
cells

Review

Molecular Biomarkers for Adrenoleukodystrophy:
An Unmet Need

Madison I. J. Honey 1,† , Yorrick R. J. Jaspers 2,† , Marc Engelen 3, Stephan Kemp 2,3,*,‡

and Irene C. Huffnagel 3,‡

����������
�������

Citation: Honey, M.I.J.; Jaspers,

Y.R.J.; Engelen, M.; Kemp, S.;

Huffnagel, I.C. Molecular Biomarkers

for Adrenoleukodystrophy: An

Unmet Need. Cells 2021, 10, 3427.

https://doi.org/10.3390/cells10123427

Academic Editors: Joseph G. Hacia

and William B. Rizzo

Received: 16 November 2021

Accepted: 4 December 2021

Published: 6 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Neurochemistry Laboratory, Department of Clinical Chemistry, Amsterdam University Medical Centers,
Amsterdam Neuroscience, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands;
m.i.j.honey@amsterdamumc.nl

2 Laboratory Genetic Metabolic Diseases, Department of Clinical Chemistry, Amsterdam University Medical
Centers, Amsterdam Gastroenterology Endocrinology Metabolism, University of Amsterdam,
1105 AZ Amsterdam, The Netherlands; y.r.jaspers@amsterdamumc.nl

3 Department of Pediatric Neurology, Emma Children’s Hospital, Amsterdam University Medical Centers,
Amsterdam Neuroscience, University of Amsterdam, 1105 AZ Amsterdam, The Netherlands;
m.engelen@amsterdamumc.nl (M.E.); i.c.huffnagel@amsterdamumc.nl (I.C.H.)

* Correspondence: s.kemp@amsterdamumc.nl
† Co-first authors.
‡ Co-senior authors.

Abstract: X-linked adrenoleukodystrophy (ALD) is an inherited progressive neurometabolic disease
caused by mutations in the ABCD1 gene and the accumulation of very long-chain fatty acids in plasma
and tissues. Patients present with heterogeneous clinical manifestations which can include adrenal
insufficiency, myelopathy, and/or cerebral demyelination. In the absence of a genotype-phenotype
correlation, the clinical outcome of an individual cannot be predicted and currently there are no
molecular markers available to quantify disease severity. Therefore, there is an unmet clinical need
for sensitive biomarkers to monitor and/or predict disease progression and evaluate therapy efficacy.
The increasing amount of biological sample repositories (‘biobanking’) as well as the introduction of
newborn screening creates a unique opportunity for identification and evaluation of new or existing
biomarkers. Here we summarize and review the many studies that have been performed to identify
and improve knowledge surrounding candidate molecular biomarkers for ALD. We also highlight
several shortcomings of ALD biomarker studies, which often include a limited sample size, no
collection of longitudinal data, and no validation of findings in an external cohort. Nonetheless, these
studies have generated a list of interesting biomarker candidates and this review aspires to direct
future biomarker research.

Keywords: biomarkers; biobank; cerebral demyelination; myelopathy; newborn screening; peroxi-
some; clinical trial; adrenoleukodystrophy

1. Introduction

X-linked adrenoleukodystrophy (ALD) is an inherited, progressive, neurometabolic
disease which affects the adrenal cortex, testis, and the central and peripheral nervous
system. It is the most common leukodystrophy with a birth incidence of 1 in 14,700 live
births [1]. ALD results from a mutation to the ABCD1 gene [2]. This gene encodes the
ATP-binding cassette sub-family D member 1 (ABCD1 protein), a peroxisomal transmem-
brane protein that transports very long-chain fatty acids (VLCFA) as CoA-esters into the
peroxisome where they are broken down by peroxisomal β-oxidation [3]. Thus, mutations
to the ABCD1 gene, of which over 900 have been catalogued in the ALD mutation database
(https://adrenoleukodystrophy.info/) (accessed on 15 November 2021) [4], result in a
deficiency in the ABCD1 protein and impaired degradation of VLCFA [5]. As a result,
cytosolic VLCFA levels increase, leading to their storage in plasma and tissues such as
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the adrenal cortex, the spinal cord, and white brain matter [6,7]. The clinical manifesta-
tions of ALD include adrenal insufficiency, myelopathy, and/or leukodystrophy [8]. At
birth, individuals with ALD are asymptomatic (Figure 1). Primary adrenal insufficiency is
usually the first manifestation of the disease in male patients, with typical onset during
childhood [9]. Like adrenal insufficiency, leukodystrophy (often referred to as cerebral
ALD) can also manifest during childhood. Cerebral ALD is the most devastating ALD
phenotype; if left untreated, the progressive white matter lesions progress and eventually
cause severe disability and death [8]. The third and most common clinical manifestation of
ALD is progressive myelopathy (also referred to as adrenomyeloneuropathy, AMN), which
occurs in almost all male ALD patients [10], and 80% of female patients [11,12].

Figure 1. The ALD clinical spectrum. At the molecular level, ALD patients share a genetic defect in the ABCD1 gene
and elevated levels of VLCFA. ALD can be diagnosed at birth, but the clinical course cannot be predicted. Patients are
pre-symptomatic at birth. In males, adrenal insufficiency is often the first symptom to appear which can be as early as six
months of age. Cerebral ALD in male patients can occur at any age after three years of age. In adulthood, males and females
typically develop a slowly progressive myelopathy. Male patients with myelopathy are at risk of additionally developing
cerebral ALD.

2. Molecular Biomarkers for ALD: An Unmet Need

As defined by the FDA-NIH Biomarkers Definitions Working Group, a biomarker is a
“characteristic that is measured as an indicator of normal biological processes, pathogenic
processes, or biological responses to an exposure or intervention, including therapeutic
interventions” [13]. Biomarkers can be categorized into different types depending on
their use; for example, diagnostic biomarkers, which are used to detect the presence of
a disease or subtype of the disease, or prognostic biomarkers, which inform about the
likelihood of a medical incident, recurrence, or progression of the disease in patients.
Other biomarker categories include susceptibility/risk biomarkers, monitoring biomarkers,
predictive biomarkers, pharmacodynamic/response biomarkers, and safety biomarkers.
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All patients have a mutation in the ABCD1 gene with mutations ranging from missense
mutations to large deletions. Despite being a monogenetic disease, mutations in the ABCD1
gene have no predictive value with respect to clinical outcome. The lack of a simple
genotype-phenotype correlation can be exemplified with a case study detailing six brothers
with an identical p.Pro484Arg ABCD1 missense mutation, yet presenting with five different
ALD phenotypes (ranging from cerebral ALD in childhood to adrenal insufficiency in
adulthood) in the family [14]. Furthermore, even monozygotic twins have been reported
with only one sibling affected by cerebral ALD [15,16]. Clinical manifestations of the disease
are most likely determined by a combination of genetic, epigenetic, and environmental
factors [8,17]. Therefore, ALD biomarkers are needed to better understand and predict the
progression of the disease, as well as to serve as surrogate outcome measures for clinical
trials. Additionally, it would be helpful to have measures of disease activity that are usable
for asymptomatic as well as severely affected patients (i.e., no floor and ceiling effect) so that
more patients are eligible for clinical trials. In particular, new ALD biomarkers are needed:

(1) As a diagnostic marker to identify the onset of leukodystrophy in patients with
ALD. Currently, an MRI of the brain is used to detect white matter lesions in an
asymptomatic stage so that treatment (hematopoietic cell transplant; HCT) is still
an option [18,19]. However, an MRI of the brain is relatively costly and for young
children invasive because of the need for general anesthesia.

(2) As a predictive marker to identify individuals at high risk for cerebral ALD before its
onset, particularly with respect to newborn screening positives [20,21]. Currently, all
male ALD patients undergo the same intensive follow-up [22–24]. However, only an
estimated 40% will develop cerebral ALD before the age of 18 years. If markers were
identified to stratify patients in “high” and “low” risk groups for the development of
cerebral ALD, personalized follow-up could be offered.

(3) As a prognostic biomarker to predict fast versus slow progression of myelopathy is
needed as this would allow for: (1) better counselling of individual patients and (2)
for the stratification of patients in clinical trials.

(4) As a disease monitoring biomarker that correlates with disease severity (for example
the myelopathy) and is dynamic (i.e., changes within a reasonable timeframe as the
disease progresses). This would be extremely useful as a surrogate.

This review focuses on molecular biomarkers as they may have a (causal) role in
disease development, thus providing more insight into disease pathology, since current
clinical outcome measures have limitations that make performing clinical trials challenging.
For example, the Expanded Disability Status Scale (EDSS) is the most commonly used mea-
sure to assess disability in studies concerning myelopathy in ALD patients [10], however,
it is subject to high variability in inter-rater and intra-rater reliability [25]. Additionally,
recent developments in monitoring disease progression in ALD using optical coherence
tomography and body sway are promising, but still require trials of several years duration
and a large number of participants [26,27]. The increasing amount of biological sample
repositories (‘biobanking’) creates a unique opportunity for rapid evaluation of new or
existing biomarkers. As biomarkers need validation in an external cohort before they can
be implemented, this review aspires to direct future biomarker research by recommending
a panel of biomarkers based on a literature review.

3. Setting the Stage

In order to identify and validate ALD biomarkers, follow-up and biobanking over
many years to decades is necessary in long observational studies which involve patient
care and research. The introduction of newborn screening provides an ideal opportunity,
since follow-up of newborns can begin in the asymptomatic stage of the disease. To
evaluate potential new predictive and disease monitoring biomarkers, these will have to
be correlated to existing outcome parameters, which change very slowly over time [10].
Due to the variability of symptoms and slow progression, many patients will have to be
followed for a very long time, making these studies expensive and logistically challenging.
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Biobanks only have value for this kind of research if samples are collected and stored in
a standardized way in a prospective manner and can be linked to detailed and accurate
clinical information of individual patients. Although for ALD a few of these cohorts
exist, these are all local efforts in individual centers. Larger international cohorts and
biobanks would be preferable but have not materialized even though researchers recognize
the potential benefits. Major obstacles are complex regulatory issues and ownership of
samples. An alternative would be to maintain individual cohorts and biobanks, but with a
standardized follow-up protocol to make the individual data sets more compatible. It will
be interesting to see how the field will work towards better collaboration.

4. Biomarker Studies So Far
4.1. Very Long-Chain Fatty Acids

Since VLCFA accumulation is the primary biochemical abnormality in ALD, various
studies have investigated the possible correlation between VLCFA levels and clinical out-
comes. In 1984, Moser et al. reported on the VLCFA analysis in plasma and fibroblasts
from 303 ALD patients with a wide phenotypic variation [28]. No correlation was found
between C26:0 levels or the C24:0/C22:0 or C26:0/C22:0 ratio and disease severity. Fur-
thermore, no differences in VLCFA levels were observed in asymptomatic patients and
their symptomatic relatives. Similar findings were reported by Boles et al. in 1991 [29],
who demonstrated no differences in VLCFA levels or the fatty acid composition of isolated
sphingomyelin and phosphatidylcholine factions in fibroblasts from four myelopathy and
six cerebral ALD patients [29]. The findings of Moser et al. and Boles et al. were confirmed
by a 1999 study from Moser et al. [30]. In this study, plasma VLCFA levels of 1097 ALD
males were analyzed. The distribution of VLCFA in plasma of boys with cerebral ALD
was identical to adult patients with myelopathy. Stradomska et al. reported the VLCFA
levels in 127 ALD patients [31]. VLCFA levels did not differ with age or disease severity. In
1991, Antoku et al. reported a significantly higher C26:0/C22:0 ratio in the mononuclear
cells of four patients with cerebral ALD in childhood (age: 7–18) compared to four patients
with cerebral ALD in adulthood (age: 31–39) [32], whereas there was no difference in the
C26:0/C22:0 ratio in erythrocyte membranes and blood plasma between the two groups.
The small sample size, however, limits the interpretation of these results.

It is well established that plasma VLCFA levels are not predictive for the development
of cerebral ALD. However, various studies have investigated the role of VLCFA and VLCFA
incorporated lipids in the brain in the initiation of cerebral ALD. Analysis of postmortem
brain samples of cerebral ALD patients demonstrated that in normal appearing white
matter, VLCFA accumulates primarily in the phosphatidylcholine fraction [33]. In actively
demyelinating regions, VLCFA were strongly elevated in cholesterol esters [33,34]. These
cholesterol esters could primarily be located in macrophages and microglia which are
involved in the inflammatory demyelinating process after disruption of the blood brain
barrier [35]. One of the few studies that demonstrated a possible relationship between
VLCFA levels in brain and ALD phenotype is a study by Asheuer et al. [36]. In this study,
the authors measured the VLCFA levels in normal appearing white matter from controls,
patients with cerebral ALD in childhood, adult myelopathy patients, and myelopathy
patients that had subsequently developed cerebral demyelination. Compared to controls, all
ALD patients had increased levels of saturated VLCFAs (C26:0–C30:0) in normal appearing
white matter. Interestingly, higher saturated VLCFA levels were found in normal appearing
white matter from the childhood cerebral ALD group compared to the myelopathy and
myelopathy-cerebral group. Moreover, the levels of the mono-unsaturated fatty acids
C22:1, C24:1, and C25:1 were decreased in all cerebral ALD patients but not in myelopathy
patients compared to controls. These results indicate that saturated VLCFA levels may
play a role in the development of cerebral ALD. In fact, there is evidence suggesting
VLCFA accumulation is related to inflammatory cytokine expression in the pathogenesis of
cerebral ALD [37]. The possible importance of the balance between saturated and mono-
unsaturated VLCFA as a contributing factor deserves further study. For example, cell
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studies demonstrated that exposure of ALD fibroblasts to saturated VLCFA (C26:0) induced
endoplasmic reticulum (ER) stress and lipid-induced cell death, whereas exposure to the
mono-unsaturated VLCFA (C26:1) did not [38]. Furthermore, metabolic rerouting of fatty
acid synthesis by pharmacological induction of stearoyl-CoA desaturase (SCD1) activity
shifted the balance towards mono-unsaturated VLCFA, thereby normalizing VLCFA levels
both in vitro and in Abcd1-deficient mice [39]. From these studies, it is apparent that
peripheral VLCFA levels (i.e., in plasma, blood cells, or fibroblasts) are of diagnostic value
for ALD, however they do not reflect VLCFA metabolism or levels in the brain. Therefore,
using a lipidomic approach in the CSF may identify lipids or a lipidomic signature which
better reflect the changed lipid levels in the brain.

4.2. Complex Lipids and Lysophosphatidylcholine (lysoPC)

Due to the lack of prognostic value of VLCFA, various efforts have been made to identify
lipid biomarkers that correlate with disease form and/or disease severity. In 1976, Igarashi et al.
demonstrated that VLCFA are incorporated in a variety of lipids including gangliosides, phos-
phatidylcholines, and cholesterol esters [6]. Phosphatidylcholines (PC) can be converted to
lysoPC by the enzymatic action of phospholipase A2 (PLA2) and/or lecithin-cholesterol acyl-
transferase (LCAT) [40]. The VLCFA containing C26:0-lysoPC is elevated in all ALD men and
women and is used in ALD newborn screening [1,22,41,42]. Recently, it was demonstrated
that women with ALD with plasma VLCFA levels in the normal range have elevated levels
of C26:0-lysoPC in dried blood spots and plasma [43,44]. Thus, C26:0-lysoPC outperforms
VLCFA analysis as an ALD diagnostic biomarker. Currently there is no evidence that C26:0-
lysoPC levels in plasma or dried blood spots are predictive concerning disease progression
or manifestations. Whether C26:0-lysoPC levels in the brain correlate with phenotype, as
has been demonstrated for VLCFA levels [36], has not yet been investigated. Although it
is currently unclear how C26:0-lysoPC levels relate to ALD pathogenesis, there is evidence
that lysophosphatidylcholines could play a role in the development of neurodegenerative
diseases [40]. In fact, injection of C24:0-lysoPC, but not C16:0-lysoPC, into the parietal cortex of
wildtype mice resulted in widespread microglial activation and apoptosis indicating a potential
role for VLCFA-containing lysoPCs in the pathogenesis of cerebral ALD [45]. Interestingly,
a recent study by Kettwig et al. reported lower levels of C20:3-lysoPC and C20:4-lysoPC in
serum from cerebral ALD patients compared to neurologically asymptomatic ALD patients [46].
Moreover, the levels of these lipids were even lower in the serum of cerebral ALD patients
approximately one year prior to the first changes in their cerebral MRI. If these findings are
confirmed in an external cohort, C20:3-lysoPC and C20:4-lysoPC levels may be indicative of the
neuroinflammation in ALD patients.

One approach that is increasingly used for the identification of new biomarkers is
lipidomics [47]. The aim of lipidomics is the unbiased analysis and study of the complete
lipid content in a biological system using analytical chemical techniques. In 2019, Huff-
nagel demonstrated that a semi-targeted lipidomics analysis could be used to identify new
candidate lipid biomarkers in women with ALD [12]. Thus far, three studies have used
lipidomics in an attempt to identify phenotype-specific markers. Lee et al. performed
a lipidomics analysis on fibroblasts from four cerebral ALD patients, three myelopathy
patients, and two healthy controls [48]. The lipidomics analysis revealed lower triacyl-
glycerol and ceramide levels in the cerebral ALD group compared to the myelopathy
group. However, the limited number of samples and the inclusion of up to seven biological
replicates for each cell line hinders the interpretation of these findings. Fujiwara et al. per-
formed a lipidomics analysis with a focus on glycosphingolipids on fibroblasts from four
childhood cerebral ALD patients, three myelopathy patients, and five healthy controls [49].
Several VLCFA-containing glycosphingolipid and sphingomyelin species were elevated in
fibroblasts from ALD patients compared to controls. Interestingly, only hexosylceramide
44:1 (HexCer 44:1) showed a significant difference between the childhood cerebral ALD
and myelopathy fibroblasts. Considering the important role of glycosphingolipids in the
nervous system, it will be interesting to see whether this finding can be replicated in a
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larger cohort. Richmond et al. employed a lipidomics strategy using plasma samples of
six well-characterized brother pairs affected by ALD and discordant for the presence of
cerebral ALD [50]. The study was unable to separate cerebral ALD and non-cerebral ALD
using principal component analysis which indicated very similar lipid profiles of these two
groups and no statistically significant lipid marker was identified that could discriminate
between cerebral ALD and non-cerebral ALD patients. Likely reasons for this negative
result may have been the small cohort with only six discordant sibling pairs as well as the
possibility that during follow-up some patients will have to be reclassified as cerebral ALD.

4.3. Oxidative Damage Markers

When determining which molecules to explore as ALD biomarkers, understanding
their biochemical function and therefore, involvement in the disease, provides rationale
for their investigation and clinical translation. Oxidative damage has been shown to occur
before disease onset in a mouse model of ALD [51], and is believed to underlie axonal
degeneration, since treatment with antioxidants could counteract this damage [52] as
well as reverse locomotor impairment in mice deficient in both ABCD1 and ABCD2 [53].
Since glutathione plays an essential role as an antioxidant in the protection of cells against
oxidative stress [54], Petrillo et al. evaluated the lymphocyte, erythrocyte, and plasma
concentrations of oxidized and reduced glutathione in 14 ALD patients (four with cerebral
ALD in childhood and ten adults with myelopathy) compared to age-matched controls,
using HPLC and spectrophotometric assays [55]. They discovered that the levels of reduced
glutathione (GSH) in erythrocytes, plasma, and lymphocytes were significantly decreased
in myelopathy patients compared to controls. Cerebral ALD patients were found to have
a significantly lower concentration of GSH compared to controls in erythrocytes only,
however this could be due to the extremely small number of cerebral ALD patients in
the study and thus a lack of statistical power [55]. A study from Nury et al. employed a
commercially available colorimetric assay to measure GSH in the plasma of 17 ALD patients
(two boys with cerebral ALD, two adults with cerebral ALD, three patients with adrenal
insufficiency, and ten adult myelopathy patients) compared to ten healthy controls and
confirmed the findings from the Petrillo study [56]. In addition, the study found decreased
levels of docosahexaenoic acid (C22:6), an omega-3 poly-unsaturated fatty acid required
for neuronal function and signaling [57], and α-tocopherol, an active form of vitamin E
which functions to protect against oxidative damage [58] in ALD patients compared to
controls [56]. These studies support the concept that oxidative stress is a contributing
pathogenic factor in ALD. Despite these two independent studies supporting the same
finding that reduced GSH is decreased in ALD patients compared to controls, the lack of
longitudinal data, correlation of GSH measurement to any clinical parameters of disease
severity, and validation in external cohorts prevents a definitive verdict on glutathione
being used as a biomarker for ALD. It would also be interesting to include asymptomatic
ALD patients in these studies and monitor any changes in GSH levels over time, particularly
when symptoms develop.

In relation to the proposed redox imbalance involved in the pathophysiology of
ALD [59], Casasnovas et al. performed a phase II pilot, open-label study (ClinicalTrials.gov
Identifier: NCT01495260) in which 13 subjects (12 men and one woman) with myelopathy
were given a high dose combination of three antioxidants (α-tocopherol, N-acetylcysteine,
and α-lipoic acid). The primary outcome was the validation of a set of biomarkers for
monitoring the biological effects of this antioxidant cocktail [60]. Patients with cerebral
ALD were excluded from the study. The age of the 13 myelopathy patients ranged from
24 to 64 years, with 25 healthy, age- and sex-matched controls used for plasma, urine,
and peripheral blood mononuclear cell (PBMC) measurements. The study also included
functional clinical scales, the 6 min walk test (6MWT), electrophysiological studies, and
cerebral MRI as secondary outcome measures to assess any clinical improvement from
the antioxidant treatment and any correlations with biomarker measurements. After
three months of antioxidant treatment, the levels of pro-inflammatory markers (IFNA2,
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IL-4, IL-36A, and CCR3 in peripheral blood mononuclear cells, and 12S-HETE, 15S-HETE,
TXB2, TNF, and IL-8 in plasma) decreased significantly and the plasma level of the anti-
inflammatory marker adiponectin increased. Furthermore, the levels of all oxidative
damage markers investigated (Nε-carboxymethyl-lysine (CML), Nε-carboxyethyl-lysine
(CEL), Nε-malondialdehyde-lysine (MDAL) and aminoadipic semialdehyde (AASA) in
plasma and 8-oxo-dG in urine) significantly decreased three months after treatment. Im-
portantly, none of the biomarkers measured at baseline in the study significantly correlated
to the clinical status of patients and therefore would not be suitable as disease-monitoring
biomarkers. Although the study by Casasnovas et al. reported no significant difference
in nerve conduction studies, EDSS score, or MRI outcomes one year after antioxidant
treatment, there was a significant improvement in the distance walked in the 6MWT in
eight out of the ten patients who completed the study, as well as an overall significant
decrease observed in central motor conduction time (CMCT) in both legs of patients. Two
of the inflammatory markers tested were predictive of the response to treatment. First, the
ratio of monocyte chemoattractant protein 1 (MCP-1, a pro-inflammatory marker) levels at
month seven compared to baseline levels (M7/M0), displayed a significant predictive value
for the 6MWT result at the end of the study (21 months). Biomarker values were measured
at month seven since 12 out of the 13 patients initially received a low dose of antioxidants
for two months, followed by a washout period of two months, then an increased dosage
of antioxidants for three months (totaling 7 months). Second, the levels of 15S-HETE (a
pro-inflammatory marker) at month seven also displayed predictive value for the 6MWT at
the end of the study (Pearson correlation coefficients of 0.97 for the MCP-1 ratio and 0.95 for
15S-HETE). Considering this study, myelopathy in ALD potentially has an inflammatory
component. However, additional cohorts with greater patient numbers are required to
confirm the predictive value of MCP-1 and 15S-HETE. The strengths of this study were that
the pre-treatment concentrations of oxidative stress and inflammatory markers in patients
were compared to controls, as well as longitudinal data being collected to assess if levels
change within patients during and after treatment. However, the study did not include an
untreated control group and thus, there is a possibility of a placebo effect. Therefore, this
panel of biomarkers should be examined in future clinical trials investigating the use of
antioxidants with larger patient numbers, a longer study period and placebo controls.

A paper from Turk et al. investigated the plasma activity of superoxide dismutase
(SOD) in a cohort of ALD patients with different phenotypes; ten males with myelopathy,
eight males with cerebral ALD, three female ALD patients, and nine age-matched healthy
controls [61]. SOD is an enzymatic antioxidant which provides cellular protection against
reactive oxygen species, and polymorphisms of SOD have been associated with the cerebral
ALD phenotype [62], therefore this was the rationale for its investigation as a biomarker.
Most importantly, the study had longitudinal data analyzed from four myelopathy patients
who subsequently developed cerebral ALD during the study, with multiple simultaneous
MRI and blood samples obtained preceding cerebral ALD onset [61]. In all four patients, a
reduction in SOD activity over time occurred, suggesting that a decrease in SOD activity
occurs prior to the onset of cerebral ALD. However, more longitudinal data is required to
reveal if the rate at which SOD activity decreases varies with symptom progression or if
SOD activity could be a prognostic or diagnostic biomarker for cerebral ALD, in addition to
data on the natural variability in patients. Although the study included a range of different
ALD phenotypes, it is unfortunate that the authors considered females as carriers of the
disease only, and thus did not state any symptoms or possible ALD phenotype the females
may have had due to their ALD diagnosis. Nevertheless, they found that increasingly
severe phenotypes showed a significant decrease in plasma SOD activity, where the controls
had the highest SOD activity, followed by female ALD patients, males with myelopathy,
then cerebral ALD patients. The strength of this study is that this result was validated
in a second cohort using stored biobank samples of ten male myelopathy patients and
20 cerebral ALD patients, showing a significant reduction between the myelopathy and
cerebral ALD SOD levels in both fresh and stored samples. Additionally, the authors
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investigated if measurements of SOD activity were influenced by long-term storage and
freeze-thaw cycles of samples and found that the intraindividual biological variability of
plasma SOD was a maximum of 15% over six months, suggesting it is suitable for use as a
biomarker [61]. This result contradicts the finding of Petrillo et al., who found no significant
difference in SOD activity between myelopathy, cerebral ALD, or control samples [55],
however this could be due to the difference in assays used in both studies to measure SOD
activity, and that Petrillo et al. assayed activity in hemolyzed erythrocytes rather than
plasma [55]. Furthermore, the data of Turk et al. is in line with the clinical MRI severity
score, which shows that the most severely affected patients have lower SOD activity in
both the biobank and fresh plasma samples of cerebral ALD patients [61].

4.4. Inflammatory Markers

Various studies have demonstrated the role of inflammation in ALD disease pathology.
VLCFA accumulation provokes a neuroinflammatory response in which immune cells such
as macrophages and T cells secrete cytokine signaling proteins, which have been linked to
inflammatory demyelination [63]. Marchetti et al. therefore aimed to investigate a selection
of pro- and anti-inflammatory mediators in the plasma of ALD patients with different ALD
phenotypes [64]. The study included only male patients; eight with childhood cerebral
ALD, eight adults with myelopathy, and eight asymptomatic patients. However, only
eight healthy controls were used and therefore samples were not age-matched. The study
reported significantly higher levels of both pro-inflammatory (IL-1β, IL-8, TNF-α, and
IL-2) and anti-inflammatory (IL-10 and IL-4) cytokines in asymptomatic patients compared
to controls which were stated to have no correlation with age. Myelopathy patients had
elevated levels of the pro-inflammatory markers TNF-α and IL-2 and anti-inflammatory
markers IL-4 and IL-5 compared to controls. No significant differences in biomarker
levels were found between the childhood cerebral ALD cases and controls [64]. The study
lacked follow-up data on any of the patients and is therefore not useful in assessing the
potential of any inflammatory cytokines as predictive or treatment-responsive biomarkers
for ALD. The authors speculated that the higher levels of these inflammatory markers
could be an early marker of disease, particularly since the anti-inflammatory marker IL-
10 was significantly elevated in the asymptomatic group compared to all other groups
and therefore may represent an early-diagnostic biomarker before the onset of clinical
symptoms. The pro-inflammatory chemokine IL-8 was also investigated in a study from
Cappa et al., however it was undetectable in the CSF of ALD patients [65]. This was
surprising given that Marchetti et al. could detect IL-8 in plasma [64] and since CSF
surrounds the brain and spinal cord directly, biomarker concentrations are expected to
mirror the underlying inflammation occurring in the brain [66]. This disparity could be due
to the sensitivity of the detection methods used in the studies, or that IL-8 levels in blood
represent a systemic marker of inflammation as opposed to neuroinflammation specifically.
Both CSF and blood have advantages and disadvantages as biological fluids for biomarker
discovery; CSF is collected by a lumbar puncture procedure which is highly invasive
when compared to blood collection, and this can limit its use in a clinical environment.
Additionally, the study of Cappa et al. examined the CSF levels of the pro-inflammatory
cytokine IL-6 in five female ALD patients before and after administration of a mixture of
Lorenzo’s oil and conjugated linoleic acid for a two-month time period [65]. The researchers
chose IL-6 since it is a key mediator of the acute phase response which occurs soon after
the onset of inflammation [67]. Using a sandwich immunoassay the researchers found
that a decrease in IL-6 was only observed in three out of five patients at the end of the
study [65]. Although the study recruited female ALD patients whom are largely overlooked
in most papers, the very small cohort size and lack of correlation with any clinical outcome
measures prevented this study from being of use in assessing IL-6 and IL-8 as viable
biomarkers. A more extensive study conducted by Lund et al. evaluated 23 inflammatory
factors, including IL-8, in CSF and serum samples of 36 boys with cerebral ALD, prior to
them receiving HSCT [68]. This study was able to detect IL-8 in CSF, and indeed found
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that levels of IL-8 in addition to IL-1ra, monocyte chemoattractant protein-1 (MCP-1),
macrophage inflammatory protein 1beta (MIP-1b), and vascular endothelial growth factor
(VEGF) in cerebral ALD patients were all significantly higher than in controls. However, in
serum, only stromal cell-derived factor 1 (SDF-1) concentration was significantly elevated
in cerebral ALD compared to control cases. The control group used consisted of boys at
least three months into maintenance therapy for acute lymphoblastic leukemia, with no
CSF leukemia present. They were chosen since lumbar punctures are routine every three
months during their maintenance therapy, and the risk of carrying out this procedure on
“healthy” children was deemed too great and ethically challenging. Although this can be
considered a limitation of the study, the researchers note that CSF cytokine levels in ‘control’
children undergoing routine diagnostic lumbar puncture for undisclosed reasons reported
in previous literature were highly similar to their data [69]. The strengths of this study
included the large cohort size of cerebral ALD patients, the measurement of each sample in
duplicate, and the use of previously validated commercially available detection procedures
to obtain average cytokine concentrations. Furthermore, the study correlated cytokine
measurements to a pre-HSCT MRI severity score. The MRI severity score is an MRI-based
quantification of the amount of cerebral involvement [70]. Regression analysis showed that
levels of serum SDF-1 (R2 = 0.33, p = 0.003), and CSF IL-8 (R2 = 0.12, p = 0.04) and MCP-1
(R2 = 0.19, p = 0.008) all significantly correlated with the pre-HSCT MRI severity score of
patients [68]. The study also demonstrated that total protein levels in CSF were significantly
increased in cerebral ALD patients compared to controls, and significantly correlated with
CSF IL-8 and MCP-1b levels, as well as the MRI severity score [68], a finding which they
had previously reported in a separate cohort of 25 boys with cerebral ALD [69]. These
results suggest that MCP-1 and IL-8 levels in CSF may be useful as a predictive biomarker
of clinical progression and/or an early indicator of neuroinflammation in cerebral ALD,
and thus warrants further investigation. Interestingly, levels of the CSF cytokine MCP-
1 were also found to strongly correlate with chitotriosidase activity [68], which is an
enzyme secreted by activated macrophages which is elevated in certain lipid storage
lysosomal diseases [71]. Another study from the researchers at the University of Minnesota
reported that chitotriosidase activity was significantly increased in both the plasma and
CSF of 38 cerebral ALD patients compared to 16 controls [72]. Furthermore, there were
significant correlations between CSF and plasma chitotriosidase activity and pre-HSCT
neurological functional scores (R2 = 0.1742, p = 0.01 for CSF and R2 = 0.4025, p < 0.0001
for plasma), one-year post-HSCT neurological functional scores (R2 = 0.6514, p < 0.0001
for CSF and R2 = 0.4666, p < 0.0001 for plasma), as well as CSF chitotriosidase activity
significantly correlating with one-year post-transplant MRI severity scores (R2 = 0.3492,
p = 0.0004). Chitotriosidase activity may therefore be of value as a prognostic biomarker for
cerebral ALD patients undergoing HSCT, particularly since a recent study from the same
group has provided supporting evidence in a larger cohort of cerebral ALD patients [73].
Plasma and CSF chitotriosidase activity was analyzed in a cohort of 66 boys with cerebral
ALD who underwent successful HSCT and found that both pre-transplant plasma and
CSF chitotriosidase activity were significantly associated with the volume of gadolinium
enhancement on MRI 30 days post-HSCT (univariate p value = 0.04 for both plasma and
CSF). Since this early gadolinium resolution following HSCT is associated with a reduced
neurologic progression one-year post-HSCT, chitotriosidase holds promise as a highly
sensitive prognostic biomarker for cerebral ALD patients undergoing HSCT.

The neuroinflammatory process thought to drive cerebral ALD is associated with
blood-brain-barrier (BBB) disruption. Lund et al. hypothesized that BBB disruption may
occur through the degradation of the extracellular matrix defining the BBB capillary net-
work by matrix metalloproteinases (MMPs) [68,69]. The concentration of MMPs and tissue
inhibitors of metalloproteinases (TIMPs), which directly inhibit MMPs, were determined
in the CSF and plasma of 20 boys with cerebral ALD prior to HSCT and compared to
19 control patients who were undergoing intrathecal chemotherapy as treatment for a
prior diagnosis of acute lymphoblastic leukemia and were without CSF leukemia [68,72].
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In addition to correlation of total protein levels in the CSF to MRI severity scores, the
study also evaluated if any MMP or TIMP levels correlated to pre- and post-HSCT neu-
rologic function scores. CSF levels of both MMP10 and TIMP1 significantly correlated
with the pre-transplant MRI severity scores. TIMP1 and MMP10 correlated significantly
with the pre-transplant neurologic functional scores and one-year post-transplant neuro-
logic functional score, respectively. CSF total protein levels were significantly increased
in the cerebral ALD patient group compared to controls (p < 0.0001) [69]. Furthermore,
when compared with MMPs and TIMPs, total protein concentration in the CSF showed
superior correlation to the pre-transplant MRI severity score (p = 0.0003, R2 = 0.55), and
thus the severity of neuroinflammation, in addition to the neurologic functional score
pre-treatment (p < 0.001, R2 = 0.48) and one year post-HSCT (p < 0.0001, R2 = 0.69) [69].
This neurologic functional score assesses dysfunction in several different areas such as
vision, hearing, speech and gait, thus these results suggest that CSF total protein levels
may be the best marker of gross disease progression and severity, as well as post-HSCT
outcome for cerebral ALD patients. However, future research should investigate if CSF
total protein displays a prognostic ability for different outcome measures following HSCT
in cerebral ALD patients. In relation to the proposed function of MMPs in cerebral ALD,
results from Orchard et al. suggest that APOE4 may act as a disease modifier during
the course of cerebral ALD, enhancing inflammation and blood brain barrier disruption
via a biochemical pathway involving MMP2, resulting in a more severe cerebral disease.
Proteomic analysis of pooled CSF from 18 young boys with active cerebral ALD prior to
HSCT was performed in the study [74]. Comparison with pooled non-ALD CSF from
19 young boys prior to intrathecal chemotherapy as treatment for acute lymphoblastic
leukemia [68,72] identified APOE4 as a possible risk factor. Apolipoprotein E (ApoE) is a
major lipoprotein that functions in lipoprotein-mediated lipid transport between organs,
both in the periphery and in the central nervous system. Different genotypes in combina-
tion with two SNP sites in the ApoE gene produce three isoforms, APOE2, APOE3, and
APOE4. Next, the CSF of 21 young males with cerebral ALD who carried the APOE4 allele
was compared to 62 non-carriers with cerebral ALD. Frequency of APOE4 inheritance was
slightly higher (17.5%) in cerebral ALD patients than in the general population. Young
males with cerebral ALD carrying APOE4 had a higher gadolinium intensity score (2.0 vs.
1.3 points, p = 0.007), more neurologic impairment (neurologic function score 2.4 vs. 1.0,
p = 0.001), and a 50% higher MRI severity score, which indicates a higher cerebral disease
burden at the time of evaluation for HSCT [74]. Validation in an independent cohort and a
longitudinal study including ALD patients before the onset of cerebral ALD is required to
better understand the role of APOE4 during pathology manifestation and to determine if it
truly has disease-modifying action.

Importantly, all studies from the University of Minnesota group included cerebral
ALD patients who already had abnormal MRIs at the time of biofluid collection. If these
findings can be validated, it would be beneficial to sample patients prior to the onset of
cerebral ALD to investigate if an increase in these cytokines, MMPs, and chitotriosidase,
particularly MCP-1, occurs before, or as a consequence of, the neuroinflammation and
damage to the BBB, and if it could be an early predictive biomarker for cerebral ALD.

Demyelination, neuroinflammation, and BBB disruption are shared characteristics
with a variety of auto-immune diseases. In some, a specific antibody may be a mediator of
disease, in others, an antibody can serve as biomarker of disease. To investigate whether
the onset of cerebral ALD is also associated with specific auto-antibodies, plasma samples
from boys with ALD but without cerebral ALD (n = 29), boys with cerebral ALD (n = 94),
and control boys without ALD (n = 30), were analyzed [75]. This analysis showed that
autoantibodies against profilin 1 (PFN1) were overrepresented in boys with cerebral ALD.
Anti-PFN1 antibodies were present in 0/30 controls, 2/29 (7%) boys with ALD but without
cerebral ALD, and 48/94 (51%) boys with cerebral ALD. In a separate study, the CSF of 22
control boys and 15 boys with a new diagnosis of cerebral ALD was analyzed. This showed
that both the concentration of PFN1 and plasma cytokine B-cell activating factor (BAFF)
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were significantly increased in cerebral ALD patients compared to controls. The presence
of anti-PFN1 antibodies correlated with the gadolinium intensity score [76], but did not
correlate with clinical scores and described biomarkers of cerebral ALD including: age of
assessment, MRI severity score, neurologic functional score, CSF total protein, plasma or
CSF chitotriosidase activity, or CSF MMP2 activity [75]. This was unexpected since the
gadolinium intensity score has been shown to positively correlate with CSF chitotriosidase
activity [76]. The lack of correlation may be due to the use of two different detection
methods to measure anti-PFN1 antibody levels [75]. Future work should use a quantitative
and more sensitive assay to determine the levels of anti-PFN1 antibody in boys with ALD
but without cerebral ALD, and those who have undergone HSCT. Assay development and
validation would be a large hurdle to overcome but is essential to establish if anti-PFN1
antibodies are of use as an early biomarker of cerebral ALD and/or an outcome measure for
cerebral ALD treatments. Using a multi-omics approach in six well-characterized brother
pairs affected by ALD and discordant for the presence of cerebral ALD, Richmond et al.
confirmed the PFN1 protein overabundance in four out of six cerebral ALD patients [50].
Since MRI severity scores were not reported, conclusions cannot be drawn as to why
cerebral ALD patients do not all have a ubiquitous PFN1 phenotype. Future work could
investigate in a larger cohort the levels of plasma PFN1 including in post-HSCT patients,
as well as before the onset of cerebral ALD, to observe if an increase in PFN1 protein levels
precedes the autoimmune response within the cerebral ALD patients who demonstrate
PFN1 autoreactivity.

4.5. Neuro-Axonal and Astroglial Injury Markers

The importance of utilizing longitudinal data was shown in publication by van Balle-
goij et al. [77]. The authors investigated the use of plasma neurofilament light (NfL) and
glial fibrillary acidic protein (GFAP) as biomarkers for spinal cord degeneration in a cohort
of 45 male and 47 female ALD patients [77]. Compared with a cohort of 74 healthy con-
trols, plasma NfL and GFAP levels were elevated in both symptomatic and asymptomatic
male and female ALD patients. The study also investigated correlations between plasma
NfL and GFAP levels and three clinical measures of myelopathy severity; the EDSS, the
severity scoring system for progressive myelopathy (SSPROM), and the timed up-and go
test. Importantly, the paper adjusted for the confounding effect of age on NfL and GFAP
measurements, using multiple regression analysis. GFAP did not show any correlation
with clinical severity. In contrast, NfL correlated with all three clinical parameters in
male patients where the more severely affected patients had increased plasma NfL levels,
however this trend was not observed in female patients. Using longitudinal data from 18
male patients in the study, collected over a timespan of two years, the researchers found
no correlations between changes in NfL concentration and clinical parameters measuring
disease progression [77]. This could be due to the slowly progressive nature of the disease,
coupled with the small cohort number and low sensitivity of the clinical parameters in
measuring myelopathy progression. The researchers hope to overcome this issue through
the continued collection of longitudinal data from the same cohort. In support of these
findings regarding NfL, Weinhofer et al. measured blood NfL in 94 ALD patients and 55
healthy volunteers, totaling 199 samples [78]. Longitudinal measurements were taken for
20 myelopathy patients during disease progression, and for five patients that converted
to cerebral ALD during the study. Like van Ballegoij et al., the researchers found that
NfL levels were significantly higher in myelopathy patients compared to controls, how-
ever in contrast to the previous study, they found no significant difference in NfL levels
between asymptomatic patients and controls. As this study also included cerebral ALD
patients, it was shown that NfL levels in cerebral ALD patients were significantly elevated
compared to myelopathy and controls [78]. A strength of this study was the collection of
longitudinal data, since the researchers found that NfL had significant prognostic ability in
being able to discriminate non-converting myelopathy cases versus myelopathy patients
that later converted to cerebral ALD. Additionally, in the cerebral ALD cases, a correla-
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tion was found between higher NfL levels and a higher MRI severity score (R2 = 0.73,
p = 0.002), suggesting that NfL could reflect brain lesion severity. In support of this notion,
repeated measurement of NfL in two cerebral ALD patients before and after receiving
HSCT showed that NfL concentrations gradually decreased following HSCT, reflecting the
arrest of neuronal damage. Lastly, the study also discovered a correlation between worsen-
ing of myelopathy as measured using the EDSS, and an increase in NfL levels, with one
additional EDSS score point leading to an average 6% increase in NfL after age adjustment
(95% CI: 0.7–11.4%, p = 0.026). This is in contrast to the results of van Ballegoij et al., who
did not find any such correlation, but this disparity could be due to the very long follow-up
time in the myelopathy patients of Weinhofer et al. (measurements were performed in
samples collected over a period of up to 14 years), and thus the ability to observe more
progression in the severity of the myelopathy [78]. From these studies, it is clear that NfL
holds promise as a disease-activity biomarker for ALD which could be used to acutely
monitor the response to disease-modifying treatment, however, other neurological disor-
ders could bias measurements and therefore this would need to be incorporated into the
exclusion criteria for ALD clinical trials.

5. Conclusions

Despite the rare occurrence of this disease, many innovative and original studies have
been performed to improve knowledge surrounding molecular biomarkers for ALD. These
studies generate a list of many interesting biomarker candidates (Table 1), which deserve
further investigation and validation in external ALD cohorts. However, in the field there is
a distinct lack of studies with longitudinal data, in addition to very small patient cohorts.
This is likely due to a variety of reasons, such as the slow progression of myelopathy in
ALD and thus difficulty in obtaining repeat samples over a timespan long enough to detect
significant changes in biomarker levels i.e., many years.

More recently, biomarker studies often employ ultra-sensitive technology, such as
single molecule array (SiMoATM), to detect extremely low concentrations of the analyte of
interest in biofluids. However, the integration of these systems into clinical laboratories and
practice is slow, resulting in a disparity between the detection procedures used for many
of these biomarker studies. For example, assays developed in-house often lack published
optimization and validation data compared to those which are commercially available,
resulting in many potential disease biomarkers being at different stages of development.
When we look at other neurodegenerative diseases, such as Alzheimer’s disease and
multiple sclerosis, in which biomarkers for early disease detection is a current hot topic and
heavily researched, we can take learnings from these studies as to how certain biomarkers
might be applicable to ALD. Chitinase 3-like 1, also known as YKL-40, is a microglial and/or
astrocytic marker believed to reflect the neuroinflammatory process of Alzheimer’s disease.
Craig-Schapiro et al. were the first to discover in two large, independent cohorts and
using follow-up patient data, that the ratio of CSF YKL-40/Amyloid beta 42 measured at
baseline displayed significant prognostic utility in predicting the conversion of cognitively
unimpaired subjects to develop mild cognitive impairment [79]. Therefore, glial activity
biomarkers, such as YKL-40 may be applicable as disease-activity biomarkers to quantify
neuroinflammation in ALD and would be interesting candidates to investigate.
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Table 1. Biomarkers examined in ALD, which could be applicable for further investigation due to the initial findings
presented in the research.

Biomarker Fluid Change in ALD Interpretation Potential Application

C26:0-lysoPC Plasma and dried
blood spots

Increased in all ALD
phenotypes, including

ALD women with
normal plasma VLCFA

levels.

Data is required to
investigate correlations
with disease severity.

As a diagnostic
biomarker in newborns,
male and female ALD

patients.

Reduced Glutathione
(GSH) Plasma

Decreased in all ALD
phenotypes compared

to controls.

Data is required to
investigate correlations

with disease severity
and longitudinal

changes in GSH levels.

As a disease-activity
biomarker to quantify

oxidative stress.

Monocyte
Chemoattractant
Protein 1 (MCP1)

CSF
Increased in cerebral

ALD patients
compared to controls.

MCP1 correlates with
MRI severity score,

chitotriosidase activity
and total protein levels.
Longitudinal data over
the course of treatment

is needed.

As a screening
biomarker to detect
neuroinflammation.

As a prognostic
biomarker to predict

post-treatment
outcome.

Total protein levels CSF
Increased in cerebral

ALD patients
compared to controls.

Total protein levels
strongly correlate to
pre-transplant MRI

severity scores and pre-
and post- HSCT

neurological functional
scores.

As a prognostic
biomarker to predict

post-treatment
outcome.

Chitotriosidase CSF and plasma
Increased in cerebral

ALD patients
compared to controls.

Chitotriosidase
correlates with pre- and

post- HSCT
neurological functional
scores, post-transplant
MRI severity score and

the change in
functional status.

As a screening
biomarker to detect
neuroinflammation.

As a prognostic
biomarker to predict

post-treatment
outcome.

Superoxide dismutase
(SOD) Plasma

SOD activity decreases
in a stepwise manner
for ALD phenotypes;

control > myelopathy >
cerebral ALD

SOD activity inversely
correlates with clinical
MRI severity score in
cerebral ALD patients.
Longitudinal data to
the onset of cerebral

ALD is needed.

As a disease-activity
biomarker to quantify

oxidative stress.
As a screening

biomarker to detect the
onset of cerebral ALD.

Autoantibodies against
profilin 1 (PFN1) Plasma

Increased in boys with
cerebral ALD
compared to

non-cerebral cases and
controls.

Longitudinal data pre-
and post-onset of

cerebral ALD and over
the course of HSCT
treatment is needed.

As a screening
biomarker to detect the
onset of cerebral ALD.

Neurofilament light
chain (NfL) Plasma

Increased in ALD
patients compared to

controls.
Increased in boys with

cerebral ALD
compared to

non-cerebral cases and
controls.

NfL correlates with
clinical measures of

myelopathy severity in
male ALD patients, and
with MRI severity score

in cerebral ALD
patients.

As a prognostic
biomarker to predict
the onset of cerebral

ALD.
As a

treatment-responsive
biomarker to reflect
neuronal damage.
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More recently, biomarker studies often employ ultra-sensitive technology, such as
single molecule array (SiMoATM), to detect extremely low concentrations of the analyte of
interest in biofluids. However, the integration of these systems into clinical laboratories and
practice is slow, resulting in a disparity between the detection procedures used for many
of these biomarker studies. For example, assays developed in-house often lack published
optimization and validation data compared to those which are commercially available,
resulting in many potential disease biomarkers being at different stages of development.
When we look at other neurodegenerative diseases, such as Alzheimer’s disease and
multiple sclerosis, in which biomarkers for early disease detection is a current hot topic and
heavily researched, we can take learnings from these studies as to how certain biomarkers
might be applicable to ALD. Chitinase 3-like 1, also known as YKL-40, is a microglial and/or
astrocytic marker believed to reflect the neuroinflammatory process of Alzheimer’s disease.
Craig-Schapiro et al. were the first to discover in two large, independent cohorts and
using follow-up patient data, that the ratio of CSF YKL-40/Amyloid beta 42 measured at
baseline displayed significant prognostic utility in predicting the conversion of cognitively
unimpaired subjects to develop mild cognitive impairment [79]. Therefore, glial activity
biomarkers, such as YKL-40 may be applicable as disease-activity biomarkers to quantify
neuroinflammation in ALD and would be interesting candidates to investigate.

Overall, based off the available literature, future ALD research should investigate
if an increase in MCP-1 or chitotriosidase occurs before, or as a consequence of, the
neuroinflammation and damage to the BBB during the onset of cerebral ALD, and if
they could be an early predictive biomarker for cerebral ALD. In addition, as shown
in Alzheimer’s disease clinical trials targeting neuroinflammation [80], chitotriosidase
and perhaps MCP-1 could serve as pharmacodynamic markers of neuroinflammation,
specifically microglial activation, which would be relevant for use in cerebral ALD clinical
trials. NfL may be suitable as a general dynamic marker of neuro-axonal injury for ALD,
with longitudinal measurements being used to monitor disease activity and response to
treatment in ALD clinical trials. For example, NfL levels in the blood will be affected by
peripheral neuropathy, in addition to factors such as an individual’s body mass index or
blood volume [81].

Thus, if found useful for ALD, future investigations will need to establish the effect of
these confounding factors, including the use of age- and sex-specific reference values.

ALD is one of the most common leukodystrophies and the most common peroxisomal
disease. Biomarkers that have relevance for ALD may be applicable to some of these
disorders. However, there are also limitations. For example, there are currently no studies
on the applicability of biomarkers in Zellweger spectrum disorders. The main difficulty
is that the patient population is highly heterogeneous, both genetically and clinically.
Therefore, it is not likely that biomarkers that have relevance for ALD can be applied in this
group in the near future. Moreover, the lack of treatment options for Zellweger spectrum
disorders makes this information less pertinent currently. However, the non-disease specific
biomarkers of neuro-axonal damage, such as NfL, are more widely applicable. For instance,
recently the correlation between NfL levels and MRI abnormalities in metachromatic
leukodystrophy (MLD) was established [82].

As with most neurodegenerative diseases, it is likely that a panel of core biomarkers
will improve the prognostic and diagnostic accuracy of ALD. Algorithms which combine
different biomarkers and perhaps neuroimaging measures and other clinical biomarkers
will result in greater specificity and sensitivity for ALD applications when compared
to using one biomarker alone. This much-needed extensive investigation using ALD
biobank samples and modelling will improve the shortcomings of the existing knowledge
surrounding molecular biomarkers in ALD, in order to better monitor disease progression
and have quantitative outcome measures in clinical trials.
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31. Stradomska, T.J.; Tylki-Szymańska, A. Serum very-long-chain fatty acids levels determined by gas chromatography in the
diagnosis of peroxisomal disorders in Poland. Folia Neuropathol. 2009, 47, 306–313.

32. Antoku, Y.; Koike, F.; Ohtsuka, Y.; Sakai, T.; Tsukamoto, K.; Nagara, H.; Iwashita, H.; Goto, I. Adrenoleukodystrophy: A
correlation between saturated very long-chain fatty acids in mononuclear cells and phenotype. Ann. Neurol. 1991, 30, 101–103.
[CrossRef] [PubMed]

33. Theda, C.; Moser, A.B.; Powers, J.M.; Moser, H.W. Phospholipids in X-linked adrenoleukodystrophy white matter: Fatty acid
abnormalities before the onset of demyelination. J. Neurol. Sci. 1992, 110, 195–204. [CrossRef]

34. Khan, M.; Pahan, K.; Singh, A.K.; Singh, I. Cytokine-induced accumulation of very long-chain fatty acids in rat C6 glial cells:
Implication for X-adrenoleukodystrophy. J. Neurochem. 1998, 71, 78–87. [CrossRef]

35. Berger, J.; Forss-Petter, S.; Eichler, F.S. Pathophysiology of X-linked adrenoleukodystrophy. Biochimie 2014, 98, 135–142. [CrossRef]
[PubMed]

36. Asheuer, M.; Bieche, I.; Laurendeau, I.; Moser, A.; Hainque, B.; Vidaud, M.; Aubourg, P. Decreased expression of ABCD4 and BG1
genes early in the pathogenesis of X-linked adrenoleukodystrophy. Hum. Mol. Genet. 2005, 14, 1293–1303. [CrossRef] [PubMed]

37. Paintlia, A.S.; Gilg, A.G.; Khan, M.; Singh, A.K.; Barbosa, E.; Singh, I. Correlation of very long chain fatty acid accumulation and
inflammatory disease progression in childhood X-ALD: Implications for potential therapies. Neurobiol. Dis. 2003, 14, 425–439.
[CrossRef] [PubMed]

38. Van de Beek, M.-C.; Ofman, R.; Dijkstra, I.; Wijburg, F.; Engelen, M.; Wanders, R.; Kemp, S. Lipid-induced endoplasmic reticulum
stress in X-linked adrenoleukodystrophy. Biochim. Biophys. Acta 2017, 1863, 2255–2265. [CrossRef] [PubMed]

39. Raas, Q.; van de Beek, M.-C.; Forss-Petter, S.; Dijkstra, I.M.; Deschiffart, A.; Freshner, B.C.; Stevenson, T.J.; Jaspers, Y.R.;
Nagtzaam, L.; Wanders, R.J.; et al. Metabolic rerouting via SCD1 induction impacts X-linked adrenoleukodystrophy. J. Clin.
Investig. 2021, 131, e142500. [CrossRef]

40. Law, S.-H.; Chan, M.-L.; Marathe, G.K.; Parveen, F.; Chen, C.-H.; Ke, L.-Y. An Updated Review of Lysophosphatidylcholine
Metabolism in Human Diseases. Int. J. Mol. Sci. 2019, 20. [CrossRef]

41. Hubbard, W.C.; Moser, A.B.; Liu, A.C.; Jones, R.O.; Steinberg, S.J.; Lorey, F.; Panny, S.R.; Vogt, R.F., Jr.; Macaya, D.;
Turgeon, C.T.; et al. Newborn screening for X-linked adrenoleukodystrophy (X-ALD): Validation of a combined liquid
chromatography-tandem mass spectrometric (LC-MS/MS) method. Mol. Genet. Metab. 2009, 97, 212–220. [CrossRef] [PubMed]

42. Hubbard, W.C.; Moser, A.B.; Tortorelli, S.; Liu, A.; Jones, D.; Moser, H. Combined liquid chromatography-tandem mass
spectrometry as an analytical method for high throughput screening for X-linked adrenoleukodystrophy and other peroxisomal
disorders: Preliminary findings. Mol. Genet. Metab. 2006, 89, 185–187. [CrossRef]

http://doi.org/10.3390/genes12121930
http://doi.org/10.1056/NEJMoa1700554
http://doi.org/10.3389/fcell.2020.00499
http://doi.org/10.1002/jimd.12356
http://doi.org/10.1186/1750-1172-7-51
http://doi.org/10.1212/WNL.40.6.971
http://www.ncbi.nlm.nih.gov/pubmed/2189084
http://doi.org/10.1002/acn3.51349
http://doi.org/10.3389/fphys.2020.00786
http://www.ncbi.nlm.nih.gov/pubmed/32765293
http://doi.org/10.1002/ana.410160603
http://doi.org/10.1016/0885-4505(91)90010-I
http://doi.org/10.1002/1531-8249(199901)45:1&lt;100::AID-ART16&gt;3.0.CO;2-U
http://doi.org/10.1002/ana.410300118
http://www.ncbi.nlm.nih.gov/pubmed/1929220
http://doi.org/10.1016/0022-510X(92)90028-J
http://doi.org/10.1046/j.1471-4159.1998.71010078.x
http://doi.org/10.1016/j.biochi.2013.11.023
http://www.ncbi.nlm.nih.gov/pubmed/24316281
http://doi.org/10.1093/hmg/ddi140
http://www.ncbi.nlm.nih.gov/pubmed/15800013
http://doi.org/10.1016/j.nbd.2003.08.013
http://www.ncbi.nlm.nih.gov/pubmed/14678759
http://doi.org/10.1016/j.bbadis.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28666219
http://doi.org/10.1172/JCI142500
http://doi.org/10.3390/ijms20051149
http://doi.org/10.1016/j.ymgme.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/19423374
http://doi.org/10.1016/j.ymgme.2006.05.001


Cells 2021, 10, 3427 17 of 18

43. Huffnagel, I.C.; van de Beek, M.-C.; Showers, A.L.; Orsini, J.J.; Klouwer, F.C.C.; Dijkstra, I.M.E.; Schielen, P.C.; van Lenthe, H.;
Wanders, R.J.A.; Vaz, F.M.; et al. Comparison of C26:0-carnitine and C26:0-lysophosphatidylcholine as diagnostic markers in
dried blood spots from newborns and patients with adrenoleukodystrophy. Mol. Genet. Metab. 2017, 122, 209–215. [CrossRef]
[PubMed]

44. Jaspers, Y.R.J.; Ferdinandusse, S.; Dijkstra, I.M.E.; Barendsen, R.W.; van Lenthe, H.; Kulik, W.; Engelen, M.; Goorden, S.M.I.;
Vaz, F.M.; Kemp, S. Comparison of the Diagnostic Performance of C26:0-Lysophosphatidylcholine and Very Long-Chain Fatty
Acids Analysis for Peroxisomal Disorders. Front. Cell Dev. Biol. 2020, 8, 690. [CrossRef] [PubMed]

45. Eichler, F.S.; Ren, J.Q.; Cossoy, M.; Rietsch, A.M.; Nagpal, S.; Moser, A.B.; Frosch, M.P.; Ransohoff, R.M. Is microglial apoptosis an
early pathogenic change in cerebral X-linked adrenoleukodystrophy? Ann. Neurol. 2008, 63, 729–742. [CrossRef]

46. Kettwig, M.; Klemp, H.; Nessler, S.; Streit, F.; Krätzner, R.; Rosewich, H.; Gärtner, J. Targeted metabolomics revealed changes
in phospholipids during the development of neuroinflammation in Abcd1tm1Kds mice and X-linked adrenoleukodystrophy
patients. J. Inherit. Metab. Dis. 2021. [CrossRef]

47. Vaz, F.M.; Pras-Raves, M.; Bootsma, A.H.; van Kampen, A.H. Principles and practice of lipidomics. J. Inherit. Metab. Dis. 2015, 38,
41–52. [CrossRef]

48. Lee, D.-K.; Long, N.P.; Jung, J.; Kim, T.J.; Na, E.; Kang, Y.P.; Kwon, S.W.; Jang, J. Integrative lipidomic and transcriptomic analysis
of X-linked adrenoleukodystrophy reveals distinct lipidome signatures between adrenomyeloneuropathy and childhood cerebral
adrenoleukodystrophy. Biochem. Biophys. Res. Commun. 2019, 508, 563–569. [CrossRef] [PubMed]

49. Fujiwara, Y.; Hama, K.; Shimozawa, N.; Yokoyama, K. Glycosphingolipids with Very Long-Chain Fatty Acids Accumulate in
Fibroblasts from Adrenoleukodystrophy Patients. Int. J. Mol. Sci. 2021, 22. [CrossRef] [PubMed]

50. Richmond, P.A.; van der Kloet, F.; Vaz, F.M.; Lin, D.; Uzozie, A.; Graham, E.; Kobor, M.; Mostafavi, S.; Moerland, P.D.;
Lange, P.F.; et al. Multi-Omic Approach to Identify Phenotypic Modifiers Underlying Cerebral Demyelination in X-Linked
Adrenoleukodystrophy. Front. Cell Dev. Biol. 2020, 8, 520. [CrossRef]

51. Fourcade, S.; Lopez-Erauskin, J.; Galino, J.; Duval, C.; Naudi, A.; Jove, M.; Kemp, S.; Villarroya, F.; Ferrer, I.; Pamplona, R.; et al.
Early oxidative damage underlying neurodegeneration in X-adrenoleukodystrophy. Hum. Mol. Genet. 2008, 17, 1762–1773.
[CrossRef]

52. Galino, J.; Ruiz, M.; Fourcade, S.; Schluter, A.; Lopez-Erauskin, J.; Guilera, C.; Jove, M.; Naudi, A.; Garcia-Arumi, E.;
Andreu, A.L.; et al. Oxidative damage compromises energy metabolism in the axonal degeneration mouse model of
X-adrenoleukodystrophy. Antioxid. Redox Signal. 2011, 15, 2095–2107. [CrossRef] [PubMed]

53. Lopez-Erauskin, J.; Fourcade, S.; Galino, J.; Ruiz, M.; Schluter, A.; Naudi, A.; Jove, M.; Portero-Otin, M.; Pamplona, R.;
Ferrer, I.; et al. Antioxidants halt axonal degeneration in a mouse model of X-adrenoleukodystrophy. Ann. Neurol. 2011, 70, 84–92.
[CrossRef]

54. Schafer, F.Q.; Buettner, G.R. Redox environment of the cell as viewed through the redox state of the glutathione disul-
fide/glutathione couple. Free Radic. Biol. Med. 2001, 30, 1191–1212. [CrossRef]

55. Petrillo, S.; Piemonte, F.; Pastore, A.; Tozzi, G.; Aiello, C.; Pujol, A.; Cappa, M.; Bertini, E. Glutathione imbalance in patients with
X-linked adrenoleukodystrophy. Mol. Genet. Metab. 2013, 109, 366–370. [CrossRef] [PubMed]

56. Nury, T.; Zarrouk, A.; Ragot, K.; Debbabi, M.; Riedinger, J.-M.; Vejux, A.; Aubourg, P.; Lizard, G. 7-Ketocholesterol is increased in
the plasma of X-ALD patients and induces peroxisomal modifications in microglial cells: Potential roles of 7-ketocholesterol in
the pathophysiology of X-ALD. J. Steroid Biochem. Mol. Biol. 2017, 169, 123–136. [CrossRef]

57. Sinclair, A.J. Docosahexaenoic acid and the brain- what is its role? Asia Pac. J. Clin. Nutr. 2019, 28, 675–688. [CrossRef]
58. Ungurianu, A.; Zanfirescu, A.; Nit,ulescu, G.; Margină, D. Vitamin E beyond Its Antioxidant Label. Antioxidants 2021, 10, 634.

[CrossRef] [PubMed]
59. Fourcade, S.; López-Erauskin, J.; Ruiz, M.; Ferrer, I.; Pujol, A. Mitochondrial dysfunction and oxidative damage cooperatively

fuel axonal degeneration in X-linked adrenoleukodystrophy. Biochimie 2014, 98, 143–149. [CrossRef]
60. Casasnovas, C.; Ruiz, M.; Schlüter, A.; Naudí, A.; Fourcade, S.; Veciana, M.; Castañer, S.; Albertí, A.; Bargalló, N.; Johnson, M.; et al.

Biomarker Identification, Safety, and Efficacy of High-Dose Antioxidants for Adrenomyeloneuropathy: A Phase II Pilot Study.
Neurotherapeutics 2019, 16, 1167–1182. [CrossRef]

61. Turk, B.R.; Theisen, B.E.; Nemeth, C.L.; Marx, J.S.; Shi, X.; Rosen, M.; Jones, R.O.; Moser, A.B.; Watkins, P.A.; Raymond, G.V.; et al.
Antioxidant capacity and superoxide dismutase activity in adrenoleukodystrophy. JAMA Neurol. 2017, 74, 519–524. [CrossRef]

62. Brose, R.D.; Avramopoulos, D.; Smith, K.D. SOD2 as a potential modifier of X-linked adrenoleukodystrophy clinical phenotypes.
J. Neurol. 2012, 259, 1440–1447. [CrossRef] [PubMed]

63. Powers, J.M.; Liu, Y.; Moser, A.B.; Moser, H.W. The inflammatory myelinopathy of adreno-leukodystrophy: Cells, effector
molecules, and pathogenetic implications. J. Neuropathol. Exp. Neurol. 1992, 51, 630–643. [CrossRef] [PubMed]

64. Marchetti, D.P.; Donida, B.; Jacques, C.E.; Deon, M.; Hauschild, T.C.; Koehler-Santos, P.; de Moura Coelho, D.; Coitinho, A.S.;
Jardim, L.B.; Vargas, C.R. Inflammatory profile in X-linked adrenoleukodystrophy patients: Understanding disease progression. J.
Cell. Biochem. 2018, 119, 1223–1233. [CrossRef]

65. Cappa, M.; Bizzarri, C.; Petroni, A.; Carta, G.; Cordeddu, L.; Valeriani, M.; Vollono, C.; De Pasquale, L.; Blasevich, M.; Banni, S.
A mixture of oleic, erucic and conjugated linoleic acids modulates cerebrospinal fluid inflammatory markers and improve
somatosensorial evoked potential in X-linked adrenoleukodystrophy female carriers. J. Inherit. Metab. Dis. 2012, 35, 899–907.
[CrossRef]

http://doi.org/10.1016/j.ymgme.2017.10.012
http://www.ncbi.nlm.nih.gov/pubmed/29089175
http://doi.org/10.3389/fcell.2020.00690
http://www.ncbi.nlm.nih.gov/pubmed/32903870
http://doi.org/10.1002/ana.21391
http://doi.org/10.1002/jimd.12389
http://doi.org/10.1007/s10545-014-9792-6
http://doi.org/10.1016/j.bbrc.2018.11.123
http://www.ncbi.nlm.nih.gov/pubmed/30509496
http://doi.org/10.3390/ijms22168645
http://www.ncbi.nlm.nih.gov/pubmed/34445349
http://doi.org/10.3389/fcell.2020.00520
http://doi.org/10.1093/hmg/ddn085
http://doi.org/10.1089/ars.2010.3877
http://www.ncbi.nlm.nih.gov/pubmed/21453200
http://doi.org/10.1002/ana.22363
http://doi.org/10.1016/S0891-5849(01)00480-4
http://doi.org/10.1016/j.ymgme.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23768953
http://doi.org/10.1016/j.jsbmb.2016.03.037
http://doi.org/10.6133/apjcn.201912_28(4).0002
http://doi.org/10.3390/antiox10050634
http://www.ncbi.nlm.nih.gov/pubmed/33919211
http://doi.org/10.1016/j.biochi.2013.09.012
http://doi.org/10.1007/s13311-019-00735-2
http://doi.org/10.1001/jamaneurol.2016.5715
http://doi.org/10.1007/s00415-011-6371-8
http://www.ncbi.nlm.nih.gov/pubmed/22218650
http://doi.org/10.1097/00005072-199211000-00007
http://www.ncbi.nlm.nih.gov/pubmed/1362438
http://doi.org/10.1002/jcb.26295
http://doi.org/10.1007/s10545-011-9432-3


Cells 2021, 10, 3427 18 of 18

66. Gaetani, L.; Paolini Paoletti, F.; Bellomo, G.; Mancini, A.; Simoni, S.; Di Filippo, M.; Parnetti, L. CSF and Blood Biomarkers in
Neuroinflammatory and Neurodegenerative Diseases: Implications for Treatment. Trends Pharmacol. Sci. 2020, 41, 1023–1037.
[CrossRef]

67. Akira, S.; Kishimoto, T. IL-6 and NF-IL6 in acute-phase response and viral infection. Immunol. Rev. 1992, 127, 25–50. [CrossRef]
68. Lund, T.C.; Stadem, P.S.; Panoskaltsis-Mortari, A.; Raymond, G.; Miller, W.P.; Tolar, J.; Orchard, P.J. Elevated cerebral spinal fluid

cytokine levels in boys with cerebral adrenoleukodystrophy correlates with MRI severity. PLoS ONE 2012, 7, e32218. [CrossRef]
[PubMed]

69. Thibert, K.A.; Raymond, G.V.; Nascene, D.R.; Miller, W.P.; Tolar, J.; Orchard, P.J.; Lund, T.C. Cerebrospinal fluid matrix
metalloproteinases are elevated in cerebral adrenoleukodystrophy and correlate with MRI severity and neurologic dysfunction.
PLoS ONE 2012, 7, e50430. [CrossRef]

70. Loes, D.J.; Hite, S.; Moser, H.; Stillman, A.E.; Shapiro, E.; Lockman, L.; Latchaw, R.E.; Krivit, W. Adrenoleukodystrophy: A scoring
method for brain MR observations. AJNR Am. J. Neuroradiol. 1994, 15, 1761–1766.

71. Yu, C. Lysosomal storage disorders: Sphingolipidoses. In Biomarkers in Inborn Errors of Metabolism—Clinical Aspects and Laboratory
Determination; Garg, U., Smith, L.D., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 211–233. ISBN 9780128028964.

72. Orchard, P.J.; Lund, T.; Miller, W.; Rothman, S.M.; Raymond, G.; Nascene, D.; Basso, L.; Cloyd, J.; Tolar, J. Chitotriosidase as a
biomarker of cerebral adrenoleukodystrophy. J. Neuroinflamm. 2011, 8, 144. [CrossRef]

73. Lund, T.C.; Ng, M.; Orchard, P.J.; Loes, D.J.; Raymond, G.V.; Gupta, A.; Kenny-Jung, D.; Nascene, D.R. Volume of Gadolinium
Enhancement and Successful Repair of the Blood-Brain Barrier in Cerebral Adrenoleukodystrophy. Biol. Blood Marrow Transplant.
2020, 26, 1894–1899. [CrossRef]

74. Orchard, P.J.; Markowski, T.W.; Higgins, L.; Raymond, G.V.; Nascene, D.R.; Miller, W.P.; Pierpont, E.I.; Lund, T.C. Association
between APOE4 and biomarkers in cerebral adrenoleukodystrophy. Sci. Rep. 2019, 9, 7858. [CrossRef]

75. Orchard, P.J.; Nascene, D.R.; Gupta, A.; Taisto, M.E.; Higgins, L.; Markowski, T.W.; Lund, T.C. Cerebral adrenoleukodystrophy is
associated with loss of tolerance to profilin. Eur. J. Immunol. 2019, 49, 947–953. [CrossRef]

76. Miller, W.P.; Mantovani, L.F.; Muzic, J.; Rykken, J.B.; Gawande, R.S.; Lund, T.C.; Shanley, R.M.; Raymond, G.V.; Orchard, P.J.;
Nascene, D.R. Intensity of MRI Gadolinium Enhancement in Cerebral Adrenoleukodystrophy: A Biomarker for Inflammation and
Predictor of Outcome following Transplantation in Higher Risk Patients. AJNR. Am. J. Neuroradiol. 2016, 37, 367–372. [CrossRef]

77. Van Ballegoij, W.J.C.; van de Stadt, S.I.W.; Huffnagel, I.C.; Kemp, S.; Willemse, E.A.J.; Teunissen, C.E.; Engelen, M. Plasma NfL
and GFAP as biomarkers of spinal cord degeneration in adrenoleukodystrophy. Ann. Clin. Transl. Neurol. 2020, 7, 2127–2136.
[CrossRef] [PubMed]

78. Weinhofer, I.; Rommer, P.; Zierfuss, B.; Altmann, P.; Foiani, M.; Heslegrave, A.; Zetterberg, H.; Gleiss, A.; Musolino, P.L.; Gong, Y.; et al.
Neurofilament light chain as a potential biomarker for monitoring neurodegeneration in X-linked adrenoleukodystrophy. Nat. Commun.
2021, 12, 1816. [CrossRef] [PubMed]

79. Craig-Schapiro, R.; Perrin, R.J.; Roe, C.M.; Xiong, C.; Carter, D.; Cairns, N.J.; Mintun, M.A.; Peskind, E.R.; Li, G.;
Galasko, D.R.; et al. YKL-40: A novel prognostic fluid biomarker for preclinical Alzheimer’s disease. Biol. Psychiatry
2010, 68, 903–912. [CrossRef] [PubMed]

80. Olsson, B.; Malmeström, C.; Basun, H.; Annas, P.; Höglund, K.; Lannfelt, L.; Andreasen, N.; Zetterberg, H.; Blennow, K. Extreme
stability of chitotriosidase in cerebrospinal fluid makes it a suitable marker for microglial activation in clinical trials. J. Alzheimers
Dis. 2012, 32, 273–276. [CrossRef] [PubMed]

81. Manouchehrinia, A.; Piehl, F.; Hillert, J.; Kuhle, J.; Alfredsson, L.; Olsson, T.; Kockum, I. Confounding effect of blood volume and
body mass index on blood neurofilament light chain levels. Ann. Clin. Transl. Neurol. 2020, 7, 139–143. [CrossRef]

82. Beerepoot, S.; Heijst, H.; Roos, B.; Wamelink, M.M.C.; Boelens, J.J.; Lindemans, C.A.; van Hasselt, P.M.; Jacobs, E.H.;
van der Knaap, M.S.; Teunissen, C.E.; et al. Neurofilament light chain and glial fibrillary acidic protein levels in metachromatic
leukodystrophy. Brain 2021, awab304. [CrossRef]

http://doi.org/10.1016/j.tips.2020.09.011
http://doi.org/10.1111/j.1600-065X.1992.tb01407.x
http://doi.org/10.1371/journal.pone.0032218
http://www.ncbi.nlm.nih.gov/pubmed/22359672
http://doi.org/10.1371/journal.pone.0050430
http://doi.org/10.1186/1742-2094-8-144
http://doi.org/10.1016/j.bbmt.2020.06.019
http://doi.org/10.1038/s41598-019-44140-3
http://doi.org/10.1002/eji.201848043
http://doi.org/10.3174/ajnr.A4500
http://doi.org/10.1002/acn3.51188
http://www.ncbi.nlm.nih.gov/pubmed/33047897
http://doi.org/10.1038/s41467-021-22114-2
http://www.ncbi.nlm.nih.gov/pubmed/33753741
http://doi.org/10.1016/j.biopsych.2010.08.025
http://www.ncbi.nlm.nih.gov/pubmed/21035623
http://doi.org/10.3233/JAD-2012-120931
http://www.ncbi.nlm.nih.gov/pubmed/22785399
http://doi.org/10.1002/acn3.50972
http://doi.org/10.1093/brain/awab304

	Introduction 
	Molecular Biomarkers for ALD: An Unmet Need 
	Setting the Stage 
	Biomarker Studies So Far 
	Very Long-Chain Fatty Acids 
	Complex Lipids and Lysophosphatidylcholine (lysoPC) 
	Oxidative Damage Markers 
	Inflammatory Markers 
	Neuro-Axonal and Astroglial Injury Markers 

	Conclusions 
	References

