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(FA2H) is a recently identifi ed NAD(P)H-dependent en-
zyme that catalyzes the hydroxylation of FA at the C-2 po-
sition to produce 2-hydroxy FAs (2-OH FAs) (  Scheme 1  ) 
 Scheme 1( 2, 3 ). In addition to undergoing  �  oxidation to form odd-
chain-length FAs ( 4 ), the FA2H-generated 2-OH FAs are 
incorporated into a long-chain sphingosine base via an 
amide bond to generate 2-hydroxy sphingolipids (2-OH 
sphingolipids) ( Scheme 1 ) ( 5 ). The 2-OH sphingolipids 
are important components of plasma membrane lipid 
rafts, which host a variety of signaling and traffi cking events. 
Specifi c functions of 2-OH sphingolipids in membrane 
endocytosis were fi rst demonstrated in  Saccharomyces cere-
visiae  yeast strains with defective SCS7/FA2H ( 6, 7 ). Re-
cent genetic studies suggest a critical role of FA2H and 
possibly 2-OH sphingolipids in multiple neurodegenera-
tive diseases. Loss of FA2H in mice causes signifi cant de-
myelination and profound axonal loss ( 8, 9 ). Mutations in 
the FA2H gene in humans are associated with leukodystro-
phy ( 10 ), spastic paraplegia ( 11 ), and neurodegeneration 
with brain iron accumulation ( 12 ). FA2H may also play a 
signifi cant role in metabolism. We recently showed de-
creased levels of glucose transporter 4 (GLUT4) proteins 
and thus cellular glucose uptake in FA2H knockdown adi-
pocytes ( 13 ). A recent study also suggested a role of FA2H 
in synthesis of specifi c sebaceous gland or sebum lipids 
and in regulating the hair follicle homeostasis ( 14 ). 

 2-OH FAs are chiral due to the asymmetric carbon bear-
ing the hydroxyl group, and a specifi c 2-hydroxylase usu-
ally generates enantiopure products. Biological samples 
and diets therefore have different enantio-enrichments of 
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  FA hydroxylation alters the packing structures of mem-
brane microdomains and thus could regulate cellular func-
tions of membrane-associated proteins ( 1 ). FA 2-hydroxylase 
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(Sigma) and transferred to 24-well plates in duplicate. Recombi-
nant FA2H proteins containing the FLAG epitope in one well 
were verifi ed by Western blot analysis with anti-FA2H or anti-
FLAG antibody (Cell Signaling Technology), and clones with 
protein expression were selected and diluted in media with 150 
µg/ml hygromycin. Around 2 weeks later, hygromycin-resistant 
colonies were isolated again and clones with protein expression 
were selected and scaled up for further assays. 

 Lipid extraction and derivatization of 2-hydroxy FAs 
(2-OH FAs) 

 Cells cultured in 10 cm plates were washed with PBS and 
scraped into PBS. Cell pellets were collected by centrifugation in 
10 ml glass tubes with screw caps. FA methyl esters (FAMEs) were 
prepared by reaction with methanol-acetyl chloride (2:1, v/v) at 
70°C as described ( 19 ). Hydroxy FAMEs were then separated on 
silica gel 60A plates (Whatman; Clifton, NJ) using a mobile phase 
of hexane-diethyl ether-acetic acid (70:30:1, v/v/v). Spots cor-
responding to 2-hydroxy FAMEs were visualized with 0.01% rho-
damine 6G and identifi ed with standards. The bands were 
scraped and extracted with chloroform-methanol (3:1, v/v) and fur-
ther derivatized with ( R )- � -methoxy- � -trifl uoromethylphenylacetyl 
(MTPA) chloride (( R )-MTPA-Cl) ( 15 ) prior to gas chromatography 
negative chemical ionization mass spectrometry (GC-NCI-MS) 
analysis. 

 Enantiopurifi cation of 2-OH PA 
 Purifi cation of 2-OH PA enantiomers was achieved by recrys-

tallization from commercially available racemic 2-OH PA as de-
scribed ( 20 ). Briefl y, 1 g racemic acid dissolved in 50 ml of ether 
was added to a solution of 0.425 g ( S )-( � )- � -methybenzylamine 
(Sigma) or ( R )-(+)- � -methybenzylamine (Sigma) in 100 ml of light 
petroleum (boiling point 50  –70°C), respectively. After crystalli-
zation three times from light petroleum-ether (2:1, v/v), the 
resulting diastereomeric salts of 2-OH PA were acidifi ed with 
10% HCl and extracted with ether. The ether layers were washed 
until neutral and dried to give respective 2-OH PA enantiomers. 
The absolute confi gurations of purifi ed 2-OH PA enantiomers 
were determined by GC-NCI-MS analysis after methylation of the 
carboxyl group and subsequent esterifi cation of the hydroxyl 
group with Mosher’s reagent. 

 GC-NCI-MS analysis of MTPA derivatives of 2-OH PA 
methyl ester 

 GC-MS analyses were performed with Hewlett-Packard 6890 
series gas chromatograph interfaced to an Agilent 5973N mass 
spectrometer in negative chemical ionization mode. Samples 
were separated on a DB-5MS column (30 m × 0.25 mm × 0.25 m; 
Agilent). Ultra-high-purity helium was used as the carrier gas at a 
constant fl ow rate of 1.0 ml/min and methane as the reagent gas 
with a fl ow rate of 2.0 ml/min. The column temperature was ini-
tially held at 100°C   and then raised to 280°C at a rate of 30°C/min, 
followed by an isothermal period of 5 min. The total run time 
was 11.0 min. The injector and transfer line temperatures were 
set at 250°C and 280°C, respectively. One microliter of sample 
in heptane was injected with a 7683 autosampler on split mode 
with a split ratio of 1:5. A solvent delay of 4 min was applied. 
The MS ion source temperature was kept at 200°C. The MS was 
run in the full scan mode at 2.69 cycles/second, with electron 
energy of 70 eV. 

 Lipid extraction and analysis of sphingolipids by ESI MS 
 Adipocytes cultured in 10 cm plates were washed with PBS, 

collected, and resuspended in 0.5 ml PBS. After spiking 500 pmol 
of each component of ceramide/sphingoid internal standards 
mixture I (Avanti Polar Lipids, LM-6002), lipids were extracted as 

2-OH FAs. Wool wax 2-OH FAs are found exclusively in the 
( R ) form, whereas in bacterial lipopolysaccharides, ( S )-2
-OH FAs are the major form ( 15, 16 ). Most food and ani-
mal tissue samples, including fat (suet) ( 17 ), have both 
enantiomers ( 16 ). However, there is lack of information on 
which enantiomer is generated by FA2H and on whether 
both enantiomers are biologically active. Moreover, due to 
the lack of stereochemistry information on FA2H, racemic 
2-OH FAs, but not 2-OH FA enantiomers were used to ex-
plore its potential role or to reverse effects of FA2H defi -
ciency ( 7, 13 ). In the current study, we examined the 
stereospecifi city of FA 2-hydroxylation catalyzed by FA2H. 
We further investigated the specifi c biological functions 
of the 2-OH FA enantiomers and their incorporation 
into sphingolipids. 

 EXPERIMENTAL PROCEDURES 

 Materials 
 FBS, calf serum, DMEM, Silencer TM  small interfering RNA 

(siRNA) construction kit, Lipofectamine TM  RNAiMAX, and Alex 
488-labeled cholera toxin subunit B (CTxB) were ordered from 
Invitrogen. Rabbit anti-GLUT4 antibody was kindly provided by 
Dr. Michael Mueckler (Washington University, St. Louis, MO). 
Rabbit anti-FA2H antibody was kindly provided by Dr. Hiroko 
Hama (Medical University of South Carolina, Charleston, SC). 
2-OH palmitic acid (2-OH PA) was obtained from TCI America. 
Other reagents were from Sigma. 

 Culture and treatment of 3T3-L1 adipocytes 
 3T3-L1 adipocytes were cultured and differentiated as de-

scribed ( 13 ). Adipocytes were used 6–8 days after initiation of 
differentiation. Mouse FA2H siRNA synthesis and transfection 
were performed exactly as described ( 13 ). Twenty-four hours 
post transfection, cells were switched to growing media with 50 µM 
2-OH PA enantiomers. Two days later, fl uorescence recovery 
after photobleaching (FRAP) experiment, glucose uptake assay, 
lipogenesis, quantitative RT-PCR, or Western blotting were per-
formed as we previously described ( 13 ). 

 Generation of Chinese hamster ovary cell line stably 
over-expressing FLAG-hFA2H 

 Chinese hamster ovary (CHO) cells were cotransfected with 
pcDNA3-FLAG-hFA2H ( 2 ) and pTK-hyg vector (Clontech) at a 
20:1 ratio using lipofectamine 2000 as previously described ( 18 ). 
The cells were then selected with 150 µg/ml hygromycin (Invit-
rogen). After 3 weeks, hygromycin-resistant colonies started to 
grow. Individual colonies were isolated using cloning cylinders 

  Scheme.   1.  Metabolic fates of FA2H-generated 2-OH FA.   
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and 2-OH FAMEs were prepared by methylation prior to 
separation on a silica plate. The isolated 2-OH FAMEs 
were then derivatized with ( R )-MTPA-Cl and analyzed by 
GC-NCI-MS. As shown in  Fig. 1 , neither ( R )-2-OH PA nor 
( S )-2-OH PA was detected in the control CHO cells due 
to low FA2H activity ( Fig. 1F ). Overexpression of hFA2H 
in CHO cells exclusively produces ( R )-2-OH PA, but not 
( S )-2-OH PA, as only one chromatographic peak was re-
corded at 8.56 min ( Fig. 1E ), which is identical to those 
of authentic ( R )-2-OH PA from wool wax ( Fig. 1B ) and 
purifi ed standard ( Fig. 1C ). NCI-MS spectrum of the 
peak gives fragment ions at  m / z  471, 269, and 189, which 
are identical to those from purifi ed standard. These results 

described ( 21 ) and reconstituted in 100  � l of methanol for sphin-
golipid analysis. Individual ceramide (Cer) and 2-hydroxy cer-
amide (2-OH Cer) molecular species were examined by ESI-MS/
MS in the negative-ion mode as [M-H]  �   on a Finnigan TSQ Van-
tage mass spectrometer by direct infusion of the sample into the 
ESI chamber as described ( 22 ). Cer and 2-OH Cer molecular spe-
cies were fi ngerprinted by the neutral loss (NL) scanning of frag-
ments of  m/z  256 and 327, respectively. Individual SM molecular 
species were identifi ed by ESI-MS/MS with the NL scanning of 
 m/z  213 in the positive-ion mode as [M+Li] +  as described ( 23 ). 

 Quantitative analysis of 2-OH Cer and 2-OH hexosylceramide 
(2-OH HexCer) was performed as described ( 21 ) by LC ESI-MS/MS 
on an Agilent 1100 LC system connected to an Agilent 6460 triple 
quadrupole mass spectrometer. A Phenomenex Lunar Silica ( 2 ) 
column (150 × 2 mm i.d., 5  � m particle size) was used. The mobile 
phases consisted of acetonitrile-methanol-acetic acid (97:2:1, 
v/v/v) (A) and methanol-acetic acid (99:1, v/v) (B) containing 
5 mM ammonium acetate. The gradient elution was programmed 
as follows: 0–3 min 100% A; 3–4 min 100–0% A; 4–5 min 0% A; 
5–6 min 0–100% A. The mobile-phase fl ow rate was maintained 
at 0.2 ml/min, and the column temperature was kept at 30°C. 
The injection volume was 10  � l. 

 Statistical analyses 
 The data are presented as means ± SE. The results were ana-

lyzed by one-way ANOVA followed by post hoc  t -test. A  P  value < 
0.05 was considered statistically signifi cant. 

 RESULTS 

 Stereospecifi c generation of ( R )-2-OH FA by FA2H 
 We prepared the optically pure 2-hydroxy palmitic 

acids, ( R )-2-hydroxy palmitic acid [( R )-2-OH PA] and 
( S )-2-hydroxy palmitic acid [( S )-2-OH PA], by multiple 
recrystallization using commercially available racemic 
2-OH PAs. To determine their absolute confi gurations, 
the resulting ( R )- and ( S )-2-OH PA were converted to the 
corresponding ( R )-Mosher esters by methylation of the 
carboxyl group and subsequent esterifi cation of the hy-
droxyl group with Mosher’s reagent, ( R )-MTPA-Cl. As 
illustrated in    Fig. 1  , the diastereomeric MTPA deriva-
tives of ( R )- and ( S )-2-OH PA were well separated by GC 
and identifi ed by NCI-MS ( Fig. 1C, D ). By comparison 
with the retention times and fragmentation patterns in 
the mass spectra of ( R )-MTPA derivatives of racemic 
2-OH PA ( Fig. 1A ) and wool wax that contains enantio-
pure ( R )-2-OH PA ( Fig. 1B ), the peak eluted at 8.40 min 
is attributed to ( S )-2-OH PA ( Fig. 1D ), whereas the latter 
at 8.56 min is assigned to ( R )-enantiomer ( Fig. 1C ). The 
MTPA derivatives of both enantiomers gave a strong 
characteristic fragment ion at  m / z  471, [M-31] - . This ion 
results from the elimination of a methoxy group at-
tached to the MTPA moiety after  � -cleavage ( 15 ). The 
fragment ions at  m / z  269 and  m / z  189 represent the 
methyl palmitate and the MTPA moieties, respectively  
(  Fig. 2  ) ( 15 ). 

 To check the stereospecifi city of FA2H, we stably over-
expressed human FA2H (hFA2H) with a FLAG tag in 
CHO cells, where endogenous FA2H activity is low. West-
ern blot analysis verifi ed the overexpression of hFA2H in 
this cell line ( Fig. 1G ). Cellular lipids were extracted, 

  Fig.   1.  Generation of ( R )-2-OH FA by FA2H. GC-NCI-MS analy-
sis of the absolute confi guration of 2-OH PA in racemic 2-OH PA 
(A), wool wax containing enantiopure ( R )-2-OH PA (B), purifi ed 
( R )-2-OH PA (C), and ( S )-2-OH PA (D), CHO cells overexpressing 
hFA2H (E), and control CHO cells with vector (F). The enzyme 
expression in CHO cells was evaluated by immunoblotting (IB) 
using antibody recognizing hFA2H (G). In conclusion, FA2H is 
stereospecifi c for the production of the ( R )-enantiomer of 2-hy-
droxy FAs.   

  Fig.   2.  NCI mass spectrum of MTPA derivative of 2-OH PA 
methyl ester.   
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ROI was recorded and quantifi ed by calculating the mo-
bile fraction (Mf) and diffusion coeffi cient (D) as de-
scribed previously ( 13 ). Mf and D represent the degree 
and rate of diffusive exchange of bleached CTxB mole-
cules with adjacent unbleached fl uorescent CTxB mole-
cules, and thus are positively related to the fl uidity of 
CTxB-labeled lipid rafts. The fl uorescence recovery of in-
dividual experiments is shown in supplementary Fig. I. 
The representative images are presented in    Fig. 3A   and 
supplementary Fig. II. As shown in  Fig. 3 , over the time 
course of the experiments, after treatment with ( R )-2-OH 
PA in FA2H-depleted adipocytes, Mf was decreased from 
27 ± 2.5 to 11 ± 1.3% and D from 0.24 ± 0.02 to 0.10 ± 
0.01 µm 2 s  � 1 , in close proximity to those in control adipo-
cytes, confi rming that the ( R ) form of 2-OH PA reversed 
the increased raft fl uidity induced by FA2H knockdown. 
In contrast, treatment with ( S )-2-OH PA gave rise to a 
further enhancement of the raft fl uidity, with Mf and D 
increased up to 37 ± 2.6% and 0.29 ± 0.03 µm 2 s  � 1 , 
respectively. 

confi rmed the stereospecifi city of FA2H for the produc-
tion of ( R )-enantiomeric 2-OH FAs. 

 ( R )-2-OH PA, but not ( S )-2-OH PA reverses enhanced 
membrane mobility by FA2H silencing in adipocytes 

 2-OH sphingolipids are important constituents of lipid 
rafts at the cellular membrane. We previously demon-
strated that FA2H knockdown in adipocytes by RNA in-
terference enhanced raft fl uidity by FRAP experiment, 
and racemic 2-OH PA partially reversed this effect ( 13 ). 
Because FA2H is stereospecifi c for the production of the 
( R ) form of 2-OH PA, we compared the differential ef-
fects of 2-OH PA enantiomers to reverse the enhanced 
raft fl uidity in FA2H knockdown adipocytes. Accordingly, 
we used Alexa-488 conjugated CTxB to label the lipid 
rafts of the FA2H knockdown adipocytes that were prein-
cubated with ( R )-2-OH PA and ( S )-2-OH PA, respectively. 
After photobleaching a region of interest (ROI) on the 
rim of fl uorescent CTxB-labeled plasma membrane with 
high intensity laser, fl uorescence recovery in the bleached 

  Fig.   3.  Stereospecifi c rescuing effect of 2-OH PA on accelerated raft fl uidity induced by FA2H depletion. 
3T3-L1 adipocytes were treated with a negative control siRNA (CTL) or an siRNA recognizing FA2H (FA2H). 
Twenty-four hours post transfection, 50  � M ( R )-2-OH PA (2R) or ( S )-2-OH PA (2S) was added as indicated. 
Labeling with Alex 488-CTxB and FRAP measurements were performed. A: Selected images from a confocal 
FRAP experiment in adipocytes labeled with Alexa 488-CTxB at room temperature. B: Kinetics of recovery 
for Alexa 488-CTxB. Each curve represents means ± SE from 10 experiments. The fl uorescence recovery of 
individual experiments is shown in supplementary Fig. I. C: Calculated Mfs. D: Diffusion coeffi cients (D). 
** a   P  < 0.01 (compared with CTL). ** b   P  < 0.01 (compared with FA2H). NS, nonsignificant (compared 
with FA2H).   
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treatment with 2-OH PA enantiomers ( Fig. 4A ), suggesting 
that FA2H and caveolin-1 are independent determinants 
of raft mobility and GLUT4 levels. The levels of preadipo-
cyte factor-1 (pref-1) are not changed either (see supple-
mentary Fig. III), and together with unchanged levels of 
caveolin-1 ( Fig. 4A ) and adipocyte FA binding protein 
(AP2) ( 13 ), argue against adipocyte dedifferentiation by 
FA2H knockdown. These results, together with the specifi c 
effects of ( R )-2-OH PA on raft fl uidity, provided further 
support for the stereospecifi cy of FA2H for the production 
of the ( R ) form of 2-OH FA and suggested that ( R )-2-OH 
PA is more potent and appropriate than racemic 2-OH PA 
to reverse effects caused by FA2H defi ciency. 

 Regulation of 2-OH sphingolipids in adipocytes by FA2H 
knockdown and 2-OH PA enantiomers 

 To confi rm whether FA2H regulates raft mobility and 
GLUT4 levels via synthesis of 2-OH sphingolipids, we fi rst 
identifi ed 2-OH sphingolipids in 3T3-L1 adipocytes. Nega-
tive-ion ESI-MS/MS spectroscopic analyses (NL of a frag-
ment at  m/z  256) of total lipid extracts demonstrated 
signifi cant amounts of Cers in adipocytes with the most-
abundant peaks at  m/z  536 (C16:0 Cer) and 662 (C25:0 
Cer or C24:1 2-OH Cer)  (  Fig. 5A  ). A peak at  m/z  552 sug-
gested the presence of C16:0 2-OH Cer ( Fig. 5A , insert). 
Because 2-OH Cer is much less sensitive than nonhydroxy 
Cer in the NL of  m/z  256 ( 22 ), we further fi ngerprinted 
2-OH Cer species by performing NL scanning of a frag-
ment at  m/z  327, characteristic of 2-OH Cer species ( 22 ). 
As shown in  Fig. 5B , C16:0 2-OH Cer at  m/z  552 is the 

 Regulation of GLUT4 level, glucose uptake, and 
lipogenesis by 2-OH PA enantiomers in FA2H 
knockdown adipocytes 

 We further studied some of the biological consequences 
of the regulated raft fl uidity by FA2H and 2-OH FA 
enantiomers. GLUT4 is the major insulin-responsive glu-
cose transporter in muscle and adipose, and its activity on 
glucose uptake is determined by protein level and plasma 
membrane localization. Lipid rafts play important roles in 
determining GLUT4 traffi cking, degradation, and glucose 
uptake ( 24, 25 ). Knockdown of FA2H in adipocytes de-
creases the protein level of GLUT4 and thus impairs glu-
cose uptake under basal and insulin-stimulated conditions, 
due to the accelerated raft fl uidity that promotes degrada-
tion of GLUT4 ( 13 ). Because the increased raft fl uidity 
can only be reversed by the ( R ) form of 2-OH PA, we asked 
whether ( R )-2-OH PA is also specifi c to reverse the effects 
of FA2H knockdown on GLUT4 level and function. We 
measured protein levels of GLUT4 and glucose uptake af-
ter treatment with ( R )-2-OH PA or ( S )-2-OH PA in FA2H 
knockdown adipocytes. Because FAS and stearoyl-CoA de-
saturase 1 (SCD1) levels are correlated with glucose utili-
zation ( 26 ), we also measured FAS and SCD1 mRNA levels. 
As shown in    Fig. 4  , in FA2H-depleted adipocytes, the de-
creased GLUT4 levels ( Fig. 4A, B ), rates of glucose uptake 
( Fig. 4C ), FAS and SCD1 mRNA levels ( Fig. 4D, E ), and 
lipogenesis ( Fig. 4F ) were reversed by treatment with ( R )-
2-OH PA. In contrast, a further reduction or no effect was 
observed for ( S )-2-OH PA ( Fig. 4 ). Levels of caveolin-1 
proteins were not changed, either by FA2H knockdown or 

  Fig.   4.  Differential roles of 2-OH PA enantiomers on GLUT4 levels and activities in FA2H knockdown adipocytes. 3T3-L1 adipocytes were 
treated with a negative control siRNA (CTL) or an siRNA recognizing FA2H (FA2H). Twenty-four hours post transfection, 50  � M ( R )-2-OH 
PA (2R) or ( S )-2-OH PA (2S) was added as indicated. A: Whole-cell lysates were prepared and analyzed by immunoblotting using antibodies 
recognizing GLUT4, tubulin, and caveolin-1. B: Band intensities of GLUT4 were quantifi ed from four independent experiments with Im-
age J software. The data represent the means ± SE. C: Cells were starved and stimulated with 100 nM insulin for 15 min. Glucose uptake was 
assayed, and results are the means ± SE of three independent experiments. D, E: mRNA samples were prepared, and the FAS (D) and SCD1 
(E) levels were analyzed by RT-PCR. The data represent the means ± SE of three independent experiments. F: Cells were starved and stimu-
lated with 100 nM insulin for 15 min. Incorporation of glucose into lipids was assayed, and results are the means ± SE of three independent 
experiments. ** a   P  < 0.01 (compared with CTL); ** b   P  < 0.01 (compared with FA2H); * a   P  < 0.05 (compared with CTL); * b   P  < 0.05 (com-
pared with FA2H). NS, nonsignifi cant (compared with FA2H).   
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  Fig.   5.  Identifi cation of sphingolipid species containing 2-OH PA in 3T3-L1 adipocytes. A, B: Total Cer (A) 
and 2-OH Cer (B) molecular species were fi ngerprinted by NL scanning of  m/z  256 (A) or 327 (B) in the 
negative-ion mode by ESI-MS/MS. C: SM molecular species were fi ngerprinted by NL scanning of  m/z  213 in 
the positive-ion mode by ESI-MS/MS. D: HexCer molecular species were fi ngerprinted by precursor ion 
scanning of  m/z  264 in the positive-ion mode by LC ESI-MS/MS.   
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specifi cities instead of altered total enzymatic activities in-
volved in the biosynthesis of Cers and HexCers. Collec-
tively, regulation of raft mobility and GLUT4 level by FA2H 
and 2-OH PA enantiomers is correlated with the amounts 
of 2-OH PA in sphingolipids and distribution of 2-OH PA 
enantiomers in different sphingolipid subclasses. 

 DISCUSSION 

 In mammalian cells, two types of FA 2-hydroxylases have 
been identifi ed: phytanoyl-CoA hydroxylase ( 27 ) and 
FA2H ( 2, 3 ). Mammalian FA2H is a NAD(P)H-dependent 
monooxygenase which was cloned independently by two 
research groups ( 2, 3 ). Its products, 2-OH FAs, are en-
riched in mammalian sphingolipids, and most studies have 
been focused on roles of FA2H in generating 2-OH FA-
containing sphingolipids ( 5 ). The 2-OH FAs produced by 
FA2H are chiral, and our current study demonstrated that 
FA2H is stereospecifi c for the production of ( R ) enantiom-
ers. Further biophysical study showed that ( R )-2-OH PA, 
but not ( S )-2-OH PA reverses enhanced membrane mobil-
ity by FA2H knockdown in adipocytes. It is still not clear 
how sphingolipids containing different 2-OH FA enantiom-
ers have distinct effects on membrane mobility. Based on 
Pascher’s studies ( 28 ) on the conformations of 2-OH FA-
containing Cers, the different spatial orientation of the 
hydroxyl group in ( R )-2-OH FAs and ( S )-2-OH FAs was sug-
gested as the major factor leading to their functional dis-
parity. One possible model is that the ( R )-2-hydroxyl group 
is preferred to participate in intermolecular hydrogen 
bonding, favoring lipid-lipid interaction, whereas the 2-hy-
droxyl group of the ( S ) form is usually involved in an intra-
molecular hydrogen bonding with adjacent carbonyl 
oxygen (see supplementary Fig. VI). Accordingly, raft do-
mains enriched in ( R )-2-OH sphingolipids are more tightly 
packed and become less mobile, as compared with those 
containing more ( S )-2-OH sphingolipids, where the steric 
hindrance caused by the branched loop of intramolecular 
hydrogen bond attenuates the lipid-lipid packing and thus 
promotes membrane fl uidity. The infl uence of the chirality 

major 2-OH Cer species, and the peak at  m/z  662 repre-
sents predominantly C25:0 Cer. To further confi rm the 
identity of C16:0 2-OH Cer at  m/z  552 in the negative-ion 
mode, we performed the LC MS/MS analysis of C16:0 
2-OH Cer in adipocyte extracts, and authentic standard 
C12:0 2-OH Cer spiked in the lipid extracts as [M+H] +  in 
the positive-ion mode ( 21 ). As we predicted, the multiple 
reaction monitoring (MRM)   chromatograms showed that 
C16:0 2-OH Cer and the C12:0 2-OH Cer were coeluted 
(see supplementary Fig. IV). We next identifi ed SM molecu-
lar species by the NL scanning of  m/z  213 in the positive-ion 
mode as [M+Li] +  as described ( 23 ). The calculated peak of 
C16:0 2-OH SM is at  m/z  725, and its intensity is approxi-
mately the same as that of the M+2 isotopic peak of  m/z  723 
(C17:0 SM) ( Fig. 5C ), suggesting that the amount of 2-OH 
PA in SM is minimal. Because we were not able to accurately 
profi le HexCer species by direct infusion, probably due to 
the presence of the large amount of triacylglycerol   (TAG), 
we used LC MS/MS in the precursor ion scanning mode 
with specifi c product ion of a fragment at  m/z  264 as de-
scribed ( 21 ). HexCer species were analyzed in the positive-
ion mode as [M+H] + . Similar to Cer, signifi cant amounts 
of HexCer are present in adipocytes, with the most-abun-
dant peak at  m/z  700 (C16:0 HexCer) ( Fig. 5D ). A peak at 
 m/z  716 (C16:0 2-OH HexCer) was identifi ed with peak 
intensity similar to that at  m/z  714 (C17:0 HexCer) ( Fig. 5D ), 
suggesting the presence of 2-OH PA in HexCer. 

 With the knowledge of which sphingolipid species con-
tain 2-OH FAs, we utilized LC MS/MS to specifi cally quan-
tify C16:0 2-OH Cer and C16:0 2-OH HexCer ( 21 ) and 
studied their regulation by FA2H knockdown and by 2-OH 
PA enantiomers. FA2H knockdown decreased the amounts 
of both C16:0 2-OH Cer and C16:0 2-OH HexCer  (  Fig. 6  ). 
When 2-OH PA enantiomers were added to FA2H knock-
down cells, ( R )-2-OH PA was enriched in HexCer ( Fig. 
6B ), whereas ( S )-2-OH PA was preferentially incorporated 
into Cer ( Fig. 6A ). In contrast, the amounts of nonhydroxy 
PA in Cer and HexCer were not increased by 2-OH PA 
(see supplementary Fig. V), suggesting that the differen-
tial incorporation of 2-OH PA enantiomers into distinct 
sphingolipid classes is mainly due to enzyme substrate 

  Fig.   6.  Regulation of Cer and HexCer containing 2-OH PA by FA2H and 2-OH PA enantiomers. 3T3-L1 
adipocytes were treated with a negative control siRNA (CTL) or an siRNA recognizing FA2H (FA2H). 
Twenty-four hours post transfection, 50  � M ( R )-2-OH PA (2R) or ( S )-2-OH PA (2S) was added as indicated. 
C16:0 2-OH Cer and C16:0 2-OH HexCer were quantifi ed by LC ESI-MS/MS, and results are the means ± SE 
of three independent experiments. * a   P  < 0.05 (compared with CTL); * b   P  < 0.05 (compared with FA2H); 
** b   P  < 0.01 (compared with FA2H).   
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FA2H is required for epidermal lamellar membrane for-
mation during keratinocyte differentiation ( 34 ) and fur 
formation and sebum production in mice ( 14 ). Physio-
logical functions of FA2H in other cell types/organs are 
largely unknown. In agreement with the neuronal dys-
function in FA2H-null mice, mutations in the FA2H gene 
in humans have recently been identifi ed as associated with 
leukodystrophy ( 10 ), hereditary spastic paraplegia ( 11 ), 
and neurodegeneration ( 12 ). However, although the main 
known effect of total loss of function of FA2H is neuronal, 
our recent study indicated that the enzyme may play a role 
in adipocyte metabolism by regulating GLUT4 traffi cking, 
lipogenesis, and adipocyte differentiation ( 13 ). The ex-
pression of FA2H has also been identifi ed in adipose tis-
sues, and its levels are correlated with adiposity ( 35 ). The 
functions of FA2H and FA 2-hydroxylation in regulating 
FA  �  oxidation and adipocyte metabolism and their physi-
ological relevance require future studies. These studies 
will be facilitated by recent availability of transgenic mouse 
models. 

 In summary, we identifi ed for the fi rst time the stereo-
specifi city of FA2H for the exclusive production of ( R )-
enantiomeric 2-OH FAs in mammalian cells. ( R )-2-OH PA, 
but not the ( S ) enantiomer, reverses the accelerated raft 
fl uidity, reduced GLUT4 protein level, glucose uptake, 
and lipogenesis that occur in FA2H knockdown adipo-
cytes. Lipidomic analysis suggests that this regulation is in 
part via synthesis of 2-OH sphingolipids. The results will 
probably help in the understanding of the mechanisms 
underlying recently identifi ed human diseases associated 
with FA2H mutations, and the use of chiral-specifi c prod-
ucts of FA2H may lead to novel pharmaceutical and di-
etary treatments. In addition, this study will direct future 
studies on the potentially important but unstudied contri-
bution of FA 2-hydroxylation and  �  oxidation to the regu-
lation of adipocyte metabolism.  
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