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Abstract  

Myocardial infarction and ischemic events are the leading cause of death worldwide.  

Adenosine, an endogenous nucleoside, has been recognized as a cardioprotective 

substance for decades. Adenosine plays an important role in “delayed preconditioning” 

in which repeated, short reductions in blood flow protect the heart against a longer 

lethal bout of ischemia between 24 and 72 hours later. Adenosine kinase (ADK) is the 

major enzyme that metabolizes adenosine, but the role of ADK in delayed 

preconditioning is unknown. 

ABT-702 is an ADK–inhibitor, which increases adenosine concentrations by 

attenuating its metabolism. Although ABT-702 has a half-life of less than one hour, 

cardioprotective effects against IR were observed with the Langendorff heart at 24 

hours after treatment. The delayed cardioprotection provided by ABT-702 was 

associated with increased adenosinergic signaling and reduced ADK protein levels, 

which were reversed by bortezomib treatment, indicating ABT-702 causes 

proteasomal degradation of ADK. Interestingly, ABT-702 also induced cullin 

neddylation, a modification that promotes selective protein degradation.  

The aim of the project was to determine the role of adenosine receptors and cullin 

neddylation in ABT-702-induced ADK degradation and delayed preconditioning. 

Therefore, mice were injected i.p. with ABT-702 (10 mg/kg) or non-selective adenosine 

receptor agonist, 2-chloro-adenosine (CADO) (2 mg/kg), in the presence of adenosine 

receptor antagonist, theophylline (20 mg/kg), or neddylation inhibitor, MLN4924 (60 

mg/kg). Hearts were collected 3 hours and 24 hours later and ADK levels and cullin 

neddylation were measured by western blot.  

The results showed that ABT-702 treatment stimulates adenosine receptor-dependent 

cullin neddylation, leading to proteasomal degradation of ADK and sustained 

enhancement of adenosine signaling. These findings suggest a novel role for 

adenosine receptors in cardiomyocyte cullin neddylation and ADK regulation in 

“delayed preconditioning”. 
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Zusammenfassung  
Herzinfarkte sowie kardiale ischämische Geschehen stellen die weltweit häufigste 

Todesursache dar.  

Adenosin, ein endogenes Nukleosid, ist seit Jahrzehnten als kardioprotektive 

Substanz bekannt. Adenosin spielt eine wichtige Rolle in der verzögerten 

Präkonditionierung, bei der wiederholte und kurze Minderdurchblutungen das Herz 24 

bis 72 Stunden später in längeren und letalen ischämischen Perioden schützen. 

Adenosin Kinase (ADK) ist das Hauptenzym zur Adenosin-Metabolisierung. Die Rolle 

von ADK in der verzögerten Präkonditionierung ist jedoch nicht bekannt.  

ABT-702 ist ein ADK–Inhibitor, der Adenosin-Konzentrationen durch Hemmung des 

Abbaus erhöht. Obwohl ABT-702 eine Halbwertzeit von weniger als einer Stunde 

aufweist, wurden kardioprotektive Effekte gegen Reperfusionsschäden 24 Stunden 

nach der Behandlung am Langendorff Herz festgestellt. Die durch ABT-702 

hervorgebrachte Kardioprotektion konnte mit erhöhten adenosinergen Signalen und 

reduzieren ADK-Konzentrationen in Verbindung gebracht werden. Die Effekte wurden 

durch Behandlung mit Bortezomib inhibiert, was zur Annahme eines durch ABT-702 

hervorgerufenen proteosomalen Abbaus von ADK führt. Zeitgleich induzierte ABT-702 

die Cullin-Neddylierung, eine Modifikation die selektiven Proteinabbau induziert.   

Ziel dieses Projektes war es, die Rolle von Adenosin und der Cullin-Neddylierung 

bezüglich des ADK-Abbaus und der verzögerten Präkonditionierung zu ermitteln.  

Zu diesem Zweck wurden Mäuse i.p. mit ABT-702 (10 mg/kg) oder dem nicht-

selektiven Adenosin-Rezeptor-Agonisten 2-Chlor-Adenosin (CADO) (2 mg/kg) in 

Gegenwart des Adenosin-Rezeptor-Antagonisten Theophyllin (20 mg/kg) oder des 

Neddylierungs-Inhibitors MLN4924 (60 mg/kg) behandelt. Die Herzen wurden nach 3 

bzw. 24 Stunden entnommen und ADK-Konzentrationen und Cullin-Neddylierung 

wurden mittels Western Blot bestimmt.  

Die Ergebnisse zeigten, dass ABT-702 die Adenosin-Rezeptor-abhängige Cullin-

Neddylierung stimuliert, was zum proteosomalen Abbau und nachfolgender 

Verstärkung von Adenosin-Signalen führt. Diese Erkenntnisse suggerieren eine neue 

Rolle von Adenosin-Rezeptoren in der kardialen Cullin-Neddylierung und ADK-

Regulation in der verzögerten Präkonditionierung.   



 

iii 
 

Acknowledgements  
 

First of all, I would like to thank my supervisor o. Univ.-Prof. Dr. Bernhard-Michael 

Mayer, head of the department of Pharmacology & Toxicology, for giving me the 

chance to contribute on research projects. Thanks also for fascinating lectures and the 

attempt to teach students critical thinking.  

 

A big thank-you goes out to John Fassett, PhD., who let me participate in his exciting 

projects. Thank you for never getting tired to help whenever it was necessary. It was 

an honor to work with you. 

 

I also would like to acknowledge the whole faculty team and my fellow students: it was 

a pleasure working with you every day!  

 

Having this opportunity, I also would like to acknowledge some people who greatly 

contributed to my being at this point in my life today. 

Thanks to my parents who made it possible for me to study in the first place!  

Moreover, I am deeply grateful for my whole family supporting me through all these 

years of studying and for always providing me with their culinary delights. 

Special thanks go to my parents-in-law who encouraged me in every way imaginable 

over all these years.  

And finally, Patrick, thank you for lighting up my life! I am looking forward to opening 

the next chapter together with you!  

 

  



 

iv 
 

Contents 
Abstract ........................................................................................................................ i 

Zusammenfassung ...................................................................................................... ii 

Acknowledgements .................................................................................................... iii 

Contents ..................................................................................................................... iv 

List of figures ............................................................................................................. vii 

List of Tables .............................................................................................................. ix 

Abbreviations ............................................................................................................... x 

1. Introduction ............................................................................................................. 1 

1.1 Ischemic heart disease ...................................................................................... 1 

1.2 Adenosine ......................................................................................................... 1 

1.2.1 Metabolism .................................................................................................. 2 

1.2.2 Adenosine receptors and their mediated effects in general ........................ 5 

1.2.3 Adenosine receptors and their cardiac effects ............................................ 9 

1.2.3.1 Influence in inotropy .............................................................................. 9 

1.2.3.2 Influence in chronotropy ...................................................................... 11 

1.2.3.3 Regulation of the vascular tone .......................................................... 12 

1.2.3.4 Further cardioprotective effects of adenosine receptors ..................... 15 

1.3 Preconditioning ................................................................................................ 16 

1.3.1 Preconditioning ......................................................................................... 16 

1.3.1.1 Acute preconditioning ......................................................................... 17 

1.3.1.2 Delayed Preconditioning ..................................................................... 19 

1.3.1.3 Remote ischemic preconditioning ....................................................... 20 

1.3.1.4 The role of adenosine receptors on ischemic myocardium and  

preconditioning ............................................................................................... 20 

1.3.2 Postconditioning ........................................................................................ 22 

1.4 Protein degradation ......................................................................................... 23 



 

v 
 

1.4.1 Mechanism of ubiquitination ...................................................................... 23 

1.4.2 The hierarchical order of ubiquitination-enzymes ...................................... 24 

1.4.3 Cullin RING ligases ................................................................................... 25 

1.4.3.1 Structure ............................................................................................. 25 

1.4.3.2 Neddylation ......................................................................................... 25 

2. Object ................................................................................................................... 27 

3. Methods ................................................................................................................ 29 

3.1 List of solutions ................................................................................................ 29 

3.2 List of materials ............................................................................................... 30 

3.3 Sample preparation ......................................................................................... 31 

3.3.1 Whole hearts from mice ............................................................................ 31 

3.3.2 Pulverization in liquid nitrogen................................................................... 31 

3.3.3 Homogenizing ........................................................................................... 31 

3.3.4 BCA Assay ................................................................................................ 32 

3.2.4.1 Method ................................................................................................ 32 

3.3.4.2 Implementation ................................................................................... 32 

3.4 Protein Quantification ...................................................................................... 34 

3.4.1 SDS-PAGE................................................................................................ 34 

3.3.1.1 Method ................................................................................................ 34 

3.4.1.2 Implementation ................................................................................... 34 

3.4.2 Western Blot.............................................................................................. 36 

3.4.2.1 Method ................................................................................................ 36 

3.4.2.2 Implementation ................................................................................... 37 

3.4.3 Incubation with antibodies ......................................................................... 38 

4. Results .................................................................................................................. 39 

4.1 ADK ................................................................................................................. 39 

4.1.1 ADK-levels 3 hours after treatment ........................................................... 40 

4.1.2 ADK-levels 24 hours after treatment ......................................................... 41 



 

vi 
 

4.2 Cullin neddylation ............................................................................................ 44 

4.2.1 Impact on cullin-neddylation at 3 hours ..................................................... 45 

4.2.2 Impact on cullin-neddylation at 24 hours ................................................... 48 

4.3 Results of further experiments ......................................................................... 49 

4.3.1 Langendorff heart ...................................................................................... 49 

4.3.2 ADK activity measurement ........................................................................ 51 

5. Discussion ............................................................................................................ 52 

5.1 ADK-reduction ................................................................................................. 52 

5.2 Mechanism via adenosine receptors ............................................................... 54 

5.3 Regulation of cullin-neddylation and the ubiquitin-proteasome-system by 

adenosine .............................................................................................................. 54 

5.4 Cardio protection caused by ADK-degradation and sustained increase in 

adenosine availability. ........................................................................................... 55 

6. Conclusion ............................................................................................................ 56 

 

  



 

vii 
 

List of figures 
Figure 1: Adenosine ................................................................................................... 1 

Figure 2: Adenosine metabolism. Source: Pier et al. Pharmacology of adenosine 

receptors, p.1594 ........................................................................................................ 3 

Figure 3: Structure of ABT-702. Source: www.toris.com (03/24/19) ........................... 4 

Figure 4: Overview of the adenosine-mediated effects. Source: Pier et al., 

Pharmacology of adenosine receptors, p.1594 .......................................................... 7 

Figure 5: Excitation-contraction-coupling with sympathetic innervation (red circles) 

and anti-adrenergic effects of adenosine (green crosses) ........................................ 10 

Figure 6: Mechanism of contraction in smooth muscle cells and influence of 

adenosine on the mechanism ................................................................................... 13 

Figure 7: A1AR- and A2AAR-dependent NO-release. Source: www.ncbi.nlm.nih.gov 

(03/16/19) ................................................................................................................. 14 

Figure 8: Overview of injury-mechanisms caused by ischemia and reperfusion. ...... 16 

Figure 9: Possible mechanism for preconditioning. .................................................. 18 

Figure 10: Overview of the different conditioning processes and their effects. ......... 22 

Figure 11: Ubiquitination machnism. Source: www.mpg.de (03/17/19) .................... 23 

Figure 12: Opportunities of polyubiquitination. Source: www.wikipedia.org (03/17/19)

 ................................................................................................................................. 23 

Figure 13: The Ubiquitin-proteasome-system. .......................................................... 24 

Figure 14: Classification of ubiquitination enzymes .................................................. 24 

Figure 15: Structure of CRLs .................................................................................... 25 

Figure 16: Mechanism of MLN inhibiting NAE. Source: www.researchgate.net 

(03/24/19) ................................................................................................................. 26 

Figure 17: BCA reaction. Source: www.thermofisher.com (02/08/19) ...................... 32 

Figure 18: Implementation of electrophoresis. Source: www.creative-proteomics.com 

(02/09/19) ................................................................................................................. 35 

Figure 19: Schematic illustration of a western blot. Source: www.bosterbio.com 

(02/09/19) ................................................................................................................. 36 

Figure 20: Schematic illustration of detection in western blots. Source: 

microbeonline.com (02/09/19) .................................................................................. 37 

Figure 21: Structure of the western blot equipment. Source: www.bosterbio.com 

(03/20/19) ................................................................................................................. 37 



 

viii 
 

Figure 22: Western Blot, ADK 3 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 40 

Figure 23: ADK-levels relative to control 3 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 40 

Figure 24: Western Blot, ADK 3 hours after treatment with ABT/ABT+MLN ............. 40 

Figure 25: ADK-levels relative to control 3 hours after treatment with ABT/ABT+MLN

 ................................................................................................................................. 41 

Figure 26: Western Blot, ADK 24 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 41 

Figure 27: ADK-levels relative to control 24 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 41 

Figure 28: Western Blot, ADK 24 hours after treatment with ABT/ABT+MLN ........... 42 

Figure 29: ADK-levels relative to control 24 hours after treatment with ABT/ABT+MLN

 ................................................................................................................................. 42 

Figure 30: Nuclear isoform of ADK 24 hours after treatment with ABT/ABT+MLN ... 43 

Figure 31: Cullin-neddylation relative to control 3 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 45 

Figure 32: Western Blot, Cullin-1 neddylation 3 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 45 

Figure 33: Western Blot, Cullin-2 neddylation 3 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 45 

Figure 34: Western Blot, Cullin-3 neddylation 3 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 45 

Figure 35: Cullin-neddylation relative to control 3 hours after treatment with 

ABT/ABT+theophylline ............................................................................................. 46 

Figure 36: Cullin-2 neddylation 3 hours after treatment with ABT/ABT+MLN ........... 46 

Figure 37: Western Blot, cullin-1 neddylation 3 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 47 

Figure 38: Western blot, cullin-2 neddylation 3 hours after treatment with 

ABT/ABT+theophylline ............................................................................................. 47 

Figure 39: Western blot, cullin-2 neddylation 3 hours after treatment with 

ABT/ABT+MLN ......................................................................................................... 47 

Figure 40: Western blot, cullin-3 neddylation 3 hours after treatment with 

ABT/ABT+theophylline ............................................................................................. 47 



 

ix 
 

Figure 41: Cullin neddylation relative to control 24 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 48 

Figure 42: Western Blot, cullin-2 neddylation 24 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 48 

Figure 43: Western Blot, cullin-3 neddylation 24 hours after treatment with 

CADO/CADO+theophylline ....................................................................................... 48 

Figure 44: Langendorff heart, basal coronary flow ................................................... 49 

Figure 45: Langendorff heart, results of parameters measured after no flow ischemia

 ................................................................................................................................. 50 

Figure 46: ADK activity after ABT/MLN..........................    Figure 47: ADK activity after 

CADO/theophylline treatment 51 

Figure 48: Hypothesis ............................................................................................... 52 

 

 

List of Tables  
 

Table 1: BCA scheme ............................................................................................... 32 

Table 2: Recipe resolving-gel ................................................................................... 34 

Table 3: Recipe stacking-gel .................................................................................... 35 

Table 4: Antibodies ................................................................................................... 38 

 

  



 

x 
 

Abbreviations  
 

8-PT 8-(p-sulfophenyl)-theophylline 

ABT ABT-702 (ADK-inhibitor) 

AC Adenylyl cyclase  

ACh Acetylcholine  

ADA Adenosine deaminase  

ADK Adenosine kinase  

ADK-L Adenosine kinase, long isoform  

ADK-S Adenosine kinase, short isoform  

ADP Adenosine diphosphate  

AMP Adenosine monophosphate  

APS Ammonium persulfate  

AR Adenosine receptor  

ATP Adenosine triphosphate  

BCA Bicinchoninic acid  

BR2 Bradykinin receptor 2  

BSA Bovine serum albumin 

CADO 2-chloro-adenosine  

CaM Calmodulin  

cAMP Cyclic adenosine monophosphate  

CAND1 Cullin-associated and neddylation-dissociated-1 

CNS Central nervous system 

COX Cyclooxygenase  

CPP Coronary perfusion pressure 

CRL Cullin RING ligases  

CTN Concentrative nucleoside transporters 

DAG Diacylglycerol 

DHPR Dihydropyridine receptors 

DTT DL-Dithiothreitol 

ETN Equilibrative nucleoside transporters 

GC, sGC Guanylate cyclase, soluble guanylate cyclase 

GPCR G-protein-coupled receptor  

HCN-channels Hyperpolarisation activated cyclic nucleotide gated channels 

HRP Horse radish peroxidase  

IP3 Inositol-1,4,5-triphosphate  



 

xi 
 

IR Ischemia reperfusion  

LVDevP Left ventricular developed pressure 

LVEDP Left ventricular end-diastolic pressure 

MAPK Mitogen-activated protein kinases  

MLCK Myosin light-chain kinase 

MLCP Myosin light-chain phosphatase 

MLN MLN4924 (Neddylation-inhibitor)  

MPTP Mitochondrial permeability transition pore 

NAE Neddylation activating enzyme 

NO Nitric oxide 

NOS, eNOS, iNOS NO-synthase, endothelial NO-synthase, inducible NO-synthase  

PGI2 Prostacyclin 

PI3 kinase Phosphoinositide-3-kinase 

PIP2 Phosphatidylinositol-4,5-biphosphate 

PKA Protein kinase A 

PKC Protein kinase C 

PKG Protein kinase G 

PLA2 Phospholipase A2  

PLC Phospholipase C  

RING Really new interesting gene  

RISK Reperfusion injury salvage kinase 

RNS Reactive nitrogen species  

ROS Reactive oxygen species  

RyR Ryanodine receptor 

SAH S-adenosylhomocysteine 

SAM S-adenosylmethionine 

SAN Sinoatrial node 

Sarc. Actin  Sarcomeric actin (anti actin, cardiac antibody)  

SDS Sodium dodecyl sulfate  

SDS-PAGE Sodium-dodecyl-sulfate polyacrylamide gel electrophoresis 

SERCA Sarco/endoplasmatic reticulum Ca2+-ATPase 

SR Sarcoplasmatic reticulum 

TNFα Tumor necrosis factor α 

UPS Ubiquitin-proteasome system  

WBTB Western blot transfer buffer  

 



1. Introduction  Page 1 
 

 

1. Introduction 

1.1 Ischemic heart disease  

The most frequent cause of death in Austria [1] and throughout Europe [2], but also 

worldwide [3] are acute myocardial infarctions and ischemic heart diseases. So, it is 

not surprising that much research is investigated in preventing and treating myocardial 

infarction and limiting heart injury caused by ischemic events. Adenosine has proven 

to be a cardioprotective factor in these conditions, due to its versatile signaling 

pathways.  

1.2 Adenosine 

 

Figure 1: Adenosine    
Seen on www.sigmaaldrich.com 
(3/18/19)     

 

Adenosine is an endogenous nucleoside consisting of adenine and ribose. It is 

distributed throughout the body, as a component of nucleic acids and various 

molecules such as adenosine-triphosphate (ATP) and different cofactors, such as 

NAD+ and s-adenosylmethionine. [4] [5], but also serves an important physiological 

role in cell signaling. 

Adenosine acts as a signaling molecule through the activation of cell surface 

adenosine receptors. There exists 4 adenosine-receptor (AR)- subtypes: A1, A2A, A2B 

and A3. They are G-protein-coupled receptors, which are described in more detail 

below.  

ARs are distributed ubiquitously and regulate several important physiological pathways 

in response to activation by adenosine. For example, in the central nervous system, 

adenosine modulates sleep and body temperature, while in the cardiovascular system, 

it plays an important role in vascular function, platelet aggregation and cardioprotection 

during ischemic conditions. [5] [6] 

http://www.sigmaaldrich.com/
https://www.sigmaaldrich.com/catalog/product/sigma/a9251?lang=de&region=AT
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1.2.1 Metabolism 

Origin  

Adenosine generation is increased under stressful conditions and energy perturbations 

or imbalances in O2 supply/demand-ratio. There are two major pathways to produce 

adenosine.  

1. Hydrolysis of 5’-adenosine-monophosphate (AMP): intra- and extracellular  

5’-AMP is generated by either adenine-nucleotides or cyclic-AMP (cAMP). AMP-

concentrations become elevated during stressful conditions, when energy 

consumption and  ATP turnover increases.  Within the cell, ATP becomes degraded to 

adenosine-diphosphate (ADP). Adenylate kinase transfers a phosphate from one ADP 

to another ADP, thus increasing ATP, but also AMP-concentrations (2 ADP → AMP + 

ATP). 

The described mechanism also takes place in extracellular compartments, particularly 

under stressful conditions. There are two ecto-nucleotidases that generate adenosine 

through hydrolysis and dephosphorylation of ATP, ADP and AMP: CD39 

(ectonucleoside triphosphate diphosphohydrolase), which degrades ATP to AMP,  and 

CD73 (ecto-5’-nucleotidase), which degrades AMP to adenosine. Intracellular 5’ 

cytosolic nucleotidase then hydrolyses 5’-AMP to adenosine. Adenosine is also 

generated from phosphodiesterase activity on cAMP and from S-

adenosylhomocysteine metabolism. 

Extracellular generated adenosine can interact locally with adenosine receptors on 

nearby cells or become taken up by cells and recycled or degraded. Adenosine uptake 

is mediated by cation-linked concentrative nucleoside transporters (CNTs) or 

equilibrative nucleoside transporters (ENTs) which facilitate the adenosine passage 

through the membrane along the concentrations gradient. [5] [6] 

 

2. Metabolism of S-adenosylhomocysteine (SAH): intracellular 

SAH-hydrolase hydrolyses SAH to homocysteine and adenosine. [5] [6] 

Homocysteine then becomes metabolized via methionine to S-adenosylmethionine 

(SAM), which becomes regenerated to SAH by various methyl-transferases. [7]  
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Degradation  

Once generated, adenosine has a half-life time < 1 second. It gets degraded or 

metabolized by two enzymes, respectively; adenosine deaminase (ADA) and 

adenosine kinase (ADK). [5] 

ADA deaminates adenosine to inosine both intracellularly and extracellularly. The 

Michaelis constant (Km) of the enzyme is 17-45 μM, in contrast to ADK where the Km 

is 2μM. This suggests deamination might have more of an impact on adenosine levels 

under pathological conditions, when adenosine levels increase. Since inosine also 

interacts with adenosine receptors (ARs), more specifically with A1 and A3, there may 

be further, but subordinate, activation of those receptors under non-physiological 

conditions [8]. Interestingly, extracellular ADA is able to bind at ARs (A1, A2A, A2B) which 

leads to a higher receptor affinity. [5] 

ADK re-phosphorylates adenosine to AMP. With a Km of 2 μM, ADK is the predominant 

route of adenosine metabolism in both physiological and pathophysiological 

conditions. This project focused on the regulation of ADK in cardiomyocytes and its 

potential impact on preconditioning. [5] [6] 

 

Figure 2: Adenosine metabolism. Source: Pier et al. Pharmacology of adenosine receptors, p.1594 
Adenosine is generated from 5’-AMP (intra- and extracellular) and from SAH (intracellular). It is degraded by ADA to inosine 

(intra- and extracellular) or by ADK to 5’-AMP.  
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Adenosine kinase  

Since ADK is the main enzyme that recycles adenosine into the adenine nucleotide 

pool, it may play a role in the energy state of the cell. 2 isoforms have been identified 

with different specific subcellular localizations and both isoforms are enzymatically 

active [9] [10]. The long isoform (ADK-L) was found to be located in the nucleus, while 

the short isoform (ADK-S) is specific for the cytoplasm [11].  

Besides several other pathways, ADK is regulated by its own substrate adenosine [12] 

[13]. Low adenosine levels active ADK, while high levels inhibit the enzyme. The 

feedback mechanism allows the cells to differentially regulate adenosine release 

during basal or stressful and low-energy conditions [11]. 

 

ABT-702  

 

Figure 3: Structure of ABT-702. Source: www.toris.com (03/24/19) 
Chemical name: 5-(3-Bromophenyl)-7-[6-(4-morpholinyl)-3-pyrido[2,3-d]byrimidin-4-amine dihydrochloride 

 

ABT-702 is an orally active non-nucleoside ADK-inhibitor. [14] Oral activity was 

shown in animal models of inflammation and pain [15].  

It inhibits both isoforms of the enzymes and is competitive with respect to adenosine. 

The ADK-inhibition was shown to be reversed after 4 hours of dialysis. [14] 

In this project, ABT-702 was used for inhibiting ADK in order to induce 

cardioprotection.   

http://www.toris.com/
https://resources.tocris.com/images/datasheets/structures/abt-702-dihydrochloride_2372.png
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1.2.2 Adenosine receptors and their mediated effects in general  

There are, as mentioned above, four types of ARs: A1, A2A, A2B and A3. They are 

distributed throughout the body, in “the nervous, cardiovascular, respiratory, 

gastrointestinal, urogenital, and immune systems as well as in bone, joints, eyes and 

skin” [5]. Because ARs play important roles for many different physiological as well as 

pathophysiological responses, much work has been invested in understanding the role 

of ARs in the cardiovascular system, neurological diseases, inflammatory and 

autoimmune diseases and cancer. 

ARs are G-protein-coupled receptors (GPCR), and each subtype is coupled to a 

different G-protein. Thus, various receptors mediate different signaling pathways.  

Interestingly, caffeine, the most widely consumed drug on the planet, and one of its 

metabolites, theophylline, are non-selective adenosine receptor antagonists that 

stimulate wakefulness. 

 

A1AR 

The A1AR is a Gi/0-coupled receptor. The affinity of adenosine to A1AR is greatest 

among all ARs [5]. Activation leads to an inhibition of adenylyl cyclase (AC), thus 

decreasing cAMP and protein kinase A (PKA) activation. A1AR activation also 

stimulates K+-channels, and activates protein kinase C (PKC) through the βγ-subunit 

of the G-protein phospholipase C (PLC). Furthermore, A1ARs simulate 

phosphoinositide-3-kinase (PI3-kinase) and mitogen-activated protein kinases (MAP-

kinases) [5] [16]. Activated MAPKs include p38, ERK1/1 and JNK, which may be 

involved in cardiac preconditioning [17] [18].  

A1ARs exist in the central nervous system (CNS) where they regulate sleep, 

wakefulness, pain and convulsion, among other things. Furthermore, they appear in 

the pancreas, adipose tissue and kidney, where adenosine modulates renal blood flow, 

renin release and sodium and thus water excretion. They also occur in the bronchi, 

where they stimulate bronchoconstriction. [19] [5] 

The influence of adenosine receptors on the cardiovascular system is explained in 

more detail later.  
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A2AAR 

The A2AAR is a Gs-coupled receptor. It activates AC, thereby promoting cAMP 

production and activation of PKA and downstream pathways. .  

In the CNS, A2AAR receptors are abundant predominantly in the striatum, the olfactoric 

tubercle and lower levels in the cerebral cortex and the hippocampus, as well as pre- 

and postsynaptic membranes in numerous neurons [5].  

Beyond the CNS these receptors appear in greater numbers in the immune system 

and in blood cells, and in vessels. They are “expressed in leukocytes, platelets, and 

the vasculature, where they mediate anti-inflammatory, anti-aggregatory, and 

vasodilatory effects” [5].  

 

A2BAR  

A2BARs are GsGq/11-protein-coupled receptors which lead to signaling pathways of both 

Gs and Gq proteins. On the one hand, AC is stimulated thus increasing cAMP and PKA 

and their following signals. On the other hand PLC is stimulated, and cleaves 

phosphatidylinositol-4,5-biphosphate (PIP2) to form IP3, thereby raising intracellular 

Ca2+-concentrations and PKC. In addition, p38-MAPK is upregulated via A2BAR 

stimulation. [8] [5] 

A2BARs appear both in the CNS and peripheral tissues in “different cell types including 

fibroblasts, smooth muscle, endothelial, immune, alveolar epithelial, chromaffin, taste 

cells, and platelets” [5].  

Adenosine has the lowest affinity to this receptor among the ARs. [5] 

 

A3AR  

A3ARs are Gi/Gq/11-protein-coupled receptors. The major signaling pathways are 

similar to those of A1ARs. Stimulation of A3AR inhibits AC and reduces cAMP and PKA 

signaling, while stimulating p38-, ERK1/2-, and JNK- MAP-kinases and PI3-kinases. 
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Due to the Gq-protein and the βγ-subunit of the Gi-protein, PLC is activated, increasing 

IP3, intracellular Ca2+-concentrations and PKC activation. [8] [5] 

A3ARs are expressed in lower levels in in the brain and in higher levels in the 

cardiovascular system. They are found in coronary and carotid arteries, but the specific 

cell-type in which they are expressed is unclear. Furthermore, they are expressed in 

numerous cells of the immune system where they mediate anti-inflammatory effects. 

[5] [8] 

 

 

Figure 4: Overview of the adenosine-mediated effects. Source: Pier et al., Pharmacology of adenosine receptors, p.1594 
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Oligomerization of ARs 

Recently, it has been shown that ARs are not only expressed as homodimers, but also 

as heterodimers and oligomers. Heterodimerization occurs both with other ARs and 

other GPCRs.  In neuronal cells, a cell surface sensor for adenosine concentrations, 

composed of A1 and A2A receptors has been described, that alters cell signaling 

according to adenosine concentration. Low levels of adenosine favors binding to 

A1ARs, activating Gi, whereas high levels stimulate A2AARs and cAMP production [5] 

[20]. While the role of this complex has not been studied in cardiomyocytes, there is 

evidence of cross talk between A1AR and A2AAR, as “A1AR-mediated cardioprotection 

did not occur in A2AR knockout mice, suggesting an interaction between A1 and A2A 

receptors” [20]. [21] [5] . Thus, it is now becoming clear that adenosine signaling is 

much more complicated than previously thought, and can differ widely among different 

cell types, depending on cell specific  AR receptor interactions.  
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1.2.3 Adenosine receptors and their cardiac effects  

Although the detailed mechanisms remain unclear, it is well known that adenosine has 

cardio-protective effects, in particular during ischemic conditions. Adenosine is 

involved in and modifies various signal pathways including pacemaking, cardiac 

contractility, coronary vascular tone and inflammatory processes. [6] [5] [8] [22] 

 

1.2.3.1 Influence in inotropy  

Main mechanism of cardiac contraction and influence of the sympathetic system  

An action potential depolarizes the cell membrane and activates voltage gated Ca2+-

channels (L-type calcium channels, dihydropyridine receptors [DHPRs]) which leads 

to a Ca2+-influx that activates intracellular Ca2+-channels located at the sarcoplasmatic 

reticulum (SR)- membrane (ryanodine receptors [RyRs]). The further influx of calcium 

through those channels elevates the intracellular Ca2+-concentration, Ca2+ binds to 

troponin C at the contractile filaments what initiate the contraction process. The 

contraction is terminated by reduction of intracellular Ca2+-concentrations and 

dissociation of calcium from troponin C.  

 

The sympathetic nervous system modulates this process. Activation of β1-receptors 

increase cAMP-levels and therefore PKA-levels. PKA phosphorylates and thus 

activates both DHPRs and RyRs leading to an increased systolic Ca2+-concentration 

and positive inotropy.  

Furthermore PKA phosphorylates phospholamban, a protein that inhibits 

unphosphorylated the sarco/endoplasmatic reticulum Ca2+-ATPase (SERCA). 

Phosphorylation counteracts the inhibiting impact and raises Ca2+-reuptake to the SR, 

which causes a faster completion of the contraction (positive lusitropy) and higher 

Ca2+-levels for the next one.  

PKA also phosphorylates troponin I what decreases the affinity of troponin C to Ca2+ 

and positive lusitropy.  
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Adenosine-dependent influence  

The A1AR  is the most abundant ado receptor in the heart, and has the most influence 

of the adenosine receptors on cardiac inotropy.   

A1ARs are expressed in smooth muscle cells and cardiomyocytes in atria and 

ventricular tissues [5]. They are Gi-coupled proteins that decrease AC activity, cAMP 

and PKA. Sympathetic signaling, communicated by PKA is accordingly attenuated by 

A1AR activation. A1AR further “inhibits release of noradrenalin from cardiac nerves, 

reducing levels during ischemia and reperfusion” [6]. Investigations also show that β-

adrenergic effects are reduced by PKC signaling, which is activated through the βγ-

subunit of the Gi-protein and PLC [23] [24]. There is also evidence that opposite effects 

occur in diseased human hearts [25]. 

A2AARs are primary expressed in smooth muscle cells and endothelial cells [5]. 

However they may have a small impact on inotropy. The Gs-protein enhances the PKA-

dependent Ca2+-influx and therefore the positive inotropy. Investigations with A2AAR-

agonists showed that very high levels of adenosine would be necessary to modify 

contractility [6]. 

Nevertheless, A1AR signaling is the predominant pathway through which adenosine 

regulates cardiomyocyte activity, protects the heart under hypoxic and ischemic 

conditions from overstimulation. [8] 

  

Figure 5: Excitation-contraction-coupling with sympathetic innervation (red circles) and anti-adrenergic effects of 
adenosine (green crosses)  
Source: modified from www. sciencedirect.com (03/13/19) 
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1.2.3.2 Influence in chronotropy  

Main mechanism of pacemaking and influence of the sympathetic system  

There is no stable resting potential in cells of the sinoatrial node (SAN). 

Hyperpolarisation activated cyclic nucleotide gated (HCN) channels generate a slow 

cation-influx (“funny current, If), primary carried by Na+, and an additional Ca2+-influx 

through T-type Ca2+-channels contributes to the slow diastolic depolarization. At the 

point where a threshold potential is achieved, L-type Ca2+-channels generate the 

upstroke to a maximum where Ca2+-current stagnates and K+-efflux repolarizes the 

potential to origin. [26] [19] 

Sympathetic innervation is carried out by an increase of cAMP through β1-stimulation. 

cAMP binds to HCN-channels thus elevating the open probability of the channel and 

raising the Na+-influx what steepens slow diastolic upstream the heart rate. Further 

PKA phosphorylates DHPRs and RyRs what leads to an enhanced Ca2+-influx and 

therefore conduction in the AV-node. [26] [19] 

 

Adenosine-dependent influence  

Adenosine mediates negative chronotropy by A1ARs. The Gi-protein signaling 

attenuates cAMP-concentrations and thus counters the excitatory effect on HCN-

channels. Moreover, Ca2+-channels and the inward rectifier K+-current, IK,ACh,  are 

inhibited by A1AR-activation. [5] [6] [27] [8] [28] 
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1.2.3.3 Regulation of the vascular tone  

Physiological mechanism 

Vascular muscle is composed of smooth muscle cells. The contractile status is always 

the result of contraction-enhancing and -inhibiting mechanisms.  

Contraction is achieved by an elevation of intracellular Ca2+. This results from opening 

of voltage gated Ca2+-channels, mechanical stretch of Ca2+-channels or activation of 

Gq-protein coupled receptors. The latter lead to activation of PLC, splitting of PIP2 to 

IP3 and diacylglycerol (DAG). IP3 binds to the IP3-receptor, subsequently causing SR 

release of Ca2+. Increased intracellular calcium is a potent stimulator of SMC 

contraction.    

Ca2+ binds to calmodulin and the complex activates myosin light-chain kinase (MLCK). 

MLCK phosphorylates myosin light-chain, promoting myosin ATPase-activity, which 

promotes formation of myosin the cross-bridge cycle and contraction of the 

cytoskeleton.  

Relaxation is caused by decrease of Ca2+-concentrations. Ca2+ dissociates from 

calmodulin and MLCK becomes inactivated. Another enzyme, myosin light-chain 

phosphatase (MLCP), dephosphorylates the myosin light-chain and thus inhibits the 

ATPase-activity.  

There are several physiological as well as pharmacological mechanisms to influence 

activity of MLCK and MLCP and therefore the status of contraction.  

Activation of Gs-proteins restrains contraction via cAMP, PKA and phosphorylation and 

therefore inhibition of MLCK. Furthermore binding to a Gs-protein coupled receptor 

activates RhoA kinase which inhibits MLCP 

Gi-proteins inhibit AC and formation of cAMP and thus have opposite effects regarding 

to Gs-proteins.  

Nitric oxide (NO) activates soluble guanylate cyclase (sGC) leading to formation of 

cGMP and activation of protein kinase G (PKG) which provides several mechanisms 

for relaxation. Among other things PKG inhibits IP3-dependent Ca2+-release and RhoA 

and it activates MLCP. 
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Influence of adenosine 

A2AAR, A2BAR 

A2AARs and A2BARs are expressed in smooth muscle cells and endothelial cells. These 

receptors, predominantly A2AAR mediate Gs-protein-dependent vasodilatory effects of 

adenosine. [8] [5] 

The vasodilatory effects of adenosine are mostly observed during hypoxic conditions, 

or rather imbalances in O2 supply vs. demand. Under hypoxic conditions ATP in 

myocardial cells is not able to be generated in usual dimensions. Thus increasing 

adenosine-concentrations, adenosine diffuses from myocardial cells to smooth muscle 

cells and bind to A2A/BARs what results Gs-protein-dependent in vasodilatation of 

coronary vessels. [19] 

 

 

 

Figure 6: Mechanism of contraction in smooth muscle cells and influence of adenosine on the mechanism  
Source: modified from cvphysiology.com (03/14/19) 
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Endothelial A2AARs additionally cause vasodilatation by a NO-dependent pathway. 

PKA becomes Gs-protein- and cAMP-dependently activated and may phosphorylate 

and increase activity of endothelial NO-synthase (eNOS) directly. Another pathway 

may be phosphorylation of KCa-channels. K+-efflux and the resulting hyperpolarization 

of the membrane leads to Ca2+-influx. Subsequently eNOS becomes activated through 

the classic and well known Ca2+/Calmodulin (CaM) – pathway and generates NO 

(Figure 7). There is also evidence that A2BAR-dependent activation of p38-MAPK can 

cause vasodilatation in porcine coronary arteries [29].  

 

A1AR 

A1AR in smooth muscle cells may be involved in coronary constriction. The Gi-protein 

may counter Gs-mediated signals and cause vasoconstriction. [6] 

In contrast, there is evidence for an endothelial A1-mediated vasorelaxation. One study 

showed that A1AR-activation causes K+-efflux from A1-coupled KATP-channels thus 

leading to a Ca2+-influx, activation of the Ca2+/CaM-complex and eNOS. Furthermore 

the Ca2+ could stimulate phospholipase A2 (PLA2), resulting in metabolism of 

arachidonic acid and increasing prostacyclin (PGI2) via cyclooxygenase (COX). PGI2 

stimulates Gs-coupled endothelial IP-receptors, activates PKA which may 

phosphorylate and activate additionally eNOS. Activation of eNOS causes NO-release 

(Figure 7). [30] 

 

 

Figure 7: A1AR- and A2AAR-dependent NO-release. Source: www.ncbi.nlm.nih.gov (03/16/19) 

  

http://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=1464284_tjp0570-0085-f5.jpg
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A3AR 

A3ARs may be involved in vasoconstriction but the mode of action is not clear yet. 

A3ARs are barely or not expressed in coronary vascular cells. The effect mechanism 

could be mediated through mast cells [31]. On the other hand, there is evidence for 

expression of A3ARs in aortic smooth muscle cells, so they may have direct effects as 

well [31].  

 

1.2.3.4 Further cardioprotective effects of adenosine receptors 

Besides the preservation of the heart by countering adrenergic effect regarding to 

pacemaking and contraction and by vasodilatation, adenosine is involved in further 

cardioprotective mechanisms.  A2AARs and A2BARs seem to counter proliferation of 

fibroblasts, fibrosis and hypertrophy. Studies showed that the receptors may also 

counter post-infarct remodeling. [8] Adenosine receptor activation also generally 

inhibits pro-inflammatory signaling pathways, suppressing macrophage activation, 

leukocyte recruitment and neutrophil adhesion to the endothelium. [32] Adenosine also 

regulates cardiac substrate metabolism including glucose uptake or fatty acid 

availability, which may influence cardiac responses on ischemia. [6] 
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1.3 Preconditioning  
 

1.3.1 Preconditioning  

Myocardial infarction induced by acute occlusion of coronary artery is a life-threatening 

condition and may cause considerable damage for the myocardium.  

Cardiomyocyte death and damage is caused not only by ischemia resulting from the 

occlusion, but also reperfusion upon removal of the occlusion. Injury during reperfusion 

is believed to be due to excessive reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) as oxygen is reintroduced to the cells.  

 

Figure 8: Overview of injury-mechanisms caused by ischemia and reperfusion.  
Source: Ferdinandy et al., Interaction of Cardiovascular Risk Factors with Myocardial Ischemia/Reperfusion Injury, 
Preconditioning, and Postconditioning, p.424 
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Preconditioning was first described 1986 (Murry et al.) [33]. Briefly, it is the 

phenomenon in which repetitive exposure to a short, sublethal bout of hypoxia, 

protects, or preconditions, the tissue against damage from a longer, lethal ischemia.  

[33] [17]   

The cardioprotective effects occurring through preconditioning are limitation of infarct 

size, limitation of arrhythmias and improvement of the contractile function. [18] 

Preconditioning was originally discovered in the heart, but it is also effective in 

protecting other organs, including the brain, liver, and kidneys. Numerous studies 

prove that preconditioned hearts undergoing an ischemia show protective responses, 

e.g. a smaller area of infarct relative to control groups. [17] 

There are various forms of preconditioning. Acute preconditioning was discovered first 

and leads to protective responses directly after the procedure. Several years later, 

delayed preconditioning was investigated. In this case, cardioprotection occurs 24 

hours after conduction of the preconditioning process. Remote preconditioning 

describes protective responses of an organ caused by preconditioning of another 

organ.   

 

1.3.1.1 Acute preconditioning 

The first years of research on “classic” preconditioning showed that the 

cardioprotective effect caused by preconditioning was considerably reduced (in a 

species dependent fashion) if the interval between preconditioning and infarct was 

longer than 60 min. [18] 

The mechanism of preconditioning is complex. Because of its profound protective 

effects, the phenomenon has been studied intensively. While numerous signaling 

pathways and enzyme activities have been identified that play a role in preconditioning, 

the precise mechanism(s) underlying its protective effects are not clear.  

Since the discovery of IR preconditioning, numerous substances have been found that 

mimic the effect, and/or are believed to play a role in the natural process.  

These substances include adenosine, bradykinin, Ca2+, nitric oxide, ROS, reactive 

nitrogen species, acetylcholine (ACh), catecholamines, angiotensin, tumor necrosis 

factor α (TNFα), interleukin 6, prostaglandins and opioids. [17] 
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These substances mediate their effects via GPCR of which A1AR, A3AR, bradykinin 

receptor 2 (BR2) and opioid receptors are believed to play a role in the preconditioning 

effect [34] [17]. δ- and κ-opioid receptors are very likely to have cardioprotective 

impacts, μ-receptors still have mixed evidence. [34]. The requirement for these 

receptors in preconditioning was indicated by studies showing that treatment with 

receptor-antagonists during the preconditioning-protocol reduced the cardioprotective 

effects of the preconditioning. Additional studies have identified selective receptor-

agonists that can mimic the repetitive ischemia-based preconditioning phenomenon. 

[18] 

The main signaling pathways induced by adenosine involve activation of PKC, 

reperfusion injury salvage kinase (RISK), eNOS, PKG and p38 MAPK among other 

things. PKCα increases in a positive feedback loop adenosine. [35] 

These signals are believed to act in part by preventing mitochondrial permeability 

transition pore (MPTP) opening and stimulating KATP-channel activity. [18] [17]  

 

 

Figure 9: Possible mechanism for preconditioning.  
Source: www.researchgate.net (03/16/19) 

  

http://www.researchgate.net/
https://www.google.at/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjP_6rYt4fhAhUKsqQKHT7ZCNwQjRx6BAgBEAU&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FSchematic-representation-of-the-proposed-mechanism-of-classical-ischemic-preconditioning_fig1_6514260&psig=AOvVaw2WZU7ov526bEf7GwCsUddg&ust=1552852193920695
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1.3.1.2 Delayed Preconditioning 

In 1993, two studies observed cardioprotective effects 24 hours after the 

preconditioning protocol. The effects were substantiated by further investigations and 

this impact was called “the second window of protection” or “delayed 

preconditioning”. The effect occurs 24h-72h after preconditioning. [18] [17] 

The mechanism of delayed preconditioning is, as with acute preconditioning, not 

known in detail. It is triggered in the same way as the acute form of preconditioning, 

since the responses run one after another. Adenosine and ARs therefore, again have 

key roles. AR-antagonism during initial preconditioning abolishes cardioprotective 

responses that occur 24 hours later.  

The occurrence of delayed preconditioning is believed to be due in part to “increased 

expression of protective proteins after the acute signals” [36]. The primarily signals 

caused by preconditioning lead to an increase in various transcription factors, which 

confirmed this assumption [35]. The most transcriptionally upregulated proteins are 

“inducible NOS, COX 2, superoxide dismutase, aldose reductase, and heme 

oxygenase” [35].  

Protein kinases are further involved in the mechanism of delayed preconditioning. 

PKC again plays a key role and is induced by adenosine A1 receptor, especially 

PKCε. Further, PKA mediates cardioprotective actions by phosphorylation and 

activation of sarcolemmal KATP channel and glucose transporter 4, which leads to an 

enhances glucose uptake. [35] 

Furthermore, a reduced expression of proinflammatory proteins and adenosine-

mediates anti-inflammatory effects may protect the heart from damage after 

infarction. [17] [22] 

Surprisingly, despite the proposition that changes in the cardiac proteome mediate 

delayed preconditioning, few studies have examined the role of selective protein 

degradation in sustained cardioprotection. 
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1.3.1.3 Remote ischemic preconditioning  

Remote ischemic preconditioning describes the effect in which preconditioning-

treatment in one organ or part of the body can provide protection for different, remote 

organs. For example, there is evidence that preconditioning in the arm can evoke 

protection against IR injury to the heart. [17] 

Various mechanisms are proposed to underlie remote preconditioning. A humoral 

pathway describes a hypoxia-dependent production of protective substances that 

reach and affect other organs through the blood flow after reperfusion. The neuronal 

pathway mentions a production of substances that locally effect neuronal pathways. 

For instance, “adenosine produced during ischaemic conditions from the mesenteric 

bed stimulates the mesenteric sensory nerves” [17]. [37] 

 

1.3.1.4 The role of adenosine receptors on ischemic myocardium and  

preconditioning  

A critical role for ARs in both preconditioning and delayed preconditioning has been 

confirmed in numerous studies. The first receptor associated with cardiac 

preconditioning was A1AR. Studies were carried out, in animals subjected to 

preconditioning with subsequent ischemia. A parallel group was treated with an 

A1AR-agonist instead of preconditioning. The results clearly showed that AR 

induction brings out similar results compared to the preconditioning-group. As 

mentioned above, preconditioning-effect are abolished by AR-antagonism. [18] [38] 

In addition to the A1AR receptor, A2AAR, A2BAR and A3AR have also been shown to 

be involved protective effects of preconditioning.  

“AR activity modifies substrate use, energy metabolism, ionic overload, and 

contracture during ischemia” [6]. 

A1AR 

A1AR mediates cardioprotective effects and this is investigated in the described 

manner. Furthermore it slows conduction under hypoxia via Gi-protein.  

It has been shown that A1AR activity occurs before and during ischemia, but not 

afterwards. [6] 
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 A3AR  

Research showed that A3ARs reduce myocardial injury and mediate anti-

inflammatory signals during reperfusion. Treatment with A3AR agonists lead to a 

reduction in infarct-size. There is also evidence that A2AAR may activate A3ARs to 

attenuate inflammation. [5]  

A3ARs are activated mostly during ischemia and subordinate post-ischemic. [6]  

 

A2AAR 

A2AARs mediate cardioprotective effects primary by inhibiting inflammatory signals that 

are involved in the injury pathway. Further, A2AAR-dependent vasodilatation also leads 

to a benefit of the heart. [22] 

 

A2BAR  

A2BARs also exert anti-inflammatory actions that reduce damage during reperfusion.   

Besides, there is evidence of an interaction with PKC. Activated PKC sensitizes 

A2BARs thus leading to further cardioprotection. [6] [35] 

A2BAR is also known to be the only AR localized directly at the mitochondrial 

membrane, where it directly inhibits GSK3β and MPTP, a process that is involved in 

cardioprotective effect of preconditioning, and inflammation. [5] [35] 

Both A2AARs and A2BARs are activated during reperfusion. [6] 
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1.3.2 Postconditioning  

 

Postconditioning describes the cardioprotective effect occurring by conditioning after a 

prolonged ischemic insult. The mechanism seems to be different from those of 

preconditioning and delayed preconditioning. It may be a humoral signaling pathway. 

[37] 

 

 

Figure 10: Overview of the different conditioning processes and their effects.  
Source: Ferdinandy et al., Interaction of Cardiovascular Risk Factors with Myocardial Ischemia/Reperfusion Injury, 
Preconditioning, and Postconditioning, p. 421  
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1.4 Protein degradation  

The Ubiquitin-proteasome system (UPS) maintains protein homeostasis. Old, 

misfolded or unnecessary proteins become degraded by the proteasome. There are 

specific detection and marking systems for the proteasome to recognize these proteins 

released for degradation. [39] In addition, ubiquitination and degradation of functional 

proteins plays a critical regulatory role in cell signaling and homeostasis.  

1.4.1 Mechanism of ubiquitination  

Ubiquitin is attached to proteins that are to be degraded. Ubiquitin is a protein which is 

distributed in all eukaryotic cells. [39] [40] 

The activation-mechanism is carried out in three steps and three enzymes are 

involved: E1, E2 and E3.  

1. E1 Ubiquitin activating enzyme: E1 activates ubiquitin ATP-dependent through 

binding it on the enzymes surface.  

2. E2 Ubiquitin conjugating enzymes: E2 conjugates Ubiquitin on its own surface.  

3. E3 Ubiquitin ligase: E3 transfers ubiquitin to the substrate.  

 

Figure 11: Ubiquitination machnism. Source: www.mpg.de (03/17/19) 

 

The attachment of ubiquitin, or ubiquitination, can be repeated several times. Further 

ubiquitin proteins can either be attached at the former ubiquitin or at the substrate. [40]

 

Figure 12: Opportunities of polyubiquitination. Source: www.wikipedia.org (03/17/19) 

http://www.mpg.de/
http://www.wikipedia.org/
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Regarding to the pattern of ubiquitination, proteins may also be changed in function or 

localization.  

 

Figure 13: The Ubiquitin-proteasome-system.  
Source: Zhao et al., Cullin-RING Ligases as Attractive Anti-cancer Targets, p.19 

 

 

1.4.2 The hierarchical order of ubiquitination-enzymes 

As shown (Figure 14) below there exist a hierarchical order regarding the 

ubiquitination enzymes. In human there are two E1, 38 E2 and more than 600 E3 

enzymes, that are further subdivided.  Different enzymes transfer ubiquitin in different 

ways and lead to various ubiquitination patterns. [40] 

 

 

Figure 14: Classification of ubiquitination enzymes 
Source: Zhao et al., Cullin-RING Ligases as Attractive Anti-cancer Targets, p.20 
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1.4.3 Cullin RING ligases  

Cullin RING (really new interesting gene) ligases (CRLs) are the largest family within 

the E3 ligases. They mediate ~20% of ubiquitination of proteins that should become 

degraded. [40] 

 

1.4.3.1 Structure  

The enzymes consists of four components: “cullins, RINGs, adaptor proteins and 

substrate recognition receptors/proteins” [41], which are different in each CRL.  

 

Figure 15: Structure of CRLs 
Source: modified from Zhao et al., Cullin-RING Ligases as Attractive Anti-cancer Targets, p.21 

There are subclasses of CRLs which named after their respective cullins. 8 subclasses 

of cullins are known: 1, 2, 3, 4A, 4B, 5, 7, and 9. They are the center of the CRLs that 

bind the single parts.  

 

1.4.3.2 Neddylation  

Neddylation is a control mechanism which activates CRLs. It is the reaction by which 

the protein Nedd8 is connected to another protein, in this case the cullins.  

Under non neddylated conditions, CRLs are inactive through binding with cullin-

associated and neddylation-dissociated-1 (CAND1). Neddylation causes breaking of 

the inhibitory binding and activation of CRLs. [42] [40] 

The neddylation mechanism runs in the same manner as that of ubiquitination. Three 

enzymes are involved to activate, connect and transfer Nedd8 to the substrate. [42] 

[40] 

After neddylation of cullins, CRLs may perform the final step of ubiquitination and 

proteins may be marked to be degraded.    
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MLN4924  

MLN4924 (MLN) acts as a neddylation inhibitor by inhibiting Nedd8-activating enzyme 

(NAE), which is the first of three enzymes involved in Neddylation. [40] 

 

Figure 16: Mechanism of MLN inhibiting NAE. Source: www.researchgate.net (03/24/19) 

 

Inhibition of NAE leads to inhibition of neddylation which prevents activation of CRLs 

and ubiquitination. The result is an attenuated proteasomal degradation of proteins.  

 

Neddylation and adenosine in the heart 

While proper control of neddylation has been shown to play an important role in cardiac 

protein quality control, the endogenous factors and physiological signaling 

mechanisms that regulate cardiac cullin neddylation are unknown. The research 

described in this study will investigate the potential role of adenosine receptors in cullin 

neddylation and the potential role this has in ADK protein degradation and delayed 

preconditioning. 
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2. Object  
ABT-702 (ABT) is a non-nucleoside, selective adenosine kinase (ADK) inhibitor [43].  

Treatment with ABT, inhibits ADK, resulting in increased adenosine release and 

cardioprotective effects (see 1.2).  

ABT has a half-life-time less than one hour. However, we observed increased coronary 

blood flow and cardioprotective effects in mice hearts 24 hours after i.p. injection of 

ABT. This was associated with reduced ADK protein levels. 

Since ABT exerts its ADK inhibitory effects directly by antagonistic binding to the 

enzyme and not by decreasing ADK-concentrations, another pathway must be induced 

by ABT-dependent ADK inhibition.  

The aim of this project was to determine the pathways by which ADK protein is reduced 

24 hours after ABT-702 treatment, and determine what role this plays in delayed 

preconditioning and cardioprotection.  

 

Hypothesis 

Previous experiments revealed decreased ADK protein 24 hours after ABT-702 

treatment, even though mRNA levels were unchanged. In addition, ADK protein levels 

were restored by proteasome inhibition with bortezomib, indicating that ABT-702 

causes proteasomal degradation of ADK.   

Furthermore, cullin-neddylation, a modification that induces selective protein 

degradation, is increased at 3 hours after treatment with ABT. Therefore, we developed 

the hypothesis that: ABT-702 induced adenosine receptor signaling stimulates cullin-

neddylation, ADK-degradation by the proteasome, and enhanced myocardial 

adenosine production that mediates delayed preconditioning.  
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Experiment  

To test our hypothesis, ADK protein levels and neddylation of Cullin-1, -2, and -3 were 

measured 3 and 24 hours after ABT-702 treatment using western blots. Langendorff 

perfusion models were also used to assess the extent of cardio-protective actions of 

ABT-702. 

Experiments with following mice-treatments were performed:   

1. Treatment with ABT-702: to see the effect on cullins and ADK.   

2. Treatment with 2-chloro-adenosine (CADO): to verify the mechanism via ARs.  

3. Co-treatment with Theophylline, a non-specific AR-antagonist: to demonstrate role 

of ARs in neddylation and ADK degradation.  

4. Co-treatment with MLN4924 (MLN), a neddylation-inhibitor: to determine the role of  

neddylation in adenosine receptor-mediated ADK degradation.  

 

 

Neddylation of different cullins were measured to identify which cullin(s) may play a 

role in ADK-degradation.  
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3. Methods  

3.1 List of solutions  
10% APS 
0,1g Ammonium persulfate 
0,9 g H2O dest.  

50x Protease Inhibitor 
1 tablet cOmplete Tablets Protease 
Inhibitor  
7,5 ml 2x SDS loading buffer  
7,5 ml H2O 

2% BSA buffer (for antibodies) 
0,16 g BSA 
Filled to 8 ml with 1x TBST with 0,02% NaN3 

Resolving buffer  
72,6 g Trizma base  
1,6 g SDS  
Filled to 400 ml with H2O dest.  
pH 8,8 adjustment with HCl  

Blocking milk (5%) 
2 g Powdered milk, low fat  
38 g 1x TBST with 0,02% NaN3 

2x SDS Loading buffer  
100 mM Tris buffer pH 6,8 
5% SDS 
20% Glycerol  

5x Electrophoresis running buffer  
30,2 g Trizma base  
188 g Glycine  
100 ml SDS 10%  
Filled to 2l H2O dest.  

Stacking buffer  
48,4 g Trizma base  
1,6 g SDS 
Filled to 400 ml with H2O dest.  
pH 6,8 adjustment with HCl  

1x electrophoresis running buffer  
200 ml 5x electrophoresis running buffer  
800 ml H2O dest. 

10x TBS buffer  
80 g NaCl p.a.  
24,4 g Trizma base  
Filled to 1l with H2O dest.  
pH 7,6 adjustment with HCl  

Homogenization buffer  
0,2 ml Protease Inhibitor (50x stock)  
4,9 ml 2xSDS loading buffer  
4,9 ml H2O dest.  
1 tablet PhosSTOP  

1x TBST  
100 ml TBS buffer  
900 ml H2O dest.  
1 ml Tween 20  

2% milk buffer (for antibodies)  
0,16g powdered milk  
Filled to 8 ml with 1x TBST with 0,02% NaN3 

SDS 10%  
100 g SDS  
900 g H2O dest.  

10x Ponceau S solution  
2g Ponceau S 
30 g trichloroacetic acid  
30 g sulfosalicylic acid  
Filled to 100 ml with H2O dest.  

10x WBTB (Western Blot Transfer Buffer) 
58 g Trizma base  
290 g Glycine  
Filled to 2l with H2O dest.  

1x Ponceau S solution  
10 ml 10x Ponceau S solution  
90 ml H2O dest.  

1x WBTB  
100 ml 10x WBTB  
900 ml H2O dest.  
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3.2 List of materials  
 

2-Mercaproethanol  Sigma-Aldrich  

2-Chloroadenosine  Tocris  

ABT 702 dihydrochloride  Tocris 

Ammonium persulfate  Sigma-Aldrich  

Bovine Serum Albumin  Sigma-Aldrich  

Bromphenol blue  Sigma-Aldrich  

cOmplete Tablets Protease Inhibitor Roche 

DL-Dithiothreitol Sigma-Aldrich  

Glycerol Sigma-Aldrich  

Glycine Roth 

Hydrochloric acid 37% Roth 

Methanol Roth 

Page Ruler TM Prestained Protein Ladder, 10 to 180 kDa Thermo Scientific 

Pevonedistat (MLN4924) MedChemExpress  

PhosSTOP Roche 

Pierce TM BCA Protein Assay Reagent A Thermo Scientific 

Pierce TM BCA Protein Assay Reagent B Thermo Scientific 

Ponceau S Sigma-Aldrich 

Powdered milk, low fat Roth  

RestoreTM Western Blot Stripping Buffer  Thermo Scientific  

Rotiphorese® Gel 30 (37,5:1) Roth  

SDS Pellets  Roth 

Sodium chloride   Roth 

Sodium azide  Sigma-Aldrich 

Sulfosalicylic acid  Sigma-Aldrich  

TEMED Roth 

Theophylline  Sigma-Aldrich  

Trichloroacetic acid  Fluka  

Tris Roth 

Tween® 20  Sigma-Aldrich 

Western BrightTM Peroxide Advansta 

Western BrightTM Quantum Advansta 

Western BrightTM Sirius  Advansta 

Western BrightTM ECL  Advansta 
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3.3 Sample preparation 
In this project whole hearts from mice were used. The animals were treated with 

specific substances regarding to the proposed mechanism.  

 

3.3.1 Whole hearts from mice 

Administration of drugs to mice 

ABT (10mg/kg), ABT + Theophyllin (20mg/kg), Theophyllin, ABT+ MLN (60 mg/kg), 

CADO (2mg/kg) and CADO + Theophyllin were administered by intra-peritoneal (i.p.) 

injection. Control mice were injected with the equivalent concentration of vehicle 

(DMSO or saline).  

Organs were collected 3 hours or 24 hours after injection. The hearts were flash frozen 

using liquid N2 cooled clamps and stored at -80°C until processing.  

 

3.3.2 Pulverization in liquid nitrogen 

The heart samples were pulverized with a mortar and pestle under liquid nitrogen. 

Heart powder was aliquotted in liquid N2 cooled Eppendorf tubes and stored at -80°C 

until use.  

 

3.3.3 Homogenizing  

Heart powder (approximately 25 mg) was homogenized for 20 seconds in 600µl 1x 

SDS loading buffer containing protease and phosphatase inhibitors, boiled for 3 

minutes at 95°C, and centrifuged at 20,000g for 5 minutes. 

10 μl each were removed for the BCA Assay, and the remaining sample was stored at 

-80°C until use.  
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3.3.4 BCA Assay  

3.2.4.1 Method  

The BCA (Bicinchoninic Acid)-Assay is a method to determine protein concentrations. 

It is based on the reduction from Cu2+ to Cu+ in an alkaline solution (Biuret-reaction). 

Cu+ binds to two BCA-molecules, leading to to a colored complex that can be detected 

photometrically.  

 

Figure 17: BCA reaction. Source: www.thermofisher.com (02/08/19)  

  

3.3.4.2 Implementation  

Standard  

The BCA-Assay was used to determine the protein concentration of the homogenized 

mouse hearts. A set of standards were made with the lysis buffer used to dissolve the 

samples. It was produced with BSA diluted in the homogenization-buffer in the 

following concentrations:  

Table 1: BCA scheme 

solution  homogenization-buffer [ml] concentration BSA [g/l] 

A 10 mg BSA Filled to 1 ml  10 

B 0,5 ml A 0,5   5 

C 0,5 ml B 0,5 2,5 

D 0,4 ml C 0,6  1 

E 0,5 ml D 0,5 0,5 

F 0,5 ml E 0,5 0,25 

G 0,5 ml F 0,5 0,125 

H (blank)  1 0 

 

http://www.thermofisher.com/
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Samples  

The protein determination was carried out once undiluted and once 1:10 diluted.  

5μl of the sample were taken from the 10 μl aliquot and the remaining 5 μl in the tube 

was diluted with 45 μl homogenization buffer, from which 5 μl was taken for the 1:10 

diluted sample. 

 

BCA reagent  

The reagent consists of two parts, BCA reagent A and BCA reagent B. 200 μl of reagent 

50 parts reagent A + 1 part  reagent B  were used per well.  

These two components were mixed just before use.  

 

Application and detection 

Determination was made with the standards and two different measurements of the 

samples, one undiluted, and one 1:10 diluted.  

A 96 well plate was used. 20 μl of distilled water were pipetted into each utilized well, 

and 5 μl of the samples were added. Finally, 200μl BCA reagent were added in 2 steps, 

(2 x 100 100µl).  

The plate was covered and incubated 30 minutes at 37°C. The chemical reactions in 

which Cu2+ is reduced to Cu+ and binds two molecules BCA took place in this time.  

A calibration based on the known protein standards was made to determine the protein 

concentrations of the samples.  

 

Using the results  

Based upon the measurements from the BCA results,  the samples were diluted to 1 

mg/ml.  
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3.4 Protein Quantification 

3.4.1 SDS-PAGE  

3.3.1.1 Method 

The SDS-PAGE (sodium-dodecyl-sulfate polyacrylamide gel electrophoresis) is a 

method to separate proteins according to their weight in an electric field. 

This separation takes place in a gel and it is facilitated by denaturation of the proteins 

by boiling them with 2-Mercaptoethanol or DTT and by charge equalization through 

SDS.  

 

3.4.1.2 Implementation  

Gels  

For this project, gels with 9% - 14% polyacrylamide were used. The percentage of 

polyacrylamide was chosen based on the molecular weights of the proteins of interest.  

With a high percentage of polyacrylamide, small proteins were separated better, while 

heavy proteins are separated better with lower percentage gels.  

 

The gels were made with following recipes: 

Resolving-Gel 

Table 2: Recipe resolving-gel 

Reagent volume [ml, if not otherwise stated] 

 7% 8% 9%  10%  12% 13% 14% 

Acryl-Mix 30%  3,5 4 4,5 5 6 6,5 7 

H2O MilliQ 7,5 7 6,5 6 5 4,5 4 

Resolving Gel – 

Puffer pH 8,8 

3,75 3,15 3,75 3,75 3,75 3,75 3,75 

APS 200 μl 200 μl 200 μl 200 μl 200 μl 200 μl 200 μl 

Temed 10 μl 10 μl 10 μl 10 μl 10 μl 10 μl 10 μl 
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Stacking-Gel  

Table 3: Recipe stacking-gel 

Reagent volume [ml, if not otherwise stated] 

Acryl-Mix 30%  1 

H2O MilliQ 3,7 

Stacker Gel – Puffer pH 6,8 1,55 

APS 100 μl 

Temed 5 μl  

   

The recipes suffice for 2 1,5 mm thick gels. Each gel was dried for at least 30 minutes.   

 

Electrophoresis  

The gels were put in an electrophoresis box that was filled with the running buffer, and 

loaded with 4 μl of the molecular weight marker and 11 – 25 μl of the samples. 

Subsequently, voltage was applied and the proteins were separated by their weight. In 

this project 180 V was always used.   

 

 

Figure 18: Implementation of electrophoresis. Source: www.creative-proteomics.com (02/09/19) 

 

The gels can now either be stained for a protein determination or a western blot can 

be made.  

  

http://www.creative-proteomics.com/
https://www.google.at/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwilr5jF8a7gAhUpNOwKHTCjC6MQjRx6BAgBEAU&url=https%3A%2F%2Fwww.creative-proteomics.com%2Fpronalyse%2Fsds-page-service.html&psig=AOvVaw3Qm3OilYBOdiX87PzGQOGY&ust=1549808935703071
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3.4.2 Western Blot  

3.4.2.1 Method  

Western Blotting is a method to transfer the separated proteins from the SDS-

polyacrylamide gel to a nylon or nitrocellulose membrane in order to enable a highly 

sensitive semi-quantitative detection afterwards.  

The proteins are transferred from the gel to the membrane, retaining the pattern in 

which the proteins were separated according to their weight.  

 

 

Figure 19: Schematic illustration of a western blot. Source: www.bosterbio.com (02/09/19) 

 

After transfer of the proteins to the membrane, the membrane is blocked in 5% non-fat 

milk in TBST for 1 hour, in order to prevent non-specific binding of antibodies in 

subsequent steps. Next, the membrane is incubated for 1 hour to overnight (at 4°C) 

with the primary antibody, which binds to the protein of interest. After washing 4 times 

in TBST, the secondary antibody is added, which specifically binds IgG of the species 

from the animal in which the primary antibody was produced. The secondary antibody 

is chemically linked to an enzyme (horse radish peroxidase;HRP) so that the band 

where the antibodies are binding can be detected with a chemiluminescent substrate 

of HRP. 

The signals you get from the detection can be used for a semi-quantitative analysis.   

http://www.bosterbio.com/
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Figure 20: Schematic illustration of detection in western blots. Source: microbeonline.com (02/09/19) 

 

3.4.2.2 Implementation  

In this project the wet method for western blotting was used. Both gel and membrane 

were placed between two filterpapers and two sponges. All components had been 

soaked air bubble-free in cold blotting-buffer and were held together through a special 

plastic cassette.  

The electrophoresis box was used again. It was filled with cold western blot transfer 

buffer (WBTB) and an ice bag. The cassette with gel, membrane, filter papers and 

sponges was placed in the box.  

 In this project either 240 mA for 100 minutes or 70 mA overnight were used to transfer 

proteins from the gel onto the membrane.  

 

Figure 21: Structure of the western blot equipment. Source: www.bosterbio.com (03/20/19) 

http://www.bosterbio.com/
https://www.google.at/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjdmLWy-K7gAhUG6KQKHaNaAkIQjRx6BAgBEAU&url=https%3A%2F%2Fmicrobeonline.com%2Fwestern-blot-technique-principle-procedures-advantages-and-disadvantages%2F&psig=AOvVaw1w8zQv4VVugV67tu7K5XoG&ust=1549811581439921
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After western blotting, a check was conducted by staining the membrane with Ponceau 

S solution to see whether the transfer of the proteins had worked.  

To block unspecific binding sites blocking milk was added on the membrane for at least 

one hour. 

Afterwards the membrane was washed with TBST and incubated with antibodies.  

 

 3.4.3 Incubation with antibodies  

Following antibodies were used in this project 

Table 4: Antibodies 

Antibody Company Dilution 

Cullin 1 Santa Cruz 1:500 

Cullin 2 Santa Cruz 1:500 

Cullin 3 Cell Signaling  1:1000 

ADK Santa Cruz 1:500 or 1:200 

Anti-Actin, cardiac Antibody Sigma Aldrich 1:20000 

m-IgGκ BP - HRP Santa Cruz 1:500 

Anti-Rabbit Sigma-Aldrich 1:500 

 

The antibodies were diluted according to the manufacture’s specifications in either 2% 

BSA- or 2% powdered milk suspension with 0,02% NaN3.  

The membranes were incubated for at least three hours with primary antibodies and 

one hour with secondary antibodies before they were detected.   

In order to detect the signals, two Western Bright® reagents (Western Bright® 

ECL/Quantum/Sirius + Western Bright® Peroxide) were mixed and applied to the 

membrane. Western Bright reagent and incubation time were dependent on the 

strength of the respective antibody.  

The signals were measured by Fusion-SL, a chemiluminescence detecting instrument. 

After detection, the signals were evaluated and quantified.  
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4. Results  
Previous experiments in this lab demonstrated that ABT-702 treatment, which inhibits 

ADK activity, led to a reduction in ADK protein expression. Because the half-life of 

ABT-702 is approximately 0.75 hrs, we hypothesized that ABT-702 induced adenosine 

release would initiate cell signaling events, such as cullin neddylation, that would lead 

to ADK degradation. As mentioned above, the following proteins were detected: Cullin-

1, Cullin-2, Cullin-3, and ADK. Sarcomeric actin (anti-actin, cardiac antibody) was also 

measured as a loading control.  

 

 

4.1 ADK  

ADK appears at approximately 48 kDa. There exist two isoforms, nuclear and cytosolic 

ADK. The nuclear isoform, which is the heavier one, seems to be more influenced. 

Summary  

CADO: CADO decreases ADK at 3 hours by 32%, but there is almost no effect at 24 

hours.  

CADO+ Theophylline: Theophylline abolishes the CADO-effect, ADK is approximately 

at control-level.  

ABT: ABT does not effect ADK-levels at 3 hours, but lead to a decrease at 24 hours. 

Especially the nuclear isoform of ADK becomes reduced. 

ABT + MLN: MLN abolishes the ABT-effect, ADK is approximately at control-level. 
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4.1.1 ADK-levels 3 hours after treatment   

CADO, theophylline; n=3 

There were 3 samples each for 3 conditions: control, CADO, CADO + theophylline. 

CADO decreased ADK by 32% and Theophylline blocked the effect. 

 
 Figure 22: Western Blot, ADK 3 hours after treatment with CADO/CADO+theophylline 

  

Figure 23: ADK-levels relative to control 3 hours after treatment with CADO/CADO+theophylline 

 

ABT, MLN; n=3 

There were 3 samples each for 3 conditions: control, ABT, ABT+MLN. Both ABT and 

ABT+MLN did not influence ADK-levels. 

 
Figure 24: Western Blot, ADK 3 hours after treatment with ABT/ABT+MLN 
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Figure 25: ADK-levels relative to control 3 hours after treatment with ABT/ABT+MLN 

 

4.1.2 ADK-levels 24 hours after treatment   

CADO, theophylline; n=3 

There were 3 samples each for 3 conditions: control, CADO, CADO + theophylline. 

CADO showed almost no effects at 24 hours after treatment.  

 
Figure 26: Western Blot, ADK 24 hours after treatment with CADO/CADO+theophylline 

 
Figure 27: ADK-levels relative to control 24 hours after treatment with CADO/CADO+theophylline 
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ABT, MLN; n=3  

There were 3 samples each for 3 conditions: control, ABT, ABT+MLN.  

ABT decreased ADK-levels by 10%. It turned out, however, that the nuclear isoform of 

ADK, which is the heavier one, is most influenced by ABT-treatment. The nuclear 

isoform was decreased by 64% after ABT-treatment.  MLN abolished the effect.  

 

 
Figure 28: Western Blot, ADK 24 hours after treatment with ABT/ABT+MLN 

 

 
Figure 29: ADK-levels relative to control 24 hours after treatment with ABT/ABT+MLN 
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Figure 30: Nuclear isoform of ADK 24 hours after treatment with ABT/ABT+MLN 

 

Combined with previously collected data, the results indicate that ABT-702 treatment 

significantly reduces the nuclear isoform of ADK (p<.05), and this is reversed by 

theophylline treatment. Our new data also indicate the reduction in nuclear ADK is 

blocked by MLN 4924. 
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4.2 Cullin neddylation  

Cullins appear at approximately 85 kDa. Nedd8 has a molecular weight of 8 kDa, thus 

increasing the weight of neddylated cullins to approximately 93 kDa.  

Cullin neddylation was measured by dividing the intensity of the neddylated band by 

the non-neddylated band. Values were normalized to controls to compare between 

blots.  

 

Summary 3 hours 

CADO: CADO increased Cullin-2 neddylation by almost 190%. Cullin-3 neddylation 

was also increased by approximately 80%. Cullin-1 neddylation was barely influenced, 

and increased only by approximately 10%.  

CADO+ Theophylline: Theophylline significantly blocks the CADO-effects. Cullin-

neddylation is no different than control-levels in cells treated with CADO + theophylline.  

ABT: ABT also increases Cullin-neddylation like CADO. Cullin-2 is effected most, 

followed by Cullin-3, and Cullin-1 shows no enhancement in neddylation. However the 

impact is not as high as with CADO-treatment, Cullin-2 neddylation is increased by 

approximately 50%.  

ABT + MLN: MLN abolishes Cullin-neddylation almost totally.  

 

 

Summary 24 hours 

Both CADO and ABT do not influence Cullin-neddylation at 24 hours.  
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4.2.1 Impact on cullin-neddylation at 3 hours 

CADO, theophylline; n=3 

There were 3 samples for each condition: control, CADO, CADO+ Theophylline.  

Neddylation of cullin-1, -2, and -3 was measured.  

 

 

Figure 31: Cullin-neddylation relative to control 3 hours after treatment with CADO/CADO+theophylline 

 

Cullin-1 

 Control  CADO       CADO+theophylline 

 
Figure 32: Western Blot, Cullin-1 neddylation 3 hours after treatment with CADO/CADO+theophylline 

 

Cullin-2 

 Control  CADO     CADO+theophylline 

 
Figure 33: Western Blot, Cullin-2 neddylation 3 hours after treatment with CADO/CADO+theophylline 
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 Control  CADO          CADO+theophylline 

 
Figure 34: Western Blot, Cullin-3 neddylation 3 hours after treatment with CADO/CADO+theophylline 
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ABT, theophylline, MLN; n=3 

There were 3 samples for each condition:  

- control, ABT, ABT+MLN;  
- control, ABT, ABT+theophylline 

Neddylation of cullin-1, -2, and -3 was measured.  

Cullin-2 seems to be influenced most. Since cullin-3 neddylation is not totally abolished 

by theophylline, neddylation might be higher in the control group and ABT does not 

increase neddylation relative to control as much as pictured.  

 

Figure 35: Cullin-neddylation relative to control 3 hours after treatment with ABT/ABT+theophylline 

 

MLN significantly inhibits neddylation.  

 

Figure 36: Cullin-2 neddylation 3 hours after treatment with ABT/ABT+MLN 
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Cullin-1  

   Control     ABT          ABT+ theophylline 

 

Figure 37: Western Blot, cullin-1 neddylation 3 hours after treatment with CADO/CADO+theophylline 

 

Cullin-2 

 Control     ABT       ABT+ theophylline 

 

 

 Control  ABT   ABT+MLN 

 

Figure 39: Western blot, cullin-2 neddylation 3 hours after treatment with ABT/ABT+MLN 

 

Cullin-3 

Control  ABT  ABT+ theophylline  

 

Figure 40: Western blot, cullin-3 neddylation 3 hours after treatment with ABT/ABT+theophylline 

 

 

When combining the above data, collected in this study, with previous data collected 

by the lab, it was determined that abt-702 significantly increased neddylation of cullin 

-1, -2, and -3 (p<.05), while theophylline only blocked abt-702 induced neddylation of 

cullin-2 and -3.   

Figure 38: Western blot, cullin-2 neddylation 3 hours after treatment with ABT/ABT+theophylline 
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4.2.2 Impact on cullin-neddylation at 24 hours 

24 hours after treatment there is no more indication of cullin-neddylation.  

 

Figure 41: Cullin neddylation relative to control 24 hours after treatment with CADO/CADO+theophylline 
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 Control  CADO     CADO+ theophylline 

 

Figure 42: Western Blot, cullin-2 neddylation 24 hours after treatment with CADO/CADO+theophylline 
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Figure 43: Western Blot, cullin-3 neddylation 24 hours after treatment with CADO/CADO+theophylline 
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4.3 Results of further experiments  
carried out by the Institute of Pharmaceutical Sciences, Pharmacology and Toxicology  
 

4.3.1 Langendorff heart  

Langendorff heart experiments were made with following four conditions:  

-control: equivalent concentration of saline was injected i.p.  

-24h hours after ABT: 10 mg/kg i.p. 

-control + 8-PT: equivalent saline + 10μM 8-PT i.p. 

-24 hours after ABT + 8-PT: 10mg/kg ABT + 10M 8-PT i.p.  

 

8-(p-sulfophenyl)-theophylline (8-PT) is, like theophylline, an adenosine-receptor 

antagonist. The results of the Langendorff heart supported the hypothesis of an 

involvement of adenosine and ARs in delayed preconditioning, and an increase of 

adenosine by ABT 24 hours after treatment.  

Basal coronary flow was measured 24 hours after treatment. ABT increased it and 8-

PT inhibited the impact (Figure 45). 

Furthermore a no flow ischemia of 20 min was conducted and parameters were 

measured in the subsequently reperfusion: left ventricular developed pressure 

(LVDevP), heart contractility defined by dp/dt, left ventricular end-diastolic pressure 

(LVEDP), coronary perfusion pressure (CPP), and heart rate. ABT lead to 

cardioprotection. Relative to control, ABT increased LVDevP and dp/dt, and decreased 

LVEDP, CPP and weakly heart rate. 8-PT inhibited these effects (Figure 46). 

 

Figure 44: Langendorff heart, basal coronary flow 
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Figure 45: Langendorff heart, results of parameters measured after no flow ischemia 
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4.3.2 ADK activity measurement  

 

An ADK activity measurement was conducted with the same samples that were used 

for the western blots:  

-24 hours after control (control for CADO/theophylline): equivalent saline  

-24 hours after CADO: 2 mg/kg CADO i.p. 

-24 hours after CADO+ theophylline: 2 mg/kg CADO i.p. + 20 mg/kg theophylline i.p. 

-24 hours after control (control for ABT/MLN): equivalent saline  

-3 hours after ABT: 10mg/kg ABT i.p. 

-3 hours after ABT+MLN: 10 mg/kg ABT i.p. + 60 mg/kg MLN i.p. 

-24 hours after ABT: 10mg/kg ABT i.p. 

-24 hours after ABT+MLN: 10 mg/kg ABT i.p. + 60 mg/kg MLN i.p. 

 

The results reflect those of the western blots. CADO shows almost no effect on ADK 

after 24 hours (Figure 48). ABT shows impact at 3 hours which is even higher at 24 

hours (Figure 47). MLN inhibits the loss of ADK activity by ABT-702.  

 

 

Figure 46: ADK activity after ABT/MLN    Figure 47: ADK activity after CADO/theophylline 
treatment 
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 5. Discussion 
 

Hypothesis  

 

Figure 48: Hypothesis 

 

We hypothesized that ABT-702-induced adenosine signaling would stimulate cullin-

dependent degradation of ADK protein, resulting in augmented adenosine production  

that would contribute to delayed preconditioning. The results of the conducted 

experiments partially support this hypothesis, and suggest adenosine-dependent 

neddylation and  ADK degradation represents a novel mechanism of delayed 

preconditioning. 

 

5.1 ADK-reduction 

Previous experiments in this lab demonstrated that ABT-702 treatment, which inhibits 

ADK activity, led to a reduction in ADK protein expression. Because the half-life of 

ABT-702 is approximately 0.75 hrs, we hypothesized that ABT-702 induced adenosine 

release initiated cell signaling events that would lead to ADK degradation. If this were 

true, then adenosine receptor agonist should mimic the effects of ABT-702. Our results 

indicated that both ABT and CADO lead to a reduction in ADK protein levels, but with 

different timing. CADO seems to initiate the described mechanism faster than ABT, 
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since ADK-levels seem to be reduced  3 hours after CADO treatment, but then returned 

by 24 hours. This is different than the effects of  ABT,  which had no effect on ADK 

protein at 3 hours, but significantly reduced ADK protein levels after 24 hours. This 

may be explained by the intermediate steps from ABT to ARs. CADO interacts directly 

with the ARs, while ABT affects ARs through inhibiting ADK and therefore slowly 

increasing adenosine release over time. It should also be noted, that adenosine is 

primarily generated in conditions of high energy-demand and ATP-consumption. It is 

possible that directly after treatment with ABT, adenosine was not produced in 

concentrations to stimulate ARs as effectively as the injected CADO.  

Thus, in comparison to CADO treatment, which causes a rapid, short term stimulation 

of adenosine receptors,  ABT-treatment seems more likely to cause a sustained, less 

robust stimulation of adenosine receptors. This is partially supported by the finding that 

body temperature, an indicator of peripheral adenosine receptor activation, decreased 

from 37°C to ~30°C in CADO treated mice, as compared to ~33°C in ABT-702 treated 

mice, 3 hours after treatment (data not shown).  Additionally, theophylline blocked the 

reduction in body temperature in both cases, indicating the adenosine induced 

hypothermia was dependent upon Ado receptor activation, which appeared greater in 

CADO treated mice.. 

While both CADO and ABT-702 treatment induced neddylation at 3 hours, only ABT-

702 treatment caused a sustained reduction in ADK protein that was observed 24 

hours later. This result may suggest that the increased cullin-2 neddylation observed 

under CADO and ABT-702 treatment may not be the only cause of sustained ADK 

degradation, especially since the level of cullin-2 neddylation was even higher in CADO 

treated mice. On the other hand, it is possible that the neddylation induced by CADO 

was more short lived than that induced by ABT-702, so that ADK protein was degraded 

more rapidly but  also returned faster. Because cullin neddylation appears important 

for ABT-702 induced degradation of ADK, it will be important to more thoroughly 

examine the time course of neddylation of different cullin isoforms and ADK 

degradation in response to ABT-702 or CADO.  
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5.2 Mechanism via adenosine receptors 

The reduction in ADK protein levels by the non-selective adenosine receptor agonist, 

CADO, as well as ABT-702, suggests adenosine signaling can reduce ADK protein 

levels in the heart. 

The finding that theophylline inhibits both cullin-neddylation and ADK-reduction by 

CADO and ABT is further evidence of the involvement of adenosine  receptors. This 

confirms the assumption that the signaling pathways from both CADO and ABT are 

induced by AR activation.  From another point of view it also means that ADK-reduction 

as well as cullin-neddylation are mediated by ARs.  

 

5.3 Regulation of cullin-neddylation and the ubiquitin-

proteasome-system by adenosine 

While previous results in this lab had demonstrated that ABT-702 caused a 

proteasome dependent reduction in ADK protein, the underlying mechanism was not 

clear. Our current findings show that ABT-702 or CADO increase cardiac neddylation 

through an adenosine receptor dependent mechanism. This is the first evidence that 

adenosine receptors regulate cardiac cullin neddylation and suggests a novel role for 

adenosine receptors in regulating selective protein degradation. The finding that 

MLN4924 inhibits cullin-neddylation at 3 hours and reverses ABT-induced ADK-

reduction after 24 hours indicates that ADK is a target of adenosine receptor-induced 

cullin-E3 ubiquitin ligase activity.  

Based on the results, neddylation of cullin-2 seems to be increased the most by CADO 

or ABT-702, as compared to cullins 1 and 3, so it is likely that degradation of protein 

substrates of cullin-2 E3 ligases is increased. However, as there was almost no cullin 

3 neddylation observed under basal conditions, it is possible that the slight increase 

observed in neddylated cullin 3 could have more impact, through selective degradation 

of cullin-3 specific targets. An important next step will be to identify which cullin-E3 

ligase and adapter proteins are responsible for degradation of ADK, and determine 

which adenosine receptors are responsible for cullin neddylation. 
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5.4 Cardio protection caused by ADK-degradation and sustained 

increase in adenosine availability. 

The Langendorff heart model showed that ABT treatment, administered 24 hours prior, 

provided significant protection against IR injury. At this point, it is unclear whether these 

effects directly are due to decreased ADK protein levels. However, treatment with 

adenosine receptor antagonist 8-PT at the time of Langendorff perfusion did block the 

increased coronary blood flow and delayed cardio-protection against IR. This finding 

is consistent with the hypothesis that reduced ADK protein expression and subsequent 

increase in adenosinergic effects (i.e. coronary blood flow, preconditioning) mediate 

ABT-702 induced delayed cardio-protection. To better determine whether adenosine 

receptor stimulation of ADK degradation mediates delayed cardioprotection, it will be 

important to repeat these experiments using selective adenosine receptor agonists and 

identify the specific cullin responsible for ADK degradation. It will also be important to 

determine whether inhibiting neddylation with MLN4924 blocks delayed 

cardioprotection by ABT-702 or selective adenosine receptor agonists. Finally, a more 

comprehensive investigation of the time course of cullin neddylation and ADK activity 

in response to selective or non-selective adenosine receptor agonists should be 

undertaken. This may help explain the different results observed between treatment 

with ABT-702 and CADO.   
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6. Conclusion  
Our findings demonstrate, for the first time, that adenosine receptor stimulation 

increases cardiac cullin neddylation. Our results also indicate that increased cullin 

neddylation leads to protein degradation of ADK, suggesting a novel mechanism of 

delayed preconditioning that enhances cardiomyocyte adenosine production. These 

findings suggest cardiac ADK may provide a novel target for development of 

prophyllactics against cardiac injury resulting from myocardial infarction.  
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