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Abstract

Sphingosine-1-phosphate (S1P) is generated intracellularly and, when transported to the extracellular compartment,
predominantly signals through S1P receptors. The S1P signalling pathway has been implicated in the pathophysiology
of neurological injury following aneurysmal subarachnoid haemorrhage (aSAH). In this review, we bring together all
the available data regarding the role of S1P in neurological injury following aSAH. There is agreement in the litera-
ture that S1P increases in the cerebrospinal fluid following aSAH and leads to cerebral artery vasospasm. On the other
hand, the role of S1P in the parenchyma is less clear cut, with different studies arguing for beneficial and deleterious
effects. A parsimonious interpretation of this apparently conflicting data is presented. We discuss the potential of S1P
receptor modulators, in clinical use for multiple sclerosis, to be repurposed for aSAH. Finally, we highlight the gaps in
our knowledge of S1P signalling in humans, the clinical challenges of targeting the S1P pathway after aSAH and other

research priorities.
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Introduction

Aneurysmal subarachnoid haemorrhage (aSAH) is a rare
but devastating form of stroke caused by the rupture of a
cerebral artery aneurysm into the subarachnoid space. aSAH
is associated with significant morbidity and mortality [1]. It
affects younger individuals compared to other stroke types
and consequently has the highest socio-economic impact of
any form of stroke [2].

Neurological injury following aSAH can be considered
in two phases. Early brain injury (EBI), occurring within
72 h, is a consequence of the initial surge in intracranial
pressure and subsequent reduction in cerebral blood flow
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caused by the haemorrhage. Cascades initiated by EBI and
the presence of blood and its breakdown products within
the subarachnoid space lead to a delayed brain injury char-
acterised by inflammation, oxidative injury, microthrom-
bosis, cerebral vasospasm and abnormal cortical electrical
activity [3—7]. These pathological processes are driven by
a wide range of signalling pathways, and there is a grow-
ing body of evidence that sphingolipids and sphingosine-
1-phosphate (S1P) act as key signalling molecules in these
pathways.

Sphingosine is generated when ceramide is degraded by
ceramidase. S1P is synthesised intracellularly via revers-
ible phosphorylation of sphingosine by sphingosine kinases
1 and 2 (SphK1 and SphK2, respectively). Intracellularly,
S1P can be dephosphorylated back to sphingosine by the
action of phosphatases (SPP1 and SPP2) or is degraded to
phosphoethanolamine and hexadecanol by the action of S1P
lyase (SPL). S1P levels, therefore, depend on the balance
of these metabolic enzymes [8, 9]. S1P is transported to
the extracellular compartment by a number of transporters
including ATP-binding cassette (ABC) transporters A1 [10]
and C1 [11], MFSD2B [12] and sphingolipid transporter 2
(SPNS2) [13] (Fig. 1). S1P is predominantly found in the
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Fig. 1 Sphingosine-1-phosphate (S1P) signalling pathway. Sphingo-
sine is generated when ceramide is degraded by ceramidase. S1P is
synthesised intracellularly via reversible phosphorylation of sphin-
gosine by sphingosine kinase. Intracellularly, S1P can be dephos-
phorylated back to sphingosine by the action of SI1P phosphatase or
is degraded to phosphoethanolamine and hexadecanol by the action
of S1P lyase. SIP is transported to the extracellular compartment
by a number of transporters including ATP-binding cassette (ABC)

plasma and lymph with the primary source being red blood
cells supplemented by vascular endothelium, lymphatic
endothelium and activated platelets [8]. Additionally, in the
central nervous system (CNS), the arachnoid membrane acts
as a source of S1P [14].

In the extracellular compartment, S1P can be transported
back into cells via the cystic fibrosis transmembrane con-
ductance receptor (CFTR) [15] or signal through S1P recep-
tors (S1PRs). S1P can inhibit CFTR activity which may rein-
force S1P signalling via S1PRs [16], although it remains to
be seen whether this occurs at S1P concentrations encoun-
tered in the cerebrospinal fluid (CSF) after aSAH. There are
five SIPR subtypes (SIPR;—S1PRg) [17] expressed mainly
in the cardiovascular, immune [18] and central nervous sys-
tems (Table 1). S1P plays a role in vascular development
and function including maintenance of vascular integrity and
regulation of tone through action on vascular smooth muscle
cells. Elevated levels of S1P in the plasma and lymph play
a key role in the immune system by promoting trafficking
of lymphocytes from lymphoid tissue to the circulation up
a S1P concentration gradient [8]. Within the brain, S1P sig-
nalling has been implicated in a number of key processes
including cell survival [19], proliferation [20], inflammation
[17], vasoconstriction [21] and blood-brain barrier (BBB)

transporters Al and C1, MFSD2B and sphingolipid transporter 2
(SPNS2). In the extracellular compartment, SIP can be transported
back into cells via the cystic fibrosis transmembrane conductance
receptor (CFTR) or signal through S1P receptors (SIPR,—S1PRs). In
the context of subarachnoid haemorrhage, S1PR signalling influences
cell survival, proliferation, inflammation and blood-brain barrier
(BBB) integrity and causes cerebral artery vasoconstriction. Created
with BioRender.com

integrity [22, 23]. With this broad range of functions, S1P
signalling has been linked to a number of neurological con-
ditions including stroke and aSAH [9].

S1PRs have been reviewed in detail elsewhere [18,
24]. The five receptor subtypes are G protein-coupled
receptors and are differentially expressed within the CNS
according to cell type [18]. It is useful to think of SIPR
in terms of expression by cells in two locations: within
the brain parenchyma and the vascular tree (Table 1).
S1PR, is expressed primarily on neural progenitor cells,
astrocytes and oligodendrocytes. SIPR, and S1PR; are
expressed on neurons, astrocytes and microglia, with
S1PR; also expressed on oligodendrocytes. SIPR, is not
expressed significantly in the CNS. S1PRs is primarily
expressed on oligodendrocytes. In addition, SIPR,—S1PR;
are expressed in the cardiovascular system (on atrial
myocytes, endothelial cells and smooth muscle cells
[18]) including in the CNS vasculature. All subtypes
(S1PR,-S1PRj) are expressed in cells of the immune sys-
tem (on lymphocytes, natural killer cells, monocytes and
dendritic cells [18]) [8, 38]. SIP may also act as a ligand
for other receptors including triggering receptor expressed
on myeloid cell 2 (TREM2) which will be discussed fur-
ther below [39].
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Table 1 Summary of S1PR subtype expression in the CNS, role at baseline and after SAH, targeting modulators and experimental antagonists

referenced in this review. References specifically relate to evidence in SAH

S1PR modulator

Experimental antagonists
used in SAH

Fingolimod [31, 32]
Siponimod
Ozanimod
Ponesimod [30]

Fingolimod [31, 32]

VPC23019 [25-29, 33]
JTEO13 [21]
RP001 hydrochloride [34]

JTEO13 [21]

TY 52156 [14]
VPC23019 [25-29, 33]
CAY 10444 [37]

JTE013 [21]

RPO01 hydrochloride [34]

Fingolimod [31,32]  JTEO13 [21]

RPO0O01 hydrochloride [34]

Receptor subtype  CNS expression Role
Baseline SAH specific

S1PR, Neural progenitor cells Cell survival and function =~ Maintain BBB integrity,
Astrocytes Endothelial cell function reduce brain oedema,
Oligodendrocytes anti-inflammatory
CNS-infiltrating leucocytes (<24 h) [25-29]
Blood vessels Pro-inflammatory astro-

cytic activation (48-72
h) [30]

S1PR, Neurons Endothelial cell function — —
Astrocytes Vascular tone
Microglia
CNS-infiltrating leucocytes
Blood vessels

S1PR; Neurons Cell survival and function ~Maintain BBB integrity,
Astrocytes Endothelial cell function reduce brain oedema,
Microglia anti-inflammatory (<24
Oligodendrocytes h) [25-28]
CNS-infiltrating leucocytes Cerebral artery vasocon-
Blood vessels striction [14, 35, 36]

S1PR, CNS-infiltrating leucocytes ~ — -

S1PR; Oligodendrocytes Cell survival and myelina- —

CNS-infiltrating leucocytes tion

Fingolimod [31, 32]
Siponimod
Ozanimod

JTEO13 [21]
RP001 hydrochloride [34]

BBB blood-brain barrier, CNS central nervous system, SIPR spingosine-1-phosphate receptor, SAH subarachnoid haemorrhage

S1P Signalling after aSAH

S1P signalling has been extensively implicated in neuro-
logical injury following stroke, and there is a growing body
of evidence from animals and humans that it also plays a
key role in the pathophysiology of aSAH (Table 1). Specifi-
cally, a picture is starting to emerge suggesting that S1P may
have opposing effects in two different CNS compartments:
CSF and brain parenchyma (Fig. 2). Here, we introduce the
spatial distinction between the two different compartments
alongside its supporting evidence. This distinction is impor-
tant since although there is agreement regarding the detri-
mental effect of S1P in the CSF, the literature is apparently
conflicting within the brain parenchyma (Fig. 2), and we
here try to reconcile these discrepancies.

Cerebrospinal Fluid

Minner et al. [40] showed that S1P levels were elevated in
the CSF of aSAH cases (n = 18) compared to controls. Lev-
els were highest in day 1, then decreased over 2 weeks. They
also demonstrated that S1P levels in the CSF correlated with
haemorrhage volume. Taken together, this strongly suggests
that the blood clot is the primary source/stimulus for CSF
S1P, especially since red blood cells and platelets are cells
which harbour and/or produce large amounts of S1P. The
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same study also implicated S1P levels in outcome by showing
a trend towards higher CSF S1P in cases with symptomatic
vasospasm and a significant association of CSF S1P with out-
come (assessed by the modified Rankin scale) at 12 months
using a sliding scale, but not when dichotomised [40].

CSF bathes cerebral arteries and accompanies arteri-
oles penetrating the base of the brain along periarterial spaces
[41] (Fig. 2). Consequently, CSF S1P may be able to influ-
ence both macrovascular and microvascular vasoconstriction
and, ultimately, neurological outcome. S1P has been shown
in vitro to induce vasoconstriction in mouse middle cerebral
arteries [14] and both in vitro and in vivo in canine basilar
arteries [42]. S1P expression has also been demonstrated to be
elevated in vasospastic vessels from a rat model of SAH [43].
In keeping with this, vascular tone was reduced in SphK2
knock-out mouse cerebral vessels with decreased S1P signal-
ling [14]. S1P-dependent vasoconstriction has been linked to
outcome since non-specific SIPR antagonism (with JTE013)
reduced cerebral artery vasoconstriction and neuronal apop-
tosis and improved neurological outcomes in a mouse model
of SAH [21]. In a post-mortem analysis of a single human,
who had not suffered aSAH, S1P was localised to the media
and adventitial layer of the middle cerebral artery supporting a
role in vascular reactivity specifically in humans [14]. Overall,
this suggests that elevated levels of S1P in the CSF following
aSAH may influence outcome by stimulating vasoconstriction.
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Fig.2 The evidence support-
ing the action of sphingosine-
1-phosphate is fully consist-
ent within the cerebrospinal
fluid (CSF) and periarterial
spaces (compartment A, pink
colour). Though evidence
appears to be conflicting within
the parenchyma (compartment
B, gold colour), there are likely
to be reasons for this, as dis-
cussed in the text. Created with
BioRender.com
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S1PR; appears to play an important role in S1P-mediated
cerebral artery vasoconstriction. Using rat cerebral artery
and aortic vascular smooth muscle cells, Coussin et al. [35]
showed that S1P induced much greater vasoconstriction
in cerebral arteries compared to the aorta. SIPR; was
equally expressed in the cerebral artery and aortic vascular
smooth muscle cells, but SIPR, and S1PR; showed higher
expression in the cerebral artery vascular smooth muscle
cells, suggesting an important role for these receptors in S1P-
mediated vasoconstriction [35]. A subsequent study showed
S1P-induced vasoconstriction in wild-type and S1PR, null
but not in S1PR; null mice, emphasising the importance of
S1PR; [36]. The same study also demonstrated that a selective
S1PR, agonist (SEW2871) did not cause vasoconstriction in
rat basilar arteries [36]. Finally, a specific SIPR; antagonist
(TY 52156) significantly reduced S1P-induced mouse middle
cerebral artery vasoconstriction in vitro [14]. Together, these
studies support a key role for SIPR; in vasoconstriction.
However, it is still possible that other SIPRs play a role
since antagonists are not always as specific as thought and
knock-out mice may develop compensatory changes during
development. Also, data is emerging that brain microvascular
endothelial cells express SIPR, and S1PR; [44].

Further evidence linking S1P to cerebral artery
vasoconstriction comes from studies of CFTR expression on
vascular smooth muscle cells. S1P can be dephosphorylated
by SPP, and therefore, S1P levels are influenced by the
balance of SphK and SPP activity. SPP is intracellular and
relies on S1P being transported into cells prior to action,
a process dependent on CFTR [15] (Fig. 1). After SAH,
cerebral artery CFTR protein expression was found to

Compartment B
Brain parenchyma

Apparently conflicting evidence

Meningeal membrane Periarterial space

Brain parenchyma

be downregulated via tumour necrosis factor alpha, and
pharmacological inhibition of this cytokine improved
neuronal survival and functional outcome [21]. Since CFTR
downregulation would be expected to contribute to higher
extracellular S1P, this suggested that CFTR was mediating
outcome via S1P. Further evidence supporting this
hypothesis came from experiments with mice homozygous
for the AF508 CFTR mutation (expected to increase
extracellular S1P levels) which showed increased vascular
tone and decreased cerebral blood flow [45]. In vitro, CFTR
downregulation in vascular smooth muscle cells reduced
cellular uptake of S1P (i.e. relatively increased extracellular
S1P levels), and S1P uptake was normalised by the CFTR
corrector compound C18. In the same study using AF508
CFTR mice, upregulation of CFTR function using the CFTR
corrector compound C18 or lumacaftor improved cerebral
blood flow and reduced neuronal injury in a mouse model of
SAH [45]. CFTR is also expressed on neurons [46] although
the role of neuronal CFTR in S1P metabolism has not been
explored after aSAH.

Overall, this body of evidence suggests that S1P is
elevated in the CSF following aSAH and may influence
outcome by causing cerebral artery vasoconstriction, a
process known to be associated with neurological injury.
S1P-mediated vasoconstriction appears dependent on S1PRs
(likely S1PR; in particular), and therefore, this pathway may
be a potential therapeutic target. A limitation of this evidence
is that it is predominantly derived from small animal
studies. Although phylogenetic analysis shows that S1PRs
are conserved between vertebrate species, this does not
necessarily mean that receptor functions are similar between
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rodents and humans. As an example, the chronotropic
cardiac effects of SIPR modulators are mediated by S1PR;
in mice, but by SIPR; in humans [38, 47]. Clearly, further
investigation of S1P-mediated vasoconstriction in humans
is required.

In keeping with the above evidence, a recent genome-
wide meta-analysis (n = 2489) identified that the rs12949158
variant in the SPNS2 gene was associated with dichotomised
clinical outcome after aSAH (p = 4.29 x 10_8) [48]. The
risk of poor outcome was estimated to be 2.15-fold higher
(95% confidence interval 1.63-2.82) in patients with the
risk allele (A). rs12949158 is an intronic variant in SPNS2
located within the ZNF423 transcription factor binding
site. The rs12949158 alternate A allele is associated with
a significant increase in transcription factor binding affinity
(p = 5.5 x 10713), as predicted by HaploReg [49] using a
positional weight matrix—based algorithm [50]. A potential
mechanism by which the alternate rs12949158 allele could
influence outcome after aSAH is through increased binding
affinity of ZNF423, resulting in upregulation of SPNS2 and
an increase in S1P released into the CSF, leading to cerebral
artery vasoconstriction and neurological injury (Fig. 3). As
SPNS?2 is expressed in the CNS including on microglia [51]
and endothelial cells, where it plays a key role in the blood-
brain barrier [23], it is well placed to influence CSF S1P
levels. This finding awaits confirmation since the analysis
was limited by sample size and outcome metric heterogene-
ity. While validation of SPNS2 as a critical genetic marker
of outcome is required in a larger cohort, the finding sup-
ports a potentially pivotal role for S1P signalling following
aSAH in humans.

Brain Parenchyma

A Beneficial Role for S1P/S1PR Signalling
in the Parenchyma

Using rat brain homogenates, Testai et al. [52] showed a decrease
in S1P and an increase in ceramide levels in the parenchyma at
48 h following experimental SAH. They suggested that this may
represent a shift in sphingolipid metabolism away from S1P after
SAH [52]. It is not clear whether this decrease in parenchymal
S1P occurred in the intracellular or extracellular space or
both. It is interesting to note that in the early stages after SAH,
while S1P is raised in the CSF as a result of the blood clot, the
concentration of S1P decreases in the parenchyma. However, we
do not know what happens to S1P in the parenchyma after 48 h,
when delayed vasospasm occurs. It is possible that parenchymal
S1P levels rise, as a result of either CSF mixing with interstitial
fluid or local synthesis, such that parenchymal S1P levels
contribute to delayed microvascular spasm.

A number of studies focussing on early time points have
suggested that upregulation of S1P in the parenchyma may
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Fig.3 Proposed mechanism by which the rs12949158 single nucleo-
tide polymorphism in the SPNS2 gene may be associated with poor
outcome after aneurysmal subarachnoid haemorrhage. A SPNS2 is
a sphingosine-1-phosphate (S1P) exporter. Within the SPNS2 gene,
the intronic rs12949158 variant (reference allele G) is located within
the binding site for the transcription factor ZNF423. B The alter-
nate rs12949158 A allele is associated with significantly increased
ZNF423 transcription factor binding affinity. Increased transcription
factor binding leads to upregulation of SPNS2, increased S1P export
from cells into the cerebrospinal fluid and thereby a higher S1P con-
centration in the subarachnoid space. S1P binds to SIPR; expressed
by cerebral artery smooth muscle, leading to worse neurological out-
come. Created with BioRender.com

have a neuroprotective effect. In a series of studies, Altay
et al. [25-28] assessed the impact of the volatile anaesthetic
agents isoflurane and sevoflurane in a mouse endovascular
perforation model of SAH. Over four published studies,
this group demonstrated that 2% isoflurane and 3%
sevoflurane given 1 h after induction of SAH, over a
period of another hour, decreased brain oedema, BBB
disruption, neuro-inflammation (including COX-2 and
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cytokine expression) and neuronal death, and improved
neurological outcome [25-28]. Using brain homogenates,
they demonstrated elevated levels of parenchymal SphK2
and postulated that the effect of these anaesthetic agents
was mediated by increased S1P levels. This hypothesis was
supported by showing that the effect of these anaesthetic
agents was reduced by inhibiting SphK (using N,N-
dimethylsphingosine) and antagonising SIPR, and S1PR;
(using VPC23019). Only one of these studies evaluated
brain oedema and neurological outcome beyond 24 h, and it
showed that neither was improved at 72 h after experimental
SAH [26].

A further study by the same group using low-dose
subcutaneous heparin 2 h after SAH induction in the same
mouse model showed a neuroprotective effect at 24 h, assessed
by neurological score, brain water content and neuronal
death. This was associated with an increase in SphK1 levels
in brain homogenate, leading to the indirect implication that
parenchymal S1P is beneficial after SAH [53]. This was
supported by a separate study using the anti-malarial artesunate
in a rat endovascular perforation model of SAH [29]. In this
study, administration of daily artesunate reduced neurological
impairment and brain oedema up to 72 h. S1P signalling in
the brain parenchyma was indirectly implicated as S1PR;
expression in brain homogenates was increased by artesunate
at 24 h, but other S1PR subtypes were not studied. The clinical
neurological benefits of artesunate were attenuated after SIPR
downregulation (with short interfering RNA) or SIPR, and
S1PR; antagonism (with VPC23019). In this study, however,
SphK inhibition (using N,N-dimethylsphingosine) did not
reverse the effects of artesunate, suggesting that upregulation
of S1PR, rather than S1P itself mediated the neurological effect
of artesunate [29].

S1P has recently been shown to act via the TREM?2 recep-
tor to promote microglial phagocytosis of apoptotic neurons
following ischemic stroke, thereby clearing pathological
inflammatory molecules released by dying cells and improv-
ing neurological outcome. This effect has been demonstrated
up to 72 h following ischemic injury in mice [39], and notably,
TREM?2 expression has been shown to increase in the paren-
chyma following experimental SAH in a mouse model [54].
S1PR-independent signalling, such as via TREM2, may, there-
fore, act as another route for S1P-mediated neuroprotection.

Overall, these studies implicate a beneficial effect of paren-
chymal S1P and/or SIPR; and S1PR; signalling, either linked
or independently, in rodent SAH models. It is important to bear
in mind that all the evidence suggesting a beneficial role for
S1P in the parenchyma is indirect and relies heavily on the
specificity of the antagonists used. Parenchymal S1P levels
were not measured, specifically to address whether S1P levels
were decreased in the SAH model used (as was seen by Testai
et al. [52]) and whether neuroprotection was accompanied by
normalisation or further upregulation of S1P levels.

A Deleterious Role for STP/S1PR Signalling
in the Parenchyma

The putative neuroprotective effect of S1P is not supported
by other studies which employ S1PR modulators. In rodent
models, fingolimod has been shown to decrease inflamma-
tory cytokines, preserve pial arteriolar response to vasodi-
lators, reduce cerebral oedema and improve neurological
outcome at up to 2 weeks following experimental SAH [31,
32]. RP001 hydrochloride, a structural analogue of fingoli-
mod, decreased blood-brain barrier permeability, neuronal
apoptosis and microglial/astrocytic activation, and improved
neurological outcomes in a mouse model of SAH at 72 h
[34]. In a mouse SAH model, S1PR;-specific inhibition
with ponesimod prevented astrocytic transformation to the
pro-inflammatory A1l subtype, decreasing the inflammatory
response and neuronal apoptosis, and improving neurologi-
cal outcome at 48-72 h [30]. Further evidence comes from
non-SAH models. SIPR;-specific inhibition (CAY10444) in
a mouse model of middle cerebral artery occlusion prevented
microglial activation and M1 polarisation and was associ-
ated with decreased neurological injury at 24-72 h [37].
S1PR; knock-out mouse astrocytes displayed a decreased
inflammatory response to scratch injury in vitro compared
to wild-type astrocytes [55]. Finally, in a mouse model of
cerebral ischemia, direct injection of S1P into the paren-
chyma induced a neuroinflammatory astrocytic response 24
h post injection which was prevented by non-specific SIPR
antagonism with fingolimod [56]. While these studies pro-
vide evidence that S1P signalling may be deleterious in the
parenchyma, one needs to keep in mind that the effect of
S1PR modulators may be independent of SIP/S1PR due to
off-target effects.

S1P/S1PR Signalling in the Parenchyma:
Rationalisation of Evidence

In summary, while there is an agreement that parenchymal
S1P plays a role after aSAH, there appears to be some con-
tention as to the nature of this role. The most parsimonious
explanation may relate to timing (Fig. 4). The majority of
studies demonstrating a benefit of S1P signalling assessed
outcome at 24 h or failed to show benefit at 72 h. However,
this contrasts with studies showing that SIPR inhibition
improved neurological outcome at up to 2 weeks. It may
be that S1P signalling is initially neuroprotective and sub-
sequently becomes harmful. It is important to note that the
studies suggesting a detrimental effect of S1P utilised S1PR
modulators, which were therapeutic in animal SAH models,
and it is known that many of these drugs initially agonise
receptors, followed by downregulation after internalisation.

There is a gap in our understanding of parenchymal S1P
dynamics after aSAH, specifically how its concentration
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changes with time in the intracellular and/or extracellular
space. The single study which demonstrated a reduction in
S1P levels at 48 h [52] used rat brain homogenate, which
does not differentiate between the intracellular and extracel-
lular compartments. In addition, we do not know what hap-
pens to parenchymal S1P levels over time. Parenchymal S1P
levels may increase beyond 48 h and exert a harmful effect
in keeping with the previous observation that S1P effects
may be different at low and high concentrations [57]. Hence,
normalisation of parenchymal S1P signalling in the first few
hours by S1PR modulators could be protective. However,
if S1P levels continue to rise, parenchymal S1P signalling
may shift to becoming harmful, such as by contributing to
delayed microvascular spasm. At this time point, S1PR mod-
ulators exert a sustained S1PR antagonism, thereby provid-
ing a continual neuroprotective effect (Fig. 4).

S1PR Modulators in Stroke and SAH Models

A number of S1PR modulators are currently licensed in the
treatment of multiple sclerosis [58]. Fingolimod (FTY720)
was the first licensed S1PR modulator. It is a prodrug which
requires intracellular phosphorylation by SphK2 [59] prior
to transport into the extracellular compartment by SPNS2

| Effect |

Early Late

e |

N Agonise Antagonise
’ S1PR S1PR

o
>

‘ CSF S1P ’ —

S1P receptor
modulators

Time

Legend

. favourable outcome . unfavourable outcome

Fig.4 Proposed rationalisation of evidence regarding the role of
sphingosine-1-phosphate (S1P) after aneurysmal subarachnoid haem-
orrhage. Parenchymal S1P is protective in the initial stages, and this
effect is potentiated by the early agonist activity of S1P receptor
modulators. In later stages, S1P is deleterious in both cerebrospinal
fluid and parenchymal compartments. S1P causes vasoconstriction
and, together with other mechanisms, may contribute to vasospasm
of large arteries and also possibly of smaller arterioles in both cer-
ebrospinal fluid and parenchymal compartments, respectively, which
is delayed in onset. These delayed deleterious effects of S1P can be
reversed by S1P receptor modulators, via development of sustained
S1P receptor antagonism. Created with BioRender.com
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[60], where it can bind four of the five receptor subtypes
(S1PR,, S1PR;, SIPR,, S1PR;). Second-generation S1PR
modulators include siponimod, ponesimod and ozanimod.
These modulators do not require phosphorylation in vivo
and are more selective for certain S1PR subtypes. Siponi-
mod and ozanimod bind S1PR; and S1PR, while ponesi-
mod only binds S1PR; [18]. Fingolimod and siponimod have
both been shown to cross the BBB, whereas penetration of
ozanimod and ponesimod is unknown [18].

S1PR modulation has been shown to decrease apoptosis,
reduce inflammation/oxidative injury and preserve BBB
integrity following CNS injury [61], including in ischemic
and haemorrhagic stroke [9]. In ischemic stroke, there is
evidence that fingolimod reduces inflammation and BBB
impairment, leading to a reduction in ischemic lesion vol-
ume and improved clinical outcome in humans (n = 22)
[62]. In a rodent model of intracerebral haemorrhage, fin-
golimod reduced cerebral inflammation and promoted clear-
ance of blood breakdown products, improving neurological
outcomes [39, 63]. In a small series of human intracerebral
haemorrhage (n = 23), fingolimod reduced peri-haematoma
oedema and improved clinical outcomes [64]. There is a
growing body of evidence that SIPR modulators may also
improve outcome following aSAH. As discussed above, the
S1PR modulators fingolimod, RPOO1 hydrochloride and
ponesimod have all been shown to improve neurological
outcome and/or biological readouts in rodent models of SAH
[30-32, 34] (Table 1).

The mechanism of action of SIPR modulators is com-
plex. Brief initial agonist activity as the receptors are bound
is followed by long-term inhibition of function once S1PRs
are internalized and kept downregulated in the steady state
[18]. Both fingolimod and ponesimod have been shown to
cause transient agonism at S1PR,, followed by sustained
functional antagonism through internalisation and failed
recycling of the receptor [65, 66]. Fingolimod also displays
initial agonist behaviour at SIPR; [67, 68] accompanied by
irreversible S1PR; internalisation [69], again suggesting it
acts as a functional antagonist at SIPR; [70]. Importantly,
this has been demonstrated in endothelial cell lines [70].

A potential neuroprotective mechanism of action for fin-
golimod in aSAH may include (1) reduction in neuroinflam-
mation, apoptosis and BBB disruption through functional
antagonism of SIPR;/S1PR;; (2) inhibition of cerebral
artery S1P-induced vasoconstriction by functional antago-
nism of S1PR;; and/or (3) promoting cell survival and mye-
lination through agonism of the oligodendrocyte SIPR5 [71,
72]. These potential mechanisms are supported by a study of
fingolimod in a rat SAH model where neurological benefits
were seen despite central blockage of SIPR; and SIPR; with
VPC23019 [33], since this suggests redundancy. It is also
possible that brief initial agonism at S1PRs by fingolimod
capitalizes on the beneficial effect of parenchymal S1P in the
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early hours before vasospasm sets in; this is then followed by
sustained antagonism to inhibit delayed vasospasm and the
late deleterious effects of parenchymal S1P (Fig. 4).

In addition to S1PR-dependent mechanisms, fingolimod
may exert anti-inflammatory effects via other pathways. A
TREM2-mediated mechanism has been discussed above.
Another example was demonstrated by a study of intracer-
ebroventricular injection of fingolimod in a rat SAH model.
Fingolimod-induced activation of protein phosphatase
2A resulted in upregulation of the anti-inflammatory pro-
tein tristetraprolin (TTP), reduced neuroinflammation and
improved neurological function in a TTP-dependent man-
ner [73].

In multiple sclerosis, fingolimod’s mechanism of
action includes prevention of lymphocyte egress from
peripheral lymphoid organs, thereby reducing the num-
ber of lymphocytes available to infiltrate the CNS [61,
74]. Neuroinflammation occurs following aSAH and has
been implicated in cerebral vasospasm and outcome after
haemorrhage [75]. There is limited literature specifically
on lymphocytes following aSAH. Following an initial
decrease in the first 24 h, blood lymphocyte count was
found to increase, reaching a peak at day 7 after aSAH
[76]. An elevated blood lymphocyte count has been impli-
cated in worse clinical outcome and cerebral vasospasm
following aSAH [77]. A systemic lymphocytic immuno-
suppressive effect may therefore act as another route by
which fingolimod may influence outcome after aSAH.
This mechanism is supported by experimental evidence
in a rat SAH model where fingolimod reduced pial intra-
vascular leucocyte adhesion [31].

Clinical Translation

S1PR modulators may therefore be promising therapeutic
agents to improve outcome after aSAH. As fingolimod tar-
gets a wider range of S1PRs including S1PR,, which appears
to play an integral role in aSAH, and does not require dose
titration (allowing rapid initiation of treatment), it may be
the preferred therapeutic agent to improve outcome after
aSAH. The S1PR;-specific modulator ponesimod has a
number of potential advantages, although it requires dose
titration. Firstly, it does not rely on phosphorylation in vivo
like fingolimod and is, therefore, not dependent on SphK
expression which introduces variability. Secondly, ponesi-
mod has a much shorter half-life compared to fingolimod
(32 h vs. 144-216 h) [18] which is particularly advanta-
geous for acutely unwell aSAH patients who may require
rapid discontinuation in the context of infection or cardiac
complications (see below). Comparative preclinical studies
of S1PR modulators are required to select the best drug to
take forward to clinical trial.

Of particular importance following aSAH are cardiac
side effects of SIPR modulators, since aSAH can lead to
myocardial ischemia, arrhythmias and cardiomyopathy.
S1PR modulators can cause first-dose chronotropic cardiac
effects including bradycardia and conduction defects which
are managed in MS either with first dose administration
under observation (fingolimod) or with gradual titration of
the SIPR modulator on an outpatient basis (siponimod, oza-
nimod and ponesimod) [18, 38]. aSAH patients would be in
the right environment to initiate such a treatment, as inpa-
tients under close monitoring when the treatment is started.
Although S1PR; has been implicated in the cardiac effects
of S1PR modulators in mouse models, this effect appears
relatively species specific, with SIPR; now thought to medi-
ate the majority of the cardiac effects in humans [38, 47].
Cardiac manifestations are therefore a potential side effect of
all licensed S1PR modulators and are best managed by titra-
tion which is designed to limit the dose during the time that
is needed for S1PR, agonism at atrial myocytes to switch
to functional antagonism. The newer S1PR modulators in
clinical use for multiple sclerosis (siponimod, ozanimod and
ponesimod) have a titration schedule with a duration of 6 to
12 days, but the length of this titration period would not have
been subjected to specific study, since there is no immediate
urgency to reach the maintenance dose in a chronic condi-
tion. Design of clinical trials of SIPR modulators in a SAH
should therefore establish the optimum titration schedule,
such that titration is not unnecessarily long in an acute con-
dition, while still providing some time for atrial myocytes
to adjust.

Of critical importance to clinical translation is a clearer
understanding of the receptors which mediate the neurologi-
cal sequelae of S1P after aSAH in humans, as this will govern
which S1PR modulators are beneficial. S1PR; appears to have
a critical role for cerebral artery vasoconstriction in rodent
models of SAH supporting the use of the non-specific recep-
tor modulator fingolimod as it is the only modulator to target
S1PR;. However, as discussed above, there are differences in
the function of S1PR signalling between mice and humans,
such as cardiac chronotropic effects, which may mean that
S1PR; does not mediate cerebral artery vasoconstriction in
humans. Consequently, other S1PR modulators which do not
target S1PR; could be considered. This is further supported by
the evidence implicating other SIPRs in outcome after SAH
and the beneficial effects seen in animal trials of ponesimod
(a S1PR-selective modulator).

S1P After aSAH: Mechanistic Summary

CSF S1P levels are undetectable in healthy individuals despite
a plasma concentration of 1 pM [78]. This suggests active S1P
uptake in the CNS, most likely via CFTR. After aSAH, CSF
S1P concentration rises as a result of plasma-derived S1P as
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well as release by red blood cells and platelets within the blood
clot. Tumour necrosis factor alpha causes downregulation of
CFTR, and this may also contribute to high CSF S1P levels.
In addition, high CSF S1P levels may inhibit uptake of S1P
by residual CFTR in a positive feedback loop to maintain high
CSF S1P levels. This inhibition of S1P uptake may explain why
parenchymal S1P levels decrease while CSF S1P levels increase
after aSAH. CSF S1P can cause vasoconstriction of arteries in
the subarachnoid space and, together with other vasospastic
agents which build up in the CSF over the first few days, can cul-
minate in the onset of delayed cerebral artery vasospasm. Arteri-
oles penetrating the cortex are also susceptible, since basal pen-
etrating arterioles are accompanied by a pial sleeve containing
CSF which ultimately mixes with the interstitial fluid. Within
the parenchyma, evidence suggests that S1P is initially neuro-
protective for a brief period, followed by a deleterious effect. It
is not clear to what extent this may be a reflection of changing
S1P levels in the parenchyma. We know that parenchymal S1P
initially decreases after aSAH, and normalisation back to physi-
ological levels may help recovery. As time passes, S1P levels in
the parenchyma may rise, possibly by mixing of interstitial fluid
with CSF and/or local production, and while such a postulated
rise needs to be confirmed, we know that supraphysiological
levels of S1P in the parenchyma induce microglial and astrocytic
responses [56], so that parenchymal S1P effects are deleterious
in the long term. The delayed rise in parenchymal S1P may also
contribute to microvascular spasm. S1PR modulators seem to be
tailored to treat this biphasic pathophysiological process since
their initial agonist activity (potentially normalising S1P levels)
is followed by a delayed and sustained antagonism (to inhibit the
pro-inflammatory and other deleterious effects of S1P).

Future Directions

A better understanding of how S1P levels change over time fol-
lowing aSAH in the CSF and parenchyma is required to assess
the role of S1P signalling. This is particularly important in the
parenchyma, although this compartment is technically more
challenging to study. Lipidomic approaches using brain tissue
sampled at the time of external ventricular drain insertion in
humans, serial analysis in microdialysate and CSF in humans
and a study of dynamic changes in the parenchyma of animal
models of SAH would be valuable. A clearer understanding
of the role and effects of parenchymal S1P following aSAH is
required. If STPR modulators are to be repurposed to improve
outcome after aSAH, a comparative study in preclinical models
is needed to guide a choice of the most suitable therapeutic
agent, followed by clinical phase I study to develop a titration
schedule that is short enough to provide therapeutic effects early
after aSAH but long enough to minimise cardiac manifesta-
tions. Finally, newer agents, such as SPNS2 inhibitors [79],
need to be tested in animal models of SAH.

@ Springer

Review Criteria

PubMed was searched for articles published in English prior
to July 2022 using the terms “sphingosine”” AND “‘subarach-
noid h(a)emorrhage”. All articles were reviewed by BG and
IG. The reference lists of published articles were manually
searched for additional articles.

Data Availability, Code and Material Not applicable

Author Contribution BG and IG performed the literature search and
wrote the first draft of the manuscript. All authors further revised and
approved the final manuscript.

Funding BG is funded by the Royal College of Surgeons of England,
Society of British Neurological Surgeons, Barrow Foundation, Guar-
antors of Brain and the Institute for Life Sciences at the University of
Southampton. For the purpose of open access, the authors have applied
a CC BY public copyright licence to any Author Accepted Manuscript
version arising from this submission.

Declarations
Ethics Approvals and Consent to Participate Not applicable
Consent for Publication Not applicable

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Schatlo B, et al. Incidence and outcome of aneurysmal subarach-
noid hemorrhage: the Swiss Study on Subarachnoid Hemorrhage
(Swiss SOS). Stroke. 2021;52(1):344-7. https://doi.org/10.1161/
STROKEAHA.120.029538.

2. Taylor TN, Davis PH, Torner JC, Holmes J, Meyer JW, Jacob-
son MF. Lifetime cost of stroke in the United States. Stroke.
1996;27(9):1459-66.

3. Bulters D, et al. Haemoglobin scavenging in intracranial
bleeding: biology and clinical implications. Nat Rev Neurol.
2018;14(7):416-32. https://doi.org/10.1038/s41582-018-0020-0.

4. Vergouwen MD, Vermeulen M, Coert BA, Stroes ES, Roos YB.
Microthrombosis after aneurysmal subarachnoid hemorrhage:
an additional explanation for delayed cerebral ischemia. J Cereb
Blood Flow Metab. 2008;28(11):1761-70. https://doi.org/10.
1038/jcbfm.2008.74.

5. Zolnourian A, Galea I, Bulters D. Neuroprotective role of the
Nrf2 pathway in subarachnoid haemorrhage and its therapeutic


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/STROKEAHA.120.029538
https://doi.org/10.1161/STROKEAHA.120.029538
https://doi.org/10.1038/s41582-018-0020-0
https://doi.org/10.1038/jcbfm.2008.74
https://doi.org/10.1038/jcbfm.2008.74

Translational Stroke Research (2024) 15:352-363

361

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

potential. Oxid Med Cell Longev. 2019;2019:6218239. https://
doi.org/10.1155/2019/6218239.

D'Souza S. Aneurysmal subarachnoid hemorrhage. J Neurosurg
Anesthesiol. 2015;27(3):222-40. https://doi.org/10.1097/ANA.
0000000000000130.

Macdonald RL, Pluta RM, Zhang JH. Cerebral vasospasm after
subarachnoid hemorrhage: the emerging revolution. Nat Clin Pract
Neurol. 2007;3(5):256-63. https://doi.org/10.1038/ncpneuro0490.
Proia RL, Hla T. Emerging biology of sphingosine-1-phos-
phate: its role in pathogenesis and therapy. J Clin Invest.
2015;125(4):1379-87. https://doi.org/10.1172/IC176369.

Sun N, Keep RF, Hua Y, Xi G. Critical role of the sphingolipid
pathway in stroke: a review of current utility and potential thera-
peutic targets. Transl Stroke Res. 2016;7(5):420-38. https://doi.
org/10.1007/s12975-016-0477-3.

Sato K, et al. Critical role of ABCAI transporter in sphin-
gosine l-phosphate release from astrocytes. J Neurochem.
2007;103(6):2610-9. https://doi.org/10.1111/j.1471-4159.2007.
04958.x.

Mitra P, Oskeritzian CA, Payne SG, Beaven MA, Milstien S,
Spiegel S. Role of ABCCI in export of sphingosine-1-phosphate
from mast cells. Proc Natl Acad Sci U S A. 2006;103(44):16394—
9. https://doi.org/10.1073/pnas.0603734103.

Kobayashi N, Kawasaki-Nishi S, Otsuka M, Hisano Y, Yamaguchi
A, Nishi T. MFSD2B is a sphingosine 1-phosphate transporter in
erythroid cells. Sci Rep. 2018;8(1):4969. https://doi.org/10.1038/
s41598-018-23300-x.

Kawahara A, Nishi T, Hisano Y, Fukui H, Yamaguchi A, Mochi-
zuki N. The sphingolipid transporter spns2 functions in migration
of zebrafish myocardial precursors. Science. 2009;323(5913):524—
7. https://doi.org/10.1126/science.1167449.

Jiménez-Altay6 F, et al. Arachnoid membrane as a source of
sphingosine-1-phosphate that regulates mouse middle cerebral
artery tone. J Cereb Blood Flow Metab. 2022;42(1):162-74.
https://doi.org/10.1177/0271678X211033362.

Meissner A, et al. Tumor necrosis factor-a-mediated downregu-
lation of the cystic fibrosis transmembrane conductance regula-
tor drives pathological sphingosine-1-phosphate signaling in a
mouse model of heart failure. Circulation. 2012;125(22):2739-50.
https://doi.org/10.1161/CIRCULATIONAHA.111.047316.
Malik FA, et al. Sphingosine-1-phosphate is a novel regulator
of cystic fibrosis transmembrane conductance regulator (CFTR)
activity. PLoS One. 2015;10(6):e0130313. https://doi.org/10.
1371/journal.pone.0130313.

Spiegel S, Milstien S. The outs and the ins of sphingosine-1-phos-
phate in immunity. Nat Rev Immunol. 2011;11(6):403-15. https://
doi.org/10.1038/nri2974.

Chun J, Giovannoni G, Hunter SF. Sphingosine 1-phosphate
receptor modulator therapy for multiple sclerosis: differential
downstream receptor signalling and clinical profile effects. Drugs.
2021;81(2):207-31. https://doi.org/10.1007/s40265-020-01431-8.
Riccitelli E, et al. Extracellular sphingosine-1-phosphate: a
novel actor in human glioblastoma stem cell survival. PLoS One.
2013;8(6):e68229. https://doi.org/10.1371/journal.pone.0068229.
Marfia G, et al. Autocrine/paracrine sphingosine-1-phosphate fuels
proliferative and stemness qualities of glioblastoma stem cells.
Glia. 2014;62(12):1968-81. https://doi.org/10.1002/glia.22718.
Yagi K, et al. Therapeutically targeting tumor necrosis factor-o/
sphingosine-1-phosphate signaling corrects myogenic reactiv-
ity in subarachnoid hemorrhage. Stroke. 2015;46(8):2260-70.
https://doi.org/10.1161/STROKEAHA.114.006365.

Prager B, Spampinato SF, Ransohoff RM. Sphingosine 1-phos-
phate signaling at the blood-brain barrier. Trends Mol Med.
2015;21(6):354-63. https://doi.org/10.1016/j.molmed.2015.03.006.
Wang Z, et al. Mfsd2a and Spns2 are essential for sphingosine-
1-phosphate transport in the formation and maintenance of the

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

blood-brain barrier. Sci Adv. 2020;6(22):eaay8627. https://doi.
org/10.1126/sciadv.aay8627.

Gaire BP, Choi JW. Sphingosine 1-phosphate receptors in
cerebral ischemia. Neuromolecular Med. 2021;23(1):211-23.
https://doi.org/10.1007/s12017-020-08614-2.

Altay O, et al. Isoflurane attenuates blood-brain barrier disrup-
tion in ipsilateral hemisphere after subarachnoid hemorrhage
in mice. Stroke. 2012;43(9):2513-6. https://doi.org/10.1161/
STROKEAHA.112.661728.

Altay O, et al. Isoflurane delays the development of early
brain injury after subarachnoid hemorrhage through sphin-
gosine-related pathway activation in mice. Crit Care Med.
2012;40(6):1908-13. https://doi.org/10.1097/CCM.0b013e3182
474bcl.

Altay O, Suzuki H, Hasegawa Y, Ostrowski RP, Tang J, Zhang JH.
Isoflurane on brain inflammation. Neurobiol Dis. 2014;62:365-71.
https://doi.org/10.1016/j.nbd.2013.09.016.

Altay O, Suzuki H, Altay BN, Calisir V, Tang J, Zhang JH. Iso-
flurane versus sevoflurane for early brain injury and expression
of sphingosine kinase 1 after experimental subarachnoid hemor-
rhage. Neurosci Lett. 2020;733:135142. https://doi.org/10.1016/j.
neulet.2020.135142.

Zuo S, et al. Artesunate protected blood-brain barrier via sphin-
gosine 1 phosphate receptor 1/phosphatidylinositol 3 kinase
pathway after subarachnoid hemorrhage in rats. Mol Neurobiol.
2017;54(2):1213-28. https://doi.org/10.1007/s12035-016-9732-6.
Zhang L, et al. Ponesimod protects against neuronal death by
suppressing the activation of Al astrocytes in early brain injury
after experimental subarachnoid hemorrhage. J] Neurochem.
2021;158(4):880-97. https://doi.org/10.1111/jnc.15457.

Xu HL, Pelligrino DA, Paisansathan C, Testai FD. Protective role
of fingolimod (FT'Y720) in rats subjected to subarachnoid hemor-
rhage. J Neuroinflammation. 2015;12:16. https://doi.org/10.1186/
$12974-015-0234-7.

Wang Y, et al. Fingolimod administration improves neurological
functions of mice with subarachnoid hemorrhage. Neurosci Lett.
2020;736:135250. https://doi.org/10.1016/j.neulet.2020.135250.
Hasegawa Y, Uekawa K, Kawano T, Suzuki H, Kim-Mitsuyama
S. Blockage of central sphingosine-1-phosphate receptor does
not abolish the protective effect of FTY720 in early brain injury
after experimental subarachnoid hemorrhage. Curr Drug Deliv.
2017;14(6):861-6. https://doi.org/10.2174/156720181366616
0907094401.

LiR, Venkat P, Chopp M, Zhang Q, Yan T, Chen J. RP00O1 hydro-
chloride improves neurological outcome after subarachnoid hem-
orrhage. J Neurol Sci. 2019;399:6-14. https://doi.org/10.1016/j.
jns.2019.02.005.

Coussin F, Scott RH, Wise A, Nixon GF. Comparison of sphin-
gosine 1-phosphate-induced intracellular signaling pathways in
vascular smooth muscles: differential role in vasoconstriction.
Circ Res. 2002;91(2):151-7. https://doi.org/10.1161/01.res.00000
28150.51130.36.

Salomone S, et al. Analysis of sphingosine 1-phosphate recep-
tors involved in constriction of isolated cerebral arteries with
receptor null mice and pharmacological tools. Br J Pharmacol.
2008;153(1):140-7. https://doi.org/10.1038/sj.bjp.0707581.
Gaire BP, Song MR, Choi JW. Sphingosine 1-phosphate receptor
subtype 3 (S1P;) contributes to brain injury after transient focal
cerebral ischemia via modulating microglial activation and their
M1 polarization. J Neuroinflammation. 2018;15(1):284. https://
doi.org/10.1186/s12974-018-1323-1.

Camm J, Hla T, Bakshi R, Brinkmann V. Cardiac and vascular effects
of fingolimod: mechanistic basis and clinical implications. Am Heart
J. 2014;168(5):632—44. https://doi.org/10.1016/j.ahj.2014.06.028.
Xue T, et al. Sphingosine-1-phosphate, a novel TREM2 ligand,
promotes microglial phagocytosis to protect against ischemic

@ Springer


https://doi.org/10.1155/2019/6218239
https://doi.org/10.1155/2019/6218239
https://doi.org/10.1097/ANA.0000000000000130
https://doi.org/10.1097/ANA.0000000000000130
https://doi.org/10.1038/ncpneuro0490
https://doi.org/10.1172/JCI76369
https://doi.org/10.1007/s12975-016-0477-3
https://doi.org/10.1007/s12975-016-0477-3
https://doi.org/10.1111/j.1471-4159.2007.04958.x
https://doi.org/10.1111/j.1471-4159.2007.04958.x
https://doi.org/10.1073/pnas.0603734103
https://doi.org/10.1038/s41598-018-23300-x
https://doi.org/10.1038/s41598-018-23300-x
https://doi.org/10.1126/science.1167449
https://doi.org/10.1177/0271678X211033362
https://doi.org/10.1161/CIRCULATIONAHA.111.047316
https://doi.org/10.1371/journal.pone.0130313
https://doi.org/10.1371/journal.pone.0130313
https://doi.org/10.1038/nri2974
https://doi.org/10.1038/nri2974
https://doi.org/10.1007/s40265-020-01431-8
https://doi.org/10.1371/journal.pone.0068229
https://doi.org/10.1002/glia.22718
https://doi.org/10.1161/STROKEAHA.114.006365
https://doi.org/10.1016/j.molmed.2015.03.006
https://doi.org/10.1126/sciadv.aay8627
https://doi.org/10.1126/sciadv.aay8627
https://doi.org/10.1007/s12017-020-08614-2
https://doi.org/10.1161/STROKEAHA.112.661728
https://doi.org/10.1161/STROKEAHA.112.661728
https://doi.org/10.1097/CCM.0b013e3182474bc1
https://doi.org/10.1097/CCM.0b013e3182474bc1
https://doi.org/10.1016/j.nbd.2013.09.016
https://doi.org/10.1016/j.neulet.2020.135142
https://doi.org/10.1016/j.neulet.2020.135142
https://doi.org/10.1007/s12035-016-9732-6
https://doi.org/10.1111/jnc.15457
https://doi.org/10.1186/s12974-015-0234-7
https://doi.org/10.1186/s12974-015-0234-7
https://doi.org/10.1016/j.neulet.2020.135250
https://doi.org/10.2174/1567201813666160907094401
https://doi.org/10.2174/1567201813666160907094401
https://doi.org/10.1016/j.jns.2019.02.005
https://doi.org/10.1016/j.jns.2019.02.005
https://doi.org/10.1161/01.res.0000028150.51130.36
https://doi.org/10.1161/01.res.0000028150.51130.36
https://doi.org/10.1038/sj.bjp.0707581
https://doi.org/10.1186/s12974-018-1323-1
https://doi.org/10.1186/s12974-018-1323-1
https://doi.org/10.1016/j.ahj.2014.06.028

362

Translational Stroke Research (2024) 15:352-363

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

brain injury. Acta Pharmaceutica Sinica B. 2021. https://doi.org/
10.1016/j.apsb.2021.10.012.

Minner A, et al. Sphingosine 1-phosphate levels in cerebrospinal
fluid after subarachnoid hemorrhage. Neurol Res Pract. 2020;2:49.
https://doi.org/10.1186/s42466-020-00093-x.

Carare RO, et al. Clearance of interstitial fluid (ISF) and CSF
(CLIC) group-part of Vascular Professional Interest Area
(PIA): cerebrovascular disease and the failure of elimination of
amyloid-p from the brain and retina with age and Alzheimer’s
disease-opportunities for therapy. Alzheimers Dement (Amst).
2020;12(1):e12053. https://doi.org/10.1002/dad2.12053.

Tosaka M, et al. Sphingosine 1-phosphate contracts canine basi-
lar arteries in vitro and in vivo: possible role in pathogenesis of
cerebral vasospasm. Stroke. 2001;32(12):2913-9. https://doi.org/
10.1161/hs1201.099525.

Tang H, et al. Expression of sphingosine-1-phosphate (S1P) on
the cerebral vasospasm after subarachnoid hemorrhage in rabbits.
Acta Cir Bras. 2015;30(10):654-9. https://doi.org/10.1590/S0102-
865020150100000001.

Hansen L, et al. Endothelial sphingosine-1-phosphate receptor 4
regulates blood-brain barrier permeability and promotes a homeo-
static endothelial phenotype. J Neurosci. 2022;42(10):1908-29.
https://doi.org/10.1523/INEUROSCI.0188-21.2021.

Lidington D, et al. CFTR therapeutics normalize cerebral perfu-
sion deficits in mouse models of heart failure and subarachnoid
hemorrhage. JACC Basic Transl Sci. 2019;4(8):940-58. https://
doi.org/10.1016/j.jacbts.2019.07.004.

Marcorelles P, Friocourt G, Uguen A, Ledé F, Férec C, Laquer-
riere A. Cystic fibrosis transmembrane conductance regulator pro-
tein (CFTR) expression in the developing human brain: compara-
tive immunohistochemical study between patients with normal
and mutated CFTR. J Histochem Cytochem. 2014;62(11):791—
801. https://doi.org/10.1369/0022155414546190.

Sanna MG, et al. Bitopic sphingosine 1-phosphate receptor 3
(S1P3) antagonist rescue from complete heart block: pharmaco-
logical and genetic evidence for direct S1P3 regulation of mouse
cardiac conduction. Mol Pharmacol. 2016;89(1):176-86. https://
doi.org/10.1124/mol.115.100222.

Gaastra B, et al. A genome-wide association study of out-
come after aneurysmal subarachnoid haemorrhage: discov-
ery analysis. Transl Stroke Res. 2022. https://doi.org/10.1007/
$12975-022-01095-4.

Ward LD, Kellis M. HaploReg v4: systematic mining of puta-
tive causal variants, cell types, regulators and target genes
for human complex traits and disease. Nucleic Acids Res.
2016;44(D1):D877-81. https://doi.org/10.1093/nar/gkv1340.
Touzet H, Varré JS. Efficient and accurate P-value computation
for position weight matrices. Algorithms Mol Biol. 2007;2:15.
https://doi.org/10.1186/1748-7188-2-15.

Zhong L, et al. Lipid transporter Spns2 promotes microglia pro-
inflammatory activation in response to amyloid-beta peptide. Glia.
2019;67(3):498-511. https://doi.org/10.1002/glia.23558.

Testai FD, et al. Changes in the metabolism of sphingolipids after
subarachnoid hemorrhage. J Neurosci Res. 2015;93(5):796-805.
https://doi.org/10.1002/jnr.23542.

Altay O, Suzuki H, Hasegawa Y, Altay BN, Tang J, Zhang
JH. Effects of low-dose unfractionated heparin on early brain
injury after subarachnoid hemorrhage in mice. Neurosci Lett.
2020;728:134979. https://doi.org/10.1016/j.neulet.2020.134979.
Regnier-Golanov AS, et al. Hippocampal transcriptome
changes after subarachnoid hemorrhage in mice. Front Neurol.
2021;12:691631. https://doi.org/10.3389/fneur.2021.691631.
Dusaban SS, Chun J, Rosen H, Purcell NH, Brown JH. Sphin-
gosine 1-phosphate receptor 3 and RhoA signaling mediate

@ Springer

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

inflammatory gene expression in astrocytes. ] Neuroinflammation.
2017;14(1):111. https://doi.org/10.1186/s12974-017-0882-x.
Moon E, Han JE, Jeon S, Ryu JH, Choi JW, Chun J. Exogenous
S1P exposure potentiates ischemic stroke damage that is reduced
possibly by inhibiting S1P receptor signaling. Mediators Inflamm.
2015;2015:492659. https://doi.org/10.1155/2015/492659.
Bolick DT, et al. Sphingosine-1-phosphate prevents tumor necro-
sis factor-a-mediated monocyte adhesion to aortic endothelium in
mice. Arterioscler Thromb Vasc Biol. 2005;25(5):976-81. https:/
doi.org/10.1161/01.ATV.0000162171.30089.16.

McGinley MP, Cohen JA. Sphingosine 1-phosphate receptor
modulators in multiple sclerosis and other conditions. Lancet.
2021;398(10306):1184-94. https://doi.org/10.1016/S0140-
6736(21)00244-0.

Zemann B, et al. Sphingosine kinase type 2 is essential
for lymphopenia induced by the immunomodulatory drug
FTY720. Blood. 2006;107(4):1454-8. https://doi.org/10.1182/
blood-2005-07-2628.

Hisano Y, Kobayashi N, Kawahara A, Yamaguchi A, Nishi T.
The sphingosine 1-phosphate transporter, SPNS2, functions as a
transporter of the phosphorylated form of the immunomodulating
agent FTY720. J Biol Chem. 2011;286(3):1758-66. https://doi.
org/10.1074/jbc.M110.171116.

Zhang L, Wang H. FTY720 in CNS injuries: molecular mecha-
nisms and therapeutic potential. Brain Res Bull. 2020;164:75-82.
https://doi.org/10.1016/j.brainresbull.2020.08.013.

Fu Y, et al. Impact of an immune modulator fingolimod on acute
ischemic stroke. Proc Natl Acad Sci U S A. 2014;111(51):18315-
20. https://doi.org/10.1073/pnas.1416166111.

Rolland WB, et al. Fingolimod reduces cerebral lymphocyte
infiltration in experimental models of rodent intracerebral hem-
orrhage. Exp Neurol. 2013;241:45-55. https://doi.org/10.1016/j.
expneurol.2012.12.009.

Fu Y, et al. Fingolimod for the treatment of intracerebral hemorrhage:
a 2-arm proof-of-concept study. JAMA Neurol. 2014;71(9):1092—
101. https://doi.org/10.1001/jamaneurol.2014.1065.

Gatfield J, Monnier L, Studer R, Bolli MH, Steiner B, Nayler O.
Sphingosine-1-phosphate (S1P) displays sustained S1P1 recep-
tor agonism and signaling through S1P lyase-dependent receptor
recycling. Cell Signal. 2014;26(7):1576-88. https://doi.org/10.
1016/j.cellsig.2014.03.029.

Choi JW, et al. FTY720 (fingolimod) efficacy in an animal model
of multiple sclerosis requires astrocyte sphingosine 1-phos-
phate receptor 1 (S1P1) modulation. Proc Natl Acad Sci U S A.
2011;108(2):751-6. https://doi.org/10.1073/pnas.1014154108.
Jongsma M, van Unen J, van Loenen PB, Michel MC, Peters SL,
Alewijnse AE. Different response patterns of several ligands at
the sphingosine-1-phosphate receptor subtype 3 (S1P(3)). BrJ
Pharmacol. 2009;156(8):1305—11. https://doi.org/10.1111/j.1476-
5381.2009.00134 .

Chakkour M, Kreydiyyeh S. FTY720P upregulates the Nat/K*
ATPase in HepG2 cells by activating SIPR3 and inducing PGE2
release. Cell Physiol Biochem. 2019;53(3):518-31. https://doi.
org/10.33594/000000155.

Bigaud M, Tisserand S, Fuchs-Loesle P, Guerini D. The S1P5 recep-
tor is not down-modulated in response to selective agonists. Presented
at the Mult Scler. 2018;24(S2):913 (EPoster 1617). 2018.
Nussbaum C, et al. Sphingosine-1-phosphate receptor 3 promotes
leukocyte rolling by mobilizing endothelial P-selectin. Nat Com-
mun. 2015;6:6416. https://doi.org/10.1038/ncomms7416.
O'Sullivan S, Dev KK. Sphingosine-1-phosphate receptor thera-
pies: advances in clinical trials for CNS-related diseases. Neurop-
harmacology. 2017;113(Pt B):597-607. https://doi.org/10.1016/j.
neuropharm.2016.11.006.


https://doi.org/10.1016/j.apsb.2021.10.012
https://doi.org/10.1016/j.apsb.2021.10.012
https://doi.org/10.1186/s42466-020-00093-x
https://doi.org/10.1002/dad2.12053
https://doi.org/10.1161/hs1201.099525
https://doi.org/10.1161/hs1201.099525
https://doi.org/10.1590/S0102-865020150100000001
https://doi.org/10.1590/S0102-865020150100000001
https://doi.org/10.1523/JNEUROSCI.0188-21.2021
https://doi.org/10.1016/j.jacbts.2019.07.004
https://doi.org/10.1016/j.jacbts.2019.07.004
https://doi.org/10.1369/0022155414546190
https://doi.org/10.1124/mol.115.100222
https://doi.org/10.1124/mol.115.100222
https://doi.org/10.1007/s12975-022-01095-4
https://doi.org/10.1007/s12975-022-01095-4
https://doi.org/10.1093/nar/gkv1340
https://doi.org/10.1186/1748-7188-2-15
https://doi.org/10.1002/glia.23558
https://doi.org/10.1002/jnr.23542
https://doi.org/10.1016/j.neulet.2020.134979
https://doi.org/10.3389/fneur.2021.691631
https://doi.org/10.1186/s12974-017-0882-x
https://doi.org/10.1155/2015/492659
https://doi.org/10.1161/01.ATV.0000162171.30089.f6
https://doi.org/10.1161/01.ATV.0000162171.30089.f6
https://doi.org/10.1016/S0140-6736(21)00244-0
https://doi.org/10.1016/S0140-6736(21)00244-0
https://doi.org/10.1182/blood-2005-07-2628
https://doi.org/10.1182/blood-2005-07-2628
https://doi.org/10.1074/jbc.M110.171116
https://doi.org/10.1074/jbc.M110.171116
https://doi.org/10.1016/j.brainresbull.2020.08.013
https://doi.org/10.1073/pnas.1416166111
https://doi.org/10.1016/j.expneurol.2012.12.009
https://doi.org/10.1016/j.expneurol.2012.12.009
https://doi.org/10.1001/jamaneurol.2014.1065
https://doi.org/10.1016/j.cellsig.2014.03.029
https://doi.org/10.1016/j.cellsig.2014.03.029
https://doi.org/10.1073/pnas.1014154108
https://doi.org/10.1111/j.1476-5381.2009.00134.x
https://doi.org/10.1111/j.1476-5381.2009.00134.x
https://doi.org/10.33594/000000155
https://doi.org/10.33594/000000155
https://doi.org/10.1038/ncomms7416
https://doi.org/10.1016/j.neuropharm.2016.11.006
https://doi.org/10.1016/j.neuropharm.2016.11.006

Translational Stroke Research (2024) 15:352-363

363

72.

73.

74.

75.

76.

Mannioui A, et al. The Xenopus tadpole: an in vivo model to screen
drugs favoring remyelination. Mult Scler. 2018;24(11):1421-32.
https://doi.org/10.1177/1352458517721355.

Yin J, et al. Neuroprotective effect of protein phosphatase 2A/
tristetraprolin following subarachnoid hemorrhage in rats. Front
Neurosci. 2018;12:96. https://doi.org/10.3389/fnins.2018.00096.
Brunkhorst R, Vutukuri R, Pfeilschifter W. Fingolimod for the
treatment of neurological diseases-state of play and future per-
spectives. Front Cell Neurosci. 2014;8:283. https://doi.org/10.
3389/fncel.2014.00283.

Lucke-Wold BP, et al. Aneurysmal aubarachnoid hemorrhage
and neuroinflammation: a comprehensive review. Int J Mol Sci.
2016;17(4):497. https://doi.org/10.3390/ijms17040497.

Gusdon AM, et al. Time course of peripheral leukocytosis and
clinical outcomes after aneurysmal subarachnoid hemorrhage.
Front Neurol. 2021;12:694996. https://doi.org/10.3389/fneur.
2021.694996.

7.

78.

79.

Gordon W, Massey B, Sharma K, Abraham M. Abstract TP549:
lymphocyte count predicts poor clinical outcome in patients
with vasospasm following subarachnoid hemorrhage. Stroke.
2019;50(Suppl_1):ATP549. https://doi.org/10.1161/str.50.
suppl_1.TP549.

Egom EE, Fitzgerald R, Canning R, Pharithi RB, Murphy C, Maher
V. Determination of sphingosine-1-phosphate in human plasma
using liquid chromatography coupled with Q-Tof mass spectrometry.
Int J Mol Sci. 2017;18(8). https://doi.org/10.3390/ijms18081800.
Fritzemeier R, et al. Discovery of in vivo active sphingosine-
1-phosphate transporter (Spns2) inhibitors. ] Med Chem.
2022;65(11):7656-81. https://doi.org/10.1021/acs.jmedchem.
1c02171.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1177/1352458517721355
https://doi.org/10.3389/fnins.2018.00096
https://doi.org/10.3389/fncel.2014.00283
https://doi.org/10.3389/fncel.2014.00283
https://doi.org/10.3390/ijms17040497
https://doi.org/10.3389/fneur.2021.694996
https://doi.org/10.3389/fneur.2021.694996
https://doi.org/10.1161/str.50.suppl_1.TP549
https://doi.org/10.1161/str.50.suppl_1.TP549
https://doi.org/10.3390/ijms18081800
https://doi.org/10.1021/acs.jmedchem.1c02171
https://doi.org/10.1021/acs.jmedchem.1c02171

	Sphingosine-1-phosphate Signalling in Aneurysmal Subarachnoid Haemorrhage: Basic Science to Clinical Translation
	Abstract
	Introduction
	S1P Signalling after aSAH
	Cerebrospinal Fluid
	Brain Parenchyma
	A Beneficial Role for S1PS1PR Signalling in the Parenchyma
	A Deleterious Role for S1PS1PR Signalling in the Parenchyma

	S1PS1PR Signalling in the Parenchyma: Rationalisation of Evidence

	S1PR Modulators in Stroke and SAH Models
	Clinical Translation
	S1P After aSAH: Mechanistic Summary
	Future Directions
	Review Criteria
	Data Availability, Code and Material 
	References


