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 Translocation of nonesterifi ed cholesterol (Ch) from 
one membrane compartment to another in eukaryotic 
cells is required for metabolic processing of the sterol and 
for membrane biogenesis and refashioning ( 1–3 ). Sponta-
neous intermembrane transfer of phospholipids also oc-
curs but generally more slowly than Ch transfer ( 1, 2 ). 
Various Ch transfer proteins exist that can greatly acceler-
ate the desorption of this lipid from a donor membrane 
and movement to an acceptor. Included among these are 
the StAR family transfer proteins ( 4, 5 ) and sterol carrier 
protein-2 (SCP-2) ( 6–8 ). Unlike the StAR proteins, SCP-2 
has broad specifi city, facilitating the movement of various 
phospholipids and fatty acids in addition to Ch ( 7–9 ), 
which explains why it is also referred to as a nonspecifi c 
lipid transfer protein. Mature SCP-2 is a relatively small 
(13.2 kDa) translation product of a fusion gene encoded 
for 58 kDa SCP-x (most of which is peroxisomal 3-ketoacyl-
CoA thiolase) and 15 kDa pro-SCP-2 ( 7, 8 ). Immunodetec-
tion methods have revealed that the bulk of SCP-2 in most 
mammalian cells is located in peroxisomes, but signifi cant 
amounts are also found in mitochondria, lysosomes, and 
cytosol, probably refl ecting its broad-scale lipid traffi cking 
activity ( 7 ). In mouse L-fi broblasts, for example, at least 
50% of the protein’s immunoreactivity is extraperoxisomal 
( 10 ). One proposed mechanism of SCP-2-facilitated trans-

       Abstract   Sterol carrier protein-2 (SCP-2) plays an impor-
tant role in cholesterol traffi cking and metabolism in mam-
malian cells. The purpose of this study was to determine 
whether SCP-2, under oxidative stress conditions, might 
also traffi c hydroperoxides of cholesterol, thereby dissemi-
nating their cytotoxic effects. Two inhibitors, SCPI-1 and 
SCPI-3, known to block cholesterol binding by an insect 
SCP-2, were used to investigate this. A mouse fi broblast 
transfectant clone (SC2F) overexpressing SCP-2 was found 
to be substantially more sensitive to apoptotic killing in-
duced by liposomal 7 � -hydroperoxycholesterol (7 � -OOH) 
than a wild-type control. 7 � -OOH uptake by SC2F cells and 
resulting apoptosis were both inhibited by SCPI-1 or SCPI-3 
at a subtoxic concentration. Preceding cell death, reactive 
oxidant accumulation and loss of mitochondrial membrane 
potential were also strongly inhibited. Similar SCPI protec-
tion against 7 � -OOH was observed with two other types of 
SCP-2-expressing mammalian cells. In striking contrast, nei-
ther inhibitor had any effect on H 2 O 2 -induced cell killing. 
To learn whether 7 � -OOH cytotoxicity is due to uptake/
transport by SCP-2, we used a fl uorescence-based competi-
tive binding assay involving recombinant SCP-2, NBD-cho-
lesterol, and SCPI-1/SCPI-3 or 7 � -OOH. The results clearly 
showed that 7 � -OOH binds to SCP-2 in SCPI-inhibitable 
fashion.   Our fi ndings suggest that cellular SCP-2 not only 
binds and translocates cholesterol but also cholesterol hy-
droperoxides, thus expanding their redox toxicity and sig-
naling ranges under oxidative stress conditions.  —Kriska, 
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 Abbreviations: 7 � -OOH, 3 � -hydroxycholest-5-ene-7 � -hydroper-
oxide; Ch, cholesterol; ChOOH, cholesterol hydroperoxide; DCFH-
DA, 2 ′ ,7 ′ -dichlorofl uorescin diacetate; DCF, 2 ′ ,7 ′ -dichlorofl uorescein; 
DCFH-DA, 2 ′ ,7 ′ -dichlorofl uorescin diacetate; DCP, dicetylphosphate; 
DFO, desferrioxamine; DMPC, 1,2-dimyristoyl- sn -glycero-3-phospho-
choline; Ho, Hoechst 33258; JC-1, 5,5 ′ ,6,6 ′ -tetrachloro-1,1 ′ ,3,3 ′ -
tetraethyl-benzimidazolylcarbocyanine iodide; LOOH, lipid hydroper-
oxide; MTT, 3-(4,5-dimethylthiazolyl-2-yl)-2,5-diphenyltetrazolium bro-
mide; NBD-Ch, 22-[ N -(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-23,24-
bisnor-5-cholen-3 � -ol; PBS, Chelex-treated phosphate buffered saline 
(25 mM sodium phosphate, 125 mM NaCl, pH 7.4); PI, propidium 
iodide; POPC, 1-palmitoyl-2-oleoyl- sn -glycero-3-phos phocholine; 
SCP-2, sterol carrier protein-2; SCPI-1,  N -(4-{[4-(3,4-dichlorophenyl)-
1,3-thiazol-2-yl]amino}phenyl)acet amide; SCPI-3, 3-(4-bromophenyl)-
5-methoxy-7-nitro-4H-1,2,4-benzoxadiazine; SUV, small unilamellar 
vesicle; ROS, reactive oxygen species; VC, vector control. 
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diazol-4-yl)amino]23,24-bisnor-5-cholen-3 � -ol (NBD-Ch;   Fig. 1  )
and 2 ′ ,7 ′ -dichlorofl uorescin diacetate (DCFH-DA). Human re-
combinant SCP-2 was expressed and isolated as described previ-
ously ( 18 ). Peroxidase-conjugated anti-rabbit IgG was from MP 
Biochemicals (Aurora, OH). The SCP-2 inhibitors,  N -(4-{[4-(3,4-
dichlorophenyl)-1,3-thiazol-2-yl]amino} phenyl)acetamidehydro-
bromide (SCPI-1) and 3-(4-bromophenyl)-5-methoxy-7-nitro-
4H-1,2,4-benzoxadiazine (SCPI-3) (structures shown in  Fig. 1 ), 
were obtained from the Hit2Lead Chemical Store (ChemBridge 
Corp., San Diego, CA). 

 Preparation of 7 � -OOH and [ 14 C]7 � -OOH 
 3 � -Hydroxycholest-5-ene-7 � / � -hydroperoxide (7 � -OOH;  Fig. 1 ) 

was prepared by aluminum phthalocyaninedisulfonate-sensitized 
photoperoxidation of Ch, as described previously ( 22 ). 7 � -OOH 
was separated in two chromatographic steps: (i) reversed-phase 
HPLC using a C 18  column (250 × 4.6 mm; 5  � m particles) with 
methanol/isopropanol/acetonitrile/water (70:12:11:7 by vol) 
as the mobile phase; and (ii) normal-phase HPLC using a silica 
column (250 × 10 mm; 5  � m particles) with hexane/isopropanol 
(95:5 by vol) as the mobile phase. For both steps, UV absorbance at 
212 nm was used for detection. The fi nal isolate was confi rmed as 
7 � -OOH by proton-NMR analysis ( 22 ) and quantifi ed by iodometric 
analysis ( 23 ). Stock solutions in isopropanol were stable indefi nitely 
when stored at  � 20°C. [ 14 C]7 � -OOH was prepared similarly, start-
ing with [4- 14 C]Ch, the specifi c radioactivity of the isolated hydroper-
oxide typically being  � 150 µCi/µmol. 

 Liposome preparation 
 Small unilamellar vesicles (SUV, 50 nm) of three different 

compositions were employed: DMPC/7 � -OOH/Ch/DCP 
(49:25:25:1 by mol), POPC/7 � -OOH/DCP (79:20:1 by mol), and 
POPC/DCP (99:1 by mol), stock preparations containing 5.0 
mM total lipid in bulk suspension. The fi rst type was used for 7 � -
OOH uptake and toxicity experiments, and the latter two for as-
sessing binding of SCPI or 7 � -OOH to recombinant SCP-2 in 
competition with NBD-Ch. For SUV preparation, lipid fi lms were 
dried overnight in vacuo, vortex-suspended in Chlex-treated PBS 
(25 mM phosphate, 125 mM NaCl, pH 7.4), freeze-thawed 10 
times, and extruded at room temperature using 0.05 µm-pore 
polycarbonate membranes and an apparatus from Lipex Biomem-
branes (Vancouver, BC). The SUVs were stored under argon at 

fer involves interaction of its cationic N-terminal domain 
with a donor membrane’s anionic surface, binding of an 
available lipid, and migration to the acceptor membrane 
for unloading ( 7, 11 ). There is also evidence that SCP-2 
can bind some lipids in the aqueous compartment follow-
ing desorption (i.e., without making contact with the do-
nor membrane) ( 12 ). 

 Unsaturated phospholipids and Ch in cell membranes 
may be degraded via free radical-mediated lipid peroxida-
tion under oxidative stress conditions. Lipid hydroper-
oxides (LOOH) are prominent intermediates of lipid 
peroxidation which can contribute to this process by un-
dergoing iron-catalyzed one-electron reduction to free 
radical species ( 13, 14 ). Prior studies with model systems 
revealed that in addition to undergoing damaging reduc-
tive turnover in a membrane of origin, LOOH can desorb 
and translocate to other membranes, where this process 
may ensue ( 15, 16 ). For Ch-derived hydroperoxides 
(ChOOH) such as singlet oxygen-generated 5 � -OOH and 
free radical-generated 7 � / � -OOH, the rate of spontane-
ous intermembrane translocation was found to be substan-
tially greater than that of Ch itself ( 17 ). Subsequent work 
showed that ChOOH transfer could be further accelerated 
by human recombinant SCP-2, and when isolated mito-
chondria were used as acceptors, this exacerbated peroxide-
induced damage/dysfunction as refl ected by loss of 
membrane potential ( 18 ). This was the fi rst reported ex-
ample of enhanced oxidative toxicity due to LOOH shut-
tling by a lipid-traffi cking protein. In a more recent 
follow-up to these noncellular studies, we showed that an 
SCP-2-oxerexpressing transfectant clone of rat hepatoma 
cells was much more sensitive to apoptotic killing by lipo-
somal 7 � -OOH than a vector control, the evidence linking 
this to faster peroxide internalization and delivery to mito-
chondria by the overexpressing cells ( 19 ). Although these 
and related fi ndings were consistent with direct SCP-2 in-
volvement in these effects, substantive supporting evidence 
was lacking ( 19 ). Using two recently discovered hydropho-
bic inhibitors of mosquito SCP-2 that are close to Ch in 
molecular mass and bind competitively with it to the pro-
tein ( 20, 21 ), we now provide such evidence for three dif-
ferent SCP-2-expressing mammalian cell lines exposed to 
a 7 � -OOH challenge. 

 MATERIALS AND METHODS 

 General materials 
 Cholesterol, Chelex-100, desferrioxamine (DFO), H 2 O 2 , 

Hoechst 33258 (Ho), propidium iodide (PI), 5,5 ′ ,6,6 ′ -tetrachloro-
1,1 ′ ,3,3 ′ -tetraethyl-benzimidazolylcarbocyanine iodide (JC-1), 
3-(4,5-dimethylthiazolyl-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT), Dulbecco’s modifi ed Eagle’s medium (DMEM), phenol 
red-free DMEM, fetal bovine serum, and other cell culture mate-
rials were from Sigma (St. Louis, MO). [4- 14 C]Ch ( � 55 mCi/
mmol) was obtained from Amersham Biosciences (Arlington 
Heights, IL). Avanti Polar Lipids (Alabaster, AL) supplied the 
1,2-dimyristoyl- sn -glycero-3-phosphocholine (DMPC) and 1-palm-
itoyl-2-oleoyl- sn -glycero-3-phosphocholine (POPC). Molecular 
Probes (Eugene, OR) supplied the 22-[ N -(7-nitrobenz-2-oxa-1,3-

  Fig.   1.  Structures of 3 � -hydroxycholest-5-ene-7 � -hydroperoxide 
(7 � -OOH), 22-[ N -(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]23,24-
bisnor-5-cholen-3 � -ol (NBD-Ch),  N -(4-{[4-(3,4-dichlorophenyl)-
1,3-thiazol-2-yl]amino}phenyl)acetamide (SCPI-1), and 
3-(4-bromophenyl)-5-methoxy-7-nitro-4H-1,2,4-benzoxadiazine 
(SCPI-3).   
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for PI. Ho detected sustained apoptosis, and PI confi rmed any 
necrosis ( 27 ). For each sample, the number of stained nuclei in 
4–5 viewing fi elds of  � 100 cells each were determined. 

 Determination of 7 � -OOH uptake by cells in the absence 
versus presence of SCP-2 inhibitors 

 7 � -OOH uptake by SC2F cells and how this is affected by SCPI 
treatment was examined using a procedure similar to that de-
scribed for studying hydroperoxide cytoxicity, except for the use 
of radiolabeled 7 � -OOH in SUV donors, the stock DMPC/
[ 14 C]7 � -OOH/Ch/DCP (49:25:25:1 by mol) preparation con-
taining 1.25 mM ( � 18 nCi/ml) hydroperoxide. Cells at  � 70% 
confl uency in 10 cm dishes were incubated with SCPI-1 or SCPI-3 
for 1 h, followed by SUVs at a starting [ 14 C]7 � -OOH concentra-
tion of  � 100 µM. At various times during incubation, the SUV-
containing media were withdrawn, and cells were washed and 
recovered by scraping into PBS. After removing samples for pro-
tein determination, the cells were extracted with chloroform/
methanol (2:1, v/v), as described ( 23 ). After centrifugation, an 
aliquot of lipid-containing lower phase was dried under argon, 
dissolved in 20 µl of hexane/isopropanol (97:3 by vol), and ana-
lyzed for [ 14 C]7 � -OOH by high performance thin layer chroma-
tography with phosphorimaging detection (HPTLC-PI), using 
conditions described previously ( 28 ). HPTLC-PI is not only more 
sensitive than scintillation counting, but provides information 
about 7 � -OOH status (e.g., extent of any reduction to diol, 
7 � -OH) ( 28 ). A known amount of starting SUVs was also ana-
lyzed by HPTLC-PI to establish specifi c analyte signal strength for 
the purpose of expressing uptake by cells on a molar basis. 

 Measurement of mitochondrial membrane 
potential ( �  �  m ) 

 Cells in a 6-well plate were incubated with liposomal 7 � -OOH 
for 4.5 h in the absence or presence of a SCP-2 inhibitor, after 
which they were washed with PBS, overlaid with DMEM contain-
ing 2 µM JC-1, a   �   �  m  probe ( 29 ), and then incubated for 30 min 
at 25°C. After washing again with PBS, the cells were recovered by 
gentle scraping, pelleted, resuspended in 2 ml of DMEM, and 
checked for fl uorescence emission peaks in the red (550–610 
nm) and green (490–550 nm) wavelength ranges, using 488 nm 
excitation and a Model QM-7SE spectrofl uorimeter from Photon 
Technology International (London, Ontario, Canada). Peaks with 
maxima at 590 nm (red) and 530 nm (green) were integrated and 
their ratios calculated. A high red/green ratio refl ects a strong 
  �   � , whereas a relatively low ratio refl ects a weak   �   �  m  ( 29 ). 

 Measurement of cellular reactive oxidant level 
 The reactive oxygen species (ROS)-detecting probe, DCFH-DA, 

is taken up by cells and hydrolyzed to DCFH, which is trapped 
due to its greater polarity ( 30 ). DCFH in turn can be oxidized to 
DCF (the monitored fl uorophore) by internally generated oxi-
dants. At various time points during exposure to liposomal 7 � -
OOH, cells were washed with PBS, incubated with DMEM 
containing 10  � M DCFH-DA for 20 min at 37°C, washed again, 
overlaid with DMEM alone, and then examined by fl uorescence 
microscopy using 488 nm excitation and 610 nm emission. The 
fl uorescence intensity of representative image fi elds was deter-
mined using MetaMorph TM  software. 

 SCPI and 7 � -OOH binding to SCP-2 assessed by 
competition with NBD-Ch 

 The ability of the SCPIs or 7 � -OOH to interact with isolated 
SCP-2 was examined by competitive binding assay, using NBD-Ch 
as the fl uorescent substrate indicator. The general approach for 
measuring NBD-Ch binding was adapted from that described by 

4°C and used experimentally within 48 h. Other details were as 
described previously ( 15, 17 ). 

 Cell culture 
 An SCP-2-overexpressing transfectant clone (SC2F) of mouse 

L-cell fi broblasts (L arpt  �   tk  �  ), along with a vector control clone 
(VC), were kindly provided by Dr. Friedhelm Schroeder (Texas 
A&M University) as a gift. The cells were grown in DMEM con-
taining 10% serum, penicillin (100 units/ml), streptomycin (0.1 
mg/ml), and geneticin (G418, 0.35 mg/ml), using standard cul-
ture conditions. An SCP-2-overexpressing transfectant clone 
(SC2H) of rat McA-RH777 hepatoma cells, also obtained from 
Dr. Schroeder, was cultured under the same conditions ( 19 ). 
These cells had been transfected with a construct encoded for 15 
kDa pro-SCP-2, which is posttranslationally converted to mature 
13.2 kDa SCP-2 ( 7, 8 ). Human COH-BR1 cells, a breast cancer 
epithelial subline ( 24 ), were grown in DME-F12 medium supple-
mented as described above for DMEM. Transfectant cells were 
taken off selection agent (geneticin) at the second passage prior 
to an experiment. 

 Immunoblot analysis 
 The level of SCP-2 protein expressed in different cell lines was 

determined by Western blot analysis. Cells were recovered by 
trypsinization, washed with hypotonic buffer, and lysed by sonica-
tion. Lysates were centrifuged at 100,000  g  for 1 h at 4°C. Proteins 
in supernatant fractions were separated by electrophoresis, using a 
4–15% polyacrylamide gradient gel and transblotted to a 0.45  � m 
polyvinylidene difl uoride membrane. Blots were blocked, treated 
with rabbit anti-mouse SCP-2 ( 25 ), followed by peroxidase-conju-
gated anti-rabbit IgG, and then analyzed using enhanced chemilu-
minescence. Other details were as described previously ( 19 ). 

 Peroxide challenge in the absence  vs.  presence of SCP-2 
inhibitors and evaluation of cell death 

 SCP-2-overexpressing SC2F and SC2H cells, along with vector 
controls, were grown to  � 70% confl uency in 12-well plates; COH-
BR1 cells were prepared similarly. At 1 h before peroxide chal-
lenge, cells in serum-free medium at 37°C were treated with an 
SCP-2 inhibitor (SCPI-1 or SCPI-3) at various concentrations. 
The inhibitors were added from stock solutions in dimethylsul-
foxide (DMSO), the fi nal DMSO concentration in the medium 
being  � 0.5% (v/v). Controls without the SCPIs contained the 
same concentration of DMSO. SCPI-1 and SCPI-3 were main-
tained at their initial levels throughout subsequent peroxide 
treatment. For the ChOOH challenge, cells were overlaid with 
7 � -OOH-containing SUVs in DMEM, giving a range of initial hy-
droperoxide concentrations up to 200  � M in bulk suspension. At 
200 µM 7 � -OOH, there was no signifi cant cell detachment over 
at least a 6 h period. After a designated incubation time at 37°C 
(typically 4 h), the cells were washed free of SUVs, overlaid with 
1% serum-containing DMEM  , and after 20 h of additional incu-
bation, checked for viability by thiazolyl blue (MTT) assay. Cells 
were treated with MTT (0.5 mg/ml in DMEM) for 4 h, then dis-
solved in isopropanol and the formazan level determined by 
measuring absorbance at 570 nm ( 26 ). SCPI-treated cells and 
their respective controls were also challenged with hydrogen per-
oxide (e.g., 1 mM H 2 O 2  for 24 h), after which viability was checked 
by MTT assay. 

 To examine death mechanism, we incubated cells with a fi xed 
concentration of liposomal 7 � -OOH (typically 175  � M) for in-
creasing time periods up to 6 h. After each period, the cells were 
treated with 5  � M Ho and 50  � M PI for 20 min at 37°C, then 
checked for extent of apoptosis versus necrosis by fl uorescence 
microscopy, using a DAPI fi lter for Ho visualization and red fi lter 
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hepatoma or L1210 leukemia cells (not shown). Why 
COH-BR1 cells naturally express SCP-2 in such relatively 
high amounts is not clear at present. 

 Toxic effects of 7 � -OOH on SC2F cells 
 SCP-2-overexpressing SC2F cells were found to be much 

more sensitive to liposomal 7 � -OOH-induced killing than 
VC as assessed by MTT assay ( Fig. 2B ), the LD 50  values be-
ing  � 0.16 mM and  � 0.3 mM (estimated), respectively. 
Similar trends were observed previously for the hepatoma 
cells (i.e., 7 � -OOH was more toxic to transfectant clone 
SC2H than to its VC), but the LC 50  levels in this case were 
lower, namely,  � 19 µM and 75 µM, respectively ( 19 ). In 
contrast to 7 � -OOH, H 2 O 2  or  t -butyl hydroperoxide was 
equally toxic to SC2F cells and their VC (results not shown), 
as was observed previously for SC2H cells and their VC 
( 19 ). This suggests that specifi c binding/traffi cking by 
SCP-2 occurred in the case of 7 � -OOH but H 2 O 2  or 
 t -butyl hydroperoxide, which lacks the structural character-
istics of known SCP-2 ligands ( 7 ). We also found that there 
was no signifi cant difference between SC2F and VC clones 
in the levels of antioxidant enzymes, such as catalase and 
glutathione peroxidase types 1 and 4, as well as total gluta-
thione (results not shown). These fi ndings rule out possible 
contributions of any of these factors to the observed differ-
ences in 7 � -OOH cytotoxicity ( Fig. 2B ). 

 Effects of SCP-2 inhibitors on 7 � -OOH and H 2 O 2  toxicity 
toward SC2F cells 

 As shown in   Fig. 3A  , the SCP-2 inhibitor SCPI-1 in con-
centrations up to  � 6 µM had no effect of the viability of 

Colles et al. ( 12 ) and Avdulov et al. ( 31 ). For assessing SCPI bind-
ing, the reaction mixture (2.0 ml in a fl uorescence cuvette) con-
tained the following: 5 µM recombinant SCP-2, 1.25  � M NBD-Ch, 
and SCPI-1 or SCPI-3 in increasing concentrations from 0.2 to 10 
µM in 10 mM phosphate/0.1 mM EDTA/0.1 mM DFO (pH 7.4). 
NBD-Ch and SCPI in dimethylformamide (DMF) were added to-
gether to the SCP-2, the fi nal concentration of DMF being kept 
at 0.25 % (v/v) throughout. A reference mixture containing every-
thing except SCPI was prepared alongside. After 5 min of incuba-
tion at 37°C with continuous stirring, emission spectra between 
480 and 610 nm were recorded, using 460 nm excitation and band-
pass slits of 5 nm and 7 nm for excitation and emission, respec-
tively. Peaks were integrated and reductions in peak area caused by 
SCPI relative to a nonSCPI reference were calculated. A GraphPad 
Prism 4.0 program (GraphPad Software Inc., San Diego, CA) was 
used for data analysis [e.g., nonlinear regression curve fi tting and 
determination of 50% binding inhibition (IC 50 ) parameters.] 

 For examining 7 � -OOH binding, liposomal 7 � -OOH in in-
creasing concentrations from 0.5 to 25 µM was preincubated with 
5 µM SCP-2 for 5 min in a fl uorescence cuvette. POPC/7 � -OOH/
DCP (79:20:1 by mol) SUVs were used. After addition of NBD-Ch 
(1.25  � M), reaction mixtures in 10 mM phosphate/0.1 mM 
EDTA/0.1 mM DFO (pH 7.4) were incubated again for 5 min at 
37°C, after which emission spectra were recorded, as described 
above for SCPI binding. To account for any effects of liposomal 
lipid other than 7 � -OOH, we recorded a similar set of spectra for 
reaction mixtures containing SCP-2, NBD-Ch, and levels of 
POPC/DCP (99:1 by mol) SUVs consistent with those for 7 � -
OOH-containing SUVs. Spectra for mixtures lacking SCP-2 (0.5–
25 µM liposomal 7 � -OOH plus 1.25 µM NBD-Ch) and for a 
mixture lacking liposomes (5 µM SCP-2 plus 1.25 µM NBD-Ch) 
were also recorded. 

 Possible interfering factors, such as interaction of NBD-Ch 
and SCP-2 with liposomes, were considered in carrying out these 
determinations. Binding of 7 � -OOH to SCP-2 in competition 
with NBD-Ch was evaluated by subtracting integrated peak areas 
for the SCP-2/NBD-Ch/7 � -OOH SUV system from those for the 
SCP-2/NBD-Ch/non-7 � -OOH SUV system and plotting these 
differences as a function of 7 � -OOH concentration. 

 Statistics 
 The two-tailed Student’s  t -test was used for determining the 

signifi cance of apparent differences between experimental val-
ues, with  P  > 0.05 considered statistically insignifi cant. 

 RESULTS 

 SCP-2 protein expression in the selected cell types 
 Three cell types producing relatively high levels of SCP-2 

were used in this study, mouse fi broblast SC2F, rat hepa-
toma SC2H, and human COH-BR1, the fi rst two represent-
ing SCP-2 transfectant clones and the third, wild-type cells. 
Western blot analysis revealed that the SC2F clone was sub-
stantially enriched in SCP-2 (  Fig. 2A  ),  � -actin-normalized 
densitometry indicating about a 3-fold elevation over the 
level in wild-type or VC cells. No signifi cant difference in 
the level of other immunodetectable proteins, including 
SCP-x ( 7 ), was observed (not shown). SC2H cells exhib-
ited about a 10-fold SCP-2 enrichment over their VC, and 
this level was  � 5 times greater than that in SC2F cells ( Fig. 
2A ). The constitutive level of SCP-2 in COH-BR1 cells was 
found to be  � 9 times greater than that of L-cell VC ( Fig. 
2A ) and also substantially greater than that of wild-type 

  Fig.   2.  SCP-2 protein expression in relation to 7 � -OOH cytotox-
icity. A: Western blots of L-cell clones [vector control (VC) and 
SCP-2-transfectant (SC2F)], a hepatoma cell SCP-2-transfectant 
clone (SC2H), and wild-type COH-BR1 cells; protein loads: 50 µg 
per lane. Relative  � -actin-normalized densitometry values are as 
follows: 1.0, 2.8, 7.1, and 9.3, respectively. B: Comparative sensitiv-
ities of clones VC and SC2F to 7 � -OOH-induced cell killing. SC2F 
( � ) and VC ( � ) cells were incubated with 7 � -OOH-containing 
SUVs in increasing hydroperoxide concentration, as indicated, for 
4 h and checked for viability by MTT assay 20 h later. Data points 
are means ± SD of values from three replicated experiments.   
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clone SC2F, but it exhibited a dose-dependent increase in 
cytotoxicity above this level. However, when added to cells 
prior to 7 � -OOH, SCPI-1 reduced peroxide-induced cell 
killing in a dose-dependent manner over the 0–6 µM 
range, 50% inhibition occurring at  � 1.4 µM. Inhibitor 
SCPI-3 was less toxic to SC2F cells, reducing viability only 
at concentrations above  � 21 µM ( Fig. 3B ). When given to 
cells before 7 � -OOH, SCPI-3 protected against oxidative 
killing dose-dependently over the 0–21 µM range, 50% in-
hibition being seen at  � 4.9 µM. Therefore, both SCPIs 
acted cytoprotectively in their nontoxic ranges, and SCPI-1 
was  � 3.5 times more potent in this than SCPI-3. A reason-
able explanation is that the SCPIs interfered with cellular 
uptake/distribution of 7 � -OOH by competing with it for 
binding to SCP-2. SCPI-1 was not only more cytoprotective 
than SCPI-3 at lower concentrations but also more cyto-
toxic on its own at higher concentrations, the LD 50  values 
above the toxic thresholds being  � 13 µM and  � 60 µM, 
respectively ( Fig. 3A, B ). In contrast to their strong anti-7 � -
OOH effects, neither SCPI-1 nor SCPI-3 at its most effective 
concentration with 7 � -OOH provided any signifi cant pro-
tection against cell killing by the nonlipid hydroperoxide 
H 2 O 2  ( Fig. 2C ). This further supports our deduction from 
the observation that SC2F cells were no more sensitive to 
H 2 O 2  than VC (see above), namely, that the 7 � -OOH effects 
were dependent on interaction with SCP-2. 

 SCPI protective effects on other SCP-2-expressing 
mammalian cells 

 We tested the anti-7 � -OOH effects of SCPI-1 and SCPI-3 
on two other SCP-2-expressing cell types, hepatoma trans-
fectant clone SC2H, shown previously to be hypersensitive 
to 7 � -OOH toxicity ( 19 ), and COH-BR1 cells with high 
constitutive SCP-2 protein ( Fig. 2 ). As shown in   Fig. 
4A  ,viability of SC2H cells was unaffected by 6 µM SCPI-1 or 
20 µM SCPI-3. However, a liposomal 7 � -OOH challenge 
under the conditions described reduced viability to  � 12% 
of the control level after 20 h, and SCPI-1 and SCPI-3 at 
the indicated concentrations inhibited this nearly com-
pletely and by  � 80%, respectively ( Fig. 4A ). In the case of 
COH-BR1 cells, SCPI-1 and SCPI-3 at the same concentra-
tions used with SC2H cells were slightly toxic (10–20%) on 
their own, but once again, imposed a strong protection 
against 7 � -OOH lethality ( Fig. 4B ). Thus, the observed 
SCPI protective effects appeared to be generally applica-
ble to cells expressing signifi cant levels of SCP-2. As in the 
case of SC2F cells ( Fig. 2 ), both SCPIs became increasingly 
toxic to SC2H and more so to COH-BR1 cells (results not 
shown) at concentrations greater than those used in show-
ing protection against 7 � -OOH. This calls into question 
the assertion of Kim et al. ( 20 ) based on results with a 
single mammalian line, mouse breast cells, that SCPIs are 
minimally toxic to vertebrate cells. 

 SCPI inhibition of 7 � -OOH uptake 
 A previous study ( 19 ) revealed that the initial rate of 

[ 14 C]7 � -OOH uptake by clone SC2H cells was signifi cantly 
greater than that of a vector control, suggesting more 
rapid internalization of the peroxide due to binding by 

  Fig.   3.  Protective effects of SCP-2 inhibitors against hydroperoxide-
induced SC2F cell killing. A: SCPI-1: concentration-dependent 
toxicity (  �  ) and protection against 7 � -OOH toxicity ( � ). For as-
sessing SCPI-1 toxicity threshold, cells in serum-free DMEM were 
treated with inhibitor alone at the indicated concentrations for 5 h, 
then switched to 1% serum-containing DMEM, and MTT-based vi-
ability was determined 20 h later. For assessing cytoprotection, cells 
were preincubated with SCPI-1 for 1 h, then exposed to 175 µM 
7 � -OOH in DMPC/7 � -OOH/Ch/DCP (49:25:25:1 by mol) SUVs 
for 4 h, switched to 1% serum-containing DMEM, and checked for 
viability 20 h later; SCPI-1 was maintained at the indicated concen-
trations throughout incubation with 7 � -OOH. B: SCPI-3: concen-
tration-dependent toxicity (  �  ) and protection against 7 � -OOH 
toxicity ( � ). Other details were as described for SCPI-1, except for 
the higher concentration range of SCPI-3. C: H 2 O 2 : cells were pre-
incubated with 6 µM SCPI-1 or 21 µM SCPI-3 for 1 h, then treated 
with 1.0 mM H 2 O 2  for 24 h, after which viability was determined by 
MTT assay. SCPI-1 or SCPI-3 was present in the medium through-
out the entire period of peroxide challenge in A, B, and C. Data 
points in each case are means ± SD of values from four separate 
experiments.   
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  Fig.   5.  SCPI interference with cellular uptake of 7 � -OOH. SC2F 
cells at a uniform confl uence ( � 70%) in 10 cm dishes were prein-
cubated for 1 h in the absence or presence of 6 µM SCPI-1 or 21 µM 
SCPI-3, followed by 105 µM (1.5 nCi/ml) [ 14 C]7 � -OOH in DMPC/
[ 14 C]7 � -OOH/Ch/DCP (49:25:25:1 by mol) SUVs. After increasing 
times of incubation without or with either SCPI at the indicated 
concentration, SUV-containing media were removed, and the cells 
were washed once with cold PBS, then extracted with chloroform/
methanol (2:1, v/v). Recovered lipid-containing fractions were ana-
lyzed by HPTLC-PI. A: Chromatographic profi les of cellular [ 14 C]7 � -
OOH/7 � -OH immediately after SUV addition [7 (0 ′ )] and after a 
60 min incubation period in the absence [7 (60 ′ )] or presence of 
SCPI-1 [7+I-1 (60 ′ )] or SCPI-3 [7+I-3 (60 ′ )]. Each lane corresponds 
to 42 µg of cellular protein. Also represented is a lipid extract from 
the SUV donors containing 3.1 nmol of [ 14 C]7 � -OOH. B: Analyte 
accumulation in cells as a function of incubation time. Left panel: 
7 � -OOH accumulation in the absence ( � ) or presence of SCPI-1 
( � ) or SCPI-3 ( � ). right panel: 7 � -OH accumulation in the absence 
( � ) or presence of SCPI-1 ( � ) or SCPI-3 ( � ). Means ± deviation of 
values from duplicate experiments are shown.   

was likewise inhibited by the SCPIs ( Fig. 5B ). Thus, a re-
duced rate of 7 � -OOH uptake (along with intracellular 
distribution) is implicated in the SCPI cytoprotective ef-
fects seen in  Figs. 3 and 4 . 

 ROS accumulation in 7 � -OOH-treated cells: attenuation 
by SCPIs 

 ROS buildup in 7 � -OOH-treated SC2F cells was exam-
ined by fl uorescence microscopy using DCFH-DA as a 
probe ( 30 ). Internalized DCFH-DA is trapped by being hy-
drolyzed to DCFH, which is converted to the fl uorescent 
indicator DCF by strong oxidants (e.g., species generated 
by the action of endogenous peroxidases on H 2 O 2 ) ( 30 ). 
As shown in   Fig. 6  , DCF fl uorescence intensity was very low 
initially but increased progressively with time of incuba-
tion with liposomal 7 � -OOH, reaching  � 65 times the 
starting value by 6 h; at this point,  � 50% of the cells were 
DCF-positive. No signifi cant increase was observed for cells 

overexpressed SCP-2. Knowing this, we postulated that 7 � -
OOH internalization would be slowed in SCPI-treated cells 
due to competitive interaction with SCP-2 and that this 
could at least partially explain the observed SCPI cytopro-
tective effects ( Figs. 3 and 4 ). To study this, we examined 
the effects of SCPI preincubation on uptake of liposomal 
[ 14 C]7 � -OOH by SC2F cells. As shown by the HPTLC-PI 
profi le in   Fig. 5A  . 7 � -OOH and its diol 7 � -OH could be 
detected in cells after a 1 h incubation with SUVs, the hy-
droperoxide band being less intense. Diol formation is 
attributed mainly to 7 � -OOH reduction in the cell com-
partment. The band intensity of both analytes was clearly 
reduced in samples from SCPI-treated cells ( Fig. 5A ). A 
plot of integrated band intensities ( Fig. 5B ) shows that cel-
lular 7 � -OOH increased progressively with incubation 
time, reaching  � 2 nmol/mg cell protein after 1 h and that 
SCPI-1 and SCPI-3 each lowered this by  � 45%. Time-
dependent accumulation of 7 � -OOH-derived 7 � -OH in cells 

  Fig.   4.  SCPI protection of SC2H and COH-BR1 cells against 7 � -
OOH-induced killing. A: Hepatoma clone SC2H cells in DMEM 
were incubated in the absence or presence of 6 µM SCPI-1 or 21 µM 
SCPI-3 for 1 h, then exposed to 75 µM liposomal 7 � -OOH for 4 h, 
and checked for MTT-based viability after an additional 20 h. B: 
Breast tumor COH-BR1 cells in DME-F12 medium were incubated in 
the absence or presence of 6 µM SCPI-1 or 21 µM SCPI-3 for 1 h, 
then treated with 20 µM liposomal 7 � -OOH for 4 h, and checked for 
viability 20 h later. In A and B, the SCPI were kept at the given con-
centrations throughout peroxide treatment; after 4 h with 7 � -OOH, 
cells were switched to 1% serum-containing medium. Plotted data 
are means ± SD of values from four replicate experiments.   
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(not shown). When cells were preincubated with 6 µM 
SCPI-1 or 20 µM SCPI-3, the extent of apoptosis under 
7 � -OOH challenge was dramatically reduced (  Fig. 8A  ). 
Plotted data from these experiments ( Fig. 8B ) indicate 
that apoptotic cell count under peroxide exposure in-
creased steadily to  � 60% after 6 h. Each of the SCPIs re-
duced the apoptotic count by at least 90%. 

 SCPI and 7 � -OOH binding to isolated SCP-2 
 Direct competition between the SCPIs and 7 � -OOH for 

binding to SCP-2 could explain the observed abilities of 
the former to inhibit cell uptake and cytotoxic effects 
of the latter, including damaging ROS production, loss of 
  �   �  m , and apoptotic cell killing. Relatively simple cell-free 
systems involving human recombinant SCP-2, NBD-Ch, 
7 � -OOH, and the SCPIs were set up to begin investigating 
this question. Using NBD-Ch as a reporter with greatly in-
creased fl uorescence quantum yield upon interaction with 
SCP-2 ( 12, 31 ), we studied two basic binding models: one 
involving competition between SCPI-1 or SCPI-3 and NBD-
Ch for SCP-2, and the other competition between 7 � -OOH 
and NBD-Ch for SCP-2. As shown in   Fig. 9A  , fl uorescence 
of NBD-Ch was greatly enhanced upon interaction with 
SCP-2, the integrated peak area of NBD-Ch + SCP-2 [trace 
(a)] being  � 30 times greater than that of NBD-Ch alone 
[trace (g)]. When included in the reaction mixture, SCPI-1 
reduced the NBD fl uorescence in a concentration-depen-
dent manner over the 0.25–10 µM range [ Fig. 9A , traces 
(b)-(f)]; SCPI-3 also reduced the NBD signal, albeit less 
potently (not shown). For each inhibitor, percent reduc-
tion of integrated fl uorescence peak intensity was plotted 
as a function of concentration ( Fig. 9B ). As can be seen, 
both inhibitors competed with NBD-Ch, exhibiting an ap-
proach to saturation with increasing concentration, SCPI-1 

treated with SUVs lacking 7 � -OOH or containing 7 � -OH 
instead (not shown). In striking contrast to the results with 
7 � -OOH alone, cells treated with 20 µM SCPI-3 before the 
hydroperoxide showed relatively little DCF fl uorescence 
throughout, the intensity at 6 h being only  � 3 times 
greater than that at the outset ( Fig. 6 ). A dramatic reduc-
tion in DCF signal intensity was also observed when cells 
were preincubated with SCPI-1 (not shown). Thus, there 
was a strong correlation between the SCPI effects on ROS 
accumulation and cell killing ( Figs. 3 and 4 ). Based on 
previous evidence ( 19 ), it is likely that most of these oxi-
dants were secondary species arising from one-electron 
turnover of incoming 7 � -OOH, most of the latter having 
already reacted before DCFH-DA was introduced. 

 SCPI inhibition of  �  �  m  loss and apoptotic cell death 
provoked by 7 � -OOH 

 Exposure of SC2F cells to 7 � -OOH resulted in a loss of 
mitochondrial membrane potential, as measured by JC-1 
red/green emission ratio, the value after 4 h of continu-
ous incubation being  � 15% of the control without 7 � -
OOH (  Fig. 7  ). The mitochondrial uncoupling agent 
valinomycin produced a similar large loss of  �  �  m . In cells 
treated with the SCPIs prior to 7 � -OOH,   �   �  m  loss was 
much less, 6 µM SCPI-1 attenuating it by  � 42% and 20 µM 
SCPI-3 by  � 35% ( Fig. 7 ). The ability of these SCPIs to at 
least partially preserve   �   �  m  under 7 � -OOH pressure is 
consistent with their observed cytoprotective effects ( Figs. 
3 and 4 ). 

 The mechanism of SC2F cell death induced by 7 � -OOH 
was examined by fl uorescence imaging using the nuclear 
dyes Ho and PI. As shown in  Fig. 7A , cells treated for up to 
6 h with 0.175 mM liposomal 7 � -OOH died mainly by ap-
optosis rather than necrosis (i.e., the number of cells with 
Ho-positive nuclei increased progressively throughout 
while those with PI-positive nuclei remained insignifi cant). 
Apoptosis was negligible (less than 5% of cells) at time-
zero or in controls incubated with SUVs lacking 7 � -OOH 

  Fig.   7.  SCPI protection against peroxide-induced loss of mito-
chondrial membrane potential. SC2F cells were incubated in the 
absence or presence of 6 µM SCPI-1 or 21 µM SCPI-3 for 1 h and 
then in the presence of 175 µM SUV-7 � -OOH for 4 h. After removal 
of the SUV-containing medium, cells were overlaid with fresh me-
dium containing 2 µM JC-1 and 30 min later were recovered for mea-
surement of JC-1 red and green fl uorescence spectra. Peaks with 
maxima at 590 nm (red) and 530 nm (green) were integrated and 
their ratios calculated as indices of  �  �  m  status. Also represented are 
cells treated with JC-1 after being exposed to 1 µM valinomycin for 
30 min. Plotted values are means ± SD (n = 4).   

  Fig.   6.  SCPI inhibition of reactive oxidant accumulation in 7 � -
OOH-treated SC2F cells. Cells were incubated in the absence or 
presence of 21 µM SCPI-3 for 1 h, after which 175 µM liposomal 
7 � -OOH was introduced. At the indicated times after peroxide ad-
dition, the cells were treated with 10 µM DCFH-DA for 20 min and 
then analyzed for DCF signals by fl uorescence microscopy. Inte-
grated intensity level is indicated below each viewing fi eld; means ± 
SD of values from three separate experiments are shown. 7 � -OOH, 
3 � -hydroxycholest-5-ene-7 � -hydroperoxide; DCFH-DA, 2 ′ ,7 ′ -di-
chlorofl uorescin diacetate; DCF, 2 ′ ,7 ′ -dichlorofl uorescein; SCPI-3, 
3-(4-bromophenyl)-5-methoxy-7-nitro-4H-1,2,4-benzoxadiazine.   
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NBD-Ch binding by SCP-2 was diminished by 7 � -OOH. A 
single concentration of SUV 7 � -OOH (10 µM) is repre-
sented in  Fig. 10A .  Fig. 10B  shows a plot of peak area as a 
function of 7 � -OOH concentration for the NBD-Ch/SCP-
2/7 � -OOH SUV system and as a function of correspond-
ing total lipid concentration for the NBD-Ch/SCP-2/
all-POPC SUV system. Note that the concentration-depen-
dent increase in peak area was much lower for the 7 � -
OOH-containing system.  Fig. 10C  shows a plot of percent 
reduction of fl uorescence signal by 7 � -OOH relative to 
the signal with total lipid over the given concentration 
range. This represents the corrected titration curve for 
competitive 7 � -OOH binding to SCP-2. Data analysis by 
the same approach described for  Fig. 9B  revealed that the 
IC 50  for 7 � -OOH was 12.6 µM. Thus, the avidity of 7 � -
OOH for SCP-2 appeared to be  � 1/4 that of SCPI-1 and 
1/2 that of SCPI-3. 

 DISCUSSION 

 Oxidative stress-generated hydroperoxides (including 
H 2 O 2  arising from upstream reactions, such as O 2  

 �  ·
reduction/dismutation, and LOOHs generated secondarily 

competing more effectively than SCPI-3. Using a software 
program for extracting competitive binding parameters, 
we determined that the IC 50  values for SCPI-1 and SCPI-3 
were 3.32 µM and 6.50 µM, respectively. 

 The situation was more complicated in the case of 7 � -
OOH. For some unknown reason, adding DMF solutions 
of 7 � -OOH plus NBD-Ch to SCP-2 did not give consistent 
competitive binding results as had been observed for DMF 
solutions of the SCPIs plus NBD-Ch. Switching to ethanol 
as a vehicle did not improve the situation. However, when 
7 � -OOH was presented in liposomal (SUV) form, as used 
with cells, highly reproducible, concentration-dependent 
results were obtained, showing that the hydroperoxide 
competes with NBD-Ch for binding to SCP-2. Neverthe-
less, the analysis was more complicated because enhanced 
fl uorescence due to NBD-Ch interaction with the SUVs 
had to be corrected for.   Fig. 10A   shows emission spectra 
for NBD-Ch at a single concentration in the presence of 
no additions [trace (a)], 7 � -OOH-containing SUVs alone 
[trace (b)], SCP-2 alone [trace (c)], 7 � -OOH-containing 
SUVs plus SCP-2 [trace (d)], or POPC-only SUVs plus 
SCP-2 [trace (e)]. The integrated area under trace (d) was 
found to equal that under trace (b) plus trace (c), indicat-
ing that the SCP-2 and SUV effects on NBD-Ch fl uores-
cence were additive. As shown in  Fig. 10A , the trace (d) 
signal was lower than that of trace (e), suggesting that 

  Fig.   8.  SCPI inhibition of 7 � -OOH-provoked apoptotic cell 
death. SC2F cells were incubated in the absence or presence of 
SCPI-1 (6 µM) or SCPI-3 (21 µM) for 1 h, then exposed to 175 µM 
SUV-7 � -OOH for the indicated times at 37°C. Immediately thereaf-
ter, the SUV-containing media were removed, and after washing 
with PBS, the cells were treated with Ho and PI and examined for 
apoptotic (blue-staining) versus necrotic (red-staining) nuclei by 
fl uorescence microscopy. Representative images for each experi-
mental condition are shown. Plotted data show percent apoptotic 
cells as a function of incubation time with SUV-7 � -OOH in the ab-
sence or presence of SCPI-1 or SCPI-3. Means ± SD of values from 
four independent experiments are shown.    

  Fig.   9.  Competition between SCPI and NBD-Ch for binding to 
isolated SCP-2. A: Fluorescence emission spectra of 1.25 µM 
NBD-Ch in the presence of 5 µM recombinant SCP-2 and SCPI-1 
in increasing concentrations from 0 µM to 10 µM [traces (a)-(f)]. 
Traces (g) and (h) represent NBD-Ch alone and SCP-2 alone, 
respectively. All fi nal reaction mixtures contained 0.25% (v/v) 
dimethylformamide, the solvent used for NBD-Ch and the SCPIs. 
B: Fluorescence peaks from A and from a similar experiment us-
ing 0–10 µM SCPI-3 were integrated, and the level of NBD-Ch 
fl uorescence relative to that in the absence of SCPI was plotted 
against SCPI concentration. Values are means ± SD (n = 4).    
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philic, H 2 O 2  may readily translocate from its site of origin/
entry in a cell, and depending on access to detoxifying en-
zymes, this could be a crucial factor in its cytotoxic/signaling 
activity. These effects of H 2 O 2  have been widely studied, 
but little is known about its subcellular movement or dis-
tribution under stress conditions. This also applies to the 
more complex LOOHs. However, recent recognition that 
LOOH activity is not necessarily restricted to a membrane 
of origin in a cell but may be “broadcasted” elsewhere by 
spontaneous or protein-mediated translocation ( 15–18 ) 
has opened up a new area of investigation in the oxidative 
stress fi eld. The fi rst studies to demonstrate that LOOH 
redox toxicity can be disseminated via intermembrane 
transfer were carried out in this laboratory using 7 � -OOH 
and other ChOOH isomers ( 15, 17 ). Using membrane 
donor-acceptor model systems, we found that the ChOOHs 
spontaneously translocated at different rates but much 
faster than unoxidized Ch, consistent with more rapid de-
parture due to greater hydrophilicity ( 17 ). For example, 
7 � -OOH moved with a fi rst-order rate constant that was 
 � 200 times that of Ch ( 17 ). Subsequent studies showed 
that ChOOH transfer could be further enhanced by natu-
rally occurring or recombinant SCP-2, the fi rst known evi-
dence for LOOH translocation by a cellular lipid-traffi cking 
protein ( 18 ). When isolated liver mitochondria were used 
as acceptors, transfer uptake of 7 � -OOH from SUV donors 
was accelerated by recombinant SCP-2, resulting in a more 
rapid loss of membrane potential due to damaging free-
radical reactions induced by iron-catalyzed reduction 
of the hydroperoxide ( 18 ). Similar results were reported 
recently for recombinant StarD4 ( 35 ), a sterol-specifi c 
transfer protein that delivers Ch to mitochondria of ste-
roidogenic cells for the initial stages of steroid hormone 
biosynthesis ( 4, 5 ). 

 Of greater relevance to the present study is earlier work 
( 19 ) involving SCP-2-overexpressing rat hepatoma cells, 
which we now refer to as clone SC2H. We showed that 
these cells, expressing  � 10 times more immunodetectable 
SCP-2 than vector controls, were substantially more sensi-
tive to 7 � -OOH lethality than the controls but equally sen-
sitive to H 2 O 2 - or  t -butyl hydroperoxide lethality, consistent 
with the former being SCP-2-mediated. Moreover, [ 14 C]7 � -
OOH was internalized faster by SC2H cells (presumably 
via interaction with SCP-2) and accumulated faster in mi-
tochondria than in other subcellular compartments ( 19 ). 
Tracking experiments showed that [ 14 C]7 � -OOH under-
went more extensive one-electron (toxic) turnover in 
SC2H cells than controls, as well as greater time-depen-
dent ROS buildup, loss of mitochondrial membrane po-
tential, and lipid peroxidation in situ, localized mainly to 
mitochondria ( 19 ). These results were consistent with 
SCP-2-dependent traffi cking and mitochondrial targeting 
of 7 � -OOH, although direct evidence for SCP-2 interac-
tion with the hydroperoxide was lacking. This issue was 
addressed in the present study through the use of selected 
SCP-2 inhibitors (i.e., agents shown previously to interfere 
with Ch binding by mosquito SCP-2) ( 20, 21 ). The initial 
purpose of those studies ( 20 ) was to discover potential 
pharmacologic inhibitors of yellow fever mosquito SCP-2, 

via attack of ROS, such as  1 O 2  or H 2 O 2 -derived HO• on cell 
membrane lipids) are well known for their nonspecifi c cy-
totoxic effects, although in low doses these species may 
also play a more subtle and selective role as redox signal-
ing molecules ( 32–34 ). Being relatively small and hydro-

  Fig.   10.  Competition between SCPI and liposomal 7 � -OOH for 
binding to isolated SCP-2. A: Fluorescence emission spectra of 1.25 
µM NBD-Ch in the presence of the following other components: 
(a) none; (b) 10 µM 7 � -OOH in POPC/7 � -OOH/DCP (79:20:1 by 
mol) SUV form; (c) 5 µM SCP-2; (d) 5 µM SCP-2 plus 10 µM 7 � -
OOH in SUV form; (e) 5 µM SCP-2 plus 10 µM POPC in POPC/
DCP (99:1 by mol) form. NBD-Ch (1.25 µM) plus 10 µM POPC in 
SUV form gave a spectrum (not shown) that was virtually identical 
to that of (b). B: Fluorescence peak areas for conditions (d) and 
(e) in panel A plotted as a function of 7 � -OOH concentration over 
the 0.5-25 µM range ( � ). The POPC plot ( � ) represents total lipid 
concentrations for the given range of peroxide concentrations; for 
example, at 10 µM 7 � -OOH, total lipid was 50 µM, as 7 � -OOH was 
20 mol % of the SUV lipid. C: Replotted panel B data showing 
NBD-Ch fl uorescence in the presence of SUV-7 � -OOH relative 
to that in the presence of total SUV lipid, as a function of 7 � -
OOH concentration. Values in B and C are means ± SD (n = 3).    
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insect and mammalian proteins interact similarly with the 
SCPIs and with natural ligands like Ch. In support of this, 
recent studies have shown a remarkable degree of tertiary 
structural similarity between mammalian and insect SCP-2 
despite only  � 30% sequence identity ( 37, 38 ). Although a 
high-resolution structure for any Ch-bound SCP-2 is yet to 
be elucidated, it is likely that a large hydrophobic cavity 
known to exist in both the insect and mammalian proteins 
( 8, 37, 38 ) will be occupied by the sterol, and similar bind-
ing is predicted for 7 � -OOH. 

 In summary, we have shown that intracellular SCP-2, 
which normally translocates Ch for membrane homeostasis 
and other metabolic purposes, can also bind and transfer 
7 � -OOH, a free radical-generated hydroperoxide of Ch, 
and that this puts cells at greater risk of lethal oxidative in-
jury. These fi ndings provide further support for the hypo-
thesis that under oxidative-stress conditions, inappropriate 
SCP-2 traffi cking of 7 � -OOH and other LOOHs will greatly 
expand their damaging and signaling ranges, thus exacer-
bating the stress response. A plausible explanation for these 
effects is that toxic hydroperoxide turnover or induction of 
death signaling at subcellular delivery sites exceeds the ca-
pacity for detoxifi cation at these sites ( 16 ). We challenged 
cells with 7 � -OOH from an exogenous source (SUVs), 
which could model transfer uptake occurring in the circula-
tion (e.g., from peroxidized low density lipoprotein) ( 39 ). 
In mammalian cells under an endogenous oxidative chal-
lenge, the plasma membrane would serve as the richest 
transfer donor of 7 � -OOH and other ChOOHs, because 
most of the cellular Ch (over 80%) typically resides in this 
compartment ( 40 ). We showed previously ( 18 ) that isolated 
recombinant SCP-2 can accelerate intermembrane transfer 
of phospholipid hydroperoxides in addition to ChOOHs, 
consistent with its known low selectivity for lipid ligands ( 7, 
8 ). Thus, we anticipate that cellular SCP-2 would also am-
plify phospholipid hydroperoxide cytotoxicity, but this re-
mains to be investigated. Our recent studies have shown 
that another intracellular lipid transfer protein, StarD4, can 
also transport 7 � -OOH and Ch ( 35 ). In this case, however, 
absolute specifi city for the sterol nucleus was demonstrated, 
phospholipid hydroperoxides (like parent phospholipids) 
not being recognized by the protein ( 35 ). It remains to be 
determined whether intracellular transfer proteins with a 
known high specifi city for phospholipids ( 9 ) will enhance 
oxidative toxicity and/or signaling by selectively traffi cking 
phospholipid-derived hydroperoxides.  

 The authors are grateful to Dr. Friedhelm Schroeder for kindly 
supplying us with the SCP-2-overexpressing clones or L-cells 
and hepatoma cells, along with their vector controls. Helpful 
advice from the Schroeder laboratory regarding the main-
tenance of these cells in culture and evaluation of SCP-2 expre s-
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