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StAR family proteins, including StarD4, play a key role in steroidogenesis by transporting cholesterol (Ch)
into mitochondria for conversion to pregnenolone. Using a model system consisting of peroxidized cho-
lesterol (7a-OOH)-containing liposomes as donors, we showed that human recombinant StarD4 acceler-
ates 7a-OOH transfer to isolated liver mitochondria, and to a greater extent than Ch transfer. StarD4 had
no effect on transfer of non-oxidized or peroxidized phosphatidylcholine, consistent with sterol ring
specificity. StarD4-accelerated 7a-OOH transfer to mitochondria resulted in greater susceptibility to free
radical lipid peroxidation and loss of membrane potential than in a non-StarD4 control. The novel impli-
cation of these findings is that in oxidative stress states, inappropriate StAR-mediated trafficking of per-
oxidized Ch in steroidogenic tissues could result in damage and dysfunction selectively targeted to
mitochondria.

� 2010 Elsevier Inc. All rights reserved.
Introduction reduction to free radicals, which expands peroxidative damage, or
The plasma membrane of most mature mammalian cells
contains a substantial amount of non-esterified cholesterol (Ch),
45–50 mol% of the total membrane lipid. Like other unsaturated
lipids, Ch is susceptible to oxidation under oxidative stress condi-
tions, hydroperoxide species (ChOOHs) being prominent products/
intermediates [1,2]. In membranes undergoing free radical-medi-
ated (chain) peroxidation, the 7a- and 7b-hydroperoxides of Ch
(7a- and 7b-OOH) are formed, along with end-products such as
the 7a-OH and 7b-OH diols, 5,6-epoxide, and 7-ketone [1–4]. Like
phospholipid counterparts (PLOOHs), ChOOHs are susceptible to
reductive turnover, either undergoing iron-catalyzed one-electron
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3; SUV(s), small unilamellar
enzyme-catalyzed two-electron reduction to alcohols, which
attenuates further damage [4]. One-electron turnover is not neces-
sarily limited to a ChOOH’s membrane of origin, but can extend to
other membranes via ChOOH translocation [5–7]. Spontaneous
intermembrane ChOOH transfer was found to be nearly two orders
of magnitude faster than that of Ch, and it sensitized acceptor
membranes to iron-catalyzed chain peoxidation [5,6]. Subsequent
studies revealed that recombinant sterol carrier protein-2 (SCP-
2), a low specificity lipid trafficker [8], could accelerate ChOOH
translocation in various model systems, including a liposomal
donor–mitochondrial acceptor system [9]. This suggested that un-
der oxidative stress, adventitious trafficking of lipid hydroperox-
ides (LOOHs) by lipid transfer proteins might be a general
phenomenon.

Proteins of the steroidogenic acute regulatory (StAR) family
contain a unique lipid binding/transfer (START) domain and play
a key role in steroid hormone biosynthesis by transporting Ch to
mitochondria, where it is converted to pregnenolone [10–12]. StAR
proteins are highly selective for Ch, each binding one sterol mole-
cule in a unique hydrophobic pocket [13]. StarD4 and StarD1 have
been proposed to operate cooperatively in transporting Ch, the for-
mer moving it through the cytosol to mitochondria and the latter,
in concert with other proteins, moving it from the outer to inner
mitochondrial membrane, where the pregnenolone-generating
side chain cleavage system (P450scc) is located [10–12]. We postu-
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lated that under conditions favoring oxidative stress, e.g. dimin-
ished antioxidant capacity with aging, ChOOHs will be recognized
by StAR proteins of steroidogenic cells and inappropriately deliv-
ered to mitochondria, leading to free radical damage and loss of
function. In this report, we provide the first evidence to support
this hypothesis, based on experiments with 7a-OOH-containing
liposomal donors, isolated mitochondrial acceptors, and recombi-
nant StarD4.
Materials and methods

General materials. Sigma Chemical Co. (St. Louis, MO) supplied
the antimycin A, CCCP, DFO, DTT, EDTA, Rh123, and rotenone. DMPC
and POPC were obtained from Avanti Polar Lipids, (Birmingham,
AL). Amersham Biosciences (Arlington Heights, IL) supplied the
[4-14C]Ch (�50 mCi/ml) and 1-palmitoyl-2-[1-14C]oleoyl-sn-phos-
phocholine (�55 mCi/ml), referred to as [14C]Ch and [14C]POPC,
respectively. [14C]7a-OOH was prepared by dye-sensitized photo-
peroxidation of [14C]Ch and isolated by reverse- and normal-phase
HPLC, as described [14]. Radiolabeled POPC-OOH (also referred to
as PCOOH) was also prepared photochemically [15].

Preparation of recombinant proteins. The preparation of an
expression vector encoded for human StarD4 fused at its N-termi-
nus to an enterokinase-cleavable glutathione S-transferase (GST)
tag was described previously, along with details about expression
and isolation of the fusion protein [16,17]. Isolated protein was
treated with enterokinase (1% w/w for 1 h at 37 �C) to cleave off
the GST tag, which was separated from StarD4 by incubating with
glutathione-linked Sepharose 4B (10–12 h at 4 �C). On SDS–PAGE,
isolated StarD4 appeared as a single band of Mr� 27 kDa, in agree-
ment with previous findings [17]; the protein was stored in
300 mM NaCl/50 mM NaH2PO4/20 mM Tris–Cl (pH 7.4) at 4 �C.

Human recombinant SCP-2 was prepared as described previ-
ously [9], using a plasmid encoded for the mature, 13.2 kDa pro-
tein. The purified protein was stored at �20 �C in 10 mM
phosphate/0.5 mM EDTA/1 mM DTT/50% glycerol (pH 6.8). Imme-
diately before being used in transfer experiments, SCP-2 was dia-
lyzed against PBS/0.1 mM EDTA/0.1 mM DFO at 4 �C to remove
glycerol and DTT, the latter of which would otherwise reduce
7a-OOH during transfer incubation [9].

Preparation of liposomes. Small unilamellar liposomes (50 nm
SUVs) were prepared by an extrusion procedure [5,6]. All steps
were carried out under argon to minimize lipid autoxidation. A
chloroform solution of chosen lipids was dried under argon and
then in vacuum at room temperature. After hydration, followed
by five cycles of freezing and thawing, the vesicles were passed
through two 0.05-lm pore polycarbonate filters in an Extruder
apparatus (Lipex Biomembranes, Vancouver, BC). The resulting
SUVs were stored at 4 �C under argon for up to 48 h.

Preparation of mitochondria. Freshly isolated mouse livers in
chilled MS buffer (0.2 M mannitol/50 mM sucrose/1 mM KH2PO4/
2 mM MgCl2/1 mM EGTA/5 mM MOPS, pH 7.2) were homogenized
and subjected to differential centrifugation [9]. The mitochondrial
fraction was recovered, washed with MS buffer, and total protein
concentration was determined by Bradford assay [18]. Molar con-
centration of total lipid was calculated using the known protein/li-
pid mass ratio and the overall lipid composition (wt.%) [19].

[14C]Ch labeling of mitochondria. Mitochondria (15 mg protein/
ml in MS buffer) were incubated with DMPC/[14C]Ch/DCP
(100:50:1.5 by mol; 1.5 mM; 3 lCi/ml) SUVs and SCP-2 (2 lg/ml)
for 1 h at 37 �C with occasional mixing. This typically resulted in
�35% [14C]Ch labeling. Labeled mitochondria were washed twice
with and resuspended in respiration buffer (210 mM mannitol/
70 mM sucrose/10 mM HEPES, pH 7.4), and stored on ice under
argon.
Transfer incubation conditions. Mitochondria (typically 2.8 mg
protein/ml, �0.6 mM total lipid) were incubated with POPC/7a-
OOH, POPC/Ch, DMPC/POPC, or DMPC/POPC-OOH (0.8:0.2 mol:-
mol) SUVs at 25 �C or 37 �C with periodic gentle mixing. StarD4
or SCP-2 (1–2 lM) were included as indicated. At various time
points, mitochondria were pelleted (12,000g, 5 min) and radioac-
tivity of translocated [14C]lipid analytes (�0.1 lCi/ml) was as-
sessed by scintillation counting.

Determination of free radical-mediated lipid peroxidation. [14C]Ch-
labeled mitochondria were incubated with 7a-OOH-containing
SUVs ± StarD4 as described above. [14C]ChOX-based free radical
peroxidation was assessed immediately after transfer (0 min) and
also after follow-up incubation in the presence of lipophilic fer-
ric-8-hydroxyquinoline [Fe(HQ)3] and ascorbate (AH�), which pro-
mote pro-oxidant turnover of 7a-OOH [1,4]. After treatment,
mitochondria were pelleted, washed, and lipid-extracted using
chloroform–methanol (2:1, vol/vol) [20]. Recovered lipid fractions
were analyzed for [14C]ChOX species by high performance thin
layer chromatography with phosphorimaging detection (HPTLC-
PI), as described previously [21].

Measurement of mitochondrial membrane potential. Following
transfer incubation in the absence or presence of StarD4, mito-
chondria were isolated from SUVs and typically added to 5 mM
succinate/1 lM rotenone/0.2 lM Rh123 in MS buffer at 37 �C, giv-
ing 0.2 mg protein/mL. After a Rh123 fluorescence baseline was at-
tained, the uncoupler CCCP and respiratory inhibitor antimycin A
were added (2 lM each), allowing DW measurement. Other details
were as described [9].
Results

Kinetics of StarD4-mediated transfer of 7a-OOH vs. Ch to
mitochondria

The ability of recombinant StarD4 to facilitate translocation of
7a-OOH (a free radical-generated ChOOH) was examined and com-
pared with Star4-mediated translocation of Ch, using [14C]7a-
OOH- or [14C]Ch-containing SUVs as donors and isolated liver
mitochondria as acceptors. Mitochondria were in 10-fold lipid mo-
lar excess over SUVs, so most of the analyte at equilibrium was in
the acceptor compartment. At various times during transfer incu-
bation in MS buffer at 25 �C, samples were removed, centrifuged,
and recovered mitochondrial pellets subjected to scintillation
counting. As shown in Fig. 1A, in the absence of StarD4, [14C]Ch
moved slowly and spontaneously from SUVs to mitochondria, the
apparent first-order rate constant being �3.8 � 10�3 min�1. StarD4
increased the transfer rate constant significantly and concentra-
tion-dependently (Fig. 1A), the value at 1 lM protein being �1.6-
times greater than background and at 2 lM protein �2.6-times
greater. Importantly, 2 lM BSA, used as a control, had no effect
on transfer rate, whereas recombinant SCP-2 also accelerated Ch
transfer (results not shown), confirming highly specific functional
recognition of Ch by StarD4 and SCP-2 (). In the case of [14C]7a-
OOH (Fig. 1B), spontaneous transfer was �5-times faster than that
of [14C]Ch, consistent with our previous findings on the two ana-
lytes [6,7]. As shown in Fig. 1B, StarD4 also enhanced the rate of
[14C]7a-OOH transfer, 1 lM protein increasing it by �2.8-fold
above background and 2 lM protein increasing it by �6-fold. Once
again, no significant increase was observed when BSA was substi-
tuted for StarD4 (Fig. 1B), ruling out a non-specific general protein
effect. StarD4-enhanced transfer rates (spontaneous-corrected) at
each of the protein concentrations used were much more impres-
sive for 7a-OOH than for Ch, viz. 14- to 15-times greater for the for-
mer (Fig. 1A, 1B), suggesting greater recognition by or accessibility
to the protein.
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Fig. 2. Transfer of PC and PCOOH from liposomes to mitochondria in the absence vs.
presence of StarD4 or SCP-2. Reaction mixtures containing liver mitochondria
(0.6 mM total lipid) and DMPC/POPC (1:1 mol/mol) SUVs (0.06 mM total lipid)
spiked with a trace of either [14C]POPC or [14C]POPC-OOH in pH 7.5 MS buffer at
37 �C were incubated in the absence or presence of 1 lM StarD4 or SCP-2. At the
indicated times, samples were removed, centrifuged, and radioactivity in the
mitochondrial fraction was measured. First-order kinetic plots for analyte acqui-
sition by mitochondria are shown, the data points representing the following: POPC
(o), POPC/StarD4 (d), POPC-OOH (D), POPC-OOH/StarD4 (N), POPC/SCP-2 (.),
POPC-OOH/SCP-2 (j). Plotted values are means ± SD (n = 3).
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Fig. 1. Spontaneous and StarD4-enhanced transfer of Ch and 7a-OOH from
liposomes to mitochondria. Reaction mixtures in pH 7.5 MS buffer at 25 �C
contained POPC/[14C]Ch or [14C]7a-OOH (8:2 mol/mol) SUVs (0.06 mM total lipid;
100 nCi/ml), liver mitochondria (2.8 mg protein/ml, 0.6 mM total lipid) and either
StarD4 [1 lM (N) or 2 lM (.)] or BSA (2 lM (d)]. Spontaneous transfer for mixtures
lacking StarD4 or BSA is also represented (x). At the indicated incubation times,
samples were removed, centrifuged to separate SUVs from mitochondria, and
radioactivity in the latter was determined by scintillation counting. (A) First-order
kinetic plot for [14C]Ch acquisition by mitochondria; (B) First-order plot for [14C]7a-
OOH acquisition by mitochondria. A1, Ao, and At denote analyte level at infinite
time, time zero and time t, respectively. Plotted values are means ± SD (n = 3).
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Fig. 3. Sensitization of mitochondria to free radical lipid peroxidation by StarD4-
enhanced transfer uptake of 7a-OOH. [14C]Ch-labeled mitochondria (2.8 mg
protein/ml, 0.6 mM lipid) were incubated with POPC/7a-OOH (8:2, mol/mol; 0/
06 mM lipid) SUVs for 30 min in the absence or presence of StarD4 (2 lM) in MS
buffer at 37 �C. Lipids were either extracted at this point or after additional 37 �C
incubation in the presence of 5 lM Fe(HQ)3 and 10 mM AH�, and extracts
containing the same amount of total lipid were subjected to HPTLC-PI analysis.
(A) Analyte profiles showing origin (O), 7a-OH (1), 7b-OH (2), 5,6-epoxide (3), Ch
(4), and solvent front (F). Sample lanes represent the following: (a) non-transfer-
incubated control; (b) and (c) immediately after transfer in absence and presence of
StarD4, respectively; (d) and (e) 20 min with Fe(HQ)3/AH� after transfer in absence
and presence of StarD4, respectively. (B) Total ChOX before and after Fe(HQ)3/AH�

treatment (percent of total lane radioactivity normalized for Ch and corrected for
control); open bars, �StarD4; solid bars, +StarD4. Values are means ± SD (n = 3).
*P < 0.01 compared with corresponding sample lacking StarD4.
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Comparative ability of StarD4 and SCP-2 to transfer PCOOH vs. PC to
mitochondria

Previous studies have demonstrated that full-length recombi-
nant StarD1 or N-62 truncated StarD1 can facilitate intermem-
brane transfer of Ch in donor/acceptor model systems [22]. By
contrast, N-62 StarD1 exhibited no significant ability to facilitate
phosphatidylcholine (PC) transfer, whereas SCP-2 was fully capa-
ble of this [22]. We asked whether StarD4 might also be selective
in recognizing and transporting sterols like Ch and 7a-OOH, but
not phospholipids or oxidized phospholipids. As shown in Fig. 2,
the synthetic phospholipid [14C]POPC translocated slowly on its
own from SUVs to mitochondria, the apparent first-order rate con-
stant (3.2 � 10�4 min�1) being about one-tenth that determined
for Ch (Fig. 1A); the difference would have been greater still had
the Figs. 1 and 2 experiments been run at the same temperature.
Whereas 1 lM SCP-2 increased the POPC transfer rate by�3.3-fold,
StarD4 at the same concentration produced no significant increase
(Fig. 2). Similar to 7a-OOH vs. Ch, 14C-labeled peroxidized POPC
(PCOOH) translocated more rapidly than unoxidized POPC, in this
case by a factor of �2.5. Whereas PCOOH transfer, like that of PC,
was not affected by StarD4, it was accelerated nearly 10-fold by
SCP-2 at the same concentration (Fig. 2). In terms of LOOHs, there-
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fore, StarD4 was found to be absolutely specific, recognizing and
transporting at least one ChOOH species, but not a PCOOH species.
It is reasonable to assume that StarD4’s specificity for ChOOHs vs.
PLOOHs exists in general, but this remains to be established.

Chain lipid peroxidation induced by StarD4-delivered 7a-OOH in
mitochondria

We examined the ability of transfer-acquired 7a-OOH to induce
membrane-damaging lipid peroxidation in mitochondria, using
[14C]Ch as an in situ probe and [14C]ChOX species as qualitative
and quantitative indicators of chain peroxidation. As shown in
Fig. 3A (0 min), [14C]ChOX (identified as 5,6-epoxide, 7a-OH, and
7b-OH) could be detected in mitochondria that had been incubated
with 7a-OOH-containing SUVs for 30 min in the absence vs. pres-
ence of StarD4, the levels clearly being higher in the latter case.
Post-incubation treatment with Fe(HQ)3 and AH� for 20 min fur-
ther increased the [14C]ChOX levels, those in the StarD4-containing
system remaining higher (Fig. 3A). Total integrated ChOX was
approximately doubled when StarD4 was present during transfer
incubation (Fig. 3B 0 min) and �40% greater in the large increase
that occurred after subsequent exposure to Fe(HQ)3/AH�. Thus,
StarD4-enhanced 7a-OOH transfer greatly sensitized acceptor
mitochondria to free radical-mediated peroxidative damage.

Effect of StarD4-delivered 7a-OOH on mitochondrial membrane
potential

The functional significance of StarD4-enhanced 7a-OOH deliv-
ery to mitochondria with accompanying induction of free radical
lipid peroxidation was evaluated by determining mitochondrial
ability to generate and sustain a transmembrane potential (DW).
Using mouse mitochondria that had been preincubated with 7a-
OOH-SUVs for 30 min in the presence of 1 lM StarD4, we found
that DW decreased tp �40% of the value produced by a control
not exposed to 7a-OOH (Fig. 4). When the same transfer incuba-
tion conditions were used except for switching from 7a-OOH to
Ch in the donor membranes, there was no significant decrease in
DW relative to the control value (Fig. 4). Thus, uptake of the re-
dox-active sterol hydroperoxide was functionally detrimental, pre-
sumably by triggering chain peroxidation reactions (Fig. 3),
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Fig. 4. Effect of StarD4-facilitated 7a-OOH transfer on mitochondrial membrane
potential (DW). Mitochondria (0.6 mM lipid) were incubated with POPC/7a-OOH or
POPC/Ch (8:2, mol/mol; 0.06 mM lipid) SUVs for 30 min in the absence or presence
of StarD4 (1 lM) in MS buffer at 37 �C. Immediately thereafter, the mitochondria
were added to 5 mM succinate/1 lM rotenone/0.2 lM Rh123 in MS buffer at 37 �C,
giving 0.2 mg protein/ml (arrow). After a baseline of Rh123 fluorescence was
attained, CCCP and antimycin A were added (2 lM each), allowing DW measure-
ment. Notations: Cont (no SUVs/StarD4); 7a-OOH (7a-OOH-SUVs + StarD4); Ch
(Ch-SUVs + StarD4).
whereas uptake of the unoxidized sterol was not. However, some
caution is appropriate in deducing this for the Fig. 4 results, since
considerably more 7a-OOH than Ch was delivered to mitochondria
by StarD4 in the transfer time used (30 min).
Discussion

Free Ch required for steroid hormone synthesis by cells of the
adrenal cortex, testis, and ovary can derive from external sources
such as low density lipoprotein (via the LDL receptor) and high
density lipoprotein (via the SR-BI receptor) [12]. Most of the Ch
from these sources arises via hormone sensitive lipase-catalyzed
hydrolysis of internalized cholesteryl esters. Ch can also be sup-
plied internally, e.g. by hydrolysis of cholesteryl esters in lipid
droplets or removal from plasma membrane, where most of the
free Ch is located in cells. StAR family proteins play a key role in
transporting intracellular Ch to mitochondria for pregnenolone
synthesis [10–12]. Unlike SCP-2 and other lipid carriers, StAR pro-
teins are highly selective for Ch or at least sterols with a ring struc-
ture similar to that of Ch [13]. The prototype, StarD1, acts at the
mitochondrial level, whereas more recently identified homologues,
StarD4, StarD5 and StarD6, lack organelle-targeting sequences and
are believed to act exclusively in the cytosol [11,12]. StarD1 and
StarD4 have been proposed to act cooperatively in steroidogenesis,
the former transporting Ch through the cytosol to the mitochon-
drial outer membrane and the latter, in conjunction with translo-
cator protein (TSPO, also known as peripheral benzodiazepine
receptor), delivering it to the inner membrane for conversion to
pregnenolone by the P450scc system [11].

There is a growing awareness that functionality of steroidogenic
tissues may be compromised in physiological states associated
with oxidative stress, e.g. diabetes, ischemia/reperfusion, chronic
inflammation, and aging [23]. Among these, attenuation of natural
antioxidant defenses with advancing age has received the most
attention up to now. Because of their vigorous mitochondrial elec-
tron transport activity, adrenocortical cells in an animal model
were reported to be highly susceptible to oxidative injury, which
increased dramatically with aging [23]. Moreover, steroidogenic
cells in vitro have been shown to become damaged and dysfunc-
tional when exposed to various peroxides other than ChOOHs,
e.g. H2O2 and fatty acid hydroperoxides [24,25]. The study involv-
ing hormone-activated mouse MA-10 Leydig cells [24] was highly
relevant because in vivo such cells reside in the testicular interstit-
ium with ROS-generating macrophages in close proximity. In the
cases cited [24,25], it is unlikely that the primary peroxides were
targeted specifically to mitochondria by StAR proteins due to the
selectivity of these proteins for sterol-type ligands, as shown in
this and other studies [22].

Using a model construct mimicking a plasma membrane/mito-
chondrion donor/acceptor system in a steroidogenic cell, we show
for the first time in this study that StarD4, can stimulate intermem-
brane transfer not only of Ch itself, but also a cholesterol B-ring
hydroperoxide (7a-OOH). It is reasonable to assume that in pro-
moting 7a-OOH translocation, StarD4 actually binds the hydroper-
oxide, but this has not been examined. Although 7a-OOH is more
polar than Ch, it retains most of Ch’s amphiphilic properties, viz.
the same hydrophobic ‘‘tail” portion and rigid ‘‘hydrophilic” head
portion, where the B-ring hydroperoxyl group is relatively close
to the A-ring hydroxyl group. Based on these considerations, it
would not be surprising that Ch and 7a-OOH use the same binding
pocket on StarD4 with similar orientation of their hydrophobic and
hydrophilic groupings. Specificity for sterol-type ligands was dem-
onstrated by showing that StarD4, unlike SCP-2, cannot accelerate
PC or PCOOH translocation. In keeping with our expectations from
previous studies on disseminated peroxidative stress [5,9], we
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found that StarD4-enhanced 7a-OOH transfer to mitochondria
sensitized them to free radical lipid peroxidation with loss of func-
tional integrity reflected by DW generation.

Conclusions

The present findings provide valuable new insights into how
hormone production in steroidogenic tissues might be compro-
mised under physiological conditions associated with oxidative
stress. Under such conditions, redox-active ChOOHs from imported
oxidized lipoproteins or Ch oxidation in existing intracellular pools
(e.g. plasma membrane) could be transported to mitochondria by
the StarD4/D1 system along with Ch, leading to site-specific free
radical damage and dysfunction if resident antioxidant capacity
is overwhelmed. Inadvertant ChOOH delivery in this fashion has
not been recognized up to now. As more evidence for this accumu-
lates, a key goal will be the rational application of antioxidant
interventions to minimize mitochondrial damage.
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