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Abstract

Isoprostanes are isomers of prostaglandins that are generated from free radical-initiated autoxidation of arachidonic acid. Quantification
of F,-isoprostanes is regarded as the “gold standard” to assess oxidative stress in various human diseases. There are 32 possible racemi
isoprostane isomers that exist as four sets of regioisomers. Each regioisomer is composed of eight diastereomers. We report liquid chro-
matographic/mass spectrometric methods to separate and ideptpdfostane stereoisomers. These methods have been applied to the
analysis of B-isoprostanes derived from tissues of rats exposed to an oxidative stress and are useful to assess the relative formation of various
regioisomers and stereoisomers generated in vitro and in vivo. The delineation of the more abundant isomers formed will allow for studies to
examine the biological relevance of selected compounds in vivo.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction disorders, including atherosclerosis and neurodegenerative
disease$l—4]. Isoprostanes (IsoPs) are prostaglandin (PG)-
Free radical-induced autoxidation of polyunsaturated like compounds that are formed non-enzymatically in
fatty acids (PUFAs) has been linked to numerous human vivo via the peroxidation of arachidonic acid by a free
radical-initiated mechanism. A number of IsoPs have been
Abbreviations: APCI, atmospheric pressure chemical ionization; BHT, identified, such as including those c_ontalnlng either F-
butylated hydroxytoluene; CID, collision-induced dissociation; ESI-Ms, type, E/D-type, or A/J-_typg prostane _rlnﬁ's,6]. A novel
electrospray mass spectrometry; GC, gas chromatography; HPLC, high-aspect of IsoP formation is that, unlike cyclooxygenase-
performance liquid chromatography; IsoP, isoprostane; IPA, isopropanol; derived PGs, they are generated in situ esterified to
LC, liquid chromatography; MS, mass spectrometry; MeOAMVN,'22  hagpholipids and cholesterol. In addition, they possess
azobis(4-methoxy-2,4-dimethylvaleronitrile); PFB, pentafluorobenzyl; PG, different stereachemical features compared t,O enzvmaticall
prostaglandin; PGf, prostaglandin & ; HpETE, hydroperoxyeicosate- ; L P y y
traenoate; SIM, selective ion monitoring; SRM, selective reaction moni- derived PGs[7]. Quantification of IsoPs has emerg?d as
toring; TLC, thin layer chromatography one of the most accurate approaches to assess oxidant in-
* Corresponding author at: Departments of Medicine and Pharmacology,jury in vivo [5,8]_ Furthermore, some IsoPs exert potent
Vanderbilt University School of Medicine, 532 RRB, 23rd and Pierce Aves, biological activity by acting as Iigands for either plasma
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fax: +1 615 322 3669. memprane boun receptors or 1or nuclear receptors
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IsoP formation involves the initial autoxidation of F»-IsoP stereoisomers can be generated theoretically since
arachidonic acid with hydrogen atom abstraction at either four sets of regioisomeric IsoPs are forni{éfl The routine
carbon 7, 10, or 13 of arachidonate, followed by molecular analysis of -IsoPs by previously published gas chromatog-
O, addition and radical cyclization to form unstable bicyclic raphy (GC)/mass spectrometry (MS) methods quantifies all
endoperoxidesScheme 1[12-14] A number of different possible regioisomers and stereoisomers. It may be of im-
parent IsoPs can be generated from these unstable enportance, however, to separate and identify selected different
doperoxide precursors by either reduction or rearrangement.F>-1soPs because they may have different biological activities
F»-IsoPs are formed upon reduction of the bicyclic peroxides and be formed and metabolized differently under human dis-
and hydroperoxide moieties in these molecules. Four regioi- ease conditions which are linked to oxidative stf@&s-17]
someric kh-IsoPs are formed according to this mechanism  We report herein methods based on liquid chromatography
(Scheme 2 Although five stereogenic centers are generated (LC)/MS to separate and identify the different regioisomers
in the process of fIsoP formation, only eight possible and diastereomers obHsoPs that are generated in vitro and
racemic diastereomers can be formed from one precursor perin vivo. In this protocol, reverse-phase LC is coupled to elec-
oxyl radical because the two hydroxyl groups on the prostanetrospray (ESI) MS to analyze free aci@-ISoPs, whereas
ring have to adapt as configuration. Therefore, atotal of 32 normal phase LC is coupled to atmospheric pressure chem-
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ical ionization (APCI)-MS to analyze the pentafluorobenzyl coated aluminum (60454, EM Industries), and TLC plates

(PFB) derivatives. These two methods are complimentary were analyzed using UV light (254 nm) with a Mineralight

and need only minimal sample workup compared to labo- UVSL-25 hand lamp. Preparative TLC was performed on

rious GC/MS methods. The four IsoP regioisomers can be silica gel 60ALK6D plates (Whatman International Ltd.,

distinguished based on their characteristic fragmentation in Maidstone, UK).

collision-induced dissociation (CID). In addition, all eight

diastereoisomers of 15-series-lBoPs can be separated and 2.3. HPLC separation of IsoP isomers

identified by comparison with known synthetic standards.

These methods can thus be applied to study the regioselec- Analytical HPLC was carried out using a Waters Model

tivity and diastereoselectivity ofdHsoPs formed viathe au-  600E pump with a Waters 996 Photodiode array detector.

toxidation of arachidonic acid and will allow for studies of the Millenium32 chromatography software (Waters Corp., Mil-

biological relevance of the more abundagptlBoP isomers. ford, MA) was used to control the array detector and to
collect and process data. PFB esters plidoPs were an-
alyzed by normal phase HPLC using 12% IPA in hexanes

2. Experimental procedures and a single Beckman Ultraspherg® (4.6 mmx 25 cm)
silica column or two narrowbore Beckman Ultrasphepatd
2.1. Materials (2.0mmx 25cm) Si columns. A flow rate of 1 mL/min

was used for analytical normal phase HPLC, whereas
All lipid autoxidation reactions were carried out under an 0.2 mL/min was used for narrowbore columns. Preparative
atmosphere of oxygen unless otherwise noted. Air and argonHPLC was performed using a Dynamaxf@(B pm (83-
were passed through a bed of calcium sulfate desiccant. Ben-121-C) silica column (21.4 mm 25cm) with a flow rate
zene was distilled from sodium and stored over 4A molecular of 10 mL/min. For reverse-phase HPLC, a Phenomenex
sieves. Tetrahydrofuran and dichloromethane were dried byLun@®® ODS 5um (2.1 mmx 25cm) column (Torrence,
Solv-Tek (Berryville, VA) solvent purification columns using CA) was utilized at 0.2mL/min flow rate with a gra-
activated aluminafor drying and Q-5 packing for deoxygenat- dient starting with 80% solvent A (2mM NjAc) and
ing the solvents. 20% solvent B (MeOH:CECN =5:95), holding for 2 min
Oxygen (medical grade) was obtained from A.L. Com- and increasing to 65% B in 30min and holding for ten
pressed Gas (Nashville, TN). HPLC grade solvents were pur-min.
chased from Burdick & Jackson (Muskegon, MI) or EM Sci-
ence (Gibbstown, NJ). All lipids were purchased from Nu 2.4. LC/MS analysis of IsoPs
Chek Prep (Elysian, MN) and were of the highest purity
(>99+%). The free radical initiator 2;2zobis(4-methoxy- LC/MS was carried out using a ThermoFinnigan TSQ
2,4-dimethylvaleronitrile) (MeOAMVN) was generouslydo- Quantum 1.0 SR 1 mass spectrometer in negative ion mode.
nated by Wako Chemicals USA Inc. (Richmond, VA). BGF The ESI and APCI sources were fitted with a deactivated
15R-PGFRy, 15R-8-iso-PGF,y, and 8iso-PGFy,-d4 were pur- fused silica capillary (10Q.m 1.D.). Nitrogen was used as
chased from Cayman Chemicals (Ann Arbor, MI). Othgr F both the sheath gas and the auxiliary gas, at 45 and 17 psi,
IsoP diastereomers in 15-series were synthesized by Taberespectively. For ESI-MS, the capillary temperature was
et al.[18]. All other reagents were purchased from Aldrich 280°C. The spray voltage was 4.3 kV, and the tube lens volt-
Chemical Company (Milwaukee, WI) and used without fur- age was 80V. For APCI-MS, the mass spectrometer was

ther purification. operated in negative ion mode with a capillary tempera-
ture of 300°C, vaporizer temperature of 46Q, discharge
2.2. Hydroperoxide reaction analysis current 20 and-94V tube lens voltage. Collision-induced

dissociation (CID) was performed from 20 to 30eV un-

Reactions involving hydroperoxides were visual- der 1.5mTorr of argon. Spectra that are shown were ob-
ized by TLC using a stain of 1.5gV,N'-dimethylp- tained at 25 eV. Spectra were displayed by averaging scans
phenylenediamine dihydrochloride/25mL »,®/125 mL across chromatographic peaks. Selective reaction monitor-
MeOH/1 mL acetic acid. Hydroperoxides yield an immedi- ing (SRM) was performed according to characterizing frag-
ate pink color, while cyclic peroxides exhibit a pink color mentation patterns of isoprostanes (20). Data acquisition and
after mild charring. General TLC staining was accomplished analysis were performed using Xcaliber software, version
by iodine or use of a phosphomolybdic acid stain prepared 1.3.
as a 20% (w/v) solution in EtOH. In general, hydroperoxides
were stored as dilute solutions with 1 mol% BHT in either 2.5. Oxidation of arachidonic acid in vitro
hexanes or benzene af78°C and were never exposed to
temperatures >40C. Flash column chromatography was Arachidonic acid (25 mg, 80.24mol) was dissolved in
performed using 35—-70m silica gel. Thin layer chromatog- 1.0 mL benzene. To the mixture was added 0.1 equivalent
raphy was performed using 0.2 mm layer thickness silica gel of MeOAMVN as radical initiator. The mixture was kept
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under atmospheric oxygen at3Z for 24 h. The reactionwas 3. Results
quenched by adding 2 mg of BHT. The reaction mixture was
stored at-80°C until analysis. B-isoprostanes are generated F2-IsoPs are one of the major oxidation of products of
by PP reduction in situ. arachidonic acid generated in vitro and in vivo. Extensive
research has been carried out to determine the isomeric dis-
tribution of IsoPs formed from the oxidation of arachidonic
acid. Among the four possible regioisomers of IsoPs, it has
been noted that the 5- and 15-series are generated in greater
amounts than IsoPs of the 8- and 12-series. This selectiv-
ity can be explained based on the formation of dioxolane-
IsoPs from peroxyl radical precursors which lead to 8- and
12-series IsoPs, whereas the peroxyl radical precursors of
5- and 15-series cannot form the more highly oxygenated
dioxolane-IsoP$21]. In theory, eight possible diastereoiso-
mers of each series can be formed and they each may have
different biological activities. However, systematic separa-
tion and identification of the eight diastereomers has not been
reported for any of the IsoP regioisomers. The structures of
the eight diastereomers of the 15-seriesl$6Ps are illus-
2.7. Extraction of oxidized lipids from the livers of rats trated inScheme 3The nomenclature of these compounds is
based on the structure of P&F For example, compound A
The extraction of lipids from a liver of a rat has been is named 12,15-di-epi, because the configuration of carbons
reported previously20]. In brief, after intragastric admin-  of 12 and 15 is opposite to those found in RGF
istration of CCl (2 mg/kg) in corn oil to Sprague—Dawley In order to simplify the IsoP mixtures formed from arachi-
rats for 2 h, the animals were anesthetized with pentobarbitaldonate oxidation, we have adapted the strategy of conversion
(60mg/kg) intraperitoneally and sacrificed; subsequently, of a single peroxyl radical to its IsoP products. Thus, 15-
the livers were removed. Approximately 1.0g of tissue HpETE was prepared from enzymatic reaction or autoxida-
was immediately homogenized and extracted in Folch tion and converted to its oxidation products under typical
solution (MeOH:CHCi=1:2) to obtain a crude phospho- free radical conditions. According to the proposed mech-
lipid extract. Basic hydrolysis was carried out in 0.5mL anism for IsoP formation, only 15-series-SoPs can be
MeOH and 0.5 mL of 15% KOH at 3C for 30 min. After formed from the oxidation of 15-HpETE. Employing this
adjusting the pH to 3, the mixture was loaded on a C18 strategy significantly simplifies the oxidation mixture formed
Sep-Pak (Waters Associates, Milford, MA) cartridge that compared to that observed from the oxidation of arachidonic
was preconditioned with 5mL methanol and then 5mL acid. Reverse-phase HPLC was then used to separate the di-
water. The column was washed with 5mL of water and astereomers and ESI-MS was used as a detection method.
5mL of heptane. The eluent of 10 mL ethyl acetate was CID was carried out by selecting the parention of interest in
collected. After evaporation of the solvent, the residue was the first quadrupole of a triple quadrupole mass spectrometer

2.6. Oxidation of 15(S)-HpETE

15(5)-HpETE was generated using the 15-lipoxygenase
enzyme according to previous proceduf&8]. The prod-
uct oxidation mixture was obtained by incubation of 15-
HpETE under free radical conditions using 0.1 equivalent
of MeAMVN as an initiator. A typical oxidation experiment
was carried out as follows:1.0 mg of 15-HpETE was mixed
with 10% (molar) of MeAMVN in 1 mL anhydrous benzene.
The mixture was stirred at 3T under an air atmosphere for
24 h. The oxidized mixture was diluted in benzene and stored
at—78°C with BHT.

reconstituted in 80% water and 20% (MeOH:£N = and fragmenting it in the second quadrupole to give struc-
5:95). tural information of the parent ion. The CID result of PigF
HO HO HO HO
:" SR ¥R O/E/W ONE/FH
> ., R> Q/\rnz > o R, > ",/\/F‘z
5 (e~ N 2 < = < 2
HO /Y HO HO /\r HO :
OH OH OH OH
A: 12,15-di-epi B: 15-epi C: 8,12,15-tri-epi D: 12-epi
HO HO HQ HQ
F _.\\E/R] _‘: o ,H1 : - H1 : - H1
5@\%\.«“2 IR TN R TN R
H = H = H H jut
0 OH 0 OH 0 OH 0 OH
E: PGFy, F: 8, 12-di-epi G: 8,15-di-epi H: 8-epi

H1 = -(CHz)gCOOH, Rz = C5H11

Scheme 3.
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is illustrated inFig. 1 Besides non-selective fragmentations, Fig. 3. SRM of k-IsoPs as PFB esters from 15-HpETE oxidation (nor-
such as dehydration and lossof; 44, a fragment ofn/z mal phase LC/APCI-MS, 12% IPA/hexane, Beckman Si, 4.6:x250 mm;
193 is observed and was confirmed to result from multiple SRM:7/z353-193 @ 30eVn/z 357-197 @ 30eV).

bond cleavages in the gas ph§22,23] This fragmentation
is characteristic of 15-seriegpffsoPs. A SRM experiment ! S
was then carried out by selecting the parentign 353 o Sistent with literature repor{24,25}

daughter iom/z 193 transformation. The results of the SRM Recently, electron capture (EC) APCI-MS has been
experiment of an oxidation mixture of 15-HpETE are shown applied to study synthetic and biological molecules after
in Fig. 2 There are seven distinguishable peaks in the SRM €lectrophilic derivatizatiof?6,27] This technique combines
chromatogram and the structure giving rise to each peak wasdihe uItrg—sensmwty and selectivity of electron capture with
assigned by comparison with synthetic standards. The dias-SeParation methods such as HPLC. The same method was

teromers B and F cannot be separated under these conditiongmployed to analyze the oxidation mixture of 15-HpETE
It is well documented that PGE is not a major diastere- after triphenylphosphine reduction and PFB esterification.

omer in the autoxidation process althoughiitis thermodynam- he PFB esters ofF-lsoPs are separated by normal phase
ically favored. The chromatogram showrfiiy. 2shows that ~ HPLC using 12% isopropanol in hexane as mobile phase.
diastereomers with twais alkyl chains, such as A, D, G and The same type of fragmentation was observed using electron

H, are formed in greater amounts than compounds havingCaPture APCI-MS because the PFB moiety is readily lost
and forms the carboxylate anion. The SRM results are

summarized inFig. 3. Six peaks were observed and have
been assigned by comparison with synthetic standards. By
using electrospray and electron capture APCI ionization
techniques, the eight possible diastereomers of 15-series
F»-IsoP have been unequivocally identified for the first time.
Subsequently, we analyzed the complex oxidation mixture
derived from the peroxidation of arachidonic acid in vitro as
well as the liver lipid extract from rats that have been treated
under oxidative stress using reverse-phase LC coupled with

trans substituted alkyl chains such as P&gKpeak E), con-

100
80
60
40

20

Relative Abundance

100 2111
ESI-MS. Although four series offFlsoPs can be formed from
80 PGF,,-d, the oxidation of arachidonic acid, the 5- and 15-series of IsoPs
60 are formed in more abundance than 8- and 12-series because,
0 as noted, the precursors of the 8- and 12-series compounds
can be further oxidized to form dioxolane-IsoR24]. This
20 regioselectivity of B-1soP formation has been observed both
¢ e e in vivo and in vitro[22,23] Furthermore, these four series
8 10 12 14 16 ‘BTinfne (nffn) 24 26 28 30 of Fo-IsoPs have their characteristic fragmentation in the gas

phase of MS when the parent ion is collisionally activated

Fig. 2. SRM of B-IsoPs from 15-HpETE oxidation (reverse-phase Lc/Esl-  Under CID conditions§cheme $#[17,22,23,28] Therefore,
MS. SRM:m/z 353-193 @ 30 eVin/z 357-197 @ 30eV). SRM can be employed to differentiate the four regioisomers.
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chromatography is much more complex than that observed (a)
from the oxidation mixture of 15-HpETE alone because F

IsoPs can be generated from four possible peroxyl radical
precursors. Four series op#soPs are detectable but the 5-

and 15-series are formed in much greater amounts than the

8- and 12-series. The diastereomer pattern of the 15-series .8,
IsoPs is similar to that observed in the product mixture de-

Time (min)

5-series F; IsoP \

12-series F; IsoP

rived from 15-HpETE. 5-Series,HsoPs can be separated § 50%

by this method and some of the peaks have been identified 3 18 B =

in the literaturg17]. As with the 15-series, the 5-series IsoP _§ 50% 8-series F2 IsoP

diastereomers withis alkyl chains on the prostane ring are :

formed in greater amount than those witims configuration. 2 100

The analytical results derived from the rat liver oxidation are é 50% 15-series Fz IsoP

strikingly similar to those obtained from the in vitro autoxi-

dation of arachidonic acid. 100 MW\A'!\A S|
The same lipid mixtures were also analyzed by APCI-MS 50% I

|
techniques coupled with normal phase HPLC. The SRM POl I\

results are illustrated irFig. 5. Fo-IsoPs of the 5- and

15-series are major regioisomers among the four possible (p) Time (min)

regioisomeric series. Within each group, a number of

diastereoisomers can be separated and identified. The lipidFig. 4. SRM of k-IsoPs: (a) from arachidonic acid oxidation; (b) lipid

extract of oxidized rat liver showed an almost identical €xtractfrom ratliver using reverse-phase LC/ESI-MS in negative ion mode.

chromatographic pattem as those observed fom the nS{T,SSEs: S5 115 0 00, 12t 5 1o et

vitro oxidation mixture of arachidonic acid. As noted and 1y relative intensity is normalized to 5-series.

predicted, PGf, is not a major IsoP diastereoisomer

resulting from the autoxidation of arachidonic acid both in

vitro and in vivo. Rather, diastereomers havirig dialkyl tion [30]. The assay is highly accurate and precise compared

prostane ring substitution are major products. to other methods such as immunogical assays for IsoPs as
well as the measurement of other lipid oxidation products.
[31,32] However, there are some drawbacks associated with

4. Discussion GC/MS assays. Importantly, stereochemical information re-
garding IsoPs cannot be gained from GC/MS analysis since

Free radical-induced autoxidation of polyunsaturated fatty this method does not significantly separate different com-

acids such as arachidonic acid have been implicated in apounds.

number of human diseases. IsoPs are formed from autoxi- In recent years, reports of the use of LC/MS methods to

dation of arachidonic acid in viv§5,29]. Measurement of  analyze IsoPs have appeaf&d,33] These protocols require

these compounds has become a “gold standard” to assess oxninimal sample workup and avoid ex vivo lipid oxidation

idative stress in many human diseases. GC/MS approachesiuring sample workup and derivatization, a potential problem

using chemical ionization in the negative ion mode have beenwith GC/MS protocols. Both ESI-MS and APCI-MS have

widely used to measure IsoPs after PFB and TMS derivatiza- been developed to analyze IsdP8]. However, most reports
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(a) 100 . of IsoPs termed dioxolane-IsoPs from the peroxyl radical
SremtiesiFi laal precursors of the 8- and 12-series ofIBoPs. The peroxyl
radical precursors of the 5- and 15-series cannot form
AJL dioxolane-IsoPs and for this reason, these diasteromers are
formed to a greater extent than the 8- and 12-compoj2ids
12-series F; IsoP The diastereoselectivity of ;JHsoPs has been studied
by using a-linolenic acid as a model compound and the
M‘#‘}\‘w diastereomers withis alkyl chains on the prostane ring
are major products formed, consistent with our observa-
8-series F; IsoP tions reported her¢24,25]. It seems likely that different
isomers of B-IsoPs may have quite different the biological
activities. Their formation, metabolism or clearance may
0 e RO | SO |, YO N . 08 be a biomarker reflecting different oxidative conditions or
100 715-series F IsoP pathologies. Therefore, an enabling protocol to separate
and identify the major isomers in a systematic way may
have important applications. For example, FitzGerald and
co-workers reported that only a limited number ofIBoP
0 2 4 6 8 10 12 14 16 18 20 22 24 26 isomers were elevated in a congestive heart failure patient
Time (min) [17]. Chiabrando et al. studied the metabolism of 15-series
Fo-IsoPs by LC/MS and the diastereocisomers of RGF
1004 5-series Fz IsoP generate quick different metabolite3t].

In summary, the LC/MS methods we report herein permit
the systematic analysis of the eight diastereomers formed in
the four regioisomeric sets obHsoPs. These protocols may

0 have application in the study of the differential biological
activity of these isomeric products, such as the interaction
with receptors, as well as their metabolism and clearance.

Relative Abundance

(b)

12-series F: IsoP

0 PN

100
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