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Introduction. Fingolimod, a sphingosine-1-phosphate receptor modulator, was the first oral therapy approved for relapsing-
remitting multiple sclerosis, and shows a novel mechanism of action. Upon binding to STP1 receptors in lymphocytes, the
selective retention of naive and central memory T cells in secondary lymphoid tissues is promoted, preventing their egress
to the central nervous system (CNS). In addition, fingolimod readily crosses the blood brain barrier, and several reports
suggest a direct neuroprotective effect in the CNS.

Aim. To review the available data on the central effects of fingolimod.

Development. Imbalances between damage and repair processes are a reflection of chronic demyelination, axonal
degeneration and gliosis, and seem to contribute to multiple sclerosis associated disability. Given fingolimod readily
crosses the blood brain barrier, it can exert its action directly on S1P receptors present in CNS cells. Fingolimod occupies
S1P receptors in oligodendrocytes, oligodendrocyte precursor cells, astrocytes, microglial cells and neurons, promoting
remyelination, neuroprotection, and endogenous regeneration processes. Efficacy results from clinical trials are consistent
with a mechanism of action that includes direct effects in CNS cells.

Conclusions. Current evidence suggests that the efficacy of fingolimod in the treatment of Multiple Sclerosis is due to its
dual action as an immunomodulatory molecule and as a direct modulator of S1PRs in the CNS. In fact, recent reports
propose that fingolimod has neuroprotective effects in several models, and open new avenues of potential therapeutic

applications, such as Alzheimer’s disease, cerebral malaria, neuroblastoma and neuroprotection in cranial irradiation.
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Fingolimod, a sphingosine-1-phosphate (S1P) re-
ceptor modulator, was the first oral therapy ap-
proved for relapsing-remitting multiple sclerosis
(RRMS), showing very promising efficacy and safe-
ty results [1-10]. Moreover, given its more conve-
nient administration route, patients initiating fin-
golimod are more compliant, less likely to discon-
tinue treatment, and discontinue later than patients
initiating injectable disease-modifying therapies
(DMTs) [11]. In vivo, fingolimod is rapidly metabo-
lized by sphingosine kinase (SphK) to its active
form, fingolimod-1-phosphate [12], a structural
analogue of S1P. Upon receptor binding, the selec-
tive retention of naive and central memory T cells
in secondary lymphoid tissues is promoted, there-
fore preventing their egress to the central nervous
system (CNS), where they would cause the inflam-
matory injuries characteristic of multiple sclerosis
(MS) [13,14]. Although this lymphocyte redistribu-
tion will cause a reversible lymphopenia, this does
not seem to be associated with higher risk of op-
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portunistic and non-opportunistic infections. The
two reported cases of severe herpetic infections
while using fingolimod need to be confirmed by
further studies [15]. Fingolimod is a lipophilic com-
pound that readily crosses the blood-brain barrier
(BBB), and several reports suggest a direct neuro-
protective effect in the CNS [14,16-22]. This dual
action of fingolimod seems relevant in light of re-
cent reports suggesting that MS is as much neuro-
degenerative as inflammatory, and therapeutic
strategies should focus on the protection and repair
of the nervous system and not only on the control
of inflammation [23]. This paper reviews the avail-
able data on the central effects of fingolimod.

Multiple sclerosis is a chronic inflammatory and
neurodegenerative pathology, characterized by pro-
gressive demyelination resulting from imbalances
between damage and repair processes, axonal de-
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generation and gliosis [24]. RRMS is a stage of the
disease characterized by recurring episodes of neu-
rological deficits or exacerbations of existing deficits
(relapses), followed by partial or full recovery (re-
mission), due to the remyelination that still occurs
[25]. However, as the disease progresses, this repair
ability is lost, leading to the accumulation of injuries
and irreversible neurologic deficits, axonal loss, and
the consequent loss of brain volume, all contribut-
ing to an increased degree of disability [23,26].

Although the pathophysiology of MS remains
unclear, it has been proposed that the underlying
cause of RRMS is inflammation, whereas the pro-
gressive phase is dominated by neurodegeneration,
which is at least in part independent from inflam-
mation. Also, in the progressive stage of MS, the
inflammatory reaction becomes enclosed within
the CNS, protected by an intact BBB, and thus no
longer under the control of the peripheral immune
system [26]. This may explain the ineffectiveness of
immunotherapies at this stage of the disease.

Given the neurodegeneration in MS is directly
related to the loss of remyelination ability, protec-
tion of cells involved in the remyelination process,
such as oligodendrocytes [18], oligodendrocyte pre-
cursor cells (OPC) [22], astrocytes [27] and micro-
glial cells [28], as well as neurogenesis promotion
[29], should be advantageous.

S1P, a zwitterionic endogenous lysophospholipid
implicated in several physiological processes, exerts
its actions through 5 S1P receptors (S1PR1-5), hav-
ing affinity for all of them [30]. These receptors are
present in several cells, including various CNS cells,
and its activation results in different functions, de-
pending both on receptor and cell type [31]. The
active form of fingolimod, fingolimod-1-phosphate,
is an agonist of S1IPR1 and S1PR3-5, having differ-
ent affinities for these 4 receptors [32], and no affin-
ity for S1PR2 [31]. Fingolimod’s anti-inflammatory
effect is mediated by S1PR1 in lymphocytes, where
binding triggers receptor internalization and is
thought to result in functional antagonism [14,30].
The central effects of fingolimod are discussed in the
next sections.

All S1PRs are present in the CNS, with the excep-
tion of SIPR4. However, the type of S1PRs present

on different CNS cells is still controversial, given it
varies with the cell differentiation stage and activa-
tion status. Oligodendrocytes express SIPR1 and
S1PR5 and may also express SIPR3, neurons ex-
press S1PR1-3 and may also express SIPR5, and as-
trocytes and microglial cells express all SIP1Rs ex-
cept S1IPR4 [33]. SIPR1 and S1PR3 have been found
to be upregulated in MS lesions [34] and one report
suggests a disturbance in sphingolipid metabolism
in MS patients [35].

Fingolimod seems to have a direct action on the
BBB itself. It has been proposed that, by functionally
antagonizing S1P1 and S1P3 receptors in astrocytes,
fingolimod could reduce the deleterious effects of
increased S1P levels and astrocytes on gap junctions
between neural cells, thus helping to restore the
gap-junctional communication between astrocytes,
neurons and endothelial cells of the BBB [32,36].
Fingolimod activation of S1P1 receptors enhances
adherens junction assembly and endothelial barrier
integrity [12]. BBB permeability can also be altered
by S1PR1 and S1PR3 expressed in cerebral capillar-
ies [37]. However, in an in vitro model of human
pulmonary endothelial cells, fingolimod’s enhance-
ment of barrier function seemed to be independent
of both SIPIR and phosphorylation of fingolimod
[38]. This apparent variability and heterogeneity of
vascular beds raises the question of whether fingoli-
mod actually alters the BBB function.

Oligodendrocyte is the major cell type involved in
the remyelination process. Fingolimod exerts direct
protective effects on oligodendrocytes [39], pro-
moting their survival including in situations of se-
rum and glucose deprivation [17,18]. Fingolimod
promotes remyelination via direct interaction with
S1PRs on oligodendrocytes [29,40], an effect also
observed in organotypic cell cultures [20]. In cul-
tures of human mature oligodendrocytes, low con-
centrations of fingolimod promote myelin produc-
tion, stimulate membrane formation and enhance
process extension, while high concentrations have
the opposite effect [17,18].

It is thought that the loss of OPCs within MS le-
sions plays an important role in remyelination fail-
ure [41,42]. Fingolimod protects OPCs from apop-
tosis induced by growth factor deprivation, inflam-
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matory chemokines and microglial activation [19,22],
promotes remyelination via direct interaction with
S1PRs in OPCs [40], regulates OPC differentiation
into oligodendrocytes [17] and inhibits OPC migra-
tion [18,43], although the latter effect can be pre-
vented if platelet-derived growth factor is used as a
chemoattractant [17]. However, the remyelination
process may fail at several stages of oligodendro-
cyte development, and may be associated to a slow
response of astrocytes and/or microglial cells to de-
myelination, regardless of its association to OPC
response failure [44].

Astrocytes are the most abundant cells both in the
CNS and in MS lesions [45,46]. Astrocytes promote
neuron and oligodendrocyte protection [47], ax-
onal regeneration [45] and myelination [48]. It is
thought that astrocytes contribute to MS patho-
physiological processes through the secretion of
matrix metalloproteinases (MMP) and BBB disrup-
tion, secretion of adhesion molecules and chemok-
ines, facilitation of inflammatory cells invasion, and
secretion of tumor necrosis factor-alpha (TNFa)
and lymphotoxin-a, causing oligodendrocytes death
and axonal injury. Also, astrogliosis and glial scar
formation, a feature of chronic MS lesions, may in-
terfere with the migration of precursor cells, remy-
elination and axonal regeneration [49].

Activation of S1PRs leads to astrocyte prolifera-
tion, inhibition of inflammatory chemokines re-
lease [34,50,51] and increase in the unphosphory-
lated form of connexin 43, an important protein for
neuron survival [52]. In astrocytes, fingolimod de-
creases the production of the inflammatory chemok-
ine Monocyte Chemotactic Protein-1 (MCP-1) [34],
mediates neuroinflammation relevant effects [53],
promotes migration [54] and reduces astrogliosis
[32,40]. In an adult rat model of lithium-pilocarpine
induced epilepsy, fingolimod decreased activation
of astrocytes in the hippocampus [55]. These effects
seem to be mediated by S1PR1, and suggest a ben-
eficial neurobiological effect of fingolimod, inde-
pendent of its immunomodulatory mechanism [56].

The primary function of microglia is the mainte-
nance of tissue homeostasis and the support of re-
generation from the earliest stages in the develop-
ment of demyelinating lesions. Microglia supports
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remyelination and produces several cytokines and
chemokines involved in the activation and recruit-
ment of endogenous OPCs to the lesion site, also
providing trophic support during remyelination [28].

Microglial activation is involved in the neurode-
generation of MS progressive types [25], and fin-
golimod inhibits persistent activation of microglial
cells after a demyelinating event, thus promoting
remyelination [57]. Moreover, activated microglial
cells release proinflammatory cytokines known to
be involved in neuroinflammation [28], and fingoli-
mod, via SIPR1, downregulates the production of
interleukin-6 (IL-6), interleukin-1beta (IL-1f3) and
TNFa, while upregulating microglial production of
brain-derived neurotrophic factor (BDNF) and glial
cell-derived neurotrophic factor (GCDNF) [58], thus
suggesting a direct effect in microglia’s neuropro-
tective actions [14].

Administration of fingolimod to spinal cord in-
jury models reduces T-lymphocyte infiltration with-
out affecting neutrophil infiltration and microglia
activation [59], and in an adult rat model of lithi-
um-pilocarpine induced epilepsy, fingolimod re-
duced microglial activation in the hippocampus [55].

Taken together, these data suggest a positive role
of fingolimod in microglia and consequently in mi-
croglia’s functions.

The S1P signaling pathway has neuroprotective and
pro-cell survival effects during the development
phase. S1PRs play a role in neurogenesis and induce
proliferation of neuronal progenitor cells in cul-
tures from rat embryonic hippocampus [60], and
S1PR1-knockout mice show defects in neurogene-
sis, while the double SphK1/2 knockout increases
apoptosis in the developing nervous system, dis-
rupts neurogenesis and increases embryonic mor-
tality [61]. SIPR1 enhances neurite extension, while
S1PR2 inhibits it [62]. Given fingolimod only occu-
pies S1PR1, having no affinity for SIPR2, it may be
speculated that it promotes endogenous repair pro-
cesses mediated by S1PR1 while inhibiting the det-
rimental effects mediated by S1IPR2 activation.

Within the last few years, both in vitro and in
vivo models have provided evidence in favor of fin-
golimod’s neuroprotection ability.

Fingolimod may have a neuroprotective action,
having a positive role in neurite outgrowth and
neurogenesis [29]. In vitro, fingolimod protects cor-
tical neurons against excitotoxic death [16] and against
oligomeric amyloid beta-induced neurotoxicity, be-

Central effects of fingolimod
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Figure 1. Summary of fingolimod’s most relevant effects on the main cell types of the central nervous
system. Ab: amyloid-beta; BBB: blood brain barrier; BDNF: brain-derived neurotrophic factor; GCDNF: glial
cell-derived neurotrophic factor.
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ing the latter mediated by upregulation of neuronal
BDNF levels [63]. Fingolimod also decreases pro-
duction of amyloid-beta peptide by neuronal cells
[64]. In a rat model of Alzheimer’s disease, fingoli-
mod significantly attenuated the AP,,-induced
learning and memory impairment, and prevented
hippocampus neuronal damage and caspase-3 acti-
vation [65].

Fingolimod has been studied in several variants
of experimental autoimmune encephalomyelitis
(EAE), preventing the development of clinical and
histological disease when used prophylactically,
and reversing its manifestations when administered
therapeutically after disease onset. Clinical benefits
include decreased inflammation [14,66,67], electro-
physiological anomalies [68], demyelination and
axonal loss [66,67,69-72], synaptic dysfunction [73]
and dendritic injury [29], while improving axial and
radial diffusivity, which correlate with clinical scores
in EAE mice [71]. Genetic knockdown of astrocyte
S1PR1 reduces EAE values and prevents the devel-
opment of astrogliosis, inflammation, demyelina-
tion and neuronal loss in the MOG-EAE model
[56]. Taken together, these results suggest that fin-
golimod’s functional antagonism of S1PR1 is effec-
tive in EAE.

In an adult rat model of lithium-pilocarpine in-
duced epilepsy, fingolimod has been shown to be

neuroprotective by reducing neuronal loss, increas-
ing neuronal nuclei positive cells and decreasing
fluoro-jade B positive cells in the hippocampus [55].

Administration of fingolimod to spinal cord in-
jury models shortly after injury, significantly in-
creases motor function recovery without affecting
the mRNA expression of inflammatory cytokines,
reduces vascular permeability and astrogliosis, hav-
ing similar effects in severely immuno-compro-
mised spinal cord injury model mice [59].

In a Lewis mice model of delayed type hypersen-
sitivity, whose later stages resemble MS in that
there is damage to CNS components behind an in-
tact BBB, fingolimod has been shown to reduce the
CNS inflammatory response, decreasing demyeli-
nation and inhibiting microglial activity [74].

In a model of experimental cerebral malaria, fin-
golimod inhibited vascular leakage and neurologi-
cal signs and prolonged survival [75].

Fingolimod has shown preclinical anti-cancer
activity in neuroblastoma, acting sinergistically with
topotecan [76], and increases viability and neuro-
genicity of hippocampal neural stem cells after ir-
radiation [77].

However, there is one report in which fingolimod
did not promote remyelination in cuprizone and ly-
solecithin models of demyelination [78], suggesting
that fingolimod’s remyelination ability depends on
the mechanisms leading to demyelination.

Taken together, these results suggest that fingoli-
mod has direct neuroprotective effects in several
disease models, and not only in MS.

Figure 1 summarizes fingolimod’s most relevant
effects on the main cell types of the CNS.

Clinical trials

The central effects of fingolimod have also been
supported by the efficacy results demonstrated by
clinical trials, showing a significant efficacy in re-
ducing relapse rate, disability progression and dis-
ease activity as assessed by MRI [1-7]. The con-
firmed 37% decrease in disability progression at 6
months, reported by the FREEDOMS study [1], and
the significant reduction in inflammatory activity
as early as at the second month of treatment [3] are
consistent with a mechanism of action that includes
direct effects in CNS cells. However, the most rele-
vant data from clinical trials that confirms this pos-
sibility is the reduction of brain atrophy rate, al-
ready demonstrated in 3 large studies. In fact, the
TRANSFORMS [7], FREEDOMS [1] and FREE-
DOMS 1I [5] studies, involving a total of 3,647 pa-
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tients, have shown that fingolimod reduced the rate
of cerebral atrophy by 32% (p < 0.001), 35% (p < 0.001)
and 33% (p < 0.05), respectively. The fingolimod-
induced reduction of cerebral atrophy was shown
to be independent of the presence of inflammatory
lesions at baseline (Fig. 2).

Results from the extension of these studies [8-
10], and results of seven years from the phase II
study [6], have shown that fingolimod provides a
sustained treatment effect, with improved clinical
and MRI outcomes, and a tendency of brain atro-
phy curves from patients treated with fingolimod
to resemble the ones from healthy individuals.

Despite its side effects, fingolimod shows effica-
cy, real-world adherence and tolerability, and some
authors have suggested that it is precisely the dif-
ferential modulation of S1PRs in different cells of
the immune, cardiovascular and central nervous
systems that may be responsible for fingolimod’s ef-
ficacy and side effects [30,79], thus supporting the
central effects of fingolimod. Nevertheless, contin-
uous research is warranted, not only to unravel fin-
golimod’s underlying mechanisms of action but
also to determine its long-term effects. One useful
approach that is currently underway in Spain is the
establishment of an electronic register of patients
with multiple sclerosis who began treatment with
fingolimod, which will provide information, in the
shortest possible time, concerning the most suit-
able management of these patients, in order to be
able to make the best and most efficient use of fin-
golimod [80].

Conclusion

The effectiveness of fingolimod in the treatment of
MSs seems to go beyond its immunomodulatory
effects. Studies in several in vitro and in vivo mod-
els have shown evidence in favor of a direct neuro-
protective function of fingolimod, and results from
clinical trials are consistent with a mechanism of
action that includes direct effects in CNS cells.
Moreover, recent reports in different pathologies
suggest that fingolimod has neuroprotective effects
in several models, and open new avenues of poten-
tial therapeutic applications, such as Alzheimer’s
disease, cerebral malaria, neuroblastoma and neu-
roprotection in cranial irradiation.
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Introduccién. El fingolimod, un modulador del receptor de la esfingosina-1-fosfato (S1P) dotado de un mecanismo de ac-
cién novedoso, fue el primer tratamiento oral aprobado para la esclerosis multiple remitente recurrente. Su unién a los re-
ceptores S1P1 de los linfocitos promueve la retencién selectiva de los linfocitos T virgenes y de memoria central en los tejidos
linfoides secundarios, lo que impide su salida hacia el sistema nervioso central (SNC). Asimismo, el fingolimod atraviesa
con facilidad la barrera hematoencefdlica, y diversos estudios le atribuyen un efecto neuroprotector directo en el SNC.

Objetivo. Revisar la informacién disponible acerca de los efectos centrales del fingolimod.

Desarrollo. El desequilibrio entre los procesos lesivos y reparadores constituye un reflejo de la desmielinizacidn crénica, la
degeneracidn axonal y la gliosis, y parece contribuir a la discapacidad que la esclerosis mdltiple acarrea. La facilidad con
la que el fingolimod atraviesa la barrera hematoencefdlica le permite actuar directamente sobre los receptores S1P locali-
zados en las células del SNC. Una vez en el interior del SNC, ocupa los receptores S1P de los oligodendrocitos y de sus célu-
las precursoras, de los astrocitos, los microgliocitos y las neuronas, fomentando la remielinizacién, la neuroproteccién y
los procesos enddgenos de regeneracion. La eficacia evidenciada en los ensayos clinicos concuerda con un mecanismo de
accion que incluiria efectos directos sobre las células del SNC.

Conclusiones. Los datos disponibles indican que la eficacia del fingolimod en el tratamiento de la esclerosis multiple se
debe a suambivalencia como molécula inmunomoduladora y moduladora directa de los receptores STP del SNC. Tanto es
asi que estudios recientes le atribuyen efectos neuroprotectores en varios modelos que suscitan expectativas en torno a su
posible aplicacion terapéutica en la enfermedad de Alzheimer, el paludismo cerebral y el neuroblastoma, asi como en la
neuroproteccién frente a la radioterapia craneal.

Palabras clave. Astrocitos. Efectos centrales. Esclerosis multiple. Fingolimod. Neuronas. Oligodendrocitos.
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