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Zusammenfassung 

Ziel dieser Studie war es, ausgewählte Genprodukte des Sphingolipid (SL)-

Metabolismus in primären mikrovaskulären Endothelzellen des Schweinehirns 

(pBMVEC) – der morphologischen Grundlage der Blut-Hirn-Schranke (BBB) – zu 

identifizieren. SLs behalten die BBB-Funktion durch Struktur und Signaleingabe 

bei. In einem ersten Schritt testete ich Primer für Enzyme, die am SL-Umsatz 

beteiligt sind, in RT-PCR- und RT-qPCR-Reaktionen. Ich habe auch untersucht, 

ob 2-Chlorhexadecanal (2-ClHDA), ein von Myeloperoxidase (MPO) abgeleiteter 

chlorierter Fettaldehyd, die Expression dieser Gene reguliert. 

Hintergrund: Die neurovaskuläre Einheit (NVU) trennt das Gehirn vom Kreislauf 

und reguliert die neuronale Mikroumgebung. Die zerebralen Mikrogefäße sind 

empfindlich gegenüber oxidativem Stress (d. h. aberranter Redoxkontrolle). 

Oxidative Prozesse können die Integrität der NVU verändern und sind an den 

pathophysiologischen Vorgängen neurodegenerativer Erkrankungen beteiligt. Die 

Phagozyten-Hämperoxidase, MPO wandelt H2O2 in der Gegenwart von 

Chloridionen (Cl-) in das starke Oxidationsmittel Hypochlorsäure (HOCl) um. HOCl 

kann Makromoleküle angreifen und sie modifizieren, wodurch eine Reihe von 

chlorierten Produkten erzeugt wird, die dem Wirt Gewebe- bzw. Organschäden 

zufügen können. 

Methoden: Aus pBMVEC isolierte RNA wurden revers in komplementäre DNA 

von Enzymen transkribiert, die am SL-Metabolismus beteiligt sind. Die cDNA 

wurden in PCR- und quantitativen Echtzeit-PCR (qPCR) -Analysen verwendet. In 

einer ersten Reihe von Experimenten wurde die Primereffizienz analysiert. 

Anschließend untersuchte ich, ob 2-ClHDA die Transkription dieser Gene reguliert. 

Zellkulturen von pBMVEC wurden in Abwesenheit bzw. Gegenwart von 2-ClHDA 

inkubiert und Veränderungen in der Genexpression analysiert. 

Ergebnisse: Die PCR-Bedingungen für den folgenden Satz von Genen, die an der 

SL-Synthese / dem SL-Abbau beteiligt sind, wurden festgelegt: Serin-

Palmitoyltransferase 1, Serin-Palmitoyltransferase 2, Ceramidsynthase 5, 

Ceramidsynthase 6, Sphingomyelinsynthase 2, Sphingosinkinase 2, alkalische 

Ceramidase 1, alkalische Ceramidase 2, alkalisch Ceramidase 3, neutrale 

Ceramidase 2, Sphingomyelinphosphodiesterase, Sphingosin-1-

phosphatphosphatase 1 und Sphingosin-1-phosphatlyase 1. In Reaktion auf  
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2-ClHDA wurde die Expression von CerS1, CerS6, SPHK2 bzw. SGPL1 

hochreguliert. 

Fazit: Die während der vorliegenden Pilotstudie erhaltenen Ergebnisse zeigen die 

Expression von Genen, von denen bekannt ist, dass sie an der SL-Homöostase 

beteiligt sind. Darüber hinaus legen meine Daten nahe, dass MPO-abgeleitetes 2-

ClHDA das Potenzial hat, die SL-Biosynthesewege in pBMVEC zu stören. 
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Abstract 

Aims of the study: This study aimed to identify selected gene products of 

sphingolipid (SL) metabolism in primary porcine brain microvascular endothelial 

cells (pBMVEC) – the morphological basis of the blood-brain barrier (BBB). SLs 

maintain BBB function by structural and signaling input. In a first step, I tested 

primers for enzymes involved in SL turnover in subsequent conventional RT-PCR 

and RT-qPCR reactions. I also tested whether 2-chlorohexadecanal (2-ClHDA) – a 

myeloperoxidase-derived chlorinated fatty aldehyde – regulates the expression of 

these genes. 

Background: The neurovascular unit (NVU) separates the brain from peripheral 

circulation and regulates the neuronal microenvironment. The cerebral 

microvessels are sensitive to oxidative stress (i.e., aberrant redox control). 

Oxidative processes can alter the integrity of the NVU and are implicated in the 

pathophysiological sequelae of neurodegenerative diseases. The phagocyte heme 

peroxidase, myeloperoxidase (MPO) converts H2O2 into the strong oxidant 

hypochlorous acid (HOCl) in the presence of chloride ions (Cl-). HOCl can attack 

and modify macromolecules generating a series of chlorinated products that can 

inflict tissue/organ damage on the host. 

Methods: RNA isolated from pBMVEC was reverse transcribed into 

complementary DNA of enzymes involved in SL metabolism. The cDNA was used 

in PCR and real time quantitative PCR (qPCR) analyses and in a first set of 

experiments primer efficiency was analyzed. I then went on to assess whether 2-

ClHDA regulates the transcription of these genes. Cell cultures of pBMVEC were 

incubated in the absence or presence of 2-ClHDA and changes in gene 

expression were analyzed. 

Results: PCR conditions for the following set of genes involved in SL 

synthesis/degradation were established: serine palmitoyltransferase 1, serine 

palmitoyltransferase 2, ceramide synthase 5, ceramide synthase 6, sphingomyelin 

synthase 2, sphingosine kinase 2, alkaline ceramidase 1, alkaline ceramidase 2, 

alkaline ceramidase 3, neutral ceramidase2, sphingomyelin phosphodiesterase, 

sphingosine-1-phosphate phosphatase 1, and sphingosine-1-phosphate lyase 1. 

In response to 2-ClHDA, expression of CerS1, CerS6, SPHK2, and SGPL1 were 

upregulated. 
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Conclusion: The results obtained during the present pilot study demonstrate the 

expression of genes known to be involved in SL homeostasis. In addition, my data 

suggest that MPO-derived 2-ClHDA has the potential to interfere with SL 

biosynthetic pathways in pBMVEC. 
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1 Introduction 

1.1 The Blood-Brain-Barrier  

The brain operates within a well-controlled environment separated from the milieu 

of peripheral circulation [1]. The mechanisms that control this environment are 

collectively referred to as the blood-brain barrier (BBB) [2]. Diseases of the central  

nervous system (CNS), such as stroke, brain tumors, traumatic injury, Alzheimer’s 

disease (AD), or multiple sclerosis (MS) are typically accompanied by BBB 

dysfunction resulting in secondary damage to neurons [3]. Understanding the 

regulatory properties of the BBB is therefore critical to understanding and treating 

BBB dysfunction in CNS diseases. Cerebrovascular endothelial cells form tight 

and adherens junctions and also interact with other cell types (pericytes, astrocytic 

endfeet, perivascular macrophages) to build up the functional cerebrovasculature 

termed the neurovascular unit [4]. The formation of the BBB – a process termed 

barriergenesis – is the final step during development of the brain vascular system 

that is induced by the embryonic neural tube and occurs in three steps, namely: i) 

brain angiogenesis, ii) differentiation of the BBB, and iii) formation and 

maintenance of the mature BBB [5]. Each of these steps is subject to complex 

signaling pathways that facilitate vascular sprouting. These events lead to the 

induction of phenotypic changes of cerebral endothelial cells which are 

characterized by the formation of complex tight- and adherens junctions (TJ and 

AJ respectively) strands and the acquirement of a polarized cell phenotype. The 

interaction of cerebral endothelial cells with pericytes and astroglia cells induces 

the transformation of ‘naked’ endothelial vessels to an intact cerebrovasculature 

with mature BBB properties. It is generally accepted that the formation of TJ is the 

‘sine qua non’ for the BBB of all vertebrates [6]. In addition, an elaborate system of 

asymmetrically expressed transport proteins and receptors at the apical and 

basolateral plasma membrane of cerebral endothelial cells takes a central 

biochemical gate-keeping function at the BBB [6, 7]. 

1.1.1 Tight- and adherens junctions: 

Tight junctions - The junctional complex of cerebral endothelial cells consists of TJ 

and AJ with the TJ forming the most apical constituent of the junctional complex 
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(Fig. 1). TJ are responsible for regulating paracellular permeability and cell polarity, 

two properties referred to as barrier and fence function. Integral proteins – 

occludin, claudins, and junctional adhesion molecule (JAM) – form the TJ in 

association with intracellular adapter/signaling proteins that link the TJ to the brain 

endothelial actin cytoskeleton [8]. Occludin was identified as the first integral 

membrane protein localized at TJ [9]. Although occludin colocalizes exclusively 

with TJ, studies from occludin-deficient mice revealed normal TJ formation in most 

tissues and suggested a fence function that contributes to asymmetrical protein 

distribution in brain capillary endothelial cells (BCEC) [10]. Claudins form a large 

family of proteins and in BCEC, claudin-5 (and to a lesser degree claudin-1 and -

12) is most prominently expressed [11]. Studies from a claudin-5-/- mouse revealed 

that these animals develop a size-selective loosening of the BBB for compounds 

with a molecular mass <800 Da [12] indicating a molecular sieve-like function. The 

family of JAMs is involved in cell-cell adhesion junctional assembly of endothelial 

cells [13] and in Ca2+-dependent transmigration of leukocytes across endothelial 

cells [14]. The TJ complex contains several intracellular accessory proteins termed 

zonula occludens proteins – ZO-1, -2, and –3; members of the membrane-

associated guanylate kinase homolog – that function as recognition proteins for 

junctional placement, connection to the actin cytoskeleton and platforms for 

signaling proteins (reviewed in [7, 15]). 

Adherens junctions - AJ are located closer to the basolateral side of BCEC, are 

formed by transmembrane adhesion molecules of the cadherin family that mediate 

homophilic cell adhesion and are also organized in multimeric complexes [15]. The 

core complex includes cadherin, beta-catenin bound to the cytoplasmic domain of 

cadherin, and α-catenin bound to the N-terminus of β-catenin. The integrity of this 

core complex is critical to the formation of AJ and is regulated by 

phosphorylation/dephosphorylation events [16]. Vascular endothelial cadherin 

(VE-cadherin) is a single-pass transmembrane protein that dimerizes laterally in 

cis and makes head-to-head contacts in trans. In addition to VE-cadherin, 

endothelial cells express neural cadherin (N-cadherin), which promotes endothelial 

cell (EC) adhesion and facilitates communication with other cell types (‘mural’ cells 

like pericytes, astrocytes, or smooth muscle cells). N-cadherin is clustered at the 
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basal membrane of EC, which are in tight contact with astrocytic endfeet and 

pericytes [17]. 
 

 

Fig. 1: Molecular interactions at tight junctions.  
Lateral association of claudins (cis-interaction) results in the formation of 
oligomers whereas association of claudins on opposing membranes (trans-
interaction) results in tight junction formation. Adopted from Ref. [18]. 

1.1.2 Transport of molecules across the BBB 

Lipid soluble substances readily diffuse through the cerebral endothelial plasma 

membranes [19]. Transport of hydrophilic substances is either carrier-mediated, 

receptor-mediated, caveolae-mediated, or transporter-mediated (Fig. 2; [20]).  
 

 

Fig. 2: Schematic illustration of transport routes across
brain microvascular endothelial cells. Adopted from Ref. [19]. 
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1.2 Sphingolipids are structural and signaling constituents of the 

BBB 

Sphingolipids (SL) constitute a class of lipids defined by their eighteen-carbon 

amino-alcohol backbones, which are synthesized in the endoplasmic reticulum 

(ER) from non-SL precursors. Modifications of these basic structures are the basis 

of the vast family of sphingolipids that play significant roles in membrane biology 

and provide many bioactive metabolites that regulate cell function [21]. 

1.2.1 Biosynthetic pathways 

SL are indispensable structural and signaling components, therefore aberrant SL 

homeostasis results in BBB dysfunction [22]. 

Dihydro‐ 
sphingomyelin 

Dihydro‐ 
ceramide 

Dihydro‐ 
sphingosine 

Sphingosine‐1‐
phosphate 

Sphingosine 

Ceramide 

Sphingomyelin 

Glycosyl‐
ceramides 

Ceramide‐1‐
phosphate 

Palmitoyl‐CoA +  
Serine 

Phosphoethanolamine 
+ 

Hexadecanal 

SPT 

Cerase CerS1‐6 

SMase SMase SMS 

Cerase CerS1‐6 

SphK1/2 S1PPase 

S1P‐Lyase 

CerK 

CerPase 

G‐CerS 

G‐Cerase 

DES 

 
Fig. 3: Sphingolipids (SL) are potent regulators of a variety of biological programs 
impacting BBB function. 
De novo synthesis starts in the ER where serine-palmitoyltransferase (SPT) catalyzes the 
condensation of C16-CoA and serine. A sequence of reactions involving ceramide 
synthases (CerS1-6) and desaturases (DES) leads to the formation of ceramide that can 
be converted to ceramide-1-phosphate (C1P) via ceramide kinase (CerK), complex 
glycosphingolipids (GSL) via glycosyl ceramide synthases (G-CerS), or sphingomyelin 
(SM) by sphingomyelin synthase (SMS). Hydrolysis of C1P, GSL, or SM generates Cer via 
the Salvage pathway. De-acylation of Cer (Ceramidase; Cerase) produces sphingosine, 
the precursor of sphingosine-1-phosphate (S1P) that is formed by sphingosine kinase-1 or 
-2 (SphK1/2). Hydrolysis of S1P by S1P lyase represents the irreversible exit point of this 
reaction sequence. Gene members subject to PCR analyses in the present study are 
shown in pink. 
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SL synthesis starts in the ER, where serine palmitoyltransferase (SPT) catalyzes 

the decarboxylation of palmitoyl-CoA and condensation with serine generating 3-

ketosphinganine. This metabolite is then converted to dihydro-sphingosine, 

dihydro-ceramide, and finally ceramide via desaturases (DES) and ceramide 

synthases (CerS1-6). In the Golgi, ceramide is the precursor for sphingomyelin 

(SM) synthesis by SM-synthases (SMS). The SL rheostat is regulated by sphin-

gosine kinases (SPHK1 and -2), which phosphorylate sphingosine to produce 

sphingosine-1-phosphate (S1P) (Fig. 3; Ref. [23]). S1P is secreted and serves as 

a signaling active lysophospholipid via one of the five cognate S1P receptors 

(S1PR1-5; Ref. [24]). S1PR1 plays a critical role in the maintenance of BBB 

function [25]. Disruption of SL homeostasis is commonly associated with 

endothelial barrier dysfunction and is often observed under septic conditions or in 

sepsis-associated encephalopathy [22]. 

1.2.2 Structures 

 
Fig. 4: Chemical structures of the different members of the SL family. 
Adopted from Ref. [26]. 
 
Glycosphingolipids (GSL) are dozens of different sphingolipid species differing by 

both the order and type of sugar residues attached to their headgroup [26]. 

Another family is constituted by the sphingomyelin species, which are defined by a 

phosphocholine headgroup. A turnover scheme of the SL rheostat displaying basic 

chemical structures of the different classes is shown in Fig. 4. 
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1.2.3 Compartmentalization 

Sphingosine and dihydrosphingosine are sufficiently amphipathic to diffuse 

between membranes and to flip between membrane leaflets; however, they also 

are likely to accumulate in acidic pH organelles due to ionization of their free 

amino group. Ceramide is likely to be restricted to the organelle in which it was 

created but may have access to enzymes or binding proteins on either side of the 

bilayer in which it was produced. Sphingomyelins and glycosphingolipids are 

mostly restricted to the luminal Golgi leaflet or on the outer leaflet of the plasma 

membrane after vesicular transport to that location. Sphingosine-1-phosphate 

(S1P) and dihydrosphingosine-1-phosphate (DHS1P) are also restricted to the 

hydrophilic compartments in which they are generated but can either be exported 

to the extracellular space with the aid of specific transporters or be 

dephosphorylated into a more hydrophobic compound [27, 28]. 

1.2.4 The BBB is under attack in inflammatory and neurological 

diseases 

Under conditions of oxidative stress – i.e. an imbalance of pro- and antioxidants – 

macromolecular damage can occur [29]. This pathway was identified in peripheral, 

cardiovascular, metabolic, and neurological pathologies. Of note, oxidative stress 

appears to be a common denominator in barrier dysfunction frequently observed in 

neurological disorders [30]. A loss of barrier integrity permits the entry of plasma 

components, red blood cells, and leukocytes into the brain. Neurotoxic products 

are generated, which can compromise synaptic and neuronal functions [31]. 

1.2.5 Oxidative attack 

The immune system is able to produce free radicals, such as reactive oxygen 

species (ROS) or nitric oxide (NO), which protect the host but under chronic 

activation can also induce host tissue damage [32]. In healthy conditions, ROS are 

scavenged by endogenous antioxidants, e.g. superoxide dismutase or glutathione 

peroxidase. However, pathological conditions such as ischemia and chronic 

inflammation can cause overshooting ROS production, which can overwhelm the 

defense mechanism. This is commonly described as oxidative stress [33]. 

Polyunsaturated lipids/fatty acids after reacting with ROS can become oxidized, 

destroying the structure of myelin and cell membranes. Exposure of endothelial 
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cells to ROS can threaten the integrity of the BBB both directly (e.g., by 

downregulating the synthesis of proteins involved in tight junctions between cells) 

and/or by activation of matrix metalloproteinases (MMP) [34]. 

1.2.6 Myeloperoxidase (MPO) 
 

MPO is a heme peroxidase that catalyzes the reaction between H2O2 and chloride 

ions to produce HOCl as the primary oxidant. This is important in antimicrobial 

activities of the innate immune system. However, MPO-derived oxidants are also 

implicated in inflammatory diseases, such as atherosclerosis, multiple sclerosis, 

Parkinson’s, or Alzheimer’s disease [35]. 

1.2.7 Reactive aldehydes 

Aldehydes can diffuse through cell membranes and form adducts with 

macromolecules, thereby usually modulating or disrupting their function [36]. 

Reactive aldehydes are readily formed during oxidative stress as products of lipid 

peroxidation [37]. Therefore, a mechanism for rapid clearance of these highly 

diffusible and harmful aldehydes is crucial to protect cells and tissues from 

damage. Increasing the catalytic activity of aldehyde dehydrogenase 2 (ALDH2) 

may provide a novel and effective means to reduce oxidative stress induced cell- 

and organ dysfunction and therefore support human health [38]. 

1.2.8 MPO generates plasmalogen-derived reactive chlorinated 

aldehydes in vitro and in vivo 

Plasmalogens constitute ~ 15–20% of total phospholipids in cell membranes [39]. 

The hydrogen atoms adjacent to the vinyl ether bond of plasmalogens have 

relatively low dissociation energies and are preferentially oxidized over 

diacylglycerophospholipids when exposed to free radicals [40]. Plasmalogens are 

consumed in this reaction. This was proposed to spare the oxidation of other 

vulnerable membrane lipids. However, it remains to be determined whether the 

oxidative products themselves might be harmful, and these include free 

aldehydes, 1-hydroxy (or lyso)-2-acyl-sn-GP, 1- formyl-2-acyl-sn-GP, allelic 

hydroperoxides, epoxides and hemiacetals [41]. 

The vinylether bond of plasmalogens is also targeted by MPO-derived HOCl 

resulting in the generation of chlorinated aldehydes (prototypic member is 2-
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ClHDA) and the corresponding lyso-phospholipid. This process occurs in vitro as 

well as in vivo and damages brain endothelial cell- and BBB function [42]. 2-

ClHDA is subject to further metabolism by fatty aldehyde dehydrogenases 

(FALDH) and the generated chlorinated fatty acid can undergo consecutive ω- and 

subsequent -oxidation [43, 44]. Following headgroup hydrolysis of lyso- 

phosphatidylethanolamine by autotaxin (ATX), lysophosphatidic acid (LPA) is 

generated. These steps are summarized in Fig. 5. 

Evidence coming from pre-clinical rodent models and from human patient support 

the association of MPO and its cytotoxic product, hypochlorous acid (HOCl) in 

neurodegenerative diseases including Alzheimer's disease, Parkinson's disease, 

amyotrophic lateral sclerosis, multiple sclerosis, stroke, or epilepsy [45]. 

 
Fig. 5: Modification of the P-16:0/22:6 plasmalogen-phosphatidylethanolamine (PE) 
Species  
Enzymatic pathways involved are given in numerical order: 1 = fatty aldehyde 
dehydrogenase, 2 = ω-oxidation, 3 = β-oxidation starting at the ω-C atom, 4 = autotaxin. 
Adopted from Ref. [46]. 
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2 Materials and Methods 

2.1 Aims of the study 

Üllen et al. [46, 47, 48] have demonstrated that myeloperoxidase-derived oxidants 

induce blood-brain barrier (BBB) dysfunction with concomitant generation of 2-

chlorohexadecanal. 

The objectives of the present pilot study were to extend these findings and get first 

indications whether 2-ClHDA can act as a transcriptional regulator of SL synthesis 

in brain endothelial cells. Primary porcine microvascular brain endothelial cells 

(pBMVEC) were used as an in vitro model of the BBB.  

In particular, the present pilot study aimed to: 

 Establish experimental conditions for RT-PCR and RT-qPCR analysis of a 

specific set of genes involved in SL turnover in pBMVEC, and, 

 Determine whether 2-chlorohexadecanal (2-ClHDA) – a reactive chlorinated 

aldehyde generated during inflammatory diseases – impacts expression levels 

of these RNAs in pBMVEC. 

2.2 Materials 

2.2.1 Chemicals 

 2-chlorohexadecal synthesized as described by Üllen et al [49].  

 Dimethyl sulfoxide (DMSO) 

 2-Mercaptoethanol 

2.2.2 Glassware and plastics 

 Disposable pipettes and plastic pipette tips 

 Disposable cell scrapers, Greiner bio-one, Austria 

 Cell culture flasks (75 cm2), Sigma Aldrich 

 6-well cell culture plates 

 Eppendorf® micro test tubes (200 µl, 500 µl, 1 ml), Eppendorf, Germany 

 Nuclease free microcentrifuge tubes 
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2.2.3 Lysis solution A: 

 0.04 M HCl in absolute isopropanol (= 1M HCl/isopropanol 1:25, v/v); kept at 

-70 °C. 

2.2.4 Cell Culture Medium 

 Collagen 150 µg/ml 

 Medium A: serum free 

 Medium 199 with L-glutamine, Gibco®, Scotland, UK 

 Ascorbic acid 

 Hydroxyethylpiperazine ethansulfonoat 

 Lipid concentrate 

 Hydrocortison 

 Penicillin and Streptomycin 

 Basic fibroblast growth factor (bFGF). 

 Medium B: with serum 

 Medium A 

 Fetal calf serum (FCS Gold) 5% 

2.2.5 Kits 

 RNeasy® Plus Mini kit, QIAGEN 

 QuantiTect SYBR® Green PCR Kits, QIAGEN 

 SuperScriptTM III Reverse Transcriptase, Invitrogen 

2.2.6 Laboratory equipment 

 Accu-Pipette, Eppendorf. 

 Mastercycler, Eppendorf. 

 Microcentrifuge, Eppendorf. 

 Victor X3 Multilabel plate reader, PerkinElmer 

 Spectrophotometer NanoDrop 1000, Thermo Scientific. 

 ABI 7000 HT, Applied Biosystems. 

 1DTM imaging system, Kodak 
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2.3 Methods 

2.3.1 Primary pBMVEC cultures as in vitro model of the BBB 

PBMVEC were isolated from porcine brain samples, obtained from the local 

slaughterhouse, by a combination of sequential enzymatic digestion and 

centrifugation steps exactly as described by Üllen et al. [49]: After removal of 

meninges and the secretory areas, the brain cortex (gray and white matters) was 

minced using a sterile cutter with staggered rolling blades. Minced tissue was 

suspended in ‘preparation medium’ [M199 supplemented with 

penicillin/streptomycin (P/S;100mg/ml), gentamycin (100 mg/ml) and glutamine 

(0.68 mM)] and incubated with solid dispase (0.1% w/v) for 1 to 2 h at 37 °C in a 

water bath with gentle stirring. Dextran solution (16 %, w/v) was added to get a 

final 10% (w/v) dextran suspension followed by centrifugation at 6800 g for10 min 

at 41C. The resulting pellet was resuspended in ‘Medium A’ [M199 supplemented 

with P/S (100 mg/ml), gentamycin (100 mg/ml), and glutamine (0.68mM and 10 % 

ox serum)]. Larger vessels were separated by a filtration through a 180-mm nylon 

mesh. Microvessels were digested with 0.03 % (w/v) collagenase/dispase for 5 

min at 37 °C in a water bath with gentle stirring. Released PBCEC aggregates 

were collected by low-spin centrifugation at 140 g for 10 min at room temperature 

(RT) and further purified by density gradient centrifugation. Cells obtained from 

one brain were resuspended in 5 ml medium A and centrifuged on a discontinuous 

Percoll gradient (20 ml 1.03g/ml bottom-layered with 15 ml 1.07 g/ml) at 1300 g for 

10 min at RT in a swing-bucket rotor without brake. BMVEC clusters, which were 

gathered at the interface of the two phases, were washed in medium A and plated 

onto six to eight 75 cm² collagen-coated culture flasks. After 1 day in culture, the 

cells were washed twice with phosphate-buffered saline (PBS) and cultivated in 

‘‘medium B’’ (medium A without gentamycin). After 2 to 3 days, when confluence 

was almost reached, pBMVEC were subcultured by trypsinization and seeding 

onto collagen-coated cell culture ware (60 mg/ml collagen in PBS). 

2.3.2 Harvesting of cells 

PBMVEC were harvested according to instructions in the manufacturer’s 

handbook of RNeasy® Plus Mini kit [50]. The culture medium was completely 

aspirated, and the cells were washed twice with 10 ml ice cold PBS. The cells 
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were directly lysed in the 6-well culture plates by adding a mixture of 3.5 µl β-

mercaptoethanol and 350 µl RLT buffer (guanidine isothiocyanate) for RNA 

isolation. 

2.3.3 RNA isolation 

Cell lysis was immediately followed by isolation of RNA using RNeasy® Plus Mini 

kit. The cell lysates were transferred into QIAshredder columns and RNA was 

isolated following the manufacturer’s protocol [50]. Isolated RNA was eluted in 30 

µl RNase-free water. The concentrations of isolated RNA samples were measured 

with 1 µl of each RNA suspension using a NanoDrop® 1000. 

2.3.4 Reverse Transcription 

RNA samples were used to synthesize their complementary DNA (cDNA) following 

the manufacturer’s instructions for SuperScriptTM III Reverse Transcriptase 

(Invitrogen; [51]). The following components were added to a nuclease-free 

microcentrifuge tube for each 20 µl reaction: 3 μg of total RNA (1 ng – 5 μg 

according to manufacturer), 1 μl (100µM) 50-250 ng random hexamers (Thermo 

Scientific), 1 μl dNTP Mix (10 mM) each, 3 µg total RNA (3000 ng; 771.3 ng/μl), 

varying amounts of sterile distilled water for a total volume of 12 μl. The mixture 

was briefly vortexed and heated for 5 min at 65°C. The setups were incubated for 

at least 1 minute on ice and vortexed, before the following components were 

added: 4 μl 5X First-Strand Buffer, 2 μl 0.1 M DTT, 1 μl sterile distilled water and 1 

μl (200 units) of SuperScript™ III Reverse Transcriptase. The contents of each 

tube were gently mixed and after centrifugation, the mixture was incubated in a 

thermocycler at 25°C for 2 min. 1 μl (200 units) of SuperScriptTM III Reverse 

Transcriptase was then added. The reaction was incubated at 50°C for 50 min and 

terminated by incubating at 70°C for 15 min. Before PCR, 10 μl distilled water was 

added to the cDNA.  

2.3.5 Polymerase chain reaction (PCR) 

PCR was carried out using DreamTaq™ DNA polymerase according to the 

manufacturer’s instructions [52]. For each 20 µl reaction, 4 μl 5X PCR Buffer [200 

mM Tris-HCl (pH 8.4)], 0.4 μl 25 mM dinucleotide triphosphates (dNTP) mix, 1 μl 

of a mixture of forward and reverse primers (each having a final concentration of 
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10 μM), 0.2 μl DreamTaq™ DNA polymerase (5 U/μl), 2 μl cDNA of a 1:50 dilution, 

and sterile water was added to a final volume of 20µl. The mixture was briefly 

centrifuged and incubated in a thermal cycler for one cycle at 95 °C for 2 minutes. 

The PCR was performed at 95 °C for 30 seconds, 57 °C for 30 seconds and 

elongation at 72 °C for 1 minute, for 40 cycles. The reaction was incubated at 72 °C 

for 10 minutes and then maintained at 4 °C before being stored at -20 °C. 

 

Table 1: Genes of sphingolipid metabolism amplified by conventional reverse 

transcription-polymerase chain reaction (RT-PCR) 

name of 

primer-

pair* 

(primers) 

Oligo name 
Name and  

(NM_number) 

Name of protein and  

(NP_number) 

SS1 hs_SPTLC2 

serine 

palmitoyltransferase,  

long chain base  

subunit 2  

(NM_004863.3) 

serine 

palmitoyltransferase, 2 

(NP_004854.1) 

SS6 hsSPTLC1B 

serine 

palmitoyltransferase,  

long chain base  

subunit 1  

(NM_004863.3) 

serine 

palmitoyltransferase,  

long chain base subunit 1 

(NP_001268232). 

SS8 

hsSGPL1  

sphingosine-1 

-phosphate lyase 1 

(NM_003901.3) 

sphingosine-1-phosphate 

lyase 1 (NP_003892)  

SS9 

SS13 hsACER2 alakline ceramidase 2 
alkaline ceramidase 2 

(NP_001010887)  
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name of 

primer-

pair* 

(primers) 

Oligo name 
Name and  

(NM_number) 

Name of protein and  

(NP_number) 

SS14 hs_ACER3  
Alkaline ceramidase 3 

(NM_018367.6) 

alkaline ceramidase 3 

(NP_001287884)  

SS21 hsCERS5 
ceramide synthase 5 

(NM_147190  

ceramide synthase 5 

(NP_001268660.1)  

SS22 
hsCERS6 

Ceramide synthase 6 

 (NM_001256126.1) 

ceramide synthase 6 

(NP_001243055.1) 

SS23 

SS26 hs_SGMS2 

Sphingomyelin  

synthase 2 

(NM_152621.5) 

sphingomyelin synthase 2 

(NP_689834.1) 

SS32 pSPHK2 
sphingosine kinase 2  

(NM_020126) 

sphingosine kinase 2 

 (NP_001191087.1 )  

SS33 
782 rev,  

pSGPP1 

Sphingosine-1 

-phosphate  

phosphatase  

(NM_030791) 

Sphingosine-1-phosphate  

phosphatase  

(XP_013839990) 
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Table 2: Primers used for amplification by conventional RT-PCR 

name of 
primer-pair* 
(primers) 

Name 
of 
primer 

Position  
and  
Oligo name 

Primer  
pair 

size of 
PCR  
product 
(bp) 

Oligo sequence (5' to 3') 

SS1 
S25 

315f, 
hsSPTLC2 

S25/S26 869 
GGCCAGATCCATCATGTTAC 

S26 
1183rev, 

hs_SPTLC2 
GCAATCACTTCAGGAAGACG 

SS6 S34 
758,  

hsSPTLC1B 
S32/S34 689 GCATGTTGGCCAGGCTGGTT 

SS8 
S36 

230f,  
hsSGPL1 

S36/S37 837 
GCACAGACCTTCTGATGTTG 

S37 
1066rev,  
hsSGPL1 

TGGCAGTGTTCCTGGAGATA 

SS9 S38 
776rev,  

hsSGPL1 
S36/S38 547 TCTATCTTGCGTAGTCCTGG 

SS13 
S44 

243f,  
hsACER2 

S44/S45 633 
GCTATCGCCGAGTTCTACAA 

S45 
875rev,  

hs_ACER2 
AGGAATCTCTGAGGCAGCAT 

SS14 
S46 

198f,  
hsACER3 

S46/S47 596 
GCCGAGTTCTGGAATACAGT 

S47 
793rev,  

hs_ACER3 
AGATAGGAACCAAGGCCAGT 

SS21 
S57 

241f,  
hsCERS5 

S57/S58 540 
GTATTGGCATCGAGGACAGT 

S58 
780rev,  

hs_CERS5 
CCAGCAAGAAGTCTGAGACA 

SS22 
S59 

137f,  
hsCERS6 

S59/S60 629 
TTAGCCTGGTTCTGGAACGA 

S60 
765rev 

hsCERS6 
ACAAGGTGGTGCAGGAACAT 

SS23 S61 
191f,  

hsCERS6 
S61/S60 575 GACCTGAAGAACACGGAGGA 

SS26 
S66 

636f,  
hsSGMS2 

S66/S67 514 
CGCTGAACCTGTTGAAGAAG 

S67 
1149rev,  

hs_SGMS2 
TGCCTGAGAGTCTCCATTGA 

SS32 
S7 f, pSPHK2 

S7/S8 947 
ATAAGGAGCTGAAGGCAGGA 

S8 r, pSPHK2 TGCAGTTGGTCAGGAGGTCT 

SS33 
S11 

467f,  
pSGPP1 

S11/S14 315 
AACTGGCCGCTCTACTACCT 

S14 
782 rev,  
pSGPP1 

CTTCCATGTGCTGTCTTGCT 

*primer-pair: 10 µl primer1+10 µl primer2 +20 µl water=25 µM 
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2.3.6 Gel electrophoresis 

1.2 % agarose gel was used to visualize PCR products. The gel was prepared by 

dissolving 4.8 g agarose in 400 ml 0.5x Tris/acetate/EDTA buffer (TAE). The 

solution was heated in a microwave to dissolve the agarose. After cooling down to 

56 °C, ethidium bromide was added to the dissolved agarose and gently mixed. 

The gel was poured into an electrophoresis box fitted with two gel combs. After an 

hour, the combs were removed from the solidified gel, leaving behind wells for 

loading DNA samples. The gel was covered with 1000 ml running buffer (0.5 X 

TAE). 

10 μl of each PCR product, as well as 3 μl of the DNA size marker Lambda Hind III 

/ phiX Hae III, were loaded into respective wells. Electrophoresis was carried out 

at 75 V for 60 min. Afterwards, the gel was photographed under UV light on a 

Kodak 1DTM imaging system.  

2.3.7 Treatment with 2-ClHDA 

Cells were incubated in 6-well culture plates in serum-supplemented culture 

medium up to confluence. The medium was then completely removed and 

replaced with serum-free culture medium. After 12 hours, cell cultures were 

treated with 15 µM 2-ClHDA [diluted with dimethyl sulfoxide (DMSO)] for 1, 3, 5 

and 12 (i.e. overnight) hours. DMSO served as vehicle control. 

Cell lysis, isolation of RNA and reverse transcription were carried out as previously 

described. 

2.3.8 Real time quantitative PCR (RTqPCR) with SYBR® Green Dye 

Quantitative PCR was performed using LightCycler (Applied Biosystems) and 

QuantiFast SYBR® Green RT-PCR kit according to manufacturer’s protocol [53]. 

Each setup contained 1 µl primer (assays for human genes), 4 μl cDNA (diluted in 

RNase-free water), 5 μl SYBR® Green PCR Master Mix (containing: HotStar Taq 

DNA Polymerase, SYBR® Green I dye, ROX dye, dNTP mix with dUTP and 

Quantitect SYBR Green PCR buffer). 

To find the optimum concentration of cDNA samples to be used in qPCR, different 

dilutions of the samples (1:10, 1:20, 1:50, 1:100 and 1:200) were used in an initial 

run. The dilution 1:100 proved favorable and was used in subsequent runs. 
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Table 3: QuantiTect primer assays (Qiagen) that were used for RT-qPCR 
experiments.  

Primer Name of Enzyme QT number 

SPHK2 Sphingosine kinase 2 QT00085386 

ACER1 Alkaline ceramidase 1 QT00049000 

ACER2 Alkaline ceramidase 2 QT00009191 

ASAH2 N-Acylsphingosine amidohydrolase QT01335264 

CERS5 Ceramide synthase 5 QT00032130 

CERS6 Ceramide synthase 6 QT00076118 

SPTSS Serine Palmitoyltransferase, Small Subunit A QT00038311 

 

The housekeeping gene hydroxymethylbilane synthase (HMBS) served as the 

reference gene for normalizing the target gene expression. The enzyme plays a 

vital role in the synthesis of heme, which is an essential component of 

hemeproteins, e.g., hemoglobin. 

2.3.9 Statistical analysis of data 

Mean crossing point (CP) values obtained through qPCR were statistically 

analyzed with the gene quantification software Relative Expression Software Tool 

(REST® 384; [54]). 

Standard curves for the calculation of qPCR efficiency were established in 

GraphPad Prism 5.0a and subjected to linear regression analysis. The calculated 

slopes (‘k’) were used to calculate qPCR efficiency (E = 10(-1/k)-1) using an open-

source analysis tool from Horizon Discovery [55]. 
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3 Results 

3.1 RNA isolation from untreated and 2-ClHDA-treated pBMVEC 

Optical densities (OD) of isolated RNA were measured at wavelengths 280 nm, 

260 nm and 230 nm. The ratio OD260/OD280 is a measure for contamination by 

proteins and the ratio OD260/OD230 for contamination by other compounds. As 

can be seen from Table 4, the isolation protocol was optimized to give 

OD260/OD280 ratios of >2, which is an indication of a highly ‘pure’ (i.e. only low 

protein content) RNA. 

The OD260/OD230 ratio is indicative for the presence of organic compounds 

including phenol, Trizol, salts (chaotropic), or aromatic compounds. Samples with 

OD260/OD230 ratios below 1.8 are considered to be contaminated and in reverse 

transcription this ratio should be ≥ 2. Thus, all of my RNA preparations fulfilled the 

quality requirements for reverse transcription. 

 

Table 4: Yields and optical density ratios of RNA samples isolated from 
untreated pBMVEC.  
 

Sample ID ng/µl OD260/OD280 OD260/OD230 

1 569.1 2.13 2.08 

2 521.26 2.16 2.13 

3 510.83 2.17 2.1 

4 550.18 2.17 2.1 

 
Table 5: Yields and optical density ratios of RNA samples isolated from 2-
ClHDA-treated pBMVEC. 
pBMVEC were treated with 2-ClHDA (1-5 µM) for the durations indicated, cells were 
washed, lysed and RNA was isolated. Optical densities were determined on a NanoDrop 
instrument.  
 

Duration (h) ng/µl OD260/OD280 OD260/OD230 
1 148.68 2.10 1.62 
3 144.05 2.09 1.32 
5 140.82 2.09 1.31 
12 137.18 2.11 1.89 
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Data shown in Table 5 revealed that RNA yields and purity were lower in  

2-ClHDA-treated cells as compared to untreated cells. However, the reason for 

this observation is currently unclear. 

3.2 Reverse transcription-polymerase chain reaction (RT-PCR) 

In a first set of experiments, I converted RNA isolated from pBMVEC into cDNA by 

a reverse transcription (RT) reaction that was used as template for a polymerase 

chain reaction (PCR) to test for the presence of gene products involved in SL 

homeostasis. Primers were designed and directed against the human gene 

products. PCR products that were obtained with the primer pairs displayed in 

Table 2 were separated on 1.2 % agarose gels and revealed the presence of 

transcripts in the expected size range. Lambda Hind III/phiX Hae III was used as 

DNA size marker. As can be seen from Fig. 6 primers and PCR conditions were 

successfully established and (except for ACER1, CerS1, ASAH1 where I obtained 

no PCR products) yielded amplicons of the expected transcript size (compare 

Table 2 and Fig. 6).  

 

Fig. 6: Separation and visualization of RT-PCR products on 1.2 % agarose gels 
10 µl of the PCR products were loaded on 1.2 % EtBr agarose gels and separated at 200 
V (90 min). Photographs were taken on a Kodak 1DTM imaging system. Size of PCR 
products (kb) were estimated by comparison with the standards shown in lanes 1 and 13 
representing the Lambda Hind III/phiX Hae III marker.  
Lane assignment: 
1= Std, 2 = SPTLC2 (primer pair S25/26, size 869 bp), 3 = SPTLC1B (primer pair S33/34; 
size = 689), 4 = SGPL1 (primer pair S36/37; size = 837), 5 = ACER1 (no product), 6 = 
ACER2 (primer pair S44/45; size 633), 7 = ACER3 (primer pair S46/47, size 596), 8 = 
CerS1 (no product), 9 = CerS5 (primer pair S57/58; size = 540), 10 = SMS2 (primer pair 
S66/67 size = 575), 11 = ASAH1 (no product), 12 = CerS6 (primer pair S59/60; size = 
629), 13 = Std, 14 = SPHK2 (primer pair S7/8; size = 947), 15 = SGPP1 (primer pair 
S11/14; size = 315), 16 =SGPL1 (primer pair S22/23; size = 623). Primer sequences and 
NM numbering are shown in Tables 1 and 2. 
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3.3 Establishment of qPCR conditions and determination of 

qPCR efficiencies 

qPCR is the most sensitive analytical method to quantify also low concentrations 

of nucleic acids and allows absolute and relative (normalization on a reference 

gene) quantification. To assess the quality of the qPCR conditions established 

here (for the target genes displayed in Table 3), I have set up calibration curves to 

determine PCR efficiency (the fraction of target molecules that are amplified within 

one cycle of the reaction [56]). As outlined by Svec and colleagues [56], PCR 

efficiency is determined by setting up serial dilutions of the target, running multiple 

PCR reactions, and plotting mean crossing point (CP) values vs. log input to 

establish a calibration curve. Linear regression analysis is then used to calculate 

the slope of the calibration curve, a parameter needed to calculate efficiency (E) 

since E = 10 -(1/slope) – 1. From the CP values displayed in Table 6, I have 

established calibration curves for the individual gene products analyzed (Fig. 7) 

and determined the corresponding slopes (k) using GraphPad Prism. Efficiencies 

were calculated using an open-source online tool [55]. Ideally, the efficiency of the 

assay should be 100% indicating that the target gene is doubling with each cycle. 

Perfect PCR efficiency will demonstrate a change of 3.3 cycles (the slope) 

between 10-fold dilutions of template. In real laboratory life, qPCR efficiency 

should be >90% (although it is possible to perform accurate measurements with 

assays exhibiting <90% efficiency). 

During the present experiments, I have obtained efficiency values between 96 and 

115 % (Table 6), where E>100 % are most likely due to inhibited amplification at 

high template concentrations, resulting in lower k-values and thus overestimation 

of the reaction efficiency.  
 

Table 6: PCR efficiency estimated for the indicated gene products. 
RNA from pBMVEC was reverse transcribed into cDNA. The cDNA was serially 
diluted and used for qPCR analyses for the indicated gene products. CP values were 
plotted against logcDNA and the slope of the resulting calibration curves (r2 is given 
below k-values) was calculated and used to determine qPCR efficiency. 

 
Target 
gene 

cDNA 
input [ng] 

Mean Crossing  
Point (CP) 

Slope (k) 
r2 Efficiency (%) 

hHPRT 

100 22.203 -3.337 
 

0.9986 
99.4 50 23.087 

20 24.527 
10 25.495 
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Target 
gene 

cDNA 
input [ng] 

Mean Crossing  
Point (CP) 

Slope (k) 
r2 Efficiency (%) 

SGMS2 

100 22,073
-3,322 

 

0.9988 
100.0 

50 22,963
20 24,263
10 25,303
5 26,390

SGPL1 

100 22,740
-3,001 

 

0.9961 
115.4 

50 23,500
20 24.700
10 25.820
5 26.530

SPTLC1 

100 21,707
-3,264 

 

0.9963 
102.5 

50 22,480
20 23,760
10 24,827
5 25,927

ACER1 

100 31,937
-3,25 

 

0.9888 
103.1 

50 32,580
20 33.923
10 34,843
5 36,177

ACER2 
100 23,970 -3,239 

 

0.9481 
103.6 50 24,827

20 26,977
5 28,013

SPHK2 

100 25,723
-3,282 

 

0.9945 
101.7 

50 26,723
20 27,960
10 29,230
5 29,883

SMPD1 

100 22,647
-3,107 

 

0.9972 
109.8 

50 23,383
20 24,675
10 25,610
5 26,663

ASAH2 
50 22,303 -3,418 

 

0.9923 
96.1 20 23,497

10 24,463
5 25,760

SPTSSA 
50 26,420 -3,173 

 
0.9986 

106.6 20 27,623
10 28,693
5 29,557

SMPD3 
50 30,790 -3,303 

 

0.9764 
100.8 20 31,620

10 32,873
5 34,047

SPTLC2 
50 23.667 -3,003 

 

0.9974 
115.3 20 24,777

10 25.650
5 26.690
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Fig. 7: Calibration curves for the target genes analyzed. 
GraphPad Prism5.0a was used for linear regression analysis. The corresponding 
calculated slopes and r2 values are displayed in Table 5 and were used to calculate E 
using the open-source calculator from Horizon Discovery [55]. The Cp values shown 
represent mean values from three technical replicates. 
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3.4 2-ClHDA alters expression of gene products involved in 

sphingolipid metabolism of pBMVEC 

Having established optimal conditions for qPCR analysis, I tested the effect of  

2-ClHDA on the expression levels of these gene products. During these 

experiments, pBMVEC were kept serum-free overnight, were then incubated in the 

presence of 15 µM 2-ClHDA for the indicated periods, cells were washed, RNA 

was isolated, reverse transcribed and the target genes were analyzed by qPCR on 

a Light Cycler instrument. As can be seen from Fig. 8, expression of SPTLC2, 

SMS2, SMase and ceramidase was unaffected by the chlorinated aldehyde. In 

contrast, CerS1, CerS6, SPHK2, and S1PL were significantly upregulated by 2-

ClHDA. Data presented in Fig. 8 are all normalized to HPRT as reference gene. 

 

Fig. 8: 2-ClHDA regulates expression of pBMVEC gene products involved in 
sphingolipid biosynthesis. 
pBMVEC were set serum-free overnight and then incubated in the presence of 2-ClHDA 
(15 µM in DMSO) for the indicated times. Cells were washed, lysed, RNA was isolated and 
subjected to qPCR analysis. Expression ratios were normalized to HPRT and results were 
analyzed using the relative expression software tool (REST; *p<0.05, **p<0.01, ***p<0.001; 
pairwise re-allocation test). At time zero, the ratio of target gene/HPRT expression was set 
to 1. 
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4 Discussion 

Although the results obtained during my diploma thesis are of a rather preliminary 

nature, some conclusions can be drawn: In conventional RT-PCR experiments, I 

could show that self-designed primers directed at the human gene products can 

be used to reverse transcribe pig RNA into cDNA. This conclusion is substantiated 

by the fact that several primer combinations yielded the expected amplicon sizes 

(see Table 2 and Fig. 6). However, it also has to be mentioned that some primer 

combinations yielded no products. This holds true for the primer combinations 

directed against the genes ACER1, CerS1, and ASAH1. Of interest, primary 

porcine BMVEC express the RNAs coding for a set of enzymes that are central to 

a functional SL rheostat including the anabolic and catabolic synthetic pathways 

as outlined in Fig. 3 and Fig. 4. 

During my qPCR experiments, I have established primer efficiencies, an 

indispensable measure to assess the performance of a qPCR assay (and equally 

important, the corresponding dynamic range of the assay). During the experiments 

performed here, Qiagen primer assays for human genes were used to amplify 

porcine gene products. This is justified and practicable due to the high homology 

between human and porcine RNA sequences. Based on a BLAST alignment, 

orthologous groups were identified in pig/human, and the distribution of sequence 

similarities of orthologs revealed that the pig is most closely related to cattle with 

an average amino acid identity of 85.9% while sharing an average identity of 

84.1% with humans [57]. 

In general, qPCR efficiency depends on several factors like operator, instrument 

type, the number of technical replicates run, quality of serial dilutions, and the 

chemistry used [56]. The minimal information requirements necessary for 

publication of qPCR analyses are given in the Minimum Information for Publication 

of Quantitative Real-Time PCR Experiments (MIQE) publications [58; 59]. Here, I 

have established PCR efficiency using calibration curves established with dilutions 

of cDNA samples (Table 6 and Fig. 7). Amplification efficiency (E) was 

established as outlined by Svec and colleagues [56]. For the establishment of the 

standard curves, I have plotted the log of template concentration (x-axis) against 

the CP values (y-axis) and, by linear regression analysis, determined the slopes of 

the resulting individual straight lines using GraphPad Prism. Using the slopes, 
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efficiencies were determined using an open-source calculator from Horizon 

Discoveries [55]. A theoretical maximum of 1.00 indicates that the amount of 

product doubles with each cycle [56]. Of note, all my qPCR assays worked with 

efficiencies slightly lower or higher 100 % (Table 6) indicating very good 

performance. SPTLC2 and SGPL1 were exceptions since E was 115%. Although 

the reason for this observation is not clear, lower yields at high template 

concentration might provide a reasonable explanation. This would result in an 

underestimation of CP values and too low k-values. According to the equation E = 

10-1/slope -1, a slope < 3.332 results in erroneously high values with E>100%.  

Taken together, the conventional RT-PCR and RT-qPCR experiments revealed 

the expression of SPTLC1, SPTLC2 and SPTSSA constituting part of the synthetic 

complex that is responsible for the first step of SL biosynthesis. SPTLC1 forms a 

heterodimer with SPTLC2 or SPTLC3 and constitutes the catalytic core. Subunit 

composition determines substrate specificity: The SPTLC1/2-SPTSSA complex 

shows preference for C16-CoA whereas the SPTLC1/3-SPTSSA complex uses 

C14- and C16-CoA as substrate. The pro-inflammatory cytokine TNFA was shown 

to upregulate SPT activity in endothelial cells (murine lung and human vascular 

endothelial cells) and this pathway was suggested to be cardioprotective due to 

increased substrate availability for S1P production [60]. 

The N-acyltransferases CerS1 and CerS6 that were identified here are highly 

expressed in mouse brain [61]. CerS1 shows high specificity for C18-Cer 

synthesis, while CerS6 is specific for C16-Cer synthesis. Both of these enzymes 

are upregulated in neurodegenerative diseases: In the anterior cingulate cortex of 

PD patients, a shift in Cer composition towards short acyl-chain length was 

identified and this lipid composition was accompanied by increased CerS1 

expression [62]. In the experimental autoimmune encephalomyelitis model (EAE; a 

murine model for MS), C16-Cer concentrations were significantly elevated in the 

lumbar spinal cord and accompanied by increased CerS6 expression in immune 

cells including astroglia [63].  

Cer are degraded by ceramidases and from this gene cluster, I could identify the 

expression of ACER1/2 and ASAH2. ACER1 is an ER-, while ACER2 is a Golgi-

resident alkaline N-acyl hydrolase with both enzymes generating sphingosine and 

free fatty acids. ACER1 plays an essential role in skin homeostasis, while ACER2 

regulates cell proliferation and apoptosis by the production of sphingosine and 
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sphingosine-1-phosphate and probably ROS [64]. ASAH2 is a neutral plasma 

membrane ceramidase and together with sphingomyelinases (e.g. SMPD1 or -3 

that were also identified during the present work), participates in the production of 

sphingosine and S1P from the degradation of sphingomyelin, a SL enriched in the 

plasma membrane of platelets [65]. 

SMS2 is a transferase that catalyzes phosphatidylcholine transfer to the OH-group 

of Cer thereby generating SM. In a murine transient middle cerebral artery 

occlusion stroke model, it was demonstrated that SMS2 deficiency exerted an 

anti-inflammatory effect in cerebral ischemia-reperfusion through suppression of 

toll-like receptor 4 recruitment to lipid rafts and inhibition of its downstream signal 

transduction cascades [66]. 

SPHK2 identified here has kinase activity and catalyzed the ATP-dependent 

phosphorylation of sphingosine to S1P. SPHK2 is located on a gene different from 

SPHK1. In contrast to SPHK1, isoform 2 has a pro-apoptotic function and inhibits 

cell growth [67]. SPHK1/2 double knockout mice are not viable (double knockouts 

die at embryonic day 15; knocking out only one isoform does not affect viability) 

due to defective blood vessel formation, neurogenesis and neural tube closure, 

indicating that the two isoforms play important roles in embryonic development 

[68]. 

SPHK2 also plays an important role in the phosphorylation of Fingolimod (an 

immune modulating drug that is used for treatment of MS, trade name Gylena). 

Fingolimod (also called FTY720) acts as pro-drug and after SPHK-mediated 

phosphorylation (with SPHK2 being 30-fold more active than SPHK1), FTY720-P 

down-regulates S1P1 receptor expression on lymphocytes and this process leads 

to significantly lower extravasation of auto-aggressive T-cells across the BBB into 

the brain [69]. Down-regulation of this receptor reduces astrogliosis, a hallmark of 

MS, and restores astrocyte-BMVEC communication in MS patients [70] thereby 

allowing restoration of productive astrocyte communication with other neural cells 

and BBB. FTY720 and FTY720-phosphate (the active drug that is phosphorylated 

by SPHK2) were also shown to inhibit drug efflux from the brain by antagonizing 

P-glycoprotein and leads to increased drug accumulation of e.g. paclitaxel [71], a 

cytotoxic drug that shows activity in breast cancer patients with brain metastases 

[72]. 
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2-ClHDA regulates mRNA levels of enzymes involved in the sphingolipid 

metabolism in pBMVEC. The enzymes, which synthesize ceramides (CerS1 and -

6), and S1PL1 were upregulated. It is established that the SL rheostat is affected 

by inflammatory conditions since TNF regulates sphingomyelinases, 

ceramidases, and SPHK1 [21, 73]. In LPS-injected mice Vutukuri [74] could 

demonstrate that endotoxemia increases serum Cer concentrations (but not in 

brain or brain capillaries) while S1P concentrations in the serum, whole brain and 

in brain capillaries of these animals are decreased. In brain capillaries, these 

observations were ascribed to transcriptional and translational upregulation of S1P 

phosphatase as well as lipid phosphate phosphatase 1, and to downregulation of 

SPHK2. In one of our own studies, we observed lower concentrations of Cer and 

SM species in brain capillaries of LPS-injected mice and these effects could be 

reverted by the MPO inhibitor ABAH [75]. 

Taken together, these findings indicate that MPO or MPO-derived oxidants have 

the potential to interfere with SL homeostasis in vitro and in vivo. 
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