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ABSTRACT. Free radical-mediated oxidant injury and lipid peroxidation have been implicated in a number
of neural disorders. We have reported that bioactive prostaglandity-ike compounds, termed £E,-
isoprostanes, are produced in vivo by the free radical-catalyzed peroxidation of arachidonic acid.
Docosahexaenoic acid, in contrast to arachidonic acid, is the most abundant unsaturated fatty acid in
brain. We therefore questioned whether D/E-isoprostane-like compoun@s-(i2uroprostanes) are formed

from the oxidation of docosahexaenoic acid. Levels of putativ&neuroprostanes increased 380-fold

after oxidation of docosahexaenoic acid in vitro from 15.8.3 to 5773 1024 ng/mg of docosahexaenoic

acid. Subsequently, chemical approaches and liquid chromatography electrospray ionization tandem mass
spectrometry definitively identified these compounds agEPneuroprostanes. We then explored the
formation of D/Es-neuroprostanes from a biological source, rat brain synaptosomes. Basal levels of D
Es-neuroprostanes were 348 0.6 ng/mg of protein and increased 54-fold after oxidation=(4). We

also detected these compounds in fresh brain tissue from rats at levels af 2241Ing/g of brain tissue

(n = 3) and in human brain tissue at levels of &24.1 ng/g of brain tissuen(= 4). Thus, these studies

have identified novel D/E-ring isoprostane-like compounds that are derived from docosahexaenoic acid
and that are formed in brain in vivo. The fact that they are readily detectable suggests that ongoing oxidative
stress is present in the central nervous system of humans and animals. Further, identification of these
compounds provides a rationale for examining their role in neurological disorders associated with oxidant
stress.

Oxidant stress and peroxidation of lipids have been peroxidation of arachidonic acid. Formation of these com-
implicated in the pathogenesis of a variety of human diseasespounds proceeds through bicyclic endoperoxide ke
including atherosclerosis, cancer, and neurodegenerativeintermediates, which are reduced to Bdike compounds
disorders such as stroke, Alzheimer’s disease, and Hunting-(F,-IsoPs) (0) or undergo rearrangement to P&ihd PG
ton’s diseasel(—7). Quantification of isoprostanes has been like compounds (RE.-IsoPs) (1) and thromboxane-like
shown to be a highly accurate marker of oxidative stress in compounds (isothromboxane4)). In contrast to cyclooxy-
vivo (8, 9). Isoprostanes (IsoPsgre prostaglandin (PG)-  genase-derived PGs, IsoPs are formed in situ esterified to
like Compounds generated from the free radical-catalyzed phospho||p|ds and are released preformed, presumab]y by
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Theor_etic_ally, IsoP-like co_mpqunds can be formed by the A O coon
free radical-catalyzed peroxidation of any unsaturated fatty
acid containing at least three interrupted carboarbon / \

double bonds, including DHA. Because DHA is highly coon (S oo
concentrated in nervous system tissue, quantification of IsoP- ==

like compounds formed by the free radical-catalyzed per- l o / \
oxidation of this fatty acid, which we term neuroprostanes

(NPs) (L8), may provide a unique marker of oxidative injury oo

to this tissue. Analogous to the IsoPs, the NPs could (ST coom m\m Q@:\"w
potentially exert biological activity. Moreover, the formation J l 1

of the NPs esterified in phospholipids could lead to signifi-
cant alterations in the biophysical properties of neuronal

membranes, which might result in impaired neuronal function &},Q\L/_\/vm
e ()S%\Aﬁv . J

Recently, we and others reported the formation of F

neuroprostanes ¢NPs) that are generated from the free cooH
radical-catalyzed peroxidation of DHA both in vitro and in

vivo (18—20). The mechanism of formation of the-NPs 1SERES .,ssm
is analogous to the mechanism of formation gl$oPs from

arachidonic acid in which endoperoxide intermediates are B C T oo

reduced to F-ring compounds. Because the formation of the l

NPs proceeds through endoperoxide intermediates, we

investigated the possibility that, in addition to F-ring NPs,

compounds with a prostane D-ring and E-ring/(R-NPs)

may also be generated in vitro and in vivo by rearrangement o,

of endoperoxide intermediates. The mechanism by which the

D4/E4-NPs would be predicted to be formed is shown in yag

Figure 1A—C. Initially, five DHA radicals are generated,

and following the addition of molecular oxygen, eight

peroxyl radicals result. Subsequently, the peroxyl radicals

undergo endocyclization followed by addition of molecular

oxygen which forms eight bicyclic endoperoxide intermediate &&“"Am Z)’;r:‘:,“:\
regioisomers (not shown). These regioisomers then undergo o . oH
rearrangement to generate eight-®P and eight ENP
regioisomers. Each regioisomer is theoretically comprised {j”:f:—w/\m &X:‘l‘:\

of eight racemic diastereomers for a total of 256 D-ring and on

E-ring compounds. A nomeclature system for the IsoPs has 10SERES 14-SERES

been established and approved by the Eicosanoid Nomen-

clature Committee in which the different regioisomer classes ¢ CT T ooom

are designated by the carbon number of the side chain where

the hydroxyl is located with the carbonyl carbon designated / \

as C-1 R1). Thus, in accordance with this system, the D- O oo
and E-ring NP regioisomers are similarly designated as :
4-series /E4,-NPs, 7-series BEs,-NPs, etc. Herein, we / \ o
present evidence which shows thaf/lE)-NPs are, in fact,

formed in significant amounts in vitro and in vivo from the

free radical-catalyzed peroxidation of DHA. CTTT oo QQ@’\\ 000H m\m

‘00 00

MATERIALS AND METHODS l l
Materials.Docosahexaenoic acid, dimethylformamide, and

undecane were purchased from Aldrich (Milwaukee, WI). m,m {L\;/A\(\A/ooou

Pentafluorobenzyl bromide, methoxyamine HCI, diisopro- égf/‘/‘mm 5 o ®

pylethylamine, andApis melliferavenom PLA were from

Sigma (St. Louis, MO). 2/2Azobis(2-amidinopropane) : {D“,\_/_’Wv:/ooon oH .
hydrochloride (AAPH) was from Kodak (Rochester, NY). W\’”‘ o W

[Hz]Methoxyamine HCI was from Cambridge Isotope 13SERES 17.SERES 20seRES
Laboratories, Inc. (Andover, MAN,O-Bis(trimethylsilyl)- FiIGURE 1: (A—C) Pathways for the formation of JE,-NPs by
trifluoroacetamide was from Supelco (Bellefonte, PA |- the nonenzymatic peroxidation of DHA.
N,O-Bis(trimethylsilyl)trifluoroacetamide was from Regis

Chemical (Morton Grove, IL).ZHg]-N,O-Bis(trimethylsilyl)- (Milford, MA). 60ALK6D TLC plates were from Whatman

acetamide was from CDN Isotopes (Pointe-Claire, PQ). C-18 (Maidstone, U.K.). {H4]-PGFR,, and PH,]-PGE, were from
and Silica Sep-Pak cartridges were from Waters AssociatesCayman Biochemicals (Ann Arbor, MI).
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Oxidation of DHA.DHA was oxidized in vitro using an 53170
iron/ADP/ascorbate mixture as described previoug§).(

Purification and Analysis of PE,-NPs.Esterified D/Es-
NPs in phospholipids were quantified as freg/H3-NPs
following hydrolysis using either chemical saponification
with potassium hydroxide 2@Q) or enzymatic hydolysis
employing A. mellifera venom PLA (24) as previously
described for the PE,-IsoPs. Both methods yielded quan-
titatively similar results. Free JIE,-NPs were extracted using
C-18 and silica Sep-Pak cartridges, purified by thin-layer
chromatography (TLC), converted ©-methyloxime pen-
taflurobenzyl ester trimethylsilyl ether derivatives, and
quantified by stable isotope dilution techniques employing
gas chromatography (GC)/negative ion chemical ionization
(NICl)/mass spectrometry (MS) usingHJPGE: as an  ggyre 2: Selected ion monitoring chromatogram obtained from
internal standard2@). The technique that was employed is the analysis of QE,-NPs generated during iron/ADP/ascorbate-
similar to that used to purify and analyze/B,-IsoPs except  induced oxidation of DHA in vitro. The series of peaks in the
for the region scraped during TLC. The/B,-NP compounds ﬁ]‘“?[kfgrr?vnz‘agozggag]:Sﬁ{gfg;::g”gg@':ﬁ?@gd g;]edt\gr?tipgaks
were chromatographed @&methyloxime pentaflourobenzyl i : I
ester derivatives on silica TLC plates (60ALK6D silica gel, methyloxime isomers of thé#l]PGE; internal standard.
Whatman), and a region that extended from 0.5 cm abovemalr ions of putative DE<NPs in these fractions was

the middle of a PGEmethyl ester standard to 4 cm above o formed from-20 to—30 eV scanning daughter ions from
the leading edge of a PGEnethyl ester standard was scraped 1y, 50 g 400. Spectra that are shown were obtained2&

(R = 0.34-0.83). This area was determined to contaih D \/ The CID gas was argon with a pressure set at 2.0 mTorr.
E.-NPs by analyzing sequential small cuts of the TLC plate gpecira were displayed by averaging scans across chromato-

for compounds. QE,-NPs were detected by MS based on ; ; ; o
. X graphic peaks. LC/MS was carried out using a Finnigan TSQ
the M — *CH,CeFs ions (1/z 548 for D/E,-NPs andm/z 7000 instrument (San Jose, CA). Positive ion mass spectra

528 for the fH,]PGE; internal standard). Quantification of a6 2150 examined, but they did not yield structurally useful
the total amounts of the JE,-NPs was achieved by information.

integrat.ing peak areas of material in 4mz 548 channel i.n Preparation and Oxidation of Rat Brain Synaptosomes.
comparison to thevz 528 channel. GC/NICI/MS was carried Synaptosomes were isolated by Ficoll gradient centrifugation

gtﬁ)usmg a Hewlett-Packard 5890 instrument (Palo Alto, from male Sprague-Dawley rat2%). Lipid peroxidation was
Pl.Jrification and Analysis of FNPs.F.-NPs were purified initiated by the addition of AAPH (final concentrations of

ay 4 /ere p ’ 1-10 mM). Incubations were carried out at 3Z for 24 h.

analyzed, and quantified as described previout§).( The reactions were terminated by placing the samplessat

Purification of Dy/Es-NPs by High-Performance Liquid °C. Levels of free ENPs and D/E+~NPs were :
. L . - quantitated
Chromatography (HPLC) and Analysis by Liquid Chroma- following chemical saponification as described previously

tography (LC)/ Electrospray.Ioni.zation.(ES.I)/ MS/MSom- (23). Data are expressed relative to protein concentration as
pounds generated by the in vitro oxidation of DHA (ap- determined by the Pierce BCA assay
proximately 10ug total) were purified by reversed phase Preparation of O/E:-NPs from Rat and Human Brain

HPLC using a 25 cmx 4.6 mm Econosil C-18 column TissueLipids from the brains of adult male Sprague-Dawle
(Alltech, Deerfield, IL) with Sum particles using an isocratic rats or hLE)man frontal lobe tissue obtained pgst-?nortem wgre
solvent system of b0, acetonitrile, and acetic acid (68:32: extracted and hydrolyzed by reaction wikhmelliferavenom

0.1, v/viv) at a flow rate of 1 mL/min. PE,-NPs eluted at
a retention volume of 2555 mL. Selected fractions contain- PLA; and subsequently analyzed for free/B-NPs €3).

ing large amounts of PE,-NPs were acidified wit 1 N HCI, RESULTS

extracted with 2 volumes of ethyl acetate, dried, and

redissolved in a small volume of ethanol. Fractions were then Formation of D/Es-NPs in Vitro.A representative selected
analyzed by LC/ESI/MS/MS in the negative ion mode using ion current chromatogram obtained from the oxidation of
either a 15 cmx 2.1 mm Econosil C-18 column (Waters) DHA in vitro with an iron/ADP/ascorbate mixture is shown
or a 15 cmx 1 mm Zorbax C-18 column (MicroTech in Figure 2. The two chromatographic peaks in the lower
Scientific, Sunnyvale, CA). The solvent system employed m/z 528 ion current chromatogram represent flye and

in each case was a gradient consisting of 20 mM ammonium anti-O-methyloxime isomers of the internal standatkl -
acetate/acetonitrile/acetic acid (90:10:0.1, v/v/iv) to 20 mM PGE. In the uppem/z 548 ion current chromatogram are a
ammonium acetate/acetonitrile/acetic acid (10:90:0.1, v/v/ series of chromatographic peaks eluting over an approximate
V) over the course of 10 min at a flow rate of either 0.2 2 min interval. These compounds possessed a molecular mass
mL/min (Waters column) or 5@L/min (MicroTech column). predicted for the RE,NPs. In addition, it would be
The auxiliary gas pressure was 10 Ifjrand the sheath gas  predicted that the retention time ofyil8,-NPs on GC should
pressure was 70 Ib/ih.The voltage on the capillary was be longer than that of the deuterated B@Gernal standard
20.0 V; the capillary temperature was 200, and the tube  because the former compounds contain two additional carbon
lens voltage was 75 V. Parent ions were scanned figm atoms. As for PG and PGE as well as for /E,-IsoPs

350 to 450. Collision-induced dissociation (CID) of molec- that have similar chromatographic properties on TLC and

36182

m/; =528
{*H,] PGE,

RELATIVE INTENSITY

6 7 8 9
RETENTION TIME (MIN)
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GC and identical molecular masses, it is not possible to 19838
differentiate between the D-type and E-type prostane rings 1A m/z =548
in the putative NP compounds detected in thig 548 ion ] BEFORE H,

current chromatogram shown in Figure 2. However, since
the endoperoxide PGHlerived from the cyclooxygenase
enzyme rearranges in aqueous solution to form both PGD
and PGH, it is expected that the NP endoperoxide interme-
diates also would rearrange to form both D-ring and E-ring
NPs.

Additional experimental approaches were then undertaken
to provide further evidence that the compounds represented 2828
by the chromatographic peaks in th&z 548 ion current
chromatogram are IIE,-NPs. Them/z 547 ion current
chromatogram contained no chromatographic peaks, indicat-
ing that the peaks in thevz 548 chromatogram are not
natural isotope peaks of compounds generating an ion of less
than 548. Analysis of the putativeJE;-NPs as aJHg]-
trimethylsilyl ether derivative resulted in a shift of th&z
548 chromatographic peaks up 18 Daz 566, indicating
the presence of two hydroxyl groups (not shown). When
these compounds were analyzed adHg]f O-methyloxime
derivative, them/z 548 chromatographic peaks all shifted 38452
up tom/z 551, indicating the presence of one carbonyl group ]
(not shown). Analysis of the putativeJ&,-NPs following
catalytic hydrogenation is shown in Figure 3. Prior to
hydrogenation, there were no chromatographic peaks present
8 Da abovan/z 548 in thenVz 556 ion current chromatogram
(Figure 3A,B). However, following hydrogenation, intense
chromatographic peaks appearedé&556 (Figure 3C) with
the loss of the chromatographic peaksnét 548, indicating
the presence of four double bonds. Collectively, these data
indicate that the compounds represented by the chromato- RETENTION TIME (MIN)
graphic peaks in thevz 548 ion current chromatogram have Ficure3: Analysis of putative DE,-NPs before and after catalytic
the functional groups and the number of double bonds hydrogenation. In the absence of hydrogenation, intense peaks are
predicted for the WE,NPs. present in then/z 548 ion current chromatogram (A) representing

. . . D4/E4,-NPs. There are no peaks present 8 Da highevab56 (B).
To provide direct evidence that the compounds analyzed gq)1oying catalytic hydrogenation, intense peaks appear imtbe

by selected ion monitoring MS were,B4-NPs, LC/ESI/ 556 ion current chormatogram (C), indicating that the compounds
MS/MS in the negative ion mode was employed. The represented by the peaks in timez 548 ion current chromatogram

material was purified before LC/MS analysis by HPLC, and have four unsaturated double bonds.

eluted fractions containing significant amounts of putative i ]

D4/E4NPs as determined by GC/MS were then analyzed by certainty the chemical structures of these smaller fragments.
LC/MS. Notably, D/E,-NPs eluted over a very broad volume Nonetheless, on the basis of our previous work and studies
from 27 to 51 mL using this HPLC solvent system (Figure DYy Murphy, Kerwin, and others characterizing fragmentation
4A). We initially analyzed putative BE,-NPs eluting in a patterns of prostaglandins, isoprostanes, and other oxygenated
retention volume of 2744 mL. The predicted [parent fatty acids by LC/MS26—-30), these ions can be potentially
molecule— H]~ ion, hereafter referred to as “M”, forfp  explained as follows. They include/z 255 [M — CH;CH,-
E.NPs is atm/z 375. Figure 4B shows the selected ion CHO — HO — CO,]~ (20-series regioisomer) and [M
monitoring chromatogram of the ion atz 375 obtained =~ CHOCHCH,COOH — H;O]" (4-series regioisomer)yz
from this analysis. DE,-NPs elute from the LC column as 241 [M — CsHeOx(C,1—Cs) — 2H0]™ (10-, 13-, 17-, and

a broad chromatographic peak over approximately a 90 s20-series regioisomer)yz 215 [M — CHOCHCH=CHCH;-
interval. A composite collision-induced dissociation (CID) CHs — CO, — H0]™ (17-series regioisomer) and [M
spectrum obtained by summing scans over the broad CHOCHCH=CHCH,CH,COOH — H;0]" (7-series regio-
chromatographic peak in Figure 4B is shown in Figure 4C. isomer),mz 193 CHCH=CHCH,CH=CHCH,CH=CHCH,-

CID of the ion atnvz 375 resulted in the formation of a CH,COO™ (13-series regioisomemyz175 [M — CHOCH;-
number of relevant daughter ions that would be predicted to CH=CHCH,CH=CHCH,CH,COOH — H,O]~ (10-series

be common to all of the BEs-NP regioisomers, including  regioisomer) and [M- CHOCHCH=CHCH,CH=CHCH,-

m/z 357 [M — H;0]~, Mz 339 [M — 2H,0]~, m/z 313 [M CH; — H,O — CO;]~ (14-series regioisomer), amdz 147

— H,O — CQ;]~, andm/z 295 [M — 2H,0O — CGO,] . Other [M — CH~CHCHOHCHCH=CHCH,CH=CHCH,CH; —
prominent daughter ions are present that may result from CO, — H,O]~ (14-series regioisomer). These data suggested
fragmentation of specific PE,-NP regioisomers. Because that the mass spectrum shown in Figure 4C represented a
of the limited amount of material and the lack of chemically mixture of a number of the JJE,-NP regioisomers that would
synthesized D- and E-ring NPs, it is impossible to know with be predicted to be formed.

m/z =556
BEFORE H,

RELATIVE INTENSITY
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Ficure 4: (A) Reversed phase HPLC analysis of ©-NPs generated from the oxidation of DHA in vitro. Quantities QfH2-NPs in

HPLC fractions were measured by GC/MS. Material eluting in fractions 46 and 47 (Figure 4D) is denoted by the asterisks. (B) Selected
ion monitoring chromatogram of the [parent molectléd]~ (M) ion atm/z 375 from LC/ESI/MS analysis of putative,JE,-NPs obtained

from prior HPLC purification of oxidized DHA in vitroMaterial analyzed by LC/MS eluted from the HPLC in fraction volumes of 2%

mL. (C) LC/ESI/MS/MS analysis of BE,-NPs generated in vitro. Material represented in ithie 375 chromatogram in panel B was
subjected to CID at-25 eV, and daughter ions were scanned frorm 50 to 400. Spectra were obtained by averaging scans across the
chromatographic peak. See the text for structural characterization of particular ions denoted in the figure. LC was performed using a 15 cm
x 2.1 mm C-18 column (Waters). (D) LC/ESI/MS/MS analysis of a 10-serigE,ENP generated from the oxidation of DHA in vitro
Material that was analyzed eluted from the HPLC system prior to LC/MS analysis in a fraction volume47 #4@_. Thenvz 375 ion was
subjected to CID at-25 eV, and daughter ions were scanned frafn50 to 400. Spectra were obtained by averaging scans across the peak
that was observed. LC was performed using a 15>xcrh mm Zorbax C-18 column (Microtech Scientific).

Because the mass spectrum shown in Figure 4C likely 10-series regioisomer, LC/MS analysis of other HPLC
represents a mixture of fE4-NPs, we subsequently under- fractions gave spectra suggestive of other individual regio-
took studies to determine whether we could separate isomers (data not shown). Taken together, these data provide
individual regioisomers and characterize them by LC/MS. direct evidence for the formation of a series of B3-NPs
For these experiments, crudesB,-NPs were initially generated from the peroxidation of DHA.
purified by HPLC and fractions were analyzed individually Having provided significant evidence for the formation
by GC/MS. Following localization of the JJE,-NPs in the of D- and E-ring neuroprostanes in vitro, we next examined
HPLC fractions, select fractions were combined and analyzedthe time course of their formation. For these studies, DHA
by LC/MS/MS. Figure 4D shows one of the CID mass was oxidized using an iron/ADP/ascorbate mixture. The
spectra form/z 375 obtained for material eluting from the results are shown in Figure 5. As is evident, levels of D
HPLC purification at 4647 mL. These fractions were E4;-NPs increased dramatically in a time-dependent manner
analyzed because they contained substantially fevyét,D to a maximum of 5773 1024 ng/mg of DHA from baseline
NP regioisomers than other HPLC fractions. Interestingly, levels of 15.2+ 6.3 ng/mg of DHA, a 380-fold increase (
this spectrum represents a compound consistent with a 10= 3). Previously, we reported that using identical conditions,
series D/Es-NP. Daughter ions present in the spectrum that oxidation of DHA yields similar amounts of s#ANPs (L8).

are common to all WEs-NP regioisomers includevz 357 We then examined whetherJE,-NPs are formed from

[M —Hx0]", mz339 [M — 2H,0], m/z331 [M — CO,] -, the peroxidation of DHA esterified in phospholipids since
and m/z 295 [M — 2H,0O — CGQj]~. In addition, two studies to this point had utilized free DHA only. For these
prominent daughter ions are also apparemtvat241 [M — experiments, we studied the generation of NPs in synapto-
CsHeO, — 2H,0]” and m/z 175 [M — CHOCH.CH= somes isolated from adult rat brain. Synaptosomes are

CHCH,CH=CHCH,CH,COOH — H,O]". In addition to this composed of sealed-off neuronal and glial processes and are
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Ficure 5: Time course of formation of JIE,-NPs during oxidation
of DHA in vitro by an iron/ADP/ascorbate mixture. Data are
expressed as meadsthe standard error of the mean.
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Ficure 6: Effect of increasing concentrations of AAPH on
formation of D/E,-NPs and E-NPs in rat brain synaptosomes. Data
for D4/E4-NPs are represented by the black bars and dataor F
NPs by the white bars. Data are expressed as medhs standard
error of the mean.

a widely used model for the study of central nervous system
gray matter metabolism2p). We compared the formation
of DJ/E4-NPs to B-NPs after reaction of synaptosomes with
AAPH, a water soluble free radical generator that induces
an oxidative stress. Concentrations of AAPH varied from 1
to 10 mM. Levels of nonesterifiedE,-NPs were essentially
undetectable in rat brain synaptosomes at baseline. Esterifie
DJ/E4-NPs and -NPs were quantitated as free compounds
following base hydrolysis. The results are shown in Figure
6. There was a significant increase in the extent of formation
of both D/E,-NPs and E=NPs with increasing concentrations
of AAPH. Baseline levels of BE,-NPs were 3.8t 0.6 ng/

mg of protein and increased 54-fold after oxidation with 10
mM AAPH. Increases in the amounts of NPs were similar;
however, absolute amounts of/B,-NPs were 8-fold greater
than R-NP amounts after reaction with % (< 0.0001,
Student’st test) and 10 mM AAPH < 0.0001, Student’s

t test). This observation is similar to that in rat liver
microsomes oxidized with an iron/ADP/ascorbate mixture
where levels of QYEx-IsoPs exceed those of-FsoPs by
5-fold. Moreover, this suggests that quantification of D- and
E-ring NPs may be a more sensitive index of lipid peroxi-
dation in certain biological models of central nervous system
oxidative injury.

Formation of D/E4,-NPs in Vvo. We undertook experi-
ments to determine whether the/B,-NPs are present
esterified in brain lipids in vivo in both animals and humans.
Putative D/Es,-NPs were analyzed as free compounds
following enzymatic hydrolysis of compounds esterified in
brain lipid extracts from normal rats. A representative ion
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FIGURE 7: Selected ion current chromatogram obtained from the
analysis of D/Es-NPs esterified in rat brain tissue. The series of
peaks in then/z 548 chromatogram represents putativgH>NPs,
and the two peaks in the/z 528 chromatogram represent that
andanti-O-methyloxime isomers of théHl;)PGE, internal standard.
The total amount of PE4,-NPs present was approximately 15 ng/g
of brain tissue.

current chromatogram obtained from one of these analyses
is shown in Figure 7. The two chromatographic peaks in
the lowerm/z 528 ion current chromatogram represent the
syn andanti-O-methyloxime isomers of the internal standard
[H4]PGE. In the uppemyz 548 ion current chromatogram
are a series of chromatographic peaks which have molecular
masses and retention times expected for th&LNPs. The
pattern of peaks representing D- and E-ring NPs was very
similar to that obtained from the oxidation of DHA in vitro,
except for some slight variation in relative peak heights.
Analogous to studies performed in vitro, experiments were
carried out to obtain further evidence that the chromato-
graphic peaks in thevz 548 ion current chromatogram of
Figure 7 represent JIE,-NPs formed in vivo. The com-
pounds were analyzed &sipjtrimethylsilyl ether derivatives,
which resulted in a shift of the chromatographic peaks present
in the m/z 548 ion current chromatogram to/z 566 (data

ot shown). This shift of 18 Da indicates the presence of
two hydroxyl groups. Analysis of the compounds &43]-
O-methyloxime derivatives resulted in the shift of théz
548 chromatographic peaks up 3 Damtéz 551, indicating
the presence of one carbonyl group (data not shown). The
compounds were also analyzed by catalytic hydrogenation.
Prior to hydrogenation, no peaks were present 8 Da above
m/z 548 in thenyz 556 ion current chromatogram. However,
following catalytic hydrogenation, the chromatographic peaks
present in then/z 548 ion current chromatogram disappeared
and intense peaks appeared ratz 556, indicating the
presence of four double bonds (data not shown). Taken
together, these experiments provide evidence that the com-
pounds represented in th@z 548 chromatogram in Figure
7 have the expected number of functional groups and double
bonds that are predicted for the/Bs,-NPs.

Levels of D/E4,-NPs esterified in the lipids of rat brain
were determined to be 124t 2.4 ng/g of brain tissuen(=
3) and are similar to or somewhat higher than those
previously reported for FNPs from normal whole rat brain
(7.0 &+ 1.4 ng/g of brain tissue)1g). We also quantified
nonesterified amounts of fE4-NPs in rat brain tissue. They
came to 0.8t 0.3 ng/g of brain tissue.
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Subsequently, levels of fE,-NPs were quantified in  approaches, including LC/ESI/MS/MS. A relatively small
frontal lobe gray matter from four humans who underwent body of literature regarding the characterization of eicosanoids
autopsies. No individual had known neurological disease at using LC/MS exists, although our findings are consistent with
the time of death. GC/selected ion monitoring MS analysis studies reported by other investigato6{30). As noted,
of the tissue for WEs,-NPs yielded a series afvz 548 Figure 4C is a mass spectrum likely representing a number
chromatographic peaks virtually identical to those observed of D4/E,-NPs. lons comprising the loss of combinations of
in Figure 7 (data not shown). Levels ofs/Bs-NPs were H20 or CQ, are readily apparent. In addition, other prominent

found to be 9.2+ 4.1 ng/g of brain tissuen(= 4). ions can be appreciated which apparently are derived from
Additionally, F-NPs were quantified and levels were found specific D/E,-NP regioisomers. Of note is the abundant
to be 26.2+ 7.0 ng/g of brain tissuen(= 4). fragment atm/z 241. This ion is consistent with the loss of
two molecules of water and fragmentation atr€sulting in
DISCUSSION the additional loss of 98 Da from the parent ion of several

D4/E4-NP regioisomers (10-, 13-, 17-, and 20-series com-

: P ds). Previous reports have noted a similar loss of 98

D,/Ex-IsoP-like compounds, IXE;-NPs, formed in vivo b poun . .

thze fzree radical-indﬁced peroxidation of DHA. DHA ig a Da for various faity acids and IsoPs analyzgd by LC/IMS

major unsaturated fatty acid in neural tissuds, (15). (26, 29). Several other noteworthy fragment ions that can
! be appreciated in the mass spectrum shown in Figure 4C

Oxidative damage to neuronal structures such as DHA-rich . : :
cellular membranes has been implicated in a number Of|ncludern/2255, 215, and 175. These ions can be explained,

neurodegenerative diseas&s (Nonetheless, the identifica- at least in part, as alkyl-dir_eqted product ions resulting from
tion, at a molecular level, of products that are formed from the loss of carboxyl-containing neutral fragments from the

the oxidation of DHA has been lacking. This provided the Parént molecule. Such fragmentation pattems have been
impetus for the studies reported herein. previously reported for both oxygenated and unoxygenated

The mechanism of formation of JlE,-NPs from DHA is fatty aCIdS_ _26’ 27). ) _ o
outlined in Figure 1. It is identical to that offNPs except “An additional potentially important ramification of the
that NP endoperoxide intermediates undergo rearrangemengliscovery of D/E-NPs relates to the fact that these
to form D- and E-ring compounds rather than reduction to molecules, once hydrolyzed, could possess biological activity
F-ring NPs. It should be noted that depending on the and thus, in this form, could mediate pathophysiological
biological system that we utilized in the studies presented Processes related to neural oxidative stress. Several observa-
here, |eve|s of WE4'NPS are Comparab'e to or in some cases tions made by us and others Support this contention. We and
exceed those 0f4H\|PS, such as in Synaptosoma| prepara_ Others haVe preViOUSly ShOWn that one E-I’ing IsoP produced
tions. These findings suggest that, in certain situations, iN Vivo, 15-Ex-IsoP (8-iso-PGB, possesses potent biological
quantification of /E,-NPs may be a more sensitive indicator activity ranging from effects on vascular smooth muscle to
of DHA oxidation and neural tissue oxidative stress than F  cellular activation 11, 32). Of interest has been the observa-
NPs. Factors that may influence the formation of D/E-ring tion that this IsoP may exert biological effects by interac-
NPs versus F-ring NPs are unknown, although we have tion with a unique recepto®( 9). Thus, the possibility that
shown previously that glutathione and other thiols are capableD+/E<-NPs might also possess important biological actions
of reducing IsoP endoperoxides both in vitro and in vivo that may be relevant to the pathophysiology of oxidative
(23). The extent to which GSH modulates the formation of injury to the brain exists. This possibility is further supported
D4/EsNPs versus F-ring NPs remains, however, to be by the finding that a compound structurally related to an
determined. F-ring NP, PGR,, which is a 4-series F-prostaglandin

Like Do/E,-IsoPs, /E,-NPs are formed in situ esterified cor_responding tq the struqture expectgd from c_yclooxygenase
in phospholipids and are then presumably released in the@ction on DHA, is approximately equipotent with cyclooxy-
free form by a phospholipase(§) 0). We have demonstrated genase-de.rlved PGEin contracting gerbll colonic sn_wopth
in this report that E,NP-containing phospholipids are muscl_e strips 15), althoqgh these stu_d!e_s are very limited.
substrates for bee venom PLAn vitro. The type(s) of ~ Experiments on the biological activities of #B4+-NPs,
mamma"an phOSpho|ipaSe that m|ght be responsib|e for hOWeVer, W|” haVe to aWQIt the” Chem|ca| SyntheS|S. Th.ese
hydrolysis of D/Es-NPs from phospholipids in vivo, how- studies will be extremely important with respect tq establish-
ever, is unknown, although it has previously been reported ing the relevance of PE,-NP levels measured in neural
that the activity of PLA is enhanced toward oxidized tiSSue.
phospholipids §1). Understanding the enzyme and regulatory  In summary, we report the discovery that D/E-ring-Isop-
factors controlling the formation and hydrolysis of NP- like compounds, termed £E4,-NPs, are formed in vivo as
containing phospholipids is of considerable importance products of the nonenzymatic free radical-catalyzed peroxi-
because, analogous to IsoP-containing phospholipids, NP-dation of DHA, a major unsaturated fatty acid in neural
containing lipids would be predicted to be very distorted tissue. The fact that JIE,-NPs are readily detectable in
molecules and thus profoundly affect biophysical prop- normal brain tissue from animals and humans suggests
erties of neuronal membraned8|. Thus, in settings of  ongoing oxidant stress in the central nervous system. Fur-
oxidant stress, enhanced formation of NP-containing phos-ther understanding of the biological consequences of the
pholipids could alter neuronal membrane fluidity, integrity, formation of these novel compounds and factors influencing
and function. their formation and metabolism may provide valuable

In these studies, IIE,-NPs were identified in vitro and  insights into the pathophysiology of oxidant injury in the
in vivo using a variety of complementary chemical and MS nervous system.

These studies report the identification of a novel class of
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