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Abstract—Cholesterol is an essential component of plasma membrane and precursor of biological active compounds, in-
cluding hydroxycholesterols (HCs). HCs regulate cellular homeostasis of cholesterol; they can pass across the membrane
and vascular barriers and act distantly as para- and endocrine agents. A small amount of 25-hydroxycholesterol (25-HC) is
produced in the endoplasmic reticulum of most cells, where it serves as a potent regulator of the synthesis, intracellular trans-
port, and storage of cholesterol. Production of 25-HC is strongly increased in the macrophages, dendrite cells, and microglia
at the inflammatory response. The synthesis of 25-HC can be also upregulated in some neurological disorders, such as Alz-
heimer’s disease, amyotrophic lateral sclerosis, spastic paraplegia type 5, and X-linked adrenoleukodystrophy. However, it is
unclear whether 25-HC aggravates these pathologies or has the protective properties. The molecular targets for 25-HC are
transcriptional factors (LX receptors, SREBP2, ROR), G protein-coupled receptor (GPR183), ion channels (NMDA recep-
tors, SLO1), adhesive molecules (o531 and avp33 integrins), and oxysterol-binding proteins. The diversity of 25-HC-binding
proteins points to the ability of HC to affect many physiological and pathological processes. In this review, we focused on the
regulation of 25-HC production and its universal role in the control of cellular cholesterol homeostasis, as well as the effects
of 25-HC as a signaling molecule mediating the influence of inflammation on the processes in the neuromuscular system
and brain. Based on the evidence collected, it can be suggested that 25-HC prevents accumulation of cellular cholesterol and
serves as a potent modulator of neuroinflammation, synaptic transmission, and myelinization. An increased production of
25-HC in response to a various type of damage can have a protective role and reduce neuronal loss. At the same time, an
excess of 25-HC may exert the neurotoxic effects.
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INTRODUCTION

Cholesterol is a main structural component of the
plasma membrane that controls its fluidity and thick-
ness. In the membrane, cholesterol organizes micro-
domains — lipid rafts — containing numerous receptors,
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ion channels, and signaling enzymes. Cholesterol is a pre-
cursor of steroid hormones, bile acids, and neurosteroids,
as well as its numerous oxidized forms (oxysterols), some
of which perform important signaling functions and con-
trol cholesterol synthesis, in particular, in the brain and
retina — organs “disconnected” from the systemic choles-
terol homeostasis [1].

Cholesterol can be oxidized to various oxysterol spe-
cies whose concentrations vary in a wide range in differ-
ent tissues. One of the oxysterols, 25-hydroxycholesterol
(25-HC), is of particular interest. Firstly, it is produced
by a specific enzyme of the endoplasmic reticulum (ER),
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cholesterol-25-hydroxylase (CH25H) [2]. Expression of
the CH25H gene is low under physiological conditions
and increases tenfold during inflammatory response [3],
which, among other things, accompanies neurodegener-
ative diseases [4, 5]. Secondly, the main producers of 25-
HC are macrophages (especially, alveolar macrophages
[6]), dendritic cells, and microglia [3, 4]. Thirdly, the tar-
gets of 25-HC include G protein-coupled receptors, tran-
scription factors, adhesive molecules, and ion channels
[3, 7-10]. As a hydroxycholesterol (HC), with a hydrox-
yl group in the side chain, 25-HC, can freely penetrate
through plasma membranes and vascular barriers [11]
and, therefore, act remotely as a para- and/or endocrine
factor [12].

REGULATION
OF 25-HYDROXYCHOLESTEROL PRODUCTION

The synthesis of 25-HC is determined, to a large
extent, by the content of CH25H in the cells (Fig. 1).
Numerous studies have shown that pro-inflammato-
ry cytokines significantly upregulate expression of the
CH25H gene [3], which belongs to the family of interfer-
on (IFN)-stimulated genes. Activation of IFN receptors
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leads to the assembly of a complex of the transcription
factors STAT1 and STAT2 that promotes the expression
of CH25H in the macrophages ~by 30 times and in den-
dritic cells by ~10 times [13]. Interestingly, 25-HC sup-
presses the translocation of IFNy receptors to the lipid
rafts in the microglia and, hence, blunts the IFNy-in-
duced pro-inflammatory activation of the microglia
[14]. Therefore, IFN stimulates the synthesis of 25-HC,
which, in turn, suppresses the signaling through the IFN
receptors, i.e., there is a negative feedback that limits the
action of IFN. Noteworthy, an increased expression of
genes associated with cholesterol metabolism (including
CH25H) is typical for the Trem2* microglia, which has
protective properties in neurodegenerative and demyelin-
ating diseases [15].

The plasma levels of 25-HC increase during viral
and bacterial infections. By stimulating the Toll-like re-
ceptor 4 (TLR4), bacterial wall lipopolysaccharide (LPS)
increases expression of CH25H in the macrophages [21]
and microglia [4] by ~35 and 65 times, respectively. Sim-
ilarly, 8-12 h after injection of the selective TLR4 ago-
nist, the content of CH25H mRNA increased in the liv-
er (by ~250 times), heart (by ~50 times), brain (by ~30
times), lungs (by ~20 times), muscles, kidneys, thymus
(by 8-12 times), skin, and intestine (by 3-5 times), thus

INFy Receptor

Fig. 1. Regulation of CH25H expression. IFNy (or INFy) and a number of cytokines upregulate CH25H expression via stimulation of the STAT and
KLF4 transcription factors [13, 16] or suppress it through the activation of ATF3 [17]. CH25H expression is activated by the stimulation of vitamin D
receptors (VDRs) and liver X receptors (LXRs) [18, 19]. 25-HC is a potent ligand of the latter receptors), which creates a positive feedback between
the expression of CH25H and production of 25-HC. The synthesis of 25-HC increases with increasing cholesterol levels in the ER. On the contrary,
CH25H ubiquitination directs it to proteasomal degradation, resulting in the decrease in the 25-HC synthesis [20]. Blue and red arrows show negative

and positive regulation of 25-HC levels, respectively.
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indicating a response of resident macrophages in many
tissues [22]. CH25H expression is enhanced by the tran-
scription factor KLF4, which regulates inflammation
and apoptosis and is activated upon stimulation of cyto-
kine receptors [16]. LPS injection increases the level of
KLF4 in microglial cells, where KLF4 interacts with the
transcription factor NF-xB, one of the key regulators of
pro-inflammatory genes [23]. KLF4 promotes a change
in the phenotype of microglia and macrophages from the
pro-inflammatory M1 type to the anti-inflammatory M2
type [24, 25]. KLF4 also upregulates expression of liver
X receptors (LXRs) in the macrophages [16]. The latter
are important regulators of the inflammatory response
and metabolism of lipids, including cholesterol. More-
over, 25-HC is a ligand of LXRs: by activating them, 25-
HC promotes CH25H production in the macrophages
and, consequently, activates the synthesis of 25-HC [18],
thus creating a positive feedback aimed at the explosive
increase in the 25-HC levels. Moreover, stimulation of
LXRs by 25-HC is important for the transition of the
macrophages to the M2 state [26].

Upregulated CH25H activity is observed in a num-
ber of diseases accompanied by chronic inflammation,
including neuroinflammation. For example, an increase
in the CH25H expression in the microglial cells has
been found in the models of Alzheimer’s disease [27],
X-linked adrenoleukodystrophy [28], and adult leukoen-
cephalopathy with axonal spheroids and pigmented glia
[29]. The concentrations of 25-HC can significantly in-
crease in amyotrophic lateral sclerosis [5, 30] and spas-
tic paraplegia type 5 [31] — pathologies that affect motor
neurons.

There is also a negative regulation of CH25H con-
tent during inflammatory reactions. The expression of
CH25H is suppressed by the transcription factor ATF3
[17] that is activated by a number of cytokines, includ-
ing IFNs. The activation of ATF3 in the microglia oc-
curs upon the nerve injury and is important for the nerve
regeneration [32]. Ubiquitination of CH25H directs
this enzyme to proteasomal degradation. Porcine repro-
ductive and respiratory syndrome virus inhibits the syn-
thesis of 25-HC (which has the antiviral properties) via
promoting CH25H ubiquitination and subsequent prote-
olysis [20]. The levels of 25-HC are reduced in the blood
plasma of patients with COVID-19, which is accom-
panied by a cytokine storm; while delivery of 25-HC in
nanovesicles alleviates the cytokine storm [33].

Diet affects the content of CH25H and production
of 25-HC. The synthesis of 25-HC increases rapidly after
consumption of cholesterol-rich food [34]. Both CH25H
expression and 25-HC production increase in the adi-
pose tissue macrophages with the increase in the body
mass index and fat intake [35]. Consumption of excess of
arachidonic acid may elevate CH25H levels in the liver
and brain [36]. It has been shown that the blood plasma
concentration of 25-HC in patients with the vitamin D
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deficiency increases significantly after diet supplementa-
tion with vitamin D (50,000 IU per week for eight weeks)
in combination with phototherapy [37]. This is probably
due to the fact that vitamin D increases CH25H expres-
sion by acting on the nuclear receptors. Furthermore, the
anti-proliferative effect of vitamin D depends on CH25H
and is mediated by 25-HC [19]. Activation of vitamin D
receptors suppresses both neuroinflammation and dis-
ruption of the blood-brain barrier, as well promotes my-
elination [38]. Besides, microglial vitamin D receptors
contribute to the cell polarization towards the M2 phe-
notype [39]. It can be assumed that 25-HC plays a role in
these neuroprotective effects of vitamin D.

It is worth noting that although CH25H is a
key enzyme in the generation of 25-HC, some cyto-
chromes (CYPs) can also produce 25-HC as a by-prod-
uct of their activity. In particular, mitochondrial CY-
P27A1 and microsomal CYP46A1 and CYP3A can
synthesize 25-HC [40].

HOMEOSTATIC ROLE
OF 25-HYDROXYCHOLESTEROL
AS AN INTRACELLULAR REGULATOR

In recent years, a number of detailed reviews have
been published on the cellular cholesterol homeostasis
[41, 42]. In this section, we have focused on the impor-
tance of endogenous production of 25-HC in the control
of cellular cholesterol. Evidently, many oxysterols can in-
fluence cholesterol homeostasis; however, 25-HC has the
most pronounced effect, even if the cells express CH25H
at low levels under physiological conditions [2]. This is
due to the properties of 25-HC and location of CH25H
in the ER, the key region for cholesterol synthesis (about
20 enzymes of cholesterol biosynthetic pathway localize
to the ER).

The main components of the mechanism con-
trolling cholesterol homeostasis reside in the ER, and a
constant “outflow” of cholesterol (due to the transport to
other membranes and deposition in the ester form with-
in lipid drops) ensures its low content (3-6%) in the ER
membranes compared to other membranes [43].

An increase in the cholesterol Ievel in the ER (due
to excessive synthesis and/or decrease in its efflux) leads
to cholesterol 25-hydroxylation. Consequently, accumu-
lation of 25-HC reflects an excess of cholesterol in cells,
which has detrimental consequences, in particular, for
neurons and microglia [1, 15]. Therefore, it is not sur-
prising that 25-HC triggers the mechanisms directed to
lowering cellular cholesterol levels (Fig. 2). First, 25-HC
stimulates the binding of INSIG1/2 protein to 3-hy-
droxy-3-methylglutaryl coenzyme A reductase (HMG-
CR), the rate-limiting enzyme of cholesterol synthesis.
As a result, HMGCR is ubiquitinated and transported
from the ER to proteasomes for degradation [44]. By
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Fig. 2. 25-HC-dependent regulation of cellular cholesterol homeostasis. Excessive cholesterol is converted to 25-HC in the ER, where 25-HC binds
to INSIG. (i) INSIG-25-HC promotes the retention of the SCAP-SREBP2 complex in the ER. In the absence of 25-HC, the SCAP-SREBP2 com-
plex relocates to the Golgi apparatus, where SREBP2 undergoes proteolytic cleavage by the S1P and S2P proteases, releasing the active transcription
factor SREBP2. SREBP2 binds to the regulatory regions (sterol regulatory elements, or SREs) of cholesterol biosynthesis genes and activates their
expression [45, 46]. (ii) In the presence of 25-HC, INSIG binds to ubiquitin ligases, which promote ubiquitination of HMGCR, the rate-limiting
enzyme of cholesterol synthesis. The ubiquitinated enzyme is then directed to proteasomal degradation [44]. 25-HC stimulates LXRs [3, 42], which
activate expression of genes of ABC transporters (ABCA1, ABCG1) and ubiquitin ligase IDOL [49, 50]. (iii) ABC transporters efflux cellular choles-
terol to the APO-A/E proteins, thus mediating formation and maturation of lipoprotein particles [42]. (iv) IDOL ubiquitinates LDL receptors and
promotes their translocation to the lysosomes for proteolysis; as a result, the LDL receptor-mediated uptake of extracellular cholesterol decreases
[49]. (v) 25-HC interacts with the proteins that organize membrane contact sites (MCSs), thus reducing the transport of cholesterol between or-
ganelles [41, 51, 52]. (vi) 25-HC directly activates ACAT 1-dependent esterification of cholesterol in the ER, facilitating the deposition of excessive
cholesterol in the lipid droplets (LDs) [47, 53]. Blue and red arrows show positive and negative regulation of cholesterol levels, respectively.

binding to INSIG, 25-HC promotes the retention of the  of cholesterol synthesis enzymes [47]. The 25-HC-me-

SCAP-SREBP2-INSIG complex in the ER, thereby pre-
venting an activation of the transcription factor SREBP2
responsible for the enhanced expression of cholesterol
biosynthesis enzymes [45, 46]. Thus, an increase in the
25-HC level in the ER reduces the content of enzymes
involved in cholesterol synthesis due to both their in-
creased degradation and reduced expression. The submi-
cromolar concentrations of 25-HC prevent SREBP2 ac-
tivation in the neuronal culture by inhibiting expression
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diated suppression of the processing of the transcription
factor SREBP inhibits expression of pro-inflammatory
cytokines [48].

Another mechanism for reducing the level of cellular
cholesterol by 25-HC is determined by its ability to acti-
vate nuclear LXRs which control the genes of lipid trans-
port [3, 42]. Stimulation of LXRs increases the expres-
sion of ABC transporters (ABCAl, ABCG1, ABCG?j,
and ABCGS8) responsible for the reverse transport of
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cholesterol from the cells to the extracellular acceptors
(e.g., APOA-I or APOE). LXRs also upregulate ubiq-
uitin ligase IDOL, which ubiquitinates the low-density
lipoprotein (LDL) receptors, contributing to their deg-
radation [49, 50]. As a result, the uptake of extracellular
cholesterol via the receptor-mediated endocytosis of li-
poprotein particles is reduced. Therefore, an increase in
the 25-HC levels in the cytoplasm and nucleus (i.e., out-
side of the sites of its synthesis) through the stimulation
of LXRs promotes the release of cholesterol from the
cells and inhibits the uptake of extracellular cholester-
ol. Indeed, 25-HC at submicromolar concentrations
increased ABCAI1 expression through the activation of
LXRs in neurons and oligodendrocytes [47, 54]. Interest-
ingly, in hypothalamic neurons, IDOL controls the levels
of very-low-density lipoprotein (VLDL) receptor, thus
influencing food intake and thermogenesis [55]. This
points to a possible role of 25-HC in the neuronal con-
trol of metabolic processes.

25-HC affects the intracellular transport of choles-
terol and its deposition in the ester form. 25-HC directly
enhances the activity of acyl-coenzyme A:cholesterol ac-
yltransferase 1 (ACAT1) and, therefore, accelerates cho-
lesterol esterification in the ER [53]. For example, 25-
HC (2.5 and 5 uM) increased the storage of cholesterol
esters in cultured neurons ~by 11 and 21%, respectively
[47]. The delivery of cholesterol from lysosomes to other
organelles (ER, peroxisomes, frans-Golgi apparatus, and
mitochondria) occurs to a large extent via a non-vesicu-
lar pathway through the membrane contact sites (MCSs)
[41]. Some of the main components of MCSs are oxys-
terol-binding proteins (OSBP, ORPIL, ORP2, ORPS,
ORP6) and START [steroidogenic acute regulatory pro-
tein (StAR)-related lipid transfer]-domain containing
proteins. 25-HC competes with cholesterol for binding
to these proteins, thereby interfering with the delivery of
cholesterol from the lysosomes [51, 52].

Normally, 25-HC at low concentrations is produced
in all cells, where it prevents an appearance of excessive
cholesterol. However, during inflammatory response,
25-HC from the macrophages and microglia can enter
neighboring cells and disrupt cholesterol homeostasis in
the latter, preventing cell growth and proliferation and
inducing apoptosis. This mechanism partially underlies
the antiviral, anticancer, and senolytic effects of 25-HC.
It should be noted that neurons, the functioning of which
in many aspects closely depends on cholesterol, generate
24-HC in the ER along with 25-HC due to the activi-
ty of the neuron-specific enzyme CYP46A1 [1, 56, 57].
Such parallel participation of two ER enzymes, CH25H
and CYP46Al1, in the conversion of cholesterol to HCs is
probably necessary to prevent cholesterol accumulation
in the neurons. This is especially essential for neurons,
which, in addition to the in sifu synthesis, receive most of
cholesterol from astrocytes as a component of lipoprotein
particles [1].
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25-HYDROXYCHOLESTEROL
AS AMOLECULE OF INTERCELLULAR
INTERACTIONS IN THE NERVOUS SYSTEM

The central nervous system is “fenced off” by the
blood-brain barrier from the systemic circulation. This
barrier is impermeable for many molecules, including
cholesterol. However, cholesterol derivatives with hy-
droxyl groups in the side chain can penetrate the vascular
barriers [1, 57]. Therefore, 25-HC synthesized at the pe-
riphery (e.g., during systemic inflammation) can enter the
brain. On the other hand, 25-HC, produced in the CNS
in situ, is released into the bloodstream. The main pro-
ducer of 25-HC in the brain is activated microglia [4, 58].
The peripheral sections of the nervous system are directly
affected by 25-HC when its content increases both locally
in tissues and systemically in response to a strong inflam-
matory response or consumption of cholesterol-enriched
foods. Moreover, 25-HC-producing macrophages come
into close contact with damaged peripheral nerves, and
this interaction promotes regeneration [59]. Therefore,
25-HC may act as a para- and endocrine molecule that
sends signals about inflammation/damage/cholesterol ex-
cess (Fig. 3).

EBI2 and CXCR2 receptors. It has been shown that
a number of transmembrane proteins act as high-affinity
receptors for 25-HC. Migration of immune and glial cells
along the gradient of 25-HC and its derivative 7a,25-diHC
occurs with the participation of GPR183 (EBI2), a recep-
tor coupled to Gai protein. The expression of GPR183
in glial cells can increase under pathological conditions,
and the activation of GPR183 has protective effects. For
instance, expression of GPR183 in the microglia increas-
es in the focus of epileptic activity in the brain [60]. The
stimulation of GPR183 in oligodendrocytes is involved in
remyelination in a model of multiple sclerosis [61], and
GRPI183 activation in astrocytes inhibits the release of
pro-inflammatory cytokines by these glial cells [62].

Oxysterols can activate another Gi protein-coupled
receptor, CXCR2, which is important for cell migration to
the site of inflammation. In the brain, CXCR2 expression
in the microglia, oligodendrocytes, and neurons is up-
regulated upon injury, and the activation of CXCR2 can
negatively control myelination, as well as disrupt excitato-
ry neurotransmission [63, 64]. However, 25-HC (unlike
22R-HC) is a weak agonist of CXCR2 even at high con-
centrations [65].

Integrins. The migration and status of immune cells
can be regulated by direct binding of 25-HC to the adhe-
sion molecules, a5B1 and avf3 integrins. This activates
focal adhesion kinase (FAK) and promotes production
of cytokines, in particular tumor necrosis factor (TNF)
and interleukin 6, by the macrophages [8]. It should be
noted that activation of a5f1 and av33 integrins acceler-
ates the growth of neuronal processes [66, 67], as well as
proliferation and migration of Schwann cells that envelop
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Fig. 3. 25-HC targets in the nervous system. The main producers of 25-HC are activated macrophages and microglial cells [3, 4, 58]. Released 25-
HC can affect glial cells (microglia, oligodendrocytes, astrocytes, and Schwann cells) and neurons. 25-HC influences synaptic transmission by acting
on presynaptic and postsynaptic receptors (see the text for detailed explanation). Designations: DNMT, DNA methyltransferases; ERa, estrogen
receptor a; Slol BK, large-conductance calcium-activated potassium channels.

peripheral nerves and neuromuscular junctions [68, 69].
The 25-HC/integrin pathway may be involved in the pos-
itive effect of macrophages on the repair of damaged neu-
romuscular junctions [59, 70]. However, it should be kept
in mind that excessive production of 25-HC can reduce
the myelination of peripheral nerves by suppressing the
synthesis of cholesterol in Schwann cells [71] and down-
regulating expression of myelin genes [72].

NMDA receptors. Another target of 25-HC is glu-
tamate NMDA receptors (NMDARs), whose activation
in the CNS is the key event in synaptic plasticity and
memory. These receptors also modulate neurotrans-
mission in the periphery [73]. 25-HC directly, although
weakly, enhances the glutamate-induced current through
NMDARs, but completely and noncompetitively blocks
the powerful potentiating effect of 24(S)-HC on the Ca?*
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currents via NMDARs [7] mainly composed of GluN2B
subunits [74]. As a result, 25-HC is able to attenuate the
24(S)-HC-induced increase in the nerve cell loss due to
the NMDAR hyperactivation, i.e., excitotoxicity. In addi-
tion, 25-HC significantly reduces neuronal death caused
by the deprivation of glucose and oxygen [75].

25-HC at micromolar concentrations, as well as its
excessive production by the microglia during neuroin-
flammation, disrupt the NMDAR-dependent long-term
potentiation in the hippocampus [58]. However, this im-
pairment of synaptic plasticity may be reflection of the
general protective function of 25-HC secreted by the
microglia. Indeed, 25-HC significantly reduced apop-
totic loss of neurons caused by the overexpression of the
pro-inflammatory regulator STING (stimulator of inter-
feron genes) and autophagy following cerebral artery oc-



530

clusion [76]. 25-HC rapidly suppresses translocation of
the IFNYy receptors into lipid rafts and subsequent acti-
vation of these receptors; as a result, 25-HC causes a de-
crease in the IFNy-mediated production of pro-inflam-
matory cytokines by the microglia [14].

Thus, although the production of 25-HC is stimu-
lated under neuroinflammation conditions, it can lim-
it the inflammatory reactions by acting as a key element
of the negative feedback loop [48]. At the same time, it
can prevent excessive synaptic activity in glutamatergic
synapses and disrupt NMDAR-dependent synaptic plas-
ticity. Undoubtedly, extremely high concentrations of
25-HC, which are frequently used in cell studies [77, 78],
or probably present in the cases of chronic brain patholo-
gies, can also be detrimental. Brain expression of CH25H
is elevated in Alzheimer’s disease patients, and 25-HC
promotes interleukin-1@-induced neuroinflammation in
the APPPS1-21 mouse model [4]. In the ARPE-19 cell
culture, amyloid 3 increased the levels of 25-HC, which
activated P2X7 receptors, promoting apoptosis [79]. Sim-
ilarly, overproduction of 25-HC may contribute to the
neuroinflammation (through the activation of NLRP3 in-
flammasome and increased production of interleukin-1f)
in the X-linked adrenoleukodystrophy, a progressive neu-
rodegenerative disease associated with the accumulation
of long-chain fatty acids [28].

BK (slo1) channels. 25-HC also affects the activity of
potassium ion channels. At micromolar concentrations,
25-HC reduces the currents via large-conductance cal-
cium-activated potassium channels (slol BK). However,
this effect is not specific to 25-HC, since other oxysterols
with hydroxylated side chain exhibit the same effect [80].
Therefore, oxysterols can potentially enhance calci-
um-dependent processes by limiting the activity of BK
channels. In addition, 25-HC can increase the excitability
of neurons by weakening the inhibitory effect of GABA-B
receptors. However, this effect was observed upon pro-
longed action of 25-HC (for hours) on brain sections and
only in some neurons [81].

Liver X receptors. 25-HC is a strong natural activa-
tor of LXRs [3] present in the plasma membranes (lip-
id rafts) of some cells [82, 83]. Recently, these receptors
were found in the nerve terminals of motor neuron axons,
where their distribution was depended on the integrity of
lipid rafts [10]. The activation of synaptic LXRs by 25-HC
increased the mobilization of synaptic vesicles stimulated
by the release of Ca?" from the ER. It was found that
membrane LXRs activate phospholipase C (through the
activation of G, protein and its fy-dimer) resulting in the
elevation in cytosolic Ca?* dependent on the inositol tri-
phosphate receptors of the ER. Subsequent activation of
Ca?"- and lipid-dependent protein kinase C promoted in-
volvement of synaptic vesicles in exocytosis. In addition,
25-HC causes Ca’"-dependent increase in the intra- and
extracellular levels of reactive oxygen species in the neu-
romuscular junctions. However, reactive oxygen species
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did not have a lipid-damaging effect, but contributed to
the facilitation of neurotransmission [10]. It is interest-
ing to note that despite the structural similarity to 25-HC,
24(S)-HC at a short-term application modulated neuro-
muscular transmission via an NMDAR-dependent but
LXR-independent pathway [73, 84].

Interestingly, the absence of LXRf leads to a disease
resembling amyotrophic lateral sclerosis (ALS) with a
loss of motor neurons and denervation of skeletal muscles
[85]. Deletion of the LXR o and 3 genes causes locomo-
tion defects accompanied by oxidative stress and protein
carbonylation in the motor nerves [86]. This also disrupts
the functioning of Schwann cells and makes myelin thin-
ner in peripheral nerves [72]. On the contrary, stimulation
of LXRs by 25-HC promotes expression of myelin genes
(e.g., PLP, MBP) in oligodendrocytes [54]. Interesting-
ly, the plasma levels of 25-HC were elevated in patients
with ALS (during the 1st year of the disease manifesta-
tion), while SOD1G93A mice showed an increase in the
CH25H expression in the brain at the presymptomatic
stage followed by the later increase in the 25-HC con-
tent in the spinal cord [5, 30]. However, at the late stages,
CH25H expression decreased in the brain of SOD1G93A
mice and the concentration of 7a, 25-diHC (25-HC me-
tabolite) reduced in the cerebrospinal fluid of ALS pa-
tients [5, 87].

Overall, the significance of increased 25-HC pro-
duction in ALS is unclear. On one hand, this may be a
reflection of inflammatory response and exacerbate the
pathology; on the other hand, an increase in the 25-HC
content may be a compensatory response aimed at slow-
ing down both the loss of motor neurons and denervation
in skeletal muscles. High concentrations of 25-HC (>5-
30 uM) reduce survival and induce apoptosis of cultured
motor neurons [5, 30], but lower submicromolar (<1 uM)
concentrations, which are observed in the inflammato-
ry response in vivo, have the opposite effects [30]. Acute
exposure to 1 uM 25-HC is able to partially restore the
impairments of neuromuscular junction membranes (dis-
ruption of lipid rafts, increased membrane fluidity) in
SODI1G93A mice. At the same time, chronic administra-
tion of low doses of 25-HC (0.4 mg/kg every 4 days for
a month) to the mice with ALS prevented fragmentation
of neuromuscular junctions, lipid peroxidation of their
membranes, accumulation of ceramide, and increase in
the non-quantum secretion of acetylcholine in the dia-
phragm (main respiratory muscle) [88]. This indicates the
therapeutic effect of 25-HC, since fragmentation of neu-
romuscular junctions, excessive release of acetylcholine,
and ceramide build-up occur during aging, myasthenia
gravis, and can also accelerate denervation and, conse-
quently, atrophic alternations in skeletal muscles [89-93].
Interestingly, hypercholesterolemia is a protective factor
in ALS, while treatment with statins, the drugs which
suppress cholesterol synthesis, aggravates this pathology
[94, 95]. This correlates with the levels of 25-HC in the
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plasma, as the content of 25-HC increases in hypercho-
lesterolemia and decreases due to statin therapy [34, 96].
It is possible that 25-HC partially mediates the effects of
hypercholesterolemia and statins on the development of
ALS, and neuromuscular junctions are an important tar-
get for the action of 25-HC. Indeed, the labeled analog
of 25-HC demonstrated a high affinity for the neuromus-
cular junction membranes, especially in the ALS model
animals [88]. Macrophages, main producers of 25-HC,
directly contact the neuromuscular junctions in the case
of nerve damage or pathologies accompanied by dener-
vation; and these interactions facilitate reinnervation
[59, 70]. Macrophages also contribute to the maintenance
of sympathetic (adrenergic) innervation of peripheral tis-
sues [97], and [-adrenergic transmission can be modulat-
ed by HC [12].

Recently, it has been shown that 25-HC has the se-
nolytic properties in skeletal muscle, preventing the ap-
pearance of signs of aging (e.g., CRYAB aggregation)
and inflammation [98]. Increased production of 25-HC
(through the activation of LXRs) may improve the con-
ditions in a model of non-alcoholic fatty liver disease
[99], which is accompanied by neuromuscular disorders
and neurodegeneration. In addition, HCs activate nuclear
LXRs in the postsynaptic regions of muscle fibers, leading
to the upregulation of both expression of NO synthases
(endothelial and neuronal isoforms) and NO synthesis
during neuromuscular transmission [100]. In turn, NO
can prevent muscle atrophy in response to muscle unload-
ing [101, 102], which is accompanied by early synaptic al-
terations, including lipid raft disruption, increased mem-
brane fluidity, and ceramide accumulation in the synaptic
membranes [91, 92, 103]. Similar events also occur at the
early stages of ALS and can be corrected by the adminis-
tration of 25-HC [88].

Estrogen receptors (EsRs). The membrane-bound
LXRs can directly interact with EsRa [82]. Moreover,
EsRa is a potential target for 25-HC, and by stimulating
it, 25-HC exhibits the estrogen-like activity in a number
of cell types [9]. An increased mobilization of synaptic
vesicles in the nerve terminals of motor neuron axons
under the influence of 25-HC (see “Liver X receptors”
section) also depends on EsRa [10]. Interestingly, in the
central synapses, EsRa activation (with 173-estradiol) can
rapidly induce the long-term synaptic plasticity due to in-
corporation of additional glutamate AMPA receptors into
the postsynaptic membrane [104]. On the other hand,
hypercholesterolemia-induced increase in 27-HC, which
can block EsRs, reduces expression of the postsynaptic
marker PSD-95 in the hippocampus [105].

Retinoid-related orphan receptor (RORs). In addi-
tion to LXRs, 25-HC, along with other sterols, can bind
to nuclear RORs, acting as their agonist, neutral antago-
nist, or even inverse agonist depending on the ROR type
[106, 107]. ROR activation is important for the cortex
organization, neuronal development, regulation of circa-
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dian rhythms, and can also suppress neuroinflammation
by inhibiting the activity of transcriptional factor NF-xB
and production of pro-inflammatory cytokines by glial
cells [108, 109].

Direct effect of 25-HC on membrane properties. Ox-
ysterols interacting with plasma membranes can affect
their biophysical properties and formation of lipid mi-
crodomains [88, 110-112]. Moreover, structurally similar
oxysterols can produce different effects on plasma mem-
branes, including synaptic ones [110]. The studies of the
properties of raft-forming lipids in Langmuir monolayers
show that 25-HC interacts more strongly than cholesterol
with sphingomyelin and slightly less strongly with gangli-
oside GM 1. Therefore, 25-HC can participate in the for-
mation of lipid rafts and even displace cholesterol from
them [113]. Indeed, the addition of 25-HC to the artificial
bilayer membrane composed of a mixture of cholesterol
and 1-palmitoyl-2-oleoylphosphatidylcholine leads to a
shift of cholesterol towards the water surface and increase
in its accessibility to external acceptors; which reduc-
es the ability of cholesterol to condense the lipid bilay-
er [114]. Moreover, the ability of 25-HC to increase the
availability of membrane cholesterol depends on the lipid
composition and is more pronounced in the membranes
with a higher content of unsaturated lipids [115]. 25-HC
promotes the formation of microdomains enriched in sat-
urated lipids in the artificial membranes [116], as well as
increases lipid ordering and decreases fluidity of synaptic
membranes in the neuromuscular junctions [88]. On the
other hand, 25-HC, having an inclined orientation (with
respect to the phospholipid tails in the bilayer), is able to
laterally expand and thin out the artificial bilayer mem-
branes [117], especially those consisting of unsaturated
lipids [118]. In addition, 25-HC inhibits the coalescence
of lipid rafts into larger microdomains in the microglia
[14]. The antiviral properties of 25-HC are partly associ-
ated with its direct effects on the plasma membranes; as a
result, 25-HC suppresses the fusion of viruses, including
neurotropic ones, with cells [119]. Considering the im-
portance of membrane properties for many processes in
the nervous system [14, 56, 120], the direct effects of 25-
HC on the stability of lipid rafts, membrane fluidity and
thickness, and cholesterol availability may contribute to
the modulation of neuronal activity during inflammation.
It should be noted that these effects of 25-HC depend on
the membrane lipid composition and, therefore, may dif-
fer in neurons and glia, as well as in different cell compart-
ments.

CONCLUSIONS

25-HC is an important regulator of cholesterol ho-
meostasis in individual cells; on the other hand, it me-
diates the effects of inflammation, acting as a paracrine
agent or even systemically. The high penetrating ability of
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25-HC, as well as the existence of high-affinity receptors
for 25-HC in neurons and glial cells (i) make this oxys-
terol an important modulator in the nervous system and
(ii)) make CH25H a potential target for pharmacological
interventions. The production of 25-HC in response to
injury may play a neuroprotective role by optimizing syn-
aptic transmission and myelination, as well as by limiting
neuroinflammation and neuronal loss. At the same time,
very high concentrations of 25-HC, often used in cellular
studies, can have negative consequences for the function-
ing of the nervous system. Therefore, additional studies
are required to elucidate the direction of 25-HC action
in vivo under normal and pathological conditions, in par-
ticular, in neurodegenerative diseases.
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