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ABSTRACT. Photosensitized oxidation reactions damage tissue by catalyzing the formation of oxyradicals
and singlet oxygen.p-Carotene is hypothesized to exert photoprotective effects by quenching singlet
oxygen formed by Type Il reactions and by scavenging free radicals formed by Type | rea@iGasotene
antioxidant mechanisms were studied in a phospholipid membrane model of photooxidation with a new
isotope dilution gas chromatographsnass spectrometry (GC-MS) assay that quantitatively distinguishes
singlet oxygen-mediated and radical-mediated lipid peroxidation. This assay measures 9- and 10-
hydroxylinoleate methyl esters and was used to generate photooxidation profiles for the photosensitizers
methylene blue, Rose Bengal, and tetraphenylporphine. These profiles indicate a shift from Type Il to
Type | photooxidation mechanisms in later stages of photooxidafis@arotene (0.45 mol %) inhibited
singlet oxygen-mediated lipid peroxidation at early stages of methylene blue-sensitized photooxidation.
Production of radical-mediated products increased faster than singlet oxygen-mediated products at later
stages. 3-Carotene-5,8-endoperoxide, a specific marker for singlet oxygen oxidatigrcafotene in
solution, was unstable under the incubation conditions and was not detected in this syst@mopherol

(0.45 mol %) was ineffective in inhibiting photosensitized lipid peroxidation, whereas 4.5 mol %
o-tocopherol inhibited almost all radical-mediated lipid peroxidation as well as early-stage singlet oxygen-
mediated lipid peroxidation. Cumene hydroperoxide stimulated radical-mediated lipid peroxidation,
indicating that accumulation of hydroperoxides from Type Il photooxidation may enhance Type | reactions.
These data suggest that singlet oxygen quenching, rather than radical scavenging reactions, accounts for
the photoprotective actions gfcarotene.

Photooxidation reactions are important in light-induced contribute to chain reaction initiation in the presence of
skin toxicity (Mathews-Roth et al., 1974) and photodynamic transition metals (Dix & Aikens, 1993).
therapy of neoplastic disease (Sieber et al., 1984). On
exposure to light, photosensitizers produce reactive oxygen Sﬂ, 3g 1)
species, which can subsequently react with lipids and other
biomolecules [reviewed by Girotti (1990)]. Photosensitizers

e — O
include dyes such as Rose Bengal and methylene blue; drugs S+ A——" A p00 2
such as tetracyclines, amiodarone, and chlorpromazine;
polycyclic hydrocarbons found in coal tars; and endogenous %5+ 0,—~S+'0, (3)

porphyrins (Johnson & Ferguson, 1990; Halliwell & Gut-
teridge, 1989).

Excited photosensitizers can produce reactive oxygen
species via two pathways. Absorption of light excites
photosensitizers from ground state (S) to a triplet st&g (
(eq 1). In Type | reactionss participates in electron transfer
or hydrogen abstraction reactions with nearby molecules,
followed by fast addition of oxygen to form peroxyl radicals
(AOO’) (eg 2). In Type Il reactions3S can transfer its
excitation energy to €to form the nonradical singlet oxygen, — —
a highly reactive excited-state form of molecular oxygen (eq . - Abbreviations: DLPC, 1,2-dilinoleoysnglycero-3-phosphocho- -
3). Free radicals formed in Type | reactions can initiate lipid e’ BT 2.6-ditertbutyl-4-methylphenol, TPP, tetraphenylporphine;

)- Al > - ype 2 lIPId BB, Rose Bengal; RBTEA, Rose Benda(triethylammonium) salt;
peroxidation chain reactions. Singlet oxygen does not initiate BSTFA, bis(trimethylsilyl)trifluoroacetamide; TMCS, trimethylchlo-
lipid peroxidation chain reactions, but it can react with rosilane; FID, flame ionization detection; 9-OH MeLin, 9-hydroxyli-

i . ; noleate methyl ester; 10-OH MeLin, 10-hydroxylinoleate methyl ester;
unsaturated phospholipid to form lipid hydroperoxides that 15 o\ \ielin 12-hydroxylinoleate methyl ester: 13-OH MeLin, 13-
hydroxylinoleate methyl ester; TMS, trimethylsilyl; APCI, atmospheric
TThis work was supported by USPHS Grants CA56875 and pressure chemical ionization-@OH, 9-hydroperoxy-1,2-dilinoleoyl-

Distinguishing between Type | and Type Il photooxidative
mechanisms can be done, in principle, on the basis of
analyses of specific lipid oxidation products. Photooxidation
of DLPC! liposomes results in peroxidation of the linoleoyl!
moieties of DLPC. Radical-mediated (Type |) photooxida-
tion reactions form equal amounts of hydroperoxides at the
9" and 13 positions, whereas singlet oxygen-mediated (Type

ES06694. snglycero-3-phosphocholine; *@OH, 10-hydroperoxy-1,2-dilino-
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Scheme 1: Photooxidation of Linoleoyl Groups in measured with a new GC-MS assay that quantitatively
Phospholipids Forms Hydroperoxides distinguishes between singlet oxygen-specific and nonspecific
o o lipid peroxidation products. We also attempted to monitor
R=0-Cu o~ =~ the formation of g-carotene-5,8-endoperoxide, a major
product and specific marker for singlet oxygen quenching
Free Radicals 0, by -carotene in solution (Stratton et al., 1993). While this
(Type ) (Type Il) product is a potential marker for this activity in more
complex biological systems, LC-MS analysis indicated it was
OOH not formed in detectable amounts in this liposome system.
OOH
S S L=, EXPERIMENTAL PROCEDURES
9'-O0H 9'-00H . . -
OOH OOH Chemicals and Instrumentatiori,2-Dilinoleoyl-snglyc-
WK}LH LAl =L, ero-3-phosphocholine (Avanti Polar Lipids, Alabaster, AL),
13'-00H 10'-00H linoleate methyl ester (Nu-Chek Prep, Elysian, MN), and
HOO methanold, (Cambridge Isotope Laboratories, Andover, MA)
L=, were used as receiveds-Carotene and 12-hydroxylauric
12-00H acid were from Fluka (Ronkonkoma, NY). Methylene blue,
f\F\fJ\}x cumene hydroperoxide, and BHT were from Sigma (St.

Louis, MO). NaH (60% in mineral oil), NaBK TPP, RB,

o L .
a Singlet oxygen oxidation adds -OOH at eithér 20, 12, or 13 RBTEA (dye content 90%), propionic anhydride, and

positions. Oxygen radical attack forms only the conjugated dienyl 9 Platinum oxide were from Aldrich (Milwaukee, WI).  BST-
and 13-hydroperoxides. FA + 1% TMCS was from Pierce (Rockford, IL)o-To-

copherold was a gift from Henkel Fine Chemicals (La

II) photooxidation reactions form equal amounts of hydro- Grange, IL). Methyl 12-hydroxylaurate was prepared via
peroxides at the'910, 12, and 13 positions (Scheme 1) treatment of 12-hydroxylauric acid with ethereal diaz-
(Terao et al., 1981; Girotti, 1990). Since each pathway forms omethane. o-Tocopherol propionate was prepared by es-
equal amounts of the respective isomers, measurement oterification of a-tocopherol with propionic anhydride ac-
9'-O0H or 13-O0H linoleoyl side chains provides an index cording to the general method of Baxter et al. (1943). All
of nonspecific photooxidation, whereas measurement’ef 10 other reagents and solvents were of the highest grade of
OOH or 12-O0H linoleoyl chains provides an index of purity available and were used as received. HPLC analyses
singlet oxygen-specific (Type 1) photooxidation. were done with a Hewlett-Packard Model 1050 four-channel

To quantitatively distinguish photooxidation reaction gradient pump and 1040M diode-array detector system
pathways, we have developed a sensitive assay for theseontrolled with HP ChemStation software. GC-MS analyses
products based on isotope dilution GC-MS. We developed were done with a Fisons MD800 mass spectrometer coupled
these methods to further our studies of the antioxidant actionsto a Carlo Erba 5000 series GC (Fisons Instruments, Beverly,
of g-carotene (Stratton et al., 1993; Kennedy & Liebler, 1991, MA). GC-FID analyses were done with a Hewlett-Packard
1992), which is a highly effective protectantvivo against 5890 series gas chromatograph controlled with HP Chem-
photodamage associated with erythropoetic protoporphyria Station software. HPLC-MS analyses were done with a
(Mathews-Roth, 1993). A very effective singlet oxygen Finnigan TSQ7000 triple-quadrupole instrument (Finnigan
quencherp-carotene quenches singlet oxygen-induced dam- MAT, San Jose, CA), equipped with a DEC 3000 Alpha
age catalytically by a physical mechanism (Foote & Denny, work station, a Finnigan APCI source, and a Hewlett-Packard
1968) and by a chemical mechanism that results in the 1050 HPLC system.
formation of 3-carotene oxidation products (Stratton et al.,  Preparation of 9- and 10-OH MeLin Standard®repara-
1993). As a free radical scavenger, however, the efficiency tion of 9-OH MeLin and 10-OH MeLin was based on the
of B-carotene varies with pQQBurton & Ingold, 1984). At method of Terao et al. (1981). Linoleate methyl ester (100
low pO,, f-carotene has antioxidant behavior that is lost as mg, 340umol) and methylene blue (1.6 mg,&nol) were
pO; increases.-Carotene readily autoxidizes at highpO  dissolved in 50 mL of methanol. This solution was bubbled
and may even act as a prooxidant. Recent studies in ourwith O, in a jacketed borosilicate glass flask and illuminated
laboratory (Liebler et al., 1997) indicate that the effectiveness with a 300-W tungsterhalogen lamp at a distance of 15
of f5-carotene as a chain-breaking antioxidamtuitro is cm for 12 h at 25°C. Solvent was evaporatéd vacua
highly dependent on the conditions of the experimental The product residue was treated with 10 mg of NaBH3
system. In biological membranes containing comparable mL of methanol for 30 min at room temperature to reduce
amounts ofg-carotene andw-tocopherol, the latter exerted  lipid hydroperoxides to lipid alcohols. 4 (3 mL) and 10
the predominant antioxidant effect. Although the photopro- drops of HCI (2 M) were added to the reaction mixture and
tective action ofB-carotene could involve either singlet lipid was extracted with an equal volume of hexane/2-
oxygen quenching or radical scavenging, the effects of propanol (3:2 v/v). Linoleate methyl ester and its hydroxides
antioxidants on these competing photooxidation processeswere separated by normal-phase HPLC onerbSpherisorb
have not previously been quantified. silica column (4.6 x 250 mm), eluted with hexane/2-

The goals of this study were to characterize the contribu- propanol/acetic acid (99:1:0.1 v/v/v) delivered at 1.0 mL
tions of Type I and Type Il processes to photosensitized lipid min~%. Products eluting at 12.7 and 14.2 min were identified
peroxidation in DLPC liposomes and to assess the effectsas 10-OH MeLin and 9-OH MeLin, respectively, by GC-
of the antioxidantg3-carotene andt-tocopherol on Type | MS analysis (described below). These products were col-
and Type ll-mediated photooxidation. These effects were lected and repurified by HPLC as above.

13'-O0H
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Preparation of 9- and 10-OH MeLinsdnternal Standards.  adventitious oxidation during treatment. Samples were
Deuterated internal standards were prepared by transesteridissolved in 1.5 mL of methanol and treated with 5 mg of
fication of 9- and 10-OH MeLin with methanal. Purified NaBH, for 30 min at room temperature. Then 3 mL of®
hydroxylinoleate methyl ester compounds collected above and 10 drops of HCI (2 M) were added to the reaction
were dissolved separately in 1 mL of methadgladded to mixture and the lipid was extracted with an equal volume
approximately 10 mg of NaH, and incubated for 30 min at of hexane/2-propanol (3:2 v/v). The solvent was evaporated
room temperature. Potassium phosphate buffer (3 mL, pHwith a gentle stream of Nand samples were redissolved in
7.0, 2 M) was added and lipids were extracted with an equal 1 mL of KOH/methanol (100 mg/mL) for 10 min at room
volume of hexane/2-propanol (3:2 v/v). Solvent was re- temperature, followed by addition of 2 mL of potassium
movedin vacuoand deuterated lipids were stored in hexane phosphate buffer (pH 7, 2 M). Samples were extracted with
at —20 °C. Synthesis and recovery of deuterated products an equal volume of hexane/2-propanol (3:2 v/v) and trans-
were confirmed by GC-MS analysis (described below). ferred to silanized 1.5 mL screw-cap autosampler vials.

Quantification of Hydroxylinoleate Methyl Ester Standards Lipid Derivatization and Catalytic HydrogenatiorPrior
by GC-FID. A standard curve was prepared from dilutions 4 gerivatization, 25 nmol of 9- and 10-OH MeLéinternal
of pure 9-OH MeLin [quantified by UVvis, € = 25,900 giandards were added to each vial. TMS ethers were
M~tin hexane (Chan & Levett, 1977)] ranging from 20 to prepared by addition of 100L of BSTFA 4+ 1% TMCS to
200 ng of the standard injected and containing 21 ng of samples, which were sealed with a Teflon-lined cap and
internal standard methyl 12-hydroxylaurate. Samples Were haated for 45 min at 68C. After heating, samples were
derivatized to form TMS ethers and injected on-column onto evaporated with a gentle stream of Bind redissolved in
a 20 mx 0.53 mm i.d. DB-5 capillary column (J & W o 5'm| of distilled ethyl acetate. Platinum oxide (3 mg)
Scientific, Folsom, CA) with helium as the carrier gas and ;45 added to each vial and samples were purged with H
were detected with flame ionization. The GC oven temper- 4 5 min to reduce samples to TMS ethers of stearate methyl
ature was 100C for 2 min, then programmed to 28C at ester. Solvent was evaporated with a gentle stream,of N
15°C min™?, and held at 280C for 6 min. The detector 54 samples were immediately redissolved in 0.5 mL of

temperature was 25. Stock solutions of 10-OH MeLin, (5 ene for GC-MS analysis. The platinum catalyst settled
9-OH MeLinds, and 10-OH MeLind; were standardized 4 the pottom of the vial and did not interfere with sample

by similar GC-FID analysis of aliquots calibrated with the j iaction. For standard curves, mixtures of standard 9- and
9-OH MeLin standard curve. Since 9-O-TMS, 10-O-TMS, 10-OH MeLin (1-100 pmol) were carried through the

9-0-TMS-ds, and 10-O-TMSg; ethers of linoleate methyl e jyatization/hydrogenation procedure described above.
ester are positional isomers, GC-FID response factors of each . L o
were assumed to be equal, within experimental error. TMS GC-MS Analysis of ProductsTMS derivatives of lipid
derivatization of hydroxylinoleate methy! ester isomers was ©Xidation products were injected on-column with a Fisons
confirmed with parallel analysis by GC-MS (data not shown). A200S autosampler, separated on a 30n0.25 mm i.d.
Liposome Photooxidation and Extractios gentle stream ~ PB-5ms capillary columnJ & W Scientific, Folsom, CA)
of N, was used to remove solvent and form a thin film of With helium as the carrier gas, and ionized with a 70-eV
DLPC (10 mg, 12.§mol) in a silanized round-bottom flask. ~ €l€ctron beam. The GC oven temperature was L0br 2
In experiments where photosensitizer was incorporated into Min: then programmed to 28T at 15°C min %, and held
the lipid bilayer, 0.5Qumol of TPP or RBTEA was added at .280. C for 2 min. The transfer !lne and source were
prior to solvent removal. Some preparations contained Maintained at 250 and 20C, respectively. Some samples

p-carotene S-carotene-5,8-endoperoxide, artocopherol were mor_1it9red in the s_elected ion modenat ratios for
incorporated into the liposome membrane. In these experi- characteristic fragment ions of 9- and 10-O-TMS stearate

ments, compounds were mixed with DLPC and solvent was methyl ester and their corresponding trideuterolabeled in-
remov’ed with a gentle stream of,Nprior to liposome ternal standards. Levels of these products were determined

formation. In experiments with cumene hydroperoxide, this With calibration curves prepared from known amounts of 9-
compound was diluted in methanol (2881) and added to and 10-O-TMS stearate methyl ester plus the|r_ deuterated
the buffer prior to liposome formation. Liposomes were analogs_a; mter_nal standards-Tocopherol depletion from
formed by vortex-mixing the contents of the flask for 60 s Photooxidized liposomes was also measured by isotope
in 10 mL of Chelex-treated buffer (50 mM Tris-HCI and dilution G_C—MS according to the method of Lleb!er et al.
100 mM NaCl, pH 7.0) followed by bath sonication for 3 (1996), with hexadeuterolabeledtocopherol as an internal
min. The mixture then was transferred to a 50 mL 3-neck Standard.

pear-shaped flask suspended in £8M,0 bath. The side Synthesis off-Carotene-5,8-endoperoxides-Carotene-
necks were connected to a reflux condenser (cooled with 5,8-endoperoxide was prepared by singlet oxygen oxidation

chilled H,O to prevent evaporation of buffer) and apiGlet
tube. Liposomes were bubbled with, Onder illumination
provided by a 300-W tungsterhalogen lamp at a distance
of 15 cm. Aliquots (1 mL) were removed through the center
neck at various time points. In experiments where photo-
sensitizer was added directly to liposomesus®f RB (0.01
M in H,O) or methylene blue (0.01 M in methanol) was
added immediately prior to illumination.

Lipid Extraction, NaBH Reduction, and Transesterifica-
tion. Liposome samples were extracted with equal volumes
of ethyl acetate containing BHT (2&), 100 nmol) to prevent

of B-carotene with methylene blugd-Carotene (1.6 mg, 3.0
umol) and methylene blue (1.3 mg, 4fnol) were dissolved

in 50 mL of toluene. This solution was bubbled with @

a jacketed borosilicate glass flask and illuminated with a
300-W tungsterrhalogen lamp at a distance of 15 cm for 2
h at 5°C. Solvent was evaporatéu vacug and carotenoids
were separated from the product residue via differential
solubility in hexane. Solvent was evaporatedacug and

the product residue was dissolved in mobile phase for
purification by HPLC, according to the method of Stratton
et al. (1993). All products were handled under reduced light.



12914 Biochemistry, Vol. 36, No. 42, 1997 Stratton and Liebler

HPLC Analysis of Carotenoid DepletionLiposome
samples containing-carotene oi3-carotene-5,8-endoper-
oxide were extracted as described above. Extraction of the
liposomes indicated that recovery @fcarotene was 90%
of the expected level, which indicates that at least 90% of
the added carotenoid was incorporated into the lipid bilayer
(data not shown). With 22 nmol ef-tocopherol propionate
as an injection internal standard, samples were analyzed by
reverse-phase HPLC on an Spherisorb ODS-2 column
(4.6 x 250 mm), eluted with methanol/hexane (90:10 v/v)
delivered at 1.5 mL mint.

: LC-MS AnalySi-s .oﬁ—Carotene-S,8—endoperoxideDLPC Ficure 1: Normal-phase HPLC chromatogram of linoleate methyl
Ilppgomes containing 0.45 mol %Carotgne were photo- ester photooxidation products showing linoleate methyl edfer (
oxidized and sampled at various timepoints. Samples wereang oxidation products 13-OH MeLir2), 12-OH MeLin @), 10-
extracted as described above and aliquots were analyzed foOH MelLin (4), and 9-OH MeLin §).
pB-carotene-5,8-endoperoxide by reverse-phase LC-MS.
Samples were injected onto a/mn Spherisorb ODS-2
column (4.6x 250 mm) and eluted with methanol/hexane
(90:10 v/v) at 1.5 mL mint. Column effluent was directed
through a UV-vis detector and then into the APCI source.

| Y
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somes occurs via two reaction pathways. Type | photooxi-
dation is radical-mediated and forms hydroperoxides at the
9 position on the linoleoyl moiety. Type Il photooxidation
is singlet oxygen-mediated and forms hydroperoxides at both
the 9 and 10 positions. Thus, 600H is a marker for
singlet oxygen-specific lipid peroxidation, wherea<0H
indicates oxidation by both singlet oxygen and radicals. The
contribution of radicals to lipid peroxidation is simply the
difference between levels of-®OH and 1000H. Lipid
peroxidation was measured ove 4 hperiod in liposomes
photooxidized with the photosensitizers methylene blue, RB,
RBTEA, and TPP (Figure 2). Solubility of the lipophilic

RESULTS

Analysis of DLPC Photosensitized Oxidatiomhe com-
pounds $OOH linoleate and T600H linoleate are markers
of nonspecific and singlet oxygen-mediated photooxidation,
respectively, in DLPC liposomes. Analysis of the intact
phospholipid hydroperoxide by GC-MS is precluded by

thermal instability and lack of volatility of the phospholipid  yho10sensitizers RBTEA and TPP is poor in aqueous buffer.
hydroperomdes. Alterna}tlyely, rlgorous_quantltatlve HPLC gjnce photooxidation may partially depend on the proximity
analysis of the phospholipid hydroperoxide poses the daunt-ot the photosensitizer to the membrane (Kochevar et al.,
ing challenge of synthesizing chemically defined standard 1996; Krinsky, 1979), these photosensitizers were incorpo-
phospholipid hydroperoxides and working with these highly a¢eq directly into the lipid bilayer during liposome prepara-
unstable compounds. We have elected to analyze the 9- andjo, - Methylene blue and RB were soluble in the buffer and
10-OCH linoleate moieties as O-TMS derivatives of their \yare added after the liposomes were formed (see Experi-
corresponding hydroxystearate methyl esters. As describedpantal Procedures).

under Experimental Procedures, the analysis involves (1)  ppotooxidation of DLPC liposomes with the different
NaBH, reduction of the phospholipid hydroperoxides 10 photosensitizers produced very different oxidation profiles.
alcohols, (2) transesterification of the phospholipid to hy- |, methylene blue-sensitized photooxidation, production of
droxylinoleate methyl esters, (3) silylation of the 9- and 10- g_ 53nq 10-00H was identical for the first 75 min (early

hydroxy functions, and (4) catalytic hydrogenation to produce stages) of the reaction. From 75 to 180 min (late stages),
the corresponding 9-O-TMS and 10-O-TMS stearate methyl oy els of 9-O0H increased, whereas those of-DiDH

ester derivatives. declined. From the data shown in Figure 2, it is apparent
The isotope dilution GC-MS approach employed here that radical-mediated processes surpass singlet oxygen-
requires high-purity analytical standards for instrument mediated oxidation after initial stages of photooxidation. The
calibration curves, as well as deuterated analogues for alldecrease in product levels after 180 min (very late stages)
analyses. Because these materials were not commerciallywas not unexpected, as the products of interest can undergo
available, we synthesized and standardized the 9- and 10secondary oxidations to other compounds (Loidl-Stahlhofen
hydroxylinoleate methyl esters as described under Experi- et al., 1994), which are not detected in this assay. In TPP-
mental Procedures. These were synthesized by the methsensitized photooxidation, levels of ®DOH did not parallel
ylene blue-sensitized photooxidation of linoleate methyl ester. |evels of 9-OOH as they did in the methylene blue-
Normal-phase HPLC analysis of the oxidation products photosensitized oxidation, indicating that Type || mecha-
(Figure 1) indicated that 12- and 13-OH MeLin were not nisms make a smaller contribution to total lipid peroxidation
separated by this system, whereas 9- and 10-OH MeLin werejn TPP-sensitized photooxidations.
well-resolved. Because of this difficulty in purifying 12- In liposomes photooxidized with RBTEA and RB, prod-
and 13-OH MelLin, we focused exclusively on analyses of ycts were not seen after 30 min. However, these photosen-
9- and 10-OH MeLin. MS data for the O-TMS derivatives  sitizers were rapidly bleached as compared to methylene blue
of 9- and 10-OH MeLin and their deuterated analogues are and TPP. Visible coloration of the liposomes was virtually
presented in Table 1. Fragmentation of the 9-O-TMS apsent by 75 min. More photooxidation occurred with
derivative is consistent with previously reported data (Hughes RBTEA than with RB, though this may reflect differences

et al., 1983; Hubbard et al., 1980).

Time Course Study of Liposome Photooxidation with
Various PhotosensitizersPhotooxidation of DLPC lipo-

in their respective locations in the liposome mixture.
Effect of Antioxidants on Typevs Type Il Photooxidation
in DLPC Liposomes.n our studies with the liposome model,
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Table 1: Electron-lonization Mass Spectra of 9-OH MeLin, 10-OH MeLin, and Their Trideuterolabeled Analogs

product peak né. m/z (rel abundance)
9-O-TMS linoleate methyl ester 5 382 (M 2%), 311 (5), 225 (61), 143 (19), 130 (28), 73 (100)
9-O-TMS-d; linoleate methyl ester 385 (M, 4%), 314 (6), 225 (66), 143 (20), 130 (28), 73 (100)
10-O-TMS linoleate methyl ester 4 271 (100%), 149 (20), 129 (31), 121 (18), 73 (77)

10-O-TMS4; linoleate methyl ester

274 (85%), 149 (19), 129 (32), 121 (18), 73 (100)

aProducts were derivatized to linoleate methyl ester-TMS ethers prior to analysis as described in Experimental Prbtathieage methyl

ester photooxidation product peak isolated by HPLC (Figure 1).
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Ficure 2: Effects of the photosensitizers methylene blue (A), TPP

(B), RBTEA (C), and RB (D) on production of 9DOH (O) and

10-O0H (2) in photooxidized DLPC liposomes. TPP and RBTEA
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were incorporated into the liposome bilayer, whereas methylene

blue and RB were added to the mixture immediately prior to
illumination of the liposomes. Results are expressed as rdean
SD (n = 3).

we employed3-carotene at a concentration of 0.45 mol %,
on the basis of phospholipid. This concentratiorfedar-
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Ficure 3: Effects of antioxidants on photosensitized peroxidation
of liposomes. DLPC liposomes were photooxidized with methylene
blue, extracted, and analyzed by GC-MS as described in Experi-
mental Procedures!“®OH (O) and 10-O0H (») indicate levels
of nonspecific and singlet oxygen-specific photooxidation, respec-
tively, in the presence (filled symbols) and absence (open symbols)
of 0.45 mol %pg-carotene (A), 0.45 mol %-tocopherol (B), 4.5
mol % a-tocopherol (C), and 0.45 mol % cumene hydroperoxide
(D). Results are expressed as meanSD (n = 3). Data for
methylene blue-sensitized oxidation without additives (open sym-

otene was chosen based on previous studies that showe@ols) are reproduced from Figure 2A for purposes of comparison.

liposomes containing more than 0.5 mol 84carotene are
difficult to prepare sincgg-carotene tends to crystallize out
in the aqueous buffer during sonication (Kennedy & Liebler,

high pG,, as in our experiments (Kennedy & Liebler, 1992;
Burton & Ingold, 1984). This is in contrast totocopherol,

1992). Studies in our laboratory showed that microsomes which is less effective as a singlet oxygen quencher but a

from Mongolian gerbils supplemented 6 weeks with 0.1%
dietaryf-carotene contain 0.21 mol %carotene based on
phosphate levels (Liebler et al., 1997). The effect of

better free radical scavenger at highp@s in this experi-
ment (Foote, 1979; Burton & Ingold, 1984)3-Carotene
inhibited both nonspecific and singlet oxygen-mediated

pB-carotene on methylene blue-sensitized photooxidation of photooxidation, indicating that methylene blue photooxida-

DLPC liposomes is shown in Figure 3ApS-Carotene
significantly inhibited early-stage lipid peroxidation for the
first 75 min (Table 2). This was followed by an increase in
products from 75 to 180 min. After 75 min, levels ot 9
OOH increased faster than 'dOOH. This divergence in
the product curves following early-stage lipid peroxidation

tion occurs via mainly a Type Il mechanism, at least in initial
stages. To test this assumption, the effect of 0.45 mol %
a-tocopherol on methylene blue-sensitized photooxidation
of DLPC liposomes was measured (Figure 3B). Early-stage
production of 9 and 10-OOH was not significantly altered

in the presence af-tocopherol as compared to photooxidized

indicates an increasing contribution of radical-mediated control liposomes (Table 2). A divergence it @nd 10-

processes at later stages of lipid peroxidation.

OOH production was observed after 75 min in both control

p-Carotene is an excellent singlet oxygen quencher but aanda-tocopherol-containing liposomes, indicating increasing

poor free radical-trapping antioxidant under conditions of

Type | photooxidation with time in this system. The lack
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Table 2: Effect of Various Agents on Rates of LOOH Isomer Production in DLPC Liposomes Photooxidized with Methyleéhe Blue

agent concentration "®OOH 10-O0H°
control 0.780+ 0.168 0.648+ 0.026
j-carotene 0.45 mol % 0.0820.018 0.058+ 0.012
o-tocopherol 0.45 mol % 0.692 0.190 0.546+ 0.067
j-carotenet a-tocopherol 0.45 mol % 0.27% 0.07¢ 0.2334+ 0.084
a-tocopherol 4.5 mol % 0.044 0.012 0.0184+ 0.00&
cumene hydroperoxide 5uM 1.30+ 0.19¢ 0.696+ 0.105

2 Rates (nanomoles per milliliter per minute) calculated on the basis of linear portion of photooxidation vs time cuEe{). Results are

expressed as meanSD (n = 3). ° Significant differences between rates

of production of respective LOOH isomers as compared to control (DLPC

liposomes photooxidized with methylene blue alone) based on Studeess (two-tailedp < 0.05).

of inhibition of radical-mediated photooxidation appears to
be due to rapid consumption @f-tocopherol by singlet
oxygen in early stages (see below). However, when DLPC
liposomes were photooxidized in the presence of both
f-carotene andx-tocopherol (0.45 mol %), the rates of
product formation were greater than wijfhcarotene alone
(Table 2).

To test the effect of a higher-tocopherol concentration,
the experiment was repeated with 4.5 molo3ocopherol
(Figure 3C). This level ofi-tocopherol caused a significant
lag in formation of both 9 and 10-OOH for the firg 3 h as
compared to control liposomes. After 75 min, there was a
parallel time-dependent increase in both products, indicating
that lipid peroxidation is occurring via a Type Il mechanism.
In contrast to experiments wiffrcarotene, levels of OOH
did not increase faster than '1{00H following the lag in
formation. This indicates that radical-mediated photooxi-

Carotenoid (% of Control)

—1T OT T 1 © 1 7
100 140 180 220 260
Time (min)

-
20 60

dation processes were Suppressed by this Supraphy5|ologlcdf|GURE4 Depletlon of carotenoids from phOtOOXIdlzed |ip050mes.

level of a-tocopherol, even in later stages of lipid peroxi-
dation.

Antioxidant Depletion during Liposome Photooxidation.

Photooxidative processes can result in the destruction of

pB-carotene andx-tocopherol by autoxidation, antioxidant
activity, or chemical quenching of singlet oxygen. Levels
of S-carotene andx-tocopherol were measured during the
course of photooxidation to study their depletion over time.
Depletion of3-carotene in photooxidized DLPC liposomes
was analyzed by HPLC (Figure 4). Photooxidation resulted
in depletion of~35% of theS-carotene at 75 min, with
>40% still remaining after 4 h. The presence of equimolar
a-tocopherol did not affect the depletion kinetics/btar-
otene.

An equivalent level ofa-tocopherol was much less
effective tharns-carotene in inhibiting photooxidative damage
in these experiments. To test the stabilityootocopherol
in this system, depletion was measured by GC-MS (Figure
5). a-Tocopherol was rapidly consumed in this system, even
in the presence of equimolArcarotene or at a 10-fold higher
concentrations (4.5 mol %). When DLPC liposomes con-
taining 0.45 mol %a-tocopherol were photooxidized (with
or withouts-carotene), 90% of the-tocopherol was depleted
by 75 min. Only a slight protective effect gtcarotene on
a-tocopherol depletion was observed from 30 to 75 min. The
slopes of the curves in Figure 5 indicate that the consumption
of a-tocopherol was slightly slower in liposomes containing
the higher concentration ef-tocopherol. It is important to
note that, between 180 and 240 min, the level-#bcopherol

DLPC liposomes containing either 0.45 molB84&arotenel), 0.45

mol % S-carotenet a-tocopherol 4), and 0.45 mol ¥%g-carotene-
5,8-endoperoxided) were photooxidized with methylene blue.
Carotenoids were extracted and analyzed with reverse-phase HPLC
as described in Experimental Procedures. Results are expressed as
percent of carotenoid present in liposomes at time 0 (me&D,
n=3).

time when levels of photooxidation products start to increase
rapidly (Figure 3).

Effect of Cumene Hydroperoxide on Types Type I
Photooxidation in DLPC LiposomesThe accumulation of
hydroperoxides may contribute to radical-mediated lipid
peroxidation by chain-branching mechanisms (Halliwell &
Gutteridge, 1989). We hypothesized that hydroperoxides
accumulated during Type Il oxidation may undergo decom-
position to radicals by the excited-state photosensitizer and
that this may account for the enhanced formation'€d@H
over 10-OOH during late-stage oxidation in Figure 3A. To
test this hypothesis, we added cumene hydroperoxide (0.45
mol %) to DLPC liposomes prior to methylene blue-
sensitized photooxidation. Cumene hydroperoxide stimu-
lated production of 9OOH but not 1060O0H during the early
stages of the experiment as compared to control liposomes
(Figure 3D, Table 2). When this experiment was repeated
in the absence of light, no photooxidation products were
formed (data not shown). This suggests that accumulation
of hydroperoxides should stimulate radical-mediated lipid
peroxidation (Type | oxidation) under photooxidizing condi-
tions.

Evaluation of 5-Carotene-5,8-endoperoxide as a Marker

in liposomes loaded with the higher concentration approachesfor Singlet Oxygen Quenching in Photooxidized DLPC

that of the initial level in liposomes loaded with the lower
concentration ofx-tocopherol. This is approximately the

Liposomes Containing-Carotene. -Carotene-5,8-endo-
peroxide was found to be specifically formed by singlet
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] L of 9- and 10-OH MeLin and their trideuterolabeled ana-

6 }60 logues. This method offers femtomole sensitivity and
. i distinguishes between radical-mediated and singlet oxygen-
5] [ 50 specific lipid peroxidation. We have used this assay to

characterize the contribution of Type | and Type Il oxidative
processes to photosensitized oxidations of lipid bilayers and
the mechanisms of photoprotection by the antioxidants
a-tocopherol andgs-carotene. Our results clearly indicate
the complementary nature of these antioxidants in protecting
against Type | and Type Il oxidative processes, respectively.
The photooxidation products of the linoleoyl moiety of
DLPC are well characterized (van Kuijk et al., 1985; Terao
etal., 1981). Standards of the methyl esters of these products

[ 40
[ 30

[ 20

nmol o-Tocopherol (0.45 mol%)
(%low g'p) j012ydoao |- jowu

1] [10 can be synthesized and reduced to stable hydroxides, as

i ) ‘ demonstrated by Thomas and Pryor (1980). The four

o] S——o, products of this reaction are 9-, 10-, 12-, and 13-OH

20 60 100 140 180 220 260 positional isomers. Normal-phase HPLC analysis of the

Time (min) product mixture does not adequately resolve the 12- and 13-

Ficure 5: Depletion ofa-tocopherol from photooxidized lipo-  OH isomers, whereas baseline resolution of 9- and 10-OH
somes. DLPC liposomes containing 0.45 mol ¢4ocopherol isomers was achieved (Figure 1). This is consistent with

&D_t)écoc;gﬁerpoﬁl(;;"gvgfg%ﬁ’%%(g; d%ggﬁ?g‘%ﬁ%;gﬂﬁﬁg%% previous studies on photooxidized linoleate methyl ester

copherol was extracted and analyzed with GC-MS as described in(Thomas & Pryor, 1980; Chacon et al., 1987). Type |

Experimental Procedures. Results are expressed as-n&&n ( photooxidation of DLPC forms equal amounts ¢f &nd

= 3). 13-OO0H, while Type Il photooxidation forms equal amounts
S ) i of all four isomers. Since these processes form equal

oxygen oxidation ofs-carotene in homogeneous solution  amounts of their respective isomers, levels bfghd 10-

(Stratton et al., 1993). Formation of this product during ooH serve as indices of nonspecific and Type Il-mediated
liposome photooxidation could be used as a chemical markerpnotooxidation, respectively.

for singlet oxygen quenching h§-carotene in membranes. Absolute quantification of purified 9- and 10-OH MeLin

APCI LC-MS can provide rapid identification and quanti- (anq their trideuterated analogues) was achieved with a
fication of -carotene oxidation products (Liebler & Mc-  compination of UV-vis and GC-FID. 9-OH MeLin contains
Clure, 1996). To detect this product, photooxidized lipo- 4 strongly absorbing conjugated diene chromophore and can
somes containing 0.45 mol gcarotene were analyzed by  pe quantified with U\-vis spectroscopy based on published
APCI LC-MS as described above. Liposomes were analyzedeytinction coefficients (Chan & Levett, 1977). The 10-OH
for -carotene-5,8-endoperoxide at 0, 5, 10, 15, 45, 60, andisomer does not contain a conjugated diene and quantification
120 min of oxidation, by selected ion monitoringmtz569  pased only on the weakly absorbing carbonyl is unreliable,
(IM + H]™) following calibration with standards gf-car-  gince the absorbance maximum of this functional group is
otene andf-carotene-5,8-endoperoxide. However, this near or below the UV cutoff of most solvents. FID responds
product was not observed even at sensitivity levels in the proportionately to the number 6fCH,— groups introduced

range of 120 fmol. . into the flame (Willard et al. 1988). Since 9- and 10-OH
The absence gf-carotene-5,8-endoperoxide may be due \jeLin vary only in the position of the hydroxyl group, FID

to rapid breakdown under the conditions of photosensitized yetector response to equal amounts of these compounds is
oxidation. To evaluate the stability of this product, DLPC  555umed to be equivalent, within experimental error. This
liposomes were loaded with 0.45 mol flecarotene-5,8-  45sumption was used in a previous study of fatty acid methyl
endoperoxide and photooxidized with methylene blue. Deple- ggier quantification by Onkenhout et al. (1995).  Thus, stock
tio.n ofﬁ—carotene—S,8—endop_eroxide was analyzed by HPLC g utions of 10-OH Melin can be quantified by GC-FID
(Figure 4). These data indicate thétarotene-5,8-endo-  ging calibration curves based on known amounts of 9-OH
peroxllde is ra_lpldly depleted unde_r these conditions qnd may\eLin. Deuterium-labeled 9- and 10-OH MeLin, prepared
explain why it was not detected in the above experiments. py yransesterification with methandi-and quantified with
DISCUSSION GC-FID, serve as internal standards for GC-MS analysis of
these compounds.

Here we report the application of a specific assay for free  GC-MS analysis of hydroxylinoleate methyl ester isolated
radical and singlet oxygen-dependent lipid peroxidation to from photooxidized DLPC liposomes is simplified by satura-
studies of photosensitized membrane oxidation. Other assaysion of the double bonds prior to analysis. Specific detection
measure lipid peroxidation both directly and indirectly and of 9-OH MeLin with GC-MS is difficult since TMS ethers
include UV—vis analysis of conjugated dienes, the thiobar- of 9- and 13-OH MeLin are not completely resolved, and
bituric acid-reactive substances test (TBARS), and GC or both show fragment ions ah/z225 and 311 (Lehmann et
HPLC techniques. However, these assays are unable tcal., 1992). Hydrogenation of products eliminates this
quantitatively distinguish between radical-induced and singlet problem since TMS ethers of hydroxystearate methyl ester
oxygen-induced lipid peroxidation. In this study, a new isomers all have isomer-specific fragment masses (Chart 1).
method for quantitative determination of nonspecific vs Type Catalytic hydrogenation was adapted from the method of
Il-mediated photooxidation products in liposomes was Lehmann et al. (1992), in which products are subjected to
developed based on the production of quantitative standardshydrogenation with platinum oxidef-after TMS derivati-
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Chart 1: Key Electron-lonization MS Fragment lons of 9- Scheme 2: Mechanisms of Photosensitizer-Induced Lipid
and 10-O-TMS Stearate Methyl Ester Peroxidation at Early and Late Stages
229 S
o OTMS Early Stage
CH3(Dg)_O—C lhv
259 (262
S*
Type llloz Type | 102
h) 273 (276) o, Oxyradicals
CHy(D3)—0—C
lLH lLH
OTMS
215 9-,10-, 12-, and 13-O0H 9- and 13-00H

a Specific carboxy-terminal fragment ions for 9-O-TMS stearate
methyl esterifi/z259) and 10-O-TMS stearate methyl est@/273)
were monitored along with corresponding ions for trideuterated internal
standardsr(i/z262 andm/z 276).

zation. This simplifies sample preparation by eliminating Late Stage

platinum oxide filtration steps and preventing possible 1hv
interference of the platinum oxide with BSTFA derivatiza-

tion. s*

Selected ion monitoring of characteristic fragment ions of Type uloz Type | 102
methyl stearate TMS ethers is sensitive and specific for the )
positional isomers of interest. Since fragment ions are © Oxyradicals
characteristic of their respective compounds, coelution of the " Lo lLH
other oxidation products is not a problem. Fragmentation L3O-
patterns for the final derivatized products 9- and 10-O-TMS  g¢_ 10. 12- and 13-00H L s — 5 9 and13-O0H
stearate methyl ester are shown in Chart 1. %

Application of this assay permitted evaluation of the  ®Excited-state sensitizer (S*) catalyzes Type | and Type Il photo-
divergence in Type | and Type Il processes in photooxida- °Xidation. At later stages, lipid hydroperoxides produced by Type I
. LT . mechanisms may accelerate radical-mediated lipid peroxidation by
tions. PhOtOOXIdatIO_n of DLPC “POSQmeS by m_ethylene blue undergoing sensitizer-induced decomposition to radicals® (&l
showed a parallel time-dependent increase'ina@d 10- LOOY).

OOH as expected (Figure 2). However, levels 60®H

increased faster than tQOH at later time points. This triethylammonium salt generated comparable amounts -of 9
divergence can be interpreted as a shift in oxidative processesand 10-OOH, although the yield of products was curtailed,
from singlet oxygen-mediated photooxidation (Type Il) to especially after 30 min. This result is probably due to the
radical-induced lipid peroxidation (Type I). It thus appears rapid bleaching of photosensitizer that was observed in these
that Type Il mechanisms prevail in early stages of methylene experiments. The observed differences in product distribu-
blue-sensitized lipid peroxidation, whereas radical-mediated tion presumably reflect differences in the properties of the
processes are responsible for a greater fraction of lipid excited-state sensitizers.

peroxidation at later stages. A buildup of lipid hydroper- A particularly interesting finding of this work is the shift
oxides at early stages may enhance Type | photooxidationfrom Type 1l to Type | photooxidation with time in

at later stages (Scheme 2). Lipid hydroperoxides may readily methylene blue-sensitized photooxidations. We postulated
undergo secondary reactions with excited-state sensitizer (otthat this shift resulted from the accumulation of lipid
possibly Q) to form radicals that can initiate lipid peroxi- hydroperoxides from Type Il lipid oxidation, which then
dation via Type | mechanisms (Scheme 2). Following reacted with the excited sensitizer to form free radicals
initiation, propagation of lipid peroxidation chain reactions (Scheme 2). The resulting radicals then initiate free radical
is pO-dependent, not photosensitizer-dependent. Thus,autoxidation, which generates excessO®DH via chain-
levels of radical-mediated products may increase rapidly at carrying peroxyl radicals. To test this hypothesis, we
later stages of lipid peroxidation. performed methylene blue-sensitized photooxidations in

Products formed by secondary decomposition of lipid liposomal suspensions supplemented with cumene hydro-
hydroperoxides are no longer detectable by this assay. Thusperoxide. GC-MS analysis indicated that cumene hydro-
at very late stages these results suggest that hydroperoxid@eroxide stimulated the formation of-@OH but not that
products are decreasing when overall oxidation actually is of 10-OOH. This pattern reflects increased radical oxidation
increasing (Figure 2A). High levels of lipid hydroperoxides of the DLPC and is consistent with excited photosensitizer-
may compete for radicals due to the facile loss of the dependent decomposition of hydroperoxide to free radicals.
hydroperoxide hydrogen (Porter et al., 1995; Dix & Aikens, This interpretation is further supported by the absence of a
1993). cumene hydroperoxide-stimulated formation 6{C30H in

Simultaneous measurement of singlet oxygen-specific anddark controls. It is also possible that increased radical
nonspecific lipid peroxidation is useful in determining a formation may be due in part to breakdown of hydroperoxide
photooxidation profile of photosensitizing agents. Methylene by transition metal contaminants in the reaction medium.
blue causes more singlet oxygen-mediated lipid peroxidation However, this seems unlikely to account for the magnitude
than TPP does in this system. Rose Bengal and itsof the stimulatory effect observed with cumene hydroper-
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oxide, as the availability of metal catalyst rather than that and suppress radical-mediated lipid peroxidation throughout
of the hydroperoxide would be rate-limiting in this system. the experiment. These data indicate that, at physiologic
Nevertheless, even in photooxidations occurring exclusively concentrations in the lipid bilayee|g, 0.05-0.2 mol %

by a Type Il mechanism, some excess 608DH would be (Sevanian et al., 1982; Kornbrust & Mavis, 198®}toco-
expected due to the combined effects of (1) transition metal pherol is a relatively ineffective quencher of singlet oxygen
contamination, (2) sensitizer-induced decomposition of hy- and is instead readily consumed. Thus, antioxidant actions
droperoxide product, and (3) possible artifactual autoxidation of a-tocopherol in photosensitized oxidations are probably

during sample workup.
Although 3-carotene is an effective antioxidant in photo-
sensitized oxidations, the relative contributions of singlet

oxygen quenching and radical scavenging have not beenpreventa-tocopherol depletion.

confined to free radical scavenging and suppression of Type
| reactions.

Interestingly, the presence of equimagfacarotene did not
In liposomes containing

quantified. Application of the GC-MS assay described here both antioxidants, neither significantly affected the depletion

provides a unique means of assessing the mechanisms obf the other.

antioxidant action forS-carotene andu-tocopherol. As
shown by the data in Table 2 and Figure Bcarotene
inhibited photooxidation in this systengi-Carotene equally
suppressed the formation of bothGOH and 10600H as
compared to control. This indicates th@icarotene acted

Similarly, equimolan-tocopherol did not
enhance suppression of photooxidatiorybgarotene when
both antioxidants were present. Photooxidation product
levels were actually slightly higher than levels seen when
pB-carotene alone was present (Table 2). This result may
reflect some mild prooxidant interaction of the two antioxi-

almost exclusively to suppress Type Il oxidation. Since dants at the elevated oxygen tension used in our experiments.
[-carotene effectively suppressed virtually all photooxidation Alternatively, one antioxidant may have altered the mem-
for the first 75 min of the experiment, methylene blue brane distribution or microenvironment of another, thus
photooxidation in this system appears to work mainly via a affecting antioxidant performance. The lack of a synergistic
Type Il mechanism. This is consistent with previous studies antioxidant interaction is somewhat surprising given that
indicating Type Il mechanisms in methylene blue-sensitized -carotene would be expected to prevent singlet oxygen-
photooxidations (Frankel et al., 1979; Ojima et al., 1993; dependenti-tocopherol oxidation. However, differences in
Terao et al., 1981). However, the accumulation of small a-tocopherol angi-carotene depletion kinetics suggest that
amounts of hydroperoxide products led to enhan¢edQH the two antioxidants may not have the same degree of
formation, even when a significant fraction of thecarotene interaction with oxidants in this system. The results show
was present. This divergence in the slopes of the photo-thata-tocopherol was consumed much faster {fhararotene.
oxidation product curves after 75 min indicates an increase This is consistent with the results of Oshima et al. (1993).
in Type | (radical-mediated) photooxidation. This result Our HPLC analyses g#-carotene consumption indicated that
indicates that althougl-carotene effectively suppresses only 35% of thes-carotene was depleted by 75 min. Itis
Type |l oxidations, small amounts of hydroperoxides nev- possible that thg8-carotene present in the reaction system
ertheless lead to significant increases in Type | oxidation, may not be as completely distributed throughout the liposome
which was not effectively suppressed. Indeed, the higher membrane ae-tocopherol. Due to the hydrophobic nature
the contribution of Type | mechanisms, the less effective of g-carotene, microcrystalline aggregates may be formed
p-carotene would be in suppression of photooxidation. This in suspension or within the bilayer during liposome prepara-
is supported by previous studies in our laboratory that showedtion (Kennedy & Liebler, 1992). Aggregates in suspension,
[-carotene to be a poor antioxidant in lipid bilayers undergo- which may be essentially inert toward reactions with lipid

ing exclusive radical-mediated oxidation at high,§Rennedy
& Liebler, 1992; Liebler et al., 1997).

o-Tocopherol displayed a strikingly different antioxidant
profile in these experimentsa-Tocopherol is a highly
effective radical chain-breaking antioxidant but is 100-fold
less effective thas-carotene as a singlet oxygen quencher

molecules, would still appear in carotenoid extracts from
liposomes and may be responsible for the apparent stability
of B-carotene indicated by the data in Figure 4.

Singlet oxygen oxidation gf-carotene formg-carotene-
5,8-endoperoxide (Stratton et al., 1993). This product is
specific for singlet oxygen oxidation and was prepared by

(Foote, 1979), though recent studies have shown the ef-us as a marker for this action. Quantification of this marker
fectiveness ofi-tocopherol as a singlet oxygen quencher may product in complex systems would provide an index of
vary with the membrane microenvironment (Fukuzawa et singlet oxygen quenching k§-carotene. Due to chromato-

al., 1997). Photooxidation was not suppressed by 0.45 molgraphic and spectroscopic similarities with other oxidation
% o-tocopherol in this system (Table 2). The divergence products, LC-MS is the method of choice for analysis of

between curves of '9DOH and 1000H suggested that
o-tocopherol was not effective in suppressing radical-
mediated lipid peroxidation after 75 min (Figure 3). How-
ever, GC-MS analyses indicated tha®0% depletion of
a-tocopherol had occurred by 75 min of photooxidation
(Figure 5). A 10-fold increase in-tocopherol concentration
to 4.5 mol % suppressed all photooxidation from O to 75
min. Photooxidation increased gradually from 75 to 240 min
with only a minimal difference between the amounts 6f 9
and 10-OOH produced, indicating that Type | photooxidation
was almost completely suppressed (Figure@Tocopherol

this compound, as it provides a high degree of specificity
and sensitivity. However, APCI LC-MS analysis failed to
detect this product in the reaction mixture. To test the
stability of this product, DLPC liposomes were loaded with
0.45 mol %p-carotene-5,8-endoperoxide and photooxidized
with methylene blue. Figure 4 indicates that this product is
much less stable thafi-carotene under these conditions,
probably due to decomposition caused by lipid radical
intermediates formed during lipid peroxidation. However,
this does not mean that this product should be dismissed as
a biomarker for singlet oxygen activity in biological systems.

levels remained high enough to almost completely suppressStability of this compound appears to be environment-

singlet oxygen-mediated lipid peroxidation for the first 2 h

dependent. In contrast to the liposome systgroarotene-
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5,8-endoperoxide was easily isolated from the solution model Hubbard, W. C., Houg, A. J., Jr., Brash, A. R., Watson, J. T., &

where harsh photooxidation conditions existed (Stratton et

al., 1993). In living systems the stability of this compound

may be enhanced by membrane microenvironment, position-
ing, or the presence of other biomolecules in the membrane.

The utility of g-carotene-5,8-endoperoxide as a biomarker
is therefore unresolved.

In conclusion, application of a new GC-MS assay made
it possible to dissect the contributions of Type | and Type I
reactions to photosensitized oxidations of lipid bilayers.
f-Carotene was a highly effective inhibitor of Type I
oxidation by virtue of its effectiveness as a singlet oxygen
quencher. In contrast, physiologic levels @ftocopherol
were ineffective in suppressing photosensitized oxidation,
whereas at supraphysiologic concentratiomgpcopherol
suppressed both Type | and Type ll-mediated oxidation.
Application of this analytical approach holds promise for
future studies of photosensitized oxidative injury in animal
models and human studies.
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