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ZUSAMMENFASSUNG 
Lipidtropfen (LDs) stellen wichtige intrazelluläre Organellen in Zellen des 

Immunsystems dar, welche maßgebend an der Entstehung von metabolischen 

Erkrankungen und Entzündungen beteiligt sind. Eine Akkumulierung von LDs in 

Makrophagen verursacht die Bildung von sogenannten „fatty streaks“ und gilt als 

grundlegende Erscheinung in der Entstehung von Atherosklerose. Im Rahmen einer 

entzündlichen Reaktion bilden auch andere Immunzellen (z.B. Leukozyten) zytosolische, 

Triglyzerid (TG)-reiche LDs, welche charakteristisch für die Aktivierung dieser Zellen sind. 

Bislang sind Enzyme, die am Metabolismus von LDs in Leukozyten beteiligt sind, großteils 

undefiniert. 

Die vorliegende Arbeit zeigt, dass die lipolytischen Enzyme Adipose Triglyzerid Lipase 

(ATGL), Hormon-sensitive Lipase (HSL) und Monoazylglyzerol Lipase (MGL) den Abbau von 

LDs in Immunzellen regulieren und somit einen Einfluss auf die biologische Funktion 

dieser Zellen haben.  

Mit speziellem Augenmerk auf ATGL, welches das geschwindigkeitsbestimmende 

Enzym in der Spaltung von TG ist, konnte ich beobachten, dass eine genetische ATGL 

Defizienz eine Anreicherung von intrazellulären, TG-reichen LDs in neutrophilen 

Granulozyten bewirkt. Diese Lipidakkumulierung zeigte sich infolge einer herbeigeführten 

Entzündung außerdem in Monozyten und Makrophagen, nicht jedoch in eosinophilen 

Granulozyten oder Lymphozyten. Funktionelle Untersuchungen von ATGL-defizienten 

neutrophilen Granulozyten ergaben eine erhöhte Reaktionsbereitschaft in vitro, welche 

interessanterweise eine stärkere Ausprägung in Mäusen mit globaler-, verglichen mit 

myeloid-spezifischer ATGL Defizienz zeigte. Des Weiteren führten sowohl eine genetische 

als auch pharmakologische Inhibierung von ATGL zu einer verminderten Freisetzung von 

Lipidmediatoren von neutrophilen Granulozyten. Diese Erkenntnisse verdeutlichen, dass 

die Freisetzung von Vorläufermolekülen zur Lipidmediator Synthese aus TG-reichen, 

zellulären Depots der enzymatischen Aktivität von ATGL bedarf.  

Im zweiten Teil meiner Arbeit habe ich die Auswirkung des Fehlens der Lipasen ATGL, 

HSL und MGL auf die Funktion von Thrombozyten untersucht. Hierbei konnte ich 

beobachten, dass eine genetische Defizienz von ATGL und MGL, nicht jedoch von HSL, 
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eine Hemmung der Thrombenbildung in vitro bewirkt und somit zu einem anti-

thrombotischen Phänotyp führt.  

Zusammenfassend betrachtet konnte ich zeigen, dass TG-hydrolysierende Enzyme in 

der Regulierung des Metabolismus von LDs in Immunzellen eine wichtige Rolle spielen. 

Meine Erkenntnisse verdeutlichen die Beteiligung dieser Enzyme an der Regulierung von 

Signalwegen in Immunzellen, sowie an der Entstehung von inflammatorischen 

Erkrankungen. Eine Charakterisierung dieser Regulationsmechanismen könnte neue 

Ansatzpunkte für eine antiinflammatorische Therapie eröffnen.  
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ABSTRACT  
Lipid droplets (LDs) are cytoplasmic organelles in immune cells with an important role 

in the development of metabolic diseases and inflammation. LD accumulation in 

macrophages is a recognized early event in atherogenesis and leads to the formation of 

“fatty streaks” representing initial atherosclerotic lesions. Under certain inflammatory 

conditions also other immune cells (e.g. leukocytes) generate cytosolic, triglyceride (TG)-

rich LDs, which are considered as key markers of cellular activation. To date, the lipolytic 

enzymes involved in maintaining LD homeostasis in these cells have not been defined.  

The first part of this thesis clearly shows that the TG-hydrolyzing enzymes adipose 

triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol lipase 

(MGL) are regulators of LD metabolism in immune cells, thereby regulating immune cell 

biology and function.   

With specific emphasis on ATGL, which is the rate-limiting enzyme mediating TG 

hydrolysis, I observed an increased abundance of intracellular, TG-rich LDs in neutrophil 

granulocytes similar to humans with loss-of-function mutations in ATGL. In a model of 

inflammatory peritonitis, lipid accumulation was also observed in monocytes and 

macrophages but not in eosinophils or lymphocytes. Neutrophils from Atgl-/- mice 

showed enhanced immune responses in vitro, which were more prominent in cells from 

global compared with myeloid-specific Atgl-/- mice. Mechanistically, ATGL deficiency and 

pharmacological inhibition of ATGL led to an impaired release of lipid mediators from 

neutrophils. These findings demonstrate that the release of lipid mediators is dependent 

on the liberation of precursor molecules from the TG-rich pool of LDs by ATGL. 

 In the second part of my thesis I aimed at investigating the impact of the deficiency of 

the lipolytic enzymes ATGL, HSL, and MGL on platelet function. Thereby I observed that 

the absence of ATGL and MGL but not HSL was associated with an anti-thrombogenic 

phenotype, as evident by reduced in vitro thrombogenesis and collagen-induced platelet 

activation.  

In summary, the present work provides profound evidence for a functional role of TG- 

hydrolyzing enzymes in the regulation of LD metabolism in immune cells. These 

observations expand the knowledge of these enzymes as signaling lipases and potent 
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regulators of immune cell function and inflammatory diseases. Uncovering these lipid 

regulatory pathways may identify new pharmacological targets to regulate the 

inflammatory activity of immune cells.  
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PART I: THE ROLE OF TG HYDROLASES IN LIPID 
HOMEOSTASIS AND FUNCTION OF IMMUNE CELLS 

1   Introduction 

1.1   Lipid homeostasis in cells of the immune system 

Cellular lipids originate from de novo lipid biosynthesis, hydrolysis of intracellular lipid 

stores such as triglyceride (TG) or cholesterol ester (CE) and/or from circulating plasma 

lipoproteins. Complex lipids are the major components of cell membranes, and their 

function is critically modulated by the fatty acid (FA) composition, which determines 

membrane fluidity and permeability, alters its microdomain organization and other 

physical properties, such as cell signaling (reviewed in (1)). Phospholipids, sphingolipids, 

FAs and their breakdown and oxidation products are involved in controlling important 

cellular processes of immune cells, including cell proliferation, apoptosis, metabolism, 

and migration (reviewed in (2)). 

The most abundant sterol, cholesterol, constitutes an important membrane 

component required for cell proliferation and migration, membrane expansion and 

remodeling. Distinct cholesterol-rich lipid domains in the plasma membranes, termed 

lipid rafts and caveolae, play a pivotal role in immune cell function (3). These 

microdomains contain proteins integral to signaling, e.g. G-protein-coupled receptors 

(GPCRs) and hence, are considered as critical signaling platforms to mediate cellular 

activation. Cholesterol depletion from these domains was shown to be associated with 

the down regulation of various cellular functions, including the activation, adhesion, and 

migration of neutrophils (4).  

High levels of unesterified, free cholesterol (FC) or free fatty acids (FFAs) are lipotoxic. 

Thus, the control of their intracellular levels is tightly regulated. As a protective 

mechanism excess lipid molecules are stored in intracellular lipid droplets (LDs) and can 

be mobilized through a process termed lipolysis. The thereby released FAs participate in 

many intracellular signaling pathways and are involved in the modulation of immune 

function. In contrast to many other cell types and tissues, in which lipolysis represents an 

important biochemical mechanism to generate FAs as energy substrates, most myeloid 
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and lymphoid cells derive their energy mostly from glycolysis, have few mitochondria, and 

produce little energy from respiration (reviewed in (5)). Under specific circumstances, 

such as transitions between resting and activating states as well as between various 

differentiation states, immune cells can undergo metabolic changes using other sources 

as energy fuel. For example, memory T cells, Treg cells and alternatively activated M2 

macrophages shift to FA β-oxidation to provide energy for cellular functions (5). These 

observations indicate that the metabolic pathways are regulated according to the 

immune cell function and fate. How the changes in metabolic profile are mediated is not 

fully understood and subject for further clarification.  

1.2   Lipid droplets in immune cells 

LDs are organelles found in the cytoplasm of a variety of cells, including cells of the 

immune system. Since their discovery in the 19th century, LDs have been referred to as 

adiposomes, oil bodies, liposomes, and lipid bodies and the latter term is still commonly 

used in the context of inflammatory cells. The presence of LDs in macrophages and mast 

cells was for the first time described in 1983 in comprehensive electron microscopy 

studies (6). Further studies followed, reporting the presence of LDs in other cells such as 

eosinophilic, basophilic and neutrophilic granulocytes (reviewed in (7)). In the past, LDs 

were largely associated with lipid storage but current research suggests LDs as functional 

and dynamic organelles beyond lipid storage and their presence in immune cells is 

considered as a key marker of cellular activation (reviewed in (8)).  

1.2.1   LD biogenesis 

In response to extracellular cues or in case of excess intracellular lipids, LDs are de 

novo synthesized and expand in number and size. Resting immune cells contain only few 

LDs but their number can be rapidly induced (within 15-60 min) in response to 

inflammatory stimuli (9-11). LD biogenesis is a highly regulated phenomenon that is 

stimulus- and cell-specific and can be triggered in vivo and in vitro in leukocytes and other 

inflammation-related cell types including endothelial and epithelial cells.  

According to current knowledge, LDs are either generated de novo or from existing 

LDs by fusion or fission (12, 13). De novo generated LDs originate from the endoplasmic 
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reticulum (ER), where neutral lipid synthesis takes place. The pathway of de novo LD 

formation, however, is not fully understood since techniques for direct visualization of 

the initial process of LD generation are lacking. Neutral lipids are synthesized by ER-

resident anabolic enzymes and accumulate within the bilayer of the ER membrane. After 

reaching a critical concentration, the nascent LD buds into the cytoplasm surrounded by a 

phospholipid monolayer derived from the cytoplasmic leaflets of ER membranes (14). 

Whether LDs remain associated with the ER or separate immediately after their formation 

and whether LD biogenesis occurs at specific ER regions remains to be defined.  

Other models propose that LDs can form by fusion of smaller into larger droplets 

(reviewed in (15)), a process that occurs rather rarely and only under specific conditions 

or by fission of pre-existing LDs (13). Evidence for the latter model is derived from studies 

in yeast, however, the exact molecular mechanism as well as a translation of this 

observation into mammalian systems are still elusive.   

Enzymes involved in neutral lipid synthesis, such as acetyl-Coenzyme A 

acetyltransferases (ACATs) and diacylglycerol acyltransferases (DGATs) are primarily 

located in the ER. Some enzymes such as glycerol-3-phosphate O-acyltransferase (GPAT4) 

and DGAT2 localize to both, the ER and LDs (12, 16, 17). Hence, TG biosynthesis is 

believed to take place in the immediate vicinity of the LD - either at the ER-LD interface or 

ER-independently through local lipid synthesis at the LD as purified LDs have been shown 

to possess TG biosynthetic activity (16, 18). The number of determining factors, which are 

involved in the LD formation process, is increasing and are reviewed in (19, 20).  

1.2.2   Induction of LD generation 

Leukocyte LD biogenesis is a process that happens in vitro and in vivo during 

inflammatory reactions. Experimental and clinical infections with different pathogens 

including bacteria, parasites, and viruses induce intracellular LD generation in various 

leukocyte types (21). LD formation has been linked also to non-infectious diseases such as 

inflammatory arthritis, acute respiratory distress syndrome, atherosclerosis, obesity, and 

cancer (reviewed in (22)).  

In vitro treatment with specific unsaturated FAs but not saturated FAs accelerated the 

formation of LDs in eosinophils, basophils, monocytes, and mast cells (23, 24). 
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Interestingly, leukocyte LD formation is triggered in vitro even in the absence of 

exogenous lipids, indicating that the underlying mechanism requires more than the 

simple availability of lipid sources. LD biogenesis is driven by specific signaling pathways 

and cell-dependent mechanisms. Leukocyte activation triggered by lipids, lipid-derived 

molecules or protein agonists, such as cytokines and chemokines, leads to LD formation 

by a receptor-mediated process. As an example, platelet activating factor (PAF) and 

prostaglandin D2 (PGD2) initiate intracellular signaling act via GPCRs resulting in protein 

kinase C (PKC) and phospholipase C (PLC) activation and LD induction. IL-5, Rantes and 

Eotaxin act via the CC chemokine receptor 3 (CCR3) to initiate LD generation in 

eosinophils and basophils but not neutrophils demonstrating a stimulus specificity 

according to the cell type (8).  

Another family of receptors, the peroxisome proliferator-activated receptors (PPARs), 

has been implicated to have as important in regulating intracellular LD accumulation. 

PPAR signaling was shown to modulate the gene transcription of perilipin 2 (PLIN2), a LD-

associated protein, which promotes LD accumulation. In addition, PLIN2 amplifies the 

capacity of LD formation in response to other potent LD inducers such as oxidized low-

density lipoprotein (LDL), PAF-like agonists, and granulocyte colony-stimulating factor (G-

CSF) (reviewed in (22)).  Pathogen recognition receptors play a major role in the process 

of LD formation, since pathogen-derived molecules such as lipopolysaccharide failed to 

induced LDs in leukocytes from TLR4 mutated mice (25). A list of stimuli that induce LD 

biogenesis in different immune cells is shown in Table 1.  
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Table 1: Lipid droplet formation in immune cells 
 

 

 

Eosinophils Macrophages Neutrophils Basophils 
Unstimulated     

Lipoproteins      
  ac-, ox-LDL but not native LDL n.d.   n.d. 
Fatty acids 

 
 

 
 

  Unsaturated fatty acids    n.d. 
  Saturated fatty acids    n.d. 
Phospholipids 

 
 

 
 

  PAF     
  Lyso-PAF  n.d.  n.d. 
Eicosanoids 

 
 

 
 

  5-HETE  n.d.  n.d. 
  PGD2    n.d. 
  LTB4  n.d.  n.d. 
Hormones 

 
 

 
 

  Leptin    n.d. 
  Resistin    n.d. 
 Cytokines 

 
 

 
 

  Eotaxin  n.d.   
  Rantes  n.d.   
  IL-8  n.d.   
  IL-5  n.d.  n.d. 
  IL-16  n.d.  n.d. 
  MIF  n.d. n.d. n.d. 
  MCP-I/CCL2 n.d.  n.d. n.d. 
  GM-CSF  n.d. n.d. n.d. 
  IL-3+IL-5  n.d. n.d. n.d. 
  IFN-γ  n.d. n.d. n.d. 
  TNF-α  n.d. n.d. n.d. 
Bacteria and derivatives 

 
 

 
 

  Bacillus subtilis    n.d. 
  Mycobacterium smegmatis    n.d. 
  Chlamydia pneumoniae n.d.  n.d. n.d. 
  Mycobacterium bovis BCG    n.d. 
  Mycobacterium leprae n.d.  n.d. n.d. 
  Mycobacterium tuberculosis n.d.  n.d. n.d. 
  LPS/LAM    n.d. 
Parasites 

 
 

 
 

  Trypanosoma cruzi n.d.  n.d. n.d. 
  Toxoplasma gondii n.d. n.d. n.d. n.d. 
  Plasmodium falciparum n.d. n.d. n.d. n.d. 
  Schistosoma mansoni 

derivatives 

 n.d. n.d. n.d. 
  Leishmania amazonensis n.d.  n.d. n.d. 
Fungi 

 
 

 
 

  Histoplasma capsulatum n.d.  n.d. n.d. 
Virus 

 
 

 
 

  Dengue virus n.d.  n.d. n.d. 
  Hepatitis C virus n.d. n.d. n.d. n.d. 

+ induced; - not induced; n.d. not determined 

 

 

 

 

 
PAF, platelet activating factor; 5-HETE, 5-hydroxyeicosatetraenoic acid; PG, prostaglandin; LT, 
leukotriene; IL, interleukin; MIF, migration inhibitory factor;  MCP-I/CCL2, monocytes 
chemoattractant protein; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-γ, 
interferon-gamma; TNFα, tumor necrosis factor alpha; BCG, bacillus Calmette-Guérin; LPS, 
lipopolysaccharide; LAM, lipoarabinomannan (7, 22, 24, 26, 27). 
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1.2.3   Composition of LDs 

LDs are highly conserved organelles that can be found in many different organisms 

including bacteria, yeast, plants, insects, and mammals. LDs are dynamic in number and 

size depending on the metabolic state of the cell. In mammals, most studies have been 

performed in adipocytes, which contain a single large LD (> 100 µm), and also in 

macrophages/foam cells with small LDs (0.1-5 µm) in their cytoplasm. Irrespective of the 

cell type, the overall architecture of LDs appears to be common consisting of a core of 

lipid esters and a surface phospholipid (PL) monolayer harboring various specific proteins 

(Fig. 1).  

 

 

Figure 1: The architecture of LDs 

LDs consist of a lipophilic core comprising neutral lipids, mainly triacylglycerol (TAG) and sterol ester (SE) 

that is surrounded by a monolayer of phospholipid (PL) with a distinct array of structural and functional 

proteins. (28) 

 

Similar as in adipocytes, the LD core of cells of the myeloblastic lineage, e.g. neutrophils, 

eosinophils, basophils and mast cells contains mostly TGs (6, 29, 30), whereas 

macrophage foam cells and steroidogenic cells consist of CE. Depending on the cell type, 

diacylglycerol (DG), retinyl ester (RE), and ether lipids may be also found in the LD core 

(31, 32). This core of neutral lipids is surrounded by a PL monolayer comprising 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), and small amounts of 

phosphatidylinositol (PI) and lysophospholipids. FC and DG can also be found to some 

extent in the LD monolayer, whereas sphingomyelin, phosphatidylserine (PS), and 
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phosphatidic acid (PA) are absent (32, 33). Whereas the LD core shows some 

heterogeneity, the composition of PLs appears to be similar in different cell types under 

different conditions (32).  

An important hallmark of leukocyte LDs is their high prevalence for the 20-carbon FA 

arachidonic acid (AA), which acts as an important intracellular second messenger and as 

substrate for the enzymatic conversion into bioactive lipid mediators, also termed 

eicosanoids. AA is predominantly esterified at the sn-2 position of membrane PLs. 

However, a substantial amount of AA can be also found in the neutral lipid pool of LDs 

(34). Depending on the cell type and the environment (peripheral blood or tissue), the 

amount of AA associated with neutral lipids varies. As an example, the content of neutral 

lipid-associated AA in human peripheral blood neutrophils is rather low with 3%, which 

increases up to 25% upon migration into tissues, e.g. the lung. Peripheral blood 

eosinophils store 30% and tissue mast cells almost half of their cellular AA in neutral 

lipids, predominantly (up to 80%) in TGs (34). Based on this characteristic, leukocyte LDs 

are recognized as potent sites for the generation of eicosanoids. 

 

The LD proteome is highly diverse and shows variations according to the function and the 

metabolic status of the cell. Evidence exists that even within the same cell LDs exhibit a 

distinct array of associated proteins, as they undergo cellular differentiation and 

maturation (35). Multiple proteomics studies in the past years revealed an ever growing 

number of newly described regulatory proteins many of which are involved in 

stabilization, synthesis, and metabolism of LDs. Among the first identified and best 

characterized LD-associated proteins are the PAT family of proteins. This family includes 5 

PLINs: PLIN1-5 (reviewed in (36)). PLIN1 regulates the lipolytic activity in adipocytes and 

PLIN5 in oxidative cells (e.g. muscle cells) by regulating TG-hydrolyzing enzymes (37, 38). 

PLIN2, an ubiquitously expressed protein, promotes TG and cholesterol storage and 

reduces cholesterol efflux in human monocyte-derived macrophages (39), whereas PLIN3 

as well as PLIN4 are implicated as binding and transport proteins of FFAs from the 

cytoplasm to LDs (35, 40). 

In the last years, substantial progress how proteins target and traffic to LDs has been 

made. Currently suggested mechanisms of protein-LD interaction include the binding via 
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i) a hydrophobic domain, ii) amphipathic helices, iii) a lipid anchor, iv) protein-protein 

interactions or v) a combined mechanism (41). A hydrophobic targeting signal was 

identified in LD-associated proteins, which mediate specific binding of proteins to LDs 

(42). Notably, LD-associated proteins are not restricted to the surface, but can also be 

found in the lumen of LDs. Freeze-fracture electron microscopy revealed the presence of 

PAT proteins in the core of macrophage LDs (43, 44). The existence of these hydrophilic 

proteins inside the organelle’s lipid-rich core may be explained by membranous 

structures of ER or ribosomal origin harboring these integral membrane proteins found in 

the core of LDs (45).  

More than 200 LD-associated proteins have been identified that may vary according to 

cell type and cellular activation state and might be critical to mediate different cellular 

functions for this organelle. These proteins include lipogenic and lipolytic enzymes, 

membrane trafficking proteins, vesicle transport-related proteins, signaling proteins, 

cytoskeletal proteins, lysozyme proteins, chaperones, and proteins from the ER, Golgi, 

and mitochondria (46).   

In cells of the immune system, predominantly macrophages, neutrophils and 

eosinophils, various enzymes involved in AA mobilization and eicosanoid biosynthesis 

have been found in association with LDs. These include the cytoplasmic phospholipase 

cPLA2 and its activating mitogen-activated protein (MAP) kinases ERK1, ERK2, p85 and 

p38. Moreover, enzymes for the conversion of AA into eicosanoids including 

cyclooxygenases (COX), 5- and 15-lipoxygenase (5-LOX, 15-LOX), and leukotriene C4 

(LTC4)- synthases are present within LDs from activated immune cells (reviewed in (47)). 

1.2.4   Catabolism of LDs 

1.2.4.1 Lipolysis 

TGs have been identified as the major lipid species being stored in the core of LDs of 

immune cells, such as eosinophils, basophils, neutrophils, mast cells, and macrophages (6, 

29, 30). The efficient utilization of these TG-rich LDs requires the activity of specific lipases 

and other metabolic enzymes and is termed lipolysis. Adipocytes are cells with a high rate 

of lipolytic activity and have been studied extensively to reveal the molecular mechanism 
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of lipolysis and its regulation, which is mediated by hormones and the availability of 

nutrients (for further reading (37)). A scheme of lipolysis is depicted in Fig. 2.  

 

 

 

Figure 2: Basal and stimulated lipolysis in adipocytes 

Lipolysis is mediated by a highly regulated multi-enzyme complex at the LD that drives the catabolism of 

cellular TG stores. Three lipases are needed for sequential hydrolysis of TG: ATGL, HSL, and MGL. Basal 

lipolysis: PLIN1 and CGI-58 form a complex on the LD. ATGL is localized partially to the LD and HSL mostly in 

the cytoplasm. The rate of lipolysis (i.e. the production of FA and glycerol) is very low under these 

conditions. Stimulated lipolysis:  GPCR-generated signals induces cAMP generation, which results in protein 

kinase A (PKA) activation. PKA phosphorylates HSL and PLIN1, thereby CGI-58 gets released and binds ATGL 

to initiate lipolysis and the breakdown of TG. HSL translocates to the LD, associates with phosphorylated 

PLIN1, and degrades DG. MGL cleaves the final FA to produce glycerol. 

 

The lipolytic cascade to hydrolyze TGs consists of the three lipases adipose triglyceride 

lipase (ATGL), hormone-sensitive lipase (HSL) and monoacylglycerol lipase (MGL). Several 

other regulatory proteins such as the ATGL-co activator comparative gene identification-

58 (CGI-58; also termed ABHD5) and its endogenous inhibitor G0S2 as well as proteins 
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from the PAT family have been implicated as critical regulators of lipolysis. During 

lipolysis, ATGL (also termed desnutrin or PNPLA2) selectively performs the initial step 

resulting in the formation of DG and FFA. HSL further degrades DG to release the second 

FA and MG. Finally, MG is hydrolyzed by MGL to release another FA and glycerol.  

The functional role of lipolytic enzymes has been reported for macrophages, which 

have an enormous capacity to store lipids in form of LDs. ATGL and HSL were shown to be 

expressed in macrophages and foam cells (48, 49). Genetic lack of ATGL in macrophages 

resulted, similar to other cells and tissues, in decreased TG hydrolase activity and, 

concomitantly, in intracellular TG accumulation (48). Hsl-/- macrophages exhibited 

comparable CE and FC concentrations to wild-type (wt) macrophages, despite decreased 

CE hydrolase activities in vitro, indicating that another enzyme is compensating its 

function in vivo (50). In general, HSL exhibits a wide substrate specificity including TG, DG, 

MG, CE and RE (51, 52).  

Human monocyte-derived macrophages were shown to express MGL (53). The 

physiological relevance of MGL became evident when it was found to be the major 

enzyme in the brain for the catabolism of 2-arachidonyl glycerol (2-AG), the most 

abundant endocannabinoid in mammals, which regulates a number of physiological 

processes (54). The role of MGL in endocannabinoid signaling in macrophages is currently 

under investigation.  

1.2.4.2 Autophagy of LDs 

Another mechanism to break down TGs into FAs is the autophagic degradation of LDs, 

a process termed lipophagy (55). During  lipophagy,  cytoplasmic  LDs  are  engulfed  by  a 

growing  membrane  that  eventually  encloses  the  entire LD and thereby forms an 

autophagosome. After the fusion with the lysosome, the lipid cargo is degraded by the 

action of the enzyme lysosomal acid lipase (LAL). A simplified scheme of autophagy-

mediated LD degradation is shown in Fig. 3. The role of autophagy in lipid metabolism is 

considered to be highly tissue- and condition-dependent. Lipophagy has been reported 

for tissues such as the liver (56) and adipose tissue (57), although a growing number of 

cell types, including fibroblasts, neurons, stellate cells, and macrophages are reported to 

utilize this pathway (58, 59). The way in which lipophagy is regulated and connected to 
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other cellular processes, such as lipoprotein uptake, lipolysis or ß-oxidation in 

mitochondria is subject of current investigations (60).  

In immune cells, the process of autophagy to eliminate damaged organelles and 

invading microorganisms constitutes a critical housekeeping function and is important for 

the differentiation, survival, and activation of myeloid and lymphoid cells (61). In a recent 

publication it was shown that LD catabolism by autophagy contributes to the intracellular 

breakdown of CE in macrophage-derived foam cells and thereby promotes cholesterol 

efflux from these cells (62). Whether increased lipophagy results in atheroprotective 

effects in vivo, however, remains to be determined. A recent study from our group 

revealed that in macrophages with defective lipolysis (due to the combined lack of ATGL 

and HSL) lipophagy is likely not a compensatory mechanism for generating FAs as energy 

substrate (63). In immune cells other than macrophages, the relative contribution of LD 

degradation by autophagy in comparison to intracellular lipolysis is largely unexplored.

 

Figure 3: LD degradation via autophagy 

Lipophagy is a dynamic cellular process that proceeds through multiple steps starting with the formation of 

phagophores that engulf the LD. Phagophores mature to autophagosomes, which are then converted into 

autolysosomes via fusion with lysosomes. Finally, the sequestered LD and the inner membranes of 

autolysosome are broken down to FAs by hydrolytic enzymes from lysosomes and the resulting FAs are 

released into the cytosol. (64) 

1.2.4.3 The fate of hydrolyzed lipids 

Lipolysis liberates lipid molecules, which may either directly or indirectly (through 

their derivatives and metabolites) regulate cellular structure and function (Fig. 4). FFAs 

can act as cell signaling molecules, e.g. as ligands for nuclear transcription factors, 

thereby modulating gene transcription, or they can be re-esterified to TGs or exported 

from the cell. The liberated FAs may also be transported to mitochondria, where they are 
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used as energy substrates for FA β-oxidation. Further, FAs are important precursors for 

the synthesis of membrane lipids and biologically active lipid mediators (e.g. 

prostaglandins or leukotrienes). FAs can also be used for post-translational protein 

modification such as acylation or acetylation, thereby influencing protein interactions, 

activity and localization (65, 66).  

The biological activities of DG and MG for lipid synthesis and signaling crucially depend 

on their stereochemical structure. For example, only the sn-1,2 DAG isoform activates 

PKC and can directly enter phospholipid synthesis. Since ATGL was shown to specifically 

generate sn-1,3 and (in the presence of its co-activator CGI-58) sn-1,3 and sn-2,3 DG (67), 

DG isoforms derived from ATGL/CGI-58 mediated lipolysis cannot directly enter 

phospholipid synthesis or activate PKC. MGs (e.g. 2-AG) act as ligands for 

endocannabinoid signaling. The end product arising from hydrolysis of TG is glycerol, 

which is converted to the glycolytic intermediate dihydroxyacetone phosphate (DHAP) or 

phosphorylated by glycerol kinase to glycerol-3-phosphate for reuse in TG synthesis. 

 

 

 

Figure 4: Lipids generated by TG hydrolysis 

Lipolysis products including FA, DG and MG as well as their derivatives and metabolites are implicated in 

several cellular signaling pathways. (68) 
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1.2.5   Physiological function of LDs 

Besides the classical function of LDs, i.e. the storage of lipids, LDs have been linked to 

a variety of biological functions, many of which have only been recently identified. These 

include the cellular regulation of lipid homeostasis and signaling, protein folding, storage 

and degradation, infection, and immunity (reviewed in (28, 69, 70)). Further, LDs 

represent an organelle for the storage of bulk lipids, which protects against lipotoxicity. 

Electron and light microscopic studies revealed that LDs are localized in close proximity to 

other cellular organelles, such as the ER, mitochondria, peroxisomes, endosomes, and 

lysosomes, which likely reflects close functional interactions and an active involvement of 

LDs in a diversity of cellular processes (18) . A close LD-cytoskeleton interaction has been 

reported, possibly mediating motility, relocation as well as LD fusion and growth (22).  

Significant inflammation-relevant functions that have been described for LDs include 

the regulation of host/pathogen interactions (71), virus assembly (72), nutrient source for 

intracellular pathogens (73), and functions in antigen cross-presentation (74). Numerous 

studies have provided substantial evidence that LDs serve as major organelles for the 

generation of AA-derived lipid mediators (reviewed in (75)). 

1.2.6   Pathologies associated with increased LD generation in immune cells 

1.2.6.1 Inflammatory and infectious diseases 

Emerging functions in cell signaling have placed LDs as key organelles to regulate 

inflammatory processes and an involvement of LDs in several immunopathologies has 

been established. The prime example is atherosclerosis, a chronic, multifactorial lipid-

driven inflammatory disease of the arteries. A hallmark of early atherosclerotic lesions is 

macrophage foam cell formation, which is the result of an uncontrolled lipoprotein 

uptake causing a massive accumulation of CE-rich intracellular LDs.   

The generation of LDs in various types of leukocytes has been observed also in other 

human inflammatory diseases e.g. rheumatoid arthritis, asthma and respiratory distress 

syndrome (22). Furthermore, leukocytes generate LDs in response to infection with 

pathogens, including bacteria, parasites, and viruses (21). Growing evidence indicates an 

important role of LDs in neoplastic cells and in cancer pathogenesis (76). In malignant 
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cells, such as breast, prostate, cervical, liver, and colon cancer cells LD size and number 

are elevated suggesting that LD-associated lipids may play a critical role in tumor cell 

growth (reviewed in (77)).  

1.2.6.2 Neutral lipid storage disease  

Neutral lipid storage disease (NLSD) describes a group of rare autosomal-recessive 

disorders of lipid metabolism with systemic deposition of neutral lipids in multiple tissues, 

including skin, skeletal muscle, heart, liver, the CNS, and peripheral blood leukocytes. The 

disease was initially discovered in 1953 by Jordans (78), who reported a case with 

progressive muscular dystrophy accompanied by fat-containing vacuoles in leukocytes, 

which since then was termed Jordans’ anomaly.  

Two forms of NLSD are distinguished clinically: NLSD with ichthyosis (NLSDI) caused by 

a mutation in CGI-58 (79) and NLSD with myopathy (NLSDM) caused by a loss of function 

mutation in the gene encoding ATGL (80). NLSD patients display a great variability of 

clinical involvement including variable degrees of ichthyosis, liver steatosis, 

hepatosplenomegaly, skeletal and cardiac myopathy, growth retardation, hearing loss as 

well as mental retardation (81). Due to the high heterogeneity of clinical phenotypes, 

Jordans’ anomaly of polymorphnuclear leukocytes, which was consistently observed in all 

reported cases of NLSD, was postulated as a major hallmark criterion for the diagnosis of 

NLSD (82). To date, the functional consequence of Jordans’ anomaly in these patients 

remains elusive.  

1.2.6.3 Wolman disease and Cholesteryl ester storage disease 

LAL is the enzyme responsible for the hydrolysis of lipoprotein-derived CE and TG 

taken up by receptor-mediated endocytosis as well as for the lysosomal degradation of 

intracellular LDs during the process of lipophagy. In humans, LAL deficiency causes a 

severe lysosomal storage disorder characterized by the increased storage of lipids in 

various organs, including liver, spleen, adrenals, bone marrow, lymph nodes, and 

macrophages (reviewed in (83)). Based on the disease severity, two clinical forms of the 

disease are distinguished: Wolman disease and Cholesteryl ester storage disease (CESD). 

Wolman disease is characterized by a neonatal-onset with hepatosplenomegaly, adrenal 

calcification, severe malabsorption, and cachexia leading to death before one year of life. 
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In CESD, the clinical outcome is less severe with a later-onset and a progressive lysosomal 

CE and TG accumulation, predominantly in the liver. Humans with CESD have elevated 

LDL-cholesterol, low HDL-cholesterol levels and develop premature atherosclerosis, 

indicating a critical role for LAL in cellular lipoprotein and lipid metabolism (83, 84). 

1.3   LDs as eicosanoid-generating organelles 

The fact that leukocyte LDs have a high capacity to store the eicosanoid precursor AA 

together with the observations that eicosanoid-forming enzymes localize to LDs have 

implicated this organelle as an important intracellular domain for the generation of 

eicosanoids. Other subcellular compartments for the metabolism of arachidonyl lipids 

into eicosanoids are the nuclear membrane, phagosomes, lysosomes, and the ER (75). 

The relative contribution of each of these compartments remains to be determined. 

However, the finding that the presence of LDs increases the potential to generate 

eicosanoids implicates a key role for LDs as eicosanoid-generating organelles in 

inflammatory cells (25, 85).  

1.3.1   AA biosynthesis, cellular storage and remodeling 

AA is an -6 essential FA obtained from the diet or synthesized in vivo after stepwise 

desaturation and elongation of linoleic acid, a process mainly occurring in the liver. AA is a 

highly bioactive molecule by exerting directly potent biological functions such as inducing 

apoptosis (86) or by acting as a source for a variety of eicosanoids with important 

regulatory function, particularly during inflammation. Hence, intracellular free 

concentrations of AA and its mobilization are tightly controlled.  

Within the cell, AA is incorporated into neutral lipids as well as different PL classes. 

The incorporation into distinct lipid classes appears to be cell-dependent. Results from 

radiolabeling studies demonstrated that eosinophils contain most of their cellular AA in 

PLs (87), whereas arachidonate was esterified predominantly into neutral lipids of 

monocytes and macrophages (34, 88). Once taken up by the cell, a dynamic 

deacylation/reacylation process of AA occurs, which results in a remodeling of AA 

between different lipid classes (89). Upon cellular activation, such as receptor-mediated 
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activation of leukocytes, the deacylation process dominates resulting in the increased 

release of AA, which can be subsequently used for eicosanoid generation.  

1.3.2   Lipid mediator generation 

Lipid mediators constitute a large and expanding family of lipid signaling molecules 

derived from the ω-3 FA eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and 

the ω-6 FA AA. AA-derived mediators (also termed eicosanoids) are widely appreciated 

for their pro-inflammatory activities and are key players during inflammation, whereas 

EPA- and DHA-derived anti-inflammatory mediators, such as protectins, maresins and 

resolvins, exhibit anti-inflammatory and pro-resolving properties (90). Inflammatory cells 

typically contain a high proportion of AA and low proportions of other polyunsaturated 

fatty acids (PUFAs) (such as EPA or DHA).  

Once liberated from cellular pools, free AA can be metabolized into eicosanoids 

through four different pathways: the COX, LOX, cytochrome P450 (CYP450), and the non-

enzymatic oxidation pathway (Fig. 5). COX isozymes (constitutive COX-1 and inducible 

COX-2) catalyze the formation of PGH2, which is converted by cell-specific PG synthases 

to biologically active products, including PGD2, PGE2, PGF2α, PGI2, and TxA2, known 

collectively as prostanoids. The LOX pathway catalyzes the formation of leukotrienes 

(LTs), hydroxyeicosatetraenoic acids (HETEs), and diverse hydroperoxyeicosatetraenoic 

acids (HPETEs). This pathway involves several enzymes with 5-LOX, 12-LOX, and 15-LOX 

being the most abundant. The pathway of CYP450 leads to the formation of HETEs and 

epoxyeicosatrienoic acids (EETs). By binding to distinct receptors, eicosanoids act in an 

autocrine or paracrine manner, thereby modulating the intensity and duration of 

inflammatory responses.  
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Figure 5: Overview of synthesis pathways for ω-6 and ω-3 FA-derived lipid mediators. (91) 

 

1.3.3   Putative lipid sources of AA for eicosanoid biosynthesis  

The current knowledge implicates that there are two distinct lipid species within LDs, 

which can act as a source of AA for eicosanoid production: PLs, which constitute the 

surface layer of LDs, and TGs stored in the neutral lipid core. 

1.3.3.1 Phospholipids 

In immune cells, AA is mainly found in the sn-2 position of PLs, such as PC, PE, and PI 

(92). An active remodeling process of AA between these lipid species, mainly between PC 

and PE, has been reported (reviewed in (93)). This appears to be important to maintain 

membrane homeostasis as well as an appropriate response upon cell activation. Of the 

more than 30 enzymes possessing PLA2 activity described so far, the cytosolic PLA2α 

(cPLA2α), also known as group IVA PLA2, has been studied most extensively and was 

ascribed a central role in stimulus-dependent AA mobilization in immune cells. cPLA2 

liberates AA from the ER, phagosomal, nuclear and LD-membranes but not from the 



18 

 

plasma membrane (75). Under certain stimulatory conditions, soluble PLA2 (sPLA2) may 

also be involved by amplifying the cPLA2α-mediated response (94).  

1.3.3.2 Neutral lipids 

A large amount of AA is also incorporated into neutral lipids, predominantly TGs of 

immune cells. This was shown by electron microscopic autoradiography studies, where 

exogenous AA was predominantly incorporated to neutral lipids of LDs of eosinophils, 

neutrophils, mast cells, macrophages, and epithelial cells (reviewed in (95)). Further, 

compositional analysis of human leukocytes revealed that immune cells derived from 

inflammatory tissues, e.g. lung macrophages and mast cells, contain a large amount of AA 

stored in the TG pool (34). Since then, speculations that AA-containing TGs might serve as 

a source of AA for the generation of eicosanoids have been made (96, 97). However, the 

mechanism of AA liberation from this TG pool remained unsolved. Owing to the increased 

knowledge that has been gained on TG-hydrolyzing enzymes since the initial 

investigations, ATGL, the rate-limiting enzyme in TG degradation, was recently identified 

as critical player to liberate AA for eicosanoid generation in human mast cells (98). Based 

on these observations, three possible pathways are suggested for the liberation of AA 

from LDs (Fig. 6). In addition to the well-established pathway of a direct release from PL 

via the action of PLA2, AA can also be released directly or indirectly (via re-acylation into 

PLs) from TGs via ATGL. The physiological importance of each of these pathways remains 

to be investigated.  
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Figure 6: Model of different pathways of AA liberation for eicosanoid biosynthesis in human mast cells.  

Upon mast cell activation, AA can be liberated from LDs via three putative pathways: AA is directly released 

from the TG or PL pool via the action of ATGL and cPLA2, respectively. Alternatively, AA is liberated from LD-

associated TGs by ATGL and then re-esterified into PLs, from where it is finally released by cPLA2 for the 

generation of eicosanoids. (99) 
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1.4   Aims 

Lipolysis occurs in essentially all tissues and cell types. This process is most abundant 

in adipose tissue, where it has a major role to provide FAs as metabolic fuel. Studies in 

other cells than adipocytes provide substantial evidence that the lipolytic pathway as well 

as its intermediate and end products, either directly or indirectly, regulate cellular 

signaling pathways (reviewed in (100)). Hence, lipolysis is considered to be critically 

involved in the modulation of immune responses, inflammation, and atherosclerosis 

(101).  

TG-rich LDs have been reported in various leukocyte types, including eosinophils, 

neutrophils, and basophils. However, the role of distinct lipolytic enzymes in these cells is 

largely unexplored. The major aims of this work were (i) to analyze the spectrum of TG-

hydrolyzing enzymes as well as other regulatory proteins involved in lipolysis in mouse 

leukocytes, (ii) to identify their roles in lipid homeostasis under resting and 

immunologically active conditions, (iii) to determine the consequences of Jordans’ 

anomaly caused by ATGL deficiency on neutrophil function, and (iv) to analyze the 

production and release of lipid mediators from neutrophils upon activation.  
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2   Materials and Methods 

2.1   Buffers, solutions, and equipment 

3% Thioglycolate medium 

0.7 g agar, 6 g glucose, 17 g peptone 140, 3 g peptone 110, 2.5 g NaCl, 0.1 g Na2SO3, 0.5 g 

sodium thioglycolate, and 1000 ml ddH2O were mixed, boiled, cooled down to RT, and 

stored at -20°C. 

 

SDS-Gel  

Stacking gel (4%)  

Reagents (1 gel) Volume (µl) 
Acrylamide solution 250 
0.5 M Tris-HCl pH 6.8 385 
ddH20 885 
TEMED 3.8 
10% APS 38 
Total Volume 1561.8 

 

Separating gel (10%) 

Reagents (1 gel) Volume (µl) 
Acrylamide solution 2867 
1.5 MTris-HCl, 10%SDS pH 8.8 2170 
ddH20 213 
TEMED 4.4 
10% APS 76 
Total Volume 5330.4 

 

Acrylamide solution 

29.2% Acrylamide 

0.8% N,N´-methylenebisacrylamide 

 

RIPA buffer  

50 mM Tris-HCl pH 8.0   

150 mM NaCl    

1% Triton X-100   

0.5% SDS  

 

SDS sample buffer 

2.3 g SDS 

0.6 g Tris 

25 ml H2O 

pH 6.8 with HCl 

10 ml Glycerol 

25 mM DTT  

add H2O to 45 ml 

one drop of bromphenolblue 
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Ponceau S  

0.2% Ponceau S  

3% Trichloracetic acid 

diluted in 1 x PBS 

 

10x Electrophoresis buffer  

250 mM Tris 

1.92 M Glycine 

1% SDS 

 

10x Blotting buffer 

100 mM Tris 

0.38 M Glycine  

 

10x TBS-T (washing buffer) 

100 mM Tris-HCl pH 7.4 

1.5 M NaCl 

1% Tween 20 

 

10x PBS pH 7.4 

1.4 M NaCl 

25 mM KCl 

81 mM Na2HPO4  

15 mM KH2PO4 

 

Oil red O (ORO) staining solution 

2.8 g Oil red O 

400 ml Propylene glycol 

 

10x HBSS pH 7.4 

53.33 mM KCl 

4.4 mM KH2PO4 

1.4 M NaCl 

3.36 mM Na2HPO4 

55.56 mM Glucose 

 

HEPES buffer pH 7.2 

140 mM NaCl 

10 mM Hepes 

5 mM KCl 

1 mM MgCl2 
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ACK lysis buffer pH 7.2 

150 mM NH4Cl 

10 mM KHCO3 

1 mM Na2EDTA 

 

Ca-flux Assay buffer pH 7.4 

10 mM Hepes 

10 mM Glucose 

0.1% BSA 

 

 

Equipment Company 

Centrifuge 5471R Eppendorf 

Power supply Power Pac 300 Bio-Rad 

LightCycler 480 Roche 

Sonicator B.Braun 

Nano Drop Spectrophotometer Peqlab 

Thermal cycler C1000 Biorad 

Anthos 2000 Anthos 

Guava Easy Cyte 8 Merck Millipore  

LSR II BD Biosciences 

FACSAria III Cellsorter BD Biosciences 
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Reagents 
Name Company 
Peptone 140 Gerbu 
Peptone 110 
Proteinase K Roth 
Chloroform 
Isopropanol 
Ethanol 
Formaldehyde 
Tris 
EDTA 
Glycine 
Methanol 
Ponceau S 
TCA 
Hepes 
CaCl2 
Tween 20 Merck 
NaCl 
KCl 
Na2HPO4 
Na2SO3 
KH2PO4 
K2HPO4 
NH4Cl 
KHCO3 
Triton X-100 
MgCl2 
DMSO 
NaN3 
Glycerol 
Agarose Sigma 
Sodium thioglycolate 
APS 
DTT 
Protease-Inhibitor 
BSA 
Mayer’s Hematoxylin 
Oil red O 
Propylene glycol 
ß-Mercaptoethanol 
Glucose 
Percoll 
Acrylamide Bio-Rad 
TEMED 
SDS Serva 
Triglyceride FS DiaSys 
Total Cholesterol FS 
Free Cholesterol FS 

 
Nefa C Wako 
Cellfix BD Biosciences 
DMEM Gibco, Invitrogen 
Pen/Strep 
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2.2   Animals 

Global Atgl-/- mice were generated as described elsewhere (102). Mice carrying a LoxP-

modified Atgl allele (B6.129- Pnpla2tm1Eek mice; backcrossed onto C57BL/6 x N3; herein 

designated as Atglflox mice) were generated as described (103). Cgi-58flox/flox were generated 

as described (104) and were kindly provided by Dr. Guenter Haemmerle, University of 

Graz, Austria. Mice with a targeted deletion of Atgl or Cgi-58 in myeloid cells were 

obtained by crossing Atglflox/flox or Cgi-58flox/flox mice with transgenic mice that express Cre 

recombinase under the control of the murine M lysozyme promoter (LysMCre, C57BL/6 

background; provided by Dr. Thomas Ruelicke, University of Veterinary Medicine Vienna, 

Austria). Atglflox/flox and Cgi-58flox/flox mice were used as controls. Hsl-/-, Mgl-/-, and Lal-/- 

were generated as described elsewhere (105-107). Mice were kept on a standard chow 

diet (4% fat and 19% protein; Altromin Spezialfutter GmbH & Co, Lage, Germany) and 

water ad libidum on a regular light-dark cycle (12 h light, 12 h dark). Animal protocols 

were approved by the Austrian Federal Ministry of Science, Research and Economy, 

Division of Genetic Engineering and Animal Experiments, Vienna, Austria.  

2.3   Genotyping 

At the age of ~4 weeks, animals were genotyped. A two mm piece of ear punch was 

collected and digested in lysis buffer (Peqlab, Erlangen, Germany) and Proteinase K (0.7 

mg/ml) for 1-2 h at 56°C under vigorous shaking. Then, samples were incubated for 45 

min at 85°C to inactivate Proteinase K. The reaction mix contained ~200 ng of the 

template DNA, 2.5 mM MgCl2, 0.4 mM of each dNTP, 0.1 μM of each primer, 4% DMSO, 

2.5 U Hot Firepol DNA Polymerase I (Solis BioDyne OU, Tartu, Estonia) and the reaction 

buffer system of DyNAzyme™ DNA Polymerase (Finnzymes, Espoo, Finland). 

 

For genotyping, primers listed in Table 2 were used.  
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Table 2: Primer sequences for genotyping of mice 

Gene  Primer sequence (5’-3’) 
Atgl-fwd AGAGAGAGAAGCTGAAGCCT

G 

Atgl-rev GCCAGCGAATGAGATGTTCC 
Atglflox/flox-fwd CGGTGAGGGTGGGGAACGGA

GTC 

Atglflox/flox-rev  CAGGGGGCCAGGCGGTCAGA 
Cgi-58-fwd GTCATGGTTGTGGGGAAATC 
Cgi-58-rev GACTGGAAGGATTTGAGGGG 
Cre-mut CCCAGAA ATGCCAGATTACG 
Cre-comm CTTGGGCTGCCAGAATTTCTC 
Cre-wt TTACAGTCGGCCAGGCTGAC 
Hsl-fwd CATGCACCTAGTGCCATCCTT 
Hsl-rev CTCACTGAGGCCTGTCTCGTT 
Hsl-neo-rev TACCGAGCCATCTTCCTAGTCC 
Mgl-fwd TTGCAGCTGGAGTCTGTGTC 
Mgl-rev GTCAGTCGAGGCTGGAAGAG 
Mgl-ko-fwd GAGAGTAGAGGCAGCACTGA

CAA 

Lal-fwd CTGCATGGAGACTCACAAAGG 
Lal-rev AAGTCTTCCCTGTTCCCATGG 
Lal-neo-fwd CGTCGTGATTAGCGATGATGA 
Lal-neo-rev TCCAGCAGGTCAGCAAAGAA 

 

The following cycle conditions were used for the amplification of the specific DNA-

products: 

 

Table 3: PCR programs for genotyping of mice 

 Atgl/Cgi-58-flox Atgl-flox Cre 

Initial 

denaturation 

 

95°C 15 min 95°C 15 min 95°C 15 min 

Denaturation 95°C 30 sec 
35x 

95°C 30 sec 
35x 

95°C 60 sec 
40x 

Annealing 62°C 30 sec 55°C 60 sec 60°C 60 sec 

Elongation 72°C 60 sec 72°C 60 sec 72°C 90 sec 

Final elongation 72°C 10 min 72°C 10 min 72°C 10 min 

Cool down 4°C ∞ 4°C ∞ 4°C ∞ 

 

 Hsl Mgl Lal 

Initial 

denaturation 

 

95°C 15 min 95°C 15 min 95°C 15 min 

Denaturation 95°C 30 sec 
35x 

95°C 30 sec 
35x 

95°C 60 sec 
35x 

Annealing 64°C 60 sec 66°C 60 sec 60°C 60 sec 

Elongation 72°C 60 sec 72°C 60 sec 72°C 90 sec 

Final elongation 72°C 10 min 72°C 10 min 72°C 10 min 

Cool down 4°C ∞ 4°C ∞ 4°C ∞ 
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2.4   Isolation of neutrophils 

Neutrophils were isolated from either peritoneal exudate or bone marrow. Cells of 

peritoneal exudate were collected one day after intraperitoneal injection of 2.5 ml 3% 

thioglycolate by rinsing the peritoneum with 10 ml Hank’s balanced salt solution (HBSS) 

containing 1 mM EDTA. For bone marrow isolation, tibia and femur from both hind legs 

were collected, flushed with HBSS-EDTA and pushed through a cell strainer to disperse 

cell clumps. The cell suspension was centrifuged (400 x g, 10 min, 4°C) and neutrophils 

were purified by using a Percoll gradient as described (108). Briefly, cell suspensions were 

layered on top of a three-layer Percoll gradient of 78%, 69% and 52% and centrifuged 

(1500 x g, 30 min, RT) with brakes off. Neutrophils from the 69% - 78% interphase were 

harvested and counted. After washing with HBSS-EDTA containing 1% BSA, cells were 

suspended in HEPES buffer plus 9 mM glucose and immediately used for further 

experiments.  

2.5   Sorting of inflammatory cells  

Cells were flow-sorted using a BD FACSAria III Cellsorter (BD Biosciences, San Jose, CA). 

Peritoneal lavages from wt mice two days after thioglycolate injection were used to sort 

eosinophils, neutrophils, monocytes, and macrophages. B- and T-lymphocytes were 

sorted from peripheral blood after red blood cell lysis in ammonium-chloride-potassium 

(ACK) lysis buffer.   

2.6   RNA isolation and quantitative real-time PCR 

Total RNA from sorted cells was extracted using TriFast reagent according to the 

manufacturer’s protocol (Peqlab). One µg of total RNA was reverse transcribed using the 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA).  

 

Table 4: Mastermix for reverse transcription 

Component Volume 

(μl)/reaction 10x RT buffer 2 

25x dNTP mix (100 mM) 0.8 

10x RT random primers 2 
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Multiscribe reverse transcriptase 1 

RNase inhibitor 0.7 

Nuclease-free H2O 3.5 

1μg RNA/10μl H2O 10 

Total volume 20 

 

Table 5: Thermal cycling conditions for reverse transcription 

 Step 1 Step 2 Step 3 Step 4 

Temperature 25°C 37°C 85°C 4°C 

Time 10 min 120 min 5 sec ∞ 

 

Quantitative real-time PCR was performed on a LightCycler 480 (Roche Diagnostics, 

Rotkreuz, Switzerland) using the QuantifastTM SYBR® Green PCR kit (Qiagen, Hilden, 

Germany). For data normalization, Gapdh was used endogenous control and the relative 

units for gene expression were calculated by using the 2-ΔΔct method. 

 

Table 6: Real-time PCR program 

 Temperature Time  Cycles 

Initial denaturation  95°C 5 min 1 

Denaturation and  
amplification 

95°C 10 sec 40 

40°C 30 sec 1 

Melting curve  95°C 10 sec 1 

60°C 20 sec 1 

95°C ∞  

Cool down 4°C 20 sec 1 

 

Table 7: Primer sequences for real-time PCR 

Gene  Forward primer (5`-3`)  Reverse primer (5`-3`) 

Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

Atgl GCCACTCACATCTACGGAGC GACAGCCACGGATGGTGTTC 

Hsl GCTGGTGACACTCGCAGAAG TGGCTGGTGTCTCTGTGTCC 

Mgl GCCACTCACATCTACGGAGC GACAGCCACGGATGGTGTTC 

Lal CGGCTTGCTGGCAGATTCTA GTGCAGCCTTGAGAATGACC 

Cgi-58 GACAGCCACGGATGGTGTTC CAGCGTCCATATTCTGTTTCCA 

G0S2 GTGAAGCTATACGTGCTGGG CCGTCTCAACTAGGCCGAG 

Cd36 GCAGGTCTATCTACGCTGTG GGTTGTCTGGATTCTGGAGG 

Acc GGACTTGGAGCAGAGAACCTTCG CAAGCTGGTTGTTGGAGGTGTA 

Fasn GAAGCCGAACACCTCTGTGCAGT GCTCCTTGCTGCCATCTGTATTG 
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Scd1 CCGGAGACCCCTTAGATCGA TAGCCTGTAAAAGATTTCTGCAAACC 

Cpt1α CTCCGCCTGAGCCATGAAG CACCAGTGATGATGCCATTCT 

Dgat1 GTGCACAAGTGGTGCATCAG 

 

CAGTGGGATCTGAGCCATCA 

 
Dgat2 CAGCAAGAAGTTTCCTGGCAT 

 

CCTCCCACCACGATGATGAT 

 
iNOS GTTCTCAGCCCAACAATACAAGA 

 

GTGGACGGGTCGATGTCAC 

 
Mmp9 GGACCCGAAGCGGACATTG 

 

CGTCGTCGAAATGGGCATCT 

 
Noxa1 CGAGCCCTGGCCTATATGATA 

 

GGTCCTTTGTAGCTGCTCC 

 
cPla2 TGGTGGGATTCTCTGGTGTGA 

 

GGAAAATCGGGGTGAGAGTACA 

 
Cox1 ATGAGTCGAAGGAGTCTCTCG 

 

GCACGGATAGTAACAACAGGGA 

 
Cox2 TTCAACACACTCTATCACTGGC 

 

AGAAGCGTTTGCGGTACTCAT 

 
Alox5 ACTACATCTACCTCAGCCTCATT 

 

GGTGACATCGTAGGAGTCCAC 

 
Alox12 TCCCTCAACCTAGTGCGTTTG 

 

GTTGCAGCTCCAGTTTCGC 

 
Alox15 GGCTCCAACAACGAGGTCTAC 

 

AGGTATTCTGACACATCCACCTT 

 
Cyp2j TCTGGGAAGCACTCCATCTCA 

 

CCCTGGTGGGTAGTTTTTGG 

 
2.7   Immunophenotyping of peripheral blood, peritoneal, and bone marrow cells 

Peripheral blood cells were collected by retrobulbar puncture from isoflurane 

anesthetized mice. Peritoneal lavage cells were collected as mentioned above. After red 

blood cell lysis, remaining cells were fixed with 10% methanol-free formalin for 10 min at 

4°C and blocked with PBS containing 10% FCS for 10 min at 4°C. After incubation, cells 

were stained in PBS containing 3% FCS for 20 min at 4°C with the following antibodies 

against surface markers: CD11b-Alexa Fluor647, SiglecF-PE, Gr-1-APC-Cy7 (all purchased 

from BD Biosciences), CD115-PE-Cy7, CD19-eFluor605, CD3-eFluor450 antibodies (all 

purchased from eBioscience Inc, San Diego, CA) for peripheral blood cells, and F4/80-

eFluor450 (eBioscience), SiglecF-PE, Gr-1-PerCP-Cy5.5, CD19-PE-Cy7, and CD3-APC 

antibodies (all purchased from BD Biosciences) for peritoneal cells. All antibodies were 

titrated prior to use. The frequencies of specific cell types were calculated as the 

percentage of living cells. Intracellular LDs were quantified by staining with the 

fluorescent dye BODIPY493/503 (1 µg/ml; Life Technologies, Carlsbad, CA). After 10 min 

of incubation at 4°C, cells were washed, resuspended in PBS, and analyzed (1 x 105 

cells/measurement) using an LSR II flow cytometer (BD Biosciences). Data were acquired 

using DIVA 6.1.2 software (BD Biosciences) and the analysis was performed using FlowJo 

(Treestar Inc., San Carlos, CA).  

For bone marrow analysis, femurs and tibias were collected and the marrow was flushed 

out of the bones with HBSS-EDTA. Cell pellets were resuspended in 200 µl of antibody 
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cocktail and incubated at RT for 10 min. For LD staining, BODIPY493/503 was added to the 

cells for another 10 min. Finally, cells were washed in buffer (PBS, 0.5% BSA, 0.025% 

NaN3) and analyzed immediately. A forward-side scatter gate excluded cell debris and 

remaining red blood cells, and dead cells were excluded by 7-aminoactinomycin D (7-

AAD; BD Biosciences) uptake. LSK populations were defined as Lin−Sca-1+c-Kit+, 

granulocyte/monocyte progenitors (GMP) were defined as Lin−c-Kit+CD34+FcγRII/III+, 

monocyte/dendritic cell progenitors (MDP) as Lin−c-Kit+/IntCD115+Flt3+, and common 

lymphoid progenitors (CLP) were identified as Lin−c-KitloSca-1loIL7Rα+. CD115-PE, CD117(c-

Kit)-PE-Cy7, CD16/32(FcγRII/III)-eFluor450, and Ly-6A/E(Sca-1)-PE-Cy7 antibodies were 

purchased from eBioscience. IL7Rα(CD127)-brilliant violet and Flt3(CD135)-APC 

antibodies were purchased from BioLegend (San Diego, CA) and CD117(c-Kit)-APC from 

BD Biosciences. The lineage antibody cocktail encompassed anti-Gr-1, anti-CD11b, anti-

Ter119, anti-B220, and anti-CD3e (BD Biosciences). The gating strategies to define various 

cell populations in blood, peritoneal lavage and bone marrow are shown in Appendix (Fig. 

S1-5). 

2.8   Oil red O (ORO) staining 

Cells from the peritoneal lavage were sedimented by cytocentrifugation (Shandon 

Southern Instruments Ltd., Camberley, United Kingdom) onto glass slides (2 x 104 

cells/slide) and fixed with 10% neutral-buffered formalin. Cells were stained with ORO for 

30 min and counterstained with Mayer’s Hematoxylin. Coverslips were mounted with 

Aquamount (DAKO, Glostrup, Denmark) to retain ORO staining. Microscopic images were 

taken using a Nikon Eclipse E600 equipped with a Nikon Digital Sight DS-U1 unit (Spach 

Optics Inc., New York, NY). 

2.9   Transmission electron microscopy 

Bone marrow cells were fixed in 2.5% glutaraldehyde (w/vol) and 5% methanol-free 

formalin in 0.1 M phosphate buffer (pH 7.4) for 2 h at RT, postfixed in 2% osmium 

tetroxide (w/vol) for 2 h, dehydrated in graded series of ethanol, and embedded in a 

TAAB epoxy resin. Ultrathin sections (75 nm) were cut with a Leica UC 6 Ultramicrotome 

(Leica Microsystems, Wetzlar, Germany) and stained with lead citrate (5 min) and with 
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uranyl acetate (15 min). Images were taken using a FEI Tecnai G2 20 transmission electron 

microscope (FEI Corporation, Eindhoven, Netherlands) with a Gatan ultrascan 1000 CCD 

camera. Acceleration voltage was 120 kV. Electron microscopy was performed by Dr. 

Dagmar Kolb.  

2.10   Western blot analysis 

Protein concentrations from cell lysates were determined by the Bio-Rad DC protein assay 

(Bio-Rad Laboratories, Hercules, CA). Proteins were separated by SDS-PAGE under 

reducing conditions (25 mM DTT) and then transferred onto a nitrocellulose membrane 

(Hybond-C Extra; Amersham Biosciences, Piscataway, NJ). Non-specific binding sites were 

blocked by incubating the membrane with 5% non-fat dry milk in 1x TBS-T buffer for 1 h 

at RT. Immunodetection was performed using mouse anti-ATGL (1:200), mouse anti-HSL 

(1:800), anti-COX-2 (1:1000) (Cell Signaling Technology, Danvers, MA), rabbit anti-MGL 

(1:1000, kindly provided by Dr. Robert Zimmermann, University of Graz, Austria), and 

anti-mouse beta-ACTIN (1:10000) antibodies (Sigma-Aldrich, Steinheim, Germany). The 

horseradish peroxidase-conjugated goat anti-rabbit (1:5000) and rabbit anti-mouse 

antibodies (1:1000) (Dako, Glostrup, Denmark) were visualized by enhanced 

chemiluminescence detection (ECL Plus; Thermo Scientific, Rockford, IL) using a 

ChemiDocTM MP Imaging System (Bio-Rad). 

2.11   Lipid analysis of peritoneal lavage 

Peritoneal lavages were harvested from mice one day after intraperitoneal thioglycolate 

injection. Cellular lipids from peritoneal exudates were extracted using the Folch method. 

After evaporation under constant nitrogen flow, 100 µl 1% Triton X-100 (dissolved in 

chloroform) were added, and lipids were dried again under a stream of nitrogen. 

Thereafter, samples were dissolved in 100 µl ddH2O for 15 min at 37°C. Aliquots were 

used for enzymatic measurements of TG, total cholesterol (TC), and free cholesterol (FC) 

using kits according to manufacturer’s protocols (DiaSys, Holzheim, Germany). The 

readings were normalized to protein concentrations. To determine the composition of 

TG, PC and PE species, extracted lipids were dissolved in 2-propanol:chloroform:methanol 
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(7:2:1, v:v:v) and analyzed by LC/ESI-MS as described (109). Lipid analysis was performed 

in collaboration with Dr. Thomas Eichmann.  

2.12   Calcium flux and chemotaxis assays 

Free intracellular Ca2+ levels [Ca2+]i of bone marrow-derived neutrophils were analyzed in 

response to formyl-methionyl-leucyl-phenylalanine (fMLP) (Sigma-Aldrich) and 

keratinocyte-derived chemoattractant (KC) (PeproTech Inc., Rocky Hill, NJ). Changes in 

[Ca2+]i were detected by flow cytometry as an increase in fluorescence intensity of the 

Ca2+-sensitive dye Fluo-3 in the FL-1 channel. Cells (1 x 107) were incubated with 500 µl 

assay buffer containing 2 µM Fluo-3 acetoxymethylester (AM) (Life Technologies) and 

0.02% pluronic F-127 (Sigma-Aldrich) in the absence of Ca2+ and Mg2+ for 1 h at RT. Cells 

were washed with assay buffer and resuspended in assay buffer containing Ca2+ and Mg2+ 

to a final concentration of 0.3-0.5 x 106 neutrophils/ml. Aliquots of 500 µl were used for 

each condition. Maximal Ca2+ responses were determined after adding various 

concentrations of fMLP and KC. Kinetics of Ca2+ flux were analyzed using FlowJo software 

(Treestar).  

For chemotaxis assays, bone marrow-derived neutrophils were suspended in assay buffer 

containing Ca2+ and Mg2+ (2 x 106 cells/ml). Fifty µl cell suspension per well were placed 

onto the top plate of an AP48 microBoyden chemotaxis chamber with a 5 µm pore-size 

polycarbonate filter (Neuro Probe, Gaithersburg, MD). Cells were allowed to migrate 

towards 30 µl of fMLP and KC in the bottom wells of the plate for 1 h at 37°C. The 

membrane was carefully removed and migrated cells were enumerated by flow 

cytometric counting. 

2.13   Measurement of CD11b cell surface expression  

Isolated neutrophils were pre-incubated with anti-CD11b-Alexa Fluor647 (BD Biosciences) 

for 10 min at RT in the dark and then stimulated with various concentrations of fMLP, KC, 

and phorbol myristate acetate (PMA) (Sigma-Aldrich) for 30 min at 37°C. Cells were 

resuspended in Cellfix and analyzed by flow cytometry.  
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2.14   Fatty acid uptake 

Peritoneal neutrophils (one day after thioglycolate injection) were resuspended in HBSS 

containing Ca2+, Mg2+, and 0.1% FA-free BSA. After 15 min incubation in culture medium 

(DMEM, 10% lipoprotein-deficient serum, 1% penicillin/streptomycin), 5 µM BODIPY 

500/510 C1, C12 (Life Technologies) was added for 10 min. Thereafter, cells were fixed 

with 10% methanol-free formalin for 10 min at 4°C, washed two times with HBSS-EDTA, 

stained with a neutrophil-specific marker (Ly6G-PE; BD Biosciences), and analyzed by flow 

cytometry.  

2.15   Phagocytosis and ROS measurement 

Neutrophils were isolated from peritoneal lavages one day after thioglycolate injection. 

After 1 h of pre-incubation in culture medium in the absence of glucose, neutrophils (1 x 

106) were incubated with 100 µl of fluorescein-labeled E.coli particles (VybrantTM 

Phagocytosis Assay, Molecular Probes®, Life Technologies, Carlsbad, CA) for 1 h at 37°C in 

the dark under gentle rotation. The suspension was removed and 100 μl trypan blue were 

added for 1 min to quench extracellular fluorescein-labeled bacteria. Cells were washed 

with cold HBSS-EDTA, stained with a neutrophil-specific marker (Ly6G-PE; BD Biosciences) 

and the amount of phagocytosed E.coli was measured by flow cytometry. Intracellular 

reactive oxygen species (ROS) generation during phagocytosis and after a 20 min 

exposure to KC (20 ng/ml) and fMLP (1 µM) were measured according to the 

manufacturer's protocol (Life Technologies). 

2.16   Apoptosis assay 

Neutrophils from bone marrow were isolated by gradient centrifugation as described 

(108) and cultured at a density of 1 x 107 in culture medium containing 25 mM glucose for 

6 and 18 h.  Two hundred µl cells were stained with annexin V and propidium iodide 

according to manufacturer’s protocols (Annexin V-FITC apoptosis detection kit I; BD 

Biosciences). Cells were immediately analyzed by flow cytometry. 
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2.17   Plasma cytokine array 

Plasma cytokine levels of wt, Atgl-/-, Atgl flox, and myeloid Atgl-/- mice were determined 

using a mouse cytokine array (RayBiotech, Norcross, GA). The arrays were performed 

according to the manufacturer’s instructions. Membranes spotted in duplicate with 

antibodies against 32 cytokines were incubated with plasma (pooled in an equal amount 

from 6 individual mice of each group) and then developed by chemiluminescence. The 

intensity of each spot on the arrays was quantified by densitometry using ImageJ.  

2.18   Pharmacological inhibition of ATGL in vitro 

Peritoneal neutrophils were cultivated in culture medium containing 25 mM glucose 

supplemented with either 300 µM OA or AA (Sigma-Aldrich) complexed to BSA (OA-BSA, 

AA-BSA). Fatty acid:BSA complexes were prepared as described (23). After an incubation 

period of 6 h in the absence or presence of the ATGL inhibitor Atglistatin (40 µM) and the 

HSL inhibitor Hi 76-0079 (25 µM) (kindly provided by Dr. Martina Schweiger, University of 

Graz, Austria), the medium was replaced by serum-free DMEM containing Atglistatin or 

Atglistatin/Hi. After 4 h and 6 h of incubation, LDs were quantified by flow cytometry as 

described above.  

To study cytokine-induced LD formation, wt neutrophils collected from peritoneal lavages 

one day post thioglycolate injection were pre-incubated in culture medium for 2 h in the 

absence or presence of 40 µM Atglistatin, after which recombinant MIP-1 and MIP-2 (100 

ng/ml; PeproTech) were added. After 5 h of incubation, LDs were quantified by flow 

cytometry.  

2.19   Quantification of PUFAs and lipid mediators  

Peritoneal neutrophils were pre-incubated in culture medium (containing 25 mM glucose) 

with or without 40 µM Atglistatin for 6 h. Thereafter, the medium was replaced by HBSS 

containing Ca2+ and Mg2+ in the absence or presence of the Ca2+ ionophore A23187 (0.5 

µM) (Sigma-Aldrich) for 1 h. Then, cells were placed on ice, transferred into tubes, and 

centrifuged at 400 x g for 10 min at 4°C. Supernatants were immediately frozen in liquid 

N2 and stored at -80°C (max. one week) until analysis. To determine PUFA and lipid 

mediator concentrations in peritoneal lavage fluid one day after thioglycolate injection, 
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the peritoneum was rinsed with 3 ml HBSS-EDTA. The cell-free exudate was snap-frozen 

in liquid N2 and stored at -80°C. An AB Sciex 5500 QTrap mass spectrometer (Darmstadt, 

Germany) operating in negative electrospray ionization mode was applied for LC-MS/MS 

analysis, using 200 µl of cell supernatant or peritoneal lavage fluid as previously described 

(110). Eicosanoid analysis was performed in collaboration with Dr. Uta Ceglarek and 

Juliane Dorow.  

2.20   Bacterial peritonitis model 

Mice were injected intraperitoneally with a sublethal dose of live E. coli (serotype O18:K1; 

2 × 104 CFU in 200 µl of sterile saline). After 18 h, blood was collected by retrobulbar 

puncture from isoflurane anesthetized mice. Then, mice were sacrificed by dislodging the 

cervical vertebrae. Livers were surgically removed and homogenized in 4 ml sterile PBS. 

Peritoneal lavages were collected as described earlier.  E. coli CFUs were calculated from 

the colony numbers on the Luria-Bertoni (LB) agar plates after overnight culture with 

serial 10-fold dilutions. This experimental model was performed in collaboration with Dr. 

Birgit Strobl (University of Veterinary Medicine in Vienna).  

2.21   Statistical analysis 

Statistical analyses were performed using GraphPad Prism 5.0 software. Significance was 

calculated by Student’s t-test or ANOVA, followed by Bonferroni correction. Data are 

shown as means + SEM. For statistical analysis of PUFAs and lipid mediators, non-

parametric Wilcoxon signed-rank tests and Mann-Whitney U tests were used. Data are 

expressed as median with minimum and maximum range. The following levels of 

statistical significance were used: *p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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3   Results and Discussion 

3.1   Impact of the deficiency of TG hydrolases on lipid homeostasis in immune cells 

3.1.1   Expression of TG hydrolases in immune cells 

With the exception of macrophages, the knowledge about enzymes hydrolyzing TGs in 

cells of the innate or adaptive immune system is scarce and the enzyme expression 

profiles are largely unexplored. Hence, I have used a fluorescence-activated cell sorting 

(FACS) approach to sort various murine immune cells including neutrophils, monocytes, 

macrophages (derived from thioglycolate-elicited lavage) and B- and T-lymphocytes 

(derived from peripheral blood). From these flow-sorted cells I examined the expression 

of Atgl, Hsl, Mgl, and Lal as well as the regulators of lipolysis Cgi-58 and G0S2 by 

quantitative real-time PCR (Fig. 7).   
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Figure 7: Lipase expression in immune cells 

Total RNA of flow-sorted immune cells was isolated and analyzed for mRNA expression of Atgl, Hsl, Mgl, Lal, 

Cgi-58 and G0S2 by quantitative real-time PCR. For data normalization, Gaph was used as reference gene. 

Transcript expression levels are shown as -fold change relative to Atgl mRNA levels in macrophages and 

represent means + SEM (n=4). 
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mRNA expression of Atgl was highest in neutrophils, followed by B-lymphocytes, 

eosinophils, T-lymphocytes, monocytes, and macrophages. Hsl was highly expressed in B-

lymphocytes and in comparable amounts in eosinophils and neutrophils. T-lymphocytes, 

monocytes, and macrophages showed the lowest levels of Hsl mRNA. Mgl was most 

abundant in eosinophils, whereas all other cell types showed little expression. Lal showed 

similar expression levels in macrophages, eosinophils, neutrophils, monocytes and only 

low expression in B- and T-lymphocytes. The expression of the Atgl co-activator Cgi-58 

was similar in granulocytes and T-lymphocytes and lowest in B-lymphocytes. The 

endogenous inhibitor G0S2 was expressed very heterogeneously in the different cells 

types with peak expression levels in eosinophils and neutrophils. Summarized, from these 

mRNA expression profiles I conclude that neutral lipases are expressed in immune cells.  

To get an insight into their functional role in the regulation of LD homeostasis in 

immune cells, I used the respective genetic knock-out (-/-) mouse models and monitored 

the LD content, under both, resting and inflammatory conditions. For these studies I have 

included global Atgl-/-, Hsl-/-, Mgl-/-, Lal-/- mice as well as myeloid-specific Atgl-/- and 

CGI-58-/- mice. The results from these analyses will be described in the next paragraphs.  

3.1.2   LD homeostasis in immune cells of Atgl-/- mice 

Immunophenotyping of peripheral blood by flow cytometry revealed comparable 

relative blood counts between wt and Atgl-/- mice (Fig. 8A). By using BODIPY493/503 as a 

neutral lipid dye, I observed increased fluorescence intensity exclusively in neutrophils of 

Atgl-/- mice (Fig. 8B). To gain insight into the ultrastructural morphology of the cells, we 

performed transmission electron microscopy of wt and Atgl-/- bone marrow cells. As 

shown in Fig. 8C, intracellular LDs were present in the cytoplasm of Atgl-/- bone marrow 

cells as electron-lucent round-shaped structures, whereas no LDs were visible in wt cells. 

Since a morphological evaluation between differentiated and precursor cells appeared 

difficult and to obtain quantitative insight into LD distribution, I analyzed bone marrow 

cells by flow cytometry. Relative populations of bone marrow cells were comparable 

between wt and Atgl-/- mice (Fig. 8D). I observed an increased amount of LDs exclusively 

in mature Gr-1+ neutrophils of Atgl-/- mice but not in hematopoietic stem cells such as 

LinSca-1+cKit+ cells (LSK) or any of the investigated precursor cells such as common 
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lymphoid progenitors (CLP), monocyte-dendritic cell progenitors (MDP), and granulocyte-

monocyte progenitors (GMP) (Fig. 8E). 
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Figure 8: Atgl-/- mice accumulate LDs in neutrophils of peripheral blood and bone marrow 

(A) Relative counts of peripheral blood cells from wt and Atgl-/- mice were determined by 

immunophenotyping using flow cytometry. (B) LDs in peripheral blood cells were quantified by using 

BODIPY493/503 as neutral lipid stain. Wt and Atgl-/- bone marrow were analyzed by (C) transmission 

electron microscopy and (D,E) flow cytometry. LSK: hematopoietic precursors, CLP: common lymphoid 

progenitors, MDP: monocyte-dendritic cell progenitors, GMP: granulocyte-monocyte progenitors. Data are 

shown as geometric means of fluorescence intensity + SEM (n=5). ***p ≤ 0.001 

 

To elucidate the effect of ATGL deficiency under inflammation-driven conditions, I 

used a murine thioglycolate-induced peritonitis model. This model is commonly used to 

obtain a large number of immune cells and to study inflammatory events. Thioglycolate 

induces an acute inflammatory response, which is typically characterized by early 

neutrophil recruitment between 4 and 24 hours, followed by an influx of monocytes that 

develop into inflammatory macrophages reaching peak levels at 3 to 4 days. 

First I analyzed naive peritoneal lavages from wt and Atgl-/- mice, which consisted 

predominantly of macrophages, lymphocytes, and small numbers of granulocytes and 

monocytes (Fig. 9A). Similar to the findings in peripheral blood, I observed a selective LD 

accumulation in neutrophils of naive lavages from Atgl-/- mice (Fig. 9B). After 

thioglycolate-induced inflammation, the cellular infiltration into the peritoneum was 

unchanged between wt and Atgl-/- mice both one day (Fig. 9C) and three days (Fig. 9E) 

post injection. An increased LD abundance in neutrophils and monocytes was observed 

on day one (Fig. 9D) and in neutrophils, monocytes and macrophages on day three post 

injection (Fig. 9F) in peritoneal lavages from Atgl-/- mice. 

ORO stainings of sedimented peritoneal cells one day (Fig. 9G,H) and three days (Fig. 

9I,J) after thioglycolate administration confirmed the data from flow cytometry showing 

an increased abundance of LDs in cells from Atgl-/- mice (Fig. 9H,J), whereas in wt cells 

only few LDs were detectable (Fig. 9G,I). 
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Figure 9:  Pronounced accumulation of LDs in Atgl-/- cells under inflammatory conditions  

Peritoneal lavage of (A,B) naive, (C,D) one day and (E,F) three day thioglycolate-injected wt and Atgl-/- mice 

were collected and immunophenotyped using BODIPY493/503 as neutral lipid stain. Data are shown as 

geometric means of fluorescence intensity + SEM (n=5). **p ≤ 0.01; ***p ≤ 0.001. Intracellular neutral lipids 

of wt and Atgl-/- peritoneal cells (G,H)  one day and (I,J) three days post thioglycolate injection were 

visualized by ORO/Hematoxylin staining. Representative images of cells are shown. Scale bar: 15 µm. 
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3.1.3   LD homeostasis in immune cells of myeloid-specific Atgl-/- mice 

To elucidate whether the LD accumulation in immune cells of global Atgl-/- mice is 

caused by cell-specific or systemic lack of ATGL, I also characterized mice with targeted 

deletion of Atgl in myeloid cells (myeloid Atgl-/-). Compared to Atgl flox mice, myeloid-

specific Atgl-/- mice did not show alterations in peripheral blood counts (Fig. 10A). Similar 

to observations from global Atgl-/- mice with a 3.7-fold increase in LD abundance in 

peripheral blood neutrophils, myeloid-specific Atgl-/- mice showed a 1.7-fold increase in 

neutrophil LDs (Fig. 10B).  
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Figure 10: Myeloid-specific Atgl-/- mice accumulate LDs in neutrophils of peripheral blood 

(A) Relative counts of peripheral blood cells from Atgl flox and myeloid Atgl-/- mice were determined by 

immunophenotyping using flow cytometry. (B) LDs in peripheral blood cells were quantified by using 

BODIPY493/503 as neutral lipid stain. Data are shown as geometric means of fluorescence intensity + SEM 

(n=5). *p < 0.05 

 

 

Under inflammatory conditions, Atgl flox and myeloid-specific Atgl-/- mice showed an 

unchanged cellular composition of peritoneal lavages, which were collected three days 

after thioglycolate injection (Fig. 11A). Cellular LD staining revealed an increased LD 

abundance exclusively in neutrophils (Fig. 11B), which was of lower magnitude as 

compared with global Atgl-/- mice (2.2-fold in myeloid Atgl-/- vs. 3.1-fold in global Atgl-/- 

A B 
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mice).  In analogy, ORO stainings showed an increased presence of LDs selectively in 

polymorphnuclear cells (=neutrophils) from myeloid Atgl-/- mice (Fig. 11D), whereas in 

cells from Atgl flox mice ORO-positive LDs were scarce in all cells (Fig. 11C). 
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Figure 11: Selective LD accumulation in neutrophils from myeloid Atgl-/- mice under inflammatory 

conditions  

(A,B) Peritoneal lavage of three day thioglycolate-injected Atgl flox and myeloid Atgl-/- mice were collected 

and immunophenotyped using BODIPY493/503 as neutral lipid stain. Data are shown as geometric means of 

fluorescence intensity + SEM (n=5). ***p ≤ 0.001. Intracellular neutral lipids of (C) Atgl flox and (D) myeloid 

Atgl-/- peritoneal cells were visualized by ORO/Hematoxylin staining. Representative images of cells are 

shown. Scale bar: 15 µm. 
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3.1.4   LD homeostasis in immune cells of myeloid-specific CGI-58-/- mice 

Immunophenotyping of peripheral blood from mice with targeted deletion of CGI-58 

in myeloid cells revealed an unchanged blood count (Fig. 12A) and an increased 

abundance of LDs in peripheral blood neutrophils when compared with CGI-58 flox mice 

(Fig. 12B).  
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Figure 12: Myeloid-specific CGI-58-/- mice accumulate LDs in neutrophils of peripheral blood 

(A) Relative counts of peripheral blood cells from CGI-58 flox and myeloid CGI-58-/- mice were determined 

by immunophenotyping using flow cytometry. (B) LDs in peripheral blood cells were quantified by using 

BODIPY493/503 as neutral lipid stain. Data are shown as geometric means of fluorescence intensity + SEM 

(n=5). *p < 0.05 

 

 

Similar observations were made during the analysis of thioglycolate-induced 

peritoneal lavages, which were characterized by an unaltered cellular composition (Fig. 

13A) and an increased presence of LDs selectively in neutrophils. This was evident by 

increased fluorescence intensities after BODIPY staining (Fig. 13B) and an increased 

presence ORO-positive staining in sedimented cells from myeloid-specific CGI-58-/- mice 

(Fig. 13D) when compared with CGI-58 flox cells (Fig. 13C).  
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Figure 13: Selective LD accumulation in neutrophils from myeloid CGI-58-/- mice under inflammatory 

conditions  

(A,B) Peritoneal lavage of three day thioglycolate-injected CGI-58 flox and myeloid CGI-58-/- mice were 

collected and immunophenotyped using BODIPY493/503 as neutral lipid stain. Data are shown as geometric 

means of fluorescence intensity + SEM (n=5). *p < 0.05. Intracellular neutral lipids of (C) CGI-58 flox and (D) 

myeloid CGI-58-/- peritoneal cells were visualized by ORO/Hematoxylin staining. Representative images of 

cells are shown. Scale bar: 15 µm. 
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3.1.5   LD homeostasis in immune cells of Hsl-/- mice 

The peripheral blood composition was comparable between wt and Hsl-/- mice (Fig. 

14A).  Also with respect to LD content in various immune cell populations, I did not 

observed any differences between cells from wt and Hsl-/- mice (Fig. 14B).  
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Figure 14: Hsl-/- mice show unaltered LD contents in immune cells from peripheral blood 

(A) Relative counts of peripheral blood cells from wt and Hsl-/- mice were determined by 

immunophenotyping using flow cytometry. (B) LDs in peripheral blood cells were quantified by using 

BODIPY493/503 as neutral lipid stain. Data are shown as geometric means of fluorescence intensity + SEM 

(n=5).  

 

Immunophenotyping of peritoneal lavages three days after thioglycolate injection 

revealed further similarities between wt and Hsl-/- mice, both in terms of cellular 

composition (Fig. 15A) and LD content (Fig. 15B-D). 
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Figure 15: Unaltered LD homeostasis between wt and Hsl-/- mice under inflammatory conditions  

(A,B) Peritoneal lavage of three day thioglycolate-injected wt and Hsl-/- mice were collected and 

immunophenotyped using BODIPY493/503 as neutral lipid stain. Data are shown as geometric means of 

fluorescence intensity + SEM (n=5). Intracellular neutral lipids of (C) wt and (D) Hsl-/- peritoneal cells were 

visualized by ORO/Hematoxylin staining. Representative images of cells are shown. Scale bar: 15 µm. 
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3.1.6   LD homeostasis in immune cells of Mgl-/- mice 

In Mgl-/- mice, immunophenotyping of peripheral blood cells revealed no alterations 

neither in relative composition (Fig. 16A) nor in LD content of the distinct peripheral 

blood cells investigated (Fig. 16B).  
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Figure 16: Mgl-/- mice show unaltered LD contents in immune cells from peripheral blood 

(A) Relative counts of peripheral blood cells from wt and Mgl-/- mice were determined by 

immunophenotyping using flow cytometry. (B) LDs in peripheral blood cells were quantified by using 

BODIPY493/503 as neutral lipid stain. Data are shown as geometric means of fluorescence intensity + SEM 

(n=5).  

 

 

Thioglycolate-elicited peritoneal lavages of Mgl-/- mice showed an increased relative 

abundance of macrophages with a concomitant reduced number of eosinophils (Fig. 17A). 

Determination of intracellular LD content by flow cytometry (Fig. 17B) or ORO staining 

(Fig. 17C,D) did not reveal any differences between immune cells of wt and Mgl-/- mice.  
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Figure 17: Unaltered LD homeostasis between wt and Mgl-/- mice under inflammatory conditions  

(A,B) Peritoneal lavage of three day thioglycolate-injected wt and Mgl-/- mice were collected and 

immunophenotyped using BODIPY493/503 as neutral lipid stain. Data are shown as geometric means of 

fluorescence intensity + SEM (n=5). *p < 0.05. Intracellular neutral lipids of (C) wt and (D) Mgl-/- peritoneal 

cells were visualized by ORO/Hematoxylin staining. Representative images of cells are shown. Scale bar: 15 

µm. 
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3.1.7   LD homeostasis in immune cells of Lal-/- mice 

In Lal-/- mice, immunophenotyping demonstrated substantial differences in the blood 

composition with a highly increased abundance of neutrophils and monocytes and 

reduced numbers of B- and T-lymphocytes compared to wt mice (Fig. 18A). Peripheral 

blood monocytes, particularly subsets with a low expression profile of Ly6C (Ly6C low) but 

not of the Ly6C high subset, showed an increased amount of LDs in Lal-/- mice (Fig. 18B).  
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Figure 18: Altered peripheral blood counts and LD accumulation in monocytes from Lal-/- mice 

(A) Relative counts of peripheral blood cells from wt and Lal-/- mice were determined by 

immunophenotyping using flow cytometry. (B) LDs in peripheral blood cells were quantified by using 

BODIPY493/503 as neutral lipid stain. Data are shown as geometric means of fluorescence intensity + SEM 

(n=4). *p < 0.05; **p ≤ 0.01; ***p ≤ 0.001 

 

In response to thioglycolate stimulation, peritoneal lavages showed increased levels of 

neutrophils and T-lymphocytes in the absence of LAL (Fig. 19A). LD stainings with BODIPY 

(Fig. 19B) and ORO (Fig. 19C,D) indicated an increased abundance of LDs in macrophages 

from Lal-/- mice.  
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Figure 19: Altered cellular composition and LD content in peritoneal lavages from Lal-/- mice under 

inflammatory conditions  

(A,B) Peritoneal lavage of three day thioglycolate-injected wt and Lal-/- mice were collected and 

immunophenotyped using BODIPY493/503 as neutral lipid stain. Data are shown as geometric means of 

fluorescence intensity + SEM (n=3). *p < 0.05; **p ≤ 0.01. Intracellular neutral lipids of (C) wt and (D) Lal-/- 

peritoneal cells were visualized by ORO/Hematoxylin staining. Representative images of cells are shown. 

Scale bar: 15 µm. 
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3.1.8   Discussion 

Cytoplasmic and lysosomal hydrolysis of CE and TG require the activity of enzymes 

such as ATGL, CGI-58, HSL, MGL, and LAL in order to liberate FA for cellular usage. Apart 

from macrophages with its well described capacity to store high amounts of lipids, also 

other inflammatory cells, predominantly granulocytes, have been reported to contain 

intracellular pools of neutral lipids (7). To date, the role of TG-hydrolyzing enzymes in 

these cells is largely unexplored. By using mouse models with genetic deletions of lipases, 

either systemic or myeloid-specific, I investigated the functional role of the respective 

lipases in LD homeostasis of immune cells. 

My results show for the first time that thioglycolate-elicited inflammation triggers LD 

formation in all investigated immune cells. This is evident by an increased amount of LDs 

in cells from thioglycolate-injected (Fig. 9D,F) as compared with naive lavages (Fig. 9B). 

Glycosylated proteins in the thioglycolate medium activate receptors for advanced 

glycation end products (RAGE), which further induce pro-inflammatory responses through 

NFκB-mediated secretion of cytokines and inflammatory factors (111). This suggests that 

RAGE-mediated signaling, either directly or indirectly by inducing the generation of pro-

inflammatory factors, induces LD generation in leukocytes.  

Further, I observed that the systemic loss of ATGL in mice results in an increased 

abundance of TG-rich LDs specifically in neutrophil granulocytes from bone marrow, 

peripheral blood and peritoneal lavage under basal conditions. Under inflammatory 

conditions, lipid accumulation was also observed in monocytes and macrophages but not 

in eosinophils or lymphocytes. This finding is somehow surprising considering that all 

immune cells investigated expressed ATGL. Whether eosinophils and lymphocytes require 

other stimuli to trigger ATGL-mediated functions remains to be investigated.  

In contrast to global Atgl-/- mice, mice with targeted deletion of ATGL in myeloid cells 

show LD accumulation exclusively in neutrophils, both under basal and inflammatory 

conditions. These findings indicate that lipid accumulation in monocytes and 

macrophages of global Atgl-/- mice is likely triggered by secondary effects due to systemic 

ATGL deficiency. 
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Mice lacking the ATGL co-factor CGI-58 in myeloid cells show a similar phenotype as 

myeloid-specific Atgl-/- mice with a selective LD accumulation in neutrophils, both from 

blood and thioglycolate-elicited lavages.  

Clinical reports from patients with mutations in ATGL describe an analogous 

phenotype to global Atgl-/- mice: they suffer from massive TG accumulation in multiple 

tissues and develop severe myopathy resulting in cardiac insufficiency and premature 

death in Atgl-/- mice starting with the age of ∼12 weeks and cardiac transplantation in 

humans (112). Patients with defective CGI-58 develop ichthyosis, a skin barrier defect that 

is also observed in global CGI-58-/- mice. In mice, the skin defect is even more severe and 

causes premature death soon after birth. A common manifestation in patients with 

mutations in either ATGL or CGI-58 is Jordans’ anomaly, which has been described to 

affect various immune cells, such as neutrophils, eosinophils, monocytes and 

lymphocytes (113, 114). In accordance, I observed that Atgl-/- and CGI-58-/- mice exhibit 

Jordans’ anomaly in certain cell types, which can be triggered e.g. by inflammation. This 

indicates that ATGL-mediated lipolysis in immune cells is not only highly cell-specific but 

also a condition-dependent process.  

The findings that HSL and MGL deficiency did not affect LD homeostasis argue for a 

minor role of these lipases in immune cells under the experimental conditions 

investigated. HSL was previously shown to hydrolyze various substrates, including TG, DG, 

MG, CE, and RE (51, 52), whereas MGL predominantly cleaves MGs (115). Whether a 

deficiency of these lipases in immune cells causes an accumulation of the respective 

substrate lipid species was not investigated here and requires a more sensitive lipid 

analysis, e.g. lipid mass spectrometry.  

LAL was shown to be a highly abundant enzyme in macrophages, fibroblasts, 

lymphocytes, and hepatocytes (116). A major manifestation in Lal-/- mice is the increased 

lysosomal TG and CE accumulation in macrophages within multiple organs, including 

Kupffer cells, bronchoalveolar macrophages, and intestinal macrophages (117). In 

patients with LAL deficiency, the presence of lipid-loaded macrophages in the bone 

marrow and vacuolated peripheral blood lymphocytes were reported (118). In this study I 

revealed an increased abundance of LDs in peripheral blood monocytes in Lal-/- mice, 

mainly in Ly6C low monocytes. Further, these mice suffered from neutrophilia and highly 
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reduced peripheral lymphocyte levels. This observation is in agreement with extensive 

studies from Hong Du et al., showing that LAL is critical for lymphoid and myeloid 

progenitor development and function (119). Peritoneal thioglycolate-induced lavages 

showed an altered cellular composition with an increase in neutrophils and T-

lymphocytes. Macrophage numbers were unaltered under these conditions but showed 

an elevated accumulation of LDs. Unlike Atgl-/- mice, where LD accumulation is observed 

in the cytoplasm of cells, Lal-/- macrophages, due to their inability to hydrolyze lysosomal 

lipids, accumulate lipids derived from endocytosis of lipoproteins within lysosomes. 

Together, these findings implicate an important role for LAL-mediated lysosomal 

degradation, which, among various immune cells, seems to be an active process 

predominantly in macrophages. However, it remains elusive whether lipophagy is active 

in immune cells and if to which extent LAL deficiency has an impact on lysosomal 

degradation of LDs in these cells.   

In conclusion, cytosolic and lysosomal TG hydrolases are expressed in immune cells 

and play an important role in maintaining lipid homeostasis in these cells. Our 

observations obtained from mouse models with genetic ablation of lipases show a lipid 

accumulation phenotype in distinct immune cell types with cells from the myeloid lineage 

being mostly affected. These findings argue that the functional role of TG hydrolases may 

be highly cell type- and condition-dependent. By controlling the release of lipid molecules 

and their metabolic derivatives in immune cells, I suggest that TG hydrolases have 

immunoregulatory functions.  
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3.2   Functional consequences of ATGL deficiency in neutrophils 

3.2.1   Increased FA uptake in neutrophils lacking ATGL 

To assess whether the observed increased presence of LDs due to ATGL deficiency is 

caused solely by the lipolytic defect or whether also an increased cellular uptake or 

synthesis of lipids contribute to this phenotype, I investigated the sensitivity of wt, global, 

and myeloid-specific Atgl-/- neutrophils to extracellular FAs (Fig. 20A,B). After 10 min 

exposure to fluorescently-labeled FAs, Atgl-/- neutrophils (from global and myeloid-

specific Atgl-/- mice) showed a ~ 3-fold increased uptake of FAs compared to control cells 

as measured by flow cytometry.  

 

 

 

 

 

 

 

 

 

 

 

To further elucidate the mechanism(s) accounting for LD accumulation in Atgl-/- 

neutrophils, key enzymes involved in FA uptake (Cd36), synthesis (Acc, Fasn, Scd1) and FA 

β-oxidation (Cpt1α) were determined by quantitative PCR (Fig. 21A). Relative mRNA levels 

of Cd36 and Cpt1α were unchanged, whereas Acc, Fasn, and Scd1 showed reduced 

transcript levels in neutrophils from global Atgl-/- mice. Further, I explored whether the 

expression of other lipases and proteins regulating lipolysis are altered in neutrophils 

lacking ATGL. These analyses revealed absent mRNA levels of Atgl, reduced expression of 

Hsl, and unchanged mRNA expression of Mgl, G0S2, and CGI-58 in neutrophils from Atgl-
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Figure 20: Increased FA uptake in neutrophils lacking ATGL 

Uptake of BODIPY-labeled FAs by neutrophils from (A) wt and Atgl-/- and (B) Atgl flox and myeloid Atgl-/- 

was determined as total fluorescence intensities by flow cytometry and is expressed as means + SEM (n=6). 

**p ≤ 0.01; ***p ≤ 0.001 
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/- compared to wt mice (Fig. 21B). ATGL deficiency was shown to modulate PPARα target 

gene expression in liver and heart (120, 121). I therefore determined the expression of 

various PPAR target genes, including Dgat1, Dgat2, iNos, Mmp9 and Noxa1, which 

showed comparable expression levels between neutrophils from wt and Atgl-/- mice (Fig. 

21C).  
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Figure 21: Gene expression in purified neutrophils from wt and Atgl-/- mice 

mRNA expression of (A) FA uptake and synthesis genes, (B) lipases and lipolysis-regulating genes, and (C) 

PPAR target genes were determined in flow-sorted neutrophils from wt and Atgl-/- mice by real-time PCR, 

including normalization to Gapdh. Data are presented as mean values (n=4) performed in duplicate + SEM. 

*p < 0.05; **p ≤ 0.01 

 

Summarized, these gene expression data suggest that ATGL deficiency in neutrophils 

is accompanied with reduced Hsl expression, possibly due to the lack of substrates 

generated by ATGL. Further, the reduced expression of Acc, Fasn, Scd1 and the 
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unchanged expression of Dgat enzymes indicate that the LD accumulation in Atgl-/- 

neutrophils is not caused by an increased FA or TG synthesis but results from an increased 

FA uptake from extracellular sources. The mechanism of cellular FA uptake is likely not 

Cd36-mediated as gene expression levels of Cd36 are unchanged in Atgl-/- neutrophils. 

Finally, unlike in other cells and tissues, PPAR signaling, at least under the tested 

conditions here, is not affected in neutrophils lacking ATGL.  

3.2.2   Agonist-induced Ca2+ flux and chemotaxis are increased in Atgl-/- neutrophils 

Of particular interest was to examine the functionality of LD-rich Atgl-/- neutrophils. 

Therefore, I determined agonist-induced intracellular Ca2+ flux and chemotaxis. As 

agonists, I used the bacterial peptide fMLP and the neutrophil-specific chemoattractant 

KC (also known as Gro-α or CXCL1). Compared with wt cells, which reached a maximal 

Ca2+ response of ~230% over baseline, I observed an enhanced mobilization of 

intracellular Ca2+ by > 300% in Atgl-/- neutrophils with fMLP concentrations ranging from 

1-5 µM (Fig. 22A). KC (5 and 50 µM) induced an even higher response in Atgl-/- cells with 

peak values of 369% and 447% over baseline in wt and Atgl-/- neutrophils, respectively 

(Fig. 22A). Next, we examined the cellular phenotype of Atgl-/- cells by measuring in vitro 

migration. These studies revealed that neutrophils from Atgl-/- mice possessed increased 

chemotactic properties towards both tested agonists compared with wt neutrophils (Fig. 

22B). As another marker for neutrophil activation, agonist-induced CD11b expression was 

determined by flow cytometry. fMLP- and KC-mediated stimulation showed a slight, yet 

non-significant trend for an increased activation in Atgl-/- neutrophils (Fig. 22C). By using 

PMA to achieve a maximal and robust activation of neutrophils I found an increased 

responsiveness in Atgl-/- compared with wt cells (Fig. 22C). 

Next, I addressed whether the lack of ATGL affects phagocytosis and ROS production 

of neutrophils. In vitro phagocytosis assays revealed comparable phagocytosis rates 

between neutrophils from wt and Atgl-/- mice (Fig. 22D). Simultaneously, I measured 

intracellular ROS formation following synchronized phagocytosis of E.coli particles as well 

as ROS production in response to KC and fMLP. All conditions tested showed comparable 

fluorescence intensities, indicating unchanged ROS concentrations (Fig. 22E). Moreover, I 

assessed apoptosis under various conditions (after 6 and 18 h of cultivation), which was 
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unaltered between wt and Atgl-/- neutrophils as annexinV/propidium iodide staining 

revealed the same amount of alive, early and late apoptotic as well as necrotic cells (Fig. 

22F).  
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Figure 22: Ca
2+

 flux and chemotaxis are increased in Atgl-/- neutrophils 

Activity of neutrophils from wt and Atgl-/- mice was tested in vitro by (A) Ca
2+

 flux and (B) chemotaxis 

assays in response to fMLP and KC. (n=5). (C) Agonist-induced CD11b surface expression of wt and Atgl-/- 

neutrophils was analyzed. Data are shown as -fold change relative to vehicle-treated control cells + SEM 

(n=6-12). (D) Phagocytosis of fluorescein-conjugated E.coli particles by wt and Atgl-/- neutrophils. 

Phagocytosis of wt cells was arbitrarily set to 100%. Data are presented as mean values (n=9-10) + SEM. (E) 

ROS staining after incubation of neutrophils for 20 min with KC (20 ng/ml), fMLP (1 µM) and during 1 h 

exposure to E.coli particles. Data are shown as geometric means of fluorescence intensity + SEM (n=5). (F) 

Apoptosis of wt and Atgl-/- neutrophils after 6 h and 18 h of culture. Quantifications of the total amount of 

annexin V-positive (early apoptotic), annexin V/propidium iodide-positive (late apoptotic), and propidium 

iodide -positive (necrotic) cells are shown as means (n=5) + SEM.  *p < 0.05; **p ≤ 0.01; ***p ≤ 0.001 

 

 

3.2.3   Similar but less pronounced phenotype in myeloid-specific Atgl-/- mice 

To elucidate whether the alterations observed in functional assays are caused by 

systemic or specific ATGL deficiency in neutrophils, I also assessed the functional 

properties of neutrophils from myeloid-specific Atgl-/- mice. Ca2+ flux assays with 

neutrophils isolated from myeloid-specific Atgl-/- mice using fMLP and KC as agonists 

showed a comparable response as wt cells (Fig. 23A). Chemotaxis was increased in 

response to fMLP but comparable to wt cells after KC stimulation (Fig. 23B). Similar to 

neutrophils from global Atgl-/-, I found no alterations in phagocytosis (Fig. 23C) and ROS 

formation (Fig. 23D). Together, these observations indicate a similar, yet less pronounced 

phenotype in neutrophils from myeloid-specific versus global Atgl-/- mice.  
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Figure 23: Unchanged Ca
2+

 flux and moderately increased chemotaxis in neutrophils from myeloid-

specific Atgl-/- mice. Activity of neutrophils from Atgl flox and myeloid-specific Atgl-/- mice was tested in 

vitro by (A) Ca
2+

 flux and (B) chemotaxis assays in response to fMLP and KC. (n=5). Data are shown as -fold 

change relative to vehicle-treated control cells ± SEM (n=5). (C) Phagocytosis and (D) ROS measurements 

were performed as described above. (n=5). **p ≤ 0.01; ***p ≤ 0.001 
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3.2.4   Altered plasma cytokine concentrations in global and myeloid-specific Atgl-/- 

mice 

To evaluate whether an altered release of inflammatory mediators causes the 

observed pro-inflammatory as well as the distinct phenotypes of global and myeloid-

specific Atgl-/- mice, I determined plasma cytokine levels (Fig. 24). Therefore, cytokine 

arrays allowing for the detection of 32 cytokines were performed with pooled plasma 

samples. Quantification of the arrays revealed a similar cytokine profile between global 

and myeloid-specific Atgl-/- mice. Increased levels of the cytokines IL-5, IL-6, IL-9, MCP-5, 

MIP-1α, MIP-2, and MIP-3β were observed in both mouse models lacking ATGL. The 

cytokines, which were highest in both genotypes, were MIP-1α with an increase of 2.1-

fold and 2.3-fold and MIP-2 with an increase of 1.6-fold and 2.3-fold in plasma from 

global and myeloid-specific Atgl-/- mice, respectively. Surprisingly, other well-established 

pro-inflammatory cytokines such as TNFα, KC or MCP-1 showed reduced concentrations 

in plasma from both genotypes. Interferon-γ (IFN-γ) was found to be reduced in myeloid-

specific but not global Atgl-/- mice. Increased levels of MCP-5 (7-fold) were observed in 

plasma from myeloid-specific Atgl-/- mice and, to a lesser extent, in global Atgl-/- mice 

(1.4-fold). Further, the classical anti-inflammatory IL-4 was detected in reduced levels in 

plasma from both global and myeloid-specific Atgl-/- compared to wt mice.  
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Figure 24: Plasma cytokine levels in global and myeloid-specific Atgl-/- mice 

Plasma cytokine levels in (A) global and (B) myeloid-specific Atgl-/- mice were determined by plasma 

cytokine arrays. Plasma samples (pooled in an equal amount from 6 individual mice of each group) were 

incubated with membranes spotted in duplicates with antibodies against 32 cytokines (n=2). The intensity 

of each spot on the arrays was quantified and the data are shown as fold change to ctrl mice + SEM. n.d., 

not detectable 

 

Taken together, a similar plasma cytokine profile was observed in global and myeloid-

specific Atgl-/- mice showing an increased release of distinct pro-inflammatory cytokines 

in the absence of ATGL, predominantly of macrophage inflammatory proteins (MIPs).  LDs 

in inflammatory cells were shown to be induced when exposed to distinct cytokines in 

vivo and in vitro (see Table 1). So far, the capability for MIP-1 and -2 to induce LDs in 

immune cells has never been investigated. Hence, our next aim was to reveal whether 

MIP-1 and -2 are able to trigger the formation of LDs in neutrophils, which, in the case of 

ATGL deficiency, cannot be catabolized and therefore results in the observed lipid 

accumulation. To elucidate this under conditions regardless of potential systemic effects 

caused by ATGL deficiency, I used a pharmacological approach to inhibit ATGL in wt 

neutrophils. Recently, Atglistatin, a specific ATGL inhibitor was developed (122). Since 

A 

B 
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Atglistatin has never been tested on immune cells, I first determined its efficacy to inhibit 

ATGL in neutrophils.  

3.2.5   Atglistatin inhibits ATGL in neutrophils 

By using thioglycolate-elicited neutrophils collected from wt mice one day after 

injection, I determined whether Atglistatin effectively inhibited ATGL in these cells. First, I 

induced LD formation by loading wt neutrophils with 300 µM OA (18:1) after which the 

cells were cultured in starvation medium in the absence and presence of Atglistatin. After 

4 h and 6 h of starvation, I quantified LDs and observed an increased LD content in the 

presence of Atglistatin (Fig. 25A). These results indicate that the inhibitor blocks FA 

mobilization, which consequently results in TG accumulation. The combined use of 

Atglistatin and the HSL inhibitor Hi 76-0079 tended to further promote accumulation of 

LDs in neutrophils. Similar results were observed after loading neutrophils with 300 µM 

AA (20:4) (Fig. 25B). Together, these observations indicate that Atglistatin effectively 

inhibits ATGL in neutrophils.  
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Figure 25: Neutrophil LD catabolism is blocked by the ATGL inhibitor Atglistatin  

Wt neutrophils collected from peritoneal lavages one day post thioglycolate injection were incubated in 

culture medium supplemented with 300 µM (A) OA (18:1) or (B) AA (20:4) for 6 h, after which the medium 

was replaced by serum-free DMEM containing ATGL or ATGL/HSL inhibitors. After 4 h and 6 h of starvation, 

LDs were quantified by flow cytometry. Fluorescence intensities are expressed as percentages of untreated 

control cells + SEM (n=6-7). *p < 0.05; **p ≤ 0.01; ***p ≤ 0.001 
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3.2.6   Absent LD induction by MIP-1 and -2 in pharmacologically inhibited neutrophils  

In order to assess whether elevated MIP-1 and MIP-2 plasma cytokine levels are 

causative for the observed LD accumulation in Atgl-/- neutrophils, I tested the ability of 

these cytokines to induce LD generation in neutrophils. Therefore, I cultured neutrophils 

from wt mice ex vivo in the absence and presence of Atglistatin and recombinant MIP-1 

and MIP-2 (Fig. 26). Atglistatin-mediated ATGL inhibition resulted in a significantly 

elevated abundance of LDs when compared to neutrophils cultured without inhibitor. 

After 5 h of treatment with either MIP-1 or MIP-2, there was no increase in LD content in 

neutrophils, neither in the presence nor in the absence of Atglistatin treatment. This 

finding indicates that these cytokines are not able to induce LD formation in neutrophils.  
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Figure 26: Determination of LD content in neutrophils after in vitro exposure to MIP-1 and MIP-2  

Wt neutrophils collected from peritoneal lavages one day post thioglycolate injection were pre-incubated in 

culture medium for 2 h in the absence or presence of Atglistatin, after which recombinant MIP-1 and MIP-2 

were added. After 5 h of incubation LDs were quantified by flow cytometry. Fluorescence intensities are 

expressed as percentages of untreated control cells + SEM (n=13). *p < 0.05; **p ≤ 0.01 

 

3.2.7   Reduced release of lipid mediators from neutrophils after ATGL inhibition 

A key function of inflammatory cells (including neutrophils) is the generation of lipid 

mediators. Hence, our aim was to investigate and compare lipid mediator release in the 

absence of ATGL. Using thioglycolate-elicited wt neutrophils after Atglistatin-mediated 

ATGL inhibition, we studied the release of PUFAs and lipid mediators. As Appendix Table 1 

and Fig. 27 show, Atglistatin treatment resulted in reduced release of 18:2 and 20:3 by 

58%, 22:6 trended to be decreased, whereas 20:5 levels were unchanged. Concentrations 
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of 20:4 were below detection limit after ATGL inhibition. Lipid mediators derived from all 

three major enzymatic pathways, the COX, LOX and CYP450 pathway, were present in the 

media after 1 h ex vivo culture of thioglycolate-elicited peritoneal neutrophils. Upon ATGL 

inhibition, predominantly 20:4-derived metabolites were less abundant compared with 

media from cells without inhibitor (Fig. 27 and Appendix Table 1). Reduced metabolites 

included the COX-derived TxB2, prostaglandins (D2, E2, J2, 6-keto PGF1a), and 12(S)-HHT, 

the LOX-derived LTB4, LTE4, and 5-oxo ETE, the COX/CYP-derived 11-HETE, and the 

LOX/CYP-derived 15(S)-HETE, 5-HETE, and 14,15-EET. The effect of ATGL inhibition was 

not restricted to eicosanoids arising from 20:4. We also observed significantly reduced 

levels of the 20:3-derived PGD1 and 20:5-derived 5(S)-HEPE lipid mediators.  

In addition, we investigated lipid mediator release from thioglycolate-elicited 

neutrophils after ATGL inhibition when exposed to the Ca2+ ionophore A23187 as 

additional stimulus. Neutrophil activation by A23187 was associated with even more 

reduced concentrations of 18:2 and 22:6 in the medium, whereas levels of 20:3, 20:4 and 

20:5 released from thioglycolate- and A23187-stimulated cells were comparable (Fig. 27). 

A23187 treatment resulted in increased release of LOX-derived lipid mediators, in 

particular LTE4 (3-fold), LTB4 (7-fold), and 5-HETE (20-fold) when compared with 

thioglycolate-stimulated wt neutrophils (Fig. 27 and Appendix Table 1). This observation is 

in line with previous reports describing A23187 as a stimulus predominantly targeting the 

5-LOX pathway (123). ATGL inhibition showed a similar reduction in lipid mediator release 

in A23187- and thioglycolate-only stimulated cells.    

Together, these results point out that ATGL is required for the liberation of FAs from 

LD-associated TGs and thereby regulates the substrate availability for lipid mediator 

generation in neutrophils.  
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Figure 27: Reduced lipid mediator release upon pharmacological ATGL inhibition 

Neutrophils were cultured for 6 h in medium in the absence or presence of the ATGL inhibitor Atglistatin 

(Ai). Media were collected from thioglycolate-elicited (Thio) and additionally activated neutrophils (0.5 µM 

A23187, 1 h). PUFA and lipid mediator concentrations were measured by LC-MS/MS analysis and are 

presented as median and range (n=6). n.d., not detectable. *p < 0.05 
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3.2.8   Reduced concentrations of lipid mediators in peritoneal exudates from Atgl-/- 

mice 

To substantiate our in vitro findings and to test the in vivo impact of ATGL deficiency, 

we examined cell-free lavage fluids of one day thioglycolate-elicited peritoneal lavages 

from wt and global Atgl-/- mice with respect to lipid mediator concentrations. PUFAs in 

the lavage fluids of global Atgl-/- mice showed reduced concentrations of 18:2, 18:3, 20:5, 

and 22:6, whereas 20:3 and 20:4 levels were comparable between wt and Atgl-/- lavages 

(Fig. 28A). The lipid mediator profile revealed the presence of metabolites arising from all 

three major enzymatic pathways (Fig. 28B). The amount of the COX-derived TxB2 (the 

stable metabolite of TxA2), 6-keto-PGF1α, 12(S)-HHT, the LOX-derived Tetranor-12(S)-

HETE and 5-HETE and the CYP-derived 8,9-DHET were significantly reduced in peritoneal 

exudates from Atgl-/- compared to wt mice. Among these, TxB2 and 5-HETE are 

mediators typically released from neutrophils under inflammatory conditions. Several 

detectable mediators such as LTB4, PGE2, various hydroxyeicosatetraenoic acids (11-

HETE, 15(S)-HETE, 18-HETE) and dihydroxyeicosatrienoic acids (DHETs), the diol 

metabolites of EETs, showed a trend for reduced levels, which, however, did not reach 

statistical significance.  
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Figure 28: Reduced lipid mediator concentrations in peritoneal lavages from Atgl-/- mice  

Cell-free fluids of peritoneal lavages from wt and Atgl-/- mice one day post thioglycolate injection were 

collected. (A) PUFA and (B) lipid mediator concentrations were measured by LC-MS/MS. Data are shown as 

median and range (n=4-5). *p < 0.05, **p ≤ 0.01 
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3.2.9   Atgl-/- neutrophils accumulate TG-associated 18:1, 18:2, and 20:4  

Concomitant with a reduced lipid mediator release in the absence of ATGL, I observed 

an accumulation of FAs in intracellular TGs of peritoneal cells from Atgl-/- mice. As Fig. 29 

shows, lipid parameters of peritoneal cells isolated from mice one day after thioglycolate 

injection showed a 2.6-fold TG accumulation in Atgl-/- cells. TC, FC, and CE concentrations 

were unaffected (Fig. 29A). Using LC-ESI/MS analysis, we found that the relative FA 

composition of the most abundant TG species (abundance > 3% of total TGs) ranging from 

C50-C56 differed significantly between wt and Atgl-/- cells (Fig. 29B). In neutrophils from 

Atgl-/- mice, TG species with more than 4 double bonds including predominantly 18:1, 

18:2, 20:3, and 20:4 showed an increased relative abundance, whereas TG species with 

up to three double bonds containing mostly 16:0, 18:0, and 18:1 were decreased. 

Absolute concentrations of the most abundant PL species PC were unchanged (inset Fig. 

29C). The relative PC composition was changed to an increase in 36:2 and a reduction in 

34:1 in Atgl-/- neutrophils (Fig. 29C). No alterations were observed in PE concentrations 

between wt and Atgl-/- neutrophils, neither in absolute (inset) nor relative amounts (Fig. 

29D). 
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Figure 29: Atgl-/- neutrophils accumulate TG-associated 18:1, 18:2, and 20:4 

Lipids of peritoneal lavage cells one day post thioglycolate injection were extracted and concentrations of 

TG, TC, FC, and CE were determined by enzymatic assays. Data are shown as means + SEM (n=5). FA 

composition of the most abundant (B) TG, (C) PC, and (D) PE species (abundance > 3%) were determined by 

LC/ESI-MS. Data are presented as means + SEM of absolute (inset) and relative values (n=4-5). *p < 0.05; 

**p ≤ 0.01; ***p ≤ 0.001 

 

 

Summarized, the absence of ATGL in neutrophils resulted in a highly increased 

accumulation of FAs in TGs, whereas PLs remained mostly unaffected by ATGL deficiency. 

Thereby, our data provide strong evidence that ATGL acts as a TG hydrolase and is 

crucially involved in the hydrolysis of TG-rich LDs to provide eicosanoid precursors in 

neutrophils.   

3.2.10   Reduced mRNA expression of eicosanoid-generating enzymes 

Next, I evaluated mRNA expressions for the major enzymes involved in eicosanoid 

generation by quantitative PCR analysis in flow-sorted neutrophils derived from 

thioglycolate-induced lavages (Fig. 30). Compared to wt neutrophils, I observed 

unchanged transcript levels of cPLA2 and COX-1, whereas expression of COX-2, ALOX5 

and ALOX12 were significantly reduced and ALOX15 and CYP2j showed a trend to reduced 

mRNA levels. 
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Figure 30: Reduced mRNA expression of eicosanoid-generating enzymes 

(A) mRNA expression of eicosanoid-generating enzymes were determined by quantitative real-time PCR in 

flow-sorted wt and Atgl-/- neutrophils and are shown as –fold change to wt cells (n=4) (*p < 0.05; **p ≤ 

0.01). (B) Protein levels of COX-2 in isolated neutrophils were analyzed by Western blotting. Fifty μg of total 

protein lysate per lane were separated by 10% SDS-PAGE under reducing conditions. β-ACTIN was used as a 

loading control.  

 

To substantiate the findings from gene expression analysis at the protein level, I 

analyzed the protein expression of COX-2, which is the COX isoform induced under 

inflammatory conditions (124), by Western blotting. The 70 kDa immunoreactive band 

representing COX-2 was clearly present in wt and Atgl-/- neutrophils. However, COX-2 

expression showed considerable variations between different wt mice, which made it 

difficult to compare the expression levels between wt and Atgl-/- cells. Thus, a conclusion 

whether COX-2 enzymes are indeed downregulated in Atgl-/- neutrophils cannot be 

drawn from these results and requires further confirmation. An increase in sample size 

for mRNA expression analysis as well as the determination of additional eicosanoid-

generating enzymes on protein levels might clarify this issue.   
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3.2.11   Increased clearance of bacteria in Atgl-/- mice after E.coli infection  

Eicosanoids play a vital role in the regulation of inflammatory and infectious diseases 

as they are critical determinants for the initiation and resolution of the inflammatory 

response (reviewed in (90)). Based on the findings that ATGL deficiency results in reduced 

eicosanoid generation and release, we tested the hypothesis that this alteration has an 

impact on the modulation of an inflammatory response.  

To this end, an experimental bacterial model was applied to wt and Atgl-/- mice, 

where E.coli were injected intraperitoneally and the clearance of bacteria in the 

peritoneum, blood, and liver was determined. To evaluate the optimal time point for 

sample collection, wt mice were injected with 2.2 x 104 CFU E.coli per mouse and the 

mortality rate after the bacterial challenge was assessed. As shown in Fig. 31A, most mice 

died within 30 to 60 h after the injection. Based on these findings, 18 h was defined as 

appropriate time point to investigate and compare bacterial burden between wt and Atgl-

/- mice. Interestingly, bacterial growth of E.coli was significantly reduced Atgl-/- in 

peritoneal lavage, peripheral blood as well as liver when compared to wt mice (Fig. 31B).  
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Figure 31: Atgl-/- mice show increased bacterial clearance after E.coli infection 

(A) Mortality rate was determined in wt mice after an i.p. injection of 2.2 x 10
4
 CFU E.coli per mouse. (B) 18 

h after intraperitoneal infection of wt and Atgl-/- mice with 2 x 10
4 

CFU E.coli, mice were sacrificed and 

bacterial growth in peritoneal lavage, blood, and liver homogenates was quantified. Data are shown as 

means ± SEM (n=5). *p < 0.05 

 

Together, these results indicate that E.coli, after being inoculated into the 

peritoneum, are more effectively cleared in Atgl-/- mice, which further results in a 

reduced systemic bacterial dissemination to the blood and the liver. In the light of these 

preliminary observations, this would indicate that ATGL deficiency is associated with an 

improved performance in response to bacterial infections. Future research is necessary to 

ascertain the underlying mechanism(s) and key player(s) accounting for this beneficial 

effect on immune surveillance and host defense.  
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3.2.12   Discussion 

The objective of this study was to test the hypothesis that ATGL plays a role in 

leukocyte LD metabolism and immune cell function. Neutrophils from Atgl-/- mice 

showed enhanced immune responses in vitro, which were more prominent in cells from 

global compared with myeloid-specific Atgl-/- mice. Certain pro-inflammatory cytokines, 

including MIPs and MCP-5, were found to be elevated in plasma of mice lacking ATGL. 

MIP-2, the IL-8 homologue in the mouse, is known to mediate pro-inflammatory and 

chemotactic effects, predominantly in neutrophils (125) and MIP-1α was shown to induce 

Ca2+ release in neutrophils (126). In human neutrophils, pro-inflammatory mediators, 

such as IL-8 and TNF, have been reported to prime cellular responses (127). Further 

exposure of primed neutrophils to a second stimulus elicits a faster and higher response 

compared to resting, unprimed cells. Based on this consideration together with our 

observations of elevated plasma cytokines in Atgl-/- mice, I suggest this as a possible 

mechanism to explain the observed pro-inflammatory response in Atgl-/- neutrophils. 

Whether MIPs are putative factors mediating neutrophil priming, however, remains to be 

proven. 

LDs have a dual function within cells by controlling lipid storage, thereby protecting 

cells from lipotoxicity, and by serving as energy fuel upon starvation. In contrast to many 

other cell types, in which ATGL-mediated lipolysis represents an important biochemical 

mechanism to generate FAs as energy substrates, most lymphoid and myeloid cells 

(including neutrophils) derive their energy exclusively from glycolysis (128). In 

accordance, we did not observe alterations in cell viability or any limitations in highly 

energy demanding processes such as migration and phagocytosis in Atgl-/- neutrophils. Of 

note, the absence of ATGL was associated with an elevated Ca2+ mobilization and 

increased chemotaxis of neutrophils towards chemoattractants, indicating a pro-

inflammatory phenotype of these cells. This phenotype was more pronounced in cells 

from global compared with myeloid-specific Atgl-/- mice, indicating that these alterations 

are likely boosted by secondary effects due to systemic ATGL deficiency. A causative 

reason for this might be additional factors provoked by the severe phenotype of global 

ATGL deficiency, including perivascular oxidative stress and endothelial dysfunction (129), 

ER stress, and mitochondrial dysfunction in various tissues (130) with the most dramatic 
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phenotype in cardiac muscle resulting in lethal cardiomyopathy within a few months after 

birth (102).  

According to the current dogma, phospholipases, particularly cPLA2α, are assigned a 

central role in stimulus-dependent 20:4 mobilization from PLs during eicosanoid 

generation. Subcellular eicosanoid-generating compartments include membranes of the 

ER, phagosome, nuclear envelope, and LD but not the plasma membrane (75). In a recent 

study, the TG-rich core of LDs in human mast cells has been identified as an additional 

substrate reservoir for eicosanoid precursors with ATGL being critically involved in the 

release of these FAs (98). Our observations further support and extend this study showing 

that ATGL inhibition leads to an accumulation of TG-rich cytoplasmic LDs in neutrophils, 

monocytes, and macrophages and results in a reduced production of lipid mediators from 

neutrophils. A central question arising from the mast cell study was whether ATGL 

provides substrates for lipid mediator synthesis either by its TG hydrolase activity (131) or 

its putative phospholipase activity (132). Further it remained to be determined whether 

ATGL-mediated 20:4 release provides substrates directly for eicosanoid generation or 

indirectly by replenishing 20:4 in glycerophospholipids for the subsequent release by 

cPLA2α. Our lipidomics data clearly show a pronounced increase of 18:1, 18:2, and 20:4 in 

the TG fraction in the absence of ATGL and no accumulation of linoleyl- or arachidonyl-

containing PC or PE, demonstrating that ATGL acts as a TG hydrolase and directly liberates 

FAs. We conclude that FA mobilization and release is a critical process and Atgl-/- 

neutrophils try to compensate for defective lipolysis by increased FA uptake from 

extracellular sources. 

A key observation of this study is that genetic and pharmacological ATGL inhibition in 

neutrophils, both in vivo and in vitro, leads to a marked accumulation of neutral lipids in 

cytoplasmic LDs and, concomitantly, to a reduced production of some but not all lipid 

mediators. Lipid mediator generation is regulated in a highly time-dependent manner at 

various levels, e.g. through the availability of enzymes and substrates as well as the site of 

mediator generation within different cellular compartments (75). Our results indicate that 

lipid mediators, which remain unaffected by ATGL inhibition, are derived from non-LD 

compartments, whereas mediators with a reduced release upon ATGL inhibition are 

specifically generated from the TG-LD pool in an ATGL-dependent manner.  



76 

Recently, a comprehensive work describing the cellular and molecular events, 

including lipid mediator generation in mice with thioglycolate-induced peritonitis, has 

been published (133). This study revealed that in this model the inflammatory response 

after 24 h is characterized by high levels of 20:4-derived pro-inflammatory eicosanoids, 

such as PGD2, LTB4, PGE2, 5-HETE, and TxB2. This time point correlates with a high 

infiltration of the peritoneal cavity with neutrophils, rendering 24 h as a suitable time 

point to investigate neutrophil-mediated lipid mediator release. In accordance, we 

detected a release of these eicosanoids from lavages collected from one day 

thioglycolate-stimulated mice, which were reduced in Atgl-/- mice.  

Clinical reports from patients with mutations in the ATGL gene describe the 

prevalence of Jordans’ anomaly in all reported cases of NLSD. In these patients, Jordans’ 

anomaly affects various immune cells, predominantly granulocytes (113, 114). In some 

case reports of NLSDM, an increased prevalence of reoccurring infections was observed 

(134). Unfortunately, it is not elusive whether these immune defects can be linked to 

Jordans’ anomaly and whether eicosanoid production by blood leukocytes is altered in 

these patients. Surprisingly, we observed that Atgl-/- mice display an improved resistance 

to bacterial sepsis. Whether this improved host response is mediated by the pro-

inflammatory neutrophils of Atgl-/- mice and whether altered eicosanoid generation is 

associated with this outcome requires more detailed analysis.  

In general, a direct correlation between LD number and eicosanoid release was 

described in human and murine leukocytes (85). Thus, the increased presence of LDs in 

neutrophils from humans and mice with Jordans’ anomaly should result in an increased 

potential of these cells to generate lipid mediators. Due to inhibited lipid mobilization 

from LDs in Atgl-/- conditions, however, the release of lipid mediators is partly inhibited, 

further underlining the important role of ATGL in the regulation of eicosanoid generation. 
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4   Conclusions and Perspectives 

Elevated plasma FA levels in the circulation, due to increased breakdown of fat, can 

lead to the pathogenesis of insulin resistance, type 2 diabetes and the metabolic 

syndrome. ATGL, which is the rate-limiting enzyme in the degradation of lipid stores, 

determines the concentration of circulating FFAs. The observations that mice with genetic 

deletion of ATGL are resistant to diet-induced diabetes and cancer-associated weight loss 

(termed as cancer cachexia) suggest ATGL as a potential target for medical intervention. 

Thus, a specific ATGL inhibitor Atglistatin was developed and is under intensive 

investigations to prevent metabolic diseases, especially type 2 diabetes and cancer-

associated cachexia.  

In comparison to adipocytes and hepatocytes, immune cells contain less TGs stored in 

LDs indicating that the function of lipid stores in these cells is distinct from systemic TG 

metabolism, which mostly relates to storage and supply of energy. In our study, we 

provided profound evidence that TG-hydrolyzing enzymes regulate lipolysis of the lipid 

stores in various immune cells and thereby mediate intracellular pathways of lipid 

signaling and regulate metabolism and function of immune cells.   

In the context of inflammatory cells, most knowledge about the TG hydrolases 

investigated here (MGL, HSL, ATGL, and LAL) is derived from studies in macrophages and 

during the pathogenesis of macrophage foam cell formation and atherosclerosis. MGL, 

based on its role to inactivate the endocannabinoid 2-AG, is expected to influence the 

inflammatory and atherosclerotic phenotype. The consequences of MGL deficiency on 

macrophage functions and atherosclerotic plaque formation are currently under 

investigation. HSL is implicated to play a role as CE hydrolase in macrophages. HSL 

deficiency in mice was reported to accelerate atherosclerotic plaque formation (135). 

However, another study revealed that macrophage-specific overexpression of HSL in mice 

increases atherogenesis via increased ACAT-1-mediated re-esterification of cholesterol 

resulting in CE accumulation in macrophages (49). Intensive investigations from our 

research group have unveiled a considerably altered phenotype of Atgl-/- macrophages. 

Loss of ATGL in macrophages leads to reduced TG hydrolase activity and intracellular LD 

accumulation. Summarized, Atgl-/- macrophages exhibit severely restrained energy 

substrate availabilities, which further result in phagocytosis defects (48), impaired 
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macrophage migration (136), ER stress, apoptosis, and mitochondrial dysfunction (137, 

138). Further, ATGL deficiency in myeloid cells on the atherosclerotic LDLR-/- background 

resulted in an atheroprotective phenotype with reduced macrophage content of the 

plaque (139). In agreement with these observations, an anti-inflammatory M2-like 

phenotype was described for Atgl-/- macrophages. In contrast to macrophages, I 

observed that Atgl-/- neutrophils are associated (as evident by elevated Ca2+ signaling and 

increased chemotaxis) with a pro-inflammatory phenotype. Currently, the exact 

molecular mechanisms accounting for this phenotype are unclear. 

Previous research showed an important role of LAL in immune cells, predominantly 

with regard to immune cell development and function (119). Substantial evidence from 

human and mouse studies revealed a reduced LAL activity as an underlying mechanism of 

macrophage foam cell formation and atherogenesis, and, hence, LAL supplementation for 

the prevention and treatment of atherosclerosis was suggested (140).  

In summary, the determination of lipase expression profiles in distinct immune cells 

(including neutrophils, monocytes, eosinophils, and lymphocytes) presented in this work 

provides a basis for further studies addressing the contribution of lipolytic enzymes in LD 

catabolism of cells of the innate or adaptive immune system other than macrophages.  

 

A key observation of this study is that the release of lipid mediators from neutrophils is 

dependent on liberation of FAs as precursor molecules from the TG-rich pool of LDs by 

ATGL. Considering that eicosanoids are not only generated from LDs but other subcellular 

compartments, the described impact of ATGL deficiency might mainly apply to cells and 

conditions, where a certain content of LDs is present. Notably, eicosanoid-synthesizing 

LDs are not restricted to immune cells such as neutrophils but were also found in many 

other immunomodulatory, endothelial, and epithelial cells under pathological conditions 

as well as neoplastic cells and tissues (reviewed in (76)). Therefore, it is reasonable to 

speculate that ATGL regulates FA availability and, consequently, the release of lipid 

mediators also in these cells. 

Eicosanoids are key signaling molecules during the inflammatory response and 

promote the resolution and termination of inflammation. Moreover, eicosanoids have 

been assigned important functions to control cell activation, migration, proliferation, and 

apoptosis (2). Their dysregulation in any dimension might have pathologic consequences, 
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such as chronic inflammation, failure of pathogen clearance, and both local and distal 

tissue damage (141, 142). The physiological significance of our findings that ATGL 

deficiency is associated with reduced eicosanoid generation remains to be determined. 

Preliminary results indicate that Atgl-/- mice exhibit an improved clinical outcome in 

response to sepsis. Yet, the underlying mechanism(s) for the unexpected phenotype 

remains elusive and requires further clarification. In addition, analysis of immune cells of 

NLSD patients would provide further insight into the consequences of defective ATGL 

activity on immune cell functions.  

 Mechanisms to regulate eicosanoid production are attractive targets for anti-

inflammatory therapy. The inhibition of LD formation, e.g. by aspirin and non-steroidal 

anti-inflammatory drugs (NSAIDs), has been implicated and tested in different model 

systems (reviewed in (76)). Given the protective role of LDs against lipotoxicity, however, 

the safety of this strategy raises questions. Our findings provide a new strategy to 

regulate the release of LD-derived lipid mediators by inhibiting the catabolism rather than 

the generation of LDs. We suggest that the ATGL-specific inhibitor Atglistatin is a 

promising compound for pharmacological intervention in this context.  

The knowledge on the utilization of TG-associated acylglycerides as a source for 

eicosanoid precursors is far from complete. The observations reported here opened the 

perspective of further candidate lipases to be involved in the release of eicosanoid 

precursors by lipolysis, including enzymes such as HSL, MGL, and LAL. The contribution of 

these lipases to the mobilization of AA, EPA, and DHA for lipid mediator generation 

remains to be determined.  

In summary, the present work strengthens the hypothesis that “lipolysis meets 

inflammation” with ATGL and possibly other lipid hydrolases participating in inflammatory 

signaling processes (143). Our findings provide an important basis for future experiments 

exploring the role of ATGL-mediated lipid mediator release in the context of inflammatory 

and neoplastic diseases. Further, we suggest that medical interventions to block ATGL 

should be undertaken with consideration of the potential effects of ATGL inhibition on 

immune cells, which are important regulators in health and disease.    
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PART II: THE ROLE OF TG HYDROLASES IN PLATELET 
FUNCTION 

1   Introduction 

1.1   Platelet physiology 

Platelets are anucleated cell fragments derived from megakaryocytes, which reside in 

the bone marrow. Apart from their well-established, classical role in thrombosis and 

hemostasis platelets have important immunoregulatory functions. Platelet activation with 

consequent degranulation results in the liberation of numerous mediators stored in 

platelet granules. These mediators include pro- and anti-inflammatory as well as pro-

angiogenic factors and microparticles, which can either be displayed on the platelet 

surface or released into the circulation, where they exert distinct biological activities. 

Thereby, platelets can recruit leukocytes and progenitor cells to sites of vascular injury 

and inflammation. Platelets are suggested as critical components of the immune system 

and therefore are implicated in the etiology of various diseases, such as autoimmune 

diseases, diabetes, atherothrombosis, and cardiovascular disease (144, 145). 

Under physiological conditions, platelets circulate freely in the blood without 

interacting with each other or the vascular endothelium. Endothelial injury leads to the 

exposure of subendothelial extracellular matrix proteins and triggers platelet activation 

via a multi-step process (Fig. 32A). Platelet tethering and adhesion to the endothelial wall 

is mediated through multiple interactions between platelet membrane receptors 

(integrins) and various ligands in the damaged endothelium, most notably von Willebrand 

factor (vWF), fibrinogen, and collagen. Platelet adhesion to collagen occurs directly via 

binding of the platelet integrin complex GPIb-V-IX to vWF, which binds to collagen, and 

indirectly via binding of GPVI to collagen. Platelet activation is further amplified by soluble 

agonists such as ADP, thromboxane A2 (TxA2) or thrombin, which mediate their action via 

G-protein coupled receptors. The main platelet activation pathways are depicted in Fig. 

32B. Intracellular signaling events result in the degranulation of α-granules and dense 

bodies. α-granules contain a vast array of proteins, ranging from adhesion molecules and 

coagulation factors to chemokines and cytokines, whereas dense bodies contain 
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predominantly small molecules, such as ADP and serotonin. Altogether these events 

provide a stimulus for the conformational change of the platelet αIIbβ3 integrin 

(GPIIb/IIIa receptor), which, in its activated form, can bind fibrinogen and vWF and 

thereby further triggers platelet aggregation and the formation of a stable thrombus 

(146, 147).  

 

Figure 32: Platelet activation and thrombus formation 

(A) Platelet activation is a sequential procedure. Endothelial damage initiates the recruitment and tethering 

of platelets from the blood. This is followed by platelet adhesion, activation, and secretion of soluble 

mediators, both for autocrine and paracrine activation. Platelet aggregation results in the formation of a 

thrombus. (B) Main platelet activation pathways. Platelet activation is mediated via various soluble agonists 

(ADP, TxA2, and thrombin) or adhesive matrix proteins (vWF, fibrinogen, and collagen). (modified from 

(147)) 

A 

B 

A 

B 
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1.2   Platelet-lipoprotein interaction 

Numerous studies support an active interplay between circulating platelets and 

plasma lipoproteins, which influences the functional properties of platelets (148, 149). 

Dyslipidemic conditions are characterized with altered platelet activity and thrombogenic 

potential. In patients, hypercholesterolemia is associated with increased platelet activity, 

such as hyperaggregability (150, 151), and the administration of lipid-lowering drugs 

reverses this prothrombotic phenotype (149). Patients with Tangier disease, a disorder 

characterized by the virtual absence of high-density lipoproteins (HDL), show defective 

activation in response to platelet agonists (152). The underlying mechanisms how 

lipoproteins influence platelet reactivity are listed in Table 8.  

 

Table 8: Effects of native LDL, oxidized LDL and HDL on platelets 

native LDL 

Binding and activation of platelets 

Increased platelet sensitivity to platelet-activating agents 

Compositional changes in membrane phospholipids 

Lipid exchange and transfer to other cells 

Lipid peroxidation mediated by platelet ROS 

oxLDL 

Binding to platelets via SR-B, CD36, LOX-1 

Induction of platelet hyperreactivity, shape change and aggregation 

Cholesterol efflux from platelets to macrophages 

Induction of foam cell formation in oxLDL-treated platelet co-culture 

Foam cell formation after platelet phagocytosis by macrophages 

HDL 

Desensitization of platelets 

Anti-atherosclerotic effects 

             (adapted from (144)) 

 

Lipoprotein-platelet interactions result in lipid exchange, thereby altering platelet 

dynamics and function (153). Various lipoprotein receptors (e.g. LRP-8, ApoER2) as well as 

scavenger receptors (e.g. CD36, SR-B1, LOX-1) have been described on the surface of 

platelets mediating the binding of lipoprotein particles (reviewed in (154)). Three major 

mechanisms are implicated for the lipid transfer from the plasma compartment to the 

platelets: (i) internalization of lipoprotein particles into the cells (e.g. by endocytosis or 

trapping in the open canalicular system (OCS)), (ii) total (specific and unspecific) binding 
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of lipoproteins to the platelet surface, and (iii) selective uptake of phospholipids (PL) by 

cellular membranes. Holoparticle uptake of LDL into platelets via endocytosis is 

considered as rather unlikely (155). However, the uptake and trapping of plasma 

components within the OCS seem to be possible (153).  

1.3   Lipid signaling in platelets 

Lipids are essential building blocks for biomembranes and represent storage 

molecules for fatty acids (FAs), cholesterol, and retinol. In common with all mammalian 

cells, the major structural lipids are PLs. During activation, bioactive lipids (e.g. 1,2-

diacylglycerol (DG), FAs, eicosanoids, phosphatidylinositides, lysophospholipids) are 

formed. Platelets also contain appreciable amounts of neutral lipids, including 

triacylglycerol (TG) and cholesteryl ester (CE) (156). The sterol composition in platelets 

has been shown to have a direct role in fluidity, organization, and physiologic activities of 

platelet membranes (157). Unesterified (free) FAs (FFAs) act as powerful signaling 

molecules, which regulate numerous cellular processes. Their availability is regulated by 

the action of lipases via the hydrolysis of intracellular lipid stores.  

In addition to cytokines and chemokines, platelets generate lipid-derived 

inflammatory mediators. The adhesion of platelets to leukocytes and the endothelium 

results in transcellular metabolism of eicosanoids, leading to the local synthesis of 

leukotrienes, platelet-activating factor (PAF), and TxA2. PAF is a potent platelet agonist 

and pro-inflammatory mediator, which regulates firm neutrophil adhesion on the surface 

of immobilized spread platelets. 

1.4   Role of phospholipases in platelets 

Agonist-induced platelet activation involves different signaling pathways leading to 

the activation of phospholipases, which produce important second messengers. An initial 

reaction during platelet activation involves the hydrolysis of phosphoinositide (PI) by 

phospholipase C (PLC). PLC transforms phosphatidylinositol-4,5-bisphosphate (PIP2) to 

inositol triphosphate (IP3) and DG, resulting in mobilization of Ca2+ from intracellular 

stores and protein kinase C (PKC) activation, respectively. DG can also be generated via a 

direct pathway through the hydrolysis of phosphatidylethanolamine (PE), 
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phosphatidylserine (PS) or phosphatidylcholine (PC). From these PLs, phospholipase D 

(PLD) releases phosphatidic acid (PA), which is further processed by phosphatidic acid 

phosphatase (PP) to generate DG. Phospholipase A2 (PLA2) mediates its function via a 

direct release of FFAs predominantly from PC but also PE and PS, thereby providing 

arachidonic acid (AA), which is a precursor for the generation of the lipid mediator TxA2 

(Fig. 33).  

 

 

Figure 33: Lipid signaling in platelets  

The signaling pathways are discussed in the text. Phosphatidylethanolamine, PE; phosphatidylserine, PS; 

phosphatidylcholine, PC; phosphatidylinositol, PI; phosphatidylinositol-4-phosphate, PIP; 

phosphatidylinositol 4,5-bisphosphate, PIP2; phospholipase C, PLC; phospholipase A2, PLA2; phospholipase 

D, PLD; phosphatidic acid, PA; phosphatidic acid phosphatase, PP; diacylglycerol, DG; diacylglycerol lipase, 

DAGL; monoacylglycerol, MG;  monoacylglycerol lipase, MGL; fatty acid, FA.  

 

The significance of PL signaling in platelets is supported by studies of platelet function 

in various knock-out (-/-) mouse models. Platelets from PLCβ-/-mice were shown to be 

unresponsive to ADP, TxA2 or thrombin and, hence, failed to normally spread after 

adhesion and to form stable thrombi (158). In studies of PLCγ2-/- platelets, an impaired 

activation has been observed to vWF through its GPIb-V-IX receptor, to collagen, and to 

GPVI- and integrin-specific ligands (159). Studies in PLD-/- mice revealed that the PLD1 

isoform is required for proper integrin activation in response to weak agonist signals. 

Consequently, mice lacking PLD1 were protected against arterial thrombosis and ischemic 
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stroke (160). Interestingly, the single loss of PLD2, the second isoform, has no effect on 

platelet activation, whereas the combined deficiency of both PLD isoforms results in a 

defect in α-granule release and protection from ferric chloride-induced thrombosis (161).  

The cytosolic phospholipase (cPLA)2α is one of the enzymes involved in AA release 

and TxA2 generation during the activation of platelets. In vivo studies using cPLA2α-/- 

mice revealed increased bleeding times and protection from thromboembolism. Platelet 

aggregation in vitro, however, was only fractionally decreased since small amounts of 

TxA2 were produced by redundant phospholipases, which sufficiently preserve 

aggregation. Similarly, Moriyama et al. demonstrated that at early stage of stimulation AA 

is released from PI via the PLC/DAGL/MGL pathway (162).  

1.5   Role of neutral lipid hydrolases in platelets 

Following its release from PLs, DG has an important role as signaling lipid itself by 

activating PKC. In addition, DG can also generate alternative signaling molecules through 

its lipolytic degradation (Fig. 33). DAGL cleaves the sn-1 acyl chain of DG and the resulting 

2-acyl monoacylglycerol (MG) is hydrolyzed at the sn-2 position by monoacylglycerol 

lipase (MGL) producing glycerol and FFA. Since PI contains a high level of AA at the sn-2 

position (132), the predominantly released FA by MGL is AA. Hence, the DAGL/MGL 

pathway is considered to be critically involved in provision of AA from membrane 

phospholipids.  

Studies from guinea pig platelets revealed an important role for DAGL in platelet 

function since its pharmacological inhibition resulted in a reduced release of AA and its 

metabolites from thrombin-stimulated platelets, which ultimately resulted in inhibited 

platelet aggregation (163). Using Dagl-/- mice, it was further shown that DAGL-mediated 

lipolysis regulates the availability of the bioactive signaling lipid 2-arachidonoyl glycerol 

(2-AG) in the brain. 2-AG acts as an endogenous ligand for cannabinoid receptors (CBR) 

and is critical for the regulation of retrograde synaptic plasticity and adult neurogenesis 

(164). A recent study addressed the role of endocannabinoids during platelet activation 

(165). Therein, 2-AG was shown to promote platelet aggregation in blood as well as shape 

change, aggregation and ATP secretion in platelet-rich plasma (PRP). Platelet activation 

was inhibited by the selective MGL inhibitor JZL184, indicating that the platelet-

stimulating phenotype was mediated by the MGL-triggered release of AA and its oxidative 



86 

metabolite TxA2 and not through an involvement of the CBR signaling pathway. Platelet 

function in mice with MGL deficiency has so far not been characterized. Whether the 

underlying mechanism in Mgl-/- platelets is the same as described for the 

pharmacological inhibition resulting in reduced AA concentrations and concomitantly 

reduced release of pro-thrombotic lipid mediators from platelets has not been 

investigated. Although, MGL was discovered in 1964 (166), Mgl-/- mice have been 

generated only recently. MGL deficiency in mice impairs lipolysis and attenuates diet-

induced insulin resistance (106). Defective degradation of 2-AG, however, does not 

provoke cannabinomimetic effects on feeding behavior, lipogenesis, and energy 

expenditure, which may be explained by desensitization of the CBR1 (106, 167, 168). 

DG and MG can also be derived from extracellular sources via the breakdown of 

lipoproteins by lipoprotein lipase or from lipolysis of intracellular triglyceride (TG)-rich 

lipid stores. Lipolysis is the sequential breakdown of TGs stored in cytosolic lipid droplets 

(LDs). The first and rate-limiting step is mediated by adipose triglyceride lipase (ATGL) 

generating DG and FA. Hormone-sensitive lipase (HSL) degrades DG to release the second 

FA and monoacylglycerol (MG). Finally, MG is hydrolyzed by MGL to release another FA 

and glycerol (Fig. 2).  

The importance of lipolysis in various tissues and cell types became evident since 

ATGL results in a severe phenotype both in humans and mice with the most dramatic 

phenotype in the heart resulting in cardiac myopathy (reviewed in (37)). Studies from our 

group revealed that loss of ATGL in macrophages leads to TG-rich LD accumulation and 

phagocytosis defects (48), impaired macrophage migration (136), ER stress and apoptosis 

leading to mitochondrial dysfunction (137, 138). ATGL deficiency in myeloid cells on the 

atherosclerotic low-density lipoprotein receptor (LDLR)-/- background resulted in reduced 

plaque formation compared with LDLR-/- mice after Western-type diet feeding (139).  

ATGL specifically generates sn-1,3 and (in the presence of its co-activator CGI-58) sn-

1,3 and sn-2,3 DG (67). In addition to its TG hydrolase activity, ATGL is reported to exhibit 

DG acyltransferase (generating TG and MG from two DG molecules) and phospholipase 

activities (132). To date, the role of ATGL in platelet function is not known.  
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1.6   Aims 

In platelets, the presence of LDs and the role of their lipolytic machinery to degrade 

TG have not been investigated yet. According to genome-wide RNA-sequencing data from 

human and mouse platelets, ATGL and MGL are expressed in platelets (169). However, 

the role of lipolytic enzymes, such as ATGL, HSL, and MGL, in platelet function has never 

been addressed. Notably, studies from our group revealed that ATGL deficiency in LDLR-/- 

mice results in reduced plaque formation when compared with LDLR-/- mice after 

Western-type diet feeding (139). This atheroprotective phenotype was associated with 

decreased infiltration of less inflammatory macrophages into the arterial wall and 

increased macrophage apoptosis. The contribution of platelets in this context was not 

investigated.  

In the present work, I investigated a potential function of TG-hydrolyzing enzymes in 

platelets. Utilizing lipase-deficient mice, I aimed (i) to characterize the morphology and 

lipid profile of platelets from mice genetically lacking ATGL and (ii) to investigate the 

effect of systemic ATGL, HSL, and MGL deficiency on platelet function and thrombosis.  

 



88 

2   Materials and Methods 

2.1   Buffers, solutions, and equipment 

Tyrode buffer pH 7.0 

134 mM NaCl 

0.34 mM Na2HPO4 

2.9 mM KCl 

12 mM NaHCO3 

20 mM Hepes 

5 mM Glucose 

0.35% BSA 

10x PBS pH 7.4 

1.4 M NaCl 

25 mM KCl 

81 mM Na2HPO4  

15 mM KH2PO4 

 

 

 

 

 

 

Equipment Company 

Centrifuge 5471R Eppendorf 

Power supply Power Pac 300 Bio-Rad 

Ultra Turrax IKA works 

Sonicator B.Braun 

Nano Drop Spectrophotometer Peqlab 

Thermal cycler C1000 Biorad 

Anthos 2000 Anthos 

Guava Easy Cyte 8 Merck Millipore  

FACSCalibur BD Biosciences 

Reagent Company 

3,3′-dihexyloxacarbocyanine iodide Sigma 

Iloprost Cayman 

Agonists  

Collagen-type I Chrono-Log 

CRP-XL (cross-linked) Provided by Richard Farndale 

PMA Sigma 

PAR-4 agonist Dynabyte 

ADP Chronopar, Sigma 

Thrombin Chronopar 

TxA2 analog U46619 Chronopar 

Antibodies  

CD41-APC eBioscience 

CD41-PE eBioscience 

CD62P-FITC (P-selectin) BD Biosciences 

CD41/61-PE (JON/A) Emfret 

GPVI-FITC Emfret 
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2.2   Platelet count 

Blood samples were collected via retrobulbar plexus puncture using EDTA-coated 

capillary tubes and platelet counts were performed using an automated cell counter MS9-

5V (Melet Schloesing, Cergy-Pontoise, France). 

2.3   Platelet preparation 

Platelets were isolated from mice and purified as described (169). In brief, whole blood 

was collected from retrobulbar plexus and anticoagulated with 3.8% sodium citrate. The 

blood was centrifuged for 20 min at 400 x g to obtain platelet-rich plasma (PRP). For 

washed platelets, the PRP was centrifuged (10 min, 500 x g) and platelet pellets were 

resuspended twice in Tyrode buffer. For platelets isolation, washed platelets were 

incubated in the presence of anti-Ter-119 and anti-CD45 beads (Miltenyi Biotec, Bergisch 

Gladbach, Germany) to remove residual red blood cells and leukocytes, respectively. After 

this depletion step, purified platelets were used for RNA extraction and Western blot 

analysis.  

2.4   RNA isolation and cDNA synthesis 

Total RNA from isolated platelets was extracted as described in Part I 2.6. Five hundred ng 

of total RNA were reverse transcribed using the High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, Carlsbad, CA).  

2.5   Reverse transcriptase-PCR  

For PCR, specific oligonucleotide primers were designed and are listed in Table 9. PCR 

products were analyzed by agarose gel electrophoresis.  

 

Table 9: Primer sequences for RT-PCR 

Gene  Forward primer (5’-3’) Reverse Primer (5’-3’) 
CD41 TTCTTGGGTCCTAGTGCTGTT CGCTTCCATGTTTGTCCTTATGA 
CD45 ATATCGCGGTGTAAAACTCGTC TAGGCTTAGGCGTTTCTGGAA 
CD235a GGTAACCCAAATCAGCATTCAGC GGTGACGGCATTCCTCCAA 
Atgl GCCACTCACATCTACGGAGC GACAGCCACGGATGGTGTTC 
Hsl GCTGGTGACACTCGCAGAAG TGGCTGGTGTCTCTGTGTCC 
Mgl CGGACTTCCAAGTTTTTGTCAGA GCAGCCACTAGGATGGAGATG 
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2.6   Western blot analysis 

Western blot analysis was performed as described in Part I 2.10. White adipose tissue 

(WAT) protein lysates from wt and lipase-deficient mice were used as controls and were 

prepared as follows: Gonadal WAT was surgically removed and washed in ice-cold PBS 

containing 1 mM EDTA. Homogenization was performed on ice in lysis buffer A (0.25 M 

sucrose, 1 mM EDTA, 1 mM DTT, pH 7.0) using an ultra turrax. The infranatants were 

obtained after centrifugation at 20000 x g at 4°C for 60 min.  

2.7   Electron microscopy 

Electron microscopy was performed by Dr. Dagmar Kolb. 

Transmission electron microscopy 

Transmission electron microscopy of washed platelets was performed as described in Part 

I 2.9. 

Scanning electron microscopy 

Fifty µl of a washed platelet suspension were placed on alcian blue-coated cover slips and 

immediately fixed with 2.5% glutaraldehyde (w/vol) and 2% methanol-free formalin in 0.1 

M cacodylate buffer for 15 min. Samples were rinsed in 0.1 M cacodylate buffer, then 

post-fixed for 15 min in 2% osmium tetroxide (w/vol), and rinsed again in cacodylate 

buffer. Samples were dehydrated in graded series of ethanol. Cover slips in super-dry 

ethanol were critical-point dried, mounted on aluminum pin and sputter-coated. Images 

were taken by a Zeiss scanning electron microscopy (DSM 950) (Carld Zeiss, Oberkochen, 

Germany) using a Digital image scanning system (Point Electronic, Halle, Germany).  

2.8   Thin layer chromatography (TLC) 

Lipids were extracted from isolated, purified platelets according to the method of Bligh 

and Dyer (170). Solvents were evaporated under a stream of nitrogen, and the lipids were 

dissolved in chloroform/methanol (2/1; vol/vol). Various lipid classes were separated by 

TLC on HPTLC Silica gel 60 (Merck, Darmstadt, Germany). Hexane/diethylether/acetic 

acid/H2O (26/6/0.4/0.1; vol/vol) and chloroform/methanol/acetic acid/H2O (10/3/1.6/0.7; 

vol/vol) were used as mobile phase for neutral lipids and PLs, respectively. The separated 
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lipids were visualized by exposing the Silica gels to 3% CuSO4 and 8% H2PO4 and 

subsequent heating at 160°C. Appropriate lipid standards were purchased from Sigma. 

2.9   In vitro thrombogenesis 

Vena8Fluoro+ Biochips (Cellix, Dublin, Ireland) were coated with collagen (200 µg/ml) at 

4°C overnight and thereafter blocked with BSA (10 µg/ml) for 30 min at RT followed by 

washing steps. Whole blood collected in 3.8% sodium citrate was incubated with 3, 3-

dihexyloxacarbocyanine iodide (1 µM) in the dark for 10 min. To record inhibition of 

thrombus formation, whole blood was treated with Iloprost (10 µM) for 5 min before 

starting the perfusion. CaCl2 at a final concentration of 1 mM was added 2 min before 

perfusion over the collagen-coated chip. Perfusion was carried out at a shear rate of 30 

dynes/cm2. Thrombus formation was recorded every 10 sec for 3 min by a Zeiss Axiovert 

40 CFL microscope using a Hamamatsu ORCA-03G digital camera (Hamamatsu, 

Bridgewater, NJ) and Cellix VenaFlux software. Computerized image analysis was 

performed by DucoCell analysis software (Cellix) and the area covered by the thrombus 

was calculated. Data are expressed as percent of area covered in a control sample. 

2.10   Flow cytometric analysis of P-selectin and αIIbβ3 expression 

Fifty µl of blood were collected and diluted 1:20 in Tyrode buffer. Samples were 

stimulated with agonists at the indicated concentrations in the presence of a FITC-

conjugated anti-mouse P-selectin antibody (BD Biosciences) or JON/A-PE antibody 

directed against the activated form of mouse integrin αIIbβ3 (Emfret Analytics, Würzburg, 

Germany). Stimulation was carried out at 37°C for 15 min. Samples were washed, fixed 

and analyzed by flow cytometry using a FACSCalibur (BD Biosciences).  

2.11   GPVI staining 

Diluted whole blood was incubated with FITC-labeled anti-GPVI (JAQ1, Emfret Analytics) 

at saturating concentrations in the absence and presence of collagen-related peptide 

(CRP; 1 µg, 10 µg) for 15 min at RT. Cells were fixed and analyzed directly by flow 

cytometry. CD41-APC (eBioscience) was used as a platelet-specific marker.  



92 

2.12   Fibrinogen ELISA 

Blood samples were collected via retrobulbar plexus puncture and anticoagulated with 

3.8% sodium citrate. Fibrinogen concentrations in plasma were assessed using 

commercial enzyme-linked immunosorbent assay (AssayPro, Winfield, MO).  

2.13   Statistical analysis 

Statistical analyses were performed using GraphPad Prism 5.0 software. The significance 

was determined by Student’s unpaired t-test or ANOVA, followed by Bonferroni 

correction. Data are presented as mean values ± SEM. The following levels of statistical 

significance were used: *p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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3   Results and Discussion 

3.1   TG hydrolases are expressed in mouse platelets 

The expression of lipases in purified platelets was analyzed by reverse transcriptase-PCR 

and Western blotting experiments. I detected mRNA expression of Mgl and Atgl and very 

low expression of Hsl (Fig. 34A, lane 1). Whole blood RNA from wt mice (lane 2), Atgl-/- 

mice (lane 3), and H20 (nCtrl, lane 4) were used as controls. Further, platelets (pooled 

from 6 wt mice) were purified and protein lysates were separated by SDS-Page (Fig. 34B, 

lane 1). WAT protein lysates from wt (lane 2) and lipase-deficient mice (lanes 3-5) were 

used as controls. Western blot analysis confirmed the presence of MGL and ATGL and an 

absent expression of HSL in mouse platelets. To investigate the purity of our platelet 

preparations, platelet RNA was analyzed by reverse transcriptase-PCR using primers 

specific for platelets (CD41), erythrocytes (CD235a), and leukocytes (CD45) (Fig. 34C, lane 

1). As positive control RNA from whole blood was used (lane 2). According to mRNA 

queries from a plateletomics database MGL and ATGL belong to the top percentage of 

expressed genes also in humans, whereas HSL is much lower expressed (Fig. 34D). These 

findings indicate similar expressions of lipases in platelets from mice and humans.   

 

 

 

 

 

 

 

A B 
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Figure 34: Lipases are expressed in mouse and human platelets  

The expression of lipases was determined by (A) reverse transcriptase-PCR and (B) Western blot analysis. 

(C) To confirm the purity of platelets, platelet RNA was analyzed using primers specific for platelets, 

erythrocytes and leukocytes. (D) Data from the human plateletomics database 

http://www.plateletomics.org/plateletomics/ reveal expression of human MGL, ATGL, and HSL. 

 

 

3.2   Unaltered morphology and spreading of Atgl-/- platelets 

Platelets from wt and Atgl-/- mice were visualized using standard transmission electron 

microscopy (Fig. 35A), which revealed no significant morphological alterations. The two 

major organelles within platelets, α-granules (black arrows) and dense bodies (white 

arrows), as well as mitochondria and the open canalicular system are indicated. In 

contrast to macrophages lacking Atgl-/-, platelets from Atgl-/- mice look normal and show 

no indications of mitochondrial dysfunction or LD accumulation. In addition, the ability of 

platelets for adhesion and spreading was tested and visualized via scanning electron 

microscopy (Fig. 35B). We observed a similar spreading behavior between wt and Atgl-/- 

platelets.  

 

 

 

 

mRNA abundance in human 
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http://www.plateletomics.org/plateletomics/
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Figure 35: Unaltered morphology and spreading of Atgl-/- platelets 

Platelets from wt and Atgl-/- mice were visualized by (A) standard transmission electron microscopy. (B) 

Spreading of platelets was visualized by scanning electron microscopy.  

 

 

B 

A 
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3.3   No evident lipid accumulation in Atgl-/- platelets 

Neutral lipid and PL composition of purified platelets from wt and Atgl-/- mice were 

analyzed using TLC. Among neutral lipids, free cholesterol (FC) constitutes the most 

prominent class of lipids followed by FFA (Fig. 36A). Other detectable lipid species were 

TG, CE and a species close to the sample application that most likely resembles MG. PC 

and sphingomyelin could be determined as most abundant polar lipids in platelets (Fig. 

36B). Impurities in the lipid extracts did not allow do make a statement on the content of 

PE and PS. A defined band close to the sample application most likely represents 

lysophosphatidylcholine (LysoPC). A marker for this species was not included in the 

standard lane.  

 

 

   

 

Figure 36: Lipid composition of platelets  

Platelets (pooled from 6 mice) were isolated, lipids were extracted and separated by TLC. (A) Lipids were 

separated by hexane/diethylether/acetic acid/H2O (26/6/0.4/0.1; v/v/v/v): CE, cholesterol ester; TG, 

triglyceride; FFA, free fatty acid; FC, free cholesterol. (B) Phospholipids were separated by 

chloroform/methanol/acetic acid/H2O (10/3/1.6/0.7; v/v/v/v) PE, phosphatidylethanolamine; PI, 

phosphatidylinositol; SM, sphingomyelin; PC, phosphatidylcholine; STD, standard 

 

3.4   Reduced activation and shape change of Atgl-/- platelets in response to collagen 

Blood from wt and Atgl-/- mice was incubated with the indicated agonists and platelet 

activation was measured by analysis of P-selectin expression (Fig. 37A) and integrin 

B A 
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αIIbβ3 activation (Fig. 37B), which are the two most commonly used markers for platelet 

activation. Blood from Atgl-/- mice showed reduced platelet activation in response to 

CRP, a synthetic peptide that mimics the structure of collagen and acts as a strong 

platelet agonist, but not to any other agonists tested including phorbol myristate acetate 

(PMA), protease-activated receptor 4 (PAR-4) agonist, ADP, thrombin and the TxA2 analog 

U46619. These results suggest that the reduced platelet activation is mediated selectively 

via the collagen receptor pathway.      
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Figure 37: Reduced agonist-induced activation in response to CRP  

Blood from wt and Atgl-/- mice was activated with various agonists in the presence of (A) FITC-conjugated 

anti-mouse P-selectin antibody or (B) JON/A-PE antibody directed against the activated form of mouse 

integrin αIIbβ3. Data are shown as geometric means of fluorescence intensity + SEM (n=4). (phorbol 

myristate acetate (PMA): 100 nmol/l; collagen-related peptide (CRP): 1 µg/ml; PAR-4: 600 µmol/l; ADP: 10 

µmol/l; thrombin: 1U/ml; U46619: 3 µmol/l). *p < 0.05 

 

Most platelet agonists can trigger shape change. During this process the discoid cells 

undergo cytoskeletal changes including the disassembly of a microtubule ring that results 

in an intermediate spherical shape. This is followed by actin polymerization and the 

formation of filopodia (171). These agonist-induced changes in platelet morphology can 

A 

B 



98 

be assessed by flow cytometry as changes in the forward scatter/side scatter properties 

of the cell (Fig. 38). 

 

 

 

Figure 38: Reduced platelet shape change of Atgl-/- platelets in response to CRP 

Platelet shape change was determined under resting and stimulated conditions by changes in the forward 

scatter (FSC)/side scatter (SSC) properties of (A) wt and (B) Atgl-/- cells. The figure depicts plots from one 

representative experiment, in which platelet shape change was induced with various agonists. (phorbol 

myristate acetate (PMA): 100 nmol/l; collagen-related peptide (CRP): 1 µg/ml; thrombin: 1U/ml; PAR-4: 600 

µmol/l; ADP: 10 µmol/l; U46619: 3 µmol/l). 

  

A: Wt  
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PMA, CRP, PAR-4 agonist, ADP, and U46619 induced a strong change in platelet forward-

scatter/side-scatter, while the response to thrombin was rather weak (Fig. 38). Similar to 

earlier observations, Atgl-/- platelets showed an inhibited shape change after CRP 

activation (Fig. 38B), whereas the response to all other agonists tested, including PMA, 

thrombin, PAR-4 agonist, ADP, and U46619 was comparable to wt platelets (Fig. 38A).  

3.5   Reduced in vitro thrombus formation in Atgl-/- mice  

To study platelet reactivity, whole blood was perfused over collagen-coated channels and 

thrombus formation was recorded by fluorescence microscopy. A schematic picture of 

this method is shown in Fig. 39A. Fig. 39B depicts fluorescence images from wt (upper 

panel) and Atgl-/- blood (lower panel) after 1-3 min of perfusion with a markedly reduced 

thrombus formation in Atgl-/- mice. Thrombus-covered area was calculated by 

computerized image analysis and revealed a statistically significant difference in surface 

coverage in Atgl-/- blood between 2 to 3 min of perfusion (Fig. 39C). Iloprost, a structural 

analogue of PGI2, was used as a control as it is known to inhibit thrombus formation. 
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Figure 39: Reduced in vitro thrombus formation in Atgl-/- mice 

(A) Platelet reactivity was tested by in vitro thrombus formation assay, in which platelets in whole blood 

were stained and perfused over collagen-coated channels. (B) Thrombus formation after 1-3 min of 

perfusion was recorded by fluorescence microscopy. (C) Thrombus-covered area was calculated by 

computerized image analysis. Iloprost, which causes an inhibition of thrombus formation in wt blood, was 

used as control. Data are shown in arbitrary units (AU) (mean ± SEM) (n=10 per group). **p ≤ 0.01 

 

3.6   Unchanged platelet counts between wt and Atgl-/- mice 

To exclude the possibility that the observed reduction in thrombus formation is caused by 

a reduced number of platelets, I determined platelet counts. This measurement revealed 

unaltered platelet counts between wt and Atgl-/- mice in both male and female mice (Fig. 

40).  
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Figure 40: Unchanged platelet numbers in wt and Atgl-/- mice  

Platelet counts from whole blood were performed using an automated cell counter. Data represent mean 

values ± SEM (n=6-9). 
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3.7   No difference in collagen receptor expression 

Based on the observation of reduced platelet activation in response to collagen and CRP, I 

determined the expression level of the collagen receptor of wt platelets compared to 

Atgl-/- platelets, both in resting and CRP-stimulated cells (Fig. 41). The surface expression 

of GPVI, the collagen receptor in platelets, was comparable between both genotypes 

under the tested conditions. As reported earlier, various agonists induce shedding of the 

platelet collagen receptor (172). This receptor shedding was observed in wt and Atgl-/- 

platelets in response to CRP (1 µg, 10 µg) and was similar between wt and Atgl-/- platelets 

(Fig. 41). 
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Figure 41: Unchanged GPVI expression in wt compared to Atgl-/- platelets 

Whole blood (resting and CRP-stimulated) was stained with a FITC-conjugated anti-GPVI antibody and 

platelets were analyzed by flow cytometry. Data are shown as geometric mean of fluorescence intensity + 

SEM (n=5).   

 

3.8   Unaltered plasma fibrinogen levels 

Fibrinogen plays a pivotal role in the hemostatic balance by binding to platelets to 

support platelet aggregation and, hence, has a role in wound healing.  Fibrinogen is 

synthesized by hepatocytes before it is secreted into the plasma. Since ATGL deficiency is 

associated with severe hepatosteatosis (102, 173), I investigated the capacity of the liver 

to produce fibrinogen. Plasma fibrinogen levels of fed and fasted wt and Atgl-/- mice 

were comparable. Therefore, alterations in fibrinogen levels can be excluded as possible 

cause for reduced in vitro thrombosis of Atgl-/- mice.  
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3.9   In vitro thrombus formation in Hsl-/- and Mgl-/- mice  

Thrombus formation under arterial flow conditions was also measured in whole blood 

from Hsl-/- and Mgl-/- mice. In comparison with blood from wt mice, blood from Mgl-/- 

mice showed significantly reduced thrombus formation as evident by reduced thrombus-

covered area (Fig. 43). Blood from Hsl-/- mice revealed a comparable ability to form 

thrombi when perfused over collagen-coated surface. Interestingly, the thrombus 

formation in blood from Hsl-/- mice reached a steady state after 2 min of perfusion, while 

in blood from wt mice thrombus formation was still ongoing.  
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Figure 43: Thrombus formation is unchanged in Hsl-/- and reduced in Mgl-/- mice 

Platelet reactivity was tested by in vitro thrombus formation assay, in which platelets in whole blood were 

stained, perfused over collagen-coated channels and thrombus formation was recorded after 1-3 min of 

perfusion by fluorescence microscopy. Iloprost was used as an inhibitor of thrombus formation in wt blood. 

Thrombus-covered area was calculated by computerized image analysis and is shown in arbitrary units (AU) 

(mean ± SEM) (n=4-10). *p < 0.05; **p ≤ 0.01; ***p ≤ 0.001 

Figure 42: Unaltered plasma fibrinogen levels 

Fibrinogen concentrations (mg/ml) in plasma in fed and 6 h 

fasted mice were determined by ELISA. Data represent mean 

values (n=6) + SEM. 
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3.10   Discussion 

In most cell types, lipolysis represents an important biochemical mechanism to 

generate FFAs, which are further used as energy substrates, precursors for lipid and 

membrane synthesis, and ligands for various signaling processes. Platelets derive their 

energy mostly from glycolysis. However, they contain mitochondria, are capable of de 

novo FA and phospholipid synthesis (174, 175) but the importance of FA β-oxidation for 

energy production is unclear (176).  

Based on our observations, murine platelets express ATGL and MGL but lack HSL. 

According to genome-wide RNA-sequencing data from humans, MGL and ATGL are 

expressed in platelets (169). Unlike typical lipid-storing cells (e.g. adipocytes or 

macrophages), lipids in platelets are primarily membrane components. The plasma 

membrane of platelets is composed of a bilayer of PLs, which represent 75% of total 

platelet lipids. Neutral lipids constitute approximately 25% of total platelet lipids, with FC 

as predominant species (177). Lipid analysis by TLC revealed the presence of TGs in 

murine platelets. However, electron microscopy did not show evidence for the presence 

of LDs, neither in wt nor in Atgl-/- platelets. The present TGs in platelets could be derived 

from TG-rich plasma lipoproteins, such as VLDL and LDL that are trapped in the OCS. The 

fact that ATGL requires LD association to act as a TG hydrolase together with the absence 

of (TG-rich) LDs in platelets indicate an alternative function for ATGL in this type of cell. As 

reported earlier, ATGL has been assigned a functional role as phospholipase or 

transacylase (132). Rearrangement of FAs in PLs is an important process during platelet 

activation and several acyltransferases for the acylation of lysophospholipids have been 

detected in platelets (178, 179). The physiological relevance of these alternative enzyme 

functions for ATGL in platelets as well as other cells remains to be determined.  

The lipid composition of membranes defines membrane-mediated platelet activities 

such as membrane fluidity, eicosanoid generation, and signaling pathways and can be 

influenced by various factors. A beneficial effect of statins as inhibitors of platelet 

aggregation is well described (148, 149). One of the suggested mechanisms is that statins 

influence platelet activity by lowering cholesterol content in the platelet plasma 

membrane (180). Similarly, changes in plasma lipoproteins have an important effect on 

platelet function. Whole body ATGL deficiency is accompanied by systemic changes of 
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lipid metabolism resulting in altered lipoprotein profiles:  Plasma cholesterol, FFA as well 

as TG concentrations are markedly reduced and plasma lipid profiles show reduced VLDL, 

LDL, and HDL fractions (102). Hence, one causative explanation for the observed 

alterations in platelet function might be the dyslipidemia caused by a systemic lack of 

ATGL. To address this question, a more sensitive approach, such as mass spectrometry, is 

necessary to determine alterations in the lipid composition of Atgl-/- platelets. In 

addition, further analysis including platelet-specific Atgl-/- and Mgl-/- mice would help to 

clarify whether platelet-specific or systemic ATGL and MGL deficiency are causative for 

the observed alterations in platelet activity.  

Our studies reveal decreased platelet activation associated with reduced granule 

release, integrin signaling, and thrombus formation in the absence of ATGL. Platelet 

number was not changed between wt and Atgl-/- animals, excluding the possibility that 

an altered abundance of platelets is the reason for this reduced thrombotic phenotype. 

Interestingly, the observed alterations in the activation in Atgl-/- platelets selectively 

affected one pathway. While stimulation with agonists such as ADP, thrombin, and TxA2 

resulted in comparable platelet activation, collagen or CRP were not able to stimulate 

Atgl-/- platelets to the same extent as wt platelets. This finding indicates that the 

observed phenotype is specifically limited to the collagen GPVI receptor signaling 

pathway. However, surface expression levels of GPVI were comparable between wt and 

Atgl-/- platelets, suggesting a modulation of the intracellular signaling pathway 

downstream of GPVI.  

A similar reduction in thrombus formation was also observed in Mgl-/- mice. These 

findings are in agreement with previously reported inhibitor studies showing a reduced 

activity of platelets lacking functional MGL (165). As underlying mechanism, a decreased 

cleavage of 2-AG resulting in reduced AA levels and a concomitant reduced generation 

and release of the pro-thrombotic lipid mediator TxA2 was reported. These observations, 

together with the findings derived from Atgl-/- neutrophil studies (Part I), implicate ATGL 

and MGL as key enzymes to regulate eicosanoid signaling. Whether a reduced generation 

of pro-thrombotic eicosanoids, either from platelets or other cells, is causative for the 

diminished thrombogenesis observed in the absence of these enzymes requires further 

evaluation. 
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In summary, my results indicate that the lipases ATGL and MGL are expressed in 

platelets. Additional research is necessary to fully ascertain the underlying mechanism(s) 

and whether the altered thrombogenic phenotype is caused by the platelet-specific or the 

systemic lack of these enzymes. 
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APPENDIX
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Fig. S1: Gating strategy of peripheral blood cells 
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Fig. S2: Gating strategy of peritoneal lavage 
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Fig. S3: Gating strategy of bone marrow  
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Fig. S4: Gating strategy of bone marrow  
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Fig. S5: Gating strategy of bone marrow  
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