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Summary

Sphingolipids are essential molecules of the mam-
malian epidermis. Keratinocytes generate and se-
crete huge amounts of ceramide-precursors to the
extracellular domain of the stratum corneum,
where they are further metabolized to specific ce-
ramide species. The arrangement of ceramides to
well-organized lipid lamellae is essential to form the
epidermal barrier. Besides their role as structural
components sphingolipids are also critical mole-
cules involved in the modulation of epidermal cells.
Sphingosine-1-phosphate (S1P) has been identified
as a prominent signaling molecule which regulates
fundamental functions of keratinocytes and skin
dendritic cells. Thus, S1P inhibits proliferation of
keratinocytes and induces their differentiation.

Sphingolipids as structural components of
the skin barrier

In the year 1884 the German physician J. L. Thu-
dichum was able to isolate an up to then unknown
new class of lipids from the human brain through
fractional crystallization. However, the elucidation
of the structure of these novel lipids presented a
great puzzle, so that he termed them sphingolipids
in anology to the Greek sphinx. The sphingolipids
are of particular significance in the development
of the epidermal barrier. Skin cells, particularly ke-
ratinocytes, produce large amounts of glycosylce-
ramides and sphingomyelin (structure see Fig. 1)
that are secreted into the stratum granulosum and
the stratum corneum [1, 2]. Here cleavage and fur-
ther metabolism of the sphingolipids to various ce-
ramide species occur [3]. These play a decisive role
in the formation of the lamellar structures of skin
lipids. Together with cholesterol derivatives and
fatty acids they form a crystalline matrix sur-
rounding the structural proteins and corneocytes

Moreover, antigen uptake, migration and cytokine
production of dendritic cells are under the control
of this sphingolipid. A dysregulation of the sphingo-
lipid metabolism has been discussed in inflamma-
tory skin disorders like atopic dermatitis. Animal
models of contact dermatitis provide evidence that
topical treatment with S1P is connected with an an-
ti-inflammatory action suggesting a novel approach
for the treatment of atopic dermatitis.

Cite this as Japtok L, Baumer W, Kleuser B.
Sphingosine-1-phosphate as a signaling molecule in
the skin - Relevance in atopic dermatitis. Allergo ]
Int 2014; 23: 54-9

DOI 10.1007/s40629-014-0008-2

of the skin. The significance of ceramides can be
seen in the fact that they compose more than 50 %
of the lipid fraction [4]. It is therefore not surpris-
ing that dysfunctions in sphingolipid metabolism
are associated with a disturbed skin barrier. In
fact, a reduced ceramide content of the skin is fre-
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Fig. 1: Sphingolipid rheostat in atopic dermatitis. Keratinocytes produce sphingolipids via the de novo pathway from palmitoyl-CoA and
serine in the form of glucocerebrosides and sphingomyelin. These are secreted into the stratum corneum where they are transformed into

ceramides and are available for the skin barrier. In atopic dermatitis the increased activity of the two enzymes glucosylceramide and

sphingomyelin-deacylase result in reduced ceramide levels and in a disturbance of the epidermal barrier. An increased S1P lyase activity is
also discussed, so that STP concentrations are reduced leading to a reduction in function as a biological signaling molecule.

quently found in patients with atopic dermatitis
[5]. Asaresult there is a disturbed lipid barrier and
an increased transepidermal water loss. Here it is
of interest that the chain length of the N-acylated
fatty acids in the ceramides of the skin displays a
far greater variance than in ceramides in other tis-
sues. Especially long-chain, polyunsaturated fatty
acids (C26 or longer) are characteristic for the ce-
ramides of the skin. This also appears to be of great
significance for the formation of the lamellar skin
barrier [6]. When this enzyme, termed ceramide
synthase 3, is lacking, a disturbance of the skin bar-
rier results [6].

Further, it has become clear in recent years that
sphingolipids not only represent essential structural
components. Rather it appears that specific sphingo-
lipids derivatives act as central signal molecules that
modulate the properties of the skin barrier, but more
importantly the biological function of keratinocytes
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and immune cells of the skin. Here the sphingolipid
sphingosine-1-phosphate (S1P) plays a leading role.

Sphingosine-1-posphate as biologically active
signaling molecule

The role of specific sphingolipid derivatives as sig-
naling molecules became evident in 1998, after the
first G-protein-coupled cell membrane receptor for
S1P was identified [7]. S1P is an intermediate of
sphingolipid metabolism that can be formed during
the degradation of ceramides (Fig. 2). Ceramidases
catalyze the cleavage of ceramides to sphingosine
that in a further step is phorphorylated by sphingo-
sine kinases to active SI1P. The degradation of S1P
can take two different pathways. In a reversible pro-
cess phosphatases can hydrolyze S1P back to sphin-
gosine. An irreversible degradation of S1P occurs
through S1P lyase that cleaves the sphingolipid into
phosphoethanolamine and hexadecenal [8]. The
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inhibition of SIP lyase in vivo is associated with el-
evated S1P concentrations in tissue and lymph [9].
The altered S1P levels are linked to an immunosup-
pressive effect. Under physiological conditions an
S1P concentration gradient exists between blood,
lymph and lymphatic tissue. The cause is the secre-
tion of S1P by erythrocytes leading to higher plasma
levels of S1P [10]. In lymph and particularly in the
lymphatic tissue the S1P concentrations are much
lower; here only the endothelial cells are involved in
the production [11]. SIP mediates a major share of
its effects by binding on five SIP receptor subtypes
that are termed S1P,-S1P; [12]. In recent years it has
been found that S1P is a central molecule regulating
the circulation of T lymphocytes between lymph,
plasma and tissue. Of particular significance here is
the function of the S1P, receptor subtype of the
T cells. Stimulation of S1P, receptor is a chemotac-
tic stimulus for the migration of T lymphocyctes out
of lymphatic tissue; the concentration gradient of
S1P is decisive for this [13]. When this receptor is
blocked, the T lymphocytes remain in the lymphatic
tissues. In face of high concentrations of S1P in the
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Fig. 2: Metabolism of sphingosine-1-phosphate. S1P can be produced from
ceramides via intermediates from sphingosine. Besides this reversible pathway,

S1P can also be irreversi
decenal by S1P lyase.
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bly cleaved to phosphoethanolamine and hexa-

blood, the S1P, receptor is internalized. Only in the
secondary lymphatic tissues is the SI1P, receptor re-
expressed due to the low level of S1P, so that once
again outward migration according to the concen-
tration gradient can occur. Different possibilities
exist to influence this finely regulated migration be-
havior of T lymphocytes. The pharmacological in-
hibition of the S1P lyase also results in increased S1P
content in the lymphatic tissues; this results in a dis-
turbance of the concentration gradient. The lyase
inhibitor LX2931 is a substance undergoing clinical
trials for the treatment of rheumatoid arthritis [9].
Fingolimod (FTY720), in contrast, is already li-
censed for multiple sclerosis. The metabolically ac-
tive form of fingolimod attacks all S1P receptors
with the exception of S1P, receptor and in contrast
to SIP leads to a long-lasting internalization of the
SIP, receptor in T lymphocytes. The lymphatic tis-
sues therefore do no longer react to the chemotactic
S1P stimulus and the lymphocytes remain in the
lymph nodes [12]. The immunomodulatory effect of
SIP is, however, not limited to T cells. Rather, other
immune and tissue cells are also affected by the
sphingolipid. In the skin these are particularly ke-
ratinocytes and dendritic cells.

Sphingosine-1-phosphate as biologically
active signaling molecule of the skin
Keratinocytes are the most important skin cells for
the formation of the epidermal lipid barrier. How-
ever, they are not only involved in the biosynthesis
of sphingolipids, rather numerous functions of the
epidermal cells are also regulated by biologically
active sphingolipid molecules. Of particular im-
portance here, too, is once again the sphingolipid
S1P. Even though S1P possesses a proliferation-
promoting effect in numerous cells, in keratino-
cytes after stimulation with S1P there is an inhibi-
tion of cell division. This is not due to a cytotoxic
effect, but is a result of the cells entering the GO
phase of the cell cycle [14]. Not only is there an in-
hibition of proliferation, but also a strong elevation
of the intracellular calcium content by S1P [15]. For
keratinocytes this is the most important signal for
the differentiation process, so that after S1P stim-
ulations keratinocytes are transformed into cor-
neocytes. This effect is also utilized in the treat-
ment of psoriasis with calcitriol or calcipotriol.
Here it could be shown that the antiproliferative
and differentiation-promoting effect of active vita-
min D3 as well as its analog calcipotriol are medi-
ated via the production of S1P [14]. The receptor
subtype for the antiproliferative effect of SIP could
also be identified in keratinocytes. After stimu-
lation of the S1P, receptor subtype by S1P, there is
an inhibition of the Akt signaling pathway essen-
tial for cell proliferation in keratinocytes. It is
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therefore of significance that the already men-
tioned fingolimod is not capable of stimulating ex-
actly this receptor subtype and therefore also has no
proliferation-inhibiting effect [16].

Besides the keratinocytes, numerous immuno-
competent cells are found in the skin. The antigen-
presenting cells play a central role here.

Sphingolipid S1P centrally impacts the homeo-
stasis of dendritic cells by modulating several func-
tions from antigen uptake up to T cell interaction.
In the presence of S1P the endocytotic capacity of
the dendritic cells is reduced. In the mouse model
the topical application of SIP reduces the ability
for antigen uptake by epidermal dendritic cells by
more than 40 % [17]. The cause for this reduced an-
tigen uptake is that similar to keratinocytes the
Akt signaling pathway is also inhibited in dendrit-
ic cells. In these cells the activation of this signal-
ing cascade is, however, associated with a recon-
struction of the cytoskeleton that in a special form
is of decisive importance for the regulation of mac-
ropinocytosis. Here, too, the inhibition of mac-
ropinocytosis by S1P results from a stimulation of
the S1P, receptor subtype. After uptake of the an-
tigens there is migration of dendritic cells that is
also strongly modulated by S1P. Interestingly, fur-
ther S1P receptor subtypes are responsible for the
modulation of the targeted cell migration. The S1P,
and S1P; receptor subtypes impact the chemotac-
tic response of the antigen-presenting cells. These
receptors are responsible for the fact that the den-
dritic cells migrate in the direction of an S1P gra-
dient [18]. When this gradient is disturbed by top-
ical application of SIP, migration from the epider-
mis in direction of the lymph nodes is inhibited. It
is there that the interaction of the activated and
mature dendritic cells with the naive T cells oc-
curs. Here, too, a great impact by the sphingolipid
is observed. When dendritic cells are treated with
S1P, the cytokine pattern is specifically altered. Es-
pecially interleukin(IL)-12 secretion of activated
dendritic cells is inhibited by S1P [19]. This is as-
sociated with an antiinflammatory action. The dif-
ferentiation of the naive T cells to the cellular Th1
immune response is reduced. It must, however, be
mentioned critically that this may be associated
with a shift of the Th1/Th2 balance.

Antigen uptake, migration and interaction of
dendritic cells with T lymphocytes are essential
steps also in the pathogenesis of atopic dermatitis.
A dysregulation of the sphingolipid metabolism
may therefore play an important role.

Sphingolipid dysfunction in atopic dermatitis
Many gene mutations that can have an effect on
the epidermal barrier have been reported in atop-
ic dermatitis. The most prominent example are
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mutations in the filaggrin gene: As a structure-
bound component the resulting protein is essen-
tial for the skin barrier [20]. However, the lipid
composition is also altered in atopic dermatitis, so
that no lipid structures with a lamellar organiza-
tion can be formed. Especially ceramides are qual-
itatively and quantitatively altered [5]. The reason
for this altered ceramide content appears to lie in
the fact that in patients with atopic dermatitis the
ceramide precursors are degraded in another fash-
ion than in healthy skin. A detailed depiction of
the altered sphingolipid metabolism is seen in
Fig. 1. This disturbed barrier function is associat-
ed with an easier penetration of allergens and thus
with increased contact to the dendritic cells
(Fig. 3).

Further, the S1P content appears to be of great
significance for the homeostasis of the skin. In
atopic dermatitis there are increasing indications
that the S1P concentration is reduced. Reduced S1P
concentrations are then linked with an increased
endocytosis capacity of dendritic cells. In addition,
the proliferation of keratinocytes is increased and
their differentiation disturbed. In skin biopsies on
the messenger-RNA (mRNA) level, an increased
expression of S1P lyase that irreversibly cleaves the
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Fig. 3: Sphingolipid dysregulation and atopic dermatitis. In the presence of a
disturbed skin barrier, allergens have easier access to the antigen-presenting
cells. These take the allergen up and migrate to the next lymph nodes. There
the interaction with the naive T cells occurs. S1P regulates antigen uptake,

migration and cytokine secretion of dendritic cells.
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lipid in phosphoethanolamine and hexadecenal
has been identified [21]. The S1P levels in the skin in
patients with atopic dermatitis have not yet, how-
ever, been measured. Nonetheless, a reduced S1P
level is found in skin lesions of atopic dogs [22]. In
this respect it must be mentioned that there are
great similarities between human and canine skin
diseases. It will therefore be highly interesting to
see if a reduced S1P content can also be detected in
humans. Finally, a reduced S1P level would be as-
sociated with increased antigen uptake, an altered
migration behavior as well as an increased T cell
interaction.

Topical application of S1P in the model of
inflammation
Not only the course of atopic dermatitis, but also
allergic contact dermatitis is affected by SIP. In a
murine contact dermatitis model, the topical ap-
plication of S1P was studied. TDI (Toluene-2,4-di-
isocyanate) was employed as hapten. The immuno-
modulatory effect of S1P was examined both in the
sensitization as well as in the challenge phase. In
the sensitization phase SI1P reduces the weight and
the cell number in the regional lymph nodes (au-
ricular lymph nodes). In fact, the number of den-
dritic cells migrating from the skin into the lymph
node was reduced after S1P application. Also the
cytokine pattern in the regional lymph nodes was
affected by topical treatment with S1P [23]. The
lymph node cells demonstrated a significantly re-
duced secretion of the cytokines IL-6 and
interferon(IFN)-y. Corresponding to the reduced
number of dendritic cells in the lymph node, im-
munohistochemical studies revealed that antigen-
presenting cells remained in the epidermis. In the
elicitation phase of contact dermatitis S1P likewise
had an antiinflammatory effect. Topical S1P appli-
cation led to a reduced accumulation of T cells in
the skin. The following effects appear to be respon-
sible for the altered immune behavior: Immuno-
histochemichal studies show that antigen uptake
by the dendritic cells is reduced on the one hand.
On the other hand, the migration behavior of these
antigen-presenting cells is altered, so that they in-
creasingly remain in the skin and are not available
for interaction with the T cells in the lymph node.
The altered chemotactic behavior of the cells can
be explained by the fact that topically applied S1P
results in an S1P, receptor internalization. In this
manner, the migration to the next lymph nodes is
disturbed. On the other hand, the S1P gradient be-
tween tissue and lymph is also affected, so that the
targeted migration is reduced.

These studies suggest that topically applied S1P
may represent a novel option in the treatment of in-
flammatory skin diseases.
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