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Abstract: Oxysterols, the oxidized derivatives of cholesterol, are biologically active molecules involved
in a wide range of physiological and pathological processes. Small structural changes in the cholesterol
backbone (such as additional hydroxyl or keto groups on the sterol rings or side chain) dramatically alter
their biological effects, ranging from beneficial roles in cholesterol homeostasis and antiviral activity to
harmful contributions to diseases like atherosclerosis, neurodegeneration, and cancer. Molecular dynam-
ics (MD) simulations and density functional theory (DFT) calculations have emerged as powerful tools
to investigate these molecules at an atomic level. By complementing experimental studies, computational
approaches reveal how oxysterols interact with membrane lipids, providing mechanistic insight into their
function. This review highlights key findings from MD and DFT studies on various oxysterols — including
7-hydroxycholesterol epimers, 7-ketocholesterol, 22-hydroxycholesterol epimers, 24(S)-, 25- and 27-hy-
droxycholesterol — in the context of pharmaceutical and medical research. We discuss how these methods
uncovered differences in orientation, hydration, and intermolecular interactions of oxysterols in model
membranes, lipid rafts, and complexes, explaining phenomena such as membrane domain destabilization
or stabilization, rapid transbilayer “flip-flop” translocation, and stereochemistry-dependent biological ac-
tivity. Understanding these molecular details is crucial for pharmacists and medical researchers, as it con-
nects oxysterol structure—function relationships to their roles as potential biomarkers, therapeutic targets,
or bioactive compounds involved in disease pathophysiology. Computational chemistry thus provides
a valuable complement to experimental pharmacology, enabling the prediction of oxysterol behavior in
biological systems.
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Introduction

Cholesterol is not only an essential component of cell membranes that modulates membrane fluidity
and signaling, but also a biochemical precursor for vitamin D, bile acids, and steroid hormones [1].
Its oxidized derivatives, known as oxysterols, can form enzymatically or via reactive oxygen species
and carry additional polar functional groups (e.g. hydroxyl, carbonyl, or epoxy) either on the sterol
ring system or the isooctyl side chain (Fig. 1) [2]. These seemingly minor structural modifications
profoundly influence biological activity. Oxysterols are present at low levels in healthy organisms
(orders of magnitude lower than cholesterol) and contribute to maintaining cholesterol homeo-
stasis, for example by binding liver X receptors (LXRs) to regulate cholesterol metabolism [3].
Under pathological conditions, however, oxysterol concentrations can change significantly, and
such changes have been linked to numerous diseases (diabetes, atherosclerosis, neurodegenerative
diseases, osteoporosis, inflammatory conditions, and certain cancers) [2, 4, 5]. Intriguingly, oxys-
terols exert pleiotropic — and at times opposing — effects on cells, acting as either beneficial or
detrimental agents depending on physiological or environmental conditions. For instance, some
oxysterols assist in removing excess cholesterol and have neuroprotective or antiviral effects [6, 7],
while others promote cytotoxicity or pathological changes [5]. Unlike cholesterol, many oxysterols
can cross the blood-brain barrier and thereby directly influence the central nervous system [8, 9].

Experimental pharmacological and biochemical methods (e.g. microscopy, mass spectrometry,
binding assays) have characterized many oxysterol effects in cells [10-13]. However, it is often
challenging to directly observe how oxysterols behave at the molecular scale within membranes or
complexes due to the complexity of biological systems. Here, computational chemistry provides
a valuable complement. Molecular dynamics (MD) simulations and density functional theory
(DFT) calculations allow researchers to probe the atomistic behavior of oxysterols and their inter-
actions with lipids or proteins in controlled model systems. MD simulations track the motions of
molecules over time based on force fields, which define the potential energy of a system through
bonded and nonbonded interaction parameters. This approach provides insights into molecu-
lar orientation, conformation, and interactions within environments such as lipid bilayers [14].
DFT, a quantum mechanical approach, enables the calculation of optimized molecular geome-
tries, electronic structures, and interaction energies of biomolecules and their complexes [15]. By
integrating these approaches with experimental data, one can correlate macroscopic observations
with microscopic mechanisms. For example, Langmuir monolayer experiments characterize mac-
roscopic properties through surface pressure-area isotherms of lipid films, while MD simulations
elucidate the specific intermolecular interactions responsible for the observed isotherm profiles
[16]. This synergy of computation and experiment has proven especially fruitful in oxysterol re-
search, where simulations have elucidated phenomena such as the orientation of oxysterol mole-
cules at membrane interfaces, their propensity to form or disrupt membrane domains, and their
ability to translocate (flip-flop) across bilayers [17].

In this review, we summarize recent advances from MD and DFT studies of oxysterols, empha-
sizing how these approaches elucidate structure-activity relationships relevant to pharmaceutical
and medical sciences. Particular attention is given to the behavior of oxysterols within model
membranes, including lipid bilayers and raft-like domains, and to their interactions with other
lipid species. By demonstrating the capacity of MD and DFT to reveal molecular mechanisms
underlying oxysterol function, this review aims to promote their broader application to pharma-
cologically relevant systems, contributing to rational drug design and toxicological assessment.
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Fig. 1. Structural formulas of cholesterol and the oxysterols discussed in this review. Sites of oxidation are
indicated and numbered on the cholesterol structure.
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Ring-Oxidized Oxysterols

7B-hydroxycholesterol and 7-ketocholesterol

The C7 position on the sterol B-ring is a common site of non-enzymatic oxidation. Two prevalent
oxysterols formed via reactive oxygen species are 7p-hydroxycholesterol (73-OH) and 7-keto-
cholesterol (7-K). These molecules are notable for their potent cytotoxicity in vitro and have been
found enriched (along with cholesterol) in atherosclerotic plaques [18, 19]. MD simulations and
monolayer studies have shown that adding a polar group at C7 dramatically alters the sterol’s ori-
entation and interactions in membranes. Unlike cholesterol, which inserts with a single C3-OH
group anchoring at the membrane interface and its rigid rings perpendicular to the plane, 73-OH
and 7-K each possess two polar groups: the native hydroxyl group at C3 and an additional hy-
droxyl or carbonyl group at C7. Simulation and Langmuir film experiments indicate that 73-OH
anchors via both its C3-OH and C7-OH groups to the interface, resulting in the molecule adopt-
ing a tilted orientation within the monolayer [20]. In other words, the sterol cannot orient fully
perpendicular to the interfacial surface (like cholesterol) because the additional polar moiety an-
chors it into a more horizontal, extended conformation to keep both hydrophilic groups in contact
with water. This reflects a loosely packed and more fluid film — the 73-OH molecules, being tilted
and more hydrated, cannot pack as tightly with neighboring lipids, thus destabilizing the ordered
lipid structure.

7-ketocholesterol behaves in an analogous way. Simulations suggest 7-K also lies tilted with
both its C3-OH and C7-O groups at the interface, leading to film expansion and fluidization sim-
ilar to 73-OH [21]. The tilt angle for 7-K may be somewhat smaller due to the keto group’s low-
er hydration (due to the lower average number of hydrogen bonds compared with the hydroxyl
group) [22]. Nonetheless, both 73-OH and 7-K disrupt membrane order. Langmuir monolayer
experiments complemented by MD showed that 73-OH and 7-K weaken intermolecular interac-
tions in lipid rafts, the cholesterol-sphingolipid enriched domains, thereby destabilizing these do-
mains [23]. In a model raft mixture of cholesterol and sphingomyelin (SM), replacing cholesterol
with 7B-OH or 7-K leads to lower condensation and premature collapse of the monolayer, whereas
replacing cholesterol with certain chain-oxidized sterols had the opposite effect (discussed below).
This finding is in agreement with biological observations: 73-OH and 7-K are pro-apoptotic and
cytotoxic oxysterols, and their ability to disrupt lipid raft integrity — important for cell signaling
and membrane protein function — may underlie some of their harmful effects [24, 25].

7a-hydroxycholesterol

The 7a-hydroxycholesterol (7a-OH) isomer, produced enzymatically (and also found in food
[26]), contrasts with 7p-OH. Stereochemically, 7a-OH has the hydroxyl group oriented on the
opposite site of the sterol ring. This seemingly small difference yields distinct behavior. Monolayer
compression isotherms for 7a-hydroxycholesterol show a notable plateau region, a feature absent
for 7B-OH (20). MD simulations explain this plateau as a phase transition in orientation: un-
der lateral compression, 7a-OH molecules reorient from a state where both C3-OH and C7-OH
groups are initially interfacial to a state where one of the polar groups (likely the 7-OH) flips out
of the water, effectively adopting a different tilt. The observed differences can be rationalized based
on geometric features obtained from DFT-optimized structures of 7a-OH and 7p-OH. In 7a-OH,
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the orientation of the hydroxyl group at C7 reduces its ability to maintain simultaneous anchoring
of both polar groups within the interfacial polar region as the area per molecule decreases [20].
This behavior was confirmed by Brewster angle microscopy images, which for 7a-OH revealed
coexisting domains of differing brightness during the plateau — consistent with coexisting pop-
ulations of molecules in distinct orientations. The ability to reorient likely makes 7a-OH films
slightly more ordered (less fluid) than 73-OH at high packing densities. Indeed, 7a-OH was found
to interact strongly with sphingomyelin in mixed films — similarly to 25-OH — suggesting it can
form specific complexes despite its ring oxidation. In contrast, 73-OH’s interactions with SM were
weaker or nonspecific in comparable experiments [23]. This ties to observations in enzymatic
assays: 7a-OH and 7p-OH, while comparably cytotoxic at high concentrations, differ in biochem-
ical effects such as enzyme modulation. For example, 7a-OH is a much more effective activator
of acyl-CoA:cholesterol acyltransferase (ACAT1) than 7p-OH (relative activities ~70% vs <10%
in one study), presumably because the enzyme’s steric requirements favor the 7a orientation [27].
The stereochemical placement of the hydroxyl alters how the oxysterol fits into protein binding
sites (or membrane sites), echoing what MD studies showed about membrane orientation. Thus,
the 7-hydroxy epimers illustrate how subtle stereochemical differences can lead to markedly dif-
ferent molecular interactions and, consequently, distinct biological effects. Computational anal-
yses were essential for visualizing the altered orientation of the 7a-OH group, absent in 73-OH,
thereby linking these structural features to their divergent interaction patterns.

Side chain-oxidized oxysterols

Oxidation of the isooctyl side chain typically occurs via enzymatic pathways (cytochrome P450s),
producing important signaling oxysterols such as 24-, 25-, and 27-hydroxycholesterol [28]. These
side chain-oxidized sterols often have physiological regulatory roles and differ in behavior from
ring-oxidized sterols. A key distinction is that chain oxidation creates a molecule with polar
groups at opposite ends of the molecule. Such molecules are sometimes termed “bipolar” or “bo-
laform” sterols, analogous to bolaamphiphiles studied in colloid science [29, 30]. MD simulations
and experimental studies have shown that chain oxysterols can orient in membranes in multiple
ways — either with the additional polar group in the water phase or buried — and this flexibility
has intriguing consequences for membrane organization and sterol translocation.

25-hydroxycholesterol

25-hydroxycholesterol (25-OH) is one of the most studied oxysterols computationally and exper-
imentally, often used as a model chain-oxidized sterol. 25-OH (cholesterol with a hydroxyl group
on C25, near the end of the side chain) is known for its role in innate immunity as a broad-spec-
trum antiviral and immunomodulator produced by macrophages. It is also one of the least toxic
oxysterols to cells [24, 25]. A striking finding from MD and monolayer studies is that 25-OH does
not adopt a single fixed orientation in membranes; instead, it can anchor in dual orientations.
Specifically, 25-OH can insert either with its C3-OH group (ring end) facing the aqueous phase
(much like cholesterol does) or with its C25-OH group (chain end) facing the aqueous phase [31,
32]. In a pure 25-OH monolayer at the water interface, approximately half the molecules were
observed to orient one way and half the other, leading to a mixed orientational arrangement [32].
DEFT calculations helped rationalize this by showing that 25-OH’s two hydroxyl groups have very
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similar hydrogen-bonding affinity to water (the calculated hydrogen bond energies for a water
molecule with the C3-OH vs the C25-OH groups differed by only ~0.02 kcal/mol). Thus, neither
end is distinctly favored for water anchoring. Further, DFT optimization of 25-OH dimers sug-
gested that the most energetically favorable pairing was one where neighboring 25-OH molecules
in a monolayer alternate orientations — one molecule up (anchored via the ring OH) next to one
molecule down (anchored via the chain OH) [32]. This staggered arrangement maximizes com-
plementary hydrogen bonding and packing. Subsequent MD simulations explicitly confirmed
that, at equilibrium, 25-OH monolayers adopt an alternating mosaic of orientations rather than
all molecules uniformly upright or inverted. In snapshots from simulations, the film looks like
a patchwork where adjacent sterol molecules often orient oppositely, and this persisted over tens
of nanoseconds [32].

This unique “bipolar” behavior has important implications. First, it means 25-OH forms
monolayers of lower stability and packing order compared to cholesterol. Experimentally, 25-OH
monolayers collapse at a lower surface pressure and exhibit features of a more compressible (less
rigid) film. In MD simulations 25-OH was observed to have a different collapse mechanism: in-
stead of the classic nucleation of 3D cholesterol crystals, 25-OH collapses by forming disordered
multilayer structures (sometimes described as “branched” or “buckled” monolayers) [32]. The
alternating orientations likely prevent the cooperative formation of a tightly interdigitated bilayer
upon collapse, as cholesterol would do, and instead yield a tangled multilayer. Second, and per-
haps most biologically significant, the dual orientation capability underpins a “flip-flop” mecha-
nism for transbilayer movement. MD simulations demonstrated that chain-oxidized sterols like
25-OH can undergo rapid spontaneous translocation between membrane leaflets via a mechanism
termed “bobbing” [17]. In this mechanism, the sterol remains roughly aligned in the membrane
but intermittently exposes one polar end or the other to the aqueous phase, effectively rocking or
“bobbing” within the membrane. Because 25-OH has polar groups on both ends, it can migrate
across the hydrophobic core without ever flipping its entire molecule — it essentially threads its
other polar end through to the opposite side. This is fundamentally different from cholesterol,
which must rotate 180° to flip (a slow process). The simulations showed that 25-OH can cross
a lipid bilayer almost 100 times faster than cholesterol [33]. In cellular context, this means 25-
OH can rapidly equilibrate between the two leaflets of the plasma membrane or traverse internal
membranes, contributing to its role as a quick-response signaling molecule in stress and immuni-
ty. The bobbing mechanism identified by MD provides a molecular explanation for experimental
data showing chain-oxidized oxysterols have dramatically higher flip-flop rates than ring-oxi-
dized ones. From a pharmaceutical perspective, this highlights how MD simulations uncovered
a previously unappreciated mode of membrane transport, which could apply to any amphipath
with dual polar groups — knowledge that could inform drug design for membrane permeability.

Importantly, 25-OH’s ability to adopt mixed orientations also affects how it interacts with oth-
er lipids. Studies combining Langmuir monolayers, DFT, and MD examined 25-OH in mixtures
with phospholipids characteristic of the two membrane leaflets. It was found that 25-OH interacts
strongly with phosphatidylcholine (PC) lipids (outer leaflet) but weakly or repulsively with phos-
phatidylethanolamine (PE) lipids (inner leaflet) [33]. In a saturated PC (DPPC) monolayer, MD
showed that 25-OH had no strong orientation preference — both orientations were populated —
resulting in some molecules anchoring via the C3-OH and others via the C25-OH group when
complexed with DPPC. By contrast, in an unsaturated PC (DOPC) monolayer, the looser molecular
packing induced by kinked acyl chains, 25-OH preferentially adopts a single orientation anchored
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via its C3-hydroxyl group. Evidently, the fluid environment of DOPC allowed 25-OH to tilt and
insert in a cholesterol-like orientation more consistently, whereas DPPC’s rigidity allowed both
conformations. These differences suggest that membrane composition influences the orientational
distribution of 25-OH, which in turn may modulate membrane properties and protein recognition.
The same study noted that 25-OH’s rapid transmembrane movement could be asymmetric — it
may cross from an inner leaflet PE-rich environment to an outer leaflet PC-rich environment more
readily than the reverse, since its presence is energetically preferred in PC-rich leaflets.

Another critical role of 25-OH is in modulating lipid rafts. As mentioned, 25-OH was found to
stabilize ordered cholesterol-SM raft domains, in direct contrast to 7-oxysterols. In mixed mono-
layer simulations, 25-OH can form hydrogen bonds with SM (via its C3-OH to the SM amide,
like cholesterol) and thereby substitute for cholesterol in the SM-rich phase [23]. MD simula-
tions demonstrated that partial replacement of cholesterol with 25-hydroxycholesterol (25-OH)
in a cholesterol/SM system preserved the integrity and order of the domain, consistent with exper-
imental observations showing that moderate amounts of 25-OH do not disrupt lipid rafts and may
even increase their rigidity by reducing water penetration [31]. The interaction energy calcula-
tions (DFT-based) for cholesterol/SM vs 25-OH/SM dimers were comparable, supporting the idea
that 25-OH binds SM nearly as well as cholesterol does. However, owing to its bipolar character,
an excess of 25-OH can give rise to additional, alternative structural arrangements. When 25-OH
was mixed with SM at high proportions, Brewster angle microscopy and AFM imaging revealed
multilayer structures described as “strings of beads” forming within the monolayer. These likely
correspond to 25-OH-rich aggregates where some molecules invert orientation and stack, initiat-
ing bilayer budding. MD simulations confirmed that at high surface pressure, 25-OH and 27-OH
can indeed start to form bilayer patches within a monolayer (see below) [34]. Biologically, this
propensity might relate to how oxysterols promote or stabilize certain membrane curvatures or
microdomain structures that facilitate processes like vesicle formation or viral fusion inhibition.

27-hydroxycholesterol

Oxidation at carbon 27 yields another physiologically important oxysterol, 27-hydroxycholesterol
(27-OH), which is abundant in circulation and links cholesterol metabolism with bile acid path-
ways [35]. 27-OH is also known as the first identified selective estrogen receptor modulator of
cholesterol origin, and it has been implicated in osteoporosis (promoting bone resorption) and
in endocrine-related cancers [36]. From a biophysical standpoint, 27-OH is very similar to 25-
OH in that the hydroxyl is at the extreme end of the side chain (C27 being the terminal carbon).
Thus, one might expect 27-OH to behave like 25-OH — and indeed, simulations show 27-OH
also exhibits dual orientations and can form tail-to-tail hydrogen bonds with other 27-OH mol-
ecules [34]. Both 25-OH and 27-OH readily underwent a monolayer-to-bilayer transition upon
compression — essentially, they tend to form multilayer aggregates — facilitated by hydrogen
bonding between adjacent oxysterol molecules. DFT calculations showed that two 27-OH mole-
cules can form a dimer stabilized by hydrogen bonds involving their C27-OH and C3-OH groups
(or alternatively via a bridging water molecule) forming a stable dimeric structure that may act
as a nucleation center for bilayer assembly. Thus, when a monolayer of 27-OH is compressed, it
is more likely to fold into a bilayer structure compared to 24-OH (which cannot hydrogen bond
tail-to-tail, as discussed below). MD simulations confirmed that, whereas cholesterol consistently
formed a bilayer under self-assembly conditions, 25-OH and 27-OH instead formed branched
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networks of monolayer and bilayer segments, reflecting a geometrically constrained packing [32].
This could be visualized as the “strings of beads” observed in microscopy for oxysterols/SM sys-
tems: the beads are essentially oxysterol multilayer blobs connected by monolayer “strings.” The
propensity of 27-OH to form such structures may relate to its biological activities. It has been
noted that 25-OH and 27-OH have unique antiviral and antimicrobial effects not seen in other ox-
ysterols [6]. One hypothesis is that the propensity of 27-OH to induce transient membrane defects
or form rigid microdomains — stemming from its bilayer-forming tendency — may hinder mem-
brane fusion events or pathogen entry. In this way, 27-OH can modify membrane architecture in
manners distinct from cholesterol, potentially increasing resistance to viral fusion. Although the
precise in vivo mechanism remains complex, molecular simulations indicate that 27-OH readily
self-associates through hydrogen bonding and can reorganize membrane structure. Conversely,
this same capacity for self-association and membrane restructuring may underlie the deleterious
effects of 27-OH in bone tissue: accumulation within osteoblast membranes could perturb signal-
ing microdomains or alter membrane protein distribution — particularly given its weak interac-
tions with sphingomyelin — thereby promoting bone resorption processes [37].

24(S)-hydroxycholesterol

The primary brain oxysterol, 24(S)-hydroxycholesterol (24(S)-OH), is produced by the enzyme
CYP46A1 in neurons to eliminate cholesterol from the brain, as the metabolite crosses the blood-
brain barrier into the circulation [38]. It has a hydroxyl group at C24, a position slightly closer to
the ring than 25-OH or 27-OH. Interestingly, 24(S)-OH behaves more like cholesterol in many re-
spects. MD simulations show that 24(S)-OH tends to maintain a single orientation (C3-OH group
at interface, C24-OH group buried in the hydrocarbon region) and forms stable, condensed mono-
layers nearly as well as cholesterol [34]. Unlike 25-OH or 27-OH, 24(S)-OH does not show evi-
dence of bilayer formation upon collapse — it appeared to simply collapse by the same mechanism
as cholesterol rather than forming multi-layer folds. The likely explanation is that the C24-OH
group is not positioned at the extreme terminus of the side chain but rather embedded within it.
Consequently, if 24(S)-OH were to invert its orientation, the C3-OH group would be forced deeper
into the hydrophobic core while the C24-OH group would be exposed to the aqueous phase — an
arrangement that is both sterically constrained and energetically unfavorable. In essence, 24(S)-OH
is an oxysterol with only one effective polar group — the other OH is close enough to the hydro-
phobic part that it likely remains embedded. DFT and MD analyses suggest 24(S)-OH cannot easily
hydrogen-bond with a neighbor’s 24-OH molecules the way 25-OH or 27-OH can with each other;
the steric constraints of the side chain prevent two 24-hydroxyl groups from approaching closely
without significant conformational distortion. As a consequence, 24(S)-OH cannot participate in
the tail-to-tail hydrogen-bonding network and therefore does not display the bilayer-forming ten-
dency characteristic of other side-chain oxidized oxysterols [34]. From a biological standpoint, this
may underlie the comparatively low cytotoxicity of 24(S)-OH and its more benign interaction with
membranes, even though it is one of the predominant oxysterols in the brain. 24(S)-OH behaves as
a slightly more polar analogue of cholesterol, maintaining its characteristic condensing and order-
ing effects on phospholipid membranes. Experimental and computational studies have shown that
24(S)-OH preserves bilayer order and rigidity to an extent comparable to cholesterol, consistent
with its interfacial orientation and retention within raft-like domains. Owing to its higher polarity,
however, 24(S)-OH is more readily transported across cellular membranes, particularly in neurons,
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thereby facilitating cholesterol turnover rather than accumulation. MD simulations further cor-
roborate that 24(S)-OH, when incorporated into model membranes, exerts an ordering influence
nearly equivalent to that of cholesterol. Notably, 24(S)-OH is one of the neurodegenerative disease
biomarkers, as its plasma concentration reflects brain cholesterol turnover. Understanding its be-
havior within membranes is therefore of pharmacological relevance [39].

20(S)-hydroxycholesterol

20(S)-OH oxysterol, featuring a hydroxyl group at C20, has gained attention for its role in bone
biology [40]. 20(S)-OH is an intermediate in certain cholesterol metabolism pathways and has
been shown to promote osteoblast differentiation and counteract osteoporosis in combination with
22(8)-OH [41]. Recent studies using MD and Langmuir monolayers provided insight into how
20(S)-OH interacts with membranes differently from 24(S)-OH or 27-OH [42]. It was found that
20(S)-OH has a special affinity for sphingomyelin (SM), the raft-forming sphingolipid. In mixed
monolayers of SM and oxysterols, 20(S)-OH uniquely forms a well-defined 1:1 complex with SM,
as evidenced by a distinct inflection in the surface pressure-area isotherm and a minimum in the
interaction free energy at a 1:1 molar ratio. By contrast, 24S-OH and 27-OH showed only weak,
non-specific interactions with SM, without distinct complex stoichiometry. MD simulations pro-
vided an explanation: self-interactions between 20(S)-OH molecules are weaker than those ob-
served for 24(S)-OH or 27-OH, indicating that 20(S)-OH exhibits a lower tendency to self-associ-
ate. This reduced self-clustering permits SM molecules to intercalate and form hydrogen bonds with
20(S)-OH more readily, resulting in the formation of a stable 20(S)-OH/SM complex. In contrast,
24(S)-OH and 27-OH tend to preferentially interact with themselves (especially 27-OH, which can
dimerize) rather than with SM, making their mixing less favorable. The simulations showed that in
20(S)-OH/SM systems, SM molecules could insert between 20(S)-OH molecules and form hydro-
gen bonds (likely between the SM amide and the C20-OH and/or C3-OH of 20(S)-OH). In 27-OH/
SM system, however, the 27-OH molecules often remained clustered and SM was excluded from
those clusters. These molecular differences may underpin the unique biology: 27-OH is known
to induce osteoporosis, while 20(S)-OH is protective (37,40). The strong interaction of 20(S)-OH
with SM suggests that it may modulate membrane microdomains involved in osteogenic signaling,
thereby enhancing cell survival and differentiation pathways. Conversely, the weak interaction of
27-OH with SM may destabilize lipid raft microdomains or prevent its proper incorporation into
signaling regions of the membrane, thereby perturbing osteogenic signaling and shifting the bal-
ance toward bone resorption. It is hypothesized that 20(S)-OH and 22(S)-OH act synergistically
as a complex (termed the “SS” complex) that is particularly potent in promoting osteoblast differ-
entiation [43]. In pharmacological research, these findings suggest that modulating oxysterol inter-
actions with membrane microdomains could represent a potential therapeutic strategy. Structural
analogues of 20(S)-OH may be developed as bone-anabolic agents, whereas inhibitors targeting the
deleterious actions of 27-OH could help counteract its bone-catabolic effects.

22(R)- and 22(S)-hydroxycholesterol

The 22(R)- and 22(S)-hydroxycholesterol epimers (22(R)-OH and 22(S)-OH) are particularly note-
worthy for their divergent interactions with liver X receptors (LXRa/p): 22(R)-OH acts as an LXR
agonist, whereas 22(S)-OH has been shown to function as an LXR antagonist [44]. Furthermore,
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22(8)-OH has been investigated as a therapeutic candidate: it has demonstrated capacity to reduce
lipogenesis and lipid accumulation, indicating potential relevance for treating obesity and type 2
diabetes [45]. Although these differences most likely originate from how each epimer fits within
the LXR ligand-binding site, one might expect their behavior in membranes to be similar. However,
it was demonstrated that 22(R)-OH and 22(S)-OH also exhibit distinct behaviors in membrane
models [46], which could in turn modulate their accessibility and distribution to nuclear receptors.

In Langmuir monolayer experiments, both 22(R)-OH and 22(S)-OH were miscible with SM
and had comparable overall interaction strength with SM at the air-water interface (the surface
pressure measurements indicated similar depletion pressures). However, the composition of the
mixed monolayer at the strongest interaction point differed: one epimer might form a tighter com-
plex requiring a different proportion of SM than the other. It turned out that the minimum in free
energy for 22(S)-OH/SM systems occurred at a slightly different mixture ratio than for 22(R)-OH/
SM, suggesting subtle differences in how each epimer interacts with SM. MD simulations revealed
that 22(R)-OH formed more hydrogen bonds with neighboring sterol molecules than 22(S)-OH
did [46]. This leads to greater hydration of the C22-OH group of 22(R)-OH — water molecules
could more easily approach and hydrogen bond with the C22-OH of 22(R)-OH compared to the
C22-OH group of 22(S)-OH. MD simulations revealed that 22(R)-OH exhibits greater conforma-
tional flexibility at the membrane interface, consistent with higher hydration and looser molecular
packing. In contrast, 22(S)-OH forms a more constrained, hydrogen-bonded network with neigh-
boring molecules, leading to a more condensed and ordered monolayer structure.

Stereochemistry matters

Epimeric oxysterols demonstrate that not only the position of an oxygen substituent but also its
stereochemical orientation can alter membrane behavior. MD simulations in combination with
monolayer experiments have shown differences in hydration, hydrogen bonding, and packing
for epimers like 7a/7p and 22(R)/22(S) hydroxycholesterols. These molecular differences help ex-
plain why epimers often have distinct pharmacological profiles (agonist vs antagonist, toxic vs
protective). For pharmacists and medicinal chemists, these findings emphasize the importance of
stereochemical purity and consideration when dealing with sterol-like drugs or nutraceuticals: the
wrong epimer might integrate into membranes differently or fail to reach the correct site of action
efficiently. Computational approaches provide a means to predict these subtleties before in vivo
tests, guiding the design of stereospecific interventions.

Conclusions

The examples discussed in this review illustrate how molecular modeling approaches — particu-
larly molecular dynamics simulations and density functional theory calculations — have provided
atomistic insight into the biophysical behavior of oxysterols, complementing and extending ex-
perimental observations. Through atomistic simulations, it was possible to visualize phenomena
such as the dual-orientation “bobbing” of 25-OH at a membrane surface [32], the tilt and packing
differences induced by a 7-OH vs a 7-K on the sterol ring [47], and the subtle hydrogen-bond
networks distinguishing stereoisomeric molecules [46]. DFT computations have provided quanti-
tative insight into intermolecular forces — for instance, confirming that two 25-OH molecules can
hydrogen-bond in an alternating orientation, or that the hydration energies of different oxysterol
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hydroxyls are nearly equal [32]. Collectively, these computational approaches provide mechanistic
explanations for experimental observations. For example, MD simulations indicate that 73-OH
induces greater membrane fluidization than cholesterol because its interfacial anchoring prevents
proper vertical alignment within the bilayer [47]. Likewise, 25-OH traverses membranes rapid-
ly owing to its bipolar character, which enables translocation without molecular inversion [17].
Furthermore, oxysterols such as 27-OH exhibit antiviral and osteotoxic properties, likely due to
their propensity to form hydrogen-bonded assemblies that perturb membrane organization, as
demonstrated by simulation studies [34].

While it is well established that the addition of a functional group or a change in stereochem-
istry can markedly alter the biological activity of a compound, MD and density functional theory
analyses elucidate the molecular origins of these differences. By identifying the specific intermo-
lecular interactions and energetic determinants that govern distinct membrane behaviors, com-
putational approaches provide a mechanistic framework for understanding the divergent physi-
ological and pharmacological effects of bioactive molecules. In pharmacological and biomedical
research, such knowledge bridges molecular structure with therapeutic outcome, guiding the ra-
tional design of novel compounds that harness beneficial oxysterol functions or mitigate their
pathological effects. The example of oxysterols illustrates how the integration of computational
and experimental methodologies transforms empirical observations into predictive understand-
ing, reaffirming the role of molecular modeling as an indispensable tool in modern drug discovery
and mechanistic biochemistry.

Conflict of interest
None declared.
Author’s contribution

Conceptualization: J.K., M.S., WJJ; Literature search and analysis: ].K.; Writing — draft prepara-
tion: J.K.

References

1. Mamcarz A., Wetnicki M., Barylski M.: Lipidologia [Lipidology]. PZWL Wydawnictwo Lekarskie 2020.

2. Brown A.J, Jessup W.: Oxysterols: Sources, cellular storage and metabolism, and new insights into
their roles in cholesterol homeostasis. Mol Aspects Med. 2009; 30 (3): 111-122. doi: 10.1016/j.
mam.2009.02.005.

3. Zhao C., Dahlman-Wright K.: Liver X receptor in cholesterol metabolism. Journal of Endocrinology.
2010; 204 (3): 233-240. doi: 10.1677/JOE-09-0271.

4. Kulig W., Cwiklik L., Jurkiewicz P, Rog T, Vattulainen L: Cholesterol oxidation products and their
biological importance. Chem Phys Lipids. Elsevier Ireland Ltd; 2016; 199: 144-160. doi: 10.1016/j.
chemphyslip.2016.03.001.

5. Vejux A., Lizard G.: Cytotoxic effects of oxysterols associated with human diseases: Induction of cell
death (apoptosis and/or oncosis), oxidative and inflammatory activities, and phospholipidosis. Mol As-
pects Med. 2009; 30 (3): 153-170. doi: 10.1016/j.mam.2009.02.006.

6. Lembo D., Cagno V., Civra A., Poli G.: Oxysterols: An emerging class of broad spectrum antiviral effec-
tors. Mol Aspects Med. 2016; 49: 23-30. doi: 10.1016/j.mam.2016.04.003.



98

www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

Jan Kobierski, Michat Swiqtek, Wojciech Jawiet

7.

o]

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Qian L., Chai A.B., Gelissen 1.C., Brown A.].: Balancing cholesterol in the brain: from synthesis to dispos-
al. Exploration of Neuroprotective Therapy. 2022: 1-27. doi: 10.37349/ent.2022.00015.

. Liitjohann D., Breuer O., Ahlborg G., Nennesmo L, Sidén A., Diczfalusy U, et al.: Cholesterol homeostasis

in human brain: evidence for an age-dependent flux of 24S-hydroxycholesterol from the brain into the
circulation. Proceedings of the National Academy of Sciences. 1996; 93 (18): 9799-9804. doi: 10.1073/
pnas.93.18.9799.

. Ohtsuki S., Ito S., Matsuda A., Hori S., Abe T., Terasaki T.: Brain-to-blood elimination of 24S-hydroxy-

cholesterol from rat brain is mediated by organic anion transporting polypeptide 2 (oatp2) at the blood-
brain barrier. ] Neurochem. 2007; 103 (4): 1430-1438. doi: 10.1111/j.1471-4159.2007.04901 .x.
Targosz-Korecka M., Whetrzak A., Chachaj-Brekiesz A., Gonet-Suréwka A., Kubisiak A., Filiczkowska A.,
et al.: Effect of selected B-ring-substituted oxysterols on artificial model erythrocyte membrane and
isolated red blood cells. Biochimica et Biophysica Acta (BBA) — Biomembranes. 2020; 1862 (2): 183067.
doi: 10.1016/j.bbamem.2019.183067.

Royer M.-C., Lemaire-Ewing S., Desrumaux C., Monier S., Pais de Barros J.-P, Athias A., et al.: 7-Keto-
cholesterol Incorporation into Sphingolipid/Cholesterol-enriched (Lipid Raft) Domains Is Impaired by
Vitamin E. Journal of Biological Chemistry. 2009; 284 (23): 15826-15834. doi: 10.1074/jbc.M808641200.
Kahn E., Baarine M., Dauphin A., Ragot K., Tissot N., Seguin A., et al.: Impact of 7-ketocholesterol and
very long chain fatty acids on oligodendrocyte lipid membrane organization: Evaluation via LAUR-
DAN and FAMIS spectral image analysis. Cytometry Part A. 2011; 79A (4): 293-305. doi: 10.1002/
cyto.a.21017.

Vejux A., Guyot S., Montange T., Riedinger J.-M., Kahn E., Lizard G.: Phospholipidosis and down-regula-
tion of the PI3-K/PDK-1/Akt signalling pathway are vitamin E inhibitable events associated with 7-keto-
cholesterol-induced apoptosis. ] Nutr Biochem. 2009; 20 (1): 45-61. doi: 10.1016/j.jnutbio.2007.12.001.
Karplus M., McCammon J.A.: Molecular dynamics simulations of biomolecules. Nat Struct Biol. 2002;
9 (9): 646-652. doi: 10.1038/nsb0902-646.

Jones R.O.: Density functional theory: Its origins, rise to prominence, and future. Rev Mod Phys. 2015;
87 (3): 897-923. doi: 10.1103/RevModPhys.87.897.

Olzytiska A., Zubek M., Roeselova M., Korchowiec J., Cwiklik L.: Mixed DPPC/POPC Monolayers:
All-atom Molecular Dynamics Simulations and Langmuir Monolayer Experiments. Biochim Biophys
Acta Biomembr. 2016; 1858 (12): 3120-3130. doi: 10.1016/j.bbamem.2016.09.015.

Kulig W., Mikkolainen H., Olzytiska A., Jurkiewicz P, Cwiklik L., Hof M., et al.: Bobbing of Oxysterols:
Molecular Mechanism for Translocation of Tail-Oxidized Sterols through Biological Membranes. ] Phys
Chem Lett. 2018; 9 (5): 1118-1123. doi: 10.1021/acs.jpclett.8b00211.

Poli G., Sottero B., Gargiulo S., Leonarduzzi G.: Cholesterol oxidation products in the vascular remodel-
ing due to atherosclerosis. Mol Aspects Med. 2009; 30 (3): 180-189. doi: 10.1016/j.mam.2009.02.003.
Ostlund R.E., Racette S.B., Stenson W.E: Effects of Trace Components of Dietary Fat on Choles-
terol Metabolism: Phytosterols, Oxysterols, and Squalene. Nutr Rev. 2002; 60 (11): 349-359. doi:
10.1301/00296640260385793.

Whetrzak A., Chachaj-Brekiesz A., Janikowska-Sagan M., Fidalgo Rodriguez J.L., Mifiones Conde J.,
Dynarowicz-Latka P: Crucial role of the hydroxyl group orientation in Langmuir monolayers organi-
zation — The case of 7-hydroxycholesterol epimers. Colloids Surf A Physicochem Eng Asp. 2019; 563:
330-339. doi: 10.1016/j.colsurfa.2018.12.025.

Whetrzak A., Makyla-Juzak K., Filiczkowska A., Kulig W., Dynarowicz-Egtka P: Oxysterols Versus Cho-
lesterol in Model Neuronal Membrane. I. The Case of 7-Ketocholesterol. The Langmuir Monolayer
Study. ] Membr Biol. 2017; 250 (5): 553-564. doi: 10.1007/s00232-017-9984-8.

Simon S.A., McIntosh T.J., Magid A.D., Needham D.: Modulation of the interbilayer hydration pressure
by the addition of dipoles at the hydrocarbon/water interface. Biophys J. 1992; 61 (3): 786-799. doi:
10.1016/S0006-3495(92)81883-0.



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

Computational insights into oxysterols: MD and DFT applications in pharmaceutical research 99

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Whetrzak A., Chachaj-Brekiesz A., Stgpniak A., Kobierski J., Dynarowicz-Latka P: Different effects of ox-
ysterols on a model lipid raft — Langmuir monolayer study complemented with theoretical calculations.
Chem Phys Lipids. 2022; 244 (Jan): 105182. doi: 10.1016/j.chemphyslip.2022.105182.

Clare K.: Toxicity of oxysterols to human monocyte-macrophages. Atherosclerosis. 1995; 118 (1): 67-75.
doi: 10.1016/0021-9150(95)05594-M.

O’Callaghan Y.C., Woods J.A., O’Brien N.M.: Comparative study of the cytotoxicity and apoptosis-in-
ducing potential of commonly occurring oxysterols. Cell Biol Toxicol. 2001; 17 (2): 127-137. doi:
10.1023/A:1010914306375.

Brzeska M., Szymczyk K., Szterk A.: Current Knowledge about Oxysterols: A Review. ] Food Sci. 2016;
81 (10): R2299-2308. doi: 10.1111/1750-3841.13423.

Zhang Y., Yu C., Liu J., Spencer T.A., Chang C.C.Y., Chang T.-Y.: Cholesterol Is Superior to 7-Ketocholes-
terol or 7a-Hydroxycholesterol as an Allosteric Activator for Acyl-coenzyme A: Cholesterol Acyltrans-
ferase 1. Journal of Biological Chemistry. 2003; 278 (13): 11642-11647. doi: 10.1074/jbc.M211559200.
Murphy R.C., Johnson K.M.: Cholesterol, Reactive Oxygen Species, and the Formation of Biological-
ly Active Mediators. Journal of Biological Chemistry. 2008; 283 (23): 15521-15525. doi: 10.1074/jbc.
R700049200.

Olsen B.N., Schlesinger PH., Baker N.A.: Perturbations of Membrane Structure by Cholesterol and Cho-
lesterol Derivatives Are Determined by Sterol Orientation. ] Am Chem Soc. 2009; 131 (13): 4854-4865.
doi: 10.1021/ja8095224.

Kauffman J.M., Westerman P.W.,, Carey M.C.: Fluorocholesterols, in contrast to hydroxycholesterols,
exhibit interfacial properties similar to cholesterol. ] Lipid Res. 2000; 41 (6): 991-1003. doi: 10.1016/
$0022-2275(20)32042-3.

Kobierski J., Wnetrzak A., Chachaj-Brekiesz A., Filiczkowska A., Petelska A.D., Dynarowicz-Egtka P.: How
the replacement of cholesterol by 25-hydroxycholesterol affects the interactions with sphingolipids:
The Langmuir Monolayer Study complemented with theoretical calculations. J R Soc Interface. 2021;
18 (176): 20210050. doi: 10.1098/rsif.2021.0050.

Whetrzak A., Chachaj-Brekiesz A., Kobierski J., Karwowska K., Petelska A.D., Dynarowicz-Lgtka P: Un-
usual Behavior of the Bipolar Molecule 25-Hydroxycholesterol at the Air/Water Interface — Langmuir
Monolayer Approach Complemented with Theoretical Calculations. J Phys Chem B. 2020; 124 (6):
1104-1114. doi: 10.1021/acs.jpcb.9b10938.

Whetrzak A., Chachaj-Brekiesz A., Kus K., Filiczkowska A., Lipiec E., Kobierski J., et al.: 25-hydroxycho-
lesterol interacts differently with lipids of the inner and outer membrane leaflet — The Langmuir mono-
layer study complemented with theoretical calculations. ] Steroid Biochem Mol Biol. 2021; 211 (Apr):
105909. doi: 10.1016/j.jsbmb.2021.105909.

Chachaj-Brekiesz A., Wnetrzak A., Kobierski J., Petelska A.D., Dynarowicz-Latka P: Site of the Hydroxyl
Group Determines the Surface Behavior of Bipolar Chain-Oxidized Cholesterol Derivatives — Lang-
muir Monolayer Studies Supplemented with Theoretical Calculations. ] Phys Chem B. 2023; 127 (9):
2011-2021. doi: 10.1021/acs.jpcb.2c08629.

Kim D., Lee K.M., Lee C., Jo Y.S., Muradillaevna M.S., Kim ].H., et al.: Pathophysiological role of 27-hy-
droxycholesterol in human diseases. Adv Biol Regul. 2022; 83: 100837. doi: 10.1016/j.jbior.2021.100837.
Umetani M., Domoto H., Gormley A.K., Yuhanna LS., Cummins C.L., Javitt N.B., et al.: 27-Hydroxy-
cholesterol is an endogenous SERM that inhibits the cardiovascular effects of estrogen. Nat Med. 2007;
13 (10): 1185-1192. doi: 10.1038/nm1641.

Nelson E.R., DuSell C.D., Wang X., Howe M.K., Evans G., Michalek R.D., et al.: The Oxysterol, 27-Hy-
droxycholesterol, Links Cholesterol Metabolism to Bone Homeostasis Through Its Actions on the Estro-
gen and Liver X Receptors. Endocrinology. 2011; 152 (12): 4691-4705. doi: 10.1210/en.2011-1298.
Petrov A.M., Pikuleva I.A.: Cholesterol 24-Hydroxylation by CYP46A1: Benefits of Modulation for Brain
Diseases. Neurotherapeutics. 2019; 16 (3): 635-648. doi: 10.1007/s13311-019-00731-6.



100

www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

Jan Kobierski, Michat Swigtek, Wojciech Jawie#

39.

40.

41.

42.

43.

44,

45.

46.

47.

Gamba P, Giannelli S., Staurenghi E., Testa G., Sottero B., Biasi F, et al.: The Controversial Role of
24-S-Hydroxycholesterol in Alzheimer’s Disease. Antioxidants. 2021; 10 (5): 740. doi: 10.3390/an-
tiox10050740.

Kim W.-K., Meliton V., Tetradis S., Weinmaster G., Hahn T.J., Carlson M., et al.: Osteogenic oxysterol,
20( S )-hydroxycholesterol, induces notch target gene expression in bone marrow stromal cells. Journal
of Bone and Mineral Research. 2010; 25 (4): 782-795. doi: 10.1359/jbmr.091024.

Aghaloo TL., Amantea C.M., Cowan C.M., Richardson J.A., Wu B.M., Parhami E, et al.: Oxysterols en-
hance osteoblast differentiation in vitro and bone healing in vivo. Journal of Orthopaedic Research.
2007; 25 (11): 1488-1497. doi: 10.1002/jor.20437.

Dynarowicz-Latka P, Chachaj-Brekiesz A., Wnetrzak A., Kobierski ., Péttorak A., Lupa D., et al.: In-
teractions of sphingomyelin with biologically crucial side chain-hydroxylated cholesterol derivatives.
J Steroid Biochem Mol Biol. 2025; 245 (Nov 2024): 106635. doi: 10.1016/j.jsbmb.2024.106635.

Lee J.-S., Kim E., Han S., Kang K.L., Heo J.S.: Evaluating the oxysterol combination of 22(S)-hydroxycho-
lesterol and 20(S)-hydroxycholesterol in periodontal regeneration using periodontal ligament stem cells
and alveolar bone healing models. Stem Cell Res Ther. 2017; 8 (1): 276. doi: 10.1186/s13287-017-0725-9.
Viktorsson E.O., Gabrielsen M., Kumarachandran N., Sylte I, Rongved P, Astrand O.A.H., et al.: Regu-
lation of liver X receptor target genes by 22-functionalized oxysterols. Synthesis, in silico and in vitro
evaluations. Steroids. 2017; 118: 119-127. doi: 10.1016/j.steroids.2016.12.003.

Kase E.T., Thoresen G.H., Westerlund S., Hojlund K., Rustan A.C., Gaster M.: Liver X receptor antagonist
reduces lipid formation and increases glucose metabolism in myotubes from lean, obese and type 2
diabetic individuals. Diabetologia. 2007; 50 (10): 2171-2180. doi: 10.1007/s00125-007-0760-7.
Chachaj-Brekiesz A., Kobierski J., Wnetrzak A., Dynarowicz-Latka P: Interactions Determining Stereose-
lectivity in Two-Dimensional Systems — The Case of 22-Hydroxycholesterol Epimers. ] Phys Chem B.
2025; 129 (1): 273-285. doi: 10.1021/acs.jpcb.4c07321.

Whetrzak A., Chachaj-Brekiesz A., Kobierski J., Dynarowicz-Latka P: The Structure of Oxysterols De-
termines Their Behavior at Phase Boundaries: Implications for Model Membranes and Structure —
Activity Relationships. In: Lizard G. (ed.) Implication of Oxysterols and Phytosterols in Aging and Hu-
man Diseases. Advances in Experimental Medicine and Biology, vol. 1440. Springer, Cham. 2024. doi:
10.1007/978-3-031-43883-7_1.



