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BACKGROUND AND PURPOSE

FTY720 (Fingolimod) is a recently approved orally administered drug for the treatment of multiple sclerosis. Phase Il and IlI
clinical trials have demonstrated that this drug modestly increases BP. We previously showed that inhibition of sphingosine
kinase increases vascular tone and BP in hypertensive, but not normotensive rats. Since FTY720 is reported to have inhibitory
effects on sphingosine kinase, we investigated whether FTY720 increases vascular tone and BP only in hypertensive rats via
this mechanism.

EXPERIMENTAL APPROACH
The contractile and BP modulating effects of FTY720 were studied in vivo and ex vivo (wire myography) in age-matched
normotensive Wistar Kyoto (WKY) rats and spontaneously hypertensive rats (SHRs).

KEY RESULTS

Oral administration of FTY720 induced an increase in mean arterial pressure in SHR, whereas a decrease in BP was observed
in WKY rats, as measured 24 h after administration. Similar to the sphingosine kinase inhibitor dimethylsphingosine (DMS),
FTY720 induced large contractions in isolated carotid arteries from SHR, but not in those from WKY. In contrast, the
phosphorylated form of FTY720 did not induce contractions in isolated carotid arteries from SHR. FTY720-induced
contractions were inhibited by endothelium denudation, COX and thromboxane synthase inhibitors, and by thromboxane
receptor antagonism, indicating that (like DMS-induced contractions) they were endothelium-dependent and mediated by
thromboxane A,.

CONCLUSIONS AND IMPLICATIONS
These data demonstrate that FTY720 increases vascular tone and BP only in hypertensive rats, most likely as a result of its
inhibitory effect on sphingosine kinase.

Abbreviations

DMS, dimethylsphingosine; FTY720, 2-amino-[2-(4-n-octylphenyl)ethyl]-1,3-propanediol; FTY720-P, FTY720 phosphate;
S1P, sphingosine-1-phosphate; SHR, spontaneously hypertensive rat; SQ29548, [1S-[1 alpha,2 beta (5Z),3 beta,4 alpha]-7-
[3-[[2-[(phenylamino) carbonyl]hydrazino]methyl]-7-oxabicyclo[2.2.1] hept-2-yl]-5-heptenoic acid; TP receptor,
thromboxane/prostaglandin receptor; TXA,, thromboxane A,
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Introduction

The immunosuppressant drug FTY720 (fingolimod) is a
recently approved therapeutic addition to the treatment
options of relapsing multiple sclerosis (Brinkmann, 2009).
FTY720 is a sphingosine analogue that is phosphorylated in
vivo to (S)-FTY720-P by sphingosine kinase (mainly type 2)
(Billich et al., 2003; Albert et al., 2005), the enzyme respon-
sible for the production of the endogenous bioactive sphin-
golipid sphingosine-1-phosphate (S1P). (S)-FTY720-P is a
high-affinity ligand at four of the five S1P receptors (S1P134;)
and leads to degradation of S1P, receptors on T-lymphocytes,
which subsequently results in a reduced lymphocyte egress
and thus a T-lymphocyte-specific immunosuppression
(Adachi and Chiba, 2008; Thangada et al., 2010; Verzijl et al.,
2010). In phase II and III clinical studies, a modest rise in BP
(3-5 mmHg) was detected in patients treated with FTY720
(Cohen et al., 2010; Comi et al., 2010; Kappos et al., 2010).
Although the active metabolite (S)-FTY720-P has vasoactive
properties (both vasodilatation and vasoconstriction have
been reported) (Tolle et al., 2005; Salomone et al., 2008), until
now the exact mechanism by which FTY720 induces this rise
in BP in vivo remains elusive.

We have previously shown that hypertension, both
experimental as well as human essential hypertension, is
associated with profound alterations in vascular sphingolipid
biology (Spijkers efal.,, 2011a). These alterations could be
restored by selective anti-hypertensive treatment in the spon-
taneously hypertensive rat (SHR) (Spijkers et al., 2011b). Sph-
ingolipids, such as ceramide and S1P, are bioactive lipids that
play an important role in cellular signalling. They do not only
play a crucial role in cell growth (Hannun and Obeid, 2008;
Pyne and Pyne, 2010), but they are also involved in vascular
function (Nixon et al., 2007; Alewijnse and Peters, 2008; Spijk-
ers et al., 2010; Schuchardt et al., 2011). S1P, for instance, via
activation of endothelial S1P receptors, is known to activate
eNOS and thereby to induce vasodilatation (Dantas et al.,
2003; Mulders et al., 2009). In contrast, we have shown that
ceramide, a precursor of S1P, is a potent stimulator of
endothelium-mediated thromboxane A, (TXA;) synthesis
in isolated carotid arteries of SHRs, thereby inducing
endothelium-dependent vasoconstriction (Spijkers etal.,
2011a). Interestingly, the latter phenomenon is only present
in vessels from hypertensive rats, because of an increased
endothelial expression of the enzymes involved in TXA, syn-
thesis. This mechanism is also thought to be involved in the
large endothelium-dependent vasoconstrictions induced by
pharmacological inhibition of sphingosine kinase, by means
of dimethylsphingosine (DMS), in isolated carotid arteries
from SHR, but not in those from normotensive rats. Moreover,
inhibition of sphingosine kinase in SHR in vivo results in a
marked rise in BP, while it has no effect, or even lowers BP in
normotensive Wistar Kyoto (WKY) rats (Spijkers et al., 2011a).

While FTY720 is phosphorylated mainly by sphingosine
kinase type 2, it has been reported to be a potent inhibitor of
sphingosine kinase type 1 (Vessey et al., 2007; Tonelli et al.,
2010). Therefore, we hypothesized that FTY720, similar to
DMS, increases vascular tone and BP in hypertensive but not
normotensive rats. Here we show that FTY720 indeed elevates
BP only in hypertensive rats and induces vasoconstriction in
isolated carotid arteries from SHR via TXA, production.
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Methods

Animals

Six-month-old male SHRs and WKY rats were purchased from
Charles River (Maastricht, the Netherlands) and handled
according to a protocol approved by the Animal Ethical Com-
mittee of the University of Amsterdam, the Netherlands. The
animals were housed with access to food and water ad libitum
under a 12 h light/dark cycle. For myography experiments,
rats were anaesthetized by i.p. injection of 75 mg-kg™ pento-
barbital (O.B.G., Utrecht, the Netherlands). Heparin (750 IU,
Leo Pharma B.V., Weesp, the Netherlands) was injected i.p. to
prevent blood coagulation and thrombocyte-derived S1P
release.

Tail-cuff BP measurements

FTY720 (0.3 mg-kg™') was given orally by gastric gavage. For
awake BP measurements, 24 h after FTY720 administration,
the CODA™ monitor (Kent Scientific Corporation, Tor-
rington, CT, USA) was used. In brief, rats were fixed in a
transparent animal holder and placed on a heating pad. The
rat was left untouched and fixated for a couple of minutes
before placing the tail-cuffs. Then, tail-cuffs were placed
loosely fitting over the tail slightly below the tail base. An
average of eight repeated tail-cuft cycles was performed per
rat per condition. During the experiment, care was taken to
ensure minimal stress to the animals.

Immunohistochemistry and quantification

Carotid artery segments from untreated SHR and WKY rats
were collected directly after dissection and rapidly submerged
in OCT Compound (TissueTek, Sakura, Alphen aan de Rijn,
the Netherlands) and frozen in liquid nitrogen with subse-
quent storage at —80°C. Frozen sections (5 pm) were cut on a
Leica CM3050S cryostat and dried by cold pressurized air and
fixed in 100% acetone during 1 min. Then, slides were washed
shortly in 0.1% PBS/BSA (w v'') and incubated with blocking
buffer (2% PBS/BSA) for 30 min at room temperature. After a
short wash, slides were incubated with the primary antibody
against sphingosine kinase 1 (Cayman Chemical Co., Ann
Arbor, MI, USA, #10006822; 1/50 dilution) dissolved in 0.1%
PBS/BSA overnight at 4°C. Following a triple wash in 0.1%
PBS/BSA for 5 min, the appropriate A546-labelled secondary
antibody (Invitrogen, Carlsbad, CA, USA, #A-11010; 1/400
dilution) was applied for 1 h at room temperature. After a
triple wash, the antibody against von Willebrand Factor
(GeneTex, Irvin, CA, USA, #GTX74830; 1/200 dilution) was
applied for 1 h at room temperature as a marker of the endot-
helium. After another triple wash, the final A488-labelled
secondary fluorescent antibody (Invitrogen, #A-11029, 1/400
dilution) was applied. Finally, after a triple wash, DAPI con-
taining mounting medium (Santa Cruz Biotechnology, Santa
Cruz, CA, USA, #sc-24941) was applied and vessels were
imaged using a Nikon Eclipse TE2000-U fluorescence micro-
scope (Plan Fluor ELWD 20x objective, Nikon DXM1200F
digital camera) with NIS Elements AR 2.30 software. The
region of interest was determined for each segment by detec-
tion of the endothelial marker von Willebrand Factor, without
any information on the protein being quantified to ensure
unbiased recording. Then, the appropriate filter setting was



chosen to record the mean fluorescence intensity using the
NIS Elements software on the raw unprocessed images. For
both endothelium and smooth muscle cell determinations, an
intensity threshold was selected to exclude background fluo-
rescence. All settings and exposure times were applied to all
slides equally for quantification of the appropriate protein.

Arterial preparation and isometric

force recording

The left common carotid artery was carefully excised in a
range just distal from the bifurcation until the level of the
aortic arch and immediately placed in Krebs-Henseleit buffer
(118.0 mM NaCl, 4.7 mM KClI, 25.0 mM NaHCOs;, 1.2 mM
MgSO,, 1.8 mM CaCl,, 1.1 mM KH,PO, and 5.6 mM glucose)
at room temperature, aerated with 5% CO,/95% O,, pH 7.4.
Four segments of carotid artery were carefully prepared and
two stainless steel wires with a diameter of 40 um (Goodfel-
low, Huntingdon, UK) were inserted into the lumen of each
vessel segment. In selected cases the endothelium was
removed mechanically (by rolling a luminally inserted PE-50
tube several times) before the tissue was mounted. The seg-
ments were then transferred into organ baths of a four-
channel wire myograph (610M, Danish Myo Technology,
Aarhus, Denmark) and subjected to a normalization proce-
dure according to Mulvany and Halpern (1977). In brief, the
individual circumference was adjusted to 90% of the value
that the particular vessel would have had at a transmural
pressure of 100 mmHg. Afterwards, the arteries were equili-
brated for 30 min and the buffer was replaced after each
period of 15 min. The preparations were contracted twice for
10 min with a depolarizing high K* Krebs-Henseleit solution
(100 mM NacCl was replaced by 100 mM KCI) at intervals of
15 min. Subsequently the vessels were precontracted with the
ou-adrenoceptor agonist phenylephrine (0.3 uM). After a
steady level of contraction force, >60% of previous KCI-
induced depolarization contraction, had been attained,
one concentration (10 uM) of the endothelium-dependent
vasodilator methacholine was added to assess the endothelial
integrity. For endothelium-denuded vessels, a relaxation <5%
indicated successful denudation, and these segments were
included accordingly. After washing, again 100 mM KCI was
added to the vessel segments. After washing and a 30 min
pre-incubation of inhibitors or their vehicle (in all cases dim-
ethylsulfoxide), DMS (10 uM), FTY720 (10 uM) or FTY720-P
(10 uM) were added and the vascular responses were recorded
for an additional 50 min. Isometric force of contraction was
measured continuously and all data are presented in
mN-mm™ segment length (except for raw tracings).

Data analysis and statistics

The isometric tension measurements in carotid artery seg-
ments and BP/heart rate measurements are presented as
mean = SEM with n being the number of individual rats.
Peak contraction values during the myography experiments
were determined and expressed as relative tension
(mN-mm™) and presented in histograms. Statistics were per-
formed by Student’s t-test (Figures 2-4) and one-way ANOVA
including Dunnett’s multiple comparisons test (95% confi-
dence interval) with FTY720 values as control (Figure 5). All
statistical analyses were performed using Prism (GraphPad
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Prism Software, San Diego, CA, USA). Values of P < 0.05 were
considered to be statistically significant.

Chemicals

Acetyl-B-methylcholine  (methacholine), phenylephrine,
indomethacin and ozagrel were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA); DMS from
Biomol International L.P. (Plymouth, PA, USA) and SQ29548
from Alexis Biochemical (San Diego, CA, USA). FTY720 and
FTY720-P were synthesized according to previously described
methods (Albert et al., 2005). All other chemicals were from
Sigma and of analytical grade. The stated drug and molecular
target nomenclature conforms to BJP’s latest Guide to Recep-
tors and Channels (Alexander et al., 2011).

Results

Oral challenge with FTY720 elevates BP in
vivo in SHR, but not WKY

Figure 1 shows the structural similarities of FTY720 and the
sphingosine kinase inhibitor DMS, both derivatives of sphin-
gosine, the natural substrate for sphingosine kinases. To
investigate whether FTY720, like DMS, raises BP preferentially
in hypertensive animals (Spijkers et al., 2011a), SHR and WKY
rats were given oral FTY720 (once 0.3 mg-kg™' in saline) and
BP/heart rate was recorded using tail-cuff non-invasive BP
measurements before and 24 h after FTY720 challenge. After
24 h of the oral dose of FTY720, BP was lowered in the WKY,
whereas BP in SHR was elevated (n=4-7, P<0.05)
(Figure 2A). Heart rate, however, was equally reduced in WKY
and SHR (Figure 2B).

Sphingosine kinase 1 expression is elevated in
SHR carotid artery segments compared with
those of WKY

As the main target of DMS and unphosphorylated FTY720 is
sphingosine kinase, the protein expression profile of sphin-
gosine kinase 1 in carotid arteries of WKY and SHR was

Dimethylsphingosine (DMS)
\N/
P OH
OH
FTY720
NH,
OH
OH
Figure 1

Chemical structures of the sphingosine derivates dimethylsphin-
gosine and FTY720.
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Figure 2

BP response to oral FTY720 challenge in SHR and WKY rats. (A)
Tail-cuff mean arterial pressure (MAP) measurement in WKY and SHR
before (0 h) and after 24 h after oral (0.3 mg-kg™' FTY720) challenge
and (B) corresponding heart rate (HR). Data expressed as
mean = SEM, n=4, *P < 0.05.

assessed. As indicated by immunohistochemistry, in both the
endothelium and smooth muscle layer of isolated SHR
carotid artery segments, the expression of sphingosine kinase
1 was higher than that in WKY carotid artery segments
(Figure 3).

DMS and FTY720 induce marked contractile
responses in isolated carotid artery segments
of SHR but not in those of normotensive
WKY rats

Isolated carotid arteries of normotensive WKY rats were com-
pletely unresponsive to DMS. In contrast, DMS (10 uM)
induced profound transient contractions in artery segments
of SHRs as described previously (Spijkers et al., 2011a) (a DMS
tracing is shown as a reference in Figure 4A,B). Similar to
DMS, FTY720 did not evoke any response in carotid artery
segments from WKY rats (Figure 4C,F), but induced large
transient contractions in segments from SHR (Figure 4D,F).
Importantly, in contrast to its parent compound, the phos-
phorylated form of FTY720 (i.e. FTY720-P) did not induce
any substantial response in segments from SHR nor WKY
(Figure 4E and Supporting Information Figure S1, respec-
tively). Thus, only unphosphorylated FTY720 induced
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Figure 3

Quantitative immunohistochemistry on sphingosine kinase 1 expres-
sion. (A) Typical example the of the expression profile of sphingosine
kinase 1 (red) and cell nuclei (blue; left) and additionally with vVWF
endothelium marker (green; right) in WKY and SHR carotid artery. (B)
Staining intensity quantified as endothelium (EC)-specific expression
and vascular smooth muscle cell (VSMC)-specific expression. Data
expressed as mean fluorescent light units (FLU) = SEM, n=5-6,
*P < 0.05.

transient vasoconstrictions in carotid arteries of SHR but not
in those of WKY (Figure 4F).

FTY720 and DMS induce vasoconstriction

in carotid artery segments of SHR via a
similar mechanism

DMS-induced vasoconstriction has previously been shown
to be endothelium-dependent and to be sensitive to COX
and TXA, synthase inhibition and could be antagonized by
the thromboxane/prostaglandin (TP) receptor antagonist
SQ29548 (Spijkers et al., 2011a).
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Contractile effect of DMS, FTY720 and FTY720-P on carotid arteries of SHR and WKY. Typical tracings showing the contractile effects of DMS
(A +B), FTY720 (FTY, C + D) and FTY720-P (FTY-P, E) in isolated carotid arteries from WKY rats (A + C) and SHR (B, D + E). Please note the profound
endothelial dysfunction in arteries from SHR as evidenced by a decreased relaxant response to methacholine (MCh; 10 uM) in phenylephrine (Phe;

0.3 uM) precontracted artery segments. Quantified data of FTY720-induced effects (F) are expressed as mean = SEM in mN-mm™’

length, n=3-6, *P < 0.05.

To investigate whether FTY720 and DMS induce contrac-
tions in carotid artery segments from SHR via a similar
mechanism, we either removed the endothelium or pre-
incubated the vascular segments with DMS, applied inhibi-
tors of aforementioned enzymes or the TP receptor
antagonist before the addition of FTY720. These substances
did not alter baseline tension. FTY720-induced vasoconstric-

segment

tion was diminished in DMS-pretreated segments (Figure 5
and Supporting Information Figure S2). Also endothelial
denudation blunted the contractile response to FTY720, indi-
cating that the contractions were indeed endothelium-
dependent (Figure 5). Furthermore, the COX inhibitor
indomethacin (10 uM), the thromboxane synthase inhibitor
ozagrel (10 uM) and the TP receptor antagonist SQ29548
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Figure 5

Mechanism of FTY720-induced contractions in isolated carotid arter-
ies from SHR. FTY720-induced contractions after incubation with
DMS (10 uM), in the absence of endothelium (-EC), in the presence
of the COX inhibitor indomethacin (10 uM), the thromboxane syn-
thase inhibitor ozagrel (10 uM) and the TP receptor antagonist
SQ29548 (10 uM). Data are expressed as mean + SEM in mN-mm!
segment length, n=4-6, *P<0.05 compared with vehicle
(dimethylsulfoxide).

(10 uM) all inhibited the FTY720-induced vasoconstriction
(Figure 5).

Discussion and conclusions

FTY720 (fingolimod) is a recently approved oral treatment
option for multiple sclerosis (Brinkmann, 2009). In clinical
trials, FTY720 as compared with placebo had a superior effi-
cacy over a 2 year period in patients with relapsing-remitting
multiple sclerosis (Kappos et al., 2010), and proved more
effective than intramuscular interferon B-1a over a 12 month
period (Cohen et al., 2010). Phase II and the aforementioned
phase III clinical trials have shown that FTY720 is generally
well tolerated and the reported adverse effects are, further to
adverse effects due to immunosuppression, also of a cardio-
vascular nature. Besides transient effects on heart rate (brady-
cardia) and atrioventricular conduction, a moderate increase
in BP of approximately 3-5 mmHg in 4-6% of treated
patients was observed that persisted during treatment (Cohen
et al., 2010; Comi et al., 2010; Kappos et al., 2010). In addi-
tion, one case of severe peripheral arterial vasospasm was
reported in a patient after 7 days of FITY720 treatment
(Schwarz et al., 2010).

In a previous report, we showed that hypertension is
associated with marked alterations in vascular sphingolipid
biology (Spijkers et al., 2011a). Shifting the ceramide/S1P
ratio towards ceramide, for instance, by pharmacological
inhibition of sphingosine kinase, triggers endothelium-
dependent production of TXA; in hypertensive animals, thus
inducing vasoconstriction. Accordingly, intravenous infusion
of DMS induces a marked increase in BP in anaesthetized
SHR, whereas it has no effect, or even lowers BP in WKY rats
(Spijkers et al., 2011a). Interestingly, ceramide levels in arte-
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rial tissue and plasma were significantly higher in SHR com-
pared with those in normotensive WKY rats. The fact that
humans with stage 2/3 hypertension also display elevated
levels of ceramide in blood plasma indicates that human
essential hypertension is also associated with alterations in
sphingolipid biology. As several reports have clearly demon-
strated that FTY720 has profound inhibitory effects on sph-
ingosine kinase, we were prompted to investigate whether
FTY720, like the sphingosine kinase inhibitor DMS, increases
vascular tone and BP only in SHR.

In a pilot experiment we investigated whether FTY720
shows a similar divergent behaviour as DMS in vivo by infus-
ing FTY720 i.v. into anaesthetized rats, but FTY720 caused
marked effects on cardiac frequency in these rats making it
difficult to measure BP responses. As mentioned before, the
cardiac effects of FTY720 are well known and have been
described in laboratory animals and humans (Forrest et al.,
2004; Schmouder et al., 2006). However, as the bradycardia
induced by FTY720 is known to be transient, in the present
study we administered FTY720 orally and measured the BP
response after 24 h. While in WKY rats orally administered
FTY720 reduced BP, we observed an increase in BP in SHR
24 h after its application. At this time point, heart rate was
still reduced in both groups to the same extent. This latter
results excludes the possibility that the changes in heart rate
are responsible for the divergent response in BP we observed.
Hence, these experiments confirm that FTY720 induces com-
parable BP responses in normotensive and hypertensive
animals as the sphingosine kinase inhibitor DMS. To deter-
mine whether similar mechanisms are involved, we per-
formed ex vivo experiments in isolated carotid arteries. In
these blood vessels, sphingosine kinase 1 expression is
elevated in SHR compared with WKY, suggesting enhanced
sensitivity to both DMS and FTY720 inhibition. The myogra-
phy experiments clearly demonstrated that FTY720, like
DMS, induces vasoconstriction only in arteries from hyper-
tensive rats and not in those from normotensive WKY rats. In
contrast, FTY720-P, the phosphorylated derivative of FTY720,
did not constrict the artery segments of either WKY or SHR,
most likely due to the fact that FTY720-P has no sphingosine
kinase inhibitory effects. This finding excludes the possibility
that the constriction response to FTY720 is caused by S1P
receptor stimulation via FTY720-P, which is formed via sph-
ingosine kinase 2 activity in the artery segment.

The transient vasoconstriction induced by FTY720 in iso-
lated carotid arteries from SHR but not WKY rats closely
resembled the vascular effects of DMS. In addition, the
finding that the FTY720-induced contractions were substan-
tially diminished in segments pretreated with DMS suggests
that DMS and FTY720 induce vasoconstriction via a similar
mechanism. The DMS-induced contractions have been
shown to be endothelium-dependent and mediated via the
eicosanoid TXA, (Spijkers et al., 2011a). We demonstrated
that FTY720-induced contractions were abolished by
mechanical removal of the endothelium before the addition
of the compound. Moreover, the contractions were potently
inhibited by COX and thromboxane synthase inhibition and
TP receptor antagonism. Together these results indicate that
FTY720 and DMS induce constriction via a similar mecha-
nism. In our previous study, we demonstrated that increased
expression of calcium-independent PLA,, COX and throm-



boxane synthase (all enzymes involved in TXA, synthesis)
in carotid artery segments of SHR accounts for this
phenomenon.

Whether this mechanism (i.e. sphingosine kinase inhibi-
tion) also contributes to the increase in BP induced by
FTY720 in humans remains unclear. Although these data are
unfortunately not available in literature, it would be interest-
ing to see whether the observed increases in BP in multiple
sclerosis patients are specifically in those patients that already
have hypertension or endothelial dysfunction.

In addition to its sphingosine kinase inhibitory, FTY720,
after phosphorylation to FTY720-P in vivo, may induce vaso-
constriction via stimulation of S1P receptors on smooth
muscle cells (Nixon etal., 2007; Salomone et al., 2008).
However, vasoconstriction to FTY720-P is restricted to par-
ticular vascular beds, such as coronary and basilar arteries
(Salomone et al., 2008). As we demonstrated in this study,
FTY720-P does not induce vasoconstriction in carotid arter-
ies. In other peripheral arteries, FTY720-P induces an
endothelium-dependent vasodilatation via stimulation of
endothelial S1P; and/or S1P; receptors (Dantas et al., 2003;
Tolle et al., 2005). Therefore, it is unlikely that stimulation of
vascular S1P receptors exclusively contributes to the increase
in BP observed in patients treated with FT'Y720. In addition,
this does not account for the divergent responses to FTY720
in normotensive and hypertensive animals. In this regard, it
is important to note that the carotid artery is a conduit and
not a resistance vessel. Interestingly, we did not observe con-
tractile responses to FTY720 and DMS in mesenteric arteries
from SHR or WKY; whereas FTY720 did induce vasodilatation
in preconstricted mesenteric arteries (data not shown). This
may be in accordance with observations that sphingosine
kinase 1 expression in mesenteric arteries is rather low com-
pared with cerebral vessels (Salomone et al., 2010). The fact
that we observe clear BP increases to FTY720 in SHR, however,
suggests that certain resistance vessels in vivo do contract.
This may be due to direct TXA; release in vivo in the resistance
vascular bed itself, or to paracrine/endocrine effects of TXA,
released from other vascular beds.

Another important aspect to keep in mind when extrapo-
lating the in vitro data to the in vivo situation is the metabo-
lism of FTY720. One could argue that FTY720 in vivo is rapidly
converted to FTY720-P, and that in contrast to the in vitro
situation the wvasculature in vivo is mainly exposed to
FTY720-P. However, several pharmacokinetic studies (Kovarik
et al., 2007a,b; Zollinger et al., 2011) have demonstrated that
FTY720 is absorbed very slowly; peak FTY720 plasma levels
are reached approximately 36 h after oral administration of a
single dose. A recent study performed with radiolabelled
FTY720 in humans (Zollinger etal., 2011) clearly demon-
strated that FTY720 is only partially phosphorylated in vivo.
Because of similar half-life values of FTY720 and FTY720-P,
the ratio between the pro-drug and the metabolite remains
rather constant and amounts to approximately 2. Thus, in
vivo, endothelial cells are also exposed to higher concentra-
tions of FTY720 than FTY720-P.

Next to inhibition of sphingosine kinase, FTY720 has
been reported to inhibit cytoplasmic PLA, (Payne et al., 2007)
and ceramide synthase (Berdyshev et al., 2009). It is unlikely,
however, that these properties are involved in the contractile
effects of FTY720 reported here; because of the role of
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arachidonic acid metabolites and ceramide in vessels from
SHR as mentioned before, one would expect the opposite
effect.

In conclusion, we clearly demonstrated that FTY720
induces vasoconstriction in isolated carotid arteries and raises
BP in hypertensive, but not normotensive animals, most
likely via its inhibitory effect on sphingosine kinase. Whether
this mechanism contributes to increases in BP during FTY720
treatment in humans remains to be investigated.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1 Raw tracing of an ex vivo WKY carotid artery
segment incubated with FTY720-P (10 uM). Phenylephrine
(Phe), methacholine (MCh).

Figure $2 Raw tracing of an ex vivo SHR carotid artery
segment, pre-incubated with either DMS (10 uM) or vehicle
control (DMSO) and subsequent FTY720 (10 pM). Dimethyl-
sphingosine (DMS), dimethylsulfoxide (DMSO), phenyleph-
rine (Phe), methacholine (MCh).
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