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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.  

 



General discussion 

193 
 

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.  

 




