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Abstract 

Sphingosine-1-phosphate (S1P) is a sphingolipid mediator that exerts a variety of biological functions, including 
immune, cardiovascular, and neurological regulation as well as tumor promotion, through high-affinity G protein-
coupled receptors  (S1P1-5). It has been reported that circulating S1P levels remain higher in patients with psoriasis 
than in healthy individuals and that circulating S1P levels do not decrease after anti-TNF-α treatment in those patients. 
The S1P-S1PR signaling system plays an important role in inhibiting keratinocyte proliferation, regulating lympho-
cyte migration, and promoting angiogenesis, thus contributing to the regulation of psoriasis pathogenesis. Here, we 
review the mechanisms by which S1P-S1PR signaling affects the development of psoriasis and the available clinical/
preclinical evidence for targeting S1P-S1PR in psoriasis. S1P-S1PR signaling mechanisms may partially explain the link 
between psoriasis and its comorbidities. Although the detailed mechanisms remain to be elucidated, S1P may be a 
new target for future psoriasis remission.
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Introduction
Psoriasis is a common disease that is complex, chronic, 
and immune-mediated and involves the skin and joints, 
with a prevalence ranging from 0.09% to 11.43% in dif-
ferent countries, and approximately 100 million adults 
suffer from the disease [1], which severely affects their 
quality of life. It is currently believed that psoriasis is 
influenced by a variety of factors, such as genetics, infec-
tion, medication and lifestyle (smoking, obesity and 

alcohol consumption) [2, 3]. Research on the patho-
genesis of psoriasis has developed rapidly over the past 
15  years, involving multiple intracellular signaling path-
ways (PI3K, AKT, JAK-STAT, JNK, WNT, etc.), and the 
IL-23/Th17 axis is now recognized as a key link in the 
immunopathogenesis of psoriasis. As research on the 
pathogenesis of psoriasis progresses, more biological 
targets have been identified [4–6]. The systemic inflam-
mation caused by psoriasis promotes the development 
of comorbidities, with 73% of patients suffering from at 
least one comorbidity [7]. The common comorbidities are 
psoriatic arthritis, Crohn’s disease, metabolic syndrome, 
nonalcoholic fatty liver disease, and cardiovascular dis-
ease. Therefore, finding pathomechanical associations 
between psoriasis and its comorbidities can be a boon for 
the majority of psoriasis patients (especially those with 
higher severity).
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Sphingosine 1-phosphate (S1P) is a sphingolipid 
mediator that regulates various biological processes in 
health and disease through the high-affinity G protein-
coupled receptors  S1P1-5. S1P-S1PR have been found to 
be involved in the pathogenesis of several immune dis-
eases, such as multiple atherosclerosis (MS), obstruc-
tive coronary artery disease, inflammatory bowel disease 
(IBD), tumors, and psoriasis [8–12]. In addition, S1P 
and its signaling have been reported to regulate angio-
genesis, modulate lymphocyte excretion, regulate the 
migration of various immune cells, including Th17/Treg 
cells, and affect IL-23-mediated signaling [13]. S1P and 
its analogs (represented by FTY720) have been shown to 
inhibit the proliferation of keratinocytes. Antonio Checa 
et  al. [14] found that circulating levels of S1P remained 
high after treatment with biologic agents, suggesting 
that increased levels of S1P may be the cause of psoriasis 
relapse. Moreover, circulating S1P levels were higher in 
psoriasis patients than in healthy subjects and correlated 
with body weight, and Kozłowska et  al. found [15] that 
S1P was a marker of insulin resistance and obesity. All 
evidence suggests that S1P and its signaling may be a link 
between psoriasis and metabolic-related diseases (obe-
sity, metabolic syndrome, cardiovascular disease) and 
that targeting S1P may offer new opportunities for the 
treatment of psoriasis. This review highlights the impor-
tance of the S1P-S1PR signaling system in the inflamma-
tory process, describes the specific mechanisms by which 
S1P and its signaling are involved in the pathogenesis of 
psoriasis, describes the available clinical/preclinical evi-
dence for targeting S1P-S1PR in psoriasis, and identifies 
S1PR modifiers (e.g., S1P-S1PR). Ponesimod and Syl930) 
and their potential targets.

The Source and Function of S1P
Sphingolipids are prevalent components of eukaryotic 
cell membranes, and sphingosin-1-phosphate (S1P) is 
a bioactive sphingolipid metabolite that works in an 
autocrine or paracrine manner [16]. Its source is cera-
mide (CER), which consists of a sphingosine group and 
a variable-length amide-linked acyl chain that is con-
verted intracellularly by deacylation to sphingosine and 
carboxylate. Then, sphingosine is phosphorylated by 
sphingosine kinase 1 (SPHK1) or sphingosine kinase 2 
(SPHK2) to produce S1P in the lysosome and endoplas-
mic reticulum [17]. Its intracellular level is regulated by 
S1P biosynthesis and the S1P degradation pathway. It has 
the capability to act both as an intracellular second mes-
senger and as a ligand for G protein-coupled receptors 
(GPCRs), regulating different physiological processes by 
binding to five specific receptors,  S1P1-5. Types 1, 2 and 
3 are predominantly expressed in cardiovascular tissues, 
and the SPHK/S1P axis is involved in the development 

and function of the cardiovascular system. The function 
includes the regulation of heart rate, cardiac contractil-
ity and vascular tone [18]. It has been proven that S1P is 
associated with improved poor cardiac remodeling after 
myocardial infarction [19]. Byambasuren Ganbaatar et al. 
[20] found that  S1P2 antagonists reduced endothelial 
dysfunction and prevented atherogenesis. S1PR4 plays a 
role in the migration and differentiation of immune cells, 
while S1PR5 plays a role in the immune and nervous sys-
tems. S1PR5 can also help NK cells translocate into tis-
sues and control brain endothelial barrier function and 
permeability [21] (Table 1).

S1P occupies an important position in the immune 
system. In general, S1P stimulation increases the per-
meability of lymphatic endothelial cells, upregulates the 
expression of T-cell and interendothelial cell adhesion 
proteins, and regulates the migration of CD4 + T cells to 
the initial lymphatic vessels. Chemokines CCL21 and S1P 
released from lymphatic endothelial cells regulate lymph 
node migration of T cells to reach the site of inflamma-
tion and participate in the immune response. In sum-
mary, S1P is involved in the development, maturation 
and migration of T cells in immune organs. It initiates 
translymphatic endothelial migration (TEM) by influenc-
ing the interaction between lymphatic endothelial cells 
and T cells, thus causing T cells to migrate out of lymph 
nodes. Disruption of the S1P concentration gradient in 
the thymus, where T cells mature, results in impaired 
thymic migration of mature T cells. In the spleen, S1P 
also promotes lymphocyte emigration and recirculation 
from the white pulp to the red pulp.

S1P signaling, via GPCRs, affects the entire mam-
malian physiology, from the immune system to the 
nervous system and the circulation of skeletal muscle 
organs. It also plays a significant role in the develop-
ment of psoriasis. Psoriasis is a chronic inflammatory 
and proliferative disease caused by genetic and envi-
ronmental factors and is characterized by excessive 
keratinocyte proliferation, increased dermal angiogen-
esis, and immune cell infiltration, with localized skin 
erythema, scaling, and pruritus. In patients with pso-
riasis, serum concentrations of CER are significantly 
lower and S1P concentrations are significantly higher. 
S1P is an important factor in the proliferation and dif-
ferentiation of human keratinocytes, and Suwon Jeon 
et  al. demonstrated that human epidermal keratino-
cyte differentiation is associated with elevated S1P 
and downregulation of S1P lyase [22]. It also causes 
excitation of nociceptive receptors and persistent pain 
in mice and humans through activation of S1PR3 and 
S1PR1 [23]. When S1P was injected intradermally into 
mice, S1PR3 in pruritic c-fiber neurons was stimulated, 
causing itching and pain. There is ample evidence that 
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the skin inflammation exhibited by psoriasis is caused 
by inflammatory mediators such as TNF-α, that mac-
rophages are a key source of TNF-α and that S1P has a 
significant effect on this process by activating S1PR1 on 
macrophages [24]. Interleukin-1β (IL-1β), also derived 
from macrophages, promotes vascular and lymphatic 
vasculature production, and S1PR1, when combined 
with S1P, activates STAT3 phosphorylation and pro-
motes the development of chronic inflammation. 
Numerous studies have suggested that S1P plays an 

important role in the pathogenesis of psoriasis through 
direct or indirect actions (Fig. 1).

S1P and its signaling affect psoriasis pathogenesis
S1P inhibits the proliferation of keratinocytes and induces 
their differentiation
Psoriasis is a chronic inflammatory skin disease char-
acterized by abnormal proliferation/differentiation of 
keratinocytes and excessive infiltration of immune cells 
in the dermis and epidermis. In particular, keratinocytes 

Table 1 The distribution and function of S1PRS

Fig. 1 The Source and Function of S1P in Psoriasis
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not only act as "signal transducers" to trigger epider-
mal inflammation in psoriasis but also as executors of 
the immune pathway in psoriasis [25]. It has also been 
recently shown that basal keratinocytes of stem cells 
have a similar ability to acquire long-term memory of 
inflammation and may regulate psoriasis relapse [26]. 
Therefore, keratinocytes have been used as a potential 
strategy for psoriasis treatment. In recent years, we found 
that S1P and its signaling inhibited the proliferation of 
keratinocytes and induced their differentiation [27]. 
Therefore, targeted therapeutic strategies for S1P and its 
signaling could alleviate psoriasis symptoms and reduce 
its recurrence by inhibiting keratinocyte proliferation, 
perhaps with fewer side effects and lower posttreatment 
recurrence rates than current biologic agents.

S1P acts as an intracellular second messenger by cou-
pling to the G protein-coupled receptors  S1P1-5 to trigger 
a range of biological effects, including cell proliferation, 
immunosuppression and cardiovascular function. S1P 
inhibits keratinocyte proliferation by coupling to  S1P2, 
with no cytotoxicity. Among them, S1PR2 is mainly 
involved in inhibiting keratinocyte growth through acti-
vation of protein kinase C (PKC) and subsequent Akt 
dephosphorylation. Kim et al. [28] showed that although 
S1P is known as a mitogenic signaling molecule, S1P 
can play an important role in the negative regulation of 
keratinocyte proliferation through prolonged activation 
of ERK and cell cycle arrest induced by transient inacti-
vation of Akt/PKB, and this inhibitory effect can be sig-
nificantly reversed by pertussis toxin (PTX).

Jeon et  al. [22] found that inhibition of S1P lyase ele-
vated S1P levels and induced G1 phase growth arrest and 
keratinocyte differentiation through inhibition of cyclin 
D1, cyclin D3, and the cyclin-dependent kinases CDK2, 
CDK4, and CDK6. This suggests that S1P lyase may be 
a regulatory point for human keratinocyte proliferation.

S1P not only regulates the proliferation of human 
keratinocytes but also transiently increases the concen-
tration of free  Ca2+ in these cells. This process is medi-
ated by stimulation of phospholipase C and involves the 
mobilization of  Ca2+ from thapsigargin-sensitive stores 
and subsequent  Ca2+ influx.  Ca2+ is the most critical 
signal in the differentiation process of keratinocytes, 
prompting their transformation into keratinocytes. S1P 
involvement in intracellular Ca2 + level elevation can 
promote this differentiation process. Lichte et  al. [29] 
demonstrated that the S1P-induced  Ca2+ increase in 
keratinocytes was mediated by S1PR3.

S1P protects keratinocytes from apoptosis. Moriue 
et al. [30] found that S1P attenuates H2O2-induced apop-
tosis in HaCaT cells through phosphorylation of Akt. 
Previously, similar reports have been made, for exam-
ple, that S1P prevents apoptosis in keratinocyte cultures 

in response to stimuli such as TNF-α and UVB [31, 32]. 
Notably, Elisabeth I. Schmitz et  al. also found that S1P 
protects human keratinocytes from apoptosis by activat-
ing the S1PR3 subtype to produce protective amounts of 
NO [33].

In addition to its proliferative, differentiation and anti-
apoptotic effects on keratinocytes, S1P is also engaged 
in immune responses and inflammatory mechanisms. 
Oizumi et  al. demonstrated that ceramidase induces 
inflammatory mediators, including endothelin-1, TNF-α 
and IL-8, in human keratinocytes via S1P [34]. It is well 
known that endothelin-1 causes nonhistamine-depend-
ent pruritus in humans [35] and that pruritus is an 
essential indication of psoriasis severity. S1P produced 
by keratinocytes is involved in endothelin-1-mediated 
pruritus in the pathogenesis of psoriasis. TNF-α inhibi-
tors have been widely used in various psoriatic diseases 
and are reasonable targets for the treatment of chronic 
psoriasis [36]. S1P may primarily induce TNF-α produc-
tion through  S1P1 and/or  S1P3 in keratinocytes. Igawa 
et al. found that S1P increased the expression of IL-36γ, 
TNF-α and IL-8 in normal human epidermal keratino-
cytes (NHEKs) in  vitro and that this expression was 
tightly controlled by S1PR1/2 in keratinocytes [37]. This 
allows S1P to have completely opposite effects on the 
local skin of psoriasis. On the one hand, S1P reduces skin 
pathology by inhibiting keratinocyte proliferation and 
inducing keratinocyte differentiation; on the other hand, 
S1P causes keratinocytes to produce metabolites that act 
as stimuli for inflammatory immune responses to aggra-
vate skin lesions.

S1P and its signal transduction regulate the immune 
process in psoriasis
Immune responses occupy an important place in the 
pathogenesis of psoriasis, especially the IL-23/IL-17 axis, 
which depends on the function of Th17 cells. Immune-
related cells such as dendritic cells (DCs) and mac-
rophages, as well as Toll-like receptors and cytokines 
such as interferon (IFN)- α, TNF-α, IFN-ɤ, IL-12, IL-22, 
IL-23, and IL-17, are closely associated with psoriasis 
pathogenesis. S1P is involved in a key immune link in 
psoriasis pathogenesis and can be considered a circulat-
ing marker. On the one hand, S1P helps lymphocytes to 
exclude from lymph nodes by binding to  S1P1-5 and reach 
the site of inflammation [38]. On the other hand, it regu-
lates the activation and polarization of several types of 
immune cells (including Th17 cells) [39].

S1P is enriched in lymph and blood but present in small 
amounts in the intracellular and interstitial fluid, forming 
a steep S1P gradient. This gradient controls the efflux of 
lymphocytes, which are then carried into the circulation 
by various carriers, such as Mfsd2b and Spns2 [40, 41]. 
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Psoriasis is a disease mediated by T lymphocytes and is 
characterized by infiltration of a large number of immune 
cells (lymphocytes, macrophages and neutrophils). 
This persistent inflammation will aggravate the forma-
tion of plaques, while cytokines produced by immune-
related cells such as IL-17 and TNF-α will further recruit 
immune cells and form a vicious circle of local inflamma-
tion. If there is no  S1P1 on T/B cells, then they cannot 
emerge from the secondary lymphoid organs, and the 
number of peripheral local lymphocytes will be relatively 
reduced. Inhibitors of S1P lyase (S1PL) or S1P antago-
nists such as FTY720 (fingolimod) prevent lymphocyte 
migration from lymphoid organs, leading to lympho-
cyte decrease [42]. Therefore, targeting the S1P signaling 
axis can alleviate psoriasis by inhibiting the efflux of key 
immune cells, which has been widely clinically proven.

Th17 cells are known to have a vital function in the 
pathogenesis of psoriasis and are key driver cells in the 
development of psoriatic inflammation. It has been indi-
cated that circulating S1P levels are elevated in patients 
with psoriasis compared to healthy patients. It has been 
shown that S1P can enhance the development of Th17 
cells and locally block the production of S1P, which can 
reduce serum levels of IL-17A. S1P analogs (SEW2871, 
BAF312 and FTY720) directly or indirectly inhibit Th17 
cell differentiation in vitro through their negative effects 
on antigen-presenting cells and reduce the produc-
tion of the proinflammatory cytokines IL-23, IL-6, and 
IL-1β while increasing Treg differentiation of primitive 
CD4 + T cells. On the other hand, these three S1P ana-
logs reduced the phosphorylation response of STAT4, 
NF-κB and AKT in response to IL-23, demonstrating that 
the S1P signaling pathway crosses over with IL-23 sign-
aling to further limit the pathogenicity and expansion of 
Th17 [43]. All evidence indicates that blocking S1P and 
its signaling can affect the activation and polarization of 
Th17 cells, thus alleviating the inflammatory response in 
psoriasis. Sun-Hye SHIN et al. [44] found different effects 
of SPHK1 and SPHK2 on Th17 cells, and only inhibition 
of SPHK2 directly affected Th17 differentiation of naïve 
CD4 + T cells. S1P lyase, encoded by the Sgpl1 gene, can 
degrade S1P. Yang et  al. [45] demonstrated for the first 
time the formation of hyperpigmented patches at skin 
lesions in an Sgpl1-deficient mouse model. The presence 
of an enrichment of IL17a-producing Vγ6 + cells in the 
skin of SGPL1-deficient patients exhibited hyperchro-
matic patches that could reflect their biased IL17-related 
proinflammatory response in the cutaneous immune 
system.

Dendritic cells (DCs) are key players in the immune 
response to psoriasis, producing mainly IL-12/IL-23, 
which is essential for the development and mainte-
nance of psoriasis. Dillmann et al. [46] showed that S1P 

secreted by plasmacytoid dendritic cells (pDCs) signifi-
cantly reduces IFN-α production by coupling with  S1P4, 
thereby shifting cytokine production from Th1 (IFN-g) to 
regulatory (IL-10) in T cells. This is tantamount to pro-
viding evidence for S1PR4 agonists in the treatment of 
pathogenic IFN-α production. In addition, Schuster et al. 
[47] found that although the deletion of S1PR4 will not 
reduce the production of IL-17 in IMQ psoriasis model 
mice, it can reduce CCL2, IL-6 and CXCL1 (an impor-
tant vector of psoriasis immune response), also confirm-
ing that S1PR4 may be a target for reducing permanent 
inflammatory responses. Prior to this, Schaper et al. [48] 
investigated the role of S1P on cytokines in DCs and 
showed that S1P has an anti-inflammatory effect on the 
production of IL-12 family cytokines (IL-12p70, IL-23 
and IL-27). In addition, Langerhans cells (LCs) are spe-
cialized dendritic cells located in the epidermis that are 
the initiators of the T-cell immune response, and the 
 S1P1 and  S1P3 subtypes are responsible for the migratory 
response of LCs [49]. S1P applied topically regulates the 
inhibition of antigen uptake by LCs through the ABCC1/
S1P2 and PI3K axes to eliminate local inflammation in 
the skin [50]. Bock et al. [51] reported that S1P regulates 
the maturation of human LCs, including key aspects of 
cytokine release and migration, and is also closely associ-
ated with skin surface inflammation.

Macrophages are a key source of TNF-α and express 
various S1PRs. Macrophages have also been shown to 
induce psoriasis in the absence of T and B cells, and Treg 
cells can inhibit this proinflammatory activity of mac-
rophages [52]. Interestingly, Syed et  al. [24] found that 
bone marrow S1PR1 exhibited anti-inflammatory effects 
in early psoriasis-like skin inflammation in mice, which 
is completely opposite to the expected results, suggesting 
that there is a more complex compensatory mechanism 
involved. In addition, myeloid-specific S1PR1 deletion 
mice showed decreased lymphocytes and increased 
vascularity, whereas previous reports pointed to neo-
vascularization as an exacerbating factor of psoriatic 
inflammation, revealing a different role of macrophage 
S1P-S1PR1 signaling in lymphogenesis and angiogen-
esis [24]. Furthermore, myeloid S1PR1 signaling was also 
reported to induce IL-1β production by enhancing mac-
rophage NLRP3 inflammatory vesicle activity, and SPHK 
is involved in this process [53].

Mast cells are widely present in psoriatic lesions and are 
overactivated [54]. Mast cells play a regulatory immune 
function by releasing a variety of inflammatory mediators 
and form a complex mast cell-centered immune network 
with T cells, Tregs, and keratinocytes [55] In addition, 
mast cells express two isoforms of SPHK (SPHK1 and 
SPHK2), which are activated upon FcεRI stimulation and 
produce higher levels of S1P [56]. Moreover, mast cells 
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also express S1PRs, in which the activation of S1PR1 pro-
motes mast cell migration toward antigens and the acti-
vation of S1PR2 triggers mast cell degranulation. These 
processes aggravate the occurrence of inflammation 
[57]. Thus, there is strong signaling crosstalk between 
mast cells and the S1P axis, and targeting the S1P axis 
to regulate mast cells is also crucial evidence that S1P 
treatment improves inflammation in psoriasis. Megan 
et al. [58] found that an SPHK1 inhibitor attenuates mast 
cell-mediated allergic responses and inhibits NF-κB acti-
vation, which is widely reported in many pulmonary 
diseases, such as allergic rhinitis and asthma. It has also 
been proven in inflammatory skin diseases. Park et  al. 
reported that blockade of S1PR2 attenuated mast cell 
aggregation and reduced inflammatory cytokine levels 
(IL-4, IL-13, IL-17 and IFN-γ) in mice with atopic derma-
titis [59].

S1P induces dermal angiogenesis in psoriasis
The SPHK/S1P/S1PR signaling pathway is associated with 
multiple physiopathological processes in psoriasis; how-
ever, its relationship with increased dermal angiogenesis 
in psoriasis is not completely clear. Angiogenesis is con-
sidered to be one of the principal events in the develop-
ment of psoriasis, and its histological features include an 
increased distribution of dermal blood vessels. The main-
tenance of inflammation in psoriasis is also dependent 
on the close interaction of inflammatory Th1/Th17 cells 
with the vascular bed, facilitating their transfer from the 
periphery to the dermis [60]. Sites of inflammation are 
often accompanied by increased vascular permeability to 
help immune cells reach the site of inflammation to elim-
inate pathogens. However, increased vascular perme-
ability can further exacerbate the inflammatory response. 
Thus, angiogenesis is not only a cofactor but also an 
inducer of psoriasis development. Vascular endothelial 
growth factor, hypoxia-inducible factor, tumor necrosis 
factor, IL-8 and angiopoietin are generally considered to 
be the main players in psoriasis angiogenesis [60]. How-
ever, in the last 20 years, it has been observed that S1P 
and its signaling also have an important role in the devel-
opment and maturation of blood vessels.

Lee et  al. [61] first reported that S1P stimulates angi-
ogenesis in mice via S1PR1 and S1PR3. Subsequently, 
Du et  al. [62] proved that inflammatory mediators such 
as LPS and TNF-α induced S1PR2 expression in the 
endothelium and that upregulation of S1PR2 might be 
in charge of the impaired barrier function of endothe-
lial cells. Thus, increased angiogenesis and disruption 
of vascular barrier function in the dermis were mainly 
associated with S1PR1, S1PR2, and S1PR3 expressed 
by endothelial cells [63]. S1P and its signaling role in 
angiogenesis were subsequently introduced to a variety 

of diseases, such as cancer, cardiovascular disease, and 
inflammatory bowel disease [64–66]. Recently, some 
progress has been made in the study of this role in skin 
wound healing, inflammatory skin diseases (e.g., pso-
riasis and atopic dermatitis.) Aoki et  al. [67] found that 
S1P was related to the increase in angiogenesis and the 
recruitment of inflammatory cells by regulating the 
loss and overexpression of SPHK1 in the local wounds 
of mice. Therefore, the local topical application of S1P 
can promote early wound healing and later scar repair. 
Yoon et al. [68] reduced angiogenesis in a mouse model 
of atopic dermatitis using a novel antagonist of S1PR1, 
which effectively alleviated atopic dermatitis symptoms 
in  vivo/in vitro. Syed et  al. [24] used imiquimod (IMQ) 
to induce psoriasis-like dermatitis in a mouse model of 
myeloid-specific S1PR1 deletion to explore lymphatic 
versus angiogenesis in conditional knockout mice and 
found that increased inflammation in mice was associ-
ated with increased vascularity but decreased lymphatic 
vessel density. In summary, the SPHK/S1P/S1PR signal-
ing axis is one of the multiple mechanisms of increased 
dermal angiogenesis in psoriasis, and the disruption of 
the angiogenic system caused by S1P may be an impor-
tant mediator of the link between psoriasis and multi-
ple comorbidities (especially cardiovascular disease). 
Therefore, S1P-based therapy provides an important 
mechanism for the development of early psoriasis, and 
targeted S1P therapy provides new therapeutic ideas for 
the occurrence of early psoriasis, maintenance of psoria-
sis in the later stage, and combination with other diseases 
(Fig. 2).

S1P and S1PR modulators for the treatment 
of psoriasis
The immunopathogenesis of psoriasis, an inflammatory 
skin disease mediated by immune cells, is now becoming 
clear, and biologics developed for its key immune aspects, 
such as tumor necrosis factor (TNF)-α inhibitors (inf-
liximab, adalimumab, polyethylene glycol certolizumab), 
IL-23 inhibitors (utekizumab, guselumab, tildrakizumab, 
risankizumab) and IL-17 inhibitors (suginumab, ixeki-
zumab, brodalumab), have also achieved some validation 
of clinical effects. However, there is still some relapse rate 
with biologic therapy, especially in patients with more 
severe psoriasis, and Checa et al. [14] found that although 
biologics improved psoriatic skin symptoms, they did not 
reduce circulating S1P levels, so that still high S1P levels 
may be a key cause of psoriasis relapse. Psoriasis is closely 
related to metabolic syndrome, in which both lipids and 
lipid metabolism have significant effects [15]. Myśliwiec 
et al. [69] also suggested that S1P is an intermediate link 
between psoriasis and multiple metabolic-related dis-
eases. Since S1P signaling is involved in multiple immune 
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functions, targeted S1P therapeutics have been clinically 
validated for a variety of immune diseases, such as non-
alcoholic fatty liver disease (NAFLD), multiple sclerosis 
(MS), ischemic stroke, and coronary artery disease [70–
73]. In the last decade, the role of S1P and its signaling in 
recalcitrant skin diseases has also been elucidated. S1P is 
involved in the development of psoriasis through several 
links, and therefore, targeting S1P therapy is indispensa-
ble for establishing a more complete treatment strategy 
for psoriasis (Table 2).

Fingolimod is the first approved oral immunosuppres-
sant that targets all S1PRs except S1PR2 as a nonselective 
agonist, exerting immunosuppressive effects by inducing 
S1PR internalization/degradation and inhibiting lym-
phocyte efflux. Initially, used as a treatment for multiple 
sclerosis with significant clinical efficacy, researchers are 
evaluating the potential and potential risks of fingoli-
mod in other immune diseases, including psoriasis [74]. 
Ramírez-Valle et  al. [75] found that γδT17 cells migrate 
to inflamed skin in an S1PR1-dependent manner and 
that fingolimod downregulates this response. Similarly, 

Okura et al. [76] investigated the effect of fingolimod on 
psoriasis in mice and found that fingolimod inhibited 
the mRNA expression level of IL-17A in skin lesions and 
inhibited the efflux of Langerhans cells from the skin to 
the lymph nodes, thereby reducing psoriatic skin lesions 
in mice, which is consistent with previously reported 
results.

Ponesimod/ACT-128800 is a selective modulator of 
S1PR1. Although several S1P receptor modulators are in 
clinical development, ponesimod remains the only S1P 
receptor modulator studied in patients with psoriasis. In 
a phase 2 clinical trial, ponesimod demonstrated positive 
effects in 77.4% of patients with psoriasis [77]. The main 
mechanism of ponesimod in the treatment of psoriasis 
is that psoriasis is a T-cell-mediated inflammatory skin 
disease, and ponesimod induces a rapid, dose dependent, 
and reversible reduction in peripheral blood lymphocyte 
count by blocking the egress of lymphocytes from lym-
phoid organs. Reducing the entry of pathogenic T cells 
into the skin may be a way to treat this disease. However, 
systemic side effects such as lymphopenia and transient 

Fig. 2 S1P and Its Signaling Affect Psoriasis Pathogenesis



Page 8 of 12Zhao et al. Lipids in Health and Disease           (2023) 22:52 

bradycardia were reported, so clinical validation of pone-
simod did not proceed to phase 3 due to safety concerns. 
Daniele D’Ambrosio et  al. [78] found that administra-
tion of different doses of ponesimod to mice resulted in 
a rapid and transient reduction in the number of circu-
lating T and B cells (maximum decrease of 67% to 89%), 
with the most pronounced reduction in pro-inflamma-
tory CD4 + T cells (e.g., Th1/Th17) at doses of 20–75 mg, 
an effect achieved mainly by isolated lymphocytes. In 
addition, it has been proven that the local application 
of S1P receptor modulators is effective in several mouse 
dermatitis models [79–81], and the development of 
local preparations of S1P receptor modulators has made 
remarkable progress. Bell et  al. [82] developed a topical 
external soft drug for local external use of an S1PR1 ago-
nist by modifying ponesimod to reduce the side effects of 
systemic administration, providing an important refer-
ence for further optimization of ponesimod in the treat-
ment of psoriasis.

In addition, other targeted therapeutic agents target-
ing the S1P axis have been reported to have therapeu-
tic potential for psoriasis. Schaper et al. [83] found that 
S1P reduced imiquimod-induced ear skin epidermal 
hyperproliferation and significantly inhibited ear swell-
ing, showing antiproliferative and anti-inflammatory 
effects in psoriatic mice, while the S1P analog fingoli-
mod showed no significant effect. MingJi et al. [84] tested 
a newly developed selective  S1P1 receptor modulator, 

Syl930, and showed strong antiproliferative and anti-
inflammatory effects of orally administered Syl930, 
specifically in terms of reducing pathological skin thick-
ening, inhibiting basal cell proliferation, and increasing 
granular layer scales in the mouse tail test. IMMH002 is a 
novel orally active  S1P1 modulator, and JingJin et al. [85] 
Using different animal models, IMMH002 was shown to 
significantly alleviate psoriasis PASI scores and patholog-
ical damage by inducing T lymphocyte homing, thereby 
reducing T lymphocyte allocation in the skin periphery 
versus the blood. Shin et  al. [86] used a novel SPHK2 
inhibitor, HWG-35D, applied topically to improve IMQ-
induced localized psoriatic lesions in mice and to reduce 
already elevated IL-17A levels.

Conclusions and future perspectives
S1P and its signaling play an important role in the patho-
genesis of many autoimmune diseases, and it is inti-
mately involved in psoriasis pathogenesis by inhibiting 
keratinocyte proliferation, regulating immune cell migra-
tion, and promoting dermal angiogenesis and repair in 
several ways. Additionally, S1P has been found to be a 
potential link between psoriasis and its comorbidities as 
a biomarker for various metabolic diseases, such as dia-
betes and cardiovascular disease. Topical application of 
S1P and its analogs as well as oral S1P receptor inhibitors 
have been effective in preclinical trials and clinical trials 
in psoriasis, but adverse effects have been reported with 

Table 2 S1P and S1PR modulators for treatment of psoriasis
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oral S1P receptor inhibitors due to their broad action. 
Evidence has accumulated in recent years that S1P and 
its signaling are effective pharmacological targets for 
immune diseases, particularly in the treatment of T-cell 
driven inflammatory skin diseases represented by psoria-
sis. Clinical trials of ponesimod for psoriasis have dem-
onstrated the effectiveness of S1P-based therapy, with the 
advantage of effectiveness in lower doses. Notably, signif-
icant progress has followed in the development of topical 
application of S1P and S1P receptor modulators, and top-
ical application is expected to avoid the majority of S1P 
receptor modulator class side effects. Topical application 
of S1P receptor modulators (FTY720) combined with 
calcium-regulated neurophosphatase inhibitors has been 
reported to be the most effective in reversing local skin 
inflammation with negligible side effects [87], promising 
to be a candidate for steroid-resistant dermatitis. How-
ever, most of the evidence is based on animal trials, and 
proof of principle in human patients remains inadequate. 
Therefore, more topical agents targeting the S1P axis are 
in progress, while refining the targeting of S1P receptor 
inhibitors is a potential direction for future research into 
immunotherapeutic approaches for psoriasis.

Authors’ contributions
YZ and YZ wrote the manuscript. PS and YQ edited the manuscript. JL and 
QJ revised the manuscript. All the authors read and approved the final 
manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 18 February 2023   Accepted: 4 April 2023

References
 1. WHO. Global report on psoriasis. Geneva: World Health Organization; 

2016.
 2. Griffiths CEM, Armstrong AW, Gudjonsson JE, Barker JNWN. psoriasis. Lan-

cet. 2021;397(10281):1301–15. https:// doi. org/ 10. 1016/ S0140- 6736(20) 
32549-6. PMID: 33812489.

 3. Lee EB, Wu KK, Lee MP, Bhutani T, Wu JJ. Psoriasis risk factors and triggers. 
Cutis. 2018;102(5S):18–20. PMID: 30566552.

 4. Rendon A, Schäkel K. Psoriasis pathogenesis and treatment. Int J Mol Sci. 
2019;20(6):1475. https:// doi. org/ 10. 3390/ ijms2 00614 75. PMID:30909615;P
MCID:PMC6471628.

 5. Yu J, Zhao Q, Wang X, Zhou H, Hu J, Gu L, Hu Y, Zeng F, Zhao F, Yue C, 
Zhou P, Li G, Li Y, Wu W, Zhou Y, Li J. Pathogenesis, multi-omics research, 
and clinical treatment of psoriasis. J Autoimmun. 2022;133:102916. 
https:// doi. org/ 10. 1016/j. jaut. 2022. 102916. epub ahead of print. pmid: 
36209691.

 6. Griffiths CE, Barker JN. Pathogenesis and clinical features of psoriasis. 
Lancet. 2007;370(9583):263–71. https:// doi. org/ 10. 1016/ S0140- 6736(07) 
61128-. PMID: 17658397.

 7. Machado-Pinto J, Diniz Mdos S, Bavoso NC. Psoriasis: new comorbidities. 
An Bras Dermatol. 2016;91(1):8–14. https:// doi. org/ 10. 1590/ abd18 06- 
4841. 20164 169. PMID: 26982772; PMCID: PMC4782640.

 8. Pinschewer DD, Brinkmann V, Merkler D. Impact of sphingosine 
1-phosphate modulation on immune outcomes. Neurology. 2011;76(8 
Suppl 3):S15–9. https:// doi. org/ 10. 1212/ WNL. 0b013 e3182 0d9596. PMID: 
21339486.

 9. Don-Doncow N, Zhang Y, Matuskova H, Meissner A. The emerging 
alliance of sphingosine-1-phosphate signalling and immune cells: from 
basic mechanisms to implications in hypertension. Br J Pharmacol. 
2019;176(12):1989–2001. https:// doi. org/ 10. 1111/ bph. 14381. Epub 2018 
Jul 3. PMID: 29856066; PMCID: PMC6534782.

 10. Verstockt B, Vetrano S, Salas A, Nayeri S, Duijvestein M, Vande Casteele 
N, Alimentiv Translational Research Consortium (ATRC). Sphingosine 
1-phosphate modulation and immune cell trafficking in inflammatory 
bowel disease. Nat Rev Gastroenterol Hepatol. 2022;19(6):351–66. https:// 
doi. org/ 10. 1038/ s41575- 021- 00574-7. Epub 2022 Feb 14. Erratum in: Nat 
Rev Gastroenterol Hepatol. 2022. PMID: 35165437.

 11. Weigel C, Maczis MA, Palladino END, Green CD, Maceyka M, Guo C, Wang 
XY, Dozmorov MG, Milstien S, Spiegel S. Sphingosine Kinase 2 in stromal 
fibroblasts creates a hospitable tumor microenvironment in breast can-
cer. Cancer Res. 2023;83(4):553–67. https:// doi. org/ 10. 1158/ 0008- 5472. 
CAN- 22- 1638. PMID:36541910;PMCID:PMC9931683.

 12. Kleuser B, Bäumer W. Sphingosine 1-Phosphate as Essential Signaling 
Molecule in Inflammatory Skin Diseases. Int J Mol Sci. 2023;24(2):1456. 
https:// doi. org/ 10. 3390/ ijms2 40214 56. PMID:36674974;PMCID:
PMC9863039.

 13. Baeyens A, Bracero S, Chaluvadi VS, Khodadadi-Jamayran A, Cammer 
M, Schwab SR. Monocyte-derived S1P in the lymph node regulates 
immune responses. Nature. 2021;592(7853):290–5. https:// doi. org/ 10. 
1038/ s41586- 021- 03227-6. Epub 2021 Mar 3. PMID: 33658712; PMCID: 
PMC8475585.

 14. Checa A, Xu N, Sar DG, Haeggström JZ, Ståhle M, Wheelock CE. Circulat-
ing levels of sphingosine-1-phosphate are elevated in severe, but not 
mild psoriasis and are unresponsive to anti-TNF-α treatment. Sci Rep. 
2015;5:12017. https:// doi. org/ 10. 1038/ srep1 2017. PMID:26174087;PMCID:
PMC4502512.

 15. Kozłowska D, Harasim-Symbor E, Myśliwiec H, Milewska A, Chabowski 
A. Serum sphingolipid level in psoriatic patients with obesity. Postepy 
Dermatol Allergol. 2019;36:714–21.

 16. Fyrst H, Saba JD. An update on sphingosine-1-phosphate and other 
sphingolipid mediators. Nat Chem Biol. 2010;6(7):489–97. https:// doi. org/ 
10. 1038/ nchem bio. 392.

 17. Chalfant CE, Spiegel S. Sphingosine 1-phosphate and ceramide 1-phos-
phate: expanding roles in cell signaling. J Cell Sci. 2005;118(Pt 20):4605–
12. https:// doi. org/ 10. 1242/ jcs. 02637. PMID: 16219683.

 18. Cannavo A, Liccardo D, Komici K, Corbi G, de Lucia C, Femminella GD, Elia 
A, Bencivenga L, Ferrara N, Koch WJ, Paolocci N, Rengo G. Sphingosine 
kinases and sphingosine 1-phosphate receptors: signaling and actions in 
the cardiovascular system. Front Pharmacol. 2017;8:556. https:// doi. org/ 
10. 3389/ fphar. 2017. PMID: 28878674; PMCID: PMC5572949.

 19. Kuang Y, Li X, Liu X, Wei L, Chen X, Liu J, Zhuang T, Pi J, Wang Y, Zhu C, 
Gong X, Hu H, Yu Z, Li J, Yu P, Fan H, Zhang Y, Liu Z, Zhang L. Vascular 
endothelial S1pr1 ameliorates adverse cardiac remodelling via stimulat-
ing reparative macrophage proliferation after myocardial infarction. 
Cardiovasc Res. 2021;117(2):585–99. https:// doi. org/ 10. 1093/ cvr/ cvaa0 46. 
pmid:32091582.

 20. Ganbaatar B, Fukuda D, Shinohara M, Yagi S, Kusunose K, Yamada H, Soeki 
T, Hirata KI, Sata M. Inhibition of S1P receptor 2 attenuates endothelial 
dysfunction and inhibits atherogenesis in apolipoprotein E-deficient 
mice. J Atheroscler Thromb. 2021;28(6):630–42. https:// doi. org/ 10. 5551/ 
jat. 54916. Epub 2020 Sep 2. PMID: 32879149; PMCID: PMC8219539.

https://doi.org/10.1016/S0140-6736(20)32549-6
https://doi.org/10.1016/S0140-6736(20)32549-6
https://doi.org/10.3390/ijms20061475
https://doi.org/10.1016/j.jaut.2022.102916
https://doi.org/10.1016/S0140-6736(07)61128-
https://doi.org/10.1016/S0140-6736(07)61128-
https://doi.org/10.1590/abd1806-4841.20164169
https://doi.org/10.1590/abd1806-4841.20164169
https://doi.org/10.1212/WNL.0b013e31820d9596
https://doi.org/10.1111/bph.14381
https://doi.org/10.1038/s41575-021-00574-7
https://doi.org/10.1038/s41575-021-00574-7
https://doi.org/10.1158/0008-5472.CAN-22-1638
https://doi.org/10.1158/0008-5472.CAN-22-1638
https://doi.org/10.3390/ijms24021456
https://doi.org/10.1038/s41586-021-03227-6
https://doi.org/10.1038/s41586-021-03227-6
https://doi.org/10.1038/srep12017
https://doi.org/10.1038/nchembio.392
https://doi.org/10.1038/nchembio.392
https://doi.org/10.1242/jcs.02637
https://doi.org/10.3389/fphar.2017
https://doi.org/10.3389/fphar.2017
https://doi.org/10.1093/cvr/cvaa046
https://doi.org/10.5551/jat.54916
https://doi.org/10.5551/jat.54916


Page 10 of 12Zhao et al. Lipids in Health and Disease           (2023) 22:52 

 21. van Doorn R, Lopes Pinheiro MA, Kooij G, Lakeman K, van het Hof B, van 
der Pol SM, Geerts D, van Horssen J, van der Valk P, van der Kam E, Ronken 
E, Reijerkerk A, de Vries HE. Sphingosine 1-phosphate receptor 5 mediates 
the immune quiescence of the human brain endothelial barrier. J Neuro-
inflammation. 2012;9:133. https:// doi. org/ 10. 1186/ 1742- 2094-9- 133. PMI
D:22715976;PMCID:PMC3425155.

 22. Jeon S, Song J, Lee D, Kim GT, Park SH, Shin DY, Shin KO, Park K, Shim SM, 
Park TS. Inhibition of sphingosine 1-phosphate lyase activates human 
keratinocyte differentiation and attenuates psoriasis in mice. J Lipid Res. 
2020;61(1):20–32. https:// doi. org/ 10. 1194/ jlr. RA119 000254. epub 2019 
Nov 5. PMID: 31690639; PMCID: PMC6939600.

 23. Patil MJ, Meeker S, Bautista D, Dong X, Undem BJ. Sphingosine-1-phos-
phate activates mouse vagal airway afferent C-fibres via S1PR3 receptors. 
J Physiol. 2019;597(7):2007–19. https:// doi. org/ 10. 1113/ JP277 521. Epub 
2019 Feb 21. PMID: 30793318; PMCID: PMC6441905.

 24. Syed SN, Raue R, Weigert A, von Knethen A, Brüne B. Macrophage S1PR1 
Signaling Alters Angiogenesis and Lymphangiogenesis During Skin 
Inflammation. Cells. 2019;8(8):785. https:// doi. org/ 10. 3390/ cells 80807 85.

 25. Ni X, Lai Y. Keratinocyte: A trigger or an executor of psoriasis? J Leukoc 
Biol. 2020;108(2):485–91. https:// doi. org/ 10. 1002/ JLB. 5MR01 20- 439R. 
Epub 2020 Mar 14. pmid: 32170886.

 26. Naik S, Larsen SB, Gomez NC, Alaverdyan K, Sendoel A, Yuan S, Polak L, 
Kulukian A, Chai S, Fuchs E. Inflammatory memory sensitizes skin epithe-
lial stem cells to tissue damage. Nature. 2017;550(7677):475–80. https:// 
doi. org/ 10. 1038/ natur e24271.

 27. Masuda-Kuroki K, Di Nardo A. Sphingosine 1-Phosphate Signaling at the 
Skin Barrier Interface. Biology (Basel). 2022;11(6):809. https:// doi. org/ 10. 
3390/ biolo gy110 60809. PMID:35741330;PMCID:PMC9219813.

 28. Kim DS, Kim SY, Kleuser B, Schäfer-Korting M, Kim KH, Park KC. Sphin-
gosine-1-phosphate inhibits human keratinocyte proliferation via Akt/
protein kinase B inactivation. Cell Signal. 2004;16(1):89–95. https:// doi. 
org/ 10. 1016/ s0898- 6568(03) 00114-1. PMID: 14607279.

 29. Lichte K, Rossi R, Danneberg K, ter Braak M, Kürschner U, Jakobs 
KH, Kleuser B, Meyer zu Heringdorf D. Lysophospholipid receptor-
mediated calcium signaling in human keratinocytes. J Invest Dermatol. 
2008;128(6):1487–98. https:// doi. org/ 10. 1038/ sj. jid. 57012 07. epub 2008 
Jan 3. PMID: 18172456.

 30. Moriue T, Igarashi J, Yoneda K, Hashimoto T, Nakai K, Kosaka H, Kubota 
Y. Sphingosine 1-phosphate attenuates peroxide-induced apoptosis 
in HaCaT cells cultured in vitro. Clin Exp Dermatol. 2013;38(6):638–45. 
https:// doi. org/ 10. 1111/ ced. 12037. epub 2013 Mar 21. pmid: 23837937.

 31. Hammer S, Sauer B, Spika I, Schraut C, Kleuser B, Schäfer-Korting M. 
Glucocorticoids mediate differential anti-apoptotic effects in human 
fibroblasts and keratinocytes via sphingosine-1-phosphate formation. J 
Cell Biochem. 2004;91(4):840–51. https:// doi. org/ 10. 1002/ jcb. 10766. pmid: 
14991 774.

 32. Uchida Y, Houben E, Park K, Douangpanya S, Lee YM, Wu BX, Hannun YA, 
Radin NS, Elias PM, Holleran WM. Hydrolytic pathway protects against 
ceramide-induced apoptosis in keratinocytes exposed to UVB. J Invest 
Dermatol. 2010;130(10):2472–80. https:// doi. org/ 10. 1038/ jid. 2010. 153. 
Epub 2010 Jun 3 PMID: 20520628.

 33. Schmitz EI, Potteck H, Schüppel M, Manggau M, Wahydin E, Kleuser B. 
Sphingosine 1-phosphate protects primary human keratinocytes from 
apoptosis via nitric oxide formation through the receptor subtype  S1P3. 
Mol Cell Biochem. 2012;371(1–2):165–76. https:// doi. org/ 10. 1007/ s11010- 
012- 1433-5. Epub 2012 Aug 17 PMID: 22899173.

 34. Oizumi A, Nakayama H, Okino N, Iwahara C, Kina K, Matsumoto R, 
Ogawa H, Takamori K, Ito M, Suga Y, Iwabuchi K. Pseudomonas-derived 
ceramidase induces production of inflammatory mediators from human 
keratinocytes via sphingosine-1-phosphate. PLoS One. 2014;9(2):e89402. 
https:// doi. org/ 10. 1371/ journ al. pone. 00894 02. PMID: 24586752; PMCID: 
PMC3934885.

 35. Nakahara T, Kido-Nakahara M, Ulzii D, Miake S, Fujishima K, Sakai S, Chiba 
T, Tsuji G, Furue M. Topical application of endothelin receptor a antago-
nist attenuates imiquimod-induced psoriasiform skin inflammation. Sci 
Rep. 2020;10(1):9510. https:// doi. org/ 10. 1038/ s41598- 020- 66490-z. PMID:
32528072;PMCID:PMC7289852.

 36. Torii H, Nakagawa H, Japanese Infliximab Study Investigators. Long-term 
study of infliximab in Japanese patients with plaque psoriasis, psoriatic 
arthritis, pustular psoriasis and psoriatic erythroderma. J Dermatol. 

2011;38(4):321–34. https:// doi. org/ 10. 1111/j. 1346- 8138. 2010. 00971.x. 
PMID: 21544940.

 37. Igawa S, Choi JE, Wang Z, Chang YL, Wu CC, Werbel T, Ishida-Yamamoto A, 
Di Nardo A. Human keratinocytes use sphingosine 1-phosphate and its 
receptors to communicate staphylococcus aureus invasion and activate 
host defense. J Invest Dermatol. 2019;139(8):1743-1752.e5. https:// doi. 
org/ 10. 1016/j. jid. 2019. 02. 010. epub 2019 Feb 23. PMID: 30807768; PMCID: 
PMC7682680.

 38. Obinata H, Hla T. Sphingosine 1-phosphate and inflammation. Int Immu-
nol. 2019;31(9):617–25. https:// doi. org/ 10. 1093/ intimm/ dxz037. PMID:310
49553;PMCID:PMC6939830.

 39. Zehra Okus F, Busra Azizoglu Z, Canatan H, Eken A. S1P analogues 
SEW2871, BAF312 and FTY720 affect human Th17 and Treg generation 
ex vivo. Int Immunopharmacol. 2022;107:108665. https:// doi. org/ 10. 
1016/j. intimp. 2022. 108665. epub 2022 Mar 4. PMID: 35255303.

 40. Vu TM, Ishizu AN, Foo JC, Toh XR, Zhang F, Whee DM, Torta F, Cazenave-
Gassiot A, Matsumura T, Kim S, Toh SES, Suda T, Silver DL, Wenk MR, 
Nguyen LN. Mfsd2b is essential for the sphingosine-1-phosphate export 
in erythrocytes and platelets. Nature. 2017;550(7677):524–8. https:// doi. 
org/ 10. 1038/ natur e24053. Epub 2017 Oct 18 PMID: 29045386.

 41. Kawahara A, Nishi T, Hisano Y, Fukui H, Yamaguchi A, Mochizuki N. The 
sphingolipid transporter spns2 functions in migration of zebrafish 
myocardial precursors. Science. 2009;323(5913):524–7. https:// doi. org/ 10. 
1126/ scien ce. 11674 49. epub 2008 Dec 11. pmid: 19074308.

 42. Tsai HC, Han MH. Sphingosine-1-Phosphate (S1P) and S1P Signaling 
Pathway: Therapeutic Targets in Autoimmunity and Inflammation. Drugs. 
2016;76(11):1067–79. https:// doi. org/ 10. 1007/ s40265- 016- 0603-2. PMID: 
27318702.

 43. Yang XO, Panopoulos AD, Nurieva R, Chang SH, Wang D, Watowich SS, 
Dong C. STAT3 regulates cytokine-mediated generation of inflammatory 
helper T cells. J Biol Chem. 2007;282(13):9358–63. https:// doi. org/ 10. 
1074/ jbc. C6003 21200. epub 2007 Feb 3 PMID: 17277312.

 44. Shin SH, Cho KA, Hahn S, Lee Y, Kim YH, Woo SY, Ryu KH, Park WJ, Park 
JW. Inhibiting sphingosine kinase 2 derived-sphingosine-1-phosphate 
ameliorates Psoriasis-like skin disease via blocking Th17 differentiation of 
Naïve CD4 T lymphocytes in Mice. Acta Derm Venereol. 2019;99(6):594–
601. https:// doi. org/ 10. 2340/ 00015 555- 3160. pmid:30834454.

 45. Yang W, Zhou B, Liu Q, Liu T, Wang H, Zhang P, Lu L, Zhang L, Zhang F, 
Huang R, Zhou J, Chao T, Gu Y, Lee S, Wang H, Liang Y, He L. A murine 
point mutation of sgpl1 skin is enriched with Vγ6 IL17-producing cell 
and revealed With hyperpigmentation after imiquimod treatment. Front 
Immunol. 2022;13:728455. https:// doi. org/ 10. 3389/ fimmu. 2022. 728455.

 46. Dillmann C, Ringel C, Ringleb J, Mora J, Olesch C, Fink AF, Roberts E, Brüne 
B, Weigert A. S1PR4 Signaling Attenuates ILT 7 Internalization To Limit 
IFN-α Production by Human Plasmacytoid Dendritic Cells. J Immunol. 
2016;196(4):1579–90. https:// doi. org/ 10. 4049/ jimmu nol. 14031 68. epub 
2016 Jan 18. pmid: 26783340.

 47. Schuster C, Huard A, Sirait-Fischer E, Dillmann C, Brüne B, Weigert A. 
S1PR4-dependent CCL2 production promotes macrophage recruitment 
in a murine. Eur J Immunol. 2020;50(6):839–45. https:// doi. org/ 10. 1002/ 
eji. 20194 8349. epub 2020 Feb 18. PMID: 32017036.

 48. Schaper K, Kietzmann M, Bäumer W. Sphingosine-1-phosphate dif-
ferently regulates the cytokine production of IL-12, IL-23 and IL-27 in 
activated murine bone marrow derived dendritic cells. Mol Immunol. 
2014;59(1):10–8. https:// doi. org/ 10. 1016/j. molimm. 2013. 11. 015. epub 
2014 Jan 14. pmid: 24434636.

 49. Radeke HH, von Wenckstern H, Stoidtner K, Sauer B, Hammer S, Kleuser 
B. Overlapping signaling pathways of sphingosine 1-phosphate 
and TGF-beta in the murine Langerhans cell line XS52. J Immunol. 
2005;174(5):2778–86. https:// doi. org/ 10. 4049/ jimmu nol. 174.5. 2778. PMID: 
15728487.

 50. Japtok L, Schaper K, Bäumer W, Radeke HH, Jeong SK, Kleuser B. Sphingo-
sine 1-phosphate modulates antigen capture by murine Langerhans cells 
via the S1P2 receptor subtype. PLoS One. 2012;7(11):e49427. https:// doi. 
org/ 10. 1371/ journ al. pone. 00494 27. Epub 2012 Nov 8. PMID: 23145172; 
PMCID: PMC3493526.

 51. Bock S, Pfalzgraff A, Weindl G. Sphingosine 1-phospate differentially 
modulates maturation and function of human Langerhans-like cells. J 
Dermatol Sci. 2016;82(1):9–17. https:// doi. org/ 10. 1016/j. jderm sci. 2016. 01. 
002. epub 2016 Jan 9 PMID: 26803226.

https://doi.org/10.1186/1742-2094-9-133
https://doi.org/10.1194/jlr.RA119000254
https://doi.org/10.1113/JP277521
https://doi.org/10.3390/cells8080785
https://doi.org/10.1002/JLB.5MR0120-439R
https://doi.org/10.1038/nature24271
https://doi.org/10.1038/nature24271
https://doi.org/10.3390/biology11060809
https://doi.org/10.3390/biology11060809
https://doi.org/10.1016/s0898-6568(03)00114-1
https://doi.org/10.1016/s0898-6568(03)00114-1
https://doi.org/10.1038/sj.jid.5701207
https://doi.org/10.1111/ced.12037
https://doi.org/10.1002/jcb.10766.pmid:14991774
https://doi.org/10.1002/jcb.10766.pmid:14991774
https://doi.org/10.1038/jid.2010.153
https://doi.org/10.1007/s11010-012-1433-5
https://doi.org/10.1007/s11010-012-1433-5
https://doi.org/10.1371/journal.pone.0089402
https://doi.org/10.1038/s41598-020-66490-z
https://doi.org/10.1111/j.1346-8138.2010.00971.x
https://doi.org/10.1016/j.jid.2019.02.010
https://doi.org/10.1016/j.jid.2019.02.010
https://doi.org/10.1093/intimm/dxz037
https://doi.org/10.1016/j.intimp.2022.108665
https://doi.org/10.1016/j.intimp.2022.108665
https://doi.org/10.1038/nature24053
https://doi.org/10.1038/nature24053
https://doi.org/10.1126/science.1167449
https://doi.org/10.1126/science.1167449
https://doi.org/10.1007/s40265-016-0603-2
https://doi.org/10.1074/jbc.C600321200
https://doi.org/10.1074/jbc.C600321200
https://doi.org/10.2340/00015555-3160
https://doi.org/10.3389/fimmu.2022.728455
https://doi.org/10.4049/jimmunol.1403168
https://doi.org/10.1002/eji.201948349
https://doi.org/10.1002/eji.201948349
https://doi.org/10.1016/j.molimm.2013.11.015
https://doi.org/10.4049/jimmunol.174.5.2778
https://doi.org/10.1371/journal.pone.0049427
https://doi.org/10.1371/journal.pone.0049427
https://doi.org/10.1016/j.jdermsci.2016.01.002
https://doi.org/10.1016/j.jdermsci.2016.01.002


Page 11 of 12Zhao et al. Lipids in Health and Disease           (2023) 22:52  

 52. Leite Dantas R, Masemann D, Schied T, Bergmeier V, Vogl T, Loser K, Brach-
vogel B, Varga G, Ludwig S, Wixler V. Macrophage-mediated psoriasis can 
be suppressed by regulatory T lymphocytes. J Pathol. 2016;240(3):366–77. 
https:// doi. org/ 10. 1002/ path. 4786. pmid:27555499.

 53. Syed SN, Weigert A, Brüne B. Sphingosine Kinases are Involved in 
Macrophage NLRP3 Inflammasome Transcriptional Induction. Int J Mol 
Sci. 2020;21(13):4733. https:// doi. org/ 10. 3390/ ijms2 11347 33. PMID: 
32630814; PMCID: PMC7370080.

 54. Zhang Y, Shi Y, Lin J, Li X, Yang B, Zhou J. Immune cell infiltration analysis 
demonstrates excessive mast cell activation in psoriasis. Front Immunol. 
2021;12:773280. https:// doi. org/ 10. 3389/ fimmu. 2021. 773280. PMID: 
34887864; PMCID: PMC8650163.

 55. Zhou XY, Chen K, Zhang JA. Mast cells as important regulators in the 
development of psoriasis. Front Immunol. 2022;13:1022986. https:// 
doi. org/ 10. 3389/ fimmu. 2022. 10229 86. PMID: 36405690; PMCID: 
PMC9669610.

 56. Jo H, Shim K, Jeoung D. The Crosstalk between FcεRI and Sphingosine 
Signaling in Allergic Inflammation. Int J Mol Sci. 2022;23(22):13892. 
https:// doi. org/ 10. 3390/ ijms2 32213 892. PMID:36430378;PMCID:
PMC9695510.

 57. Olivera A, Dillahunt SE, Rivera J. Interrogation of sphingosine-1-phos-
phate receptor 2 function in vivo reveals a prominent role in the recovery 
from IgE and IgG-mediated anaphylaxis with minimal effect on its onset. 
Immunol Lett. 2013;150(1–2):89–96. https:// doi. org/ 10. 1016/j. imlet. 2013. 
01. 005. epub 2013 Jan 18. PMID: 23337656; PMCID: PMC3602243.

 58. Price MM, Oskeritzian CA, Falanga YT, Harikumar KB, Allegood JC, Alvarez 
SE, Conrad D, Ryan JJ, Milstien S, Spiegel S. A specific sphingosine kinase 
1 inhibitor attenuates airway hyperresponsiveness and inflammation in 
a mast cell-dependent murine model of allergic asthma. J Allergy Clin 
Immunol. 2013;131(2):501-11.e1. https:// doi. org/ 10. 1016/j. jaci. 2012. 07. 
014. Epub 2012 Aug 30. PMID: 22939756; PMCID: PMC3563730.

 59. Park SJ, Im DS. Blockage of sphingosine-1-phosphate receptor 2 attenu-
ates 2,4-dinitrochlorobenzene-induced atopic dermatitis in mice. Acta 
Pharmacol Sin. 2020;41(11):1487–96. https:// doi. org/ 10. 1038/ s41401- 020- 
0412-8. Epub 2020 May 26. PMID: 32457418; PMCID: PMC7656654.

 60. Heidenreich R, Röcken M, Ghoreschi K. Angiogenesis drives psoriasis 
pathogenesis. Int J Exp Pathol. 2009;90(3):232–48. https:// doi. org/ 10. 
1111/j. 1365- 2613. 2009. 00669.x. PMID:19563608;PMCID:PMC2697548.

 61. Lee MJ, Thangada S, Claffey KP, Ancellin N, Liu CH, Kluk M, Volpi M, Sha’afi 
RI, Hla T. Vascular endothelial cell adherens junction assembly and mor-
phogenesis induced by sphingosine-1-phosphate. Cell. 1999;99(3):301–
12. https:// doi. org/ 10. 1016/ s0092- 8674(00) 81661-x. PMID: 10555146.

 62. Du J, Zeng C, Li Q, Chen B, Liu H, Huang X, Huang Q. LPS and TNF-α 
induce expression of sphingosine-1-phosphate receptor-2 in human 
microvascular Endothelial cells. Pathol Res Pract. 2012;208(2):82–8. 
https:// doi. org/ 10. 1016/j. prp. 2011. 11. 008. epub 2012 Jan 13 PMID: 
22244964.

 63. Qiu Y, Shen J, Jiang W, Yang Y, Liu X, Zeng Y. Sphingosine 1-phosphate 
and its regulatory role in vascular endothelial cells. Histol Histopathol. 
2022;37(3):213–25. https:// doi. org/ 10. 14670/ HH- 18- 428. Epub 2022 Feb 4 
PMID: 35118637.

 64. Wang P, Yuan Y, Lin W, Zhong H, Xu K, Qi X. Roles of sphingosine-1-phos-
phate signaling in cancer. Cancer Cell Int. 2019;19:295. https:// doi. org/ 10. 
1186/ s12935- 019- 1014-8. PMID: 31807117; PMCID: PMC6857321.

 65. Jozefczuk E, Guzik TJ, Siedlinski M. Significance of sphingosine-1-phos-
phate in cardiovascular physiology and pathology. Pharmacol Res. 
2020;156:104793. https:// doi. org/ 10. 1016/j. phrs. 2020. 104793. epub 2020 
Apr 8. PMID: 32278039.

 66. Wang X, Chen S, Xiang H, Liang Z, Lu H. Role of sphingosine-1-phosphate 
receptors in vascular injury of inflammatory bowel disease. J Cell Mol 
Med. 2021;25(6):2740–9. https:// doi. org/ 10. 1111/ jcmm. 16333. epub 2021 
Feb 17. PMID: 33595873; PMCID: PMC7957208.

 67. Aoki M, Aoki H, Mukhopadhyay P, Tsuge T, Yamamoto H, Matsumoto NM, 
Toyohara E, Okubo Y, Ogawa R, Takabe K. Sphingosine-1-phosphate facili-
tates skin wound healing by increasing angiogenesis and inflammatory 
cell recruitment with less scar formation. Int J Mol Sci. 2019;20(14):3381. 
https:// doi. org/ 10. 3390/ ijms2 01433 81. PMID:31295813;PMCID:
PMC6678961.

 68. Yoon SB, Lee CH, Kim HY, Jeong D, Jeon MK, Cho SA, Kim K, Lee T, Yang JY, 
Gong YD, Cho H. A novel sphingosylphosphorylcholine and sphingosine-
1-phosphate receptor 1 antagonist, KRO-105714, for alleviating atopic 

dermatitis. J Inflamm (Lond). 2020;17:20. https:// doi. org/ 10. 1186/ s12950- 
020- 00244-6. PMID:32514255;PMCID:PMC7257206.

 69. Myśliwiec H, Baran A, Harasim-Symbor E, Choromańska B, Myśliwiec P, 
Milewska AJ, Chabowski A, Flisiak I. Increase in circulating sphingosine-1- 
phosphate and decrease in ceramide levels in psoriatic patients. Arch 
Dermatol Res. 2017;309(2):79–86. https:// doi. org/ 10. 1007/ s00403- 016- 
1709-9. epub 2016 Dec 17. PMID: 27988894; PMCID: PMC5309277.

 70. Wang G, Zhang X, Zhou Z, Song C, Jin W, Zhang H, Wu W, Yi Y, Cui H, 
Zhang P, Liu X, Xu W, Shen X, Shen W, Wang X. Sphingosine 1-phosphate 
receptor 2 promotes the onset and progression of non-alcoholic fatty 
liver disease-related hepatocellular carcinoma through the PI3K/AKT/
mTOR pathway. Discov Oncol. 2023;14(1):4. https:// doi. org/ 10. 1007/ 
s12672- 023- 00611-8. PMID:36631680;PMCID:PMC9834486.

 71. Alnaif A, Oiler I, D’Souza MS. Ponesimod: an oral second-generation 
selective sphingosine 1-phosphate receptor modulator for the treatment 
of multiple sclerosis. Ann Pharmacother. 2022. https:// doi. org/ 10. 1177/ 
10600 28022 11404 80. epub ahead of print. pmid: 36514282.

 72. Huang H, Shi M, Qi C, Tian Q, Li H, Liu M, Li M, Liu Q. Sphingosine-
1-phosphate receptor modulation improves neurogenesis and functional 
recovery after stroke. Faseb J. 2022;36(12):e22616. https:// doi. org/ 10. 
1096/ fj. 20220 0533RR. PMID: 36394527.

 73. Mihanfar A, Nejabati HR, Fattahi A, Latifi Z, Pezeshkian M, Afrasiabi A, 
Safaie N, Jodati AR, Nouri M. The role of sphingosine 1 phosphate in 
coronary artery disease and ischemia reperfusion injury. J Cell Physiol. 
2019;234(3):2083–94. https:// doi. org/ 10. 1002/ jcp. 27353. epub 2018 Oct 
20. pmid: 30341893.

 74. Pérez-Jeldres T, Alvarez-Lobos M, Rivera-Nieves J. Targeting Sphingosine-
1-phosphate signaling in immune-mediated diseases: beyond multiple 
sclerosis. Drugs. 2021;81(9):985–1002. https:// doi. org/ 10. 1007/ s40265- 
021- 01528-8. erratum in: Drugs. 2021 Aug;81(12):1451. pmid: 33983615; 
PMCID: PMC8116828.

 75. Ramírez-Valle F, Gray EE, Cyster JG. Inflammation induces dermal Vγ4+ 
γδT17 memory-like cells that travel to distant skin and accelerate second-
ary IL- 17-driven responses. Proc Natl Acad Sci U S A. 2015;112(26):8046–
51. https:// doi. org/ 10. 1073/ pnas. 15089 90112. Epub 2015 Jun 15. PMID: 
26080440; PMCID: PMC4491769.

 76. Okura I, Kamata M, Asano Y, Mitsui A, Shimizu T, Sato S, Tada Y. Fingolimod 
ameliorates imiquimod-induced psoriasiform dermatitis by sequestrating 
interleukin-17-producing? T cells in secondary lymph nodes. J Dermatol 
Sci. 2021;102(2):116–25. https:// doi. org/ 10. 1016/j. jderm sci. 2021. 04. 004.

 77. Vaclavkova A, Chimenti S, Arenberger P, Holló P, Sator PG, Burcklen M, 
Stefani M, D’Ambrosio D. Oral ponesimod in patients with chronic plaque 
psoriasis: A randomised, double-blind, placebo-controlled phase 2 trial. 
Lancet. 2014;384(9959):2036–45. https:// doi. org/ 10. 1016/ S0140- 6736(14) 
60803-5. epub 2014 Aug 10 PMID: 25127208.

 78. D’Ambrosio D, Steinmann J, Brossard P, Dingemanse J. Differential 
effects of ponesimod, a selective S1P1 receptor modulator, on blood-
circulating human T cell subpopulations. Immunopharmacol Immu-
notoxicol. 2015;37(1):103–9. https:// doi. org/ 10. 3109/ 08923 973. 2014. 
993084. pmid:25519470.

 79. Kang J, Lee JH, Im DS. Topical Application of S1P2 Antagonist JTE-013 
Attenuates 2,4-Dinitrochlorobenzene-Induced Atopic Dermatitis in Mice. 
Biomol Ther (Seoul). 2020;28(6):537–41. https:// doi. org/ 10. 4062/ biomo 
lther. 2020. 036. PMID:32487782;PMCID:PMC7585635.

 80. Sun WY, Abeynaike LD, Escarbe S, Smith CD, Pitson SM, Hickey MJ, Bonder 
CS. Rapid histamine-induced neutrophil recruitment is sphingosine 
kinase-1 dependent. Am J Pathol. 2012;180(4):1740–50. https:// doi. org/ 
10. 1016/j. ajpath. 2011. 12. 024. Epub 2012 Feb 7 PMID: 22322303.

 81. Reines I, Kietzmann M, Mischke R, Tschernig T, Lüth A, Kleuser B, Bäumer 
W. Topical application of sphingosine-1-phosphate and FTY720 attenuate 
allergic contact dermatitis reaction through inhibition of dendritic cell 
migration. J Invest Dermatol. 2009;129(8):1954–62. https:// doi. org/ 10. 
1038/ jid. 2008. 454. Epub 2009 Feb 5 PMID: 19194476.

 82. Bell M, Foley D, Naylor C, Robinson C, Riley J, Epemolu O, Scullion 
P, Shishikura Y, Katz E, McLean WHI, Wyatt P, Read KD, Woodland A. 
Discovery of super soft- drug modulators of sphingosine-1-phosphate 
receptor 1. Bioorg Med Chem Lett. 2018;28(19):3255–9. https:// doi. org/ 
10. 1016/j. bmcl. 2018. 07. 044. epub 2018 Jul 30. PMID: 30143424; PMCID: 
PMC6185871.

 83. Schaper K, Dickhaut J, Japtok L, Kietzmann M, Mischke R, Kleuser B, 
Bäumer W. Sphingosine-1-phosphate exhibits anti-proliferative and 

https://doi.org/10.1002/path.4786
https://doi.org/10.3390/ijms21134733
https://doi.org/10.3389/fimmu.2021.773280
https://doi.org/10.3389/fimmu.2022.1022986
https://doi.org/10.3389/fimmu.2022.1022986
https://doi.org/10.3390/ijms232213892
https://doi.org/10.1016/j.imlet.2013.01.005
https://doi.org/10.1016/j.imlet.2013.01.005
https://doi.org/10.1016/j.jaci.2012.07.014
https://doi.org/10.1016/j.jaci.2012.07.014
https://doi.org/10.1038/s41401-020-0412-8
https://doi.org/10.1038/s41401-020-0412-8
https://doi.org/10.1111/j.1365-2613.2009.00669.x
https://doi.org/10.1111/j.1365-2613.2009.00669.x
https://doi.org/10.1016/s0092-8674(00)81661-x
https://doi.org/10.1016/j.prp.2011.11.008
https://doi.org/10.14670/HH-18-428
https://doi.org/10.1186/s12935-019-1014-8
https://doi.org/10.1186/s12935-019-1014-8
https://doi.org/10.1016/j.phrs.2020.104793
https://doi.org/10.1111/jcmm.16333
https://doi.org/10.3390/ijms20143381
https://doi.org/10.1186/s12950-020-00244-6
https://doi.org/10.1186/s12950-020-00244-6
https://doi.org/10.1007/s00403-016-1709-9
https://doi.org/10.1007/s00403-016-1709-9
https://doi.org/10.1007/s12672-023-00611-8
https://doi.org/10.1007/s12672-023-00611-8
https://doi.org/10.1177/10600280221140480
https://doi.org/10.1177/10600280221140480
https://doi.org/10.1096/fj.202200533RR
https://doi.org/10.1096/fj.202200533RR
https://doi.org/10.1002/jcp.27353
https://doi.org/10.1007/s40265-021-01528-8
https://doi.org/10.1007/s40265-021-01528-8
https://doi.org/10.1073/pnas.1508990112
https://doi.org/10.1016/j.jdermsci.2021.04.004
https://doi.org/10.1016/S0140-6736(14)60803-5
https://doi.org/10.1016/S0140-6736(14)60803-5
https://doi.org/10.3109/08923973.2014.993084
https://doi.org/10.3109/08923973.2014.993084
https://doi.org/10.4062/biomolther.2020.036
https://doi.org/10.4062/biomolther.2020.036
https://doi.org/10.1016/j.ajpath.2011.12.024
https://doi.org/10.1016/j.ajpath.2011.12.024
https://doi.org/10.1038/jid.2008.454
https://doi.org/10.1038/jid.2008.454
https://doi.org/10.1016/j.bmcl.2018.07.044
https://doi.org/10.1016/j.bmcl.2018.07.044


Page 12 of 12Zhao et al. Lipids in Health and Disease           (2023) 22:52 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

anti inflammatory effects in mouse models of psoriasis. J Dermatol Sci. 
2013;71(1):29–36. https:// doi. org/ 10. 1016/j. jderm sci. 2013. 03. 006. epub 
2013 Apr 6 PMID: 23643308.

 84. Ji M, Xue N, Lai F, Zhang X, Zhang S, Wang Y, Jin J, Chen X. Validating a 
Selective S1P1 Receptor Modulator Syl930 for Psoriasis Treatment. Biol 
Pharm Bull. 2018;41(4):592–6. https:// doi. org/ 10. 1248/ bpb. b17- 00939. 
epub 2018 Feb 7 PMID: 29415945.

 85. Jin J, Xue N, Liu Y, Fu R, Wang M, Ji M, Lai F, Hu J, Wang X, Xiao Q, Zhang X, 
Yin D, Bai L, Chen X, Rao S. A novel S1P1 modulator IMMH002 ameliorates 
psoriasis in multiple animal models. Acta Pharm Sin B. 2020;10(2):276–88. 
https:// doi. org/ 10. 1016/j. apsb. 2019. 11. 006. epub 2019 Nov 14. PMID: 
32082973; PMCID: PMC7016294.

 86. Shin SH, Kim HY, Yoon HS, Park WJ, Adams DR, Pyne NJ, Pyne S, Park JW. 
A Novel Selective Sphingosine Kinase 2 Inhibitor, HWG-35D, Ameliorates 
the Severity of Imiquimod-Induced Psoriasis Model by Blocking Th17 Dif-
ferentiation of Naïve CD4 T Lymphocytes. Int J Mol Sci. 2020;21(21):8371. 
https:// doi. org/ 10. 3390/ ijms2 12183 71. PMID:33171607;PMCID:
PMC7664669.

 87. Tsuji T, Yoshida Y, Iwatsuki R, Inoue M, Fujita T, Kohno T. Therapeutic 
approach to steroid-resistant dermatitis using novel immunomodulator 
FTY720 (Fingolimod) in combination with betamethasone ointment 
in NC/Nga mice. Biol Pharm Bull. 2012;35(8):1314–9. https:// doi. org/ 10. 
1248/ bpb. b12- 00229. PMID: 22863931.

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

https://doi.org/10.1016/j.jdermsci.2013.03.006
https://doi.org/10.1248/bpb.b17-00939
https://doi.org/10.1016/j.apsb.2019.11.006
https://doi.org/10.3390/ijms21218371
https://doi.org/10.1248/bpb.b12-00229
https://doi.org/10.1248/bpb.b12-00229

	Pathogenic sphingosine 1-phosphate pathway in psoriasis: a critical review of its pathogenic significance and potential as a therapeutic target
	Abstract 
	Introduction
	The Source and Function of S1P
	S1P and its signaling affect psoriasis pathogenesis
	S1P inhibits the proliferation of keratinocytes and induces their differentiation
	S1P and its signal transduction regulate the immune process in psoriasis
	S1P induces dermal angiogenesis in psoriasis

	S1P and S1PR modulators for the treatment of psoriasis
	Conclusions and future perspectives
	References


