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 The 5-lipoxygenase (5-LOX) product 5 S -hydroxy-eicosa-
tetra-6 E ,8 Z ,11 Z ,14 Z -enoic acid (5 S -HETE) is an effi cient 
substrate for oxygenation by the so-called “inducible” form 
of prostaglandin H synthase, cyclooxygenase-2 (COX-2) 
( 1 ). 5 R -HETE is far less effi cient as a substrate for COX-2 
and COX-1, the isozyme that is regarded as the “house-
keeping” form, does not react with either enantiomer of 
5-HETE. During the transformation of 5 S -HETE, COX-2 
consumes 3 mol of oxygen and forms a di-endoperoxide 
that is structurally reminiscent of the prostaglandin en-
doperoxide (PGH 2 ) derived from double oxygenation of 
arachidonic acid by either COX isozyme (  Fig. 1  ). The ad-
ditional oxygen is incorporated as a peroxide that con-
nects carbons 8 and 12 in place of the carbon-carbon bond 
that is part of the typical fi ve-membered carbon ring of the 
prostaglandins ( 1 ). 

 Identifi cation of an unstable peroxide product similar 
to PGH 2 , but formed by consecutive action of 5-LOX and 
COX-2, has invoked the possibility of a cross-over of the 
leukotriene and prostaglandin biosynthetic pathways. The 
di-endoperoxide has been identifi ed using in vitro bio-
chemical transformation ( 1 ). Cross-over of the 5-LOX and 
COX-2 pathways has yet to be established to occur in vivo. 
The instability of the di-endoperoxide, however, impedes 
attempts aimed at direct detection of this product in cul-
tured cells or animal tissue. The studies reported here 
were designed to predict and identify potential metabo-
lites of the di-endoperoxide with the future goal of using 
this information for the detection of metabolites that are 
indicative of formation of the di-endoperoxide as consecu-
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der argon and stirred at room temperature for 24 h. The solvent 
was evaporated and 5-HETE methyl ester (about 25% yield from 
arachidonic acid) was isolated using a 2 g silica bond cartridge 
eluted with hexane-diethyl ether (3:1). 5-HETE methyl ester was 
further purifi ed by SP-HPLC using an Alltech Econosil Silica col-
umn (10 × 250 mm) eluted with a solvent of hexane-isopropanol 
(100:5, by vol) at a fl ow rate of 4 ml/min and UV detection at 
250 nm. 

 5 S -HETE methyl ester was resolved from 5 R -HETE methyl es-
ter by chiral phase HPLC using a Chiralpak AD column (10 × 250 
mm) eluted with a solvent of hexane-methanol (100/2, by vol) 
at a fl ow rate of 3 ml/min and UV detection at 250 nm ( 9 ). The 
 R  enantiomer of 5-HETE methyl ester elutes before the  S  
enantiomer. For hydrolysis to the free acid, a 4 mg aliquot of 5 S -
HETE methyl ester was dissolved in 2 ml of methanol and 100  � l 
of dichloromethane. One ml of 1 N potassium hydroxide was 
added and the solution was allowed to stand for 45 min. The or-
ganic solvents were evaporated under a stream of nitrogen and 
the solution was acidifi ed with 1 N HCl to pH 3. 5 S -HETE was 
extracted into dichloromethane, washed three times with water, 
and evaporated to dryness. A solution of 5 mg/ml of 5 S -HETE in 
methanol was prepared and stored at  � 80°C until further use. 

 Synthesis of the di-endoperoxide 
 In a 7 ml glass vial, 80  � l of a 20  � M solution of purifi ed recom-

binant human COX-2 ( 10 ) was added to 2 ml of 100 mM Tris-
HCl pH 8.0 containing 500  � M phenol and 1  � M hematin. After 
2 min of incubation in the absence of substrate to allow for re-
constitution of the holoenzyme, 50  � g of unlabeled 5 S -HETE 
and 150,000 cpm of [1- 14 C]5 S -HETE were added. The reaction 
was allowed to proceed for 5 min and was terminated by the ad-
dition of 16  � l of glacial acetic acid dissolved in 50  � l of metha-
nol. The entire reaction mixture was applied to a 1-cc (30 mg) 
Waters Oasis HLB cartridge, washed with water, and eluted with 
methanol. The di-endoperoxide product was isolated by RP-
HPLC using a Waters Symmetry C18 column (4.6 × 250 mm) 
eluted with a gradient of 20% acetonitrile to 70% acetonitrile in 
0.01% aqueous acetic acid in 20 min at a fl ow rate of 1 ml/min. 
Elution of the products was monitored at UV 206 nm. The iso-
lated yield of the di-endoperoxide was calculated to be about 
15%. 

 Transformation of the di-endoperoxide with hematin 
 For transformation of the di-endoperoxide with heme, 1 ml of 

100 mM Tris-HCl buffer pH 8.0 containing 500  � M phenol and 1 
 � M hematin was used. Next, 40  � l of COX-2 solution was added 
(0.6  � M fi nal concentration) followed by the addition of 20  � g of 
5 S -HETE. After 5 min at room temperature, 1 ml of a 500  � M 
solution of hematin was added and the reaction was continued 
for 1 h. The reaction mixture was either acidifi ed with 1 N HCl to 

tive oxygenation products of arachidonic acid by 5-LOX 
and COX-2. 

 The nonenzymatic transformations of the arachidonic 
acid-derived endoperoxide PGH 2  include cleavage to ma-
londialdehyde (MDA) and 12 S -hydroxy-heptadecatri-5 -
Z ,8 E ,10 E -enoic acid (HHT) as a minor reaction and 
rearrangement to the prostaglandins PGE 2  and PGD 2  and 
the so-called levuglandins as major reaction ( 2, 3 ). Cleav-
age of the carbon chain is accelerated by the presence of 
ferrous iron ( 4, 5 ), heme ( 6 ), and it is also catalyzed by the 
enzyme thromboxane synthase ( 4, 7 ). Here, we describe 
the nonenzymatic transformation of the 5 S -HETE derived 
di-endoperoxide in the presence of heme and ferrous iron 
(Fe 2+ ) in aqueous solution. In addition, chiral analysis of 
one of the transformation products, 4-HNE, 4-hydroxy-2 E -
nonenal (4-HNE), was used to determine the absolute 
confi guration of the 15-carbon of the di-endoperoxide 
that had not been established as part of the original struc-
tural analysis ( 1 ). 

 EXPERIMENTAL PROCEDURES 

 Synthesis of 5S-HETE 
 Racemic 5-HETE was synthesized following the method of 

Corey and Hashimoto ( 8 ). One g of arachidonic acid was dis-
solved in 12.85 ml of tetrahydrofuran and 6.4 ml of aqueous 
potassium bicarbonate (1.24 g) and cooled to 0°C. Potassium 
iodide (1.64 g) and iodine (4.74 g) were added sequentially to 
the solution; the fl ask was wrapped with aluminum foil and 
stirred in the dark at 4°C for 15 h. The solution was poured into 
ice-cold sodium thiosulfate solution (120 g in 140 ml of water), 
and extracted three times with 20 ml of pentane/diethyl ether 
(3/2). The organic phase was washed with 3.5% Na 2 CO 3  solu-
tion and with saturated NaCl. The organic phase was fi ltered 
over a 50 g silica bond cartridge and eluted with hexane-diethyl 
ether (3:1). 

 The collected iodo lactone was evaporated to dryness and dis-
solved in 10 ml of dry benzene. A solution of 0.2 g of 1,5-
diazabicyclo[5.4.0]undec-5-ene in 2 ml of benzene was added 
and the solution was stirred at room temperature under argon 
overnight. After 17 h, 1.14 g of powdered CuSO 4  × 5 H 2 O was 
added and the solution was stirred for an additional 30 min. The 
mixture was diluted with 12 ml of hexane and fi ltered rapidly 
through a 5 g silica bond cartridge eluted four times with 20 ml 
of diethyl ether-hexane (3:1). The  � -lactone of 5-HETE was evap-
orated under a stream of nitrogen and 3.5 ml of methanol and 
0.43 g of triethylamine were added. The mixture was placed un-

  Fig.   1.  Comparison of the reaction of COX-2 with 
(A) 5 S -hydroxy-eicosatetra-6 E ,8 Z ,11 Z ,14 Z -enoic acid 
(5 S -HETE) and (B) arachidonic acid forming a di-
endoperoxide product or the prostaglandin endoper-
oxide (PGH 2 ), respectively. The relative confi guration 
of the seven- or fi ve-membered ring is the same in the 
di-endoperoxide and PGH 2 , respectively. The abso-
lute confi guration of carbons 8 and 12 is 8 S  and 12 S  
in the di-endoperoxide whereas it is 8 R  and 12 R  in 
PGH 2 . Carbons 9 and 11 are 9 S  and 11 R  in both prod-
ucts. The confi guration of C-15 of the di-endoperoxide 
had not been determined previously and was assigned 
in this study.   
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For detection of 1-pyrazole, the same HPLC-diode array system 
was used except the gradient was run from 20% acetonitrile to 
80% acetonitrile in 0.01% aqueous acetic acid in 20 min followed 
by 5 min of isocratic elution and 5 min of washing with 100% 
methanol at a fl ow rate of 1 ml/min. LC-MS analysis of the 
1-pyrazole was performed using a Thermo Finnigan LTQ ion 
trap mass spectrometer. The sample was resolved using a Waters 
Symmetry Shield RP-18 column (2.1 × 100 mm; 3  � m) eluted at 
0.3 ml/min fl ow rate with a linear gradient of 5% acetonitrile to 
95% acetonitrile in water (containing 10 mM NH 4 OAc each) 
within 10 min. The atmospheric pressure chemical ionization 
(APCI) interface was operated at a vaporizer temperature of 
300°C and a tube lens voltage of  � 80 V. Negative ions were moni-
tored over a range of 150–1200 mass units. 

 Chiral analysis of 4-HNE 
 The absolute confi guration of 4-HNE was analyzed following a 

previously described method ( 11 ). The 4-HNE derived from the 
FeCl 2 -catalyzed transformation of the di-endoperoxide was col-
lected using SP-HPLC and evaporated to dryness under a stream 
of nitrogen. The sample was dissolved in 10  � l of acetonitrile and 
treated with 20  � l of a solution of methoxyamine hydrochloride 
(10 mg/ml) in pyridine at room temperature overnight. In paral-
lel, 10  � g of racemic 4-HNE was treated with methoxyamine hy-
drochloride in a similar way. The reaction mixtures were diluted 
with 500  � l of dichloromethane and washed three times with an 
equivalent volume of water. The organic solvent was evaporated 
and the  syn  and  anti  isomers were separated by RP-HPLC using a 
Waters Symmetry C18 column (4.6 × 250 mm) eluted with a sol-
vent of acetonitrile-water-acetic acid (50:50:0.01, by vol) at a fl ow 
rate of 1 ml/min and UV detection at 235 nm. The later eluting 
isomer was analyzed by chiral phase HPLC using a Chiralpak AD 
column (4.6 × 250 mm) eluted with a solvent of hexane-ethanol 
(90:10, by vol) at a fl ow rate of 1 ml/min and UV detection at 
235 nm. 

 RESULTS 

 Oxygenation of 5 S -HETE by COX-2 resulted in forma-
tion of the di-endoperoxide, which was detected using RP-
HPLC analysis as described previously (  Fig. 2A  ) ( 1 ). The 
di-endoperoxide (eluting at 14.6 min retention time) con-
tained two isolated double bonds resulting in a UV chro-
mophore with maximum absorbance around 200 nm and 
noticeable extension of the absorbance beyond 240 nm. A 
by-product of the reaction was identifi ed as 5,15-diHETE 
by comparison of the UV spectrum and chromatographic 
retention time with an authentic standard. For transfor-
mation of the di-endoperoxide, the crude product mix-
ture was treated with 500  � l of a 500  � M hematin solution. 
After 1 h of incubation, the products were extracted and 
reanalyzed by RP-HPLC. The di-endoperoxide was trans-
formed quantitatively and two prominent peaks were 
formed with elution times of 4.1 min and 14.7 min ( Fig. 2B ). 
The UV spectra of both products were superimposable 
and indicative of a conjugated oxo-ene chromophore 
showing a maximum absorbance at 223 nm in RP-HPLC 
column solvent. When the HPLC-isolated [1- 14 C]labeled 
di-endoperoxide was treated with FeCl 2  instead of hema-
tin, the same peaks were detected using diode array detec-
tion ( Fig. 2C ). Analysis of the products using an on-line 
coupled radioactive fl ow detector showed that only the 

pH 3 and extracted or 1 ml of a solution of 2,4-dinitrophenylhy-
drazine (2,4-DNPH) (0.3 mg/ml 0.2 N HCl) was added and the 
reaction was incubated in the dark at room temperature for an 
additional 1 h followed by acidifi cation to pH 3. The reaction 
mixtures were loaded on a 1-cc (30 mg) Waters Oasis HLB car-
tridge, washed extensively with water, and eluted with acetonitrile. 
For heme-catalyzed transformation of PGH 2 , the same protocol 
was followed except for using 20  � g of arachidonic acid instead 
of 5 S -HETE. The transformation of 20  � g of 5 S -HETE or arachi-
donic acid with 1 ml of 500  � M hematin in the absence of COX-2 
was used as control reaction. 

 Transformation of the di-endoperoxide with FeCl 2  
 About 5  � g of the isolated [1- 14 C]labeled di-endoperoxide 

( ≈ 15,000 cpm) was mixed immediately after collection off RP-
HPLC with 1 ml of a freshly prepared solution of FeCl 2  in water 
(20 mM). After 1 min, the products were loaded onto a Waters 
Oasis HLB cartridge, washed with water, and eluted with 
methanol. 

 Autoxidation of 5 S -HETE 
 One mg of 5 S -HETE was evaporated to dryness in a plastic 

tube and incubated at 37°C for 1 h. The entire autoxidation mix-
ture was then injected using a Waters Symmetry C18 column 
(4.6 × 250 mm) eluted with a gradient of 20% acetonitrile to 70% 
acetonitrile in 0.01% aqueous acetic acid in 20 min followed by 
10 min of isocratic elution at a fl ow rate of 1 ml/min. The peak 
eluting at 4.1 min (corresponding to 8-oxo-5-hydroxy-6 E -octenoic 
acid) was collected, extracted into dichloromethane, and dis-
solved in CDCl 3  for NMR analysis. The  1 H and H,H-COSY NMR 
spectra were recorded using a Bruker AV-II-600 MHz spectrom-
eter. Chemical shifts are calibrated to  �  = 7.25 parts per million 
(ppm) for the remaining CHCl 3  in the solvent. The isolated com-
pound was further transformed to the methyl ester derivative 
with ethereal diazomethane, followed by treatment with methy-
loxime hydrochloride in pyridine to give the methoxime deriva-
tive, and fi nally, with N,O- bis (trimethylsilyl) trifl uoroacetamide. 
The methyl ester, methoxime, trimethylsilyl (TMS) ether deriva-
tive was analyzed by GC-MS in the electron impact mode (70 eV) 
using a Thermo Finnigan Trace DSQ instrument equipped with 
a 30 m HP5 column (0.25 mm i.d., fi lm thickness 0.25  � m). The 
temperature was programmed from 125°C (hold for 1 min) to 
300°C at 20°C/min. 

 Synthesis of 1-pyrazole 
 One mg of 1,1,3,3-tetraethoxypropane was dissolved in 1 ml of 

0.1 N HCl and incubated at 50°C for 1 h. The concentration of 
MDA in the solution was calculated assuming 100% conversion. 
To 100  � l of the solution, 1 ml of DNPH reagent (0.3 mg/ml 0.2 
N HCl) was added and incubated in the dark at room tempera-
ture for 1 h. The solution was extracted using a Waters Oasis HLB 
cartridge as described above. A single product peak correspond-
ing to DNPH-derivatized MDA (1-pyrazole) was detected using 
HPLC-diode array detector analysis. 

 HPLC analyses 
 Transformation of the di-endoperoxide and PGH 2  was ana-

lyzed using a Waters Symmetry C18 column (4.6 × 250 mm; 5 
 � m) eluted with a gradient of 20% acetonitrile to 70% ace-
tonitrile in 0.01% aqueous acetic acid in 20 min followed by 10 
min of isocratic elution at a fl ow rate of 1 ml/min. Elution of the 
products was monitored using an Agilent 1200 diode array detec-
tor. For analysis of the transformation products of [1- 14 C]labeled 
di-endoperoxide, the effl uent of the diode array detector was 
coupled on-line to a Radiomatic A100 radioactive fl ow detector. 
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fi rst peak at 4.1 min contained radioactivity whereas the 
second peak at 14.7 min was not radiolabeled ( Fig. 2D ). 
No signifi cant other labeled or unlabeled products were 
detected. 

 The earlier eluting product (4.1 min retention time) 
was identifi ed as 8-oxo-5 S -hydroxy-6 E -octenoic acid based 
on comparison to a reference compound that was pre-
pared as follows: 8-oxo-5 S -hydroxy-6 E -octenoic acid was 
predicted to be formed upon cleavage of the 8,9-double 
bond during autoxidative transformation of 5 S -HETE, 
analogous to the cleavage of 9 S -hydroxy-10 E ,12 Z -octadeca-
dienoic acid to 12-oxo-9 S -hydroxy-10 E -dodecenoic acid 
( 11 ). Autoxidation of 5 S -HETE as a thin fi lm gave the pre-
dicted peak at 4.1 min retention time. Using this route of 
synthesis, the product was formed with higher yield than 
via heme-catalyzed breakdown of the di-endoperoxide. 
Therefore, autoxidation of a 1 mg aliquot of 5 S -HETE was 
used to generate suffi cient material for spectroscopic char-
acterization.  1 H NMR analysis showed a doublet signal at 
9.58 ppm for the aldehyde proton (H8) that was coupled 
to H7 with a coupling constant  J  7,8  = 7.9 Hz ( �  6.32 ppm; 
ddd;  J  7,5  = 1.5 Hz). H7 and H6 ( �  6.81 ppm; dd) form a 
 trans  double bond ( J  7,6  = 15.7 Hz). In the H,H-COSY spec-
trum, H6 showed a cross-peak with H5 ( J  = 4.6 Hz) that 
appeared as a multiplet signal at 4.47 ppm. For GC-MS 
analysis, the methyl ester, methoxime, TMS ether deriva-
tive was prepared. The electron impact analysis (70 eV) of 
the  syn  and  anti  isomers gave essentially the same mass 
spectra with major fragment ions at  m/z  256 ([M-31] + , loss 
of OMe from the methyl ester or methoxime, respectively; 
98% intensity) and  m/z  186 ([CH-OTMS-CH-CH-CH = 
NOCH 3 ] + ; 95% intensity), respectively. The [M] +  peak at 
 m/z  287 showed 5% intensity and the base peak was found 
at  m/z  73, indicative of the TMS-derivative. The  S -confi gu-
ration of the 5-carbon is assumed to be unchanged from 
the 5 S -HETE starting material ( 11 ). The later peak eluting 
at 14.7 min was identifi ed as 4-HNE based on its identical 
UV spectrum and coelution with an authentic standard us-
ing both RP-HPLC and SP-HPLC ( 11 ). 

 Semiquantitative analysis of the formation of the two al-
dehyde products after 1 h of treatment with hematin gave 

  Fig.   2.  RP-HPLC and UV analyses of the di-endoperoxide and 
the transformation reactions with heme and FeCl 2 . A: The di- 
endoperoxide (retention time 14.6 min) is the major product of the 
COX-2 catalyzed transformation of 5 S -HETE. The UV spectrum 
(inset) shows the relative absorbance of the di-endoperoxide at 205 
nm and 220 nm. The amount of COX-2 used was suffi cient to 
achieve >95% conversion of the substrate. B: 8-Oxo-5-hydroxy-6 E -
octenoic acid and 4-hydroxynonenal (4-HNE) were the major 
products detected upon heme-catalyzed transformation of the 
crude reaction shown in panel A. C, D: The HPLC-purifi ed [1- 14 C]
labeled di-endoperoxide was treated with FeCl 2  for 1 min. The 
products were extracted and analyzed using RP-HPLC with a diode 
array detector (C) and a radioactive fl ow detector connected on-
line (D). The inset in C shows the identical UV spectra of 8-oxo-5-
hydroxy-6 E -octenoic acid and 4-HNE with  �  max  at 223 nm. 
Chromatograms recorded at 205 nm (solid line) and 220 nm 
(dashed line) are shown in A–C to illustrate the relative abundance 
of the products at the two wavelengths.   
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about 10% molar yield of 4-HNE and 3–5% molar yield of 
the 8-oxo acid. Shorter reaction times resulted in incom-
plete transformation of the di-endoperoxide. Reaction 
times longer than 1 h resulted in a decline of the yield of 
the aldehydes, presumably due to an increased prevalence 
of secondary transformation reactions. In the absence of 
hematin or FeCl 2 , cleavage of the carbon chain was mark-
edly reduced and the di-endoperoxide was predominantly 
transformed to two different products instead (M. Griesser 
and C. Schneider, unpublished observations). 

 The possibility that the aldehydes were derived from 5 S -
HETE directly or a reaction by-product, rather than from 
the di-endoperoxide, was excluded based on three obser-
vations. First, in all reactions, suffi cient amount of COX-2 
was used to achieve near complete conversion of 5 S -HETE 
or arachidonic acid, respectively, prior to the addition of 
hematin or FeCl 2  (cf.  Fig. 2A ). Second, when the HPLC-
isolated di-endoperoxide was treated with FeCl 2 , the two 
aldehydes were detected as the almost exclusive products 
(cf.  Fig. 2C ). Third, when 20  � g of 5 S -HETE were incu-
bated in the absence of COX-2 with the hematin solution 
for 1 h, neither the aldehyde products nor any other abun-
dant UV-active polar products were detected although 
only about 10% of the intact 5 S -HETE was recovered (not 
shown). The absence of UV-detectable polar products in-
dicated that 5 S -HETE was transformed to products that 
lack UV absorbance or to products of lesser polarity than 
the starting material, possibly including dimeric or oligo-
meric products. 

 Cleavage of the 20-carbon di-endoperoxide to give the 
9- and 8-carbon aldehydes, 4-HNE, and 8-oxo-5-hydroxy-6 -
E -octenoic acid implicated that the 3-carbon aldehyde MDA 
was formed as the third product of heme-catalyzed trans-
formation. MDA was detected as its 1-pyrazole derivative 
using the 2,4-DNPH reagent to trap the aldehyde ( 12 ). In-
cubation of 20  � g of 5 S -HETE with COX-2 and the subse-
quent transformation with hematin was performed as 
described above and followed by immediate treatment of 

  Fig.   3.  Analysis of malondialdehyde (MDA) formed by heme-
catalyzed transformation of the di-endoperoxide and PGH 2 . A: LC- 

atmospheric pressure chemical ionization (APCI) analysis of a 
reaction of cyclooxygenase-2 (COX-2) with 20  � g of 5 S -HETE fol-
lowed by treatment with heme (1 h) and 2,4-dinitrophenylhydra-
zine (2,4-DNPH) reagent (1 h). The ion trace of  m / z  234 for the 
1-pyrazole derivative of 2,4-DNPH, recorded in negative ion mode, 
is shown. B: LC-APCI mass spectrum of the peak at 6.7 min reten-
tion time in A. The base peak shows the molecular ion [M-H] -  of 
the 1-pyrazole of 2,4-DNPH. The signal at  m / z  204 is due to loss of 
a fragment of 30 mass units, possibly [N 2 H 2 ] or [NO], from the 
parent ion. C: The same reaction of 20  � g of 5 S -HETE with COX-2 
followed by treatment with heme and 2,4-DNPH reagent was ana-
lyzed using RP-HPLC with diode array detection. The back shoul-
der of the 1-pyrazole peak is due to an unidentifi ed compound. D: 
A similar amount of the 1-pyrazole derivative was detected when 20 
 � g of arachidonic acid were reacted with COX-2 followed by treat-
ment with heme and DNPH reagent. E: The 1-pyrazole derivative 
was not detected when arachidonic acid was treated with heme and 
DNPH reagent in the absence of COX-2. Equal aliquots of the 
transformation reactions were injected. The chromatograms shown 
in panels C–E were recorded at UV 205 nm. The chromatographic 
conditions used for A and C–E, respectively, are described in the 
Experimental Procedures.   
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gives MDA and the 17-carbon fragment, HHT ( Fig. 5B ). 
Cleavage of the 8,9 and 11,12 carbon bonds and of the 
9,11-peroxide occurs similarly in both the di-endoperoxide 
and PGH 2 . However, whereas in PGH 2 , C-8 and C-12 are 
connected directly as part of the cyclopentane (prostane) 
ring, in the di-endoperoxide, C-8 and C-12 are connected 
through the second peroxide group and thus, cleavage of 
the 8,12-peroxide leads to a further fragmentation of the 

the crude reaction mixture with 2,4-DNPH. MDA was de-
tected as the 1-pyrazole derivative of 2,4-DNPH using 
LC-MS with APCI ionization (  Fig. 3A , B ). The molar yield 
of MDA was between 5 and 10% as determined using RP-
HPLC analyses ( Fig. 3C ). A similar amount of MDA was 
detected when 20  � g of arachidonic acid was oxygenated 
to PGH 2  followed by treatment with heme and DNPH re-
agent ( Fig. 3D ). Thus, under the conditions used, the di-
endoperoxide and PGH 2  were about equally effective in 
formation of MDA when treated with hematin. Formation 
of MDA in either case was dependent on an endoperoxide 
intermediate because incubation of arachidonic acid with 
hematin and DNPH reagent without prior reaction with 
COX-2 failed to show formation of MDA ( Fig. 3E ). This 
excluded the possibility that MDA was derived from an-
other unrelated transformation of arachidonic acid. 

 The 4-HNE cleavage product is derived from the methyl 
end of the di-endoperoxide and, therefore, the absolute 
confi guration of the 4-hydroxyl group is equivalent to the 
confi guration of the 15-carbon of the di-endoperoxide. 
The confi guration of this chiral center of the di-endoper-
oxide had not been established previously ( 1 ). To enable 
analysis of the absolute confi guration using chiral phase 
HPLC, the 4-HNE formed by hematin-catalyzed transfor-
mation of the di-endoperoxide was isolated and reacted to its 
methoxime derivatives ( syn  and  anti  isomers). The later 
eluting double bond isomer was isolated using RP-HPLC 
and then resolved into its enantiomers using a Chiralpak 
AD column.The 4-HNE was greater than 98% of the 
 S -confi guration, providing evidence that the 15-carbon of 
the di-endoperoxide has the  S -confi guration (  Fig. 4  ). 

 DISCUSSION 

 Heme-catalyzed transformation of the 5-LOX/COX-2 
derived di-endoperoxide of arachidonic acid resulted in 
chain cleavage between the carbons carrying the peroxide 
groups and also between the O-O bonds of both peroxide 
groups (  Fig. 5A  ). The resulting aldehyde fragments were 
identifi ed as 8-oxo-5-hydroxy-6 E -octenoic acid, 4-HNE, 
and MDA. The equivalent transformation of the arachi-
donic acid-derived prostaglandin endoperoxide PGH 2  

  Fig.   4.  Chiral-phase HPLC analysis of 4-HNE derived from the 
di-endoperoxide. The 4-HNE derived from the di-endoperoxide 
(A) and a racemic standard (B) were derivatized with meth-
oxyamine hydrochloride and analyzed by chiral phase HPLC using 
a Chiralpak AD column as described in Experimental Procedures. 
The elution order of the 4-HNE enantiomers on the chiral column 
had been established previously using CD spectroscopy of the 
methoxime derivatives ( 11 ).   

  Fig.   5.  Transformation of the di-endoperoxide (A) 
and PGH 2  (B) by heme or FeCl 2 .   
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levels of 4-HNE in intact activated murine RAW264.7 
cells treated with and without 5 S -HETE but could not see 
a difference (data not shown). ESI-LC-MS analyses of 
8-oxo-5-hydroxy-6 E -octenoic acid in cells were hampered 
by the unexpectedly low sensitivity for detection of this 
compound. 

 We used the transformation to 4-HNE as a strategy to 
indirectly determine the absolute confi gurations of the 15-
carbon of the di-endoperoxide. Although oxygenation at 
the 15-carbon in prostaglandin biosynthesis occurs with 
very high precision in the  S -confi guration ( 23, 24 ), there 
are several well-documented examples where COX-2 cata-
lyzes a specifi c oxygenation in the 15 R -confi guration. For 
example, aspirin-treated COX-2 specifi cally forms 15 R -
HETE ( 25 ) and certain mutations in the active site lead to 
formation of 15 R -confi guration prostaglandins ( 26 ) and 
other 15 R -oxygenated products ( 10 ). In the latter case, in-
version of the oxygenation at C-15 was likely dependent on 
the conformation of the reacting intermediate in the active 
site ( 10 ). It was, therefore, an open question whether the 
third oxygenation in the biosynthesis of the di-endoperoxide 
from 5 S -HETE would occur in the  R - or  S -confi guration. 
Our results provide evidence that the confi guration of 
C-15 of the di-endoperoxide is >98%  S .  
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