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membrane potential loss, and reduced progesterone output.
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(Background: StAR proteins in steroidogenic cells transport cholesterol to/into mitochondria. Under oxidative stress, StARs
might deliver damaging cholesterol hydroperoxides (ChOOHs).
Results: Steroidogenic activation of MA-10 Leydig cells results in StarD1/D4 expression, ChOOH delivery to mitochondria,

Conclusion: Activated cells are susceptible to mitochondrial damage/dysfunction by ChOOHs.
Significance: Novel insights into how steroidogenic tissues can be damaged under oxidative stress are provided.
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Steroidogenic acute regulatory (StAR) proteins in steroido-
genic cells are implicated in the delivery of cholesterol (Ch) from
internal or external sources to mitochondria (Mito) for initia-
tion of steroid hormone synthesis. In this study, we tested the
hypothesis that under oxidative stress, StAR-mediated traffick-
ing of redox-active cholesterol hydroperoxides (ChOOHs) can
result in site-specific Mito damage and dysfunction. Steroido-
genic stimulation of mouse MA-10 Leydig cells with dibutyryl-
cAMP (Bt,cAMP) resulted in strong expression of StarD1 and
StarD4 proteins over insignificant levels in nonstimulated con-
trols. During incubation with the ChOOH 3-hydroxycholest-
5-ene-7a-hydroperoxide (7a-OOH) in liposomes, stimulated
cells took up substantially more hydroperoxide in Mito than
controls, with a resulting loss of membrane potential (AW,,) and
ability to drive progesterone synthesis. 7a-OOH uptake and
AW, loss were greatly reduced by StarD1 knockdown, thus
establishing the role of this protein in 7a-OOH delivery. More-
over, 7a-OOH was substantially more toxic to stimulated than
nonstimulated cells, the former dying mainly by apoptosis and
the latter dying by necrosis. Importantly, fert-butyl hydroperoxide,
which is not a StAR protein ligand, was equally toxic to stimulated
and nonstimulated cells. These findings support the notion that
like Ch itself, 7a-OOH can be transported to/into Mito of steroido-
genic cells by StAR proteins and therein induce free radical dam-
age, which compromises steroid hormone synthesis.

Cells of the adrenal cortex, ovary, and testis use nonesterified
cholesterol (Ch)? to synthesize steroid hormones (1-3). Ch can
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be derived from external sources, viz. low density lipoprotein
(LDL) via the LDL receptor and high density lipoprotein (HDL)
via the class B type I scavenger receptor (SR-BI) scavenger
receptor (3, 4). Upon delivery, cholesteryl esters are hydrolyzed
by hormone-sensitive lipase, giving free Ch (3, 5). Ch can also be
supplied internally, e.g. via de novo synthesis in endoplasmic
reticulum, removal from plasma membrane, or hydrolysis of
cholesteryl esters in lipid droplets (3). Hormone production is
initiated in mitochondria (Mito) by hydroxylation and cleavage
of the Ch side chain to give pregnenolone, a reaction carried out
by cytochrome P450 side-chain cleavage enzyme (P450scc/
Cyp11A1) on the Mito inner membrane (IM) (2, 3). Proteins of
the steroidogenic acute regulatory (StAR) family play a major
role in steroid hormone synthesis by selectively transporting
Ch to and into Mito (3, 6 —8). These proteins contain a C-ter-
minal segment of ~200 amino acids, the StAR-related lipid
transfer (START) domain, which binds a single Ch molecule in
highly selective fashion (9, 10). StarD1, the family prototype,
localizes in the Mito outer membrane (OM), and in conjunc-
tion with peripheral benzodiazepine receptor and other pro-
teins (3, 7, 11), facilitates the translocation of incoming Ch to
the inner membrane (IM) for processing by the P450scc system
(2, 3). Structural homologues of StarD1 have been identified
(StarD1-D6), which probably function in the cytosol because
they lack organelle-targeting sequences (6, 12—14). This has
prompted the notion that StarD4, for example, transports Ch
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through cytosol to the OM, where resident StarD1 then assists
in moving it to the IM (7, 8).

There is growing awareness that functionality of steroido-
genic tissues may decline as a function of increasing oxidative
stress associated with natural aging or vascular disorders such
as atherogenesis (15-17). A common feature of these condi-
tions is the increasing level of lipid oxidation products in the
circulation, reflecting greater free radical-mediated peroxida-
tion of unsaturated phospholipids and Ch in cell membranes
and lipoproteins (18). Lipid hydroperoxides generated during
this process are susceptible to reductive turnover, undergoing
either iron/copper-catalyzed one-electron reduction to oxyl
radicals or enzyme-catalyzed two-electron reduction to alco-
hols, the former intensifying peroxidative damage and the latter
attenuating it (18, 19). Due to increased hydrophilicity, most
lipid hydroperoxides, including Ch-derived species (ChOOHs),
are capable of translocating between membranes or lipopro-
teins and membranes, and this can greatly expand their oxida-
tive toxicity and signaling ranges (20 —22). Our previous studies
revealed that intermembrane ChOOH transfer in cell-free and
cellular systems could be accelerated by sterol carrier protein-2
(SCP-2), the first reported examples of enhanced lipid
hydroperoxide translocation by a lipid transfer protein (23).
More recently, we showed that transfer of 7a-hydroperoxycho-
lesterol (7a-OOH) from liposomes to isolated Mito was
strongly enhanced by recombinant StarD4 and that this
induced Mito peroxidative damage and loss of membrane
potential (24). This was the first reported evidence for a StAR
family protein acting in this manner. We now report that ste-
roidogenic activation of mouse MA-10 Leydig cells, as evi-
denced by StAR protein expression and progesterone synthesis,
makes these cells remarkably more sensitive to redox damage
and dysfunction by Mito-targeted 7a-OOH.

EXPERIMENTAL PROCEDURES

General Materials—Sigma-Aldrich supplied the Ch, Chelex
100, desferrioxamine, dibutyryl cyclic AMP (Bt,cAMP), dithio-
threitol (DTT), tert-butyl hydroperoxide (¢--BuOOH), 3-(4,5-
dimethylthiazolyl-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-benzimida-
zolylcarbocyanine iodide (JC-1), horse serum, and Dulbecco’s
modified Eagle’s/Ham’s nutrient F12 (DME/F12) growth
medium. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) was obtained from Avanti Polar Lipids. Complete
Mini, a mixture of protease inhibitors included in cell lysates for
Western analysis, was from Roche Applied Science. Propidium
iodide (PI) and fluorescein isothiocyanate (FITC)-conjugated
annexin V were from Cayman Chemicals. Calbiochem supplied
the fluorogenic substrate Ac-DEVD-AMC for monitoring
caspase-3/7 activation, and Promega supplied the Caspase-Glo
9 kit for monitoring caspase-9 activation. Primary antibodies
against mouse StarD1, mouse StarD4, and human -actin were
obtained from Santa Cruz Biotechnology. A horseradish per-
oxidase-conjugated IgG secondary antibody was from Cell
Signaling Technology. Amersham Biosciences supplied the
[4-**C]Ch (~50 mCi/ml), referred to as [**C]Ch. 7a-OOH was
prepared by dye-sensitized photoperoxidation of Ch and iso-
lated by reverse-phase and normal-phase HPLC, as described
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(25-27). Stock solutions of 7a-OOH in 2-propanol were stan-
dardized for hydroperoxide content by iodometric analysis (27)
and stored at —20 °C. ['*C]7a-OOH was prepared similarly,
using [**C]Ch that had been prepurified by HPLC. 7a-OH was
generated by 7a-OOH reduction with triphenylphosphine fol-
lowed by HPLC-UV isolation, as described previously (26).

Cell Culture and Steroidogenic Stimulation—Samples of
MA-10 mouse Leydig tumor cells were kindly supplied by Dr.
Mario Ascoli (University of Iowa) as a research gift. This cell
line was initially described in 1981 (28). The cells were cultured
in humidified 5% CO,, 95% air at 37 °C, using gelatin-coated
plasticware and DME/F12 medium supplemented with 15%
horse serum, penicillin (100 units/ml), and streptomycin (0.1
mg/ml). Prior to an experiment, cells at 60-70% confluency
were washed twice with DME medium without F12 and serum
and then incubated for 1.5 h at 37 °C in DME that either con-
tained 1.0 mm Bt,cAMP or lacked it (control).

Western Blot Analyses—The effect of Bt,cAMP treatment on
StAR protein expression in MA-10 cells was monitored by
immunoblot analysis as described (29) with some minor mod-
ification. Cells were harvested by scraping and lysed by treating
with lysing buffer (50 mm Tris-Cl, 150 mm NaCl, 1 mm EDTA,
0.1% SDS, 1% Triton X-100, 1% deoxycholate at pH 7.4) for 30
min on ice; a mixture of protease inhibitors was also present.
After centrifugation (16,000 X g, 2 min), samples were analyzed
for protein content by bicinchoninic assay, using reagents from
Pierce Chemical, and then subjected to SDS-PAGE. Resolved
proteins were transferred to a polyvinylidene difluoride mem-
brane and incubated for 16 h at 4 °C with primary and second-
ary antibodies diluted according to supplier recommendations.
Visualization of resolved proteins, including B-actin as a load-
ing standard, was accomplished using the SuperSignal West
Pico chemiluminescence detection kit from Thermo Scientific.
Quantitation of protein bands was carried out using LabWorks
image acquisition and analysis software from UVP (Upland,
CA).

StarD1 Knockdown—Silencer siRNAs for mouse StarD1
were purchased from Ambion. The following two pairs of small
interfering oligonucleotide constructs were used: (i) 5'-GCU-
GUCCUACAUCCAGCAALt-3’ (sense), 5'-UUGCUGGAUG-
UAGGACAGCtc-3' (antisense); (ii) 5'-GGCCUUGGGCAUAC-
UCAACtt-3' (sense), 5'-GUUGAGUAUGCCCAAGGCCtt-3’
(antisense). Two scrambled oligonucleotide pairs (Ambion)
were used as a control. Single transfections of duplex mixtures
were carried out using X-tremeGENE (20 ul/ml) as a cell-
permeabilizing reagent (Roche Diagnostics). Cells seeded 16 h
before transfection and reaching 60% confluence were switched
to Opti-MEM medium (Gibco/Life Technologies) and treated
for 6 —8 h with 100 nM siRNA (1:1 mixture of constructs i and ii)
followed by a 32—48-h recovery period in full growth medium
without siRNA or X-tremeGENE. The cells were then washed,
overlaid with DME medium, and stimulated with 1 mm
Bt,cAMP for 3 h, after which they were scraped into cold pro-
tease inhibitor-containing PBS (Chelex-treated phosphate-bu-
ffered saline (25 mm sodium phosphate, 125 mm NaCl, pH 7.4))
and analyzed for StarD1 expression by Western blotting.

Preparation of Liposomes—Small unilamellar liposomes
(50-nm SUVs) consisting of POPC/Ch/7a-OOH (1.0:0.8:0.2 by
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mol), POPC/Ch/7a-OH (1.0:0.8:0.2 by mol), or POPC alone
were prepared by an extrusion process (30). A chloroform solu-
tion of chosen lipids was dried under argon and then held under
a vacuum for several hours at room temperature. After
hydration in Chelex-treated PBS followed by five cycles of
freezing in liquid nitrogen and thawing, the vesicle suspen-
sion was passed 10 times through two stacked 0.05-um-pore
polycarbonate filters in an Extruder apparatus (Lipex
Biomembranes, Vancouver, British Columbia, Canada). The
resulting SUVs (2.0 mwm total lipid in bulk suspension in PBS)
were stored under argon at 4 °C until used experimentally,
typically within 3 days.

Determination of Total Cellular Uptake and Mitochondrial
Uptake of 7a-OOH—For accomplishing this, Bt,cAMP-treated
MA-10 cells, along with untreated controls, were exposed to
liposomal ['*C]7a-OOH (0.2 uCi/ml) at an initial concentra-
tion of 50 or 100 uM, using a stock suspension of POPC/Ch/
[**C]7a-O0H (1.0:0.8:0.2 by mol) SUVs. After incubation at
37 °C for increasing periods up to 5 h, the cells were washed
twice, detached, and collected by centrifugation. In some prep-
arations, Mito were isolated by differential centrifugation (23).
Total cell samples and Mito fractions were analyzed for incor-
porated radioactivity by scintillation counting. 7a-OOH uptake
by isolated Mito from stimulated and nonstimulated cells was
determined similarly, using 50 um SUV [**C]7a-OOH in this
case. The effect of StarD1 knockdown on 7a-OOH uptake by
Mito in stimulated versus nonstimulated was also assessed, the
general approach being similar to that described above for wild
type cells.

Measurement of Mitochondrial Membrane Potential (AV,, )—
In initial experiments, control and Bt,cAMP-stimulated
MA-10 cells were incubated with 50 um SUV 7a-OOH for a
single time (3 h) and then separated from the SUVs, washed,
and treated with the ratiometric probe JC-1 (2.5 pug/ml) for
30 min. After washing, the cells were recovered into PBS (4 X
10° cells/ml), and fluorescence was recorded, using a PTI
QM-7SE spectrofluorometer. Instrument settings were as
follows: red fluorescence (A,, 560 nm; A, 590 nm); green
fluorescence (A, 488 nm; A, 525 nm). The AW, strength is
reflected by the magnitude of 590 nm (red) emission relative
to 525 nm (green) emission, referred to as the fluorescence
intensity ratio (RFI) (31). Other details were as described
previously (31, 32).

The consequence of StarD1 knockdown on 7a-OOH-in-
duced Mito depolarization was examined as follows. Wild type
and knockdown cells (after 36 h of recovery from transfection)
were either not stimulated or stimulated with 0.15 mm
Bt,cAMP in DME medium for 1.5 h, after which 100 um lipo-
somal 7a-OOH was introduced and incubation continued at
37 °C. At various time points up to 7 h, the cells were washed
once, treated with JC-1 (see above), washed again, and analyzed
immediately using a BioTek Synergy MX fluorescence plate
reader (Winooski, VT) set as follows: red (A, 560 nm; A, 595
nm); green (A, 485 nm; A, 535 nm). Experiments were carried
out at least in triplicate.

Measurement of Caspase-3/7 and Caspase-9 Activation—At
selected times after exposure to 7a-OOH, cells were recovered
by scraping into ice-cold PBS, pelleted, and lysed as described
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previously (33). After protein determination, lysates for deter-
mining caspase-3/7 activity were incubated with 25 um Ac-
DEVD-AMC for 30 min in a 96-well plate at 25 °C. Fluores-
cence of liberated AMC was recorded with the Synergy MX
plate reader, using 360 nm excitation and 460 nm emission.
Lysates for determining caspase-9 activity were treated with
Caspase-Glo 9 reagents in a 96-well plate according to sup-
plier instructions, and chemiluminescence was measured
with a Victor ®V Multilabel Counter (PerkinElmer Life
Sciences).

Determination of Progesterone—The effect of 7a-OOH on
the ability of stimulated MA-10 cells to synthesize progesterone
from Ch was examined using an enzyme immunoassay
approach. The assay is based on competition between proges-
terone and a progesterone-acetylcholinesterase conjugate for
binding to an immobilized progesterone-specific antibody in a
96-well format. The signal derives from hydrolysis of acetyl-
thiocholine to thiocholine, which reacts with Ellman’s reagent
to give 5,5’-dithio-bis-(2-nitrobenzoic acid), the absorbance of
which at 412 nm is monitored (34, 35). A progesterone-enzyme
immunoassay kit for carrying out this assay was obtained from
Cayman Chemicals. Detailed instructions supplied with the kit
were followed throughout.

Assessment of Hydroperoxide-induced Cell Death—Cells pre-
incubated in the absence or presence of Bt,cAMP for 1.5 h were
washed and either not treated (control) or treated with lipo-
somal 7a-OOH or 7a-OH in increasing concentrations up to
100 um for 16 h at 37 °C, after which viability was assessed by
MTT (thiazolyl blue) assay (32). Treated cells were also exam-
ined for death mechanism (apoptosis versus necrosis). Overall
procedures were similar to those described for the MTT assay
except that cell status was evaluated every hour up to 6 h of
treatment, using fluorescence microscopy with annexin
V-FITC for detecting early apoptosis and PI for detecting
necrosis (36). Fluorescence intensities of annexin V-FITC-
stained versus PI-stained cells were quantified using the Meta-
Morph software program.

Statistical Analyses—The two-tailed Student’s ¢ test was used
for determining the significance of perceived differences
between experimental values; a p value of >0.05 was considered
statistically insignificant.

RESULTS

StAR Protein Expression in Steroidogenically Activated
MA-10 Cells—Unstimulated Leydig MA-10 cells in vitro lack
the ability to synthesize steroid hormones, but gain it after
treatment with chorionic gonadotropin or its downstream
effector cyclic AMP in cell-permeating dibutyryl form
(Bt,cAMP) (37, 38). Steroidogenic competency has been linked
to expression of StAR family proteins and the P450scc system
(638, 37). Consistent with this, we observed a strong induction
of immunodetectable StarD1 (~27 kDa) in MA-10 cells after
treating with 1 mm Bt,cAMP in serum-free DME/F12 medium
(Fig. 1A). StarD1 was detected after 0.5 h and increased to an
apparent maximal level of ~17-fold above basal after 1.5 h with
Bt,cAMP. StarD4 (~21 kDa) showed a comparable time course
of protein expression, its level at 0.5 h being ~20-fold above
basal and remaining there up to at least 6 h (Fig. 1B). This

JOURNAL OF BIOLOGICAL CHEMISTRY 11511



ChOOH-impaired Steroidogenesis in Leydig Cells

A db-cAMP
Con 0.5 1.5 3.0 6.0h
— — —— StarD1

— — — — w— (-actin
1 7 17 16 18

B db-cAMP
Con 05 15 3.0 6.0h
- R s W StorD4

—— —— - (3-aCtin
1 19 22 17 23

FIGURE 1. StAR protein expression in steroidogenically activated MA-10
cells. Cells at 60-70% confluency in serum-free DME medium were incu-
bated with 1 mm Bt,cAMP for up to 6 h, after which cells were collected, lysed,
and subjected to Western analysis for StarD1 (A) and StarD4 (B), using 3-actin
as a loading standard. Control cells (Con) incubated in the absence of
Bt,cAMP (db-cAMP) for 6 h are also represented. Total protein load: 60 ug per
lane. The number below each lane in A and B is StAR protein band intensity
relative to B-actin and normalized to the control.

appears to be the first direct evidence for both StarD1 and
StarD4 induction in Bt,cAMP-treated MA-10 cells, suggesting
that these proteins might be coordinately expressed during ste-
roidogenic activation.

7a-OOH Uptake by Activated MA-10 Cells and MA-10
Mitochondria—We predicted that steroidogenic activation
with accompanying StarD1 and StarD4 expression would
enhance 7a-OOH uptake by whole MA-10 cells, and specifi-
cally, by their mitochondria, as has been demonstrated for Ch
uptake (1-3). In an initial test for this, we incubated Bt,cAMP-
stimulated cells and nonstimulated controls with liposomal
[**C]7a-OO0H at two different concentrations, 50 and 100 um.
After 5 h, the cells were washed and subjected to scintillation
counting. As shown in Fig. 24, stimulated cells took up substan-
tially more 7a-OOH than nonstimulated controls, the level at
50 uMm hydroperoxide being ~35% greater and the level at 100
uM hydroperoxide being ~70% greater. Mito isolated from
stimulated cells after exposure to 50 um liposomal [**C]7a-
OOH for 2 h contained ~90% more radioactivity than those
from nonstimulated counterparts (Fig. 2B). The Mito lipid pool
is clearly much smaller than that of the whole cell. Therefore, a
direct comparison of the effects of stimulation on uptake by
Mito and whole cells supports the notion that [**C]7a-OOH
was preferentially delivered to Mito and that plasma mem-
brane and other compartments were relatively unimportant
acceptors.

Effect of 7a-OOH on AWV, of Stimulated versus Nonstimu-
lated Cells—One-electron redox activity of 7a-OOH upon
delivery to Mito could result in free radical-mediated peroxida-
tive damage and dysfunction in this compartment. To begin
assessing this, we determined how 7a-OOH uptake would
affect Mito transmembrane potential (AW,). Cells stimulated
with Bt,cAMP for 3 h, along with nonstimulated controls, were
incubated with 50 um liposomal 7a-OOH for 3 h and then
separated from the liposomes and analyzed for AW, , using the
fluorescent probe JC-1 (31). As shown in Fig. 3, the AW, signal
of stimulated cells (presented as 590 nm/525 nm emission
intensity ratio) was only 45-50% that of nonstimulated con-
trols. This supports our hypothesis that steroidogenic activa-
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FIGURE 2. Uptake of radioactive 7a-OOH by whole MA-10 cells and by
their mitochondria. A, cells stimulated (S) with 1 mm Bt,cAMP for 3 h (cf. Fig.
1), along with nonstimulated (NS) controls, were incubated with 50 or 100 um
['*C]17a-O0H in POPC/Ch/['*C]7a-O0H (1.0:0.8:0.2 by mol) SUVs for 5 h and
then washed thoroughly, recovered, and analyzed by scintillation counting.
rel., relative. B, cells from the same stimulated (S) and nonstimulated (NS)
populations in A were recovered after a 2-h exposure to 50 um SUV-
['*C]17a-O0H. Cells were homogenized, and Mito were isolated by differ-
ential centrifugation and analyzed by scintillation counting. A and B:
means * S.E. of values from three separate experiments are plotted. A, 50
uM: ¥, p < 0.05 (stimulated versus nonstimulated); 100 um: #, p < 0.01
(stimulated versus nonstimulated). B, *, p < 0.01 (stimulated versus
nonstimulated).

tion increases the risk of ChOOH-induced damage/dysfunc-
tion in MA-10 cells.

StarD1 Knockdown in MA-10 Cells with Effects on 7a-OOH
Uptake and AV, Loss after Stimulation—Direct evidence for
StAR protein involvement in 7a-OOH trafficking and damage
to Mito was sought by using an siRNA approach to minimize
StarD1 expression during cell stimulation. As shown in Fig. 44,
Western blotting of an extract from cells treated with control
siRNA for StarD1 and stimulated with Bt,cAMP revealed
robust StarD1 expression similar to that observed for stimu-
lated wild type cells (Fig. 1A). In contrast, cells treated with an
active siRNA construct expressed ~50% less StarD1 after stim-
ulation (Fig. 44). Increasing the incubation time with siRNA
and X-tremeGENE transfection reagent from 6 to 8 h did not
increase knockdown further, so we used 6 h for all experiments
to limit any irreversible deleterious effects of X-tremeGENE on
the cells. Cells were switched to fresh medium after siRNA
treatment, and 36 h later, they were stimulated with Bt,cAMP
and then incubated with 100 uMm radiolabeled or unlabeled lipo-
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FIGURE 3. Effect of 7a-OOH on AW, of Bt,cAMP-stimulated versus non-
stimulated MA-10 cells. Nonstimulated (NS) and 3-h Bt,cAMP-stimulated (S)
cells were incubated with 50 um 7a-OOH in POPC/Ch/7-OOH (1.0:0.8:0.2 by
mol) SUVs for 3 h and then washed, treated with 2 um JC-1 for 30 min, washed
again, and examined for fluorescence intensity at 590 and 525 nm, using 488
nm excitation. The 590 nm/525 nm fluorescence intensity ratio (RFI), which
reflects membrane potential (AW,,), is plotted. Control cells (nonstimulated
and stimulated) were incubated for 3 h with liposomes lacking 7a-OO0H, i.e.
POPC/Ch (1:1 by mol) SUVs at the same total lipid concentration, after which
RFI was determined. Values are means = S.E. (n = 3).*, p < 0.05 (stimulated
versus nonstimulated).

R

somal 7a-OOH for determination of peroxide uptake or effects
on AV, respectively. Fig. 4B shows time courses of radioactiv-
ity accumulating in Mito during exposure of cells to [**C]7a-
OOH. Uptake by stimulated control knockdown cells increased
rapidly over the first 2 h and leveled off thereafter, as also
observed with stimulated wild type cells (not shown). Uptake by
nonstimulated cells was much slower, reaching ~50% that of
stimulated counterparts at 2 h (Fig. 4B), in good agreement with
the 2-h data in the Fig. 2B experiment, where 50 um 7a-OOH
was used. Stimulated StarD1 knockdown cells showed a sub-
stantial reduction in peroxide uptake relative to stimulated
control knockdown cells, reaching only ~40% that of the latter
at 2 h, corrected for nonstimulated background (Fig. 4B). As
shown in Fig. 4C, StarD1 knockdown also reduced the extent of
7a-O0OH-induced AV, , loss, which went from ~70% in stimu-
lated control knockdown to only ~25% in stimulated knock-
down at 3 h, both values relative to nonstimulated cells. (That
depolarization of stimulated versus nonstimulated cells is greater
in this experiment than in the Fig. 3 experiment reflects the lower
peroxide concentration used in the latter.) Taken together, the
data in Fig. 4 provide strong evidence for StarD1 involvement in
deleterious 7a-OOH trafficking to MA-10 Mito.

Effect of 7a-OOH Uptake on Progesterone Biosynthesis—To
further investigate the functional ramifications of 7a-OOH
delivery to Mito of steroidogenically activated MA-10 cells, we
used an ELISA-type assay to monitor de novo formation of pro-
gesterone, which lies immediately downstream of pregneno-
lone, the initial product of Ch side-chain cleavage by Mito
Cypl11A1 (1-3). As shown in Fig. 54, 50 um SUV 7a-OOH had
a significant inhibitory effect on progesterone formation in
these cells. After 3 h of Bt,cAMP stimulation with 7a-OOH
present, progesterone yield was reduced to ~50% of that in the
Ch-only control. At that point, peroxide-treated cells were all
still attached, had normal morphology, and exhibited no overall
signs of toxicity (Fig. 5B). Therefore, the drop in progesterone
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FIGURE 4. Effect of StarD1 knockdown on mitochondrial uptake of
7a-O0H and on peroxide-induced AW, decay. A, StarD1 protein levels.
MA-10 cells were treated with StarD1 siRNA for 6 and 8 h, or a control con-
struct for 8 h, allowed to recover for 36 h, and then stimulated with 1 mm
Bt,cAMP for 3 h. Immediately thereafter, cells were lysed and analyzed for
StarD1 by immunoblotting. Duplicate samples of 40 n.g of total protein per
lane are represented: kd, knockdown; c-kd, control knockdown. Numbers
below lanes indicate normalized StarD1 band intensities relative to B-actin. B,
7a-O0H uptake. A 6-h exposure to control or active siRNA was used followed
by 36 h of recovery. Bt,cAMP (1 mwm, 3 h)-stimulated knockdown and control
knockdown cells, along with nonstimulated control knockdown cells, were
incubated in the presence of SUV-borne ['*C]7a-OOH (50 um, ~150 nCi/
mol) in DME medium at 37 °C. At the indicated times, cells were washed and
homogenized, and the Mito fraction was isolated by differential centrifuga-
tion. Lipid extracts were prepared and analyzed by scintillation counting. Pro-
tein-based specific radioactivity of the lipid extracts is plotted as a function of
incubation time. @, stimulated control knockdown cells; O, nonstimulated
control knockdown cells; A, stimulated knockdown cells. Calculated 7a-OOH
content at 2 h (nmol/mg of Mito protein) was 0.72 + 0.05, 0.33 * 0.02, and
0.48 = 0.03, respectively. C, effects on AW, .. Control and active siRNA treat-
ment conditions were as described in B. Cell stimulation in this experiment
was carried out using 150 um Bt,cAMP, which remained in the system after
peroxide was added. Cells were incubated for the indicated times with 100
M SUV 7a-O0H and then washed and incubated with JC-1 (2.5 pg/ml) for 30
min. After washing, the cells were examined by fluorescence plate reader
using 560 nm excitation/595 nm emission and 485 nm excitation/535 nm
emission. Time-dependent changes in 595 nm/535 nm fluorescence intensity
ratio (RFI) are plotted. Cells were as follows: @,4, stimulated; O,A, nonstimu-
lated; A,/ knockdown; @,0, control knockdown. Means = S.E. of values from
3-4 replicate experiments are plotted in Band C.

under the conditions described is attributed to damage-im-
paired synthesis rather than a large number of cells being
already dead.
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FIGURE 5. Progesterone formation in 7a-OOH-challenged MA-10 cells.
A, cells in a 96-well plate were preincubated overnight in serum-free DMEM/
F12 medium. They were then either not treated (NS) or treated (S) with T mm
Bt,cAMP in the presence of POPC/Ch/7«-OOH (0.8:1.0:0.2 by mol) SUVs (7a-
OOH) or POPC/Ch (1:1 by mol) SUVs (Ch); total SUV lipid was 0.8 mm. After 3 h
of incubation, the medium was removed and analyzed for progesterone by
enzyme immunoassay, whereas cells were scraped into cold lysis buffer and
analyzed for total protein. Plotted values are means = S.E. (n = 3); *, p < 0.01
as compared with stimulated, Ch-treated. B, bright field microscopic images
from experiment described in A. Stimulated cells were examined after being
exposed to POPC/Ch (1:1 by mol) (panel a) or POPC/Ch/7a-OOH (0.8/1.0/0.2
by mol) (panel b) SUVs for 3 h. Bar: 75 um.

Effect of Steroidogenic Activation on Mechanism of 7a-OOH-
provoked Cell Death—We predicted that preferential traffick-
ing of 7a-OOH to Mito of activated cells expressing StarD1/D4
would not only impair steroid formation, but also decrease
cell viability. To assess this, we compared the lethal effects of
liposomal 7a-OOH on 1.5-h Bt,cAMP-stimulated MA-10
cells versus nonstimulated controls. As shown in Fig. 64, the
MTT-detected viable fraction for control cells decreased pro-
gressively with increasing 7a-OOH concentration, the lethal
dose for 50% loss (LDs,) after 16 h with 50 um hydroperoxide
being ~165 um. Stimulated cells proved to be substantially
more sensitive, their LD,, under the same conditions of
7a-OO0H treatment being ~40 um (Fig. 6A4). When 7a-OH, a
redox-inactive alcohol analog, was substituted for 7a-OOH, lit-
tle or no cytotoxicity was observed for stimulated or nonstimu-
lated cells over the concentration range used (Fig. 6A4). Thus,
the cytotoxic effects observed with 7a-OOH were most likely
due to its damaging redox activity. We also asked how cell kill-
ing by a non-steroid hydroperoxide, &-BuOOH, would compare
with that by 7a-OOH. As shown in Fig. 6B, the LD, of
t-BuOOH was ~220 uMm, and there was no significant differ-
ence between nonstimulated and stimulated cells in this case,
nor was there in the extent of AW, loss (not shown). Because
t-BuOOH is not a ligand for StAR proteins, these results further
support our argument that 7a-OOH toxicity was not due to
random attack, but rather specific StAR-mediated targeting.

We predicted that if StarD1 and D4 were able to transport
7a-OO0H specifically to Mito of steroidogenically stimulated
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FIGURE 6. Effect of steroidogenic activation on MA-10 cell sensitivity to
7a-0O0H versus t-BuOOH toxicity. A, cells at ~70% confluency were incu-
bated in the absence (nonstimulated) or presence (stimulated) of 1 mm
Bt,cAMP for 1.5 h in serum-free medium, after which POPC/Ch/7a-OOH (1.0:
0.5;0.5 by mol) or POPC/Ch/7«a-OH (1.0:0.5:0.5 by mol) SUVs were introduced
at the indicated cholesterol oxide (ChOX:7a-OOH or 7a-OH) concentration in
bulk phase. B, similarly prepared cells were also challenged with t-BuOOH.
After 16 h of incubation, cell viability was assessed by thiazolyl blue (MTT)
assay. Data points are as follows: A, 7a-OOH, nonstimulated (O); 7a-OOH,
stimulated (@); 7a-OH, nonstimulated (A); 7a-OH, stimulated (A). B, non-
stimulated (O); stimulated (®). Means * S.E. of values from 3-4 separate
experiments are plotted in A and B.

cells, then these cells would likely die via activation of the
intrinsic apoptotic pathway (39, 40), whereas nonstimulated
counterparts might die via indiscriminate membrane damage
leading to necrosis, although extrinsic pathway apoptosis (41)
might also make a contribution in this case. To investigate these
possibilities, we exposed 1.5-h Bt,cAMP-stimulated cells to 50
M liposomal 7a-OOH and at various times examined them for
caspase activation along with extent of apoptosis versus necro-
sis. As shown in Fig. 7A, caspase-9 activity in stimulated cells
increased steadily during incubation with 7a-OOH, reaching
~12 times the basal signal level after 8 h. An increase in
caspase-9 activity also occurred in nonstimulated cells, but
after a long delay (~4 h), and the level attained at 8 h was only
~4-times basal (Fig. 7A). Thus, activation of this proapoptotic
enzyme was substantially more advanced in stimulated cells (at
least 5-fold at 4 h), in general agreement with the overall viabil-
ity loss described in Fig. 6A. A similar trend was observed for
caspase-3/7 activation in response to 7a-OOH, stimulated cells
in this case exhibiting twice the activity of nonstimulated con-
trols after 16 h (data not shown). However, activation of
caspase-3/7 began significantly later than that of caspase-9 (Fig.
7A), which is consistent with the known dependence of the
former on the latter (40). Control and Bt,cAMP-stimulated
cells were also analyzed for the extent of apoptosis versus necro-
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FIGURE 7. Effect of steroidogenic activation on death mechanism of 7a-OOH-challenged cells. A, caspase-9 activation in 7a-OOH-challenged cells. MA-10
cells that had been stimulated for 3 h with 1 mm Bt,cAMP, along with nonstimulated controls, were incubated with 50 um SUV-7a-OOH for the indicated times
and then recovered by scraping and analyzed for caspase-9 activity using a chemiluminescence assay. O, nonstimulated; @, stimulated. Plotted values are
means = S.E. (n = 3). B, fluorescence images (annexin V-FITC (Anx V) and Pl) and bright field (BF) images of cells after exposure to 7a-OOH. Nonstimulated (NS)
and 1.5-h Bt,cAMP-stimulated (S) cells were incubated with 50 um SUV-7a-OOH for 7 h. Immediately thereafter, the cells were washed free of SUVs and
analyzed for death mode by fluorescence microscopy with annexin V-FITC staining to detect early apoptosis and Pl staining to detect necrosis. Bar: 50 um.
C, integrated fluorescence image intensities after 3 and 7 h of cell exposure to 7a-OOH. Plots show percentage of apoptotic (Apo) or necrotic (Nec) cells relative
to total dead/dying cells in the nonstimulated (NS) and stimulated (S) populations. Means = S.E. of values from 3 separate experiments are plotted. *, p < 0.01

versus necrotic; #, p < 0.001 versus apoptotic; T, p < 0.0001 versus necrotic; §, p < 0.0001 versus apoptotic.

sis after several hours of incubation with 50 uM liposomal
70-O0H. As shown by the microscopic images in Fig. 7B,
which were taken after 7 h with 7a-OOH, stimulated cells
exhibited strong signs of early apoptosis upon annexin V-FITC
staining, but little, if any, signs of necrosis upon PI staining. In
striking contrast, nonstimulated cells showed relatively weak
annexin V-FITC signals, but strong PI signals, suggesting
increased membrane permeability and loss of metabolichomeo-
stasis, leading to necrosis as opposed to apoptosis. Bright field
images in Fig. 7B indicate that control cells were elongated like
nonchallenged counterparts and still attached at this point,
whereas stimulated cells undergoing apoptosis were rounded
up, but also still attached. Quantified image intensities from a
replicate experiment taken after 3 and 7 h of continuous cell
exposure to 50 um 7a-OOH are shown in Fig. 7C. Note that for
stimulated cells after 3 h, >80% of all cells shown to be dead/
dying were apoptotic and only ~15% were necrotic, whereas for
the 3-h controls, ~65% were necrotic and ~35% were apopto-
tic. This sharp contrast in death mechanism was even more
striking after 7 h. For stimulated cells at this point, the propor-
tion of dead/dying cells classified as apoptotic was ~85% and
the proportion of cells classified as necrotic was ~10%, whereas
for nonstimulated controls, the proportion classified as apopto-
tic was ~5% and that classified as necrotic was >90% (Fig. 7C).
These findings further support our hypothesis that steroido-
genic activation of MA-10 cells, including the expression of
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StAR family proteins, promotes not only the delivery of nonoxi-
dized Ch to Mito, but peroxidized Ch as well. The latter puts
these cells at risk of free radical damage to Mito, resulting in
metabolic dysfunction and intrinsic (Mito-centered) apoptotic
cell death.

DISCUSSION

There is increasing evidence that functionality of steroido-
genic tissues might be compromised in physiological states
encumbered by persistent oxidative stress with generation of
reactive oxygen species. Steroidogenic dysfunction might arise
in oxidant-associated disease states such as atherosclerosis,
type-2 diabetes, and chronic inflammation, although the pro-
oxidant effects of natural aging have received the most atten-
tion in this regard. An early study (42) showed that rat adreno-
cortical cells were highly susceptible to oxidative injury and
dysfunction, which was attributed to the vigorous Mito elec-
tron transport activity required by these cells. These negative
effects increased dramatically with animal age in parallel with
diminished levels of nonenzymatic and enzymatic antioxidants,
including vitamin C, glutathione, glutathione peroxidase-1, and
two superoxide dismutases (43). More recent studies with rat
primary testicular Leydig cells showed that levels of steroido-
genic enzymes declined with advancing animal age along with
testosterone output (15, 43). Leydig cells, which reside in the
testicular interstitium, are reported to be particularly suscepti-
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ble to oxidative damage in vivo due to their close proximity to
reactive oxygen species-producing testicular interstitial macro-
phages (44). Decreased antioxidant enzyme activities, gene
expression, and protein levels, along with lower glutathione,
have been reported to play a key role in the diminished ability of
Leydig cells from aging rat populations to synthesize testoster-
one (43, 45—47). Other work showed that steroidogenic luteal
cells in vitro became damaged and dysfunctional when exposed
to cumene hydroperoxide or a fatty acid hydroperoxide (48).
Similarly, the progesterone-synthesizing ability of cAMP-stim-
ulated mouse Leydig cells was found to be significantly reduced
after cell exposure to H,O, (49), an effect attributed to dimin-
ished Ch trafficking due to impaired StAR expression. More
recent work showed that superoxide (O3)- or H,O,-provoked
inhibition of adrenal cell steroidogenesis was mediated by p38
mitogen-activated protein kinase stress signaling (50). Al-
though these previous studies (48 —50) are clearly relevant to
this one, it is important to realize that although the cells used
expressed a network of steroidogenic proteins, including StAR
family proteins, none of the primary oxidants used (H,O.,,
cumene hydroperoxide, fatty acid hydroperoxide) were actual
StAR ligands. It is likely, therefore, that the subcellular distri-
bution of those oxidants upon entering cells was random rather
than site-directed, given that StARs are known to be highly
selective in binding and trafficking only molecules with a ste-
roid ring (9, 10, 51). The present study was based on a more
realistic and physiologically relevant approach for testing the
effects of oxidative stress on steroidogenic cells, viz. employing a
naturally occurring hydroperoxide of Ch, 7a-OOH, which is not
only redox-active, but a transportable StAR ligand as well (22).

Free radical-mediated peroxidation of Ch in cell membranes
and lipoproteins gives rise to 7a-OOH and 738-OOH as prom-
inentreactive intermediates (19). These species have been iden-
tified and quantified in tissues from oxidatively stressed exper-
imental animals, e.g. ethanol-fed (52) or diabetic rats (53). For
streptozotocin-induced diabetic rats, total 7-OOH (nmol/mg
of protein) amounted to 0.90 * 0.14, 0.16 = 0.05, and 0.67 =
0.03 in kidney, heart, and liver, respectively (53). Control ani-
mals exhibited lower yet significant 7-OOH levels, e.g. 0.41 *
0.12 nmol/mg of protein in liver. Our values for 7a-OOH
uptake by MA-10 cell Mito in 2 h ranged from ~0.3 (nonstimu-
lated) to ~0.7 nmol/mg of protein (stimulated) (Fig. 4B). These
levels compare well with the described values for oxidatively
stressed animals (53), suggesting that our experimental condi-
tions were physiologically relevant.

Like other lipid hydroperoxides in membranes and lipopro-
teins, 7a- and 73-OOH can accumulate with increasing oxida-
tive pressure or may undergo iron-catalyzed one-electron
reduction to oxyl radicals, which trigger free radical-mediated
peroxidative damage (19, 54). These reactions can be attenu-
ated by nonenzymatic antioxidants such as a-tocopherol and
B-carotene, which scavenge lipid-derived radicals, or by the
enzymatic antioxidant glutathione peroxidase type-4 (GPx4),
which catalyzes the two-electron reduction of ChOOHs to
redox-silent diols (cholesterol hydroxides) (55, 56). About 12
years ago, we discovered that 7a-OOH and other ChOOHs can
translocate between membranes or membranes and lipopro-
teins, and much more rapidly than Ch itself (20-22). Translo-
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cation greatly expanded the damaging ranges of these
hydroperoxides if antioxidant capacity in acceptor compart-
ments was overwhelmed or if an acceptor was relatively rich in
redox iron, e.g. Mito (22). We later showed that ChOOH trans-
fer could be further enhanced by the nonspecific lipid transfer
protein, SCP-2 (23) and that SCP-2 overexpression rendered
hepatoma cells more sensitive to 7a-OOH toxicity, primarily
via Mito targeting (32). In recent work with more direct bearing
on this study, we showed that recombinant StarD4 concentra-
tion-dependently accelerated 7a-OOH transfer from liposomal
donors to isolated Mito and to a greater extent than Ch transfer
(24). StarD4 had no effect on transfer of unoxidized and peroxi-
dized phosphatidylcholine, whereas SCP-2 accelerated both.
Thus, the known specificity of StarD4 and other StARs for the
steroid ring (9) was shown to apply to ChOOHs. StarD4-en-
hanced 7a-OOH transfer to Mito caused a large loss of AW¥, ,
which was attributed to an observed burst of free radical lipid
peroxidation in Mito membranes (24).

The present study represents an important advance from our
previous work (24) and provides the first direct evidence for
deleterious Mito targeting of ChOOH in a steroidogenic cell
line. It is well established that Leydig MA-10 cells express a
network of proteins dedicated to steroid synthesis upon stimu-
lation by chorionic gonadotropin or its downstream effector,
cAMP, in cell-permeating dibutyryl form (3, 7, 37). These pro-
teins include the P450scc system in the Mito IM, StarD1 in the
OM, and at least one cytosolic homologue such as StarD4. It has
been proposed that these StAR transporters act cooperatively
in delivering Ch to the IM for pregnenolone formation by
P450scc (7, 8). Our evidence revealed that Bt,cAMP-stimulated
MA-10 cells (i) strongly expressed StarD1 and StarD4; (ii) chan-
neled more 7a-OOH to Mito than nonstimulated controls; (iii)
underwent a greater loss of AW, during 7a-OOH exposure
than controls; (iv) sustained greater inhibition of progesterone
biosynthesis by 7a-OOH than controls; and (v) underwent
greater Mito-centered apoptosis during a 7a-OOH challenge
than controls. These findings support the idea that under oxi-
dative stress conditions, Leydig and other steroid-synthesizing
cells can deliver not only Ch to Mito, but also ChOOHs such as
7a- and 73-O0H, leading to free radical damage/dysfunction
and/or induction of intrinsic apoptosis via redox signaling.
According to this model, ChOOHs would be Mito-targeted in a
stealth- or Trojan Horse-like fashion. Like 7a-OOH, 7a-OH
was taken up more extensively by Bt,cAMP-stimulated cells
than control cells (data not shown), yet this redox-inert diol
analogue was nontoxic to both populations. This confirmed
that the observed cytotoxic effects of 7a-OOH were due to its
damaging one-electron turnover, stimulated cells being more
vulnerable to this because of their greater 7a-OOH import.
Also important was our observation that £-BuOOH was no
more toxic to stimulated cells than to controls. A similar result
was obtained with H,O, (data not shown). Lacking a sterol
backbone, t--BuOOH and H,O, cannot be recognized and traf-
ficked by StAR proteins. This implies that Bt,cAMP stimula-
tion of MA-10 cells on its own did not enhance their overall
susceptibility to any type of peroxide challenge. The responses
of stimulated cells to -BuOOH and H,O, contrasted sharply
with those to SUV-borne 7a-OOH, supporting our argument
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that the latter was trafficked into Mito by up-regulated StarD4
and StarD1. For StarD1 at least, this idea was solidified by show-
ing that its knockdown prior to MA-10 stimulation significantly
reduced Mito uptake of 7a-OOH (Fig. 4B). Not surprisingly,
Mito uptake of Ch itself was also elevated after cell stimulation,
and this too was significantly reversed by StarD1 knockdown
(data not shown). This appears to be the first reported evidence
for StarD1-mediated Ch delivery based on a knockdown
approach. Equally important to the uptake was our finding that
limiting StarD1 expression reduced the extent of Mito depolar-
ization by 7a-OOH, thereby demonstrating that this protein
not only plays a role in Ch delivery, but also Mito-damaging
ChOOH delivery.

Like all ChOOHs, 7a-OOH is resistant to reductive detoxi-
fication by glutathione peroxidase type-1 (GPx1), the most
abundant selenoperoxidase in eukaryotic cells (57). The only
enzyme known to catalyze ChOOH detoxification (albeit more
slowly than phospholipid hydroperoxide detoxification) is
GPx4, which can exist in multiple compartments of mamma-
lian cells, including cytosol and Mito (58). Like rat Leydig cells
(46), murine MA-10 cells probably express GPx1 and presum-
ably also GPx4. How, then, would a highly reactive ChOOH like
7a-OO0H survive trafficking through cytosol to Mito in a ste-
roid-producing cell? The START domain of StarD4 (and by
implication StarD1) consists of a hydrophobic Ch binding
pocket and a lid-like fold (10). We postulate that StarD4-borne
7a-OOH would be protected against reductive turnover during
transit. In the case of one-electron reduction, this is reasonable
because levels of redox-active iron in cytosol of prestressed cells
would be vanishingly low (59). Moreover, the hydroperoxyl
group of 7a-OOH is near the C-3 hydroxyl, but distant from the
hydrophobic isoprenoid tail, suggesting that like Ch, it should
be tightly sequestered in the START binding pocket (9, 10).
This should hinder interaction with cytosolic antioxidants like
GSH and GPx4, thus limiting the possibility of two-electron
reductive loss in transit. These considerations further support
our model of potentially deleterious ChOOH delivery via the
StarD4/StarD1 system.

For acute needs, steroidogenic cells can acquire Ch from
external sources, one of the most important being high den-
sity lipoprotein (HDL) in the circulation, which delivers
esterified and free Ch via the SR-BI (3, 4). Upon arrival at the
inner face of the plasma membrane, cholesteryl esters are
hydrolyzed by hormone-sensitive lipase, after which the Ch
molecule begins its StAR-mediated delivery to/into Mito.
SR-BI is also expressed in liver and is crucial for removal of
excess Ch via reverse Ch transport (4). Previous studies have
shown that stress-generated ChOOHSs in HDL can also be
disposed of in this fashion (60). Under such conditions, it is
not difficult to imagine that SR-BI-expressing steroidogenic
tissues might also take up some ChOOH-bearing HDL and
that this might provoke damaging redox reactions in these
tissues. We are in the process of testing this idea on cAMP-
activated MA-10 cells, using HDL that has been transfer-
loaded with various levels of 7a-OOH.

In summary, our findings are both significant and novel
because they describe a previously unrecognized mechanism
by which steroid hormone production in the adrenal gland,
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ovary, and testis may be compromised in physiological states
associated with increasing oxidative stress and/or declining
antioxidant capacity, important examples being diabetes
(61), atherosclerosis (17), and natural aging (16, 43). Of
added interest, our study provides valuable insights into how
the antisteroidogenic effects of ChOOH trafficking might be
attenuated by site-selective antioxidants such mitochondrial
GPx4 or MitoQ (62).
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