates after birth, which hin-
dered detailed analysis of the disease. Alternatively, hypomorphic or conditional 
KO mice were generated to overcome this problem. The mice successfully recapitu-
lated some of the important human symptoms and their pathology was studied.

6.2.2  �Pex KO Mice Lacking Peroxisomes in Whole Body: 
the Model for Zellweger Syndrome (ZS) (Pex2, Pex5, 
Pex13 KO Mouse)

The most severe form of PBD is ZS, where functional peroxisomes do not form, 
thereby impairing metabolism in peroxisomes. Patients with peroxisomal disorders 
exhibit symptoms in multiple organs as mentioned above (also see Sect. 5.1.1). The 
mouse models for ZS were first reported in 1997 independently by Baes and col-
leagues, and Faust and Hatten (Baes et al. 1997; Faust and Hatten 1997), where 
Pex5 and Pex2 genes, respectively, were targeted for gene KO. In 2003, Maxwell 
et al. reported a Pex13 KO mouse (Maxwell et al. 2003). These three mouse models 
showed impairment of peroxisome biogenesis and an absence of functional peroxi-
somes in the entire body during most of the embryonic development. They demon-
strated a fluctuation in the biochemical substances as in human patients, such as 
accumulation of very long chain fatty acids (VLCFAs) and a decrease in the plas-
malogen level. The KO mice mimicked several symptoms of ZS in human patients, 
such as growth retardation and sucking disabilities; they were found to be severely 
hypotonic as well. The brains of these animals exhibited neuronal migration defects 
in the cerebral cortex, consistent with a display of a diffuse laminar structure of the 
brain. Lipid droplets in the hepatocytes of the Pex5 and Pex13 KO mice were remi-
niscent of the fatty liver observed in human patients. Cerebellar anomalies in neuro-
nal migration or in Purkinje cell differentiation could not be assessed because of 
early death in the mutant animals, as the process of cerebellar neuronal migration 
and Purkinje cell differentiation occurs in the later neonatal stages. General growth 
retardation with hypotonia and cerebral neuronal migration defects were the com-
mon features manifested among all these KO animals.

Further analysis was carried out using Pex2 mutant mice by altering their genetic 
background (Faust et al. 2001; Faust 2003; Keane et al. 2007). Most of the Pex2 
mutant mice with the original C57BL/6 × 129 Sv background died on the day of 
birth, while the mice with129SvEv or Swiss Webster × 129SvEv background could 
survive a few weeks. Interestingly, additional phenotypes appeared in long-lived 
mutant animals with the latter genetic backgrounds. In the cerebellum, abnormal 
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organ morphology with impaired dendritic patterns of the Purkinje cells was seen in 
mutants (Faust et al. 2001; Faust 2003). Severe hepatic steatosis also appeared in 
this mouse model (Keane et al. 2007). The positive influence of bile acid adminis-
tration on the liver phenotype was examined using this model animal. The pro-
longed life span allowed the appearance of more phenotypes similar to those found 
in humans; however, the detailed genetic differences influencing the phenotypic 
differences between the mouse strains remain unknown.

6.2.3  �Conditional KO and Conditional Rescue in Mouse 
Models

In order to understand the effect of peroxisomes on organ-specific dysfunction for 
neuronal phenotypes, Pex5 was manipulated in an organ-specific manner (Krysko 
et al. 2007; Hulshagen et al. 2008) and the brain phenotype was analyzed. To disrupt 
peroxisome biogenesis specifically in the brain or liver, brain (with Nestin pro-
moter) or liver (Alfp promoter)-expressing Cre drivers were used. Similarly, organ-
specific promoters (Nestin for brain and AFP for liver) were fused with wild-type 
Pex5 and overexpressed in the whole-body Pex5 KO background to rescue peroxi-
somal biogenesis in an organ-specific manner (Janssen et al. 2003). Interestingly, 
elimination of the liver peroxisomes was responsible for neural migration defects in 
the cerebral cortex and Purkinje cell differentiation in the cerebellum. On the other 
hand, brain-specific elimination of peroxisomes had a limited effect. These models 
suggest that the peroxisomal metabolites circulating in the body, rather than those 
produced locally, are responsible for the neuronal phenotype in the brain. Therefore, 
subtraction or supplementation approaches are more feasible for human patients 
through venous injection or oral intake, rather than brain-targeted intervention.

6.2.4  �Other KO Mice (Pex1, Pex10, Pex11α, Pex11β)

Several pathological states of other Pex genes were also studied. Progressive failure 
of the peripheral nerves in PBD was studied in the Pex10 KO mouse (Hanson et al. 
2014). Schwann cell defects and loss of axon integrity leading to failure of the 
peripheral nervous system were found in the Pex 10 KO mouse model, which were 
overlooked in preceding studies that used other Pex KO mouse models. The patho-
logical mechanism proposed by Pex 10 KO mouse explains the development of 
similar symptoms in the milder form of human PBD.

There are three Pex11 genes (Pex11α, Pex11β, and Pex11γ) in humans and mice, 
all of which are involved in peroxisomal division. Depletion of any of them results 
in impaired peroxisomal division, leading to the formation of dysfunctional peroxi-
somes (see Chap. 2). Mutant mice with a deletion of Pex11α or Pex11β gene, 
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respectively, were established (Li et al. 2002a, b). Among them, Pex11β KO mouse 
manifested ZSD-like phenotype (Li et al. 2002a). The neonates had high lethal rates 
and their growth was retarded. They demonstrated sucking inability and hypotonia, 
as well as neuronal migration defects in the neocortex. The import of peroxisomal 
matrix proteins was largely normal and the metabolic fluctuations were very weak in 
Pex11β KO mice. A slight elevation of VLCFAs was seen in the liver, and a slight 
decrease in plasmalogen level was observed in the brain, suggesting a possible causal 
relationship of these metabolites with the symptoms manifested in human patients.

A Pex1 mutant mouse model was established for a specific purpose. Amino acid 
substitution, G843D, is the most frequent mutation in human PEX1, and is the most 
frequent cause of ZSD in humans. G843D mutation falls into the category of a 
milder form of ZSD, in which the patients can survive up to adulthood, but manifest 
progressive psychomotor retardation. The equivalent amino acid substitution, 
G844D, was introduced in order to produce an equivalent disease model in mice for 
this specific mutation (Hiebler et  al. 2014). Mice with a G844D mutation were 
found to be viable at birth. Overall, about 40% of them died before adulthood. 
Besides growth retardation, they also showed visual defects as reported in human 
patients. Human PEX1 protein with G843D mutation could be ameliorated by 
chaperone-like chemicals in fibroblasts (Zhang et al. 2010). The G844D mouse can 
be used as an animal model to test similar drugs and other agents that could be 
therapeutic in human patients carrying G843D mutation.

6.2.5  �Models of Rhizomelic Chondrodysplasia Punctata 
(RCDP) Type 1

RCDP type 1 and type 5 comprise another subgroup of PBD with limited metabolic 
defects, in which PEX7 and PEX5L (codes for long isoform of PEX5 protein), 
respectively, are inactivated. In patients with RCDP type1 and type5, the transport of 
PTS2 proteins with peroxisome targeting signal 2 (PTS2), into peroxisomal matrix is 
disturbed (Fig.  1), because PEX7 and PEX5L are necessary for the peroxisomal 
import of PTS2 proteins (see Sect. 5.1.2). Pex7 KO mouse model of RCDP type 1 has 
been established and analyzed (Brites et al. 2003; Braverman et al. 2010). Mice with 
Pex7 KO in whole body (Brites et al. 2003) showed phenotypes similar to the symp-
toms observed in human patients such as growth retardation, congenital cataracts, 
and incomplete or delayed endochondral ossification (intramembrane ossification is 
unaffected). Moreover, the mice showed increased neonatal mortality and mild neu-
ral migration defects in the cerebral cortex. Rhizomelia and punctate joint calcifica-
tion (chondrodysplasia punctata) did not develop in the Pex7 KO mice, in contrast to 
observations in human patients. The biochemical fluctuations seen in human patients 
were also reported in the mutant mice. Plasmalogen level was considerably reduced 
due to the failure in import of alkyl-dihydroxyacetone phosphate synthase (Agps; a 
PTS2 protein and a key enzyme in plasmalogen synthesis) in peroxisomal matrix 
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(Brites et al. 2003). Phytanic acid level increased on the dietary intake of phytol (a 
precursor of phytanic acid) because of the loss of phytanoyl-CoA hydroxylase (Phyh) 
(another PTS2 protein targeted to peroxisomal matrix) in the peroxisomes, which is 
required for the α-oxidation of phytanic acid. The loss of Phyh in the peroxisomal 
matrix results from defective Pex7-Pex5L chaperoning. The amount of VLCFAs was 
mildly increased in neonates, considered to be caused by the loss of thiolase with 
PTS2 (Acaa1 gene product) in the peroxisomal matrix. However, VLCFA accumula-
tion was normalized by adulthood, presumably by the compensative action of Scpx, 
another protein with thiolase activity possessing PTS1. In accordance with this, lev-
els of VLCFAs are unaffected in the plasma of human patients but are increased in 
blood cells (Schutgens et al. 1993), which might have lower SCPx expression (Brites 
et al. 2003). Most of the mutant mice exhibited neonatal mortality, while approxi-
mately 30% of them survived to adulthood. The adult mutant mice, however, were 
infertile, and males developed testicular atrophy, highlighting the possible impor-
tance of plasmalogen for gonadal development and maintenance. Due to our limited 
histological knowledge of human systems, such as the central nervous system, the 
cause of psychomotor retardation in patients is not fully understood. The phenotype 
observed in the brain of Pex7 KO mice provides an important insight into the cause 
of psychomotor retardation in human patients. The Pex7 KO mouse, as described 
above, recapitulated the symptoms seen in human patients and revealed previously 
unknown effects of this disease, such as testicular atrophy.
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Fig. 1  Peroxisomal metabolic processes in the degradation of VLCFAs and branched-chain fatty 
acids (phytanic acid and pristanic acid), as well as the synthesis of bile acids and ether phospholip-
ids. Enzymes related to each step are shown, and the enzymes with corresponding mutant models 
described in the text are underlined
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Hypomorphic Pex7 mutant mice were also established (Braverman et al. 2010). 
The mice had a normal lifespan, could survive to adulthood, and were fertile. They 
still, however, developed remarkable symptoms in the bones and eyes and were also 
slightly growth retarded compared to their non-mutant littermates; they showed 
delayed endochondral ossification in the limbs and underdevelopment of the skele-
ton and developed cataracts with strong lens fiber anomaly. As in the Pex7 KO mice 
shown above, the mutant mice showed no signs of rhizomelia and chondrodysplasia 
punctata. Biochemically, the Pex7 hypomorphic mutant mice showed decreased 
plasmalogen level and normal levels of VLCFAs; this is in contrast to the Pex7 KO 
mice, which showed transiently high level of VLCFAs as discussed above (Brites 
et al. 2003). Investigation of the hypomorphic Pex7 mutant allele revealed that the 
bones and eyes are highly sensitive to the reduction in plasmalogen level, suggest-
ing that plasmalogens are required for proper development of these organs.

6.2.6  �PBD Zebrafish Models

So far there is no Pex-gene knockout zebrafish model available. However, the func-
tions of the Pex gene products have been studied using Morpholino oligo-mediated 
gene knockdown (KD). Morpholino is a nucleotide analogue, and its antisense 
oligomer can bind with mRNA and pre-mRNA to inhibit translation or proper splic-
ing, respectively, thus disturbing the function of the target gene. While the technique 
itself worked, Pex3 KD and Pex13 KD did not eliminate peroxisomes successfully 
(Krysko et al. 2010). This is possibly due to the long life of the already existing 
Pex3 and Pex13 proteins after the inhibition of their translation, or because of the 
slow turnover of existing peroxisomes in zebrafish. As zebrafish embryonic devel-
opment takes only a few days, it would be difficult to eliminate peroxisomes during 
this short period by gene KD. Moreover, the use of Morpholino sometimes induces 
non-specific pleiotropic effects; hence, the use of a large amount of Morpholino is 
not preferred. Alternatively, the direct gene editing methods using the CRISPR/
Cas9 and TALEN systems can be used to establish a PBD disease model in zebrafish.

The difficulty of gene KD as well as gene KO in zebrafish embryos also arises 
from the evidence that relatively high amounts of maternally deposited mRNAs and 
proteins exist in zebrafish oocytes compared to mouse oocytes. This feature is accom-
panied with some advantages and disadvantages. Even if the zygotic gene is totally 
disrupted, maternal counterparts can compensate for the loss of zygotic gene prod-
ucts so that the effect of zygotic mutation is weakened, and the resulting phenotypes 
might be too subtle to be examined during the embryonic and early larval period. 
However, such maternal contribution can circumvent the lethality of the zygotic gene 
loss and support the survival of mutants beyond the embryonic and early larval 
period. Consequently, the effect of the gene loss can be analyzed in later develop-
mental stages even in adults; for instance, the long-lived mutant animal is helpful in 
studying Pex gene losses in a mouse model (see above). Taken together, the zebrafish 
would be an ideal model organism to study the pathology of peroxisomal diseases.

6  Model Organisms for Understanding Peroxisomal Disorders



148

6.2.7  �PBD Fruit Fly Models

Disease-related Pex genes are common between humans and fruit flies (Drosophila 
melanogaster) (with the exception of Pex26, which is lost in the fruit fly), and their 
functional similarity was confirmed using a fly cell line (Mast et al. 2011). The fruit 
fly community has a large stock of genomic mutants and RNAi (RNA interference) 
lines, thus making this animal model highly advantageous for genetic studies. To 
model PBD, mutant phenotypes were studied for pex1, pex2, pex3, pex10, pex12, 
pex16, and pex19 genes using genomic mutants and RNAi lines.

The phenotype of pex2, pex10, and pex12 mutant flies predominantly demon-
strated defective spermatogenesis (Chen et al. 2010). The mutant flies were all via-
ble up to the adult stage and showed slightly delayed growth and infertility, despite 
the total elimination of pex2 and pex10 gene products (the molecular detail of pex12 
mutant was not mentioned). VLCFAs accumulated along with aging, confirming 
that peroxisomes are also required for VLCFA breakdown in this species, as in mice 
and humans. The defective spermatogenesis phenotype was enhanced as the amount 
of VLCFAs increases, proposing VLCFAs to be pathogenic agents affecting sperm 
development; this was similarly observed in some mouse models of PBD (see above 
sections) and other peroxisomal diseases (see below). The neuronal phenotypes, 
including locomotive defects, were not reported in these mutant flies, while other 
Pex mutants exhibited them (see below).

In contrast to the above non-lethal pex mutations, the pex1 mutation exhibited 
high lethality during the early larval period after hatching (Mast et al. 2011). Pex1 
mutants showed growth retardation and hence were much smaller than their wild-
type siblings. Locomotion in the mutant larvae was also strongly affected despite 
the morphologically normal muscle development. Furthermore, the architecture of 
the CNS and peripheral nervous system (PNS) was strongly disturbed during the 
embryonic development, which could explain the hypotonic larvae. Conversely, 
muscle dysfunction was also suggested as the cause of the larval hypotonia (Faust 
et al. 2014; see below).

pex3-null mutants completely lose their peroxisomes in larval Malpighian 
tubules (fruit fly equivalent of kidneys), oenocytes (liver equivalent), and, possibly, 
other organs, although there are no detailed reports available (Nakayama et al. 2011; 
Faust et al. 2014). The pex3 mutant larvae were small and died in the larval period, 
similarly to the pex1 mutants. Only a few individuals escaped this lethal period and 
emerged as adult flies, but they exhibited severe growth retardation and a short lifes-
pan (Faust et al. 2014). Accumulation of VLCFAs was not directly analyzed, but the 
extension of acyl chains in triacylglycerol was observed, again confirming that fruit 
fly peroxisomes are involved in VLCFA breakdown. However, because other 
peroxisomal metabolites have not been examined, the detailed role of peroxisomes 
remains unclear. Interestingly, the muscle-specific pex3 KD using RNAi, resulted in 
reduced muscle function, suggesting that the muscular hypotonia of the pex3 
mutants, as well as human PBD patients, could, at least in part, be of muscular ori-
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gin and not of neurological origin. However, further investigations are required to 
answer this pathologically important question.

pex16 null mutant flies were viable up to the adult stage, expressing low levels of 
remnant peroxisome-like structures (Nakayama et al. 2011). VLCFAs accumulated 
in these mutants, revealing the requirement of peroxisomes for VLCFA breakdown. 
Male mutant flies showed infertility with abnormal spermatogenesis, as in the case 
of pex2, pex10, and pex12 mutants (see above), while females could produce eggs. 
Both male and female mutants exhibited locomotive defects and abnormal develop-
ment of optic lobes (the brain structure lie behind the compound eyes). However, 
progression of the locomotive defect was not observed, suggesting that the defect 
was likely to be originated during brain (optic lobe) development. The neurological 
and locomotive phenotypes could be rescued by forced expression of the wild-type 
pex16 gene in the brain neurons or even in the fat body, indicating that the circulat-
ing metabolites are important for the normal development of the brain. This finding 
is similar to the results obtained from the liver specific Pex5 KO or Pex5 rescue 
experiments using mouse models (see above).

pex19 mutant flies also showed high mortality (Bülow et al. 2018). Most zygotic 
mutants died before reaching the adult stage, while maternal-zygotic mutants, which 
lack the possible maternal deposition of Pex19 mRNA and proteins in the eggs, died 
at the embryonic stage. This suggests that peroxisomes remain for some time after 
the elimination of zygotic pex19. Some pex19 mutant survivors showed low locomo-
tive activity, accompanied by increased cell death (apoptosis) in the CNS. This phe-
notype could be rescued with non-CNS overexpression of the wild-type pex19, 
again highlighting the role of circulating metabolites on the CNS phenotypes (Bülow 
et al. 2018). As with other pex mutant flies, pex19 mutants accumulated VLCFAs. 
Moreover, they showed a reduced amount of medium chain fatty acids (MCFAs) 
such as C12:0 and C14:0 and increased free fatty acids (FFAs). Interestingly, the 
lethality of the pex19 mutation (and also of some other pex mutations) could be 
reduced by the dietary administration of MCFA-containing oils, such as coconut oil 
(Sellin et al. 2018). This rescue was considered due to a normalization of mitochon-
drial lesions through the reduction of mitotoxic FFAs, which were abnormally ele-
vated upon peroxisomal dysfunction and subsequent MCFA reduction. Because 
abnormal mitochondria were observed in some Pex mutant mouse models, the 
amount of MCFAs and FFAs should be addressed in the mouse model.

6.3  �Model Organisms for Single Enzyme Deficiencies

As many metabolic pathways are affected in PBD, multiple metabolites have fluctu-
ated in patients. Disruption of a specific pathway could aid in the identification of 
metabolite(s) that induce a distinct human symptom, such as neurological atrophy. 
Accordingly, several model organisms, which were deficient in an enzyme involved 
in the peroxisomal metabolic pathway, were studied (Table  1). In these model 
organisms, the metabolism of limited peroxisomal metabolites is affected.
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6.3.1  �ACOX1 Deficiency Mouse Model

ACOX1 is the first enzyme in the VLCFA β-oxidation process (Fig. 1). In patients 
with ACOX1 deficiency, β-oxidation of VLCFAs is affected, which results in the 
accumulation of VLCFAs as the primary biochemical hallmark. In patients, symp-
toms include neonatal muscular hypotonia, hepatomegaly, leukodystrophy in cere-
brum and cerebellum, and general growth retardation (see Sect. 5.2.1). The 
phenotypes of targeted Acox1 knock-out mice were milder than the symptoms 
observed in human patients (Fan et al. 1996, 1998; Sheridan et al. 2011). The mutant 
mice exhibited growth retardation and infertility but were fully viable. Severe 
hepatic steatosis was observed in the mutant mice, which subsequently led to hepa-
tocellular death and focal proliferation (regeneration). Steatosis could result in 
hepatic adenomas and carcinomas. Enhanced level of VLCFA in Acox1 mutant 
mice was suspected to induce the associated phenotypes. In human patients, liver 
lipidosis also develops and in some cases cell death and focal proliferation are 
observed. However, hepatic adenomas and carcinomas are uncommon in human 
patients. There were no other comparable phenotypes observed between human 
patients and the mutant mice. Psychomotor defects were not reported in the mutant 
mice and the defects in their brain were undescribed. The reason for the phenotypic 
divergence between human patients and Acox1 KO mice is unknown. However, it 
can be attributed to the physiological differences between humans and mice.

6.3.2  �D-BP Deficiency Mouse Model

D-bifunctional protein (D-BP, encoded by HSD17B4 gene) is involved in the second 
and third steps of β-oxidation of VLCFAs and pristanic acid (obtained by the 
α-oxidation of phytanic acid), as well as in the bile acid synthesis (Fig. 1). Patients 
with D-BP deficiency accumulate VLCFAs, branched fatty acids (on dietary intake), 
and bile acid intermediates, such as 3α,7α-dihydroxycholestanoic acid (DHCA) and 
3α,7α,12α-trihydroxycholestanoic acid (THCA). Patients exhibit symptoms such as 
hypotonia from birth, ocular and hearing impairments, liver abnormality, abnormal 
brain development with neural migration defect, and hypomyelination and demye-
lination (see Sect. 5.2.1). The symptoms of D-BP deficient patients are more severe 
compared to patients with ACOX1 deficiency, reflecting the involvement of D-BP in 
multiple metabolic pathways. D-BP KO mice accumulated VLCFAs, bile acid inter-
mediates, and branched fatty acids as in human patients (Baes et al. 2000; Huyghe 
et al. 2006a, b). They showed marked growth retardation and were highly weak in 
the neonatal stage. However, a considerable number of mutant mice (around 70%) 
survived to adulthood. The females were fertile and most of the males were infertile 
(Huyghe et al. 2006b). Although no neural migration defects were observed during 
brain development, aged mutant mice had defects in the locomotory behavior and 
exhibited signs of neuroinflammation. Studies on conditional KO mice revealed that 
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the loss of D-BP is responsible for cerebellar atrophy with demyelination, neuroin-
flammation, and Purkinje cell death. Cataract emerged as an eye phenotype (Baes 
et  al. 2000). However, D-BP KO mice failed to exhibit some human symptoms, 
including cerebral atrophy, which again highlights the physiological differences 
between mice and humans.

6.3.3  �SCPx Deficiency Mouse Model

The function of sterol carrier protein X (SCPx) was studied using KO mice (Seedorf 
et al. 1998) long before the first human patient was identified (Ferdinandusse et al. 
2006). SCP2 gene encodes two proteins: SCPx and sterol carrier protein 2 (SCP2), 
as a result of transcription initiation from two independently regulated promoters. 
SCPx protein is a peroxisome-residing thiolase enzyme and mediates the final step 
of peroxisomal β-oxidation (Fig. 1). On the other hand, SCP2 is thought to be a 
cytosolic lipid transfer protein. Because another thiolase, 3-ketoacyl-CoA thiolase 
encoded by ACAA1 gene, can compensate for the loss of SCPx in VLCFA 
β-oxidation, loss of SCPx function induces accumulation of branched fatty acids, 
i.e. phytanic acid, pristanic acid, and bile acid intermediates (DHCA and THCA) as 
a biochemical hallmark. The Scp2/Scpx KO mice were normal and fertile, but deg-
radation of the branched fatty acid was considerably impaired, which increased the 
level of phytanic acid and pristanic acid markedly on high fat or high phytol diets. 
When Scp2/Scpx KO mice were fed with high phytol diet, they exhibited ataxia and 
signs of neuropathy (Seedorf et al. 1998). Scpx-specific null mice were also studied 
(Atshaves et al. 2007) and found to be phenotypically normal and viable. However, 
dietary intake of phytol led to the accumulation of phytanic acid and subsequently 
hepatic lesions. Notably, the degree of this effect was gender related so that male 
KO mice were more sensitive to this treatment than female counterparts. SCPx defi-
ciency in humans is extremely rare, therefore the symptomatic details are not fully 
clear. Nevertheless, Scp2/Scpx deficient mice exhibit phenotypes similar to human 
symptoms and are an attractive disease model.

6.3.4  �GNPAT and AGPS Mutant Mice: RCDP Type 2 
and Type3 Models

Dihydroxyacetone phosphate acyltransferase (GNPAT) and AGPS exclusively con-
stitute the first and second steps of ether phospholipid synthesis in peroxisomes 
(Fig. 1). Depletion of either protein results in the reduction of ether phospholipids, 
typically plasmalogens. In humans, GNPAT and AGPS deficiencies cause RCDP 
type 2 and RCDP type 3, respectively. Gnpat KO mice exhibit phenotypes similar 
to the human symptoms, such as growth retardation, cataract, and high mortality in 
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early life. However, rhizomelia and chondrodysplasia punctata were not observed 
(Rodemer et al. 2003; Teigler et al. 2009). The mutant males showed infertility with 
testicular atrophy and were associated with early death compared to their female 
siblings. Biochemical analysis revealed severe depletion of plasmalogens and a 
reduction of docosahexaenoic acid (DHA; abundant in plasmalogens) in the brain. 
Locomotory defects with cerebellar ataxia were also observed. In the cerebellum, 
multiple defects such as foliation, myelination, and Purkinje cell innervation defects 
were observed. In a spontaneous hypomorphic mutant for Agps (blind sterile 2, 
bs2), cataract and male sterility with testicular atrophy were observed, along with 
the decrease in the level of ether phospholipids (Liegel et al. 2011), suggesting that 
the lens and testes are highly sensitive to the loss of ether phospholipids/plasmalo-
gens. The bs2 mutation on Agps gene also showed increased fetal lethality, however, 
some survived to adulthood, though their growth rate was slow. Remarkably, they 
demonstrated a shortening of humerus bones (but not of femur bones) partially reca-
pitulating rhizomelia observed in human patients (Liegel et al. 2014), which was not 
clearly observed in other RCDP model mice (see above). The partial rhizomelia 
seen in this mouse model suggests that rhizomelia is the not the consequence of 
defects in early bone formation but occurs due to the defects in bone growth during 
later development.

6.3.5  �X-ALD Model Mouse

X-linked adrenoleukodystrophy (X-ALD) is caused by a mutation in ABCD1 gene 
on the X chromosome. ABCD1 encodes ATP-binding cassette (ABC) transporter 
type D1 protein  embedded in the peroxisomal membrane, and imports VLCFA-
CoAs into the peroxisomal matrix for their β-oxidation (Fig. 1). X-ALD patients 
(mostly males) exhibit an accumulation of VLCFAs, resulting from defective 
VLCFA degradation, which is the primary consequence of this disease. Progressive 
cerebral leukodystrophy develops in some patients; this is categorized as childhood, 
adolescent, and adult cerebral ALD (CCALD, AdolCALD, and ACALD). Locomotor 
ataxia with axonopathy is another common symptom that develops in adult patients 
(adrenomyeloneuropathy, AMN). Adrenal insufficiency (Addison’s disease) and 
cerebellar ataxia are also common in patients. Female carriers often develop 
AMN-like symptoms in old age. X-ALD is the most frequent peroxisomal disease, 
with an incidence of 1 in 17,000 births; therefore, understanding its pathology, espe-
cially that of the cerebral ALD, is highly desired (see Sect. 5.3). However, leukodys-
trophy did not manifest in the Abcd1 KO X-ALD mouse model (Kobayashi et al. 
1997; Lu et al. 1997; Forss-Petter et al. 1997). AMN-like phenotypes (axonopathy) 
appeared in aged KO mice, suggesting that AMN could be the basic form of this 
disease (Pujol et  al. 2002). It is possible that there is a secondary modifier that 
causes demyelination followed by leukodystrophy in the cerebral form of human 
X-ALD patients, which might be absent in the X-ALD mouse model.
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6.3.6  �X-ALD Zebrafish Model

Because there are no sex chromosomes in zebrafish, the X-ALD model was pro-
duced through the biallelic disruption of the zebrafish abcd1 gene (Strachan et al. 
2017). X-ALD zebrafish model showed phenotypes, such as developmental defects 
in the adrenal grand, reduced oligodendrocyte precursors in the CNS (brain and 
spinal cord), increased cell death in the brain, hypomyelination of the spinal cord, 
and decreased overall survival rate. Moreover, VLCFAs were elevated in the tissues. 
The X-ALD zebrafish model also showed decreased swimming activity in the larval 
and adult stages. The neuronal phenotype of the X-ALD zebrafish model was some-
what stronger compared to that of the X-ALD mouse model, however, unlike the 
X-ALD mouse model, AMN-like progressive axonopathy was not observed in the 
X-ALD zebrafish model. Developmental reduction of the oligodendrocyte precur-
sors, some of which consequently form a myelin sheath, was observed as a new 
aspect of X-ALD using the zebrafish model and needs to be confirmed in other 
research models as it might be related to the emergence of leukodystrophy and axo-
nopathy in human patients.

6.3.7  �AMACR Deficiency Mouse Model

The racemase enzyme encoded by AMACR gene is required for the racemization of 
α-methyl-branched fatty acids such as pristanic acid, DHCA, and THCA, from R 
configuration into S configuration in order to make them processable in the subse-
quent β-oxidation cascade (Fig. 1). In human AMACR deficiency, patients accumu-
late pristanic acid and phytanic acid, as well as DHCA and THCA with R 
configuration. The symptoms in patients include liver cholestasis and late onset 
sensorimotor polyneuropathy. Amacr KO mice were established, and the accumula-
tion of pristanic acid, phytanic acid, DHCA and THCA was confirmed (Savolainen 
et al. 2004). The mutant mice, however, did not show any symptoms unless a phytol 
diet was supplied. Liver failure, but not neuropathic phenotype, developed on a 
phytol diet in mutant mice, so that the elimination of phytol is suggested for patients 
with AMACR deficiency.

6.4  �Conclusions

Studies of peroxisomal disorders using model organisms have provided many clues 
to understand the pathology of this devastating disease group. Most of the studies 
have been conducted using a mouse model because of the close relationship between 
mice and humans in terms of the basic body plan and physiology; however, other 
model organisms, such as the zebrafish and the fruit fly are emerging as alternative 

6  Model Organisms for Understanding Peroxisomal Disorders



154

model systems. Here, we have summarized the major models of peroxisomal disor-
ders. There are several additional models that have been examined but have not been 
listed here. Mutant mice for some of the integral and membrane peroxisomal pro-
teins, such as Catalase, Abcd3 (also known as Pxmp1/PMP70), Peroxisomal mem-
brane protein 2 (Pxmp2/PMP22), were established (Shaffer and Preston 1990; 
Ferdinandusse et  al. 2015; Rokka et  al. 2009). In the nematode, Caenorhabditis 
elegans, some mutants for peroxisomal genes were studied, which might be infor-
mative in comparing the consequences of defective peroxisomal functions between 
lower and higher eukaryotes (Thieringer et al. 2003). In the model organisms, not 
every human symptom is reproduced. However, it is possible to study specific 
symptoms that are common between humans and a model organism to reveal their 
fundamental biological backgrounds. Each organism has its experimental advan-
tages, such as the high genetic tractability and quick generation time of the fruit fly, 
experimental manipulability and availability for chemical assays of the zebrafish, 
and the mammalian physiology of the mouse; therefore, the nature of peroxisomal 
disorders can be examined from multiple angles using this variety of animal models. 
By combining the experimental outcomes from each research model, we could 
comprehensively reveal the yet unknown pathology of peroxisomal disorders and, 
hopefully, develop beneficial treatment strategies in the near future.
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Chapter 7
Diagnosis of Peroxisomal Disorders

Nobuyuki Shimozawa

Abstract  Conventionally, diagnosis of peroxisomal disorders (PD) has been per-
formed by enzymatic and genetic analysis after measurement of peroxisomal 
metabolites in blood. With the progress of genome analysis technology accompany-
ing the advent of the next generation sequencer, including whole-exome sequencing 
(WES), the approach of undiagnosed diseases by comprehensive genomic analysis 
has become a global trend. In PD also, not only new phenotypes of known patho-
genic genes but also newly identified PD have been reported by WES, mainly in the 
patients with undiagnosed neurological diseases. Therefore, PD diagnostic system 
combining screening of peroxisomal metabolites and WES should be useful for 
efficient diagnosis.

On the one hand, diagnosis of adrenoleukodystrophy (ALD) should be done as 
soon as possible, as early hematopoietic stem cell transplantation is critically impor-
tant for improving the prognosis of brain-type ALD. We have established a rapid 
diagnostic system combined with measurement of very long chain fatty acids and 
detection of ABCD1 mutations. Furthermore, the pre-symptomatic diagnosis by 
family analysis of probands as well as newborn screening, combined with long-term 
follow-up system are also important for overcoming this intractable disease. In this 
chapter, we describe the efficient and prompt approach for diagnosis of PD and 
ALD and introduce our diagnostic system in Japan.

Keywords  Peroxisomal disorders · VLCFA · Plasmalogen · Phytanic acid · Next 
generation sequencing · Whole-exome sequencing · Undiagnosed diseases · 
Chromatography/mass spectrometry · Adrenoleukodystrophy · Genetic testing · 
Presymptomatic diagnosis · Carrier detection · ABCD1 · Newborn screening
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7.1  �Introduction

We have been studying the peroxisomal disorders (PD) in a main diagnostic center 
of Japan for more than 30 years, and until now 77 Japanese patients with peroxi-
some biogenesis disorders (PBD), 5 with acyl-CoA oxidase 1 (ACOX1) deficiency, 
11 with D-bifunctional protein deficiency (DBP), 2 with rhizomelic chondrodyspla-
sia punctata (RCDP) type 2, 1 with RCDP type 3 and 208 Japanese families with 
adrenoleukodystrophy (ALD) were diagnosed (Takashima et al. 2019) (Table 7.1). 
In the meantime, we have identified the first discovered responsible gene for PBD, 
PEX2 (Shimozawa et al. 1992), and thereafter, 12 genetic complementary groups in 
Zellweger spectrum disorders (ZSD) and several disease-causing genes of PD 
(Shimozawa et al. 2004).

In the conventional diagnostic system, after screening for peroxisomal metabo-
lites such as saturated very long-chain fatty acids (VLCFA) and plasmalogen in 
serum or plasma of patients by gas chromatography/mass spectrometry (GCMS) 
analysis (Takemoto et al. 2003), the disease-causable genes were detected by bio-
chemical, morphological and molecular analysis. However, in recent years, PD with 
broad phenotypes and newly identified genotypes have been evaluated due to 
advanced analytical techniques of peroxisomal metabolism and the appearance of 
next-generation sequencing (NGS). Therefore, it is necessary to develop an efficient 
diagnostic system combining the conventional methods (Shimozawa 2011) with 
liquid chromatography-mass spectrometry (LCMS) analysis and NGS. Furthermore, 
in symptomatic cerebral ALD it is essential to diagnose as prompt as possible for 
the improvement of the affected patients’ prognosis. Here, we introduce the current 
status of PD diagnosis and our system for making a broad and prompt diagnosis 
in Japan.

7.2  �A conventional Diagnostic System for Typical Cases 
of Peroxisomal Disorders

For the diagnosis of PD, we evaluate the peroxisomal metabolites including VLCFA, 
phytanic acid, docosahexaenoic acid (DHA), and plasmalogen in serum or plasma 
of patients suspected for PD by clinical examination, using GCMS analysis 
(Takemoto et al. 2003). Further diagnosis is proceeded with reference to clinical 
features and abnormal findings of peroxisomal metabolites (Table  7.1). When 
impaired β-oxidation of fatty acids including ALD, ACOX1, DBP, sterol carrier 
protein X (SCPx), 2-Methylacyl-CoA racemase (AMACR), and acyl-CoA-binding 
domain-containing protein 5 (ACBD5) deficiencies, and RCDP and Refsum disease 
are typically suspected by the clinical findings and peroxisomal metabolites abnor-
malities, we proceed to genetic testing of the tentative disease-causing gene by 
Sanger sequencing. In cases of suspected ZSD and similar phenotypic findings as 
ZSD such as ACOX1 and DBP deficiencies, we choose further biochemical and 
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immunocytochemical approaches using fibroblasts obtained by skin biopsy from 
the patients (Shimozawa 2011). When the immunostaining results using anti-
catalase antibody which is an excellent diagnostic marker of peroxisomal localiza-
tion in the fibroblasts show completely impaired peroxisomal biogenesis, we 
perform complementation analysis in the fibroblasts of the patients with 12 known 
complementation groups of ZS by cell fusion. When the peroxisomes in the patients 
with abnormal peroxisomal metabolites showed mosaically absent or aberrant 
structure and number, we proceed to search for the variants in known disease-caused 
candidate genes of PEXs, ACOX1, HSD17B4 and so on, using NGS analysis, and 
following confirm with the Sanger sequencing (Fig. 7.1). Even if the fibroblast bio-
chemical analysis was avoided, the genetic diagnosis might be obtained directly by 
the NGS analysis. However, we would like to recommend analysis of the fibroblasts 
because biochemical data may provide clarifying pathophysiology and further ther-
apeutic solutions to the patients. Since 1985, we have diagnosed many Japanese 
patients with PD at the Gifu University (Table 7.1).

Analysis of peroxisomal 
protein import

Normal

Completely or 
almost absent

Mosaically absent

Abnormal structure
or number decrease

Skin biopsy

Cultured fibroblasts

Immunostaining
using anti-catalase 

Punctate: catalase
containing particles 
(peroxisomes)

Clinical features 
Metabolic findings

Complementation analysis
using other fibroblasts 

form known PEX genes patients

Complemented Uncomplemented

different
PEX genes

the same
PEX gene

Search for PD causing gene 
using NGS analysis

PEXs, ACOX1, HSD17B4 and others

Search for PD causing gene 
using biochemical analysis
ACOX1, DBP, ABCD1* and others

Identified PD causing gene

Clinical features 
suspected ZSD, ACOX1  
and DBP deficiencies,
other PD 

Various symptoms
dysmorphism
hypotonia
liver dysfunction
seizure
retinal degeneration
deafness 
chondrodysplasia
psychomotor delay
leukodystrophy
cerebellar atrophy

Peroxisomal metabolites 
VLCFA
Phytanic acid
Pristanic acid
plasmalogen
bile acids intermediates

Fig. 7.1  Conventional diagnostic system of peroxisomal disorders in Japan. ABCD1∗. Immunoblot 
and immunostaining analysis using anti ABCD1 (ALDP) antibody can detect patients with con-
tiguous ABCD1 DXS1357E deletion syndrome (CADDS) (Corzo et  al. 2002). Peroxisomes of 
fibroblasts from the patients appear normal whereas no detectable ABCD1 protein
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7.3  �An Advanced Diagnostic System for Broad Cases 
of Peroxisomal Disorders

With the progress of genomic analysis technology, new genetic diseases as well as 
phenotypes have been diagnosed among undiagnosed patients even in the PD field; 
therefore, an advanced diagnostic system with latest technology should be expected.

7.3.1  �New Phenotypes of Known Pathogenic Genes Identified 
by NGS

In PEX deficiencies manifesting ZSD, patients with atypical and broad phenotype 
including neurodegenerative diseases mainly, have been reported by WES as fol-
lows: a patient with a mutated PEX1 presented sensorineural hearing loss, pigmen-
tary retinopathy and normal intellect (Ventura et al. 2016), adult siblings with PEX3 
presented intellectual disability (Bjørgo et al. 2017), slowly progressive cerebellar 
atrophy due to PEX10 (Renaud et al. 2016; Yamashita et al. 2017) and sensorineural 
hearing loss, sensorimotor polyneuropathy, cognitive delay, impaired gross, and fine 
motor skills, and tremor, and muscle weakness by PEX10 (Blomqvist et al. 2017), a 
family with inherited peripheral neuropathies suspected PEX12 defect (Schabhüttl 
et al. 2014), and neurodegenerative diseases such as cerebellar atrophy, white matter 
degeneration, and early-onset hereditary spastic paraplegia by PEX16 (Ohba et al. 
2013; Bacino et al. 2015; Kumar et al. 2016). Furthermore, it has been reported that 
defects in PEX1 and PEX6 occur in Heimler syndrome 1 and 2, respectively, char-
acterized by sensorineural hearing loss, retinitis pigmentosa, amelogenesis imper-
fecta in secondary teeth, and nail abnormalities (Ratbi et al. 2015; Smith et al. 2016).

In β-oxidation enzyme deficiencies, Perrault syndrome with ovarian malforma-
tion, hearing loss, and cerebellar ataxia (Pierce et al. 2010), and cases with hearing 
loss, cerebellar ataxia, and retinal pigment degeneration (McMillan et  al. 2012) 
have been diagnosed as DBP deficiencies by WES.

7.3.2  �Newly Identified Peroxisomal Diseases by NGS

In impaired ether-phospholipid biosynthesis in peroxisome, fatty acyl-CoA reduc-
tase 1 (FAR1) deficiency was found by WES as a newly PD with severe mental 
disability, epilepsy, and cataracts. FAR1, a critical enzyme in plasmalogen biosyn-
thesis reduces fatty acyl-CoAs to the respective fatty alcohols (Buchert et al. 2014). 
This disease was later named RCDP type 4. RCDP type 5 caused by PEX5-long 
isoform mutation classified as PBD, was also identified by WES and biochemical 
verification (Barøy et  al. 2015). In impaired β-oxidation of fatty acids, ACBD5 
deficiency was identified by autozygome analysis followed by exome sequencing 
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(Abu-Safieh et  al. 2013). In impaired bile acids synthesis, acyl-CoA oxidase 2 
(ACOX2) deficiency was also discovered by WES in an 8-y-old boy with intermit-
tently elevated transaminase levels, liver fibrosis, mild ataxia, and cognitive impair-
ment (Vilarinho et al. 2016).

7.3.3  �Efficient Diagnostic System Combined Peroxisomal 
Metabolite Screening and NGS in Japan

The conventional diagnostic system could be difficult for the diagnosis of patients 
with mild and atypical phenotypes of PD or mild and subtle metabolic abnormali-
ties of VLCFA, phytanic acid, and plasmalogens. Even though, we have diagnosed 
so far, several atypical cases of PEXs and HSD17B4 gene defects by detailed bio-
chemical analysis and repeated Sanger sequencing of several candidate genes. 
Furthermore, our screening system of peroxisomal metabolites has been advanced 
using LCMS, for the detection of unusual saturated and unsaturated VLCFA, ether 
phospholipid derivatives, and pristanic acid (Takashima et  al. 2017) (Table  7.1). 
Currently, we are also establishing the screening of di-/trihydroxycholestanoic acid 
(D/THCA), a bile acid intermediate metabolite of peroxisome for the diagnosis of 
patients with impaired bile acids synthesis in ACOX2, PMP70, and bile acid-CoA: 
amino acid N-acyltransferase (BAAT) deficiencies.

Furthermore, in the WES, more than ten thousand variants were detected and 
each variant filtering according to the disease-cause is a complicated and time-
consuming task, therefore, we have been establishing an efficient diagnostic system 
combining screening of peroxisomal metabolites and WES in collaboration with the 
Hamamatsu University School of Medicine. Our advanced diagnostic system cre-
ated can efficiently search for disease-causal mutations in PD related genes by data 
filtering, focused on PD related genes after WES in the cases exhibiting mild or 
subtle peroxisomal metabolic abnormalities of VLCFA, phytanic and pristanic 
acids, plasmalogens, and atypical clinical symptoms (Takashima et  al. 2019) 
(Fig. 7.2). If we cannot get candidate disease-causable gene at this stage, we will 
investigate further WES analysis using the samples of parents. We are also estab-
lishing a more efficient diagnostic system by resequencing the panel targeting PD 
candidate genes using NGS.

In disease-causing gene mutation search by comprehensive genetic analysis, it is 
important to verify the relationship between variants and symptoms, while in this 
system, as the patient has peroxisomal metabolic abnormalities, it is considered that 
the variants may be disease-causing. On the other hand, there have been several dis-
eases classified as novel peroxisomal diseases due to newly elucidated gene function 
of previously reported pathogenic genes (TRIM37, DNM1L and GDAP1) (see Sect. 
5.2). Therefore, when the pathological significance of the candidate variant or gene 
is unknown, it is essential to be validated by functional analysis of the variant or 
gene, using cultured cells or generation of a model organism by a mouse or zebrafish.

7  Diagnosis of Peroxisomal Disorders
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Expansion of concept, elucidation of the pathology and development of new 
therapeutic methods in PD will continue to advance by both progress of life science 
technology and clarifying peroxisomal functions.

7.4  �Diagnostic System for ALD

7.4.1  �Prompt Diagnostic System in Gifu University

To improve the prognosis of patients with ALD, it is essential to detect ALD imme-
diately after the onset of the disease, therefore, a prompt diagnosis system is very 
important. We have established a prompt diagnostic system for ALD patients using 
combining measurement of VLCFA level in the plasma and mutation analysis of 
ABCD1 (Shimozawa et al. 2011). Diagnosis can be confirmed within a few days, 
particularly in cases of cerebral ALD at onset, and hematopoietic stem cell trans-
plantation (HSCT) can be proceeded as soon as possible (Fig. 7.2). We have diag-
nosed 250 male patients and 187 female carriers with ALD and identified 133 
ABCD1 mutations in 201 Japanese families with ALD until December 2018. To 
confirm the pathogenic mutations of ALD the mutation database of ALD (https://
adrenoleukodystrophy.info/mutations-and-variants-in-abcd1) was very helpful.

Blood sample and clinical information of patients with suspected PD from all over Japan 

Screening of peroxisomal metabolites by GCMS or LCMS
(VLCFA, phytanic and pristanic acids, DHA, plasmalogens)

typical cases (Sect. 7.2) broad cases (Sect. 7.3)

Identified pathogenic gene

Mutation analysis by Sanger sequencing

Diagnosis

DNA samples

Identified candidate gene & mutation

Verification & Diagnosis

Morphological & biochemical analysis 
of peroxisome, using fibroblasts

Further biochemical analysis

Analysis of PD caused genes
by whole exome sequencing

suspected ALD by clinical & MRI findings 
(Sect. 7.4)

VLCFA by GCMS &
ABCD1 by Sanger seq

Diagnosis

within a few days

Early HSCT &
Family analysis

Expanding the subject to undiagnosed 
neurodegenerative disease

Fig. 7.2  Advanced diagnostic system of peroxisomal disorders in Japan
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7.4.2  �Presymptomatic Patients’ Diagnosis

The diagnosis of male presymptomatic ALD patients can be useful not only for the 
early preparation for HSCT but also for the proper administration of steroid hormones 
to improve the disease outcome. We provide sufficient disease information to the male 
at risk ALD patients and their families combined with genetic counseling. If consen-
sus is given from the patients at risk and/or their parents, we proceed to the quantifica-
tion of VLCFA levels and confirm the mutations of the probands. It should be noted 
that de novo mutations occur in approximately 4.1% of probands (Wang et al. 2011). 
The earliest symptomatic onset age of the cerebral type and adrenal insufficiency is at 
the age of 2 years, however, as the earliest detection of abnormal adrenal function was 
7 months of age (Huffnagel et al. 2019), earlier diagnosis is recommended.

As we cannot predict the phenotypes and prognosis before onset, it is essential to 
have a consistent and ongoing follow up for the diagnosed presymptomatic male 
ALD patients (Fig. 7.3). After diagnosis, clinical examination and brain MRI every 
6 months is mandatory for the detection of abnormal signs including strabismus and 
subtle neuropsychological symptoms, and high signal region by FLAIR image until 
12 years of age, then brain MRI and neurological examination should be annually 
performed (Engelen et al. 2012). When any suspected cerebral ALD abnormalities 
are found at onset, a fast HSCT should be conducted. Adrenal function test is rec-
ommended every 4–6  months for patients age ≤10  years, annually for those of 
11–40  years, and on-demand testing for those age >40  years without symptoms 

Pre-symptomatic ALD patient

ACALD     HSCT 

Abnormal finding

Familial analysis with 
genetic counseling &
sufficient information 
about ALD 

CCALD or AdolCALD      HSCT

AMN/OPC or ACALD       HSCT

diagnosis

Proband
ABCD1 mutation 
& VLCFA analysis

Newborn screening

Prepare to HSCT

Adolescent-Adults

Follow-up by brain MRI & 
neurological examination
≦12y: every 6 months
> 12y: annual

Follow-up by adrenal function test
≦10y  : every 4-6 months
11-40y : annual
> 40y  : on-demand

Abnormal finding
Steroid replacement therapy

Fig. 7.3  Follow-up flowchart for presymptomatic male ALD patients

7  Diagnosis of Peroxisomal Disorders



168

(Huffnagel et al. 2019). In the cases of carrier females at risk, genetic counseling is 
recommended after adulthood or at the time of pregnancy planning.

Newborn screening (NBS) for ALD has been started mainly in the United State 
(see 5.4.5.2) and should be considered also in Japan, including issues such as genetic 
counseling, accurate diagnosis and long-term follow up. For the further spread of 
NBS for ALD, it is important to promote research for developing methods to predict 
the prognosis of patients before onset.

Ethics Statement  The diagnostic studies of PD are approved by the Ethical Committee of the 
Graduate School of Medicine, Gifu University.
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Chapter 8
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Adrenoleukodystrophy, a Representative 
Peroxisomal Disorder
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Abstract  X-linked adrenoleukodystrophy (X-ALD) is the most frequent peroxi-
somal disorder, and is caused by dysfunction of the peroxisomal ABC protein 
ABCD1. X-ALD patients with the most severe phenotype display cerebral inflam-
matory demyelination. In X-ALD, VLCFA accumulation, a characteristic feature of 
all patients, is thought to be the main culprit underlying the pathogenesis. However, 
the mechanisms by which the VLCFA accumulated in the brain causes demyelinat-
ing neurodegeneration have not yet been elucidated. At present, hematopoietic stem 
cell transplantation (HSCT) at an early symptomatic state is effective in halting 
disease progression, thus allowing long-term survival. Therefore, early diagnosis 
and conduct timely transplantation are particularly important to improve the out-
come of HSCT. However, HSCT is always associated with significant mortality risk 
and the difficulty of finding a matching donor. Recently, genetically modified hema-
topoietic stem cells for ex vivo gene therapy have been tested as an alternative 
option and are expected to eventually become standard treatment for X-ALD. In 
parallel, the development of therapeutic drugs that can attenuate the symptoms or 
maintain the asymptomatic stage for patients diagnosed with X-ALD is in progress. 
To date, many candidate compounds have been reported. In this chapter, we focus 
on the current state of HSCT and pharmacological treatments, and describe the 
necessity for newborn screening and the identification of predictive biological 
markers in X-ALD.
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Abbreviations

ABCD1	 ATP-binding cassette protein subfamily D
ACALD	 Adult cerebral form
AD	 Alzheimer’s disease
AdolCALD	 Adolescent cerebral form
AMN	 Adrenomyeloneuropathy
BBB	 Blood-brain barrier
BMDM	 Bone marrow-derived macrophages
CBT	 Cord blood transplantation
CCALD	 Childhood cerebral form
CNS	 Central nervous system
ELOVL	 Elongation of very long chain fatty acid
HSCT	 Hematopoietic stem cell transplantation
MD	 Multiple sclerosis
MRI	 Magnetic resonance imaging
PBD	 Peroxisome biogenesis disorder
PD	 Parkinson’s disease
ROS	 Reactive oxygen species
VLCFA	 Very long chain fatty acid
X-ALD	 X-Linked adrenoleukodystrophy

8.1  �Introduction

The peroxisomal diseases are categorized into two forms, peroxisome biogenesis 
disorders (PBDs) and single enzyme deficiencies (see Chap. 5). The PBDs include 
Zellweger syndrome, neonatal adrenoleukodystrophy, infantile Refsum disease and 
rhizomelic chondrodysplasia punctata type 1. Clinically, the PBDs range from 
severe, frequently lethal disorders to milder, late-onset progressive neurological dis-
ease. Zellweger syndrome is the most severe PBD variant, presenting with typical 
craniofacial dysmorphism and severe neurological abnormalities at birth. Most 
patients exhibit hepatomegaly and cardiac defects. They commonly fail to thrive in 
infancy and die of multiple organ failure before 1 year of age. At present, no effec-
tive therapeutic approach to the PBDs has been established.

In contrast to the PBDs, single enzyme deficiencies manifest clinical symptoms 
due to the lack of a specific enzyme or transporter in the peroxisomal metabolic 
pathways, such as the oxidation of fatty acids and the synthesis of ether-
phospholipids. Sixteen diseases have been found thus far as single enzyme defi-
ciency types (see Chap. 5). The clinical phenotype of single peroxisomal enzyme 
deficiency depends on the specific function of the affected protein in peroxisomal 
metabolism. Single enzyme deficiencies in peroxisomes induce biochemical abnor-
malities that frequently result in severe disease.
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Peroxisomal diseases are rare and severe conditions. The development of effec-
tive treatments is one of the most important challenges in the field. In the case of 
X-linked adrenoleukodystrophy (X-ALD), the number of patients is relatively large, 
and analysis of the pathogenesis and development of diagnostic and therapeutic 
approaches are currently in progress. X-ALD patients develop normally until school 
age and a portion of the patients do not exhibit any severe symptoms until adult-
hood. Therefore, it is of critical importance to initiate therapeutic treatment before 
disease progression in X-ALD. At present, several therapies including allogeneic 
HSCT and pharmacological treatments are undergoing clinical investigation (https://
www.clinicaltrials.gov/).

8.2  �X-Linked Adrenoleukodystrophy (X-ALD)

According to the literature (Engelen et al. 2012a; Morita 2007), in 1897 Heubner 
first described a young boy with rapidly progressive neurologic deterioration con-
sistent with X-ALD who had “diffuse sclerosis” on autopsy. In 1963, ALD was 
speculated to be an X-linked inherited disease (Fanconi et al. 1963), and in 1970 the 
name adrenoleukodystrophy was proposed and ultimately the condition came to be 
known as X-ALD (Blaw 1970). X-ALD was hypothesized to be a lipid storage dis-
ease based on the finding of lipid inclusion in several different types of cells, includ-
ing brain macrophages. In 1976, Igarashi et al. established the biochemical basis for 
X-ALD by showing VLCFA accumulation in the brain and adrenal glands of 
patients (Igarashi et al. 1976). In 1993, Aubourg and colleagues identified the ALD 
gene by positional cloning as the gene in which mutations cause X-ALD (Mosser 
et al. 1993). The ALD gene encodes ABCD1.

The estimated incidence of X-ALD is approximately 1:20,000 males, indicating 
that X-ALD is the most frequent peroxisomal disorder and with a rather high inci-
dence among the inborn error of metabolism (Kemp et al. 2016; Moser et al. 2007). 
Patients display progressive demyelination in the central nervous system (CNS), 
adrenal insufficiency, and testicular dysfunction as pathological characteristics. 
There are several X-ALD phenotypes that are categorized based on the onset and 
severity of the disease: the childhood cerebral form (CCALD), adolescent cerebral 
form (AdolCALD), adult cerebral form (ACALD), adrenomyeloneuropathy 
(AMN), and Addison’s disease alone (Table  8.1). CCALD patients, comprising 
35–40% of the patients, manifest cerebral inflammatory demyelination, usually in 
childhood (Kemp et al. 2012), and most of these patients enter into a vegetative state 
and die within 3  years of symptom onset. In AdolCALD and ACALD, the first 
symptoms of progressive inflammatory demyelination occur in adolescence or in 
adulthood. ACALD patients have a risk of developing inflammatory demyelination 
over time and can manifest severe disability or a vegetative state within a few years 
of symptom onset. In contrast, AMN patients, comprising approximately 45% of 
the patients, progress slowly, with symptoms limited to the spinal cord and periph-
eral nerves (Kohler 2010). It has been reported that approximately 18% of the AMN 
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patients transition to the severe cerebral form over a period of 10 years (van Geel 
et al. 2001). Ultimately, 65% of all X-ALD patients transition to the cerebral form 
during childhood or adulthood (Moser 1995). No correlation between phenotype 
and genotype has been reported (Takemoto et al. 2002). Therefore, trigger factors 
such as environmental, genetic and/or epigenetic factors have been postulated 
(Heinzer et al. 2003). Head trauma is known to be a trigger of the onset of progres-
sive inflammatory demyelination (Raymond et  al. 2010; Budhram and Pandey 
2017). Most female patients are asymptomatic carriers, because of the nature of an 
X-linked disease, and less than 1% present with adrenal insufficiency or cerebral 
disease (Engelen et al. 2014; Huffnagel et al. 2019).

Dysfunction of the peroxisomal ABCD1 protein caused by mutation of the 
ABCD1 gene results in reduced VLCFA β-oxidation in peroxisomes (van Roermund 
et al. 2008; Wiesinger et al. 2013) (Fig. 8.1). The accumulation of VLCFAs in tis-
sues is a characteristic feature of X-ALD and presumably caused by the coordination 

Table 8.1  Clinical phenotypes in X-ALD

Phenotype Abbreviation
Age of 
onset Symptoms 

Childhood cerebral ALD 
(~38%)

CCALD 5–10 Progressive inflammatory demyelination 
in brain
Progressive behavioral, cognitive and 
neurological impairments with total 
disability within 6 months to 2 years, 
followed by death

Adolecnet cerebral ALD 
(4–7%)

AdolALD 10–20 Slower progression compared with 
CCALD, same symptoms

Adult cerebral ALD 
(2–5%)

ADALD Over 21 Slower progression compared with 
CCALD, same symptoms
Adults who develop cerebral ALD often 
already have signs of AMN and adrenal 
insufficiency

Adrenomyeloneuropathy 
(~45%)

AMN 30 ± 10 Non-inflammatory demyelination in spinal 
cord and peripheral nerves
Progressive stiffness and weakness of his 
legs, impaired vibration sense in the lower 
limbs, sphincter disturbances, and sexual 
dysfunction

Addison’s disease No neurological symptoms
Most ALD patients (80%) already had 
impaired adrenal function

Female carrier Over 30 Abnormalities in the spinal cord and 
nerves in the legs, just like AMN
The majority of females younger than 30 
years are free of neurological symptoms
Over 80% of female carriers with ALD 
will develop signs of neurological 
dysfunction by the age of 60 years
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of a reduction in peroxisomal VLCFA β-oxidation and stimulation of microsomal 
VLCFA synthesis. The mechanism by which the accumulated VLCFA in the brain 
and spinal cord causes demyelinating neurodegeneration and axonopathy have yet 
to be determined (Wiesinger et al. 2015; Berger et al. 2014). Presumably, the astro-
cytes and microglial cells activated by the VLCFA accumulation produce proin-
flammatory cytokines and reactive oxygen species (ROS) that lead to the cerebral 
inflammatory symptoms in CCALD and the axonopathy in AMN (Powers et  al. 
2005; Gilg et al. 2000). However, certain asymptomatic ALD patients do not develop 
the cerebral symptom despite high VLCFA accumulation, indicating that the accu-
mulation of VLCFA is necessary but not sufficient for symptom development.

The main affected tissues are the brain white matter, spinal cord and adrenal 
cortex (Kemp et al. 2012). The pathogenic mechanisms underlying the demyelin-
ation in CCALD, axonal degeneration in AMN and adrenocortical insufficiency in 
Addison’s disease may be different. Almost all male X-ALD patients develop pri-
mary adrenocortical insufficiency and, in these affected patients, adrenal hormone 
replacements are usually effective. However, hormone replacement therapy does 
not influence the development or progression of neurological symptoms in CCALD 

β

Fig. 8.1  Putative pathogenesis of X-ALD. Dysfunction of the peroxisomal ABCD1 protein caused 
by mutation of ABCD1 gene results in the reduction of VLCFA β-oxidation in peroxisomes. The 
reduction in peroxisomal VLCFA β-oxidation activity together with the stimulation of microsomal 
VLCFA synthesis leads to the accumulation of lipid molecules containing VLCFA. The precise 
mechanism by which the accumulated VLCFAs cause demyelinating neurodegeneration has not 
yet been made clear, but it seems likely that oxidative stress by ROS due to mitochondrial dysfunc-
tion is involved in the activation of astrocytes or microglial cells. In addition to the metabolic 
dysfunction, additional factors that can trigger an inflammatory reaction are required for symptom 
onset. The production of inflammatory cytokines in these cells leads to BBB disruption and thereby 
induces the aggravation of inflammation, which might result in the onset of demyelination. 
VLCFA, very long chain fatty acid (C>22); Px, peroxisomes; Mt, mitochondria
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or AMN. Thus, different therapeutic strategies must be considered for the individual 
case. At present, HSCT is the only therapeutic procedure for CCALD available 
(Cartier and Aubourg 2010). Recently, autologous HSC-gene therapy has been 
tested as an alternative option (Cartier et al. 2012) (Fig. 8.2). However, these proce-
dures are only effective in early onset of inflammatory demyelination. Therefore, 
both early diagnosis by newborn screening and identification of disease-related bio-
logical markers that are predictive of the disease phenotype are eagerly anticipated. 
Furthermore, it is important to develop therapeutic drugs that can attenuate the 
symptom burden and maintain the asymptomatic stage for as long as possible in 

Ex vivo Gene therapy

+ -

Before gene 
therapy

24 months after 
gene therapy

12 months after 
gene therapy

At diagnosis

12 months 
after diagnosis

24 months 
after diagnosis

Fig. 8.2  Brain MRIs from CCALD patients before and after ex vivo gene therapy. Magnetic reso-
nance imaging (Tagawa et  al. 2002) indicates an abnormal hyperintensity signal in CCALD 
patients. Enhanced gadolinium contrast indicates demyelinating lesions along with inflammation 
and disruption of the BBB. In an 8-year-old ALD patient without ex vivo gene therapy (right), the 
brain MRI showed continuous progression of cerebral demyelinating lesions up to 24 months after 
the diagnosis. In contrast, the brain MRI in a patient with ex vivo gene therapy (left) showed stabi-
lization or even reversion of the demyelinating lesions. This patient appears to have less extensive 
demyelinating lesions than the untreated patient (right) at the onset of the treatment with gene 
therapy, but had lesions with an abnormal hyperintensity signal in the splenium of the corpus cal-
losum, the white matter of the parieto-occipital lobes (white arrows), and the auditory pathways. 
Although these lesions extended into the white matter of posterior parietal lobes up to 16 months 
after ex vivo gene therapy, they were stable with no further progression at 24 months. (From Cartier 
et al. (2009). Reproduced with permission from The American Association for the Advancement 
of Science)
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patients diagnosed with X-ALD. Drugs that are able to delay or halt the transition 
to the cerebral form may increase the potential for HSCT manipulation.

It is reported that the chronic axonopathy of AMN does not recover with HSCT 
because AMN is pathologically distinct from CCALD.  In adulthood, all male 
patients eventually suffer from slowly progressive myelopathy. Furthermore, more 
than 80% of female carrier patients reportedly develop AMN (Engelen et al. 2014). 
Therefore, pharmacological treatments are also needed for AMN patients. Many 
candidate compounds have been reported for X-ALD treatment to date (Morita 
et al. 2011; Semmler et al. 2008; Pujol 2016). In this section, we focus on the cur-
rent state of HSCT therapies for cerebral ALD patients and also pharmacological 
treatments to delay progression.

8.3  �Hematopoietic Stem Cell Transplantation (HSCT)

There have been many studies that have demonstrated the therapeutic potential of 
bone marrow transplantation (BMT) as an effective treatment for neurodegenerative 
diseases (Mahmood et al. 2007). In X-ALD, HSCT early after symptom onset is 
reportedly effective in halting symptom progression in CCALD, allowing long-term 
survival (Aubourg et al. 1990; Kuhl et al. 2018). However, graft versus host disease 
and prolonged immunodeficiency are frequently associated with HSCT. Recently, 
utilization of cord blood and genetically modified hematopoietic stem cells for ex 
vivo gene therapy have been considered (Cartier and Aubourg 2010). Here, the cur-
rent status of HSCT and gene therapy is described and the theory of how HSCT 
halts pro-inflammatory demyelination is discussed.

8.3.1  �Allogeneic HSCT

In 1990, Aubourg et al. first reported that BMT reverses the early neurologic symp-
tom of X-ALD patients (Aubourg et al. 1990). It should be noted that the first BMT 
in X-ALD patients was performed before identification of the disease-responsible 
ABCD1 gene. Subsequently, HSCT has been performed to save X-ALD patients. At 
present, allogeneic HSCT is the only treatment that effectively halts symptom pro-
gression in CCALD. However, HSCT is associated with significant mortality risk 
because of severe graft rejection and infectious disease. The risk is higher in ACALD 
than that in CCALD.  However, recently the mortality risk of HSCT in CCALD 
patients has been improved by using reduced intensity conditioning and antioxidant 
treatment (Miller et al. 2011; Kato et al. 2019).

In addition to the significant mortality risk, finding an HLA-matched donor rep-
resents another difficulty in this therapeutic protocol. Occasionally, it becomes too 
late to perform HSCT due to the failure of donor matching. Recently, van den Broek 
et  al. reported improved survival after cord blood transplantation (CBT) for 
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pre-symptomatic CCALD (van den Broek et al. 2018). Jiang et al. reported a novel 
approach to CCALD patients in which haplo-identical stem cells are transplanted 
with an infusion of umbilical cord blood (Jiang et al. 2015). At present, umbilical 
cord blood grafts are becoming more generally available as a source of donor cells 
and thus increasingly used for transplantation.

Notably, HSCT is unable to reverse adrenal insufficiency and axonal damage, 
and hence does not prevent the symptoms of AMN (van Geel et al. 2015). The axo-
nal degeneration observed in AMN is thought to be caused by the oxidative stress 
due to mitochondrial dysfunction. The abnormal accumulation of VLCFAs in the 
mitochondrial membrane deranges redox metabolism, which results in oxidative 
stress. As HSCT does not result in any reduction of the VLCFA level in the CNS, 
pathological condition in AMN caused by oxidative stress seems to be unimproved. 
Therefore, HSCT is not recommended in AMN patients without any cerebral 
involvement, given the risk of the HSCT procedure.

In X-ALD, approximately 65% of the patients diagnosed eventually develop the 
cerebral form. Therefore, HSCT, that can halt the onset and progression of inflam-
matory demyelination, is the only treatment for these patients. Further improvement 
of HSCT is required for improved clinical outcomes (Kuhl et al. 2018).

8.3.2  �Ex Vivo Gene Therapy

In addition to the increasing availability of CBT, ex vivo gene therapy is now becom-
ing a potential therapeutic option for patients with CCALD without any HLA-
matched donors (Cartier et al. 2009; Eichler et al. 2017) (Fig. 8.2). In ex vivo gene 
therapy, there are two advantages, as follows. One is that patients do not have to take 
time to find an HLA-matched donor because the procedure uses the patient’s blood 
stem cells. The other is that there is no risk of graft-versus-host-disease, as the pro-
cedure does not require any immunosuppression drugs. In ex vivo gene therapy, a 
lentiviral vector derived from the HIV-1 virus has been used because the vector can 
be transduced into non-dividing cells such as HSCs. In addition, ex vivo transplanta-
tion of CD34+ human cells that have the lentivirally transduced human ABCD1 gene 
into NOD/SCID mice resulted in long term expression of the ABCD1 protein in 
perivascular and parenchymal microglia (Benhamida et  al. 2003; Asheuer et  al. 
2004). It is reported that the percentage of ABCD1-positive hematopoietic cells 
were only 10–15% at 12 and 16 months post-HSCT, but notably, the inflammatory 
demyelination appeared to have been suppressed.

Clinical investigation with ex vivo gene therapy is currently underway in the 
USA.  In a recent ongoing clinical trial, ex vivo gene therapy was conducted to 
CCALD boys with a Loes score less than or equal to 9 and without the availability 
of an HLA-matched sibling donor. It is reported that the ex vivo gene therapy effec-
tively stabilized the disease’s progression in 15 of 17 patients more than 2 years 
after the gene therapy (Eichler et al. 2017). The gene therapy was administered in a 
clinical trial sponsored by Bluebird Bio. Although follow-up studies are necessary 
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to determine the long-term outcome of this gene therapy, ex vivo gene therapy is a 
promising treatment for asymptomatic CCALD patients. In contrast to asymptom-
atic CCALD patients, neither ex vivo gene therapy nor HSCT is able to rescue 
symptomatic CCALD patients with advanced disease. Further studies are thus 
needed to achieve a good clinical outcome for patients with symptomatic CCALD 
and ACALD.

As another form of gene therapy, Gong et al. reported that a recombinant adeno-
associated virus serotype 9 (rAAV9) vector with the ABCD1 gene was efficiently 
delivered to the CNS in Abcd1-deficient mice by intravenous injections (Gong et al. 
2019). In the Abcd1-deficient mouse, injection of rAAV9 with the ABCD1 gene 
resulted in a 20% decrease of the VLCFA levels in the spinal cord compared to 
controls. This result suggests that intrathecal AAV vector-mediated gene therapy 
might be an alternative gene therapy for X-ALD in the future.

8.3.3  �How Do Bone Marrow-Derived Macrophages Halt 
Inflammatory Demyelination?

It is important to determine how HSCT halts cerebral inflammatory demyelination. 
It seems likely that the donor-derived hematopoietic stem cells engrafted in the 
brain parenchyma differentiate into macrophage-like cells and suppress neuroin-
flammation (Cartier et al. 2014; Weber et al. 2014) (Fig. 8.3). In the case of HSCT 
for lysosomal storage diseases (LSDs), bone marrow-derived macrophages 
(BMDMs) engrafted in CNS are able to supply deficient lysosomal enzymes to 
neighboring cells, presumably through exocytosis and endocytosis. The supple-
mented enzymes reduce the pathogenetic molecules accumulated in the CNS and 
ameliorate the pathogenesis (Koç et al. 1999). Therefore, the level of the enzyme 
produced by bone marrow-derived cells is particularly important for the LSDs. In 
contrast, the ABCD1 protein is a peroxisomal membrane protein and therefore it is 
unlikely that either the ABCD1 protein or mRNA in BMDMs is transferred into 
neighboring cells. In our BMT experiments using abcd1-deficient mice, the 
VLCFA plasma level significantly decreased and donor-derived bone marrow cells 
were engrafted in the brain parenchyma as macrophage-like cells at approximately 
45% of the total of the Iba1-positive cells, even at 6 months post BMT (our unpub-
lished data). However, the VLCFA levels in recipient mouse brain was not reduced 
by BMT, indicating that BMDMs do not contribute to the degradation of the 
VLCFAs accumulated in the recipient mouse brain. In fact, no decrease in the 
VLCFA level was observed in the postmortem brain after HSCT. BMDMs might 
arrest inflammatory demyelination by attenuating metabolic pathways leading to 
microglial activation.

In certain neuroinflammatory disorders, such as Alzheimer’s disease (AD), 
Multiple sclerosis (MD) and Parkinson’s disease (PD), microglia have a central role 
in the pathogenesis and are thought to be therapeutic targets (Cartier et al. 2014). In 
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addition, peroxisomal β-oxidation-deficient mice with knockout of the Mfp2 gene 
that encodes multifunctional protein-2 exhibit extensive microgliosis in their gray 
matter regions of the CNS (Beckers et  al. 2017, 2018), while nestin promoter-
specific Mfp2-deficient mice exhibit minor neuroinflammation. These results sug-
gest that peroxisomal function in microglia may play important roles in the 
inflammatory state in the CNS. In X-ALD, microglia are recruited in perilesional 
normal-appearing white matter and microgliosis is observed in inflammatory 
lesions with little involvement of lymphocyte infiltrates, indicating that microglia 
play a pivotal role in the onset and progression of proinflammatory demyelination. 
In HSCT, BMDMs might ameliorate the metabolic dysfunction of microglia or 
complement the function of microglia (Derecki et al. 2013).

Weinhofer et al. reported that the transition of the pro-inflammatory phase (i.e. 
the M1-type of microglia) to the anti-inflammatory phase (the M2-type) that halts 
demyelination is less efficient in Abcd1-deficient macrophages (Weinhofer et  al. 
2018). In macrophages, peroxisomal β-oxidation is reportedly involved in the fine-
tuning of M1/M2 polarization (Geric et  al. 2018). It thus seems likely that 
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Fig. 8.3  HSCT halts cerebral inflammatory demyelination. In X-ALD, activated microglia and 
astrocytes play a central role in the onset as well as progression of inflammatory demyelination. 
Furthermore, the dysfunction of endothelial cells results in the disruption of the BBB, which leads 
to the entry of peripheral immunocompetent cells (T cells or monocyte/macrophage). In cases of 
HSCT for CCALD, hematopoietic stem cells (HSCs) are harvested from the bone marrow of the 
patients, and the CD34+ cells containing HSCs are transduced with a lentiviral vector harboring the 
ABCD1 gene. The genetically modified HSCs are then transplanted into patients. The ABCD1-
expressed HSCs migrate to the brain parenchyma through the BBB and differentiate into 
macrophage-like cells. These bone marrow-derived macrophage (BMDMs) may interact with resi-
dent microglia, astrocytes or endothelial cells and restore metabolic homeostasis and BBB integ-
rity, which in turn suppresses the neuroinflammation
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peroxisomal metabolic defects in Abcd1-deficient microglia suppress the transition 
to M2-type microglia. In addition, Jang et  al. suggest that NLRP3 activation in 
microglia may participate in the neuroinflammation observed in X-ALD (Jang et al. 
2016). They speculate that an increased level of 25-hydroxycholesterol mediated by 
up-regulation of cholesterol 25-hydroxylase could act as an endogenous NLRP3 
stimulator, which would lead to cerebral inflammation. Thus, it may be possible 
that BMDMs facilitate the transition of microglia from the pro-inflammatory to 
anti-inflammatory state or somehow dampen the microglial inflammatory action.

Recently, Musolino et al. reported that an increase in blood-brain barrier (BBB) 
permeability precedes inflammatory demyelination, suggesting that disruption of 
the BBB may trigger pro-inflammatory demyelination (Musolino et  al. 2015). 
Microglia and/or astrocytes might contribute to BBB maintenance, and abnormal 
interaction of Abcd1-deficient glial cells with endothelial cells may lead to disrup-
tion of the BBB. Upon HSCT, these white matter microvascular alterations normal-
ize within 1 year after treatment in good accordance with the period needed for 
halting the progression of inflammatory demyelination by HSCT.  Orchard et  al. 
suggest that the time to donor myeloid recovery and the extent of donor chimerism 
correlated significantly with the time required for BBB repair (Orchard et al. 2019). 
It is thus possible that BMDM may halt the transition to the CCALD form by recov-
ering endothelial cell function and repairing the BBB.

Görtz et al. reported that in the early stages of X-ALD before myelin damage, 
heat shock proteins (HSPs) were found to be increased, particularly in astrocytes, 
suggesting that astrocytic stress may play an important role in the activation of 
microglia and initiation of inflammatory demyelination (Görtz et  al. 2018). It is 
important to determine whether astrocytic stress is attenuated by HSCT.

Taken together, it seems likely that donor-derived BMDMs interact with resident 
microglia, astrocytes and/or endothelial cells, and thus ameliorate the metabolic 
abnormality (Yamada et al. 2004), which in turn suppresses neuroinflammation.

8.3.4  �Newborn Screening for the Use of HSCT

Newborn screening for early diagnosis is essential to improve the outcome of HSCT 
for X-ALD (Moser and Fatemi 2018). In X-ALD, it is known that HSCT tends to 
exacerbate symptoms when performed in advanced states of the disease (Tran et al. 
2017; Pierpont et  al. 2017). Miller et  al. showed that gadolinium enhancement 
intensity on brain MRI can be scored simply and reproducibly for CCALD and the 
progressive course of the disease effectively represented based on the Loes MRI 
scoring system (Miller et al. 2016). Gadolinium enhancement indicates BBB dis-
ruption and activation of the inflammatory process. At present, early-stage patients 
with an MRI severity score of less than 10 are considered to be eligible HSCT 
(Bladowska et al. 2015). For this reason, early diagnosis to identify asymptomatic 
males and conduct timely transplantation is particularly important in order to pre-
vent progressive neurodegeneration in this disease. Only newborn screening allows 
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early diagnosis and thus an opportunity to perform HSCT quickly, as soon as the 
cerebral phenotype is identified.

In 2015, Vogel et al. described a diagnostic protocol, surveillance protocol and 
treatment guidelines for newborn screening for X-ALD in New York State (Vogel 
et al. 2015). In 2017, Kemper et al. provided an evidence summary and advisory 
committee recommendation for newborn screening for X-ALD (Kemper et  al. 
2017). The data from newborn screening showed the health benefits of earlier HSCT 
for CCALD. Based on these results, the secretary of the US Department of Health 
and Human Services recommended the addition of X-ALD to the uniform screening 
panel for newborn screening programs in 2016. A pilot study of newborn screening 
in 2018 conducted by North Carolina team demonstrated that the screening assay 
protocol using a HPLC-MS/MS assay to detect C24:0-LPC and C26:0-LPC suc-
cessfully identified infants with X-ALD (Taylor and Lee 2019). Among 52,301 
specimens, three newborns were confirmed with X-ALD, two as likely carriers or 
heterozygous females, and two with PBDs. The screening assay protocol was able 
to identify X-ALD specimens with a high degree of certainty.

Another issue for successful HSCT is that X-ALD lacks pathogenesis-related 
biological markers, which results in the failure of efforts at early diagnosis. In addi-
tion to the accumulation of pathogenic lipids (C24:0-LPC and C26:0-LPC), addi-
tional factors that directly or indirectly impact the onset of proinflammatory 
demyelination remain to be elucidated. At present, the predication of neuropatho-
logical staging as a reference for the performance of HSCT entirely relies on the 
clinical decision reached by neurologists and hematologists. Therefore, in addition 
to newborn screening, the identification of biomarkers that predict the onset of the 
cerebral form are greatly anticipated. Natural history studies show that only 40% of 
boys with X-ALD will develop CCALD in the first two decades of life. Therefore, 
HSCT is not always beneficial as a preemptive strategy for all boys diagnosed 
with X-ALD.

Recently, Turk et  al. reported that plasma superoxide dismutase (SOD) levels 
were progressively reduced in patients with AMN or cerebral ALD as compared 
with healthy controls and heterozygous female carriers, suggesting that the plasma 
SOD level may be a clinical biomarker for predicting the onset of CCALD (Turk 
et  al. 2017a). Marchetti et  al. showed that asymptomatic patients presented with 
increased plasma levels of a variety of pro-inflammatory cytokines (IL-1β, IL-2, 
IL-8 and TNF-α) and also anti-inflammatory cytokines (IL-4 and IL-10) (Marchetti 
et al. 2018), suggesting that an increase of these cytokines level in asymptomatic 
patients could be a disease-related marker. On the other hand, Lauer et al. provided 
a model for the in vivo assessment of white matter microvascular physiology over 
time in X-ALD patients and suggested that alteration in white matter microvascular 
perfusion, which is associated with BBB permeability, may be an early biomarker 
of disease progression (Lauer et al. 2017). Recently, epigenomic signatures, such as 
hypermethylation of the genes involved in oligodendrocyte differentiation were 
reported to be putative biomarkers of disease phenotype (Schlüter et al. 2018).

The finding of predictive biological markers will provide critical information for 
deciding more easily and appropriately the patients who should undergo HSCT.

M. Morita



183

8.4  �Pharmacological Treatment

Although allogeneic HSCT has become an effective treatment for X-ALD, the num-
ber of patients who receive the benefit is limited. Pharmacological therapeutic 
approaches based on biochemical and pathological characteristics of the disease are 
thus highly desired. As mentioned above, Igarashi et al. first reported that pathogno-
monic lipid bodies consisting of cholesterol esterified with VLCFAs were detected 
in the cerebral white matter of X-ALD patients (Igarashi et al. 1976). In X-ALD, a 
common biochemical characteristic is the accumulation of lipid molecules contain-
ing VLCFAs (such as cholesterol esters, proteolipids, glycerophosphatides and gan-
gliosides) in which the carbon chain length is longer than 22, especially in target 
organs such as the brain, testes and adrenal glands.

Mutation of ABCD1 gene leads to a dysfunction of ABCD1 that results in a 
decrease in VLCFA β-oxidation. The decrease in VLCFA β-oxidation leads to an 
increase in VLCFA-CoA, which is fatty acid elongation substrate, and the synthesis 
of phospholipids and cholesterol esters in the ER. As a result, the subsequent abnor-
mal accumulation of VLCFAs directly or indirectly results in oxidative damage and 
an inflammatory response. Therefore, lowering the VLCFA level as well as sup-
pressing oxidative stress and inflammatory events in the brain and spinal cord are all 
potentially important strategies in the treatment of X-ALD (Fig. 8.4).

8.4.1  �Lowering the VLCFA Level

Despite ABCD1 protein dysfunction, approximately 30% of VLCFA β-oxidation 
still remains, indicating that an ABCD1-independent pathway is involved in resid-
ual VLCFA β-oxidation. ABCD2 might contribute to this residual β-oxidation. On 
the other hand, it is known that more than 70% of the patient fibroblasts with a mis-
sense mutation display either a lack or reduction of the ABCD1 protein because of 
post-translational degradation. We found that some of the mutant ABCD1 proteins 
have a capacity to recover function upon a culturing of the mutant cells at a low 
temperature (Morita et al. 2018). In addition, the increase of microsomal fatty acid 
elongation activity through the involvement of ELOVL1, 6 and 7 appears to be 
involved in the VLCFA accumulation (Tsuji et al. 1984; Kemp and Wanders 2010; 
Baarine et al. 2015a, b; Raas et al. 2019; Morita et al. 2015). Therefore, the stimula-
tion of residual VLCFA β-oxidation, including up-regulation of ABCD2, stabiliza-
tion of the missense mutant ABCD1 protein, and the suppression of fatty acid 
elongation activity are all targets for lowering the VLCFA level.
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8.4.1.1  �Early Studies

In the 1990s, three compounds for reducing the VLCFA level were reported, 
Lorenzo’s oil (Rizzo et al. 1989), lovastatin (Singh et al. 1998b) and 4-phenylbutyrate 
(Kemp et  al. 1998). Unfortunately, these compounds have no effect in 
X-ALD. However, these compounds do provide information that is valuable for the 
development of therapeutic drugs in the disease.

β

ω

Fig. 8.4  Therapeutic targets and candidate compounds for X-ALD therapy. Mutation of the 
ABCD1 gene leads to the dysfunction of ABCD1, which results in decrease in VLCFA β-oxidation 
in peroxisomes. The failure of substrate transport into peroxisomes leads to an increase in the cel-
lular VLCFA-CoA level, which is further subjected to fatty acid elongation in the ER. As a result, 
the number of lipid molecules containing VLCFA is increased and the abnormal distribution of the 
lipid molecules in the mitochondrial membrane results in oxidative stress, which leads to inflam-
matory demyelination (as indicated by the gray arrow). Many candidate compounds for several 
different targets have been reported as follows; (a) inhibition of microsomal fatty acid elongation 
(ELOVL inhibitors), (b) stabilization and correct subcellular localization of missense mutants of 
ABCD1 (e.g. proteasome inhibitors), (c) induction of ABCD2 expression (HDAC inhibitors and 
thyromimetics), (d) stimulation of residual VLCFA fatty acid β-oxidation (e.g. flavonoids), (e) 
Suppression of oxidative stresses (antioxidants) and (f) improvement of inflammatory states 
(immunosuppressive agents). Any of these might be an effective approach to X-ALD. Chemical 
compounds that are able to pass through the BBB and act on these targets would be promising 
drugs for X-ALD therapy. The dashed rectangles show the cellular targets for such candidate com-
pounds (a to f) and the black arrows the predicated effect of each compound
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At the end of the 1980s, Augusto Odone found that the C26:0 plasma level of 
Lorenzo, their 6-year-old son suffering from X-ALD, was reduced to a normal level 
by the administration of a 4:1 mixture of glyceryl triolate and glyceryl trierucate 
(Rizzo et  al. 1989). The Hollywood movie “Lorenzo’s Oil” produced in 1992 is 
based on the true story of the Odones, two parents seeking a treatment for their son. 
The mixed oil, subsequently termed Lorenzo’s oil (LO), reduced the plasma VLCFA 
levels within 1 month in most X-ALD patients. Recently, Sassa et al. reported that 
LO inhibits ELOVL1 by binding to the ELOVL1-substrate complex (Sassa et al. 
2014). Unfortunately, in spite of the decrease in the plasma VLCFA level, LO does 
not prevent the progression of inflammatory demyelination and conversion to the 
inflammatory form, even when administered before the onset of the demyelination. 
This is presumably due to its inability to penetrate into the brain through the 
BBB. However, a possible beneficial effect of LO on the delay of the onset of the 
CCALD and a slowing of the progression of axonopathy in pure AMN have not yet 
been excluded (Moser et al. 2005).

In 1998, Lovastatin, a HMG-CoA reductase inhibitor, was reported to reduce the 
plasma VLCFA level in X-ALD patients (Singh et al. 1998a). However, this effect 
was largely attributed to the decrease in the level of the LDL-cholesterol containing 
cholesterol ester with VLCFAs through hepatic up-regulation of the LDL receptor. 
Therefore, it has been recognized that lovastatin should not be prescribed as a treat-
ment, at least if the goal is to lower VLCFA levels (Engelen et al. 2010). On the 
other hand, the abnormal accumulation of VLCFAs in X-ALD iPSC derived oligo-
dendrocytes was reduced by treatment with lovastatin, presumably because of the 
upregulation of ABCD2 gene expression (Jang et al. 2011), suggesting that lowering 
cellular cholesterol with lovastatin may reduce the VLCFA level by inducing 
ABCD2 expression.

In 1998, Kemp et al. suggested that the histone deacetylase (HDAC) inhibitor 
4-phenylbutyrate (4-PBA) stimulates ABCD2 gene expression, which results in an 
increase in peroxisomal fatty acid β-oxidation (Kemp et al. 1998). 4-PBA report-
edly passes through the BBB and lowers brain VLCFAs in Abcd1-deficient mice, 
but only at very high doses. As 4-PBA is rapidly metabolized in the liver and exhib-
ited tachyphylaxis, it would be difficult to maintain the plasma level of 4-PBA at 
effective concentrations (McGuinness et al. 2001). In fact, a clinical trial in AMN 
patients failed to demonstrate efficacy, probably due to the very short half-life of 
4-PBA. Although 4-PBA is thus not promising for the treatment of X-ALD, these 
results teach us other HDAC inhibitors that are structurally more stable might 
become candidate drugs.

8.4.1.2  �Pharmacological Induction of ABCD2 Gene Expression

A therapeutic strategy that induces ABCD2 gene expression is a reasonable approach 
to lowering VLCFAs, because the ABCD2 protein overlaps with the ABCD1 protein 
in substrate specificity (van Roermund et al. 2011) (Fig. 8.4c). In fact, genetically 
induced overexpression of the ABCD2 protein is able to restore VLCFA metabolism 
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both in vitro and in vivo (Netik et al. 1999; Pujol et al. 2004). Weber et al. reported 
that CD34+-derived monocytes, but not lymphocytes, are metabolically impaired, 
because ABCD2 is virtually not expressed in monocytes. In HSCT, CD34+-derived 
macrophages are thought to be involved in the suppression of inflammatory demye-
lination in the CNS. Thus, compounds that induce ABCD2 gene expression in the 
brain and monocytes/macrophages would be promising drugs. To date, several dif-
ferent classes of drugs have been investigated for this purpose, including peroxisome 
proliferator-activated receptor α agonists, HDAC inhibitors, dehydroepiandrosterone 
(Gueugnon et al. 2003), thyroid hormone and thyromimetics (Fourcade et al. 2003), 
liver X receptor antagonists (Weinhofer et al. 2005), retinoid X receptor agonists 
(Weber et al. 2014), and an AMP-activated protein kinase α1 activator (Singh and 
Giri 2014). Among them, we focus on the most promising drugs, HDAC inhibitors 
and thyromimetics.

Following 4-PBA, other HDAC inhibitors including valproic acid and suberoya-
nilide hydroxamic acid (SAHA), have been reported. Fourcade et al. (2010) reported 
that valproic acid, a non-specific HDAC inhibitor, decreased the levels of monoun-
saturated VLCFA (such as C26:1 n-9), but not saturated VLCFA, by inducing 
ABCD2 gene expression in X-ALD fibroblasts. Valproic acid is a widely used anti-
epileptic drug and is able to cross the BBB. They reported that a pilot trial of val-
proic acid in X-ALD patients resulted in amelioration of the oxidative damage in 
peripheral blood mononuclear cells. Baarine et  al. reported that SAHA, another 
HDAC inhibitor, decreased the VLCFA level in Abcd1-deficient glial cells by induc-
ing Abcd2 gene expression as well as by inhibiting ELOVL1 activity (Baarine et al. 
2015a). SAHA is also able to cross the BBB, and they reported that SAHA cor-
rected mitochondrial defects in glial cells and upregulated ABCD2 gene expression 
in human brain hippocampal slice cultures. Taken together, HDAC inhibitors includ-
ing valproic acid and SAHA have potential as candidate compounds for the devel-
opment of therapeutic drugs.

Fourcade et  al. first reported that thyroid hormone upregulated ABCD2 gene 
expression in X-ALD fibroblasts (Fourcade et al. 2003). The ABCD2 gene promoter 
has a thyroid hormone responsive element that interacts with the thyroid hormone 
receptor (TR). Thyromimetic agents are currently among the most promising drugs 
for X-ALD therapy because they cross the BBB. Sobetirome, a potent TR agonist 
with selectivity for the TRβ isoform, increases Abcd2 gene expression and reduces 
the VLCFA level in the brain of abcd1-deficient mice, suggesting that it might be 
valuable as a therapeutic drug for X-ALD (Hartley et  al. 2017). Recently, 
ethanolamine-derived prodrugs of sobetirome were shown to be better delivered to 
the brain than unmodified sobetirome, suggesting an improvement in the efficacy of 
the drug (Ferrara et al. 2017). Clinical trials for sobetirome are presently underway 
(https://www.clinicaltrials.gov/).

Although ABCD2 can functionally compensate for the absence of ABCD1, it 
should be noted that the expression profiles of ABCD1 and ABCD2 in tissues, cell 
types and different developmental stages have strikingly different patterns (Troffer 
Charlier et al. 1998). In mouse brain, ABCD1 appears to be mainly expressed in 
glial cells and ABCD2 in neuronal cells. During development, Abcd1 was shown to 
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be most abundant in the embryonic brain and to gradually decrease during the 
course of maturation, in contrast to Abcd2, which increased in the early postnatal 
period. Lu et al. reported that the ABCD2 but not ABCD1 protein plays an anti-
oxidative stress role in mouse adrenal cells (Lu et al. 2007). It seems likely that 
ABCD2 plays a role in polyunsaturated fatty acid metabolism and is involved in 
anti-oxidative activity, at least in the adrenal glands. These results suggest that the 
physiological functions of ABCD1 and ABCD2 may be different, especially in the 
brain and adrenal glands. It should be determined if pharmacological induction of 
ABCD2 gene expression in the brain is effective in compensating for the in vivo 
physiological function of ABCD1.

Up-regulation of Abcd2 gene expression by HDAC inhibitors and thyromimetics 
leads to a decrease in the VLCFA level in Abcd1-defcient mouse brain. However, 
brain VLCFA levels in Abcd1-deficeint mice were reduced by only ~20% after oral 
administration of sobetirome for 12 weeks (~0.4 mg/kg body weight/day). This may 
be due to the slow turnover of neuronal cells and lipid molecules in the brain. 
Cholesterol esterase activities toward cholesteryl lignocerate and cerotate in the rat 
brain are reportedly less than 1% of that toward cholesteryl oleate (Ogino and 
Suzuki 1981). Therefore, once VLCFA is incorporated into lipid molecules such as 
cholesterol ester, it is hard to degrade VLCFA via β-oxidation. Taken together, com-
pounds that lower the brain VLCFA level have potential in X-ALD therapy, but 
prolonged treatment might be needed to achieve a therapeutic outcome.

8.4.1.3  �Stimulation of Residual VLCFA β-Oxidation

The VLCFA β-oxidation activity in X-ALD fibroblasts is approximately 30% of 
that in healthy control subjects. The residual activities seem to be dependent on the 
ABCD2 protein and/or diffusion of VLCFAs into peroxisomes, followed by the 
esterification of CoA by peroxisomal acyl-CoA synthetase. In any event, the stimu-
lation of residual VCLFA β-oxidation effectively reduces the VLCFA level 
(Fig. 8.4d). We previously reported that the flavonoid baicalein trimethyl ether stim-
ulates VLCFA β-oxidation activity in X-ALD fibroblasts (Morita et al. 2005). This 
flavonoid did not induce ABCD2 gene expression but did up-regulate the ACSVL4 
gene expression that encodes a peroxisomal acyl-CoA synthetase. We speculate this 
flavonoid activates peroxisomal VLCFA β-oxidation by accelerating direct fatty 
acid transport into peroxisomes via acyl-CoA synthetase activity (Morita et  al. 
2008). These results indicate that stimulation of ABCD1- and ABCD2-independent 
pathways may be another target for lowering the VLCFA level.

Recently, van Engen et al. identified CYP4F2 and CYP4F3 as modifier genes in 
X-ALD that are involved in the degradation of VLCFAs (van Engen et al. 2016) 
(Fig.  8.4a). In addition to peroxisomal β-oxidation, VLCFAs are ω-oxidized in 
microsomes by phylloquinone ω-hydroxylase (CYP4F2) and docosahexaenoic acid 
ω-hydroxylase (CYP4F3), which generate dicarboxylic-VLCFA. They reported that 
mutant CYP4F2 decreases the conversion of VLCFA into dicarboxylic-VLCFA by 
ω-oxidation. Dicarboxylic acid is β-oxidized in peroxisomes via ABCD3 transport. 
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These results indicate that the stimulation of CYP4F2 may also be an alternative 
therapeutic target.

8.4.1.4  �Stabilization of ABCD1 with a Missense Mutation

More than 340 non-recurrent missense mutations of the ABCD1 gene have been 
identified (http://www.x-ald.nl) in X-ALD patients to date. Among these missense 
mutant ABCD1 proteins, approximately 70% of the ABCD1 proteins are scarcely 
detected by immunoblotting due to instability (Takahashi et al. 2007) (Fig. 8.4b). 
However, X-ALD fibroblasts with certain missense mutant ABCD1 proteins appear 
to have their function restored by incubating them at a low temperature (Zhang et al. 
2011). These results indicate that a portion of the missense mutant ABCD1 proteins 
still have the capacity to recover their function by stabilization. This prompted us to 
seek therapeutic drugs that are able to stabilize missense mutant ABCD1 proteins 
(Morita et al. 2018). We have established a fluorescence-based assay method for the 
screening of chemical libraries and found that bortezomib, a drug used for multiple 
myeloma patients, induced functional recovery in mutant ABCD1 proteins. At pres-
ent, bortezomib is not applicable to X-ALD because of its side effects. However, 
this result provides evidence that pharmaceutical interventions that stabilize a sub-
set of missense mutant ABCD1 proteins may have therapeutic efficacy in X-ALD in 
the future.

8.4.1.5  �Suppression of Excess Fatty Acid Elongation

As in the case with LO treatment, inhibition of fatty acid elongation activity might 
be effective in reducing VLCFA level (Fig.  8.4a). Engelen et  al. found that the 
PPARα agonist bezafibrate reduces the VLCFA level by inhibiting ELOVL1  in 
X-ALD fibroblasts (Engelen et al. 2012b). As ELOVL1 is thought to be involved in 
the accumulation of VLCFAs in X-ALD, this enzyme is a reasonable therapeutic 
target. To date, however, clinical trials have failed to demonstrate any improved 
clinical outcome using bezafibrate in X-ALD patients. More potent and specific 
compounds that are able to inhibit the activity of ELOVL1 might be candidate drugs 
for X-ALD.

8.5  �Suppression of Oxidative Stress

In neurodegenerative diseases, mitochondrial dysfunction and increased ROS pro-
duction are considered to have toxic effects on cellular activity that lead to neuronal 
loss and axonal damage. Oxidative damage is detected in the spinal cord of abcd1-
deficient mice and the post-mortem brain of CCALD patients (Powers et al. 2005; 
Ranea Robles et al. 2018; Fourcade et al. 2014; Gilg et al. 2000). Nury et al. reported 
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that high levels of 7-ketocholesterol (7KC) due to increased ROS production exerted 
a deleterious effect on microglial function that might contribute to the development 
of X-ALD (Nury et al. 2017). Plasma superoxide dismutase (SOD) levels in AMN 
patients were shown to be decreased during progression from the non-cerebral to 
cerebral form (CCALD), suggesting that oxidative stress and oxidative damage is 
likely an early pathogenic factor in X-ALD (Deon et al. 2016). Therefore, adminis-
tration of antioxidants has been considered a potential therapy (Fig. 8.4e). Especially 
in AMN, antioxidant treatments would be expected to be effective in suppressing 
the axonal damage (Pujol 2016; Galino et al. 2011; Lopez-Erauskin et al. 2011), 
because the axonal degeneration observed in AMN is likely caused by oxida-
tive stress.

It has been reported that N-acetyl-l-cysteine (NAC) (Gronemeyer et al. 2013) 
therapy increases plasma heme oxygenase-1, which has cytoprotective effects and 
also helps replenish plasma glutathione (GSH) levels in X-ALD patients (Kartha 
et  al. 2015). DNA damage in leukocytes from CCALD patients that might be 
induced by lipid oxidation is decreased by NAC and the other antioxidant reagents 
such as Trolox and rosuvastatin (Marchetti et al. 2015). Recently, Turk et al. reported 
that a polyamidoamine dendrimer conjugated to the anti-oxidant precursor N-acetyl 
cysteine (D-NAC) reduced TNFα and glutamate secretion in macrophages from 
CCALD patients that were treated with free VLCFAs (C24:0 and C26:0) (Turk et al. 
2018). Pujol et al. found that a combination of the antioxidants NAC, α-lipoic acid 
and vitamin E synergistically halted immunological signs of axonal degeneration in 
Abcd1-deficient mice (Lopez-Erauskin et al. 2011; Pujol 2016). These data suggest 
that these antioxidants might be useful as adjunctive therapy for X-ALD.

The mechanism by which ABCD1 dysfunction leads to increased oxidative 
stress has yet to be determined. Presumably, phospholipids containing VLCFAs in 
the inner mitochondrial membrane might be linked to a disturbance in mitochon-
drial integrity that in turn leads to increased ROS production. Mitochondrial ROS 
may oxidize and inhibit the oxidative phosphorylation system, which induces ener-
getic failure and opening of the mitochondrial permeability transition pore (mPTP). 
Lopez-Erauskin et  al. have suggested that mPTP formation may be induced by 
increased amounts of oxidized cyclophilin D induced by the increased oxidative 
stress that occurs in X-ALD.  Pharmacological blocking of the gate opener 
cyclophilin D with cyclosporine A has been shown to prevent mitochondrial dys-
function in neurodegenerative disease models. This result indicates that 
mitochondrial-targeted antioxidants may become therapeutic drugs for X-ALD 
(Lopez-Erauskin et al. 2012). Mitochondrial-targeted compounds, including piogli-
tazone, resveratrol and dimethyl fumarate, are reported to recover mitochondrial 
function in Abcd1-deficient mice.

Pioglitazone, an agonist of PPARγ, halts locomotor disability and axonal dam-
age in Abcd1-deficient mice (Morato et al. 2013). The oral administration of piogli-
tazone restored mitochondrial content, reduced oxidative damage, and recovered 
bioenergetic failure in Abcd1-deficient mice. As pioglitazone is widely used as an 
antidiabetic drug, this drug is a promising therapy for X-ALD. Sirtuin 1, a key regu-
lator of the mitochondrial function, is reportedly impaired in the spinal cord of 
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Abcd1-deficient mice and in the brain white matter of X-ALD patients (Morató 
et  al. 2015). Resveratrol (3,4′,5-trihydroxystilbene), a polyphenol nonflavonoid 
compound, reportedly restores sirtuin 1 activity together with normalizing of oxida-
tive stress and mitochondrial function, thereby suppressing axonal degeneration in 
Abcd1-deficient mice, suggesting that resveratrol may be a useful compound in 
X-ALD. In contrast, Ranea-Robles et al. reported that the response of nuclear factor 
erythroid  2-like 2 (NRF2), a master regulator of the endogenous antioxidant 
responses, is impaired in X-ALD fibroblasts (Ranea Robles et al. 2018). They dem-
onstrated that dimethyl fumarate, an NRF2 activator, halted axonal degeneration 
and locomotor disability in Abcd1- or/and Abcd1/Abcd2-double deficient mice. 
These results suggest that activation of NRF2 may be a novel target and dimethyl 
fumarate may be a candidate compound for X-ALD therapy.

In spite of the effectiveness of antioxidants in Abcd1-deficient mice, no results 
are yet available from human trials of antioxidants in AMN patients.

8.6  �Suppression of Inflammatory Processes

X-ALD is an inflammatory demyelinating disorder with an infiltration of lympho-
cytes and monocyte/macrophages that appears similar to MS. In fact, a remarkable 
infiltration of lymphocytes into the brain reportedly is observed at autopsy in 
CCALD patients (Ito et al. 2001). However, the pathogenesis of the inflammatory 
response is different from that in MS. At the outset of cerebral demyelination in 
X-ALD, microglia and astrocytes appear to be immunologically activated by 
VLCFA accumulation. The active microglia accumulated around vessels release 
IL-1β, which abolishes the protective effect of astrocytes on BBB integrity 
(Musolino et al. 2015). Disruption of BBB integrity lead to interactions between 
blood-derived immune cells (such as T cells and monocytes/macrophage) and resi-
dent glial cells (such as microglia and astrocytes), which in turn lead to the exces-
sive production of proinflammatory cytokines and eventually progressive 
demyelination in CCALD (Paintlia et al. 2003).

Microglia, macrophages and astrocytes are prominent in active lesions express-
ing CD1 molecules, the major MHC-unrestricted lipid antigen, which may trigger 
the T-cell inflammatory response (Ito et al. 2001). In X-ALD, gangliosides or pro-
teolipids in myelin, might be candidate antigens for eliciting auto immunity with 
VLCFAs (Tagawa et  al. 2002). Antigen-presenting cells such as astrocytes and 
microglia may produce IL-12, which triggers CD4 T-cell in the TH1 response. 
Activated T cells produce proinflammatory cytokines, including TNFα and 
interferon-γ (INF-γ). Hence, CCALD can be categorized as a brain autoimmune 
disease. Thus, immunosuppressive treatments have been attempted in an effort to 
halt the disease progression (Fig. 8.4f). However, immunosuppressive and/or immu-
nomodulating therapies have not worked in patients with advanced inflammatory 
demyelination (Naidu et  al. 1988; Horvath et  al. 2012; Korenke et  al. 1997). 
Blocking CNS infiltration of systemic monocytes using natalizumab and intravenous 
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high-dose immunoglobulins has also failed to show any benefit in CCALD (Turk 
et al. 2017b; Cappa et al. 1994).

The failure of immunomodulating therapies may be due to the distinct character-
istics of disease pathogenesis in CCALD compared with MS. In both diseases, the 
infiltrated inflammatory cells are mostly macrophages and T-cells. In MS, however, 
the inflammatory cells are located at the active demyelination edge, whereas they 
are located behind the active demyelination edge in CCALD. This observation sug-
gests that the inflammatory reaction in CCALD may be secondary to the demyelin-
ating process. In MS, the infiltrated and activated T cells expressing IFN-γ are 
detected in active demyelinating lesions. In contrast, in CCALD the IFN-γ produc-
ing T-cells or INF-γ-stimulated microglia/macrophages are not detected in the 
active lesions, suggesting that the activated T cells are not directly involved in the 
inflammatory demyelination. This is why immunosuppression therapy fails to 
inhibit inflammatory demyelination in CCALD.

In X-ALD, macrophages that have phagocytosed myelin are observed in active 
lesions (Powers et al. 1992) and display a pro-inflammatory state (the M1 type). 
Weinhofer et al. reported that the macrophages in the anti-inflammatory state (the 
M2 type) were significantly lower in CCALD lesions than MS lesions, suggesting 
that the ability to enter the M2 state is incomplete in ABCD1-deficient macrophages, 
which may result in the inhibition of re-myelination and hence progressive demye-
lination in CCALD (Weinhofer et  al. 2018). Macrophage polarization might be 
regulated by mitochondrial energic metabolism as well as fatty acid metabolism 
(Mills and O’Neill 2016; Oishi et al. 2017). Therefore, pharmacological manipula-
tion that can polarize microglia or macrophages so as to enter the anti-inflammatory 
state may be another crucial therapeutic target for preventing myelin destruction in 
patients with X-ALD.

8.7  �Recent Studies of New Targets

At present, there are no interventions to prevent or slow transition to CCALD except 
for HSCT and mitigating the symptoms of AMN. However, novel therapeutic stud-
ies toward new targets based on continuing studies of the pathogenesis are now 
underway.

8.7.1  �Blood-Brain Barrier

It has been reported that BBB dysfunction is likely to play a role in the pathophysi-
ology of inflammatory demyelination in X-ALD (Melhem et al. 2000; van der Voorn 
et al. 2011). The BBB consists of endothelial cells, pericytes and astrocytes that are 
involved in the immune system in the CNS. In CNS diseases, leukocyte infiltration 
through the BBB is a critical step in neuroinflammation. Recently, Musolino et al. 
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reported that ABCD1 deficiency in endothelial cells lead to the upregulation of 
adhesion molecules and a decrease in tight junction proteins, which together result 
in increased trafficking of leucocytes across the BBB (Musolino et  al. 2015). It 
should be noted that the dysfunction of ABCD1 has a direct effect on endothelial 
function regardless of VLCFA accumulation. Recently, Lee et al. reported that the 
block copolymers micelles of poly(ethylene oxide) and poly(propylene oxide) have 
the capacity to restore the function of the BBB (Lee et al. 2018). They reported that 
iPSC-induced brain microvascular endothelial cells (iBMECs) from CCALD 
patients display decreased barrier properties and a greater number of accumulated 
lipid droplets than did iBMECs from control subjects. The recovery of BBB func-
tion by the block copolymers may prevent the onset of inflammatory demyelination 
and thus be a new therapeutic strategy for CCALD. The levels of matrix metallopro-
teinases (MMPs) such as MMP10 and TIMP1 were reported to increase according 
to the severity of neurodegeneration and contribute to the disruption of BBB. It is 
thus possible that inhibition of MMPs might be another target for reducing BBB 
disruption (Thibert et al. 2012).

8.7.2  �Autophagy

In neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s 
disease, autophagy in the brain is reported to be dysfunctional. Launay et al. reported 
that autophagy was down-regulated in the brain of X-ALD patients and in spinal 
cord of Abcd1-deficient mice (Launay et al. 2015). This is due to an elevation of 
mammalian target of rapamycin (mTOR) signaling. They found that temsirolimus, 
a rapamycin derivative, restored autophagic function and inhibited the degenerative 
axon process in Abcd1- and Abcd2-double deficient mice. As temsirolimus is a drug 
in clinical use for the treatment of renal cell carcinoma, approved by the U.S. Food 
and Drug Administration (FDA), this drug become a candidate therapeutic drug, 
especially for AMN.

8.7.3  �The Unfolded Protein Response

Launay et  al. demonstrated that the bile acid tauroursodeoxycholate (TUDCA) 
ameliorates axonal degeneration in Abcd1- and Abcd2-deficient mice by suppress-
ing unfolded protein response (UPR) activation (Launay et al. 2017). UPR activa-
tion might be involved in the pathogenesis of X-ALD, presumably due to a redox 
imbalance. These results suggest that UPR is a novel target in AMN pathogenesis. 
As TUDCA is able to cross the BBB and has been approved by the FDA for clinical 
use, it may be a promising drug for AMN.
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8.7.4  �The Development of Novel Drugs

Despite considerable therapeutic drug development efforts, no effective drugs have 
been found to date. This is because of the as yet still unexplained aspects of the 
molecular pathogenesis in this disease, which has made it extremely difficult to 
identify valuable therapeutic targets. Therefore, the precise mechanisms by which 
ABCD1 protein deficiency leads to inflammatory demyelination are in urgent need 
of disclosure.

Animal models that mimic the phenotype of X-ALD patients are required for the 
development of novel therapeutic drugs. To date, the lack of adequate disease mod-
els has proven to be a major obstacle to an elucidation of how ABCD1 dysfunction 
leads to cerebral demyelination. The Abcd1-deficient mouse (Pujol et al. 2002) and 
Abcd1-/Abcd2-double deficient mouse develop axonopathy and locomotor impair-
ment at 20 and 12  months of age (Ferrer et  al. 2005), respectively. These mice 
resemble late-onset axonal degeneration in the spinal cord with which most AMN 
patients present, providing a model for investigating disease pathogenesis. Certain 
drugs, such as antioxidants, temsirolimus and TUDCA for AMN might be promis-
ing based on the pharmacological test results in these mice. At present, however, 
there is no adequate model system for CCALD. Even Abcd1-/Abcd2-double defi-
cient mice do not display any inflammatory demyelination. The absence of an 
appropriate model mouse makes the development of therapeutic drugs difficult to 
achieve. Therefore, the generation of novel animal models with a phenotype similar 
to CCALD patients is critically required. Recently, Strachan et al. prepared a zebraf-
ish model of X-ALD and demonstrated a developmental requirement for ABCD1 in 
myelination (Strachan et al. 2017). As zebrafish conserve the genetic pathways for 
myelin formation, the zebrafish model may afford an opportunity for developing 
therapeutic drugs for X-ALD in the future.

Recently, directed differentiation of human iPSCs into disease-related cells has 
become available as a modeling system for the investigation of potential therapeutic 
interventions. ALD patient-specific iPSC-derived glial cells (Baarine et al. 2015b) 
or brain microvascular endothelial cells (Lee et al. 2018) have been used for the 
development of therapeutic drugs. Baarine et al. reported that iPSC-derived astro-
cytes from CCALD expressed higher levels of proinflammatory cytokines than 
those from AMN and control astrocytes (Baarine et al. 2015b). As biochemical dis-
ease phenotypes can be mimicked by iPSC-derived astrocytes, it constitutes an in 
vitro model for the testing of new therapeutics for X-ALD.  Furthermore, the 
CRISPR-Cas9 and related genome editing systems provide useful model cells for 
understanding the pathogenesis of X-ALD (Raas et al. 2019).

The process by which novel drugs are developed is expensive and time consum-
ing. Therefore, drug repositioning of existing drugs is one approach to orphan dis-
eases. As the side-effect profiles and related information of the existing drugs is 
available, the existing drugs are far less time-consuming. Therefore, the usage of 
existing drugs, like as valproic acid, pioglitazone, temsirolimus and metformin, 
may provide an opportunity to find novel treatments.
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8.8  �Concluding Remarks

At present, HSCT is most beneficial for X-ALD patients with a Loes MRI score less 
than 10 and the availability of a matched bone marrow donor. In the near future, 
asymptomatic infants will be identifiable through newborn screening and HSCT 
could be conducted at an asymptomatic stage in all X-ALD males. Furthermore, 
new drugs that can delay symptom onset or progression may improve the HSCT 
clinical outcome. Although its high cost has limited its use at present, it is hopeful 
that ex vivo gene therapy will become the standard therapy for X-ALD patients. 
Furthermore, novel therapeutic drugs that attenuate the impact of the disease in 
symptomatic X-ALD or AMN patients should be considered.
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Chapter 9
The Isolation of Peroxisomes

Tsuneo Imanaka

Abstract  Peroxisomes are subcellular organelles bound by a single membrane. 
They are involved in a variety of metabolic processes such as β-oxidation of very 
long chain fatty acids. Isolated and purified peroxisomes are necessary to obtain a 
detailed understanding of their structure and function. Here, our three protocols for 
the isolation of peroxisomes from rat liver, rat hepatoma H4IIE cells and yeast 
Komagataella phaffii (previously called Pichia pastoris) are presented. Highly pure 
peroxisomes can be prepared from rat liver by differential centrifugation followed 
by Nycodenz gradient centrifugation. It is difficult to prepare highly purified peroxi-
somes from cultured mammalian cells, but the subcellular fractionation of peroxi-
somes is still a powerful tool to analyze whether a certain protein is localized to 
peroxisomes. Peroxisomes are potently induced in methylotrophic yeast such as K. 
phaffii. A large amount of mammalian peroxisomal proteins can be expressed in 
cells under the control of the alcohol oxidase gene promoter in a medium containing 
methanol as the only carbon source. Therefore, purified peroxisomes are useful for 
characterizing mammalian peroxisomal proteins. The protocols for the isolation of 
peroxisomes by immuno-beads and peroxisomal membranes by a sodium carbonate 
procedure are also presented.
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9.1  �Introduction

The isolation of peroxisomes is an essential technology for characterizing the con-
stituents in peroxisomes along with their function. Peroxisomes play a critical role 
in a number of important metabolic pathways, including the β-oxidation of very 
long chain fatty acids (VLCFA) as well as the synthesis of ether-phospholipids and 
bile acid. Purified peroxisomes are needed to address the following questions. How 
are newly synthesized peroxisomal proteins imported into peroxisomes, and how 
are metabolites transported across peroxisomal membranes?

In mammals, peroxisomes are small organelles comprising only a few percent 
of the volume of the liver and kidney cells in which they are most abundant. 
However, highly purified peroxisomes can be prepared from the rat liver by mild 
homogenization of the tissue, differential centrifugation, and Nycodenz density 
gradient centrifugation. Nycodenz (N,N′-bis (2,3-dyhydroxypropyl)-5-[N-(2,3-
dihydroxyprophyl)acetamido]-2,4,6-triiodo-isophthalmide; MW 821) is a nonionic 
iodinated density gradient medium of low viscosity and osmolality. The lower 
osmotic pressure and partial permeability of peroxisomal membranes should lead 
to improved separation of peroxisomes from other organelles. I present our proto-
col for the isolation of peroxisomes from rat liver based on certain published 
reports (Imanaka et al. 1987, 1991; Morita et al. 2000). I also touch on how we 
evaluate the purity of peroxisomes in the discussion section.

Highly purified peroxisomes are also prepared by immuno-beads (Luers et al. 
1998). Rat liver peroxisomes are further purified from the peroxisomal fraction pre-
pared by Nycodenz gradient centrifugation by using magnetic-beads covalently 
coupled to an anti-PMP70/ABCD3 antibody (Kikuchi et al. 2004).

Peroxisomal membranes lacking peripheral membrane proteins were prepared 
by a sodium carbonate procedure (Fujiki et al. 1982a, b) in which peroxisomes are 
disrupted and peroxisomal proteins denatured by the alkaline pH of sodium carbon-
ate (0.1 M, pH ~11.0). As a result, peripheral membranes proteins detach from the 
peroxisomal membranes. Matrix proteins and core proteins such as urate oxidase 
are also released from the peroxisomes. After the sodium carbonate treatment, per-
oxisomal membranes with integral membrane proteins are recovered as membrane 
sheets by high speed centrifugation.

Peroxisomes are dynamic organelles and change their number and content in 
different environments. Cultured cells constitute an ideal tool for manipulating met-
abolic conditions, e.g. by incubation with selected compounds or modifying the 
expression of peroxisomal proteins by knockout or overexpression. Generally, the 
size of culture cell peroxisomes is considerably smaller and their amount less abun-
dant compared to those in the rat liver and kidney. It is difficult to prepare highly 
purified peroxisomes. Nonetheless, the subcellular fractionation of peroxisomes 
provides useful information about peroxisomes. The subcellular fractionation pro-
cedure from rat hepatoma HIIE cells is presented (Imanaka et al. 1996).

Yeast cells contain only a few peroxisomes when glucose is used as the only 
carbon source. However, the peroxisome volume as well as number greatly increases 
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when the carbon source is changed to methanol in methylotrophic yeast such as 
Ogataea polymorpha and Komagataella phaffii (formerly called Hansenula poly-
morpha and Pichia pastoris, respectively) (Ahmad et al. 2014). In addition, a large 
amount of mammalian peroxisomal proteins can be expressed in peroxisomes of 
yeast under control of a powerful methanol-inducible alcohol oxidase gene pro-
moter. Therefore, the preparation of peroxisomes from yeast cells is useful for the 
characterization of mammalian peroxisomal proteins expressed in peroxisomes. 
Here I present our protocol for the isolation of peroxisomes from K. phaffii.

9.2  �Isolation of Peroxisomes from the Rat Liver

As peroxisomes are most abundant in the rat liver in mammals, the basic procedure 
for isolating them has been developed in hepatic tissue. The isolation of peroxi-
somes from the rat liver is based on the procedures of Leighton et al. (1968) and 
Imanaka et al. (1987) with certain simplifications. As peroxisomes are fragile, mild 
conditions are employed during their isolation. The homogenate is normally pre-
pared in an isotonic solution (0.25 M sucrose for mammalian tissues) with 0.1% 
(v/v) ethanol, 1 mM EDTA and a low concentration of buffer (pH 7.4). Ethanol is 
known to prevent the inactivation of catalase. The addition of a chelator reduces the 
aggregation of peroxisomes. The protease inhibitors leupeptin, pepstatin, chymo-
statin and antipain are added at a concentration of 10 μg/ml to prevent the degrada-
tion of peroxisomal membrane proteins (PMPs). Calculating the recovery of 
peroxisomes and their purity based on an assay of their marker enzymes are impor-
tant for evaluating the quality of the preparation and reproducibility of the proce-
dure (Leighton et al. 1968).

9.2.1  �Procedure

	 1.	 Starve the rats overnight. Starvation reduces the glycogen particles in the liver 
that disturb the separation of the organelles.

	 2.	 Weigh the rats. After anesthesia and cutting the cervical aorta for bleeding them 
to death and removing the blood from the liver as soon as possible, rinse the 
liver with ice-cold 0.25 M sucrose, 1 mM EDTA and 0.1% ethanol at pH 7.4 
(0.25 M SVE).

	 3.	 Weigh the liver and cut it into small pieces (~5 mm3).
	 4.	 Homogenize the liver with one down-and-up stroke of a loose-fitting pestle 

(Potter-Elvehjem homogenizer) rotating at 1000 rpm. Adjust the volume of the 
homogenate to 5 volume of the tissue weight (5 ml/g tissue). All procedures are 
carried out at a temperature of 4 °C.
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	 5.	 Centrifuge the homogenate at 2500 × g for 13 min1 to pellet the cellular debris, 
nuclei and large population of mitochondria. (The pellet fraction is called the ν 
fraction, as in Leighton et al. (1968))

	 6.	 Retain the supernatant avoiding the lipid layer at the top, and remove the pink 
fluffy layer on the pellet carefully by pipetting and combine it with the superna-
tant (the ε fraction). Then suspend the pellet that has been detached by a glass 
rod in half of the original volume of 0.25 M SVE. Re-homogenize the pellet as 
before and centrifuge at 2500 × g for 13 min.

	 7.	 Pool the supernatants from both homogenization steps (including the pink 
fluffy layer), add the protease inhibitors leupeptin, pepstatin, chymostatin and 
antipain at a final concentration of 10 μg/ml, and centrifuge at 17,000 × g for 
22 min to pellet the peroxisomes. The pellet includes mitochondria, lysosomes 
and endoplasmic reticulum (ER) and is called the λ fraction.

	 8.	 Remove the supernatant (the ϕ fraction) and then carefully remove the pink 
fluffy layer as thoroughly as possible by pipetting. Then suspend the pellet 
detached by the glass rod in a small volume of 0.25 M SVE and homogenize 
gently by two to three strokes with a Dounce homogenizer type B.

	 9.	 Centrifuge the suspension at 17,000 × g for 22 min and remove the supernatant 
with the pink fluffy layer, homogenize the pellet with Dounce homogenizer, 
and adjust the volume to 4 ml by 0.25 M SVE.

	10.	 Apply 2  ml of each to the top of 20  ml of the Nycodenz linear gradient 
(ρ = 1.15–1.25) on 2 ml of Nycodenz cushion (ρ = 1.30). Nycodenz solutions 
are prepared in 0.25 M SVE plus 5 mM HEPES, pH 7.4 (0.25 M SVEH). Apply 
1.0 ml of SVEH carefully on the sample. Centrifuge at 193,000 × g for 90 min 
with a vertical rotor using slow acceleration and deceleration. Peroxisomes 
form as a sediment of green color in the centrifuge tube (Fig. 9.1). Instead of 
the vertical rotor, a similar purity is obtained using an angle or swing rotor 
under the same conditions.

	11.	 After centrifugation, make a small hole in the bottom of the centrifuge tube 
with an 18 gauge needle and recover the solution from the bottom drop by drop 
in 1 ml tubes. Measure refractive index to determine the density of the solution 
and determine the marker enzymes in each organelle.

	12.	 To concentrate the peroxisomes in peroxisomal fractions, deliver the peroxi-
somal fraction drop by drop into 5 volumes of 0.25 M SVEH, mix gently and 
centrifuge at 17,000 × g for 22 min. Detach the pellet with a glass rod and 

1 Centrifugation conditions are express in integrate form; g-min, rather than in the conventional 
terms of at a  × g for b min in the original paper (Leighton et  al. 1968). The article considers 
the force during acceleration and deceleration, and determines the centrifugation condition (g-min) 

using the following formula; g-min = ω2

0

t

∫ dt × Rav/981 × 60. Rav is the distance to the middle of 

the tube of the fluid during centrifugation. In this paper, conventionally, the determination of the 
centrifugation conditions is made from the plateau speed and the centrifugation time from the start-
ing point as “a × gav for b min”. In this paper, gav is expressed simply as g. The flowchart for the 
isolation of peroxisomes is shown in Fig. 9.1.
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4 rats (weight 200-250 g)

fast overnight

Livers (~35 g)

Small pieces and Homogenized 

0.25 M SVE

protease inhibitor

Homogenate (~175 ml)

ppt sup

Homogenized (~90 ml) 

ν frac�on sup
Pool (ε frac�on)

ppt sup

Homogenized (~30 ml) 

ppt Sup

λ Frac�on (~4 ml)
Pool (φ frac�on)

Sample 2 ml
0.25 M SVEH 1 ml

Nycodenz
gradient 20 ml

Nycodenz cushion
193,000 x g, 90 min

2,500 x g, 13 min

2,500 x g, 13 min

17,000 x g, 22 min

17,000 x g, 22 min

Peroxisome

0.25 M SVE

0.25 M SVE

0.25 M SVE

1 ml

Fig. 9.1  Flowchart of the isolation of peroxisomes from the rat liver
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suspend it in several ml of SVEH, then homogenize it with the Dounce homog-
enizer as done previously.

9.2.2  �Results and Discussion

The light mitochondrial fraction that had been prepared by differential centrifuga-
tion was further fractionated by equilibrium density centrifugation on Nycodenz. 
The distribution of marker enzymes is plotted in Fig. 9.2. Peroxisomes were well 
separated from the other organelles and formed a sediment at a density of approxi-
mately 1.25 in fractions 10–12.

The purity of the peroxisomal fraction is estimated by the relative specific activi-
ties (specific activity in the peroxisomal fraction/specific activity in the homoge-
nate) of the marker enzymes. Generally, the relative specific activity of catalase 
increases to approximately 35, while that of mitochondria, ER and lysosomes 
decreases to approximately 0.1. The protein contents of peroxisomes, mitochondria, 
ER and lysosomes in rat liver cells are estimated to be approximately 2.5%, 20%, 
20% and 2.0%, respectively (Leighton et al. 1968). Therefore, the purity of peroxi-
somes is estimated to be approximately 90%, based on the relative specific activity 

Fig. 9.2  Subcellular fractionation on a Nycodenz gradient. A light mitochondrial fraction pre-
pared from the rat liver was fractionated by equilibrium density centrifugation on Nycodenz. 
Catalase, N -acetyl-β-D-glucosaminidase (NAGase), cytochrome c oxidase (Cyt Ox), esterase are 
measured as marker enzymes of peroxisome, lysosome, mitochondria and microsome (ER), 
respectively. The density of each fraction was calculated based on the refractive index
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of catalase. Contamination by mitochondria and ER in the peroxisomal fraction is 
estimated as approximately 2% from relative specific activities of cytochrome c 
oxidase and esterase.

The isolation of peroxisomes from other tissues requires certain modification of 
the procedure, i.e. how to optimally homogenize the tissues and how long to centri-
fuge the sample. The brain contains myelin and a large amount of lipids, so other 
procedures are recommended (Schonenberger and Kovacs 2017).

9.3  �Immuno-Isolation of Peroxisomes from the Rat Liver

Immuno-isolation is a powerful technique for the isolation of cells as well as subcel-
lular organelles using the antigenic proteins on their surfaces (Luers et al. 1998). 
Here, I present our protocol for the further isolation of peroxisomes prepared by 
Nycodenz gradient centrifugation in order to eliminate any contaminant organelles 
such as mitochondria from the peroxisomal fraction (Kikuchi et al. 2004). This pro-
tocol can be used to isolate peroxisomes from crude subcellular fractions and cul-
tured cell homogenates.

A polyclonal antibody raised against the cytoplasmic C-terminal amino acids of 
rat PMP70 (ABCD3) was covalently bound to magnetic beads (Dynabeads M-450). 
The coated beads were incubated with the purified peroxisomes. The peroxisomes 
were separated by magnetic beads that were bound to the antibody against PMP70. 
The polypeptides of these isolated peroxisomes were analyzed by SDS-PAGE.

9.3.1  �Procedure

	1.	 An anti-PMP70 specific antibody is bound to magnetic beads (1 × 108) using an 
anti-rabbit Fc fragment as a linker antibody according to the manufacturer’s 
instructions. Peroxisomes are prepared by Nycodenz density gradient 
centrifugation.

	2.	 Incubate the peroxisomes with the magnetic beads suspended in phosphate-
buffered saline (PBS) containing 2 mM EDTA at 4 °C for 6 h. All procedures are 
carried out at a temperature of 4 °C.

	3.	 After incubation, collect the bead complexes by placing the reaction tube in a 
magnet stand.

	4.	 Wash the complex three times with PBS containing 2 mM EDTA and collect the 
bead complexes.

	5.	 Elute the peroxisomes by boiling in 200 μl of 2× SDS sample buffer for SDS-
PAGE. Separate the supernatant by placing the sample in a magnet stand and 
subject it to SDS-PAGE.
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9.3.2  �Results and Discussion

Immunomagnetic separation constitutes a novel approach to the isolation of highly 
purified rat liver peroxisomes. The fraction obtained is practically free of contami-
nating mitochondria. In fact, mitochondrial carboamylphosphate synthase is absent 
from purified fraction (Fig. 9.3). Utilizing an analysis of the peroxisomes by SDS-
PAGE combined with liquid chromatography/mass spectrometry, 34 known peroxi-
somal proteins were identified together with a newly identified peroxisome-specific 
isoform of Lon protease (RIKEN cDNA 1300002A08). This procedure can be used 
to isolate peroxisomes from a crude preparation of tissues and cultured cells.

9.4  �Isolation of the Peroxisomal Membranes

The sodium carbonate procedure is a simple, one-step procedure for the isolation of 
organelle membranes (Fujiki et al. 1982b). Treatment of peroxisomes with 0.1 M 
Na2CO3 at 4 °C denatures matrix proteins, peripheral membrane proteins and core 
protein complexes such as urate oxidase. These proteins are recovered in the 

Fig. 9.3  Silver-stained gels of peroxisomal fraction. (a) Peroxisomal fraction before (line 1) or 
after immune-isolation (line 2) was subjected to SDS-PAGE and silver staining. Carb, carboam-
ylphosphate synthase; RIK, RIKEN cDNA 1300002A08 (lon protease); P70, PMP70/ABCD3; 
Cat, catalase; H, IgG heavy chain; L, IgG light chain; Uri, urate oxidase; P22, PMP22. (b) 
Summary of the identified proteins. The major proteins corresponding to the prominent bands are 
listed on the left side of the silver-stained gel, while the less abundant proteins are shown on the 
right side
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supernatant after centrifugation. Peroxisomal membranes with integral membrane 
proteins are recovered as membrane sheets at the bottom of the centrifuge tube 
(Fujiki et al. 1982a). It is simple to distinguish which protein is an integral mem-
brane protein by SDS-PAGE followed by CBB staining or immunoblotting 
(Fig. 9.4).

9.4.1  �Procedure

	1.	 Mix the purified peroxisomal fraction with the same volume of 0.2 M Na2CO3 so 
as to make a final volume of approximately 4.0 ml by adding 0.1 M Na2CO3. 
Peroxisomal membranes are recovered quantitatively as membrane sheets at 
approximately 0.02–1.0 mg/ml of peroxisomal protein. Maintain the mixture on 
ice for 30 min. All procedures are carried out at a temperature of 4 °C.

	2.	 Centrifuge the solution at 159,000 × g for 60 min. Any type of rotor is accept-
able. At least 10,000  ×  g for 60  min is required to pellet the peroxisomal 
membranes.

Isolated peroxisomes 1 ml

0.2 M Na2CO3 1 ml

Peroxisomes in 0.1 M Na2CO3 

ppt(Mb frac�on) sup

100, 000 X g, 1 h

Stand for 30 min on ice

0.1 M Na2CO3 2 ml

A

kDa

Std Tot  Mb

66

45
36

29
24

20

14

PMP70

PMP22

B

Fig. 9.4  Preparation of peroxisomal membranes by sodium carbonate procedure. (a) Flowchart of 
the isolation of peroxisomal membranes form rat liver peroxisomes. (b) The peroxisomal proteins 
(Tot) (50 μg) and peroxisomal membranes (Mb) prepared from 50 μg of peroxisomal proteins were 
subjected to SDS-PAGE and CBB staining. The arrowheads indicate hydratase-dehydrogenase, 
acyl-CoA oxidase, and catalase and urate oxidase, starting from the top
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	3.	 Rinse the pellet gently with approximately 1.0 ml of ice-cold water.
	4.	 Re-suspend the pellet in 100–200 μl of appropriate solution (sample buffer for 

SDS-PAGE).

9.4.2  �Results and Discussion

As shown in Fig. 9.4, PMPs such as PMP70 and PMP22 recover quantitatively in 
the membrane fraction. On the other hand, major matrix proteins such as 
hydratase-dehydrogenase, acyl-CoA oxidase and catalase, as well as urate oxi-
dase, comprise the core complex are not recovered in the membrane fraction. As 
the peroxisomal membranes form aggregates due to the alkaline pH of Na2CO3, 
the membranes are recovered as a pellet by centrifugation. However, a certain 
specific amount of the membranes is required to make the pellet after centrifuga-
tion. A reasonable peroxisomal membrane pellet is obtained without contamina-
tion of soluble proteins in a range between 20 μg/ml and 1 mg/ml of peroxisomal 
proteins. If the amount of peroxisomes is less than 20 μg/ml, erythrocyte mem-
branes or E. coli cell membranes must be added as a carrier to precipitate the 
peroxisomal membranes (Santos et al. 1988).

9.5  �Isolation of Peroxisomes from Cultured Mammalian Cells

On average, the peroxisomes in culture cells are considerably smaller and fewer in 
number than those in the rat liver. The peroxisome sediments occur at densities that 
are close to those in the ER and mitochondria. Although it is difficult to prepare 
highly purified peroxisomes, the distribution of the peroxisome marker enzymes 
can be distinguished from those of the ER and mitochondria. Culture cells have the 
advantage peroxisome manipulation by incubation with selected compounds, or by 
the knockout or overexpression of certain proteins. Isolated peroxisomes are useful 
for the characterization of these organelles. Rat hepatoma H4IIE cells possess a 
relatively large number of peroxisomes and express the proteins involved in the 
peroxisomal metabolic pathway. Here I present our protocol for the isolation of 
peroxisomes from rat hepatoma H4IIE cells (Imanaka et al. 1996) (Fig. 9.5).

9.5.1  �Procedure

	1.	 Wash confluent cells in 75-cm2 culture flasks three times with PBS and harvest 
the cells with the aid of a rubber policeman in PBS.

	2.	 Centrifuge the cell suspension at 800  ×  g for 10  min at room temperature. 
Suspend the cell pellet in 0.25 SVE, pH 7.4 containing 3 mM imidazole and 
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centrifuge at 1000 × g for 10 min at 4 °C. Re-suspend in the above solution at 
approximately 1 × 108 cells/ml and add leupeptin, antipain, chymostatin, and 
pepstatin A to a final concentration of 10 μg/ml each.

	3.	 Homogenize the cells were with a Teflon/glass Potter-Elvehjem homogenizer 
and centrifuge at 2700 × g for 10 min to obtain a postnuclear supernatant (PNS) 
fraction. All procedures are carried out at a temperature of 4 °C.

	4.	 Centrifuge the PNS fraction at 16,000 × g for 20 min to obtain a mitochondrial 
and light mitochondrial fraction.

	5.	 Remove the supernatant and detach the pellet with a glass rod and suspend in 
~1 ml of 0.25 M SVE containing 3 mM imidazole, then re-suspend gently using 
two to three strokes with a Dounce homogenizer type B.

	6.	 Apply 1 ml of the suspended sample to the top of 10 ml of sucrose linear gradient 
(ρ = 1.15–1.27) with 1 ml of sucrose cushion (ρ = 1.30). Centrifuge at 178,000 × g 
for 90 min with an angle rotor. In addition to an angle rotor, a similar purity of 
peroxisomes (is prepared by vertical rotor) may be prepared with a vertical or 
swing rotor.

Fig. 9.5  Flowchart of the isolation of peroxisomes from rat hepatoma H4IIE cells
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	7.	 After centrifugation, make a small hole in the bottom of the centrifuge tube with 
an 18 gauge needle and recover the solution from the bottom drop by drop in 
tubes (1 ml each). Measure the refractive index to determine the density of the 
solution and the marker enzymes in each organelle.

9.5.2  �Results and Discussion

Peroxisomes were separated from other organelles such as mitochondria, ER and 
lysosomes (Fig. 9.6). The LDH located in cytosol was recovered at the top fraction. 
The density of peroxisomes was approximately 1.17 and the peak of catalase dif-
fered from that of other organelles although the distribution patterns of the organ-
elles were overlapped. A similar separation of peroxisomes was obtained in CHO 
cells (Imanaka et al. 1999).

We used sucrose as the gradient centrifugation medium since the separation of 
peroxisomes from other organelles was not improved by Nycodenz gradient in our 
hands. The reason for this is unknown at present. Because of the small size of per-
oxisomes, the penetration of Nycodenz into peroxisomes might not exert much 
influence on sedimentation. A longer period of centrifugation might improve the 
separation of peroxisomes if damage did not occur.

9.6  �Isolation of Peroxisomes from Komagataella phaffii

Yeast is an excellent model organism for the study of peroxisomes. Yeast cells 
contain only a few peroxisomes when glucose is used as the sole carbon source. 
However, the peroxisome size and number markedly increase when the carbon 
source is changed to methanol in methylotrophic yeast such as K. phaffii. 
Furthermore, a large amount of mammalian peroxisomal proteins can be 
expressed in yeast peroxisomes under the control of the alcohol oxidase promoter 
(Ahmad et al. 2014). The peroxisomes, therefore, are useful to characterize the 
function of the proteins.

Yeast cells are surrounded by a cell wall that must be digested before cell lysis. 
Typically, yeast cells are enzymatically converted to spheroplasts using zymoly-
ase. After cell wall digestion, yeast spheroplasts can be lysed easily under hypoos-
motic conditions in a short period. Unbroken cells as well as nuclei are removed 
by low-speed centrifugation, and the resulting PNS fraction is used as the starting 
material for the isolation of peroxisomes. The organelle pellet is obtained by dif-
ferential centrifugation of the PNS fraction. To separate peroxisomes from other 
organelles, the organelle fraction is subjected to Nycodenz gradient centrifugation. 
Here I present our protocol for the isolation of peroxisomes from K. phaffii 
(Fig. 9.7).
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Fig. 9.6  Subcellular fractionation on a sucrose gradient. A light mitochondrial fraction prepared 
from rat hepatoma H4II cells was fractionated by equilibrium density centrifugation on sucrose. 
Catalase, N-acetyl-β-D-glucosaminidase (NAGase), cytochrome c oxidase (Cyt Ox), cytochrome 
c reductase (Cyt Red) and lactate dehydrogenase (LDH) are measured as marker enzymes of per-
oxisomes, lysosomes, mitochondria, microsomes and the cytosol, respectively. The distribution of 
PMP70 was determined by immunoblot analysis of PMP70
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9.6.1  �Procedure

Cultivating Yeast Cells

	1.	 Incubate the yeast cells overnight in 1% yeast extract, 2% peptone and 2% dex-
trose (YPD) medium under reciprocal shaking (200 rpm) at 30 °C.

	2.	 Transfer the cells in YPD medium at an OD610 of 0.6 and culture for 6 h at 30 °C.
	3.	 Harvest the cells by centrifugation at 600 × g for 5 min and wash the cells twice 

with sterile H2O.
	4.	 Harvest the cells by centrifugation at 600 × g for 5 min, then suspend the cells in 

0.5% yeast extract and 0.5% methanol (BM) medium as briefly as possible 
(~5 ml).

Yeast cells

ppt sup

Cell lysate 

ppt sup (PNS)

ppt sup

Crude organelle frac�on 

Sample 1 ml

100,000 x g, 135 min

1,000 x g, 5 min

1,000 x g, 10 min 

20,000 x g, 20 min

Peroxisome

Zymolyase

Spheroplasts

0.25 M sorbitol
1.75 M sorbitol

20%

25%

35 %

50 %

Nycodenz

3.0 ml

3.5 ml

2.0 ml

1.5 ml

Fig. 9.7  Flowchart of the isolation of peroxisomes from Komagataella phaffii
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	5.	 Transfer the cell suspension to BM medium and adjust the OD610 to 0.6, then 
incubate the cells under reciprocal shaking (200 rpm) for 14–16 h at 30 °C.

Generating Spheroplasts

	1.	 Harvest the cells by centrifugation at 1000 × g for 10 min and wash the cells with 
sterile H2O 2–3 times.

	2.	 Suspend the cells pellet in 20  ml of 0.1  M Tris-HCl, pH  7.5 and 50  mM 
EDTA. Add 14 μl of β-mercaptoethanol and gently invert for 20 min at room 
temperature.

	3.	 Harvest the cell by centrifugation at 1000 × g for 10 min and wash the cells twice 
with 20 ml of 1 M sorbitol and 20 mM K2PO4, pH 7.5, and suspend in 20 ml of 
1.4 M sorbitol and 20 mM K2PO4, pH 7.5.

	4.	 Add Zymolyase at a concentration of 1 mg/g of cells and incubate at 30 °C.
	5.	 Monitor the digestion of the yeast cell wall photometrically at OD610 in 0.1% 

SDS. The burst of spheroplasts can also be observed microscopically by adding 
0.1% SDS from the slide to the cells under the coverslip.

	6.	 Harvest the cell by centrifugation at 1000 × g for 10 min and wash the cells twice 
with 1 M sorbitol and 5 mM MES, pH 5.5. Harvest the cell by centrifugation at 
1000 × g for 10 min. Suspend in 3 ml of 1 M sorbitol and 5 mM MES, pH 5.5 
and let them stand on ice.

Obtaining the PNS and Subcellular Fractionation

	1.	 Add 15 ml of 0.25 M sorbitol, 5 mM MES and 1 mM PMSF to the spheroplast 
suspension (add 1 ml each and pipette gently) and check the lysis of the sphero-
plasts microscopically. All procedures are carried out at a temperature of 4 °C.

	2.	 Add 15 ml of 1.75 M sorbitol, 5 mM MES, pH 5.5 and 1 mM PMSF (add 1 ml 
each and pipette gently) to adjust it back osmotically to 1.0 M sorbitol. Centrifuge 
at 1000 × g for 10 min to remove unlysed cells, nuclei and other cell debris. 
Repeat several times until no pellet is observed after centrifugation.

	3.	 Transfer the PNS to a new tube and centrifuge at 20,000 × g for 20 min to obtain 
a crude pellet containing peroxisomes and mitochondria.

	4.	 Remove the supernatant and detach the pellet with a glass rod and suspend in 
approximately 1 ml of 1 M sorbitol and 5 mM MES, pH 5.5 and re-suspend gen-
tly using two to three strokes with Dounce homogenizer type B.

	5.	 To prepare a continuous Nycodenz gradient solution, a step gradient (1.5 ml of 
50% Nycodenz, 2.0 ml of 35% Nycodenz, 3.5 ml of 25% Nycodenz and 3.0 ml 
of 20% Nycodenz in 5 mM MES, pH 6.0, 1 mM KCl, 1 mM EDTA and 0.1% 
ethanol) was frozen once in liquid nitrogen and then thawed.

	6.	 Apply 1  ml of sample to the top of the Nycodenz gradient and centrifuge at 
100,000 × g for 135 min.

	7.	 After centrifugation, make a small hole in the bottom of the centrifuge tube by a 
needle with an 18 gauge and recover the solution from the bottom drop by drop 
in tubes (1 ml each). Measure the refractive index to determine the density of the 
solution and marker enzymes in each organelle.
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9.6.2  �Results and Discussion

Culturing K. phaffii in the medium with methanol as the only carbon source results 
in peroxisomes being highly induced, and the peroxisome volume of peroxisomes 
comes to occupy more than 50% of the cells. Therefore, highly purified peroxi-
somes can be readily obtained. The preparation of spheroplasts is a critical step in 
preparing peroxisomes. The digestion of the yeast cell wall may be observed micro-
scopically by adding 0.1% SDS. Then the pellet looks like that of the rat cerebrum 
after centrifugation of the spheroplasts.

Peroxisomes were well separated from mitochondria after Nycodenz gradient 
centrifugation (Fig. 9.8). When human ABCD1 was expressed in K. phaffii under 
the control of the alcohol oxidase gene promoter, ABCD1 was mainly recovered in 
fraction 3–4 on the Nycodenz gradient, which corresponded to the position of the 
peroxisomes shown by the catalase distribution (Okamoto et al. 2018). ABCD1 was 

A

B

Fig. 9.8  (a) Subcellular fractionation on a Nycodenz gradient. The organelle pellet fraction from 
methanol-induced cells was fractionated by Nycodenz density gradient centrifugation. The density 
(open triangle) of each fraction was calculated based on the refractive index. Catalase activity 
(open square) and cytochrome c oxidase activity (open circle) were used as markers of peroxi-
somes and mitochondria. The peroxisomal localization of His-ABCD1 was confirmed by immu-
noblotting using an anti-His antibody. (b) The peroxisomal fraction (T) was separated into soluble 
(S) and membrane (P) fractions by Na2CO3 treatment, and an equal portion of each fraction was 
subjected to immunoblot analysis
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recovered in the membrane fraction after sodium carbonate treatment, suggesting 
the ABCD1 expressed in K. phaffii was properly targeted to the peroxisome and 
inserted in the peroxisomal membrane. Highly purified peroxisomes may be pre-
pared from yeast Saccharomyces cerevisiae in which peroxisomes were induced by 
oleic acid as the only carbon source (Cramer et al. 2015).
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Chapter 10
Structure Biology of Peroxisomal Proteins, 
Peroxins

Hiroaki Kato

Abstract  Peroxins participate in importing necessary proteins into the peroxi-
somes as well as producing the membrane that separates the peroxisome from the 
rest of the cell. One of the most powerful ways to elucidate the mechanisms under-
lying biological phenomena is to determine the three-dimensional structure of the 
macromolecules and their complexes. This review summarizes recent findings on 
available structural data of peroxins and their complexes. It provides structure-
based mechanistic interpretation of the processes they are involved in, especially, 
two cases of structural investigations for PTS2 recognition complex that consists of 
Pex7p, Pex21p and an artificial PTS2-cargo protein, and for the complex of PMP 
carrier Pex19p and its receptor Pex3p. Recent breakthroughs in cryo-electron 
microscopy and X-ray free electron lasers have accelerated structural studies of 
difficult-to-crystallize proteins and have opened up new opportunities in under-
standing conformational dynamics and visualizing the process of biological actions. 
Their current results related to peroxins and future prospects are also explained to 
non-structural biologists.

Keywords  Pex3 · Pex7 · Pex19 · Pex21 · PTS2 · X-ray crystallography · 
Intrinsically disordered proteins · X-ray free electron laser (XFEL) · Cryo-electron 
microscopy (Cryo-EM) · AAA+ ATPase

10.1  �Introduction: Peroxisome Biogenesis and Structural 
Biology

Three-dimensional knowledge of the structures of macromolecules in the cell is 
essential for understanding how they work. Investigation of peroxisome biogenesis 
has much progressed by cellular and genetic biological studies. However, structural 
insight into the underlying molecular mechanisms at atomic resolution is still at an 
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early and incomplete stage. This review summarizes recent findings on available 
structural data of proteins and their complexes that are participated in the peroxi-
some biogenesis and provides structure-based mechanistic interpretation of the 
processes they are involved in. Peroxisome biogenesis requires peroxins, which are 
encoded by PEX genes (Fujiki et al. 2014). To date, there are 16 known human 
peroxins and 36 altogether in all species (Smith and Aitchison 2013; Yofe et al. 
2017; Farre et al. 2017).

Peroxins participate in importing necessary proteins into the peroxisomes as 
well as producing the membrane that separates the peroxisome from the rest of the 
cell. Currently available molecular structures for peroxins are summarized in 
Table 10.1. The functional roles of those peroxins are interpreted as follows. In the 
import of the peroxisomal matrix proteins, Pex5p recognizes the peroxisomal tar-
geting signal 1 (PTS1), as the PTS1-cargo-receptor. There is another targeting sig-
nal, PTS2 and PTS2-cargo is recognized by Pex7p together with Pex21p (or Pex18p) 
in yeast, or with Pex5L in mammals. The PTS receptor Pex5p interacts with the 
PTS1 of cargo in the cytoplasm, docks at the docking complex, Pex13p and Pex14p, 
and is integrated into the membrane to form the transport channel with Pex14p. 
Pex1p/Pex6p are involved in the export (recycling) of the PTS receptors. In yeast 
Pex15p possesses a role in anchoring Pex6 onto the peroxisomal membrane. Pex4 
belongs to the ubiquitin conjugating enzymes required to the receptor export. 
Monoubiquitination of Pex5p (or perhaps Pex7p) by ubiquitin-conjugating and 
ligase enzymes, Pex4p, enables Pex5p recycling back to the cytosol for another 
round of import. Pex4p binds the peroxisomal membrane protein Pex22p, a co-
activator of E2 enzyme (Williams et al. 2012). Pex22p is an integral peroxisomal 
membrane protein with its NH2 terminus in the matrix and its COOH terminus in 
the cytosol and anchors Pex4p at the peroxisomal membrane (Koller et al. 1999). 
On the other hand, Pex3p and Pex19p are involved in the proper integration of per-
oxisomal membrane proteins (PMPs) in yeast as well as mammal. PMPs that are 
direct targeting to peroxisomes (class I PMPs) are recognized by the shuttling 
receptor Pex19p though the membrane PTS (mPTS) in the cytosol. Pex19p-cargo 
complexes are then recruited to peroxisomes by membrane-bound Pex3p and cargo 
PMPs are inserted into membrane and assembled into PMP complexes by mecha-
nisms that seems to be mediated by the chaperone activity of Pex19p.

Considerable amount of the structural information has been apparently available, 
but the analyzed structures are restricted for 12 peroxins in the 36 totals (Table 10.1). 
They belong to the soluble proteins or soluble domain of PMPs (Pex3p, Pex13p and 
Pex14p). There are three peroxins, Pex3p, Pex4p, and Pex7p, of which structures 
determined are of whole molecule (Pex4p and Pex7p) or that without the membrane 
anchor peptide region (Pex3p). The other structures are of a folded domain or a 
short peptide region bound to another peroxin.

Many peroxins possess molecular properties of the proteins called intrinsically 
disordered proteins (IDPs; also known as intrinsically unstructured proteins), which 
lack tertiary contacts and typically do not exhibit stable secondary structure. Some 
proteins are predicted to be entirely disordered, whereas others contain disordered 
regions (IDRs), as well as structured globular domains. For example, Pex5p has 
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Table 10.1  Peroxin structures

Structural state of pexoxins
PDB 
ID Species Method/resolution Reference

Pex1 N-terminal domain 
(13–179)

1WLF Mouse X-ray/2.05 Å Shiozawa et al. 
(2004)

Pex1–Pex6 complex – S. cerevisiae CryoEM/6.2–7.3 Å Blok et al. (2015)
Pex1–Pex6 complex – S. cerevisiae CryoEM/21–23 Å Ciniawsky et al. 

(2015)
Pex1–Pex6 complex – S. cerevisiae CryoEM/23 Å Gardner et al. 

(2018)
Pex3 (40–368)–Pex19 
peptide (14–30)

3MK4 Human X-ray/2.42 Å Schmidt et al. 
(2010)

Pex3 (52–368)–Pex19 
peptide (15–40)

3AJB Human X-ray/2.5 Å Sato et al. (2010)

Pex4 (54–180)–Pex22 
(57–180)

2Y9M S. cerevisiae X-ray/2.6 Å Williams et al. 
(2012)

Pex4–Pex22 mutant 2Y9P S. cerevisiae X-ray/3.25 Å Unpublished
Pex4–Pex22 SS bond 
mutant

4BWF S. cerevisiae X-ray/3.23 Å Williams et al. 
(2013)

Pex4 (1–183)–Pex22 
(50–154)

5NKZ O. polymorpha X-ray/2.85 Å Groves et al. (2018)

Pex4–Pex22 (50–154) 5NL8 O. polymorpha X-ray/2.85 Å Groves et al. (2018)
Pex5 TPR domain 
(280–602)–PTS1

1FCH Human X-ray/2.2 Å Gatto Jr. et al. 
(2000)

Pex5 TPR domain 
(335–639)–MSCP2 
(22–143)

2C0L Human X-ray/2.3 Å Stanley et al. (2006)

Pex5 TPR domain apo 
(284–602)

2C0M Human X-ray/2.5 Å Stanley et al. (2006)

Pex5 TPR another 
conformation

2J9Q Human X-ray/2.65 Å Stanley et al. (2007)

Pex5–PTS1 3CV0 T. brucei X-ray/2 Å Sampathkumar 
et al. (2008)

Pex5 TRP domain–cargo 
protein

3R9A Human X-ray/2.6 Å Fodor et al. (2012)

Pex5 TRP domain–cargo 
protein K390/K391A

4KXK Human X-ray/2.9 Å Fodor et al. (2015)

Pex5 TRP domain–cargo 
protein K390A

4KYO Human X-ray/2.2 Å Fodor et al. (2015)

Pex7 (1–374)–Pex21 
(197–288)–PTS2

3W15 S. cerevisiae X-ray/1.8 Å Pan et al. (2013)

Pex13 SH3 domain 1WXU Mouse NMR Unpublished
Pex13 (301–386) SH3 
domain

1JQQ S. cerevisiae X-ray/2.65 Å Douangamath et al. 
(2002)

Pex13 SH3 domain–Pex14 
peptide

1N5Z S. cerevisiae X-ray/2.7 Å Douangamath et al. 
(2002)

Pex13 SH3 domain 1NM7 S. cerevisiae NMR Pires et al. (2003)

(continued)
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IDR in the N-terminal half (1–279) as well as the structured three tetratricopeptide 
repeats, call TPR domain, in the C-terminal half (280–602) (Barros-Barbosa et al. 
2019). Pex19p also has IDR in the N-terminal half (1–155) and alpha-helical 
C-terminal half (156–296). Interestingly, purified Pex19 exhibits quite high solubil-
ity, with concentrations of more than 200  mg/ml remaining in solution (Shibata 
et al. 2004). They are characterized by their biased amino acid composition and low 
sequence complexity, as well as by their low proportions of bulky hydrophobic 
amino acids and high proportions of charged and hydrophilic amino acids. In gen-
eral, IDPs frequently interact with, or function as hubs in, protein-interaction net-
works. Atomic structures of IDRs in their bound states can be obtained by X-ray 
crystallography, if they are well ordered. However, there is a difficulty in the inves-
tigation to find the correctly folded conditions of molecules or the bound partner 
peptide regions to fix the tertiary structure of molecules. Thus, I introduce two case 
studies of structural investigations for PTS2 recognition complex that consists of 

Table 10.1  (continued)

Structural state of pexoxins
PDB 
ID Species Method/resolution Reference

Pex13 SH3 domain–Pex14 
peptide

2V1R S. cerevisiae X-ray/2.1 Å Unpublished

Pex14 N-terminal domain 3FF5 Rat X-ray/1.8 Å Su et al. (2009)
Pex14 (20–76)–Pex5 
(93–112)

2W84 Human NMR Neufeld et al. 
(2009)

Pex14 (20–76)–Pex19 
(101–112)

2W85 Human NMR Neufeld et al. 
(2009)

Pex14 (12–80)–Pex5 
peptide (57–71)

4BXU Human NMR Neuhaus et al. 
(2014)

Pex14 N-terminal domain 
(23–71)

5AON T. brucei X-ray/1.65 Å Watanabe et al. 
(2016)

Pex14 N-terminal domain 
(15–84)

5MMC T. brucei NMR Dawidowski et al. 
(2017)

Pex14 (5–66)–inhibitor 
6RD

5L87 T. brucei X-ray/0.87 Å Dawidowski et al. 
(2017)

Pex14 (5–66)–inhibitor 
6RB

5L8A T. brucei X-ray/1.57 Å Dawidowski et al. 
(2017)

Pex14 (5–66)–inhibitor 
KZZ

5N8V T. brucei X-ray/1.55 Å Dawidowski et al. 
(2017)

Pex15 (43–259) 5VXV S. cerevisiae X-ray/1.55 Å Gardner et al. 
(2018)

Pex19 (171–280) 2WL8 Human X-ray/2.05 Å Schueller et al. 
(2010)

Pex19 farnesylated 
C-terminal domain 
(161–299)

5LNF Human NMR Emmanouilidis 
et al. (2017)

S. cerevisiae, Saccharomyces cerevisiae; O. polymorpha, (formerly called Hancenula polymor-
pha); T. brucei, Trypanosoma brucei; CryoEM, cryoelectron microscopy; X-ray, X-ray crystal-
lography; PDB, Protein Data Bank; SH3, SRC homology 3
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Pex7p, Pex21p, and an artificial PTS2-cargo protein, and for the complex of PMP 
carrier Pex19p and its receptor Pex3p. The readers could obtain experimental strat-
egy or tactics that facilitate the other structural investigation of peroxins.

10.2  �Structural Basis for the Recognition Mechanism 
of the Second Peroxisomal Targeting Signal, PTS2 
by Its Receptor Complex Pex7p and Pex21p

There are two types of targeting signals for peroxisomal matrix proteins: PTS1 at 
C-terminal, and PTS2 near N-terminal (Platta and Erdmann 2007). PTS1 is recog-
nized by the peroxin Pex5p, whereas PTS2 is recognized by Pex7p together with a 
co-receptor peroxin. Crystal structures of the PTS1-binding domain of Pex5p have 
been solved in apo-form (Stanley et al. 2006), with a PTS1 peptide (Gatto Jr. et al. 
2000) or with a PTS1-cargo (mSCP2) (Stanley et al. 2006). On the other hand, crys-
tal structure of Pex7p or the PTS2-interaction domain of the co-receptor peroxin, 
ligated with or without PTS2, had been reported (Pan et al. 2013). The first Pex7p 
identified was S. cerevisiae Pex7p (also known as Peb1p or Pas7p), which was 
shown to be the receptor of Fox3p (also known as Pot1p) (Marzioch et al. 1994; 
Zhang and Lazarow 1995; Rehling et al. 1996). Fox3p contains a functional PTS2 
at its N-terminus (Rehling et  al. 1996; Glover et  al. 1994) and functions as a 
3-ketoacyl-CoA thiolase (EC 2.3.1.16) at the final step of the β-oxidation (Wanders 
and Waterham 2006). Human Pex7p was identified as the homolog of S. cerevisiae 
Pex7p and linked to a fatal peroxisome biogenesis disorder (PBD), rhizomelic 
chondrodysplasia punctata type 1 (RCDP1) (Braverman et al. 1997, 2002; Motley 
et al. 1997, 2002; Purdue et al. 1997).

The PTS2 sequence was initially identified in rat peroxisomal thiolase (Swinkels 
et al. 1991; Osumi et al. 1991). Later, the sequence motif of PTS2 was refined to 
R–[L/V/I/Q]–xx–[L/V/I/H]–[L/S/G/A]–x–[H/Q]–[L/A] (x = any residue) by bioin-
formatics analysis of available functional PTS2 sequences (Petriv et  al. 2004). 
Positions 2, 5, and 9 of this motif are mostly limited to hydrophobic residues 
whereas positions 1 and 8 are limited to hydrophilic residues. In order to explain 
these sequence constraints, the detailed interactions between PTS2 and its receptors 
must be determined based on the three-dimensional structure.

An intriguing question regarded how the co-receptor peroxin assists Pex7p in 
PTS2 recognition. The co-receptor peroxin for Pex7p is species-specific. Paralogous 
peroxins, Pex18p and Pex21p, act as the co-receptor of Pex7p in S. cerevisiae 
(Purdue et  al. 1998), and their homolog Pex20p exists in other yeast and fungi 
(Sichting et al. 2003; Einwachter et al. 2001; Leon et al. 2006). The PTS1 receptor, 
Pex5p, also acts as the co-receptor of Pex7p in Arabidopsis thaliana (Nito et al. 
2002; Khan and Zolman 2010) and in mammals (Braverman et al. 1998; Otera et al. 
1998; Matsumura et al. 2000). The domain structures of these co-receptor peroxins 
share common features: First, their N-terminal domains contain a conserved motif 
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(Einwachter et al. 2001; Dodt et al. 2001) that is ubiquitinated during the recycling 
of receptors from peroxisomal membrane to cytosol (Leon and Subramani 2007; 
Hensel et al. 2011). Second, the Pex14p-binding motif (Wxxx[F/Y]) interacts with 
Pex14p (Neufeld et al. 2009), a peroxin that forms a docking complex on the per-
oxisomal membrane. Third, the Pex7p-binding domain (Pex7pBD) is essential for 
the interaction with Pex7p and the import of PTS2-cargos into peroxisomes 
(Einwachter et  al. 2001; Matsumura et  al. 2000; Dodt et  al. 2001). In Pex18p, 
Pex21p, and Pex20p, their Pex7pBD resided close to the C-terminal, whereas in 
Pex5p, an additional PTS1-binding domain flanked the C-terminal side of Pex7pBD 
(Einwachter et  al. 2001). Pex7pBD seemed to be the most important region for 
interaction with Pex7p, but where does Pex7pBD bind on Pex7p, and how does it 
support PTS2-cargo transport? The structure of Pex7p–Pex7pBD complex unveiled 
their interactions (Pan et al. 2013).

10.2.1  �Preparation of Pex7p–Pex21pC–Fox3pN-MBP 
Complex

To crystallize the ternary complex of Pex7p–co-receptor–PTS2-cargo, Pex7p, 
Pex21p and Fox3p from S. cerevisiae were chosen. It is noted that since Pex7p 
was difficult to obtain in soluble form using an Escherichia coli expression sys-
tem, it was expressed in Komagataella phaffii (formerly called Pichia pastoris) as 
GST-fusion protein. Well-diffracting plate crystals grew when a Pex7p mutant 
with a nine-residue deletion (Δ257–265) was used instead of wild-type Pex7p. In 
the Pex21p preparation, the C-terminal region from Lys190 to Asp288, called 
Pex21pC was sufficient to form the ternary complex and was more resistant to 
degradation than the homologous region of Pex18p. Since the full length Fox3p 
was unsuitable to the crystallization, Fox3pN-MBP in which the N-terminal 15 
residues of Fox3p (hereafter referred to as Fox3pN) was attached to the N-terminal 
of the maltose-binding protein (MBP) from E. coli by a two-residue linker (Arg-
Ser) was used for PTS2–cargo (Fig. 10.1). Finally, plate like crystals diffracted to 
a 1.8 Å resolution were obtained reproducibly using polyethylene glycol 2000 as 
a precipitant (Pan et al. 2013).

10.2.2  �The Structure of the Pex7p–Pex21pC–Fox3pN-MBP 
Complex

The hetero-trimeric structure of Pex7p–Pex21pC–Fox3pN-MBP possesses the 
characteristic assembly of the three proteins (Fig. 10.2). Pex7p forms a ring struc-
ture with a seven-bladed β-propeller fold (Fig. 10.3a). The co-receptor, Pex21pC 
consists of three parts: a cluster of three α-helices (α1–3), a small three-stranded 
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β-sheet (β1–3), and a stretched C-terminal loop (Fig. 10.3a). The helical cluster and 
the β-sheet of Pex21pC bind on the rim of the top surface of Pex7p, and they coop-
eratively form a binding pocket for PTS2 (Fox3pN). The C-terminal loop of 
Pex21pC extends along the side of Pex7p and does not interact with Fox3pN. Fox3pN 
adopts an α-helical conformation and stretches from the globular region of MBP 
into the binding pocket prepared by Pex7p and Pex21pC.

Fig. 10.1  Schematic diagrams of the constructs used for crystallization. The color code here is 
used for all figures, unless otherwise noted. WD1–6 indicate WD40 motifs. ND and WF indicate 
N-terminal conserved domain and WxxxF/Y Pex14 binding motif, respectively. (This is adapted 
from Fig. 1a in Pan et al. (2013))

Pex21pC

PTS2

Pex7p

MBP

Fig. 10.2  Skeleton representation of the hetero-trimer of Pex7p–Pex21pC–Fox3pN(PTS2)-MBP 
in the crystallographic asymmetric unit
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10.2.3  �Special Motif of Pex7p and Pex7p–Pex21p Complex 
Formation

The crystal structure revealed structural features important for Pex7p–Pex21p com-
plex formation. Although the framework of Pex7p is the same as that of typical 
WD40 proteins (Smith et al. 1999), it contains a special region at its N-terminus. 
The N-terminal 44 residues of Pex7p have low sequence similarity to other WD40 
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Fig. 10.3  (a) Ribbon and surface representations of the side view (left) and the top view (right) of 
the hetero-trimer Pex7p–Pex21pC–Fox3pN.  Side chains of Arg4, Leu5, His11, and Leu12  in 
Fox3pN(PTS2) are shown as stick models. The disordered loops (DLs) in Pex7p and Pex21pC are 
presented as dashed curves. The red arrow in the leftmost panel represents the viewpoint of the 
right panel in b and the viewpoint of Fig. 10.4a. Nt, N-terminus; Ct, C-terminus. (This is adapted 
from Fig. 1c in Pan et al. (2013)). (b) Interface residues which determine the specific binding of 
the complex. Residues forming hydrogen bonds between Pex7 and Pex21C (left panel) and form-
ing hydrophobic interfaces between Pex7 and Pex21C (right panel). The helix of Fox3N is omitted 
in the right panel for clarity. In this figure, dashed black lines indicate possible hydrogen bonds. 
(This is adapted from Fig. 3b in Pan et al. (2013))
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motifs (Zhang and Lazarow 1995), and the loop between β-strand 1B and 1C 
(Asn31-Asn37) forms a bulge (Fig. 10.3a), referred as to the bulge loop. The bulge 
loop contains a six-residue consensus motif, [N/H]-[F/Y]-G-[L/I]-[V/L/I/S/A]-G, 
whose length and composition are conserved in Pex7p homologs. The bulge loop 
exposes the hydrophobic residues Phe32, Leu34, and Val35 on its surface 
(Fig. 10.3b). When Pex7p forms a complex with Pex21pC, this protruding hydro-
phobic bulge loop is covered by the hydrophobic pocket of Pex21pC formed at the 
hinge region between α3 and β1 (Fig. 10.3b).

There is a hydrophobic ridge on the top surface of Pex7p (Fig. 10.3a) that con-
sists of residues from blade 1 (the bulge loop), blade 6 (Leu284, Tyr304, Met306), 
and blade 7 (Phe344, Trp364) (Fig.  10.3b). The hydrophobic ridge contacts the 
hydrophobic surface of Pex21p, which contains nine hydrophobic residues: Cys210 
on α1; Val227 and Leu231 on α2; Phe236, Ile237, Leu239, and Met240 on α3; 
Leu250 on β1; and Leu262 on β2 (Fig.  10.3b). Four residues of Pex7p, Phe32, 
Leu34, Phe344, and Trp364, surround Pex21p Phe236 (Fig. 10.3b), which is highly 
conserved among the co-receptor peroxins (Pan et al. 2013).

Pex7p has another characteristic region involved in binding with Pex21pC, called 
the acidic patch at the side of the hydrophobic ridge on blades 6 and 7 (Fig. 10.3b). 
The acidic patch consists of two components: the side chain of Pex7p Glu343 and 
the clustered main-chain C=O groups of Pex7p Met306, Thr339, and His341 
(Fig. 10.3b). The side chain of Pex7p Glu343 interacts electrostatically with the 
side-chain OH group of Pex21p Ser234 and the main-chain NH group of Pex21p 
Lys235 (Fig.  10.3b). Because Pex21p Ser234 and Lys235 are located in the 
N-terminal portion of α3, they are positively charged by the dipole effect of the 
α-helix. The clustered main-chain C=O groups of Pex7p Met306, Thr339, and 
His341 are in range to form hydrogen bonds with Pex21p Lys230 (Fig. 10.3b). Most 
of the residues forming the hydrophobic and electrostatic interfaces between Pex7p 
and Pex21pC are conserved among the corresponding homologs.

10.2.4  �PTS2 Recognition by Cooperation of Pex7p and Pex21p

The binding site of PTS2 is a large cleft that holds the α-helix of Fox3pN and con-
tains two minor grooves that accept side chains protruding from the α-helix 
(Figs. 10.1 and 10.4a). One groove is hydrophilic and the other is hydrophobic. The 
α-helix of Fox3pN is amphipathic. Fox3p Met1, Leu5, Ile8, Leu12, and Val13 form 
the hydrophobic surface, whereas the remaining residues form the hydrophilic sur-
face (Fig. 10.4b). Thus, the key residues of PTS2 are separated in two groups: the 
hydrophilic key residues (Fox3p Arg4, His11) and the hydrophobic key residues 
(Fox3p Leu5, Ile8, Leu12). The hydrophilic groove at the center of the top surface 
of Pex7p contains two pockets that accept the hydrophilic key residues of PTS2 
(Fox3p Arg4 and His11) (Fig. 10.4a). Fox3p Arg4 is surrounded by the residues of 
Pex7p blades 1–3, and its guanidine group is fixed by formation of salt bridges with 
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the carboxyl groups of two acidic residues, Pex7p Asp61 and Glu106 (Fig. 10.4a, 
c). Fox3p His11 is surrounded by the residues of Pex7p blades 4–6, and its imidaz-
ole ring is fixed by formation of hydrogen bonds with Pex7p Tyr178, Glu222, and 
Tyr304 (Fig. 10.4a). When Fox3p Arg4 and His11 bind to the top surface of Pex7p 
in the correct orientation, the hydrophobic residues of Fox3pN consequently fit 
into the hydrophobic groove (Fig. 10.4c), which is formed in between the hydro-
phobic interfaces of Pex7p and Pex21pC (Fig. 10.3a). All three hydrophobic key 
residues (Fox3p Leu5, Ile8, Leu12) of PTS2 are hidden inside the hydrophobic 
groove and form van der Waals contacts with Pex21p Phe236 (Fig. 10.4b, c). The 
residues of Pex7p and Pex21pC that form the binding site for PTS2 are well con-
served among the corresponding homologs. In particular, the α1 helix of Pex21pC, 
which forms a lid to cover PTS2, is also a conserved region among the co-receptor 
peroxins as with Pex21p α2 and α3, which compose Pex7pBD in other species 
(Schliebs and Kunau 2006).
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Fig. 10.4  Molecular recognition of key residues of PTS2. (a) The PTS2 binding pocket. The side 
chains of Met1, Arg4, Leu5, Ile8, His11, and Leu12 of Fox3pN are shown (see b). Dashed black 
lines indicate possible hydrogen bonds. (b) The amphipathic α-helix of Fox3pN. Hydrophobic 
residues are highlighted by underlines. (This is adapted from Fig. 4b in Pan et al. (2013)). (c) The 
surface of the PTS2-binding pocket is shown and colored according to the peptide chain (Pex21pC, 
light pink; Pex7p, pale green). The viewpoint is indicated in Fig. 10.3a by a red arrow. (This is 
adapted from Fig. 4c (left) in Pan et al. (2013))

H. Kato



231

10.2.5  �In Vitro and In Vivo Assays of Pex7p and Pex21p 
Mutants Support Structural Interpretations

The functional importance of the interaction modules of Pex21p and Pex7p in ter-
nary complex formation and PTS2-cargo transport is examined by, in vitro and in 
vivo functional assays (Pan et al. 2013). The in vitro assays were conducted by pull-
down experiments using amylose resin with purified MBP-Pex21pC (or its vari-
ants), Pex7p (or its variants), and Fox3p, whereas the in vivo assays by growth 
defects of S. cerevisiae gene deletion strains on oleic-acid medium (SCOT agar 
plate). As described previously (Zhang and Lazarow 1995; Purdue et  al. 1998), 
Δpex7 and Δpex18Δpex21 exhibited growth defects on SCOT plates due to the 
inability to import sufficient Fox3p into peroxisomes, whereas Δpex7 expressing 
wild-type Pex7p and Δpex18Δpex21 expressing Pex21p exhibited normal growth. 
Simultaneously, Fox3pN-EGFP and mCherry-PTS1 (PTS1  =  Ser-Lys-Leu) were 
co-expressed in all strains, and their localizations were observed using a confocal 
microscope.

The mutants containing Pex21p Phe236 or Pex7p Leu34 to Asp (Pex21p F236D, 
Pex7p L34D), or simultaneously mutated two nearby residues of Pex7p to Ala 
(Pex7p F32A L34A, F344A W364A), were exhibited clear defects in complex for-
mation by pull-down assays (Pan et al. 2013). These mutants also failed to restore 
growth of Δpex7 or Δpex18Δpex21 on SCOT plates and were unable to restore 
localization of Fox3pN-EGFP to peroxisomes. Pex21p Ile206, located on the α1 
helix, is also a component of the hydrophobic core. The Pex21p I206D mutant 
exhibited lower affinity for Pex7p and Fox3p and was unable to restore growth of 
Δpex18Δpex21 on SCOT plates. The results of Pex21p I206D were similar to those 
of the Pex21p Δα1 mutant (Δ197–211). Mutations of residues outside the hydro-
phobic core (Pex21p I202D, K230E) did not affect complex formation, and these 
mutants were able to restore growth of Δpex18Δpex21 on SCOT plates.

The role of Pex7p residues that form electrostatic interactions with the hydro-
philic key residues of PTS2 (Fox3p Arg4, His11) were also examined (Pan et al. 
2013). The mutated Pex7p containing D61R E106H lost the ability to import wild-
type Fox3p into peroxisomes and failed to restore the growth of Δpex7 on SCOT 
plate. However, co-expression of the Pex7p D61R E106H mutant with the Fox3p 
R4E mutant enabled to grow the transformants on SCOT plate as rapidly as a strain 
expressing wild-type Pex7p.

The structure of the bulge loop is essential not only to form a landmark for 
Pex21p but also to constitute a part of the binding site for PTS2 as described above. 
Among the single-amino acid substitutions in human Pex7p that cause RCDP1 
(Braverman et  al. 2002; Motley et  al. 2002), substitutions of His39 (Asn31  in 
S. cerevisiae) to Pro, and Gly41 (Gly33 in S. cerevisiae) to Val, are mutations on the 
bulge loop. This fact, together with the results of our mutation analyses of Pex7p 
Phe32 and Leu34, imply that the conserved shape and the surface property of the 
bulge loop are required for Pex7p’s function.
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10.2.6  �Comparison with Mitochondrial Targeting Signal

Other helical N-terminal targeting signals, such as the signal peptide (Janda et al. 
2010) and mitochondrial targeting signal (MTS) (Abe et  al. 2000), also contain 
hydrophobic residues in their sequence motifs. However, the receptor proteins of 
the signal peptide and MTS (SRP54 and Tom20, respectively) do not recognize any 
hydrophilic residue as specifically as Pex7p–Pex21p does. The PTS2 system shares 
this characteristic with the PTS1 system, in which basic key residue of the PTS1 
sequence motif (-[S/A/C]-[K/H/R]-[L/M]-CO2

−) is specifically recognized by 
Pex5p (Stanley et al. 2006; Gatto Jr. et al. 2000). It is reported that a mutated PTS1 
peptide (Leu-Gln-Ser-Glu-Leu) has an affinity for Pex5p two orders of magnitude 
lower than that of the wild-type PTS1 peptide (Tyr-Gln-Ser-Lys-Leu) (Gatto Jr. 
et al. 2000). Consequently, both hydrophobic and hydrophilic key residues in PTS1 
and PTS2 achieve their specific complementarity with the receptors.

10.3  �Structural Basis for Interactions Between Pex3p 
and Pex19p in Peroxisomes

At least two peroxin proteins, Pex3p and Pex19p, play central roles in the genera-
tion of peroxisome membrane structure (Fujiki et al. 2006). Disruption of the genes 
encoding Pex3p or Pex19p gives rise to no detectable peroxisome membrane struc-
tures (Matsuzono et al. 1999; Muntau et al. 2000; Shimozawa et al. 2000). In the 
cycle of peroxisome formation, Pex3p and Pex19p play an important role in the 
insertion of newly synthesized PMPs into pre-existing peroxisomes (Geuze et al. 
2003; Kim et  al. 2006). Furthermore, it is suggested that in yeast, interaction of 
Pex3p with Pex19p is also required for the exit of pre-mature peroxisomes from the 
ER (van der Zand et al. 2010). Thus, in order to understand the peroxisomal mem-
brane biogenesis, it is essential to analyze the molecular architecture in which Pex3p 
and Pex19p participate.

Pex19p functions as a cytosolic carrier for the PMPs, while Pex3p acts as 
Pex19p’s docking factor on peroxisomes (Fang et  al. 2004; Jones et  al. 2004). 
Pex19p distinguishes PMPs from other membrane proteins, such as mitochondrial 
ones, which are imported with the assistance of general chaperones, Hsp70 and 
Hsp90 (Young et al. 2003). Pex19p is an intrinsically disordered protein (Dyson 
and Wright 2005) that exhibits a characteristic domain organization (Fig.  10.5), 
including a random coil in the N-terminal half and a rigid core in the C-terminal 
half (Shibata et  al. 2004). The N-terminal half of Pex19p seems to contain two 
binding sites for Pex3p: one is on the N-terminal end and has a strong affinity; the 
other is near the PMP-binding site and has weak affinity (Fransen et  al. 2005; 
Matsuzono et al. 2006). The main Pex3p-binding site in Pex19p has been localized 
by two independent studies; it lies within both peptide Met1-Gly56 (Fang et  al. 
2004) and peptide Ala12-Glu73 (Matsuzono et al. 2006) (Fig. 10.5). The sequence 
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alignment indicates that Glu17-Lys31 in human Pex19p is highly conserved among 
animals and plants, whereas yeasts have some exceptions. This region is occupied 
by a unique amino acid sequence containing five hydrophobic residues and seven 
acidic residues.

On the other hand, Pex3p is a membrane-anchored protein; the N-terminal 
33-residue region binds to the peroxisomal membrane, whereas the C-terminal 
remainder is exposed to the cytosol (Ghaedi et al. 2000; Kammerer et al. 1998; 

Fig. 10.5  Features of the N-terminal region of Pex19p. Domain organization of human Pex19p 
and N-terminal sequence alignment of vertebrate Pex19p proteins. In the upper panel, the 
N-terminal disordered half and the C-terminal rigid core of Pex19p are shown in blue and yellow, 
respectively. The regions containing the previously reported binding sites for Pex3p and cargo 
PMP are colored in cyan and green, respectively. In the lower panel with the alignment of human 
Pex19p (Met1-Ala44), the helix and the subsequent tail are illustrated in red. Amino acid residues 
significant for the interaction with Pex3p are shown in cyan. Residues involved in the Pex3p bind-
ing are shown in orange. Proline residues in the tail region are shown in gray. The yeast Pex19p 
and Pex3p interaction motif may exhibit exceptional behavior. Thus, based on the alignment, 
hydrophobic residues, which are estimated to be parts of Pex3p-binding motif, are shown in cyan. 
(This is adapted from Fig. 1A in Sato et al. (2010))
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Soukupova et  al. 1999). Even though the hydrophobic segment was removed, 
Pex3p is prone to aggregate formation. Sato et al. found that a low temperature 
and a high salt concentration were required to improve its solubility (Sato et al. 
2008). For example, during the dialysis of His10–Pex3p (34–373) at 0.6 mg/ml in 
a high salt buffer (10 mM HEPES-Na, pH 7.5, 0.5 M NaCl, 10% glycerol) against 
a buffer without salt (10  mM HEPES-Na, pH  7.5, 10% glycerol), the protein 
formed precipitates and finally achieved a 0.1 mg/ml concentration in a 20,000 × g 
supernatant of the dialyzed solution. This cytosolic domain of Pex3p docks with 
Pex19p in a specific manner, with a dissociation constant (KD) of 3.4 nM (Sato 
et al. 2008). The W104A mutant of Pex3p exhibits significantly diminished bind-
ing affinity for Pex19p, as well as lower peroxisomal restoration activity (Sato 
et al. 2008). Lipid molecules can bind to Pex3p in competition with Pex19p (Pinto 
et al. 2009), implying the existence of a hydrophobic interaction between Pex3p 
and Pex19p. Thus, the crystal structure of Pex3p–Pex19p complex was expected 
to reveal how the Pex3p cytosolic domain and its docking site for Pex19p are 
arranged on the peroxisome membrane, and how this complex achieves the PMP 
translocation.

10.3.1  �Definition of the Pex3p-Binding Region in Pex19p, 
for Use in Crystallization

To unify the conformational differences in the Pex3p-Pex19p complexes, an 
N-terminal Pex19p fragment sufficient for binding to Pex3p is identified. Pex19p 
fragments of the N-terminal end (Met1-Ala90, Met1-Ala44, and Met1-Asp28) 
were purified as GST-fused proteins, and examined their affinity for Pex3p by 
pull-down assay and by surface plasmon resonance (SPR). The experiment 
showed that at least the N-terminal 44 residues of Pex19p are required for the 
binding, whereas the Met1-Asp28 fragment on its own has no detectable affinity 
for Pex3p. The apparent KD of the Pex19p peptide for Pex3p was 40.8 nM; this 
affinity is ten times lower than that of the full-length Pex19p (3.4 nM) (Sato et al. 
2008), but still significant for a crystallographic analysis. In contrast, the remain-
ing region from Pro45 to the C-terminal end has the KD 26 μM, 8000-fold higher 
than that of the wild type. Thus, the binding between Pex3p and Pex19p can be 
principally attributed to the N-terminal 44-residue segment of Pex19p, although 
the other C-terminal region may play an auxiliary role in the binding. This 
N-terminal Pex19p fragment and the cytosolic region of Pex3p (Ile49-Lys373) 
were independently purified, and the complex was crystallized in the presence of 
polyethylene glycol 3350.
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10.3.2  �Overall Structure of the Pex3p Cytosolic Domain 
in Complex with the N-Terminal Pex19p Peptide

The crystal structure of the complex containing the cytosolic region of Pex3p (Ile49-
Lys373) and the N-terminal fragment of Pex19p (Met1-Ala44) was determined at 
2.5 Å resolution. The final model of the structure includes residues Ala52-Pro368 of 
Pex3p and Asp15-Ser40 of Pex19p. Pex3p has a prolate spheroidal shape with 
approximate dimensions of 80 × 35 × 30 Å. This spheroid exhibits a novel antiparal-
lel helical fold with six α-helical units: α1 (Arg53-Asn95), α2 (Lys100-Ala146), α3 
(Pro158-Gly192), α4 (Leu202-Gln249), α5 (Ile258-Arg300), and α6 (Leu322-
Ser366), with five inter-helical loops (IHLs). The helical units are twisted up and 
down roughly along the major axis (Fig. 10.6a, b). Based on the structural charac-
teristics, we named this novel fold a “twisted six-helix bundle”.

The most striking feature of the Pex3p structure is that the central longest helical 
unit α2 runs through the major axis, forming a gentle curve (Fig. 10.6a). Around α2, 
the other five helical units are assembled in the order α1, α3, α4, α5, and α6. Thus, 
a pair of spatially adjacent helical units, α1 and α3, make contacts in a parallel fash-
ion, whereas the other adjacent pairs (α3–α4, α4–α5, α5–α6, and α6–α1) make con-
tacts in an antiparallel fashion. Except for α2, each helical unit is bent in one or two 
places near its middle. These bent regions are designated as helix-bending loops 
(HBLs) (Fig. 10.6b). The separated helices are defined, applying alphabetical suf-
fixes to the name of the helical unit. Such bending of the surrounding helical units 
causes tight entwinement around α2. Notably, the middle of α2, Ser115-Leu128 
(the thick bar region assigned in Fig. 10.6a right panel) is almost shielded from the 
solvent and is closely packed against the surrounding helices (Fig.  10.6c). The 
kinked helices, α3b–α3c, α4a–α4b, α5a–α5b, and α6a–α6b enclose the middle of 
α2. The side-chain interactions between α2 and the surrounding helical units mainly 
involve hydrophobic residues. These residues are widely conserved among eukary-
otes, suggesting the importance of the hydrophobic packing around the centrally 
located α2. This shielded region of α2 overlaps a transmembrane helix, spanning 
from Ile109 to Val131, previously predicted based on hydrophobicity analysis 
(Kammerer et al. 1998).

The G138E mutation of Pex3p, is isolated as a complementary group in a 
peroxisome-deficient CHO mutants (Ghaedi et al. 2000). In the crystal structure, 
Gly138 is positioned near the C-terminal end of α2, which is distal to the binding 
site for Pex19p (Fig. 10.6a). The methylene group of Gly138 is associated with the 
main chain of Phe365 and Ser366 on α6c. In the G138E mutant, the bulky side 
chain of Glu138 seems to push out the contacting α6c and to generate a local struc-
tural alteration (Sato et al. 2010).

The N-terminal Pex19p peptide is bound to one of the apexes of the spheroidal 
Pex3p, and is oblique to α2 (Fig. 10.6a). The Pex3p-binding site of the Pex19p pep-
tide is spans from Glu17 to Ala32, which is widely conserved among multicellular 
eukaryotes (Fig. 10.5). This short segment of Pex19p forms an α-helix, and is in 
contact with the Pex3p surface (composed of α1b, α2, and α6a) forming a left-handed 
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Fig. 10.6  Three-dimensional structure of Pex3p in complex with the Pex19p fragment. (a) Overall 
structure of the complex of the cytosolic domain of Pex3p (Ile49-Lys373) with the N-terminal 
Pex19p peptide (Met1-Ala44). The Pex19p peptide is colored in red. Six helical units in Pex3p are 
labeled with the following scheme: α1, navy; α2, light blue; α3, cyan; α4, green; α5, yellow; and 
α6, orange. The middle of α2 region, buried within the molecule, is shown by a thick bar on the 
right panel. Inter-helical loops (IHLs) are colored in black, and helix-bending loops (HBLs) are 
shown in the color of the associated helical unit. Gly138, a mutational site in peroxisome-deficient 
CHO cell line ZPG208, is pointed out in black on α2. (b) Topology of Pex3p. Helices are colored 
in the same way as in a (α1a, Arg53-Gln83; α1b, Ser86-Asn95; α2, Lys100-Ala146; α3a, Pro158-
Leu165; α3b, Gln169-Leu172; α3c, Gly175-Gly192; α4a, Leu202-Val216; α4b, Leu234-Met238; 
G4 (310 helix), Leu246-Gln249; α5a, Ile258-Leu271; α5b, Pro274-Asn294; G5, Glu297-Arg300; 
α6a, Leu322-Val336; α6b, His343-Leu349; and α6c, Glu352-Ser366). IHLs are shown in black 
(IHL1, Arg96-Asn99; IHL2, Val147-Pro157; IHL3, Ser193-Ser201; IHL4, Ala250-Asp257, and 
IHL5, Pro301-Pro321). HBLs are shown in the same way as in a (HBL1a, Leu84-Asn85; HBL3a, 
Ser166-Ile168; HBL3b, Gly173-Asp174; HBL4a, Glu217-Leu233; HBL4b, Met239-Pro245; 
HBL5a, Glu272-Ser273; HBL5b, Met295-Ala296; HBL6a, Cys337-Ser342; and HBL6b, Thr350-
Met351). The Pex19p-binding regions are shown as red shading. Dotted lines are the unassigned 
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four-helix bundle. Since α1b and α6a are connected to HBL1a and HBL6a, respec-
tively, these helices are likely to be flexible relative to α2. This raises the possibility 
that a small induced-fit conformational change of 1b and/or α6a could occur upon 
Pex19p helix binding. Although the Pex3p-bound Pex19p peptide includes the 
α-helix, we have previously demonstrated that the N-terminal half of Pex19p (Met1-
Ala156) is disordered in the absence of Pex3p binding (Shibata et al. 2004). The 
circular dichroism spectrum for this Pex19p fragment indicates that the peptide 
Met1-Ala44 also adopts a random coil structure in an aqueous buffer solution (Sato 
et al. 2010). Interestingly, the α-helical content was increased with an increasing the 
methanol concentration in the buffer. Therefore, in hydrophobic environment, the 
Pex19p peptide (Met1-Ala44) tends to acquire secondary structure, including 
α-helix, from a random coil. The crystal structure also shows that the Pex19p tail 
region containing Pro33-Ser40, extends from the helix to the solvent, without inter-
molecular interactions between Pex19p and Pex3p (Figs.  10.5 and 10.6a). It was 
suggested that the helix formation in this region of Pex19p could be coupled with 
hydrophobic binding to the Pex3p surface (Sato et al. 2010). If this Pex19p amphipa-
thic helix were maintained without Pex3p binding, the hydrophobic side of the helix 
could interact with various cytosolic proteins in a non-specific manner. Therefore, 
during the cytosolic translocation of a cargo PMP, the Pex19p helix would assume an 
unstructured conformation in order to avoid such non-specific binding. A similar 
behavior has been discovered in mitochondrial protein targeting. Tom20, a constitu-
ent of the translocon of the outer mitochondrial membrane (TOM) complex, and 
recognizes classical N-terminal mitochondrial-targeting presequences existing on 
mitochondrial-precursor proteins (Wiedemann et al. 2009). The each presequence 
also forms α-helix upon interaction with the hydrophobic groove of Tom20, though 
presequences alone exhibit very little secondary structure in aqueous solutions (Abe 
et al. 2000; Saitoh et al. 2007). Thus, the helical formation in the amphiphilic and 
specific regions of target proteins coupled with hydrophobic binding sites of acceptor 
proteins could represent a widely applicable mechanism for selective targeting of 
organelle proteins by posttranslational import systems.

A crystal structure of residues 41–368 of the C235S mutant Pex3p in complex 
with a synthetic peptide corresponding to residues 14–30 of Pex19p has also been 
solved (Schmidt et al. 2010). Although the two complexes produce crystals with 
different space groups (P6522 or P21), and the structures were solved by different 
methods, (Multi-wavelength anomalous diffraction or molecular replacement), both 
structures are very similar. This consistency supports a reliability of the Pex3p–
Pex19p peptide structure.

Fig. 10.6 (continued) regions; His219-Ser230 (green) in HBL4a and Thr302-Asn313 (black) in 
IHL5. (c) Packing of α2 by the surrounding helices in Pex3p. Ser115-Leu128 on α2, the buried 
region shown by a thick bar on the right panel in a, is illustrated using a wheel diagram. The side 
chains on surrounding helices located in 2.5–4.0 Å from Ser115-Leu128 on α2 are drawn around 
the wheel. (Figure is adapted from Fig. 1 in Sato et al. (2010))
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10.3.3  �Architecture of the Pex3p–Pex19p Interface

The Pex19p binding/docking surface on Pex3p presents a large tapered cavity. The 
side chain of Trp104 of Pex3p protrudes from this cavity and divides it into a wider 
surface area near the surface and a narrower area deeper inside (Fig. 10.7a). This 
cavity is complementary to the Pex19p helix structure in which two types of “pro-
truding tooth” are formed from the characteristic side chains: one is composed of 
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three leucine residues, Leu18, Leu21, and Leu22, thus termed the “leucine triad”; 
and the other is composed of the phenyl side chain of Phe29 (Fig. 10.7a). The leu-
cine triad is surrounded by the wider surface portion of the cavity (Fig.  10.7a), 
which composed of Lys100, Leu101, and Trp104 at the N-terminus of α2; Leu196 
and Lys197 on the middle of IHL3; Pro321 at the C-terminal end of IHL5; and, 
Ala323 and Lys324 on the subsequent α6a (Fig.  10.7c). The other “protruding 
tooth”, Phe29, is surrounded by the narrower deeper part of the cavity (Fig. 10.7a), 
which is composed of Thr90 on α1b; Trp104 and Leu107 on α2; and Ile326, Pro327, 
and Asn330 on α6a (Fig. 10.7c). The indole ring of Trp104 of Pex3p is inserted into 
the notch on the Pex19p helix between the two “protruding teeth” (Fig.  10.7b). 
These features indicate that the interaction between Pex3p and Pex19p is supported 
mainly by van der Waals forces and/or hydrophobic effects. The lack of the side 
chain at residue 104 (Trp in the wild-type protein) is expected to destabilize the 
binding; indeed, this destabilization has been demonstrated (Sato et al. 2008). The 
structure also suggests that several other residues could participate in the interaction 
between Pex3p and Pex19p. Glu17 and Leu26 on the Pex19p helix seem to interact 
with Lys197 on IHL3 and Leu93 on α1b of Pex3p, respectively, and both Ser 24 and 
Asp28 on the Pex19p helix seem to bind to Lys324 on α6a of Pex3p.

In the case of mitochondrial protein targeting, the portion of presequence peptide 
that binds Tom 20 contains a diverse consensus motif (ϕχχϕϕ, where ϕ is hydro-
phobic and χ is any amino acid) and adopts an amphiphilic helical conformation 
(Wiedemann et al. 2009). The diverse consensus motif is likely to guarantee the 
broadly selective specificity of the Tom20 receptor toward diverse mitochondrial 
presequences (Abe et al. 2000; Saitoh et al. 2007). In the case of the peroxisome, the 
Pex19p–Pex3p interaction requires more complex motif (Leu-X-X-Leu-Leu-X6-
Phe on the animal Pex19p) to confer both high specificity and tight-binding. It is 
suggested that the sequence should be designated as the Pex3p-binding motif with 
an intrinsically disordered manner, one that is tolerant of conformational changes 
according to its intracellular environment.

10.3.4  �Mutational Analysis of Functional Residues in Pex19p 
Required for Binding to Pex3p and for Peroxisome 
Biogenesis

The structural assignment of the residues involved in the binding between Pex3p 
and Pex19p is revealed by mutations (Sato et al. 2010). The Pex19p mutants L18A, 
L21A, L22A, or F29A, in which a part of the Pex3p-binding motif is disrupted, 
clearly diminished binding affinity for Pex3p in the pull-down assays and SPR anal-
ysis. It is revealed that their KD values for binding of Pex3p were increased more 
than 100 times relative to the wild type. On the other hand, L26A, another mutant 
of a hydrophobic residue on the Pex19p helix bound to Pex3p with weaker affinity; 
the KD value for Pex3p binding was 46.3 nM. A mutants of one polar residues S24A, 
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had a KD of 4.7 nM, essentially the same affinity as the wild type; however, two 
other polar residue mutants E17A and D28A, had KD of 17.3 nM and 21.8 nM, 
respectively, in both cases slightly weaker affinity than the wild type. The functional 
defect of the mutants in peroxisome biogenesis is also revealed by peroxisome-
restoring experiments using the PEX19 deficient fibroblasts (Sato et al. 2010).

10.3.5  �Proposed Mechanism for the PMP Translocation 
Process

Based on the structural and functional findings, Pex3p and Pex19p participate in a 
proposed mechanism in the PMP translocation process as follows. Pex3p is anchored 
on the membrane by the N-terminal hydrophobic region attached to one of its 
apexes. In contrast, the binding site for Pex19p is located on the opposite apex, 
which is most distal from the membrane. Therefore, Pex19p could be effectively 
captured by the apex of Pex3p, “standing” on the membrane like a tower. After 
Pex3p captures the N-terminal Pex19p helix, the remainder of Pex19p (Pro45-
farnesylated Cys296), containing the PMP-binding region, appears to hang down 
toward the membrane from the top of Pex3p, along the spheroid. The molecular 
surface of the human Pex3p exhibits interhelical grooves rich in hydrophobic resi-
dues, which are reasonable candidates for mediators of docking with other protein 
molecules involved in the translocation process. Future research should aim to iden-
tify other binding partners for Pex3p and the structural basis for their interaction; 
this knowledge would facilitate our understanding of their biological roles in per-
oxisome biogenesis.

10.4  �Future Prospect in Structural Biology Research 
of Peroxins (Outlook for Structural Biology of Peroxins)

A major challenge will be the structural characterization of full-length peroxins 
containing both folded and disordered domains. Usually, peroxins have been ana-
lyzed as fragments, and their interactions with physiological partners examined by 
atomic-scale structural approaches, such as X-ray crystallography and NMR. Many 
peroxins are large modular proteins and do not function as isolated domains, but 
instead, their component regions, both ordered and disordered, act synergistically in 
performing their functions. Pex7p and Pex3p are few cases in which their whole 
molecule or at least all soluble part of structures have been determined as described 
above. In the case of the Pex7p study, the multi-protein complex instead of the 
binary complex is chosen to order the structure and to improve crystallizability of 
the target molecules. Moreover, Komagataella phaffii is used for the protein expres-
sion of Pex7p since E. coli did not produce Pex7p with properly folded molecules. 
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The selection of an appropriate host of protein production is suggested to be 
important for structural biology approach. However, still the crystallization is the 
bottleneck of the structural study of peroxins at an atomic level.

Recently, cryo-electron microscopy (cryo-EM) is evolutionally improved their 
resolution. The advent of direct electron detectors with improved quantum efficien-
cies allowed for the correction of beam-induced motions of the specimen in vitrified 
ice (Li et  al. 2013). Thus, structures at near-atomic resolution are no longer the 
prerogative of X-ray crystallography or nuclear magnetic resonance (NMR) spec-
troscopy (Kuhlbrandt 2014). Cryo-EM requires only small amounts of material. 
Samples that cannot be isolated in large enough quantities for X-ray crystallography 
or NMR can now be analyzed and yield high-resolution structures. The same holds 
for heterogeneous samples or flexible complexes that do not crystallize readily, 
because cryo-EM images of different particles or conformations are easily sepa-
rated at the image processing stage.

The hexameric structures of Pex1/Pex6 in the presence of nucleotides have been 
determined by cryo-EM at 7.2–23 Å resolution (Blok et al. 2015; Ciniawsky et al. 
2015; Gardner et al. 2015). These structures agree in the overall architecture of the 
complex, but a common mode of action cannot be deduced from these works 
(Saffert et al. 2017). While some studies observe domain movements in the whole 
complex (Ciniawsky et al. 2015; Gardner et al. 2015), others detect no movements 
whatever upon ATP hydrolysis (Blok et al. 2015). In particular domain movements 
in the N-terminal domains and the nucleotide binding domain, NBD2 are reminis-
cent of nucleotide dependent movements observed for the homologous protein p97 
(Saffert et al. 2017). P97 is by far the best studied and best characterized ATPase 
among the exciting AAA+ protein family (Saffert et al. 2017; Banerjee et al. 2016; 
Schuller et al. 2016; Huang et al. 2016; Ripstein et al. 2017) and the cryo-EM struc-
ture of p97 with 540 kDa has been determined at 2.3 Å resolution (Banerjee et al. 
2016). Another cryo-EM structure of a peroxisomal enzyme, alcohol oxidase (AOX) 
with a 600-kDa homo-octamer from Pichia pastoris has been determined at 3.4 Å 
resolution (Vonck et al. 2016).

In parallel to the ground-breaking cryo-EM developments, crystallography has 
been also revolutionized using X-ray free-electron lasers (XFELs). XFELs generate 
extremely intense X-ray pulses of tens of femtosecond duration with nine-to-ten 
orders of magnitude higher peak brilliance than third-generation synchrotrons, like 
SPring-8. Such unique characteristics of XFELs prompted a new approach for crys-
tallographic data collection called serial femtosecond crystallography (SFX) 
(Chapman et al. 2011). Unlike traditional crystallography, where a complete dataset 
is collected from a single large (or a few small) crystals, SFX data are acquired 
from tens to hundreds of thousands of very small crystals intersecting the XFEL 
beam in random orientations. Although each crystal is destroyed by the beam, the 
short pulse duration allows outrunning radiation damage and obtaining structural 
information from intact molecules at room temperature without the necessity of 
cryocooling (Neutze et  al. 2000). The extremely high brightness of each XFEL 
pulse provides sufficient signal for the detection of high-resolution diffraction pat-
terns from micrometer (Liu et  al. 2013) and even sub-micrometer-sized crystals 
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(Gati et  al. 2017). We determined the structure of enzyme that is related to the 
luciferin–luciferase reaction using SFX with de novo phasing (Yamashita et  al. 
2015, 2017) at the Japanese XFEL facility, SACLA (Mizohata et al. 2018). The 
crystals we used are with a micrometer size of suspension in a precipitant solution 
of several tens of microliters. Near future, XFELs offer the possibility of stepping 
beyond X-ray crystallography, to extend structural studies to single, non-crystalline 
particles or molecules. The method has been applied to an imaging of large viruses 
(Seibert et al. 2011). Therefore, cryo-EM and XFELs will allow us to determine the 
structures of peroxins without conventional crystals with either the static states or 
dynamic ones in the biological actions with respect to the peroxisomal biogenesis.
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Chapter 11
Lipidomics of Peroxisomal Disorders

Kotaro Hama, Yuko Fujiwara, and Kazuaki Yokoyama

Abstract  Peroxisomes are cytoplasmic organelles that play a key role in metabolic 
and synthetic processes of various lipids. Peroxisomal disorders are caused by 
defects in peroxisome biogenesis or a peroxisomal single enzyme, and lead to mul-
tiple pathological features such as enlarged ventricles, demyelination, hearing loss 
and psychomotor retardation. Specific lipid profiles are observed for each peroxi-
somal disorder, which reflects the abnormal process in metabolism or synthesis of 
lipids. Therefore, lipid analysis of biological samples (e.g. blood plasma and fibro-
blasts) from patients is essential for the precise diagnosis and identification of 
responsible genes of peroxisomal disorders. Recent advances in mass spectrometry 
have enabled both identification and simultaneous quantification of a large number 
of lipid species. In this review, we introduce the principles of ‘lipidomics’ and the 
latest research using the lipidomic approach to study peroxisomal disorders.

Keywords  Lipidomics · LC-ESI-MS · PBD · X-ALD
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AOX	 Acyl-CoA oxidase
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GC-MS	 Gas chromatography–mass spectrometry
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NALD	 Neonatal adrenoleukodystrophy
PBD	 Peroxisome biogenesis disorders
PC	 Phosphatidylcholine
PE	 Phosphatidylethanolamine
Q	 Quadrupole
RCDP	 Rhizomelic chondrodysplasia punctata
SCPx	 Sterol carrier protein X
THCA	 Trihydroxycholestanoic acid
TOF	 Time-of-Flight
VLCFA	 Very long chain fatty acids
X-ALD	 X-linked adrenoleukodystrophy
ZS	 Zellweger syndrome

11.1  �Introduction

Peroxisomes are subcellular organelles with a single phospholipid bilayer and are 
involved in various biological processes including lipid metabolism. In particular, 
peroxisomes contain a number of enzymes essential for β-oxidation of very long 
chain fatty acids (VLCFA) and bile acids, α-oxidation of phytanic acid, and the 
synthesis of plasmalogen and polyunsaturated fatty acids. Peroxisomal disorders 
are inherited defects that affect metabolic and synthetic processes and are classified 
primarily into two categories: (a) peroxisome biogenesis disorders (PBD) caused by 
mutations in peroxin (PEX) genes that are essential for the assembly of peroxi-
somes; and (b) disorders caused by defects in single enzymes or transporters in 
peroxisomes. Because most peroxisomal disorders display specific lipid profiles 
that reflect the abnormal metabolic or synthetic processes of lipids in peroxisomes, 
lipid analysis represents an accurate and rapid diagnostic approach to identify per-
oxisomal disorders, which is essential for appropriate and effective treatment. In 
addition, elucidating responsible lipids involved in the development of the specific 
peroxisomal disorders should aid the development of effective therapeutic strategies.

Lipidomics is the large-scale study of lipid metabolic pathways, such as synthe-
sis, metabolism and transport in biological systems. The “Lipidome” describes the 
quality and quantity of total lipids in biological samples, and lipidomics uses the 
principles and techniques of analytical chemistry to comprehensively analyze whole 
lipid species in cell or biological samples. Among several techniques, mass spec-
trometry (MS) employing soft ionization techniques is one of the most fascinating 
methods used for current lipidomics.

In this review, we first present lipid species involved in peroxisomal disorders. 
We then introduce the principles of lipidomic analysis using MS and explain several 
lipidomic approaches conducted in the study of PBD and X-linked adrenoleukodys-
trophy (X-ALD).
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11.2  �Lipid Species Affected in Peroxisomal Disorders

11.2.1  �Zellweger Syndrome (ZS), Neonatal 
Adrenoleukodystrophy (NALD) and Infantile Refsum’s 
Disease (IRD)

ZS, NALD and IRD have similar symptoms and are categorized as Zellweger spec-
trum disorders. The formation of a functional peroxisome can be disrupted because 
of dysfunctional PEX genes, which results in aberrant metabolism of various lipid 
species. In particular, excessive accumulation of VLCFA, branched fatty acids and 
intermediate metabolites of bile acid occur and quantitation of these metabolites is 
clinically important for diagnosing a Zellweger spectrum disorder (Suzuki et  al. 
2001). The amount of each VLCFA species, branched fatty acids and intermediate 
metabolites of bile acid can be analyzed by gas chromatography (GC) or gas 
chromatography-mass spectrometry (GC-MS), and are reliable techniques for diag-
nosing PBD and other peroxisomal disorders (Takemoto et al. 2003). For example, 
Moser et al. carried out an intensive analysis of fatty acid species using GC and 
revealed that VLCFA species such as cerotic acid (C26:0 FA) (Fig.  11.1a) were 
significantly elevated in plasma and red blood cells of patients with PBD disorders 
(Moser et al. 1999). Schutgens et al. used GC-MS and revealed that age-dependent 
accumulation of phytanic acid (Fig. 11.1b) was observed in fibroblasts from patients 
with ZS (Schutgens et  al. 1987). Excessive amounts trihydroxycholestanoic acid 
(THCA) (Fig. 11.1d) and dihydroxycholestanoic acid (DHCA) (Fig. 11.1e) were 
also observed in urine and serum from patients with ZS (Hanson et  al. 1979; 
Parmentier et al. 1979).

11.2.2  �X-ALD, Acyl-CoA Oxidase (AOX) Deficiency, 
D-bifunctional Protein (DBP) Deficiency and Acyl-CoA 
Binding Domain-Containing 5 (ACBD5) Deficiency

VLCFA are transported via ATP-binding cassette sub-family D1 (ABCD1) and 
degraded by β-oxidation catalyzed by AOX and DBP in the peroxisome. ABCD1, 
acyl-CoA oxidase 1a and DBP are the responsible genes of X-ALD, AOX defi-
ciency and DBP deficiency, respectively, and VLCFA such as cerotic acid (hexaco-
sanoic acid, C26:0 FA) (Fig. 11.1a) are abnormally accumulated in patients with 
these disorders (Mosser et al. 1993). In addition, recent observation that ACBD5 
deficiency leads to accumulation of VLCFA indicates the important role of 
ACBD5 in peroxisomal lipid metabolism (Ferdinandusse et al. 2017; Yagita et al. 
2017). The precise quantitation of VLCFA in samples such as blood plasma and 
fibroblasts is essential for the diagnosis of X-ALD (Kemp et al. 2016). Recently 
C26:0-lysophosphatidylcholine (lysoPC) (Fig. 11.1f) was identified as a candidate 
marker for diagnosis of X-ALD (Hubbard et al. 2006). C26:0-lysoPC is analyzed by 
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Fig. 11.1  The structure of lipid species affected in peroxisomal disorders. (a) The structure of 
C26:0 FA. VLCFA including C26:0 FA degraded mainly in peroxisome but not in mitochondria, 
and thus accumulated in a number of peroxisomal disorders. The structures of phytanic acid (b) 
and pristanic acid (c). Phytanic acid accumulates in patients with RCDP, SCPx deficiency and 
Refsum disease. Phytanic acid and pristanic acid accumulate in age- and diet-dependent manners. 
The structure of THCA (d) and DHCA (e). THCA and DHCA accumulate in patients with ZS, 
NALD, IRD, DBP deficiency, SCPx deficiency and AMACR deficiency. (f) The structure of 
C26:0-lysoPC. C26:0-lysoPC levels are conventionally analyzed in dried blood spot samples. The 
accumulation of C26:0-lysoPC can be a sensitive biomarker for peroxisomal disorders including 
X-ALD. (g) The structure of plasmalogen with docosahexaenoic acid (PlsEtn (16:0/22:6)). 
Plasmalogen species with oleic acid, linoleic acid or arachidonic acid linked to the sn-2 position of 
the glycerol backbone are also observed. (h) The structure of PC (26:0/18:1). Most VLCFA moi-
eties are linked to the sn-1 position of the glycerol backbone in each phospholipid species
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liquid chromatography-electrospray ionization-MS (LC-ESI-MS), in which a 
derivatization process is not required for sample preparation in LC-ESI-MS. Thus, 
the analysis of C26:0-lysoPC in dried blood spot samples is suitable for high-
throughput screening of X-ALD (Hubbard et al. 2009; Theda et al. 2014). Screening 
of newborns for X-ALD is now conducted in several USA states and has success-
fully identified novel linages of X-ALD (Vogel et  al. 2015). Intriguingly, it was 
found that C26:0-lysoPC was unexpectedly elevated in a sample from a newborn 
with Aicardi–Goutieres syndrome that was originally screened for X-ALD 
(Armangue et  al. 2017), enhancing the significance of newborn screening using 
LC-ESI-MS for identifying novel diseases related to specific metabolic processes.

11.2.3  �Rhizomelic Chondrodysplasia Punctata (RCDP) Type-
1, RCDP Type-2 and RCDP Type-3

RCDP displays systemic shortening of proximal bones, congenital cataracts, dis-
tinctive facial features and intellectual disabilities, and is classified into three types 
according to the responsible gene: PEX7, dihydroxyacetone phosphate (DHAP) 
acyltransferase and alkyl-DHAP synthase cause RCDP type-1, type-2 and type-3, 
respectively (Braverman et al. 1997; Ofman et al. 1998; de Vet et al. 1998). RCDP 
is biochemically characterized by the aberrant synthesis of plasmalogen (e.g. PlsEtn 
(16:0/22:6)) (Fig.  11.1g). The total amount of plasmalogen can be analyzed by 
GC-MS and used as a diagnostic marker of RCDP (Takemoto et al. 2003). Recently, 
each plasmalogen species was analyzed by ESI-LC-MS and it was found that a 
specific ethanolamine plasmalogen species (PlsEtn (16:0/22:6)) was replete by the 
administration of a plasmalogen precursor analog (PPI-1011) (Wood et al. 2011).

11.2.4  �Refsum Disease, Sterol Carrier Protein X (SCPx) 
Deficiency and A-Methylacyl-CoA Racemase (AMACR) 
Deficiency

Branched chain fatty acids are obtained mainly through diet and are degraded 
through α-oxidation in the peroxisome. Dysfunctional activity of SCPx, AMACR 
and phytanoyl-CoA hydroxylase are responsible for SCPx deficiency, AMACR defi-
ciency and Refsum disease, respectively, and are involved in the degradation of 
branched chain fatty acids (Shimozawa 2007). SCPx and AMACR are also involved 
in the metabolism of bile acids (Shimozawa 2007). Thus, the precise quantitation of 
both branched chain fatty acids and intermediate metabolites of bile acids is impor-
tant for the diagnosis of these three diseases. Phytanic acid and pristanic acid 
(Fig.  11.1c), as branched chain fatty acids, and THCA (Fig.  11.1d) and DHCA 
(Fig. 11.1e), as intermediate metabolites of bile acids, have been analyzed by GC-MS 
(Takemoto et al. 2003) and LC-MS (Ferdinandusse et al. 2006; Ferdinandusse et al. 

11  Lipidomics of Peroxisomal Disorders



254

2001). Moreover, lysoPC species with branched chain fatty acids have been identi-
fied as unique phospholipid species in plasma from patients with Refsum disease and 
AMACR deficiency in a recent lipidomic analysis (Herzog et al. 2018).

11.3  �Recent Advances in MS-Based Methods for Lipid 
Analysis

MS-based lipidomic methods are listed in Table 11.1. Soft ionization techniques as 
innovative progress in MS and computer-based analysis that integrate metabolite 
databases have enabled lipidomic analysis that target a large number of lipid spe-
cies. Electrospray ionization-MS (ESI-MS) coupled to high performance liquid 
chromatography systems (LC-ESI-MS) is the approach that is frequently used for 
lipid analysis. In LC-ESI-MS analysis, lipid species are separated by their physical 
properties in LC and then analyzed according to the molecular size of the ions (m/z) 
in ESI-MS. Imaging mass spectrometry (IMS) is a new MS technology and can be 
applied to lipidomics. In IMS, ions are generated in a very small area of the samples 
(e.g. organ sections) and analyzed by MS. By scanning the surface of the samples, 
the spatial distribution of compounds of interest is visualized. Reports using IMS in 
lipidomics and metabolomics continue to increase in number (Sugiura et al. 2009; 
Sun et al. 2018; Goto-Inoue et al. 2011). Other MS-based techniques such as ion 
mobility-mass spectrometry and SWATH (sequential window acquisition of all the-
oretical fragment-ion spectra) technology have also been developed recently and are 
applied in lipidomics (Cajka and Fiehn 2016).

Two strategies are conducted for lipidomics. The first strategy is targeted lipido-
mics, in which defined lipid classes are analyzed, whereas the other strategy is untar-
geted lipidomics, which focuses on the analysis of all detectable compounds including 
unknown chemicals in samples. In targeted lipidomics, multiple reaction monitoring 
(MRM) (also termed selected reaction monitoring, SRM) is frequently applied using 
triple quadrupole MS. The precursor ion of interest is selected in the first quadrupole 
(Q1) and processed to collision-activated dissociation in the second quadrupole (Q2). 
Then, one of the fragment ions generated in the Q2, which has characteristics to the 
precursor ion of interest, is selected in the third quadrupole (Q3) and detected by an 
ion detector (Fig. 11.2a, b). Metabolites including lipids were intensively analyzed 
by the precursor ion scan mode or neutral loss scan mode previously (Taguchi et al. 
2005). Currently, very short dwell times (1–5 ms) can be applied in a triple quadru-
pole mass spectrometer and therefore each lipid species can be analyzed intensively 
with high sensitivity by monitoring multiple Q1/Q3 MRM transition channels. In 
contrast, untargeted lipidomics is usually conducted by high-resolution MS such as 
Time-of-Flight (TOF) MS (Fig. 11.2c), orbital ion trap MS and Fourier transform ion 
cyclotron resonance MS. The high-resolution properties of these instruments resolve 
co-eluting isobaric compounds, leading to both quantitative analysis with high sensi-
tivity and determination of the composition formula of precursor ions. Each lipid 
species corresponding to the precursor ion analyzed is assigned by integrating the 

K. Hama et al.



255

Table 11.1  MS-based lipidomic methods

Methods Principles
Advantages (+) and Disadvantages 
(−)

GC-MS Each substance in test samples is 
separated by gas-chromatography, 
ionized and then analyzed by MS

+ Powerful method to identify the 
precise structure of lipids such as the 
location of double bonds in 
unsaturated fatty acids
+ Several methods for ionization are 
available according to the purpose of 
the analysis and the properties of 
substances of interest
− Derivatization is required to 
analyze nonvolatile substances

LC-MS Each substance in test samples is 
separated by LC before MS 
analysis

+ A number of substances of interest 
can be analyzed simultaneously. 
Thus, this approach is the most 
popular method for current 
lipidomics
+ Used for both quantitative and 
qualitative (structural) analysis
− Derivatization is required to 
analyze substances with low 
ionization efficiency

Direct infusion-MS 
(shotgun)

Test samples are processed directly 
to ionization without separation by 
LC and analyzed by MS

+ The period required for each 
analysis is short when compared with 
that of LC-MS and thus suitable for 
high throughput analysis
− The ionization efficiency of the 
substances of interest can be affected 
by ion suppression or ion 
enhancement due to the coexistence 
of other substances

MALDI-MS Test samples are mixed with the 
matrix, ionized by the laser and 
then analyzed by MS

+ Useful to analyze high molecular 
compounds
+ The period required for each 
analysis is short and thus suitable for 
high throughput analysis

Imaging MS Sections of tissues or organs on 
glass slides are sprayed by a 
matrix, ionized by the laser and 
then analyzed by MS

+ Precise distributions of target 
substances are visualized
− Quantitative ranges are limited
− Longer periods are required for 
each analysis. Thus, this method is 
not suitable for high throughput 
analysis

Ion-mobility 
spectrometry-MS

Before MS each substance is 
separated by ion-mobility 
spectrometry through interaction 
between charged molecules and the 
buffer gas

+ Substances can be separated 
according to differences in physical 
properties such as structure, chirality 
and hydrophobicity
− Database for comprehensive 
analysis is under-developed
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fragment ion spectra through data-dependent or data-independent tandem mass (MS/
MS) analysis (Fig. 11.2d, e). In untargeted lipidomics, novel lipids or metabolic pro-
cesses that are affected by genes or diseases of interest are identified. For example, 
fatty acid esters of hydroxyl fatty acids have been identified as novel biomarkers and 
as a therapeutic target against type 2 diabetes (Yore et al. 2014).

11.4  �Application of MS-Based Lipidomics in Peroxisomal 
Disorders

Most fatty acids are not present in the free form but are associated with complex 
lipids such as phospholipids in biological samples (Moser et al. 2001), whereas fatty 
acyl moieties are liberated from complex lipids during the derivatizing process of 
sample preparation for GC or GC-MS, which leads to loss of information about the 
endogenous lipid species. In LC-MS, by contrast, a number of lipid species including 
phospholipids and neutral lipids can be analyzed directly without derivatization. 
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Fig. 11.2  The schematic diagram of targeted and untargeted analysis. The schematic diagram of 
ESI-triple quadrupole mass spectrometer (a) and quadrupole time-of-flight mass spectrometry (c) 
are presented as representative mass spectrometry instruments used for targeted and untargeted 
analysis, respectively. In targeted analysis, the precursor ions of target molecules generated at ESI 
source were selected in Q1, and processed to collision activated dissociation in the second quadru-
pole (Q2). Then, one of the fragment ions generated in Q2 is selected in the Q3 and detected by ion 
detector. In the case of PC (16:0/18:1) as a target molecule, for example, the precursor ion 
([M + H]+ (m/z 760)) and the product ion (phosphorylcholine (m/z 184)) is selected in Q1 and Q3, 
respectively (b) (Hama et al. 2018). In untargeted analysis, each precursor ion within the pre-set 
mass range is scanned with unbiased manner for quantitation. Simultaneously, all product ions 
from each precursor ion are scanned in TOF system and are processed for the assignment of each 
precursor ion (c). For example, product ions corresponding to fatty-acyl moieties and demethyl-
ated lysoPC species are generally produced from PC species (d). Thus the precursor ion detected 
with unbiased manner is assigned as PC (16:0/18:1) if the product ions corresponding to C16:0 FA, 
C18:1 FA, demethylated C16:0-lysoPC and demethylated C18:1-lysoPC are observed (e)
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Thus, LC-MS is useful for analyzing the endogenous form of complex lipid species 
and the free fatty acids, and is frequently used in recent lipidomic analyses (Taguchi 
et al. 2005; Takashima et al. 2017). Our recent lipidomic analysis revealed that a 
large number of VLCFA-containing molecular species were detected in several phos-
pholipid classes (PC, phosphatidylethanolamine (PE) and phosphatidylserine) as 
well as neutral lipids, including triacylglycerol and cholesteryl esters in fibroblasts 
from patients with ZS (Hama et al. 2013). In addition to C26:0 FA, MS/MS analysis 
revealed the presence of a variety of VLCFA moieties, including polyunsaturated 
VLCFA; the number of carbons and double bonds in VLCFA moieties range from 23 
to 32 and 0 to 6, respectively (Hama et al. 2013). Interestingly, most VLCFA moieties 
are linked to the sn-1 position of the glycerol backbone in each phospholipid species 
such as PC (26:0/18:1) (Fig. 11.1h), providing insight into the machinery used for the 
synthesis of phospholipids with VLCFA moieties (Hama et al. 2013). Abe et al. con-
ducted target lipidomic analysis of fibroblasts from ZS, AOX deficiency, DBP defi-
ciency and X-ALD samples (Abe et al. 2014). This analysis found that plasmenyl 
ethanolamine species were reduced while PE species were elevated in fibroblasts 
from ZS (Abe et al. 2014). They also found that phospholipid species with docosa-
hexaenoic acid were reduced, while PC species with polyunsaturated VLCFA moi-
eties accumulate in fibroblasts from ZS, AOX deficiency and DBP deficiency samples 
(Abe et al. 2014). Interestingly, recent untargeted lipidomics offer the possibility to 
predict the severity of peroxisomal disorders. For example, Herzog et al. used high-
resolution MS and showed that a set of specific phospholipid ratios correlate with the 
severity of patients with a Zellweger spectrum disorder (Herzog et al. 2016). In addi-
tion, Lee et al. proposed that ceramide and triacylglycerol species can function as 
distinct biomarkers for phenotypic variations and the severity of X-ALD (Lee et al. 
2019). Lipidomic analysis was also conducted for the study of Abcd1-deficient mice 
as model animals for X-ALD (Hama et al. 2018). We developed a method composed 
of several hundreds of MRM transition channels and intensively analyzed each phos-
pholipid species in the brain of Abcd1-deficient mice, revealing that the number of 
carbons and double bonds in VLCFA moieties ranged from 23 to 34 and mostly 0 to 
2, respectively. As observed for results examining fibroblasts from patients with ZS, 
most VLCFA moieties are linked to the sn-1 position of the glycerol backbone in 
each phospholipid species such as PC (26:0/18:1) (Fig. 11.1h) in the brain of Abcd1-
deficient mice, indicating that specific enzymes such as acyltransferases are involved 
in the synthesis of phospholipids with VLCFA moieties (Hama et al. 2018; Hama 
et al. 2013).

11.5  �Concluding Remarks

In this review, we introduced concepts and the general procedure of lipidomics, and 
provided a general overview of recent lipidomic analyses using LC-MS in the field 
of peroxisomal disorders. Identification of the precise machinery responsible for the 
progression of peroxisomal disorders remains challenging because of the lack of 
appropriate mice models (e.g. X-ALD) and difficulties associated with obtaining 
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samples from lesions (e.g. human brain). Nonetheless, several novel metabolites 
such as oxysterols and oxidized fatty acids have been analyzed by LC-MS and are 
identified as possible markers for X-ALD (Jang et al. 2016; Nury et al. 2017). In 
addition, technical developments in MS have underpinned the development of new 
MS-based lipidomic methods to analyze peroxisomal disorders. For example, imag-
ing mass spectrometry was used to investigate X-ALD; we found that very long 
chain fatty acid-containing PC (PC (26:0/18:1), Fig.  11.1h) was enriched in the 
cerebral cortex and the molecular layer in the cerebellum but not in white matter or 
the cerebellum medulla of brain tissue from Abcd1-deficient mice (Hama et  al. 
2018). Further analysis of brain samples from X-ALD patients using IMS instru-
ments with higher sensitivity is necessary to clarify the precise distribution of mul-
tiple lipid species and for investigating correlations between specific lipid species 
and pathological features such as demyelination. In conclusion, expanding 
MS-based lipidomic analyses will provide intriguing insights that aid our under-
standing of the pathogenesis of peroxisomal disorders and the development of novel 
biomarkers. Such advances should lead to effective therapy of peroxisomal diseases.
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Chapter 12
Neurophysiology and Neuropsychology 
in Adrenoleukodystrophy (ALD)

Makiko Kaga

Abstract  Adrenoleukodystrophy (ALD) is an X-inked degenerative disease caused 
by abnormal fatty acid metabolism due to ABCD1 gene mutation. ALD is known to 
appear as eight clinical types, which sometimes show transitional patterns; childhood 
cerebral, adolescent cerebral, adult cerebral, adrenomyeloneuropathy, Addison dis-
ease, brainstem-cerebellum, female symptomatic, and asymptomatic male types. 
Accordingly, the early diagnosis and hematopoietic stem cell transplantation treat-
ment of ALD are indispensable, especially for patients with the childhood/adolescent 
cerebral types because of the devastating nature of their disease. The evaluation and 
monitoring of the disease onset, the severity and speed of the disease progression, 
and the nervous system involvement of the disease are necessary for the treatment of 
symptomatic and preclinical asymptomatic ALD patients. Neurophysiological and 
neuropsychological procedures are the best methods for this purpose, and the proce-
dures should be noninvasive and performed successively. Electroencephalography, 
the evaluation of evoked potentials (the auditory brainstem response, visual evoked 
response and somatosensory evoked response), and event related potentials, and the 
combination of these tests are informative neurophysiological examinations. The use 
of the Wechsler Intelligence scale tests for each age range is essential to evaluate and 
follow ALD patients. The location of the main lesions of ALD with focal and diffuse 
permeation which cause a variety of concerned focal and diffuse symptoms must also 
be determined. Appropriate neuropsychological tests to evaluate visual, auditory, lan-
guage and behavioral functions are also essential.
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12.1  �Neurophysiology and Neuropsychology as Noninvasive 
Methods for Early Identification of X 
Linked-Adrenoleukodystrophy (X-ALD) and Useful 
Follow-Up Procedure

A thorough overview of adrenoleukodystrophy (ALD) is provided by Shimozawa in 
the previous pages of this book. To summarize very, briefly, ALD is an X linked 
recessive, metabolic and progressive degenerative disease caused by ABCD1 gene 
mutation at Xq28. Clinical types are usually classified (1) Childhood cerebral type 
(CCALD), (2) Adolescent cerebral type, (3) Adrenomyeloneuropathy (AMN), (4) 
Adult cerebral type (ACALD), (5) Brainstem-cerebellum type, (6) Addison type, 
(7) preclinical asymptomatic male patient, (8) female clinical type.

Although it is hoped that the order-made gene therapy will become a treatment 
option in the near future, further clinical trial data are needed. At present, therefore, 
hematopoietic stem cell transplantation (HSCT) is the only realistic treatment for 
ALD. The origin of HSCT is based on human leukocyte antigen (HLA) match bone 
marrow transplantation (BMT) and subsequently by umbilical cord blood transplan-
tation (UCBT). The results of HSCT have improved significantly due to the com-
mitted efforts of excellent hematologists. HSCT can now be performed at the 
clinical symptoms (and Loes score is less than 10 or 12∗) or the appearance of MRI 
abnormalities in preclinical patients who are diagnosed as having a high titer of very 
long chain fatty acid (VLCFA) and mutation of ABCD1 gene because of a family 
history. The recent introduction of universal newborn screening (UNS) in some 
states of United States of America and some European countries has identified such 
kind of patients. However, the type of ALD and the onset age of ALD at preclinical 
stage of ALD with definitive genetic abnormality cannot be predicted.

∗The Loes score is often over 10 when patient are diagnosed as having clinically 
apparent ALD. Thus Japanese guideline (Kato S 2013) uses 12 as the upper limit 
of Loes score instead of 10 as the permitted score.

Lorenzo’s oil was a rising star for the treatment of ALD at one time; it is regret-
table that its effectiveness as an ALD treatment was denied. However, extensive 
work by Moser and his colleagues has indicated that in asymptomatic and MRI 
negative children may help delay the appearance of MRI lesions and reduce neuro-
logical impairment (Moser and Borel 1995; Moser et al. 2005). Patients with ALD 
and without evidence of clinical disease are thus candidates for HSCT as an early 
treatment. However, sometimes the disease progress is very rapid, or it is difficult to 
secure donor. In such conditions, an HSCT is problematic despite of relatively 
recent introduce of UCBT, which alleviates ALD, it is thus very important to iden-
tify the clinical start of ALD. The diagnosis can be made when definite lesions in 
MRI or apparent symptoms such as motor paralysis and central visual impairment.

For patients without definitive evidence of the emergence of ALD, an MRI 
examination is usually recommended every 6 months, but since the disease some-
times progresses too rapidly to perform an HSCT, other tools (preferably 
noninvasive) are needed to identify the appearance of ALD. Such tools can be pro-
vided by neurophysiological and neuropsychological examinations.

M. Kaga



263

12.2  �Neurophysiology of ALD

ALD has been explored as one of the degenerative diseases since the introduction of 
the concept of evoked potential. The electroencephalography (EEG) findings and 
pathological basis of the ALD disease process, measure that are available to make 
an early diagnosis, and an important way to follow-up patients are discussed next.

12.2.1  �Electroencephalography (EEG)

There are a surprisingly paltry number of EEG studies in ALD. Most of the relevant 
neurophysiological study of ALD focused on evoked responses. In 1979, Ochs et al. 
conducted EEG examinations of siblings with ALD. The older brother was severely 
affected, bedridden and had communication difficulty but his younger brother had 
only hyperpigmentation of his skin and no neurological symptoms. Ochs et  al. 
described the older brother’s EEG findings as moderately and diffusely slow basic 
activity and continuous delta activity with minimal theta components, whereas the 
younger brother’s EEG findings were normal. They also described the general dif-
ferences in EEG findings among patients with white-matter and with those of gray-
matter disease. In the former group, the reported findings were high amplitude 
irregular delta activity whereas the gray-matter diseases showed bisynchronous par-
oxysmal discharges consisting of rhythmic delta activity or bisynchronous spike-
wave activity (quoted from Gloor et al. in 1968).

In 1996, Wada et al. described the EEG findings of an 8-year-old boy and his 
younger brother, both of whom had been diagnosed with ALD. Their EEG abnor-
malities (i.e., slow wave bursts in the occipital lesion) were the first symptoms of 
their ALD.  In the younger brother’s case, the EEG abnormality was confirmed 
before the appearance of the lesion on MRI. In this author’s experience, slow waves 
were often confirmed in the leads of affected cerebral lesions revealed by MRI. This 
finding can be the predictive value of the future lesion location.

12.2.2  �Evoked Potentials (EPs)

Ever since the early days of the clinical introduction of evoked potentials (Eps), the 
auditory brainstem response (ABR), the visual evoked potential (VEP) and short- or 
long- latency somatosensory evoked potentials (SSEPs or SEPs) have been reported 
in ALD patients. The effectiveness of multimodal EPs has been observed in clinical 
medicine. In the next section, each type of evoked potential and the multimodal 
recordings of Eps will be explained.

12  Neurophysiology and Neuropsychology in Adrenoleukodystrophy (ALD)
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12.2.2.1  �Auditory Brainstem Response (ABR)

The auditory brainstem response (ABR) was discovered independently by Jewett 
et  al. (1970) and Sohmer et  al. (1970). The importance and usefulness of ABR 
became clear very soon after the crucial discovery of this potential, based on its 
stability and reproducibility and the conclusive evidence of the origin of each wave. 
Stockard’s schematic diagram is famous for an explanation of the origin of each 
wave of the ABR (Fig.  12.1, Stockard et  al. 1977). The threshold of wave V is 
almost the same as that of subjective audiometry. The measurement of the wave 
forms, latency, amplitude and threshold of ABR are not affected by sleep or general 
anesthesia and causes no pain and no side effects to the subjects examined. The 
ABR can be measured repeatedly or serially even in infants, children, unconscious 
patients and people who cannot fully cooperate with the examinations (e.g. those 
with intellectual or emotional disabilities). The ABR is thus an ideal objective audi-
ometry tool and a strong neurological instrument.
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Fig. 12.1  Schematic diagram for an explanation of the origin of each wave of the ABR (Quoted 
from Stockard JJ, Stockard JE, Sharbrough FW. Detection and localization of occult lesions can be 
demonstrated by ABR. Mayo Clin Proc. 1977;52:761–9)
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In 1979, Ochs reported ABR in ten patients with leukodystrophy; five had 
Pelizaeus–Merzbacher disease (PMD), one had metachromatic leukodystrophy 
(MLD) and two had ALD. Two patients with ALD were siblings. The elder brother 
(aged 11) showed only wave I and questionable wave II. His younger brother whose 
only symptom was slight skin pigmentation showed almost normal ABR with slight 
prolongation of wave V. ABR abnormalities were demonstrated in leukodystrophies 
(PMD, MLD and ALD). The ABR findings established that brainstem white matter 
was definitely involved in this disease.

In 1980, Kaga K et al. reported a serial study of ABR and slow vertex potentials 
along with the pathological findings in a patient with ALD. Deterioration of ABR 
was apparent with the progression of his disease. At the beginning of the disease, the 
patient’s ABR was normal despite the apparent clinical symptom, but abnormalities 
soon became definitive in parallel with his disease stage. This important case report 
explains the natural course of clinical symptom, ABR changes, and pathological 
correlation of the lesion location of auditory pathway in ALD.

In 2006, Inagaki et  al. described the ABR, VEP and SSEP in 3 patients with 
ALD, 5 PMD, 4 patients with Alexander disease, 4 patients with metachromatic 
leukodystrophy (MLD) and 3  patients with Globoid cell leukodystrophy 
(GLD is also known as Krabbe disease) respectively. Their conclusion regarding the 
ABR in patients with ALD were as follows; At the early stage of ALD, waves I, III 
and V are normal, but as the disease progresses, the interpeak latency (IPL) of waves 
I-V and I-III elongate from normal to abnormal. In addition to elongation of the 
wave I-V IPL a decreased amplitude ratio of V/I becomes evident. Finally, later 
components of the ABR (waves III and V) disappear.

An example of the serial change of the ABR in ALD is shown in the Fig. 12.2 
(Inagaki et al. 2006). In an individual with ALD, early components of the ABR in 
ALD remain normal for a relatively long time. A prolonged I-V IPL then becomes 
apparent. A decreased V/I amplitude ratio eventually becomes clear and prolonged, 
and disappeared later components are confirmed in occipital type of ABR.

The following reports focused on adrenomyeloneuropathy (AMN). Grimes 
reported the bilateral abnormalities in the ABR of three patients with AMN: no 
response in one patient and prolonged IPL in two patients.

In 2006, Pillion et al. studied the ABR in 96 patients with ALD. The five types of 
disease were childhood/adolescent cerebral type, pure AMN, AMN plus cerebral, 
pure Addison’s disease and a group of symptomatic females with ALD. ABR abnor-
malities were often exhibited by these patients, as were a delayed wave V and pro-
longed IPL. An abnormal ABR was observed most often in the patients with AMN 
and cerebral symptoms. Age was the most sensitive predictor of ABR abnormalities. 
Pillion et al. stated that an abnormal ABR was caused by the abnormalities in fiber 
tracts in lesions of the lateral lemniscus and inferior colliculus. This may be accu-
rate, but physiological abnormalities can be detected more easily because a pro-
longed IPL may be apt to arise from the longer route abnormalities in AMN 
compared with pure cerebral types.
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12.2.2.2  �Visual Evoked Potential (VEP)

In 1993 Kaplan et al. examined 108 patients with ALD treated with Lorenzo’s oil. 
The follow-up examination for 1 year later disclosed that reduced level of very long 
chain fatty acid (VLCFA) in the patient’s serum but did not improve the N100 value 
of the patient’s visual evoked potential (VEP). Inagaki provided the noteworthy case 
report of a patient with childhood cerebral-type ALD in 1995. After a bone marrow 
transplantation, the patient’s VEP and SEP reappeared. Such cases highlight the 
importance and usefulness of evoked potentials. In 2006, Inagaki et al. reported an 

Fig. 12.2  Serial change of ABR in a patient with ALD. The patient’s motor and mental develop-
ment was normal until 8 years and 1 month old. His first symptom was defect of visual field. He 
admitted to a hospital aged 8 years and 11 months. He gradually lost his ability and became bedrid-
den at last. His ABR was normal in shape, latency and amplitude after the onset of his disease 
(9 years and 1 month). However, interpeak latency of I-V gradually became prolonged and all 
waves reduced their amplitude. Three months from the onset, wave V disappeared finally. Figure 
noted in parenthesis is the time period from the onset of the disease (Quoted from Inagaki M, Kaga 
Y, Kaga M, Nihei K. Multimodal evoked potentials in patients with pediatric leukodystrophy. Clin 
Neurophysiol. Suppl 2006;59:251–63)
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update with serial change of VEP (Fig. 12.3, Inagaki et al. 2006) in the same patient 
described above in this section. The serial change of the patient’s VEP demonstrated 
that the wave VI (P100 evoked by flash stimuli) latency of the VEP was already 
prolonged at 10 months from the disease onset. Wave IV could not be recorded at 
3 years after the onset. Thus, serial recording reveals the pathophysiology and clini-
cal course of ALD.

Kaplan et  al. studied visual system abnormalities in 1995 in 59 patients with 
AMN using pattern reversal VEP, MRI, and clinical examinations, and they reported 
that visual pathways were affected in 63% of the patients. Their results seem to 
intensify the continuity of cerebral types of ALD and AMN.

In 2009, Furushima et al. reported the importance of P100 amplitude of the flash/
pattern reversal VEP and P1 of visual event related potentials (V-ERP) in six asymp-
tomatic boys with ALD along with their psychological profiles. The boys’ full scale 
IQ values were all in the normal range, but in two patients, their performance IQ 

Fig. 12.3  Serial change of 
VEP in a patient with 
ALD. Serial change of 
VEP in the same patient 
with ALD of Fig. 12.2. The 
wave IV (P100 evoked by 
flash stimuli) latency of 
VEP was already 
prolonged at 10 months 
from the onset of the 
disease. Wave IV gradually 
diminished and could not 
be recorded at thee years 
of the onset. Figures noted 
in blankets are the period 
from his onset of the 
disease (Quoted from 
Inagaki M, Kaga Y, Kaga 
M, Nihei K. Multimodal 
evoked potentials in 
patients with pediatric 
leukodystrophy. Clin 
Neurophysiol. Suppl 
2006;59:251–63)
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(PIQ) was much lower than verbal IQ (VIQ). This finding will be discussed later in 
the Neuropsychology section. In the same study, regarding the VEP, the amplitude 
and latency values of P100 and P1 was intensified and prolonged in 8 asymptomatic 
patients with ALD compared to those of 22 healthy controls. Children generally 
show higher amplitudes in EEG compared to adults. However, the amplitude of the 
VEP in the asymptomatic patients with ALD was clearly high compared to the aver-
age and standard deviation (SD) of the age-matched control children.

Patient Patient Patient 3 Patient 4 Patient 5

Fig. 12.4  High amplitude flash VEPs in 5 asymptomatic ALD patients

Fig. 12.5  Comparison of latency and amplitude of Flash VEP in different clinical types of 22 ALD 
patients. Vertical axis is Standard deviation (SD) of the amplitude of VEP. Horizontal axis is SD of 
the latency and the amplitude of 3 clinical types of patients with ALD. From the left to the right, 
11 Occipital (O), 3 Frontal (F) type and 8 asymptomatic (A) type of patients. Data of average and 
standard deviation are based on healthy controls
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Thus, a high-amplitude VEP (Fig. 12.4) may be an early sign of ALD prior to the 
appearance of a lesion MRI. The follow-up of asymptomatic children with the use 
of both electrophysiological and neuropsychological tests may serve as an aid for 
deciding the timing of therapeutic intervention. In fact, some of the children in the 
Furushima et al.’s study underwent an HSCT, and their VEPs returned to normal; no 
apparent symptoms of ALD were then observed.

In our 22 patients with ALD (11 occipital (O), 3 frontal (F), and 8 asymptomatic 
(A) types) showed different pattern of the latency and amplitude in VEPs (Fig. 12.5). 
In O type, prolonged latency with normal amplitude is most distinct. F type patients 
seemed to show almost normal latency and amplitude. In A types, patients who 
showed normal latency and high amplitude VEP are conspicuous. But there are 
patients with normal latency and normal amplitude. These findings suggest some 
patients will appear as O type and the other will commence from F type (Fig. 12.5).

12.2.2.3  �Somatosensory Evoked Potential (SEP)

The origin of SSEP induced by stimulation of median nerve (or tibial nerve) has 
been defined by the experimental and clinical research. N9 is from brachial plexus. 
N13 and N14 originate from brainstem relay nucleus, and N18 to N20 is the contra-
lateral somatosensory cortex. In 2006, Inagaki et al. described the SEP (Fig. 12.6, 
Inagaki et al. 2006), ABR, and VEP at 5 years and 8 months after the disease onset 
in a 13-year-old patient. His SSEP revealed a normal N9, which indicates normal 
peripheral nerve conduction and an ambiguous N13 and absent N20, i.e. abnormal 
function in the brainstem to sensory cortex.

The SEP has been well investigated in patients with AMN. For example, in 1997 
Kaplan examined the SSEP induced by median and posterior tibial nerve stimula-
tion in 83 patients with AMN. Ten of the 16 women (62.5%) had abnormal SSEPs 
involving central pathways, and 59 of the 67 men (88%) had abnormal median 

Fig. 12.6  Short latency somatosensory evoked potential (SSEP) in a patient with ALD.  The 
patient was first noted by visual abnormality and seizure at the age of 7 years and 10 months. SSEP 
recorded at the age of 13 years 6 months is shown in this figure. Erb’s potential (N9) is normal, 
brainstem (N13) to cortical potential (N20) are ambiguous. Central conduction is disturbed 
(Quoted from Inagaki M, Kaga Y, Kaga M, Nihei K. Multimodal evoked potentials in patients with 
pediatric leukodystrophy. Clin Neurophysiol. Suppl 2006;59:251–63)
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SSEPs involving both peripheral and central pathways. Tibial SSEPs were abnormal 
in 14 of the 15 women and all 67 men with peripheral and central pathways. These 
differences among women and men may define the clinical severity of their ADL.

Restuccia et al. also reported in 1997 that 12 of 19 female ALD carriers exhibited 
abnormal SEP results reflecting central abnormalities with intact peripheral conduc-
tion. The patients with severe symptomatology in ALD/AMN showed severe abnor-
malities, and the patients with milder symptoms showed milder SEP abnormalities. 
In 2012, Cappa et al. reported an improvement of the SEP following a decrease in 
the plasma levels of serum 26:0, 26:0/22:0 ratio brought about by the dietary intake 
of Lorenzo’s oil.

In 1992, Park et al. later provided a case report of a 33-year-old man with AMN 
and an abnormal SEP induced by posterior tibial stimulation. His main clinical fea-
ture was progressive spastic paraparesis and other autonomic dysfunction. In such a 
case, a detailed follow-up SEP study is necessary to clarify the clinical meaning of 
these abnormal findings.

12.2.2.4  �Multimodal Evoked Potentials

In 1982, Markand et al. examined 3 patients with ALD, 12 patients with PMD, and 
three with MLD. The ABR, VEP and SEP findings in the ALD patients were as fol-
lows. All of the evoked responses were abnormal in all three patients with the excep-
tion of normal VEPs and SEPs observed in a patient with early ALD. In most of the 
patients, wave I with and without wave II were the only components of the ABRs 
that remained for long time. However, subsequent components (waves III-VII) were 
absent which indicates a rostro-caudal progression of the disease. The patient’s 
VEPs were severely abnormal and the latency of major components was signifi-
cantly delayed.

Inagaki et al.’s (2006) description of the serial recordings obtained from patients 
with various white matter disorders suggested that the degenerative process can also 
be observed by measuring the VEP.  In their patients, median nerve stimulation 
evoked SSEP showed normal Erb’s potential (N10) and absent or marked attenua-
tion of cervical (N14) and early scalp components (N19 and P22). A significant 
delay in scalp components was also observed. Multimodal evoked responses pro-
vide more information regarding the functional integrity of several afferent systems 
in patients with white matter disorders.

Assessments of the individual evoked potentials are of course useful to evaluate 
clinical disease processes, and the results can contribute to auxiliary diagnostic 
procedure. Multimodal assessment can reveal the diseased nerve route pathway of a 
sensory modality.

In 2010, Matsumoto et al. reported multimodal evoked potentials in ten patients 
with AMN. An abnormal motor evoked potential (MEP) and SEP were observed in 
all ten patients. The ABR was abnormal in nine patients but an abnormal VEP was 
observed in only one patient. The brainstem latency of seven of the patients was 
observed; the cortical-brainstem conduction time was severely prolonged in three 
patients. These findings emphasize the importance of the discrepancy in the results 
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of VEP, MEP, SEP and ABR as clinically useful electrophysiological features for 
the diagnosis of AMN.

12.2.2.5  �Transcranial Magnetic Stimulation (TMS)

Hitomi et al. in 2003 described the improvement of motor conduction induced by 
transcranial magnetic stimulation (TMS) in a 20-year old AMN patient after HSCT 
treatment. His VEP and ABR were abnormal but ABR and VEP did not change after 
treatment. Thus the authors intensified the meaning of TMS in evaluating the effect 
of HSCT.

12.2.2.6  �Event Related Potential (ERP)

Event related potential (ERP) is a transient brain electrical potential related with 
time course and is induced by the inner events such as cognition of some difference, 
decision making and others. P300 and mismatch negativity (MMN) are most often 
used ERP which will be described below. Other examples of ERP are contingent 
negative variation (CNV), N400 and others. CNV is a negative potential induced by 
anticipation or expectation. N400 is induced by relating with the meaning of words 
or sentences.

Mismatch negativity (MMN) is induced when an individual can detect a subtle 
difference of two or more types of stimuli under an ‘ignore’ condition. MMN was 
discovered by Naätänen et al. in 1978 and then thoroughly investigated by his group. 
The P300, first reported by Sutton in 1965 is induced when one can detect the dif-
ference between two types of stimuli in a conscious/attentive manner. By applying 
both methods (non-conscious or conscious) to induce the MMN response or P300 
response, the authors used nonverbal and verbal stimuli to investigate patients with 
ALD who showed verbal auditory agnosia. And both ERPs induced by pair of tone 
bursts or pair of verbal sounds were compared. In both ERPs, amplitudes are higher 
in response to tone bursts than to verbal sounds. Both ERPs (i.e. MMN and P300) 
induced by a pair of tone bursts or a pair of verbal sounds were compared. The 
amplitude of the latency of both was higher and shorter response to tone bursts than 
to the verbal sounds. These results suggest the clinical severity of the ALD patient’s 
auditory verbal agnosia. The MMN and P300 wave forms in a patient with ALD 
whose main symptom was auditory agnosia are shown in Fig. 12.7.

12.2.2.7  �Summary of Neurophysiological Examination in ALD

Neurophysiological examinations are noninvasive methods, and those examinations 
can thus be performed repeatedly without harm to patients. This is an advantage that 
allows the monitoring features of degenerative disease. In addition, the VEP and 
EEG findings (and perhaps more features) may clearly change before the onset of 
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clinical disease. Neurophysiological examinations are therefore desirable. As an 
example, an increase in VEP amplitude identified by neurophysiological testing 
may be the critical sign of the disease onset in asymptomatic ALD patients. This we 
can have tools to help the decision of deciding HSCT treatment for the anxious 
patients and their families. Thus the author intends to consider more positive intro-
duction of neurophysiological examination.

12.3  �Neuropsychology of X-ALD

12.3.1  �What Is Neuropsychology?

The scope of neuropsychology research includes the study of the relationships 
between higher cortical activities and brain structures. The case of patients with a 
brain injury and organic symptoms can teach researchers a great deal about the 
brain. Our understanding of aphasia, agnosia and apraxia has been greatly increased 
by the constant advances in neuropsychology methods. A recent example is the 
trend of using neuroimaging techniques together with clinicopathological methods. 
The application of neuropsychology tests to ALD are summarized next.

vowel sound vowel sound

tone burst tone burst

MMN P300

Fz

Fz

Cz

Pz

Cz

Pz

0 500 1000 ms 1000 ms5000

-- target
-- non target

disappearnce of P300
positive deviation is due 

to blink

disappearnce of P300

MMN abnormal distribution

disappearnce of MMN

Fig. 12.7  Mismatch negativity (MMN) and P300 to tone and vowel sounds in a patient with ALD 
with auditory agnosia. Mismatch negativity (MMN) and P300 to tone bursts ([1000 Hz] versus 
[2000 Hz] and vowel sounds ([a] versus [ae]) in a patient with ALD aged 11 years. He showed typi-
cal auditory agnosia at the onset of his disease. MMN to tone bursts was clear at Cz lead, but no 
MMN to vowel sounds. (MMN is usually recorded best at frontal leads.) No P300 was recorded 
both to tone bursts and vowel sounds. He could not discriminate clinically the difference of both 
kinds of stimuli for himself
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12.3.2  �Application of Neuropsychology to ALD

ALD is a metabolic neurodegenerative disease but its course and appearance as 
symptoms are not the same in all patients. The speed of progression and the order of 
the lesion to be located in the white matter of the brain often differ among ALD 
patients. The classification and early symptoms of ALD are described by Shimozawa 
in the previous chapter, but a rough classification of the cerebral type of ALD con-
siders two types, the frontal and occipital types. Symptoms of frontal type can 
appear as inattention, reduced executive function, and behavioral change/alteration 
in personality due to frontal lobe dysfunction. Symptoms of the occipital type often 
appear as the central visual impairment along with gait disturbance or a variety of 
symptoms. The occipital type of ALD is more frequent than the frontal type; the 
reported rates are 80–85% and 15–20% of ALD cases, respectively. Like these 
localized brain symptoms can be identified because the progress of ALD is not even 
and patients’ overall intelligence does not become compromised uniformly com-
pared with other types of leukodystrophies and many gray matter degenerative dis-
eases. Thus cognitive tests have often disclosed a visual processing disorder in 
patients with occipital type ALD.

12.3.3  �Neuropsychological Tests

Over the past century, many types of neuropsychological tests were devised and 
used to identify cognitive functions. The following functions are among those con-
sidered when patients’ overall cognitive state is being assessed: general intelligence, 
language function, visual function (copy, memory, visuospatial cognition, visual 
motor function, etc.), auditory function (repetition, recognition of verbal and non-
verbal sounds, auditory spatial cognition, memory, etc.), frontal function (e.g., 
attention, executive function, Stroop test results, comprehension of no-go tasks), 
behavior, recognition of body and face images, space, emotion, memory (long term, 
short term and working memory), adaptive behavior and academic skills.

12.3.3.1  �Wechsler Intelligence Scale Tests

The Wechsler Intelligence Scale Tests are essential to evaluate all the patients sus-
pected of having ALD. When serial testing is necessary, the interval between these 
tests should be ≥1 year. The Wechsler intelligence Scale Tests are divided into three 
types by the chronological age of the subjects being tested; adults (the Wechsler 
Adult Intelligence Scale or WAIS), children (the Wechsler Intelligence Scale for 
Children or WISC) and preschoolers and toddlers (the Wechsler Preschool and 
Primary Scale for Intelligence or WPPSI). These tests are standardized in each area 
of the world, used internationally, and revised periodically to better assess intelli-
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gence based on separate cognitive functions, i.e., language (verbal comprehension 
index [VCI]), perceptual reasoning index ([PRI], visual comprehension and informa-
tion processing), working memory index [WMI] and processing speed index [PSI] in 
the WISC-IV[the fourth edition of the WISC]). For comparison, VCI and PRI have 
almost all the same meaning with Verbal IQ (VIQ) and Perceptive IQ (PIQ), respec-
tively in WISC-III (Wechsler Intelligence Scale for Children, the third edition).

Subcategories of WAIS and WPPSI are somewhat different from WISC-IV but 
fundamental designs of the three tests are not significantly different. Large segments 
of cognition can be evaluated by using the Wechsler Intelligence tests. Several 
newer tests have been added to some test batteries to enable more precise evalua-
tions, or to confirm the findings obtained with Wechsler tests, or to identify the 
necessary cognitive function.

12.3.3.2  �Other Neuropsychological Tests

•	 Draw a man test (body image, eye hand coordination, vision and visual image) 
This test helps reveal an individual’s body image and eye hand coordination. A 
picture drawn by a patient with central visual impairment is shown in Fig. 12.8.

•	 Peabody Picture vocabulary test (language ability, concrete and abstract words)
•	 Frostig visual perception development test (visual perception and eye–hand 

coordination)
•	 Raven colored matrix test (visual reasoning)
•	 Rey’s complex figure test (visual cognition, eye–hand coordination and visual 

memory)
•	 Kaufman assessment battery for children (academic skills, sequential and simul-

taneous processing scale)
•	 Standard language tests for aphasia (by Japan society of Higher Brain Function) 
•	 Token test (comprehension of words and sentences)
•	 Word fluency test (frontal function)
•	 Stroop test (frontal function)
•	 Wisconsin card sorting test (frontal function)
•	 Rey’s auditory verbal learning test (AVLT) (auditory memory)

12.3.3.3  �Neuropsychology in Children with ALD

In 2000, Riva et al. reported that neuropsychological testing may predict early pro-
gression of asymptomatic adrenoleukodystrophy. They investigated seven symptom-
atic and eight asymptomatic pediatric patients. All symptomatic boys showed lesions 
in occipital white matter, corpus callosum and visual pathway. Five of the seven 
symptomatic patients had lesions in the auditory pathway. MRI revealed frontal 
white matter lesions in three of the symptomatic patients. Among the eight asymp-
tomatic boys, six developed apparent ALD within 16–30 months, and seven showed 
parietooccipital white matter lesion Only one patient was free of MRI lesions.
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The neuropsychological test results of the symptomatic patients revealed marked 
abnormalities in full IQ (FIQ), verbal IQ (VIQ) and performance IQ (PIQ) by 
WISC-III. Most of their other test results were abnormal.

The asymptomatic patients showed relatively normal neuropsychological test 
results, but verbal fluency and naming functions were severely impaired. These 
results seem to derive from frontal lesions. Riva et al. noted that MRI demonstrated 
frontal lobe-related lesions in only three out of eight asymptomatic patients.

Cox et al. (2006) examined 52 asymptomatic boys with ALD (6.7 ± 3.6 years 
old)and reported that the boys showed normal overall cognitive function when they 
showed no clinical or MRI signs of the disease. They attempted to determine the 
patients’ full cognitive functions just before the onset of their disease. The tests 
included Wechsler intelligence tests (Fig. 12.9). The test results indicated com-
pletely normal full cognitive functions in 48 of the 52 patients. The remaining four 
patients showed somewhat abnormal results at their asymptomatic stage. Briefly, (a) 
One patient (age 5.2 years) showed low FIQ/VIQ values and depressed language 
and adaptive behavior. (b) One patient (age 12.8 years) showed lower-limit PIQ and 
low executive function. (c) One patient (age 2.6 years) showed lowered visual cog-
nition. (d) One patient (age 2.4 years) showed low daily adaptive function revealed 
by the Vinland Adaptive Behavior Scale. Moreover, they found negative correlation 
between patient’s age and their visual cognition. The authors (Cox et al.) also identi-
fied a negative correlation between the patients’ age and their visual cognition, The 
findings suggests that as patients grew older, their visual cognition declined. In 
other words, the possibilities of neuropsychological abnormalities come to the sur-
face as an individual with ALD ages.

Fig. 12.8  Draw a man test 
in a patient with ALD aged 
12 years. He had Occipital 
type of ALD. His body 
image was impaired. 
Proportion of the head, 
body shoulder and trunk 
are unbalanced. Left leg/
his trousers, both 
shoulders/arms and right 
upper half body/his 
trousers are separated. A 
picture drawn by a patient 
with central visual 
impairment is shown in 
Fig. 12.8 also affects this 
phenomenon
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In 2009, Kaga et al. reported neuropsychological test results of eight asymptom-
atic patients with the childhood cerebral type of ALD (A type) and 14 symptomatic 
ALD patients before HSCT treatment. The group of symptomatic patients was com-
posed of 11 patients with the occipital type (O type) and three patients with the 
frontal type (F type). The age ranges of the complete series of 22 patients were as 
follows: A type, 5–14 years, O type, 3–11 years; and F types, 10–11 years. No clini-
cal and radiological signs of disease were confirmed in A-type patients when they 
were examined. Precise neuropsychological tests were done in all patients.

In addition, the distribution of the verbal IQ (VIQ) and performance IQ (PIQ) of 
the WISC-III results (or WPPSI in one patient) are shown in Fig. 12.8.The PIQ test of 
the WISC III is almost the same as Perceptual Reasoning Index (PRI) of the 
WISC-IV. Eight of the nine O-type patients tended to show marked discrepancy of 
VIQ and PIQ. In the three F-type patients, the discrepancy was rather low compared 
with the O-type patients. The A-type patients, overall IQ values were higher than 
those of the symptomatic patients, and they showed almost normal FIQ (7/8). The 
PIQ result was significantly lower than VIQ in three patients. There were three patients 
who showed a definitive difference between their VIQ and PIQ values (VIQ≫PIQ).

Both symptomatic and asymptomatic patients with a wide discrepancy in their 
VIQ and PIQ results (≥10) in the Kaga M et al. study showed abnormal results in 
tests designed to detect visual cognition. The Gestalt Closure in the Kaufman 
Assessment Battery for Children and the Constancy of Shape in the Frostig 
Developmental Test of Visual Perception seemed to be effective for detecting visual 
cognitive dysfunction in the asymptomatic ALD children whose difference of VIQ 
and PIQ was within the normal range.

These findings may indicate that the pattern of this discrepancy can predict each 
patient’s main lesion of disease at onset (Kaga et al. 2009; Furushima et al. 2009).

Along with the high-amplitude VEP, neuropsychological abnormalities can be 
early neuropsychological signs of childhood adrenoleukodystrophy in asymptom-
atic boys. Prior to the disease onset, the cognitive function of asymptomatic patients 

Fig. 12.9  IQ value of Wechsler Intelligence scale in patients with 20 ALD patients. O type: occipi-
tal type. F type: frontal type. A type: asymptomatic type. VIQ is verbal IQ and PIQ is performance 
IQ of Wechsler Intelligence scale for children-III (Quoted from Kaga M, Furushima W, Inagaki M, 
Nakamura M. Early neuropsychological signs of childhood adrenoleukodystrophy (ALD). Brain 
Dev. 2009; 31:558–61)
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appears to be normal, but the neuropsychological and neurophysiological abnor-
malities identified by the tests described above may predict that clinical disease is 
not very far off for the patients.

12.3.3.4  �Auditory Agnosia in Children with ALD (Furushima et al. 2015)

Central visual impairment is often stressed in ALD patients because their lesions 
often begin from occipital white matter. Though hearing impairment is not rare as 
an early symptom of childhood ALD, it is apt to be missed; overlooking this symp-
tom can contribute to a delayed diagnosis. The precise evaluation of patients’ audi-
tory function can aid the diagnosis. In ALD, hearing impairment is of central brain 
origin and not from ear disease, indicating that the symptoms are derived from a 
bilateral dysfunction of auditory cortex in temporal lobes. ALD is essentially a 
white matter disease, and the sites of the organic lesions usually involve the route of 
the retrocochlear nerve, lateral lemniscus, internal geniculate body, and auditory 
radiation. Typical symptoms are seemingly ignoring other people’s statements, fre-
quent ask-back, and hearing impairment-like attitudes (Furushima et  al. 2015). 
Individuals with these symptoms are often misdiagnosed at first as malingering, 
rebelling against authority and/or “acting up.” It is also important to note that chil-
dren can have auditory agnosia due to their underlying disease, although this is rare.

12.3.3.5  �Summary of Neuropsychological Tests in ALD

The careful follow-up of asymptomatic boys with ALD by administering neuropsy-
chological tests along with some of the above-described neurophysiological tests 
can help determine the timing of therapeutic intervention. In ALD, neuropsycho-
logical abnormalities have seemed to precede the appearance of clinical and MRI 
alterations.
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