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Introduction

History

In 1910, Haberfeld and Spieler1 reported a case of a previously healthy 6 year old boy that 
had developed hyperpigmentation of the skin and decreased visual acuity. Additionally his 
school performances deteriorated. In the months that followed, the young boy lost his ability 
to speak, became incontinent and eventually was unable to walk. When he was 7 years old, 
he was hospitalized and died 8 months later. Autopsy revealed that he had suffered from 
an extensive cerebral demyelination that was associated with a perivascular inflammatory 
response. In retrospect, this was the first reported case of X-linked adrenoleukodystrophy 
(ALD, MIM #300100). In the 1950’s, ALD was known as Schilder’s disease, after Paul Schilder, 
who had reported several cases in the previous years2-4. By 1963, nine similar cases had been 
reported in literature and since all cases involved male patients, it was proposed that it was 
an X-linked recessive inheritable disease5. The striking co-occurrence of a leukodystrophy 
with adrenocortical insufficiency led to the introduction of the name adrenoleukodystrophy 
in 19706. By the end of the 1970’s and during the 1980’s, the clinical description of ALD was 
improved. The research group led by Dr. Hugo Moser at the Kennedy Krieger Institute in 
Baltimore USA ensured that medical professionals became aware of the disease and that the 
clinical characterization of ALD became more specified7.
A diagnostic test for ALD became available in 1981 when it was found that very long-chain 
fatty acid (VLCFA) levels are increased in fibroblasts, plasma, red blood cells and amniocytes 
of ALD patients8. In the same year, the ALD locus was mapped to the terminal segment of 
the long arm of the X-chromosome, Xq289. In 1993, the ALD gene, nowadays referred to as 
the ABCD1 gene, was identified10. 
To date, ALD is no longer considered as a disease with various distinct phenotypes but 
as a disease with a clinical spectrum of symptoms11. Furthermore, females are no longer 
merely referred to as carriers, but women with ALD, since >80% of the affected women 
develop signs and symptoms of ALD12. Since 2014, New York State in the USA is screening 
for ALD as part of the newborn screening program and in 2015 ALD was added to the US 
Recommended Uniform Screening Panel for newborn screening. In the Netherlands, ALD 
was added to the newborn screening list in 201513, but screening has not yet been started. 
Inclusion of ALD into the Dutch newborn screening program is expected in 2018-2019. 
Taken together, since the first reported ALD patient by Haberfeld and Spieler, major steps 
forward were made in diagnosing ALD and the understanding of the pathogenesis of the 
disease which is necessary for the development of a curative therapy.  
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Clinical symptoms

ALD is a progressive neurometabolic disease with a birth incidence of 1:14,70014 and 
characterized by a striking and unpredictable clinical spectrum (Fig. 1). All ALD patients are 
presymptomatic at birth7. Most male patients develop adrenal insufficiency at some point 
during their life. In fact adrenal insufficiency is often the first manifestation of the disease. 
However, this adrenal insufficiency is often missed in the diagnosis. This is well illustrated in a 
study describing the findings in a cohort of 49 neurologically asymptomatic boys with ALD 
that were identified through extended family screening. Of these boys, 80% suffered from 
an unrecognized and hence untreated adrenal insufficiency. The youngest patient with 
undiagnosed adrenal insufficiency was only 5 months of age15. An adrenal insufficiency can 
be treated effectively by corticosteroid replacement therapy. However, if left undiagnosed, 
patients may develop a life threatening adrenal crisis. 

Figure 1. The clinical spectrum of ALD in men. 
All ALD patients are born with a mutation in the ABCD1 gene and they are free of symptoms at birth. 
The first symptom, which is often adrenal insufficiency, can occur from the age of 5 months onwards. 
Virtually, all adult men develop a myelopathy. Male patients, boys and adults, are at risk to develop 
cerebral ALD. (Figure adapted from Kemp et al 11)

A newborn male patient has a 35-40% risk to develop demyelinating lesions in the cerebral 
white matter (cerebral ALD) between 3 and 18 years of age7, 16, 17 but cerebral ALD can also 
occur during adulthood. The youngest patient ever reported with cerebral ALD was 2.8 years 
of age7. The first clinical symptoms are generally cognitive deficits and behavioral problems 
which are reflected in declined school performances. These early clinical symptoms are 
not specific for ALD and are often attributed to other disorders such as attention deficit 
hyperactivity disorder (ADHD), which can lead to a delay in the diagnosis of ALD. If the 
disease progresses, overt neurological deficits become apparent including hearing and 
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visual impairment, cerebellar ataxia, spasticity of the limbs and sometimes even seizures. At 
this stage progression is extremely rapid. Affected patients can lose the ability to understand 
language and walk within a few months. Eventually, patients are bedridden, blind, unable to 
speak or respond, requiring full-time nursing care and feeding by nasogastric or gastrostomy 
tube. In general death occurs 2 to 4 years after onset of the initial symptoms. However, if 
patients are well cared for, they may remain in this apparent vegetative state for years. 
The only effective treatment available for cerebral ALD at this moment is an allogeneic 
hematopoietic stem cell transplantation (HSCT). It can arrest or even reverse cerebral 
demyelination in ALD provided that the transplant is performed in the earliest stage of the 
disease. For this, early diagnosis is of major importance. In the sections “diagnosis in boys 
and adult males” and “current therapy for ALD” this will be further addressed. 
Male patients who do not develop cerebral demyelination as a child, are still at risk as adults. 
The life-time risk for a male ALD patient to develop cerebral ALD is about 60%17. Virtually all 
males develop a progressive spinal cord disease (adrenomyeloneuropathy, AMN) as adults11. 
Most male patients develop AMN in the third decade of their life although it can also be 
much earlier (in the second decade) or later (up to the fifth decade)18. Patients may suffer 
from a neurological bladder dysfunction that can lead to full incontinence16, they may need 
assistance to walk and they can become wheelchair dependent over time19. As with many 
X-linked diseases, it was thought that females were only carriers of ALD and that only a minor 
proportion would develop symptoms. Recent studies, however, have demonstrated that 
around 80% of the female carriers develop symptoms of ALD12, 20. The age of onset is later 
in women than in men; around the fifth decade of life12. As in men with AMN, the disease 
is progressive. But, the disease progression appears to be slower in women compared to 
men12. Especially striking is the occurrence of faecal incontinence that was reported in 28% 
of the affected women12. This has not been reported for men with AMN. Although it is now 
clear that women develop symptoms of ALD, diagnosis can be difficult and the possibility 
of misdiagnosis remains. In the section ‘diagnosis in women’ and in chapter 4 of this thesis, 
this topic will be further addressed. 

Diagnosis 

Diagnosis in boys and adult males

If ALD is suspected, the diagnosis can be confirmed by biochemical and/or genetic 
laboratory tests. In >99.9% of boys and adult male ALD patients, the VLCFA levels in plasma 
are elevated21. However, two cases have been reported of male ALD patients with normal 
VLCFA concentrations in plasma22, 23. For that reason, additional biochemical tests in cultured 
skin fibroblasts were performed and these results showed clearly abnormal values23. Due to 
the defect in the ABCD1 protein, ALD patients have impaired peroxisomal beta-oxidation 
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of VLCFA24 and increased elongation activity25. By using stable-isotope labelled docosanoic 
acid (D

3
-C22:0), it is possible to measure both the VLCFA beta-oxidation capacity and the 

fatty acid chain elongation activity in living cells (chapter 2 of this thesis)26. The combination 
of a decreased VLCFA beta-oxidation capacity and increased fatty acid elongation activity 
points towards several peroxisomal disorders, which includes ALD, Zellweger spectrum 
disorders, peroxisomal acyl-CoA oxidase 1 (ACOX1) deficiency, D-bifunctional protein 
(HSD1B4) deficiency27, the “contiguous ABCD1 DXS1357E deletion syndrome” (CADDS)28 and 
acyl-CoA binding domain containing protein 5 (ACBD5) deficiency29. Additional diagnostic 
test (e.g. measurement of other peroxisomal markers and mutation analysis) are necessary 
to confirm the diagnosis.
The adrenal insufficiency that can occur in male patients can be diagnosed by measuring the 
levels of adrenocorticotropic hormone (ACTH) and cortisol in plasma. High levels of ACTH 
and low levels of cortisol are markers of adrenal insufficiency30. With the current diagnostic 
tests available it is not possible to verify whether the adrenal insufficiency is a consequence 
of ALD or caused by other factors, for example an autoimmune response31. Of ALD patients, 
80% develop adrenal insufficiency before the onset of neurological symptoms. Therefore, 
when a boy or man is diagnosed with primary adrenal insufficiency he should always be 
tested for ALD.
After ALD is diagnosed, young boys and male patients will need to undergo a MRI scan on a 
regular basis to identify signs of cerebral demyelination in the earliest stage possible.

Diagnosis in females

The diagnosis of ALD in females can be difficult in some cases. Of all women with ALD 15-
20% have normal VLCFA levels in plasma21, 32 (Chapter 4) and fibroblasts12. For this reason, it 
is recommended to perform ABCD1 mutation analysis in women when ALD is suspected. 
However, when a woman with symptoms consistent with ALD has normal VLCFA levels in 
plasma and the mutation analysis reveals a variation in ABCD1 that has not been described 
as a pathogenic mutation, the diagnosis or the exclusion of ALD can be problematic. 
Especially if no male relatives are present. In 2016, Schackmann et al33 published a method 
that provides a solution for this problem. In this method, fibroblasts from women with a 
variation of unknown significance (VUS) in ABCD1 are immortalized and clonal cell lines are 
selected. Since one cell expresses the normal allele and the other cell expresses the VUS-
containing gene, both cell types can be tested biochemically. If the VUS-containing clone 
shows reduced levels of VLCFA beta-oxidation, this points towards a pathogenic mutation 
and confirms the diagnosis of ALD. However, since this method is highly labor-intensive 
and therefore costly, new biomarkers to diagnose women with ALD with a much higher 
sensitivity are warranted. To this end, we used the ALD 2.0 mouse model, which is an Abcd1 
knockout model with enhanced ELOVL1 expression in oligodendrocytes, with the aim to 
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identify new biomarkers. In chapter 3 we show that C26:0-lysophosphatidylcholine (C26:0-
lysoPC) and C26:0-carnitine are elevated in brain and spinal cord of the ALD 2.0 mouse. 
In addition, C26:0-lysoPC and C26:0-carnitine levels were elevated in dried blood spots 
of the ALD 2.0 mice, but also in dried blood spots of male ALD patients. From this study 
it was concluded that C26:0-carnitine could be used as a new biomarker for ALD. In the 
newborn screen, C26:0-lysoPC is currently used as the biomarker for ALD14, 34, 35. In chapter 4 
we measured C26:0-carnitine and C26:0-lysoPC in dried blood spots of 49 women with ALD 
to investigate if these biomarkers allow a more accurate diagnosis. Our results show that 
C26:0-carnitine is only elevated in 32/49 women with ALD. In contrast, C26:0-lysoPC was 
elevated in all ALD women compared to control levels. This study shows that, in comparison 
to the currently existing biomarker (plasma VLCFA), C26:0-lysoPC is a superior biomarker for 
the diagnosis of females suspected to have ALD.

Newborn screening

For young boys that often suffer from an undiagnosed adrenal insufficiency or who are at 
risk to develop cerebral ALD, an early diagnosis of ALD is of major importance. To detect ALD 
in the newborn screen, the levels C26:0-lysoPC are measured in dried blood spots14, 34. In all 
ALD males and in all the 49 women in whom we measured C26:0-lysoPC in dried blood 
spots, the levels of C26:0-lysoPC were elevated (chapter 4). The quantification of C26:0-
lysoPC requires a dedicated, separate method. The implementation of ALD into newborn 
screening programs would benefit if this dedicated and separate method is no longer 
needed. A group of diseases that is often screened for in newborn screening programs are 
the mitochondrial fatty acid disorders. The detection of mitochondrial fatty acid disorders 
involves the quantification of acylcarnitine levels in dried blood spots. As described in the 
previous section, we identified C26:0-carnitine as a potential new biomarker for ALD. To 
validate C26:0-carnitine as a biomarker for ALD in newborns, dried blood spots of 200 control 
newborns and 11 newborns with ALD were used to measure the C26:0-carnitine levels. The 
data showed that C26:0-carnitine was not increased in all newborns with ALD. The results 
were in line with data from our collaborators in this project. The New York State Newborn 
Screening Program analyzed approximately 270,000 dried blood spots from newborns for 
C26:0-carnitine. In addition, C26:0-carnitine was measured in 64 dried blood spots with 
increased levels of C26:0-lysoPC (these samples were from newborns diagnosed with ALD, 
Zellweger spectrum disorders or Aicardi Goutières Syndrome). Although the C26:0-carnitine 
levels in these increased C26:0-lysoPC samples were increased compared to control levels, 
there was still an overlap between the two groups. From these two studies was concluded 
that C26:0-carnitine is not a proper biomarker for ALD to use in the newborn screening as it 
would result in false negative results (chapter 4 of this thesis). 
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Therapy for ALD

Current therapy

To date, no fully curative therapy is available for ALD but there are treatment options for 
adrenal insufficiency and cerebral demyelination. Adrenal insufficiency can be treated via 
corticosteroid replacement therapy. The cerebral demyelination can be halted or even 
reversed by an allogeneic HSCT if this procedure is performed in the earliest stage of the 
demyelination with only minor white matter abnormalities visible on an MRI scan36. After 
a successful HSCT the lesions will stabilize after 6 to 12 months37, 38. The exact mechanism 
behind the curative effect of a HSCT is not known, but it might involve the replacement 
of ABCD1 deficient microglia progenitor cells by bone marrow-derived microglia and this 
process lasts several months39. A requirement for an allogeneic HSCT is a matching donor. 
In the near future, it might become possible to perform autologous HSCT with cells that 
are genetically corrected via gene therapy39. Two patients have already been treated with 
gene therapy39. At the time of the treatment the patients were 7 and 7.5 years of age. The 
patients received an intravenous injection with granulocyte colony-stimulating factor. Next, 
peripheral blood mononuclear cells (PBMCs) were taken from the patients and CD34+ cells 
were isolated. The cells were infected with a replicon-defective HIV-1-derived lentiviral factor 
which expressed normal control ABCD1 cDNA. After performance of replicon-competent 
lentiviral safety assays, the transduced CD34+ cells were reinfused into the patients. The 
MRI scan of the patients showed inflammatory demyelinating lesions before the treatment. 
Between 12 to 18 months post-transplant, no signs of inflammatory demyelinating lesions 
were visible on the MRI scans of the patients. In addition, the neurological outcome of 
both patients indicated that the procedure was successful. These results suggest that gene 
therapy may be as effective as conventional allogeneic HSCT. The main advantages of an 
autologous HSCT over an allogeneic HSCT is that there is no matching donor needed and 
the morbidity and mortality rate will decrease since allogeneic HSCT is associated with a 
10% mortality rate mainly caused by graft-versus-host disease40. Currently, the safety and 
tolerability of gene therapy for ALD is investigated in a phase 2/3 investigational trial (The 
Starbeam Study, sponsored by Bluebird bio). In December 2016, 25 boys diagnosed with 
cerebral ALD, but for whom a matched donor  was not available, had been treated with 
autologous CD34+ hematopoietic stem cells that were transduced with Lenti-D lentiviral 
vector ex-vivo. After completing the first phase of the study (2018), the patients will enter a 
new study for an additional 13 years to evaluate long-term safety and efficacy.
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Unsuccessful therapeutic strategies

Anti-inflammatory drugs

The cerebral demyelination in ALD is caused by a severe inflammatory response. In the past 
several attempts have been made to counteract or reverse this inflammation with anti-
inflammatory drugs. Unfortunately, cerebral demyelination could not be halted or reversed by 
cyclophosphamide41, 42, cytoxan41, 42, interferon-beta43, cyclosporine7, or immunoglobulins44.

Lorenzo’s oil

In the 1980’s it was shown that C26:0 levels were normalized in fibroblast from ALD patients 
when these fibroblasts were cultured in the presence of oleic acid (C18:1) and erucic acid 
(C22:1)45. Based on these studies, Lorenzo’s oil was developed. Lorenzo’s oil is a 4:1 mixture 
of the triglyceride form of C18:1 and C22:1. When ALD patients received oral administration 
of Lorenzo’s oil, the plasma C26:0 levels normalized within one month46, 47. However, there is 
no effect of Lorenzo’s oil on C26:0 levels in the central nervous system48. In addition, several 
open-label studies with Lorenzo’s oil could not show any improvement in the endocrine 
and neurological function or an arrest in disease progression in ALD patients49-51. In 2005, 
a follow-up study was published of 89 asymptomatic boys that had taken Lorenzo’s oil 
and were on a moderate fat restriction diet52. After a mean follow-up of 6.9 years, 24% of 
the patients developed MRI abnormalities. The authors of this study advised, based on 
these results, to provide Lorenzo’s oil treatment to asymptomatic boys with ALD. There are, 
however, certain limitations in this study. Since it was considered to be unethical to refuse a 
possible curative therapy to patients, no placebo controlled patient group was included in 
this study. The results of the follow-up were compared to historical data that had showed 
that the percentage of boys who develop cerebral ALD is 37%7. This percentage however 
might be an overestimation due to a selection bias in the direction of the severely affected 
patients. Another study from the Netherlands had indeed reported a lower percentage of 
31% of boys who developed cerebral ALD18.

Statins

In 1998, it was reported that treatment with lovastatin resulted in normalization of plasma 
VLCFA in ALD patients53. Statins, including lovastatin, is a group of drugs that lowers low-
density lipoprotein (LDL) cholesterol. In another study simvastatin was provided to six 
children with ALD but no significant decrease in plasma VLCFA concentrations was found54. 
In ALD mice, no significant decrease on VLCFA levels in brain, heart and liver was found after 
treatment with simvastatin. In 2010, a randomized, double-blind, cross-over trial comparing 
lovastatin to placebo was published that showed that there was no normalization of plasma 
C26:0 in ALD patients after treatment with lovastatin55. Furthermore, the levels of C26:0 in 
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erythrocytes and lymphocytes did not change after treatment with lovastatin56. The reason 
that Singh et al53 found a decrease in plasma VLCFA levels is probably caused by the decrease 
in the levels of LDL cholesterol. VLCFA are basically water-insoluble and have a very low 
binding affinity to albumin. The majority of VLCFA in plasma are transported as cholesterol-
esters associated to lipoprotein particles such as LDL. Taken together, from this study it was 
concluded that lovastatin should not be used as a therapy to lower VLCFA in ALD patients.

Genetics and biochemistry

All ALD patients have mutations in the ABCD1 gene, that is located on the X-chromosome. 
The majority of the patients inherit a mutated gene via one of the parents. However, 4% 
of the patients are affected by a mutation that has occurred in the germ line, a de novo 
mutation57. To date, >750 unique mutations have been identified and registered in the ALD 
database (www.x-ald.nl). There is no correlation between the severity of the disease and 
the type of mutation. Cases have been reported of monozygotic twins where one sibling 
suffered from cerebral ALD and the other did not58-60. 
The ABCD1 gene encodes the peroxisomal transmembrane protein (ABCD1 protein), also 
referred to as ALDP, a member of the ATP-binding cassette (ABC) transporters family10, 61. 
The ABCD1 protein has the structure of an ABC half-transporter and transports VLCFA as 
CoA esters into the peroxisome62, 63 where these are degraded via beta-oxidation24. Due to 
the defective ABCD1 protein in ALD, the VLCFA are unable to enter the peroxisome and 
subsequently they accumulate in plasma and the cells of all tissues including white matter 
of the brain, spinal cord and adrenal cortex64, 65. Only a small portion of the accumulated 
VLCFA are of dietary origin. The majority is the result of endogenous elongation of long-
chain fatty acids by the ELOVL enzymes66, 67. The main enzyme responsible for this is the 
protein ‘elongation of very long-chain fatty acids 1’ (ELOVL1)68. The enhanced elongation 
activity is not the result of increased levels ELOVL1 protein but the result of increased VLCFA 
CoA esters due to the primary defect in peroxisomal VLCFA beta-oxidation25, 68.
In addition to the ABCD1 protein, the peroxisomal membrane contains two additional ABC 
half-transporters: the ABCD2 protein (ALDRP)69, 70 and the ABCD3 protein (PMP70)71, 72. ABCD1 
and ABCD2 are highly homologous and have some overlap in the substrate specificity 
for saturated and mono-unsaturated VLCFA-CoA esters73-75. The ABCD3 protein transports 
more hydrophilic fatty acids such as long-chain unsaturated fatty acids and long-chain 
dicarboxylic acids76. In fibroblasts from ALD patients, the residual beta-oxidation activity is 
15-20% compared to the activity in control fibroblasts77, 78. Since the ABCD2 expression in 
human fibroblasts is virtually absent, this residual beta-oxidation activity is most likely due 
to the VLCFA import into the peroxisome via ABCD363. In line with this, over-expression of 
either ABCD2 or ABCD3 in ALD deficient fibroblasts corrects the biochemical deficiency73 
and over-expression of ABCD2 in ALD knockout mice corrects VLCFA levels75. 
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Fatty acid toxicity 

All ALD patients accumulate VLCFA. It is hypothesized that the accumulated VLCFA cause 
adrenal insufficiency and myelopathy but that an external trigger and/or variations in 
modifier genes are necessary for the initiation of cerebral demyelination11. This hypothesis 
is supported by the finding that young boys who received a hematopoietic stem cell 
transplantation to treat the cerebral demyelination still have increased VLCFA levels and 
can develop myelopathy as adults79. If VLCFA by themselves are so toxic that increased 
levels cause adrenal insufficiency and myelopathy, than the question arises “what is the 
mechanism underlying VLCFA toxicity”? It is of major importance to clarify the underlying 
mechanism of VLCFA toxicity, because there is no therapy available to treat myelopathy. 
All male patients, and >80% of the female patients, will develop myelopathy during their 
lives. Many studies have been done to gain insight into the toxicity of VLCFA. In human ALD 
fibroblasts that were exposed to supraphysiological levels of VLCFA oxidative lesions, reactive 
oxygen species, decreased mitochondrial membrane potential and reduced glutathione 
levels were found80. Lopez-Erauskin et al81 showed that high levels of C26:0 added to the 
tissue culture medium of ALD fibroblasts cause oxidation of mitochondrial DNA which 
impairs the oxidative phosphorylation resulting in the production of mitochondrial reactive 
oxygen species. In addition, oxidative lesion markers were also demonstrated in the spinal 
cord of Abcd1 deficient mice80. Oligodendrocytes and astrocytes that were isolated from 
rat brain and cultured in the presence of excess amounts of  C22:0, C24:0 or C26:0 showed 
increased levels of cell death within one day82. In glia cells and neurons depolarization of 
mitochondria induced by VLCFA was found in situ82. Furthermore, Hein et al82 reported that 
the myelin producing oligodendrocytes were affected by VLCFA to the largest degree 
which is interesting since demyelination is one of the main problems in ALD. In addition, 
astrocytes from Abcd1 deficient mice are more sensitive to VLCFA than astrocytes from wild 
type mice83. Mitochondria in ALD brain show increased levels of reactive oxygen species 
and depolarization83. Much evidence that oxidative stress and mitochondrial dysfunction 
play a role in the pathogenesis of ALD has been obtained by using cell cultures and mouse 
models. However, evidence of increased oxidative stress and mitochondrial dysfunction has 
been obtained in ALD patients as well. In plasma from ALD patients levels of free radicals 
were increased and the anti-oxidant defense capacity was reduced84. In leukocytes from 
ALD patients, increased levels of DNA damage were reported which is associated with 
increased levels of free radicals85. From all these data, it can be concluded that oxidative 
stress and mitochondrial dysfunction has a role in the pathogenesis of ALD. However, the 
exact mechanism by which VLCFA activate these responses has not been resolved at the 
cellular level. 
In 2013, Volmer et al86 showed that high levels of palmitic acid (C16:0, 500 µM) resulted in the 
direct activation of the endoplasmic reticulum (ER) transmembrane proteins PERK (protein 
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kinase RNA-like endoplasmic reticulum kinase) and IRE1 (inositol-requiring enzyme 1α) (Fig. 
2). These transmembrane proteins can activate an ER stress response that is associated with 
the accumulation of misfolded or unfolded proteins in the ER. The mis- or unfolded proteins 
are detected via the luminal parts of PERK, IRE1α and ATF6 (activating transcription factor 6) 
and as a result the unfolded protein response is activated. Volmer et al86 showed that high 
levels of fatty acids also activate an ER stress response but that this is initiated via direct 
activation of the transmembrane domains of IRE1α and PERK instead of the luminal stress-
sensing domain. Based on these findings we decided to investigate whether VLCFA can 
induce an ER stress response (chapter 5 of this thesis). The data showed that only VLCFA but 
not long-chain fatty acids induce an ER stress response in fibroblasts from ALD patients. In 
control fibroblasts, no ER stress response was induced neither by VLCFA nor by long-chain 
fatty acids87. In 2008, Eichler et al88 injected C16:0-lysoPC and C24:0-lysoPC into the cortex 
of wildtype mice and showed that only C24:0-lysoPC caused microglial activation and 
apoptosis. These results indicate as well that fatty acid toxicity is chain length dependent. 
Besides this, we showed that exposure of ALD fibroblasts to VLCFA results in increased levels 
of cell death87. Further support that ER stress indeed has a role in the pathogenesis of ALD 
was demonstrated by the finding that the PERK/IRE1α/ATF4 pathway in the spinal cord of 
Abcd1 knockout mice and in brain samples of ALD patients is activated89. 

Figure 2. ER stress pathway. 
Upon ER stress, the ER transmembrane protein PERK and IRE1 form a dimer that becomes auto-
phosphorylated. Downstream of PERK, eIF2α is phosphorylated and downstream of IRE1, 26 
nucleotides are removed from XBP1unspliced (XBP1u) mRNA, causing a frame-shift which results in 
the transcription factor XBP1spliced (XBP1s) that activated its target EDEM1. Severe or long-lasting ER 
stress results in increased levels of GADD34 and pro-apoptotic factor CHOP.
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Therapeutic targets

Degradation of VLCFA via omega-oxidation

VLCFA can undergo ω-oxidation resulting in the generation of very long-chain dicarboxylic 
acids90-92. Dicarboxylic acids can enter the peroxisome via the ABCD3 protein76. The beta-
oxidation of long-chain dicarboxylic acids is normal in ALD patients93. The transporter for 
very long-chain dicarboxylic acids has not yet been identified, but it is likely that this function 
is carried out by ABCD3. Stimulation of the ω-oxidation pathway is an interesting target since 
it provides an escape route for the deficient beta-oxidation in ALD patients94. CYP4F2 and 
CYP4F3B are key enzymes in the omega-oxidation of VLCFA91, 92. In 2016, it was reported 
that a polymorphism in CYP4F2 (rs2108622 C.1297G>A causing a substitution of valine for 
methionine at position 433) increases the risk to develop cerebral ALD95. This polymorphism 
does not reduce the enzymatic activity of CYP4F2 but causes a major decrease in the 
amount of protein and thereby a reduction in the ω-oxidation (rescue pathway) capacity. 
Since decreased levels of ω-oxidation are associated with an increased risk of developing 
cerebral ALD, patients might benefit from increased activity of the ω-oxidation pathway 
which results in an increased capacity of the rescue pathway. 

Inhibition of ELOVL1

Since ELOVL1 is the main enzyme responsible for the elongation of long-chain fatty acids 
to VLCFA68, the inhibition of ELOVL1 will directly decrease the synthesis of newly formed 
VLCFA. This makes the ELOVL1 protein and ELOVL1 inhibitors interesting targets for a 
therapeutic strategy for ALD. Bezafibrate was described as a compound that reduces VLCFA 
levels in fibroblasts from ALD patients via the direct inhibition of ELOVL196. Unfortunately, a 
clinical trial with bezafibrate showed that the C26:0 levels were not reduced in plasma and 
lymphocytes nor was C26:0-lysoPC reduced in dried blood spots97. These results were most 
likely caused by a too low biological availability of bezafibrate. However, inhibition of ELOVL1 
is still a highly interesting therapeutic target.  

Activation of ABCD2

In 1998, it was shown that the beta-oxidation activity in cells from ALD patients and Abcd1 
knockout mice can be increased by treatment with 4-phenylbuterate (4PBA)73. 4PBA resulted 
in increased levels of ABCD2 protein and peroxisome proliferation. In Abcd1 knockout 
mice that were fed a diet supplemented with 4PBA, the levels of C24:0 were completely 
normalized and the levels of C26:0 were lowered by 80% after six weeks in brain. In the 
adrenal glands a 90% normalization of both C24:0 and C26:0 was reported. Furthermore, 
additional inactivation of Abcd2 in Abcd1 knockout mice (the Abcd1/Abcd2 double knockout 
mouse model), resulted in higher VLCFA levels when compared to the Abcd1 knockout 
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mouse model75. This observation further supported that there is an overlapping substrate 
specificity for ABCD1 and ABCD2. In line with this, overexpression of Abcd2 in an Abcd1 

knockout mouse resulted in normalization of VLCFA in spinal cord, sciatic nerve and adrenal 
gland75. Various attempts have been made to activate ABCD2. Fenofibrate98 and the thyroid 
hormone 3,5,3’-iodpthyronine (T

3
)99 were able to increase Abcd2 mRNA expression in rat 

liver after dietary supplementation. Fenofibrate did not cause an increase of Abcd2 mRNA in 
the brain, probably due to the inability of fenofibrate to cross the blood-brain-barrier98. After 
the supplementation of T

3
 to rats, no increased mRNA levels of Abcd2 were found in the 

brain. However, the incubation of oligodendrocyte-differentiated CG4 cells with T
3
 resulted 

in increased mRNA levels of Abcd2 and Abcd3. This suggests that it is possible to increase 
ABCD2 and ABCD3 activity in an oligodendrocyte cell type, a cell type that is a target for any 
therapy for ALD99. Furthermore it was shown that the thyroid hormone receptor agonist 
sobetirome increased Abcd2 mRNA levels in brain and liver of wild type mice100. Adult Abcd1 

knockout mice were treated for 11-12 weeks with sobetirome after which the levels of C26:0-
lysoPC in serum and brain and the C26:0/C22:0 ratio in adrenal glands, testes and brain were 
decreased by approximately 20%100. ABCD2 expression can also be regulated via intracellular 
cholesterol levels101. In human fibroblasts and monocytes, ABCD2 expression was increased 
upon sterol depletion101.
It has been shown that in cultured cells ABCD2 expression can be induced by retinoic 
acid102, 103. To investigate if retinoic acid can induce ABCD2 expression in monocytes, THP-1, 
a monocyte/macrophage-like suspension cell line, was cultured in the presence of retinoic 
acid and it was found that ABCD2 expression levels were increased104. Retinoic acid is 
used to treat patients that suffer from severe acne. Weber et al104 isolated monocytes and 
lymphocytes from acne patients that were treated with retinoic acid and from healthy 
controls. There was no difference in the ABCD2 expression levels between healthy controls 
and acne patients that were given retinoic acid. From this study it was concluded that 
retinoic acids are probably not able to increase ABCD2 to a high enough level and are not a 
realistic therapeutic option for ALD. 

Redirection of fatty acid synthesis via SCD1 activation

In chapter 6 of this thesis we show that mono-unsaturated VLCFA are less toxic than 
saturated VLCFA in ALD fibroblasts. We hypothesized that it could be beneficial for ALD 
patients if the fatty acid synthesis pathway could be diverted from the saturated towards 
the mono-unsaturated fatty acids (Fig. 3). This is possible via the activation of the main 
enzyme responsible for the desaturation ‘stearoyl-CoA-desaturase 1’(SCD1). SCD1 generates 
a cis-double bond at the omega-9 position of C16:0 and C18:0105 resulting in C16:1 and C18:1. 
These mono-unsaturated are then further elongated to generate mono-unsaturated VLCFA 
(C24:1 and C26:1)68. 
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Figure 3. Fatty acid synthesis pathway. 
Activation of SCD1 causes a shift from the saturated towards the mono-unsaturated fatty acids. C16:1 
and C18:1 are further elongated to C24:1 and C26:1.

The LXR agonist TO901317 is a compound that has been described in literature to increase 
SCD1 activity106. Chapter 6 shows that exposure of ALD fibroblasts to different LXR agonists 
results in increased levels and activity of SCD1, increased synthesis of mono-unsaturated 
very long-chain fatty acids and decreased levels of saturated very long-chain fatty acids. In 
addition, it is demonstrated that these compounds are able to reduce endogenous C26:0 
levels in ALD fibroblasts to the levels measured in control fibroblasts. To study the effect of 
LXR agonists in vivo, we are currently investigating if TO901317 affects VLCFA levels in Abcd1 
knockout mice with our collaborators at the Medical University of Vienna Dr. Sonja Forss-
Petter and Prof. Johannes Berger.

Outline of this thesis

During my Ph.D. project I have worked on several ALD-related subjects. The first part of this 
thesis is focused on the improvement of the diagnosis for ALD. First, in chapter 2, a method 
is presented that can be used to measure peroxisomal beta-oxidation and de novo synthesis 
of C26:0 in living cells. This method has been added to the diagnostic array of tests of our 
laboratory. Chapter 3 describes the development of the “ALD 2.0” mouse model and the 
identification of C26:0-carnitine as a new biomarker for ALD in mice and men. In chapter 4 
the comparison of the sensitivity of C26:0-carnitine and C26:0-lysoPC for the diagnosis of 
ALD newborns and women with ALD is presented. The results show that C26:0-carnitine 
is not a sensitive enough biomarker for the diagnosis of ALD in newborns or women with 
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ALD. However, C26:0-lysoPC is a superior marker in comparison with C26:0 plasma levels 
to diagnose women with ALD. Levels of C26:0-lysoPC were increased in all women, even 
the women with normal C26:0 plasma concentrations. In chapter 5 the role of VLCFA in the 
pathophysiology of ALD was investigated. It is shown that saturated VLCFA induce an ER 
stress response and lipid-induced cell death in ALD cells which provides new insight in the 
pathophysiology of the disease. In chapter 6 it is hypothesized that upregulation of SCD1 
would redirect fatty acid synthesis towards the much less toxic mono-unsaturated fatty 
acids. In addition, it is demonstrated that SCD1 activation results in a complete normalization 
of endogenous C26:0 levels in ALD. This new approach might be a first step towards a 
curative therapy for ALD aimed at the correction of the biochemical deficiency.
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Summary

Peroxisomes are present in virtually every eukaryotic cell type with the exception of the 
mature erythrocyte. In higher eukaryotes, one of the main functions of peroxisomes is lipid 
metabolism by means of beta-oxidation of very long-chain fatty acids (VLCFA; ≥22 carbon 
atoms). A dysfunction in peroxisomal VLCFA beta-oxidation results in elevated VLCFA levels 
in cells, tissue and plasma. Here, we describe a straightforward and sensitive method to 
measure peroxisomal beta-oxidation capacity in living cells using stable-isotope labeled 
docosanoic acid (D

3
-C22:0).

1. Introduction

The importance of peroxisomal beta-oxidation is emphasized by the existence of a variety 
of different inheritable diseases in which peroxisomal beta-oxidation is impaired and VLCFA 
concentrations are increased1, 2. Peroxisomal disorders associated with elevated VLCFA 
levels can be categorized in two subgroups. 1) Single peroxisomal enzyme deficiencies, 
including X-linked adrenoleukodystrophy (ALD) and disorders caused by a defect in one 
of the peroxisomal beta-oxidation enzymes, such as peroxisomal acyl-CoA oxidase 1 
(ACOX1) deficiency and d-bifunctional protein (DBP, HSD1B4) deficiency; and 2) Peroxisome 
biogenesis disorders (PBDs) that are caused by a defect in the assembly of peroxisomes. 
Compared to normal controls, primary skin fibroblasts from ALD patients have a residual 
peroxisomal VLCFA beta-oxidation degradation capacity of ~15-25%3-5, whereas a complete 
deficiency is present in the vast majority of ACOX1, DBP/HSD1B4 or peroxisomal biogenesis 
disorder fibroblast cell lines3, 5. A deficiency in peroxisomal VLCFA β-oxidation results in a rise 
in the cytosolic VLCFA-CoA levels and subsequently in further fatty acid chain-elongation 
by ELOVL1, the VLCFA-specific elongase6. Here, we describe a very sensitive method using 
stable-isotope labeled docosanoic acid (D

3
-C22:0) for the assessment of the peroxisomal 

beta-oxidation capacity in living cells. The readout of the assay involves the measurement 
of D

3
-C16:0 (product of beta-oxidation), D

3
-C22:0 (substrate) and D

3
-C26:0 (product of fatty 

acid elongation). Peroxisomal beta-oxidation activity is expressed as the D
3
C16:0/D

3
C22:0 

ratio. De novo C26:0 synthesis is determined by analysis of the amount of D
3
-C26:0 formed 

from D
3
-C22:0.



Method for measurement of peroxisomal VLCFA beta-oxidation and de novo C26:0 synthesis | 31

2

2. Materials

It is important to wear gloves during the entire procedure (see Note 1).
 

2.1 Cleaning of the glassware

All glassware (4 ml glass vials with screw tread (Alltech (98110)), glass tubes, glass calibrated 
volumetric flasks, glass graduated cylinder and beakers, etc.) used in the assay must be acid 
washed and prior to use be rinsed with chloroform containing 1% v/v acetic acid. The use 
of unrinsed glassware can result in a high background signal in the fatty acid measurement. 
Always use a new Teflon-coated insert (GRACE Davison Discovery Sciences (98164)) in the 
caps (Alltech 98614) of the 4 ml glass vials.
1 Prepare a 1% v/v acetic acid in chloroform solution. For example, add 300 µl acetic 

acid to 30 ml chloroform. Add 1 ml of this solution to each of the 4 ml glass vials and 
2-3 ml to the glass tubes with V bottom. Vortex mix for approximately 10 seconds so 
that the solution will cover the entire surface (this removes any fat (soap) that may still 
be present in the glassware). Discard the solution and air-dry the glassware by placing 
it upside down on a paper towel.

2 Add a new Teflon-coated insert to the caps of the 4 ml glass vials.

2.2 Cell culture medium

Cells are cultured in Dulbecco’s modified Eagle medium (DMEM) high glucose (4.5 g/L) with 
L-glutamine supplemented with 10% fetal bovine serum, 25 mM HEPES, 100 U/ml penicillin, 
100 µg/ml streptomycin and 0.25 µg/ml fungizone (see Note 2).
1 Add to 500 ml DMEM:

•	 55 ml fetal bovine serum 
•	 12.5 ml 1 M HEPES
•	 5 ml penicillin/streptomycin/fungizone (stock is 10,000 U/ml penicillin, 10,000 μg/

ml streptomycin and 25 μg/ml fungizone)
The culture medium can be stored at 4°C for up to 4 weeks.

2.3 Preparation of a 6 mM D
3
-C22:0 solution used for the incubation of the cells

1 Make a 6 mM docosanoic-22,22,22-D
3 

acid (D
3
-C22:0, CDN-isotopes D-5708) stock 

solution in DMSO. The molecular weight of D
3
-C22:0 is 343.61 g/mol. Weigh 6.18 mg D

3
-

C22:0 in a rinsed 4 ml glass vial and add 3 ml DMSO. Vortex mix the solution and heat it 
underneath warm tap water for a few seconds. Repeat these steps until all the D

3
-C22:0 

is dissolved.
The D

3
-C22:0 stock solution can be stored at room-temperature for up to 2 years. Always 

vortex mix the solution before use. If the solution is not clear, repeat the dissolving procedure.



Method for measurement of peroxisomal VLCFA beta-oxidation and de novo C26:0 synthesis | 3332 | Chapter 2

2.4 Solutions for the VLCFA analysis

2.4.1 Internal standard

1 Make stock solutions for C17:0 (this is used as the internal standard for D
3
-C16:0), D

4
-

C22:0 (this is used as the internal standard for D
3
-C22:0), D

4
-C24:0 (this is used as the 

internal standard for D
3
-C24:0) and D

4
-C26:0 (this is used as the internal standard for 

D
3
-C26:0) in toluene. For each fatty acid stock solution weigh the amount of fatty acid 

as indicated in Table 1 into a rinsed calibrated 10 ml glass volumetric flask. 
2 Add 5 ml toluene and mix by swirling the flask until a clear solution is obtained. 
3 When the fatty acids are dissolved, add toluene to a final volume of 10 ml and mix by 

inverting the flask for approximately 10 times.
4 Use these stock solutions to make the internal standard working solution with final 

concentrations of 100 µM C17:0, 50 µM D
4
-C22:0, 50 µM D

4
-C24:0 and 5 µM D

4
-C26:0.

5 In a single rinsed calibrated 100 ml glass volumetric flask combine the following 
amounts of the internal standard stock solutions: 

6 2.5 ml of the 4 mM C17:0 stock solution
7 2.5 ml of the 2 mM D

4
-C22:0 stock solution

8 2.5 ml of the 2 mM D
4
-C24:0 stock solution

9 1 ml of the 0.5 mM D
4
-C26:0 stock solution

10 Add 50 ml toluene and mix by swirling the flask. Add toluene to a final volume of 100 
ml and mix by inverting the flask for approximately 10 times.

11 Store the internal standard stock solutions and the internal standard working solution 
at 4°C up to 5 years. It is important to remove the solutions from the fridge and let 
them warm to room temperature before use.

Table 1: Preparation of the stock solutions for the internal standard.

Fatty 
acid Systematic name

Firm 
(cat. nr)

Mw (g/
mol)

mg/ml 
(1 mM)

Final 
concen-
tration
(mM)

Amount
(mg)

Toluene 
(ml)

C17:0 Heptadecanoic acid Sigma-
Aldrich 
(H3500)

270.45 0.27045 4 10.818 10

D
4
-C22:0 Docosanoic-12,12,13,13-D

4 
acid C/D/N 

Isotopes 
(D-6138)

344.58 0.34458 2 6.892 10

D
4
-C24:0 Tetracosanoic-12,12,13,13-D

4 
acid C/D/N 

Isotopes 
(D-6168)

372.64 0.37264 2 7.453 10

D
4
-C26:0 Hexacosanoic-12,12,13,13-D

4 
acid C/D/N 

Isotopes 
(D-6145)

400.69 0.40069 0.5 2.003 10
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2.4.2 Calibration curve

1 Make stock solutions of C16:0, C22:0, C24:0 and C26:0. For each fatty acid weigh 
the amount of fatty acid as indicated in Table 2 into a rinsed calibrated 25 ml glass 
volumetric flask.

2 Add 10 ml of toluene and mix by swirling the flask. 
3 Add toluene to a final volume of 25 ml and mix by inverting the flask (approximately 

10 times).
4 Use these stock solutions to make the calibration curve working solution with final 

concentrations of 50 µM C16:0, 10 µM C22:0, 25 µM C24:0 and 1 µM C26:0. 
In a single rinsed calibrated 100 ml glass volumetric flask combine the following amounts of 
the stock solutions: 
•	 1 ml of the 5 mM C16:0 stock solution
•	 0.4 ml of the 2.5 mM C22:0 stock solution
•	 0.625 ml of the 4 mM C24:0 stock solution
•	 0.1 ml of the 1 mM C26:0 stock solution
Add 50 ml of toluene and mix by swirling the flask. Add toluene to a total volume of 100 ml 
and mix by inverting the flask (approximately 10 times).
5 Store the calibration curve stock solutions and the calibration curve working solution 

at 4°C up to 5 years. It is important to remove the solutions from the fridge and let 
them warm to room temperature before use.

Table 2: Preparation of the fatty acid stock solutions for the calibration curve.

Fatty acid
Systematic 
name Firm (cat. nr)

Mw 
(g/mol)

mg/ml 
(1 mM)

Final 
concentration
(mM)

Amount
(mg)

Toluene 
(ml)

C16:0 Hexadecanoic 
acid

Merck-Millipore
(800508)

256 0.256 5 32 25

C22:0 Docosanoic 
acid

Brunschwig 
(10-2200-16)

340 0.34 2.5 21.25 25

C24:0 Tetracosanoic 
acid

Sigma-Aldrich 
(L6641)

368 0.368 4 36.8 25

C26:0 Hexacosanoic 
acid

Sigma-Aldrich 
(H0388)

396 0.396 1 9.9 25

2.4.3 Acid hydrolysis reagent

The acid hydrolysis reagent is an acetonitrile/37% hydrochloric acid (4:1, v/v) solution. Prepare 
1 ml per sample. For example: pour 40 ml acetonitrile to a rinsed 50 ml volumetric cylinder 
and add 10 ml 37% hydrochloric acid. This solution cannot be stored and must be prepared 
freshly each time the assay will be performed.
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2.4.4 Final sample solution

The final sample solution consists of chloroform/methanol/de-ionized water/25% ammonia 
with a ratio of 50:45:5:0.01 (v/v/v/v). Use a rinsed glass flask to store the solution. Add 50 ml 
chloroform, 45 ml methanol, 5 ml de-ionized water and 10 μl 25% ammonia to the flask. This 
solution can be stored at room temperature for 2 years.

3. Methods

3.1 Cell culture

1 Culture fibroblasts at approximately 40% confluency in T75 tissue culture flasks and 
maintain the cells at 37˚C in a humidified atmosphere at 5% CO

2
 overnight.

2 Next day, prepare tissue culture medium with a final concentration of 30 µM D
3
-C22:0. To 

this end, dilute the 6 mM D
3
-C22:0 stock solution 200x in preheated 37°C tissue culture 

medium (the final DMSO concentration will be 0.5%, which does not affect cell growth 
significantly). Calculate the total volume needed (amount of samples x 10 ml) + 2 ml 
(input medium, which is used as an extra control to determine the exact concentration 
of D

3
-C22:0 that is used in the assay). 

3 For the incubation, remove the tissue culture medium from the cells and replace it with 
10 ml tissue culture medium containing the 30 µM D

3
-C22:0.

4 Store the 2 ml of the input medium at -20°C for later use.
5 Incubate the cells for 72 hours at 37˚C in a humidified atmosphere at 5% CO

2.

3.2 Preparation of the homogenates 

1 Remove the tissue culture medium from the flasks and wash the cells twice with ~5 
ml PBS. Remove all the PBS from the cells.

2 Harvest the cells by adding 1 ml of trypsin to each flask and incubate for approximately 
5 minutes. Tap against the flask in order to detach the cells from the bottom of the 
culture flask. Use the microscope to verify that all cells are detached from the culture 
flask.

3 Add 7 ml tissue culture medium and transfer the cell suspension to a disposable 
centrifuge tube. Centrifuge for 5 minutes at 1500 rpm at 4⁰C.

4 Discard the tissue culture medium from the cell pellet and add 5 ml PBS to the cell 
pellet. Vortex mix to resuspend the cell pellet and centrifuge for 5 minutes at 1500 
rpm at 4°C. 

5 Discard the PBS from the cell pellet and resuspend the cell pellet in 1 ml PBS. Transfer 
the cell suspension to a 1.5 ml Eppendorf tube and centrifuge for 5 minutes at 13,000 
rpm at 4°C.
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6 Discard the PBS from the cell pellet and add 200 µl de-ionized water to the cell pellets. 
Keep the samples on ice.

7 Homogenize the cell pellets by sonication with a needle on ice for 12 seconds at 7-8 
Watt.

8 Determine the protein concentration (for example Pierce BCA protein assay or 
Bradford assay).

3.3 Sample preparation for VLCFA measurement

1 For each sample, add 150 µg protein to a rinsed 4 ml glass vial. In a separate rinsed 4 
ml glass vial add 100 µl of the input medium.

2 For calculation of the fatty acid concentrations make a five-point calibration curve. 
Add 0, 25, 50, 100 and 200 µl of the calibration curve working solution (C16:0, C22:0, 
C24:0, C26:0) to individual rinsed 4 ml glass vials.

3 Add 100 µl internal standard working solution (C17:0, D
4
-C22:0, D

4
-C24:0, D

4
-C26:0) to 

all samples, including the calibration curve and the input medium.
4 Add 1 ml acid hydrolysis reagent to all samples. Close the vials with the screw caps 

with a new Teflon-coated insert and incubate for 2 hours at 90˚C.
5 Remove the samples from the incubator and allow them to cool to room temperature. 

For extraction of the free fatty acids, add 2 ml hexane, vortex mix for approximately 10 
seconds and centrifuge for 1 minute at 3,000 rpm at room temperature. 

6 A phase separation will occur. The upper phase contains the free fatty acids. Transfer 
approximately 75% of the upper phase with a glass Pasteur capillary pipette to a clean 
glass tube with a V bottom. Do not transfer any of the intermediate and lower phase, 
because this will extremely disturb the analysis! In case some of the intermediate 
or lower phase is taken accidently, put the whole sample back into the vial and 
centrifuge again for 1 minute at 3,000 rpm. 

7 Evaporate the hexane under a constant stream of nitrogen at room temperature.
8 Add 150 µl of the final sample solution. Vortex mix and transfer the sample to an 

autosampler vial and close the vial with a cap. The samples can be stored at -20˚C 
until the analysis.

9 Samples are analyzed by electrospray ionization mass spectrometry (ESI-MS) 7. This 
procedure is not included in this protocol as it greatly depends on the ESI system that 
is available. 

3.4 Calculation of the fatty acid concentration

For the calculation of fatty acid concentrations in patient and control samples a five-point 
calibration curve is made for C16:0 (used for the calculation of concentration of D

3
-C16:0), 
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C22:0 (for D
3
-C22:0) and C26:0 (for D

3
-C26:0). Here we present an example for the calculation 

of the D
3
-C16:0 concentration in an experiment with human primary fibroblast cell lines 

from 2 controls and 2 ALD patients. From the ESI-MS data we extract the peak-heights for 
the analytes (Table 3): in this example we limit this to C17:0 (the internal standard for D

3
-

C16:0), C16:0 (for the calibration curve), D
3
-C16:0 (the product of peroxisomal beta-oxidation). 

From this the ratio C16:0/C17:0 can be calculated. The concentration of C16:0 (in nmol) used 
for the generation of the calibration curve can be calculated. The C16:0 concentration in the 
calibration working solution is 50 µM. For the generation of the calibration curve we added 
0, 25, 50, 100 and 200 µl of the calibration curve working solution, which results in 0, 1.25, 
2.5, 5 and 10 nmol C16:0. The concentration of C16:0 (X, in nmol) is now plotted against the 
C16:0/C17:0 ratio (Y) (Fig. 1) and a trend line (Y=aX) is generated (standard option in Excel). In 
our example it is Y=0.1194X. This formula is used to calculate the D

3
-C16:0 concentration in 

the human fibroblast cell line samples. 
From the ESI-MS data we extract the peak-heights for D

3
-C16:0 and C17:0 from the 2 control 

and ALD patient samples (Table 4).
The D

3
-C16:0 concentration (X in nmol/mg protein) produced in the control and ALD patient 

fibroblast samples can be calculated with the Y=aX formula (X=(Y/a)/mg protein). The 
amount of protein used in the VLCFA assay is 0.15 mg. For control 1 the calculation would 
be: X=(0.5111/0.1194)/0.15 = 28.54 nmol/mg protein.

Table 3: Peak heights for C16:0 and C17:0 from the calibration curve samples.

Analyte Calibration 
0 µl

Calibration 
25 µl

Calibration 
50 µl

Calibration 
100 µl

Calibration 
200 µl

C16:0 105300000 217300000 349500000 504500000 716800000

C17:0 1106000000 1016000000 969300000 818500000 617500000

C16:0/C17:0 0.095 0.214 0.361 0.616 1.161

Figure 1. 
Calibration curve for C16:0 is generated by plotting the C16:0 concentration (in nmol) against the 
C16:0/C17:0 ratio. The trendline is used to calculate fatty acid concentrations in the experimental 
samples. 



Method for measurement of peroxisomal VLCFA beta-oxidation and de novo C26:0 synthesis | 37

2

Table 4: Peak heights for D
3
-C16:0 and C17:0 from the control and ALD primary fibroblast 

experiment.

Metabolite Control 1 Control 2 ALD 1 ALD 2

D
3
-C16:0 186100000 185600000 66800000 72040000

C17:0 364100000 374200000 366800000 364000000

D
3
-C16:0/C17:0 (Y) 0.5111 0.4960 0.1821 0.1979

nmol/mg protein 28.54 27.69 10.17 11.05

3.5 Interpretation of the results 

The activity of peroxisomal beta-oxidation in intact cells is determined by measuring the 
formation of D

3
-hexadecanoic acid (D

3
-C16:0) from D

3
-docosanoic acid (D

3
-C22:0) present 

in nmol/mg of protein. Peroxisomal beta-oxidation activity is expressed as the D
3
C16:0/

D
3
C22:0 ratio (Fig. 2A).

Furthermore, elongation of D
3
-C22:0 to D

3
-C26:0 is enhanced in cell lines derived from 

patients with a defect in peroxisomal beta-oxidation3, 5, 8. A deficiency in peroxisome beta-
oxidation results in higher cytosolic VLCFA-CoA ester levels, which are used for chain-
elongation to even longer fatty acids6. Therefore, the level of D

3
-C26:0 synthesized from 

D
3
-C22:0 is also determined. De novo C26:0 synthesis is measured as the level of D

3
-C26:0 

(nmol/mg protein) produced from D
3
-C22:0 (Fig. 2B). 

Figure 2. 
Peroxisomal VLCFA beta-oxidation and de novo C26:0 synthesis activity in human primary skin 
fibroblasts from controls (n = 36), male ALD patients (n = 44), peroxisomal biogenesis disorder (PBD) 
and ACOX1/DBP patients (n = 16). (A) Peroxisomal beta-oxidation activity is expressed as the D

3
-C16:0 

(product) over D
3
-C22:0 (substrate) ratio. (B) De novo D

3
-C26:0 synthesis is expressed as the level of 

D
3
-C26:0 (nmol/mg protein) produced from D

3
C22:0. Data are the mean ± SD. ***P <0.001 by unpaired 

student’s t-test.
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4. Notes

1 1It is important to wear gloves during the entire procedure. In addition to standard 
safety procedures for working with chemicals, wearing gloves prevents contamination 
with fatty acids coming from your hands (skin cells, soap, etc.). While one may argue 
that this contamination should be non-existent because stable-isotope labeled fatty 
acids are used, this fatty acid analysis method is also used to measure endogenous 
fatty acids, ranging from C14:0 to C30:0 for diagnostic purposes7.

2 The assay can be performed in other types of tissue culture media as well (e.g. 
Ham’s/F-10, RPMI, etc.). But it should be noted that the composition of the tissue culture 
medium affects the peroxisomal beta-oxidation activity and thereby the outcome of 
the results. Therefore, it is important to start with a series of normal controls, ALD and 
PBD cells to assess the peroxisomal beta-oxidation results in these cells. For example, 
endogenous C26:0 levels are 1.5 fold higher in cells cultured in DMEM compared to 
cells cultured in Ham’s/F-10 (Compare Fig. 1 and 2 in Engelen et al 9).
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Abstract

X-linked adrenoleukodystrophy (ALD), a progressive neurodegenerative disease, is caused by 
mutations in ABCD1 and characterized by very-long-chain fatty acids (VLCFA) accumulation. 
Virtually all males develop progressive myelopathy (AMN). A subset of patients, however, 
develops a fatal cerebral demyelinating disease (cerebral ALD). Hematopoietic stem cell 
transplantation is curative for cerebral ALD provided the procedure is performed in an 
early stage of the disease. Unfortunately, this narrow therapeutic window is often missed. 
Therefore, an increasing number of newborn screening programs are including ALD.
To identify new biomarkers for ALD, we developed an Abcd1 knockout mouse with enhanced 
VLCFA synthesis either ubiquitous or restricted to oligodendrocytes. Biochemical analysis 
revealed VLCFA accumulation in different lipid classes and acylcarnitines. Both C26:0-lysoPC 
and C26:0-carnitine were highly elevated in brain, spinal cord, but also in bloodspots. 
We extended the analysis to patients and confirmed that C26:0-carnitine is also elevated 
in bloodspots from ALD patients. We anticipate that validation of C26:0-carnitine for the 
diagnosis of ALD in newborn bloodspots may lead to a faster inclusion of ALD in newborn 
screening programs in countries that already screen for other inborn errors of metabolism.
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1. Introduction

X-linked adrenoleukodystrophy (ALD) is a progressive neurodegenerative disorder caused 
by mutations in the ABCD1 gene1. The disease is characterized by impaired degradation 
of very long-chain fatty acids (VLCFA; >C22)2, 3, resulting in VLCFA accumulation in plasma 
and tissues4. ALD affects approximately 1 in 17.000 males5 and has been diagnosed in 
all geographic regions and ethnic groups. There is no evidence that the prevalence 
varies with ethnic background6. Patients with ALD are asymptomatic at birth7. A study in 
neurologically asymptomatic young boys with ALD revealed that 80% had unrecognized 
adrenal insufficiency8. Virtually all male patients with ALD eventually develop progressive 
myelopathy (adrenomyeloneuropathy, AMN). The onset is typically between 20-30 years of 
age7, 9. This myelopathy progresses gradually, eventually causing severe disability. Recently, 
we showed that women with ALD are not merely carriers, but that >80% also develop signs 
of myelopathy10. A subset of male patients, however, develops a fatal cerebral demyelinating 
disease (cerebral ALD). The age of onset of cerebral ALD cannot be predicted. A newborn 
male patient has a 35–40% risk to develop cerebral ALD between the ages of 3 and 18 
years, but cerebral ALD can also occur in adulthood7, 9, 11. Allogeneic hematopoietic stem cell 
transplantation (HSCT) is curative for cerebral ALD provided the procedure is performed in 
an early stage of the disease before extensive MRI white matter abnormalities are present12. 
Unfortunately, this therapeutic window is often missed.
If newborn screening for ALD is implemented cerebral ALD can be identified and treated in 
an early stage, thus substantially increasing the likelihood of a better outcome. This is one 
of the reasons why ALD is being added to an increasing number of newborn screening 
programs. For example, New York State initiated ALD newborn screening in 2014 and in 
Europe the Netherlands will start ALD newborn screening in the near future. In August 2015, 
the United States advisory committee on heritable disorders in newborns and children 
recommended ALD to be added to the recommended uniform screening panel (RUSP). 
Currently ALD newborn screening involves quantification of 1-hexacosanoyl-2-lyso-sn-
3-glycero-phosphorylcholine (C26:0-lysoPC) by liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) in dried blood spots13. While the method shows high sensitivity 
and specificity, the need for liquid chromatography to separate the different lysoPC species 
hampers high throughput screening. The procedure has been slightly modified14, 15 to 
combine the existing method for acylcarnitine analysis and C26:0-lysoPC, which enables 
simultaneous extraction and screening for peroxisomal disorders, mitochondrial fatty acid 
oxidation disorders and organic acidurias. Recently, a method was developed that enables 
the quantification of amino acids, acylcarnitines, succinylacetone, and C26:0-lysoPC in a 
single dried bloodspot punch16.
The neurometabolic consequences of ALD protein (ALDP) deficiency and the subsequent 
increase in VLCFA levels have not yet been resolved at the cellular level. The absence of a ALD 
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mouse model that mimics the disease in humans has been a major limitation in unraveling 
the mechanism underlying the pathogenesis of ALD. The Abcd1y/- knockout mouse develops 
a mild phenotype that resembles the myelopathy of ALD, but only at around 20 months of 
age17. There is indirect evidence that an increase in VLCFA levels in Abcd1 knockout mice may 
result in an earlier onset of disease. For example, Abcd1 knockout mice that were put on a 
high-fat diet showed structural abnormalities in the adrenal gland on electron microscopy18. 
In readily accessible material from patients, such as plasma, fibroblasts, or blood cells, total 
C26:0 levels do not correlate with phenotype19. However, biochemical analysis of normal-
appearing grey and white matter that was dissected from frontal, parietal or occipital 
lobes from 17 ALD patients and 19 age-matched controls revealed a correlation between 
VLCFA levels and clinical phenotype20. Support for a toxic effect of VLCFA came from the 
demonstration that C24:0-lysoPC injection into wild type mouse brain resulted in widespread 
microglial activation and apoptosis21. Importantly, C16:0-lysoPC injections did not cause 
these effects. Studies using rat neural cells revealed that exposure of oligodendrocytes and 
astrocytes to VLCFA, but not C16:0, caused cell death22. Challenging neural cells with VLCFA 
induced depolarization of mitochondria in situ and caused deregulation of intracellular 
calcium homeostasis22. Long before the first neuropathological lesions are detectable in the 
spinal cord of Abcd1 knockout mice there is oxidative damage to proteins23. 
With the aim to generate an ALD mouse with increased VLCFA levels in the central nervous 
system, we developed an Abcd1 knockout mouse with a Cre-inducible ELOVL1 transgene: 
the key enzyme in VLCFA synthesis24, 25. Based on the above studies we anticipated that 
increased VLCFA levels in the central nervous system could impact the clinical phenotype of 
the Abcd1 knockout mouse and may result in the identification of new biomarkers.

2. Materials and Methods 

2.1 Patient and control samples

Samples from ALD patients were available from a previous study that was approved by the 
Institutional Review Board (Medisch Ethische Toetsings Commissie) of the Academic Medical 
Center (BEZA trial26). Written informed consent was received from each patient. Samples 
for control values were obtained from the Laboratory Genetic Metabolic Diseases from 
anonymized samples from individuals who were examined in our institute for therapeutic 
control or exclusion of inherited metabolic disease. All samples were collected according to 
the institutional guidelines for sampling.

2.2 Ethics statement and animal care

Mice were bred in the animal housing facility of the AMC, had ad libitum access to water and 
standard rodent food, and were kept on a 12 hour light and dark cycle. For the care and use of 
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animals utilized in this research, we monitored the animals twice per week. None of animals 
showed severe illness or died during the experiments. A protocol for early euthanasia/
humane endpoints is performed if one of the following criteria is met: the loss of body weight 
more than 15% or a wound that cannot be improved after medication. For tissue collection, 
the mice were sacrificed by introduction of 100% carbon dioxide into a bedding-free cage 
with the lid closed at a rate sufficient to induce rapid anesthesia, with death occurring within 
2.5 minutes. All animal experiments were approved by the institutional review board for 
animal experiments at the Academic Medical Center, University of Amsterdam (Amsterdam, 
The Netherlands). 

2.3 Generation of ELOVL1 knock-in mice 

The ELOVL1 transgenic construct and mouse model were commercially generated by 
GenOway (Lyon, France). GenOway’s validated Rosa26 “Quick Knock-inTM” approach was used 
to introduce a single copy of the human ELOVL1 transgenic cassette into the Rosa26 locus 
on chromosome 6 through homologous recombination in embryonic stem cells. Briefly, the 
human ELOVL1 cDNA fragment was subcloned into a GenOway’s G136 plasmid containing 
the human growth factor polyA cassette. Then the ELOVL1-polyA cassette was subcloned 
into GenOway’s G212 vector downstream of the pCAG promoter and the transcriptional 
STOP cassette flanked by two loxP sites. The linearized construct (Fig. 1) was transfected 
into mouse 129SV ES cells according to GenOway’s standard electroporation procedures (i.e. 
5×106 ES cells in presence of 40 µg of linearized plasmid, 260 volt, 500 µF). Positive selection 
was started 48 hours after electroporation by addition of 200 µg/ml of G418. Approximately 
223 G418-resistant clones were screened for the correct homologous recombination event 
at the Rosa26 locus by PCR and southern blotting. Two correctly recombined ES clones were 
used for injection into C57BL/6J blastocysts. Injected blastocysts were re-implanted into 
OF1 pseudo-pregnant females and allowed to develop to term. A total of 9 male chimeric 
mice were produced from the 2 injection sessions. Four highly chimeric males (displaying 
80% chimerism) were each mated with 2 C57BL/6J Flp-deleter females to allow germline 
excision of the neomycin selection cassette. Agouti F1 progeny were screened for assessing 
the Flp-mediated excision event of the neomycin cassette on the ELOVL1 allele by PCR and 
southern blotting, using genomic DNA isolated from tail biopsies. As there was mosaicism 
for the Flp ELOVL1 allele in F1 mice, these mice were then crossed with wild-type C57BL/6J 
mice to generate a pure line of Flp excised heterozygous ELOVL1 knock-in mice. PCR and 
southern blot screening confirmed the successful generation of 3 males and 2 females 
heterozygous for the Rosa26 neomycin-excised ELOVL1 knock-in allele. These mice are 
referred to as Rosa26CAG-STOPflox/flox-ELOVL1TG.
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Figure 1. Generation and characterization of Abcd1;CMV-ELOVL1 mice. 
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A: Schematic presentation of the Rosa26CAG-STOPflox/flox-ELOVL1TG transgenic construct (black line). The grey 
line indicates the wild type Rosa26 gene. ELOVL1 transgene expression is prevented by the upstream 
floxed STOP element. The ELOVL1 transgenic construct consists of a loxP flanked STOP cassette 
positioned between the human ELOVL1 coding cDNA and the upstream ubiquitous CAG promoter. 
Crossing the transgenic mice with a Cre-driver strain activates ELOVL1 transgene expression. B: ELOVL1 
protein expression in total homogenates, organelle and cytosolic fractions and purified microsomes 
derived from livers from wild type mice (control) and wild type mice heterozygous (CMV-ELOVL1+/-) 
for the activated ELOVL1 transgene. C: C16:0-CoA and C22:0-CoA elongation capacity in mouse liver 
microsomes (n=5) derived from wild type mice (control) and wild types heterozygous (CMV-ELOVL1+/-) 
for the activated ELOVL1 transgene. D: ELOVL1 protein expression in brain, adrenal gland and testis 
from wild type (WT), wild type heterozygous (CMV-ELOVL1+/-) or homozygous (CMV-ELOVL1+/+) for the 
activated ELOVL1 transgene, Abcd1y/- knockout and Abcd1y/- knockout heterozygous for the activated 
ELOVL1 transgene (Abcd1y/-;CMV-ELOVL1+/-) mice. E: C26:0 levels in tissues derived from wild type (n=6), 
Abcd1y/- knockout (n=6) and Abcd1y/-;CMV-ELOVL1+/- (n=2) mice. Data are mean ± SD. ***p<0.001 by 
unpaired student’s t-test.

2.4 Generation of CMV-ELOVL1 mice

The C57BL/6J ELOVL1 conditional knock-in strain (Rosa26CAG-STOPflox/flox-ELOVL1TG) was crossed 
with a CMV-Cre driver strain (B6.C-Tg(CMV-cre)1Cgn/J, The Jackson laboratory, Bar Harbor, 
ME, USA) to obtain mice overexpressing ELOVL1 in all tissues (referred to as CMV-ELOVL1)

2.4.1 Generation of Abcd1-CMV-ELOVL1 mice

The C57BL6/J CMV-ELOVL1 strain was crossed with our in-house in-bred Swiss Abcd1 knockout 
strain (defined as 10 generations back-crossed to Swiss, followed by >20 generations of 
brother-sister crossings) to obtain Abcd1 knockout mice ubiquitously overexpressing ELOVL1 
on a mixed Swiss, C57BL/6J background (referred to as Abcd1;CMV-ELOVL1).

2.4.2 Generation of Abcd1-Cnp-ELOVL1 mice

The C57BL/6J ELOVL1 conditional knock-in strain (Rosa26CAG-STOPflox/flox-ELOVL1TG) was crossed 
with the C57BL/6J Abcd1 knockout strain (27 a kind gift from K.A. Nave, Max Planck Institute 
for Experimental Medicine, Göttingen, Germany)) to obtain an Abcd1 knockout – ELOVL1 
conditional knock-in strain (Abcd1-Rosa26CAG-STOPflox/flox-ELOVL1TG). Subsequently, these mice were 
crossed with a Cnp-Cre driver strain (28 C57BL/6J-Cnp-Cre, a kind gift from K.A. Nave, Max 
Planck Institute for Experimental Medicine, Göttingen, Germany) to obtain Abcd1 knockout 
mice overexpressing ELOVL1 in oligodendrocytes on a pure C57BL/6J background (referred 
to as Abcd1;Cnp-ELOVL1). Mice were housed at 21 ± 1°C, 40-50% humidity, on a 12 h light-dark 
cycle, with at libitum access to water and a standard rodent diet.
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2.4.3 Mouse genotyping

Genomic DNA was isolated from toe clippings derived from mice 6 days of age using the 
Phire Animal Tissue direct PCR kit (Thermo Scientific, Waltham, MA, USA) according to 
the manufacturer’s procedure. For the PCR, only the primer sequences and critical PCR 
steps are provided: Abcd1 genotyping was done in a multiplex PCR with Abcd1-WT-F, 5’- 
CACAGCCTCTCTCCTTAAGACC -3’; Abcd1-WT-R, 5’- CTCGTTGTCTAGGCAACTGG -3’ and 
Abcd1-Neo-R, 5’- CTTCTATCGCCTTCTTGACG -3’ (Mg2+ was 2.0 mM final concentration, 
touch down PCR (initial annealing at 64°C reduced to 58°C with 0.5°C steps/cycle, the 
wild type amplicon is 217 bp and the Abcd1 knockout amplicon is 117 bp). ELOVL1 
knock-in genotyping was done with Rosa26-F, 5’- CAATACCTTTCTGGGAGTTCTCTGC-3’, 
and Rosa26-R, 5’- CTGCATAAAACCCCAGATGACTACC-3’ for detection of the Rosa26 wild 
type allele and ELOVL1-F, 5’- GAAAAAGCACATGACAGCCATTCAGC-3’, and ELOVL1-R, 5’- 
CCCTACAGGTTGTCTTCCCAACTTGC-3’ for detection of the Neo-excised recombined 
Rosa26 locus (Mg2+ was 1.5 mM final concentration, annealing temperature was 
65°C, the Rosa26 amplicon is 304 bp and the ELOVL1 amplicon is 485 bp). CMV-Cre 
genotyping was done with Cre-F, 5’- GGGATTGCTTATAACACCCTGTTACG-3’, and 
Cre-R, 5’- TATTCGGATCATCAGCTACACCAGAG-3’ (Mg2+ was 1.5 mM final concentration, 
annealing temperature was 55°C, the Cre amplicon is 213 bp). Cnp-Cre genotyping 
was done in a multiplex PCR with CNP-F, 5’- GCCTTCAAACTGTCCATCTC -3’, CNP-R, 5’- 
CCCAGCCCTTTTATTACCAC -3’, and Puro3, 5’- CATAGCCTGAAGAACGAGA -3’ (Mg2+ was 1.5 
mM final concentration, annealing temperature was 55°C, the wild type amplicon is 643 bp 
and the Cnp-Cre amplicon is 357 bp).

2.5 Purification of mouse liver microsomes

Microsomes were isolated from livers from wild type and ubiquitous ELOVL1 over-expressing 
Abcd1 knockout mice (Abcd1y/-;CMV-ELOVL1+/-) by differential centrifugation. Livers were 
washed with ice-cold homogenization buffer containing 250 mM sucrose, 2 mM EDTA, 2 
mM DTT and 5 mM MOPS (pH 7.4), minced and homogenized with 20 strokes of a dounce 
homogenizer while kept on ice. A post-nuclear supernatant was produced by centrifugation 
at 600 g for 10 min. The supernatant was centrifuged at 22,500 g for 10 min and the pellet 
was discarded. To obtain a microsomal fraction, the supernatant was centrifuged for 1 h at 
100,000 g. To remove any residual fatty acids the pellet was resuspended in homogenization 
buffer containing 10 mg/mL methyl-β-cyclodextrin and sonicated four times for 5 seconds 
at 7W. The microsomal membranes were collected by centrifugation at 100,000 g for 1 h. 
Finally, the microsomes were resuspended in homogenization buffer and stored at -80°C in 
100 μL aliquots until further use. All steps were carried out at 4°C. Protein concentration was 
determined using Pierce® BCA protein assay (Thermo Scientific, Waltham, MA, USA) with 
human serum albumin as standard.
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2.6 Fatty acid elongation assay

The reaction mixture contained 50 mM potassium phosphate buffer (pH 6.5), 10 mg/mL 
α-cyclodextrin, 1 mM NADPH, 5 µM rotenone, 60 µM [2-14C] malonyl-CoA (6.5 dpm/pmol) 
(American Radiolabeled Chemicals, St. Louis, MO, USA) and 20 µM C16:0-CoA or 20 µM C22:0-
CoA (Avanti Polar Lipids, Alabaster, AL, USA), 1 mM NADPH and 10 mg/ml α-cyclodextrin in 
a total volume of 200 μL. The reaction mixture was pre-incubated for 2 min at 37°C and 
started by the addition of 100 μg microsomal protein. After 30 min at 37°C the reaction was 
stopped by adding 200 μL 5 M KOH in 10% methanol and saponified at 65°C for 1 h. After 
acidification, by adding 200 μL 5 N HCl and 200 μL 96% ethanol, fatty acids were extracted 
three times with 1 mL hexane and the hexane phases were collected in a scintillation vial. 
To each scintillation vial 10 mL Ultima-Gold scintillation cocktail (Perkin Elmer, Waltham , MA, 
USA) was added and the radioactivity was counted.

2.7 Protein blot analysis

The polyclonal antibody against the C-terminal amino acids of human ELOVL1 
(LQQNGAPGIAKVKAN) was generated by Eurogentec (Eurogentec, Liege, Belgium). Lysates 
of tissues from 20 week old wild type, Abcd1 knockout, Abcd1-/y;CMV-ELOVL1 and Abcd1y/-;Cnp-

ELOVL1 (n = 3 to 5 per genotype) were prepared by sonication in PBS containing protease 
inhibitor cocktail (Roche, Indianapolis, IN, USA). After sonication, samples were diluted 1:1 
in sample buffer containing 8 M urea. Protein samples (70 µg) were separated on 12.5% 
SDS-PAGE gels and transferred onto nitrocellulose membranes. Membranes were blocked 
with 2% BSA in PBS containing 0.1% Tween20 (w/v) and probed the primary polyclonal 
antibody against human ELOVL1 at 1:10 dilution in blocking buffer 24. Goat anti-rabbit 
IgG IRDye 800CW (1:10.000, LICOR Biosciences, Lincoln, NE, USA) was used as a secondary 
antibody. Visualization of the signal was done with the Odyssey IR imaging system (LI-COR 
Biosciences, Lincoln, NE, USA).

2.8 Non-targeted metabolic profiling

Bloodspots were generated by collecting 50 µL blood from the vena saphena from C57BL6/6 
and Swiss mice. All subsequent steps were carried out at Metabolomic Discoveries GmbH 
(Potsdam, Germany; www.metabolomicdiscoveries.com) essentially as described29, but 
with improvements. Discs of 6 mm diameter were extracted with 1 ml 80% (v/v) methanol 
and sonicated for 1 h at 4°C. 100 µl was used for HPLC-TOF-MS analyses. LC separation was 
performed using a SeQuant ZIC HILIC column (Merck) operated by an Agilent 1290 UPLC 
system (Agilent, Santa Clara, CA, USA). The LC mobile phase was A) 10 mM ammonium 
acetate in 95% (v/v) acetonitrile and 5% (v/v) water B) 10 mM ammonium acetate in 95% 
(v/v) water with a gradient from 0% B to 90% over 5 min, to 95% at 6.5 min and 100% at 8 
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min, subsequently equilibrate. The flow rate was 400 μl/min, injection volume 1 μl. Mass 
spectrometry was performed using a high-resolution 6540 QTOF/MS Detector (Agilent, 
Santa Clara, CA, USA) operated in positive and negative ionization modes with a mass 
accuracy of <2ppm. For UPLC-QTOF/MS, metabolites were identified or putatively annotated 
in comparison to Metabolomic Discoveries’ database entries of authentic standards and 
IDEOM database entries through peak mass within 5 ppm mass accuracy and retention time.

2.9 Total fatty acid analysis

Fatty acids were analyzed by electrospray ionization mass spectrometry (ESI-MS) as 
described previously30. 

2.10 LysoPC and acylcarnitine: Preparation of standards and calibrators

Methanol, acetonitrile and formic acid were of analytical grade. C20:0-lysoPC, C26:0-lysoPC 
and 2H

4
-C26:0-lysoPC were purchased from Avanti Polar Lipids (Alabaster, AL, USA). C26:0-

carnitine was purchased from Dr. H.J. ten Brink (VU Medical Center, Amsterdam). 2H
4
-C26:0-

carnitine as internal standard was synthesized in house from 12,12,13,13-2H
4
-C26:0 (CDN 

Isotopes, Pointe-Claire, Quebec
Canada), thionylchloride (Merck, Kenilworth, NJ, USA) and L-carnitine (Sigma-Aldrich, St. 
Louis, MO, USA), essentially as described31. Stock- and standard solutions were prepared in 
methanol. Internal standard solutions of 1 µmol/L 2H

4
-C26:0-carnitine and 1 µmol/L 2H

4
-

C26:0-lysoPC in methanol were used for sample preparation. Standard solutions of 0.1 
µmol/L C26:0-carnitine, 0.1 µmol/L C20:0-lysoPC and 0.1 µmol/L C26:0-lysoPC in methanol 
were used for calibration.

2.10.1 LysoPC and acylcarnitine: Sample preparation

A combined punch of a dried bloodspot (¼ inch in diameter) and 10 µL of internal standard 
were extracted with 0.5 mL of methanol by ultrasonication for 5 min. The extract was dried 
(N

2
, 40°C) and reconstituted in 50 µL of methanol. 10 µL was used for analysis.

For mouse tissues, 0.2 mg and 10 µL of internal standard were extracted with 0.5 mL of 
acetonitrile by ultrasonication for 5 min. After full speed centrifugation (5 min, 4 °C) the 
supernatant was dried (N

2
, 40°C) and reconstituted in 50 µL of methanol. 10 µL was used for 

analysis.

2.10.2 UPLC-MS/MS

The ACQUITY UPLC system (Waters, Milford, MA, USA) consisted of a binary solvent manager, 
a vacuum degasser, a column heater and sample manager. The column temperature was 
maintained at 50°C. The samples were injected onto a Kinetex C8 column, 50 × 2.1 mm, 2.6 
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μm particle diameter (Phenomenex, Torrance, CA, USA). The acylcarnitines were separated 
by a linear gradient between solution A (0.1% formic acid in H

2
O) and solution B (0.1% formic 

acid in methanol). The gradient was as follows: at T=0 min: 36% A, 64% B, flow 0.4 mL/min 
towards T=6 min: 0% A, 100% B, flow 0.4 mL/min; T=6-11 min: 0% A, 100% B, flow 0.4 mL/min, 
and T=11-11.1 back to 36% A, 64% B, flow 0.4 mL/min. A Quattro Premier XE (Waters, Milford, 
MA, USA) was used in the positive electrospray ionization mode. Nitrogen was used as 
desolvation gas (900 L/h) and cone gas (50 L/h). Desolvation temperature was 350°C, capillary 
voltage was 3.5 kV and the source temperature was 130°C. Argon was used as collision gas 
(2.5 x 10e-3 mbar). For the very long-chain acylcarnitines and lysophosphatidylcholines 
(lysoPC) multiple reaction monitoring (MRM) traces were acquired with optimized cone 
voltage and collision energy for each transition with a dwell time of 0.01 s (Table 1).

Table 1. MRM, cone voltage and collision energy for each acylcarnitine and lysoPC.

Metabolite MRM Cone voltage (V) Collision energy (eV)

C22:0-carnitine 484.40 > 85.00 49 30

C24:0-carnitine 512.50 > 85.00 51 31

C26:0-carnitine 540.50 > 85.00 54 32

2H
4
-C26:0-carnitine 544.50 > 85.00 54 32

C22:0-lysoPC 580.40 > 104.10 47 28

C24:0-lysoPC 608.50 > 104.10 50 29

C26:0-lysoPC 636.50 > 104.10 53 31

2H
4
-C26:0-lysoPC 640.50 > 104.10 53 31

2.11 Data analysis

Data are expressed as means ± SD of measurements. Statistical comparisons were performed 
using the unpaired student’s test, and significance was defined as: * = P < 0.05, ** = P < 0.01 
and *** = P < 0.001.

3. Results and Discussion

3.1 Generation of ELOVL1 transgenic mice

ELOVL1 is the essential enzyme in the elongation of C22:0 to C26:024, 25, 32. To investigate the in 

vivo effect of ELOVL1 overexpression on VLCFA homeostasis, we generated a Cre-inducible 
ELOVL1 transgenic mouse (Rosa26CAG-STOPflox/flox-ELOVL1TG). The ELOVL1 transgene consists of a 
loxP flanked STOP element positioned between the ELOVL1 coding DNA sequence and its 
upstream chicken β-actin/CMV immediate early enhancer fusion promoter (Fig. 1A). 
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As a proof of concept that enhanced ELOVL1 expression results in increased ELOVL1 protein 
levels and increased VLCFA levels, homozygous Rosa26CAG-STOPflox/flox-ELOVL1TG mice were crossed 
with a Cre-driver strain that expresses Cre recombinase under the control of a human 
cytomegalovirus (CMV) promoter (CMV-Cre+/-). F1 mice were either heterozygous for the 
activated ELOVL1 transgene (CMV-ELOVL1+/-) in all tissues or negative for the activated ELOVL1 
transgene (controls). The efficacy of transgene activation was assessed in mouse liver 
homogenates generated from CMV-ELOVL1+/- and control mice. An organelle fraction was 
prepared from which microsomes were isolated. 
Protein blot analysis revealed a strong increase in ELOVL1 protein in livers derived from 
CMV-ELOVL1+/- mice, but not in controls (Fig. 1B). ELOVL1 was present exclusively in the 
organelle fraction, with a strong expression in the microsomes, indicating correct targeting 
to the endoplasmic reticulum33. While only a very faint ELOVL1 signal was detectable in the 
microsomal fraction of the control mice, a strong ELOVL1 signal was present in CMV-ELOVL1+/- 
mice (ratio 1:20). In control mice ELOVL1 was only detectable in purified microsomes. Taken 
together, these data show that activation of the ELOVL1 transgene results in a marked 
increase in ELOVL1 expression and that the protein is localized correctly to the ER membrane. 
Microsomes from control and CMV-ELOVL1+/- mice were used to determine the fatty acid 
elongation capacity for both long-chain fatty acids (C16:0-CoA) and VLCFA (C22:0-CoA) (Fig. 
1C). No difference between control and CMV-ELOVL1+/- mice was seen when microsomes 
were incubated with C16:0-CoA. This was expected as C16:0-CoA is a substrate for the long-
chain fatty acyl elongase, ELOVL624, 34. In contrast, microsomes from CMV-ELOVL1+/- mice had 
a 25-fold higher elongation activity for C22:0-CoA, which is in agreement with the substrate 
specificity of ELOVL124, 32.
To assess the biochemical effect of ELOVL1 over-expression in Abcd1 knockout mice, the 
CMV-ELOVL1 line was crossed with Abcd1 knockouts. ELOVL1 protein and VLCFA levels 
were measured in wild type, Abcd1y/- knockout and Abcd1y/-;CMV-ELOVL1+/- mice. Protein blot 
analysis of brain, adrenal gland and testis demonstrated a strong expression of transgenic 
ELOVL1 (Fig. 1D).
Total C26:0 levels were measured in tissues from 4 month old wild type, Abcd1y/- knockout 
and Abcd1y/-;CMV-ELOVL1+/- mice. Compared to wild type mice, in Abcd1y/- knockouts C26:0 
levels were increased 8-fold in brain, 4-fold in adrenals, 1.5-fold in testes, 4.5-fold in lung, 2.5-
fold in liver, and 3.5-fold in kidney (Fig. 1E). In Abcd1y/-;CMV-ELOVL1+/- mice C26:0 levels were 
increased 20-fold in brain, 44-fold in adrenals, 90-fold in testes, 14-fold in lung, 14-fold in liver 
and 11-fold in kidney (Fig. 1E). Compared to Abcd1y/- knockout mice, C26:0 levels in Abcd1y/-

;CMV-ELOVL1+/- mice were further increased by 2.5-fold in brain, 12-fold in adrenal, 60-fold in 
testis, 3-fold in lung, 6-fold in liver and 4-fold in kidney (Fig. 1E). These data demonstrate that 
in vivo overexpression of ELOVL1 results in a strong increase in C26:0 levels.
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3.1.1 Possibly early lethal phenotype in Abcd1;CMV-ELOVL1 mice

Breeding results with the Abcd1;CMV-ELOVL1 line provided potential evidence for the early 
phenotype in Abcd1y/-;CMV-ELOVL1+/- male mice. Homozygous Abcd1 knockout females 
(Abcd1-/-) were crossed with males heterozygous for the activated ELOVL1 transgene (CMV-

ELOVL1+/-). In the F1, an equal genotype distribution was expected (25% for each genotype) 
with females being either Abcd1+/- or Abcd1+/-;CMV-ELOVL1+/- and males being either Abcd1y/- or 
Abcd1y/-;CMV-ELOVL1+/-. Genotype analysis of 31 pups from 4 independent breeding pairs, 
however, revealed a significant underrepresentation in the number of Abcd1y/-;CMV-ELOVL1+/- 
males. The expected and actual genotype-distribution is presented in Fig. 2A. Although 
25% of the newborn mice were expected to be Abcd1y/-;CMV-ELOVL1+/- males, only 6% males 
with this genotype were born (Chi2 P = < 0.001). Additional evidence for a possibly early 
phenotype came from a second breeding strategy. Homozygous Abcd1-/- knockout females 
were crossed with male mice homozygous for the activated ELOVL1 transgene (CMV-

ELOVL1+/+). The F1 expected genotypes were Abcd1+/-;CMV-ELOVL1+/- (females) and Abcd1y/-

;CMV-ELOVL1+/- (males) with an equal female to male ratio. Genotyping analysis of 17 pups 
from 4 independent mating pairs, however, revealed an actual female to male ratio of 3:1 
(Chi2 P = < 0.001) (Fig. 2B). Taken together, these data indicate the onset of a possibly early 
lethal phenotype.
There are at least three possible explanations for these observations, namely: 1) compared 
to normal sperm cells, ELOVL1 over-expressing sperm cells may be affected in their motility, 
which could affect successful fertilization, 2) Abcd1y/-;CMV-ELOVL1+/- males may already die 
in the prenatal stage, or 3) Abcd1y/-;CMV-ELOVL1+/- pups may die immediately after birth. 
Alternatively, we cannot rule out the possibility that the mixed C57BL6/Swiss background of 
the Abcd1;CMV-ELOVL1 line affects the early phenotype. This is nicely illustrated in Fig. 2C that 
shows the results of an untargeted comprehensive metabolite profiling of bloodspots derived 
from C57BL6/J and Swiss wild type and Abcd1 knockouts. We observed strong differences in 
the metabolome between the two mouse strains. The untargeted metabolomics data set 
was used for hierarchical clustering using MetaboAnalyst (http://metaboanalyst.ca/). In one 
dimension, this analysis perfectly clustered the four different groups of mice according to 
the background strain, i.e. Swiss or C57BL6/J (Fig. 2C). This highest difference between Swiss 
and C57BL6/J mice was observed for serotonin. Interestingly, clustering revealed specific 
differences between Swiss and C57BL6/J mice in different lipid species and acylcarnitines. 
Both in Swiss and C57BL6/J Abcd1 knockouts C26:0-lysoPC  and to a lesser extend C24:0-
lysoPC were highly elevated when compared to wild types. 
However, because tissue VLCFA levels were uniformly elevated in a manner that does not 
reflect the biochemical signature of ALD (Fig. 1E), we determined that the Abcd1;CMV-ELOVL1 
model had limited utility, and decided not to pursue studies with this line any further.
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Figure 2. Possibly early lethal phenotype in Abcd1;CMV-ELOVL1 mice. 
A: Distribution of the actual F1 genotypes of 4 independent crosses between Abcd1 knockout 
females (Abcd1-/-) with males heterozygous for the activated ELOVL1 transgene (CMV-ELOVL1+/-). Males 
are in blue and females in pink. The dashed lines indicate the expected percentages. B: The actual 
male to female ratio in the F1 generation of 4 independent crosses between Abcd1 knockout females 
(Abcd1-/-) with males homozygous for the activated ELOVL1 transgene (CMV-ELOVL1+/+). C: Untargeted 
metabolomics using bloodspots derived from Swiss and C57BL6/J wild type and Abcd1 knockout 
mice reveals strong differences in the metabolome between both background strains. The color in 
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the heat map reflects the global metabolite abundance level according to the z-score. The 50 most 
significant different metabolites are shown (P < 0.05) as determined by a Welch’s t-test.

3.2 Targeting ELOVL1 expression to oligodendrocytes 

Whereas normal CNS myelin contains mostly long-chain fatty acids (C16 to C20), myelin 
in ALD patients contains large amounts of VLCFA7, 35. To generate Abcd1 knockout mice 
with increased VLCFA levels in the central nervous system on the C57BL6/J background, 
we crossed three parental strains, i.e. C57BL6/J Abcd1y/-, C57BL6/J Rosa26CAG-STOPflox/flox-ELOVL1TG, 
and C57BL6/J Cnptm1(cre)Kan, which expresses Cre recombinase under the control of the 
endogenous 2’,3’-cyclic nucleotide phosphodiesterase gene (Cnp) promoter28. In brain 
development, Cnp is active in oligodendrocytes28. The Abcd1 knockout mice with ELOVL1 
overexpression restricted to oligodendrocytes are referred to as Abcd1;Cnp-ELOVL1.
To generate Abcd1y/-;Cnp-ELOVL1+/- males the following breeding scheme was used: Abcd1-

/-;Cnp-ELOVL1+/- females were crossed with Abcd1y/-;ELOVL1-/- (ELOVL1 transgenic, but not 
active due to the absence of Cre) males. The F1 generation should consist of an equal 
genotype distribution with males being either Abcd1y/-;ELOVL1-/- or Abcd1y/-;Cnp-ELOVL1+/- 
and females being either Abcd1-/-; ELOVL1-/- or Abcd1-/-;Cnp-ELOVL1+/-. Genotyping results of 
80 mice from 14 litters revealed a normal male to female ratio (46% versus 54%). The actual 
Mendelian ratio for all genotypes was 20% Abcd1y/-;ELOVL1-/-, 34% Abcd1y/-;Cnp-ELOVL1+/-, 
28% Abcd1-/-; ELOVL1-/-, and 19% Abcd1-/-;Cnp-ELOVL1+/- (Chi2 P = ns) Abcd1y/-;Cnp-ELOVL1+/- 
males display normal development, including normal body weight compared to control 
mice and are fertile.
To assess the biochemical effect of oligodendrocyte-specific ELOVL1 over-expression in 
Abcd1 mice, ELOVL1 protein and VLCFA levels were measured in 8 month old wild type, 
Abcd1y/- knockouts and Abcd1y/-;Cnp-ELOVL1+/- mice. Western blot analysis of total brain, spinal 
cord, liver and kidney demonstrated a strong expression of transgenic ELOVL1 protein in the 
CNS of Abcd1y/-;Cnp-ELOVL1+/- mice, no expression in liver and a faint signal in kidney (Fig. 3A). 
This confirmed CNS specific ELOVL1 modulation. 
Total VLCFA levels were measured in brain and spinal cord homogenates generated from 
wild type, Abcd1y/- and Abcd1y/-;Cnp-ELOVL1+/- mice (Fig. 3B). Compared to wild type mice, 
in Abcd1 knockouts C26:0 levels were increased 7-fold in brain and 8-fold in spinal cord. In 
Abcd1y/-;Cnp-ELOVL1+/- mice C26:0 levels were increased 15-fold in brain and 12-fold in spinal 
cord, respectively.
Interestingly, the analysis of C26:0 levels in whole brain homogenates from Abcd1 knockouts 
with ubiquitous ELOVL1 over-expression (Abcd1y/-;CMV-ELOVL1+/-) and Abcd1 knockout with 
ELOVL1 overexpression restricted to oligodendrocytes (Abcd1y/-;Cnp-ELOVL1+/-) revealed 
similar C26:0 levels (20-fold and 15-fold, respectively). This indicates that oligodendrocytes 
are largely responsible for the total VLCFA synthesis in brain. These data are in agreement 
with earlier work that reported similar C26:0 levels in whole brain lysates and in purified 
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myelin derived from oligodendrocyte-specific peroxisome knockout mice36. Taken together, 
these data strongly indicate that oligodendrocytes are largely responsible for the total VLCFA 
degradation and VLCFA synthesis activity of the brain.

Figure 3. Generation and characterization of Abcd1;Cnp-ELOVL1 mice. 
A: ELOVL1 protein expression in brain and spinal cord from wild type, Abcd1y/- knockout and Abcd1y/-

;Cnp-ELOVL1+/-. B: C26:0 levels in brain and spinal cord from wild type (n=6), Abcd1y/- knockout (n=6) 
and Abcd1y/-;Cnp-ELOVL1+/- (n=6) mice. Data are mean ± SD. ***p<0.001 by unpaired student’s t-test.

3.3 C26:0-lysoPC is highly elevated in central nervous tissue 

The currently available biomarkers for ALD are excellent for establishing the diagnosis (for 
instance, total C26:0 in plasma or blood cells), but do not correlate with, phenotype, disease 
severity or pattern of progression. In clinical trials C26:0 is therefore a biomarker of doubtful 
significance, which implies that new biomarkers are urgently needed. In recent years, it 
has been demonstrated that 1-hexacosanoyl-sn-glycero-3-phosphocholine (C26:0-lysoPC) 

A
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is already elevated at birth in blood of newborns with ALD by 5-fold13-15. We investigated 
whether C26:0-lysoPC levels are directly associated with elevated total C26:0 levels observed 
in our mouse models and measured C26:0-lysoPC in mouse brain and spinal cord. Analysis 
of brain and spinal cord samples from wild type, Abcd1y/- knockout and Abcd1y/-;Cnp-ELOVL1+/- 
mice revealed that C26:0-lysoPC is highly elevated in Abcd1y/- knockouts and Abcd1y/-;Cnp-

ELOVL1+/- mice (Fig. 4). Compared to wild type mice, in Abcd1 knockouts C26:0-lysoPC levels 
were increased 4-fold in brain and 6-fold in spinal cord, and in Abcd1y/-;Cnp-ELOVL1+/- C26:0-
lysoPC levels were increased 13-fold in brain and 24-fold in spinal cord.

Figure 4. C26:0-lysoPC is highly elevated in central nervous tissue. 
C22:0-lysoPC, C24:0-lysoPC and C26:0-lysoPC levels in brain and spinal cord from wild type (n=6), 
Abcd1y/- knockout (n=6) and Abcd1y/-;Cnp-ELOVL1+/- (n=6) mice. Data are mean ± SD. *p<0.05, **p<0.01, 
***p<0.001 by unpaired student’s t-test.
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3.4 C26:0-carnitine is highly elevated in central nervous tissue

Figure 5. C26:0-carnitine is highly elevated in central nervous tissue. 
C22:0-carnitine, C24:0-carnitine and C26:0-carnitine levels in brain and spinal cord from wild type 
(n=6), Abcd1y/- knockout (n=6) and Abcd1y/-;Cnp-ELOVL1+/- (n=6) mice. Data are mean ± SD. **p<0.01, 
***p<0.001 by unpaired student’s t-test.

In 2003, increased C24:0-carnitine and C26:0-carnitine levels were reported in plasma and 
bloodspots from patients with either a peroxisomal biogenesis disorder or D-bifunctional 
protein deficiency37. No increase was reported in plasma from ALD patients. Importantly, 
bloodspots from ALD patients were not included in the study. Significantly elevated 
VLCFA acylcarnitines were also reported in urine samples from patients with a peroxisomal 
biogenesis disorder38. This latter study also did not include samples from ALD patients. We 
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investigated whether VLCFA-acylcarnitines are also elevated in our ALD mouse models. 
Analysis of brain and spinal cord samples from wild type, Abcd1y/- knockout and Abcd1y/-;Cnp-

ELOVL1+/- mice revealed that C26:0-carnitine levels are highly elevated in Abcd1y/- knockouts 
and Abcd1y/-;Cnp-ELOVL1+/- mice (Fig. 5). Compared to wild type mice, in Abcd1y/- knockouts 
C26:0-carnitine levels were increased 10-fold in brain and 9-fold in spinal cord, and in Abcd1y/-

;Cnp-ELOVL1+/- C26:0-carnitine levels were increased 40-fold in brain and 33-fold in spinal 
cord.

3.5 Comparison of C26:0, C26:0-lysoPC and C26:0-carnitine in mouse and human 
blood

In the USA, New York State has initiated ALD newborn screening in 2014 and in Europe the 
Netherlands will start ALD newborn screening in the near future. The current method for 
diagnosing ALD is sensitive and specific, but it involves a dedicated and separate analysis 
for C26:0-lysoPC. In the search for new biomarkers for ALD that are more sensitive than 
total C26:0 and easier to measure than C26:0-lysoPC we compared C26:0 levels with C26:0-
lysoPC and C26:0-carnitine in mouse and then expanded this analysis to human plasma and 
bloodspots.
In agreement with earlier reports total plasma C26:0 is not increased in Abcd1y/- knockouts 
when compared to wild type mice (Fig. 6A)39. Analysis of dried bloodspots, however, 
revealed that C26:0-lysoPC was increased 6-fold in Abcd1y/- knockouts and 17-fold in Abcd1y/-

;Cnp-ELOVL1+/- mice (Fig. 6B). Furthermore, C26:0-carnitine was increased 6-fold in Abcd1y/- 

knockouts and 16-fold in Abcd1y/-;Cnp-ELOVL1+/- mice (Fig. 6C). When compared to age-
related adult controls, in ALD patients plasma total C26:0 was increased 4-fold (Fig. 6D), while 
in bloodspots C26:0-lysoPC was increased 9-fold (Fig. 6E), and C26:0-carnitine was increased 
5-fold (Fig. 6F). 
Previously, it was demonstrated that brain VLCFA levels correlate with the clinical 
phenotype20. Biochemical analysis of normal-appearing grey and white matter that was 
dissected from frontal, parietal or occipital lobes from 17 ALD patients and 19 age-matched 
controls revealed that in comparison with age-matched controls, C26:0 levels were increased 
3-fold in cerebral ALD patients, and 1.9-fold in AMN patients. These results suggest that 
the accumulation in brain VLCFA levels precedes histopathological alterations and are an 
important factor in the development of cerebral disease. Our data demonstrate that, at 
least in mice, total plasma C26:0 levels do not correlate with C26:0 levels present in either 
spinal cord or brain. Interestingly, both C26:0-lysoPC and C26:0-carnitine levels in mouse 
bloodspots correlate with the C26:0, C26:0-lysoPC and C26:0-carnitine levels found in brain 
and spinal cord. We conclude that C26:0-lysoPC and C26:0-carnitine are new biochemical 
biomarkers for ALD that reflect the VLCFA levels present in the central nervous system. 
Further studies are warranted to investigate whether bloodspot C26:0-lysoPC and/or C26:0-
carnitine levels correlate with disease severity in ALD patients.
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Figure 6. C26:0-carnitine is highly elevated in mouse and human bloodspots. 
A: plasma total C26:0 in wild type (n=8), Abcd1y/- knockout (n=10) and Abcd1y/-;Cnp-ELOVL1+/- (n=6) mice. 
B: bloodspot C26:0-lysoPC in wild type (n=8), Abcd1y/- knockout (n=10) and Abcd1y/-;Cnp-ELOVL1+/- (n=6) 
mice. C: bloodspot C26:0-carnitine in wild type (n=8), Abcd1y/- knockout (n=10) and Abcd1y/-;Cnp-
ELOVL1+/- (n=6) mice. D: plasma total C26:0 in controls (n=23) and ALD patients (n=10). E: bloodspot 
C26:0-lysoPC in controls (n=23) and ALD patients (n=10). F: bloodspot C26:0-carnitine in controls 
(n=23) and ALD patients (n=10). Data are mean ± SD. ****p<0.0001 by unpaired student’s t-test.

4. Conclusions

We anticipated that increased VLCFA levels in the central nervous system of Abcd1 knockout 
mice play a role in the clinical phenotype of the Abcd1 knockout mouse and may lead to 
the identification of new biomarkers. These are urgently needed as C26:0 levels do not 
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correlate with disease severity. To this end, we developed an Abcd1 knockout mouse with 
a Cre-inducible ELOVL1 transgene. Our data demonstrate that enhanced in vivo expression 
of ELOVL1 results in increased VLCFA synthesis and consequently increased VLCFA levels. 
Transgenic mice displayed highly elevated levels of C26:0-lysoPC in central nervous tissue. 
Furthermore, we identified a new biomarker, C26:0-carnitine, in brain and spinal cord tissue 
from Abcd1;Cnp-ELOVL1 mice. Interestingly, highly elevated levels of C26:0-carnitine were 
also demonstrable in easily accessible material, i.e. bloodspots of both transgenic mice 
and ALD patients with the AMN phenotype. Our finding that C26:0-carnitine is elevated in 
dried bloodspots from males with ALD could, after validation of these results in a newborn 
bloodspots, result in a simple addition of C26:0-carnitine to the often already existing high 
throughput screen for mitochondrial fatty acid disorders thereby eliminating the need for a 
separate C26:0-lysoPC analysis. We anticipate that this may lead to a faster inclusion of ALD 
in newborn screening programs in countries that already screen for other inborn errors of 
metabolism.
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Abstract

X-linked adrenoleukodystrophy (ALD) is the most common leukodystrophy with a 
birth incidence of 1:14,700 live births. The disease is caused by mutations in ABCD1 and 
characterized by very long-chain fatty acids (VLCFA) accumulation. In childhood, male 
patients are at high-risk to develop adrenal insufficiency and/or cerebral demyelination. 
Timely diagnosis is essential. Untreated adrenal insufficiency can be life-threatening and 
hematopoietic stem cell transplantation is curative for cerebral ALD provided the procedure 
is performed in an early stage of the disease. For this reason, ALD is being added to an 
increasing number of newborn screening programs. ALD newborn screening involves 
the quantification of C26:0-lysoPC in dried blood spots that requires a dedicated method. 
Recently, C26:0-carnitine was identified as a potential new biomarker for ALD. It can be 
added as one more analyte to the routine analysis of amino acids and acylcarnitines already 
in use. The first objective of this study was a comparison of the sensitivity of C26:0-carnitine 
and C26:0-lysoPC in dried blood spots from control and ALD newborns. C26:0-carnitine was 
measured in 270,000 newborn dried blood spots in the New York State screening program. 
While C26:0-lysoPC was elevated in all ALD newborns, C26:0-carnitine was elevated only in 
83%. Therefore, C26:0-carnitine is not a suitable biomarker to use in ALD newborn screen. In 
women with ALD, plasma VLCFA analysis results in a false negative result in approximately 15-
20% of cases. The second objective of this study was to compare plasma VLCFA analysis with 
C26:0-carnitine and C26:0-lysoPC in dried blood spots of women with ALD. Our results show 
that C26:0-lysoPC was elevated in dried blood spots from all women with ALD, including 
from those with normal plasma C26:0 levels. This shows that C26:0-lysoPC is a better and 
more accurate biomarker for ALD than plasma VLCFA levels. We recommend that C26:0-
lysoPC be added to the routine biochemical tests for peroxisomal beta-oxidation disorders.
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1. Introduction

X-linked adrenoleukodystrophy (ALD) (MIM #300100) is a progressive neurodegenerative 
disorder with an estimated incidence of 1 in 14,700 live births1. All ALD patients have a 
mutation in the ABCD1 gene (www.x-ald.nl) that codes for the ABCD1 protein2. The ABCD1 
protein transports very long-chain fatty acids (VLCFA, ≥C22:0) as CoA-esters across the 
peroxisomal membrane3, 4. Mutations in ABCD1 result in deficient peroxisomal beta-oxidation 
of VLCFA5, and consequently VLCFA accumulation in plasma and tissues6, 7, including the 
white matter of the brain, spinal cord, and adrenal cortex8, 9. 
ALD is characterized by a striking and unpredictable clinical spectrum including primary 
adrenal insufficiency, progressive myelopathy and cerebral inflammatory disease (cerebral 
ALD)10. Patients with ALD are free of symptoms at birth. In 80% of male patients, the first 
manifestation of the disease is adrenal insufficiency11. In adulthood, virtually all male patients 
and >80% of women with ALD develop a chronic progressive myelopathy12-14. Additionally 
male patients are at risk of developing cerebral ALD. Boys between 3 and 18 years of age are 
estimated to have a 35-40% risk and although the risk seems to decrease during adulthood, 
male patients have a lifetime risk of about 60% to develop cerebral ALD14, 15. In the absence 
of a genotype–phenotype correlation, predicting the disease course of an individual patient 
is impossible, even within individual families16. 
Hematopoietic stem cell transplantation (HSCT) can stop or even reverse the progression of 
cerebral ALD provided the procedure is performed in an early stage of the disease before 
extensive MRI white matter abnormalities are present17. Unfortunately, cerebral ALD can be 
relentlessly progressive and therefore the therapeutic window is narrow. If the index patient 
presents with cerebral ALD this window is often missed. 
Newborn screening is ideally suited to achieve early identification and intervention thereby 
giving ALD patients a significantly improved prognosis. This is one of the reasons why ALD 
is being added to an increasing number of newborn screening programs1, 18, and that ALD 
has been added to the US Recommended Uniform Screening Panel for newborn screening. 
ALD newborn screening involves the quantification of 1-hexacosanoyl-2-lyso-sn-3-glycero-
phosphorylcholine (C26:0-lysoPC) by liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) in dried blood spots (DBS)19. The procedure has been modified20, 21 to combine 
the existing method for acylcarnitine analysis and C26:0-lysoPC, which enables simultaneous 
extraction and screening for peroxisomal and mitochondrial fatty acid oxidation disorders 
and certain organic acidurias. 
Recently, C26:0-carnitine was identified as a potential new biomarker in DBS derived from 
ALD mice and patients9. Other studies have reported increased levels of C26:0-carnitine in 
plasma, urine and DBS from patients with a peroxisomal biogenesis disorder22-24. The first 
objective of this study was to compare the sensitivity of C26:0-lysoPC and C26:0-carnitine in 
DBS from control and ALD newborns. At the New York State Newborn Screening program, 
C26:0-carnitine was tested as an alternative to the C26:0-lysoPC marker, since the C26:0-



Comparison of C26:0-carnitine and C26:0-lysoPC as diagnostic markers in dried blood spots | 6968 | Chapter 4

carnitine could be added as one more analyte to the routine analysis of amino acids and 
acylcarnitines already in use. The use of the C26:0-carnitine as a marker for ALD could 
potentially save time and effort in sample handling and data processing. 
In males, diagnosis of ALD can be achieved with >99.9% sensitivity by analysis of VLCFA 
levels in plasma. However, 2 cases have been reported with false-negative plasma VLCFA 
results25, 26. Importantly, additional biochemical studies in cultured skin fibroblasts gave 
clearly abnormal values in both cases26. In women, false negative results are found in 
approximately 15 - 20% of cases6, 12. Therefore, ABCD1 mutation analysis is the most reliable 
diagnostic method, provided that the mutation in the family has been defined in an affected 
male or female27. It is our experience, however, that an increasing number of symptomatic 
heterozygous women with a myelopathy are identified as the index patient in a family. 
Recently, we were confronted with two unrelated women with symptoms of a spinal cord 
disorder and a variant of unknown significance (VUS) in the ABCD1 gene, but with normal 
C26:0 levels in plasma and fibroblasts. We developed an elegant, but time-consuming 
strategy that was based on the generation of clonal cell lines that express only one of the 
two alleles followed by biochemical studies to demonstrate that the variants were not 
pathogenic28. The second objective of our study was to investigate whether the analysis of 
C26:0-lysoPC and/or C26:0-carnitine in DBS may lower the number of false negative results 
in women with ALD.

2. Materials and Methods 

2.1 Controls and patients (The Netherlands) 

Newborn DBS cards from 200 control newborns were obtained through a collaboration 
with the National Institute for Public Health and the Environment (RIVM), which is the 
governmental agency in the Netherlands that stores all DBS cards from the Netherlands 
newborn screening program for 5 years. Because only a single Dutch boy diagnosed with 
ALD currently under the age of 5 years is known to us, solely 1 Dutch ALD DBS card could 
be retrieved from the RIVM repository. To increase the sample size, we obtained 5 additional 
ALD newborn DBS cards through a collaboration with the New York State ALD newborn 
screening program. In addition, we received 5 “repeat samples” from New York State. These 
are ALD DBS cards that were generated within 8 weeks after birth to confirm the initial 
findings. 
DBS cards from adult ALD patients (47 males and 49 females) were obtained from ALD 
patients currently participating in a prospective natural history study (referred to as “The 
Dutch ALD cohort”; IRB: METC 2014_347 and 2015_079). Written informed consent was 
received from each patient. For an adult control group, we collected all routine C26:0-lysoPC 
and C26:0-carnitine measurements performed at the Laboratory Genetic Metabolic Diseases 
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in the Academic Medical Center between January 2012 and April 2017. Measurements of 
C26:0-lysoPC and C26:0-carnitine in DBS of patients with a peroxisomal fatty acid oxidation 
disorder such as the Zellweger spectrum disorders, peroxisomal acyl-CoA oxidase 1 (ACOX1) 
and d-bifunctional protein deficiency (HSD1B4) were excluded. The remainder of the C26:0-
lysoPC and C26:0-carnitine measurements were combined and labeled as the control group 
(108 samples, males and females). Approval of the Research Ethics Committee for the analysis 
of C26:0-lysoPC and C26:0-carnitine in DBS cards was not required, since all measurements 
were performed as part of diagnostic procedures or standard patient care and data were 
anonymized for further analysis. 

2.1.1 Analysis of C26:0-lysoPC and C26:0-carnitine in DBS cards (The Netherlands) 

To better compare the correlation between C26:0-lysoPC and C26:0-carnitine, both 
metabolites were analyzed in the same DBS punch using a combined analysis. Ultra-
performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) was 
performed as described before9, with minor modifications. A single punch of a DBS (¼ 
inch in diameter) was extracted with 10 μL of an internal standard solution containing 
1 μM d4-C26:0-lysoPC and 10 μL of 0.1 μM d4-C26:0-carnitine in 0.5 mL of methanol by 
ultrasonication in a sonicator bath (Branson 3510) for 5 minutes at room temperature. The 
extract was transferred to a 4 mL glass tube and the methanol was evaporated under 
a constant stream of nitrogen at 40°C. The residue was dissolved in 50 μL of methanol, 
transferred to a sample vial, and capped. Analysis was done using an ACQUITY UPLC system 
(Waters Corp., Milford, MA, USA) consisting of a binary solvent manager, a vacuum degasser, 
a column heater and a sample manager. Ten μL of extract was injected onto a Kinetex C8 
column at 50°C (50 × 2.1 mm, 2.6 μm particle diameter from Phenomenex, Torrance, CA, 
USA). Metabolites were separated by a linear gradient between solution A (0.1% formic acid 
in H2O) and solution B (0.1% formic acid in methanol). The UPLC run was 12 minutes at a flow 
rate of 0.4 ml/min. All gradient steps were linear and as follows: at T = 0 min: 64% B, towards 
T = 6 min: 100% B; T = 6 -11 min 100% B isocratic, and T = 11 - 12 min back to 64% B. For the 
mass spectrometric detection, a Quattro Premier XE (Waters, Milford, MA, USA) was used 
in the positive electrospray ionization mode. The spray voltage used was 3.5 kV, nitrogen 
was used as desolvation gas (900 L/h) and cone gas (50 L/h). Desolvation temperature was 
350°C and the source temperature was 130°C. Argon was used as collision gas (2.5 x 10e-
3 mbar). For acylcarnitines, the following multiple reaction monitoring (MRMs) were used: 
C26:0-carnitine (540.50 > 85.00), D4-C26:0-carnitine (544.50 > 85.00) both using a dwell time 
of 0.030 s, a 
cone voltage of 54 V and a collision energy of 32 eV. For C26:0-lysoPC, the following MRMs 
were used: C26:0-lysoPC (636.50 > 104.10) and D4-C26:0-lysoPC (640.50 > 104.10) both using 
a dwell time of 0.030 s, a cone voltage 53 V and collision energy of 31 eV. C26:0-carnitine 
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and C26:0-lysoPC levels were calculated using Masslynx 4.0 software using the Quanlynx 
module. 

2.2 Newborn samples (New York State) 

Newborn DBS specimens were obtained by heel prick and spotted on Schleicher and 
Schuell 903 filter paper, or equivalent. New York State guidelines recommend that all infants 
be screened when they are at least 24 hours of age29. All samples are sent to the Newborn 
Screening Program by courier or the US mail. As part of mandatory screening all samples 
are tested for C26:0-lysoPC, the primary marker for ALD. Quantification of the C20:0-, C22:0-
, C24:0- and C26:0-carnitine markers was conducted on newborn screening samples to 
determine the effectiveness of these markers in screening for ALD. Approximately 270,000 
samples were screened for the very long-chain acylcarnitine analytes in parallel with the 
routine screen for C26:0-lysoPC. Since no new specimens were taken from any of the 
samples for the C26:0-carnitine testing and since ALD screening is mandated by New York 
State law, approval of the Institutional Review Board (IRB) was not required. In addition, 64 
samples from confirmed cases of ALD (detected through routine screening or confirmed 
clinically were retrieved from the program archive) and screen positive samples identified 
by the program during routine testing for C26:0-lysoPC were tested for the very long chain 
acylcarnitines analytes. These positive samples all had a higher than normal concentration 
of C26:0-lysoPC when tested by HPLC-MS/MS21. 

2.2.1 Analysis of C26:0-carnitine in DBS cards (New York State) 

The D
3
-labeled C26:0-carnitine internal standard was purchased from Cambridge Isotope 

Laboratories (Andover, MA). A stock solution was prepared at a concentration of 1 mg/
mL in methanol. From this, a working internal standard with a concentration of 1.8 ng/mL 
D

3
-C26:0-carnitine was prepared. This corresponded to a concentration of 0.20 μmole of 

C26:0-carnitine per liter of blood in a 3.2 mm dried blood spot specimen (assuming 3.25 μL 
of blood in the 3.2 mm specimen). Unlabeled C26:0-carnitine standard for preparation of 
fortified quality control samples was obtained as a generous gift of Dr. Ann Moser of Kennedy 
Krieger Institute (purchased from Dr. Herman ten Brink). The stock solution of the unlabeled 
standard used for formulating quality control samples was prepared at a concentration of 
1.4 mg/mL in methanol. High- and low-concentration quality control DBS samples were 
prepared in-house according to standard operating procedures. High concentration quality 
control samples were fortified 
with 1.0 μmole/L of C26:0-carnitine. All other chemicals and solvents were of the highest 
purity available and were used without further purification. 
C26:0-carnitine was quantified using a modification of our routine amino acid/acylcarnitine 
assay which is based on previously published methods of analysis30,31. Briefly, a 1/8-inch 
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(3.2mm) punch from each DBS specimen is placed in a well of a polypropylene, 96-well, 
micro-titer plate. A 200 μL aliquot of methanol based internal standard containing stable 
isotope analogs of amino acids and acylcarnitines (including D

3
-C26:0-carnitine) is added 

to each well, the plates are covered, and the samples extracted at room temperature for 20 
minutes with gentle shaking. The extract is transferred to a clean plate and evaporated. The 
residue is derivatized with 3N butanolic HCL. After derivatization the butanol is evaporated 
and the samples are reconstituted in ACN:H

2
O (80:20) containing 0.1% formic acid. 

Sample extracts were analyzed using a Waters ACQUITY UPLC system coupled to a Xevo TQ 
MS triple-quadrupole MS/MS system (Waters Corp., Milford MA), operated in positive ion 
mode. A 10 μL aliquot of each sample extract was injected into a mobile phase (ACN:H

2
O, 

80:20) for analysis by flow injection mass spectrometry (FIA-MS/MS). Data was acquired in 
the MRM mode for the butyl esters of the very long-chain acylcarnitines for ALD screening. 
C20:0- (512.5 > 85.1), C22:0- (540.5 > 85.1), C24:0- (568.5 > 85.1), and C26:0-carnitine (596.5 
> 85.1) butyl esters were quantified relative to the butyl ester of D

3
-C26:0-carnitine (599.5 

> 85.1). The cone and collision voltages of the mass spectrometer were 50V and 32 eV, 
respectively, for these analytes. 

2.3 Plasma very long-chain fatty acid analysis 

Plasma VLCFA levels were analyzed as described previously32. 

3. Results 

3.1 Comparison of the sensitivity of C26:0-lysoPC and C26:0-carnitine in DBS from 
control and ALD newborns

To investigate whether C26:0-carnitine can be used as an alternative biomarker for ALD 
newborn screening, we measured C26:0-lysoPC and C26:0-carnitine levels in 200 DBS from 
newborn controls and 11 DBS from 6 different ALD newborns. For C26:0-lysoPC, the average 
level in control newborns was 65 ± 16 nmol/L (range 36 – 138 nmol/L) and in ALD newborns 
it was 532 ± 340 nmol/L (range 211 – 1140 nmol/L). All ALD newborns had elevated C26:0-
lysoPC levels, and there was a clear separation between controls and ALD newborns (Figure 
1A). This corresponds to a sensitivity of 100%. For C26:0-carnitine, the average level in 
newborn controls was 15 ± 5 nmol/L (range 5 – 31 nmol/L) and in ALD newborns it was 57  
± 23 nmol/L (range 28 – 90 nmol/L). In our sample set, 2 independent samples derived from 
1 ALD newborn had a C26:0-carnitine level that fell into the control range (Figure 1B). This 
corresponds to a sensitivity of 82%. 
We investigated the correlation between the C26:0-lysoPC levels and the C26:0-carnitine 
levels measured in the same ALD DBS. This showed a non-significant correlation between 
C26:0-lysoPC levels and C26:0-carnitine levels in newborn DBS (Figure 1C). 
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Figure 1. 
Scatterplots of C26:0-lysoPC levels (A) and C26:0-carnitine (B) in DBS from control newborns (green 
circles) and ALD newborns (blue squares). The upper control values for C26:0-lysoPC (138 nmol/L) and 
C26:0-carnitine (31 nmol/L) are indicated by the dashed red lines. (C) Correlation plot showing the 
correlation between C26:0-lysoPC and C26:0-carnitine levels measured in the same ALD DBS (n = 11). 
Statistical analysis performed using Spearman’s correlation test showed a non-significant correlation. 
The upper control value of C26:0-carnitine (31 nmol/L) is indicated by the horizontal dotted red line, 
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and the upper control value of C26:0-lysoPC (138 nmol/L) is indicated by the vertical dotted red line. 
(D) Scatterplot of C26:0-carnitine levels vs. the ratio of C26:0/C20:0-carnitine in DBS from newborn 
screening samples (black diamonds) (n = 270,000) and samples positive for the C26:0-lysoPC marker 
(green triangles) (n = 64). The proposed cut-off values for the C26:0-carnitine marker and the C26:0/
C20:0 ratio are indicated by the dashed red lines (60 nmol/L and 1.00, respectively).

The New York State Newborn Screening Program analyzed approximately 270,000 DBS 
samples for C26:0-carnitine along with other very long-chain acylcarnitines. The average 
concentration of C26:0-carnitine in the samples was 30 ± 10 nmol/L (range <10 – 450 
nmol/L). In addition, 64 DBS from C26:0-lysoPC positive newborns were tested, the average 
concentration was 130 ± 107 nmol/L (range 30 – 640 nmol/L). While on average samples 
positive for C26:0-lysoPC had a higher concentration of the C26:0-carnitine than normal 
newborn screening samples, there was overlap between the two groups. A C26:0-carnitine 
cut-off of greater than or equal to 60 nmol/L would result in 3,380 positive results from the 
population of approximately 270,000 samples (1.25%). A slightly more conservative cut-off 
of 50 nmol/L would result in 11,529 positive results from the population of approximately 
270,000 samples (4.27%). For a cut-off of 60 nmol/L, 11 of the 64 positive cases would be at 
or below the cut-off and risk being missed. At the more conservative cut-off of 50 nmol/L, 8 
of the 64 positive cases would still be at or below the proposed cut-off. The use of the ratio 
of the C26:0- to C20:0-carnitine was tested to improve the separation of the normal and 
positive cases. However, results of the ratio for the positive samples showed considerable 
overlap with the normal samples. Indeed, there are cases where a positive C26:0-carntine 
result (>60 nmol/L) has a C26:0/C20:0 ratio that is less than 1.10. This could result in evaluation 
as a false negative. A representation of the results for C26:0-carnitine concentrations and 
C26:0-/C20:0-carnitine ratios for normal and positive samples is shown in Figure 1D. 

3.2 Comparison of C26:0-lysoPC and C26:0-carnitine in DBS for diagnosing ALD in 
women. 

Typically biochemical diagnosis of ALD involves the analysis of total VLCFA (C26:0 and the 
C26:0/C22:0 ratio). In women, false negative results are found in approximately 15 - 20% 
of cases6, 12. To investigate whether C26:0-lysoPC and/or C26:0-carnitine can be used as an 
alternative biomarker for the diagnosis of ALD in adults, we measured C26:0-lysoPC and 
C26:0-carnitine levels in DBS from 108 adult controls (males and females), 47 males with ALD 
and 49 women with ALD. 
For C26:0-lysoPC, the average level in controls was 46 ± 12 nmol/L (range 21 – 78 nmol/L), in 
ALD males it was 453 ± 207 nmol/L (range 177 – 1187 nmol/L), and in ALD females it was 261 
± 111 nmol/L (range 80 – 510 nmol/L). All ALD males had elevated C26:0-lysoPC levels, and 
there was a clear separation between controls and ALD males. Interestingly, all ALD females 
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had elevated C26:0-lysoPC levels (Figure 2A). This corresponds with a sensitivity of 100% for 
both males and females. 
For C26:0-carnitine, the average level in controls was 35 ± 18 nmol/L (range 17 – 100 nmol/L), 
in ALD males it was 151 ± 43 nmol/L (range 61 – 259 nmol/L), and in ALD females it was 90 
± 26 nmol/L (range 44 – 154 nmol/L). In contrast to C26:0-lysoPC, there was no complete 
separation between controls and ALD patients: 7/47 ALD males and 32/49 females had a 
C26:0-carnitine in the control range (Figure 2B). This corresponds with a sensitivity of 85% 
for ALD males and 35% for ALD females, respectively. 
Analysis of the correlation between the C26:0-lysoPC levels and the C26:0-carnitine levels 
measured in the same ALD DBS showed a significant positive correlation between C26:0-
lysoPC levels and C26:0-carnitine levels in DBS from control and ALD patients (Figure 2C). 

Figure 2. 
Scatterplots of C26:0-lysoPC levels (A) and C26:0-carnitine (B) in DBS from adult controls (green 
circles), ALD males (blue squares) and ALD females (purple triangles). The upper control values for 
C26:0-lysoPC (78 nmol/L) and C26:0-carnitine (100 nmol/L) are indicated by the dashed red lines. (C) 
Correlation plot showing the correlation between C26:0-lysoPC and C26:0-carnitine levels measured 
in the same ALD DBS (n = 96). Statistical analysis was performed using Spearman’s correlation test, 
the correlation coefficient is indicated by r. The upper control value of C26:0-carnitine (100 nmol/L) is 
indicated by the horizontal dotted red line, and the upper control value of C26:0-lysoPC (78 nmol/L) 
is indicated by the vertical dashed red line.
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3.2.1 Comparison of C26:0 and C26:0/C22:0 in plasma to C26:0-lysoPC and C26:0-
carnitine in DBS for diagnosing ALD in women. 

To investigate whether the analysis of C26:0-lysoPC and/or C26:0-carnitine allows a more 
accurate diagnosis of women with ALD by biochemical testing alone, we compared the 
sensitivity of C26:0 levels and the C26:0/C22:0 ratio in plasma with the sensitivity of C26:0-
lysoPC and C26:0-carnitine measured in DBS. To this end, VLCFA levels were analyzed in 
plasma from the same blood sample that was used to generate the DBS for the C26:0-
lysoPC and C26:0-carnitine measurements. A complete data set was available from 20 female 
controls and 46 women diagnosed with ALD (Figure 3). The average C26:0 level in female 
controls was 1.40 ± 0.40 (range 0.72 – 2.20) and the average C26:0/C22:0 ratio in female 
controls was 0.023 ± 0.005 (range 0.015 – 0.033). Six out of 46 women with ALD had a normal 
C26:0 level and C26:0/C22:0 ratio in plasma (Figure 3A and B). This corresponds to an 87% 
sensitivity for plasma VLCFA analysis in this cohort. The average C26:0-lysoPC level in female 
controls was 49 ± 16 nmol/L (range 21 – 77 nmol/L). None of the women with ALD had a 
C26:0-lysoPC level within the normal range (Figure 3C). The lowest measured C26:0-lysoPC 
level was 80 nmol/L. In our cohort the sensitivity of C26:0-lysoPC was 100%. The average 
C26:0-carnitine level in female controls was 56 ± 22 nmol/L (range 23 – 100 nmol/L). Twenty-
nine of the 46 women with ALD had a C26:0-carnitine level in the normal range (Figure 3D), 
which corresponds to a sensitivity of 37%. Analysis of the correlation between the plasma 
C26:0/C22:0 ratio and the C26:0-lysoPC level measured in the same blood sample showed 
a significant positive correlation between C26:0/C22:0 ratios and C26:0-lysoPC levels (Figure 
3E). Importantly, the 6 samples from ALD females with a normal VLCFA profile in plasma had 
elevated C26:0-lysoPC levels in DBS. 



Comparison of C26:0-carnitine and C26:0-lysoPC as diagnostic markers in dried blood spots | 7776 | Chapter 4

Figure 3. 
Scatterplots of C26:0 levels (A) and C26:0/C22:0 ratio (B) in plasma, and C26:0-lysoPC levels (C) and 
C26:0-carnitine levels (D) in DBS from female controls (green circles) and ALD females (purple triangles). 
The upper control values for C26:0 (2.20 μmol/L), C26:0/C22:0 (0.033), C26:0-lysoPC (77 nmol/L) and 
C26:0-carnitine (100 nmol/L) are indicated by the dashed red lines. (E) Correlation plot showing the 
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correlation between the C26:0/C22:0 ratio in plasma and the C26:0-lysoPC level measured in a DBS 
collected from the same blood sample (n = 46). Statistical analysis was performed using Spearman’s 
correlation test, the correlation coefficient is indicated by r. The upper control value of the plasma 
C26:0/C22:0 ratio (0.033) is indicated by the vertical dashed red line, and the upper control value of 
C26:0-lysoPC (77 nmol/L) is indicated by the horizontal dashed red line.

4. Discussion 

The first objective of this study was to compare the sensitivity of C26:0-lysoPC and C26:0-
carnitine in DBS from control and ALD newborns. To this end, we performed an experiment 
with 200 controls and 11 ALD newborn DBS in our laboratory. The analysis of newborn 
samples showed that C26:0-lysoPC levels were increased in all ALD newborns. In contrast, 
2 independent samples derived from 1 ALD newborn had a C26:0-carnitine level that fell 
into the control range. Whereas the sensitivity of C26:0-lysoPC was 100%, the sensitivity of 
C26:0-carnitine was 82%. In parallel, C26:0-carnitine was measured in 270,000 newborn DBS 
in the New York State screening program. The possibility of using C26:0-carnitine as a marker 
instead of C26:0-lysoPC was appealing as this would allow for it to be included with other 
MS/MS testing using similar markers and would eliminate the need for a separate extraction 
method and test for ALD. In the evaluation of C26:0-carnitine as a potential marker, New 
York State retested samples from screen positive newborns that were identified using 
C26:0-lysoPC and determined a significant overlap between the concentrations of routine 
newborn screening samples and samples determined to be screen positive by C26:0-lysoPC 
HPLC-MS/MS analysis. In the first year of ALD newborn screening 20 referrals for ALD were 
reported by the New York State program based on the C26:0-lysoPC. Of these, 15 had a 
mutation in the ABCD1 gene, 4 were diagnosed as another disorder, and one baby passed 
away before a diagnosis was obtained. However, when 64 screen positive samples identified 
by the New York State program were tested for the C26:0-carnitine marker, 11 cases (17%) 
were at or below a cut-off set at 60 nmol/L. These cases are at risk of being missed. From 
these data we conclude that C26:0-lysoPC is superior in comparison with C26:0-carnitine for 
the diagnosis and screening of ALD in newborns. 
Why did C26:0-carnitine fail as a sensitive biomarker for ALD? Our data show that there is no 
significant difference between the C26:0-lysoPC levels in newborn controls (65 ± 16 nmol/L 
(range 36 – 138 nmol/L)) and the C26:0-lysoPC levels in adult controls (46 ± 12 nmol/L (range 
21 – 78 nmol/L)). In contrast, the levels of C26:0-carnitine in newborn controls (mean 15 
± 5 nmol/L (range 5 – 31 nmol/L)) were strikingly lower than those in adult controls (35 
± 18 nmol/L (range 17 – 100 nmol/L). This difference between newborns and adults may 
be related to a dietary effect. An earlier study in a cohort of 26 disabled patients showed 
that plasma levels of free carnitine were significantly higher in the patients with solely food 
intake in comparison with formula fed patients33. We hypothesize that a similar dietary effect 
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causes our observed variation in C26:0-carnitine levels between newborns and adults. 
In the newborn control group about 10% of newborns seem to have a slightly higher level 
of C26:0-carnitine than the gross majority. This variation could possibly be attributed to a 
difference in nutrition (e.g. breast feeding versus formula). In 2015, 80% (95% CI 78-82) of 
Dutch newborns were breastfed directly after birth. In a cohort of 20 formula-fed and 18 
breast-fed preterm babies an increase in free carnitine levels in plasma was observed in the 
formula, but not in the breast-fed group34. 
The second objective of our study was to investigate if the measurement of C26:0-lysoPC 
and/or C26:0-carnitine in DBS may lower the number of false negative results in women with 
ALD. The analysis of adult ALD patients revealed that 7/47 ALD males (15%) and 32/49 females 
(65%) had a C26:0-carnitine level that fell into the control range. In contrast to C26:0-carnitine, 
C26:0-lysoPC levels were increased in all adult ALD males and also in all ALD females. This 
is of great importance for the diagnosis of women suspected of ALD. It is known that only 
85% of women with ALD have abnormal VLCFA levels in plasma6, 35, and in fibroblasts12. Also 
in our cohort 6/46 (13%) women with ALD had a normal plasma VLCFA profile. Therefore, it is 
recommended to perform ABCD1 mutation analysis in women suspected of ALD. However, 
if DNA analysis yields a sequence variant of unknown significance (VUS) in combination with 
normal levels of VLCFA in plasma and/or fibroblasts a diagnostic dilemma arises28. Recently, 
a diagnostic test was described that is based on generating clonal cell lines that express 
only one of the two alleles28. The test allows accurate analysis of the effect of a variant allele 
within a physiological intact system. However, the disadvantage is that the clonal method is 
both costly and time-consuming. Therefore, the availability of a fast and accurate test that is 
based on routine analysis of C26:0-lysoPC in DBS is a major step forward. Importantly, C26:0-
lysoPC was elevated in DBS from the 6 ALD females with a normal VLCFA levels in plasma. 
This observation is in line with findings in the ALD knockout mouse. We and others have 
previously demonstrated that ALD knockout mice have normal plasma C26:0 levels and a 
normal C26:0/C22:0 ratio9, 36, but C26:0-lysoPC in DBS was highly elevated9. This indicates 
that, at least in mice, the plasma C26:0/C22:0 ratio does not reflect the elevated C26:0 levels 
in spinal cord or brain. In contrast, C26:0-lysoPC levels in mouse DBS do correlate with the 
VLCFA levels in CNS tissues9. The availability of a more sensitive biomarker that better reflects 
the biochemical deficiency in ALD is warranted. Using plasma VLCFA levels, false-negative 
results are seen in 15 – 20% of women with ALD6, 12, but they have also been reported in 
2 male ALD cases25, 26. False-positive results in individuals without a defect in peroxisomal 
VLCFA beta-oxidation have also been reported. For example, hemolysis of the blood sample, 
diabetic ketoacidosis, a ketogenic diet and non-fasted blood samples obtained from 
individuals with a high peanut (butter) consumption can cause increased VLCFA levels37, 

38. In plasma obtained from patients with an impaired liver function, the C26:0/C22:0 ratio 
may become increased, but this is due to a decrease in C22:0 levels and not an elevation in 
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C26:0 levels38. It remains to be determined whether C26:0-lysoPC levels remain unaffected 
in the above described conditions. Interestingly, the newborn screening program in New 
York State unintentionally identified a newborn with elevated C26:0-lysoPC, but without a 
variant in the ABCD1 gene. The infant was diagnosed with Aicardi Goutières Syndrome (AGS). 
Subsequent analysis of 18 retrospectively collected newborn screening cards from children 
with confirmed AGS revealed that 13 out of 19 had elevated C26:0-lysoPC in DBS39. 

5. Concluding remarks 

From these data, we conclude that C26:0-lysoPC is superior in comparison with C26:0-
carnitine for the diagnosis of ALD in newborns. Furthermore, we conclude that C26:0-lysoPC 
is a better and more accurate biomarker for ALD than plasma VLCFA levels. We recommend 
that C26:0-lysoPC be added to the routine biochemical tests for peroxisomal beta-oxidation 
disorders. 
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Abstract

X-linked adrenoleukodystrophy (ALD) is a progressive neurodegenerative disease that 
is caused by mutations in the ABCD1 gene and characterized by elevated levels of very 
long-chain fatty acids (VLCFA) in plasma and tissues, with the most pronounced increase 
in the central nervous system. Virtually all male patients develop adrenal insufficiency and 
myelopathy (adrenomyeloneuropathy), but a subset develops a fatal cerebral demyelinating 
disease (known as cerebral ALD). Female patients may also develop myelopathy, but adrenal 
insufficiency or leukodystrophy are very rare. ALD has been associated with mitochondrial 
dysfunction, oxidative stress and bioenergetic failure, but the mechanism by which VLCFA 
accumulation triggers these effects has not been resolved thus far. In this study, we used 
primary human fibroblasts from normal subjects and ALD patients to investigate whether 
VLCFA can induce endoplasmic reticulum stress. We show that saturated VLCFA (C26:0) 
induce endoplasmic reticulum stress in fibroblasts from ALD patients, but not in controls. 
Furthermore, there is a clear correlation between the chain-length of the fatty acid and the 
induction of endoplasmic reticulum stress. Exposure of ALD fibroblasts to C26:0, resulted in 
increased expression of additional endoplasmic reticulum stress markers (EDEM1, GADD34 
and CHOP) and in lipoapoptosis. This new insight into the underlying mechanism of 
VLCFA-induced toxicity is of great importance for the development of a disease modifying 
treatment for ALD aimed at the normalization of VLCFA levels in tissues.
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1. Introduction

X-linked adrenoleukodystrophy (ALD, MIM 300100) is the most common peroxisomal 
disorder with a birth incidence of 1 in 14,7001. ALD is caused by mutations in the ABCD1 
gene2 that codes for the peroxisomal transmembrane protein, referred to as the ABCD1 
protein. The function of the ABCD1 protein is to transport very long-chain fatty acids (VLCFA, 
≥C22:0) as CoA-esters into the peroxisomal matrix3, 4, where they are chain-shortened by 
beta-oxidation5. A defect in the ABCD1 protein results in impaired peroxisomal β-oxidation 
of VLCFA and the accumulation of VLCFA in plasma and tissues6, including the white matter 
of the brain, spinal cord, and adrenal cortex7. The VLCFA that accumulate in ALD are partly 
absorbed from the diet8, but mostly result from endogenous synthesis via the elongation 
of long-chain fatty acids9, 10 with the very long-chain fatty acid-specific elongase, ELOVL1, 
as one of the key enzymes11. The elevated VLCFA levels in ALD are not caused by increased 
ELOVL1 expression11, but rather are the result of increased VLCFA-CoA availability in ALD11, 
which results in enhanced VLCFA synthesis10.
All ALD patients have a mutation in the ABCD1 gene (www.x-ald.nl), however the clinical 
outcome is highly diverse ranging from adrenal insufficiency12 to rapidly progressive and 
fatal cerebral demyelination (cerebral ALD)6, 13. Male patients have a 35-40% risk to develop 
cerebral ALD between 3-18 years of age but they can also develop cerebral ALD as adults6, 13, 

14. In adulthood, virtually all men and 80% of women with ALD develop a progressive spinal 
cord disease (AMN, adrenomyeloneuropathy)15, 16. The treatment options for ALD are limited. 
Hematopoietic stem cell transplantation can halt or even reverse clinical deterioration17, 18, 
but outcome is poor if not performed in the earliest stage of the disease with few white 
matter lesions on MRI. However, the finding that boys who received a hematopoietic 
stem cell transplantation in childhood can still develop AMN in adulthood19, indicates 
that hematopoietic stem cell transplantation only halts the inflammatory component of 
the disease without addressing the underlying biochemical defect, because VLCFA levels 
were not reduced after hematopoietic stem cell transplantation19. Based on these data 
we hypothesized that the progressive myelopathy is the result of a chronic exposure to 
VLCFA and that additional environmental triggers and/or genetic factors are required for 
the initiation of cerebral demyelination16. For that reason, we used fibroblasts obtained from 
AMN patients in this study.
The exact role of VLCFA in the pathogenesis of ALD remains largely unresolved. 
Understanding their toxic role is the key for the successful development of a curative therapy 
for ALD. Previous studies showed that VLCFA cause increased membrane microviscosity to 
erythrocytes20 and adrenocortical cells21 leading to a decreased ACTH (adrenocorticotropic 
hormone) stimulated cortisol secretion. VLCFA (C22:0, C24:0 and C26:0), but not long-chain 
fatty acids (C16:0), are cytotoxic to rat oligodendrocytes and astrocytes22. Furthermore, 
exposure of human ALD fibroblasts to C26:0 induces oxidative stress and mitochondrial 
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dysfunction23-25. Indications that oxidative stress indeed has a role in the pathogenesis of 
ALD have been demonstrated. This includes increased levels of free radicals in plasma from 
ALD patients and reduced anti-oxidant defenses in ALD fibroblasts and erythrocytes26. 
Increased levels of free radicals are associated with DNA damage and indeed increased 
levels of DNA damage were detected in leukocytes from ALD patients27. In mice, injection 
of C24:0-lysophosphatidylcholine, but not C16:0-lysophosphatidylcholine, into the brain 
resulted in widespread microglial activation and apoptosis28. The mechanism by which the 
VLCFA accumulation triggers these effects, however, has not been resolved thus far. 
Endoplasmic reticulum stress (ER stress) in myelinating cells contributes to the pathogenesis 
of a number of myelin disorders, including Charcot-Marie-Tooth disease, vanishing white 
matter disease, Pelizaeus-Merzbacher disease and multiple sclerosis29. The ER contains three 
transmembrane proteins, PERK (protein kinase RNA-like endoplasmic reticulum kinase), IRE1α 
(inositol-requiring enzyme1α) and ATF6 (activating transcription factor 6), that function as ER 
stress sensors30. In general, ER stress is the obligatory consequence of an accumulation of 
misfolded proteins in the ER that are detected by the luminal stress-sensing domains of 
PERK, IRE1α and ATF6, which results in the unfolded protein response (UPR). However, it 
has been shown that high levels (500 µM) of the saturated long-chain fatty acid palmitate 
(C16:0) directly activate IRE1α and PERK via a mechanism that is independent of unfolded 
protein recognition31. Indeed, IRE1α and PERK mutants, lacking their luminal unfolded 
protein stress-sensing domain, retained responsiveness to increased long-chain fatty acid 
(C16:0) lipid stress31. These data demonstrate that changes in the lipid bilayer composition 
can directly modulate unfolded protein response signaling, independent of changes in 
protein folding homeostasis in the ER lumen. In this respect it is important to mention that 
whereas normal myelin contains mostly long-chain fatty acids (C16 to C20), myelin in the 
ALD brain contains large amounts of VLCFA6, 32, which indicates that in ALD glia cells are 
faced with an abnormal very long-chain fatty acid-lipid environment. In this study, we used 
primary human fibroblasts from normal subjects and ALD patients to investigate whether 
VLCFA can induce ER stress.

2. Materials and Methods

2.1. Cell lines and cell culture

Human primary skin fibroblasts cell lines were obtained from six male ALD patients through 
the Neurology Outpatient Clinic of the Academic Medical Centre. All six ALD patients with 
the AMN phenotype are currently participating in a prospective natural history study with 
annual follow-up (IRB: METC 2014_347). Material from these patients was obtained from the 
peroxisomal biobank from the AMC (IRB: METC 2015_066). Written informed consent was 
received from each patient. ALD diagnosis was confirmed by VLCFA and ABCD1 mutation 
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analysis (p.Met1Val; p.Gln177*; p.Asp194His; p.Ser284*; p.Gln472Argfs*83 and p.Leu654Pro). 
Control fibroblasts were obtained from male anonymous volunteers with written informed 
consent. Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) high glucose 
with L-glutamine supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/
ml streptomycin, 0.25 µg/ml fungizone and 25 mM HEPES. Cells were cultured at 37°C/5% 
CO

2
/20% O

2
 in a humidified environment. To standardize tissue culture conditions, cells 

were kept at 100% confluency for one week, trypsinized and seeded at 40% confluency and 
allowed to recover overnight. The next day the experiment was initiated.

2.2. Fatty acid substrates

D
4
-C26:0 was obtained from CDN isotopes Inc. C26:1 was a kind gift of Prof Georges 

Dacremont (University of Ghent, Belgium). The methyl esters of C16:0 (meC16:0) and C18:0 
(meC18:0) were obtained from Sigma-Aldrich. The methyl esters of C20:0 (meC20:0), C22:0 
(meC22:0) and C24:0 (meC24:0) were obtained from Larodan Fine Chemicals. The methyl 
ester of C26:0 (meC26:0) was obtained from Analabs Inc. Stock solutions (100x) of fatty acids 
were prepared in DMSO. Before the fatty acids were added to the tissue culture medium, the 
stock solution was heated to 70°C in a heat block and immediately diluted in tissue culture 
medium (heated to 37°C). The final DMSO concentration was kept at 1%. Cells cultured with 
1% DMSO were used as vehicle control. Fatty acids were added on day 1 and not refreshed 
until the end of the experiment.  

2.3. Generation of D
4
-C26:0 and C26:1 methyl esters

All glassware was acid-washed and prior to use rinsed with chloroform containing 1% 
acetic acid. For the synthesis of meD

4
-C26:0 and meC26:1, 100 mg of D

4
-C26:0 or C26:1 was 

incubated for 4 hours at 90°C with 6 mL 3N methanolic HCl. To extract fatty acids, 12 mL 
hexane was added, vortex mixed and centrifuged 10 sec at 3000 rpm. The upper layer was 
transferred to a new glass tube. The hexane extraction was repeated two times with 8 mL 
hexane per extraction. Hexane was evaporated under a constant stream of nitrogen. Fatty 
acids were dissolved in 8 mL hexane and applied to an OASIS Max 6cc anion-exchange 
column (Waters Corporation) and the flow-through was collected. For analysis of the 
purity, 25 µL of the flow-through sample and 25 µL of the input was derivatized with 50 µL 
N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide (MTBSTFA) at 80°C for 30 min. Hexane 
was evaporated under a constant stream of nitrogen. Fatty acids were dissolved in 200 µL 
hexane and analyzed for purity on GC-MS. Routinely, the purity of the fatty acid methyl ester 
was >99%. The entire flow through sample was evaporated under a constant stream of 
nitrogen to obtain solid fatty acid methyl ester.
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2.4. Analysis of VLCFA beta-oxidation, elongation and levels in fibroblasts

Beta-oxidation and elongation of D
4
-C26:0 and meD

4
-C26:0 was measured in control 

and ALD fibroblasts as described33, 34. Cells were seeded and left to recover overnight as 
described under 2.1. On day 1 of the experiment the medium was replaced with medium 
containing either 30 µM D

4
-C26:0 or D

4
-meC26:0 (input medium) as described under 2.2. To 

verify that the proper amount of fatty acids was added to the culture medium, an aliquot of 
the input medium was stored at -20°C and the VLCFA were analyzed. Cells were incubated 
for 4 days without refreshing the medium or fatty acids. VLCFA were analyzed as described35. 
To verify the intracellular removal of the methyl group from D

4
-meC26:0, VLCFA analysis was 

also performed without hydrolyzing the samples and the results were compared to the 
data obtained with hydrolysis. To check the stability of VLCFA during the incubation, the 
following experiment was performed: An aliquot of the DMSO (blank), meC22:0, meC24:0 
and meC26:0 input medium was stored at -20°C (input medium -20°C), an aliquot of the 
input medium was incubated at 37°C for 4 days, but without cells (input medium 37°C), 
and an aliquot was taken after the incubation with either human control or ALD fibroblasts 
for 4 days (output medium). In these culture medium samples VLCFA were analyzed (data 
are shown in Supplemental Fig. 1). A comparison of the VLCFA concentrations measured in 
the “input medium -20°C” and in “input medium 37°C” revealed no differences under the 
different experimental conditions which shows that VLCFA are stable in aqueous solutions. 
The VLCFA concentrations in the output medium were lower 20-40%, which reflects uptake 
and metabolism by the cells.

2.5. Quantitative PCR (qPCR) analysis

Fibroblasts were cultured for 4 days with 60 µM of fatty acids as indicated in the figure 
legends or 1% DMSO as described under 2.1. Total RNA was isolated with TRIreagent (Sigma-
Aldrich) according to manufactures guidelines with the addition of an extra DNase treatment 
(Promega). Nanodrop 2000 (Thermo Fisher Scientific) was used for the quantification and 
qualification of the RNA samples. cDNA synthesis was performed by using the first-strand 
cDNA synthesis kit (Roche). LightCycler 480 SYBR Green I Master (Roche) was used for qPCR 
analysis. For data analysis, Light Cycler 480 software release 1.5.0 and LinRegPCR version 
2014.536 were used.

2.6. Reference gene selection

To normalize the qPCR data we used reference genes as a normalization method. Proper 
reference genes are stably expressed in control and patient cells and their expression is 
not affected by experimental treatment37. To select proper reference genes we used a pilot 
experiment. cDNA samples were generated from a control and an ALD fibroblast cell line that 
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were cultured for 72 h with 1% DMSO, 40 µM C22:0 or 40 µM me-C26:0, or for 24 h without 
or with 10 µg/ml tunicamycin (TM, Sigma-Aldrich). Total mRNA was isolated and cDNA was 
synthesized as described under 2.5. The reference genes tested were: RPLP0, B2M, ACTB, 
DNABJ1, DULLARD, H3F3A, NONO, RPL13A, RPS14, SDHA and YWHAZ (Table 1). NormFinder38 was 
used to select those reference genes whose expression was unaffected by the experimental 
conditions. This analysis demonstrated that the expression levels of both RPS14 and H3F3A 
were unaffected by the experimental procedures. The geometric mean of the expression 
levels of RPS14 and H3F3A was used for normalization of the qPCR data. 

2.7. Immunoblotting

Control and ALD fibroblasts were cultured with 10 µg/ml tunicamycin (TM) for 1 day or 
with 60 µM meC26:0 for 4 days. For analysis, cells were harvested by trypsinization and 
homogenized by sonication in phosphate-buffered saline (PBS) containing protease 
inhibitors (Roche). Two different procedures were optimized for the analysis of CHOP and 
XBP1. CHOP: Homogenates were diluted in 2x Laemmli sample buffer, boiled for 5 minutes 
before 100 μg of total protein was loaded on a SDS/12.5% polyacrylamide gel. Proteins were 
transferred onto a PVDF membrane by semi-dry blotting, blocked with 5% w/v non-fat 
dried milk powder in PBS + 0.1% Tween-20 (PBST) and probed with the primary polyclonal 
antibody against CHOP (Santa Cruz Biotechnology, sc-575, 1:1,000). HRP conjugated goat 
anti-rabbit immunoglobulin (DAKO, 1:5,000) was used as a secondary antibody. Visualization 
of the signal was done with ECL Detection Reagents (GE Healthcare). As a control for equal 
protein loading, the immunoblot was simultaneously probed with an antibody against 
alpha-tubulin (Sigma T6199, 1:5,000). Alpha-tubulin was used because of the differences in 
protein size between CHOP (30 kDa) and alpha-tubulin (50 kDa).
XBP1s: Homogenates were diluted in 2x Laemmli sample buffer with 8M urea. 70 μg of 
total protein was loaded onto a SDS/10% polyacrylamide gel. Proteins were transferred 
onto nitrocellulose by semi-dry blotting, blocked with 5% w/v non-fat dried milk powder 
in Tris-buffered saline + 0.1% Tween-20 (TBST) and probed with the primary monoclonal 
antibody against XBP1s (Cell Signaling Technology, D2C1F, 1:1,000). IRDYE 800CW goat anti-
rabbit IgG (LI-COR Biosciences, 1:10,000 in TBST with 0.01% SDS) was used as a secondary 
antibody. Visualization of the signal was done with the Odyssey IR imaging system (LI-COR 
Biosciences). As a control for equal protein loading, the immunoblot was simultaneously 
probed with an antibody against beta-actin (Sigma A5541, 1:20,000). Beta-actin was used 
because of the differences in protein size between XBP1s (60 kDa) and beta-actin (42 kDa).  

2.8. Immunocytochemistry

Cells were grown on glass microscopy slides in 6-wells plates. After incubation with 1% 
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DMSO or 60 µM meC26:0 for 4 days cells were fixed with 2% w/v paraformaldehyde in 
PBS and permeabilized with 0.1% w/v Triton X-100 in PBS. Cells were incubated with block 
buffer (5% v/v normal goat serum (DAKO) in PBS) followed by incubation with the primary 
antibody CHOP (Santa Cruz Biotechnology, sc-575) or XBP1s (Cell Signaling Technology, 
D2C1F) diluted 1:100 in 1% v/v normal goat serum (DAKO) in PBS. Goat anti-rabbit Alexa Fluor 
488 (Life Technologies) diluted 1:1,000 in 1% v/v normal goat serum (DAKO) in PBS was used 
to visualize the protein. DAPI was used for nuclear counterstaining.
 

2.9. Flow cytometry

Cells were cultured in 6 wells plates at a density of 50,000 cells per well. After incubation 
with 1% DMSO or 60 µM meC26:0 for 4 days, the culture medium was removed and stored 
(this fraction contains dead cells), attached cells were harvested by trypsinization and 
resuspended in the stored culture medium. The cell suspension was centrifuged for 8 min at 
1,500 rpm, the cell pellet was washed once with PBS, centrifuged and resuspended in 200 µL 
HBSS (Lonza) containing 5 ng/ml propidium iodide (Sigma-Aldrich) and 1.25 µM calcein AM 
(Life Technologies). After 15 min incubation at room temperature the cells were analyzed 
on a FACSCanto II (BD Biosciences). As a positive control for living cells, a cell sample was 
incubated with Calcein AM only. As a positive control for dead cells, 2 µl 10% w/v Triton X-100 
was added to a cell sample followed by an incubation with propidium iodide only. For data 
analysis FlowJo V10 software was used. 

2.10. Statistical analyses

All statistical analyses were performed using GraphPad Prism version 6.0. Statistical 
comparisons of means were made using two-tailed Student’s t-test. P<0.05 was used as 
the criterion for statistical significance. Statistical significance: *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001.

3. Results

3.1. Validating the use of VLCFA methyl esters for cellular studies

Since VLCFA are poorly soluble in tissue culture medium due to their long nonpolar tail, 
we decided first to investigate whether the methyl ester of C26:0 (meC26:0) can be used 
as an alternative for the free fatty acid (C26:0) for the study of VLCFA homeostasis in whole 
cells. To verify that D

4
-meC26:0 is indeed converted to D

4
-C26:0 intracellularly, we incubated 

control and ALD fibroblasts for 4 days with D
4
-meC26:0 and measured D

4
-C26:0 without 

hydrolyzing the samples. Both in control and ALD cells D
4
-C26:0 was readily detectable, 

but the level of D
4
-C26:0 was 3.5-fold higher in ALD cells when compared with control 
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fibroblasts (Fig. 1A). This demonstrates that following cellular uptake the methyl-group is 
removed from D

4
-meC26:0, resulting in free D

4
-C26:0, which can be metabolized. Next, we 

cultured primary human control and ALD skin fibroblasts for 4 days with 30 µM D
4
-C26:0 

and D
4
-meC26:0 and determined the D

4
 labelled fatty acid products as a read out for cellular 

uptake (D
4
-C26:0), beta-oxidation (D

4
-C18:0) and elongation (D

4
-C28:0) (Fig. 1). ALD cells had 

higher D
4
-C26:0 levels than control cells both when D

4
-C26:0 or D

4
-meC26:0 was used as 

substrate (Fig. 1B). However, with D
4
-meC26:0 as substrate a 1.5-fold higher level of D

4
-C26:0 

was found in ALD cells when compared with D
4
-C26:0 as substrate (Fig. 1B). This points 

towards a more efficient uptake of D
4
-meC26:0 into cells when compared to D

4
-C26:0. To 

Figure 1. Cellular uptake, beta-oxidation and elongation of D
4
-C26:0 and D

4
-meC26:0. 

A: Control (green, n=3) and ALD (blue, n=3) fibroblasts cell lines were incubated for 4 days with 30 
µM D

4
-meC26:0. Two biological replicates were included for each condition. For analysis the samples 

were not hydrolyzed to verify the intracellular removal of the methyl group from D
4
-meC26:0. B-D: 

Control (green, n=3) and ALD (blue, n=4) fibroblasts cell lines were incubated for 4 days with 30µM 
D

4
-C26:0 or D

4
-meC26:0. Two biological replicates were included for each condition. B: The level of 

D
4
-C26:0 in ALD cells was 1.5-fold higher when of D

4
-meC26:0 was used as substrate. C: The beta-

oxidation of D
4
-meC26:0 was 2-fold higher than the beta-oxidation of D

4
-C26:0 in control cells. The 

difference in beta-oxidation between control and ALD fibroblasts is more pronounced when cells 
were exposed to D

4
-meC26:0 compared to D

4
-C26:0. D: The elongation of D

4
-meC26:0 is 2-fold higher 

than the elongation of D
4
-C26:0 in ALD cells. N.d. not detectable. Data are mean ± SD. **P<0.01, *** 

P<0.001, **** P<0.0001 by two-tailed unpaired student’s t-test.
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measure beta-oxidation capacity, we determined the levels of D
4
-C18:0 generated from D

4
-

C26:0 or D
4
-meC26:0. In control cells, the levels of D

4
-C18:0 were 1.9-fold higher when D

4
-

meC26:0 was used. The levels of D
4
-C18:0 were lower in ALD cells than in control cells after 

incubation with both D
4
-C26:0 and D

4
-meC26:0, which was expected since ALD fibroblasts 

have reduced beta-oxidation (Fig. 1C)5, 33. To measure elongation activity, we analyzed the 
levels of D

4
-C28:0 synthesized from D

4
-C26:0 or D

4
-meC26:0. In control cells, no D

4
-C28:0 

was detectable after incubation with either D
4
-C26:0 or D

4
-meC26:0, which is in line with 

earlier data10. In ALD cells, however, D
4
-C28:0 was clearly demonstrable after incubation with 

either D
4
-C26:0 or D

4
-meC26:0, which is in line with the notion that ALD fibroblasts have 

increased elongation activity10. The levels of D
4
-C28:0 in ALD fibroblasts were 2-fold higher 

after incubation with D
4
-meC26:0 compared to D

4
-C26:0 (Fig. 1D), which is in line with the 

higher levels of D
4
-C26:0 that were reached when D

4
-meC26:0 was used (Fig. 1B). 

Taken together, these results demonstrate that intracellularly the methyl-group is readily 
removed from meC26:0 generating free C26:0. In addition, they indicate a more efficient 
uptake of meC26:0 when compared with free C26:0 and a normal metabolism of meC26:0. 
This validates the use of VLCFA methyl esters to study VLCFA metabolism in whole cells. 

3.2. VLCFA induce ER stress

Next, we measured the mRNA levels of the spliced variant of X-box binding protein 1 (XBP1s) 
as a marker for ER stress. ER stress activates IRE1α and thereby stimulates its endoribonuclease 
activity. This leads to the splicing of X-box-binding protein-1 mRNA (XBP1u), which causes 
a frameshift and results in XBP1s mRNA39. XBP1s is a transcription factor40 that promotes 
transcription of many essential unfolded protein response genes involved in protein 
folding, organelle biogenesis, endoplasmic reticulum-associated protein degradation 
(ERAD), autophagy, and protein quality control41. We used dimethyl sulfoxide (DMSO) for 
the preparation of 100x C26:0, meC26:0, C26:1 and meC26:1 stock solutions. Exposure of 
control and ALD cells to 1% DMSO did not cause an increase in the levels of XBP1s (Fig. 
2A) or XBP1total (XBP1u and XBP1s combined) (Fig. 2B). Next, we cultured control and ALD 
fibroblasts for 4 days with 60 µM of C26:0, meC26:0, C26:1 and meC26:1 to investigate 
whether these VLCFA induce ER stress. The results in Fig. 2A and 2B are expressed as the 
fold induction relative to the vehicle DMSO. Exposure of control fibroblasts to either C26:0, 
meC26:0, C26:1 or meC26:1 did not affect the levels of XBP1s (Fig. 2A). In contrast, exposure 
of ALD fibroblasts to C26:0 resulted in an 2.2-fold increase in XBP1s mRNA levels (Fig. 2A). 
Exposure to meC26:0 resulted in a 16-fold increase in XBP1s mRNA levels. The levels of XBP1s 
mRNA in ALD fibroblasts were markedly higher after incubation with meC26:0 than after 
incubation with C26:0, which may be caused by the higher intracellular C26:0 levels that are 
reached when meC26:0 is used (Fig. 1B).
Previously, it was demonstrated that palmitate-induced ER stress could be antagonized 
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by restoration of the balance between saturated and unsaturated acyl chains in the ER 
membrane by co-exposing cells to the monounsaturated oleic acid31. In agreement with 
this finding, exposure of ALD cells to C26:1 or meC26:1 resulted in a significantly lower (1.1-
fold and 1.3-fold, respectively) induction of XBP1s mRNA when compared to meC26:0 (16-
fold) (Fig. 2A). To establish whether the increased levels of XBP1s in ALD fibroblasts after 
exposure to VLCFA were due to increased endoribonuclease activity of IRE1α or possibly the 
result of increased levels of total XBP1, we measured the mRNA levels of XBP1total (XBP1u 
+ XBP1s). No differences in XBP1total mRNA were detected between control and ALD 
fibroblasts after incubation with either C26:0, C26:1 or meC26:1 (Fig. 2B). Incubation of ALD 
fibroblasts with meC26:0 resulted in 2.5-fold increase in XBP1total mRNA levels. These results 
show that VLCFA induce ER stress in ALD fibroblasts, but not in control fibroblasts and this 

Figure 2. XBP1 mRNA levels after incubation with DMSO, C26:0, meC26:0, C26:1 and meC26:1. 
Control (green, n=3) and ALD (blue, n=3) fibroblasts were untreated or incubated for 4 days in the 
presence of 60 µM C26:0, meC26:0, C26:1 or meC26:1 at the final DMSO concentration of 1% (v/v). 
Two biological replicates were included for each condition. Exposure to DMSO (cross-hatched bars) 
did not result in increased levels of either XBP1s or XBP1total mRNA. A: XBP1s levels were significantly 
increased in ALD compared to control cells after incubation with C26:0 (2.2-fold), meC26:0 (16-fold), 
C26:1 (1.1-fold) and meC26:1 (1.3-fold). B: XBP1total mRNA was significantly increased in ALD cells after 
meC26:0 incubation (2.5-fold). The fold increase in ALD cells was significantly higher after meC26:0 
incubation than after incubation with meC26:1. Data are mean ± SD. *P<0.05, ****P<0.0001 by two-
tailed unpaired student’s t-test.
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effect is most pronounced when meC26:0 is used. Furthermore, the effect correlates with 
the intracellular C26:0 concentration: the level of C26:0 in the cell is higher when meC26:0 
is used (Fig. 1B).

3.3. VLCFA-induced ER stress is chain-length dependent 

Next, we investigated whether induction of ER stress is dependent on the chain-length of 
the fatty acid. To this end, control and ALD fibroblasts were cultured for 4 days with 60 
µM of the long-chain fatty acids meC16:0, meC18:0 and meC20:0 and the VLCFA meC22:0, 
meC24:0 and meC26:0. As a marker for ER stress, we measured XBP1s mRNA levels. The 
results in Fig. 3 show the fold induction relative to vehicle DMSO. For statistical analysis, the 
fold induction of the mRNA levels measured in control fibroblasts is compared to the mRNA 
levels in ALD fibroblasts. In control fibroblasts, XBP1s mRNA levels did not increase after 
exposure to either long-chain fatty acids or VLCFA (Fig. 3). Exposure of ALD fibroblasts to 
the different long-chain fatty acids did not result in increased mRNA levels of XBP1s (Fig. 3). 
However, upon exposure to the VLCFA, the XBP1s mRNA levels were markedly increased in 
ALD fibroblasts compared to control fibroblasts. Moreover, we observed a clear correlation 
between the amount of XBP1s mRNA and the length of the nonpolar tail of the fatty acid 
to which the fibroblasts were exposed (Fig. 3): a 3-fold increase with meC22:0 (P<0.0001), 
a 13-fold increase with meC24:0 (P<0.0001) and a 19-fold with meC26:0 (P<0.0001). Even 
though we measured a small increase in XBP1s in control fibroblasts after incubation with 
meC26:0, the effect in ALD fibroblasts was significantly stronger. These results show that the 

Figure 3. Very long-chain fatty acid-induced ER stress is chain-length dependent. 
Control (green, n=4) and ALD (blue, n=4) fibroblasts were incubated with 60 µM of each fatty acid 
or vehicle DMSO for 4 days. Two biological replicates were included for each condition. Data shown 
is the combined data of two independent experiments. Incubation with long-chain fatty acids did 
not result in an increase in XBP1s mRNA in both control and ALD cells. Incubation with VLCFA caused 
a significant increase in XBP1s mRNA in ALD fibroblasts, but not in control cells (meC22:0: 3-fold, 
P<0.0001; meC24:0: 13-fold, P<0.0001; meC26:0: 19-fold, P<0.0001). Data are mean ± SD. ****P<0.0001 
by two-tailed unpaired student’s t-test.
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lipid-induced ER stress response in ALD fibroblasts is chain-length dependent and that this 
effect is strongest with meC26:0.

3.4. Additional ER stress markers induced by meC26:0 

The effect of meC26:0 on XBP1s and additional ER stress markers was analyzed using 
three control and five ALD fibroblasts cell lines. Fig. 4 shows the fold induction relative to 
vehicle DMSO. For statistical analysis we compared the fold induction in ALD fibroblasts 
relative to control fibroblasts. Exposure of ALD cells to meC26:0 caused a 20-fold increase 
in XBP1s compared to control cells (Fig. 4A). Since XBP1s is a key mediator in the ER stress 
response42, we investigated if exposure to meC26:0 also caused an increase in additional ER 

Figure 4. mRNA levels of ER stress markers after exposure to meC26:0. 
Control (green, n=3) and ALD (blue, n=5) fibroblasts were exposed to 60 µM meC26:0 for 4 days. 
Two biological replicates were included for each condition. Data shown is the combined data of 
three independent experiments. The mRNA levels of all ER stress markers analyzed were significantly 
increased in ALD compared to control cells. A: XBP1s 20-fold (P<0.0001). B: EDEM1 3.8-fold (P<0.0001). 
C: GADD34 4.0-fold (P<0.0001) D: CHOP 5.4-fold (P<0.0001). Data are mean ± SD. ****P<0.0001 by two-
tailed unpaired student’s t-test.
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stress markers in ALD fibroblasts. EDEM1 (endoplasmic reticulum degradation-enhancing 
α-mannosidase-like protein 1) is a type II transmembrane protein localized in the ER43. The 
induction of EDEM1 is completely dependent on the IRE1α-XBP1 pathway44. Exposure of 
control fibroblasts to meC26:0 did not affect EDEM1 expression. In contrast, ALD fibroblasts 
showed a 3.8-fold increase in EDEM1 expression (Fig. 4B). Next, we determined the effect of 
meC26:0 on the expression of GADD34 (growth arrest and DNA damage-inducible protein) 
and CHOP (C/EBP homologous protein), which are ER stress markers that are associated with 
ER stress induced apoptosis45. Upon incubation with meC26:0, the mRNA levels of GADD34 
were increased by 4.0-fold and the mRNA levels of CHOP were increased by 5.4-fold in ALD 
compared to control fibroblasts (Fig. 4C and D). These results show that in ALD fibroblasts, 
but not in control fibroblasts, exposure to meC26:0 not only causes increased XBP1s mRNA 
levels, but also activates the pathway downstream of XBP1s as shown by increased levels of 
EDEM1. Furthermore, prolonged exposure to VLCFA results in increased levels of GADD34 
and the ER stress-induced apoptosis marker CHOP.

3.5. Increase in XBP1s and CHOP protein after meC26:0 exposure in ALD fibroblasts

To study if an increase in mRNA levels of XBP1s and CHOP also leads to increased protein 
levels of XBP1s and CHOP, we performed Western blot analysis. As a positive control, we 

Figure 5. Western blot analysis of XBP1s and CHOP protein.
XBP1s (A) and CHOP (B) protein levels were increased in control (C; n=3) and ALD (XBP1s n=4, CHOP 
n=3) fibroblasts after incubation with 10 µg/ml tunicamycin (TM) for 1 day. After incubation with 60 
µM meC26:0 for 4 days, the expression of XBP1s and CHOP protein was increased in ALD, but not in 
control fibroblasts. To control for equal amounts of protein loading, we used beta-actin (for XBP1s) 
and alpha-tubulin (for CHOP).
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exposed control and ALD fibroblasts to tunicamycin, which is an inhibitor of the N-linked 
glycosylation and a well-known inducer of ER stress. As expected, treatment of both control 
and ALD fibroblasts with tunicamycin resulted in increased levels of both XBP1s (Fig. 5A) 
and CHOP protein (Fig. 5B). Incubation with DMSO did not affect the expression of XBP1s 
protein. Higher levels of CHOP protein were observed in ALD fibroblasts cultured with 
DMSO compared to control fibroblasts (Fig. 5B). Exposure to meC26:0 resulted in markedly 
increased protein levels of XBP1s (Fig. 5A) and CHOP (Fig. 5B) in ALD fibroblasts, but not in 
control fibroblasts.

Figure 6. Immunofluorescence of XBP1s and CHOP protein.
Representative images are shown of control (n=3) and ALD (n=4) fibroblasts that were incubated 
with 60 µM meC26:0 or DMSO for 4 days. All incubations and staining were performed in duplicate. 
A-D: XBP1s, E-H CHOP. XBP1s and CHOP protein were stained green and DAPI (blue) was used for 
nuclear staining. Large images are the overlay of XBP1s or CHOP staining (‘) and DAPI (‘‘). A+E: Control 
fibroblasts incubated with DMSO. B+F: Control fibroblasts incubated with meC26:0. C+G: ALD 
fibroblasts incubated with DMSO. D+H: ALD fibroblasts incubated with meC26:0.

Because XBP1s and CHOP function as transcription factors, increased levels of these proteins 
would be expected to be localized in the nucleus. We used immunocytochemistry to 
investigate the intracellular localization of XBP1s and CHOP protein (Fig. 6). XBP1s and CHOP 
protein was not detectable in control or ALD fibroblasts after incubation with DMSO (Fig. 
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6A, C, E and G). After exposing control fibroblasts to meC26:0 no XBP1s or CHOP protein was 
detectable in the nucleus (Fig. 6B and F). However, when ALD fibroblasts were exposed to 
meC26:0, expression of XBP1s and CHOP protein was increased and co-localized with the 
nucleus (Fig. 6 D and H).

3.6. VLCFA induce lipoapoptosis

If ER stress is severe and/or long lasting, cells undergo apoptosis46. To investigate whether 
exposure of ALD cells to meC26:0 results in lipid-induced cell death (so called lipoapoptosis),  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Flow cytometry analysis to quantify very long-chain fatty acid-induced lipoapoptosis. 
Gating of live and dead control (green, n=3) and ALD (blue, n=6) fibroblasts incubated with DMSO (A 
and C) or meC26:0 (B and D) for 4 days. E: Quantification of the flow cytometry data showed a 6-fold 
increase in the percentage of dead cells in ALD fibroblasts exposed to meC26:0. Data shown is the 
combined data of two independent experiments. Data are mean ± SD. **** P<0.0001 by two-tailed 
unpaired student’s t-test.
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we cultured control and ALD fibroblasts with meC26:0 for 4 days and used flow cytometry 
to measure cell death. For analysis, fibroblasts were incubated with calcein AM, which stains 
the cell membranes of live cells green, and propidium iodide, which stains the nuclei of 
dead cells red. There were no differences in the amount of dead cells between control 
and ALD fibroblasts after incubation with DMSO (Fig. 7A and C). When control fibroblasts 
were incubated with meC26:0, the amount of dead cells was not increased compared to 
incubation with DMSO (Fig. 7A and B). In contrast, when ALD fibroblasts were incubated 
with meC26:0, a marked increase (6-fold) in cell death was observed (Fig. 7D and E), which 
indicates that very long-chain fatty acid-induced ER stress in ALD cells leads to lipoapoptosis. 

4. Discussion 

The solubility of fatty acids in an aqueous solution decreases with increasing chain-length47. 
Studies in rats had already shown that the absorbability and metabolism of the methyl ester 
of oleic acid (meC18:1) was indistinguishable from oleic acid (C18:1)48. Here, we demonstrate 
that the methyl ester of C26:0 (meC26:0) is a good alternative to free C26:0 for VLCFA 
studies in whole cells. Following uptake the methyl-group is removed, which results in free 
C26:0 that can be metabolized. The use of D

4
-meC26:0 resulted in a 1.5-fold higher level 

of D
4
-C26:0 in ALD cells when compared with D

4
-C26:0 as substrate. In control cells, the 

measured levels of D
4
-C26:0 were comparable with either D

4
-C26:0 or D

4
-meC26:0, which 

can be explained by the fact that control fibroblasts have normal beta-oxidation and ALD 
fibroblasts have impaired beta-oxidation5, 33. In control cells, the levels of D

4
-C18:0, which we 

used as a readout for peroxisomal D
4
-C26:0 beta-oxidation capacity, were 1.9-fold higher 

when D
4
-meC26:0 was used. In ALD fibroblasts, the levels of D

4
-C28:0, which we used as 

a readout for elongation activity, were 2-fold higher after incubation with D
4
-meC26:0 

compared to D
4
-C26:0.

This study shows that saturated VLCFA induce ER stress in fibroblasts from ALD patients. Upon 
ER stress, XBP1total mRNA is spliced by IRE1 resulting in XBP1s mRNA, an active transcription 
factor that activates the unfolded protein response39. Exposure of ALD fibroblasts to saturated 
VLCFA (meC26:0) caused a 16 to 20-fold induction in XBP1s. This effect was much lower (1.3-
fold) when ALD fibroblasts were exposed to the monounsaturated VLCFA (meC26:1). These 
data are in line with earlier studies that demonstrated that chronic exposure to saturated 
long-chain fatty acid (palmitic acid, C16:0), but not monounsaturated long-chain fatty acid 
(oleic acid, C18:1), induced ER stress in pancreatic beta cells and mouse fibroblasts31, 49. We 
demonstrate a clear correlation between the chain-length of the fatty acid and the induction 
of ER stress. At equimolar concentrations meC16:0, meC18:0 and meC20:0 did not cause ER 
stress, but with increasing chain-length meC22:0, meC24:0 and meC26:0 exposure caused an 
ER stress response in ALD fibroblasts. The strongest response was observed with meC26:0. 



Lipid-induced ER stress in ALD | 101100 | Chapter 5

Taken together, from these results it can be concluded that VLCFA are much more potent 
in inducing an ER stress response than long-chain fatty acids in ALD. Next, we measured 
additional ER stress markers in control and ALD fibroblasts exposed to meC26:0. One of the 
downstream targets of XBP1s is EDEM150. Exposure of ALD fibroblasts to meC26:0 resulted in 
a 3.8-fold induction in EDEM1 mRNA, which confirms that XBP1s activates its downstream 
targets. EDEM1 is directly involved in the ER-associated degradation (ERAD)43, a process 
in which misfolded proteins are ubiquitinated and degraded by the 26S proteasome51. 
The accumulation of ERAD substrates in neuronal cells can result in neurodegenerative 
disorders such as Alzheimer’s disease52, Huntington’s disease53, 54 and Parkinson’s Disease55. 
Furthermore, exposure of ALD, but not control fibroblasts, to meC26:0 caused an increase in 
mRNA and protein levels of CHOP. Under normal circumstances the expression of CHOP is 
very low but it will increase under conditions of ER stress56. If the ER stress is too severe and the 
self-protecting mechanisms of the cell are exhausted, CHOP levels increase and accumulate 
in the cell, eventually resulting in apoptosis56. CHOP can induce apoptosis directly via the 
repression of anti-apoptotic protein BCL-2 and indirectly via the induction of GADD34. Under 
ER stress, eIF2α (eukaryotic translation initiation factor 2α) will be phosphorylated which 
results in a decrease of newly synthesized proteins. GADD34 activates phosphatase PP1 that 
dephosphorylates phosphorylated-eIF2α resulting in increased levels of protein folding in 
stressed cells29. In mouse models of multiple sclerosis and Charcot-Marie-Tooth, deletion or 
pharmacological inhibition of GADD34 have been shown to be protective29. Our results show 
increased levels of cell death in ALD cells after exposure to meC26:0 which is in agreement 
with our demonstration that exposure of ALD cells to meC26:0 results in increased levels of 
CHOP and GADD34. These results show that exposure of ALD fibroblasts to meC26:0 results 
in lipoapoptosis and that this lipoapoptosis is the result of ER stress. Our results provide new 
insight in the mechanism underlying the toxic effect of VLCFA in ALD. To our knowledge this 
is the first study that shows that increased levels of VLCFA cause an ER stress response and 
that prolonged lipid-induced ER stress results in lipoapoptosis. Our results are in line with 
previous studies that showed that excess levels of long-chain fatty acids can activate the 
ER stress response. For example, compared to lean controls, the livers of obese mice fed a 
high fat diet had increased phosphorylation levels of PERK and eIF2α57. Chronically elevated 
levels of palmitate cause a lipotoxic ER response in pancreatic β-cells, which may contribute 
to pancreatic β-cell loss in type 2 diabetes58. Exposure of rat liver hepatoma cells to high 
levels (500µM) of palmitate and stearate (C18:0) results in an increased ER stress response 
and apoptosis, but addition of unsaturated fatty acids like oleate (C18:1) or linoleate (C18:2), 
reduces the ER stress and apoptosis that was induced by the saturated fatty acids59. Recently, 
it was demonstrated that saturated long-chain fatty acids, but not monounsaturated long-
chain fatty acids, cause a perturbation in the ER membrane lipid composition that activates 
an ER stress response via the transmembrane domains of IRE1α and PERK31. 
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It has been demonstrated that challenging human ALD fibroblast, and oligodendrocytes and 
astrocytes derived from Abcd1 deficient mice, with supraphysiological VLCFA concentrations 
caused the generation of reactive oxygen species23, 60, depolarization of the mitochondria 
in situ22, 60, oxidative damage to mitochondria25 and deregulation of intracellular calcium 
homeostasis22, 60. Interestingly processes like oxidative stress, mitochondrial dysfunction 
and ER stress are linked via CHOP. Indeed, Chop deletion in various type 2 diabetes mouse 
models improves ER functioning and protects pancreatic β-cells against oxidative stress in 
response to ER stress challenges61. While this manuscript was in preparation, a study was 
published that demonstrated that the PERK/P-eIF2α/ATF4 pathway is activated in the spinal 
cord of Abcd1 knockout mice and brain samples derived from ALD patients62. The authors 
did not find changes in the IRE1α pathway, measured by the splicing of XBP1. This can be 
explained by the fact that XBP1s mRNA is quickly lost from the cell63, 64 and that in vivo stress 
is in general more subtle compared to stress induced under supraphysiological conditions 
and does not result in a complete splicing of XBP164, 65. 
A combined dysfunction of both mitochondria and the ER is not unique for ALD. In fact, it 
has been reported in various unrelated inflammatory and/or neurodegenerative diseases. 
For example, the ER and mitochondria interact functionally in essential metabolic processes 
via mitochondria-associated membranes (MAMs). Disturbances in MAMs are associated 
with neurodegenerative diseases such as Alzheimer’s disease66, Parkinson’s disease and 
amyotrophic lateral sclerosis67, 68. In type 2 diabetes, mitochondrial oxidative stress and ER 
stress play critical roles in pancreatic β cell loss and abnormal insulin secretion (reviewed 
in69). In multiple sclerosis, ER stress and mitochondrial oxidative stress may contribute to 
oligodendrocyte loss and myelin or axonal degeneration. Indeed, increased levels of ER 
stress markers, including CHOP and XBP1, were found in oligodendrocytes, astrocytes, 
T-cells and microglia present in active multiple sclerosis lesions70. In addition, mitochondrial 
dysfunction has been reported in chronically demyelinated axons of multiple sclerosis 
patients71 and in acute multiple sclerosis lesions72. In obesity, increased levels of ER stress 
markers, including XBP1, were reported in humans73 and increased levels of oxidative stress 
in white adipose tissue from an obesity mouse model74. Taken together, these observations 
indicate that whereas the metabolic “trigger” may vary among different diseases, the overall 
cellular response of affected cells to the stressor is comparable: ER stress, mitochondrial 
dysfunction and ultimately apoptosis. 
In conclusion, our data clearly show that saturated VLCFA induce ER stress in fibroblasts 
from ALD patients and exposure of ALD fibroblasts to meC26:0 resulted in lipoapoptosis. 
Our findings contribute to a better insight in the pathophysiology ALD and indicate that 
there is a complicated cross-talk between very long-chain fatty acid-induced mitochondrial 
dysfunction, ER stress, and oxidative stress that synergistically augment the neurotoxicity. 
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This new insight into the underlying mechanism of very long-chain fatty acid-induced 
toxicity is of great importance for the development of a disease modifying treatment for 
ALD aimed at the normalization of VLCFA levels in tissues.  
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To check the stability of VLCFA during tissue culture incubations, the following experiment 
was performed. Cells were cultured (section 2.1.) in DMEM medium containing either 1% 
DMSO (blank), 30 μM meC22:0, 30 μM meC24:0 or 30 μM meC26:0. Before adding the 
medium to the cells, an aliquot was stored at -20°C (input medium). In addition, an aliquot 
was incubated at 37°C for 4 days, but without cells (input 37°C), and at the end of the 
experiment an aliquot was taken of the medium that was incubated with either human 
control or ALD fibroblasts for 4 days (output medium). In these culture medium samples 
VLCFA were analyzed.
A comparison of the VLCFA concentrations measured in the input medium that was stored 
at -20°C and that was incubated at 37°C for 4 days revealed no differences under the 
different experimental conditions which shows that VLCFA are stable in aqueous solutions. 
The VLCFA concentrations in the output medium were lower 20-40%, which reflects uptake 
and metabolism by the cells. Data are mean ± SD of n=3 in triplicate.
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Abstract

X-linked adrenoleukodystrophy (ALD) is a progressive neurodegenerative disease caused 
by mutations in ABCD1. ALD is characterized by the accumulation of very long-chain 
fatty acids (VLCFA, ≥C22:0) in plasma and tissues due to impaired peroxisomal beta-
oxidation. The majority of the male patients develop adrenal insufficiency and myelopathy 
(adrenomyeloneuropathy) but patients are at risk to develop a cerebral inflammation 
known as cerebral ALD. Female patients do not develop adrenal insufficiency or cerebral 
ALD but can develop a myelopathy. Saturated VLCFA are toxic to ALD cells, whereas mono-
unsaturated VLCFA are not. Therefore, a redirection of the synthesis of saturated VLCFA 
towards mono-unsaturated VLCFA could alleviate the toxic effect of VLCFA and be beneficial 
for ALD. In this study we used human primary fibroblasts and show that liver X receptor 
(LXR) agonists activate stearoyl-CoA desaturase-1 (SCD1), and as a consequence, reroute 
the VLCFA synthesis towards the mono-unsaturated VLCFA. As a consequence, exposure of 
ALD fibroblasts to LXR agonists results in a complete normalization of C26:0 levels in ALD 
fibroblasts. 
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1. Introduction

X-linked adrenoleukodystrophy (ALD, MIM 300100) is the most common of the 
leukodystrophies with a birth incidence of 1:14,7001. ALD is characterized by impaired 
peroxisomal beta-oxidation of very long-chain fatty acids (VLCFA, ≥C22:0). This is the result 
of a defect in the peroxisomal transmembrane protein ABCD12 that transports VLCFA as CoA-
esters across the peroxisomal membrane into the peroxisomal matrix3, 4 where the VLCFA are 
degraded via beta-oxidation5. As a result of ABCD1 protein deficiency, VLCFA accumulate 
in plasma and tissues6, including the spinal cord, white matter of the brain and the adrenal 
cortex7, 8. ALD is characterized by a striking and unpredictable variation in clinical outcomes, 
even within families9. Almost all male patients develop adrenal insufficiency and myelopathy 
(adrenomyeloneuropathy)6, 10, 11. Female patients may also develop myelopathy, but adrenal 
insufficiency or leukodystrophy are very rare12. Between 30-40% of male patients develop 
cerebral demyelination (cerebral ALD) between the age of 3 and 18 years, but they can still 
develop cerebral ALD as adults6, 9, 11, 13. If diagnosed in a very early stage, cerebral ALD can 
be halted or reversed by hematopoietic stem cell transplantation (HSTC)14, 15. However, the 
clinical outcome is very poor if HSCT is not performed in the earliest stage of the cerebral 
demyelination15, 16. No disease-modifying therapy is available for the myelopathy that affects 
virtually all male patients9, 11, 17 and 80% of the women with ALD12. Furthermore, the finding 
that patients who received a HSCT during childhood can still develop a myelopathy in 
adulthood18, indicates that HSCT only stops the inflammatory component of the disease 
without addressing the underlying biochemical defect. This is supported by data that shows 
that VLCFA levels were not reduced after HSCT18. For this reason we hypothesized that chronic 
exposure to VLCFA causes the progressive myelopathy and that additional environmental 
triggers and/or genetic factors are required for the initiation of cerebral demyelination9. This 
finding highlights the need to develop effective treatments aimed at the normalization of 
VLCFA levels in the CNS. We anticipate that a normalization of the VLCFA levels, prevents ALD 
patients from developing AMN and the development of cerebral demyelination. 
Only a small part of the VLCFA that accumulate in ALD is of dietary origin19. The majority of 
VLCFA are synthesized endogenously from long-chain fatty acids, via a 4-step elongation 
system composed of multiple enzymes including “elongation of very long chain fatty acids 
protein 1” (ELOVL1), the human VLCFA-specific elongase20, 21. In the 1980’s it was shown that 
C26:0 levels in ALD fibroblasts can be reduced when cultured in the presence of oleic acid 
(C18:1) and erucic acid (C22:1)22. This is most likely due to the fact that the elongation enzymes 
show higher affinity for mono-unsaturated fatty acids. Based on these findings, Lorenzo’s oil, 
a 4:1 mixture of the triglyceride form of oleic acid and erucic acid, was developed23, 24. Indeed, 
treatment with Lorenzo’s oil normalized C26:0  levels at least in plasma of ALD patients but 
unfortunately neurological progression was not halted25, 26. Most likely this is due to a limited 
effect of Lorenzo’s oil on C26:0 levels in the brain27, 28. 
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The enzyme stearoyl-CoA desaturase-1 (SCD1) plays a central role in VLCFA metabolism. 
SCD1 is the key enzyme in the formation of mono-unsaturated fatty acids. The enzyme 
introduces a cis-double bond at the ω-9 position of palmitic acid (C16:0) and stearic acid 
(C18:0), resulting in palmitoleic acid (C16:1) and oleic acid (C18:1), respectively29.
Previously, we have shown that saturated VLCFA induce endoplasmic reticulum (ER) stress 
in fibroblasts from ALD patients and that exposure of ALD fibroblasts to C26:0 resulted in 
lipoapoptosis30. Interestingly, exposure of ALD cells to C26:1 did not induce ER stress30. This 
is in line with earlier reports showing that addition of oleic acid can even halt ER stress 
that was induced by high levels of palmitic acid31. Taken together, these results show that 
mono-unsaturated fatty acids are less toxic than saturated fatty acids. We hypothesize that 
if one would be able to increase the activity of SCD1, this would result in a shift in the fatty 
acid synthesis from saturated VLCFA towards mono-unsaturated VLCFA, and consequently 
decreased levels of saturated VLCFA. If successful, this rerouting towards the mono-
unsaturated fatty acids, would open a new option towards a therapy for ALD and other 
peroxisomal disorders. An additional advantage of SCD1 activation with respect to Lorenzo’s 
oil would be that the total amount of VLCFA should not be increased by SCD1 activation. In 
this study, we investigated whether SCD1 is indeed a therapeutic target for ALD. 

2. Material and methods

2.1 Chemicals

Methyl esters of C16:0 (meC16:0) and C18:0 (meC18:0) were obtained from Sigma Aldrich. 
Methyl esters of C20:0 (meC20:0), C22:0 (meC22:0), C24:0 (meC24:0), C16:1 (meC16:1), C18:1 
(meC18:1), C20:1 (meC20:1), C22:1 (meC22:1) and C24:1 (meC24:1) were obtained from Larodan 
Fine Chemicals . Methyl esters of C26:0 (meC26:0) and C26:1 (meC26:1) were prepared as 
described previously30. Tunicamycin (TM) was obtained from Sigma Aldrich. Hexadecanoic-
16,16,16-d

3
 acid (D

3
-C16:0) and octadecanoic-17,17,18,18,18-d

5 
acid (D

5
-C18:0) were obtained 

from CDN isotopes. TO901317 was obtained from Cayman Chemical. GW3965 and LXR623 
were obtained from Sigma Aldrich. SCD1 inhibitor 1716 was obtained from BioVision. All 
chemicals were dissolved in DMSO (Sigma Aldrich). Antibodies against SCD1 (M38 #2438) 
and XBP1s (D2C1F) were obtained from Cell Signaling Technology. Antibody against beta-
actin (A5441) was obtained from Sigma Aldrich and IRDye secondary antibodies were 
obtained from LI-COR Inc. 

2.2 Cell culture

Human primary skin fibroblast cell lines were obtained from ALD patients through the 
Neurology Outpatient Clinic of the Academic Medical Center. All ALD patients are currently 
participating in a prospective natural history study with annual follow-up (IRB: METC 
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2014_347). Material from these patients was obtained from the peroxisomal biobank from 
the Academic Medical Center (IRB: METC 2015_066). The diagnosis ALD was confirmed 
via VLCFA and ABCD1 mutation analysis (p.Met1Val; p.Asp194His; p.Glu278*; p.Ser284*; 
p.Arg389His; p.Gln472Argfs*83; p.Pro480Thr; p.Leu654Pro). Written informed consent was 
received from each patient. Control fibroblasts were obtained from anonymous male 
volunteers with written informed consent. Cells were cultured in Dulbecco’s modified eagle 
medium DMEM (Lonza) with high glucose (4.5 g/L) and L-glutamine supplemented with 
10% v/v fetal bovine serum (FBS; Bodinco), 25 mM HEPES (Lonza), 100 U/ml penicillin (Life 
Technology), 100 µg/ml streptomycin (Life Technology) and 0.25 µg/ml fungizone (Life 
Technology). Cells were cultured at 37°C/5% CO

2
/20% O

2
 in a humidified environment. To 

standardize tissue culture conditions, cells were kept at 100% confluency for one week, 
trypsinized and seeded at approximately 40% confluency at the start of each experiment. 
Cells were allowed to attach and recover for at least 8 hours before compounds were added. 
In each experiment, the final concentration of DMSO in culture medium was equal (≤ 1%) 
in all conditions.  

2.3 VLCFA analysis

2.3.1 Desaturation assay and de novo fatty acid synthesis

Cells were cultured as described in section 2.2. To inhibit SCD1, cells were pre-incubated 
overnight with 100 nM SCD1 inhibitor (BioVision 1716). The next day, the culture medium 
was replaced by culture medium with 100 µM D

5
-C18:0 or 100 µM D

3
-C16:0 combined 

with the different compounds as indicated in the figure legends. After 24 hours (D
5
-C18:0, 

desaturation assay) or 72 hours (D
3
-C16:0, de novo synthesis assay), cells were harvested 

by trypsinization, rinsed twice with phosphate-buffered saline (PBS) and pellets were 
homogenized in deionized water via sonication on ice with a needle (12 seconds at 7-8 Watt). 
Pierce BCA protein assay was used to determine the protein concentration. 150 µg protein 
was used for the desaturation assay as described previously32, 33 or the de novo synthesis assay 
as described previously34, 35. VLCFA levels were analyzed as described previously (Valianpour, 
et al., 2003).

2.3.2 Endogenous fatty acid levels

Cells were cultured as described in section 2.2. Cells were incubated with compounds or 
vehicle DMSO. Concentrations and incubation times are indicated in the figure legends. 
Culture medium and compounds were refreshed every 5 days. After incubation, the cells 
were harvested by trypsinization as described in section 2.3.1. 150 µg protein was used for 
fatty acid analysis as described previously36.
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2.3.3 Lipidomics

Cells were cultured as described in section 2.2. Cells were incubated with 5µM TO901317 
or vehicle (DMSO) for 3 weeks after which the cells were harvested by typsinization as 
described in section 2.3.1. Lipidomics analysis was performed following the method 
described previously37 with minor modifications. Phospholipids were extracted using 
a single-phase extraction. To this end, to 1 mg fibroblast protein homogenate a defined 
amount of internal standards dissolved in 120 µL of chloroform/methanol (1:1, v/v), and 1.5 
mL of chloroform/methanol (1:1, v/v) was added. The internal standards mixture consisted 
of: 0.1 nmol of CL(14:0)

4
, 0.2 nmol of BMP(14:0)

2
, 2.0 nmol of PC(14:0)

2
, 0.1 nmol of PG(14:0)

2
, 

5.0 nmol of PS(14:0)
2
, 0.5 nmol of PE(14:0)

2
, 0.5 nmol of PA(14:0)

2
, 0.5 nmol of PI(8:0)

2
, 2.0 nmol 

of SM(d18:1/12:0), 0.02 nmol of LPG(14:0), 0.1 nmol of LPE(14:0), 0.5 nmol of LPC(14:0) and 0.1 
nmol of LPA(14:0) (Avanti Polar Lipids). The mixture was sonicated in a water bath for 5 min, 
followed by centrifugation at 4 °C (16,000xg for 5 min). The liquid phase was transferred to a 
glass vial and evaporated under a steam of nitrogen at 60 °C. Subsequently, the residue was 
dissolved in 150 µL of chloroform/methanol (9:1, v/v), and 2 µL of the solution was injected 
into the high-performance liquid chromatography-mass spectrometry (HPLC-MS) system.

2.3.4 HPLC-MS

The HPLC system consisted of an Ultimate 3000 binary HPLC pump, a vacuum degasser, 
a column temperature controller, and an auto sampler (Thermo Scientific). The column 
temperature was maintained at 25 °C. The lipid extract was injected onto a LiChrospher 2* 
250-mm silica-60 column, 5 µm particle diameter (Merck). The phospholipids were separated 
from interfering compounds by a linear gradient consisting of solution A (methanol/water, 
85:15, v/v) and solution B (chloroform/methanol, 97:3, v/v). Solutions A and B contained 5 
and 0.2 ml of 25% (v/v) aqueous ammonia per liter of eluent, respectively. The gradient 
(0.3 ml/min) was as follows: T = 0 - 1 min: 10% A; T = 1 - 4 min: 10%A–20%A; T = 4 - 12 
min: 20%A–85% A; T = 12 - 12.1 min: 85%A–100% A; T = 12.1 - 14.0 min: 100% A; T = 14 - 
14.1 min: 100%A - 10%A and T = 14.1 - 15 min: equilibration with 10% A. All gradient steps 
were linear and the total analysis time, including the equilibration, was 15 min. A Thermo 
Scientific Q Exactive Plus Orbitrap Mass Spectrometer was used in the negative and positive 
electrospray ionization mode. Nitrogen was used as the nebulizing gas. The spray voltage 
used was 2500 V, and the capillary temperature was 256 °C. S-lens RF level: 50, auxiliary gas: 
11, auxiliary gas temperature 300°C, sheath gas: 48, sweep cone gas: 2. In both the negative 
and positive mode, mass spectra of phospholipid molecular species were obtained by 
continuous scanning from m/z 150 to m/z 2000 with a resolving power of 280,000 FWHM.
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2.4 Immunoblotting

XBP1s: fibroblasts were incubated with fatty acids as described previously30. After 4 days 
of incubation with 60 µM fatty acids or 1 day with 10 µg/ml tunicamycin (positive control 
for XBP1s), pellets were prepared as described in section 2.3.1. Pellets were resuspended 
in PBS with protease inhibitor cocktail (Complete mini protease inhibitor cocktail, Roche) 
homogenized by sonication with a needle on ice for 12 seconds at 7-8 Watt. Protein 
concentration was determined with the bicinchoninic acid assay using humane serum 
albumin as standard. The protein samples were diluted in 5x Laemmli sample buffer and 
incubated at 95°C for 5 minutes. Twenty-five µg protein was loaded on a 10% SDS-PAGE 
running gel. After protein separation, proteins were transferred to a 0.45 µM pore size 
nitrocellulose membrane. The membrane was incubated for one hour with 5% w/v non-
fat dried milk powder-TRIS buffered saline + 0.1% Tween-20 (TBST), followed by 2 hours 
of incubation with anti-XBP1s (D2C1F Cell Signaling Technology) 1:1,000 in 5% w/v non-fat 
dried milk powder-TBST. Next, the membrane was incubated for 1 hour with IRDye goat-
anti-rabbit cw800 (LI-COR Inc.) 1:10,000 in 5% w/v non-fat dried milk powder-TBST + 0.01% 
w/v SDS.
SCD1: control and ALD fibroblasts were seeded at approximately 40% confluence. The next 
day, culture medium was replaced by culture medium containing LXR agonists or vehicle 
DMSO. After 3 days of incubation, cell pellets were made as described under 2.3.1. Protein 
samples were prepared as described for the detection of XBP1s. The protein samples were 
diluted in 2x Laemmli sample buffer with 8 M urea. 40 µg of protein was loaded on a 12.5% 
SDS-PAGE running gel. After protein separation, proteins were transferred to a nitrocellulose 
membrane with a pore size of 0.45 µM. The membrane was incubated for 1 hour with 5% 
w/v BSA in TBST followed by 2 hours of incubation with anti-SCD1 (M38 #2438 Cell Signaling 
Technology) 1:1,000 in 5% w/v BSA in TBST. Next, the membrane was incubated for 1 hour 
with IRDye goat-anti-rabbit cw800 (LI-COR Inc.) 1:10,000 in 5% w/v BSA-TBST + 0.01% w/v 
SDS. 
To control for equal protein loading, the membranes were incubated with anti-beta-actin 
1:20,000 (A5441 Sigma-Aldrich) in Odyssey blocking buffer (LI-COR):phosphate buffered 
saline + 0.1% Tween-20 (PBST) 1:1 for 30 minutes followed by incubation with IRDye donkey-
anti-mouse CW680 1:10,000 (LI-COR Biosciences) in Odyssey blocking buffer (LI-COR):PBST + 
0.01% w/v SDS for 1 hour.
All incubations were performed at room temperature. Fluorescent labeled proteins were 
detected by LI-COR Odyssey.

2.5 Statistical analysis

All statistical analyses were performed using GraphPad Prism version 6.0. Statistical 
comparisons were made using one-way ANOVA followed by Bonferroni’s or Dunnett’s 
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multiple comparisons test as indicated in figure legends. P<0.05 was used as the criterion 
for statistical significance. * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Bioinformatics and 
statistical analysis of the lipidomics data was performed as described previously37. 

3. Results 

3.1 Lipid-induced ER stress depends on the chain-length and saturation/desaturation 
status of fatty acids

Previously we validated the use of VLCFA methyl esters to study VLCFA metabolism in whole 
cells and showed that the lipid-induced ER stress response in ALD fibroblasts is chain-length 
dependent with the strongest effect with meC26:030. To compare the toxicity of mono-
unsaturated fatty acids with saturated fatty acids, we cultured control and ALD fibroblasts 
with equimolar concentrations of saturated long-chain (meC16:0, meC18:0 and meC20:0) 
and very long-chain (meC22:0, meC24:0 and meC26:0) fatty acids and mono-unsaturated 
long-chain (meC16:1, meC18:1 and meC20:1) and very long-chain (meC22:1, meC24:1 and 
meC26:1) fatty acids. As a marker for lipid-induced ER stress XBP1s protein levels were 
measured. As a positive control for ER stress, control and ALD fibroblasts were exposed to 
tunicamycin, an inhibitor of N-linked glycosylation and well-known to induce ER stress. As 
expected, treatment of both control and ALD fibroblasts with tunicamycin caused increased 
XBP1s protein levels (Fig 1). Exposure of control fibroblasts to either long-chain or very long-
chain saturated or mono-unsaturated fatty acids did not affect the expression of the XBP1s 

Figure 1. Protein analysis of XBP1s protein after incubation with saturated and mono-

unsaturated fatty acids. 
Control (C) and ALD (A) fibroblasts were incubated for 1 day with 10 µg/mL tunicamycin (TM) or for 
4 days with 60 µM of long-chain and very long-chain fatty acids. The effect of treatment on XBP1s 
protein was determined in control (n=3) and ALD (n=3) fibroblasts. Beta-actin (B) was used to control 
for equal amount of protein loading. 
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protein (Fig 1). Exposure of ALD fibroblasts to saturated and mono-unsaturated long-chain 
fatty acids (meC16 – meC20), meC22:0 or mono-unsaturated fatty acids did not result in 
increased XBP1s protein levels (Fig 1). Only when ALD cells were incubated with the saturated 
VLCFA meC24:0 and meC26:0 levels of XBP1s protein were markedly increased (Fig 1). These 
results show that the lipid-induced ER stress response in ALD fibroblasts is both chain-
length dependent and specific for saturated VLCFA. Therefore, a shift in synthesis from the 
saturated VLCFA towards mono-unsaturated VLCFA may alleviate fatty acid toxicity in ALD.

3.2 Increased SCD1 protein and activity in human fibroblasts by LXR agonists

Treatment of mice with the liver X receptor (LXR) a/b pan agonist TO901317 resulted in 
increased levels of SCD1 mRNA in mouse kidney38. To study whether TO901317 increases 
SCD1 protein levels in human fibroblasts, we cultured control and ALD fibroblasts with 
DMSO or TO901317 (Fig. 2A). After incubation with DMSO no SCD1 protein was detectable in 
control and ALD fibroblasts. In contrast, when control and ALD fibroblasts were incubated 
with 5 µM TO901317, SCD1 protein levels were markedly increased (Fig 2A). To study if this 
effect on SCD1 is specific for TO901317 or an effect of LXR agonists in general, we cultured 
control and ALD fibroblasts with GW3965, another LXR pan agonist and LXR623, a partial 
LXR agonist. SCD1 protein was markedly increased after incubation with GW3965 (Fig. 2B) 
and LXR623 (Fig. 2C) in both control and ALD fibroblasts. Taken together, these results show 
that LXR agonists increase SCD1 protein levels in human fibroblasts.

Figure 2. SCD1 protein levels after incubation with LXR agonists. 
Control (n=3) and ALD (n=5) were cultured for 3 days with 0.1% v/v DMSO (-) or different LXR agonists 
(+): TO901317 (A, 5 µM), GW3965 (B, 1.5 µM) and LXR623 (C, 1.5 µM) and the effect of treatment on 
SCD1 protein was assessed. Beta-actin was used to control for equal protein loading.
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To study whether LXR agonist treatment results in increased SCD1 enzyme activity, we 
incubated control and ALD fibroblasts for 24 hours with D

5
-C18:0 combined with DMSO 

(untreated), TO901317, GW3965 or LXR623 and measured the amount of D
5
-C18:1 formed 

from D
5
-C18:0. Figure 3 shows that incubation with LXR agonists results in a significant 

(P<0.0001) increase in D
5
-C18:1 levels in both control and ALD fibroblasts. To demonstrate 

that the increased levels of D
5
-C18:1 are the result of SCD1 enzyme activity, a SCD1 inhibitor 

(SCD1i) was added. In the presence of SCD1i no significant increase in D
5
-C18:1 levels was 

measured. These results show that LXR agonists increase SCD1 protein and fatty acid 
desaturation activity in ALD and control fibroblasts.

Figure 3. Effect of LXR agonists on SCD1 desaturase activity. 
ALD (n=5) and control (n=5) fibroblasts were cultured for 1 day with 100 µM D

5
-C18:0 without and 

with SCD1 inhibitor (SCD1i) combined with DMSO or with 5 µM TO901317, 1.5 µM GW3965 or 1.5 µM 
LXR623. SCD1 desaturase activity was assessed by measuring the amount of D

5
-C18:1 synthesized 

from D
5
-C18:0. Final concentration DMSO in culture medium was 1% v/v. **** P<0.0001 by one-way 

ANOVA followed by Bonferroni’s multiple comparison test.

3.3 LXR agonists lower saturated VLCFA levels by shifting synthesis towards mono-
unsaturated VLCFA

Next, we studied if incubation with LXR agonists and subsequent increased fatty acid 
desaturation activity would lead to decreased levels of de novo synthesized C26:0 and 
increased levels of de novo synthesized C26:1. To this end, we incubated control and ALD 
fibroblasts for 3 days with deuterium labeled C16:0 (D

3
-C16:0) combined with the LXR agonists 

and measured the levels of the deuterium labeled C26:0 (D
3
-C26:0) and C26:1 (D

3
-C26:1) 

synthesized from D
3
-C16:0. In comparison with controls, ALD fibroblasts showed enhanced 

C26:0 synthesis (Fig 4A). In ALD fibroblasts, the levels of D
3
-C26:0 were significantly reduced 

after incubation with TO901317 (P<0.0001), GW3965 (P<0.0001) and LXR623 (P<0.0001). In 
control fibroblasts, no significant differences in the levels of D

3
-C26:0 after incubation with 

the LXR agonists were found. This is probably due to the already low levels of D
3
-C26:0 formed 

in control fibroblasts. In addition, the D
3
-C26:0 levels in ALD fibroblasts after treatment with 

LXR agonists were comparable with the levels of D
3
-C26:0 in control fibroblasts without 
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LXR agonists. This indicates that the de novo synthesis of D
3
-C26:0 was normalized in ALD 

fibroblasts upon incubation with LXR agonists. As anticipated, the decrease in de novo 
D

3
-C26:0 was accompanied by a shift towards the increased de novo synthesis of mono-

unsaturated fatty acids. A significant increase in deuterium labeled C26:1 (D
3
-C26:1) levels in 

ALD fibroblasts was found upon incubation with TO901317 (P<0.0001), GW3965 (P<0.01) and 
LXR623 (P<0.0001) (Fig 4B). In control fibroblasts, increased levels of D

3
-C26:1 were observed 

after incubation with LXR agonists, but this trend was not statistically significant. Taken 
together, these results show that LXR agonists affect de novo VLCFA synthesis by shifting 
the synthesis from saturated VLCFA towards mono-unsaturated VLCFA.

Figure 4. Effect of LXR agonists on de novo VLCFA synthesis. 
ALD (n=5) and control (n=5) fibroblasts were cultured for 3 days with 100 µM D

3
-C16:0 combined 

with either DMSO, 5 µM TO901317, 1.5 µM GW3965 or 1.5 µM LXR623 and the levels of D
3
-C26:0 (A) 

and D
3
-C26:1 (B) were measured. Final concentration DMSO in culture medium was 1% v/v. ** P<0.01, 

****P<0.0001 by one-way ANOVA followed by Bonferroni’s multiple comparisons test.
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To study whether prolonged exposure of ALD fibroblasts to LXR agonists would affect 
endogenous C26:0 levels, we cultured ALD fibroblasts for up to 3 weeks in the presence of 
5 µM TO901317. After 1 week of incubation, C26:0 levels in ALD fibroblasts were reduced by 
50% (P<0.0001) and after 2 and 3 weeks of incubation, the endogenous C26:0 levels were 
reduced to the levels observed in untreated control fibroblasts (P<0.0001) (Fig. 5). 

Figure 5. Effect of TO901317 on endogenous C26:0 levels.  
ALD fibroblasts (n=3) were cultured in the presence of 5 µM TO901317 up to 3 weeks. Control 
fibroblasts (n=3) were untreated. Two biological replicates were included in each condition. **** 
P<0.001 by one-way ANOVA followed by Dunnett’s multiple comparisons test compared with vehicle 
treated ALD fibroblasts. 

To study if GW3965 an LXR623 have similar effects on endogenous C26:0 levels as TO901317, 
ALD and control fibroblasts were cultured for 3 weeks with TO901317, GW3965 and LXR623 
and the endogenous C26:0 levels were measured (Fig. 6). Compared to vehicle treated 
ALD fibroblasts, C26:0 levels were significantly decreased after incubation with TO901317 
(P<0.0001), GW3965 (P<0.0001) and LXR 623 (P<0.0001). In control fibroblasts, the C26:0 levels 
were significantly decreased after exposure to TO901317 (P<0.0001), GW3965 (P<0.0001) and 
LXR623 (P<0.0001). Interestingly, there is no significant difference between the C26:0 levels 
of DMSO treated control fibroblasts and the ALD fibroblasts cultured with respectively 
TO901317, GW3965 or LXR623. The results of this experiment show that LXR agonists reduced 
endogenous C26:0 levels in ALD fibroblasts to levels found in control fibroblasts.  
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Figure 6. Endogenous C26:0 levels in fibroblasts. 
ALD (n=5) and control (n=5) fibroblasts cell lines cultured for 3 weeks with 0.1% v/v DMSO or 5 µM 
TO901317 or 1.5 µM GW3965 or 1.5 µM LXR623. Two biological replicates were included for each 
condition. **** P<0.001, ns: not significant by one-way ANOVA followed by Bonferroni’s multiple 
comparisons test.

3.4 Effect of TO901317 on phospholipids

The VLCFA that accumulate in ALD are present in many different lipid species, but the 
greatest excess has been reported in gangliosides39, phosphatidylcholine8 and cholesterol 
ester fractions40. VLCFA-enriched phosphatidylcholine species are highly increased in intact 
myelin in ALD patients40 and have been suggested to trigger the onset of disease. Indeed, 
injection of C24:0-lysophosphatidylcholine, but not C16:0-lysophosphatidylcholine, into 
wild type mouse brain resulted in widespread microglial activation and apoptosis41. 
To investigate whether exposure of ALD fibroblasts to LXR agonists affects not only total 
VLCFA levels, but also the composition of phospholipids, we performed lipidomic analysis. 
For this, 8 control and 8 ALD fibroblasts cell lines were cultured with DMSO and 4 ALD 
fibroblast cell lines were cultured with 5 µM TO901317 for 3 weeks. We identified 1,061 
distinct lipid species. Phospholipids are indicated as C(XX:Y), where XX indicates the total 
number of carbon atoms and Y the total number of double bonds in the fatty acyl chains. 
This analysis, without fragmentation, does not allow the specification of which fatty acid is 
located at the sn-1 or sn-2 position. Comparison of the lipid profiles of control and ALD cells 
revealed an overall increase in phosphatidylcholine (PC) species containing fatty acids with 
a total number of >44 carbon atoms, which indicates an enrichment in VLCFA (Fig 7). 
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Figure 8. Visualization of the comparison of lipid profiles of control, ALD and ALD fibro-

blasts after incubation with TO901317.  
A: Heat map showing the Top 50 most changed lipid species based on the variable influence on 
projection (VIP) score extracted from the orthogonal projections to latent structures (OPLS). The left 
panel indicates samples from control fibroblasts (n=8), the middle panel samples from ALD patient 
fibroblasts (n=8), and the right panel samples from ALD fibroblasts treated with 5 µM TO901317 for 
3 weeks (n=4). Color in the heat map reflects the logarithm of the relative lipid abundance with red 
being higher and blue lower than the mean abundance value per lipid. B: C26:0-lysoPC levels in 
control (n=8), ALD (n=8) and ALD fibroblasts after treatment with 5µM TO901317 for 3 weeks (n=4).
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Next, we investigated if the correction in total VLCFA levels was also reflected in the ALD 
phospholipid profile. To this end, we compared control and ALD fibroblasts with ALD 
fibroblasts treated with TO901317 for 3 weeks. The heat map in Figure 8 shows the 50 
lipid species that were most increased in ALD cells in comparison to control fibroblasts 
and the effect of TO901317 treatment on these lipid species. Treatment of ALD fibroblasts 
with TO901317 resulted in a complete correction in the majority of phospholipids. This is 
exemplified by the complete correction of C26:0-lysoPC (Figure 8B). 

4. Discussion

Saturated VLCFA are toxic to ALD cells. Exposure of saturated VLCFA to ALD cells causes 
oxidative stress and mitochondrial dysfunction42-44 and an increase in the ER stress 
response30. Interestingly, mono-unsaturated VLCFA do not induce an ER stress response30. 
In addition, it has been reported that mono-unsaturated long-chain fatty acids (C18:1) can 
even rescue ER stress caused by high levels of palmitic acid (C16:0)31. For these reasons, a shift 
from saturated towards mono-unsaturated VLCFA is beneficial. VLCFA are synthesized via de 
novo synthesis from saturated long-chain fatty acids thereby generating intrinsically toxic 
saturated VLCFA. SCD1 desaturates C16:0 and C18:0 resulting in C16:1 and C18:1 which are 
substrates for the same elongation enzymes that elongate saturated fatty acids. Therefore, 
we hypothesized that increased SCD1 activity causes a shift in the fatty acid synthesis from 
saturated fatty acids towards mono-unsaturated fatty acids and that as a consequence 
saturated VLCFA levels may decrease. Our results demonstrate that increased levels of XBP1s 
mRNA, a marker for ER stress, were only detected in ALD fibroblasts after incubation with 
the saturated VLCFA meC24:0 and meC26:0. When ALD fibroblasts were exposed to equal 
levels of the mono-unsaturated VLCFA meC24:1 and meC26:1, this did not result in ER stress. 
These data show that rerouting the fatty acid synthesis towards mono-unsaturated fatty 
acids is beneficial for ALD. 
The key enzyme for the formation of mono-unsaturated fatty acids is SCD129. Zhang et 
al38 reported that the LXR pan agonist TO901317 increases the levels of SCD1 mRNA in the 
kidney of mice that were treated with TO901317. Here we show that incubation of fibroblasts 
from ALD patients and healthy controls with TO901317 resulted in a markedly increase in the 
SCD1 protein levels. To test whether this result was specific for TO901317 or a result of LXR 
agonists in general, we included additional LXR agonists. GW3965 is also a LXR pan agonist45 
and LXR623 is a partial LXR agonist46. Treatment of control and ALD fibroblasts with GW3965 
and LXR623 resulted in a comparable increase in SCD1 protein, which demonstrates that the 
increase in SCD1 protein is not a specific effect of TO901317 but an effect of LXR agonists in 
general. The increase in SCD1 protein by LXR agonists is not directly regulated via LXR but 
indirectly via sterol regulatory element-binding protein 1c (SREBP1c). The promotor region 
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of SCD1 does not contain a LXR response element38 but it has been shown that SREBP1c is a 
direct target of LXR47 and SCD1 is regulated via SREBP29.  
To demonstrate that the effect of LXR agonists on SCD1 protein levels also led to an increased 
SCD1 enzymatic activity, control and ALD fibroblasts were cultured in the presence of D

5
-

C18:0 and the produced amount of D
5
-C18:1 was measured. Treatment of ALD and control 

cells with LXR agonists resulted in a 2 to 3-fold increase in the formation of D
5
-C18:1 from 

D
5
-C18:0. The addition of a SCD1 inhibitor33 completely blocked the synthesis of D

5
-C18:1, 

which confirms that LXR agonists increase SCD1 enzyme activity. 
In order to verify that an increase in SCD1 results in a shift in the de novo fatty acids synthesis 
from the saturated towards the mono-unsaturated VLCFA, we measured the de novo 
synthesis of D

3
-C26:0 from D

3
-C16:0. In the absence of LXR agonists D

3
-C26:0 levels in ALD 

cells were 10-fold higher when compared to control cells, which is in line with previous 
results that demonstrated that ALD cells have enhanced de novo D

3
-C26:0 synthesis48. In the 

presence of LXR agonists, we found a significant decrease in D
3
-C26:0 de novo synthesis in 

ALD fibroblasts. Interestingly, the levels of D
3
-C26:0 in ALD cells were reduced to the levels 

measured in untreated control fibroblasts. In line with the activation of SCD1 activity, the 
de novo synthesis of D

3
-C26:1 was significantly increased in ALD fibroblasts after incubation 

with the LXR agonists. In control cells, a similar trend was found, but the effect was not 
statistically significant. This study shows that LXR agonists activate SCD1 expression and 
activity which causes a shift in the de novo fatty acid synthesis of saturated VLCFA towards 
mono-unsaturated VLCFA. After the desaturation the mono-unsaturated fatty acid is further 
elongated to D

3
-C26:1 by the concerted action of ELOVL6, ELOVL3 and ELOVL1, respectively. 

Both saturated and mono-unsaturated fatty acids are substrates for ELOVL6, ELOVL3 and 
ELOVL120, 49. 
After incubation with TO901317 for at least two weeks, the endogenous C26:0 levels in 
ALD fibroblasts decreased to control levels. After 3 weeks of incubation with TO901317 
or GW3965 or LXR623, a complete normalization of the endogenous C26:0 levels in ALD 
fibroblasts is found. This is the first study that identifies small molecules that are able to cause 
a complete normalization of endogenous C26:0 levels in ALD fibroblasts. Earlier studies 
reported reduced endogenous C26:0 levels with other small-molecules. For example, 
treatment of ALD cells for 3 weeks with bezafibrate, a PPAR agonists, that was also shown to 
be an inhibitor of ELOVL1, reduced endogenous C26:0 levels up to 30%50. 4-phenylbutyrate, 
which induces ABCD2 expression and causes peroxisome proliferation in human primary 
fibroblasts, reduced C26:0 levels in ALD fibroblasts by 47% after 3 weeks of incubation51. 
Incubation of ALD fibroblasts with oleic acid (C18:1) resulted in a decrease in C26:0 levels 
of approximately 30%22. However, a complete normalization of C26:0 in ALD fibroblasts 
to the levels found in control fibroblasts has not been reported before. It is important to 
mention that treatment of ALD cells with LXR agonists did not reduce the C26:0 levels below 
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the C26:0 levels that are found in untreated control cells. Incubation of control fibroblasts 
with LXR agonists, however, did result in a further reduction of the C26:0 levels. Although 
no increased levels of cell death were observed, it cannot be ruled out that this further 
lowering of C26:0 levels to levels below those observed in normal cells may be toxic in vivo. 
Saturated VLCFA are essential because they are part of complex lipids in cell membranes 
and myelin. For example, the epidermal barrier of the skin consists of approximately 50% 
ceramides, 25% cholesterol, and 15% long- and very long-chain fatty acids52. That a further 
reduction in VLCFA to sub-normal levels may cause deleterious effects is clearly exemplified 
in the knockout mouse model for Elovl153. Elovl1 knockout mice died within 1 day after birth 
due to epidermal barrier defects. Furthermore, a Phase 1 clinical trial to evaluate safety and 
tolerability of LXR623 in healthy subjects reported central nervous system-related adverse 
events and neurologic- or psychiatric-related adverse events54. However, the subjects in this 
trial did not suffer from a peroxisomal beta-oxidation disorder and therefore did not have 
increased VLCFA levels. Therefore, it cannot be ruled out that too low levels of VLCFA as a 
result of treatment might have contributed to at least some of the adverse effects that were 
reported in this study.  
Finally, our study revealed large differences in the phospholipid profile between control and 
ALD fibroblasts. Comparison of the lipid profiles of control and ALD cells revealed an overall 
increase in phosphatidylcholine (PC) species containing fatty acids with a total number 
of >44 carbon atoms, which indicates an enrichment in VLCFA. These PC species are all 
potential new biomarkers for ALD but the data must be confirmed by repeating the analysis 
in a series of independent samples. In line with a general reduction in the total C26:0 level 
upon treatment of ALD cells with LXR agonists, we observed a correction in the phospholipid 
profile in ALD fibroblasts after incubation with TO901317. Almost all phospholipid species 
that are elevated in ALD fibroblasts were reduced to the levels that were seen in control 
fibroblasts. Interestingly, the levels of C26:0-lysoPC (LPC(C26:0)), the marker that is used in 
newborn screening to detect ALD55, 56, are completely normalized in ALD fibroblasts upon 
treatment with TO901317.
LXR agonists are extremely interesting compounds to study for a potential therapy for 
ALD for various reasons. One of the reasons is that saturated VLCFA induce lipoapoptosis 
in ALD fibroblasts30. Therefore, increased levels of SCD1 protein might be protective against 
lipoapoptosis in ALD. Indeed, it has been shown that overexpression of SCD1 in renal 
proximal tubular epithelial cells protects against lipoapoptosis induced by palmitic acid 
(C16:0)57. Another study showed that TO901317 protects against inflammation in the spinal 
cord after spinal cord injury58. Furthermore, LXR agonists are studied as a possible treatment 
option in various neurodegenerative disorders, such as Alzheimer’s disease59-62, Huntington’s 
disease63, Parkinson’s disease60, 64, 65 and multiple sclerosis66-68. Based on the results presented 
here, LXR agonists are interesting small molecules to study for the development of a 
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treatment for ALD. 
Our data are highly promising, but it should be stressed that the results so far are in vitro 
data using human primary fibroblasts from ALD patients. We are currently collaborating 
with Dr. Sonja Forss-Petter and Prof. Johannes Berger of the Medical University in Vienna to 
evaluate the efficacy of LXR agonists of VLCFA levels in vivo by treating Abcd1-/y  mice with 
TO901317. 
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Summary

X-linked adrenoleukodystrophy (ALD) is the most common peroxisomal metabolic disorder 
with a birth incidence of 1:14,7001. All patients have a mutation in the gene ABCD1 that 
encodes the peroxisomal transmembrane protein ABCD12-4. The function of the ABCD1 
protein is to transport very long-chain fatty acids (VLCFA, ≥C22:0) as CoA-esters into the 
peroxisome5 where they are degraded via beta-oxidation6. Due to the defect in the ABCD1 
protein, VLCFA cannot enter the peroxisome and accumulate in plasma and the cells of all 
tissues7, including the spinal cord and white matter of the brain (chapter 3 of this thesis)8. 
The clinical spectrum in male patients ranges from a relatively mild adrenal insufficiency9 
to the rapidly progressive and devastating cerebral demyelination10, 11. Females, and males 
who do not develop cerebral demyelination, often suffer from myelopathy12. Therapy for 
ALD is currently only available to treat adrenal insufficiency (with adrenal corticosteroid 
replacement therapy) and very early stage of cerebral demyelination (with hematopoietic 
stem cell replacement, HSCT13, 14). No therapy is available for the myelopathy that affects 
both males and females. 
In cells from ALD patients, the beta-oxidation capacity is decreased while the elongation 
activity is enhanced due to increased substrate levels15. In chapter 2, a method is described 
that can be used to measure beta-oxidation and elongation activity in living cells by using 
stable-isotope labeled docosanoic acid. In chapter 3, the identification of a new biomarker 
for ALD in mice and men, C26:0-carnitine, is reported. C26:0-carnitine was found elevated in 
tissues from ALD mice, including the spinal cord and brain and in dried blood spots from ALD 
mice and adult male ALD patients. In chapter 4, a comparison between C26:0-carnitine and 
C26:0-lysoPC in dried blood spots from newborns is presented. C26:0-carnitine and C26:0-
lysoPC levels were measured in 200 dried blood spots from control newborns and 11 dried 
blood spots from newborns with ALD. In addition, the New York State Newborn Screening 
program with whom we collaborated in this project measured C26:0-carnitine levels in 
approximately 270,000 dried blood spots from newborns and in 64 dried blood spots from 
newborns diagnosed with ALD, Zellweger syndrome or Aicardi Goutières Syndrome. Both 
the data obtained in the Netherlands and the data obtained in New York State showed that 
C26:0-carnitine would result in missing/false-negative results in approximately 17% of cases. 
Therefore, C26:0-carnitine is not a reliable marker to use for the screening of ALD in the 
newborn screen.
Of all women with ALD, 15-20% have normal C26:0 plasma levels16, 17. In chapter 4, the levels 
of plasma C26:0 and C26:0-lysoPC in dried blood spots from 49 women with ALD were 
analyzed and the sensitivities of these biomarkers were compared. All women had elevated 
C26:0-lysoPC levels. This makes C26:0-lysoPC a superior biomarker compared to C26:0 
plasma levels for diagnosing women with ALD. 
The exact mechanism behind VLCFA toxicity is still unknown. In chapter 5, it is demonstrated 
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that there is a direct link between VLCFA and the ER stress response in ALD. When fibroblasts 
from ALD patients were exposed to VLCFA, increased levels of ER stress markers on mRNA 
and protein level were found. In addition, exposure to VLCFA caused lipoapoptosis in ALD 
fibroblasts.
Mono-unsaturated fatty acids are less toxic than saturated fatty acids. In chapter 6 it is shown 
that LXR agonists activate SCD1. Activation of SCD1 resulted in a redirection of the fatty acid 
synthesis from the saturated VLCFA towards the mono-unsaturated VLCFA. Importantly, the 
endogenous levels of C26:0 in ALD fibroblasts were completely normalized. 

General discussion and future research

The aim of the first three chapters of this thesis was to improve the diagnosis of ALD. The 
method described in chapter 2 is not only helpful for diagnosing patients with ALD but can 
be used as well for the diagnosis of other diseases with a defect in the peroxisomal beta-
oxidation: Zellweger spectrum disorders, D-bifunctional protein (HSD1B4) deficiency, acyl-
CoA oxidase type 1 (ACOX1) deficiency18, the “contiguous ABCD1 DXS1357E deletion syndrome” 
(CADDS)19  and acyl-CoA binding domain containing protein 5 (ACBD5) deficiency20.  The 
two main advantages of this method compared to the existing methods are that: 1) it uses 
a stable isotope labeled substrate instead of a radioactive labeled substrate, and 2) with 
this method both beta-oxidation and elongation activity can be measured while with the 
existing method only the beta-oxidation activity can be measured.
For ALD patients, early diagnosis is of major importance since cerebral ALD can only be 
treated in a very early stage and adrenal insufficiency often remains undiagnosed. For these 
reasons, an increasing number of countries are adding ALD to their newborn screening 
programs. In chapter 3, C26:0-carnitine was identified as a new biomarker for ALD. The 
C26:0-carnitine levels were increased in dried blood spots of the ALD mice and adult male 
patients. It was hypothesized in chapter 3 that the implementation of ALD into newborn 
screening programs would be faster and easier since C26:0-carnitine does not require a 
dedicated, separate method, which is needed for the detection of C26:0-lysoPC. In chapter 
4, C26:0-carnitine levels were measured in dried blood spots from newborns. The results 
from the Netherlands showed that the C26:0-carnitine levels of 2 independent samples of 1 
newborn ALD patient fell into the control range. This resulted in a sensitivity of 82%, which 
means that 18% of the cases would be missed in the newborn screen. The results from the 
New York State Newborn Screening Program showed that in 64 dried blood spots with 
elevated C26:0-lysoPC, 17% was at risk for being missed if the screening was based on the 
detection of C26:0-carnitine. From the results obtained in the Netherlands and the results 
from New York State it is clear that C26:0-carnitine is not a proper biomarker for ALD to use 
in the newborn screen. These data show that a good biomarker in a mouse or an adult does 
not necessary have to be a good biomarker for a newborn. 
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Diagnosis in women with ALD can be difficult since 15-20% have normal C26:0 plasma 
levels. It is of major importance to find a good, discriminative biomarker to diagnose women 
with ALD more accurately since ALD is a genetic disorder and can be passed on to the 
next generation. Furthermore, the majority of women with ALD will develop symptoms 
as well and not knowing what causes these symptoms can be very disturbing. Indeed, 
it was reported that women with ALD are often relieved when it is established that their 
symptoms are caused by ALD16. In order to identify a more discriminative and sensitive 
biomarker to diagnose women with ALD, C26:0-carnitine and C26:0-lysoPC levels were 
measured in dried blood spots of 49 women with ALD. The C26:0-carnitine levels of 35 out 
of 49 women with ALD fell into the control range, corresponding to a sensitivity of 35%. 
However, when C26:0-lysoPC was measured, none of the women with ALD fell into the 
control range, corresponding to a sensitivity of 100%. These results show that C26:0-lysoPC 
is a superior marker compared to C26:0 concentrations in plasma to diagnose women with 
ALD. Detection of C26:0-lysoPC in an independent or larger cohort, is needed to establish 
whether the sensitivity of C26:0-lysoPC is indeed around 100%.   
VLCFA are toxic to ALD cells and although many studies have shown that oxidative stress 
and mitochondrial dysfunction play a role in VLCFA toxicity21-26, the exact mechanism 
behind VLCFA toxicity has not been resolved at the cellular level. A direct link between 
VLCFA and the activation of the ER stress response is shown in chapter 5 of this thesis. 
The combination of ER stress and mitochondrial dysfunction has been reported in various 
diseases. Mitochondria and ER are linked via mitochondrial associated membranes (MAMs). 
For that reason, the data of chapter 5 indicate a complicated interaction between VLCFA-
induced ER stress, mitochondrial dysfunction and oxidative stress. This provides new insight 
into the mechanism behind VLCFA toxicity that contributes to a better understanding of the 
pathophysiology of ALD.
The only treatments available at this moment for ALD are corticosteroid replacement 
therapy for patients that suffer from an adrenal insufficiency and hematopoietic stem cell 
transplantation (HSCT) for patients that were diagnosed with a very early stage of cerebral 
demyelination. For the majority of the patients who suffer from myelopathy, no therapy 
is available. Since VLCFA levels are not normalized after HSCT and patients who received 
a HSCT still develop myelopathy as adults27, it was hypothesized that chronic exposure to 
VLCFA causes myelopathy12. For that reason, the focus must be on the normalization of 
VLCFA levels for the development of a curative therapy for myelopathy. In chapter 6, it is 
shown that activation of SCD1 with LXR agonists, results in a redirection in the fatty acid 
synthesis from saturated VLCFA towards mono-unsaturated VLCFA. In addition, endogenous 
C26:0 levels normalized upon treatment with LXR agonists. The data in chapter 6 is the first 
demonstration of a small molecule treatment that resulted in a complete normalization of 
C26:0. Decreased C26:0 levels have been shown in the past for example by using C18:128, 
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4-PBA29, bezafibrate30 and sobetirome31. The  data in chapter 6  show that LXR agonist are 
extremely interesting compounds and that SCD1 is a target for a therapy for ALD. The 
effects of LXR agonists on VLCFA metabolism are currently studied in vivo by treating Abcd1 
knockout mice with a LXR agonist. This study is taking place in collaboration with Prof. 
Johannes Berger and Dr. Sonja Forss-Petter of the Medical University in Vienna. Hopefully 
the first in vivo results will be obtained soon and matches with the results that were gain in 
the cell model system. 
Before a compound can be tested in a clinical trial, it is of major importance to establish the 
primary outcome parameters. Outcome parameters can be biochemical, for example an 
effect on VLCFA levels in blood cells from ALD patients, but also clinical such as for example 
no or delayed development of symptoms. To measure these clinical outcome parameters, 
the natural history of the disease course must be known. For this reason, long-term follow-
up of male and female patients is required to establish so called “clinical trial readiness”. 
Without knowledge about the natural disease course, it is impossible to draw conclusions 
whether or not a drug will prevent the development of symptoms or delay the initiation of 
disease onset. 
Currently an intensive long-term follow-up study of the Dutch ALD cohort (with >120 ALD 
patients both males and females) is ongoing in the Academic Medical Center in Amsterdam 
to investigate whether short-term clinical endpoints can be identified. 
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Deze samenvatting is geen rechtstreekse vertaling van de Engelse samenvatting. De inhoud 
van het proefschrift wordt hier wel degelijk samengevat en ook de algemene discussie en 
de plannen voor de toekomst komen aan bod. Het verschil is echter dat er extra uitleg is 
toegevoegd zodat het goed te begrijpen is voor iedereen die niet dagelijks betrokken is bij 
het onderzoek naar X-gebonden adrenoleukodystrofie. 

Samenvatting van het proefschrift

Ongeveer 1 op de 14.700 baby’s wordt geboren met X-gebonden adrenoleukodystrofie 
(ALD)1. ALD is een erfelijke stofwisselingsziekte. Dat wil zeggen dat bepaalde stoffen niet 
goed kunnen worden aangemaakt, afgebroken of getransporteerd in de cellen van het 
lichaam. Hierdoor ontstaat er of een tekort aan een essentieel product (metaboliet) of 
een stapeling van een schadelijk intermediair metaboliet. In het geval van ALD is er een 
stapeling van de zeer lang-keten vetzuren (ZLKV). ZLKV zijn vetzuren met 22 of meer 
koolstofatomen. In ALD zijn de vetzuren met 26 koolstofatomen het meest verhoogd (C26:0). 
Binnen in cellen bevinden zich allerlei structuren met verschillende functies die organellen 
genoemd worden. Voorbeelden zijn de kern (DNA), de mitochondriën (energievoorziening), 
lysosomen (afbraak), endoplasmatisch reticulum (aanmaak van eiwitten en enzymen) en de 
peroxisomen. Peroxisomen zijn verantwoordelijk voor onder andere de afbraak van de ZLKV. 
In de cel, maar buiten het peroxisoom, wordt een ZLKV gelabeld (ZLKV-CoA) en vervolgens 
wordt dit gelabelde ZLKV het peroxisoom in getransporteerd. In het membraan van het 
peroxisoom zit een eiwit dat het ABCD1 eiwit wordt genoemd en de toegangspoort is voor 
ZLKV-CoA het peroxisoom in2. In de peroxisomen worden ZLKV-CoA afgebroken door een 
proces dat bèta-oxidatie heet3. Bij patiënten met ALD werkt dit ABCD1 eiwit niet goed omdat 
ALD patiënten een foutje (een mutatie) hebben in het gen (als het ware het recept) dat 
codeert voor het ABCD1 eiwit. Doordat de toegangspoort niet goed functioneert, kunnen 
de ZLKV het peroxisoom niet in en kunnen dus ook niet worden afgebroken door bèta-
oxidatie (Figuur 1). Het gevolg daarvan is dat de ZLKV zich opstapelen in het bloedplasma en 
in cellen van alle weefsels waaronder de hersenen4, het ruggenmerg5 en de bijnieren6. Het 
heeft geen zin om patiënten een vetvrij dieet te laten volgen omdat het lichaam zelf vanuit 
kleinere vetzuren (de lang-keten vetzuren) ZLKV maakt. Het proces waarin de ketenlengte 
van een vetzuur wordt verlengd heet vetzuurelongatie. Omdat cellen van ALD patiënten 
een verlaagde bèta-oxidatie activiteit en een verhoogde vetzuurelongatie activiteit hebben, 
kan het meten van deze stofwisselingsprocessen gebruikt worden bij het stellen van de 
diagnose. In hoofdstuk 2 van dit proefschrift wordt een methode beschreven waarbij de 
bèta-oxidatie en de elongatie activiteit gemeten kan worden in levende cellen. De grote 
voordelen van deze methode ten opzichte van andere methodes zijn dat er geen gebruik 
gemaakt wordt van radioactief gelabelde substraten en dat zowel de bèta-oxidatie als de 
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vetzuurelongatie activiteit gemeten kunnen worden. Bij methodes die gebruik maken van 
radioactief gelabelde substraten kan alleen de bèta-oxidatie activiteit gemeten worden.

Figuur 1. 
Biochemisch defect in een cel van een patiënt met ALD. Lang-keten vetzuren worden in de cel 
verlengd door een proces dat elongatie heet. Hierdoor ontstaan ZLKV. De zeer lang-keten vetzuren 
worden gelabeld hetgeen resulteert in ZLKV-CoA. In gezonde cellen worden ZLKV-CoA via het ABCD1 
eiwit het peroxisoom in getransporteerd en daar afgebroken via bèta-oxidatie. Omdat het ABCD1 
eiwit in cellen van patiënten met ALD niet goed functioneert, kunnen de ZLKV-CoA het peroxisoom 
niet in, niet worden afgebroken en stapelen zich op in de cellen van alle organen en het bloedplasma. 

De naam van de ziekte, X-gebonden adrenoleukodystrofie, zegt al veel over de ziekte. 
X-gebonden betekent dat het gen, in dit geval het ABCD1 gen, op het X-chromosoom ligt. 
Mannen hebben één X-chromosoom en één Y-chromosoom en vrouwen hebben twee 
X-chromosomen. Wanneer mannen een mutatie in het ABCD1 gen hebben dan krijgen zij 
ALD. Vroeger werd er gedacht dat vrouwen geen, of weinig, ALD-gerelateerde klachten 
ontwikkelde en eigenlijk alleen draagster van het aangedane gen waren omdat vrouwen 
twee X-chromosomen hebben. Eén X-chromosoom bevat dan een gen met een mutatie en 
één X-chromosoom een gezonde kopie van het gen. Tegenwoordig weet men dat vrouwen 
wel degelijk symptomen kunnen krijgen. Adreno slaat op de bijnieren. Bijna alle mannen 
met ALD ontwikkelen een bijnierschorsinsufficiëntie. Dit kan heel goed behandeld worden 
met medicijnen (hydrocortison) maar dan moet de aandoening wel tijdig gediagnosticeerd 
worden. Helaas wordt een bijnierschorsinsufficiëntie bij mannen met ALD vaak pas laat, na 
enkele ziekenhuisopnames, of niet ontdekt7. Een bijnierschorsinsufficiëntie bij vrouwen met 
ALD is heel erg zeldzaam. Leuko staat voor witte stof en dystrofie voor beschadigingen, 
samen betekent dit beschadigingen aan de witte stof. Het centraal zenuwstelsel (de hersenen 
en het ruggenmerg) bevat witte stof, myeline genaamd. Myeline vormt een isolatielaag om 
zenuwcellen en zorgt ervoor dat de signalen snel en goed doorgegeven worden. Volwassen 
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mannen en bijna alle vrouwen met ALD ontwikkelen problemen aan het ruggenmerg 
waardoor zij uiteindelijk vaak een hulpmiddel nodig hebben bij het lopen (bijvoorbeeld een 
wandelstok of rollator) en mannen kunnen zelfs rolstoelafhankelijk worden. Deze schade aan 
het ruggenmerg wordt een myelopathie genoemd. Jongens met ALD in de leeftijd tussen 
de 3 en 18 jaar hebben 35-40% kans om een ernstige ontstekingsreactie in de hersenen te 
ontwikkelen maar kunnen dit ook nog krijgen als zijn volwassen zijn. Dit wordt cerebrale 
ALD genoemd. Als cerebrale ALD in een heel vroeg stadium wordt ontdekt dan is het te 
behandelen met een stamceltransplantatie. Wanneer het in een gevorderd stadium wordt 
ontdekt dan kan het niet meer worden behandeld. Als cerebrale ALD niet wordt behandeld 
dan zal de patiënt steeds zieker worden. De patiënt kan blind en doof worden, niet meer 
lopen en praten en zal uiteindelijk in een vegetatieve toestand raken en overlijden. De 
achteruitgang bij cerebrale ALD is heel snel. Patiënten overlijden vaak binnen 2 tot 4 jaar na 
het ontstaan van de eerste symptomen. Omdat het zo belangrijk is om cerebrale ALD op tijd 
te diagnosticeren, is ALD nu opgenomen in de hielprikscreening in een toenemend aantal 
staten in Amerika en is in 2015 besloten om ook in Nederland te gaan screenen voor ALD. 
Voor het screenen van ALD wordt een bepaalde stof, C26:0-lysoPC, bepaald in hielprikkaarten 
(ook wel bloedspots genoemd) van pasgeboren baby’s. Bij baby’s met ALD is de waarde van 
C26:0-lysoPC verhoogd. Voor het bepalen van C26:0-lysoPC is een speciale methode nodig. 
Hoofdstuk 3 van dit proefschrift laat zien dat een andere stof, C26:0-carnitine, ook verhoogd 
is in weefsels van ALD muizen en gemeten kan worden in bloedspots van zowel ALD muizen 
als wel in bloedspots van volwassen mannen met ALD. Carnitines worden al bepaald in de 
hielprikscreening als marker voor andere ziektes. Daarom dachten wij dat de implementatie 
van ALD in de hielprikscreening sneller en makkelijker zou gaan als er gescreend kan worden 
op de C26:0-carnitine waarden. Dit zou de aparte en speciale methode voor het bepalen 
van de C26:0-lysoPC waarden overbodig zou maken. In hoofdstuk 4 van dit proefschrift 
werden de C26:0-carnitine waarden bepaald in hielprikkaarten van pasgeboren gezonde 
baby’s en baby’s met ALD. Deze studie is gedaan in een samenwerking met de staat New 
York. De staat New York is als eerste begonnen met het screenen van baby’s op ALD. In 
totaal zijn er meer dan 270.000 hielprikkaarten gescreend voor deze studie. Helaas bleek uit 
de resultaten dat C26:0-carnitine niet in alle baby’s met ALD verhoogd is waardoor C26:0-
carnitine geen goede biomarker is voor het detecteren van ALD in de hielprikscreening. 
Het diagnosticeren van vrouwen met ALD kan lastig zijn omdat 15-20% van de vrouwen 
met ALD geen verhoogde C26:0 waarden in het bloedplasma hebben. Het komt voor 
dat een arts een vrouw ziet met symptomen die doen denken aan ALD, maar de C26:0 
waarden zijn normaal. Dan kan natuurlijk het ABCD1 gen onderzocht worden en als daar een 
variatie in gevonden wordt waarvan bekend is dat die mutatie ALD veroorzaakt is er een 
diagnose. Soms wordt er echter wel een verandering in het ABCD1 gen gevonden maar is 
daarvan niet bekend of dit kan leiden tot ALD. Voor die gevallen is het belangrijk dat er een 
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betere diagnostische methode komt. In hoofdstuk 4 zijn er bloedspotkaarten gebruikt van 
vrouwen met ALD die verhoogde of normale C26:0 waarden in het bloedplasma hadden. 
In die bloedspotkaarten werd vervolgens C26:0-carnitine en C26:0-lysoPC gemeten. C26:0-
carnitine was geen goede biomarker voor het diagnosticeren van vrouwen met ALD omdat 
C26:0-carnitine bij slechts een derde van de vrouwen met ALD was verhoogd. Alle vrouwen 
hadden echter verhoogde C26:0-lysoPC waarden waaruit bleek dat met het meten van 
C26:0-lysoPC ook vrouwen gediagnosticeerd kunnen worden die normale C26:0 waarden 
in bloedplasma hebben. 

Het precieze mechanisme achter de toxiciteit van ZLKV is nog niet bekend. In hoofdstuk 
5 wordt beschreven dat er een direct verband is tussen ZLKV en de endoplasmatisch 
reticulum (ER, ook een celorganel) stress respons. In fibroblasten die waren blootgesteld aan 
ZLKV werd een verhoogde ER stress respons gevonden. Daarnaast zorgde de blootstelling 
aan ZLKV voor een toename in celdood in cellen van ALD patiënten. In cellen van gezonde 
vrijwilligers trad deze stress respons niet op.
Voor de grootste groep ALD patiënten, namelijk de patiënten (mannen en vrouwen) die 
problemen krijgen aan het ruggenmerg, is nog geen behandeling. Omdat ook mannen 
die als kind een stamceltransplantatie hebben gehad, nog steeds verhoogde ZLKV hebben 
en in de volwassen leeftijd problemen krijgen aan het ruggenmerg8, lijkt het erop dat 
een langdurige blootstelling aan ZLKV schade aan het ruggenmerg veroorzaakt. Voor 
de ontwikkeling van een therapie voor deze patiënten moet er gefocust worden op het 
verlagen van de ZLKV. In hoofdstuk 6 wordt beschreven dat de verzadigde ZLKV (vetzuren 
zonder dubbele bindingen) een ER stress respons veroorzaken in cellen van ALD patiënten. 
Wanneer cellen van ALD patiënten werden blootgesteld aan mono-onverzadigde ZLKV 
(vetzuren met 1 dubbele binding) dan was er geen toename in de ER stress respons. 
Mono-onverzadigde ZLKV zijn dus minder toxisch dan verzadigde ZLKV. In hoofdstuk 6 
wordt ook aangetoond dat een groep stoffen, de LXR agonisten, het eiwit stearoyl-CoA 
desaturase 1 (SCD1) activeren. De functie van SCD1 is het inbouwen van een dubbele 
binding in een verzadigd vetzuur waardoor er een mono-onverzadigd vetzuur ontstaat. Het 
activeren van het eiwit SCD1 met behulp van LXR agonisten zorgt voor een omleiding in 
de vetzuursynthese route van verzadigde ZLKV naar mono-onverzadigde ZLKV. Daarnaast 
laten de resultaten uit hoofdstuk 6 zien dat de C26:0 waarden in cellen van ALD patiënten 
normaliseren als zij gekweekt worden met LXR agonisten. 

Algemene discussie en verder onderzoek 

Het doel van de eerste drie hoofdstukken van dit proefschrift was het verbeteren van de 
diagnose voor ALD. De methode die beschreven wordt in hoofdstuk 2 kan niet alleen gebruikt 
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worden voor het diagnosticeren van ALD maar ook voor andere ziektes met een defect in 
de peroxisomale bèta-oxidatie: Zellweger spectrum aandoeningen, D-bifunctioneel eiwit 
(HSD1B4) deficiëntie, acyl-CoA oxidase type 1 (ACOX1) deficiëntie9, de “contiguous ABCD1 

DX1357E deletie syndroom” (CADDS)10 en acyl-CoA binding domain containing protein 
5 (ACBD5) deficiëntie11. Daarom is het van belang om naast biochemische testen ook 
genetische testen te doen voor het stellen van een diagnose. 
Het is heel belangrijk dat ALD patiënten vroeg worden gediagnosticeerd omdat een 
bijnierschorsinsufficiëntie vaak pas laat wordt opgemerkt en cerebrale ALD alleen 
behandeld kan worden in een zeer vroeg stadium. Daarom zijn er steeds meer landen 
die ALD toevoegen aan het hielprikscreening programma. In hoofdstuk 3 wordt C26:0-
carnitine geïntroduceerd als een nieuwe biomarker voor ALD. In hoofdstuk 3 werd de 
hypothese gesteld dat de implementatie van ALD in hielprikscreening programma’s sneller 
en makkelijker zou gaan als men op C26:0-carnitine zou kunnen screenen omdat er dan niet 
langer van de aparte methode voor het detecteren van C26:0-lysoPC gebruik gemaakt hoeft 
te worden. In hoofdstuk 4 worden de C26:0-carnitine niveaus gemeten in hielprikkaarten 
van pasgeboren baby’s. Deze studie werd uitgevoerd in het Academisch Medisch Centrum 
met hielprikkaarten van Nederlandse baby’s en in de staat New York met hielprikkaarten 
van Amerikaanse baby’s. Beide studies lieten zien dat wanneer er gescreend zou worden 
op C26:0-carnitine, 17% van de baby’s met ALD gemist zou worden. Hieruit blijkt dat C26:0-
carnitine niet betrouwbaar genoeg is om C26:0-lysoPC te vervangen in de hielprikscreening. 
Deze data laat zien dat een goede biomarker in een muis of volwassen mannen niet direct 
een goede biomarker is voor een pasgeboren baby. 
Het stellen van de diagnose in vrouwen kan lastig zijn omdat 15-20% van de vrouwen met 
ALD normale C26:0 waarden in plasma heeft. Het vinden van een goede biomarker voor het 
diagnosticeren van vrouwen met ALD is van groot belang omdat ALD een erfelijke ziekte 
is en kan worden doorgegeven aan de volgende generatie. Daarnaast krijgt 80% van de 
vrouwen met ALD klachten en de onzekerheid waar deze klachten vandaan komen kan 
erg verontrustend zijn. Het blijkt ook inderdaad zo te zijn dat vrouwen met ALD vaak heel 
erg opgelucht zijn wanneer zij te horen krijgen dat hun klachten gerelateerd zijn aan ALD12, 
omdat dit duidelijkheid geeft en er mogelijk wat gedaan kan worden aan de klachten. In 
hoofdstuk 4 is C26:0-carnitine en C26:0-lysoPC in bloedspots gemeten om te onderzoeken 
of dit betere biomarkers zijn voor het diagnosticeren van vrouwen met ALD. De C26:0-
carnitine waarden van bijna twee-derde van de vrouwen vielen binnen de controle 
waarden waaruit blijkt dat C26:0-carnitine geen goede biomarker is voor het diagnosticeren 
van vrouwen. Echter, de C26:0-lysoPC waarden waren wel verhoogd in alle vrouwen met 
ALD. Deze resultaten laten zien dat C26:0-lysoPC een betere diagnostische marker is dan 
C26:0 waarden in plasma voor het diagnosticeren van vrouwen met ALD. Verder onderzoek 
is nodig om vast te stellen of C26:0-lysoPC in 100% van de gevallen verhoogd is, maar op 
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dit moment adviseren wij om deze biomarker te gebruiken als diagnostische marker voor 
vrouwen met klachten die wijzen op ALD. 
ZLKV zijn toxisch voor ALD cellen en hoewel meerdere studies hebben aangetoond dat 
oxidatieve stress en mitochondriële disfunctie een rol spelen in ZLKV toxiciteit13-18, is het 
exacte mechanisme achter ZLKV toxiciteit nog onduidelijk. Hoofdstuk 5 van dit proefschrift 
beschrijft dat er een direct verband is tussen ZLKV en de activatie van de ER stress respons. 
De combinatie van ER stress en mitochondriële disfunctie is beschreven in meerdere 
ziektes. De mitochondriën en het ER zijn met elkaar verbonden via “mitochondria associated 
membranes”(MAMs). Onze data laat zien dat er een complexe interactie is tussen ZLKV-
geïnduceerde ER stress, mitochondriale disfunctie en oxidatieve stress. Dit nieuwe inzicht in 
het mechanisme achter ZLKV toxiciteit draagt bij aan het begrijpen van de pathofysiologie 
van ALD.
Momenteel zijn er alleen behandelingen voor de bijnierschorsinsufficiëntie en het 
vroege stadium van cerebrale demyelinisatie. De meerderheid van de patiëntenpopulatie 
ontwikkelt een schade aan het ruggenmerg en hiervoor is tot op heden geen behandeling. 
Mannen die als kind zijn behandeld voor cerebrale ALD met een stamceltransplantatie 
ontwikkelen nog steeds een myelopathie als zij volwassen zijn. Ook zijn de ZLKV waarden 
niet genormaliseerd na een stamceltransplantatie8. Op basis van deze twee gegevens is de 
hypothese gebaseerd dat chronische blootstelling aan ZLKV een myelopathie veroorzaakt19. 
De focus voor een behandeling voor myelopathie moet daarom liggen op het normaliseren 
van de ZLKV in het centraal zenuwstelsel. In hoofdstuk 6 wordt aangetoond dat het activeren 
van SCD1 met LXR agonisten resulteert in een omleiding in de vetzuursyntheseroute van 
de verzadigde ZLKV naar de mono-onverzadigde ZLKV. Daarnaast normaliseren de C26:0 
waarden in cellen van ALD patiënten die zijn behandeld met LXR agonisten. Dit zijn de 
eerste resultaten die laten zien dat een behandeling met kleine moleculen kan leiden tot 
een normalisatie van C26:0. Een verlaging van C26:0 is al eerder beschreven, bijvoorbeeld na 
behandeling met C18:120, 4-PBA21, bezafibraat22 en sobetirome23. De resultaten in hoofdstuk 
6 laten zien dat LXR agonisten en het activeren van SCD1 targets zijn voor de ontwikkeling 
van een behandeling voor ALD. Momenteel onderzoeken wij de effecten van LXR agonisten 
op het ZLKV metabolisme in vivo door het behandelen van ALD muizen met een LXR 
agonist. Deze studie vindt plaats in samenwerking met onze partners Prof. Johannes 
Berger en Dr. Sonja Forss-Petter aan de Medische Universiteit in Wenen. Hopelijk zullen de 
eerste resultaten van de in vivo studie op korte termijn klaar zijn en komen de resultaten 
overeen met de resultaten uit de studies in hoofdstuk 6 van dit proefschrift waarin gebruik 
gemaakt wordt van een celmodel. Voordat een potentieel medicijn getest kan worden in 
een klinische studie moeten de primaire uitkomst parameters worden vastgesteld. Deze 
parameters kunnen biochemisch van aard zijn, bijvoorbeeld een effect op ZLKV waarden 
in bloedcellen, maar ook klinisch: geen ontwikkeling van symptomen of een vertraging in 
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het ziektebeloop. Om deze klinische uitkomst parameters te kunnen meten, moet men het 
klinisch beloop van de ziekte bij zowel mannen als vrouwen in kaart brengen. Zonder kennis 
over het klinisch beloop is het onmogelijk om te kunnen concluderen of een mogelijk 
medicijn de ontwikkeling van symptomen voorkomt of vertraagd. Een lange follow-up van 
de patiënten is nodig voor het bereiken van wat ook wel “clinical trail readiness” genoemd 
wordt, het volledig voorbereid zijn op een klinische studie. In het Academisch Medisch 
Centrum vindt momenteel een studie plaats waarin een groep van meer dan 120 mannen 
en vrouwen met ALD (het Nederlandse ALD cohort) voor langere tijd gevolgd worden om 
zo meer inzicht te krijgen in het klinisch beloop van patiënten met ALD.
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Dankwoord

Het is dus toch zover gekomen, het proefschrift is af! Of bijna af want het meest gelezen 
hoofdstuk, het dankwoord, dat moet nog geschreven worden. Jaren heb ik ernaar uitgekeken 
om iedereen die mij op wat voor manier dan ook met mijn proefschrift heeft geholpen 
hier op gepaste wijze te bedanken. Helaas heb ik, ondanks alle goede voornemens, geen 
lijstje bijgehouden met wie mij allemaal geholpen heeft. Om niemand te kort te doen wil ik 
daarom hiermee beginnen: Iedereen die, op welke manier dan ook, groot of klein, mij heeft 
bijgestaan de afgelopen vier jaar, wil ik bij deze, vanuit het diepst van mijn hart (sommige 
dieper dan anderen), onwijs bedanken!
Zo, nu iedereen bedankt is, zijn er toch nog een aantal mensen die ik in het bijzonder wil 
noemen. Om te beginnen, mijn promotor Prof. dr.  Ronald Wanders. Beste Ronald, dankzij 
jou ben ik in 2012 als stagiair terecht gekomen in de ALD groep. Ik heb in de afgelopen 
vijf jaar heel veel van je geleerd en ik heb heel veel bewondering voor al je parate kennis. 
Ook de verhalen “uit de oude doos” waren altijd een lust om naar te luisteren (sigaretten 
op de labtafel, van twee auto’s één maken). Ik heb veel bewondering voor hoe jij leiding 
hebt gegeven aan het lab. Altijd was je druk maar je stond voor iedereen klaar wanneer dat 
nodig was. Wij nemen bijna gelijktijdig afscheid van lab GMZ al heb ik zo het vermoeden 
dat jij nooit helemaal weg zal blijven. Ik ben heel benieuwd hoe jou leven als emeritus zal 
zijn, geniet ervan!  

Mijn co-promotor Dr. Stephan Kemp. Beste Stef, mijn promotietraject heeft jou ook de 
nodige stressvolle momenten opgeleverd. Het krijgen van subsidies was lastig maar jij bleef 
volhouden en beurs na beurs aanschrijven. Uiteindelijk is het allemaal goed gekomen en 
daar wil ik je heel erg voor bedanken. Ook zat het project niet altijd mee. We hebben een 
drama meegemaakt met de muizen en vervolgens gaf de compound screen ook niet de 
resultaten waar we op hadden gehoopt. Steeds moest er weer een alternatief plan komen 
en gelukkig kwam dat er ook! Ik ken maar weinig onderzoekers die zo persoonlijk betrokken 
zijn bij hun werk. Heel erg bedankt jouw vertrouwen in mij de afgelopen jaren!

Mijn promotor en co-promotor vanaf de zijlijn Prof. dr. Frits Wijburg en Prof. dr. Bwee 
Tien Poll-The. Beste Frits en Bwee Tien, mede dankzij jullie steun aan het begin van mijn 
promotietraject is dit proefschrift tot stand gekomen en daar wil ik jullie heel erg voor 
bedanken.

De leden van de commissie, Dr. Truus Abbink, Prof. dr. Myriam Baes, Prof. dr. Bert Groen, 
Prof. dr. Raoul Hennekam, Prof. dr. Carla Hollak en Dr. Fred Vaz, wil ik graag bedanken 
voor het beoordelen van het manuscript en zitting te nemen in mijn promotiecommissie.
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De leden van de ALD onderzoeksgroep te beginnen met Dr. Marc Engelen.  Beste Marc, 
bedankt voor al je input en expertise tijdens de ALD besprekingen. 
Irene Huffnagel ik denk nog vaak met veel plezier terug aan onze roadtrip. Heel veel succes 
met het laatste deel van je promotietraject, ik weet zeker dat je een mooi proefschrift zult 
schrijven.
Wouter van Ballegoij, jij kwam en ik ging bijna weg dus hebben we elkaar niet veel 
gesproken. Heel veel succes met je promotietraject.
Inge Dijkstra, lieve Inge, als jut en jul zijn we over het lab gegaan. Ik heb echt genoten van 
samen proeven doen. Soms zat het even tegen maar er viel altijd wel ergens om te lachen. 
In de afgelopen vier jaar ben je meer mijn vriendin dan mijn collega geworden. Ik ga je heel 
erg missen maar ik verheug me wel op de nachtelijke face-time sessies!

Mijn collega’s van F0-115 Janet en Marlolein, de eerste drie jaar bij jullie op het lab waren 
top! Helaas moest ik mijn schrijfplek op het lab inruilen voor de AIO kamer tijdens mijn laatste 
jaar. “Het hok” was niet mijn favoriete plek van het lab. Gelukkig had ik leuke kamergenoten. 
Kathi bedankt voor alle therapeutische klaagsessies, daar knapte ik vaak echt van op! Kim 
en Femke, helaas kan ik niet bij jullie promotieplechtigheden zijn maar ik weet zeker dat 
jullie het fantastisch gaan doen. Marte  en Eileen, veel succes de komende jaren. Jia, good 
luck with your PhD and take more time off to do something fun! 
Rob, wij hebben vooral in het begin veel samengewerkt. Tijdens mijn stage was jij mijn 
begeleider en ik heb heel veel van je geleerd, dank daarvoor!
Mijn overige mede-PhD studenten met wie ik geen kamer heb gedeeld: Ntsiki, Iedan, 
Arwen, Iliana, Suzan, Jeannette, Sanne, Martin, Olga P., Olga M., Kevin, Max en 
Sandra bedankt voor de gezelligheid.
Judith, René en Tom bedankt voor de talloze film en friet avonden!
Conny en Lia wij zouden als groepje van drie de labdag organiseren. Het liep even wat 
anders waardoor jullie het eigenlijk samen hebben gedaan en daar wil ik jullie heel erg voor 
bedanken.
Henny, Elise, Wilma, Gerard, als ik op de centrifuge stond te wachten kon ik altijd even 
leuk met jullie kletsen.
Lieve Maddy, ik hoop dat heerlijk kan gaan genieten van je pensioen straks.
Heleen, Simone, Michel (zo leuk dat je weer terug kwam!), Reuben, Jeroen, Lida Z., 
Jos, Mirjam, Janet H., Sandra, Wendy, Ben (dankjewel voor je lieve woorden als ik die 
even nodig had), Lida S., Marco (you are so funny), Rutger (mijn kennis over bier is enorm 
toegenomen) en Moniek bedankt voor alle gezelligheid in de koffiekamer!
Henk, Martin V. en Femke heel erg bedankt voor het meten van de eindeloze hoeveelheid 
vetzuursamples.
Patricia en Petra bedankt voor de liters kweekmedium die jullie voor mij hebben gemaakt. 
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Gerrit Jan bedankt voor je hulp als ik weer eens wat onmogelijks wilde bestellen. Annelies 
en Martin A.  bedankt voor het scheppen van orde in de logistieke chaos. 
Desi ik ga je grappen missen!

Ook wil ik mijn studenten Jelte, Karlijn en in het bijzonder Liselotte bedanken. Liselotte, 
jij hebt eigenlijk de volledige optimalisatie van hoofdstuk 6 gedaan in een zeer korte tijd 
waarvoor hulde!

Mijn vriendinnetje Kim en ik leerden elkaar kennen in groep 1. Lieve Kim, ik vind het zo 
bijzonder dat ik jou nooit iets hoef uit te leggen want je bent overal bij geweest. Nu ik 
eindelijk echt student-af ben, ben jij net weer gaan studeren. Ik vind het zo stoer dat je je 
droom bent gaan volgen! Love you!

Lieve Anne, wat moet ik zonder jou? Altijd sta je klaar met een luisterend oor, fles therapie 
en stuk stinkkaas (want dat is toch simpelweg de oplossing voor alles?!) Bedankt voor al je 
adviezen en dat je me heel vaak uit de put hebt gehaald tijdens mijn promotietraject. Ik 
ga je straks heel erg missen maar als alles volgens plan verloopt dan zien we elkaar snel in 
Australië! 

Lieve kleine zusjes Megan en Noa, (ja ja, jullie zijn allebei langer dan ik maar ik blijf lekker de 
oudste dus jullie zijn kleine zusjes) heel erg bedankt dat jullie mijn paranimfen willen zijn. Ik 
ben zo trots op jullie!

Mijn cadeau-broertjes en zusje Bas, Thom en Fleur, ik zou jullie voor geen goud willen 
missen.

Lieve mama en Cas, bedankt voor jullie eindeloze steun als ik weer een stampvoetende 
tirade hield omdat alles tegen zat. Jullie geduld was eindeloos. En ja, het kwam inderdaad 
allemaal goed. De dagjes naar de sauna en kilometers zwemmen waren zowel fysiek als 
mentaal fantastische oppeppers. Ik hou van jullie!

Lieve schoonfamillie Opa, Jos en Margaret, Mieke en Geert, Fleur, Thijs en Sophie, ik ben 
blij dat ik zo’n gezellige schoonfamillie heb! Dear Jeroen, Daniela and Amélie, I can’t wait 
to spend a lot of family time with you ‘down under’!

Lieve Opa, ik hoop dat mijn proefschrift een mooi plekje krijgt in je boekenverzameling!
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Mijn lieve man Mathijs, je bent echt de allerliefste. Bedankt dat je er altijd voor mij bent. Het 
afgelopen decennium samen is voorbij gevlogen. Ik ben zo benieuwd wat het leven ons 
verder gaat brengen. Ik kan niet wachten! Maar, first things first, en op naar Australië!

En nu gauw een borrel, proost!

Clair
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