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Abstract

X-linked adrenoleukodystrophy (X-ALD) is a peroxisomal disorder caused by impaired
degradation of very long-chain fatty acids (VLCFAs) due to mutations in the ABCDI
gene responsible for VLCFA transport into peroxisomes. Lorenzo’s oil, a 4:1 mixture of
glyceryl trioleate and glyceryl trierucate, has been used to reduce the saturated VLCFA
level in the plasma of X-ALD patients; however, the mechanism by which this occurs
remains elusive. We report the biochemical characterization of Lorenzo’s oil activity
toward ELOVLI, the primary enzyme responsible for the synthesis of saturated and
monounsaturated VLCFAs. Oleic and erucic acids inhibited ELOVL1 and, moreover,
their 4:1 mixture (the fatty acid (FA) composition of Lorenzo’s oil) exhibited the most
potent inhibitory activity. The kinetics analysis revealed that this was a mixed (not a
competitive) inhibition. At the cellular level, treatment with the 4:1 mixture reduced the
level of sphingomyelin (SM) with a saturated VLCFA accompanied by an increased
level of SM with a monounsaturated VLCFA, probably due to the incorporation of
erucic acid into the FA elongation cycle. These results suggest that inhibition of

ELOVLI1 may be an underlying mechanism by which Lorenzo’s oil exerts its action.
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INTRODUCTION

Fatty acids (FAs) are the major constituents of cellular lipids and are highly
diverse in their chain length and degree of saturation. This structural diversity underlies
the various functions of FAs. The most abundant cellular FAs are long-chain fatty acids
(LCFAs) having a chain length of 11 to 20 carbons (C11-C20). FAs with >C20 are
called very long-chain fatty acids (VLCFAs) and have essential physiological functions
that cannot be compensated for by LCFAs, such as skin barrier formation, retinal
function, myelin maintenance, and spermatogenesis (1-5). VLCFAs are components of
the two important lipid classes, glycerolipids and sphingolipids, which are characterized
by their lipid backbone that in the former is a glycerol and in the latter a sphingoid base.
Although the sphingoid base is structurally similar to the glycerol with a FA at the sn-1
position, VLCFAs linked to these backbones are strikingly different: those of
glycerolipids are mostly polyunsaturated, whereas those of sphingolipids are saturated
and monounsaturated (especially C24). In mammals, a polar head group,
phosphocholine or sugar, is attached to the N-acylated sphingoid base (ceramide)
forming sphingomyelin (SM) or glycosphingolipid, respectively. Sphingolipids
containing VLCFAs have unique cellular functions such as microdomain/raft-mediated
signal transduction and cell survival (6-8). Ceramides with >C26 VLCFAs are also
present in the skin and essential for epidermal permeability barrier function (3,9, 10).

X-linked adrenoleukodystrophy (X-ALD) is the most common peroxisomal
disorder characterized by progressive demyelination and adrenal insufficiency (11, 12).

The gene mutated in X-ALD is the ABCDI gene (13) that encodes a peroxisomal



ATP-binding cassette (ABC) protein responsible for transporting VLCFAs (as
VLCFA-CoAs) into peroxisomes (14, 15) where these FAs are broken down by
B-oxidation (16). The defective ABCDI1 protein impairs this normal VLCFA
degradation process, resulting in the accumulation of VLCFAs, specifically C24:0 and
C26:0, in the plasma and tissues (11, 17). The accumulation of these VLCFAs is
believed to play a crucial role in the pathogenesis of X-ALD such as inflammatory
demyelination and oxidative damage (18, 19). Therefore, reducing or preventing the
accumulation of VLCFAs by either promoting their degradation or suppressing their
synthesis may lead to the treatment of X-ALD.

VLCFAs are synthesized by the FA elongation cycle in the endoplasmic reticulum
by sequential addition of C2 units from malonyl-CoA to long-chain acyl-CoA (5, 20).
Each elongation cycle is composed of four reactions: condensation, reduction,
dehydration, and reduction. The first condensation reaction is the rate-limiting step
catalyzed by ELOVL family proteins. There are seven known ELOVL isozymes
(ELOVL1-7) in mammals (5, 20), each of which exhibits different specificity for chain
length and degree of saturation of the acyl-CoA substrate (7). Among the seven
isozymes, ELOVLI is highly active toward saturated and monounsaturated C20- to
C24-CoAs (7) and thus responsible for the synthesis of C22- to C26-VLCFAs such as
those accumulated in X-ALD. Knockdown of ELOVLI in X-ALD fibroblasts is
reported to lower the level of C26:0 (21), suggesting ELOVLI1 as a potential

pharmacological target for the treatment of X-ALD (17, 21, 22).



Lorenzo’s oil, a 4:1 mixture of glyceryl trioleate (C18:1 n-9) and glyceryl
trierucate (C22:1 n-9), was introduced in 1989 as a dietary treatment for X-ALD
patients (23). After oral administration, the triglycerides are hydrolyzed by lipases in the
digestive tract to liberate oleic and erucic acids, which are then absorbed from the
intestine and transported via lymph and blood to the tissues where they exert their
effects. Lorenzo’s oil normalizes the levels of C24:0 and C26:0 in the plasma of X-ALD
patients (23, 24); however, it does not alter the clinical progression of patients with
preexisting neurological or adrenal dysfunction (24, 25) but may have a preventive
effect in asymptomatic patients (26).

The development of Lorenzo’s oil goes back to 1986, when oleic and erucic acids
were found to lower the level of C26:0 in X-ALD fibroblasts (27). Since then, despite
much research, the mechanism of action of Lorenzo’s oil has remained ambiguous.
Some possible mechanisms include: (1) prior conversion of oleic and erucic acids to
their CoA esters followed by competitive inhibition of ELOVL isozymes, (2) direct
inhibition of VLCFA synthesis by oleic and erucic acids themselves, (3) enhanced
degradation/removal of saturated VLCFAs induced by oleic and erucic acids and/or
their metabolites, and (4) alteration of lipid homeostasis mediated by oleic and erucic
acids, followed by induction of various cellular responses including metabolic changes
and gene expression (28). In the present study, we biochemically characterized the
activity of Lorenzo’s oil toward ELOVLI using in vitro and cellular FA elongation

assays to understand how Lorenzo’s oil reduces saturated VLCFAs.



MATERIALS AND METHODS

Cell culture and transfection

HeLa and HEK 293T cells were grown in DMEM (D6046 for HeLa cells and D6429
for HEK 293T cells; Sigma, St. Louis, MO) containing 10% fetal bovine serum and
supplemented with 100 units/ml penicillin and 100 ug/ml streptomycin. HEK 293T
cells were grown in dishes coated with 0.3% collagen. Transfections were performed
using Lipofectamine Plus Reagent (Life Technologies, Carlsbad, CA) according to the

manufacturer’s instructions.

Plasmids

Both the pCE-puro 3xFLAG-1 vector and the pCE-puro 3xFLAG-ELOVLI1 plasmid
were described previously (7). The pCE-puro 3xFLAG-ELOVLI1(AA) plasmid was
created by site-directed mutagenesis using QuikChange kit (Stratagene, Agilent
Thechnologies, La Jolla, CA) with primers
5’-TTCCTACATGTCTTCGCTGCCTCTGTGCTTCCCTG-3’ and

5’-CAGGGAAGCACAGAGGCAGCGAAGACATGTAGGAA-3".

Production of Hel.a stable transformants expressing 3xFLAG-ELOVL1

HelL a cells transfected with the pCE-puro 3XxFLAG-ELOVLI1 plasmid were subjected to
selection with puromycin at 10 ug/ml. Among the isolated clones, clone #40
(HeLa-ELOVLI) expressed the highest level of 3xFLAG-ELOVLI protein and was

used for the experiment.



In vitro FA elongation assay

The assay was performed using the total membrane fraction as described previously (7).
Briefly, the total membrane fraction was incubated with C22:0-CoA and 0.075 uCi
(27.3 uM) [2-"*C]lmalonyl-CoA (American Radiolabeled Chemicals, St. Louis, MO) in
50 ul reaction buffer (50 mM HEPES/NaOH (pH 6.8), 150 mM NaCl, 10% glycerol, 4
mM MgCl,, 2 mM CaCl,, | mM DTT) at 37 °C for 30 min. The effect of oleic acid,
erucic acid, and their mixture as well as docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) (all from Sigma) on the ELOVLI1 activity was examined
by including each FA dissolved in 2 ul ethanol or the same volume of ethanol only
(vehicle control) in the assay mixture. The reaction was terminated by adding 25 ul
75% (w/v) KOH-H,O and 50 ul ethanol followed by heating at 70 °C for 1 h, and then
the mixture was acidified with 100 ul 5 M HCI in 50 ul ethanol. Lipids were extracted
with 700 ul hexane and dried. The lipid residue was suspended in 20 ul chloroform and
separated by TLC on a Silica Gel 60 high performance TLC plate (Merck, Whitehouse
Station, NJ) with hexane/diethyl ether/acetic acid (30:70:1, v/v) as the solvent system.
Radiolabeled lipids were detected by autoradiography and quantified by a bioimaging

analyzer BAS-2500 (Fuji Photo Film, Tokyo, Japan).

Analysis of FA incorporation into HeLa cells
The ["*C]FAs used include: [1-"*C]palmitic acid (55 mCi/mmol; Moravek Biochemicals

and Radiochemicals, Brea, CA); [1-"*C]stearic, [1-"*C]oleic, and [1-"*C]Jerucic acids (55



mCi/mmol; American Radiolabeled Chemicals); and [2-"*Clarachidic and
[2-"*C]behenic acids (55 mCi/mmol). The latter two ["*C]FAs were prepared in house by
alkaline hydrolysis of [2-'*Clarachidoyl- and [2-'*C]behenoyl-CoAs, respectively,
which were in turn synthesized from stearoyl- and arachidoyl-CoAs (Sigma),
respectively, with [2-"*C]malonyl-CoA (55 mCi/mmol) using the membrane fraction of
HEK 293T cells overproducing ELOVL3 (7).

HeLa cells cultured in 35-mm dishes were incubated with 4.5 nCi ["“C]FA
(dissolved in 4 ul ethanol) in 1 ml serum-free medium at 37 °C for 4 h. After removal of
medium, cells were washed with 1 ml PBS containing 1 mg/ml FA-free BSA, detached
from the dish using a cell scraper and suspended in 200 ul PBS. Lipids were extracted
from the cells by successive addition and mixing of 750 ul chloroform/methanol/12 M
HCI (100:200:1, v/v), 250 ul chloroform, and 250 ul 1% KCI. After centrifugation at
9,000 x g and room temperature for 1 min, the organic phase was recovered and dried.
The lipid residue was suspended in chloroform/methanol (2:1, v/v) and separated by
TLC on a Silica Gel 60 high performance TLC plate with 1-butanol/acetic acid/H,O
(3:1:1, v/v) as the solvent system. Radiolabeled lipids were detected and quantified by a
bioimaging analyzer BAS-2500. For the determination of the chain length of the
incorporated [“C]FAs, the lipids extracted from the cells were subjected to
methanolysis and the liberated FA methyl esters were analyzed using reversed-phase
TLC (Cl18; chloroform/methanol/H,0O, 5:15:1, v/v) and a bioimaging analyzer

BAS-2500 as described previously (7).
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Immunoblotting

Immunoblotting was performed as described previously (7) using the anti-FLAG
antibody M2 (1 ug/ml; Stratagene) as the primary antibody and HRP-conjugated
anti-mouse IgG F(ab’), fragment (1:7500 dilution; GE Healthcare Life Sciences,
Buckinghamshire, UK) as the secondary antibody. The signal was detected with Pierce

Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA).

Lipid analysis by ultra-performance liquid chromatography (UPLC)-MS

Cell pellets were spiked with an internal standard, C17:0-SM (500 pmol; Avanti Polar
Lipids, Alabaster, AL), and homogenized in 1450 ul chloroform/methanol/H,0/12 M
HCI (200:200:180:1, v/v). After centrifugation at 9,000 x g and room temperature for 1
min, the organic phase was recovered and treated with 135 ul 0.5 M NaOH in methanol
at 37 °C for 1 h followed by neutralization with 67.5 ul 1 M HCI. After addition of 450
ul H,O, the organic phase was recovered and dried, and the lipid residue was suspended
in chloroform/methanol (1:2, v/v). SM was quantified by Xevo G2 QTof LC/MS system
(Waters, Milford, MA): Lipids were resolved by UPLC on a reversed-phase column
(AQUITY UPLC BEH C18 column, length 150 mm; Waters) and the identity was
confirmed by MS in the positive ion mode with a scan range of m/z = 500-1200. The

data were analyzed by MassLynx software (version 4.1; Waters).
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RESULTS
Oleic acid inhibits ELOVLI1 activity in vitro

Of the seven mammalian ELOVLs, ELOVLI1 is primarily responsible for the
synthesis of C22- to C26-VLCFAs (7). We therefore generated HeLa cells transiently or
stably expressing 3xFLAG-tagged ELOVL1 (3XxFLAG-ELOVLI1), thus overproducing
ELOVLI. To confirm their increased ELOVLI activities, we also generated HeLa cells
expressing either vector control or 3xFLAG-tagged ELOVLI1 mutant (negative control)
in which the conserved HXXHH motif for ELOVL family members (where XX
represents VF for ELOVL1) was replaced with HVFAA (i.e., 3xFLAG-ELOVL1(AA)).
The conserved motif is thought to be located in the active site, and its mutations in the
yeast ELOVL homolog Fenl and in ELOVLT7 result in the loss of their activities (29,
30). Both the mutant 3xFLAG-ELOVL1(AA) and the wild-type 3xFLAG-ELOVLI1
proteins were expressed at a comparative level (Fig. 1A). The total membrane fractions
were prepared from these cells and examined for their ELOVLI activities in the in vitro
FA elongation assay with [2-'*C]malonyl-CoA as the C2 donor and C22:0-CoA as the
substrate. The reaction products were analyzed by TLC-autoradiography after alkaline
hydrolysis to the corresponding FAs (Fig. 1B). As expected, the membrane fractions
from those HeLa cells overproducing ELOVLI, but not from the cells expressing
ELOVLI1(AA), significantly increased ELOVLI activity as compared to the vector
control cells. Therefore, the total membrane fraction from HeLa cells stably

overproducing ELOVL1 (HeLa-ELOVLI) was used in the following FA elongation

12



assays, except where indicated, in which case the total membrane fraction from HEK
293T cells transiently overexpressing ELOVL1 (7) was used.

We first investigated the effect of FAs with different chain length and degree of
saturation on ELOVLI1 activity. Thus, the in vitro FA elongation assay was performed
in the presence of oleic acid (C18:1, a major component of Lorenzo’s oil), DHA
(C22:6), EPA (C20:5), or ethanol (vehicle control). Oleic acid was found to inhibit
ELOVLI1 activity in a dose-dependent manner with ~60% inhibition at 20 uM, while
neither DHA nor EPA exhibited any inhibition even at 20 uM (Fig. 1C and D). The
saturated analog of oleic acid, stearic acid (C18:0), had no effect on ELOVLI1 activity
even at 100 uM (Fig. S1). The longer-chain saturated FAs, including arachidic acid
(C20:0) and behenic acid (C22:0), could not be evaluated due to their poor solubility in

the assay medium.

A 4:1 mixture of oleic and erucic acids (Lorenzo’s oil) strongly inhibits ELOVL1
activity

Since Lorenzo’s oil is a 4:1 mixture of oleic (C18:1) and erucic (C22:1) acids, the
in vitro FA elongation assay was conducted next in the presence of a mixture in varying
proportions of oleic and erucic acids (4:1, 1:1, and 1:4) (Fig. 2). The concentration of
the mixture was kept constant at 20 uM, which is the concentration at which oleic acid
showed maximum inhibitory activity. Erucic acid alone appeared to inhibit some
ELOVLI activity at 20 uM, but the effect was not statistically significant. Interestingly,

mixtures of oleic and erucic acids tested all showed inhibitory activity comparable to or
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even more profound than that of oleic acid with the 4:1 mixture (the exact FA ratio of

Lorenzo’s oil) being the most potent.

Lorenzo’s oil inhibits ELOVLI1 activity by a mechanism other than competitive
inhibition

Following the identification of a 4:1 mixture of oleic and erucic acids (Lorenzo’s
oil) as a potent inhibitor of ELOVLI1, we undertook a kinetic characterization of this
inhibition process. One possible mechanism of inhibition was that oleic and erucic acids
might compete with the actual substrate, C22:0-CoA, for the active site of ELOVLI1
(i.e., competitive inhibition). If this is the case, the inhibition can be overcome by
raising the substrate concentration. The in vitro FA elongation assay was then carried
out at various concentrations of C22:0-CoA in the absence or presence of a 4:1 mixture
of oleic and erucic acids at a concentration of 20 uM (Fig. 3A). In the absence of the 4:1
mixture, ELOVLI activity reached a peak at a C22:0-CoA concentration of 5 uM and
declined slightly thereafter. The high concentration of C22:0-CoA may have a
detergent-like effect on ELOVLI1, which is known to be sensitive to solubilization by
Triton X-100 (30). In the presence of the 4:1 mixture, inhibition of ELOVLI remained
essentially constant even at 200 uM C22:0-CoA, indicating that the mechanism of
inhibition is not competitive.

We analyzed these data by using a Lineweaver—Burk plot to determine the kinetic
parameters (K, and V_ ) of ELOVLI toward C22:0-CoA. To exclude any non-specific

effects seen at the higher concentration of C22:0-CoA, we used the data obtained at 1, 2,
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and 3 uM C22:0-CoA, yielding a linear increase of the ELOVLI activity (Fig. 3B). The

K.,and V,

max

values of ELOVL1 for C22:0-CoA were found to be 9.2 uM and 59.2
pmol/min/ug protein, respectively, and those in the presence of the 4:1 mixture were 2.1
uM and 10.1 pmol/min/ug protein, respectively. The K, and K,” values were also
calculated to be 60.6 and 4.1 uM, respectively. These findings suggest that ELOVLI
inhibition by a 4:1 mixture of oleic and erucic acids (Lorenzo’s oil) is a mixed
inhibition in which these acids preferentially bind to the ELOVLI-substrate

(C22:0-CoA) complex.

Erucic acid is preferentially metabolized to sphingolipids

We next investigated the metabolism of oleic and erucic acids using HeLa cells.
The cells were incubated with '“C-labeled oleic and erucic acids as well as with
"C-labeled palmitic, stearic, arachidic, and behenic acids for comparison. Similar to
['*C]palmitic and ["*C]stearic acids, about 70% of ["*C]Joleic acid was taken up by cells
and metabolized mainly to glycerophospholipids (phosphatidylethanolamine (PE),
phosphatidylserine (PS), phosphatidylinositol (PI), and phosphatidylcholine (PC)) and
to a much lesser extent to sphingolipids (hexosylceramide (HexCer) and sphingomyelin
(SM)) (Fig. 4A). In contrast, ["“Clerucic acid, of which ~60% was taken up by cells,
was metabolized mainly to sphingolipids. Both ["*C]arachidic and ["“C]behenic acids
were rather poorly taken up by cells (~20%) and seemed to be metabolized to

sphingolipids.
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The chain-length of the ['"*C]FA metabolites was determined by methanolysis of
these lipids followed by reverse-phase TLC analysis of ['*C]FA methyl esters (Fig. 4B).
Almost one third of ["*CJerucic acid was elongated to ["*C]nervonic acid (C24:1), while
the rest of [*C]FAs was found mostly unchanged. The elongation of erucic to nervonic

acids is catalyzed by ELOVLI1 (7).

Lorenzo’s oil decreases the cellular level of SM with a saturated VLCFA

Since in eukaryotic cells saturated and monounsaturated VLCFAs are
predominantly incorporated into sphingolipids, we suspected that inhibition of ELOVLI1
responsible for VLCFA synthesis would generate a characteristic sphingolipid profile.
Accordingly, we investigated the profile of SM, the most abundant sphingolipid, of
HelLa-ELOVLI cells treated with a 4:1 mixture of oleic and erucic acids for 6 days with
the help of UPLC-MS (Fig. 5SA). We used these FAs in the free form instead of as their
corresponding triglycerides (the chemical composition of Lorenzo’s oil), since most
triglycerides are first digested to free acids and then absorbed by cells. HeLa-ELOVLI
cells were found to contain two types of SM: one containing LCFAs (mainly C16:0 and
C18:0) and the other containing VLCFAs (mainly C22:0, C24:0, and C24:1). C26:0-SM
was almost undetectable in HeLa cells. Treatment with the 4:1 mixture significantly
reduced the level of saturated VLCFA-SM (C22:0- and C24:0-SMs) even at 5 uM and
saturated LCFA-SM (C18:0-SM) at 20 uM. This is consistent with the results in
X-ALD fibroblasts reported by Rizzo et al. (27). Concurrent with the reduction of

C22:0- and C24:0-SMs, monounsaturated VLCFA-SM (C24:1-SM) was increased
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significantly. At 20 uM, a significant increase was also detected for C26:1-SM. As a
consequence, the ratio of monounsaturated to saturated SMs more than doubled at 20
uM of the 4:1 mixture compared to the untreated control (Fig. 5B). In contrast,
treatment with either palmitic (C16:0) or stearic acid (C18:0) at 20 uM had almost no
effect on the SM profile except for a slightly increased level of saturated SM (C18:0-
and C20:0-SMs or C18:0-, C20:0-, and C22:0-SMs, respectively) (Fig. S2). This is
consistent with the aforementioned findings that stearic acid does not inhibit ELOVL1
activity (Fig. S1) and that palmitic and stearic acids are metabolized mainly to

glycerophospholipids rather than to sphingolipids (Fig. 4).

Lorenzo’s oil does not affect the expression level of ELOVLI mRNA

We also analyzed the endogenous ELOVLI mRNA level by RT-PCR in HeLa cells
treated with a 4:1 mixture of oleic and erucic acids for 6 days and found no appreciable
changes caused by the treatment (Fig. S3). The results suggest that Lorenzo’s oil
reduces the synthesis of saturated VLCFAs by inhibiting ELOVLI1 at the protein level

but not at the mRNA level.
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DISCUSSION

It has been more than two decades since Lorenzo’s oil was reported to lower the
C26:0 level in X-ALD fibroblast and plasma (23, 24, 27); however, how Lorenzo’s oil
exerts such effects has remained largely speculative. The results of our present study
elucidate for the first time the link between Lorenzo’s oil and the reduction of the
saturated VLCFA level.

We demonstrated that a 4:1 mixture of oleic and erucic acids potently inhibits the
activity of ELOVL1 (Fig. 2) by a mixed inhibition mechanism, rather than by
competitive inhibition (Fig. 3); however, at present it remains unclear how these
monounsaturated FAs interact with ELOVLI1. We can only speculate that since the
ELOVL family members are multi-pass transmembrane proteins (5, 20), oleic and
erucic acids may interact with ELOVLI1 by intercalating between the adjacent
membrane-spanning regions of ELOVLI, thereby preventing the conformational change
required for its catalytic activity. This may also explain our finding that
monounsaturated oleic and erucic acids but not polyunsaturated DHA and EPA
inhibited ELOVLI activity (Fig. 1C and D), since the more cis-double bonds in the FA
chain increase its rigidity and space requirement due to the bent geometry of the
cis-double bond and thus limit such lateral interactions. Lorenzo’s oil appears to have
the optimum ratio of oleic and erucic acids (i.e., 4:1) for ELOVLI inhibition.

We also demonstrated that cells treated with a 4:1 mixture of oleic and erucic acids

reduces the level of SM with either saturated C22- or C24-VLCFA (Fig. 5A) as a result
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of the inhibition of ELOVLI activity, not transcriptional regulation of the ELOVLI
gene (Fig. S3).

In the cell-based assay, the reduction of C22:0- and C24:0-SM was accompanied
by an increase in the level of C24:1-SM (Fig. 5A). This increase probably results from
the conversion of some of oleic and erucic acids to the corresponding acyl-CoAs
(C18:1- and C22:1-CoAs, respectively), followed by their incorporation into the FA
elongation cycle by either the residual ELOVLI1 activity or other elongases. Indeed, we
observed that exogenously added ["*Clerucic acid was elongated to ["*C]nervonic acid
and incorporated into sphingolipids, although the elongation of ["*C]oleic acid was not
apparent (Fig. 4A and B). The preferential incorporation of ['*C]erucic/nervonic acid,
but not ["“C]oleic acid, to sphingolipids seems to be consistent with the fact that
saturated and monounsaturated VLCFAs are predominantly found in sphingolipids (10,
31). This finding may help explain the increased levels of monounsaturated VLCFAs
(C22:1 and C24:1) seen in the plasma of patients treated with Lorenzo’s oil (23).
Moreover, the finding raises a possibility that the increased C22:1-CoA could compete
with the saturated acyl-CoAs for the ELOVLI1 active site, thereby contributing to the
attenuation of saturated VLCFA synthesis; however, such a possibility is not likely for
oleic acid since C18:1-CoA is not a substrate for ELOVL1 (7). Consequently,
Lorenzo’s oil may lower the pathogenic C24:0 and C26:0 levels by a combination of
two mechanisms: direct ELOVLI inhibition by oleic and erucic acids (mixed inhibition)

and indirect ELOVLI inhibition by C22:1-CoA (competitive inhibition).
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All together, our findings seem to indicate that the beneficial effect of Lorenzo’s
oil is at least in part a result of its ELOVLI1 inhibition. Although Lorenzo’s oil
normalizes plasma C24:0 and C26:0 levels in X-ALD patients, it does not arrest or
ameliorate their neurological symptoms (23, 24). Moreover, the treatment increases
their plasma C22:1 and C24:1 levels (23), the effect of which on the pathology of
X-ALD is currently unknown. More work is necessary to better understand the etiology

of X-ALD and to develop novel treatments.
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FIGURE LEGENDS

Fig.1. Oleic acid inhibits ELOVLI activity. (A and B) The total membrane fraction
was prepared from HelLa cells transfected with a vector (pCE-puro 3xFLAG-1), a
plasmid encoding the wild-type (WT) 3xFLAG-ELOVLI protein (pCE-puro
3xFLAG-ELOVL1), or a plasmid encoding the mutant (MT) 3xFLAG-ELOVLI protein
(pCE-puro 3xFLAG-ELOVLI1(AA)), and from HeLa cells stably expressing the WT
3xFLAG-ELOVLI1 protein (HeLa-ELOVLI). For transient expression, cells were
harvested 24 h after transfection. (A) The total membrane fraction (5 ug protein) was
subjected to immunoblotting with anti-FLAG antibody. (B) The total membrane fraction
(20 ng protein) was incubated with 50 uM C22:0-CoA and 0.075 uCi (27.3 uM)
[2-"*C]malonyl-CoA at 37 °C for 30 min. After a sequential work-up (see Materials and
Methods), lipids were separated by normal-phase TLC and detected by a bioimaging
analyzer BAS-2500. *, a possible decarboxylation product of 3-keto-FA formed during
saponification. (C) The in vitro fatty acid (FA) elongation assay was performed as in (B)
with the total membrane fraction (10 ug protein) prepared from HEK 293T cells
transiently expressing the WT 3xFLAG-ELOVLI1 protein in the presence of the
indicated concentration of oleic acid (C18:1), docosahexaenoic acid (C22:6), or
eicosapentaenoic acid (C20:5) in ethanol or ethanol alone (vehicle control). (D) The
radioactivity associated with the product FA in (C) was quantified. Each bar represents
the amount of FA generated per ug of the total membrane protein and the mean + SD of
three independent experiments. The statistically significant difference from

vehicle-treated control cells (0 uM) is indicated (*p < 0.05, Student’s t-test).
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Fig.2. A mixture of oleic and erucic acids inhibits ELOVLI activity. The total
membrane fraction (10 ug protein) prepared from either HelLa cells or HeLa-ELOVLI
cells was incubated with 50 uM C22:0-CoA and 0.075 uCi (27.3 uM)
[2-"*C]malonyl-CoA at 37 °C for 30 min in the presence of the indicated concentration
of oleic acid (C18:1), erucic acid (C22:1), or their mixture in ethanol or ethanol alone
(vehicle control). After a sequential work-up (see Materials and Methods), lipids were
separated by normal-phase TLC and quantified by a bioimaging analyzer BAS-2500.
Each bar represents the amount of fatty acid (FA) generated per ug of the total
membrane protein and the mean = SD of three independent experiments. Statistically
significant differences from vehicle-treated control HeLLa-ELOVLI cells are indicated

(*p <0.05 and **p < 0.01, Student’s t-test).

Fig.3. A 4:1 mixture of oleic and erucic acids inhibits ELOVLI by a mixed-type
inhibition mechanism. The total membrane fraction (10 ug protein) from
HeLa-ELOVLI cells were incubated with the indicated concentration of C22:0-CoA and
0.075 uCi (27.3 uM) [2-"*Clmalonyl-CoA at 37 °C for 30 min in the presence of 20 uM
4:1 mixture of oleic (C18:1) and erucic (C22:1) acids in ethanol or ethanol vehicle alone.
After a sequential work-up (see Materials and Methods), lipids were separated by
normal-phase TLC and quantified by a bioimaging analyzer BAS-2500. (A) Values
presented are the amount of fatty acid (FA) generated per ug of the total membrane

protein. (B) The mean values from three independent experiments are expressed in a
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Lineweaver—Burk plot with a linear regression line. LO, 4:1 mixture of oleic and erucic

acids.

Fig.4. Erucic acid is elongated and incorporated into sphingolipids. HeLa cells were
incubated with the indicated ["*C]FAs (4.5 nCi) at 37 °C for 4 h. (A) Following
extraction from the cells, lipids were separated by normal-phase TLC and detected by a
bioimaging analyzer BAS2500. Cer, ceramide; FA, fatty acids; HexCer,
hexosylceramide; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin. (B) Following
extraction from the cells, lipids were subjected to methanolysis and the liberated FA
methyl esters were analyzed by reversed-phase TLC with a bioimaging analyzer

BAS-2500.

Fig.5. A 4:1 mixture of oleic and erucic acids reduces the cellular level of SM with a
saturated VLCFA. HeLa-ELOVLI cells were treated with a 4:1 mixture of oleic (C18:1)
and erucic (C22:1) acids in a total concentration of 1, 5, or 20 uM. A proper amount of a
4:1 mixture of oleic and erucic acids was dissolved in ethanol and added to the culture
media. Control cells received an equal volume of ethanol only. Cells were cultured for 6
days, during which the media were replaced every 2 days with fresh media containing
either the 4:1 mixture in ethanol or ethanol only. Lipids were extracted from the cells
and sphingomyelin (SM) composition was determined by UPLC-MS on a Xevo G2

QTof LC/MS system. The data were analyzed by MassLynx software. (A) Each bar
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represents the percent of the amount of each SM species relative to the total amount of
SM and the mean = SD from four independent assays. The inset is a blown-up portion
of C26:0 and C26:1. Statistically significant differences from vehicle (ethanol)-treated
control cells are indicated (*p < 0.05 and **p < 0.01, Student’s t-test). (B) Each bar
represents the ratio of the amount of SM with a monounsaturated FA (MUFA) to the
amount of SM with a saturated FA (SFA) and the mean + SD from four independent
assays. Statistically significant differences from vehicle (ethanol)-treated control cells

are indicated (**p < 0.01, Student’s t-test). LO, 4:1 mixture of oleic and erucic acids.
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