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Abstract X-linked adrenoleukodystrophy (XALD), a

neurological disorder caused by mutations in the peroxi-

somal membrane protein gene ABCD1, presents as a rapidly

progressing, inflammatory cerebral demyelination (cerebral

cases) or a slowly progressing, distal axonopathy (non-

cerebral cases). Specific ABCD1 defects do not explain this

significant phenotypic variation. Patients have increased

plasma and tissue very long chain fatty acid levels and

increased cellular oxidative stress and oxidative damage.

Superoxide dismutase 2 (SOD2), at candidate modifier locus

6q25.3, detoxifies superoxide radicals protecting against

oxidative stress and damage. We tested an SOD2 variant

C47T (Ala16Val) associated with reduced enzymatic

activity as a potential modifier gene of cerebral demyelin-

ating disease by comparing 117 cerebral XALD cases with

105 non-cerebral XALD cases. The hypoactive valine allele

of the variant was associated with cerebral disease under

a dominant model in the full data set (p = 0.04;

ORT* = 1.90, 95% CI 1.01–3.56) and the non-childhood

cerebral disease subset (p = 0.03; ORT* = 2.47, 95% CI

1.08–5.61). Three tag SNPs were genotyped to test for

additional SNP or haplotype associations. A common hap-

lotype, GTAC, which included the SOD2 valine allele, was

associated with cerebral disease in the full data set (p =

0.03; OR = 1.75, 95% CI 1.11–2.75) and the non-childhood

cerebral disease subset (p = 0.008; OR = 2.20, 95% CI

1.27–3.83). There was no association between childhood

cerebral XALD and the C47T variant or the GTAC haplo-

type. Thus, reduced SOD2 activity may contribute to the

development of cerebral demyelination in adolescent and

adult XALD patients.
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Introduction

X-linked adrenoleukodystrophy (XALD) is a neurodegen-

erative disorder caused by mutations in the peroxisomal

membrane protein gene ABCD1 that affects 1:17,000 males

[1]. The biochemical hallmark of the disease is an increase

in very long chain fatty acid (VLCFA) levels in patient

tissues and plasma. All patients carry mutations in the same

gene; however, there is wide variability in the clinical

presentation of the disease including age of onset, rate of

progression, severity of disease, and the initial site of

pathology. There are seven main phenotypes (Table 1) [2,

3]. Seventy percent of all patients are adrenal insufficient.

The two most common neurological presentations of the

disease are an early onset (\10 years), rapidly progressing,

inflammatory cerebral demyelination known as childhood

cerebral XALD (CCALD) or a later onset (mean age

28 years), slowly progressing, non-inflammatory axonop-

athy of the spinal cord termed adrenomyeloneuropathy

(AMN) [1, 4]. Other less common presentations include

adolescent cerebral XALD, adult cerebral XALD, AMN

with cerebral involvement, Addison-only phenotype, and

asymptomatic. There is no correlation between plasma

VLCFA levels and clinical severity of the disease or

between the ABCD1 genotype and XALD phenotype [3, 4].

Different phenotypes, including CCALD and AMN,

commonly occur within the same family, among individuals
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with identical ABCD1 genotypes, including patients with

the complete absence of ABCD1 protein expression, and

among a few monozygous twin pairs [5]. Mice lacking

Abcd1 expression exhibit an AMN-like phenotype, axonal

degeneration, and mitochondrial deficits, but do not develop

cerebral inflammatory disease suggesting that mutations

within ABCD1 cause AMN [6]. Therefore, genetic, epige-

netic, environmental, and/or stochastic factors may con-

tribute to the phenotypic heterogeneity of XALD [5].

ABCD2, ABCD3, and ABCD4, genes related to ABCD1 by

sequence similarity, are not genetic modifiers of XALD [5,

7]. An insertion in the methionine metabolism gene cysta-

thionine-beta-synthase (CBS c.844_845ins68) has been

associated with protection against cerebral demyelination

[8]. Variants within two other methionine metabolism genes

methyltetrahydrofolate-homocysteine-S-methyltransferase

(MTR c.2756A[G) and transcobalamin 2 (Tc2 c.776C[G)

are associated with cerebral demyelination in AMN patients

[9]. Our previous analysis of the CCALD and AMN phe-

notypes favored a genetic model of a cerebral disease

modifier with a dominant allele frequency of 0.44 [4].

Linkage analysis identified the potential modifier loci as

1q31.1–41, 5p15.32, and 6q25.2–25.3.

Manganese superoxide dismutase (SOD2), a mitochon-

drial enzyme responsible for detoxifying superoxide radi-

cals, is located within the candidate modifier locus 6q25.3

and is a candidate modifier gene based on function [10]. It

is the only inducible superoxide dismutase and the main-

line of defense against reactive oxygen species in the

mitochondria. Free radical damage is an important con-

tributor to various neurological diseases including XALD

[11]. XALD patients exhibit mitochondrial damage,

increased oxidative stress and damage, increased lipid

peroxidation, and decreased antioxidant activity [6, 12, 13].

The addition of excess hexacosanoic acid (C26:0), a

VLCFA, to XALD fibroblasts increased oxidative stress

and damage and specifically increased SOD2 protein

expression [14]. There was not a concomitant increase in

the expression of other antioxidants including catalase,

SOD1, or glutathione peroxidase 1. Therefore, in the brain,

a tissue with lower antioxidant capacity, SOD2 may also

play a key role in handling the increased oxidative stress

levels due to ABCD1 defects.

It is clear that mutations in ABCD1 somehow disrupt

peroxisomal function. Singh and Pujol propose a three-hit

model of pathogenesis leading to cerebral demyelination:

the loss of ABCD1 function and excess VLCFAs lead to

oxidative stress and damage that along with genetic, epi-

genetic, stochastic, or environmental modifiers generate

inflammatory cerebral disease which causes a further loss

of peroxisomal functions [15]. The lack of cerebral oxi-

dative damage and cerebral disease in Abcd1 -/Y mice

despite elevated VLCFA levels further supports a role for

oxidative stress and damage in the development of cerebral

demyelination in XALD patients [6]. Therefore, genetic

variants that result in reduced activity of oxidative stress

mediators such as SOD2 may explain the development of

cerebral disease and the varying severity of human XALD

phenotypes.

Studies in mice suggest that reduced SOD2 activity can

contribute to demyelination. SOD2 -/- mice exhibit

varying phenotypes depending on the genetic background

of the mouse. Some SOD2 -/- mice exhibit oxidative

damage, neural degeneration, and a pronounced movement

disorder as a result of mitochondrial oxidative stress

[16–18]. SOD2 -/- mice in a B6D2F1 mouse background

have evidence of demyelination and hypomyelination and

enlarged and degenerating mitochondria in neurons and

axons, characteristics reminiscent of XALD [18]. In addi-

tion, ribozyme reduction of SOD2 levels in the mouse eye

leads to a loss of axons and myelin [19]. Conversely,

increased SOD2 expression suppressed myelin fiber injury

in the optic nerves of mice induced with experimental

autoimmune encephalomyelitis [20].

Table 1 XALD phenotypes and patient distribution

XALD phenotype Description [1] Number of

patients

(% of dataset)

Controls (n = 105)

AMN Onset age 28 ± 9 years; distal axonopathy; disease progresses over decades 62 (27.9)

Addison-only Primary adrenal insufficiency without neurological symptoms 41 (18.5)

Asymptomatic Increased very long chain fatty acid levels without adrenal or neurological symptoms 2 (0.9)

Cases (n = 117)

Childhood cerebral (CCALD) Onset age 3–10 years; inflammatory cerebral demyelination; total disability within

3 years

54 (24.3)

Adolescent cerebral Onset age 11–21 years; similar to CCALD with slower progression 18 (8.1)

Adult cerebral Similar to CCALD without preceding AMN 6 (2.7)

AMN cerebral AMN with inflammatory cerebral disease 39 (17.6)
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SOD2 enzymatic activity varies by 56-fold in healthy

individuals [21]. Therefore, differences in SOD2 activity

could account for the spectrum of XALD phenotypes.

In particular, a common polymorphism C47T (dbSNP:

rs4880) within the mitochondrial targeting sequence of

SOD2 causes an Ala16Val change (valine allele; frequency

0.53) that disrupts the alpha helical structure of SOD2

causing the protein to be retained in the inner mitochon-

drial membrane. The valine allele has 30–40% less enzy-

matic activity and reduces the capacity for cells to handle

oxidative stress [22–24]. This variant has been associated

with nonfamilial idiopathic cardiomyopathy [25], heredi-

tary hemochromatosis [23], and diabetic neuropathy in type

1 and 2 diabetes patients [26, 27]. The alanine allele has

been associated with protection from diabetic retinopathy

which involves a loss of myelinated retinal nerve fibers

[28]. Following Singh and Pujol’s model of XALD path-

ogenesis [15], we hypothesized that the reduced activity of

the valine allele may contribute to the development of

cerebral disease and demyelination in XALD patients by

reducing the capacity of the brain to handle oxidative stress

thus increasing oxidative damage. The high frequency of

this variant could account for the frequent intrafamilial

variability in XALD phenotypes.

We performed a case–control study between Caucasian

XALD patients exhibiting cerebral demyelinating disease

(cases) and those without cerebral disease (controls) and

found an association between the C47T variant (Ala16Val)

of SOD2 and the development of XALD cerebral disease.

Since the C47T variant does not account for all of the

variation in SOD2 activity, we hypothesized that other

variants might capture additional variation. We genotyped

three additional single nucleotide polymorphisms (SNPs)

rs2758352, rs2842980, and rs2758329, and tested for allele

or haplotype associations with cerebral disease.

Materials and methods

Study population

Genomic DNA from lymphoblasts was obtained from 222

unrelated Caucasian male XALD patients recruited by

the Kennedy Krieger Institute, Baltimore, MD. All partic-

ipants and/or their guardians provided written informed

consent. The study was approved by the appropriate ethics

committee.

SNP selection and genotyping

Using the Hapmap Data Release 24/phase II November

2008 and the Tag SNP Picker option (CEU population,

r2 B 0.8 and minor allele frequency C0.2) three tag SNPs

in addition to rs4880 were chosen across the SOD2 gene

region (chromosome 6:160,018,100–160,043,551 bp).

Genotyping was performed by amplification of 5 ng of

genomic DNA. All four SNPs were genotyped with Taq-

man technology (Applied Biosystems, Foster City, CA).

PCRs were performed on a Bio-Rad iCycler thermal cycler,

endpoint fluorescence reads were performed using an ABI

PRISM 7900HT (Applied Biosystems), and genotype

calling was performed using SDS 2.1 allelic discrimination

software (Applied Biosystems). Total genotyping rate

0.985. Haploview 4.2 was used to calculate r2 values [29].

Statistical analyses

All analyses were conducted using PLINK [30]. All SNPs

were in Hardy–Weinberg equilibrium. Single-locus asso-

ciation was tested under four genetic models: allelic (allele

1 vs. allele 2), genotypic (genotype 11 vs. 12 vs. 22),

dominant (genotypes 11 and 12 vs. 22), and recessive

(genotype 22 vs. 11 and 12) tests. Haplotype-based asso-

ciation tests were performed for haplotypes with a fre-

quency greater than 0.03; and p values were corrected for

testing multiple haplotypes using the Bonferroni method.

Differences in haplotype frequencies between cases and

controls were tested using a likelihood ratio test. Any result

with p B 0.05 was considered significant. The genotype

and haplotype associations are expressed as an odds ratio

(OR) with a 95% confidence interval. All analyses were

conducted with the full data set and a subset of cases

excluding CCALD patients.

Results

The phenotype distribution of Caucasian male XALD

patients included in this study is given in Table 1. A total

of 117 patients with CCALD, adolescent cerebral XALD,

adult cerebral XALD, or AMN cerebral disease were

classified as cases. One hundred five controls consisted of

patients diagnosed as AMN without cerebral involvement,

Addison-only phenotype, or asymptomatic. XALD is a

progressive disease so there may be some phenotypic

ambiguity among non-cerebral patients. Association anal-

yses were performed with the total population (n = 222)

and with a subset that excluded CCALD patients from the

analysis (n = 168). We have speculated that CCALD may

be a brain-specific immune response to the elevated

VLCFA levels and possibly distinct from the other forms

of cerebral XALD [4, 6]. Therefore, analyses were also

performed without this group.

We initially tested for association between the func-

tional C47T variant (Ala16Val; rs4880) and the presence of

cerebral disease in XALD patients. The frequency of the
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T allele, encoding the less enzymatically active valine

variant, is 0.53. This is frequent enough to account for the

common occurrence of multiple phenotypes in a pedigree

and similar to the 0.44 allele frequency predicted by the

analysis that suggested a dominant model for a modifier

effect [4]. Single-locus association analyses were per-

formed using four genetic models in PLINK [30]. The

allele and genotype frequencies are listed in Table 2. The T

allele was associated with cerebral disease under the

dominant model test in the dataset including all cerebral

cases (p = 0.04; ORT* = 1.90, 95% CI 1.01–3.56) and in

the dataset including only non-childhood cerebral cases

(p = 0.03; ORT* = 2.47, 95% CI 1.08–5.61). We did not

correct for multiple testing because testing this variant was

our single main hypothesis. Additionally, the reported

p values are for two-tailed tests, and therefore conservative.

Since the valine allele of the C47T variant was associ-

ated (p B 0.05) with cerebral disease in CCALD, adoles-

cent cerebral XALD, adult cerebral XALD, and AMN

cerebral patients, we genotyped three tag SNPs (rs2758352,

rs2843980, and rs2758329) to perform an exploratory

haplotype analysis and determine if we could capture

additional genotype effects. The genomic location of the

SNPs and the pairwise linkage correlation coefficient val-

ues (based on our dataset) are shown in Fig. 1. Since the

tag SNPs were chosen with an r2 cut-off value of 0.80, the

correlation coefficient between rs2758352 and rs2842980

is higher than expected (observed r2 = 0.94). HaploView

4.2 reports an r2 value of 0.86 using the CEU HapMap data

(60 singletons). Linkage disequilibrium is high across the

region with all four SNPs falling into one haplotype block.

Single-locus association analyses of these three SNPs

indicated that none were significantly associated with

cerebral disease under any of the four genetic models

(Table 3). However, rs2758329 was marginally associated

with cerebral disease when the CCALD cases were

excluded from the analysis (p = 0.02, pcorrected = 0.10;

ORC* = 2.60, 95% CI 1.10–6.13). The marginal association

of the C allele of rs2758329 likely reflects the high linkage

disequilibrium and correlation between this marker and the

functional C47T variant (D0 = 0.98; r2 = 0.90).

The frequencies of the 4-SNP haplotypes are listed in

Table 4. Three major haplotypes were identified with fre-

quencies [3%. These included 95% or more of the patient

population. The global Chi square test for association of

haplotypes showed that there was a significant difference in

the haplotype distribution between all cases and controls

(p = 0.04) and between all non-childhood cases and con-

trols (p = 0.01). The GTAC haplotype, containing the

T allele of the C47T variant, was significantly associated

with cerebral disease in the analysis with the total popu-

lation (pcorrected = 0.03; OR = 1.75, 95% CI 1.11–2.75)

and significantly associated with cerebral disease in

the analysis including only non-childhood cerebral cases

(pcorrected = 0.008; OR = 2.20, 95% CI 1.27–3.83).

Since the single-locus rs4880 and haplotype associations

were strengthened when we omitted the CCALD patients,

we hypothesize that variants in SOD2 may only contribute

to the development of cerebral disease in adolescent and

adult XALD patients. To test this, we performed the single-

locus rs4880 and haplotype association analyses with only

the CCALD cases (46% of total cerebral population) and

the non-cerebral controls. The T allele of the C47T vari-

ant was not associated with childhood cerebral disease

under any genetic model (dominant model p = 0.33;

ORT* = 1.47, 95% CI 0.68–3.16). The global Chi-square

test for association of haplotypes showed that there was no

difference in the haplotype distribution between childhood

cerebral cases and non-cerebral controls (p = 0.49); and

the GTAC haplotype was also not associated with child-

hood cerebral cases (pcorrected = 0.72; OR = 1.41, 95% CI

0.80–2.48).

Lastly, we tested for association between the valine

allele and cerebral disease development in AMN patients

by comparing only AMN cerebral cases to all non-cerebral

controls. Omitting the adolescent cerebral and adult

Table 2 rs4880 allele and

genotype frequencies

a v2 p value for the difference in

allele frequencies or genotype

frequencies between cases and

controls

All cases (n = 117) versus controls (n = 105) Cases without CCALD (n = 63) versus

controls (n = 105)

Frequency

cases

Frequency

controls

v2 p valuea Frequency

cases

Frequency

controls

v2 p valuea

Alleles

T 0.56 0.47 0.08 0.57 0.47 0.07

C 0.44 0.53 0.43 0.53

Genotypes

TT 0.29 0.24 0.13 0.29 0.24 0.09

CT 0.53 0.47 0.56 0.47

CC 0.18 0.29 0.15 0.29
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cerebral patients whose clinical course is most similar

to the CCALD patients reduced the number of cerebral

cases to 39 patients (33% of the total cerebral patient

population). Although this reduces the power to detect an

association, the valine allele of the C47T variant was

significantly associated with AMN cerebral cases under

the dominant model (p = 0.02; ORT* = 3.56, 95% CI

1.16–10.88) and marginally associated under the genotypic

(p = 0.06) and allelic (p = 0.11) tests. The GTAC haplo-

type was associated with AMN cerebral cases (p = 0.03;

pcorrected = 0.10; OR = 2.07, 95% CI 1.07–4.03).

Discussion

In this study, the T allele encoding the lower functioning

valine residue at amino acid position 16 and the GTAC

haplotype in the SOD2 gene are significantly associated

with cerebral demyelination in XALD patients. We con-

clude that SOD2 genetic variants play a role in modifying

the development of cerebral demyelinating disease in

adolescent and adult XALD patients because the associa-

tions of the T allele and the GTAC haplotype were slightly

strengthened when the CCALD patients were removed

Fig. 1 SOD2 schematic and linkage disequilibrium pattern between

SNPs genotyped in the SOD2 gene. The position of each SNP relative

to the 14.2 kb gene is indicated. The forward arrow indicates the start

of the gene. r2 values are given in the intersecting boxes (generated in

Haploview 4.2). Darker colors indicate stronger linkage disequilib-

rium (note, the gene is transcribed from the reverse strand)

Table 3 Tests of association of single-locus SNPs under various genetic models

SNP Allelic Genotypic Dominant Recessive OR1* (95% CI) under

dominant modela

All cases (n = 117) versus controls (n = 105)

rs2758352 0.92 0.26 0.53 0.18

rs4880; C47T variant 0.08 0.13 0.04 0.36 OR T* = 1.90 (1.01–3.56)

rs2842980 0.51 0.38 0.31 0.36

rs2758329 0.11 0.24 0.10 0.36 OR C* = 1.72 (0.9–3.25)

Cases without CCALD (n = 63) versus controls (n = 105)

rs2758352 0.71 0.66 0.54 0.59

rs4880; C47T variant 0.07 0.09 0.03 0.46 OR T* = 2.47 (1.08–5.61)

rs2842980 0.34 0.56 0.29 0.87

rs2758329 0.11 0.08 0.02 0.65 OR C* = 2.60 (1.10–6.13)

a The OR1* represents the odds ratio of having the 11 or 12 genotype and cerebral disease compared to having the 22 genotype and cerebral

disease. 1 is the major allele; T for rs4880, and C for rs2758329

Significant associations are shown in bold, p \ 0.05
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from the analyses and because there was no association of

the T allele or the GTAC haplotype with CCALD cases.

Association of the C47T variant was strongest under the

dominant model, supporting our previous segregation

analysis. The odds ratio indicates that adolescent and adult

cerebral XALD patients and AMN cerebral patients car-

rying at least one valine allele (CT or TT genotypes) are

2.47 times more likely to develop cerebral disease than

those homozygous for the alanine allele (CC genotype).

While the valine allele may contribute to the develop-

ment of cerebral disease, its effect is not large enough to

account for all of the phenotypic diversity in XALD. Our

analyses of the three additional SNPs and haplotypes also

cannot account for this phenotypic diversity. Other variants

in SOD2 or an interplay of other genetic variants and

environmental or stochastic factors may modify the

development of cerebral disease and phenotypic heteroge-

neity in XALD. In the SOD2 gene region there are over 100

SNPs including at least 18 with possible functional sig-

nificance and eight coding SNPs that result in nonsynom-

ymous changes (http://ensembl.org) [31]. Some of these

polymorphisms may account for the 56-fold variation in

SOD2 enzymatic activity observed in healthy individuals

and may contribute to the development of cerebral demy-

elination in XALD patients [21]. We cannot exclude the

possibility that other variants within SOD2 that were not

captured by our analyses contribute to the development of

cerebral demyelination in XALD patients.

In the general population, antioxidant capacity decreases

with age [32]. In XALD, decreases in the antioxidant

capacity of the brain may lead to cerebral disease and may

contribute to the progressive phenotypes of XALD.

Approximately 35% of AMN patients develop cerebral

demyelination, and therefore in this study some non-cere-

bral AMN patients that were classified as controls may

develop cerebral disease in the future [15, 33]. However,

only 3% of Addison-only or asymptomatic patients devel-

oped cerebral disease in a study by van Geel et al. [33]; and

therefore, we do not regard them as major confounders.

In XALD, the loss of ABCD1 function causes meta-

bolic abnormalities that include an increase in mitochon-

drial damage, an increase in VLCFA levels possibly due to

reduced mitochondrial function, and increased oxidative

stress and damage that precedes the development of

cerebral disease [12, 15]. In general, the brain is more

susceptible to oxidative stress and damage than other tis-

sues because it has relatively low levels of antioxidants

and a high content of easily oxidized substrates that make

it vulnerable to reactive oxygen species [13, 32]. SOD2 is

critical in modulating the response of neurons to various

stresses and capable of protecting the brain from oxidative

damage [32]. Alterations in SOD2 activity (and/or other

enzymes) that decrease the ability of the brain and/or

mitochondria to handle increased oxidative stress may

contribute to the development of cerebral demyelinating

disease in XALD by further increasing the rate or amount

of oxidative damage and mitochondrial damage that

occurs in the brain. When the antioxidant defenses are

overwhelmed, cerebral demyelination may develop.

Genetic variants that result in differing capacities of the

brain to handle increased oxidative stress in combination

with environmental and stochastic factors may explain

why it is more common for different XALD phenotypes

rather than the same XALD phenotype to occur in XALD

kindreds [1].

The methionine metabolism variants that are associated

with the development of cerebral disease in XALD patients

may also alter oxidative stress levels in the brain. Gluta-

thione, a metabolite of methionine, is an important intra-

cellular antioxidant that protects against free-radical

damage. The insertion allele (c.844_845ins68) of the CBS

gene that is associated with protection from cerebral

demyelination in AMN patients is suggested to be a gain-

of-function allele that increases glutathione synthesis [8].

Therefore, increased glutathione levels may protect against

the development of cerebral demyelination in XALD by

increasing the antioxidant capacity of the brain and

reducing levels of oxidative stress and oxidative damage.

Table 4 Haplotype association analyses

Total population overall p value = 0.04 Total population without CCALD cases overall p value = 0.01

4 SNP

haplotypesa
Freq.

cases

Freq.

controls

ORb

(95% CI)

p valueb p value

correctedc
Freq.

cases

Freq.

controls

ORb

(95% CI)

p valueb p value

correctedc

GCAT 0.43 0.50 1 0.07 0.22 0.41 0.50 1 0.07 0.22

GTAC 0.34 0.24 1.75 (1.11–2.75) 0.01 0.03 0.38 0.24 2.20 (1.27–3.83) 0.003 0.008

ATTC 0.20 0.22 1.02 (0.62–1.70) 0.57 1.00 0.19 0.22 0.95 (0.50–1.80) 0.38 1.00

a The 4-SNP haplotype corresponds to rs2758352, rs4880, rs2842980, and rs2758329
b p values and odds ratios (OR) are calculated for the specific haplotype versus all other haplotypes
c Bonferroni correction of p values, k = 3

Significant associations are shown in bold, p \ 0.05

J Neurol (2012) 259:1440–1447 1445

123

http://ensembl.org


In conclusion, the reduced function variant C47T and

the GTAC haplotype in the SOD2 gene are significantly

associated with cerebral demyelination in adolescent

cerebral XALD, adult cerebral XALD, and AMN cerebral

patients. If adolescent or adult XALD patients with cere-

bral demyelination have reduced SOD2 activity, then either

SOD2 genotyping or enzymatic assays may be used as a

predictive measure of cerebral disease development and be

used to determine which patients may benefit from anti-

oxidant therapy.
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