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Abstract

Chronic pain is a life-altering condition affecting millions of people. Current treatments are 

inadequate and prolonged therapies come with severe side effects, especially dependence and 

addiction to opiates. Identification of non-narcotic analgesics is of paramount importance. 

Preclinical and clinical studies suggest that sphingolipid metabolism alterations contribute to 

neuropathic pain development. Functional S1P receptor 1 (S1PR1) antagonists, such as FTY720/

Fingolimod, used clinically for non-pain conditions, are emerging as non-narcotic analgesics, 

supporting the repurposing of Fingolimod for chronic pain treatment and energizing drug 

discovery focused on S1P signalling. Here we summarize the role of sphingosine-1-phosphate 

(S1P) in pain to highlight the potential of targeting the S1P axis towards development of non

narcotic therapeutics which in turn will hopefully help lessen misuse of opioid pain medications 

and address the ongoing opioid epidemic.
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Sphingosine-1-phosphate axis in pain

Chronic pain is prevalent worldwide and extremely difficult to treat, representing a huge 

economic burden on the healthcare system. Pain treatments have not really improved 

*Correspondence: daniela.salvemini@health.slu.edu (D. Salvemini). 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

DISCLAIMER STATEMENT
Dr. Salvemini has patents submitted by Saint Louis University that cover some of the intellectual property described in this manuscript 
(U.S. patent number 8,747,844 and its divisional, U.S. patent number 8,945,549). All other authors declare no conflict of interest.

RESOURCES

HHS Public Access
Author manuscript
Trends Pharmacol Sci. Author manuscript; available in PMC 2021 November 01.

Published in final edited form as:
Trends Pharmacol Sci. 2020 November ; 41(11): 851–867. doi:10.1016/j.tips.2020.09.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for decades and, even today, opioids are the main prescribed drugs for chronic pain 

management. However, long-term side effects such as tolerance, addiction and paradoxical 

hyperalgesia make research and development of novel non-narcotic analgesics imperative 

[1].

In the last few years, increasing evidence has implicated the sphingosine-1-phosphate (S1P) 

axis as an important modulator of pain pathways. Ceramide, the bioactive precursor of S1P, 

is generated both by enzymatic hydrolysis of sphingomyelin by sphingomyelinases (SMases, 

SM pathway) and by de novo biosynthesis (Figure 1) [2]. Ceramide biosynthesis begins with 

condensation of serine with a long chain saturated fatty acid, typically palmitate, mediated 

by serine palmitoyltransferase (SPT). The 3-keto-dihydrosphingosine intermediate is rapidly 

reduced to dihydrosphingosine, followed by N-acylation catalyzed by ceramide synthases 

(CerS) to dihydroceramide. Only then is the double bond introduced to form ceramide. The 

steady-state level of ceramide is further regulated by ceramidases that convert ceramide to 

sphingosine, which can be phosphorylated by sphingosine kinases (SphK1 and SphK2) [3] 

to S1P (Figure 1). Although SphK1 and SphK2 share overall homology and both produce 

S1P, they have different catalytic properties, subcellular locations, tissue distribution, and 

temporal expression patterns during development that are responsible for their unique and 

specific functions [3].

S1P can be dephosphorylated back to sphingosine either by non-specific phosphatases or 

by S1P-specific phosphatases (SPP1 and SPP2) localized in the endoplasmic reticulum 

[4]. Sphingosine can then be recycled back to ceramide by CerS (Figure 1). S1P can 

also be irreversibly degraded by S1P lyase to phosphoethanolamine and hexadecenal [4]. 

Several direct intracellular S1P targets has been identified [5]; however, most of S1P cellular 

functions are mediated via its cell surface receptors [6]. S1P is transported outside the 

cell where it acts in a paracrine or autocrine manner by the process known as “inside-out 

signalling” [7]. Several non-specific S1P transporters belonging to the ABC family of 

transporters have been identified [7]. The passive transporter belonging to the spinster 

family, SPNS2, has more recently been recognized as an important and specific S1P 

transporter and its activity increases proportionally to the intracellular S1P concentration 

(Figure 1) [8].

S1P is the ligand of five G protein-coupled receptors (S1PR1-5) that are broadly expressed 

throughout the nervous system. In the peripheral nervous system (PNS), adult sensory 

neurons express S1PR1, S1PR2 and S1PR3. S1PR1 and S1PR2 are found mainly on 

nociceptors (see Glossary) and proprioceptive neurons, respectively, whereas S1PR3 is the 

predominant subtype within the dorsal root ganglion (DRG), where only a minor fraction 

of neurons also express S1PR2 [9, 10]. In the mature central nervous system (CNS), all 

S1PR subtypes except S1PR4 are expressed [11]. S1PR1 and S1PR3 are the most abundant 

subtypes in both astrocytes and microglia, and their expression increases following glial 

activation [12, 13]. S1PR5 is dominantly expressed in the white matter of the CNS and has 

been found in all developmental stages of oligodendrocytes [14]. S1PR4 is highly found 

in hematopoietic cells and lymphoid organs and is implicated in S1P-mediated immune 

responses [15].
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S1P, together with its precursor ceramide, act as soluble signalling molecules sharing 

potent inflammatory and nociceptive actions [16]. S1P also has a role in pathogenesis of 

bladder pain syndrome/interstitial cystitis where S1P levels in serum has been proposed as 

a diagnostic marker [17]. Moreover, altered sphingolipid metabolism has been linked to 

clinically evident neuropathic pain [18, 19]. Mutations in the C1 and C2 subunits of SPT, the 

rate limiting enzyme in ceramide biosynthesis, have been associated with the development 

of hereditary sensory and autonomic neuropathy type 1 (HSAN1), which in the majority of 

patients is characterized by intense neuropathic pain [19, 20]. These mutations modify SPT 

specificity, resulting in the condensation of palmitoyl-CoA with alanine or glycine instead 

of with serine, leading to accumulation of neurotoxic 1-deoxysphingolipids, as they are not 

degraded in the canonical catabolic pathway [21]. Plasma levels of 1-deoxysphingolipids 

are also increased in chronic idiopathic axonal polyneuropathy (CIAP) patients [22] and 

in patients with chemotherapy-induced neuropathic pain (CINP) [23] where formation 

of 1-deoxysphingolipids correlates with the incidence and severity of the disease [23]. 

Moreover, 1-deoxysphingolipids are also associated with the development of neuropathy in 

type 1 diabetes patients, suggesting that these metabolites could be useful diagnostic and 

prognostic markers [24].

Below we first briefly discuss the different therapeutics that target S1P receptors (S1PRs) 

and then we summarize the most recent discoveries on the roles of the S1P axis in pain in 

both PNS and CNS in different in vitro and in vivo studies. S1P-based drugs are already 

approved for several clinical indications and could be repurposed also for the treatment of 

chronic pain states.

Targeting S1P receptors

The identification of myriocin, a fungal metabolite with potent immunosuppressive activity, 

as an inhibitor of sphingolipid biosynthesis was the first step for the development of S1P

based drugs. The need to reduce myriocin toxicity and improve solubility stimulated the 

synthesis of derivatives among which FTY720 (clinically known as Fingolimod) turned out 

to have even higher immunomodulatory activity in vivo [25]. Its mechanism of action on 

the immune system remained unclear until seminal work by Mandala et al. [26] showed 

that FTY720 is a sphingosine analog. FTY720 acts as a prodrug that is phosphorylated by 

SphK to its active counterpart, FTY720-P. FTY720-P acts as an agonist at all S1P receptors, 

except S1PR2, towards which it has no activity [26, 27]. It is now established that FTY720-P 

acts as a S1PR1 functional antagonist [28]. FTY720-P when bound to S1PR1 causes the 

internalization of the receptor, but it does not allow S1PR1 to recycle back to the plasma 

membrane. Indeed, FTY270-P leads to sustained depletion of S1PR1 from the cell surface 

by inducing its irreversible proteasomal degradation. In contrast, S1PR1 agonists, such as 

endogenous S1P and SEW2871, allow S1PR1 to recycle back to the plasma membrane after 

its internalization and thus do not functionally antagonize S1PR1 [27, 29].

Loss of S1PR1 on lymphocytes impairs their trafficking and leads to their accumulation 

in secondary lymphoid organs instead of being released into the bloodstream or lymphatic 

circulation [27]. In this way, attack by pathogenic lymphocytes is prevented, a quality that 

allowed Fingolimod to receive Food and Drug Administration (FDA) approval in 2010 as 
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the first orally available drug for treatment of relapsing-remitting multiple sclerosis (MS), a 

demyelinating disease in which neuropathic pain is one of the most frequent symptoms [27]. 

The most common side effect of FTY720 is transient bradycardia, which occurs in about 

1% of patients only after the first dose and requires heart rate monitoring [30].

The therapeutic success of Fingolimod led to the development of second generation 

functional S1PR1 antagonists including siponimod, ponesimod, ceralifimod and KRP-203 

that are in advanced clinical trials for MS, autoimmune diseases and for transplant rejection 

[29] (Table 1). Moreover, the functional S1PR1 antagonist RPC1063 (clinically known as 

ozanimod) which has improved receptor selectivity, pharmacokinetic profiles and a more 

desirable clinical safety profile than Fingolimod [31], is also in advanced clinical trials for 

ulcerative colitis [29] and was approved recently for MS [32].

A number of competitive S1PR1 antagonists have also been developed and are in advanced 

preclinical evaluation for several indications. These include the methyl ester prodrug 

NIBR14, which is hydrolysed in vivo to the carboxylic acid NIBR15, TASP0277308 and 

W146; their efficacy has been documented in animal models of MS, colitis, rheumatoid 

arthritis and cancer (Table 1) [33].

The knowledge of S1PR2-3-4 functions is still rudimentary, and so far, selective modulators 

of these receptors have been poorly investigated in vivo (Table 1). Among them, the potent 

S1PR2 agonist CYM-5478 has recently been examined in vivo in the context of pain [34] 

(discussed below). The S1PR2 antagonist, AB1, shows remarkable antitumor activity and 

exhibits a good efficacy, potency and stability in vivo, but more studies are necessary 

to better define its selectivity [35]. Selective S1PR3 antagonists such as SPM-354 and 

TY-52156 have been found to modulate electric conduction of heart and neurons [36], 

respectively. Selective compounds targeting S1PR4 are also now available [37–39]: to date, 

neither the agonists (CYM50260, ML178, ML248 as well as a benzo-thiophene analog) 

nor the antagonists (CYM50358 and a series of compounds based on a 5-aryl furan-2

arylcarboxamide scaffold) have been tested in vivo, but they will surely help to elucidate the 

significance of S1PR4 signalling in physiological and pathological settings.

Targeting S1PR5 with the highly selective agonist A-971432 [40] has been suggested as a 

possible treatment for neurodegenerative disorders owing to its ability to revert age-related 

cognitive decline in rats and mice. Furthermore, the novel S1PR5 selective antagonist, 

BIO027223 [41], has been characterized in vivo, and found able to prevent the egress of 

natural killer cells from the bone marrow and secondary lymphoid organs, thus anticipating 

its possible application in autoimmune and inflammatory pathologies.

S1PRs have already been targeted successfully in several diseases associated with 

inflammatory conditions. Below we discuss the involvement of S1PRs and associated 

players in the S1P axis in peripheral and central pain mechanisms, providing evidence on 

how these can be also targeted to develop non-narcotic pain therapeutics.
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S1P axis in peripheral sensitization

In chronic pain, immune cells recruited to damaged tissues release several mediators 

such as neuropeptides and neurotransmitters that act on specific receptors expressed on 

free nerve endings (nociceptors) that, in turn, regulate immune responses, and this neuro

immune crosstalk gives rise to inflammation. Inflammation lowers the sensory threshold, a 

phenomenon known as peripheral sensitization, so that innocuous mechanical or thermal 

stimuli induce pain (allodynia) and pain sensation associated with noxious stimulation, 

leading to drastically increased pain (hyperalgesia)i. One of the main mediators released 

at the inflammatory site is nerve growth factor (NGF), whose role in initiation and 

maintenance of both mechanical and thermal hypersensitivity is well established [42]. NGF 

along with p75 neurotrophin receptor (p75NTR) mediates mechanical allodynia also through 

neutral SMase activation, leading to increases in ceramide and S1P production [43] as well 

as S1PR1 stimulation [44] (Figure 2).

Tumor necrosis factor (TNF) is another well-known inflammatory mediator. By binding its 

receptor, TNFR1, TNF stimulates SMase activation and production of ceramide, which, 

in turns, promote pain and caspase-dependent apoptosis. [45]. Furthermore, ceramide 

given intradermally has been shown to induce dose-dependent thermal and mechanical 

hyperalgesia in rats, driven by the S1P/S1PR1 axis [46] where S1PR1 stimulation triggers 

local activation of NADPH oxidase and nitric oxide synthase with the subsequent formation 

of peroxynitrite, a potent nitroxidative species implicated in many pain states (Figure 2) 

[47]. Moreover, ceramide-induced thermal hyperalgesia is also known to be mediated by 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB)- and p38 mitogen

activated protein kinase (MAPK)-dependent cyclooxygenase-2 (COX-2) induction and 

increased prostaglandin E2 (PGE2) production [48] (Figure 2). A recent study demonstrated 

also the involvement of nod-like receptor family, pyrin domain containing 2 (NLRP2) 

signalling in ceramide-induced hypersensitivity [49]: intraplantar injection of ceramide in 

mice increases the expression of NLRP2 and inflammatory cytokine IL-1β in DRG neurons.

S1P/S1PR1 has further been implicated in inflammation as studies with S1PR1 antagonists 

such as W146 have shown to ameliorate carrageenan-induced thermal hyperalgesia in a 

dose-dependent manner by reducing neutrophil infiltration at inflammatory sites [50]. Other 

studies have confirmed the S1P/S1PR1 axis contribution to peripheral hypersensitivity 

through modulation of immune cell trafficking and survival [51] and also by promoting 

persistence of activated CD4+ T cells at inflammatory sites [52]. Moreover, it has been 

shown that S1P/S1PR1 signalling in macrophages induces IL-6 production, which in turn 

promotes S1PR1 expression on cell membranes in a feed-forward cycle leading to the 

establishment of chronic inflammation and pain [53].

Early studies have also suggested involvement of additional S1PRs in S1P-mediated 

peripheral sensitization [54, 55]. Treating isolated sensory neurons with specific short 
interfering RNAs (siRNAs) targeted to individual S1PRs demonstrated that activation of 

i)Vardeh, D. and Naranjo, J.F. (2017) Peripheral and Central Sensitization. In Pain Medicine: An Essential Review (Yong, R.J. et al. 
eds), pp. 15–17, Springer International Publishing
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S1PR2, S1PR4, or S1PR5 is not sufficient to elicit significant neuronal firing. Therefore, 

apart from S1PR1, attention has been directed to the role of S1PR3 [55]. Both of these 

S1PRs are expressed on sensory neurons and DRG [56].

In particular, S1PR3 has emerged as a key contributor to S1P-induced peripheral 

sensitization [9]. It was recently reported that S1PR3 knock-out mice show severe loss 

of mechanical sensitivity [36]. Likewise, intraplantar injection of the S1PR3-selective 

antagonist TY-52156 in mice causes dramatically decreased responsiveness to noxious 

stimulation [36]. The molecular mechanism of this S1P/S1PR3-mediated nociception was 

unravelled recently where it was shown that endogenous S1P activates S1PR3 on sensory 

neurons which in turn inhibits potassium channels KCNQ2/3, thus blocking potassium 

currents, another well-known mechanism that regulates neuronal excitability (Figure 3) [57].

It is known that different S1P concentrations at injury sites have opposite effects on the 

same population of sensory neurons based on the receptor subtype that is the most activated. 

For example, S1PR3 mediates growth cone collapse and neurite retraction through Ras 
homolog gene family, member A (RhoA) activation whereas S1PR1 stimulation results 

in elongation of neuronal processes [58]. Similarly, binding of S1P to S1PR3 evokes 

different neuronal responses in a concentration-dependent manner, activating ligand-gated 

ion channels, transient receptor potential ankyrin 1 (TRPA1) or transient receptor potential 

vanilloid 1 (TRPV1) through distinct G-protein pathways. Both TRPA1 and TRPV1 are 

expressed on nociceptors and are involved in transducing painful stimuli [59] and first 

observations reported that S1P-induced heat sensitization is strongly attenuated in mice 

lacking TRPV1 channels [10]. Indeed, it has been shown that there exist two distinct 

populations of S1P-responding sensory neurons that exhibit different expression patterns of 

TRPA1 [60]: TRPA1+/TRPV1+ sensory neurons respond to low, constitutive concentrations 

of S1P and mediate itch sensation through S1PR3-dependent TRPA1 activation, which 

requires Gβγ; TRPA1−/TRPV1+ neurons, instead, respond to high concentrations of S1P 

and are responsible for perception of both acute pain and heat hypersensitivity. In TRPA1−/

TRPV1+ neurons, S1P trigger S1PR3-Gαq signalling, leading to phospholipase C (PLC) 

phosphorylation and activation of TRPV1 receptors (Figure 3) [60]. A recent study, even 

if mostly in accordance with the above-mentioned results, reported a major involvement of 

TRPV1 over TRPA1 in S1P-mediated pain and itch [61].

Similarly to TRPV1 and TRPA1, also canonical transient receptor potential (TRPC1-7) 

channels mediate Ca2+ and Na+ cell influx [62]. TRPC channels have been shown to be 

expressed in sensory neurons and their contribution to nociception and pathological pain is 

well established [62]. It has been suggested that S1P directly activates TRPC1 and TRPC5 

in neurons [9] and an indirect activation pathway through S1PR3- Gαq-PLC has also been 

proposed [9, 63, 64] (Figure 3). Hence, S1P could contribute to sensory neurons excitability 

also through TRPC channel activation.

Moreover, pharmacological and genetic evidence indicate that apart from S1P/S1PR3, the 

S1P/S1PR1 axis is also a critical contributor to DRG and nociceptors hyperexcitability [65, 

66] It has been shown that S1PR1 activation in DRG neurons enhances activity of TRPV1 

via a Gαi-phosphoinositide-3-kinase (PI3K)-Protein kinase C (PKC)-p38 signalling cascade 
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(Figure 3) [67]. Hence, both S1PR1 and S1PR3 downstream pathways are involved in 

TRPV1 sensitization and nociceptor responsiveness.

Nociceptor stimulation due to inflammation associated peripheral sensitization triggers 

phosphorylation and/or gating of specific ion channels on cell membranes that transduce 

the external stimulus into action potentials. Nociceptive inputs are then sent to the cell 

bodies in the DRG and relayed to the spinal cord and brain to be processed [68]. Besides 

the aforementioned sodium and calcium currents, in DRG sensory neurons, also chloride 

currents have been implicated in the transmission of peripheral nociceptive stimulation 

[69] where two voltage-gated chloride channels (CLCN), CLCN3 and CLCN5, directly 

regulate excitatory currents triggered by S1P stimulation [70]. While the downstream 

signalling events are not yet entirely understood, the proposed mechanism involves S1PR3

Gα13-dependent regulation of RhoA (Figure 3). Since phosphorylation is one regulatory 

mechanism that controls chloride channel activity [69] and RhoA can modulate p38-MAPK 

activity [71], p38-MAPK signalling may regulate S1P-induced Cl− efflux in DRG neurons 

[70]. However, S1P-induced Cl- currents and potentiation of TRPV1 functions mediated by 

S1P in sensory neurons described above, seem to be independent molecular mechanisms 

[70].

S1P axis in central sensitization

Apart from peripheral sensitization, intense, repeated and sustained noxious stimulation 

gives rise to specific molecular changes in the CNS, generating a persistent state of high 

neuronal reactivity. The main excitatory neurotransmitter in the CNS is glutamate, which 

has a leading role in pain transmission from the periphery to the brain [72]. Alteration 

in glutamatergic homeostasis associated with sustained neuroinflammation contributes to 

the establishment and maintenance of central sensitization [72]. In neuropathic pain states, 

endogenous IL-1β contributes to central sensitization by enhancing presynaptic glutamate 

release in the dorsal horn of the spinal cord (DHSC) and by increasing glutamate N-methyl

D-aspartate receptor (NMDAR) activity (Figure 4a) [73].

The neuropharmacology of S1P signalling in the CNS has been largely investigated 

using different models of chronic pain, and important evidence for its role has emerged. 

It has been shown in mouse primary cortical neurons, that 1-deoxysphinganine and 

1-deoxyceramide, neurotoxic sphingolipid metabolites, compromise cytoskeletal stability 

and membrane current properties, altering neuronal excitability, likely through allosteric 

modulation of NMDAR [74]. Other investigations have reported that S1P increases 

glutamate release, enhancing long-term potentiation in rat hippocampal neurons [75]. 

Moreover, inhibition of SMase attenuates the development of central sensitization in 

carrageenan-induced orofacial nociceptionii. Modifications of S1P levels in the spinal cord 

due to the absence of SphK2 also results in altered nociception: SphK2−/− mice show an 

anticipated licking response during the late phase of formalin-induced acute inflammation 

and develop bilateral mechano-hypersensitivity following unilateral complete Freund’s 

adjuvant intraplantar administration. SphK2 deletion decreases expression of brain-derived 

ii) https://pubmed.ncbi.nlm.nih.gov/19492541/ 
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neurotrophic factor (BDNF), P2X4 receptor and inducible NOS in the DHSC and also 

impairs microglia and astrocyte activation [76].

Early studies from our group and others have also demonstrated the involvement of S1P 

signalling in the development of spinal sensitization through enhanced glial cell activation 

and increased production of inflammatory/neuroexcitatory cytokines and superoxide-derived 

peroxynitrite, both involved in the modulation of glutamate neurotransmission [77, 78]. 

For example, morphine-induced hyperalgesia correlates with increased production of both 

ceramide and S1P in the spinal cord which is associated with release of glia-derived TNF, 

IL-1β and IL-6 [77]. IL-1β can enhance SphK1 activity further promoting S1P production 

[79] and also inhibit the formation of the anti-inflammatory and neuroprotective IL-10 [80]. 

These events depend on S1PR1-mediated p38-MAPK pathway activation and contribute to 

the development of morphine-induced antinociceptive tolerance (Figure 4a) [81].

Intrathecal administration of the selective S1PR1 agonist, SEW2871, in rodents activates 

the nod-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome pathway 

leading to the release of IL-1β that evokes thermal and mechanical hyperalgesia [79]. 

These effects are abrogated in mice lacking the S1PR1 receptor on astrocytes, implying 

that the NLRP3 pathway is activated downstream of S1PR1 (Figure 4a). The role of 

astrocyte-mediated S1PR1 neuroinflammation has also been documented in models of 

traumatic nerve injury [82]. Peripheral nerve damage induces increased S1P production 

and S1PR1 expression in the dorsal horn of the spinal cord, leading to central sensitization 

triggered by NLRP3 inflammasome-derived IL-1β. Beneficial effects observed following 

S1PR1 antagonism are IL-10-dependent [82] (Figure 4b).

Besides astrocytes, also microglia, and the inflammatory factors they release, promote the 

transition from acute to pathological chronic pain states [72]. Hence, studying the molecular 

mechanisms through which S1P mediates central sensitization, a more complex scenario 

involving also a dynamic astrocyte-microglia interaction can be hypothesized (Figure 4a). 

Microglia, indeed, express both S1PR1 and NLRP3 [83, 84], release IL-1β under exogenous 

S1P stimulation [85] and are also able to produce IL-10. Moreover, activation of the 

microglial NLRP3 inflammasome has recently been linked to pathogenic neuroinflammation 

[84, 86]. Inhibition of S1PR1 signalling has no effect on microglia, which maintain an 

inflammatory phenotype [87]. However, it is possible that S1PR1 antagonism in astrocytes 

also impacts microglia functions. Indeed, it has been shown that activation of IL-10 

signalling in astrocytes attenuates microglia activation under inflammatory conditions [88].

Other than S1PR1, recently also S1PR2 and S1PR3 involvement has been proposed in 

central pain mechanisms. In particular, in a model of chronic constriction injury in rats, 

S1PR2 activation in the spinal cord resulted in anti-inflammatory effects [89], whereas 

an in vitro study showed that activation of S1PR3 on astrocytes promotes the release of 

cytotoxic IL-6, COX-2 and vascular endothelial growth factor A (VEGFa) through RhoA 

activation [90]. Moreover, S1PR2/S1PR3-induced TRPC6-mediated Ca2+ influx and C-X-C 

Motif Chemokine Ligand 1 (CXCL1) release in astrocytes has been recently proposed as a 

contributor of central neuroinflammation [91].
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Increased S1P levels at spinal cord injury sites [92] are known to attract microglia and 

macrophages, whose activation exacerbates the inflammatory response. Both inhibition 

of ceramide biosynthesis [93] and FTY720 administration shortly after spinal contusion 

ameliorate injury outcomes and promote functional recovery [94]. Recently, a study 

revealed that FTY720 reduces spinal cord injury-induced neuropathic pain by dampening 

neuroinflammation and inhibiting glial scar formation [95].

Collectively, the dysregulation of sphingolipid metabolism in the DHSC cord has been 

linked to the development of persistent neuroinflammation and nociceptive behaviors in 

several chronic pain models [77, 82, 96–98] with most recent data support the predominant 

role of S1PR1 signalling in astrocytes as the driving force of central sensitization.

In contrast with the increasing data available in the spinal cord, the role of S1P signalling in 

higher pain centers is still largely unknown. On hippocampal slices, it has been shown that 

S1PR1 signalling influences NMDAR properties [99]. Similarly, ablation of S1PR3 impairs 

neuronal hippocampal excitability in vitro [100] and reduces inflammatory processes in 

medial prefrontal cortex in mice [101], both areas involved in pain processing [102]. 

However, more in-depth studies on S1P signalling need to be addressed also towards 

other brain structures responsible for pain modulation such as cingulate cortex, thalamus, 

periaqueductal grey and rostroventral medulla.

Exploiting S1P signalling towards managing chronic pain

As mentioned above, high plasma levels of 1-deoxysphingolipids have been found in 

patients with CINP [23]. CINP is a major dose-limiting side effect of widely used 

chemotherapeutics with distinct antitumor modes of action including taxanes, platinum

based drugs, vinka alkaloids and proteasome inhibitors [103]. Recent investigations 

following docetaxel administration in mice, revealed a strong increase of neurotoxic 1

deoxysphingolipids in DRG, which could contribute to nerve endings degeneration and 

neuropathy onset [104].

Sphingolipidomic analysis of spinal cord tissues have revealed that CNS alterations in S1P 

also contribute to the development of CINP via S1PR1 [96, 97]. Ceramide is known to 

promote activation of several anti-proliferative and tumor-suppressive pathways. In contrast, 

S1P positively regulates pro-survival and anti-apoptotic responses [105]. Hence it has 

been hypothesized that the ceramide/S1P rheostat plays a critical role in regulating cancer 

cell fate with elevated levels of ceramide inducing cell death and elevated levels of S1P 

leading to survival and proliferation [105]. Thus, therapeutic strategies aimed at reducing 

S1P bioavailability or signalling are attracting attention as novel anticancer agents [105]. 

Numerous studies have demonstrated that FTY720 has potent antitumor activity [106] and 

can synergize with anticancer agents. For example, FTY720 synergizes with bortezomib to 

target multiple myeloma cells in vitro and multiple myeloma xenografts in vivo [107]. Thus, 

drugs, such as FTY720, may enhance the anticancer effects of chemotherapeutic agents 

while minimizing CINP, one of their major side effects.

Squillace et al. Page 9

Trends Pharmacol Sci. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Further investigations using paclitaxel, oxaliplatin, and bortezomib have revealed how 

activation of S1PR1 signalling at the spinal cord level acts in chemotherapy-induced 

hyperalgesia. As mentioned earlier, S1PR1 mediated activation of glial cells [108], NFκB 

and p38-MAPK [96] increase production and release of TNF and IL-1β [108] and enhance 

presynaptic glutamate release (Figure 4a) [97, 108]. Blocking S1PR1 with functional 

and competitive antagonists attenuate these neuroinflammatory processes and block CINP 

without interfering with anticancer effects [96, 97] (Figure 4b). Moreover, mice with specific 

deletion of S1PR1 on astrocytes do not develop CINP, underscoring the importance of 

an astrocyte-based S1PR1 signalling pathway in these conditions [97]. Importantly, sex 

differences in drug responses to bortezomib-induced neuropathic pain (BINP) have been 

reported [109]. In particular, S1PR1 antagonists, which alleviates paclitaxel and oxaliplatin 

CINP in both sexes, failed to prevent and reverse BINP in females rodents [109]. These 

data are particularly relevant and have to be considered in the clinical translation of these 

compounds since S1PR1-based therapies could result ineffective in the treatment of CINP in 

women who receive bortezomib chemotherapy.

Interestingly, a recent study suggested the possibility of targeting also S1PR2 in CINP 

[34]. Intraperitoneal administration of the S1PR2 agonist CYM-5478 in rats blocked the 

development of cisplatin-induced neuropathic pain by inhibiting peripheral gliosis and 

myelin disruption in DRG neurons [34].

Results obtained from CINP studies also correlate with central mechanisms observed in 

MS where neuropathic pain is one of the most frequent symptoms where blocking S1PR1 

suppresses pathogenic astrocyte activation and prevents disease progression, decreasing 

proinflammatory markers of central sensitization and up-regulating IL-10 expression 

[87]. Furthermore, conditional astrocyte depletion of S1PR1 mimics the effects observed 

following S1PR1 antagonist administration in an animal model of MS [110]. Moreover, in 

MS patients, increased CNS levels of N,N-dimethylsphingosine [111] has been observed, 

a metabolite that is known to induce neuropathic pain in rats when injected intrathecally 

[112]. Oligodendrocytes were identified as the source of N,N-dimethylsphingosine and 

its production increases after exposure to white matter-damaging stimuli, confirming the 

inflammatory demyelinating aspect of MS [111].

Ultimately, even if analgesic effects have been attributed to S1PR1 agonism [113, 

114], or combined S1PR1/S1PR3 agonism [115], recent in-depth investigation through 

multidisciplinary and pharmacological approaches [82] have revealed S1PR1 inhibition, and 

not activation, as beneficial in neuropathic pain. Thus, the disruption of S1P-S1PR1 pathway 

is a promising pharmacological strategy to be pursued to block and reverse persistent pain 

states (Figure 4b).

Concluding remarks and future perspective

It has become apparent that alterations in S1P signalling and associated bioactive 

sphingolipid metabolites such as S1P play critical roles in the development of several 

pain states (Table 2). In particular, S1PR1 has emerged as a viable target for therapeutic 

intervention with functional and competitive S1PR1 antagonists. These compounds do not 
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induce tolerance with prolonged use and exert their beneficial effects without engaging 

endogenous opioid circuits and can therefore be considered as non-narcotic analgesics. 

Moreover, preclinical and clinical data indicate that alterations in ceramide/S1P may be 

implicated in anxiety, depression and cognitive dysfunction [116, 117], which are common 

comorbidities associated with chronic pain states. These findings highlight the need to 

explore repurposing drugs such as FTY720 for the treatment of pain of diverse etiologies. 

Noteworthy, clinical trials for proof-of-concept in patients with breast cancer have begun 

with FTY720 to explore efficacy in preventing and/or treating CINP (Clinical Trial 

Numberiii NCT03941743; NCT03943498). In support of these ongoing clinical evaluations, 

a recent pharmacogenomic study revealed that patients with CINP have single nucleotide 
polymorphisms (SNPs) in a genomic region that regulate S1PR1 gene expression. These 

findings on genetic variations validate pharmacological studies and could explain patient 

susceptibility and drive mechanisms underlying CINP development [118]. Validation of the 

next generation of S1PR modulators requires preclinical and clinical trials (see Outstanding 

Questions). For example, a few studies have suggested that S1PR2 agonists may be effective 

[34, 89]. However, several therapeutic agents that lack activity at S1PR2 (i.e. FTY720) show 

beneficial results in models of neuropathic pain states, suggesting a non-critical involvement 

of this receptor [82, 96, 97]. Emerging evidence also points to interesting contributions of 

S1PR3 [36, 60, 70] and development of highly selective S1PR3 antagonists could provide 

valuable tools for in-depth exploration of their effects for pain treatment. There is no doubt 

that the S1P/S1PR1 axis represents a fertile area for therapeutic intervention.
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GLOSSARY

Dorsal root ganglion (DRG)
Cluster of neuronal cell bodies located in the dorsal root of a spinal nerve. Here, the 

peripheral information carried by sensory neurons is processed and sent to the central 

nervous system.

Bradycardia
is a slower than normal heart rate. In adults, a resting heart beat that is less than 60 beats per 

minute.

Functional antagonist
A compound whose binding to its receptor initiates effects that are functionally opposite 

those of an agonist. Conversely, a competitive antagonist binds at the same site as the 

agonist, preventing the activation of the receptor.

Gating

iii) https://clinicaltrials.gov/ 
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Process that controls the opening and closing of cell membrane ion channels.

Growth cone
Terminal portion of a neurite with a distinctive cytoskeletal organization which allows a high 

motility to explore the extracellular environment. The growth cone guides axonal extension, 

determining the direction of growth.

Long-term potentiation (LTP)
long-lasting strengthening of synapses (it is considered the main form of synaptic plasticity) 

that occur with repeated and sustained neuronal stimulation. This mechanism facilitates 

neuronal communication and it is crucially involved in memory formation.

Morphine-induced antinociceptive tolerance
Opioid tolerance is defined as a reduced responsiveness to an opioid analgesic. Thus, 

increasing doses of the drug are needed to obtain the same analgesic effect. Other severe side 

effects induced by prolonged opioid treatment include addiction, physical and psychological 

dependence and a paradoxical increased sensitivity to pain.

Nociceptors
Sensory neurons activated by noxious stimuli that can potentially damage or threaten 

tissue integrity. They are classified according to their responses to mechanical, thermal and 

chemical stimuli.

Peripheral sensitization
Increased sensitivity of peripheral sensory (afferent) neurons.

Pharmacogenomic study
Study of how genes affect a person’s response to drugs. This relatively new field combines 

pharmacology and genomics to develop effective, safe medications and doses that will be 

tailored to a person’s genetic makeup.

Prodrug
Biologically inactive compound that can be metabolized in the body to produce an active 

therapeutic drug.

Ras homolog gene family, member A (RhoA)
Small GTPase, an enzyme able to bind and hydrolyze guanosine triphosphate (GTP). All 

GTPases belong to the Ras superfamily whose members can be divided into families and 

subfamilies based on their structure, sequence and function. The five main families are Ras, 

Rho, Ran, Rab, and Arf GTPases.

Single nucleotide polymorphisms (SNPs)
Substitution of a single nucleotide within a gene or in a regulatory region. They can act as 

biological markers, helping scientists locate genes that are associated with disease.

Small (short) interfering RNA (siRNA)

Squillace et al. Page 12

Trends Pharmacol Sci. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Double-stranded RNA molecules, 20–25 base pairs in length that interfere with the 

expression of specific genes (gene silencing) through repression of translation or targeted 

degradation of transcripts.

Sphingolipidomics
Analysis of the all of the sphingolipids (sphingolipidome) in a biological sample.
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Outstanding Questions

• How is sphingolipid expression and signaling modified in higher pain 

centers (periaqueductal grey, rostroventral medulla, hippocampus, prefrontal 

cortex…) during chronic pain states?

• What is the consequence of inhibiting S1PR1 signaling at supraspinal sites?

• Limited evidence suggests that S1PR1 agonism and not antagonism 

contributes to the beneficial effects observed in models of autoimmune

dependent chronic pain such as MS; extensive work is needed to determine 

whether agonism or antagonism is required.

• What are the interactions between opioids and sphingolipids in the context of 

chronic pain?

• How do strategies of blocking S1PR3 and activating S1PR2 compare with 

S1PR1 inhibition?

• What effects do S1PR agonists/antagonists have on depression, anxiety, 

and cognitive dysfunctions, comorbidities that are common in patients with 

chronic pain syndromes?
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Highlights

• Alteration in sphingolipid metabolism and increased formation of ceramide 

and sphingosine-1-phosphate (S1P) in the nervous system are linked to the 

development of chronic pain states.

• Functional and competitive S1P receptor 1 (S1PR1) antagonists block 

neuropathic pain states of diverse etiologies.

• Inhibition of neuro-immune processes known to increase neuronal excitability 

are important pharmacological actions resulting from S1PR1 inhibition.

• S1PR1 has emerged as a non-opioid target for therapeutic intervention with 

functional and competitive S1PR1 antagonists. Astrocytes are a key cellular 

hub for S1PR1 activity.

• The functional S1PR antagonists, Fingolimod and Ozanimod, are approved 

for non-pain indications, suggesting repurposing these drugs for chronic pain 

indications.
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Figure 1. Sphingolipid biosynthetic pathway leading to ceramide and sphingosine 1-phosphate 
(S1P) formation.
Ceramide can be formed either by a catabolic pathway, from the hydrolysis of membrane 

sphingomyelin, or by de novo biosynthesis, starting from the condensation of serine 

with palmitate in the endoplasmic reticulum. Ceramide and its bioactive metabolite S1P 

mediate several inflammatory, proapoptotic and nociceptive signalling cascades. S1P can 

cross the plasma membrane through either non-specific ABC transporters or through 

the recently discovered Spinster 2 (SPNS2) transporter, which is specific for S1P. S1P 

signalling is mediated by five G-protein coupled receptors (S1PR1-5). CDase, ceramidase; 

CerS, ceramide synthase; SMase, sphingomyelinase; SMS, sphingomyelin synthase; SphK, 

sphingosine kinases; SPL, S1P lyase; SPPase, sphingosine phosphate phosphatase; SPT, 

serine palmitoyltransferase.
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Figure 2. Schematic illustration of ceramide and S1P-induced peripheral sensitization.
The illustration describes some inflammatory pathways triggered by ceramide and its 

bioactive downstream metabolite, S1P. Both NGF and TNF can induce the production 

of ceramide through the activation of sphingomyelinase (SMase). Once formed, ceramide 

promotes caspase-dependent apoptosis and stimulates cyclooxygenase-2 (COX-2) activation 

and prostaglandin E2 (PGE2) accumulation through a p38 MAPK-dependent NF-κB 

pathway. Ceramide-derived S1P acting on S1PR1 induces 1) assembly and activation of 

NADPH oxidase (NOX) holoenzyme and subsequent formation of superoxide (O2
−), and 

2) nitric oxide (NO) production from nitric oxide synthase (NOS) activation. Superoxide 

combines with nitric oxide to form peroxynitrite, leading to development of peripheral 

sensitization and hyperalgesia.
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Figure 3. Schematic illustration S1P-induced sensory neurons excitability.
Both S1PR1 and S1PR3 are expressed in sensory neurons and DRG, and their stimulation 

lead to neuronal depolarization through both the potentiation of TRPV1 channels and the 

activation of chloride currents. However, the underlying molecular mechanisms seem to 

be independent of each other. S1PR3 stimulation also activate TRPC and TRPA1 channels 

through distinct G-protein coupled pathways. Furthermore, S1P regulates nociception by 

modulating potassium currents through the blockade of KCNQ2/3 channels.
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Figure 4. Schematic illustration of S1P-driven central sensitization.
(a) The illustration shows how the dysregulation of sphingolipid signalling in the dorsal 

horn of the spinal cord (DHSC) leads to the establishment of central sensitization in 

neuropathic pain arising from different etiologies. Stimulation of S1PR1 expressed on 

spinal astrocytes activates NLRP3 inflammasomes, increasing the endogenous production 

and release of inflammatory cytokines, which in turn alter glutamatergic homeostasis and 

boost neuronal excitability. Moreover, activation of the IL-1β receptor (IL-1R) establishes a 

feedforward loop which increases inflammatory cytokine production and SphK activity, thus 

further increasing S1P. (b) Blocking S1PR1 signalling in astrocytes is sufficient to dampen 

inflammatory pathways and promote the release of anti-inflammatory IL-10, which restores 

glutamate homeostasis and promotes a neuroprotective state in the spinal cord.
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Table 1.

S1P receptors agonists and antagonists

Drug Structure Major clinical studies Ref

S1PR1 agonists 

SEW2871 [29]

S1PR1 functional antagonists 

Fingolimod (FTY720) MS (FDA approved) Autoimmune diseases CINP [25–27]

Siponimod MS (FDA approved) Autoimmune diseases [29]

Ponesimod MS Autoimmune diseases Transplant rejection [29]

Ceralifimod MS [29]

KRP-203 Autoimmune diseases Ulcerative colitis [29]

Ozanimod (RPC1063) MS (FDA approved) Ulcerative colitis [29, 32]

S1PR1 competitive antagonists 

NIBR14/15 [33]

TASP0277308 [33]

W146 [33]

S1PR2 agonists 

CYM-5478 [34]

S1PR2 antagonists 
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Drug Structure Major clinical studies Ref

AB1 [35]

S1PR3 agonists 

SPM-354 [36]

TY5–2156 [36]

S1PR5 agonists 

A-971432 [40]

S1PR5 antagonists 

BIO027223 Structure not available for publication [41]
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Table 2.

Chronological studies on bioactive sphingolipid metabolites in pain

Hereditary sensory neuropathy (HSAN1) in humans is linked to mutations in serine palmitoyltransferase (SPT) 
and increased SPT enzymatic activity 2001 [19]

Hindpaw injection of ceramide causes hyperalgesia in rats 2004 [45]

Ceramide/S1P enhance the excitability of rat sensory neurons 2006 [54]

FTY720 blocks neuropathic pain in spared nerve injury model in rats 2008 [114]

Spinal injection of the S1PR1 agonist, SEW2871, has no effect on formalin phase 1/2 response in rats 2008 [114]

Chronic morphine administration in rats upregulates ceramide and S1P in the spinal cord resulting in the 
development of antinociceptive tolerance and central sensitization 2009–2010 [77, 78]

Inhibition of sphingomyelinase attenuates carrageenan-induced orofacial mechanical allodynia in mice 2009 ii

Inhibition of ceramide biosynthesis ameliorates neuropathic pain and promote functional recovery after spinal 
cord injury in mice. Similar results are obtained with oral FTY720 administration shortly after spinal contusion 2009–2012 [93, 94]

S1PR1 is implicated in S1P-mediated enhancement of isolated rat sensory neuron excitability 2010 [65]

S1P enhances BV2 microglia-induced inflammation and production of nitroxidative species 2010 [85]

S1P increases glutamate release and enhances long-term potentiation in rat hippocampal neurons 2010 [75]

Administration of S1PR1 agonist, SEW2871, in mice and rats recapitulates pain behavior phenotypes 2011–2020 [10, 47, 50, 
79, 82, 96]

Ceramide-induced pain behaviors in rats requires bioconversion of ceramide to S1P and S1PR1-mediated 
activation of NF-kB- and p38-dependent COX2/PGE2 pathways 2011 [48]

S1P-mediated activation of S1PR1 induces pain behaviors in rats through peroxynitrite formation 2011 [47]

Mass spectrometry-based metabolomics implicates altered sphingolipid signalling in neuropathic pain states in 
rats 2012 [112]

S1P induces spontaneous pain in mice via S1P3-dependent activation of an excitatory Cl- conductance 2013 [9]

Spinal injection of the S1PR1 agonist, SEW2871, in mice and rats does not block traumatic nerve injury-induced 
pain 2014–2019 [82, 115]

Chemotherapy-induced increase in S1P in spinal cord contributes to neuropathic pain in rats and mice. Functional 
and competitive S1PR1 antagonists block paclitaxel, oxaliplatin and bortezomib induced neuropathic pain without 
altering their anticancer activity. The S1PR1 agonist, SEW2871, does not block chemotherapy-induced pain

2014–2018 [96, 97]

S1P-S1PR1 binding enhances the activity of TRPV1 via Gαi-PI3K-PKC-p38 signalling in mouse DRG neurons 2014 [67]

Sphk2 activity in the spinal cord is involved in the facilitation of nociceptive circuits leading to pain behaviors in 
mice 2015 [76]

Neurotoxic 1-deoxysphinganine and 1-deoxyceramide enhance neuronal excitability through an allosteric 
modulation of NMDAR 2016 [74]

Sphingolipidomic analysis of spinal cord samples reveals that alterations in the S1P-S1PR1 axis underlie 
cancer-induced bone pain and neuroinflammation in mice. Functional and competitive S1PR1 antagonists block 
bone-cancer pain

2017 [98]

Fingolimod (FTY720) reduces neuropathic pain behaviors in an autoimmune mouse model of multiple sclerosis. 
Similar results are obtained with systemic administration of selective S1PR1 agonist, SEW2871 2018 [113]

Both S1PR3 knock-out and pharmacological inhibition of S1PR3 cause dramatic decrease responsiveness to 
noxious stimulation in mice 2018 [36]

S1P through S1PR3 regulates neuronal excitability by inhibiting KCNQ2/3 potassium channels in mouse sensory 
neurons 2018 [36]

CLCN3 and CLCN5 mediate excitatory Cl- currents activated by S1P/S1PR3 in mouse sensory neurons 2018 [70]

S1P-to-S1PR3 signalling mediates pain behaviors in mice through the activation of TRPV1 in sensory neurons 2018 [60]

Sexual dymorphic responses are observed with bortezomib. Unlike paclitaxel and oxaliplatin, S1PR1-based 
therapies do not block bortezomib-induced neuropathic pain in female rats and mice 2019 [109]
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Ceramide-induced pain behaviors in mice involve NLRP2 inflammasome activation in the DRG 2019 [49]

Activation of S1PR1 in spinal astrocytes, following intrathecal injection of SEW2871, leads to NLRP3 
inflammasome activation, IL-1β production and pain behaviors in mice and rats 2019 [79]

Functional and competitive S1PR1 antagonists block traumatic nerve injury-induced neuropathic pain in mice and 
rats. S1PR1 expressed on astrocytes is identified as target for therapeutic intervention with S1PR1 antagonists 2019 [82]

S1PR2 activation in spinal cord attenuates neuropathic pain and neuroinflammation in a model of traumatic nerve 
injury in rats 2019 [89]

Clinical trials for proof of concept in patients with breast cancer have begun with Fingolimod to explore efficacy 
in preventing and/or treating chemo-induced neuropathic pain (NCTID: NCT03941743; NCT03943498) 2019 iii

FTY720 ameliorates spinal cord injury induced-neuropathic pain in rats by dampening neuroinflammation and 
inhibiting glial scar formation 2020 [95]

Role for S1PR1 in opioid-mediated adverse events is identified. Functional and competitive S1PR1 antagonists 
block morphine-induced hyperalgesia, tolerance and dependence 2020 [81]

Activation of S1PR2 following systemic administration of the selective S1PR2 agonist CYM-5478 attenuates 
cisplatin-induced neuropathic pain in rats 2020 [34]

Patients with CINP have single nucleotide polymorphisms (SNPs) in a genomic region that regulate S1PR1 gene 
expression. These genetic variations validate pharmacological studies and could explain patient susceptibility to 
CINP development

2020 [118]
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