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ABSTRACT. Phospholipid hydroperoxide glutathione peroxidase (PHGPX) is a selenoenzyme that can
catalyze the direct reduction of various membrane lipid hydroperoxides and by so doing could play a
vital role in cytoprotection against peroxidative damage. The activity of purified testicular PHGPX on
several photochemically-generated cholesterol hydroperoxide (ChOOH) species was investigated, using
high-performance liquid chromatography with electrochemical detection for peroxide analysis and thin-
layer chromatography witHC-radiodetection for diol product analysis. The following ChOOH isomers
were monitored: &-OOH, 60-OOH, §3-O0H (singlet oxygen adducts), and unresolved73-OOH
(derived from ®-OOH rearrangement). Apparent first-order rate constants for GSH/PHGPX-induced
peroxide loss (or diol accumulation) in Triton X-100 micelles, unilamellar liposomes, or erythrocyte ghost
membranes increased in the following ordea-60H < 6a-O0OH ~ 7a,75-O0H < 65-O0H. A similar

trend was observed when the peroxides were incubated with Triton lysates of Se-replete L1210 or K562
cells, implicating PHGPX in these reactions. Consistent with this, there was little or no ChOOH reduction
if GSH was omitted or if lysates from Se-deprived cells were used. Liposom&®GH was found to be

much more cytotoxic than equimolar liposom#&-@OH, producing a 50% loss of L1210 clonogenicity

at ~%/s the concentration of the latter. Faster uptake @@OH was ruled out as the basis for greater
cytotoxicity, suggesting that relatively inefficient metabolism by the GSH/PHGPX system might be the
reason. As supporting evidence, it was found that cells accumulate the diol reduction prodaet of 5
OOH more slowly than that of #OOH during incubation with the respective peroxides. Slow
detoxification coupled with rapid formation makes-®OH potentially the most damaging ChOOH to
arise in cells exposed to singlet oxygen.

Unsaturated phospholipids, glycolipids, and cholesterol are iron, LOOHs undergo one-electron reduction to oxyl radicals,
prominent targets of oxidative damage in biological structures which, either directly or after conversion to epoxyallylic
such as cell membranes and lipoproteins. This damage,peroxyl radicals (Gardner, 1989), can trigger chain reactions
known as lipid peroxidation, can be triggered by a wide that exacerbate peroxidative damage (Girotti, 1990; Ba-
variety of physical and chemical agents, including ionizing chowski et al., 1991). Cells cope with these effects by
radiation, ultraviolet radiation, and activated oxygen species reducing LOOHS to less toxic alcohol derivatives, which are
such as ozone, hydroxyl radical, and singlet oxygen (Kappus, eventually replaced via repair processes (Ursini et al., 1991).
1985; Halliwell & Gutteridge, 1989; Girotti, 1985). Lipid One or more GSH-dependent enzyme(s) in the selenoper-
peroxidation can be mutagenic as well as cytotoxic and hasoxidase (SePX) family play(s) a key role in the reductive
been linked to pathological conditions such as atherosclerosisdetoxification of LOOHs. Two well-characterized SePXs
ischemia-reperfusion injury, inflammatory arthritis, and car- are expressed by most eucaryotic cells (Flohe, 1989),
cinogenesis (Halliwell & Gutteridge, 1989). Peroxidation
may also play a role in the cytotoxic effects of various 1 Apbreviations: AlPc$ chloroaluminum phthalocyanine tetrasul-
chemotherapeutic and phototherapeutic agents (Halliwell & fonate; Ch, cholesterol; ChOOH, cholesterol hydroperoxide; ChOH,

; - Girotti ; i hydroxycholesterol; DCP, dicetylphosphate; DFO, desferrioxamine;
Gutteridge, 1989; Girotti, 1985, 1990). During the peroxi GPX, glutathione peroxidase; HPLC-EC(Hg), high-performance liquid

dative process, lipid hydroperoxides (LOOHsan arise as  chromatography with mercury cathode electrochemical detection:;
characteristic end-products or intermediates, depending onk-Se(+), selenium-replete K562 cells;8e(), selenium-deficient

the availability of electron donors and redox metal ions K562 cells; LGo, concentration that reduces cell survival by 50%;

. ; ; . CirAtt LOOH, lipid hydroperoxide; tSe(+), selenium-replete L1210 cells;
(Kappus, 1985; Halliwell & Gutteridge, 1989; Girotti, 1985). -Se”), selenium-deficient L1210 cells.0500H, 3-hydroxy-G-
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glutathione peroxidase (GPX; EC 1.11.1.9) and the so-calledtoluene) was from Amersham Life Sciences Inc. (Arlington
phospholipid hydroperoxide glutathione peroxidase (PHGPX; Heights, IL). Burdick and Jackson Corp. (Muskegon, MI)
EC 1.11.1.12%. GPX, a homotetramer of molecular mass supplied the HPLC-grade solvents. All aqueous solutions
~82 kDa, exists in the cytosol and mitochondrial matrix and except those used in cell culture were prepared with
acts on relatively polar peroxides such agObland fatty deionized, glass-distilled water and then treated with Chelex-
acid hydroperoxides, but not on LOOHs. PHGPX, a 100 to remove trace metal ions that might otherwise catalyze
monomer of molecular mass20 kDa, is found in cytosolic  peroxide decomposition.

and membrane-associated forms (Ursini et al., 1985; Roveri  Cell Culture. Murine L1210 cells and human K562 cells
et al., 1992) and can act on a wide variety of peroxides, were grown at 37C under a humidified atmosphere of 95%
including LOOHSs (Ursini et al., 1991, 1985). In previous air/5% CQ. The growth medium consisted of 10% fetal
work, we demonstrated SePX involvement in cytoprotection calf serum in RPMI medium supplemented with insulin (10
against peroxidative stress by showing that selenium defi- ug/mL), transferrin (5ug/mL), streptomycin (10@g/mL),
ciency makes leukemia cells more sensitive to the lethal penicillin (100 U/mL), and sodium selenite (10 ng/mL or
effects of photodynamic action (Thomas & Girotti, 1989; ~60 nM). Cells were reseeded into fresh medium every 2
Lin et al., 1992) or exogenous peroxides sucheasbutyl days. As needed, serum (the major source of Se) was
hydroperoxide, phospholipid hydroperoxides (PLOOHS), and gradually decreased from 10% to 1%, everything else
cholesterol hydroperoxides (ChOOHSs) (Geiger et al., 1991, remaining constant (Lin et al., 1992). One population of
1993). Other studies showed that purified PHGPX, unlike L1210 or K562 cells, designated%e(t) or K-Seft+), was
GPX, can catalyze the direct reduction of PLOOHs and maintained under these conditions. Another population,
ChOOHs in isolated membranes and lipoproteins (Thomasdesignated tSe(-) or K-Se(-), received everything except
etal., 1990a,b). The relative reactivity of different molecular sodium selenite. Cells were used from five days up to about
species within a given peroxide family, e.g., ChOOH, was one month after withholding selenite. All experiments and
not assessed in that work because of the limited resolving determinations were performed on logarithmically growing
power and sensitivity of the TLC analytical system used. cells.

Taking advantage of a new analytical approach recently Cellular Selenoperoxidase Aditly. Se-supplemented cells
developed in this laboratory, high-performance liquid chro- expressed maximal GPX and PHGPX activity, as measured
matography with mercury cathode electrochemical detection, by coupled enzymatic assay (Thomas et al., 1990), whereas
HPLC-EC(Hg) (Korytowski et al., 1993, 1995), we have >5-day Se-deprived cells were deficient in these activities
been able to monitor and compare the PHGPX reactivity of (Lin et al., 1992; Geiger et al., 1991, 1993). Typical GPX
several photodynamically-generated ChOOHS, includieg 5 values were as follows (units/mg of cell protein): 28%5
OOH, 60-O0H, §3-O0H, and unresolveda;73-O0OH. The [L-Sef+)]; 14.0£ 3.0 [L-Se()]; 9.3+ 1.7 [K-Se+)]; 9.5

first three derive exclusively from singlet oxygen attack on + 1.2 [K-Se()] (means+ SD; n = 4). PHGPX values
cholesterol, and the latter derives from free radical reactions measured on the same cell samples were as follows (units/
or 50-O0H rearrangement (Smith, 1981). Results of novel mg of cell protein): 4.4+ 1.0 [L-Se{)]; 1.7 + 0.7 [L-Se-
experiments comparing the enzymatic reducibility of these (—)]; 7.2 + 3.1 [K-Sef)]; 1.5 + 0.6 [K-Se()] (meanst
peroxides on the one hand and their cytotoxicity on the other SD; n = 4). In agreement with previous findings (Lin et
are described. Our findings thato8DOH is the least  al., 1992; Maiorino et al., 1991), these data indicate that
PHGPX-reactive and most cytotoxic of these species havelL1210 cells express both GPX and PHGPX, whereas K562
important implications on the cytopathological effects of cells express only PHGPX.

singlet oxygen. Cholesterol HydroperoxidesAuthentic 5-OOH and @-
OOH were prepared by AlPgSensitized photooxidation of
EXPERIMENTAL PROCEDURES Ch in pyridine, and, after HPLC-EC(Hg) separation/detection

General Materials. The following chemicals, enzymes, USing a semipreparative column, characterized by NMR
and tissue culture reagents were obtained from Sigma(Korytowski et al., 1991). For preparing radiolabeleg- 5
Chemical Co. (St. Louis, MO): cholesterol; 7-ketocholes- OOH and @-OOH, [“C]Ch (1 mM; ~10 xCijumol) in
terol; egg phosphatidylcholine; 1-palmitoyl-2-oleaytglyc- pyridine was photooxidized and chromatographed similarly.
ero-3-phosphocholine; dicetylphosphate; Chelex-106-(50 70-OOH and any unresolved37OOH (from spontaneous
100 mesh); GSH, NADPH, and bovine glutathione peroxidase; €Pimerization of @-OOH) were prepared by photooxidizing
yeast glutathione reductase; RPMI-1640 medium; insulin, Ch in liposomal form, where rearrangement of ©OH to
transferrin, penicillin, and streptomycin. Hyclone Labora- 70-OOH is more favorable (Beckwith et al., 1989). HPLC
tories (Logan, UT) provided the fetal calf serum; total Se Separation and NMR identification were carried out as
content varied between 25 and 30 ng/mL in the different described (Korytowski et al., 1991). ChOOHSs were quanti-
batches of 100% serum used. Desferrioxamine was obtainedied by iodometric assay (Bachowski et al., 1991).
from Ciba-Geigy Corp. (Suffern, NY), chloroaluminum 'Membrane Pr.eparayon.UmIameIIar I|posom¢s (100.nm
phthalocyanine tetrasulfonate was from Porphyrin Products diameter) containing (i) POPCC]Ch/DCP (for incubation
(Logan UT), and [4“C]cholesterol (53 mCi/mmol in  With GSH/PHGPX after photoperoxidation); (ii) POPC/Ch/

50-O0H or POPC/Ch/j6-OOH (for cytotoxicity experi-
2This enzyme can act on a wide variety of lipid hydroperoxides, ments); and (i) PO_PC/CH’TC]SO"OQH or POPC/Ch/
including species derived from phospholipids, cholesterol, and choles- [*4C]65-OO0H (for peroxide uptake experiments) were prepared
teryl esters. Therefore, the trivial name “phospholipid hydroperoxide by lipid extrusion in PBS (Mayer et al., 1986).
glutathione peroxidase” (PHGPX) is too restrictive; a better designation Ervthrocvte ghosts were prepared by hvpotonic Ivsis of
would be simply “lipid hydroperoxide glutathione peroxidase” (LH- y yie g prep .y yp y .
GPX). In order to avoid confusion in this publication, we retain the Numan erythrocytes and resuspended in PBS after extensive
abbreviation “PHGPX”, despite its shortcomings. washing (Bachowski et al., 1991). Ghost membranes were
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radiolabeled with J*C]Ch by incubating with egg PCAC]- as described (Korytowski et al., 1993, 1995) using a C18
Ch/DCP (5:4:1 mol/mol/mol) liposomes (Bachowski et al., Ultrasphere column (4.& 150 mm; 5um particles) from
1994). After being washed, typical preparations contained Beckman Instruments (San Ramon, CA), an Isco HPLC
0.5-1.0 uCi of [*C]Ch/mL (~2 mg protein/mL). system (Isco Inc., Lincoln, NE), and an EG&G Princeton
Preparation of PHGPX.PHGPX was prepared from rat model 420 mercury drop electrochemical detector. The
testes as described (Roveri et al., 1992) and storecBat mobile phase consisted of (by volume) 81% methanol, 11.5%
°C. The purified enzyme migrated as a single band of acetonitrile, and 7.5% aqueous solution containing 10 mM
molecular mass~20 kDa on sodium dodecyl sulfate- ammonium acetate/1 mM sodium perchlorate. It was
polyacrylamide gel electrophoresis. Specific activity was sparged continuously with high-purity argon that had been
determined by coupled enzymatic assay, using NADPH, passed first through an OMI-1 ;Oscrubber (Supelco,
GSH, GSSG-reductase, and photoperoxidized egg PC (Tho-Bellefonte, PA) to reduce £rontamination to<10 ppb and
mas et al., 1990a). The assay was carried out immediatelythen through a presaturating mobile phase scrubber. The
before using PHGPX in an experiment. mobile phase was delivered isocratically at a flow rate of
Membrane Photooxidation.[*“C]Ch-labeled liposomes  1.0—2.0 mL/min. Dried extracts were dissolved in 2-pro-
and ghost membranes were peroxidized by irradiation with panol, sparged with helium when necessary (Korytowski et
broad-band visible light (fluence ratel50 mW/cni) in the al., 1993), and injected in 2L aliquots. The mercury
presence of 1&M AlPcS, (Bachowski et al.,1994). Total cathode was typically set at an operating potentiat-800
Ch- and PL-derived LOOH was determined by iodometric mV vs a Ag/AgCl reference. &OOH and ,73-O0H
analysis of chloroform/methanol (2:1) extracts (Bachowski were found to have the same EC(Hg) response, which was
et al., 1991; Girotti et al., 1985). ~30% greater than that ofe6 or 65-OOH. Additional
Enzymatic Reduction of ChOOHs in Cell-Free Systems. details are available elsewhere (Korytowski et al., 1993,
Three different systems were monitored: (i) artificial mixture 1995; Bachowski et al.,1994).
of 5a-O0OH, §3-O0OH, and ,75-O0OH standards; (ii) Thin-Layer ChromatographyTLC separation of ChOOHs
photoperoxidized POPCGC]Ch/DCP liposomes; (iii) pho-  and ChOHs was carried out according to published methods
toperoxidized J*C]Ch-labeled erythrocyte ghosts. System (Smith et al., 1967), with slight modifications. Dried lipid
i was incubated in the presence of 5 mM GSH and either extracts from samples recovered during incubation &f]{C
purified PHGPX (0.0%0.05 units/mL) or an extract of ChOOH-containing membranes with GSH/PHGPX or with
Triton-lysed L1210 or K562 cells~2 x 10¥/mL) in PBS cells were dissolved in chloroform/methanol (2:1) and
containing 0.1% Triton X-100 and 50M DFO. Intact applied to Silica Gel-60 plates (EM Science, Cherry Hill,
membranes in systems ii and iii were incubated with 5 mM NJ). The mobile phase was benzene/ethyl acetate (1:1).
GSH and 0.050.1 units of PHGPX/mL. During incubation = Radiolabeled ChOOH and ChOH standards were chromato-
at 37°C, samples were removed, extracted with chloroform/ graphed alongside as markers. The relative amounts of
methanol (2:1), and recovered lipid fractions analyzed for resolved ChOOHs and ChOHs were determined by radio-
ChOOH loss by HPLC-EC(Hg) and for ChOH (diol) imaging using an Ambis 4000 system (Ambis, San Diego,
formation by TLC with radioimaging. Details about the CA). On some occasions when sufficiently large amounts
extraction procedure are provided elsewhere (Bachowski etof material were analyzed, ChOOHs were visualized by
al., 1991; Girotti et al., 1985). spraying withN,N,N ',N '-tetramethylp-phenylenediamine,
ChOOH Uptake and Metabolism by Cell&Jptake was and ChOHs were visualized by spraying with 50% sulfuric
typically assessed by mixing-8e(t) cells in 1% serum/  acid, followed by warming (Smith et al., 1967).
RPMI with 0.4 vol of liposomal *C]50-OO0H or [}C]64-
OOH to give~10 cells/mL and 5QiM initial ChOOH (0.5~ ~ RESULTS
1.0uCi/mL). Samples collected during incubation at°&7 PHGPX-Catalyzed Reduction of ChOOHEBhree different
were centrifuged; after they were washed, cell pellets were systems were analyzed for ChOOHs by HPLC-EC(Hg):
extracted and recovered lipid fractions were subjected to detergent micelles containing peroxide standards (Figure 1A);
scintillation counting. For assessing conversion of ChOOH photooxidized POPCHC]Ch/DCP liposomes (Figure 1B);
to ChOH, lipid extracts from cellular and liposomal fractions and photooxidized'fC]Ch-labeled erythrocyte ghosts (Figure
were analyzed by silica-gel TLC, using radioimaging for 1C). Well-resolved peaks representing-©®0OH, 6-OOH,
detection and quantitation. Analyte identification was based 63-OOH, and '@,73-O0OH were observed for each system.
on ChOOH and ChOH standards run alongside. After a 30-min incubation in the presence of GSH/PHGPX,
Peroxide Cytotoxicity. This was typically assessed by there was a substantial decrease in intensity for most of the
incubating L:Se(t) or K-Se(t) cells (~10°/mL in 1% serum/ ChOOH peaks (compare scans ¢ and a). An unassigned
RPMI) with increasing amounts ofo5SOOH/Ch/POPC or  broad peak at 36 min in Figure 1C was also greatly
63-O0H/Ch/POPC liposomes (0.3/0.3/1.0, mol/mol/mol; 1.6 diminished after GSH/PHGPX treatment, suggesting that it
mM total lipid) in 12-well plates. Peroxide concentrations represented some type(s) of hydroperoxide. Incubation with
up to 150uM in bulk suspension were used. In any given GSH only (scans b) or PHGPX only (not shown) had no
experiment, all mixtures were standardized to the same significant effect on peak intensity. Similarly, when GPX
concentration of total liposomal lipid such that any back- (0.5 units/mL) was substituted for PHGPX in the presence
ground toxicity due to lipid alone was the same throughout. of GSH, there were no detectable losses (data not shown).
After addition of peroxides, plates were returned to the DFO was present in all reaction mixtures represented in
incubator; 20 h later, cell survival was determined by clonal Figure 1; without this chelator, GSH alone caused significant
assay. peroxide loss over a 30-min period, probably via iron-
High-Performance Liquid ChromatographyReverse- catalyzed reduction (Halliwell & Gutteridge, 1989). Among
phase HPLC-EC(Hg) analysis of ChOOHs was accomplishedthe ChOOHs examined in the different systems; BOH
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Ficure 1: HPLC-EC(Hg) profiles of cholesterol hydroperoxides in various organized systems before and after exposure to GSH/PHGPX.
ChOOH assignments were as follows: (),75-O0H (8.5 min); (2) 5-OO0H (9.9 min); (3) 6&-O0OH (12.2 min); (4) B-O0H (13.9 min).

(A) Detergent micelles. A synthetic mixture oftBOOH, §3-OOH, and &,73-O0H, each at 4@M in PBS containing 0.1% Triton X-100,

50 uM DFO, and 1% ethanol (the ChOOH vehicle), was extracted and analyzed before (a) and after a 30-min incubati@hiatti3&
presence of 5 mM GSH alone (b) or 5 mM GSH plus 0.02 units of PHGPX/mL. (c). Total ChOOH per injection (a, b) was 0.96 nmol. The
trace amount of @&-OOH (peak 3) was a contaminant gf-©OH. (B) Lipid vesicles. Suspensions of unilamellar POPCJCh/DCP
(1:1:0.4, mol/mol/mol) liposomes (2 MM4C]Ch; ~1 uCi/mL) were photoperoxidized in the presence of AIRPd3e suspensions containing
350uM total LOOH in PBS/5quM DFO were analyzed before (a) and after a 30 min incubation &C3in the presence of 5 mM GSH

(b) or 5 mM GSH plus 0.05 units of PHGPX/mL (c). Total peroxide per injection (a, b) was 3.5 nmol; this included POPC-OOH (not
represented). (C) Erythrocyte ghosts. Ghost membranes were transfer-radiolabeled by incubatid@)@ithdontaining liposomes. After

they were washed free of liposomes, the ghosts (1.0 mg of protein/mtQBZCi of [2“C]Ch/mL) in PBS/5Q:M DFO were photoperoxidized

to a total LOOH level of 20Gt 24 M and analyzed before (a) and after a 15-min incubation &C3ih the presence of 5 mM GSH (b)

or 5 mM GSH plus 0.05 units of PHGPX/mL (c). Total peroxide per injection (a, b) was 7.6 nmol. Identity of material eluting atil

in a and b is unknown. Full-scale detector sensitivity was 10 nA for all scans-i6.A

appeared to be least reactive with GSH/PHGPX over a singleby normal phase TLC (Bachowski et al., 1991; Smith et al.,
time interval. To corroborate this, we compared time courses 1967). Therefore, we monitored formation offffChOHs

for the enzymatic reduction of the different peroxides. Figure by TLC, using high-sensitivity radioimaging for detection.
2 shows that all ChOOHs decayed with apparent first-order A chromatogram representing the liposome experiment
kinetics in the different systems studied. However, within (Figure 2B) is shown in Figure 3. Note that as intensity of
any given system, there were large differences in the decaythe partially resolved ChOOH zone decreased during GSH/
rates, which typically increased in the following orderx-5 PHGPX incubation, intensity of well-resolved ChOHs{5
OOH < 60-O0H =~ 70,78-O0H < 66-O0H (see Table 1  OH, 63-OH, 70-OH, 75-OH) increased. Each process
for kinetic parameters). In studying peroxidized liposomes (representing the entire population of ChOOHs or ChOHS)
(Figure 2B), we found that whereas rate constants increasecexhibited apparent first-order kinetics, the rate constants
proportionately with [PHGPX], they were unaffected by being 2.88x 1072 min~*for ChOOH decay and 2.78 102
changing the membrane concentration, e.g., halving ormin~! for ChOH accumulation. Thus, a tight substrate
doubling it, at constant [GSH] and [PHGPX] (data not product relationship existed for the overall reaction catalyzed
shown). We have not determined whether rate constantsby PHGPX. Similar observations were made on the eryth-
might be altered by varying the peroxide density at a fixed rocyte ghost system (cf. Figure 2C). Good kinetic agreement
membrane concentration. The observed rate differences weravas also observed when HPLC-EC(Hg)-detectable ChOOHs
greatest for the micellar system (Figure 2A) and smallest and TLC-radiodetectable ChOHs in individual families were
for the erythrocyte ghost system (Figure 2C). Increasing compared in this manner for both membrane systems. As
reactivity of 5n-OOH on going from micelles to liposomes shown in Figure 4, &OH, 65-OH, and %,73-OH ac-

to ghosts (currently unexplained) had the greatest effect oncumulated in apparent first-order fashion during incubation,
these trends; theBOOH/50-O0H rate ratios were 27.5,  with rate constants that agreed quite well with those for decay
7.5, and 3.5 in micelles, liposomes, and ghosts, respectively.of the respective peroxides (Table 1).

We asked whether ChOOH losses during GSH/PHGPX ChOOH Reduction by GSH-Supplemented Cell Lysates:
treatment could be accounted for entirely by formation of Effects of Selenium DeficiencyAs observed with GSH/
hydroxycholesterol (ChOH) products. EC-silent ChOHs can PHGPX treatment, ChOOHs decayed in apparent first-order
be readily separated from one another and from ChOOHsfashion when incubated in the presence of GSH and Triton
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Ficure 2: Time courses for PHGPX-catalyzed reduction of cholesterol hydroperoxides in different organized systems: (A) mixture of
50-O0H, §3-O0H, and %,73-OO0H in Triton X-100 suspension; (B) photoperoxidized POP'CJICh/DCP liposomes; (C) photoperoxidized
[*C]Ch-labeled erythrocyte ghosts. Details of reaction conditions are provided under Figure 1. During incubation of each system in the
presence of GSH/PHGPX, samples were removed periodically and extracted; recovered lipids were subjected to HPLC-EC(Hg) analysis to
determine residual ChOOHs. In systems B and C, sample extracts were also subjected to TLC with radioimaging detection in order to
assess formation of ChOH products (see Figures 3 and 4). The experiment with system A was carried out in duplicate; error bars show
range of measured values for any given peroX§eindP; denote peroxide concentrations at zero time and tjmespectively. Designations

are as follows: ©) 50-O0H; (V) 6a-O0H; (») 65-O0H; @) 7a,75-O0H; (x) total ChOOH in a control that contained GSH but not
PHGPX.

Table 1: Rate Constants for ChOOH Loss and ChOH Formation in F -
GSH/PHGPX-Treated Peroxidized Membrahes

-oee0000® “n-

50 60t 68 70,78
lipid vesicles
ChOOH 0.80+0.13 398+ 0.14 5.99+0.42 3.96+0.12 choord * * ’ ‘ ‘
ChOH 0.904+ 0.05 nd¢ 4.814+0.23 3.50+0.13 |-
erythrocyte ghosts 50-OH - & & 8 & w9
ChOOH 3.214+0.01 9.75+0.95 11.24+ 1.38 8.69+ 0.74 7p-OH - :
ChOH 2.38+0.13 nd 10.40+ 0.78 6.70+ 0.24 76-OH - b # : ' z t z
aSee Figure 1 for details of reaction conditioR€hOOH values 6B-OH - « % & &% 58 8 & B9

were obtained from slopes of regression lines in Figure 2B (vesicles)

or Figure 2C (ghosts). ChOH values were obtained from slopes of

regression lines in Figure 4A (vesicles) or Figure 4B (ghosts). Error o- ; " . : . 3 & " % "
limits are represented as standard deviations of regression coefficients. ) .

¢ Not detected? Composite of separately determined-®H and B- a b ¢ d e f g h i | Kk
OH values. Ficure 3: Thin-layer chromatogram depicting loss 8f]ChOOHSs

and formation of *C]JChOHSs during incubation of photoperoxi-
dized liposomes with GSH/PHGPX. Samples for TLC analysis were
X-100 lysates of Se-replete cells.-3e(t) cells are repre-  taken from the same experiment as described in Figure 2B.
sented in Figure 5A, and #8e(t) cells are represented in  Extracted lipids were chromatographed on a silica gel plate, using
F|gure 5C. The genera| order of react“/'ty was maintained, benzene/ethyl acetate (1:1) as the solvent system. After separation,

~ radiolabeled species were detected by radioimaging, using an Ambis
50-O0H being reduced most slowly an@-®OH most 4000 system. Peroxidized membranes were analyzed before (a) and

rapidly. The rate constants determined foSe(t) cells after incubation with GSH alone for 60 min (b) or GSH plus
were as follows x 107 min™!): <0.1 (5a-OOH); 1.07+ PHGPX for 2 min (c); 5 min (d); 10 min (e); 15 min (f); 20 min

0.08 (%, 75-O0H); 3.45+ 0.13 (§3-O0H); those determined ~ (9); 30 min (h); 45 min (i); 60 min (j). Lane k represents
for K-Sef+) cells were as followsx 107 min~3): <0.1 (5o- photooxidized starting material after complete reduction with

. . triphenylphosphine. Assignments were based on the locations of
OOH); 0.72+ 0.07 (@, 7-O0H); 1.88+ 0.11 (g3-OOH). authentic standards (run separately), ChOOHs being detected by

Although there was barely any detectable net lossaf 5 spraying withN,N,N ' N "-tetramethyle-phenylenediamine and ChOHs
OOH under the conditions represented, a significant (albeit by spraying with 50% KS0,. Sample load (as total cholesterol)

small) loss was observed when the concentration of lysedwas~150 nmol per lane.

L-Sef+) material was doubled, the rate constant being (1.3

+ 0.8) x 10-3min~%, which is~1/50 of the value determined

for 68-O0OH. Thus, &-OOH was found to be poorly  from reaction mixtures. Moreover, peroxide losses were
reactive but not inert. The similar kinetic trends observed severely depressed when lysates from Se-starved (SePX-
for pure enzyme (Figure 2) and cell lysates (Figure 5A,C) deficient) cells were used; results forSe(-) cells are shown
suggest that reactions stimulated by the latter were mediatedn Figure 5B, and those for #6e(-) cells are shown in

by PHGPX. Consistent with this, none of the peroxides Figure 5D. This effect was especially striking for the more
decayed to any significant extent when GSH was omitted reactive peroxides, i.e.3600H and &,75-O0H.
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Ficure 4: Time courses for the formation of alcohol reduction products during incubation of ChOOH-containing membranes with GSH/
PHGPX. (A) Photoperoxidized POPEIT]Ch/DCP liposomes. Plotted data are taken from the experiment described in Figures 2B and 3.
(B) PhotoperoxidizedfC]Ch-labeled erythrocyte ghosts. Alcohol (ChOH) data from duplicate experiments are represented; ChOOH data
from one of these are shown in Figure 2C. Details about reaction systems are provided in Figures 2,aAd 8ndA, denote alcohol
concentration at zero time, tinte and infinite time, respectively; the latter value was determined by reducing samples completely with
triphenylphosphine. Diol products are denoted as follow3) %o-OH; (d) 70-OH and B-OH (composite value for both species))(

64-OH.
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Ficure 5: Time courses for the reduction of cholesterol hydroperoxides in the presence of GSH and cell lysates obtained from selenium-
sufficient and selenium-deficient L1210 or K562 cells. Cell types are represented as follows:S@-); (B) L-Se(-); (C) K-Seft+); (D)

K-Se(). Reaction mixtures contained 4M1 each of &-OO0OH, §3-O0OH, and @,73-O0H, 1% ethanol (added with the ChOOHs), 5 mM

GSH, 50uM DFO, 100uM EDTA, and cell lysate corresponding te2.3 x 107 L1210 or K562 cells per ml in 0.1% Triton X-100/PBS.

During incubation at 37C, samples were removed periodically and extracted. Residual ChOOHs in lipid fractions were determined by
HPLC-EC(Hg): ©) 5a-O0H; (A) 65-O0H; @) 7a,73-O0H. Controls lacking GSH were also monitored; in this case plotted data represent
total ChOOH (). Py and P; denote peroxide concentrations at zero time and tinmespectively. Means: deviation of values from
duplicate experiments are shown.

Comparatie Uptake and Cytotoxicity ob50O0H and @- As anticipated, &-OOH proved to be much more cytotoxic
OOH. We hypothesized that if the ChOOHs described than g-OOH; the respective L§ values were~25 and
exhibit similar cytotoxic reactivity, thendcsOOH should be ~120uM for L-Seft) cells (Figure 6A) and~38 and~172
the most deleterious because it is reduced and detoxifieduM for K-Se(t) cells (Figure 6B). The cytotoxic potency
more slowly than all the others. We tested this by exposing of 7a,73-O0OH was not determined, but one would expect
cells to increasing concentrations of-®OH or §3-O0OH it to fall somewhere between that ofxBDOH and -
in liposomal form and examining survival by clonal assay. OOH, on the basis of susceptibility to enzymatic detoxifi-
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FicURe 6: Comparison of &OO0H and -OOH toxicity toward L1210 cells (A) and K562 cells (B)-&e(t) cells (8.0x 1(°/mL) or

K-Seft) cells (5.0x 10°/mL) in 1% serum/RPMI medium were incubated in the presence of increasing concentrations of POPC/Ch liposomes
containing~19 mol % of either 8-O0OH (©O) or 63-O0H (). Peroxide concentrations up to 16M in bulk suspension were used. Total
liposomal lipid (POPC, Ch, and ChOOH) in each reaction mixture for both cell types was normaliz&dtonM by including liposomes

that lacked peroxide. After 20 h of incubation at 32, a clonogenic cell survival assay was initiated. Error bars indicate the range of
values for duplicate experiments.

14

cation (Figure 5A,C). In keeping with this, earlier work
(Geiger et al., 1991) showed that photooxidized liposomes
containing t,74-O0H as the predominant peroxide species
inactivated LSef+) cells with an LBy of ~70 uM.
Significantly, a diol analogue, f/fOH, was innocuous in
concentrations up to at least 1@®1, confirming that the
peroxide moiety is required for cytotoxicity.

Using “C-labeled peroxides at equal starting concentra-
tions, we determined that the rate of accumulation of total
radioactivity in L:Sef+) cells was essentially the same for
5a-O0H and @-OOH (Figure 7). This rules out the
possibility that 5-OOH was more cytotoxic thar3600H 0+ ! = 1 i + ;
because it was taken up more rapidly. o 2z 4 &8 8 10 124

Reductie Metabolism of 8-O0H and §-OOH. Results Time (h)
of an experiment aimed at comparing the reductive metabo-FIGURE 7: Uptake of radioactivity by L1210 cells during exposure
lism of 50-OOH and B-OOH by L-Se) cells are shown to [**C]50-O0H or [“C]63-OO0H in liposomal form. A stock

4 s !
in Table 2. ChOOH/ChOH distribution in cell and liposome \?Vlfsp?nr})s(gg Vc\),fitfg%)zcrﬁlts g?%;jfg‘gﬁ@'ﬁ,"}%%"c”@r%fgﬁ'f‘L)

fractions was assessed 13 h after adding liposotf@]go.- OOH/Ch/POPC liposomes in PBS. The resulting mixtures contain-
OOH or [}4C]68-O0H to a cell suspension, at which point ing 1.0 x 107 cells/mL, 50uM 5a-OOH or §3-O0H (~0.75uCi/
~11% of the radioactivity from either peroxide was cell- mL) gntbl(j'ktsél;?:eﬁlijol_né %ﬂg(g-5)9 ml\lll total gpoio:jniﬂ ”tptik? V\éere

: - ”» incubated a . - analysis indicated that the-
associated (see Figure 7).. Under the conditions gsed (12-OOH system contained 3% 7a%ﬁ-OOyH at the outset, whereas
fold greater cell concentration and shorter contact time than e g3:G0H system contained no other detectable peroxides. After
in the Figure 6A experiment), the majority of cells appeared various periods of incubation up to 13 h, samples were recovered
to be intact (Trypan Blue excluding) after incubation with and centrifuged. Cell fractions were washed twice with PBS to
either peroxide. In cells presented with-®OH (experiment ~ remove residual liposomes, mixed with EDTA (0.1 mM), and
1, Table 2), approximately 40% of the cell-associated extracted with chloroform/methanol (2:1). After being dried under

. s a stream of argon, the extracts were dissolved in a counting cocktail
radioactivity after 13 h was accounted for as-60H and and subjected to scintillation counting. Designations are as fol-
14% as 5-OH. The existence of“-OOH (14%) and @- lows: (O) [“C]5a-O0H; (a) [14C]68-OO0H. Data points represent
OH (~32%) is attributed to &-OOH rearrangement during  means+ deviation of values from duplicate experiments.
incubation, followed by relatively favorable enzymatic o o
reduction in the cell compartment. The low levels of-5  €fflux, as indicated for & OH and 4-OH. These findings,
OH and %-OH in the liposomal fraction of experiment 1~ consistent with those made on model systems (Figurel 2
(~2% of the radioactivity for each) are ascribed to non- @nd cell extracts (Figure 5), confirm that ChOOHS differ in
enzymatic reduction plus some efflux of the diols from cells. their susceptibility to reductive detoxification and that-5
In experiment 2 (Table 2), where3800H was used, only ~ OOH is metabolized more slowly thars-€©OH.

11% of the cell-associated radioactivity was found fi+ 6

OOH, the remaining 89% being found iB®@H. The  DISCUSSION

relatively small fraction of B-OH observed in the liposomal Hydroperoxide species are among the most prominent
compartment is attributed to nonspecific reduction and/or intermediates generated when unsaturated lipids in biological

12 +

10 +

6 + A
/0

o

Uptake of Radioactivity (%)
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Table 2: Peroxide and Alcohol Levels in L1210 Cells after (less important) GSHe-transferases with peroxidatic activity,

Incubation with 5-OOH- or §3-OOH-Containing Liposomés e.g., GSTe. (Mannervik & Danielson, 1988). The general
. , concentrationgM)® reaction catalyzed by these enzymes is depicted in eq 6,
peroxide - species : where ROOH denotes a general hydroperoxide and ROH is

presented determined liposomal fraction cellular fraction
1.50-O0H 5-O0OH  18.24+ 1.2 (40.5%) 2.3t 0.3 (40.4%)

its alcohol reduction product. In metabolically competent

70-O0H  24.9+ 2.5 (55.5%) 0.8t 0.4 (14.0% —
5a-OH 0.7+ 0.9 51.6%)) 0.8£ 0.3 &4.0%% ROOH+ 2GSH—~ ROH+ H,0 + GSSG ®)
70-OH 1.1+ 1.2 (2.4%) 1.8t 0.2 (31.6%)
2.63-O0H 63-O0H  36.74+2.0(82.5%) 0.6t 0.5 (10.9%) cells that are not overwhelmed by peroxide pressure, two-
6p-OH 7.84+2.0(17.5%) 4.9£0.5(89.1% electron detoxification (eq 6) far exceeds one-electron
2 Data are from the same experiments as described in Figure 7. After toxicity enhancement (eqs-b) (Lin & Girotti, 1993). GPX
a 13-h incubation of tSe(t) cells with [“C]5a-OOH- or [“C]6- and PHGPX are the intracellular selenoperoxidases that have

OOH-containing liposomes, samples were collected and centrifuged. been studied most extensively with regard to antiperoxidative

The recovered supernatant fractions containing liposomes and cellular tivit Alth h both tai fi it
fractions (washed free of liposomes) were extracted, and recovered 2CUVILY. oug oth enzymes contain an active sie

lipids were subjected to TLCC-labeled ChOOHs and ChOHs were ~ Se€lenocysteine and have similar catalytic cycles (Flohe,
detected by Ambis radioimaging. Radioactivity not associated with 1989), they differ significantly in physical characteristics,
s coemmtoes v i g ek hsed el disrution, and amine acid sequence,shoving
the distribution of radioactivity after 13 h (seep Figure 7). Means only ~30% homology (Brigelius-Flohe et al., 1994). PH__
deviation of values from duplicate experiments are shown; numbers in GPX and GPX also exhibit striking functional differences;
parentheses represent percent amounts within a given fratfentains ~ the former can act directly on PLOOHs in membranes and
to bulk suspension. other organized systems, whereas the latter is unreactive
unlesssn2 fatty acyl bonds are cleaved to liberate fatty acid
membranes, lipoproteins, and other organized assemblieshydroperoxides (Grossman & Wendel, 1983; Sevanian et al.,
undergo oxidative modification. Reactions that give rise to 1983). For PLOOHSs in cell membranes, removal/detoxifi-
LOOHSs include (i) free radical-mediated lipid peroxidation, cation could involve (i) sequential action of phospholipase
triggered by strong oxidants such as ferryl or hydroxyl radical A, (PLAz) and GPX (hydrolysis followed by reduction) (Van
(Kappus, 1985; Halliwell & Gutteridge, 1989), and (ii) non- Kuijk et al., 1987) or (ii) sequential action of PHGPX and
radical-mediated, ene addition of singlet oxyge®,f, PLA; (direct reduction, followed by hydrolysis) (Ursini et
typically generated by photodynamic action (Girotti, 1985, al., 1991). Each of these pathways would require a follow-
1990). In the former case, LOOHSs arise during the second-up repair step in which lysolipids resulting from release of
ary (propagative) phase of lipid oxidation, whereas in the hydroperoxy or hydroxy fatty acids are reacylated (Ursini
latter case they arise as primary products. Since LOOHset al.,, 1991). The relative importance of the mechanism
are more polar than parent lipids, their presence can produceanvolving GPX (excision/reduction/repair) versus that involv-
structural/functional perturbations in membranes and lipo- ing PHGPX (reduction/excision/repair) for any given bio-
proteins. Moreover, LOOHSs are susceptible to iron-mediated logical membrane undergoing peroxidative modification is
reduction to oxyl radical (L€ intermediates (eq 1). LO not yet clear. The nature of the incident oxidant(s) and the
hydroperoxides arising therefrom could be important in
LOOH + Fé* — LO" + OH + Fée*" (1) determining whether GPX or PHGPX plays a dominant
protective role. For example, if LOOH formation is mediated

LO® + O,—~ OLOO 2 by H,0,, GPX might be more important, since it reduces
this peroxide more efficiently than PHGPX (Ursini et al.,
OLOO + LH — OLOOH+L° 3) 1985). On the other hand, #D, gives rise to PLOOHS,
removal/repair is the only known enzymatic defense, and
L'+ O,— LOO 4) PHGPX may be more effective in this regard. Since
hydrolysis of PLOOHs by PLAis not a prerequisite for
LOO 4+ LH — LOOH + L* (5) PHGPX action, this alternative (direct reduction) would

appear to be the more logical antioxidant strategy. A recent
itself, or more likely, the epoxyallylic peroxyl radical study based on kinetic modeling has provided strong support
(OLOOQ) arising via rearrangement of @nd Q addition for this notion (Antunes et al., 1995). It was estimated that
(eq 2; Gardner, 1989), can trigger chain peroxidation the reductive flux of PLOOHSs through PHGPX in rat liver
reactions, which exacerbate the damaging effects of oxidativemitochondria is at least 4 orders of magnitude greater than
processes (i) and (ii) described above. These reactions arehe hydrolytic flux through PLA Since GPX can only act
depicted in eqs 35, where LH, L, LOC’, and OLOOH after fatty acid hydroperoxides have been released by,PLA
denote an unsaturated lipid, a lipid radical, a peroxyl radical, this finding suggests that PHGPX is far more important than
and an epoxyallylic hydroperoxide, respectively. Eucaryotic GPX in PLOOH detoxification.In vivo experiments carried
cells are equipped with a rich variety of primary and out by Hughes et al. (1983) have provided strong supporting
secondary antioxidant defenses against the damaging anevidence for this notion.
potentially lethal effects of these reactions (Halliwell & Since phospholipids are relatively abundant in most
Gutteridge, 1989). Enzymatic detoxification of membrane- biological membranes, detoxification of PLOOHs has been
associated LOOHSs is an important example of a secondary-given considerable attention. However, there is a growing
level defense against peroxidative injury. These reactionsawareness that cells must also deal with other LOOHSs in
are typically catalyzed by GSH-requiring enzymes, which order to avert peroxidative damage. Cholesterol-derived
fall into two classes: (i) the selenoperoxidases and (i) certain hydroperoxides may contribute significantly to the non-
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PLOOH pool, particularly in the plasma membrane, where that Triton solubilization of peroxidized liposomes (cf. Figure
cholesterol comprises 425 mol % of the total lipid (Bloch,  2B) slows ®-OOH reduction somewhat while strongly
1983). In keeping with this, we have shown that ChOOH enhancing 8-OOH and %,75-O0OH reduction. We have
accumulates at approximately one-third the rate of phos-focused on ChOOH behavior, but it is important to realize
phatidylcholine hydroperoxide during lethal irradiation of that the photooxidized membranes used in this work also
L1210 cells in the presence of a plasma membrane-associatedontained PLOOHs. Comparative studies on PHGPX-
photosensitizer (Bachowski et al., 1994). Throughout ir- catalyzed reduction of PLOOHs and ChOOHs are underway
radiation, ChOOH accounted for-3 mol % of total LOOH, and will be the subject of a future report.
which approximates the mol % of cholesterol relative to total ~ We found that the kinetic profiles observed with purified
lipid in these cells. We showed earlier that PLOOHs in PHGPX in micellar or membrane systems could be mimicked
photooxidized erythrocyte ghosts are inert to GPX unless by using lysates of Se-replete L1210 or K562 cells (Figure
first hydrolyzed by Ca-activated PLA, whereas ChOOHs  5A,C). This, coupled with the fact that Se)lysates without
(examined as a group) are completely unreactive with GPX, GSH or Se{) lysates with GSH were ineffective, leaves
even after membrane solubilization with Triton X-100 little doubt that the active cellular factor was PHGPX. We
(Thomas & Girotti, 1988). Significantly, pretreatment with have shown that making L1210 or K562 cells Se deficient
PLA; and then with GSH/GPX only partially protected typically reduces their PHGPX activity by only 606980%,
LOOH-containing membranes against free radical peroxi- as measured by coupled enzymatic assay (see Experimental
dative damage induced by iron and ascorbate (see€fs 1  Procedures). It is curious, therefore, that residual activity
The residual activity correlated with the persistence of in L-Se() or K-Se(-) lysates was barely detectable when
ChOOHs in the membranes after exposure to Pad GSH/ measured in terms of ChOOH reduction by means of HPLC-
GPX. This result prompted us to ask whether another SePXEC(Hg) (Figure 5B,D). This discrepancy is attributed to the
is involved in ChOOH detoxification and led to the discovery relatively poor sensitivity of the coupled assay, which
that porcine heart PHGPX can catalyze the reduction of resulted in large errors at the low PHGPX activities observed.
ChOOHSs in addition to PLOOHs in various membrane Therefore, the data acquired by HPLC-EC(Hg) are regarded
systems (Thomas et al., 1990a). Of special importance wasas being much more accurate, suggesting that the extent of
our observation that, in contrast to PY&SH/GPX treat- PHGPX depletion in Sef) cells was probably closer to that
ment, GSH/PHGPX treatment made LOOH-containing eryth- of GPX, i.e., 90%-95%. Other workers have also pointed
rocyte ghosts completely resistant to iron/ascorbate-inducedout the advantages of an HPLC-based assay for PHGPX (Bao
lipid peroxidation. Other studies have shown that all et al., 1995). Although £ OOH and %,75-OOH were
measurable LOOHSs in low-density lipoprotein, including readily reduced in the presence of $ggell lysates, no net
cholesteryl ester hydroperoxides, can be disposed of byloss (relative to freeze-fractured controls) was observed after
PHGPX (Thomas et al., 1990b), further demonstrating the 1 h when intact cells at concentrations equal to or even
great versatility of this enzyme as a proximal LOOH greater than those represented in the lysate experiments were
scavenger. used (data not shown). The likely explanation for this is
In the present work and recent preliminary work (Geiger that ChOOH uptake was very slow,1% per h for L:Se(t)
et al., 1995), we have shown that several photochemically- cells (Figure 7), making it the rate-limiting step in intact
generated ChOOH isomers are reduced at different first-ordersystems.
rates by the GSH/PHGPX system. The same general order Having demonstrated thatf600OH is reduced more
of reactivity (§3-OOH > 60-O0OH ~ 7a,73-O0OH > 5a- rapidly than ®-OOH in the presence of cell lysates, we
OOH) was observed for three different test systems, detergentpredicted that the latter species would be more cytotoxic.
micelles, liposomes, and red cell ghosts. Decay rates for Cell survival determinations indicated that this prediction was
individual peroxides matched those for formation of the correct; thus, the L& value of ®-OOH was~/s of that of
corresponding alcohol products, indicating that the expected65-OOH for both L:'Seft-) and K-Se(+) cells. Faster uptake
overall reactions were taking place (eq 6). Comparable of 5a-OOH could have accounted for its greater lethality;
kinetic patterns observed for the different test systems (Figurehowever, the rate of incorporation ot 800H and &-OOH
2) suggest that reducibility depended more on structural into L-Se(t) cells was found to be essentially the same. Once
properties of the substrates themselves than on environmentalaken up, the peroxides were converted to their respective
factors. It is important to note in this regard that-©OH diols, but the fractional amount ofd5OOH so converted
is unigue among the substrates tested in being a tertiarywas substantially smaller than that g#-©OH, mimicking
hydroperoxide. As such it might not be recognized by the results obtained with model systems and cell lysates.
PHGPX as well as the other substrates, which, like PLOOHs, Although a detailed kinetic analysis of this metabolism has
are secondary hydroperoxides. Although the same trend innot been carried out with intact cells, it is not unreasonable
reactivity was observed in the different systems, there wasto conclude from the results at hand that relatively inefficient
considerable variability in the decay rate of one peroxide reductive metabolism ofd>OOH is the biochemical basis
relative to another from system to system (Figure 2). Most for its greater cytotoxicity. The longer metabolic lifetime
obvious was the -OOH/50-OO0H rate ratio, which was 8  of 5a-OOH would make it more available for inducing cell
times greater in Triton X-100 micelles than in erythrocyte injury, e.g., via iron-mediated peroxidative pathways (eqs
ghosts. These differences are attributed mainly to effects1—5). That m-OOH can trigger such reactions was dem-
on 5a-OO0H reactivity, although the underlying reason is onstrated in recent work involving erythrocyte ghosts to
unknown. One possibility is thatc5OO0H’s structural which it had been translocated from liposomal donors (Geiger
orientation or configuration in Triton micelles makes it less et al., 1995). Such ghosts, containing-®OH as the only
accessible to PHGPX than in membrane bilayers. Consistentmajor peroxide, underwent damaging free radical lipid
with this is our preliminary observation (data not shown) peroxidation when exposed to a lipophilic3Fehelate and
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an electron donor, ascorbate. Hoa-®OH compares with
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Gardner, H. W. (1989Free Radical Biol. Med. ,765—86.

other ChOOHs in this regard has not been determined. ThusGeiger, P. G., Thomas, J. P., & Girotti, A. W. (199&)ch.

whether these peroxides might differ from one another in
their susceptibility to one-electron reduction and, if so,
whether this is a contributing factor in determining cytotox-
icity are presently unknown.

Although it is well accepted that reductive metabolism of
LOOHSs can protect cells against peroxidative damage, little
is known about the actual mechanisms by which cells dispose

of endogenous or exogenous LOOHs. We have addresseq;r

this question in comprehensive fashion with an overall goal
of attaining a better understanding of how cells cope with
peroxidative stress. Several aspects of the work are novel.
To our knowledge, this is the first study in which (i) the
relationship between LOOH cytotoxicity and metabolic
reducibility is systematically evaluated for mammalian cells;
(i) several LOOHSs within a given lipid family are compared
in terms of cytotoxic potency and susceptibility to metabolic
detoxification; (iii) LOOH uptake by cells is measured; and
(iv) detoxification via the GSH/PHGPX system is singled
out. Our findings have specific bearing on singlet oxygen-
mediated phototoxicity, sinced500H, 6-OOH, and -
OOH are generated exclusively by singlet oxygen attack on
cholesterol (Smith, 1981). We have determined (Korytowski
et al.,, 1992) that & OOH is produced 23 times more
rapidly than @&- or 65-OOH during dye-sensitized photo-
oxidation of cholesterol in membrane systems. Faster
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