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Abstract 

 

In times of plenty, when food intake provides more energy than is needed 

immediately, animals temporarily store the excess energy as triacylglycerol (TG) 

predominantly in adipose tissue. On energy demand, the adipose tissue TG stores are 

mobilized in a process called lipolysis and the generated fatty acids (FAs) are supplied 

to various tissues including the heart and liver.  

Adipose triglyceride lipase (ATGL) is the rate-limiting enzyme responsible for the 

hydrolysis of TG deposited in both, adipose and non-adipose tissue. Comparative gene 

identification 58 (CGI-58) is a co-activator protein of ATGL and increases ATGL activity 

up to 20-fold, which is necessary for full TG hydrolase activity in vivo and in vitro. 

Both, CGI-58 and ATGL are crucial for lipolysis while loss-of-function mutations in CGI-

58 and/or ATGL in mammals are associated with excessive and ectopic lipid 

accumulation, which is causative for many illnesses such as hepatic steatosis, cardiac 

insufficiency and lethal cardiomyopathy.  

For the characterization of the tissue-specific role of CGI-58 in lipid catabolism, Dr. 

Kathrin Zierler at the Institute of Molecular Biosciences generated and characterized 

mice lacking CGI-58 in muscle and liver. Dr. Zierler could show that muscle specific 

CGI-58 knock-out (mCGI-58KO) mice exhibit markedly elevated ATGL protein levels in 

heart and skeletal muscle, possibly to counterbalance for the loss of TG hydrolase 

activity caused by CGI-58 deficiency. Even more remarkably, ATGL mRNA levels are 

decreased in CGI-58 deficient cardiac muscle, suggesting a mechanism which 

promotes stabilization of ATGL protein rather than an increase in ATGL protein 

expression. Furthermore, ATGL accumulation can be induced in vitro (mRNA 

independently) by AMPK activation via 5-aminoimidazole-4-carboxamide 

ribonucleotid (AICAR) or treatment with the proteasome-specific inhibitor MG132. 

Taken together, these findings suggest a post-translational regulation of ATGL stability, 

but despite its crucial role in lipid metabolism and whole body energy homeostasis, 

up to now only little is known about post-translational regulation of ATGL in vivo. 
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Curiously, ATGL accumulation is most pronounced in oxidative tissues like heart and 

muscle, which might argue for an oxidative tissue specific regulation of lipolysis, at 

least in the pathological mCGI-58KO system.  

In summary, the present study addresses the post-translational regulation of ATGL 

protein stability and also the critical role of ATGL in maintaining energy homeostasis in 

oxidative tissue. 
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1) Introduction 

 

1.1 Obesity, diabetes and metabolic syndrome as new age 

diseases 

 

The world health organisation (WHO) describes obesity as one of the most blatantly 

visible, yet most neglected, public-health problem that threatens to overwhelm both 

more and less developed countries [1]. The problems of overweight and obesity have 

achieved global recognition only during the past 10 years, in contrast to underweight, 

malnutrition, and infectious diseases, which have always dominated thinking.  

The WHO now accepts a body-mass index (BMI) of 25.0 kg/m
2
 or higher as abnormal; 

the overweight category is classified as obese when the BMI is 30.0 kg/m² or more 

[2]. The risks of diabetes, hypertension, and dyslipidaemia increase from a BMI of 

about 21.0 kg/m
2 

[3]. Excess bodyweight is now the sixth most important risk factor 

contributing to the overall burden of disease worldwide [4] with 1.1 billion adults and 

10% of children who are now classified as overweight or obese. 

The major causes of death associated with obesity are coronary artery disease (mainly 

heart disease, and stroke), Type 2 diabetes, hepatic steatosis, musculoskeletal 

disorders (especially osteoarthritis), some cancers (-endometrial, -breast, and 

coloncancer), hypertension, sleeping problems, and polycystic ovarian syndrome [5]. 

Many of the co-morbidities of obesity are also reflected in the so-called metabolic 

syndrome, originally defined arbitrarily by WHO on the basis of insulin resistance with 

other features of obesity or pragmatically on the basis of three of five features: 

hypertension, large waist circumference, abnormal concentrations of triglycerides, 

HDL cholesterol and fasting glucose [6, 7]. 

Obesity is rapidly increasing all over the world. The WHO predicts that in 2015 

approximately 2.3 billion adults will be overweight and more than 700 million will be 

obese [8], which is not only a challenge for social and medical systems, but also urge 

scientist to provide insight into mechanisms leading to these illnesses. 
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Figure 1.1 A graph depicting the prevalence of obesity in the world population 2008 

http://www.hsph.harvard.edu/obesity-prevention-source/obesity-trends/map-of-global-obesity-

trends/index.html04/Apr/2011, accessed 28/2/2013 

 

1.2 The metabolic basis of disease 

 

Diabetes, obesity, metabolic syndrome and many other diseases derive from a 

common precursor condition, which is a deregulation or dysfunction in lipid 

metabolism. While the prevalence of these diseases is ubiquitous and on the rise, 

only just recently we began to understand the principles of lipid metabolism in health 

and disease on a molecular basis. Evidently, we need to consider not only the complex 

interplay of mechanisms within the cell, but also between tissues and the whole 

organism, to comprehend the initiation and facilitation of a plethora of illnesses.  

Solely a profound and integrative understanding of how the body reacts to and 

regulates ever-changing nutrient and environmental conditions will provide scientists 

the tools to combat these new age diseases. 
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1.3 Obesity as a major cause of cardiac hypertrophy and 

cardiovascular disease  
 

Cardiovascular disease remains the number one cause of mortality in the Western 

world, with heart failure representing the fastest growing subclass over the past 

decade [9]. Obesity is a major contributor to the development of cardiovascular 

disease as it results in increased risk for hyperlipidemia and ectopic fat accumulation 

in non-adipose tissues among a plethora of other co-morbidities.  

Furthermore, ectopic fat accumulation is accompanied by the development of insulin 

resistance and consequently Type 2 diabetes [10] andit has been shown to affect 

cardiovascular function and may contribute to the development of cardiovascular 

disease [11].  

To understand the molecular mechanism by which obesity promotes the 

development of cardiac disease, it is important to define the pathways leading to fat 

accumulation in the heart and other tissues.Metabolic alterations, such as (1) 

decreased fatty acid (FA) β-oxidation, (2) increased FA synthesis due to up-regulation 

of lipogenic pathways, (3) increased delivery of FAs from adipose tissue and/or (4) 

defects in TG catabolism may be involved in the development of cardiac hypertrophy 

as well as genetic predisposition and alteration in signaling pathways [12-15]. 

 

1.4 FA processing in adipose and non-adipose tissue 

 

FAs are essential molecules with multiple biological functions; they are integral 

components of membrane lipids, efficient energy substrates, and potent second 

messengers [16]. The limited water solubility of FAs and their relatively low critical 

micellar concentration cause them to form micelles which can adversely affect 

membrane and cell function. To prevent the deleterious effects of high extracellular 

or intracellular FA concentrations, long chain FAs are ‘‘detoxified’’ by esterification to 

glycerol, a trivalent alcohol, forming relatively inert triglycerides (TG). [16] 
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In times of plenty, when food intake provides more energy than is needed 

immediately, animals temporarily store the excess energy as TG, the primary 

constituent of fat, predominantly in adipose tissue (AT). 

While white AT is the most important organ to store fatty acids and resupply the 

circulation with FAs, AT is also able to produce and secrete adipokines such as leptin, 

adiponectin, resistin and many others, which are involved in regulating lipid and 

carbohydrate metabolism, appetite and energy expenditure [16, 17], further 

underlining the important role of AT to maintain whole body energy homeostasis. 

During fasting or starvation, the TG stored in AT are hydrolysed and the generated 

non-esterified “free” fatty acids (FFA) are released into circulation [15] to supply 

essentially all other tissues with energy substrate.  

In the past few decades it has become clear that various membrane-associated fatty 

acid-binding proteins facilitate the cellular entry of FAs, which are then accepted by 

cytoplasmic FA binding proteins (FABPc). Furthermore, it has been found that acute 

changes in FA uptake in response to mechanical (e.g., muscle contraction) and 

hormonal stimuli (insulin) are regulated by specific membrane proteins, in a fashion 

similar to the regulation of glucose uptake by glucose transporters. For instance, 

muscle contraction, through activation of AMP kinase, increases the translocation of 

FA transporters (CD36) to the sarcolemma to increase FA uptake, and concomitantly 

increases mitochondrial FAß-oxidation to produce ATP needed to sustain contraction 

[17]. Evidently, proper functioning of FA transport as well as regulation of the 

intracellular FFA concentration is tightly controlled by the balance between TG 

hydrolysis and FFA re-esterification [18-20].  

 

1.5 Lipid droplets are unique cellular organelles  
 

AT is not the only organ able to store TG, in fact, every cell is capable to store neutral 

lipids in the form of lipid droplets (LD) in more or less quantities. LD are unique 

cellular organelles consisting of a lipid core enclosed by a phospholipid monolayer 

[21]. The protein components of LD have been excessively studied over the past 

decade, identifying the perilipin protein family as the most abundant proteins coating 
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LD [22]. Perilipins interact with both, lipid and cytosolic proteins, thereby forming an 

amphipathic interface between to stored lipids and the cytosol. Furthermore, and 

even more importantly, perilipins have been shown to interact with cellular lipases, 

thereby interfering with TG mobilization by regulating access of neutral lipid lipases 

like adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) to their lipid 

substrates [23-26]. LD in the cells of various vertebrate tissues are coated with two to 

four types of perilipin, suggesting that each unique combination imparts tissue 

specific management of lipid metabolism [27].  

 

1.6 Lipolysis and lipases in TG catabolism 

 

One of the most important steps in response to starvation or malnutrition is the 

breakdown of TG into FFA and glycerol, a highly coordinated 3-step process called 

lipolysis. The generated FFAs are utilized as fuel for ß-oxidation in the mitochondria, 

finally providing adenosine-5’-triphosphate (ATP), the energy currency of the body. 

Due to its importance in life, lipolysis is highly regulated by a multitude of factors, 

while deregulation is associated with diseases such as obesity or Type 2 diabetes. On 

a molecular level, several lipases and other proteins involved in lipolysis have been 

identified so far [reviewed in 28, 57]. 

 

 
 

Figure 1.6 Schematic delineation of the coordinate breakdown of TG. ATGL catalyzes the first and 

initial step in TG hydrolysis thereby generating diacylglycerols (DG). Subsequently, DG are hydrolyzed 

by the enzymatic activity of HSL and the generated monoacylglycerols (MG) are hydrolyzed by both, 

HSL and monoacylglycerol lipase (MG) to generate glycerol and FFAs. 
Abbreviations: ATGL, adipose triacylglycerol lipase; DG, diacylglycerol; G, glycerol; HSL, hormone-sensitive 

lipase; MG, monoacylglycerol; MGL, monoacylglycerollipase; FFA, free fatty acid; TG, triacylglycerol (Lass A. et 

al, Progress in Lipid Research, 2011) 

 

 

 

TG DG MG G 

FFA FFA FFA 

ATGL 
HSL HSL MGL 
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1.6.1 Adipose triglyceride lipase (ATGL) 

 

Adipose triglyceride lipase (ATGL) was first cloned from a murine AT cDNA and COS-7 

cell lysates transfected with an ATGL expressing vector showed a marked increase in 

TG hydrolytic activity [29]. ATGL is most abundantly, but not exclusively, expressed in 

white and brown AT. In fact, it has been shown that ATGL is expressed in virtually all 

tissues, where it selectively performs the first step of TG hydrolysis, generating 

diacylglycerols (DG) and FFA. Compared to the high enzymatic activity towards TG, 

ATGL exhibits merely minor or no activity in hydrolyzing other lipid substrates such as 

DG and MG or retinyl esters [29]. Functional studies revealed that humanATGL acts 

through a catalytic dyad composed of Ser47 and Asp166 in a canonical GXSXG 

sequence motive, while substitution of this residues with alanine led to a catalytically 

inactive enzyme [30,31]. This GXSXG motif is part of the larger patatin-domain which 

comprises 180 AA and is embedded within a 250 AA α-β-α sandwich structure at the 

protein’s NH2-terminal half. The COOH-terminal half has a predominant regulatory 

function and contains a predicted hydrophobic region for LD binding. Curiously, the 

loss of this region increases the specific in vitro activity of ATGL against artificial TG 

substrates but blunts the intracellular activity due to the inability of the truncated 

enzyme to bind to cellular LDs [32,33,56].  

The central role of ATGL in TG catabolism became obvious by the generation and 

characterization of ATGL-deficient mice. The lack of ATGL led to ectopic lipid 

accumulation in various tissues, an increase in whole body fat mass by more than 

two-fold and a drastic reduction in the life span compared to wild type mice. The 

most severe consequences of ectopic TG accumulation was observed in the heart, 

where ATGL deficiency led to a twenty-fold increase in cardiac TG, severe cardiac 

steatosis and reduced FA availability, consequently promoting a switch to 

carbohydrates as energy substrates [34]. Furthermore, it has been shown that ATGL 

deficiency in cardiac muscle disrupts peroxisome-proliferator activated receptor α 

(PPARα)-induced mRNA expression of genes implicated in FA-oxidation, severely 

impairs mitochondrial function and finally causes cardiac failure [35]. Humans 
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affected by ATGL gene mutations develop neutral lipid storage disease (NLSD) with 

myopathy (NLSDM) [36], which in severe cases requires heart transplantation at an 

early age.  

 

1.6.2 Comparative gene identification-58 (CGI-58) and G0/G1 switch 

gene-2 (G0S2) regulate ATGL enzymatic activity 
 

ATGL enzymatic activity is determined by the interaction with the co-activator CGI-58 

[30]. CGI-58 is ubiquitously expressed and the highest expression levels were found in 

adipose tissue, and testis [30]. CGI-58 is a member of the esterase/thioesterase/lipase 

subfamily of proteins with α/β hydrolase  folds, however the putative nucleophilic 

serine within the  canonical esterase/lipase GXSXG motive is exchanged with an 

asparagine, thus rendering CGI-58 itself catalytically inactive. Nevertheless, two 

laboratories showed that CGI-58, at least in vitro, exhibits acylCoA-dependent 

acylglycerol-3-phosphate acyltransferase (AGPAT) activity [37,38] but the physiological 

impact of this observation remains to be elucidated.  

CGI-58 most likely interacts with the NH2-terminal patatin-domain of ATGL but it is 

currently unknown, whether CGI-58 interaction induces a conformational change in 

ATGL structure, efficiently funnels substrates to its active side or even facilitates 

product removal from the ATGL catalytic side. However, this interaction by itself is not 

sufficient for ATGL activation because CGI-58 variants, which were capable of binding 

ATGL, failed to stimulate enzyme activity [39]. ATGL activation in living cells 

additionally requires the binding of CGI-58 to the LD. Truncated variants of CGI-58, 

which fail to localize to the LD, but bind to ATGL, are unable to stimulate ATGL activity 

[39].  

Maximal ATGL stimulation is achieved at approximately equimolar concentrations of 

enzyme and co-activator protein [30] and activation of ATGL by CGI-58 is absolutely 

necessary to maintain physiologic function in vivo [40,41].  

Similar to ATGL deficiency, mutant forms of CGI-58 carrying point mutations or protein 

truncations have been identified as causative for NLSD but interestingly CGI-58 

deficiency differs in its clinical appearance in some aspects. CGI-58 mutations cause a 
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severe skin barrier defect  in humans and mice [42,43]  and  accordingly  the  disease  

was designated  as  NLSD  with  ichthyosis  (NLSDI) formerly annotated Chanarin-

Dorfman syndrome [44,45]. Mutant forms of CGI-58 associated with NLSDI lose their 

ability to activate ATGL and some mutants are primarily located in the cytosol and 

lose their functional interaction with ATGL [40]. These data indicate that TG 

accumulation in CDS is caused by defective ATGL activation [34], but does not exclude 

an ATGL-independent function for CGI-58. 

 

Recently, a protein called G0S2 was identified as a selective inhibitor of ATGL [46]. 

G0S2 was originally found to be expressed during re-entry of blood mononuclear cells 

from G0 into G1 phase of the cell cycle [47], but has now been demonstrated that 

G0S2 is predominantly expressed in AT and liver and that overexpression of G0S2 in 

cells causes massive lipid accumulation. G0S2 directly interacts with the patatin-

domain of ATGL similar to CGI-58, but does not compete with CGI-58.  G0S2 is 

expressed ubiquitously and was shown to be induced by insulin and inhibited by 

tumor necrosis factor α (TNFα) and isoproterenol, both factors that stimulate lipolysis 

[48]. Furthermore, G0S2 was found to be a PPARγ target gene containing a PPAR-

response element (PPRE) in its promoter sequence. In contrast to PPARγ, PPARα 

down-regulates G0S2 mRNA expression [48], further undermining its regulatory role 

in lipid metabolism.  

 

1.6.3 Hormone-sensitive lipase (HSL) and monoglyceride lipase 

(MGL) in TG catabolism 
 

In contrast to ATGL, HSL has broad substrate specificity, as the enzyme is able to 

hydrolyze TG, DG, MG, cholesterol and retinylesters (CE, RE) and other ester 

substrates [49]. However, HSL exhibits highest enzymatic activity towards the second 

step in TG catabolism, i.e. the hydrolytic cleavage of DG thereby generating MG and 

FFA [50]. Besides the GXSXG catalytic site motif commonly found in lipases, HSL shows 

no homology with other known eukaryotic lipases or proteins. With respect to the 

conservation of the AAs of the catalytic triad it is assumed that HSL forms an α/β 
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hydrolase fold with an active site serine [51]. Upon investigation of HSL deficient mice, 

it was surprising that the animals were  not  overweight  or  obese, but showed  

decreased WAT weight  and  were  resistant  to  diet-induced  obesity  [52].  Notably, 

HSL-deficiency caused marked DG accumulation in several tissues, establishing HSL as 

the rate-limiting lipase for DG hydrolysis in vivo [50]. 

 

MGL was first isolated from rat AT and was shown to specifically hydrolyze MG but not 

TG or DG [53]. Since then, MG was assumed to be responsible for the third step in TG 

catabolism, the conversion of MG to glycerol and FFA. Recently, the 3D structure of 

MG has been determined [54]. MGL also belongs to the large superfamily of α/β-

hydrolase fold proteins with a GXSXG motif. The catalytic triad is composed by Ser122, 

Asp239, and His269. MGL mRNA levels are particularly high in adipose tissue, kidney, 

and testis, yet the importance of MGL in hydrolyzing MG derived from TG breakdown 

has only recently been addressed [115]. 

However, there is emerging evidence that MGL might have a pivotal role in 

endocannabinoid signaling as MGL deficient mice exhibit elevated MG species 

enriched in the brain [55]. If other MG hydrolases like HSL or α/β-hydrolase domain-

containing 6 (ABHD6) are also relevant for MG hydrolysis in vivo remains to be 

explored.  

 

1.7 Regulation of lipolysis  
 

1.7.1 Transcriptional regulation 
 

ATGL mRNA expression pattern is relatively well characterized and influenced by 

numerous effectors and conditions. For example, the enzyme is upregulated during 

adipose differentiation and a target for the transcription factors PPARγ and insulin-

responsive transcription factor forkhead box O1 (FoxO1). Furthermore, 

glucocorticoids such as dexamethasone, the PPARγ agonists thiazolidinediones and 

also fasting induce mRNA expression. In contrast, insulin, TNF-α, mTOR complex 1 and 

obviously feeding repress ATGL mRNA expression [reviewed in 28,57]. 
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Interestingly, the ß-adrenergic agonist isoproterenol and also TNF-α reduce ATGL (and 

HSL) mRNA levels in adipocytes [58] but, conversely, stimulate lipase activities and FA 

and glycerol release. The discrepancy between lipase mRNA levels and activities is 

explained by the extensive posttranslational regulation of ATGL and HSL, thus 

rendering cellular lipase mRNA levels inadequate as indicators of enzyme activities. 

 

1.7.2 Post-translational regulation 
 

In contrast to ATGL, post-translational regulation of HSL has been intensively studied 

and is best characterized in adipocytes [59-63]. Shortly, adipose HSL activity induced 

by ß-adrenergic stimulation is controlled by two distinct mechanisms: 

(1) The enzyme is phosphorylated by cAMP-dependent protein kinase A (PKA), which 

leads to a two-fold increase in activity and (2) phosphorylated HSL interacts with 

perilipin-1, which itself is also a target for PKA phosphorylation. Interestingly, the 

phosphorylation of HSL induces the translocalization of HSL to the LD surface, 

mediated by phosphorylated perlipin-1. In contrast, in the basal, non-hormonally 

stimulated state, perlipin-1 is not phosphorylated and prevents binding of HSL to the 

LD. After full hormonal stimulation, the combined action of phosphorylated perlipin-1 

mediated LD translocation and phosphorylation of HSL causes a 100-fold induction in 

HSL activity.  

 

Compared to HSL, ATGL posttranslational regulation is not PKA dependent, although 

ATGL can be phosphorylated at two serine residues [64]. However, unlike HSL, ATGL 

requires a co-activator protein, CGI-58, for full hydrolase activity and is also 

specifically inhibited by the small protein G0S2. LD associated proteins like perlipin-1 

also participate in the regulation of ATGL in AT, by binding to CGI-58 and thus 

preventing induction of ATGL activity under non-stimulated conditions [65,66]. 
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Figure 1.7.2 AT lipolysis is a complex and highly regulated process. 

Beta-adrenergic stimulation of lipolysis leads to the consecutive hydrolysis of TG and the formation of 

FAs and glycerol. The process requires three enzymes: ATGL cleaves the first esterbond in TG, HSL 

hydrolyzes specifically DG, and MGL finally generates MG. For full hydrolytic activity, ATGL interacts 

with its co-activator protein CGI-58, whereas HSL is phosphorylated and translocates to the LD upon 

PLIN-1 phosphorylation. Expression of the ATGL inhibitor G0S2 during fasting is low in adipose and 

high in oxidative tissues. 
Abbreviations: ATGL, adipose triglyceride lipase; CGI-58, comparative gene identification-58; DG, diacylglycerols; 

FA, fatty acid; G, glycerol; G0S2, G0/G1 switch gene 2; HSL, hormone-sensitive lipase; MG, monoacylglycerols; 

MGL, monoglyceride lipase; PLIN-1, perilipin-1; PLIN-5, perilipin-5; TG, triacylglycerol (Zechner R et al., Cell 

Metabolism, 2012) 

 

1.8 The ubiquitin-proteasome system 

 

Ubiquitination is a multi-step process where a small 8.5 kDa ubiquitin protein is 

covalently attached to a lysine residue of a targeted protein substrate mediated by an 

ATP-dependant enzymatic cascade involving an ubiquitin-activating enzyme (E1), an 

ubiquitin-conjugating enzyme (E2), and an ubiquitin-ligase (E3) [67-69]. While the 

resulting mono-ubiquitinated proteins are shown to have some unique roles in 

various cellular functions [70], mono-ubiquitination commonly provides a platform 

for consecutive ubiquitination events, leading to the formation of poly-ubiquitin 

chains and marks the targeted protein for proteasomal degradation [71].  
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The eukaryotic proteasome is an approximately 2.5 MDa multimeric complex 

consisting of more than 31 subunits forming a hollow cylindrical structure and was 

first described as high molecular weight alkaline protease [72]. As a multicatalytic 

protease, it is characterized by three major activities with distinct specificities against 

peptide substrates namely tryptic-, chymotryptic-, and peptidylglutamyl peptide-

hydrolytic (PGPH) activities [73], constituting the major extralysosomal protein 

degradation system [74].  

Like phosphorylation, post-translational modification of proteins with ubiquitin can 

result in the regulation of numerous cellular functions, such as the DNA damage 

response, apoptosis, cell growth, and the innate immune response; concomitantly 

proteasomal dysfunction has been linked to disease [75,76].  

Recently, studies have described how ubiquitination in the heart regulates key 

signaling transduction pathways involved in the development of common cardiac 

diseases, including cardiac hypertrophy, heart failure, ischemia reperfusion injury, and 

diabetes [77].  

Furthermore, there is emerging evidence that the ubiquitin-proteasome system (UPS) 

regulates many proteins critically involved in lipid metabolism via controlling protein 

stability and abundance in response to lipolytic or environmental cues [78-81]. 

 

1.9 AMP-activated protein kinase (AMPK)  
 

All living cells use ATP as the immediate source of energy. In order to survive, cells 

need to ensure that they maintain a relatively high and constant level of ATP [82]. 

Thus, within the individual cell, the demand of ATP must be matched by its supply. For 

this purpose, the cell needed to develop an ATP sensor, which registers a fall in ATP 

levels, as well as a means to counteract energy expenditure. One such system that has 

been identified in eukaryotic cells isthe 5-AMP activated kinase (AMPK) cascade. 

AMPK is a heterotrimeric protein kinase complex and orthologues are expressed in 

virtually all eukaryotes. The primary function of AMPK is to monitor changes in the 

intracellular level of ATP and to couple this to phosphorylation of downstream 
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substrates leading to an increase in the rate of ATP- producing pathways and/or a 

decrease in the rate of ATP-utilizing pathways [83]. 

AMPK is composed of three subunits, α, β and γ, respectively. In mammalian cells, 

there are two isoforms of the α subunit, two isoforms of the β subunit and 3 isoforms 

of the γ subunit [84]. The α subunit contains a typical serine/threonine protein kinase 

domain at the N-terminus and a C-terminal regulatory domain. The primary mode of 

regulation of AMPK is by reversible phosphorylation of a threonine (Thr172) residue 

within the activation loop segment of the α subunit [85], which functions as an on-off 

switch for kinase activity.  

The level of Thr172 phosphorylation is determined by the relative activities of the 

upstream kinases (CaMKKβ and LKB1) and the protein phosphatases acting on AMPK. 

CaMKKβ is activated by calcium and calmodulin and conditions which increase 

intracellular calcium lead to an increased phosphorylation of Thr172 [86-88]. In 

contrast, LKB1 appears to be constitutively active, since its activity is unaffected by 

treatments that cause a marked increase in AMPK activity [89]. 

In the last decade, AMPK has been linked to a variety of research areas, particularly 

cancer and metabolic diseases, energy homeostasis and signal transduction. [90-94] 

However, the role of AMPK in regulating lipid metabolism has been controversial and 

yet to be defined.  

In adipocytes, AMPK has been shown to phosphorylate ATGL at two serine residues 

(S406 and S430), possibly enhancing thehydrolytic activity of ATGL [95]. Interestingly, 

the amino acid sequence of S406 of ATGL constitutes a canonical 14-3-3 binding motif, 

bearing the question if the observed increase in lipolytic activity after AMPK 

stimulation promotes a change in conformation, localization or stability of ATGL upon 

S406 phosphorylation. Additionally, 5-aminoimidazole-4-carboxamide-1-β-d-

ribofuranoside (AICAR), a potent and specific AMPK activator, was reported to 

increase ATGL protein expression and lipolysis in adipose tissue [96] suggesting a 

pivotal role for AMPK in regulating ATGL-mediated lipid metabolism.  
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2) Materials  

 

All  chemicals  were  bought  from  Sigma,  Merck  or  Roth.  Chemicals  were  solved  

in  distilled, deionised water (DD water) and stored at RT, if not otherwise indicated. 

 

2.1 Buffers 

 

List of commonly used buffers 

 

10% APS:     1 g ammonium persulfate 

     in 10 ml stored at -20°C  

 

30% acrylamide     

 

30% acrylamide  

     0.8% bisacrylamide 

     in 500 ml stored at 4°C  

 

4 x lower Tris buffer    0.5 M Tris pH 6.8 stored at 4°C  

 

4 x upper Tris buffer    0.5 M Tris pH 8.8  

     0.4% SDS stored at 4°C  

 

10 x SDS-Page buffer    200 mM Tris  

     1.6 M glycine  

     0.83% SDS  

 

4 x SDS loading buffer    0.2 M Tris pH 6.8  

     10% β-mercaptoethanol 

     8% SDS  

     40% glycerine 

     bromophenol blue (tip of a spatula) stored at -20°C  

 

10 x TST    1% Tween 20  

     1.5 M sodium chloride  

     500 mMTris/hydrochloric acid pH 7.4 stored at 4°C 

 

CAPS transfer buffer    10 mM CAPS pH 11  

     10% methanol  
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Coomassie blue     0.25% coomassie blue  

     7.5% from 80% acetic acid  

     50% ethanol  

 

Destain solution     30% methanol  

     10% from 80% acetic acid  

 

Potassiumphosphate buffer  1 M KH2PO4/K2HPO4; pH 7.0  

 

PBS buffer 137 mMNaCl; 2.7 mMKCl;  

4.3 mM Na2HPO4- 7 H2O;  

1.4 mM KH2PO4; pH 7.4  

 

DEPC water      1 ml diethylpyrocarbonate in 1 l water, autoclaved  

 

Buffer A     50 mM Tris pH = 7.8  

20 mMKCl 

0.5 mMMgOAc 

1 mM DTT 

 

Lysis buffer I    Buffer A 

20% Glycerol 

2 mM ATP 

 

Buffer B      50 mMKaliumphosphat pH 7.4;  

100 mMKCl; 1 mM EDTA  

 

Lysis buffer II     0.3 N NaOH; 0.1% SDS  

 

1000 x Pi      1 mg pepstatin 

     2 mg antipain 

     20 mg leupeptin in 1 ml stored at -20°C  

 

HSL buffer      0.25 M sucrose pH 7 (with 10% acetic acid)  

     1 mM EDTA  

     1 mM DTT in 200 ml stored at -20°C  

 

5 x loading dye     3 ml 30% glycerin  

     7 ml DD water  

     25 mg bromophenol blue  

     25 mg xylen-cyanol stored at  -20°C 

 

10x oleic acid   2 mg/ml oleic acid complexed with BSA 
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2.2 Substrates and Inhibitors 

 

Substrate for TG hydrolase 

activity measurements 

 

0,27 mg/ml Triolein; 

0,15 mg/ml PC:PI (3:1); 

12,5 µCi/ml ³H-labeled Triolein 

Proteasome fluorogenic substrate 1 µM Suc-Leu-Leu-Val-Tyr-AMC 

(Enzo Life Sciences GmbH) 

Inhibitor of protein biosysnthesis 100 µg/ml Cycloheximide (Sigma 

Aldrich) 

Proteasome-specific inhibitors 10 mM MG132 (Firma) 

 

General protease inhibitors 1000x Leupeptine (Lactan) 

 

Lysosomal inhibitors 10 mMChloroquine (Sigma Aldrich) 

100 mM NH4Cl (Sigma) 

USP14-Inhibitor 50 mM USP14-Inhibitor (VWR 

International) 
3
H- Labeled Triolein Triolein, [1-oleoyl-9,10-3H](Humos 

Diagnostika GmbH) 

 

2.3 Antibodies 

 

anti-N-terminal His antibody Clontech, Palo Alto, CA,USA 

 

anti-ATGL antibody New EnglandBiolabs 

 

anti-CGI-58 antibody 

 

AbnovaGmbH 

anti-HSL antibody New EnglandBiolabs 

 

anti-ß-actin antibody 

 

Sigma Aldrich 

anti-GAPDH antibody 

 

New EnglandBiolabs 

anti-Ubiquitin(K48) antibody 

 

New EnglandBiolabs 

anti-mouse IgG Amersham Biosciences, 

Buckinghamshire, UK 

anti-rabbit IgG Amersham Biosciences, 

Buckinghamshire, UK 

 

All primary antibodies were diluted 1:1000 in 5% skimmed milk. 

Secondary antibodies were diluted 1:10000 in 5% skimmed milk. 
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2.4 Standards  
 

Protein Determination Standard: Albumin 2.0 mg/ml (Pierce) 

Glycerol Standard Solution:  Glycerol 2.5 mg/ml  (Sigma) 

Cholesterol Standard: Free Cholesterol C 100 mg/dl (Wako Chemicals) 

Free Fatty Acid Standard: NEFA  C  Cal  1.0 mM (Wako Chemicals) 

Precision Plus All Blue Protein Standard (BioRad) (Figure) 

 

 

 

 

 

 

 

Precision Plus All Blue Protein Standard  

(BioRad) for SDS-Page 

 

 

 

 

 

 

 

 

 

 

 

2.5 Enzymes  
 

Used for quantitative reverse-transcriptase (qRT-) PCR 

 

DNase I (Invitrogen)  

RNase A (Roche Diagnostics)  

SuperScript® III Reverse Transcriptase (Invitrogen) 
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3) Methods 

 

3.1 Cell culture 

 

3.1.1 Cultivation of Cos7 and H9C2 cells 

 

The cultivation of COS-7 and H9C2 cells was carried out in 175cc culture flasks. 

Dulbecco’s modified Eagle Medium (DMEM, Gibco-Invitrogen, Carlsbad, USA) with 

10% fetal calf serum (FCS, Gibco-Invitrogen, Carlsbad, USA), antibiotics (100 µg/ml 

penicillin and 100 µg/ml streptomycin) and 1,0 g/l or 4,5 g/l glucose for COS-7 and 

H9C2 cells respectively was used as full media for growth at 37 ° C and 5% CO2 in an 

incubator. Any further procedures were carried out in a laminar flow to ensure 

sterility.  

 

3.1.2 Passaging of cells 

 

Upon reaching 80-90% confluence (to ensure cells were still in the logarithmic phase) 

the full media was removed and the cells were washed with 10 ml PBS. To detach the 

cells from the flask surface, they were incubated with 3 ml trypsin solution (trypsin-

EDTA 0,05%, Gibco-Invitrogen, Carlsbad,  USA) for 2 minutes at 37 ° C. Trypsin is a 

peptidase used to partially degrade cell adhesion proteins, additionally, cells were 

removed mechanically from surface with gentle knocking against the flask. 

Subsequently, the cells were dissolved in 10 ml full media in 50 ml Grainer tubes and 

centrifuged for 3 min at 1200 rpm. The supernatant was removed and the cells were 

resuspended in 10 ml full media and subjected to cell counting in Casy-1-Cellcounter 

(Schärfe System, Reutlingen, Germany). 

 

3.1.3 Transfection of COS-7 cells 

 

One day before transfection, cells were counted and 1.5 * 10
5
/well or 9 * 10

5
 cells 

were seeded in a 6-well plate or 10 mm Petri dish, respectively. The full media was 

substituted shortly before transfection with a serum and antibiotic free (-/-) DMEM 
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media.  6 µg plasmid-DNA in 300 ml (-/-) media were mixed with 30 µl Metafectene 

(Biontex GmbH, Munich, Germany) in 300 ml (-/-) media and incubated at RT for 20 

min. Metafectene is a polykationic transfection reagens that aggregates with plasmid-

DNA and shuttles it into the targeted cells via fusion with their cell membrane. The 

DNA-metafectene mix was incubated with the cells for 4 hours, 37 ° C and then 

substituted with full media.  

 

3.1.4 Differentiation of H9C2 cells 

 

For differentiation, confluent H9C2 cells were counted and 2 * 10
5
 cells/well were 

seeded in 6-well plates and incubated with differentiation media (DMEM, 4,5% 

glucose, (+/+), FCS (1%), 10 nM retinoic acid). The media was changed every second 

day until differentiation could be observed under the microscope. The differentiated 

cells assume a branched multinucleated, cardiomyocyte-like phenotype after 5-6 

days.  

 

3.1.5 Infection of H9C2 cells 

 

On the day of infection, a corresponding volume of virus-DNA diluted in (-/-) media 

was calculated according to the following formula: 

 

V      …  volume of virus-DNA 

n      …  number of cells/well 

MOI … „multiplicity of infection“ 

pfu   … „plaque forming units“ 

 

Subsequently, the media was removed and the cells were incubated for 2 hours at    

37 ° C with the virus-DNA mix. Finally, the media was changed and the cells were fed 

with fresh differentiation media for 48 hours before harvesting. 
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3.1.6 Harvesting of cells 

 

Before harvesting, the cells were washed 3 times with PBS buffer to remove albumin-

rich media relics. Afterwards, 2 ml PBS/well was added and cells were scraped from 

the surface with a cell scraper and transferred to a 15 ml Grainer tube. After 

centrifugation (3 min, 1300 rpm, 4° C) the supernatant was thrown away and the 

pellet resuspended in 1 ml PBS again and transferred to an Eppendorf tube. The cells 

were centrifuged again (5 min, 4000 rpm, 4 ° C) and the supernatant was thrown 

away. Subsequently, the pellet was resuspended in HSL-buffer substituted with 

protease inhibitor (pi) mix and sonificated (5 s, 20% amplitude) to break the cell wall. 

Finally, the cells were centrifuged again (5 min, 4000 rpm, 4 ° C) and the supernatant 

(= lysate) was transferred to a fresh eppendorf tube and stored at -20 °C. 

 

3.1.7 Cell culture experiments 

 

3.1.7.1 CHX based degradation experiment 

 

Cycloheximide (CHX) is an inhibitor of protein biosynthesis in eukaryotic cells widely 

used to determine protein half-life. H9C2 cells were incubated with CHX and different 

inhibitors (MG132 [10 µM], Leupeptine [10 µg/ml], NH4Cl [10 µM] Chloroquine [50 

µM]) and harvested at different timepoints (0, 3, 6, 9, 24, 48 h) after incubation. 

 

3.1.7.2 AMPK stimulation/inhibition 

 

Transfected COS-7 cells were incubated with either 10 mM AICAR (5-aminoimidazole-

4-carboxamide-1-β-D-ribofuranoside, AMPK activator) or 5 µM Compound C 

(Calbiochem/Merck, Whitehouse Station, USA, AMPK inhibitor) for 24 h in cultivation 

media before harvesting.  
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3.2 Protein determination 

 

3.2.1 Bradford Protein Assay 

 

To perform Bradford protein assay, cell or tissue lysates were diluted appropriately 

and 20 µl of the sample were then mixed with 200 µl of the Bio-Rad Protein Assay dye 

reagent (diluted with dd. H2O 1 to 5, Bio-Rad Laboratories GmbH).  

The Albumin Standard (2 mg/ml) was diluted 1:10, 1:20, 1:40, 1:80 and 1:160 and 20 

µl of the particular sample buffer were used as blank. All samples, standards and 

blanks were applied 2 times to decrease pipetting error. The 96-well microtiter plate 

was incubated at least 5 minutes at RT. The spectrophotometer was set to 595 nm for 

the measurement. 

 

3.2.2 BCA protein assay 

 

Similar to Bradford assay, the BCA method is a fast and accurate method to determine 

protein concentration.  20 µl of sample were mixed with 200 µl of the BCATM Protein 

Assay working reagent. The working reagent is prepared by mixing 50 parts of BCA-

TM Reagent A with 1 part of BCA-TM Reagent B. The Albumin Standard (2 mg/ml) was 

diluted in appropriate concentrations. 20 µl  of  the  particular  sample  buffer were 

used as blank.  The 96-well microtiter plate was incubated 30 minutes at 37°C. The 

spectrophotometer was set to 595 nm for the measurement. 

 

3.3 SDS-PAGE 

 

3.3.1 Separation Gel 
 

A clean glass plate, between two spacers and an aluminum silicate  plate were  placed 

in position. Four arranged plates were put in the casting stand and pressed together 

by using clamps. Approximately 30 ml separating gel solution of desired percentage 

(see table below) were poured between the plates, 2 centimeters from the upper 
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border were spared for the stacking gel. The separating gel was covered with a layer 

of butanol to avoid evaporation. After 1 hour the gel was ready for usage. 

 

3.3.2 Stacking Gel 
 

The plates with the separating gel were put into the running tank and fixed with 

clamps. The spared  space  between  the  plates was  filled  up with  stacking  gel  (see 

table) and a comb (10 or 15 spaces) was inserted. After 30 minutes the stacking gel 

was ready to use.  

 

3.3.3 Preparation of protein samples 

 

The desired amounts of the samples were mixed with appropriate volume of 4 x SDS 

loading buffer and then incubated 10 minutes at 99°C.  

 

3.3.4 Running the gel 
 

1 x SDS-Page buffer was poured into the running tank and the comb was removed. 

Before loading of the samples, the gel sinks were washed with a syringe to remove gel 

residues. Afterwards, the gel was loaded with the protein standard (Precision Plus All 

Blue Protein Standard; 8 μl) and the samples. The gels were running with 30 mA for 

approximately 50 min under constant water cooling. 

 

3.4 Western Blot Analysis 

 

3.4.1 “Sandwich” construction and blotting 

 

The gel was separated from the glass plate with the help of a spacer. Following this 

the stacking gel was removed and the separating gel transferred on a filter paper 

which lay on the top of a spongy pad of the blot module. The PVDF membrane was 

soaked in methanol before use and was put on top of the gel. Air bubbles were rolled 

out between the membrane and the gel. Another filter paper and another spongy pad 

were placed on top of the membrane. After the “spongy pad/filter 

paper/gel/membrane/filter paper/spongy pad sandwich” had been assembled, the 
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blot module was closed and put into the blot chamber, which was filled with CAPS 

transfer buffer. The orientation for the blotting procedure has to be minus pole-gel-

membrane-plus pole. The transfer was carried out at 200 mA for 1 hour while water 

cooling. 

 

3.4.2 Blocking and antibody incubation 

 

The membrane (protein side facing up) was blocked with skimmed dry milk in 1 x TST 

for at least 2 h on a shaker. Subsequently, the membrane was incubated with the 

diluted primary antibody (see materials) overnight.  The next day, the membrane was 

washed 3 times with 1 x TST for 10 minutes.  Then the membrane was incubated with 

the diluted secondary antibody for 1 hour and washed again 3 times for 10 minutes.  

Finally, a tube with 1 ml LumigenTM PS-3 detection reagent Solution A and 25 µl 

LumigenTM PS-3 detection reagent Solution B from the ECL Plus Western Blotting 

Detection System (GE Healthcare) was prepared. 

 

3.4.3 Antibody detection 

 

All following steps were carried out in a dark room with infrared light. The membrane 

was incubated for 1 minute with the detection reagent and placed inside a bag. The 

bag was placed inside the cartridge and air bubbles were rolled out.  A light-sensitive 

film was placed on top of the membrane and the cartridge closed for development for 

10 sec to 5 min, depending on the signal intensity. Afterwards, the film was put in 

developing solution, washed in water and then placed in the fixation solution, washed 

in water again and hung up to dry.  

 

3.4.4 Membrane stripping 

 

If necessary, the membrane was stripped of its antibodies by incubating the 

membrane in stripping buffer (20 ml stripping buffer + 140 µl ß-mercapto-ethanol) at 

55 ° C for 20 minutes. The stripped membrane was blocked again with 10% milk in TST 

and could be proceeded as described in 3.4.2. 
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3.4.5 Coomassie Blue staining 

 

To check for membrane homogeneity and protein bands, the membrane was dunked 

30 seconds in Coomassie Blue and then discolored with destain solution. The 

membrane was dried under a vent and then digitalized by scanning.  

 

3.5 mRNA isolation and qRT-PCR 

 

3.5.1 mRNA isolation from tissue 

 

Tissues were  transferred  from  cryo  tubes  to  assay  tubes  (PP  16x100 mm)  on  dry  

ice  and simultaneously weighted. 100 mg tissue was mixed with 1 ml TRIZOL reagent. 

The Ultra Turrax
R
 homogenizer was washed accurately with DEPC water previously to 

use and between all samples and all samples were kept on ice. Homogenized  tissues  

were  incubated  5  minutes  at  RT  and  0.1  ml  1-brom-3-chlorpropane (BCP) per ml 

TRIZOL reagent was added. Reaction mixtures were mixed thoroughly and incubated 

15 minutes at RT with head over top mixing in between. 

Afterwards the samples were  centrifuged at 12 000 g 15 minutes at 4°C and the 

aqueous supernatants were transferred in new assay tubes and 0.5 ml isopropyl 

alcohol was added. Reaction mixtures were mixed thoroughly and incubated  

10 minutes at RT and then centrifuged again at 12.000 x g for 10 minutes at 4°C.  The 

supernatants  were  removed  and  the  RNA  pellets  washed  with  1 ml  75% EtOH. 

The samples were centrifuged at 7500 g 5 minutes at 4°C the supernatants were 

removed and  the assay  tubes  inverted on a paper  towel and left to dry until the 

alcohol smell has faded away and dry RNA pellets were transparent. Finally, the 

pellets were dissolved in DEPC water and transferred to Eppendorf tubes (1.5ml).  The 

concentration of the RNA was analyzed on the Nanodrop spectrophotometer ND-

1000 (PEQLAB Biotechnology GmbH).   
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3.5.2 mRNA isolation from cell culture 

 

Cells were washed 3 times in PBS and then 1 ml/well TRIZOL reagent was added to the 

6-well plates. The samples are then transferred into 2 ml tubes and either stored at -

20 ° C or proceeded as described in 3.5.1. 

 

3.5.3 cDNA synthesis 

 

1 µg RNA (diluted in 5 µl DEPC water) was mixed with 5 µl 10 x DNase-buffer, 3µl 

DEPC water and 1 µl DNase and the mix was incubated for 15 minutes at RT under 

shaking (350 rpm).  To inactivate the DNase 1 µl 25 mM EDTA was added to the 

reaction mixture and incubated 10 minutes at 65°C. Afterwards, the cDNA synthesis 

reaction mix (10x RT buffer, 2mM dNTP, 10x random primer, 1x RNAse inhibitor, 1x 

reverse transcriptase) was prepared in PCR tubes and heated with the following 

program on a thermocycler; 

 

 [°C] [min] 

Step 1 25 10 

Step 2 37 120 

Step 3 85 5 

Step 4 4 - 

 

Then the samples were stored at -20°C. 

 

3.5.4 Quantitative RT-PCR 

 

The cDNA of each sample was diluted 1:25 and 4 µl were added to 16 µl master-mix 

(10 µl SypGr, 1 µl Primer forward, 1 µl Primer reverse, 4 µl H2O) in a 96-well plate. The 

master mix was prepared at a prepared space to avoid contamination. The 96-well 

plate was centrifuged at 2000 rpm shortly and then subjected to qRT-PCR. 
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3.6 TG hydrolase activity assay  
 

3.6.1 Sample preparation 

 

Tissue samples were washed with 1 x PBS + 1 mM EDTA and disrupted in HSL buffer 

using an Ultra Turrax Homogenizer. The samples were always kept on ice and the 

resulting homogenates were centrifuged at 20.000 x g for 30 min at 4°C. Then the 

infranatants were collected by using an incandescent needle. The protein 

concentration was determined using the Bradford reagent. Cell culture samples were 

harvested as described in 3.1.6. 

 

3.6.2 Preparation of assay substrate 

 

All  samples  were  prepared  in  a  total  volume  of  100  µl  HSL  buffer  in  assay  

tubes  (PP  16x100 mm) and examined as triplets.  

 

The TG hydrolase assay was performed with and without recombinant CGI-58-GST.  

 

Substrate composition (1,67mM) for 100 samples (10 ml):  

 150 µl Triolein 100 mg/ml  

  75 µl PC:PI (3:1) 20 mg/ml  

 125 µCiTriolein [9,10-
3
H]; 1.25 µCi/sample 

 

The  substrate  was  evaporated  under  nitrogen  to  get  rid  of  all  solvent.  Fresh 100  

mM potassium  phosphate  buffer  pH  7  was  prepared  by  mixing  1  M dipotassium  

hydrogen phosphate buffer with 1 M potassium dihydrogen phosphate buffer (310 µl 

+ 690 µl; dilute to 10 ml). The substrate was sonicated (Vir Sonic Sonicator) 3 times 

for 30 seconds in 2 ml phosphate buffer and kept on ice for 30 seconds between the 

sonication intervals. Then further 2 ml of buffer were added and the substrate was 

sonicated again for 30 seconds. Adding 2 ml of buffer and sonication was done till the 

needed volume (for 10 ml substrate 7.5 ml of buffer is needed) was reached.  
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2.5 ml (5%) of 20% FFA free BSA (solved in 100 mM potassium phosphate buffer) were 

added and the substrate was mixed. 

 

3.6.3 TG hydrolase activity assay 

 

100 µl of substrate were added to each sample and the reaction mixture incubated 

for 1 hour at 37°C in a water bath under shaking. The reaction was stopped by adding  

3.25 ml  of MeOH/CHCl3/nHeptan (10/9/7) and 1 ml of 0.1 M K2CO3 (pH 10.5 with 

boric acid). The assay tubes were closed and each sample was vortexed about shortly. 

After that the samples were centrifuged for 15 minutes  at  2300  rpm. 1 ml of the 

resulting upper phase was transferred into scinti vials and  8 ml of scinti cocktail were 

added. For determination of specific substrate activity 10 µl and 20 µl of the substrate 

were also measured.  

 

Correction for calculation (nmol FFA/ h* mg Protein):  

The upper phase consists of 2.45 ml but solely 1 ml is counted: * 2.45  

71.5 % of total FFA are extracted to the upper phase: / 0.715 

 

3.7 TG content determination 
 

3.7.1 Oleic acid loading 
 

Under normal growth conditions, COS-7 accumulate less TG. Therefore, cells were 

loaded with oleic acid to form LD, which can then be processed by intracellular or 

recombinant lipases. TG determination after a certain amount of time then indirectly 

reflects its TG hydrolytic activity. 

Oleic acid was complexed with BSA to a concentration of 4 mM in PBS and mixed 

thoroughly. Afterwards, COS-7 cells were incubated for 20h with 0.4 mM oleic acid 

and cultivated under normal conditions. 
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3.7.2 TG extraction and determination 
 

After loading with oleic acid for 20h, the COS-7 cells were washed with PBS 3x and 

then TG was extracted with 2 x 800 µl Hexane:Isopropanol (3:2) for 10 min. The 

solvent was evaporated and the dried TG was resolved in 0.1 % Triton-X 100 by 

sonicating(Virsonic 475, Virtis, Gardiner, New  York,  USA)  for 5 sec. The fixated cells 

left after TG extraction were incubated with 1 ml 0.3 M NaOH/0.1% SDS and lysated 

on a rotating wheel for 4 hours, then protein concentration was determined with BCA 

assay. The extracted TG were prepared for determination by mixing 10 µl of each 

sample with 100 µl Infinity TM TriglyceridesReagent (Thermo) in a 96-well plate. 

Glycerol standard (2.5 mg/ml, Sigma) was dilutedin appropriate concentrations.  The 

96-well plate wasincubated 10 minutes at 37°C and measured with a 

spectrophotometer set to 492 nm.  

 

3.8 Proteasome activity assay 

 

3.8.1 Substrate stock preparation 

 

10 mM (100x) Stock solution: 5 mg Suc-L-L-V-T-AMC ([764 g/mol], Enzo Lifesciences) is 

diluted in 653 µl DMSO. 

 

3.8.2 Tissue preparation 

 

All steps are carried out at 4°C. Tissue samples (fresh or snapfrozen) are homogenized 

in 500-800µl Lysis buffer I (depending on tissue size) in 2 ml Eppendorf tubes with 

Ultra-Turrax Homogenizer and centrifuged 30 min at 25000 x g. After centrifugation, 

the infranatant is taken by punctuating the eppendorf tube with a hot needle and 

transferred to a fresh Eppendorf tube to remove non-soluble and fatty components. 

The crude soluble fraction is kept on ice and total protein concentration is determined 

with Bradford protein assay. An appropriate amount of protein (50-100 µg) is mixed 

with Buffer A or Buffer A + MG132 (control) to a final volume of 100 µl in a 96-well 
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plate. Additional controls: Buffer A (blank), Buffer A + Substrate (autohydrolysis 

control�“substrate shift”) 

 

 3.8.3 Fluorimetric assay 

 

The fluorimetric assay is carried out in a 96-well plate (black plate with glass bottom) 

using a Perkin Elmer LS 50B fluorimeter. To start the reaction, 1 µl substrate is added 

to 100 µl of diluted tissue sample and fluorescence intensity is measured over time.  

 

Program: well plate reader 

Excitation wavelength: 360 nm 

Emission wavelength: 460 nm 

Excitation/Emission slits: 5.0/5.0 (2.5/2.5 for strong signals) 

10-20 cycles 

2-5 sec read time 

2-5 min/cycle 
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3.8.4 Data analysis 

 

To effectively compare proteasome activity, the increase in fluorescence intensity over 

time is used to calculate the maximum “k” of the linear slope. (As the assay starts cold 

at approximately 4°C, it takes about 3-5 min to reach linearity) The ∆kmax of the each 

calculation is taken to compare the respective samples. 

 

 

 

 

 

Abbr : sub…   substrate [Suc-L-L-V-T-AMC] 

 fed1…   tissue sample 1 [quadriceps muscle of fed mice] 

 fed1 + MG132… control to estimate unspecific peptidase activity  

 ∆kmax …   maximum gradient of linear slope 

 

 

3.8 Statistical analysis 
 

All results are indicated with an average ± standard deviation (if n≥3). The significance 

levels were  calculated  with  the  two-tailed  Student's  t-test  (*  p  <  0.05;  **  p  

<0.01; *** p < 0.001) 

 

 

 

 

 

 

 

 

∆kmax 
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4) Results 
 

4.1 Thesis rationale 

 

4.1.1 ATGL protein level is substantially increased in mice lacking 

CGI-58 in muscle  
 

Heart homogenates prepared from mice lacking CGI-58 in muscle (hereafter 

designated as mCGI-58KO mice) and CGI-58 flox/flox or wild type mice (designated 

CGI-58 f/f wt or wt mice) were subjected to western blotting analysis. Curiously, the 

ATGL antibody recognizes a second strong band specifically in cardiac muscle (CM). 

 

 

 

 

 

 

 
Figure 4.1.1 ATGL protein level is increased in CM of mCGI-58KO mice (A) Hearts prepared from CGI-

58 flox/flox and mCGI-58KO mice. (B) Western Blot analysis of ATGL protein levels in CM (50 µg) of 

CGI-58 f/f wt and mCGI-58KO mice. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used 

as loading control to confirm equal protein loading. ATGL has a molecular weight of 54kDa. 

 

Western blot analysis of ATGL protein levels in CM of mCGI-58KO mice unveiled a 

massive increase in ATGL protein (10-fold) content in CM compared to wt (figure 

4.1.1). This finding suggests that inadequate lipolysis caused by the absence of muscle 

CGI-58 leads to a compensatory increase in ATGL protein expression levels. However, 

the increase in ATGL protein levels was not able to compensate impaired TG 

catabolism in the absence of CGI-58 [97].  

 

4.1.2 mRNA levels of cellular lipases are reduced in CM of mCGI-

58KO mice whereas levels were normal in skeletal muscle 
 

To further investigate the cause for increased ATGL protein levels in muscle of mCGI-

58KO mice, RNA was isolated from CM and skeletal muscle (SM) of mCGI-58KO and wt 

A B 
CGI-58KO wt 
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mice. Subsequently, 1 µg tissue RNA was transcribed into cDNA and applied to 

quantitative RT-PCR.  

In CM, the relative mRNA levels of ATGL (- 48%) and also HSL (- 51%) and MGL (- 53%) 

were significantly reduced in mCGI-58KO mice compared to wild type (figure 4.1.2). 

However, in SM, merely MGL mRNA levels were mildly decreased (- 22%), which is in 

line with other observations [97]. 

 

 
 

 
Figure 4.1.2 relative mRNA levels of cellular lipases are reduced in cardiac but not skeletal mCGI-

58KO muscle (A) relative lipase mRNA levels of ATGL, HSL and MGL in cardiac muscle of wt and mCGI-

58KO mice (n = 6) (B) relative lipase mRNA levels of ATGL, HSL and MGL in skeletal muscle of wt and 

A 

B 
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mCGI-58KO mice (n = 5). The relative mRNA levels were determined by qRT-PCR. Data are shown as 

mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 versus wt mice. 

 

 

Accordingly, the observed increase in ATGL protein levels in CM and SM of mCGI-58KO 

mice does not result from increased in mRNA expression. Furthermore, mRNA levels 

of other lipases (HSL and MGL) were also decreased in these mice. Taken together, 

these findings indicate that the increase in ATGL protein levels in CM of CGI-58KOM 

mice involve post-translational mechanisms. We further asked us, if the observed 

accumulation of ATGL protein is a general response to the lipolytic defect and ectopic 

lipid accumulation or unique to CGI-58 deficiency.  Therefore, we investigated protein 

expression levels of genes implicated in lipolysis in ATGL-deficient (ATGL-KO) mice 

which show massive cardiac steatosis. 

 

4.2 CGI-58 is increased in ATGL-deficient CM 
 

To examine whether ATGL protein accumulation is unique for CGI-58 deficiency or a 

common response to a defect in lipolysis, we measured CGI-58 protein expression 

levels via Western Blotting of CMhomogenates prepared from ATGL-KOmice and 

controls, respectively.  

 
Figure 4.2 CGI-58 protein levels are increased in ATGL-deficient (ATGL-KO) CM. Western Blot analysis 

of CGI-58 protein levels in ATGL deficient CM (30 µg) compared to levels of controls (ATGL flox/flox 

mice). The blotting membrane was stained with Coomassie blue to check for even protein loading. 

CGI-58 has a molecular weight of 37kDa. 

 

ATGL KO mice show a marked increase (5-fold) in CGI-58 protein levels compared to 

wt (figure 4.2) in analogy to increased ATGL protein levels found in CM of mCGI-58KO 

mice. This similar response in both models of cardiac steatosis provides further 

evidence for the existence of post-translational mechanism(s) attempting to restore 

lipolytic function. However, if CGI-58 accumulation in ATGL-KO CM underlies the same 
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or a divergent  mechanism demands further clarification. This prompted us to 

examine if CGI-58 knockdown similarly affect ATGL protein levels in a cell culture 

approach.  

4.3 CGI-58 does not influence ATGL protein levels in vitro 
 

In order to elucidate if CGI-58 protein expression (or its knock down) directly 

influences ATGL protein expression levels, a cell culture system using H9C2 cells [98] 

was established. The myocytes were differentiated according to an adjusted in-house 

protocol to assume cardiomyocyte-like features. Differentiated H9C2 cells are often 

used as cardiomyocyte cell culture model for inhibitor studies to minimize 

biochemical and substrate alterations. In our approach, differentiated H9C2 myocytes 

were infected with an adenovirus construct carrying plasmids for lacZ and CGI-58 

overexpression. 

Different multiplicity of infection (MOI) levels were used to generate increasing 

amounts of CGI-58 protein expression to investigate a potential correlation among 

CGI-58 and ATGL protein expression levels. However, different CGI-58 expression 

levels in H9C2 myocytes did not influence ATGL protein levels. This finding suggests 

that CGI-58 itself does not affect ATGL protein expression. 

 

 
Figure 4.3 CGI-58 overexpression does not directly influence ATGL protein levels. Differentiated 

H9C2 myocytes were infected with different MOI of adenoviruses encoding CGI-58 or lacZ (control). 

CGI-58 overexpression was confirmed (upper panel) and ATGL expression pattern was compared to 

lacZ (lower panel) using Western Blot analysis. (MOI, multiplicity of infection) 
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4.4 Examination of ATGL protein stability  

 

4.4.1 ATGL half-life is influenced by the proteasome specific inhibitor 

MG132 
 

To address ATGL protein turn over, H9C2 cells were treated with cycloheximide (CHX), 

an inhibitor of protein de novo biogenesis, and harvested at various time points after 

incubation. It has been suggested that ATGL is a rather short-lived protein with a half-

life of about 45 minutes in hamster embryonic kidney-293 (HEK293) cells [99]. 

However in our H9C2 myocyte system, ATGL is still detectable after 24 h (figure 4.4.1). 

This divergence is possibly accounted for by the much lower proliferation rate of 

differentiated H9C2 myocytes compared to HEK293. Nevertheless, we found that 

protein degradation could be attenuated by addition of the proteasome-specific 

inhibitor MG132. In contrast, lysosomal or general protease inhibitors showed no 

effect on ATGL protein stability (figure 4.4.1). 

Until now, we were unable to provide physical evidence of ATGL ubiquitination, and 

no report regarding ATGL ubiquitination could be found in the literature. Therefore, it 

is unclear, how the proteasome mechanistically affects ATGL protein stability.  

However, as many heart diseases are associated with proteasome dysfunction [100], 

this finding possibly provides an interesting link between the ubiquitin-proteasome 

system and the regulation of lipolysis. 

 
 

A 
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Figure 4.4.1 ATGL protein levels are affected by the ubiquitin-proteasome system (A). ATGL half-life 

was estimated using Western Blot analysis after harvesting cells at different time points following CHX 

treatment. (B, C) ATGL degradation is dependent on proteasome activity. Differentiated H9C2 were 

treated with CHX, then leupeptin (an inhibitor of trypsin and cysteineproteases), or NH4Cl 

/Chloroquine (both general lysosomal protease inhibitors), or MG132 (a proteasome-specific 

inhibitor) were added to the culture medium. ATGL protein level was evaluated using Western 

Blotting. (CQ, Chloroquine [50 µM]; NH4Cl [10 µM]; MG, Mg132 [10 µM]; Leu, Leupeptine [10 µM]). 

 

4.4.2 ATGL protein abundance correlates with AMPK activation and 

inhibition 
 

The role of AMPK in lipolysis has been very controversial, with data reporting 

induction [101], inhibition [102] or no effect [103] on lipolysis.  Investigation of ATGL 

mRNA levels only showed small effects in differentiated H9C2 myocytes upon AMPK 

stimulation or inhibition with5-aminoimidazole-4-carboxamide ribonucleotid (AICAR) 

or Compound C (CC), respectively. AICAR induced activation of AMPK showed a minor 

increase (+ 22 %) in ATGL mRNA expression compared to non-stimulated control. 

Controversially, CC-mediated AMPK inhibition further increased (+ 58%) ATGL mRNA 

expression compared to control in differentiated H9C2 myocytes (figure 4.4.2). 

However and interestingly, ATGL protein levels increased in differentiated H9C2 

cardiomyocytes upon AMPK activation (2-fold). In accordance with our findings, 

others have also reported ATGL accumulation upon AICAR stimulation in AT [96], 

however the mechanism for this accumulation was not addressed. More intriguingly, 

AMPK inhibition mediatedby CC drastically reduced ATGL protein levels (- 95 %) 

compared to controldespite enhanced ATGL mRNA expression. This discrepancy in 

C 



 44

ATGL mRNA expression and protein abundance argue for a role of AMPK in regulating 

ATGL in a transcription-independent manner.  

 

 
 

 
 

Figure 4.4.2 AMPK affects ATGL mRNA and protein protein expression. (A) ATGL mRNA and (B) 

protein levels upon AMPK stimulation (AICAR incubation) and inhibition (CC incubation) in 

differentiated H9C2 myocytes. Non-stimulated H9C2 myocytes were used as control. The relative 

ATGL mRNA levels were determined by qRT-PCR and protein levels were determined by Western blot. 

ß-actin was used as house keeping gene. Data are shown as mean ± SD. *P < 0.05, **P < 0.01 and 

***P < 0.001 vs. control. AICAR… 5-aminoimidazole-4-carboxamide ribonucleotid, CC… Compound C 

 

4.5 AMPK activation increases TG catabolism  
 

AMPK has been reported to be able to phosphorylate ATGL at serine 406 [9]. 

Therefore, we created serine406 -> alanine / aspartic acid ATGL mutants (hereafter 

referred as S406A and S406D respectively) to investigate effects of S406 

phosphorylation on ATGL hydrolytic activity.S406A serves as a model of a 

A 

B 
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constitutively “non-phosphorylated” ATGL, and S406D as constitutively 

“phosphorylated” ATGL, respectively. We hypothesized that phosphorylation at S406, 

which constitutes a canonical 14-3-3 binding motif, might induce ATGL localization to 

the LD surface and thereby increasing lipolytic activity. In contrast, S406A should not 

be recruited to LD via AMPK stimulation. However, it is very likely, that there are also 

other mechanisms involved in regulating ATGL localization, so we still expect some 

ATGL activity and localization at the LD surface.  

To estimate the impact of AMPK on TG catabolism, COS-7 cells were transfected with 

ATGL, lacZ and S406A and loaded with oleic acid for 20h to induce TG incorporation. 

In parallel to oleic acid loading, ATGL transfections were also treated with AICAR and 

CC. As expected, cells expressing recombinant ATGL show reduced TG content (- 80 

%), which could be even further reduced with AICAR stimulation (figure 4.5). In 

contrast, inhibition of AMPK with CC only reduced TG content by 50% compared to 

the lacZ expressing control. Intriguingly, TG content in COS-7 cells transfected with 

recombinant S406A was only slightly reduced (- 15 %) compared to control.  

It has been suggested that S406 phosphorylation enhances the catalytic activity of 

ATGL [95]. However, we assumed that ATGL hydrolytic activity in vitro is unchanged in 

S406A or S406D mutated ATGL compared to wt ATGL. Presumably, the observed 

differences in hydrolytic activity result from differences in ATGL protein 

concentrations affected by the mutations, which could by a direct result of altered 

ATGL protein stability. Therefore, we checked ATGL protein abundance in the lysates 

used for the TG hydrolytic assay with Western blot analysis. As expected, ATGL protein 

levels are significantly altered in S406A (- 50%) compared to ATGL and S406D (figure 

4.5), what corresponded directly to the observed decrease of hydrolytic activity in 

vitro. Accordingly, we conclude that AMPK mediated phosphorylation of S406 

increases the hydrolytic activity of ATGL by promoting the stabilization of the lipase 

rather than its catalytic activity.  
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Figure 4.5 S406 phosphorylation affects ATGL-mediated TG catabolism in vivo in contrast to 

unchanged in vitro ATGL TG hydrolytic activity. (A) TG content in COS-7 cells after transfection with 

ATGL, lacZ and S406A and subsequent loading with oleic acid for 20 h. (B) TG hydrolytic activity of 

S406A/D and ATGL compared lacZ under basal, AMPK stimulated and AMPK inhibited conditions. 50 

µg protein from COS7-cell lysates was used for TG-hydrolytic assay and 30 µg protein was loaded onto 

the gel for Western Blot expression analysis. TG hydrolytic activities were measured by using 3H-

labeled Triolein as substrate.  AICAR, 5-aminoimidazole-4-carboxamide ribonucleotid; CC, Compound 

C; FFA, free fatty acid; TG, triglycerides. 
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4.6 Cardiac ATGL turnover and proteasome activity 
 

Recently, the study by Pollak et al. from our laboratory showed that cardiac specific 

Perlipin-5 over-expression in CM provokes severe cardiac steatosis [10] as a 

consequence of a barrier established by Perilipin-5 that shields LD TG against 

hydrolysis from cellular lipases. With respect to the impact of muscle CGI-58 

deficiency on cardiac lipolysis and ATGL protein levels we hypothesized that ATGL 

protein levels may be also increased in Plin5 overexpressing mice in response to 

impaired lipolysis. Therefore, we investigated ATGL protein expression in CM of 

perilipin-5 (CM-Plin5) over-expressing mice with Western blot analysis (figure 4.6). As 

hypothesized, ATGL protein content was markedly increased in CM-Plin5 transgenic 

mice, and a similar increase was also found for its co-activator CGI-58 [10]. 

The diseased heart shows numerous metabolic changes and many proteinopathies 

are associated with cardiac disease. Therefore, we investigated proteasome function 

to examine whether changes in ATGL/CGI-58 protein levels are the consequence of  a 

global defect in proteasome activity caused by cardiac steatosis. Proteasome 

chemotryptic activity was measured by fluorescence spectrometry of crude cytosol 

preparations from CM incubated with a peptide-linked fluorophore. Upon peptide 

degradation by the proteasome, the fluorophore is cleaved and released resulting in 

an increase in fluorescence intensity whichis directly proportional to proteasome 

activity. Unexpectedly, we observed an increase (+ 33 %) in proteasome chymotryptic 

activity from CM-Plin5 and wt cardiac muscle (figure 4.6). Therefore, we conclude 

that it is unlikely that the increase in ATGL and CGI-58 levels is due to impaired 

proteasomal activity in CM of CM-Plin5 transgenic mice. The increased chymotryptic 

activity found in steatotic CM of CM-Plin5 transgenic mice prompted us to check 

proteasome activity in other steatotic tissues. However, chymotryptic activity in 

steatotic liver samples of mice lacking CGI-58 exclusively in the liver (CGI-58livKO) was 

unchanged compared to CGI-58 flox/flox mice. Therefore we conclude that the 

observed increase of proteasome chymotryptic activity is specific to CM, which is in 

line with other observations comparing liver and heart proteasome function [9]. 
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However, if and to which extend this increase in chymotryptic activity has an influence 

ATGL protein level or turnover remains to be further investigated. In summary, our 

data indicate that the proteasome might be influenced by TG turnover in CM, at least 

in the pathological system of cardiac steatosis.  

 

 

 

 
Figure 4.6 CM-specific Plin5 overexpression affects ATGL protein levels and proteasome 

chymotryptic activity (A) Protein expression levels of ATGL were markedly elevated in CM of CM-Plin5 

mice compared with wt. Analyzed samples contained 30 µg protein. GAPDH was used as a house 

keeping gene. (B) Proteasome chymotryptic activity is enhanced in steatotic CM-Plin5 samples 

compared to wt (n = 3). (C) Proteasome chymotryptic activity is not effected in steatotic liver samples 

of mice lacking CGI-58 exclusively in the liver (CGI-58livKO) compared to wt (n = 6). Chymotryptic 

activity was measured using a fluorogenic peptide. Data are shown as mean ± SD. # not significant P > 

0.05, *P < 0.05, **P < 0.01 and ***P < 0.001 versus wt mice. 
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5) Discussion 
 

The last decade delivered major insights into the lipolytic process of TG mobilization 

in AT. However, lipolysis in non-adipose tissues is much less understood and awaits 

further examination. The generation and characterization of lipase-deficient mouse 

models shed new light in the molecular mechanism of TG catabolism in non-adipose 

tissue and these animal models did not only harbor changes in body fat mass but also 

suffered from a variety of obesity related co-morbidities including renal and cardiac 

dysfunction and skin barrier defects. Today, there is overwhelming evidence that 

functional lipolysis is critical for normal liver and heart function as well for lipid 

metabolism and signaling in many other organs including the brain and skin. 

In the heart, defects in lipolysishave a strong impact on cardiac energy homeostasis, 

leading to severe steatosis and lethal cardiac dysfunction. Interestingly, we found that 

cardiac steatotic ATGL and CGI-58 deficient, as well as Plin-5 over-expressing 

transgenic mice, share common properties. For example, these mice exhibit ectopic 

lipid accumulation, reduced TG hydrolytic activities, impaired mitochondrial function 

anda switch in substrate utilization from FA to carbohydrates. Moreover, there are not 

only morphologic similarities like cardiac fat accumulation, but also in the adaptive 

response to the lipolytic defect. Representatively, ATGL-KO mice exhibit elevated CGI-

58 protein levels and inversely, mCGI-58KO mice show elevated ATGL protein levels, 

whereas CM-Plin5 mice accumulate both, ATGL and CGI-58 protein.As these changes 

on the protein levels are not paralleled by changes in mRNA levels of these genes we 

hypothesized that post-translational modificationsmay causative for the elevated 

protein levels. We also showed in vitro, that ATGL protein levels are not influenced 

directly by CGI-58 protein abundance. Within this context, we assumed that there 

may exist a common regulatory pathway, which senses the energy imbalance caused 

by impaired TG catabolism and attempts to restore lipolysis via protein stabilization. 

In accordance with this hypothesis, the compensatory increase of ATGL protein level 

observed in mCGI-58KO CM may also explain differences in the clinical picture caused 

ATGL or CGI-58 deficiency, as solely ATGL-deficiency is causative for massive cardiac 
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steatosis and in some cases lethal heart dysfunction.  However, the compensatory 

increase of ATGL protein in mCGI-58KO CM is not sufficient to prevent the 

development of cardiac steatosis caused by CGI-58 deficiency and impaired lipolysis. 

Surprisingly, mCGI-58KO skeletal muscle is less affected by CGI-58 deficiency, 

suggesting that the observed increase in ATGL protein is able to compensate for 

lipolytic defect in SM, at least to a certain extent [97]. Differences in cardiac and 

skeletal muscle pathogenesis might also arise from substrate utilization, with SM 

taking up 60-90 % of glucose from the circulation; while the healthy adult heart relies 

to a large extent on fatty acid oxidation.  

In this study, potential pathways were examined that could be involved in the 

posttranslational regulation of ATGL and its consequences for TG hydrolysis and 

energy metabolism. 

 

 

(1) ATGL protein degradation is mediated by the ubiquitin-proteasome system (UPS). 

In a cycloheximide-based protein degradation experiment, we and others have found 

that ATGL degradation can be attenuated by addition of a proteasome-specific 

inhibitor whereas lysosomal degradation or protease inhibitors showed no effect on 

ATGL protein turn over. However, a drawback of this study is the lack of data 

confirming that ATGL is indeed ubiquitinated, a prerequisite for proteasome-mediated 

protein turn over. Furthermore, neither data regarding ATGL ubiquitination or its 

association with known E3-ligases have been reported so far. It remains to be clarified 

how the proteasome interferes with ATGL protein homeostasis. Cellular stress like 

hypoxia or oxidative stress may lead to the activation of the ubiquitine proteasome 

system (UPS). The UPS is a highly and dynamically regulated system, integrating signal 

input from many external and internal events. Accordingly, the UPS has been linked to 

many forms of cardiac disease [100]. As defects in lipolysis are associated with altered 

energy metabolism and mitochondrial dysfunction, it is reasonable to assume altered 

proteasome activity/function in our mouse models harboring cardiac steatosis. 

Arguably, impaired mitochondrial function caused by loss of CGI-58 or ATGL or 
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overexpression of Plin-5 may lead to reduced ATP production, activating energy 

producing and expenditure conserving pathways. However, the role of the 

proteasome in responding to cellular stress has been controversial. For example, 

proteasome activity has been shown to be activated during starvation [108], sepsis 

[109], severe trauma [110] and cancer cachexia [111], whereas proteasome 

hyperactivation in the heart protects against cardiac proteinopathy and myocardial 

ischemia-reperfusion injury [112].Interestingly, we found that proteasome 

chymotryptic activity is enhanced in CM preparations of CM-Plin5 mice showing 

cardiac steatosis compared to wt cardiac preparations. Furthermore, we showed that 

this increase in proteasome activity is unique for cardiac steatosis, while proteasome 

activity in steatotic liver samples was unchanged. Comparison of proteasomes from 

liver and hearts has been shown that the liver carries significantly higher amounts of 

phosphorylated proteins and is less sensitive to proteasome inhibitors, possibly 

accounting for this difference [110]. Activation of the UPS has been described in 

different models of cardiac hypertrophy; however the role of the proteasome in 

response to steatosis induced by dysfunctional lipolysis is quite unclear. Nevertheless, 

there is one study reporting an increase in proteasome activity in streptozotocin-

induced diabetic rats, a model of experimental hyperglycemia [113]. They showed 

that proteasome non-ATP-dependent chymotryptic activity was increased over 2-fold 

in hyperglycemic hearts, but the ATP-dependent activity was decreased and levels of 

ubiquitinated proteins were increased. Arguably, ATP deficiency reduces tryptic- and 

peptidyl-glutamyl peptide-hydrolyzing (PGPH)-like activities but promotes 

chymotryptic activity not only in hyperglycemia, but in other forms of energy-related 

metabolic diseases. Related to this finding, it is allowed to assume that ATP-producing 

pathways, including lipolysis, are severely affected by altered proteasome activities. It 

is even conceivable that enhanced proteasome activity is a means to improve TG 

catabolism by reducing the substrate “shielding” function of perilipins against cellular 

lipases, because many LD associated coating proteins are shown to be rapidly 

degraded by the proteasome [78-81]. 
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(2) When considering energy imbalance, the ancient ATP-sensor AMPK has to be 

discussed as well. The role of AMPK in lipolysis has been very controversial, with data 

reporting induction [101], inhibition [102] or no effect [103] on lipolysis.We found 

that AMPK has significant effects on ATGL protein abundance; activation of AMPK 

promotes ATGL accumulation, whereas inhibition of AMPK markedly reduces ATGL 

protein levels. As neither one of these effects corresponded with the transcriptional 

output, we assumed that AMPK directly interacts with ATGL, rather than initiating a 

transcriptional program. Supporting this assumption, others have reported that S406 

and S430 of ATGL can be phosphorylated by AMPK, constituting a 14-3-3 binding 

motif [95]. 

Investigation of S406A and S406D mutants further support the role of AMPK in 

regulating TG catabolism via ATGL, although it is yet unclear if S406 phosphorylation 

induces TG catabolism by a change in ATGL localization, stability or even conformation 

and/or catalytic function. However, we found that ATGL hydrolytic activity in vitro is 

independent of S406 phosphorylation, strongly suggesting that the observed increase 

in TG catabolismin vivo is a result of improved ATGL protein stability or abundance at 

the lipid droplet. In line with our findings, it has been proposed that S406 

phosphorylation induces binding to LD-associated proteins via its 14-3-3 binding motif 

[114]. Furthermore, it was shown that S406A is less abundantly localized to the LD 

compared to wt ATGL at least in COS-7 cells [114]. Accordingly, it is tempting to 

speculate that AMPK phosphorylation is a mechanism which facilitates ATGL 

translocation to LD similar to PKA-mediated HSL translocation. Additionally, we 

assume that ATGL translocation and 14-3-3 binding might be responsible for increased 

protein stability observed upon AICAR stimulation. Correspondingly, AMPK inhibition 

with CC disrupts 14-3-3 binding thereby facilitating its degradation. If S406 de-

phosphorylation is required for ATGL degradation is not known, and a phosphatase 

that specifically dephosphorylates ATGL has not been discovered so far. However, we 

assume that the unphosphorylated state of S406 subjects ATGL to ubiquitination and 

proteasome degradation. This is an important challenge for ongoing experiments to 

unravel the role of the UPS in the regulation of ATGL protein level. Finally, it is also 
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conceivable that the observed effects of AMPK on TG catabolism are not exclusively 

mediated by ATGL, since AMPK is involved in many, mostly redundant, signaling 

processes. 

 

In summary, the following scenario is assumable. In the basal energy state, ATGL is a 

relatively short-lived protein and ATGL that is localized in the cytosol is subjected to 

proteasomal degradation. Upon energy demand, ATGL is further recruited to the LD 

surface, where it interacts with LD associated proteins. This facilitated translocation of 

ATGL enhances TG hydrolysis by improving ATGL abundance and substrate 

accessibility at the LD surface.  

Given that the energy requirements of cardiomyocytes cannot be fulfilled, a whole 

cascade of compensatory mechanisms is activated in response to falling ATP levels. 

These include reduction in tryptic- and PGPH-like proteasome activity and activation 

of ATP-independent chymotryptic activity. Additionally, the ATP-sensor AMPK is 

activated, initiating a multitude of energy producing and preserving pathways. With 

regard to lipolysis, we suggest that AMPK and the UPS are critically involved in TG 

catabolism by direct interaction with and in regulating ATGL protein abundance. To 

elucidate the molecular mechanisms causing increased ATGL protein levels in the 

diseased heart may deliver therapeutic targets to interfere with the development of 

cardiac disorders including cardiomyopathy.  
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6) Abbreviations 
 

ADRP  adipose differentiation-related protein 

AMPK  5-AMP activated protein kinase 

ATGL   adipose tissue triglyceride lipase 

ATP   adenosine-5'-triphosphate 

BAT  brown adipose tissue 

BCA   bicinchoninic acid 

BMI  Body Mass Index 

BSA   bovine serum albumin 

cAMP  cyclic adenosine monophosphate 

CAPS  N-cyclohexyl-3-aminopropanesulfonic acid 

CDC   Center for Disease Control and Prevention 

cDNA  complementary DNA 

CDS   ChanarinDorfman Syndrome 

CE   cholesteryl ester 

CGI-58  comparative gene identification-58 

CGI-58f/f wt CGI-58 “floxed” wild type 

CM  cardiac muscle 

DEPC  diethylpyrocarbonate 

DG   diacylglycerol 

DTT  dithiothreitol 

EDTA   ethylene diamine tetra-aceticacid 

FA  fatty acid 

FFA   free fatty acid 

G0S2   G0/G1 switch gene 2 

HSL  hormone-sensitive lipase 

kDa  kilodalton 

KO  knock-out 

LD  lipid droplet 

livCGI-58KO liver-specific CGI-58 knock-out 

MG  monoacylglycerol 
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MGL  monoglyceride lipase 

MLDP  myocardial lipid droplet binding protein 

MOPS  3-(N-morpholino)propanesulfonic acid 

mRNA  messenger RNA 

NLSD  neutral lipid storage disease 

NLSDI  NLSD with ichthyosis 

PCR  polymerase chain reaction 

PKA  protein kinase A 

PVDF  polyvinyliden fluoride 

RNA  ribonucleic acid 

SDS  sodium dodecyl sulfate 

SDS-Page  sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SM  skeletal muscle 

TEMED  tetra methyl ethylene diamine 

TG  triglyceride 

TGH  triglyceride hydrolase 

UPS  ubiquitin-proteasome system 

WAT  white adipose tissue 

WHO  World Health Organization 

Wt  wild type 
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