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ABSTRACT 

 

Normal brain function depends on a delicately balanced set of remarkably diverse 

lipids. Consequently, short- and long term alterations in brain lipid composition during 

neuroinflammatory conditions associated with oxidative stress are casually involved in 

central nervous system (CNS) disorders (e. g. Alzheimer’s disease, Parkinson’s disease, 

multiple sclerosis, stroke, or traumatic brain injury). Within the different cerebral lipid 

subclasses sphingolipids take a central role in the CNS and in particular neuronal function. 

Consequently dysfunctional brain sphingolipid homeostasis is associated with the 

development of neurodegenerative diseases. Besides mitochondria, Aβ peptides, redox-

active iron, and the NADPH-oxidase complex, recent studies point towards 

myeloperoxidase (MPO) as a source of reactive oxygen/radical species. After activation of 

phagocytes, MPO uses chloride ions and hydrogen peroxide generated from superoxide 

anion radicals to form hypochlorous acid (HOCl). This potent oxidant targets unsaturated 

lipids to form a battery of chlorinated lipotoxic compounds. Of note, due to the presence of 

an unsaturated said chain and amide group sphingomyelin (SM) could be subject to 

modification by MPO-derived HOCl. Therefore this study aimed at investigating SM uptake 

and metabolism in a neuronal cell line (CATH.a) as well as the impact of SM and HOCl-

modified SM (HOCl-SM) on mitochondrial function, cell viability, and proteome alterations 

of PC12 neurons. 

 In vitro experiments performed during the present study demonstrate that 

fluorescently-labeled (BODIPY and PYRENE derivatives) SM and ceramide (Cer) analogues 

are efficiently internalized by caveolae-mediated endocytosis and metabolized by 

differentiated and undifferentiated CATH.a cells. SMase-mediated BODIPY-SM hydrolysis is 

a process starting already at the plasma membrane. SM-derived BODIPY-Cer diffuses into 

intracellular compartments and accumulates in the Golgi apparatus and the endoplasmic 

reticulum. In contrast, the majority of BODIPY-SM remains at the extracellular leaflet of the 

plasma membrane. Intracellular Cer is partially used as SMSase substrate to re-synthesize 

SM. Another part of the intracellular Cer pool is metabolized to an as yet unidentified polar 

sphingolipid species that is secreted by the cells. 
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 Using rat pheochromacytoma (PC12) cells I could demonstrate that HOCl-modified 

SM, generated by HOCl-treatment or enzymatically via the MPO/H2O2/Cl- system induces 

formation of reactive oxygen species in contrast to unmodified SM. Furtherore, HOCl-SM 

provokes mitochondrial dysfunction, decreases PC12 cell viability, induces the apoptotic 

machinery, and leads to pronounced proteomic alterations. 

 In summary, the present study indicates that oxidation/chlorination of SM by MPO-

derived HOCl might play a central role in neuronal cell death in CNS-related diseases. These 

findings may be valuable in understanding the role of MPO-derived oxidants on 

dysregulated sphingolipid homeostasis as observed in chronic neurodegenerative diseases. 
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ZUSAMMENFASSUNG 

 

Die intakte Funktion des Gehirns ist von der Balance der im Gehirn vorkommenden 

Lipide abhängig. Deswegen sind lang- oder kurzfristige Veränderungen in der 

Lipidzusammensetzung, ausgelöst durch Entzündungen und/oder oxidativen Stress, welche 

bei Patienten mit akuten oder chronischen neurologischen Erkrankungen (z. B. Alzheimer, 

Parkinson, Multiple Sklerose bzw. Insult oder traumatischen Hirnverletzungen) auftreten, 

häufig mit Störungen des Zentralnevensystems (ZNS) verbunden. Unter diesen zerebralen 

Lipiden kommt der Klasse der Sphingolipide eine besondere Bedeutung zu. Sphingolipide 

sind essentiell für die Gewährleistung neuronaler Funktionen. Daher ist es nicht 

überraschend, dass Störungen im Sphingolipid Metabolismus, die eine Veränderung des 

zellulären Sphingolipid-Musters zur Folge haben, bei der Entstehung und dem Verlauf von 

neurodegenerativen Erkrankungen eine zentrale Rolle spielen. Unter vielen Systemen die 

bei der Bildung von reaktiven Spezies bedeutsam sind, nimmt das Enzym Myeloperoxidase 

(MPO) von Phagozyten eine Sonderstellung ein. Das Enzym kann aus Wasserstoffperoxid in 

Gegenwart von Cl- Ionen hypochlorige Säure (HOCl) generieren. Dieses starke 

Oxidationsmittel kann mit ungesättigten Lipiden interagieren, diese oxidieren und dabei 

chlorierte, lipotoxische Verbindungen bilden. Das Phospholipid Sphingomyelin (SM) aus der 

Klasse der Sphingolipide besitzt eine ungesättigte Seitenkette sowie eine Amid-Bindung 

und ist somit ein potentielles Target für HOCl. Ziel dieser Studie war es, die Aufnahme und 

Metabolisierung von SM in einer neuronalen Zelllinie (CATH.a) zu untersuchen. Weiters 

sollte geprüft werden, ob SM oder durch HOCl oxidiertes SM (HOCl-SM) cytotoxische 

Eigenschaften aufweisen. Dabei sollte nach Inkubation mit HOCl-SM nicht nur die Viabilität 

von PC12 Zellen, sondern auch deren mitochondriale Funktionalität sowie Änderungen im 

Proteom dieser Zellen untersucht werden. 

In in vitro Experimenten konnte dabei gezeigt werden, dass differenzierte sowie 

undifferenzierte CATH.a Zellen effizient fluoreszierende SM- und Ceramid (Cer) Analoga 

über Caveolae-vermittelte Endozytose aufnehmen und diese rasch verstoffwechseln. Dabei 

wird das grün-fluoreszierende BODIPY-SM bereits an der Plasma Membran durch 

Sphingomyelinasen hydrolisiert. Das dabei entstandene BODIPY-Cer kann über Diffusion ins 

Zellinnere gelangen, wobei es sich im Golgi Apparat sowie im Endoplasmatischen Reticulum 

anhäuft, wohingegen BODIPY-SM vermehrt an der extrazellulären Seite der Plasma 
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Membran zu finden ist. Endozytiertes Cer dient einerseits zur Synthese von SM, 

andererseits zur Synthese einer bis jetzt unbekannten, polaren Sphingolipid Spezies, welche 

umgehend von den Zellen sekretiert wird. 

Weiters konnte ich in dieser Arbeit zeigen, dass hypochlorit-modifiziertes SM, im 

Gegensatz zu SM, die Bildung reaktiver Sauerstoff-Spezies in PC12 Zellen bewirkt. Dabei 

konnte bewiesen werden, dass dieses modifizierte Lipid negative Auswirkungen auf die 

Viabilität und mitochondriale Funktion der Zellen aufweist und Apoptose sowie 

Änderungen im Proteom initiieren kann. 

Zusammenfassend lässt sich sagen, dass die Generierung von HOCl-SM durch das 

Enzym MPO eine entscheidende Rolle bei Erkrankungen des ZNS spielen könnte. Um bei 

der Entstehung und dem Verlauf von akuten sowie neurodegenerativen Erkrankungen 

entgegenwirken zu können, bedarf es deshalb einer genauen Untersuchung der 

zytotoxischen Wirkunsweise von HOCl-SM. 
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I. INTRODUCTION 

 

 

1. SPHINGOLIPID METABOLISM 

 

Normal brain function depends on a delicately balanced set of remarkably diverse 

lipids. Consequently, short- and long term alterations in brain lipid composition during 

neuroinflammatory conditions associated with oxidative stress are casually involved in 

central nervous system (CNS) disorders (e. g. Alzheimer’s disease (AD), Parkinson’s disease 

(PD), multiple sclerosis (MS)) or traumatic brain injury. Within the different cerebral lipid 

subclasses sphingolipids (SL) take a central role in CNS and in particular neuronal function. 

Dysfunctional brain lipid biochemistry that deregulates levels of SL is associated with the 

development of neurodegenerative diseases (Haughey et al., 2010). The highly divergent 

group of SL covers sphingosines (Sph), ceramides (Cer), sphingomyelins (SM), and various 

phosphorylated and glycosylated derivates. In contrast to many other membrane lipids, SL 

do not contain glycerol as the backbone to which fatty acids (FA) are attached. Instead a FA 

acyl residue is linked to a long-chain base via an amide bound. In addition the enormous 

variety of head-group modifications makes this lipid class unique compared to other 

membrane lipids playing important roles in barrier function and endocytic- and signaling 

processes. 

 

 

1.1. Sphingolipid Biosynthesis 

 

1.1.1. De novo synthesis 

 

Due to their high abundance in the CNS, SL are often considered as “brain lipids”. 

Their synthesis which follows the secretory pathway is performed by a variety of 

membrane-embedded enzymes. The first step in SL synthesis is the head-to-head 

condensation of L-serine and palmitoyl-CoA to form 3-ketosphinganines catalyzed by the 

enzyme serine palmitoyltransferase (SPT) (Hanada, 2003; Merrill, 2002) (Figure 1). In 
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mammals two gene products are necessary (SPT1 and SPT2) for its activity (Dickson et al., 

2000; Gable et al., 2000). Another SPT2-like gene was discovered recently and was also 

proposed to be involved in SPT activity (Hornemann et al., 2006). 

 

 

 

 
 

Figure 1: SL metabolism in eukaryotic cells (Mimeault et al., 2008; Pyne and Pyne, 2000) 
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This irreversible condensation reaction yealding 3-ketosphinganine takes place at 

the cytosolic surface of the endoplasmic reticulum (ER) and represents the rate limiting 

step in de novo SL biosynthesis (Dickson et al., 2006; Hannun and Obeid, 2008). SPT is 

responsible for controlling the amount and molecular species of generated Sph bases. Point 

mutations in SPT2 are associated with hereditary sensory and autonomic neuropathy type I 

(Chen et al., 2010). Previously it was demonstrated that SPT can also use L-alanine as 

substrate yielding to the formation of 1-deoxy-sphinganine (Zitomer et al., 2009). Also in 

respect to the activated FA SPT is able to accept acyl-CoAs other than palmitoyl-CoA, 

although with a significant lower selectivity. Beside activated palmitic acid (C16) the 

enzyme can also accept and utilize pentadecanoyl- and heptadecanoyl-CoAs (C15 and C17) 

and with even lower selectivity also stearoyl-CoA (C18), and as the only exception for an 

unsaturated acyl-CoA species, palmitelaidic-CoA (C16:1 with a trans-double bond) (Chen et 

al., 2010; Hanada et al., 2000; Williams et al., 1984). 

3-Ketosphinganine is then converted to D-erythro-sphinganine by 3-

ketosphinganine reductase (FVT1) (Mandon et al., 1992). This reduction step is followed by 

N-acylation via a family of ceramide synthases (CerS) yielding dihydroceramides (DHCer) 

(Pewzner-Jung et al., 2006). So far six different mammalian CerS have been identified, all of 

them showing differences in substrate specificity and in tissue expression (Lahiri and 

Futerman, 2005; Laviad et al., 2008; Mizutani et al., 2005) (Figure 2). Out of them, CerS1 is 

mainly found in brain and skeletal muscle, whereas other CerS are predominantly 

expressed in kidney/liver (CerS2), testes (CerS3), heart/liver/skin/leucocytes (CerS4), lung 

and epithelia (CerS5), and in the intestine (CerS6) (Laviad et al., 2008; Riebeling et al., 2003; 

Stiban et al., 2010). In respect to their preferred fatty acyl-CoAs CerS1 shows specificity for 

C18 and C18:1, CerS2 for C20, C22, C24, C24:1, and C26, CerS3 for C26 and higher, CerS4 for 

C18 and C20, CerS5 for C14, C16, C18, and C18:1, and CerS6 for C14, C16, and C18 (Lahiri 

and Futerman, 2005; Stiban et al., 2010; Venkataraman et al., 2002). 

All CerS can utilize either sphinganine from the biosynthetic pathway or Sph from SL 

recycling as long chain base (LCB) substrates (Stiban et al., 2010). Therefore, Cer can be 

synthesized in a de novo pathway or via the salvage pathway using Sph as substrate (van 

Echten-Deckert and Herget, 2006). The proof that Sph is not a de novo intermediate was 

first demonstrated in neuroblastoma cells (Rother et al., 1992). The reacetylation of Sph to 
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form Cer is often observed in neurons, astrocytes, and neuroblastoma cells (Riboni et al., 

1999; Riboni et al., 2000). 

 

 

 

 

Figure 2: mRNA expression of CerS and distribution of respective SM, Cer, and 
monohexosylceramides (HexCer) species in specific mouse tissues (taken from Laviad et al., 2008) 

 

Once synthesized, DHCer can be converted to Cer via insertion of a 4,5-trans-double 

bond into the backbone of the LCB (sphinganine backbone) catalyzed by the enzymes 

dihydroceramide desaturases 1 and 2 (DES1 and DES2) (Michel et al., 1997). In mammals 

DES1 exhibits only desaturase activity whereas DES2 can also perform 4 hydroxylation 

catalyzing the formation of phytoceramides (Omae et al., 2004). 
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1.1.2. The salvage pathway 

 

Cer represent the branching point in SL metabolism and its most important functions 

as a central lipid second messenger molecule will be discussed below. In the ER Cer can be 

hydrolyzed via ceramidase – also present in lysosomes and other membranes – generating 

LCB Sph (Linke et al., 2001b; Tani et al., 2005). This reaction is reversible and Sph can be 

further utilized to generate Cer or can undergo phosphorylation via Sph kinases (SphK1 and 

SphK2) yielding the potent lipid second messenger sphingosine-1-phosphate (S1P) 

(Maceyka et al., 2009; Maceyka et al., 2005). In this reaction SphK1 is responsible for 

generation of S1P and concomitantly for inhibition of de novo Cer synthesis whereas SphK2 

presumably acts in concert with S1P phosphatase (SPPase) to convert S1P back to Sph 

(Maceyka et al., 2005). S1P is a potent lipid mediator regulating cell signaling regulating 

growth, survival, differentiation, angiogenesis, and motility (Anliker and Chun, 2004; Saba 

and Hla, 2004; Spiegel and Milstien, 2003). Therefore, cellular S1P levels are tightly 

controlled by synthesis, dephosphorylation via SPPases, and degradation via irreversible 

cleavage mediated by ER localized S1P lyase leading to generation of the respective alkyl 

aldehyde (mostly hexadecenal) and phosphoethanolamine. 

 

Cer can be further transported to the Golgi apparatus where synthesis of the more 

complex SL is accomplished. To reach the Golgi, Cer which exhibits very low solubility in an 

aqueous environment can be either transported via vesicular- or non-vesicular transport 

mechanisms the latter involving the ceramide transfer protein (CERT) (Funato and Riezman, 

2001; Hanada et al., 2003). In the vesicular transport mechanism Cer is transported in a 

coatomer protein- and tubulin-dependent way (Palmer et al., 2005; Watson and Stephens, 

2005) and presumably represents the major pathway for Cer transport to the cis-Golgi for 

glycosphingolipid synthesis. 

In CERT-dependent transport the protein that contains at least four functional 

domains is responsible for (i) recognizing of donor and acceptor membranes (ER and Golgi) 

as well as for (ii) substrate binding during direct transfer of Cer to the Golgi (Gault et al., 

2010). Thereby, CERT shows differences in substrate specificity according to FA residue and 

the LCB backbone. CERT displays preferences for acyl chains of <C22 and exhibits lower 

specificity for phyto- and DHCer (Kudo et al., 2008; Kumagai et al., 2007). 
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1.1.3. Synthesis of complex SL in the catabolic pathway 

 

Once transported to the Golgi apparatus, Cer can be converted to complex SL. The 

simplest species out of them are represented by ceramide-1-phosphate (Cer1P) generated 

via cermide kinase (Van Overloop et al., 2006), ceramide phosphoethanolamine generated 

via a SM synthase 1- (SMS1) related enzyme (Vacaru et al., 2009), 1-o-acyl ceramides 

(Shayman and Abe, 2000), and SM. The latter lipid which is generated via phopshocholine 

transfer mediated by SMS1 or SMS2 (Huitema et al., 2004) is a central topic of this thesis 

and, therefore, SM functions as well as synthesis and degradation of the lipid will be 

discussed in more detail below. 

 

 

 

Figure 3: Overview of complex SL structures, enzymes involved in interconversion (green text), and 
associated diseases (blue text) 
 (taken from http://themedicalbiochemistrypage.org/images/sphingolipid-degradation.jpg; 
copyright 2008 Michael W. King, PhD) 

 

http://themedicalbiochemistrypage.org/images/sphingolipid-degradation.jpg
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 In addition, mammalian cells are able to synthesize complex SL (Figure 3 and 4). The 

three major enzymes involved in complex SL synthesis are SMS, ceramide 

galactosyltransferase, and glucosylceramidesynthase. Catalyzing head-group modification 

of Cer the two latter enzymes are responsible for conversion of galactosylceramide (GalCer) 

and glucosylceramide (GlcCer), respectively, two monohexosylceramides that represent the 

starting point for glycosphingolipid (GSL) synthesis. GalCer which is synthesized in the 

lumen of the ER and its metabolite sulfatide are mainly generated in Schwann cells, 

oligodendrocytes, testis, kidney, and intestine. Moreover these complex SL are found to be 

highly enriched in the myelin sheath (up to 30%) of neuronal cells (Baumann and Pham-

Dinh, 2001). Mice lacking GlcCer were previously shown to harbor defects in the myelin 

sheath (unstable myelin leading to demyelination) accompanied with severe motor 

coordination deficits (Coetzee et al., 1996). These mice contained GlcCer in their myelin 

sheath which is normally not a component of this cell organelle. These defects in 

myelination may be due to a lack of sulfatide production via sulfotransferases. 

GlcCer represents the abundant GSL in most cells and is usually synthesized in the 

cis-Golgi apart from neuronal tissue in which GlcCer is generated in the ER (van Echten and 

Sandhoff, 1989) (Fig. 4). GlcCer are essential SL for the development of mammals 

(Yamashita et al., 1999). Defects in GlcCer synthesis results in lethality at embryonic day 6.5 

- 7.5 in mice. Although the major amount of GlcCer is transported to the plasma membrane 

(PM) right after synthesis it also represents the precursor for most complex GSL that are 

synthesized via step-wise addition of carbohydrate molecules to GlcCer which mainly 

occurs in the Golgi apparatus. These complex SL play an essential role in cell-cell 

recognition during embryonic development (Yamashita et al., 1999). Defects in GSL 

synthesis prevents normal skin development and provokes dissipation of neuronal function 

and brain maturation (Jennemann et al., 2007; Jennemann et al., 2005). 

 

After initial glycosylation the GlcCer series branches into the ganglio-, lacto-, 

neolacto-, globo-, and isogloboseries. Out of these series gangliosides are particularly 

abundant in the CNS, especially in neurons. These complex SL were shown to be crucial 

during differentiation of embryonic and mesenchymal stem cells into neuronal cells (Kwak 

et al., 2006) and in maintenance of  axon-myelin stability and function by binding to  the 

myelin-associated glycoprotein (Quarles, 2007). Interestingly, gangliosides of neurons 
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contain longer sphingoid bases (C20 instead of the usually found C18) which appear upon 

differentiation of neuronal cells and accumulate with rising age (Sonnino and Chigorno, 

2000). All the glycosylation steps leading to formation of complex SL species derived from 

GlcCer are thought to occur at the luminal site of the Golgi apparatus suggesting a so far 

unknown “flipping mechanism” for GlcCer from the cytosolic site to the luminal site of the 

Golgi (Lannert et al., 1994; van Meer and Hoetzl, 2010). 

 

 
 

Figure 4: Site of SL synthesis and illustration of their cellular trafficking (taken from Xu et al., 2010) 
aSMase, acidic sphingomyelinase; nSMase, neutral sphingomyelinase; AC, acid ceramidase; LacCer, 
lactosylceramide 

 

Once synthesized GSL are transported to the PM via a vesicular transport 

mechanism where they fulfill their diverse functions. Therefore, these SL are present at the 

outer-leaflet of the PM while GlcCer is present in both, the extracellular- and intracellular 

leaflet of the PM (van Echten-Deckert and Herget, 2006). 

As mentioned above most reactions in SL synthesis are reversible. Apart from that 

SL homeostasis is maintained by SL turnover und degradation. In most cases, SL turnover is 
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mediated by endocytosis of the respective SL from the PM, followed by sorting in early 

endosomes (Fig. 4). From there a part of SL is then recycled to the PM a process which is 

very often accompanied by remodeling of respective SL species (Steinman et al., 1983; 

Tettamanti et al., 2003). However, the rest of the SL is transported to the lysosomes leading 

to degradation via specific acid hydrolases (Kolter and Sandhoff, 2006). GSL are catabolized 

via step-wise hydrolysis of the terminal monosaccharides and SM is hydrolyzed to form Cer 

via activation of sphingomyelinases (SMase) which will be discussed below in more detail. 

Degradation of Cer into less complex SL and the involved enzymes were already discussed 

above. Defects in these degradation processes are accompanied by the development of 

lysosomal lipid storage diseases which are schematically summarized in Fig. 3.  

 

 

1.2. Sphingomyelin 

 

Among all other SL species SM displays a unique character for being the only SL 

resembling phospholipid (PL)-like properties. Besides amounts of ceramide 

phosphoethanolamine SM is the only mammalian PL that is not derived from glycerol. SM 

consists of a Sph base, a FA residue, and a phosphocholine headgroup. As mentioned 

above, the synthesis of SM occurs mainly in the trans-Golgi network (TGN) and, to a lesser 

extent, at the PM both via phosphocholine transfer from phosphatidylcholine (PC) or SM to 

Cer, mediated in mammalian cells by either by SMS1 or SMS2 (Huitema et al., 2004). Recent 

observations suggest the existence of a third member in SMS family known as SMS-related 

protein (Tafesse et al., 2006). SMS1 is located exclusively to the Golgi apparatus, whereas 

SMS2 is localized at the Golgi and the PM (Huitema et al., 2004; Tafesse et al., 2007). SMS 

harbor six transmembrane-spanning domains and orientation of their catalytic domain is at 

the luminal site of the Golgi or faces the extracellular space, respectively. Thereby, SMS1 is 

the major SMS in eukaryotic cells and is responsible for synthesis of at least 60-80% of total 

SM (Tafesse et al., 2007). SMS2 only accounts in between 20-40% of total SM synthesis but 

its primary localization to the PM enables cells to control their SM pool directly at the PM. 

Therefore, SMS2 may play a crucial role in the maintenance of cellular growth (e. g. pro- 

and anti-apoptotic stimuli of SM-derived lipids) and signaling processes by regulating the 
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PM-SM pool in response to extracellular stimuli. SMS1 and SMS2 are able to recognize 

short-chain synthetic SM analogues (NBD-C6-SM) as well as naturally occurring SM (C16 - 

C26) as substrates (Huitema et al., 2004). 

 

Once synthesized, the majority of SM is transported to the PM via a vesicular 

transport mechanism. Like other complex SL, SM is mainly found at the extracellular leaflet 

(80 - 85% of PM-associated SM; (Whatmore and Allan, 1994)) of the PM due to the fact that 

SM travels in the luminal site of Golgi-derived vesicles and is not able to flip between the 

two membrane leaflets (van Meer et al., 2008). Among SL, SM is the most abundant one 

and can make up to 10% of total mammalian cellular lipids (van Echten-Deckert and Herget, 

2006). SM is ubiquitously expressed in tissues and cells but highly abundant in the nervous 

system, especially in neurons and myelinating oligodendrocytes (Piccinini et al., 2010). SM 

is an essential lipid in eukaryotic cells; yeast cells cannot survive in culture in the absence of 

SM due to CERT mutations or defects in de novo SL synthesis (Tafesse et al., 2007). As 

mentioned above the major portion of SM is localized to the PM (up to 23% of total PL) but 

a minor SM portion was also found in the Golgi (up to 12% of total PL), the ER (up to 4% of 

total PL), mitochondria (up to 2% of total PL), and lysosomes (up to 22% of total PL) (Koval 

and Pagano, 1991; van Meer and Holthuis, 2000). In adult mouse brain the SM content is 

approx. 1 nmol/mg fresh tissue (Scandroglio et al., 2008). In the gray matter 

SM(d18:1/18:0) predominates whereas in the white matter SM(d18:1/24:1) is the main SM 

species (Staellberg-Stenhagen and Svennerholm, 1965). 

 

In the PM SM fulfils diverse functions: (i) SM accumulates in the extracellular leaflet 

and creates a rigid barrier to the environment due to its high packaging density and affinity 

for cholesterol (Chol). (ii) Together with Chol and other complex SL, SM forms highly 

specialized membrane microdomains termed lipid rafts. These SM enriched membrane 

sections serve as specialized platforms for endocytic and signaling events. (iii) SM can be 

converted to important lipid second-messenger molecules such as Sph, S1P, or Cer via 

activation of SMases as a consequence of biological stimuli. (iv) By influencing the Cer- (pro-

apoptotic) and diacylglycerol (DAG) pool (mitogenic) in an opposite way (both lipid 

mediators are generated during SM synthesis), SM can directly impact on life span and cell 

proliferation. 
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In contrast to other PL, SM and other complex SL usually contain longer, saturated 

(or trans-unsaturated) FA acyl chains. Thus, on the one hand, SM and complex SL are able 

to deeply interdigitate between the leaflets of the PM and on the other hand to form 

longer, narrower cylinders than PC with comparable chain length (Niemela et al., 2006; van 

Meer et al., 2008). This phenomenon provides a very tight packing of these lipids adopting 

the solid ‘gel’ or s0 phase which is different from the ‘liquid-disordered’ or ld phase (found 

in membrane domains that contain mostly PC). Tight packaging of SL is a consequence of a 

direct interaction of SL which is favored by the ability of SL molecules to undergo 

intermolecular hydrogen bounding (Simons and Vaz, 2004). Hydrogen bonding is also 

assumed to provoke the preferred interaction of SL with Chol in membranes. However, so 

far it is not completely clear if this intermolecular interactions or shielding of the non-polar 

Chol by the SL headgroup is responsible for the preferred SL-Chol packaging (Ikonen, 2008). 

Nevertheless, fluidity of SL rich domains is increased by sterols thus generating ‘liquid-

ordered’ or lo domains, thicker membrane domains which coexist with thinner ld phases 

(Veatch and Keller, 2005). These lo domains are called lipid rafts and resemble non-ionic 

detergent resistant membrane domains (Brown and Rose, 1992) that differ in their lipid 

and protein composition as well as in their stability from the remaining membrane surface 

(Pike, 2009). Lipid rafts can determine the lipid environment of membrane associated- or 

transmembrane proteins localized within the raft by influencing protein-protein 

interaction. Therefore, these dynamic, liquid-ordered domains display important structures 

within the cell having essential roles in endocytosis, signal transduction (Becher and 

McIlhinney, 2005; Manes and Viola, 2006), apoptosis, polarization (Manes et al., 1999), 

adhesion, migration, cytoskeletal tethering (Viola and Gupta, 2007), synaptic transmission, 

and maintenance of the blood-brain-barrier (BBB) during leukocyte transmigration 

(Dodelet-Devillers et al., 2009). 

 

1.2.1. SM processing 

 

In addition to its role as PM lipid and its unique function in generating special 

membrane domains, the PM-SM pool is of significant importance in signaling processes 

based on SL-derived lipid second-messengers. Via activation of different kinds of SMases in 
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response to a variety of biological stimuli, SM can be converted to Cer which is the most 

important lipid second-messenger molecule leading to cell apoptosis, growth arrest, and 

differentiation. Accordingly, SM hydrolysis can directly affect the SL rheostat where levels 

of anti-apoptotic S1P and pro-apoptotic Cer regulate cell responses to various stimuli 

(Breslow and Weissman, 2010). In mammalian cells Cer can be generated either by de novo 

synthesis (i. e. by reacetylation of Sph in the salvage pathway which is also mediated by 

CerS) or via breakdown of SM mediated by SMases. Intracellular Cer levels can also 

increase by decreasing Cer clearance through inhibition of SMS, glycosylceramide synthase, 

or ceramidases (Ogretmen and Hannun, 2004). Pathways of Cer generation are highly 

distinct from each other and Cer synthesis is tightly controlled by different subcellular 

location of enzymes involved in Cer synthesis or different tissue expression as it is the case 

for CerS. The latter enzymes are not only characterized by tissue specific expression 

patterns but also exhibit distinct substrate specificity according to the FA acyl chain as 

already mentioned above. In contrast, SMases show differences mainly in their subcellular 

distribution but also display difference in expression levels in different mammalian tissues. 

In general, SMases can be classified according to their pH optimum into acidic, neutral, and 

alkaline SMases and are sub-characterized according to their co-factor dependence on 

divalent cations (Goni and Alonso, 2002; Marchesini and Hannun, 2004). So far four 

putative SMases have been cloned (SMPD1 – 4): out of these four acid SMase (aSMase; 

SMPD1) and Mg2+-dependent neutral SMase (nSMase; SMPD3) were shown to be the most 

important SMases involved in Cer generation due to biological stimuli and are, therefore, 

best characterized.  

The 72 kDa glycoprotein aSMase that shows optimal activity at pH 4.5 – 5, was first 

described in 1963 (Gatt, 1963). The gene encoding aSMase was cloned in 1992 (Schuchman 

et al., 1992). Originally, aSMase has been assumed to be localized exclusively in the 

lysosomes. Recent observations however, report the existence of a secreted form of 

SMPD1, designated as secreted SMase (sSMase) (Schissel et al., 1996). sSMase arises from 

differential protein trafficking of a common SMPD1 precursor protein. Although the exact 

mechanism behind this difference in intracellular trafficking of the SMPD1 precursor is not 

fully understood yet, aSMase and sSMase show differences according to their N-

glycosylation pattern (Hurwitz et al., 1994; Schissel et al., 1998b), proteolytic processing 

(Schissel et al., 1998b), and on their dependence on Zn2+. Whereas aSMase acquires Zn2+ 
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during its maturation and, therefore, its activity is not dependent on addition of further 

Zn2+, sSMase is sequestered from cellular Zn2+ pools and thus requires Zn2+ in in vitro assays 

(Schissel et al., 1998b). 

sSMase was already shown to be implicated in apoptosis. I. e. elevated levels of 

sSMase were found in patients undergoing radiation treatment (Sathishkumar et al., 2005), 

in sepsis (Claus et al., 2005), and in LPS-treated mice (Wong et al., 2000). Recently, sSMase 

was considered to play a crucial role in early stages of atherosclerosis. The enzyme was 

shown to hydrolyze SM in aggregated low-density lipoprotein (LDL). The resulting Cer 

enriched LDL is susceptible to aggregation and, therefore, atherogenic (Schissel et al., 

1998a). Moreover sSMase was suggested to be involved in insulin resistance (Gorska et al., 

2003), heart failure (Doehner et al., 2007), platelet function (Romiti et al., 2000), and 

infection/inflammation, respectively (McCollister et al., 2007). 

Similar to sSMase, aSMase was also found to translocate to the PM in response to 

physiological stimuli. aSMase can then hydrolyze SM that is present at the extracellular 

leaflet of the PM. These stimuli contain UV radiation (Charruyer et al., 2005), cisplatin 

(Zeidan et al., 2008), phorbol esters (Charruyer et al., 2005; Zeidan and Hannun, 2007), Fas 

ligand (FasL)/CD95 (Rotolo et al., 2005), and cell wounding (Tam et al., 2010). Thereby, Cer 

generation promotes apoptosis, cytoskeletal reorganization, activation of pro-apoptotic 

proteins, and PM repair via endocytic mechanisms. Also tumor necrosis factor alpha (TNFα) 

receptor (TNFR) (Schutze et al., 1992), interleukin-1 (IL-1) (Mathias et al., 1993), irradiation 

(Paris et al., 2001), and reactive oxygen radicals (Gulbins et al., 1996) were shown to 

stimulate aSMase within a few seconds. 

However, deficiency in aSMase results in severe diseases. Recessive mutations in 

the SMPD1 gene are accompanied by the onset of the genetic disorders Niemann-Pick 

disease Type A or B (NPD-A or NPD-B). NPD-A causes progressive neurodegeneration that 

leads to death at age 2-3 years (Schuchman, 2010). In contrast, NPD-B patients mostly do 

not exhibit any neurological abnormalities but may suffer from hepatosplenomegaly, 

pulmonary insufficiency, and cardiovascular disease (McGovern and Schuchman, 1993). 

Differences in disease pattern may be caused by different amounts of residual aSMase 

(Graber et al., 1994). In addition, decreased aSMase activity was also found in patients 

suffering from Niemann-Pick Type C (NPD-C), which results from mutations in either gene 

NPC1 or NPC2 and is characterized by defects in cholesterol trafficking in endo-lysosomal 
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vesicles accompanied by accumulation of unesterified cholesterol in these compartments. 

The low levels of aSMase activity in NPD-C are obviously caused by a post-translational 

mechanism (Reagan et al., 2000).  

In cultured neurons of aSMase knock-out (ASMKO) mice an aberrant distribution of 

GPI-anchored proteins, important signaling proteins that are preferentially localized to lipid 

rafts, was identified due to an increased SM content of the PM. Reducing SM levels 

ameliorated this effect (Galvan et al., 2008). In addition microglia of ASMKO mice were 

identified with a decrease in IL-1β secretion and microparticle shedding following activation 

of the ATP receptor P2X7 (Bianco et al., 2009). Additionally synaptic membranes of ASMKO 

mice showed enhanced levels of SM and Sph which was accompanied with enhanced 

interaction of docking molecules Munc18 and Syntaxin1 (Camoletto et al., 2009). 

Several lipid species such as bismonoacylglycerophosphate (BMP), lysophosphatidic 

acid (LPA), and phosphatidylinositol (PI) were shown to increase activity of aSMase (Linke 

et al., 2001a), whereas other lipids (e. g. phoshatidylinositol-3,5-bisphosphate, 

phosphatidylinositol-3,4,5-trisphosphate) markedly reduce its activity (Testai et al., 2004). 

Other activity inhibitors of aSMase activity include SM-antimetabolites such as the thiourea 

SM derivate AD2765 (Darroch et al., 2005) or phenyl SM derivates (Yokomatsu et al., 2003), 

biological compounds such as scyphostatin (Nara et al., 1999) and its derivates or α-

mangostin (Nakagawa et al., 2007), and synthetic agents such as SR33557 (Jaffrezou et al., 

1991) and the lysosomotropic inhibitors desipramine, imipramine, and NB6 (Claus et al., 

2009; Delgado et al., 2007; Kornhuber et al., 2008; Loidl et al., 2003). 

 

In contrast, nSMase2 (designated as nSMase in this thesis) is an SM hydrolyzing 

enzyme that exhibits optimal activity at pH 7.4 and requires millimolar concentrations of 

Mg2+ or Mn2+. The 71 kDa membrane bound protein is ubiquitously expressed in 

mammalian tissue. It was first isolated from mammalian brain a tissue where nSMase 

exhibits its highest activity. The enzyme consists of a C-terminal catalytic domain and two 

hydrophobic domains located in the N-terminal region (Hofmann et al., 2000). The 

definitive subcellular localization of nSMase is still a matter of debate. Several studies 

identified nSMase to be associated with the Golgi apparatus; these reports have been 

confirmed using specific Golgi trackers in PC12 and SH-SY5Y neuroblastoma cells (Hofmann 

et al., 2000). Other studies performed in various cancer cell lines report that overexpressed 
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nSMase localizes to the PM (Kim et al., 2008; Rutkute et al., 2007). Recent observations 

suggested that nSMase can translocate from the Golgi to the PM in response to confluence, 

H2O2, and TNFα (Clarke et al., 2007; Levy et al., 2006). From these data one may conclude 

that nSMase exhibits its hydrolytic properties mainly at the PM. Interestingly, the catalytic 

domain of nSMase is facing the cytosol, although SM is more or less exclusively localized to 

the extracellular leaflet of the PM (see above). Since it was shown that nSMase is activated 

by phosphatidylserine (PS) which is localized to the cytosolic leaflet of the PM (Marchesini 

et al., 2003) and after demonstrating that a SM pool exists at the inner PM leaflet (Linardic 

and Hannun, 1994), localization of nSMase is out of debate. Other studies suggest that at 

the PM nSMase is preferentially localized within lipid rafts. Indeed the enzyme was shown 

to be activated in these PM compartments in neuronal cell lines after treatment with 

staurosporine, daunorubicin, and other chemotherapeutic agents (Kilkus et al., 2003). 

These observations highlight the importance of SM/Chol-rich membrane domains to 

speciffically regulate enzyme activity. 

Similar to aSMase, nSMase is also implicated in apoptosis following treatment with 

a variety of biological stimuli. Besides the chemicals mentioned above, the enzyme is 

activated by FasL/CD95 and TNFR1 which both are directed to lipid raft membrane fractions 

following activation (Milhas et al., 2010). In addition nSMase was shown to be activated by 

oxidized LDL which is present in atherosclerotic lesions (Chatterjee, 1999). This suggests a 

potential role of the enzyme in disease progression. Additionally nSMase is activated by 

CD40 (Segui et al., 1999), by negatively charged lipids including PS, cardiolipin, 

phosphtidylglycerol, but also by arachidonic acid (Hofmann et al., 2000; Marchesini et al., 

2003), IL-1 (Singh et al., 1998), during hypoxia (Yoshimura et al., 1999), by nitric oxide (NO) 

(Kondo et al., 2002), vitamin D3 (Okazaki et al., 1989), and amyloid-beta (Aβ) (Jana and 

Pahan, 2004). Cer generated via these pathways may act in the executioner phase of the 

apoptotic cascade as was demonstrated for CD95 engagement (Tepper et al., 2000). Recent 

studies point towards an upstream-caspase-3 involvement of the lipid second-messenger 

(Neumeyer et al., 2006) possibly acting upstream of mitochondria (Luberto et al., 2002) but 

downstream of initiator caspases upon TNFR or CD95 activation (Cuvillier et al., 1998; 

Dbaibo et al., 1997). Other reports predict a caspase-3-dependent regulation of nSMase 

(Kondo et al., 2002). Most of these studies have been performed in neuronal cell lines due 

to high activity of nSMase in these cells. 
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Novel nSMase inhibitors include natural compounds such as the structural 

analogues scyphostatin which displays a 50-times lower IC50 (1 µM) for nSMase than for 

aSMase (49 µM), scyphostatin derivates, manumycin A (Arenz et al., 2001), and glutathione 

(GSH), synthetic inhibitors (e. g. the family of sphingolactones (Wascholowski and Giannis, 

2006), aminoguanidine derivates such as C11AG (Amtmann and Zoller, 2005), or GW4869 

(Luberto et al., 2002)), as well as by a variety of other SM analogues (for review see 

(Delgado et al., 2007). 

 

1.2.2. Cer as second messenger 

 

Cer resembles a unique lipid second-messenger molecule. As mentioned above Cer 

plays a crucial role in apoptosis, cell growth, cell cycle arrest, differentiation, senescence, 

insulin-resistance, inflammation, atherosclerosis, and neurodegenerative disorders. Cer is 

generated via SM hydrolysis, breakdown of complex SL species, de novo synthesis, or via 

the SL salvage pathway. 

Cer synthesis correlates with protein levels of the Bcl-2 family, the expression of Bcl-

xS, caspase-9 splice-variants (Chalfant et al., 2002), and the cellular Bax/Bcl-2 content 

(Sawada et al., 2000). Mitochondrial generation of Cer was shown to contribute to Bax-

dependent apoptotic events (Birbes et al., 2005) and the formation of mitochondrial 

permeability transition pores (PTP) (Kashkar et al., 2005; Pastorino et al., 1999). 

In respect to Bcl-2 it was reported that Cer can indirectly influence the 

phosphorylation status of the anti-apoptotic protein. To ensure its activity, Bcl-2 must 

become phosphorylated at serine 70 by PKCα which can be inhibited by Cer (Ruvolo et al., 

1999). Increased synthesis of Cer results in activation of PP2A which provides an alternative 

pathway of apoptosis induction. On the one hand PP2A dephosphorylates Bcl-2 thereby 

inactivating it (Lin et al., 2006) and on the other hand stimulates activation of Bax and 

release of mitochondrial cytochrome c (Xin and Deng, 2006) (Figure 5). 

Beside the protein family Bcl-2, an involvement of mitochondria in Cer-mediated cell 

death became more and more evident over the last years. Cer was shown to contribute to 

mitochondrial PTP formation, accelerate permeabilization of the inner mitochondrial 

membrane, to interfere with complex III of the mitochondrial respiratory chain, thus 
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inhibiting oxidative phosphorylation, and to enhance the permeability of the outer 

mitochondrial membrane, which is accompanied with release of proteins localized in the 

intermembrane space such as cytochrome c (Gudz et al., 1997; Novgorodov et al., 2005; 

Siskind et al., 2002). In addition Cer can maintain cytochrome c in an oxidized state which 

directly affects the mitochondrial membrane potential (∆ψm), Ca2+ release from 

mitochondria, and the organelle’s oxygen consumption (Ghafourifar et al., 1999). However, 

most studies suggest that Cer can exert its apoptotic effects only when present at 

mitochondria (Birbes et al., 2001). 

 

 
 

Figure 5: Ceramide signaling pathways  
(modified from http://www.fmhs.uaeu.ac.ae/images/Biochemistry/Profile17May2010_5.jpg) 

 

Cer also plays a crucial role in protease-dependent apoptosis. As already mentioned, 

Cer is acting downstream of initiator caspases but upstream of executioner caspases. In 

addition, Cer generated via aSMase was shown to activate the non-caspase protease 

cathepsin D (Heinrich et al., 1999) which also represents a cell death protease. 

http://www.fmhs.uaeu.ac.ae/images/Biochemistry/Profile17May2010_5.jpg
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Recent studies revealed that the FA acyl chain length is a major determinant of the 

biological effects of Cer. Whereas C24 Cer, generated via nSMase activation, was shown to 

induce senescence in confluent MCF-7 cells (Marchesini et al., 2004), C16 Cer leads to 

apoptosis in a caspase-independent manner after B-cell receptor cross linking (Kroesen et 

al., 2003). 

 

 

2. MYELOPEROXIDASE AS A CONTRIBUTOR TO OXIDATIVE STRESS IN THE CNS 

 

Oxidative stress is closely linked to disease progression in neurodegenerative 

disorders. Due to its high oxygen consumption and a variety of susceptible macromolecules 

(e. g. unsaturated lipids, proteins, and DNA) the mammalian brain is highly susceptible 

towards oxidative damage (Halliwell, 2006). Chronic inflammation accompanied by reactive 

oxygen species (ROS) formation was shown to be an excellent marker for progression of 

neurodegenerative diseases (Lin and Beal, 2006). Beside mitochondria, Aβ peptides, redox-

active iron, and the NADPH-oxidase complex, recent studies point towards 

myeloperoxidase (MPO) as a source of reactive oxygen/radical species (Yap et al., 2007). 

Therefore, MPO displays a disease-amplifying enzyme in neurodegenerative processes that 

also contributes to tissue injury in acute CNS-related diseases such as brain stroke or 

traumatic brain injury. After activation of phagocytes, MPO uses chloride ions and 

hydrogen peroxide (H2O2) generated from superoxide anion radicals (O2
-) to form 

hypochlorous acid (HOCl). This potent oxidant targets unsaturated lipids to form a battery 

of chlorinated lipotoxic compounds. Of note, due to the presence of an unsaturated said 

chain and amide group SM could be subject to modification by MPO-derived HOCl. This 

reaction might be of particular importance in MS where MPO was localized to 

demyelinating areas (Chen et al., 2008). 

 

2.1. Synthesis and processing 

 

MPO was originally isolated from canine pus and purulent fluid from patients that 

suffered from tuberculous empyema (Agner, 1941). Due to its intense green color the 
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enzyme was first named verdoperoxidase (Agner, 1941). Later observations referred 

verdoperoxidase to be expressed only in myeloid cells which resulted in renaming of the 

enzyme to MPO (Yamada and Kurahashi, 1984). As evident from the name, the iron-

containing enzyme MPO belongs to the peroxidase family. Like other peroxidases such as 

thyroid peroxidase, lactoperoxidase, and eosinophil peroxidase MPO uses H2O2 as 

substrate, although all these enzymes were identified to harbor a different source of this 

reactive oxidant (Hansson et al., 2006). 

During differentiation of granulocytes in the bone marrow, only promyelocytes and 

promyelomonocytes are able to actively synthesize MPO (Gullberg et al., 1999). 

Differentiation into tissue macrophages is generally accompanied by termination of MPO 

synthesis (Klebanoff, 2005). However, under certain circumstances MPO expression can be 

retained in certain types of tissue macrophages. In neutrophilic polymorphonuclear 

leucocytes (neutrophils) MPO can make up to 5% of the dry weight of the cells (Schultz and 

Kaminker, 1962). Thereby, MPO is stored in the azurophilic granules of these cells which 

are heterogeneous regarding to their density and morphology (Bainton et al., 1971; 

Kinkade et al., 1983). As mentioned above, monocytes also contain MPO-positive granules, 

however they are fewer in number than in neutrophils (Nichols and Bainton, 1973). 

MPO is encoded by a single gene on the long arm of chromosome 17 (Johnson et al., 

1987). The synthesis of the MPO glycoprotein starts in the ER resulting in a primary 80 kDa 

translation product termed preproMPO (Figure 6). preproMPO is converted to the 90 kDa 

apoproMPO by undergoing N-linked glycosylation, cleavage of the signal peptide, and 

limited deglycosylation. At this stage, apoproMPO associates with the ER-located 

chaperones calreticulin, calnexin, and ERp57 and is thereby subject of further enzymatic 

processing. After heme incorporation the enzyme becomes enzymatically active proMPO. 

At this level, proMPO exits the ER to reach the Golgi and later on late endosomes and 

granules which are the sites for final processing of MPO. These processes include the 

proteolytic removal of the propetide, a hexapeptide between the heavy and the light 

subunits, and a C-terminal serine residue which is followed by cleavage of the two subunits 

and concomitant dimerization to gain mature MPO. The two monomers are linked via a 

single disulphide bridge and the dimer with a molecular weight of 146 kDa is stored in 

granules. Part of proMPO is glycosylated with complex carbohydrates in the TGN and, 
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therefore, escapes granule targeting and becomes constitutively secreted in the 

extracellular environment as a 90 kDa proMPO monomer (Hansson et al., 2006). 

 

Klebanoff (Klebanoff, 2005) indicated an important role of MPO in killing of ingested 

microorganism which is based on the release of MPO from azurophilic granules into 

phagosomes during degranulation in the neutrophil oxidative burst. In this process, highly 

positive charged MPO (isoelectric point > 10) strongly binds to negatively charged surfaces 

and, therefore, coats ingested microbes. 

 

 

Figure 6: MPO biosynthesis, processing, and trafficking (taken from Hansson et al., 2006) 
A: Biosynthesis of mature MPO starting from the preproMPO translation product 
B: Processing of MPO in the ER, TGN, and primary granules and its intracellular trafficking. The 

majority of MPO is stored intracellularly but part of proMPO acquiring complex carbohydrate 
side chains is constitutively secreted. 

 

In addition, MPO can be released as enzymatically active proMPO (mentioned 

above), by leakage before complete closure of the developing phagosome, by cell lysis, or 

in situations that involve phagocytosis of microorganism too large to be ingested, and 

thereby also contributes to bacterial death (Klebanoff, 2005). 
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After phagocytosis of microorganism the first stages of the oxidative burst are 

characterized by activation of the NADPH oxidase (Rossi and Zatti, 1964) and concomitant 

generation of O2
- and other ROS. O2

- can act as an electron acceptor and is, therefore, 

converted to H2O2. Upon releasing MPO from granules into the phagolysosome or the 

extracellular space, H2O2 can be efficiently converted to reactive hypohalous acids (HOX) in 

the presence of the respective halides (Klebanoff, 1967; Klebanoff, 1968; Klebanoff et al., 

1966) according to the chemical formula: 

 

H2O2 + X- + H+                 HOX + H2O 

 

Under in vivo conditions, chloride (Cl-) concentrations are higher as compared to other 

halides such as bromide (Br-), iodide (I-), or the pseudohalide thiocyanate (SCN-). Therefore, 

Cl- is the most abundant substrate for MPO resulting in the generation of the potent 

antimicrobial oxidant HOCl that is in equilibrium with its anion hypochlorite (OCl-) at pH 

7.53 (Malle et al., 2007). Beside its halogenation activity, MPO also exhibits peroxidase 

activity. Halogenation as well as peroxidation reactions start by reduction of H2O2 to water 

leading to the formation of compound I (Arnhold and Flemmig, 2010; Malle et al., 2007) 

(Figure 7). Because of harboring two more oxidizing equivalents than native MPO, 

compound I is a strong oxidant that can initiate one- or two-electron oxidation reactions. In 

the halogenations cycle compound I is able to abstract two electrons from halides leading 

to formation of the corresponding HOX and recycling of compound I to the native enzyme 

(Fig. 7, reaction 2), whereas the peroxidation cycle is characterized by two consecutive one-

electron steps via the formation of compound II, a protonated oxoiron(IV) species (Malle et 

al., 2007) (Fig.7, reaction 3 and 4). Substrates that are oxidized in the peroxidation cycle by 

compound I and II include amino acids such as Tyr and Trp, sulfhydryls, nitrite (NO2
-), 

xenobiotics, and H2O2 (Arnhold and Flemmig, 2010; Furtmuller et al., 2003) and the 

corresponding products also exhibit antimicrobial properties. Because HOX and MPO-

derived peroxidation products resemble highly reactive compounds they are able, 

depending on the environment, to initiate secondary reactions, thus leading to 

amplification of the toxic capacity. 
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Figure 7: The MPO oxidation cycle (taken from Malle et al., 2007) 
The halogenation- and peroxidation cycle is shown in the red polygon. 
 

HOCl was previously shown to interfere with a variety of macromolecules such as 

lipids, (lipo)proteins, and DNA. Oxidative targeting of these cellular compounds includes 

mechanisms such as chlorination, nitration, and oxidative cross-linking (Malle et al., 2006). 

The formation of MPO-derived oxidants is beneficial in immune defense but chronic 

activation of MPO in activated phagocytes exhibits numerous adverse effects. 

 

 

2.2. Myeloperoxidase – when a friend becomes a foe 

 

MPO plays a crucial role in host defense because many primary and secondary MPO 

products act as antimicrobial substances. These substances are toxic to bacteria, fungi, 

viruses, worms, and protozoa (Klebanoff, 2005). A long time ago it was found that 

peroxidase inhibitors such as azide, cyanide (CN-), and sulfonamides decrease the 

microbicidal activity of activated neutrophils but exhibited little effects on MPO-deficient 

neutrophils (Koch, 1974; Lehrer, 1971). So-called neutroplasts (neutrophils that hardly 

contain granules and, therefore, MPO) are able to phagocytose Staphylococcus aureus but 

fail in bacterial killing during the oxidative burst as long as the microorganism is coated with 

MPO (Odell and Segal, 1988). The role of MPO in bacterial killing can be considered to be 

more powerful than expected because long-term absence of MPO as it is evident in 
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neutroplasts stimulates their overall microbicidal activity which was not detected in short-

term events when neutrophils were treated with MPO inhibitors (Klebanoff, 2005). 

Furthermore, MPO-/- mice display enhanced susceptibility to the development of 

pulmonary infections in response to Candida albicans, C. tropicalis, Trichosporon asahii, or 

Pseudomonas aeruginosa infections (Aratani et al., 2000). In addition MPO-/- mice were 

shown to be more susceptible to intra-abdominal infection and sepsis following cecal 

ligation and puncture than their wild-type littermates (Gaut et al., 2001). Recently, in a 

similar study it was demonstrated that high levels of C. albicans provoked the involvement 

of MPO and oxidants liberated during the oxidative burst in antimicrobial activity whereas 

at a lower fungal load ROS generated by activation of the NADPH oxidase was identified to 

be sufficient to control infection (Aratani et al., 2002). Considering that MPO levels in 

murine neutrophils are approx. 10% of that of human neutrophils it is very likely that MPO 

is a potential key-player in human host-defense. Further, the MPO/H2O2/Cl- system exhibits 

toxicity towards HIV-1 which clearly depends on the generation of H2O2 (Klebanoff and 

Kazazi, 1995). MPO also contributes to detoxification of certain microbial toxins such as 

diphtheria and tetanus toxin (Agner, 1950). 

 

However, beside all these beneficial aspects, excessive generation of MPO products 

is often accompanied by tissue injury. In particular in settings of chronic inflammation that 

are characterized by sustained MPO activation primary and secondary MPO-derived 

oxidants can cause cell and tissue injury. The highly positive charged MPO protein is able to 

bind negatively charged surfaces (e. g. membranes, proteins). The level of MPO-derived 

ROS mediated damage is strongly determined by the presence of scavengers. In serum, 

proteins such as albumin readily react with primary MPO-derived oxidants which results in 

prevention of oxidative damage to more sensitive targets. Thereby, highly reactive primary 

MPO products such as HOX, halogens, or peroxidation products act mostly at the site of 

MPO location, whereas secondary MPO products of lower reactivity (e. g. chloramines, 

chloramides, chlorohydrins) as well as MPO substrates such as H2O2 can penetrate and 

exert their toxic effects at longer distances. 
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Figure 8: (Patho)physiological roles of MPO at inflammatory sites (taken from Arnhold and 
Flemmig, 2010) 

 

It is well established that activation of MPO is closely linked to the development of 

cardiovascular diseases (CVD). MPO was indicated to play a crucial role in disease 

progression of atherosclerosis, a driving force for CVD. Enzymatically active MPO was 

isolated from human atherosclerotic arteries (Daugherty et al., 1994) and the HOCl-derived 

DNA marker 5-chlorouracil was detected in atherosclerotic tissue (Takeshita et al., 2006). 

Moreover, 3-chlorotyrosine (3-chloro-Tyr) a specific biomarker for MPO-induced oxidation 

was found to be enriched in atherosclerotic lesions and also in lesion-derived lipoproteins 

(e. g. LDL and high-density lipoprotein (HDL)) (Hazen and Heinecke, 1997; Zheng et al., 

2004). In this respect, oxidative modification of lipoproteins by MPO-derived products is 

implicated in development of atherosclerosis. Using a monoclonal antibody against HOCl-

modified proteins/epitopes (Malle et al., 1995) it was demonstrated that the major 

apolipoprotein of LDL, apolipoprotein B-100 (apoB-100) resembles a target for oxidative 

modification via the MPO/H2O2/Cl- system of activated phagocytes in lesion material (Hazell 

et al., 1996). The higher the HOCl:LDL molar ratio the lower was the capacity of LDL to bind 

to the LDL-receptor. However, HOCl-modified LDL (HOCl-LDL) is recognized by several 

scavenger receptors on macrophages resulting in uncontrolled lipid uptake and foam cell 

formation as a further consequence (Malle et al., 2006; Marsche et al., 2003). Recently, 

protein carbamylation was identified to enable LDL to bind to macrophage-scavenger 

receptor class A, thus rendering the lipoprotein atherogenic (Wang et al., 2007). In 

addition, MPO also contributes to oxidative modification of antiatherogenic HDL which 
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mediates cholesterol efflux from macrophages via adenosine 5’-triphosphate-binding 

cassette transporter A1 (ABCA-1). HDL isolated from atherosclerotic plaques as well as 

circulating HDL from patients that suffer from coronary artery disease exhibited elevated 

nitro- and chloro-Tyr content in their apolipoprotein moiety in particular in apoA-1 

(Pennathur et al., 2004; Zheng et al., 2004). Thereby, chlorination of Tyr-192 of apoA-1 

impairs ABCA-1 binding and, hence, cholesterol efflux (Shao et al., 2005) which also 

contributes to the maintenance and/or progression of the inflammatory process. 

Beside its role in generation of oxidatively modified lipoproteins MPO also 

contributes to endothelial dysfunction which is a major complication in CVD (Targonski et 

al., 2003). Furthermore, MPO can locally oxidize NO which acts as regulator of endothelial 

function (van der Veen et al., 2009). 

 

 

2.3. The role of MPO in CNS-related diseases 

 

Breckwoldt and colleagues (Breckwoldt et al., 2008) used an enzyme activatable 

magnetic resonance imaging agent to follow in vivo kinetics of MPO activation in a murine 

stroke model. Using this MPO sensor the authors identified infiltrating neutrophils and 

microglia/macrophages as sources of cerebral MPO (Breckwoldt et al., 2008). Another 

study showed that hyperbaric oxygen treatment of rats following middle cerebral artery 

occlusion decreased MPO activity (Miljkovic-Lolic et al., 2003). This finding was closely 

associated with smaller infarcts and better neurologic outcome which rather correlated 

with MPO activity than with infarct volume. 

The adverse effects of MPO in diseases (e. g. chronic inflammation) are well 

documented. As mentioned above, MPO also contributes to tissue injury in 

neurodegenerative disorders. The enzyme was shown to be upregulated in human PD 

postmortem brain tissue as well as in the ventral midbrain in a mouse model of PD (Choi et 

al., 2005). In this model loss of ventral midbrain dopaminergic neurons was modeled by 

treatment with the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Choi 

et al., 2005). Concomitant to increased MPO expression valid MPO biomarkers such as 

HOCl-modified proteins and 3-chloro-Tyr were also identified in MPTP-treated mice. 
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Findings that MPO-/- mice were more resistant to the neurotoxin underscore the central 

role of MPO during disease progression (Choi et al., 2005). 

MPO also affects the progression of other neurodegenerative diseases that are 

characterized by neuronal loss. For instance, elevated levels of MPO were found in caudate 

nucleus tissue after autopsy from patients that suffer from HD when compared to the 

control cohort (Choi et al., 2005). 

In postmortem sections of AD patients it was demonstrated that microglia that are 

localized within Aβ plaques contain MPO (Green et al., 2004; Reynolds et al., 1999). These 

results were strengthened by in vitro studies where treatment of rodents with aggregated 

Aβ increased MPO mRNA expression in microglia. Also inheritance of the ApoE4 allele, the 

major risk factor that is associated with the formation of Aβ plaques was shown to 

correlate with increased MPO deposition in Aβ deposits (Reynolds et al., 1999). Recent 

observations favor the theory that MPO is not exclusively expressed in microglial cells but 

also in several primary neuronal cultures and neuronal cell lines. The fact that neurons 

exhibit increased MPO expression in AD brains indicates an involvement of MPO-derived 

oxidative stress in AD progression (Green et al., 2004). The human MPO -463G allele that is 

linked to increased MPO expression was found to be associated with a higher risk for AD 

(Leininger-Muller et al., 2003; Zappia et al., 2004). Previously, expression of this allele was 

identified in astrocytes of transgenic mice overexpressing human MPO which were crossed 

to an AD mouse model. In contrast, neither the MPO -463A allele nor mouse MPO was 

expressed in these cells (Maki et al., 2009). MPO deposition in amyloid plaques was 

accompanied by increased levels of 4-hydroxynonenal (4-HNE) and PL-specific oxidation 

products. Behavioral testing revealed significantly greater memory deficits for the MPO 

overexpressing AD mouse model (Maki et al., 2009). 

In MS MPO was detected in macrophages/microglia at lesion sites (Gray et al., 

2008b; Nagra et al., 1997). Using a paramagnetic MPO sensor the expression of MPO in 

areas of inflammation and demyelination as well as the correlation of MPO activity with 

disease severity was confirmed in experimental autoimmune enzephalomyelitis (EAE), a 

mouse model for MS (Chen et al., 2008). Recently, cortical demyelination as a matter of 

elevated MPO activity was also demonstrated in paraffin-embedded postmortem tissue of 

MS patients (Gray et al., 2008a). In human pattern III lesions and rodent brain lesions 

caused by focal injection of bacterial lipopolysaccharide (LPS) into the spinal white matter 
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MPO expression was detected in both, predemyelinating and actively demyelinating areas 

(Marik et al., 2007). These authors (Marik et al., 2007) concluded that focal activation of 

microglia leads to generation of reactive species causing mitochondrial dysfunction and 

hypoxia-like degeneration of surrounding neurons. As a consequence inflammatory 

processes are augmented due to concomitant severe tissue injury and oligodendrocyte 

apoptosis and demyelination. Under these conditions, MPO activation occurs in close 

vicinity to axons and, therefore, myelin associated proteins and/or lipids are likely targets 

for oxidative damage caused by the MPO/H2O2/Cl- system. 

 

 

2.4. Secondary MPO metabolites 

 

As already mentioned MPO and MPO-derived oxidants can oxidatively modify a 

variety of macromolecules including proteins, lipids, nucleic acids, vitamins, antioxidants, 

and others. An overview of primary and secondary MPO metabolites is shown in Figure 9.  

 

 
 

Figure 9: The NADPH oxidase – MPO system and primary and secondary MPO products of 
(patho)physiological significance (modified from Malle et al., 2007) 

 

MPO can oxidize halides and pseudohalides (predominantly Cl-, Br-, and SCN-) that 

bind to the heme-iron or are in close vicinity (Malle et al., 2006) using H2O2 generated via 
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NADPH-oxidase activation in the initial phase of the oxidative burst of activated phagocytes 

(Fig. 9). Considering the different selectivity of MPO towards these anions (SCN- > Br- > Cl-) 

that occur at physiological plasma concentrations of 100-140 mM (Cl-), 20-100 µM (Br-), and 

20-120 µM (SCN-) approx. 45% of H2O2 consumed by MPO accounts for HOCl formation 

whereas 5% and 50% are used to generate HOBr and HOSCN, respectively (Pattison and 

Davies, 2006; van Dalen et al., 1997). However, absolute concentrations of these HOX 

strongly depend on the tissue environment and HOCl and HOSCN can be considered to be 

only ones with high biological significance. In scope of this thesis I will mainly focus on the 

reaction of HOCl with macromolecules. All these reactions are strongly pH dependent 

because the reactivity of the anions is considered to be much lower compared to the acid 

(pKa HOCl = 7.59) (Pattison and Davies, 2006). Therefore, a lower pH as present in 

inflammatory lesions sites favors halogenations of substrates. 

 

2.4.1. Proteins 

 

In a physiological environment the substrates for HOCl-mediated 

oxidation/chlorination are lipids and proteins (e. g. > 95% of HOCl reacts with apoB-100 

during HOCl-mediated LDL oxidation; (Pattison et al., 2003)). A number of studies 

investigated the reactions of HOCl with peptides as well as with selected amino acids (Fu et 

al., 2002; Pattison and Davies, 2001; Winterbourn, 1985). In one study Pattison and Davies 

(Pattison and Davies, 2001) determined second-order rate constants for the reaction of 

HOCl with all reactive sites within a protein. The sulfur-containing amino acids Met and Cys 

react most rapidly with HOCl (k2 = 3.8 x 107 and 3.2 x 107 L mol-1 sec-1, respectively) leading 

to formation of Met sulfoxide in case of Met and disulfides and cysteic acid in case of Cys 

(Hawkins et al., 2003). Also amine groups-containing amino acids such as His and Lys as well 

as the α-amino groups of free amino acids are highly sensitive to HOCl-mediated oxidation 

(k2(His/α-amino groups) = 1.0 x 105 L mol-1 sec-1, k2(Lys) = 5 x 103 L mol-1 sec-1) (Pattison and 

Davies, 2001). Products of these reactions are unstable, reactive chloramines that can 

induce secondary reactions leading to tissue damage (Pattison and Davies, 2005). A more 

complex but also fast reaction is HOCl-mediated modification of Trp whereas oxidation of 

other amino acids occurs with much slower second-order reaction rates. Oxidation of Tyr 
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leads to formation of 3-chloro-Tyr, 3,5-di-chloro-Tyr and, to a lesser degree, to generation 

of o-o’ dityrosine (Pattison and Davies, 2006). In contrast to other potential biomarkers of 

HOCl-mediated protein oxidation such (e. g. chloramines), 3-chloro-Tyr and 3,5-di-chloro-

Tyr are the only stable products after protein modification and especially 3-chloro-Tyr is 

widely used to detect MPO activation in vivo (Domigan et al., 1995). Other potential stable 

oxidation markers such as Met sulfoxide and cysteic acids can be generated also by several 

other oxidants. Tyr can be directly oxidized by MPO using H2O2 to form Tyr radicals which 

can induce dityrosine formation (Jacob et al., 1996), generation of Tyr peroxides 

(Winterbourn et al., 1997), or initiation of lipid peroxidation (Malle et al., 2007). Although 

rather slow, this reaction leads to protein backbone modification, crosslinks, and formation 

of chloramides (from Asn and Gln residues) with similar chemical properties as observed for 

chloramines (Prutz et al., 2000). The kinetics of this reaction strongly depends on the 

environment of the amide group. Negatively-charged groups in vicinity of the amide group 

provoke a decrease in reaction rate whereas amide groups of cyclic molecules react more 

rapidly with HOCl. Therefore, second-order reaction rates vary from 10-3 to 25 L mol-1 sec-1 

(Pattison and Davies, 2001). Taken together the susceptibility of protein amino acids 

towards HOCl modification decreases as follows: Met > Cys >> cystine ~ His ~ α-amino 

group > Trp > Lys >> Tyr ~ Arg  > backbone amide ~ Gln ~ Asn (Pattison and Davies, 2001). 

Therefore, HOCl at low concentrations is predicted to target sulfur containing amino acids 

whereas higher HOCl concentrations promote formation of reactive chloramines when Met 

and Cys side-chains within the protein are fully oxidized (Pattison and Davies, 2001; 

Pattison et al., 2009). 

Oxidative modifications can result in the generation of dysfunctional proteins. For 

instance, oxidation of Met and nitration and bromination of Tyr residues of serum albumin 

after MPO binding enables the complex to bind the endothelium followed by transcytosis 

(Tiruppathi et al., 2004; Willard et al., 2003). Ceruloplasmin was shown to exacerbate 

inactivation and clearance of extracellular MPO, whereas oxidation of critical Met residues 

of α1-antitrypsin by MPO leads to loss of neutrophil elastase inactivation (Arnhold and 

Flemmig, 2010). The contribution of MPO in oxidation of apoB-100 of LDL and apoA-1 of 

HDL leading to foam cell formation or defective cholesterol efflux from macrophages was 

discussed above. In addition secondary MPO products generated during protein oxidation 

such as chloramines can fuel further oxidative damage. These rather long-living reactive 
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halogenated nitrogen species that can diffuse in and between cells preferentially target, 

similar to HOCl, thiol groups of proteins leading to enzyme inactivation, modulation of 

apoptotic pathways, and/or cell death (Arnhold and Flemmig, 2010; Pattison and Davies, 

2006). Chloramines can induce various other secondary reactions like e. g. auto-hydrolysis 

to aldehydes that can form Schiff bases with proteins and lipids (Pattison and Davies, 2006). 

Chloramines can transform to centered radicals that can initiate lipid peroxidation (Malle et 

al., 2007; Spickett, 2007). 

 

2.4.2. Antioxidants 

 

Various compounds are able to scavenge MPO-derived oxidants. The most powerful 

antioxidants are thiol containing molecules. The major cellular antioxidant, reduced GSH, 

reacts with HOCl with comparable second-order kinetics as Cys (Peskin and Winterbourn, 

2001). This leads to generation of the oxidized disulphide form of glutathione (GSSG) and of 

glutathione sulfonamide (Winterbourn and Brennan, 1997). Also GSSG itself and taurine, 

(present at high concentrations in neutrophils (20 mM)) are efficient HOCl scavengers 

(Pattison and Davies, 2006). In addition, amine containing compounds such as histamine 

(100 mM in mast cells) and carnosine (up to 20 mM in human skeletal and cardiac muscle) 

readily react with HOCl to form chloramines (Pattison and Davies, 2006). Though, 

halogenation of these compounds is associated with adverse side effects due to the toxicity 

of released products. Furthermore, water-soluble substances such as ascorbate (Vitamin C) 

and, to a lesser degree, urate represent favourable antioxidants with high second-order 

rate constants towards HOCl modification (Pattison and Davies, 2006). In contrast, lipid-

soluble compounds such as α-tocopherol, ubiquinole-10, or β-carotene were identified to 

react with HOCl although they exhibit lower second-order kinetics (103 to 104 L mol-1 sec-1) 

and are present in lower concentrations. Therefore, these compounds play minor roles in 

HOCl scavenging (Pattison and Davies, 2006). 
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2.4.3. Lipid targets 

 

Beside proteins, lipids resemble potential targets for HOCl modification especially in 

an environment which is rich in unsaturated lipids (e. g. the brain). PL, free FA (FFA), and 

Chol were shown to be readily oxidized by HOCl, added as a reagent or generated 

enzymatically via the MPO/H2O2/Cl- system (Albert et al., 2001; Arnhold et al., 2001; Carr et 

al., 1996; Winterbourn et al., 1992). Thereby, reactions of HOCl with unsaturated lipids can 

lead to the formation of chlorohydrins or PL modified at the headgroup (Spickett, 2007). 

HOCl specifically targets the double bond in the second ring of Chol to form α- and 

β-chlorohydrins as well as other chlorinated products which were identified in vitro after 

HOCl treatment of Chol as well as in LDL and cell membranes after HOCl incubation 

(Spickett, 2007) (Figure 10). These chlorinated sterols include 6-β-chloro-cholestane-

(3β,5α)-diol, 5-α-chloro-cholestane-(3β,6β)-diol (Carr et al., 1996), and 6-α-chloro-

cholestane-(3β,5β)-diol (Carr et al., 1997b). The formation of a dichlorinated Chol molecule 

(5,6-dichloro-cholestane-3β-ol) is rather because of generation of molecular chlorine (Cl2) 

under acidic conditions than a HOCl-dependent modification (Hazen et al., 1996). α- and β-

chlorohydrins can decompose to form their respective epoxides (cholesterol 5α,6α-epoxide 

and cholesterol 5β,6β-epoxide, respectively) (Vissers et al., 1998). Moreover, HOCl was 

identified to play a crucial role in formation of secosterols found in vitro and in vivo 

(Tomono et al., 2011). Thereby, HOCl can induce formation of singlet oxygen in the 

presence of H2O2 which can react with Chol to yield 5α-hydroperoxy cholesterol. Hock-

cleavage of this intermediate leads to generation of 3β-hydroxy-5-oxo-5,6-secocholestan-6-

al (secosterol-A), 3β-hydroxy-5β-hydroxy-B-norcholestane-6β-carboxaldehyde (secosterol-

B), and the corresponding autoxidation- and dehydration products 3β-hydroxy-5-oxo-

secocholestan-6-oic acid, 3β-hydroxy-5β-hydroxy-B-norcholestane-6-oic acid, and 3β-

hydroxy-B-norcholest-5-ene (Fig. 10). 

 

In case of PL, HOCl can attack unsaturated double bonds in FA acyl side chains or PL 

head-groups. As an exception, plasmalogens, an ether PL class that is particular sensitive 

towards HOCl modification harbors a vinyl ether bond in the sn-1 position that is rapidly 

oxidized by HOCl (Fig. 10). 
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Figure 10: Reaction of HOCl with Chol and plasmalogens (taken from Spickett, 2007 and Tomono et 
al., 2011) 
HOCl attacks Chol double bonds and vinyl ether linkages of plasmalogens leading to formation of 
chlorohydrins and α-chloro-fatty aldehydes and remnant lysophospholipids, respectively. HOCl-
dependent formation of singlet oxygen leads to generation of secosterols. 

 

HOCl-targeting of this susceptible vinyl ether bond yields α-chloro-fatty aldehydes 

(predominantly 2-chlorohexadecanal (2-ClHDA) and 2-chlorooctadecanal) and the remnant 

lysophospholipids (LysoPL) (Albert et al., 2001). Plasmalogens mainly consist of 

phosphatidylethanolamine (PE) and PC species of which PE plasmalogens are highly 

abundant in the brain; however, PC plasmalogen species are enriched in the heart (Nagan 

and Zoeller, 2001). PC plasmalogens exhibit a second-order reaction rate towards HOCl of 

55 ± 7 L mol-1 sec-1 which is slightly higher compared to that of ester PC (~ 5 L mol-1 sec-1 for 

1-palmitoyl-2-oleoyl-sn-glycer-3-phosphocholine (POPC)) (Skaff et al., 2008). α-Chloro-fatty 
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aldehydes have been detected in human atherosclerotic lesions and infracted myocardium 

as well as in mouse brain after systemic administration of LPS and are favourable in vivo 

lipid biomarkers for MPO-derived HOCl modification (Thukkani et al., 2005; Thukkani et al., 

2003; Ullen et al., 2010). 2-ClHDA has been identified a potent chemoattractant in vitro that 

recruits circulating neutrophils to areas of inflammation (Thukkani et al., 2002). Moreover, 

this halogenated aldehyde promotes endothelial dysfunction, adversely effects the 

performance of Langendorff-perfused rat hearts, attenuates the expression and activity of 

endothelial nitric oxide synthase, and forms Schiff bases with primary amines of PE and 

lysine (Marsche et al., 2004; Thukkani et al., 2005; Wildsmith et al., 2006). 

Regarding PL, HOCl-targeting primarily depends on the PL species. In case of PE and 

PS HOCl preliminary reacts with the PL headgroup thus yielding formation of chloramines 

(Figure 11 A). PE chloramines decompose via formation of dichloramines into nitrogen-

centered radicals that can induce lipid peroxidation, whereas PS chloramines break down 

into phosphatidylglycoaldehydes or into phosphatidylnitriles via dichloramine and 

chlorimine formation (Flemmig et al., 2009; Kawai et al., 2006). All these reactive lipid 

species are able to induce further damage to the surrounding tissue. In contrast to PE and 

PS the choline headgroup from PC is relatively inert towards HOCl modification (Pattison et 

al., 2003). 

Whereas PE and PS headgroups exhibit high second-order rate constants to HOCl (~ 

104 L mol-1 sec-1), the reaction mechanism of HOCl with unsaturated double bonds in FA 

acyl chains is rather low (5 - 50 L mol-1 sec-1) (Arnhold et al., 1995; Pattison et al., 2003). 

Nevertheless, addition of HOCl to double bonds in aliphatic side chains lead to formation of 

chlorohydrins, chlorohydroxy derivates (2 isomers are possible) of the original PL (Fig. 11 

B). In course of this reaction, Cl+ electrophilically attacks the π-system of the double bond 

to form a carbenium ion which is followed by the electrophilic attack of water-derived OH- 

at the C+ (Spickett, 2007). Recent studies demonstrated the formation of an unsaturated 

monochlorinated chlorohydrin adduct (Spalteholz et al., 2004). This derivate which exhibits 

a decrease in mass of 17 Da results from the removal of H+ during OH- attack on the 

carbenium intermediate (Spalteholz et al., 2004). Under alkaline conditions, the resulting 

chlorohydrins can be converted to the respective epoxides (Spickett, 2007). 
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Figure 11: Reaction of HOCl with PL (modified from Spickett, 2007) 
A:  PS- and PE-derived lipid spezies after HOCl-mediated headgroup modifiction 
B: Reaction of HOCl with double bonds of unsaturated PL leading to chlorohydrin, LysoPL, and 

epoxide formation. The lower panel shows reactions steps in chlorohydrin formation. 
 

H 

PAPC LysoPL 

Epoxide 

 

 OH
-
 

 A 

B 



- 35 - 
 

The stability of PL chlorohydrins dramatically depends on the degree of unsaturation 

of the FA acyl residue and/or the intramolecular positions of the double-bonds. Whereas 

chlorohydrins of POPC are very stable, an increasing number of double bonds leads to 

chlorohydrin decomposition into the chlorinated FA and the remnant LysoPL (Arnhold et 

al., 2002). Treatment of 1-palmitoyl-2-linoleoyl-sn-glycer-3-phosphocholine (PLPC) resulted 

in formation of almost equal amounts of the bis-chlorohydrin and the remaining LysoPL 

when lipids were treated with a 5-fold molar excess of HOCl (Arnhold et al., 2002). The ratio 

of generated monochlorohydrin or bis-chlorohydrin strongly depends on the molar 

HOCl:lipid ratio in which higher amounts of the oxidant favor bis-chlorohydrin formation 

(Spickett, 2007). However, incubation of 1-palmitoyl-2-arachidonoyl-sn-glycer-3-

phosphocholine (PAPC) liposomes with a 5-fold molar excess of HOCl mainly provoked 

generation of PAPC-derived LysoPL and concomitant depletion of the respective 

monochloro-, bis-, tris-, and tetrakis-chlorohydrin species which were only slightly above 

detection limit (Arnhold et al., 2002). The likely reason for hydrolysis of PL chlorohydrins is 

probably a weakening of the susceptible ester bond by introduction of electron-attracting 

substitutes upon chlorohydrin formation (Arnhold et al., 2002). This time- and 

concentration-dependent effect (longer incubation times and increasing concentrations of 

HOCl lead to LysoPL generation) is stronger, the nearer the Cl+ and OH- group is located to 

the ester bond and presumably accumulates with increasing numbers of intramolecular 

double-bonds. Another possibility is that introduction of the bulky groups disorders the PL’s 

structure in the lipid layer thus rendering the molecule more susceptible towards 

hydrolyzing species (Arnhold et al., 2002). 

Up to now the biological significance of FFA and PL chlorohydrins is poorly 

understood. Although chlorohydrins of FFA and FA acyl residues that contain only one 

double-bond are considered to be relatively stable molecules they have not been detected 

in vivo so far. However, FFA and Chol chlorohydrins generated by treatment of erythrocyte 

membranes were shown to cause hydrolysis of human red blood cells in vitro which is due 

to cell membrane damage caused by these halogenated lipids (Carr et al., 1997a). In 

addition FFA chlorohydrins displayed necrotic cytotoxicity to endothelial cells, an effect 

which was even more pronounced when cells were incubated in the presence of 

bromohydrins (Vissers et al., 2001). 
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Previous studies exhibited that a variety of PL chlorohydrins caused ATP depletion 

and decreased viability in human myeloid cells (Dever et al., 2003). Furthermore, activation 

of caspase-3 in these cells was detected in response to PL chlorohydrin treatment (Dever et 

al., 2006). Incubation of artery segments from ApoE-/- and C57Bl/6 wild-type mice with 1-

stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) chlorohydrin resulted in increased 

splenocyte-arterial adhesion via upregulation of P-selectin (Dever et al., 2006; Dever et al., 

2008). Preincubation of artery segments with anti-P-selectin or anti-ICAM-1 antibodies 

prevented enhanced leukocyte adhesion. Moreover, it was found that incubation with the 

chlorohydrin significantly induced ROS generation in phorbol myristate acetate (PMA)-

stimulated ApoE-/- leukocytes derived from spleen (Dever et al., 2008). In a more recent 

study it was shown that SOPC, 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine (SLPC), 

and 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (SAPC) chlorohydrins were 

more rapidly incorporated into erythrocyte membranes compared to the respective 

unmodified lipids which was accompanied by cell aggregation, changes in cell morphology, 

transformation into echinocytes, and erythrocyte hemolysis (Robaszkiewicz et al., 2010). 

Presumably, FFA and PL chlorohydrins exacerbate their toxic potential to biomembranes by 

introducing more amphiphilic groups into the hydrophobic environment of these lipid 

double-layers leading to membrane disorganization and rupture. These studies suggest that 

halohydrins generated by MPO-derived oxidants are highly cytotoxic lipid mediators 

formed under inflammatory conditions. As mentioned before, chlorohydrin formation of 

polyunsaturated FA acyl residues is accompanied with LysoPL generation. These LysoPL as 

well as plasmalogen-derived LysoPL may also adversely affect membrane dynamics leading 

to cell lysis (Malle et al., 2007). The latter LysoPL were abundantly present in human 

atherosclerotic lesions and led to a significant upregulation of P-selectin in coronary 

arteries (Thukkani et al., 2003). Interestingly, lysophosphatidylcholine chlorohydrin 

formation as a product of secondary oxidations at the sn-2 position can follow HOCl-

mediated LysoPL generation of plasmalogens as already observed in human coronary artery 

endothelial cells (Messner et al., 2006). 

Some chlorinated lipids were previously reported to have beneficial properties. For 

instance, chlorinated prostaglandins displayed increased reactivity with nucleophiles, and 

exhibited antiinflammatory and antitumour activity (Spickett, 2007). In addition, 

oxidatively-modified PL and oxysterols are able to prevent Toll-like receptor-mediated 
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signaling in response to bacterial pathogen-associated molecular pattern such as LPS, thus 

enhancing antiinflammatory conditions (Erridge and Spickett, 2007). 

 

 

2.5. Analysis of HOCl-modified lipids 

 

Whereas previously thin-layer chromatography has been mainly used for 

identification of chlorinated lipids, mass spectrometry became more and more important in 

analysis during the last years. Chol chlorohydrins have been mainly identified by gas 

chromatography mass spectrometry (GC-MS) as trimethylsilyl (TMS) ethers or 

heptafluorobutyrate (HFB) derivates using positive and negative ionization (Carr et al., 

1996; Heinecke et al., 1994) or by matrix-assisted laser desorption ionization time of flight 

(MALDI-TOF) (Schiller et al., 2001). Plasmalogen-derived chlorinated aldehydes have been 

detected via GC-MS as pentafluorobenzyl (PFB) oximes or esters thereby applying mainly 

negative ion chemical ionization (NICI) and selected single-ion monitoring (Thukkani et al., 

2002; Ullen et al., 2010). Chlorohydrin formation of FFA was followed using GC-MS and 

electron impact (EI)-MS after suitable derivatization to TMS ethers and esters or to methyl 

esters (Winterbourn et al., 1992). Also ELISA-based techniques using an monoclonal 

antichlorohydrin antibody were applied to identify fatty acyl chlorohydrins (Carr et al., 

1997a). 

PL chlorohydrins were originally treated with phospholipase A2 and the generated 

FFA chlorohydrins were measured as described above. More recently, electrospray 

ionization (ESI)- and particularly MALDI-TOF-MS became the most important methods for 

PL- and Chol chlorohydrin analysis as well as for the respective LysoPL. Both techniques do 

not require analyte-derivatization prior analysis and yield identification of the intact lipid as 

well as of fragmentation products due to the soft ionization which further prevents 

formation of artefacts such as conversion of Chol chlorohydrins to epoxides. 

ESI-MS which can be coupled to high performance liquid chromatography (HPLC) for 

prior separation was used to detect chlorohydrin formation of Chol and PL in a complex 

lipid matrix (erythrocyte membranes or LDL after HOCl treatment; stressed cells) as well as 

purified samples (PL liposomes) (Dever et al., 2003; Hazen et al., 1996; Messner et al., 
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2006). Thereby, measurements were mainly performed in the positive ion chemical 

ionization (PICI) mode. 

MALDI-TOF-MS (Figure 12) is particularly suitable to analyze chlorohydrins derived 

from SM, PC, and Chol by measuring in the PICI mode. Therefore, lipid samples are diluted 

in organic solvents (mainly methanol) and mixed with a matrix which in most cases is 

dihydroxybenzoic acid (DHB) resulting in a molar lipid:matrix ratio of approx. 1:100 – 

1:10,000. This mixture is then spotted onto a target plate for subsequent measurement 

after drying. Matrix molecules enhance desorption of the analyte from the target plate. 

Usually, spectra are recorded in the reflector mode using delayed extraction to increase 

resolution. PE and PS and their respective chlorinated species are mainly measured in the 

negative ion mode (Flemmig et al., 2009; Richter et al., 2008). Taken together, MALDI-TOF-

MS provides a very rapid, sensible, and sensitive method for detection of chlorinated PL 

and sterols and LysoPL in pure samples as well as in complex biological lipid matrices 

(Panasenko et al., 2007; Schiller et al., 2001; Schober et al., 2009). 

 

 

 

 

Figure 12: Assembly of a typical (left side) and a Voyager (right side) MALDI-TOF system (taken 
from Berg et al., 2005 and www.chem.cmu.edu/cma/toffig.gif)  

 

 

 

http://www.chem.cmu.edu/cma/toffig.gif
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3.  APOPTOSIS – WHEN CELLS DECIDE TO COMMIT SUICIDE 

 

It is becoming increasingly clear that bioactive lipids that are generated by 

enzymatic or non-enzymatic pathways can function as potent inducers of apoptosis and 

necrosis in brain cells. Native or (MPO)-modified members of the SL family generated under 

neuroinflammatory conditions are of particular importance in this pathological setting as 

they are able to activate either the extrinsic or intrinsic pathway of the apoptotic 

machinery. 

 

 

3.1. Programmed- versus accidental cell death 

 

In contrast to necrotic cell death apoptosis is an energy-dependent process that is 

characterized by activation of a set of cysteine proteases called caspases, cell shrinkage, 

cytoplasmic condensation, DNA fragmentation, pyknosis (a result of chromatin 

condensation), DNA and concomitant nuclear fragmentation, membrane blebbing, and 

formation of apoptotic bodies (Rastogi et al., 2009). Unlike necrosis which resembles a 

energy-independent, toxic cell death that is associated with cell swelling, condensation 

and/or swelling and rupture of mitochondria, ER distension, formation of cytoplasmic 

vacuoles, ruptured lysosomes, and disintegration and disruption of the PM, apoptosis is 

referred to happen in single cells or small cell clusters without effecting the surrounding 

tissue (Majno and Joris, 1995; Trump et al., 1997). Apoptotic bodies are enclosed by an 

intact PM and rapidly cleared by phagocytosis, mediated by macrophages, parenchymal 

cells, or neoplastic cells (Elmore, 2007), thus preventing inflammatory reactions. During 

necrosis, inflammation is mediated by the release of cytoplasm and cellular constituents 

into the surrounding tissue and concomitant recruitment of inflammatory cells. Despite 

these differences there are also several common pathways in apoptosis and necrosis, 

sometimes termed the “apoptosis-necrosis continuum” (Zeiss, 2003). Furthermore, there 

are certain types of necrotic-like cell deaths that display adjusted forms of necrosis which 

require gene activation and protein synthesis and are, therefore, also part of the 

programmed cell death (PCD) family (Proskuryakov et al., 2003). These processes that 
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harbor typical apoptotic and necrotic events are often referred the terms “aponecrosis” or 

“necroptosis” (Formigli et al., 2000; Galluzzi and Kroemer, 2008). 

Apoptosis can be induced by a variety of stimuli such as oxidative stress, UV 

radiation, ionizing radiation, high temperature, bioactive lipids, hypoxia, viral infections, 

replication/recombination errors, or cytotoxic anticancer drugs (Batista et al., 2009; 

Nagata, 1997; Norbury and Zhivotovsky, 2004). In addition, apoptotic cell death can occur 

by the withdrawal of apoptosis-inhibitory factors (e. g. hormones, cytokines, growth 

factors). Although certain steps vary between different forms of PCD and also in the 

apoptotic cascade itself, apoptosis is always characterized by cleavage and concomitant 

activation of caspase-3 followed by DNA-fragmentation, degradation of certain proteins, 

protein cross-linking, generation of apoptotic bodies, and their phagocytosis (Elmore, 

2007). Up to now, three different pathways of apoptosis are described: (i) the extrinsic 

pathway which involves activation of death receptors, (ii) the intrinsic pathway in which 

mitochondria play a crucial role in eliciting apoptosis, and (iii) the perforin/granzyme 

pathway. As mentioned above the three pathways cover the same terminal reaction steps 

upon caspase-3 activation and the two most important apoptotic pathways, the intrinsic 

and extrinsic one, are linked and may influence each other (Igney and Krammer, 2002). 

 

 

3.2. The extrinsic pathway of apoptosis 

 

The extrinsic or death receptor pathway of apoptosis can be initiated by a variety of 

stimuli and prototypically proceeds via death receptors signaling. So far identified death 

receptors which localize to the PM belong to the TNFR gene superfamily (Locksley et al., 

2001) and perform signaling from the cell surface to the interior of the cell after ligand 

binding. The best-characterized ligand-receptor couples include TNFα/TNFR1 (p55), 

FasL/Fas (CD95), Apo3L/DR3 (Apo3), Apo2L/DR4 (TRAIL-R1), and Apo2L/DR5 (TRAIL-R2) 

(Elmore, 2007; Yan and Shi, 2005). 

The extrinsic pathway of apoptosis involves ligand binding of the respective death 

receptors which is accompanied with clustering and activation of the receptors. As a 

consequence, adaptor molecules are recruited that bind to death receptors via receptor-
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associated death domains (Ashkenazi and Dixit, 1998). For the two best-characterized 

couples these adaptor molecules are called Fas-associated death domain (FADD) and TNF-

receptor-associated death domain (TRADD) (Elmore, 2007). Subsequent to TNFR1 

activation TRADD recruits FADD and RIP (Wajant, 2002). Together with two caspase-8 

zymogens death receptors and FADD lead to formation of the death inducing signalling 

complex (DISC) which is ensured by binding of procaspase-8 to FADD via death effector 

domains which are present on both, procaspase-8 and FADD (Boldin et al., 1996). This in 

turn stimulates the autocatalytic cleavage of procaspase-8 which then mediates activation 

of executioner caspases. 

In some cases the mitochondrial protein Bid is also activated via cleavage by 

caspase-8, thus making a branch to the intrinsic pathway of apoptosis (Luo et al., 1998). 

Figure 13 shows a schematic overview of the three most relevant apoptotic pathways. 

 

 
 

Figure 13: Schematic overview of the extrinsic, intrinsic, and perforin/granzyme apoptotic 
pathways (taken from www.medscape.com/viewarticle/703575_3)  

 

http://www.medscape.com/viewarticle/703575_3
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3.3. The intrinsic pathway of apoptosis – when mitochondria become dangerous 

 

The intrinsic pathway of apoptosis is characterized by mitochondrial damage and 

the involvement of several pro- and anti-apoptotic proteins. Most of these proteins belong 

to the well-known group of the B-cell leukemia/lymphoma 2 (Bcl-2) family. According to 

their Bcl-2 homology (BH) domains these proteins can be divided into three groups acting 

either as anti-apoptotic (four BH domains), pro-apoptotic (three BH domains), or as pro-

apoptotic ligands (one BH domain) (Adams and Cory, 1998). Within the first group the best 

known representative is Bcl-2. Other members include Bcl-w, Bcl-XL, Bcl-x, Mcl-1, and BAG. 

Pro-apoptotic proteins of the Bcl-2 family are Bax, Bak, and Bok/Mtd, whereas BH3 only 

proteins contain Bid, Bad, Bik, Puma, and Noxa. 

A crucial event during activation of the intrinsic pathway of apoptosis is the 

formation of the mitochondrial PTP, the dissipation of ∆ψm, and subsequent release of pro-

apoptotic proteins from the intermembrane space into the cytosol (Elmore, 2007). This 

permeabilization of mitochondria is mediated by the pro-apoptotic proteins Bax and Bak 

after oligomerization of these two proteins (Jourdain and Martinou, 2009). Bak is 

permanently localized to the outer membrane of mitochondria, whereas Bax is normally 

found in the cytosol and relocates to mitochondria during apoptosis. In response to DNA 

damage apoptosis is initiated as a consequence of high Bax levels or low Bcl-2 levels and 

mitochondrial permeabilization is dependent on the activation of caspase-2 

(Vakifahmetoglu et al., 2006). During death receptor-mediated apoptosis Bax and Bak 

dimerize in response to caspase-8-mediated cleavage of Bid. Truncated Bid binds to Bax 

and Bak at mitochondria leading to activation and pore formation (Billen et al., 2008). 

Recently it was found that during ER stress, Bax/Bak are activated by Puma and Noxa (Li et 

al., 2006). Moreover it was shown that Bax/Bak is localized to the ER and organelle stress is 

accompanied by Ca2+ depletion and activation of caspase-12 (Scorrano et al., 2003). 

As mentioned above, mitochondrial disruption goes “hand-in-hand” with the 

release of pro-apoptotic proteins which further trigger execution of apoptosis. Pro-

apoptotic proteins from the mitochondrial intermembrane space can be divided into two 

groups. The first one consists of cytochrome c, Smac/DIABLO, and the serine protease 

HtrA2/Omi. The second group is constituted by apoptosis inducing factor (AIF), 

endonuclease G (EndoG), and CAD which resemble crucial enzymes in the executioner 
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phase of apoptosis (Elmore, 2007). Whereas Smac/DIABLO and HtrA2/Omi drive apoptosis 

by inhibiting the inhibitor of apoptosis proteins (IAPs) (Schimmer, 2004) cytochrome c is a 

key player in formation of the apoptosome by activation of the apoptosome proteins Apaf-

1 and procaspase-9, thus initiating the caspase-dependent part of the intrinsic pathway of 

apoptosis (Hill et al., 2004). AIF, EndoG, and CAD are endonucleases which translocate into 

the nucleus and are responsible for DNA fragmentation and chromatin condensation 

(Elmore, 2007). In parallel to mitochondrial permeabilization one can often observe a 

collapse of ∆ψm, although mitochondrial PTP formation can also occur without changes of 

∆ψm. For instance, cytochrome c release was already observed in the absence of ∆ψm 

(Kroemer and Reed, 2000). 

Once released, cytochrome c first binds Apaf-1 leading to a conformational change 

of Apaf-1 in a dATP/ATP-dependent manner. Seven cytochrome c/Apaf-1 molecules 

oligomerize through interaction of their caspase recruitment domains and hence build a 

central recruitment platform for procaspase-9 which in turn leads to activation of the 

protease (Zou et al., 1999). This holoenzyme then catalyzes the activation of effector 

caspases such as caspase-3 and 7 (Jiang and Wang, 2004). 

 

 

3.4. The perforin/granzyme pathway 

 

This type of killing is mediated by cytotoxic T lymphocytes or natural killer cells and 

requires the combined actions of a membranolytic enzyme, perforin, and granule-

associated granzymes A and B. Thereby, perforin permeabilizes the PM of the target cell 

which facilitates entry of the granzyme serine proteases. Granzyme A and B are responsible 

for initialing the events culminating in apoptosis. Granzyme A is able to activate caspase-

independent pathways through DNA damage, while granzyme B is able to activate 

procaspase-10, cleave Bid and thereby triggers cytochrome c release, or can directly 

activate caspase-3 (Elmore, 2007). 
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3.5. Protein regulators and effectors of apoptosis 

 

3.5.1. Caspases 

 

 

 

 
 

Figure 14: Structure of caspases that can be divided into three major groups (A) and their key 
cellular target structures (B) (taken from Lavrik et al., 2005 and Taylor et al., 2008) 
Group I: inflammatory caspases; Group II: initiator caspases; Group III: executioner caspases 
eIFs, translation initiation factors; MLC, myosin light chain 

 

A 

B 
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Caspases are a group of cysteine proteolytic enzymes that cleave after aspartic acid 

(c: cysteine; aspase: cleavage after aspartic acid) that resemble essential molecules in the 

apoptotic cascade (Alnemri et al., 1996). So far, 14 caspase members have been identified 

(Cohen, 1997). Thereby, one can differentiate between caspases that are important in the 

initiation phase of the apoptotic cascade and those that mainly act in the execution phase. 

Due to this specification, their substrate specificity, and their domain composition, caspases 

are divided into three subgroups (Thornberry, 1997) (Figure 14 A). 

(i) Caspase-2, 8, 9, and 10 belong to the group of initiator caspases; (ii) caspase-3, 6, 

and 7 are active in the executioner phase of apoptosis as effector caspases; (iii) caspase-1, 

4, 5, 11, 12, 13, and 14 are called inflammatory caspases which are involved in cytokine 

activation (Pop and Salvesen, 2009). Caspases are expressed as proenzymes (zymogens) 

where the N-terminal prodomain is followed by a large and a small subunit (Fig. 14 A). 

Most caspases are found enzymatically active as a homodimer where each homodimer 

consists of a small (10-13 kDa) and a large subunit (17-21 kDa). The formation of this 

tetrameric structure is initiated by the caspase prodomain (Nicholson, 1999). Initiator 

caspases exhibit autocatalytic cleavage activity which is important for self activation in the 

early stages of the apoptotic cascade (Stennicke and Salvesen, 1998). Once activated these 

enzymes can cleave other procaspases, rendering them enzymatically active, thus leading 

to initiation of a protease cascade and concomitant amplification of the apoptotic signal. To 

enhance autoproteolysis and concomitant activation of initiator caspases these enzymes 

depend on special recruitment platforms (e. g. DISC for caspase-8 and 10 (Peter and 

Krammer, 2003), the PIDDosome for caspase-2 (Tinel and Tschopp, 2004), and the 

formation of the apoptosome for caspase-9 (Martinon and Tschopp, 2007)). To ensure their 

activation initiator caspases contain death domains, death effector domains (DED), or 

caspase recruitment domains (CARD) for interaction with molecules of their recruitment 

platforms (Lavrik et al., 2005). Effector caspases are activated by initiator caspase-2, 8, 9, 

and/or 10 through enzymatic processing in which the large and the small subunits are 

separated from each other and the prodomain is removed (Yan and Shi, 2005). Executioner 

caspases, where caspase-3 is the most important one, are responsible for the cleavage of 

many cellular proteins such as poly (ADP-ribose) polymerase (PARP), cytokeratins, nuclear 

proteins (e. g. NuMA), and cytoskeletal proteins (e. g. fodrin, gelsolin) (Slee et al., 2001) 

(Fig. 14 B). In addition, executioner caspases can also act on other proteases and nucleases 
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thus rendering them enzymatically active. In this context, caspase-3 was previously shown 

to activate endonuclease CAD which is responsible for chromatin degradation by cleavage 

of its inhibitor ICAD (Sakahira et al., 1998). 

In the group of inflammatory caspases, caspase-12 has an outstanding role in 

initiating ER-specific apoptosis and Aβ-mediated cytotoxicity and concomitant activation of 

executioner caspases (Hitomi et al., 2004; Nakagawa et al., 2000). 

 

3.5.2. Other non-caspase proteases in apoptosis and regulation of PCD 

 

In addition to caspases and granzymes, several other proteases can be involved in 

eliciting apoptosis. An important group of these proteases is represented by the calpain 

family. Calpains are neutral cysteine proteases and their activity strongly depends on the 

presence of Ca2+. Calpains were recently shown to be involved in both, the initiation of 

apoptosis (Chen et al., 2006) as well as in the executioner phase (Villa et al., 1998). Fodrin, 

gelsolin, p53, PARP, and Bax were identified as typical substrates of these proteases (Goll et 

al., 2003; Kubbutat and Vousden, 1997; Wang, 2000; Wood et al., 1998). Another group of 

proteases that can be involved in apoptosis is resembled by the family of cathepsins which 

are also expressed as zymogens and can be divided into serine proteases (cathepsin A and 

G), cysteine proteases (cathepsin B, C, H, K, L, S, and T), and aspertate proteases (cathepsin 

D and E) (Schwartz, 1995). The most thoroughly characterized members are the lysosomal 

or endosomal enzymes cathepsin B and D. They are responsible for terminal degradation of 

proteins within these organelles but can also be translocated or released to the cytosol 

thus leading to cytochrome c relocation and dissipation of ∆ψm as response to oxidative 

stress (Roberg et al., 1999; Yap et al., 2006). Similar to calpains, cathepsins only exhibit 

weak cleavage activity towards procaspases but are activated by calpains during apoptosis 

in cortical neurons elicited by oxidative damage (Yap et al., 2006). 

Negative regulation of apoptosis is maintained either by proteins of the Bcl-2 family 

as mentioned above or by the IAP family. These inhibitors include XIAP, c-IAP1, c-IAP2, 

NAIP, survivin, livin, and BIRC (Verhagen et al., 2001). IAPs can inhibit caspase-3, 7, and 9 by 

binding (Deveraux et al., 1997) or via ubiquitination and proteosomal degradation in case 

of caspase-3 and 7 (Huang et al., 2000). IAP-mediated negative regulation can be abolished 
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by negative regulators of IAPs such as Smac/DIABLO and Omi/HtrA2 (Liston et al., 2003). 

Caspase-8 was identified to fail in being recruited to the DISC in the presence of FLIPs 

(FADD-like ICE(FLICE)-inhibitory proteins) (Thome et al., 1997). 

 

 

3.6. Malfunctioning of apoptosis 

 

As would be expected for a central regulatory pathway of development, 

malfunctioning apoptosis results in disease. Forms of uncontrolled apoptosis were found in 

many neurodegenerative diseases such as AD, PD, Huntington’s disease (HD), and MS but 

also in acute events such as stroke or brain trauma (Alam, 2003). Furthermore, increased 

apoptosis plays a crucial role in cardiovascular diseases, haematologic diseases, in AIDS, 

diabetes (type-I), and during inflammation (Rastogi et al., 2009). Elevated activities of 

caspase-8 and 9 have been observed in peripheral blood of AD patients as well as in brain 

tissue in AD or PD patients (Rastogi et al., 2009). Augmented activities of caspase-8 and 10 

were found to play a crucial role in disease progression of HD (U et al., 2001). During in 

vitro studies, Aβ as well as Aβ activated astroglia were shown to kill primary neurons via 

nSMase-mediated generation of Cer (Jana and Pahan, 2004; Jana and Pahan, 2010a) and to 

induce toll-like receptor 2 signal transduction in microglia (Jana et al., 2008). Aβ is further 

assumed to induce apoptosis via increased FasL expression and induction of oxidative 

stress (Elmore, 2007). Patients suffering from diseases mentioned above benefit from anti-

apoptotic therapies. These therapies include treatment with IAPs, synthetic caspase 

inhibitors, PARP inhibitors, inhibition of pro-apoptotic Bcl-2 family proteins, and stimulation 

of the protein kinase B (PKB)/Akt pathway (Elmore, 2007). 

In contrast to excessive apoptosis, inadequate apoptotic events are associated with 

the development of cancer as well as with the establishment of autoimmune disorders by 

deficient removal of auto-aggressive T-cells or antibody-secreting B-cells, restenosis, and 

frequent viral infections (Rastogi et al., 2009). In case of cancer, tumors can establish due to 

resistance towards apoptosis which is triggered by overexpression of anti-apoptotic 

proteins of the Bcl-2 family, by downregulation of pro-apoptotic proteins, or expression of 

nonfunctional Fas (Elmore, 2007). 
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II. MATERIALS AND METHODS 

 

 

1. MATERIALS 

 

Cell culture supplies were from Gibco (Invitrogen, Vienna, Austria), PAA Laboratories 

(Linz, Austria), Bartelt (Graz, Austria), and Costar (Vienna). Fluorescent two-dimensional 

difference gel electrophoresis (2D-DIGE) cyanine (Cy) dyes (Cy2, Cy3, and Cy5), immobilized 

pH gradient strips (IPG strips, pH 3–10), and pharmalyte (pH 3-10) were from GE-Healthcare 

(Amersham Biosciences, Vienna). SM from chicken egg yolk, N-palmitoyl-D-erythro-

sphingosylphosphorylcholine (SM(d18:1/16:0)), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (PC(16:0/16:0)), NaOCl (reagent hypochlorite), colchicine, 2,5-dihydroxy 

benzoic acid (DHB), Hank’s buffered salt solution (HBSS), Met, oligomycin, propidium iodide 

(PI), lysopalmitoylphosphatidylcholine, 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-

benzamidazolocarbocyanin iodide (JC-1), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT), chlorpromazine (CP), methyl-β-cyclodextrin (MβCD), genistein 

(GE), nystatin (NY), chelerythrine chloride (CHEL), nocodazole, brefeldin A, SMase from 

Bacillus cereus, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), GW4869, 

desipramine, and N6,2'-O-dibutyryladenosine 3',5' cyclic monophosphate (dbcAMP) were 

from Sigma (Vienna). Cellulose acetate was from Sartorius AG (Goettingen, Germany). 2',7'-

dichlorofluorescin diacetate (H2DCFDA), N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-

indacine-3-pentanoyl)sphingosyl phosphocholine (BODIPY FL C5-SM), N-(4,4-difluoro-5,7-

dimethyl-4-bora-3a,4a-diaza-s-indacine-3-dodecanoyl)sphingosyl phosphocholine (BODIPY 

FL C12-SM), N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-

pentanoyl)sphingosine (BODIPY FL C5-Cer = BODIPY-Cer), Blue DND-22, Blue-White DPX, 

CellMask Plasma Membrane Stain, HOECHST, DAPI, Lipofectamine 2000, and Alexa Fluor 

488-labeled phalloidin were from Molecular Probes (Invitrogen, Vienna). N-[12-[(7-nitro-2-

1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sphingosyl-1-phosphocholine (NBD-SM) and 10-

(1-pyrene)decanoyl-sphingosyl-1-phosphocholine (PYRENE-SM) were a kind gift from Albin 

Hermetter (Graz University of Technology, Graz, Austria). Polyclonal rabbit anti-caspase-3 

antibody (raised against human full-length caspase-3) and horse radish peroxidase (HRP)-
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labeled goat anti-mouse IgG were from Santa Cruz (Santa Cruz Biotechnology, CA, USA). 

Polyclonal rabbit anti-PARP antibody (raised against a synthetic peptide corresponding to 

the caspase cleavage site in PARP) was from Cell Signaling (Cell Signaling Technology, MA, 

USA). Monolclonal anti β-actin and anti β-tubulin antibody, and HRP-labeled goat anti-

rabbit IgG were from Sigma. Cy5-labeled goat anti-mouse antibody was from Jackson 

Dianova (Hamburg, Gemany). SuperSignal Western blot detection reagent, Ultra V blocking 

reagent, and BCA protein assay kit were from Pierce (Thermo Scientific, MA). SMPD3 

siRNAs were from Quiagen (Hilden, Germany). Antibody Diluent was from Dako (Vienna). 

Precision Red (Reagent #2) Advanced protein assay was from Cytoskeleton (Denver, CO). 

MPO was from Planta Naturstoffe (Vienna). All other chemicals were from Sigma, Roth 

(Vienna), and Merck (Darmstadt, Germany). 

 

 

2. METHODS 

 

2.1. Cell culture and cell treatment 

 

Catecholaminergic CATH.a cells were cultured in poly-L-lysine coated 75 cm2 flasks 

containing 15 ml RPMI 1640 medium supplemented with 10% (v/v) horse serum (HS), 5% 

(v/v) fetal calf serum (FCS), 0.4% (v/v) HEPES buffer, 0.4% (w/v) sodium pyruvate, 0.4% 

(w/v) L-glutamine, and 1% penicillin/streptomycin at 37°C (5% CO2). The split ratio of cells 

was 1:5 and passages below 30 were used for experiments. 

Rat phaeochromacytoma (PC12) cells were cultured in collagen-coated 75 cm2 flasks 

containing 15 ml RPMI 1640 medium supplemented with 10% (v/v) HS, 5% (v/v) FCS, 0.4% 

(v/v) HEPES buffer, 0.4% (w/v) sodium pyruvate, 0.4% (w/v) L-glutamine, and 50 µg/ml 

gentamycin at 37°C (5% CO2). The split ratio of cells was 1:10 and passages below 30 were 

used for experiments. 
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2.2. Uptake studies of fluorescent SM in CATH.a or PC12 cells 

 

PC12 cells were plated either in collagen-coated chamber slides or on collagen-

coated cover slips (placed in 6 well plates) and were grown to 60% confluence before 

incubation with the respective fluorescent tracers. For steady-state labeling uptake 

experiments, PC12 cells were incubated with NBD-SM (2.5 µM) in serum-free culture 

medium for the indicated time periods at 37°C in the dark. Cells were then washed three 

times with ice-cold HBSS, mounted, and analyzed by laser fluorescence microscopy. For 

“pulse-chase” SM uptake experiments PC12 cells were cooled at 4°C (10 min). BODIPY-SM 

(2.5 µM) was added to serum-free culture medium and cells were pulsed for 30 min at 4°C 

(to prevent endocytosis) in the dark to allow insertion of BODIPY-SM into the PM. Following 

three washing steps with ice-cold HBSS, cells were chased for the indicated time periods at 

37°C in the dark. Loosely bound fluorescent BODIPY-SM at the PM was removed by a so-

called “back-exchange” (BE) step in which cells were washed with 5% FA-free BSA (DF-BSA) 

in ice-cold HBSS (6 times for 10 min on ice). Before fluorescence microscopy PC12 cells 

were washed two times with ice-cold HBSS and processed as described above. 

 Unlike otherwise noted, BODIPY-C5-SM was used throughout all experiments and is 

designated as BODIPY-SM. 

BODIPY-SM uptake in CATH.a cells (continuous and pulse-chase experiments) were 

performed identically as described above except that CATH.a cells were plated on poly-L-

lysine-coated cover slips and that concentrations of BODIPY-SM were 1 µM only. 

 

 

2.3. Colocalization experiments 

 

PC12 cells plated on collagen-coated cover slips, were grown to 60% confluence 

before starting the experiments. To identify BODIPY-SM accumulating compartments, the 

cells were incubated with specific markers for lysosomes, ER, mitochondria, Golgi, or the 

PM, respectively. 

PC12 cells were pulse-labeled with 2.5 µM BODIPY-SM as described above. After 

washing cells extensively with ice-cold HBSS, the cells were chased in the presence of the 

lysosomal tracker Blue DND-22 (70 nM), the ER selective probe Blue-White DPX (500 nM) 
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followed by a BE of PM-bound BODIPY-SM as described above. For mitochondrial 

visualization, PC12 cells were stably transfected with the mitochondrion selective tracer 

DsRed-Mito 2 days before labeling with BODIPY-SM. For PM staining, the cells were 

incubated in the presence of CellMask Plasma Membrane Stain (5 µg/ml) for 5 min at 37°C 

before the cells were pulse-labeled with BODIPY-SM as described above. PC12 nuclei were 

counterstained with HOECHST (5 µg/ml) for 10 min at 37°C before BE. 

After BE, cells were washed 2 times with ice-cold HBSS, mounted and subjected to 

fluorescence microscopy. In case of PM staining, cells were washed extensively with HBSS 

after pulse-labeling with BODIPY-SM and were immediately analyzed by fluorescence 

microscopy without chasing the cells at 37°C and BE. 

To visualize the Golgi apparatus PC12 cells were stained with BODIPY-Cer (2.5 µM) 

in the same way as it was described for BODIPY-SM. If not otherwise noted, chase duration 

was in all cases 30 min at 37°C and was followed by a BE. All incubation and staining steps 

were carried out in serum-free culture medium in the dark. 

Co-localization experiments in CATH.a cells were performed exactly as described for 

PC12 cells. In some experiments, CATH.a nuclei were counterstained with HOECHST (5 

µg/ml) for 10 min at 37°C before back extraction of PM-bound BODIPY-SM. Pretreatment 

with nocodazole (30 µM, final concentration) or brefeldin A (20 µg/ml, final concentration) 

was performed for 90 min in serum-free culture medium at 37°C. All subsequent incubation 

steps were carried out in the presence of nocodazole or brefeldin A. 

 

 

2.4. Laser scanning microscopy 

 

Fluorescence microscopy was performed on a Leica SP2 (Leica Lasertechnik GmbH, 

Heidelberg, Germany). Excitation wavelengths for detection of UV, green, red, and far-red 

fluorescing compounds were 405, 488, 543, and 647 nm, respectively. Fluorescence 

emission was recorded at 430-450 nm (UV), 500-535 nm (green), 555-620 nm (red), and 

665-750 nm (far-red), respectively. 
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2.5. Differentiation of CATH.a cells 

 

 CATH.a cells were plated either in poly-L-lysine-coated 6 well plates or poly-L-lysine-

coated 3.5 mm culture dishes and grown to 80% confluence. To induce differentiation cells 

were incubated in the presence of dbcAMP at the indicated concentrations for the 

indicated time periods in serum-free culture medium. The status of differentiation was 

monitored using phase contrast microscopy using neurite outgrowth as a measure. 

 

 

2.6. Analysis of fluorescent lipid metabolism in CATH.a cells 

 

 CATH.a cells were plated either in poly-L-lysine-coated 6 well plates (steady-state 

labeling with BODIPY-SM) or poly-L-lysine-coated 3.5 mm culture dishes (pulse-chase 

experiments) and were grown to 80% confluence. Labeling with 1 µM BODIPY-SM, BODIPY-

Cer, or PYRENE-SM was performed as described above. After the indicated time periods, 

cells were washed with ice-cold HBSS and were harvested by scraping in 500 µl of the same 

buffer followed by washing the culture dish with additional 500 µl of HBSS. After 

centrifugation at 1,500 x g for 5 min at 4°C the supernatant was removed and the cell pellet 

was stored at -80°C until used. In pulse-chase experiments the chase-medium was collected 

and lipids were extracted in CHCl3/MeOH (2:1, v/v). 

 For lipid extraction from frozen CATH.a cell pellets, cells were resuspended in 300 µl 

sterile water (4°C) and were sonicated for 2 x 15 sec on ice. The cell extracts were vortexed 

vigorously and aliquots of 15 µl were taken for determination of the protein content which 

was performed in duplicates according to the Bradford assay (Bradford, 1976). One ml 

CHCl3/MeOH (2:1, v/v) was added to the remaining cell suspension, lipids were extracted, 

the CHCl3 phase was evaporated under a stream of N2, and the dried lipid extracts were 

stored at -20°C until HPLC analysis for which lipids were dissolved in 60 µl ethanol. When 

cells were labeled with PYRENE-SM lipids were dissolved in 35 µl ethanol before HPLC 

analysis. 
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2.7. Sphingomyelinase assay 

 

 SMase activity in CATH.a cells was measured using a fluorescence assay as described 

(Loidl et al., 2002). CATH.a cell were plated in poly-L-lysine-coated 6 well plates and were 

grown to 80% confluence. For SMase inhibitor treatment, cells were washed with HBSS and 

incubated with desipramine or GW4869 in serum-free culture medium at the indicated 

concentrations for 1.5 h. 

 Subsequently, cells were washed twice with ice-cold HBSS and scraped in 500 µl of 

the same buffer followed by washing the culture dish with additional 500 µl of HBSS. After 

centrifugation at 1,500 x g for 5 min at 4°C the supernatant was removed and the cells 

were either suspended in 100 µl acid lysis buffer (250 mM sodium acetate, 0.2% Triton X-

100, pH 5) for analyzing aSMase activity or in 100 µl neutral lysis buffer (20 mM HEPES, 10 

mM MgCl2, 0.1 mM Na3VO3, 0.1 mM Na2MoO4, 10 mM β-glycerophosphate, 750 µM ATP, 1 

mM PMSF, 2 mM EDTA, 20 µg/ml aprotinin, 20 µg/ml leupeptin, 0.2% Triton X-100, pH 7.4) 

to measure neutral Mg2+-dependent SMase activity. For activity determinations of neutral 

Mg2+-independent SMases cthe ells were lysed in 100 µl neutral lysis buffer without MgCl2. 

The samples were sonicated in a bath-type sonicator for 2 min and were then incubated for 

1 h on ice (vortexing every 10 min). Cell debris were removed by centrifugation (15,000 x g, 

4°C, 10 min) and 10 µl aliquots of the supernatant was used for determination of the 

protein content which was performed in duplicates according to the Precision Red (Reagent 

#2) Advanced protein assay. 

 BODIPY-SM was used as a fluorescent substrate to determine SMase activity. 

BODIPY-SM (1.5 nmol) was added per ml acid reaction buffer (250 mM sodium acetate, 1 

mM EDTA, ph 5) to analyze aSMase activity. nSMase activity was determined in neutral 

reaction buffer (20 mM HEPES, 3.5 mM MgCl2) to analyze Mg2+-dependent nSMase activity, 

under vortexing. For activity determinations of neutral Mg2+-independent SMases BODIPY-

SM was added to neutral reaction buffer without MgCl2. Reaction buffer (150 µl) was 

transferred into each well of a 96 well plate and 50 µl of the corresponding lysis buffer 

containing 10 µg protein (the final substrate concentration was 1.5 µM) were added. The 

plate was shaken on a rotary shaker (1,350 rpm) for 30 sec and reaction was allowed to 

proceed at 37°C for 40 min in the dark. Reaction was stopped by adding 800 µl 
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CHCl3/MeOH (2:1, v/v) and lipids were extracted as described above. Dried lipid extracts 

were stored at -20°C until HPLC analysis for which lipids were dissolved in 250 µl ethanol. 

 Substrate and protein concentrations were set to a level on which a maximum of 

20% of initial BODIPY-SM substrate was converted to BODIPY-Cer to ensure a linear 

relationship. 

 

 

2.8. RNAi in CATH.a cells 

 

 CATH.a cells were plated in poly-L-lysine-coated 6 well plates and grown to 50% 

confluence. Transfection of cells with siRNA was performed using Lipofectamine 2000 

reagent according to the manufacturer’s suggestions. siRNAs used for SMPD3 knockdown 

were from Qiagen (product number: 2445407_60 and 2445407_70, respectively). Twenty-

four h post transfection the cells were subjected to analysis of SMase activity. 

 

 

2.9. CATH.a cell treatment with SMase from B. cereus 

 

 CATH.a cells were grown in poly-L-lysine-coated 3.5 mm culture dishes to 80% cell 

confluence. Pulse-labeling with 1 µM BODIPY-SM was performed as described above. After 

washing the cells extensively with ice-cold HBSS cells were chased in serum-free culture 

medium for 1 h to ensure homogenous distribution of the fluorescent lipid to BODIPY-SM 

accumulating compartments. Cells were then washed once with HBSS containing 5% DF-

BSA and once with HBSS alone. Subsequently, cells were treated with bacterial SMase (150 

mU/ml, final concentration) at 37°C in serum-free culture medium for the indicated time 

periods. Cells were washed in the same way as described above and were scraped in 500 µl 

ice-cold HBSS followed by washing the culture dish with additional 500 µl of the same 

buffer. After centrifugation at 1,500 x g for 5 min at 4°C the supernatant was removed and 

the cell pellet was stored at -80°C until lipid extraction. 

 For HPLC analysis, dried lipid extracts were dissolved in 60 µl ethanol. 
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2.10. Inhibition of clathrin- and caveolae-mediated endocytosis in CATH.a cells 

 

 2.10.1. HPLC analysis 

 

CATH.a cells were grown in poly-L-lysine-coated 6 well plates to 80% confluence. 

Cells were then washed with HBSS and preincubation with inhibitors was performed 

according to (Puri et al., 2001) with slight modifications. (a) Chlorpromazine (CP) treatment: 

cells were incubated in the presence of 7.5 µg/ml (final concentration) CP for 30 min at 

37°C. (b) Methyl-β-cyclodextrin (MβCD) treatment: cells were treated with 5 mg/ml (final 

concentration) MβCD for 30 min at 37°C to deplete PM Chol. (c) Genistein (GE) treatment: 

cells were incubated in the presence of 200 µM (final concentration) GE for 2 h at 37°C. (d) 

Nystatin (NY) treatment: cells were treated with 30 µg/ml (final concentration) NY for 30 

min at 37°C. (e) Chelerythrine chloride (CHEL) treatment: cells were incubated in the 

presence of 1.5 µM (final concentration) CHEL for 1 h at 37°C. All preincubation steps were 

performed in serum-free culture medium followed by pulse-labeling with 1 µM BODIPY-SM 

as described above in the presence of the corresponding inhibitors (exception: MβCD was 

only present during preincubation of CATH.a cells). (f) Potassium (K+) depletion: cells were 

washed with K+-free buffer (20 mM HEPES, 140 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 1 

mg/ml glucose, pH 7.4) and then incubated in K+-free hypotonic buffer (K+-free buffer 

diluted 1:1 with distilled water) for 5 min at 37°C. Subsequently, cells were washed three 

times with K+-free buffer and incubated in the same buffer for 20 min at 37°C before pulse-

labeling with BODIPY-SM which was essentially performed in K+-free buffer instead of 

serum-free culture medium. Control experiments were performed in the same way except 

that all buffer solutions contained 10 mM KCl. 

 After a 30 min chase at 37°C cells were washed with ice-cold HBSS and PM-bound 

BODIPY-SM was BE to DF-BSA as described above except that BE solutions contained an 

inhibitor cocktail (5 mM NaN3, 50 mM 2-deoxyglucose, 2 mM iodoacetate, 10 µM FCCP; 

final concentrations) to prevent intracellular trafficking. Essentially all washing and BE steps 

were performed under the presence of the respective endocytosis inhibitors. Following BE, 

cells were harvested by scraping in ice-cold HBSS as described above and cell pellets were 

stored at -80°C until lipid extraction. 

 For HPLC analysis, dried lipid extracts were dissolved in 60 µl ethanol. 
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2.10.2. Fluorescence microscopy 

 

CATH.a cells were grown on poly-L-lysine-coated cover slips to 60% confluence 

before experimental start. Inhibitor studies were carried out exactly as described above 

except that cells were labeled with 2.5 µM BODIPY-SM. Where mentioned cells were 

immediately mounted and applied to LSM after the chase period without BE. LSM was 

performed as described above. 

 

 

2.11. Recycling of BODIPY-SM in CATH.a cell 

 

 CATH.a cells were grown in poly-L-lysine-coated 3.5 mm culture dishes to 80% cell 

confluence. Pulse-labeling with 3 µM BODIPY-SM was performed as described above. After 

washing the cells extensively with ice-cold HBSS cells were chased in serum-free culture 

medium at 37°C for 5, 10, and 30 min, respectively. Subsequently, cells were BE with 5% 

DF-BSA in ice-cold HBSS as describe above followed by a second BE with 5% DF-BSA in HBSS 

(37°C) for another 60 min. Therefore, prewarmed chase medium was added to the cells 

(defined as chase time 0) and after 10, 20, 40, and 60 min, BE medium was collected and 

replaced by fresh prewarmed BE medium. After 60 min cells were washed with ice-cold 

HBSS and harvested by scraping in ice-cold HBSS as described above. Cell pellets were 

stored at -80°C until lipid extraction. For HPLC analysis, dried lipid extracts were dissolved in 

60 µl ethanol. 

Lipids from the chase medium were extracted in CHCl3/MeOH (2:1, v/v) and the 

dried lipid extracts were stored at -20°C until HPLC analysis for which lipids were dissolved 

in 60 µl ethanol. 

 

 

2.12. Assessment of BODIPY-SM endocytosis 

 

 CATH.a cells were grown in poly-L-lysine-coated 3.5 mm culture dishes to 80% cell 

confluence. Pulse-labeling with 2 µM BODIPY-SM was performed as described above. After 



- 57 - 
 

washing the cells extensively with ice-cold HBSS cells were chased in serum-free culture 

medium at 37°C for the indicated time periods. Subsequently, cells were washed with ice-

cold HBSS and BODIPY-SM was BE from the PM in ice-cold HBSS containing 5% DF-BSA and 

an inhibitor cocktail (see endocytosis inhibition assay) to prevent intracellular trafficking (6 

x 10 min on ice). Cells were harvested by scraping in ice-cold HBSS as described above. The 

cell pellets were stored at -80°C until lipid extraction. For HPLC analysis, dried lipid extracts 

were dissolved in 60 µl ethanol. 

BE fractions were pooled and lipids were extracted in CHCl3/MeOH (2:1, v/v) by 

stirring over night at 4°C in the dark on a rotating wheel followed by vortexing for 3 min. 

Dried lipid extracts were stored at -20°C until HPCL analysis for which lipids were dissolved 

in 500 µl ethanol and aliquots were transferred to inserts containing HPLC autosampler 

vials. 

In some experiments, lipids were extracted from each BE fraction without pooling 

and subjected to HPLC analysis for which the dried lipid extracts were dissolved in 180 µl 

ethanol. 

 

 

2.13. Other assays using BODIPY-SM 

 

To test BE efficiency, BE was performed as described above directly after pulse-

labeling with BODIPY-SM. Cells were processed as described and lipids were extracted from 

the pooled BE fractions identically as described above. 

Do determine whether BODIPY-SM endocytosis or processing occurs during 

treatment of cells at 4°C, cells were incubated on ice for 30 min in the dark directly after 

pulse-labeling with BODIPY-SM which was followed by BE, harvesting of cells, and lipid 

extraction from cells and pooled BE fractions. 

Stability of BODIPY-SM in serum-free culture medium was examined by addition of 

the fluorescent lipid to serum-free culture medium (0.4 µM, final concentration) in 6 well 

plates followed by incubation at 37°C for the indicated time periods. Lipids were extracted 

in CHCl3/MeOH (2:1, v/v) and the dried extracts were stored at -20°C until HPLC analysis for 

which lipids were dissolved in 200 µl ethanol. 
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2.14. HPLC analysis 

 

Table 1: Solvent gradient used for elution of BODIPY-labeled lipids 

Time 

[min] 

Flow rate 

[ml/min] 

Solvent 

A
a
 [%] 

Solvent 

B
b
 [%] 

Solvent 

C
c
 [%] 

- 5.0 0.7 80 20 0 

- 8.0 0.7 0 100 0 

- 11.7 0.7 0 100 0 

- 12.0 1.0 0 100 0 

- 15.0 1.0 0 20 80 

- 20.0 1.0 0 20 80 

- 20.5 1.0 80 20 0 

- 23.0 0.7 80 20 0 

a Solvent A: MeOH : H2O : Tris/HCl (0.5 M, pH 9)  96 : 4 : 3 (v/v) 
b Solvent B: ACN 
c Solvent C: MeOH : Tris/HCl (0.5 M, pH 9)  97 : 3 (v/v) 
 

Table 2: Solvent gradient used for elution of PYRENE-labeled lipids 

Time 

[min] 

Flow rate 

[ml/min] 

Solvent 

A
a
 [%] 

Solvent 

B
b
 [%] 

Solvent 

C
c
 [%] 

- 5.0 0.7 0 20 80 

- 6.0 0.7 0 100 0 

- 7.7 0.7 0 100 0 

- 8.0 1.0 0 100 0 

- 10.0 1.0 40 20 40 

- 18.5 1.0 40 20 40 

- 21.0 0.7 40 20 40 

- 33.0 0.7 40 20 40 

- 33.5 0.7 0 20 80 

- 36.0 0.7 0 20 80 
 

  a Solvent A: MeOH : Tris/HCl (0.5 M, pH 9)  96 : 1 (v/v) 
b Solvent B: ACN 
c Solvent C: MeOH : Tris/HCl (0.5 M, pH 9)  97 : 3 (v/v) 
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HPLC analysis of fluorescent lipids was performed using a method that is based on 

the protocol of (He et al., 2003). Lipids were dissolved in ethanol and the suspension was 

transferred into 1.5 ml glass autosampler vials equipped with inserts. BODIPY-labeled lipids 

were separated by reversed-phase HPLC (Waters HPLC 2690 Seperations Module) on a 

Chromasil C18 reverse-phase column (150 x 4.6 mm, 5 µm particle size; Altmann Analytik, 

München, Germany) equipped with the corresponding guard column (5 x 4.6 mm, 5 µm 

particle size) at a flow rate of 0.7-1 ml/min. BODIPY- and PYRENE-labeled lipids were eluted 

using the gradients described in Table 1 and 2. A Waters 474 fluorescence detector set to 

505/540 nm (Ex/Em) was used to detect BODIPY-labeled lipids or at 343/378 nm (Ex/Em) 

for detection of PYRENE-labeled lipids. BODIPY-C12-SM was used as internal standard and 

the product concentration was calculated according to linear regression analysis which was 

established from standard curves of the respective fluorescent lipids (BODIPY-C5-SM, 

BODIPY-Cer, and PYRENE-SM, respectively). 

 

 

2.15. Modification of brain lipids and SM by reagent HOCl 

 

HOCl modification of SM(d18:1/16:0) was performed at a molar oxidant:SM ratio of 

2.5:1. Liposomes were prepared by dispersing 2 mg SM in 1 ml H2O using sonication (4 x 20 

sec on ice). Following lipid extraction reaction products were analyzed by MALDI-TOF-MS as 

described below. Residual HOCl in the reaction mixture was quenched by addition of Met at 

an oxidant:Met ratio of 1:5 (35.6 mM, final concentration). 

Female C57Bl/6 mice were killed by cervical dislocation. The brains were removed, 

weighed, snap frozen in liquid nitrogen, and homogenized in a mortar. Lipid extraction was 

performed as described (Goti et al., 2002) and lipids were stored at -80°C until used. HOCl-

mediated brain lipid modification was performed with NaOCl (1, 10, and 50 µg/100 µg lipid) 

over night at room temperature (RT). Subsequently, lipids were extracted, dissolved in 1 ml 

CHCl3/MeOH (1:1, v/v), and stored at -20°C until FT-ICR-MS analysis (see below). 
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2.16. Modification of SM by the MPO/H2O2/chloride system 

 

SM liposomes (30 µg/ml) in phosphate buffer (50 mM, pH 5) supplemented with 

140 mM NaCl were incubated in the presence of MPO (70 nM, final concentration) at 37°C 

for 30 min under rapid shaking. Reaction was started by addition of H2O2 (200 µM, final 

concentration; 8 additions of 25 µM H2O2 in 4 min intervals; (Bergt et al., 2000)) and 

stopped by removing cationic MPO using cellulose acetate. Subsequently, SM modification 

was allowed to proceed at RT in the dark for further 24 h. Lipid extraction was performed 

as described (Folch et al., 1957), the organic phase was evaporated to dryness, and stored 

at -20°C until MALDI-TOF-MS analysis. For measurements lipids were dissolved in 20 µl 

CHCl3 and 1.5 µl aliquots were applied to a gold target plate (Applied Biosystems, 

Germany). 

 

 

2.17. MALDI-TOF-MS 

 

For lipid analysis, a 0.5 M DHB/methanol solution containing 0.1% trifluoroacetic 

acid (TFA) was used as matrix. Lipids dissolved in CHCl3 were directly applied to a gold 

target plate as 1.5 µl droplets, followed by addition of 1 µl matrix solution. Subsequently, 

samples were allowed to crystallize at RT or under a warm gas stream. All MALDI-TOF mass 

spectra were acquired on a Voyager-DE STR BioSpectrometry workstation (Applied 

Biosystems). The system utilizes a pulsed nitrogen laser, emitting at 337 nm, which was 

operated in positive ion mode. The extraction voltage was 20 kV and the ’low mass gate’ 

was turned on to prevent saturation of the detector by ions resulting from the matrix. For 

each mass spectrum, three single spectra recorded with more than 100 single laser shots 

were averaged. To enhance the spectral resolution, all spectra were measured in the 

reflector mode. 
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2.18. Fourier-transform ion cyclotron resonance mass spectrometry (LC-FT-MS) 

 

Analysis was performed on an Accela U-HPLC coupled to a LTQ-FT Ultra hybrid mass 

spectrometer (Thermo Scientific). Lipid extracts were diluted (1:100) in acetonitrile 

(ACN)/2-propanol (5:2, v/v) containing 1% ammonia acetate, 0.1% formic acid, and 1 

pmol/μl d-31 34:1 PC as internal standard. Lipid samples were separated on a Thermo 

Hypersil GOLD C18 column (100 x 1 mm, 1.9 µm particle size). Solvent A was water with 1% 

ammonia acetate and 0.1% formic acid, and solvent B was ACN/2-propanol (5:2, v/v) with 

1% ammonia acetate and 0.1% formic acid. The gradient ran from 35% to 70% B in 4 min, 

then to 100% B in another 16 min with a hold for 10 min. The flow rate was 250 µl/min. 

Data acquisition was done by FT-MS full scan at a resolution of 100 k and < 2 ppm mass 

accuracy with external calibration. The spray voltage was set to 5000 V, capillary voltage to 

35 V, and the tube lens was at 120 V. Capillary temperature was at 250°C. Peak areas were 

calculated by QuanBrowser for all lipid species, identified previously by exact mass (< 2 

ppm) and retention time. Lipids were quantified by correlation with known amounts of 

internal standard. 

 

 

2.19. Kinetic studies of SM modification with HOCl 

 

Liposomes prepared from chicken egg yolk palmitoyl SM (2 mg/ml stock solution) in 

phosphate buffer (50 mM, pH 6.5) supplemented with 140 mM NaCl were diluted to the 

indicated concentrations and subsequently incubated with the indicated concentrations of 

reagent HOCl at 37°C for 10 sec (final volume of 250 µl). The NaOCl solution was diluted 1:1 

with phosphate buffer (50 mM, 140 mM NaCl, pH 5) prior to addition to prevent a shift of 

the pH value. Reactions were stopped by addition of CHCl3/MeOH (2:1, v/v) to extract 

lipids. After vortexing rigorously for 1 min PC(16:0/16:0) (3 µg/ml, final concentration) was 

added as internal standard before further vortexing for 1 min. The organic phase was 

removed and dried under a stream of N2. Samples were redissolved in MeOH and analyzed 

by HPLC-ESI-MS (Aquity UPLC, Synapt HDMS Q-TOF, Waters, Manchester, UK), using a 

Waters C18 column (2.1 x 50 mm, 1.7 µm) and a gradient from H2O/MeOH (1:1, v/v) to 

isopropanol. Extracted ion chromatograms of m/z 703.58 (SM) and m/z 734.57 (PC) were 
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integrated using the MassLynx Software (Waters). Reaction rates and second-order rate 

constants (k2) were calculated by following the time-dependent decrease of the m/z 703.58 

peak. 

 

 

2.20. PC12 cell experiments with SM, HOCl-SM, and HOCl 

 

PC12 cells were incubated in serum-free RPMI 1640 medium supplemented with 

0.4% (v/v) HEPES buffer, 0.4% (w/v) sodium pyruvate, 0.4% (w/v) L-glutamine, and 50 

µg/ml gentamycin in the absence or presence of SM, HOCl-SM, or reagent HOCl. 

SM(d18:1/16:0) (stock solution 2.85 mM), HOCl-modified SM(d18:1/16:0) (HOCl-SM, used 

within two days after modification), and reagent HOCl (aqueous stock solution, 832 mM, 

stored at 4°C) were applied to PC12 cells at indicated concentrations and time periods. 

HOCl-SM concentrations were calculated with the molecular weight of the SM(d18:1/16:0)-

derived chlorohydrin which was identified as the dominant HOCl-modified lipid species. 

 

 

2.21. Cell viability (MTT assay) 

 

PC12 cells were plated in 96 well plates (20,000 cells per well; the cells were 

counted manually by a hemacytometer after trypsinization) and allowed to grow for 24 h 

before the cells were treated with SM, HOCl-SM, or reagent HOCl in serum-deprived 

medium at indicated concentrations and indicated time periods. MTT (1.2 mM, dissolved in 

serum-free medium, 100 µl per well) was added to cells and incubated for 3 h at 37°C 

under standard conditions. Cells were washed with PBS, and cell lysis was performed with 

100 µl lysis solution (isopropanol/1 M HCl, 25:1 (v/v)) on a rotary shaker (1,200 rpm, 15 

min; (Kratzer et al., 2007)). Absorbance was measured at 570 nm on a Victor 1420 

multilabel counter and corrected for background absorption (650 nm). 
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2.22. Measurement of ROS 

 

ROS formation was examined using fluorescent DCF (940 nmol N2-dried H2DCFDA 

were dissolved in 250 µl DMSO before application). Rather than being a radical species 

selective probe, DCFDA (after hydrolysis to dichlorofluorescein and internalization) is 

converted to fluorescent dichlorofluorescein by several reactive radical species and allows 

assessment of general oxidative stress (Halliwell and Whiteman, 2004). PC12 cells were 

plated in 12 well plates and grown to 80% confluence. Cells were washed two times with 

PBS and then incubated in the absence or presence of SM or HOCl-SM at 37°C at indicated 

concentrations for the indicated time periods. Incubations were stopped by washing cells 

two times with PBS and subsequently, H2DCFDA dissolved in HBSS (12.5 µM) was added 

and cells were incubated for further 1 h at 37°C in the dark. Then, the plates were kept on 

ice for 10 min, washed two times with ice-cold PBS, and cell lysis was performed with 100 

µl lysis solution (3% Triton X-100 in PBS) on a rotary shaker (1,350 rpm) at 4°C in the dark 

for 60 min. Afterwards, 30 µl absolute ethanol was added to each well and shaking was 

continued for another 15 min to ensure complete dissolving of deacetylated and oxidized 

DCF. The cell lysates were transferred to Eppendorf tubes and centrifuged to remove 

cellular debris (13,000 rpm, 4°C, 10 min). One hundred µl of the supernatant was 

transferred to black 96-well microtiter plates and fluorescence intensity (FI) was measured 

at 484/540 nm (Ex/Em) on a Victor 1420 multilabel counter (Wallac). An aliquot of the 

supernatant was used for estimation of protein concentration using the BCA assay. 

 

 

2.23. JC-1 assay 

 

To examine ∆ψm of PC12 cells, the JC-1 assay was performed. JC-1 is a cationic, 

lipophilic, fluorescent dye that can easily enter the electronegative matrix of intact 

mitochondria. As a monomer, JC-1 exhibits green fluorescence. Concentration-dependent 

accumulation in mitochondria leads to formation of J-aggregates resulting in a shift from 

green to red fluorescence. Hence, mitochondrial depolimerization that occurs in early 

apoptotic cascade can be observed via decrease in red and increase in green fluorescence. 

To achieve optimal assay conditions for PC12 cells, concentration dependency and kinetics 
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of JC-1 uptake as well as sensitivity to FCCP, an uncoupler of the respiratory chain used for 

background correction, was determined first. Therefore, PC12 cells were plated in black 96 

well plates (20,000 cells per well) and allowed to grow for 24 h. Medium was removed and 

cells were washed with PBS before addition of JC-1 (dissolved in serum-free medium, 100 µl 

per well) at indicated concentrations for indicated times at 37°C in the dark. Following two 

washing steps with PBS, cells were treated either with FCCP or an equivalent vehicle 

control, which were added 30 min after loading the cells with JC-1, at indicated 

concentrations for indicated times at 37°C in the dark. After 30 min PC12 cells were washed 

twice with PBS, fifty µl PBS were then added to each well and the FI read at 484/540 

(excitation/emission) for detection of the green substrate, and 544/590 

(excitation/emission) for detection of the red substrate on a Victor 1420 multilabel counter. 

The results were analyzed in terms of the ratio of red and green FIs. Therefore, results are 

not linked to the number of viable cells. 

In all other assays SM, HOCl-SM, or reagent HOCl in serum-deprived medium was 

added at the indicated concentrations for the indicated time periods. Cells were then 

washed with PBS and incubated with JC-1 (2.5 µM) at 37°C in the dark for 30 min. After two 

washing steps with PBS cells were treated in parallel with either vehicle control or FCCP (5 

µM) for 30 min at 37°C in the dark and then processed as described above. 

 

 

2.24. Oxygraph measurements 

 

To examine cellular oxygen flux and phosphorylation control in cell respiration 

Oxygraph-2k (OROBOROS) was used according to the protocol of Gnaiger (Hutter et al., 

2006) with some modifications. Briefly, PC12 cells were trypsinized and afterwards 

resuspended in serum-free medium. The cell suspension (2.5 ml) was added into each 

Oxygraph-2k chamber at a concentration such that routine respiration yields a volume-

specific oxygen flux of about 60 pmol.s-1.cm-3 (6 x 105 cells/ml), while rotation of the stirrers 

was maintained in the Oxygraph-2k. Chambers were then closed by fully inserting the 

stoppers, thereby extruding all gas bubbles. Residual cell suspension from the receptacle 

was siphoned off, respective substances were applied using a 25 µl syringe (Hamilton), and 
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oxygen flux was recorded for 6 h at 37°C in the absence or presence of HOCl-SM (66 µM). 

To block ATP synthesis, titration 1 µl oligomycin (5 mM) into each chamber was performed. 

When oxygen flux declined to a new steady state, titration of 1 µl FCCP (10 mM) was 

started into each chamber for total uncoupling of mitochondrial respiratory chain and 

continued till a plateau or even a slight inhibition of oxygen flux was reached. 

Subsequently, titration of 1 µl KCN (10 mM) was performed for background correction. 

Afterwards, values for aerobic activity of cells under routine culture conditions (Cr), the 

oligomycin-inhibited leak of respiration (Cro), and the maximum stimulated respiration after 

treatment of cells with FCCP (Cru) were used to calculate the relative routine rate (j’r = 

Cr/Cru), oligomycin-inhibited respiration rate (j’ro = Cro/Cru), and phosphorylation control 

ratio (j’p = (Cr-Cro)/(Cru)). 

 

 

2.25. Western blot analysis of caspase-3 activation and PARP cleavage 

 

PC12 cells (80% confluency, 9 cm2 culture plates) were incubated in the absence or 

presence of SM, HOCl-SM, reagent HOCl, or colchicine at indicated concentrations for 

indicated time periods. For protein isolation, the cells were washed with ice-cold PBS and 

then scraped in 70 µl lysis buffer (50 mM Tris/HCl pH 7.4, 1% NP-40, 150 mM NaCl, 1 mM 

Na3VO4, 1 mM NaF, 1 mM EDTA, 10 µM PMSF, aprotinin, leupeptin, pepstatin: 1 µg/ml 

each). After sonication (2 x 2 min on ice) cell debris were removed by centrifugation 

(13,000 rpm, 4°C, 10 min) and the protein content was determined using the BCA assay. 

Detergent protein extracts were diluted in sample buffer and boiled for 5 min at 95°C prior 

to SDS-PAGE. Proteins were separated by linear PAGE (150 V, reducing conditions) and 

electrophoretically transferred onto PVDF membranes (150 mA). To block nonspecific 

adsorption, membranes were incubated with 5% (w/v) non-fat milk powder in Tris-buffered 

saline Tween-20 (TBS-T). Polyclonal rabbit anti-caspase-3 antibody and polyclonal rabbit 

anti-PARP antibody (diluted 1:200 and 1:500, respectively, both in 5% (w/v) non-fat milk 

powder in TBS-T, incubation over night at 4°C) were used as primary antibody. 

Immunoreactive bands were visualized using HRP-conjugated goat anti-rabbit IgG (dilution 
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1:5,000 in 5% (w/v) non-fat milk powder in TBS-T, 2 h incubation) and subsequent 

SuperSignal development. 

 

 

2.26. Sub-G1 population analysis 

 

PC12 cells (80% confluency, 9 cm2 culture plates) were incubated in the absence or 

presence of SM, HOCl-SM, reagent HOCl, or colchicine at indicated concentrations for 

indicated time periods. At indicated time points, both, control and treated cells were 

harvested (0.25% trypsin-EDTA), resuspended in 500 µl PBS (pH 7.4), fixed with 5 ml ice-

cold MeOH, and stored at 4°C. Propidium iodide (PI) staining was done using DNA-Prep 

stain (PI = 50 µg/ml) and RNase (4 KU/ml; type III-A, bovine pancrease); (Hrzenjak et al., 

2006)). Finally, the cells were analyzed on Coulter EPICS XL-MCL using System II/3.0 data 

analyzing software (Beckman Coulter). 

 

 

2.27. Sample preparation for 2D-DIGE 

 

Confluent PC12 cells on 75 cm2 flasks were incubated for 24 h in the absence or 

presence of SM or HOCl-SM (47.5 µM), respectively. Cells were washed with sucrose (250 

mM in 10 mM Tris/HCl, pH 7.4), then scraped in 100 µl lysis buffer (7 M urea, 2 M thiourea, 

4% CHAPS, 30 mM Tris) and processed for 2D-DIGE. Cell lysates were sonicated (4 x 10 sec 

on ice) and centrifuged (13,000 rpm, 15°C, 10 min). Lysates from control, SM-, and HOCl-

SM-treated cells were labeled using Cy dyes according to the manufacturer's 

recommendations. Protein lysates of control cells were labeled with Cy2, whereas protein 

lysates from SM- and HOCl-SM-treated cells were labeled with Cy3 or Cy5. The protein 

content was determined using the Bradford assay. Protein (50 µg) from cell lysates was 

labeled with 400 pmol of amine reactive Cy2, Cy3, or Cy5 N-hydroxysuccinamide (NHS) 

ester DIGE dyes (Amersham Biosciences), freshly dissolved in anhydrous dimethyl 

formamide. The labeling mixture was incubated on ice in the dark for 30 min. The reaction 

was quenched by addition of lysine (10 nmol) followed by incubation on ice for another 10 



- 67 - 
 

min. Each respective labeled protein sample was mixed with equal volumes of 2 x sample 

buffer containing 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 2% (w/v) DTT, and 2% (v/v) 

Pharmalyte (pH 3-10) and subsequently left on ice for 10 min. Afterwards, 600 µg of the 

corresponding unlabeled protein lysates were added to respective labeled protein samples, 

and the three samples were mixed prior to isoelectric focusing (IEF) on Immobiline IPG 

strips. 

 

 

2.28. 2D-DIGE and Image Analysis 

 

The IPG strips (24 cm, linear pH range of 3-10) were rehydrated over night in 

ceramic strip holders in 600 µl reswelling solution containing 1.95 mg of protein lysates 

from control, SM-, and HOCl-SM-treated cells (see above), 7 M urea, 2 M thiourea, 1% 

(w/v) CHAPS, 0.4% (w/v) DTT, 0.5% (v/v) Pharmalyte (pH 3-10), and 0.002% (v/v) 

Bromophenol blue. To prevent adverse IEF of proteins, at least 300 µl of reswelling solution 

were mixed with the merged protein lysates. IEF was carried out at 20°C with a maximum 

current set at 50 µA/strip using an Ettan IPGphor unit (Amersham Biosciences). After IEF (3 

h at 150 V, 3 h at 300 V, 3 h at 600 V, remaining time at 8,000 V to reach a total of 50,000 

Vh) strips were equilibrated in SDS equilibration buffer (6 M urea, 2% (w/v) SDS, 30% (v/v) 

glycerol, 50 mM (v/v) Tris/HCl, pH 8.8) either supplemented with 1% (w/v) dithiothreitol 

(first equilibration step, 15 min) or with 4.5% (w/v) iodoacetamide (second equilibration 

step, 15 min), each under gentle shaking. IPG strips were directly applied to self-cast SDS 

gels (12%). SDS-PAGE was carried out at 18°C (Ettan Dalt, Amersham Biosciences; 15 

mA/gel). Fluorescence imaging was performed on a Typhoon 9400 scanner (Amersham 

Biosciences; excitation 488/532/633 nm, emission 520/580/670 nm for Cy2, Cy3, and Cy5, 

respectively). Statistical analysis and quantification of protein spots was carried out using 

the DeCyder-DIA software (Amersham Biosciences). Differentially expressed protein spots 

were manually picked and in gel tryptically digested. Fold-regulation is expressed as mean 

from three different gels run from three independent experiments. 
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2.29. LC-MS/MS analysis of tryptic digests 

 

Peptide extracts were dissolved in 0.1% formic acid and separated on a nano-HPLC 

system. Seventy µl were injected and concentrated on the loading column (LC Packings C18 

PepMapTM, 5 μm, 0.3 x 5 mm, 100 Å; LC Packings, Amsterdam, NL) for 5 min using 0.1% 

formic acid as isocratic solvent at a flow rate of 20 µl/min. The column was then switched 

into the nanoflow circuit, and the sample was loaded on the nanocolumn (LC-Packings C18 

PepMap, 0.075 x 150 mm) at a flow rate of 300 nl/min and separated using a gradient from 

0.3% formic acid and 5% ACN to 0.3% formic acid and 50% ACN over 60 min. The sample 

was ionized in a Finnigan nano-ESI ion source (Finnigan MAT, San Jose, USA) equipped with 

NanoSpray tips (PicoTipTM Emitter, New Objective, Woburn, MA, USA) and analyzed in a 

Thermo-Finnigan LCQ Deca XPplus ion trap mass spectrometer. The MS/MS data were 

analyzed by searching the National Center for Biotechnology Information (NCBI) public 

database with SpectrumMill version 2.7 (Agilent, Waldbronn, Germany). Acceptance 

parameters were at least three or more identified distinct peptides. 

 

 

2.30. Clustering of identified proteins 

 

Relative expression patterns (log2(control/SM) and log2(control/HOCl-SM)) for spots 

within one gel representing the same protein (Refseq protein identifier) were filtered for 

outliers (> upper quartile + 1.5*IQR (inter quartile range) or < lower quartile - 1.5*IQR). The 

median from the remaining values were averaged over 2 or 3 gels resulting in one 

expression value for each identified protein. Data were combined, grouped and visualized 

as heatmaps using Genesis (Sturn et al., 2002). 

 

 

2.31. Ingenuity Pathway Analysis (IPA) 

 

Differentially expressed proteins were analyzed using a free trial version of the IPA 

software to monitor possible global proteomic regulation in response to SM and HOCl-SM. 
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IPA (www.ingenuity.com; https://analysis.ingenuity.com) uses a knowledge base derived 

from the literature to relate gene products, based on their interaction and function. This 

software is designed to identify biological networks, global canonical pathways, and global 

functions. The identified proteins and their corresponding x-fold change and accession 

numbers were uploaded as .txt file into the Ingenuity software package. Ingenuity uses 

these data to navigate the Ingenuity Pathways Knowledge Base and extract overlapping 

networks between the candidate proteins. A score of better than 2 is usually attributed to a 

valid network (the score represent the log probability that this network was found by 

random chance). 

 

 

2.32. Identification of cytoskeletal alterations in PC12 cells in response to SM/HOCl-SM 

treatment 

 

2.32.1. Immunofluorescence 

 

 PC12 were grown in collagen-coated chamber slides to 80% confluence. After 

washing with PBS cells were incubated in serum-free culture medium in the absence or 

presence of SM or HOCl-SM at the indicated concentrations for 24 h at 37°C. Subsequently, 

cells were washed with PBS and the actin cytoskeleton was stained using Alexa Fluor 488-

labeled phalloidin in a simultaneous fixation, permeabilization, and staining step according 

to the manufacturer’s protocol. Subsequently, cells were washed three times with PBS and 

nonspecific absorption was blocked with Ultra V Blocking reagent. Blocking was followed by 

incubation with monoclonal mouse anti-β-tubulin antibody (diluted 1:200 in antibody 

diluent) for 1 h in the dark followed by four washing steps in PBS (5 min each). Cy5-labeled 

goat anti-mouse antibody (diluted 1:150 in antibody diluent) was used as secondary 

antibody (incubation for 1 h in the dark). Following 4 washing steps with PBS (5 min each) 

PC12 cell nuclei were counterstained with DAPI for 10 min in the dark. After extensive 

washing with PBS cells were mounted and subjected to immunofluorescence analysis. 
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2.32.2. Western blotting 

 

Do compare intracellular actin- and tubulin content in PC12 cells after treatment 

with SM/HOCl-SM Western blot analysis were performed. Cells were grown in collagen-

coated 6 well plates to 80% confluence. After washing with PBS cells were incubated in 

serum-free culture medium in the absence or presence of SM or HOCl-SM at the indicated 

concentrations for 24 h at 37°C. For protein isolation, the cells were washed with ice-cold 

PBS, scraped in lysis buffer, and protein extracts were processed as described above 

(analysis of caspase-3 activation and PARP cleavage). Linear PAGE, protein transfer onto 

PVDF membranes, and blocking nonspecific adsorption was performed as described. 

Monoclonal mouse anti-β-actin and anti-β-tubulin antibody (diluted 1:2,500 and 1:500, 

respectively, both in 5% (w/v) non-fat milk powder in TBS-T, 2 h incubation at RT) were 

used as primary antibody. Immunoreactive bands were visualized using HRP-conjugated 

goat anti-mouse IgG (dilution 1:5,000 in 5% (w/v) non-fat milk powder in TBS-T, 2 h 

incubation at RT) and subsequent SuperSignal development.  

 

 

2.33. Statistical analysis 

 

Data are presented as mean ± SD. ANOVA with Bonferroni correction (using the 

GraphPad Prism package) was used for analysis of statistical significance. All values of p < 

0.05 were considered significant. For proteome analyses only spots that were regulated ≥ 

2-fold (up or down; DeCyder software; GE-Healthcare) were picked and further processed 

for identification. 
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III. RESULTS 

 

 

First Part 

 

1. BACKGROUND 

 

 The SL family plays key role in cellular membrane organization and the 

initiation/execution of signaling events. SL are able to physically associate with each other 

and are able to engage in hydrogen bonding with Chol thereby generating highly-ordered 

and rigid lipid microdomains that alter the physical and biochemical properties of cellular 

membranes. Together with specialized proteins these microdomains form lipid rafts, 

structures that play essential roles in endocytosis, protein sorting and transport, and 

signaling (Neumann and van Meer, 2008). 

 Moreover, many SL have been identified as bioactive lipids that determine cell fate. 

They play key roles in inflammatory processes and can regulate cell proliferation, cell 

growth and survival, migration, senescence, and apoptosis (Hannun and Obeid, 2008). 

Among this diverse set of lipids, Cer and S1P are the most prominent SL involved in 

signaling pathways. S1P is a key regulator of proliferation, inflammation, and cell survival 

representing an anti-apoptotic lipid that can be considered as the “counterpart” of Cer. Cer 

itself is the most prominent pro-apoptotic lipid triggering differentiation, senescence, and 

regulation of cell growth and cell death. Cer can be generated de novo or by SM hydrolysis, 

mediated by either aSMase or nSMase. Because the cellular SM content is a magnitude 

higher than that of Cer, already small changes in the cellular SM pool can induce an 

enormous increase of Cer during activation of the apoptotic machinery. 

 SL are highly enriched in the brain. Especially GalCer and SM are located in the 

neuronal myelin sheath where they ensure proper neuronal function. However, SL were 

also shown to be involved in neurodegeneration. Neurodegenerative disorders are often 

accompanied by apoptotic cell death. A variety of studies highlighted the role of SM-

derived Cer as inducer of neuronal, glial, and oligodendrocyte cell death during disease 

progression (Jana and Pahan, 2004; Jana and Pahan, 2010a; Jana and Pahan, 2010b). 
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Therefore, it is important to gain a detailed understanding of SL metabolism in neuronal 

tissue. 

 

 

2. AIMS 

 

The first part of my thesis aimed at examining uptake mechanisms of fluorescently-

labeled SL derivates and clarifying intracellular trafficking and metabolism of these model 

lipids in a neuronal cell line (CATH.a). Special emphasis was placed on SM as this lipid is 

highly enriched in the CNS and represents the main precursor for the generation of pro-

apoptotic Cer and other signaling SL species. During theses studies we examined: 

 

i.)  uptake of BODIPY-labeled SL in CATH.a cells 

ii.) metabolism of BODIPY-SM and BODIPY-Cer in differentiated and undifferentiated 

CATH.a cells 

iii.) contribution of a/nSMase to BODIPY-SM hydrolysis 

 

 

3. AIM 1 – UPTAKE OF BODIPY-LABELED SL IN CATH.A CELLS 

 

 CATH.a is a catecholaminergic cell line of neuronal origin derived from transgenic 

mice harboring the SV40 T antigen oncogene under the transcriptional regulation of the rat 

tyrosine hydroxylase promoter. CATH.a cells express several markers specific for 

differentiated neurons thus representing an appropriate CNS neuronal model for the pulse-

chase and steady-state labeling experiments described below. 

 

3.1. Pulse-chase experiments 

 

The first series of experiments was designated to study time-dependent uptake as 

well as localization and subcellular distribution of a fluorescent SM analogue in CATH.a cells 

by using the fluorescent lipid BODIPY-SM. This fluorescent tracer was used because the 
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BODIPY fluorophore exhibits higher photostability and fluorescence intensity compared to 

other fluorophores (e. g. NBD, PYRENE).  

“Pulse-chase” experiments were performed in order to achieve adequate cell 

labeling already after short incubation time periods. Cells grown on glass cover slips were 

labeled (pulsed) with BODIPY-SM in serum-free medium at the indicated concentration for 

30 min at 4°C to inhibit endocytosis and to allow the lipid to equilibrate with the PM-lipid 

pool. After washing, cells were incubated in serum- and label-free medium (chased) at 37°C 

for the indicated time periods and remaining fluorescent SM at the PM was removed by a 

back-exchange (BE) step where cells were washed extensively with 5% DF-BSA in HBSS at 

4°C. Uptake and distribution of the fluorescent lipid was examined by laser scanning 

microscopy (LSM). 

 

 

Figure 15: Uptake and subcellular localization studies of fluorescent BODIPY-SM in CATH.a cells by 
application of pulse-chase experiments. CATH.a cells, grown on poly-D-lysine-coated cover slips, 
were cooled at 4°C for 10 min and then pulse-labeled with BODIPY-SM (2.5 µM) in serum-free 
culture medium for 30 min at 4°C. Cells were washed extensively with HBSS and were chased in 
serum-free culture medium for (b) 5 min, (c) 15 min, (d) 30 min, (e) 60 min, or (f) 240 min at 37°C. 
Remaining BODIPY-SM at the PM was BE by washing the cells 6 times for 10 min with 5% DF-BSA in 
ice-cold HBSS at 4°C before subjecting cells to LSM. Cells in a were pulse-labeled with BODIPY-SM as 
described above, washed extensively with HBSS, and were immediately analyzed by fluorescence 
microscopy without chasing at 37°C and BE. Nuclei of CATH.a cells in f were counterstained with 
HOECHST (5 µg/ml) for 10 min at 37°C. 
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Results shown in Figure 15 a demonstrate incorporation of the majority of BODIPY-

SM into the PM after pulse labeling for 30 min at 4°C. Efficient and rapid intracellular 

uptake of the fluorescent SM analogue already 5 min after chasing at 37°C was observed 

(Fig. 15 b). At early stages (< 10 min, Fig. 15 b) BODIPY-SM was present in punctuated 

intracellular structures that most probably resemble early recycling endosomes which may 

transport BODIPY-SM and/or BODIPY-SM-derived BODIPY-Cer, generated via activation of 

SMases to late endosomes/lysosomes or the Golgi apparatus, which represents the point of 

intersection in SL synthesis and trafficking. Therefore, it is not surprising that at later time 

points (15 min – 240 min, Fig. 15 c – f) SM is primarily localized at perinuclear regions 

resembling most probably the Golgi apparatus. Interestingly, accumulation of BODIPY-SM 

at pericentriole regions was not observed until a 15 min chase period but was still 

detectable after 30 min of incubation at 37°C. This suggests an ongoing recycling 

mechanism for BODIPY-SM within CATH.a cells following the secretory pathway. This 

pathway is characterized by recycling endosome-mediated transport of the lipid from the 

PM to the Golgi (maybe accompanied by SM degradation to Cer) followed by its transport 

back to the cell surface. These results parallel previous studies in which a recycling 

mechanism to the Golgi apparatus has been shown for endocytosed SM in CHO-K1 cells 

(Koval and Pagano, 1989). Due to the fact that SM should be localized in high amounts to 

the PM or to early/late endosomes or lysosomes, it is likely that most of internalized 

BODIPY-SM is hydrolyzed to BODIPY-Cer either via PM-bound nSMase or via aSMase that 

can localize to the PM and to lysosomes. BODIPY-Cer was previously shown to be a reliable 

marker for the Golgi apparatus (Marks et al., 2008) although the exact sorting 

pathways/mechanisms are not known. To elucidate intracellular localization of BODIPY-SM 

in more detail, co-localization experiments with organelle-selective, fluorescent probes 

were performed. 

 

 

3.2. BODIPY-SM accumulating compartments 

 

To identify BODIPY-SM accumulating compartments CATH.a cells were stained with specific 

markers for lysosomes, ER, Golgi, and the PM as described in ‘Materials and Methods’. 
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Figure 16: Colocalization studies of fluorescent BODIPY-SM with organelle-specific markers in 
CATH.a cells. CATH.a cells, grown on poly-L-lysine-coated cover-slips, were cooled at 4°C for 10 min 
and then pulse-labeled with BODIPY-SM (2.5 µM) for 30 min at 4°C. Cells were washed extensively 
with HBSS and were chased for 30 min at 37°C in the presence of the organelle specific markers 
LysoTracker Blue DND-22 (70 nM; a) or ER-Tracker Blue-White DPX (500 nM; b) followed by a BE as 
described. Cells in c were stained with CellMask Plasma Membrane Stain (5 µg/ml) for 5 min at 37°C 
prior to pulse-labeling with BODIPY-SM. After pulse-labeling cells were washed extensively with 
HBSS and were immediately analyzed by fluorescence microscopy without chase and BE. 
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Fluorescence images of both the BODIPY-SM and the organelle-specific probes were recorded from 
the same field of cells and then used to produce overlays from the double staining. In d CATH.a cells 
were stained with BODIPY-Cer (2.5 µM) in the same way as it was described for BODIPY-SM. In e 
and f cells were pretreated with nocodazole (30 µM) or brefeldin A (20 µg/ml) for 90 min at 37°C 
and were then stained with BODIPY-SM. All subsequent incubation steps in e and f were carried out 
in the presence of nocodazole or brefeldin A. If not noted otherwise, a 30 min chase period (37°C) 
was followed by BE. All incubation and staining steps were carried out in serum-free culture 
medium. 

 

Interestingly, BODIPY-SM does not localize to lysosomes (Figure 16 a) after 30 min 

of incubation with the fluorescent lipid. Investigations of BODIPY-metabolism in CATH.a 

neurons (see Figure 20 below) as well as in PC12 cells (data not shown) using HPLC analysis 

revealed rapid hydrolysis of the tracer in both cell lines even after short chasing times. 

Therefore, BODIPY-Cer generation via activation of SMases is very likely to occur. 

Colocalization of BODIPY-SM and the lysosomal tracker in the Golgi apparatus (Fig. 16 a) is 

presumably due to partial mislocalization into this compartment. As it is evident, that 

BODIPY-SM is not transported to CATH.a lysosomes (at least not at the investigated time 

intervals) Cer generation presumably takes place at the PM. 

In contrast to lysosomes we could detect partial delivery of BODIPY-labeled lipids to 

the ER (Fig. 16 b; white arrows). Under normal conditions only low concentrations of SM 

can be detected in the ER. Therefore it is likely that BODIPY-Cer, other SL species 

(generated via breakdown of BODIPY-SM), or other lipid classes (e. g. PL that gain excess to 

the BODIPY-labeled FA acyl chain) are responsible for ER staining. This is a reasonable 

explanation considering that the ER is the first site in both SL and PL synthesis. Many 

reactions in SL turnover are reversible, enabling degradation of complex SL (such as SM) 

and re-incorporation of the fluorescent FA acyl chain in newly synthesized PL in the ER. 

Additionally we confirmed insertion of BODIPY-SM into the PM right after pulse-

labeling at 4°C (Fig. 16 c). Obviously, SM inserts into the PM at low temperature without 

trafficking to other cellular compartments. Therefore, passive diffusion of BODIPY-SM can 

be ruled out because active endocytic processes as well as enzyme-based degradation of 

BODIPY-SM should not occur at these temperatures. 

Furthermore CATH.a cells were labeled with the Golgi marker BODIPY-Cer. These 

experiments revealed the same subcellular distribution of the fluorescent tracer as 

observed with BODIPY-SM (Fig. 16 d). These results strengthen previous assumptions that a 
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significant amount of BODIPY-SM is rapidly hydrolyzed generating BODIPY-Cer that 

subsequently localizes to the Golgi. 

Finally, it was demonstrated that uptake of BODIPY-SM is a microtubule-dependent 

process: Pretreatment of CATH.a cells with the microtubule-disrupting agent nocodazole 

(Fig. 16 e) resulted in accumulation of BODIPY-SM in punctuate structures within the cells. 

These ministacks result from Golgi fragmentation due to disruption of the microtubular 

network. These results were confirmed by Golgi disruption using brefeldin A (Fig. 16 f). In 

response to Golgi fragmentation PM and diffuse intracellular fluorescence was observed. 

 

 

3.3. Uptake mechanism of BODIPY-SM in CATH.a cells 

 

In the next set of experiments BODIPY-SM uptake was pharmacologically 

manipulated. The outcome of these (ant)agonists on intracellular BODIPY-SM trafficking 

and turnover was visualized by LSM and quantitatively analyzed by HPLC. CATH.a cells were 

treated with various inhibitors of clathrin- and caveolae-mediated endocytosis. To dissect 

clathrin-dependent pathways, chlorpromazine (CP) was used. This compound causes 

assembly of the clathrin lattice on endosomal membranes and prevents the assembly of 

coated pits at the PM (Wang et al., 1993). Caveolae-mediated endocytosis was inhibited 

with the cholesterol binding/depleting drugs methyl-β-cyclodextrin (MβCD) and nystatin 

(NY), or the Tyr kinase inhibitor genistein (GE). 

Cells were preincubated in the presence or absence of the respective inhibitors at 

the indicated concentrations for 30 min (2 h in case of GE) at 37°C, before cells were pulse-

labeled with BODIPY-SM at 4°C. After a 30 min chase at 37°C cells were analyzed by LSM 

either prior of after a BE step to DF-BSA. 

To verify results obtained from immunofluorescence analysis and to get a closer 

insight into the kinetics of SM hydrolysis to Cer, HPLC analysis of cellular lipid extracts was 

performed. CATH.a cells were treated with endocytosis inhibitors, pulse-labeled with 

BODIPY-SM, cellular lipids were extracted and the cell-associated BODIPY-SM and BODIPY-

Cer concentrations were quantitated by peak area comparison with external standards. 
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Figure 17: Effects of inhibitors of clathrin- and caveolae-mediated endocytosis on BODIPY-SM 
uptake by CATH.a neurons. LSM analysis was performed prior (A) or after (B) a BE to DF-BSA. 
CATH.a cells, grown on poly-L-lysine-coated cover slips, were preincubated in the absence (a) or 
presence of CP (7.5 µg/ml, b), MβCD (5 mg/ml, c), NY (30 µg/ml, d), or GE (200 µM, e) for 30 min at 
37°C (2 h in case of GE preincubation). Cells were then washed two times with ice-cold HBSS. Cells 
were allowed to cool down at 4°C for 10 min before they were pulse-labeled with BODIPY-SM (2.5 
µM) for 30 min at 4°C. Cells were washed extensively with HBSS and were chased for 30 min at 
37°C. All incubation steps were performed in the presence of respective inhibitors except for MβCD 
which was present only during the preincubation period. All micrographs were recorded with the 
same laser intensity. 

A 

B 
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Figure 18: Uptake and conversion of BODIPY-SM in CATH.a cells using inhibitors of clathrin- and 
caveolae-mediated endocytosis. CATH.a cells, grown on poly-L-lysine-coated 6 well plates, were 
preincubated in the absence or presence of either CP (7.5 µg/ml), MβCD (5 mg/ml), NY (30 µg/ml), 
GE (200 µM), or CHEL (1.5 µM) for 30 min at 37°C (2 h for GE, 1 h for CHEL). K+ depletion was 
performed using hypotonic K+-free buffer as described in ‘Materials and Methods’. Cells were then 
washed two times with ice-cold HBSS. Cells were allowed to cool down at 4°C for 10 min before 
they were pulse-labeled with BODIPY-SM (1 µM) for 30 min at 4°. Cells were washed extensively 
with HBSS and were chased for 30 min at 37°C. Subsequently, cells were washed again with HBSS 
and were BE with 5% -DF-BSA in ice-cold HBSS (6 times, 10 min each). Essentially all incubation 
steps were performed in the presence of respective inhibitors except for MβCD which was only 
present during the preincubation period. Cells were harvested by scraping in ice-cold HBSS, and 
lipids were extracted in CHCl3/MeOH 2:1. Dried lipids were dissolved in ethanol and subjected to 
HPLC analysis as described in ‘Materials and Methods’. Concentrations of cell-associated lipids were 
calculated by regression analysis of FI values which were normalized to the internal standard and 
total cell protein. Results are expressed as fluorescence intensity in % of control, and represent 
mean ± SD (n = 3). * p < 0.05; ** p < 0.005; *** p < 0.001. 

 

In addition to pharmacological antagonists K+ depletion was used to inhibit clathrin-

adapter interactions at the PM (Hansen et al., 1993). Finally cells were treated with the 

selective (but not isoform-specific) PKC inhibitor chelerythrine (CHEL) to suppress caveolae-

mediated endocytosis. 

 

*** 

*** 

*** 

*** 

*** 
*** 

** 

* 
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 Results shown in Figure 17 and 18 suggest that the majority of BODIPY-SM 

endocytosis proceeds via a caveolae-dependent pathway. Caveole are small (50-80 nm) 

invaginations of the PM that are enriched in SL and Chol and perform a number of different 

signalling functions. Especially Chol sequestration within the PM using the polyene 

antibiotic NY inhibited uptake of BODIPY-SM without affecting cell viability. 

Immunofluorescence analysis after treatment with NY revealed that SM is mainly localized 

to the PM after a 30 min chase at 37°C and accumulates in the Golgi to a lower degree as 

observed in control cell (Fig. 17 A (a and d)). Moreover, recording uptake after BE of 

membrane bound BODIPY-SM showed markedly reduced intracellular fluorescence in 

CATH.a cells incubated in the presence of NY. HPLC analysis revealed that BODIPY-SM by 

NY-treated cells was < 20% as compared to control cells (Fig. 18). Interestingly, treatment 

with the Chol depleting agent MβCD was almost without effect on BODIPY-SM endocytosis 

in CATH.a cells. In contrast to results obtained by HPLC immunofluorescence analysis 

revealed ≈ 50% reduced fluorescence (Fig. 17 B (a and c)). Treatment of CATH.a cells in the 

presence of the PKC and src inhibitors CHEL and GE provoked a significant decrease of 

BODIPY-SM uptake to approx. 60 and 40% of control cells as demonstrated by 

immunofluorescence and HPLC analysis (Fig. 17 B and Fig. 18). 

 In contrast to caveolae-mediated endocytosis, BODIPY-SM uptake via clathrin-

coated pits was less pronounced. However, K+ depletion inhibited BODIPY-SM uptake in 

CATH.a cells to 70% of control values, whereas CP was more or less without effect (Fig. 18). 

It was previously reported that K+ depletion interferes with the organization of the cortical 

actin cytoskeleton which may account for altered lipid uptake (Rajasekaran et al., 2001). 

Although CP was without effect on net uptake of BODIPY-SM immunofluorescence analysis 

suggested altered intracellular trafficking in response to this antagonist (Fig. 17 B (b)). In 

contrast to control cells, CP-treated cells accumulated BODIPY-SM in punctuate structures 

throughout the cytoplasm. Moreover, HPLC analysis showed reduced levels of cell-

associated Cer after CP incubation. This might be explained by the fact that CP is an 

inhibitor of aSMase (Lin et al., 2011) which would suggest that BODIPY-SM-derived BODIPY-

Cer is responsible for Golgi staining. 

Taken together, studies using inhibitors of clathrin- and caveolar endocytosis 

demonstrated that BODIPY-SM is predominately taken up via caveolae-mediated 

endocytosis in CATH.a cells. A significant amount of BODIPY-SM was rapidly converted to 
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BODIPY-Cer during the pulse-chase studies described above. Therefore these studies should 

be performed with metabolically stable fluorescently-tagged SM analogues. 

 

 

4. AIM 2 – BODIPY-SM METABOLISM IN CATH.A CELLS 

 

4.1. Generation of external standard curves 

 

 After analysis of BODIPY-SM uptake routes in CATH.a cells using pulse-chase 

experiments and LSM intracellular hydrolysis of BODIPY-SM to BODIPY-Cer and synthesis of 

BODIPY-SM from BODIPY-Cer was investigated. In order to get an idea about the kinetics of 

SM hydrolysis versus SM synthesis CATH.a cells were labeled with fluorescent SM or Cer 

analogues. Uptake and metabolism of the lipids was quantitatively analyzed by HPLC 

applying steady-state (tracer present throughout the whole incubation time) or pulse-chase 

labeling protocols. 

 During these studies BODIPY-labeled SM and Cer as well as PYRENE-labeled SM 

analogues were used. To calculate absolute concentrations of these fluorescent lipids, 

external HPLC calibration curves with known amounts of standards were established 

(Figure 19). 
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Figure 19: External standard curves for BODIPY-SM, BODIPY-Cer, and PYRENE-SM quantitation. 
Calibration curves were established by HPLC analysis of different concentrations of respective 
standards. Chromatographic conditions and gradient elution programs are described in ‘Materials 
and Methods’. All measurements were performed in duplicates. A typical elution profile of BODIPY-
SL is shown below the calibration curves. 

 

 

4.2. Steady-state labeling experiments 

 

During steady-state labeling experiments, cells were incubated in the presence of 

BODIPY-SM, BODIPY-Cer, or PYRENE-SM for the indicated time periods at 37°C. Cells were 

harvested and cellular lipid extracts were subjected to HPLC analysis to quantitate the 

cellular BODIPY-SM and Cer concentrations. 

 

Results shown in Figure 20 A revealed BODIPY-SM uptake by CATH.a cells in a time-

dependent manner. Already after 10 min, a significant proportion (approx. 20%) of BODIPY-

SM was hydrolyzed to BODIPY-Cer. At the end of the experiment BODIPY-Cer 

concentrations even exceeded the concentration of the initially added tracer (BODIPY-SM) 

indicating efficient BODIPY hydrolysis. Due to the rapid formation of BODIPY-Cer it might be 

reasonable to assume that a fraction of BODIPY-SM is subjected to SMase-dependent 

hydrolysis already at the PM. 

Also BODIPY-Cer uptake by CATH.a cells increased in a time-dependent manner 

albeit at slower rates as observed for BODIPY-SM, particularly at early time points (5 – 60 

min; Fig. 20 B). In addition it should be emphasized that the kinetics of SM synthesis from 

Cer by SMS is approx. 2-fold slower as compared to SM hydrolysis catalyzed by SMase. 

 Although less polar than other fluorescent lipids (e. g. NBD-labeled SL) short-chain 

BODIPY-labeled BODIPY-SM and BODIPY-Cer are no exact tracers of their natural 

counterparts with respect to assembly in raft and non-raft phases (van Meer and Liskamp, 

2005).  
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Figure 20: Uptake and metabolism of fluorescent SM and Cer analogues in CATH.a cells during 
steady-state labeling with the respective tracers. CATH.a cells, grown on poly-L-lysine-coated 6 
well plates, were labeled with BODIPY-SM (A), BODIPY-Cer (B), or PYRENE-SM (C; 1 µM each), for 
the indicated time periods at 37°C. Cells were washed with HBSS, scraped in ice-cold HBSS, and 
lipids were extracted in CHCl3/MeOH 2:1. Dried lipids were dissolved in ethanol and subjected to 
HPLC analysis as described in ‘Materials and Methods’. Concentrations of cell-associated lipids were 
calculated by peak are comparison with the established external standard curve for the analyte 
under investigation. Extraction efficacy was calculated by peak area comparison with an internal 
standard (BODIPY-C12-SM). 

A 

B 

C 
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 Therefore uptake of a PYRENE-labeled SM derivative was investigated in CATH.a 

cells. The combination of the highly hydrophobic PYRENE moiety and a longer (C10) FA acyl 

residue results in a SM derivate with physiochemical properties that are closer to natural 

SM as compared to BODIPY-SM. This was reflected by significantly different uptake kinetics 

for the PYRENE-labeled SM analogue compared to BODIPY-SM: After a 24 h incubation the 

concentrations of the PYRENE-labeled lipids are almost an order of magnitude lower as 

compared to the BODIPY-labeled analogue (Fig. 20 C). These results suggest slower 

incorporation of PYRENE-SM into the PM as compared to BODIPY-SM presumably 

representing the rate-limiting step in lipid uptake. Furthermore, less SM hydrolysis to Cer 

was observed during steady-state labeling. The reason(s) for these observations are 

currently not clear, however, it is plausible that BODIPY-SM represents a better substrate 

for a/nSMase and/or PYRENE-SM hydrolysis at the PM is less efficient. 

 

 

4.3. Pulse-chase studies 

 

 To get an indication about the time-dependent metabolism of a known amount of 

PM-located SM in CATH.a cells pulse-chase studies and subsequent HPLC analyses of cell 

and medium lipids were performed. 

 

As shown in Figure 21 A (left panel) cells acquired approx. 280 nmol BODIPY-labeled 

lipids, from these SM contributed approx. 230 nmol while the remaining is made up by 

BODIPY-Cer. This indicates that BODIPY-SM hydrolysis is an extremely fast process. During 

the 24 h time period BODIPY-SM was hydrolyzed at a rate of approx. 6 pmol/h. Surprisingly, 

SM hydrolysis was not accompanied by a concomitant equimolar increase in cellular 

BODIPY-Cer levels. To get an indication for potential release of analytes into the cellular 

supernatant medium lipids were analyzed (Fig. 21 A, right panel). These analyses revealed 

that approx. 65 and 60% of SM and Cer were recovered from the cellular supernatant. 

Importantly, the largest contribution to medium fluorescence was contributed by a 

currently unidentified analyte. This compound eluated early (2 min, Fig. 21 C) and before 

SM and Cer indicating rather polar properties, probably a galactosylated SM species. 
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Figure 21: Uptake and metabolism of BODIPY-SM and BODIPY-Cer in CATH.a cells after pulse-
labeling. CATH.a cells, grown on poly-L-lysine-coated 3.5 mm culture dishes, were cooled down at 
4°C for 10 min and were then pulse-labeled with BODIPY-SM (A) or BODIPY-Cer (B; 1 µM each) in 
serum-free culture medium for 30 min at 4°C. Cells were washed with HBSS and were chased in 
serum-free culture medium at 37°C for the indicated time periods. Cells were scraped in ice-cold 
HBSS, and lipids were extracted in CHCl3/MeOH 2:1. At each time-point medium was collected and 
lipids were extracted as described. Dried lipids were dissolved in ethanol and subjected to HPLC 
analysis as described in ‘Materials and Methods’. Concentrations of cell-associated lipids were 
calculated by peak are comparison with the established external standard curve for the analyte 
under investigation. Extraction efficacy was calculated by peak area comparison with an internal 
standard (BODIPY-C12-SM). (C) Elution profiles of cellular supernatant-derived BODIPY-SL after 4 
(left panel) and 24 h (right panel). 

  

When CATH.a cells were labeled with BODIPY-Cer less efficient uptake as compared 

to SM was observed (Fig. 21 B) most probably a result of less effective incorporation into 

the PM. Furthermore BODIPY-Cer concentrations were not significantly altered within the 

24 h incubation ranging between 7 and 14 pmol/mg cell protein), and the BODIPY-SM 

content slightly increased from approx. 2 to 5 pmol/mg cell protein. Also during these 

A 

B 

C 
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experiments low concentrations (0.2 - 3 pmol/ml medium) of fluorescent SM, Cer, and the 

unidentified polar analyte were detectable in the cellular supernatant. 

 

 Data in Figure 22 show the conversion rates of BODIPY-SM to BODIPY-Cer and vice 

versa after incubation of CATH.a cells with the respective tracer.  

 

 

Figure 22: Conversion rates of BODIPY-SM and BODIPY-Cer into other SL. Absolute values used for 
calculation were taken from Figure 21. Results are expressed as % of conversion of the respective 
parent fluorescent lipid. Left graph: cellular lipids; right graph: lipids from cells and cellular 
supernatant. 

 

From these data it is obvious that SM generation and hydrolysis are time-dependent 

processes starting immediately after pulse labeling. It is important to note that approx. 20% 

of fluorescent SL are already converted to the corresponding metabolite when starting the 

chase period. This indicates that SMases and SMS are enzymatically active even at low 

temperatures. Conversion reaches a plateau after 1 (SM synthesis from Cer) and 4 h (SM 

hydrolysis to Cer) start of the chase. Analysis of lipids present intracellularly and in the 

cellular supernatant (Fig. 22, right panel) revealed that after 24 h BODIPY-SM is converted 

to almost equal amounts to BODIPY-Cer and the unidentified polar SL species that is 

secreted into the culture medium. Similar results were obtained after labeling with BODIPY-

Cer, though interconversion was considerably slower and less effective. 
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4.4. Localization of BODIPY-labeled SL 

 

 To determine the ratio of intracellular and PM-located BODIPY-labeled SM and 

BODIPY-SM-derived BODIPY-Cer two strategies were applied: First, BODIPY-SM at the PM 

was subjected to hydrolysis by exogenously added SMase from B. cereus. Second, 

intracellular concentrations of BODIPY-labeled SL were determined after pulse-chase 

experiments followed by BE of PM-bound BODIPY-labeled lipids to DF-BSA. 

 

 

 

 

  
 

Figure 23: Determination of intracellular and PM-located BODIPY-SM. CATH.a cells, grown on poly-
L-lysine-coated 3.5 mm culture dishes, were cooled down at 4°C for 10 min and were then pulse-
labeled with BODIPY-SM (2 µM) in serum-free culture medium for 30 min at 4°C. (A) Cells were 
washed extensively with HBSS and were chased in serum-free culture medium at 37°C for 1 h to 
allow BODIPY-SM internalization. Following washing with HBSS, cells were subjected to B. cereus 
SMase treatment in serum-free culture medium at 37°C for the indicated time periods. (B) After 
pulse-labeling cells were washed extensively with HBSS and were chased in serum-free culture 
medium at 37°C for the indicated time periods before BE of PM-located BODIPY-labeled lipids to DF-
BSA. BE fractions were pooled and lipids were extracted as described in ‘Materials and Methods’. In 
both experiments cells were harvested by scraping in ice-cold HBSS, and lipids were extracted in 
CHCl3/MeOH 2:1. Dried lipids were dissolved in ethanol and subjected to HPLC analysis as described 
in ‘Materials and Methods’. Concentrations of cell-associated lipids were calculated by peak area 
comparison with the established external standard curve for the analyte under investigation. 
Extraction efficacy was calculated by peak area comparison with an internal standard (BODIPY-C12-
SM). 
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Since SMase from B. cereus is not internalized by eukaryotic cells only SM localized 

in the extracellular leaflet of the PM is accessible to hydrolysis. Treatment of BODIPY-SM-

labeled CATH.a cells with bacterial SMase and subsequent HPLC analysis of lipid extracts 

revealed that loaded cells contained 60 and 65 pmol/mg cell protein of SM and Cer, 

respectively. Treatment with B. cereus SMase reduced the BODIPY-SM concentrations 

down to 20 pmol/mg cell protein, indicating that approx. 65% are accessible to SMase-

dependent hydrolysis (Figure 23 A). The situation for BODIPY-Cer is slightly different: The 

relatively high BODIPY-Cer content at time 0 is most likely due to conversion by cellular 

SMase activity during the 60 min equilibration period before the actual hydrolysis 

experiment was started by addition of bacterial SMase. 

When B. cereus SMase was added we have observed a transient increase in Cer 

concentrations (from 65 to 105 pmol/mg cell protein) within the first 15 min which then 

leveled off again to the initial value. This is most likely a reflection of cellular Cer efflux to 

the supernatant or Cer conversion to other SL species. 

 

The next set of experiments was designed to confirm results obtained with bacterial 

SMase treatment. Therefore, cells were pulse-labeled with BODIPY-SM, washed, and 

supplemented with fresh medium. At the indicated time points cells were applied to a 60 

min BE of PM-associated BODIPY-lipids to DF-BSA at 4°C. Concentrations of BODIPY-SM and 

BODIPY-Cer in cells or the BE medium were quantitated by HPL. These experiments 

demonstrated that approx. 34% of BODIPY-fluorophores were recovered from intracellular 

compartments (Fig. 23 B). This fraction was constituted by 60% BODIPY-Cer and 40% 

BODIPY-SM. The remaining fluorescence was detected in the BE medium where BODIPY-SM 

contributed to 83 and BODIPY-Cer to 17% of BODIPY fluorescence. These results clearly 

confirm data obtained by exogenous SMase treatment. Absolute values for cell-associated 

fluorophores are shown in Fig. 23 C. 
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4.5. SM recycling to the PM 

 

 BODIPY-SM undergoes rapid metabolism in CATH.a cells. Therefore, the recycling 

kinetics of BODIPY-SM to the PM was investigated. 

 

 

 
 

Figure 24: Determination of recycling kinetics of intracellular BODIPY-SM to the PM. CATH.a cells, 
grown on poly-L-lysine-coated 3.5 mm culture dishes, were cooled down at 4°C for 10 min and were 
then pulse-labeled with BODIPY-SM (3 µM) in serum-free culture medium for 30 min at 4°C. Cells 
were washed extensively with HBSS and were chased in serum-free culture medium at 37°C for the 
indicated time periods. Following BE of membrane-bound BODIPY-SM cells were again chased in 
prewarmed BE medium for up to 1 h. After the indicated time periods chase medium was collected 
and replaced by fresh BE medium. After 60 min cells were harvested by scraping in ice-cold HBSS 
and lipids from cells and chase medium were extracted in CHCl3/MeOH 2:1. Dried lipids were 
dissolved in ethanol and subjected to HPLC analysis as described in ‘Materials and Methods’. 
Concentrations of cell-associated lipids were calculated by peak area comparison with the 
established external standard curve for the analyte under investigation. Extraction efficacy was 
calculated by peak area comparison with an internal standard (BODIPY-C12-SM). 

  

 Results shown in Figure 24 demonstrate that originally intracellular BODIPY-SM is 

efficiently recycled to the PM from intracellular compartments and becomes accessible to 

BE mediated by extracellular DF-BSA. After a 5 min chase, lipids were rapidly transported to 

the PM presumably through early/recycling endosomes. In contrast, after chasing for 30 

min BODIPY-SM recycling was slightly delayed. Obviously, BODIPY-SM is localized to 

different intracellular compartments after different chase periods out of which the 

fluorescent lipid exhibits different recycling kinetics to the PM. For BODIPY-Cer (Fig. 24, 

right panel) qualitatively comparable observations were made: After a 5 min chase approx. 

50% of the fluorescent lipid was removed by BE. This value increased to 80% after a 30 min 

chase period. Also these results indicate efficient recycling of intracellular BODIPY-Cer to 

the PM which is accessible towards uptake by extracellular DF-BSA.  
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4.6. BODIPY-SM metabolism in differentiated CATH.a cell 

 

 It was previously shown that CATH.a cells can undergo PKA-mediated differentiation 

when treated with corticotrophin-releasing factor (CRF) or PKA agonists such as dbcAMP 

(Cibelli et al., 2001). In order to test if CATH.a differentiation alters BODIPY-SM uptake and 

metabolism pulse-chase studies were performed in differentiated CATH.a cells. 

 

 To induce differentiation in CATH.a neurons, cells were treated with dbcAMP. 

Results obtained from phase contrast microscopy revealed CATH.a differentiation into 

neurite containing cells upon dbcAMP treatment. Differentiation followed a concentration-

dependent manner which reached a plateau when concentrations of 2 µM dbcAMP were 

applied to cells (data not shown). Interestingly, differentiation was a time-dependent 

process in which a maximum of differentiation was observed after 24 h incubation (Fig. 25 

b and d). Treatment which dbcAMP up to four days with change of differentiation medium 

every 24 h did not further increased the degree of CATH.a differentiation (data not shown). 

 

 

Figure 25: Differentiation of CATH.a cells. CATH.a cells, grown on poly-L-lysine-coated 6 well plates 
were incubated in the absence (a and c) or presence (b and d) of dbcAMP (2 mM) in serum-free 
culture medium for 24 (a and b) or 48 h (b and d) at 37°C. Differentiation was followed by phase 
contrast microscopy. 
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Figure 26: Metabolism of fluorescent BODIPY-SM in differentiated and undifferentiated CATH.a 
cells after pulse-labeling. CATH.a cells, grown on poly-L-lysine-coated 3.5 mm culture dishes, were 
washed with HBSS and incubated in the absence or presence of dbcAMP (1 µM) in serum-free 
culture medium at 37°C for 24 h. Subsequently, cells were cooled down at 4°C for 10 min and were 
then pulse-labeled with BODIPY-SM (1 µM) in serum-free culture medium for 30 min at 4°C. Cells 
were washed extensively with HBSS and were chased in serum-free culture medium at 37°C for the 
indicated time periods. Cells were harvested by scraping in ice-cold HBSS, and lipids were extracted 
in CHCl3/MeOH 2:1. At each time-point medium was collected and lipids were extracted as 
described. Dried lipids were dissolved in ethanol and subjected to HPLC analysis as described in 
‘Materials and Methods’. Concentrations of cell-associated lipids were calculated by peak are 
comparison with the established external standard curve for the analyte under investigation. 
Extraction efficacy was calculated by peak area comparison with an internal standard (BODIPY-C12-
SM). Left graph: cellular lipids; right graph: lipids from cells and cell supernatant 

  

As observed in previous pulse-chase metabolic studies BODIPY-SM is rapidly 

hydrolyzed to BODIPY-Cer in CATH.a cells in which Cer generation reached a plateau after 2 

h chasing at 37°C (60% of intracellular BODIPY-SM was converted to Cer; Figure 26, left 

panel). Taken lipid export to the culture medium into account HPLC analysis exhibited that 

approx. 40% of initial BODIPY-SM was equally converted to Cer and another BODIPY-SM-

derived lipid species (Fig. 26, right panel) which is almost identical with results shown 

above (Fig. 22, right panel). 
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5. AIM 3 – CONTRIBUTION OF a/nSMASE TO BODIPY-SM HYDROLYSIS 

 

5.1. SMase activity in CATH.a cells 

 

As evident from our previous results, BODIPY-SM undergoes rapid hydrolysis to 

BODIPY-Cer due to SMase activity. A major question still was whether aSMase, nSMase, or 

both enzymes contribute to SM degradation. Therefore, basal activities of these enzymes 

were determined in differentiated and undifferentiated CATH.a cells as well as in the 

absence or presence of pharmacological aSMase and nSMase inhibitors. 

 

 

 

Figure 27: SMase activity in differentiated and undifferentiated CATH.a cells in the absence or 
presence of SMase inhibitors and after RNAi. CATH.a cells, grown on poly-L-lysine-coated 6 well 
plates, were lysed in acid lysis buffer for determination of aSMase or neutral lysis buffer for 
determination of nSMase activity followed by determination of SMase activity as described in 
‘Materials and Methods’. (A) Basal activity in CATH.a cells. (B) CATH.a cells were preincubated in the 
absence (-) or presence (+) of dbcAMP for 24 h to induce differentiation. (C and D) Pretreatment 
with desipramine or GW4869 was performed for 90 min in serum-free culture medium at 37°C. 
SMPD3 siRNA silencing was performed as described in ‘Materials and Methods’. After incubation of 
cell lysates with BODIPY-SM as substrate, reaction was stopped by addition of CHCl3/MeOH 2:1. 
Dried lipid extracts were dissolved in ethanol and subjected to HPLC analysis as described in 
‘Materials and Methods’. Concentrations of cell-associated lipids were calculated by peak area 
comparison with the established external standard curve for the analyte under investigation. 
Extraction efficacy was calculated by peak area comparison with an internal standard (BODIPY-C12-
SM). Data represent the means ± SD (n = 3). ** p < 0.005; *** p < 0.001. 
* Protein lysates (instead of intact CATH.a cells) were incubated with GW4869 30 min before 
substrate addition 

A B 

C D 

dbcAMP 

*** 

*** 
*** 

*** *** *** 
** 
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 Measurements of aSMase and nSMase activity showed that both enzymes exhibit 

similar reaction kinetics in CATH.a cells when BODIPY-SM was used as a substrate (Figure 

27 A). These experiments revealed BODIPY-SM conversion rates of approx. 70 

pmol/min/mg cell protein which is in good agreement with other studies that investigated 

SMase activities in various cell lines using fluorescent substrates (Levade et al., 1995). 

 Many cells contain Mg2+-independent SMases. Therefore, experiments were 

performed in the absence or presence of Mg2+ in lysis and reaction buffer. In CATH.a cells 

Mg2+-independent SMase activity was more or less undetectable which clearly 

demonstrates the dependence of nSMase on Mg2+ ions (Fig. 27 A). In addition these results 

confirm that aSMase activity does not interfere with nSMase measurement under the 

experimental conditions applied. As would be expected from data shown in Fig. 26, SMase 

activities were not altered in differentiated CATH.a cells (Fig. 27 B). 

 To test the potency of the aSMase inhibitor desipramine and the nSMase 

competitive inhibitor GW4869 CATH.a cells were treated with the respective inhibitors 

before determination of SMase activities. As shown in Fig. 27 C desipramine resulted in 

inhibition of aSMase activity in a concentration-dependent manner. Treatment with the 

lysosomotropic compound exhibited IC50 values of 20 µM whereas higher concentrations 

(30 µM) decreased aSMase activity by 70%. Desipramine treatment did not affect nSMase 

activity in CATH.a cells (Fig. 27 D). In contrast to the aSMase inhibitor desipramine, 

GW4869 is a less potent inhibitor of nSMase activity (Fig. 27 D). Treatment with this 

inhibitor did not alter nSMase activity up to 30 µM (data not shown) and concentrations of 

50 µM resulted in approx. 20% enzyme inhibition. To exclude the possibility that the 

antagonist is not taken up by cells, GW4869 was added directly to protein extracts 30 min 

before addition of the substrate buffer. Using this protocol also only slight inhibition 

(approx. 30%) of nSMase was observed. 

 To achieve significant downregulation of nSMase activity we performed RNAi using 

two different SMPD3 siRNAs. However, also RNAi decreased nSMase activity only to 

approx. 70 and 75%, respectively. To achieve better SMPD3 silencing we are currently 

optimizing the siRNA transfection protocol of CATH.a cells. 
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5.2. Contribution of aSMase to BODIPY-SM hydrolysis 

 

 To determine if aSMase is involved in BODIPY-SM degradation CATH.a cells were 

treated with desipramine before pulse-labeling with BODIPY-SM. 

 

 

Figure 28: BODIPY-SM hydrolysis in desipramine-treated CATH.a cells. CATH.a cells, grown on poly-
L-lysine-coated 3.5 mm culture dishes, were washed with HBSS and were preincubated in the 
absence or presence of desipramine (30 µM) in serum-free culture medium at 37°C for 90 min. 
Subsequently, cells were cooled down at 4°C for 10 min and were then pulse-labeled with BODIPY-
SM (1 µM) in serum-free culture medium for 30 min at 4°C. Cells were washed extensively with 
HBSS and were chased in serum-free culture medium at 37°C for the indicated time periods. Cells 
were harvested by scraping in ice-cold HBSS, and lipids were extracted in CHCl3/MeOH 2:1. At each 
time-point medium was collected and lipids were extracted as described. Dried lipids were 
dissolved in ethanol and subjected to HPLC analysis as described in ‘Materials and Methods’. 
Concentrations of cell-associated lipids were calculated by peak area comparison with the 
established external standard curve for the analyte under investigation. Extraction efficacy was 
calculated by peak area comparison with an internal standard (BODIPY-C12-SM). 

  

As BODIPY-SM is rapidly hydrolyzed to BODIPY-Cer a metabolic process starting 

already at the PM we wanted to examine which SMases contribute to the degradation of 

the fluorescent lipid. Desipramine was shown to significantly inhibit aSMase activity. 

Results after treatment of CATH.a cells with desipramine coupled to pulse-chase 

experiments using BODIPY-SM revealed that aSMase seems to be only slightly involved in 

BODIPY-SM hydrolysis (Figure 28). Cells were chased up to 2 h because previous 

experiments showed that after this time period BODIPY-SM degradation reaches steady-

state kinetics. At early stages (up to 1 h chasing) Cer generation was slightly delayed in 

desipramine-treated cells. These results suggest that nSMase provides the major 

contribution to SM hydrolysis in CATH.a cells. 
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Second Part 

 

1. BACKGROUND 

 

 MS is characterized by actively demyelinating plaques in response to inflammatory 

events mediated by resident and immune cells transmigrated across the BBB from the 

periphery. One of the key oxidant-producing enzymes is MPO that is expressed in 

neutrophils (5% of total cell protein content), monocytes (1% of total cell protein content), 

as well as in resident macrophages in the CNS. MPO was recently shown to be linked to 

acute and progressive (neurodegenerative) CNS diseases like e. g. brain stroke (Breckwoldt 

et al., 2008), AD (Green et al., 2004), PD (Choi et al., 2005), or MS (Chen et al., 2008). In the 

presence of physiological Cl- concentrations, MPO can generate HOCl that modifies DNA, 

proteins, and lipids. Under physiological conditions, MPO contributes to host defense but 

sustained MPO activation, as present during chronic inflammation, leads to 

oxidative/chlorinative tissue damage. 

The CNS is an organ that is rich on SL (15% of total lipids; (O'Brien and Sampson, 

1965)). Especially the myelin sheath of neurons contains high amounts of SM. Since MPO 

was shown to be abundantly present in demyelinating lesions of MS animal models, we 

tested the hypothesis that this enzyme is involved in oxidative/chlorinative modification of 

SM species. The ability of oxidized/chlorinated lipid species to display cytotoxic effects 

towards neurons might be of central importance for disease progression in several 

neurological disorders involving an inflammatory component. 

 

 

 

 

 

 

 

 

 



- 97 - 
 

2. AIMS 

 

The aim of the second part of my thesis was to examine the impact of the MPO 

derived oxidant HOCl on unsaturated SM species that are indispensable for normal function 

of the CNS. Therefore the project aimed to: 

 

i.)  study the uptake of fluorescently-labeled SM analogues in dopaminergic PC12 cells 

ii.) investigate the accessibility of SM towards HOCl modification and to identify and 

characterize SM-derived oxidation products 

iii.) define the impact of exogenously added SM and HOCl-SM on viability parameters of 

PC12 cells 

iv.) study alterations in the PC12 cell proteome in response to SM and HOCl-SM 

 

 

3. AIM 1 – UPTAKE OF FLUORESCENT NBD- AND BODIPY-SM IN PC12 CELLS 

 

3.1. Steady-state labeling with NBD-SM 

 

The first series of experiments was aimed to study cellular SM uptake as well as 

localization and distribution of the lipid in PC12 cells using the fluorescent tracer NBD-SM, 

another fluorescent analogue of SM. Cells were continuously labeled with NBD-SM and 

uptake and distribution of this fluorescent lipid was followed by fluorescence microscopy. 

 

 

Figure 29: Uptake and localization studies of fluorescent NBD-SM in PC12 cells. PC12 cells were 
grown on collagen-coated chamber slides and were labeled with NBD-SM (2.5 µM) in serum-free 
culture medium for (a) 30 min, (b) 60 min, or (c and d) 120 min at 37°C. Cells were then washed 
three times with HBSS and subjected to fluorescence microscopy. 
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Results shown in Figure 29 demonstrate efficient and rapid cellular uptake of NBD-

labeled SM in PC12 cells similar to what was observed after labeling CATH.a cells with 

BODIPY-SM. After 30 min of incubation (Fig. 29 A) NBD-SM was already distributed 

throughout the cell with a preferred localization around the nucleus, presumably in the 

Golgi apparatus and/or the ER. In addition, NBD-SM was found to accumulate at 

pericentriole regions of the cells (white arrows) indicative for transport of the fluorescent 

SM (or the NBD-SM-derived Cer) to recycling endosomes. These results are in line with 

previous studies in where a recycling mechanism to early endosomes and the Golgi 

apparatus has been shown for endocytosis of SM (Pagano et al., 1999; Takahashi et al., 

2007). Longer incubation times (1 and 2 h; Fig. 29 B, C and D) did not significantly alter 

uptake efficacy or subcellular localization of NBD-SM. 

 

 

3.2. Pulse-chase studies 

 

To investigate time-dependent uptake as well as subcellular distribution of 

fluorescent SM analogues in more detail, pulse-chase studies with BODIPY-SM were applied 

in a similar manner as performed in CATH.a cells. 

Similar to formerly observed in CATH.a cells, pulse-chase experiments revealed a 

time-dependent uptake of fluorescent SM into PC12 cells. As shown in Figure 30 a pulse 

labeling at 4°C for 30 min resulted in efficient accumulation of BODIPY-SM in the PM. After 

5 min of a 37°C chase period, fluorescent BODIPY-SM or BODIPY-SM-derived BODIPY-Cer 

accumulated in punctuated structures within the cells (Fig. 30 b). In addition, a portion of 

the lipid already reached the Golgi apparatus (white arrows) that is tightly associated with 

the PC12 nucleus. Golgi labeling by BODIPY-labeled SL is even more pronounced after 

chasing 15 min at 37°C although BODIPY-SM enriched endosomes are still visible (Fig. 30 c). 

Whereas an increase in fluorescence intensity can be observed when CATH.a 

neurons were chased for 15 min instead of 5 min at 37°C, hardly any differences in 

fluorescence intensity are obtained at longer chasing time periods (Fig. 30 c – f). 
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Figure 30: Uptake and localization studies of fluorescent BODIPY-SM in PC12 cells by pulse-chase 
experiments. PC12 cells, grown on collagen-coated cover-slips, were cooled-down at 4°C for 10 min 
and then pulse-labeled with BODIPY-SM (2.5 µM) in serum-free culture medium for 30 min at 4°C. 
Cells were washed extensively with HBSS and were chased in serum-free culture medium for (b) 5 
min, (c) 15 min, (d) 30 min, (e) 60 min, or (f) 240 min at 37°C. Remaining BODIPY-SM at the PM was 
BE by washing the cells 6 times for 10 min with 5% DF-BSA in ice-cold HBSS at 4°C and cells were 
processed as described in ‘Materials and Methods’. Cells in a were pulse-labeled with BODIPY-SM 
as described above, washed extensively with HBSS, and were immediately analyzed by fluorescence 
microscopy without chasing at 37°C and BE. 

 

Moreover, the predominant Golgi labeling remains unaltered at longer time points. 

These results suggest rapid uptake of fluorescent BODIPY-SM which is presumably 

accompanied with its degradation to BODIPY-Cer as it was observed in CATH.a cells. 

 

 

3.3. BODIPY-SM accumulating compartments 

 

In order to investigate BODIPY-SM accumulating compartments in PC12 cells, 

colocalization studies were performed as described for CATH.a cells. 
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Figure 31: Colocalization studies of fluorescent BODIPY-SM with organelle-specific markers in 
PC12 cells. PC12 cells, grown on collagen-coated cover-slips, were pulse-labeled with BODIPY-SM 
(2.5 µM) for 25 min at 4°C. Cells were washed extensively with HBSS and were chased for 30 min at 
37°C in the presence of the organelle specific markers LysoTracker Blue DND-22 (70 nM; a) or ER-
Tracker Blue-White DPX (500 nM; b) followed by a BE. Cells in c were stained with CellMask Plasma 
Membrane Stain (5 µg/ml) for 5 min at 37°C before cells were pulse-labeled with BODIPY-SM as 
described above. After pulse-labeling cells were washed extensively with HBSS and were 
immediately analyzed by fluorescence microscopy without chasing at 37°C and BE. Fluorescence 
images of both the BODIPY-SM and the organelle-specific probes were recorded from the same 
field of cells and then used to produce overlays from the double-staining. In d PC12 cells nuclei 
were counterstained with HOECHST (5 µg/ml) before BE. In e PC12 cells were stably transfected 
with the mitochondrion selective tracer DsRed-Mito. 2 days after transfection PC12 cells were 
labeled with BODIPY-SM as described above and analyzed by LSM (no BE). In f PC12 cells were 
stained with BODIPY-Cer (2.5 µM) in the same way as it was described for BODIPY-SM. In g PC12 
cells were treated with nocodazole (33 µM) for 90 min at 37°C and were then stained with BODIPY-
SM. All subsequent incubation steps were carried out in the presence of nocodazole. If not 
otherwise noted, duration of chasing in all cases was 30 min at 37°C and was followed by a BE. All 
incubation and staining steps were carried out in serum-free culture medium. 

 

In contrast to what has been found in CATH.a cells, some PC12 lysosomes contained 

BODIPY-SM (white arrows) suggesting uptake of the lipid via the degradative endocytic 

pathway (Figure 31 a). However, BODIPY-labeled SL only partially accumulated in the ER 

(Fig. 31 b) and were absent in PC12 mitochondria (Fig. 31 e), identically to what was 

observed in CATH.a cells. Staining the PM indicated BODIPY-SM insertion in the lipid bilayer 

after pulse-labeling (Fig. 31 c). Additionally, localization of BODIPY-SM to PC12 nuclei could 

be ruled out which confirmed pericentriolar localization of the fluorescent lipid (Fig. 31 d). 

Similar to BODIPY-SM, BODIPY-Cer also localized to the Golgi (Fig. 31 f). Disruption of this 

organelle provoked accumulation of BODIPY-SM in Golgi-derived ministacks (Fig. 31 g). 

 

 

4.  AIM 2 – INVESTIGATION OF THE ACCESSIBILITY OF SM TOWARDS HOCl MODIFICATION 

AND IDENTIFICATION AND CHARACTERIZATION OF SM-DERIVED OXIDATION 

PRODUCTS 

 

4.1. Modification of SM by reagent HOCl and identification and characterization of SM 

derived oxidation products 

 

Next, the oxidative effect of reagent HOCl on SM was investigated. For these 

experiments, chicken egg yolk derived SM which contains SM(d18:1/16:0) as predominant 
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SM species (93% d18:1 of total long-chain base and 68% 16:0 of total FA acyl residue; 

(Ramstedt et al., 1999)). SM modification was carried out in water using a 2.5-fold molar 

excess of HOCl (7.12 mM) over SM. SM micelles were generated by sonication and 

incubation with HOCl was performed over night before the extent of modification was 

estimated using MALDI-TOF-MS. 

 

 
 

 
 

Figure 32: MALDI-TOF analysis of SM and HOCl-modified SM. SM from chicken egg yolk was 
modified with reagent HOCl as described in ‘Materials and Methods’. Following modification, lipids 
were extracted and analyzed by MALDI-TOF-MS using DHB as matrix as described in ‘Materials and 
Methods’. Representative spectra of the predominant SM subspecies SM(d18:1/16:0) before (A) and 
after (B) HOCl modification are shown. 
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Figure 32 A shows that untreated SM from chicken egg yolk exhibits two major 

peaks at 703.6 Da and 725.6 Da, corresponding to the respective protonated form (+ H+) 

and the sodium adduct (+ Na+) which is in agreement with previous studies showing that PC 

and SM tend to form sodium adducts when analyzed in the positive ion mode by MALDI-

TOF-MS, even after lipid extraction (Schiller et al., 2004). Moreover, neither potassium 

adducts (m/z = 742.7 Da) nor other native SM species present in chicken egg yolk-derived 

SM (e. g. SM(d18:1/18:0) with m/z = 731.7 Da) could be detected by MALDI-TOF-MS. 

In response to treatment of chicken egg yolk-derived SM with reagent HOCl (Fig. 32 

B), one major peak (shifted by 52 Da) appeared at m/z = 755.5 Da that corresponds to the 

newly formed SM(d18:1/16:0) mono-chlorohydrin. Beside the detection of the respective 

sodium adduct at 777.5 Da HOCl-mediated SM modification led to the generation of a 

monochlorinated derivate of the SM(d18:1/16:0) chlorohydrin, detected at 737.5 (+ H+) and 

759.5 Da (sodium adduct). The formation of unsaturated adducts of chlorohydrins after 

HOCl treatment was previously also described for unsaturated PC (Spalteholz et al., 2004). 

The peak at 719.6 Da represents formation of a SM(d18:1/16:0) epoxide and peaks at 771.6 

and 789.6 are indicative of mixed chlorohydrins/chloramide species as the SM amide group 

also represents a target for HOCl oxidation. 

In parallel to chlorohydrin/chloramide formation almost no native SM(d18:1/16:0) 

with a mass of 703.6 Da was detected. This is indicative of an almost complete modification 

achieved by addition of a 2.5-fold molar excess of reagent HOCl. In response to HOCl 

modification the presence of SM(d18:0/16:0) at 705.6 (+ H+) and 727.6 Da (+ Na+) could be 

detected. This SM species contains a saturated long-chain base thus rendering the lipid 

resistant to chlorohydrin formation initiated by HOCl. 

 

The mass assignment of respective native and chlorinated/oxidizes SM species that 

are shown in Fig. 32 A and B are summarized and listed in Table 3 and the proposed 

structures, chemical formulas, and corresponding m/z values of native and chlorinated SM 

species are displayed in Figure 33. 
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Table 3: Assignment of molecular ions produced by modification of 
SM(d18:1/16:0) with HOCl 

 

 

 

 

 

Figure 33: Proposed structures and resulting masses of SM(d18:1/16:0) before and after HOCl 
modification 
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4.2. Modification of SM by the MPO/H2O2/Cl- system 

 

After having proven the accessibility of SM towards HOCl modification it was tested 

whether SM can also be modified by the MPO/H2O2/Cl- system under physiological 

conditions. Hence, 30 µg SM were dispersed in phosphate buffer (50 mM, 140 mM NaCl, pH 

5) by sonication and incubated in the presence of 70 nM MPO at 37°C for 30 min under 

rapid shaking. Reaction was started by addition of H2O2 (200 µM, final concentration). After 

removal of MPO the reaction was allowed to proceed for further 12 h before extent of 

modification was estimated using MALDI-TOF-MS. 

 

 

 

Figure 34: MALDI-TOF-MS analysis of SM modified by the MPO/H2O2/Cl- system. SM from chicken 
egg yolk was modified in phosphate buffer by HOCl generated by MPO sing H2O2 and Cl- as 
substrates. Following modification, lipids were extracted and analyzed by MALDI-TOF-MS using DHB 
as matrix as described in ‘Materials and Methods’. A representative spectrum of the predominant 
SM subspecies SM(d18:1/16:0) after modification by the MPO/H2O2/Cl- system is shown. 

 

In contrast to the experiments where SM was treated with reagent HOCl, 

experimental conditions where SM(d18:1/16:0) was almost quantitatively modified (see 

Fig. 32 B), a significant proportion of unmodified SM(d18:1/16:0) was still detectable when 

HOCl was generated enzymatically (Figure 34; peak at 703.6 Da). However, formation of 
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the SM(d18:1/16:0) epoxide (719.6 Da), the SM mono-chlorohydrin (755.6 and 777.6 Da), 

as well as generation of the less saturated, monochlorinated adduct (737.6 and 759.6 Da) 

and mixed chlorohydrin/chloramide species of SM(d18:1/16:0) was clearly occurring under 

these more physiological conditions. The respective structures, chemical formulas, 

corresponding m/z values, and mass assignments (shifted by 0.1 Da in case of the 

chlorinated SM species compared to reagent HOCl modification) are shown and listed in 

Fig. 33 and Tab. 3. 

 

 

4.3. Modification of mouse brain lipids with reagent HOCl 

 

To elucidate potential lipotoxic effects of MPO-generated HOCl in acute and 

progressive CNS diseases we next aimed to establish the accessibility of SM to HOCl 

modification in a physiologically relevant lipid matrix. Serving as an in vitro model for HOCl-

derived oxidative damage, total mouse brain lipids were exposed to reagent HOCl. For this 

purpose, frozen brains of female C57Bl/6 mice were homogenized in liquid nitrogen, lipids 

were extracted according to a modified Folch procedure (Goti et al., 2002) and the resulting 

lipid extracts were incubated in the presence of increasing HOCl:lipid ratios. After a second 

extraction, lipids were analyzed by FT-ICR-MS. 

These analyses revealed SM(d18:1/18:0) (N-(octadecanoyl)-sphing-4-enine-1-

phosphocholine) and SM(d18:1/24:1) (N-(tetracosenoyl)-sphing-4-enine-1-phosphocholine) 

as the predominant molecular species (mean 950 and 420 nmol/g wet tissue) in the brain 

SM fraction (Figure 35 A). The corresponding N-hexadecanoyl-, N-octadecenoyl-, and N-

eicosanoyl-species were present in minor amounts contributing to approx. 20 nmol/g wet 

brain. This assignment reflects the typical brain-SM abundance where SM(d18:1:18:0) is 

mainly found in the gray matter whereas SM(d18:1/24:1) is more or less exclusively 

localized to the white matter. Modification of mouse total brain lipids with reagent HOCl 

resulted in depletion of these SM species in a HOCl-concentration-dependent manner. 
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Figure 35: FT-ICR-MS analysis of native and HOCl-modified mouse brain lipids. C57Bl/6 mice were 
killed by cervical dislocation, brains were removed, homogenized in liquid nitrogen, and lipids were 
extracted using a modified Folch extraction. Extracts were dried under a stream of nitrogen and 
defined amounts were modified at the indicated NaOCl concentrations. After another extraction 
step lipids were dissolved in CHCl3/MeOH (1:1, v/v) and analyzed by a hybrid linear ion trap FT-ICR-
MS in positive ESI mode as described in ‘Materials and Methods’. Results are mean values of 
duplicate determinations. 
(A) Composition of native mouse brain SM.  
(B) Total, SM(d18:1/16:0), and SM(d18:1/24:1) content in mouse brain lipid samples prior and after 
HOCl modification at the indicated ratios.  
(C) Generation of SM chlorohydrin species derived from mouse brain SM following HOCl 
modification at the indicated ratios. 

A 

B 

C 
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 Of note, 1 µg NaOCl per 100 µg lipid (corresponding to an equimolar NaOCl 

concentration over brain lipids) resulted in the depletion of approx. 40% of the original SM 

content indicating that this lipid subspecies is highly sensitive towards HOCl modification. A 

50-fold molar excess of HOCl over brain lipids resulted in nearly complete disappearance of 

SM(d18:1/18:0) and (d18:1/24:1) (Fig. 35 B) which was accompanied by an transient 

generation of the respective chlorinated SM species. We could detect formation of 

SM(d18:1/18:0) and (d18:1/24:1) mono-chlorohydrins and a less saturated, 

monochlorinated derivate (described above) of SM(d18:1/18:0) (Fig. 35 C). However, the 

formation of HOCl-SM in murine total brain lipids was only detectable when high 

concentration of reagent HOCl were applied to the lipid matrix (50 µg/100 µg brain lipid 

that corresponds to a 50-fold molar excess of reagent HOCl over brain lipids). Of note, the 

loss of native brain SM species did not correlate with gain of new, HOCl-modified SM 

species. Interestingly, application of higher NaOCl concentration (500 µg/100 µg brain lipid 

corresponding to a 500-fold molar excess of reagent HOCl over brain lipids) to mouse brain 

lipids did not induce increased conversion and/or accumulation of SM chlorohydrins but 

prevented detection of chlorinated SM. This could be explained by abstraction of the FA 

acyl residue from the Sph backbone due to introduction of the chlorohydrin group as it was 

already described for PC chlorohydrins which may also account for the discrepancies of the 

amounts of decreasing native SM and accompanied HOCl-SM generation. 

 

 

4.4. Determination of second-order rate constants for HOCl-mediated SM modification  

 

To get an indication of the susceptibility of SM to HOCl modification, rate constants 

for the reaction of SM(d18:1/16:0) with reagent HOCl were determined. In these studies 

SM liposomes were treated for 10 sec with reagent HOCl. Reactions were stopped by 

addition of CHCl3/MeOH (2:1, v/v), lipids were extracted according to (Folch et al., 1957), 

and the decrease of SM(d18:1/16:0) was determined by HPLC-ESI-MS using PC(16:0/16:0) 

as internal standard. Experimental conditions, reaction rates, and the resulting rate 

constants are given in Table 4. 
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Table 4: Second-order rate constants at pH 6.5 (37°C) for the reaction of SM with NaOCl. 
SM(d18:1/16:0) samples were incubated for 10 seconds with reagent NaOCl, extracted in 
CHCl3/MeOH (2:1, v/v), dried under nitrogen, redissolved in methanol, and analyzed by LC-ESI-MS 
as described in Material and Methods. PC(16:0/16:0) was used as internal standard. All experiments 
were performed in triplicates. 
 

NaOCl 

(mol/L) 

SM0 
a
 

(mol/L) 

SMt 
b
 

(mol/L) 

SMmod 
c
 

(mol/L) 

Rate 
d
 

(mol L
-1

 s
-1

) 

k2
 e
 

(L mol
-1

 s
-1

) 

4.00 x 10
-3

 1.20 x 10
-3

 4.04 x 10
-4

 7.96 x 10
-4

 7.96 x 10
-5

 16.58 

4.00 x 10
-3

 2.00 x 10
-3

 1.14 x 10
-4

 1.86 x 10
-3

 1.86 x 10
-4

 23.20 

4.00 x 10
-3

 2.84 x 10
-3

 1.05 x 10
-3

 1.79 x 10
-3

 1.79 x 10
-4

 15.78 

2.84 x 10
-3

 2.84 x 10
-3

 1.21 x 10
-3

 1.64 x 10
-3

 1.64 x 10
-4

 20.23 

5.69 x 10
-3

 2.84 x 10
-3

 2.99 x 10
-5

 2.82 x 10
-3

 2.82 x 10
-4

 17.46 

     
18.7 ± 3.05 

(mean ± SD) 

a SM0 = initial [SM] 
b SMt = [SM] after 10 sec incubation in the presence of NaOCl 
c [SMmod] = [SM0] – [SMt] 
d rate = [SMmod]/10 
e k2 = rate /([SM0] [NaOCl]) 
 

These experiments (performed at pH 6.5) revealed a second-order rate constant (k2) 

of 18.7 ± 3.05 L mol-1 s-1 (mean ± SD). This is in a comparable range as reported for the 

reaction of plasmalogens with HOCl (55 ± 7 L mol-1 s-1; (Skaff et al., 2008)). Plasmalogens 

belong to the ether lipid subfraction and contain a vinyl ether linkage on the sn-1 position 

that is highly susceptible to HOCl modification. This lipid species is readily modified by MPO 

in vivo (Thukkani et al., 2003) and the products, α-chloro-fatty aldehydes (e. g. 2-ClHDA), 

are important in vivo biomarkers for MPO activity. Therefore, HOCl-SM can also be 

assumed to be generated in vivo when HOCl is present. 
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5. AIM 3 – DEFINING THE IMPACT OF EXOGENOUSLY ADDED SM AND HOCl-SM ON 

VIABILITY PARAMETERS OF PC12 CELLS 

 

5.1. Impact of native and HOCl-modified SM on PC12 cell viability 

 

The next set of experiments aimed to characterize the impact of HOCl-modified SM 

on neuronal viability parameters. Therefore, MTT cell viability assays were performed in 

which PC12 cells which were treated with SM, HOCl-SM, or HOCl at the indicated 

concentrations for the indicated time periods. 

 

During these experiments it became evident that HOCl-SM in contrast to SM induces 

cell death. As shown in Figure 36 A native SM (applied as water dispersed micelles) did not 

cause significant cytotoxicity to PC12 cells. Even in the presence of the highest 

concentrations of SM (498 µM) only a slight reduction of formazan crystal formation (20 

and 26%, respectively) was observed after 12 and 24 h. At earlier time points SM had hardly 

any impact on cellular viability of PC12 cells. In contrast to SM, HOCl-SM severely decreased 

cell viability of PC12 cells already after 1 h of incubation with the HOCl-modified lipid (24% 

at 199 µM; Fig. 36 B). This rapid and extensive loss in viability – following a time- and 

concentration-dependent manner – was dramatically increased after longer incubation 

times of PC12 cells with HOCl-SM. Treatment over 12 or 24 h resulted in PC12 cell death at 

low HOCl-SM concentration of 33 µM (19 and 30%, respectively) with IC50 values of approx. 

80 (12 h) and 50 µM (24 h). The potent oxidant HOCl alone also significantly induced time- 

and concentration-dependent cell death in PC12 cells (Fig. 36 C) with IC50 values of approx. 

280 (1 h), 170 (12 h), and 90 µM (24 h). Interestingly, the cytotoxic effects of HOCl were 

more prominent at shorter times of treatment compared to those of HOCl-SM (92% cell 

death at concentrations of 400 µM HOCl after 1 h of incubation), whereas HOCl-SM induced 

cell death more efficiently at longer incubation times starting at 12 h of treatment 

compared to the oxidant (the IC50 values of HOCl-SM are almost 2-fold lower compared to 

those of the strong oxidant HOCl; see above). Furthermore, HOCl at concentrations of 500 

µM provoked complete cell death which was not observed in PC12 cells treated with similar 

concentrations of HOCl-SM. 
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Figure 36: Viability of SM-, HOCl-SM-, and HOCl-treated PC12 cells. Viability of PC12 cells was 
examined using the MTT cell viability assay. Cells were incubated in the absence or presence of SM 
(A), HOCl-SM (B), or HOCl (C) at the indicated concentrations for the indicated time periods. Results 
are expressed as absorbance as % of control and represent the means ± SD (n = 3). ** p < 0.005; *** 
p < 0.001. For clarity p values are shown only for the first data point reaching significance. 
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Met, which was used as a scavenger for remaining HOCl after SM modification 

completely inhibited loss of cell viability in PC12 cells when the amino acid was added 2 

hours before experimental start in a 5-fold molar excess over HOCl over 24 hours (Fig. 36 C, 

dashed line). The generated Met sulfoxide as well as Met was without effect on cell viability 

up to 1 mM. These data indicate that only HOCl-SM but not Met sulfoxide exerts 

cytotoxicity to PC12 cells. 

 

 

5.2. Impact of SM and HOCl-SM on ROS generation in PC12 cells 

 

To get insight into mechanisms that contribute to the cytotoxic properties of HOCl-

SM intracellular ROS formation was analyzed in PC12 cells. Therefore, cells were incubated 

in the absence or presence of SM and HOCl-SM at the indicated concentrations for the 

indicated time periods. ROS generation was followed using the fluorescent probe DCFDA 

that was applied to PC12 cells after the lipid treatment. Oxidized DCF was extracted after 

cell lysis and fluorescence intensities were measured. 

 

 

Figure 37: ROS formation in SM- and HOCl-SM-treated PC12 cells. Generation of ROS in PC12 cells 
was examined in assays using the fluorescent tracer DCFDA. Cells were incubated in the absence or 
presence of SM or HOCl-SM at the indicated concentrations for the indicated time periods. DCFDA 
was added to the cells in HBSS (12.5 µM) and after 1 h deacetylated and oxidized DCF was extracted 
by cell lysis using a 3% Triton X-100 solution. Fluorescence intensities were read at 484/540 nm 
(Ex/Em) as described in ‘Materials and Methods’. Results are expressed as fluorescence intensity as 
% of control and represent the means ± SD (n = 3). * p < 0.05; *** p < 0.001. 
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Results of these experiments shown in Figure 37 revealed that HOCl-SM 

concentrations >44 µM significantly induced deacetylation and oxidation of the fluorescent 

tracer DCFDA indicative of formation of intracellular ROS. Especially higher concentrations 

of the HOCl-modified lipids (199 and 265 µM, respectively) resulted in strongly enhanced 

fluorescence. In this process, ROS generation followed a time-dependent manner. Whereas 

ROS formation was not detectable after 1 h at all applied HOCl-SM concentrations, longer 

incubation times of 3 h (1.3- and 1.8-fold over baseline) and 6 h (1.9- and threefold over 

baseline) resulted in increased fluorescence at HOCl-SM concentrations of ≥ 200 µM. The 

highest level of intracellular ROS at these concentrations was measured after 10 h (2.5- and 

5-fold over baseline) indicating radical induced cell damage/stress. As expected, 

unmodified SM was without effect on ROS formation in PC12 cells, even at very high 

concentrations of almost 500 µM. These experiments strongly suggest that HOCl-SM-

induced ROS formation might play a key role in reduced cell viability of HOCl-SM-treated 

PC12 cells. Importantly, the possibility that HOCl-SM itself could function as a radical 

generator, was ruled out by incubation of HOCl-SM with DCFDA, resulting in no detectable 

increase in fluorescence (data not shown). 

 

 

5.3. HOCl-SM induces morphological changes, damage, and dysfunction of PC12 

mitochondria 

 

In most cases, intracellular ROS formation is the consequence of mitochondrial 

dysfunction. To investigate whether SM or HOCl-SM impairs mitochondrial function 

changes of the ∆ψm were examined. ∆ψm is generated by the flux of positive charges 

across the inner membrane of mitochondria and contributes to most of the energy that is 

stored in the proton motive force which drives phosphorylation of ADP to ATP. Therefore, 

assays using the lipophilic, fluorescent mitochondrial tracker JC-1 were performed. In 

contrast to damaged mitochondria, JC-1 forms J-aggregates in functional mitochondria 

which exhibit orange/red fluorescence. The amount of JC-1 uptake into mitochondria hence 

depends on ∆ψm. 
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Figure 38: Optimization of JC-1 assay parameters in PC12 cells. A Dose-response as a function of 
the loading concentration of JC-1 in PC12 cells treated with or without FCCP. Cells were incubated in 
the presence of JC-1 at the indicated concentrations for 30 min at 37°C. FCCP treatment was 
performed 15 min prior dye loading. Results were calculated by division of red fluorescence by 
green fluorescence. B Kinetics of JC-1 uptake was determined by incubation of PC12 cell with 2.5 
µM JC-1 at 37°C for the indicated time periods. C Sensitivity of ∆ψm of PC12 cells to FCCP was 
tested by incubation of the cells with 2.5 µM JC-1 (60 min) followed by treatment with FCCP at the 
indicated concentrations for 30 min at 37°C. Red and green fluorescence intensities were measured 
as described in ‘Materials and Methods’ and are expressed as % of the maximum. 
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To achieve optimal assay conditions for PC12 cells in terms of dye concentration, 

dye uptake kinetics, and FCCP titering cells were treated with the indicated concentrations 

of JC-1 and/or FCCP (a protonophore used to dissipate ∆ψm) for the indicated time periods 

and fluorescence intensities were measured. 

 

These experiments revealed that the intensity of emitted red fluorescence by PC12 

cells strongly correlate with the concentration of JC-1 used (Figure 38 A). Starting from 

concentrations of 1 µM JC-1, the cells sufficiently emitted red fluorescence (red/green ratio 

~ 2). Lower loading concentrations of the dye were not sufficient to allow quantification of 

∆ψm. JC-1 loading followed a saturation curve character in which concentrations higher 

than 2.5 µM did not increase formation of J-aggregates. Therefore, this concentration of 

the lipophilic dye was used in the following series of experiments. Treatment with FCCP did 

not cause a significant increase in green fluorescence but almost abolished formation of J-

aggregates indicated by more intense green than red fluorescence. This effect was more or 

less independent from the loading concentration of JC-1. 

Results of Fig. 38 B demonstrate the time course for JC-1 uptake in PC12 cells by 

increase of red and green fluorescence. Accumulation of the dye in mitochondria leading to 

formation of J-aggregates is a rather slow process in which an incubation time of 30 min 

was the minimum to detect significant discrepancies between red and green fluorescence. 

However, emission of red light increases with time up to 120 min (endpoint of 

measurement) whereas green fluorescence reaches a plateau after 15 min. A JC-1 loading 

time of 30 min was used for following experiments. 

To test if J-aggregates are sensitive towards FCCP treatment, PC12 cells that were 

incubated with 2.5 µM JC-1 for 60 min were treated with different concentrations of the 

protonophore (Fig. 38 C). Interestingly, concentration of FCCP up to 5 µM efficiently 

reduced emission of red light which was accompanied by increased green fluorescence, 

indicative for JC-1 deaggregation in mitochondria as a consequence of ∆ψm dissipation. In 

contrast, concentrations of the respiratory chain uncoupler of 25 µM and higher not only 

decreased red- but also green fluorescence. It is, therefore likely, that low FCCP 

concentrations provoke a collapse of ∆ψm, whereas higher concentrations impact on the 

plasma membrane potential (∆ψp), thus leading to JC-1 efflux from PC12 cells. Under the 
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experimental conditions applied treatment with 5 µM FCCP was used for PC12 ∆ψm 

dissipation and background correction. 

 

Following the setup of optimal assay conditions, ∆ψm was examined in PC12 cells 

treated with SM, HOCl-SM, or HOCl at the indicated concentrations for the indicated time 

periods. 

 

JC-1 assays shown in Figure 39 support results that were obtained by measurements 

of cell viability and intracellular ROS formation. HOCl-SM was shown to promote a time- 

and concentration-dependent rapid and substantial collapse of ∆ψm in PC12 cells: IC50 

values were 100 (1 h), 50 (12 h), and 25 µM (24 h) (Fig. 39 B). The dissipation of ∆ψm 

followed similar characteristics as observed during measurement of cell viability of HOCl-

SM-treated PC12 cells though the collapse of ∆ψm displayed a more rapid event compared 

to loss of viability. Obviously, ∆ψm collapse is the first event in this cascade of cell death, 

followed by generation of intracellular ROS which then leads to apoptotic or necrotic cell 

death. Interestingly, concentrations of 66 µM HOCl-SM are well able to interfere with 

mitochondrial function and to induce cell death but are not sufficient to generate extensive 

amounts of intracellular ROS. This suggests an important role of HOCl-SM itself in PC12 cell 

death. In general mitochondria seem to be affected earlier and at lower concentrations of 

applied HOCl-SM compared to cell viability measurements using the MTT assay. 

SM alone showed less pronounced effects on ∆ψm compared to HOCl-SM (Fig. 39 

A). After 1 h of incubation no detectable dissipation of ∆ψm could be observed. However, 

longer incubation times also resulted in a significant decrease of ∆ψm with IC50 

concentrations of 140 and 70 µM (12 and 24 h, respectively). These values are substantially 

lower compared to those after HOCl-SM treatment. Loss of mitochondrial function in 

response to SM treatment started 5 h after lipid addition (data not shown) and did coincide 

neither with ROS formation nor with reduced cell viability (see above). 

Reagent HOCl also strongly induced mitochondrial dysfunction, although in a more 

linear way compared to SM or HOCl-SM with IC50 values of approx. 300 µM (1 and 24 h; Fig. 

39 C). 
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Figure 39: ∆ψm of SM-, HOCl-SM-, and HOCl-treated PC12 cells. ∆ψm of PC12 cells was examined 
using the JC-1 assay. Cells were incubated in the absence or presence of SM (A), HOCl-SM (B), or 
HOCl (C) at the indicated concentrations for the indicated time periods. Results were calculated by 
division of red fluorescence by green fluorescence after background correction using fluorescence 
values after FCCP treatment and are expressed as fluorescence intensity as % of control and 
represent the means ± SD (n = 3). ** p < 0.005; *** p < 0.001. For clarity p values are shown only for 
the first data point reaching significance. 
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Beside the fact that there are hardly any time-dependent differences in ∆ψm after 

HOCl incubation of PC12 cells it is interesting to note that there are slight differences 

between viability parameters and mitochondrial dysfunction in HOCl-treated PC12 cells 

(compare Fig. 36 C and Fig. 39 C). Rather than this, determination of ∆ψm after HOCl 

treatment carried out even lower IC50 concentrations for cell viability compared to ∆ψm 

which was not observed after PC12 cell treatment with SM or HOCl-SM. Addition of Met in 

a 5-fold molar excess over HOCl completely abolished dissipation of ∆ψm up to 

concentrations of 500 µM HOCl (Fig. 39 C, dashed line). 

 

Mitochondrial function of SM- and HOCl-SM-treated PC12 cells was studied in more 

detail using the Oxygraph-2k. PC12 cells were treated in parallel with either 66 µM HOCl-

SM or water as vehicle control and oxygen flux was recorded for 6 hours before oligomycin 

was added to inhibit ATP synthase. Residual respiration is, therefore, mainly caused by the 

proton leak. When oxygen flux declined to a new steady state, FCCP was applied for total 

uncoupling of mitochondrial respiratory chain, thus indicating the potential maximum of 

respiration. Subsequently, values for aerobic activity of cells under routine culture 

conditions (Cr), the oligomycin-inhibited leak of respiration (Cro), and the maximum 

stimulated respiration after treatment of cells with FCCP (Cru) were used to calculate 

oxygen flux ratios which include the relative routine rate (j’r = Cr/Cru), oligomycin-inhibited 

respiration rate (j’ro = Cro/Cru), and phosphorylation control ratio (j’p = (Cr-Cro)/(Cru)). 

 

A lower respiration after uncoupling respiratory chain with FCCP – illustrating 

maximal respiratory capacity – compared to basal respiration at experimental start point 

(Figure 40, Cr 0 h - Cr 6 h) in case of HOCl-SM-treated PC12 cells suggest/point towards 

partial cell death of these cells during this time period. Apparently, PC12 cells are more 

susceptible to HOCl-SM when treated trypsinized in suspension compared to cells adhered 

to collagen-coated culture flasks. Nevertheless, the relative routine rate indicates a higher 

value of electron transport capacity that is utilized in the routine respiratory state for HOCl-

SM-treated cells (73 and 53%, respectively) in which a higher percentage of electron 

transport capacity is related to non-phosphorylating respiration, demonstrated by values of 

oligomycin-inhibited respiration rate (43 and 16%, respectively). 
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These two values are combined in the phosphorylation control ratio, showing that in 

HOCl-SM-treated PC12 cells a lower percentage of total (uncoupled) electron transport 

capacity is functionally related to the control of respiration by phosphorylation compared 

to control cells (30 and 37%, respectively). Taken together, results of JC-1 assays and of 

oxygen flux measurements strongly indicate necrotic cell death as well as mitochondrial 

dysfunction in PC12 cells in course of HOCl-SM treatment. 

  

 
 

 

Figure 40: Investigation of mitochondrial dysfunction via oxygen flux measurement and 
determination of phosphorylation control in cellular respiration in PC12 cells. Mitochondrial 
activity of PC12 cells was analyzed by determination of cellular respiration using OROBOROS 
Oxygraph-2k. Trypsinized cells were resuspended in serum-free medium and incubated in the 
absence or presence of 66 µM HOCl-SM. Oxygen flux was recorded for 6 hours and respiration of 
intact cells was measured under routine conditions (Cr), after inhibition of ATP synthase (Cro), and 
after uncoupling to maximum flux (Cru). Results are expressed as cellular oxygen flow [pmol s-1] (A) 
or as oxygen flux ratios (j’r), (j’ro), and (j’p) (B) and represent the means ± SD (n = 3). * p < 0.05; *** p 
< 0.001. 
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5.4. Hypochlorite-modified SM induces apoptosis in PC12 cells 

 

Decreased cell viability due to mitochondrial dysfunction and/or generation of ROS 

is very often accompanied by apoptotic cell death. HOCl-modified FFA provoke cell lysis of 

red blood cells (Carr et al., 1997a) and PC chlorohydrins induce activation of caspase-3 in 

myeloid cells (Dever et al., 2006). Therefore, the next set of experiments aimed to 

distinguish between apoptotic and necrotic cell death in PC12 cells treated with HOCl-SM. 

Hence, immunoblotting was performed to detect cleavage of procaspase-3 and PARP (a 

downstream target of caspase-3) which are typical hallmarks of the apoptotic cascade. In 

addition to Western blotting, Pi staining coupled to FACS analysis was performed in PC12 

cells, incubated in the absence or presence of SM, HOCl-SM, or reagent HOCl, respectively. 

 

As shown in Figure 41 exogenously added HOCl-SM induced autocatalytic cleavage 

of procaspase-3 (32 kDa) to active caspase-3 (17 kDa; corresponding to the large subunit) at 

concentrations of 132 to 265 µM. This was accompanied by caspase-3-mediated cleavage 

of intact PARP (118 kDa) to the catalytically inactive 89 kDa peptide fragment. Also PARP 

cleavage was observed at HOCl-SM concentrations of >66 µM. At the highest concentration 

of HOCl-SM used (265 µM) neither caspase-3 nor PARP cleavage was detected although 

decrease in PC12 cell viability was found to follow a concentration-dependent manner (see 

Fig. 36 B). In contrast to HOCl-SM neither unmodified SM nor reagent HOCl induced 

apoptosis in PC12 cells. 

 

In line with data shown in Fig. 41 SM at even 498 µM was without effect on sub-G1 

population that appears because of alcohol mediated extraction of low abundance DNA in 

apoptotic cells (Figure 42 B and C). Similar to SM, HOCl-SM at 66 µM did not render PC12 

cells apoptotic as already shown by immunoblotting. In contrast, HOCl-SM concentrations 

of 132 and 199 µM induced formation of sub-G1 peaks (17.5 and 13.8% apoptotic cells, 

respectively; Fig. 42 A – C), whereas at higher concentrations the number of viable and 

apoptotic cells was below detection limit which was also observed when cells were treated 

with 600 µM HOCl alone. Once more these results suggest a caspase independent cell 

death in HOCl treated PC12 cells. 
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Figure 41: Induction of the apoptotic cascade in PC12 cells in response to HOCl, SM, or HOCl-SM 
treatment analyzed by Western blotting. PC12 cells were incubated in the absence or presence of 
SM, HOCl-SM, or HOCl at the indicated concentrations for 13 h. Cell treatment with colchicine (10 
µM) served as positive control and was performed for 24 h. Protein lysates (40 μg/lane) were either 
run on 12% (caspase-3 activation), or 8% (PARP cleavage) SDS gels and were transferred onto PVDF 
membranes for subsequent detection using anti-caspase-3 and anti-PARP primary antibody. X-ray 
films showing caspase-3 and PARP cleavage after immunoblotting (A) were analyzed 
densitometrically and blotted as reversed optical density (B). 
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sample sub-G1 (%) 

control 1.7 

SM (498 µM) 1.5 

HOCl-SM (66 µM) 1.7 
HOCl-SM (132 µM) 17.5 
HOCl-SM (199 µM) 13.8 

colchicine (10 µM) 38.0 

 

Figure 42 Detection of PC12 cell apoptosis as response to SM or HOCl-SM treatment by degraded-
DNA-based Pi stain coupled to FACS analysis. PC12 cells were incubated in the absence or presence 
of SM, HOCl-SM, or colchicine (positive control) at the indicated concentrations for 13 h (SM and 
HOCl-SM) or 24 h (colchicine), respectively. Subsequently, cells were trypsinized from the culture 
plates, fixed in ice-cold methanol, and stained with Pi before FACS analysis. Apoptotic cells appear 
below G1 phase (sub-G1 peak) (A). Results in B show PC12 cells in different stages of the cell cycle 
and are expressed as % of cells and represent mean values from duplicate experiments. The values 
of cells in sub-G1 are summarized in C. 
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 When cells were preincubated with the HOCl scavenger Met (molar ratio Met:HOCl 

= 5:1) sub-G1 peak formation was at control levels (data not shown). Also incubation of 

PC12 cells with colchicine induced a significant increase of sub-G1 cells (38% apoptotic 

cells). Interestingly, colchicine treatment provoked a more dominant formation of sub-G1 

peaks compared to HOCl-SM treatment. Taken together Western blot and cell cycle analysis 

strongly suggest apoptotic PC12 cell death in response to HOCl-SM treatment. At the 

highest concentrations used cell death is most probably due to necrosis or 

aponecrosis/necroptosis rather than apoptosis. 

 

 

6. AIM 4 – STUDYING ALTERATIONS IN THE PC12 CELL PROTEOME IN RESPONSE TO SM 

AND HOCl-SM 

 

6.1. Identification of differentially regulated proteins in PC12 cells alter SM or HOCl-SM 

treatment 

 

To identify alterations in the proteome as a consequence of treatment of PC12 cells 

with SM or HOCl-SM, a 2D-DIGE/LC-ESI-MS proteomic approach was performed. In these 

experiments a triple labeling strategy with Cy dyes was applied where protein lysates from 

control cells were minimally labeled with Cy2 and protein lysates of SM- and HOCl-SM-

treated cells (47.5 µM SM/HOCl-SM; 24 h) were labeled with Cy3 and Cy5, respectively. The 

labeled lysates were pooled and separated by two-dimensional gel electrophoresis. Using 

the DeCyder software differentially expressed spots (> 2-fold regulation) corresponding to 

differentially regulated proteins identified after the gel scan were picked manually and 

subjected to in-gel trypsin digests. Subsequently, tryptic peptides were analyzed by nanoLC-

ESI-MS analysis. 

 

Results obtained from three different gels demonstrate that 82 proteins with a 

minimum coverage of at least three identified peptides were found to show differences in 

their expression pattern after PC12 cell treatment with either SM or HOCl-SM. Pictures of 

three individual gel images after fluorescent scanning illustrating the position of the 

corresponding picked spots are shown in Figure 43. 
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Figure 43: Changes in protein expression in response to SM and HOCl-SM treatment (1). PC12 cells 
were plated on 75 cm2 flasks and incubated in the absence or presence of SM and HOCl-SM as 
described in ‘Materials and Methods’. After 24 h incubation, protein lysates from control, SM-, and 
HOCl-SM-treated cells were minimally labeled (according to the manufacturer's recommendations) 
using Cy2, Cy3, and Cy5, respectively. After addition of the corresponding unlabeled protein 
extracts the three samples were pooled and separated on pH 3-10 IPG strips in the first dimension. 
The second dimension was run on self-cast 12% SDS-PAGE gels at 18°C. Following laser scanning of 
the corresponding gels on a Typhoon 9400 scanner, 2-fold differentially expressed proteins were 
identified using the DeCyder software. Grey scale images of the 2D-DIGE gels from three individual 
experiments (termed Gel 1 – 3) are shown. Spot numbers are identical to the numbering used in 
Tables 5 and 6. 

 

Each gel image additionally shows the spot numbers of differentially expressed 

proteins. Up- and down-regulated proteins that were identified in at least two individual 

gels were used for data set analyzation and are summarized in table form (Table 5: proteins 

regulated in response to SM; Table 6: proteins regulated in response to HOCl-SM) which 

provide information on spot number, number of acquired spectra, distinct identified 

peptides, MS/MS search score, percentage amino acid coverage, theoretical and 

experimental molecular weight (MW), theoretical and experimental isoelectric point (pI), 

and x-fold regulation. 
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Table 5: Proteins regulated in response to SM 
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Table 6: Proteins regulated in response to HOCl-SM 
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Changes in protein expression in response to SM or HOCl-SM are summarized in Fig. 

44 A and are presented as heat maps in which the values are expressed as log2 of fold 

regulation. Out of the 82 identified proteins we found 21 up- and 42 down-regulated after 

treatment of PC12 cells with SM. In contrast, incubation of cells with exogenously added 

HOCl-SM induced upregulation of 9 proteins and downregulation of 22 proteins. Out of 

these, a total of 12 proteins were identified to be coregulated by SM and HOCl-SM (2 up 

and 10 down; Fig. 44 A). 
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Figure 44: Changes in protein expression in response to SM and HOCl-SM (3). Following 2D-DIGE 2-
fold differentially expressed proteins were identified using the DeCyder software, manually picked, 
digested, and analyzed by nanoLC-ESI-MS as described in ‘Materials and Methods’. MS data were 
analyzed by searching the NCBI database using SpectrumMill version 2.7, and log2 expression 
patterns of proteins (control vs. SM and control vs. HOCl-SM) identified in two or three individual 
gels were calculated and averaged. 
(A)  Combined data visualized as heat maps. 
(B) Differentially expressed proteins grouped according to their biological process. 
(C) Most representative up- and down-regulated biological processes including the number of 

identified proteins in course of SM (left panel) and HOCl-SM treatment (right panel). 
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The identified differentially expressed proteins were further grouped in their 

functional classes according to their Gene Ontology (GO) terms and sorted according to the 

biological process in which those are involved using the online platform g:Profiler 

(http://biit.cs.ut.ee/gprofiler/). Fig. 44 B shows that many of the differentially expressed 

proteins are involved energy (glycolysis and gluconeogenesis) and other metabolic 

processes (29% of differentially expressed proteins) as well as in response to oxidative 

stress (10% of differentially expressed proteins). Other representative biological processes 

are proteolysis, transcription and translation, and architecture of the cytoskeleton which 

contain 9%, 9%, and 6% of identified proteins, respectively. In case of the 21 proteins that 

are upregulated in response to SM, the main part is involved in response to oxidative stress 

(29% corresponding to 6 proteins; Fig 44 D). In case of downregulated proteins 21% of 

proteins (9 proteins out of 42 identified) cover metabolic processes and 19% (8 proteins) 

take part in glycolysis and gluconeogenisis. Interestingly, most of the downregulated 

proteins (n = 22) in response to HOCl-SM are also involved in energy metabolic processes 

(27 % corresponding to 6 proteins). Therefore, it is not surprising that the main part of co-

downregulated proteins also belong to this biological process. Upregulated proteins as a 

function of HOCl-SM treatment correspond to metabolic processes and response to 

oxidative stress (44% and 22%, respectively). 

 

 

6.2. Pathway analysis of differentially expressed proteins in PC12 cells course of 

treatment with SM or HOCL-SM 
 

In order to examine potential relationship between proteins that show differences 

in their expression pattern after SM or HOCl-SM treatment of PC12 cells, hypothetical 

protein networks covering these proteins were generated using a free trial version of 

Ingenuity Pathway Analysis (IPA) (www.ingenuity.com; https://analysis.ingenuity.com). 

IPA builds such hypothetical networks by comparing the proteins with each other followed 

by including not identified proteins from the database needed to complete meaningful 

biological networks. These input proteins that map to the networks are called focus 

proteins. Network generation ranked by score is optimized for inclusion of as many 

proteins from the input expression profile as possible and aims for highly interrelated 

networks, which are likely to represent significant biological functions. 

http://biit.cs.ut.ee/gprofiler/
http://www.ingenuity.com/
https://analysis.ingenuity.com/
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ADK, Adenosine kinase; ALDOC, Fructose-bisphosphate aldolase C (brain-type aldolase); APP, 

Amyloid beta A4 protein; CALU, Calumenin; CBS, Cystathionine beta-synthase; CNN3, Calponin-3; 

CTSD, Cathepsin D; DHFR, Dihydrofolate reductase; DPP7, Dipeptidylpeptidase 2; ECHS1, Enoyl-CoA 

hydratase, mitochondrial; EIF4A1, Eukaryotic initiation factor 4A-I; ENO1, Alpha-enolase; ERBB2, 

Receptor tyrosine-protein kinase erbB-2; HNRNPA2B1, Heterogeneous nuclear ribonucleoproteins 

A2/B1; LAMP2; Lysosomeassociated membrane glycoprotein 2; LAP3, Cytosol aminopeptidase; 

MDH1, Malate dehydrogenase, cytoplasmic; MDH2, Malate dehydrogenase, mitochondrial; MYC, N-

myc proto-oncogene protein; P4HA1, Prolyl 4-hydroxylase subunit alpha-1 PCBP2, PCBP2 protein; 

PGAM1, Phosphoglycerate mutase 1; PRDX2, Peroxiredoxin-2; PURB, Transcriptional activator 

protein Pur-beta; RPL27, 60S ribosomal protein L27; SLC2A4, Solute carrier family 2, facilitated 

glucose transporter member 4 (Glucose transporter type 4, insulin-responsive); SP3, Transcription 

factor Sp3; TALDO1, Transaldolase; TNF, Tumor necrosis factor; TPD52, Tumor protein D52; 

TPD52L1, Tumor protein D53 (Tumor protein D52-like 1) 

A 
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ABCC9, ATP-binding cassette transporter sub-family C member 9 (Sulfonylurea receptor 2); ACPP, 

Acid phosphatases; ALDH7A1, Alpha-aminoadipic semialdehyde dehydrogenase; Akt, RAC-alpha 

serine/threonine-protein kinase (AKT, protein kinase B): FSH, Folliclestimulating hormone; GMFB, 

GMFB protein (Glia maturation factor, beta); GOT1, Aspartate aminotransferase, cytoplasmic; GST, 

Glutathione S-transferase; GSTA5, Glutathione S-transferase A5; GSTM1, Glutathione S-transferase 

Mu 1; GSTM2, Glutathione S-transferase Mu 2; GSTM3, Glutathione S-transferase Mu 3; GSTO1, 

Glutathione S-transferase omega-1; HYOU1, Hypoxia up-regulated protein 1; KCNJ11, ATP-sensitive 

inward rectifier potassium channel 11; LDHA, L-lactate dehydrogenase A chain; LDHB, L-lactate 

dehydrogenase B chain; MGST1, Microsomal glutathione S-transferase 1; Ncoa-Nr112-Rxra, Nuclear 

receptor coactivator-Retinoic acid receptor RXR-alpha NFΚB, Nuclear factor NF-kappa-B complex; 

PA2G4, Proliferation-associated protein 2G4; PGK2, Phosphoglycerate kinase 2; PKM2, Pyruvate 

kinase isozymes M1/M2; PRDX1, Peroxiredoxin-1 PRDX2, Peroxiredoxin-2; PRDX4, Peroxiredoxin-4; 

RPLP0, 60S acidic ribosomal protein P0; RPLP2, 60S acidic ribosomal protein P2; SRXN1, 

Sulfiredoxin-1 

B 
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AK2, Adenylate kinase 2, mitochondrial; AK3, GTP:AMP phosphotransferase mitochondrial; ALDOA, 

Fructose-bisphosphate aldolase A; ALDOC, Fructose-bisphosphate aldolase C; ARF6, ADP-

ribosylation factor 6; ATP6V1E1, V-type proton ATPase subunit E 1; CACYBP, Calcyclin-binding 

protein; CFL1, Cofilin-1; DHRS2, Dehydrogenase/reductase member 2; ECHS1, Enoyl-CoA hydratase, 

mitochondrial; GOT1, Aspartate aminotransferase, cytoplasmic; GPD2, Glycerol-3-phosphate 

dehydrogenase, mitochondrial; HADH, 3-hydroxyacyl-CoA dehydrogenase type-2; HGF, Hepatocyte 

growth factor; HK1, Hexokinase-1; HNRNPC, Heterogeneous nuclear ribonucleoproteins C1/C2; Ldh, 

L-lactate dehydrogenase; LDHA, L-lactate dehydrogenase A chain LDHB, L-lactate dehydrogenase B 

chain; LOC729708, PREDICTED: similar to Triosephosphate isomerase (TIM) (Triose-phosphate 

isomerase) isoform 1; MDH1, Malate dehydrogenase 1, mitochondrial; NME3, Nucleoside 

diphosphate kinase 3; NME1, Nucleoside diphosphate kinase A OAT, Ornithine aminotransferase; 

PGAM1, Phosphoglycerate mutase 1; PGK1, Phosphoglycerate kinase 1; RPS25, 40S ribosomal 

protein S25; SF3A1, Splicing factor 3 subunit 1; SLC2A4, Solute carrier family 2, facilitated glucose 

transporter member 4 (Glucose transporter type 4, insulin-responsive); TNF, Tumor necrosis factor; 

TOMM20, Mitochondrial import receptor subunit TOM20 homolog; VDAC1, Voltage-dependent 

anionselective channel protein 1; VDAC2, Voltage-dependent anion-selective channel protein 2 

C 
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Figure 45: IPA based protein networks of differentially regulated proteins in SM and HOCl-SM-
treated PC12 cells. Networks of interacting proteins were generated through Ingenuity Pathway 
Analysis. Proteins identified (displayed as abbreviated gene names) were connected with 
interaction partners known from the literature and information stored in the Ingenuity Pathways 
Knowledge Base. Protein names are listed right below each respective figure. Upregulated proteins 
are shown in red, downregulated in green. Solid lines represent direct interaction and dashed lines 
indirect interaction. Meanings of other symbols are shown above. Most meaningful networks 
covering the highest score are shown (two networks generated from protein regulation in response 
to SM (A and B) and one network generated in response to HOCl-SM (C)). 
(A)  Network A contained 15 identified proteins (out of 34 molecules present in the network) 

identified proteins and involved top functions in Energy Production, Molecular Transport, and 
Nucleic Acid Metabolism (score = 44) 

(B) Network B contained 16 identified proteins (out of 35 molecules present in the network) and 
involved top functions in Small Molecule Biochemistry, Molecular Transport, and Free Radical 
Scavenging (score = 26) 

(C) Network C contained 21 identified proteins (out of 35 molecules present in the network) and 
involved top functions in Carbohydrate Metabolism, Energy Production, and Molecular 
Transport (score = 48) 

 

Figure 45 A and B show the 2 pathways that reached the highest scores during IPA of 

proteins regulated in response to PC12 cell treatment with SM. The highest score of 44 

(indicating that there is a chance of 1:1044 of another randomly occurring network 

containing the same numbers of focus genes) was obtained for the pathway “Energy 

Production, Molecular Transport, and Nucleic Acid Metabolism” that mapped 20 (out of 35) 

proteins identified to be differentially expressed after SM treatment (Fig. 45 A). In this 

network SLC2A4 is a major hub and we have identified eight focus genes (ECSH1, MDH2, 

CNN3, EIF4A1, PRDX2, ENO1, and ALDOC) in the immediate neighborhood of SLC2A4, which 

is identical to insulin-sensitive GLUT4. This network was followed by the pathway “Small 

Molecule Biochemistry, Molecular Transport, Free Radical Scavenging” with a score of 26 

(16 differentially expressed proteins out of 34; Fig. 45 B). 

Within the latter network, several upregulated proteins are products of genes that 

are under the control of Nrf2. Among these are PRDX1 and PRDX2, SOD, and GSTO1 

conferring cellular protection against oxidative damage. Hence, this might be a reasonable 

explanation for the absence of intracellular ROS formation in PC12 cells incubated in the 

presence of SM as well as for cell survival of these cells in course of SM treatment. 

For HOCl-SM the highest score was obtained for “Carbohydrate Metabolism, Energy 

Production, Molecular Transport” (score = 48; Fig. 45 C), followed by “Cell-Mediated 
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Immune Response, Cellular Growth and Proliferation, Hematological System Development 

and Function” (score = 15; data not shown). Also in this network SLC2A4 (insulin-sensitive 

GLUT4) is a central hub, though not identified during our proteomic analyses. However, out 

of the total 35 interaction partners in this network 20 focus genes were identified in our 

proteome approach. Some of them are direct interactors of GLUT4 (ECHS1, HADH, MDH, 

VDAC 1 and 2, OAT, AAT, and ALDOA). Of the regulated proteins within this network five 

(HADH, CACYBP, HNRNPC, AK2, and NME1) were upregulated while all the other 

enzymes/transporters related to glycolysis (e. g. PGK1, ALDOA, ALDOC, MDH1, LDHA, 

PGAM1, and TPI1) energy production, and molecular transport were downregulated, clearly 

indicating severe interference of HOCl-SM with cellular energy homeostasis (this is also 

observed to a lesser extent in SM-treated PC12 cells). Such a cellular status of energy 

deprivation is as a typical hallmark in many neurodegenerative disorders (Hoyer et al., 

2005). 

 

 

6.3. SM and HOCl-SM induce alterations of the PC12 actin/tubulin cytoskeleton 

 

A substantial proportion (6%; Fig. 44 C) of identified and differentially expressed 

proteins is involved in assembly, organization, and maintenance of the actin/tubulin 

cytoskeleton suggesting changes in PC12 cell morphology and motility as a response to SM 

or its chlorohydrins. Proteins that regulate the maintenance and dynamics of the 

cytoskeleton (e. g. actin, vimentin, cofilin) were shown to be generally downregulated in 

SM-treated cells. These observations strongly suggest that SM and probably also HOCl-SM 

induce alterations in the cytoskeletal architecture, resulting in altered cell motility and/or 

altered cell morphology. 

To obtain experimental evidence we performed immunofluorescence studies and 

Western blot analysis in SM- or HOCl-SM-treated PC12 cells (24 h incubation). For 

immunofluorescence the cells were fixed in formaldehyde and stained for their actin- 

(using rhodamine-labeled phalloidin) and tubulin (anti-tubulin antibody and Cy5-labeled 

secondary antibody) cytoskeleton.  
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Results obtained from immunofluorescence studies (Figure 46 A) revealed that SM 

and HOCl-SM-treated PC12 cells showed differences in organization of their cytoskeleton 

and displayed significant morphological alterations when compared to control cells. SM-

stimulated cells generally exhibited a more condensed cell shape (Fig. 46 A (b)). 

With respect to their actin cytoskeleton, SM and HOCl-SM-treated cells displayed 

distinct alterations compared to control cells (i. e. less intracellular actin fibres). In addition 

the formation of a so called cortical cytoskeleton was observed, especially in HOCl-SM-

treated cells (Fig. 46 A (c and d)) which might be an indication for lower cell motility due to 

HOCl-SM treatment. 

 

 

 

 

 

 

Figure 46: Alterations of the PC12 cytoskeleton as response to SM or HOCl-SM treatment. PC12 
cells were either grown on collagen-coated chamber slides or 6-well plates, incubated in the 
absence (a) or presence of SM (213 µM, b) or HOCl-SM (66 µM c; 99 µM d) at the indicated 
concentrations for 24 h, and subsequently subjected to immunofluorescence (A) or Western blot 
analysis (B), respectively, as described in ‘Materials and Methods’. 
(A) PC12 cells treated with or without SM or HOCl-SM were washed with PBS, fixed in 3.7% 
formaldehyde solution in PBS, and were double-stained with Alexa Fluor 488-labeled phalloidin 
(stains actin cytoskeleton; green) and with an anti-β-tubulin antibody and a Cy5-labeled secondary 
antibody (red). Nuclei were counterstained with DAPI. 
(B) After incubation of PC12 cells in the absence or presence of SM or HOCl-SM, proteins were 
scraped in RIPA buffer and protein lysates (40 μg/lane) were run on 10% SDS gels and transferred 
onto PVDF membranes for subsequent detection using anti-β-actin and anti-β-tubulin primary 
antibody. 

A 

B 
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Western blot analyses revealed that the overall cellular actin content was not 

changed in response to SM or HOCl-SM (Fig. 46 B). Concerning the microtubular network, 

immunofluorescence results displayed upregulation of tubulin in SM-treated cells. This 

upregulation as a consequence of incubation with SM could be also detected during 

Western blot analysis (Fig. 46 A and B). Comparing control and HOCl-SM-treated PC12 cells 

no significant differences in intracellular tubulin organization or in tubulin levels was 

observed. However, similar to SM stimulation HOCl-SM incubated PC12 cells tended to be 

smaller in size compared to untreated control cells. In addition these cells exhibited a 

rounder cell shape (presumably caused by the establishment of the cortical actin 

cytoskeleton) and preferred to grow together in bigger clumps compared to untreated and 

SM-treated cells. 

In addition it could be shown that a certain number cells already underwent the 

apoptotic cascade when incubated at concentrations of 66 and 99 µM HOCl-SM. Typical 

hallmarks of PCD cell death observed here were nuclear pore formation, an early marker in 

apoptosis (Fig. 46 A (c); yellow arrows) and fragmentation of PC12 nuclei (Fig. 46 A (d); 

white arrows). Taken together these experimental data strengthen results obtained from 

the proteomic approach by clearly indicating profound alterations in organization of the 

PC12 cell actin/tubulin cytoskeleton in course of SM/HOCl-SM treatment. 
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IV. DISCUSSION 

 

 

1. SL METABOLISM IN CATH.A CELLS 

 

 SL are an important class of lipids in eukaryotic cells. Beside their ability to influence 

membrane structure and dynamics they are central regulators of endocytic, sorting, and 

transport processes. Many SL are potent signaling molecules which regulate cell 

homeostasis. Cer, S1P, and Sph, which act as lipid second messengers determine cell 

proliferation, differentiation, senescence, growth arrest, and apoptosis. Therefore, 

imbalances in intracellular SL levels are associated with a number of pathophysiological 

conditions. Mutations in genes that contribute to hydrolysis of complex SL lead to 

accumulation of these lipids within the cell and subsequently to SL storage diseases. 

Elevated levels of Cer can render cells apoptotic which accounts for cell death in many 

diseases. In brain, where SL are highly enriched dysregulated Cer generation was shown to 

account for neuronal loss in neurodegenerative disorders (France-Lanord et al., 1997; Jana 

and Pahan, 2004; Jana and Pahan, 2010b) and are, therefore, implicated in disease 

progression. Among the diverse class of SL SM is of special interest as it plays a crucial role 

in the generation of bioactive lipid second messengers. SM represents a precursor for Cer 

synthesis, which is the branching point for generation of other signaling lipids or complex 

SL. Therefore, changes in the cellular SM pool are accompanied by altered concentrations 

of other SL species which strongly depend on the kinetics of the involved enzymes. 

 Cer homeostasis is a potential therapeutic target in neurodegenerative disorders. 

Therefore it is substantial to understand mechanisms that govern SL turnover in neuronal 

cells. In the first part of this thesis I have investigated SM and Cer uptake and intracellular 

trafficking in CATH.a cells by pharmacologically and biophysically interfering with 

homeostatic pathways. Fluorescently-labeled SM and Cer analogues were used in these 

studies. 

 

 Results obtained during the first part of my thesis revealed efficient SM uptake and 

metabolism in CATH.a cells. Due to the facts that short-chain SL are present in mammalian 

cells and that metabolic enzymes exhibit similar substrate specificity for fluorescent SL 
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analogues compared to radioactively-labeled lipids, BODIPY- and PYRENE-labeled SM/Cer 

were used for these experiments (Karasawa et al., 1999; Loidl et al., 2002). Results obtained 

from immunofluorescence analyses demonstrate insertion of BODIPY-SM into the PM of 

CATH.a cells at 4°C. The fluorescent lipid was subject to rapid endocytosis after chasing the 

cells at 37°C. First staining was observed in punctuated intracellular structures, which 

presumably represent early and/or recycling endosomes. This parallels previous studies in 

which fluorescently-labeled SM were visible in these compartments after a short incubation 

period at 37°C (Koivusalo et al., 2007; Koval and Pagano, 1989; Puri et al., 2001). At later 

time periods, fluorescence was mainly found at the PM and around the perimeter of the 

nucleus, which was identified as the Golgi apparatus in colocalization experiments. 

Quantitative analysis of the intracellular SM content revealed that cell-associated BODIPY-

SM is localized up to 65-85% to the extracellular leaflet of the PM. Extensive Golgi staining 

is likely due to accumulation of BODIPY-SM-derived BODIPY-Cer in this compartment as this 

fluorescent lipid exhibits high affinity for the Golgi (Babia et al., 2001). BODIPY-SM 

localization to the Golgi might provide only a minor contribution to the intensive staining. 

Golgi staining was observed after a 5 min chase indicating that BODIPY-SM hydrolysis might 

partially occur at the PM. nSMase is expressed at comparable mRNA levels in all murine 

tissues (except spleen) but high enzymatic activity is observed only in the brain (Tomiuk et 

al., 1998). As nSMase is believed to be PM-associated this enzyme might contribute to SM 

degradation at the PM. However, as a bona-fide enzyme, nSMase activation normally 

depends on various stimuli (e. g. TNFα, IF-1β, nerve growth factor (NGF), interferon γ) 

leading to cell death, differentiation, or inflammation (Luberto et al., 2002; Nikolova-

Karakashian et al., 2008; Tepper et al., 2000). Therefore, the question remains if incubation 

with SM is sufficient to activate the membrane-bound enzyme since overexpression of 

nSMase in HEK cells did not alter rates of SM hydrolysis (Tomiuk et al., 1998). As transport 

of BODIPY-SM to intracellular compartments does not occur at low temperatures, I suggest 

that the contribution of lysosomal aSMase to BODIPY-SM hydrolysis should play a minor 

role in SM degradation. This is supported by our colocalization experiments where BODIPY-

SM was almost undetectable in the lysosomal compartment. However, recent studies 

identified trafficking of lysosomal aSMase to the outer leaflet of the PM in response to a 

variety of stimuli (e. g. UV radiation, FasL/CD95, Ca2+ entry after cell wounding; (Charruyer 

et al., 2005; Tam et al., 2010; Zeidan and Hannun, 2007)). 
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Although it is not entirely clear whether translocation of aSMase to the PM is a 

regulated process or if the PM is just a second cellular compartment where aSMase is 

located under physiological conditions it is plausible that PM-localized aSMase contributes 

to BODIPY-SM hydrolysis. In addition sSMase was suggested to be involved in SM 

metabolism at the extracellular leaflet of the PM (Milhas et al., 2010). The activity of this 

Zn2+-dependent enzyme was not assessed in our studies. 

When CATH.a cells were treated with the lysosomotropic compound desipramine a 

concentration-dependent decrease in aSMase activity was observed. However, BODIPY-SM 

uptake in the presence of this inhibitor was only slightly affected. A decrease in Cer 

generation was most pronounced following a 1 h chase at 37°C which might be an 

indication that aSMase might contribute to BODIPY-SM hydrolysis at the PM. In addition 

part of BODIPY-SM could undergo hydrolysis in lysosomes. However, the possibility that 

other SMases contribute to BODIPY-SM hydrolysis in CATH.a cells cannot be excluded on 

basis of the present findings. RNAi of nSMase experiments will help us to examine if this 

enzyme or another aSMase is involved in this process. If BODIPY-SM hydrolysis also occurs 

in intracellular compartments apart from lysosomes remains to be elucidated. Studies in 

PC12 cells demonstrated localization of nSMase to the Golgi (Hofmann et al., 2000) which 

supports the idea that part of BODIPY-SM is hydrolyzed at this organelle. Additionally, 

recent studies have shown that nSMase can translocate from the PM or the Golgi to early 

endosomes. These findings implicate that nSMase activity could contribute to BODIPY-SM 

hydrolysis in several compartments analyzed during the present study (Milhas and Hannun, 

unpublished data). 

 In addition to the Golgi and lysosomes we have also observed accumulation of 

BODIPY-tagged lipids in the ER. As mentioned above, BODIPY-SM-derived BODIPY-Cer 

rather than the de novo synthesized PL might account for ER staining because under 

physiological conditions SM is only present in minor amounts in the ER. During metabolism 

of BODIPY-SM CATH.a cells synthesized an unidentified polar BODIPY-labeled lipid species 

that might represent GlcCer, GalCer, or a more complex GSL. GalCer and, unlike to other 

cells, GlcCer synthesis in neurons takes place in the ER (van Echten and Sandhoff, 1989). 

These data suggest that BODIPY-Cer generated via SMase activity reaches the ER, which is 

the site for GlcCer and/or GalCer synthesis. 
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 To elucidate uptake mechanisms for BODIPY-SM in CATH.a cells studies with specific 

inhibitors of clathrin- and caveolae-mediated endocytosis were performed. Although K+ 

depletion, which inhibits formation of clathrin-coated pits, slightly reduced BODIPY-SM 

uptake, pronounced inhibition of BODIPY-SM uptake by antagonists of the caveolar 

pathway strongly suggests that this is quantitatively the more important route. Cytoskeletal 

alterations due to K+ depletion might account for decreased uptake of the fluorescent SM 

analogue (Altankov and Grinnell, 1993; Rajasekaran et al., 2001). Unchanched intracellular 

BODIPY-SM levels after CP treatment give this theory further support. Additionally, other 

studies that examined uptake mechanisms of SL in various cell lines revealed cavolea-

mediated endocytosis of complex GSL (e. g. LacCer, GalCer, globoside; (Sharma et al., 2004; 

Sharma et al., 2003; Singh et al., 2003)). 

In contrast, studies that investigated uptake of fluorescently-labeled SM analogues 

are quite controversial. Whereas some groups suggested SM uptake in clathrin-coated pits 

and caveolae (Puri et al., 2001), other studies highlight the role of SM stereochemistry in 

cellular uptake. These studies showed that BODIPY-labeled naturally occurring D-erythro-

SM (used in our studies) is internalized via a NY-sensitive, CP-insensitive mechanism in 

human skin fibroblasts, whereas the stereoisomer L-threo-SM is taken up via a CP-sensitive 

mechanism, similar to what was observed with stereoisomers of BODIPY-labeled LacCer 

(Marks et al., 2008; Singh et al., 2006). Moreover, we could demonstrate that BODIPY-SM 

trafficking to the Golgi is a microtubule dependent process. When we treated cells with 

nocodazole we could indeed identify uptake of the tracer into the cell cytoplasm, but Golgi 

targeting was hindered. Similar results were obtained by another group after studying 

uptake and trafficking of LacCer and GM1 globoside in human skin fibroblasts (Choudhury 

et al., 2002). In summary, our studies suggest that caveolar endocytosis is mainly 

responsible for uptake of BODIPY-SM in CATH.a cells. However, it is noteworthy, that we 

have observed that a significant proportion of BODIPY-SM was already hydrolyzed to Cer. 

Thus, in fluorescence microscopy, it would be important to use a fluorescent, metabolically 

stable SM analogue in order to rule out labeling of intracellular compartments with SM-

derived metabolites. Therefore, we synthesized a non-degradable FITC-labeled SM 

analogue according to (Darroch et al., 2005) which will be used for endocytosis inhibitor 

experiments in future studies. 
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 As mentioned above, uptake of BODIPY-SM is a rapid process. HPLC analysis after 

continuous labeling of CATH.a cell with either BODIPY-SM or BODIPY-Cer revealed that 

BODIPY-SM uptake exhibited faster kinetics compared to BODIPY-Cer. As both molecules 

contain a C5 FA acyl residue and the same fluorophore, BODIPY-Cer appears to be less 

effectively inserted into the PM. This might be explained by its higher hydrophobicity due 

to the lack of the PC headgroup compared to SM. Some studies reported that BODIPY-

labeled SM does not reflect properties of their natural counterparts as they physically 

change the property of the attached FA acyl chain and, therefore, do not partition into 

ordered domains of membrane models (Kuerschner et al., 2005; van Meer and Liskamp, 

2005). Since PYRENE-labeled lipids physically better mimic their natural counterparts, 

steady-state experiments were also performed with PYRENE-labeled SM. These results 

revealed significant slower uptake kinetics of this fluorescent lipid in CATH.a cells. 

According to what was observed during steady-state labeling with BODIPY-Cer the higher 

degree in hydrophobicity of the PYRENE-SM might account for a less efficient incorporation 

into the PM. Additionally, approx. 60% of BODIPY-SM were converted to Cer after 24 h 

incubation, whereas only 20% of PYRENE-SM were found hydrolyzed at that time. This 

indicates that more hydrophilic SM-analogues might display better substrates for SMases in 

CATH.a cells. Considering that fluorescently-tagged Cer can undergo spontaneous 

transbilayer movement and can gain access to cellular compartments by passive diffusion 

even at low temperatures (Kok et al., 1995; Koval and Pagano, 1989) rapid SM hydrolysis 

might additionally account for increased cell-associated fluorescence in CATH.a cells 

labeled with BODIPY fluorophores. In other cell lines (e. g. HaCaT keratinocytes, human 

smooth muscle cells) it was demonstrated that fluorescently-labeled SM analogues have 

similar SMase affinity as compared to their radioactive derivates, indicating that the 

fluorophore has relatively little effect on substrate properties (Loidl et al., 2002; Wanner et 

al., 2004). 

 Pulse-chase studies confirmed results obtained during steady-state labeling with 

BODIPY-SL. We could demonstrate that BODIPY-SM uptake and metabolism of the tracer 

occurs more rapidly compared to BODIPY-Cer. This was confirmed by the presence of 

higher BODIPY-Cer concentrations in the cellular supernatant as compared to BODIPY-SM 

during pulse-chase studies at 4°C. Interestingly, a significant amount of BODIPY-SM and 

BODIPY-Cer was already metabolized after pulsing the cells at 4°C. This indicates that 
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SMase and SMS are enzymatically active even at low temperatures, which was also 

suggested previously (Andrieu et al., 1995; Kok et al., 1995). 

Probing of the PM and intracellular SM pool with exogenously added DF-BSA 

revealed that BODIPY-SM is fully accessible to BE. Therefore, it can be assumed that 

BODIPY-SM is synthesized from BODIPY-Cer, however, the lipid is neither able to reach the 

cytoplasm nor the inner leaflet of the PM at low temperatures. These findings indicate that 

SM endocytosis is an energy-dependent process that cannot occur at low temperatures. In 

contrast Cer is able to reach intracellular compartments by diffusion at low temperatures. 

BE of PM-associated BODIPY-SM directly after pulse-labeling or after 30 min incubation at 

4°C demonstrated that less than 1% of BODIPY-SM entered the cells. SM synthesis was 

previously described to proceed at the cis- or trans-Golgi compartments, strongly 

depending on the cell line under investigation (Sadeghlar et al., 2000). However, recent 

studies demonstrated SMS2 activity at the PM (Huitema et al., 2004; Subathra et al., 2011; 

Tani and Kuge, 2009) which might account for BODIPY-SM generation at low temperatures 

in our studies. 

 Turnover of BODIPY-labeled SL in CATH.a cells revealed that SMase activity exhibits 

significantly faster reaction kinetics than SMS. These findings are supported by studies that 

showed rapid NBD-SM hydrolysis in neurons but slow conversion of NBD-Cer to NBD-SM 

(Kilkus et al., 2008). In contrast other groups report higher BODIPY-Cer turnover rates 

compared to BODIPY-SM hydrolysis (Wanner et al., 2004). However, SM/Cer turnover was 

identified to be strongly dependent on the respective cell line as oligodendrocytes, in 

contrast to neurons, show remarkably preference for SM-synthesis (Kilkus et al., 2008). 

As mentioned above, BODIPY-SM and BODIPY-Cer turnover was accompanied by 

synthesis of a yet unidentified polar BODIPY-SM species. Previous studies showed that 

BODIPY-SM is not interconverted to other lipid species (e. g. PL) after cellular uptake 

(Wanner et al., 2004). Results of our studies demonstrated rapid hydrolysis of BODIPY-SM 

to BODIPY-Cer, which reached a plateau after approx. 2 h. However, hydrolysis of SM did 

not stop at this time but proceeded for 24 h. Analysis of the conversion profiles of BODIPY-

SM revealed that after 2 h of incubation with the tracer, cells started to synthesize the 

polar BODIPY-labeled SL species. This was accompanied by exocytosis to the cellular 

supernatant as this lipid was not identified intracellularly after HPLC analysis. 



- 149 - 
 

Comparable observations were made after CATH.a labeling with BODIPY-Cer. 

Conversion rates revealed rapid SM synthesis, though less pronounced than BODIPY-SM 

hydrolysis by SMases. CATH.a cells incubated with BODIPY-Cer also showed more rapid 

synthesis of the polar SL species, which is presumably due to direct availability of Cer. At 

longer time periods (24 h) BODIPY-Cer conversion to this polar lipid was less efficiently than 

from BODIPY-SM. This points towards a potential role of polar SL species synthesis to be 

involved in a detoxification process. As intracellular Cer concentrations are higher in CATH.a 

cells labeled with BODIPY-SM than in cells which were supplemented directly with BODIPY-

Cer enhanced conversion of BODIPY-Cer to the polar lipid species might rescue cells from 

apoptosis elicited by high Cer concentrations. 

 As discussed above, this polar SL presumably represents a glycosylated SL species, 

most probably GlcCer, GalCer, or even a more complex GSL. Many studies highlightened 

the importance of GSL during axonal growth (Harel and Futerman, 1993; Schwarz and 

Futerman, 1997) which might be a possible explanation for increased synthesis of these 

lipids in CATH.a cells. Surprisingly, in dbcAMP-differentiated CATH.a cells synthesis of the 

polar SL species was neglectable. A potential synthesis of common myelin SL (e. g. GalCer, 

cerebroside sulfate; (Boggs et al., 2008)) might be seen controversial due to the fact that 

under physiological conditions oligodendrocytes supply neurons with myelin (de Vries and 

Hoekstra, 2000). 

 

 Investigations of PM-localization of BODIPY-SM and BODIPY-Cer highlighted that 

approx. 60-80% of added BODIPY-SM is localized to the extracellular leaflet of the lipid 

bilayer findings consistent with previous studies (Slotte and Ramstedt, 2007; Tepper et al., 

2000). This strengthens the hypothesis that intracellular compartments accumulate mostly 

BODIPY-SM-derived BODIPY-Cer, which was also apparent during fluorescence microscopy 

performed during the present study. The remaining SM is found intracellularly in the inner 

leaflet of the PM, endosomes, and Golgi (Holthuis et al., 2001). In contrast, BODIPY-SM-

derived BODIPY-Cer mainly remained intracellularly. SM recycling from intracellular 

compartments to the PM occurs very fast. Depleting the PM-associated BODIPY-SM pool by 

BE followed by treatment of CATH.a cells in BE medium at 37°C revealed that 80% of 

intracellular BODIPY-SM were recycled to the extracellular leaflet of the PM within 60 min. 

Interestingly, application of different chase time periods exhibited differences in recycling 
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kinetics of the tracer. Following a 5 min chase after which most of BODIPY-SM should be 

localized to early/recycling endosomes BODIPY-SM was more efficiently recycled to the PM 

than following a 30 min chase after which BODIPY-SM already remained in intracellular 

compartments like the Golgi. 

 When looking at differentiated CATH.a cells no significant differences in SM 

metabolism compared to undifferentiated cells were observed. Studies performed in 

differentiated PC12 cells that were labeled with a fluorescent Cer analogue revealed that 

NGF treatment (leading to differentiation) of PC12 cells resulted in rapid conversion of this 

Cer pool to SM in a time-dependent manner (Piccinotti et al., 2000). After 24 h the Cer-

derived SM content in differentiated cells was 2 - 4-fold increased. Also endogenous SM 

was shown to accumulate 2-fold. 

Increased SM synthesis was also shown to be important during neuronal 

maturation. During this period SM is required for formation of protein-lipid complexes, a 

prerequisite to target randomly distributed GM1 ganglioside in immature neurons to the 

axon of mature neurons (Ledesma et al., 1999). However, SMase activity was not altered in 

PC12 cells in response to NGF treatment (Dobrowsky et al., 1995). These observations 

could indicate that SM synthesis rather than metabolism is affected during neuronal 

differentiation. 

 

 Taken together we could demonstrate that fluorescent SL analogues are rapidly 

metabolized in CATH.a cells. BODIPY-SM undergoes rapid hydrolysis already at the PM in 

line with results reported for NBD-SM (Kok et al., 1995). A model for SM uptake, trafficking 

and sorting in CATH.a neurons is displayed in Figure 47 and suggests that BODIPY-Cer is 

able to passively diffuse to intracellular compartments leading to Golgi and ER 

accumulation (Koval and Pagano, 1989). ER/Golgi localization of BODIPY-Cer results in 

generation of polar SL, which are immediately secreted into the cellular supernatant. Most 

of remaining SM remains at the PM whereas the remaining part is internalized to 

intracellular compartment via early endosomal trafficking as shown for NBD-SM or is 

recycled back to the PM via recycling endosomes. Endocytosed BODIPY-SM is transported 

directly to intracellular compartments of SL synthesis (Golgi) bypassing lysosomal 

degradation. This is in agreement with other studies that showed that PYRENE- and NBD-

labeled short chain SM analogues efficiently recycle to the PM after endocytosis and can 
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directly target the Golgi (Koivusalo et al., 2007; Kok et al., 1995). Results from the former 

study clearly reveal a major contribution of the FA acyl chain length on intracellular sorting 

and trafficking of SM. PYRENE-labeled long chain SM analogues that are endocytosed with 

the same efficiency than the short chain SM reach early/recycling endosomes but are then 

sorted to late endosomes/lysosomes where they are subject to aSMase hydrolysis. In this 

respect, BODIPY-C5-SM used in our study might not completely resemble properties of 

naturally occurring SM, which are more hydrophobic and contain longer FA acyl chains. 

However, the study provides a good overview about SM uptake, trafficking, and 

metabolism in a neuronal cell line. 

 

 

 

 

Figure 47: Schematic overview of uptake, trafficking, and sorting of BODIPY-labeled SL species in 
CATH.a cells. 
EE, early endosome; RE, recycling endosome; LYS, lysosome; SV, secretory vesicle 
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2. CYTOTOXICITY OF HOCl-MODIFIED SM 

 

Activated neutrophils are the first immune cells that are recruited from the 

peripheral blood to sites of infection and/or inflammation, followed by monocytes. 

Neutrophils account for generation and the release of reactive species and, therefore, 

account for bacterial killing. However, sustained activation of neutrophils at site of infection 

lead to oxidative modification of surrounding cells and tissue and thus, is accompanied by 

tissue damage. One of the key oxidant producing enzymes that is highly expressed in 

neutrophils and also to a lesser degree in monocytes is MPO. The heme-containing enzyme 

can bind halide and pseudohalide ions (Cl-, Br-, or SCN-), other small ions such as NO, NO2
-, 

azide (N3
-), or CN-, or larger organic substrates (Tyr, polyphenoles) and induces their one- or 

two-electron oxidation using H2O2 as substrate which is accompanied with generation of a 

variety of reactive species that account for oxidative damage. Among these reactive 

species, HOCl is generated in the presence of physiological Cl- concentrations and it was 

shown previously, that 45% of H2O2 consumed by MPO results in HOCl formation (Pattison 

and Davies, 2006). The primary MPO-oxidant is able to oxidize other substrates such as ions 

(e. g. SCN-) or macromolecules like proteins, lipids, or nucleic acids. As formation of reactive 

oxidants and concomitant oxidation of secondary targets is beneficial in terms of bacterial 

killing when MPO is released into the phagolysosome or, in smaller amounts, in the 

extracellular space of activated phagocytes, sustained MPO activation as present in 

diseases that are accompanied with chronic inflammation exhibits adverse effects to the 

surrounding tissue. For instance, HOCl modification can render enzymes and proteins 

unfunctional generate cytotoxic molecules such as chloramines, reactive chloro-aldehydes, 

or chlorohydrins, interfere with cellular processes such as replication and transcription, or 

initiate lipid peroxidation. Therefore, MPO and secondary MPO-derived products such as 5-

chlorouracil, 3-chloro-Tyr, and 2-chloro-fatty aldehydes are excellent biomarkers for 

detection of chronic inflammation in diseases such as atherosclerosis, glomerulosclerosis, 

diabetes, cancer, lung injury, and neurodegenerative disorders. In addition elevated levels 

of these biomarkers are also found in course of disease progression of more acute events 

such as stroke, cardiac dysfunction, or ischemia/reperfusion (Klebanoff, 2005; Malle et al., 

2007). 
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In CNS-related diseases, MPO levels and activity were found elevated both in acute 

events such as brain stroke and traumatic injury (Biagas et al., 1992; Breckwoldt et al., 

2008) and neurodegenerative disorders that are accompanied by chronic inflammation 

(Chen et al., 2008; Choi et al., 2005; Green et al., 2004). Interestingly, these studies suggest 

microglial cells and astrocytes besides invaded activated neutrophils to be the major sites 

of MPO expression in the brain. Although promyelomonocytes lose their ability to express 

MPO during their transformation into resident macrophages, it was previously shown that 

certain types of these cells still contain MPO. These MPO-rich macrophage populations 

were found also in atherosclerotic lesions, circulating blood, and brain, as already 

mentioned above (Arnhold and Flemmig, 2010). Therefore, proteins and especially 

unsaturated lipids that are highly enriched in the brain are susceptible targets for MPO-

mediated oxidation/modification. 

The aim of the second part of this study was the investigation of potential lipotoxic 

effects of HOCl-modified SM in a neuronal background. SM is highly enriched in the brain 

and intramolecular double bounds as well as amide linkages display potential targets for 

HOCl generated via the MPO/H2O2/Cl- system. In addition, alterations on the proteom level 

after treatment of PC12 neurons with or without SM or HOCl-SM were examined. The 

results summarized previously (Nusshold et al., 2010) revealed that HOCl modification of 

chicken egg-yolk-derived SM (which mainly contains SM(d:18:1/16:0)) generated a variety 

of chlorinated SM species with high neurotoxic properties. These SM 

chlorohydrins/chloramides severely impaired cell viability, resulted in dissipation of ∆ψm, 

affected the actin/tubulin cytoskeleton, and induced the apoptotic machinery. In addition, 

incubation of PC12 cells in the presence of SM or HOCl-SM downregulated the expression 

of glycolytic enzymes downstream of fructose 1,6-bisphosphate whereas SM but not HOCl-

SM induced several proteins involved in the Nrf2-mediated oxidative stress response. 

SM(d18:1/16:0) was chosen as a model SM in our studies because it contains a 

single double bound in the Sph backbone and an amide group both representing the only 

potential targets for HOCl modification. Oxidative modifications were analyzed using 

MALDI-TOF-MS. When reagent HOCl was used as oxidant the predominant chlorinated SM 

species were the SM(d18:1/16:0) chlorohydrin and an unsaturated, monochlorinated 

species. The conversion of these unsaturated chlorohydrins have been identified already a 

long time ago after treatment of PC liposomes with HOCl although the decrease in mass of 
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34 Da was originally misinterpreted by the formation of a glycol moiety (Arnhold et al., 

2001). In these studies the authors suggested that the glycols originate after aqueous 

attack on PC epoxides that were also found to be generated as a consequence of HOCl 

treatment. More recently, isotopic labeling using 18O-labeled water and HOCl, and 37Cl-

labeled HOCl revealed that HOCl attack on double bonds of FA acyl residues leads to 

formation of positively charged carbenium ions which can then either yield saturated or 

unsaturated chlorohydrins depending on addition of H2O-derived OH- or removal of H+ on 

the carbenium intermediate (Spalteholz et al., 2004). Although not experimentally verified 

in our present studies we conclude that a comparable pathway is responsible for 

generation of unsaturated, chlorinated SM species and that conversion of SM-derived 

glycols can be ruled out. In addition we did not try to analyze the occurrence of the two 

possible positional isomers of the SM chlorohydrin (depending on the site of addition of Cl+ 

and OH- on the double bond in the Sph backbone) as it was already shown for oleic acid and 

esterified oleate (Spickett, 2007). 

In addition to chlorohydrin formation LysoPL conversion following HOCl treatment 

was observed in PAPC, PSPC, and also, to a minor degree in POPC liposomes which was 

explained by a weakening of the ester bond due to introduction of electron-attracting 

substitutes upon chlorohydrin formation (Arnhold et al., 2002). Although the double bond 

in SM(d18:1/16:0) is close to both the amide and the phosphodiester bond which could 

favor weakening of these intramolecular linkages as observed for ester bonds in PC 

liposomes (Arnhold et al., 2002), formation of SM-derived LysoPL after HOCl modification 

could not be identified using MALDI-TOF-MS. Therefore, we suggest that SM is not that 

susceptible towards generation of LysoPL upon HOCl treatment as ester bond containing PL 

molecules are. 

Whereas the PC headgroup is rather inert towards HOCl modification (k2(PC 

headgroup) = 2 x 10-2 L mol-1 sec-1), the amide group that links the FA acyl residue to the 

Sph backbone represents another potential target for HOCl oxidation that was previously 

shown to exhibit similar second-order reaction kinetics than aliphatic double bonds 

(k2(amide/double bond) = 10 and 9 L mol-1 sec-1) (Pattison et al., 2003). Interestingly, our 

studies suggested that formation of mixed SM chlorohydrins/chloramide species only 

contribute to a fraction of HOCl-SM species out of which SM chlorohydrins and 

unsaturated, monochlorinated derivates predominate significantly. Moreover, we were not 
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able to detect formation of SM chloramides that still contain the unoxidized double bond in 

the Sph backbone. Hence, it can be argued that the double bond in SM(d18:1/16:0) exhibits 

a higher second-order reaction constant towards HOCl compared to the SM amide group 

and thus chlorohydrin formation is favored. Although this contradicts previous studies that 

examined reaction rates of HOCl with FA acyl double bonds and SM amides using 

computational modeling. However, these modeling studies were performed with the upper 

limit of experimentally determined accessible amide groups and, therefore, reaction of 

HOCl with SM amides can be estimated to be lower (Pattison et al., 2003). This theory is 

strengthened under consideration that amide groups of small cyclic and uncharched 

molecules react more readily with HOCl compared to that of linear and charged ones 

(Pattison and Davies, 2001). 

Determinations of the reaction rate of multilamellar SM(18:1/16:0) liposomes with 

HOCl revealed a second-order rate constant of 18.7 ± 3.05 L mol-1 sec-1 that is in the range 

of that of plasmalogens incubated with the oxidant (55 ± 7 L mol-1 sec-1) and to that of 

previous studies which investigated the kinetics of HOCl with aliphatic double bonds (5 - 50 

L mol-1 sec-1) (Arnhold et al., 1995; Skaff et al., 2008; Winterbourn et al., 1992). The reaction 

kinetics of unilamellar SM with HOCl can be estimated to be even higher than our 

calculated values for multilamellar SM liposomes. This is due to the fact that the reaction of 

HOCl with multilamellar egg PC liposomes is a magnitude of six lower compared to 

unilamellar liposomes. This was explained by a reduced ability of HOCl to diffuse into the 

liposome core as the environment becomes more apolar. Regarding these values, a second-

order reaction constant in the range of at least 102 L mol-1 sec-1 for HOCl towards 

unilamellar SM liposomes seems to be reasonable as SM exhibits two instead of only one 

potential targets for HOCl modification as compared to SOPC. Furthermore, an acidic pH as 

obtained at inflammatory sites increases the amount of HOCl compared to its less reactive 

anion OCl- and should, therefore, additionally increase the reactivity of HOCl towards SM. 

Interestingly, we were also able to detect SM-derived epoxides which arise due to 

dehalogenation of SM chlorohydrins. The exact reason for epoxide formation as it was 

already observed after HOCl treatment of Chol is still unclear as epoxidation of halohydrins 

normally only occurs under alkaline conditions (Spickett, 2007). If a hitherto unknown 

mechanism or ionization during MALDI-TOF-MS analysis accounts for SM epoxide 

conversion remains to be elucidated. 
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Similarly oxidized lipid species were also found after SM modification with the 

MPO/H2O2/Cl- system. The reason for incomplete enzymatic SM modification (approx. 2/3 

of SM was oxidized) is presumably due to self-modification of the protein moiety of MPO. 

The one-electron donor H2O2 that exhibits a high second-order rate constant for reaction 

with MPO compound I but slow reaction kinetics with MPO compound II (Fig. 7) can also 

interfere with generation of HOCl due to accumulation of inactive compound II which is 

unable to oxidize halides (Arnhold and Flemmig, 2010; Furtmuller et al., 2000; Jantschko et 

al., 2003). Indeed H2O2 concentrations of > 100 µM efficiently block HOCl conversion (Malle 

et al., 2007). However, it is very unlikely that excessive H2O2 accounts for incomplete SM 

modification in our study as the oxidant was added step-wise to prevent accumulation of 

compound II and its recycling to ferric MPO, favored by addition of ascorbic acid that 

exhibits high reaction kinetics towards compound II (Bolscher et al., 1984), was ineffective 

(data not shown). 

Analysis of SM species present in C57Bl/6 mouse brain lipid extracts revealed the 

presence of C18:1 SM containing C16:0, C18:0, C18:1, C20:0, and C24:1 FA acyl chains. 

C18:0 and C24:1 are the most abundant molecular species, similar to what was reported for 

SM composition of human and bovine brain, of rat cerebellar granule cells, and of rat 

cortical neurons (Ramstedt et al., 1999; Staellberg-Stenhagen and Svennerholm, 1965; 

Tyurin et al., 2008; Valsecchi et al., 2007). C18:0 containing SM is thereby mainly enriched 

in the gray matter, whereas C24:1 containing SM is predominately found in the white 

matter. Of note, SM in total mouse brain lipid extracts were also susceptible towards HOCl 

oxidation (Fig. 35 B and C). Application of 50 µg reagent HOCl per 100 µg lipids resulted in 

complete conversion of SM(d18:1/24:1) and the remaining SM (approx. 300 nmol/g wet 

brain) more or less exclusively consisted of unmodified SM(d18:1/180). Application of 

higher HOCl concentrations diminished unmodified SM below the detection limit. 

Interestingly, modification of SM did not coincide with the level of generated SM 

chlorohydrins. Under normal conditions, chlorohydrins, especially when derived from SM 

can be considered to be relatively stable molecules. However, in a complex lipid matrix, 

other lipid moieties harbor HOCl-susceptible groups such as the amine-containing 

headgroups from PE and PS which are preferentially targeted by HOCl. Generated 

chloramines can breakdown into N-centered radical which can induce further lipid 

peroxidation thus leading to profound lipid modification. Hence, application of HOCl 
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concentrations where the level of generated SM chlorohydrins is rather low, chlorohydrin 

modification by other reactive lipid species generated in course of HOCl-treatment my 

additionally decrease their concentration below the detection limit. Not until incubation of 

brain lipids at higher HOCl concentrations which raise the level of generated SM 

chlorohydrins, these oxidized lipids become detectable. Similar to what was observed after 

HOCl modification of egg yolk SM, chlorohydrins predominated over the unsaturated, 

monochlorinated species.   

 

HOCl and HOCl-modified lipids are potent inducers of apoptosis/cell death (Yap et 

al., 2007). HOCl-modified lipids were recently identified to exhibit cytotoxicity in various 

cell lines and to be excellent biomarkers under severe and chronic inflammatory conditions 

which presumably can amplify disease progression (Spickett, 2007). In the present study, 

HOCl-SM provoked dissipation of ∆ψm, concomitant generation of ROS, and severely 

impacted on PC12 cell respiration. A collapse of ∆ψm is very often accompanied by 

apoptotic cell death though it is not yet completely clear at which state of the apoptotic 

cascade loss of ∆ψm occurs and whether this event is actually necessary for induction of the 

PCD (Ly et al., 2003). However, a decrease of ∆ψm is mostly accompanied with formation of 

the PTP, which in turn is a major contributor to disease progression of neurodegenerative 

disorders (Knott et al., 2008; Norenberg and Rao, 2007). PTP formation leads to the release 

of many mitochondrial pro-apoptotic factors such as cytochrome c, AIF, and Smac/Diablo 

thereby triggering formation of the apoptosome and activation of the caspase cascade (Ly 

et al., 2003). PTP was shown to occur in response to HOCl in hepatocytes and isolated 

mitochondria, resulting in consumption of intracellular GSH and subsequent production of 

ROS, chromatin condensation, procaspase-3 processing (Whiteman et al., 2005). Dissipation 

of ∆ψm was observed to follow a time- and concentration-dependent manner in response 

to HOCl-SM treatment in PC12 cells. Similar results were observed in the human 

promonocytic cell line U937 as well in peripheral blood monocytes when incubated in the 

presence of HOCl-LDL (Ermak et al., 2008; Vicca et al., 2003). In these studies, oxidized LDL 

provoked a significant collapse of ∆ψm in U937 cells right after 30 min of incubation 

(reminiscent to what was observed after PC12 cell treatment with HOCl-SM) which was 

followed by cytochrome c release and ROS formation, PS externalization, and concomitant 

activation of caspase-9 and caspase-3. Furthermore, the oxidized lipoproteins elicited 
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alterations in expression rates of proteins belonging to the Bcl-2 superfamiliy thus 

highlighting the involvement of mitochondria in HOCl-LDL induced cell death. 

Overexpression of Bcl-2 in U937 cells abolished most of the cellular effects mentioned 

above. Similar results were obtained in studies where bovine aortic endothelial cells were 

treated with Cu2+-oxidized LDL (Zmijewski et al., 2005). Experiments demonstrated that 

Cu2+-oxidized LDL enhanced ROS formation in these cells which was due to mitochondrial 

irritation visualized by an increased intramitochondrial ROS level and dissipation of ∆ψm. In 

inhibitor studies these authors could identify mitochondrial complex II as the key player 

involved in Cu2+-oxidized LDL induced ROS generation. Also other studies using different cell 

lines reported that HOCl-LDL- and Cu2+-oxidized LDL-mediated cell death is executed by the 

mitochondrial pathway of apoptosis (Chen et al., 2004; Vicca et al., 2000). 

Chlorohydrins, LysoPL, and α-chloro-fatty aldehydes, generated during HOCl-

treatment were identified to cause cellular cytotoxicity (Dever et al., 2006; Thukkani et al., 

2005; Thukkani et al., 2003; Vissers et al., 2001). Recent studies demonstrate that apoptosis 

rather than necrosis is responsible for cell death. Treatment of porcine brain capillary 

endothelial cells with 2-ClHDA, a chloroaldehyde that is generated during HOCl-mediated 

attack of plasmalogens, resulted in decreased ∆ψm, concomitant ROS formation, and 

procaspase-3 cleavage suggesting mitochondrial apoptotic cell death (Uellen et al., 

unpublished data). Cholesterol-, FFA-, and PL chlorohydrins were originally considered to 

elicit their cytotoxicity mainly by causing cell lysis as they were assumed to destabilize the 

PM, since they introduce polar groups in the hydrophobic environment of the lipid bilayer. 

Recently, FFA chlorohydrins were shown to provoke cytotoxicity in human endothelial cells 

and low µM concentrations of PC chlorohydrins induced ROS formation in PMA-stimulated 

splenocytes as well as ATP depletion and caspase-3 activation in myeloid cells (Dever et al., 

2003; Dever et al., 2006; Dever et al., 2008; Vissers et al., 2001). At higher PC chlorohydrin 

concentrations caspase activity was undetectable and, therefore, the authors suggested 

necrosis to account for cell death. Most of these cellular events were also found in HOCl-

SM-treated PC12 cells. Incubation with HOCl-SM induced a rapid collapse of ∆ψm and 

mitochondrial fragmentation (data not shown), followed by ROS formation and impaired 

respiration, and subsequent cleavage of procaspase-3 and apoptotic cell death. Insofar, it is 

very likely that HOCl-modified SM causes mitochondrial dysfunction that is followed by PTP 

formation and release of pro-apoptotic proteins that induce apoptosis. Similar as observed 
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in human myeloid cells (Dever et al., 2006) treated with PC chlorohydrins induction of 

apoptosis was only evident when PC12 cells were incubated in the presence of relatively 

high concentrations (130 to 270 µM) of HOCl-SM. Concentrations below and above did not 

lead to caspase-3 activation. In addition, HOCl-SM concentrations mentioned above only 

induced partial cleavage of the procaspase-3 pool whereas MTT assays demonstrated 

reduced cell viability by 80%. These discrepancies suggest that HOCl-SM treatment does 

not only induce apoptosis in PC12 cells but cell death is rather a necroptotic/aponecrotic 

event which covers both, apoptotic and necrotic features (i. e. damage of cell and organelle 

membranes). Presumably, insertion of the more polar HOCl-SM always partially causes 

membrane destabilization. However, at high concentrations these modified lipids may 

immediately destabilize PC12 membranes and, therefore, cause cell lysis before HOCl-SM 

can elicit its cytotoxicity to the cell. At lower concentrations cells in which (membrane) 

damage is beyond repair die due to necrosis whereas other cells undergo apoptosis. 

Up to now the question by which mechanism HOCl-modified SM elicits its 

apoptotic/cytotoxic potential remains. Studies indicate that oxidation products of 

arachidonic acid (e. g. hydroperoxyeicosatetraenoic acid, HNE, or MDA) induce apoptosis in 

vascular smooth muscle cells (Kalyankrishna et al., 2002). Recent studies highlightened the 

role of oxidized PL in induction of the apoptotic machinery. POVPC and PGPC were shown 

to induce apoptosis in vascular smooth muscle cells due to activation of aSMase (Loidl et 

al., 2003). Mitogen-activated protein kinases, c-Jun N-terminal kinase, and p38, which are 

downstream targets of aSMase were phosphorylated in response to oxidized PL. Inhibition 

of aSMase activity was accompanied with suppression of caspase-3 activation (Fruhwirth et 

al., 2006) suggesting a potential role of Cer in this apoptotic pathway. Furthermore, 

azelaoyl-PC which is abundant in oxidized LDL was identified to trigger the intrinsic pathway 

of apoptosis via mitochondrial damage (Chen et al., 2007). Moreover, endogenously 

oxidized PL were shown to induce apoptosis. Cytochrome c-oxidized cardiolipin was 

demonstrated as a central molecule being responsible for the release of pro-apoptotic 

factors during early stages of the intrinsic apoptotic pathway (Kagan et al., 2005). 

Previously it was shown that typical events of the apoptotic cascade are closely linked to PL 

oxidation. For instance, PS externalization, which is important for recognition and 

concomitant phagocytosis of apoptotic cells by macrophages requires PS oxidation (Hazen, 

2008; Kagan et al., 2004). Other studies also revealed that apoptosis is linked to oxidation 
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of PC, PS, and PE (Arroyo et al., 2002). Interestingly, it was found that apoptotic cells 

generally contain elevated level of oxidized PL (Chang et al., 2004). 

However, since HOCl-SM treatment provoked rapid dissipation of ∆ψm, 

mitochondrial fragmentation, and energy deprivation in PC12 cells it is obvious that this 

chlorinated lipid or HOCl-SM-derived metabolites directly target mitochondria, which then 

elicits apoptosis in PC12 cells. Considering studies that showed activation of aSMase in 

response to treatment with oxidized PL (Fruhwirth et al., 2006; Loidl et al., 2003) a similar 

reaction mechanism might account for energy deprivation and apoptosis in this study. 

Results from the first part of this thesis show rapid BODIPY-SM hydrolysis at the PM and/or 

intracellular compartments in CATH.a cells after disturbing SM-Cer homeostasis by 

incubation with this tracer. Hence it is likely that naturally occurring SM(d18:1/16:0) 

induces SM turnover in PC12 cells. Cer can promote the apoptotic machinery either by 

acting on enzymes and proteins (e. g. PP2A phosphorylation, cytochrome c oxidation, 

cathepsin D activation; (Ghafourifar et al., 1999; Heinrich et al., 1999; Lin et al., 2006)) or by 

direct interference with mitochondria (e. g. mitochondrial PTP formation, disruption of 

inner and outer mitochondrial membrane, targeting of respiratory chain complexes; 

(Colombini, 2010; Gudz et al., 1997; Novgorodov et al., 2005)). However, although we could 

detect dissipation of ∆ψm after SM treatment, mitochondrial irritation was not sufficient to 

render PC12 cells apoptotic in contrast to what was observed after PC12 treatment with 

HOCl-SM. Whether HOCl-SM-derived chlorinated Cer is a more potent pro-apoptotic lipid 

than unmodified Cer is currently unclear. Studies that showed disruption of the 

mitochondrial membranes due to insertion of Cer might favor this idea. As discussed 

earlier, chlorinated lipids are considered to introduce hydrophilic groups into membrane 

lipid bilayers leading to membrane perturbation and rupture. Hydrophilic lipids might be 

subject to faster PM insertion kinetics than more apolar lipids (more efficient PM insertion 

of the hydrophilic BODIPY-SM than apolar PYRENE-SM). Presumably, Cer generated from 

exogenously applied SM targets the membrane of mitochondria which, however, is not 

sufficient to induce apoptosis. In contrast, Cer chlorohydrins could severely damage the 

outer and/or the inner membrane of mitochondria leading to mitochondrial fragmentation, 

energy deprivation, and the release of pro-apoptotic proteins. Another open question is 

whether SMases display other substrate specificity toward HOCl-SM. It might be possible 

that HOCl-SM is more efficiently converted to the corresponding Cer than unmodified SM, 
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which would provoke a more pronounced increase in intracellular Cer concentrations. 

Another possibility that can account for induction of apoptosis in HOCl-SM-treated PC12 

cells is substrate specific activation of SMases as shown for oxidized PL (Fruhwirth et al., 

2006). 

Recently energy deprivation was reported in cells treated with small chlorohydrin 

molecules. Several studies identified 3-Cl-propanediol, also termed S-α-chlorohydrin (ACH), 

as an inhibitor of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 

triosephosphate isomerase (Jelks and Miller, 2001; Romero et al., 1997; Sheline and Choi, 

1998). Treatment with ACH induced energy deprivation-dependent cell death in cultured 

cortical neurons, rat astrocytes, and brain microvessel endothelial cells (Brown et al., 2011; 

Romero et al., 1997; Sheline and Choi, 1998; Willis et al., 2007), disruption of the redox 

state in primary astrocyte cultures (Skamarauskas et al., 2007), ROS-dependent apoptosis in 

mouse melanoma cells (Park et al., 2010), dysfunction of the BBB (Willis et al., 2007), and 

microglial activation (Lynch et al., 2004) which further emphasize the neurotoxicity of 

chlorohydrins. Energy deprivation plays a central role in neurodegenerative diseases (Hoyer 

et al., 2005). Recently it was revealed that cancer cells switch from oxidative 

phosphorylation to glycolysis for ATP production during hypoxia thus hindering them to 

undergo the apoptotic cascade. Similarly is was observed that neurons also switch to 

glycolysis to maintain ATP production and synthesize antioxidant molecules to survive 

during oxidative stress (Hedskog et al., 2011). Since small chlorohydrin molecules were 

shown to induce energy deprivation by inhibition of glycolytic enzymes (see above) this 

might allow us to speculate that SM chlorohydrins also target these enzymes. Cer targeting 

of mitochondria and energy deprivation would suggest a possible combination that 

accounts for PC12 cell death during HOCl-SM treatment.  Thereby, SM-derived Cer might 

target mitochondria leading to oxidative stress (dissipation of ∆ψm in SM- and HOCl-SM-

treated PC12 cells). SM-treated PC12 cells can overcome this problem by switching energy 

production to glycolysis. However, as chlorohydrins might inhibit glycolytic enzymes in 

PC12 cells, energy production can be severely impaired which results, in combination with 

ROS formation, in cell death. This might account for differences in cell viability in SM- and 

HOCl-SM-treated PC12 cells. 
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Results obtained after identification of differentially expressed proteins in control, 

SM-, and HOCl-SM-treated cells further support this theory. Many enzymes that contribute 

to energy metabolism were identified to be downregulated compared to control cells which 

points towards energy deprivation in HOCl-SM-treated PC12 cells. Moreover it was 

suggested that astrocytes play a critical role in energy homeostasis in neurons via a 

pathway termed the neuron-astrocyte lactate shuttle (Pellerin et al., 2007). After neuronal 

activation astrocytes increase their glycolytic rates and generate lactate, which is then 

transported to neurons where it is converted back to pyruvate (by means of lactate 

dehydrogenase (LDH)) and enters oxidative phosphorylation (Kasischke et al., 2004). 

Downregulation of glycolytic enzymes by HOCl-SM and (partially) by SM observed during 

this in vitro study would impair neuronal oxidative glycolysis during the initial phase and 

probably also nonoxidative glycolysis in astrocytes. Downregulation of LDH as observed 

here would also decrease lactate oxidation and ATP production, a prerequisite for 

glutamate recycling. In combination these are classical markers of energy deprivation as 

observed in many neurological diseases. 

PC12 treatment with unmodified SM also provoked downregulation of a few 

enzymes that contribute to energy metabolism. This raises the question by which 

mechanism(s) SM and HOCl-SM can induce changes in the expression pattern of these 

enzymes apart from directly inhibiting their enzymatic activity. Once more the SM-Cer 

pathway could be of central importance in this process. In LPS-treated rats it was 

demonstrated that the inflammatory response results in impaired cardiac glycolysis and a 

net reduction of glycogen biosynthesis, effects abolished by pharmacological inhibition of 

ceramidase (Tessier et al., 2003). In vitro studies have demonstrated that Cer inhibits 

activation of Akt, antagonizes insulin-dependent glucose transport (Summers et al., 1998), 

and suppresses phosphorylation of insulin receptor substrate-1 (Kanety et al., 1996). In 

neurons inhibition of hexokinase activity (via inhibition of Akt) was reported in response to 

C2-ceramide (Arboleda et al., 2007). Finally, analysis of alterations in gene expression 

accompanying C2-ceramide-induced apoptosis in PC12 cells revealed significantly 

decreased (3-fold) expression of aldolase C expression at the mRNA level (Decraene et al., 

2002), which is consistent with our proteome findings (downregulation of aldolase C by SM 

and HOCl-SM between 2.2- and 3.5-fold). 
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However, also with regard to protein expression, some distinct differences between 

SM and HOCl-SM became apparent. Whereas SM induced the expression of peroxiredoxins 

1 and 2 (PRDX1 and 2), mitochondrial superoxide dismutase 2, proteasome subunit α type-

1, and glutathione S-transferase ω-1 (which are all involved in Nrf2-mediated oxidative 

stress response), this type of response was not observed with HOCl-SM. Interestingly, a 

recent report identified erythrocyte peroxiredoxin 2 as a target for HOCl-dependent 

oxidation (Stacey et al., 2009). Taken together the induction of the protective Nrf2 

response might be a plausible explanation for the absence of intracellular ROS generation 

in SM-treated PC12 cells and supports suggestions mentioned above. 

 

Differences in protein expression in SM- and HOCl-SM-treated PC12 cells were also 

identified for cytoskeletal proteins. HOCl-SM-treated cells exhibited preferred clumping as 

well as the establishment of a cortical actin ring, which might be due to a lower motility in 

response to cell stress or represent a protective mechanism. Such a cortical actin 

cytoskeleton was shown to be important in proper barrier function in endothelial cells 

(Singleton et al., 2010) and was identified to be established under certain kinds of cell 

stress. Studies that suggested decreased activity of cofilin to play a role in maintenance of 

the cortical actin ring under hypertonic conditions (Di Ciano-Oliveira et al., 2006) would fit 

to our results as we found cofilin more then 2-fold downregulated in HOCl-SM-treated cells. 

In terms of hyperosmotic stress RhoA-kinase activation was shown to account for actin 

remodeling by shortening of stress fibers accompanied with predominance of cortical F-

actin staining (Miranda et al., 2010). In yeast cortical actin-derived oxidation-induced actin 

bodies protect cells from oxidative stress (Farah et al., 2011). 

Studies from the first part of this thesis revealed caveolae-mediated endocytosis of 

BODIPY-SM. Choudhury and colleagues (Choudhury et al., 2002) could show that BODIPY-

labeled GSL are similarly endocytosed and that Golgi targeting of the fluorescent lipids 

depends on microtubules. Additionally disruption of microtubules with nocodazole 

selectively interfered with the apical transport of NBD-SM from the Golgi to the PM 

(Vanmeer and Vanthof, 1993). These authors concluded that microtubules might maintain 

the Golgi close to the PM or act as tracks for SM-containing vesicles. Therefore, 

upregulation of tubulin due to exogenouslyadded SM seems to indicate an important 

function of microtubules in maintenance of lipid sorting and trafficking. 
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Taken together results point towards a potent role of HOCl-SM in neurotoxicity (a 

model is shown in Figure 48). Under inflammatory conditions MPO-derived HOCl-SM can 

oxidatively modify SM leading to formation of SM chlorohydrin/chloramide species that 

elicit ROS formation in PC12 cells. Concomitantly, mitochondrial irritation provokes 

defective oxidative phosphorylation, induces caspase-3 and PARP cleavage, and decreases 

cell viability. These events are not observed in PC12 cells incubated in the presence of 

unmodified SM. However, both lipids were shown to be potent lipid modulators of protein 

expression in neuronal cells driving downregulation of glycolytic enzymes and LDH in PC12 

cells. Chronic inflammation as observed in neurodegenerative diseases is accompanied by 

energy deprivation, sustained MPO activation, and generation of reactive species. These 

observations as well as the high SM content in neuronal tissue highlight a potential role of 

HOCl-SM in disease progression. 

 

 

 

 

Figure 48: Proposal of generation of HOCl-modified SM and its potential lipotoxic effects.  
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