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  Oxidative stress has been implicated in atherosclerosis, 
diabetes, neurodegenerative diseases, and various cancers. 
Peroxidation of lipids generates a number of highly reac-
tive aldehydes including isolevuglandins (IsoLGs) ( 1, 2 ). 
IsoLGs induce a variety of cellular responses related to the 
pathophysiology of human diseases, including increased 
macrophage uptake of LDL, activation of platelet aggrega-
tion, inhibition of sodium and potassium channels, inhibi-
tion of proteasome function, induction of proinfl ammatory 
genes, and cytotoxicity ( 3–6 ). 

 Recent studies show that the proinfl ammatory and cy-
totoxic effects of lipid aldehydes such as IsoLGs are medi-
ated in part by their modifi cation of the headgroups of 
phosphatidylethanolamines (PEs) ( 7–9 ). Isolevuglandin-
modifi ed phosphatidylethanolamine (IsoLG-PE) levels 
increase during a number of pathological conditions 
( 10–12 ), suggesting that cellular systems that normally 
degrade IsoLG-PE may become dysfunctional during 
these conditions. We therefore sought to characterize 
the processes by which cells normally degrade IsoLG-PE. 

  N -acyl phosphatidylethanolamine hydrolyzing phospholi-
pase D (NAPE-PLD) catalyzes the hydrolysis of  N -acyl phos-
phatidylethanolamines (NAPEs) to  N -acyl ethanolamines 
(NAEs) such as anandamide ( 13 ). Although both NAPE-
PLD and cannonical phospholipase Ds (PLDs) (PLD1 and 
PLD2) hydrolyze the headgroups at the phosphodiester 
bond of phospholipids, these two classes of PLDs do not 
share structural or enzymatic homology. Unlike the ca-
nonical PLDs, NAPE-PLD does not transphosphatidylate 
phospholipids, nor does it hydrolyze phosphatidylcholine 
(PC) or unmodifi ed PE ( 14–16 ). Instead, NAPE-PLD hy-
drolyzes NAPE with  N -acyl chains of 4 to 20 carbons, with 
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 IsoLG-Etn degradation studies in HEK293 cell lysate 
 Synthetic IsoLG-Etn was added to the cell lysate (200  � l). An 

aliquot of lysate (50  � l) was removed at incubation time 0, 1, and 
6 h, followed by 2:1 chloroform/methanol extraction with [ 2 H 4 ]
IsoLG-Etn (0.1 nmol) as internal standard. The extracted lipids 
were dried under nitrogen and redissolved in 50  � l methanol for 
MS analysis. 

 MS analysis 
 IsoLG-PE was measured by LC-MS/MS after conversion to its 

phosphoglycero-ethanolamine   derivative by base hydrolysis as pre-
viously described ( 9, 18 ). The initial adduct formed by IsoLG was a 
pyrrole adduct, which was subsequently converted to lactam and 
hydroxylactam in the presence of oxygen. Therefore, multiple re-
action monitoring (MRM) for each adduct was performed ( m/z  
530.3  →  79.1, pyrrole;  m/z  546.3  →  79.1, lactam;  m/z  562.3  →  79.1, 
hydroxylactam;  m/z  466.3  →  79.1, C17NAPE internal standard, 
50 eV collision energy for each MRM) and the total IsoLG-PE was 
calculated by summing all three adducts. MS analysis of IsoLG-Etn 
and [ 2 H 4 ]IsoLG-Etn was performed as previously described ( 8 ). 

 Expression and purifi cation of recombinant NAPE-PLD 
 A nonexpression plasmid (pYX-Asc) containing the full-

length cDNA for the mouse NAPE-PLD was purchased from 
Thermo Scientifi c Open Biosystems (CloneId: 5702354, catalog 
#MMM1013-9497346). Mouse NAPE-PLD was PCR-amplifi ed us-
ing this plasmid as template and the following set of primers: 
sense primer, CGC GGA TGC ATG GAT GAG TAT GAG GAG 
AGC CAG; and antisense primer, GAG AGA TAT CTG ATG TTT 
CTT CAA AAG CTC TAT CAT CGG. The amplifi ed DNA frag-
ment was gel-purifi ed and subcloned into pQE-80 His vector to 
generate plasmid pQE-80-PLDHis encoding C terminus 6× His 
tagged NAPE-PLD. pQE-80-PLDHis was transformed into  Escheri-
chia   coli  and after overnight induction with 1 mM isopropyl- � -D-
thio-galactopyranoside at 30°C, the bacteria was pelleted and 
then lysed (lysis buffer: 50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM 
imidazole, 2 ul Calbiochem protease inhibitor cocktail set 3, and 
1 mg/ml egg white lysozyme, pH 8). After centrifugation (20 min 
at 10,000  g ), the supernatant was incubated with 2 ml Ni-NTA 
agarose beads along with 10  � l of Triton X-100 at 4°C for 1 h. 
Beads were washed twice (wash buffer: 50 mM NaH 2 PO 4 , 300 mM 
NaCl, and10 mM imidazole, pH 8) and eluted with four 1 ml ali-
quots of elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, and 
250 mM imidazole). A portion of the lysate, wash, and elutions 
were run on SDS-PAGE and the gel visualized by staining with 
Coomassie blue. The third and fourth elution were combined 
and dialyzed to remove imidazole and concentrated using Milli-
pore 30 kDa size exclusion fi lters so that the fi nal purifi ed en-
zyme was in HBSS buffer. 

 NAPE-PLD activity assays 
 To assess whether IsoLG-PE competitively inhibited NAPE hy-

drolysis by recombinant NAPE-PLD, reaction solutions were pre-
pared in HBSS and contained the following components: 0–100  � M 
IsoLG-PE, 10  � M of NBD-NAPE, 5% ethanol, 1%  N -octylglucoside, 
and 0.5  � g recombinant NAPE-PLD and incubated at 37°C for 
2 h. Each reaction solution was then quenched by extraction with 
2:1 chloroform/methanol solution. The organic layer was dried 
and redissolved in ethanol. The assay was analyzed by detecting 
the levels of NBD-phosphatidic acid (PA) using fl uorescence-
coupled HPLC (460 nm excitation, 534 nm emission). Samples 
were injected onto a C18 column (Grace Alltech; 4.6 mm × 
150 mm, 5  � ) and products separated using a 34 min gradient 
from 40% solvent 1 (1 mM ammonium acetate in water) to 94% 
solvent 2 (1 mM ammonium acetate in reagent alcohol) with a 

C12:0NAPE   having the highest hydrolysis rate ( 15 ). While 
NAPE-PLD  � / �   mice have signifi cantly increased levels of 
NAPE and reduced levels of NAEs such as oleoylethanol-
amide and palmitoylethanolamide compared with wild-type 
mice, anandamide levels are not changed in NAPE-PLD  � / �   
mice ( 17 ), raising the possibility that the main physiologi-
cal role of NAPE-PLD may be something other than endo-
cannabinoid synthesis. Because both NAPE and IsoLG-PE 
have large aliphatic headgroups, we considered the possi-
bility that NAPE-PLD is a critical catabolic enzyme for the 
catabolism of IsoLG-PE and other aldehyde-modifi ed PEs 
(al-PEs). Our studies demonstrate that NAPE-PLD does 
indeed hydrolyze IsoLG-PE. 

 MATERIALS AND METHODS   

 Materials 
 All chemicals were purchased from Sigma-Aldrich unless otherwise 

noted. 1-Palmitoyl-2-palmitoyl- sn -glycero-3-phosphoethanolamine 
(DPPE) and 1-palmitoyl-2-(12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)
amino]dodecanoyl)- sn -glycero-3-phosphoethanolamine (NBD-PE  ) 
were purchased from Avanti Polar Lipids (Alabaster, AL). [ 2 H 4 ]
ethanolamine was purchased from Cambridge Isotopes (Cam-
bridge, MA), isopropyl- � -D-thio-galactopyranoside and ampicil-
lin from Research Products Institute (Mount Prospect, IL), and 
Calbiochem Protease Inhibitor cocktail set III from EMD Millipore 
(Billerica, MA). Ni-NTA agarose beads, FlexiTube GeneSolution 
GS222236 small interfering RNA (siRNA) for NAPE-PLD, and Trans-
fect RNAi human/mouse starter kit were obtained from Qiagen 
(Valencia, CA). NAPE-PLD polyclonal antibody was purchased 
from Cayman Chemical (Ann Arbor, MI). Human embryonic 
kidney 293 (HEK293) cells were purchased from American Type 
Culture Collection (Manassas, VA). Endothelial cells derived from 
donated human umbilical cords (HUVECs) were a kind gift from 
Dr. Matthew Duvernay. Endothelial cell basal medium was pur-
chased from Lonza Walkersville Inc. (Walkersville, MD). All sol-
vents were HPLC grade and were purchased from EMD Millipore. 
IsoLG-PE, NBD-IsoLG-PE, IsoLG-ethanolamine (Etn), and [ 2 H 4 ]
IsoLG-Etn were synthesized as previously reported ( 8, 9 ). NBD-
NAPE was synthesized similarly using NBD-PE rather than DPPE. 

 Cell experiments 
 HEK293 cells or HUVECs were cultured and grown on 100 mm 

dishes to >90% confl uence as previously described ( 8, 9 ). For 
studies examining stability of IsoLG-PE, cells were washed twice 
with HBSS, incubated with 1  � M IsoLG in 10 ml HBSS for 1 h at 
37°C to form IsoLG-PE, and then excess IsoLG removed by wash-
ing two times with DMEM. Cells were further incubated at 37°C 
for different times (0, 1, 6, or 24 h). At the appropriate time 
point, dishes were washed twice with HBSS, cells were scraped 
into 2 ml HBSS, internal standard added (C17NAPE, 0.1 nmol), 
and IsoLG-PE extracted with 2:1 chloroform/methanol for MS 
analysis. 

 For transfection of HEK293 cells with siRNA, Hs-NAPE-PLD-6, 
-7, and -8 siRNA and negative control siRNA (#1027280) from 
Qiagen were used. The degree of reduction of NAPE-PLD mRNA 
at 48 h after transfection was verifi ed by real-time PCR and im-
munoblotting. After reverse transcription, cDNA was amplifi ed 
using NAPE-PLD primers (NM_198990.4) and gene expression 
was normalized to the housekeeping gene, actin (ACTB, from 
Qiagen). For immunoblotting, endogenous proteins in lysates 
were detected using NAPE-PLD antibodies and normalized to ac-
tin (Santa Cruz, sc-1616-R). 
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in these cells with less than 5% of IsoLG-PE present in HU-
VECs after 24 h (  Fig. 2  ).  

 The loss of IsoLG-PE could be due either to hydrolysis 
by phospholipases or oxidative metabolism. Of note, our 
analytical technique (which uses base hydrolysis to elimi-
nate the wide variety diversity of  sn -1/ sn -2 acyl chain 
combinations present in PE prior to mass spectrometric 
analysis) would not detect simple phospholipase A 2  hy-
drolysis of IsoLG-PE. Therefore, the dramatic decrease in 
IsoLG-PE must represent either degradation to phos-
phoethanolamide (by a phospholipase C activity) or eth-
anolamide products (by a PLD activity) or alternatively,  �  
or omega oxidation of the IsoLG moiety. 

 Silencing NAPE-PLD inhibits metabolism of IsoLG-PE 
 We previously found that bacterial PLD rapidly hydro-

lyzed IsoLG-PE ( 8 ). We therefore considered the possibil-
ity that a mammalian PLD activity might also be responsible 
for IsoLG-PE hydrolysis. There are three known mamma-
lian PLDs: PLD1, PLD2, and NAPE-PLD. The fi rst two are 
PC-specifi c while NAPE-PLD catalyzes the hydrolysis of 
NAPE to NAE. Because both NAPE and IsoLG-PE have 
large aliphatic headgroups, we hypothesized that NAPE-
PLD might also hydrolyze IsoLG-PE. 

 We tested this hypothesis by transfecting HEK293 cells 
with siRNA specifi c for NAPE-PLD before treating the cells 
with 1  � M IsoLG to form IsoLG-PE and then once again 
measuring the rate of IsoLG-PE hydrolysis at 1 h posttreat-
ment. Transfection with siRNA targeting human NAPE-
PLD markedly reduced both NAPE-PLD mRNA and 
protein levels compared with cells transfected with nega-
tive control siRNA (  Fig. 3A, B  ).  In cells transfected with 
control siRNA, IsoLG-PE levels were signifi cantly reduced 
1 h posttreatment compared with immediately after treat-
ment. In contrast, in cells transfected with NAPE-PLD 
siRNA, IsoLG-PE levels at 1 h posttreatment were similar 
to those found immediately following treatment ( Fig. 3C ), 
suggesting that the loss of IsoLG-PE seen in wild-type cells 
principally resulted from hydrolysis by NAPE-PLD. 

fl ow rate of 1 ml/min. Under these conditions, NBD-PA eluted at 
approximately 15 min and NBD-NAPE at approximately 27 min. 

 To determine the  K m   and  V max   values for NAPE-PLD, we mea-
sured the hydrolysis rate with 0–500  � M of NBD-IsoLG-PE or 
NBD-NAPE. A reaction solution containing 5% DMSO, 1%  N -
octylglucoside, and 1.5 ng/ � l NAPE-PLD was incubated with sub-
strate at 37°C for 20 min, and then quenched by extraction with 
2:1 chloroform/methanol solution. The level of NBD-PA formed 
was measured by fl uorescence-coupled HPLC as above. 

 RESULTS 

 Cells degrade IsoLG-PE 
 To examine the stability of IsoLG-PE in cells, we treated 

HEK293 cells with IsoLG to generate IsoLG-PE, removed 
any unreacted IsoLG by washing, and then measured the 
persistence of IsoLG-PE over 6 h. We found that cellular 
IsoLG-PE levels decreased rapidly with time, so that less 
than 30% of the initial IsoLG-PE was present after 6 h 
(  Fig. 1  ).  While we chose HEK293 cells for our initial stud-
ies because of their rapid growth characteristic and ease 
of transfection, a more physiologically important site of 
IsoLG-PE action may be endothelial cells ( 9 ). We there-
fore also assessed the stability of IsoLG-PE in endothelial 
cells and found that IsoLG-PE levels also rapidly dropped 

  Fig.   1.  HEK293 cells degrade IsoLG-PE. Confl uent HEK293 cells 
were incubated with IsoLG (1  � M) for 1 h to form IsoLG-PE, excess 
IsoLG was removed by washing with DMEM, and IsoLG-PE levels 
were measured at 0, 1, or 6 h postwash by LC-MS after conversion 
to glycerophosphoethanolamine (GPE) derivative. A: Levels of 
IsoLG-PE in HEK293 cells decrease with time. Bars represent 
mean ± SEM, n = 3, one-way ANOVA,  P  < 0.0001. B: Representative 
MRM-MS trace of IsoLG-PE (as GPE derivative) at each time 
point.   

  Fig.   2.  HUVECs degrade IsoLG-PE. Cells were incubated with 
IsoLG (1  � M) for 1 h at 37°C to form IsoLG-PE, excess IsoLG was 
removed by washing, and IsoLG-PE levels were measured at 0, 6, or 
24 h postwash by LC-MS. Bars represent mean ± SEM, n = 2, one-
way ANOVA,  P  = 0.0259.   
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retention time of the NAPE-PLD hydrolysis product was 
identical to that of synthetic [ 2 H 4 ]IsoLG-Etn ( Fig. 5C ). 
These fi ndings confi rmed that NAPE-PLD hydrolyzes 
IsoLG-PE to IsoLG-Etn. 

 IsoLG-PE is a competitive inhibitor of NAPE hydrolysis 
by NAPE-PLD 

 Because NAPE-PLD generates analogous products for 
both NAPE and IsoLG-PE, we considered the possibility 
that these two compounds might compete for binding to 
the same site in NAPE-PLD. To test this hypothesis, we 
used a fl uorophore-labeled NAPE analog, NBD-NAPE, 
and monitored the hydrolysis reaction by formation of 
NBD-PA. When NBD-NAPE (10  � M) was incubated with 
recombinant NAPE-PLD in the presence of IsoLG-PE 
(0–100  � M), we found that IsoLG-PE dose-dependently 
reduced NBD-NAPE hydrolysis (  Fig. 6A  ).  A 10:1 ratio of 
IsoLG-PE to NBD-NAPE completely inhibited NBD-NAPE 
hydrolysis. To confi rm that this competitive inhibition was 
not due to poor utilization of the fl uorescently labeled 
NBD-NAPE, we examined the kinetics of NAPE-PLD-
mediated NBD-NAPE hydrolysis. We found that the  K m   for 
NAPE-PLD of the fl uorescent analog of NAPE to be 
3.79  � M, with the  V max   as 49 nmol min  � 1  mg  � 1  NAPE-PLD   
( Fig. 6B ). Thus the calculated catalytic effi ciency ( V max  / K m  ) 
for NBD-NAPE hydrolysis under these conditions (12.9 ml 
min  � 1  mg  � 1 ) is comparable to that reported for native NAPE 
hydrolysis (29.7 ml min  � 1  mg  � 1 ) ( 16 ), suggesting that NBD-
labeling only marginally alters effi ciency of NAPE-PLD 

 NAPE-PLD hydrolyzes IsoLG-PE to IsoLG-Etn 
 To confi rm that NAPE-PLD hydrolyzes IsoLG-PE to 

IsoLG-Etn, we expressed and purifi ed recombinant mouse 
NAPE-PLD (  Fig. 4  ).  We incubated this recombinant NAPE-
PLD with synthetic IsoLG-PE for 1 h and assayed for the 
formation of IsoLG-Etn using our previously established 
MS assay ( 7–9 ). After 1 h incubation of IsoLG-PE with 
NAPE-PLD, we detected a large peak in the  m/z  478  →  152 
ion chromatograph corresponding to IsoLG-Etn (  Fig. 5A  ).  
Incubation of IsoLG-PE under these same conditions 
without enzyme did not generate a corresponding peak 
in the  m/z  478  →  152 ion chromatograph ( Fig. 5B ). The 

  Fig.   3.  Knockdown of NAPE-PLD in HEK293 cells inhibits degra-
dation of IsoLG-PE. HEK293 cells were transfected either with con-
trol siRNA (ctrl siRNA) or with siRNA specifi c for NAPE-PLD (PLD 
siRNA) and the effect of NAPE-PLD knockdown on IsoLG-PE lev-
els after incubation with IsoLG (1  � M) was determined. A: Normal-
ized immunoblot band density for NAPE-PLD relative to actin. Bars 
represent mean ± SEM, n = 3, * P  = 0.272 two-tailed  t -test. B: Fold 
expression of NAPE-PLD mRNA relative to control siRNA-treated 
cells, measured by quantitative RT-PCR. Bars represent mean ± 
SEM, n = 3, * P  = 0.477 two-tailed  t -test. C: Effect of NAPE-PLD 
knockdown on IsoLG-PE levels. Bars represent mean ± SEM, n = 3; 
* P  = 0.0292, 0 h versus 1 h postwash for control (ctrl) siRNA, two-
tailed  t -test;  P  = 0.7109 (ns), 0 h versus 1 h postwash for PLD siRNA, 
two-tailed  t -test.   

  Fig.   4.  Expression and purifi cation of recombinant mouse NAPE-
PLD from  E.   coli . DNA encoding mouse NAPE-PLD was inserted 
into the pQE-80 His vector and the resulting plasmid transformed 
into  E. coli . Lysates (Lys) were then incubated with Ni-NTA agarose 
beads, washed two times (W1 and W2), and then eluted four times 
with 1 ml of elution buffer (E1, E2, E3, and E4, respectively.) An ali-
quot of each was run on SDS-PAGE and visualized with Coomassie 
blue stain. The major protein in the E3 and E4 fractions was a pro-
tein at 46 kDa, matching the expected size for NAPE-PLD.   
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degradation of IsoLG-PE should provide substantial pro-
tection to the cells, while subsequent degradation of IsoLG-
Etn would further enhance this protection. These studies 
suggest that NAPE-PLD activity promotes an anti-infl am-
matory state in two ways: fi rst, by conversion of NAPE to 
anti-infl ammatory NAEs such as oleoylethanolamide and 
palmitoylethanolamide, and second, by degrading pro-
infl ammatory lipids such as IsoLG-PE to their nonactive 
metabolites. 

 Previous characterization of the substrates for NAPE-
PLD found that NAPEs with saturated  N -acyl chains of C4 
to C20 are hydrolyzed effi ciently, that NAPEs with  N -acyl 
chains of polyunsaturated fatty acids are hydrolyzed only 

hydrolysis. We then determined the catalytic effi ciency of 
NBD-IsoLG-PE hydrolysis using the same HPLC-coupled 
fl uorometric assay for NBD-PA. We found that NBD-
IsoLG-PE has a  K m   of 1.56  � M and a  V max   of 5.96 nmol min  � 1  
mg  � 1 , yielding a catalytic effi ciency of 3.85 ml min  � 1  mg  � 1  
( Fig. 6C ). These results support the notion that IsoLG-PE, 
like NAPE, is a substrate for NAPE-PLD and competes for 
the same substrate binding site. 

 IsoLG-Etn is an intermediate product of IsoLG-PE 
hydrolysis 

 We next examined the stability of IsoLG-Etn generated 
from IsoLG-PE. In HEK293 cells, we found that IsoLG-Etn 
levels did not accumulate despite the decrease of IsoLG-PE 
over the 6 h period (  Fig. 7A  ).  To test if HEK293 cells had 
IsoLG-Etn degrading activity, we prepared lysates from un-
treated HEK293 cells and then added synthetic IsoLG-Etn 
to these lysates and monitored IsoLG-Etn levels over time. 
We found that IsoLG-Etn decreased by 56% with 1 h incu-
bation ( Fig. 7B ), clearly indicating that HEK293 cells pos-
sess enzymatic activity to degrade IsoLG-Etn. We did not 
fi nd further degradation with longer incubations, which 
may refl ect the instability of the IsoLG-Etn degrading 
enzyme(s) in the lysate. 

 DISCUSSION 

 While the formation of a family of al-PEs including 
IsoLG-PE has been recently established ( 11, 18 ), the mech-
anism by which these compounds are metabolized has 
been unknown. Our studies demonstrate that cells uti-
lize NAPE-PLD to rapidly degrade IsoLG-PE to IsoLG-Etn, 
which then undergoes further metabolism (  Fig. 8  ).  IsoLG-PE 
is 10 times more potent than IsoLG-Etn at promoting ac-
tivation of endothelial cells ( 9 ), so this initial step in the 

  Fig.   5.  NAPE-PLD hydrolyzes IsoLG-PE to IsoLG-Etn. IsoLG-PE 
was incubated with NAPE-PLD (A) or without NAPE-PLD (B) and 
the extent of IsoLG-Etn formation determined by MS using MRM 
at  m/z  378.3  →  152.1. C: MRM analysis at  m/z  382.3  →  156.1 for 
synthetic d4-IsoLG-Etn in this same chromatographic system.   

  Fig.   6.  Kinetic studies of NAPE-PLD hydrolysis of IsoLG-PE and 
NAPE. Fluorescently labeled NBD-NAPE and NBD-IsoLG-PE were 
used to measure the rate of hydrolysis of each substrate to NBD-
phosphatidate (NBD-PA), analyzed by fl uorescence-coupled HPLC 
(460 nm excitation/530 nm emission). A: IsoLG-PE inhibits hydro-
lysis of NBD-NAPE by recombinant NAPE-PLD. IsoLG-PE (0–100  � M) 
was incubated with NAPE-PLD and 10 mM NBD-NAPE and the re-
sulting rate of hydrolysis normalized to the rate without IsoLG-PE. 
B: Lineweaver-Burke plot of the concentration dependence for the 
rate of hydrolysis of NBD-NAPE by NAPE-PLD. Calculated  K m   = 
3.79  � M, calculated  V max   = 49 nmol min  � 1  mg  � 1 . C: Lineweaver-
Burke plot of the concentration dependence for the rate of hydro-
lysis of NBD-IsoLG-PE by NAPE-PLD.   
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be highly expressed in tissue sensitive to oxidative injury 
and to be induced acutely by oxidative injury. Consistent 
with this expectation, NAPE-PLD is widely expressed, with 
the highest expression in tissues such as brain, kidney, 
and testis that are particularly sensitive to oxidative injury 
( 16 ). In brain, NAPE-PLD localizes to a variety of brain 
cells including neurons, astrocytes, cerebral endothelial 
cells, and microglia ( 19 ). Interestingly, at least in hip-
pocampal mossy fi bers, NAPE-PLD is preferentially local-
ized to the cisternae of smooth endoplasmic reticulum 
( 20 ). This subcellular localization may be of particular im-
portance given our previous observation that IsoLG-PE is 
quickly traffi cked to the endoplasmic reticulum   ( 9 ). Also 
consistent with a potential role in preventing oxidative 
damage, NAPE-PLD expression is acutely upregulated in 
response to spinal cord contusion in rats ( 21 ). 

 Together these observations suggest the need for fu-
ture studies to examine the contribution of NAPE-PLD 
to modulating oxidative injury. For instance, are other 
al-PEs besides IsoLG-PE also degraded by NAPE-PLD 
and does the loss of NAPE-PLD activity make cells and 
organisms vulnerable to diseases associated with oxida-
tive injury? Such studies will be particularly helpful in 
understanding the contribution of PE modifi cation to 
the overall effects of lipid aldehydes, because modulat-
ing al-PE levels via NAPE-PLD activity would not affect 
the extent of protein and DNA modifi cation by these 
same lipid aldehydes. Thus our discovery that NAPE-
PLD metabolizes IsoLG-PE is an important step toward 
understanding the biological importance of IsoLG-PE 
and other al-PEs.  

slightly less effi ciently, but that PC, PE, phosphatidylser-
ine, and phosphatidylinositol are not hydrolyzed to any 
appreciable extent   ( 16 ). NAPE-PLD hydrolyzed  N -acyl-
lyso-PE with a catalytic effi ciency that was 31% of NAPE 
( 16 ) and we found that it hydrolyzed IsoLG-PE with a simi-
lar effi ciency (30% that of NAPE). These fi ndings suggest 
that the substrate binding pocket of NAPE-PLD is suffi -
ciently promiscuous to accommodate a range of PEs 
modifi ed with aliphatic headgroups and that more polar 
modifi ed PEs are simply hydrolyzed at a somewhat slower 
rate  . 

 Our studies raise the possibility that NAPE-PLD func-
tions as a PLD for hydrolysis of  N -modifi ed PE formed by 
a number of biochemical pathways, including lipid per-
oxidation. NAPE-PLD was originally characterized as a 
key enzyme in the formation of the endocannabinoid 
anandamide via NAPE hydrolysis. However, while genetic 
deletion of NAPE-PLD decreased the levels of oleoyletha-
nolamide and palmitoylethanolamide, it did not decrease 
anandamide levels in mice, suggesting that anandamide 
synthesis is not the major function of NAPE-PLD ( 17 ). If 
instead, NAPE-PLD’s major role is to guard against in-
fl ammation and oxidant injury by acting as a promiscuous 
PLD for  N -modifi ed PE, NAPE-PLD would be expected to 

  Fig.   8.  Schematic of IsoLG-PE metabolism. Lipid peroxidation of 
arachidonic acid generates a variety of lipid aldehydes including 
IsoLG. IsoLG reacts rapidly with PE to form IsoLG-PE, which is 
proinfl ammatory and cytotoxic. NAPE-PLD hydrolyzes IsoLG-PE to 
the less toxic metabolite IsoLG-Etn and then IsoLG-Etn is further 
metabolized by unknown mechanisms.   

  
  Fig.   7.  Metabolism of IsoLG-Etn by HEK293 cells. A: Relative lev-
els of IsoLG-Etn over time in IsoLG pretreated HEK293 cells. Con-
fl uent HEK293 cells were incubated with IsoLG (1  � M) for 1 h to 
form IsoLG-PE, excess IsoLG was removed by washing with DMEM, 
and IsoLG-Etn levels were measured at 0, 1, or 6 h postwash by 
LC-MS. Bars represent mean ± SEM, n = 3, one-way ANOVA,  P  = 
0.1618. B: Relative levels of IsoLG-Etn over time after incubation 
with HEK293 cell lysate. Lysates were prepared from HEK293 cells 
and synthetic IsoLG-Etn added for 0 to 6 h. After extraction, the 
levels of IsoLG-Etn remaining were determined by LC-MS. Bars 
represent mean ± SEM, n = 2, one-way ANOVA,  P  = 0.0077.   
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