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Abstract: Sphingolipids, first discovered in the 1874 by Johann Thudicum, are one of the 8 
recognized classes of lipids and are present in essentially all plants, animals, and fungi as well as 
some viruses and prokaryotes.  In mammals’ sphingolipids are enriched in the central nervous 
system (CNS) where they play vital roles in tissue development, membrane structure, cell adhesion 
and recognition, and importantly signaling. A subset of sphingolipids has been shown to have 
bioactive properties including ceramide, glucosylceramide, and sphingosine but two sphingolipids 
in particular (ceramide-1-phosphate and sphingosine-1-phosphate) have been shown to exert their 
effects at least in part due to activation of cell surface expressed G protein-coupled receptors.  In 
the CNS sphingosine-1-phosphate signaling in particular has emerged as a productive therapeutic 
target for the treatment of neurodegenerative disease, with the first small molecule targeting 
sphingosine-1-phosphate receptors approved roughly 15 years ago for the treatment of multiple 
sclerosis.  As more specific activators and inhibitors of these receptors have been developed and 
entered the clinical trial pipeline it is an appropriate time to examine the current state of our 
knowledge of the role that these receptors play in the CNS and highlight the current landscape of 
available modulators targeting these pathways. 

Keywords: sphingolipid (SL); sphingosine-1-phosphate (S1P); S1P receptors (S1PRs); sphingosine 
kinase (SphK); lysophospholipids; G protein-coupled receptor (GPCR); central nervous system 
(CNS) 

 

Introduction 

Sphingolipids (SLs) are a family of lipids which contain a fatty amino alcohol base called 
sphingosine.  The de novo biosynthesis of SLs is mediated by the enzyme serine palmitoyl 
transferase, which facilitates the condensation of serine and palmitoyl-CoA generating the labile 
intermediate 3-keto-sphinganine (3KS).  3KS is rapidly converted to dihydrosphingosine (dhSph) 
via 3-ketosphinganine reductase. Typically, dhSph is amino-acylated with a varying chain length 
fatty acid to form dihydroceramide (dhCer) by one of six ceramide synthases (CerS).  The final step 
of de novo synthesis occurs when one of two dihydroceramide desaturases adds a double bond 
between C4 and C5 in the sphingoid base to generate ceramide (Cer).  To generate sphingosine 
(Sph), the molecule for which the family is named, the amino-acylated fatty acid is cleaved by 
ceramidase.  Sph can then either be converted back to Cer by CerS or be phosphorylated by one of 
two sphingosine kinases (SphK) to form the bioactive lysophospholipid S1P[1]. The fate of S1P is 
often tied to the SphK isoform which phosphorylates it[2].   

These two enzymes share the same biochemical function, yet have differential tissue expression 
patterns and subcellular localization which drives their biological effects.[3]  Generally, SphK1 can 
be found predominantly in the cytoplasm or associated with the cytoskeleton, endoplasmic reticulum 
(ER), Golgi apparatus, or plasma membrane while SphK2 is mainly expressed in the nucleus and 
ER.[4,5]  When examining inside-out signaling by S1P the main isoform responsible for this affect is 
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SphK1, which is rapidly recruited to the plasma membrane during receptor mediated endocytosis.[6]  
Inhibiting the activity of SphK1 results in the accumulation of dilated late endosomes and eventual 
cellular death in a TP53 dependent manner highlighting SphK1’s regulatory role in membrane 
processing after signaling events and other endocytic processes.[6,7]  Many of the biological effects 
of S1P can be attributed to autocrine and paracrine signaling through the sphingosine-1-phosphate 
receptors (S1PRs), which belong to the G Protein-Coupled Receptor (GPCR) family and are also 
referred to as Endothelial Differentiation Genes (EDG). There are five isotypes of S1PRs: S1PR1 (EDG-
1), S1PR2 (EDG-5), S1PR3 (EDG-3), S1PR4 (EDG-6), and S1PR5 (EDG-8)[8].  While S1P signaling 
plays a vital role in the cardiovascular, immune, gastrointestinal, and integumentary systems in this 
work we will examine the expression and function of the S1PRs in the central nervous system, discuss 
their role in maintaining CNS barrier function, and discuss current progress in the development of 
small molecule therapeutics to target their function.  

 

G protein coupled receptors 

The G protein coupled receptor (GPCR) family is the largest receptor family in the human 
genome, with roughly 800 identified members[9].  GPCRs respond to a variety of stimuli including 
neurotransmitters, hormones, bioactive lipids, and even photons[10–13].  As a result of this diversity 
GPCRs are involved heavily in the regulation of physiology and development of pathophysiology.  
All GPCRs contain seven transmembrane domains, an extracellular N-terminal ligand recognition 
domain, and a triple looped C-terminal tail which regulates interactions with transducer proteins and 
effectors[9,14]. The most common of these transducers are the heterotrimeric G-proteins, which are 
composed of a complex of G, G, and G protein subunits. Binding of a ligand to these receptors 
activates the receptors intrinsic guanine nucleotide exchange factor (GEF) activity which exchanges 
guanine diphosphate (GDP) bound to the G subunit and replaces it with guanine triphosphate 
(GTP) causing the disassociation of the G subunit from the remaining G, and G complex (hereafter 
referred to as G).  Once dissociated G and G transduce their signals through separate effector 
pathways until the GTP bound to the G subunit is hydrolyzed to GDP via intrinsic activity on the 
subunit itself or via regulator of G-protein signaling (RGS) proteins[15].  While diversity in the G 
complex, and the  subunit specifically, have recently become a focus of interest this work will focus 
on differences in the G subunit family that associates with the S1PRs[16]. 

 

G protein subunit families 

There are four main families of G subunits (Gs, Gi, Gq/11, and G12/13), each of which 
transduce their signals through a variety of effectors.  Two of the families (Gs and Gi) regulate 
the activity of adenylyl cyclase (AC) which converts adenosine triphosphate (ATP) to cyclic 
adenosine monophosphate.   Gs stimulates AC activity increasing the intracellular concentration 
of cAMP, which in turn activates cAMP-regulated proteins including protein kinase A (PKA)[17].  
Alternatively, Gi inhibits AC activity, reducing cAMP activity and inhibiting PKA[18].  The Gq/11 
family activate -isoforms of phospholipase C (PLC), which generate inositol triphosphate (IP3) via 
the cleavage phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2].  Increased intracellular levels of 
IP3 induce Calcium signaling through receptors on the endoplasmic reticulum (ER)[19].  The 
G12/13 subunit activates the Ras homolog family member A (RhoA), a small GTPase that works 
through a variety of target proteins in a cell type specific manner[20].  This promiscuous nature of 
the GPCRs allow them to regulate a wide variety of responses based off the G subunits, combined 
with the ability of multiple S1PRs to differentially couple to individual G subunits (Table 1), allows 
a diverse and robust response to S1P in the CNS. 

 

Oligodendrocytes 
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 Oligodendrocytes (OLGs) are the cells responsible for the myelination of neurons in the CNS.  
S1P receptor expression in OLGs has been found to be dependent on the maturity of the cell.  S1PR1 
and S1PR5 are both expressed in oligodendrocyte progenitor cells (OPCs), and continue to be 
detected throughout maturation into mature myelinating OLGs[21].  Interestingly, while OLG 
S1PR5 expression is higher than S1PR1 expression and S1PR5 deficient mature oligodendrocytes 
show an impaired response to S1P stimulation, S1PR5 knockout animals have no defects in 
myelination. [22]  It has been proposed that this is due to compensation by S1PR1, and recent work 
has found that S1PR1 and S1PR5 are structurally similar with conserved lipid binding domains[23].  
Further supporting this hypothesis is the ability of both S1PR1 and S1PR5 to couple with Gαi subunits 
(Table 1), and the observations that responses to S1P mediated through both S1PR1 and S1PR5 confer 
pro-survival benefits to both OPCs and mature myelinating OLGs respectively[24].  In addition to 
these findings, a comprehensive study was conducted on S1PR2 inactivation using adult male 
C57Bl/6 mice to better understand the receptor's role in Multiple Sclerosis. These findings showcased 
the pivotal physiological roles of the receptor by demonstrating that inactivation decreases 
macrophages and increases the number of oligodendrocytes in a lesion area, enhances the number of 
remyelinated axons, and increases Oligodendrocyte progenitor cell (OPC) differentiation with no 
effect on proliferation or recruitment[25].   

 

Neurons 

Neurons express S1PR1, S1PR2, and S1PR3 (Table 1), and their activation by S1P can often act in 
opposition to each other to mediate neuronal function.  This differential signaling is dependent on 
the G protein associated with the S1PR, as similar to S1PR1 both S1PR2 and S1PR3 are able to couple 
to Gi. In mature neurons S1PR1 signaling provides protection against apoptosis via reductions in 
the expression of the pro-apoptotic proteins BAX and HRK through activation of the Akt 
pathway[26].  S1PR1 also plays a role in sensory neurons, with evidence suggesting roughly half of 
small diameter sensory neurons expressing S1PR1, and that activation of these neurons via S1P 
increases their excitability[27].  Additionally, S1PR1 activation stimulates Rac and contributes to 
neuronal elongation[28], whereas S1PR2 and S1PR3 activation stimulate Rho and inhibit Rac 
decreasing cell motility[29]. Interestingly, unlike S1PR2-5, mice deficient in S1PR1 expression suffer 
from impaired neural tube formation contributing to embryonic death suggesting a vital role for 
S1PR1 in neurodevelopment[30].  Further strengthening the role of S1PR1 in neurodevelopment are 
findings showing S1PR1 expression as early as E15 in mice at sites of active neurogenesis[31].  In 
neural progenitor cells (NPCs) inhibition of S1PR2, but not S1PR1, has been shown to inhibit 
migration to the site of ischemic injury demonstrating that S1PR1 mediated migration of neuronal 
cells is conserved into adulthood and that this affect is opposed by S1PR2[32]. Uniquely, S1PR2 can 
also be activated by interactions with the extracellular domain of NogoA and induce RhoA activity 
through the Gα13 subunit, although this interaction occurs outside the S1P binding domain[33].  
NogoA mediated activation of S1PR2 results in inhibition of neurite outgrowth, cell spreading, and 
reductions in synaptic plasticity similar to S1P mediated S1PR2 activation providing evidence that 
both ligands converge on the same signal transduction pathways[33].  

 Similar to its role in ischemic injury repair, S1PR1 has also been shown to enhance neurogenesis 
and restore cognitive function in the hippocampus after traumatic brain injury via activation of the 
MEK/ERK pathway[34].  The association of S1P signaling and the MEK/ERK pathway highlights 
another important role of S1P / S1PR signaling in the amplification of receptor tyrosine kinase signals.  
The activation of most RTKs result in the activation of the mitogen-activated protein kinase (MAPK) 
cascade consisting of Ras, Raf, MEK, and ERK[35].  The translocation of SphK1 to the plasma 
membrane after RTK signaling, as discussed above, is dependent on the ERK1/2 phosphorylation of 
SphK1 at Ser 225[36].  Once activated, SphK1 generates S1P, which can then be transported outside 
the cell to activate the S1PRs in both an autocrine and paracrine fashion[37]. Completing the positive 
feedback loop, activation of Gi coupled S1PRs can then activate the MAPK pathway reinforcing 
SphK1 activation and enhancing the production of S1P.  This provides a mechanism by which the 
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body can elicit a robust mitogen signaling response without the need to produce large amounts of 
proteins, and due to the sphingolipid salvage pathway, the sphingosine used to generate S1P can also 
be recovered via dephosphorylation further limiting biosynthetic needs within the cell.  A classic 
example of this is nerve growth factor (NGF) signaling (Figure 1) mediated through the tropomyosin 
receptor kinase A (TrkA) receptor[38]. 

 
Figure 1. S1P / S1PR mediated signal amplification. A) Growth factors and other mitogens such as 
NGF bind to and activate corresponding RTKs such as TrkA causing the the subsequent activations 
of the Ras mediated MAPK pathway. B) Once activated ERK phosphorylates SphK1 promoting its 
translocation to the plasma membrane. C) Phospho-SphK1 phosphorylates Sph present in the inner 
leaflet of the plasma membrane producing S1P which can be transported outside the cell by the SPNS2 
transporter. D) Extracellular S1P binds to and activates S1PRs causing Ga mediated activation of the 
MAPK pathway completing the feedback activation pathway and amplifying the original NGF signal.  
NGF: nerve growth factor, TrkA: tropomyosin receptor kinase A, MEK: mitogen-activated protein 
kinase kinase, ERK: extracellular signal-regulated kinase, SphK1: sphingosine kinase 1, SPNS2: 
spinster homolog 2, -PO3: phosphoryl group, Sph: sphingosine, S1P: sphingosine-1-phosphate. 

While the expression and function of S1PR1-3 is well established and characterized in neurons, 
the detection and characterization of S1PR4 and S1PR5 remains controversial.  While there are 
limited reports of synaptic expression of S1PR4 and S1PR5 in rat and mouse neurons, more work 
needs to be done to confirm these findings[39,40]. 

 

Microglia 

The primary innate immune cells in the CNS are specialized macrophages called microglia.  
Similar to other organ specific resident macrophages microglia are professional phagocytic cells 
which surveil their tissue environment  and eliminate pathogens and cellular debris[41]. 
Traditionally microglia have been described as either resting or activated, with activated microglia 
being divided into two distinct categories referred to as M1 and M2.  M1 microglia stimulate 
inflammation and subsequent neurotoxicity, whereas M2 microglia promote neuroprotection via 
anti-inflammatory effects[42].  With the advent of single cell RNA sequencing (ssRNAseq), single 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2024 doi:10.20944/preprints202412.1450.v1

https://doi.org/10.20944/preprints202412.1450.v1


 5 

 

cells mass cytometry, and increased capabilities in live cell imaging it has become apparent that this 
may have been an oversimplification which is no more useful than body mass index as a measure of 
obesity [43,44].  Unfortunately, due to the recent discovery of this heterogeneity and the inertia 
behind the use of M1 and M2, much of the available knowledge on S1PR signaling available for this 
review still relies on this flawed classification.  As such, we will describe the roles of microglial S1PR 
signaling including these classifications despite the inherent flaws while also acknowledging the 
limitations. 

Microglia express S1PR1, S1PR2, and S1PR3 isoforms, although most evidence suggests that all 
three receptors have conserved biological effects after stimulation.  In mice, exposure to the amyloid 
() peptide results in an inflammatory microglial phenotype (or M1) characterized by the 
increased expression of the toll-like receptor 4 (TLR4) and S1PR1, and isoform specific S1PR1 
inhibition prevents this activation by reducing A induced TLR4 / S1PR1 expression increases and 
decreasing the levels of the proinflammatory cytokine TNF- and chemokine CXCL10[45].  
Additionally, inhibition or siRNA mediated knockdown of S1PR1 reduces microglial activation, 
TNF-and IL-1expression after ischemia and lipopolysaccharide stimulation[46].  Similarly, in 
the context of diabetic induced cognitive deficit in mice inhibition of S1PR2 improves synaptic 
plasticity, decreases microglial apoptosis, reduces the levels of proinflammatory microglia, and 
increases the levels of anti-inflammatory microglia which has traditionally been describes as 
reprogramming from an M1 to an M2 phenotype[47].  In the context of hepatic encephalopathy 
induced hyperammonemia S1PR2 activation contributes to astrocyte mediated hippocampal 
neuroinflammation, IL-1 production, and cognitive impairment through the G associated 
signaling cascade[48].  S1PR3 activation after cerebral ischemia has also been shown to contribute to 
the development of an M1 phenotype via ERK1/2 activation, increased microglial proliferation, and 
the production of proinflammatory cytokines which could be reduced through the pharmacological 
inhibition of S1PR3[49].  Conversely, activation of S1PR1 during ischemia promotes an anti-
inflamatory M2 phenotype by reducing ERK1/2 activation and increasing Akt phosphorylation 
suggesting a receptor specific response to restricted blood flow to the brain and providing the only 
evidence of an anti-inflammatory (M2) response in microglia[46].  

  

Astrocytes 

Astrocytes are the most abundant cells in the brain, and these glial cells play multiple roles in 
the CNS dependent on the specific brain region in which they reside.  Due to this spatial based 
diversity in function the morphology, cell surface receptor expression and production of cytokines 
and chemokines also varies based on their location[50]. Astrocytes can act in opposing roles, both 
enhancing immune responses and inhibiting myelin repair but also dampen immune responses and 
support OG mediated myelin repair[51]. Astrocytes also play roles in establishment of the blood-
brain barrier, regulate brain ion homeostasis, and modulate neuronal circuit function and 
assembly[52].  Due to their diverse range of function astrocytes are a complex group of cells, and 
characterization of the signaling pathways are far harder to elucidate than other CNS resident cells. 

S1PR1 expression is induced at astrocyte-neuron contact sites, and this expression drives 
complexity and induces the expression of SPARCL1 and thrombospondin 4 which are involved in 
synapse formation[53].  Loss of S1PR1 expression has been found to reduce astrocyte process 
extension and retraction, and the deletion of the gene in both Drosophila and zebrafish results in 
extensive impairment of motor function [54].  Additionally, the astrocyte specific deletion of S1PR1 
or its pharmacological inhibition has a protective effect in the context of the experimental 
autoimmune encephalomyelitis (EAE) model of multiple sclerosis, reducing the number of reactive 
astrocytes and preventing astrogliosis[55].  S1PR3 is highly expressed in astrocytes, and its 
expression increases in response to neuroinflammation.  Stimulation of S1PR3, and to a lesser extent 
S1PR2, when coupled to G12/13 activates RhoA and potentiates inflammation by upregulating the 
expression IL-6, COX-2, and VEGFa[56].   
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S1PRs and CNS barrier function 

The brain microenvironment is tightly regulated to ensure proper metabolic activity, limit 
exposure to blood pathogens, and promote proper neuronal function. Three separate barrier systems 
regulate the influx and efflux molecules into the CNS, each serving distinct roles to protect the brain 
parenchyma. The most well characterized is the blood-brain barrier (BBB), which is comprised of a 
collection of astrocytes, microglia, endothelial cells, and pericytes in the capillary beds that supply 
the brain[57].  The BBB is the largest of the three barrier systems, with a combined surface area 
between 12 and 18 meters2 in an average adult human[58]. The next most characterized system is the 
blood-cerebrospinal fluid barrier (BCSFB), mainly comprised of CSF facing epithelial cells in the 
choroid plexus which secrete CSF into the ventricular system in the brain[59].  Finally, tight junction 
expressing epithelial-like cells in the meninges form the arachnoid barrier (AB) which isolates 
extracellular fluid in the CNS from the rest of the body[60].  The AB is the least characterized of the 
barrier systems, and it’s avascular nature results in limited impact on the influx of molecules into the 
CNS[58]. 

Of the three S1P-S1PR signaling is best characterized in the BBB with S1PR1 and S1PR3 working 
together to promote proper barrier function.  S1PR1 signaling in in endothelial cells activates the 
Rho/Rac pathway inducing cell spreading reducing gaps between neighboring cells[61].  
Additionally, S1PR1 activation promotes the expression and subcellular translocation of tight 
junction (TJ)proteins including claudin-5, occluding, and ZO-1 stabilizing TJs[62].  Moreover, S1PR1 
signaling also increases VE-cadherin translocation to sites of adherens junctions (AJ) at cell contact 
regions further stabilizing cell to cell contacts[63].  S1PR3 signaling cells promotes endothelial cell 
progenitor migration and proliferation and promotes vasoconstriction in vascular smooth muscle 
cells contribute to barrier function[64].  Interestingly, the loss of S1PR1 expression in mice results in 
results in a reversible increase of BBB permeability, suggesting that S1PR1 inhibition may provide a 
pharmacological strategy to increase the delivery of drugs into the CNS[62].   

 

S1PR modulation  

Due to the ubiquitous involvement of S1P signaling in neuroprotection, modulation of S1PR 
activity has gained interest in the treatment of multiple diseases.  The first S1PR modulator 
approved by the FDA was fingolimod, which has been used to treat relapsing and remitting multiple 
sclerosis (RRMS) since 2010[65].  To date more than 30 synthetic small molecules have been 
developed to modulate the activity of the S1PRs, with many being synthetic sphingosine 
derviatives[66].  Physiologically, S1P receptors 1-3 are expressed in all organ systems across the 
body, with S1PR 5 being expressed mainly in the immune system and S1PR5 expression mostly 
limited to oligodendrocytes in the CNS and natural killer cells in the immune system[67].  As 
previously discussed, S1P receptors bind to a diverse array of G proteins and can act to either in 
conjunction with or in opposition to each other.  Due to this efforts have been made to develop and 
characterize both isoform specific agonists (Table 2) and antagonists (Table 3) to study their discrete 
functions and explore the potential for disease modifying treatments (DMT)[66].  Despite the 
number of small molecules developed to activate or inhibit the activity of S1PRs, none of these 
molecules have been approved for treatment of any pathological condition.   
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Table 2. S1P Receptor Agonists. S1P: sphingosine-1-phosphate, S1PR: sphingosine-1-phosphate 
receptor, CAS: Chemical Abstracts Service Registry. 

 

Table 3. S1P Receptor Antagonists. S1P: sphingosine-1-phosphate, S1PR: sphingosine-1-phosphate 
receptor, CAS: Chemical Abstracts Service Registry. 

 

  

Name Receptor CAS Number

AKP 11 S1PR1 1220973-37-4

APD 334 S1PR1 1206123-37-6

CS 2100 S1PR1 913827-99-3

CS-0777 S1PR1 840523-39-9

CYM 5442 S1PR1 1783987-80-3

KRP-203 S1PR1 509088-69-1

RP 001 S1PR1 1781880-34-9

SEW 2871 S1PR1 256414-75-2

Sy 1930 S1PR1 1418093-75-0

AMG-369 S1PR1 / S1PR5 1202073-26-4

GSK 2018682 S1PR1 / S1PR5 1034688-30-6

CYM 5520 S1PR2 1449747-00-5

CYM 5541 S1PR3 945128-26-7

CYM 50260 S1PR4 1355026-60-6

CYM 50308 S1PR4 1345858-76-5

A 971432 S1PR5 1240308-45-5

Name Receptor CAS Number

AD2900 pan 18360-29-7

Ex 26 S1PR1 1233332-37-0

KSI-6666 S1PR1 1807873-14-8

TASP 0277308 S1PR1 945725-50-8

W146 S1PR1 909725-61-7

VPC 23019 S1PR1 / S1PR3 449173-19-7

JTE-013 S1PR2 / S1PR4 383150-41-2

TY 52156 S1PR3 934369-14-9

CYM 50358 S1PR4 1781750-72-8
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Table 4. S1P Receptor Functional Antagonists.  S1P: sphingosine-1-phosphate, S1PR: sphingosine-
1-phosphate receptor, CAS: Chemical Abstracts Service Registry, IUPAC: International Union of Pure 
Applied Chemistry; *prodrugs that require phosphorylation by SphK2 for activation; Note: ST-1478 
and ST-1505 are not registered with the Chemical Abstracts Service Registry however their  IUPAC 
standard names are: ST-1478: 2-amino-2-(2-{4-[3-(piperidin-1-yl)propoxy]phenyl}ethyl)propane-1,3-
diol; ST-1505:7a-[2-[4-(3-piperidin-1-ylpropoxy)phenyl]ethyl]-1,3,5,7-tetrahydro-[1,3]oxazolo[3,4-
c][1,3]oxazole. 

 

A third class of S1PR modulators, which exert their effects through functional antagonism (Table 
4), have found greater success.  These drugs exert their antagonistic effects through initial activation 
of the S1PR followed be decreased surface expression on the cell surface resulting in desensitization 
of the cell to subsequent S1P induced signaling[68].  Fingolimod (Gilenya®, Novartis) the first 
approved S1PR modulator, shows higher affinity to S1PR1 but is able to bind to and interact with all 
S1PRs except S1PR2 increasing the risk of off target effects[69].  Attempts to increase receptor 
selectivity have given rise to a second generation of functional antagonists, some of which have found 
success in preclinical studies or clinical use both inside and outside the CNS.  Of particular note are 
ozanimod (Zeposia®, Bristol Myers Squibb), ponesimod (Ponvory®, Vanda Pharmaceuticals), 
siponimod (Mayzent®, Novartis), and etrasimod (Velsipity®, Pfizer) which have all received FDA 
approval within the past 5 years.  Ozanimod, which targets S1PR1 and S1PR5, received FDA 
approval in 2020 for the treatment of MS and 2021 for the treatment of Ulcerative Colitis and is 
currently undergoing phase III trials for the treatment of Chron’s disease[70].  Ponesimod, which 
targets S1PR1, received FDA approval in 2023 for the treatment of MS and has completed phase II 
trials examining it’s potential in the treatment of psoriasis[71].  Siponimod, which targets S1PR1 and 
S1PR5, was approved in 2019 for the treatment of MS and has just begun a phase II clinical trial to 
examine its potential for the treatment of Alzheimer’s disease (NCT06639282).  Etrasimod, which 
targets S1PR1, S1PR4, and S1PR5, received FDA approval in 2023 for the treatment of MS, is 
undergoing phase II trials for treatment of immune checkpoint inhibitor diarrhea (NCT06521762) and 
ulcerative colitis (NCT06398626), and a phase II/III trial for the treatment of Chron’s disease 
(NCT04173273). 

Conclusion 

The bioactivity of S1P was first described in 1991, but its initial effects were thought to be limited 
to the intercellular environment[72].  First described as the ceramide/S1P rheostat, it was thought 
that S1P exerted pro-growth signals in opposition to ceramide induced apoptosis suggesting a 
fundamental role in cellular life or death decisions[73].  Shortly after the description of the rheostat 
the first S1P receptor was identified, suggesting multiple roles for this enigmatic signaling lipid[74].  
Currently it is accepted that the rheostat works in conjunction with the autocrine and paracrine 
signals that the S1PRs mediate2. The S1P/S1PR signaling axis in brain health and CNS pathology has 
been studied extensively since the first S1PR modulator was identified[75].  In the two decades since 
the development of more selective small molecule agonists and antagonists has revealed even more 
about the cell specific roles that S1PRs play in the CNS, shedding light on their role in brain 

Name Receptor CAS Number

Fingolimod* (FTY720) S1PR1 / S1PR3 / S1PR4 / S1PR5 162359-55-9

Amiselimod* S1PR1 / S1PR4 / S1PR5 942398-84-7

Ceralifimod S1PR1 / S1PR5 891859-12-4

Etrasimod S1PR1 / S1PR4 / S1PR5 1206123-37-6

Ozanimod S1PR1 / S1PR5 1306760-87-1

Ponesimod S1PR1 854107-55-4

Siponimod S1PR1 / S1PR5 1230487-00-9

ST-1478* S1PR1 / S1PR5 N/A

ST-1505 S1PR1 / S1PR3 N/A

*prodrugs that require phosphorylation by SphK2 for activation
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development and homeostasis. While S1P receptors 1-3 are expressed almost ubiquitously, S1PR4 
and S1PR5 expression appears to be tightly controlled and limited to specific cell types[76]. Targeting 
S1PR signaling has to multiple drugs in clinical use, both inside and outside the CNS, highlighting 
the therapeutic potential that this pathway presents.  As the number and diversity of S1P 
modulators continues to increase so too will our understanding of the role S1P receptors play in 
human physiology, and with a search for S1P on PubMed listing over 400 indexed papers per year 
since 2012 S1P it has been and looks to remain a consistent research focus for years to come.   
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