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ABSTRACT 

Accumulation of palmitic acid (PA) in cells from non-adipose tissues is known to induce 

lipotoxicity resulting in cellular dysfunction and death. A number of different molecular 

pathways have been proposed to mediate the process of cellular dysfunction and death in 

different tissues which mainly focus on apoptosis as a major cell death pathway. Recent 

developments have provided strong evidence on the contribution of necrosis as a programmed 

cell death pathway (necroptosis) which was otherwise considered as a random or accidental 

phenomenon. The exact molecular pathways of PA-induced cell death are still mysterious and 

one or a combination of different signaling cascades may be involved. Here, we show that PA 

triggers autophagy and lysosomal dysfunction simultaneously leading to endothelial cell death. 

The PA-induced cell death was predominantly necrotic as indicated by annexin V and 

propidium iodide (PI) staining, absence of caspase activity, low levels of DNA hypoploidy, 

and an early ATP depletion. In addition PA induced a strong elevation of mRNA levels of 

ubiquitin carboxyl-terminal hydrolase (CYLD), a known mediator of necroptosis. Moreover, 

siRNA-mediated knockdown of CYLD significantly antagonized PA-induced necrosis of 

endothelial cells. In contrast, inhibition and knockdown of receptor interacting protein kinase 

1 (RIPK1) had no effect on PA-induced necrosis, indicating the induction of a CYLD-

dependent but RIPK1-independent cell death pathway. PA was recognized as a strong and 

early inducer of autophagy. The inhibition of autophagy by both pharmacological inhibitors 

and genetic knockdown of the autophagy-specific genes, vacuolar protein sorting 34 (VPS34), 

and autophagy-related protein 7 (ATG7), could rescue the PA-induced death of endothelial 

cells. Moreover, the initiation of autophagy and cell death by PA was reduced in endothelial 

cells loaded with the Ca(2+) chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic 

acid-(acetoxymethyl) ester (BAPTA-AM), indicating that Ca(2+) triggered the fatal signaling 

of PA. At the same time PA was found to activate calpain 1 and induces lysosomal 

dysfunction. A siRNA-mediated knock down of calpain 1 inhibited the PA-induced cell death 

significantly. To summarize PA induces autophagy and lysosomal dysfunction simultaneously 

leading to ATP depletion which further activates necroptosis in endothelial cells.  
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ZUSAMMENFASSUNG 

Die Anhäufung von Palmitinsäure (PA) in Zellen außerhalb des Fettgewebes ruft 

bekanntermaßen Lipotoxizität hervor und führt so zu Störungen zellulärer Funktion und zum 

Zelltod. Eine Vielzahl an molekularen Signalwegen wurde bisher in Verbindung mit diesem 

Prozess gebracht, die sich allesamt auf Apoptose als vorherrschende Art des Zelltodes 

konzentrieren. Neuere Ergebnisse zeigen jedoch, dass in diesem Zusammenhang auch Nekrose 

(Nekroptose) eine bedeutende Rolle spielt und keineswegs, wie bisher angenommen, ein 

unkontrolliertes und zufälliges Phänomen darstellt. Die genauen molekularen Mechanismen 

des PA-induzierten Zelltodes sind immer noch ungeklärt und könnten sowohl eine einzige, 

oder aber eine Kombination aus verschiedenen Signalkaskaden beinhalten. 

In dieser Arbeit wird veranschaulicht, dass PA sowohl Autophagie, als auch lysosomale 

Dysfunktion auslöst, was den Zelltod von Endothelzellen zur Folge hat. Diese Art des PA-

induzierten Zelltodes war vorwiegend den Signalwegen der Nekrose zuzuordnen, wie durch 

Annexin V und Propidiumiodid (PI)-Färbungen gezeigt werden konnte. Auch das Fehlen von 

Caspase-Aktivität, das geringe Vorkommen von DNA-Hypoploidie und eine frühe Abnahme 

der ATP-Konzentration weisen auf einen nekrotischen Zelltod hin. Darüber hinaus rief PA 

eine ausgeprägte Zunahme des Auftretens von mRNA für ubiquitin carboxyl-terminal 

hydrolase (CYLD) hervor, welche als Vermittler von Nekroptose gilt. Durch siRNA-

vermittelten Knockdown von CYLD konnte das Auftreten des PA-induzierten 

Endothelzelltodes signifikant verringert werden. Hemmung bzw. Kockdown von receptor 

interacting protein kinase 1 (RIPK1) hingegen hatten keinen Effekt auf die PA-induzierte 

Nekrose, was auf die Aktivierung eines CYLD-abhängigen aber RIPK1-unabhängigen Weg 

des Zelltodes hindeutet. PA stellte sich zudem als potenter und rascher Auslöser von 

Autophagie dar. Das Unterdrücken der Autophagie, sowohl durch pharmakologische 

Hemmstoffe, als auch über Knockdown der Autophagie-spezifischen Gene vacuolar protein 

sorting 34 (VPS34) und autophagy-related protein 7 (ATG7) verhinderten den PA-

verursachten Tod von Endothelzellen. Die Effekte von PA auf Endothelzellen waren nur in 

abgeschwächter Form zu beobachten, wenn die Zellen zuvor mit dem Ca
2+

-Chelator 1,2-bis(o-

aminophenoxy)ethane N,N,N’,N’-tetraacetic acid-(acetoxymethyl) ester (BAPTA-AM) 

beladen wurden, was veranschaulicht, dass Ca
2+

 am Auslösen der zum Zelltod führenden PA-
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Signalkaskade beteiligt ist. Außerdem wurde PA als Aktivator von calpain 1 und damit als 

Auslöser lysosomaler Dysfunktion identifiziert. Über siRNA-vermittelten Knockdown von 

calpain 1 konnte der PA-induzierten Zelltod signifikant vermindert werden. Zusammenfassend 

löst PA zeitgleich sowohl Autophagie als auch lysosomale Dysfunktion aus, was zu einem 

Abfall der zellulären ATP-Konzentration führt und somit die Nekroptose von Enothelzellen 

weiter vorantreibt.  
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1. INTRODUCTION 

1.1 Lipotoxicity 

Accumulation of excess lipids in non-adipose tissues leads to cell dysfunction or cell death. This 

phenomenon, known as lipotoxicity is responsible for a number of pathogenesis in humans. The 

term lipotoxicity was first coined by Dr Unger referring to the deteriorating effect of triglyceride 

accumulation in pancreatic β-cells on glucose stimulated insulin secretion (1).  

Free fatty acids are synthesized through de novo synthesis pathways utilizing the common 

building blocks (2) and are used by hydrolyzing them trough cellular lipases and burning them 

through beta-oxidation to generate energy (3,4). Free Fatty Acids (FFA’s) can also be imported 

into cells by both protein-mediated transport (5) and free movement across the cell membrane (6). 

This transport of FFA’s depends on cellular demands or extracellular concentrations of FFA (7). 

FFA’s delivered into the cell are utilized for a number of important biological processes such as 

membrane biosynthesis (8), energy production (9), lipid signaling (10), post-translational protein 

modification (11) and regulation of transcription (12). Excess lipids are esterified and stored in the 

form of triglyceride in lipid droplets and serves as a life saving energy reservoir in the time of 

famine and starvation (13). A balance is always maintained between lipid supply and demand 

through the storage of lipids in the form of lipid droplets in lipid storage tissues like adipose tissue 

(14). These lipid droplets are then mobilized in the form of free fatty acids (FFA), 

diacylegylcerols (DAG) and other fatty acid derivatives through a well orchestrated enzymatic 

system of the cell which is controlled by a hormonal system and droplet-associated proteins in 

mammals (4). A proper functioning of this enzymatic and hormonal system and a balanced 

between supply and demand of lipids is necessary for the normal tissue metabolism and function, 

as is shown by the genetic knock out mice to study the effect of different enzymes involved in 

lipid metabolism (15,16). 

Only adipose tissue has this unique capacity to store large amounts of excess FFAs in the form of 

cytosolic lipid droplets (14) while cells of non-adipose tissues have only a limited capacity for 

lipid storage. An excess of lipids above this limited capacity results in cellular dysfunction or cell 

death which is termed as lipotoxicity. Hence, broadly, an accumulation of excess lipids in non 

http://wizfolio.com/?citation=1&ver=3&ItemID=693&UserID=14562&AccessCode=6110D368E4DA4841B10FA8CA7AA95016&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1077&UserID=14562&AccessCode=36A8B78F8DA7481596A1475DE6D585F1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1079&UserID=14562&AccessCode=8F231E2A78BD4D49999C7910414CBB0E&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1079&UserID=14562&AccessCode=8F231E2A78BD4D49999C7910414CBB0E&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1080&UserID=14562&AccessCode=6764277666E84515AED6EC6BCA55A687&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1081&UserID=14562&AccessCode=C0848C5E308D453C8E12FB00040E9E19&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1082&UserID=14562&AccessCode=E2ABF8276CB14BBE8FB8272D57C63F3D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1083&UserID=14562&AccessCode=417E18AF2C914445B1C4D319258FAB1F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1084&UserID=14562&AccessCode=D8EF0705BEAF434FA5AE5981AD99839B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1085&UserID=14562&AccessCode=64B5B861EEAF4EBBA5BCB4C34F3A2C7F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1086&UserID=14562&AccessCode=A74C9E1A31784EDD8E11E4DCABFD8EE1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1087&UserID=14562&AccessCode=806EC63CF9C741D2A623295152537099&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1088&UserID=14562&AccessCode=8EF4D5EDC9F2477BA44307845FDF2BAC&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1089&UserID=14562&AccessCode=139BD7D8522A4F229741C506478B8D02&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1078&UserID=14562&AccessCode=541A6D88495B43B49158EDDA90ABB190&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1158&UserID=14562&AccessCode=CDAFEB78DC8D4E1FB1F0E4B749345AD1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1158&UserID=14562&AccessCode=CDAFEB78DC8D4E1FB1F0E4B749345AD1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1089&UserID=14562&AccessCode=139BD7D8522A4F229741C506478B8D02&CitationSuffix=
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adipose tissue resulting in a number of different complications is known as lipotoxicity.  A 

generalized representation of lipotoxicity is given in figure 1-1. 

Cell deathCell death

 

Figure 1-1: a generalized schematic representation of lipotoxicity. Elevated FFA’s are stored in 

adipose tissue or secreted the form on lipoproteins. FFA’s are stored in triglyceride stores and 

are mobilized back to FFA on demand. Fatty acids are metabolized in mitochondria through β-

oxibation and excess of FFA can lead to cellular dysfunction and cell death. (Modified from 

Schaffer JE, 2003) 
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1.2 Lipotoxic complications 

Some of the most common complications caused by lipotoxicity are obesity (17), insulin 

resistance (18), cardiovascular complications (19), atherosclerosis (20) and diabetes (21,22). In 

addition, a number of neurodegenerative disorders are caused by an altered lipid homeostasis (23). 

Almost all major tissues and organs are reported to be affected by the excess lipids. These include 

kidneys (24), pancreas (25), liver (26), heart (27) and brain (23). A defect in the mitochondrial 

fatty acid oxidation pathway results in cardiac overload of lipids and is associated with heart 

failure and sudden death (28). Similarly, other metabolic alterations that lead to the accumulation 

of lipids in cardiac tissue are known to be associated with cardiomyopathy (29). Mice lacking 

long-chain acyl-coenzyme A (CoA) dehydrogenase are known to develop fibrosis which may lead 

to arrhythmias (30). In Zucker diabetic fatty (ZDF) rats with elevated serum FFA and triglyceride 

levels results in apoptotic cardiomyocyte death and a decrease in systolic function (31). In skeletal 

muscles accumulation of excess lipids lead to the generation of insulin resistance and type 2 

diabetes by reducing insulin receptor substrate 1 phosphorylation and phosphatidylinositol 3-

kinase (PI3K) activity which fails to promote translocation of the GLUT4 glucose transporter to 

the plasma (32). In pancreatic β-cells accumulation of FFA alters insulin secretion and leads to β-

cell apoptosis (33). In humans, non-alcoholic steatohepatitis (NASH) is the most prominent 

condition associated with triglyceride and FFA accumulation in the liver which leads to 

hepatocyte damage and fibrosis ultimately resulting in liver cirrhosis (34). A study in rats suggests 

that FFAs carried by albumin plays a role in the pathogenesis of tubulointerstitial injury in kidneys 

(35). In hypothalamus lipotoxicity induce ER stress which can lead to metabolic syndrome (36).  

Figure 1-2 represents a few complications related to lipotoxicity while brief mechanisms of 

lipotoxicity in different cell and tissue types is shown in Table 1-1. 

http://wizfolio.com/?citation=1&ver=3&ItemID=1090&UserID=14562&AccessCode=943B05CB413849FEBB1D3A2E02A148FC&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1091&UserID=14562&AccessCode=6AA6FA37426C423EA271EB451D3294D2&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1092&UserID=14562&AccessCode=15BBAE6831EC4E2082E35CF639BD5123&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1093&UserID=14562&AccessCode=661DC8ABA4B14F11B55FF969FDDEFEC8&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1094&UserID=14562&AccessCode=6C45ACE97C0D4F46BEB5C22F83243594&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1094&UserID=14562&AccessCode=6C45ACE97C0D4F46BEB5C22F83243594&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1096&UserID=14562&AccessCode=A7E2D75DC8714FADAF0C90BBA368014B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1097&UserID=14562&AccessCode=5BBB147AA82D44B7BF1B8A95E8809475&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1098&UserID=14562&AccessCode=30439D852F8F4161BC6863B191192ACE&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1099&UserID=14562&AccessCode=6BB1EE5F108D41DE8FB342AFF73E0A06&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1100&UserID=14562&AccessCode=C05F77D5C32F4EDDBA7B8D1A8AE36BD6&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1096&UserID=14562&AccessCode=A7E2D75DC8714FADAF0C90BBA368014B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1101&UserID=14562&AccessCode=0BE29AA0FA204C2ABFEB61FE075102D6&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1102&UserID=14562&AccessCode=13121722EC2D4CDF937E71D69A32A59F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1103&UserID=14562&AccessCode=CEDA554288B74096A4F68D447C9A247E&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1104&UserID=14562&AccessCode=97B459C177BD4CC8ACAEEDFFA2D22DD5&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1105&UserID=14562&AccessCode=FD7BD09DCB3F49F5A3FD169436B9DF49&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1107&UserID=14562&AccessCode=025EDF269CE348FCB62D01C81830E2F2&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1108&UserID=14562&AccessCode=CC8882F406444C76B1F4BFDCCD0C5EF1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1028&UserID=14562&AccessCode=1F5227DDC41D449286C6DCE441E34484&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1109&UserID=14562&AccessCode=F82915D3981B45E6B15E334B931EADE6&CitationSuffix=
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Figure 1-2: Simplified scheme of lipotoxic complications (Modified from Garbarino and 

Sturley 2009) 

 

1.3 Lipotoxicity and endothelial dysfunction 

A thin layer of cells that lines the interior surface of blood vessels and lymphatic vessels is 

called Endothelium. It works as an interface between blood or lymph in the lumen and the rest 

of the vessel wall. The cells that form the endothelium are called endothelial cells. Endothelial 

cells in direct contact with blood are called vascular endothelial cells (38). 

The major functions of endothelium includes fluid filtration, blood vessel tone, hemostasis, 

neutrophil recruitment, and hormone trafficking. Figure 1-3 shows a general structure of a 

blood vessel wall and endothelial cells. 

http://wizfolio.com/?citation=1&ver=3&ItemID=1110&UserID=14562&AccessCode=6FDD7D0CA6EA4B32A0F80CA4D8DCCBF3&CitationSuffix=
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Table 1: The mechanisms of lipotoxicity are cell type and lipid-species dependent. Table is 

taken from Garbarino et al., 2009 (37). 

Lipid species Cell type Mechanism 

Unsaturated 

fatty 

acid (UFA) 

Neuronal cells, 

HUVECs 

Activation of protein phosphatase type 2C 

(PP2Ca/b); leads to BAD dephosphorylation 

Huh7, HepG2 

JNK-dependent upregulation of TNF-related 

apoptosis inducing ligand (TRAIL) receptor 

death receptor 5 (DR5); caspase 3/7 activation 

Huh7, HepG2 

Transcriptional alterations within apoptotic, 

proliferation, and redox balance cascades; 

induction of oxidative stress and TGFb 

dependent apoptotic cascades 

Lymphocytes, Jurkat 

and 

Raji cells 

Activation of PPAR, Caspases 3, 6, 

TNF-a production 

18 rat b-cells, INS-

1(E) cells 

Induction of C/EBP homology protein 

(CHOP) 

and the UPR (ATF4, eIF2-a phosphorylation, 

splicing of XBP1) 

McArdle Cells 
UPR induction (eIF2a phosphorylation, 

XBP1 splicing) 

Dgat1_/_ Fibroblasts Not determined 

dga1D plh1D (S. 

pombe) 
DAG accumulation; ROS production 

are1D are2D dga1D 

lro1D 

(S. cerevisiae) 
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Figure 1-3: A schematic representation of endothelial cell lining (Modified from (39)) 

Endothelium is in direct contact with the blood and hence is the first target of deleterious 

effects of fatty acids. Therefore, a number of complications have been known to be associated 

with elevated fatty acid levels worldwide. The major risk factors for the development of 

cardiovascular diseases are Obesity and type 2 diabetes mellitus (T2DM) which have attained 

an epidemic level (40).  

1.4 Mechanisms of Lipotoxicity 

There are a number of ways through which lipid overload leads to cellular dysfunction or cell 

death which are discussed following. 

1.4.1 Lipotoxicity and mitochondrial dysfunction 

Mitochondria being central to energy production are the key targets of substrate overload. 

Fatty acids are oxidized in mitochondria through beta-oxidation (41) and an overload will 

cause mitochondrial dysfunction which can be both changes in mitochondrial number and 

morphology (42). Although both saturated and unsaturated fatty acids are directed to 

mitochondria for β-oxidation, only long chain saturated fatty acyl CoAs serves as a substrate 

for de novo synthesis of ceramide. This specificity is achieved by the enzymes serine 

palmitoyl transferase and ceramide synthase as suggested by Brookheart et al. (43)  

mitochondrial number is inversely proportional to the activity of mitochondria as found in 

ob/ob and db/db mice. Its was shown that although the number of mitochondria(44) were 
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increased in these models the mitochondrial activity was decreased (45,46) which is 

suggestive of increased uncoupling by the fatty acids.  

In addition FFA can directly affect mitochondria by inducing the opening of permeability 

transition pore and cytochrome C release which initiates apoptosis finally (47). Also saturated 

fatty acids are found to be poor substrate for the synthesis of cardiolipin thus leading to 

decreased cardiolipin concentration in mitochondria (48). Mitochondria with a decreased 

cardiolipin concentration are more prone to the opening of permeability transition pore 

releasing cytochrome C and thus more susceptible to apoptotic cell death (49). Saturated fatty 

acids are also suggested to affect the mitochondrial membrane phospholipids and produce 

reactive oxygen species (ROS) and thus alter mitochondrial physiology (43). 

1.4.2 Lipotoxicity and ER stress  

In primary cells bulk membrane biogenesis mainly occurs in ER and Golgi apparatus which 

together constitute endomembrane compartment in the cytosol. The major lipid content 

synthesized in the ER is glycolipids and sphingolipids. Both saturated and unsaturated FFA’s 

are directed to ER for complex lipid synthesis (43). ER contains all the major enzymes 

responsible for the synthesis of all these different lipid moieties (50). Proper lipid composition 

of ER is of utmost importance as any changes in ER lipid composition may have drastic 

effects on ER physiology. Ca
2+

 storage is one of major function of ER and it is reported that 

altered ER fatty acid and lipid composition result in the inhibition of sarco/endoplasmic 

reticulum calcium ATPase (SERCA) activity and ER stress (51). Similarly, Volmer et al. 

reported that membrane lipid saturation activates endoplasmic reticulum unfolded protein 

response (UPR) transducers through their transmembrane domains (52). In vitro 

supplementation of cultured fibroblasts, myoblasts, and b cells with saturated FFAs alteraters 

ERstructure and function which precede UPR activation. This suggests that lipid incorporation 

into ER contributes to initiate ER stress and UPR (53,54). UPR itself leads to the activation of 

certain genes that are involved in lipid metabolism and try to compensate the situation but in 

worst case it initiates apoptosis leads to cellular dysfunction (50). Recently it has been shown 

that reducing palmitate-induced ER stress through a chemical chaperone, 

tauroursodeoxycholate, prevents apoptosis in pancreatic β-cells (55) while another chemical 
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chaperon, 4-phenyl butyric acid (4-PBA), ameliorates palmitate-induced inhibition of glucose-

stimulated insulin secretion (GSIS) in the same cells (56). 

1.4.3 ROS generation 

Reactive oxygen species (ROS) play an important role in cellular redox signaling pathways 

(57) and a very well organized enzymatic scavenging system (e.g dismutase and peroxidase) 

and other redox-sensitive modulators (e.g., vitamins E and glutathione) are working 

continuously to keep a check on ROS levels of the cell (58). However, in pathophysiological 

conditions, ROS generation may surpass the antioxidant scavenging system resulting in a net 

increase in the ROS levels of the cell. These elevated ROS levels cause oxidative damage to 

all biomolecules like lipids, protein content and DNA ultimately resulting in impairing 

membrane integrity, organelle function and gene regulation (59). A disbalance in redox 

signaling can have deleterious effects on cell leading to cellular dysfunction, mediated by, 

mitochondrial damage (60,61) and ER stress and in extreme cases to cell death (62). 

Under conditions of hyperlipidemia and type 2 diabetese it has been shown that DNA and 

protein oxidation products, pro-oxidants and cellular glutathione disulphide levels were 

elevated (43). Similar findings have also been reported in ob/ob, db/db and AY mice under 

conditions of lipid overload (63). One of a direct effect of ROS is lipid and protein 

peroxidation which leads to organelle dysfunction and cell death (64). Lipids induce elevated 

ROS by fueling and accelerating the respiration machinery (65). It has also been reported that 

long chain nonesterified fatty acids decrease mitochondrial ROS generation at the reverse 

electron transport but increase it at the forward transport (66). The effect can be reversed by 

using chemical scavengers or by over expression of ROS neutralizing enzymes like superoxide 

dismutase and catalases (67).  

1.4.4 Ceramides 

Ceramide is an important lipid second messenger known for initiation of apoptosis under some 

conditions of stress (68,69). It is synthesized by three different pathways: 1) hydrolysis of 

sphingomyelin (SM) by sphingomyelinase, 2) palmitoyl CoA condensation with serine by 

serine palmitoyltransferase (SPT) which is also termed as de novo synthesis (70) and 3) the 
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sphingolipid salvage pathway (71). It has been shown in in vitro studies that under conditions 

of substrate overload de novo ceramide synthesis is increased (72,73) while its role in inducing 

apoptosis is reported variably (72,74). Fig 1-4 summarizes the involvement of fatty acid 

metabolites leading to mitochondrial dysfunction and ER stress which can further lead to cell 

death.  

 

Figure 1-4: a scheme showing how FFA affect different cellular organelle and how the 

organelle interact with each other either to respond to lipid overload or to compensate the 

effects of lipid overload finally leading to cellular dysfunction and cell death. (Taken from 

Brookheart et al., 2009 (43)  

1.4.5 Nitric Oxide signaling 

Nitric oxide is a signaling molecule which is synthesized by NO synthase as an uncharged 

diatomic gas having a half life of several seconds at low concentrations in tissues (75).  NO is 

also known as endothelial derived relaxing factor as endothelium of blood vessels uses NO to 

signal smooth muscle cells to relax, a process known as vasodilation resulting in increased 

blood flow (76). Thus NO signaling has an important role in regulating blood flow and a 

dysregulation of NO signaling contributes to a number of different diseases like heart disease, 

hypertension and stroke, gastrointestinal distress, erectile dysfunction and neurodegeneration 
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(75). It has been reported that free fatty impairs NO production in endothelial cells through 

IKK β (77). 

 

Figure 1-5: a generalized scheme showing how FFA results in endothelial dysfunction 

medicated by NO bioavailibity. (Taken from Imrie et al., 2010 (78)) 

1.5 Lipotoxic cell death mechanisms 

The above mentioned outcomes of lipid over load ultimately lead to cellular dysfunction or 

cell death. So far the most studied mechanism of cell death is apoptosis which is mediated by 

different signaling pathways in different cell types. The involvement of other cell death 

mechanisms in combination with apoptosis or in isolation have not been studied much. 

Recently there are some reports which also highlight the involvement of autophagic cell death 

and necrosis or necroptosis in lipotoxic cell death but there is still much to be explored 

regarding their molecular mechanism. In the following section difference cell death 

mechanisms are discussed briefly in context of lipid over load and lipotoxicity. 

1.5.1 Apoptosis 

Nature has evolved the mechanisms to keep a check on the regular growth of cells and tissues 

and cells have adopted mechanisms to get rid of unwanted cells. Apoptosis is a programmed 

cell death mechanism, conserved from yeast to humans (74,79-81), which is regulated by 
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number of different proteins, factors and enzymes finally leading to death and disintegration of 

the cell (81). It has been reported by different groups that saturated fatty acids induce 

apoptosis in different cell types which is mediated by different mechanisms (82-85). Apoptosis 

is always preceded by other cellular damage like induction of ER stress and mitochondrial 

dysfunction. A release of Ca
2+

 from ER is one of the key steps in the process leading to 

mitochondrial swelling and opening of permeability transition pore, release of cytochrome c 

and activation of activator and effector caspases (86). There are variable reports regarding the 

FFA intermediate metabolites like ceramide on cellular apoptosis (72,74,87). Similarly role of 

NO signaling is reported variably, depending on cell and tissue type (88).  

 

Fig 1-6: a simplified flow chart of apoptosis (taken from Andón et al. (81) 

1.5.2 Necrosis and Necroptosis 

Necrosis was generally regarded as a sudden and non programmed cell death pathway (89). A 

number of stimuli were generally attributed with the onset of necrosis including physical 

damage to the cellular membranes and organelle, a sudden increase in the ROS production 

above a certain level and energy crisis due to a decrease in ATP levels below a certain level 

(90). Recently, it has been shown that necrosis is not just a sudden cell death pathway but is 

also controlled by certain proteins and is programmable (91). Receptor interacting protein 
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kinases (RIPK’s) are among the first proteins which have been identified to participate in the 

process of programmed necrosis which is also termed as necroptosis (92). Recently CYLD has 

been identified to play a role in the onset of necroptosis by inhibiting caspase 8 (93). Similarly 

calpains, the cystiene proteases are also known to execute necrosis once activated by a 

cytosolic Ca
2+

 overload (94). Figure 1-7 represents some pathways which can end up at 

programmed necrosis or necroptosis. 

 

Fig 1-7: a simplified flow chart of necroptosis (taken from Andón et al. (81) 

1.5.3 Autophagy and autophagic cell death 

Autophagy is an evolutionarily conserved process which combats metabolic hardships (95) 

and other stresses (96) leading to organelle dysfunction. Autophagy is prosurvival in this 

regard when it provides nutrients to a starving cell (97) or removing the damaged parts and 
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leaving functionally fit parts that cell can survive the unusual environmental or internal 

stressed conditions (98). The process starts with encircling the damaged organelle or the 

material destined to degradation into a double membrane known as autophagosomes. 

Autophagosomes are then fused with the lysosomes resulting in an autolysosomes (99). The 

lysosomes are acidic compartments which contain a number of acid hydrolases (100) and 

lipases (101). Cellular organelle and macromolecules destined to autolysosmes are degraded 

by these enzymes and the molecules are supplied back to the energy producing machinery to 

replenish cellular energy requirements (102). The process is prosurvival if not interrupted 

(103,104) or exceed the normal limits (105). An interruption to the process or exaggerated 

autophagy initiates cell death pathways, termed as autophagic cell death (106). Autophagy can 

lead to cell death either by over-eating of the cellular parts (105) or initiating apoptosis(107) or 

necrosis (108). Figure 1-8 shows a simplified way how autophagy is initiated and its fate. 

Recently it was found that autophagy mobilized lipid droplets in times of starvation (109). 

Also there are recent reports that palmitic acid can trigger autophagy which slows down 

apoptosis in βcells (110). In another study palmitic acid was found to harm the lysosomes in 

neuronal cells (111). Furthermore, it has also been reported that fatty acids decreases 

autophagic turn over by harming lysosomes leading to energy crisis (112). Molecular 

pathways are being studied to explore the intermediate players involved in fatty acid triggered 

autophagy. Protein kinase C has also been demonstrated to be one of the major enzymes that 

control palmitic acid induced autophagy in β- cells (113). 

So far there is very little knowledge about induction of autophagy by palmitic acid. However, 

a few reports are available (as mentioned in previous paragraph) regarding the molecular 

pathway responsible for its activation. Similarly the fate of autophagy is variable in different 

cell types. Until recently, there is no report regarding PA induced autophagy in endothelial 

cells. Keeping in view the utmost importance of this pathway in endothelial physiology and 

pathology this study was designed with the following aims. 
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http://wizfolio.com/?citation=1&ver=3&ItemID=368&UserID=14562&AccessCode=045BD4135F5744649917A586F14C3E73&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1152&UserID=14562&AccessCode=06049B4D8F644E11A878C090EC26D882&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1153&UserID=14562&AccessCode=2B0238204473436CBA7940583B3E00FD&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1154&UserID=14562&AccessCode=5082509E78E14F81950C2711DD0442A7&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1155&UserID=14562&AccessCode=1B6E4A479BAD42FE87290A5011DF67A7&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1156&UserID=14562&AccessCode=B487347197AF49F1B1AA6A302378B1AF&CitationSuffix=
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Fig 1-8: A simplified flow chart of mechanism of autophagy and autophagic cell death (taken 

from Andón et al. (81). 

 

 

 

 

http://wizfolio.com/?citation=1&ver=3&ItemID=1073&UserID=14562&AccessCode=A063A2C9C2AF470EA0E83A409D51DEFF&CitationSuffix=
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Aims and Objective 

Keeping in view the deleterious of effects of PA on different tissues and recent developments 

in the field of cell death mechanism this study was designed with the following aims. 

1. A comparative study of different molecular mechanisms of PA induced cell death 

2. To study the induction of PA induced autophagy in endothelial cells 

3. Effect of PA on Ca
2+ 

 homeostasis of endothelial cells and its effect on autophagy and 

cell death 

4. To identify the molecular targets that are controlling PA induced cell death in 

endothelial cell 
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2. MATERIALS AND METHODS 

2.1 Cell Culture 

Human umbilical vein endothelial derived cell line EA.hy926 which is a hybrid with A549 

human lung carcinoma epithelial cells (114), were used in this study at passages 45 to 85. 

Cells were grown in DMEM containing 10% foetal calf serum (FCS), 1% hypoxanthine-

aminopterin-thymidine (HAT) medium (5 mM hypoxanthin, 20 μM aminopterin and 0.8 mM 

thymidine), 50 units/ml penicillin, 50 μg/ml streptomycin, and were maintained at 37 °C in 5% 

CO2 atmosphere in a humidified environment.  Cells were harvested by trypsinization after 

washing them briefly with warm PBS (37°C) and were grown directly on plastic in 24 well 

plates for cell viability assays and in 6 wells or on 10cm dishes for protein, RNA and DNA 

isolation.while on glass cover slips (ø 30 mm) for confocal and epifluorescence imaging. Cells 

were used when between 80 and 100% confluence.  

2.2 Cell treatment 

Cells were treated with saturated free fatty acid palmitic acid (PA) or mono-unsaturated oleic 

acid (OA) in normal cell culture medium containing 10% FCS. The fatty acids were directly 

added to the medium. To treat the cells with different pharmacological tools cells were 

incubated with the given pharmacological agent for 20 minutes before the free fatty acids were 

added to the medium. Experiments performed with BAPTA loaded cells BAPTA was 

replenished after every 6 hours as it was found to lose its efficiency after 6 hours. 

2.3 PA:BSA complex preparation 

Palmitic and oleic acid was complexed to BSA in a 6:1 ratio. Both fatty acids were dissolved 

in 0.1N NaOH and was heated at 70°C for 30 minutes to make a soup. The soup was then 

added drop wise to 5.7% BSA and continuous stirring. The complex was filtered through a 0.2 

µm filter to sterilize it. The complex was aliquot and stored at -20°C and was thawed to room 

temperature just before use. 

http://wizfolio.com/?citation=1&ver=3&ItemID=356&UserID=14562&AccessCode=D09B0F9920AA471FA61A93FAD02FFABD&CitationSuffix=
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Caution: The complex should be clear and any turbid or milky appearance is an indication of 

clumping of the fatty acids which is not complexed to the BSA and such solution must not be 

used. 

2.4 Cell Transfection protocol for over expression 

Cells were grown as mentioned in section 3.1. At a confluence of approximately 80 %, the 

cells were transiently transfected with 2 µg of purified plasmid DNA using TransFast 

Transfection Reagent (Promega, Mannheim, Germany). 2 µg of DNA was diluted in 1ml 

DMEM medium without any supplements and 4 µl of TransFast
 
 reagent was added in a 

sterile tube. The mixture was vortexed immediately and was incubated at room temperature 

for 15 minutes to allow liposome formation. Growth medium was gently aspirated from the 

cells and the medium containing DNA and TransFast
 
 reagent was added to the cells. the 

cells were incubated for 1 hour at 37°C under the normal cell culture conditions and 1 ml of 

normal culture medium containing all the supplements, FCS and antibiotics was added to the 

cells for another 4 hours. After that this Transfection medium was replaced with normal cell 

culture medium and the cells were allowed to grow and express the transfected DNA for at 

least 16 hours and then they were examined accordingly. This general procedure was for the 

cells growing in a 6 well plate and the quantities mentioned are for 1 well of 6 well plate. 

2.5 Transfection protocol for siRNA mediated knock-down  

Small interfering RNA (siRNA) is a widely used tool to knock down the expression of a 

particular target protein by targeting the mRNA which is then degraded by the cellular RNA 

degradation machinery.  

These siRNAs were co-transfected with some modifications to the transfection protocol 

previously described (section 3.4): 

The Transfection mixture was formulated as follows: 

Transfection reagent per;  
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1 well of a 6 well plate:    1 well of a 24 well plate 

500 µL serum-free DMEM   130 µL serum-free DMEM 

2.0 µL of 40µM siRNA   0.5 µL of 40µM siRNA 

4 µL TransFast transfection reagent  1 µL TransFast transfection reagent 

Transfection mixture was vortexed and incuabated at room temperature for 15 minutes. 

Cellular medium was aspirated and Transfection mixture was added to the cells. Cells were 

incubated with transfection mixture for 1 hour and equal volume of DMEM without serum 

was added to the cells and incubated for 18 hours, after which it was replaced with normal 

serum containing cell culture medium. After 44 to 48 hours of Transfection cells were used for 

further experiments. 

2.6 Cell death Assays 

2.6.1 Cell viability assay 

2.6.1.1 MTT Assay 

Cellular viability was measured using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT).  The MTT assay is a colorimetric assay for measuring the activity of enzymes 

that reduce MTT to formazan dye, giving a purple color. A main application allows assessing 

the viability. It is also used to determine cytotoxicity of potential medicinal agents and toxic 

materials, since those agents would stimulate or inhibit cell viability. For the assay, endothelial 

cells were plated in a 24 well plate. After each treatment cells were washed with warm PBS 

and incubated for 3 hours with normal cell culture medium containing 0.5 mg/ml MTT 

(Sigma-Aldrich, Vienna, Austria). Cells of each well were washed twice with ice cold PBS 

and were lysed with 200 µl of a lysis buffer composed of 0.04 M HCl in absolute isopropanol. 

24 well plate was then continuously shaken at room temperature for 15 minutes on a 

microplate shaker. The absorbance was subsequently measured at 530 nm on a Wallace Perkin 

Elmer Victor 1420-004 multi-label plate reader. Data were normalized to respective controls 

and represented as percent viability of the controls. 
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2.6.1.2 Phase contrast microscopy 

Morphological changes are one of the hallmarks of cell death and this property has been used 

to monitor cell death (115) previously. For this purpose Endothelial cells were grown on small 

polystyrene dishes (35 X 10 mm, Corning B.V. Life Sciences, Amsterdam, The Netherlands) 

until 80 % confluency in under normal culture conditions. During image acquisition a HEPES-

bufferd medium was used instead that was composed of (in mM): 135 NaCl, 5 KCl, 2 CaCl2, 

1 MgCl2, 10 Hepes acid, 2.6 NaHCO3, 0.44 KH2PO4, 0.34 Na2HPO4, 10 D-glucose, 0.1% 

vitamins, 0.2% essential amino acids and 1% penicillin/streptomycin; pH was adjusted to 7.4 

with NaOH. 2 dishes were stably mounted on the motorized xy-table of an inverted 

microscope (Axio Observer.Z1 from Zeiss, Göttingen, Germany), and bright-field images 

were taken every 5 minutes alternately from the 2 dishes using a 10x objective (Plan-Neofluar 

10x/0.3 Ph1 M27, Zeiss). During the experiments cells were kept at 37 °C using a closed 

incubator system (Visitron Systems, Puchheim, Germany), which was installed on the 

microscope. To avoid loss of medium by evaporation dishes were covered with respective 

caps (Corning B.V. Life Sciences). This arrangement allowed us to observe cells for more than 

20 h alternatively in the presence of BSA alone (Control) or PA (500 μM) complexed to BSA. 

VisiView® software (Visitron Systems)  was used for imaging while the images were then 

binarized and quantitatively analyzed by using MetaMorph® software (Visitron Systems). 

2.6.2 AnnexinV/PI staining 

AnnexinV/PI staining is used to differentiate between apoptotic and non-apoptotic (necrotic) 

cells (116). The assay is based on the differential symmetry of plasma membrane during 

apoptosis. Under normal physiological conditions, a cell has an asymmetric distribution of 

phospholipids in the two leaflets of the cell membranes with phosphatidylserine (PS) facing 

the cytosolic side (Devaux, 1991, Connor et al., 1992, Higgens, 1994). However, during early 

apoptosis this membrane asymmetry is rapidly lost without losing membrane integrity 

(Koopman et al., 1994; Homburg et al., 1995; van Engeland et al., 1996, 1997, 1998). This 

property of the cell is utilized to differentiate between apoptotic and necrotic cells by staining 

the cells for PS with a fluorescence labeled annexin V which specifically binds to PS in a Ca
2+

 

dependent manner. On the other hand cell loses plasma membrane integrity during necrosis 

which can be detected by propidium iodide staining as it’s not cell permeable and enters the 

http://wizfolio.com/?citation=1&ver=3&ItemID=454&UserID=14562&AccessCode=E7EFC14C59EF4F249E6C82EAA0F15770&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=455&UserID=14562&AccessCode=6A0E80AFD8A84F3DBE788F128FACD8E5&CitationSuffix=
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cell only when cell membrane is compromised. Thus a cell positive for annexin V staining but 

not PI is apoptotic and the cells which are also positive for PI staining are grouped as necrotic 

cells. 

In this assay Annexin-V-Fluos staining kit from Roche Biodiagnostics (Roche Diagnostics 

GmbH, Vienna, Austria) was used. According to the manufactures’ protocol 20 µl of Annexin-

V-Fluos was diluted in 1ml incubation buffer and 20 µl of propidium iodide was added. Cells 

were washed with warm PBS and 100 µl of this mixture were added directly to the cells. After 

20 minutes of incubation 500 µL of incubation buffer was added to the glyass cover slip in a 

perfusion chamber and were analyzed on a Zeiss Axioskop microscope. Images were obtained 

at RT using a Cy3 optical filter set for PI staining, an enhanced GFP optical filter set for 

Annexin V staining, and a differential interference contrast filter set for transmitted light 

images. Cells positive for annexin V and/or PI were counted manually and are were plotted 

graphically. 

2.6.3 DNA laddering 

Cleavage and fragmentation of chromosomal DNA into oligonucleosomal size fragments is an 

integral part of apoptosis (117). During apoptosis endonucleases are activated which degrades 

the genomic DNA specifically at internucleosomal linker region and produces 180- to 185- 

base pairs DNA fragments. These fragments can be separated and visualized on agarose gel 

and are a known marker for apoptosis. To observe any DNA laddering cells were treated for 

24 h with 0.5 mM PA and BSA as a control and Genomic DNA was isolated by Wizard® 

Genomic DNA purification kit (Promega, Madison, USA) according to the manufacturer’s 

protocol. The purified DNA was then run on a 0.7 % agarose gel and was documented by 

Genosmart gel documentation system (VWR, Vienna, Austria). 

2.6.4 Quantification of DNA hypoploidy by flow cytometry: 

DNA hypoploidy is the term used for the accumulation of fragmented DNA and a decrease in 

haploid or diploid DNA content as a consequence of the activation of endonucleases during 

apoptosis (118). Different stages of DNA content during a cell cycle can be analyzed by 

staining the DNA different staining dyes e.g propidium iodidem (PI), ethidium bromide or 4'-

http://wizfolio.com/?citation=1&ver=3&ItemID=457&UserID=14562&AccessCode=22DBCD14C7DF46F9959CDE0EDED9511C&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=587&UserID=14562&AccessCode=D43683B533394A4FA13C1265390EE990&CitationSuffix=
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6-Diamidino-2-phenylindole (DAPI) and can be quantified by flow cytometry (119). 

Endothelial cells were grown to 90% confluence and were treated with BSA, 0.5 mM palmitic 

acid (PA) and 300 nM staurosporine (STS) for 16 h. Cells were washed twice with warm PBS 

and trypsinized. Cells were pelleted by centrifugation and fixed by incubation with 70% 

ethanol on ice for 15 min. Cells were pelleted and resuspended in 500 μl propidium iodide (PI) 

solution (in PBS: 50 μg/ml PI, 0.1 mg/ml RNase A, 0.05% Triton X-100) and incubated at 37 

°C for 40 minutes. The PI solution was diluted further by adding 3 ml of PBS and cells were 

pelleted by centrifugation. Cells were resuspended in 500 μl PBS for analysis by flow 

cytometry (FACSCalibur, Becton Dickinson, Mountain View, CA). Individual cells were 

distinguished from cell debris and aggregated cells by means of forward-scatter/side-scatter 

gating, and PI fluorescence intensity was measured in 10,000 cells. 

2.6.5 Detection of caspase-3 activity using Casper3-GR 

Caspases are a family of cystine aspartate proteases which play a central role in apoptosis. 

Caspase can be divided into apoptosis activator and apoptosis executioners. Caspase 2, 8, 9 

and 10 are known to be apoptosis activators while caspase 3, 6 and 7 are apoptosis 

executioners (120). A number of assays have been developed to monitor the activation of these 

proteases. We used a a Förster resonance energy transfer (FRET) based sensor Casper3-GR 

(24), (Casper3-GR vector DNA was purchased from BioCat GmbH, Heidelberg, Germany) for 

caspase-3 activity, in order to monitor apoptosis in our model of cell death. The sensor 

consists of a green (GFP) and a red fluorescent protein (RFP) connected by a linker with the 

caspase-3 cleavage sequence DEVD. In the absence of caspase-3 activity the two fluorescent 

proteins show highly effective FRET. The activation of caspase-3 during apoptosis leads to 

cleavage of DEVD sequence, which causes the separation of the FPs yielding a reduction of 

the respective FRET signal, while the GFP signal increases.  

 

http://wizfolio.com/?citation=1&ver=3&ItemID=456&UserID=14562&AccessCode=C2422CEEC23F4A42BE8AB856FB92FE12&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=458&UserID=14562&AccessCode=1FD3E91A72E446CD8E04EC3759D6571F&CitationSuffix=
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Figure 2-1: Schematic illustration of Casper3-GR 

Cells were transfected with the Casper3-GR and after 24 hours of transfection cells were 

treated with BSA or PA for 16-18 h. Staurosporin was used as a positive control Images were 

taken on the ACLSM using a 40x objective (Zeiss). The following 3 channels for imaging the 

red fluorescence protein (RFP), the green fluorescence protein (GFP) and the FRET signal 

between GFP and RFP were used to determine the cleavage of the sensor by caspase-3: RFP-

channel: excitation 561 nm laser line, emission was collected at 630/75 nm; GFP-channel: 

excitation 488 nm laser line, emission was measured at 525/40 nm; FRET between GFP and 

RFP: excitation 488 nm laser line, emitted light was imaged at 630/75 nm. The 3 channels 

were imaged consecutively using the same exposure times (500 ms). Caspase-3 activity was 

expressed as the ratio of GFP/FRET. 

2.7 Molecular Biology Methods: 

2.7.1 Isolation of Total RNA from Animal Cells using peqGOLD total RNA kit 

To isolate RNA the peqGOLD total RNA extraction kit was used. RNA was isolated from cell 

grown in a confluent monolayer according to manufacturer’s Protocol for Animal Cells. Cells 

were harvested after washing two times with PBS. 

Cells were lysed by adding 400 µl of RNA Lysis Buffer T directly to 1 well of a 6 well plate. 

The lysate was transferred into a DNA removing column placed in a 2.0 ml collection tube and 

was centrifuged at 12.000 x g for 1 min at room temperature. The flow-through lysate was 
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transferred into a new 1.5 ml tube. An equal volume (400 μl) of 70 % Ethanol was added to 

the lysate and mixed thoroughly by vortexing. PerfectBind RNA Column was placed in a new 

2.0 ml collection tube (supplied) and the lysate was added directly to the membrane and 

centrifuged at 10.000 x g for 1 min. The flow-through liquid was discarded and the membrane 

was washed by adding 500 μl of RNA Wash Buffer I to the PerfectBind RNA Column and 

centrifuge for 15 sec at 10.000 x g. The flow-through was discarded and the membrane was 

washed again with 600 μl RNA Wash Buffer II by centrifugation at 10.000 x g for 15 sec. The 

flow-through liquid was discarded and the column was dried by centrifugation for 1 min at 

10.000 x. PerfectBind RNA Column was placed into a fresh 1.5 ml microcentrifuge tube and 

50 - 100 μl  sterile RNAse-free dH2O was added directly to the binding matrix in the 

PerfectBind RNA Column and centrifuged for 1 min at 5.000 x g to elute RNA. The RNA was 

stored at -70°C before further use. 

2.7.2 Measuring the concentration of nucleic acids 

The concentration of RNA and DNA samples were either determined using UviLine 9400 

spectrophotometer or the Peqlab ND-1000 spectrophotometer.  

2.7.2.1 UviLine 9400 spectrophotometer 

The concentration of nucleic acid samples were measured using a Hellma TrayCell in a 

UviLine 9400 spectrophotometer by UV light absorption wavelengths. TrayCell is a fibre-

optic Micro cell designed for measurements of DNA/RNA samples and enables highly 

accurate analysis of extremely small samples with remarkable reproducibility. Nucleic acid 

free water was used for the reference (blank Absorption at 260 nm and 280 nm of sample(s) 

were read. The concentration as well as the purity of the sample(s) was calculated using the 

acquired values: 

Purity:    

abs260/abs280 RNA  =  1.7-1.9 

     DNA =  0.5-1.7 
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Calculation of Nucleic Acid Concentration:   abs260 x 4 = RNA in µg/µl 

       abs260 x 5 = DNA in µg/µl 

2.7.2.2 Peqlab ND-1000 spectrophotometer 

2 µl of a nucleic acid sample was directly applied onto the measurement spot of the Nanodrop 

(ND) instrument. RNA or DNA concentrations were immediately measured and calculated by 

the system. 

2.7.3 cDNA Synthesis using High Capacity cDNA Reverse Transcription Kit 

the success of an accurate quantitative Real Time PCR experiments depend on the accurate 

quantities of cDNA taken. Therefore, it is important to ensure complete reverse transcription 

of RNA samples into cDNA samples. For this purpose High-Capacity cDNA Reverse 

Transcription Kit from Applied Biosystems was used which contains random primers, which 

warrant that the first strand synthesis occurs efficiently with all species of RNA molecules 

present, including mRNA and rRNA. It also contains of a 10x RT buffer, a 25x dNTP Mix 

(100 mM) and the MultiScribe Reverse Transcriptase. In order to avoid RNA digestion the 

RNasin


 RNase Inhibitor (Promega) was used in the reaction mixture as well.  

The kit components were allowed to thaw on ice and the RT  master mix was prepared on ice. 

The 2X reaction mixture was made on ice as follows: 

10x RT buffer      2.0 µl 

25x dNTP mix (100 mM)    0.8 µl 

10x RT Random Primers   2.0 µl 

MultiScribe Reverse Transcriptase 1.0 µl 

RNase Inhibitor    1.0 µl 

Nuclease-free H2O    3.2 µl 

Total per reaction    10.0 µl 
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All the components were mixed gently and placed on ice.  

2µg of RNA was taken and was diluted to 10µl with Nuclease-free H2O and was mixed then 

with the 2X reaction mixture. The tubes were sealed and were briefly centrifuged to spin down 

the contents and to eliminate any air bubbles. 

The tubes were place on ice until the thermal cycler is ready to use. 

To program the thermal cycling conditions were as follows: 

Table 2-1: Thermal Cycling Conditions for RT-PCR 

 Step 1 Step 2 Step 3 Step 4 

Temperature 25°C 37°C 85°C 4°C 

Time 10 min 120 min 5 sec Forever 

2.7.4 Specific Polymerase Chain Reaction (PCR) 

The polymerase chain reaction (PCR), developed in 1983 by Kary Mullis, is a scientific 

technique in molecular biology to amplify a single or a few copies of a piece of DNA to  

generate thousands to millions of copies of a particular DNA sequence using site specific 

primers. PCR is one of the most important techniques in the molecular biology and has its 

applications in biological and medical research. In 1993, Mullis was awarded the Nobel Prize 

in Chemistry along with Michael Smith for developing the technique which revolutionized the 

field. 

GoTaq Green master mix from Promega® was used to amplify the target DNA using a site 

specific pair of primers. Following standard PCR reaction was used: 

  GoTaq Green master mix 2x   10 µl  

Gene specific forward primer (10µM) 1µl 

  Gene specific reverse primer (10µM)  1µl 
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  cDNA or 5-50 ng of plasmid DNA  2 µl 

ddH2O      6 µl 

Following thermal cycling conditions were used generally: 

Standard PCR Conditions: 

 

95°C  15 min (Initial denaturating step) 

   94-95°C 1 min (denaturating) 

   50-65°C 1 min (primer annealing)           

72°C  1 min (extension)            

   72°C  10 min (final extension step) 

   4°C  Forever  

2.7.4.1 Primer Design 

The specificity of PCR depends primarily on the designing of an optimal primer with which 

only a specific sequence is amplified and all the non-specific and non target regions from of 

the DNA or cDNA are excluded. Certain parameter should always be taken into account while 

designing a primer which includes length of primer, GC content, primer dimmers and hairpin 

formation. These parameters should be taken into account while designing a primer for 

cloning. In designing the real time primers we should take some more parameters into account 

in order to avoid the amplification of the traces of the genomic DNA. A primer designed at the 

exon-intron junction flanking two consecutive exons is considered to be a better primer. 

We used MS Dos Program Primer Designer – Version 2.0 to design the primers for cloning 

purpose while the primers for real time PCR were designed by using web based primer 

designing Scitools from Integrated DNA technology.  

} 
30-40 cycles 
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2.7.4.1.1 Primer designing for cloning 

The sequences of diverse genes (ORF = open reading frame) were obtained from the National 

Center for Biotechnological Information (NCBI) and in FASTA format and saved in *.txt 

format. The sequence was opened into the Primer Designer and the parameters were defined 

according. Furthermore, additional sequences for restriction sites were included in both 

forward and reverse primers and the primers which satisfy all the parameters optimally were 

selected. 

2.7.4.1.2 Primers designing for real time PCR 

Primers for the real time PCR was designed by web based primer designing tool of integrated 

DNA technology. Either a refseq accession number from the NCBI data base or the sequence 

in FASTA format defining exons in uppercase and intron in lowercase can be used for 

designing the primers.  

Table 2-2: List of Primers used for real time PCR 

VPS34-F 5’-GGGATTAGTGCTGAGGTCATG-3’ 

VPS34-R 5’-AGTCTATGTGGAAGAGTTTGCC-3’ 

CYLD-F 5’-TGGGATGGAAGATTTGATGGAG-3’ 

CYLD-R 5’-CATAAAGGCAAGTTTGGGAGG-3’ 

RIPK1-F 5’-CATGGAAAAGGCGTGATACAC-3’ 

RIPK1-R 5’-ACTTCCCTCAGCTCATTGTG-3’ 

ATG7-F 5’-TTTTGCTATCCTGCCCTCTG-3’ 

ATG7-R 5’-GCTGTGACTCCTTCTGTTTGAC-3’ 
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2.7.4.2 Dilution of Primers 

The primers were dissolved with sterile double deionized water (ddH2O) according to the 

provided data sheet to a concentration of 100 µM (stock, stored at –20°C). Stock solutions 

were diluted 1:10 with ddH2O to 10 µM (working solution). 

2.7.4.3 Real time PCR 

Real time polymerase chain reaction is a method to quantiate the differential levels of 

expression of a given gene. It’s a widely used technique to analyze the absolute and relative 

gene expression at the level of transcription. The method is also used for the evaluation of 

siRNA knock-down efficiency. A number of different variations to technique are available.  

LightCycler 480 Instrument (Roche) was used for real time PCR. The LightCycler instrument 

basically consists of two different components: a cycler component and a fluorimeter 

component. The thermal chamber is directly connected to the optical system of the 

fluorimeter. The homogeneous, 470 nm light beam (excitation) is subsequently focused onto 

the individual wells of a 96 well plate and hence onto the samples to be measured. The 

detection channel within the LightCycler fluorimeter is equipped with a filter. This permit 

analyzes at certain emission wavelengths, which allow exact measurements of emission from a 

distinct fluorophore. 

QuantiFast SYBR Green PCR Master Mix was used to detect the copy number of RNA in 

the sample. SYBR Green I is a dye that binds specifically to double-stranded DNA. Its 

inherent fluorescence is enhanced when it binds to the minor groove of double-stranded DNA. 

During PCR, SYBR Green I binds to DNA products as soon as they are synthesized. Thus, the 

increase in SYBR Green I fluorescence, when measured at the end of each elongation cycle, 

indicates the amount of PCR product formed during that cycle. Dye staining can detect from 

approximately 1 to 10
9
 copies of a target sequence. The maximum excitation of SYBR Green I 

dye occurs at 497 nm. Maximal emission of DNA stained with SYBR Green I occurs at 521 

nm. 
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The components of QuantiFast SYBR Green PCR Master Mix include HotStartTaq Plus 

DNA Polymerase, QuantiFast SYBR Green PCR Buffer, SYBR Green I, and ROX passive 

reference dye. 

The following reaction set up was used. 

 cDNA sample      2 µl  

QuantiFast SYBR Green PCR Master Mix  5 µl 

Forward Primer     1µl 

Reverse Primer     1µl 

RNase free water     1µl 

After a brief centrifugation step at 1,000 rpm for 10 sec the LightCycler instrument was loaded 

with a 96 well plate. 

The following cycling conditions were used: 

Table 2-3: Real-Time PCR Cycling Conditions 

Step Time Temperature 

PCR initial activation step 15 min 95°C 

Two-step cycling   

Denaturation 10 sec 95°C 

Combined annealing/extension 30 sec 60°C 

Number of cycles 40  
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2.7.4.4 Analysis of quantitative RT-PCR 

The out coming crossing points of the particular PCR-reactions were analyzed by the REST 

software version 384


 (Relative Expression Software Tool), which was downloaded from 

http://rest.gene-quantification.info/.  

Accordingly, the downregulation of the gene in its siRNA samples was calculated and plotted 

in percentage to their negative controls. 

2.7.5 Cloning of Venus-LC3 

LC3 was amplified from human cDNA with site specific primers and was run on agarose gel 

in order to get a single band of correct size as compared to the DNA molecular weight marker. 

The PCR product was purified from the gel using Wizard® SV Gel and Clean-Up System 

(Promega Corp.) according to manufacturer’s protocol. This purified DNA and the vector 

DNA was then digested with appropriate restriction enzymes. Venus-LC3 was cloned in 

multiple cloning site of pcDNA 3.1 cloning vector (Invitrogen, Austria) using the BamHI and 

EcoRI restriction sites followed by sub-cloning of Venus using restriction sites KpnI and 

BamHI. Chemically competent Top10 bacterial strain was transformed through heat shock for 

1 min at 42°C. The positively transformed cells were selected through ampicillin resistance by 

growing the bacteria on lauria bertaini (LB) (10g trypton + 10g NaCl + 5 g yeast extract, in 1 

liter, pH= 7.0-7.5) plates containing 15% agar and 100µg/ml ampicillin. Individual colonies 

were selected and were further grown in liquid LB broth containing 100µg/ml ampicillin. The 

plasmid DNA was isolated with Wizard® Plus SV Minipreps DNA Purification Systems 

(Promega Corp.) and control digestion was made by using a set of restriction enzymes from 

multiple cloning sites (MCS) of the vector. The restricted plasmid DNA was run on 1.5% 

agarose gel in 1X Tris- Acetate- EDTA (TAE) buffer at a voltage of 70V under constant 

current to separate the DNA bands. Bacteria containing the correctly ligated vector containing 

LC3 were stored in 20% glycerol containing LB medium and were stored at -70°C.  

For large scale DNA preparation positively transformed bacterial cells were grown in 200ml 

of LB medium containing 100µg/ml ampicillin overnight and DNA was isolated by 

PureYield™ Plasmid Maxiprep System (Promega Corp.) as per manufacturer’s protocol. 

http://rest.gene-quantification.info/
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2.7.6 siRNA Design 

RNA interference (RNAi) is an evolutionarily conserved mechanism for silencing gene 

expression in eukaryotes ranging from plants to humans (121). The first reports about the 

successful use of double stranded RNA based specific gene silencing was described by Fire 

and Mello in 1998 (122). After that the technique has been used tremendously for gene 

silencing in a wide variety of organisms ranging from plants to humans (121). The technique 

utilizes the natural RNA silencing machinery of the cell comprising of RNA induced silencing 

complex (RISC) and DICER an endoribonuclease a member of RNAase III family. 

Thermodynamic properties, local structure of target RNA and the availability of free ends of 

the siRNA antisense strand have been described to be relevant for the efficient siRNA knock 

downso far (123). The efficiency of different siRNA is different and need a proper 

optimization with respect to time and quantity of siRNA used. Usually an siRNA for which 

the efficiency of knock down is already reported is preferred. Efficiency of knock down is 

usually measured by real time PCR to quantiate the target RNA or with western blot to 

quantitate the the target protein. The proteins having a longer half life are hard to knock down 

than the one with a shorter half life. 

The following siRNA were selected from the literature already reporting their functional 

knock down efficiently.)  

Table 2-4: List of siRNA’s 

siRNA Sequence Reference 

ATG7 5′-CAGUGGAUCUAAAUCUCAAACUGAU-3′ Hoyer-Hansen et al.(124) 

VPS34 5′-GUGUGAUGAUAAGGAAUAU-3 Gao et al.(125) 

CYLD  5′-CGAAGAGGCTGAATCATAA-3′ Stegmeier et al.(126) 

RIPK1 5’-CTGGGCGATATTTGCAAATAACC-3’ Self designed  

RIPK3 5’-CAGCCTGATGTCGTGCGTCAAGTTAAA-3’ Cho et al(127) 

http://wizfolio.com/?citation=1&ver=3&ItemID=474&UserID=14562&AccessCode=9FA440270CB74BC19C9D3065D3FF23A5&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=475&UserID=14562&AccessCode=3C506B1476AD4CE384B1BC885AF32307&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=474&UserID=14562&AccessCode=9FA440270CB74BC19C9D3065D3FF23A5&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=476&UserID=14562&AccessCode=68C3354AE1B448448D47220EC3BCE2E6&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=315&UserID=14562&AccessCode=56E2CF4F72504D2A9C305EBE6C87ECEA&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=316&UserID=14562&AccessCode=AE4CEDC2CFD24E2EB8362DBB961EDB66&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=382&UserID=14562&AccessCode=1558C87D26C5440693F236AD27D3439E&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=383&UserID=14562&AccessCode=2C54AE7542EA49DCA714F624F8161DA4&CitationSuffix=
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2.8 ATP Measurement 

Separation of adenine nucleotides was performed on a Hypersil ODS column (5 μm, 250 × 4 

mm inner diameter), using a L2200 autosampler, two L-2130 HTA pumps, and a L2450 diode 

array detector (all from VWR Hitachi). The wavelength for detection of adenine nucleotides 

was set at 254 nm. EZchrom Elite (VWR) was used for data acquisition and analysis. After 

trypsinization and mild centrifugation (supernatant discarded) cellular proteins of EA.hy926 

cells were precipitated with 250 μl of perchloric acid (0.4 mol/liter). After centrifugation 

(12,000 × g), 100 μl of the supernatant was neutralized with 10–12 μl of potassium carbonate 

(2 mol/liter, 4 °C). The supernatant obtained after centrifugation was used for HPLC analysis 

(injection volume: 40 μl). The pellets of the acid extract were dissolved in 0.5 ml of sodium 

hydroxide (0.1 mol/liter) and used for protein determination (BCA assay, Pierce).  

2.9 Western Blotting 

Endothelial cells were washed twice with ice-cold PBS and total cellular protein was isolated 

by lysing the cells with RIPA buffer containing a protease inhibitor mixture (Sigma). The 

protein concentration was measured using a Thermo Scientific Pierce BCA protein assay kit 

(Thermo Fisher Scientific Inc.). 30 μg of protein were separated by SDS-PAGE and 

transferred to a nitrocellulose membrane. The membrane was blocked with 5% BSA solution 

in PBST for 1 hour and was incubated with the primary antibody at 4 °C overnight. Membrane 

was washed with PBS containing 0.1% tween 20 for 5-6 times, each washing step was around 

10 minutes on a shaker. Primary antigen-antibody complex was detected by incubating the 

blot with a horseradish peroxidase-conjugated secondary antibody at room temperature for 1 h 

and the membrane was washed again for 5-6 times with PBS containing 0.1% tween 20. The 

membrane was further developed with the ECL plus Western blotting detection system (GE 

Healthcare) and the chemiluminescencel was detected on by Kodak® BioMax Light film. The 

signal was developed by exposing the film to a developer solution and was further fixed by a 

fixation solution.  ImageJ was used for dencitometric analysis of the intensity of different 

bands and was normalized to the intensity of the house keeping protein β-actin, as a loading 

control.  
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2.10 Cytosolic Ca
2+

 Measurement 

For cytosolic Ca
2+

 measurements the Fura-2 technique was used as described previously (128). 

Cells were loaded with Fura-2/AM and rested prior to experiments in a Hepes-buffered 

solution containing (in mm): 135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 Hepes acid, 2.6 

NaHCO3, 0.44 KH2PO4, 0.34 Na2HPO4, 10 d-glucose, 0.1% vitamins, 0.2% essential amino 

acids, and 1% penicillin/streptomycin; pH was adjusted to 7.4 with NaOH. For experiments in 

intact cells Ca
2+

 containing experimental buffer was composed of (in mm): 138 NaCl, 5 KCl, 2 

CaCl2, 1 MgCl2, 10 d-glucose, and 10 Hepes acid; pH was adjusted to 7.4 with 1 m NaOH. For 

experiments in Ca
2+

-free solution, experimental buffer containing 1 mm EGTA instead of 

CaCl2 was used.  

Experiments were performed on a Nikon inverted microscope (Eclipse 300TE, Nikon, Vienna) 

equipped with CFI Plan Fluor ×40 oil immersion objective lens (NA 1.3, Nikon, Vienna, 

Austria), an epifluorescence system (150 W XBO; Optiquip, Highland Mills, NY), a 

computer-controlled Z-stage (Ludl Electronic Products, Haawthrone, NY), and a liquid-cooled 

charged-coupled device camera (−30 °C; Quantix KAF 1400G2, Roper Scientific, Acton, 

MA). All devices were controlled by MetaFluor4.0 software (Visitron Systems, Puchheim, 

Germany). Fura-2/AM was simultaneously excited at 340 nm (340HT15, Omega Optical, 

Brattleboro, VT) or 380 nm (380HT15, Omega Optical) and emission was monitored at 510 

nm (510WB40, Omega Optical). Cytosolic Ca
2+

 was expressed as the ratio of emitted 

fluorescence at 340 and 380 nm (F340/F380). Cells were perfused using a perfusion system and 

stimulated in nominal Ca
2+

-free experimental buffer containing 100 μm histamine and 15 μm 

BHQ.  

2.11 Array Confocal Laser Scanning Microscopy 

High resolution imaging of annexin V/PI and Venus-LC3 was performed using an array 

confocal laser scanning microscope. The array confocal laser scanning microscope was built 

on an inverse, fully automatic microscope (Axio Observer.Z1 from Zeiss, Göttingen, 

Germany) that was equipped with a ×100 objective (Plan-Fluor ×100/1.45 Oil, Zeiss), a 

Nipkow-based confocal scanner unit (CSU-X1, Yokogawa Electric Cooperation, Tokyo, 

Japan), a motorized filter wheel (CSUX1FW, Yokogawa Electric Cooperation) on the 

http://wizfolio.com/?citation=1&ver=3&ItemID=1159&UserID=14562&AccessCode=E06153ABB3CF4074B4BC1CE99CBE974C&CitationSuffix=
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emission side, and an AOTF-based laser merge module for laser lines 405, 445, 473, 488, 515, 

and 561 nm (Visitron Systems). Emission was acquired with a charged-coupled device camera 

(CoolSNAP-HQ, Photometrics, Tucson, AZ). All devices were controlled by VisiView 

Premier acquisition software (Visitron Systems). 
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3. RESULTS 

3.1 Palmitic acid induce lipotoxicity in endothelial cells but not oleic acid 

Different cells and tissue type show differential responses to free fatty acid overload (129-

134). Therefore, first susceptibility of the endothelial cell line, EA.hy926, to PA-induced cell 

death was tested. Palmitic and oleic acid was used as members of saturated and unsaturated 

fatty acids respectively, as these are the most common free fatty acid found in plasma (135). 

For this purpose cells were treated with PA or OA complexed to BSA in a 6:1 and cell 

viability was measured with the MTT assay at different times of incubation (Fig. 3-1). After 

12 h of incubation with PA, cell viability was found to be already significantly reduced and 

further decreased with time. The cell viability declined more than 80% after 28 h of incubation 

with PA (Fig. 3-1, left panel), pointing to a strong cytotoxic effect of this saturated fatty acid 

on endothelial cells. The PA-induced cell death was further examined using long-term phase-

contrast imaging, which showed an impaired cell proliferation and an accumulation of 

detached, dying cells upon incubation with PA (Fig. 3-1, right panel).  

                        

Figure 3-1: Left panel: cells were treated with BSA alone (white columns, n=3), 0.5mM OA 

(gray columns, n=3), or 0.5 mM PA (black columns, n = 3) and cell viability was measured 

with MTT assay at the time points indicated. Fatty acids were complexed to BSA. Data were 

normalized to BSA as control and represented as percentage viability. *, p<0.05 versus BSA. 

Right panel: cells were treated with PA or BSA and images were taken after 22 hours of 

incubation. 

http://wizfolio.com/?citation=1&ver=3&ItemID=334&UserID=14562&AccessCode=6C06B4FECB334D13AB5BA1EACBA864F1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=334&UserID=14562&AccessCode=6C06B4FECB334D13AB5BA1EACBA864F1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=329&UserID=14562&AccessCode=9DAEB9D765634B3D9E257ECBA51F7870&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=329&UserID=14562&AccessCode=9DAEB9D765634B3D9E257ECBA51F7870&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=437&UserID=14562&AccessCode=E4F5A6326EA8495BA6D8F6B7E3D9FC1A&CitationSuffix=
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In contrast, cell treatment with OA did not affect the viability of the cells (Fig. 3-1, left panel). 

These findings are in line with earlier studies using other cell types  (129-134) and approved 

EA.hy926 cells as a suitable model to explore the molecular mechanisms of PA-mediated 

lipotoxicity. 

3.2 Mode of cell death 

Mode of cell death is one of the most important determinants in cytotoxicity research. It is 

always recommended to use a number of different methods in order to determine the mode of 

cell death.  

As first step mode of PA-induced cell death was investigated by annexin V and PI staining. A 

major proportion of the cells exposed to PA for 12 h were found to be positive both for 

annexin V and PI (Fig. 1, B and 1C), which is indicative of necrosis. Moreover, the annexin 

V/PI-positive cells contained round and intact nuclei (Fig. 3-2), pointing to necrotic cell death.  

   

Figure 3-2: Representative images of Annexin/PI staining of Endothelial cells (left panel). 

majority of the cells were both positive for annexin and PI which is an indication of necrosis. 

furthermore the clear round nuclei of the PI positive cells point towards necrosis than 

apoptosis. Right panel represents the graphical presentation of the annexin V/PI costaining 

for the cells exposed to 0.5mM PA (n=4) or BSA alone (n=4) (asterisk refers to annexin V/PI). 

*, p<0.05 versus BSA.  

 

http://wizfolio.com/?citation=1&ver=3&ItemID=334&UserID=14562&AccessCode=6C06B4FECB334D13AB5BA1EACBA864F1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=334&UserID=14562&AccessCode=6C06B4FECB334D13AB5BA1EACBA864F1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=329&UserID=14562&AccessCode=9DAEB9D765634B3D9E257ECBA51F7870&CitationSuffix=
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To further exclude the role of apoptosis in the process of PA-induced death of the endothelial 

cells, cells were treated with benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone (Z-

VAD-fmk), a cell permeable, irreversible pan-caspase inhibitor that hinders apoptosis (136). 

Z-VAD-fmk failed to exhibit any effect on PA-induced endothelial cell death (Fig. 3-3), thus, 

further confirming that the mode of PA-induced death of the endothelial cells was necrotic and 

not apoptotic. 

 

 

Figure 3-3:  cells were treated with the solvent (DMSO, control, -Z-VAD-fmk, n = 3) or with 

20 µM Z-VAD-fmk (+zVAD-fmk, n=3) prior to treatment with 0.5mM PA or BSA alone and 

cellular viability was measured with MTT assay. *, p<0.05 versus BSA (51.3 + 6.7% in the Z-

VAD-fmk treated as compared with 55.9 + 7.7% in controls). 

 

The absence of caspase activation in PA-induced cell death was further documented using the 

caspase-3 apoptosis sensor Casper3-GR (137). Casper3-GR is a FRET-based sensor for 

measuring caspase-3 activity, consisting of a green (GFP) and a RFP that  are connected by the 

http://wizfolio.com/?citation=1&ver=3&ItemID=339&UserID=14562&AccessCode=5FE1737F7171474184EFE0B0E7F54972&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=380&UserID=14562&AccessCode=36B00EB79B90408B9D5A578F68D47E6C&CitationSuffix=
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Figure 3-4: Kinetics of the impact of 2 μM staorosporine on the GFP/FRET ratio of Casper3-

GR 

caspase-3 cleavage sequence DEVD (Fig 3-1). As a positive control cells expressing Casper3-

GR were treated with staurosporine, which is a strong inducer of apoptosis, revealed an 

increase of the GFP/FRET ratio after 80 min, indicating the cleavage of the sensor by the 

activation of caspase-3 (Fig. 3-4).  

In contrast, cell treatment with PA for 16 h failed to increase the basal GFP/FRET ratio of 

Casper3-GR, indicating the absence of caspase-3 activation (Fig. 3-5). This indicate that PA is 

unable to activate capspase 3 or 7 and thus is not inducing apoptosis in endothelial cells. 

BSA PABSABSA PAPA               

Figure 3-5: Cells were treated with BSA or 0.5 mM PA for 16-18 h and caspase activity was 

measure using the FRET based caspase-3 activity sensor, Casper3-GR. Populations of cells 
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were imaged randomly (left panel) and the ratio images (GFP/FRET) were calculated. Sum 

ratio of all images is presented in the right panel. 

DNA laddering is one of the hallmarks of apoptosis and is used as a marker for apoptosis 

(118). Fragmentation of DNA leads to a lowering of the haploid or diploid DNA content. This 

lowering of the DNA content is known as DNA hypoploidy and is quantified by FACS. 

Quantitation of DNA hypoploidy showed only a small proportion of cells with reduced DNA 

content when cells were treated with PA for 18 h (Fig. 3-6).  

 

 

Figure 3-6:  Histograms of cell cycle analysis by flow cytometry for DNA hypoploidy. Cells 

were treated with BSA (upper left panel) or 0.5mM PA(upper right panel) and were analyzed 

after 18 h of incubation. Statistical analysis of the histograms is shown in lower panel. 

Also no DNA laddering was observed on the agarose gel even if cells were treated for 24 h 

with the fatty acid (Fig. 3-7), whereas under these conditions 70% of the cells were found dead 

with the MTT assay. In summary, these data confirm that the PA-induced cell death is 

predominantly necrotic. 

http://wizfolio.com/?citation=1&ver=3&ItemID=587&UserID=14562&AccessCode=D43683B533394A4FA13C1265390EE990&CitationSuffix=
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BSA PABSA PA  

Figure 3-7: DNA laddering pattern treated with BSA and PA for 24 hours. 

Energetically apoptosis is an active process and need a proper supply of ATP in order to 

execute the cell death while it is known that cells undergo necrosis in case of energy crisis 

(138). ATP levels of the cells were measure with HPLC and it revealed revealed a 

significantly reduced ATP levels in cells that have been exposed to PA already at 8 h and 

further decreased tremendously until 16 h (Fig. 3-8). This emphasizes necrosis as the terminal 

point of PA-induced cell damage as energetically the conditions are not favorable for the cells 

to undergo apoptosis. As the onset of cell death is between the 8- and 16-h time point the drop 

in ATP levels are earlier than the onset of cell death and more than 40% of the cells were 

already found dead after 16 h. 

 

http://wizfolio.com/?citation=1&ver=3&ItemID=321&UserID=14562&AccessCode=B95148213F7F492090BB5A0B7E4E5BE4&CitationSuffix=
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Figure 3-8: Statistical data representing nmol of ATP/mg of protein in the cells exposed to 

0.5mM PA (black circles, dotted line, n=6 for each time point) or BSA alone (white circles, 

continuous line, n=6 for each time point). *, p<0.05 versus BSA 

These data challenge the dogma that lipotoxicity is exclusively apoptotic and align with our 

earlier findings that free fatty acids induce necrosis and not apoptosis in yeast (139). 

3.3 PA Induces RIPK3 and CYLD-dependent but RIPK1-independent Programmed 

Necrosis (Necroptosis) 

Necrosis was once considered as non programmed and sudden cell death (140,141). But 

recently, a great deal of evidence has accumulated that the necrotic pathway can also occur in 

a highly regulated manner (142) and a number of players involved in programmed necrosis or 

necroptosis has been identified. The kinases, receptor-interacting protein kinase-1 (RIPK1), 

RIPK3, and the receptor interacting protein (RIP) 1 de-ubiquitin enzyme CYLD are known 

initiators of programmed necrosis (127,143)  

According to the available data, next, the molecular mechanism of PA-induced necrosis in 

endothelial cells was investigated. Necrostatin-1, a specific inhibitor for RIPK1, was used to 

inhibit necrosis in endothelial cells but as represented in Fig. 3-9 necrostatin-1 did not affect 

the PA-induced cell death.  

 

http://wizfolio.com/?citation=1&ver=3&ItemID=367&UserID=14562&AccessCode=F341DC0746A54645BEED0028BC4B7854&CitationSuffix=
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http://wizfolio.com/?citation=1&ver=3&ItemID=589&UserID=14562&AccessCode=87010072EBD94FCDA9BA19517D12F3A9&CitationSuffix=
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Figure 3-9: cells were pretreated with solvent (DMSO, control, -Nec-1, n = 4) or 30 μm 

necrostatin-1 (+Nec-1, n = 4) for 20 min and were incubated for 24 h with BSA or 0.5 mm PA 

and cellular viability was measured with MTT assay. *, p < 0.05 versus BSA. 

 Furthermore, siRNA-mediated knockdown of RIPK1 (Fig. 3-10 left panel) also could not 

inhibit PA-induced cell death (Fig. 3-10 right panel). This indicate that PA induced 

necroptosis is independent of RIPK1 activity. 

 

                  

Figure 3-10: Knockdown efficiency of RIPK1 (RIP1) siRNA in the percentage of mRNA 

expression compared with scramble siRNA (n = 3 for all columns presented). *, p < 0.05 

versus scrambled siRNA is shown in left panel. Right panel represents cell viability 48 h after 

transfection of cells with either scrambled siRNA (left pair of columns, n = 18 for both 

conditions) or siRNA against RIPK1 (right pair of columns, n = 18 for both conditions). Cells 

were incubated for 24 h with BSA alone (white columns) or 0.5 mm PA complexed to BSA 

(black columns) and cell viability was measured using the MTT assay. Viability is expressed in 

percentage, whereas the average value of cells treated with scrambled siRNA and BSA alone 

was defined as 100%. *, p < 0.05 versus BSA, and #, p < 0.05 versus PA with scrambled 

siRNA (47.8 ± 1.0% dead cells in RIPK1-siRNA as compared with 41.2 ± 1.6% dead cells in 

scrambled siRNA) 



 43 

On the other hand a knockdown of CYLD (Fig. 3-11 left panel) could inhibit the PA-induced 

cell death significantly (Fig. 3-11, right panel). This data confirms that PA induces a RIPK1 

independent but CYLD dependent necroptosis in endothelial cells. 

In line with these results it was found that mRNA level of CYLD was strongly elevated of the 

after 16 h of incubation with PA, whereas no change in the expression pattern of RIPK1 could 

be observed under these conditions (Fig. 3-12).  

 

                           

 

Figure 3-11: knockdown efficiency of CYLD siRNA in percentage of mRNA expression 

compared with scramble siRNA (n = 6). *, p < 0.05 versus scrambled siRNA (left panel). 

Impact of siRNA-mediated knockdown of CYLD on cell viability under analogous conditions 

described in figure 4:10, right panel, (n = 18 for each column). *, p < 0.05 versus BSA, and #, 

p < 0.05 versus PA with scrambled siRNA. 
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Figure 3-12: The relative mRNA expression of RIPK1 and CYLD in cells treated with BSA or 

0.5 mm PA for 2, 4, 8, and 16 h. The relative expression is presented as a percentage of BSA-

treated cells at the given time point. *, p < 0.05 versus BSA at the given time point (n = 3).  

We failed to perform respective experiments for RIPK3 expression levels most likely because 

of too low mRNA levels coding for this protein in the endothelial cells used (supplemental 

Fig. 4, A and B). Nevertheless, cells treated with a validated siRNA against RIPK3 (127) 

showed a significantly increased viability if treated with PA for 24 h in four sets of 

independent experiments (Figure 3-13).  

http://wizfolio.com/?citation=1&ver=3&ItemID=383&UserID=14562&AccessCode=2C54AE7542EA49DCA714F624F8161DA4&CitationSuffix=
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Figure 3-13: Cell treatment with siRNA against RIPK3 partially rescued PA induced 

endothelial cell death. Cells were transfected with either scrambled siRNA or siRNA against 

RIPK3 for 48 hour and were then treated with 0.5 mM PA complexed to BSA or BSA alone as 

control. 24 h after cell treatment with PA or BSA alone the viability of the cells was quantified 

using the MTT assay. Data are presented as percentage viability compared to the respective 

BSA controls. The symbols in the left panel represent all the individual values from four 

different sets of experiments that were performed on four different days (each color represent 

one set of experiments). In addition in the right panel the respective mean values + SEM of 

each of the four independent experiments, and the accumulative mean + SEM of all values are 

plotted. *P < 0.05 versus scrambled siRNA, all means were significantly different. However, 

for each individual experiment with siRNAs the cell viability was determined by normalizing to 

its respective BSA controls. 

Although we could not quantify the RIPK3 knockdown efficiency these findings suggest that 

PA induces a CYLD- and RIPK3-dependent but RIPK1-independent programmed necrosis. 
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3.4 PA Triggers Autophagy in Endothelial Cells 

Recent data demonstrated the induction of autophagy by PA in beta cells (144). Accordingly, a 

possible role of autophagy in PA-induced cell death was investigated. For this purpose 

cleavage of the microtubule-associated protein 1 light chain 3 (LC3), a marker for autophagy 

(145), was blotted. Considerable cleavage and lipidation of LC3 to LC3-I (not lipidated) and 

the phosphatidylethanolamine-conjugated LC3-II was detected in cells that were treated with 

PA, whereas OA did not induce LC3-II formation (Fig. 3-14).  

         

Figure 3-14: Cells were treated with BSA, OA, PA, and rapamycine (Rapa) for 8 h and the 

extracted protein was immunoblotted against LC3 antibody. β-Actin was used to normalize the 

data for equal protein loading (left panel). Right panel represents graphical representation of 

the average band densities from 3 different experiments. *, p < 0.05 versus BSA 

To gauge the magnitude of the induction of autophagy by PA, cells were also treated with 50 

nm rapamycin, a well characterized inducer of autophagy  (146) As shown in Fig. 3-14 right 

and left panel, PA was even more effective than rapamycin to stimulate LC3-II lipidation 

under these conditions. The PA-induced lipidation of LC3-II was dependent on both the time 

of PA incubation (Fig. 3-15) and the concentration of the fatty acid (Fig. 3-16).  

The induction of autophagy by PA was further examined by imaging the cellular distribution 

of Venus-LC3, a fusion construct of the yellow fluorescent protein Venus with LC3. In control 

cells that were treated with BSA alone Venus-LC3 was mainly distributed in the cytosol and 

only a small number of autophagosomes were visible, indicating a low level of autophagy 

under these conditions (Fig. 3-17 left panel). In 

http://wizfolio.com/?citation=1&ver=3&ItemID=286&UserID=14562&AccessCode=82D53BC5E83E4B53ADD2F195208A9275&CitationSuffix=
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Figure 3-15: Time dependence of the PA-induced cleavage of LC3 expressed as the LC3-

II/LC3-I ratio over time (n = 3 for each time point) 

 

 

 

Figure 3-16: concentration-response curve of PA-induced cleavage of LC3 (n = 3 for each 

concentration). PA was complexed to BSA. 

contrast, cells incubated with PA for 8 h exhibited a large number of autophagosomes with 

accumulated Venus-LC3 (presumably as Venus-LC3-II). This confirms the induction of 

autophagy by PA in the EA.hy926 cells (Fig. 3-17 right panel). 
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Figure 3-17: Representative images of cells expressing Venus-LC3. Images show the 

subcellular distribution of Venus-LC3 in control cells (left image, BSA alone for 8 h after cell 

transfection) and in cells treated for 8 h with 0.5 mm PA complexed to BSA (right image). 

To verify whether or not the PA-induced autophagy goes to completion, we measured LC3-II 

also in the presence of bafilomycin A (50 nm), a known inhibitor of the autophagic flux (146). 

As shown in Fig. 3, H and I, LC3-II was further increased in the presence of bafilomycin A 

under control conditions and in cells pretreated with PA until 8 h. These findings indicated 

that PA induces a genuine and strong autophagy in endothelial cells. However, at 16 h of 

incubation with PA the accumulation of LC3-II was hampered, indicating the onset of 

incomplete autophagy which is suggestive of the induction of lysosomal dysfunction at that 

time point as there are some reports of PA induced lysosomal dysfunction in some cell types 

(147). 

http://wizfolio.com/?citation=1&ver=3&ItemID=384&UserID=14562&AccessCode=2256CF0375824D8C9521D4211616EA8C&CitationSuffix=
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Figure 3-18: Palmitic acid reduces autophagic flux with time. Cells were treated with BSA or 

0.5 mm PA in the presence or absence of bafilomycin A1 (Baf-A1) and the isolated proteins at 

the given time points were immunoblotted for LC3. Representative image of three independent 

experiments is presented in upper panel, whereas statistical data of three independent 

experiments are shown in lower panel. *, p < 0.05 versus BSA at a given time point, and #, p 

< 0.05 versus PA with treated with DMSO (control, -Baf-A1) at a given time point (n = 3) 

This finding was further supported by the degradation pattern of sequestome 1 (p62), a 

frequently used marker for the measurement of the autophagic flux (32). Corresponding to the 

pattern of LC3-II accumulation (Fig. 3, H and I), the levels of p62 gradually decreased in cells 
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treated with PA until 8 h, whereas a significant accumulation of this protein was observed at 

16 h (Fig. 3, J and K). 

 

  

Figure 3-19: left panel; Representative image of three independent experiments showing the 

degradation pattern of p62. Cells were treated with BSA or 0.5 mm PA and isolated proteins 

at the given time points were blotted for p62. Statistical data of three independent experiments 

are shown in right panel. *, p < 0.05 versus BSA at a given time point; #, p < 0.05 versus PA 

at 8-h time point (n = 3). 

This data indicate that PA induce a strong genuine autophagy with a normal autophagic flux in 

the beginning but at later stages the autophagic flux is hampered at later stages of incubation 

which is also recently reported by Las et al. (148)  

3.5 Inhibition of Autophagy Rescues Endothelial Cells from PA-induced Cell Death 

To investigate the role of autophagy induction on cell death autophagy was inhibited with 

wortmannin or 3-MA and measured the effect on lipotoxic cell death. Wortmannin and 3-MA 

are known to prevent autophagy by their inhibitory effect on VPS34 (33, 34). As expected, 

inhibition of VPS34 by either wortmannin prevented PA-induced autophagy indicated by a 

lack of LC3 lipidation in cells pretreated with this inhibitor (Fig. 3-20). 
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Figure 3-20: Inhibition of autophagy rescued endothelial cells from PA-induced death. upper 

left panel, representative Western blot showing LC3 cleavage of cells that were incubated for 

8 h with BSA alone, 0.5 mm OA, or 0.5 mm PA in the absence (−) and presence (+) of 10 μm 

wortmannin. Upper right panel, statistical data of LC3 cleavage from Western blots shown in 

panel f (n = 3 for all conditions). *, p < 0.05 versus control. lower left panel, representative 

Western blot showing LC3 cleavage of cells that were incubated for 8 h with BSA alone or 0.5 

mm PA in the absence (−) and presence (+) of 10 mm 3-MA. Lower right panel, statistical 

data of LC3 cleavage from Western blots shown in panel f (n = 3 for all conditions). *, p < 

0.05 versus control.  

Hence, we investigated the putative role of autophagy on lipotoxic cell death. We found that 

the cells pretreated with wortmannin were resistant to PA-induced cell death even after 36 h of 
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incubation with the fatty acid (Fig 3-21 left panel). As wortmannin inhibits all different classes 

of PI3Ks, the effect of 3-MA, a highly specific inhibitor of PI3K class III (vesicular protein 

sorting 34; VPS34) was tested. As shown in Fig. 3-21 right panel, 3-MA was also highly 

effective in preventing PA-induced cell death.  

 

                     

Figure 3-21: left panel, columns represent average cell viabilities that were determined using 

the MTT assay of cells not pretreated with wortmannin (left pair of columns, −Wortmannin) 

that were incubated for 24 h with BSA alone (left white column, n = 3) or with 0.5 mm PA 

complexed to BSA (left black column, n = 3), and cells pretreated with 10 μm wortmannin 

(right pair of columns, +Wortmannin) for 20 min prior to an incubation with either BSA alone 

(right white column, n = 3) or with 0.5 mm PA complexed to BSA (right black column, n = 3). 

*, p < 0.05 versus BSA, and #, p < 0.05 versus PA without wortmannin. right panel, cells were 

treated with 10 mm 3-MA, another specific inhibitor of PI3K III and autophagy, and cell death 

was analyzed by the MTT assay (n = 3 for all conditions). *, p < 0.05 versus BSA, and #, p < 

0.05 versus PA without 3-MA. 

The effect of PI3K (class III) inhibitors on PA-induced cell death was further tested using 

long-term phase-contrast microscopy, which confirmed their potency to rescue endothelial 

cells from PA-mediated lipotocixity (Fig. 3-22). 
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Figure 3-22: left panel, schematic illustration of endothelial cells grown in an 8 well imaging 

chamber that allowed long-term phase-contrast imaging of 6 different conditions indicated in 

sequence. Right panel, the increase in brightness of detached dying cells was used to quantify 

the number of dying cells over time under respective conditions. Representative curves were 

fitted using the Bolzmann sigmoidal from.  

3.6 Genetic Knockdown of Autophagy Related Genes Rescues PA-induced Cell Death 

Inhibition of autophagy with pharmacological inhibitors is an efficient way to block autophagy 

but specificity of these inhibitors is always a question mark as any pharmacological inhibitor 

can have a number of known or unknown off target effects. Therefore, genetic knock down of 

autophagy specific genes is a recommended approach in order to affirm the role of autophagy 

in cell death.  To confirm the role of autophagy in the cell death two autophagy specific genes 

was slected for knock down i.e VPS34 and ATG7. The effects thereof on PA-induced cell 

death were investigated by the knock down of these genes and measuring the cell death with 

MTT assay. The siRNAs against both VPS34 and ATG7 were found efficient in decreasing 

respective mRNA levels (Fig. 3-23 upper panel). Both VPS34 and ATG7 were found to 

efficiently inhibit PA induced endothelial cells death (Fig. 3-23 lower left and right panel). 

This confirms that PA induced autophagy is required to mediate cell death in endothelial cells. 
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Figure 3-23: upper panel,  knockdown efficiency of individual siRNA in the percentage of 

mRNA expression compared with scramble siRNA (n = 3 for all columns presented). *, p < 

0.05 versus scrambled siRNA. Lower left panel, 48 h after cells transfection with either 

scrambled siRNA (left pair of columns, n = 9 for both conditions) or siRNA against VPS34 

(right pair of columns, n = 9 for both conditions) cells were incubated for 24 h with BSA alone 

(white columns) or 0.5 mm PA complexed to BSA (black columns) and cell viability was 

measured using the MTT assay. Viability is expressed in percentage, whereas the average 

value of cells treated with scrambled siRNA and BSA alone was defined as 100%. *, p < 0.05 
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versus BSA, and #, p < 0.05 versus PA with scrambled siRNA. Lower right panel, impact of 

siRNA-mediated knockdown of ATG7 on cell viability under analogous conditions described in 

panel b (n = 9 for each column). *, p < 0.05 versus BSA, and #, p < 0.05 versus PA with 

scrambled siRNA. 

3.7 PA-induced Ca
2+ 

Elevation Triggers Autophagy in Endothelial Cells 

Ca
2+

 is a unique 2
nd

 messenger which can control a wide variety of functions. Recently there 

are some reports about the role of Ca
2+

 in autophagy (149). To verify these finding cytosolic 

Ca
2+

 was chelated with BAPTA-AM and the lipidation of LC3 was measured by Western 

blotting. It was found that autophagy was inhibited by BAPTA-AM treatment (Fig. 3-24). This 

indicated that the induction of autophagy by PA was dependent on cytosolic Ca
2+

 elevation. 

 

Figure 3-24: Left panel, representative Western blot showing LC3 cleavage of BAPTA-AM-

loaded cells that were incubated for 8 h with BSA alone or 0.5 mm PA. Right panel, statistical 

data of LC3 cleavage from Western blots (n = 3 for all conditions). *, p < 0.05 versus control. 

To verify whether or not cell treatment with PA impacts Ca
2+

 signaling of endothelial cells 

cytosolic Ca
2+

 was measured under the conditions of fatty acid exposure. Basal [Ca
2+

]cyto was 

assessed first in the presence and absence of extracellular Ca
2+

 using Fura-2/AM-loaded cells. 

Subsequently, Ca
2+

 was released from the endoplasmic reticulum (ER) in a Ca
2+

-free medium 

by cell stimulation with the IP3-generating agonist histamine and the sarco/endoplasmic 

reticulum Ca
2+

-ATPase inhibitor BHQ to assess the ER Ca
2+

 content (Fig. 3-25). In a Ca
2+

-
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containing buffer the treatment with PA caused a significant increase of basal levels of 

[Ca
2+

]cyto already after 4 h of incubation, and [Ca
2+

]cyto remained elevated until 8 and 16 h of 

incubation (Fig. 3-25). Removal of extracellular Ca
2+

 led to a decrease in basal [Ca
2+

]cyto in 

cells that were pretreated with PA, indicating that store-operated Ca
2+

 entry was activated (Fig. 

3-25, lower left panel). In contrast, cells incubated with OA did not show significant changes 

of basal Ca
2+

 levels in the cytosol (Fig. 3-25, lower left panel). The amount of releasable Ca
2+

 

from the ER was clearly smaller in cells pretreated with PA (Fig. 3-25, lower right panel). 

Notably, the effect on ER Ca
2+

 mobilization was seen already after 2h of incubation with PA 

and was more pronounced with time (Fig 3-25). Cells pretreated with OA, however, revealed 

normal Ca
2+

 signals upon ER Ca
2+

 depletion (Fig 3-25). These data indicate that the 

accumulation of PA within endothelial cells is associated with a slow, time-dependent leak of 

Ca
2+

 from the ER. The consequence is a reduced Ca
2+

 content of the ER and elevated basal 

cytosolic Ca
2+

 levels, possibly due to the stimulation of Ca
2+

 entry via the store-operated Ca
2+

 

entry pathway. 
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Figure 3-25: PA induces release of Ca
2+

 from ER and results in cytosolic Ca
2+

 elevation. 

Upper panel, representative Ca
2+

 signals of Fura-2/AM-loaded cells 16 h after incubation 

with BSA alone (black continuous line), 0.5 mm OA (gray continuous line), and 0.5 mm PA 

(black dotted line). The indicated signals were first recorded in Ca
2+

 containing medium (2 

mm) and subsequently Ca
2+

 was mobilized from the ER by cell stimulation with 100 μm 

histamine and 15 μm BHQ in a Ca
2+

-free medium (1 mm EGTA). Lower left panel, statistics of 

basal ratio values of Fura-2/AM-loaded cells in the presence of extracellular Ca
2+

 (2 mm), 

and Lower right panel, average δ values of the maximal Ca
2+

 peaks upon cell stimulation with 

100 μm histamine and 15 μm BHQ in the absence of extracellular Ca
2+

 (1 mm EGTA) at 

different times after incubation with BSA alone (Control, white columns, n = 9, ×118 cells at 2 

h, ×127 cells at 4 h, ×130 cells at 8 h, and ×127 cells at 16 h), with 0.5 mm OA (gray 

columns, n = 9, ×113 cells at 2 h, ×127 cells at 4 h, ×133 cells at 8 h, and ×132 cells at 16 h), 

and with 0.5 mm PA (black columns, n = 9, ×115 cells at 2 h, ×124 cells at 4 h, ×118 cells at 

8 h and ×107 cells at 16 h). *, p < 0.05 versus BSA. 

Furthermore, the role of cytosolic Ca
2+

 on cell viability was investigated. Cells were treated 

with BAPTA-AM for 20 min prior to treatment with PA for 24 h, and cellular viability was 

measured with the MTT assay. It was found that cell loading with BAPTA-AM inhibited PA-

induced cell death significantly (Fig. 3-26). 
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Figure 3-26: effect of chelating cytosolic Ca
2+

 on cell viability. Cells were pretreated with 

BAPTA-AM for 20 min and then incubated with 0.5 mm PA or BSA alone for 24 h. Cell 

viability was measured with the MTT assay and data were normalized to BSA as a control and 

represented as mean viability (n = 3, for all conditions). *, p < 0.05 versus BSA, and #, p < 

0.05 versus PA without BAPTA-AM-loaded cells. 

3.8 PA induced lysosomal dysfunction in Endothelial cells 

Mechanistically autophagy starts with the formation of autophagosomes, which finally fuse 

with lysosomes to form autolysosomes where the cargo material is degraded by lysosomal 

hydrolytic enzymes (150).  The fusion of autophagosomes with lysosomes can be blocked 

pharmacologically with bafilomycin A1 (151). Consequently, we tested whether or not such 

an intervention of the autophagic cycle hinders the completion of autophagy on PA-induced 

cell death. Accordingly, cells were pretreated with bafilomycin A1 and cell viability was 

measured without and with PA-exposure. Cells treated with bafilomycin A1 revealed 

increased cell viability under control conditions (Fig. 3-27). In contrast, the inhibition of the 

autophagic cycle by bafilomycin A1 strongly enhanced the susceptibility of endothelial cells 

to PA-induced cell death (Fig. 3-27). 
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Figure 3-27: Cells were treated with 100 nM bafilomycin-A1 (+ Baf-A1, right pair of 

columns) and DMSO (- Baf-A1, left pair of columns) as a control for 20 min and then 

incubated with 0.5 mM PA (black columns) and BSA (white columns) for 24 h. Cell viability 

was measured with MTT assay and presented in percentage of BSA without Baf-A1 (n=3 for 

all conditions).  *P < 0.05 vs. BSA, and #P < 0.05 vs. PA without Baf-A1 

Consequently, the possibility of PA-induced lysosomal dysfunction as a putative hallmark of 

lipotoxic cell damage and death of endothelial cells was investigated. Acridine orange, a 

fluorescent dye that accumulates specifically in functioning lysosomes of intact cells (152) 

was used to verify lysosomal (dys)function. Although the number of acridin orange positive 

lysosomes were roughly the same in endothelial cells exposed for 10 h either to BSA or PA 

(BSA: 185 ± 24; n = 12 cells and PA: 201±24; n=13) (Fig. 3-28), the average intensity of 

acridin orange in lysosomes was significantly decreased in PA treated cells (Fig. 3-28) 

indicating impaired lysosomal acidification.  
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Figure 3-28: Left panel, representative of cells loaded with acridine orange under control 

conditions (BSA alone, upper images) and pretreated with 0.5 mM PA for 10 h (lower 

images). Right panel, average intensity per lysosome of cells incubated for 10 h with BSA 

alone (white column, n=3), 0.5 mM PA complexed to BSA (black column, n=3), or for 20 min 

with 100 nM baflomycin A1 (striped column, n=5). *P < 0.05 vs. BSA.  

In agreement with these findings, cells that were incubated with bafilomycin-A1 as positive 

control of existing lysosomal dysfunction showed minimal lysosomal fluorescent signals (Fig. 

3-29). The analysis of the average diameter of single lysosmes revealed that in PA-treated 

cells lysosomes are enlarged (Fig. 3-29). Moreover, the subcellular distribution of lysosomes 

was affected by cell treatment with PA (Fig. 3-29) and the distance between individual 

lysosomes was increased (Fig. 3-29). 
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Figure 3-29: Upper left pane, average diameter of single lysosomes of cells treated for 10 h 

with BSA alone (white column, n=4, 339 single lysosomes) or 0.5 mM PA complexed to BSA 

(black column, n=4, 273 single lysosomes). *P < 0.05 vs. BSA. Upper right panel, 

representative histogram of diameters of lysosomes from cells treated for 10 h with BSA alone 

(white columns, continuous line) and 0.5 mM PA complexed to BSA (black columns, dotted 

line). Lower left panel, representative line scans of cells stained with acridin orange. Lines 

were selected randomly. Peaks indicate the presences of lysosomes on lines in cells incubated 

with BSA alone (grey line) or 0.5 mM PA (black line) for 10 h.  Lower right panel, statistics to 

line scans presented in panel f. Columns represent the average distance between individual 

lysosomes on randomly selected lines. Data were obtained using cells treated for 10 h with 

BSA alone (white column, n=3) or 0.5 mM PA (black column, n=3). *P < 0.05 vs. BSA 
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3.9 Calpain 1 a possible instigator of PA induced lysosomal dysfunction 

Calpain1 is a Ca
2+

 dependent non lyosomal protease(153) which can cause lysosomal rupture 

by the degradation of heat shock protein 70.1 (154). We found that PA activates calapin1 

efficiently as measured by the self catalytical cleavage of calpain1 on western blot after 

incubating the cells with PA (figure 3-30). In order to evaluate the role of calpain1 in PA 

induced endothelial cell necroptosis calapin1 was knocked-down by siRNA and cell death was 

measured with MTT assay. It was found that knock-down of calpain 1 was able to inhibit PA 

induced cell death significantly as shown in figure 3-30.  
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Figure 3-30:  Upper panel, western blot indicatin the activation of calpain1 by self catalytic 

cleavage upon incubation with PA and isolatin the protein on the time indicated. Lower left 

panel, wester blot showing the efficiency of siRNA against calpain1 after 48 hours of 

transfection. Lower right panel, Impact of siRNA-mediated knockdown of calpain1. cell 

viability 48 h after transfection of cells with either scrambled siRNA (left pair of columns, n = 

18 for both conditions) or siRNA against calpain1 (right pair of columns, n = 18 for both 

conditions). Cells were incubated for 24 h with BSA alone (white columns) or 0.5 mm PA 

complexed to BSA (black columns) and cell viability was measured using the MTT assay. 

Viability is expressed in percentage, whereas the average value of cells treated with 

scrambled siRNA and BSA alone was defined as 100%. *, p < 0.05 versus BSA, and #, p < 

0.05 versus PA with scrambled siRNA. 

This result indicate that calpain1 might be involved in triggering the lysosomal dysfunction 

which my lead to a dysfunctional autophagy and hence will hinder tha autophagic fulx. This 

inhibition of autophagic flux maybe responsible for the cells entering into necroptosis but this 

data need further evaluation. 

3.10 Induction of autophagy is the basic trigger for necroptosis but not the lysosomal 

dysfunction 

The interrelation between autophagy and lysosomal dysfunction that trigger PA-induced 

endothelial cell death was further assessed by inhibiting autophagy (wortmannin) 

simultaneously to the induction of lysosomal dysfunction (bafilomycin A1). In the presence of 

both wortmannin and bafilomycin A1 PA-induced cell death was efficiently prevented (Fig. 3-

31). This is in contrast to bafilomycin A1 alone where PA-induced cell death was remarkably 

enhanced (Figure 3-27). 
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Figure 3-31: Cells were treated with 10 µM wortmannin and 100 nM Baf-A1 simultaneously 

20 minutes before incubation with BSA and 0.5 mM PA for another 24 h. Cell viability was 

measured with MTT assay and presented graphically as mean viability in percentage (n=3 for 

all conditions). The mean viability of cells treated with BSA alone was defined as 100 %.*P < 

0.05 vs. BSA without wortmannin and Baf-A1, and #P < 0.05 vs. PA without wortmannin and 

Baf-A1. 

This data indicate that PA acid induce both autophagy and lysosomal dysfunction 

simultaneously which leads to a dysfunctional autophagic flux. The inhibition of an 

autophagic flux ultimately leads to the induction of necroptosis. 
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4. DISCUSSION 

Endothelial cells are among the first targets of the elevated fatty acids levels in plasma and 

hence are more prone to the fatty acid mediated cell damage. There are a wide variety of ways 

in which endothelial cells are affected by the elevated fatty acid levels and different outcomes 

of the effect have been reported over many years. Molecular mechanisms of cell death and 

dysfunction have been studied extensively in different tissue and cell types and different 

players have been reported to be involved in lipotoxic related physiology and pathology. 

Herein we provide evidence that exposure of endothelial cells to pathological PA 

concentrations generates a lipotoxic response that finally leads to autophagy dependent 

necroptotic cell death. The lethal effect of PA was initially triggered by the development of 

ER Ca
2+

 leakage, leading to elevated basal cytosolic Ca
2+

. As a second messenger Ca
2+

 has the 

potential to activate or inhibit a variety of cellular signaling process [Scharenberg, 2007 ]. As 

shown in this data and reported by others, cytosolic Ca
2+

 is important for the induction of 

autophagy which could be inhibited by chelating cytosolic Ca
2+

 with BAPTA-2am (124,149). 

Simultaneously PA induced lysosomal dysfunction resulting in an incomplete autophagy 

leading to an energy crisis reflected in the form of a tremendous depletion of cellular ATP 

levels. Energetically these conditions are not suitable for the induction of apoptosis (138) thus 

leading the cells to RIPK3- and CYLD-dependent necroptotic cell death. These data unveil a 

novel pathway of lipotoxicity and point to PA dependent ER Ca
2+

 leakage, Ca
2+

-dependent 

autophagy and a parallel induction of lysosomal dysfunction and programmed necrosis as a 

hallmark of lipotoxicity in endothelial cells. As a possible link between cytosolic Ca
2+

 

elevation and lysosomal dysfunction the involvement of calapin 1 was evaluated and it was 

found as a key player in the process of cell death. In the following sections these results have 

been discussed in details. 

4.1 PA induces programmed necrosis of endothelial cells 

So far apoptosis has been reported as a predominant mood of cell death under conditions of 

substrate over-load [Yuan, 2013 ][Kuo, 2012 ][Artwohl, 2004 ] and autophagy has been 

shown to counteract the process and inhibiting autophagy was shown to accelerate PA induced 

cell death [Choi, 2009 ]. To reproduce the same when autophagy was inhibited by wortmannin 
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in endothelial cells the cell death was completely inhibited. The same was also true for 3-

methyleadenine another specific inhibitor of autophagy. These findings provided the basis to 

question the existing dogma of PA induced cell death. Looking into the mode of cell death 

data contradict previously reported mode of cell death, apoptosis being the major executer of 

cell death under conditions of substrate overload (155). The data clearly indicate that an 

overload of endothelial cells with PA causes necroptosis. Z-VAD-fmk, a specific inhibitor of 

pan-caspases (136) was used to rule out the contribution of apoptosis in the execution of PA-

induced cell death. Z-VAD-fmk experiments might also point to a possible caspase-

independent apoptosis or cell might chose necrosis or necroptosis as an alternate mode of cell 

death under the conditions of zVAD-fmk treatment. The finding that necrosis is the major 

mode of cell death was further supported by annexin/PI staining. Cells treated with PA were 

found to be positive for both annexin V and PI which turned down apoptosis being the major 

mode of cell death. Further, looking into the nuclear morphology the cells stained with PI were 

having round and intact nuclei while the cells going through apoptosis are known to have 

fragmented nuclei as apoptosis results in the activation of endonucleases (156) which cut the 

DNA in a specific and regulated pattern leading to DNA laddering. This property of DNA 

laddering is used as a marker to detect apoptosis. The data here clearly indicate that no DNA 

laddering was observed in the cells treated with PA (Fig. 3-7). Activation of caspases is a 

hallmark for apoptosis (157). To further validate the mode of cell death caspase activity was 

measured and the data showed that there was no caspase activity. A lack of the caspase 

activity strengthens a non-apoptotic cell death. Also energetically the conditions were not 

favorable for the cells to go through apoptosis as there was early depletion of ATP upon PA 

treatment as apoptosis being an ATP dependent process least favored. Necrosis is already been 

reported to be the favored mode of cell death under conditions of ATP depletion and energy 

crisis (138) 

Although necrosis was found as a major mode of cell death, a small fraction (11.6%) of cells 

treated with PA showed DNA hypoploidy, indicating that some portion of the whole cell 

population is going through apoptosis as well but still necrosis remains the predominant mode 

of cell death. An obvious explanation to this contradiction is that the hypoploidy experiments 

were performed with the whole cell population (i.e. attached and floating cells), while all the 

experiments through microscopy were performed with the attached cells only. So DNA 
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hypoploidy points to a mixture of apoptosis and necrosis but still necrosis is the predominant 

mode of cell death while apoptosis only contribute to a small proportion. There might be an 

initial induction of apoptosis but as cells were found to lose ATP with time the process was no 

more favorable and cells changed the mode of cell death to necroptosis instead. The data is in 

accordance with previously reported findings correlating the cellular ATP levels to the mode 

of cell death (138) 

Necrosis has been considered as a random non-programmable process for a long time but 

recently it has been established that it can be programmed as well, a process often known as 

necroptosis or programmed necrosis (142). As a further verification of necrosis and to 

determine its molecular basis known players of necroptosis were knocked down and the effect 

was investigated on PA induced cell death. As the data indicate RIPK3 and CYLD (143), 

rescued the cells from PA-induced cell death. A major hurdle during these experiments was 

not being able to validate the siRNA against RIPK3 as mRNA levels could not be detected in 

control cells and cells treated with PA for 16 h. This might be because of very low levels of 

RIPK3 in this cell model. Therefore, a previously reported siRNA against RIPK3 was (127) 

used and cell death was successfully inhibited. The rescuing effect of a siRNA-mediated 

knockdown of RIPK3 was less pronounced compared to that of a CYLD knockdown, but 

reproducible and statistically significant in each set of experiment performed on four different 

days. The possible reasons for not being able to detect the levels of RIPK3 are the low levels 

of RIPK3 mRNA because it wasn’t possible to detect the RIPK3 with a number of different 

sequence specific primers for the polymerase chain reaction. Another explanation for not 

being able to detect mRNA levels coding for RIPK3 can be less stability of the respective 

mRNA in the preparations used. Although any off target effects of the validated siRNA used 

to knockdown RIPK3 cannot be excluded in endothelial cells, the functional tests clearly 

suggested an involvement of this kinase in the toxic signaling of PA. Another hallmark finding 

is that PA triggers the expression of CYLD after 16h of incubation. So far we could not figure 

out the signaling cascade as how PA induced the up regulation of CYLD and needs further 

investigation. Looking into the effect of siRNA mediated knock down of RIPK3 and CYLD, 

the finding supports the assumption that a necrotic pathway is induced by PA in endothelial 

cells which is regulated and controlled by RIPK3 and CYLD. RIPK1, another player of the 

necroptosis cascade, was not found to be involved in the process. siRNA mediated knockdown 
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of RIPK1 as well as its pharmacological inhibition through necrostatin-1 shows that it is not 

contributing to the PA-induced necroptosis in this particular endothelial cell line. The finding 

is in line with recent reports, in which a RIPK1-independent but RIPK3- and CYLD-

dependent cell death pathway has been described (39, 40). The induction of RIPK3- and 

CYLD-dependent necroptosis by PA described here may, however, point to novel strategies 

for the treatment of metabolic diseases and opens new horizons for the investigations of the up 

stream or down stream processes which can be involved in the regulation of lipotoxicity.  

4.2 PA Induces Autophagy, Which Promotes Cell Death 

Autophagy is among the hot topics investigated recently because of its involvement and 

modulation of a wide variety of processes. The process is considered as a life span increasing 

process and plays its role under the conditions of nutritional stress. The process is recently 

known to be involved in the mobilization of lipids and hence has gained an enormous attention 

in studies focusing lipotoxicity. Free fatty acid induced autophagy has been reported recently 

(8, 41, 42). Furthermore autophagic cell death is being considered as a target for designing the 

novel therapies against cancer [Rubinsztein, 2012 ].  

In this study, PA was found to induce a genuine autophagy in the endothelial cells used. In 

pancreatic beta cells it was shown recently that the induction of autophagy was a pro-survival 

mechanism and inhibiting autophagy with pharmacological inhibitors enhanced the cell death 

(8). On the other hand the data presented here in this study demonstrate contradictory finding 

that autophagy is the main trigger of PA-induced cell death and inhibition of autophagy with 

either pharmacological inhibitors or genetic knockdown could rescue the cells from PA-

induced cell death. At a first glance this is in line with recent reports that describe an 

uncontrolled autophagy as a mechanism able to induce type II programmed cell death (15, 43) 

or autophagic cell death as an innocent conviction by self over eating. On the other hand 

autophagy can contribute to cell death if the process is hampered by lysosomal dysfunction 

(44). The data presented here indicate that there is an early induction of autophagy followed by 

a late lysosomal dysfunction. PA was shown to induce lysosomal dysfunction in PC12 

[Almaguel, 2010 ].  
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Lysosomes are central to the degradation of the biomolecules [Kolter, 2010 ]. Intact and 

functional lysosomes are required for the completion and maturation of autophagy as all the 

macromolecules packed into the autophagosomes are degraded and recycled in the lysosomes 

either to get rid of the unnecessary material or to provide the cells with nutrients to maintain 

the energetic levels in order to survive the conditions of starvation or stress [Stern, 2012 ]. 

Normal lysosomal activity is required in order to complete the autophagic process and to 

maintain the autophagic flux [Porter, 2013 ]. In line with the findings of this study fatty acids 

specially PA is recently reported to suppress autophagic turn over in β-cells resulting in a 

lower levels of protein degradation as depicted by the accumulation of p62 [Las, 2011 ]. 

Another consequence of lysosomal dysfunction is a lower level of ATP [Las, 2011 ] as cells 

fail to replenish the nutrient back to the cell leading the cell to an energy crisis. The data 

presented here clearly indicates that the ATP levels were gradually decreased and the timing 

coincide with the induction of lysosomal dysfunction as there is slight depletion of ATP after 8 

hours which decreased further with time and was tremendous after 16 hours of incubation with 

PA. As depicted from the degradation pattern of p62 (Fig. 3-19) there was no signs of 

lysosomal dysfunction during the first 8 hours and p62 was degraded depending on the levels 

of autophagy [Watanabe, 2011 ]. After 16 hours p62 was found to be accumulated indicating 

lack of degradation activity in the lysosomes. It correlates with lower levels of ATP after 16 

hours (Fig. 3-8) suggesting the importance of normal lysosomal activity under autophagy to 

maintain the energetic levels. Furthermore, ATP depletion after 16 hours coincides with the 

up-regulation of CYLD mRNA and the onset of necroptosis. 

4.3 PA affects Ca
2+

 homeostasis of endothelial cell 

Cytosolic Ca
2+

 being a second messenger control a wide variety of cellular signaling 

[Scharenberg, 2007 ]. Investigating effects of PA on Ca
2+

 homeostasis is of utmost importance 

as it is known to control apoptosis, necrosis and autophagy [Kim, 2003 ]. Here we found that 

cytosolic Ca
2+

 is important for PA induced autophagy as chelating the cytosolic Ca
2+

 was 

found to be rescuing the PA induced autophagy and cell death (Fig. 3-24). This is in line with 

the finding by the other groups as well showing the involvement of cytosolic Ca
2+

 in the 

induction of autophagy recently [Grotemeier, 2010 ]. This proves further that if autophagy is 

inhibited indirectly by chelating the cytosolic Ca
2+

 it could rescue the cell death. Besides Ca
2+
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is important for induction of autophagy a rise in cytosolic Ca
2+

 maybe involved in controlling 

necrosis directly [Kim, 2003 ]. Although the detailed mechanisms controlling the ER Ca
2+

 

mobilization by PA leading to a rise in cytosolic Ca
2+

 remain unclear the data indicate it is an 

early and central process in PA-induced cell damage. An acute effect of PA on the Ca
2+

 

homeostasis was not observed, and the effect was slow and developing with time. This 

indicates that the ER Ca
2+

 leaks with time and accumulation of PA, its metabolism or derivates 

might be responsible for developing aberrant Ca
2+

 signaling in endothelial cells. The finding 

that cells treated with PA had a lower ER Ca
2+

 content and increased levels of [Ca
2+

]cyto is in 

line with a recently reported study describing ER Ca
2+

 release by PA in beta cells (45). As 

discussed earlier a possible mechanism of slow Ca
2+

 leak might be the loss of ER membrane 

during the ongoing autophagosome formation and the membranes are not recycled as 

autophagy does not enter the completion phase because of lysosomal dysfunction. Decrease in 

ER Ca
2+

 content is slow and follows the induction of autophagy. Alternatively PA might cause 

damage to the ER directly by the incorporation of palmitic acid or its derivatives into the ER 

membrane or indirectly through the production of reactive oxygen species which is known to 

damage ER membrane. Ca
2+

 signaling is known to be involved in all types of cell death (46) 

and also plays a fundamental role in the induction of ER stress (47) and autophagy (35). The 

finding that cytosolic Ca
2+

 chelation by BAPTA protected the cells against PA-induced 

necroptosis is of particular relevance, because it points to a possibility to design a therapeutic 

intervention against lipotoxicity in endothelial cells. 

4.4 Lysosomal Dysfunction and role of Calpain1 

One of the key targets of Ca
2+

 regulating the cell death pathways is Ca
2+

 dependent cysteine 

proteases, the Calpain family [Harwood, 2005 ]. This data show that knocking down a member 

of calapin family, Calpain 1, could rescue PA induced cell death quite efficiently. It can be 

also a possible link between cytosolic Ca
2+

 elevation and lysosomal dysfunction. Calapin 1 is 

known to cause lysosomal membrane rupture by the degradation heat shock protein 70 in 

lysosomal membrane [Sahara, 2010 ]. Lysosomal membrane rupture has two consequences. 

Firstly, it can lead to the leak of lysosomal proteases into the cytosol which can lead to 

necrosis [Sahara, 2010 ]. secondly, a rupture in the lysosomal membrane is causing a 

lysosomal dysfunction and autophagy cannot be completed without functional lysosomes as all 
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the degradation processes take place in lysosomes and results in the a lower or inhibited 

autophagic flux [Bi, 2007 ]. This lower autophagic flux is the main initiator of the cell death 

as, temporally, it is followed by the over expression of CYLD leading ultimately to 

necroptosis. Calpain 1 maybe the key target in controlling the autophagic flux and inhibiting 

or knocking down calapain 1 might increase the autophagic flux to the normal levels and 

autophagy can go to completion providing the cells with nutrients to generate energy. This 

might be the possible way how the knock down of calapin 1 by siRNA or inhibiting it 

indirectly by chelating Ca
2+

, can rescue the cells against PA induced necroptosis but this needs 

further investigation and a detailed study of involvement of calpain 1 in the regulation of 

autophagic flux is further suggested.  

Functional lysosomes are the basis of a normal autophagic flux and inhibiting the lysosomes 

by Baf-A1 accelerated the PA induced cell death as compared to the controlled cells which 

were treating with PA alone and the lysosomes were not inhibited by Baf-A1. Interestingly in 

cells where autophagy was inhibited Baf-A1 could not accelerate cell death rather it was 

completely inhibited. This is interesting to know that a lysosomal dysfunction if toxic to the 

cells only when autophagy is also induced. A possible explanation for the process is that when 

autophagy is induced the cell loses its content with time which is packaged into 

autophagosomes for degradation and the biomolecules cannot be recycled. This might lead the 

cell into an energy crisis and scarcity of the essential biomolecules to maintain the organelles 

like ER in its shape. Origin of autophagosomes is one of the dogma still need to be solved but 

there are different reports suggestion that autophagosomes are originated from endoplasmic 

reticulum, mitochondria or plasma membrane by different groups under different conditions 

[Tooze, 2010 ]. Based on these studies it is postulated here that with the ongoing generation of 

autophagosome cells lose its ER membranes which cannot be recycled back if the autophagy 

doesn’t enter into completion. A consequence of the loss of ER membrane can be a gradual 

leak of ER Ca
2+

 into the cytosolic thus elevation the cytosolic Ca
2+

 which can accelerate the 

whole process. In this way the whole process works in a cyclic manner and each preceding 

step can accelerate the next step leading to a major crisis of biomolecules and energy leading 

to necroptosis (Fig. 5-1). 
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In summary this study describes that PA overload of endothelial cells results in a Ca
2+

-

dependent development of autophagy and lysosomal dysfunction which finally leads to 

programmed necrotic cell death. The molecular mechanisms of lipotoxicity reported in this 

study enlightens a new mechanism of lipotoxic cell death in endothelial cells and might guide 

to the development of novel therapeutic strategies for vascular diseases that are caused by the 

accumulation of fatty acids in endothelial cells. 
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Figure 4-1: schematic presentation of PA induced necroptosis in endothelial cells 
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