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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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