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Summary 

 

Endothelin-1 (ET-1) is a 21-amino acid peptide inducing both vascular relaxation, mediated by 

endothelial nitric oxide synthase (eNOS) activity, as well as vascular contraction. Importantly, the 

vascular contraction pathway involving ET-1 signaling is known to be altered in hypertension. 

Since sphingolipids have been implicated in both the regulation of eNOS activity as well as in 

hypertension-associated endothelium-dependent vasoconstriction, we investigated whether 

sphingolipids are involved in ET-1-mediated vascular signaling between normotensive Wistar 

Kyoto (WKY) rats and Spontaneously Hypertensive rats (SHR). Wire myography on ex vivo 

isolated aorta segments from WKY and SHR, indicated elevated contractility towards ET-1 after 

the application of the sphingosine kinase inhibitor dimethylsphingosine (DMS) in SHR, but not 

in WKY aorta segments. This augmentation was completely endothelium- and cyclooxygenase-

dependent, indicating the involvement of a contractile prostanoid, most likely thromboxane. 

Using a novel imaging mass spectrometry approach, we demonstrate that ET-1-stimulated aorta 

of SHR and WKY show elevated ceramide accumulation in primarily the endothelium of SHR 

when compared with untreated control segments, which appeared lower in VSMC and 

reversed in WKY aorta segments. In conclusion, in SHR aorta, ET-1-induced contractions are 

associated with elevated endothelial ceramide levels, likely causing an increase in thromboxane 

production. Application of DMS potentiates ET-1-induced contractions via ceramide elevation, 

rather than inhibition of eNOS activity. Thus, here we indicate the possibility of a sphingolipid-

dependent mechanism responsible for the elevated contractile production of thromboxane A2 

induced by ET-1 in essential hypertension. 
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Introduction 

 

Sphingolipids form a group of bioactive lipids, exerting a plethora of cellular and biological 

functions 1. For instance, a characteristic feature of the sphingolipid ceramide is induction of 

cellular apoptosis 2. In contrast, deacetylation of ceramide towards sphingosine 3, and 

subsequent phosphorylation by sphingosine kinases (SK), yields sphingosine-1-phosphate (S1P), 

a sphingolipid known to stimulate proliferation 4. Thus, the inter-exchangeability between the 

latter sphingolipids grants the existence of a cellular regulatory balance, directing cellular and 

biological outcome 5. This sphingolipid-based regulation has been recognized within numerous 

biological systems, including for instance the vascular system (for review see Spijkers et al. 6). 

Within the vascular system, a major endothelium-derived factor influencing vascular tone is 

endothelin-1 (ET-1). ET-1 is a 21-amino acid vasoconstrictor peptide, involved in many 

(patho)physiological systems including cardiovascular homeostasis 7-10, by activation of its G-

protein coupled endothelin receptors ETA 11 and ETB 

12. Via binding to these receptors, ET-1 

exerts dual vascular signaling effects, including both relaxation 13 and contraction 8. Although it 

is generally believed that ETB receptors are expressed by both endothelium and vascular  

smooth muscle cells (VSMCs) and ETA receptors are expressed exclusively by vascular smooth 

muscle cells, data indicating co-expression of ETA receptors on endothelial cells have been 

presented 14 and in addition to the recently recognized complexity of ETA receptor activation-

termination 15 this adds up to the challenges of unravelling ET-1 receptor signaling in the 

cardiovascular system. Activation of endothelial ETB receptors results in part by a Gq-mediated 

Ca2+/calmodulin-dependent activation of endothelial NO synthase (eNOS) 16 and a beta/gamma 

subunit-mediated activation of Akt phosphorylation and concomitant activation of eNOS to 

generate the vascular relaxing factor nitric oxide (NO) 17,18. Since our lab indicated a role for 

sphingosine kinase and S1P in NO production induced by angiotensin (Ang) II 19, it is likely that 

also ET-1 mediated NO production is dependent on SK activity.  

In contrast to endothelium-dependent ET-1-induced relaxation, ET-1 binding to ETA receptors 

on VSMCs is unambiguously coupled to vascular contraction 8. This contraction activation is 

mediated by a Gq/13–mediated elevation of cytosolic calcium and Rho/ROCK activation 20 but 

also, predominantly in hypertension, coincided by an ET-1-induced thromboxane A2 

release 21,22. Since we previously indicated a role for ceramide in stimulating thromboxane 

production in hypertension 23, it is feasible that, besides relaxation mechanisms, ET-1-mediated 
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contractions are also under sphingolipid orchestration. Accordingly, in this study we 

investigated whether ET-1-induced contractions are influenced differentially by ceramide 

subspecies between Spontaneously Hypertensive rats (SHR) compared to normotensive Wistar 

Kyoto (WKY) rats. Here, we indicate that in the endothelium, in contrast to AngII, ET-1-

mediated eNOS activation is possibly not mediated via SK activation. Furthermore, static 

secondary-ion mass spectrometry (SIMS) indicated profound ET-1 induced ceramide elevation 

mainly in the endothelial layer of SHR aorta segments. This endothelial ceramide elevation may 

contribute to the elevated ET-1-induced thromboxane release as seen in SHR.  

 

Materials & Methods 

 

Arterial preparation and isometric force recording 

The thoracic aorta, mesenteric artery and basilar artery were carefully excised and immediately 

placed in Krebs-Henseleit buffer (pH7.4; in mmol/L: 118.0 NaCl, 4.7 KCl, 25.0 NaHCO3, 1.2 

MgSO4, 1.8 CaCl2, 1.1 KH2PO4 and 5.6 glucose) at room temperature, aerated with 5% CO2 / 

95% O2, pH 7.4. For mesenteric artery and basilar artery, normalization procedure was 

followed as previously described 23, with the modification that basilar artery precontraction was 

evoked by the 5HT-receptor agonist serotonin. The aorta was cut into 4 mm segments, and 

each segment mounted between two stainless steel hooks in an organ bath, containing 5 mL 

aerated Krebs buffer at 37°C. The segments were attached to a force transducer, and force 

readout was recorded via a PowerLab data acquisition system (AD Instruments, Castle Hill, 

Australia). The aorta segments were equilibrated for 1 hour at an isotonic resting tension of 10 

mN, which was maintained throughout the experiment. Then, the preparations were 

contracted twice for 10 min with a depolarizing high K+ Krebs-Henseleit solution (40 mmol/L 

NaCl was replaced by 40 mmol/L KCl) with intermediate 20 min washout intervals. 

Subsequently, the vessels were pre-contracted with the α1-adrenoceptor agonist phenylephrine 

(1 µmol/L). After reaching a steady level of >60% contraction compared with previous K+-

induced depolarization-mediated contraction, 10 µmol/L of the endothelium-dependent 

vasodilator methacholine was added to assess the endothelial integrity. In selected cases the 

endothelium was removed mechanically by rolling a luminally-inserted PE-50 tube several times 

before mounting. For these endothelium-denuded vessels, a relaxation induced by 

methacholine of <10 % indicated successful denudation. After washout, again 100 mmol/L KCl 

was added to the vessel segments to obtain the maximal contractile K+ response. After washout 
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and 30 min pre-incubation with the inhibitors DMS (10 µmol/L), indomethacin (10 µmol/L) or 

their vehicle (in all cases DMSO), cumulative half-log concentration increments of endothelin-1 

(30 pmol/L – 0.3 µmol/L) were generated. 

 

Static Imaging Time-of-Flight Secondary Ion Mass Spectrometry 

Aorta segments of 3 WKY and 3 SHR rats were stimulated in an  organ bath setup with 

vehicle or a high concentration of ET-1 (0.3 µmol/L), and snap-frozen on peak contraction 

time-points in 10% gelatin in liquid N2. Then, 10 µm thick sections of the vessel segments 

were cut us ing  a cryomicrotome at -20°C and immediately thaw-mounted on indium-tin-

oxyde (ITO) conductive glass slides and vacuum-mounted into the mass spectrometer. Static 

SIMS imaging experiments were performed in a Physical Electronics (Eden Prairie, MN) TRIple 

Focusing II Time-of-Flight Secondary Ion Mass Spectrometry (TRIFT-II TOF SIMS) instrument 

equipped with a gold liquid metal ion gun. All experiments were performed with 22 kV 

Au+ 
primary ions. Secondary ions were extracted from the ion source into the TOF analyzer, 

and detected on a dual multichannel plate detector. Each vessel was measured in a technical 

triplicate and at four different positions. Ion images were obtained by randomly rastering the 

focused primary ion beam in a 200x200 µm2 area on the arterial wall during 2 min rastering 

per section for all treatment conditions in triplicate. For all measurements, the 0-1000 mass-

to-charge ratio (m/z) range was recorded in positive ion mode. Raw images were recorded 

with an actual spatial resolution of about 1 µm on tissue. All spectra were combined in a 

single file to obtain a single common peak list. Then each RAW image was filtered with the 

common peak list and converted into a 64x64 pixel image. 

Principal component analysis (PCA) and Discriminant analysis (DA) were performed using 

the in-house built ChemomeTricks toolbox for MATLAB version 7.0 (The MathWorks, 

Natick, MA, USA). Principal Component Analysis (PCA) enabled the selection of tissue areas 

from 200 µm-side field of view images of the artery wall. Using the total ion image, and 

blinded for sample identity, endothelial tissue was selectively discriminated from smooth 

muscle tissue and data from embedding medium around b o t h  tissues was selectively 

discarded. To enable proper data analysis, data components were accumulative included until 

80% of total data variation was accounted for. Then, after  individual  quantitative  

normalization against the sample’s specific Au+ (m/z 197) detection intensity, SHR or WKY 

untreated m/z components were subtracted from the ET-1-treated dataset resulting in a 

remaining m/z axis with associated loadings, through which fragments were indicated to be 

positively or negatively altered by the ET-1 incubation. This dataset was screened for altered 
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sphingolipid fragments of interest (pooled [M]+ and [M+H]+ as provided by LIPIDMAPS) Thus, 

the data are presented as change between control segment fragment and treated segment 

fragment detection. 

 

Statistical analysis 

The isotonic tension measurements in aorta segments and isometric measurements in 

mesenteric artery and basilar artery are presented as mean ±SEM with ‘n’ being the number of 

individual rats. ET-1 curves EC50 and EMAX statistics were performed by one-way ANOVA. All 

statistical analyses, excluding static SIMS, were performed using Prism (GraphPad Prism 

Software, San Diego, CA, USA). Values of p<0.05 were considered to be statistically significant. 
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Results 

 

DMS potentiates ET-1-induced contractions in SHR, but not WKY, ex vivo aorta segments 

independent of eNOS activity 

In order to investigate the effect of the sphingosine kinase inhibitor DMS on vascular reactivity 

towards ET-1, concentration-response-curves of ET-1 were constructed in aorta, mesenteric 

artery and basilar artery of SHR and WKY rats. In WKY aorta, ET-1-induced contractions were 

not affected by DMS (10 µmol/L) (Fig. 1A). Although endothelium denudation increased 

contractility, DMS had no additional effect in these preparations. In contrast, ET-1-induced 

contractions were substantially augmented by DMS in SHR aorta segments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Effect of dimethylsphingosine, endothelium denudation and L-NAME on endothelin-1-
induced contractions of isolated aorta of A) WKY and B) SHR rats. Dimethylsphingosine (DMS), 
endothelin-1 (ET-1), NG-Nitro-L-arginine methyl ester (L-NAME). Data expressed as mean ±SEM. N=6. 
EMAX Vehicle vs. DMS (*), Vehicle vs. L-NAME (§) p<0.05. 
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This augmentation was absent after endothelium denudation (Fig. 1B). ET-1-induced 

contractions of the basilar artery and the mesenteric artery were not affected by DMS in neither 

WKY nor SHR preparations (Table 1). In contrast to ET-1-induced contractions, endothelium-

independent phenylephrine-induced contractions of aorta segments were unaffected by DMS 

pre-incubation. L-NAME pretreatment potently increased contractility of both WKY as well as 

SHR aorta segments (Fig. 1C/D).  

 

 

 

 

ET-1 induces endothelial ceramide fragment accumulation in SHR aorta segments 

The ToF-SIMS data analysis indicated a marked increase of C16 to C24 ceramide fragment  

([M]+ + [M+H]+) levels in SHR EC after ET-1 treatment. This was in contrast to the less 

pronounced ceramide fragments detection in WKY EC (Fig. 2A).  Total ceramide fragment 

detection was significantly elevated in SHR EC compared with WKY EC, however in smooth 

muscle cells this was reversed (Fig. 2B). The detection ratio of TXB2 (and its metabolite 2,3-dinor 

TXB2) fragments between WKY and SHR aorta segments after treatment with ET-1 indicated 

profound elevation of TXB2 and 2,3-dinor TXB2 in SHR segments, although an equal, or slight 

increase in 2,3-dinor TXB2 was indicated for WKY VSMC compared to SHR VSMC (Fig. 2C). 

 

 

  Mesenteric a. (ET-1) Basilar a. (ET-1) Aorta (Phe) 

  WKY SHR WKY SHR WKY SHR 

Vehicle pEC50 8.2 ±0.1 7.8 ±0.1 7.7 ±0.2 7.7 ±0.1 6.8 ±0.1 7.0 ±0.1 

EMAX 4.1 ±0.3 5.4 ±0.5 2.9 ±0.4 1.2 ±0.2 6.0 ±0.6 5.3 ±0.3 

DMS pEC50 8.2 ±0.0 * 8.0 ±0.0 7.6 ±0.1 7.6 ±0.2 6.8 ±0.1 6.8 ±0.1 

EMAX 4.2 ±0.3 5.9 ±0.4 3.3 ±0.3 1.3 ±0.3 6.7 ±0.6 4.6 ±0.3 

Table 1. Influence of ex vivo pre-incubation with dimethylsphingosine on the potency and efficacy of 
endothelin-1 or phenylephrine-induced contractions in WKY and SHR vasculature. 

Potency expressed as –log10 EC50 (pEC50) and efficacy as contraction tension (mN/mm) for mesenteric 
artery and basilar artery or contractile force (mN) for aorta at highest concentration (EMAX). Data 
expressed as mean ±SEM. N≥5, * p<0.05. Wistar Kyoto rat (WKY), Spontaneously hypertensive rat 
(SHR), endothelin-1 (ET-1), phenylephrine (Phe) and dimethylsphingosine (DMS). 
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The potentiation of ET-1-induced contractions by DMS are abrogated by indomethacin. 

To investigate whether the increases in endothelial ceramide influenced the production of 

contractile prostanoids, like TXB2 as indicated by mass spectrometry in specifically SHR vessels, 

we preincubated WKY and SHR aorta segments with indomethacin w/wo DMS prior to ET-1 

concentration-response curves. Clearly, in WKY aorta segments, indomethacin affected ET-1 

contractions scarcely, although significantly (Fig. 3A). In contrast, in SHR aorta segments, 

indomethacin markedly inhibited ET-1 contractions (Fig. 3B). Importantly, the DMS-induced 

augmentation of ET-1-induced contractions in SHR aorta segments could be fully prevented by 

indomethacin preincubation.  

 

 

 

 

 

 

 

 

Figure 2. Static imaging Tof-SIMS on 
WKY and SHR aorta segments. A) Pooled 
ceramide [M]+ and [M+H]+ fragment 
change between untreated and ET-1 
treated aorta segments, B) Average 
change of total ceramide species 
fragments and C) WKY/SHR ratio of TXB2 
and 2,3-dinor TXB2 fragment detection 
after ET-1 treatment. Data expressed as 
mean ±SEM, * p<0.05. 
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Figure 3. Effect of indomethacin and dimethylsphingosine on endothelin-1-induced contractions of 
isolated aorta of A) WKY and B) SHR rats. Indomethacin (Indo), dimethylsphingosine (DMS), endothelin-
1 (ET-1). Data expressed as mean ±SEM. N≥6. EMAX Vehicle vs. DMS (*) or vs. Indo (#) p<0.05. 
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Discussion 

 

An increasing amount of evidence is provided demonstrating that sphingolipids exert a 

prominent role in many regulatory pathways of vascular tone. For instance, our lab previously 

demonstrated a pivotal role for the sphingosine kinase/S1P signaling axis in the activation of 

eNOS initiated by angiotensin II binding to endothelial AT1 receptors 21. Furthermore, we 

demonstrated that ceramide levels are altered in hypertension and can induce potent 

vasocontractions 21.  In this study we show that vascular sphingolipids are also implicated in ET-

1-induced vascular signaling, predominantly in the pathophysiological setting of essential 

hypertension.   

Vascular ET-1 signaling events include activation of both vasoconstrictor and vasorelaxation 

pathways, mediated by binding of ET-1 to the G-protein coupled receptors ETA and ETB 8,18. 

The main factor involved in elastic/conduit arteries, e.g. aorta, relaxation is nitric oxide, which is 

produced upon eNOS activation. Binding of endothelins to endothelial ETB receptors has been 

shown to result in activation of eNOS via a calcium- and PI3K/Akt-dependent mechanism. Our 

lab previously reported the observation that angiotensin II (AngII)-induced eNOS activation was 

dependent on sphingosine kinase activation, as this could be prevented by DMS 21. 

Interestingly, also ET-1 has been reported to activate sphingosine kinase, however, this has only 

been observed in hepatic stellate cells 25 and uterine leiomyoma cells 26. In this study we show 

that ET-1-induced eNOS activation is possibly not mediated by SK activation. Due to the 

endothelium-dependency of the DMS-induced augmentation of ET-1-induced contractions in 

isolated aorta segments of hypertensive SHR, it is arguable whether either endothelium-derived 

nitric oxide production was inhibited by DMS and/or a concerted endothelium-derived 

contractile factor release was augmented. Since L-NAME markedly potentiated ET-1-induced 

contractions in WKY aorta segments, whilst DMS was largely without effect, this argues against 

a direct interaction of SK with ET-1-mediated eNOS activation. The possibility whether a 

differential role exists for S1P on eNOS activation signaling pathways in WKY compared to SHR 

endothelial cells is beyond the scope of this study. However a direct interference of SK 

inhibition by DMS with ET-1-induced eNOS activation remains to be determined. It is likely that 

DMS potentiates ET-1-induced contractions by stimulating a concerted release of endothelium-

dependent contractile factors. Indeed, already in 1993, Taddei and Vanhoutte demonstrated 

that vascular signaling of ET-1 in hypertension is associated with a concomitant release of 

thromboxane A2 10,23. In this respect, we have previously reported that endogenous vascular 

ceramide levels are elevated in hypertension, and that pharmacological elevation of ceramide 
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was causative for an elevated thromboxane A2 (TXA2) release and consequently elevated 

contractility 24. This mechanism was not observed in the WKY vasculature and appeared to be 

sensitive to specific antihypertensive drugs 27. Indications for an association between ET 

receptor activation and ceramide elevation in brain tissue 28 and brain microvasculature 29, via 

an ETA-dependent mechanism, have been reported recently. Topographical information on the 

localization of the reported ceramide elevation or subsequent effects on vascular contractility 

however, have not been evaluated as such. Our previous report on ceramide-induced TXA2 

production in the SHR vasculature clearly indicated a dependency on ceramide functions in 

specifically the endothelium. In this study, static imaging ToF-SIMS also indicated elevated 

ceramide species in predominantly the endothelium of SHR aorta segments. The decrease in 

ceramide fragment detection in SHR VSMCs should be interpreted in light of an already 

elevated ceramide presence in the SHR vasculature, which complicates a direct interpretation of 

absolute ceramid elevels on vascular contractility. In contrast, the increase in ceramide species 

fragments in solely the VSMC of WKY is in line with previous reports on an ETA-dependent 

elevation of ceramide which were also measured in tissue of normotensive, but not 

hypertensive models. The potentiation of ET-1-induced contractions by DMS in the SHR aorta 

segments could be largely blocked by indomethacin, a non-selective cyclooxygenase inhibitor, 

indicating an elevated release of contractile prostaglandins, likely TXA2. Indeed, mass 

spectrometry indicated elevated TXA2-metabolites in predominantly SHR vasculature upon ET-1 

preincubation compared to WKY segments. Prostanoid fragment detection other than those for 

TXA2 was not evaluated in this study. The identification of the responsible receptor within the 

endothelium for the initiation of TXA2 release remains to be addressed, although both ETA and 

ETB receptors are able to induce TXA2 release 10,30. The heterogeneity of ETA and ETB receptor 

expression and potential vascular sphingolipid regulation differences between vascular beds 

could influence the sensitivity of sphingolipid-dependent TXA2 production, possibly explaining 

the absence of this mechanism in other vascular systems as indicated by table 1.  

In summary, here we provide indications for the involvement of ET-1 induced endothelial 

ceramide accumulation in specifically SHR, as summarized in figure 4, which could be the 

initiator of elevated ET-1 induced TXA2 release in essential hypertension. 
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Figure 4. Overview of the suggested endothelium-originated signaling pathways involved in 
endothelin-1 and angiotensin-II signaling as vascular relaxing and (especially in hypertension) 
contracting effectors. Endothelin-1 (ET-1), angiotensin II (AngII), sphingosine (Sph), sphingosine-1-
phosphate (S1P), cyclooxygenase (COX), thromboxane A2 (TXA2), endothelial nitric oxide synthase 
(eNOS), nitric oxide (NO). 

? 
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