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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.



Lipid-induced ER stress in ALD | 9392 | Chapter 5

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.



Lipid-induced ER stress in ALD | 9594 | Chapter 5

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. 
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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. 



Lipid-induced ER stress in ALD | 101

5

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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