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Introduction
X-linked adrenoleukodystrophy (ALD) is a neurometabolic dis-
ease caused by mutations in the ABCD1 gene encoding the peroxi-
somal CoA-activated very long–chain fatty acid (VLCFA) (≥C22:0; 
refs. 1–3). Mutations in ABCD1 cause deficient peroxisomal VLC-
FA β-oxidation (4) and resultant VLCFA accumulation in plasma 
and tissues (5, 6), including the spinal cord, brain white matter, 
and adrenal cortex (7, 8).

ALD is characterized by a striking and unpredictable clinical 
spectrum, even within families (9). In childhood, around 50% of 
affected males develop primary adrenal insufficiency before the 

age of 10 (10, 11) and 30% to 35% of affected males develop a fatal 
cerebral inflammatory disease (cerebral ALD) (9, 12). If diagnosed 
in an early stage, cerebral ALD can be halted or reversed by hema-
topoietic stem cell transplantation (HSCT) (13, 14). In adulthood, 
virtually all male patients and more than 80% of affected wom-
en develop a chronic progressive myelopathy (15, 16) for which no 
disease-modifying therapy is available (9). Furthermore, patients 
who received HSCT during childhood still develop myelopathy in 
adulthood (17). This indicates that HSCT only stops the inflamma-
tory component of the disease without addressing the underlying 
biochemical or cellular defects (17). Therefore, there is a need 
to develop effective treatments aimed at preventing the toxicity 
associated with elevated VLCFA levels in the CNS.

However, the mechanism by which elevated VLCFAs lead to 
disease pathology has been difficult to determine. Three mod-
els have been considered. The first is elevated fatty acid levels; 
however, trials of VLCFA-lowering compounds have failed to 
improve clinical outcomes (17). While overall serum levels of 
VLCFAs do not predict disease progression or disease severity, it 
is not known whether this is in part because of insufficient pene-
trance of the CNS of the compounds. The second model is fatty 
acid–chain length; chain length correlates with lipid toxicity. For 
example, injection of C24:0-lysophosphatidylcholine (C24:0-
LPC), but not C16:0-LPC (C16:0-LPC) into mouse brain resulted 
in widespread microglial activation and apoptosis (18, 19). While 
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in the nervous system. By day of life 5 (days post fertilization[dpf]), 
abcd1 mutants demonstrate impaired motor swimming function.

We tested and validated a functional motor assay for the abcd1 
mutants. We reasoned that drug screening in zebrafish has been 
successfully used to identify target pathways as well as therapeutic 
compounds for human diseases (35–37). We screened a 2528 com-
pound library (Microsource Spectrum) to identify drugs that rescue 
the motor (swimming) behavior in abcd1 mutants (abcd1sa509/sa509).  
Individual mutant animals were plated at 3 dpf into a 96-well tray 
and exposed to control (0.1% DMSO) or compound (groups of 4 
compounds, each at 10 μm in 0.1% DMSO; 12 animals per com-
pound group; Supplemental Figure 1; supplemental material avail-
able online with this article; https://doi.org/10.1172/JCI142500DS1) 
from 4 to 7 dpf. Motor assay testing was performed at 7 dpf using an 
automated system that tracked and recorded individual animals 
(Figure 1A). We found 74 compounds with a z score greater than 1 SD 
improvement in composite motor behavior (distance swum, veloci-
ty, maximum velocity, time spent moving, and active velocity) (Fig-
ure 1B and Supplemental Tables 1, 2, and 3).

We then rescreened the 18 compounds with the highest z scores; 
each drug was individually screened on 48 each abcd1sa509/sa509,  
abcd1sa509/+, or WT larvae at a dose of 2.5 μm at 3 different ages and 
compared with control treatment (0.1% DMSO, Figure 2A, Supple-
mental Figure 1, and Supplemental Figure 2). The 2 most promising 
compounds, prednisolone and CQ, were then individually rescreened 
(Figure 2B). CQ showed a dose-dependent effect that was present 
at different developmental stages for the 2 most significant motor 
assays and had a persistent effect even at 7 dpf without redosing. In 
the initial screen, we used the abcd1sa509 allele, but had also charac-
terized other alleles (32). This effect of CQ was confirmed in ALD 
zebrafish carrying 2 different mutant alleles (abcd1sa509 and abcd1zc92).

Increased scd1 expression found in zebrafish mutants after CQ 
administration. To test the mechanism by which CQ rescued ALD 
zebrafish behavior, we tested different potential mechanisms. 
CQ is known to interfere with lysosomal activity and autophagy 
(38); thus, we investigated the effect of bafilomycin A1, a com-
pound known to target the lysosome V-ATPase and affect auto-
phagy similarly. Bafilomycin A1 did not mimic the effect of CQ 
and could not rescue the abnormal swimming behavior of mutant 
fish, suggesting an alternative mechanism of action (and poten-
tially a milder involvement of the autophagic response in this 
effect) (Figure 3A). In zebrafish ALD mutants, there is a decrease 
in the number of oligodendrocytes (32). CQ rescued the number 
of oligodendrocytes, as quantified using the olig2:dsRed transgen-
ic reporter line in the mutant background (WT [n = 9], 85.0 ± 8.5 
vs. sa509/sa509 [n = 9], 69.1 ± 12.7, unpaired t test, P = 0.0066; 
and sa509/sa509 [n = 9], 69.1 ± 12.7 vs. sa509/sa509 + CQ (n = 8), 
84.1 ± 14.5, unpaired t test, P = 0.038) (Figure 3B).

Next, we assayed expression of genes related to VLCFA synthe-
sis and saturation status and to myelin synthesis, comparing WT 
and abcd1sa509 mutant larvae with or without CQ (Figure 3C). The 
largest effect of CQ in the ALD mutant was increased expression  
of scd, the ortholog of human SCD1. Of note, this change was 
accompanied by an increased expression of ELOVL fatty acid elon-
gase 1b (elovl1b) and ELOVL fatty acid elongase 6 (elovl6), ortho-
logs of the human ELOVL1 and ELOVL6 respectively, whose activ-
ities are potential modulators of VLCFA levels (20). SCD1 is an  

inhibition of the VLCFA-specific elongase ELOVL1 was effective 
in ALD fibroblasts in lowering VLCFA levels (20–22), the same 
effect was not seen in patients.

The third model is saturation status; the structure and func-
tion of VLCFAs depends on whether they are saturated or mono-
unsaturated fatty acids. Exposure of ALD fibroblasts to saturated 
VLCFAs (C26:0) resulted in a 16-fold increase in endoplasmic 
reticulum (ER) stress marker XBP1, whereas exposure to the 
monounsaturated VLCFA C26:1 caused only a 1.3-fold increase 
(23). This is in line with earlier reports showing that addition of 
oleic acid (C18:1, monounsaturated) can even halt ER stress that 
was induced by high levels of palmitic acid (C16:0, saturated) (24). 
In ALD patient fibroblasts, saturated VLCFAs induce oxidative 
stress (25), mitochondrial dysfunction (25–27), and ER stress (23, 
28). Saturation status is regulated by stearoyl-CoA desaturase-1 
(SCD1), which catalyzes the synthesis of monounsaturated fatty 
acids by the introduction of a cis double bond at the Δ-9 position of 
C16:0 or C18:0, giving rise to C16:1 and C18:1, respectively (29). 
These findings suggest that saturation status of VLCFAs may be 
central to the toxic effects of VLCFAs and that promoting desatu-
ration could be beneficial for ALD.

However, functional demonstration of a beneficial effect from 
modulating fatty acid saturation status has been wanting. The 
Abcd1-deficient mouse, which develops impaired motor function 
and spinal cord involvement with similarity to the human adre-
nomyelopathy (AMN) variant of ALD, does not start to develop a 
phenotype until after age 15 months, limiting assessment of thera-
peutic interventions and other manipulations (30, 31). A new tool 
for studies of ALD was provided through generation of a zebrafish 
abcd1 mutant model (32). The zebrafish ALD model not only reca-
pitulates key aspects of ALD, but also manifests a motor pheno-
type in the first week of life. Importantly, in zebrafish, the ABCD1 
DNA and protein sequences are highly conserved, as are other key 
genes in lipid metabolism, including SCD1 and ELOVL1 (32–34).

In the present study, a high-throughput small compound 
screen was performed using a functional motor behavior assay in 
the zebrafish ALD model. Characterization of chloroquine (CQ), 
the top hit from the screen, showed that it increased scd1 expres-
sion, an observation confirmed in human ALD fibroblast cells. 
We investigated the effect of pharmacologically induced SCD1 
enzyme activity on fatty acid synthesis both in ALD patient cell 
lines and Abcd1–/y mice. We found that activation of SCD1 caused 
a shift in the synthesis of saturated VLCFAs toward monounsat-
urated VLCFAs, decreasing levels of saturated VLCFAs in ALD 
human fibroblasts and mouse tissues. These results indicate that 
saturated VLCFAs mediate key disease pathology in ALD and sug-
gest that metabolic rerouting toward the monounsaturated fatty 
acids may open a new option toward a therapy for ALD and other 
peroxisomal disorders.

Results
CQ rescues aberrant swimming behavior in zebrafish ALD mutants. We 
previously generated and characterized zebrafish abcd1 mutants, 
showing that, similarly to ALD patients, they have elevated VLCFA 
levels (32). The mutants have aberrant CNS development, includ-
ing hypomyelination in the spinal cord, abnormal patterning, and 
decreased numbers of oligodendrocytes, and increased cell death 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3J Clin Invest. 2021;131(8):e142500  https://doi.org/10.1172/JCI142500

fatty acids (LCFAs) (41). In ALD, saturated VLCFA (C26:0) levels 
are elevated, but C22:0 and C24:0 VLCFAs are decreased or near 
normal (42). To investigate the pathway underlying the elevated 
levels of C26:0, we had previously developed a method to measure 
de novo D3-C26:0 synthesis in whole cells using 3 days of treatment 
with deuterium-labeled LCFA C16:0 (D3-C16:0) (20).

We examined the impact of CQ upon de novo D3-C26:0 synthe-
sis from D3-C16:0 in human control and ALD fibroblasts. As shown 
previously, ALD fibroblasts had increased levels of D3-C26:0 (Fig-
ure 4A). Addition of 12.5 μm CQ reduced D3-C26:0 levels in control 
fibroblasts by 75% and in ALD fibroblasts by 70%. We examined 
the effect of CQ on the desaturase activity of SCD1 by measuring 
the synthesis of D5-C18:1 from D5-C18:0. Addition of 12.5 μm CQ 
increased desaturation of D5-C18:0 to D5-C18:1 in controls by 20% 
and in ALD fibroblasts by 30% (Figure 4B). Hence, in human cells, 
CQ treatment resulted in a reduction in saturated VLCFA levels and 
also shifted fatty acids to increased monounsaturated forms.

Inhibition of SCD1 increases C26:0 synthesis. Diminished SCD1 
activity has been shown to affect the accumulation, composition, 
and saturation status of cellular membrane phospholipids and neu-
tral lipids (43). Given the reduction in saturated VLCFAs from CQ 

iron-containing enzyme that catalyzes a rate-limiting step in the 
synthesis of monounsaturated fatty acids (29). Hence activation 
of SCD1 causes a shift from the saturated toward the monounsat-
urated fatty acids. In the zebrafish abcd1 mutants, increased scd1 
expression by CQ may alleviate toxicity from saturated VLCFAs.

To test this potential role of scd activity in the ALD zebrafish, 
we used CRISPR to knock down expression of scd and its closely 
related protein paralog stearoyl-CoA desaturase b (scdb) (many 
genes in zebrafish have 2 closely related paralogs due to an ances-
tral duplication of large regions of the genome; ref. 39). Because 
CRISPR is of such high efficiency in zebrafish embryos, biallelic 
knockdown can be achieved (40). CRISPR disruption in injected 
embryos was confirmed by high-resolution melt analysis (HRMA) 
after PCR. We found that knockdown of scd and scdb in zebrafish 
larvae caused a defective swimming behavior that phenocopies 
the ALD mutant zebrafish (Figure 3D). However, in ALD mutant 
larvae, no worsening of the phenotype was observed with addi-
tional scd and scdb knockdown.

CQ reduces saturated VLCFAs in human fibroblasts. VLCFA lev-
els are established by the balance between degradation via peroxi-
somal β-oxidation and synthesis through elongation of long-chain 

Figure 1. Zebrafish ALD mutant phenotypic drug screen; overview and primary screen. (A) Screen schematic. Mutant ALD zebrafish larvae (abcd1sa509/sa509) 
were treated from 4 to 7 dpf in 96-well trays either with control (DMSO, 0.1%) or compound (10 μm in 0.1% DMSO). Dark-evoked swimming behavior was 
then recorded, individual animals tracked, and data analyzed to identify compounds affecting motor behavior. Abnormal (decreased) swimming indicated 
by fewer tracings. (B) 2538 Compounds from the Microsource Spectrum library were screened; a composite z score was calculated to discriminate com-
pounds above or below 1 SD (dotted line), and z score values for different motor behavior parameters are displayed for the top 50 compounds (heatmap). 
Mutant swimming behavior was set as the baseline for the z score.
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kidney (44). We cultured control and ALD fibroblasts with the vehi-
cle, DMSO, or TO901317. After incubation with DMSO, only very 
low levels of SCD1 protein were detectable in control or ALD fibro-
blasts. In contrast, when control and ALD fibroblasts were incubated 
with 5 μM TO901317, SCD1 protein levels were markedly increased 
(Figure 4C). To determine whether this was a general effect of LXR 
agonists, 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 and 
LXR623 in both control and ALD fibroblasts (Figure 4C).

To determine whether LXR agonist treatment is equivalent to the 
effects of CQ on SCD1 activity, we incubated control and ALD fibro-
blasts for 24 hours with D5-C18:0 combined with DMSO (untreat-
ed), TO901317, GW3965, or LXR623 and measured the amount 
of D5-C18:1 formed from D5-C18:0 (Figure 4D). Incubation with 
LXR agonists resulted in a highly significant (P < 0.0001) increase 
in D5-C18:1 levels in both control and ALD fibroblasts. To demon-
strate that the increased levels of D5-C18:1 are the result of enhanced 
SCD1 enzyme activity, we added SCD1i to fibroblasts and measured 
monounsaturated levels (analogous to CQ experiments shown in 
Figure 4B). In the presence of SCD1i, no increase in D5-C18:1 syn-
thesis was measured. Taken together, these results show that LXR 

exposure, we investigated to determine whether SCD1 inhibition 
could specifically increase saturated VLCFAs and thereby aggravate 
pathology. First, we assessed the impact of the SCD1 inhibitor 4- 
(2-chlorophenoxy)-N-(3-(3-methylcarbamoyl)phenyl) piperidine- 
1-carboxamide (SCD1i) upon SCD1 activity and de novo VLCFA 
synthesis in human control and ALD fibroblasts.

Addition of 150 nM of SCD1i blocked D5-C18:1 synthesis in 
both control and ALD fibroblasts by 80%. Furthermore, CQ treat-
ment could not overcome this inhibition (Figure 4B). To deter-
mine whether CQ’s effect to reduce C26:0 synthesis is mediated 
by increased activity of SCD1, de novo D3-C26:0 synthesis was 
measured in the presence of CQ with and without SCD1i. CQ 
treatment reduced the synthesis of D3-C26:0 in ALD cells by 70%. 
After adding 150 nM of SCD1i, the levels of D3-C26:0 were even 
further elevated than in untreated ALD cells. Addition of CQ and 
SCD1i together largely abolished the effect of CQ on de novo D3-
C26:0 synthesis (Figure 4A).

LXR agonists increase SCD1 protein levels and activity in human 
fibroblasts. To remove potential confounding effects due to the mul-
tiple targets of CQ and to characterize the role of SCD1 in fatty acid 
pathways, we used the liver X receptor (LXR)/pan agonist TO901317, 
which has been shown to increase the levels of Scd1 mRNA in mouse 

Figure 2. Zebrafish phenotypic secondary screening to identify CQ. (A) Heatmap of results of a secondary screen performed on the 15 compounds with the 
highest z scores, comparing control (0.1% DMSO) versus compound (2.5 μm in 0.1% DMSO) homozygous abcd1sa509/sa509, heterozygous abcd1sa509/+ mutants (n = 
48), or their WT relatives (n = 48). (B) Rescreening of the 2 top hits. Heatmap of z scores for distance and time-moving values of 5 to 7 dpf abcd1sa509 mutants 
treated with 1, 2.5, or 10 μM CQ or prednisolone (n = 70–150). Right panel; effect of CQ (10 μM) on the distance swum by 7 dpf abcd1sa509, abcd1zc92, or WT larvae 
(n = 90–130 per group); 2-way ANOVA, followed by Bonferroni’s multiple comparison test. **P < 0.01; ****P < 0.0001.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5J Clin Invest. 2021;131(8):e142500  https://doi.org/10.1172/JCI142500



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(8):e142500  https://doi.org/10.1172/JCI1425006

agonists increase SCD1 protein levels and thereby affect fatty acid 
desaturation activity in human ALD and control fibroblasts.

LXR agonists lower saturated VLCFA levels by shifting synthesis 
toward monounsaturated VLCFA. Next, we determined whether incu-
bation with LXR agonists and subsequent increased fatty acid desat-
uration 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 D3-C16:0 
combined with the LXR agonists and measured the levels of saturat-
ed and monounsaturated VLCFA (D3-C26:0 and D3-C26:1, respec-
tively) synthesized from D3-C16:0. In ALD fibroblasts, the levels of 
D3-C26:0 were significantly reduced after incubation with either 
TO901317, GW3965, or LXR623 (P < 0.0001 for all; Figure 5A). In 
control fibroblasts, we found no significant differences in the levels 
of D3-C26:0 after incubation with the LXR agonists. This is probably 
due to the already low levels of D3-C26:0 formed in control fibro-
blasts. Notably, the D3-C26:0 levels in ALD fibroblasts after treat-
ment with LXR agonists were comparable with the levels of D3-C26:0 
in control fibroblasts without LXR agonists. Inhibition of SCD1 enzy-
matic activity (SCDi) resulted in enhanced D3-C26:0 synthesis and a 
complete block in D3-C26:1 synthesis in ALD fibroblasts (Figure 5A). 
This indicates that the de novo synthesis of D3-C26:0 was normalized 
in ALD fibroblasts upon incubation with LXR agonists.

As anticipated, the decrease in de novo D3-C26:0 was accom-
panied by a shift toward the increased de novo synthesis of mono-
unsaturated fatty acids. A significant increase in monounsaturated 
VLCFA (D3-C26:1) levels in control and ALD fibroblasts was found 
upon incubation with either TO901317, GW3965, or LXR623 (P < 
0.0001 for all; Figure 5B). Taken together, these results show that 
LXR agonists affect de novo VLCFA synthesis by shifting the syn-
thesis from saturated VLCFA toward monounsaturated VLCFA.

To study how prolonged exposure of ALD fibroblasts to LXR 
agonists affects endogenous C26:0 levels, we cultured ALD fibro-
blasts 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; Figure 5C).

To determine whether GW3965 and LXR623 have long-term 
effects on endogenous C26:0 levels similar to those of TO901317, 
ALD and control fibroblasts were cultured for 3 weeks with TO901317, 
GW3965, and LXR623, and the endogenous C26:0 levels were mea-
sured (Figure 5D). Compared with those in vehicle-treated ALD fibro-
blasts, C26:0 levels were significantly decreased after incubation with 
either TO901317, GW3965, or LXR 623 (P < 0.0001 for all). Also in 
control fibroblasts, the C26:0 levels were now significantly decreased 
after exposure to either of the 3 LXR agonists (P < 0.0001). Interest-
ingly, there was no significant difference between the C26:0 levels of 
DMSO-treated control fibroblasts and the ALD fibroblasts cultured 
with TO901317, GW3965, or LXR623. The results of this experiment 
show that, with chronic treatment, LXR agonists reduced endogenous 
C26:0 levels in ALD fibroblasts to levels found in control fibroblasts.

Effect of TO901317 upon the composition of phospholipids. The 
VLCFAs that accumulate in the CNS of ALD patients are incorpo-
rated into many different lipid species, but the greatest excess has 
been reported in gangliosides (45) and phosphatidylcholine (PC) 
and cholesterol ester fractions (7, 46). VLCFA-enriched PC species 
are highly increased in intact myelin in ALD patients (46)and have 
been suggested as triggering the onset of disease. Indeed, injection 
of C24:0-LPC, but not C16:0-LPC, into WT mouse brain resulted 
in widespread microglial activation and apoptosis (18). To investi-
gate whether exposure of ALD fibroblasts to LXR agonists affects 
not only total VLCFA levels, but also the composition of phospholip-
ids, we performed lipidomic analysis. For this, 8 control and 8 ALD 
fibroblast cell lines were cultured with DMSO and 4 ALD fibroblast 
cell lines were cultured with 5 μM TO901317 for 3 weeks. We iden-
tified 1061 distinct lipid species. Comparison of the lipid profiles 
of control and ALD cells revealed an overall increase in PC species 
containing 2 fatty acids with a total number of more than 44 carbon 
atoms, which indicates an enrichment in VLCFA (Figure 6A).

Next, we investigated whether 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 heatmap (Figure 6B) shows 
the 50 lipid species that were most increased in ALD cells in compar-
ison with 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-LPC (Figure 
6C), which is the newborn screening biomarker for ALD (47–49).

Lipid-induced ER stress depends on the chain-length and satura-
tion/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 meC26:0 (23). To compare the toxicity of monounsaturat-
ed fatty acids and 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 monounsatu-
rated 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 (50). 
As a positive control for ER stress, control and ALD fibroblasts were 
exposed to tunicamycin, an inhibitor of N-linked glycosylation and 

Figure 3. Characterization of CQ effects in zebrafish ALD mutant and 
identification of potential for mechanism via increased scd expression. 
(A) No effect of bafilomycin A1 (BMA1) on the motor behavior of WT or 
abcd1sa509 mutant larvae. Distance moved after 24 hours of treatment (5 
dpf) or 72 hours of treatment (7 dpf) with bafilomycin A1 at the indicated 
dose. (B) Effect of CQ (10 μm) on the number of Olig2+ cells in the spinal 
cord of 5 dpf abcd1sa509 mutant larvae. Olig2+ cells were counted in spinal 
cord (region for quantification indicated by dotted line) (Z-stack confocal 
images of spinal cord: dorsal, top; rostral, left) using olig2:dsRed transgenic 
line in the abcd1sa509 mutant background. Scale bar: 25 μM. (C) The effect 
of CQ (10 μm) on the expression of genes involved in fatty acid metabolism 
and myelin synthesis was analyzed by qRT-PCR at 7 dpf in WT or abcd1sa509 
mutant larvae (fold change of mRNA levels compared with WT control nor-
malized to β-actin expression). abcd2, ATP-binding cassette transporter D2; 
mpz, myelin protein zero; plp1a, proteolipid protein 1a; mbp, myelin basic 
protein. (D) Loss of scd phenocopies does not worsen ALD mutant zebrafish 
behavior. Motor behavior of abcd1sa509, scd/scdb, and abcd1sa509/scd/scdb 
mutant 6 dpf larvae. Statistical significance by 1-way ANOVA, followed by 
Bonferroni’s multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001.
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well known to induce ER stress. As expected, treatment of both con-
trol and ALD fibroblasts with tunicamycin caused increased XBP1s 
protein levels (Figure 7, A and B).

Exogenous exposure of control fibroblasts to either saturated or 
monounsaturated LCFA or VLCFA did not affect the expression of 
the XBP1s protein (Figure 7A). Exposure of ALD fibroblasts to sat-

urated and monounsaturated LCFAs (meC16–meC20), meC22:0, 
or monounsaturated VLCFAs did not result in increased XBP1s 
protein levels (Figure 7A). Only when ALD cells were incubated 
with the saturated VLCFA meC24:0 and meC26:0 were the levels 
of XBP1s protein markedly increased (Figure 7A). These results 
show that the lipid-induced ER stress response in ALD fibroblasts 

Figure 4. CQ and LXR agonists induce SCD1 protein and enzymatic activity. (A) CQ reduces de novo C26:0 synthesis in human primary fibroblasts. Control 
(n = 6) and ALD (n = 8) fibroblasts were cultured for 3 days with 100 μm D3-C16:0 without and with CQ, SCD1 inhibitor (SCDi), or CQ + SCDi. De novo VLCFA 
synthesis was assessed by measuring the levels of D3-C26:0 synthesized from D3-C16:0. (B) Effect of CQ on SCD1 desaturase activity. Control (n = 3) and ALD 
(n = 5) were cultured for 24 hours with 100 μm D5-C18:0 without and with CQ, SCDi, or CQ + SCDi. After 24 hours, the levels of D5-C18:1 were determined. (C) 
Effect of LXR agonists on SCD1 protein induction. Control (n = 3) and ALD (n = 5) fibroblasts were cultured for 3 days with 0.1% (vol/vol) DMSO (–) or different 
LXR agonists (+): TO901317 (5 μM), GW3965 (1.5 μM), LXR623 (1.5 μM), and SCD1 protein levels were assessed by immunoblot analysis. β-Actin was used as a 
control for equal protein loading. (D) Effect of LXR agonists on SCD1 desaturase activity. Control (n = 5) and ALD (n = 5) fibroblasts were cultured for 24 hours 
with 100 μM D5-C18:0 without and with SCD1i combined with 5 μM TO901317, 1.5 μM GW3965, or 1.5 μM LXR623. SCD1 desaturase activity was assessed by 
measuring the levels of D5-C18:1 synthesized from D5-C18:0. Final concentration DMSO in culture medium was less than 1% (vol/vol). Data are represented as 
mean ± SD. Statistical significance determined with 1-way ANOVA, followed by Tukey’s multiple comparison test. *P < 0.05; **P < 0.01; ****P < 0.0001.
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Following 5 and 10 weeks of supplementation of mouse chow 
with TO901317, the levels of C26:0 were analyzed in mouse tissues 
and C26:0-lysoPC was analyzed in dried blood spots. The sup-
plementation was with 100 mg/kg TO901317, based on the aver-
age weight of mice used in our experiments of approximately 33 
g, each eating approximately 3.3 g chow/d. This corresponds to a 
daily intake of 330 μg TO901317, i.e., a daily dose of approximately 
10 mg/kg body weight. In tissues, we observed a time-dependent 

is both chain-length dependent and specific for saturated VLCFA. 
Therefore, a shift in synthesis from the saturated VLCFAs toward 
monounsaturated VLCFAs may alleviate fatty acid toxicity in ALD.

TO901317 lowers C26:0 in Abcd1-deficient mouse CNS and adre-
nal gland. Abcd1-KO mice (Abcd1–/y) develop a late axonopathy phe-
notype similar to that of human AMN patients. We investigated the 
effect of TO901317 supplementation upon VLCFA levels across 
different organs in the Abcd1-KO mouse.

Figure 5. LXR agonists lower saturated VLCFA levels under acute and chronic exposure by shifting synthesis toward monounsaturated VLCFAs. (A and 
B) LXR agonists reduce de novo saturated VLCFA synthesis (A) and reroute toward monounsaturated VLCFA synthesis (B). Control (n = 5) and ALD (n = 
5) fibroblasts were cultured for 3 days with 100 μM D3-C16:0 without and with SCD1i combined with 5 μM TO901317, 1.5 μM GW3965, or 1.5 μM LXR623. 
De novo saturated VLCFA synthesis was assessed by measuring the levels of D3-C26:0 synthesized from D3-C16:0 (A). De novo monounsaturated VLCFA 
synthesis was assessed by measuring the levels of D3-C26:1 synthesized from D3-C16:0 (B). Inhibition of SCD1 enzymatic activity (SCDi) results in enhanced 
D3-C26:0 synthesis and a complete block in D3-C26:1 synthesis in ALD fibroblasts. (C) Chronic exposure to TO901317 normalizes endogenous C26:0 levels 
in ALD fibroblasts. ALD (n = 6) fibroblasts were cultured without and with 5 μM TO901317 up to 3 weeks. Total accumulated C26:0 levels were analyzed 
and compared with untreated control fibroblasts (n = 5). (D) Chronic exposure to LXR agonists normalizes endogenous C26:0 levels in control and ALD 
fibroblasts. Control (n = 5) and ALD (n = 5) fibroblasts were cultured for 3 weeks without and with 5 μM TO901317, 1.5 μM GW3965, or 1.5 μM LXR623, and 
the C26:0 levels were analyzed. Final concentration DMSO in culture medium was less than 1% (vol/vol). Data are represented as mean ± SD. Statistical 
significance determined with 1-way ANOVA, followed by Tukey’s multiple comparison test. ****P < 0.0001.
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normalized the abnormal motor phenotype in ALD zebrafish, and 
loss of scd phenocopied the abcd1 mutant. In human fibroblasts, 
SCD1 activation increases the ratio of monounsaturated to saturat-
ed VLCFA; our work and that of others shows that exposure of sat-
urated VLCFA to ALD cells causes oxidative stress, mitochondrial 
dysfunction, and an increase in the ER stress response (23, 25, 27, 
28, 52). Using LXR agonists to preferentially target SCD1, we found 
that LXR agonists lower saturated VLCFA levels under acute and 
chronic exposure by a shift toward monounsaturated forms.

Our data consolidate findings regarding saturation status and 
ALD pathophysiology. Monounsaturated VLCFAs do not induce 
an ER stress response (23) and can in fact rescue ER stress caused 
by high levels of saturated fatty acids (24). We show that increased 
levels of XBP1s protein, a marker for ER stress, were only detect-
ed in ALD fibroblasts after incubation with the saturated, but not 
monounsaturated, VLCFAs.

Our findings highlight that SCD1 may be central to modulat-
ing VLCFA saturation status and hence a target for therapeutics. 
VLCFAs are synthesized de novo from saturated LCFAs, thereby 
generating intrinsically toxic saturated VLCFAs (20). SCD1 cata-
lyzes the rate-limiting step in the conversion to monounsaturat-
ed fatty acids (29) by introduction of a cis double bond at the Δ-9 
position (Figure 9). Based on prior work showing that LXR ago-
nists increase SCD1 levels (44), we show that incubation of fibro-
blasts from ALD patients with LXR agonists (including TO901317, 
GW3965, and LXR623; refs. 53, 54) increased SCD1 protein levels 
and enzymatic activity. The addition of a SCD1 inhibitor (55) com-
pletely blocked the synthesis of monounsaturated fatty acids.

Further, we found that an increase in SCD1 activity resulted in 
a shift in the de novo fatty acids synthesis from saturated toward 
the monounsaturated VLCFAs. In the absence of LXR agonists, 
saturated VLCFA levels in ALD cells are elevated 10-fold (41). In 
the presence of LXR agonists, we found that saturated VLCFA 
levels in ALD cells were reduced to levels of control fibroblasts. 
Concurrently, the de novo synthesis of monounsaturated VLC-
FAs was markedly increased in ALD fibroblasts after incubation 
with LXR agonists. This dual mechanism of rerouting (increased 
conversion to monounsaturated and increased monounsaturated 
synthesis) suggests a feedback pathway regulating VLCFA pro-
duction and saturation status.

This is the first study, to our knowledge, that identifies com-
pounds able to cause a complete normalization of saturated VLC-
FA levels in ALD fibroblasts. Earlier studies reported reduced, but 
not normalized, endogenous C26:0 levels, including, for exam-
ple, bezafibrate (30% reduction, ref. 21), 4-phenylbutyrate (47% 
reduction, ref. 56), and oleic acid (30% reduction, ref. 57). Given 
our successful reduction in fibroblasts, it is somewhat disappoint-
ing that we did not find the same reduction in vivo in Abcd1–/y 
mice. However, it seems likely that this only partial reduction is 
related to the duration of dosing (10 weeks), bioavailability of the 
compound and achievable drug concentrations, and potentially to 
the efficacy of the LXR agonists we used. We found, for example, 
that levels of the LXR agonist TO901317 were approximately 2 to 
3 times lower in the brain and spinal cord than in the liver. Also, 
even with this dosage, there was substantial liver toxicity.

An important additional note is that even with AAV9 -or 
HSCT-mediated gene therapy, there was only partial reduction of 

decrease in C26:0 levels (Figure 8A). After 5 weeks, C26:0 levels 
in brain, spinal cord, and adrenal glands were 14%, 20% and 26% 
lower, respectively. After 10 weeks, C26:0 levels in brain, spinal 
cord, and adrenal glands were 19%, 20%, and 55% lower, respec-
tively. C26:0-lysoPC levels in dried blood spots were reduced by 
31% and 22% after 5 and 10 weeks, respectively (Figure 8B). Mice 
at the age of treatment (8 months at endpoint) did not display any 
overt neurological symptoms or other physical differences. No 
effects on body weight were seen in the treatment groups, and the 
compound was well tolerated in WT and Abcd1–/y mice, with mod-
est weight loss after 10 weeks (Figure 8C). However, analysis of 
liver histology in both WT and mutants showed steatosis, cell bal-
looning, and active inflammation, all indicative of adverse effects 
from TO901317 (Supplemental Figure 3).

Our results of C26:0 lowering suggest that TO901317was well 
absorbed and penetrated into compartments relevant to ALD and 
AMN. Indeed, analysis of TO901317 levels in brain and spinal cord 
revealed the presence of TO901317, albeit at lower (pmol) concen-
trations than those used in cell line experiments (Figure 8D).

Discussion
The accumulation of saturated VLCFA in peroxisomal disorders 
has vexed the field since their discovery in 1976 (7). Free fatty acids 
in the form of VLCFAs are more than 20 carbons in chain length, 
are not easily separated from membranes, and are thereby thought 
to disrupt membrane structure and cause ER stress (23, 28, 51). 
Attempts at lowering saturated VLCFAs have used a combination 
of dietary erucic and oleic acid, thereby adding to the pool of fatty 
acids and leading to an excess in monounsaturated fatty acids (41). 
Previously in peroxisomal disorders, the use of enzymatic induction 
to reroute saturated to monounsaturated VLCFAs, thereby keeping 
the overall pool of fatty acids constant, has not been attempted.

In this work, we demonstrate that a metabolic rerouting (Figure 
9) reduces toxicity of VLCFAs to human cells in vitro and lowers 
saturated VLCFA amounts in Abcd1-deficient mice. This metabolic 
rerouting is mediated by SCD1, which we show is induced by CQ, 
identified from a compound screen in abcd1 mutant zebrafish. CQ 

Figure 6. Lipid profiles in human ALD fibroblasts are corrected by LXR 
agonists. (A) Visualization of the comparison of the lipid profiles of control 
and ALD fibroblasts in a volcano plot. The x axis shows the log2 fold change in 
ALD cells and the y axis the significance of this change represented as –log10 
(P value). 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. Note 
an overall increase in PC species containing fatty acids with a total number of 
more than 44 carbon atoms, which indicates an enrichment in VLCFAs. Lipid 
species marked in red indicate a greater than 4-fold decrease and in green a 
less than 4-fold increase. (B) Heatmap showing the top 50 most changed lip-
id 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 
heatmap reflects the logarithm of the relative lipid abundance, with red being 
higher and blue lower than the mean abundance value per lipid. (C) C26:0-LPC 
levels in control (n = 8), ALD (n = 8), and ALD fibroblasts after treatment with 
5 μM TO901317 for 3 weeks (n = 4). Data are represented as mean ± SD.
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number of more than 44 carbon atoms, which indicates an enrich-
ment in VLCFAs. These PC species are potential new biomarkers 
for ALD, but will require further confirmation. Upon treatment 
with TO901317, almost all phospholipid species elevated in ALD 
fibroblasts were reduced to levels seen in control fibroblasts. Inter-
estingly, the levels of C26:0-LPC, the marker that is used in new-
born screening to detect ALD (47, 64), are completely normalized 
in ALD fibroblasts upon treatment with TO901317. Since ALD is a 
peroxisomal defect, it will also be interesting in future work to look 
at the response of plasmalogen levels to CQ or other inducers of 
SCD1 expression, particularly as plasmalogen deficiency has been 
associated with cerebral ALD (65).

The concept of increasing SCD1 activity or expression, and 
thus the use of LXR agonists, has implications for treatment in 
ALD. One of the reasons is that saturated VLCFAs induce lipoapop-
tosis in ALD fibroblasts (23). 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) (66). Another intriguing possibility is that 
LXR agonists can reduce or modulate inflammation and thus 
might have an additional role in ALD to counter the inflammation 
observed in cerebral ALD. For example, TO901317 protects against 
CNS inflammation in injury models (67, 68). However, in other 
settings, LXR agonists appear to induce a proinflammatory state 
(69–71). Finally, LXR agonists also differentially affect expression 
of myelin genes, such as PLP1 and MBP, which could affect the 
potential for remyelination or protection against myelin loss (72).

An interesting question our work did not address was that of 
whether prolonged treatment would reduce axonal degeneration. 
For example, we currently do not know whether treatment of the 

VLCFA levels (58, 59). Given that overreduction of C26:0 levels 
can have adverse side effects (see paragraph immediately below), 
perhaps achieving sufficient but not excessive reduction will be 
important. As new agents are identified that have higher efficacy 
and lower toxicity, it will be important to compare fibroblast versus 
whole animal C26:0 lowering as well as phenotypic effects.

It is important to note that treatment of ALD cells with LXR 
agonists did not reduce C26:0 levels below that found in untreat-
ed control cells. Saturated VLCFAs 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 acids (60), and LXR agonists and antagonists can modulate 
lipid composition and affect skin organization and thickness (61). 
There is a potential that reduction in saturated VLCFAs to subnor-
mal levels may cause deleterious effects. For example, Elovl1-KO 
mice, in which synthesis of VLCFA-containing lipids is disrupted, 
died shortly after birth due to epidermal barrier defects (62). Fur-
thermore, a phase 1 clinical trial to evaluate safety and tolerability 
of LXR623 in healthy subjects reported CNS-related adverse events 
and neurologic- or psychiatric-related adverse events (63). How-
ever, the subjects in this trial did not suffer from a peroxisomal β- 
oxidation disorder and therefore did not have increased VLCFA 
levels. Therefore, we cannot rule out that further reduction of low 
levels of saturated VLCFAs during LXR623 treatment might have 
contributed to some of the adverse effects reported in this study.

Finally, our study revealed data about the large differences 
in the phospholipid profile between control and ALD fibroblasts 
that were partially normalized by LXR agonist treatment. Com-
parison of the lipid profiles of control and ALD cells revealed an 
overall increase in PC species containing fatty acids with a total 

Figure 7. ER stress caused by saturated VLCFAs. (A) Immunoblot analysis of XBP1s protein after incubation with saturated and monounsaturated 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 (meC16–meC20) 
and very long–chain (meC22 - meC26) fatty acids. The effect of treatment on XBP1s protein levels was determined in control (n = 3) and ALD (n = 3) fibro-
blasts. (B) β-actin was used as control for equal amount of protein loading.
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Although promising, pursuit of CQ or of LXR agonists as 
potential treatments for AMN has notable limitations and was not 
a primary purpose of this work. Treatment for AMN may need to 
be initiated during adolescence or even earlier to be of maximal 
benefit, and thus any exposure to a compound will be for multi-
ple decades. CQ or hydroxychloroquine, a metabolite of CQ, has 
a narrow therapeutic window, causes retinal toxicity in as many as 
20% of patients (76), and has been associated with serious cardiac 
complications, including arrhythmias, cardiomyopathy, and death 
(77). Currently available LXR agonists have significant side effects, 
including in particular hepatic steatosis and hypertriglyceridemia 
(78–80), and have not been approved for clinical use (81).

Additional studies into the mechanism or mechanisms of 
action of CQ and LXR agonists in ALD and fatty acid satura-
tion status and identification of compounds with lower toxicity 

Abcd1–/y mice with the LXR agonist TO901317 for longer than 8 
months would prevent the late-onset axonal degeneration similar 
to that seen in AMN patients (30). A longer readout of LXR effects is 
important and will require an improved compound — either an LXR 
agonist–related compound, or a different compound that induces 
SCD1, with lower toxicities.

Our identification that a metabolic rerouting of fatty acids 
and their saturation status modulates ALD pathophysiology also 
suggests treatment considerations for other conditions. While 
SCD1-mediated rerouting toward monounsaturated forms is pro-
tective for ALD models, saturated VLCFA appear to confer protec-
tive effects for type 2 diabetes, heart failure, and cancer stem cells 
(73–75). Understanding how saturation status of fatty acids affects 
these diverse disease processes, ranging from ALD neurodegener-
ation to cancer stem cell maintenance, is an important next step.

Figure 8. Pharmacologic induction of SCD1 via TO901317 lowers C26:0 in the CNS and adrenal gland of Abcd1-deficient mice. (A–C) WT (green) and Abcd1 /y 
mice (ALD in blue) received standard mouse chow (n = 6/group), whereas the treatment arms received chow supplemented with 100 mg/kg TO901317 (TO) for 
either 5 (n = 5/group) or 10 (n = 7/group) weeks (WT 5 w and 10 w versus ALD 5 w and 10 w). The effect of treatment on C26:0 levels was evaluated in brain, 
spinal cord, and adrenal glands (A) and on C26:0-LPC in dried blood spots (DBS) (B). Body weights were recorded weekly and did not show toxicity in the TO 
treatment groups (C). Values in A and B are represented as mean ± SD. Statistical significance was determined with 1-way ANOVA, followed by Tukey’s multi-
ple comparison test. *P < 0.05; ***P < 0.001; ****P < 0.0001. (D). TO levels were determined in untreated (purple) and TO (10 w) treated mice (orange).
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Similarly, for the secondary screen, groups of 30 larvae from abcd1WT/WT 
or abcd1sa509/sa509 parents were incubated with the selected drugs (Mil-
liporeSigma), 10 μM each in DMSO 0.1% from 4 to 7 days after fertil-
ization. For further validation, groups of 100 larvae from abcd1sa509/sa509 
or abcd1zc92/zc92 were incubated with CQ diphosphate salt (MilliporeSig-
ma), 1, 2.5, or 10 μM directly solubilized in E3 medium; prednisolone 
(Sigma), 1, 2.5, or 10 μM, DMSO 0.1% in E3 medium; or bafilomycin A1 
(Invitrogen) 10, 100, or 1000 nM, DMSO 0.1% in E3 medium.

Zebrafish behavior analysis
After incubating with the drugs for 24, 48, or 72 hours, single larvae’s 
motor behaviors were recorded using the Noldus DanioVision Obser-
vation Chamber and analyzed with EthoVision XT software. Animals 
were allowed to adapt in the light for 10 minutes, and then recording 
was performed for 5 minutes (1 minute light and 4 minutes dark). The 
distance (in mm) and time spent moving (in seconds) by larvae during 
5 minutes were analyzed, and variations between treatments for each 
variable were displayed as a z score calculated for groups of larvae of 
the same age and genotype.

Zebrafish scd and scdb CRISPR
CRISPR mutagenesis targeting the Danio rerio scd and scdb 
genes (Ensembl Zv10: ENSDARG00000033662 and ENS-
DARG00000030265) was performed designing sgRNA target sites 
by looking for sequences corresponding to N18GG on the sense  
or antisense strand of the DNA using the CRISPR design program 
(http://crispr.mit.edu). Off-target effects were checked through 
the use of NIH BLAST tool applied to the zebrafish genome (zv10). 
Off-target sequences that had significant matches of the final 23 nt of 
the target and NGG PAM sequence were discarded. sgRNAs target-
ing exon 1 of scd and scdb genes were transcribed using DraI-digest-
ed gRNA expression vectors as templates and the HiScribe T7 RNA 
Synthesis Kit (New England BioLabs), followed by RNA purification 
with Micro Bio-Spin 6 columns (Bio-Rad). Two sgRNAs targeting 
exon 1 of scd (scd sg1) 5′-GCCCCAGCTGGAGGCAATGG-3′ and (scd 

and more selectivity are needed prior to clinical trials. An option 
to further characterize these questions is through RNA-Seq of 
CQ-treated animals, which would provide information on the rel-
ative increase in SCD1 expression needed and could also provide 
further insights on mechanism of action.

In summary, we report the use of an in vivo phenotype-based 
compound screen to identify SCD1 as a key modulator of ALD 
pathophysiology. We show that SCD1 induction reduced ALD- 
related motor impairments in zebrafish, reduced VLCFA levels 
in ALD fibroblasts, and increased the ratio of monounsaturated 
to saturated VLCFAs. LXR agonists, acting specifically to induce 
SCD1, reduced VLCFA accumulation in Abcd1-deficient mice 
and partially normalized phospholipid profiles. We suggest that 
targeting of SCD1, or the metabolic pathway or pathways inte-
gral to the saturation status of VLCFAs, is a promising avenue 
for treatment of the chronic myelopathy of ALD. Our results 
show a role for metabolic rerouting in ALD pathophysiology and 
offer insight into the use of biochemical pathway modulation to 
improve neurometabolic diseases.

Methods

Zebrafish husbandry and lines
Adult fish were bred according to standard methods. Embryos were 
raised at 28.5°C in E3 embryo medium and staged by time and morphol-
ogy. Transgenic fish lines and alleles used in this paper were the follow-
ing: Tg(olig2:dsRed), abcd1sa509, and abcd1zc92, as described previously (32).

Zebrafish drug screening
For the primary drug screen, single zebrafish larvae aged 3 days 
after fertilization from abcd1sa509/sa509 parents were plated in 96-well 
square-bottom plates in E3 embryo medium. Groups of 12 larvae 
were incubated with 4 compounds, 10 μM each in DMSO 0.1%, from 
the 2560 compounds of the Microsource Spectrum Collection (Mic-
roSource Discovery Systems Inc.) from 4 to 7 days after fertilization. 

Figure 9. Overview of metabolic rerouting in ALD. (A) ALD is caused by mutations in the ABCD1 gene that produces the ABCD1 protein, a transporter of 
VLCFAs from the cytosol into the peroxisomes. A deficiency in ABCD1 blocks this transport, which results in impaired degradation and a subsequent build-
up of VLCFAs in cells, tissues, and organs. (B) VLCFAs are synthesized through LCFA elongation largely controlled by ELOVL1. Activation of SCD1 causes a 
shift from the saturated toward the monounsaturated fatty acids.
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Zebrafish RNA extraction and qRT-PCR
RNA from 6 larvae, aged 7 dpf, was extracted for 5 to 6 indepen-
dent samples. Each sample was suspended in 250 μl TRIzol Reagent 
(Invitrogen) and homogenized using pellet pestles until no tissue 
remained visible. The homogenized samples were briefly incubated 
for 2 minutes at room temperature and gently mixed after the addi-
tion of 50 μl of chloroform, followed by centrifugation for 15 minutes 
at 12,000g at 4°C. The aqueous phase was moved to a new tube, and 
an equal volume of 70% ethanol was added. RNA were then isolated 
using the Ambion PureLink RNA Mini Kit (Thermo Fisher Scientif-
ic). First-strand cDNA was made from 1 μg total RNA using Super-
Script IV VILO Master Mix (Invitrogen) after removal of genomic 
DNA using the ezDNase (Thermo Fisher Scientific). All quantitative 
reverse-transcriptase PCR (qRT-PCR) reactions were performed 
using SYBR Green PCR Master Mix (Invitrogen); primer sequences 
and conditions are in the Supplemental Methods.

Cell culture
Human primary skin fibroblast cell lines were obtained from ALD 
patients through the Neurology Outpatient Clinic of Amsterdam UMC. 
The diagnosis of 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). Control fibroblasts 
were obtained from anonymous male volunteers. Cells were cultured 
as described (23). In each experiment, the final concentration of DMSO 
in culture medium was equal (≤ 1% vol/vol) in all conditions.

Mice
The study included adult male littermates, carrying either an Abcd1+/y 
(WT) or Abcd1–/y (Abcd1tm1Kan/J, KO) allele (83) that had been back-
crossed for at least 20 generations onto the C57BL/6J strain. Mice 
were housed at the animal facility of the Center for Brain Research, 
Medical University of Vienna, in an environmentally controlled room 
on a 12-hour light/12-hour dark cycle and with ad libitum access to 
water and chow. The mice were maintained on standard rodent chow 
(R/M-H, Ssniff) until the start of the study. The average daily con-
sumption was 3.3 g of chow for mice with a body weight of around 33 g.

At the age of 25 to 28 weeks, WT (n = 18) and Abcd1–/y (n = 19) mice 
were randomly distributed into 6 groups (group 1, 6 WT; group 2, 5 
WT; group 3, 7 WT; group 4, 6 Abcd1–/y; group 5, 5 Abcd1–/y; and group 
6, 8 Abcd1–/y mice). Groups 1 and 4 received standard chow (R/M-H). 
Groups 2 and 4 received R/M+H chow supplemented with 100 mg/
kg TO901317 (Cayman Chemical, pressed into pellets by Ssniff) for 
5 weeks, and groups 3 and 6 received the TO901317-supplemented 
chow for 10 weeks. Mice in the study were observed daily and mon-
itored more closely 3 times/week;body weight was recorded weekly. 
None of the animals showed any signs of distress or illness or died 
during the study. For tissue collection, the mice were killed by carbon 
dioxide inhalation at a rate sufficient to induce rapid anesthesia, with 
death occurring within 2.5 minutes.

Liver histopathology
For histopathological assessment of the liver following TO treatment, 
cross sections (1 to 1.5 mm thick) of the left liver lobe from each mouse 
were dissected at the treatment endpoint, immersion fixed, embed-
ded in paraffin, and stained with H&E and PAS. Full details and scor-
ing (Bedossa et al.; ref. 84) are provided in the Supplemental Methods.

sg2) 5′-CCCTTATATAAAGAGAAACC-3′ (scdb sg1), or exon 1 of scdb 
5′-CGATGTGACGACGACGACAG-3′ and (scdb sg2) 5′-CTCTGTC-
GTCGTCGTCACAT-3′ were simultaneously injected. Embryos from 
the 1- to 4-cell stage were microinjected with 500 pl of 200 ng/l sgR-
NA and 200 ng/l Cas9 mRNA. Lethality up to 6 dpf was controlled in 
each group until motor behavior of larvae was recorded. Disruption of 
coding sequence in scd and scdb genes was confirmed using HRMA.

Zebrafish genotyping
DNA was extracted from whole embryos (24 hpf–72 hpf) or tail or 
fin clips into 50 mM NaOH and incubated at 95°C for 20 minutes, 
followed by neutralization with 1 M Tris pH 8.0 (1:10 by volume), as 
previously described (82). PCR was performed using the LightScan-
ner Master Mix System (BioFire) in 10 μl reactions, as previously 
described (82). Thermal melt profiles were collected on a LightS-
canner (Idaho Technology) (65–98°C, hold 62°C) and analyzed with 
LightScanner Software. For scd and scdb alleles with mutations in exon 
1, we used the following primers and conditions: (scd forward primer) 
5′-CATCATCATGCCTGATTCTGATGTG-3′ and (scd reverse prim-
er) 5′-CAGAATGACATTTCGCCACACTA-3′; (scdb forward prim-
er) 5′-GAGGCAGTACACGAGCACAG-3′ and (scdb reverse primer) 
5′-CTCCATACGATTTGTACCGGAGGAC-3′; 95°C for 2 minutes, 
followed by 29 cycles of 95°C for 30 seconds, and 60°C for 30 sec-
onds, followed by a final denaturation and annealing step of 95°C 
for 30 seconds and 25°C for 30 seconds. For abcd1Sa509 and abcd1Zc92 
alleles, we used the following primers and conditions: (sa509 forward 
primer) 5′-TTACTCACCGTCCTTCTCTC-3′, (sa509 reverse primer) 
5′-TCATACGATTCAAAACCCAC-3′ (zc92 forward primer) 5′- GTG-
GCTCATCTGTATTCAAACCT-3′, and (zc92 reverse primer)5′- CAG-
CCGTTTTAATGAGCGTGTA-3′; 95°C for 2 minutes, followed by 29 
cycles of 95°C for 30 seconds, and 68.1°C for 30 seconds, followed by a 
final denaturation and annealing step of 95°C for 30 seconds and 25°C 
for 30 seconds. All PCR assays were run in an optically transparent 
plate with 25 l mineral oil overlay. We then performed HRMA to dif-
ferentiate the melt curves from their corresponding controls.

Zebrafish microscopy and image analysis
Transgenic olig2:dsRed/abcd1sa509 larvae or their WT siblings were 
treated with phenylthiourea from 24 hpf and received CQ (10 μM) 
from 3 to 5 dpf. Larvae were euthanized by submersion in ice water 
followed by fixation in paraformaldehyde (PFA) overnight at 4°C. Lar-
vae were dehydrated in methanol at –20°C for 2 hours and then rehy-
drated in PBS, 0.1% Tween-20 (PBST). Tissue permeabilization was 
facilitated using proteinase K (10 μg/ml) for 1 hour at 28°C followed 
by a postfixation step, 15 minutes in PFA. Larvae were incubated 
in PBST + 1% DMSO + 2% BSA + 5% normal goat serum (NGS) for 
2 hours and then, in the presence of the Living Colors DsRed Rabbit 
Polyclonal Antibody (Takara), 1:400 overnight at 4°C. Next, larvae 
were washed thoroughly in PBST + 1% DMSO + 1% NGS and incubat-
ed in the presence of goat anti-rabbit IgG (H+L), Alexa Fluor 555 sec-
ondary antibody (Invitrogen) overnight at 4°C. Larvae were washed 
thoroughly and finally transferred in mounting media containing 80% 
glycerol/20% PBS. At this stage, the tail was clipped for genotyping 
and the samples were mounted on a glass slide with a #0 coverslip for 
imaging under a confocal microscope. Using ImageJ (NIH), confocal 
stacks were generated using a max intensity projection and cell counts 
were performed manually in the delimited area.
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Study approval
Human primary skin fibroblast cell lines were obtained from ALD 
patients through the Neurology Outpatient Clinic of Amsterdam UMC.  
At the time of writing, all ALD patients are participating in a pro-
spective natural history study with annual follow-up (IRB: METC 
2014_347). Material from these patients was obtained from the 
Peroxisomal Biobank from the Amsterdam UMC (IRB: METC 
2015_066). Written, informed consent was obtained from each 
patient and men in control group.

WT and Abcd1–/y mice were bred and housed at the animal facil-
ity of the Center for Brain Research, Medical University of Vienna, 
and received humane care and handling in compliance with insti-
tutional and national (Austrian) regulations (BGBl. II Nr. 522/2012) 
and European Union Directive 2010/63/EU. Procedures for the 
mice were reviewed and approved by the local Animal Care and Use 
Committee of the Medical University of Vienna and by the Austrian 
Federal Ministry of Education for Science and Research (BMBWF-
66.009/0174-V/3b/2019).

Zebrafish work was performed in strict accordance with guidelines 
from the University of Utah IACUC, regulated under federal law (the 
Animal Welfare Act and Public Health Services Regulation Act) by the 
US Department of Agriculture (USDA) and the Office of Laboratory Ani-
mal Welfare at the NIH, and accredited by the Association for Assess-
ment and Accreditation of Laboratory Care International (AAALAC).
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Chemicals and antibodies
Full lists and details are provided in the Supplemental Methods. Meth-
yl esters of C26:0 (meC26:0) and C26:1 (meC26:1) were prepared as 
described previously (23).

Analysis of TO901317
Sample preparation was performed essentially as described, with minor 
modifications; see Supplemental Methods for full details (73, 85).

VLCFA analysis
Desaturation assay and de novo fatty acid synthesis. To inhibit SCD1, cells 
were preincubated overnight with 100 nM SCD1 inhibitor (BioVision 
1716). The next day, the culture medium was replaced by culture medi-
um with 100 μM D5-C18:0 or 100 μM D3-C16:0 combined with the 
different compounds, as indicated in the figure legends. After 24 hours 
(D5-C18:0, desaturation assay) or 72 hours (D3-C16:0, de novo synthe-
sis assay), cells were harvested by trypsinization and rinsed twice with 
PBS; pellets were homogenized in deionized water via sonication on ice 
with a needle (12 seconds at 7-8 watts). Pierce bicinchoninic acid (BCA) 
protein assay was used to determine the protein concentration; 150 μg 
protein was used for the desaturation assay, as described previously (55, 
86), or the de novo VLCFA synthesis assay, as described previously (87, 
88). VLCFA levels were analyzed by electrospray ionization mass spec-
trometry, as described previously (42).

Endogenous fatty acid levels. 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. For 
fatty acid analysis, 150 μg protein was used as described previously (42).

Lipidomics
Cells were incubated with 5 μM TO901317 or vehicle (DMSO) for 3 
weeks, after which the cells were harvested by trypsinization. Lipid-
omics was performed as described (16).

Immunoblotting
See Supplemental Methods for full details. For XBP1s, fibroblasts were 
incubated with fatty acids as described previously (23). For SCD1, con-
trol and ALD fibroblasts were seeded at approximately 40% conflu-
ence. All incubations were performed at room temperature. Fluores-
cently labeled proteins were detected by LI-COR Odyssey.

Statistics
All statistical analyses were performed using GraphPad Prism, version 
6.0. Statistical comparisons were made using 1-way ANOVA followed 
by Bonferroni’s, Dunnett’s, or Tukey’s multiple comparisons test or 
2-way ANOVA followed by Bonferroni’s multiple comparisons test, as 
indicated in figure legends. P < 0.05 was used as the criterion for statis-
tical significance. Bioinformatics and statistical analysis of the lipidom-
ics data was performed as described previously (16).
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