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I. Role of S1P in the regulation of vascular tone and reactivity

Our first aim was to characterize the vasoactive effects of sphingosine-1-phosphate
(S1P) in our experimental model. In phenylephrine (PE) precontracted mouse aortic
segments, S1P typically evoked a tri-phasic response consisting of a transient
constriction followed by a marked relaxation and finally a tonic constriction. In order to
dissect the relaxant and constrictor components of the response, the effects of S1P in
vessels of endothelial nitric oxide synthase knockout (eNOS KO) animals were tested,
as endothelial NO has been reported to mediate S1P-induced vasorelaxation. Indeed,
in the absence of eNOS S1P evoked strong and sustained vasoconstriction.

In order to gain in depth insight into this vasoconstrictor effect, the experiments were
repeated with administration of S1P on the resting tone (RT) of the vessels. Our results
showed that S1P induced only minor vasoconstriction in both wild-type (WT) and
eNOS KO vessels. Based on these results we concluded that S1P is a weak
vasoconstrictor by itself, however, it can significantly enhance the contractile effect of
a1 adrenoreceptor stimulation.

To test this hypothesis, the following experimental protocol was used. PE was
administered at increasing concentrations (0.1 nM—10 uM) enabling the evaluation of
the dose-response-relationship. Between two PE administrations, S1P (5 uM) was
applied for 20 min followed by washing. PE-induced vasoconstriction of the vessels
increased markedly after exposure to S1P: the Emax value increased whereas the
EC50 decreased significantly, whereas the vehicle of S1P had no effect.

Our next aim was to identify the receptor subtype mediating S1P-induced potentiation
of a1-adrenergic vasoconstriction. First, a smooth muscle specific S1P1 receptor
deficient mouse line (SM-S1P1-KO) was generated by crossing S1P1-floxed mice with
the smooth muscle specific SMMHC-Cre line as general S1P deficiency results in
embryonic lethality. However, in vessels of SM-S1P1-KO mice the effect of S1P on
the a1-adrenergic vascular reactivity remained unaltered. Thereafter, we tested
vessels isolated from S1P2 KO and S1P3 KO animals and their corresponding
controls. In control vessels the marked potentiation of PE-induced vasoconstriction
was present after incubation with S1P. In contrast, the potentiating effect of S1P failed
to develop in S1P2 KO vessels, whereas it remained unaltered in S1P3 KO vessels.
These observations unambiguously indicated the exclusive role of S1P2 in mediating
the enhanced vascular response to PE after exposure to S1P.



The next step was to identify the intracellular signaling pathway by testing vessels
deficient for Gai2 and Gaas proteins in smooth muscle cells. Whereas control vessels
showed the potentiating effect of S1P on a1-adrenergic vasoconstriction, this effect
was abolished in Gai2/13 KO mice, indicating the role of Gi2/13 signaling in S1P-induced
potentiating effect. As Gai2/13 proteins can activate reportedly the RhoA - Rho kinase
(ROCK) signaling pathway, we evaluated its involvement in mediating the effect of
S1P on vascular reactivity. In accordance to our hypothesis, the ROCK inhibitors Y-
27632 and fasudil were able to prevent the development of S1P-induced potentiation
of a1-adrenergic vasoconstriction.

We also aimed to investigate the duration of the potentiating effect of S1P. Identical
doses of PE were applied at 20-minute intervals, and the magnitude of contraction
responses was measured. Enhanced PE-induced contractions were detected for three
hours after exposure to S1P in WT vessels. This long-lasting vascular hyper-reactivity
failed to develop in S1P2 KO but remained unaltered in S1P3 KO vessels.

In conclusion, S1P induced vascular hyper-reactivity to a1-adrenergic stimulation of
vascular smooth muscle cells. We confirmed that the signaling pathway involves S1P2
receptor, Gaizi13 proteins and ROCK. This is supported by the observations that the
potentiating effect of S1P was absent in of S1P2 KO or Gai213 KO vessels and could
be abolished by the ROCK inhibitor Y-27632 and fasudil.

The intracellular signaling pathways activated by S1P and a1-adrenergic receptors
finally converge in the cross-bridge cycle where a1-adrenergic signaling drives myosin
light chain kinase (MLCK)-mediated myosin phosphorylation, whereas S1P2 signaling
induces retention of the phosphorylated state of myosin by inhibition of myosin
phosphatase (MP), maintaining the cross-bridge cycle active and allowing for the
development of sustained vasoconstriction. In order to verify this concept, we planned
additional experiments in which the MLCK activation is achieved by a GPCR-
independent mechanism, such as potassium-induced membrane depolarization and
consequent opening of voltage-gated Ca?* channels.

Aortic segments were isolated from WT, as well as S1P2, S1P3 receptor, and Gai2/13
KO mice and their isometric tension was measured in myographs after removal of the
endothelium. Vasoactive effect of 10 yM S1P was detected at physiological (4 mM) as
well as at elevated (6-8 mM) extracellular potassium concentrations ([K*]e). At
physiological [K*]le S1P slightly increased the vascular tone, whereas sphingosine had
no measurable effect. Moderately increased [K*]le (6 mM) failed to influence the
vascular tone by itself, but addition of S1P induced marked vasoconstriction that was
further increased when [K*]e was elevated to 8 mM.

Further experiments on the signaling of vascular smooth muscle contraction were
performed with 8 mM [K*]e, since it intensified the vasoactive action of S1P without
having a significant influence on the resting vascular tone by itself. The vasoconstrictor
effect of S1P was diminished in S1P2 KO and Gaizi13 KO vessels, whereas it remained
unchanged in vessels of S1P3 KO mice. S1P-induced vasoconstriction was also
strongly decreased by the Rho-kinase inhibitor Y-27632 in WT vessels.



In conclusion, S1P significantly elevates the VSM tone in isolated mouse aorta under
moderately increased K+-concentration. This effect is mediated by the S1P2-receptor,
Gai2ns proteins, and the activation of Rho-kinase. This phenomenon may contribute
to the pathological increase of the vascular tone under conditions of systemic
hyperkalemia, like in kidney diseases, or during local elevation of perivascular [K*]e in
hypoxic tissues, eg. during myocardial ischemia.

II. Effects of S1P and LPA on the coronary circulation

In this part of our study we made attempts to investigate the effects of S1P and the
related lysophospholipid mediator lysophosphatidic acid (LPA) on the regulation of the
coronary circulation and cardiac functions. We also investigated the potential
receptors and intracellular pathways that may mediate those effects. Potential
cardioprotective effect of S1P has also been studied, because S1P is released
reportedly in large amounts in acute coronary syndrome (ACS), and may evoke both
favorable and potentially deleterious effects. We aimed to delineate how these
conflicting S1P actions indeed affect postischemic cardiac injury.

LPA is known to act on 6 documented G protein-coupled receptors (LPA1-6), of which
LPA1-3, together with S1P1-5, belong to the endothelial differentiation gene (Edg)
family of G-protein coupled receptors (GPCRs). Similarly to S1P, LPA has diverse
effects in the cardiovascular system including regulation of the vascular tone. Although
several LPA species are released in ACS, the effects of LPA on coronary vascular
tone remain to be elucidated. Our aim was to describe the effects of S1P and LPA on
the coronary flow of isolated murine hearts and to identify the signaling pathways
mediating the effect.

Experiments were conducted on isolated Langendorff-perfused hearts of 130-150-
days-old male mice. Coronary flow was continuously monitored with a transit-time flow
meter placed into the inflow line. In order to measure left ventricular pressure a fluid
filed balloon-catheter connected to a pressure transducer was inserted into the
ventricle. After cannulation, a 30-minute-long stabilization period was allowed. After
equilibration, control data were recorded and S1P, LPA or their vehicle was infused to
the perfusion line for 5 minutes. Afterwards, depending on the protocol either a 20-
minute-long washout period or a 30-minute-long global ischemia was applied by
complete cessation of perfusion. At the end of the ischemic period, perfusion was
reintroduced and reperfusion was followed up for 2 hours. Size of the infarcted
myocardium was determined through TTC staining. Experiments were carried out in
WT and various gene-deficient C57/BI6 mice strains.

To investigate the effects of S1P on CF and cardiac function we infused 10® M S1P
or its vehicle to the perfusate of isolated WT murine hearts for 5 min. Administration
of S1P reduced CF by 44%. This remarkable decrease started at the beginning of the
S1P infusion and continued progressively during the 5 minutes. During the wash-out
period CF did not return to the control state but remained at a significantly lower level



CF reduction induced by S1P compromised left ventricular contractile performance
which is evidenced by a 54% drop of left ventricular developed pressure (LVDevP)
and decreased +dLVP/dtmax and -dLVP/dtmax (indices of inotropic and lusitropic
functions, respectively), indicating insufficient oxygen supply to the myocardium.

Earlier studies suggested that S1P may affect coronaries via S1P1, S1P2 and S1P3
receptors. Therefore, as a next step we aimed to identify which of these receptors
mediate the coronary actions of S1P observed in our experiments. For this purpose,
we perfused S1P to isolated hearts of smooth muscle specific conductional S1P1, as
well as conventional S1P2 and S1P3 gene deficient mice following the protocol
described above.

The CF reducing effect of S1P in S1P1 and S1P2 deficient hearts was similar to that
observed in WTs. The drop of the LVDeVvP was also similar, no statistically significant
difference could be detected.

In S1P3 KO hearts, however, the CF reducing effect of S1P was significantly
diminished compared to WT mice: both the maximal effects the total perfusion deficit
during the 5-minute-long S1P infusion decreased by approximately 50%. The
decrease in left ventricular contractile performance upon S1P infusion was also
attenuated in S1P3 KO mice: the drop in LVDeVP was significantly smaller compared
to controls.

In mouse experimental models used for the identification of intracellular signaling
pathways, the smooth muscle specific deletion of Gagi1 or Gaizi13 did not influence
the effect of S1P on the coronary flow. Moreover, inhibition of endothelin A receptor
by BQ123 (10¢ M) could not abolish its effect either.

To solve the contradiction between the well-known cardioprotective and observed
cardiac function reducing effect of S1P we aimed to separate the role ,vascular’ and
~,myocardial” effects of S1P.

First, we investigated the role of the “vascular’ S1P. S1P pretreatment was carried out
by infusing S1P to the perfusion solution before ischemia. During the reperfusion
period CF returned to a significantly higher value in the S1P3 KO hearts. Surprisingly,
however, the recovery of the cardiac function and infarct size did not differ remarkably
in the two groups.

Second, we investigated the role of ,myocardial” S1P released endogenously from the
heart. In this protocol, no S1P has been applied to the perfusion line. Interestingly,
under these conditions CF during the reperfusion period did not differ significantly
between WT and S1P3 KO hearts. On the contrary, parameters representing cardiac
function did remarkably show difference. Loss of the S1P3 receptor resulted in a far
worse recovery of the cardiac function. In addition, the infarct size was also larger in
S1P3 KO than in WT hearts.

In conclusion, S1P is a strong vasoconstrictor in the coronaries. After the exclusion of
the S1P1 and S1P2 our results indicate that the coronary constrictor effect of S1P is
mediated, at least in part, via the S1P3 receptor. The Gag11 and the Gaiz13 proteins



and the endothelin A receptor are not involved in mediating the CF reducing effect of
S1P. In contrast, myocardium-derived S1P appears to improve cardiac functions
during ischemia/reperfusion, an effect mediated probably by myocardial S1P3
receptors.

In a separate set of experiments, we aimed to investigate the effects of LPA on the
coronary circulation and the signaling mechanism involved. Because unsaturated LPA
species are also released reportedly in acute coronary syndrome, effects of various
LPA species (18:1, 18:2 and 18:3 LPA) were determined on the CF of isolated murine
hearts.

To investigate the effects of LPA on CF and cardiac function we infused 10 M LPA
or its vehicle to the perfusate of isolated WT murine hearts for 5 min. Administration
of LPA reduced CF by 37%. This remarkable decrease started at the beginning of LPA
infusion and remained stable during the 5 minutes. During the wash-out period CF
returned to the control state. CF reduction induced by LPA compromised left
ventricular contractile performance which is evidenced by the drop of LVDevP and
decreased +dLVP/dtmax and -dLVP/dtmax.

Next, we aimed to identify the LPA receptor mediating the CF reducing effect of LPA.
Expression analysis by gPCR indicated the presence of all 6 known LPA receptors in
the heart. CF reducing effect of LPA developing in LPAL1 and LPA2 deficient mice was
similar to that of WT littermates. The drop of the LVDevP was also similar, no
statistically significant difference could be detected. In the presence of LPA3
antagonists (Kil6425 and VPC32183) similar results were detected.

Then we started to investigate the members of the non-Edg LPA receptors (LPA4-6).
Both in LPA4 KO hearts and in the presence of the LPA4 antagonist BrP-LPA the CF
reducing effect of LPA was significantly diminished compared to WT mice. The
decrease in left ventricular contractile performance upon LPA infusion was also
attenuated: the drop in LVDeVvP was significantly smaller compared to controls.

In mouse experimental models used for the identification of intracellular signaling
pathways, the smooth muscle specific deletion of Gag11 did not influence the effect of
LPA on the coronary flow whereas that of Gai2/13 diminished by 50% the CF reduction.
The ROCK inhibitor Y27632 abolished the effect of LPA on CF. Moreover, deletion of
endothelial NO synthase enhanced, whereas inhibition of endothelin A receptor by
BQ123 diminished the response of coronaries to LPA.

Taken together, unsaturated 18C LPA species are strong vasoconstrictors in the
coronaries. LPA4 receptors, endothelin-1 and the Gi213 - ROCK signaling pathway
are involved in mediating the coronary vasoconstriction.

These vascular changes might have pathophysiological importance in platelet
activation and sclerotic plaque rupture when large amount of S1P and LPA are
released in the coronary system.



3. Effects of sphingolipids on endothelium-dependent, NO-mediated
vasodilatation

Sphingolipid mediators may induce biological actions independently of S1P receptors.
In many cases a direct interaction of sphingolipids with intracellular signaling
molecules is responsible for mediating these effects. Karoly Liliom and his co-workers
have recently demonstrated a molecular interaction between sphingolipids
(sphingosine and dimethylsphingosine (DMS)) and the calcium-binding protein
calmodulin, resulting in an inhibition of the activity of the Ca?*/calmodulin regulated
eNOS enzyme. We hypothesized that this interaction may have consequences on the
endothelium-dependent vascular reactivity. In order to test this hypothesis, we
determined the effect of sphingosine and DMS (10 and 50 uM) on the eNOS-mediated
vasodilator effect of acetylcholine (ACh).

Sphingosine and DMS induced significant reduction of ACh-induced vasodilation
whereas the effects of the NO-donor sodium nitroprusside (SNP) remained unaltered,
indicating that the endothelial release but not the smooth muscle action of NO was
altered in the presence of sphingolipids. With these results we proved that the
interaction of sphingosine and DMS with the Ca?*/calmodulin — eNOS pathway is
relevant in the regulation of the vascular tone. In further experiments we aimed to test
whether sphingosine may alter the blood pressure via its effect on the vascular
reactivity. Sphingosine applied in doses up to 3 nmol/g intravenously or 30 nmol/g
intraperitoneally failed to induce significant changes of the blood pressure.
Unfortunately, however, in these experiments the distribution of the systemically
applied sphingosine in the body was obscure, and several processes (eg. glomerular
filtration, binding to plasma or cell surface proteins, uptake and/or metabolism by non-
endothelial cells) could hinder the endothelial actions of sphingosine. Nevertheless,
we can conclude that local rather than systemic release of sphingolipids may have an
impact in the regulation or dysregulation of vascular tone,

MLCK in the smooth muscle, another key regulator of the vascular tone, is also a
Ca?*/calmodulin regulated enzyme. In order to test the inhibitory effect of sphingosine
and DMS on MLCK activity in the smooth muscle, we tested whether these
sphingolipids are able to inhibit the contractile effect of phenylephrine (PE).
Surprisingly, we found that Sph and DMS increase PE-induced vasoconstriction. As
the aforementioned inhibition of NO production can indirectly lead to augmented
vasoconstrictor responses, we repeated the experiments on vessels prepared from
eNOS KO animals. Sph and DMS were unable to increase PE-induced
vasoconstriction in these vessels, indicating that the sphingolipid-induced
enhancement of vascular reactivity is probably mediated by inhibition of eNOS.

With these results we proved that the interaction of sphingosine/DMS with the
Ca?*/calmodulin — eNOS pathway is relevant in the regulation of the vascular tone.
However, Sph and DMS do not have any significant direct effect on MLCK activity in
the vascular smooth muscle.



4. Vasoactive actions of sphingomyelinase in type 2 diabetes

Sphingomyelinase (SMase) catalyzes the conversion of the phospholipid
sphingomyelin to ceramide, which is the precursor of other sphingolipid mediators, like
sphingosine and S1P. SMase enzymes are reportedly upregulated in certain
cardiovascular and metabolic disorders such as type 2 diabetes mellitus (T2DM).
Sphingolipids have also been implicated as important regulators of inflammatory
processes in diabetes. Stress conditions initiate changes in sphingolipid metabolism,
and sphingolipids have emerged as key mediators of stress responses. In spite of the
marked alterations in the metabolism and actions of sphingolipids in diabetes and
recent observations indicating that ceramide may contribute to the development of
diabetic endothelial dysfunction, relatively little is known about the effects of
sphingolipids on vascular functions in T2DM.

We aimed to analyze the effects of SMase on vascular tone under diabetic conditions
and to elucidate the signal transduction mechanisms involved. Application of 0.2 U/ml
nSMase evoked a complex vascular effect with dominant contraction in control vessels
and a more pronounced relaxation in vessels of db/db mice, a rodent model of T2DM.
After inhibition of the TP receptor by 1 uM SQ 29,548, 0.2 U/ml nSMase relaxed both
db/db and control vessels, with a significantly higher relaxation in the db/db group.
After incubation of the vessels with 1 yM SQ 29,548 and 100 uM L-NAME for 30
minutes, 0.2 U/ml nSMase could no longer evoke a tension change in the thoracic
aorta of control or db/db mice.

Taken together, in our experiments we have observed an unexpected enhancement
of SMase-induced, NO-mediated vasorelaxations in type 2 diabetic db/db mice, in
contrast to the diminished vasorelaxant effect of ACh.

In order to understand the mechanism of SMase induced vasorelaxation, the effects
of inhibitors of certain intracellular signaling pathways have been determined. The
S1P1 receptor antagonist W146 (1 uM), the ceramidase inhibitor D-erythro-MAPP (50
MM), the PI3-kinase inhibitor Wortmannin (100 nM) and the protein kinase B/Akt
inhibitor MK 2206 (1 uM) all failed to alter the vasoactive effects of SMase both in WT
control and in db/db mice. In contrast, propargylglycine (PAG, 10 mM) induced
inhibition of cystathionine-y-liase (CSE), the enzyme mediating endogenous hydrogen
sulfide (H2S) production, attenuated the vasodilator effect of SMase in vessels of db/db
mice. In addition, enhanced vasorelaxant responses to exogenous H2S were observed
in these vessels. These results indicate that the increased vasorelaxation induced by
SMase in vessels of type 2 diabetic mice is related to elevated endogenous H2S
production and/or the enhanced reactivity of the vascular smooth muscle to H2S. Since
H2S reportedly augments the vascular actions of NO by inhibiting the activity of the
cGMP-specific phosphodiesterase-5, SMase may attenuate diabetes-induced
vascular dysfunction by reversing the consequences of diminished NO bioavailability.



5. Signal transduction mechanism of lysophosphatidic acid induced
vasoconstriction

According to our previous studies, LPA evokes vasoconstriction when the endothelium
is damaged or the eNOS enzyme is knocked out. To understand the signal
transduction mechanism of this vasoconstriction, we first evaluated the expression
levels of all known LPA receptors in isolated aortic smooth muscle cells. LPA1, LPA2,
LPA4 and LPAG transcripts were abundantly detectable by gPCR both in thoracic and
abdominal aortae.

Further experiments were carried out on endothelium denuded abdominal aorta
segments, isometric tension was recorded with wire myograph. Oleoyl-LPA and the
LPA1-3 receptor agonist VPC31143 both evoked vasoconstriction. Since the synthetic
agonist showed a higher efficacy over the natural ligand in inducing constriction, we
used the VPC31143 for further investigations.

Kil6425, an antagonist of LPA1 and LPA3 receptors blocked the effect of VPC31143,
while DGPP, a selective antagonist of only the LPA3 receptor was ineffective. Vessels
prepared from LPA2 KO animals showed unchanged constriction to VPC31143,
however the constriction was diminished in LPA1 knockouts. We also checked the
effect of T13, which according to literal data is a selective LPA3 agonist in low
nanomolar (10 nM) concentration but can activate other LPA receptors at higher
concentrations. T13 failed to induce contraction when 10 nM was applied but higher
concentrations evoked a dose-dependent vasoconstriction. As this constriction was
missing in LPA1 knockouts, we concluded that LPAL receptors are the exclusive
mediators of the vasoconstriction.

Because it is known that LPA has COX1-dependent effects and indomethacin blocks
the constrictor effect of LPA in the small intestine, we hypothesized that TXA2 might
mediate the constrictor effect of LPA. To test this, we repeated the myograph
measurements in COX1 KO and TP KO vessels and have found a reduced
vasoconstriction in these specimens. Thromboxane production of the vessels was also
tested by TXB2 ELISA. In WT vessels, baseline thromboxane production increased
two-three folds after VPC31143. A similar increase was detectable in LPA2 KO and
TP KO vessels, while in LPA1 KO and COX1 KO vessels VPC31143 was not able to
increase thromboxane production.

A known pathway for thromboxane production is the pertussis toxin (PTX)-sensitive Gi
and consequent PLA:2 activation. We have found that PTX treatment strongly
decreases both VPC31143-mediated vasoconstriction and thromboxane production.

According to our findings LPAL receptor activation in aortic smooth muscle evokes
vasoconstriction via Gio- and COX1-mediated autocrine/paracrine thromboxane
release and consequent TP receptor activation.
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Abstract: Sphingosine-1-phosphate (S1P) is a lysophospholipid mediator which regulates diverse
biological processes through its specific receptors (S1P15). S1IP has been shown to be protective against
ischemia/reperfusion (I/R) injury in the heart. Other studies highlighted its constrictive effects in the
coronaries. S1P is released from platelets in acute coronary syndrome (ACS) in large amounts therefore
its favorable and potentially deleterious effects may be conflicted. Experiments were conducted on
isolated Langendorff-perfused hearts. S1P infusion or I/R protocol was applied on WT, S1P2 and S1Ps
gene-deficient mice. Coronary flow (CF), contractile function and infarct size was determined.
Administration of S1P reduced CF by 48+8% and compromised left ventricular contractile performance
in WT hearts. These effects in S1P2 KO mice were similar. In S1Ps KO hearts the CF reduction (25+2%)
and decline in contractile function were diminished. In I/R experiments, postischemic functional
recovery was weaker and infarct size was larger in S1P3 KO hearts. Preischemic S1P treatment
worsened the recovery of CF and contractile function both in WT and 51P3 KO hearts. S1P reduced CF
and contractile function massively mediated via S1Ps receptor. We verified the role of S1Ps receptor in
cardioprotection, but not the S1P pretreatment that just further exacerbated I/R-induced myocardial
damage.

Keywords: sphingosine-1-phosphate, ischemia/reperfusion, cardioprotection, vasoconstriction,
coronary flow, contractile function, infarct size

Introduction

Ischaemic heart disease, including acute coronary syndrome (ACS), is the major cause of death
globally. ACS is the sudden loss of adequate blood perfusion to the heart, most commonly
initiated by the rupture of an atherosclerotic plaque and consequential activation of blood
coagulation. This process ends up in thrombotic occlusion of the coronary and cardiac tissue
damage (1). Urgent reestablishment of blood perfusion to the affected area is crucial to
minimize ischemic tissue damage. Besides the therapeutic window the success of reperfusion
depends on several other factors such as pathophysiological events happening prior to and
during thrombus formation. Platelet activation can be relevant in this respect, as it releases
numerous vasoactive mediators which may have impact on the dynamics and severity of
ischemic injury. Sphingosine-1-posphate (S1P) is one of these many mediators.

S1P is a sphingolipid mediator which is produced by a wide variety of cells. Its actions include
regulation of diverse physiological and pathophysiological processes, such as inflammation,
autoimmunity and neurodegeneration (2)(3). In the cardiovascular (CV) system activated
platelets synthetize and release it in large amounts (4) and it has been reported to play a role in
the regulation of vascular tone, atherogenesis, cardiac remodeling and cardioprotection
(5)(6)(7). To date, 5 different G-protein coupled receptors belonging to the Edg family have
been identified as specific S1P receptors (S1P1s). From these, S1P1, S1P2 and S1Ps receptors
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are expressed abundantly in the CV system and has been reported to mediate CV actions of S1P
(8)(9).

S1P has been attributed cardioprotective effects against ischemia-reperfusion (I/R) injury by
several research groups. The key enzymes in S1P synthesis, sphyngosine-kinase 1 and 2
(SphK1 and 2) were associated with beneficial effects of ischemic pre-and post-conditioning
and increased release of S1P from cardiomyocytes (10)(11)(12). Combined deletion of S1P>
and S1Ps receptors increased the infarcted area and enhanced apoptotic cell death after I/R,
suggesting that activation of these receptors is cardioprotective. (13)

Preischemic S1P treatment has been reported to decrease infarct size in ex vivo experimental
models (12). In vivo most of the S1P in the plasma is connected with HDL. It has been reported
that HDL and S1P directly protect the heart against I/R injury via the S1Ps receptor in vivo (14).

However in ACS when S1P is released in large amounts HDL is not bound to S1P. Along with
that, some studies highlighted the potential constrictive effects of S1P in the coronaries. S1P
administration to the coronary perfusate has been shown to diminish coronary flow (CF) in
Langendorff-perfused rat hearts (15). This effect was attenuated by pharmacological inhibition
of S1Ps receptors in the same experiment (15). Another study conducted on coronary smooth
muscle cells raised the potential involvement of S1P, receptors (16). Beside its actions on
coronary flow, S1P exerts other short-term cardiac effects which include generation of
arrhythmias and negative inotropy (17)(18)(19)(20).

The reported cardiac effects of S1P are contradictory with respect to I/R injury. Activation of
S1P receptors seems to be cardioprotective on one hand, whereas acute effects of S1P to reduce
CF and cardiac contractility are expected to interfere with successful post-ischemic recovery
on the other. Moreover, S1P, and S1Ps receptors have been shown to participate in each
mechanism. In ACS, when S1P is released in large amounts from activated platelets, its
favorable and potentially deleterious effects may be conflicted. In the present study, we aimed
to delineate how these conflicting S1P actions actually affect postischemic cardiac injury after
a non-fatal ischemic insult.

For this purpose, we conducted ex vivo experiments on isolated Langendorff-perfused murine
hearts. In our experimental models firstly we mimicked ACS as a massive S1P release to the
coronary system. Through gene-deficient mice we tried to characterize its meschanism of
action. To understand the role of S1Ps receptor in cardioprotection we applied an I/R protocol.
Finally, to model S1P pretreatment, S1P was administered before I/R to investigate how its
acute effects will influence S1P receptor mediated cardioprotection and postischemic cardiac
recovery.

Materials and Methods

Animals

All experiments reported here were performed using 130-150-days-old male mice. Animals
were housed in the animal facility at Semmelweis University, were kept in 12 hours’ day and
night condition and had free access to water and food. C57/BI6 (WT) mice were originated
from Charles River Laboratories (Isaszeg, Hungary). To answer our specific questions, we used
conventional S1P2 KO and S1P3 KO animals along with wild-type littermates (S1pr2 (-/-) and
S1pr3 (-/-) strains generated on C57/BI6 genetic background, both were generous gift from

Cells 2020, 9, x; doi: FOR PEER REVIEW www.mdpi.com/journal/cells



Cells 2020, 9, x FOR PEER REVIEW 30f13

Richard L. Proia (NIDDK, NIH, MD, USA)). All procedures were approved by the National
Food Chain Safety Office, Hungary (Permission number: PEI/001/820-2/2015).

Isolated perfused heart experiments

General anesthesia was induced by intraperitoneal injection of 40 mg/kg pentobarbital,
followed by thoracotomy and isolation of the heart. After excision, the isolated heart was
mounted in a Langendorff setup (Experimetria ltd., Budapest) and perfused at constant 80
mmHg pressure with modified Krebs-Henseleit buffer (118 mM NacCl, 4.3 mM KCI, 25 mM
NaHCO3, 1.2 mM MgSOQOs, 1.2 mM KH2PO4, 0.5 mM NaEDTA, 2.0 mM CaCl;, 11 mM
glucose, 5 mM pyruvate- all purchased from Sigma-Aldrich, Budapest, Hungary). (21) The
solution was continuously gassed with 95% O and 5% CO; and had a pH of 7.4 at 37°C. During
the experiment the heart was surrounded by a thermally regulated chamber filled with Krebs-
Henseleit buffer.

Coronary flow was continuously monitored with a transit-time flow meter placed into the
inflow line (Transonic 2PXN flow probe, Transonic Systems Inc., Ithaca, NY, USA). In order
to measure left ventricular pressure (LVP) a fluid filled balloon-catheter connected to a pressure
transducer was inserted into the ventricle. End diastolic pressure was set to 8 mmHg.

Devices were connected to a computer and data were recorded and analyzed by Haemosys
(Experimetria, Budapest) software. Left ventricular developed pressure (LVDevP) was
calculated as the difference of peak systolic and minimum diastolic pressures; and the positive
and negative maximum values of the first derivative of the LVP (+dLVP/dtmax, —dLVP/dtmax)
were determined as indices of left ventricular contractile and lusitropic performance,
respectively.

Experimental protocol

After cannulation, a 30-minute-long stabilization period was allowed. After equilibration,
control data were recorded and S1P (D-erythro-sphingosine-1-phosphate, Avanti Inc., 10 M)
or vehiculum was infused to the perfusion line for 5 minutes. 1 mg S1P was dissolved in 263
microliter 0.3 N NaOH. This solution (102 M) was further diluted to 10* M with saline and
infused to the perfusate by 1/100™ of the CF to acquire a final concentration of 10® M in the
coronaries. Afterwards, depending on the protocol either a 20-minute-long washout period or a
30-minute-long global ischemia was applied by complete cessation of perfusion. At the end of
the ischemic period, perfusion was reintroduced and reperfusion was followed up for 2 hours.

Measurement of infarct size

In the ischemia/reperfusion experiments, hearts were removed from the cannula after the 2-
hour-long reperfusion period and placed into a —20°C freezer for at least 15 minutes. The frozen
heart was cut into 1 mm thick slices simply by eye. The slices were then incubated in a
phosphate buffer containing 1% triphenyltetrazolium (TTC) (Sigma, Budapest, Hungary) for
15 minutes at a temperature of 37°C. The TTC powder was diluted in a two-part phosphate
buffer system at a pH of 7.4. The surviving tissue turned deep red and the infarcted tissue
remained pale. Slices were then fixed in 10% formalin for 20 minutes (22). Photos of the slices
were captured using a strereomicroscope equipped with a high-resolution digital camera and
Image J (Rasband, W.S., ImageJ, US National Institutes of Health, Bethesda, MD, USA,
https://imagej.nih.gov/ij) was used to analyze them. The area at risk (total area, white plus red
part) and the infarcted area (white part) were measured and the relative infarct size was
calculated as a percentage of the area at risk.

Cells 2020, 9, x; doi: FOR PEER REVIEW www.mdpi.com/journal/cells



Cells 2020, 9, x FOR PEER REVIEW 40f13

Statistical analysis

Results are presented as means =+ standard error of the mean (SEM). Variables at different time
points were compared with repeated measurement ANOVA and Bonferroni post hoc test. In
order to compare variables between experimental groups we used two-way repeated
measurement ANOVA and Dunnet post hoc test for multiple comparisons. To compare the
maximal effects, we applied unpaired t-probe or equivalent non parametric tests. To determine
the total perfusion loss area during S1P infusion, area over the curve (AOC) was calculated. All
statistical analyses were performed using GraphPad Prism 7.0 and p < 0.05 was considered as
statistically significant.

Results

To investigate the effects of SIP on CF and cardiac function we infused 10°® M S1P or its
vehicle to the perfusate of isolated WT murine hearts for 5 min. Administration of S1P reduced
CF by 44+3% (Figure 1. A). This remarkable decrease started at the beginning of the S1P
infusion and continued progressively during the 5 minutes. On the wash-out period CF did not
return to the control state but remained at a significantly lower value. CF reduction induced by
S1P compromised left ventricular contractile performance which is evidenced by a 54+9% drop
of left ventricular developed pressure (LVDevP) (Figure 1. B) and decreased +dLVP/dtmax and
-dLVP/dtmax (indices of inotropic and lusitropic function, respectively). (Figure 1. C and D).
Infusion of the vehicle itself did not affect either CF or heart function.
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Figure 1. The effect of S1P on CF (panel A), LVDevP (panel B), +dLVP/dtmax (panel C) and dLVP/dtmax (panel
D) of isolated mouse hearts. S1P (10 M) or vehicle was infused to the perfusate of isolated WT murine hearts for
5 minutes. The infusion period was followed by a 20-minute wash-out period. Administration of S1P resulted in a
remarkable decrease in CF which prevailed throughout the infusion and the wash-out period. CF reduction
compromised left ventricular contractile performance as evidenced by a concomitant decrease in LVDevP,
+dLVP/dtmax and -dLVP/dtmax.

Mean + SEM; n=6,9;

*p<0.05 vs. baseline (pre-infusion value), repeated measurement ANOVA followed by Dunnett’s post hoc test;
#p<0.05 vs. vehicle; two-way repeated measurement ANOVA and Dunnett’s multiple comparisons test.
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Figure 2. The effect of S1P on CF (Panel A-C) and LVDevP(Panel D-F) in hearts isolated from WT and S1P, KO
mice. S1P (10-% M) was infused to the perfusate of isolated WT and S1P3 KO murine hearts for 5 min. The infusion
period was followed by a 20-minute wash-out period. CF and LV DeVP are illustrated on Panel A and D during the
whole protocol. Maximal decrease in CF and LVDevP compared to baseline (preinfusion) are shown on Panel B
and E. The area over the curve (AOC) are illustrated on Panel C and F. In S1P; deficient hearts the S1P induced
CF and LVDevP reduction was similar to the WT mice.

Mean + SEM; n=10, §;

*p<0.05 vs. baseline (preinfusion value), repeated measurement ANOVA followed by Dunnet’s post hoc test;
#p<0.05 vs. vehiculum; two-way repeated measurement ANOVA and Dunnett’s multiple comparisons test;
unpaired t-test.

In S1Ps KO hearts the CF reducing effect of S1P was significantly diminished compared to WT
mice (Figure 3. Panel A). There was a remarkable difference in the maximal effects as well. CF
was dropped by 1.95+0.33 ml/min in WT and only by 0.93+0.10 ml/min in S1P3 KO mice
(Figure 3. Panel B). Area over the curve used as an index for total perfusion loss during the
infusion period showed similar results. During the 5-minute-long S1P infusion the total
perfusion loss was 8.56+1.6 ml in WT vs. 3.70+£0.57 ml in S1P3 KO mice (Figure 3. Panel C).

The decrease in left ventricular contractile performance upon S1P infusion was also moderated
in S1P3 KO mice: the drop in LVDevP (Figure 3. Panel D-E), and area over the LVDevP curve
used as a measure of loss of contractile activity (Figure 3. Panel F) were significantly smaller
compared to controls.
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Figure 3. The effect of S1P on CF (Panel A-C) and LVVDevP (Panel D-F) in hearts isolated from WT and S1Ps
KO mice. S1P (10% M) was infused to the perfusate of isolated WT and S1P3 KO murine hearts for 5 min. The
infusion period was followed by a 20-minute wash-out period. CF and LVDevP are illustrated on Panel A and D
during the whole protocol. Maximal decrease in CF and LVDevP compared to baseline (preinfusion) are shown
on Panel B and E. The area over the curve (AOC) are illustrated on Panel C and F. In S1P; deficient hearts the
S1P induced coronary flow and LVDevP reduction was significantly diminished.

Mean + SEM; n=6, §;

*p<0.05 vs. baseline (preinfusion value), repeated measurement ANOVA followed by Dunnet’s post hoc test;
#p<0.05 vs. vehiculum; two-way repeated measurement ANOVA and Dunnett’s multiple comparisons test;
unpaired t-test.

To solve the contradiction between the well-known cardioptotective and observed cardiac
function reducing effect of S1P we aimed to separate the role of “endogenous” (derived from
myocardium) and “exogenous” (derived from vessel) S1P.

Firstly, we investigated the role of “endogenous S1P”. Instead of S1P pretreatment, its vehicle
was infused to the perfusion solution either to WT and S1P3 KO hearts (Figure 4. Column 1).
CF during the reperfusion period did not differ significantly in the two groups (Figure 4. Panel
A/1). On the contrary, parameters representig cardiac function did remarkably show difference.
Loss of the S1Ps receptor resulted in a far worse recovery of the cardiac funtion (Figure 4. Panel
B/1-E/1).

Secondly, we investigated the role of “exogenous S1P”. S1P pretreatment was carried out by
infusing S1P to the perfuison solution before ischaemia at a concentration of 10° M for 5
minutes. (Figure 4. Coloumn 2).

During the reperfusion period CF returned to a significantly higher value in the S1P3 KO hearts
(Figure 4. Panel A/2). On the other hand, recovery of the cardiac function did not differ
remarkably in the two groups (Figure 4. Panel B/2-E/2).

Lastly, we compared the postischaemic recovery of the S1P pretreated groups (Figure 4.
Colomn 2) and the groups infunded with only vehicle prior to I/R (Figure 4, Column 1).
Preischemic S1P treatment worsened the recovery of either CF and contractile function both in
WT and S1P3 KO hearts.
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Figure 4. The effect of I/R on CF (panel A), LVDevP (panel B), +dPdtmax (panel C), -dPdtmax (panel D) and
left ventricle diastolic pressure (panel E) of isolated WT and S1P3; KO mouse hearts. Vehicle (Coloumn 1) or S1P
(Coloumn 2) was infused to the perfusate of isolated murine hearts at a concentration of 10-® M. The infusion
period was maintained for 5 minutes which was followed by a 20-minute-long global ischaemia and 120 minutes

reperfusion period. On panel A-E reperfusion period is illustrated.

Mean + SEM; n=6,8,7,7;

#p<0.05 vs. S1P3 KO; two-way repeated measurement ANOVA on ranks and Dunn’s multiple comparisons test
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Along with those results presented above relative infarct size was also larger in S1P3 KO
(10,7242,93%) than in WT (1,12+0,37%) hearts (Figure 5. Panel A/1-B/1) in the vehicle
pretreated groups. In S1P pretreated groups infarct size (Figure 5. Panel A/2-B/2) did not differ
remarkably between S1P3 KO and WT hearts.

Comparing the size of the infarcted area of the S1P pretreated groups (Figure 5. Panel A/2-B/2)
and the groups infunded with only vehicle prior to I/R (Figure 5. Panel A/1-B/1) preischemic
S1P treatment increased relative infarct size.

Most studies identifying cardioprotection choose relative infarct size as outcome. LVDevP as
a representative parameter of the heart function is rarely investigated. We aimed to compare
these two parameters. Relative infarct size was correlated to LVDevP at the 120" minute of the
reperfusion period. We found a strong correlation (r=-0,7371) between the two parameters
(Figure 5, Panel C).
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Figure 5.
Relative infarct size (Panel A) and representative sections from hearts (Panel B) calculated and captured after

reperfisuion. In the second column S1P pretreatment was applied. Relative infarct size was correlated to relative
LVDevP at the 120" minute of the reperfusion period. (Panel C).

Mean + SEM; n=6,8,7,7;

#p<0.05 vs. S1P3; KO, unpaired t-test (Panel A), Pearson’s correlation (Panel C)
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Discussion

In the present ex vivo study we characterized the complex effects of ischemia related exposition
of the heart to S1P via the coronary system. We observed that preischemic administration of
S1P to the coronary circulation reduces coronary flow and diminishes cardiac contractile
performance. In our experiments, the hemodynamic restitution of S1P pretreated hearts after
non-fatal global ischemia was poor compared to that of control hearts, moreover S1P
aggravated myocardial tissue damage. Using an S1P3 gene-deficient mouse model we could
show that this receptor mediates cardioprotection against ischemia/reperfusion injury, but this
beneficial effect is abolished by preischemic S1P administration.

The major sources of plasma S1P are red blood cells and platelets. Sphingosine kinase (SPHK)
is highly active in platelets and synthesizes S1P from sphingosin taken up from the plasma and
produced at the outer leaflet of the platelet membrane. Platelets store S1P abundantly and
release it upon activation. In acute coronary syndrome, when blood clotting is activated by the
rupture of an atherosclerotic plaque a substantial amount of S1IP may be released to the
circulation. S1P has been reported to have vasoconstrictor and endothelium-dependent
vasodilator actions in various vascular beds. However, despite its potential pathophysiological
relevance, only few studies investigated the effects of S1P on the coronaries, and none of them
attempted to relate it to contractile activity. The first aim of our study was to mimic massive
S1P exposure of the heart which may occur in ACS upon platelet activation and explore its
effects on coronary perfusion and heart function. For this purpose, we administered S1P to the
coronary perfusate of isolated murine hearts. This produced a remarkable decrease in coronary
flow (Fig. 1A). This observation is in agreement with earlier studies which also ascribed
vasoconstrictor effects to S1P in coronaries and other vascular beds. (14)(13) Murakami et al
reported dose-dependent S1P-induced coronary flow reduction in rat hearts in a similar
experimental setting. (13) The S1P induced flow deprivation in our study was associated with
serious decline in cardiac performance, which was evidenced by decreased LVDevP,
+dLVP/dtmax and - dLVP/dtmax (Fig. 1 B-D). This may be primarily attributed to CF
reduction. However, direct negative inotropic effect of S1P on cardiomyocytes reported by
earlier studies may also play a role. (15)(16)

The cellular actions of S1P are ascribed to the presence of five specific G-protein coupled S1P
receptors, S1P. to S1P.. (22) From these, S1P., S1P. and S1P receptors are expressed abundantly
in the CV system. (23) Detailed description of S1P signaling in coronaries is  not available in
the literature, however some studies provide evidence that S1P. and S1P. may play a role.
Therefore, we aimed to characterize the role of these 2 receptors in the observed coronary flow
reducing effect of S1P. Using an S1P3 receptor gene-deficient mouse model, we showed that
S1P. receptor plays the most relevant role in the signaling of S1P-induced CF reduction, as
absence of this receptor diminishes significantly the CF reducing effect of S1P (Fig. 2C). This
observation confirms the findings of Murakami et al. who raised the role of S1P3 in coronary
constriction using the S1P3 receptor inhibitor, TY-52156 in a similar experimental setting (13).
Other investigators proposed the participation of S1P, receptors, as they observed S1P induced
constriction in human coronary smooth muscle cells, which was attenuated by the S1P,
inhibitor, JTE-013 (14). However, our ex vivo experiments in which we used S1P. receptor
deficient mice did not verify these findings. This does not necessarily mean that S1P. receptor
does not have a role in the regulation of coronary vessel tone, it might be that S1P.-related
endothelium-dependent vasodilator, and direct vasoconstrictor effects on smooth muscle cells
neutralize each other in our experiments.
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S1P is frequently related to cardioprotection. Indeed, numerous studies have shown that it
decreases the infarcted area and apoptotic cell death after ischemia-reperfusion injury, and that
it plays a role in the mechanism of ischemic pre- and postconditioning. (6)(7)(8)(9)10,11, 12 .
Concerning signaling, participation of S1P2 and S1P3 receptors has been suggested. However,
presence of this protective effect has been concluded from experiments using fundamentally
different methodological approaches. In most studies, inhibition of S1P signaling (by using S1P
gene-deficient models or inhibition of SphK1 and SphK2 enzymes) was applied in ischemia,
which made ischemic/reperfusion injury more severe and reduced the benefits of ischemic pre-
and postconditioning. These suggest that S1P signaling is stimulated in ischemia most probably
by locally derived ‘endogenous’ S1P, released from the tissues of the heart. The other approach
applies S1P administration into blood circulation (‘exogenous’ S1P) before the ischemic insult.
Although, this experimental setting can be considered as a good model for S1P release in ACS,
only few investigators explored S1P effects this way, and they only assessed tissue damage
without addressing the influence of S1P on postischemic heart function. Anyway, these studies
also reported a decrease in infarcted area (12, 14), which is somewhat surprising if we consider
that S1P has several short-term effects in the heart (i.e. coronary flow reduction, negative
inotropy) that may be detrimental to postischemic contractile recovery. Our current study was
designed to combine these approaches in the context of S1P3 receptor signalling. Our choice to
focus on S1P3 receptor signalling was motivated by the results of our experiments presented in
Figure 2 and 3, which highlight that short-term S1P cardiac effects are mediated by S1P3 in
large part, however, S1P2 (the other receptor proposed to participate in cardioprotection) does
not have a major role.

Firstly, we aimed to clarify whether intrinsic activation of S1P3 signalling during ischemia is
protective in our experimental setting. Our results showed that in the absence of S1P3, murine
hearts were more susceptible to a 20-min-long global ischemic insult. This was evidenced by
weaker contractile recovery during the 2 hour reperfusion period (Figure 4 B/1-D/1), higher
postischemic end-diastolic pressure (Figure 4 E/1) demonstrating more severe myocardial
contracture, and larger infarct size (Figure 5 A/l and B/1). This severe functional and
morphological injury developed despite a relatively sufficient coronary flow which approached
the preischemic value and was not worse than that of wild type hearts during the reperfusion
period (Figure 4 A/l). These observations not only confirmed the protective effect of S1P3
signalling of earlier investigations which reported larger infarct size in S1IP3 KO hearts, but
also extended cardioprotection to postischemic cardiac functionality.

In our study we investigated the effects of S1P on ischemia/reperfusion injury also by the other
methodological approach described in literature, namely by using an experimental setting where
S1P is administered to the coronary circulation before ischemia. Preischemic S1P infusion can
be considered as simulation of S1P release in ACS. After S1P pretreatment, we applied a non-
fatal ischemia protocol and followed up recovery of cardiac function upon reperfusion. These
experiments explored S1P effects more broadly than previous investigations. Beyond the
determination of infarct size, we also assessed postischemic cardiac function. We found that
preischemic S1P was not only deleterious during infusion, but it also aggravated ischemic
injury. After an ischemic insult which is supposed to be non-fatal, the infarcted tissue
constituted large part of the myocardium, and restitution of contractile activity was hardly
observable in WT hearts. The latter was evidenced by extremely low LVDevP, +dLVP/dtmax
and - dLVP/dtmax values (Figure 4.) which failed to approach preischemic levels during
reperfusion, although coronary flow recovered relatively well. Comparing ischemic injury of
S1P pretreated and non-treated WT hearts, infarct size was significantly larger, whereas
LVDevP, +dLVP/dtmax and - dLVP/dtmax values were significantly lower at the end of the 2-
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h reperfusion period. Our results contradict the observations of other researchers who observed
decreased infarct size after preischemic S1P treatment. This difference may be explained by
differences in methodology. Anyway, we believe our results are more in line with our
expectations which rely on the fact that pre ischemic S1P infusion impairs coronary flow and
pump function.

As we had observed that the coronary effects of S1P are in part mediated by S1P3 receptors
(Figure 3.), we also explored the effects of preischemic S1P infusion on ischemic damage in
S1P3 KO hearts. Although the preischemic CF and function of S1P3 KO hearts were better
(data not shown, we refer to the data in Figure 3.), their functional recovery was as weak, and
infarct size as large as that of WT hearts. Interestingly, although CF in S1IP3KO hearts returned
to the preischemic value, this relatively better perfusion did not pose any benefit for cardiac
performance.

Conclusion

In this study, using isolated perfused murine hearts we designed an experimental model to
simulate S1P release during thrombus formation in acute coronary syndrome. We described the
complex effects of preischemic intracoronary administration of S1P on heart function,
postischemic functional recovery and tissue survival. S1P treatment caused a substantial
decrease in coronary flow and heart function. Using gene-deficient animal models, we proved
S1P. receptor have minor role in this effect, whereas S1P. receptor is a key factor in signaling.
The postischemic functional recovery was more depressed, and the ratio of infarcted area was
more enhanced in S1P pretreated hearts. Preischemic S1P treatment also abolished the
cardioprotective effects mediated by S1P3 receptors. These findings highlight that in clinical
situations when thrombotic coronary occlusion causes cardiac ischemia, the released S1P may
compromise postischemic recovery due to its unfavorable effects on heart function and may
outweigh the widely-reported cardioprotective effects of S1P produced by the ischemic
myocardium.
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Abstract

Calmodulin (CaM), the main modulator in calcium signaling, regulate the function of a great
number of proteins. The signaling lipid Sph has been reported to inhibit several CaM-
dependent enzymes, and we hypothesized that Sph can directly bind to CaM. Here we
characterize the interaction of CaM with Sph and its functional effects. in vitro binding assays
revealing that Sph binds to both apo and Ca?*-saturated CaM in a concentration and
stoichiometry dependent manner. The presented crystal structure of the Sph-Ca**CaM
complex gains insight into the structural basis of the interaction. We demonstrate in in vitro
experiments that Sph was able to displace the model CaM-binding domain melittin from
CaM, and to inhibit the CaM-dependent activity of the target enzymes nitric oxide synthase
(NOS) and myosine light chain kinase (MLCK) regulating the vascular tone. We show that in
ex vivo conditions, accumulation of Sph results in reduced NOS-dependent vasorelaxation,
presumably due to the inhibition of CaM by Sph. Sphingolipid analogues like dimethyl- and
dihydro-Sph showed similar effects in both in vitro and ex vivo assays. We conclude that the
mediator lipid Sph and their analogues present/formed endogenously in eukaryotic cells might
regulate CaM function, and might contribute to the control of the vascular tone in vivo.
211/250



Significance Statement

The protein calmodulin (CaM), the key regulator in signaling processes using calcium ions,
modulates the function of a great variety of proteins. Its function is based on its ability to bind
calcium ions, upon which it undergoes conformational changes allowing it to act in a calcium-
dependent manner. Up to date, the calcium ion is the only known endogenous species being
able to bind to CaM and to control CaM function directly. Here we report that the lipid
mediator sphingosine and their dihydro- and dimethyl analogues, formed endogenously upon
enzyme activation in signaling processes, are able to bind directly to CaM independently of
calcium ions. We characterize their interaction and show evidences for its functional effects
as well. 117/120



\body
Introduction

Calmodulin (CaM), the ubiquitous intracellular Ca?* sensor of eukaryotic cell,
functions in the control of a wide variety of signaling events regulating the activity of a great
number of proteins, including kinases, phosphatases, and ion channels, in a calcium-
dependent manner. It is a small (148 as), evolutionary conserved protein built up of
homologous N- and C-terminal globular domains connected by a flexible central linker. Both
lobes are composed of two EF hand motives, allowing the binding of maximal four Ca®* ions
1. Ca?* binding results in conformational change leading to exposure of hydrophobic patches
2, opening binding pockets for basic amphipathic helices of its target enzymes 3. There are
several small, synthetic molecules as well as natural substances with known anti-CaM activity
mostly isolated from fungi and plants 4, all occupying the same target peptide binding site.
However, several proteins can also bind to CaM at low Ca concentrations or independently of
calcium.

Previously we have demonstrated a novel type of regulation of CaM, in which the
signaling lipid sphingosylphosphorylcholine (SPC) could inhibit CaM activity directly both in
the presence and the absence of calcium ions in vitro °7. Structurally similar lysophospholipid
mediators such as sphingosine-1-phosphate (S1P), lysophosphatidylcholine (LPC) and
lysophosphatidic acid (LPA) showed no effect . However, CaM could presumably bind to
sphingosine, the structurally simplest sphingolipid (Sph) since Sph shares the basic
amphipathic character of the target peptides, bearing a hydrophobic tail and a positively
charged headgroup. The reported ability of Sph to inhibit several CaM-dependent enzymes &
10 might easily be due to inhibition of CaM itself by Sph. The metabolism and action of Sph is
well-studied/known. Sph is involved in apoptotic cell responses and growth arrest (for review
see 1112) and suggested/reported to exert vasoactive effects 1>!4 however, this activity has not
been characterized in detail yet. Sph is formed by the action of ceramidases from ceramide, a
major component of the cell membrane or by S1P-phosphatase from S1P, a signaling lipid
with mostly opponent cellular effects. Sph analogues dihydro-Sph (DHS) and dimethyl-Sph
(DMS) were also reported to have vasoactive properties, and to inhibit sphingosine kinase,
thereby emerging as anti-cancer agents. Nevertheless, most of the studies dealing with the
modulation of the vascular tone focused on the role of ceramide and S1P (i. e. the so-called
“ceramide/S1P rheostat”) whilst the involvement of the intermedier species Sph is not so
well-documented. 56,

In the present study, structural and functional aspects of the interaction of CaM with
Sph, and their analogues were examined. Binding assays utilizing fluorescence spectroscopy,
and isothermal titration calorimetry revealed that Sph binds to both apo and Ca?*-saturated
CaM in a concentration and stoichiometry dependent manner. The presented crystal structure
of the Sph-Ca?*CaM complex shows the structural basis of a competitive inhibition at higher
protein to lipid ratios. We demonstrate in in vitro measurements that Sph is able to dissociate
the model CaM-binding domain melittin from CaM, and inhibit the CaM-dependent activity
of several target enzymes phosphodiesterase, calcineurin, myosin light chain kinase, and nitric
oxide synthase. Moreover, results obtained under ex vivo conditions point to the fact that
accumulation of Sph results in reduced vasodilatation, which can easily be explained by



decreased nitric oxid synthase activity caused by inhibition of CaM by Sph. Summarized, here
we report for the first time that a lipid mediator present endogenously in eukaryotic cells
might directly regulate CaM function. Findings with Sph analogues point to similar effects
exerted bycould exert similar effect than that of Sph.



Results

Sph binds to CaM in a concentration dependent manner

To test whether Sph interacts directly with CaM, binding assays were performed exploiting
dansyl-CaM (dCaM) fluorescence (Fig. 1). Changes in the fluorescence properties of dCaM
have been widely used to detect binding of small molecule inhibitors or target peptides of
CaM, where the spectral changes could be attributed to a structural change to a collapsed
CaCaM conformation allowing the protein to wrap around the binding partner(s). Similarly,
addition of 100 uM Sph resulted in remarkable changes for apo- as well as Ca?>*CaM (Fig.
1A). In both cases, an increase in the fluorescence intensity of dCaM by a factor of about 2-
2.5, and a shift to emission wavelength of 495-500 nm were observed in the presence of the
lipid.

Measuring the effect as a function of the lipid concentration, titration of apoCaM with Sph
resulted in a maximum curve (Fig. 1B), characterized by a remarkable increase in the 3-40
uM concentration range followed by a slighter decrease above 40 uM Sph. At these high lipid
concentrations, a decrease in fluorescence with time was also observed, which converted the
simple saturation curve to a bell-shaped one. Using CaCaM, an even more complex titration
curve indicating three binding processes could be measured (Fig. 1B). Concretely, at Sph
concentrations up to 2-3 uM an increase, followed by a decrease at 2-15 uM, and a further
increase above 15 uM was observed.

To understand the binding determinants at various Sph concentrations, the knowledge of the
lipid state in the aqueous solution applied is needed. The key parameter to characterize the
lipid state is the critical micelle concentration (CMC), defined as a concentration above which
micelles form. The CMC for Sph was determined by following the fluorescence change upon
incorporation of a lipid soluble probe (ANS) into the micelle, and was estimated to be ~15
uM (Fig. 1B), which is in good agreement with previous data determined with the same
method . It should be noted that the same ANS binding profile was measured in the absence
and the presence of Ca?" ions and EGTA (Fig. S1) indicating that micelle formation and
disintegration are seemingly not affected by these species. Moreover, at concentrations below
the CMC several monomers might also form smaller lipid associates, which might
thermodynamically more favorable than water solvated single monomers.

Taken all the considerations above together, the following binding scenario might be
concluded: i) both apo- and CaCaM are able to bind to Sph in its associated micelle form (>15
uM) resembling a membrane surface enriched in Sph, ii) binding of monomers possibly in
form of associates of several monomers can be detected for CaCaM (<2 pM), iii) apo-CaM
binding to aggregated but sub-micellar Sph (2-15 uM) is detectable as well, iv) apoCaM can
change the micellar state of Sph at >40 pM.

Similar complex titration curves could be measured for the Sph analogues DHS and DMS
(Fig. 1C and 1D).
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Figure 1. Sph binds to CaM in a concentration dependent manner

(A) Fluorescence spectra of dansyl-labelled apo and Ca?*-saturated CaM (0.2 uM) in the
absence and presence of 100 uM Sph (B, C, D) Titration of dansyl-apoCaM and dansyl-
CaCaM (0.2 uM) with Sph, DMS, and DHS, respectively.

Sph binds to CaM in a stoichiometry dependent manner

To further examine the binding characteristics, the CaM-Sph interaction was studied utilizing
ITC. Our experiments above using fluorescence spectroscopy suggested the ability of CaM to
bind both lipid monomers and clusters, thus a lipid solution above the CMC, that is a mixture
of monomers and micelles, was titrated with CaM. This experimental setup allowed
maintaining the micellar lipid state in the cell during the titration as well as avoiding the heat
effect caused by changing between the micellar and monomer lipid forms.

Titrations were performed in the presence and the absence of Ca?* ions. In both cases, titration
data indicated two binding processes (Fig. 2A and 2B). Parameters obtained from the fitting
process (Table 1) reflect the binding of one CaM molecule to one apparent binding site. In
case of apoCaM, the beginning of the first process could not be resolved, thus the
stoichiometry for this binding event is implicated by the estimated number of monomers
forming a micelle (100-150). Taken together, similar Kg values but slightly different
stoichiometry values were determined for the binding processes with the apo- and the Ca?*-
saturated CaM (Tablel). More concretely, the Kq values for the first and second processes are
in the low and the high nanomolar range (~5 nM and ~150-650 nM), respectively, while the
stoichiometry values are ~5-fold smaller in the presence than in the absence of Ca?".

The binding events detected with Sph are very similar to those we observed previously for the
CaM-SPC interaction °. For the latter case, we interpreted the stronger binding with higher



stoichiometry as binding of CaM to the micelle surface, while the weaker binding with lower
stoichiometry as a micelle disintegration process. This could hold for the Sph-CaM interaction
as well. At lower CaM to lipid ratios a few protein molecules can bind to the micelles of
similar size. Upon binding of further CaMs, Ca?*CaM could wrap around a few lipid
monomers while changing its conformation into the collapsed one characteristic for target
peptide binding. This binding mode was verified by the Ca?*CaM-Sph crystal structure (see
the next section). At higher apoCaM to Sph ratios, however, mixed protein-lipid micelles
might form.

Considering the energetics of the CaM interactions, target peptid binding was reported to
occur either entropically or enthalpically driven . For the first CaM-lipid binding process,
we observed positive and negative enthalpy values in the case of Sph and SPC, respectively,
which indicates that binding to associated SPC could be an enthalpically but that to Sph rather
an entropically driven process. According to the data, the enthalpically unfavorable nature of
the reaction with Sph might be compensated by gain in entropy. It can be concluded that lipid
binding like peptide binding to CaM can also be driven by different forces. As for the second
binding process with Sph, small negative values were obtained for both AH and —TAS in case
of Ca?*CaM, while larger positive AH and negative —TAS values with apoCaM. Interestingly,
AG values around —10 kcal/mol were obtained for all CaM-lipid binding processes, and
similar values were reported for CaM-target peptid binding events as well 8,
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Figure 2. Sph binds to CaM in a stoichiometry dependent manner

Titration of Sph with CaM utilizing ITC. 200 uM Sph in the cell was titrated with 45 pM
apoCaM in the presence of 100 uM EGTA (A), or with 400 uM Ca?*CaM in the presence of 5
uM Ca?* (B). Parameters estimated are in Table 1.

Table 1. Binding parameters for the CaM-Sph interaction determined by ITC



AH —TAS

n Ke (kcal/mol)  (kcal/mol)
First process 82+1  6.0+1.9nM 49 + 1 -60
Ca’**CaM
Second process 8+02 0.64+020puM —3.9+0.1 5
First process ~300* 42+2.6nM 187+ 17 -199
ApoCaM
Second process 40+1  0.13£0.09uM  41+4 -50

*  the stoichiometry n was estimated and set to 300 in the fitting process

Crystal structure of the Ca?*CaM/Sph complex

Structure of Ca?*CaM co-crystallized with Sph was solved and refined to 1.9 A resolution
(Fig. 3). The crystals are iso-structural with those of the Ca**CaM/SPC complex, showing
CaM in collapsed overall conformation with a hydrophobic channel formed between its two
domains. The structure of the Ca?*CaM/Sph complex resembles to that of the Ca?*CaM/SPC
complex in the following characteristics: i) the hydrophobic pockets of CaM responsible for
binding an anchoring residue in many complexes are open, ii) the overall conformation of
CaM is well defined by electron density except for the central linker region between the two
domains and the ends of the peptide chains (the structures can be aligned with RMSD of the
backbone atoms being 0.310 A, Fig. 3B), iii) partial structures of four nearly parallel ligand
chains bound in the channel of CaM, and a shorter fragment of the lipid molecule at the edge
of the hydrophobic channel can be recognized in electron density maps (Fig. 3B). However,
there are characteristic differences between the two complexes. Though both the negatively
charged residues of CaM and its hydrophobic pockets are generally thought to have important
roles in ligand binding, there is no clear electron density in these regions in the Ca?*CaM/Sph
structure (Fig. 3B, and S2). The refined B-factors of the lipid chains are higher for SPC than
Sph in their complexes. Assuming that the lipid chains completely fill the hydrophobic
channel of CaM, this suggests that higher B-factors are caused by lower occupancy of the
lipid chains in the former crystal. The fact that there is no continuous electron density of Sph
in the hydrophobic pockets or near the negatively charged region of CaM surface suggests
that the main difference between SPC and Sph binding is that parts of Sph molecules outside
the hydrophobic channels are more disordered, lacking the orienting role of a charged head




Figure 3. Crystal structure of the Ca?*CaM/Sph complex

In the Ca?*CaM/Sph complex, four Sph monomers bound in the central channel of CaM can
be identified. The lipids showed lower electron density so that not all parts of the Sph
molecules could be determined. (A) Part of the electron density map showing the bound lipids
and the surrounding CaM residues. (B) Side view of the complex. CaM is shown in ribbon
representation (from the N- to the C-terminus coloured from blue to red), and the Sph
molecules are represented as magenta sticks.

SPC dissociates the CaM-target peptide complex

Melittin, the most abundant component of honey bee venom is widely used as the model
CaM-binding domain of CaM target enzymes. Upon binding to CaM, the peptide forms a
basic amphipatic helix, the typical structure of the CaM-binding domain. The melittin-CaM
interaction is characterized by a dissociation constant in the low nanomolar range (reported
values lie between 3 and 140 nM 7). Our ITC measurements (see above) indicated a binding
of similar strength for Sph to CaM binding to CaM, thus possible interference of Sph binding
with melittin binding to CaM was investigated exploiting dansyl-CaM and melittin tryptophan
fluorescence.

We have shown (see above) that Sph binding affected the fluorescence spectrum of dansyl-
CaCaM in a complex way involving elevated fluorescence and a blue shift upon addition of
micellar Sph. Binding of melittin resulted in even higher changes in the spectrum, causing
approximately 3-fold increase in the emission intensity, and an approximately 25 nm blue
shift (Fig. 4A), similarly as observed previously . Addition of Sph to the melittin-CaM
complex decreased the signal to the values typical for the Sph-bound spectrum (Fig. 4A).
Measuring the concentration dependence of the effect, titration of the CaM-melittin complex
with Sph resulted in a saturation curve yielding an apparent Kg of 15 uM and a Hill-
coefficient of 3.3 (Fig. 4B), which can reflect the lipid association process again. These
results are consistent with dissociating the CaM-target peptide complex in the presence of Sph
clusters.

In the complementer experiment exploiting melittin Trp fluorescence (Fig. 4C), the binding of
melittin to CaM resulted in a red shift and an elevation in the intensity. The presence of 100
uM Sph caused no change in the melittin spectrum indicating no incorporation of the peptide
into the Sph micelle. Melittin is known for its ability to integrate into lipid bilayers and
micelles, however, its fairly positive character with six positively charged residues precluded
contact to the Sph surface bearing positively charged amine groups. Adding melittin to CaM
preincubated with Sph, a spectrum characteristic for the free peptide could be measured. In
the competitive system, when CaM was added to the mixture of the non-binding partners Sph
and melittin, the unbound peptide form was detected. These findings are indicative of a higher
affinity of CaM to Sph associates over to melittin.
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Figure 4. Sph dissociates the CaM-target peptide complex

(A) Fluorescence spectra of dansyl-labeled Ca?*-saturated CaM (0.2 uM) in the absence and
presence of 100 uM Sph and 0.4 uM melittin. (B) Titration of the dansyl-Ca**CaM (0.2 uM)
with Sph in the presence of melittin (0.4 uM). The titration resulted in a saturation curve
yielding an apparent Kq of 15 + 1 uM and a Hill-coefficient of 3.3 + 0.6. (C) Fluorescence
spectra of melittin (0.6 uM) in the absence and presence of CaCaM (1.2 uM), and Sph (100
uM).

Sph can inhibit CaM function in vitro

CaM regulates many proteins, among them a high number of enzymes, following the
activation of which induced by CaM offers an effective way to probe CaM function in vitro.
The effect of Sph was studied with the widely used targets PDE, and CaN, the details of
which are described in the Supplementary Information (Figures S3, and S4, and related text).
Summarized, our findings suggested enzyme activating ability of CaM inhibited in the
presence of associated Sph. To further clarify inhibitory potential, the effect of Sph, and its
analogues on the CaM-dependent activitiy was studied using enzymes involved in controlling
the vascular tone, i. e. the endothelial nitric oxid synthase (eNOS), and myosin light chain
kinase (MLCK).

eNOS produces the neurotransmitter nitric monoxide (NO) from arginine, thereby acting as a
vasodilator in vivo. Enzyme activity under in vitro conditions was tested at various CaM
concentrations using 0.5 U recombinant eNOS, and an elevation of approx. 60% was
measured when increasing the CaM concentration from 0.1 uM to 1.2 uM (Fig. 5A). Studying
the dose-response relationship at Sph concentrations below and above the CMC (Fig. 5B),
monomeric Sph had no remarkable effect, in contrast, associated Sph decreased enzyme
activity significantly. Similar inhibition values were observed for the dihydro, and dimethyl



lipid derivatives as well. The inhibition by Sph was dependent on the CaM concentration as
well: in the presence of 100 uM Sph approx. 10, 25, and 30% remaining activity was
measured at 0.1 and 0.6, and 1.2 uM CaM concentrations, respectively. These results indicate
that Sph and its analogues in the associated lipid form could inhibit the CaM-dependent NOS
activity effectively.
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Figure 5. Effect of Sph and its analogues on the eNOS-acivating ability of CaM

eNOS activity was measured spectrometrically as described in the Methods section.. (A)
eNOS activity at various CaM concentrations in the absence and the presence of 100 uM Sph.
(B) eNOS activity at various Sph concentrations at 0.6 uM CaM. The activity values were
normalized to the mean value obtained without the lipid.

MLCK acts as a vasocontractor by catalyzing the phosphorylation of the myosin light chain in
the smooth muscle cells in vivo. For testing MLCK activity in vitro, we have successfully
applied the method detecting ADP formed during the kinase reaction via first depleting the
remaining ATP then converting ADP to ATP by luciferase action, finally detecting the
resulting luminescent product, the amount of which is proportional to the ADP from the
MLCK reaction. Measuring the CaM-dependence of the CaM-induced activity yielded an
ECso value of 7 nM in the absence of Sph (Fig. 6A). The maximal activity was reached at
about 100 nM CaM, which concentration was chosen for the lipid dose-response experiments.
At a Sph concentration as low as 25 uM, a remarkable rightward shift of the CaM-dependence
curve was detected yielding an ECso value of ~1.4 uM (Fig. 6A), which is a 200-fold increase
compared to the no lipid case, and indicates potent inhibition of CaM by Sph again.
Considering a CMC of 15 uM for Sph, and a micelle build up of 100 monomers, 25 uM Sph
solution would contain 0.1 uM micelles, which is equal to the 100 nM CaM concentration
applied. Thus, the 200-fold increase in ECso is consistent with a Sph-to-CaM stochiometry
ratio of 200:1 in the complex, which would correspond to 1-2 CaMs bound to a single Sph
micelle. Testing the lipid-dependence of the MLCK reaction, Sph and its analogues resulted
in similar curves with inhibitory concentrations in the 10 uM range (Fig. 6B), at about their
CMC values (Fig. 1).

Summarized, it can be concluded that associated Sph might represent a potent inhibitor of
CaM function in vitro.
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Figure 6. Effect of Sph on the MLCK-acivating ability of CaM

MLCK activity was measured detecting the ADP formed in the kinase reaction using the
ADP-Glow Kinase Assay kit. Points represent luminescence values subtracted by those
measured in the absence of CaM. (A) CaM-dependence of the Ca?*/CaM -dependent MLCK
activity in the absence and the presence of 25 uM Sph. Data were fitted to dose-response
curves yielding an ECso of 5.4 = 0.5 nM, and of 930 + 134 nM in the absence and the
presence of 25 uM Sph, respectively. (B) MLCK activity at various Sph, diH-Sph, and DMS
concentrations at 100 nM CaM. Similar ICso values of ~ 10 uM and Hill-coefficients of ~3.5
were estimated for the Sph-analogues.

Effect of sphingosine on NO-mediated vasorelaxation of mouse thoracic aorta

To test the ability of sphingosine to alter eNOS activity in an intact vessel, myography
experiments on mouse thoracic aorta segments were performed. In a previous study we
demonstared that acetylcholine (ACh)-induced relaxation is abolished in thoracic aorta
prepared from eNOS deficient mice indicating that eNOS mediated this effect °. Therefore,
ACh dose-responses were compared before and during incubation of the vessels with two
different doses of Sph, or their vehicles. Treatment of the vessels with 10 uM Sph for 20
minutes induced a significant rightward shift of the ACh dose-response curve, increasing ECsg
from 20.4 nM to 73.7 nM (Fig. 1B, n=16). Sphingosine also showed a tendency to decrease
Emax (from 85.742.4 % to 73.9+4.0 %), but this effect was not significant. Increasing the
concentration of Sph to 50 uM evoked a robust-inhibition of the ACh-mediated relaxation:
ECso increased from 21.4 nM to 367 nM, while the maximal relaxing effect decreased from
85.942.9 % to 58.3+4.3 % (Fig. 7D, n=16). Incubation of the vessels with the appropriate
concentration of vehicle (0.05 or 0.25 % ethanol) resulted in no significant effect (Figures 7A
and 1C, n=9 and 16, respectively). In order to decide whether the inhibitory effect of Sph was
not due to decreased NO sensitivity of the vascular smooth muscle, SNP-mediated
vasorelaxations after treatment with 10 or 50 uM sphingosine, or their vehicles were
compared. No significant difference was found between the fitted curves of SNP relaxation
after treatment with 0.05 % ethanol, 0.25 % ethanol or 10 uM Sph (Fig. 2, n=3-9). However,
incubation with 50 uM Sph resulted in a slight, but significant rightward shift of the dose-
response curve compared to its vehicle, with ECs increasing from 14.8 to 36.2 nM (n=9).
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Figure 7. Effect of sphingolipids on NO-mediated vasorelaxation of mouse thoracic aorta

ACh dose-response curves upon treatment of the vessels with 10 and 30 uM Sph (B, D and
E), or their vehicles (A, C, and E). The relaxing effect was measured before and during the
incubation of the vessels utilizing myography on mouse thoracic aorta. Relaxation values
(mean+SE, n=9-16) are expressed as percentage of the precontraction induced by PE.



Discussion

Recently we have demonstrated that the lipid mediator SPC could inhibit CaM action in vitro
via binding to CaM directly. We hypothesized that the structurally related lipid Sph could
exert similar effects, therefore, we explored Sph binding to CaM, and the biological relevance
of their interaction focusing on its vascular effects. Besides the simplest sphingolipid Sph, its
dihydro, and dimethyl analogues, frequentelly used in ...assays as ... inhibitors were also
studied.

Our findings obtained from in vitro binding assays revealed a dynamic complex formation
dependent on the lipid association state as well as the Ca?*-saturated state of the protein.
Fluorescence-based experiments with dansyl-labelled CaM pointed to the ability of CaM to
accommodate small lipid clusters of several monomers in the closed protein form, and also to
interact with micellar Sph associates, where the protein can modify the integrity of the
micelles. The interaction was verified by ITC, which technique highlighted the preferred
affinity of CaM to the aggregated lipid state, too.

Thermodynamic parameters of the CaM-Sph interaction determined by ITC showed
similarities to SPC binding in several ways regarding the stoichiometry of the two observed
binding processes reflecting CaM binding to micelles at lower protein-to-lipid ratios, and
micelle disintegration at higher ratios. However, differences in the driving force of the
interaction with the two lipids were also revealed. In contrast to the SPC binding, Sph binding
was shown to be rather entropically driven.

The crystal structure of Ca?*CaM-Sph complex demonstrated directly that Ca?*CaM can
interact with Sph monomers as also detected by fluorescence spectroscopy and suggested by
the stoichiometry of the second binding process in the ITC titration. This binding mode might
dominate at higher protein to lipid ratios, or in the presence of lipid monomers rather than Sph
patches in membrane environment. Comparing the crystal structures of Ca?*CaM-Sph and
Ca?*CaM-SPC complexes, they share the binding mode of the lipids involving a few (four)
monomer chains bound within the central channel of the protein with long regions of the lipid
molecules outside the channel being disordered or flexible. Nevertheless, this binding mode
with lipids occupying the target peptide site is consistent with a regulation of CaM function of
a competitive way.

The different behavior of the two structurally related sphingolipids in the binding assays could
mainly be originated in/from the different nature of the lipid head groups. Sph bears a smaller
head group with a single positively charged amino-group, whilst the head group of SPC,
although bearing a net +1 positive charge as Sph, contains three charged parts: two positively
charged ones, and a negatively charged one in between, according to the amino (+), phosphate
(-), and choline (+) moieties, respectively. This +-+ charge distribution renders the surface of
a SPC micelle remarkably different from that of Sph, which can be manifested in altered
binding properties, as detected by ITC. Different headgroup properties can also account for
modifications in lipid aggregation processes, where the bigger and less polarized SPC
headgroups can contact each other less/more, so that the micelles formed are less/more....
Similarly, the small Sph headgroup could explain the lack of its ordered binding to the
negatively charged patches of CaM in the crystal complex.



The biological relevance of the CaM-Sph interaction was tested in in vitro functional assays
using several CaM-dependent enzymes. Inhibition of the CaM-dependent activity by Sph for
CaN, PDE, eNOS, and MLCK was demonstrated. In the case of CaN and PDE, inhibition of
the basal enzyme activity by Sph was also observed to some extent. This can be attributed to
some remaining CaM content of the enzyme preparations, or, for CaN, to the CaM-like
protein domain. CaM regulates a great number of proteins, besides many enzymes, several ion
pumps, ion channels as well. The typical CaM-binding motif is represented by the 25-mer
peptide melittin, the binding of which was investigated in a competitive assay utilizing dCaM
or melittin fluorescence. The results of the titration of the Ca?*CaM-melittin complex are in
agreement with the displacement of melittin from CaM. These findings suggest a potent CaM-
antagonist role for Sph.

Membrane constituting lipids are widely explored incorporated into model membranes
resembling natural membranes, and membrane-born lysophospholipids can be studied in
similar ways. However, Sph is known for its ability to move easily between the membrane
leaflets, or between membrane and solution, when not stabilizied by certain interactions
within the membrane. This, in turn, would result in Sph dissociating the vesicles during
measurements, thus, experiments with liposomes were not performed. Instead, ex vivo data
were collected to explore regulation of CaM activity by Sph in an environment resembling in
vivo conditions more closely.

Focus was set on the reported vasoactive properties of Sph and their analogues. In line with
our in vitro findings supporting the ability of Sph to inhibit enzymes eNOS and MLCK
involved in the regulation of the vascular tone, the effect of the sphingolipids Sph, DHS, and
DMS on the acetylcholine-induced eNOS-mediated relaxation of intact mouse aorta vessels
was investigated. Treatment of the vessels with the lipids induced significant rightward shift
of the acetylcholine dose-response curve, while a tendency to decrease the maximal relaxing
effect upon lipid addition was also observed (Fig. 7). Importantly, no significant effect of Sph
and its analogues on the direct NO-donor SNP-mediated vasorelaxation could be detected
(Fig Sx), which indicated that the inhibitory effect of Sph is not due to the decreased NO
sensitivity of the vascular smooth muscle. NO under physiologic conditions is a vasorelaxant
and attenuates inflammation, while its increased production leads to the initiation and
progression of inflammation. Our results support the idea that the vascular effects of the
sphingolipids used could be due to their influence on the activity of Ca?*-calmodulin-
dependent eNOS enzyme via their binding to calmodulin thereby preventing eNOS activation.
Although vasoactive properties were reported for many sphingolipids, most studies focused
on S1P and ceramides. The receptor-mediated action of S1P is well-established, however, the
signal transduction mechanism of ceramides, and related sphingolipids is not fully cleared yet.
Moreover, controversial effects were reported in several cases. Sph, SPC and S1P were
demonstrated to act as vasoconstrictor on isolated microvessels in a concentration-dependent
manner 1, with effectiveness in the low micromolar range. Among the sphingolipids tested,
SPC showed the highest efficacy over the intermediate effects of Sph and S1P. The authors
suggested receptor-mediated mechanism for the action of SPC and S1P-induced
vasoconstiction on smooth muscle cells with no significant attenuation of the effect by the
release of vasodilatating molecules as NO by the endothelium *°. In another study, the
endothelium-dependent and independent responses after Sph treatment was studied “.



Similarly to the findings on microvessels above, addition of Sph at 10 uM to precontracted
endothelium-intact coronary rings resulted in initial contraction, which was though followed
by a slowly developing relaxation, and both processes were shown to be endothelium-
dependent. The initial contraction could be abolished by cyclooxigenase inhibitors, while the
relaxation was significantly inhibited by the NOS inhibitor L-NMMA. The authors supposed
a CaM-dependent relaxation mechanism for the effect of Sph, which is in good agreement
with the findings presented here.

Moreover, the fact that sphingolipids can easily be converted to each other makes elucidation
of the in vivo functional effects of these lipids difficult, and can make interpretation
contraversely. itt a nagy kérdés az, hogy az inkubacid alatt a hozzaadott Sph-bol mennyi
marad Sph, és mennyi alakul 4t esetleg vmi més aktiv anyagga. 1asd a cikk a jeldlt Sph-val %°,
mely szerint 5 perc alatt mindenhova eljut egy izolalt(?) sejtben, s6t megjelenik ceramidokban
(az S1P ut blokkolasaval). tovabba ehhez: mi van abban a cikkben, ahol 120 percig inkubaltak
Sph-val, mert elészor konstikcidt okozott, csak azutan relaxalt 4. Nevertheless, our in vitro
experiments where lipid conversion is not allowed clearly demonstrated the inhibitory
potency of all sphingolipids studied. Moreover, we present here direct evidence for the
supposed mechanism.

Direct binding of sphingolipids to calmodulin has already been suggested. Some groups of the
gangliosides were reported to bind to CaM directly ?, and ganglioside-mediated inhibition of
the CaM-dependent enzyme PDE was also argued 22. Nevertheless, these glycosphingolipids
are mostly localized in the outer leaflet of the plasma membrane, and poorly represented in
the inner leaflet or the cytosol, thus direct contact with the cytosolic protein CaM is unlikely.
In contrast, Sph is formed in the inner leaflet of the plasma-lemma and distributed mainly
inside the cell, where it can easily interact with CaM. Summarized, Sph and related
sphingolipids like DHS, DMS, and SPC might represent a novel, potent CaM-antagonist class
among the lipid mediators.



Materials and methods

Preparation of CaM and lipid solutions. Human recombinant CaM was expressed in E. coli
and purified using phenyl-sepharose affinity chromatography as described previously 224,
Protein purity was checked by SDS-PAGE, and CaM concentration was determined by
absorbance using a molar absorption coefficient of 2930 M-*cm™ at 280 nm, or circular
dichroism spectroscopy using a molar residual ellipticity of 192,400 deg cm? at 222 nm in the
presence of 1 mM CaCl, ?°. Dansyl-CaM was prepared according to Kovacs et al. °

Lipids for the in vitro binding assays were purchased from Avanti Polar Lipids (Alabastar,
Alabama, USA): Sph (D-erythro-sphingosine, 860490), DMS (N,N-Dimethyl-D-erythro-
sphingosine, 860495C, 5 mg/ml in chloroform), and from Sigma: DHS (DL-
dihydrosphinganine, approx. 70% erythro, and 28% threo content, D-6783). 10 mM stock
solutions were prepared in methanol. Before each experiment, lipid solution were prepared by
drying the necessary lipids into glass vials, and resuspending in the appropriate assay buffer,
mostly in standard assay buffer (10 mM HEPES, 100 mM KCI, pH 7.2) by vigorous
sonication and vortexing. For the ex vivo experiments, Sph was purchased from the Cayman
Chemical Company (Ann Arbor, MI, USA), and was dissolved in ethanol to get a stock
solution of 20 mM.

Fluorescence spectroscopy. Spectra were collected using a Jobin Yvon Fluoromax-3
spectrofluorimeter at 25°C in standard assay buffer containing either 1 mM EGTA or CaCla.
Spectra were recorded three times, averaged, and corrected by subtracting the blank (lipid
containing buffer). The maximum intensities were read and fitted when measuring dose-
dependence curves.

For the dansyl-labeled CaM, the fluorophore was excited at 340 nm, emission was monitored
from 400 to 600 nm. Protein and lipid concentrations were 0.2 uM and 100 pM, respectively,
or when measuring the dose-dependence for Sph, the lipid concentration varied between 0 and
200 puM.

The CMC (critical micelle concentration) were measured fluorometrically by monitoring the
incorporation of 8-anilinonaphtalene-1-sulfonic acid (ANS, Fluka, 10417) 26. 5 uM ANS was
excited in standard assay buffer in the presence of various amounts of lipid at 388 nm,
emission was monitored from 410 to 600 nm.

For the melittin binding assay, melittin from honey bee venom got synthesized by EZBiolab
(Carmel, IN, USA). Experiments with dansyl-labeled CaM were performed in the presence of
1 mM CaCl; as described above. Dansyl-CaM, melittin, and lipid concentrations were 0.2, 0.4
uM, and 100 pM, respectively. Trp fluorescence of melittin was measured by excitation at
295 nm using melittin, CaM, and lipid concentrations of 0.6, 1.2, and 100 uM, respectively.

Isothermal titration calorimetry. Thermodynamic parameters of the interaction of Ca?>*CaM
and apoCaM with Sph was examined using a VP-ITC or a VP-ITC2q instrument (MicroCal,
MA). Measurements were performed at 25°C in the standard assay buffer containing either 5
mM CaCl or 100 uM EGTA. Aliquots of the protein (45-300 uM) were injected into the ITC



cell containing 200 uM lipid in the same buffer. Titration curves were analyzed and the
binding energetics was characterized using the Origin software provided by MicroCal.

X-ray crystallography. Details of X-ray diffraction data collection and structure
determination are described in Table x.

NOS activity assay. Endothelial nitric oxide synthase (eNOS, NOS III, Type Il NOS) was
purchased from Sigma (N 1533) and enzyme activity was measured using the Ultrasensitive
Colorimetric NOS Assay kit and the NOS cofactor mix (Oxford Biomedical Research, NB 78
and NS 70) according the manufacturer’s instructions, except that the reaction buffer was 50
mM HEPES, pH 7.4 supplemented with 1 mM CaClz. Briefly, NO formed by NOS degrades
to nitrate and nitrite, nitrate is converted by nitrate reductase to nitrite, and finally nitrite is
detected photometrically at 540 nm after treatment with Griess Reagent using a Perkin Elmer
EnSpire microplate reader. The 260 pul reaction mixture contained 0.5U eNOS, 0.1, 0.5, or 1.0
uM CaM (0.1 uM added with the NOS cofactor mix, and 0.4 or 0.9 uM CaM was extra
added) and 0, 5, or 100 uM Sph. Appropriate blank values of the mixtures lacking NOS were
subtracted.

MLCK activity assay. Myosin light chain kinase (MLCK) was purchased from Sigma
(M9197). Enzyme activity was measured in standard buffer complemented with 0.5 mM
CaCl; and 2.5 mM MgCly, and 0.1 mg/ml BSA. 20 pl reaction mixtures containing 3.5 ng/ul
MLCK, 50 uM ATP, 0.1 mg/ml MLCK substrate (Sigma SCP0196), 0.5 mM DTT, and i) 100
nM CaM and various amounts (0-100 uM) of lipids for testing the inhibition by the lipids, or
i1) 25 uM Sph and various amounts of CaM when measuring the dose-response curves for the
CaN activation by CaM. Samples were incubated for 30 minutes at room temperature then the
ADP formed during the kinase reaction was detected using the ADP-Glow Kinase Assay Kit
(Promega) according to manufacturer’s instructions.

Preparation of vessels. Vessels have been prepared from adult male C57BL/6J mice
purchased from Charles River Laboratories (Isaszeg, Hungary). Heparinized (10 1U/ml) Krebs
solution (10 ml) was used for transcardial perfusion under deep ether anesthesia as described
in detail in °. The thoracic aorta was isolated, cleaned of fat and connective tissue under a
dissection microscope (M3Z, Wild Heerbrugg AG, Gais, Switzerland) and immersed in Krebs
solution of the following millimolar composition: NaCl 119, KCI 4.7, KH2POs 1.2,
CaCl2-2H>0 2.5, MgSO4-7H20 1.2, NaHCOs 20, EDTA 0.03, and glucose 10 at room
temperature. Three mm long ring segments were prepared and mounted on stainless steel
vessel holders (200 um in diameter) in a conventional myograph setup (610M Multi Wire
Myograph System, Danish Myo Technology A/S, Aarhus, Denmark). Special care was taken
to preserve the endothelium. The IACUC of the Semmelweis University reviewed and
approved all of the procedures.

Myography. Organ chambers of the myographs were filled with 6 ml Krebs solution and
aerated with carbogen. The vessels were then allowed a 30 min equilibration period.



Meanwhile the bath solution was warmed to 37 °C and the resting tension was adjusted to 15
mN that was determined to be optimal in a previous study °. Thereafter, the vessel segments
were exposed to 124 mM K™ Krebs solution (made by isoosmolar replacement of Na* by K*)
for 1 min. Following several washes with normal Krebs solution, during which the vascular
tension returned to the resting level, the vessels were contracted by 10 uM phenylephrine (PE)
and relaxed by 0.1 uM acetylcholine in order to roughly test the reactivity of the smooth
muscle and endothelium, respectively. After repeated washing, the segments were exposed to
124 mM K* Krebs solution for 3 min in order to elicit reference contraction. Thirty minutes
later, cumulative concentrations of PE (10 nM-10 uM) was administered in order to determine
the reactivity of the smooth muscle. After a stable plateau, acetylcholine (ACh) — a
vasorelaxant primarily acting via endothelial NO release — was applied in cumulative doses (1
nM-10 uM). This was followed by a 30 min resting period. To test the effect of Sph on NO
mediated vasorelaxation, PE and ACh dose-response was repeated after 20 min incubation
with 10 or 50 uM Sph or their vehicle (0.05 or 0.25 % ethanol, respectively). In another set of
experiments, the second ACh dose-response was changed to the NO donor sodium-
nitroprusside (SNP, 1 nM-10 uM), in order to test the relaxing ability of smooth muscle to
exogenous NO. To reach the final concentration of 10 or 50 uM, 3 or 15 pl of the 20 mM
stock solution was added to the organ chambers, respectively. As control, 3 or 15 pl of
ethanol were administered, giving a final concentration of 0.05 or 0.25 % in the organ
chamber. Drugs and chemicals except the lipids were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Changes of the vascular tension were recorded with the MP100 System
and analyzed with the AcgKnowledge 3.7.3 software of BIOPAC System Inc. (Goleta, CA,
USA). Vasorelaxations were expressed as percent of the precontraction produced by PE.

Data Analysis and Statistics. Data analysis was done by GraphPad Prism 6 software
(GraphPad Software Inc., La Jolla, CA, USA), or the Origin software (OriginLab
Corporation, Northampton, MA, USA). Best-fit values of ECso and maximal responses (Emax)
of the dose-response curves were calculated by nonlinear regression curve fitting, followed by
extra sum-of-squares F-test. Changes were considered significant if p < 0.05. Data are
presented as mean + standard error of mean (SE) and N indicates the number of samples
tested.
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Figure S1. Sph binds to CaM in a concentration dependent manner
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(A) Fluorescence spectra of apo- and Ca?*-saturated CaM (1.0 uM) in the absence and
presence of 100 uM Sph. (B) CMC of Sph. Data were measured in the presence of 5 uM
ANS, and the CMC was estimated to be ~10 uM (indicated by the arrow).

CaM contains no tryptophan but two tyrosine residues in the C-terminal domain, the
fluorescence intensity of which is sensitive to the Ca?"-loaded state of the domain. An
increase of ~3-fold could be measured upon Ca?*-binding, which is in agreement with the
reported quenching of the tyrosine fluorescence in apoCaM 1. In the presence of 100 uM Sph,
the spectrum of apoCaM changed to one very similar to that observed for Ca®*-saturated CaM
without the lipid. For the Ca?*CaM, addition of the lipid at 100 uM elevated the fluorescence
intensity by further ~30-35 %.



Figure S2. Crystal structure of the Ca?*CaM/Sph complex



Figure S3. CaM-melittin interaction in the presence of sphingolipids.
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Fluorescence spectra of melittin (0.6 uM) in the absence and presence of CaCaM (1.2 uM),
and 100 uM LPA (A) or SPC (B). In the case of the three-component mixtures, the two listed
first were preincubated followed by the addition of the third listed component. The binding
events referring to the spectral changes in melittin Trp fluorescence in the presence of CaM
and the lipids are summarized in Table S1 (see also Fig. 4 in main text).

Table S1. Interactions in the melittin-CaM-sphingolipid three-component systems identified
by melittin Trp fluorescence.

Sph LPA SPC
CaM interacts with the lipid yes no yes
Melittin interacts with the lipid no yes yes
(Lipid + CaM) + melittin
Melittin is free bound to CaM bound to CaM and lipid

CaMis boundto lipid  bound to melittin  bound to melittin and lipid

(Lipid + melittin) + CaM
Melittin is free bound to lipid bound to CaM and lipid
CaMis bound to lipid free bound to melittin and lipid




Figure S4. Effect of Sph on the PDE-activating ability of CaM
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Basal and Ca?*/CaM-dependent PDE activity in the absence and the presence of 100 uM Sph.
PDE activity was measured fluorimetrically following the consumption of the substrate mant-
cGMP. The bars depict the initial rate of the reaction normalized to the basal PDE activity
measured in the absence of added Ca?*CaM. Data points are mean+SEM, n=3-6.

The effect of Sph on the CaM-dependent activity of PDE was examined. We have found that
(i) CaM induced a significant, approximately 3-fold increase in the enzyme activity, (ii)
addition of 100 uM Sph decreased the basal PDE activity down to ~ 30-35 %, and (iii) adding
CaM and Sph together, the activity observed was very similar to that without CaM. These
indicated that Sph at concentrations above its CMC inhibited the activating ability of CaM but
also the basal PDE activity. The former observation is consistent with previous findings
reporting that Sph inhibits the PDE activity in the presence of CaM 2. Specifically, a
remaining Ca?*/CaM-induced activity of ~10% was found in the presence of 100 uM Sph ?,
which agrees well with our results of that of ~12 %. We have also shown that the remaining
activity arises from the basal activity alone since the addition of CaM could not induce any
elevation in the PDE activity. These results indicate that the activating ability of CaM is fully
inhibited in the presence of associated Sph.



Figure S5. Effect of Sph on the CaN-activating ability of CaM
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(A) Lipid-dependence of the CaN activity in the presence and absence of CaM. Data are
relative initial values. To get a reliable fit to the data measured with CaM, the end point (at
high Sph concentrations) was set to the value obtained without CaM. Dose-dependence curves
estimated an ICsg of 20 + 2 nM, and of 171 + 18 nM in the absence and the presence of 0.6
uM CaM, respectively. Hill-coefficients were 0.5 + 0.1 in both cases. (B) CaM-dependence of
the Ca?*/CaM-dependent CaN activity in the absence and the presence of Sph. CaN activity
was measured photometrically following the consumption of the substrate PNPP. Points
represent the initial rate of the reaction normalized to the basal CaN activity measured in the
absence of CaM. Data were fitted to dose-response curves yielding an ECso of 2.1 + 0.2 nM
and of 9.5 + 0.9 nM in the absence and the presence of 150 uM Sph, respectively.

The effect of Sph on CaM activity was also tested on calcineurin. In the absence of the lipid,
we have shown an approximately 2.5-fold elevation in the enzyme activity by CaM with a
half-activation concentration of 2.4+0.5 nM (Fig.S5A). Measuring the dose-dependence of the
activation by CaM in the presence of Sph, we could detect a slight (~15-20%) decrease in the
basal as well as the maximal CaN activity, and a right shift of the curve to higher ECso values
compared to that observed without the lipid. The former phenomenon might be explained by
the binding of Sph to either the CaM may present in the CaN preparation, or to calcineurin B,
the calmodulin-like calcineurin subunit. The latter effect is consistent with the competitive
inhibition of the CaM induced activation of CaN by Sph.

The dose-dependence of the effect of Sph was also analyzed, yielding an ICsg as high as ~170
uM for the activation by CaM (Fig. S5B), which is one order of magnitude higher than the
CMC value for Sph determined in the standard assay buffer. The rather high value and the
rather low Hill-coefficient (~0.5 in contrast to the values of 2-3 seen in other measurements or
when using SPC) is consistent with the significantly reduced ability for Sph to go into
solution under the assay conditions when using our standard preparation procedure for
dissolving the lipids (i.e. vortex/sonication after drying the lipids with nitrogen to glass tubes).
The high amount (20 mM) of phosphates presented by the substrate PNPP might have
precluded solvation of the lipid since dilution of Sph from a clear, PNPP-free solution into a
PNPP containing one resulted in an opalescent solution that could not fully cleared upon



sonication. This indicates that Sph micelles might form higher aggregates, which in turn
results in lowering the lipid surface available for interaction. Using these Sph solutions at
nominal concentrations of 150 uM, the CaM-dependence curves yielded apparent ECso values
of ~10 nM (Fig. 6A) compared to ~2 nM measured without the lipid. Since Sph is expected to
be a potent inhibitor of CaM function above the CMC value in its associated form, the fact
that the assay condition might interfere with Sph micelle formation can easily result in rather
similar ECso values of the CaM activation curves in the presence and the absence of lipid as
observed here.

Figure S6. SNP mediated vasorelaxation in the presence of sphingolipids.
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SNP (sodium nitroprusside) dose-response curves upon treatment of the vessels with 10 and
30 uM Sph, or their vehicles. The relaxing effect was measured before and during the
incubation of the vessels utilizing myography on mouse thoracic aorta. Relaxation values
(mean+SE, n=9-16) are expressed as percentage of the precontraction induced by PE.



Methods

Calcineurin activity assay. Calcineurin (PPase-2B, CaN) was purchased from Promega
(V6361). Dephosphorylation of the substrate p-nitrophenyl phosphate (PNPP, Sigma, 1040)
was followed by monitoring the increase in absorbance at 405 nm using a Perkin Elmer
EnSpire microplate reader. CaN activity was assayed by measuring initial velocities at 28 °C
in 50 mM Tris, pH 7.5 containing 0.001 unit/ul CaN, 0.2 mg/ml BSA, 20 mM PNPP, 1 mM
NiClz, and i) 10 pg/ml CaM and various amounts of Sph for testing the inhibition by Sph, or
i) 150 uM Sph and various amounts of CaM when measuring the dose-response curves for
CaN activation by CaM.

PDE activity assay. Phosphodiesterase 1, 3”,5’-cyclic-nucleotide-specific (PDE) from bovine
brain was purchased from Sigma (9529) and mant-cGMP from Calbiochem (370668). PDE
activity was measured fluorometrically by monitoring the consumption of mant-cGMP as
described by Johnson et al. 3, so as mant-cGMP was excited at 280 nm and emission was
monitored at 450 nm. The reaction was followed at 25 °C in standard assay buffer containing
5 mM MgCly, and either 1 mM CaClz> or 1 mM EGTA. Mant-cGMP, PDE, CaM and lipid
concentrations were 10 uM, 6.5 nM, 100 nM, and 125 uM, respectively. The initial velocities
of the substrate hydrolysis were measured in the absence and in the presence of CaM, yielding
the basal and the CaM-dependent activities, respectively.

References:

1. VanScyoc, W.S. et al. Calcium binding to calmodulin mutants monitored by domain-
specific intrinsic phenylalanine and tyrosine fluorescence. Biophys J 83, 2767-80
(2002).

2. Jefferson, A.B. & Schulman, H. Sphingosine inhibits calmodulin-dependent enzymes.
J Biol Chem 263, 15241-4 (1988).

3. Johnson, J.D., Walters, J.D. & Mills, J.S. A continuous fluorescence assay for cyclic

nucleotide phosphodiesterase hydrolysis of cyclic GMP. Anal Biochem 162, 291-5
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Abstract

Sphingolipids are important biological mediators both in health and in metabolic diseases.
We aimed to investigate the vascular effects of enhanced sphingomyelinase (SMase)
activity in a mouse model of type 2 diabetes mellitus (T2DM) and to gain understanding of
the secondary signaling pathways involved. In phenylephrine precontracted aortic
segments of non-diabetic mice 0.2 U/ml neutral SMase induced transient contraction and
subsequent weak relaxation, whereas vessels of db/db mice showed marked relaxation. In
the presence of the thromboxane prostanoid receptor (TP) antagonist SQ 29,548, SMase
induced enhanced relaxation in both groups, which was 3-fold stronger in vessels of db/db
mice as compared to controls. Co-administration of the nitric oxide synthase (NOS)
inhibitor L-NAME abolished the vasorelaxation in both groups. Our results indicate dual
vasoactive effects of SMase: TP-mediated vasoconstriction and NO-mediated
vasorelaxation. Surprisingly, in spite of the general endothelial dysfunction in T2DM, the

endothelial NOS-mediated vasorelaxant effect of SMase is markedly enhanced.

Keywords

Sphingolipids, sphingomyelinase, vasorelaxation, endothelial nitric oxide synthase, type 2

diabetes, thromboxane prostanoid receptor

Abbreviations

ACh — Acetylcholine

C1P — Ceramide-1-phosphate
NOS — Nitric oxide synthase

PE — Phenylephrine

S1P — Sphingosine-1-phosphate
SM — Sphingomyelin

SMase — Sphingomyelinase

Sph — Sphingosine

T2DM — Type 2 diabetes mellitus

TP — Thromboxane prostanoid receptor
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Sphingomyelinase induces biphasic vascular tension changes in health and in diabetes

The transient vasocontraction is mediated by thromboxane prostanoid (TP) receptors

The subsequent eNOS-mediated vasorelaxation is enhanced paradoxically in diabetes



1. Introduction

Sphingolipids, derived from sphingomyelin metabolism, have been implicated as
important mediators in the physiology and pathophysiology of the cardiovascular system
[1-6]. Sphingomyelinase (SMase) catalyzes the conversion of sphingomyelin to ceramide,
which is the precursor of other sphingolipid mediators including ceramide-1-phosphate
(C1P), sphingosine (Sph) and sphingosine-1-phosphate (S1P) [7]. The majority of S1P-
induced biological effects are mediated by G-protein-coupled receptors (GPCR), termed
S1P15 [8]. Other sphingolipid mediators may have biological effects independently of the
activation of S1P receptors by directly interacting with membrane or intracellular protein

targets [5, 9-11].

Based on the optimal pH for their catalytic activity, SMase isoforms can be divided into
three groups: alkaline, acidic and neutral [12]. Whereas the expression and known
functions of alkaline SMase are mostly restricted to the gastrointestinal system, acidic and
neutral SMases are more widely expressed and involved in physiological and
pathophysiological reactions of many organs including the cardiovascular system. In the
vasculature SMases are implicated in the regulation of vascular tone and permeability as
well as causing atherosclerotic lesions and vascular wall remodeling [13]. Interestingly,
neutral SMase has been reported to induce a wide range of changes in the vascular tone,
depending on the species, vessel type and experimental conditions (Table 1.). Taken into
account the large number of biologically active mediators (including ceramides, ceramide-
1-phosphate, sphingosine and sphingosine-1-phosphate) that can be generated both
extra- and intracellularly upon triggering the sphingolipid biosynthesis by neutral SMase

the diversity of vascular effects is not unexpected.

SMase enzymes are reportedly upregulated in certain cardiovascular and metabolic
disorders such as type 2 diabetes mellitus (T2DM) [13-15]. Sphingolipids have been
implicated as important regulators of inflammatory processes in diabetes [16]. Stress
conditions initiate changes in sphingolipid metabolism [17], and sphingolipids have
emerged as key mediators of stress responses [18, 19]. Extracellular stressors induce
sphingolipid synthesis and turnover, thereby ‘remodeling’ sphingolipid profiles and their
topological distribution within cells [20]. Emerging evidence not only demonstrates

profound changes in sphingolipid pools and distribution under conditions of overnutrition
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[21-23], but also implicates sphingolipids in mediating cell-signaling responses that
precipitate pathology associated with obesity [24]. In spite of the marked alterations in
the metabolism and actions of sphingolipids in diabetes and recent observations indicating
that ceramide may contribute to the development of diabetic endothelial dysfunction
[25], relatively little is known about the effects of sphingolipids on vascular functions in
T2DM. In the present study, we aimed to analyze the effects of SMase on vascular tone

under diabetic conditions and to elucidate the signaling mechanisms involved.
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Species Vessel Vasoactive effects Proposed mechanism Reference
Yorkshire pig coronary artery transient endothelium-dependent contraction | vasoconstriction: prostanoid(s) [26]
followed by endothelium-dependent vasorelaxation: NO
relaxation
Sprague- thoracic aorta endothelium-independent relaxation inhibition of PKC [27, 28]
Dawley rat
Wistar rat thoracic aorta partly endothelium-independent relaxation endothelium-mediated component is independent [29]
of NO or prostanoids
non-endothelial component is independent of PKC
Mongrel dog basilar artery endothelium-independent contraction activation of VDCC and PKC [30]
Wistar rat pial venule constriction and spasm activation of VDCC, PKC and MAP kinase [31]
(60-70 um in
diameter)
Wistar rat thoracic aorta endothelium-independent relaxation inhibition of both Ca®*-dependent and -independent [32]
(RhoA/Rho-kinase mediated) contractile pathways
Cow coronary artery endothelium-dependent relaxation Ca?*-independent eNOS activation, involving [33]
phosphorylation on serine 1179 and dissociation of
eNOS from plasma membrane caveolae
Wistar rat pulmonary artery endothelium-independent contraction activation of VDCC, PKCZ and Rho-kinase [34]
Wistar-Kyoto carotid artery SHR: strong endothelium-dependent vasoconstriction is mediated by PLA,- and COX2- [35-37]

Table 1. Reported vasoactive effects of neutral SMase




2. Materials and Methods

All procedures were carried out according to the guidelines of the Hungarian Law of
Animal Protection (28/1998) and were approved by the National Scientific Ethical
Committee on Animal Experimentation (PEI/001/2706-13/2014).

2.1. Animals and general procedures

The BKS db diabetic mouse strain was obtained from The Jackson Laboratory (Bar Harbor,
ME, USA) and has been maintained in our animal facility by mating repulsion double
heterozygotes (Dock7™/+, +/Lepr?®). Littermate adult male diabetic (Lepr®/Lepr referred
as db/db) and misty (Dock’™/Dock’™ referred as control) mice were selected for
experiments. Animals were weighted and blood samples were collected by cardiac
puncture followed by transcardial perfusion with 10 mL heparinized (10 1U/mL) Krebs
solution under deep ether anesthesia as described previously [38]. Nonfasting blood
glucose was measured by Dcont IDEAL biosensor type blood glucose meter (77 Elektronika
Kft., Budapest, Hungary). In some experiments, additional blood samples were collected,
allowed to clot for 30 min at room temperature, centrifuged at 2000 x g for 15 min at 4 °C
and serum was snap frozen for later phosphorylcholine assay, which was based on the
method described by Hojjati and Jiang [39] using a commercially available kit (ltem Neo

10009928, Cayman Chemical, Ann Arbor, MI, US).
2.2. Myography

The thoracic aorta was removed and cleaned of fat and connective tissue under a
dissection microscope (M3Z, Wild Heerbrugg AG; Gais, Switzerland) and immersed in a
Krebs solution of the following composition (mmol/L): 119 NaCl, 4.7 KCI, 1.2 KH;POg, 2.5
CaCl;-2H,0, 1.2 MgS04-7H20, 20 NaHCO3, 0.03 EDTA, and 10 glucose at room temperature
and pH 7.4. Vessels were cut into ~3 mm-long segments and mounted on stainless steel
vessel holders (200 um in diameter) in a conventional myograph setup (610 M multiwire
myograph system; Danish Myo Technology A/S; Aarhus, Denmark). Special care was taken

to preserve the endothelium.



Wells of the myographs were filled with 8 mL Krebs solution aerated with carbogen. The
vessels were allowed a 30-min resting period, during which the bath solution was warmed
up to 37 °C and the passive tension was adjusted to 15 mN, which was determined to be
optimal in a previous study [38]. Subsequently, the tissues were exposed to 124 mmol/L K*
Krebs solution (made by isomolar replacement of Na* by K*) for 1 min, followed by several
washes with normal Krebs solution. A contraction evoked by 10 umol/L phenylephrine
(PE) followed by administration of 0.1 umol/L acetylcholine (ACh) served as a test of the
reactivity of the smooth muscle and the endothelium, respectively. After repeated
washing, during which the vascular tension returned to the resting level, the segments
were exposed to 124 mmol/L K* Krebs solution for 3 min in order to elicit a reference
maximal contraction. Subsequently, after a 30-min washout, increasing concentrations of
PE (0.1 nmol/L to 10 umol/L) and ACh (1 nmol/L to 10 umol/L) were administered to
determine the reactivity of the smooth muscle and the endothelium, respectively.
Following a 30-min resting period, the vessels were precontracted to 70-90% of the
reference contraction by an appropriate concentration of PE and after contraction has
stabilized, the effects of 0.2 U/ml nSMase (Sphingomyelinase from B. cereus, Sigma-
Aldrich, St. Louis, MO, USA) were investigated for 20 min. Bacterial sphingomyelinase
functions in neutral pH, and is reportedly a useful tool to mimic the biological effects of
activation of cellular SMase [40, 41]. In some experiments, selective thromboxane
prostanoid receptor (TP) antagonist SQ-29548 (1 uM) with or without the NOS inhibitor L-
NAME (100 uM) was applied to the baths 30 min prior to administration of nSMase.
Finally, to test the sensitivity of the smooth muscle to NO, sodium nitroprusside (SNP, 0.1
nmol/L to 10 umol/L) was administered after a stable precontraction elicited by 1 umol/L

PE.

2.3. Data Analysis

An MP100 system and AcqKnowledge 3.72 software from Biopac System Inc. (Goleta, CA,
USA) were used to record and analyze changes in the vascular tone. All data are presented
as mean * SE, and n indicates the number of vascular segments tested in myography
experiments or the number of animals tested in the case of body weight, blood glucose
and serum phosphorylcholine levels. Maximal changes of the vascular tone were
calculated as a percentage of precontraction. In order to evaluate the temporal pattern of

nSMase-induced vasoactive responses, individual curves were constructed and averaged
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showing the changes of vascular tone for 20 minutes after the application of nSMase. Area
under curve (AUC) values were calculated from the individual experiments for
guantification of the overall vasoactive effect. The statistical analysis was performed using
the GraphPad Prism software v.6.07 from GraphPad Software Inc. (La Jolla, CA, USA).
Student’s unpaired t test was applied when comparing two variables, a p value of less than
0.05 was considered to be statistically significant. Effects of cumulative doses of PE and
ACh were evaluated by dose-response curve fitting for determination of Emax and ECso

values.

2.4. Reagents

All reagents in this study including nSMase were purchased from Sigma-Aldrich (St. Louis,

MO, USA), except SQ-29548 which was from Santa Cruz Biotechnology (Dallas, TX, USA).

3. Results

First, we verified the general metabolic and vascular phenotype of T2DM mice tested in
the present study. Db/db mice reportedly develop obesity with elevated blood glucose
levels and insulin resistance [42-44]. Accordingly, the body weight showed almost two-fold
(Fig. 1A), whereas blood glucose levels three-fold increase (Fig. 1B) in db/db mice as
compared to non-diabetic control littermates. Furthermore, the serum phosphorylcholine
level was also significantly increased in the diabetic group (Fig. 1C), which is consistent
with the reported enhancement of SMase activity in type 2 diabetes [13-15]. Vessels of
db/db animals showed marked endothelial dysfunction indicated by the impairment of the
dose-response relationship of ACh-induced vasorelaxation after precontraction with 10
umol/L PE (Fig. 1D). The Emax value decreased to 50.8+2.0% in diabetic vessels as
compared controls (65.8+3.9%). However, there was no significant difference in the ECso
values (34.7£16.0 nM vs. 55.7+15.7 nM) indicating unchanged potency in spite of reduced
efficacy of endogenous NO upon stimulation of eNOS by ACh. In contrast, reactivity of the
vascular smooth muscle to NO remained unaltered, as neither the Emax (105.24+1.8% vs.
103.34+2.2%) nor the ECsp (10.7£1.3 nM vs. 14.1+2.0 nM) values of sodium nitroprusside-

induced vasorelaxation differed in vessels of db/db animals as compared to controls (Fig.



1E). Taken together, these results confirm the T2DM-like metabolic and vascular

phenotypes in db/db mice and suggest the in vivo enhancement of SMase activity as well.
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Figure 1. Manifestation of the metabolic and vascular phenotype of T2DM in db/db
mice. Body weight (A), as well as non-fasting blood glucose (B) and serum
phosphorylcholine levels (C) are increased in db/db mice as compared to controls
(**p<0.01, ***p<0.001 vs. control group, Student’s unpaired t test, n=13-22). ACh-induced
relaxation diminished (D), while the reactivity of the vascular smooth muscle to sodium
nitroprusside (SNP) remained unaltered (E) in vessels of db/db mice as compared to
controls (mean * SEM, ***p<0.001 vs control, dose-response curve fitted to n=12-24)

Next, we determined the effect of nSMase on the active tone of control and db/db vessels
(Fig. 2A). After 10 umol/L PE-induced precontraction, 0.2 U/ml nSMase elicited additional
contraction in control vessels that reached its maximum at 7.2 min before relaxing back to
the pre-SMase level by the end of the 20-min observation period. In contrast, nSMase in
db/db vessels elicited completely different responses. After a marked initial relaxation
elicited by 0.2 U/ml nSMase during the first 5 minutes, the tone of the db/db vessels
remained in a relaxed state below the level of the initial tension. From the shape of the
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tension curve it appeared that in addition to the overriding relaxation there was a delayed
and transient constriction response, with a time course similar to that observed in control
vessels, but it was unable to overcome the robust dilatation. Evaluation of the AUC (Fig.
2B) and the maximal changes in the vascular tone (Fig. 2C) also supported the conclusion
that there is a marked difference in the vascular effects of nSMase between control and
db/db mice: whereas in the former contraction dominates, the latter is characterized by

reduction of the vascular tone.
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Figure 2. Effects of nSMase on the vascular tone. Application of 0.2 U/ml nSMase evoked
a complex vascular effect with dominant contraction in control vessels and a more
pronounced relaxation in vessels of db/db mice. Black and red lines on panel A represent
average changes in tension of 10 umol/L PE precontracted vessels of control and db/db
mice, respectively (dotted lines represent SEM). Both area under curve values (B) and
maximal tension changes (C) were significantly different in vessels from db/db animals as
compared to controls (mean+SEM, Student’s unpaired t test, ***p<0.001 vs control, n=41-
43).

Our next aim was to dissect the constrictor and relaxant components of the vascular
tension changes in response to nSMase. In porcine coronary arteries [26] as well as in
carotid arteries of spontaneously hypertensive rats [35-37] prostanoids acting on
thromboxane prostanoid receptors (TP) have been implicated in mediating the
vasoconstrictor effect of SMase. Therefore, we hypothesized that TP receptors also
mediate the nSMase-induced vasoconstriction in our murine aorta model. In order to test
this hypothesis, the TP receptor antagonist SQ 29,548 was administered to the organ

chambers 30 min prior to administration of nSMase. Blockade of TP receptors not only
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abolished the vasoconstriction, but also converted it to a transient vasorelaxation in
control vessels (Fig. 3A). The maximum of the relaxation was reached at 5.5 minutes after
the administration of nSMase, and the vascular tone returned to the baseline after 10
minutes. TP receptor inhibition markedly changed the vascular response to nSMase also in
the db/db group: the vasorelaxation was enhanced to more than 70% and reached its
maximum at 6.5 minutes. After its peak, the relaxation decreased but the vascular tone
failed to return to the pre-SMase level even after 20 minutes. Both the AUC (Fig. 3B) and
the peak vasorelaxation (Fig. 3C) values showed marked differences between the two
experimental groups, indicating that the strongly enhanced and prolonged vasorelaxant
capacity is responsible for the differences between the vasoactive effects of nSMase in
db/db and control vessels. This finding was very surprising in the light of the diminished
ACh-induced vasorelaxation we observed in db/db animals (Fig. 1D), and was not
consistent with the large body of literary data indicating diminished endothelium-

dependent vasorelaxation in T2DM.
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Figure 3. Effects of TP receptor blockade on nSMase-induced changes of the vascular
tone. After inhibition of the TP receptor by 1 uM SQ 29,548, 0.2 U/ml nSMase relaxed
both db/db and control vessels, with a significantly higher relaxation in the db/db group
(A). Black and red lines on panel A represent average tension changes of precontracted
vessels of control and db/db mice, respectively, whereas dotted lines represent SEM. Both
area under curve values (B) and maximal tension changes (C) were significantly different in
vessels from db/db animals as compared to controls (mean+SEM, Student’s unpaired t
test, ***p<0.001 vs control, n=15).
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Finally, we aimed to analyze the mechanism of the enhanced nSMase-induced
vasorelaxation in vessels of db/db mice. Theoretically, it could be due to the enhancement
of eNOS-mediated vasorelaxation or to the onset of an NO-independent mechanism. To
clarify this question, the vessels were incubated with the NOS inhibitor L-NAME (100 uM)
in addition to the TP receptor blocker SQ 29,548 (1 uM) for 30 min prior to 0.2 U/ml
nSMase administration. L-NAME at a concentration of 100 uM completely abolished the
vasorelaxation observed in the presence of 1 uM SQ 29,548 both in control and in db/db
vessels (Fig. 4A). There were no significant differences between the two groups either in
the AUC (Fig. 4B), or in the maximal change of tension values (Fig. 4C). These results
indicate that the same secondary signaling pathways — namely TP receptors and eNOS —

mediate the vasoactive effects of nSMase in health and T2DM.
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Figure 4. Effects of combined TP receptor and NOS blockade on nSMase-induced
changes of the vascular tone. After incubation of the vessels with 1 uM SQ 29,548 and
100 uM L-NAME for 30 minutes, 0.2 U/ml nSMase could no longer evoke a tension change
in the thoracic aorta of control or db/db mice (A). Black and red lines on panel A represent
average tension changes of PE (10 umol/L) precontracted vessels of control and db/db
mice, respectively (dotted lines represent SEM). Area under curve values (B) and maximal
tension changes (C) were not different in vessels from db/db animals as compared to
controls (meantSEM, n = 4-4).
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4. Discussion

Findings of the present study indicate that nSMase-induced changes of vascular tension
involve both vasoconstriction and vasorelaxation in murine vessels. Our results suggest
that the former is mediated by release of prostanoids and activation of TP receptors,
whereas the latter is mediated by eNOS. Surprisingly, nSMase-induced eNOS-mediated
vasorelaxation is markedly enhanced in vessels of db/db mice in spite of the endothelial
dysfunction indicated by the diminished vasorelaxation by ACh. Therefore, nSMase

appears to be able to induce enhanced NO release from endothelial cells in T2DM.

Vasoconstriction in response to SMase has been reported in a number of studies, although
the mechanisms mediating this effect appear to be highly variable depending on the
experimental conditions including species, vascular region, and integrity of the
endothelium (see Table 1). Release of prostanoids and consequent activation of TP
receptors have been proposed in porcine coronary arteries [26] as well as in carotid
arteries of spontaneously hypertensive rats [35-37]. In our study nSMase-induced
contraction was found to be TP-receptor-dependent in both control and db/db mice,

indicating that nSMase stimulates the release of TXA; from the aortic rings.

There might be at least three different sources for SMase-induced arachidonic acid
formation that is necessary for TXA, production [45]. One such possibility is that diacyl
glycerol (DAG) would accumulate while sphingomyelin synthase converts the newly
generated ceramide back to sphingomyelin, and DAG lipases would provide arachidonic
acid for the production of TXA; [46]. Another mechanism might relate to the observation
that ceramide-1-phosphate can allosterically activate phospholipase A, (PLA;) [47], which
leads to arachidonic acid formation [48]. It might be important in this context that the
gene encoding ceramide kinase (CERK) is upregulated in T2DM [49]. Finally, S1P has been
reported recently to regulate prostanoid production in a S1P receptor-dependent manner

[50].

Vasorelaxation in response to nSMase appears to be endothelial NO-dependent, as L-
NAME completely abolished the decrease of vascular tone in both control and db/db
vessels. Without L-NAME the relaxation was dramatically increased in db/db-derived

vascular rings. This is unexpected, because endothelial dysfunction with consequential
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decrease on the vasorelaxant capacity is considered to be a hallmark for T2DM-like
conditions. A potential explanation may be related to the altered structure of the plasma
membrane in T2DM [51]. Normally, SM represents about 10-20% of the lipids in the
plasma membrane, mostly residing in the outer leaflet. However, most of these are found
in the caveolae, and SMase is thought to be a regulator of lipid microdomains [52, 53].
Pilarczyk and colleagues provided evidence that in db/db mice the endothelial lining of the
aorta contains ten-fold larger lipid raft areas enriched in SM as compared to controls [51].
This arrangement might be related to the decreased NO-release in T2DM, as eNOS is
inhibited by caveolin-1 [54], which is considered to be an important regulator of eNOS [55-
57]. In our experimental setting, nSMase-induced degradation of sphingomyelin could
interfere with this caveolar structure and induce the detachment of eNOS from caveolin-1,
leading to high amounts of NO released from the endothelium of db/db vascular rings.
This hypothesis is supported by the observation of Mogami et al. [33] indicating that
SMase causes endothelium-dependent vasorelaxation through Ca?*-independent
endothelial NO production in bovine aortic valves and coronary arteries. They also
reported SMase-induced translocation of endothelial NOS from plasma membrane
caveolae to the intracellular region. Furthermore, protein expression levels of caveolin-1
were reported to be significantly higher in the aorta of db/db mice, and this was thought
to be related to the impaired aortic relaxation of C57BL/KsJ mice [58]. Still, we cannot rule
out the possibility that the enhanced sphingolipid content of the membrane augments the
release of sphingolipid mediators such as ceramide, and consequently enhances the
ceramide-related vasorelaxation reported in non-diabetic models [27-29, 32]. It has to be
emphasized, though, that the ceramide-related pathway might be involved in the SMase-
induced contractions as well [30, 35]. Finally, the potentially increased NO-sensitivity of
guanylate cyclase (sGC) [59], which could be related to the dysfunctional NO-release
observed in T2DM, should also be considered, as this would sensitize sGC to NO resulting
in enhanced NO-mediated vasorelaxation. However, this mechanism can be excluded in
our present experiments, since the SNP dose-response curve remained unchanged in
db/db vessels (Fig. 1E), indicating that the sensitivity of the vascular smooth muscle to NO

was not upregulated.

Sphingolipid metabolism is markedly altered in T2DM and related conditions [60-64], and

the observed changes in endothelial lipid rafts [51] might be a consequence of the
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disrupted plasma membrane lipid metabolism. On the other hand, T2DM has several
characteristics that resemble a chronic inflammatory disease [65]. Cytokines that
accumulate in chronic inflammation, such as tumor necrosis factor alpha (TNF-a) and
interleukin 1 beta (IL-1B) can also induce marked changes in sphingolipid metabolism [6,
66, 67]. Our observation that the serum phosphorylcholine levels were increased in the
db/db group is strong indicator of the altered in vivo sphingolipid metabolism in our

animal model and agrees with the literature.

As a limitation of our study it has to be mentioned that the characteristics of the
pathophysiological conditions in the db/db mouse model differ from those of human
T2DM in some aspects [68]. For example, db/db mice do not necessarily develop
hypertension and may have high levels of HDL and reduced tendency to atherosclerosis
[69]. Therefore, due to the more severe endothelial dysfunction, the enhancement of
nSMase-induced eNOS-mediated vasorelaxation may be limited in humans with T2DM. A
further limitation of our study is that we tested only one single dose of nSMase. This 0.2
U/ml dose represents the upper range used in the literature [26-30, 32-35], as our aim
was to evaluate the consequences of a robust activation of sphingomyelinase degradation.
Further studies may aim to elucidate the exact dose-response relationship for SMase-
induced vasorelaxation and vasoconstriction in db/db or other T2DM-related conditions,

which may also help to clarify the exact molecular mechanisms involved.

5. Conclusions

Administration of nSMase induces TP-receptor-mediated vasoconstriction and eNOS-
mediated vasorelaxation in murine vessels. In spite of endothelial dysfunction in db/db
mice the vasorelaxant effect of nSMase is markedly augmented. SMase-mediated
disruption of SM in endothelial lipid rafts might represent a possible mechanism
responsible for enhanced NO generation in T2DM. An intriguing interpretation of our
finding is that retraction of eNOS in sphingomyelin-rich microdomains of the endothelial
plasma membrane could contribute significantly to the development of vascular

dysfunction in T2DM.
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