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1GENERaL INTRODuCTION

The host’s first line of defense against invading pathogens consists of the 

anatomical mucocutaneous barrier together with the innate immune system. The 

innate immune system is responsible for the initial immune response following 

recognition of invading pathogens such as bacteria and viruses, and provides an 

immediate defence mechanism against infection. Nonetheless, an overwhelming, 

unnecessary or prolonged immune response, as seen during systemic 

inflammation, e.g. sepsis or autoimmune disease, may also lead to collateral tissue 

and organ damage. Already in 1904, William Osler (1849–1919) hypothesized that 

during sepsis “the patient appears to die from the body’s response to infection 

rather than from the infection itself”. Nowadays it is recognized that the early 

morbidity and mortality during sepsis is as much caused by the host’s response to 

the invading pathogen as by the micro-organism itself (1;2). 

To protect the host from collateral damage, the innate immune response 

has several negative feedback mechanisms, such as the production of anti-

inflammatory cytokines and the inhibition of Toll-like receptor signaling. Other 

mechanisms are also activated, one of which is the adenosine system, which upon 

activation is able to attenuate the inflammatory response and limit tissue injury. 

Approximately 30 years ago the immunomodulatory effects of adenosine, an 

endogenous purine nucleoside that is involved in a wide range of physiological 

processes, were first established. It is generally accepted that the adenosine 

(receptor) system is a rapid sensor of tissue/organ injury and (at the same time) 

acts as the host’s “first aid” machinery in an attempt to limit damage. 

This thesis describes the interplay between the innate immune response and the 

immune regulatory role of adenosine during systemic inflammation in humans.

INNaTE IMMuNITy

The host’s response to infection consists of the innate and adaptive immune 

systems, with the innate response representing the first line of host’s defense and 

the adaptive response becoming prominent after several days. Cells of the innate 

immune system recognize and respond to invading pathogens in a nonspecific 
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way, and unlike the adaptive immune system, do not confer long-lasting or 

protective immunity, although recently this paradigm has been challenged (3). 

The innate immune response is initiated by immune cells that express so called 

‘pattern recognition receptors’ (PRRs) on their surface. Several classes of PRRs 

have been described, of which the (human) Toll-like receptors (TLRs) are most 

extensively studied. Up to now, ten different mammalian TLRs have been 

described (4). PRRs recognize molecules that are broadly shared by pathogens 

collectively referred to as ‘pathogen-associated molecular patterns’ (PAMPs). 

The human Toll-like receptors (TLRs) recognize a large amount of PAMPs, e.g. 

lipopolysaccharide (LPS) from gram-negative bacteria (TLR4), peptidoglycan 

(TLR2) and bacterial flagellar proteins (TLR5). In addition, they also recognize 

host molecules released as signals of cellular damage, called ‘danger associated 

molecular patterns’ (DAMPs) (5), such as hyaluronic acid that binds TLR4 (6) and 

DNA motifs (TLR9) (4). 

TLRs are particularly found on monocytes/macrophages and dendritic cells, but 

are also expressed on neutrophils, eosinophils, epithelial cells, and keratinocytes. 

Upon recognition of a PAMP or DAMP, macrophages initiate and coordinate an 

immune response by releasing both pro-inflammatory cytokines, such as TNF-α, 

and anti-inflammatory cytokines such as IL-10. 

Sepsis

The incidence of sepsis is increasing with an estimated annual incidence of 

240/100.000 persons per year. In its most severe form, septic shock, it represents 

a major cause of death, with mortality rates up to 40% (7). Over the past thirty 

years, several treatment strategies for sepsis have been developed in order to 

decrease morbidity and mortality. Among these, modulation of the innate immune 

response has been extensively studied, as it was hypothesized that attenuation of 

the overwhelming immune response could exert beneficial effects. Unfortunately, 

anti-endotoxin (8), anti-cytokine (9;10), and anti-TLR4 (11;12) strategies proved to 

be ineffective. Contrary to these results, anti-cytokine therapies improved outcome 

in autoimmune disease such as rheumatoid arthritis (13). All of the abovementioned 

studies demonstrate that targeting a specific part of the cascaded involved in innate 

immunity does not decrease and may even increase mortality in patients with sepsis. 
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1Approximately a decade ago, adenosine was recognized as a signaling 

molecule that could act as a bioengineer, both signaling inflammation as well 

as modulating the inflammatory response (14;15). Furthermore, adenosine has 

several other tissue protective effects; adenosine decreases the energy demand 

of cells via inhibition of parenchymal cell function, e.g., the negative inotropic 

effects on heart muscle, it improves the oxygen and nutrient availability by local 

vasodilatation (16) and preserves the endothelial barrier function by promoting 

angiogenesis and neovascularization (17). Since adenosine exerts its tissue 

protective effects only locally, e.g. at the inflamed tissue, therapies aimed to 

enhance the immunomodulatory effects of adenosine might possibly have less 

systemic adverse effects. 

Adenosine therefore represents a novel tool to “engineer” the innate immune 

response that could be of therapeutic significance in situations of prolonged or 

excessive inflammation.

aDENOSINE

Adenosine is an endogenous purine nucleoside involved in a wide range of (patho)

physiological processes. It was first described as an important signaling molecule 

by Drury and Szent-Györgyi in 1929 (16), demonstrating that adenosine reduces 

heart rate, lowers blood pressure and induces coronary vasodilatation. The first 

evidence relating adenosine and inflammation was the presence of adenylic and 

adenosinetriphosphoric acids in inflammatory exudates (18). In the late 1980s, 

research on the immunomodulatory effects of adenosine accelerated (19;20), 

with approximately 600 publications covering this issue in the last year. 

Adenosine metabolism

Adenosine is formed both extra- and intracellularly by dephosphorylation 

of adenosine monophosphate (AMP) by 5’-nucleotidase (both endo-5NT as 

well as ecto-5NT, the latter also referred to as CD73). 5NT is the rate limiting 

step in the breakdown of ATP (21), and therefore acts as a crucial regulator for 

the production of adenosine. 5NT is highly expressed in nearly all tissues, with 

the highest levels in the colon, kidney and brain (22). Intracellular hydrolysis of 
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S-adenosylhomocysteine (SAH) into adenosine and L-homocysteine also acts as 

a source of adenosine, albeit less important during pathophysiological conditions. 

Degradation of adenosine is mainly confined to the intracellular compartment, 

through adenosine deaminase and adenosine kinase. The equilibrative nucleoside 

transporter (ENT) controls facilitated diffusion between extra- and intracellular 

adenosine. During well-oxygenated conditions, the intracellular concentration is 

lower than the extracellular concentration, and adenosine is mainly transported 

into the intracellular compartment, where it is subsequently metabolized (23). 

Adenosine metabolism is illustrated in figure 1.

Adenosine

AMP

ATP/ADP

SAH
Hydrolase

Inosine

Deaminase

Adenosine

AMP

ATP/ADP

Kinase5`nucleotidase Ecto 5`nucleotidase

Nucleoside
Transporter

EXTRACELLULARINTRACELLULAR

Adenosine 
receptor

figure 1. Adenosine metabolism

Adenosine receptors

Adenosine elicits its tissue protective and anti-inflammatory effects by binding 

to one of its four known receptors, designated A1, A2a, A2b and A3. Under basal 

conditions, interstitial adenosine concentrations are very low (within the nanomolar 

range) (21), but sufficient to activate three of its receptors, namely, the A1, A2a and 

A3 receptor (24). The A2b receptor has a lower affinity for adenosine (Km >1 µM) and 

therefore requires higher concentrations of adenosine for activation. Adenosine 
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1receptor signaling is complex and is described in more detail in chapter 4. 

Measuring adenosine

In order to study the effects of adenosine during systemic inflammation or 

hypoxia, quantification of the extracellular adenosine concentration could be 

helpful. However, measurement of the adenosine concentration in plasma is 

cumbersome since a) its half-life is approximately 1 second in whole blood (25) 

and b) the adenosine concentration is highly compartmentalized (25), because 

the endothelium acts as a metabolic barrier for adenosine. Due to this endothelial 

barrier, intravascular administration of adenosine does not increase the interstitial 

adenosine concentration (26). Therefore, the intravascular adenosine concentration 

may not directly reflect local adenosine levels within tissues (27).

aDENOSINE aND INfLaMMaTION 

Under normal physiological conditions the adenosine concentration is within 

the nanomolar range, but during pathophysiological conditions, such as hypoxia 

or inflammation its concentration increases rapidly up to tenfold during septic 

shock (28).

How inflammation influences adenosine metabolism 

Adenosine metabolism is able to change in circumstances associated with cellular 

damage. For hypoxemia these changes have been studied in detail. During 

hypoxemia, the adenosine concentration increases rapidly as a consequence of 

changes in adenosine metabolism. In brief, the formation of adenosine is accelerated 

through increased activity of 5NT, which results in enhanced ATP breakdown, 

whereas the cellular uptake and subsequent degradation of adenosine, by adenosine 

deaminase and kinase are inhibited (29). Moreover, the uptake of adenosine 

is delayed due to inhibition of the ENT (30) further increasing its extracellular 

concentration. Recently Nakav et al. demonstrated that the adenosine metabolism is 

also influenced by systemic inflammation. During murine peritonitis, the extracellular 

adenosine concentration increased rapidly as a consequence of increased formation 

of adenosine along with a decrease in degradation of adenosine (31). 

In this thesis we hypothesize that systemic inflammation, also in humans in vivo, 
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changes the circulating adenosine concentrations by altering its metabolism, 

and adenosine receptor expression and that these changes promote an anti-

inflammatory and tissue protective response. This hypothesis was tested in a 

human model of experimental endotoxemia.

How adenosine influences inflammation; the anti-inflammatory potential of adenosine

Previous in vitro studies have demonstrated that adenosine receptor stimulation, 

e.g. on peripheral blood mononuclear cells (PBMCs), attenuates the production of 

pro-inflammatory cytokines, e.g. TNF-α (32;33), whereas it augments the release 

of the anti-inflammatory cytokine IL-10 (34). These findings have been confirmed 

in murine in vivo models, and are associated with increased survival (20;35;36). 

In humans in vivo, continuous intravenous administration of adenosine resulted 

in a significant attenuation of IL-6 production during experimental endotoxemia 

(37). However, the clinical applicability of administration of exogenous adenosine 

is limited due to its rapid cellular uptake and degradation (38) and important 

hemodynamic side-effects when given in higher dosages. 

Pharmacological modulation of the anti-inflammatory effects of adenosine

Pharmacological approaches mimicking the effects of adenosine have been 

extensively studied in the field of vascular medicine. For instance, the use of 

specific adenosine A2a receptor agonists has been studied in coronary imaging 

studies, using the A2a agonists to induce coronary vasodilatation (39). However, 

since adenosine is involved in nearly all physiological processes throughout the 

body and adenosine receptors are ubiquitously distributed, specific adenosine 

receptor targeting can result in undesirable side-effects also in non-targeted 

systems and therefore limits its use in the treatment of inflammatory diseases. 

Alternative approaches that focus on the modulation of adenosine metabolism 

in order to increase the endogenous adenosine concentration, have also been 

investigated, but again frequently resulted in side-effects, though to a lesser 

extent (40). Attenuation of the breakdown of adenosine with specific AK or ADA 

inhibitors resulted in increased survival in different animal models of septic shock 

and reduced inflammation in several arthritis models (41-43). Furthermore, 

blockade of transmembrane adenosine transport with the use of ENT blockers 
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1such as dipyridamole and draflazine increases the extracellular adenosine 

concentrations mainly when extracellular formation is enhanced, such as during 

inflammation. Furthermore this approach reduced mortality and morbidity during 

pancreatitis (44) and attenuated the severity of glomerulonephritis (45). 

In this thesis, we hypothesize that the use of dipyridamole (an ENT blocker) 

enhances extracellular adenosine concentrations during systemic inflammation 

and attenuates the innate immune response and inflammation induced organ 

injury. 

HuMaN ExPERIMENTaL ENDOTOxEMIa; “THE LPS MODEL”.

To study the innate immune response during systemic inflammation the 

standardized experimental human endotoxemia model is frequently used. The 

administration of bacterial components in humans in vivo was first described in the 

1890s when patients with cancer were treated with a mixture of killed bacteria aimed 

to reduce tumor growth (46). Since 1955, the LPS model has been extensively used 

for experimental purposes. The administration of purified E. Coli LPS results in an 

acute systemic inflammatory response which enables to study the innate immune 

system in a controlled fashion (47). This model thereby provides the opportunity 

to study changes in inflammatory mediators besides hemodynamic, humoral and 

metabolic responses (47).
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OuTLINE Of THIS THESIS

In this thesis, we investigate the interplay between adenosine and the innate 

immune response. We focus on the adenosine response during systemic 

inflammation and investigate how inflammation changes adenosine metabolism. 

Next, we focus on the anti-inflammatory potential of adenosine and study 

how (pharmacological) modulation of the adenosine metabolism influences 

inflammation (Figure 2). 

Part I of this thesis covers the measurement of adenosine. We aimed to determine 

the circulating adenosine concentration during systemic inflammation. For that 

purpose, we developed a special syringe system in combination with a ‘blocker 

solution’, enabling us to “freeze” the ongoing adenosine metabolism during 

and after blood collection. In Chapter 2 we reviewed the literature of adenosine 

measurements hitherto and discussed the above-mentioned technique to 

measure the endogenous adenosine concentration in plasma. 

Part II describes the inflammation-induced changes in adenosine metabolism. In 

chapter 3, the inflammation-induced changes in adenosine formation, breakdown 

and adenosine signaling are described. We studied enzyme activities, mRNA and 

protein expression levels of all proteins involved in adenosine metabolism in 

isolated lymphocytes after in vivo exposure to E. Coli LPS.

Part III of this thesis describes the anti-inflammatory potential of adenosine. 

Chapter 4 reviews the literature on the immune modulatory effects of adenosine. 

In particular, we highlight the observations in animal studies that adenosine 

receptor stimulation can be beneficial in endotoxemia models, by preventing an 

excessive inflammatory response, but can also be detrimental in models in which 

live bacteria initiate inflammation, because it can impede bacterial clearance. 

In chapter 5, we studied how in vitro stimulation of the four known adenosine 

receptor subtypes, modulates the inflammatory response after stimulation of 

isolated human PBMCs with various TLR-agonists. 
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1In chapter 6, we used caffeine, a non-selective adenosine receptor antagonist, 

to block the effects of adenosine during inflammation. Also, we studied subjects 

with the 34C>T variant of the AMPD1 gene. We hypothesize that these subjects 

have an attenuated inflammatory response to LPS, because adenosine formation 

is enhanced in these subjects. In chapter 7, we investigate whether the nucleoside 

transporter inhibitor dipyridamole can attenuate the inflammatory response 

by enhancing the extracellular adenosine concentration, in a model of human 

experimental endotoxemia. 

In chapter 8 we investigated whether the presence of the 34C>T SNP of the 

AMPD1 gene influences the innate immune response and subsequent morbidity 

and mortality in patients with sepsis. 

Adenosine

AMP

ATP/ADP

SAH

Inosine

adenosine

AMP

ATP/ADP

EXTRACELLULARINTRACELLULAR

Chapter 7
Chapter 3/6

Organ injury

INFLAMMATION

Cytokines

Chapter 5/6/7

PRR

IMP

Chapter 6/8

Chapter 2

A2
a

Chapter 3/4/5

Chapter 3/4

figure 2. Schematic illustration of the hypotheses. On the left side, intracellular adenosine 
metabolism is illustrated. The right side shows an immune cell expressing all four adenosine 
receptors as well as a PRR. In brief, inflammation changes adenosine metabolism and its 
signaling, resulting in increased adenosine concentrations (chapter 3, 6). By binding to its four 
known receptors, adenosine is able to modulate the inflammatory response (chapter 4 and 5). 
Interference with the adenosine metabolism, either pharmacological or genetic, influences the 
anti-inflammatory potential of adenosine (chapter 6, 7 and 8). 
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Chapter 9 is an editorial comment discussing the potential role of adenosine 

in the anti-inflammatory effect of pentoxifylline (PTX), a phosphodiesterase 

inhibitor. Since this relevant concept of tailored therapy may result in better future 

treatment options with fewer adverse effects, we discussed the potential role of 

adenosine and described possible pitfalls. 

Finally chapter 10, includes the general discussion, conclusions and future 

perspectives.
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aBSTRaCT

The endogenous nucleoside adenosine has profound tissue protective effects in 

situations of ischemia or inflammation. Animal studies have shown that various 

drugs can activate this protective mechanism by interfering with the metabolism 

of adenosine. Translation of this concept to the clinical arena is hampered by the 

difficulties encountered in measuring the adenosine concentration, due to the 

rapid cellular uptake and degradation of adenosine, which continues unabated 

after blood sampling, and due to the metabolically active endothelial barrier 

for adenosine. In the current paper, we critically discuss the various methods to 

measure the adenosine concentration in humans in vivo. For the measurement 

of circulating adenosine, we conclude that the use of a pharmacological blocker 

solution (containing inhibitors of the enzymes ecto-5’-nucleotidase, adenosine 

deaminase, and adenosine kinase, and of the equilibrative nucleoside transporter) 

and a purpose-built syringe which mixes the blood with this solution immediately 

at the tip of the needle, seems to be the most sensitive technique. However, for 

the measurement of adenosine concentrations in interstitial tissue, microdialysis 

is a suitable method, when used with an appropriate method to determine the 

recovery of adenosine across the semipermeable membrane to calculate the 

absolute adenosine concentration. Consistent use of these methods could help 

in the comparison of the various studies focussed on endogenous adenosine and 

could help to facilitate the use of drugs that modulate the adenosine concentration 

to protect tissues in the clinical arena. 
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INTRODuCTION

In 1929, Drury and Szent-Györgyi were the first to describe that the endogenous 

purine nucleoside adenosine could act as an extracellular signaling molecule, 

increasing coronary blood flow, reducing heart rate, and decreasing blood 

pressure in anaesthetized dogs (1). During various forms of cellular distress, 

such as ischemia or inflammation, the formation and degradation of adenosine 

changes, which results in a rapid and profound increase of the extracellular 

adenosine concentration (2). Subsequent adenosine receptor stimulation results 

in various effects which could potentially protect the affected tissue (3). Because 

of these paracrine protective effects, adenosine has often been referred to as a 

“retaliatory metabolite” (4).

 

Currently, there are four known G-protein-coupled adenosine receptors, 

designated A1, A2a, A2b and A3 (5). Stimulation of these receptors induces a wide 

range of effects, including vasodilation, inhibition of thrombocyte aggregation, 

inhibition of inflammation, modulation of the activity of the sympathetic nervous 

system, and increasing the intrinsic myocardial tolerance against ischemia-

reperfusion (6). Together, these effects have the potential to protect tissues against 

ischemia-reperfusion and inflammation. Indeed, in animal studies, adenosine 

receptor stimulation has been demonstrated to reduce myocardial infarct size (7), 

attenuate the development of atherosclerosis (8), and prevent tissue injury in the 

setting of inflammation (9). 

The extracellular concentration of adenosine is determined by the sum of its 

formation, transmembranous transport, and degradation. As such, factors 

that modulate these processes could affect the adenosine concentration and 

the protective cardiovascular effects of adenosine. Indeed, we have previously 

shown that in patients with hyperhomocysteinaemia, the cellular uptake 

of extracellular adenosine is accelerated, due to intracellular formation of 

S-adenosylhomocysteine, resulting in a reduced adenosine receptor stimulation 

(10). This mechanism might contribute to the increased cardiovascular risk of 

patients with this disorder. In contrast, several drugs, including dipyridamole, 
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HMG-CoA-reductase inhibitors, and methotrexate, have been shown to limit 

ischemia-reperfusion injury via adenosine receptor stimulation, probably by 

increasing the endogenous extracellular adenosine concentration (11-13). In this 

regard, accurate detection of the extracellular adenosine concentration in humans 

in vivo is potentially important to identify patients with a reduced adenosine 

concentration, who might be at an increased risk for cardiovascular events. 

Moreover, measurement of the adenosine concentration can help to understand 

the mechanism of action of drugs that have been shown to have a beneficial effect 

on ischemia-reperfusion injury, and to identify novel drugs that can modulate 

ischemia-reperfusion injury by affecting the adenosine concentration. To our 

knowledge, our review article is the first to systemically discuss the methodology 

of adenosine measurements in humans in vivo.

Reliable determination of the extracellular adenosine concentration is 

cumbersome because of two main reasons. First, adenosine has an extremely short 

half-life due to rapid cellular uptake and intracellular degradation (14). Second, 

there is a high degree of compartmentalization of the adenosine concentration: 

as the endothelium acts as a highly active metabolic barrier for adenosine, the 

intravascular adenosine concentration does not represent the concentration in 

the interstitial compartment (15). 

Consequently, estimates of the baseline endogenous adenosine concentration 

vary widely and are dependent on the specific measurement technique used. This 

makes comparisons of different studies notoriously difficult. Here, we review the 

various methods used to measure adenosine and discuss potential methodological 

shortcomings and pitfalls. We will limit our discussion to the techniques that are 

currently being used to measure the adenosine concentration in the human in vivo 

situation.
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aDENOSINE METaBOLISM 

To adequately understand the various methods used to measure the adenosine 

concentration, we briefly discuss the formation, transmembranous transport, 

and degradation of adenosine (Fig. 1; comprehensively reviewed by Deussen et 

al (16)). Adenosine is formed both in the cytosol and in the extracellular space by 

the dephosphorylation of AMP by endo- and ecto-5’-nucleotidases, respectively. 

An alternative source for adenosine, which is particularly important in baseline 

normoxic conditions, is the intracellular hydrolysis of S-adenosylhomocysteine, 

yielding homocysteine and adenosine. Degradation of adenosine is mainly 

confined to the cytosolic compartment: adenosine is rephosphorylated to AMP 

by adenosine kinase and can be irreversibly deaminated into inosine by adenosine 

deaminase. As such, the transmembranous adenosine concentration gradient, 

which exists under normoxic conditions, is directed from the extracellular space 

into the cell (17). Consequently, transmembranous transport of adenosine, which 

is by facilitated diffusion via the dipyridamole-sensitive equilibrative nucleoside 

transporter (ENT) is directed into the cell. 

figure 1 Schematic representation of the metabolism of adenosine. 5’-NT: 5’-nucleotidase; ADA: 
adenosine deaminase; AK: adenosine kinase; ENT: equilibrative nucleoside transporter; SAH: 
S-adenosylhomocysteine. The numbers indicate the target proteins for the pharmacological 
blockers used in the blocker solution: 1: dipyridamole; 2: AOPCP/EDTA; 3: ITU; 4: EHNA.
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During hypoxia or ischemia, the extracellular adenosine concentration rapidly 

increases (2). The source of this elevated adenosine concentration still remains 

to be determined: although some studies have shown that ENT inhibition during 

hypoxia or ischemia potentiates the extracellular adenosine concentration (2;18) 

and adenosine-induced effects (19;20), suggesting that the main source of the 

adenosine is extracellular dephosphorylation of AMP, other studies have reported 

an attenuated increase in extracellular adenosine during ENT inhibition, which 

support increased intracellular adenosine formation and subsequent facilitated 

diffusion of adenosine to the extracellular space (21). Potentially, different sources 

contribute, and the net gradient across the cellular membrane might depend on 

the particular situation. 

METHODS Of aDENOSINE MEaSuREMENT

As mentioned above, because of differential formation and degradation 

of adenosine in the intra- and extracellular compartment, and because the 

endothelium is a metabolically active barrier for adenosine, the adenosine 

concentration differs between the cytosol and the extracellular space, and 

between the intravascular compartment and interstitial compartment. As such, 

different cell types, such as endothelial cells, circulating immune cells, and 

cardiomyocytes, are potentially exposed to different adenosine concentrations. 

Therefore, preferably, methods should allow for measuring adenosine in these 

various compartments separately. 

The free intracellular adenosine concentration can be estimated by using the 

kinetic properties of the enzyme S-adenosylhomocysteine (SAH) hydrolase 

(22). SAH-hydrolase catalyzes the hydrolysis of SAH into homocysteine and 

adenosine in a reversible reaction (23). As such, the administration of a high dose 

of homocysteine drives this reaction in the opposite direction. As the SAH formed 

is not further metabolized, and does not readily cross the cellular membrane 

(22), the intracellular SAH concentration is a reliable estimate of the minimum 

free intracellular adenosine concentration. By perfusing isolated hearts with 

homocysteine, and subsequently freeze-clamping the heart, it is possible to 

estimate the intracellular adenosine concentration in cardiac cells under various 
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conditions (22). By the use of radiolabeled homocysteine and positron emission 

tomography, this technique also allows to measure the adenosine concentration 

in vivo in animals (24). Unfortunately, however, this technique cannot be used in 

the human in vivo situation, because it needs the administration of a high dose 

of homocysteine, which may cause side effects. Furthermore, this technique 

measures the intracellular adenosine concentration which is less relevant in terms 

of availability of adenosine to adenosine receptors and subsequent adenosine-

mediated effects.

To measure the extracellular adenosine concentration several techniques have 

been developed. Although in animal models, enzyme-based electrochemical 

biosensors (25) and fast cyclic voltammetry (26) have successfully been used, 

these techniques have not yet been used in men. In the following sections, we will 

highlight the two techniques that have been used in humans, and comment on 

the advantages and potential pitfalls of each technique.

Measurement of circulating adenosine by venous puncture

From a practical point of view, it is most convenient to measure the circulating 

adenosine concentration by simple venous puncture. However, this is complicated 

by ongoing adenosine formation and degradation of adenosine in the collecting 

tube after collection of the blood: adenosine is avidly taken up by erythrocytes 

and subsequently metabolized (14). Moreover, erythrocytes, thrombocytes, and 

leucocytes can potentially be a source of nucleotide release during blood collection. 

Hypoxia can induce release of ATP by erythrocytes via the ENT transporter (27). 

In addition, human erythrocytes can release ATP in response to mechanical 

deformation, produced by the passage of erythrocytes through filters with 5 

µm pores (28). Platelets have been described to release ADP in response to 

activation of shear stress (29) Finally, leucocytes can also act as a source for ATP, 

particularly under conditions of inflammation (30). During venous puncture, these 

mechanisms can potentially induce increased release of nucleotides. However, 

the presence of an inhibitor of ecto-5’-nucleotidase can prevent subsequent 

conversion into adenosine. Indeed, Gewirtz et al have shown that deliberate 
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mechanical hemolysis of blood samples results in a substantial augmentation of 

the adenosine concentration in the absence, but not in the presence of the ecto-

5’-nucleotidease inhibitor EDTA (31). 

To prevent this ongoing formation and degradation of adenosine after blood 

collection, it is essential for the blood to be mixed with a solution containing 

pharmacological inhibitors of adenosine formation, transport, and degradation, 

immediately after collection. Although this method has been used in many 

previous studies, the inconsistent use of the various blocker substances in the 

solution has resulted in a wide range in the estimated baseline endogenous 

adenosine concentration (Table 1). 

Table 1. Human plasma adenosine concentrations measured after blood collection.

First author (year) Collection method Blocker solution used Measured 
adenosine 
concentration

Slowiaczek (1981) 
(39)

tube containing 
blocker

EHNA 2000 nM

Ontyd (1984) (40) specially developed 
syringe system

Dipyridamole, KCl, Glucose, 
CaCl2, Na2HPO4 NaH2PO4

285 ± 60 nM 

Moser (1989) (14) specially developed 
syringe system

Dipyridamole, EHNA 
(OAPCP)

20 - 200nM 

McCann (1990) 
(14;37)

syringe containing 
blocker

Heparin, DCF or EHNA, 
NBMPR or DZP, AOPCP, 
EDTA

13.3 ± 1.9 nM

Shryock (1990) (32) specially developed 
syringe system

Dipyridamole, EHNA, 
AOPCP, EDTA

1.40 ± 0.39 nM 

Feldman (1992) (51) syringe containing 
blocker

Dilazep, EHNA, EDTA, 
AOPCP

141 ± 70 nM

Guieu (1994) (52) vacutainer tube, 
direct mixing

Dipyridamole, CaCl2, 
Na2HPO4, NaH2PO4, KCl

198 ± 78 nM 

Huszar (1996) (34) syringe containing 
blocker

Dipyridamole, EHNA
Dipyridamole, EHNA, AOPCP
Dipyridamole

57 ± 35 nM
56 ± 33 nM
54 ± 20 nM

Maguire (1998) (53) syringe containing 
blocker

Dipyridamole, EHNA, EDTA 100-210 nM  

Saito (1999) (54) syringe containing 
blocker

Dilazep, EHNA, EDTA, 
indomethacin, G-EDTA.

17.7 ± 3.5 nM 

Yoneyama (2000) 
(55)

specially developed 
syringe system

Dipyridamole, EHNA, 
AOPCP, EDTA

180 ± 40 nM 

Martin (2000) (38) vacutainer tube, 
direct mixing

Dipyridamole, EHNA, AOPCP, 
Na2EDTA, Deoxycoformicin

900 ± 40 nM

Laghi-Pasini (2003) 
(56)   

syringe containing 
blocker

Dipyridamole, EHNA 208 ± 48 nM 
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To prevent cellular uptake of extracellular adenosine, a potent blocker of the 

ENT transporter, such as dipyridamole, should be added to the blocker solution. 

A high concentration of dipyridamole has indeed been shown to significantly 

increase the recovery of adenosine, after mixing with human blood, but still a 

considerable amount of adenosine was not recovered in this experiment, either 

due to incomplete ENT inhibition or due to extracellular degradation of adenosine 

(32). Therefore, inhibitors of the several enzymes involved in the degradation and 

formation of adenosine, should also be added to the blocking solution (32). We 

have previously used the combination of dipyridamole and the potent adenosine 

deaminase blocker erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) as a blocker 

solution to determine circulating adenosine in humans in vivo during systemic 

nucleoside transport inhibition with draflazine, but this method appeared to lack 

the sensitivity to detect any changes in circulating adenosine despite significant 

nucleoside transport inhibition (33).

As the Km value of adenosine for adenosine kinase is much lower than that 

of adenosine deaminase, most adenosine is rephosphorylated into AMP by 

adenosine kinase under normoxic conditions (16). Therefore, it is logical to also 

add an inhibitor of adenosine kinase to the blocker solution, although the effect of 

this inhibitor on top of dipyridamole on the recovery of adenosine in human blood 

has never been systematically studied before. Furthermore, ongoing extracellular 

formation of adenosine by ecto-5’-nucleotidase should be prevented. Moser et 

al showed that preincubation of human blood with a selective inhibitor of ecto-

5’-nucleotidase alpha-beta-methylene ADP (AOPCP) significantly lowered the 

adenosine concentration, suggesting that the addition of a potent blocker of 

ecto-5’-nucleotidase to the blocker solution is essential (14). In contrast, other 

studies have not demonstrated a change in the adenosine concentration when 

AOPCP was added to the stop-solution in addition to dipyridamole and EHNA 

(34). Although previous studies have shown that AOPCP effectively prevents 

the extracellular conversion of AMP into adenosine in human blood (14) and 

endothelial cells (35), it needs to be realized that it involves competitive inhibition 

of ecto-5’-nucleotidase, which can potentially reduce the percentage inhibition 

in situations of a high AMP concentration (36). An alternative blocker of ecto-5’-
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nucleotidase, ethylenediaminetetraacetic acid (EDTA), has also been shown to 

increase the sensitivity of the adenosine measurement. In addition, EDTA inhibits 

thrombocyte aggregation and any subsequent release of nucleotides. McCann et 

al have shown that in the absence of EDTA and ethylene glycol tetraacetic acid 

(EGTA) adenosine concentrations are 40-fold higher than in their presence (37). 

These findings are supported by Gewirtz et al (31), who previously described that 

plasma adenosine levels can be falsely elevated, up to 10-fold, in blood samples in 

the absence of EDTA. 

 

As the half-life of adenosine in human plasma is reportedly less than 1 second, 

it is crucial that the blood is mixed with the blocker solution as soon as possible 

after venous puncture. To serve this goal, the blood collection tubes can be 

prefilled with the blocker solution (38;39), or, preferably, the blood can be mixed 

with the blocker solution immediately at the tip of the needle, with the use 

of a special syringe system (14;32;40). The variation in the constituents of the 

pharmacological blocker solution and the different types of syringes used to draw 

blood are the most important causes of the wide range in the measured adenosine 

concentration (Table 1). Probably, the detection method of adenosine is a less 

important source of variation as all the studies summarized in table 1 have used 

high performance liquid chromatography (HPLC), except the study by Slowiaczek 

et al, in which fluorescence spectrometry was used (39). 

In our department, we use a purpose-built construction of two syringes, the 

plumbers of which are connected, allowing immediate mixing of blocker solution 

and blood in equal volumes at the tip of the needle (Fig. 2). With the use of 

this syringe, and a blocker solution containing 118 mM NaCl, 5 mM KCl, 13.2 

mM Na2EDTA (pH 7.4 adjusted using NaOH 1 M), 40 µM dipyridamole, 10 µM 

5-Iodotubercidin (ITU), and 10 µM EHNA, we obtain an in vitro recovery of 95 ± 5% 

(mean ± SEM) of adenosine added to human blood (n=3). In healthy volunteers, 

the baseline plasma adenosine concentration measured with this technique was 

12.3 ± 2.4 nmol/l, detected with HPLC with reversed-phase ion-pairing separation 

and fluorescence detection (n=10; unpublished observations). 
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figure 2 Photograph of the syringe system used to sample blood for adenosine measurements
The left syringe is empty, the right syringe contains the blocker solution. As the plumbers of both 
syringes are connected, the blood mixes with the blocker solution at the tip of the needle at a 
constant rate as soon as the blood sampling has commenced.

Measurement of circulating and interstitial adenosine with microdialysis

Another well-validated technique to measure circulating adenosine is microdialysis. 

Microdialysis is a minimally invasive technique that allows continuous sampling of 

extracellular substrates such as glucose, norepinephrine and adenosine (41). The 

microdialysis probe consists of a double-lumen catheter with a semipermeable 

membrane on the tip, which is constantly perfused with saline by a microdialysis 

pump. As the membrane is permeable for small molecules such as adenosine, 

but blocks cells and enzymes, adenosine is protected from cellular reuptake and 

degradation. Therefore, adenosine can easily be determined in the dialysate by 

conventional techniques, such as HPLC. An important advantage of this technique 

is that the microdialysis probe can be inserted into either a blood vessel or into 

solid tissue, e.g. skeletal muscle, to determine the adenosine concentration in 

these different compartments (42;43). Zetterström et al. have been the first to 

use microdialysis to measure the endogenous adenosine concentration, in the 

in vivo rat brain (44). However, insertion of the microdialysis probe into muscle 

or brain tissue could potentially disrupt the endothelial barrier for adenosine. To 

study this, we have previously inserted microdialysis probes into the antecubital 

vein and forearm skeletal muscle of healthy volunteers to measure the adenosine 

concentration during intrabrachial administration of adenosine and dipyridamole 

(43). We showed that administration of adenosine and dipyridamole increased 

the adenosine concentration in the dialysate from the intravenous probe without 

affecting the concentration in the muscle interstitial space. Therefore, we 

concluded that the endothelial barrier is still intact after insertion of the probe. 
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In addition, previous animal studies on brain microdialysis have reported that the 

blood-brain barrier remains intact after insertion of the probe (45). 

The microdialysis method, however, does have some disadvantages. In order to 

calculate the absolute adenosine concentration from the adenosine concentration 

in the dialysate, the recovery of adenosine over the semipermeable membrane 

has to be taken into account. There are three methods to measure this recovery. 

First, by adding incremental amounts of exogenous adenosine to the perfusate, 

the concentration of perfusate adenosine that does not result in a net change in 

dialysate adenosine is an estimate of the interstitial concentration of adenosine 

surrounding the dialysis membrane (46). Second, the use of small amounts of 

radiolabeled adenosine can be added to the perfusate as an internal reference 

marker (47;48). Third, in vitro calibration of the microdialysis probe can be used to 

calculate the recovery percentage (42;46); after removal of the probe it is placed 

in a solution containing a predetermined concentration of adenosine and it is 

perfused with saline during which dialysate samples are collected. Afterwards, 

adenosine concentrations of the dialysate are divided by the adenosine 

concentration in the solution to calculate the recovery. However, this latter 

method could be confounded by a change in recovery in time, since the in vitro 

calibration is measured after the in vivo experiment has ended. Another major 

disadvantage of the microdialysis technique is the sampling time. In order to 

collect enough dialysate to measure adenosine concentrations, a collection time 

of at least 10-15 minutes is required. Therefore it is not possible to detect rapid 

changes in adenosine concentrations. Furthermore, it needs to be realized that 

the insertion of the microdialysis probe can cause local tissue injury that can affect 

the local adenosine concentration. Immediately after insertion of the probe into 

skeletal muscle, the adenosine concentration in the dialysate is very high, probably 

due to release of nucleotides by injured cells and subsequent conversion into 

adenosine (43) . The adenosine concentration decreases to a stable concentration 

60 to 90 minutes after insertion. Ongoing injury of muscle cells in the vicinity of 

the probe also limits its use in contracting muscles, such as during exercise or in 

the beating heart (43). Finally, the semipermeable membrane of the probe can be 

fouled by proteins and cells which can reduce the recovery of the prove. Indeed, 
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it has been shown in a rat study on brain microdialysis, that after a few days, glial 

cells and fibers cover the membrane, which questions the reliability of the chronic 

microdialysis (45).

 
Table 2. baseline endogenous adenosine concentrations in humans in vivo as measured with 
microdialysis

First author (year) Sampling site Measurement of recovery Measured 
adenosine 
concentration

Lonnroth (1989) (57) Subcutanous fat Perfusion with incremental 
adenosine concentrations

128 ± 26 nM

Hellsten (1998) (58) Vastus lateralis muscle (2-3H) adenosine as internal 
reference marker (60%)

220 ± 100 nM 

Maclean (1998) (47) Vastus lateralis muscle (2-3H) adenosine (52%) 440 ± 80 nM

Costa (1999) (42) Flexor digitorum muscle
Intravenous

In vitro (34%)
In vitro (81%)

220±30 nM 
610±120 nM 

Costa (2000) (46) Flexor digitorum muscle Perfusing with incremental 
adenosine concentration 

290 ± 60 nM

Costa (2001) (59) Flexor digitorum muscle In vitro (36%) 100 ± 20 nM
 and 310 ± 100 nM

Lott (2001) (60) Vastus lateralis muscle (2-3H) adenosine (26%) Approximately 
250 nM

Langberg (2002) (61) Calf muscle In vitro (40-50%) 480 ± 70 nM

Gamboa (2003) (62) Flexor digitorum muscle In vitro (24%) 88 ± 21 nM

Riksen (2005) (43) Flexor digitorum muscle
Intravenous

In vitro (42%)
In vitro (49%)

50 ± 10 nM
110 ± 20 nM

Riksen (2005) (10) Intravenous In vitro (39%) 135 ± 25 nM

With this microdialysis technique, the intravenous extracellular adenosine 

concentration has been estimated to be 300-750 nM in humans in vivo (Table 2) 

(10;42;43), which is considerably higher than the concentration determined in 

blood by use of the pharmacological blocker solution (Table 1). The explanation 

for this difference is not known, but there are several possible mechanisms. 

First, increased local formation of adenosine on the surface of the microdialysis 

probe, due to mechanical stress of erythrocytes or thrombocytes, could lead to an 

overestimation of the adenosine concentration with the microdialysis technique 

(10;28;43). Secondly, in the method involving venous puncture, given the short 

half-life of adenosine, some extracellular adenosine could be metabolized even 

before the blood mixes with the blocker solution at the tip of the syringe. Finally, 
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adenosine deaminase activity is not confined to the cytosol, but is also present in 

blood plasma (49;50). Two isoforms of ADA have been described: ADA1 and ADA2. 

Although the ADA1 isoform is only located in the cytosol, the ADA2 isoform is the 

predominant form in plasma (50). Importantly, ADA2 has a greater resistance 

to inhibition by EHNA (49). As such, there can still be residual deamination of 

adenosine in the blood after mixing with the pharmacological blocker solution, 

causing an underestimation of the adenosine concentration as compared to the 

microdialysis method. However, it has been suggested that the plasma activity 

of ADA is much lower than the ADA activity in erythrocytes (16). Indeed, our 

observation that the recovery of adenosine in human blood is 95% when using the 

previously mentioned pharmacological blocker solution, suggests that plasma 

ADA2 activity is only of minor importance in the overall degradation of adenosine. 

These considerations need to be tested in future experiments to understand the 

discrepancy between the estimates of the endogenous adenosine concentration 

with the two different techniques.

CONCLuSIONS aND fuTuRE DIRECTIONS

Adenosine receptor stimulation induces various effects that have the potential 

to protect tissue against ischemia, atherosclerosis, and inflammation. Although 

the role of endogenous adenosine as negative feedback mechanism limiting 

excessive tissue damage in situations of ischemia or inflammation has been 

well-established in animal models (3), in humans in vivo this protective effect is 

less substantiated. Translation of this concept to the clinical arena is hindered 

in part by the difficulties encountered in measuring the endogenous adenosine 

concentration, due to the rapid cellular uptake and degradation of adenosine, 

which continues unabated after blood sampling, and due to the metabolically 

active endothelial barrier for adenosine. As various different techniques are used 

throughout the literature to measure the endogenous adenosine concentration, 

comparisons of these studies are hazardous. Standardization of techniques to 

measure the endogenous adenosine concentrations in humans in vivo could well 

facilitate translation of findings from animal studies to the human in vivo situation. 
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For the measurement of circulating adenosine, the use of a pharmacological 

blocker solution, containing inhibitors of ecto-5’-nucleotidase, ENT-transport, 

adenosine deaminase, and adenosine kinase, and a purpose-built syringe which 

mixes the blood with this solution immediately at the tip of the needle, seems 

to achieve the highest recovery. However, for the measurement of adenosine 

concentrations in interstitial tissue, microdialysis is a suitable method, with the 

use of an appropriate method to determine recovery to calculate the absolute 

adenosine concentration. Consistent use of these methods could help in the 

comparison of the various studies focused on endogenous adenosine and could 

help to increase our understanding of the role of adenosine in tissue protection in 

situations of cellular distress. 
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aBSTRaCT 

Objective 

Adenosine modulates inflammation and prevents associated organ injury by 

activation of its receptors. During sepsis, the extracellular adenosine concentration 

increases rapidly, but the underlying mechanism in humans is unknown. We 

aimed to determine the changes in adenosine metabolism and signaling both in 

vivo during experimental human endotoxemia and in vitro.

Design 

We studied subjects participating in three different randomized double-blind 

placebo-controlled trials. In order to prevent confounding by the different 

pharmacological interventions in these trials, analyses were performed on data of 

placebo-treated subjects only.

Setting Intensive care research unit at the Radboud University Nijmegen Medical Centre. 

Subjects In total we used material of twenty-four healthy male subjects.

Interventions Subjects received 2 ng/kg E. Coli endotoxin (LPS) intravenously. 

Measurements and Main Results 

Following experimental endotoxemia, endogenous adenosine concentrations 

increased. Expression of 5’ectonucleotidase (5NT) mRNA was upregulated 

p=0.01), while adenosine deaminase (ADA) mRNA was downregulated (p=0.02). 

Furthermore, both ADA and adenosine kinase (AK) activity was significantly 

diminished (both p<0.0001). A2a and A2b receptor mRNA expression was increased 

(p=0.02 and p=0.04, respectively), whereas mRNA expression of A1 and A3 

receptors was reduced (both, p=0.03). In vitro, LPS dose-dependently attenuated 

the activity of both ADA and AK (both p<0.0001).

Conclusions 

Adenosine metabolism and signaling undergo adaptive changes during human 

experimental endotoxemia promoting higher levels of adenosine thereby 

facilitating its inflammatory signaling. 
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INTRODuCTION

The purine nucleoside adenosine is an important signaling molecule involved in 

tissue protection and repair in situations of impending tissue danger. After decades 

of pharmacological studies it was the genetic in vivo approach that allowed to 

uncover the unique role of A2a adenosine receptors. The A2a adenosine receptor plays 

a critical and non-redundant role in the regulation of inflammation and subsequent 

tissue damage (1). During hypoxia, ischemia, and inflammation, the extracellular 

adenosine concentration rapidly increases, and subsequent stimulation of 

membrane-bound adenosine receptors induces various effects aimed to protect 

the affected tissue. This is accomplished by vasodilation, inhibition of thrombocyte 

aggregation, increasing intrinsic tolerance against ischemia and reperfusion, 

and modulation of the inflammatory response (2). The extracellular adenosine 

concentration is determined by the formation, transmembrane transport, and 

degradation of adenosine (3) (Figure 1). 

Under physiological conditions, adenosine is formed by dephosphorylation of 

adenosine monophosphate (AMP) by ecto-, and endo-5’-nucleotidase (5NT) and 

through hydrolysis of S-adenylhomocysteine. Adenosine degradation is confined to 

the intracellular compartment in which adenosine deaminase (ADA) and adenosine 

kinase (AK) are responsible for the degradation of adenosine. The equilibrative 

nucleoside transporter (ENT) controls the facilitated diffusion between extra- and 

intracellular adenosine depending on the concentration gradient (4).

It has been well-established in vitro that, during hypoxia, the rise in the extracellular 

adenosine concentration results from an activation of ecto-5’-NT, a reduced 

activity of AK and ADA, and a reduction in ENT capacity (5;6). During systemic 

inflammation, the extracellular adenosine concentration increases rapidly as well 

(7-9), with concentrations increasing up to tenfold in septic shock patients (7). How 

inflammation affects these enzyme activities in humans is unknown. Unraveling 

these mechanisms may be important, because it allows for the development of 

pharmacological strategies to potentiate the increase in extracellular adenosine, 

which could limit tissue damage during inflammation. 
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figure 1 Schematic representation of adenosine metabolism. 5’-nucleotidase (5NT) catalyzed 
the dephosphorylation of AMP, S-adenylhomocysteine hydrolase (SH) accounts for the hydrolysis 
of S-adenylhomocysteine (SAH); adenosine deaminase (ADA) and adenosine kinase (AK) are 
responsible for the degradation of adenosine, which mainly occurs intracellularly. The equilibrative 
nucleoside transporter (ENT) facilitates transmembranous adenosine transport.

The aim of the current study was to investigate the inflammation-induced 

changes in adenosine metabolism during systemic inflammation in humans in 

vivo, and in isolated human lymphocytes and PBMCs in vitro. 

We hypothesized that, during inflammation, the adenosine metabolism 

is altered, resulting in an increased extracellular adenosine concentration. 

Furthermore, we hypothesized that the adenosine receptor expression changes 

during systemic inflammation, thereby potentiating the anti-inflammatory 

potential of adenosine. We studied the gene expression and protein activities of 

ecto-5’NT, ADA, AK, and the ENT, as well as gene expression of the adenosine 

A1, A2a, and A3 receptors during systemic inflammation evoked by experimental 

human endotoxemia (administration of lipopolysaccharide [LPS] in healthy 

volunteers). Furthermore, in vitro studies were performed to confirm the 

adaptive changes in adenosine metabolism and rule out potential confounding 

by changes in circulating cell numbers and types during human endotoxemia.



63

3

METHODS

Healthy volunteers 

To investigate the effects of systemic inflammation on adenosine metabolism, 

blood samples were collected during three different human endotoxemia 

trials. These trials are registered at the Clinical Trial Register (NCT00513110, 

NCT00783068 and NCT01091571) (9;10). In order to prevent confounding 

by the different pharmacological interventions in these trials, analyses were 

performed on data of placebo-treated subjects only. After approval by the local 

ethics committee of the Radboud University Nijmegen Medical Centre, a total 

of 55 healthy volunteers signed written informed consent. All volunteers had 

a normal physical examination, electrocardiography and routine laboratory 

values before the start of the experiment. Volunteers were asked not to take any 

prescription drugs and they refrained from caffeine intake 48 hours prior to the 

LPS administration. The subjects were admitted to our clinical research unit on 

the day of the experiment and were kept under close observation during 10 hours. 

In total 24 healthy subjects received placebo treatment.

Experimental protocol 

A cannula was inserted in a deep forearm vein for administration of 2.5% 

glucose/0.45% saline solution to ensure an optimal hydration status (11). Subjects 

received 1.5 L in one hour immediately before LPS infusion (prehydration), 

followed by 150 ml/h until 6 hours after LPS infusion and 75 ml/h until the end of 

the experiment. LPS was injected at t=0 hours and blood was collected at various 

time points thereafter. 

Endotoxin 

U.S. Reference E. coli endotoxin (Escherichia coli O:113, Clinical Center Reference 

Endotoxin, National Institute of Health (NIH), Bethesda, MD) was used. Ec-5 

endotoxin, supplied as a lyophilized powder, was reconstituted in 5 ml 0.9% NaCl 

for injection and vortex-mixed for at least 10 minutes after reconstitution. The 

endotoxin solution was administered as an intravenous bolus injection at a dose 

of 2 ng/kg of body weight. 
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Cell isolation

Since neutrophils do not express 5NT (12), and previous animal studies 

demonstrated profound changes in adenosine metabolism in lymphocytes, we 

focused on changes in the lymphocyte population. Peripheral blood mononuclear 

cells (PBMCs) were collected at different time points (T=0, 2, 4, 6 and 24 hours) 

after LPS administration using Mononuclear Cell Preparation Tubes (BD 

Vacutainer® CPT™). After centrifugation at 1800 x g at room temperature for 20 

minutes, mononuclear cells were harvested and washed twice with PBS.

For the separation of lymphocytes from the PBMC fraction, the MACS separation 

technique was used (Miltenyi Biotec), according to manufacturer’s instructions. 

Lymphocyte purity was evaluated using flow cytometry (Beckman Coulter FC500). 

In vitro experiments

PBMCs were collected from 6 healthy male volunteers who did not participate in the 

endotoxemia studies using Mononuclear Cell Preparation Tubes (BD Vacutainer® 

CPT™). PBMCs were washed three times in sterile PBS and resuspended in culture 

medium (RPMI 1640 Dutch modification, Flow Labs, Irvine, UK, supplemented 

with l-glutamine 2 mM, pyruvate 1 mM, gentamicin 50 mg/ml and fetal calf serum 

10%)). Cells were seeded in 96-well culture plates at a density of 5 X 105 cells/well in 

200 μl, and incubated with increasing concentrations of lipopolysaccharide (0, 1, 

10 and 100 ng/ml, LPS Ultrapure E.Coli, 0111:B4; Invivogen, Toulouse, France) for 

24 h at 37 °C, 95% O2 and 5% CO2. All experiments were performed in duplicate. 

After incubation, culture plates were centrifuged (1400 rpm, 10 min) and the 

supernatant was stored at −20 °C until further analysis. 

In addition, lithium-heparin anticoagulated (Vacutainer, BD Biosciences) blood 

was collected from 3 healthy male volunteers and diluted 1:5 in culture medium 

for experiments in whole blood. Diluted blood was incubated in 24-well culture 

plates (at a volume of 1 mL) with increasing concentrations of LPS (0, 1, 10 and 

100 ng/ml) for 24 h at 37 °C, 95% O2 and 5% CO2. All experiments were performed 

in duplicate. After incubation, blood cultures were centrifuged (14000 rpm, 5 

min) and supernatants were collected and stored at -80 °C until further analysis. 

Erythrocytes were dissolved in 3-(N-morpholino)propanesulfonic acid (MOPS) 
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buffer at a concentration of 20% and stored at 4°C until analysis of uridine 

transport. A small fraction of the samples was used to determine hematocrit 

levels.

Cytokine measurements

Plasma concentrations of TNF-α and IL-6 were determined using a simultaneous 

Luminex Assay (Bio-Plex cytokine assay, Bio-Rad, Hercules, CA, USA) according 

to the manufacturer’s instructions. TNF-α and IL-6 concentrations in cell culture 

supernatants were determined by ELISA (TNF-α: R&D duoset, R&D systems, 

Minneapolis, MN, USA; IL-6: Pelikine Compact, Sanquin, Amsterdam, The 

Netherlands) according to the manufacturer’s instructions.

Enzyme activity assays (ADA, AK and 5NT)

Enzyme activity assays for ADA, AK, and ecto-5NT were performed as previously 

described (13;14). In summary, PBMCs were washed three times in sterile PBS. Cell 

pellets were resuspended and lysed using mammalian protein extraction reagent 

(MPER) in combination with the protease inhibitor HALT. For nucleotidase activity 

350 μL of incubation buffer (100 mM Tris/HCL pH 8, 20 mM β-glycerolphosphate 

and 0.2% Triton X-100) was added to 150 μL suspension. For the measurement of 

adenosine deaminase and kinase activity the suspension was centrifuged and 400 

μL TRIS-Buffer was added to 150 μL supernatant. Samples were stored at -80 °C 

until analysis.

ENT determination by uridine transport measurements

We used uridine to reliably obtain the transport characteristics of the ENT, 

since erythrocytes lack uridine kinases and phosphorylases. Contrary to uridine, 

adenosine is rapidly deaminated and rephosphorylated after uptake into the cell, a 

characteristic that will affect proper ENT measurement with the use of adenosine. 

For uridine transport measurements, a 50-µL uridine solution was added to 100 µL 

of 10% erythrocytes in MOPS buffer to obtain final concentrations of 1000 µmol/L. 

After 3 seconds, uridine uptake was completely blocked by 100 µL of 25-µmol/L 

dipyridamole, and erythrocytes were isolated by immediate centrifugation 

through a dibutylphthalate layer. After removal and washing of the upper layer, 
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erythrocytes were lysed with Triton X-100 (Sigma-Aldrich BV, Zwijndrecht, 

The Netherlands) and proteins were precipitated using perchloric acid. After 

centrifugation, uridine concentrations in the supernatants were determined by 

HPLC.

RTQ-PCR procedures

All procedures were carried out according to the manufacturers’ instructions. Using 

Trizol reagent (Invitrogen, Breda, The Netherlands), total intact RNA was isolated 

from isolated lymphocytes stored in RNAlater. RNA was reverse transcribed using 

pd(N)6 random hexamer primers and M-MLV reverse transcriptase (Invitrogen). 

RTQ-PCR was performed using the ABI/PRISM 7900HT Gene Expression Micro 

Fluidic Card (Applied Biosystems). cDNA amplification was performed in 

Taqman® Universal PCR Master Mix, supplemented with 20x solution of the 

primer probe sets listed in Table 2 (all from Applied Biosystems). PCR reactions 

were analyzed using 700 System Sequence Detection Software (version 1.2.3, 

Applied Biosystems).

Table 2. Taqman primer probe assays

Gene Number

5NT Hs01573922_m1

ADA Hs01110945_m1

AK Hs00417071_m1

ENT Hs01085706_m1

A1 Hs00379752_m1

A2a Hs00169123_m1

A2b Hs00386497_ml

A3 Hs01560269_m1

GAPDH Hs99999905_m1

SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE), blotting and antibodies

For Western blot, a fraction of the isolated lymphocytes was stored in RIPA-

buffer until analysis. Standard wet blot procedures were used, and proteins 

were visualized as described previously (15). The primary antibodies mouse-anti-

human CD73 (AbD Serotec Dusseldorf, Germany) and mouse-anti-β-actin (Sigma-
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Aldrich), and secondary antibody donkey-anti-mouse alexa dye 680 (Invitrogen, 

Breda, The Netherlands) were used. 

Statistical analysis

LPS-induced changes in time were analyzed using repeated measures ANOVA, 

with post-hoc tests for specific time points (Bonferroni). Nonparametric 

analyses were performed using the Friedman test followed by Dunn’s multiple 

comparison test. Since all gene expression levels of the enzymes, transporter 

and adenosine receptor subtypes had a non-Gaussian distribution, data were 

log transformed before analyses with one-way ANOVA, followed by Dunnett’s 

multiple comparisons posttest. For reasons of clarity, all data are presented as 

median [interquartile range (IQR)] in the figures. Demographic characteristics are 

presented as mean ± SD. A P value <0.05 was considered statistically significant.
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RESuLTS

The demographic characteristics of the healthy volunteers are presented in Table 1.

Table 1. Demographic characteristics of the 24 healthy volunteers that participated in the in vivo 
endotoxemia experiments (Mean ± SD) 

Parameter volunteers

Age (yr) 22 ± 2

Height (m) 1.84 ± 0.06

Weight (kg) 79 ± 10

BMI (kg/m2) 23 ± 3

Heart Rate (bpm) 71 ± 7

MAP (mmHg) 92 ± 6

BMI; Body Mass Index; MAP; Mean Arterial Pressure

IN vIvO ExPERIMENTS

Lps-induced changes in endogenous adenosine levels

During human endotoxemia, the endogenous plasma adenosine concentration 

increased from 9.5 [8.0-14.3] ng/ml at baseline to a peak level of 13.7 [10.9-17.7] 

ng/ml (an increase of 41±16%) two hours after LPS administration (p=0.043). In 

comparison, in sepsis patients who were admitted to our intensive care unit, we 

found a median (IQR) adenosine concentration of 29 [22 to 43] ng/ml (n=31).
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figure 2 The inflammatory response to LPS. Human experimental endotoxemia resulted in a 
transient increase in TNF-α and IL-6 levels (n=23). Data are presented as median [IQR]. Probability 
values refer to LPS-induced increases of cytokines, analyzed by the Friedman test.
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Lps-induced changes in enzyme and transporter activity

Human experimental endotoxemia resulted in a profound increase in plasma 

concentrations of the pro-inflammatory cytokines TNF-α and IL-6 (both, 

p<0.0001, Figure 2). During the peak of the innate immune response, 5NT activity 

on peripheral blood mononuclear cells (PBMC), responsible for the formation of 

adenosine, did not increase, while it was significantly decreased 4 hours after LPS 

administration (52±7%, p<0.0001; Figure 3a). The degradation of adenosine was 

also attenuated: PBMC ADA activity, responsible for the deamination of adenosine, 

was reduced with a maximum of 59±3% 4 hours after LPS administration 

(p<0.0001; Figure 3b), and AK activity, responsible for adenosine phosphorylation, 

decreased with a maximum of 41±4% (p<0.0001; Figure 3c) 4 hours after LPS 

administration. ENT activity, measured in circulating erythrocytes, did not change 

after LPS administration (p=0.27; Figure 3d).
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figure 3 Changes in enzyme/transporter activity during human experimental endotoxemia. 
Following the administration of 2 ng/kg E. Coli LPS, the activity of 5NT (A), ADA (B) and AK (C) 
was significantly reduced. ENT activity did not change following LPS administration (D). Data are 
presented as median [IQR] ]. The probability values refer to changes in enzyme activity, analyzed 
by Friedman test (n=10). The increase in transporter activity was analyzed by RM ANOVA (n=4).
* Indicates P<0.05.
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Lps-induced changes in enzyme and transporter gene expression on purified lymphocytes

The purity of the lymphocyte isolation averaged 88±2% (n=10). The expression 

of 5NT mRNA was significantly enhanced 2 hours after LPS administration and 

returned to normal within 24 hours (p=0.010; Figure 4a). The protein expression 

of 5NT, which was determined in isolated lymphocytes from 5 volunteers, showed 

a trend towards an increase 2 hours after LPS administration, and this increase 

tended to persist up to 24 hours after LPS (p=0.099). The gene expression of ADA 

decreased in the first hours after LPS administration, but returned to normal within 

24 hours (p=0.024; Figure 4b), whereas AK mRNA expression did not change 

significantly during endotoxemia (p=0.52; Figure 4c). Gene expression levels of 

ENT were enhanced 4 hours after LPS administration (p=0.034; Figure 4d).
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figure 4 Enzyme/transporter mRNA expression levels in isolated lymphocytes. Following the 
administration of LPS, the mRNA expression of ADA (B) significantly decreased. Expression levels 
of both 5NT (A) as well as ENT (D) were significantly elevated following LPS administration. AK (C) 
expression did not change during endotoxemia. Data are presented as median [IQR]. Probability 
values refer to changes in mRNA expression, analyzed by RM ANOVA after log transformation of 
the data (n=8). * Indicates P<0.05.
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Lps-induced changes in gene expression of adenosine receptor subtypes

In isolated lymphocytes, the A2a receptor mRNA expression was up-regulated 

during experimental human endotoxemia (p=0.022, Figure 5c), whereas mRNA 

expression of the adenosine A1 and A3 receptors was attenuated (p=0.029 and 

p=0.026 respectively; Figure 5a and 5b). A2b receptor mRNA expression was 

significantly altered following endotoxemia (p=0.043, Figure 5d).
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figure 5 Endotoxemia-induced changes in mRNA expression levels of the four different 
adenosine receptor subtypes in isolated lymphocytes, during experimental endotoxemia. Data 
are presented as median [IQR]. Probability values refer to changes in mRNA expression, analyzed 
by RM ANOVA after log transformation of the data (n=4-8). * Indicates P<0.05.
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IN vITRO ExPERIMENTS

During experimental endotoxemia the circulating cell population changed rapidly, 

therefore, we also studied changes in adenosine metabolism in isolated PBMCs 

and erythrocytes stimulated with LPS. In general, during human experimental 

endotoxemia the total leukocyte count decreases in the first hour after LPS 

administration, followed by leukocytosis, with a peak leukocyte count eight hours 

after LPS administration. As depicted in Figure 6, incubation of both PBMCs 

(Figure 6a) and whole blood (Figure 6b) (harvested from healthy volunteers not 

participating in the endotoxemia experiments) with increasing doses of LPS 

resulted in a significant and dose-dependent increase in TNF-α levels (p<0.0001 

and p=0.017 respectively). 
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figure 6 The inflammatory response to LPS. In vitro incubation of PBMCs (A; n=6) and whole 
blood (B; n=3) in the presence of increasing doses of LPS, resulted in a significant increase in 
TNF-α. Data are presented as median [IQR]. Probability values refer to LPS-induced increases of 
cytokines, analyzed by the Friedman test.

In vitro stimulation of PBMC’s with LPS during 24 hours did not change ecto-5NT 

activity (p=0.195; Figure 7a). ADA activity on the other hand was significantly 

decreased by LPS in a dose-dependent fashion, with a maximum reduction 

of 59±7% after incubation with 100 ng/ml LPS (p<0.0001; Figure 7b). The 

rephosphorylation of adenosine by AK was also attenuated with increasing doses 

of LPS; AK activity decreased with a maximum of 67±3% (p<0.0001; Figure 7c). 

Incubation of whole blood with increasing doses of LPS tended to increase ENT 

activity, with a maximum effect observed at 10 ng/ml LPS of 68±29% (p=0.075; 

Figure 7d).
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figure 7 In vitro changes in enzyme/ transporter activity following increasing doses of LPS. 
Incubation of PBMCs with increasing doses of LPS did not change the activity of 5NT (A), whereas 
it significantly reduced the activity of ADA (B) and AK (C) (n=12). Incubation of whole blood with 
increasing doses of LPS, resulted in a dose-dependent increase in transporter activity (n=3) (D). 
Data are expressed as median [IQR]. The probability values refer to changes in enzyme activity, as 
analyzed by RM ANOVA (n=12). Transporter activity was analyzed by Friedman test (n=3).
* Indicates P<0.05.

DISCuSSION

The main finding of our study is that during experimental human endotoxemia, the 

circulating endogenous adenosine concentration increases within 2 hours after LPS 

administration, and that this rise appears to be caused by an inhibition of intracellular 

adenosine degradation rather than augmentation of adenosine formation. 

Concomitantly, the gene expression of the adenosine A2a receptor subtype, which 

upon activation has potent anti-inflammatory effects (16;17), is increased, whereas 

the gene expression of the adenosine A1 and A3 receptor is decreased. 
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Knowledge of the effect of inflammation on adenosine metabolism is of great 

importance, since endogenous adenosine can act as a potent negative feedback 

signaling molecule aimed to limit tissue damage in situations of hypoxia, ischemia, 

and inflammation. As such, (pharmacological) potentiation of this feedback 

mechanism, e.g. with ENT inhibitors, could be a promising strategy to limit 

tissue injury during inflammation (18;19). For this approach, however, thorough 

knowledge of the mechanism mediating the increase in endogenous adenosine 

is essential. We showed that the rise in the extracellular adenosine concentration 

is initiated by a reduced intracellular degradation of adenosine. Consequently, 

the transmembrane adenosine concentration gradient will be reduced, and the 

uptake of extracellular adenosine via the ENT transporter is attenuated. Based on 

our findings, ENT inhibitors may increase the baseline adenosine concentration 

before initiation of inflammation, but will not potentiate the inflammation-

induced increase in the extracellular adenosine concentration because the 

transmembrane adenosine concentration gradient is reduced. This fits into our 

observation that seven day treatment with dipyridamole increases the baseline 

adenosine concentration, but does not potentiate the inflammation induced rise 

in adenosine formation (20). Our results suggest that the use of pharmacological 

activators of ecto-5NT may be more successful, as this will further increase the 

extracellular adenosine concentration, particularly since adenosine degradation 

is reduced. Only recently, Hasko and coworkers demonstrated that ecto-5NT 

decreases mortality and organ injury during murine sepsis (21). Interestingly, 

recent studies in animals and in humans in vivo have shown that statins cause 

an activation of ecto-5NT activity (14;22;23). Furthermore, it was recently 

demonstrated that the use of statins during ICU stay reduces hospital mortality 

(24), but whether an increase in extracellular adenosine accounts for the survival 

benefit needs to be further explored.

During human experimental endotoxemia the enzymatic activities of ADA 

and AK were inhibited already 1.5 hours after LPS administration. In addition, 

4 hours after LPS administration, ecto-5NT activity was modestly reduced. 

Interestingly, these changes in activity levels were not caused by an alteration in 

gene transcription: ADA gene transcription was reduced, but only 6 hours after 
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LPS administration, transcription of AK was not affected, and transcription of 

ecto-5NT was even increased. Therefore, the changes in enzymatic activities of 

ADA, AK, and ecto-5NT are likely due to an effect on protein translation or a direct 

effect of inflammation on protein activity. The latter mechanism is most probable, 

given the findings that protein expression of ecto-5NT followed the change in its 

gene transcription. 

In parallel with the adaptive changes in adenosine metabolism, we demonstrated 

that the expression levels of the adenosine receptor subtypes also change during 

systemic inflammation. Expression of the predominantly anti-inflammatory 

adenosine A2a receptor (1;25) increases in the first two hours after LPS 

administration. Recent studies also demonstrate anti-inflammatory properties 

of the A2b receptor (26;27). Herein we demonstrate significant changes in A2b 

receptor expression following endotoxemia. In contrast, both the adenosine A1 

and the A3 receptor, are downregulated during human endotoxemia. Whether 

these changes in expression levels are functional remains to be determined (28). 

Nonetheless, the changes in adenosine receptor gene transcription levels are in 

accordance with previous in vitro studies demonstrating that in LPS-stimulated 

macrophages, the gene transcription of the A2a and A2b receptor is augmented, 

whereas A1 and A3 receptor expression is reduced. Furthermore, this increase 

in the number of A2a receptors correlated with an increase in the potency of a 

specific A2a receptor agonist to reduce TNF-α release (29). In accordance, in septic 

patients, the expression of the adenosine A2a receptor on circulating granulocytes 

is increased (30). However, receptor function appeared to be impaired because 

of reduced ligand-binding affinity, thereby diminishing the anti-inflammatory 

potential of adenosine (30).

Our results show that the effects of inflammation on adenosine metabolism 

differ to some extent from the reported effects of hypoxia/ischemia. Hypoxia 

results in a profound upregulation of ecto-5NT expression and function (5). Also, 

hypoxia reduces expression of hENT1. In contrast, during human experimental 

endotoxemia, the activities of these proteins do not explain the rise in extracellular 

adenosine. With regard to the degradation of adenosine, similarities between 
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hypoxia and inflammation exist. In cultured pheochromocytoma cells, hypoxia 

decreased the gene expression of ADA and AK, but only after 24 hours. In 

addition, hypoxia also induces an immediate inhibition of adenosine kinase (31). 

In our study, we observed a reduction in ADA and AK activity already 1.5 hours 

following LPS administration. As such, this reduced adenosine breakdown could 

well explain the rise in extracellular adenosine concentration observed 2 hours 

after LPS administration. 

Moreover, our findings are in accordance with the recent finding that during 

murine peritonitis, the extracellular adenosine concentration increases rapidly 

due to changes in the adenosine metabolism. The expression levels of 5NT mRNA 

were enhanced 6 hours after E. Coli administration, followed by a peak 5NT protein 

concentration 24 hours after induction of peritonitis. ADA and AK mRNA levels 

were reduced 12 hours after induction of peritonitis, and the activity of ADA was 

significantly decreased 12 hours after induction of peritonitis (32). Our findings 

are also supported by the only previous human in vivo study that demonstrated 

that in patients with chronic pulmonary inflammation, adenosine metabolism 

changes rapidly (33), resulting in an increase in 5NT expression, reduction in ADA 

activity and increased A2b receptor expression levels in pulmonary tissue. These 

data illustrate that in humans both local (pulmonary) and systemic (endotoxemia) 

inflammation results in similar changes in adenosine metabolism.

During experimental human endotoxemia, a shift in circulating cell populations 

occurs (34). It is characterized by relative leucopenia in the first hour following LPS 

administration presumably due to sequestration, followed by leukocytosis in the 

hours thereafter. During leukocytosis the cellular population almost exclusively 

consists of neutrophils. At the same time, the PBMC fraction is diminished and 

merely consists of lymphocytes the first 6 hours after induction of endotoxemia. 

Shifts in lymphocyte populations, both the total lymphocyte count as well as 

possible functional changes, could have influenced the in vivo measurements of 

enzymes involved in adenosine formation and metabolism. To further characterize 

the intrinsic effects of inflammation on adenosine metabolism, we therefore 

also performed in vitro experiments in which PBMCs were stimulated with LPS. 
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Our in vitro results demonstrate that 24 hour incubation with LPS causes a dose-

dependent inhibition of ADA and AK enzymatic activity, whereas ecto-5NT and 

ENT activities were not significantly affected. Moreover these results demonstrate 

that the effects observed in vivo are not attributed to systemic changes in cell 

populations, at least for ADA, AK and ENT, but are a direct consequence of 

alterations at the cellular level. 

CONCLuSION

The elevation in plasma adenosine during systemic inflammation evoked by 

experimental human endotoxemia is caused by reduced intracellular clearance 

of adenosine, not by enhanced formation. At the same time, the adenosine 

A2a receptor mRNA expression is up-regulated which may further reinforce the 

anti-inflammatory effects of adenosine. Pharmacological modulation of these 

alterations in adenosine metabolism may potentiate the protective properties of 

adenosine during systemic inflammation.
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aBSTRaCT

In the past decades, increased concentrations of the signaling molecule adenosine 

have been shown to play an important role in the prevention of tissue damage 

evoked by several stressful circumstances. During systemic inflammation, the 

circulating adenosine concentration increases rapidly, even up to tenfold in septic 

shock patients. By binding to specific adenosine receptor subtypes, designated A1, 

A2a, A2b and A3, adenosine exerts a wide variety of immunomodulating and (cyto)

protective effects. Only recently, several specific adenosine receptor agonists 

and other drugs that modulate adenosine metabolism have been developed 

for human use. Importantly, correct interpretation of the effects of adenosine is 

highly related to the model of inflammation used e.g. administration of endotoxin 

or live bacteria. This review will discuss the potential role for adenosine as an 

immunomodulating and cytoprotective signaling molecule and will discuss its 

potential role in the treatment of the patient suffering from sepsis.
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INTRODuCTION

To date, severe sepsis and septic shock are associated with high morbidity and 

mortality rates. During sepsis, an initial pro-inflammatory response is necessary for 

effective clearance of the pathogens, but overwhelming or persistent activation of the 

immune system can result in unwanted collateral tissue damage. Pharmacological 

modulation of the innate immune response during sepsis, in an attempt to reduce 

tissue injury and to improve patients’ prognosis, has been extensively studied. 

Although treatment with activated protein C is associated with attenuation of 

the IL-6 response (1) and there is evidence that steroids decrease mortality (2), 

immunotherapeutic trials, e.g., with anti-cytokine therapies, have generally failed 

to improve outcome (3). Purinergic signaling is able to regulate both innate and 

adaptive immune responses and therefore targeting purinergic receptors for treating 

immune-mediated disease, such as sepsis has gained interest (4). This review will 

discuss the potential role for adenosine as an immunomodulating signaling molecule. 

We will subsequently discuss the adenosine metabolism, adenosine receptor 

signaling, genetic and pharmacological modulation of adenosine receptor signaling, 

pharmacological modulation of the adenosine metabolism and future clinical 

applications of these pharmacological approaches in the context of inflammation. 

aDENOSINE

The purine nucleoside adenosine has long been known to act as an extracellular 

signaling molecule (5). During conditions of cellular distress, such as hypoxia or 

inflammation, the formation and degradation of adenosine changes, which results 

in a rapid and profound increase of the extracellular adenosine concentration (6). 

Subsequent adenosine receptor stimulation results in attenuation of the inflammatory 

response (7) and a reduction of tissue injury (8). Because of these paracrine protective 

effects, adenosine has often been referred to as a “retaliatory metabolite” (9). 

Currently, there are four known G-protein-coupled adenosine receptors, designated 

A1, A2a, A2b and A3 (10). Stimulation of these receptors induces a wide variety of effects, 

including vasodilatation, inhibition of thrombocyte aggregation, modulation of the 

activity of the sympathetic nervous system, increasing the intrinsic tolerance against 

ischemia-reperfusion, and modulation of the inflammatory response (11).
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Adenosine metabolism

Adenosine is formed both extra- and intracellularly by dephosphorylation 

of adenosine monophosphate (AMP) by 5’-nucleotidase (5NT). Under well-

oxygenated conditions intracellular AMP is mainly metabolized into inosine 

monophosphate (IMP) and inosine, whereas during increased energy demand 

the formation of adenosine also gains importance. A second and constant source 

of adenosine formation is the hydrolysis of S-adenylhomocysteine, which could 

be influenced by mechanisms that affect cellular transmethylation reactions. 

The relative contribution of the latter pathway is estimated to be small during 

physiological circumstances and is not affected by changes in oxygen supply (12). 

The degradation of adenosine occurs mainly intracellularly, by adenosine 

deaminase (ADA) and adenosine kinase (AK). The equilibrative nucleoside 

transporter (ENT) controls the facilitated diffusion between extra- and intracellular 

adenosine depending on the concentration gradient. Under well-oxygenated 

conditions, the adenosine transport is directed inwards. Figure 1 provides a 

schematic overview of the formation, transport and degradation of adenosine.
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figure 1 Schematic representation of the formation, transport, and degradation of adenosine and 
its signaling. In addition, examples of representative pharmacological intervention/stimulation 
presented.
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Changes in adenosine metabolism during hypoxia and inflammation

During conditions of cellular stress the adenosine metabolism changes. The 

changes in adenosine metabolism that occur during hypoxia have been extensively 

studied (13). In summary, hypoxia results in an increased breakdown of both 

extracellular and intracellular AMP by 5’nucleotidase. In addition, the breakdown 

of adenosine, which is mainly confined to the intracellular compartment, is 

attenuated by inhibition of adenosine kinase and deaminase. Finally, the ENT 

activity is also inhibited, resulting in a net increase of extracellular adenosine, due 

to a reduced cellular uptake of adenosine. 

These hypoxia-induced changes in adenosine metabolism and the subsequent 

rise in extracellular adenosine concentrations are a result of changes in expression 

levels of the enzymes involved (14), although a direct inhibitory effect of hypoxia 

on enzyme activity has also been described (15). 

During systemic inflammation, e.g., during severe sepsis and septic shock, tissue 

hypoxia can occur, which will affect adenosine metabolism as described above. 

Furthermore, inflammation itself can also affect adenosine metabolism. In a rat 

peritonitis model, the expression of extracellular 5NT was increased, whereas 

both ADA and AK expression and activity were diminished (16). These adaptive 

changes resulted in an increase in the concentration of endogenous adenosine in 

this model of sepsis. Although the endogenous adenosine concentration increases 

during human experimental endotoxemia (17) and in patients suffering from 

septic shock (6), effects of systemic inflammation in vivo on enzyme expression 

and activity in humans are unknown. 

Adenosine receptors and intracellular signaling 

Adenosine elicits its tissue protective effects by binding to one of its known 

receptors. Under basal conditions, interstitial adenosine concentrations are very 

low (within the nanomolar range), but sufficient to activate three of its receptors, 

namely, the A1, A2a and A3 receptor (18). The A2b receptor has a lower affinity for 

adenosine (Km >1 µM) and therefore requires higher concentrations of adenosine 

to be activated. 
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Adenosine receptor signaling is complex. Not only does it vary between receptor 

subtypes, it also depends on the specific cell type involved (19). Briefly, the A1 

and A3 receptor are Gi/o protein coupled receptors. Activation of these receptors 

leads to a) the inhibition of adenylyl cyclase, which in turn decreases the 

3’,5’cyclic adenosine monophosphate (cAMP) concentration, and b) activation 

of phospholipase C. Adenosine A1 receptor stimulation is also linked to various 

kinase pathways, such as protein kinase C. In addition, A1 receptor stimulation is 

also able to open K+ channels and inhibit Ca2+ channels. Furthermore, Adenosine 

A3 receptor stimulation also utilizes pathways, such as Ras homolog gene family, 

member A (RhoA) and Phosphatidylinositol 3 (PI3) kinase (20). 

The A2a and A2b receptors are Gs protein coupled receptors which, upon activation, 

result in increased cAMP concentrations. Subsequently, cAMP activates cAMP-

dependent protein kinases. In general, the anti-inflammatory effects of adenosine 

A2a receptor activation are mediated by a) the activation of protein kinases that 

interfere with the IκB kinase complex that selectively inhibits the NFκB pathway, 

b) the activation of CREB which mediates gene expression directly and indirectly 

by competing with the NFκB pathway and c) through the activation of the 

exchange factor activated by cAMP (EPAC) (20). Furthermore, the A2a receptor 

is able to interact with Golf receptors (mainly found in the striatum), whereas the 

A2b receptor also signals through Gq protein coupling leading to Ca2+
 mobilization. 

Finally, all four adenosine receptors are able to activate at least one subfamily of 

activation of mitogen-activated protein kinase (MAPK). 

In lipopolysaccharide (LPS)-stimulated macrophages, the expression of the A2a and 

A2b receptor is augmented whereas A1 and A3 receptor expression is attenuated. 

This increase in A2a receptor number correlated with an increase in the potency of 

a specific A2a receptor agonist to reduce TNF-α release (21). Also in humans, sepsis 

increases the expression of the adenosine A2a receptor on circulating granulocytes. 

However, the receptor function is impaired, due to reduced ligand-binding affinity, 

thereby diminishing the anti-inflammatory potential of adenosine (22). 

MODuLaTION Of INfLaMMaTION By aDENOSINE

As a consequence of the above described changes in the adenosine metabolism, 

the extracellular adenosine concentration increases rapidly during inflammation, 



91

4

thereby protecting the host from inflammation-induced tissue injury. There are 

four important mechanisms by which adenosine is able to protect cells against 

inflammation-associated damage. First, adenosine directly decreases the pro-

inflammatory response by binding to its specific receptors on different immune 

cells. Second, adenosine decreases the energy demand of cells via inhibition 

of parenchymal cell function, e.g. the negative inotropic effects on the heart 

muscle (5). Third, adenosine improves the oxygen and nutrient availability 

by local vasodilatation (5), and fourth, adenosine preserves the endothelial 

barrier function by controlling local inflammation, promoting angiogenesis and 

neovascularization (23;24). 

Over the past ten years, different approaches have been used to study the role 

of adenosine in inflammation including the use of knock-out mice to study the 

involvement of specific adenosine receptors, the use of selective adenosine 

receptor agonists and antagonists, and the use of various drugs that interfere 

with the adenosine metabolism, thus increasing or decreasing the endogenous 

extracellular adenosine concentration. Table 1 provides an overview of the 

differential effects of adenosine receptor stimulation and inhibition/knock out 

in various animal models of inflammation. The immunomodulatory effects of 

adenosine receptor stimulation are described in more detail in the next section. 

For the interpretation of these effects in the in vivo setting, it is important to 

realize that there is a pathophysiological difference between the consequences 

of immune modulation during endotoxemia and cecal ligation and puncture 

(CLP)-induced sepsis. During endotoxemia, only the inflammatory response 

itself is responsible for the observed tissue damage and mortality. Inhibition of 

the pro-inflammatory immune response will generally improve outcome. In 

contrast, during CLP-induced sepsis the animals may develop organ dysfunction 

(eventually leading to death) due to the inflammatory response or because of 

bacterial dissemination. Since the pro-inflammatory response is necessary for 

the clearance of bacteria, but may also be detrimental during an overwhelming 

or persistent activation of the immune system, inhibition of the pro-inflammatory 

immune response can exert opposite effects. In these experiments, outcome may 

improve in animals that die as a consequence of inflammation-induced collateral 

tissue damage, but may worsen in animals that die from uninhibited bacterial 
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dissemination. The interpretation of these results is dependent on the protocol 

of the CLP-experiment, e.g., whether antibiotics are administrated following CLP. 

Knock-out studies

In several murine models of endotoxemia and CLP-induced polymicrobial sepsis, 

the anti-inflammatory role of adenosine has been further explored using specific 

receptor knock-out (KO) mice. 

Although activation of the A1 receptor seems to induce a more pronounced pro-

inflammatory response in vitro (25), in mice that lack this receptor, renal and 

hepatic injury, the inflammatory response and mortality is increased in a CLP model 

compared to wild-type mice (26). Since mice were not treated with antibiotics in 

this study, reduced initial bacterial clearance could explain the enhanced organ 

dysfunction and mortality. Furthermore, A1 KO-mice had higher levels of NFκB 

activation compared to wild-type mice, indicating that the A1 receptor is also able 

to inhibit an NFκB induced inflammatory response. 

The specific role of the adenosine A2a receptor is ambiguous. In a mouse model of 

endotoxemia-induced shock and inflammation-induced liver injury, A2a receptor 

knockout mice have more prolonged and higher levels of pro-inflammatory 

cytokines, suffer more tissue damage, and have increased mortality (8). On the 

contrary, during murine CLP, A2a receptor knockout mice are protected from 

death due to septic peritonitis (27). Again, a more pronounced pro-inflammatory 

response may be beneficial in a model with live bacteria. Indeed, in this study, 

A2a receptor knockout mice had a more effective bacterial clearance, both in the 

circulation as well as at the primary site of infection, combined with lower levels of 

the anti-inflammatory IL-10 (27). As described above, the anti-inflammatory effect 

of A2a receptor stimulation appears to be beneficial during acute endotoxemia, 

but detrimental during sepsis where anti-inflammation promotes unimpeded 

bacterial growth (27). 

In addition, Belikoff and coworkers recently demonstrated that indeed adenosine 

A2a receptor KO mice have increased bacterial clearance, lower levels of circulating 

MIP-2, IL-6, Tumor Necrosis Factor Soluble Receptor I (TNF-srI) 6 hrs after CLP-

induced sepsis, but the authors did not find higher levels of IL-10, TNF-α nor MCP-
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1 (28). Moreover, in response to a second septic insult, through the administration 

of LPS, A2a KO mice produced significantly higher amounts of circulating cytokines 

suggesting that A2a receptors attenuate the inflammatory responses to repeated 

infectious insults. These data indicate that blockade of the A2a receptor could 

be effective as immunotherapy during the immunosuppressive phase in septic 

patients (28). 

Also A2b receptor KO mice have exaggerated pro-inflammatory cytokine levels 

compared to wild-type mice during endotoxemia (29). In contrast to the studies 

with A2a receptor KO mice, A2b receptor KO mice also show increased mortality 

rates during CLP-induced sepsis associated with an exaggerated inflammatory 

response. Indeed there was no effect on bacterial proliferation, which explains the 

similar effect on mortality in both models, in contrast to the A2a receptor studies. 

The authors conclude that since bacterial dissemination was unchanged in A2b 

receptor KO compared to WT mice and animals were not treated with antibiotics, 

this receptor does not play an important role in controlling bacterial clearance (30). 

In contrast, in a very recent study by Belikoff et al., A2b receptor KO mice had 

improved hemodynamic parameters, better survival and decreased plasma 

IL-6 levels compared with wild-type mice during CLP-induced sepsis. A2b 

receptor deficiency also resulted in a substantial reduction in bacterial content 

in the peritoneal lavage fluid, due to enhanced macrophage phagocytic activity. 

Moreover, pharmacological antagonism of the adenosine A2b receptor significantly 

increased survival, enhanced bacterial phagocytosis, and decreased IL-6 and 

MIP-2 levels in this study. Even 32 hrs after the onset of sepsis, pharmacological 

blockade of this receptor still increased survival by 65% (31). This discrepancy in 

outcome is possibly due to methodological differences between the induction 

of peritonitis and substantially greater numbers of bacteria and greater 5-day 

mortality in the last study. 

Finally, also the adenosine A3 receptor subtype has been shown to have anti-

inflammatory potential. In adenosine A3 receptor KO mice, the LPS-induced TNF-α 

response was similar compared to wild-type mice (32). However, in a model of 

murine septic peritonitis, genetic targeted deletion of the adenosine A3 receptor 
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resulted in increased renal and hepatic injury, an augmented inflammatory 

response and increased mortality (33). Furthermore, in A1 and A2a knockout mice, 

the selective A3 receptor agonist IB-MECA protected against CLP-induced sepsis 

without protecting the A3 knockout mice, ruling out the involvement of A1 or A2 

receptors in the anti-inflammatory potential of this receptor subtype (33). 

Now that we have discussed the importance of the specific adenosine receptors 

in the modulation of inflammation, pharmacological modulation of the specific 

receptor subtypes will be discussed in more detail. 

Pharmacological stimulation and inhibition of specific adenosine receptor subtypes

In vitro studies

The effects of adenosine have been studied on a wide variety of cells involved in 

inflammation (neutrophils, macrophages, monocytes, dendritic cells, etc.). An 

overview of these effects has recently been given by Kumar and Sharma (34). 

Obviously, the adenosine-receptor mediated modulation of the innate immune 

response demonstrated in these ex vivo experiments represents a direct effect on 

immune cells and is independent of shock or hypoxia. All four adenosine receptors 

are to some extent involved in immunomodulation. 

Adenosine A1 receptor stimulation induces mainly pro-inflammatory effects, 

including increased neutrophil chemotaxis, and enhanced adherence to 

endothelial cells and Fcγ-receptor mediated phagocytosis (25). In contrast, 

A1 receptor activation can also lead to the induction of adenosine A2a receptor 

expression which can subsequently display anti-inflammatory effects (35). 

The most extensively studied receptor, the adenosine A2a receptor, is expressed 

on virtually all cells implicated to play a role in inflammation. Stimulation of this 

receptor mainly exerts anti-inflammatory effects (36); A2a receptor stimulation 

inhibits the production of pro-inflammatory cytokines such as TNF-α, IL-6 and 

IL-8 in activated human monocytes (37;38), whereas the secretion of the anti-

inflammatory cytokine IL-10 is enhanced (39). Furthermore, A2a receptor activation 

inhibits the potentially tissue-toxic H2O2 production in polymorphonuclear 

leucocytes from septic patients (40). 
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The A2b receptor has the lowest affinity for adenosine suggesting that this 

receptor is only activated in pathophysiological conditions in which the adenosine 

concentration is higher. Similar to the A2a receptor, A2b receptor activation is 

able to attenuate the release of pro-inflammatory cytokines, alter macrophage 

proliferation (41), increase the IL-10 production from macrophages (42) and 

inhibit neutrophil vascular endothelial growth factor release and transendothelial 

migration (43). Although most effects are anti-inflammatory, the A2b receptor 

also has pro-inflammatory properties. Mainly in pulmonary inflammation, A2b 

receptors have been shown to increase the inflammatory response resulting in 

alveolar airway destruction and pulmonary fibrosis (44).

The adenosine A3 receptor also mostly yields anti-inflammatory effects. In 

macrophages, adenosine A3 receptor stimulation inhibits LPS-induced TNF-α 

release (45), and in neutrophils, its stimulation reduces the formation of reactive 

oxygen species and inhibits neutrophil chemotaxis towards a variety of immune 

system activating agents (46-48). In addition to these anti-inflammatory effects, 

A3 receptor activation was also demonstrated to promote chemotatic migration 

of neutrophils and enhance PMN responses (49). Recently, Inoue and coworkers 

demonstrated that the administration of hypertonic saline (HS) to isolated human 

PMNs, increased the extracellular adenosine concentration. In unstimulated 

PMNs, this intervention reduced PMN activation, most probably by adenosine 

A2a receptor stimulation. In contrast, administration of HS after stimulation of the 

PMNs with formyl peptide, enhanced PMN activation via A3 receptor activation. 

This observation suggests that formyl peptide triggers A3 receptor expression (50).

Animal in vivo studies

To date several animal models are used to study new therapeutic agents for the 

treatment of sepsis. Three frequently used models are; 1) the administration of 

intravenous or intraperitoneal LPS, 2) the administration of live bacteria, and 3) 

CLP-induced sepsis. The latter approach is considered to represent the most 

clinically relevant model of sepsis. For the interpretation of study results it is 

therefore necessary to take these different study techniques into account. 

After intraperitoneal LPS administration, selective A1 and A2a receptor activation 

attenuates TNF-α levels (51), augments the IL-10 (51) response, and improves 
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survival (52). Moreover, treatment with specific adenosine A2a receptor agonists 

(ATL146e and ATL313) is able to increase survival in a dose-dependent fashion 

during murine sepsis, both induced by live bacteria as well as endotoxemia. These 

effects are receptor specific since specific pharmacological antagonists (52;53), 

or the use of specific receptor knockouts (54) abolishes these protective effects. 

Furthermore, ATL146e reduces both the number of colony forming units of live 

bacteria as well as the overwhelming pro-inflammatory state when administered 

in the presence of antibiotics (52). 

During murine endotoxemia, adenosine receptor stimulation with NECA (a non-

selective adenosine A1, A2a and A2b agonist) resulted in an up-regulation of IL-6 

levels, whereas it suppressed the LPS-induced TNF-α response. The LPS-induced 

upregulation of IL-6 was inhibited in the presence of a specific adenosine A2b 

receptor antagonist indicating that stimulation of A2b receptors upregulates the 

proinflammatory cytokine IL-6 (55).

At a very high dose, the selective A3 receptor agonist CL-IB-MECA reduces LPS-

induced mortality (52). Whether or not this effect is specific for adenosine A3 

receptor stimulation is questionable, since, at very high doses, CL-IB-MECA 

may lose its selectivity and also act as an A2a receptor agonist (52). Adenosine 

A3 receptor activation also abolishes the plasma IL-12 response, reduces the 

interferon-γ response and improves survival in mice challenged with a lethal dose 

of intraperitonal LPS (56). Furthermore, A3 receptor activation is associated with 

reduced inflammation resulting in reduced mortality and improved renal and 

hepatic function after CLP-induced sepsis (33). Moreover, a selective A3 receptor 

antagonist increases the inflammatory response, acute renal and hepatic injury, 

and mortality associated with murine septic peritonitis (33). Also, in A1 and A2a 

knockout mice, the A3 receptor agonist IB-MECA protects against these effects 

of CLP-induced sepsis, without protecting the A3 knockout mice, ruling out the 

involvement of A1 or A2 receptors in this A3 mediated effect (33). 

Given the immunomodulatory role of adenosine and its role during systemic 

inflammation and sepsis, it is likely that adenosine receptor antagonists may 

have detrimental effects during systemic inflammation or sepsis. Caffeine, the 
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most widely used drug worldwide, is a non-selective antagonist of the adenosine 

receptor. Previous studies in animal models have shown that caffeine is able to 

potentiate the production of pro-inflammatory cytokines both in vitro (57) and 

in vivo (58) and exacerbate tissue injury during systemic inflammation (8;59). 

Surprisingly, rats treated with caffeine showed improved survival during CLP-

induced sepsis (60). Moreover, ZM241385, a specific adenosine A2a receptor 

antagonist attenuated IL-6, IL-10 and MIP-2 levels and improved survival during 

murine CLP-induced sepsis, also when administered in a delayed fashion (27). 

Again, these effects are possibly due to the improved bacterial clearance as a 

consequence of the more pronounced pro-inflammatory response. To date there 

is no human data discussing a potential augmented susceptibility to infections by 

caffeine. 

During HS resuscitation the extracellular adenosine concentration increases 

rapidly, attenuating the inflammatory response through activation of the A2a 

receptor on PMNs. However, PMNs also express adenosine A3 receptors, which 

can stimulate PMN activation. Depending of the expression of A3 receptors on 

PMNs, HS could exacerbate the inflammatory response and subsequent tissue 

damage. When HS is administrated in combination with MRS-1191, a specific 

adenosine A3 receptor antagonist, survival after CLP-induced sepsis increases (50).

Pharmacological modulation of adenosine metabolism

An alternative pharmacological approach to modulate the inflammatory response 

is to influence the metabolism of endogenous adenosine in order to increase the 

extracellular endogenous adenosine concentration (highlighted in figure 1). 

One way to increase endogenous adenosine concentrations is by inhibiting the 

degradation of adenosine, either by inhibition of adenosine kinase or deaminase. 

Treatment with GP-1-515, an adenosine kinase activity inhibitor, resulted in 

increased survival in a murine model of septic shock and reduced inflammation 

in several arthritis models (61;62). Similarly, inhibition of adenosine deaminase 

activity by pentostatin was shown to attenuate the pro-inflammatory response 

and reduce mortality during endotoxemia or a septic challenge in rats (63;64). 

In addition to inhibition of adenosine breakdown, blocking of the ENT is also 
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expected to increase the extracellular adenosine concentrations mainly when 

extracellular formation is enhanced, such as during inflammation. Reduction of 

cellular adenosine re-uptake with specific nucleoside transport inhibitors, e.g., 

dipyridamole or draflazine, leads to suppression of LPS-induced TNF-α release and 

leukopenia in mice (65), a reduction in mortality and morbidity during pancreatitis 

(66) and an attenuation of the severity of glomerulonephritis (67). 

Ecto-adenosine deaminase has also been demonstrated to play a role in the 

regulation of the extracellular adenosine concentration. Law et al. demonstrated 

that the activity of ecto-adenosine deaminase is elevated during sepsis in rats. 

In addition they demonstrated that inhibition of this cardiac ecto-adenosine 

deaminase is able to attenuate the LPS-induced increase in cardiac TNF-α 

mRNA(68).

Human studies

In humans, the extracellular concentration of adenosine increases rapidly during 

systemic inflammation (69) with concentrations twofold during experimental 

human endotoxemia (17) and up to tenfold in septic shock patients (6). Although 

animal studies demonstrate that subsequent stimulation of adenosine receptors 

on various immune cells potently reduces the inflammatory response, evidence in 

humans is scarce.

Continuous i.v. administration of adenosine (40 µg/kg/min) during experimental 

human endotoxemia resulted in a significant attenuation of the LPS-induced 

IL-6 production (70) and inhibition of the soluble receptor for advanced 

glycation end products (sRAGE) (71). The clinical applicability of adenosine 

administration is limited due to its rapid cellular uptake and degradation (72), 

and important hemodynamic side-effects when given in high dosages. In our 

view, pharmacological interventions that are able to increase the extracellular 

endogenous concentration of adenosine during stressful circumstances, with 

either blockers of adenosine degradation or cellular adenosine uptake, hold more 

therapeutic potential. This approach may result in less systemic side effects as it 

mainly increases the adenosine concentration at those tissues and sites where 

adenosine formation is increased.
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Increasing the extracellular formation of adenosine by increasing the enzyme 

activity of 5’nucleotidase with the use of HMG-CoA-reductase inhibitors did not 

attenuate the LPS-induced increase in TNF-α (73), during human experimental 

endotoxemia. However TNF-α levels were measured 4 hours after LPS 

administration, whereas the TNF-α peak occurs after 90 minutes and a possible 

immunomodulatory effect was missed. 

Adenosine receptor blockade by pretreatment with the non-selective adenosine 

receptor antagonist caffeine (4mg/kg) did not potentiate the inflammatory 

response, nor the inflammation-induced subclinical organ damage during 

human experimental endotoxemia (17). Moreover, to our knowledge, there are 

no epidemiologic data exploring the effects of caffeine on the susceptibility for 

the development of sepsis nor on outcome during sepsis. Nonetheless, very 

high concentrations of caffeine as sometimes used for the treatment of apnea in 

prematurity, have been shown to result in a pro-inflammatory state in humans in 

vivo; caffeine concentrations of >20µg/mL increased TNF- α, IL-6 and IL-1β levels, 

whereas it attenuated the IL-10 response (74). However in these extremely high 

concentrations, caffeine also acts as a phosphodiesterase inhibitor and modulates 

the intracellular calcium concentrations (10).

CLINICaL aPPLICaTIONS aND fuTuRE DIRECTIONS

At this moment, several clinical trials using specific adenosine receptor agonists 

(mainly A2a and A3) as well as antagonists are initiated in several patient groups, but 

none of them focus specifically on sepsis (75). For example, the use of adenosine 

A2a specific receptor agonists (CVT-3146) is studied in coronary imaging studies, 

using the A2a agonists to induce coronary vasodilatation (76). Not directly related 

to sepsis, but aimed to modulate the inflammatory response, specific inhibition of 

inflammation by adenosine receptor agonists is currently mainly used in patients 

with asthma or COPD (7;77). Unfortunately, most of these agonists are associated 

with side effects, such as hypotension, dyspnea and headache (78). In a phase II 

trial, in patients with rheumatoid arthritis, treatment with increasing doses of a 

specific A3 agonist (CF101) was able to improve clinical signs and symptoms of 



100

rheumatoid arthritis (79) associated with minimal adverse events. No relevant 

hemodynamic side effects were observed, except for headache. In a small study 

in 40 patients with rheumatoid arthritis dipyridamole did not improve clinical 

outcome (80), although it appears likely that this study was underpowered. Finally, 

in patients with a history of stroke, the use of dipyridamole decreased C-reactive 

protein levels (81).

CONCLuSION

To date, a vast amount of preclinical evidence indicates that adenosine receptor 

stimulation can control excessive inflammation. It remains important to realize 

that adenosine is involved in a wide variety of different physiological systems 

through a complex signaling cascade. Albeit targeting of a single receptor has 

provided insight in the role of that specific receptor during inflammation, the 

direct effects of adenosine receptor stimulation or inhibition varies between 

receptor sub-types, cell types and the different models of inflammation. 

On the one hand, adenosine-receptor stimulation may limit excessive inflammatory 

response and associated organ injury, whereas on the other hand inhibition of the 

innate immune response may exert deleterious effects during active infections. 

In addition, systemic administration of specific adenosine receptor agonists can 

be accompanied by systemic adverse effects, such as vasodilatation. Given the 

complex pathophysiology during sepsis and the involvement of adenosine in both 

physiological as well as pathophysiological processes, specific adenosine receptor 

targeting needs to be addressed with caution. 

Modulation of the adenosine metabolism during stressful conditions, e.g. with the 

use of an ENT inhibitor, could be an interesting and less hazardous alternative, 

since it only augments the adenosine concentration at that moment and the 

specific site where adenosine formation is enhanced. To determine whether these 

new potentially therapeutic possibilities are feasible and effective in humans, in 

vivo studies are warranted. 
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aBSTRaCT

In the present study, we determined whether the immunomodulatory effect of 

adenosine receptor stimulation depends on the Toll-like Receptor (TLR) used 

for stimulation of cytokine release. Therefore, human mononuclear cells were 

stimulated by different TLR agonists in the absence and presence of A1 (CPA), A2a 

(CGS21680), and A3 (Cl-IB-MECA) adenosine receptor agonists. Effects of these 

agonists on IL-6, IL-10, IFN-g, TNF-a, and IL-1b production were expressed as 

percentage inhibition/stimulation after TLR stimulation.

CGS21680 inhibited TLR4-mediated TNF-a release and potentiated TLR3- and 

TLR5-mediated IL-6 release. CL-IB-MECA inhibited TLR4-agonist-induced IFN-g 

release. Interestingly, CPA en CL-IB-MECA tended to inhibit cytokine release 

only after TLR4 stimulation. In more detail, CPA potentiated TLR5-mediated 

IL-6 production, TLR3-mediated IFN-g production and TLR3-mediated Il-1b-

production compared to TLR4-mediated stimulation. CL-IB-MECA potentiated 

TLR5-mediated IL-6 and Il-1b formation as compared to TLR4-mediated 

stimulation. Finally, CGS21680 potentiated TLR3-mediated IL-6 production 

compared to TLR1-2 stimulation, and potentiated TLR3- and TLR5-mediated IL-

10 production compared to TLR1-2-mediated stimulation.

In conclusion, the effect of adenosine agonists on cytokine production depends 

on the specific TLR agonist used for stimulation. These findings suggest that 

well-known anti-inflammatory effects of adenosine agonists on LPS-induced 

inflammation cannot be extrapolated to situations in which stimulation of other 

TLR subtypes is involved.
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INTRODuCTION

Despite improvements in supportive and anti-microbial therapies, morbidity and 

mortality of sepsis remains significant (1). Circulating concentrations of several 

cytokines, including TNF-α, IL-1β, IL-6, IL-8 and IL-10 are associated with morbidity 

and mortality in patients with sepsis (2;3). During septic shock the plasma 

concentration of the endogenous purine nucleoside adenosine significantly 

increases (4). As adenosine receptor stimulation has potent anti-inflammatory 

effects, this may significantly influence the innate immune response (5). 

Several ex vivo studies have shown that adenosine receptor stimulation inhibits 

production of pro-inflammatory cytokines such as TNF- α, IL-1β, and IL-6 in 

activated human monocytes, whereas the secretion of the anti-inflammatory 

cytokine IL-10 is enhanced (6-10). In several mouse models of endotoxemia 

and sepsis, adenosine receptor stimulation suppresses the formation of pro-

inflammatory cytokines associated with an improved outcome and survival 

(11-14). Also, during experimental human endotoxemia, adenosine infusion 

attenuates the release of the pro-inflammatory cytokine IL-6 (15).

There are four known adenosine receptor subtypes, designated A1, A2a, A2b and A3 

(16). Previous studies have demonstrated that all four receptor subtypes are to 

some extent involved in immunomodulation (5).

Up to now, experimental studies predominantly used Gram-negative bacterial 

lipopolysaccharide (LPS), a TLR4-agonist to stimulate cytokine production and 

induce inflammation. However, pattern recognition of the diverse classes of 

microbial products involves various Toll-like Receptors (TLRs) that modulate 

the subsequent immune response (17) and cytokine release profiles evoked by 

Gram-positive and Gram-negative bacteria differ (18). For example, TLR subtype 

2 (TLR2) is involved, among others, in recognition of Gram-positive bacteria (19). 

TLR3 and TLR5 are implicated in the recognition of viral double-stranded RNA (20) 

and bacterial flagellin (21), respectively. It is unknown how adenosine receptor 

stimulation influences the immune response mediated by these different TLR-

agonists.
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In the present study, we explored whether the immunomodulatory effect of 

adenosine receptor stimulation is dependent on the specific TLR agonist used 

to stimulate cytokine release. Furthermore, in order to distinguish between 

the specific adenosine receptor subtypes involved, we used clinically relevant 

concentrations of selective adenosine receptor agonists for the adenosine A1, A2a 

and A3 receptors.

MaTERIaLS aND METHODS

Materials

N6-cyclopentyladenosine (CPA), 2-p-(2-Carboxyethyl)phenethylamino-5’-N-

ethylcarboxyamidoadenosine hydrochloride (CGS-21680), 2-chloro-N6-(3-

iodobenzyl)-adenosine-5’-N-methyluronamide (CL-IB-MECA) and Escherichia coli 

lipopolysaccharide (LPS; TLR4-agonist) were obtained from Sigma-Aldrich (St. 

Louis, Missouri, USA). Pam3Cys (stimulates both TLR1 and TLR2; further referred 

to as TLR1-2) was purchased from EMC Micro-collections (Tubingen, Germany). 

The Dr. Golenbock-labaratory (Boston, USA) supplied us with flagellin (TLR5-

agonist) and PolyI:C (TLR3-agonist) was obtained from InvivoGen (San Diego, 

California, USA). 

Experimental Protocol

After informed consent, peripheral blood was collected from 10 healthy male 

volunteers into 10 ml EDTA containing vacutainers (Vacutainer System, Becton 

Dickinson; Rutherford, NJ, USA). All volunteers refrained from caffeine-containing 

beverages for at least 24 hours before blood collection. Peripheral blood 

mononuclear cells (PBMCs) were isolated by density gradient centrifugation 

over Ficoll-Hypaque (Pharmacia Biotech AB; Uppsala, Sweden). The cells from 

the interphase were aspirated, washed three times in sterile PBS, resuspended 

in culture medium RPMI 1640 (Dutch modification; Flow Labs, Irvine, UK) and 

supplemented with L-glutamine (2 mmol), pyruvate (1 mmol) and gentamicin (50 

mg/ml).
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All adenosine receptor agonists were dissolved using DMSO and diluted in RPMI. 

The maximal concentration of DMSO did not exceed 0.1%. PBMCs (100 microliters 

containing approximately 5 x 106 PBMCs/ml) were incubated with each of the 

various adenosine receptor agonists in combination with each of the different 

TLR stimuli for 24 hours. Final concentrations for the specific adenosine receptor 

agonists were based on the specific Ki values as reported by Fredholm et al (16), 

25 nM for CPA, and 50 nM for CGS21680 and Cl-IB-MECA. Pam3Cys (1 μg/ml) was 

used for stimulation of TLR1-2, PolyI:C (50 μg/ml) for TLR3, purified Escherichia coli 

LPS (1 ng/ml) for TLR4, and flagellin (10 ng/ml) for TLR5. The mixture was then 

added on 200 μl 96-wells plates and incubated for 24 hours at 37°C and 5% CO2. 

All experiments were performed in duplicate. The supernatant was obtained by 

centrifugation and stored at –20 °C until analysis. The concentration of TNF-α, IL-

1β, IL-6, IL-10 and IFN-γ was determined using simultaneous Luminex Assay (bio-

plex cytokine assay, BioRad) (22).

Calculations and Statistical analysis

The effect of TLR-receptor stimulation on cytokine release is expressed in pg/

ml for each TLR-subtype. Differences in cytokine release between TLR-agonists 

were analyzed by multivariate ANOVA. The cytokine response in absence of 

an adenosine receptor agonist (experiments with only DMSO in RPMI) was 

set at 100% for each TLR-agonist used. Subsequently, the effect of adenosine 

receptor stimulation on cytokine release was expressed as percentage inhibition/

stimulation as compared to the control experiments with only DMSO in RPMI. 

Differences between groups were analyzed by Wilcoxon Signed Ranks Test. A 

P-value < 0.05 was considered to indicate significance. Data are presented as 

mean ± SEM. 
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RESuLTS

Cytokine production after stimulation of peripheral blood mononuclear cells using 

different TLR agonists

As illustrated in Figure 1, the spectrum of cytokine release is different for the 

various TLR agonists used. Stimulated cytokine concentrations differ between 

the four TLR agonists used for stimulation (P=0.005 for IL-6; P=0.003 for IL-10; 

P=0.002 for IL-1β; P= 0.031 for TNF-α, and P=0.009 for IFN- γ). 
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figure 1 Cytokine production (pg/ml) after stimulation of PBMCs using different TLR agonists. 
Values are expressed as mean ± SEM of 10 experiments.

Effect of CPA on cytokine release after stimulation with different TLR agonists

Figure 2a depicts the effect of the adenosine A1 receptor agonist CPA on cytokine 

production after stimulation by the different TLR agonists. Except for TNF-α 

production, all TLR4 mediated responses tended to be inhibited by CPA in contrast 

to the cytokine responses induced by other TLR agonists. In more detail, the effect 

of CPA on TLR4-agonist-induced IL-1β release was significantly different than the 

effect of TLR3-agonist-induced IL-1β release (P=0.028). Also, the effect of CPA on 

IL-6 release was different between TLR4 and TLR5 stimulation, and the effect of 

CPA on IFN-γ release was different between TLR3 and TLR4 (P=0.08, respectively).
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figure 2 The percentage effect of CPA, CGS21680 and CL-IB-MECA on cytokine production 
after activation of PBMCs using different TLR agonists. Values are expressed as mean ± SEM of 6 
experiments. Asterixes indicate significant effects of the adenosine receptor agonist on cytokine 
production as compared to the control experiment without the adenosine receptor agonist.
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Effect of CGS21680 on cytokine release after stimulation with different TLR agonists

The specific adenosine A2a receptor agonist CGS21680 significantly inhibited 

TNF-α production only after TLR4 stimulation (Figure 2b, P=0.028). IL-6 secretion 

after stimulation by TLR3 and TLR5 agonists was significantly potentiated 

by incubation with CGS21680 (P=0.046 and P=0.042). Compared to TLR1-2 

stimulation, TLR5-mediated production of IL-6 was significantly potentiated by 

CGS21680 (P=0.046). Also, the effect of CGS21680 on TLR3- and TLR5-induced 

IL-10 formation was significantly higher compared to the effect of CGS21680 on 

the TLR1-2 evoked IL-10 release (P=0.028; P=0.046).

Effect of CL-IB-MECA on cytokine release after stimulation with different TLR agonists

The specific adenosine A3 receptor agonist CL-IB-MECA, tended to inhibit the 

release of all cytokines only after TLR4 stimulation, which reached significance 

only for IFN-γ (P= 0.046). In contrast, compared to the TLR4-induced cytokine 

release Cl-IB-MECA stimulated the TLR5 agonist mediated IL-1β (P=0.028), IL-6 

(P=0.028), and IL-10 (P=0.08) production. Furthermore, compared to the TLR4-

induced cytokine release, Cl-IB-MECA tended to stimulated the TLR1-2 and TLR-3 

induced IFN- γ release (P=0.08). 
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DISCuSSION

In this study, we demonstrate that the modulating effect of selective adenosine 

subtype receptor stimulation on cytokine production is critically dependent 

on the specific stimulus for cytokine production. It has to be realized that while 

adenosine receptor stimulation can inhibit release of specific pro-inflammatory 

cytokines after stimulation of TLR4, the release of these similar cytokines can 

even be potentiated after stimulation of alternative TLRs. This finding is important 

because the vast majority of previous studies on the immunomodulating effect of 

adenosine are confined to TLR4-agonist (LPS)-induced inflammation, whereas in 

clinical practice stimulation of alternative Toll-like receptors could also be involved 

in patients with microbial infection. 

Previous studies demonstrated an improved survival in mice by adenosine A2a 

receptor stimulation after challenge with LPS or live E.coli infusion (23). Other 

mouse models showed possible protective effects for adenosine receptor 

stimulation after cecal ligation and puncture (24;25). Again, this could be instigated 

by stimulation of a specific TLR, since the released fecal material constitutes 

mainly gram-negative bacteria. Our results indicate that the outcome of the 

various adenosine studies cannot be extrapolated to a clinical situation in which 

other Toll-like receptors are stimulated by different microbial products.

Previous studies have identified inhibitory activity of adenosine receptor 

stimulation on release of different cytokines by LPS activated cells. Most ex vivo 

studies on human cells demonstrate that adenosine A2a receptor stimulation 

inhibits LPS-induced release of TNF-α (6;10;13;23;26;27), IL-1β (9) and IL-12 (8). 

Adenosine A3 receptor agonists have been shown to inhibit LPS-induced TNF-α 

(28), IFN- γ and IL-12 release (12). In the present study, we confirm that adenosine 

A2a receptor stimulation inhibits TNF- α release in cells stimulated with LPS and 

that adenosine A3 receptor stimulation inhibits LPS-induced IFN- γ release. 

However, compared to previous studies, the degree of inhibition is smaller and we 

found only a non-significant trend concerning the inhibitory effects of adenosine 

receptor stimulation on LPS-induced release of other pro-inflammatory cytokines. 



120

These differences could well be explained by differences in the concentration of 

LPS and the various adenosine receptor agonists used. In previous studies, LPS 

concentrations of up to 1 μg/ml were used to stimulate cytokine production. 

Although measurements of endotoxin in biological fluids is notoriously difficult 

(29), a new assay that appears to be sensitive and specific shows endotoxin levels 

of 0.47±0.06 ng/ml in septic patients (30). Consequently, ex vivo experiments with 

endotoxin concentrations that are 10-1000 times higher appear not to be relevant 

in the clinical situation. For this reason, we chose to conduct the experiments with 

a LPS concentration of 1 ng/ml. Moreover, the compounds used for stimulation of 

the specific adenosine receptor subtype are able to activate all receptor subtypes, 

but with different affinities, which are highly species-specific. Based on the 

specific affinities of these compounds for the different human adenosine receptor 

subtypes, we have selected final concentrations of the various receptor agonists 

aimed at activation of the selected subtype without significant activation of other 

subtype receptors (16).

In conclusion, we have demonstrated that the spectrum of pro- and anti-

inflammatory cytokine release is dependent on the specific TLR stimulus used for 

stimulation. Our results indicate that stimulation of specific adenosine subtype 

receptors may attenuate or exacerbate the cytokine release depending on the 

Toll-like receptor that is stimulated. 

Consequently, previous studies demonstrating beneficial effects of adenosine 

receptor stimulation can by no means be extrapolated to the septic patient, in 

which various TLRs are activated by microbial products. More generally, this study 

illustrates the complexity of the modulation of the innate immune response and 

provides us with another explanation for the negative results of single target 

treatment in sepsis. Although we try to change our perception of infection and 

create a shift from eradicating microorganisms to supporting optimal host-

microbial homeostasis (31), this may prove to be a difficult task. 
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aBSTRaCT

Introduction Preclinical studies have shown that the endogenous nucleoside 

adenosine prevents excessive tissue injury during systemic inflammation. We 

aimed to study whether endogenous adenosine also limits tissue injury in a 

human in vivo model of systemic inflammation. In addition, we studied whether 

subjects with the common 34C>T nonsense variant (rs17602729) of adenosine 

monophosphate deaminase (AMPD1), which predicts increased adenosine 

formation, have less inflammation-induced injury.

Methods In a randomized double-blinded design, healthy male volunteers received 

2 ng/kg E. Coli LPS intravenously with (n=10) or without (n=10) pretreatment with 

the adenosine receptor antagonist caffeine (4 mg/kg body weight). In addition, 

lipopolysaccharide (LPS) was administered to 10 subjects heterozygous for the 

AMPD1 34C>T variant.

Results The increase in adenosine levels tended to be more pronounced in the 

subjects heterozygous for the AMPD1 34C>T variant (71±22%, P=0.04), compared 

to placebo- (59±29%, P=0.012) and caffeine-treated (53±47%, P=0.29) subjects, 

but this difference between groups did not reach statistical significance. Also the 

LPS-induced increase in circulating cytokines was similar in the LPS-placebo, 

LPS-caffeine and LPS-AMPD1-groups. Endotoxemia resulted in an increase 

in circulating plasma markers of endothelial activation (intercellular adhesion 

molecule (ICAM) and vascular cell adhesion molecule (VCAM)), and in subclinical 

renal injury, measured by increased urinary excretion of tubular injury markers. 

The LPS-induced increase of these markers did not differ between the three 

groups.

Conclusions Human experimental endotoxemia induces an increase in circulating 

cytokine levels and subclinical endothelial and renal injury. Although the 

plasma adenosine concentration is elevated during systemic inflammation, co-

administration of caffeine or the presence of the 34C>T variant of AMPD1 does 

not affect the observed subclinical organ damage, suggesting that adenosine 

does not affect the inflammatory response and subclinical endothelial and renal 

injury during human experimental endotoxemia.
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INTRODuCTION

Sepsis, the systemic inflammatory response syndrome that occurs during 

infection, is associated with considerable morbidity and mortality in non-cardiac 

intensive care units (1). During sepsis, the initial inflammatory response can be 

overwhelming, leading to significant collateral damage to normal tissues. 

During systemic inflammation, the extracellular concentration of the endogenous 

nucleoside adenosine increases rapidly (2;3), with concentrations increasing up to 

10-fold in septic shock patients (2). Animal studies have shown that subsequent 

stimulation of adenosine receptors, mainly the adenosine A2a receptor, on various 

immune cells potently reduces the inflammatory response (4;5). In humans, 

however, evidence that adenosine can limit the inflammatory response or prevent 

tissue injury is limited (6).

INNATE IMMUNITY
(Cytokine release)

ORGAN INJURY

aDENOSINE

-

-

AMPD1
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+
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figure 1 Schematic view of the hypothesis. During systemic inflammation, the circulating 
adenosine concentration increases rapidly, resulting in a negative feedback loop limiting (a) 
inflammation-induced cytokine release and (b) tissue injury. However, in the presence of 
caffeine, a non-selective adenosine receptor antagonist, this mechanism of protection is lost and 
inflammation-induced tissue damage will be aggravated. In the presence of the 34C>T variant of 
the AMPD1 gene, the inflammation-induced increase in adenosine concentration is augmented, 

and therefore the inflammatory response and organ injury are reduced. AMPD1; Adenosine 
Monophosphate Deaminase.
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Interestingly, a genetic loss-of-function variant of the enzyme adenosine 

monophosphate deaminase (AMPD1) was recently shown to improve prognosis 

in patients with coronary artery disease (7), most likely because of augmented 

adenosine formation during ischemia in these patients (8). It is unknown whether 

subjects with this polymorphism have an altered immune response or whether 

these individuals are protected from inflammation-induced organ injury.

In the present study, we addressed three major questions, illustrated in 

Figure 1. First, does systemic inflammation induced by experimental human 

endotoxemia increase the circulating adenosine concentration in vivo? Second, 

does this enhanced increase in circulating adenosine modulate the innate 

immune response? Third, does this increase reduce end-organ damage? We 

addressed these questions in healthy volunteers after systemic administration 

of lipopolysaccharide (LPS) with or without concomitant administration of the 

adenosine receptor antagonist caffeine. In addition, we separately studied healthy 

volunteers with the 34C>T variant of the AMPD1 gene to test the third hypothesis 

(that is, that the inflammation-induced increase in circulating adenosine is 

augmented and organ damage is attenuated in these subjects).

MaTERIaLS aND METHODS 

Healthy volunteers

This study is registered at the ClinicalTrials.gov registry under the number 

NCT00513110. After the study was approved by the local ethics committee of 

the Radboud University Nijmegen Medical Centre, 43 healthy male volunteers 

provided written informed consent. Since the inflammatory response that occurs 

in this particular model is different in females (9), we included male subjects 

only. All volunteers had a normal physical examination, electrocardiography, 

and routine laboratory values before the start of the experiment. Since the 

prevalence of the AMPD1 SNP (single-nucleotide polymorphism) in Caucasian 

and African-American individuals is approximately 15% to 20%, we screened a 

total of 43 individuals. After genotyping of the AMPD1 rs17602729 variant (also 
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known as 34C>T and Cys12Arg), we selected 10 subjects with the heterozygous 

(CT) genotype. Of the remaining 33 subjects, 20 subjects (at random) were asked 

by an independent research nurse to participate in the study and were randomly 

assigned to either the control or caffeine-treated group. Since the study was 

double-blind, the investigators who were involved in the conduct of the study 

were not aware of whether the patient belonged to the AMPD1 group or the 

caffeine or placebo group (both without the AMPD1 polymorphism).

Volunteers were asked not to take any prescription drugs, and they refrained 

from caffeine intake 48 hours prior to the LPS administration. The subjects were 

admitted to our clinical research unit on the day of the experiment and were kept 

under close observation for 10 hours. 

Experimental protocol

During the experiment, all volunteers were monitored for heart rate 

(electrocardiogram), blood pressure (intra-arterially), and body temperature 

(infrared tympanic thermometer; Sherwood Medical, ‘s-Hertogenbosch, The 

Netherlands) from 2 hours before the administration of LPS until the end of the 

experiment (8 hours after the LPS administration). A cannula was inserted in a 

deep forearm vein for prehydration (1.5 L of 2.5% glucose/0.45% saline solution 

in the hour before LPS administration) and LPS infusion. During the first 6 hours 

after the LPS administration, all subjects received 150 mL/hour and, after that 

period until the end of the experiment, 75 mL/hour of 2.5% glucose/0.45% saline 

solution to ensure an optimal hydration status (10).

An intra-arterial cannula was placed in the a. brachialis of the non-dominant arm, 

into which LPS was injected at t = 0 hours. The course of symptoms (headache, 

nausea, shivering, and muscle and back pain) was scored on a 6-point Likert scale 

(0=no symptoms, 5=very severe symptoms), resulting in a total score of 0 to 25. 

Blood was collected at various time points after LPS administration. Furthermore, 

during the first 10 minutes of every hour after LPS administration, forearm blood 

flow was determined in both forearms with venous occlusion plethysmography 

(Filtrass; DOMED Medizintechnik GmbH, Munich, Germany) as previously 

described (11;12). 
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The 20 subjects with the AMPD1 CC genotype (n=20) received either caffeine 

(4 mg/kg body weight intravenously over 10 minutes (13)) or saline 10 minutes 

before LPS infusion. Caffeine, dosed at 4 mg/kg, has been shown to effectively 

antagonize the hemodynamic effects of adenosine, which are mediated by 

adenosine A2a receptor stimulation (14). The 10 subjects heterozygous for the 

AMPD1 polymorphism (CT genotype) also received saline in a double-blinded 

fashion 10 minutes before LPS infusion.

Endotoxin

US Reference E. coli endotoxin (Escheria coli O:113; Clinical Center Reference 

Endotoxin, National Institutes of Health, Bethesda, MD, USA) was used in this 

study. Ec-5 endotoxin, supplied as a lypophilized powder, was reconstituted in 

5 mL of 0.9% saline for injection and vortex-mixed for at least 10 minutes after 

reconstitution. The endotoxin solution was administered as an intravenous bolus 

injection at a dose of 2 ng/kg of body weight. 

Blood collection for adenosine measurement

The circulating adenosine concentration was measured prior to and serially after 

the administration of LPS, as previously described (15). With a special syringe 

system, the blood was immediately mixed with a 2.5-mL solution containing 

pharmacological blockers of adenosine formation, transport, and degradation 

immediately at the tip of the syringe. After blood was mixed with the ‘blocker 

solution’ and collected in the collection syringe with a total volume of 5 mL, 

the hematocrit value was determined in the mixture as a measure for dilution. 

Afterward, blood samples were centrifuged for 10 minutes at 1,000g at 4°C and 

blood plasma was stored at −80°C until analyses. 

The ‘blocker solution’ used to inhibit adenosine metabolism consisted of 40 μM 

dipyridamole (adenosine transport inhibitor), 10 μM erythro-9-(2-hydroxy-3-

nonyl) adenine (EHNA) (adenosine deaminase inhibitor), 10 μM iodotubericidine 

(ITU) (adenosine kinase inhibitor), 13.2 mM Na2EDTA (disodium ethylenediamine 

tetraacetate) (inhibits release from platelets and acts as a 5’-nucleotidase 

inhibitor), 118 mM NaCl, and 5 mM KCl. 
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Genetic analysis

Blood was drawn in EDTA-containing vacutainers and stored at –80°C until DNA 

isolation. Genomic DNA isolation was performed with a standard desalting 

protocol (16). Genotyping was performed by pyrosequencing according to the 

protocol of the manufacturer (Pyrosequencing AB, now part of Qiagen GmbH, 

Hilden, Germany) (17), as previously described (8). 

Determination of cytokines and adhesion molecules

Adhesion molecules ICAM (intercellular adhesion molecule) and VCAM (vascular 

cell adhesion molecule), indicators of shedding from the endothelium, were used 

as markers of endothelial dysfunction. To determine the concentration of the 

various cytokines and adhesion molecules, plasma was processed immediately by 

centrifugation at 2,000g at 4°C for 15 minutes and stored at −80°C until analyses. 

Cytokine concentrations of tumor necrosis factor-alpha (TNF-α), interleukin (IL)-

6, IL-1-receptor antagonist (IL1RA), and IL-10 were measured in samples taken at 

baseline and at 30, 60, 120, 240, and 480 minutes after LPS administration and 

subsequently analyzed batch-wise with a Luminex assay (Luminex Corporation, 

Austin, TX, USA) (18).

Urine collection

Subjects collected urine in the 24 hours prior to the experiment. During the 

experiment, urine was collected 2 hours prior to LPS administration, the first 3 

hours after LPS infusion, and between 3 and 8 hours after LPS infusion. During 

the sampling period, urine was kept on ice. Urine was processed, and GSTA1-1 

(glutathione S-transferase alpha 1-1) and GSTP1-1 (glutathione S-transferase pi 

1-1), as markers of proximal and distal tubular injury, respectively, were measured 

as previously described (19). 

Statistical analysis

Data with a Gaussian distribution were tested for significance by using repeated 

measures analysis of variance (ANOVA). Non-parametric data were analyzed 

with the Friedman test. The percentage increase in adenosine concentrations 

and increase in GSTA1-1 and GSTP1-1 were analyzed with the paired Student t 
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test. Since most of the data had a non-Gaussian distribution, data are expressed 

as median (interquartile range [IQR]) unless specified otherwise. A P value of less 

than 0.05 was considered statistically significant.

RESuLTS

Baseline characteristics

Demographic characteristics did not significantly differ between the three groups 

of healthy volunteers (Table 1). 

Table 1. Demographic characteristics

Experimental endotoxemia

Parameters Placebo 
(n = 10)

aMPD1 
(n = 10)

Caffeine 
(n = 10)

Age, years 23 (22-24) 23 (21-25) 22 (20-25)

Males/Females 10/0 10/0 10/0

Body mass index, kg/m2 21 (20-23) 23 (22-24) 22 (21-24)

Data for age and body mass index are presented as median (interquartile range). AMPD1, adenosine 
monophosphate deaminase.

Changes in clinical, inflammatory, and hemodynamic parameters during human 

endotoxemia

In the 30 healthy volunteers, LPS administration induced the expected influenza-

like symptoms, such as headache, nausea, and chills, starting after 60 to 120 

minutes. The symptoms were mild, and all volunteers were symptom-free within 

8 hours after LPS administration. Peak symptoms occurred approximately 90 

minutes after LPS infusion. Body temperature was significantly elevated, with a 

peak temperature approximately 4 hours after LPS infusion (P <0.0001, repeated 

measures ANOVA for each group), and white blood cell count decreased 1 hour 

after LPS administration, after which there was an increase with a peak 8 hours 

after LPS administration (P <0.0001, repeated measures ANOVA for each group) 

(Table 2). 
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Plasma concentrations of pro- and anti-inflammatory cytokines (TNF-α, IL-6, 

IL-10, and IL1RA) are shown in Figure 2. Thus, caffeine administration and the 

presence of the 34C>T variant of the AMPD1 gene did not change the inflammatory 

response to LPS. 
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figure 2 Inflammatory parameters in the three groups (n=10 per group). Administration of 
lipopolysaccharide (LPS) resulted in a marked increase in pro- and anti-inflammatory cytokines. 
Data are expressed as median [interquartile range]) and were analyzed with one-way analysis of 
variance (ANOVA). The probability values refer to the significant increase in circulating cytokines 
for each group, as analyzed with repeated measures ANOVA. There was no significant difference 
between groups. AMPD1, Adenosine Monophosphate Deaminase; IL, interleukin; IL1RA, 
interleukin-1-receptor antagonist; TNF-α, tumor necrosis factor-alpha.

LPS administration induced a decrease in blood pressure and an increase in heart 

rate (Figure 3). 
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figure 3 Hemodynamic profile in response to endotoxemia (mean ± standard error of the mean, 
n=10 subjects per group). Lipopolysaccharide (LPS) administration resulted in an increase in 
heart rate (HR) and decreases in mean arterial pressure (MAP), systolic blood pressure (SBP), and 
diastolic blood pressure (DBP) for each group (P<0.01 repeated measures analysis of variance). 
There was no significant difference between groups. AMPD1, Adenosine Monophosphate 
Deaminase; bpm, beats per minute.

Table 2. Clinical parameters and forearm blood flow response during human endotoxemia in the 
absence and presence of caffeine or the AMPD1 polymorphism

T = 0 T = 1 T = 2 T = 4 T = 8

∆ Temperature, °C Placebo 0.0 ± 0.0 0.3 ± 0.1 1.0 ± 0.1 1.3 ± 0.1 0.6 ± 0.1

AMPD1 0.0 ± 0.0 0.3 ± 0.1 1.0 ± 0.2 1.6 ± 0.2 0.9 ± 0.1

Caffeine 0.0 ± 0.0 0.3 ± 0.2 0.9 ± 0.2 1.6 ± 0.2 1.0 ± 0.2

Leukocytes, x 109/L Placebo 5.2 ± 0.8 3.0 ± 0.6 5.7 ± 0.6 8.9 ± 0.5 11.0 ± 0.5

AMPD1 5.1 ± 0.4 2.3 ± 0.2 6.4 ± 0.9 9.6 ± 1.1 11.9 ± 1.1

Caffeine 4.7 ± 0.3 2.4 ± 0.3 5.9 ± 0.7 10.6 ± 0.7 12.7 ± 0.7

FBF, mL/minute/dL 
forearm volume

Placebo 2.8 (2.6-5.6) 5.3 (3.2-6.9) 3.8 (2.5-4.7) 7.3 (6.2-8.6) 6.4 (4.3-7.6)

AMPD1 3.1 (2.8-3.9) 3.1 (2.8-5.5) 3.0 (2.3-3.7) 6.2 (4.0-10.6) 5.8 (5.3-6.7)

Caffeine 2.9 (2.1-3.5) 3.9 (3.1-4.7) 2.6 (2.2-3.0) 7.9 (5.3-10.7) 6.7 (5.7-7.4)
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There were no significant differences in hemodynamic parameters and plasma 

cytokine levels between the three experimental groups. Forearm blood flow 

increased during experimental human endotoxemia, with a maximal response 4 

hours after LPS administration (Table 2). 

Lipopolysaccharide-induced changes were significant (P <0.001, repeated 

measures analysis of variance) for each group but not significantly different 

between groups. Data are presented as mean ± standard error of the mean. 

Forearm blood flow (FBF) data are presented as median (interquartile range) since 

FBF data had a non-Gaussian distribution. AMPD1, Adenosine Monophosphate 

Deaminase.

The effect of lipopolysaccharide infusion on the endogenous adenosine concentration

The increase in adenosine levels tended to be more pronounced in the subjects 

heterozygous for the AMPD1 34C>T variant (from 9.0 [IQR 8.5 to 11.5] at baseline 

to 16.5 [11.8 to 21.5] ng/mL 2 hours after LPS infusion, an increase of 71% ± 22%; P 

= 0.04) compared with the placebo group (from 10.0 [IQR 8.8 to 13.0] at baseline to 

14.0 [12.3 to 19.0] ng/mL, an increase of 59% ± 29%; P=0.012), but this difference 

between groups did not reach statistical significance. In the caffeine-treated 

subjects, the adenosine concentration increased from 12.0 [IQR10.0 to 18.0] at 

baseline to 18.0 [12.5 to 32.5] ng/mL, an increase of 53% ± 47% (P=0.29). Figure 4 

illustrates the LPS-induced changes in circulating adenosine. 

Caffeine levels in the placebo and AMPD1 34C>T groups did not exceed 0.08 mg/

mL either before or after LPS infusion. In the caffeine group, caffeine levels were 

0.04 [0.02 to 0.06] at baseline and 6.0 [5.6 to 6.4] mg/mL 1 hour after caffeine 

infusion (n=10).
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figure 4 Percentage increase in plasma adenosine concentration after lipopolysaccharide (LPS) 
administration for each group. Data are expressed as mean ± standard error of the mean. Data 
were analyzed with the paired Student t test. There were no significant differences between 
groups. AMPD1, Adenosine Monophosphate Deaminase. 

The effect of lipopolysaccharide infusion on end-organ injury

Vascular dysfunction

Plasma levels of ICAM and VCAM, markers of endothelial function, increased 

following LPS administration (Figure 5) (P<0.0001 for ICAM and P=0.006 for 

VCAM, ANOVA repeated measures). There was no significant difference in the 

LPS-induced increase in plasma ICAM and VCAM concentrations between the 

three groups (P>0.1). 
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figure 5 Administration of lipopolysaccharide (LPS) resulted in a marked increase of intercellular 
adhesion molecule (ICAM) and vascular cell adhesion molecule (VCAM), markers of endothelial 
activation. Data are expressed as median [interquartile range]. The probability values refer to the 
significant increase in circulating adhesion molecules for each group, as analyzed with repeated 
measures analysis of variance. No significant difference between groups was found. AMPD1, 
Adenosine Monophosphate Deaminase.
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Renal injury

Glutathione-S-transferases (GSTs) are cytosolic enzymes that are present in the 

cells of the proximal tubule (GSTA1-1) and distal tubule (GSTP1-1). A very low 

urinary excretion rate is present during physiological circumstances. Both GSTA1-

1 and GSTP1-1 levels, respectively, increased during experimental endotoxemia 

(Figure 6) (n=30, P <0.0001). There were no differences between the LPS-induced 

increase in the three experimental groups (P>0.2).
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figure 6 Excretion of glutathione-S-transferases (GSTs) in urine. Administration of 
lipopolysaccharide (LPS) resulted in a marked increase in the urinary excretion of markers of 
proximal and distal tubular damage. Data are expressed as percentage increase in time after 
LPS infusion (median [interquartile range]). Data were tested with a paired Student t test. 
*P<0.05, **P<0.01. No significant difference between groups was found. AMPD1, Adenosine 
Monophosphate Deaminase; GSTA1-1, glutathione S-transferase alpha 1-1; GSTP1-1, glutathione 
S-transferase pi 1-1.
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DISCuSSION

In the present study, we show for the first time that acute systemic inflammation 

induced by human experimental endotoxemia results in an increase in circulating 

endogenous adenosine in humans in vivo. Apparently, the systemic inflammatory 

response during experimental endotoxemia is sufficient to stress the body to a 

level that induces adenosine release. These results are in accordance with those 

of previous findings demonstrating increased plasma adenosine concentrations 

in humans with septic shock (2;3;20). We found no evidence that circulating 

adenosine exerted immune modulatory effects or tissue-protective effects during 

inflammation. Pretreatment with the adenosine receptor antagonist caffeine did 

not potentiate the inflammatory response or the inflammation-induced subclinical 

organ damage, suggesting that this increased adenosine concentration does not 

act as a negative feedback signal to temper inflammation and organ damage in 

this model. 

Previous in vitro and animal studies have provided robust evidence that 

endogenous adenosine plays a pivotal role in the limitation of excessive tissue 

injury in situations of inflammation, mainly by activation of adenosine A2a 

receptor (5). In humans in vivo, however, data on the effect of inflammation on 

the endogenous adenosine concentration are limited to only one small study in 

which the plasma adenosine concentration was significantly higher in patients 

with septic shock compared with control patients (2). 

In this study, we studied the effect of inflammation on circulating adenosine in 

a well-validated model of systemic inflammation (21) and used a previously 

described method to measure the plasma adenosine concentration (15). Our 

results show that, during endotoxemia, the endogenous adenosine concentration 

increases in time, with a maximum concentration reached 2 hours after LPS 

administration. Recently, measuring circulating adenosine in 10 septic shock 

patients who were admitted to the intensive care unit, we found a median (IQR) 

adenosine concentration of 30.9 [24.1 to 39.8] ng/mL (BPR, NPR, PvdB, JGvdH, 

PS, and PP, unpublished observations). The adenosine concentration was lower in 

the LPS-treated volunteers, probably indicating that the less severe and shorter 
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duration of the inflammatory response during experimental endotoxemia induces 

a smaller insult compared with septic shock. In addition, in septic shock patients, 

not only the inflammatory response but also tissue hypoperfusion may play a role 

in the formation of adenosine. We subsequently aimed to demonstrate that this 

increased circulating adenosine could act as a negative feedback molecule, which 

attenuates the inflammatory response and ameliorates end-organ dysfunction. 

To this end, subjects were pretreated with the nonselective adenosine receptor 

antagonist caffeine (22) in a dose previously shown to completely block the 

cardiovascular effects of adenosine (13). Subjects were asked to refrain from 

caffeine ingestion for the 48-hour period prior to the experiment in order to 

reveal any effects of adenosine receptor stimulation (23). At the moment of LPS 

administration, the plasma caffeine concentration averaged 6.0 mg/L, which is 

a concentration previously shown to effectively antagonize adenosine receptor 

stimulation (14;24). In more detail, we recently showed that an intravenous dose 

of caffeine of 4 mg/kg, similar to the dose of the present study, completely blunted 

ischemic preconditioning, which is mediated by adenosine receptor stimulation 

(13). In addition, our group has demonstrated, in the past, that caffeine in a plasma 

concentration of 5 mg/L significantly antagonizes the hemodynamic effects of 

adenosine administration (14).

Previous studies in animal models have shown that caffeine is able to potentiate 

the production of pro-inflammatory cytokines both in vitro (25;26) and in vivo (27) 

and that caffeine exacerbates tissue injury during inflammation (5;24). In contrast 

to these results, in our human endotoxemia model, caffeine did not augment the 

immune response nor did it increase (subclinical) organ damage. There are several 

potential explanations for this finding. First, endogenous adenosine may not have 

an important anti-inflammatory potential in humans in vivo. However, this is not 

likely, given the consistent findings in animal studies and isolated cell studies and 

given the observation that administration of exogenous adenosine can limit the 

IL-6 response during human experimental endotoxemia (6). Second, the limited 

increase in adenosine in our model might not be sufficient to induce significant 

anti-inflammatory effects. Recently, Soop and colleagues (28) demonstrated that 

the administration of 40 µg/kg per minute adenosine attenuated the release of 

the soluble RAGE (receptor for advanced glycation end products), but was unable 
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to decrease the pro-inflammatory response. Unfortunately, no endogenous 

adenosine concentrations were measured in that study, although it was speculated 

that blood adenosine levels were at the submicromolar range. Finally, it needs to 

be realized that caffeine only blocks the adenosine A1, A2a, and A2b receptors in 

the dose we used. Therefore, stimulation of the adenosine A3 receptor, which also 

exerts anti-inflammatory potential, may have counteracted the pro-inflammatory 

effects of caffeine (29-31). Specific adenosine subtype receptor antagonists are 

being developed but are not currently available for human use.

We studied the effect, in a separate group of healthy volunteers, of the common 

34C>T variant of the AMPD1 gene on the adenosine concentration and subclinical 

end-organ damage during endotoxemia. In Caucasians, approximately 20% of 

subjects are heterozygous for this variant allele, encoding a premature stopcodon, 

which results in a dysfunctional enzyme (32). AMPD catalyzes the intracellular 

conversion of AMP into IMP (inosine monophosphate). Subjects heterozygous 

for this variant allele appear to have a 50% reduction in enzyme activity (33). 

Interestingly, heterozygosity was recently associated with an improved 

cardiovascular prognosis in patients with coronary artery disease, probably 

because of an increased conversion of AMP into adenosine with subsequent 

increased adenosine concentrations and subsequent organ protection during 

ischemia (8). Considering the beneficial cardiovascular effects of adenosine 

receptor stimulation in subjects with AMPD deficiency (7;34), we hypothesized 

that endotoxemia-induced adenosine formation and subsequent adenosine 

receptor stimulation would also be potentiated. Although the LPS-induced 

increase in adenosine concentrations tended to be most strongly potentiated in 

the AMPD1 heterozygous group (with a mean increase of 71% versus 59% and 

53% in the placebo and caffeine groups, respectively), this difference between 

groups did not reach statistical significance. Moreover, we did not observe an 

attenuation of organ damage in subjects heterozygous for the AMPD1 variation. 

A different route of adenosine formation during inflammation as compared 

with situations of ischemia could be an explanation. During ischemia/hypoxia, 

an increased intracellular degradation of ATP significantly contributes to the 

increase in extracellular adenosine. In this situation of increased intracellular 
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AMP availability, a reduction of AMPD activity could have an important effect 

on adenosine formation. In contrast, during inflammation, the main source of 

adenosine formation following endotoxemia is the extracellular hydrolysis of ATP 

instead of an intracellular increase in AMP. Previous studies have suggested that 

inflammation directly leads to active release of adenine nucleosides, such as ATP, 

as well as passive release due to endothelial cell damage (35). ATP is then quickly 

converted into adenosine. During sepsis, tissue hypoxia will most likely also play an 

important role in the accumulation of adenosine (36;37); however, this is unlikely 

during the relatively mild model of experimental endotoxemia. This could explain 

why the AMPD1 polymorphism did not influence the inflammation-induced 

increase in extracellular adenosine concentration. The lack of a significantly 

more pronounced increase in circulating adenosine in AMPD1 subjects may 

also be explained by the fact that adenosine is produced locally in the tissue 

and the endothelium acts as an active metabolic barrier for adenosine. Thus, 

circulating adenosine concentrations may not correctly reflect the inflammation-

induced adenosine increase in the interstitial compartment. Pharmacological 

interventions, such as dipyridamole, an adenosine re-uptake inhibitor that 

increases the local adenosine concentration (38), or pentoxifylline, of which the 

immunomodulatory effects depend on sufficient levels of adenosine (20), may 

represent new therapeutic interventions to modulate the immune response. 

CONCLuSIONS

Human experimental endotoxemia results in systemic inflammation and increases 

the circulating endogenous adenosine concentration. Pharmacological blockade 

of the adenosine receptors, however, does not augment the innate immune 

response or its resultant (subclinical) organ injury. In addition, organ damage is 

not reduced in subjects with the AMPD1 polymorphism, despite the tendency 

to a more pronounced LPS-induced increase in endogenous adenosine in 

these subjects. Given these observations, we conclude that, during human 

endotoxemia, endogenous adenosine does not act as a negative feedback 

molecule to limit the inflammatory response and subsequent tissue injury.
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aBSTRaCT 

Introduction 

In animal models of systemic inflammation, the endogenous nucleoside adenosine 

controls inflammation and prevents organ injury. Dipyridamole blocks the cellular 

uptake of endogenous adenosine and increases the extracellular adenosine 

concentration. We studied the effects of oral dipyridamole treatment on innate 

immunity and organ injury during human experimental endotoxemia.

Methods 

In a randomized double-blind placebo-controlled study, twenty healthy male 

subjects received 2 ng/kg E. Coli endotoxin (LPS) intravenously following seven 

day pretreatment with dipyridamole, 200 mg slow release twice daily, or placebo. 

Results 

Nucleoside transporter activity on circulating erythrocytes was reduced by 

dipyridamole with 89±2% (p<0.0001), and the circulating endogenous adenosine 

concentration was increased. Treatment with dipyridamole augmented the LPS-

induced increase in the anti-inflammatory cytokine IL-10 with 274%, and resulted in 

a more rapid decrease in pro-inflammatory cytokines TNF-α and IL-6 levels directly 

following their peak level (p<0.05 and <0.01, respectively). There was a strong 

correlation between the plasma dipyridamole concentration and the adenosine 

concentration (r=0.82, p<0.01), and between the adenosine concentration and the 

IL-10 concentration (r=0.88; p<0.0001), and the subsequent decrease in TNF-α (r=-

0.54, p=0.02). Dipyridamole treatment did not affect the LPS-induced endothelial 

dysfunction nor renal injury during experimental endotoxemia. 

Conclusions 

Seven day oral treatment with dipyridamole increases the circulating adenosine 

concentration, and augments the anti-inflammatory response during 

experimental human endotoxemia, which is associated with a faster decline in 

pro-inflammatory cytokines. 
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INTRODuCTION 

During sepsis, unopposed and prolonged activation of the innate immune system 

can induce significant collateral damage to host tissues, resulting in a high 

mortality rate. During inflammation, the extracellular concentration of the purine 

nucleoside adenosine rapidly increases (1-3). Subsequent receptor activation acts 

as a physiological negative feedback mechanism that dampens the inflammatory 

response (4). Indeed, administration of adenosine receptor agonists exert anti-

inflammatory and tissue-protective effects and reduce mortality in animal models 

of systemic inflammation (5;6). 

Adenosine

AMP

ATP/ADP

SAH
Hydrolase

Inosine

Deaminase

Adenosine

AMP

ATP/ADP

Kinase5`nucleotidase Ecto 5`nucleotidase

Nucleoside
Transporter

EXTRACELLULARINTRACELLULAR

Adenosine 
receptorDipyridamole

figure 1 Schematic representation of the adenosine metabolism. Dipyridamole acts as 
an adenosine re-uptake inhibitor through inhibition of the nucleoside transporter. SAH: 
S-adenosylhomocysteine, AMP: adenosine monophosphate, ADP: adenosine diphosphate and 
ATP: adenosine triphosphate.

Dipyridamole blocks the equilibrative nucleoside transporter (ENT), which 

facilitates the transmembranous diffusion of adenosine (Fig 1). Dipyridamole 

will increase the extracellular endogenous adenosine concentration, mainly in 

situations of increased extracellular formation of adenosine, such as occurs during 

hypoxia or inflammation (7). In animals, the administration of ENT blockers 
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attenuates LPS-induced leucopenia and TNF-α production (8), and reduces the 

severity of tissue injury in several inflammatory models (9-11). 

We hypothesized that dipyridamole may ameliorate the excessive and prolonged 

activation of the immune response that can occur during systemic inflammation. 

Therefore, in a proof-of-concept study in healthy volunteers, we examined 

whether pretreatment with dipyridamole curtails the activation of the innate 

immune system during experimental endotoxemia and prevents (subclinical) 

organ damage.

MaTERIaLS aND METHODS

Healthy volunteers 

This study was approved by the local ethics committee and registered (www.

clinicaltrials.gov, NCT01091571). After signing for informed consent, 20 healthy 

male volunteers participated. Because of significant differences in the innate 

immune response between males and females during experimental endotoxemia, 

we only included male subjects (12). All volunteers were asked not to take any 

drugs or caffeine containing substances 48 hrs before the start of the endotoxemia 

experiment. Subjects were randomized in a double-blinded fashion to seven day 

pretreatment with dipyridamole (200mg bid orally, Persantin Retard, Boehringer-

Ingelheim, Alkmaar, The Netherlands, n=10) or placebo (microcrystalline cellulose, 

n=10), based on the fact that a steady state occurs after 3 days and previous studies 

that examined the effects of dipyridamole during ischemia were also performed 

after 7 days of treatment(13). Oral dipyridamole and placebo capsules were 

provided and labeled by the department of Clinical Pharmacy of the Radboud 

University Nijmegen Medical Centre according to GMP-standards. Both capsules 

had the same appearance.

Experimental protocol 

After local anesthesia, the brachial artery of the non-dominant arm was 

cannulated for blood pressure monitoring, blood sampling and administration of 
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vasoactive drugs (14). A second cannula was placed in a deep antecubital vein for 

prehydration (15). U.S. Reference E. coli endotoxin (Escherichia coli O:113, Clinical 

Center Reference Endotoxin, National Institute of Health, Bethesda, MD (LPS)) 

was administered as a bolus infusion in 1 minute (2 ng/kg) at t=0 hrs, after vortex 

mixing for 30 minutes. The protocol is illustrated in Figure 2.

-4   -2 0 2      3       4 6    8 9      12      24

0    5   20   80        0   0.6   2    6         0   0.03 0.1 0.3
Acetylcholine     Nitroprusside Norepinephrine

LPS administration

Study Protocol

0    5   20   80        0   0.6   2    6         0   0.03 0.1 0.3
Acetylcholine     Nitroprusside Norepinephrine

Instrumentation
/prehydration

Blood sampling

Urine sampling 

End of experiment

HR/ MAP

Randomisation
7 days prior to the experiment

Day of the experiment

figure 2 Schematic presentation of the endotoxemia experiments.

Analytical procedures

Plasma caffeine and dipyridamole concentrations were determined by reversed-

phase HPLC (16). Circulating adenosine concentrations were measured before 

and during endotoxemia and the activity of the ENT was measured in isolated 

erythrocytes by measuring uridine uptake, as previously described (13;17). 

Concentrations of tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1 receptor 

antagonist (IL1ra), IL-10, intercellular adhesion molecule 1 (ICAM-1), and vascular 

adhesion molecule 1 (VCAM-1) were analyzed batch wise using a Luminex assay 

(Bio-plex cytokine assay, BioRad, Hercules, CA, USA). The antioxidant capacity 

in blood plasma was measured using the ferric reducing ability of plasma (FRAP) 

assay, according to the method of Benzie and Strain (18).

Forearm Blood Flow Measurements

Forearm blood flow (FBF, mL/min/dL) was measured 2 hrs before and 4 hrs after 

LPS administration with venous occlusion plethysmography (Filtrass Domed, 
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Munich, Germany) (19). The vasodilator response to intrabrachial infusion of 

acetylcholine (5-20-80 μg/min/dL) and nitroprusside (0.6-2-6 μg/min/dL), and 

the vasoconstrictor response to norepinephrine (0.03-0.1-0.3 μg/min/dL) was 

quantified(20). Infusion rates of drugs and measurements of forearm blood 

volume were normalized to forearm blood volume and expressed per dL forearm 

volume.

 

Drugs and solution

Acetylcholine (Novartis Pharma, Nurnberg, Germany), and norepinephrine 

(Centrafarm BV, Etten-Leur, The Netherlands) were dissolved in normal saline, 

nitroprusside (Clinical Pharmacy Radboud University Nijmegen Medical Centre) 

was dissolved in a 5% glucose solution. All solutions were freshly prepared at the 

day of the experiment.

Urine Collection

Subjects collected their morning urine before treatment with dipyridamole or 

placebo and on the day of the LPS experiment. After start of the LPS infusion, 

urine was collected in four 3-hrs periods and during the period of 12-24 hrs (See fig 

2). During the sampling period urine was kept on ice. Urine volume was measured, 

and creatinine, glutathione S-transferase (GST) alpha (A1-1) and pi (P1-1), as 

markers of proximal and distal tubule injury, respectively, were measured (21). 

Statistical analyses 

The effect of dipyridamole was analyzed using a repeated measures ANOVA, 

with post-hoc tests for specific time points (Bonferroni). To further substantiate 

the possible mechanism of action of dipyridamole, Pearson correlations were 

conducted to explore the correlation between plasma levels of dipyridamole, 

adenosine, and cytokines. The lines were calculated from linear regression 

analyses. 

The area under the curve (AUC) of the increase in FBF was calculated (before and 

after LPS administration). The LPS-mediated difference was compared between 

groups using an unpaired students t-test. The effect of endotoxemia on FRAP was 

tested using a repeated measures ANOVA. Since data had a Gaussian distribution, 
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data are expressed as mean±SEM, unless specified otherwise. Non-parametric 

data are illustrated as Box and Whiskers. A p value <0.05 was considered 

statistically significant.

RESuLTS

Demographic Characteristics

The demographic characteristics were comparable between groups (Table 1). 

Plasma caffeine concentrations immediately before LPS administration were 

below 0.06 mg/L in both the dipyridamole and placebo group. The incidence of 

side-effects was not significantly different between the dipyridamole and placebo 

group.

Table 1. Demographic characteristics (Mean ± SD)

Placebo (n=10) Dipyridamole (n=10)

Age (yr) 21.4 ± 1.8 22 ± 2.6

Height (m) 1.86 ± 0.1 1.84 ± 0.1

Weight (kg) 84.4 ± 10.6 75.8 ± 8.5

BMI (kg/m2) 24.5 ± 3.9 22.3 ± 1.9

Heart Rate (bpm) 62 ± 7 60 ± 5

MAP (mmHg) 96 ± 4 91 ± 7

Forearm volume (ml) 1190 ± 124 1033 ± 96

Effect of dipyridamole on circulating adenosine

The plasma dipyridamole concentration at the moment of LPS administration 

(t=0) averaged 1.8±0.3 and 0.0±0.0 mg/L for the dipyridamole and placebo group, 

respectively.

Uridine uptake into the erythrocyte via the ENT was profoundly inhibited 

by dipyridamole: from 113±9 nmol/109erythrocytes/min at baseline to 11±2 

nmol/109erythrocytes/min immediately prior to the LPS experiment (p<0.0001). 
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In placebo treated subjects uridine transport was 112±7 nmol/109erythrocytes/

min at baseline and 124±7 nmol/109erythrocytes/min immediately before the LPS 

experiment (p=0.86).

Seven day treatment with dipyridamole resulted in a higher adenosine 

concentration prior to the LPS administration; 22.6±2.7 nmol/mL compared to 

11.1±1.8 nmol/mL in the placebo group (p<0.01). The adenosine concentration 

further increased with 2.1±2.8 and 2.1±0.9 nmol/ml after administration of 

LPS in both groups (p=0.99, difference between both groups). Dipyridamole 

concentrations correlated strongly with peak adenosine concentrations (r=0.82; 

p<0.01, see fig 3a). 
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figure 3 Correlations between A) the dipyridamole concentration at the moment of LPS 
administration and the (peak) adenosine concentration, two hrs after LPS administration, B) the 
peak adenosine concentration and peak IL-10 levels, C) peak IL-10 concentrations and the decline 
in TNF-α levels (t=2 – t=90 minutes after LPS administration) and D) peak IL-10 concentrations and 
the decline in IL-6 levels. 
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INNaTE IMMuNE RESPONSE

Inflammatory parameters during human endotoxemia.

During the first hour after LPS administration, the total white blood cell count 

decreased from 6.2±0.3 to 2.2±0.3 x109/L and from 5.7±0.6 to 2.2±0.3 x109/L for 

dipyridamole and placebo treated subjects, after which there was an increase 

to 13.6±0.7x109/L and 11.9±0.6x109/L at 8 hrs after LPS (p=0.07). Dipyridamole 

treated subjects had significantly higher amounts of circulating monocytes in the 

period of 4-8 hrs after LPS with a peak at 8 hrs after LPS administration (0.64±0.08 

x109/L in dipyridamole treated subjects vs. 0.37±0.03 x109/L in placebo, p=0.04). 

The increase in body temperature after administration of LPS was similar in the 

dipyridamole and placebo group; from 36.5±0.1°C to 38.0±0.2 and from 36.4±0.1 

to 38.2±0.1, respectively (p=0.76 between groups).
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figure 4 Box and whiskers (whiskers: range) of the cytokine response after LPS administration in 
placebo treated subjects (open symbols) and dipyridamole treated subjects (solid symbols), n=10 
subjects per group. The probability values refer to the statistical difference between the placebo 
and dipyridamole treated groups in response to LPS administration, as analyzed with a two-way 
ANOVA. * indicates a p-value < 0.05 between groups, as analyzed with Bonferroni posttest.
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Dipyridamole treatment augmented the IL-10 response during endotoxemia 

(p<0.0001 compared to the placebo group, Fig 4). Moreover, the endogenous 

adenosine concentration two hrs after LPS administration correlated with peak 

levels of IL-10, r=0.88 (p<0.0001) as illustrated in Figure 3b. The LPS-induced 

peak concentrations of pro-inflammatory cytokines were not influenced by 

dipyridamole treatment. In contrast, the decline of TNF-α and IL-6 levels directly 

following their highest value was accelerated in dipyridamole treated subjects 

(p<0.05 and <0.01, respectively, Fig 4). The peak IL-10 levels correlated with the 

decline of TNF-α (r=-0.54, p=0.02), but not with that of IL-6 (r=-0.32; p=0.18), 

Figure 3c and 3d. 

LPS-INDuCeD eND-OrgAN DySFuNCTION

Clinical and hemodynamic parameters during human endotoxemia.

In all volunteers, LPS administration induced the expected flu-like symptoms. 

Experimental endotoxemia resulted in a vasodilatory state, illustrated by a 

decrease in blood pressure and an increase in heart rate and forearm blood flow, 

with a maximum effect at t=4-6 hrs after LPS administration (Table 2). This LPS-

induced cardiovascular response was similar between groups. 

Table 2. Hemodynamic profile in response to endotoxemia (Mean ± SEM)

Placebo Dipyridamole Difference 
between 
groups

Baseline 4-6 hrs after LPS Baseline 4-6 hrs after LPS P-value

HR (bpm) 65 ± 2 84 ± 2* 67 ± 2 89 ± 1* 0.59

SBP (mmHg) 132 ± 1 121 ± 2* 134 ± 2 114 ± 2* 0.29

DBP (mmHg) 76 ± 1 71 ± 2* 74 ± 1 68 ± 1* 0.6

MAP (mmHg) 94 ± 1 87 ± 2* 94 ± 1 83 ± 1* 0.35

FBF mL/min/dL 2.7±0.4 7.3±0.8* 4.3±0.5 8.6±1.2* 0.87

HR indicates heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP mean arterial pressure; 
FBF Forearm blood flow. All LPS-induced changes were significant (* indicates P<0.0001). 
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FBF response to acetylcholine, nitroprusside and norepinephrine

Subjects treated with dipyridamole had a lower baseline FBF (2.7±0.4 vs. 4.3±0.5 

mL/min/dL in placebo-treated participants p=0.03). This baseline difference 

disappeared after LPS administration, 7.3±0.8 in the dipyridamole-group vs. 

8.6±1.2 mL/min/dL in the placebo-group. There were no significant changes in 

FBF in the non-infused forearm during the intrabrachial infusions of acetylcholine, 

nitroprusside, and norepinephrine, excluding systemic hemodynamic effects of 

these drugs. As shown in Figure 5, endothelium-dependent (A) and independent 

vasodilatation (B) as well as norepinephrine-induced vasoconstriction (C) 

was significantly impaired following endotoxemia. There were no significant 

differences between the treatment groups. 
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figure 5 Dose-response curve of intrabrachial infusion of A) acethylcoline B) nitroprusside and 
C) norepinephrine on FBF before (open symbols, dotted line) and 4 hrs after administration of 
2 ng/kg E coli LPS (solid symbols). Data are presented as percentages of baseline FBF of the 
intervention arm (mean±SEM; n=10 per group). Left panel, shows placebo treated subjects, right 
panel subjects treated with dipyridamole. The probability values refer to the statistical difference 
between the dose-response curves as analyzed with two-way ANOVA.
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Circulating adhesion molecules

Baseline plasma levels of ICAM and VCAM tended to be higher in dipyridamole 

treated subjects (ICAM: dipyridamole 12.0±0.7 x 104 pg/mL vs. placebo 10.0±0.7 

x 104 pg/mL (p=0.05), VCAM: dipyridamole 19.1±1.2 x 104 pg/mL vs. placebo 

16.5±0.7 x 104 pg/mL (p=0.08)). Both ICAM and VCAM levels increased after 

LPS administration (p<0.0001), but dipyridamole treatment did not affect the 

endotoxemia-induced increase in ICAM and VCAM levels (difference between 

groups; p=0.31 and p=0.90 respectively).

Oxidative stress

The total antioxidant capacity as measured with FRAP increased during the first 

two hrs following endotoxemia from 0.96±0.04 to 1.00±0.03 mmol/L and from 

1.06±0.05 to 1.16±0.05 mmol/L (p=0.08 and p=0.02 for dipyridamole and placebo 

groups, respectively). There was no significant difference in FRAP between both 

groups (p=0.36, Fig 6). 
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figure 6 Box and whiskers (whiskers: range) of the endotoxemia-induced changes in FRAP. FRAP 
increases during endotoxemia, in both dipyridamole and placebo treated subjects, p=0.08 and 
0.02 respectively. No difference between groups were found, as analyzed with two-way ANOVA, 
p=036.
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Renal injury

Endotoxemia resulted in a cumulative GSTA1-1 excretion of 11.2 [6.2-13.0] μg 

compared to 5.1 [3.9-9.4] μg 12 hrs after LPS administration in dipyridamole and 

placebo treated subjects, respectively. Cumulative GSTP1-1excretion was 6.4 

[5.4-7.8] μg and 6.3 [4.5-8.0] μg, respectively. There were no differences between 

the LPS-induced increase between both groups (p=0.07 and p=0.44, respectively).

DISCuSSION

In the current study, we show for the first time in humans in vivo that oral 

treatment with the nucleoside transport inhibitor dipyridamole augments the 

anti-inflammatory response of the innate immune system during experimental 

endotoxemia. Treatment with dipyridamole effectively blocked nucleoside uptake 

and resulted in a significant increase in the circulating endogenous adenosine 

concentration. In the dipyridamole treated subjects, the anti-inflammatory IL-

10 response to LPS administration was highly augmented, and was associated 

with an accelerated decline of the pro-inflammatory cytokines TNF-α and IL-6 

following their initial increase. We demonstrated that dipyridamole concentrations 

correlated with adenosine concentrations, that higher adenosine concentrations 

were associated with higher IL-10 concentrations, and that higher IL-10 levels 

were associated with a more pronounced decline of TNF-α. These subsequent 

correlations suggest that the immunomodulating effects of dipyridamole are 

mediated through the adenosine pathway.

The purine nucleoside adenosine is a well-known endogenous signaling molecule 

with potent anti-inflammatory and tissue-protective properties (1;22;23). During 

systemic inflammation, the endogenous adenosine concentration rapidly 

increases (3;24), with circulating concentrations doubled during experimental 

human endotoxemia (17) and increasing up to tenfold in septic shock patients 

(3). However, interpretation of these measurements needs to be addressed with 

caution since adenosine measurement is notoriously troublesome (25). Subsequent 

stimulation of membrane-bound adenosine receptors may act as a negative 
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feedback mechanism to control and curtail the inflammatory response and to 

attenuate further organ damage. Indeed, animal studies have previously shown 

that adenosine plays a pivotal role in the protection of tissue against damage from 

excessive inflammation, e.g., during sepsis (4;5). In addition, the administration 

of adenosine receptor agonists potently limits inflammation in murine models 

of systemic inflammation (5;6). Human data on the role of adenosine during 

systemic inflammation are scarce. Continuous intravenous administration 

of adenosine attenuated the IL-6 response during human endotoxemia (26). 

However, therapeutic administration of adenosine is cumbersome, because 

of the extremely short half-life of adenosine, the hemodynamic effects during 

systemic administration, and because the endothelium acts as a strong metabolic 

barrier for adenosine, preventing adenosine entering the interstitial compartment 

(27). As such, the plasma concentration of adenosine does not represent tissue 

interstitial concentrations of adenosine. This is relevant, since resident tissue 

macrophages appear to be the major source of circulating cytokines. By 

preventing cellular uptake of adenosine, dipyridamole increases the endogenous 

extracellular adenosine concentration mainly in those tissues where extracellular 

adenosine formation is increased, i.e. at the site of inflammation. Therefore, we 

hypothesized that dipyridamole controls inflammation more effectively than 

exogenous adenosine, with fewer hemodynamic side effects. 

Our results are in accordance with previous in vitro and animal experiments on 

the immunomodulating effect of nucleoside transport inhibition. Dipyridamole 

enhances the LPS-induced IL-10 production (28), and attenuates the production of 

TNF-α (29) and other pro-inflammatory cytokines in human cultured mononuclear 

cells. Furthermore, dipyridamole therapy in patients undergoing coronary artery 

bypass grafting inhibited postoperative ex vivo polymorphonuclear cell adhesion 

to endothelial cells (30). Also in animal studies, administration of ENT inhibitors 

limited the inflammatory response and reduced tissue injury in situations of severe 

inflammation (9-11). Of importance, these effects were abolished by concomitant 

administration of adenosine A2a receptor antagonists (31). 

The immune-modulating effects of dipyridamole are sparsely studied in humans in 

vivo. We have previously shown that dipyridamole reduces ischemia-reperfusion 
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injury in healthy volunteers (13). To our knowledge, apart from a small study in 

patients with rheumatoid arthritis (32), dipyridamole has never been tested in 

situations of generalized inflammation. In this latter study dipyridamole was 

not found to reduce inflammation (32), but a clear conclusion is not possible as it 

appears likely that this study was underpowered.

 

In our study, treatment with dipyridamole profoundly enhanced the anti-

inflammatory IL-10 response during endotoxemia. IL-10 is produced by cells 

of the innate immune system and is able to inhibit the synthesis of various pro-

inflammatory cytokines, including TNF-α, in an autoregulatory fashion (33). 

In accordance, administration of IL-10 protects mice from lethal endotoxemia 

(34), and IL-10 knockout mice have a more pronounced hemodynamic response 

to LPS administration (35). Given the strong association between the plasma 

adenosine and IL-10 concentration, we propose that dipyridamole augments the 

IL-10 response by increasing the endogenous adenosine concentration. Indeed, 

animal studies have shown that adenosine receptor agonists augment the IL-10 

response to LPS (6). In accordance with the anti-inflammatory role of IL-10, we 

observed a more rapid decrease in plasma TNF-α and IL-6 following the peak 

concentrations of these pro-inflammatory cytokines. In contrast, peak plasma 

levels of TNF-α and IL-6 were not affected by dipyridamole. It appears plausible 

that this initial pro-inflammatory response is needed as a stimulus for increased 

adenosine formation at the site of inflammation. Dipyridamole may therefore 

only enhance the anti-inflammatory properties of adenosine directly following 

the initial pro-inflammatory insult. In our study dipyridamole increased the 

baseline plasma adenosine concentration, but did not augment the LPS-induced 

increase in adenosine. This may be explained by the fact that adenosine can be 

highly compartmentalized, as described above. 

Despite the observation that treatment with dipyridamole modulates the plasma 

cytokine response during endotoxemia towards a more anti-inflammatory profile, 

this treatment did not prevent LPS-induced vascular dysfunction and renal injury, 

nor did it influence the LPS-induced increase in FRAP. Our observation that 

endotoxemia increases FRAP concentrations is in accordance with a previously 
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described FRAP increase observed in septic patients (36). We postulate that this 

lack of an effect on organ injury is due to the relatively mild and short-lasting 

inflammatory insult induced during experimental endotoxemia, and it may 

not rule out the possibility that the anti-inflammatory effects of dipyridamole 

prevents organ dysfunction in the setting of a more severe or more persistent pro-

inflammatory insult, such as during sepsis or auto-immune diseases. 

Given the fact that dipyridamole treatment has limited side effects, and modulates 

the innate immune response to a relevant extent, further studies are warranted 

to explore the immunomodulating potential in patients that suffer from systemic 

inflammation. 

CONCLuSION

Seven day oral treatment with dipyridamole is associated with increased 

circulating levels of adenosine and an augmented anti-inflammatory response 

during human experimental endotoxemia that may curtail the release of pro-

inflammatory cytokines. 
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aBSTRaCT

Objective 

Adenosine exerts both anti-inflammatory and tissue protective effects during 

systemic inflammation. While the anti-inflammatory properties may induce 

immunoparalysis and impede bacterial clearance, the tissue protective effects 

might limit organ damage. The effects of a common loss-of-function variant of 

the Adenosine Monophosphate Deaminase 1 gene (AMPD1), which is associated 

with increased adenosine formation, in patients with sepsis are unknown.

Design Prospective cohort, genetic-association study. 

Setting Medical/surgical intensive care units. 

Patients Pneumosepsis patients (n=402) and non-infected patients (n=101) were 

enrolled. 

Measurements and main results 

In pneumosepsis and non-infected control patients, a similar prevalence of the 

34C>T (rs17602729) variant in the AMPD1 gene was found. Univariable logistic 

regression analysis showed a tendency of increased mortality, illustrated by a 

1.5 fold increased risk in CT versus CC carriers with sepsis (OR 1.53; 95% CI 0.95-

2.5). Moreover, carriers of the AMPD1 genotype tended to suffer more from 

multi-organ dysfunction, OR 1.4 (0.84-2.3) and 3.0 (0.66-13.8), for CT and TT 

carriers, respectively. In septic patients with the AMPD1 CT genotype, the ex vivo 

production of TNF-α by LPS-stimulated monocytes was attenuated (p=0.005), 

indicative for more pronounced immunoparalysis in these patients.

Conclusions 

The presence the 34C>T variant of the AMPD1gene is not related to infection 

susceptibility, however it is associated with more pronounced immunoparalysis 

in patients with sepsis, and shows a tendency towards increased occurrence of 

multi-organ dysfunction and mortality. Mechanistically, adenosine-induced 

immunoparalysis may account for this association and the anti-inflammatory 

effects of adenosine seem to overrule its tissue protective effects. 
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INTRODuCTION

Despite considerable progress in healthcare in general, sepsis related mortality 

remains high (1). While it is clear that host predisposition influences the mortality 

during sepsis, to what extent specific genetic variation accounts for the observed 

variability in mortality is unknown. 

Adenosine is a purine nucleoside known for its tissue-protective effects (2;3). 

Animal studies have demonstrated that adenosine also exerts pronounced 

anti-inflammatory properties (4). During systemic inflammation, adenosine 

concentrations increase (5;6), with concentrations up to tenfold in septic 

shock patients (7). However, whether this increase and subsequent inhibition 

of the inflammatory response will influence outcome is uncertain. While an 

overwhelming inflammatory response may lead to organ dysfunction, this 

response is also necessary for bacterial clearance. Hence, inhibition of the 

inflammatory response might also induce more pronounced immunoparalysis 

and bacterial dissemination. 

The tissue-protective properties of adenosine during hypoxia and ischemia are 

well characterized (3;17). Under ischemic circumstances adenosine metabolism 

changes rapidly leading to a profound increase in extracellular adenosine 

concentration (8;9). An important source of intracellular adenosine is the 

dephosphorylation of adenosine monophosphate (AMP). The enzyme AMP 

deaminase (AMPD) catalyzes the conversion of AMP into inosine monophosphate 

(IMP). Interestingly, a common 34C>T loss-of-function variant the AMPD1 gene 

is known to augment adenosine formation during ischemia by increased AMP 

availability (10). This variant is associated with improved prognosis in patients with 

coronary artery disease (11) and heart failure (12). It appears plausible that the 

tissue-protective effects of adenosine account for the observed improved clinical 

outcome in these cardiac patients. In sepsis patients, however, these tissue-

protective effects of adenosine might be counteracted by adenosine-induced 

paralysis of the immune system, which can interfere with bacterial clearance. 
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In the present study, we investigated whether the 34C>T variant of the AMPD1 

gene influences the susceptibility to develop sepsis, the occurrence of multi-organ 

dysfunction and 28-day mortality in septic patients. In addition, the effects of the 

AMPD1 variant on the innate immune response were evaluated.

PaTIENTS aND METHODS

Sepsis patients

Four-hundred and two patients were enrolled in a prospective study conducted 

in the period January 2008 until January 2010 at departments participating in the 

Hellenic Sepsis Study Group (www.sepsis.gr); sixteen departments of Internal 

Medicine and four Intensive Care Units (ICUs) were involved. The study protocol 

was approved by the Ethics Committees of all participating hospitals. Written 

informed consent was obtained from all patients or from first-degree relatives 

of patients unable to consent. Apart from other relevant co-variates, mortality 

in sepsis patients is related to the primary site of infection. To obtain a relatively 

homogeneous group, patients with pulmonary infections were selected for 

this study. Inclusion criteria were, age >18 years, the concomitant presence of 

(i) community acquired pneumonia (CAP) or ventilator-associated pneumonia 

(VAP) and (ii) sepsis, severe sepsis, or septic shock (13). Exclusion criteria were, the 

presence of (i) neutropenia (<500 neutrophils per mm3), (ii) HIV infection, and (iii) 

oral intake of corticosteroids at a dose ≥1 mg/kg prednisone (or equivalent dose 

of another glucocorticoid) for a period greater than 1 month. Enrolled patients 

were all followed-up for 28 days. Diagnosis of CAP was established for patients 

presenting all of the following criteria: a) lack of hospitalization or contact with 

health services the last 90 days; b) presence of at least two of the following signs of 

lower respiratory tract infection: cough, dyspnea, purulent sputum, auscultatory 

rales; and c) new consolidation on chest X-ray. VAP was diagnosed in patients 

intubated and under mechanical ventilation for at least 48 h before diagnosis of 

sepsis having the following two signs a) purulent tracheobronchial secretions; 

and b) new consolidation in chest X-ray. The following information was recorded: 

presence of multi-organ dysfunction syndrome (MODS) defined as the failure of 
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two or more organs necessitating intervention; the type of failing organs, Acute 

Physiology and Chronic Health Evaluation (APACHE) II score, Sequential Organ 

Failure Assessment (SOFA) score, white blood cell counts, blood gases, and 28-

day mortality.

Monocyte isolation and cytokine measurements 

Whole blood was sampled within the first 24 hours after development of signs 

of sepsis by vena puncture of a forearm vein. Three mls of blood were collected 

into EDTA-coated tubes (Vacutainer, Becton Dickinson, Cockeysville Md, USA) 

and used for DNA isolation. Serum was kept at -800C until analyses. Another 

five mls of whole blood were sampled from patients with VAP and collected into 

heparin-coated tubes for isolation of monocytes for ex vivo stimulation assays. 

Briefly, after gradient centrifugation of whole blood over Ficoll (Biochrom, Berlin, 

Germany), the peripheral blood mononuclear cells were collected. After three 

serial washings, they were plated for 30 minutes into 25 cm3 flasks with 1640RPMI 

(Biochrom) supplemented with 2mM glutamine, 100 U/ml of penicillin G and 

0.1mg/ml of gentamycin to allow firm adherence of monocytes on the plastic 

surface. The supernatant of the flask was discarded and adherent monocytes were 

harvested with 0.02%EDTA/0.2% trypsin. Monocytes were distributed into wells 

and incubated for 24 hours at 370C in 5% CO2 with RPMI1640 supplemented with 

2mM glutamate, 10% Fetal Bovine Serum (Biochrom), 100 U/ml penicillin G and 

0.1 mg/ml glutamine in the absence and presence of 1 ng/ml of lipopolysaccharide 

(LPS) of Escherichia coli O55:B5 (Sigma Co, St.Louis, USA). At the end of the 

incubation, plates were centrifuged and supernatants were collected and stored 

at -800C until analyses.

Cytokines were measured by a commercially available enzyme immunoassay 

(R&D Minneapolis Inc, USA) according to the instructions of the manufacturer. 

The lower limits of detection were 20 pg/ml for tumour necrosis factor-alpha 

(TNF-α) and interleukin (IL)-6; 62.5 pg/ml for IL-8; and 25 pg/ml for IL-10. Results 

for monocyte supernatants were expressed as pg/104 cells. The fold increase 

in cytokine concentration before and after stimulation with LPS was taken to 

determine the extent of immunoparalysis.
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Control patients

A total of 101 patients were used as control group to determine AMPD1-associated 

sepsis susceptibility. They were selected among patients hospitalized at the same 

time as the enrolled patients, with the following characteristics: a) matching for 

age and sex; b) not suffering from any infection.

Molecular analysis

All DNA and RNA analyses were performed in a quality certified laboratory at the 

department of Human Genetics at the Radboud University Nijmegen Medical 

Centre in Nijmegen, The Netherlands.

Genotyping of the AMPD1 34C>T polymorphism

Genomic DNA was extracted from peripheral venous blood using Qiagen Mini 

Isolation kit (Qiagen, Venlo, The Netherlands). All septic patients and 101 control 

patients were genotyped for the polymorphism rs17602729 using a TaqMan SNP 

genotyping assay (C__33603912_10) on the 7500 Fast Real-Time PCR system 

(Applied Biosystems, Foster City, CA, USA). Results were analyzed using the 

Allelic Discrimination software version 1.4 (Applied Biosystems). Five percent 

of the samples were analyzed in duplicate as quality control, all genotypes were 

concordant. 

Statistical analysis

Statistical analyses were done using Intercooled Stata version 9.2 and SPSS 

(version 18). Differences in characteristics among the sepsis and control survivors 

and non-survivors were tested by Chi-square tests, T-tests, or Mann-Whitney U 

tests, as appropriate.

The association between the AMPD1 34C>T variant and sepsis susceptibility and 

mortality was evaluated by uni- and multivariable logistic regression analysis 

under a genotypic model. Analyses were stratified and/or adjusted for type of 

pneumonia (CAP/VAP) and severity of sepsis (i.e. sepsis, severe sepsis, or septic 

shock). Comparisons of LPS-stimulated cytokine concentrations were done by 

Mann-Whitney U-tests. A value of p<0.05 was considered significant.
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RESuLTS

Patient characteristics

Table 1 presents the clinical characteristics of enrolled sepsis patients. Of the total 

of 402 sepsis patients, 285 patients had CAP and 117 suffered from VAP; from 

these patients 131 (32.6%) developed MODS and 136 patients (34%) died within 

28 days. In this cohort, several known risk factors were significantly associated 

with an increased mortality, including APACHE II score, sepsis severity, and the 

presence of MODS. 

Table 1. Patient characteristics

CC (n=304) CT (n=91) TT (n=7) p

Male (%) 200 (65.8) 56 (61.5) 3 (42.9) 0.368

Age (years, mean ± SD) 67.1 ± 18.1 68.2 ± 19.9 69.1 ± 21.0 0.980

Underlying infection number (%)

Community-acquired pneumonia 205 (71.9) 74 (26.0) 6 (2.1)

Ventilator-associated pneumonia 99 (84.6) 17 (14.5) 1 (0.9)

APACHE II score (mean±SD) 17.4 ± 7.7 18.1 ± 8.4 18.4 ± 6.5 0.706

SOFA score (mean±SD) 6.41 ± 3.68 6.89 ± 3.57 6.14 ± 2.61 0.567

pO2/FiO2 (mean±SD, mmHg) 236.3 ± 105.9 232.7 ± 116.2 300.4 ± 186.2 0.295

Severity of sepsis (number, %) 0.518

Uncomplicated sepsis 132 (43.4) 32 (35.2) 2 (28.6)

Severe sepsis 88 (28.9) 27 (29.7) 3 (42.9)

Septic shock 84 (27.6) 32 (35.2) 2 (28.6)

Mortality (number of deaths, %) 97 (31.9) 38 (41.8) 1 (14.3) 0.119

Genotype frequencies in control patients

From the total of 101 control patients, 83.2% (n=84) carried the CC genotype, 

14.9% (n=15) the CT genotype and 2.0% (n=2) the TT genotype. From the total of 

402 patients, 75.6% (n=304) carried the CC, 22.6% (n=91) the CT, and 1.7% (n=7) 

the TT genotype. The genotype distributions were in Hardy-Weinberg equilibrium 
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for controls (p=0.19) as well as patients (p=0.94). No statistically significant 

differences in genotype distribution were found between the two groups (p=0.23) 

indicating that the studied polymorphism is not related with susceptibility to 

pneumonia-related sepsis.
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figure 1 Kaplan-Meier curve for 402 sepsis patients. Each line represents one of the three AMPD1 
34C>T genotypes.

Association between genotype and 28-day mortality in sepsis patients

Results for the association analyses are summarized in Table 2. Univariable logistic 

regression analysis showed a tendency for increased mortality, illustrated by a 1.5 

fold increased risk in CT versus CC carriers (OR 1.53; 95% CI 0.95-2.5), Figure 1. As 

only 7 patients carried the TT genotype, no conclusions can be drawn from the 

regression analysis of the patientgroup with this genotype. Type of pneumonia 

(CAP/VAP) did not significantly affect mortality risk and multivariable analyses 

showed that effect estimates did not change after adjustment for type of 

pneumonia. As expected, severity of sepsis showed a strong association with 28-

day mortality, and although the effects of the CT genotype appeared to be the 

most pronounced in the septic shock group, sepsis severity did not significantly 

modulate the effects of the 34 C>T SNP (illustrated in Figure 2).
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Table 2. Association analyses for the 34C>T variant in the AMPD1 gene

genotype

Total CC CT  TT 

All patients (n) 402 304 91 7

Survivors 266 207 53 6

Non-survivors 136 97 38 1

Crude OR (95% CI) - Ref 1.53 (0.95-2.5) 0.36 (0.04-3.0)

OR corrected for CAP/VAP (95% CI) - Ref 1.49 (0.91-2.4) 0.34 (0.4-2.9)

OR corrected for sepsis severity (95% CI) - Ref 1.46 (0.86-2.5) 0.19 (0.02-1.7)

OR: odds ratio, Ref: reference genotype

0 10 20 30
20

40

60

80

100

Severe Sepsis

0 10 20 30
20

40

60

80

100

Sepsis

0 10 20 30
20

40

60

80

100

Septic Shock

Pe
rc

en
t s

ur
vi

va
l

Time (days)

figure 2 Kaplan-Meier curves for the sepsis subgroups. Black line is the patient group carrying the 
CC genotype of the AMPD1 34C>T variant, dotted line the CT group and the grey line represents 
the TT group.

Association between genotype and organ dysfunction

Figure 3 shows that the incidence of MODS tended to be higher in CT patient 

compared to CC patients (OR 1.4 (0.84-2.3)). In TT carriers, MODS also tended 

to be higher compared to CC patients (3.0 (0.66-13.8)), however, again no firm 

conclusions can be drawn due to the small group size.
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figure 3 Percentage MODS per genotype and the corresponding ORs (CI).

Association between genotype and measures of the innate immune response

There were no significant differences in circulating plasma levels of both the pro-

inflammatory cytokines TNF-α, IL-6, and IL-8, as well as the anti-inflammatory 

cytokine IL-10, measured within the first 24 hours after the onset of sepsis, 

between carriers of the CT and TT genotype compared to wild type (CC) patients 

(data not shown). 

Baseline monocytic cytokine production, before stimulation with LPS, was not 

significantly different between patients carrying the CC genotype and those 

carrying the CT genotype (median TNF-α 27.0 pg/104 cells and 50.1 pg/104 cells, 

p=0.098 and median IL-6 20.3 pg/104 cells and 9.1 pg/104 cells respectively, 

p=0.338). LPS-stimulated monocytes of patients carrying the CT genotype 

produced significantly less TNF-α compared to CC carriers (p=0.005, Figure 5), 

illustrating more pronounced immunoparalysis in CT carriers. Within the CC 

carriers, the production of TNF-α and IL-6 was significantly lower in CC-non-

survivors compared with CC survivors (mean increase, 6.6 and 8.7 fold for TNF-α 

respectively, and mean increase of 26.2 and 33.2-fold for IL-6 respectively, p=0.044 
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and p=0.023, respectively). In contrast, no significant difference was found in both 

TNF-α and IL-6 production between survivors and non-survivors in carriers of the 

CT genotype.
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figure 4 Fold increase in the production of tumor necrosis factor-alpha (TNF-α) and of interleukin 
(IL)-6 in monocyte supernatants isolated within the first 24 hours after development of sepsis from 
patients with VAP in relation to their AMPD1 34C>T genotype. Statistically significant differences 
are indicated (NS=not significant).

DISCuSSION

In the present study, we demonstrate for the first time that the common 34C>T 

variant of the AMPD1 gene is associated with more pronounced immunoparalysis 

during sepsis, determined by ex vivo stimulation of isolated monocytes. As both 

the development of MODS and mortality tended to be higher in this group, these 

results suggest that the anti-inflammatory effects of adenosine are deleterious in 

sepsis patients and override its known tissue-protective effects. 

In an attempt to explain the large variability in outcome in patients with sepsis, 

several studies have explored the association between genetic polymorphisms 

and outcome. Predominantly genes encoding for cytokines and coagulation have 

been investigated, but none of these studies show a significant association (14;15). 

In the present study we focused on the adenosine system, which plays a pivotal 

role in the modulation of inflammation (6;16) and also exerts direct and indirect 

tissue-protective effects (3;17). In Caucasians, approximately 20% of subjects are 



180

heterozygous for the 34C>T variant of the AMPD1 gene, encoding a premature 

stopcodon, which results in a dysfunctional enzyme (18). Subjects heterozygous 

for this variant appear to have a 50% reduction in enzyme activity (19). A reduced 

AMPD activity increases intracellular AMP availability, which is subsequently 

converted into adenosine (10;19). Moreover, during inflammation the intracellular 

degradation of adenosine is also attenuated (20), which potentially further 

increases the endogenous adenosine concentration in carriers of the loss of 

function variant in AMPD1. 

Recent cardiovascular studies have shown that the 34C>T variant is strongly 

associated with the prognosis of patients with coronary artery disease (11) or 

heart failure (12). Patients with this variant allele have a better prognosis, which 

is most probably caused by increased adenosine receptor stimulation during 

ischemia, which is known to protect tissues against ischemia-reperfusion injury 

(10). The effect of the AMPD1 variant on outcome in patients suffering from 

infection and inflammation has never been studied. Importantly, apart from the 

described tissue-protective effects, adenosine has pronounced anti-inflammatory 

properties. Based on animal models of sepsis (4), increased adenosine receptor 

stimulation may limit inflammation-induced tissue injury, but may also worsen 

outcome by augmenting sepsis-induced immunoparalysis and consequently 

impeding bacterial clearance. Hence, the net effect of the polymorphism on 

outcome in sepsis patients could turn out to be positive or negative.

In the present work, we observed a strong tendency towards increased occurrence 

of MODS and increased mortality in sepsis patients carrying the T allele of the 

34C>T variant. Moreover, although we did not find differences in circulating pro-

inflammatory cytokines between the CC and CT genotype groups in the first 24 

hours following sepsis, TNF-α production by ex vivo stimulated leukocytes was 

impaired in patients carrying the CT genotype, indicating the presence of more 

pronounced immunoparalysis in patients with this variant. The attenuated ex vivo 

immune response in CT patients was comparable with that of non-survivors in 

the CC group, further substantiating the relation between immunoparalysis and 

outcome (21). Based on existing data from animal experiments (4;22;23) and the 
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present human data it appears that increased adenosine receptor stimulation 

induces anti-inflammatory effects, resulting in more pronounced immunoparalysis 

and worse outcome during infection. Theoretically, increased adenosine receptor 

stimulation and the consequent immunoparalysis interferes with bacterial 

clearance, but this hypothesis will be difficult to confirm in humans. Overall, these 

results indicate that the known tissue-protective effects as observed in cardiac 

patients and that are associated with increased adenosine levels appear to be 

outbalanced by the detrimental effects of adenosine-induced immunoparalysis in 

sepsis patients. 

We previously studied the effect of the 34C>T variant on inflammation during 

human experimental endotoxemia (5). In this study, the 34C>T variant of 

AMPD1 did not alter the inflammatory response during experimental human 

endotoxemia. The most logical explanation for this contrasting finding is the mild 

degree and short duration of systemic inflammation in the endotoxemia model 

(24). Moreover, in the present study we did not observe an association between 

the variant and susceptibility for sepsis. Also, in the sepsis severity subgroups 

there were no differences in the genotype frequencies of the 34C>T variant. 

These results suggest that AMPD1 deficiency is not associated with increased 

susceptibility towards developing sepsis. 

In sepsis patients, an association between the circulating adenosine 

concentrations and the severity of sepsis was previously reported (7). Moreover, 

increased adenosine concentrations were shown to be associated with mortality 

during sepsis, with much higher values being found in non-survivors with similar 

disease severity (7). Whether the increase in adenosine concentrations is a 

consequence of the severity of inflammation in the most severely ill patients or 

is related to their unfavorable outcome was not clear. The results of the present 

study suggest that increased adenosine concentrations during sepsis are not just 

an epiphenomenon or consequence of disease severity, but represent a causative 

factor for the development or aggravation of immunoparalysis, development of 

MODS and death. In keeping with the association between sepsis severity and 

adenosine concentrations, our subgroup analysis demonstrated that the survival 
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difference tends to be most evident in the septic shock group, in which the highest 

circulating adenosine concentrations are anticipated (7), but these differences 

were not statistically significant, likely related to the relatively small number of 

patients studied. 

 

A limitation of our study is that we did not measure plasma adenosine 

concentrations. Measurement of endogenous adenosine is cumbersome because 

of its extremely short half-life of approximately 1 second (25). Therefore, special 

measures at the time of blood withdrawal have to be taken to immediately prevent 

adenosine cellular reuptake, formation, and degradation (25). Sample collection 

for the present study was conducted in many different centers and therefore it 

was not feasible to determine plasma adenosine concentrations. Strengths of 

this study include the combination of genetic and functional data suggesting a 

causative explanation for the observed effects on mortality.

CONCLuSION

The common variant in the AMPD1 gene is associated with the development of 

more pronounced immunoparalysis in patients with sepsis, and shows a strong 

tendency towards increased occurrence of MODS and mortality. Mechanistically, 

adenosine-induced immunosuppression may account for this association and 

these anti-inflammatory effects of adenosine seem to overrule its tissue protective 

effects. 
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aBSTRaCT ORIGINaL aRTICLE

IMMuNOMODuLaTORy PROPERTIES Of PENTOxIfyLLINE aRE MEDIaTED 

vIa aDENOSINE-DEPENDENT PaTHWayS

Simone Kreth, Carola Ledderose, Benjamin Luchting, Florian Weis, and Manfred Thiel

The phosphodiesterase inhibitor pentoxifylline (PTX) exerts multiple beneficial 

immunomodulatory effects in states of hyperinflammation. However, the 

exact mechanism of action still remains elusive, and the clinical effects of PTX 

cannot be reliably predicted. In immune cells, the G protein-coupled adenosine 

A2a receptor (A2AR) exerts strong anti-inflammatory effects. As PTX amplifies 

signaling pathways downstream of Gs protein-coupled receptors, the A2AR 

signaling pathway might be involved in the mediation of immune-suppressive 

effects of PTX. Here, we investigated this assumption in LPS-stimulated human 

polymorphonuclear (PMN) leukocytes and in anti-CD3/CD28-stimulated human 

T-cells. In stimulated PMN leukocytes, PTX treatment led to a 4.5-fold decrease 

of the 50% inhibitory concentrations of adenosine on the H2O2 production; i.e., 

for adenosine plus PTX (in clinically relevant concentrations), an over additive 

increase of inhibitory effects from less than 20% (estimated for each) to 56% (±5%) 

was found. In T-cells, adenosine plus PTX revealed similar synergistic inhibitory 

effects on pro-inflammatory cytokine production. Inhibition of interferon-γ 

and TNF-α production increased from 7% (±1%) and 31% (±6%) (PTX alone) to 

49% (±2%) and 69% (±6%), respectively. In T-cells and PMN leukocytes, mRNA 

transcription of the A2AR was significantly increased upon stimulation, which was 

not influenced by PTX. In human PMN leukocytes and T-cells, clinically relevant 

anti-inflammatory effects of PTX can be achieved only in the presence of sufficient 

adenosine concentrations. Sufficient adenosine levels might be a prerequisite for 

the accessibility of sepsis patients to treatment with PTX.
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TO THE EDITOR

Sepsis, the systemic inflammatory response syndrome that occurs during an 

infection, is associated with considerable morbidity and mortality in non-cardiac 

ICU. The initial pro-inflammatory response can be overwhelming leading to 

collateral tissue damage in the host, suggesting that the innate immune response, 

rather than the nature of the pathogen itself determines the outcome of a septic 

patient. During the past decade a wide variety of studies focused on blockade of 

pro-inflammatory mediators, e.g., interleukin-1 receptor antagonists, anti-TNF 

antibodies, soluble TNF receptors, none however improved mortality rates (1). 

Possibly, dampening of the innate immune response rather than blocking it, will 

yield better results. 

Following the initial insult and immune response, sepsis induces a pronounced 

and sustained immune paralysis resulting in a higher susceptibility to secondary 

infections accounting for increased mortality rates in this phase of the disease. 

Recently, it was proposed that the next major advance in sepsis treatment could 

be not the attenuation, but the preservation of the immune response (2). These 

observations illustrate that apart from source control and antibiotic therapy, 

adjuvant immunomodulating therapies are of interest and may contain future 

therapeutic potential. 

In this issue of Shock, Kreth et al. (3) describe a potential role for pentoxifylline 

(PTX) as an immunomodulating agent able to attenuate the inflammatory 

response during sepsis. PTX is a xanthine derivative, that exerts its anti-

inflammatory effects through phosphodiesterase inhibition. PTX has been 

intensively studied in cardiovascular diseases, where it has demonstrated to 

decrease TNFα levels associated with an improved left ventricular pump function 

in patients with advanced heart failure (4). The mode of action of PTX is, however, 

still not fully known. Several theories have emerged, including modulation of a) the 

translocation of calcium ions, b) inhibition of phosphodiesterase, thereby increasing 

intracellular cyclic AMP (cAMP) concentrations, c) interaction with the adenosine 

receptor or inhibition of adenosine uptake and, d) interaction with prostaglandin 

metabolism (5). Kreth et al suggest that the anti-inflammatory properties of PTX 
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are mediated by adenosine, more specifically via the adenosine A2a receptor (A2aR) 

pathway. Adenosine is able to increase the cAMP concentration through A2aR and 

A2bR agonism leading to its anti-inflammatory effects. Possibly, in the presence 

of PTX, the adenosine-induced increase in cAMP is not diminished since cAMP 

is not being hydrolyzed to ADP in the presence of PTX. Next, a sufficient amount 

of cAMP will be available to initiate protective signaling pathways explaining the 

synergistic effects described by Kreth et al. Unfortunately, the authors did not use 

specific adenosine receptor antagonists to support this hypothesis.

Although the work of Kreth et al. is of interest, several limitations concerning 

the clinical relevance of this study are present. First, the authors state that 

knowledge of circulating adenosine levels is needed to predict whether a patient 

will be a possible responder to PTX therapy. However, only 50% of the septic 

patients in their study show ’adequately elevated’ adenosine levels. Adenosine 

was first measured in septic patients by Martin et al. (6) in 2000, showing that 

a high plasma adenosine concentration has prognostic value for the outcome 

of septic patients, but is variable in time. Calibration of the severity of illness is 

therefore of the utmost importance in determining the phase of disease, which 

is an extremely difficult task. Second, the reliable determination of extracellular 

adenosine concentrations is cumbersome in daily practice because of two 

reasons: adenosine has an extremely short half-life due to rapid cellular uptake and 

intracellular degradation and the endothelium acts as an active metabolic barrier 

for adenosine. In addition, circulating adenosine concentrations do not represent 

the concentration in the interstitial compartments (7). Also, various techniques 

are used to measure adenosine concentrations, which makes comparisons of 

these studies difficult and hazardous. Standardization of techniques to measure 

the endogenous adenosine concentrations in humans in vivo is needed.

In conclusion, Kreth et al. promote the concept of ’tailored therapies’ for sepsis 

patients, in this case using adenosine levels to predict the efficacy of PTX 

treatment. Considering the difficulties to determine in which phase of his disease 

the patient is currently in, the difficulties associated with the measurements of 

adenosine in daily practice, the fact that only circulating concentrations (and not 
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interstitial concentrations) can be measured, and the lack of clinical evidence 

that PTX treatment will actually improve the outcome of septic patients, this will 

not take place in the near future. Nevertheless, the concept of tailored therapy 

is relevant, deserves further attention, and may result in better future treatment 

options with less side effects. 

REfERENCE LIST

1. Deans,K.J., Haley,M., Natanson,C., Eichacker,P.Q., and Minneci,P.C. 2005. Novel therapies 

for sepsis: a review. J. Trauma 58:867-874.

2. Hotchkiss,R.S., Coopersmith,C.M., McDunn,J.E., and Ferguson,T.A. 2009. The sepsis seesaw: 

tilting toward immunosuppression . Nat. Med. 15:496-497.

3. Kreth,S., Luchting,B., Weis,F., Ledderose,C., and Thiel,M. 2009. Immunomodulatory 

properties of pentoxifilline are mediated via adenosine dependent pathways. Shock.

4. Shaw,S.M., Shah,M.K., Williams,S.G., and Fildes,J.E. 2009. Immunological mechanisms of 

pentoxifylline in chronic heart failure. Eur. J. Heart Fail. 11:113-118.

5. Kamphuis,J., Smits,P., and Thien,T. 1994. Vascular effects of pentoxifylline in humans. J. 

Cardiovasc. Pharmacol. 24:648-654.

6. Martin,C., Leone,M., Viviand,X., Ayem,M.L., and Guieu,R. 2000. High adenosine plasma 

concentration as a prognostic index for outcome in patients with septic shock. Crit Care Med. 

28:3198-3202.

7. Ramakers,B.P., Pickkers,P., Deussen,A., Rongen,G.A., van den,B.P., van der Hoeven,J.G., 

Smits,P., and Riksen,N.P. 2008. Measurement of the endogenous adenosine concentration in 

humans in vivo: methodological considerations. Curr. Drug Metab 9:679-685.





10GenerAl discussion, 
conclusions And 
future perspectives





195

10

GENERaL DISCuSSION

The inflammatory response is elementary for the recognition and elimination of 

invading pathogens. However, during severe or persistent systemic inflammation 

e.g. during sepsis or inflammatory diseases such as rheumatoid arthritis, the 

inflammatory response can also be detrimental to the patient. Finding ways to 

orchestrate the inflammatory response in a tailored fashion could be of great 

therapeutic value, i.e. by potentiating it when necessary to eliminate micro-

organisms, and dampen the response in case of potential collateral tissue damage. 

In the last decades it has become increasingly clear that the signaling molecule 

adenosine has tissue-protective and immunomodulatory properties. Adenosine 

acts as an autocoid: the extracellular concentration of adenosine rapidly increases 

in situations of impending tissue danger, such as ischemia and inflammation, and 

subsequent stimulation of membrane-bound adenosine receptor induces several 

effects, which can protect the affected tissue. Therefore, already in 1983 Newby 

proposed the term ‘retaliatory metabolite’ to describe adenosine’s local protective 

effects (1). By binding to one of its four known receptors, designated A1, A2a, A2b and 

A3, adenosine is able to induce a variety of effects, such as vasodilation, ischemic 

preconditioning, modulation of the sympathetic nervous system activity, and 

inhibition of inflammation. In concert, these effects have the potential to control 

cellular damage and to prevent further organ injury. In chapter 4, we discussed 

in detail how adenosine can modulate the immune response and how this action 

could potentially be exploited in the clinical arena in patients with inflammatory 

diseases such as sepsis.

Measurement of adenosine 

Reliable measurement of circulating adenosine could help to unravel the role of 

adenosine in various (patho)physiological conditions. Because of the short half-

life of adenosine (only a few seconds), this determination is notoriously difficult. 

Hitherto, various techniques are available to measure adenosine concentrations. 

Consequently, estimates of the baseline endogenous adenosine concentration 

vary widely and are dependent on the specific measurement technique used. 

This makes comparisons of different studies notoriously difficult. In chapter 2, 
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we review the literature on adenosine measurements and describe a method 

to accurately determine endogenous adenosine plasma concentrations in vivo. 

In order to reliably do so, it is necessary to rapidly and completely block the 

degradation, formation, and transmembrane transport of adenosine as soon as 

the blood is withdrawn. With the use of a so called “blocker solution”, combined 

with a specially developed syringe system, we were able to determine adenosine 

concentrations with a recovery rate of approximately 98%. 

After validation, we used this technique to measure circulating adenosine 

concentrations in humans in vivo to study the role of adenosine during systemic 

inflammation. In Chapter 3, 6 and 7 of this thesis we demonstrated that during 

experimental human endotoxemia, the endogenous adenosine concentration 

increases within a few hours. This was confirmed in patients with severe sepsis, 

and septic shock, in whom circulating adenosine concentrations were much 

higher than in healthy controls, although the concentration varied widely. 

The interplay between the innate immune response and adenosine

In the second part of this thesis we investigated how inflammation changes 

adenosine metabolism and signaling, both in vitro, as well as in vivo in healthy 

volunteers. We demonstrated that adenosine metabolism changes during 

systemic inflammation. More specific, following experimental endotoxemia, 

the expression of 5’ectonucleotidase (5NT) mRNA, responsible for the formation 

of adenosine, was upregulated, while adenosine deaminase (ADA) mRNA, 

responsible for the deamination of adenosine, was downregulated. Furthermore, 

the activity of both ADA and adenosine kinase (AK), which is responsible for 

adenosine rephosphorylation, was significantly diminished. Furthermore, in vitro, 

LPS dose-dependently attenuated the activity of both ADA and AK. Together with 

recent studies demonstrating similar changes in adenosine metabolism during 

sepsis in mice (2) and in lung tissue of patients suffering from chronic pulmonary 

obstructive disease and idiopathic pulmonary fibrosis (3), this observation 

suggests that attenuation of the degradation of adenosine is responsible for the 

increase in extracellular adenosine, rather than increased extracellular formation. 

Additionally, we demonstrated that the gene expression of the adenosine A2a and 
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A2b receptor, which upon activation have potent anti-inflammatory effects (4-7) 

is increased. In contrast, the gene expression of the adenosine A1 and A3 receptor 

is decreased. These results will help us to develop pharmacological strategies 

to exploit the anti-inflammatory potential of adenosine receptor stimulation in 

patients with severe inflammation.

Adenosine-mediated modulation of inflammation

In the final part of this thesis we demonstrated that adenosine is able to modulate 

the innate immune response both in vitro and in vivo. We showed that the anti-

inflammatory potential of adenosine is dependent not only on the adenosine 

receptor subtype that is stimulated, but also on the specific inflammatory stimulus 

used to evoke the innate immune response. In other words, adenosine could elicit 

differential immunomodulatory effects during sepsis with either Gram-positive 

or Gram-negative bacteria. These finding are important since most studies on 

the anti-inflammatory effects of adenosine are based on endotoxemia-induced 

or coecal-ligation-and-puncture-induced inflammatory responses, which are 

predominantly TLR4 mediated. 

Furthermore, we demonstrated that during systemic inflammation, induced 

by administration of E. Coli LPS, the circulating adenosine concentration 

was increased. Using caffeine as an adenosine receptor antagonist, and by 

investigating subjects with a genetic defect in their adenosine metabolism, we 

demonstrated that this inflammation-induced increase in circulating adenosine 

does not, however, exert significant immunomodulatory effects in this particular 

model. The only other experimental human endotoxemia study concerning the 

immune-modulating effects of adenosine used administration of exogenous 

adenosine (40 μg kg-1 min-1) and showed attenuated IL-6 levels. Unfortunately, 

no plasma adenosine concentrations were measured in that study, although it 

was speculated that blood adenosine levels were at the (sub)micromolar range 

(8;9), that is a factor 1000 higher than our adenosine concentrations, which are in 

the nanomolar range. Also in sepsis patients circulating adenosine concentrations 

are three times higher than endogenous levels during experimental endotoxemia. 

Therefore, the lack of effect of endogenous adenosine in our endotoxemia model 

might be due to the relatively mild increase in circulating adenosine in this model, 



198

and this does not exclude that adenosine limits inflammation in situations of a 

higher adenosine concentration, such as during sepsis. In our study we used the 

non-specific antagonist caffeine. Since caffeine only blocks the adenosine A1, A2a, 

and A2b receptors in the dose we used, stimulation of the adenosine A3 receptor, 

which also exerts anti-inflammatory effects, may have counteracted the blockade 

of the anti-inflammatory effects of adenosine by caffeine (10;11). Although 

specific adenosine receptor antagonists are being developed, these were not 

available for human use at the moment we performed our experiments. Future 

research with these compounds is warranted to further unravel the specific role 

adenosine receptor subtypes play in the immunomodulatory effects of adenosine 

during systemic inflammation.

 

In addition, we studied in a group of volunteers with the common 34C>T variant 

of the AMPD1 gene, the adenosine concentration and (subclinical) end-organ 

damage during endotoxemia. This common polymorphism (prevalence up to 20%) 

encodes a dysfunctional enzyme (12), which is unable to catalyze the intracellular 

conversion of AMP into IMP, resulting in increased intracellular conversion of AMP 

into adenosine and therefore higher extracellular adenosine concentrations. We 

hypothesized that the presence of this SNP increases the extracellular adenosine 

concentration and subsequently attenuates the innate immune response 

through adenosine receptor stimulation. Although presence of the AMPD1 SNP 

is associated with an improved cardiovascular prognosis in patients with coronary 

artery disease (13;14), we were unable to demonstrate any immunomodulatory 

effects following experimental endotoxemia. Although the AMPD1 deficient 

subjects had a significant increase of the endogenous adenosine concentration, 

LPS-induced peak adenosine levels were similar compared to wild-type subjects. 

Moreover, both the immune response as well as subclinical organ injury did not 

differ from wild-type subjects, during experimental human endotoxemia. 

Next, we investigated the relevance of the AMPD1 SNP in sepsis patients. In 

patients with cardiac ischemia, the presence of the AMPD1 SNP is associated 

with an improved prognosis, most likely due to augmented adenosine formation 

during ischemia in these patients (15). 
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In sepsis patients, the AMPD1 SNP may result in increased adenosine levels which 

subsequently attenuate inflammation-induced organ damage. On the other hand, 

however, the anti-inflammatory effects of adenosine may also impair bacterial 

clearance and slow the resolvement of infections. In a large cohort of 402 sepsis 

patients, we demonstrated that the presence of the AMPD1 SNP was associated 

with more pronounced immunoparalysis in patients with sepsis, and shows a 

strong tendency towards increased occurrence of MODS and mortality. Although 

there was no significant difference in circulating cytokines measured within 

the first 24 hours after the onset of sepsis, ex vivo stimulated PBMCs of AMPD1 

deficient patients, had a significantly diminished pro-inflammatory response. 

This is an important finding which demonstrates that potentiating the anti-

inflammatory effects of adenosine is not always beneficial (also see the paragraph 

on the adenosine paradox below). Moreover, these results also suggest that the 

anti-inflammatory effects of adenosine may be deleterious in sepsis patients, and 

even override the possible tissue-protective effects of adenosine. This finding is in 

accordance with a recent study of Nemeth and coworkers, who demonstrated that 

in an animal model of sepsis induced by live bacteria, activation of the adenosine 

A2a receptor increases mortality, due to reduced bacterial clearance (5).

Pharmacological interventions

Several studies have demonstrated that pharmacological interventions interfering 

with adenosine metabolism are able to exert anti-inflammatory effects due to 

increased extracellular adenosine concentrations. In brief, adenosine deaminase or 

adenosine kinase inhibitors are able to attenuate the pro-inflammatory response 

and increase survival during endotoxemia and sepsis in animal models (16-18). 

Furthermore, the use of specific inhibitors of the adenosine transporter, which 

will increase the extracellular adenosine concentration, attenuates inflammation 

and reduces tissue injury in several inflammatory models (19-22). In chapter 7 we 

demonstrated that with the use of dipyridamole, an ENT inhibitor, it is possible to 

enhance circulating plasma adenosine concentrations during human endotoxemia. 

Moreover, this increase in extracellular adenosine concentrations resulted in an 

almost 3-fold increase in the anti-inflammatory cytokine IL-10 concentration. In 

addition, we demonstrated a strong association between dipyridamole levels 
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and adenosine concentrations, adenosine concentrations and the IL-10 response 

and the subsequent reduction in TNF-α levels. With this proof of concept study 

we demonstrated that it is possible to enhance baseline extracellular adenosine 

concentrations, but there was no additional inflammation-induced increase in 

extracellular adenosine. Under normal conditions, the extracellular adenosine 

concentration exceeds the intracellular adenosine concentration. Blockade of the 

ENT will then further increase the extracellular adenosine concentration, since 

intracellular breakdown is avoided, as seen at baseline conditions described above. 

However, during inflammation, both adenosine deaminase and kinase activity is 

diminished, leading to reduced intracellular breakdown, and in turn increased 

extracellular adenosine concentrations (Chapter 3 of this thesis). When this 

concentration gradient shifts towards extracellular, ENT blockade (dipyridamole 

treatment) will not further potentiate the inflammation-induced increase in the 

extracellular adenosine concentration and thus will not further potentiate the 

anti-inflammatory and tissue protective potential of adenosine. 

CONCLuSIONS

 By immediately mixing whole blood, after venous puncture, with 

pharmacological blockers of adenosine formation, transport, and 

degradation, it is possible to reliably determine the circulating adenosine 

concentration in humans in vivo (Chapter 2).

 During inflammation in humans, changes in adenosine metabolism rapidly 

increase the adenosine concentration and, together with an upregulation 

of the A2a and A2b receptor, promotes the anti-inflammatory potential of 

adenosine (Chapter 3).

 The anti-inflammatory potential of adenosine depends on the stimulus 

used to initiate an innate immune response (Chapter 5).
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 During experimental human endotoxemia, the endogenous adenosine 

concentration increases, but blockade of its receptors does not attenuate 

the innate immune response or (sub)clinical organ damage (Chapter 6).

 Seven-day treatment with dipyridamole increases the endogenous 

adenosine concentration and augments the anti-inflammatory response 

during human experimental endotoxemia (Chapter 7).

 The presence the 34C>T variant of the AMPD1 is associated with more 

pronounced immune paralysis in patients with sepsis, and shows a strong 

tendency towards increased occurrence of MODS and mortality (Chapter 8).

CLINICaL aPPLICaTIONS aND fuTuRE PERSPECTIvES

The problem of persistent, chronic or inappropriate inflammation is characteristic 

of many different disorders, such as rheumatoid arthritis, asthma and also sepsis. 

Therefore, the search for new immunomodulatory agents will continue. The key 

to success to treat these diseases lies in our understanding of the body’s own 

mechanism to control inflammation and the accompanying tissue damage. In this 

way we will be able to develop strategies that support the body’s response when 

necessary and inhibit it when detrimental. 

In this thesis we investigated the immunomodulatory role of adenosine during 

the innate immune response. We focused on the ability to attenuate as well as to 

stimulate the immunomodulatory effects of adenosine. 

The adenosine paradox.

With the completion of this thesis, our understanding of how adenosine is able 

to influence the inflammatory response has improved. We demonstrated that 

modulation of the immune response through interference with the adenosine 

system, may exert both beneficial, but also detrimental effects. While adenosine 

receptor stimulation may limit an excessive inflammatory response and associated 
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organ injury during systemic inflammation, inhibition of the immune response 

may exert deleterious effects during active infections. Interestingly, bacteria 

have evolved and now even use the anti-inflammatory potential of adenosine to 

escape both the innate and adaptive defense mechanisms otherwise essential 

for its clearance (23). Recent research shows that Staphylococci are able to 

enhance adenosine formation through membrane bound adenosine synthase 

A (adsA) which harbors two 5NT signature sequences. As such, Staphylococci 

exploit the anti-inflammatory potential of adenosine to attenuate the hosts pro-

inflammatory response and as such enhances its survival. 

So, both adenosine receptor stimulation and inhibition should be addressed with 

caution, especially in patients with active infections. Nonetheless, even in sepsis 

patients, the anti-inflammatory response of adenosine may prove to be useful 

in situations during which antibiotics are started and bacterial clearance is no 

longer an issue. At that moment, down-regulation of the often persistent and 

hyperactive immune response, through adenosine receptor stimulation, might 

prevent further organ damage. When, for example, a patient is admitted to the 

ICU with sepsis/septic shock, adenosine related therapy has a narrow window and 

should only be started when the patient is still in the pro-inflammatory phase but 

active infection is adequately treated with antibiotics. 

Furthermore, with the persistence of sepsis, patients often have reactivation 

of endogenous viruses and develop nosocomial infections with opportunistic 

pathogens. This is explained by a prolonged immunosuppressive state after 

a period of hyperinflammation. In this so called “secondary phase of immune 

paralysis” (24), the patient could benefit from adenosine receptor inhibition to 

prevent further suppression of the immune response. Recently, Hasko and co-

workers demonstrated that antagonism of the adenosine receptor improved 

survival in murine sepsis (5). Thus, both stimulation and inhibition of the 

adenosine-receptor system are promising approaches to improve the outcome 

of sepsis patients, bearing in mind that timing of specific therapy is of paramount 

importance. (Figure 1). 
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Promote adenosine Receptor Stimulation

Inflammatory stimuli/
Infection

Immune response

Bacterial clearance

Down-regulation of immune response

Resolution of immune response

Overactivation of 
Immune response

Uncontrolled tissue damage 
and loss of vital function

Insufficient immune 
response

Persistence of pathogens

Increased infectious 
disease secondary 

infections

The Adenosine Paradox

Inhibition of Adenosine receptor Stimulation

figure 1 The Adenosine Paradox. During prolonged or over-activation of the immune system (left 
side of the figure) adenosine receptor stimulation will attenuate the innate immune response. 
During an insufficient immune response, inhibition of the adenosine receptor system may restore 
the immune response.

Although several immunomodulatory treatment modalities aimed at limiting the 

innate immune response during sepsis, did not succeed, quite a few have proven 

very effective in the treatment of autoimmune diseases, such as rheumatoid 

arthritis. A potential role for adenosine in the treatment of autoimmune diseases, 

such as rheumatoid arthritis is further addressed below. Furthermore, given 

its autocoid properties and the enormous variety of pharmacological tools 

to interfere with adenosine metabolism and signaling, adenosine remains an 

interesting target for future research. 

Pharmacological approaches 

Hitherto, pharmacological approaches that mimic the role of adenosine have 

been extensively evaluated in the field of cardiovascular and pulmonary medicine. 

Numerous clinical trials using specific adenosine receptor agonists (mainly A2a and 
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A3) as well as antagonists have been initiated in several patient groups, but none 

of them focus specifically on sepsis. 

For example, the use of adenosine A2a specific receptor agonists (compound 

CVT-3146) is studied in coronary imaging studies, using the A2a-receptor-induced 

vasodilator effect to induce coronary vasodilatation (25). However, the mechanism 

of action in these studies is vasodilation, a phenomenon which may be undesirable 

in patients with severe inflammation. To prevent unwanted cardiovascular effects, 

in particular hypotension, pharmacists have developed topical formulations 

such as dry powder for inhalation and vehicle gel. Several of these agents have 

been tested. In pulmonary medicine, compound UK-432097 reached phase II 

clinical trials as an agent for the treatment of chronic obstructive pulmonary 

disease (Safety and Efficacy of UK-432,097 In Chronic Obstructive Pulmonary 

Disease. NCT00430300). Sonedenoson (MRE0094) (2-[2-(4-chlorophenyl)ethoxy] 

adenosine) entered phase II clinical trials for induction of healing of diabetic foot 

ulcers (Safety and Efficacy Study of MRE0094 to Treat Large, Single or Multiple, 

Chronic, Neuropathic, Diabetic Foot Ulcers, NCT00318214). GW328267X, an 

A2a receptor agonist in the inhaled form, has been tested for allergic rhinitis 

(26) and asthma (27). Unfortunately, all trials have been terminated because of 

unsatisfactory effects. 

In rheumatoid arthritis (RA) patients, adenosine A2a and A3 receptor density is 

increased (28). Moreover, the highest levels of A2a and A3 density are closely 

associated with the lowest levels of disease activity, suggesting that the 

endogenous activation of these receptors can attenuate the disease activity (28). 

In a phase II trial, in patients with rheumatoid arthritis, treatment with increasing 

dosages of a specific A3 agonist (CF101) was able to improve clinical signs and 

symptoms of rheumatoid arthritis (29) associated with minimal adverse events; 

no relevant hemodynamic adverse effects were observed, except for headache. 

Possibly, specific A2a receptor stimulation would also further attenuate disease 

activity. 

Alternative means of stimulation of the adenosine pathway have also been 

investigated in humans. Potential side-effects of selective adenosine receptor 
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agonists can be mitigated with the use of allosteric enhancers of the adenosine 

receptor. An allosteric enhancer selectively increases the efficacy of endogenous 

adenosine to stimulate receptors in tissues, thereby promoting adenosine receptor 

stimulation mainly at those times and in those tissues where the endogenous 

adenosine concentration is increased, avoiding potential systemic side-effects of 

adenosine receptor agonists. At present, adenosine receptor allosteric modulators 

(e.g. T-62 for chronic pain and migraine headache) are in various stages of human 

clinical trials.

Besides the use of specific adenosine receptor agonists or antagonists (direct 

and allosteric), pharmacological interventions interfering with adenosine 

metabolism might have therapeutic potential. However, to optimize the effects 

of these pharmacological interventions, it is necessary to realize that adenosine 

metabolism itself changes during inflammation. Therefore, inflammation-induced 

changes in adenosine metabolism should be taken into account, when targeting 

the different enzymes and transporters involved in adenosine metabolism. In this 

thesis we demonstrated that adenosine metabolism undergoes adaptive changes 

during systemic inflammation; intracellular metabolism is attenuated, whereas 

the extracellular formation did not change, although the expression of 5NT was 

enhanced. These findings suggest that during systemic inflammation enhanced 

formation of adenosine could potentially increase the extracellular adenosine 

concentration. Moreover, Hasko and co-workers recently demonstrated that 

blockade of 5NT either with the use of KO mice or pharmacological blockade, and 

thus blockade of the formation of adenosine, increases sepsis-induced kidney and 

lung injury and eventually death (30). Furthermore, recent studies demonstrate 

that 3-hydroxy-3-methyl-glutaryl-CoA reductase inhibitors (statins) are able 

to activate ecto-5NT activity (31-33). The use of statins during ICU stay possibly 

reduces hospital mortality, but whether an increase in extracellular adenosine 

accounts for the survival benefit needs to be further explored (34). 

Our findings also suggest that the use of substances that target the intracellular 

metabolism will not have a substantial effect on the extracellular adenosine 

concentration, since the activity of adenosine-degrading enzymes is already 
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reduced during inflammation. In this thesis, we demonstrated that with the use 

of dipyridamole, an adenosine reuptake inhibitor, we were able to augment the 

baseline adenosine concentration, while the inflammation-induced increase in 

extracellular adenosine concentrations was not influenced. Based on the effects 

of inflammation on adenosine metabolism, it appears likely that this is due to 

the inflammation-induced attenuation of intracellular adenosine metabolism, 

which results in an reduced transmembrane gradient, as already discussed 

above. Possibly, this finding also explains why in a small study in 40 patients with 

rheumatoid arthritis, the adenosine re-uptake inhibitor dipyridamole did not 

improve clinical outcome (35). 

Also, the development of specific adenosine receptor agonists as pro-drugs might 

have therapeutic potential. These pro-drugs will only have an effect if the inactive 

form is synthesized (36). Activation of such compounds, e.g. phosphorylated 

forms of agonists, require a dephosphorylation step to become active. Ecto-5NT, 

which is upregulated during inflammation, is such an enzyme and therefore will 

facilitate conversion of phosphorylated pro-drugs in the inflamed tissues. This 

approach may help to achieve desired anti-inflammatory actions and decrease 

unwanted side effects, such as hypotension. To determine whether these new 

potentially therapeutic possibilities are feasible and effective in humans, in vivo 

studies are warranted.

Do we need to start serving coffee at our ICu? 

Caffeine, the world’s most frequently used drug, is a nonselective adenosine 

receptor antagonist. Three of the adenosine receptors, A1, A2a and A2b, form its 

major target. Already in the concentration range achieved following a single 

cup of coffee significant blockade of the three mentioned adenosine receptors 

occurs (37). Previous studies in animal models have shown that caffeine is able 

to potentiate the production of pro-inflammatory cytokines both in vitro (38) and 

in vivo (39) and exacerbate tissue injury during systemic inflammation (40;41). In 

contrast, rats treated with caffeine showed improved survival during CLP-induced 

sepsis (42). Whether enhanced bacterial clearance played a role in the observed 

improved survival is unclear. Given its potent pro-inflammatory effects, it would 
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be worthwhile to investigate its effects during the immunosuppressive phase of 

sepsis when it might help restore the immune balance.

To date, a vast amount of preclinical evidence indicates that adenosine receptor 

stimulation can control excessive inflammation. Albeit targeting of a single receptor 

has provided insight in the role of that specific receptor during inflammation, the 

direct effects of adenosine receptor stimulation or inhibition vary between receptor 

subtypes, cell types, and the different models of inflammation. It is also important 

to realize that adenosine is involved in a wide variety of different physiological 

systems through a complex signaling cascade, besides immunomodulation. 

Nonetheless, adenosine receptors remain an important molecular target for 

adenosine based therapeutics, throughout the entire spectrum of inflammation. 

The success of adenosine-based therapies during situations of persistent, chronic 

or inappropriate inflammation, depend on a) the specific role of adenosine in the 

mechanism of disease and b) the timing of its actions with respect to the therapeutic 

window and the specific phase/progression of disease. Throughout the entire field 

of medicine, tailor-made therapies are introduced. Possibly, modulation of the 

inflammatory response, either by inhibition of the hyperinflammatory state or 

stimulation of the inflammatory response during the phase of immune paralysis, 

with the use of the adenosine system, proves to be the way to go.



208

REfERENCE LIST

1. Andrew C.Newby 1984. Adenosine and the concept of ‘retaliatory metabolites’. Trends in 

Biochemical Sciences 9:42-44.

2. Nakav,S., Naamani,O., Chaimovitz,C., Shaked,G., Czeiger,D., Zlotnik,M., and Douvdevani,A. 

2010. Regulation of adenosine system at the onset of peritonitis. Nephrol. Dial. Transplant. 

25:931-939.

3. Zhou,Y., Murthy,J.N., Zeng,D., Belardinelli,L., and Blackburn,M.R. 2010. Alterations in 

adenosine metabolism and signaling in patients with chronic obstructive pulmonary disease 

and idiopathic pulmonary fibrosis. PLoS. One. 5:e9224.

4. Hasko,G., and Cronstein,B.N. 2004. Adenosine: an endogenous regulator of innate immunity. 

Trends Immunol. 25:33-39.

5. Nemeth,Z.H., Csoka,B., Wilmanski,J., Xu,D., Lu,Q., Ledent,C., Deitch,E.A., Pacher,P., 

Spolarics,Z., and Hasko,G. 2006. Adenosine A2A receptor inactivation increases survival in 

polymicrobial sepsis. J. Immunol. 176:5616-5626.

6. Csoka,B., Nemeth,Z.H., Rosenberger,P., Eltzschig,H.K., Spolarics,Z., Pacher,P., Selmeczy,Z., 

Koscso,B., Himer,L., Vizi,E.S. et al 2010. A(2B) adenosine receptors protect against sepsis-

induced mortality by dampening excessive inflammation. J. Immunol. 185:542-550.

7. Belikoff,B.G., Hatfield,S., Georgiev,P., Ohta,A., Lukashev,D., Buras,J.A., Remick,D.G., and 

Sitkovsky,M. 2011. A2B Adenosine Receptor Blockade Enhances Macrophage-Mediated 

Bacterial Phagocytosis and Improves Polymicrobial Sepsis Survival in Mice. J. Immunol. 

186:2444-2453.

8. Soop,A., Johansson,C., Hjemdahl,P., Kristiansson,M., Gyllenhammar,H., Li,N., and Sollevi,A. 

2003. Adenosine treatment attenuates cytokine interleukin-6 responses to endotoxin 

challenge in healthy volunteers. Shock 19:503-507.

9. Soop,A., Sunden-Cullberg,J., Albert,J., Hallstrom,L., Treutiger,C.J., and Sollevi,A. 2009. 

Adenosine infusion attenuates soluble RAGE in endotoxin-induced inflammation in human 

volunteers. Acta Physiol (Oxf) 197:47-53.

10. Hasko,G., Nemeth,Z.H., Vizi,E.S., Salzman,A.L., and Szabo,C. 1998. An agonist of adenosine 

A3 receptors decreases interleukin-12 and interferon-gamma production and prevents 

lethality in endotoxemic mice. Eur. J. Pharmacol. 358:261-268.

11. Salvatore,C.A., Tilley,S.L., Latour,A.M., Fletcher,D.S., Koller,B.H., and Jacobson,M.A. 

2000. Disruption of the A(3) adenosine receptor gene in mice and its effect on stimulated 

inflammatory cells. J. Biol. Chem. 275:4429-4434.



209

10

12. Morisaki,T., Gross,M., Morisaki,H., Pongratz,D., Zollner,N., and Holmes,E.W. 1992. Molecular 

basis of AMP deaminase deficiency in skeletal muscle. Proc. Natl. Acad. Sci. U. S. A 89:6457-

6461.

13. Anderson,J.L., Habashi,J., Carlquist,J.F., Muhlestein,J.B., Horne,B.D., Bair,T.L., Pearson,R.R., 

and Hart,N. 2000. A common variant of the AMPD1 gene predicts improved cardiovascular 

survival in patients with coronary artery disease. J. Am. Coll. Cardiol. 36:1248-1252.

14. Loh,E., Rebbeck,T.R., Mahoney,P.D., DeNofrio,D., Swain,J.L., and Holmes,E.W. 1999. 

Common variant in AMPD1 gene predicts improved clinical outcome in patients with heart 

failure. Circulation 99:1422-1425.

15. Riksen,N.P., Franke,B., Oyen,W.J., Borm,G.F., van den,B.P., Boerman,O.C., Smits,P., and 

Rongen,G.A. 2007. Augmented hyperaemia and reduced tissue injury in response to 

ischaemia in subjects with the 34C > T variant of the AMPD1 gene. Eur. Heart J. 28:1085-1091.

16. Adanin,S., Yalovetskiy,I.V., Nardulli,B.A., Sam,A.D., Jonjev,Z.S., and Law,W.R. 2002. 

Inhibiting adenosine deaminase modulates the systemic inflammatory response syndrome 

in endotoxemia and sepsis. Am. J. Physiol Regul. Integr. Comp Physiol 282:R1324-R1332.

17. Firestein,G.S. 1996. Anti-inflammatory effects of adenosine kinase inhibitors in acute and 

chronic inflammation. Drug Development Research 39:371-376.

18. Firestein,G.S., Boyle,D., Bullough,D.A., Gruber,H.E., Sajjadi,F.G., Montag,A., Sambol,B., 

and Mullane,K.M. 1994. Protective effect of an adenosine kinase inhibitor in septic shock. J. 

Immunol. 152:5853-5859.

19. Noji,T., Nan-ya,K., Katagiri,C., Mizutani,M., Sano,J., Nishikawa,S., Karasawa,A., and 

Kusaka,H. 2002. Adenosine uptake inhibition ameliorates cerulein-induced acute pancreatitis 

in mice. Pancreas 25:387-392.

20. Noji,T., Nan-ya,K., Mizutani,M., Katagiri,C., Sano,J., Takada,C., Nishikawa,S., Karasawa,A., 

and Kusaka,H. 2002. KF24345, an adenosine uptake inhibitor, ameliorates the severity and 

mortality of lethal acute pancreatitis via endogenous adenosine in mice. Eur. J. Pharmacol. 

454:85-93.

21. Noji,T., Karasawa,A., and Kusaka,H. 2004. Adenosine uptake inhibitors. Eur. J. Pharmacol. 

495:1-16.

22. Noji,T., Takayama,M., Mizutani,M., Okamura,Y., Takai,H., Karasawa,A., and Kusaka,H. 2002. 

KF24345, an adenosine uptake inhibitor, suppresses lipopolysaccharide-induced tumor 

necrosis factor-alpha production and leukopenia via endogenous adenosine in mice. J. 

Pharmacol. Exp. Ther. 300:200-205.



210

23. Kim,H.K., Thammavongsa,V., Schneewind,O., and Missiakas,D. 2011. Recurrent infections 

and immune evasion strategies of Staphylococcus aureus. Curr. Opin. Microbiol.

24. Hotchkiss,R.S., and Opal,S. 2010. Immunotherapy for sepsis--a new approach against an 

ancient foe. N. Engl. J. Med. 363:87-89.

25. Gemignani,A.S., and Abbott,B.G. 2010. The emerging role of the selective A2A agonist in 

pharmacologic stress testing. J. Nucl. Cardiol. 17:494-497.

26. Rimmer,J., Peake,H.L., Santos,C.M., Lean,M., Bardin,P., Robson,R., Haumann,B., Loehrer,F., 

and Handel,M.L. 2007. Targeting adenosine receptors in the treatment of allergic rhinitis: a 

randomized, double-blind, placebo-controlled study. Clin. Exp. Allergy 37:8-14.

27. Mantell,S.J., Stephenson,P.T., Monaghan,S.M., Maw,G.N., Trevethick,M.A., Yeadon,M., 

Keir,R.F., Walker,D.K., Jones,R.M., Selby,M.D. et al 2008. Inhaled adenosine A(2A) receptor 

agonists for the treatment of chronic obstructive pulmonary disease. Bioorg. Med. Chem. 

Lett. 18:1284-1287.

28. Varani,K., Padovan,M., Vincenzi,F., Targa,M., Trotta,F., Govoni,M., and Borea,P.A. 2011. 

A2A and A3 adenosine receptor expression in rheumatoid arthritis: upregulation, inverse 

correlation with disease activity score and suppression of inflammatory cytokine and 

metalloproteinase release. Arthritis Res. Ther. 13:R197.

29. Silverman,M.H., Strand,V., Markovits,D., Nahir,M., Reitblat,T., Molad,Y., Rosner,I., 

Rozenbaum,M., Mader,R., Adawi,M. et al 2008. Clinical evidence for utilization of the A3 

adenosine receptor as a target to treat rheumatoid arthritis: data from a phase II clinical trial. 

J. Rheumatol. 35:41-48.

30. Hasko,G., Csoka,B., Koscso,B., Chandra,R., Pacher,P., Thompson,L.F., Deitch,E.A., 

Spolarics,Z., Virag,L., Gergely,P. et al 2011. Ecto-5’-nucleotidase (CD73) decreases mortality 

and organ injury in sepsis. J. Immunol. 187:4256-4267.

31. Meijer,P., Wouters,C.W., van den Broek,P.H., de,R.M., Scheffer,G.J., Smits,P., and 

Rongen,G.A. 2010. Upregulation of ecto-5’-nucleotidase by rosuvastatin increases the 

vasodilator response to ischemia. Hypertension 56:722-727.

32. Sanada,S., Asanuma,H., Minamino,T., Node,K., Takashima,S., Okuda,H., Shinozaki,Y., 

Ogai,A., Fujita,M., Hirata,A. et al 2004. Optimal windows of statin use for immediate infarct 

limitation: 5’-nucleotidase as another downstream molecule of phosphatidylinositol 3-kinase. 

Circulation 110:2143-2149.



211

10

33. Meijer,P., Oyen,W.J., Dekker,D., van den Broek,P.H., Wouters,C.W., Boerman,O.C., 

Scheffer,G.J., Smits,P., and Rongen,G.A. 2009. Rosuvastatin increases extracellular adenosine 

formation in humans in vivo: a new perspective on cardiovascular protection. Arterioscler. 

Thromb. Vasc. Biol. 29:963-968.

34. Al Harbi,S.A., Tamim,H.M., and Arabi,Y.M. 2011. Association between statin therapy and 

outcomes in critically ill patients: a nested cohort study. BMC. Clin. Pharmacol. 11:12.

35. Forrest,C.M., Stoy,N., Stone,T.W., Harman,G., Mackay,G.M., Oxford,L., and Darlington,L.G. 

2006. Adenosine and cytokine levels following treatment of rheumatoid arthritis with 

dipyridamole. Rheumatol. Int. 27:11-17.

36. El-Tayeb,A., Iqbal,J., Behrenswerth,A., Romio,M., Schneider,M., Zimmermann,H., 

Schrader,J., and Muller,C.E. 2009. Nucleoside-5’-monophosphates as prodrugs of adenosine 

A2A receptor agonists activated by ecto-5’-nucleotidase. J. Med Chem. 52:7669-7677.

37. Fredholm,B.B., Battig,K., Holmen,J., Nehlig,A., and Zvartau,E.E. 1999. Actions of caffeine in 

the brain with special reference to factors that contribute to its widespread use. Pharmacol. 

Rev. 51:83-133.

38. Horrigan,L.A., Kelly,J.P., and Connor,T.J. 2004. Caffeine suppresses TNF-alpha production via 

activation of the cyclic AMP/protein kinase A pathway. Int. Immunopharmacol. 4:1409-1417.

39. Horrigan,L.A., Kelly,J.P., and Connor,T.J. 2006. Immunomodulatory effects of caffeine: friend 

or foe? Pharmacol. Ther. 111:877-892.

40. Ohta,A., and Sitkovsky,M. 2001. Role of G-protein-coupled adenosine receptors in 

downregulation of inflammation and protection from tissue damage. Nature 414:916-920.

41. Ohta,A., Lukashev,D., Jackson,E.K., Fredholm,B.B., and Sitkovsky,M. 2007. 

1,3,7-trimethylxanthine (caffeine) may exacerbate acute inflammatory liver injury by 

weakening the physiological immunosuppressive mechanism. J. Immunol. 179:7431-7438.

42. Verma,R., Huang,Z., Deutschman,C.S., and Levy,R.J. 2009. Caffeine restores myocardial 

cytochrome oxidase activity and improves cardiac function during sepsis. Crit Care Med. 

37:1397-1402.





11nederlAndse sAmenvAttinG, 
AlGemene conclusies en 
toekomstperspectieven





215

11

NEDERLaNDSE SaMENvaTTING

Het menselijk lichaam is in staat zichzelf te beschermen tegen infecties met 

onder andere virussen of bacteriën door gebruik te maken van de zogeheten 

mucocutane barrière (het slijmvlies) en door een goed functionerend aangeboren 

immuunsysteem. Dit immuunsysteem herkent micro-organismen door de 

aanwezigheid van verschillende receptoren op het oppervlak van de immuuncel, 

waarvan de Toll-like receptor (TLR) de bekendste is. Na herkenning van een micro-

organisme produceren de immuuncellen ontstekingseiwitten, ook wel cytokines 

genoemd. Deze cytokines, waarvan tumor necrosis factor-alpha (TNF-α) en 

interleukine-6 (IL-6) de bekendste zijn, genereren een zogeheten “inflammatoire 

respons” die noodzakelijk is voor het herkennen en verwijderen van de verschillende 

ziekteverwekkers. Echter, tijdens een zeer ernstige of (te lang) aanhoudende 

gegeneraliseerde ontstekingsreactie zoals tijdens bloedvergiftiging, ook wel 

sepsis genoemd, kan deze ontstekingsreactie ook nadelig zijn voor de patiënt. Dit 

komt doordat ook gezond weefsel bij deze ontstekingsreactie beschadigd wordt. 

Het zou van grote therapeutische waarde kunnen zijn als manieren worden 

gevonden om deze inflammatoire respons te kunnen moduleren tot een optimale 

reactie ten aanzien van het opruimen van micro-organismen waarbij minimaal tot 

geen schade aan het gezonde weefsel ontstaat.

De laatste decennia is gebleken dat de lichaamseigen stof adenosine zowel 

weefselbeschermende als immuunresponsmodulerende eigenschappen heeft. 

Adenosine gedraagt zich als een soort hormoon, waardoor het in staat is het 

eigen metabolisme aan te passen en daardoor zijn extracellulaire concentratie 

te veranderen. Zo neemt de adenosineconcentratie snel toe in situaties van 

dreigende gevaar voor gezond weefsel, zoals tijdens zuurstofgebrek (ischemie), 

maar ook tijdens ontstekingsreacties. Door te binden aan membraangebonden 

adenosinereceptoren, induceert adenosine verschillende effecten die weefsels 

kunnen beschermen. Er zijn vier adenosinereceptoren bekend, namelijk de A1, 

A2a, A2b en A3 receptor. Deze receptoren geven na stimulatie door adenosine een 

verscheidenheid aan effecten, zoals vasodilatatie, ischemische preconditionering, 

modulatie van het sympathische zenuwstelsel en het remmen van de 
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ontstekingsrespons. In hoofdstuk 1 van dit proefschrift wordt hier uitgebreid op 

ingegaan. 

Verder bevat dit proefschrift preklinische, translationele en klinische studies die 

gericht zijn op de interactie tussen adenosine en de aangeboren immuunrespons. 

We maken daarbij enerzijds onderscheid tussen het effect van ontsteking op 

de regulering van adenosine (deel II) en anderzijds het effect van adenosine op 

ontsteking (deel III). 

Het eerste deel van dit proefschrift is een literatuuroverzicht van de verschillende 

methoden om de adenosineconcentratie in bloed te kunnen meten. We 

bespreken in dit deel methodologische tekortkomingen en valkuilen van 

veelgebruikte meettechnieken van adenosineconcentraties. Het meten van 

de adenosineconcentratie wordt onder andere bemoeilijkt door een heel korte 

halfwaardetijd in bloed. Het is noodzakelijk dat de adenosineconcentratie op een 

betrouwbare en consistente manier wordt gemeten om de rol van adenosine 

tijdens verschillende (patho)fysiologische omstandigheden op te kunnen 

helderen. Een gestandaardiseerde meetmethode is daarbij van groot belang. Tot 

nu toe is een breed scala aan technieken beschikbaar om adenosineconcentraties 

te meten. De variatie in meetmethoden is echter enorm en leidt daardoor tot grote 

verschillen in gemeten (endogene) adenosineconcentraties, telkens afhankelijk 

van de specifieke techniek die gebruikt wordt. Dit maakt het vergelijken 

van verschillende studies erg moeilijk. In hoofdstuk 2, beschrijven we een 

literatuuroverzicht over de verschillende methoden om adenosineconcentraties 

in vivo nauwkeurig te meten. Daarnaast beschrijven we onze geoptimaliseerde 

meetmethode van de adenosineconcentratie. Deze methode bestaat uit 1) een 

zogeheten “blokoplossing”, waarmee we het adenosinemetabolisme blokkeren 

tijdens bloedafname, en 2) een speciaal ontwikkeld bloedafnamesysteem. 

Om te bepalen hoe en in welke mate een ontstekingsreactie de adenosine-

concentratie kan beïnvloeden, bestuderen we in het tweede deel van dit proefschrift 

de ontstekingsgeïnduceerde veranderingen in het adenosinemetabolisme en de 

adenosinereceptoren, zowel in vitro, als in vivo bij gezonde mannelijke vrijwilligers.
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In hoofdstuk 3 laten we zien dat tijdens systemische inflammatie de intracellulaire 

omzetting van adenosine door adenosinedeaminase (ADA) en adenosinekinase 

(AK) wordt geremd; zowel de activiteit van het verantwoordelijke enzym, als ook 

de genetische expressie van ADA en AK zijn verminderd. Daarnaast is de expressie 

van 5’nucleotidase (5NT), het enzym verantwoordelijk voor de vorming van 

adenosine door afbraak van AMP, verhoogd. We tonen ook aan dat de expressie 

van de adenosinereceptoren tijdens endotoxinemie verandert. Zo is er sprake van 

een aanzienlijke toename van de expressie van de adenosine A2a en A2b receptoren, 

terwijl de expressie van zowel de A1 als de A3 receptor is verminderd. In theorie 

ondersteunen deze veranderingen de anti-inflammatoire eigenschappen van 

adenosine en zullen ze deze effecten alleen maar verder versterken.

Om te bepalen hoe en in welke mate adenosine de immuunrespons kan 

beïnvloeden hebben we ons in het derde deel van dit proefschrift gericht op de 

anti-inflammatoire effecten van adenosine, zowel in vitro als in vivo. 

In hoofdstuk 4 van dit proefschrift beschrijven we in een literatuuroverzicht tot 

in detail hoe adenosine de immuunrespons kan beïnvloeden en welke betekenis 

deze effecten wellicht hebben voor patiënten met een ernstige ontstekingsreactie 

zoals die tijdens sepsis gezien wordt. Hierbij hebben we ons vooral gericht 

op de effecten van genetische en farmacologische veranderingen in zowel 

het adenosinemetabolisme als ook van adenosinereceptorsignalering tijdens 

systemische inflammatie.

In hoofdstuk 5 bestuderen we de effecten van adenosinereceptorstimulatie op 

de ontstekingsrespons op verschillende immuunrespons-stimulerende stoffen in 

vitro. Door gebruik te maken van verschillende specifieke Toll-like Receptor (TLR) 

agonisten zijn we in staat verschillende ontstekingsreacties (cytokineresponsen) 

te genereren. Opvallend genoeg blijkt dat de anti-inflammatoire effecten van 

adenosine voornamelijk optreden na celstimulatie met TLR4 agonisten (zoals 

lipopolysaccharide (LPS)). Deze bevindingen zijn van belang voor de interpretatie 

van de anti-inflammatoire effecten van adenosine. Deze bevindingen 

suggereren dat de resultaten van de vaak bestudeerde, door TLR4-gemedieerde 

ontstekingsrespons, niet zomaar kunnen worden geëxtrapoleerd naar situaties 



218

waarbij andere TLR agonisten vrijkomen, zoals tijdens grampositieve (TLR2-

gemedieerde) ontstekingsreacties. 

In hoofdstuk 6 laten we zien dat tijdens experimentele endotoxinemie (het 

zogeheten LPS-model), de circulerende adenosineconcentratie toeneemt. 

Deze bevindingen zijn in overeenstemming met eerdere onderzoeken die 

aantonen dat de adenosineconcentratie tijdens systemische inflammatie, zoals 

tijdens sepsis, snel stijgt. Verder testen we in dit hoofdstuk de hypothese dat 

de aanwezigheid van een polymorfisme in het gen dat codeert voor het enzym 

adenosinemonofosfaatdeaminase (AMPD1) de vorming van adenosine tijdens 

inflammatie verder zal verhogen. Deze 34C>T variant van het AMPD1 gen leidt 

namelijk tot de vorming van een disfunctioneel enzym, waardoor AMP niet wordt 

omgezet in IMP. Daardoor zal meer AMP worden omgezet in adenosine en zal zo 

de adenosineconcentratie toenemen. Bij dragers van dit polymorfisme is reeds 

eerder aangetoond dat de beschermende effecten van adenosine tijdens ischemie 

versterkt zijn. Het onderzoek liet echter ondanks een significante stijging van 

de adenosineconcentratie (gemeten in bloed) bij gezonde vrijwilligers met het 

AMPD1 polymorfisme, noch een significante verandering in de inflammatoire 

respons noch een beschermend effect op (sub)klinische weefselschade zien.

Daarnaast hebben we tijdens deze studie ook gekeken naar de effecten van 

cafeïne, een niet-selectieve adenosine-receptor antagonist. Cafeïne blokkeert 

de adenosinereceptoren (A1, A2a en de A2b) en vermindert daarmee potentieel de 

anti-inflammatoire en weefselbeschermende effecten van adenosine. Eveneens 

in hoofdstuk 6 hebben we deze hypothese getest tijdens experimentele 

endotoxinemie, maar we hebben geen nadelige effecten van cafeïne aangetoond. 

Zowel de inflammatoire respons na LPS infusie was onveranderd, en de LPS-

geïnduceerde (sub)klinische orgaanschade verslechterde niet.

In hoofdstuk 7 maken we gebruik van het geneesmiddel dipyridamol, waarvan 

tal van studies reeds hebben aangetoond dat kan worden gebruikt als een 

farmacologische instrument om de opname van extracellulair adenosine door 

cellen te remmen. We bevestigen dat deze vorm van farmacologische modulatie 

met dipyridamol, de extracellulaire adenosineconcentratie verhoogt, in de 
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mens in vivo. Daarnaast laten we zien dat het gebruik van dipyridamol, in een 

periode van 7 dagen vooraf aan een LPS experiment, de LPS-geïnduceerde anti-

inflammatoire respons sterk verbetert en de pro-inflammatoire respons sneller 

beëindigt. Ondanks deze bevindingen werd geen effect op LPS-geïnduceerde 

(subklinische) weefselschade gezien. Mogelijk is het ontbreken van een effect op 

orgaanschade het gevolg van de relatief milde en korte inflammatoire respons 

tijdens experimentele endotoxemie. We kunnen dus niet uitsluiten dat we de anti-

inflammatoire effecten van dipyridamol orgaanschade wel kunnen voorkomen 

tijdens bijvoorbeeld een langer bestaande of hevigere pro-inflammatoire respons, 

zoals gezien wordt tijdens sepsis of bij tal van auto-immuunziekten. 

In hoofdstuk 8 hebben we het reeds in hoofdstuk 6 bestudeerde polymorfisme 

van het enzym AMPD1 bestudeerd in een cohort van sepsispatiënten. 

De aanwezigheid van dit polymorfisme leidt in theorie tot een verhoging 

van de adenosineconcentratie. Enerzijds zou een verhoging van de 

adenosineconcentratie de ontstekingsreactie kunnen remmen en daarnaast 

de sepsisgerelateerde orgaanschade kunnen beperken. Anderzijds zou een 

verminderde ontstekingsreactie ook kunnen leiden tot een verminderde klaring 

van bacteriën. Het netto effect bij de mens is onbekend. Onze studie laat zien 

dat patiënten met dit polymorfisme een verminderde immuunrespons hebben, 

maar daarnaast lijkt de kans om te overlijden aan sepsis verhoogd ten opzichte 

van patiënten zonder dit polymorfisme. Een mogelijke verklaring voor deze 

bevinding is de uitgesproken anti-inflammatoire respons tijdens sepsis. De pro-

inflammatoire respons is namelijk in eerste instantie noodzakelijk om bacteriën op 

te ruimen en is dus zeker niet alleen schadelijk. Deze verminderde antibacteriële 

respons zou dus mogelijk kunnen leiden tot meer bacteriële verspreiding en 

daarbij horende weefselschade. 

In hoofdstuk 9 becommentariëren we een artikel waarin ontstekingsremmende 

effecten van pentoxifylline (PTX), een fosfosdiesteraseremmer, worden 

beschreven die voor een belangrijk deel afhankelijk blijken van de 

adenosineconcentratie. De auteurs laten in dit stuk zien dat de anti-inflammatoire 

eigenschappen van PTX op humane leukocyten en T-cellen sterk afhankelijk zijn 
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van de activering van de adenosine A2a receptor. Bovendien laten ze zien dat een 

hogere adenosineconcentratie het effect van PTX verder versterkt en de anti-

inflammatoire eigenschappen van PTX daarmee op een dosisafhankelijke wijze 

verbetert. Of het echter haalbaar is om de adenosineconcentratie te gebruiken 

om het effect van PTX tijdens sepsis te optimaliseren blijft de vraag. Niet alleen 

is het zeer moeilijk om de adenosineconcentratie te meten, ook is het bepalen 

van de fase van ziekte waarin de patiënt zicht bevindt en behandeling mogelijk 

noodzakelijk is, erg moeilijk. Echter het principe van “therapie op maat”, blijft zeer 

relevant en verdient meer aandacht. 
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aLGEMENE CONCLuSIES

 Door gebruik te maken van een speciaal ontwikkeld bloedafnamesysteem, 

in combinatie met een farmacologische mix van remmers van het 

adenosinemetabolisme in een zogeheten “blokoplossing”, is het mogelijk 

om op betrouwbare wijze de circulerende adenosineconcentratie bij de 

mens in vivo te bepalen (hoofdstuk 2).

 Tijdens een systemische ontstekingsreactie treden er veranderingen op in 

het adenosinemetabolisme en de adenosinereceptorexpressie, leidend tot 

een verhoging van de extracellulaire adenosineconcentratie en daarmee 

het stimuleren van de anti-inflammatoire eigenschappen van adenosine 

(hoofdstuk 3). 

 De anti-inflammatoire effecten van adenosine zijn afhankelijk van de 

specifieke stimulus die gebruikt wordt voor het initiëren van de aangeboren 

immuunrespons (hoofdstuk 5).

 Tijdens systemische inflammatie, geïnduceerd door LPS-infusie, neemt 

de adenosineconcentratie toe. Blokkade van de adenosinereceptor leidt 

echter niet tot een verergering van de immuunrespons of een toename van 

de (sub)klinische orgaanschade (hoofdstuk 6).

 Een zevendaagse behandeling met de adenosine heropnameremmer 

dipyridamol, verhoogt de endogene adenosineconcentratie leidend 

tot een meer uitgesproken anti-inflammatoire respons tijdens humane 

experimentele endotoxemia (hoofdstuk 7). 

 Het 34C>T polymorfisme van het AMPD1 gen is geassocieerd met een 

verminderde immuunrespons en leidt mogelijk tot een toename van multi-

orgaanfalen en verhoogde sterfte bij sepsis patiënten (hoofdstuk 8).
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KLINISCHE TOEPaSSINGEN EN TOEKOMSTPERSPECTIEvEN

Het probleem van een persisterende, chronische of inadequate ontstekingsrespons 

is kenmerkend voor vele aandoeningen, zoals reumatoïde artritis, astma en 

sepsis. Het vinden van nieuwe immuunmodulerende therapieën zou het mogelijk 

kunnen maken deze afwijkende ontstekingsrespons te beïnvloeden. Eén manier 

om het immuunsysteem te beïnvloeden is door gebruik te maken van onze 

lichaamseigen mechanismen die er reeds op gericht zijn de ontstekingsrespons 

te coördineren en moduleren. In een optimale situatie bepaalt dan het lichaam 

zelf wanneer het nodig is de ontstekingsrespons te stimuleren of anderzijds te 

remmen wanneer deze overbodig en zelfs schadelijk is.

De adenosineparadox

De voltooiing van dit proefschrift heeft ons inzicht in de anti-inflammatoire 

effecten van adenosine verbeterd. Zo hebben we aangetoond dat modulatie 

van de immuunrespons door adenosine, zowel tot gunstige als ook tot nadelige 

effecten kan leiden. Zo weten we nu dat het stimuleren van de adenosinereceptor 

tijdens een buitensporige ontstekingsreactie, een remmende werking op deze 

reactie heeft en daarbij horende orgaanschade wellicht kan voorkomen. Echter 

tijdens actieve infecties leidt uitgesproken remming van de immuunrespons ook 

tot onvolledige vernietiging van pathogenen (bacteriën) en kan dat onbedoeld dus 

leiden tot een verergering van een infectie. Daarnaast is het zelfs zo dat bacteriën 

zo zijn geëvolueerd dat ze deze lichaamseigen mechanismen gaan gebruiken om 

te ontsnappen aan zowel de aangeboren en adaptieve afweermechanismen van 

het menselijk lichaam, die essentieel zijn voor het opruimen van de pathogenen. 

Recent onderzoek heeft uitgewezen dat stafylokokken in staat zijn om de 

vorming van adenosine via het membraan gebonden adenosine synthase (adsA) 

te versterken en daarmee de anti-inflammatoire mogelijkheden van adenosine 

te gebruiken om de pro-inflammatoire respons van de gastheer te remmen en 

daarmee het voortbestaan van de stafylokok te verbeteren.

Dus, zowel adenosinereceptorstimulatie als remming dienen met de nodige 

voorzichtigheid te worden gebruikt, zeker bij patiënten met actieve infecties. 
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Wellicht zou het kunnen dat wanneer er reeds antibiotica zijn gestart en de 

inflammatoire respons niet meer strikt noodzakelijk is, de anti-inflammatoire 

effecten van adenosine juist nuttig kunnen zijn. Adenosine zou echter de anti-

inflammatoire ook kunnen verergeren. Verder treedt bij sepsispatiënten vaak 

juist in een latere fase reactivering op van virussen en ontwikkelen ze juist 

vaker nosocomiale infecties met opportunistische pathogenen. Dit fenomeen 

wordt verklaard door een langdurige immuunsuppressieve staat na een periode 

van hyperinflammatie. In deze zogenaamde fase van “immuunparalyse” kan 

de patiënt juist profiteren van adenosinereceptorremming om op die manier 

verdere onderdrukking van de immuunrespons te voorkomen. Onlangs is 

met dierexperimenteel onderzoek al aangetoond dat het blokkeren van de 

adenosinereceptor juist leidt tot een betere overleving tijdens sepsis. Dus zowel 

stimulatie als remming van het adenosinesysteem kunnen mogelijk de morbiditeit 

en mortaliteit beïnvloeden, waarbij timing van specifieke therapie natuurlijk wel 

van het allergrootste belang is.

Hoewel verschillende immunomodulerende behandelmodaliteiten uit het 

verleden tijdens sepsis niet succesvol bleke te zijn, zijn ze wel zeer effectief gebleken 

bij bijvoorbeeld de behandeling van auto-immuunziekten als reumatoïde artritis. 

Wellicht is er ook hier voor adenosine een mogelijke rol weggelegd. 

Farmacologische benaderingen

Tot nu toe zijn er met name op het gebied van cardiovasculaire- en 

longgeneeskunde tal van farmacologische benaderingen geëvalueerd die gericht 

zijn op het nabootsen of versterken van de werking van adenosine. Zo zijn er 

verschillende specifieke adenosine-receptor agonisten (voornamelijk A2a en A3) 

onderzocht bij verschillende patiëntengroepen.

Zo worden er bijvoorbeeld adenosine A2a receptor agonisten (oa. CVT-3146) 

gebruikt bij beeldvorming van de kransslagaders, waarbij gebruik wordt gemaakt 

van de (A2a-gemedieerde) vaatverwijdende effecten. Het werkingsmechanisme 

bij deze studies is echter vasodilatatie, een verschijnsel dat natuurlijk ongewenst 

is bij patiënten met ernstige systemische ontsteking. Om deze ongewenste 

cardiovasculaire effecten te voorkomen, hebben apothekers nieuwe 
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toedieningsvormen ontwikkeld, zoals poeder voor inhalatie bij long-specifiek 

onderzoek en lokale gel voor de behandeling van diabetische voet ulcera. Helaas 

hebben deze onderzoeken vooralsnog niet de gewenste effecten laten zien.

Ook bij de zogeheten auto-immuunaandoeningen zoals reumatoïde-artritis (RA) 

zijn de ontstekingsremmende effecten van adenosine frequent onderzocht. Zo is 

de receptordichtheid van de adenosine A2a en A3 receptor toegenomen en is er 

een correlatie gevonden tussen de receptordichtheid en ziekteactiviteit. In een 

fase II studie bij patiënten met reumatoïde artritis werd de A3 receptor specifieke 

agonist CF101 gebruikt voor de behandeling RA patiënten met als resultaat een 

dosisafhankelijke verbetering van de kliniek en RA gerelateerde symptomen met 

daarbij minimale bijwerkingen. (Zo werden er geen relevante hemodynamische 

effecten vastgesteld, en was er alleen sprake van hoofdpijn als bijwerking).

Los van de specifieke adenosinereceptoragonisten zijn er ook alternatieve 

mogelijkheden om de effecten van adenosine te stimuleren. Bijvoorbeeld door 

gebruik te maken van middelen die invloed hebben op het adenosinemetabolisme. 

Voor het optimaliseren van de effecten van deze farmacologische interventies, 

is het echter noodzakelijk om te beseffen dat het adenosinemetabolisme zelf 

ook verandert tijdens systemische ontsteking. In dit proefschrift tonen we aan 

dat het adenosinemetabolisme adaptieve veranderingen ondergaat tijdens 

systemische ontsteking, waarbij het intracellulaire metabolisme is verminderd en 

de overwegend extracellulaire vorming niet wordt beïnvloed. Farmacologische 

stimulatie van bijvoorbeeld de extracellulaire vorming van adenosine zou dus 

potentieel effect kunnen hebben. Recent onderzoek laat zien dat blokkade 

van 5NT, het enzym verantwoordelijk voor de vorming van adenosine, leidt tot 

een afname van de adenosineconcentratie en daarmee tot een toename van 

sepsisgeïnduceerde nier- en longschade en uiteindelijk mortaliteit. 

In dit proefschrift laten we tevens zien dat met het gebruik van dipyridamol, een 

adenosine heropnameremmer, de basale adenosineconcentratie verhoogd wordt, 

maar de ontstekings-geïnduceerde verhoging van de adenosineconcentratie niet 

verder wordt beïnvloed. Op basis van deze effecten lijkt het waarschijnlijk dat de 
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intracellulaire veranderingen in het adenosinemetabolisme reeds zorgen voor 

een verminderd transport van adenosine over de celmembraan en er daardoor 

geen additionele effecten van dipyridamol gezien worden op de inflammatie-

gemedieerde stijging van de adenosineconcentratie. Deze bevinding verklaart 

mogelijk ook waarom in een kleine studie van 40 RA-patiënten, de adenosine 

heropnameremmer dipyridamol geen verbetering gaf van de symptomen.

Verder kan de ontwikkeling van specifieke adenosinereceptoragonisten in de 

vorm van zogeheten ‘pro-drugs’ van therapeutische waarde zijn. In theorie 

zullen deze pro-drugs namelijk alleen een effect hebben als de inactieve 

vorm wordt gesynthetiseerd. Voor de activering van dergelijke pro-drugs, 

bijvoorbeeld gefosforyleerde vormen van specifieke receptoragonisten, zal dus 

een defosforyleringsstap noodzakelijk zijn om een actieve agonist te creëren. 

Ecto-5NT, het enzym dat upgereguleerd is tijdens systemische ontsteking, is een 

dergelijk enzym dat de conversie van gefosforyleerde pro-drugs in geinflammeerd 

weefsel tot stand kan brengen. Met deze aanpak is het mogelijk gerichter de 

anti-inflammatoire effecten van adenosinereceptoragonisten te versterken op 

het moment dat het nodig is en ongewenste bijwerkingen, zoals hypotensie, te 

verminderen. Om te bepalen of deze nieuwe aanpak haalbaar en van nut is bij de 

mens, is verder onderzoek noodzakelijk.

Dienen we onze IC patiënt koffie te geven?

Cafeïne, ‘s werelds meest gebruikte drug, is een adenosinereceptorantagonist 

gericht tegen 3 van de 4 bekende adenosinereceptoren, te weten de A1, A2a en de 

A2b receptor. Al met één kopje koffie is het mogelijk bovengenoemde receptoren 

te blokkeren. Eerdere studies in diermodellen hebben aangetoond dat cafeïne 

de productie van cytokines, zowel in vitro als in vivo kan doen toenemen en 

daarmee weefselschade tijdens systemische ontsteking kan bevorderen. Of het 

gebruik van cafeïne ook gepaard gaat met een verminderde gevoeligheid voor 

sepsis, als gevolg van een sterkere antibacteriële werking door een uitgesproken 

pro-inflammatoire respons, is onbekend. Wel is aangetoond dat wanneer ratten 

behandeld worden met cafeïne, dit de overleving tijdens sepsis verbetert. Of dit 

het gevolg is van een verbeterde antibacteriële respons is onduidelijk. Gezien de 



krachtige pro-inflammatoire effecten van cafeïne, zou het mogelijk wel de moeite 

waard zijn deze effecten tijdens fasen van immuunsuppressie, zoals vaak in een 

latere, tweede fase van sepsis gezien wordt, te onderzoeken. Mogelijk zou deze 

benadering er toe bij kunnen dragen het evenwicht in het immuunsysteem te 

herstellen.

Tot op heden is er, ondanks de enorme hoeveelheid preklinisch bewijs voor de 

anti-inflammatoire effecten van adenosinereceptorstimulatie, nog geen plaats 

voor behandeling van patiënten met adenosinegerichte therapie. Wel heeft ons 

onderzoek het inzicht verder vergroot in de rol van specifieke adenosinereceptoren 

tijdens systemische inflammatie bij de mens. Ook heeft het inzicht gegeven in 

de enorme variatie in effecten van adenosinereceptorstimulatie, of remming, 

tussen de verschillende receptorsubtypes, de verschillende celtypes en tussen 

de verschillende modellen van systemische ontsteking. Aangezien adenosine 

betrokken is bij een breed scala aan verschillende fysiologische processen, 

los van de ontstekingsremmende effecten, is het noodzakelijk te beseffen 

dat adenosinegerelateerde therapieën gepaard kunnen gaan met de nodige 

(nadelige) effecten op andere processen. 

Desondanks blijven adenosinereceptoren een belangrijk moleculair doelwit voor 

adenosine gerelateerde therapie. Of adenosine gerelateerde therapieën ooit 

succesvol zullen zijn zal sterk afhangen van a) de specifieke rol van adenosine in het 

mechanisme van de ziekte en b) het therapeutische venster binnen de specifieke 

fase/progressie van ziekte. Met de steeds vaker geleverde “therapie op maat” is 

er wellicht in de toekomst wel een plek voor adenosine gereguleerde modulatie 

van de inflammatoire respons. Enerzijds door remming van een doorgeschoten 

pro-inflammatoire status, dan wel door stimulatie van de inflammatoire respons 

tijdens de zogeheten “fase van immuunparalyse”.
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DaNKWOORD

Non tibi aegre ferendum est, si huius libelli hanc partem primam an fortasse 

solum (partem hanc) leges, tecum non pauci sunt. 

(Vrij vertaald: Schaam u niet als u dit deel als eerste of misschien wel als enige deel 

van dit boekje leest, met u zijn er zo velen).

Dit deel van het proefschrift vormt voor mij het einde van een periode van 6 jaar 

promotieonderzoek afgewisseld met klinische opleiding. Gesteund door een 

team van (co)promotoren, zwaargewichten in de medische wereld, ging het bijna 

als vanzelf.

Voorop in dit epos van dank, wil ik alle gezonde vrijwilligers (voor dit boekje 

al bijna 80) heel hartelijk danken voor deelname aan mijn onderzoek. Mannen, 

zonder jullie was dit boekje nooit tot stand gekomen! 

Professor Pickkers, beste Peter, wat ben je toch een uniek persoon. Ik leerde je 

kennen op de afdeling farmacologie-toxicologie. Aangestoken door je enorme 

enthousiasme wist ik het vanaf dat moment zeker: ik word (ook) intensivist. Een 

beslissing waarvan ik tot de dag van vandaag weet dat het de juiste is geweest. 

Dank voor je immer positieve houding, je motiverende woorden, je humor en 

ook de persoonlijke noot die jij overal aan weet te geven; kortom: dank voor een 

superfijne samenwerking. We sluiten hier een onderzoeksperiode af, maar we 

gaan zeker nog door in de kliniek. 

Beste dr. Riksen, beste Niels. Ook onze kennismaking vond plaats op de afdeling 

farmacologie-toxicologie, waar ik je indertijd als student-assistent hielp met 

het uitvoeren van zogeheten ischemie-en-reperfusieschade experimenten; in 

totaal ruim 100 experimenten met gezonde vrijwilligers. Het was me al snel 

duidelijk dat jij over meerdere unieke gaven beschikt. Zo ben je bijzonder sociaal, 

geïnteresseerd, bezit je het vermogen om het complexe snel te vereenvoudigen 

en ben je bovenal bijzonder intelligent. Ik kan niet wachten tot ik je inaugurele 

rede mag horen.
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Professor van der Hoeven, beste Hans, ook jou wil ik heel hartelijk danken. Niet 

alleen kreeg ik via de IC de mogelijkheid om te promoveren, ook had je vertrouwen 

in mijn klinische vaardigheden en ben ik inmiddels al een tijdje als fellow bij je 

aan de slag. Ik heb zelden iemand ontmoet met zoveel charisma en inspirerend 

vermogen. Ik ben er dan ook trots op deel uit te mogen maken van jouw team.

Professor Smits, beste Paul, op jouw afdeling is het allemaal begonnen. Na 

mijn stage op de afdeling farmacologie-toxicologie, heb je me de mogelijkheid 

geboden om promotieonderzoek bij je te komen doen. De afdeling farmacologie-

toxicologie is daarmee de bakermat van mijn (onderzoeks)carrière!

 

Professor Rongen, beste gerard. Jij was het die als eerste een onderzoeker in 

me zag. Dank voor het enorme enthousiasme en de altijd prettige samenwerking. 

High Five!

Beste Petra, jouw bijdrage aan dit proefschrift mag zeker niet onderbelicht 

blijven. Als geen ander bezit jij de gave om op creatieve wijze theorie om te zetten 

in praktijk. Ik kijk met veel plezier terug op de dagen dat ik te gast was op jouw lab.

Collega’s van de IC-research, beste Suzanne, Jenneke, Mirrin, Jelle, rebecca, 

Kim, Esther, Lucas, Jonne, Benno en Mark, dank voor alle gezellige, sportieve 

en borrelmomenten. Het is jammer dat er nu pas een “researchweekend” is 

opgericht… 

faustin, Simon, Coen, anne en Thijmen, als studenten die stage bij ons kwamen 

lopen, hebben jullie ook een belangrijke bijdrage aan dit boekje geleverd.

Tijn, aarnout, Marieke en Hetty, jullie zijn als researchverpleegkundigen en 

yvonne als secretaresse onmisbaar geweest bij de uitvoer van de vele (endotoxine) 

experimenten, de logistieke steun en de gezellige koffiemomenten. Jullie tillen de 

kwaliteit van IC-onderzoek naar een nog hoger plan. 
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Collega’s van de afdeling farmacologie-toxicologie, beste Ab, Bas, alexander, 

Stijn, Lilibeth, annemarie en Patrick, ik kijk terug op een altijd zeer prettige 

samenwerking. Kim, de uitkomst van onze samenwerking is terug te lezen in 

hoofdstuk 4. Ben ik je toch nog 2 weken voor… 

Stafleden Intensive Care, en collega Fellows, hartelijk dank voor de samenwerking 

en jullie steun bij het afronden van mijn boekje. Ik ga dagelijks met veel plezier 

naar mijn werk en dat is mede dankzij jullie.

Collega internisten in opleiding, door mijn opleiding te verdelen over twee 

ziekenhuizen (UMC St. Radboud en Jeroen Bosch Ziekenhuis te ’s Hertogenbosch) 

en er een promotietraject aan te verbinden, heb ik in de afgelopen zes jaar met 

velen van jullie samengewerkt. Het voert te ver om iedereen persoonlijk te 

noemen, maar een ieder met wie ik samengewerkt heb, hartelijk dank! 

Mijn paranimfen, Matthijs Kox en Rik Loymans. Matthijs, ik weet nog goed dat 

we kamergenoten werden. Samen is toch zo veel leuker dan alleen. Jij bent dan 

ook van grote waarde geweest in het beloop van mijn promotie. Niet alleen in 

praktische zin, maar ook als maatje. De boog kan namelijk niet altijd gespannen 

zijn en jij wist als geen ander vaak op het juiste moment de zaak te ontspannen. 

Het is inmiddels op één dag na een jaar geleden dat jij promoveerde en ik aan 

je zijde mocht staan, vandaag zijn de rollen omgekeerd. We maken er een mooi 

feestje van. 

Rik, al zien we elkaar de laatste tijd minder frequent, ik ben erg blij met jou als 

vriend. Hoe ver we medisch ook van elkaar verschillen, ik mag wel concluderen 

dat je als huisarts toch een voorliefde voor intensivisten hebt. Ik hoop nog vaak 

met je aan de bar te mogen filosoferen. 

Dartvrienden van de N8W8. Wie zou ooit gedacht kunnen hebben dat Rembrandt 

van Rijn aan de basis zou staan van een dartteam. Ontspannen op maandagavond 

maakt promoveren echt veel gemakkelijker. Ik gooi graag weer een keer een 

pijltje mee.
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Mannen van het eerste uur; Laurens, Jasper, Joes en Bob, niemand kan zonder 

goede vrienden. Ik kijk met veel plezier terug op alle mooie momenten die we al 

beleefd hebben en op de vele die nog zullen volgen!

Lieve Nadine, ondanks dat we al lange tijd niet meer in dezelfde stad wonen, ben 

ik blij dat onze vriendschap hier niet door beïnvloed is. Als dit alles achter de rug is, 

meld ik me snel weer een keer in Amsterdam.

Pap en mam, tja, het is zover. Na jaren van “sorry, maar dan kan ik niet want ik 

ben zo druk”, zien jullie hier waar ik al die tijd mee bezig ben geweest. Ik ben jullie 

heel dankbaar voor de manier waarop ik dankzij jullie opvoeding mijn leven heb 

kunnen inrichten. Jullie hebben mijn keuzes altijd gesteund en staan altijd voor 

mij, ons, klaar. Dat uitgebreide familieweekendje gaat er nu echt een keer komen, 

dat beloof ik!

Beste Jan, lieve broer, ondanks dat we twee totaal verschillende personen zijn, 

ben ik er trots op dat je mijn broertje bent. Jouw kijk op het leven maakt relativeren 

soms bijzonder gemakkelijk. Het wordt weer eens tijd dat we, nu dit boekje klaar 

is, als vanouds gaan borrelen, kijken of ik je nog bij kan houden. Charlotte, dank je 

voor je altijd gezellige aanwezigheid bij de familiebezoekjes.

Lieve Oma, jammer dat je er niet bij kunt zijn op deze dag, ik kom snel weer een 

keer bij je langs in je nieuwe woning.

Tom en Corry, je moet het maar treffen met je schoonouders, en wat heb ik een 

geluk gehad. Dank jullie voor jullie gastvrijheid, oprechte interesse en steun de 

afgelopen jaren. Ron, dank voor je hulp bij de Nederlandse teksten in dit boekje, 

je oprechte interesse, en de rol van oom. Marloes, wat zijn de jongens (en wij ook) 

blij dat jullie straks op een steenworp afstand wonen. Lieve Janneke, schoonzus, 

dank je voor de gezellige momenten en je lieve zorgen voor onze kinderen.
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Naast promotieonderzoek afwisselen met kliniek heb ik ook nog het geluk 

gehad in deze periode de trotse vader van 3 te mogen worden. De geboorte van 

jullie, Stijn, Bram en fleur, heeft mij op velerlei gebied verrijkt. Niet alleen met 

jullie onvoorwaardelijke liefde, het altijd weer zeer uitbundige onthaal bij mijn 

thuiskomst, onze stoeipartijen, maar ook met de absolute test om 24 uur per dag 

flexibel te zijn en het begrip uitslapen te doen verdwijnen. Als jullie groot zijn zal ik 

jullie nog wel een keer uitleggen waarom papa zo vaak (op zolder) moest werken… 

Daar waar velen mij ook kennen als, nou ja over het algemeen dan, een positief 

ingestelde vent, ben jij een luisterend oor geweest voor mijn frustraties, 

onderzoeksdips en bewaakte je de belangrijke tijdsverdeling tussen gezin en 

werk. Lieve Elke, je weet niet hoe groot jouw rol is in het tot stand komen van dit 

boekje. Zonder jou was het absoluut niet gelukt. Naast elke sterke man staat een 

nog vele malen sterkere vrouw. Ik hou van jou!
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CuRRICuLuM vITaE

Bart Ramakers werd geboren op 31 maart 1978 in Tegelen. Na het behalen van 

zijn VWO diploma (stedelijk college Den Hulster te Venlo) startte hij in 1997 met 

de opleiding Biologie in Nijmegen. Nadat hij zijn propedeuse in 1998 had behaald, 

werd de overstap gemaakt naar de opleiding Biomedische Wetenschappen, 

eveneens in Nijmegen. In 2002 werd na een stage in het Antoni van Leeuwenhoek 

Ziekenhuis in Amsterdam deze opleiding afgerond. Vervolgens werd de overstap 

gemaakt naar de opleiding Geneeskunde. In de periode van 2002 tot en met 2006 

werd een verkort studieprogramma doorlopen. In deze periode combineerde hij 

zijn studie met de nodige horecawerkzaamheden en een studentassistentschap 

op de afdeling farmacologie-toxicologie (prof. Smits en prof. Rongen). In deze 

periode won hij de prijs voor beste mondelinge presentatie research abstract 

tijdens de 15de Internistendagen (Maastricht, 2003). 

In 2006 werd gestart met de opleiding tot internist onder leiding van prof. J. van 

der Meer (UMCN) en dr. P. Netten (Jeroen Bosch Ziekenhuis, ‘s Hertogenbosch). 

Nog geen jaar later werd een AGIKO-Stipendium van ZonMw toegewezen. 

Een samenwerking tussen de afdeling farmacologie-toxicologie en de afdeling 

intensive care heeft geresulteerd in de totstandkoming van dit proefschrift over 

adenosine en de rol van immuunmodulatie tijdens inflammatie. In 2012 startte hij 

met zijn opleiding tot intensivist (prof. J.G. van der Hoeven), die in 2014 voltooid 

zal zijn.

Bart woont samen met Elke Ghijssen in Nijmegen. Ze hebben drie kinderen (Stijn, 

Bram en Fleur). 
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