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    “…guarda il calor del sol che si fa vino,  

giunto a l'omor che de la vite cola.” 

 

Dante Alighieri (1265-1321) 
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Hypertension as a risk factor  

 

The high spatial volume of the human body exceeds the limited passive oxygen diffusion 

toward organs and tissue and therefore demands the existence of a cardiovascular system. The 

vasculature comprises an interconnected network of blood vessels with decreasing diameter to 

ensure the supply of oxygen to peripheral tissues. To ascertain adequate perfusion, a pressure 

gradient is needed. Although many feedback systems exist within the cardiovascular system to 

maintain blood pressure (BP) within appropriate limits (Table 1), clearly these are insufficient in 

the persistent pathological condition of high BP (hypertension). 

 

 

 

 

 

Hypertension complications are related to poor BP control, and can ultimately lead to end-stage 

organ damage, cerebrovascular accidents (e.g. stroke) and other malignancies as summarized in 

Table 2. Hypertension is recognized as the quantitatively largest risk factor for cardiovascular 

diseases. Approximately half of all strokes and one third of  ischemic heart diseases is 

attributable to hypertension 1. Furthermore, a log linear correlation exists between elevated 

arterial pressure and increased mortality 2.  Worldwide population hypertension prevalence is 

increasing, and estimated around 30% (2003) 3, in the USA specifically around 28.9% 

(2004) 4,5 and in the Netherlands around 13.5% (2009) 6. Next to low treatment efficacy, 

hypertension is additionally increasing as a result of higher adiposity and western diet, 

sedentary life style and aging population (Figure 1).  

 

 

Blood pressure ESH-ESC / WHO-ISH 

  

 SBP DBP 

Optimal <120 <80 

Normal                                    (SBP and DBP) 120-129 80-84 

High normal/prehypertension   (or) 130-139 85-89 

Stage/grade 1 hypertension     (or) 140-159 90-99 

Stage/grade 2 hypertension     (or) 160-179 100-109 

Stage/grade 3 hypertension  ≥180 ≥110 

Systolic blood pressure (SBP), diastolic blood pressure (DBP). 

 

 
Table 1. Classification of blood pressure according to the European Society of Hypertension-
European Society of Cardiology (ESH-ESC) and the World Health Organization-International Society of 
Hypertension (WHO-ISH). 
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Hypertension can be separated into two major categories. In approximately 95% of all cases of 

hypertension, the exact mechanism involved in the pathogenesis of elevated BP is poorly 

understood. This represents the essential hypertension group, characterized by a largely 

unidentified polygenic trait 7 influenced by probably hundreds of different genes as well as 

environmental factors 8. The other 5% of hypertension cases is denoted as secondary 

hypertension, in which elevated BP is secondary to known initiators like: renal disease 9, 

endocrine disorders 10, drug-usage (e.g. contraceptives 11, antidepressants and  

others 12. Affected systems that are associated with essential hypertension include elevated 

sympathetic neural activity 13,14 and tissue angiotensin II activity 15. Several hypertensinogenic 

factors have been distilled from epidemiological and large-scale clinical studies implicated in the 

onset of essential hypertension. These comprise in part; high alcohol 16 or salt intake 17, vitamin 

D deficiency 18, obesity and dyslipidemia 19,20, low physical activity 21,22 and genetic background 

(ethnicity 23 and parental hypertension 24). About 1% of these patients develop malignant 

hypertension.  

 

   

 

 

 
 
 
 
 
 

Structure Pathology 

Heart heart failure, myocardial ischemia/infarction 

Aorta aortic aneurysm/dissection, stroke 

Cerebral/carotid stroke 

Kidney nephrosclerosis/renal failure 

Eye retinopathy 

Figure 1. Percentage of hypertension prevalence in the Netherlands in 2001 and 2009. 
Expressed as percentage (%) of total Dutch population, subsequently subdivided by age subsets. 
(Adapted from CBS; 2011; NL) 
 
 

Table 2. Major pathological consequences of hypertension. (Pathophysiology of heart Disease) 
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Regulation of blood pressure 
 
Blood pressure is the primary outcome of both cardiac output and total peripheral resistance. 

Many downstream systems influence these two parameters 7,25. Total peripheral resistance has 

a direct effect on blood flow and is principally determined by the diameter of small arteries and 

arterioles. These vessels display profound structural and functional changes in hypertension 26, 

as characterized by increased contractility and hypertrophy 27. Clearly, the balance between 

blood vessel contraction and relaxation determines the net resistance, or luminal diameter. As 

indicated by Poiseuille’s equation of flow (F)= (ΔP•r4)/(Ƞ•L) wherein the blood vessel radius (r) is 

to the fourth power, any decrease in vessel diameter has a potent inhibitory effect on blood 

flow, thus making peripheral resistance a powerful BP regulator. Vasomotor tone, in 

conjunction with structural vascular remodelling, determines the vessel diameter which is 

orchestrated by both extrinsic and intrinsic regulation. Extrinsic regulators encompass: 

vasomotor nerves (sympathetic, parasympathetic, C-type sensory nerves) and systemic 

hormones (e.g. angiotensin II) 28. Intrinsic regulators comprise: the Bayliss myogenic response, 

vasoactive metabolites (from active tissue, e.g. lactate, CO2, K+), temperature, autacoids (e.g. 

prostaglandins) and release of other endothelium-derived factors 29. As indicated by the latter 

mentioned factor, indeed, the endothelium plays an important role in vasomotor tone 

regulation 30. The endothelium forms the inner monolayer (part of the tunica intima) of all 

blood vessels. It is the active regulator of vascular homeostasis involving: vasomotor tone, 

coagulation, pro/anti-inflammation and remodelling 31. Vasomotor tone regulation by the 

endothelium is exerted by the secretion of endothelium-derived relaxing (EDRF) and 

endothelium-derived contractile factors (EDCF) 32. The main EDRFs involved are: nitric oxide 

(NO) 33,34, prostacyclin (PGI2) 35,36 and endothelium-derived hyperpolarizing factor (EDHF) 37,38. 

Under physiological conditions, intra-endothelial calcium elevation leads to activation of 

endothelial nitric oxide synthase (eNOS) to generate NO, phospholipase A2 (PLA2) to generate 

arachidonic acid (the precursor for e.g. PGI2) and increased calcium-activated potassium 

channel currents to contribute to the classical 39 EDHF response. The main EDCF involve 

endothelin-1 (ET-1) 40,41 and thromboxane A2 (TXA2) 42. Both are agonists for different 

(contractile) G-protein coupled receptors (see Box 1) on VSMCs, resulting in this case in smooth 

muscle calcium increase,  myosin light chain kinase (MLCP) activation and concomitant 

contraction.  
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Hypertension and endothelial dysfunction 

 

Hypertension is associated with endothelial dysfunction 43,45. Although the ‘high normal’ BP 

classification (Table 1) implies a trivial condition within a physiological normal range, also 

prehypertension is an independent risk factor for endothelium-dysfunction and cardiovascular 

events as found in hypertensive patients 46-49. In endothelial dysfunction, the vascular balance is 

shifted towards; impaired relaxation, augmented contraction, vascular remodelling and 

inflammation 27,50. Importantly, investigations have indicated a larger incidence of 

cardiovascular events in hypertensive patients with more severe endothelial dysfunction 

compared to hypertensive patients with less severe endothelial dysfunction, and therefore it is 

suggested as a marker for future cardiovascular events in hypertensive patients 51. 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Many findings have fuelled the discussion of whether endothelial dysfunction precedes 

hypertension or vice versa, however until now it remains an etiologically-undefined association 

with hypertension. An important finding is that the normotensive offspring of hypertensive 

Figure 2. Mechanisms implicated in essential hypertension-associated endothelial 
dysfunction. Endothelial cell (EC), von Willebrand Factor (vWF), Weibel-Pallade body (WPB), 
endothelin-1 (ET-1), endothelin-converting enzyme (ECE), nitric oxide (NO), prostaglandin (PG), 
thromboxane (TX), cyclooxygenase-1 (COX-1), prostaglandin synthases (PGS), endothelial nitric oxide 
synthase (eNOS), reactive oxygen species (ROS), endothelin A receptor (ETA), thromboxane/prostanoids 
receptor (TP), vascular smooth muscle cell (VSMC).  
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parents also display impaired endothelium-dependent relaxation, possibly implying endothelial 

dysfunction as a condition that could prelude hypertension 52,53,  although also evidence for a 

hypertension-dependency has been presented as well 54,55. Consent has been gained on which 

different effectors are pivotal in essential hypertension-associated endothelial dysfunction. 

These mainly include decreased NO bioavailability 56,57, augmented prostanoid-production and 

subsequent activation of the G-protein coupled thromboxane/prostanoid (TP) receptor (see Box 

1) 58,59, elevated contractile ET-1 signalling 60, elevated reactive oxygen species (ROS) 

production 61, high endothelial expression/excretion of vWF and other adhesion molecules 62, as 

schematically depicted in Figure 2. These factors have been implicated in elevated vascular 

contractility and hypertrophy, decreased barrier function and a pro-inflammatory and pro-

thrombotic phenotype. Indeed, endothelial dysfunction is currently recognised as a priming 

condition for future arteriosclerosis and thrombosis formation 63-65. Next to hypertension, also 

other conditions including diabetes mellitus 66, post-menopause 67, smoking 68, 

hypercholesterolemia 69,70 and aging itself are associated with endothelial dysfunction 71, 

although varying causal effectors are implicated in the endothelial dysfunction between 

different conditions.  

  

Pharmacological intervention and endothelial dysfunction 
 
The concept of treating hypertension as a single disease state with a single type of drug has 

been proven obsolete, mainly due to the plethora of causal factors contributing to the elevated 

BP, and which differ strongly between patients 72. Thus, a vast array of antihypertensive drugs 

(73-78) 

 

 

 

 

 

 

 

Box 1 | G-protein coupled receptors (GPCR) 
 
These 7-transmembrane receptors form the largest cell surface receptor super family, and are coupled 
with their cytosol-directed C-terminal tail to G-proteins. G-proteins consist of a GDP-GTP binding α-
subunit and βγ-subunit complex. Receptor activation induces a conformational change within the 
receptor structure, and dissociation of α and βγ-subunits as part of the signal transduction. Depending 
on which Gα-subunit endogenously couples to the GPCR, signaling events can be initiated by: Gαi/o 
(adenylyl cyclase inhibition, Ca2+ channel inhibition, K+ channel activation, phosphodiesterase 
stimulation), Gαs (adenylyl cyclase stimulation), Gα12/13 (small G-protein stimulation, like RhoGEF) and 
Gαq/11 (phospholipase C activation). Via βγ-subunit dissociation, several signaling pathways can be 
initiated possibly involving activation of MAPK, PI3K, PLCβ, calcium flux and adenylyl cyclase. 
Importantly, βγ-subunit dissociation leads to receptor phosphorylation by GRK and subsequent 
recruitment of β-arrestin, leading to diverse signaling cascades, receptor internalization and eventually 
receptor degradation or recycling. The efficacy and outcome of GPCR-mediated signaling is depended, 
but not restricted to; the specific subunit coupling, the receptor-activating ligand (ligand-directed 

signaling), presence of allosteric / orthosteric modulators and the cellular G-protein profile 73-78. 
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have been developed, e.g. the angiotensin signalling inhibitors (angiotensin-converting enzyme 

inhibitors and angiotensin II receptor antagonists), the beta-adrenergic receptor antagonists 

(beta-blockers), calcium-channel inhibitors and diuretics. The broad diversity of proteins 

targeted by these drugs point towards the complex heterogeneous nature of hypertension. 

According to the Guideline Development Group (2007), mono-therapy can be initiated in an 

attempt to achieve BP lowering in uncomplicated hypertension 79. However, multi-drug therapy 

can be initiated if BP remains uncontrolled. Next to pharmacological intervention and clinical 

intervention (e.g the novel renal nerve ablation); life style modifications are also of significant 

value to cumulatively achieve optimal BP control 80. In this respect, of interest is a current 

dispute regarding ‘optimal’ BP (Table 1). In the hypothesis “the lower the better”, a possible J-

curved relationship between BP and cardiovascular outcome indicates otherwise, as the relative 

risk for several cardiovascular morbidities is proposed to increase below a certain (treatment-

induced) BP threshold, and several contributing factors have been postulated for this 

phenomenon 81-84.  

As indicated before, next to BP control, restoration of endothelial dysfunction remains crucial in 

preventing hypertension-associated end organ damage. The causality of endothelial function is 

arbitrary, as exemplified by several studies indicated unaffected endothelial dysfunction in 

hypertensive patients ‘successfully’ treated with several classes of BP lowering drugs and with 

BP within normal ranges 85. BP lowering drugs, including angiotensin-converting enzyme (ACE) 

inhibitors and AT1 blockers, are able to improve endothelium-dependent relaxation in several 

vascular beds in rat 86-88 and human 89 essential hypertension. This drug-class is able to reduce 

ROS and ET-1 production and decrease bradykinin degradation, therefore augment NO 

bioavailability and vascular relaxation. These effects all contribute to improved endothelium-

derived relaxation in hypertension. Still, other studies indicated no significant effect of the latter 

drug treatment on EC function 90,91. Clearly, the persistent attrition of drug-efficacy in 

preventing hypertension and hypertension-associated end-organ damage in many patients 

indicates the necessity to explore novel drug targets. Although new compounds targeting 

relevant ion channels, receptors and enzymes involved in the pathology of hypertension can be 

expected, this thesis outlook proposes the bioactive lipid class of ‘sphingolipids’ as a novel 

target in hypertension and hypertension-associated endothelium dysfunction. 
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Sphingolipids 
 

Structure and generation 

 

Lipids form a broad family of hydrophobic or aliphatic molecules that make up for about 50% 

of the total mass of most animal cell membranes and are crucially involved in the formation of 

biological structures and maintenance of homeostasis 92. Overall in biological systems, 

endogenous lipid species can be divided into eight categories: fatty acids (e.g. arachidonic acid), 

glycerolipids (e.g. triglycerides), phospholipids (e.g. phosphatidylcholine), saccharolipids (e.g. 

lipo-polysaccharide), polyketides (e.g. tetracycline), sterol lipids (e.g. cholesterol), prenol lipids 

(e.g. vitamin E) and sphingolipids (e.g. sphingomyelin) 93. Mammalian cells contain between 

1000-2000 different lipid species 94, predominantly including sterols, glycerolipids and 

sphingolipids 95. Since the discovery of sphingomyelin being a major constituent of brain tissue 

by Thudichum in 1884, many sphingomyelin metabolites have been described, like ceramide, 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 3. The sphingomyelin cycle, depicting the ceramide-S1P rheostat. Proteins involved in lipid 
metabolism: sphingomyelinase (SMase), sphingomyelin synthase (SMS), ceramidase (CDase), ceramide 
synthase (CerS), sphingosine kinase (SK), sphingosine-1-phosphate phosphatase (SPPase). Sphingoid 

base indicated by the dotted line box 96. 
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Box 2 | Fatty acids 

The fatty acid (carboxylic acid) tail of a large subset of sphingolipids, have a high variety in length and 
double carbon bond position. In general, fatty acids form a much wider family than those found to be 
structurally linked to sphingolipids. Fatty acids can differ in length (generally even-numbered), double 
bond number (monoenoic or polyenoic) and position and linkage to other chemically-distinct 
substituents. The longer the chain length, the more pronounced lipophylic behaviour it displays, 
although coupling to phosphate groups or other hydrophylic groups alter the lipophylicity as well. Fatty 
acids are considered short-chained up to C6, long-chained from C12 and very-long chained from C22. 
They can be subdivided in straight chain fatty acids (either saturated; e.g. eicosanoic fatty acids), 
monounsaturated (MUFA; e.g. nervonic acid), polyunsaturated (PUFA; e.g. omega-3 fatty acid) and 
acetylenic), more chemically-diverse straight chain fatty acids (e.g. 2-hydroxy fatty acids), branched 
chain fatty acids (e.g. tuberculostearic acid), cyclic fatty acids and fatty aldehydes/alcohols. Still, only a  

small subset of fatty acids have been described to naturally occur in the mammalian system 102.  

sphingosine and sphingosine-1-phospate, forming the major lipid class of sphingolipids (Figure 

3). Sphingolipids are scaffolded by a sphingoid base, often linked via amide bonds to fatty acid 

chains of varying length. This fatty acid chain consists of up to C26 of saturated or monoenoic 

(unsaturated) components, however chain lengths up to C36 have been identified in specific cell 

types (see Box 2). Although early Identified as structural membrane constituents, the 

recognition of sphingolipids being involved in numerous signalling events has been established 

only recently.      

Sphingomyelin, firstly discovered to reside in high abundance in the myelin sheet surrounding 

neuronal cells, is a ubiquitous membrane lipid of virtually all cells. It is composed of a sphingoid 

base, linked to a fatty acid chain and phosphocholine head group (Figure 3). Many enzyme 

subclasses have been recognized to modify sphingomyelin towards several sphingomyelin 

metabolites. These sphingomyelin metabolites make up for the sphingomyelin cycle, in which 

the first step is comprised of sphingomyelin hydrolysis by sphingomyelinases (SMase) to yield 

ceramide and phosphorylcholine 97. Ceramide consists of sphingosine coupled to a fatty acid 

chain. Three major subtypes of sphingomyelinases have been characterized, all discriminated by 

their pH sensitivity and situated within varying cellular compartments, namely; acid 

(endosomes/lysosomes), neutral (ER/golgi), and alkaline sphingomyelinases 98. Especially neutral 

and acid SMases have been implicated in cellular regulation, whereas alkaline SMase is more, 

but not exclusively, restricted to intestinal digestion of dietary sphingomyelin 99-100. Activation of 

SMases is often involved in stress-induced signalling cascades, and initiators of SMase activation 

include: γ-irradiation, hypoxia, ROS, oxidized low density lipoproteins (oxLDL), tumour-necrosis 

factor (TNF) α, and shear stress (for review see 101). Subsequent ceramide formation has been 

associated with a myriad of signalling events, of which apoptosis induction is primarily 

recognised and implicating ceramide as a non-trivial second messenger.  2 
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Several synthesis and degradation pathways have been described for ceramide to tightly 

regulate its cellular abundance. For instance, ceramide can be phosphorylated by ceramide 

kinase to ceramide-1-phosphate (C1P) 103. Following de novo synthesis of ceramide in the 

endoplasmic reticulum (ER) 104-107, ceramide can be transported towards the Golgi apparatus via 

probably the ceramide transfer protein CERT for further processing 108. In the early Golgi 

system, ceramide can be subsequently glycosylated by glucosyltransferases to yield 

glucosylceramide (GlcCer; a glucocerebroside) or by galactosyltranferases to yield 

galactosylceramide (GalCer; a galactocerebroside) 109. Non-vesicular transport of GlcCer 

towards late Golgi, probably by the transport protein FAPP2, enables the generation of more 

complex glycosphingolipids including lactosylceramide and higher glycosphingolipids 96-110. In 

contrast to the generation of these complex glycosphingolipid species, ceramide can also be 

deacylated towards sphingosine by ceramidases 111-112. As for sphingomyelinases; ceramidases 

are discriminated by their pH dependency including: acid (endosomes/lysosomes), neutral 

(mitochondria), and alkaline (ER) ceramidases. Ceramidase activation has been shown to be 

induced by several growth factors including platelet-derived growth factor, insulin-like growth 

factor and basic fibroblast growth factor. Sphingosine is a substrate for sphingosine kinase (SK) 

1 and 2, and upon enzyme activation readily phosphorylated to sphingosine-1-phosphate 

(S1P) 113. Although both sphingosine kinases yield S1P, the net outcome on cell fate differs 

between the two enzymes. SK2 activation contributes to a pro-apoptotic environment, most 

likely due to a alternative cellular localisation compared to SK1 114. Both phosphorylation and 

translocation are major regulators of SK actions. Pitson et al. showed that SK1 phosphorylation 

at Ser225 by ERK1/2 115 resulted in increased catalytic activity and translocation of SK1 from the 

cytosol to the plasma membrane to exert functional activity 116. SK1 translocation to various 

subcellular locations largely depends on the specific receptor/agonist complex that activates 

SK 117. This implies an importance of not only the total presence of specific sphingolipids, but 

also the specific subcellular location of synthesis/transport, as described by Pyne et al. 118. 

Activators of sphingosine kinase are vast and include growth factors, second messengers and 

cytokines (for review see 119). After production and signaling events, S1P can subsequently be 

degraded by S1P lyase, which yields ethanolaminephosphate and hexadecenal 120. S1P can be 

also dephosphorylated by sphingosine-1-phosphate phosphatases (SPP) to yield sphingosine 

again 121, possibly serving as a buffer for future S1P requirement. Insight in signalling cascades 

involving S1P has expanded greatly and S1P has often been implicated in counteracting 

ceramide-signalling. The lipid interchangeability between ceramide and S1P, grants a 
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Figure 4. Non-exhaustive representation of sphingolipid metabolism pathways. Sphinganine-1-
phosphate (Sa1P), sphingosylphosphorylcholine (SPC), sphingosine-1-phosphate (S1P), 
lysophosphatidylcholine (LPC), ceramide-1-phosphate (C1P), glucosylceramide (GlcCer), 
galactosylceramide (GalCer), lactosylceramide (LacCer), higher order glycosphingolipids (derived from 
LacCer and GalCer). Predominant sphingolipid synthesis location: endoplasmic reticulum (■) and golgi 
apparatus (○).   

physiologically active regulation system implicated in, for instance; the cardiovascular system, 

immune system, tumour onset and progression and neurogenesis 122. Signalling events, 

mediated by S1P, are often initiated via binding to, and subsequent activation of its specific 

pleiotropic S1P receptors. In the process of autocrine activation of S1P receptors, one report 

suggested that, at least in mast cells, synthesized S1P could be transported outside of the cell 

through the plasma membrane via ATP-binding cassette (ABC) transporters, and consequently 

 

 

 

 

 

 

 

 

 

 

 

 

 

target S1P receptors 123. Next to plasma membrane receptor targeting, there are also 

indications for intracellular targets for S1P 124,125. As to date, S1P is the sole sphingolipid 

involved in the in figure 3 depicted sphingomyelin-cycle for which receptor coupling has been 

identified, although indications for novel sphingolipid receptors have been suggested for e.g. 

SPC 126,127 and C1P 128. In addition to S1P, lysophosphatidic acid (LPA) is another well-defined 



General introduction 

20 
 

lysophospholipid (review see von Meyer zu Heringdorf 129, which was previously believed to 

share an equal affinity with S1P for ten lysophospholipid G-protein coupled receptors denoted 

as EDG-1 to EDG-10. Upon the recognition of a different affinity of S1P and LPA for specific 

EDG receptors, these receptors have been deorphanized and reclassified according to the 

IUPHAR guidelines, presently accounting for five S1P receptors (S1P1-5) and five LPA receptors 

(LPA1-5) 130,131.  

 

Sphingolipids in cardiovascular regulation 

 

Many sphingomyelin-metabolites have been recognised to circulate in the blood 132. Platelets 

express high levels of sphingosine kinase, with low levels of S1P lyase 133. Consequently, these 

cells contain high levels of S1P, which is readily released into the circulation upon platelet-

activation. Next to platelets, erythrocyte-derived and endothelial cell-derived S1P are the major 

contributors to S1P presence in the blood 134,135. As a consequence, direct interaction of these 

sphingolipids with the endothelium forecasts a cardiovascular signalling potential. Indeed, 

experimental and clinical evidence is increasingly provided for sphingolipid mediation like S1P 

and ceramide in maintaining cardiovascular health. 

Ceramide functions in the cardiac system are slowly being charted and several cardiac 

pathologies have been associated with ceramide alterations. For instance, in a model of cardiac 

lipotoxicity, elevated ceramide presence in cardiac tissue has been postulated to mediate some 

of the adverse phenotypical changes 136. Moreover, pharmacological inhibition of ceramide 

synthesis in this model improved cardiac function and survival. Hence ceramide could be 

regarded as a cardiotoxin. In a study by Furuya et al., however, exogenous ceramide 

administration protected against ischemia-induced cerebral infarction and, although performed 

in cerebral tissue, it could be worthwhile to elaborate on the exact function of ceramide in 

various cardiac pathophysiological settings 137. It is noteworthy though, that the latter study 

was based on the administration of short chain (C2 and C8) cell permeable ceramide species. 

The beneficial effects of reduced infraction size could be due to further metabolism towards 

other sphingolipids S1P instead of the administered or further elongated ceramide species. The 

feasibility of this principle was provided by a study in which addition of C2 ceramide to 

neuronal cells instantly led to a conversion to sphingosine and S1P 138 and vice versa, thus these 

findings mandate a reasonable caution in proving causal effects for specific sphingolipids when 

administered. For S1P, several studies indicate a cardiac protective role due to its ability to 
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Figure 5. Major S1PR signaling cascades in the cardiac (   ) and vascular (   ) system. Predominant G-
protein coupling indicated by gray arrows. Although theses arrows indicate a preference of specific 
receptor-G-protein interaction induced by S1P, a multiplicity of coupling at G-proteins exist, and is 
determined by several factors like; receptor phosphorylation, G-protein availability, 
compartmentalization, activity of Regulators of G-proteins (RGS) and several other factors 139-143. These 
factors are of influence on the specific downstream effector activation.  
 
 

activate putative pro-survival and proliferative signalling cascades like for instance eNOS 139 (Fig. 

5). Although this scheme clearly depicts the exact role of tissue S1P receptor activation by S1P 

administration or endogenous inhibition, the functional contribution of  plasma S1P to this is  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

still largely unknown. The majority of S1P-induced effects are mediated by S1P receptors. 

Although S1P1-5 receptors are present in the mammalian system, the cardiac system expresses 

merely S1P1, S1P2 and S1P3 receptors, with predominantly S1P1 in cardiomyocytes and S1P3 in 
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cardiac fibroblasts. These receptors have been shown to be involved in cardiac function 139-143. 

It is postulated by Egome et al. that S1P can exert its cardiac protective actions against ischemia 

via platelet-juxtacrine uptake of cardiomyocyte-secreted sphingosine, which is subsequently 

released as newly formed S1P. This S1P can subsequently activate cardiac S1P receptors and 

concomitantly eNOS 144. Still, another study indicated that patients suffering from myocardial 

infarction displayed reduced plasma S1P levels directly after infarction, suggesting an inability of 

S1P to exert cardioprotection, and this low level was maintained even after the following 5 

days 145. Quantification of S1P in plasma of patients with chronic systolic heart failure (primarily 

due to ischemic heart disease) demonstrated no alterations in plasma S1P levels, although 

plasma sphingosine was significantly lowered 146. This would argue against putative beneficial 

effects of S1P on cardiac protection after infarction, however, a more detailed study by Sattler 

et al. could have proven otherwise. This study indeed confirmed a decrease of total free S1P in 

plasma of patients with acute myocardial infarction. However within a 2-12 hour time-span 

after infarction, a transient but significant increase in total plasma S1P was detected, with no 

indication for interference of the clinical intervention, like anticoagulants,  on S1P levels 147. It is 

likely that due to a predicted high turnover rate for circulating S1P, as indicated by the rapidly 

decreased plasma S1P values after SK inhibition in vivo 148, the detection window for S1P 

alterations is narrow and this possibly contributes to conflicting reports on S1P involvement in 

cardiac pathologies. Thus, S1P elevation may still provide an endogenous cardiac protection 

mechanism, albeit temporary, which may even be extrapolated to basal maintenance, since 

trivial initiators like physical activity were also shown to rapidly elevate plasma S1P 149. Next to 

platelet-derived S1P, HDL has been suggested to be a carrier for S1P, since the vast majority of 

circulating S1P exists bound to either HDL or albumin 150. Indeed, the advantageous effects of 

HDL to cardiovascular health have be partly attributed to its S1P component, which upon HDL 

binding to the scavenger receptor B type I (SR-BI) is postulated to activate endothelial S1P 

receptors and subsequently eNOS 151. Still, ischemic heart disease patients were found to have 

lowered S1P content in HDL, irrespectively of HDL level alterations 152, and especially non-HDL-

bound plasma S1P was found to be elevated in myocardial infarction patients 147,  implying that 

the beneficial effects of HDL-S1P may poorly contribute to basal cardiovascular maintenance. 

Although (HDL)S1P-induced NO production may be mediated specifically via endothelial S1P3 

receptors, also S1P1 receptor activation has been shown to stimulate NO production 153. Of 

interest in this respect is the recent documentation of the crystal structure of S1P1 receptors. 

This representation indicates a structural hindering of the ligand binding pocket and a structural 
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gap close to the plasma membrane that may be easily accessible for membrane-associated S1P 

154. This implies that circulating S1P may present significantly slower binding kinetics over 

endogenously produced S1P.  As such, these structural characteristics provide discriminated 

signalling kinetics for S1P depending on the delivery route.  The importance of S1P signalling in 

cardiovascular maintenance 155 has been further exemplified in S1P receptor knockout models. 

In a mouse model, S1P1 receptor knockout appears to be embryonically lethal, in concordance 

with SK1/SK2 double-knockout, due to defects in vascular maturation and neurogenesis. 

Indeed, S1P1 functions as a vascular network stabilizer, and abrogation of S1P1 signalling 

causes cellular adherence instability, loss of barrier function and abnormal vascular 

development 156 In order to investigate S1P1 signalling in vivo, this led to the generation of 

tissue-specific conditional knockout models 157,158. From these models, a clear deficiency in 

proper development of the tunica media or pericytes enclosing to embryonic blood vessels 

became present, thus pointing out the pivotal role of S1P1 in vascular maturation. Although 

S1P2 receptor knockout models display less pronounced phenotypic abnormalities, 

characterised by normal BP and cardiac function, specific vascular homeostatic regulation 

defects are present 159,160. These models display cochlear vascular impairment, which is a major 

contributor to the inborn deafness 161, decreased vascular resistance and blunted contractile 

responses 162. Furthermore, a pathophysiological role for S1P2 signalling was detected in a 

mouse model of heart failure. The intrinsic attempt to maintain BP in heart failure is a 

redundant elevation of vascular myogentic tone, which actually contributes to further cardiac 

output reduction due to increased afterload. These elevated contractile responses appeared 

strongly dependent on the S1P-S1P2 signalling axis 163. As with S1P2 receptor knockout, S1P3 

receptor knockout is not associated with embryonic lethality, but partial loss of cardiac 

chronotropic regulation and vasomotor tone regulation has been reported 164.  

In the vascular system, the endothelium predominantly expresses S1P1 receptors, but also S1P3 

and low levels, often restricted to particular vascular beds, of S1P2 165,166. Vascular smooth 

muscle cells, however, express predominantly S1P2 and S1P3, with lower levels of S1P1 166,167 

and with a certain plasticity in receptor expression 168, as exemplified by absent detection of 

S1P3 in cultured VSMCs 169. Several factors differentially influence endothelial S1P receptor 

expression (e.g. VEGF, ROS), and thus alter S1P-specific vascular regulation 170-173.  The 

vasomotor control effects of sphingolipids are possibly too elusive to generalise. For S1P, many 

results point towrads induction of contractile responses in mainly resistance vessels and 
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vasorelaxation or less pronounced effects in conduit vessels 174. For example, effects of S1P 

include vasoconstriction in mesenteric artery 175, human placental artery 176 and rat cerebral 

artery 177, as well as vasorelaxation of aorta 178 and coronary artery 179. Pharmacological 

elevation of ceramide induced contractions of canine cerebral artery 180. Ceramide contributed 

to agonist-induced contractions in rat and human pulmonary artery181. In rat aorta and 

mesenteric arteries, however, ceramide induced vasorelaxation 182, 183. Overall, depending on 

the pathophysiological condition or specific receptor expression of vascular beds, many 

sphingolipid species have been appointed Janus-faced properties in vasomotor control. Most of 

the latter reported effects have been generated using exogenous sphingolipids. In Chapter 2 

we focus on endogenous sphingolipid crosstalk in specifically endothelial cells in mediating 

vasoactive factor secretion, partly with respect to endothelial dysfunction.     
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Summary 

 

Vasomotor tone is regulated by a complex interplay of a variety of extrinsic neurohumoral and 

intrinsic factors. It is the endothelium that has a major influence on smooth muscle cell tone via 

the release of intrinsic vasoactive factors and is therefore an important regulator of vasomotor 

tone. Sphingolipids are an emerging class of lipid mediators with important physiological 

properties. In the last two decades it has not only become increasingly clear that sphingolipid 

signaling plays a pivotal role in immune function, but also its role in the vascular system is now 

becoming more recognized. In this mini-review we will highlight the possible cross-talk between 

sphingolipids and intrinsic vasoactive factors released by the endothelium. Via this cross-talk 

sphingolipids can orchestrate vasomotor tone and may therefore also be involved in the 

pathophysiology of disease states associated with endothelial dysfunction. 
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Sphingolipids 

 

Over the last decades, much attention has been given to signal transduction by so called 

‘bioactive lipids’. Insight has been gained in many formerly known signaling pathways, which 

are now recognized to utilize lipids as signaling mediators. An important group of bioactive 

lipids are the sphingolipids, firstly described by Thudichum in a ‘Treatise on the chemical 

constitution of the brain’ in 1884. Full appreciation of the signaling complexity of these 

sphingolipids gained excessively only recently. Now, it is generally accepted that sphingolipids 

are participating in regulation of, amongst others, cellular growth, differentiation and migration  

(for review see Hannun and Obeid 1).  

 

The vascular system 

 

Blood vessels are composed of three distinct layers; the endothelium (intima), a smooth muscle 

cell layer (media) and a layer consisting of connective tissue (adventitia). The endothelial cells 

comprising the endothelium are the primary contact points of the vessels with circulating blood 

and orchestrate a plethora of vascular functions including vascular tone regulation 2. The 

underlying smooth muscle cell layer is responsible for the execution of vasomotor tone changes, 

but also supports the arterial integrity. Besides extrinsic neurohumoral factors, vascular tone is 

maintained by a delicately balanced release of endothelium-derived relaxing factors (i.e. nitric 

oxide, prostacyclin and endothelium-derived hyperpolarizing factor) and contractile factors (i.e. 

thromboxane A2 and endothelin-1) 2.  

In this minireview we will concisely address a possible interplay of sphingolipids with these 

endothelium-derived vasoactive substances. It is not the purpose to give an in depth review of 

the available data, but to highlight some examples indicating that sphingolipids may play an 

orchestrating role in endothelium-dependent regulation of vasomotor tone. 

 

Nitric oxide  

 

Nitric oxide (NO), either produced by endothelial or smooth muscle cells, diffuses homogenously 

and non-directed upon production and can readily pass cellular membranes independent of 

cellular transport mechanisms 3. NO activates soluble guanylyl cyclase in the smooth muscle cell, 

which leads to cGMP formation and ultimately to dephosphorylation of myosin light chain and 
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vascular relaxation. The production of the endothelial NO is mediated by endothelial nitric oxide 

synthase (eNOS), which resides in inactivated form at caveolae 4. Caveolae are flask-like 

invaginations of the plasma membranes of the endothelium and other cells. These specialized 

membrane microdomains are enriched in cholesterol, sphingolipids (sphingomyelin and 

glycosphingolipids) and phosphatidylinositol 5-7 and harbor many other molecules (for review 

see Anderson, 1998 8) such as the structural component caveolin. This composition forms a 

rigid surface grouping several proteins like nSMase, G-protein coupled receptors including S1P 

receptors, and second messenger proteins like adenylyl cyclase and eNOS 19-21. eNOS activity is 

influenced by Ca2+-calmodulin interaction and post-translational modification of which 

phosphorylation by the PI3K/Akt pathway is well described 4. Caveolin-1 is able to bind the 

calmodulin binding-domain of eNOS, thereby inhibiting Ca2+-induced NO production. 

Sphingolipids have been implicated in regulation of eNOS activity, both under healthy and 

pathological conditions. Sphingosine-1-phosphate signaling is generally accepted to activate 

eNOS via S1P1 and S1P3 receptor signaling 10,12. This activation is either by PI3K activation 

resulting in eNOS phosphorylation, or elevation of intracellular Ca2+ concentrations granting  

 

    

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the modulation of eNOS activity by sphingolipids.   
(EC) endothelial cell, (SM) sphingomyelin, (Cer) ceramide, (Sph) sphingosine, (S1P) sphingosine-1-
phosphate, (S1PR) S1P receptor, (PP2A) protein phosphatase 2A, (eNOS) endothelial nitric oxide 
synthase, (NO) nitric oxide, (PI3K) phosphoinositide 3 kinase, (Akt) protein kinase B. 
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Ca2+-calmodulin interaction with eNOS (for overview see figure 1). S1P has also been shown to 

mediate cytosolic calcium elevation receptor-independently, however the precise mechanism 

behind this remains elusive. The role of ceramide in eNOS regulation is more complex as both 

activation as well as inhibition of eNOS by ceramide has been reported. Ceramide can activate 

eNOS via mostly calcium-independent mechanisms. Inhibition can be established via ceramide-

activated protein phosphatase 2A activation that dephosphorylates eNOS and thus reduces NOS 

activity 13-15 (see figure 1). Shear stress-induced NO production in BAECs appeared to be 

mediated by ceramide produced by nSMase activity due to putative mechanosensing 

properties 16. Neutral SMase activity generated, and exogenously applied ceramide in these 

cells, activated the PI3K/Akt pathway but whether this was due to ceramide itself or further 

metabolization of ceramide to S1P was not addressed. Next to the effects of ceramide on NO 

bioavailability, lactosylceramide which is a glycosylated form of ceramide, inhibited eNOS mRNA 

expression in HCAECs 17, thereby affecting NO bioavailability in a negative manner. Since eNOS 

activity is highly dependent on its cellular localization, sphingolipid metabolism may also affect 

eNOS activity by alterations in membrane lipid composition and affect membrane 

microdomains. Thus sphingolipids can, via multiple mechanisms fine-tune or orchestrate eNOS 

activity in the endothelium. 

 

Endothelium-derived hyperpolarizing factor 

 

Although NO-mediated vasodilation is a major feature of large conduit arteries and depends on 

cGMP formation, smooth muscle cell membrane hyperpolarisation appeared also to be part of 

the NO-induced relaxation 18. Since many relaxating substances, released from the 

endothelium, mediate smooth muscle cell hyperpolarisation, this process is regarded as an 

additional major pathway for relaxation induced by substances collectively termed endothelium-

derived hyperpolarizing factors (EDHF). Candidate EDHFs are several arachidonic acid 

metabolites, radicals and peptides and mainly involve direct and indirect influence on potassium 

channel and consequently calcium channel ‘open probability’ 18. The role of sphingolipids in 

EDHF signaling has been studied only sparsely. Research from our laboratory showed that in rat 

mesenteric arteries, inhibition of sphingosine kinase resulted in augmented EDHF-mediated 

relaxation after M3 receptor stimulation, suggesting an inhibitory role of S1P on EDHF 

signaling 19. Furthermore, there are indications that potassium channel activity, which is 

involved in EDHF signaling, is under direct influence of the surrounding membrane composition. 
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Although small and intermediate conductance K+ channels are highly expressed in endothelial 

cells 20, large conductance Ca2+ activated K+ channels (BKCa) which are involved in EDHF 

signaling 21, are highly expressed on the vascular smooth muscle cells 22. In an artificial 

membrane setup, BKCa open-probability was prolonged when situated in increasingly thicker 

membrane domains, rich in sphingomyelin 23 as found in e.g. caveolar structures. This finding 

was further substantiated by Kim et al., which indicated stimulation of BKCa activity after S1P 

addition in HUVECs, which was S1P receptor - and calcium-independent 24. However, it is 

important to note the low expression level, if present at all under physiological conditions, of 

BKCa in endothelial cells 25. Whether small and intermediate KCa channels are affected by lateral 

migration to or from specific membrane micro domains similarly to BKCa, thus possibly altering 

EDHF signaling, remains to be determined.  

 

Prostanoids 

 

Prostanoids are well known endothelium-derived vasoactive compounds. While prostacyclin 

(PGI2, a product of prostacyclin synthase) has mainly dilatory actions in the vasculature, 

prostaglandin E2 (PGE2, produced by prostaglandin synthases) and thromboxane A2 (TXA2, 

produced by thromboxane synthase) are potent vasoconstrictors. These endothelium-derived 

prostanoids, act on different receptors on the smooth muscle cells of the vessel: PGI2 stimulates 

Gs-coupled IP receptors, TXA2 Gq-coupled TP receptors and PGE2 stimulates EP receptors that 

couple to different G-proteins. The precursor for all these prostanoids is PGH2 synthesized from 

arachidonic acid by cyclooxygenases. The main source of arachidonic acid in its turn is the 

breakdown of membrane phospholipids by phospholipase A2 (PLA2). Endothelial cells express 

different isoforms of PLA2 including cytosolic PLA2 (cPLA2), secreted PLA2 (sPLA2) and calcium-

independent PLA2 (iPLA2). Several sphingolipids have been show to modulate arachidonic acid 

metabolism and thereby they can, at least in theory, orchestrate endothelium-dependent 

vasomotion. Both, ceramide and ceramide-1-phosphate have been reported to activate 

cPLA2  26-30. It was shown that ceramide modulates cPLA2 activity by a direct interaction with 

the CalB (calcium-dependent phospholipid binding) domain of the enzyme, which facilitates 

membrane docking 27. In a similar fashion, C1P has been suggested to increase the membrane 

association of cPLA2 in vitro via a site in the cationic beta-groove of the C2 domain 30.  
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Sphingomyelin has inhibitory actions on both cPLA2 and sPLA2 31-33. Sphingomyelin most likely 

decreases PLA2 activity by inhibiting its binding to membrane-associated phosphatidylinositol 

bisphosphate, thereby promoting membrane dissociation of cPLA2 33. Thus activation of 

sphingomyelinase will lead to an activation of cPLA2 firstly because of a decrease in inhibitory 

sphingomyelin, and secondly by the generation of the PLA2 activator ceramide. Further 

metabolization of ceramide to sphingosine will again lower cPLA2 activity because of the 

inhibiting activity of sphingosine on cPLA2 34 (for overview see figure 2). Arachidonic acid that is 

released by PLA2 activity has been shown in several cellular systems to stimulate 

sphingomyelinase activity 35-38, thus providing a positive feedback loop.  

 

 

 

 

 

 

 

 

 

 

 

 

Sphingolipids also interact with the eicosanoid system at a transcriptional level. For instance, 

ceramide may increase cPLA2 expression 39 and S1P is an inducer of COX-2 expression 40,41. The 

latter is mediated most likely via a S1P receptor, Gα12, and NF-кB-dependent mechanism 42,43. 

Therefore, also this sphingomyelin breakdown system may act as a positive feedback loop; S1P 

Figure 2. Schematic representation of the cross-talk between the eicosanoid system and 
sphingolipids.  (EC) endothelial cell, (SM) sphingomyelin, (Cer) ceramide, (Sph)  sphingosine, (S1P) 
sphingosine-1-phosphate, (S1PR) S1P receptor, (C1P) ceramide-1-phosphate, (PLA2) phopholipase A2, 
(PL) phospholipid, (AA) arachidonic acid, (COX) cyclooxygenase, (PGH2)  prostaglandin H2, (PGE2) 
prostaglandin E2, (PGI2) prostacyclin, (TXA2) thromboxane A2. 
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increases expression of COX-2 whereas its precursor ceramide and ceramide-1-phosphate 

increase substrate delivery via activation of cPLA2 41. To what extend the aforementioned 

effects of sphingolipids on arachidonic acid metabolism take place in the endothelium, still 

needs to be determined. As indicated, there are several ways by which, at least in theory, 

sphingolipids may orchestrate the production of dilatory and contractile prostanoids.  

 

Endothelin-1 

 

Endothelin-1 is a potent vasoconstrictor peptide released by the endothelium and is synthesized 

from a precursor (big-endothelin-1) by the activity of endothelin converting enzyme. 

Endothelin-1 signals through activation of two specific G-protein-coupled receptors termed ETA 

and ETB. These receptors are expressed in a variety of tissues. In the vasculature, smooth muscle 

cells express both ETA and ETB receptors, whereas the endothelium mainly expresses ETB 

receptors  (only rat and human brain endothelial cells are suggested to express ETA 

receptors 44). The contractile responses to endothelin-1 are mediated via the ETA receptors on 

the smooth muscle cells. Only very limited information is available on how sphingolipids are 

involved in, or can modulate, endothelin-1 signalling. ETB receptor stimulation in neuronal 

tissue has been shown to increase ceramide levels via sphingomyelin and glycosphingolipid 

metabolism 45. ETA receptor-mediated activation of sphingosine kinase is reported to be 

involved in myometrial contraction 46. In the bovine brain microvasculature, endothelin-1 is 

reported to increase ceramide levels via an ETA dependent mechanism, but the functional 

implication of this pathway is not established yet 47. Information on interactions between the 

endothelin and sphingolipid systems in the endothelium are lacking so far.  

However, sphingolipids can to a certain extent regulate the release of endothelin-1 from 

endothelial cells. Endothelial cells contain unique organelles first described in 1964 by Weibel 

and Palade as "rod-shaped cytoplasmic components, which consist of a bundle of fine 

tubules"48.  These Weibel-Palade bodies (WPB) contain a variety of factors that are involved in 

coagulation (von Willebrand Factor, factor XIIIA and Tissue Plasminogen Factor), inflammation 

(interleukin-8, eotaxin, p-selectin) and also vasomotion since these structures also contain 

endothelin-1, endothelin converting enzyme and calcitonin gene-related peptide. The release of 

endothelin-1 from the endothelium is accomplished through both constitutive and regulated 

pathways, in which the latter is achieved by a rapid release from WPBs. These WPBs can release 

their content by exocytosis upon agonist stimulation. Several agonists are known to induce 
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exocytosis of WPBs by stimulating Gq- or Gs-coupled receptors, inducing a rise in intracellular 

Ca2+ or cAMP respectively. For instance, thrombin and histamine enhance exocytosis by 

stimulating Gq-coupled receptors, whereas adrenaline and vasopressin achieve this by 

stimulating Gs-coupled receptors. Also growth factor receptors such as the vascular endothelial 

growth factor (VEGF) receptor 2 can stimulate WPB exocytosis by Ca2+ and cAMP-dependent 

responses 49,50. S1P receptors can increase intracellular calcium via both Gi- and Gq-dependent 

mechanisms. In addition, due to their Gi-coupling they also will lower cAMP levels and because 

of these properties S1P receptor stimulation could potentially affect WPB exocytosis. Indeed, 

stimulation of human aortic endothelial cells with S1P triggers WPB exocytosis in a 

concentration dependent manner 51. Interestingly, this response proved to be pertussis toxin 

sensitive indicating Gi-dependent responses. The fact that a phospholipase C inhibitor inhibited, 

and calcium-free medium prevented S1P-stimulated exocytosis of WPBs, suggests that S1P via 

stimulation of Gi-coupled receptors most likely via the β/γ subunits of the Gi-protein, activates 

phospholipase C and subsequent calcium increases. As described before, S1P1 and S1P3 

receptors can activate the PI3K/Akt pathway in endothelial cells that, via phosphorylation of 

eNOS, increases NO production. In the report by Matsushita, PI3K inhibition potentiated WPB 

exocytosis which was associated with decreased eNOS phosphorylation and concomitant lower 

NO production. The same group had shown before that NO inhibits exocytosis via S-

nitrosylation of N-ethylmaleimide-sensitive factor, a protein that plays a role in membrane 

fusion 52. Because of the aforementioned, it was concluded that S1P has opposing effects on 

WPB exocytosis; by stimulating calcium signalling exocytosis is triggered, while eNOS activation 

by S1P has the opposing effect, possibly as a sort of negative feedback loop. In addition, it 

remains unanswered which receptor subtype mediates the observed responses since all three 

S1P receptors normally expressed in endothelial cells are Gi coupled and both S1P1 and S1P3 

receptors are known to activate the PI3K/Akt pathway 1. As discussed before, also ceramide can 

induce calcium signalling and modulate eNOS activity in endothelial cells. The same group that 

reported the effects of S1P on WPB exocytosis showed that also exogenously applied as well as 

endogenously generated ceramide increases exocytosis 53. In this report the authors show that, 

in contrast to the S1P-mediated effects, exocytosis induced by ceramide is inhibited by 

intracellular calcium chelation and is not affected by extracellular calcium depletion. Therefore it 

was suggested that ceramide by releasing calcium from intracellular stores induces WPB 

exocytosis. Inhibition of eNOS increased ceramide-induced exocytosis, while exogenous NO had 

an inhibitory action.  
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In analogy with S1P it could be possible that also ceramide has dual actions on WPB exocytosis 

by activating eNOS via calcium increases and/or directly in a calcium-independent manner as 

has been demonstrated before 13, however, this was not addressed in this study. Although the 

effects of ceramide are not consistently reported by the same group 51-53, the available data 

suggest that WPB exocytosis, and the concomitant release of endothelial cell mediators, is a 

process that can be tightly regulated by a delicate balance of ceramide and S1P. WPB exocytosis 

is also triggered by several physical stimuli such as hypoxia and radiation 54,55. Since ceramide 

levels are known to increase during hypoxia and radiation it is tempting to speculate that 

ceramide may mediate the increases in exocytosis of WPBs. 

 

 

 

 

 

 

 

 

 

 

 

 

The data discussed above implicates that sphingolipids and the enzymes involved in 

sphingolipid metabolism, are important regulators of endothelial function with respect to 

exocytosis of coagulation, pro-inflammatory and vasoactive substances (for overview see figure 

3). Especially under circumstances of endothelial dysfunction (decreased NO bioavailability), this 

may explain the pro-inflammatory and pro contractile effects of sphingosine kinase activation. 

Figure 3. Schematic representation of the possible regulation of Weibel-Palade body 
exocytosis by sphingolipids. (EC) endothelial cell, (SM) sphingomyelin, (Cer) ceramide, (Sph) 
sphingosine, (S1P) sphingosine-1phosphate, (S1PR) S1P receptor, (AC) adenylyl cyclase, (eNOS) 
endothelial nitric oxide synthase, (NO) nitric oxide, (PI3K) phosphoinositide 3 kinase, (Akt) protein 
kinase B. 
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Conclusion & future perspectives 

 

Previous paragraphs clearly indicate that sphingolipids may interfere with endothelial mediators 

in multiple ways. They potentially can influence the release of dilatory (NO, PGI2 and EDHF) and 

contractile (TXA2 and endothelin-1) mediators released from the endothelium, and it is  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 therefore becoming increasingly clear that sphingolipids are regulators of vascular tone. Several 

extrinsic and intrinsic factors (e.g. growth factor, vasoactive substances, shear stress etc.) initiate 

sphingolipid signalling by activating sphingolipid-metabolizing enzymes, and in this way 

Figure 4. Schematic representation of how sphingolipid metabolism may influence vasomotor 
tone by modulating the release of vasoactive substances from the endothelium.  Alterations in 
this system may contribute in the etiology and/or pathophysiology of endothelial dysfunction. (EC) 
endothelial cell, (VSMC) vascular smooth muscle cell, (NO) nitric oxide, (EDHF) endothelium-derived 
hyperpolarizing factor, (PGI2) prostacyclin, (TXA2) thromboxane A2, (ET-1) endothelin-1. 
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influence vasomotor function (see figure 4). However, many intriguing questions remain 

unanswered. For instance, the distribution of cell surface and intracellular sphingolipid pools 

has not been addressed in relation to endothelial function. Several pathways described above 

have been studied using exogenously added sphingolipids. Importantly, exogenous addition of 

sphingolipids to cell cultures or tissue could obviously evoke effects that are not derived from 

the initial sphingolipid but due to metabolic products. For endothelial cells like HUVECS, 

sphingolipid-associated enzymes have been found to be exported and present extracellularly 56, 

contributing to the importance of monitoring overall changes in sphingolipid species when 

describing sphingolipid-induced effects. Furthermore, since endothelial cells are equipped with 

specialized membrane compartments such as caveolae and Weibel-Palade bodies that are build 

up with sphingolipids, it is not unlikely that alterations in sphingolipid composition per se will 

affect endothelial function. The fact that both, sphingolipids themselves as well as sphingolipid-

metabolizing enzymes are highly compartmentalized, forms an additional dimension of 

regulation has to be addressed in the coming years. 

In addition, there is still information lacking about the pathophysiological role of sphingolipids 

in disease states associated with endothelial dysfunction, such as hypertension, diabetes and 

atherosclerosis. How do these disease states affect (endothelial) sphingolipid levels? Is 

decreased NO-bioavailability associated with alterations in sphingolipid biology? Answers to 

these questions will most likely also answer the question whether the sphingolipid system is an 

attractive target to restore endothelial function in these disease states. 
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Aim 

 

From the previous two chapters it becomes clear that sphingolipids play an important role in the 

regulation of endothelial function, but also that many questions regarding sphingolipids and 

vascular function are still unanswered. One of the main questions that we will address in the 

next chapters is how sphingolipids are involved in regulation of endothelial function under the 

pathological circumstances of hypertension.  

In the next chapters we will investigate how hypertension, as described in the first chapter as a 

disease state associated with endothelial dysfunction, affects vascular sphingolipid metabolism 

and biology. An important related question is whether this has functional consequences. In 

other words; do possible alterations of sphingolipid metabolism in hypertension contribute to 

increased vasomotor tone or elevated blood pressure (BP) (chapters 3, 4 and 6)? If so, this may 

have two important consequences. Firstly, this implicates that modulation of sphingolipid 

metabolism is a potential pharmacological target to decrease BP and/or improve vascular 

function (chapter 6). Secondly, this may represent a possible mechanism by which drugs that 

affect sphingolipid metabolism, for instance an immune system modulatory drug (chapter 5), 

impair vascular function and increase BP.  

We have previously shown that the potent vasoconstrictor angiotensin II is a modulator of 

endothelial sphingolipid metabolism. Here we will address the question whether this is similar 

for the endothelium-derived contracting factor endothelin-1 and whether this phenomenon is 

altered in hypertension (chapter 7). In addition, since sphingolipids are involved in the 

regulation of endothelial function, we examined whether sphingolipids are involved in the 

release of endothelium-borne Weibel-Palade bodies, which store endothelin-1, but 

predominantly store von Willebrand Factor (chapter 8). 

Overall, the outlined research in this thesis will shed a light on the role of sphingolipids in the 

regulation of vascular function in hypertension. 
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Summary 

 

Hypertension is, amongst others, characterized by endothelial dysfunction and vascular 

remodeling. As sphingolipids have been implicated in both the regulation of vascular 

contractility and growth, we investigated whether sphingolipid biology is altered in 

hypertension and whether this is reflected in altered vascular function. In isolated carotid 

arteries from spontaneously hypertensive rats (SHR) and normotensive Wistar-Kyoto (WKY) rats, 

the ceramide/S1P ratio was shifted towards ceramide dominance by administration of a 

sphingosine kinase inhibitor (dimethylsphingosine; DMS) or exogenous application of 

sphingomyelinase (SMase). This induced marked endothelium-dependent contractions in SHR 

vessels (DMS:1.4±0.4 and SMase:2.1±0.1 mN/mm), that were virtually absent in WKY vessels 

(DMS:0.0±0.0 and SMase:0.6±0.1 mN/mm). Imaging mass spectrometry indicated that these 

contractions were most likely mediated by ceramide and dependent on iPLA2, cyclooxygenase-1 

and thromboxane synthase. Expression levels of these enzymes were higher in SHR vessels. In 

concurrence, infusion of dimethylsphingosine caused a marked rise in blood pressure in 

anesthetized SHR (42±4%), but not in WKY (-12±10%). Lipidomics analysis by mass 

spectrometry, revealed elevated levels of ceramide in arterial tissue of SHR compared to WKY 

(691±42 vs. 419±27 pmol). These pronounced alterations in SHR sphingolipid biology are also 

reflected in increased plasma ceramide levels (513±19 pmol WKY vs. 645±25 pmol SHR). 

Interestingly, we observed similar increases in ceramide levels (correlating with hypertension 

grade) in plasma from humans with essential hypertension (normotensives 185±8 pmol vs. 

hypertensive patients 252±23 pmol). 

In summary, this study for the first time links increased vascular and plasma ceramide levels with 

increased vascular tone and hypertension. 
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Introduction 

 

Hypertension is a major risk factor for cardiac, cerebrovascular and renal disease. It is associated 

with increased vasomotor tone, decreased vasodilator potential and inward remodeling of 

blood vessels. The presence of vasomotor imbalance in essential hypertension is partly mediated 

by decreased nitric oxide bioavailability and elevated endothelium-derived contractile factor 

(EDCF) release as characteristics of endothelial dysfunction, and impaired smooth muscle cell 

responsiveness towards relaxing factors 1,2. Regulation of vascular reactivity and cellular growth 

has been shown to be partially mediated by an intrinsic network of bioactive lipids classified as 

sphingolipids, of which sphingomyelin is abundantly present in virtually all cells. 

Sphingomyelin is an ubiquitous membrane (sphingo)phospholipid that may serve as a substrate 

for sphingomyelinases for the production of ceramide 3. Ceramide can be further transformed 

into ceramide-1-phosphate (C1P), glucosylceramide or sphingosine by phosphorylation, 

glucosylation or deacylation respectively. Subsequently, sphingosine can be phosphorylated by 

sphingosine kinases to yield sphingosine-1-phosphate (S1P), which can target five G-protein 

coupled S1P receptors (S1P1-5), of which S1P1-3 are expressed in the cardiovascular system 4. 

S1P receptor activation induces proliferation of many cell types including vascular cells 5. 

Conversely, sphingosine and ceramide, the precursors of S1P, have growth-inhibiting and pro-

apoptotic actions 6. Because of these opposing actions of sphingomyelin metabolites, this 

system is also referred to as the ceramide/S1P rheostat 7. In addition to these growth regulating 

properties, we and others have shown that sphingolipids are involved in the regulation of 

vascular tone, for instance by regulating nitric oxide and EDHF-mediated relaxing responses in 

different types of blood vessels 8-10. 

Because sphingolipids are involved in the regulation of both vascular growth and vascular tone 

we hypothesized that in essential hypertension, sphingolipid ratios are altered, resulting in an 

altered vasomotor function. Here we show that: 1) Elevation of vascular ceramide leads to 

vasoconstriction due to increased TXA2 release in vessels of spontaneously hypertensive rats 

(SHR). 2) These constrictions are only observed in vessels of SHR due to increased expression of 

enzymes involved in thromboxane A2 synthesis. 3) That basal ceramide levels are elevated in 

both SHR and humans with hypertension. 
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Materials and methods 

 

Ethics statement 

Written informed consent was obtained from all participants, and the study was approved by 

the local Research Ethics Committee of the Academic Medical Center.  

The experiments involving animals in this study followed a protocol approved by the Animal 

Ethical Committee of the University of Amsterdam (DFC101766) and Maastricht University 

(2008-139), The Netherlands, in accordance with EU regulation on the care and use of 

laboratory animals. 

 

Human subjects 

Blood plasma was obtained from otherwise healthy age-matched treatment naive patients 

with stage 1 hypertension (n=12) or stage 2 and 3 hypertension (n=19) and normotensive 

controls (n=18). Patient characteristics are given in table 1 . Blood pressure (BP) was 

measured three times following current guideline recommendations with an aneroid 

sphygmomanometer. The average of the last two BP recordings was taken for analysis. 

Patients with or suspected of secondary hypertension, pregnant women and patients aged 

<18 years and patients with (a history of) alcohol abuse were excluded from participation. 

 

 

 

Parameters Normotensive Stage 1 HT Stage 2 and 3 HT 
n 18 12 19 

Age, years 44.1 ±2.5 44.1 ±2.8 47.4 ±2.6 

MAP, mmHg 91.7 ±1.9 108.4 ±1.3 * 131.0 ±16.6 *# 

Systolic BP, mmHg 121 ±2 143 ±3 * 171 ±6 *# 

Diastolic BP, mmHg 77 ±2 91 ±1 * 111 ±3 *# 

Male, n (%) 7 (39) 9 (75) 9 (47) 

Black, n (%) 9 (50) 5 (42) 7 (37) 

BMI, kg/m2 27.3 ±1.3 26.0 ±0.9 26.8 ±0.9 

Diabetes, n (%) 0 (0) 0 (0) 1 (5) 

Current smoking, n 

 

2 (11) 1 (8) 

 

4 (21) 

Mean arterial pressure (MAP), body mass index (BMI), blood pressure (BP). Data expressed as mean 
±SEM or percentage of total (%), (*) p<0.05 vs normotensive subjects, and (#) p<0.05 vs Stage 1 
hypertensives (HT). 

Table 1. Patient characteristics 
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Animals 

Adult six-months-old male Spontaneously Hypertensive rats (SHR) and Wistar Kyoto rats 

(WKY) were purchased from Charles River (Maastricht, The Netherlands). Rats were 

anaesthetized by i.p. injection of 75mg/kg pentobarbital (O.B.G., Utrecht, The Netherlands). 

Heparin (750 IU, Leo Pharma B.V., Weesp, The Netherlands) was injected ip. to prevent 

blood coagulation and thrombocyte-derived sphingosine-1-phosphate release. After tissue 

isolation, the animals were euthanized by exsanguination. 

 

Compounds & antibodies 

Acetyl-β-methylcholine (methacholine; MCh), phenylephrine (Phe), indomethacin (Indo), Nω-

Nitro-L-arginine methyl ester (L-NAME), ozagrel and bromoenol lactone (BEL) were 

purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Bosentan from Solvay 

Pharmaceuticals (Hannover, Germany). D-erythro-N,N-dimethylspingosine (DMS), DL- threo-

dihydrosphingosine (DHS), neutral sphingomyelinase C (SMase; from Staphylococcus aureus), 

arachidonyl-trifluoromethyl ketone (AACOF3) from Biomol International L.P. (Plymouth, PA, 

USA). SC-560, thromboxane B2, arachidonic acid, U51,605 and U46,619 from Cayman 

Chemical Co. (Ann Arbor, MI, USA). Luffariellolide (Luff) and SQ29,548 (SQ29) from Alexis 

Biochemical (San Diego, CA, USA). NS-398 from Tocris Bioscience (Bristol, UK). 

Sphingomyelinase D (SMaseD, optical density OD280: 0.4) was a kind gift of Prof. Zhe Lu, 

Department of Physiology, University of Pennsylvania, USA. Sphingomyelin d18:1/18:0, 

sphingosine d18:1, sphingosine-1-phosphate d18:1, ceramide d18:1/18:0, ceramide-1-

phosphate d18:1/18:0 for mass spectrometry were purchased from Avanti Polar Lipids 

(Alabaster, AL, USA). 

Antibodies against cyclooxygenase 1 (order#160109; 1/400 dilution used) and thromboxane 

synthase (#160715; 1/200) were purchased from Cayman Chemical. Ceramide kinase 

(ab38011; 1/50) antibodies from Abcam (Cambridge, UK). Calcium-independent phospholipase 

A2 (LS-B1603; 1/200) antibody from LifeSpan Biosciences (Seattle, WA, USA). Von 

Willebrand factor (A0082; 1/250 and GTX74830; 1/200) antibody from DacoCytomation 

(Glostrup, Denmark) and GeneTex (Irvin, CA, USA) respectively. Alexa Fluor 488 (A-11029) 

and (A-11055), Fluor 546 (A-11010) and (A-21085) antibodies (all 1/400) from Invitrogen 

(Carlsbad, CA, USA). 

 

Arterial preparation and isometric force recording 

Rat common carotid arteries were excised distal from their bifurcation from the aortic arch 
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and placed in carbogen (95% O2, 5% CO2) aerated Krebs-Henseleit buffer (pH7.4; in mmol/L: 

118.5 NaCl, 4.7 KCl, 25.0 NaHCO3, 1.2 MgSO4, 1.8 CaCl2, 1.1 KH2PO4 and 5.6 glucose) at 

room temperature. After removing connective and adipose tissue, vessels were cut into 

segments of 2 mm in length and two stainless steel wires (40 µm in diameter; Goodfellow 

Huntington, U.K.) were inserted intralumenally to mount in a multi- channel wire myograph 

organ bath (M610, Danish Myo Technology A/S, Aarhus, Denmark) containing pre-warmed 

(37°C) Krebs-Henseleit buffer under continuous carbogen aeration for isometric force 

measurement. For endothelium- denuded vessel measurements, polyethylene tubing (PE-10; 

Clay Adams) was inserted after segment cutting and rolling force was applied five times. 

After equilibration of the vessels during 20 minutes, arterial lumen diameters were 

normalised accordingly to Mulvany & Halpern (1977) and as previously described 8. During 

normalisation, all segments were individually stretched until the internal circumference was 

90% of which the segments would have at transmural pressure (100 mmHg). Then, vessel 

segments equilibrated during 30 minutes before starting with a training protocol. During the 

entire protocol, organ bath buffer was replaced every 15 minutes (Krebs, 37°C, aerated) 

when applicable. Vessels were exposed to high K+ 
containing Krebs buffer (pH 7.4; in mmol/L: 

23.2 NaCl, 100 KCl, 25 NaHCO3, 1.2 MgSO4, 1.8 CaCl2, 1.1 KH2PO4 and 5.6 glucose), 

evoking contraction that was allowed to stabilize during 15 minutes. Vessels were rinsed with 

Krebs buffer to gain baseline tension during 30 minutes and high K+ contraction was repeated 

with subsequent wash out. Then, vessels were pre-contracted with the α 1 -adrenoceptor 

agonist phenylephrine (0.5 - 1 µmol/L) inducing a contraction averaging 60 - 80% of that 

induced by high K + . Relaxation was induced by adding methacholine (10 µmol/L) which 

gave an indication of endothelial function or denudation efficiency. Subsequently, after 

incubation with fresh Krebs buffer during 30 minutes, a third high K+ contraction was 

induced. 

 

Quantitative immunohistochemistry 

Rat carotid artery segments were collected directly after dissection. Segments were rapidly 

submerged in OCT Compound (Sakura, TissueTek) and frozen in liquid nitrogen with 

subsequent storage at -80°C. Frozen sections (5µm thick) were cut on a Leica CM3050S 

cryostat and dried by cold pressurized air before storage at -80°C. Upon defrosting tin-foil 

wrapped sections, slides were fixed in 100% acetone during 15 minutes. Then, slides were 

washed shortly in 0.1% PBS/BSA (w/v) and incubated with blocking buffer (2% PBS/BSA or 5% 

PBS/serum of appropriate 2nd antibody) during 30 minutes at RT. After a short wash, slides 
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were incubated with the primary antibody dissolved in 0.1% PBS/BSA overnight at 4°C. 

Following a triple wash in 0.1% PBS/BSA during 5 minutes, the appropriate secondary antibody 

was applied during 1 hour at RT. After triple wash, the antibody against von Willebrand 

Factor (vWF) was applied during 1 hr at RT as marker of the endothelium. After triple wash, 

the final fluorescent antibody was applied. Finally after triple wash, DAPI containing mounting 

medium (UltraCruz, sc-24941) was applied and vessels were imaged at room temperature 

using a Nikon Eclipse TE2000-U fluorescence microscope (Plan Fluor ELWD 20x objective, 

Nikon DXM1200F digital camera) with NIS Elements AR 2.30 software. During imaging, the 

region of interest was located in each vessel by proper detection of the endothelial marker 

vWF, without any information on the protein to quantify to ensure unbiased recording. Then 

the appropriate filter setting was chosen to record the accompanying protein intensity. 

Quantification of fluorescence was performed using the NIS Elements software in agreement 

with a tailor-made Nikon protocol on the raw unprocessed images. Briefly, using the 

endothelial marker, a region was selected and copied over the protein to quantify the 

intensity, yielding a mean intensity of fluorescence for endothelial cells. Then, the tunica 

media was selected and mean fluorescence intensity was determined for smooth muscle 

cells. For both determinations, an intensity threshold was selected to exclude background 

fluorescence. All settings and exposure times were applied to all slides equally for the 

appropriate protein to quantify. Figure 3 and 4 depicted images were processed by Corel Paint 

Shop Pro X v10.3. 

 

Time-of-flight imaging secondary-ion mass spectrometry 

Vessel segments from the myograph organ bath after pharmacological stimulation or no 

stimulation were frozen in 10% gelatin in liquid N2, transported on dry ice and stored at -

80°C upon usage. Importantly, SMase-treated vessel segments were frozen upon reaching 

the peak of contraction, ensuring maximal detection of involved lipids. Just before use, 

arteries were transferred to a cryomicrotome were they were allowed to warm up to -

20°C. Then, 10 µm thick sections of the arteries were prepared and immediately thaw-

mounted on indium-tin- oxyde (ITO) conductive glass slides. Sections were allowed to warm 

up to room temperature and dry by placing the ITO slides for 10 minutes in a dessicator. 

Without further treatment, slides were then directly mounted in a sample holder and 

immediately inserted into the mass spectrometer. All procedures were undertaken with 

gloves and alcohol/hexane-cleaned tools in order to avoid any contamination of the sample. 

Two sets of sample types were analyzed: a non-treated SHR artery (4 repeats) and a SHR 

artery treated with SMase (2 repeats). Repeats (images acquired independently) were done 
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on several sections from one artery per sample type. 

Standards of sphingosine, sphingosine-1-phosphate, ceramide, ceramide-1-phosphate, 

sphingomyelin, arachidonic acid and thromboxane B2 were used. Then, 0.5 µL droplets of 

standard solutions were spotted on different substrates: ITO glass, steel, and gelatin and 

allowed to dry before analysis by SIMS. Static SIMS imaging experiments were performed in a 

Physical Electronics (Eden Prairie, MN) TRIFT-II TOF SIMS instrument equipped with a gold 

liquid metal ion gun. All experiments were performed with 22 kV Au+ 
primary ions 

providing on stage a current of around 500 pA with ion pulse length of 18 ns. Secondary ions 

were extracted by a 3.5 kV extraction voltage from the ion source into the TOF analyzer and 

post accelerated with an additional 7 kV prior to detection on a dual multichannel plate 

detector. 

Images were obtained by randomly rastering during 1200 seconds, the focused primary ion 

beam across a 200x200 µm2 area chosen on the artery wall. Standard spectra were 

obtained by imaging standard droplets in a pattern of 8x8 tiles of 200x200 µm2 per tile 

during 2 seconds per tile. Lipids investigated forming preferentially negative ions, the 0-1000 

mass-to-charge ratio (m/z) range was recorded in negative ion mode. Mass spectra were 

calibrated using low mass fragment ions: H-, C-,CH-, CH2
-, CH3

-, O-, OH-, Cl-, PO3
- H2PO4

-, 

and checked on near ubiquitous fatty acid chain C16H31O2
-. Raw images were recorded 

with a spatial resolution of 256×256 pixels, with an actual spatial resolution of about 1µm 

on tissue. Because of the high mass resolution of the SIMS data, the number of mass 

channels was reduced to enhance stability of the signal and speed up the PCA and DA 

calculations. Peak picking and integration was performed using the PEAPI algorithm as 

described by Eijkel et al. (2009) 11. Each image dataset was first converted from RAW image 

format into a single mass spectrum with 0.01 m/z bin size. All spectra were combined in a 

single file in order to perform a single peak picking step on all spectra and obtain a single 

common peak list. It was important for further analysis that all images were described 

within the same spectral data space, i.e. with the same peak list. Then each RAW image was 

filtered with the common peak list and converted into a 64x64 pixel image (8x8 for standards). 

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). Principal Component Analysis (PCA) enabled the selection of tissue areas from 

200µm-side field of view images of the artery wall. Here, we only considered MS data that 

correlated to tissue areas from the ion image (i.e. MS data from the embedding medium 

around tissue was selectively discarded). PCA is a widely used multivariate data analysis 
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method, described in numerous articles 12,13. PCA reduces the dimensionality of the dataset 

by the creation of a new set of variables, the principal components (PCs). These PCs are 

linear combinations of the original variables, in this case mass channels from mass spectra. 

Correlated variables (i.e. mass channels originating from the same chemical compound) were 

grouped into the same PC. The PCs were hierarchically sorted by the amount of variance they 

describe. The first PC (PC1) explained the largest amount of the variance; noise-related 

signals, describing low amounts of variance, were found in the higher-ranked PCs. Discarding 

these higher-ranked PCs from further data processing greatly reduced the noise in the data. 

The number of relevant PCs was determined by summation of the variances described per PC 

until 80% of the total variance was accounted for. The remaining, higher ranked, PCs were 

discarded from further analysis. 

Discriminant analysis (DA) was performed on the resulting PCs using the double stage 

principal component analysis as described by Hoogerbrugge et al. 14. Since the spectra in the 

dataset were picked from distinct groups (tissue types, treatment conditions) they were 

assigned to separate groups. DA used the group information to enhance the separation 

between these groups by maximizing the between-groups variance and minimizing the within-

group variance. This resulted in Discriminant Functions (DFs) that were linear combinations of 

PCs. The DFs were hierarchically sorted by the between-within variance ratio (B/W). 

 

In vivo DMS administration 

SHR and WKY rats were anaesthetized with isoflurane (2.5–4 v/v%) during the entire 

experiment. At the end of the study the animals were euthanized with an intravenous bolus 

pentobarbital (200 mg/kg). BP was measured intra-arterially via a canula inserted into the 

abdominal aorta via the left femoral artery. DMS was dissolved via sonication in rat serum 

albumin (RSA)-enriched saline. Two PE canula's were inserted into the femoral vein. One iv. 

line was used for the continuous infusion of DMS (0.5% DMS/0.75% RSA/saline) or its 

vehicle solution (0.75% RSA/saline). The left common carotid artery was exposed and 

connected to a TranSonic Transit time flow probe (Transonic Systems Europe, Maastricht, 

NL). Both arterial pressure and carotid arterial blood volume flow (mL/min) were recorded a 2.5 

kHz using IDEEQ data acquisition software (Maastricht, The Netherlands) and stored on hard 

disk for further analysis. After reaching a steady baseline on both flow and pressure 

recordings, vehicle or DMS were infused in bolus (3mg/kg DMS) as determined by a pilot 

dose-finding study of 0.3-1.0-3.0-10.0 mg/kg DMS. This dose was unlikely to be toxic since 

in a study by Shirahama et al., mice were treated several days with a higher dose of DMS 
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without any sign of toxicity 1 5 . Peak effects of DMS on blood flow and arterial pressure, 

observed between 5-10 min, were selected. 

 

Liquid chromatography - mass spectrometry of blood plasma and aorta 

Post-anesthesia, the thoracic region was opened and blood was collected by cardiac 

puncture using a 21G needle (BD Microlance 3) and a pre-chilled (0°C) polypropylene blood 

collection tube, filled with 200 µL of PECT solution containing: prostaglandin E1 (94 nmol/L), 

Na2CO3 (0.63 mmol/L), EDTA (90mmol/L) and theophylline (10 mmol/L). Blood samples (2 

mL) were collected in these tubes via an open system, drop by drop to avoid platelet 

activation ex vivo and immediately placed on ice. Blood plasma was prepared by 

centrifugation for 20 min at 1600 g, 4°C within 10 minutes after collection and stored at  

-80°C until further processing. Furthermore, the abdominal aorta was isolated and snap-

frozen in liquid nitrogen. Then, two aortas were pooled for every sample, grinded in liquid 

nitrogen using a mortar, and dissolved in 700 µL PBS. 

For blood plasma samples, lipids were extracted from 33 µL (rat) or 95 µL (human) plasma as 

described by Wijesinghe et al. 1 6  
and Merrill et al. 1 7  

with slight modifications. Briefly; to 

200 µL of plasma 1 mL methanol and 0.5 mL chloroform were added together with an 

internal standard containing 500 pmol of the following; d17:1 sphingosine, sphinganine, 

sphingosine-1-phosphate and sphinganine-1-phosphate, and d18:1/12:0 ceramide, 

ceramide-1-phosphate, sphingomyelin and glucosylceramide. The mixture was sonicated 

and incubated at 48°C overnight. The following day, extracts were subjected to base 

hydrolysis for 2 hrs at 37°C using 150 µL of 1 mol/L methanolic KOH. Following base 

hydrolysis the extract was completely neutralized by the addition of glacial acetic acid. The 

neutralization was confirmed by pH measurement. Half of the extract was dried down and 

brought up in reversed phase sample buffer (60%A:40%B) . To the remainder of the extract 

1mL chloroform and 2mL water were added, and the lower phase was transferred to 

another tube, dried down and brought up in normal phase sample buffer (98%A:2%B). 

Sphingosine, sphinganine, sphingosine-1-phosphate sphinganine-1-phosphate and ceramide-

1-phosphate were quantified via reversed phase HPLC ESI-MS/MS using a Discovery C18 

column attached to a Shimadzu HPLC (20AD series) and subjected to mass spectrometric 

analysis using a 4000 Q-Trap (Applied Biosystems) as described by Wijesinghe et al. (2009). 

Ceramides, sphingomyelins and monohexosyl ceramides were quantified via normal phase 

HPLC ESI-MS/MS using an amino column (Sigma) as described by Merrill, Jr. et al. (2005). For 

aorta samples, lipids were extracted from 500 µL of a 10% solution of the tissue in PBS 
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according to Wijesinghe et al. 16 and Merrill et al. 1 7  
with slight modifications. Briefly to 

500 µL of the 10% tissue homogenate 2 mL of methanol and 1 mL of chloroform was 

added together with an internal standard and processed as described above. Finally, the 

quantified lipids were normalized to the volume of the material injected into the column. 

 

Statistical data analysis 

The isometric tension measurements in carotid artery segments are presented as mean ±SEM 

with ‘n’ being the number of individual rats. Peak contraction values (relative tension, mN/mm) 

during the experiments were gathered and expressed in column graphs. Column statistics were 

performed by One-way ANOVA including Dunnett’s multiple comparisons test (95% confidence 

interval) with DMS or SMase values as control. The SMase controls were the same group of 

data for all appropriate figures. For protein quantification by IHC and lipid content 

quantification by LC-MS, Student’s t-test was performed to compare single conditions between 

SHR and WKY or normotensive versus hypertensive subjects. Data measured in vivo were 

expressed as relative percentage and compared using One-way ANOVA including Tukey’s 

multiple comparison test. All statistical analyses 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 
 
Modulation of sphingolipid metabolism induces transient constrictions in isolated SHR carotid 

artery 

Contractile responses of isolated carotid artery segments to K+ (100 mmol/L) and phenylephrine 

(Phe; 0.3 µmol/L) were slightly reduced in vessels of SHR compared to WKY (Table 2).  

 

 

Parameters WKY SHR 

n 10 10 

Weight, gram 482 ±8 360 ±6 * 

MAP, mmHg (under isoflurane) 71 ±3 95 ±6 * 

Blood flow, mL/min (systolic, carotid a.) 28 ±3 18 ±2 * 

Heart rate, BPM (under isoflurane) 343 ±10 309 ±5 * 

Lumen d, µm (segment at 90mmHg) 1119 ±122 1069 ±9 * 

Constriction, mN/mm (3rd K+) 4.1 ±0.2 3.5 ±0.1 * 

Relaxation, %Phe preconstriction 91 ±1 50 ±1 * 

 

 
Endothelium-dependent relaxation to methacholine (MCh; 10 µmol/L) during Phe pre-

contraction was impaired in SHR, reflecting endothelial dysfunction (maximal relaxation: 

91±1% WKY vs 50±1% SHR, n=10, p<0.05, Fig. 1A and Table 2). Incubation of the carotid 

artery segments with the sphingosine kinase inhibitor dimethylsphingosine (DMS; 10 µmol/L) or 

dihydrosphingosine (DHS; 30 µmol/L, data not shown) induced a marked transient contraction 

in SHR vessels, which was absent in age-matched WKY rats (Fig. 1A). In addition, exogenously 

applied neutral sphingomyelinase (SMase; 0.1 U/mL) evoked similar contractile responses in SHR 

vessels that were much less pronounced in vessels of WKY (Fig. 1A). When DMS and SMase 

were applied simultaneously, contraction was slightly higher, but not synergistically elevated 

(Fig. 1B), therefore most likely indicating a similar mechanism of action. Importantly, 

contractions induced by DMS or SMase in the SHR carotid artery were completely abolished by 

mechanical removal of the endothelium. In contrast, the nitric oxide synthase inhibitor L-NAME 

significantly increased DMS-induced and SMase-induced contractions (Fig. 1C). 

 

 

Data expressed as mean ±SEM, (*) p<0.05. 

Table 2. General characteristics of anaesthetized SHR and WKY rats and ex vivo carotid artery 
t  
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Sphingomyelinase-induced contractions require cyclooxygenase-1 and involve elevated 

thromboxane A2 production 

The non-selective cyclooxygenase (COX) inhibitor indomethacin (10 µmol/L) and the COX-

1selective inhibitor SC560 (1 µmol/L) fully prevented SMase-induced contraction in SHR carotid 

artery (Fig. 2), while the COX-2 selective inhibitor NS398 (1 µmol/L) was without effect. Higher 

concentrations of NS398 did decrease contractile responses, however, at these concentrations 

NS398 is reported to non-specifically inhibit COX 18. Since COX products include contractile 

prostaglandins and thromboxane, we applied the thromboxane/prostaglandin (TP) receptor 

antagonist SQ29,548, which indeed concentration-dependently inhibited SMase contractions.  

 

Figure 1. DMS-induced and SMase-induced contraction in SHR and WKY carotid artery.  
A) Original tracing of rat carotid artery segments exposed to DMS (10 µmol/L) or SMase (0.1 U/mL). 
Note reduced relaxing response to MCh (10 µmol/L) in SHR, indicating pronounced endothelial 
dysfunction. B) Maximal contractile responses to DMS and/or SMase in intact WKY and SHR vessels and 
C) SHR vessel responses in the presence of L-NAME or endothelium-denudation (-EC). Phenylephrine 
(Phe), methacholine (MCh), dimethyl-sphingosine (DMS), sphingomyelinase C (SMase), Nw-Nitro-L-
arginine methyl ester (L-NAME). Data presented as mean ± SEM, n=5-6, (*) p<0.05. 
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Furthermore, the thromboxane synthase (TXAS) inhibitor ozagrel concentration-dependently 

inhibited contraction (Fig. 2). In order to investigate whether the sensitivity of agonist-induced 

TP receptor activation was different for SHR and WKY carotid arteries, we generated 

concentration-response curves for the thromboxane analogue U46,619, which was not 

different between SHR and WKY (Fig. 3). Immunohistochemical quantification of COX-1 and 

TXAS expression showed that COX-1 was elevated in SHR smooth muscle cells compared to 

WKY (Fig. 4A). TXAS expression in SHR was significantly elevated compared to WKY in 

endothelium (Fig. 4B). 

 

 

 

 

 

Figure 2. Characterization of SMase-induced contraction in SHR carotid artery. SMase-induced 
contraction, in absence and presence of the non-specific COX inhibitor indomethacin (Indo), COX-1 
specific inhibitor SC560, COX-2 specific inhibitor NS398, the PLA2 inhibitors AACOF3 (cPLA2) and 
luffariellolide (Luff; sPLA2), bromoenol lactone (BEL; iPLA2), the thromboxane synthase inhibitor ozagrel 
and the thromboxane receptor antagonist SQ29,548 (SQ29). Data presented as mean ± SEM, n=4-6, 
(*) p<0.05 compared to control SMase. 
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Calcium-independent phospholipase A2 is the source of arachidonic acid in SMase-induced 

contractions 

To investigate which enzyme was mainly responsible for generating the COX substrate 

arachidonic acid, several phospholipase A2 (PLA2) inhibitors were applied. The individual or 

combined addition of inhibitors of cytosolic PLA2 (AACOF3; 30 µmol/L) or secretory PLA2 

(luffariellolide; 2 µmol/L) to SMase-induced contractions were without effect. However, the  

calcium-independent PLA2 (iPLA2)-specific inhibitor bromoenol lactone (BEL, 25 µmol/L) 

significantly inhibited SMase-induced contractions (Fig. 2). In line with this, 

immunohistochemical quantification indicated increased expression of iPLA2 in the endothelium 

and a decreased expression in smooth muscle cells of SHR. Accordingly, the ratio of EC/VSMC 

iPLA2 expression was markedly shifted towards the endothelium in SHR compared to WKY 

vessels (Fig. 4C). Both, ceramide and C1P are known activators of secretory and/or cytosolic 

PLA2. In order to investigate whether ceramide or C1P (generated via phosphorylation of 

ceramide by ceramide kinase) is responsible for the iPLA2-dependent contraction we made 

use of the special properties of SMaseD, a sphingomyelinase isoform that can be found in 

certain spider species and bacteria. In contrast to SMase, SMaseD generates C1P directly from 

sphingomyelin by releasing the choline head group (Fig. 5A). Also SMaseD induced strong 

contractions in arteries from SHR and to a much lesser extend in those of WKY (Fig. 5B+C ). 

The onset of contraction was, however, strongly delayed compared to SMase (SMaseC: 

~10min versus  

 

Figure 3. Concentration-response 

curve of the thromboxane 

analogue U46,619 in SHR and 

WKY carotid artery. Data 

presented as mean ± SEM, n = 4-6. 
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SMaseD: >30min.) and more variable in amplitude. SMaseD-induced contraction was, like 

SMase-induced contractions, sensitive to inhibition by BEL.  

Secondary Ion Mass Spectrometry (SIMS)-imaging measurements were performed on SHR 

carotid artery slices to confirm a possible role of ceramide or ceramide-1-phosphate in SMase- 

 

 

Figure 4. Immunohistochemistry on relevant proteins in SHR carotid artery. A) 
Immunohistochemical staining (left, typical staining images; 200x magnification) and quantification 
(right) of SHR or WKY carotid artery segments depicting cell nuclei staining (blue), with/without the von 
Willebrand Factor (vWF) endothelium marker (green) and cyclooxygenase-1 (COX-1; red). B) 
thromboxane synthase (TXAS; red) and C) calcium-independent phospholipase A2 (iPLA2; red). Please 
note the increased EC/VSMC iPLA2 expression ratio in SHR. Data presented as mean ± SEM, n=5-6, (*) 
p<0.05, scale bars 100µm.  
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induced contractions. Tissue features could be identified from high spatial resolution total ion 

images (Fig. 6A left), and SMase-induced changes are mainly found in the endothelial area 

(Fig 6A right). The separation between SMase-treated and non-treated tissue groups 

suggested that there were significant spectral (hence chemical) differences between those 

two tissue groups (Fig. 6B+C). From all standards, especially S1P and ceramide had high 

scores and others, among which C1P, appeared less relevant for tissue group separation 

(Fig. 6B). This suggests that ceramide is more likely to be involved in SMase-induced 

contractions in carotid arteries from SHR than is C1P.  

 

In vivo  administration of DMS results in a marked rise in blood pressure in SHR but not WKY. 

To investigate whether sphingolipid modulation also differentially affects BP in vivo, DMS was 

applied iv. in isoflurane anesthetized SHR and WKY. Arterial BP was measured, as well as 

common carotid blood flow using a transit time flow probe. Baseline hemodynamic values 

 

 

Figure 5 .  Sphingomyelinase D induced 
contractions in SHR carotid artery. A)  
Overview of enzymatic activities of SMaseC vs 
SMaseD of which the latter produces ceramide-1-
phosphate directly via a dual sphingomyelin 
hydrolysis and subsequent phosphorylation step. B) 
Tracing of SMaseD-evoked contractions in SHR 
carotid a. C) Quantification of SMaseD- induced 
contractions in SHR carotid artery, which was 
lower in WKY, comparable to SMaseC. Data 
presented as mean ± SEM, N=2-4. 
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that were obtained after stabilization of the preparation are compared in Table 2. Mean arterial 

pressure was substantially higher in SHR than in WKY. In SHR, application of DMS, but not 

vehicle, resulted in a significant increase in mean arterial pressure (Fig. 7A), accompanied by a 

further rise in carotid artery resistance (Fig. 7B) and slightly decreased heart rate (Fig. 7C). In 

WKY however, DMS had little effect on BP. The heart rate was not significantly different 

between SHR and WKY after DMS administration. 

 

 

Figure 6. Mass spectrometry imaging of lipids involved in SMase-induced contraction in 
SHR carotid artery. A) High resolution total ion count image (left, bottom scale bar 100µm) and 
image of increased mass counts corresponding to treatment with SMase (right; blue) showing highest 
changes in endothelium area. B) Discriminant analysis of non- treated and SMase-treated tissue 
categories (blue): spectra are grouped per tissue and both tissue categories are well separated along 
the discriminant function. Projection of mass spectra of standards (pink) on discriminant function 
separating the tissue categories. C) Plot of the loadings for each mass channel in the direction of 
main separation between tissue groups (i.e. first DA function), showing masses that were 
increased/unchanged/decreased after SMase treatment. Sphingomyelinase C (SMase), non-treated (NT), 
ceramide-1- phosphate (C1P), sphingosine-1-phosphate (S1P). 
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Ceramide levels are increased in both hypertensive rats and humans 

Mass spectrometric analysis revealed significantly increased levels of total ceramide in arterial 

tissue (aorta) of hypertensive rats compared to normotensive rats. No significant changes in 

total sphingomyelin, C1P, sphingosine and S1P were observed (Fig. 8A). The significant increase 

in total ceramide was mainly due to increased C16:0, C18:0 and C24:1 ceramides (Fig. 8B). 

Additional analysis revealed increased total ceramide levels and slightly increased sphingosine 

levels in blood plasma from SHR (Fig. 8C). The increased total ceramide levels were mainly due 

to increases in C16:0, C22:0 C24:1 and C24:0 ceramides (Fig. 8D). 

Figure 7. In vivo effects of DMS infusion in SHR and WKY. Rats were treated with bolus injection 
and subsequent infusion of DMS (3 mg/kg followed by 6 mg/kg/hr) or vehicle (0.75% rat serum 
albumin in saline) during recording of mean arterial pressure (MAP) of A) mean arterial pressure (MAP), 
B)  carotid artery systolic blood flow (Peak flow), C) calculated arterial resistance and D) heart rate (HR). 
Data expressed as mean maximal change from baseline ± SEM, n=6-8, (*) p<0.05. 
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In plasma of humans with stage 2+3 essential hypertension, ceramide levels were significantly 

higher compared to healthy normotensive controls (243.2 ±23.5 pmol vs 183.2 ±11.1 pmol 

resp., n=18-19, p<0.05; Fig. 9A). Moreover, ceramide levels correlated with increasing severity 

of hypertension, with ceramide levels in humans with stage 1 hypertension being intermediate 

of those from normotensives and stage 2-3 hypertensives (Fig. 9B). The distribution pattern of 

sphingolipids in plasma of humans was virtually identical of that found in rats. Increases in 

C24:1 and C24:0 ceramides mainly accounted for the observed increase in total plasma 

ceramide in hypertensive humans (Fig. 9C). In contrast to significantly altered hypertensive 

Figure 8. Liquid-chromatography-mass spectrometry measurements of rat tissue sphingolipid 
content. Content was measured in A) SHR and WKY aorta homogenate (top) and spectrum of single 
ceramide subspecies (bottom) and B) blood plasma (top) and spectrum of single ceramide subspecies 
(bottom). Data presented as mean ± SEM, n=3-6 (for 6-10 pooled aortas) and 6-12 (for plasma 
samples), (*) p<0.05. 
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patient plasma S1P levels compared to normotensive patients (37.0 ±1.8 pmol vs 32.0 ±1.2 

pmol resp., p<0.05), no significant changes in plasma S1P in rats were seen (355.6 ±17.1 pmol 

vs 312.1 ±16.7 pmol resp., p>0.05). Whether this reflects species differences or differences in 

sample collection 19 remains to be determined. In respect of sphingomyelin and C1P levels, no 

significant changes were found in both human and rat samples with the given sample size, 

although a trend existed for decreased human hypertensives C1P plasma levels (29.0 ±1.7 pmol 

normotensives vs 26.0 ±1.9 pmol hypertensives, p>0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Liquid-chromatography-mass 
spectrometry measurements of sphingolipid 
content in human blood plasma. A) 
Quantification of total sphingolipid pools in 
human plasma (left) and spectrum of single 
ceramide subspecies (right). Human samples 
were collected from normotensive controls 
(BP<140/90 mmHg) and from patients with 
stage 2 and 3 hypertension (BP≥160/100). B) 
Total plasma ceramide levels in normotensives 
compared to stage 1 hypertensives (BP 140-
159/90-99 mmHg) and stage 2 + 3 
hypertensives. (Data presented as mean ± SEM, 
n=18 for normotensive controls n=12 for 
patients with stage 1 hypertension, n=19 for 
stage 2 + 3 hypertension. * p<0.05. 
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Discussion 

 

Previous studies from our group and others have shown that sphingolipids are involved in the 

regulation of the release or action of endothelium-derived relaxing factors (NO and EDHF) 8,20,21. 

Here we show for the first time that 1) Elevation of vascular ceramide leads to vasoconstriction 

due to increased TXA2 release in vessels of SHR. 2) These constrictions are only observed in 

vessels of SHR due to increased expression of enzymes involved in thromboxane A2 synthesis. 3) 

That basal ceramide levels are elevated in both SHR and humans with hypertension. 

 

Altered sphingolipid biology in hypertension 

Because sphingolipids have vasoactive properties and play a pivotal role in cellular growth, we 

hypothesized that the sphingolipid system is involved in hypertension, a condition associated 

with altered vascular contractility and remodeling. Alterations in sphingolipid biology in 

hypertension were exemplified by the fact that pharmacological modulation of vascular 

sphingolipid composition, by means of the application of the sphingosine kinase inhibitors DMS 

or DHS, induced pronounced transient contractile responses in isolated carotid arteries from 

SHR but not from WKY. In analogy to sphingosine kinase inhibition, also the exogenous 

application of SMase induced contractions in carotid arteries from SHR, but only minor 

responses in arteries from WKY. 

 

Mechanism of SMase and DMS-induced contractions 

Simultaneous application of DMS and SMase induced stronger arterial contractions than either 

component alone, but without signs of synergy, suggesting common pathways. Both 

modulators most likely induce an accumulation of ceramide as a shared mechanism, as has 

been shown for SMase 22 and DMS in several cellular systems 23,24. Interestingly, the transient 

contractions induced by both DMS and SMase proved to be endothelium-dependent since 

mechanical removal of the endothelium abolished the contractions. In contrast, pre-incubation 

with the NO synthase inhibitor L-NAME augmented these contractions, indicating that the 

contractions are not due to a reduced NO bioavailability. 

This endothelium dependency presents similarities to the "classical" endothelium-derived 

contractile factor (EDCF) described in the vasculature of SHR and human essential 

hypertension 1,25,26. Impaired relaxing responses to acetylcholine in both SHR and human 

essential hypertension involve the release of a COX-1-derived EDCF. The prostanoids PGH2, 
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PGI2 and thromboxane A2 have been suggested as the EDCFs responsible for increased vascular 

tone in hypertension 2. 

In the present study, both DMS- and SMase-induced contractions in SHR carotid arteries could 

be diminished by selective COX-1 inhibition but not by inhibition of COX-2. Furthermore, the 

fact that TXAS inhibition attenuated SMase-induced contractions, suggests that under our 

experimental conditions the contractions are caused by the generation of TXA2. Although the 

involvement of PGI2 is unlikely, its contribution cannot be fully excluded 27. The prominent role 

of TXA2 is further supported by the observation that SMase-induced contractions were 

concentration-dependently inhibited by the TP-receptor antagonist SQ29,548. The possibility 

that SHR thromboxane signaling is potentiated due to increased TP receptor expression or 

affinity in VSMCs is rendered unlikely by the finding that concentration-response-curves for the 

thromboxane analogue U46,619 were comparable in SHR and WKY arteries. This is also in line 

with other studies, showing no TP receptor expression changes in SHR 28. Thus, it seems that 

modulation of endothelial sphingolipid composition by ceramide elevation induces a COX-1-

dependent release of TXA2 in vessels from SHR. Our immunohistochemistry indicated elevated 

COX-1 expression in SHR vascular smooth muscle cells, which is supported by findings of Ge et 

al. 29, that smooth muscle cells from SHR aorta display elevated COX-1 mRNA expression. Next 

to COX-1, we observed that also TXAS protein expression is increased in SHR, as has been 

previously shown by Tang et al. 28, at the mRNA level. The increased TXAS protein expression 

reached statistical significance in SHR carotid artery endothelium. 

 

The link between sphingolipid metabolism and eicosanoid synthesis 

In the process of EDCF generation, substrate delivery to COX-1 depends primarily on PLA2 

activity (for recent reviews see Vanhoutte et al. 30 and Feletou et al. 2). Three PLA2 subtypes 

have been described thus far. While secretory PLA2 (sPLA2) and cytosolic PLA2 (cPLA2) require 

calcium for activation, calcium-independent PLA2 (iPLA2), located in both cytosolic and 

membrane fractions, does not require Ca2+ directly for catalytic activity 31. Importantly, 

sphingolipids have previously been implicated in PLA2 activation; both ceramide and C1P have 

been shown to activate sPLA2 and/or cPLA2 in vitro 32,33. However, in the present study both 

single and combined addition of non-specific cPLA2 and sPLA2 inhibitors did not affect SMase-

induced contractions. The iPLA2-specific inhibitor BEL nevertheless, was effective in this respect, 

suggesting that endogenous iPLA2 may contribute to the contractile phenotype of arteries in 
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SHR. This is also in line with the recent findings of Wong et al. 34, and is further supported by 

our immunohistochemical finding that the endothelium in SHR (compared to WKY) expresses 

significantly more iPLA2, while levels appeared lower in the smooth muscle layer of the artery 

segments. This results in a remarkable increase in the ratio of endothelium/smooth muscle 

iPLA2 expression in the carotid arteries of SHR. That ceramides are able to activate iPLA2 is 

supported by findings of Gong et al 35. In the present study imaging mass spectrometry and 

experiments with SMaseD revealed that ceramide (and not C1P) is most likely responsible for 

iPLA2 activation (Fig. 5+6). 

 

Pathophysiological role of sphingolipids in hypertension-associated endothelial dysfunction  

The aforementioned findings indicate that ceramide participates in the prominent role of 

thromboxane A2 in the SHR. Our lipidomics (LC-MS) analysis revealed that in arterial tissue of 

SHR ceramide levels were substantially higher when compared to normotensive WKY rats. It is 

tempting to speculate that the elevated basal arterial ceramide levels observed in our study 

contribute to endothelial dysfunction in SHR since these may lead to constitutive TXA2 

production. In this regard, it is noteworthy that thromboxane receptor antagonism completely 

restored endothelial function in SHR. Results from another study by Johns et al. indicated 

decreased levels of ceramide in smooth muscle cells of SHR 36. This discrepancy is most likely 

due to the fact that we determined ceramide levels directly in freshly isolated vessels whereas 

Johns et al. 36 used cultured smooth muscle cells between passages 3 and 12, which is known 

to induce phenotypic changes including changes in sphingolipid signalling 37. The physiological 

relevance of ceramide-induced thromboxane A2 release (Fig. 10) is reflected by the fact that in 

vivo infusion of DMS resulted in increased arterial resistance and BP in SHR, but not WKY rats. 

This marked BP elevation was probably not due to cardiac effects of DMS since we observed a 

concomitant decrease in heart rate. The rise in systemic BP indicates that, in addition to large 

conduit vessels such as the carotid artery, also resistance vessels of SHR are sensitive to DMS. 

Although the contractions to DMS in isolated carotid arteries were not due to inhibition of NO 

production, as indicated by the augmented contractile response in the presence of L-NAME, a 

possible inhibitory effect of DMS on NO production in vivo in other vascular beds cannot be 

excluded. It is noteworthy that thromboxane receptor antagonism completely restores 

endothelial function in SHR. This phenomenon indicates that the NO system in SHR carotid 

arteries is largely intact. Since we observed higher SK1 expression in carotid arteries from SHR 

compared to WKY, one could speculate that this NO preservation is due to increased S1P 
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production that is responsible for eNOS activation. This is also in line with the observed high 

S1P correlation in the endothelium of SMase-treated segments in the mass spectrometry image.  

The DMS-induced pressor response clearly emphasizes the importance of altered sphingolipid 

biology in vascular tone and BP regulation in vivo in hypertensive rats. Interestingly, the altered 

sphingolipid biology and elevated arterial ceramide levels in the vasculature of SHR are also 

 

 

 

 

 

 

 

 

 

 

 

 

reflected in increased plasma ceramide levels. Moreover, analysis of plasma from hypertensive- 

and normotensive humans revealed similar elevations in ceramide levels in patients with 

essential hypertension. Ceramide plasma levels showed a stepwise increase with increasing 

severity of hypertension, with ceramide levels in patients with stage 1 hypertension being 

intermediate of those from normotensives and stage 2-3 hypertensives. This implies that similar 

pathophysiological mechanisms in human hypertension may contribute to increased vascular 

tone and endothelial dysfunction. 

In summary, we provide new insight in the pathophysiological role of sphingolipids in 

endothelial function and hypertension. We demonstrate that elevation of vascular ceramide in 

Figure 10. Potential mechanism of sphingolipid-mediated release of thromboxane A2 in SHR 
carotid artery. Accumulation of ceramide by the sphingolipid modulators SMase and DMS induces 
thromboxane A2 production in an iPLA2, COX-1 and TXAS-mediated pathway. Upregulated enzyme 
expression or lipid levels in SHR carotid arteries indicated by white arrows. 
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SHR induces a marked endothelium-dependent release of TXA2 that may contribute to 

endothelial dysfunction in hypertension. A prerequisite for this contractile response to ceramide 

is the increased arterial expression of enzymes involved in TXA2 synthesis as observed in vessels 

from hypertensive animals. Moreover, basal ceramide levels are increased in both SHR and 

humans with hypertension. The present study does not allow us to draw conclusions on 

causality. Since the development of hypertension in SHR precedes the development of 

endothelial dysfunction it is unlikely that the alterations in sphingolipid levels are the (prime) 

causing factor of hypertension. Nevertheless, both our in vitro and in vivo data clearly 

demonstrate that these alterations in sphingolipid biology can contribute to an increased 

vascular tone. Further research in the role of sphingolipids in the pathophysiology of human 

essential hypertension is therefore warranted. 
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Summary 

 

We have previously shown that essential hypertension in humans and spontaneously 

hypertensive rats (SHR), is associated with increased levels of ceramide and marked alterations 

in sphingolipid biology. Pharmacological elevation of ceramide in isolated carotid arteries of SHR 

leads to vasoconstriction via a calcium-independent phospholipase A2, cyclooxygenase-1 and 

thromboxane synthase-dependent release of thromboxane A2. This phenomenon is almost 

absent in vessels from normotensive Wistar Kyoto (WKY) rats. Here we investigated whether 

lowering blood pressure (BP) can reverse elevated ceramide levels and reduce ceramide-

mediated contractions in SHR. 

For this purpose SHR were treated for 4 weeks with the angiotensin II type 1 receptor 

antagonist losartan or the vasodilator hydralazine. Both drugs decreased BP equally (SBP 

untreated SHR: 191±7 mmHg, losartan: 125±5 mmHg and hydralazine: 113±14 mmHg). These 

BP lowering effects were associated with a 20-25% reduction in vascular ceramide levels. Both 

drugs improved endothelial function in isolated carotid arteries; however, losartan was more 

effective. Interestingly, losartan, but not hydralazine treatment, markedly reduced 

sphingomyelinase-induced contractions to levels normally observed in WKY. While both drugs 

reduced cyclooxygenase-1 expression levels in carotid arteries, the endothelial expression of 

calcium-independent phospholipase A2 was decreased exclusively by losartan, possibly 

explaining the inhibitory effect of losartan on sphingomyelinase-induced contractions. 

In summary, we show that BP lowering reduces vascular ceramide levels in SHR and that 

losartan treatment, but not BP lowering per se, reduces ceramide-mediated arterial 

contractions. This study validates an association between sphingolipid biology and BP, and that 

losartan restores endothelial function by inhibiting ceramide-dependent TXA2 production.  
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Introduction 

 

Sphingolipids are a class of bioactive lipids with important roles in cell signaling as they control 

cell growth, migration and differentiation 1-4. It has become increasingly evident that these 

lipids play an important physiological role in the cardiovascular system. In the vasculature for 

instance, the sphingolipid sphingosine-1-phosphate (S1P) is known to regulate endothelial 

function via activation of nitric oxide synthase 5;6 or inhibition of endothelium-derived 

hyperpolarizing factors 7. 

More recently it was shown that sphingolipids also play a pathological role in hypertension. For 

instance, a recent genetic analysis by Fenger et al. suggested the involvement of the 

sphingolipid system in the regulation of blood pressure (BP) and hypertension on a genetic 

basis 8. Moreover, Yogi et al., have recently shown in vitro that S1P is a potent inducer of pro-

inflammatory signaling pathways through epidermal growth factor receptor and platelet-

derived growth factor trans-activation, a pathway that is up-regulated in spontaneously 

hypertensive stroke prone rats 9. We have previously shown that sphingolipids are involved in 

the pathophysiology of hypertension in vivo 10. This latter study showed that vascular and 

plasma levels of the bioactive sphingolipid ceramide were significantly higher in spontaneously 

hypertensive rats (SHR) than in normotensive Wistar Kyoto (WKY) rats. In addition, we 

demonstrated that also in humans with essential hypertension, plasma ceramide levels 

correlated positively to the level of BP. The pathophysiological relevance of this finding was 

demonstrated by the observation that pharmacological elevation of ceramide in isolated carotid 

arteries of SHR but not WKY, leads to endothelium-dependent arterial contractions by 

thromboxane A2 (TXA2) and increases BP in SHR in vivo 10. Thus sphingolipids are not only 

involved in the regulation of endothelium-derived relaxing factors but also the production of 

endothelium-derived contracting factors, especially in the setting of hypertension, and may thus 

contribute to endothelial dysfunction.   

Aforementioned data clearly indicate that hypertension is associated with marked alterations in 

vascular sphingolipid biology. In the present study we investigated whether these alterations in 

sphingolipid biology could be reversed by antihypertensive treatment. We investigated the 

effects of chronic (4-week) treatment with the angiotensin II type 1 receptor antagonist losartan 

or the non-selective vasodilator hydralazine in SHR on ceramide levels in vascular tissue and 

blood plasma. Furthermore, we investigated the effects of both antihypertensive treatment 

regimens on ceramide-mediated, endothelium-dependent arterial contractions induced by 

exogenously applied sphingomyelinase (SMase). In this study, we observed that both 
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antihypertensive drugs significantly lowered arterial ceramide levels in concurrence with the 

reduced BP, and that losartan, but not hydralazine, inhibited SMase-induced contractions of 

isolated carotid arteries, most likely by decreasing the expression of endothelial calcium-

independent PLA2 
(iPLA2). 

 

Methods 

 

Ethics statement 

The animal experiments performed in this study followed a protocol that was specifically 

approved by the Animal Ethical Committee of Maastricht University, Maastricht, The 

Netherlands (approval number: 2010-050), and was in accordance with EU guidelines 

(2010/63/EU) on the care and use of laboratory animals. 

 

Compounds & antibodies 

Acetyl-β-methylcholine (methacholine; MCh) and phenylephrine (Phe) were purchased from 

Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) and neutral sphingomyelinase C (SMase; 

from Staphylococcus aureus) from Biomol International L.P. (Plymouth, PA, USA). Antibodies 

against cyclooxygenase 1 (order#160109; 1/400 dilution used) and thromboxane synthase 

(#160715; 1/200) were purchased from Cayman Chemical; calcium-independent 

phospholipase A2 antibody (#ab23706; 1/400) from Abcam (Cambridge, UK) and Von 

Willebrand factor antibody (GTX74830; 1/200) from GeneTex (Irvin, CA, USA). Alexa Fluor 

488-labeled (#A-11029: 1/400) and Alexa Fluor 546-labeled secondary antibodies (#A-

11010: 1/400) were from Invitrogen (Carlsbad, CA, USA). 

 

Animals and treatment 

Adult six-months-old male SHR were purchased from Charles River (L'Arbresle, France). Rats 

were anesthetized with isoflurane and osmotic minipumps (2ML4; Alzet, California, USA) were 

subcutaneously implanted. The minipumps were filled with losartan (dissolved in saline), or 

hydralazine (dissolved in saline).  The concentrations were chosen to obtain the continuous 4 

weeks release of losartan at 20 mg/kg/day and hydralazine at 9 mg/kg/day. Because the 

maximal solubility of hydralazine was reached in saline, additional hydralazine was added to the 

drinking water to increase the dose to 20 mg/kg/day. In untreated SHR a dummy device (PE 

tube of the same size as the 2ML4 pumps) was implanted subcutaneously.  
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Blood pressure measurements 

Conscious tail-cuff BP measurements were performed 28 days after the initiation of the drug 

treatments using the CODAtm system (Kent Scientific Corporation, CT, USA). Differences in tail 

cuff systolic BPs (SBP) were verified by intra-arterial measurements after rats were anesthetized 

with 2.5% isoflurane. For this purpose a PE-10 canula was inserted into the abdominal aorta via 

the femoral artery. The arterial pressure was recorded at 2.5 kHz using IDEEQ data acquisition 

software (Maastricht, The Netherlands). When BP was stabilized, baseline values of BP were 

recorded and averaged over 10-15 minutes.  Hereafter, blood plasma, organs and blood vessels 

were collected and processed. 

 

Liquid chromatography - mass spectrometry on blood plasma 

Post-anesthesia, the thoracic region was opened and 5 ml blood was collected by 

abdominal aorta puncture using a 21G needle (BD Microlance 3) and collected in a pre-

chilled (0°C) polypropylene blood collection tube containing PECT solution as described in 

Spijkers et al. 10. Blood plasma was prepared by centrifugation for 20 min at 1600 x g, 4°C 

within 10 min after collection and stored at -80°C. Furthermore, the thoracic aorta was 

isolated and snap-frozen in liquid nitrogen. For blood plasma samples, lipids were extracted 

from 33 µL blood plasma as described by and Merrill et al. 11 Wijesinghe et al. 12 with slight 

modifications. Briefly; to 33 µL of plasma 167 µL water, 1mL methanol and 0.5 mL 

chloroform were added together with an internal standard containing 500 pmol of the 

following; d17:1 sphingosine, sphinganine, sphingosine-1-phosphate and sphinganine-1-

phosphate, and d18:1/12:0 ceramide, ceramide-1-phosphate, sphingomyelin and 

glucosylceramide. The mixture was sonicated and incubated at 48°C overnight. The 

following day, extracts were subjected to base hydrolysis for 2 hrs at 37°C using 150 µL 

of 1 mol/L methanolic KOH. Following base hydrolysis the extract was completely neutralized 

by the addition of 6 µl glacial acetic acid. The neutralization was confirmed by pH 

measurement. Half of the extract was dried down and brought up in reversed phase sample 

buffer (60%A:40%B)(A= methanol:water 60:40 with 5mmol/L ammonium formate and 1% 

formic acid, B= methanol with 5mmol/L ammonium formate and 1% formic acid). To the 

remainder of the extract 1 mL chloroform and 2 mL water were added, and the lower phase 

was transferred to another tube, dried down and brought up in normal phase sample buffer 

(98%A:2%B). Sphingosine, sphinganine, sphingosine-1-phosphate sphinganine-1-phosphate 

and ceramide-1-phosphate were quantified via reversed phase HPLC ESI-MS/MS using a 

Discovery C18 column attached to a Shimadzu HPLC (20AD series) and subjected to mass 
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spectrometric analysis using a 4000 Q-Trap (Applied Biosystems) as described by Wijesinghe 

et al. 12. Ceramides, sphingomyelins and monohexosyl ceramides were quantified via 

normal phase HPLC ESI-MS/MS using an amino column (Sigma) as described by Merrill et 

al. 11. For aorta samples, lipids were extracted from 500 µL of a 10% homogenate of the 

tissue in PBS according to Merrill et al. 11 a n d  Wijesinghe et al. 12 with slight 

modifications. Briefly to 500 µL of the 10% tissue homogenate 2 mL of methanol and 1 

mL of chloroform was added together with an internal standard and processed as 

described above. The inter-day variability is less than 5% while the intraday variability is less 

than 7%. The accuracy has been previously verified 12. 

 

Arterial preparation and isometric force recording 

Carotid artery segments were isolated from the rats and mounted into a wire myograph for 

isometric tension measurements as described by Mulders et al. 7. In brief, vessels were allowed 

to equilibrate and organ bath buffers were replaced every 15 min with carbogen aerated (95% 

O
2
, 5% CO

2
) Krebs-Henseleit buffer (pH7.4; in mmol/L: 118.5 NaCl, 4.7 KCl, 25.0 NaHCO3, 

1.2 MgSO4, 1.8 CaCl2, 1.1 KH2PO4 and 5.6 glucose). Two high K+-containing Krebs buffer 

contractions were performed (pH 7.4; in mmol/L: 23.2 NaCl, 100 KCl, 25 NaHCO3, 1.2 

MgSO4, 1.8 CaCl2, 1.1 KH2PO4 and 5.6 glucose) with 30 min washout in between. Then, 0.3 

µmol/L phenylephrine was applied to gain a stabile contraction of >60% of the K+-induced 

contraction, and 10 µmol/L of methacholine was added to assess endothelial integrity. After 

30 min another high K+-Krebs buffer contraction was performed. After 30 min wash-out, the 

enzyme sphingomyelinase (SMase; 0.1 U/mL) was applied to the organ baths to measure 

alterations in vasomotor tone during 1 hour. In other arteries, concentration-response curves 

for methacholine were generated in half-log concentration increments during phenylephrine-

induced contractions. 

 

Immunohistochemistry 

Immunohistochemical protein staining and subsequent fluorescence intensity quantification in 

carotid artery segments of SHR were performed as described previously 10. In brief, carotid artery 

segments were collected in ice-cold Krebs buffer directly after dissection and cleaning, rapidly 

submerged in OCT compound (Sakura, TissueTek) and frozen in liquid nitrogen with 

subsequent storage at -80°C. Frozen sections (5 µm thick) were cut on a Leica CM3050S 

cryostat and cold-air dried. Slides were fixed in 100% acetone during 1 min, washed shortly in 
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PBS and incubated with blocking buffer (2% PBS/BSA) during 30 min at RT. After a short wash 

(in 0.1% PBS/BSA), slides were incubated at 4°C overnight with the primary antibody (dissolved 

in 0.1% PBS/BSA). Following a triple wash in 0.1% PBS/BSA during 15 min, the appropriate 

Alexa Fluor 546-labeled secondary antibody was applied during 1 hour at RT. The antibody 

against von Willebrand Factor (vWF) was applied during 1 hour at RT as endothelium marker 

and finally Alexa Fluor 488-labeled secondary antibody was applied. Vessel slides were 

embedded in DAPI-containing mounting medium and imaged using a Nikon Eclipse TE2000-U 

fluorescence microscope (Plan Fluor ELWD 20x objective, Nikon DXM1200F digital camera) with 

NIS Elements AR 2.30 software. Quantification of fluorescence (fluorescent light units; FLU) was 

performed using NIS Elements. Using the vWF endothelial marker region, mean fluorescence 

intensity of the protein of interest was quantified for the endothelium by normalizing total 

fluorescence against untreated EC area. Then, the tunica media was selected and mean 

fluorescence intensity was determined for smooth muscle cells. For both determinations, an 

intensity threshold as low as possible was selected to exclude background fluorescence and 

restricting the area of interest to mere tissue. All settings and exposure times were equally 

applied to all tissue slides.  

 

Statistical data analysis 

SBP, heart rate, organ weights, protein quantification, aortic and blood plasma sphingolipid 

content, and isometric tension measurements in carotid artery segments are presented as 

means±SEM with ‘n’ being the number of individual rats. Statistics were performed by one-way 

ANOVA followed by Bonferroni multiple comparisons test (95% confidence interval). Full 

concentration response curves were analyzed by one-way repeated measures ANOVA. All 

statistical analyses 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 

 

Antihypertensive effects of losartan or hydralazine in SHR 

The 4-week treatment with either losartan or hydralazine had no significant influence on body 

weight (Table 1). In untreated SHR tail-cuff SBP was 191±7 mmHg The 4 weeks treatment with 

losartan and hydralazine (at 20 mg/kg.day) reduced tail-cuff SBP towards levels normally 

observed in normotensive animals (125±5 mmHg and 113±14 mmHg, respectively). No 

significant treatment effect was found for heart rate, although a trend existed for an increased 

heart rate in the hydralazine group as reported before 13 (Fig. 1B). Qualitatively similar results 

were obtained when BPs were compared by intra-arterially measurements in 

  

 

  untreated losartan hydralazine 

Rat body weight before treatment 335 ±10 334 ±7 335 ±7 

Rat body weight after treatment 356 ±9 353 ±7 362 ±8 

Normalized heart weight (mg/g) 4.6 ±0.2 3.7 ±0.2 * 4.2 ±0.1 

Normalized kidney weight (mg/g) 3.3 ±0.1 3.2 ±0.1 3.3 ±0.1 

Carotid artery media/lumen ratio 0.46 ±0.01 0.39 ±0.01 * 0.38 ±0.01 * 

Anesthetized systolic BP (mmHg) 114 ±7 72 ±5 * 89 ±2 * 

Anesthetized heart rate (bpm) 332 ±11 331 ±2 316 ±7 

 

 

isoflurane-anesthetized conditions (Table 1). Treatment with losartan was associated with a 

significant greater reduction in normalized heart weight than observed in hydralazine-treated or 

untreated SHR. No difference in kidney weight was found between the three groups. 

 

Losartan and hydralazine reduce vascular ceramide levels 

Lipidomic analysis on isolated SHR aorta indicated reduced total levels of ceramide by 

approximately 20-25% after 4-weeks treatment with either losartan or hydralazine compared 

to untreated controls (Fig. 2A upper panel; n=8, p<0.05). Most, but not all ceramide subspecies 

were decreased after both treatments (Fig. 2A lower panel). This reduction in vascular ceramide 

levels was not associated with a concomitant reduction of plasma ceramide levels.  

Table 1. General characteristics of (un)treated spontaneously hypertensive rats. 

  

 
 
 

BP: blood pressure. Heart and kidney weight normalized against rat body weight. N=6-8, * p<0.05 
compared to control. 
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Only hydralazine reduced (mostly long chain) ceramide levels rather modestly, while losartan 

had no effect on plasma ceramide levels (Fig. 2B).  

 

Effects of losartan and hydralazine on endothelial function in isolated carotid arteries 

Myography on isolated carotid arteries indicated a significantly improved relaxation in response 

to methacholine in arteries from animals treated with losartan (pEC50: 7.0±0.1, Emax: 

94.1±0.7%) compared to untreated SHR (pEC50: 6.7±0.1, Emax: 72.8±8.4%, n=7-8, p<0.05) 

(Fig 3A). Although a trend for improved potency and efficacy of methacholine was observed in 

carotid arteries of hydralazine-treated SHR, this did not reach statistical significance (pEC50: 

6.9±0.1, Emax: 87.9±3.1%, n=8, p>0.05). In the carotid artery of untreated SHR a single 

concentration of 10 µmol/L  methacholine induced a maximal relaxation of 55±2% during 

phenylephrine-induced contraction (Fig. 3B). Arteries from both losartan-treated and 

hydralazine-treated SHR, displayed an increased endothelium-dependent relaxation to 10 

µmol/L methacholine. However, losartan proved to be more effective in this respect than 

hydralazine (75±2% and 68±2% respectively, n=7-8, p<0.05).  

 

 

 

 

Figure 1. Tail-cuff blood pressure and heart rate in SHR.  Hemodynamic parameters of SHR after 
four weeks left untreated or treated with losartan or hydralazine. A) systolic blood pressure; B) 
corresponding heart rate. Data expressed as mean±SEM, n=4-6, * p<0.05. 
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When methacholine is added as such a single high concentration (10 µmol/L), endothelium-

dependent relaxation is followed by an endothelium-dependent contractile response due to the 

release of an EDCF (Fig. 4A). The ratio between EDCF and MCh-induced relaxation (EDRF) was 

reduced in arteries of losartan-treated rats (1.2±0.1) but not hydralazine-treated rats (1.8±0.3) 

compared to untreated rats (2.0±0.2, n=7-8, p<0.05) (Fig. 4B). 

 

Losartan-, but not hydralazine-treatment, prevents SMase-induced contraction in isolated 

carotid arteries of SHR 

Pharmacological elevation of ceramide by exogenous addition of SMase  induced a strong 

contraction of isolated carotid arteries in untreated SHR (1.9±0.3 mN/mm) which was similar to 

the contractions described previously 10 (Fig. 5). Losartan treatment largely prevented contractile 

responses to SMase (0.4±0.1 mN/mm, n=5, p<0.05). This decrease in contractile response was 

not observed in arteries of hydralazine-treated SHR (1.3±0.3 mN/mm, n=6, p>0.05) (Fig. 5). 

 

Figure 2. Blood plasma sphingolipid content in (un)treated SHR. Ceramide levels (top: total 
ceramide, bottom: ceramide subspecies) were measured in A) aorta and B) blood plasma of untreated, 
losartan-treated or hydralazine-treated SHR. Data presented as mean ±SEM, n=8, * p<0.05. Ceramide 
subspecies depicted as separated by different tail length. DH: dihydroceramide.  
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Losartan-, but not hydralazine-treatment, reduces endothelial iPLA
2
 expression 

We previously described the involvement of calcium-independent phospholipase A2 (iPLA2), 

cyclooxygenase-1 (COX-1) and thromboxane synthase (TXAS) in the SMase-induced arterial 

contractions. These enzymes are upregulated in SHR compared to normotensive WKY rats.  

 

 

 

 

 

 

 

 

 

Figure 3. Effects of blood pressure lowering treatments on endothelium-dependent arterial 
relaxing responses. A) Concentration-response-curve of methacholine-induced relaxation on 
phenylephrine preconstriction (* EC50/Emax). B) Maximal relaxation potential after single 10 µmol/L 
methacholine addition on phenylephrine-induced preconstriction. Data expressed as mean ±SEM, n=7-
8, * and # p<0.05. 

 

 
 
 

Figure 4. Endothelium-derived contractile factor signaling. A) Schematic representation of a SHR 
carotid artery response towards a single 10 µmol/L methacholine (MCh) addition on phenylephrine 
(Phe) precontraction resulting in relaxation by endothelium-derived relaxing factor (EDRF) production 
and subsequent contraction by an additional endothelium-derived contractile factor (EDCF) production. 
B) Quantification of the normalized EDCF/EDRF ratio after 10 µmol/L methacholine addition on 
phenylephrine pre-contraction as depicted in A. Data expressed as mean ±SEM, n=7-8, * p<0.05. 
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Whereas both losartan as well as hydralazine treatment substantially reduced COX-1 expression 

in endothelium and smooth muscle cells (Fig. 6B; EC: 47±8 and 45±5 FLU vs 79±11 FLU, 

respectively; VSMC: 86±8 and 89±5 FLU vs 120±7 FLU, respectively; n=7-8, p<0.05), only 

losartan reduced endothelial iPLA2 expression (Fig. 6A; 45±5 FLU vs 75±8 and 77±11 FLU, 

respectively; n=6-7, p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

The thromboxane A2 synthase (TXAS) expression was unaltered after losartan or hydralazine 

treatment compared to the untreated group in both endothelium (Fig. 6C; 41±10, 46±10 and 

45±10 FLU, respectively; n=7-8, p>0.05) and smooth muscle cell layer (69±5, 81±9 and 75±8 

FLU, respectively; n=7-8, p>0.05). 

 

 

 

 

Figure 5. Sphingomyelinase-induced contraction in SHR carotid artery. A) Typical tracing of 
sphingomyelinase (SMase; 0.1U/ml)-induced contraction in carotid arteries of untreated, losartan-
treated and hydralazine-treated SHR. B) Quantification of peak “EDCF-mediated contractile responses” 
to SMase. Data expressed as mean ±SEM, n=7-8, * p<0.05.   
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Figure 6. Immunohistochemical protein expression quantification in SHR carotid arteries. A) 
Immunohistochemical staining (left, typical staining images; 200x magnification) and quantification 
(right) of SHR carotid artery segments depicting cell nuclei staining (blue), with the von Willebrand 
Factor (vWF) endothelium marker (green) and calcium-independent phospholipase A2 (iPLA2; red), B) 
cyclooxygenase-1 (COX-1; red), C) thromboxane synthase (TXAS; red). Data expressed as mean ±SEM, 
n=7-8, * p<0.05. 
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Discussion 

 

We have previously shown that hypertension is associated with marked alterations in 

sphingolipid biology, being increased ceramide levels and a predisposition to ceramide-induced 

endothelium-dependent contractile responses 10. Here we show that BP lowering by either 

losartan or hydralazine lowers vascular ceramide levels, and that losartan-, but not hydralazine-

treatment reverses the predisposition to ceramide-induced contractile responses. 

The 4-week treatment of SHR with losartan as well as hydralazine, significantly decreased BP as 

expected, and this was associated with a concomitant lowering of vascular ceramide levels. 

Since both drugs decreased BP to the same extent but likely via unrelated mechanisms, it can be 

assumed that the vascular ceramide levels are subject to, and a reflection of, the prevailing BP. 

The reduction in vascular ceramide levels was not, or only marginally, reflected in plasma 

ceramide levels. This marginal effect could be the result of premature detection, and may 

possibly be stronger affected after prolongation of antihypertensive treatment. In addition, it 

could be that ceramide is released from endothelial cells abluminally, resulting in an increase in 

basolateral ceramide levels and less systemic spillover towards blood plasma. It is presently 

unclear what the exact mechanism of the decrease in vascular ceramide presence is. 

Angiotensin signaling has been linked to increases in cellular ceramide levels (for review see 

Berry et al. 14). However, since these ceramide increasing effects were attributed to AT2 

receptor stimulation, this does not explain the losartan effects in the present study. 

Furthermore, since next to losartan also hydralazine was effective in reducing vascular ceramide 

levels, the reduction in ceramide was, as mentioned before, most likely a consequence of the 

decreased BP itself. In this regard it is noteworthy that endogenous SMase activity may be 

potentiated by high shear stress to initiate ceramide production 15. This may elevate ceramide in 

hypertension (which on itself may further increase vascular tone in hypertensive subjects) and 

therefore lower ceramide levels are detected after BP lowering. Although we have measured 

ceramide levels and investigated sphingolipid biology in larger vessels (i.e. aorta and carotid 

arteries), we know from our previous in vivo experiments 10 that these changes also affect 

other vascular (resistance) beds. The beneficial effect of losartan and hydralazine on endothelial 

function of SHR isolated carotid arteries, is reflected by the improved potency and efficacy of 

methacholine-induced relaxation. This finding is in accordance with previous studies showing 

improvements of endothelial function by treatment with either ACE inhibitors or AT1 blockers 

in several vascular beds 16;17. Interestingly, losartan markedly decreased SMase-induced vascular 

contractions, from which we know that these are endothelium-dependent and most likely 
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mediated by TXA2 since these can be inhibited by thromboxane synthase inhibition and TP-

receptor antagonism 10. Hydralazine was ineffective in this respect, suggesting that not BP 

lowering per se is responsible for this effect. We have previously established that SMase-

induced ceramide elevation in the carotid artery of SHR leads to vasoconstriction via an iPLA2, 

cyclooxygenase-1 and thromboxane synthase-dependent mechanism. Thus, the present 

observation that losartan, but not hydralazine, decreased SMase-mediated endothelium-

dependent vascular contractions may be explained by differential effects of these drugs on the 

expression of the aforementioned proteins in the thromboxane synthesis pathway. 

Immunohistochemical analysis indicated that losartan- as well as hydralazine treatment 

decreases cyclooxygenase-1 expression in the carotid artery. iPLA2 expression, however, was 

only lowered by losartan treatment. The latter finding may explain the reduced SMase-induced 

vascular contraction after losartan treatment.  

One possible explanation why losartan selectively reduces vascular iPLA2 expression could be 

that protein kinase C (PKC) increases both the activity 18 and the expression 19 of iPLA2. Since 

the angiotensin II type 1 receptor is a potent activator of PKC, and angiotensin II indeed can 

activate iPLA2 in a variety of cell types 20, it is conceivable that angiotensin II increases iPLA2 

expression in the vasculature. For that reason one would expect that at least angiotensin II 

receptor antagonists and angiotensin converting enzyme inhibitors would reduce iPLA2 

expression. Considering the clinical importance of AT1 receptor blockade, this new aspect 

associated with losartan treatment warrants further investigations.  

Interestingly, the AT1 receptor antagonists losartan and irbesartan, have been shown to possess 

TP-receptor antagonistic properties 21;22. Although this phenomenon may contribute to the 

beneficial effects of losartan in the in vivo part of this study, it is very unlikely that this interferes 

with SMase-induced contractions in the isolated carotid arteries. This is because the residual 

losartan concentrations will be very low once the artery segments are mounted into the organ 

baths because the drug easily diffuses out of the isolated arteries during the several hours 

lasting myograph experiments. This has been proven experimentally in a study of Matsumoto et 

al. 23, where losartan-treated rats showed no residual antagonistic effect in isolated arteries on 

the TP receptor, as indicated by unaffected U46619 concentration-response curves compared to 

controls in comparable myography experiments.  

This study demonstrates a clear link between hypertension and sphingolipid biology and as such 

it represents a new pathophysiological mechanism in endothelial dysfunction and BP regulation. 

This pathophysiological mechanism might also be of relevance for new drugs entering the 
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market that target the sphingolipid system (such as the recently approved immunosuppressant 

FTY720 24) or drugs that modulate sphingolipid metabolism and increase ceramide levels as a 

side effect (such as VEGF antagonists 25). Indeed, these drugs are known to increase BP in both 

experimental and clinical settings. 

This study also demonstrates that losartan has some unique properties that prevent ceramide-

mediated endothelium-dependent vasoconstriction in arteries from SHR and thus may improve 

endothelial function, which receives a growing interest in hypertension treatment 26-29, via this 

alternative pathway. This phenomenon gives rise to some interesting new questions such as 

whether this is a unique property of losartan or that other AT1 blockers, RAAS inhibitors or 

unrelated antihypertensive drugs share the same properties. Future studies are warranted to 

answer these questions and whether the effect of losartan, and possibly other drugs, on 

reducing iPLA2 expression are a beneficial contribution to antihypertensive treatment options. 

In conclusion, this study corroborates the association between BP and alterations in sphingolipid 

biology by showing that vascular ceramide levels are sensitive to antihypertensive therapy.  In 

addition, it demonstrates that losartan can improve endothelial function via inhibition of 

ceramide-mediated endothelium-dependent vasoconstriction. 
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Summary 

 

FTY720 (Fingolimod) is a recently approved orally administered drug for the treatment of 

multiple sclerosis. Phase II and III clinical trials have demonstrated that this drug modestly 

increases blood pressure (BP). We have previously shown that inhibition of sphingosine kinase 

increases vascular tone and BP in hypertensive, but not normotensive rats. Since FTY720 is 

reported to have sphingosine kinase inhibitory effects, we investigated whether FTY720 

increases vascular tone and BP only in hypertensive rats via this mechanism. The contractile and 

BP modulating effects of FTY720 were studied in vivo and ex vivo (wire myography) in age-

matched normotensive Wistar Kyoto (WKY) rats and spontaneously hypertensive rats (SHR). 

Oral administration of FTY720 induced an increase in mean arterial pressure in SHR, whereas a 

decrease in BP was observed in WKY rats, as measured 24 hours after administration. In 

analogy to the sphingosine kinase inhibitor dimethylsphingosine (DMS), FTY720 induced major 

contractions in isolated carotid arteries from SHR, but not in those from WKY. In contrast, the 

phosphorylated form of FTY720 (FTY720-P) did not induce contractions in isolated carotid 

arteries from SHR. FTY720-induced contractions (like DMS-induced contractions) proved to be 

endothelium-dependent and to be mediated by thromboxane A2, since these contractions 

could be inhibited by endothelium denudation, cyclooxygenase and thromboxane synthase 

inhibitors and by thromboxane receptor antagonism. In conclusion, these data demonstrate 

that FTY720 increases vascular tone and BP only in hypertensive rats, most likely due to its 

sphingosine kinase inhibitory effect. 
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Introduction 

 

The immunosuppressant drug FTY720 (Fingolimod; 2-amino-[2-(4-n-octylphenyl)ethyl]-1,3-

propanediol) is a recently approved therapeutic addition to the treatment options of relapsing 

multiple sclerosis 1. FTY720 is a sphingosine analogue that is phosphorylated in vivo to (S)-

FTY720-P by sphingosine kinase (mainly type 2) 2,3, the enzyme responsible for the production 

of the endogenous bioactive sphingolipid sphingosine-1-phosphate (S1P). (S)-FTY720-P is a high 

affinity ligand at four of the five S1P-receptors (S1P1,3,4,5) and leads to degradation of S1P1 

receptors on T-lymphocytes, that subsequently results in a reduced lymphocyte egress and thus 

a T-lymphocyte specific immunosuppression 4-6. In phase II and III clinical studies, a modest rise 

in blood pressure (BP) (3-5 mmHg) was detected in patients treated with FTY720 7-9. Although 

the active metabolite (S)-FTY720-P has vasoactive properties (both vasodilation and 

vasoconstriction have been reported) 10,11, until now the exact mechanism by which FTY720 

induces this rise in BP in vivo remains elusive. 

We have previously shown that hypertension, both experimental as well as human essential 

hypertension, is associated with profound alterations in vascular sphingolipid biology 12. 

Sphingolipids, such as ceramide and S1P, are bioactive lipids that play an important role in 

cellular signaling. They do not only play a crucial role in cell growth 13,14, but they are also 

involved in vascular function 15-18. S1P for instance, via activation of endothelial S1P receptors, is 

known to activate eNOS and thereby to induce vasodilation 19,20. In contrast, we have shown 

that ceramide, a precursor of S1P, potently stimulates endothelium-mediated TXA2 synthesis in 

isolated carotid arteries of spontaneously hypertensive rats, thereby inducing endothelium-

dependent vasoconstriction 12. Interestingly, the latter phenomenon is only present in vessels 

from hypertensive rats, because of an increased endothelial expression of the enzymes involved 

in TXA2 synthesis. Via this mechanism also pharmacological inhibition of sphingosine kinase by 

means of dimethylsphingosine (DMS) induces major endothelium-dependent vasoconstrictions 

in isolated carotid arteries from SHR, but not in those from normotensive rats. Moreover, 

inhibition of sphingosine kinase in SHR in vivo results in a marked rise of BP, while it has no 

effect, or even lowers BP in normotensive WKY rats 12. 

While FTY720 is phosphorylated mainly by sphingosine kinase type 2, it has been reported to 

be a potent inhibitor of sphingosine kinase type 1 21,22. Therefore, we hypothesized that 

FTY720, in analogy to DMS, increases vascular tone and BP in hypertensive but not 
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normotensive rats. Here we show that FTY720 indeed elevates BP solely in hypertensive rats and 

induces vasoconstriction in isolated carotid arteries from SHR via thromboxane A2 production. 

 

Methods 

 

Chemicals 

Acetyl-β-methylcholine (methacholine), phenylephrine, indomethacin and ozagrel were 

purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Dimethylsphingosine (DMS) 

from Biomol International L.P. (Plymouth, PA, USA), and SQ29548 from Alexis Biochemical (San 

Diego, CA, USA). FTY720 and FTY720-P were synthesized according to previously described 

methods 3. All other chemicals were from Sigma Aldrich and of analytical grade.  

 

Animals 

Six-months-old male spontaneously hypertensive rats (SHR) and Wistar Kyoto rats (WKY) were 

purchased from Charles River (Maastricht, The Netherlands) and handled accordingly to a 

protocol approved by the Animal Ethical Committee of the University of Amsterdam, the 

Netherlands. The animals were housed with access to food and water ad libitum under a 12h 

light/dark cycle. For myography experiments, rats were anaesthetized by i.p. injection of 75 

mg/kg pentobarbital (O.B.G., Utrecht, The Netherlands). Heparin (750 IU, Leo Pharma B.V., 

Weesp, The Netherlands) was injected intraperitonealy to prevent blood coagulation and 

thrombocyte-derived S1P release.  

 

Tail-cuff blood pressure measurements 

FTY720 (0.3 mg/kg) was given orally by gastric gavage. For awake BP measurements, 24h after 

FTY720 administration, the CODAtm monitor (Kent Scientific Corporation, CT, USA) was used. 

In brief, rats were fixed in a transparant animal holder and placed on a heating pad. The rat 

was left untouched and fixated for a couple of minutes before placing the tail-cuffs. Then, tail-

cuffs were placed loosely fitting over the tail slightly below the tail base. An average of 8 

repeated tail-cuff cycles were performed per rat per condition. During the experiment, care was 

taken to ensure minimal stress development in the animals.   
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Immunohistochemistry and quantification 

Carotid artery segments from untreated SHR and WKY rats were collected directly after 

dissection and rapidly submerged in OCT Compound (Sakura, TissueTek) and frozen in liquid 

nitrogen with subsequent storage at -80°C. Frozen sections (5 µm) were cut on a Leica 

CM3050S cryostat and dried by cold pressurized air and fixed in 100% acetone during 1 min. 

Then, slides were washed shortly in 0.1% PBS/BSA (w/v) and incubated with blocking buffer 

(2% PBS/BSA) during 30 min at room temperature. After a short wash, slides were 

incubated with the primary antibody against sphingosine kinase 1 (Cayman Chemical Co., 

Ann Arbor, MI, USA, #10006822; 1/50 dilution) dissolved in 0.1% PBS/BSA overnight at 4°C. 

Following a triple wash in 0.1% PBS/BSA during 5 min, the appropriate A546-labelled 

secondary antibody (Invitrogen, Carlsbad, CA,USA, #A-11010; 1/400 dilution) was applied 

during 1 hour at room temperature. After triple wash, the antibody against von Willebrand 

Factor (GeneTex, Irvin, CA, USA, #GTX74830; 1/200 dilution) was applied during 1 hr at room 

temperature as marker of the endothelium. After triple wash, the final A488-labelled 

secondary fluorescent antibody (Invitrogen, #A-11029, 1/400 dilution) was applied. Finally 

after triple wash, DAPI containing mounting medium (Santa Cruz Biotechnology (Santa Cruz, 

CA, USA, #sc-24941) was applied and vessels were imaged using a Nikon Eclipse TE2000-U 

fluorescence microscope (Plan Fluor ELWD 20x objective, Nikon DXM1200F digital camera) 

with NIS Elements AR 2.30 software. The region of interest was determined of each segment by 

detection of the endothelial marker von Willebrand Factor, without any information on the 

protein to quantify to ensure unbiased recording. Then the appropriate filter setting was 

chosen to record the mean fluorescence intensity using the NIS Elements software on the 

raw unprocessed images. For both endothelium and smooth muscle cell determinations, an 

intensity threshold was selected to exclude background fluorescence. All settings and 

exposure times were applied to all slides equally for the appropriate protein to quantify.  

 

Arterial preparation and isometric force recording 

The left common carotid artery was carefully excised in a range just distal from the bifurcation 

until the level of the aortic arch and immediately placed in Krebs-Henseleit buffer (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. Four segments of 

carotid artery were carefully prepared and two stainless steel wires with a diameter of 40 µm 

(Goodfellow, Huntingdon, U.K.) were inserted into the lumen of each vessel segment. In 

selected cases the endothelium was removed mechanically (by rolling a luminally-inserted PE-50 
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tube several times) before mounting. The segments were then transferred into organ baths of a 

4-channel wire myograph (610M, Danish Myo Technology, Aarhus, Denmark) and subjected to 

a normalization procedure according to Mulvany & Halpern 23. In short, the individual 

circumference was adjusted to 90% of the value that the particular vessel would have had at a 

transmural pressure of 100 mmHg. Afterwards, the arteries were equilibrated for 30 min and 

the buffer was refreshed after each period of 15 min. The preparations were contracted twice 

for 10 min with a depolarizing high K+ Krebs-Henseleit solution (100 mmol/L NaCl was replaced 

by 100 mmol/L KCl) at intervals of 15 min. Subsequently, the vessels were pre-contracted with 

the α1-adrenoceptor agonist phenylephrine (0.3 µmol/L). After reaching a steady level of a 

contraction force >60% of previous KCl-induced depolarization contraction, one concentration 

(10 µmol/L) of the endothelium-dependent vasodilator methacholine was added to assess the 

endothelial integrity. For endothelium-denuded vessels, a relaxation <5 % indicated successful 

denudation, and these segments were included accordingly. After washing, again 100 mmol/L 

KCl was added to the vessel segments. After washing and a 30 min pre-incubation of inhibitors 

or their vehicle (in all cases DMSO), DMS (10 µmol/L), FTY720 (10 µmol/L) or FTY720-P (10 

µmol/L) were added and the vascular responses were recorded for an additional 50 min. 

Isometric force of contraction was measured continuously and all data are presented in mN/mm 

segment length (except for raw tracings). 

 

Data analysis and statistics 

The isometric tension measurements in carotid artery segments and BP/heart rate 

measurements are presented as mean ±SEM with ‘n’ being the number of individual rats. Peak 

contraction values during the myography experiments were determined and expressed as 

relative tension (mN/mm) and presented in column graphs. Statistics were performed by 

student’s t-test (Fig. 2-4) and one-way ANOVA including Dunnett’s multiple comparisons test 

(95% confidence interval) with FTY720 values as control (Fig. 5). All statistical analyses were 

performed using Prism (GraphPad Prism Software, San Diego, CA, USA). Values of p<0.05 were 

considered to be statistically significant. 

 

Results 

 

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

Figure 1 shows the structural similarities of FTY720 and the sphingosine kinase inhibitor DMS, 

both derivatives of sphingosine, the natural substrate for sphingosine kinases.  
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To investigate whether FTY720, like DMS, raises BP preferentially in hypertensive animals 12, 

SHR and WKY rats were given oral FTY720 (once 0.3 mg/kg in saline) and BP/heart rate were 

recorded using tail-cuff non-invasive BP measurements before and 24 hours after FTY720 

challenge. Mean arterial pressure (MAP) of untreated WKY rats before was 125.0±3.4 mmHg 

and SHR 157.5±2.3 mmHg (n=4-7, p<0.05). 24h after the oral dose of FTY720, WKY BP was 

lowered to 109.5±9.7 mmHg, whereas BP in SHR was elevated to 170.6±5.2 mmHg (n=4-7, 

p<0.05)(Fig. 2A). Heart rate, however, was equally reduced in WKY and SHR (WKY: 356±7 

before vs 331± 9 bpm after FTY720 and SHR: 433±10 before vs 403±23 bpm after FTY720, 

n=3-7, p>0.05) (Fig. 2B). 

 

 

 

 

 

 

 

 

Figure 2. Blood pressure response to oral FTY720 challenge in SHR and WKY rats. A) Tail-cuff 
mean arterial pressure (MAP) measurement in WKY and SHR before (0h) and after 24 hours (24h) of 
oral (0.3 mg/kg FTY720) challenge and B) corresponding heart rate (HR). Data expressed as mean 
±SEM, n=4, * p<0.05. 
 
 

Figure 1. Chemical structures 
of the sphingosine derivates 
dimethylsphingosine and 
FTY720. 
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Sphingosine kinase 1 expression is elevated in SHR carotid artery segments compared to those 

of WKY 

Since the main target of DMS and unphosphorylated FTY720 is sphingosine kinase, the protein  

 

 

 

 

 

 

 

 

 

 

expression profile of sphingosine kinase 1 in carotid arteries of WKY and SHR was assessed. As 

indicated by immunohistochemistry, in both the endothelium and smooth muscle layer of 

isolated SHR carotid artery segments, sphingosine kinase 1 was higher expressed compared to 

WKY carotid artery segments (Fig. 3).       

 

DMS and FTY720 induce profound contractile responses in isolated carotid artery segments of 

SHR but not in those of normotensive WKY rats 

While completely unresponsive in isolated carotid arteries of normotensive WKY rats, DMS (10 

µmol/L) induced profound transient contractions in artery segments of spontaneously 

hypertensive rats as described previously 12 (a DMS tracing is shown as a reference in Fig. 4A 

and 4B). In analogy to DMS, FTY720 did not evoke any response in carotid artery segments 

from WKY rats (Fig. 4C and 4F), but induced major transient contractions in segments from SHR 

(Fig. 4D and4F). Importantly, in contrast to its parent compound, the phosphorylated form of 

FTY720 (i.e. FTY720-P) did not induce any substantial response in segments from SHR. Thus 

Figure 3. Quantitative immunohistochemistry on sphingosine kinase 1 expression. A) 
Typical example of WKY and SHR carotid artery expression profile of sphingosine kinase 1 
(red) and cell nuclei (blue; left) and additionally with vWF endothelium marker (green; right). 
B) staining intensity quantified as endothelium (EC)-specific expression and vascular smooth 
muscle cell (VSMC)-specific expression. Data expressed as mean fluorescent light units (FLU) 
±SEM, n=5-6, * p<0.05. 
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only unphosphorylated FTY720 induced transient vasoconstrictions, only in carotid arteries of 

SHR 

 

 

 

 

 

 

 

 

 

 

 

 

 

and not in those of WKY (FTY720 in WKY 0.1±0.0, FTY720 in SHR 1.8±0.3, FTY720-P in WKY 

0.1±0.0, FTY720-P in SHR 0.1±0.1 mN/mm, n=3-6; p<0.05) (Fig. 4F). 
 

FTY720 and DMS induce vasoconstriction in carotid artery segments of SHR via a similar 

mechanism 

DMS-induced vasoconstriction has previously been shown to be endothelium-dependent and to 

be sensitive to cyclooxygenase and thromboxane A2 synthase inhibition and could be 

antagonized by the thromboxane/prostaglandin (TP) receptor antagonist SQ29548 12. To 

investigate whether FTY720 and DMS induce contractions in carotid artery segments from SHR 

via a similar mechanism, we either removed the endothelium or pre-incubated the vascular 

Figure 4. Contractile effect of DMS, FTY720 and FTY720-P on carotid arteries of SHR and WKY. 
Typical tracings showing the contractile effects of DMS (A + B), FTY720 (FTY, C + D), and FTY720-P 
(FTY-P, E) in isolated carotid arteries from WKY rats (A +C) and SHR (B, D + E). Please note the 
profound endothelial dysfunction in arteries from SHR as evidenced by a decreased relaxant response to 
methacholine (MCh; 10 µmol/L) in phenylephrine (Phe; 0.3 µmol/L) pre-contracted artery segments. 
Quantified data of FTY720-induced effects (F) are expressed as mean ± SEM in mN/mm segment 
length, n=3-6, * p<0.05. 
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segments with DMS, applied inhibitors of aforementioned enzymes or the TP-receptor 

antagonist prior the addition of FTY720. FTY720-induced vasoconstriction was diminished in  

DMS-pretreated segments (FTY720 was added directly after the initial DMS-induced constriction 

has relaxed) (0.57±0.19 mN/mm, n=4, p<0.05). Also endothelial denudation blunted the 

contractile response to FTY720 (0.2±0.2 mN/mm), indicating that the contractions were indeed 

endothelium-dependent (Fig. 5). Furthermore, the cyclooxygenase inhibitor indomethacin (10 

µmol/L), the thromboxane synthase inhibitor ozagrel (10 µmol/L) and the TP receptor antagonist 

SQ29548 (10 µmol/L) were all able to inhibit FTY720-induced vasoconstriction (0.3±0.3, 

0.1±0.1 and 0.1±0.1 mN/mm respectively, n=4-6, p<0.05) (Fig. 5).  

 

Figure 5. Mechanism of FTY720-induced 
contractions in isolated carotid arteries 
from SHR. FTY720-induced contractions in the 
absence of endothelium (-EC), in the presence 
of the cyclooxygenase inhibitor indomethacin 
(10 µmol/L), the thromboxane synthase 
inhibitor ozagrel (10 µmol/L) and the TP 
receptor antagonist SQ29548 (10µmol/L). Data 
expressed as mean ±SEM in mN/mm segment 
length, n=4-6, * p<0.05. 
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Discussion 

 

FTY720 (Fingolimod) is a recently approved oral treatment option for multiple sclerosis 1. In 

clinical trials, FTY720 as compared with placebo, had a superior efficacy over a 2-year period in 

patients with relapsing–remitting multiple sclerosis 8, and proved more effective than 

intramuscular interferon beta-1a over a 12-month period 7. Phase II and the aforementioned 

phase III clinical trials have shown that FTY720 is generally well tolerated and the reported 

adverse effects are, next to adverse effects due to immunosuppression, also of cardiovascular 

nature. Besides transient effects on heart rate (bradycardia) and atrio-ventricular conduction, a 

moderate increase in BP of approximately 3-5 mmHg in 4 to 6% of treated patients was 

observed that persisted during treatment 7-9. In addition, one case of severe peripheral arterial 

vasospasm was reported in a patient after 7 days of FTY720 treatment 24. 

In a previous report we have shown that hypertension is associated with marked alterations in 

vascular sphingolipid biology 12. We have shown that shifting the ceramide/S1P ratio towards 

ceramide, for instance by pharmacological inhibition of sphingosine kinase, can trigger 

endothelium-dependent production of thromboxane A2 in hypertensive animals, thus inducing 

vasoconstriction. Accordingly, intravenous infusion of DMS induces a marked increase in BP in 

anesthetized SHR, whereas it has no effect, or even lowers BP in WKY rats 12. Interestingly, 

ceramide levels in arterial tissue and plasma were significantly higher in SHR compared to those 

in normotensive WKY rats. The fact that also humans with stage 2/3 hypertension display 

elevated levels of ceramide in blood plasma, indicates that also human essential hypertension is 

associated with alterations in sphingolipid biology. Since several reports have clearly 

demonstrated that FTY720 has profound inhibitory effects on sphingosine kinase we were 

prompted to investigate whether FTY720, like the sphingosine kinase inhibitor DMS, increases 

vascular tone and BP only in SHR.  

In order to investigate whether FTY720 shows a similar divergent behavior as DMS in our 

previous study, we applied FTY720 in vivo. Intravenous infusion of FTY720 in anesthetized rats, 

however, caused marked effects on cardiac frequency, making it rather difficult to measure BP 

responses. As mentioned before, the cardiac effects of FTY720 are well known and have been 

described in laboratory animals and humans 25,26. Since the bradycardia induced by FTY720 is 

known to be transient, we decided to administer FTY720 orally and measure the BP response 

after 24 hours. While in WKY rats orally administered FTY720 reduced BP, we observed an 

increase in BP in SHR as measured 24h after application. At this time point heart rate was still 
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reduced in both groups to the same extend. The latter excludes the possibility that the changes 

in heart rate are responsible for the divergent response in BP we observed.  These experiments 

confirm that FTY720 induces comparable BP responses in normotensive and hypertensive 

animals as the sphingosine kinase inhibitor DMS.  

In order to investigate whether similar mechanisms are involved, we performed ex vivo 

experiments in isolated carotid arteries. In these blood vessels, sphingosine kinase 1 expression 

is elevated in SHR compared to WKY, suggesting aggravated sensitivity to both DMS and 

FTY720 inhibition. Myography experiments clearly demonstrate that FTY720, like DMS, induces 

vasoconstriction only in arteries from hypertensive rats and not in those from normotensive 

WKY rats. In contrast, FTY720-P, the phosphorylated derivative of FTY720 does not induce 

constriction in artery segments of neither WKY nor SHR. This is most likely due to the fact that 

FTY720-P has no sphingosine kinase inhibitory effects. This finding excludes the possibility that 

the constriction to FTY720 is caused by S1P receptor stimulation via FTY720-P, that will be 

formed via sphingosine kinase 2 activity in the artery segment.  

The induction of a transient vasoconstriction of FTY720 in isolated carotid arteries from SHR but 

not WKY rats closely resembles the vascular effects of DMS. In addition, also the fact that 

FTY720-induced contractions are substantially diminished in segments pre-treated with DMS, 

suggests that DMS and FTY720 induce vasoconstriction via a similar mechanism. The DMS-

induced contractions, proved to be endothelium-dependent and to be mediated via the 

eicosanoid thromboxane A2 12. Indeed, also FTY720-induced contractions were abolished by 

mechanical removal of the endothelium prior the addition of the compound. Moreover, the fact 

that the contractions were potently inhibited by cyclooxygenase and thromboxane synthase 

inhibition and to TP-receptor antagonism, indicates that FTY720 and DMS induce constriction 

via a similar mechanism. In our previous report we demonstrated that increased expression of 

calcium-independent phospholipase A2, cyclooxygenase and thromboxane synthase (all 

enzymes involved in TXA2 synthesis) in carotid artery segments of SHR, accounts for this 

phenomenon. 

Whether this mechanism (i.e. sphingosine kinase inhibition) also contributes to the BP 

increasing effect of FTY720 in humans remains elusive. Although these data are unfortunately 

not available in literature, it would be interesting to see whether the observed increases in BP in 

multiple sclerosis patients are specifically in those patients that already had hypertension or 

endothelial dysfunction.  

Besides the sphingosine kinase inhibitory effect of the unphosphorylated FTY720, after 

phosphorylation to FTY720-P in vivo, it may induce vasoconstriction via stimulation of S1P 
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receptors on smooth muscle cells 10,16. However vasoconstriction to FTY720-P is restricted to 

particular vascular beds, such as coronary and basilar arteries 10. As we show in this current 

study, FTY720-P does not induce vasoconstriction in carotid arteries. In other, peripheral, 

arteries FTY720-P induces an endothelium-dependent vasodilation via stimulation of endothelial 

S1P1 and/or S1P3 receptors 11,19. Therefore, it is unlikely that stimulation of vascular S1P 

receptors exclusively contributes to the BP increases as observed in patients treated with 

FTY720.  

In addition, this is not explanatory for the divergent responses to FTY720 in normotensive and 

hypertensive animals. In this regard it is important to realize that the carotid artery is a conduit- 

and not a resistance vessel. Interestingly, we do not observe contractile responses to FTY720 

and DMS in mesenteric arteries from SHR or WKY; in contrast, we do observe vasodilation to 

FTY720 in pre-constricted mesenteric arteries (data not shown). This may be in accordance with 

observations that sphingosine kinase 1 expression in mesenteric arteries is rather low compared 

to cerebral vessels 27. The fact that we observe clear BP increases to FTY720 in SHR, however, 

implicates that certain resistance vessels in vivo do contract. This may be due to direct TXA2 

release in vivo in the resistance vascular bed itself, or to paracrine/endocrine effects of TXA2 

released from other vascular beds. 

Another important aspect to keep in mind when extrapolating the in vitro data to the in vivo 

situation is metabolization of FTY720. One could argue that FTY720 in vivo is rapidly converted 

to FTY720-P, and that in contrast to the in vitro situation the vasculature in vivo is mainly 

exposed to FTY720-P. However, several pharmacokinetic studies 28-30 have demonstrated that 

FTY720 is absorbed very slowly; peak FTY720 plasma levels in are reached approximately 36 

hours after oral administration of a single dose. A recent study performed with radiolabelled 

FTY720 in humans 30 clearly demonstrates that FTY720 is only partially phosphorylated in vivo. 

Because of similar half-life values of FTY720 and FTY720-P, the ratio between the pro-drug and 

the metabolite remains rather constant and amounts to approximately 2. Thus also in vivo, 

endothelial cells are exposed to higher concentrations of FTY720 than FTY720-P. 

Next to inhibition of sphingosine kinase, FTY720 has been reported to inhibit cytoplasmic 

PLA2 31 and ceramide synthase 32. It is unlikely, however, that these properties are involved in 

the contractile effects of FTY720 as reported here; because of the role of arachidonic acid 

metabolites and ceramide in vessels from SHR as mentioned before, one would expect the 

opposite effect. 
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In conclusion, we clearly demonstrate that FTY720 induces vasoconstriction in isolated carotid 

arteries and raises BP in hypertensive, but not normotensive animals, most likely via its inhibitory 

effect on sphingosine kinase. Whether this mechanism contributes to increases in BP during 

FTY720 treatment in humans, remains to be investigated. 
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Summary 

 

Pharmacological inhibition of glucosylceramide synthesis has been shown to improve several 

aspects of the metabolic syndrome, such as insulin sensitivity and lipid metabolism. In addition, 

hypertension, another aspect of the metabolic syndrome, is associated with increased ceramide 

levels. Here we investigated whether hypertension is associated with altered glucosylceramide 

levels and whether inhibition of glucosylceramide synthesis affects blood pressure (BP) in 

hypertensive rats. For this purpose we determined glucosylceramide levels in normotensive 

Wistar Kyoto (WKY) rats, Spontaneously Hypertensive Rats (SHR), and in SHR treated with 

antihypertensive drugs or the glucosylceramide synthase inhibitor AMP-DNM, and subsequently 

recorded BP of these SHR. 

Mass spectrometric analysis revealed elevated levels of glucosylceramides (±60% increase) in 

SHR arterial tissue compared to WKY. In contrast, plasma glucosylceramide levels were lower in 

SHR (± 50% decrease). Lowering BP by means of a 4-week treatment with losartan or 

hydralazine, substantially reduced glucosylceramide levels in arterial tissue (± 35% decrease) of 

SHR whereas it tended to increase plasma levels of this glycosphingolipid. A four-week oral 

treatment with the glucosylceramide synthase inhibitor AMP-DNM resulted in reduced 

glucosylceramide levels in arterial tissue (± 30% decrease). This was, however, not associated 

with a change in arterial ceramide levels nor a concomitant change in BP. In addition, AMP-

DNM treatment did not influence endothelial dysfunction or ceramide-mediated contractions in 

SHR isolated carotid arteries. 

From these data we conclude that hypertension is associated with profound alterations in 

vascular and plasma glucosylceramide levels, but that inhibition of glucosylceramide synthesis 

does not influence BP in SHR.  
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Introduction 

 

Sphingolipids and glycosphingolipids are essential structural components of mammalian cell 

membranes (for review see van Meer et al.1). The large heterogeneity in sphingolipid and 

glycosphingolipid structures suggests a high degree of functional complexity. Indeed, next to 

their structural role, these lipids are now known to possess a variety of signaling properties and 

have emerging pathophysiological roles in health and disease 2,3. Over the past decades, 

research has revealed that these bioactive lipids, next to their regulatory function in the immune 

and nervous system, also have important regulatory roles in the cardiovascular system 4,5. For 

instance, we have previously shown that hypertension is associated with profound alterations in 

sphingolipid biology. In plasma from both spontaneously hypertensive rats (SHR) and 

hypertensive humans, ceramide levels are increased compared to normotensive controls 6. In 

addition, in the vasculature of SHR, but not of normotensive rats, pharmacological elevation of 

ceramide induces the release of the vasoconstrictor thromboxane A2, via a calcium-independent 

phospholipase A2 (iPLA2), cycooxygenase-1 (COX-1) and thromboxane synthase (TXAS)-

dependent mechanism. Interestingly, antihypertensive therapy reduces vascular ceramide levels 

and may prevent endogenous ceramide-induced vasoconstriction 7. Increased ceramide levels 

have also been observed in diabetes 8 and obesity 9, together with hypertension the main risk 

factors for cardiovascular morbidity and mortality. 

Glucose linkage to the sphingosine moiety of ceramide, a reaction catalyzed by the enzyme 

glucosylceramide synthase, gives rise to the simplest glycosphingolipid; glucosylceramide, a 

pivotal building block of many more complex glycosphingolipids. The role of this 

glycosphingolipid in the cardiovascular system has not been studied extensively. Studies with 

inhibitors of glucosylceramide synthase however, have revealed that glycosphingolipids exert 

important functions in glucose metabolism, adipocyte function and lipid homeostasis. For 

instance the hydrophobic iminosugar N-(5-adamantane-1-yl-methoxy)-pentyl-1-

deoxynojirimycin (AMP-DNM), a well-tolerated and potent inhibitor of glucosylceramide 

synthase, markedly lowered circulating glucose levels, improved oral glucose tolerance, reduced 

HbA1c, and improved insulin sensitivity in muscle and liver of mice and rats 10. Moreover, this 

inhibitor is able to improve the adipocyte function and reduce inflammation in adipose tissue of 

obese mice 11. AMP-DNM also decreases plasma cholesterol and phospholipids, and increased 

biliary lipid secretion 12,13. Also the chemically distinct glucosylceramide synthase inhibitor 

(1R,2R)-nonanoic acid [2-(2’,3’-dihydro-benzo [1,4] dioxin-6’-yl)-2-hydroxy-1-pyrrolidin-1-
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ylmethyl-ethyl]-amide-L-tartaric acid (Genz-123346) lowered glucose and HbA1c levels and 

improved glucose tolerance in the Zucker diabetic fatty rat and diet-induced obese mice 14. 

These data suggest that inhibition of glycosphingolipid synthesis has beneficial effects on 

several aspects of the metabolic syndrome, whereas its effect on BP, another feature of the 

metabolic syndrome 15, has not been investigated yet. This study was designed to investigate 

whether hypertension is associated with changes in vascular tissue and plasma glucosylceramide 

levels, and if so, whether BP lowering restores these alterations and/or whether inhibition of 

glucosylceramide synthesis influences BP. 

Here we demonstrate that SHR possess higher glucosylceramide levels in vascular tissue when 

compared to their normotensive counterparts, whereas lower glucosylceramide levels were 

observed in plasma. BP lowering partially restores these alterations. However, inhibition of 

glucosylceramide synthase in SHR does not influence BP or vascular function. From these data 

we conclude that hypertension is associated with pronounced alterations in glucosylceramide 

levels, but that these changes are most likely a reflection of hypertension, and not causative for 

hypertension per se. 

 

Methods 

 

Ethics statement 

The animal experiments performed in this study followed a protocol which was approved by the 

Animal Ethics Committee of Maastricht University and the Academic Medical Center 

Amsterdam, The Netherlands, and was in accordance with EU guidelines (2010/63/EU) on the 

care and use of laboratory animals. 

 

Animals and drugs.  

Adult six-months-old male SHR were purchased from Charles River (L'Arbresle, France). AMP-

DNM was synthesized as reported previously 16. This iminosugar was dispersed in the standard 

chow for this rat study, the standard chow served as control diet. In some experiments, rats 

were anesthetized with isoflurane and osmotic minipumps (2ML4; Alzet, California, USA) or a 

dummy device (PE tube equally sized to 2ML4 pumps) were subcutaneously implanted filled 

with losartan or hydralazine. During 4 weeks, a continuous 20 mg/kg.day treatment regimen 

was obtained as described previously 7. Acetyl-β-methylcholine (methacholine; MCh) and 

phenylephrine (Phe) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). 

Antibodies against glucosylceramide synthase, cyclooxygenase 1 and thromboxane synthase 
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were purchased from Cayman Chemical; calcium-independent phospholipase A2 antibody 

from Abcam (Cambridge, UK) and Von Willebrand factor antibody from GeneTex (Irvin, CA, 

USA). Alexa Fluor 488-labeled and Alexa Fluor 546-labeled secondary antibodies were from 

Invitrogen (Carlsbad, CA, USA).    

 

Blood pressure measurements 

Tail-cuff BP measurements in trained conscious animals were performed 28 days after the 

initiation of the different drug treatments using the CODAtm system (Kent Scientific 

Corporation, CT, USA). Differences in tail-cuff systolic BPs (SBP) were verified by intra-arterial 

measurements when rats were anesthetized with 2.5% isoflurane. For this purpose a PE-50 

canula with PE-10 fused tip was inserted into the abdominal aorta via the femoral artery. The 

arterial pressure was recorded using LabChart data acquisition software (ADInstruments Ltd, 

Oxford, UK). When BP was stabilized, baseline values of BP were recorded and averaged over 

10-15 minutes.  Hereafter, blood plasma, organs and blood vessels were collected and 

processed. 

 

Liquid chromatography - mass spectrometry on blood plasma and arterial tissue 

Post-anesthesia, the thoracic region was opened and 2 ml blood was collected by 

abdominal aorta puncture using a 21G needle (BD Microlance 3) and collected in a pre-

chilled (0°C) polypropylene blood collection tube containing PECT solution as described 

previously 6. Blood plasma was prepared by centrifugation for 20 min at 1600 x g, 4°C 

within 10 min after collection and stored at -80°C. Furthermore, the thoracic aorta was 

isolated, cleaned on ice and snap-frozen in liquid nitrogen. For blood plasma samples, lipids 

were extracted from 33 µL blood plasma as described by Merrill et al.17 and Wijesinghe et 

al.18 with slight modifications. Briefly; to 33 µL of plasma 167 µL water, 1mL methanol and 

0.5 mL chloroform were added together with an internal standard containing 500 pmol of 

the following; d17:1 sphingosine, sphinganine, sphingosine-1-phosphate and sphinganine-

1-phosphate, and d18:1/12:0 ceramide, ceramide-1-phosphate, sphingomyelin and 

glucosylceramide. The mixture was sonicated and incubated at 48°C overnight. The 

following day, extracts were subjected to base hydrolysis for 2 hrs at 37°C using 150 µL 

of 1 mol/L methanolic KOH. Following base hydrolysis the extract was completely neutralized 

by the addition of 6 µl glacial acetic acid. This neutralization was confirmed by pH 

measurement. Half of the extract was dried down and brought up in reversed phase sample 

buffer (60%A:40%B)(A= methanol:water 60:40 with 5mM ammonium formate and 1% 



Chapter 6 

136 
 

formic acid, B= methanol with 5mM ammonium formate and 1% formic acid). To the 

remaining extract, 1 mL chloroform and 2 mL water were added, and the lower phase was 

transferred to another tube, dried down and brought up in normal phase sample buffer 

(98%A:2%B). Sphingosine, sphinganine, sphingosine-1-phosphate sphinganine-1-phosphate 

and ceramide-1-phosphate were quantified via reversed phase HPLC ESI-MS/MS using a 

Discovery C18 column attached to a Shimadzu HPLC (20AD series) and subjected to mass 

spectrometric analysis using a 4000 Q-Trap (Applied Biosystems) as described by Wijesinghe 

et al. 18 Ceramides, sphingomyelins and monohexosyl ceramides were quantified via normal 

phase HPLC ESI-MS/MS using an amino column (Sigma) as described by Merrill et al. 17.  

For aorta samples, lipids were extracted from 500 µL of a 10% homogenate of the tissue 

in PBS according to Merrill et al. 17 a n d  Wijesinghe et al. 18 with slight modifications. 

Briefly to 500 µL of the 10% tissue homogenate 2 mL of methanol and 1 mL of 

chloroform was added together with an internal standard and processed as described 

above. The inter-day variability was less than 5% while the intraday variability was less than 

7%. The accuracy has been previously verified (Wijesinghe  et al. 18). 

 

Arterial preparation and isometric force recording 

Carotid artery segments were isolated from the rats and mounted into a wire myograph for 

isometric tension measurements as described by Mulders et al. 19. In brief, vessels were 

allowed to equilibrate and organ bath buffers were replaced every 15 min with carbogen 

aerated (95% O2, 5% CO2) Krebs-Henseleit buffer (pH7.4; in mmol/L: 118.5 NaCl, 4.7 KCl, 

25.0 NaHCO3, 1.2 MgSO4, 1.8 CaCl2, 1.1 KH2PO4 and 5.6 glucose). Two high K+-containing 

Krebs buffer contractions were performed (pH 7.4; in mmol/L: 23.2 NaCl, 100 KCl, 25 

NaHCO3, 1.2 MgSO4, 1.8 CaCl2, 1.1 KH2PO4 and 5.6 glucose) with 30 min washout in 

between. Then, 0.3 µmol/L phenylephrine was applied to gain a stabile contraction of >60% 

of the K+-induced contraction, and 10 µmol/L of methacholine was added to assess endothelial 

integrity. After 30 min another high K+-Krebs buffer contraction was performed. After 30 min 

wash-out, the enzyme sphingomyelinase (SMase; 0.1 U/mL) was applied to the organ baths to 

measure alterations in vasomotor tone for 1 hour. In other arteries, concentration-response 

curves for methacholine were generated in half-log concentration increments on 

phenylephrine-induced contractions. 
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Immunohistochemistry 

Immunohistochemical protein staining and subsequent fluorescence intensity quantification in 

carotid artery segments of SHR were performed as described previously 6. In brief, carotid artery 

segments were collected in ice-cold Krebs buffer directly after dissection and cleaning, rapidly 

submerged in OCT compound (Sakura, TissueTek). Frozen sections (5 µm thick) were cut on a 

Leica CM3050S cryostat and cold-air dried. Slides were fixed and incubated with blocking 

buffer. Slides were incubated at 4°C overnight with the primary antibody. The antibody against 

von Willebrand Factor (vWF) served as endothelium marker. Vessel slides were embedded in 

DAPI-containing mounting medium and imaged using a Nikon Eclipse TE2000-U fluorescence 

microscope (Plan Fluor ELWD 20x objective, Nikon DXM1200F digital camera) with NIS Elements 

AR 2.30 software. Quantification of fluorescence (fluorescent light units; FLU) was performed 

using NIS Elements.  

 

Statistical data analysis 

SBP, heart rate, organ weight, protein quantification, aortic and blood plasma sphingolipid 

content, and isometric tension measurements in carotid artery segments are presented as mean 

±SEM with ‘n’ being the number of individual rats. Statistical analyses were performed by one-

way ANOVA followed by Bonferroni multiple comparisons test (95% confidence interval). Full 

concentration response curves were analyzed by one-way repeated measures ANOVA. All 

statistical analyses 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 

 

Hypertension in rats is associated with alterations in plasma and arterial glucosylceramides. 

Sphingolipidomic analysis by means of LC-MS/MS revealed that arterial tissue (aorta) from 

spontaneously hypertensive rats contained higher levels (approximately 60% increase) of 

glucosylceramides than arterial tissue derived from normotensive Wistar Kyoto rats (Figure 1A, 

basal values 41.6±3.4 pmol versus 25.2±0.8 pmol, n=3-4 (pooled aortae), p<0.05,). 

Interestingly, glucosylceramide levels were approximately 50% lower in plasma from SHR 

compared to plasma from WKY (Figure 1B, basal values 31.1±1.2 vs 62.5±4.1 pmol, n=8-12, 

p<0.05). 

 

 

 

 

  

 

 

 

 

 

Blood pressure lowering reduces arterial glucosylceramide levels in hypertensive rats 

Four-week treatment with either the angiotensin II type 1 receptor antagonist losartan or the 

vasodilator hydralazine reduced BP, as previously reported 7, to a similar extend (BP untreated 

191±7 mmHg, versus losartan 125±5 mmHg or hydralazine 113±14 mmHg, n=4-6, p<0.05). 

This was accompanied by a concomitant decrease in arterial glucosylceramide levels (Figure 2A, 

34.9% for losartan and 30.6% for hydralazine, n=7-8, p<0.05). Interestingly, antihypertensive 

treatment, in particular losartan, reached a trend towards increased plasma  

 

Figure 1. Normalized glucosylceramide levels in aorta (A) and plasma (B) of normotensive WKY rats 
versus spontaneously hypertensive rats (SHR). Data are expressed as mean ±SEM, n=3-12, * p<0.05 



Glucosylceramide in hypertension 

139 
 

 

glucosylceramide levels (Figure 2B, 29.8% for losartan and 13.3% for hydralazine compared to 

untreated SHR, n=7-8, p>0.05). 

 

 

 

 

 

 

 

 

 

 

AMP-DNM reduces arterial glucosylceramide levels but has no influence on blood pressure 

Four-week oral treatment with the glucosylceramide synthase inhibitor AMP-DNM resulted in 

significantly lowered arterial glucosylceramide levels (Figure 3A, 30.9±12.7% decrease 

compared to untreated SHR, n=8, p<0.05), but had no significant effect on plasma 

glucosylceramide levels (Figure 3B, 14.2±9.7% compared to control rats). Although the 

treatment with AMP-DNM resulted in a lower heart rate (Figure 4A, 409±9 versus 441±8 bpm 

for AMP-DNM and untreated SHR respectively, n=8, p<0.05), this was not associated with 

changes in BP (Figure 4B, 204±3 versus 208±5 mmHg for AMP-DNM and untreated SHR 

respectively, n=8, P>0.05). 

  

Inhibition of glucosylceramide synthase has no effect on endothelial function 

BP lowering significantly improves sphingolipid-associated endothelial function in the SHR as 

previously reported 7. Treatment with the iminosugar AMP-DNM did not improve 

 

 

Figure 2. Normalized glucosylceramide levels in aorta (A) or plasma (B) of untreated SHR or SHR that 
were treated for 4 weeks with the antihypertensive drugs losartan or hydralazine.  Data are expressed 
as mean ±SEM, n=7-8, * p<0.05 
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endothelial function, as assessed by methacholine-induced vasodilation (Figure 5 A and B, n=7-

8, p>0.05). In addition, treatment had no influence on sphingomyelinase-induced 

vasoconstriction of isolated carotid artery segments (Figure 5C, n=6-7, p>0.05),  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Normalized glucosylceramide levels in aorta (A) or plasma (B) of untreated SHR or SHR that 
were treated for 4 weeks with the glucosylceramide synthase inhibitor AMP-DNM. 

         

Figure 4. Heart rate (A) and systolic blood pressure (B) and in untreated SHR and SHR treated for 4 
weeks with the glucosylceramide synthase inhibitor AMP-DNM. Data are expressed as mean ±SEM, 
n=7-8, * p<0.05 
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Inhibition of glucosylceramide synthase does not influence the expression of vascular 

glucosylceramide synthase, iPLA2, COX-1, or TXAS. 

Immunohistochemical analysis of carotid artery segments revealed that 4-week treatment with 

AMP-DNM had no significant influence on endothelial and smooth muscle cell glucosylceramide 

synthase expression (Figure 6A) nor on the enzymes involved in the sphingomyelinase-induced 

TXA2 synthesis being iPLA2, COX-1 and TXAS (Figure 6B-D, n=6-8, p>0.05). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Effect of 4-week treatment with the 
glucosylceramide synthase inhibitor AMP-DNM on 
endothelial function as determined via 
methacholine-induced relaxation in phenylephrine 
pre-constricted isolated carotid arteries. (A) single 
concentration (10 mmol/L) or (B) concentration 
response curve to methacholine.   
(C) Sphingomyelinase-induced (endothelium-
dependent) vasoconstriction in treated and non-
treated SHR. Data are expressed as mean ±SEM, 
n=6-8, p>0.05 
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Figure 6. Effect of 4-week treatment with the glucosylceramide synthase inhibitor AMP-DNM on the 
expression of (A) glucosylceramide synthase, (B) calcium-independent phospholipase A2 (iPLA2), (C) 
cyclooxygenase (COX)-1 and (D) thromboxane synthase (TXAS) in endothelium or smooth muscle cell 
layer in carotid arteries. Data are obtained from quantification (fluorescence) immunohistochemical 
detection of the individual proteins. Von Willebrand factor was used as endothelial marker. Data are 
expressed as mean ±SEM, n=6-8, p>0.05 
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Discussion 

 

In this study we demonstrate that hypertension is associated with pronounced divergent 

changes in vascular (increased) and plasma (decreased) glucosylceramide levels. These changes 

are partially restored by antihypertensive therapy. However, inhibition of glucosylceramide 

synthesis has no influence on BP in the SHR after 4 weeks treatment, suggesting that 

glucosylceramide does not play a major role in the regulation of BP in this setting. 

Pharmacological inhibition of glycosphingolipid biosynthesis has been shown to improve 

glucose tolerance, insulin responsiveness 10,14 and adipocyte function 11 and to reduce 

atherosclerosis 20 and hepatic steatosis 13, which are all hallmarks of the metabolic syndrome. 

However, the levels of glucosylceramide in a context of hypertension and a possible effect of 

glucosylceramide synthase inhibitors on BP in hypertension, being another important feature of 

the metabolic syndrome, have not been investigated yet. Aforementioned, and the fact that we 

have demonstrated previously that hypertension is associated with profound alterations in 

sphingolipid biology 6, prompted us to perform this study in spontaneously hypertensive rats 

and normotensive WKY rats. 

Mass spectrometric analysis revealed that vascular tissue (aorta) of SHR contains substantially 

higher levels (60% increase) of glucosylceramide compared to aorta from normotensive rats. 

Although the mass spectrometric method used does not allow us to discriminate between 

glucosylceramide and galactosylceramide, control experiments in this study have shown that the 

majority of monohexosylceramide, is indeed glucosylceramide (data not shown). The cause of 

this increase in glucosylceramide levels is not likely due to an increased expression of 

glucosylceramide synthase in the vasculature, since immunohistochemical analysis 

demonstrated equal expression levels of this enzyme in the endothelium and smooth muscle 

cell layer of carotid arteries of SHR and WKY rats. Interestingly, plasma glucosylceramide levels 

in SHR proved to be 50% lower when compared to plasma from WKY rats. It might be possible 

that the cause of this discrepancy between arterial and plasma glucosylceramide levels is a 

reduced export of glucosylceramide from the endothelium to plasma, however, to the best of 

our knowledge, no plasmalemmal transporter for glucosylceramide that might be responsible 

for this phenomenon has been identified yet. We have previously shown that the increased 

vascular ceramide levels observed in SHR, are sensitive to antihypertensive therapy with the 

angiotensin II type 1 receptor antagonist losartan and the vasodilator hydralazine 7. Here we 

show that also the increased arterial glucosylceramide levels in SHR are sensitive to 

antihypertensive treatment and are decreased by more than 30% after 4 weeks of treatment 
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with either compound. Although antihypertensive treatment tended to increase plasma 

glucosylceramide levels, this failed to reach statistical significance with the given number of 

experiments. These indications are in line with our previous study that showed clear reductions 

of ceramide in arterial tissue but not, or only marginally, in plasma after antihypertensive 

treatment 7. Maybe the effect of antihypertensive drugs on plasma sphingolipids will become 

more apparent after prolonged treatment. Although the effect of antihypertensive drugs on 

glucosylceramide levels in arterial tissue clearly demonstrates BP dependency, it does not allow 

us to draw conclusions on causality.  

Treatment of SHR with the iminosugar AMP-DNM reduced glucosylceramide levels in arterial 

tissue to almost the same extend as losartan and hydralazine (±30%). This was, however, not 

associated with a concomitant reduction in BP. The latter suggests that glycosphingolipids are 

most likely not involved in BP regulation, and may be dysregulated in SHR as a consequence of 

high BP.  

 

 

 

 

 

 

 

 

 

 

Interestingly, also here we did not observe a clear effect of the drug on plasma 

glucosylceramide levels. Whether this is due to the already very low glucosylceramide plasma 

levels observed in SHR remains elusive, but in other rodent models, as exemplified by LDL 

receptor deficient mice and ApoE3*Leiden mice fed on a western diet, iminosugar treatment 

Table 1 General body parameters, blood metabolites, and sphingolipid presence of untreated SHR and 
AMP-DNM treated SHR 

  Untreated (n=8) AMP-DNM (n=8) 

Weight change (g) 18 ± 2 -19 ± 4 * 

Rel. heart weight (g) 3.60 ± 0.07 3.70 ± 0.15 

Rel. kidney weight (g) 3.73 ± 0.06 3.61 ± 0.06 

Total cholesterol (mmol/L) 1.38 ± 0.04 1.17 ± 0.05 * 

Triglycerides (mmol/L) 0.13 ± 0.02 0.12 ± 0.01 

Fasting glucose (mmol/L) 3.69 ± 0.05 3.82 ± 0.10 

Ceramide plasma (µmol/L) 3.94 ± 0.10 3.32 ± 0.14 * 

Ceramide aorta (nmol/L) 42.43 ± 3.56 34.27 ± 4.67 

Glc-Ceramide plasma (µmol/L) 0.30 ± 0.02 0.26 ± 0.02 

Glc-Ceramide aorta (nmol/L) 1.61 ± 0.13 1.15 ± 0.13 * 

 
Data expressed as mean ±SEM, * p< 0.05. 
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markedly lower plasma glucosylceramide levels 20. A possible explanation for our results forms 

inhibition of the activity of the non-lysosomal glucocerebrosidase, GBA2 by AMP-DNM 21-23. 

GBA2 is extremely sensitive to inhibition by the iminosugar (IC50 of 1 nmol/L) 16, thus perhaps 

plasma GlcCer levels are less affected due to an equal stoichiometry between both GlcCer 

synthesis and breakdown within the given time-frame. In contrast to plasma GlcCer levels, 

AMP-DNM treatment of SHR rats did result in significant plasma cholesterol lowering, in parallel 

with the latter study 20, and overall reduction in body weight (Table 1 and 20). In the present 

study, AMP-DNM treatment induced a small reduction in plasma ceramide levels. Theoretically, 

this lowering of ceramide levels may translate in a reduced BP, since we have previously shown 

that ceramide, at least in hypertensive rats, increases vascular tone by stimulating the release of 

thromboxane A2 6. Most likely because the effects of AMP-DNM were insignificant on especially 

vascular ceramide levels this was not associated with a reduction in BP. In line with this, the 

four-week treatment with AMP-DNM had no influence on endothelial function, as 

demonstrated by unaltered responses to the endothelium-dependent vasodilator methacholine. 

Pharmacological BP lowering by losartan clearly reduces sphingomyelinase-induced 

vasoconstriction in isolated carotid arteries 7. AMP-DNM, however, was not effective in this 

respect. Accordingly, and in contrast to losartan, AMP-DNM had no influence on the expression 

of enzymes involved in thromboxane A2 synthesis. 

In conclusion, we have demonstrated that hypertension is associated with pronounced 

alterations in glucosylceramide levels and that these changes can be partially restored by BP 

lowering. In contrast, lowering glucosylceramide levels in SHR has no influence on BP, 

suggesting that glucosylceramide has no major role in BP regulation per se. 
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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). 



Sphingolipids and endothelin-1 signaling in hypertension 
 

159 
 

 

 

 

 

 

 

 

 

 

 

 

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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Summary 

 
Von Willebrand factor (vWF) is a pro-coagulant factor present in Weibel Palade bodies and 

involved in bleeding arrest. Recent evidence demonstrated a link between sphingolipid 

signalling and exocytosis of Weibel Palade bodies and thus vWF secretion. Interestingly both, 

S1P and ceramide were reported to induce Weibel Palade body exocytosis. The S1P-induced 

Weibel Palade body exocytosis is most likely mediated via G protein-coupled S1P receptors but 

insight into which receptor subtype or subtypes are involved in this process is lacking. Because 

of the current interest in S1P receptors as new targets for the treatment of autoimmune 

diseases and the recent approval of FTY720, a S1P receptor targeting pro-drug, it is of 

importance to elucidate the role of specific S1P receptor subtypes in Weibel Palade body 

exocytosis. 

Using human umbilical vein endothelial cells (HUVECs) predominantly expressing S1P1 and S1P3 

receptors as assesses by real-time PCR, we determined the capability of S1P, FTY720P and the 

S1P1 specific agonist CYM-5442 to induce vWF secretion. Furthermore, using the S1P1 

antagonist W146, and siRNA directed against S1P3, we show that S1P-induced vWF secretion is 

dependent on both S1P1 and S1P3 receptors. Interestingly, FTY720P, a S1P1,3,4,5 receptor 

agonist, induces vWF secretion predominantly via S1P1. This remarkable difference between 

S1P and FTY720P-induced Weibel Palade body exocytosis is probably explained by the fact that 

FTY720P in contrast to S1P is reported to predominantly activate Gi- and not Gq-induced S1P3-

mediated signalling pathways. Since hypertension is associated with elevated plasma vWF levels 

and we previously demonstrated an alteration in sphingolipid levels in essential hypertension a 

link between these two processes may be evident. Future studies should address whether this 

link indeed exists and whether S1P1/3 receptor expression differences exists in the vasculature of 

hypertensive subjects. A potential upregulation of either S1P1 and/or S1P3, next to the 

established upregulation of SK1 and elevated plasma S1P in hypertension, could indicate a 

pivotal role for S1P in mediating hypertension-associated elevated vWF secretion and possibly 

induce an altered thrombotic phenotype of patients treated with S1PR-targeting drugs. 
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Introduction 

 

Weibel-Palade bodies (WPBs) are rod-shaped organelles present in vascular endothelial cells and 

function as storage vesicles for von Willebrand factor (vWF) 1,2. A large number of other 

bioactive compounds have been recognized to reside in WPBs, like the leukocyte receptor P-

selectin, endothelin-1 and calcitonin-gene related peptide 3,4. vWF is synthesized and secreted 

exclusively by endothelial cells and megakaryocytes 5, though most circulating plasma vWF 

originates from the endothelium 6. The primary role of this multimeric adhesive glycoprotein is 

bleeding arrest via platelet aggregation and stabilisation of the blood coagulator Factor VIII 3. 

Two major signalling routes enable secretagogue mediated (ligand-induced) WPB exocytosis 

based on either cytosolic cAMP or calcium elevation. For instance, adrenaline-induced vWF 

exocytosis in HUVECs is mediated via cAMP elevation 4. In contrast, thrombin-induced WPB 

exocytosis depends on cytosolic calcium elevation as indicated by its sensitivity to the 

intracellular calcium chelator BAPTA-AM 3,4,7. Recently, Matsushita et al. demonstrated that also 

certain sphingolipids are able to release vWF from endothelial cells in a calcium-dependent 

manner 4,8. This bioactive lipid class includes for instance ceramide and sphingosine-1-

phosphate (S1P), and has been recognized to participate in major signalling routes contributing 

to cardiovascular homeostasis 9,10. S1P, which is readily produced upon sphingosine kinase 

activation, is the high affinity ligand for its G-protein coupled S1P receptors, denoted as S1P1-

5 11. The receptor expression in the endothelium is reported to be restricted to S1P1 and 

S1P3 10. S1P1 couples to G-proteins (Gi) able to inhibit soluble adenylyl cyclise, leading to 

decreased intracellular cAMP production 12-14. S1P3 couples besides to Gi also to phospholipase 

C activating Gq-proteins, resulting in elevated intracellular calcium mobilization 12,13,15. 

However, which S1P receptor is responsible for the S1P-induced exocytosis is still unknown. The 

importance of characterizing the receptor-specificity of vWF secretion is emphasized by the 

upcoming generation of sphingolipid-targeting drugs, like fingolimod (FTY720). This prodrug is 

metabolised by sphingosine kinase to the active FTY720P, which is a S1P1,3,4,5 receptor agonist 

thus displaying an activation pattern different from the endogenous ligand S1P 16. Based on the 

G-protein coupling specificity of the S1P3 compared to the S1P1 receptor the S1P3 receptor was 

expected to be the most likely receptor involved in S1P-induced vWF secretion from HUVECs. 

However, our findings indicate that although the S1P-induced vWF secretion is calcium-

sensitive, both the S1P1 and S1P3 receptor are important. Interestingly, FTY720P-induced 
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secretion predominantly involves S1P1 receptors. This remarkable difference between S1P and 

FTY720P-induced Weibel Palade body exocytosis is probably explained by the fact that FTY720P 

in contrast to S1P is reported to predominantly activate Gi- and not Gq-induced S1P3-mediated 

signalling pathways 17,18. This study indicates that sphingolipid-modulatory drugs can influence 

WPB release and that the potency of release will depend on the preference of the compound 

for activating either S1P1 and/or S1P3 receptors.  
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Materials & Methods  

 

Cells, reagents and antibodies 

Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza Verviers and 

cultured on fibronectin-coated plates in enriched EGM-2 medium. CHO cells were cultured in 

enriched DMEM and specific S1PR overexpression was generated as described previously 19,20. 

Trypsin, penicillin, and streptomycin were from Invitrogen (Breda, NL). EGM-2 was from Lonza 

Verviers (Verviers, BE). Interferin was from PolyPlus, Westburg (Leusden, NL). NuPAGE 4-12% 

Bis-Tris gels and nitrocellulose membrane were from Invitrogen (Breda, NL). EDG1/S1P1 rabbit 

polyclonal antibody (AP01197PU-N) from Acris (Huissen, NL). EDG3/S1P3 rabbit polyclonal 

antibody (LS-B2155) from Lifespan biosciences (Huissen, NL). Adrenaline, thrombin, forskolin, 3-

isobutyl-1-methylxanthine (IBMX) and anti-α-tubulin monoclonal antibody (DM1A) were 

purchased from Sigma-Aldrich Chemie (Steinheim, DE). Sphingosine-1-phosphate (S1P) and [2-

(4-(5-(3,4-diethoxyphenyl)-1,2,4-oxadiazol-3-yl)-2,3-dihydro-1Hinden-1-yl amino) ethanol 

(CYM-5442) were purchased from Avanti Polar Lipids (Alabaster, Alabama, US). 2-Amino-2-(4 

octylphenethyl) propane-1,3-diol (racemic FTY720P) and (R)-3-Amino-(3-hexylphenylamino)-4-

oxobutyl-phosphonic acid (W146) were kindly provided by Solvay Pharmaceuticals  (Weesp, NL) 

and synthesised as described in Jongsma et al. 18. All chemicals used were of analytical grade. 

All siRNAs were purchased from Dharmacon (Thermo Fisher Scientific Dharmacon Products, 

Lafayette, Colorado, US).The enzyme-linked immunosorbent assay (ELISA) for VWF (using anti-

VWF monoclonal antibody CLB-RAg20 21) and VWF propeptide was performed as described 

previously 22.  

 

S1P-receptor determination by qPCR 

HUVECs were cultured till confluency in a coated 6-well plate, the RNA was isolated using a 

QIAGEN RNeasy mini kit and the concentration of the eluted RNA was determined by 

spectrophotometry (Nanodrop, Isogen Life Science). To remove genomic DNA contamination, 

1 µg of total RNA was treated with 1.5 µl DNAse I, Amp Grade. cDNA was synthesized by 

reverse transcription using the iScript cDNA Synthesis kit. A control for the presence of genomic 

DNA, without cDNA synthesis, was performed for each sample. Oligonucleotide primers were 

designed using the D-LUX designer software (Invitrogen), based on sequences from the 

GenBank database (S1PR1:NM_001400, S1PR2:NM_004230, S1PR3: NM_005226, 

S1PR4:NM_003775, S1PR5:NM_030760). Each primer pair was tested for selectivity, sensitivity 

and PCR efficiency. The p0 ribosomal protein and GAPDH were selected as endogenous 
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controls to correct for potential variation in RNA input. Relative quantification of mRNA was 

performed on a MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad Laboratories). The 

final reaction mixture (15 µl) consisted of diluted cDNA, 1x iQ Sybr Green Supermix, 200 nmol/L 

of the forward primer and 200 nmol/L of the reverse primer. All the reactions were performed 

in 96-well plates, in duplicate. Controls for genomic DNA were included for each cDNA sample 

and also a negative control containing both primers and iQ Sybr Green Supermix. All data were 

corrected for RNA input using the expression of p0 ribosomal protein and GAPDH 

simultaneously.  

 

Measurement of endothelial [cAMP]i and
 
[Ca2+]i 

For cAMP measurements, HUVECs were plated in 96-well plates (passage 3-5) and grown to a 

confluent monolayer. After serum starvation overnight, the cells were washed with HBSS buffer 

containing 0.05% fatty-acid free BSA and 5 mmol/L HEPES. The cells were subsequently 

stimulated for 15 min at 37°C in buffer containing a high concentration of IBMX (0.5 mmol/L) 

and either S1P (30 pmol/L –  1 µmol/L) or FTY720P (0.3 nmol/L – 1 µmol/L). After removal of the 

stimulation mixture, the cells were lysed with 50 µL 0.5% Triton-X100 in buffer supplemented 

with 0.5 mmol/L IBMX. Detection of accumulated cAMP during stimulation was performed 

using the LANCE™ cAMP 384 kit (Perkin Elmer) according to the manufacturer’s protocol in a 

total volume of 20 µL; 10 µL of the lysate was added to the 384-well optiplate. Each condition 

was performed in triplicate. Measurements were performed 3 h after adding detection buffer 

and antibody mixture using the Wallac 1420 Victor2 (Perkin Elmer). 

For calcium measurements, HUVECS (passage 3-5), w/wo siRNA knockdown, or CHO cells 

overexpressing human S1P1, S1P2 or S1P3 receptors (as described previously 19,20) were plated 

in black clear bottom 96-well plates and grown until confluency and subsequently serum-

starved overnight. Cells were then loaded for 1 h with HBSS/probenecid buffer (containing 20 

mmol/L HEPES and 2.5 mmol/L probenecid) plus 4 µmol/L Fluo-4 AM ester and 0.42% v/v 

pluronic acid and incubated at 37°C. After loading, cells were washed twice with 

HBSS/probenecid buffer and incubated at 37°C during 1 hour, w/wo a 30 min preincubation 

with the S1P1 receptor antagonist W146 (final concentration 1 µmol/L or 10 µmol/L). 

Fluorescence was measured at basal level, followed by stimulation with adrenaline (1 µmol/L), 

thrombin (1 U/ml), S1P (1 µmol/L) or FTY720P (1 µmol/L) and finally triton X-100 (5 v/v %) 

addition (resulting in Fmax) and 250 mmol/L ethylene glycol tetraacetic acid (EGTA) addition 

(resulting in Fmin). The intracellular calcium concentration ([Ca2+]i) was calculated via [Ca2+]i= 

Kd*[(F−Fmin)/(Fmax−F)], with Kd being the dissociation constant of the binding of Fluo-4 to 
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calcium (345 nmol/L). The increase in [Ca2+]i upon ligand stimulation was calculated as the 

difference between the [Ca2+]i for the basal level and after adding the ligand. 

 

siRNA/western blotting 

For siRNA mediated knock-down of S1P3, ON-TARGETplus SMARTpool L-005208-00 Human 

EDG3 (1903) was used. SiGENOME Non-Targeting siRNA Pool #1 (D-001206-13-05) was used 

as a control in these experiments. SiRNA (20 pmol per well of a 6-well plate) was delivered to 

HUVECs by transfection using Interferin according to the manufacturer’s instructions. 

Transfected HUVECs were grown on fibronectin-coated 6-well plates for 72 hours before 

stimulation.To confirm knockdown, total lysates of several experiments were separated on 

NuPAGE 4-12% Bis-Tris Gels and transferred on nitrocellulose membrane. Membranes were 

hybridized with an anti-EDG3/S1P3 rabbit polyclonal antibody or control anti-EDG1/S1P1 rabbit 

polyclonal antibody, and proteins were visualized by Licor Odyssey. Staining of the membranes 

with α-tubulin was used as a protein loading control. 

 

Statistical analysis 

The calcium, cAMP, qPCR and vWF secretion data are expressed as mean ±SEM with ‘n’ being 

the number of individual experiments. Statistics were performed students t-test on vWF 

secretion data and calcium mobilization in scrambled-siRNA and S1P3-siRNA experimental data. 

One-way ANOVA followed by Dunnett’s test was performed on the remaining calcium 

mobilization experimental data. All statistical analyses 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 

 

S1P, FTY720P and CYM-5442 induce a calcium-dependent vWF release 

.S1P receptor-mediated effects on vWF secretion were investigated using a vWF secretion assay 

and HUVECs were incubated with several agonists. Although incubation with thrombin, 

adrenaline, S1P, FTY720P and CYM-5442 all induced vWF secretion, only the secretion by the 

adrenoreceptor agonist adrenaline was cAMP-mediated since it was unaffected by a 

preincubation with the intracellular calcium scavenger BAPTA-AM (Fig. 1A).  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. HUVEC characteristics and agonist-induced responses. A) Von Willebrand Factor (vWF) 
secretion in the presence or absence of the calcium chelator BAPTA-AM (10 µmol/L). B) relative S1P1-5 
receptor mRNA presence in cultured HUVECs (P3-5). C) Intracellular cAMP release by S1P or FTY720P. 
D) Intracellular calcium (Ca2+) release by several agonists. Thrombin (1 U/ml), adrenaline (1 µmol/L), 
sphingosine-1-phosphate (S1P, 1 µmol/L), FTY720P (1 µmol/L) amd CYM-5442 (CYM; 1 µmol/L). N≥3, * 
p<0.05. 
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To confirm the S1P receptor expression pattern in the cultured HUVECs used in this assay, real 

time PCR was performed on lysed HUVEC cultures. The major receptor mRNA present in the 

culture was S1P1, followed by a lower S1P3 receptor mRNA presence (Fig. 1B). In addition, 

small amounts of S1P2 receptor mRNA were also detected. In order to validate the S1P1 

receptor-mediated inhibition of cAMP production, HUVECs were incubated with various 

concentrations of either S1P or FTY720P. This resulted in a concentration-dependent decrease 

in basal cellular cAMP production (Fig. 1C). In line with the finding on BAPTA-AM sensitivity, all 

tested compounds except adrenaline, induced a marked elevation of cytosolic calcium upon 

stimulation (Fig. 1D).  

 

S1P-induced vWF secretion could be inhibited by W146 preincubation 

To evaluate the involvement of S1P1 receptors in vWF secretion, HUVECS were pre-incubated 

with the S1P1-specific antagonist W146 prior to S1P or FTY720P stimulation. To validate the 

specificity of W146 for S1P1 receptors, the effect of this compound on S1P-induced calcium 

release was determined in CHO cells overexpressing either S1P1, S1P2 or S1P3 receptors, or 

mock control. The stimulation of transfected CHO cells with S1P resulted in an elevation of 

intracellular calcium. The highest increase was observed in S1P3 overexpressing cells 

followed by S1P2 and S1P1 receptor overexpressing cells (Fig. 2A-inset). Stimulation of CHO 

cells with FTY720P or CYM-5442 resulted in mainly a S1P1-mediated calcium elevation, with 

relatively less involvement of S1P3 receptors, and no involvement of S1P2 receptors compared 

to S1P (Fig. 2A). The presence of 1 µmol/L and 10 µmol/L W146 could significantly antagonize 

S1P1-mediated calcium elevation, in contrast to S1P2 and S1P3-mediated release which 

remained largely unaffected (Fig. 2B). At 10 µmol/L W146, both S1P- and FTY720P-induced 

vWF exocytosis was significantly inhibited (Fig. 2C). Interestingly, thrombin-induced secretion 

was also inhibited by 10 µmol/L W146 pre-incubation, but not by the lower concentration.   
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S1P3 knockdown reduced vWF secretion by S1P, but not by FTY720P nor CYM-5442 

Since no specific S1P3 receptor antagonists are commercially available the S1P3 receptor 

involvement was investigated by inducing S1P3 receptor knockdown in HUVECs. Successful 

receptor knockdown by siRNA, was checked by western blotting. This indeed indicated lower 

S1P3 receptor presence in S1P3-SiRNA treated HUVECs, without affecting S1P1 receptor 

Figure 2. Involvement of S1P1 in 
calcium release and vWF 
secretion. A) Calcium release (in 
percentage of S1P) by FTY720P and 
CYM-5442 in CHO cells 
overexpressing either S1P1, S1P2 or 
S1P3 receptors. Inset: absolute 
calcium release by S1P. B) S1P-
induced calcium release in CHO cells 
overexpressing either S1P1, S1P2 or 
S1P3 receptors with/without 
preincubation with the S1P1 
antagonist W146. C) Influence of 1 
µmol/L W146 pre-incubation on 
agonist-induced vWF secretion in 
HUVECs. Thrombin (1 U/ml), 
adrenaline (1 µmol/L), sphingosine-
1-phosphate (S1P, 1 µmol/L), 
FTY720P (1 µmol/L) and CYM-5442 
(CYM; 1 µmol/L). N≥3, # p<,0.1, * 
p<0.05 
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presence (Fig. 3A). Cytosolic calcium release by S1P was significantly reduced by S1P3 

knockdown (Fig. 3B). In contrast, calcium release by thrombin or FTY720P was unaffected by 

the receptor knockdown. Subsequent vWF release could be markedly inhibited by S1P3 

receptor knockdown. In line with the latter findings, receptor knockdown did not affect 

thrombin, adrenaline, FTY720P nor CYM-5442-induced vWF release.  

 

 

 

 

 

  

Figure 3. Involvement of S1P3 in 
intracellular calcium increase and vWF 
secretion. A) Western blotting on S1P1 
(EDG1) and S1P3 (EDG3) receptor presence 
to validate of S1P3-specififc knockdown in 
HUVECs by siRNA. B) Effect of S1P3 receptor 
knockdown on agonist-induced intracellular 
calcium release. C) Effect of S1P3 receptor 
knockdown on agonist-induced vWF 
secretion. Thrombin (1 U/ml), adrenaline 
(Ad; 1 µmol/L), sphingosine-1-phosphate 
(S1P; 1 µmol/L), FTY720P (1 µmol/L) and 
CYM-5442 (CYM; 1 µmol/L). N≥3,* p<0.05. 
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Discussion 
 
Two major signalling routes enable vWF containing WPB exocytosis, being either cytosolic cAMP 

or calcium elevation 3,4,7. vWF is a procoagulant factor involved in bleeding arrest and elevated 

exocytosis provides a prothrombotic phenotype 3. Recently, Matsushita et al. demonstrated that 

the sphingolipid S1P is able to release vWF from endothelial cells in a calcium-dependent 

manner 8. However, insight into which receptor is responsible for S1P-mediated WPB exocytosis 

is lacking. Because of the current efforts in developing sphingolipid-targeting drugs like 

FTY720, characterisation of which specific S1P receptor is involved in WPB exocytosis is of 

interest. In this study we show that S1P-induced vWF secretion is dependent on both S1P1 and 

S1P3 receptors, however FTY720, a S1P1,3,4,5 receptor agonist which induces vWF secretion 

predominantly via S1P1 receptors. 

We could confirm  that S1P-induced vWF secretion is indeed calcium-dependent 8. Interestingly, 

compared to the well-determined vWF release by thrombin, S1P appears to be an equal or even 

more efficacious stimulator of vWF secretion when using high concentrations of agonists. The 

HUVECs in this study displayed a similar mRNA level pattern as reported in literature, namely 

predominantly S1P1 receptor mRNA, and lower S1P3 receptor mRNA 9.  Although consequently 

lower levels of S1P3 receptor protein expression are expected by these results, its role should 

not be neglected since stimulation of intracellular calcium release by S1P3 receptors is more 

efficacious than by S1P1. Clearly, these differential effects on calcium mobilisation are also 

affected by the relative receptor expression levels in the transfected CHO cells, which are 

presumably not entirely equal for S1P1,2 and 3 receptors. To assess the involvement of S1P1 

receptors in mediating vWF secretion, the S1P1 antagonist W146 was used. Interestingly, 

besides affecting S1P1 receptor-induced effects, also S1P2 and S1P3 appeared to be partially 

antagonised at 10 µmol/L W146, although this failed to reach significance. Thus, the lower 

concentration of W146 was used to determine the involvement of S1P1 in HUVECs. W146 was 

able to inhibit S1P-induced calcium mobilisation and, although under the given number of 

experiments only reaching a trend, indicating the involvement of S1P1 in vWF secretion. Indeed, 

vWF secretion was reduced by W146 for both S1P and FTY720P. The S1P1-specific agonist 

CYM-5442, as characterised in S1PR overexpressing CHO cells, was also able to induce vWF 

secretion, further reinforcing the involvement of S1P1 in the secretory pathway, and this effect 

was almost completely abrogated by W146. Several other studies have reported on S1P1-

mediated effects on calcium release which are most likely the result of a Gi-induced 
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beta/gamma subunit-mediated PLC activation 23. High S1P1 expression levels in HUVECs, as 

advocated by the mRNA data, possibly account for the high dependence of vWF secretion on 

S1P1.      

Due to a lack in true S1P3-specific antagonists, HUVECs with S1P3 receptor knockdown (KD) 

were generated with unaffected S1P1 expression to asses the involvement of S1P3 receptors in 

mediating vWF secretion. S1P3 receptor KD displayed attenuated S1P-induced vWF exocytosis. 

Interestingly, the S1P3 KD displayed unaffected vWF secretion for CYM-5442 as expected, 

however similar results were detected for FTY720P as well. This indicated that, in contrast to 

S1P, FTY720P-induced vWF exocytosis is mainly dependent on S1P1 signalling. This is in line 

with the finding that FTY720P in contrast to S1P is reported to predominantly activate Gi- and 

not Gq-induced S1P3-mediated signalling pathways. In contrast S1P has no preference for one 

of these two G-proteins. FTY720P is expected to induce a conformational change of the S1P3 

receptor, favouring predominantly Gi signalling. Thus, the FTY720P-induced S1P3-mediated 

increase in intracellular calcium levels is generally lower than the S1P-induced increase. 

In conclusion, we show that S1P-induced WPB exocytosis by HUVECs is mediated by both S1P1 

and S1P3 receptors. FTY720P-induced WPB exocytosis, however, is mainly S1P1 receptor-

mediated. Because of the link between sphingolipid signalling and WPB exocytosis and our 

previous report demonstrating an altered sphingolipid biology in hypertension 24, it is tempting 

to speculate that hypertension-associated sphingolipid signalling alterations could be causative 

for the elevation in circulating vWF 25, and possibly augmented implications for other WPB-

derived vasoactive substances 26-28 to endothelium dysfunction as well 29. In addition it would 

be interesting to investigate whether S1P1/3 receptor expression differs in the vasculature of 

hypertensive versus normotensive subjects. An upregulation of either S1P1 and/or S1P3, next to 

the established elevated plasma S1P in hypertension 24 and upregulation of SK1 30 as 

demonstrated in Chapter 3 and 5 respectively, could indicate a pivotal role for S1P in mediating 

hypertension-associated elevated vWF secretion and possibly an altered thrombotic phenotype 

in patients treated with S1PR-targeting drugs. 
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In the past decades it has become increasingly clear that sphingolipids play an important role in 

cellular homeostasis. While sphingosine-1-phosphate (S1P) functions as a survival or 

proliferation-inducing factor, its precursor ceramide is a potent apoptosis inducer. This Yin/Jang 

principle in cellular regulation by these sphingolipids is often referred to as the “ceramide/S1P 

rheostat”. Next to their vascular growth-regulating properties, previous research on 

sphingolipids in vascular function has clearly demonstrated an important physiological role of 

these lipids in endothelial function and vascular smooth muscle tone. For instance, we and 

others have shown that S1P, depending on the vessel type, can enhance or decrease the release 

and/or action of nitric oxide and other endothelium-derived factors (for review see chapter 1, 

Spijkers et al., 2011, Peters & Alewijnse, 2007).   

Hypertension is associated with both altered vascular growth responses (vascular remodelling) 

and endothelial dysfunction and the influence of hypertension on vascular sphingolipid biology 

has not been explored yet. In the research presented in this thesis, we were able to 

demonstrate increased ceramide levels in both an experimental rodent model of hypertension 

(spontaneously hypertensive rats, SHR) and humans. In wire myography experiments, we have 

demonstrated the functional implication of this finding. Increasing vascular ceramide content by 

application of exogenous sphingomyelinase induces potent endothelium-dependent 

vasoconstrictions in isolated carotid arteries from hypertensive, but not normotensive animals. 

These experiments in combination with pharmacological tools revealed that in vessels from 

hypertensive animals ceramide activates calcium-independent phospholipase A2 and the 

generated arachidonic acid is subsequently converted to thromboxane A2 (TXA2), by 

cyclooxygenase-1 and thromboxane synthase (see also Box 1). Further research by using 

immunohistochemistry and imaging mass spectrometry, provided evidence that these enzymes 

involved in TXA2 synthesis are expressed to a higher extend in endothelial cells from 

hypertensive animals. 

 

 

 

 

 

Box 1 | Ceramide activated TXA2 production likely independent of endothelial Ca2+ elevation 
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Typically, essential hypertension mediated endothelial 
contractile factor release is initiated by elevation of 
endothelial cytosolic calcium. The involvement of 
calcium-independent PLA2 in the SMase-mediated 
induction of TXA2 production, suggests an alternative 
pathway. Indeed, calcium measurements in HUVECs 
(left) indicate low calcium mobilization by SMase 
(myograph equivalent concentrations; 0.1U/ml), while 
marked elevations are triggered by thrombin (1U/ml) 
and S1P (1µM).    
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Next to this novel sphingolipid-mediated EDCF production stands the ‘classical’ EDCF already 

described by Taddei and Vanhoutte, which is induced by for instance acetylcholine. The 

mechanistic insights in the classical EDCF and sphingolipid-mediated EDCF are postulated in box 

2. From the experiments as described in chapter 3 from this thesis, we can conclude that 

hypertension is associated with marked alterations in vascular sphingolipid biology. Firstly, 

hypertension is associated with increased ceramide tissue and plasma levels. Secondly, 

hypertension is associated with a predisposition to ceramide-induced vasoconstriction (figure 1).  

Another interesting implication of the presented findings of this first experimental chapter is 

that the aforementioned “ceramide/S1P rheostat” principle not only holds true for the growth-

regulating properties of these sphingolipids but also for their endothelial vasoactive properties 

(Figure 2). As described previously, S1P can induce endothelial NO release, via a calcium and 

PI3Kinase dependent pathway, and therefore has vasorelaxing properties. In contrast, ceramide  

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Hypertension is associated with increased ceramide levels and a predisposition to ceramide-
induced vasoconstriction 
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induces the release of TXA2, via an iPLA2, COX-1 and TXAS-dependent pathway, and therefore 

has vasoconstricting properties. The latter pathway, however, is only of significance under 

pathological circumstances as present in hypertension. Next to the necessity of a hypertension 

background for this pathway, also an age-dependency is expected as indicated by the data in 

figure 3. Apparently, contractile responses to DMS are significantly lower in young SHR carotid 

arteries compared to aged SHR and in contrast with contractile responses to SMase, 

 

 

 

 

 

 

 

which is equal in both types. This implies that although the enzymes involved in the production 

of TXA2 are already expressed at higher levels compared to WKY, clearly the initiation of this 

pathway cannot be evoked by DMS in equal potency compared to aged SHR. In general, young 

SHR rats of 9-10 weeks of age do not possess a profound endothelial dysfunction as found in 

aged SHR. Thus, these findings suggest that although the TXA2 synthesising enzymes are 

already elevated in young SHR, the sphingolipid system is not yet primed towards ceramide 

dominance, as indicated by a low contractile response to DMS. For SMase treatment, a massive 

generation of ceramide is expected in both vascular segments, independent of the endogenous 

sphingolipid metabolism.  

Currently, it is unknown whether this pathway also plays a role in other disease states 

associated with endothelial function, such as atherosclerosis, diabetes, heart failure and 

preeclampsia. However, several disease states have been associated with an elevated endothelin 

(ET)-1 presence, and these pathologies could be further complicated by a contribution of ET-1-

mediated thromboxane production as described in chapter 7. An important question with 

respect to the association of hypertension and altered sphingolipid biology is whether these 

alterations are the cause or consequence of high blood pressure (BP). Chapters 3 and 5 provide 

evidence that shifting the ceramide/S1P balance towards ceramide can cause vasoconstriction 

Figure 2: The vasoactive ceramide/S1P rheostat implicated in conduit arteries in hypertension 
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and elevated BP. However, because in SHR hypertension precedes endothelial dysfunction, it is 

not likely that alterations in sphingolipid biology are the (primary) cause of hypertension in the 

SHR. We have tried to address this question also in a reversed approach; by investigating the 

effect of BP lowering on sphingolipid biology. Specifically we investigated whether BP lowering 

affected A) ceramide levels (by mass spectrometric analysis) and B) the predisposition to 

ceramide-induced vasoconstriction  

 

 

 

 

 

 

 

 

(SMase-induced vasoconstriction in isolated artery preparations). Antihypertensive therapy (4 

weeks) by both the angiotensin II receptor antagonist losartan and the vasodilator hydralazine, 

lowered ceramide levels in arterial tissue. Interestingly, only in losartan-treated animals SMase-

induced vasoconstriction was reduced to levels normally observed in normotensive rats. 

Immunohistochemical experiments revealed that this was due to a decreased endothelial 

expression of iPLA2 in losartan-treated animals compared to untreated or hydralazine-treated 

animals. These findings corroborate the association between hypertension and altered 

sphingolipid biology, and demonstrate that BP and ceramide levels are closely linked. These 

findings however do not directly show that ceramide levels also influence BP. In chapter 4 we 

have tried to address this question in another way. Sphingolipidomics of plasma and arterial 

tissue of SHR and WKY revealed an interesting pattern of glucosylceramide levels. In SHR we 

observed higher glucosylceramide levels in aorta compared to WKY, whereas plasma 

glucosylceramide levels were lower in SHR. Antihypertensive therapy with losartan or 

hydralazine more or less normalized these differences by lowering aorta glucosylceramide levels 

and increasing plasma levels, again corroborating the link between hypertension and altered 

sphingolipid biology. This finding prompted us to investigate the effect of iminosugars on BP. 

The iminosugar AMP-DNM is a potent inhibitor of glucosylceramide synthase, and this 

Figure 3: Contraction generation by 
exogenous DMS or SMase of young and 
aged SHR carotid arteries. Data 

represented as mean ±SEM, * p<0.05. 
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compound has previously been shown to decrease cholesterol levels, prevent atherosclerosis 

and to improve insulin resistance; all characteristics of the metabolic syndrome. The effect of 

AMP-DNM on BP, another important characteristic of the metabolic syndrome had not been 

investigated before. Despite the fact that four-week treatment of SHR with AMP-DNM, lowered 

vascular glucosylceramide levels, lowered total cholesterol levels and clearly prevented weight

   

 

 

 

 

 

 

 

 

 

 

 

gain in these animals, it had no effect on BP or endothelial function. Since ceramide has been 

shown to affect vascular contractility in the SHR, it could be speculated that ceramide-derived 

glucosylceramide could also activate this contractile pathway in a similar manner. Clearly, 

lowering glucosylceramide did not affect vascular contractility. Apparently, the flux of ceramide 

towards glucosylceramide does not have an adequate effect on the total ceramide pool to 

influence the ceramide-mediated contractions. This is also in line with the finding that 

pharmacological inhibition of ceramide kinase has no effect on SMase-induced contractions 

(data not shown). Clearly, insight in the metabolic regulation of (de novo) ceramide synthesis, 

and the formation of C1P, GlcCer, LacCer, sphingomyelin and sphingosine, all affecting 

ceramide levels, is highly complicated and requires further research. In this respect, our study 

Figure 4: Alterations of sphingolipid levels in hypertension; cause or consequence? 
Hypertension in SHR is associated with increased vascular ceramide and glucosylceramide levels. A) 
Antihypertensive therapy in these animals lowers ceramide and glucosylceramide levels. B) Lowering 
vascular glucosylceramide levels by means of the iminosugar AMP-DNM, however, has no effect on 
blood pressure.  
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suggests that glucosylceramide follows other trafficking routes than ceramide (see chapter 1), 

and has an intrinsic divergent signalling potential, not mimicking or affecting ceramide 

signalling in this regard. Thus, the question remains whether lowering specifically ceramide 

would lower vascular contraction and BP. The findings that in young SHR with hypertension, 

but without endothelium dysfunction and lacking responsiveness to DMS, together with the 

drop in ceramide levels after BP reduction are not in favor of ceramide being the predominating 

factor causing elevated BP. Moreover, since aged SHR do possess elevated ceramide-induced 

 

 

 

 

 

 

 

 

 

Box 2 | Sphingolipids integrated in endothelium-derived contractile factor (EDCF) release 

In the classical EDCF, as found in human and animal models of essential hypertension, both 
acetylcholine and calcium-ionophores (e.g. A23187) can trigger a COX-1-dependent vascular 
contraction mediated via TP receptor activation. The acetylcholine-induced EDCF is mainly dependent 
on prostacyclin production. In calcium-ionophore-mediated contractions, the EDCF comprises mainly 
prostacyclin and thromboxane A2. The importance of TP receptor activation (antagonized by SQ29548; 
SQ29) on endothelium function is depicted in the left box. In SHR carotid arteries, ceramide alteration 
has a differential role in MCh-induced and A23-induced contractions. Inhibition of de novo ceramide 
production by Fumonisin B1 (FB1) and simultaneous neutral SMase inhibition by GW48619 (GW48), 
elevated A23-induced contractions, while MCh-induced contractions were unaltered (depicted in the 
right box). In contrast, after depletion of sphingomyelin by SMase (communication), A23-induced 
contractions were decreased, while MCh-induced contractions appeared slightly elevated. It is 
important to note that A23-mediated prostacyclin production is likely dependent on cPLA2 activation to 
eventually produce prostacyclin. Interestingly, cPLA2 activation has been shown to be inhibited by local 
sphingomyelin presence. It could be speculated that in A23-induced EDCF production, sphingomyelin 
depletion after SMase treatment, shifted the response towards elevated prostacyclin production. Since, 
the potency of prostacyclin on TP-mediated contractions is far lower than thromboxane A2, this could 
explain the decreased contraction of A23 after SMase treatment, and overall the weaker contractions 
found by methacholine compared to A23. When ceramide production is arrested by GW48 and FB1, 
sphingomyelin abundance is augmented, and possibly inhibits prostacyclin formation, giving dominance 
to A23-induced thromboxane A2 production. The absent effect of ceramide synthesis arrest on MCh-
induced contractions could implicate a lack of involvement of ceramide in prostacyclin production per 
se. This described possible mechanism of sphingolipid-involvement in the classical EDCF implies a 
relevant contribution of sphingomyelin-ceramide turnover. Clearly this positions sphingolipids, together 
with the SMase-induced EDCF, in an orchestrating position of both EDCF production and intensity. 
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contractility and pronounced endothelial dysfunction, it is tempting to speculate that ceramide 

levels are merely a reflection of high BP, however actively contributing to the onset of 

endothelial dysfunction. As mentioned before, a clear link between ceramide and vascular 

contractility has been shown by the fact that shifting the ceramide/S1P balance into the 

direction of ceramide by either application of sphingomyelinase or inhibition of sphingosine 

kinase, induces potent contractile responses and increases BP in SHR. The latter phenomenon, 

however, may very well explain why drugs that (as a side- or adverse effect) modulate 

specifically ceramide, increase BP in experimental and clinical settings. For instance, VEGF 

receptor blockade has been described to increase (lung) ceramide levels and is known to induce 

hypertension in humans. Also FTY720, or fingolimod, a recently approved drug for the 

treatment of multiple sclerosis, induces hypertension in a substantial part of treated patients, 

and is known to inhibit sphingosine kinase-1. In chapter 5 we show that this drug indeed raises 

BP in hypertensive rats via the same mechanism as the well-known sphingosine kinase inhibitor 

dimethylsphingosine (as described in chapter 3). Indeed, we also indicated an elevated 

expression of sphingosine kinase 1 in the vasculature of SHR compared to WKY. Interestingly, 

S1P production is generally coupled to NO production in the larger arteries. It is tempting to 

speculate that, as a compensatory mechanism for the contractile phenotype of SHR, the 

sphingomyelin-cycle is actively pushing flow-through of ceramide towards S1P. This would also 

explain the complete absence of a DMS-induced effect in the carotid artery in WKY, while 

ceramide elevation by SMase application still induces a small contraction (as indicated by 

chapter 3). Furthermore it could explain the elevated presence of plasma von Willebrand factor 

(vWF) as found in hypertensive subjects, since we show in chapter 8 that both S1P1 as well as 

S1P3 are able to induce Weibel-Plalade body exocytosis from endothelial cells. Whether an 

upregulation of endothelial S1P1 and/or S1P3 expression in the vasculature of hypertensive 

subjects contributes to this elevated vWF exocytosis remains to be determined.   

These findings nicely demonstrate the pathophysiological and pharmacological significance of 

altered sphingolipid biology in hypertension. Taken together, in this thesis we shed light on the 

role of sphingolipids in hypertension and hypertension-associated endothelial dysfunction. The 

alterations in sphingolipid biology in hypertension have been pinpointed to mainly endothelial 

cells. The most prominent effects on the cardiovascular system can be summarized as increased 

vascular contractility by mainly ceramide elevation, although indications for counteracting 

relaxing factor release, albeit inferior, have also been presented.  
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Vasomotor tone is regulated by a complex interplay of a variety of extrinsic neurohumoral and 

intrinsic factors. It is the endothelium that has a major influence on smooth muscle cell tone via 

the release of intrinsic vasoactive factors and is therefore an important regulator of vasomotor 

tone. Sphingolipids are an emerging class of lipid mediators with important physiological 

properties. In the last two decades it has not only become increasingly clear that sphingolipid 

signaling plays a pivotal role in immune function, but also its role in the vascular system is now 

becoming more recognized. In Chapter 2 we highlight the possible cross-talk between 

sphingolipids and intrinsic vasoactive factors released by the endothelium. Via this cross-talk 

sphingolipids can orchestrate vasomotor tone and may therefore also be involved in the 

pathophysiology of disease states associated with endothelial dysfunction. 

Hypertension is, amongst others, characterized by endothelial dysfunction and vascular 

remodeling. As sphingolipids have been implicated in both the regulation of vascular 

contractility and growth, we investigated in Chapter 3 whether sphingolipid biology is altered 

in hypertension and whether this is reflected in altered vascular function. In isolated carotid 

arteries from spontaneously hypertensive rats (SHR) and normotensive Wistar- Kyoto (WKY) 

rats, shifting the ceramide/S1P ratio towards ceramide dominance by administration of a 

sphingosine kinase inhibitor (dimethylsphingosine) or exogenous application of 

sphingomyelinase, induced marked endothelium-dependent contractions in SHR vessels (DMS: 

1.4±0.4 and SMase: 2.1±0.1 mN/mm; n = 10), that were virtually absent in WKY vessels (DMS: 

0.0±0.0 and SMase: 0.6±0.1 mN/mm; n=9, p<0.05). Imaging mass spectrometry and 

immunohistochemistry indicated that these contractions were most likely mediated by ceramide 

and dependent on iPLA2, cyclooxygenase-1 and thromboxane synthase. Expression levels of 

these enzymes were higher in SHR vessels. In concurrence, infusion of dimethylsphingosine 

caused a marked rise in BP in anesthetized SHR (42±4%; n=7), but not in WKY (-12±10%; n = 

6). Lipidomics analysis by mass spectrometry (i.e. HPLC ESI-MS/MS), revealed elevated levels of 

ceramide in arterial tissue of SHR compared to WKY (691±42 vs. 419±27pmol, n=3–5 

respectively, p<0.05). These pronounced alterations in SHR sphingolipid biology are also 

reflected in increased plasma ceramide levels (513±19 pmol WKY vs. 645±25 pmol SHR, n = 6–

12, p<0.05). Interestingly, we observed similar increases in ceramide levels (correlating with 
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hypertension grade) in plasma from humans with essential hypertension (185±8 pmol vs. 

252±23 pmol; n=18 normotensive vs. n=19 hypertensive patients, p<0.05). Thus, hypertension 

is associated with marked alterations in vascular sphingolipid biology such as elevated ceramide 

levels and signaling, that contribute to increased vascular tone. 

Consequently, in Chapter 4 we investigated whether lowering of BP can reverse elevated 

ceramide levels and reduce ceramide-mediated contractions in SHR. For this purpose SHR were 

treated for 4 weeks with the angiotensin II type 1 receptor antagonist losartan or the 

vasodilator hydralazine. Both drugs decreased BP equally (SBP untreated SHR: 191±7 mmHg, 

losartan: 125±5 mmHg and hydralazine: 113±14 mmHg). The BP lowering was associated with 

a 20–25% reduction in vascular ceramide levels and improved endothelial function of isolated 

carotid arteries in both groups. Interestingly, losartan, but not hydralazine treatment, markedly 

reduced sphingomyelinase-induced contractions. While both drugs lowered cyclooxygenase-1 

expression, only losartan and not hydralazine, reduced the endothelial expression of calcium-

independent phospholipase A
2
. The latter finding may explain the effect of losartan treatment 

on sphingomyelinase-induced vascular contraction. 

In summary, this study corroborates the importance of sphingolipid biology in BP control and 

specifically shows that BP lowering reduces vascular ceramide levels in SHR and that losartan 

treatment, but not BP lowering per se, reduces ceramide-mediated arterial contractions. 

FTY720 (Fingolimod) is a recently approved orally administered drug for the treatment of 

multiple sclerosis. Phase II and III clinical trials have demonstrated that this drug modestly 

increases BP. We have previously shown that inhibition of sphingosine kinase increases vascular 

tone and BP in hypertensive, but not normotensive rats. Since FTY720 is reported to have 

sphingosine kinase inhibitory effects, we investigated in Chapter 5 whether FTY720 increases 

vascular tone and BP only in hypertensive rats via this mechanism. The contractile and BP 

modulating effects of FTY720 were studied in vivo and ex vivo (wire myography) in age-

matched WKY rats and SHR. Oral administration of FTY720 induced an increase in mean arterial 

pressure in SHR, whereas a decrease in BP was observed in WKY rats, as measured 24 hours 

after administration. In analogy to the sphingosine kinase inhibitor dimethylsphingosine (DMS), 

FTY720 induced major contractions in isolated carotid arteries from SHR, but not in those from 

WKY. In contrast, the phosphorylated form of FTY720 (FTY720-P) did not induce contractions 

in isolated carotid arteries from SHR. FTY720-induced contractions (like DMS-induced 

contractions) proved to be endothelium-dependent and to be mediated by thromboxane A2, 

since these contractions could be inhibited by endothelium denudation, cyclooxygenase and 

thromboxane synthase inhibitors and by thromboxane receptor antagonism. These data 
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demonstrate that FTY720 increases vascular tone and BP only in hypertensive rats, most likely 

due to its sphingosine kinase inhibitory effect.  

Pharmacological inhibition of glucosylceramide synthesis has been shown to improve several 

aspects of the metabolic syndrome such as insulin resistance and lipid metabolism. In addition, 

hypertension, another aspect of the metabolic syndrome, is associated with increased arterial 

and plasma ceramide levels. In Chapter 6 we investigated whether hypertension is associated 

with altered glucosylceramide levels and whether inhibition of glucosylceramide synthesis 

affects BP in rats. For this purpose we studied glucosylceramide levels and BP in normotensive 

WKY rats, SHR, and in SHR treated for 4 weeks with antihypertensive drugs or the 

glucosylceramide synthase inhibitor AMP-DNM.  

Mass spectrometric analysis revealed increased levels of glucosylceramides (± 60% increase) in 

arterial tissue of SHR compared to normotensive WKY rats. In contrast, plasma 

glucosylceramide levels were lower in SHR (± 50% decrease). Lowering BP by means of a 4-

week treatment with the angiotensin II type 1 receptor antagonist losartan or the vasodilator 

hydralazine, substantially reduced glucosylceramide levels in arterial tissue (± 35% decrease) of 

SHR whereas it tended to increase plasma levels of this glycosphingolipid. Inhibition of 

glucosylceramide synthase by a 4-week oral treatment with the iminosugar AMP-DNM, resulted 

in reduced glucosylceramide levels in arterial tissue (± 30% decrease). This was, however, not 

associated with a concomitant change in BP. In addition, AMP-DNM treatment did not 

influence endothelial dysfunction in SHR, nor it influenced ceramide-mediated contractions in 

isolated carotid arteries from treated rats. From these data we conclude that hypertension is 

associated with profound alterations in vascular and plasma glucosylceramide levels, but that 

inhibition of glucosylceramide synthesis does not influence BP in SHR. 

In Chapter 7, we focussed on the role of sphingolipids and endothelin-1 (ET-1). ET-1 is a 21-

aminoacid peptide involved in both vascular contraction as well as vascular relaxation mediated 

by endothelial nitric oxide synthase (eNOS) activity. Importantly, in hypertension the vascular 

contraction pathway involving ET-1 signaling is augmented. Since sphingolipids have been 

implicated in both the regulation of eNOS activation as well as in endothelium-dependent 

contractions, we investigated whether sphingolipids were involved, and differentially altered, in 

ET-1-mediated vascular signaling between WKY and SHR rats. ET-1-mediated eNOS activation 

was probably not dependent on sphingosine kinase activity. Using a novel imaging mass 

spectrometry approach, ET-1 stimulated SHR aorta indicated elevated ceramide subspecies 

accumulation in primarily SHR endothelium, which appeared lower in SHR VSMC and reciprocal 

in WKY aorta segments. Wire myography, using ex vivo isolated vessels from SHR and WKY, 

indicated elevated contractility towards ET-1 by the application of DMS in SHR aorta, but not in 
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WKY aorta. This augmentation was completely endothelium-dependent and cyclooxygenase-

dependent, indicating the involvement of thromboxane A2. In SHR aorta, ET-1-induced 

contractions are associated with endothelial ceramide elevation, probably causing increased 

thromboxane production. Inhibition of sphingosine kinase potentiates ET-1-induced 

contractions likely via elevation of ceramide, but possibly not via inhibition of eNOS activity. 

Thus, here we indicate a mechanism explanatory for elevated thromboxane signaling induced 

by ET-1 in essential hypertension. 

Endothelin-1 is one of many Weibel-Palade body (WPB) constituents. The major component of 

WBPs however is von Willebrand factor (vWF). Interestingly, vWF presence is found to be 

elevated in blood plasma of hypertensive subjects. An interesting secretagogue of WPBs is 

sphingosine-1-phosphate, although which receptor is responsible for this remains elusive. In 

Chapter 8 we focused on which receptor is responsible for the S1P-induced vWF excretion.  

Because of the current interest in S1P receptors as new targets for the treatment of 

autoimmune diseases and the recent approval of FTY720, a S1P receptor targeting pro-drug, it 

is of importance to elucidate the role of specific S1P receptor subtypes in Weibel Palade body 

exocytosis. 

Using human umbilical vein endothelial cells (HUVECs) predominantly expressing S1P1 and S1P3 

receptors as assesses by real-time PCR, we determined the capability of S1P, FTY720P and the 

S1P1 specific agonist CYM-5442 to induce vWF secretion. Furthermore, using the S1P1 

antagonist W146, and siRNA directed against S1P3, we showed that S1P-induced vWF 

secretion is dependent on both S1P1 and S1P3 receptors. Interestingly, FTY720P, a S1P1,3,4,5 

receptor agonist, induced vWF secretion predominantly via S1P1. Since hypertension is 

associated with elevated plasma vWF levels and we previously demonstrated an alteration in 

sphingolipid levels in essential hypertension a link between these two processes may be evident. 

Future studies should address whether this link indeed exists and whether S1P1/3 receptor 

expression differences exists in the vasculature of hypertensive subjects. A potential 

upregulation of either S1P1 and/or S1P3, next to the established upregulation of SK1 and 

elevated plasma S1P in hypertension, could indicate a pivotal role for S1P in mediating 

hypertension-associated elevated vWF secretion and possibly induce an altered thrombotic 

phenotype of patients treated with S1PR-targeting drugs. 
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De bloedvattonus, welk uiteindelijk de diameter van het bloedvat en daarmee de 

bloeddoorstroming beïnvloedt, wordt gereguleerd door een complexe samenwerking tussen 

extrinsieke (neurohumorale) en intrinsieke factoren zoals beschreven in hoofdstuk 1. De 

binnengelegen cellaag van de bloedvaten, het endotheel, bepaalt voor een groot deel de 

contractie en relaxatie van de onderliggende gladdespiercellen, en daarmee de bloedvattonus. 

Het endotheel is namelijk in staat om verscheidene regulerende factoren te produceren en af te 

scheiden richting de gladdespiercellen. De laatste jaren is duidelijk geworden dat, naast de alom 

bestudeerde eiwitten, ook lipiden betrokken zijn bij het reguleren van vele fysiologische 

processen, waaronder de regulatie van het hart- en vaat (cardiovasculair) systeem. Deze 

endotheelgemediëerde regulatie staat deels onder controle van sfingolipiden, een subklasse van 

de lipiden. In hoofdstuk 2 wordt de relatie tussen endotheliale sfingolipiden en de uitscheiding 

van intrinsieke factoren uit het endotheel verdiept. Ondanks dat er bewijs is geleverd voor 

betrokkenheid van sfingolipiden bij een aantal endotheelafhankelijke processen, bestaan er een 

aantal hiaten in het totaalbeeld van specifiek hoge bloeddruk (hypertensie) afhankelijke afgifte 

van factoren uit het endotheel en desbetreffende interactie met sfingolipiden. 

Hypertensie wordt gekenmerkt door endotheelceldysfunctie, waardoor aan de onderliggende 

spiercellen voornamelijk contraherende factoren worden afgegeven en minder relaxerende 

factoren. Daarnaast worden tevens signalen aan de spiercellen gegeven om te 

groeien/verdikken (hypertrofiëren). Aangezien sfingolipiden betrokken zijn bij de regulatie van 

vasculaire contractie en groei, hebben we in hoofdstuk 3 onderzocht of de aanwezigheid van 

sfingolipiden is veranderd in hypertensie, en of deze verandering ook consequenties heeft voor 

vasculaire regulatie. Door de balans tussen de sfingolipiden: ceramide en sfingosine-1-fosfaat 

(S1P) te veranderen in geïsoleerde halsslagaders (carotiden) van Spontaan Hypertensieve Ratten 

(SHR) en normotensieve Wistar-Kyoto (WKY) ratten (door toediening van de sfingosine 

kinaseremmer dimethylsfingosine (DMS)  of sfingomyelinase (SMase)), ontstond een sterke 

endotheelafhankelijke contractie in SHR vaten (DMS: 1.4±0.4 en SMase: 2.1±0.1 mN/mm; n = 

10) welk vrijwel afwezig was in WKY vaten  (DMS: 0.0±0.0 en SMase: 0.6±0.1 mN/mm; n=9, 

p<0.05). Beeldvormende massaspectrometrie en immunohistochemie impliceerden dat deze 
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contractie waarschijnlijk via ceramideverhoging ontstond, en afhankelijk was van de eiwitten: 

calcium-onafhankelijk fosfolipase A2 (iPLA2), cyclooxygenase-1 (COX-1) en thromboxaan 

synthase (TXAS). De expressie (aanwezigheid) van deze enzymen was verhoogd in SHR vaten in 

vergelijking met WKY vaten. Het vervolgexperiment gaf aan dat injectie van DMS inderdaad een 

bloeddrukverhoging in geanestheseerde SHR ratten induceerde (+42 ±4%; n=7), maar niet in 

WKY ratten (-12 ±10%; n = 6). Lipidoomanalyse, via hogedrukvloeistofchromatografie - 

massaspectrometrie, gaf aan dat er meer ceramide aanwezig was in SHR vaten dan in WKY 

vaten (691±42 vs. 419±27pmol, n=3–5 respectievelijk, p<0.05).  Dit grote verschil in ceramide, 

en tevens andere sfingolipiden, is ook terug te vinden in het bloedplasmabeeld van de ratten 

(513 ±19 pmol WKY vs. 645 ±25 pmol SHR, n = 6–12, p<0.05). In overlap met de 

bovenstaande dierexperimenten gaf analyse van humaan plasma ook een verhoogd ceramide 

weer in plasma van hypertensieve patiënten ten opzichte van gezonde vrijwilligers 

(respectievelijk 252 ±23 pmol vs. 185 ±8 pmol; n=19 hypertensieve patienten vs. n=18 

normotensieve patiënten, p<0.05), en de hoogte van de bloeddruk correleerde positief met de 

hoogte van de ceramide-niveaus. Concluderend, hypertensie is geassocieerd met veranderingen 

in de aanwezigheid van sfingolipiden (o.a. verhoogd ceramide) wat bijdraagt aan verhoogde 

samentrekking van de bloedvaten en daarmee gepaarde bloeddrukstijging. 

Vervolgens hebben we in hoofdstuk 4 onderzocht of verlaging van de bloeddruk in 

hypertensieve ratten ook gepaard gaat met een verlaging van ceramide en of dit ook ceramide-

geïnduceerde samentrekkingen van de gladdespiercel tegengaat. Daarom zijn SHR ratten vier 

weken lang behandeld met de bloeddrukverlagende geneesmiddelen losartan (angiotensine II 

receptor type 1 antagonist) of de vaatverwijder hydralazine. Beide geneesmiddelen verlaagden 

de bloeddruk gelijkwaardig (systolische bloeddruk controle SHR: 191±7 mmHg, losartan 

behandeld: 125±5 mmHg en hydralazine behandeld: 113±14 mmHg). Deze bloeddrukverlaging 

ging gepaard met een 20-25% afname in bloedvat ceramideniveaus en verbeterde 

endotheelfunctie (endotheelafhankelijke gladdespiercelontspanning) in beide behandelde 

groepen. Interessant genoeg gaf losartanbehandeling, maar niet hydralazinebehandeling, een 

afname in SMase-geïnduceerde bloedvatsamentrekking. Dit kan verklaard worden doordat, 

ondanks zowel losartan- als hydralazinebehandeling resulteerde in een afname in COX-1 

expressie, enkel losartanbehandeling gepaard ging met een afname in iPLA2 expressie in het 

bloedvat. Deze laatste bevinding zou het effect van losartan op verminderde SMase-

geïnduceerde samentrekking kunnen verklaren, gezien dit mechanisme afhankelijk is van iPLA2 

activiteit. Samenvattend laten we in dit hoofdstuk zien dat bloeddrukverlaging in de SHR 
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gepaard gaat met een afname in ceramide, en dat losartanbehandeling (en niet 

bloeddrukverlaging per se) ceramidegeïnduceerde contractie verlaagd. 

FTY720 (Fingolimod) is een recentelijk toegestaan en oraal beschikbaar geneesmiddel ter 

behandeling van multiple sclerose (MS). Fase II en III klinische studies tonen aan dat dit 

geneesmiddel een bloeddrukstijging kan veroorzaken in sommige patiënten. In vorige studies 

hebben we aangetoond dat modulatie van de ceramide/S1P balans (door middel van DMS) 

gepaard gaat met een bloeddrukverhoging in de SHR, maar niet in de normotensieve WKY. 

Omdat van FTY720 bekend is dat het, in analogie met DMS, sphingosinekinase-activiteit kan 

remmen, hebben wij in hoofdstuk 5 onderzocht of de bloeddrukstijging zoals geregistreerd in 

de klinische studies via het door ons beschreven mechanisme kan ontstaan. De contractie en 

bloeddrukmetingen zijn uitgevoerd in leeftijdgepaarde WKY en SHR ratten. Orale toediening 

van een enkele dosis van FTY720 (0.3 mg/kg) verhoogde 24 uur na toediening de bloeddruk in 

de SHR, maar verlaagde deze in de WKY. In overeenstemming met de 

sphingosinekinaseremmer DMS, gaf ook FTY720 een sterke contractie in geïsoleerde carotiden 

van SHR, maar niet in de carotiden van WKY ratten. De gefosforyleerde vorm van FTY720, 

FTY720-P, induceerde geen contractie van de geïsoleerde vaten, waardoor een 

receptorafhankelijke contractie kon worden uitgesloten. De FTY720-geïnduceerde contracties 

waren endotheelafhankelijk en geïnitieerd door verhoogde thromboxaan A2 afgifte, omdat de 

contracties te remmen waren door endotheelverwijdering, COX remming, TXAS remming en 

thromboxaanreceptor antagonisme. Hieruit blijkt dat FTY720 in staat is de bloeddruk in de 

hypertensieve SHR nog verder te laten stijgen, via verhoogde thromboxaangemediëerde 

contractie van de bloedvaten. 

Naast het al toegelaten geneesmiddel FTY720, zijn meer potentiele geneesmiddelen in 

ontwikkeling die een fysiologisch effect hebben door in te grijpen op de sfingolipidenbiologie. 

Een voorbeeld hiervan is de glucosylceramidesynthaseremmer AMP-DNM, welk verscheidene 

aspecten van het metabool syndroom, zoals insulineongevoeligheid en dyslipidemie, kan 

verbeteren. Een belangrijke karakteristieke co-morbiditeit van metabool syndroom is 

hypertensie. Zoals eerder beschreven is hypertensie geassocieerd met verhoogde ceramide 

niveaus in arterieel weefsel en bloedplasma. In hoofdstuk 6 hebben we onderzocht of 

hypertensie ook gecorreleerd is met veranderde glucosylceramideniveaus, en of de 

glucosylceramidesynthaseremmer AMP-DNM een invloed heeft op ceramideniveaus en daarmee 

gepaard de bloeddruk. In deze studie hebben we glucosylceramideniveaus gemeten in WKY, 

SHR, en vier weken behandelde SHR ratten met AMP-DNM, losartan en hydralazine, en tevens 

op verscheidene tijdstippen de bloeddruk geregistreerd. Hogedrukvloeistofchromatografie - 
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massaspectrometrie impliceerde een ~60% verhoogd glucosylceramide in de SHR vasculatuur 

ten opzichte van de WKY. Tegenovergestelde waarde werden gevonden in het bloedplasma 

(~50% minder glucosylceramide in SHR plasma ten opzichte van WKY). Bloeddrukverlaging 

door middel van losartan of hydralazine, reduceerde glucosylceramideniveaus met ~35% in SHR 

arterieel weefsel, terwijl plasma waarden van dit sfingolipide juist toenam. Vice versa, remming 

van glucosylceramidesynthase door AMP-DNM veroorzaakte een afname van ~30% in 

glucosylceramide in arterieel weefsel in de SHR, maar had geen effect op bloeddruk. Daarnaast 

had de behandeling geen effect op de endotheeldysfunctie of ceramidegeïnduceerde contractie 

in de SHR. Hieruit kunnen we concluderen dat in de SHR naast ceramideniveaus ook 

glucosylceramideniveaus veranderd zijn, maar dat glucosylceramidesynthaseremming geen 

invloed heeft op de bloeddruk of endotheeldysfunctie in de SHR. 

In hoofdstuk 7 hebben we de rol van sfingolipiden in endotheline-1 (ET-1) signalering 

onderzocht. ET-1 is een 21-aminozuren lang peptide welk betrokken is bij zowel vasculaire 

contractie als ook relaxatie via activatie van endotheliaal stikstofoxidesynthase (eNOS). In 

hypertensie, is de rol van ET-1-gemediëerde contractie vergroot. Omdat sfingolipiden betrokken 

zijn bij zowel regulatie van eNOS activiteit, als ook endotheelgemediëerde contractie, hebben 

we in deze studie onderzocht of ET-1 signalering afhankelijk is van sfingolipiden, en of de 

invloed van sfingolipiden op ET-1 signalering eventueel veranderd is in hypertensie. De activatie 

van eNOS door ET-1 leek niet afhankelijk te zijn van sfingosinekinaseactiviteit. Gebruikmakend 

van de nieuwe techniek van beeldvormende massaspectrometrie, werd duidelijk dat incubatie 

van WKY en SHR aorta segmenten met ET-1 resulteerde in verhoogde ceramidefragmenten in 

voornamelijk SHR endotheel in vergelijking met WKY weefsel. Draadmyografie op geïsoleerde 

SHR en WKY carotiden gaf aan dat DMS ET-1 contracties potentieërt in SHR, maar niet in WKY 

vaten. Deze potentiering was volledig endotheelafhankelijk en cyclooxygenase-afhankelijk, wat 

de afgifte van een contractiel prostanoïd (waarschijnlijk thromboxaan A2) impliceert, maar 

waarschijnlijk onafhankelijk is van eNOS (relaxatie) inhibitie. Concluderend, ET-1 signalering 

gaat gepaard met verhoging van ceramide, voornamelijk in het SHR endotheel. Verschuiving 

van de ceramide/S1P rheostaat met DMS verhoogt de endotheel- en COX-afhankelijke 

contractiliteit in SHR vaten, maar niet in WKY vaten, waarschijnlijk door ET-1-gemediëerde 

toename in ceramide welk voornamelijk in de SHR, contractiel thromboxaan A2 vrijzet. Dit kan 

een verklaring zijn waarom, naast verhoogde ET-1 productie, ook de contractiele signalering 

van ET-1 versterkt is in hypertensie.  

De afgifte van ET-1 uit het endotheel kan zowel constitutief zijn, mogelijk bijdragend aan de 

basale vasculaire tonus, en stimulansgeïnduceerd waardoor opgeslagen ET-1 wordt vrijgezet. 
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Het ET-1 kan worden opgeslagen in het endotheel in zogenaamde Weibel-Palade lichamen 

(WPB). Deze WPB bevatten naast ET-1 ook nog het pro-coagulant von Willebrand Factor (vWF) 

en P-selectine. In hypertensie is de aanwezigheid van vWF en ET-1 signalering verhoogd. Zoals 

bovenstaand beschreven, zijn bepaalde sfingolipiden veranderd in hypertensie en hebben 

hiermee gepaard een alternatief regulerend effect op ET-1 signalering. Daarom is in hoofdstuk 

8 bestudeerd hoe sfingolipiden betrokken kunnen zijn bij het transport van WPB-componenten 

uit de cel (exocytose). Door de komst van medicijnen die op specifieke S1P-receptoren 

aangrijpen, zoals FTY720, is kennis van welke S1P-receptor betrokken is bij WPB-exocytose van 

groot belang. Met real-time PCR was gevalideerd dat gekweekte HUVECs voornamelijk S1P1 en 

in  mindere mate S1P3-receptor mRNA bevatten. Deze HUVECs werden vervolgens 

gestimuleerd met S1P, FTY720 en de S1P1-specifieke agonist CYM-5442, naast de veelvuldig 

beschreven positieve controles thrombine en adrenaline, om de mate van vWF-excretie te 

bepalen. Daarnaast was door middel  van de S1P1-specifieke antagonist W146 en S1P3 

knockdown in de HUVECs de betrokkkenheid van S1P1 en S1P3 bij vWF excretie getest onder 

invloed van bovenstaand stoffen. Interessant genoeg induceerde FTY720, een S1P1,3,4,5 agonist, 

vWF excretie voornamelijk via S1P1 en niet via S1P3, in tegenstelling tot S1P. Omdat hypertensie 

gepaard gaat met verhoogde vWF plasmaniveaus en we tevens verhoogde S1P- en SK-activiteit 

in hypertensieven hadden gemeten, kan er een causaal verband bestaan voor S1P in vWF 

verhoging. Verdere onderzoeken zijn nodig om te bepalen of er S1P1/S1P3-receptor-

expressieverschillen zijn tussen de vasculatuur van hypertensieven en normotensieven. Een 

verhoging van de receptorexpressie, samen met de verhoogde S1P-spiegels, zou de vWF-

verhoging in het plasma van hypertensieven kunnen verklaren en tevens een therapeutisch doel 

kunnen blootleggen. Daarnaast zouden sommige sfingolipidenmodulatoire medicijnen van 

invloed kunnen zijn op de ontwikkeling van een prothrombotisch fenotype, zoals ook in 

essentiële hypertensie aanwezig is.   
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As mentioned in Chapter 1, the biological systems in which sphingolipids are involved are 

numerous and progressively expanding. The emerging implications of sphingolipid signalling in 

several disease states are briefly discussed in this addendum, ranging from a monogenetic 

disease state towards more complex polygenetic/multifactorial systems. These include; 

sphingolipidoses, immune function and inflammation, cancer and diabetes mellitus. Most of the 

systems described in the following subparagraphs have associations with the previously 

described chapters, and hence are included in this thesis book for brief additional information.  

 

Sphingolipidoses  

The inability to break down specific sphingolipids, leading to malignant accumulating levels in 

subcellular compartments, forms a subclass of lipid storage disorders denoted as 

sphingolipidoses. Sphingolipidoses can be differentiated into several subclasses based on the 

specific sphingolipid-catabolising enzyme deficiency. These include for instance; morbus 

Niemann-Pick (SM accumulation), Tay-Sachs (GM2), Fabry (GB3), Krabbe (GalCer and other 

sphingolipids) and Gaucher (GlcCer). The specific pathological consequences of these 

malignancies depend on the specific sphingolipid and target organ of accumulation. In Gaucher 

disease, characterized by the inability to clear glucosylceramide due to insufficient lysosomal 

glucocerebrosidase activity, the accumulation of glucosylceramide and glucosylsphingosine in 

tissue (spleen, liver, bone marrow) and in circulation 1,2 causes an inflammatory and insulin-

resistant phenotype 3, and several sphingolipid accumulation-associated complications (e.g. 

hepatosplenomegaly, pancytopenia and bone complications) have been commonly described.  

 

Immune function and inflammation 

The complexity of the immune system can be exemplified by the abundant and differential 

crosstalk with sphingolipids. The identification of the novel S1P receptor agonist fingolimod 

(FTY720), which has successfully been introduced to treat relapsing multiple sclerosis, centred 

much attention on the immune modulatory potential of sphingolipids. FTY720 is a sphingosine 

analogue that is phosphorylated in vivo to (S)-FTY720-P by sphingosine kinase 4,5. FTY720-P is a 
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high affinity ligand at four of the five S1P-receptors (S1P1,3,4,5) and binding to T-lymphocytes 

leads to degradation of the membrane-presented S1P1 receptors, which subsequently results in 

a reduced lymphocyte egress and thus a T-lymphocyte-specific immunosuppression 6. Indeed, 

the importance of S1P1-signalling on the preservation of immune function is further exemplified 

in a study on hibernating animals, in which low body temperature decreases circulating S1P 

levels with a concomitant regression in circulating lymphocytes. Indeed, restoration of 

lymphocyte egress in this model could be blocked by the S1P1-specific antagonist W146 7. Yet, 

immune suppressive treatment of renal transplant patients by FTY720-P 8 resulted in marked 

adverse events, indicating a still immature insight in both efficacy and safety of S1P receptor-

based immunomodulation 9. Next to S1P, the involvement of C1P in immune function 

protection has been indicated in a CerK-deficient animal model, which displayed pronounced 

neutropenia and impaired capacity to target bacterial infections 10. Recently, both S1P and C1P 

have been shown to be involved in inflammatory processes. Cyclooxygenase (COX)-2 products 

contribute to inflammatory processes and its expression can be upregulated upon SK 

activation 11. Furthermore, activation of COX-2 appears dependent on CERT-mediated transport 

of ceramide and subsequent C1P production by CerK. C1P appears to be required for cPLA2α  

translocation towards the Golgi system, which generates arachidonic acid as a substrate 

molecule for COX-2 12. Next to this, a key feature of inflammation in the vasculature is 

endothelial cell barrier function disruption, leading to vascular leakage which supports 

endothelial transmigration of white blood cells. Both the endothelial S1P1 and S1P3 receptors 

are implicated in this regulation, although with opposite outcome on barrier integrity13-15. Next 

to barrier disruption, endothelial cell activation (as present in hypertension), involves elevated 

expression of cell adhesion molecules located at the endothelial cell membrane. In these cells, 

S1P-induced stimulation of adhesion molecule expression has been shown for e.g. vascular cell 

adhesion molecule (VCAM), monocyte chemotactic protein (MCP)-1 and E-selectin 16,17.     

 

Cancer onset and progression 

Over a decade ago, Weinberg and Hannahan described the essential physiological alterations 

within cells to eventually give rise to cancer onset and progression, to uniformly postulate the 

six hallmarks of cancer 18. These hallmarks comprise; self-sufficiency in growth signalling, 

insensitivity to growth-inhibitory signals, evasion of apoptosis, unlimited replication potential, 

sustained angiogenesis, and tissue invasion and metastasis. In this respect, sphingolipids have 

been shown to play a role in most, if not all, of these hallmarks.   
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Angiogenesis is a key process for sustaining tumour growth by expanding tumour 

vascularisation, thus delivery of nutrients and oxygen. Lee et al. indicated an interplay of S1P 

with vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) signalling to 

promote angiogenesis 19. Indeed, in a murine mammary carcinoma model, angiogenesis was 

depended on S1P signalling 20. Next to S1P, also C1P has been implicated in regulating 

angiogenesis, and this process was found to be impaired in CerK-deficient micro-endothelial 

cells stimulated to initiate angiogenic processes 21. In HUVECs, S1P signalling induced S1P1-

mediated cell migration, an important malignant feature of tumour tissue invasion and 

metastasis 22. In MCF-7 cells, S1P induced cellular migration, however S1P3  rather than S1P1 

was involved, clearly coupling both receptors to this mechanism 23.   

In contrast to the apoptotic effector ceramide, S1P is generally accepted as being proliferative, 

and evidence for anti-apoptotic properties of S1P have been established unambiguously 24,25. 

Indeed, many cancer cell lines display elevated SK1 expression to sustain growth and survival 26. 

In HUVECs, SK1 activation is associated with PI3K/Akt activation, a key protein synthesis and 

survival pathway, and upregulation of the survival protein Bcl-2 27. Consequently, inhibition of 

SK1 expression in MCF-7 cancer cells leads to apoptosis and growth arrest, confirming the 

proto-oncogenic nature of S1P 28. Pyne et al. recently demonstrated that high SK1 expression in 

a specific breast cancer subset correlated with poor survival and a chemotherapy-resistant 

phenotype 23.   

Finally, a large variety of mechanisms involved in chemotherapy resistance have been explored, 

and sphingolipids are postulated to participate in these mechanisms. Important regulators 

involved in drug resistance are the drug efflux proteins: multidrug-resistance-related protein 1 

(MRP1) and p-glycoprotein (Pgp). High expression of these efflux proteins in several cancer cell 

types is associated with an altered sphingolipid presence. For instance, elevated gangliosides 

(i.e. GD2, GM3, GD3) are postulated to modulate efflux protein function, either directly or 

indirectly via lipid raft composition modification, thus modulating drug resistance in these 

cells 29-31.  

 

Diabetes mellitus 

In both type 1 as well as type 2 diabetes mellitus, evidence for sphingolipid involvement have 

been reported. In type 1 diabetes, characterised by autoantibody-directed destruction of 

pancreatic β-cells 32, sphingolipid biology is altered. The implication of sphingolipids in this 

disease state has been indicated by the presence of auto-antibodies directed at complex 
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glycosphingolipids (which are highly present in pancreatic islet cells) in diabetic patients’ sera 33-

35. In a genetic mouse model of diabetes, S1P levels were elevated both in blood plasma as well 

as heart tissue compared to control animals 36, possibly due to hyperglycaemia-induced SK1 

activation 37,38. Indeed, recently, a role for S1P has been established in mediating glucose-

induced insulin secretion from pancreatic beta cells 39. In a diabetic model, the C24:1 subset of 

sphingomyelin, ceramide and cerebrosides were found to be decreased in plasma compared to 

controls. In retina and renal tissue of pharmacologically-induced diabetes models, ceramide was 

also found to be decreased, however with a concomitant increase in GlcCer levels 40,41. 

Interestingly, treatment of insulin-resistant animals with the compound AMP-DNM, a 

glucosylceramide synthase inhibitor, restored insulin sensitivity 42. Mechanistic insight into the 

pathological condition of type 2 diabetes, has provided membrane microdomain dysfunction as 

an interesting possible cause. In this case, the binding of insulin to the insulin receptor (IR) 

causes, by migration from the plasma membrane microdomains towards caveolae, translocation 

of the glucose transporter 4 (GLUT4) towards the plasma membrane for eventually glucose 

uptake 43,44. The glycosphingolipid GM3 is in close association with the IR in the plasma 

microdomains, and high abundance of GM3 likely prevents the migration of the IR towards 

caveolae, thus inhibiting glucose uptake 45. In agreement with this, diabetic humans and animal 

models displayed elevated tissue ceramide levels, which is the precursor sphingolipid for e.g. 

GlcCer and subsequently GM3, and which is found to be concentration-dependently associated 

with the severity of insulin resistance 46-48. These latter findings provide a basis for ceramide and 

its metabolites in diabetes. Recent studies indicate that ceramide lowering is indeed associated 

with restored insulin sensitivity 49-50.  

 

The findings summarised in this supporting information emphasize the involvement of 

sphingolipid biology in several pathophysiological signalling systems. A growing number of  

tools to monitor and alter sphingolipid presence warrant an emerging focus on the role of 

sphingolipids in these disease states, and a better understanding of whether these oppose 

attractive markers or treatment targets. 
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Ik heb het geluk dat ik een groot aantal mensen mag bedanken voor hun samenwerking en 

heb binnen dit promotieonderzoek erg genoten van het rijke netwerk van betrokkenen bij de 

wetenschappelijke projecten. Zij zijn het die een project aantrekkelijk maken; wetenschappelijke 

interesses zijn duidelijk bedoeld om gedeeld te worden.  

Stephan PETERS en Astrid ALEWIJNSE hebben mij de kans geboden om aan dit Top Institute 

Pharma (TIPharma) project deel te nemen. Jullie konden als geen ander het teamgevoel binnen 

onze onderzoeksgroep vormgeven, ook in de roerige tijden te afdeling Farmacologie en 

Farmacotherapie. We hebben lief en leed gedeeld. Stephan, je bent een ware inspirator. Je 

expertise op farmacologie en fysiologie en je kenmerkende stijl als faciliterend manager heeft 

vele projecten en collaboraties mogelijk gemaakt. We hebben al in een vroege fase van dit 

promotieonderzoek mooie onderzoeksresultaten verkregen, welke ik op de meest 

uiteenlopende bijeenkomsten mocht presenteren en waarvan het Bioactive lipids congres in 

Cancún wel het meest heugelijk was. Onze frequente bezoeken aan de verschillende 

binnenlandse en buitenlandse instituten waren zeer inspirerend en altijd met het aangename 

gecombineerd. Dank voor al je goede adviezen en je betrokkenheid bij een aantal voor mij 

belangrijke momenten zoals mijn huwelijk, de geboorte van Lisa en natuurlijk de promotie. 

Astrid, bovenstaande geldt ook voor jou. Je uitgebreide ervaring op de moleculaire biologie is 

zeer gewaardeerd en was cruciaal voor het ontstaan van enkele mooie publicaties. Je hebt je 

altijd sterk ingespannen voor het welvaren van je mensen. Zowel op professioneel als op 

persoonlijk vlak ben je altijd bereid geweest om goede en welgemeende adviezen te geven.  

Mijn promotor Jo DE MEY verdient gelijke dank. Jij bent degene die mijn voorliefde voor 

cardiovasculair onderzoek hebt aangewakkerd, beginnend tijdens mijn afstuderen aan de UM, 

daarna tijdens mijn AIO-schap te AMC. Het feit dat ons TIPharma project aanhoudend met A-

status werd beoordeeld, is voor belangrijke mate afhankelijk geweest van je ononderbroken 

wetenschappelijke motivatie, welk je ook graag op anderen overbrengt. Onze samenwerking 

heb ik zeer gewaardeerd en je rol als promotor is onmisbaar geweest voor de totstandkoming 

van dit proefschrift en menig manuscript. Ik wens je veel succes toe met je hoogleraarschap aan 

de Syddansk Universitet te Denemarken. Daarnaast wil ik mijn promotor Erik STROES bedanken 
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voor zijn betrokkenheid en de geboden kans om vervolgonderzoek aan de afdeling Vasculaire 

Geneeskunde te doen. Je enthousiaste en doordachte wijze van kennisoverdracht is 

ongeëvenaard en, zoals beoogd, zal ik hierdoor nog menige presentatie heugen. 

Natuurlijk gaat veel dank uit naar Rob VAN DEN AKKER. Je aanwezigheid was altijd meer dan 

gewaardeerd en we hebben werk vaak met een lach kunnen combineren. Je hebt vele 

projecten mogelijk gemaakt en me hierin continu gesteund. Je bent vanzelfsprekend mijn 

paranimf en dit waardeer ik zeer. Pieter VAN LOENEN, we hebben best veel samen beleefd; een 

rondreis door Mexico, dineren in de The Gladstone Library te Londen en vele wandelingen. 

Verbazend eigenlijk, dat we nooit samen iets hebben gepubliceerd, maar misschien dat dit er 

nog van komt. Daarnaast wil ik Najat HAJJI en Dennis VERZIJL bedanken voor hun hulp, inzet en 

aangename gezelschap. Dennis, het was een mooi congres in Denemarken.  

   Samen met Jan-Peter VAN WIERINGEN en Theunis EGGELTE hebben we als ‘laatsten der 

Mohikanen’ de afdeling Farmacologie en Farmacotherapie behouden. Jan-Peter, we hebben 

regelmatig onze frustraties gedeeld over de bemoeilijkte uitvoering van onze dagelijkse 

bezigheden, maar daarnaast voldoende gelegenheden gecreëerd om dit weer te vergeten. 

Theunis, je hebt me vaak een helpende hand geboden bij diverse chemische vraagstellingen. 

Hana CERNECKA, you’re an extremely driven scientist and truly a joy to share some social time 

with. I hope to see many more papers from your hand. Best wishes for your thesis research in 

Groningen. Peter OCHODNICKY, een hartelijke na zdraví gewenst! Ik zal nooit meer een Slowaak 

een bierrestant in zijn glas gieten! Ik waardeer je brede kennis en hoop nog vaak gezamenlijk 

discussies te voeren onder het genot van een goed bord Guláš.  Daarnaast wil ik de overige 

oud-collegae van de afdeling Farmacologie en Farmacotherapie: Mariëlle HENDRIKS-BALK, Maikel 

JONGSMA, Jan BUTTER, Karla PETERS, Bart WITTE, Wim VRYDAG, Martin & Martina MICHEL en Mieke 

MULDER bedanken voor hun aangename gezelschap en hulp waar van toepassing. Mieke, merci 

voor het loopgirafje voor Lisa, ze zal er reeds binnenkort veel profijt van hebben. Eva NANINCK, je 

hebt een erg mooi stageverslag afgeleverd en ik wens je veel succes met je AIO-schap. Hopelijk 

dat ons gezamenlijke manuscript op endothelin-1 snel gepubliceerd mag worden. Chapeau ook 

aan de Farmaco-studenten Hélène, Arda, Jiangbo en Noach. 

   At the FOM-Institute AMOLF, I would like to thank Ron HEEREN for giving me the chance to 

participate in the mass spectrometry course and obviously all your time and effort on guiding 

and interpreting the MS experiments. I also would like to express my gratitude to Luke 

MACALEESE, András KISS and Frans GISKES for setting up and performing the laborious MS 

experiments. Gert EIJKEL, I enjoyed our collaboration very much and I’m still amazed by your 

programming skills. When the data are in your hands they become like the ion cone: pure gold. 
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Lara FORNAI, thanks for the pleasant conversations. Hope to see you in Italy someday and good 

luck with your career.   

Much appreciation is attributed to Charles CHALFANT and Shanaka WIJESINGHE from the Virginia 

Commonwealth University USA for performing the sphingolipidomics. The excellent quality of 

your data was fundamental to the research described in several of our joint publications. 

   Aan de Universiteit Maastricht gaat veel dank uit naar Ben JANSSEN. Je productiviteit is hoog, 

net zoals de dynamiek waarmee je je onderzoeksgroep kunt aansturen. Hier heb ik tijdens mijn 

bezoeken aan de UM veelvuldig profijt van gehad. Dank voor je hulp en intellectuele inbreng in 

het experimentele werk. De (oud-)AIOs Pieter LEMKENS, Merlijn MEENS, Jelly NELISSEN, Bart HEIJNEN 

en Matthijs COMPEER dank ik voor hun aangename gezelschap, de samenwerking op het lab, 

tijdens de TIPharma vergaderingen en de gezellige borrels buiten werktijd. Ik wens jullie veel 

geluk toe. De expertise van de analisten van de groep: Gregorio FAZZI, Ger JANSSEN, Jacques 

DEBETS, Agniescka BROUNS en Helma VAN ESSEN was cruciaal bij de totstandkoming van enkele 

manuscripten, waarvoor dank!  

   Van het team Sanquin, wil ik graag Jan VOORBERG danken voor zijn inzet en vertrouwen in het 

von Willebrand Factor project. Kathinka VAN HOOREN, je bent een bijzonder gedreven 

wetenschapper. Dank voor je hulp en aangename samenwerking. Tevens gelokaliseerd te 

Amsterdam, wil ik graag Ruben VAN DOORN, Arie RIJERKERK en Elga DE VRIES bedanken van het 

VUMC voor hun bijdrage aan techniekontwikkeling en projectinhoudelijke gesprekken. 

   Aan de universiteit Utrecht heb ik tijdens mijn gastaanstelling met veel plezier samengewerkt 

met Linette WILLEMSEN en Lieke VAN DEN ELSEN aan de afdeling Farmacologie van Johan GARSSEN. 

Jullie aanstekelijke enthousiasme over de immunofarmacologie evenals de bereidheid dit te 

combineren met andere wetenschappelijke disciplines zal zeker terug te vinden zijn in ons 

gezamenlijke manuscript op de rol van omega-3 vetzuren in essentiële hypertensie. Lieke, ik 

wens je veel succes met de postdoc baan in Nieuw Zeeland en je promotie natuurlijk!  

   Aan de afdeling Medische Biochemie van Hans AERTS gaat betreffende de iminosuiker studie 

ook veel dank uit naar Roelof OTTENHOFF en Nick DEKKER. 

Aan de afdeling Interne Geneeskunde wil ik allereerst Bert-Jan VAN DEN BORN bedanken voor de 

hulp met de klinische inzichten en het patiëntenmateriaal ten behoeve van onze gezamenlijke 

publicatie. Liffert VOGT wil ik graag bedanken voor de geboden kans om enkele beschreven 

manuscripten nog naar tevredenheid af te ronden. Daarnaast wil ik de AIOs Fouad AMRAOUI, 

Daan EEFTINK-SCHATTENKERK, Niels VAN DER HOEVEN en Inge OUDMAN veel succes toewensen met hun 

promotieonderzoek en mooie carrière nadien. Fouad, je positieve insteek, intellectuele inbreng 

en niet aflatende wetenschappelijke enthousiasme zijn kenmerkend voor je. Ik heb onze 
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inspanningen om het pre-eclampsieonderzoek vorm te geven zeer gewaardeerd, net zoals je 

welwillendheid om als paranimf tijdens de promotieplechtigheid te dienen. 

   Het TIPharma project werd tevens vanuit Amsterdamse hoek vormgegeven door de 

inspanningen van Ed VAN BAVEL,  Erik BAKKER, Judith DE VOS en Angela VAN WEERT van de afdeling 

Biomedical Engineering and Physics. Ed en Erik, hartelijk dank voor jullie hulp en 

wetenschappelijke discussies tijdens en na het promotietraject. Judith en Angela, jullie expertise 

en technische kunde waarderen velen, waaronder ik ook. Tevens wens ik de overige TIPharma 

leden veel succes in hun veelbelovend onderzoek toe. Betreffende het endotheline-1 

manuscript heb ik veel hulp ontvangen van Geesje DALLINGA en Jeroen SIERTS van de afdeling 

Experimentele Vasculaire Geneeskunde. Dit promotieonderzoek is niet mogelijk geweest zonder 

de kundige proefdierzorg geboden door Cindy SCHLOSSER, Dennis ROOLKER, Chantal MEIJER en de 

overige Algemeen2 medewerkers.  

   Ter afsluiting, hoe kan het ook anders, wil ik mijn ouders Emile & Paula SPIJKERS voor hun 

onvoorwaardelijke steun bedanken, en mijn vrouw Jill SPIJKERS-HAGELSTEIN bedanken voor haar 

onvoorwaardelijke liefde en de mooie toekomst die we samen als gezin tegemoet gaan. 
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Léon Spijkers werd geboren op 4 oktober 1978 te Heerlen, Limburg. Hier heeft hij aan het 

Bernardinus College zijn VWO diploma behaald. Daarna heeft hij tijdens zijn Bacheloropleiding 

Biomedisch Laboratoriumonderzoek te HSZuyd (Heerlen) 9 maanden stage gelopen bij de 

afdeling MaastRO van de Universiteit Maastricht. Hier heeft Léon onderzoek gedaan naar niet-

invasieve beeldvorming van chemotherapeutica in bacterie-gemediëerde gentherapie, welke 

resulteerde in het ontvangen van een presentatieprijs. Na het behalen van zijn Bachelordiploma 

(2005) zette hij zijn studiecarrière voort met een Masteropleiding aan de Universiteit 

Maastricht/Transnationale Universiteit Limburg (2005-2007). Gedurende de studie Klinische 

Moleculaire Wetenschappen werd tijdens de minor stage het onderzoek naar mechanistisch 

inzicht in tumorigenese voortgezet bij de afdelingen MaastRO, Moleculaire Genetica en 

Moleculaire Celbiologie. Gedurende de major stage heeft Léon zijn expertise op cardiovasculair 

onderzoek opgedaan bij de afdelingen Interne Geneeskunde en Farmacologie onder 

begeleiding van dr. van Golde en prof. de Mey, en vervolgens zijn interesse in farmacologie en 

cardiovasculaire pathofysiologie tijdens zijn promotieonderzoek verder verdiept. Gedurende dit 

promotieonderzoek aan de afdeling Farmacologie en Farmacotherapie van het Academisch 

Medisch Centrum te Amsterdam onderzocht Léon de rol van sfingolipiden in essentiële 

hypertensie, onder leiding van dr. Peters, dr. Alewijnse, prof. Stroes en prof. de Mey. Verder 

heeft Léon gedurende zijn promotieonderzoek mogen genieten van vele collaboraties met 

onder andere de Universiteit Utrecht, Universiteit Maastricht, Leiden Universitair Medisch 

Centrum, Vrije Universiteit Medisch Centrum, Sanquin, FOM-Instituut AMOLF, Universiteit Essen 

(DE) en de Virginia Commonwealth University (US). Als onderdeel van zijn promotietraject heeft 

hij actief onderwijs verzorgd op farmacokinetiek en farmacodynamiek aan geneeskunde 

studenten en stagebegeleiding gegeven aan studenten. Behalve het ontvangen van enkele 

presentatieprijzen en sprekersbeurzen (ESH 2010 (I), Nederlandse Geneesmiddelendagen 2009 

(NL), Sphingolipid Club 2008 (NL), EPHAR 2008 (UK)) is hij tevens sinds 2012 door de NVF 

geregistreerd als farmacoloog. Momenteel werkt Léon samen met dr. van den Born en dr. Vogt 

(Interne Geneeskunde, AMC) om inzicht te verkrijgen in de pathofysiologie van cardiovasculaire 

aandoeningen en nefropathiën. 
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