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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 sphingo-
lipids, which are characterized by their lipid backbone 
that in the former is a glycerol and in the latter a sphin-
goid base. Although the sphingoid base is structurally simi-
lar to the glycerol with an 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 (es-
pecially C24). In mammals, a polar head group, phospho-
choline or sugar, is attached to the N-acylated sphingoid 
base (ceramide) forming SM or glycosphingolipid, respec-
tively. Sphingolipids containing VLCFAs have unique cel-
lular 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 epi-
dermal permeability barrier function ( 3, 9, 10 ). 

 X-linked adrenoleukodystrophy (X-ALD) is the most 
common peroxisomal disorder characterized by progres-
sive demyelination and adrenal insuffi ciency ( 11, 12 ). The 
gene mutated in X-ALD is the  ABCD1  gene ( 13 ), which 
encodes a peroxisomal ABC protein responsible for trans-
porting VLCFAs (as VLCFA-CoAs) into peroxisomes ( 14, 
15 ) where these FAs are broken down by  � -oxidation ( 16 ). 
The defective ABCD1 protein impairs this normal VLCFA 
degradation process, resulting in the accumulation of 
VLCFAs, specifi cally 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 infl ammatory demyelination and oxida-
tive damage ( 18, 19 ). Therefore, reducing or preventing 
the accumulation of VLCFAs by either promoting their 
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 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 
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100 units/ml penicillin and 100  � g/ml streptomycin. HEK 293T 
cells were grown in dishes coated with 0.3% collagen. Transfec-
tions 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-ELOVL1 plasmid were described previously ( 7 ). The pCE-
puro 3xFLAG-ELOVL1(AA) plasmid was created by site-directed 
mutagenesis using the QuikChange kit (Stratagene, Agilent 
Technologies, La Jolla, CA) with primers 5 ′ -TTCCTACATGT-
CTTCGCTGCCTCTGTGCTTCCCTG-3 ′  and 5 ′ -CAGGGAAGCAC-
AGAGGCAGCGAAGACATGTAGGAA-3 ′ . 

 Production of HeLa stable transformants expressing 
3xFLAG-ELOVL1 

 HeLa cells transfected with the pCE-puro 3xFLAG-ELOVL1 
plasmid were subjected to selection with puromycin at 10  � g/ml. 
Among the isolated clones, clone #40 (HeLa- ELOVL1 ) expressed 
the highest level of 3xFLAG-ELOVL1 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 ). Briefl y, the total membrane fraction 
was incubated with C22:0-CoA and 0.075  � Ci (27.3  � M) [2- 14 C]
malonyl-CoA (American Radiolabeled Chemicals, St. Louis, MO) 
in 50  � l reaction buffer [50 mM HEPES/NaOH (pH 6.8), 150 
mM NaCl, 10% glycerol, 4 mM MgCl 2 , 2 mM CaCl 2 , 1 mM DTT] 
at 37°C for 30 min. The effect of oleic acid, erucic acid, and their 
mixture, as well as DHA and EPA (all from Sigma), on ELOVL1 
activity was examined by including each FA dissolved in 2  � l etha-
nol or the same volume of ethanol only (vehicle control) in the 
assay mixture. The reaction was terminated by adding 25  � l 75% 
(w/v) KOH-water and 50  � l ethanol followed by heating at 70°C 
for 1 h, and then the mixture was acidifi ed with 100  � l 5 M HCl 
in 50  � l ethanol. Lipids were extracted with 700  � l hexane and 
dried. The lipid residue was suspended in 20  � l 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/v) as the solvent system. Radiolabeled lipids 
were detected by autoradiography and quantifi ed by a bioimag-
ing analyzer BAS-2500 (Fuji Photo Film, Tokyo, Japan). 

 Analysis of FA incorporation into HeLa cells 
 The [ 14 C]FAs used include the following: [1- 14 C]palmitic acid 

(55 mCi/mmol; Moravek Biochemicals and Radiochemicals, 
Brea, CA); [1- 14 C]stearic, [1- 14 C]oleic, and [1- 14 C]erucic acids 
(55 mCi/mmol; American Radiolabeled Chemicals); and [2- 14 C]
arachidic and [2- 14 C]behenic acids (55 mCi/mmol). The latter 
two [ 14 C]FAs were prepared in house by alkaline hydrolysis of 
[2- 14 C]arachidoyl- and [2- 14 C]behenoyl-CoAs, respectively, which 
were in turn synthesized from stearoyl- and arachidoyl-CoAs 
(Sigma), respectively, with [2- 14 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 [ 14 C]FA (dissolved in 4  � l ethanol) in 1 ml serum-free me-
dium 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  � l PBS. Lipids 
were extracted from the cells by successive addition and mixing 
of 750  � l chloroform-methanol-12 M HCl (100:200:1, v/v/v), 250  � l 
chloroform, and 250  � l 1% KCl. After centrifugation at 9,000  g  

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 fi rst condensation reaction is the rate-limiting step 
catalyzed by elongation of very long-chain fatty acid (ELOVL) 
family proteins. There are seven known ELOVL   isozymes 
(ELOVL1–7) in mammals ( 5, 20 ), each of which exhibits 
different specifi city for chain length and degree of satura-
tion of the acyl-CoA substrate ( 7 ). Among the seven 
isozymes, ELOVL1 is highly active toward saturated and 
monounsaturated C20- to C24-CoAs ( 7 ) and thus is re-
sponsible for the synthesis of C22- to C26-VLCFAs such as 
those accumulated in X-ALD. Knockdown of  ELOVL1  in 
X-ALD fi broblasts is reported to lower the level of C26:0 
( 21 ), suggesting ELOVL1 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 ef-
fects. 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 neu-
rological or adrenal dysfunction ( 24, 25 ) but may have a pre-
ventive 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 fi broblasts ( 27 ). Since then, despite 
much research, the mechanism of action of Lorenzo’s oil 
has remained ambiguous. Some possible mechanisms in-
clude the following:  1 ) prior conversion of oleic and erucic 
acids to their CoA esters followed by competitive inhibi-
tion 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 ) al-
teration 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 ac-
tivity of Lorenzo’s oil toward ELOVL1 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 
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FA elongation assay with [2- 14 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 ELOVL1, but not from the cells expressing 
ELOVL1(AA), signifi cantly increased ELOVL1 activity as 
compared with the vector control cells. Therefore, the total 
membrane fraction from HeLa cells stably overproducing 

and room temperature for 1 min, the organic phase was recov-
ered 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-water 
(3:1:1, v/v/v) as the solvent system. Radiolabeled lipids were de-
tected and quantifi ed by a bioimaging analyzer BAS-2500. For 
the determination of the chain length of the incorporated [ 14 C]
FAs, the lipids extracted from the cells were subjected to metha-
nolysis, and the liberated FA methyl esters were analyzed using 
reversed-phase TLC (C18; chloroform-methanol-water, 5:15:1, 
v/v/v) and a bioimaging analyzer BAS-2500 as described pre-
viously ( 7 ). 

 Immunoblotting 
 Immunoblotting was performed as described previously ( 7 ) 

using the anti-FLAG antibody M2 (1  � g/ml; Stratagene) as the 
primary antibody and HRP-conjugated anti-mouse IgG F(ab’) 2  
fragment (1:7,500 dilution; GE Healthcare Life Sciences, Buck-
inghamshire, UK) as the secondary antibody. The signal was 
detected with Pierce Western Blotting Substrate (Thermo Fisher 
Scientifi c, Waltham, MA). 

 Lipid analysis by ultraperformance liquid 
chromatography MS 

 Cell pellets were spiked with an internal standard, C17:0-SM 
(500 pmol; Avanti Polar Lipids, Alabaster, AL), and homogenized 
in 1,450  � l chloroform-methanol-water-12 M HCl (200:200:180:1, 
v/v/v/v). After centrifugation at 9,000  g  and room temperature 
for 1 min, the organic phase was recovered and treated with 135  � l 
0.5 M NaOH in methanol at 37°C for 1 h followed by neutraliza-
tion with 67.5  � l 1 M HCl. After addition of 450  � l water, the or-
ganic phase was recovered and dried, and the lipid residue was 
suspended in chloroform-methanol (1:2, v/v). SM was quantifi ed 
by Xevo G2 QTof LC/MS system (Waters, Milford, MA): Lipids 
were resolved by ultraperformance liquid chromatography (UPLC) 
on a reversed-phase column (AQUITY UPLC BEH C18 column, 
length 150 mm; Waters), and the identity was confi rmed by MS in 
the positive ion mode with a scan range of  m/z  500–1,200. The data 
were analyzed by MassLynx software (version 4.1; Waters). 

 RESULTS 

 Oleic acid inhibits ELOVL1 activity in vitro 
 Of the seven mammalian ELOVLs, ELOVL1 is primarily 

responsible for the synthesis of C22- to C26-VLCFAs ( 7 ). 
We therefore generated HeLa cells transiently or stably 
expressing 3xFLAG-tagged ELOVL1 (3xFLAG-ELOVL1), 
thus overproducing ELOVL1. To confi rm their increased 
ELOVL1 activities, we also generated HeLa cells express-
ing either vector control or 3xFLAG-tagged ELOVL1 mu-
tant (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 lo-
cated in the active site, and its mutations in the yeast 
ELOVL homolog Fen1   and in ELOVL7 result in the loss 
of their activities ( 29, 30 ). Both the mutant 3xFLAG-
ELOVL1(AA) and the wild-type 3xFLAG-ELOVL1 pro-
teins were expressed at a comparative level (  Fig. 1A  ).  The 
total membrane fractions were prepared from these cells 
and examined for their ELOVL1 activities in the in vitro 

  Fig.   1.  Oleic acid inhibits ELOVL1 activity. (A, B) The total mem-
brane fraction was prepared from HeLa cells transfected with a vec-
tor (pCE-puro 3xFLAG-1), a plasmid encoding the wild-type (WT) 
3xFLAG-ELOVL1 protein (pCE-puro 3xFLAG-ELOVL1), or a plas-
mid encoding the mutant (MT) 3xFLAG-ELOVL1 protein [pCE-
puro 3xFLAG-ELOVL1(AA)], and from HeLa cells stably expressing 
the WT 3xFLAG-ELOVL1 protein (HeLa- ELOVL1 ). For transient 
expression, cells were harvested 24 h after transfection. (A) The 
total membrane fraction (5  � g protein) was subjected to immuno-
blotting with anti-FLAG antibody. (B) The total membrane frac-
tion (20  � g protein) was incubated with 50  � M C22:0-CoA and 
0.075  � Ci (27.3  � M) [2- 14 C]malonyl-CoA at 37°C for 30 min. After 
a sequential workup (see “Materials and Methods”), lipids were 
separated by normal-phase TLC and detected by a bioimaging ana-
lyzer BAS-2500; *, a possible decarboxylation product of 3-keto-FA 
formed during saponifi cation. (C) The in vitro FA elongation assay 
was performed as in (B) with the total membrane fraction (10  � g 
protein) prepared from HEK 293T cells transiently expressing the 
WT 3xFLAG-ELOVL1 protein in the presence of the indicated con-
centration 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 quantifi ed. Each bar represents the amount of FA gener-
ated per microgram of the total membrane protein and the mean ± 
SD of three independent experiments. The statistically signifi cant 
difference from vehicle-treated control cells (0  � M) is indicated 
(*  P  < 0.05, Student’s  t -test).   
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ELOVL1 toward C22:0-CoA. To exclude any nonspecifi c 
effects seen at the higher concentration of C22:0-CoA, we 
used the data obtained at 1, 2, and 3  � M C22:0-CoA, yield-
ing a linear increase of the ELOVL1 activity ( Fig. 3B ). The 
 K m   and  V max   values of ELOVL1 for C22:0-CoA were found 
to be 9.2  � M and 59.2 pmol/min/ � g protein, respectively, 
and those in the presence of the 4:1 mixture were 2.1  � M 
and 10.1 pmol/min/ � g protein, respectively. The  K I   and 
 K I ’  values were also calculated to be 60.6 and 4.1  � M, re-
spectively. These fi ndings suggest that ELOVL1 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 ELOVL1-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  14 C-
labeled oleic and erucic acids, as well as with  14 C-labeled 
palmitic, stearic, arachidic, and behenic acids for compari-
son. Similar to [ 14 C]palmitic and [ 14 C]stearic acids,  � 70% 
of [ 14 C]oleic 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 ex-
tent to sphingolipids [hexosylceramide (HexCer) and SM] 
(  Fig. 4A  ).  In contrast, [ 14 C]erucic acid, of which  � 60% 
was taken up by cells, was metabolized mainly to sphingo-
lipids. Both [ 14 C]arachidic and [ 14 C]behenic acids were 
rather poorly taken up by cells ( � 20%) and seemed to be 
metabolized to sphingolipids. 

 The chain length of the [ 14 C]FA metabolites was deter-
mined by methanolysis of these lipids followed by reverse-
phase TLC analysis of [ 14 C]FA methyl esters ( Fig. 4B ). 

ELOVL1 (HeLa- ELOVL1 ) was used in the following FA 
elongation assays, except where indicated, in which case 
the total membrane fraction from HEK 293T cells tran-
siently overexpressing ELOVL1 ( 7 ) was used. 

 We fi rst investigated the effect of FAs with different 
chain length and degree of saturation on ELOVL1 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 (ve-
hicle control). Oleic acid was found to inhibit ELOVL1 
activity in a dose-dependent manner with  � 60% inhibi-
tion at 20  � M, whereas neither DHA nor EPA exhibited 
any inhibition even at 20  � M ( Fig. 1C, D ). The saturated 
analog of oleic acid, stearic acid (C18:0), had no effect on 
ELOVL1 activity even at 100  � M (supplementary Fig. I). 
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 

 Because 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 vary-
ing proportions of oleic and erucic acids (4:1, 1:1, and 1:4) 
(  Fig. 2  ).  The concentration of the mixture was kept con-
stant at 20  � M, which is the concentration at which oleic 
acid showed maximum inhibitory activity. Erucic acid 
alone appeared to inhibit some ELOVL1 activity at 20  � M, 
but the effect was not statistically signifi cant. Interestingly, 
all mixtures of oleic and erucic acids tested showed inhibi-
tory activity comparable to or 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 ELOVL1 activity by a mechanism 
other than competitive inhibition 

 Following the identifi cation of a 4:1 mixture of oleic and 
erucic acids (Lorenzo’s oil) as a potent inhibitor of ELOVL1, 
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 sub-
strate, C22:0-CoA, for the active site of ELOVL1 (i.e., com-
petitive 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  � M (  Fig. 3A  ).  In the absence of the 4:1 mixture, ELOVL1 
activity reached a peak at a C22:0-CoA concentration of 
5  � M and declined slightly thereafter. The high concentra-
tion of C22:0-CoA may have a detergent-like effect on 
ELOVL1, which is known to be sensitive to solubilization by 
Triton X-100 ( 30 ). In the presence of the 4:1 mixture, inhi-
bition of ELOVL1 remained essentially constant even at 
200  � M C22:0-CoA, indicating that the mechanism of inhi-
bition is not competitive. 

 We analyzed these data by using a Lineweaver-Burk plot 
to determine the kinetic parameters ( K m   and  V max  ) of 

  Fig.   2.  A mixture of oleic and erucic acids inhibits ELOVL1 activ-
ity. The total membrane fraction (10  � g protein) prepared from 
either HeLa cells or HeLa- ELOVL1  cells was incubated with 50  � M 
C22:0-CoA and 0.075  � Ci (27.3  � M) [2- 14 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 workup (see 
“Materials and Methods”), lipids were separated by normal-phase 
TLC and quantifi ed by a bioimaging analyzer BAS-2500. Each bar 
represents the amount of FA generated per microgram of the total 
membrane protein and the mean ± SD of three independent ex-
periments. Statistically signifi cant differences from vehicle-treated 
control HeLa- ELOVL1  cells are indicated (*  P  < 0.05 and **  P  < 
0.01, Student’s  t -test).   
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cells were found to contain two types of SM: one contain-
ing LCFAs (mainly C16:0 and C18:0) and the other con-
taining VLCFAs (mainly C22:0, C24:0, and C24:1). 
C26:0-SM was almost undetectable in HeLa cells. Treat-
ment with the 4:1 mixture signifi cantly reduced the level 
of saturated VLCFA-SM (C22:0- and C24:0-SMs) even at 
5  � M and saturated LCFA-SM (C18:0-SM) at 20  � M. This 
is consistent with the results in X-ALD fi broblasts 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 signifi cantly. At 20  � M, a signifi -
cant increase was also detected for C26:1-SM. As a conse-
quence, the ratio of monounsaturated to saturated SMs 
more than doubled at 20  � M of the 4:1 mixture compared 
with the untreated control ( Fig. 5B ). In contrast, treat-
ment with either palmitic (C16:0) or stearic (C18:0) acid 
at 20  � M had almost no effect on the SM profi le 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) 
(supplementary Fig. II). This is consistent with the afore-
mentioned fi ndings that stearic acid does not inhibit 
ELOVL1 activity (supplementary Fig. I) and that palmitic 
and stearic acids are metabolized mainly to glycerophos-
pholipids rather than to sphingolipids ( Fig. 4 ). 

Almost one-third of [ 14 C]erucic acid was elongated to 
[ 14 C]nervonic acid (C24:1), whereas the rest of [ 14 C]FAs 
were found mostly unchanged. The elongation of erucic 
to nervonic acids is catalyzed by ELOVL1 ( 7 ). 

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

 Because in eukaryotic cells saturated and monounsatu-
rated VLCFAs are predominantly incorporated into sphin-
golipids, we suspected that the inhibition of ELOVL1 
responsible for VLCFA synthesis would generate a charac-
teristic sphingolipid profi le. Accordingly, we investigated 
the profi le of SM, the most abundant sphingolipid, of He-
La- ELOVL1  cells treated with a 4:1 mixture of oleic and 
erucic acids for 6 days with the help of UPLC-MS (  Fig. 5A  ). 
 We used these FAs in the free form instead of as their cor-
responding triglycerides (the chemical composition of 
Lorenzo’s oil) because most triglycerides are fi rst digested 
to free acids and then absorbed by cells. HeLa- ELOVL1  

  Fig.   3.  A 4:1 mixture of oleic and erucic acids inhibits ELOVL1 
by a mixed-type inhibition mechanism. The total membrane 
fraction (10  � g protein) from HeLa- ELOVL1  cells was incubated 
with the indicated concentration of C22:0-CoA and 0.075  � Ci 
(27.3  � M) [2- 14 C]malonyl-CoA at 37°C for 30 min in the presence 
of 20  � M 4:1 mixture of oleic (C18:1) and erucic (C22:1) acids in 
ethanol or ethanol vehicle alone. After a sequential workup (see 
“Materials and Methods”), lipids were separated by normal-phase 
TLC and quantifi ed by a bioimaging analyzer BAS-2500. (A) Values 
presented are the amount of FA generated per microgram of the 
total membrane protein. (B) The mean values from three indepen-
dent experiments are expressed in a 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 sphingo-
lipids. HeLa cells were incubated with the indicated [ 14 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. (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 bio-
imaging analyzer BAS-2500.   
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 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 MUFAs interact with ELOVL1. We can only 
speculate that because the ELOVL family members are 
multipass transmembrane proteins ( 5, 20 ), oleic and 
erucic acids may interact with ELOVL1 by intercalating be-
tween the adjacent membrane-spanning regions of 
ELOVL1, thereby preventing the conformational change 
required for its catalytic activity. This may also explain our 
fi nding that monounsaturated oleic and erucic acids, but 
not polyunsaturated DHA and EPA, inhibited ELOVL1 ac-
tivity ( Fig. 1C, D ) because 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 
ELOVL1 inhibition. 

 We also demonstrated that cells treated with a 4:1 mix-
ture of oleic and erucic acids had a reduced level of SM with 
either saturated C22- or C24-VLCFA ( Fig. 5A ) as a result of 
the inhibition of ELOVL1 activity, not transcriptional regu-
lation of the  ELOVL1  gene (supplementary Fig. III). 

 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 the oleic and erucic acids to the cor-
responding acyl-CoAs (C18:1- and C22:1-CoAs, respec-
tively), followed by their incorporation into the FA 
elongation cycle by either the residual ELOVL1 activity or 
other elongases. Indeed, we observed that exogenously 
added [ 14 C]erucic acid was elongated to [ 14 C]nervonic acid 
and incorporated into sphingolipids, although the elonga-
tion of [ 14 C]oleic acid was not apparent ( Fig. 4A, B ). The 
preferential incorporation of [ 14 C]erucic/nervonic acid, 
but not [ 14 C]oleic acid, to sphingolipids seems to be con-
sistent with the fact that saturated and monounsaturated 
VLCFAs are predominantly found in sphingolipids ( 10, 31 ). 
This fi nding may help explain the increased levels of mono-
unsaturated VLCFAs (C22:1 and C24:1) seen in the plasma 
of patients treated with Lorenzo’s oil ( 23 ). Moreover, the 
fi nding raises a possibility that the increased C22:1-CoA 
could compete with the saturated acyl-CoAs for the ELOVL1 
active site, thereby contributing to the attenuation of satu-
rated VLCFA synthesis; however, such a possibility is not 
likely for oleic acid because 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 ELOVL1 inhibition by oleic and erucic 
acids (mixed inhibition) and indirect ELOVL1 inhibition 
by C22:1-CoA (competitive inhibition). 

 Altogether, our fi ndings seem to indicate that the ben-
efi cial effect of Lorenzo’s oil is at least in part a result of its 
ELOVL1 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 

 Lorenzo’s oil does not affect the expression level of 
 ELOVL1  mRNA 

 We also analyzed the endogenous  ELOVL1  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 (supplementary Fig. III). 
The results suggest that Lorenzo’s oil reduces the synthe-
sis of saturated VLCFAs by inhibiting ELOVL1 at the pro-
tein level but not at the mRNA level. 

 DISCUSSION 

 It has been more than two decades since Lorenzo’s oil 
was reported to lower the C26:0 level in X-ALD fi broblast 
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 fi rst time the link 
between Lorenzo’s oil and the reduction of the saturated 
VLCFA level. 

  Fig.   5.  A 4:1 mixture of oleic and erucic acids reduces the cellu-
lar level of SM with a saturated VLCFA. HeLa- ELOVL1  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  � Μ. 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 ei-
ther the 4:1 mixture in ethanol or ethanol only. Lipids were ex-
tracted from the cells, and SM composition was determined by 
UPLC-MS on a Xevo G2 QTof LC/MS system. The data were ana-
lyzed by MassLynx software. (A) Each bar 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 signifi cant differ-
ences from vehicle (ethanol)-treated control cells are indicated 
(*  P  < 0.05 and **  P  < 0.01, Student’s  t -test). (B) Each bar repre-
sents the ratio of the amount of SM with a MUFA to the amount of 
SM with a saturated FA (SFA) and the mean ± SD from four inde-
pendent assays. Statistically signifi cant 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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of X-ALD is currently unknown. More work is necessary to 
better understand the etiology of X-ALD and to develop 
novel treatments.  

 The authors are grateful to Dr. T. Toyokuni for scientifi c editing 
of the manuscript. 
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