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INTRODUCTION

Abstract

X-adrenoleukodystrophy (X-ALD) is a metabolic, peroxisomal disease affecting the
nervous system, adrenal cortex and testis resulting from inactivating mutations in ABCD1
gene which encodes a peroxisomal membrane half-adenosine triphosphate (ATP)-binding
cassette transporter, ABCD1 (or ALDP), whose defect is associated with impaired peroxiso-
mal B-oxidation and accumulation of saturated very long-chain fatty acids (VLCFA) in
tissues and body fluids. Several phenotypes are recognized in male patients including
cerebral ALD in childhood, adolescence or adulthood, adrenomyeloneuropathy (AMN),
Addison’s disease and, eventually, gonadal insufficiency. Female carriers might present with
mild to severe myeloneuropathy that resembles AMN. There is a lack of phenotype—
genotype correlations, as the same ABCD1 gene mutation may be associated with different
phenotypes in the same family, suggesting that genetic, epigenetic, environmental and
stochastic factors are probably contributory to the development and course of the disease.
Degenerative changes, like those seen in pure AMN without cerebral demyelination, are
characterized by loss of axons and secondary myelin in the long tracts of the spinal cord,
possibly related to the impaired lipid metabolism of VLCFAs and the associated alterations
(ie, oxidative damage). Similar lesions are encountered following inactivation of ABCDI in
mice (ABCDI"). A different and more aggressive phenotype is secondary to cerebral demy-
elination, very often accompanied by inflammatory changes in the white matter of the brain
and associated with activation of T lymphocytes, CD1 presentation and increased levels of
cytokines, y-interferon, interleukin (IL)-l1c, IL-2 and IL-6, Granulocyte macrophage
colony-stimulating factor (GM-CSF), tumor necrosis factor-a, chemokines and chemokine
receptors.

form, adrenomyeloneuropathy (AMN) and isolated Addison’s
disease. Female carriers present frequently with moderate to severe

X-adrenoleukodystrophy (X-ALD, ALD, [Mendelian inheritance
in Man (MIM) 300100]) is a metabolic, peroxisomal monogenic
disease affecting the nervous system, adrenal cortex and testis
resulting from inactivating mutations in ABCDI gene located in
chromosome Xq28. ABCDI encodes a peroxisomal membrane
half-ATP-binding cassette (ABC) transporter, ABCD1 (or ALDP),
whose defect is related to abnormal peroxisomal B-oxidation and
accumulation of saturated very long-chain fatty acids (VLCFA) in
tissues and body fluids (2, 7, 9, 35, 97, 99, 107, 147).

The estimated frequency is about 1:17 000 in the USA (13) and
1:20 000 in France (99), whereas the estimated frequency for het-
erozygous women is 1:14 000 (13).

X-ALD is a very enigmatic disorder as several phenotypes might
occur in male patients within the same family: cerebral childhood
adrenoleukodystrophy (cALD), cerebral juvenile, cerebral adult
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myelopathy, usually without cerebral involvement or adrenal insuf-
ficiency (96). Frontotemporal dementia is a common presentation
of cerebral ALD in adults (75, 90, 137). Importantly, the different
phenotypes do not depend on the type of the mutation (10). In
contrast, clinical symptoms are closely related with neuropatho-
logical features, either inflammatory or degenerative or combined.
Moreover, members of the same family may suffer from different
phenotypes, and a phenotype can be modified in a particular indi-
vidual during his life. Different clinical phenotypes have been
reported in monozygotic twins (156), suggesting that genetic, epi-
genetic, environmental and stochastic factors are probably con-
tributory to the development and course of the disease (1, 55, 76,
130).

The history of the discoveries related with X-ALD is fascinating
in its complexity, and it is a good example of endeavor,
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tremendously rigorous work and serendipity in science. It is worth
reading the experiences of major contributors in this field to have
an idea of the evolution from what was formerly called Schilder’s
disease, a fatal inflammatory leukodystrophy of childhood prob-
ably due to different causes, to the present concept of one of the
more common phenotypes of X-ALD encompassing a broader
conception of the disease (97, 108). Several aspects are still
obscure, such as the relationship between the inactivation of a
peroxisomal ALDP protein and the abnormal metabolism of lipids,
the causes and effects of the severe inflammatory response in most
cases.

In parallel with these events, several strategies have emerged
aimed at finding a cure or alleviation of the disease. Importantly,
efforts in the field of allogeneic hematopoietic cell transplant have
yielded significant help to a subgroup of patients at the very early
stages of CALD. Also, more than 15 adults with cerebral ALD have
successfully been transplanted in Germany and France and have
encouraged new approaches to increase understanding about the
pathogenesis of the disorder and the rational use of therapeutic
tools.

Here, we will review some aspects of the neuropathology of the
most common forms of X-ALD and possible mechanisms involved
in their molecular neuropathogenesis. We will also summarize the
principal therapeutic approaches. Excellent studies and reviews of
adrenal gland and testicular pathology in X-ALD can be found
elsewhere (112, 113, 115-117).

GENETICS

Adrenoleukodystrophy was first linked to the chromosome Xq28
and later demonstrated to be caused by mutations in the ABCD1
gene (88, 102, 103). ABCDI contains 10 exons and encodes for an
mRNA of 4.3 kb that translates a protein of 745 amino acids.
More than 460 different ALD mutations have been reported
including missense, frameshift, nonsense and large deletions
(X-linked Adrenoleukodystrophy Database: http://www.x-ald.nl).
Missense mutations account for more than 50% of the total (67).
A closely related gene is ABCD2 in chromosome 12ql that
codes for an ALD-related protein (ALDRP) with high sequence
homology and overlapping functions to ABCD1 (41, 45, 59, 60,
118, 125). Although X-ALD phenotype is independent of ABCD2
genotype (81), exploiting the functional redundancy of these trans-
porters might have some therapeutic implications (see below).

BIOCHEMISTRY

As detailed elsewhere (69), the principal and pathognomonic bio-
chemical alteration in X-ALD is the accumulation of VLCFA,
especially hexacosanoic (C26:0) and tetracosanoic (C24:0) in brain
and other tissues and body fluids (63). VLCFA content in X-ALD is
increased in cholesterol esters and complex lipids such as ganglio-
sides, phosphatidylcholine, sphingomyelin, cerebrosides and
sulfatides. A main component of myelin sheaths, the proteolipid
protein of myelin, PLP, is enriched in VLCFA in X-ALD (14, 48,
63,97, 138).

ABCDI encodes an ABC transporter that harbors a putative
lipid-binding domain, belonging to the lipid transporters subclass.
Of 48 transcriptionally active ABC transporters, at least 13 are
expressed in the brain and participate in brain lipid transport across
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membranes and in homeostasis. Three of the ABCD transporters
are components of peroxisomal membranes; ABCDI1 is known as
adrenoleukodystrophy protein, ABCD2 is the ALDRP, ABCD3 is
named peroxisomal membrane protein (PMP70). For the fourth
member of the ABCD transporters, ABCD4 is also known as
69 kDa PMP (PMP69) (71, 155). A recent study doubted the per-
oxisomal localization (66). The tree peroxisomal ABCDs may
work as homo- or heterodimers, demonstrated in vivo and in vitro
respectively, and ABCD1 might transport acyl coenzyme A esters
across the peroxisomal membrane (57, 68, 78, 151). This transport
is energy dependent (123).

NEUROPATHOLOGY

X-linked adrenoleukodystrophy, childhood
cerebral form (cALD)

Postmortem studies in childhood cerebral ALD show that the
cortex is grossly intact but that myelin is replaced by gray-to-brown
tissue (128).The neuropathology of cALD is characterized by the
progressive degeneration of the cerebral white matter, with demy-
elinating lesions that are confluent, generally symmetric and show
either a caudorostral progression starting from initial parieto-
occipital involvement (65%) or a rostrocaudal progression starting
frontally (35%). The corpus callosum, optic pathways and posterior
limbs of the internal capsules are characteristically involved in the
occipital forms, the arcuate U fibers being often spared. In this
parieto-occipital forms of cALD, demyelination usually starts in
the splenium of corpus callosum and then extend into the parieto-
occipital white matter. In the rostrocaudal progressing forms,
demyelination either starts in the genu of corpus callosum and then
extends, or it starts in pyramidal tracts in the internal capsules and
extends to the centrum ovale (frontal), progressing to the anterior
parts of the brain. The white matter of the cerebellum is also
affected, although less extensively than the white matter of the
cerebrum.

System atrophy affects the pyramidal tracts in the brain stem and
the spinal cord is seen at the later stage of the disease. In contrast to
the severe involvement of the white matter, the cerebral cortex,
cerebellar cortex and deep cerebellar nuclei, and grey matter of the
brain stem are largely spared (Figure 1).

Three histopathological zones with a spatiotemporal sequence
can be defined in the demyelinating lesions of cerebral ALD (128).
The first zone or peripheral edge, in which destruction of myelin
occurs initially, contains scattered Periodic Acid Schiff (PAS)-
positive and sudanophilic macrophages, but axons are spared. It is
closely followed by a second zone in which there are many lipid-
laden macrophages with lamellar inclusions and some surviving
myelinated axons. The third zone in the center of the lesion consists
of a dense mesh of glial fibrils with absence of oligodendroglia,
myelin sheaths and very often axons. Cavitated areas and calcium
deposits can be present in the third zone, reflecting usually an
advanced state of the lesion, although it can also be a relative early
event based on magnetic resonance imaging (MRI), reflecting that
a long initial non-inflammatory period, usually asymptomatic, that
entered an active phase of neuroinflammation becoming symptom-
atic. Very recently, beyond the leading edge of peripheral demyeli-
nation, a zone lacking microglia has been described (40).
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Figure 1. X-ALD, childhood cerebral form (cALD). A. Loss of myelin and
axons in the white matter of the temporal lobe. B. Inflammatory infil-
trates in the white matter at the edge of the demyelinating lesion. C.
Infiltrating reactive CD68" cells in the intermediate zone between the

Myelin and axon loss is accompanied by perivascular and infil-
trating macrophages containing PAS-positive granular and lamel-
lar inclusions which are more abundant at the sites of active
degeneration than in older degenerating areas. Infiltration and
perivascular accumulation of macrophages and mononuclear cells,
mostly lymphocytes, is seen between the first and the second zone.
This infiltrate resembles that observed in multiple sclerosis (MS)
and experimental allergic encephalomyelitis (EAE). The perivas-
cular cuffs in ALD disclose a T- and B-cell response typical of a
cellular immune response, such as in active MS or EAE (12, 53). In
contrast to MS or EAE, the inflammation in ALD tends to be found
behind the active edge of demyelination. The B-cell component of
the perivascular cuff is also not prominent, although in view of
novel findings, the participation of B lymphocytes might have been
underestimated.

Myelin and axon stains reveal loss of myelin, myelin varicosi-
ties, loss of axons and occasional small axonal enlargements con-
taining Amyloid precursor protein (APP) and synaptophysin, sug-
gesting impaired axonal transport. A few macrophages may also be
seen in apparently spared zones of the white matter, indicating
early degeneration of myelin and axons in these zones. Reactive
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edge of demyelination and the demyelinated area. D. Hypertrophic astro-
cytes in the demyelinated area. Paraffin sections: A, B, D. hematoxylin
and eosin; C. CD68 immunohistochemistry. B, bar =200 um; C, D,
bar =50 pm.

microglia is present in active demyelinating lesions with infiltration
of B and T lymphocytes. Loss of oligodendrocytes and reactive
astrocytes is found in the demyelinated areas of the white matter
(Figure 1). Little is known, however, about the mechanism of oli-
godendroglial death.

A most striking change is the presence of inflammatory infiltrates
at the border of the lesions of the white matter, just behind the active
demyelinating front (Figure 1). A few inflammatory infiltrates can
also be encountered in the deep demyelinated areas. Inflammatory
cells are CD4" and CD8" T lymphocytes, some of them containing
granzyme B, and rare B lymphocytes (53, 62, 64, 111, 122). Plasma
cells are rarely encountered. Importantly, CD8" lymphocytes are
seen in white matter areas distant from the lesions (64).

Ocular anomalies have been reported in cALD. These consist of
primary degeneration of the photoreceptors and optic pathways
(23, 50, 139).

In spite of a biochemically abnormal myelin, with excess of fatty
acids as components of complex lipids and proteins, X-ALD
cannot be considered a dismyelinating disease, as is the case for
other leukodystrophies such as Pelizaeus-Merzbacher disease. The
ultrastructural aspect of myelin sheaths is strictly normal during
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development and adulthood in AMN patients, and the onset of
disease is most frequently in adulthood, years after myelination has
ended.

Although targeted on myelin, primary axon damage in cALD
cannot be ruled out on the basis of our current knowledge (39).

AMN

AMN was first recognized in patients with progressive spastic
paraparesis and corticoadrenal insufficiency, due to predominant
spinal cord and peripheral nerve involvement together with specific
changes in the cortex of the adrenal gland (18, 54, 126, 127). Yet
not all patients develop adrenal insufficiency, whereas nearly half
of them show abnormalities consistent with variable demyelination
in the cerebral white matter. About one-third of them develop a
rapid progressive cerebral form similar to that seen in cALD form
(110, 148).

The neuropathology of AMN is characterized by loss of axons
in the long tracts of the spinal cord, mainly dorsal fascicles and
pyramidal tracts, and secondary loss of myelin. There is no
accompanying infiltration of hematogenous mononuclear cells,
with inflammatory changes restricted to activated microglia.
Macrophages filled with granular or lamellar inclusions are
extremely rare in the pure AMN forms with only spinal cord (and
brain stem) involvement. Therefore, the typical lesions in the
spinal cord in AMN are manifested as a dying-back myelopathy.
Spinal motor neurons do not appear to be grossly affected,
whereas neurons in the dorsal ganglia, although apparently pre-
served in number, show atrophy and abnormal lipid inclusions in
mitochondria (109).

Inflammatory and non-inflammatory features are combined in
AMN with cerebral involvement (110), representing a double
pathology dependent on separate pathogenic mechanisms. Cere-
bral lesions in AMN with cerebral involvement are similar to those
seen in cALD, as are the symptoms and prognosis, with only a more
protracted course initially.

Peripheral neuropathy is a common feature in AMN although
usually surpassed by spinal cord symptoms. As in the spinal cord,
the primary pathology in peripheral nerves appears to be axonopa-
thy (22, 32, 110, 149), but electrophysiology contradicts often this
affirmation; while some patients have electrophysiological signs of
axonal neuropathy, others suffer of real demyelinating neuropathy.
Trilammelar inclusions are also observed in Schwann cells. Optic
nerve atrophy, manifested as impaired visual function, optic disk
pallor and demyelination of the optic nerves, as seen by neuroimag-
ing methods, may occur in AMN (51).

Adult cerebral X-ALD

Pure adult cerebral X-ALD is a rare condition, although symptom-
atic cerebral involvement occurs in a significant percentage of
cases with AMN (96, 110, 148). Pure cerebral forms in adulthood
are manifested initially with subacute cognitive decline. Neuroim-
aging and analysis of VLCFA in serum may help to orient the
diagnosis, the indication of genetic study and the genetic counsel-
ing for other family members (31). Typical cerebral lesions in
adult-onset cerebral X-ALD are shown in Figures 2 and 3.
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NEURORADIOLOGY

Differential diagnosis with other myelin disorders can easily be
made using radiological means, as the white matter abnormalities
of central nervous system (CNS) myelin density observed are typi-
cally localized.

Computed tomography (CT) scanning was used initially to diag-
nose demyelinating lesions of ALD, but only at an advanced stage
(6, 17, 30, 34, 36, 38, 52, 82, 84, 159). Nowadays, MRI has sup-
planted CT (3, 8, 124, 143, 146). Brain MRI demonstrates demyeli-
nation earlier and allows correlating more precisely structure—
function relationships. The magnetic resonance (MR) signal
changes of affected white matter result in prolongation of T1 and
T2 relaxation times. Early involvement of corpus callosum (sple-
nium or genu), pyramidal tracts within brain stem or internal cap-
sules, is thus detected. The localization of the demyelinating
lesions within the parieto-occipital junctions and the frontal lobes
can be precisely evaluated and make easier correlation with the
neuropsychological deficits. Volume measurement (4) and scoring
systems (79) of demyelinating lesions have been developed to
evaluate the effects of the therapeutic interventions.

As the disease progresses, MRI defines the zones of demyelina-
tion precisely: (i) the primary visual pathways (optic radiations,
lateral geniculate body, Meyer’s loop); (ii) the auditory pathway
(medial geniculate body, brachium of inferior colliculus, white
matter of transverse temporal gyri); (iii) the pyramidal tracts within
the brain stem and internal capsules on successive coronal sections;
(iv) the external capsules, putamen and thalamus; (v) the lateral
lemnisci, fronto-pontine and ponto-cerebellar tracts in brain stem
and pons; and (vi) the white matter of cerebellar hemispheres.
Abnormal zones reflecting focal disruption of the blood-brain
barrier can be identified with intravenous injection of gadolinium
on T1 sequences. The region showing contrast accumulation is
located between two demyelinating regions that have different T2
relaxation times. The first zone located in front of enhanced region
has lower hyperintensity than the second zone located behind.
These MRI findings are in agreement with pathological data
showing that accumulation of perivascular lymphocytes are behind
and not in front of the edge of the initial demyelinating lesions.
Today, brain MRI is the only means to detect early signs of cerebral
demyelination in the absence of markers predicting phenotype.

In AMN, MRI shows spinal cord atrophy but without correlation
with the degree of neurological disability (3). T2-weighted images
commonly reveal a hyperintensity of the pyramidal tracts that
reaches the posterior arms of the internal capsules. This abnormal
MR finding can easily be differentiated from the normal T2 relax-
ation time variations seen in the posterior internal capsules (89).

Interestingly, diffusion tensor-based three-dimensional imaging
fiber tracking has detected corticospinal tract abnormalities in
genu of corpus callosum, pyramids and posterior columns in pure
AMN npatients, indicating that pathology might not be limited
to spinal cord long tracts alone, thus reflecting what is seen on
neuropathology (33).

Multislice proton magnetic resonance spectroscopy (MRSI) is
very helpful as it allows to analyze brain metabolites with concen-
trations above 1 mmol. They include N-acetyl aspartate (NAA),
choline-containing compounds (Cho), glutamate, creatinine and
phosphocreatine (Cr) and lactate. In the white matter, X-ALD
induces an increase in Cho and then a reduction in NAA (24, 73,
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Figure 2. Pure adult cerebral X-ALD. Gross neuropathological examina-
tion of the cerebral hemispheres at the levels of the striatum and globus
pallidus (A), mid-thalamus (B) and posterior part of the parietal lobes (C)
show demyelination of the cerebral white matter largely sparing the

141). Cerebral regions with advanced demyelination show
increased lactate content. These abnormalities are not specific for
ALD and their significance remains unclear. They are, however,
more widespread than those detected by conventional MRI. An
elevated content of Cho can also be detected in white matter appar-
ently normal on MRI. Thus, MRSI may help to identify patients
with early neurological involvement.

Recently, a study using MRSI imaging at 7 Tesla has allowed
better visualization of X-ALD lesion architecture, white matter
tracts and gray—white matter distinction compared with 1.5 Tesla.
The myo-inositol/creatine ratio was 46% higher and Cho/Cr was
21% higher in non-affected white matter of adult cALD than in
AMN (P < 0.05). There were no significant differences between
AMN patients and female heterozygotes. This global myo-inositol/
creatine ratio demonstrates a significant association with the sever-
ity of the symptoms measured with Expanded Disability Status

Brain Pathology 20 (2010) 817-830

subcortical fibers. Note the thinning of the anterior part of the corpus
callosum and internal capsule. Demyelination is better seen by using
myelin stains (Spielmeyer-Vogt) (D).

Scale score, and deserves further testing to be validated as a biom-
arker in adult X-ALD (121).

DIAGNOSIS

Early diagnosis is compulsory in X-ALD as treatment and genetic
counseling and follow-up of family members is crucial in the prog-
nosis. High concentrations of C26:0 and abnormal ratios of C26:0
and C24:0 to C22:0 in plasma are very suggestive of X-ALD and
are usually found at birth of affected males and in most heterozy-
gous females (94, 100, 145). Monounsaturated VLCFA levels are
also increased in ALD, although at a less extent than saturated
VLCFA. For diagnosis purposes, the marked increase of C26:0 in
the lysophosphatidylcholine fraction is of interest. Currently, neo-
natal screening is being validated using this parameter in Maryland
State (USA) (61).
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Combined liquid chromatography-tandem mass spectrometric
methods, electrospray ionisation tandem mass spectrometry (ESI-
MS-MS) and High Performance Liquid Chromatography — electro-
spray tandem mass spectrometry (HPLC-ESI-MS/MS)), are highly
accurate methods for diagnosis (61). Biochemical diagnosis of
affected males is nearly 100% accurate, provided that plasma has
been taken in fasting conditions. This is not the case for women as
VLCFA analysis can detect between 85% and 95% of heterozygous
(Hz) women only. It is therefore mandatory to establish the status
of women at risk to be heterozygous by searching ABCDI gene
mutation.

Analysis of VLCFA in cultured amniocytes and chorionic cells
has been used for the prenatal diagnosis with high sensitivity and
accuracy (95), although gene mutation analysis is currently fre-
quently performed for this purpose. Yet genetic studies are manda-
tory in every case to confirm the status of women at risk to be
heterozygous (99). Neuroradiological changes appear early in the
course of the disease and its monitoring is mandatory in the evalu-
ation of the disease progression and indication of aggressive treat-
ment, such as allogeneic hematopoietic transplantation. Clinical
tracking is also important, as early signs of impaired visual percep-
tion and altered evoked potentials, and early neuropsychological
signs, may draw attention to the neuroradiology changes (25, 47,
65, 122). Newborn screening has been initiated in parts of the USA
which will allow an identification of all X-ALD patients presymp-
tomatically (61, 122).

ANIMAL MODELS

Inactivation of ABCDI in mice (ABCD") results in decreased
VLCFA B-oxidation in fibroblasts, accumulation of VLCFA in
target organs, such as adrenal gland, testis, nervous tissue (42, 72,
80, 157) and neurological phenotype at about 18-20 months with
moderate axonal degeneration in the long tracts of the spinal cord
but no inflammatory infiltrates and white matter alterations in brain
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Figure 3. Pure adult cerebral X-ALD. A, B.
Perivascular infiltrates of round cells and
macrophages filled with granular material that
is stained with hematoxylin and eosin (A) and
luxol fast blue (B). Bar = 50 um.

(37, 119). These characteristics are reminiscent of AMN (119).
cALD has not been reproduced in mice so far, indicating that
additional factors which do not operate in mice are required to
trigger demyelination and then neuroinflammation. The lack of a
demyelinating mouse model for ALD certainly hampers the com-
prehension of the molecular pathology and slows the rate of
progress in the development of therapeutic approaches. Attempts to
place the mutation in a genetic background more prone to neuro-
inflammation have been made, including the strains SJL and
Swiss, finding little success (S Kemp and P Aubourg, personal
communication).

Inactivation of ABCD2 results in late-onset cerebellar and
sensory ataxia associated with loss of Purkinje cells, degeneration
of dorsal ganglion cells and VLCFA accumulation and axonal
degeneration in the dorsal and lateral columns of the spinal cord
(41). A double mutant ABCD 1/ABCD? exhibits an earlier onset and
more severe phenotype, starting at 12 months of age, a fact that can
facilitate experimental therapeutic strategies (83, 118). Axonal
damage, as evidenced using synaptophysin, APP and ubiquitin
accumulation as markers of swellings, occurs as the first pathologi-
cal event in this model, followed by myelin degeneration
(Figure 4). Additionally, inflammatory infiltrates of T lymphocytes
can be found, which are absent from ABCDI- or ABCD2-single
knockouts (118).

MOLECULAR NEUROPATHOLOGY

ALD and the role of ABC transporters in
lipid transport

ABC transporters regulate lipid transport across membranes. Of 48
transcriptionally active ABC transporters, at least 13 are expressed
in the brain and participate in brain lipid transport and homeostasis.
At least three of the four ABCD transporters are components of

Brain Pathology 20 (2010) 817-830
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Figure 4. The dorsal column of the spinal cord in wild type: WT (A, E);
ABCD1-, ALD (B, F); ABCD2", ALDR (C, G); and double mutant ABCD1~/
ABCD2-, 2KO (D, H) aged 20 months immunostained with anti-

peroxisomal membranes; ABCDI1 is known as adrenoleukodystro-
phy protein, ABCD2 is the ALDRP, ABCD3 is named peroxisomal
membrane protein (PMP70). Peroxisomal ABCDs may work as
homo- or heterodimers, demonstrated in vivo and in vitro respec-
tively, and ABCD1 might transport acyl coenzyme A esters across
the peroxisomal membrane (68, 71, 78, 118, 140, 151, 155). This
transport is energy dependent (123).

ALDP in the central nervous system is localized in endothelial
cells, astrocytes, microglia and in oligodendrocytes, mostly those of
the corpus callosum, anterior commissure and internal capsule,
whereas ALDP is very low or absent in the neurons (43). More recent
studies have shown that ALDP-encoding mRNA is conspicuous
in heart, muscle, liver, kidney and endocrine organs. ALDP is
expressed in certain neuron populations (hypothalamus and basal
nucleus of Meynert), adrenal gland (zona reticularis and fascicu-
lata), testis (Sertoli and Leydig cells), in addition to skin, colon and
other organs (58). Although these studies are not contradictory, it is
clear that further work is needed to refine the cellular distribution of
ALDP and ALDRP in the nervous system on the basis of a possible
heterodimerization of these proteins under appropriate conditions.
Curiously, ALDRP expression mirrors ALDP distribution in the
nervous system, where it is more abundant in the neurons (140).
ALDRP is expressed in oligo and microglia, not endothelial cells in
contrast to ALDP. Better understanding of ABCD1 and ABCD2
cellular localization is particularly important as ABCD2 compen-

Brain Pathology 20 (2010) 817-830
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synaptophysin (A-D) and anti-ubiquitin (E-H) antibodies. Axonal swell-
ings (arrows) are seen in ALD, ALDR and 2KO mice. Paraffin sections
slightly counterstained with haematoxylin. Bar = 20 um.

sates for ABCD1 deficits in cultured cells (104) and in ABCD1~
mice (118), a feature with potential therapeutic implications.

Impaired lipid peroxisomal transport and
impaired oxidation of VLCFAs in peroxisomes

Peroxisomal B-oxidation of fatty acids starts with the formation of
coenzyme A ester catalyzed by VLCFA-Coenzyme A (CoA) syn-
thetase (136, 142). This reaction is altered in skin fibroblasts of
X-ALD (74, 134, 153, 154). It is assumed that impaired enzymatic
activity results in VLCFA accumulation. In this line, overexpres-
sion of ABCDI cDNA in X-ALD fibroblasts increases VLCFA
oxidation and reduces the accumulation of VLCFAs (15, 21, 132).
These observations suggest a link between abnormal ALDP and
VLCFA accumulation in X-ALD. This is further supported by the
observation that impaired VLCFA B-oxidation also occurs in
ABCD?2 knockouts (45), most likely as a secondary consequence
caused by the defective transport. Thus, ABCD1 is proposed to play
a crucial role in transporting VLCFAs, or their CoA derivatives,
across the peroxisome membrane in humans. This is based on the
accumulation of VLCFA in patients with X-ALD and the role of the
ABCD transporter orthologs in the peroxisomal importation of
fatty acids in yeast (57). Recent studies support this hypothesis, as
the overexpression of human ABCD1 in Saccharomyces cerevisiae
cells allows the import of several long and VLCFA-CoA, such as
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C18:1n-9, C16:0, C22:0 and C24:6n-3 into yeast peroxisomes
(151). In mice, deficiency of ABCD2 leads to impairment of
C24:6n-3 and C26:0 beta-oxidation and accumulation of C20:1
and C22:1 in various tissues (45, 77).

However, the link between impaired fatty acid transport into the
peroxisome and decreased activity of very long-chain fatty acyl-
CoA synthetase activity is not clearly understood. Decreased
very long-chain acyl-CoA synthetase activity is accompanied by
decreased peroxisomal VLCFA B-oxidation in a very long-chain
acyl-CoA synthetase knockout mice, but these animals do not have
accumulation of VLCFAs and do not exhibit an X-ALD phenotype
(56).

Oxidative damage and mitochondria
involvement

Increased oxidative stress has been reported in X-ALD as mani-
fested by increased expression levels of thiobarbituric acid-reactive
substances (TBA-RS), indicating a stimulation of lipid peroxida-
tion, and decreased total antioxidant reactivity (TAR) implying
reduced capacity to buffer augmented reactive species, in plasma,
together with increased catalase and superoxide dismutase (SOD)
activity in fibroblasts (152). Interestingly, total antioxidant status
(TAS) is decreased in symptomatic but not in asymptomatic
X-ALD cases (27). Moreover, high levels of VLCFA, and NO and
cytokines are found in X-ALD lymphoblasts (144).

Oxidative stress also occurs in asymptomatic obligatory female
carriers (mothers of X-ALD patients) as manifested by increased
expression of TBA-RS and decreased TAR in plasma, whereas TAS
is not altered (28). Interestingly, no correlation was observed
between oxidative stress markers and VLCFA (C26:0 and C26:0/
C22:0) levels in plasma (28).

Increased expression of inducible nitric oxide synthase has been
observed in astrocytes and microglia, together with increased nitra-
tion of proteins in the center of inflammatory demyelinating lesions
in X-ALD (49). Subsequent studies have shown nitrotyrosylated
proteins in astrocytes, malondialdehyde, 4-hydroxynonenal and
hemoxygenase-1 immunoreacticvity in astrocytes and microglia,
and increased manganese-SOD (MnSOD) in astrocytes in juvenile
and adult ALD and AMN cases (114). Importantly, increased oxi-
dative markers, although variable from one region to another and
from one case to the next, are mainly associated with demyelinating
lesions and myelin debris but are also present beyond the demyeli-
nating edge (114).

Preliminary studies in KO ABCDI (ABCDI™) mice were not
conclusive as no relevant increase in oxidative stress markers
was found in the brain of ALD mice when compared with wild
type excepting the increase of MnSOD in a variety of tissues
(114). However, later studies using more sensitive methods
(gas chromatography/mass spectrometry) have shown oxidative
damage to proteins in ABCDI™ mice aged of 3.5 months, long
before the first neuropathological lesions in the spinal cord at
around 16 months of age and clinical signs at 20 months of age
(44). Parallel studies have shown activation of oxidative responses
following VLCFA in organotypic spinal cord slices of ABCDI~
mice and in human ALD fibroblasts that were reversed by Trolox,
an analogue of o-tocopherol (44).

Ultrastructurally, altered mitochondria have been described in
the adrenal cortex in X-ALD (117) and ABCDI mice (85). Altered
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mitochondria have also been observed in neurons of spinal cords of
ABCDI and ABCD2™ mice (41). Functional studies have shown
altered rates of mitochondrial LCFA B-oxidation suggesting a role
of mitochondria in fatty acid metabolism that may have implica-
tions in X-ALD (85, 87). As mitochondria are the major subcellular
source of reactive oxygen species (ROS), and play a role in several
major neurological disorders, studies aimed at analyzing mito-
chondria function in X-ALD are warranted and will be discussed
elsewhere in this symposium (120). Interestingly, it has been shown
that the accumulation of VLCFA per se is not the cause of the
mitochondrial abnormalities, and vice versa, mitochondrial abnor-
malities are not responsible for the accumulation of VLCFA in
X-ALD mice (105).

Inflammation and immunity

Inflammation and altered immune responses are present in a per-
centage of ALD cases with cerebral involvement but not in
pure AMN, in the majority of heterozygous women and in ALD
mouse models. Inflammation in X-ALD is characteristic of cere-
bral forms, and it is manifested with perivascular infiltrates of
CD8+, CD4+ lymphocytes, lowered numbers of B lymphocytes,
rare plasma cells and macrophages located immediately beyond the
front of myelin damage (64). These areas with infiltrates are char-
acterized by breakdown of the blood-brain barrier as revealed with
MRI sequences using gadolinium contrast. In addition, activated
microglia and hypertrophic astrocytes are found in demyelinated
areas. CD1b immunoreactivity is observed in perivascular lympho-
cytes, microglia, macrophages and astrocytes (64). As CD1 is an
antigen-presenting molecule that can present lipid antigens to
immunocompetent cells, it has been suggested that CD1 expression
may trigger T-cell inflammatory responses in ALD (64) as already
found in other settings (92). Yet the mechanism that mediates oligo-
dendroglial cell death following inflammation is not known.

Powers et al (111) have suggested that excess of VLCFA stimu-
lates nearby astrocytes, perivascular cells and macrophages to
initiate a tumor necrosis factor-o. (TNF)-o-dependent cytokine
cascade that leads to demyelination mediated primarily by cytok-
ines with superimposed destruction of myelin by T cells and to a
minimal degree by complement and B cells. Further work has
reported increased mRNA and protein levels of cytokines,
v-interferon, interleukin (IL)-1co., IL-2 and IL-6, GM-CSF, TNF-o.,
chemokines and chemokine receptors have been reported in
chronic and acute lesions (86, 106). This is accompanied by
increased activation of peripheral blood mononuclear cells follow-
ing stimulation with phytohemoagglutinin or lipopolysaccharide
(29).

Although the inflammatory demyelination in X-ALD resembles
MS in that inflammatory cells are mostly macrophages and T lym-
phocytes, with infrequent B cells, the occurrence of cell-mediated
auto-antibody immune responses is not clear in ALD (129).

LESSONS DERIVED FROM
THERAPEUTIC PROCEDURES

Understanding of fragmentary aspects of the pathogenesis of
X-ALD has permitted the implementation of distinct strategies.
One of these consists of the replacement therapy with adrenal
steroids which is mandatory in patients with Addison’s disease.
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Another is based on the dietary administration of glyceroltrioleate/
glyceroltrierucate (Lorenzo’s oil: LO) combined with a VLCFA-
poor diet which is aimed at reducing the accumulation of VLCFAs.
Early administration of LO may delay the appearance of neurologi-
cal symptoms when given to asymptomatic children before 6 years
of age (26, 101). Finally, hematopoietic stem cell transplantation,
either derived from human leukocyte antigen (HLA)-compatible
bone marrow or umbilical cord, has been successfully used since 20
years to arrest inflammatory demyelination cerebral ALD (5, 98,
131). The mechanism by which hematopoietic stem cell transplan-
tation is able to arrest the cerebral disease is not known. In the
absence of any effect of myeloablative conditioning per se, it raises
the possibility that replacement of ALD microglia by normal
microglia is sufficient to arrest the demyelinating process. Work is
in progress to determine whether microglia with ABCD1 gene
mutation have impaired function. Very recently, a combined
approach using gene therapy to correct the patient hematopoietic
stem cells have been tried in two cerebral childhood ALD cases.
The hematopoietic stem cells were genetically corrected ex vivo
with a lentiviral vector encoding wild-type ABCD1 and reinfused
into the patients after full myeloablation. Arrest of cerebral demy-
elination was observed in the two treated patients with effective-
ness similar to that observed in successful allogeneic hematopoie-
itic transplantation (20). Delivery of neurotrophic factors through
gene therapy has been efficacious in mice (83). Pharmacological
therapies include the use of lovastatine (133) and, potentially, the
use of histone deacetylase (HDAC) inhibitors to upregulate the
ABCD?2 gene (46). The different therapeutic strategies will be dis-
cussed in depth in other chapters in this symposium (11, 19).

CONCLUDING COMMENTS

Increased VLCFA levels are the biomarker per excellence of the
disease, and its excess produces oxidative stress and oxidative
damage to proteins. Accumulation of VLCFA, in particular,
complex lipid subsets, or in subsets of acylated proteins, most
likely impairs metabolic and signal transduction pathways.
However, increased VLCFA levels observed at birth in X-ALD are
not accompanied by neurological symptoms; certain ALD-carriers
never develop the disease in spite of high VLCFA levels. Human
patients may present variegated phenotypes starting at variable
ages, while ALD mice do not develop clinical symptoms until
about 18-20 months. These observations indicate that accumula-
tion of VLCFASs is necessary but not sufficient to develop the whole
spectrum of disease. A balance between VLCFA and other lipids
seems may play a role in the alteration of lipid homeostasis in ALD.
In spite of increased VLCFAs, plasmalogens are deficient in the
nervous system in ALD (70). Whether plasmalogens participate in
the preservation of tissues with high VLCFA levels in X-ALD, as
suggested by the results of ABCDI~ mice models (16), deserves
further attention, as these ether-phospholipids seem to have an
antioxidant role.

It seems clear that the development of the severe cerebral pheno-
types is mediated by immune responses that target oligodendro-
cytes and myelin, and results in demyelination and reactive gliosis
(62). CD1-mediated presentation of lipids to T cells is a known
mechanism of T-cell activation by lipopeptide antigens (91, 93,
150, 158). This mechanism may have a crucial role in cALD patho-
genesis. In addition, recent studies have shown that silencing
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ABCDI1 and ABCD2 sensitizes mice astrocytes in primary cultures,
increases the levels of VLCFA and induces the expression of cytok-
ines mediated by transcription factors nuclear factor kappa B
(NFk-B), AP-1 and CCAAT/enhancer binding protein (C/EBP)
(135). These findings demonstrate a link between accumulation of
VLCFA and induction of inflammatory mediators in vitro (135).
The possibility that VLCFA accumulation and neuroinflammation
are the only causative factors in cerebral form of ALD (106) is
attractive but still speculative.

Work is still needed to understand on an individual patient basis
which environmental and/or genetic vulnerability factors contrib-
ute to the development of so various clinical phenotypes in ALD.
Although great progress has been made in the last few years, we are
still far from understanding fully the mechanisms that trigger
axonal damage, cerebral demyelination and neuroinflammation.
Fortunately, early diagnosis and sophisticated therapies adminis-
tered at appropriate times have curbed the fateful natural progres-
sion of cerebral forms of ALD for a significant fraction of ALD
patients.
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