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Ch? is a major lipid component in eukaryotic cells and can
attain levels as high as 50% (on a molar basis) of all lipids present
in the plasma membrane of certain cells (1). The pathways
responsible for Ch accumulation at this site are a consequence
of gene regulation largely worked out by Brown and Goldstein
(2). The very high concentration of this unique and singular
lipid at the plasma membrane of cells places it in a position to
encounter ROS that cross this permeability barrier. Ch can be
oxidized in membranes even when polyunsaturated fatty acyl
groups are not. Also, some unique products can serve as mark-
ers of certain ROS.

The structure of Ch makes it susceptible to a variety of radi-
cal as well as nonradical oxidation reactions due to the 5,6-
double bond and the concomitant vinylic methylene group at
C-7 in the B ring. The isooctyl side chain at C-17 is a site for
enzymatic oxidation largely by P450 cytochromes to form a
series of biochemically active oxysterols, but this site of oxida-
tion is typically not a target for ROS relevant to cellular bio-
chemistry (3). Oxysterols are clearly formed in cells, but con-
siderable evidence exists for a dietary origin of some oxysterols
transported to cells by chylomicrons (4). Various mechanisms,
including heating of foods in air, can lead to formation of oxy-
sterols that can be ingested. Several excellent reviews by Smith
(3, 5) have covered this area, and although somewhat older
literature, they are a wealth of information about Ch
autoxidation.

Free Radical Pathways

The free radical-based oxidation of Ch has been the focus of
several biochemical studies (6). The fairly complex mixture of
oxysterols that result from free radical-mediated Ch oxidation
confounds insight into the exact mechanism of formation of
individual oxysterols. This is due in part to the random character
of free radical oxidation as well as subsequent rearrangement
of reactive intermediates. Four major products are typically
observed, 7a,3-OOH-Ch, 7a,B8-OH-Ch, 7-0x-Ch, and 5,6-ep-
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oxy-Ch (abbreviations and nomenclature are listed in supple-
mental Table 1), but many minor products, including A ring-
oxidized species, are known (3, 5). The generation of highly
reactive hydroxyl radicals (OH’) by various mechanisms,
including H,O, reduction by superoxide anion catalyzed by
iron(Il) (Fenton reaction), peroxynitrite (ONOO™) following
the reaction of nitric oxide with superoxide anion, or ionizing
radiation, can all eventually lead to abstraction of a C-7 allylic
hydrogen atom, forming a carbon-centered radical at this site.
The focus of these free radical oxidations of Ch is at C-7 because
the carbon—hydrogen bond is sufficiently weak at this position
(bond dissociation energy of 88 kcal/mol (7)) that longer lived
lipid peroxy radical or alkoxyl radicals derived from polyunsat-
urated fatty acyl lipid peroxyl radicals (LOO?) can readily
abstract this hydrogen atom. The C-7-centered radical inter-
mediate of Ch has a sufficiently long half-life to encounter a
ground state molecular oxygen molecule, forming a hydroper-
oxy radical. This means that the propagation of free radical
chemistry through the lipid bilayer, which might be initiated at
some point by hydroxyl radical, can lead to the observed per-
oxidation of Ch. This hydroperoxy radical intermediate can
abstract certain hydrogen atoms and thus propagate the free
radical reaction, forming (after hydrogen abstraction) chemi-
cally stable 7a- and 73-OOH-Ch (Fig. 1). Interestingly, recent
evidence has shown that Ch hydroperoxides move much more
efficiently between various cellular compartments compared
with Ch itself (8) and thus become available for many sites
within the cell for further reactions, including reductions by
glutathione-dependent selenoperoxidases (6) or by nonenzy-
matic reactions with chelated transition metals (7). Reduction
of 7a,B-OOH-Ch by iron(II) can lead to a 7, 3-alkoxyl-Ch rad-
ical that can undergo several different pathways of reaction. For
example, hydrogen abstraction from another molecule results
in continued free radical propagation and formation of stable
7a,3-OH-Ch.

The formation of the 7-oxo-Ch product is thought to be due
in part to the reaction of this 7, 8-alkoxyl radical with another
lipid peroxy radical, which abstracts the remaining proton at
C-7 and forms the 7-oxo product in a radical propagation ter-
mination reaction (9). Another mechanism for the formation of
the typically abundant 7-oxo-Ch can derive from interaction of
two hydroperoxy radicals in a “Russell mechanism” (10) and a
cyclic tetroxide intermediate (Fig. 1). The products of this reac-
tion would be 7-oxo-Ch, a hydroxy lipid, and singlet oxygen
(*O,) to conserve electronic spin states in this mechanism (10).
7-Oxo-Ch can also result from enzymatic oxidation of
7-OH-Ch (11). These multiple pathways may help to explain
the abundance of this product.

Radical hydrogen atom abstraction at a bisallylic methylene
group found in polyunsaturated fatty acyl moieties of phospho-
lipids would be expected to be energetically more favorable
relative to the C-7 methylene group in Ch. Indeed, in plasma,
the formation of oxidized polyunsaturated fatty acyl products
was observed to be 30-fold higher than that of oxidized Ch (12),
yet in a lipid bilayer, the structured environment (entropy) can
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FIGURE 1. Pathways of free radical oxidation of Ch by initial abstraction of a C-7 hydrogen atom and
subsequent reactions of peroxy radicals. 5,6-Epoxy-Ch can be made by both radical and nonradical mech-
anisms. LOO" refers to a lipid hydroperoxy radical intermediate; LOH refers to a hydroxy lipid; LOOH refers to a

lipid hydroperoxide; and LO" refers to a lipid alkoxyl radical intermediate.

alter the propagation path of free radical events, likely as a result
of the location of radicals with respect to ordered Ch. Studies
have been carried out in cells in which it was observed that
phospholipids containing polyunsaturated fatty acids were less
susceptible to oxidation (13); however, plasmalogen phospho-
lipids were found to inhibit Ch peroxidation (14). These studies
have revealed extensive oxidation of Ch prior to oxidation at
the bisallylic methylene groups of the phospholipids. The prop-
agation of radical events through a lipid bilayer is likely the
mechanism by which Ch eventually becomes oxidized at C-7
due to the high abundance of this single lipid.

Other products of Ch radical oxidation are the epimeric 5,6-
epoxides (Fig. 1). Both 5a,6a- and 5B,6B-epoxy-Ch are
observed as products. Interestingly, these products require an
intermediate formation of hydroperoxy lipids and are not the
primary products of oxidation at C-7 of Ch (3). The formation
of these epoxy-Ch metabolites can be a result of a radical-based
mechanism of attack of LOO" at the A>*-double bond, forming
an initial radical adduct at C-5 or C-6 (Fig. 1) followed by loss of
an alkoxyl lipid radical (15). A nonradical-based mechanism for
the formation of these epoxy-Ch has been proposed based upon
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(A,O,, abbreviated 'O,) formed by
photoactivation of ground state (tri-
plet) oxygen through energy trans-
fer of 22.5 kcal/mol typically in the
presence of specific chemical sensi-
tizers (17). Because the half-life of
10, is on the order of a few microseconds, this reactive form of
oxygen can travel only a fraction of the cell diameter of a typical
eukaryotic cell, yet singlet oxygen readily produces one major
and two minor products by an “ene” reaction mechanism with
Ch (Fig. 2).

The reaction of singlet oxygen to form 5a-OOH-Ch has been
found to have the highest rate constant relative to formation of
6a,8-OOH-Ch. Furthermore, the 5a-OOH-Ch product is
metabolized at a lower rate, which helps explain the accumula-
tion of this oxidized metabolite of Ch when singlet oxygen is
exposed to cells (18). The initially formed 5¢-OOH-Ch is also
known to rearrange to 7a,8-OOH-Ch upon sample work-up
and possibly in situ in the membrane (6, 19). These observa-
tions have led to the suggestion that measurement of 5a-OOH-
Ch could be a marker for singlet oxygen production within cells
(17).

The reaction of Ch with ozone has been known for some time
to be both rapid and complex (3). The lung is particularly sus-

3 D. Russell, personal communication.
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FIGURE 2. Pathways of nonradical modification of Ch by singlet oxygen and ozone.

ceptible to ozone due to the presence of ozone in the tropo-
sphere and therefore present in air inspired into the lung.
Recent studies have revealed the formation of two major prod-
ucts when low concentrations (100500 ppb) of ozone (such
levels can be present in the air of large cities, to which humans
are exposed on a constant basis) were exposed to lung surfac-
tant (20). The initial reaction of ozone is the addition across the
A>-double bond of Ch, which yields a 1,2,3-trioxolane that
undergoes rapid and spontaneous decomposition to yield sev-
eral additional reactive entities, including carbonyl oxides, car-
bon-centered radicals, and hydroperoxides, which ultimately
lead to the cleavage of the C-5—C-6 double bond (Fig. 2). Some
of the more stable ozonide products have been recently struc-
turally characterized (21). Peroxidation of polyunsaturated
fatty acyl groups is also initiated by reaction of ozone, leading to
the formation of abundant phospholipid hydroperoxides. The
second major product of Ch when ozone was exposed to sur-
factant was identified as 5,6B-epoxy-Ch, which could be
formed by rearrangement of the 1,2,3-trioxolane intermediate
(Fig. 2) or by a phospholipid or Ch hydroperoxide mechanism
as described above (Fig. 1).

Recently, a set of Ch ozonolysis products was described as
being formed in atherosclerotic plaques as a result of in situ
formation of ozone (22). Although there is some controversy

JUNE 6, 2008+ VOLUME 283+NUMBER 23

CH3

S gl v s

HOO
Ba-O0H-Ch
6p-00H-Ch

.02

e e P
P e
HO 5B,6p-epoxy-Ch
R o
HO%%
o]

Ozonide

MINIREVIEW: Cholesterol and Reactive Oxygen Species

about the identification of the prod-

ucts and mechanism of formation of
g ozone by this model (23), nonethe-

less, these products do possess
potent activities on cells. These
metabolites, atheronals A and B
(Fig. 2), would result from the
expected cleavage of the B ring and
aldol condensation (22, 24).
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exposure of these very ROS to Ch
during phagocytosis. Hypochlorous
acid is known to react with olefins to
form chlorohydrins by simple elec-
trophilic addition across the double
bond. Such oxidation products have
been found following reaction with
HOCI (25). Unexpectedly, there was
evidence for the addition of two
chlorine atoms across the 5,6-dou-
ble bond of Ch from Cl,, yielding a
very nonpolar 5,6-dichlorocholes-
tane metabolite. When fatty streaks
from atherosclerotic plaques were
examined, this metabolite was
readily detected (26).
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Nonenzymatically Formed
Oxysterols in Pathophysiology

The recognition that Ch and Ch
esters can be oxidized by nonenzy-
matic means has driven two very
separate types of studies: (i) to assess the involvement of ROS in
a disease process and to identify marker products and (ii) to
assess the role of oxysterols in a disease process by way of medi-
ating biological responses. The first type of study demands spe-
cific and sensitive analytical capability, which has substantially
improved in the past decade with the development of electro-
spray ionization mass spectrometry and liquid chromatogra-
phy/tandem mass spectrometry. It was not possible to analyze
species such as the hydroperoxides of Ch directly by gas chro-
matography/mass spectrometry. Now even reactive hydroxy,
hydroperoxy, and intact ozonides can be directly analyzed
using electrospray ionization (21). This capability has changed
both types of oxysterol studies because it is now possible to
detect those oxysterol intermediates and to focus attention on
additional oxysterol entities that could mediate biological
activities.

Recent examples include measurement of the specific oxy-
sterols that are formed in both type 1 and type 2 DM in kidney,
heart, and liver (27). It was found that levels of 7a- and
7B-O0H-Ch as well as 7a- and 73-OH-Ch were increased in all
tissues analyzed, consistent with initiation of free radical lipid per-
oxidation. The plasma of patients with DM has been studied, and
the oxysterols 7a- and 7B-OH-Ch, and 5a,6c- and 5p8,68-
epoxy-Ch were measured. These oxysterols increased in the DM
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plasma, and these oxysterols have been suggested to be useful as
biomarkers for oxidative damage in patients with DM (28).

Studies probing the biological action of oxysterols had been
an active area of investigation, and many aspects have been
reviewed extensively (29 —31). Recent studies have focused con-
siderably on the role oxysterols play as mediators in atheroscle-
rosis, cytotoxicity, and regulation of Ch biosynthesis.

Atherosclerosis

Many studies have now established that various oxysterols
can be found in fatty streaks, aortic plaques, and even aortic
tissue of human atherosclerotic plaques (32). The post-mortem
analysis of aortic tissue from rabbits fed a high Ch diet revealed
the presence of several oxysterols at increased levels in athero-
sclerotic areas (33). In human studies, 7a- and 78-OH-Ch, 5,6-
epoxy-Ch, and 7-oxo-Ch were found at substantially higher lev-
els in fatty streaks and in advanced lesions compared with
normal tissues (34).

These observations led to detailed studies of the biological
activity of certain oxysterols; however, their involvement in
atherosclerosis remains unclear. Early stage atherosclerosis
involves conversion of the macrophage to foam cells due in part
to the uptake of oxidized LDL. Detailed studies of the lipids
present in oxidized LDL have led to identification of a host of
different oxidized phospholipids as well as oxysterols. There-
fore, probing the activity of specific oxysterols added to endo-
thelial cells has been a logical experiment considering that
ROS-derived oxysterols are cytotoxic and may induce apopto-
sis. However, these pharmacological studies in many cases
employed high concentrations of a single oxysterol, which is
unlikely to occur in vivo. In fact, when mixtures of oxysterols at
relevant concentrations were added to cells, it was difficult to
find substantial biological activity (35).

Recently, two specific oxysterols derived from the reaction of
ozone with Ch have been proposed to play a role in the early
stages of atherosclerosis (22). Pharmacological studies of these
products, termed atheronals A and B, with cultured macro-
phages, human umbilical vein endothelial cells, and human
monocytes revealed that both cause chemotaxis and migration
of the cells toward the oxysterols (36). Atheronal A can also
cause increased expression of the adhesion molecule E-selectin,
and atheronal B potentiates differentiation of monocytes into
macrophages (36).

Studies of the activities of various oxysterols have led to the
description of >10 biological activities relevant to atherosclerosis
(37). Additionally, various oxysterols can lead to macrophage cell
death in the latter stages of atherosclerosis (38). Finally, 7-oxo-Ch,
5,6-epoxy-Ch, 7-OH-Ch, and cholestanetriol have been shown to
increase platelet aggregation, although at relatively high concen-
trations (39). Although the molecular mechanisms by which these
oxysterols exert these activities are often unknown, such studies do
present hints as to the potential role that oxysterols, derived from
nonenzymatic reactions of Ch with ROS in vivo, may play in a
disease as complex as atherosclerosis.

Cytotoxicity of Oxysterols

One of the important toxic effects of nonenzymatically
derived oxysterols is the effect on cell viability. Numerous
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studies have revealed that 73-OH-Ch, 7-oxo-Ch, and 53,6 3-
epoxy-Ch are cytotoxic at relatively low concentrations (25
nM), most likely by inducing cellular apoptosis (40). The pos-
sible mechanism for induction of apoptosis in cells like smooth
muscle cells may be related to the altered biophysical properties
of membranes within the cells such as the ER (31). Because
various oxysterols, including 78-OOH-Ch, 7B-OH-Ch, 7-oxo-
Ch, and 5,6-epoxy-Ch, are found in oxidized LDL, pharmaco-
logical studies of these agents have been carried out, resulting in
the observations that these could mimic the cytotoxic effects of
oxidized LDL (41). In addition to the Ch products initially
formed by ROS, subsequent enzymatic metabolism can occur.
For example, 53,6 3-epoxy-Ch is a substrate for epoxide hydro-
lase to yield the corresponding 3,5,6-triol-Ch (42). This metab-
olite has its own activity (43) and can be also metabolized to a
unique metabolite that was found in pulmonary epithelial cells
as 6-0xo-5-OH-Ch (44). This semi-enzymatically derived oxy-
sterol was found to have considerable biological activity and
perhaps accounted for the majority of the activity of 5,63-
epoxy-Ch in epithelial cells in terms of both cytotoxicity and
inhibiting Ch biosynthesis.

Detailed studies of the mechanism of cellular apoptosis
induced by oxysterols, e.g. 7-0x0-Ch, have been reviewed (45).
In general, it is thought that these oxysterols induce cellular
apoptosis either through the release of cytochrome ¢ from the
mitochondrion and then activation of caspase-9 (mitochon-
drial pathway) or through the Fas/caspase pathway.

Oxysterols and Regulation of Ch

It has been known for some time that oxysterols are capable
of inhibiting Ch biosynthesis (3). Although many of the prod-
ucts of nonenzymatic oxidation of Ch can inhibit 3-hydroxy-3-
methylglutaryl-CoA reductase (29), only relatively recently has
a more detailed understanding concerning the complexity of
this event emerged. It is thought that the inhibition of Ch bio-
synthesis by itself and oxysterols occurs by way of blocking
formation of a peptide fragment cleaved from SREBPs. For the
transcriptionally active peptide to be proteolytically cleaved
and travel into the nucleus, the SREBPs must bind to another
protein called Scap, and this Scap-SREBP complex must leave
the ER and be transported to the Golgi apparatus. This trans-
port process involves Scap-SREBP binding to COPII proteins,
which concentrates the Scap-SREBP complex into vesicles that
bud from the ER membrane and then, through vesicular trans-
port, become fused with the Golgi apparatus (46). Ch inhibits
this pathway by inducing Scap-SREBP to bind to two other
proteins called Insig-1 and Insig-2, thereby blocking associa-
tion of the Scap component of the complex with the COPII
proteins (47). Once Scap has bound to the Insig proteins, the
Scap-SREBP complex cannot move to the Golgi apparatus.
Recent evidence has suggested that some oxysterols, primarily
the enzymatically formed 25-hydroxy-Ch, bind to the Insig pro-
teins rather than the Scap proteins (47). It is not clear, however,
if a role is played by the nonenzymatically formed oxysterols
because they were intermediate in potency in binding to either
Scap or Insig. An interesting aspect of these detailed studies was
the realization that Ch and oxysterols were not altering the
biophysical properties of the membrane, but rather exerting
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their effect through receptor-ligand-like interactions with spe-
cific proteins (48, 49). A large number of oxysterols can be gen-
erated by the various ROS, but relatively few have ever been
tested in binding to either Scap or the Insig proteins. It is pos-
sible that some oxidized Ch products from the nonenzymatic
pathway could have different effects in particular when consid-
ering the more reactive intermediate such as the hydroperoxy
and subsequent metabolites generated by metabolic processing
of oxysterols within the cell.

Conclusion

The nonenzymatic oxidation of Ch leads to a host of oxy-
sterols, the structures of which are largely dependent upon the
ROS that initiate the covalent modification of Ch. When ROS
mediate free radical oxidation of Ch, a very diverse and complex
mixture of oxysterols results from both the initial oxygenated
species of Ch and their subsequent metabolites, which can be
formed within the cell. Other ROS, including ozone, are
becoming better understood in terms of the complexity of the
initial covalently modified Ch intermediates as well as activities
of subsequent metabolites. These molecules may exert their
activity through a biophysical modification of the membrane
on the organization of both lipids and proteins within mem-
branes. It is also possible that these molecules bind to regula-
tory proteins involved in Ch biosynthesis or perhaps other lipid
biochemical pathways. These and other effects may be medi-
ated through a receptor-ligand interaction with either intracel-
lular or extracellular proteins. A detailed understanding of the
role that various oxysterols play in disease is still not at hand,
largely because of the complexity of the mixture of oxysterols
present in vivo, the potential interaction of various pathways,
and the observed integrated response of the cell to the oxy-
sterols. Major advances in being able to determine the struc-
tures of the covalently modified Ch by ROS have been made
recently, which will further expand our understanding of the
total number and concentrations of different products and per-
haps provide better insight into the role that these molecules
play in pathophysiology.
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