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a b s t r a c t

Currently the molecular basis for the clinical heterogeneity of X-linked adrenoleukodystrophy (X-ALD) is
poorly understood. The genetic bases for all different phenotypic variants of X-ALD are mutations in the
gene encoding the peroxisomal ATP-binding cassette (ABC) transporter, ABCD1 (formerly adrenoleuko-
dystrophy protein, ALDP). ABCD1 transports CoA-activated very long-chain fatty acids from the cytosol
into the peroxisome for degradation. The phenotypic variability is remarkable ranging from cerebral
inflammatory demyelination of childhood onset, leading to death within a few years, to adults remaining
pre-symptomatic through more than five decades. There is no general genotypeephenotype correlation
in X-ALD. The default manifestation of mutations in ABCD1 is adrenomyeloneuropathy, a slowly pro-
gressive dying-back axonopathy affecting both ascending and descending spinal cord tracts as well as in
some cases, a peripheral neuropathy. In about 60% of male X-ALD patients, either in childhood (35e40%)
or in adulthood (20%), an initial, clinically silent, myelin destabilization results in conversion to a
devastating, rapidly progressive form of cerebral inflammatory demyelination. Here, ABCD1 remains a
susceptibility gene, necessary but not sufficient for inflammatory demyelination to occur. Although the
accumulation of very long-chain fatty acids appears to be essential for the pathomechanism of all
phenotypes, the molecular mechanisms underlying these phenotypes are fundamentally different. Cell
autonomous processes such as oxidative stress and energy shortage in axons as well as non-cell
autonomous processes involving axoneglial interactions seem pertinent to the dying-back axonop-
athy. Various dynamic mechanisms may underlie the initiation of inflammation, the altered immune
reactivity, the propagation of inflammation, as well as the mechanisms leading to the arrest of inflam-
mation after hematopoietic stem cell transplantation. An improved understanding of the molecular
mechanisms involved in these events is required for the development of urgently needed therapeutics.

� 2013 The Authors. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction and clinical aspects of X-ALD pathophysiology

X-linked adrenoleukodystrophy (X-ALD; OMIM, phenotype
MIM number #300100) is the most common inherited peroxisomal
disorder. The combined incidence of hemizygotes (all phenotypes)
plus heterozygous female carriers is 1:16,800 newborns [1]. One of
the key clinical symptoms during aging of X-ALD patients is a

slowly progressive axonopathy affecting sensory ascending and
motor descending spinal cord tracts with 100% penetrance in men
and 65% in heterozygous women by the age of 60 years [2]. Thus, X-
ALD represents one of the most common monogenetically inheri-
ted neurodegenerative diseases.

The progressive dying-back axonopathy represents the core
clinical feature of adrenomyeloneuropathy (AMN) in male patients,
with onset usually between 20 and 30 years and in heterozygous
females with onset between 40 and 50 years. The initial symptoms
include progressive stiffness and weakness of the legs, impaired
vibration sense in the lower limbs, sphincter disturbances and
impotence, as well as scarce scalp hair (alopecia). About 66% of
male AMN patients, but less than 5% of female patients, have
adrenocortical insufficiency (Addison disease). Abnormal MRI sig-
nals of white matter in the centrum ovale, pyramidal tracts in the
brainstem and internal capsules have frequently been observed in
AMN, but no gadolinium enhancement is present indicating an
intact bloodebrain barrier and the absence of an acute inflamma-
tory process [3].

Abbreviations: ABCD, ATP-binding cassette transporter subfamily D; AMN,
adrenomyeloneuropathy; CALD, cerebral adrenoleukodystrophy; HSCT, hemato-
poietic stem cell transplantation; VLCFA, very long-chain fatty acids; X-ALD, X-
linked adrenoleukodystrophy.
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On the other hand, in a total of about 60% of male X-ALD pa-
tients, rapidly progressive, inflammatory cerebral demyelination
(cerebral X-ALD, CALD) occurs independent of AMN. The onset of
inflammation is most common in children (35e40%), before onset
of AMN, and less frequent (20%) in adolescents or adults. The in-
flammatory demyelination starts most often in the midline of the
corpus callosum and progresses relentlessly outward as symmetric,
confluent lesion in both hemispheres. Clinically, this coincides with
a progressive neurologic decline, leading to a vegetative state or
death within 3e5 years. Occasionally, a spontaneous arrest of ce-
rebral disease has been observed. Hematopoietic stem cell trans-
plantation or ex vivo gene correction of autologous hematopoietic
stem cells can arrest the inflammation in early stages and, thus,
provide an efficient treatment for the inflammatory form of X-ALD
[4e6]. For pathophysiological considerations, it is important to note
that acute inflammation is only observed in the central nervous
system (CNS) and not in other tissues of X-ALD patients [3].

In females, cerebral disease is exceedingly rare and has only
been verified in a casewhere both X chromosomeswere affected. In
an 8-year-old girl with severe CALD, genetic analysis revealed a de
novo Xq27-ter deletion on the paternal X-chromosome in addition
to the maternally inherited ABCD1 mutation [7]. Approximately
65% of heterozygous females develop an AMN-like syndrome with
an average onset later than in the male patients [8]. In addition,
female heterozygotes report prominent diffuse pain and are often
misdiagnosed with fibromyalgia. Investigations in blood leukocytes
reported a “skewed X-inactivation” in 68% of 22 X-ALD carriers with
a significant correlation between the extent of the skewing and the
severity of neurologic abnormalities [9]. We hypothesize that the
ameliorated symptoms in the majority of heterozygous female
carriers compared to male patients are due to the X-inactivation
patterns in oligodendrocytes and microglia/macrophages. Here the
population of cells bearing the normal allele may provide enough
functional ABCD1 activity to protect from CALD. When in female
heterozygotes symptoms exceed those of AMN, other explanations
should be sought [7,10]. The importance of the proportion of cells
carrying a healthy allele is emphasized by the observation that in
two CALD patients the arrest of inflammation by autologous he-
matopoietic stem cell gene therapy could be achieved by long-term
correction of only about 16% of CD34þ-derived cells, as determined
by ABCD1-positivity of peripheral granulocytes, monocytes, T and B
cells [5,6].

2. Biochemical and genetic aspects of X-ALD pathophysiology

Saturated, unbranched very long-chain fatty acids (VLCFA; fatty
acyl-chain length of �22 carbons) are degraded in the peroxisomal
matrix by the sequential reactions of the enzymes (acyl-CoA oxi-
dase 1, D-bifunctional protein and either peroxisomal b-ketothio-
lase 1 or sterol carrier protein x) of the b-oxidation pathway. In X-
ALD patients, saturated VLCFA, in particular C26:0, accumulate in
tissues and body fluids serving as a diagnostic marker for X-ALD [3].

In all X-ALD patients, mutations affecting the ATP-binding
cassette (ABC) transporter subfamily D member 1 (ABCD1) gene,
located at chromosome Xq28, have been identified [11]. A sum-
mary of more than 643 different ABCD1 mutations can be found
at the web page http://www.x-ald.nl [12]. The ABCD1 gene en-
codes the peroxisomal ABC half-transporter ABCD1 (formerly
adrenoleukodystrophy protein, ALDP). The ATP-binding domain
of ABCD1 is facing the cytosol and substrates are transported
from the cytosol into the peroxisome under ATP consumption. It
is not clear what determines the substrate specificity of the
peroxisomal ABC transporters. For the human ABCD1 protein,
CoA-activated VLCFA, such as C26:0-CoA or C24:0-CoA but also
C22:0-CoA, are valid substrates; and the degradation of these

fatty acids by peroxisomal b-oxidation is strongly reduced in
cultured X-ALD fibroblasts [13e15]. In fibroblasts, the peroxi-
somal import and degradation of C26:0-CoA could be blocked
using anti-ABCD1 antibodies [15].

In addition to ABCD1, two other ABC transporters, ABCD2 and
ABCD3, are localized in the peroxisomal membrane [16e18]. The
functional unit of the ABCD1 transporter is a dimer; in vivo, in the
peroxisomal membrane, apparently predominantly homodimers
are formed, although also heterodimers with ABCD2 or ABCD3, the
other two peroxisomal members of the ABCD family are possible
[19]. In all tissues investigated so far, the b-oxidation of VLCFA was
never completely abolished by ABCD1mutations, not even by those
causing a complete loss of function. We could recently show that in
primary fibroblasts of X-ALD patients, the residual activity depends
largely on the homologous peroxisomal ABC transporter ABCD3.
However, ABCD3 was estimated to be about 45 times less efficient
than ABCD1 at mediating a direct or indirect transport of C26:0-
CoA, across the peroxisomal membrane [15], which provides an
explanation why endogenous ABCD3 is unable to rescue the
metabolic defect in X-ALD patients. ABCD2, the closest homolog of
ABCD1, would be expected to compensate more efficiently than
ABCD3 but is not expressed at relevant amounts in fibroblasts and,
thus, under normal conditions does not contribute substantially to
the residual b-oxidation activity in this cell type. However, because
ABCD1, ABCD2 and ABCD3 could all contribute, directly or possibly
indirectly (via u-oxidation), to the transport and, therefore, to the
degradation of VLCFA, the extent of the metabolic deficiency in
X-ALD probably differs according to the cell type-specific expres-
sion profiles of the three peroxisomal ABC transporters (see
Chapter 4 of this review).

The lack of a generalized genotypeephenotype correlation in X-
ALD becomes clear from three major findings: i) the same ABCD1
mutation can lead to all possible clinical phenotypes within a single
kindred [20]; ii) a complete loss of ABCD1 protein (e.g. early
frameshift, nonsense mutations or large deletions); as well as iii)
the most common mutation (a two-base pair deletion at
c.1415_16delAG in exon 5), has been found in patients with the
entire clinical spectrum of X-ALD [21]. However, this does not
exclude that individual mutations, which lead to a stable and
correctly localized protein that can form dimers and mediate re-
sidual transporter activity, can be exclusively associated with the
AMN phenotype [22,23].

Interestingly, conventional dietary restriction of VLCFA in X-ALD
patients did not lower plasma C26:0 levels [3]. Subsequent studies
have demonstrated that the accumulated VLCFA in X-ALD are
partially absorbed from the diet but predominantly result from
endogenous synthesis through elongation of long- and very long-
chain fatty acids [24]. Moreover, it was demonstrated that this
elongation system is induced, at least in fibroblasts, of X-ALD pa-
tients [24]. This would explainwhy C22:0 does not accumulate, and
often is even slightly reduced, in tissues and cells of X-ALD patients,
in spite of the fact that C22:0-CoA is an excellent substrate for
ABCD1 [15].

3. Lipidomic aspects of the pathophysiology of X-ALD

In X-ALD, the elongated and insufficiently degraded fatty acids
lead to abnormally high levels of VLCFA in various tissues and
body fluids. The increased intracellular concentration of VLCFA-
CoA esters promotes the incorporation of VLCFA into different
complex lipids, where they are normally not enriched. The sub-
strate specificity of different lipid metabolizing enzymes de-
termines the amount of incorporated VLCFA. This varies among
different cell types and, importantly, between gray and white
matter, thereby effecting crucial regional variation in VLCFA
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