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A B S T R A C T   

Peroxidation of unsaturated phospholipids, glycolipids, and cholesterol in biological membranes under oxidative 
stress conditions can underlie a variety of pathological conditions, including atherogenesis, neurodegeneration, 
and carcinogenesis. Lipid hydroperoxides (LOOHs) are key intermediates in the peroxidative process. Nascent 
LOOHs may either undergo one-electron reduction to exacerbate membrane damage/dysfunction or two-electron 
reduction to attenuate this. Another possibility is LOOH translocation to an acceptor site, followed by either of 
these competing reductions. Cholesterol (Ch)-derived hydroperoxides (ChOOHs) have several special features 
that will be highlighted in this review. In addition to being susceptible to one-electron vs. two-electron reduction, 
ChOOHs can translocate from a membrane of origin to another membrane, where such turnover may ensue. 
Intracellular StAR family proteins have been shown to deliver not only Ch to mitochondria, but also ChOOHs. 
StAR-mediated transfer of free radical-generated 7-hydroperoxycholesterol (7-OOH) results in impairment of (a) 
Ch utilization in steroidogenic cells, and (b) anti-atherogenic reverse Ch transport in vascular macrophages. This 
is the first known example of how a peroxide derivative can be recognized by a natural lipid trafficking pathway 
with deleterious consequences. For each example above, we will discuss the underlying mechanism of oxidative 
damage/dysfunction, and how this might be mitigated by antioxidant intervention.   

1. Introduction 

Free cholesterol (Ch) and unsaturated phospholipids in biological 
membranes and lipoproteins are susceptible to non-enzymatic oxidation 
(lipid peroxidation) under conditions of oxidative stress [1–4]. Choles
teryl esters bearing unsaturated fatty acyl groups are also susceptible. In 
mammalian cells, such modifications can occur as negative effects of 
natural metabolic processes such as electron transport in mitochondrial 
membranes or NADPH oxidase activation in plasma membranes [5,6]. 
These reactions may also occur during cell exposure to chemical oxi
dants such as redox-cycling drugs or physical oxidants such as ultravi
olet or ionizing radiation [7,8]. Lipid peroxidation can be triggered by 
reactive oxygen species (ROS) such as hydroxyl radical (HO•) and singlet 
oxygen (1O2) or by reactive nitrogen oxide species such as peroxynitrous 
acid (ONOOH) and nitrogen dioxide (NO2

•) [9]. All of these except 1O2 

initiate lipid peroxidation via abstraction of an allylic hydrogen from an 
unsaturated lipid, which would be an sn-2 fatty acyl hydrogen in a 
phospholipid or a carbon-7 hydrogen in Ch [1,2]. The resulting lipid 
radical reacts rapidly with O2 to give a peroxyl radical (e.g. 7-OO• from 
Ch), which propagates the reaction by abstracting hydrogen from 
another lipid, thereby becoming a hydroperoxide species (e.g. 
7α/β-OOH from Ch). 1O2, a non-radical, that is typically generated by 
photodynamic reactions, adds directly to an unsaturated lipid with 
hydrogen retention and allylic shift in the double bond [2]. 1O2 addition 
to Ch gives the following positional hydroperoxides: 5α-OOH and 
6α/β-OOH, the former one usually in much higher yield than either of 
the latter ones [10,11]. Structures of free radical- and 1O2-generated 
cholesterol hydroperoxides (ChOOHs) are shown in Fig. 1. When 
exposed to free radical initiators or 1O2, unsaturated phospholipids (PLs) 
are converted to hydroperoxide (PLOOH) species in similar fashion 
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[1–3]. PLOOHs can also be generated enzymatically, e.g. via 12-lipoxy
genase (12-LOX) action on arachidonate-containing PLs, although most 
LOXs act preferentially on non-esterified unsaturated fatty acids [12, 
13]. Free Ch exists naturally as a single molecular species, thus giving 
rise to far fewer isomeric hydroperoxides than natural phospholipids. 
Moreover, ChOOHs have been linked to certain pathologic conditions 
arising from free radical damage/dysfunction at the mitochondrial level. 
These conditions, the apparent molecular targets involved, and how 
they might be protected will be discussed in this review. 

2. LOOH translocation as a general phenomenon 

At relatively low donor membrane levels, non-oxidized PLs and Ch 
have been shown to translocate to acceptor membranes via an aqueous 
transit pool rather than via membrane collisions [14,15]. Lipid depar
ture from donor membranes was found to be slow and usually 
rate-limiting compared with uptake by acceptors. About 20 years ago, 
Vila et al. [16] predicted that Ch- or PL-derived LOOHs, due to increased 
hydrophilicity of the peroxide group, should depart a membrane of 
origin more rapidly than LH precursors. In a cell under mitochondrial 
oxidative stress, for example, LOOH transfer from mitochondrial mem
branes to the plasma membrane might be favored by the much larger 
lipid mass of the latter as an acceptor. In addition to moving from one 
membrane to another within cells, LOOHs might translocate between 
lipoproteins in plasma, cells and lipoproteins, or between cells them
selves, e.g. via their plasma membranes [16]. Another important pre
diction is that intracellular LOOH transfer might be accelerated by 
transfer proteins, which could either promote desorption from donor 
membranes or act as delivery shuttles to acceptor membranes [14, 
17–20]. In the following sections, we will discuss experimental evidence 
confirming that LOOH transfer between biological membranes does 
occur, and can be accelerated by intracellular lipid transfer proteins, 
leading to cellular damage and metabolic dysfunction. 

2.1. Spontaneous ChOOH translocation 

That spontaneous ChOOH transfer between membranes can occur 
was first demonstrated using the following model: photodynamically 
peroxidized red blood cell (RBC) membranes (ghosts) as ChOOH donors 
and small unilamellar liposomes (SUVs) in 5-10-fold lipid molar excess 
as acceptors [16]. For tracking ChOOHs, ghost membrane Ch was 

14C-labeled prior to photoperoxidation, using serum albumin as a la
beling vehicle. During transfer incubation, [14C]Ch and [14C]ChOOH 
acquisition by SUVs was assessed by high-performance thin layer 
chromatography with phosphorimaging (HPTLC-PI) [21]. Incubations 
were carried out at 37 ◦C under redox-inhibited conditions (e.g. 
desferrioxamine-treated buffers) to prevent LOOH turnover/induction. 
At various incubation times, ghosts and SUVs were separated, and lipids 
from the latter were extracted and analyzed by HPTLC-PI. These ex
periments revealed a striking difference in first-order rate constants for 
Ch and total ChOOH transfer, the value for the latter being at least 
60-times greater than that for Ch [16]. The same difference was 
observed when photoperoxidized SUVs were used as donors and red cell 
ghosts as acceptors. In each case, ChOOH departure from donor mem
branes was found to be rate limiting like that of parent Ch. The ChOOHs 
monitored in these experiments consisted of a mixture of five different 
positional isomers (Fig. 1): 5α-OOH with lesser amounts of 6α-OOH and 
6β-OOH, plus very small amounts of 7α-OOH and 7β-OOH. The pre
ponderance of 5α-OOH over 7α/β-OOH indicated that the photo
peroxidation reaction in donor membranes was mainly 1O2-mediated. In 
subsequent experiments, ghost-to-SUV transfer kinetics for the different 
ChOOH positional isomers were compared, using reverse phase 
high-performance liquid chromatography (Ultrasphere XL-ODS column) 
with mercury cathode electrochemical detection [HPLC-EC(Hg)] for 
analysis [22]. In the first reported evidence for this, it was found that the 
first-order rate constants decreased in the following general fashion: 
7α/7β-OOH » 5α-OOH » 6α-OOH > 6β-OOH [23]. Since this progression 
is the exact opposite of that observed for the reverse-phase HPLC 
retention times of these species, it was deduced that 7α/7β-OOH are the 
most hydrophilic and 6β-OOH the least hydrophilic of the ChOOHs 
examined [23]. Other studies revealed that ChOOHs will not only move 
from one membrane to another, but also from membranes to lipopro
teins and vice-versa. For example, carefully prepared low density lipo
protein (LDL) with little, if any, pre-existing LOOH was found to take up 
ChOOHs readily from photoperoxidized RBC ghosts, the transfer kinetics 
exhibiting the same rank order as observed for membrane acceptors (see 
above) [24]. Circulating RBCs, which are loaded with hemoglobin and 
possibly some loose iron, are susceptible to oxidative damage, which can 
be exacerbated by their limited ability to detoxify LOOHs [25]. Thus, it 
is intriguing to speculate that translocation of pro-oxidant LOOHs such 
as ChOOHs from RBCs to LDL in the circulation might be one possible 
means of minimizing such damage. On the other hand, unlimited 
acquisition of these LOOHs by LDL would promote its atherogenic po
tential [26]. 

2.2. Protein-mediated ChOOH translocation 

Intracellular and extracellular lipid transfer proteins are known to 
play important roles in lipid metabolism as well as membrane and li
poprotein biogenesis and homeostasis. Intracellular transfer proteins 
with differing specificities for fatty acids, PLs, Ch, and Ch esters have 
been identified and characterized [17–20]. A well-known example is 
non-specific lipid transfer protein, also known as sterol carrier protein-2 
(SCP-2). Mature SCP-2 is a small protein (13.2 kDa) that stimulates 
inter-membrane translocation of Ch as well as various fatty acids and 
phospholipids [27–29]. A proposed mechanism involves electrostatic 
interaction of SCP-2 with the donor membrane, binding of an available 
lipid, and delivery to an acceptor membrane [30]. There is also evidence 
that SCP-2 can pick up and transport any desorbed lipids existing in the 
aqueous compartment [28]. Whether SCP-2 could also recognize and 
move LOOHs was first investigated by the authors of this review and 
co-workers, using ChOOHs for initial studies. We showed that ChOOH 
transfer from photoperoxidized RBC ghosts to SUV acceptors could be 
substantially accelerated by either natural bovine liver SCP-2 or a re
combinant form of human SCP-2 [31]. This was the first reported evi
dence for stimulation of intermembrane LOOH transport by a lipid 
trafficking protein. For various ChOOH isomers, the first-order rate 

Fig. 1. Structures of cholest-5-en-3β-ol (cholesterol, Ch) and its hydroperoxide 
species generated by free radical (R•)-mediated reactions: 3β-hydroxycholest-5- 
ene-7α-hydroperoxide (7α-OOH), 3β-hydroxycholest-5-ene-7β-hydroperoxide 
(7β-OOH), and by singlet oxygen (1O2)-mediated reactions: 3β-hydroxy-5α- 
cholest-6-ene-5-hydroperoxide (5α-OOH), 3β-hydroxycholest-4-ene-6α-hydro
peroxide (6α-OOH)and 3β-hydroxycholest-4-ene-6β-hydroperoxide (6β-OOH). 
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constants for SCP-2-accelerated transfer (spontaneous-corrected) 
decreased in the same rank order as observed for spontaneous transfer, 
viz. 7α/7β-OOH > 5α-OOH > 6α-OOH > 6β-OOH [31]. Thus, the most 
hydrophilic peroxides (7α/7β-OOH) were transported the fastest, and 
the least hydrophilic peroxides (6α/6β-OOH) the slowest. As observed 
for non-oxidized Ch transfer [28], SCP-2-mediated ChOOH transfer 
could be enhanced by the following donor membrane properties: (a) 
increasing lipid unsaturation, and (b) increasing net negative charge, e. 
g. imposed by phosphatidylserine [31]. 

It is important to point out that cholesteryl ester trafficking is 
mediated primarily by cholesteryl ester transfer protein (CETP). Such 
trafficking has been reported to enhance LDL deposition onto arterial 
walls, thus promoting atherogenesis [32]. However, whether this might 
result from CETP’s ability to transport peroxidized cholesteryl esters is 
not yet known. 

Proteins in the Steroidogenic Acute Regulatory (StAR) family 
comprise another important class of intracellular Ch trafficking proteins 
[33–35]. Each of these contains a unique C-terminal StAR-related lipid 
binding/transfer (START) domain consisting of ~210 amino acid resi
dues. The structure of this domain has been determined for eight 
START-containing isoforms, each of which binds a single Ch molecule in 
highly specific fashion [36]. Thus, in contrast to SCP-2, most StAR 
proteins are sterol-selective and do not bind and transport PLs or fatty 
acids. StarD1, the family prototype, localizes in the mitochondrial outer 
membrane and in conjunction with other proteins [34,35] binds and 
transfers available free Ch to the inner membrane for metabolic pro
cessing. Free Ch could arise via LDL-mediated delivery, hydrolysis of 
cholesteryl esters in lipid droplets, or de novo synthesis in the endo
plasmic reticulum [34]. Unlike StarD1 itself, prominent homologues 
such as StarD4, StarD5, and StarD6, lack organelle-targeting sequences 
[36]. Therefore, these homologues probably operate in the cytosol, 
transporting Ch to acceptors such as mitochondria for processing after 
StarD1-mediated internalization. StAR protein-mediated Ch trafficking 
is required for various normo-physiologic processes, including (a) sterol 
hormone synthesis by steroidogenic cells [37,38] and (b) early stage 
anti-atherogenic reverse Ch transport in vascular macrophages [39–41]. 
One could predict that under conditions of oxidative stress, StAR pro
teins (similarly to SCP-2) might transport ChOOHs along with Ch, and 
that this might have pathophysiologic consequences. Korytowski et al. 
[42], using [14C]7α-OOH- and [14C]Ch-containing SUVs as donors, 
isolated mouse liver mitochondria as acceptors, and recombinant 
human StarD4 provided the first supporting evidence for this. StarD4 
was found to markedly increase the first-order rate of 7α-OOH transfer 
to mitochondria over that for spontaneous transfer, and to a much 
greater extent than it did for Ch transfer. In contrast, StarD4 had no 
effect on the translocation rate of non-oxidized or peroxidized phos
phatidylcholine, consistent with the protein’s binding specificity for 
sterol-based ligands. The deleterious effects of ChOOH and Ch 
co-trafficking on steroidogenic cells and on macrophage reverse Ch 
transport will be discussed subsequently after considering PLOOH 
translocation and the possible reactions of disseminated LOOHs in 
general. 

2.3. PLOOH translocation: general characteristics 

Other model studies have shown that PLOOHs are also capable of 
spontaneous intermembrane translocation. Like ChOOHs compared 
with Ch, yet even more so, PLOOH transfer rates far exceed those of 
parent PLs. In initial experiments, PLOOHs were generated in RBC ghost 
donors via photosensitized photooxidation, and included species 
derived from phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylserine (PS), and sphingomyelin (SM). SUVs in total 
lipid molar excess over ghosts served as acceptors. SUV acquisition of 
PCOOH, PEOOH, PSOOH, and SMOOH species was monitored by HPLC- 
EC(Hg), using an amino (LC-NH2) column [24]. Each of these peroxides 
exhibited apparent first-order transfer kinetics, the rate constants for 

PCOOH, PEOOH, and PSOOH being approximately the same and about 
4-times greater than that for SMOOH [24]. Collectively, PLOOHs 
transmigrated much more slowly than ChOOHs, consistent with the 
known slow transfer of PLs compared with Ch [15]. More specifically, 
the first-order rate constant for PCOOH transfer was found to be ~20% 
that of 5α-OOH and ~10% that of 7α-OOH [24]. When LDL was used as 
an acceptor, the rate constant differences were the same. ChOOHs are 
less susceptible to enzymatic inactivation than PLOOHs (see below), 
giving the former a longer lifetime for translocation on this basis. Thus, 
the actual extent of ChOOH vs. PLOOH transfer in an oxidatively stressed 
cells depends on a variety of complex factors, including content of 
oxidizable PLs vs. Ch, relative LOOH hydrophilicity, and relative sus
ceptibility to reductive turnover (see below). 

3. Possible fates of translocated LOOHs 

Translocated LOOHs have various destinies, the major ones 
depending on pro-oxidant vs. antioxidant conditions in acceptor com
partments. In the absence of reducing agents (e.g. NAD(P)H, ascorbate) 
and redox-active metal ions (e.g. iron, copper), LOOHs will continue to 
accumulate and in so doing, perturb structure/function of an acceptor 
membrane or lipoprotein due to increased hydrophilicity. However, if 
reductants and redox-active metal ions are available, translocated 
LOOHs may undergo one-electron (Fenton-like) reduction to lipid oxyl 
radicals (LO•), which can rearrange and rapidly autoxidize to epox
yallylic peroxyl radicals (OLOO•) (Fig. 2). This mechanism has been 
well-documented for peroxidized fatty acids (FAOOHs) in solution and 
appears likely in membranes and lipoproteins as well [43,44]. 
One-electron reduction of primary translocated LOOHs can trigger 
metal-ion-catalyzed chain lipid peroxidation in acceptor mem
branes/lipoproteins (Fig. 2). The damaging effects of this chain perox
idation could far exceed those due to primary LOOH uptake alone. Like 
PLOOHs and other translocated LOOHs, ChOOHs are susceptible to 
one-electron reduction and in the process are converted to ChO• (or 
OChOO•) intermediates that can induce chain reactions which damage 
and impair acceptor functionality [1–3,43,44]. Recent studies have 
shown that certain ChOOHs (5α-OOH, 6β-OOH) can also undergo 
acid-catalyzed (Hock) cleavage to give secosterol aldehydes [3,4]. Some 
of these (Sec A, Sec B) have been detected in atherosclerotic lesions and 
could serve as highly sensitive reporters of early stage atherogenesis [4, 
45]. 

Another possible fate of translocated PLOOHs and ChOOHs is 
enzyme-catalyzed two electron reduction (Fig. 2), an antioxidant-type 
process that competes with pro-oxidant one-electron reduction [2,46]. 

Fig. 2. Two possible mechanisms of translocated LOOH reductive turnover in 
acceptor membranes. Iron-catalyzed one-electron reduction, followed by O2 
addition, gives an epoxyallylic peroxyl radical which can induce damaging 
chain peroxidation. Alternatively, two-electron reduction catalyzed by GPx4, or 
possibly certain peroxiredoxins (e.g. Prx6), converts the LOOH to redox-inert 
LOH, thereby preventing chain peroxidative damage. 
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Unlike preventative inactivation of primary ROS (e.g. O2
-∙ by superox

ide dismutase), two-electron reduction is considered a back-up or 
reparative detoxification process. Since there are no known specific 
enzymatic scavengers of 1O2, two-electron reduction would be the only 
antioxidant option for 1O2-generated LOOHs. The only enzyme with 
well-established ability to inactivate ChOOHs as well as PLOOHs in 
membrane and lipoprotein environments is glutathione peroxidase 
type-4 (GPx4) [25,47,48]. GPx4 is one of approximately four 
selenium-containing peroxidases that use glutathione (GSH) as a 
reducing cofactor [49,50]. In mammalian cells, monomeric GPx4 (~20 
kDa), which can be found in several compartments, including mito
chondria [48], is much less abundant than tetrameric GPx1 (~84 kDa). 
Unlike GPx4, GPx1 cannot act on membrane-bound ChOOHs or PLOOHs 
unless the latter are first hydrolyzed to release peroxide-bearing fatty 
acids [1,2]. Studies by the authors and co-workers [51] revealed a broad 
range of GPx4 reactivities on various LOOHs, the first-order rate con
stants decreasing in the following order: PCOOH > 6β-OOH >

7α/β-OOH » 5α-OOH. Importantly, 5α-OOH with the lowest reduction 
rate was found to be the most cytotoxic of these peroxides, whereas 
PCOOH with the greatest rate was the least cytotoxic [51]. Free 
radical-generated 7α/β-OOH is also detoxified relatively slowly by GPx4 
(albeit faster than 5α-OOH), and on this basis would be predicted to be 
more redox-damaging than PLOOHs. In recent years, GPx4 has attracted 
considerable new attention based on its ability to protect against fer
roptosis, a new designation for cell death induced by iron-catalyzed lipid 
peroxidation [52]. Since GPx4 is found in cytosol and other compart
ments of eukaryotic cells, one might ask how StarD4-bound 7α/β-OOH, 
for example, could survive intracellular translocation. One possible 
explanation is that 7α/β-OOH retains some basic structural character
istics of Ch itself, viz. the same hydrophobic “tail” portion and hydro
philic “head” portion with A-ring –OH group and B-ring –OOH group. 
Since StAR proteins bind and sequester sterols tightly [36], it is unlikely 
that GPx4 would be able to access StarD4/D1-bound 7α/β-OOH during 
transit. 

Depending on local conditions (e.g. availability of GPx4, catalytic 
redox metals, and reductants like GSH), one-electron vs. two-electron 
LOOH reduction would also be expected to occur in donor membrane 
compartments. Not surprisingly, most of the research dealing with lipid 
peroxidative stress has focused on these originating compartments. One 
can postulate that LOOH translocation might benefit donor membranes 
if local metal ion or reductant levels were relatively high. Under these 
circumstances, translocation could protect donors against redox dam
age, possibly at the expense of acceptors. Additionally, if GSH/GPx4 
levels near acceptors were higher than those near donors, LOOH transfer 
might serve as an indirect means of LOOH detoxification. Whether such 
scenarios actually exist at the cellular or tissue level has not yet been 
investigated in any rigorous way. 

LOOH translocation via certain mitochondrial uncoupling proteins 
(UCPs) has also been reported to be cytoprotective. The mechanism 
involved is distinct from those discussed thus far because it involves 
UCP-mediated transfer of PLOOH-derived FAOOHs from the inner to 
outer mitochondrial membrane. In a study by Jaburek et al. [53], it was 
found that FAOOH transfer in conjunction with UCP2 uncoupling ac
tivity served to relieve proton buildup and oxidative pressure in lipo
somal membrane models. A later study by Lombardi et al. [54], using 
isolated muscle mitochondria showed that another uncoupling protein, 
UCP3, acted in essentially the same manner, i.e. by shuttling arach
idonate peroxides and thereby limiting oxidative pressure due to sus
tained proton motive force. Both studies [53,54] were intriguing, but 
neither revealed whether parental PLOOHs might also be translocated 
via UCPs. 

4. Negative effects of ChOOH trafficking on steroidogenesis 

Non-esterified Ch is an early participant in the synthesis of steroid 
hormones (progesterone, testosterone, cortisol, etc.) by steroidogenic 

cells [37,55]. This Ch may derive from extracellular sources such as LDL 
via the LDL receptor or high-density lipoprotein (HDL) via scavenger 
receptors. Upon uptake, cholesteryl esters in LDL/HDL are hydrolyzed 
by lipases to release free Ch [38]. The latter can also be supplied 
intracellularly, e.g. from lipid droplets, plasma membrane, or de novo 
synthesis in the endoplasmic reticulum [55]. Free Ch is trafficked to and 
into mitochondria by StAR family proteins. StarD4 moves Ch through 
the cytosol to the mitochondrial outer membrane and StarD1 in 
conjunction with other proteins delivers it to the inner membrane 
[35–38]. Ch then undergoes hydroxylation and side-chain cleavage by 
the inner membrane P450scc/Cyp11A1 complex to give pregnenolone 
[35–38]. There is now abundant evidence that pathophysiological 
conditions associated with oxidative stress, e.g. Type-2 diabetes, ische
mia/reperfusion, chronic inflammation, and advanced age can impair 
steroidogenic function [56,57]. In many cases, this has been associated 
with diminished and inadequate antioxidant defenses [58]. Model 
studies have shown that steroidogenic cells in vitro become damaged and 
dysfunctional when exposed to various peroxides other than ChOOHs, e. 
g. H2O2 and fatty acid hydroperoxides [59]. Based largely on these and 
related studies, Korytowski et al. [60] hypothesized that certain 
ChOOHs produced by oxidative stress may be trafficked along with Ch to 
mitochondria of steroidogenic cells and produce damage/dysfunction 
there due to vigorous one-electron turnover. Strong support for this 
hypothesis was obtained by exposing mouse testicular MA-10 Leydig 
cells to [14C]7α-OOH before vs. after cell activation with dibutyryl-cyclic 
AMP (db-cAMP) [60]. The latter stimulated steroidogenesis by strongly 
upregulating immunodetectable StarD1 as well as StarD4. As shown in 
Fig. 3A, stimulated cells took up far more [14C]7α-OOH than 
non-stimulated controls, and in a concentration-dependent fashion. 
Although not shown here, the [14C]7α-OOH level in mitochondria from 
stimulated cells exceeded that in non-stimulated counterparts by ~90% 
[60]. Any mitochondrial damage arising from 7α-OOH uptake would be 
expected to be reflected in a loss of transmembrane potential. For 
assessing this, db-cAMP-stimulated MA-10 cells were exposed to 
7α-OOH-bearing SUVs for several hours, after which membrane poten
tial (△Ψm) was evaluated using the fluorophore JC-1 [61]. As shown in 
Fig. 3B, the fluorescence intensity ratio of stimulated cells was reduced 
to ~50% that of non-stimulated controls, consistent with 7α-OOH-in
duced membrane damage [61]. An siRNA-based knockdown of StarD1 
prior to MA-10 stimulation resulted in a large decrease in 7α-OOH up
take by mitochondria relative to controls, and △Ψm loss was corre
spondingly reduced [60]. Thus, StarD1 was confirmed to be a key 
transporter of deleterious 7α-OOH. An Elisa-type assay was used to 
assess the metabolic ramifications of 7α-OOH import, viz. its effects on 
formation of progesterone, which lies immediately downstream of 
pregnenolone [55]. With stimulated MA-10 cells under the conditions 
used, 7α-OOH reduced progesterone output by ~50% relative to 
Ch-treated controls (Fig. 3C), demonstrating that the peroxide was 
substantially deleterious to hormone production [60]. After the 3 h of 
7α-OOH exposure in this experiment, cells were still attached and 
showed no obvious signs of cytotoxicity (Fig. 3D). Thus, the indicated 
drop in progesterone output was attributed to cells that were damaged 
but still alive during peroxide treatment. However, prolonged 7α-OOH 
exposure (e.g. 16 h) did result in cell death, and this increased with 
7α-OOH concentration [60]. Tert-butyl hydroperoxide (t-BuOOH) also 
killed MA-10 cells in concentration-dependent fashion, but there was no 
difference between db-cAMP-stimulated and non-stimulated cells [60], 
consistent with the fact that t-BuOOH is not a StAR protein ligand. Other 
evidence revealed that SUV-7α-OOH-induced cell death occurred via the 
intrinsic (mitochondria-initiated) apoptotic pathway. Collectively, these 
findings provided strong support for the hypothesis that activation of 
steroidogenic cells under oxidative stress conditions stimulates not only 
the delivery of unoxidized Ch to mitochondria, but peroxidized Ch as 
well, and via the same trafficking pathway. Such cells in steroidogenic 
tissues would be at risk of mitochondrial free radical damage, metabolic 
dysfunction, and even apoptotic death. 
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5. Negative effects of ChOOH trafficking on macrophage reverse 
cholesterol transport 

Elevated oxidative stress lies at the heart of many manifestations of 
cardiovascular disease, including atherosclerosis [62]. In atherogenesis, 
unrestricted uptake of oxidized low-density lipoprotein (oxLDL) via 
scavenger receptors (CD36, SR-BI) in vascular macrophages leads to 
plaque buildup as a prelude to hypertension and possible infarction 
[62–64]. Esterified and free Ch comprise a large proportion of the lipids 
in LDL. In oxLDL, free radical-generated Ch oxides (oxysterols) include 
the redox-active primary 7-hydroperoxides (7α/β-OOH) and their 
redox-inactive products, the 7α/β-OH diols and 7-ketone. All of these 
oxides have been detected in atherosclerotic lesions, the 7α/β-OOH level 
typically being much lower than that of 7α/β-OH and 7-ketone [65]. 
However, the relatively small amount of 7α/β-OOH does not signify 
minor importance, but rather the opposite because it could reflect 
ongoing one-electron turnover of 7α/β-OOH to 7α/β-OH and 7-ketone, 
its down-stream products [65,66]. Thus, the levels of these products 
compared with 7α/β-OOH in atherosclerotic lesions could suggest the 
extent of damaging chain peroxidation that had occurred. It is important 
to point out, however, that some small percentage of these species might 
also arise enzymatically, e.g. CYP7A1-catalyzed oxidation of Ch to 
7α-OH. In attempting to limit adverse Ch accumulation, macrophages 
can export it to acceptors such as HDL or apolipoprotein A-I (apoA-I). 
This is an early step in overall reverse Ch transport (RCT), which delivers 
Ch to the liver for disposal [40,41]. In addition to scavenger receptors, 
vascular macrophages express StAR family proteins, which transport Ch 
to/into mitochondria for conversion to 27-hydroxycholesterol (27-OH) 
by 27-hydroxylase (CYP27A1) on the inner membrane [34,67]. 27-OH is 
a key agonist of the nuclear LXR/RXR transcription factors, which 
control expression of the ATP binding cassette transporters ABCA1 and 
ABCG1 on the plasma membrane; ABCA1 mainly exports Ch to apoA-I, 
while ABCG1 exports it to HDL [68,69]. StarD1 and StarD4 can be 
induced by loading macrophages with Ch, implicating both in 
RCT-mediated Ch homeostasis [69]. Based on this background and 

findings with steroidogenic cells [60], the authors hypothesized that 
under oxidative stress conditions, 7α/β-OOH in oxLDL will be caught up 
in StAR-mediated Ch trafficking to/into mitochondria of vascular mac
rophages. Upon arrival, these peroxides would induce mitochondrial 
membrane chain peroxidative damage that disables CYP27A1 and hence 
early stage RCT. Korytowski et al. [70] provided the first support for the 
above hypothesis by showing that 7α-OOH uptake by mitochondria of 
cAMP-activated murine RAW264.7 macrophages was 
StarD1/D4-dependent. Additionally, this uptake triggered lipid peroxi
dation, membrane depolarization, and loss of ABCA1 expression [70]. 
Subsequent studies with activated human monocyte-derived THP-1 
macrophages [71] added support to these findings by showing that 
SUV-7α/β-OOH induced mitochondrial membrane lipid peroxidation, as 
detected with C11-BODIPY (Fig. 4A) and loss of membrane potential, as 
detected with JC-1 (Fig. 4B). Of added importance, StarD1 knockdown 
significantly reduced the extent of lipid peroxidation and loss of mem
brane potential, consistent with StarD1 trafficking of 7α/β-OOH. Major 
functional consequences of 7α/β-OOH exposure included substantially 
reduced CYP27A1 activity, 27-OH output, and ABCA1/G1 expression 
compared with non-activated controls [71]. In accord with this, acti
vated cells exported significantly less Ch to apoA-I or HDL than 
non-activated counterparts. When exposed to 7α/β-OOH for sufficiently 
long periods, THP-1 cells exhibited not only a loss of RCT function, but 
also increasing death via apoptosis [71]. On the other hand, 7α/β-OH 
and 7-ketone were completely innocuous, even at relatively high con
centrations. These studies were the first to show that a natural Ch traf
ficking pathway in macrophages can be co-opted by a redox-active Ch 
oxide (7α/β-OOH), leading to mitochondrial membrane damage and 
impairment of Ch homeostasis. A scheme illustrating these negative 
effects of ChOOH trafficking on macrophage RCT is shown in Fig. S1. 
The inauspicious transport of 7α/β-OOH along with Ch itself can be 
considered as “stealthy” or “Trojan Horse”-like, since it could be an early 
event in the development of atherosclerosis and other cardiovascular 
diseases. It is important to note again that phospholipids can also be 
shuttled from one membrane to another by PL transfer proteins [17,18]. 

Fig. 3. Deleterious effect of 7α-OOH uptake on 
mitochondrial integrity and progesterone output of 
Leydig MA-10 cells. Cyclic AMP-stimulated cells (S) 
and non-stimulated controls (NS) were incubated 
for 5 h with SUV-borne [14C]7α-OOH (50 μM or 
100 μM), then washed and analyzed for (A) 
peroxide uptake and (B) mitochondrial membrane 
potential (△Ψm), using fluorophore JC-1 (RFI, 
fluorescence intensity ratio). (C) Progesterone 
output for Ch- and 7α-OOH-SUV-treated stimulated 
vs. non-stimulated cells, as determined by enzyme 
immunoassay; n = 3, P < 0.01. (D) Bright field 
microscopic images of stimulated cells treated with 
(a) Ch- and (b) 7α-OOH-bearing SUVs; bar: 75 μm. 
Adapted from different data sets in Ref. 60, with 
permission.   
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Whether PLOOHs might also be trafficked by these proteins remains to 
be investigated, along with possible negative consequences. 

6. In vivo protection against redox damage induced by ChOOH 
trafficking 

As indicated in Sect. 3, no enzyme other than GPx4 is known to be 
capable of detoxifying ChOOHs in membrane environments [25,47]. 
Guo et al. [72], found that transgenic apoE(− /− ) mice overexpressing 
active GPx4 in all tissues, including aorta, were more resistant to 
atherogenesis than wild type controls, and this correlated with reduced 
lipid peroxidation. Such evidence suggests that GPx4 could play a key 
role in the ability of vascular cells to cope with trafficked 7-OOH chal
lenges. Similarly, this enzyme might protect steroidogenic tissues 
against stealthy 7-OOH trafficking. Thus, GPX4’s anti-ChOOH activity 
could be crucial for maintaining mitochondrial integrity and function
ality in steroidogenic cells and vascular macrophages. If so, deficiencies 
in this enzyme due to insufficient dietary selenium or gene mutations 
would be detrimental to steroid biosynthesis or Ch homeostasis (early 
stage RCT). Selenium deficiency has been reported to impair steroid 
synthesis in animal models, and this was attributed to diminished 
overall activity of glutathione peroxidases; however, GPx4 itself was not 
examined [73,74]. Prooxidant mitochondrial damage might also be 
mitigated by pharmacological antioxidants such as mitoquinone 
(MitoQ), which enters live cells and is driven by electrochemical 
gradient to accumulate in the mitochondrial inner membrane [75,76]. 
MitoQ has been reported to protect a variety of cells against mito
chondrial oxidative damage by intercepting free radicals [75]. It is 

known to quench mitochondrial lipid peroxidation [76] and would be 
expected to do so in connection with deleterious ChOOH/7-OOH traf
ficking. Although the latter expectation has not been tested yet, several 
pre-clinical studies have pointed to the cardiovascular benefits of MitoQ 
as a mitochondria-targeted antioxidant [77,78]. 

7. Summary and conclusions 

We have described how intracellular Ch trafficking pathways can be 
inappropriately utilized by redox-active hydroperoxide intermediates 
generated by Ch oxidation, viz. 7α- and 7β-OOH. When caught up in 
StAR protein-mediated Ch trafficking to mitochondria, 7α/β-OOH could 
induce chain peroxidation of mitochondrial inner membrane lipids, thus 
disabling at least two physiological functions: steroid hormone synthesis 
and reverse Ch transport. In steroidogenic cells, early stage metabolism 
involves Ch processing by inner membrane CYP11A1, whereas in 
vascular macrophages, Ch homeostasis via reverse transport requires 27- 
OH formation by CYP27A1. When tightly bound/sequestered by StAR 
proteins, any ChOOH, including 7α/β-OOH, would be protected against 
reductive turnover during transit. However, upon arrival at mitochon
drial membrane(s), one-electron reduction of 7α/β-OOH could trigger 
free radical lipid peroxidation with a progressive loss of CYP11A1 or 
CYP27A1 activity. There is a growing awareness that functionality of 
steroidogenic cells and Ch-regulating vascular macrophages can be 
compromised by physiological conditions associated with oxidative 
stress, e.g. chronic obesity, diabetes, ischemia/reperfusion, or 
advancing age. Although the mechanism of mitochondrial damage/ 
dysfunction that we describe for in vitro systems has yet to be 

Fig. 4. Mitochondrial lipid peroxidation and loss of membrane potential in 7α-OOH-treated THP-1 macrophages. (A) Lipid peroxidation: StarD1-knockdown cells 
(Kd) and scrambled controls (Scr) were stimulated with db-cAMP in serum-free medium, then incubated for 4 h with SUVs containing 7α-OOH (50 μM in bulk phase). 
After washing, the cells were treated with 2 μM C11-BODIPY for 30 min, then examined by confocal fluorescence microscopy; RFI: relative fluorescence (green/red) 
intensity. Plotted values are means ± SEM, n = 3; *P < 0.05 vs. Kd. (B) Membrane potential: StarD1-knockdown cells and scrambled controls were incubated with 7α- 
OOH-SUVs for 4 h, then washed and treated with JC-1 (5 μg/ml) for 30 min. After a wash, the green/red fluorescence ratio (RFI) was determined. Plotted values are 
means ± SEM, n = 3; **P < 0.005 vs. Kd. Additional details are provided in Ref. 71. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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demonstrated at the in vivo level, further investigation would likely 
reveal its occurrence. Increased recognition of this novel mechanism, 
which operates via a natural lipid trafficking pathway, is expected to 
stimulate interest in site-specific protective measures, e.g. use of 
mitochondria-targeted antioxidants. 
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