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+
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NO
•  

nitric oxide 
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NPP  ectonucleotide pyrophosphatase/phosphodiesterase 

NSCLC  non-small-cell lung cancer 

NTPDase ectonucleoside triphosphate diphosphohydrolase 

O2
•-  

superoxide radical 

OH
•
  hydroxyl radical 

ONOO
-
  peroxynitrite 

PARP  poly (ADP-ribose) polymerase-1 

PCA  perchloric acid 

PHA  phytohemagglutinin 

PKA  protein kinase A 

PLC  phospholipase C 

PNP  purine nucleoside phosphorylase 

RA  rheumatoid arthritis 

RNS  reactive nitrogen species 

ROS  reactive oxygen species 

SEM  standard error of the mean 

SOD  superoxide dismutase 

SSA  sulfosalicyclic acid  

TCA  trichloric acid  

TEAC  trolox equivalent antioxidant capacity 

Th  T-helper 

TLR  Toll-like receptor  

TNF-α  tumour necrosis factor-alpha 

UDP  uridine 5’-diphosphate 

UTP  uridine 5’-thriphosphate 
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ROS and oxidative stress 

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) comprise free 

radicals and non-radicals. Examples of radical ROS/RNS are superoxide radical 

(O2
•-
), hydroxyl radical (OH

•
) and nitric oxide (NO

•
) and non-radical ROS/RNS 

include hydrogen peroxide (H2O2), hypochlorous acid (HOCl) and peroxynitrite 

(ONOO
-
) [1]. ROS or RNS can be generated during metabolism of oxygen or 

nitrogen respectively, by neutrophils and macrophages during inflammation or by 

irradiation. During metabolism of oxygen for example, 1-3% of the consumed 

oxygen is not completely reduced to water, but forms H2O2 or free radicals [2]. The 

interaction of ionizing radiation with water, a major cellular constituent, results in the 

generation of various ROS including OH
•
 [3]. 

ROS/RNS are known to play a dual role in biological systems [4]. On the one hand, 

beneficial effects of ROS involve physiological functions such as metabolism of 

xenobiotics, smooth muscle relaxation and the respiratory burst to kill invading 

micro-organisms [4-6]. On the other hand, at high concentrations, ROS can be 

harmful by damaging practically all compounds occurring in living organisms, 

including DNA, proteins, carbohydrates and lipids [7]. 

To protect against these harmful effects of ROS, the human body contains non-

enzymatic and enzymatic antioxidant defenses [8, 9]. The enzymatic antioxidant 

system is composed of enzymes such as superoxide dismutase (SOD), glutathione-

peroxidase (GPx) and catalase. In non-enzymatic mechanisms, some antioxidant 

substances including vitamin E and glutathione (GSH) protect the cells. When a 

disturbance of the balance between the production of and the protection against 

ROS occurs in favour of the production, a situation called oxidative stress occurs. 

Inflammation 

Innate and adaptive immune response 

The human immune system comprises an interactive network of immune cells and 

humoral factors and is essential for protection of the host against microbial 

infections. The immune system may be divided into two interrelated cascades: the 

innate and the adaptive immune system [10, 11]. The innate immune system 

mediates the initial in-born protection against infections while the adaptive immune 

system develops more slowly during human life and mediates the later defense 

against infections. The innate immune system is a type of host defense always 

present in healthy individuals, prepared to block the entry of microbes and involves 

phagocytic cells such as neutrophils, monocytes and macrophages.  
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The adaptive immune system is stimulated by microbes that invade tissues, and is 

made up by lymphocytes which express T-cell receptors and B-cell receptors, which 

specifically recognize antigens produced by microbes.  

Unlike the adaptive immune system, the innate immune system does not recognize 

every possible antigen. Instead, it is designed to recognize a few highly conserved 

structures present in many different micro-organisms, which are called pathogen-

associated molecular patterns, for example lipopolysaccharide (LPS). 

LPS is an essential outer membrane glycolipid of gram-negative bacteria and is a 

potent inducer of inflammation. LPS recognition is predominantly mediated by toll-

like receptor 4 (TLR4) [12]. This recognition involves the binding of LPS with 

lipopolysaccharide-binding protein (LBP) and subsequently with CD14, which 

physically associates with a complex including TLR4 [13, 14]. CD14 is a 

glycosylphosphatidylinositol-anchored molecule, which is preferentially expressed 

by monocytes/macrophages and neutrophils. Formation of the TLR4-centered LPS 

receptor complex activates nuclear factor kappaB (NFκB). The activation of this 
transcription factor is due to the phosphorylation and the subsequent degradation or 

displacement of the inhibitory part of NFκB, called IκB. This leads to the 
translocation of NFκB to the nucleus where it associates with specific DNA binding 
sites and the subsequent production of pro-inflammatory cytokines such as tumour 

necrosis factor-alpha (TNF-α), interleukin (IL)-6, IL-1 and IL-12 [15-17] (Figure 1). 
 

 

 

 

 

 

 

Figure 1: LPS activation of NFκB and the subsequent production of pro-inflammatory cytokines. 
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There is a close cooperation between the innate and adaptive immune system; for 

example, antibodies, which are a component of the adaptive immune system, bind 

to microbes, and these coated microbes then activate phagocytes, a component of 

innate immunity, which will destroy the microbes [10]. Moreover, there is evidence 

that TLRs also contribute to activation of adaptive immune responses, as reviewed 

by Pasare et al. [18]. 

Pro- and anti-inflammatory cytokines 

Cytokines, which are mediators of immune responses, are secreted by activated 

immune cells and can be classified into pro- and anti-inflammatory cytokines [19]. 

Cytokines regulate both the innate (neutrophils and macrophages) and the adaptive 

immune system (T and B lymphocytes). Pro-inflammatory cytokines are mainly 

produced by activated immune cells and stimulate other immune cells, thereby 

enhancing inflammatory reactions. In contrast, anti-inflammatory cytokines inhibit 

activated cells and temper inflammatory responses. 

Monocytes and macrophages, activated by the recognition of pathogens, produce a 

range of pro-inflammatory cytokines such as TNF-α, IL-1 and IL-12. TNF-α can 
promote inflammatory reactions by stimulating other monocytes, macrophages and 

neutrophils to migrate to the site of infection, thereby enhancing the production of 

other inflammatory mediators such as IL-8 and TNF-α itself, amplifying the TNF-α-
mediated inflammatory effects [20, 21]. After the initial activation, monocytes and 

macrophages also produce anti-inflammatory cytokines, such as IL-10, which 

directly inhibits the production of pro-inflammatory cytokines including TNF-α. IL-10 
has also been shown to inhibit the production of ROS in isolated macrophages [22, 

23]. 

Activated T-lymphocytes can be divided in T-helper-1 (Th1) and Th2-cells, 

according to the cytokines they produce. Th1-cells mainly produce interferon-

gamma (IFN-γ) and IL-2; Th2-cells produce IL-4, IL-5 and IL-10. Pro-inflammatory 
cytokines induce the production of Th1 cytokines, which have by themselves pro-

inflammatory capacities. On the other hand, Th2 cytokines are anti-inflammatory 

and inhibit Th1 and/or pro-inflammatory cytokines. IL-6, produced by activated 

monocytes and macrophages and Th2-cells, has both pro- and anti-inflammatory 

properties [19]. 

The relation between oxidative stress and inflammation 

ROS are known to mediate inflammation by activating redox-sensitive transcription 

factors such as NFκB and activator protein (AP)-1, which up-regulate a number of 
pro-inflammatory genes, resulting in the production of pro-inflammatory cytokines 

[20, 21]. It has also been shown that cytokines can trigger a rapid, transient increase 

in ROS levels [24, 25]. Moreover, the cytokine-induced NFκB activation appears to 
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  NFκB 

ROS Radiation 

be associated with an intracellular increase in ROS [25]. The involvement of ROS in 

NFκB activation by LPS was recently reviewed by Gloire et al. [25]. 
The production of ROS and of various cytokines such as TNF-α via NFκB is not 
only associated, but they even amplify each other. Not only is increased ROS 

formation a trigger of inflammation, but inflammation itself again triggers ROS 

production. In this way, a vicious spiral of increased ROS formation and 

inflammation may occur (Figure 2). 

 

 

 

 

 

 

 

Figure 2: Interplay between inflammation and oxidative stress. 

Cancer 

Cancer, a disease characterized by uncontrolled growth and spread of abnormal 

cells, is together with cardiovascular diseases, one of the major causes of death in 

humans [26]. In males, lung cancer is the most common cancer, in females it is the 

third to breast and uterine cancer. Cigarette smoking remains the major risk factor 

on the incidence of cancer, with 90% of all lung cancers occurring in smokers. 

Cancer and oxidative stress 

Oxidative damage accumulates during life and radical-related damage to DNA, 

proteins and lipids has been proposed to play a key role in the development of age-

dependent diseases such as cancer [27]. Valko et al. [28] recently reviewed the 

involvement of oxidative stress in the carcinogenesis process. Moreover, there is 

substantial evidence indicating that the redox balance in cancer cells is impaired 

     LPS 

 TNF-α 
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relative to normal human cells [29, 30], which may be related to oncogenic 

stimulation. 

So far, it is not well established whether oxidative stress observed in cancer patients 

results from an increased production of oxidants in the body or from a failure of 

physiological antioxidant defense systems. Several mechanisms have been 

proposed that could lead to oxidative stress in cancer patients. The first one is the 

altered energy metabolism, which may be attributable to symptoms such as 

cachexia, nausea and vomiting. These symptoms prevent a normal nutrition and 

thereby a normal supply of nutrients such as antioxidant vitamins, which lead to an 

unbalance between antioxidants and oxidants [31]. The second suggested 

mechanism is a nonspecific chronic activation of the immune system with an 

excessive production of pro-inflammatory cytokines, which in turn may increase 

ROS production [32]. A third mechanism may be the effect of alkylating or 

redoxcycling cytostatics used in cancer treatment [33]. 

Cancer and inflammation 

Besides various diseases such as chronic obstructive pulmonary disease (COPD) 

[34] and rheumatoid arthritis (RA) [35], inflammation is also associated with cancer 

[36-39]. Moreover, in cancer, symptoms such as fatigue and cachexia, which 

determine the quality of life, are associated with the production of pro-inflammatory 

cytokines [40-44]. Studies have shown that pro-inflammatory cytokines, induced by 

the tumour, can directly and indirectly lead to the development of tumour-induced 

weight loss. Cytokine releases can cause suppressed appetite, changes in the 

body’s ability to metabolize and use macronutrients, acceleration of fat and protein 

breakdown, leading to loss of body weight and lean body mass. 

One approach to reduce side effects in cancer patients and thereby improving the 

quality of life of these patients could be the administration of an anti-inflammatory 

agent. Moreover, this reduced inflammatory reaction will lead to a decreased 

oxidative stress due to less ROS production. An example of anti-inflammatory 

agents, which are used as highly effective therapeutic agents for treating patients 

with severe chronic inflammatory conditions, are TNF-α blockers, such as infliximab 
(Remicade), etanercept (Enbrel) and adalimumab (Humira) [45, 46]. However, 
the clinic use of these synthetic TNF-α blockers has also been associated with an 
increased rate of side effects [47, 48]. Adenosine 5’-triphosphate (ATP), which is a 

physiological compound ubiquitously present in the human body and which is known 

to have immunomodulatory effects, may offer new therapeutic possibilities for 

application in chronic disorders. 
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ATP is a nucleotide consisting of adenine, ribose and three phosphate groups 

(Figure 3). 

 

 

 

 

 

Figure 3: Structure of ATP. 

ATP is found in every living cell of the human body and is well-known for its central 

role in intracellular energy metabolism. In addition, ATP is also widely distributed 

outside the cell. Even at low concentrations, extracellular ATP appears to influence 

many biological processes including cardiac function, neurotransmission, muscle 

contraction and inflammation. Whereas intracellular concentrations of ATP are very 

high (3-10 mM), its extracellular concentrations are considerably lower. 

Physiological ATP concentrations in plasma are normally in the sub-micromolar 

range (400-700 nM). However, extracellular concentrations of ATP can rise 

markedly under several conditions, including inflammation, hypoxia and ischemia 

[49-51]. 

ATP breakdown 

Extracellular ATP is known to be broken down by a cascade of ecto-enzymes 

located on the plasma membrane or present in a soluble form in the extracellular 

compartment (Figure 4). The currently known ecto-enzymes, which are involved 

mainly in the breakdown of ATP, include four families [52, 53]. The first family is the 

ectonucleoside triphosphate diphosphohydrolase (NTPDase), which catalyzes the 

sequential degradation of ATP and adenosine 5’-diphosphate (ADP) to adenosine 

5’-monophosphate (AMP). The second family consists of ectonucleotide 

pyrophosphatase/phosphodiesterase (NPP), which catalyzes the hydrolysis of ADP 
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to AMP and of AMP to adenosine. The third family comprises the alkaline 

phosphatases, which catalyze the degradation of ATP to ADP, ADP to AMP and of 

AMP to adenosine. Finally, the fourth family comprises ecto-5’-nucleotidase (CD73), 

which catalyzes the hydrolysis of AMP to adenosine. Adenosine can be further 

degraded to inosine by adenosine deaminase (ADA) or to adenine by a purine 

nucleoside phosphorylase (PNP). Adenine and inosine can be further broken down 

to hypoxanthine, which can be degraded to xanthine and finally to uric acid, which is 

excreted in the urine. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: ATP breakdown to uric acid (NTPDase: ectonucleoside triphosphate diphosphohydrolase; 

NPP: ectonucleotide pyrophosphatase /phosphodiesterase; CD73: ecto-5’-nucleotidase; PNP: 

purine nucleoside phosphorylase; ADA: adenosine deaminase; XO: xanthine oxidase). 
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Purinergic receptors 

Both ATP and its breakdown product adenosine exert extracellular functions via 

signaling through membrane-bound purinergic receptors. These receptors are 

widely expressed throughout the body, on a variety of both immune and non-

immune cells. Two families of purinergic receptors have been defined to date, 

namely P1 and P2 receptors (Figure 5). In general, the effects of ATP are mediated 

via P2 receptors, whereas adenosine binds to P1 receptors. The P2 receptor family 

is subdivided in two subfamilies, i.e. P2Y and P2X [54]. P2Y receptors are seven-

transmembrane receptors of which eight subtypes have been identified to date 

(P2Y1, P2Y2, P2Y4, P2Y6, P2Y11-14) [55-59], whereas P2X receptors are ligand-gated 

ion channels of which seven subtypes have been characterized (P2X1-7) [60, 61]. P1 

receptors belong to the super family of seven-transmembrane receptors and are 

subdivided into A1, A2A, A2B and A3 receptor subtypes [57, 62, 63]. 

 

 

 

 

 

 

 

Figure 5: P1 and P2 receptor subtypes. 

Among the P2Y receptors, only P2Y11 is an ATP-specific receptor and is the only 

cloned P2Y-receptor that is selective for ATP as a naturally occurring agonist [55]. 

P2Y1, P2Y12, and P2Y13 prefer ADP. For the P2Y2 receptor, ATP and uridine 5’-

triphosphate (UTP) are equipotent [55, 56, 64]. The P2Y4 receptor is preferentially 

activated by UTP, P2Y6 is uridine 5’-diphosphate (UDP) specific and the P2Y14 

receptor subtype is activated by the nucleotide sugar UDP-glucose [65] (Table 1). 



General introduction 

 

 

 21 

P2Y1 

P2Y11 P2Y12 

cAMP ↓ 

Gq/11 

PLC 

IP3 ↑ 

Ca
2+ ↑ 

Gs 

AC 

cAMP ↑ 

Gq/11 

PLC 

ADP 

ATP 

ADP 

Gi 

AC 

Table 1: P2Y receptor subtypes, G-protein coupling and signal transduction 
a)
. 

Receptor Agonist (human) G protein Main effector molecules 

P2Y1 ADP Gq/11 PLC ↑, IP3 ↑, Ca
2+
 release 

P2Y2 ATP, UTP Gq/11 PLC ↑, IP3 ↑, Ca
2+
 release 

P2Y4 UTP Gq/11 PLC ↑, IP3 ↑, Ca
2+
 release 

P2Y6 UDP Gq/11 PLC ↑, IP3 ↑, Ca
2+
 release 

P2Y11 ATP Gq/11 and Gs PLC ↑, IP3 ↑, Ca
2+
 release and 

AC ↑, increased cAMP 

P2Y12 ADP Gi AC ↓, decreased cAMP 

P2Y13 ADP Gi AC ↓, decreased cAMP 

P2Y14 UDP-glucose Gi AC ↓, decreased cAMP 

a) PLC= phospholipase C; IP3= inositol 1,4,5-triphosphate; AC= adenylyl cyclase; cAMP= cyclic AMP. 

After binding of their ligands, most P2Y receptors (P2Y1, P2Y2, P2Y4 and P2Y6) 

initiate signaling through Gq proteins, activating phospholipase C (PLC), which in 

turn induces the release of inositol 1,4,5-triphosphate (IP3) and thereby results in 

mobilization of Ca
2+
 from intracellular stores. Unlike the Gq-coupled P2Y1 receptor, 

the ADP-selective P2Y12 and P2Y13 receptors both use Gi proteins to inhibit adenylyl 

cyclase (AC). P2Y11 has the remarkable and unique property among the P2Y family 

of being dually coupled to Gq, thereby activating the PLC pathway, and to Gs, which 

leads to AC activation [55, 56, 59] (Table 1 and Figure 6). 

 

 

 

 

 

 

 

Figure 6: Overview of the intracellular mechanism of the P2Y1 (P2Y2,4,6), P2Y11 and P2Y12 (P2Y13, 14) 

receptors. 
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For the P2X receptors, signal transduction is relatively simple [54, 61]. The ATP-

gated ion channels mediate sodium influx, potassium efflux and, to varying extents, 

calcium efflux, leading to depolarization of the cell membrane. Membrane 

polarization subsequently activates voltage-gated calcium channels, thereby 

causing accumulation of calcium ions in the cytoplasm, which is responsible for 

activating numerous signaling molecules. The intracellular N and C termini contain 

consensus phosphorylation sites for protein kinases such as extracellular-signal 

regulated kinase (ERK). Activation of these kinases stimulates the transcription 

factor NFκB, thereby leading to the synthesis and secretion of cytokines. The P2X7 

receptor is distinct among the P2X receptors, because it can form both cation 

channels and, after prolonged activation in some cell types, non-selective pores that 

allow passage of larger molecules. 

It is well known that oxidative stress can affect both receptor function and signal 

transmission systems. Van der Vliet et al. [66] reported that oxidative stress can 

affect receptor function by influencing the binding of ligands to membrane receptors 

and the subsequent signal transduction system, i.e. the coupling of these receptors 

to G-proteins or affecting the second messenger activity. These effects of oxidative 

stress could be caused either by peroxidation of membrane lipids, or by interaction 

of ROS with functional thiol or disulfide groups in the receptor. 

ATP and oxidative stress 

There is evidence that intracellular ATP concentrations decrease upon exposure to 

oxidative stress. H2O2 rapidly depleted intracellular ATP levels and thereby causes 

cell death in brain cells [67] and astrocytes [68]. ATP depletion by H2O2 was 

explained by inactivation of mitochondrial ATP synthase or by activation of the 

nuclear enzyme poly(ADP-ribose) polymerase-1 (PARP). Activation of PARP as a 

consequence of ROS-induced DNA damage, which causes the excessive use of 

substrates such as nicotinamide adenine dinucleotide (NAD
+
) and ATP, induced cell 

death either by apoptosis or by necrosis [69, 70]. Oxidative stress can also lead to 

oxidation of thiol-moieties in membrane bound Ca
2+
-ATP-ases, causing an inhibition 

in membrane ATP-ase activity [71]. Therefore, periods of oxidative stress are often 

followed by an increase in Ca
2+
-influx and intracellular Ca

2+
 levels, which can result 

in cell death. Thus, blockade of the depletion of cellular ATP level would be 

important in the resistance of cells against oxidative stress and in the protection 

against oxidative stress-induced cell death. 

The role of extracellular ATP during adaptation and protection against oxidative 

stress is not well understood because there is little knowledge about the effects of 

ATP in the presence of oxidative stress. For instance, Yoo et al. [68] reported that 

ATP was able to protect astrocytes from H2O2-induced cell death by restoration of 

cellular ATP levels. On the other hand, Shinozaki et al. [72] showed that ATP 
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protected astrocytes from H2O2-induced cell death via P2Y1 receptor-mediated 

pathways.  

The mechanism responsible for this protective effect of ATP involved up-regulation 

of oxido-reductase genes, but the precise target genes and the P2Y1 receptor 

mediated protective action in these cells remained unclear. Moreover, it was shown 

that ATP was also able to protect, by way of a receptor-mediated mechanism, 

against hypoxia and oxidative stress induced injury in renal proximal tubes [73, 74]. 

It is also known that cell death can cause the release of ATP, followed by activation 

of purinergic receptors and the mediation of responses essential for survival. Ahmed 

at al. [75] showed that ATP was released from lung epithelial cells during ozone 

exposure and that this extracellular ATP protected against ozone toxicity, thus 

preventing cell death. It was also shown that ATP release from human lung 

endothelial cells exposed to elevated concentrations of oxygen (hyperoxia) was 

essential for survival of the cells [76]. Other stress situations, such as shear, 

hypotonia, and hypoxia have also been shown to cause ATP release [49, 50, 77, 

78]. 

An important function of inflammatory neutrophils, monocytes and macrophages is 

the destruction and elimination of potentially harmful pathogens by the mobilization 

of microbicidal molecules (i.e. oxidative burst) either into the phagolysosome or into 

the extracellular space [79, 80]. ATP has been shown to contribute to the initiation of 

the oxidative burst. ATP appears to prime neutrophils for functional responses to 

various inflammatory mediators, as indicated by increased production of ROS [81-

83]. Extracellular nucleotides have also been shown to stimulate ROS generation by 

rat alveolar macrophages [84], guinea pig peritoneal macrophages [85] and human 

monocyte-derived macrophages [86]. These effects were shown to be P2X7-

independent. Moreover, extracellular ATP was shown to enhance LPS-induced NO� 

production in mouse macrophages [87], probably via P2X7 receptor activation [88, 

89]. 

ATP and inflammation 

Over the past decades, evidence has accumulated indicating that extracellular 

nucleotides and nucleosides may be important regulators of inflammatory and 

immune responses in cell lines. Modulation of inflammatory processes and immune 

responses by extracellular ATP is complex and results from specific effects on a 

wide variety of both immune and non-immune cells. The immunomodulatory effects 

of ATP in different immune cell types have been described by Di Virgilio et al. [90, 

91] and were recently reviewed by our group [92]. In short, our recently published 

review summarizes that ATP and adenosine are important endogenous signaling 

molecules in immunity and inflammation through activation of purinergic receptors. 

The immunomodulatory effects of ATP on cytokine release by different immune cells 

are not straightforward and may depend on its extracellular concentration, the 



Chapter 1 

 

 

 24 

cellular expression of purinergic receptor subtypes and ecto-enzymes and the cell-

type studied, which are all parameters which can be affected by various 

inflammatory mediators.  

Several reports indicate that ATP at millimolar levels induces pro-inflammatory 

effects through activation of P2X7 receptors, whereas the effects of lower ATP levels 

(low micromolar concentrations), which may occur via P2Y receptor activation, 

seemed to attenuate pro-inflammatory cytokine production by monocytes, 

macrophages, dendritic cells and lymphocytes. P1 receptor signaling by adenosine 

seemed to be mostly anti-inflammatory. Both ATP as well as adenosine can be seen 

as danger molecules due to their extracellular rise in response to inflammation and 

tissue damage [49, 51]. 

Favourable effects of ATP in relation to cancer 

Potential application of ATP in cancer treatment has aroused increasing interest 

over the past decade [93]. 

Cytostatic properties of ATP 

The anticancer activity of ATP was first described in 1983 [94]. It was shown that 

extracellular ATP exerts cytostatic and cytotoxic effects on several tumour cell lines, 

which were stronger than the effect upon non-transformed mother cells [95-97]. The 

anti-tumour effects of ATP via P2 receptor activation were recently reviewed by 

White et al. [98]. This review summarized that extracellular nucleotides can regulate 

proliferation, differentiation and apoptosis of cancer cells through different P2 

receptor subtypes. In the in vivo studies performed by Rapaport et al., mice were 

inoculated with cancer cells and were given systemic ATP. The results showed that 

intraperitoneal injections of ATP inhibited tumour growth, weight loss and prolonged 

survival time [99, 100]. In Ehrlich-ascites-tumour-bearing mice, daily administration 

of exogenous ATP (1 mmol/kg) during 7 days, induced an inhibition of tumour 

growth [101]. 

ATP as a chemosensitizer 

Several reports have shown that ATP may selectively enhance cytotoxicity of a 

number of cytostatic drugs in various cancer cell lines, whereas this effect was not 

found in normal cells. ATP markedly increased the passive permeability for several 

chemotherapeutic agents such as fluorouracil and doxorubicin, an effect which was 

specific for transformed cells [102-104], making cancer cells more sensitive to 

cytostatics, without causing damage to normal cells. In Ehrlich-ascites-tumour-

bearing mice, ATP (1 mmol/kg per day) showed a synergistic action when combined 

with recombinant human TNF-α administration [105]. 
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ATP and radiotherapy 

Estrela et al. [106] showed that the combination of radiotherapy and ATP 

administration led to reduced GSH-levels in tumour cells, but not in normal cells, 

making cancer cells more sensitive to therapy. This offers an interesting new 

avenue in cancer therapy. Furthermore, the protecting effects of ATP against 

radiation damage on normal tissues were shown in various animals by enhancing 

the survival rates [107, 108]. In addition, Senagore et al. [109] demonstrated that 

intravenous ATP-MgCl2 infusions in pigs offered significant cytoprotection from 

pelvic radiotherapy by diminishing colorectal seromuscular ischaemia and 

decreasing skin and subcutaneous tissue injury and inflammatory reactions. 

Human studies with ATP 

A phase I and phase II trial with intravenous administration of ATP in non-small-cell 

lung cancer (NSCLC) patients was reported by Haskell et al. [110, 111]. It was 

concluded from these trials that systemic administration of ATP during 96 h (with a 

maximum tolerated dose of 75 µg/kg/min) is safe. 

Agteresch et al. [112-114] performed a randomized clinical trial to evaluate the 

effects of ATP infusion on body weight, muscle strength and quality of life in patients 

with advanced NSCLC who had previously been treated with radiotherapy. Patients 

were randomized to receive either both supportive care and ATP (ATP group, n=28, 

30 h ATP infusion), or supportive care alone (control group, n=30). Results showed 

that regular infusions of ATP induced a marked increase of survival (from 3.5 to 9.3 

months) in stage IIIB NSCLC patients who had lost ≥5% of body weight prior to 

inclusion in the study, compared to a control group of patients receiving usual 

palliative care only. Moreover, physical and functional quality of life, fatigue, 

appetite, weight and muscle strength remained stable for 6 months in the ATP 

group, but progressively deteriorated in the control group. ATP also induced 

stabilization of albumin levels; moreover, data in a subgroup of patients suggested 

potential inhibition of the acute phase response (C-reactive protein). 
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Aim and outline of the thesis 

The hypothesis underlying the present thesis is that the favourable effects of ATP 

on quality of life and nutrition in advanced lung cancer patients, as shown by 

Agteresch et al. [112-114], could be due to modulatory effects of ATP on 

inflammation and oxidative stress. 

 

Therefore, the primary aims of this thesis are: 

- To investigate the immunomodulatory effects of ATP on cytokine release in LPS-

PHA-stimulated blood of healthy subjects ex vivo; 

- To explore potential intra- and extracellular mechanisms and identify purinergic 

receptors subtypes involved; 

- To study the effects of ATP on radiation-induced damage in ex vivo irradiated 

blood of healthy volunteers. 

 

Chapter 2 presents the effects of ATP on the release of a pro-inflammatory (TNF-α) 
and an anti-inflammatory cytokine (IL-10) induced by LPS and PHA in human blood 

of healthy volunteers. These effects of ATP are also investigated in the presence of 

oxidative stress (as simulated by the co-incubation with different concentrations of 

H2O2) in chapter 3. Moreover, the direct effect of ATP on oxidative stress by 

measuring the scavenging effect of ATP on OH
•
 has been explored. 

Chapter 4 describes a study aimed at identifying the purinergic receptors involved 

in the anti-inflammatory effects of ATP by using several specific receptor agonists 

and antagonist. In chapter 5, the breakdown profile of ATP and the subsequent 

formation of its metabolites are investigated in the LPS-PHA-stimulated blood 

model. Moreover, the time-dependent effect of ATP and its metabolites on several 

inflammatory markers are studied at different time-points after LPS-PHA stimulation. 

Finally, the involvement of the transcription factor NFκB in the shown anti-
inflammatory effects of ATP has been investigated. 

In chapter 6, the effects of ATP on several inflammatory markers and DNA damage 

induced after irradiation of blood ex vivo are described. Finally, the ex vivo anti-

inflammatory effects of ATP are further examined in NSCLC patients and healthy 

controls in chapter 7. Moreover, the antioxidant and the inflammatory status of the 

patients and their matched controls is also quantified. 

In chapter 8, a general discussion, together with some further prospects is 

presented. In conclusion, this thesis supports the value of ATP as a remarkable 

natural compound, which is able to modulate inflammation, to scavenge OH
•
 and to 

alleviate radiation-toxicity in normal blood cells. 
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Abstract 

In vitro studies suggest that extracellular nucleotides and nucleosides may be 

important regulators of inflammatory and immune responses. Most studies with 

adenosine 5’-triphosphate (ATP) have been performed in cell lines, which are 

remote from the human situation. The purpose of the present study was to 

determine the effects of ATP on tumour necrosis factor-alpha (TNF-α), interleukin 
(IL)-6 and IL-10 release in stimulated whole blood. Blood samples were drawn from 

healthy volunteers and incubated with ATP and lipopolysaccharide (LPS) + 

phytohemagglutinin (PHA) for 24 h. Contrary to expectations, ATP at 100 µM and 
300 µM induced a reduction in TNF-α secretion by 32 ± 8% (mean ± SEM) and 65 ± 
4%, respectively. Furthermore, these ATP concentrations induced an increase in IL-

10 secretion by 93 ± 56% and 166 ± 71% in whole blood, respectively. The ATP 

analogue adenosine 5’-O-(3-thiotriphosphate) (ATPγS) and adenosine 5’-

diphosphate (ADP) also inhibited TNF-α release, but only ADP showed also a 
stimulatory effect on IL-10. Co-treatment with adenosine deaminase did not reverse 

the ATP effect on TNF-α and IL-10. These results show, for the first time, that ATP 
inhibits the inflammatory response in stimulated whole blood as indicated by 

inhibition of TNF-α and stimulation of IL-10 release and that this effect is 
predominantly mediated by ATP and not by adenosine. 
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Introduction 

Over the past decades, evidence has accumulated which indicates that extracellular 

nucleotides and nucleosides may be important regulators of inflammatory and 

immune responses in cell lines [1]. Generally speaking, adenosine 5’-triphosphate 

(ATP) is thought to exert immune-stimulating, pro-inflammatory effects [2-5], 

whereas adenosine has both pro- and anti-inflammatory effects [6-9]. However, 

these in vitro data are not directly applicable to the human in vivo situation, and 

human data in this field are lacking so far. 

A recent randomized clinical trial [10] showed that in patients with advanced (stage 

IIIB/IV) non-small-cell lung cancer (NSCLC), regular infusions of ATP induced a 

marked amelioration of weight, muscle strength and quality of life compared to a 

control group of patients receiving usual palliative care only. Moreover, in a 

subgroup of weight-losing patients, ATP-treatment induced a marked increase in 

survival relative to the control group (9.3 vs. 3.5 months) [11]. Although kinetic 

studies in a subgroup of cancer patients demonstrated significant repletion of 

intracellular ATP levels in both erythrocytes [12] and the liver [13], this could not 

explain the dramatic clinical effects of ATP due to the short half-life of ATP (6 h in 

erythrocytes). Therefore, we hypothesized that immunomodulatory properties of 

ATP described in vitro might be involved in the observed effects of ATP. 

The aim of this study was to determine the influence of ATP on cytokine secretion in 

whole blood cell cultures from healthy subjects, a model closely resembling the in 

vivo situation. A combination of lipopolysaccharide (LPS) and phytohemagglutinin 

(PHA) was used to stimulate monocytes and to activate T cells and natural killer 

(NK) cells respectively. 

Materials and methods 

Chemicals 

Purified PHA HA16 was from Murex, Dartford, UK. Adenosine 5’-diphosphate 

(ADP), uridine 5’-triphosphate (UTP), adenosine deaminase, adenosine 5’-O-(3-

thiotriphosphate) (ATPγS) and LPS (E. Coli 0.26:B6) were purchased from Sigma 
Chemical Co, St. Louis, USA. Human tumour necrosis factor-alpha (TNF-α) (7300 
pg/ml), human interleukin (IL)-10 (4000 pg/ml) and human IL-6 (4500 pg/ml) were 

obtained from CLB/Sanquin, The Netherlands. RPMI 1640 medium containing L-

glutamine was obtained from Gibco, UK. ATP was purchased from Calbiochem, 

USA. 
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Blood based cytokine production assay 

Blood was collected from eight healthy volunteers (age range: 25-45 years; six 

women and three men) in heparin containing vacutainer tubes (Vacutainer, Becton-

Dickinson, 170 I.U). The storage time (up to 4 h) and the storage temperature (room 

temperature or ice) of the blood had no influence on the measured values of the 

cytokines, which confirms the stability of the assay (see results). In all the 

experiments, blood was stored on ice and the incubations were started within one 

hour after blood collection. Whole blood was aliquoted into 24-well sterile plates and 

diluted 1:4 with RPMI 1640 (supplemented with L-glutamine). To induce cytokine 

production, PHA and bacterial LPS were added to whole blood at 1 µg/ml and 10 
µg/ml respectively. After addition of the stimulants, the plates were incubated in 5% 

CO2 at 37°C for 24 h. Cell-free supernatant fluids were then collected by 
centrifugation (6000 rpm, 10 min at 4°C) and stored at -20°C until tested for 
presence of cytokines. 

Incubation conditions 

Blood was pre-incubated with ATP, ADP, UTP and ATPγS at 5% CO2 at 37°C for 30 
min before stimulation with LPS + PHA for 24 h. The incubation with adenosine 

deaminase was started 15 min before the addition of medium (control) or ATP. All 

the used compounds were dissolved in RPMI 1640 culture medium. ATP was added 

to the blood at a final concentration of 1-300 µM in the first 30 min incubation step. 
ADP, UTP and ATPγS were added at a final concentration of 300 µM in the first 30 
min incubation step and adenosine deaminase was added at a final concentration of 

0.01 U/ml-10 U/ml. All incubations were performed in duplicate. 

Enzyme linked immune sorbent assay (ELISA) measurement 

All cytokines were quantified by means of PeliKine Compact human ELISA kits 

(CLB/Sanquin, The Netherlands), based on appropriate and validated sets of 

monoclonal antibodies. Assays were performed as described by the manufacturer’s 

instructions. Specific monoclonal antibodies were pre-coated overnight at room 

temperature in 96-well polystyrene microtiter plates. Standards and samples were 

pipetted into the wells. Subsequently, a biotinylated second monoclonal antibody 

was added and incubated. Following a washing to remove unbound antibody-

enzyme reagents, horseradish peroxidase (HRP)-conjugated streptavidin, which 

binds onto the biotinylated side of the cytokine complex, was added to the wells. 

After removal of non-bound HRP conjugate by washing, a substrate solution was 

added to the wells. Color development was stopped by addition of sulfuric acid and 

the intensity of the color was measured by a microtiter plate reader. 
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Statistics 

The effect of different concentrations of the tested compounds and the effect of the 

storage conditions on cytokine release in whole blood were compared to the control 

condition (no ATP) using Wilcoxon’s signed rank test. Spearman’s rank correlation 

coefficient was used to appraise the relation between the effects of ATP on TNF-α 
and IL-10 release. Two-tailed P-values of 0.05 or less were considered statistically 

significant. Results are reported as means ± SEM. 

Results 

Influence of blood storage conditions 

To examine the stability of the blood samples, LPS + PHA stimulation was 

performed in blood samples of four healthy volunteers. The blood was stored at 

room temperature or on ice, during 1, 2, 3 and 4 h before stimulating the blood. All 

supernatants were analyzed in a single ELISA batch. As shown in table 1, there was 

no significant effect of the different storage times and temperatures on the TNF-α 
and IL-10 concentrations for samples with delays from 1 h to 4 h and for storage at 

room temperature or ice for 1 h and 4 h. 

Table 1: Influence of storage time and temperature (room temperature or ice) of whole blood on the 

production of TNF-α and IL-10 upon incubation with LPS + PHA a). 

TNF-αααα   IL-10  Storage conditions  

Mean  

(pg/ml) 

SEM  

(pg/ml) 

 Mean  

(pg/ml) 

SEM  

(pg/ml) 

1h RT 3328 75  4785 1514 

1h ice 3001 67  4423 1359 

2h RT 3290 121  3430 978 

3h RT 3493 130  3829 1110 

4h RT 3551 179  3597 898 

4h ice 3504 164  3569 920 

a) Data are shown as mean ± SEM in four subjects (RT = room temperature). 

Effect of ATP on cytokine release from LPS + PHA-stimulated whole blood 

To determine the effects of ATP on the cytokine production in whole blood, 

individual blood samples from eight healthy volunteers were incubated with medium 

(control) or ATP for 30 min and then treated with or without LPS + PHA for 24 h.  
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In unstimulated whole blood, concentrations of TNF-α, IL-10 and IL-6 were 0.26 ± 
0.06 pg/ml (mean ± SEM), 0.29 ± 0.08 pg/ml, and 35 ± 18 pg/ml, respectively (Table 
2). Addition of ATP to unstimulated whole blood did not result in significant changes 

in the release of TNF-α, IL-10 and IL-6 (data not shown). 
Addition of LPS + PHA in the absence of ATP caused a significant increase in TNF-

α, IL-10 and IL-6 release to 7705 ± 2981 pg/ml, 2702 ± 1184 pg/ml and 20229 ± 755 
pg/ml, respectively (Table 2). 

Table 2: Effect of LPS + PHA stimulation on the release of TNF-α, IL-10 and IL-6 from whole blood 
a)
. 

Condition TNF-αααα  IL-10  IL-6  

 Mean  

(pg/ml) 

SEM  

(pg/ml) 

Mean  

(pg/ml) 

SEM  

(pg/ml)  

Mean  

(pg/ml) 

SEM  

(pg/ml) 

Unstimulated 0.27 0.06 0.29 0.08 35 12 

Stimulated 7705
∗
 2981 2702

∗
 1184 20299

∗
 1850 

a) Data are shown as mean ± SEM in eight subjects. 
∗
P<0.05 between the stimulated and unstimulated 

condition. 

The effect of addition of different ATP concentrations to LPS + PHA-stimulated 

whole blood on TNF-α production is shown in figure 1.  
 

 

 

 

 

 

 

Figure 1: Effect of ATP on LPS + PHA-induced TNF-α secretion in whole blood from eight healthy 

subjects. The whole blood was incubated with the indicated final concentrations of ATP during an 

initial 30 min incubation step followed by exposure to LPS and PHA for 24 h. Results are expressed 

in percentage, with 100% representing TNF-α release under stimulation by LPS + PHA in the 

absence of ATP. 
∗
P=0.01 compared to LPS + PHA stimulation without ATP. Data are expressed as 

mean ± SEM. 
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At an ATP concentration of 100 µM, a 32 ± 8% inhibition of TNF-α production was 
observed, and at 300 µM, the attenuation of TNF-α production was 65 ± 4%. The 

above effects were consistent in all subjects. The apparent increase of TNF-α at 3 
and 10 µM of ATP was due to one subject with a marked increase in the TNF-α 
concentration at only these two ATP concentrations. The difference in TNF-α 
release between the ATP-doses of 100 and 300 µM was statistically significant and 

consistent in all subjects. 

 

The effect of addition of different ATP concentrations to LPS + PHA-stimulated 

whole blood on IL-10 levels is shown in figure 2.  

 

 

 

 

 

Figure 2: Effect of ATP on LPS + PHA-induced IL-10 secretion in whole blood from eight healthy 

subjects. The whole blood was incubated with the indicated final concentrations of ATP during an 

initial 30 min incubation step followed by exposure to LPS and PHA for 24 h. Results are expressed 

in percentage, with 100% representing IL-10 release under stimulation by LPS + PHA in the 

absence of ATP. 
∗
P=0.01 compared to LPS + PHA stimulation without ATP. Data are expressed as 

mean ± SEM. 

At ATP concentrations of 100 and 300 µM, we observed a rise in IL-10 production 

by 93 ± 56% and 166 ± 71%, respectively. Again, the difference in IL-10 release 

between the ATP-doses of 100 and 300 µM was statistically significant and 

consistent in all subjects. 

In contrast to TNF-α and IL-10, ATP did not significantly alter the production of IL-6 
(data not shown). 

 

As shown in figure 3, a significant linear relationship between the effects of ATP on 

TNF-α and IL-10 release in stimulated blood was found. 



Chapter 2 

 

 

 40 

-20000

-15000

-10000

-5000

0

0 2000 4000 6000 8000 10000 12000

∆∆ ∆∆
T
N
F
- αα αα
(p
g
/m
l)

∆∆∆∆IL-10 (pg/ml)

-20000

-15000

-10000

-5000

0

0 2000 4000 6000 8000 10000 12000

∆∆ ∆∆
T
N
F
- αα αα
(p
g
/m
l)

∆∆∆∆IL-10 (pg/ml)

 

 

 

 

 

 

Figure 3: The relationship between TNF-α and IL-10 secretions in LPS + PHA-stimulated whole 

blood. The inhibition of the TNF-α release by ATP is related to the stimulation of IL-10 release by 

ATP (r = -0.786, P=0.02). Results are expressed as the difference in cytokine release at 300 µM 

ATP compared to control (no ATP, n=8). 

As shown in table 3, the stable ATP analogue ATPγS also significantly inhibited 
TNF-α release. However, ATPγS showed no effect on IL-10 release. ADP showed 
effects similar to ATP, i.e. a significant inhibitory effect on TNF-α release and a 
significant stimulatory effect on IL-10 release.  

Table 3: Effect of 300 µM ATP, ATPγS, ADP and UTP on LPS + PHA-induced TNF-α and IL-10 

release in whole blood 
a)
. 

 TNF-αααα (%) IL-10 (%) 

Control 100 100 

ATP 70.3 ± 3.9
∗
 147.6 ± 7.5

∗
 

ATPγS 66.5 ± 6.0
∗ 
 101.8 ± 5.1 

ADP 78.9 ± 2.7
∗ +

 135.3 ± 6.5
∗
 

UTP 102.6 ± 6.4 100.4 ± 7.1 

a) Data are expressed as percentage, with 100% representing the cytokine release in the presence of 

medium (control), and are shown as mean ± SEM in six subjects. 
∗
P<0.05 compared to control (medium); 

+
P<0.05 compared to effect of ATP. 
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The inhibition of TNF-α release by ADP was significantly less when compared with 
ATP; as for the effect on IL-10 release, there was no significant difference between 

ATP and ADP. UTP, in contrast, had no effect on TNF-α and IL-10 release. 
Since extracellular ATP is rapidly metabolized to adenosine, a substance which is 

able to suppress the production of pro-inflammatory cytokines, we also investigated 

the possibility that adenosine might be involved in the ATP effect on cytokine 

release. To remove the adenosine produced by the degradation of ATP, we co-

treated the cells with adenosine deaminase for 15 min before adding medium 

(control) or ATP. When adenosine deaminase was added at different 

concentrations, in combination with ATP, the effect of ATP on TNF-α and IL-10 
release remained and was not significantly different from the effect of ATP as such 

(Table 4), indicating that the effects of ATP on TNF-α and IL-10 release are not due 
to the breakdown product adenosine. 

Table 4: Effect of co-treatment with adenosine deaminase (ADA) on the effect of ATP (300 µM) on 

TNF-α and IL-10 release a). 

Condition TNF-αααα (%) IL-10 (%) 

ATP 
b)
 70.3 ± 3.9 147.6 ± 7.5 

 

0.01 U/ml ADA + ATP 
c)
 80.2 ± 10.9 143.4 ± 8.7 

0.1 U/ml ADA + ATP 
c)
 71.7 ± 10.2 134.8 ± 10.7 

1 U/ml ADA + ATP 
c)
 

10 U/ml ADA + ATP 
c)
 

81.9 ± 7.4 

76.7 ± 4.2 

149.8 ± 11.4 

136.2 ± 10.2 

a) Data are shown as mean ± SEM in six subjects; b) Results are expressed as percentage, with 100% 

representing TNF-α or IL-10 release in the absence of ATP; c) Results are expressed as percentage, with 

100% representing TNF-α or IL-10 release in the presence of different concentrations of ADA in the 

absence of ATP. 

Discussion 

Production of the cytokines TNF-α, IL-6 and IL-10 is part of the human immune 

reaction, which is involved in a number of chronic inflammatory diseases, including 

cancer. TNF-α, a pro-inflammatory cytokine, is produced by macrophages and 

monocytes in response to inflammatory stimuli including LPS [14, 15]. In contrast to 

TNF-α, IL-10 is an anti-inflammatory cytokine with immunosuppressive properties, 

and is among others produced by activated T cells [15-17]. IL-6 is a cytokine 

produced by monocytes, T-lymphocytes, and fibroblasts, and although IL-6 displays 

several pro-inflammatory properties, anti-inflammatory properties of this cytokine 

have also been reported [14, 15]. 
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In this study, we tested the effect of ATP on the release of the cytokines TNF-α, IL-
10, and IL-6 in human LPS + PHA-stimulated whole blood ex vivo, a model not 

previously used for studying the immunomodulatory properties of ATP. Results 

show that ATP consistently suppresses TNF-α release and stimulates IL-10 
secretion in LPS + PHA-stimulated whole blood in a dose-dependent manner. In 

contrast, ATP had no effect on IL-6 release. The results of this study indicate that, in 

contrast with studies in isolated cells [2-5], ATP inhibits the acute inflammatory 

response through suppression of TNF-α and stimulation of IL-10 secretion in 
stimulated whole blood. 

In contrast with studies in isolated cells or cell lines grown in medium, the utilized 

whole blood model stimulated with LPS + PHA closely resembles the in vivo 

situation and forms an appropriate and reproducible culture condition to measure 

cytokine production ex vivo [18]. In diluted whole blood, the natural cell-to-cell 

interactions are preserved and all blood components are present in in vivo ratios 

with non-cellular components. Therefore, this system is a good reflection of the 

natural environment [18]. The combined LPS + PHA stimulation allows the 

functional characterization of both the monocytic and T lymphocytic cytokines [19]. 

LPS mainly stimulates monocytes through CD14 and is a polyclonal mitogen for B-

lymphocytes. PHA, a common T cell mitogen, was used as a second stimulator to 

ensure the stimulation of T cells. Tests of the stability of blood prior to LPS + PHA 

stimulation showed that the temperature (room temperature vs. ice) and storage 

time (1 h-4 h) had no effect on the TNF-α and IL-10 release from LPS + PHA-
stimulated whole blood. 

Numerous in vitro studies indicate that ATP mainly exerts immune-stimulating and 

pro-inflammatory effects in isolated immune cells and cell lines [1-5, 20]. Grahames 

et al. [3] showed the involvement of the P2X7 receptor in ATP induced IL-1β release 
in LPS-stimulated human monocytes. Also in LPS-primed microglia it was shown 

that the addition of millimolar concentrations of extracellular ATP caused a release 

of a large amount of processed IL-1β [2]. In human dendritic cells, ATP caused a 
stimulation of IL-1β and TNF-α, possibly by stimulation of the P2X7 receptor [5]. 

Another pro-inflammatory effect of ATP is the activation of nuclear factor kappaB 

(NFκB) in LPS-stimulated microglial cells [20]. The receptor involved in these pro-

inflammatory effects of ATP is probably the P2X7 purinoceptor. This receptor is an 

unusual, bifunctional plasma membrane receptor, that upon transient stimulation 

with ATP behaves as a typical cation-selective ion channel permeable to K
+
, Na

+
, 

and Ca
2+
 [2, 21, 22]. 

The mechanism whereby ATP exerts anti-inflammatory effects in whole blood 

remains to be elucidated. The effect of ATP may be mediated by specific purinergic 

(P1 and P2) receptors, which are present on the surface of many cells. It has been 

known for some time that ATP-sensitive P2 purinergic receptors are expressed on 

immune cells and that activation of these receptors can alter immune cell function 

[1]. P2 receptors can be divided into two subfamilies: the G-protein-coupled P2Y 
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receptors and the ligand-gated ion channel forming P2X receptors [23]. The strong 

correlation between the TNF-α release and the IL-10 release from stimulated whole 
blood at 300 µm ATP (as shown in figure 4) would suggest a possible common 

mechanism for the effect of ATP on TNF-α and IL-10. 
Because ADP and UTP can be secreted by platelets, we also tested the effect of 

these compounds on cytokine release in stimulated whole blood. These compounds 

also give an indication about receptors potentially involved in the ATP effect. 

Results showed that ADP, similar to ATP, had an inhibitory effect on TNF-α and a 
stimulatory effect on IL-10 release. As ADP is a P2Y1/P2Y12 agonist, this would 

suggest that these receptors might also be involved in the effect of ATP on TNF-α 
and IL-10 release. In contrast, the P2Y2/P2Y4 agonist UTP had no effect on TNF-α 
and IL-10 release, indicating that these receptors are probably not involved in the 

ATP effect. Furthermore, to rule out the possibility that a breakdown product of ATP 

is involved in the effect of ATP, we tested the effect of the stable analogue ATPγS 
on cytokine release. ATPγS, also known as a non-selective P2Y receptor agonist, 
inhibited TNF-α release but, in contrast to ATP, did not stimulate IL-10 release. 
A study in cell cultures of isolated LPS-activated microglia [24], i.e. highly 

specialized neuronal macrophages, showed an inhibitory effect of ATP on release of 

TNF-α, IL-6 and IL-1β; IL-10 was not studied. The authors demonstrated that the 
inhibitory effect of ATP on cytokine release from these LPS-activated microglia was 

mediated via metabotropic receptors, more specific P2Y receptors. Duhant et al. 

demonstrated in isolated CD4
+
 T cells that several extracellular adenine nucleotides 

induced an increase in intracellular cyclic AMP (cAMP) thereby inhibiting cell 

activation in this in vitro model. The authors ascribed this effect to an unidentified 

P2Y receptor [25]. It is also a possibility that the anti-inflammatory effects of ATP are 

due to interference with the LPS pathway, for example by affecting the intracellular 

components of the inflammatory response to LPS such as the activation of p42/44 

mitogen-activated protein kinases (MAPK) and p38 MAPK, or the phosphorylation of 

the c-Jun terminal kinase (JNK) [26-28]. 

Although ATP is primarily recognized by P2 receptors, the possibility that part of the 

observed anti-inflammatory effects of ATP are caused indirectly by degradation of 

ATP to AMP and adenosine should be taken into account, because adenosine is 

also known to alter cytokine production. Hasko et al. [6], reported that adenosine 

was able to suppress the production of IL-12 and TNF-α by stimulating A2a and 

other adenosine receptors in isolated mouse macrophages. Several in vitro studies 

suggest that part of the effects of adenosine may be mediated by cAMP. Thus, 

stimulation of A2A receptors present on immune cells may increase intracellular 

cAMP concentrations and, thereby, inhibit the immune response and inflammation 

by a series of coordinated actions [7, 29, 30]. The fact that, in our study, the co-

incubation with adenosine deaminase caused no reversal of the ATP effect on TNF-

α and IL-10 release, indicates that the effect of exogenous ATP on TNF-α and IL-10 
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release is mainly mediated by direct effects of ATP on P2 receptors, and not via 

production of adenosine as a P1 agonist. 

In conclusion, our results suggest that ATP could play an immunoregulatory role by 

inhibiting TNF-α and stimulating IL-10 release and, thereby, prevent excessive 
inflammation in immune-mediated diseases and cancer. Our data also support the 

hypothesis that the ATP effect on cytokine release in whole blood predominantly 

occurs via ATP itself, presumably via a P2Y receptor-coupled mechanism. Further 

research should be directed towards determination of the exact mechanism involved 

in the immunoregulatory effects of ATP. 
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Abstract 

We recently reported that adenosine 5’-triphosphate (ATP) is able to inhibit the 

inflammatory reaction in stimulated whole blood. Many diseases, in which 

inflammatory reactions are involved, are associated with oxidative stress. In the 

present study, we therefore investigated the effect of ATP on cytokine release in 

stimulated whole blood under conditions of oxidative stress, as simulated by pre-

incubation of blood with hydrogen peroxide (H2O2). In the presence of H2O2, ATP at 

concentrations of 100 and 300 µM inhibited tumour necrosis factor-alpha (TNF-α) 
release and stimulated interleukin (IL)-10 release in lipopolysaccharide (LPS)-

phytohemagglutinin (PHA) stimulated whole blood. Moreover, electron spin 

resonance (ESR) measurements showed that ATP and its breakdown product 

adenosine 5’-diphosphate (ADP) attenuated spin trap-hydroxyl radical (OH
•
) adduct 

formation in the Fenton reaction. Our results demonstrate that even in 

circumstances of severe oxidative stress, ATP has marked anti-inflammatory 

properties in stimulated whole blood. Moreover, the inhibition of the OH
•
-ESR signal 

indicates a direct attenuation of oxidative stress by ATP. 
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Introduction 

There is evidence that oxidative stress, defined as an unbalance between increased 

exposure to oxidants and decreased antioxidant capacities, plays an important role 

in the pathogenesis and progression of chronic diseases such as chronic obstructive 

pulmonary disease (COPD) [1-4], cancer [5, 6], neurological diseases [7, 8] such as 

Parkinson, Alzheimer and amyotrophic lateral sclerosis, and in cardiovascular 

diseases [9]. Also radiotherapy, a commonly used therapy for cancer, is well known 

to cause DNA damage through the production of reactive oxygen species (ROS); 

this intense formation of ROS is thought to cause a relative overshoot in ROS, 

which overwhelms the enzymatic and non-enzymatic antioxidant protection [10]. 

Oxidative stress, and so an increased level of ROS, has been considered as a 

central event in the mediation of inflammatory responses through the activation of 

transcriptions factors such as nuclear factor kappaB (NFκB) and activator protein-1 
(AP-1), which trigger the expression of pro-inflammatory mediators [11, 12]. 

Extracellular adenosine 5’-triphosphate (ATP) is an important modulator of immune 

cell function [13-17]. ATP can be released from the cytoplasm of several cell types 

and interacts with specific purinergic (P1 and P2) receptors, which are present on 

the surface of many cells. In contrast with the general notion that ATP has 

predominantly pro-inflammatory effects in isolated cell systems in vitro [13, 14, 18], 

we recently demonstrated that ATP inhibits the inflammatory response in stimulated 

whole blood, as indicated by inhibition of the release of the pro-inflammatory 

cytokine, tumour necrosis factor-alpha (TNF-α) and stimulation of the anti-
inflammatory cytokine, interleukin (IL)-10 [19]. During incubation with hydrogen 

peroxide (H2O2), hydroxyl radicals (OH
•
) are formed. Since OH

• 
stimulate the 

inflammatory response through activation of transcription factors, this could 

influence the previously observed anti-inflammatory properties of ATP. At the same 

time, oxidative stress can affect the binding of ligands to membrane receptors, such 

as beta-adrenergic receptors and muscarinic receptors, as well as the coupling of 

receptors to G-proteins or the effect of second messengers [20]. Based on these 

findings, the receptor-mediated anti-inflammatory properties of ATP might well be 

altered under conditions of induced oxidative stress. 

The aim of the present study was to determine the effect of ATP on cytokine release 

in whole blood under circumstances of oxidative stress. For this purpose, we utilized 

a model of whole blood stimulated with lipopolysaccharide (LPS) and 

phytohemagglutinin (PHA), as published earlier [19], in combination with H2O2 pre-

incubation in order to induce oxidative stress. Appropriate control experiments 

suggested a scavenging effect of ATP on OH
•
, which was further investigated by 

electron spin resonance (ESR) measurements. 
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Materials and methods 

Chemicals 

Purified PHA HA16 was from Murex, Dartford, UK. Human TNF-α (7300 pg/ml), 
human IL-10 (4000 pg/ml) and human IL-6 (4500 pg/ml) were obtained from 

CLB/Sanquin, The Netherlands. RPMI 1640 medium containing L-glutamine was 

obtained from Gibco, UK. ATP was purchased from Calbiochem, USA. H2O2 was 

obtained from Merck. All other chemicals were from Sigma Chemical Company (St. 

Louis). 

Incubation conditions 

Blood was collected from eight healthy volunteers (age range: 25-45 years; five 

women and three men) in heparin containing vacutainer tubes (Vacutainer, Becton-

Dickinson, 170 I.U). In all the experiments, blood was stored on ice and the 

incubations were started within one hour after blood collection [19]. Whole blood 

was aliquoted into 24-well sterile plates and diluted 1:4 with RPMI 1640 

(supplemented with L-glutamine). To induce cytokine production, PHA and bacterial 

LPS were added to whole blood at 1 µg/ml and 10 µg/ml respectively. After addition 
of H2O2, ATP and the stimulants LPS and PHA, the plates were incubated in 5% 

CO2 at 37°C for 24 h. Cell-free supernatant fluids were then collected by 
centrifugation (6000 rpm, 10 min at 4°C) and stored at -20°C until tested for 
presence of cytokines. All incubations were performed in triplicate.  

H2O2 and ATP were dissolved in RPMI 1640 culture medium. H2O2 was added to 

the blood in a final concentration of 1, 5 and 10 mM in the first 15 min incubation 

step. After this pre-incubation, ATP was added to the blood in a final concentration 

range of 1-300 µM in the 30 min incubation step. Blood was pre-incubated with H2O2 

at 5% CO2 and 37°C for 15 min before incubation with ATP. The blood was 
incubated for 30 min with ATP prior to stimulation with LPS + PHA for 24 h also at 

5% CO2 and 37°C. 

Enzyme linked immune sorbent assay (ELISA) 

All cytokines were quantified by means of PeliKine Compact human ELISA kits 

(CLB/Sanquin, The Netherlands), based on appropriate and validated sets of 

monoclonal antibodies. Assays were performed as described by the manufacturer’s 

instructions. Monoclonal antibodies specific for each component were pre-coated 

overnight at room temperature in 96-well polystyrene microtiter plates. Standards 

and samples were added into the wells and then incubated for 1 h at room 

temperature. The antibody on the microtiter plate then captured the cytokine present 

in a measured volume of sample or standard and non-bound material was removed 
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by washing. Subsequently, a biotinylated second monoclonal antibody for each of 

the components was added and incubated for 1 h at room temperature. Following a 

washing to remove unbound antibody-enzyme reagents, horseradish peroxidase 

(HRP)-conjugated streptavidin, which binds onto the biotinylated side of the cytokine 

complex, was added to the wells and incubated for 30 min at room temperature. 

After removal of the non-bound HRP conjugate by washing, a substrate solution 

was added to the wells and incubated for 30 min at room temperature. Color 

development was stopped by addition of sulfuric acid and the intensity of the color 

was measured by a microtiter plate reader (absorbance at 450 nm). The 

absorbance was transformed to cytokine concentrations (pg/ml) using the standard 

curve. 

Electron spin resonance (ESR) spectroscopy 

ESR studies were performed at room temperature using a Bruker EMX 1273 

spectrometer equipped with an ER 4119HS high sensitivity cavity and 12 kW power 

supply. The following instrument conditions were used: scan range, 60 G; center 

magnetic field, 3490 G; modulation amplitude, 1.0 G; microwave frequency, 9.86 

GHz; time constant, 40.96 ms, scan time, 20.48 ms and number of scans, 50. OH
•
 

were generated by the Fenton reaction, and 5,5-dimethyl-1-pyrroline-N-oxide 

(DMPO) was used for trapping OH
•
. Fifty microliters of 10 mM H2O2, 50 µl of 250 

mM DMPO, 50 µl milliQ (control) or sample, and 50 µl of 5 mM FeSO4/ 5 mM EDTA 

were mixed and transferred to a capillary glass tube. DMPO-OH spin adducts were 

measured after 2 minutes by ESR. Quantification of the spectra (in arbitrary units) 

was performed by peak integration using the WIN-EPR spectrum manipulation 

program. 

Statistical analyses 

The effect of H2O2 on the cytokine release in the absence/presence of ATP was 

compared to the control (no H2O2/no ATP) using Wilcoxon’s signed rank test. 

Differences between ESR signal peak areas were analyzed by Student t-test. Two-

tailed P-values of 0.05 or less were considered statistically significant. Results are 

reported as means ± SEM. 

Results 

Figure 1 shows the effect of ATP on the TNF-α release in LPS-PHA-stimulated 
whole blood in the absence and presence of different concentrations of H2O2. ATP, 

in the absence of H2O2, concentration dependently and significantly inhibited TNF-α 
release from LPS-PHA-stimulated whole blood at 100 µM and 300 µM by 32 ± 9% 
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(mean ± SEM) and 65 ± 5%, respectively. Lower concentrations of ATP (1, 3, 10 

and 30 µM), did not affect TNF-α release (data not shown).  
As seen in figure 1, ATP, in the presence of 1 mM H2O2, also significantly inhibited 

TNF-α release from LPS-PHA-stimulated whole blood by 24 ± 9% at an ATP 

concentration of 100 µM and by 52 ± 6% at a concentration of 300 µM ATP. In the 

presence of 5 and 10 mM H2O2, the inhibition of TNF-α release by 100 µM of ATP 
was no longer significant, but 300 µM of ATP still significantly inhibited TNF-α 
release by 46 ± 5% and 53 ± 8%, respectively. ATP concentrations below 100 µM, 
when combined with the three different concentrations of H2O2, did not affect TNF-α 
release (data not shown). 

 

 

 

 

 

 

 

 

Figure 1: Effect of ATP on LPS-PHA-induced TNF-α secretion in whole blood from healthy subjects 

in the presence of different concentrations of H2O2. Whole blood was pre-incubated for 15 min with 

H2O2, followed by incubation with ATP for 30 min and stimulation with LPS and PHA for 24 h. 

Results are expressed as percentage, 100% being the TNF-α release under stimulation by LPS-

PHA without ATP in the presence of the same concentration (0, 1, 5 and 10 mM) H2O2 (=control). 

Data are mean ± SEM in eight subjects. ∗P<0.05 when compared to control (100%= no ATP and no 

H2O2). 
†
P<0.05 when compared to control (100%= no ATP and 1 mM H2O2). 

‡
P<0.05 when 

compared to control (100%= no ATP and 5 mM H2O2). 
+
P<0.05 when compared to control (100% 

=no ATP and 10 mM H2O2). 

ATP, in the absence of H2O2, significantly increased IL-10 release from stimulated 

whole blood at 100 and 300 µM by 93 ± 56% and 166 ± 71%, respectively (Figure 

2). Also after pre-incubation with 1 and 5 mM H2O2, ATP significantly increased IL-

10 release: at 100 µM ATP, the increase in IL-10 relative to the control condition 

(H2O2 but no ATP) amounted to 34 ± 15% and 80 ± 11% at 1 and 5 mM H2O2, 

respectively, and at 300 µM ATP to 114 ± 29% and 79 ± 24%, respectively.  
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Again, at 10 mM H2O2, only the highest concentration of ATP had a significant 

stimulatory effect on IL-10 release of 315 ± 102%. After 5 mM H2O2 pre-incubation, 

no difference between the effect of 100 and 300 µM ATP was observed. ATP 

concentrations below 100 µM had no effect on IL-10 release, regardless of whether 
H2O2 was absent or present (data not shown). 

 

 

 

 

 

 

 

Figure 2: The effect of ATP on LPS-PHA-induced IL-10 secretion in whole blood from healthy 

subjects in the presence of different concentrations of H2O2. Whole blood was pre-incubated for 15 

min with H2O2, followed by incubation with ATP for 30 min and stimulation with LPS and PHA for 24 

h. Results are expressed as percentage, 100% being the IL-10 release under stimulation by LPS-

PHA without ATP in the presence of the same concentration (0, 1, 5 and 10 mM) H2O2 (=control). 

Data are mean ± SEM in eight subjects. 
∗
P<0.05 when compared to control (100%= no ATP and no 

H2O2). 
†
P<0.05 when compared to control (100%= no ATP and 1 mM H2O2). 

‡
P<0.05 when 

compared to control (100%= no ATP and 5 mM H2O2). 
+
P<0.05 when compared to control (100%= 

no ATP and 10 mM H2O2). 

ATP had no effect on IL-6 release from LPS-PHA-stimulated whole blood either in 

the absence or presence of 1; 5 and 10 mM H2O2 (data not shown). 

H2O2, added to whole blood in the absence of both ATP and LPS-PHA, seemed to 

induce a dose-dependent stimulation of TNF-α, IL-10 and IL-6 release, which did 
however not reach statistical significance when compared with the control condition 

(no H2O2) (data not shown). In the presence of LPS and PHA, 10 mM H2O2 showed 

a significant inhibition on LPS-PHA-induced TNF-α release (decrease from 6487 
pg/ml ± 2469 to 4091 pg/ml ± 2206, P<0.05), while IL-10 and IL-6 release were not 
influenced (data not shown). 
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To investigate the direct effects of ATP on OH
•
 formation, we tested the scavenging 

effects of ATP on OH
•
 by means of ESR measurements. As shown in figure 3, even 

ATP concentrations as low as 100 µM showed an inhibiting effect on DMPO-OH 

spin adduct formation generated by the Fenton reaction. Moreover, a concentration 

dependent inhibition of DMPO-OH spin adduct formation was observed by 

incubating with either adenosine 5’-diphosphate (ADP) or ATP. ATP was slightly 

more effective than ADP in preventing DMPO-OH formation. 

 

Figure 3: Inhibition by ATP and ADP of DMPO-OH spin adduct formation. After addition of ATP or 

ADP, DMPO-OH spin adducts were analyzed using ESR spectrometry. Values were means of 

triplicate determinations, and 100% is the percentage of DMPO-OH spin adducts formed when no 

ATP or ADP is present (control). Statistically significant deviations relative to control are represented 

by 
∗
P<0.05, 

∗∗
P<0.01 and 

∗∗∗
P<0.001. 

The DMPO-OH spectrum generated by the Fenton reaction after addition of milliQ 

(control, spectrum A) or ATP (spectrum B) is shown in figure 4. 

 

 

 

 

Figure 4: DMPO-OH signal of control (A) and ATP (B). After addition of milliQ (control) or ATP, 

DMPO-OH spin adducts were analyzed using ESR spectrometry. 

 
B 

3460 3470 3480 3490 3500 3510 

  -100 

   -50 

     0 

    50 

   100 

A 

3460 3470 3480 3490 3500 3510 

  -100 

   -50 

     0 

    50 

   100 

[G] [G] 



Immunoregulatory effects of ATP under oxidative stress 

 

 

 55 

Adenosine (5 mM) showed no effect on DMPO-OH spin adduct formation (data not 

shown). Adenosine 5’-monophosphate (AMP) showed a reduction of DMPO-OH 

spin adduct formation at 3 and 10 mM, but at lower concentrations (0.1 mM, 0.3 mM 

and 1 mM) there was no effect (data not shown). 

Discussion 

We recently [19] reported that ATP resulted in an inhibition of TNF-α and stimulation 
of IL-10 release in LPS-PHA-stimulated whole blood. In the present study, we 

investigated the anti-inflammatory effects of ATP under different conditions of 

oxidative stress in stimulated whole blood, a type of experiment not previously 

performed. We selected the compound ATP because we previously reported that on 

the one hand, ATP showed a stronger anti-inflammatory effect in stimulated whole 

blood in comparison with its breakdown product ADP and on the other hand, this 

effect seemed to be P2 receptor mediated and did not involve the breakdown 

product adenosine [19]. The rationale underlying the present study was the notion 

that many inflammatory diseases are characterized by an oxidant/antioxidant 

imbalance, leading to oxidative stress [4, 10, 21]. It is well known that oxidative 

stress affects both receptor function and signal transmission systems. Thus, Van 

der Vliet et al. [20] reported that oxidative stress can affect receptor function by 

influencing the binding of ligands to membrane receptors or the signal transduction 

system, i.e. coupling of these receptors to G-proteins or affecting the second 

messenger activity. These effects of oxidative stress could be caused either by 

peroxidation of membrane lipids, or by interaction of ROS with functional 

thiol/disulfide groups in the receptor. We therefore hypothesized that oxidative 

stress could compromise the previously demonstrated anti-inflammatory properties 

of ATP under circumstances of oxidative stress. Remarkably, results show that ATP 

strongly inhibited cytokine release even under circumstances of severe oxidative 

stress, induced by H2O2 at levels as high as 10 mM. These high H2O2 

concentrations are not directly linked to the in vivo situation, but our goal was to 

investigate a state of extreme oxidative stress. Moreover, it should be noted that 

catalase, which brakes down most of the H2O2, is present in blood and therefore, 

the final H2O2 concentration in blood will be lower. 

The effect of H2O2 as an oxidative stress factor on cytokine production has been 

studied in isolated cells in vitro. Indeed, previous studies have shown that H2O2 can 

induce cytokine production in various cell types, such as macrophages [22], 

cardiomyocytes [23] and keratinocytes [24]. Furthermore, several potential 

mechanisms underlying H2O2-induced cytokine production have been proposed, 

including NFκB activation [25, 26]. We showed that in the absence of LPS and PHA, 

H2O2 induced a dose-dependent increase in the release of TNF-α, IL-10 and IL-6 in 
whole blood in six out of eight subjects, indicating that the addition of H2O2 in this 
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whole blood system induces oxidative stress and thereby activates pro-inflammatory 

genes. Due to the high inter-individual variation, possibly by a different genetic 

background of different subjects, the average effect was however not significantly 

different from the control. 

H2O2, in the absence of ATP, did not alter the LPS-PHA-induced IL-10 or IL-6 

production from whole blood relative to LPS-PHA stimulation without H2O2. In 

contrary, at the highest concentration of 10 mM H2O2, there was a significant 

attenuation of LPS-PHA-induced TNF-α release. This effect could be caused by 
interference of H2O2 with the LPS mechanism, which is responsible for the TNF-α 
production by NFκB activation [27, 28]. One intriguing explanation for the 
attenuation of the LPS-PHA-induced TNF-α release in the presence of the highest 
concentration of H2O2, could be that H2O2 affects the physical approximation of toll-

like receptor 4 (TLR4) with CD14 receptors, an event which is involved in the LPS-

induced NFκB activation with subsequent cytokine release [29]. 
The marked anti-inflammatory effect of ATP, even during severe oxidative stress, 

might be explained by the possibility that ATP, or some of its breakdown products, 

may interfere with processes which are directly induced by H2O2, e.g. possible 

protection by ATP against oxidative stress-induced damage at the receptor level, or 

by influencing OH
•
 formation from H2O2. We tested whether ATP is able to inhibit 

the formation of OH
•
, as a potential contribution to its marked effects on cytokine 

production in the presence of H2O2. Results demonstrate that ATP and ADP, even 

at a concentration of 100 µM, showed a concentration dependent inhibition of the 

formation of DMPO-OH spin adducts. This implies that ATP, besides its anti-

inflammatory effects, also has a radical scavenging effect that might contribute to 

the cytoprotective and anti-inflammatory effects of ATP in the presence of oxidative 

stress. 

In conclusion, we have shown that ATP exerts strong anti-inflammatory actions in 

stimulated whole blood under conditions of marked H2O2-induced oxidative stress. 

This suggests that the inhibitory effect of ATP on inflammation is relatively 

insensitive to oxidative stress. In addition, our findings in ESR experiments that ATP 

strongly inhibits OH
•
 formation, suggests that ATP, in addition to its anti-

inflammatory effects, also attenuates oxidative stress itself. Thus, our results 

indicate that ATP is able to function as a strong combined oxidative stress-inhibiting 

and anti-inflammatory agent. 
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Abstract 

We recently showed that the physiological compound adenosine 5’-triphosphate 

(ATP) simultaneously inhibited tumour necrosis factor-alpha (TNF-α) and stimulated 
interleukin (IL)-10 release in lipopolysaccharide (LPS)-phytohemagglutinin-

stimulated blood. The purpose of the present study was to determine the 

mechanism involved in the concerted modulatory effect of ATP on TNF-α and IL-10. 
Incubation of blood with ATP in the presence of selective P2 receptor antagonists 

showed that the stimulatory effect of ATP on IL-10 release was completely 

annihilated by both 2-MeSAMP (a P2Y12/13 receptor antagonist) and PSB-0413 (a 

P2Y12 receptor antagonist). On the other hand, the inhibitory effect of ATP on TNF-α 
release was completely reversed by 5’-AMPS (a P2Y11 receptor antagonist) as well 

as by H-89, an inhibitor of cyclic AMP (cAMP)-activated protein kinase A (PKA). The 

concerted inhibition by ATP of TNF-α release via P2Y11 activation and stimulation of 

IL-10 release via P2Y12 activation implicates a novel approach towards 

immunomodulation by altering the balance among pro- and anti-inflammatory 

cytokines. 
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Introduction 

So-called ‘tumour necrosis factor-alpha (TNF-α) blockers’, such as infliximab 
(Remicade

®
), etanercept (Enbrel

®
) and adalimumab (Humira

®
), are effective 

therapeutic agents for treating patients with severe rheumatologic and chronic 

inflammatory conditions [1, 2]. For instance, the well-studied clinical effects of these 

agents in rheumatoid arthritis (RA) include reduction of symptoms of joint 

inflammation, slowing the disease progression and arresting bone destruction [1, 2]. 

However, the use of these synthetic TNF-α blockers has also been associated with 
an increased rate of side effects such as tuberculosis, endemic mycoses and 

intracellular bacterial infections [3, 4]. Infliximab especially is associated with a 

markedly elevated risk of infection, due to its long half-life and induction of monocyte 

apoptosis [3, 4]. 

In view of the notion that both up-regulation of pro-inflammatory cytokines and 

down-regulation of anti-inflammatory cytokines contribute to chronic inflammatory 

conditions, a different approach in the treatment of such conditions could involve the 

combined modulation of both pro- and anti-inflammatory cytokines. We recently 

reported that the physiological compound adenosine 5’-triphosphate (ATP) 

modulates the immune response by simultaneously inhibiting TNF-α and stimulating 
interleukin (IL)-10 release in lipopolysaccharide (LPS)-phytohemagglutinin (PHA) 

stimulated whole blood from healthy subjects [5]. An important property of ATP, in 

comparison with TNF-α blockers, is that ATP appears to be able to modulate both 
the pro- and anti-inflammatory response in a concerted manner. Moreover, since 

ATP is a physiological compound, which is ubiquitously present in the human body, 

it is not surprising that clinical application of ATP in humans induces no long-term 

side effects. ATP is known to regulate a wide variety of physiological processes 

through the activation of purinergic P2 receptors [6-8], which are subdivided into 

P2Y and P2X receptors [7, 9]. Also adenosine, the breakdown product of ATP, is 

known to exhibit anti-inflammatory effects through the activation of P1 receptors [10, 

11]. 

The aim of the present study was to identify which receptors are involved in the 

recently reported immunomodulatory ATP effect on cytokine release. To identify 

which P2 receptors mediated the observed ATP effect, we tested the effect of ATP 

on cytokine release in stimulated blood in the presence of different P2 selective 

receptor antagonists. Since ATP is rapidly broken down to adenosine, we also 

tested the involvement of adenosine in the immunomodulatory effects of ATP by 

using P1 selective receptor antagonists. 
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Materials and methods 

Reagents 

Purified PHA (HA16) was from Murex, Dartford, UK. Adenosine 5’-diphosphate 

(ADP), uridine 5’-triphosphate (UTP), ATPγS (adenosine 5’-O-(3-thiotriphosphate)), 
2-MeSATP, P

1
, P

4
-di (adenosine-5’) tretraphosphate (Ap4A), 2’-deoxy-N

6
-

methyladenosine-3’,5’-biphosphate (MRS2179), pyridoxalphosphate-6-azophenyl-

2’,4’-disulfonic acid (PPADS), 2-MeSAMP, adenosine 5’-triphosphate 2’,3’-acyclic 

dialcohol (oxidized ATP), adenosine 5’-O-thiomonophosphate (5’-AMPS), forskolin 

and LPS (E. Coli 0.26:B6) were purchased from Sigma Chemical Co, St. Louis, 

USA. Human TNF-α (7300 pg/ml) and human IL-10 (4000 pg/ml) were obtained 
from CLB/Sanquin, The Netherlands. RPMI 1640 medium containing L-glutamine 

was obtained from Gibco, UK. ATP and H-89 was purchased from Calbiochem, 

USA. 

PSB-0413 (AR-C67085MX, 2-propylthioadenosine-5’-adenylic acid (1,1-dichloro-1-

phosphonomethyl-1-phosphonyl) anhydride) [12], PSB-63 (2-(hexahydro-2,5-

methanopentalen-3a-yl)-4,5-dihydro-9-propyl-6H,8H-pyrimido[1,2,3-cd]purine-

8,10(9H)-dione) [13], MSX-2 (3-(3-hydroxypropyl)-7-methyl-1-propargyl-8-(m-

methoxystryryl)xanthine) [14, 15], PSB-10 (8-ethyl-4-methyl-2-(2,3,5-

trichlorophenyl)-(8R)-4,5,7,8-tetrahydro-1H-imidazo[2.1-i]purin-5-one) [16, 17] and 

PSB-1115 (1-propyl-8-p-sulfophenylxanthine x 2 H2O) [18, 19] were a kind gift from 

Prof. Dr. C.E. Müller (Pharmaceutical Chemistry University of Bonn). 

Blood assay and substance application 

The blood assay was performed as described previously [5]. To test receptor 

agonists, blood of healthy volunteers was incubated with medium (control) or 

agonists (P2 and P1 receptor agonists) for 30 min prior to stimulation with LPS-

PHA. The effects of various receptor antagonists were investigated by pre-

incubating the blood for 15 min with the antagonists before the addition of medium 

(control) or ATP and the stimulants. Stock solutions of agonists and antagonists 

were prepared in external stock solution (dissolved either in RPMI 1640 culture 

medium, dimethyl sulfoxide (DMSO) or ethanol) stored at -20°C and diluted 
immediately before use. 

Enzyme linked immune sorbent assay (ELISA) measurement 

All cytokines were quantified by means of PeliKine Compact human ELISA kits 

(CLB/Sanquin, The Netherlands), based on appropriate and validated sets of 

monoclonal antibodies as described previously [5]. 
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Statistics 

Statistical comparisons were made by Wilcoxon’s signed rank test. Two-tailed P-

values of 0.05 or less were considered statistically significant. Results are reported 

as means ± SEM.  

Results 

Purinergic receptors involved in the ATP-induced IL-10 stimulation 

To investigate whether P2 receptors modulate the IL-10 response, we first 

determined the effects of purinergic receptor agonists on IL-10 release in blood. 

Similar to our earlier results [5], ATP strongly stimulated IL-10 release in blood 

(Figure 1). Of the tested P2Y agonists, only ADP (P2Y1/P2Y12 agonist) significantly 

stimulated IL-10 release (Figure 1). The other P2Y receptor agonists such as ATPγS 
(P2Y11 agonist), 2-MeSATP (P2Y1/P2Y11 agonist), Ap4A (P2Y13 agonist), UTP 

(P2Y2/P2Y4 agonist) and UDP (P2Y6 agonist) showed no significant effect on IL-10 

release (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Effect of P2Y receptor agonists on LPS-PHA-induced IL-10 release in whole blood from 

healthy subjects (n=6). Results are expressed as percentage, with 100% representing IL-10 release 

under stimulation by LPS and PHA in the absence of P2Y receptor agonists (=control, indicated by 

solid line). Bars represent mean values, with error bars representing SEM. 
∗
P<0.05 compared to 

control. 
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As a next step, to identify which P2Y receptors mediated the observed stimulatory 

effect of ATP on IL-10 release in blood, we combined ATP with different P2 and P1 

selective receptor antagonists. To exclude direct effects of the receptor antagonists 

alone on IL-10 release, we first pre-incubated blood with these antagonists. None of 

the used P2 or P1 antagonist alone had any effect on IL-10 release in blood (data 

not shown). We then pre-incubated blood with the same antagonists in the presence 

of ATP. As shown in figure 2A and 2B, the receptor-selective antagonists such as 

Ox-ATP (P2X7 antagonist, 30 µM), MRS2179 (P2Y1 antagonist, 30 µM), PPADS 
(P2Y1 antagonist, 50 µM), 5’-AMPS (P2Y11 antagonist, 100 µM), MSX-2 (A2A 

antagonist, 50 nM), PSB-1115 (A2B antagonist, 300 nM) and PSB-10 (A3 antagonist, 

5 nM) did not alter the stimulatory effect of ATP on IL-10 release. PSB-63 (100 nM), 

an A1 antagonist showed only a partial reversion of the ATP-induced IL-10 release 

(Figure 2B). In contrast, the P2Y12/13 antagonist 2-MeSAMP (10 µM) and the 

selective P2Y12 antagonist PSB-0413 (25 nM) completely annihilated the ATP-

induced IL-10 stimulation (Figure 2A). 

 

 

Figure 2: Effect of P2 (A) and P1 receptor antagonists (B) on the ATP-induced stimulation of IL-10 

release in LPS-PHA-stimulated whole blood from healthy subjects (n=6). Results are expressed as 

percentage, with 100% representing IL-10 release under stimulation by LPS and PHA in the 

absence of both ATP and receptor antagonists (=control, indicated by solid line). Bars represent 

mean values, with error bars representing SEM. 
∗
P<0.05 compared to the ATP effect in the 

absence of receptor antagonists (as indicated by the dotted line). 

Purinergic receptors involved in the ATP-induced TNFαααα inhibition 

To investigate the possible mechanism by which ATP inhibits TNF-α release in 
blood, we first tested the effect of P2 receptor agonists on TNF-α release. Similar to 
our earlier results [5], ATP strongly inhibited TNF-α release in blood (Figure 3).  
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Also the P2Y agonists ADP (P2Y1/P2Y12 agonist), ATPγS (P2Y11 agonist) and 2-

MeSATP (P2Y1/P2Y11 agonist) significantly inhibited TNF-α release. Ap4A (P2Y13 

agonist), UTP (P2Y2/P2Y4 agonist) and UDP (P2Y6 agonist) had no significant effect 

on TNF-α release. 
 

 

 

 

 

 

Figure 3: Effect of P2Y receptor agonists on LPS-PHA-induced TNF-α release in whole blood from 

healthy subjects (n=6). Results are expressed as percentage, with 100% representing TNF-α 
release under stimulation by LPS and PHA in the absence of the P2Y receptor agonists (=control, 

indicated by solid line). Bars represent mean values, with error bars representing SEM. 
∗
P <0.05 

compared to control. 

Again, as a next step, to identify which P2Y receptors mediated the observed 

inhibitory effect of ATP on TNF-α release in blood, we incubated ATP in 
combination with different P2 and P1 selective receptor antagonists. Initial tests with 

P2 and P1 receptor antagonists alone confirmed that none of the used antagonists 

modulated TNF-α release (data not shown). As shown in figure 4A and 4B, 
incubation of ATP together with the receptor-selective antagonists Ox-ATP (P2X7 

antagonist, 30 µM), MRS 2179 (P2Y1 antagonist, 30 µM), PPADS (P2Y1 antagonist, 

50 µM), 2-MeSAMP (P2Y12/13 antagonist, 10 µM), PSB-0413 (P2Y12 antagonist, 25 

nM), PSB-63 (A1 antagonist, 100 nM), MSX-2 (A2A antagonist, 50 nM), PSB-1115 

(A2B antagonist, 300 nM) and PSB-10 (A3 antagonist, 5 nM) did not alter the 

inhibitory effect of ATP on TNF-α release. In contrast, the P2Y11 antagonist 5’-

AMPS (100 µM) completely reversed the ATP-induced TNF-α inhibition (Figure 4A). 
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Figure 4: Effect of P2 (A) and P1 receptor antagonists (B) on the ATP-induced inhibition of TNF-α 
release in LPS-PHA-stimulated whole blood from healthy subjects (n=6). Results are expressed as 

percentage, with 100% representing TNFα release under stimulation by LPS and PHA in the 

absence of both ATP and receptor antagonists (=control, as indicated by solid line). Bars represent 

mean values, with error bars representing SEM. 
∗
P<0.05 compared to the ATP effect in the 

absence of receptor antagonists (as indicated by the dotted line). 

As an next step, we pre-incubated blood with H-89, an inhibitor of cyclic AMP 

(cAMP)-activated protein kinase A (PKA).  

 

 

 

 

 

 

Figure 5: Effect of H-89 on ATP-induced inhibition of TNF-α release in LPS-PHA-stimulated whole 

blood from healthy subjects (n=6). Results are expressed in percentage, with 100% representing 

TNF-α release under stimulation by LPS and PHA in the absence of ATP and H-89 (=control, as 

indicated by the solid line). H-89 alone had no effect on cytokine release (data not shown). Bars 

represent mean values, with error bars representing SEM. 
∗
P<0.05 compared to the ATP effect in 

the absence of H-89 (indicated by the dotted line). 
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H-89 (10 µM) completely blocked the ATP-induced inhibition of TNF-α release 
(Figure 5).  

To corroborate the effect that arises from cAMP activation, we incubated blood with 

forskolin, an adenylyl cyclase (AC) activator. Results showed that 10 µM of forskolin 

significantly inhibited LPS-PHA-induced TNF-α release (32 ± 2% inhibition), 

mimicking the effect of ATP (41 ± 2% inhibition). 

Discussion 

We recently reported that micromolar concentrations of the physiological compound 

ATP inhibit the release of the pro-inflammatory cytokine TNF-α, and stimulate the 
release of the anti-inflammatory cytokine IL-10, in LPS-PHA-stimulated whole blood 

[5]. The aim of the present study was to identify the receptors involved in these 

effects of ATP. ATP and its breakdown product adenosine are known to regulate a 

wide variety of physiological processes via P2 and P1 receptors, respectively. The 

P2 receptor family is subdivided in two subfamilies, i.e. P2X and P2Y [7]. P2Y 

receptors are seven-transmembrane receptors of which eight subtypes have been 

identified to date (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14) [9, 20-23], 

whereas P2X receptors are ligand-gated ion channels of which seven subtypes 

have been characterized (P2X1-7) [24, 25]. With respect to the present study, it is 

particularly relevant that extracellular nucleotides exert numerous actions via 

several P2X and P2Y receptors present on different cell types such as monocytes, 

macrophages, dendritic cells, lymphocytes, platelets and erythrocytes [6]. P1 

receptors belong to the superfamily of seven-transmembrane receptors and are 

subdivided into A1, A2A, A2B and A3 receptor subtypes [9, 26, 27]. 

Among the P2Y receptors, P2Y11 is the only ATP-selective receptor. P2Y1, P2Y12, 

and P2Y13 prefer ADP; at P2Y2, ATP and UTP are equipotent [20, 21, 28]; P2Y4 is 

preferentially activated by UTP, P2Y6 is UDP-selective and the P2Y14 receptor 

subtype is activated by the nucleotide sugar UDPglucose [29]. After binding of their 

cognate ligands, most P2Y receptors (P2Y1, P2Y2, P2Y4 and P2Y6) initiate signaling 

through Gq-proteins, activating phospholipase (PLC), which in turn increases inositol 

1,4,5-triphosphate (IP3) and thereby results in mobilization of Ca
2+
 from intracellular 

stores. Unlike the Gq-coupled P2Y1 receptor, the ADP-selective P2Y12 and P2Y13 

receptors both use Gi proteins to inhibit AC. P2Y11 has the remarkable and unique 

property among the P2Y family of being dually coupled to Gq, thereby activating the 

PLC pathway, and to Gs, which leads to AC activation [20, 21, 23]. Furthermore, the 

human P2Y11-receptor is the only cloned P2Y-receptor that is selective for ATP as a 

naturally occurring agonist [20]. This P2Y11 receptor is highly expressed in 

immunocytes and may play a role in the differentiation of these cells [30]. 

We here present data demonstrating that P2Y11 is the mediator of the ATP-induced 

inhibition of TNF-α release in blood and that this activation occurs through PKA 
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stimulation coupled to cAMP as a second messenger. Importantly, our data show 

that the ATP-induced stimulation of IL-10 release in blood is mediated through a 

completely different receptor, i.e. the P2Y12 receptor, suggesting an ADP effect and 

a cAMP inhibition pathway. Our finding that the ATP-induced effect on TNF-α and 
IL-10 release is mediated via P2 receptors and not via P1 receptors corroborates 

and expands on our recent report [5] which showed that the effect of ATP on 

cytokine release was not blocked by adenosine deaminase. 

In the present study, the involvement of the P2Y11 receptor in the ATP-induced 

inhibition of TNF-α was demonstrated by pre-incubation of blood with 5’-AMPS prior 

to incubation with ATP. 5’-AMPS is a selective inhibitor of P2Y11, since it was shown 

that 5’-AMPS inhibited ATP-induced cAMP accumulation in transfected 

haematological cell lines [31] and in human B-lymphocytes from patients with 

chronic lymphocytic leukemia [32], which stably expressed the P2Y11 receptor. We 

here show that 5’-AMPS completely reversed the inhibitory effect of ATP on TNF-α 
release in blood, indicating P2Y11 as the receptor through which ATP inhibits TNF-α 
release. Consistent with this conclusion, the potent P2Y11 receptor agonist ATPγS, 
and 2-MeSATP, which also acts on P2Y11 receptors, inhibited TNF-α release. Based 
on our data, the involvement of other P2Y receptors in the ATP-mediated effect on 

TNF-α release can be excluded, since the P2Y1, P2Y12 and P2Y13 antagonists did 

not interfere with the ATP-induced TNF-α inhibition. Moreover, the lack of a UTP 
and UDP effect is inconsistent with a role of P2Y2, P2Y4 or P2Y6 receptor. In 

contrast to the ATP-induced inhibition of TNF-α, our data demonstrate that the IL-10 
stimulation by ATP in blood is mediated through the P2Y12 receptor, as shown by 

the observation that the stimulatory effect of ATP on IL-10 was completely 

annihilated both by P2Y12/P2Y13 and by selective P2Y12 receptor antagonists. 

Moreover, ADP as a P2Y12 agonist showed a stimulatory effect on IL-10 release, 

like ATP. 

Because the P2Y11 receptor is the only known P2Y receptor coupled to AC 

activation, we speculated that an increase in cAMP, induced via P2Y11 activation, 

might be responsible for the inhibition of TNF-α release by ATP. In support of this 
notion, we showed that direct activation of AC with forskolin inhibited LPS-PHA-

induced TNF-α production in blood, though less effectively than ATP. To confirm the 
involvement of the P2Y11 receptor in the ATP-induced TNF-α inhibition, we 
incubated blood with ATP in the presence of H-89, a potent inhibitor of cAMP-

activated PKA. We were thus able to show that the process whereby ATP inhibits 

TNF-α release is dependent on PKA stimulation by cAMP, indicating the 
involvement of the P2Y11 receptor. Stimulation of P2Y11 receptors by nucleotides 

has been associated with increased generation of cAMP production in many cell 

types [31-33]. It was hypothesized that cAMP signal transduction pathways may 

modulate the activity of nuclear factor kappaB (NFκB) by regulating its 

phosphorylation state, thereby modulating the cytokine biosynthesis [34]. 
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In conclusion, our data show that upon stimulation with ATP, P2Y11 is activated, 

followed by cAMP-induced PKA stimulation and subsequent down-regulation of 

TNF-α release. On the other hand, ATP also stimulates P2Y12, possibly via its 

breakdown product ADP, thereby leading to an increase in IL-10 release. Thus, ATP 

is able to down-regulate the pro-inflammatory cytokine TNF-α by P2Y11 activation, 

and to simultaneously up-regulate the anti-inflammatory cytokine IL-10 by P2Y12 

activation in human blood. Such a concerted modulation, which involves alteration 

of the balance among pro- and anti-inflammatory cytokines, implicates a significant 

novel approach in the treatment of chronic inflammatory diseases, especially in 

cases where the disease process is complex and involves simultaneous 

deregulation of many different cytokines. 
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Abstract 

We recently reported that adenosine 5’-triphosphate (ATP) modulates cytokine 

release in lipopolysaccharide (LPS)-phytohemagglutinin (PHA)-stimulated blood. 

ATP inhibited tumour necrosis factor-alpha (TNF-α) release via activation of the 
P2Y11 receptor and increased interleukin (IL)-10 release via stimulation of the P2Y12 

receptor. Because ATP is known to be broken down by various ecto-enzymes, we 

determined the degradation profile of ATP in time in LPS-PHA-stimulated blood. 

ATP slowly metabolized with 14% remaining after 6 h. Simultaneously, adenosine 

5’-diphosphate (ADP), adenosine 5’-monophosphate (AMP) and hypoxanthine were 

formed. Subsequently, we investigated the time-dependent effects of ATP and its 

metabolites on inflammatory markers. Results showed that ATP decreased the rise 

in concentrations of TNF-α, interferon-gamma (IFN-γ) and IL-1β, but increased 
concentrations of IL-8 and IL-10. Metabolites of ATP showed either no, similar or 

opposite effects on cytokine release, compared to ATP. In conclusion, ATP has 

rapid immunomodulatory effects on a variety of cytokines in stimulated whole blood 

that persist until 24 h. 
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Introduction 

Purinergic receptors are known to mediate the variety of effects induced by 

extracellular adenosine 5’-triphosphate (ATP) [1-3]. Extracellular ATP modulates 

cytokine release induced by several inflammatory stimulators (lipopolysaccharide 

(LPS), cytokine mix, etc.) in different cell lines [4]. However, ATP is metabolized by 

various ecto-enzymes [5] to adenosine 5’-diphosphate (ADP) and adenosine 5’-

monophosphate (AMP). AMP can be further degraded to adenosine, inosine and 

hypoxanthine and eventually to uric acid. 

We showed earlier that ATP modulates cytokine release in LPS- 

phytohemagglutinin (PHA)-stimulated blood, a model closely resembling the in vivo 

situation in contrast with most studies done in cell lines, by inhibiting tumour 

necrosis factor-alpha (TNF-α) and increasing interleukin (IL)-10 release [6]. In a 
subsequent study [7], we showed that the inhibitory effect of ATP on TNF-α release 
observed 24 h after stimulation was mediated by activation of the P2Y11 receptor. 

Since this receptor is preferentially activated by ATP [8-11], this would indicate a 

possible direct effect of ATP without the involvement of its metabolites. In contrast, 

the involvement of the P2Y12 receptor, a receptor activated by ADP [10, 12], in the 

stimulatory effect of ATP on IL-10 release observed 24 h after stimulation, 

suggested that this effect was due to its metabolite ADP. At present, it is unclear 

whether ATP modulates cytokine release at earlier time-points than 24 h after 

stimulation and, moreover, if ATP is able to modulate the release of other cytokines 

like interferon-gamma (IFN-γ), IL-1β and IL-8 in stimulated human blood. 
In the present study, we intended to further characterize the ATP effects in this LPS-

PHA-stimulated blood model and the behaviour of ATP in this model. The primary 

aim of the present study was therefore, first to determine the degradation profile of 

ATP and, second, to investigate the time-dependent effect of ATP and its 

metabolites on the release of the cytokines TNF-α, IFN-γ, IL-1β, IL-8 and IL-10 in 
LPS-PHA-stimulated blood. Since the transcription factor nuclear factor kappaB 

(NFκB) is activated during an inflammatory response [13-15], we further 

investigated whether the anti-inflammatory effects of ATP were due to interference 

with the NFκB pathway. 

Material and methods 

Chemicals 

Purified PHA (HA16) was purchased from Murex, Dartford, UK. LPS (E.coli 

0.26:B6), ADP, AMP, adenine, adenosine, inosine, hypoxanthine, uric acid and 

bovine serum albumin (BSA) were obtained from Sigma Chemical Co., St. Louis, 

USA. ATP was purchased from Calbiochem, USA.  
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Human enzyme linked immune sorbent assay (ELISA) kits (TNF-α, IFN-γ, IL-1β, IL-
8 and IL-10) were obtained from CLB/Sanquin, Amsterdam, The Netherlands. RPMI 

1640 medium containing L-glutamine was obtained form Gibco, Paisly, UK. Bio-Rad 

protein assay Dye reagent concentrate was obtained from Bio-Rad Laboratories 

GmbH, Munich, Germany. All other chemicals were of analytical purity. 

Study design 

Blood was collected from twelve healthy volunteers (age range 25-36 years; 6 

women en 6 men) in heparin-containing vacutainer tubes (Vacutainer, Becton-

Dickinson, 170 IU). Fresh blood was aliquoted into 6 or 24-well plates and incubated 

with medium (control) or ATP, ADP, AMP, adenosine, inosine, hypoxanthine or uric 

acid at t=-30 min followed by LPS-PHA incubation at t=0. Consequently, the blood 

was diluted four times and the final concentration of ATP and the other compounds 

was 300 µM at t=0. Samples for analysis of cytokines, NFκB, ATP and its 
metabolites were taken at time-points t= 0, 15, 30 min and 1, 2, 4, 6 and 24 h after 

LPS-PHA stimulation. All the incubations were done at 5% CO2 and 37°C as 
previously described [6]. PHA and bacterial LPS were added to whole blood at a 

concentration of 1 µg/ml and 10 µg/ml respectively. After each incubation period, 
cell-free supernatant fluids were collected by centrifugation (3500 rpm, 10 min at 

4°C) and stored at -20°C for cytokine analysis and at -80°C for measurement of the 
concentrations of ATP and its metabolites. To isolate white blood cells, the pellet 

remaining after centrifugation of the blood was washed 3 times with erythrocyte lysis 

buffer (containing NH4Cl, KHCO3 and EDTA) and placed on ice to lyse the 

erythrocytes. The white blood cell pellets were surface washed with ice-cold PBS, 

centrifuged and the supernatant was discarded. Subsequently, the white blood cell 

pellets were lysed using an ice-cold lysis buffer as described by Hofmann et al. [16] 

and centrifuged at 15000 rpm for 1 min at 4°C. The nuclear pellets were 
resuspended in ice-cold extraction buffer as described by Hofmann et al. [16]. After 

20 min at 4°C, the nuclear lysates were centrifuged at 15000 rpm for 2 min at 4°C 
and the supernatants, containing the nuclear proteins, were immediately collected 

and stored at -80°C until analysis of NFκB and protein concentration. 

Cytokine measurement via ELISA 

All cytokines were quantified using PeliKine Compact human ELISA kits 

(CLB/Sanquin, The Netherlands) based on appropriate and validated sets of 

monoclonal antibodies. Assays were performed as described by the manufacturer’s 

instructions. 
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NFκκκκB and protein measurement 

NFκB concentrations were determined in nuclear extracts of white blood cells, 
according to the manufacturer’s instructions (TransAM NFκB p50 transcription 
Factor Assay Kit; Active Motif Europe, Rixensart, Belgium), using a protein content 

of 200-300 µg/ml in the nuclear extracts; protein concentrations were determined 

using the method of Bradford (Biorad), using bovine serum albumin as a standard. 

Specific NFκB concentrations in the nuclear extracts were determined using a wild-
type oligonucleotide incubation versus a mutated oligonucleotide incubation. 

ATP measurement in plasma by high performance liquid chromatography 

(HPLC) 

The analyses of the concentrations of ATP, ADP, AMP, adenosine, inosine, 

hypoxanthine and uric acid were done according to the method described by 

Schweinsberg et al. [17] with minor modifications. Plasma samples were 

deproteinized with a final concentration of 4% perchloric acid. The supernatant was 

neutralized (pH 6-7) with 2M K2CO3 in 6M KOH and centrifuged (14.000 rpm, 10 

min, 4°C). In a single run, ATP and its metabolites were quantified using an HPLC 

system (Agilent, Palo Alto, CA, USA) equipped with a UV/VIS detector (254 nm). 

Separation was achieved with a 3 µm ODS Hypersil C18 RP column (150 × 4.6 mm 

i.d.; Thermo Electron Corp., USA) protected by a 5µm Hypersil C18 guard column 

(10 × 4 mm i.d.; Alltech BV, Breda, The Netherlands). 50 mM phosphate buffer (pH 

6.0) (mobile phase A), 100% methanol (mobile phase B) and a flow of 1 ml/min 

were employed. From 0 to 2 min, a linear gradient was started with 100% mobile 

phase A, from 2-10 min the amount of mobile phase B was linearly increased to 

12.5% and remained for 2 min at 12.5%. Finally, the amount of methanol was 

reduced to 0% and the gradient returned to 100% mobile phase A at 17 min. 

Concentrations of ATP and its metabolites were calculated by comparing peak 

areas with appropriate standards. 

Statistics 

Changes in cytokine release and NFκB activation compared to time-point 0 h were 
appraised by Wilcoxon’s signed rank test, and effects of ATP and its metabolites on 

cytokine release compared to the control condition (medium) were determined using 

Mann-Whitney-U-test. Two-tailed P-values of 0.05 or less were considered 

statistically significant. Results are reported as means ± SEM. 
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Results 

ATP degradation profile in LPS-PHA-stimulated human blood 

Figure 1 shows the time-dependent degradation of ATP and the simultaneous 

formation of its metabolites ADP, AMP and hypoxanthine in human blood at different 

time-points after LPS-PHA stimulation. Other known metabolites of ATP, such as 

xanthine, adenosine, adenine or inosine were not detected. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Degradation profile of ATP at different time-points after LPS-PHA stimulation in diluted 

blood from healthy subjects. The concentration of each of the detected components is plotted on the 

Y-axis. The ATP concentration at t=0 was 300 µM. Curves represent means, and error bars SEM 

(n=6).  

The molar balance (which is determined as the sum of the molar concentrations of 

ATP and its metabolites) in the samples remained stable during the experiment. 

Fifty-five % of the initial concentration of ATP was degraded after 2 h. After 6 hours, 

86% was degraded. As the ATP concentration declined, both ADP and AMP were 

formed. The ADP concentrations increased two-fold after 2 h, followed by a gradual 

decrease. At 24 h, no detectable levels of ATP and ADP were left. AMP levels 

increased up to twenty-fold after 6 h, followed by a decrease after 24 h. 

Hypoxanthine levels showed a gradual rise from 2-6 h, with an increase after 24 h. 

Uric acid levels remained constant at 60 µM. The ATP breakdown profile in blood 

not treated with LPS-PHA was similar (data not shown). Furthermore, control 

experiments showed that no ATP was formed in blood treated with LPS-PHA only 

(data not shown). 
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Effects of ATP on inflammatory markers at different time-points after LPS-PHA 

stimulation 

Figures 2A-2F show the effects of ATP on different cytokines in human blood at 2, 

4, 6 and 24 h after LPS-PHA stimulation.  

 

 

 

 

 

 

Figure 2 (A-F): Modulating effects of ATP (300 µM) on TNF-α (A), IFN-γ (B), IL-1β (C), IL-8 (D), IL-
10 (E) concentrations and NFκB (F) activation induced at different time-points (0, 2, 4, 6 and 24 h) 

after LPS-PHA stimulation in blood from healthy subjects. Curves represent means, and error bars 

SEM (n=12). 
∗
P<0.01 and 

ϕ
P<0.05 compared to 0 h after LPS-PHA stimulation. 
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TNF-α concentrations increased between 2 and 6 h after LPS-PHA stimulation, but 
decreased thereafter (Figure 2A). ATP pre-treatment of blood attenuated the rise in 

TNF-α concentrations at all time-points (mean ± SEM: 21 ± 3% at 2 h, 41 ± 3% at 4 

h, 42 ± 2% at 6 h and 58 ± 5% at 24 h). 

IFN-γ concentrations started to rise at 4 h after stimulation and continuously 
increased until 24 h (Figure 2B). ATP reduced the rise in IFN-γ concentrations at 4 h 
(56 ± 5%), 6 h (54 ± 5%) and 24 h (72 ± 3%). 

Concentrations of IL-1β increased from 4 h until 24 h after stimulation (Figure 2C). 
Again, pretreatment with ATP caused a suppression of the increased IL-1β 
concentrations at 6 h (26 ± 4%) and 24 h (18 ± 4%). 

As shown in figure 2D, LPS-PHA stimulation induced a continuous increase of IL-8 

concentrations from 2-24 h after stimulation. Pre-treatment of blood with ATP 

increased the induced IL-8 concentrations at all time-points (23 ± 2% at 2 h, 29 ± 
3% at 4 h, 20 ± 5% at 6 h and 11 ± 2% at 24 h). 

The concentrations of IL-10 were increased from 4-24 h after, with a sharp rise 

between 6 and 24 h (Figure 2E). ATP further increased the induced IL-10 

concentrations at 4 h (29 ± 3%), 6 h (22 ± 2%) and 24 h (55 ± 4%). As shown in 

figure 2F, the activation of NFκB increased from 2-24 h after LPS-PHA challenge in 
human blood. Pre-treatment with ATP attenuated this NFκB activation at 2 h only 
(18 ± 3%). 

Effects of ATP metabolites on inflammatory markers at different time-points 

after LPS-PHA stimulation 

As shown in table 1, ADP and AMP significantly inhibited the LPS-PHA-induced rise 

in TNF-α concentrations at 4, 6 and 24 h. Inosine caused an increase in the LPS-
PHA-induced TNF-α concentration, which was only significant at 24 h. Adenosine, 
hypoxanthine and uric acid showed no effect on the LPS-PHA-induced TNF-α 
levels. The LPS-PHA-induced rise in IFN-γ concentrations was significantly 
decreased by ADP, AMP and adenosine. ADP and AMP showed this effect at 4, 6 

and 24 h and adenosine only at 6 and 24 h. Inosine, hypoxanthine and uric acid 

showed no effect on LPS-PHA-induced IFN-γ release. ADP increased the LPS-
PHA-induced IL-1β release at 6 and 24 h and AMP and hypoxanthine at 24 h. 
Adenosine, inosine and uric acid showed no significant effect on the induced IL-1β 
concentrations. The LPS-PHA-induced rise in IL-8 levels was significantly increased 

by ADP and AMP at 2, 4, 6 and 24 h. Adenosine, inosine, hypoxanthine and uric 

acid showed no effect on IL-8. The LPS-PHA-induced rise in IL-10 concentrations 

were only significantly increased by ADP at 24 h. Hypoxanthine, adenosine and 

inosine significantly decreased the stimulation-induced rise in IL-10 concentrations 

at 24 h. AMP and uric acid showed no effect on IL-10 concentrations. 
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Table 1: Effect of ATP metabolites (300 µM) on cytokine release in LPS-PHA-stimulated blood. 

TNF-αααα (pg/ml) 0 h 2 h 4 h 6 h 24 h 

Medium 1.47 (0.1) 614 (65) 5001 (703) 9744 (1431) 5181 (1490) 

ADP 1.40 (0.06) 622 (86) 3169 (535)∗ 5696 (810)∗ 2879 (958)∗ 

AMP 2.00 (0.5) 531 (48) 2873 (502)∗ 5288 (719)∗ 2786 (1028)∗ 

Adenosine 1.43 (0.9) 546 (39) 5603 (868) 10633 (1892) 5726 (1454) 

Inosine 1.48 (0.1) 664 (39) 6317 (1012) 10789 (2460) 6115 (1667)∗ 

hypoxanthine 1.51 (0.09) 690 (61) 5914 (969) 8983 (1551) 5210 (1464) 

Uric acid 1.4 (0.14) 599 (39) 4677 (729) 8417 (1330) 4952 (965) 

IFN-γγγγ (pg/ml) 0 h 2 h 4 h 6 h 24 h 

Medium 2.07 (0.25) 2.02 (0.13) 97 (35) 307 (83) 3687 (1530) 

ADP 1.74 (0.09) 2.1 (0.15) 49 (19)∗ 143 (42)∗ 1190 (528)∗ 

AMP 1.82 (0.13) 1.94 (0.1) 54 (22)∗ 147 (44)∗ 1515 (769)∗ 

Adenosine 1.8 (0.14) 2.12 (0.15) 92 (37) 232 (69)∗ 2020 (805)∗ 

Inosine 1.74 (0.1) 1.99 (0.13) 99 (38) 303 (85) 3167 (85) 

Hypoxanthine 1.8 (0.12) 2.05 (0.11) 78 (24) 227 (56) 3107 (1267) 

Uric acid 1.73 (0.12) 1.99 (0.14) 87 (32) 261 (73) 2942 (1298) 

IL-1ββββ (pg/ml) 0 h 2 h 4 h 6 h 24 h 

Medium 2.85 (0.89) 1.33 (0.17) 325 (50) 1271 (360) 1774 (279) 

ADP 2.80 (0.85) 1.68 (0.22) 308 (48) 1452 (362)∗ 2897 (594)∗ 

AMP 2.76 (0.75) 1.34 (0.09) 250 (31) 1090 (263) 2327 (474)∗ 

Adenosine 2.88 (0.89) 1.45 (0.15) 300 (47) 1387 (875) 2980 (1453) 

Inosine 2.97 (0.85) 1.29 (0.1) 330 (75) 1213 (343) 2193 (359) 

Hypoxanthine 8.1 (5.02) 1.29 (0.11) 344 (49) 1172 (326) 2197 (327)∗ 

Uric acid 2.33 (0.65) 1.24 (0.1) 286 (36) 1089 (236) 1645 (180) 

IL-8 (pg/ml) 0 h 2 h 4 h 6 h 24 h 

Medium 4.19 (1.39) 480 (87) 2255 (309) 4331 (297) 10772 (262) 

ADP 4.13 (0.83) 824 (105)∗ 3429 (383)∗ 4963 (165)∗ 12574 (213)∗ 

AMP 3.96 (0.98) 577 (87)∗ 3156 (432)∗ 5094 (154)∗ 11857 (254)∗ 

Adenosine 3.1 (0.43) 446 (56) 2452 (395) 4650 (292) 10315 (286) 

Inosine 3.38 (0.44) 526 (69) 2572 (386) 4532 (222) 10577 (312) 

Hypoxanthine 3.49 (0.62) 581 (83) 2833 (468) 4361 (259) 10710 (329) 

Uric acid 3.17 (0.45) 530 (70) 2257 (301) 4293 (261) 10467 (311) 

IL-10 (pg/ml) 0 h 2 h 4 h 6 h 24 h 

Medium 1.044 (0.07) 1.088 (0.09) 4.99 (0.66) 30.99 (3) 1966 (257) 

ADP 0.95 (0.01) 1.225 (0.10) 4.92 (0.65) 34.75 (7) 2566 (143)∗ 

AMP 0.98 (0.06) 1.39 (0.16) 4.65 (0.74) 32 (5) 1905 (227) 

Adenosine 1.03 (0.06) 1.30 (0.13) 3.62 (0.25) 27.77 (4) 1437 (172)∗ 

Inosine 0.93 (0.04) 1.09 (0.07) 3.93 (0.43) 28.19 (4) 1585 (220)∗ 

Hypoxanthine 0.93 (0.09) 1.069 (0.05) 3.88 (0.39) 28.45 (5) 1517 (237)∗ 

Uric acid 0.87 (0.03) 1.08 (0.04) 3.90 (0.37) 30.78 (5) 1608 (234) 
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Data are shown as mean (SEM) in six subjects (
∗
P<0.05 compared to cytokine release in the presence of 

medium (control condition)). 

Discussion 

We recently showed that the natural compound ATP is able to modulate cytokine 

release in LPS-PHA-stimulated blood by simultaneously inhibiting TNF-α release via 
activation of the P2Y11 receptor and increasing IL-10 release by activating the P2Y12 

receptor [6, 7]. These data were observed 24 h after LPS-PHA stimulation of blood. 

So far, it was unclear whether ATP also exerts these immunomodulatory effects at 

earlier time-points, and if ATP is able to modulate the release of other cytokines, 

besides TNF-α and IL-10. 
ATP in the extracellular compartment is known to be metabolized by various ecto-

enzymes and xanthine oxidase [5]. Several groups have shown that ATP, when 

added to whole blood, was completely degraded within 30 min [18, 19]. Our results 

indicate that the complete degradation of ATP, added to LPS-PHA-stimulated blood, 

takes more than 6 hours. This discrepancy can be explained by the fact that we 

diluted the blood four times with medium, thus lowering ecto-enzyme 

concentrations. There was no difference in the degradation profile of ATP when 

saline instead of medium was used, indicating that the medium as such did not 

interfere with the degradation of ATP. The strong hypoxanthine release observed at 

24 h was not due to the presence of LPS-PHA, because the degradation profile of 

ATP was the same in the absence of LPS-PHA. 

We then investigated the time-dependent effects of ATP on several inflammatory 

markers at different time-points after LPS-PHA stimulation. The pro-inflammatory 

cytokines TNF-α, IFN-γ and IL-1β are known to be primarily involved in promoting 
inflammatory processes [20-23]. The chemokine IL-8 is responsible for inducing the 

directed migration of cells to a site of inflammation (chemotaxis) and has an 

important role in regulating the acute inflammatory response [24]. Increased plasma 

levels of IL-8 may exert anti-inflammatory effects since it has been demonstrated 

that elevated levels in the circulation reduce recruitment of neutrophils [25]. IL-10 is 

a potent anti-inflammatory cytokine that inhibits the synthesis of many inflammatory 

proteins, including cytokines like TNF-α and chemokines and is among others 
produced by activated T cells [21]. Our study shows that TNF-α, IL-8 and IL-1β are 
released early and gradually after stimulation of blood by LPS-PHA, which is 

consistent with their role in acute inflammatory processes. IFN-γ release appeared 
to predominate at later time-points, possibly reflecting its role in amplifying 

inflammatory processes. Finally, the predominant IL-10 release at the latest time-

point (24 h) may reflect its role in the resolution of inflammatory processes as a 

natural feedback mechanism. Our data show that ATP attenuates the stimulation-

induced rise in concentrations of TNF-α, IFN-γ and IL-1β, but increases the 
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stimulation-induced rise in IL-8 and IL-10 concentrations. In addition, our data 

indicate that ATP already exerts these anti-inflammatory effects within 2 h for TNF-α 
and IL-8 and within 4 h for IFN-γ, IL-1β and IL-10, and that these effects persist until 
24 h for all cytokines. 

It is well recognized that metabolites of ATP can also exert powerful modulatory 

effects on the immune system. We therefore tested the time-dependent effects of 

several metabolites of ATP on cytokine release in stimulated blood. Our data show 

that ADP has some similar effects as ATP: it inhibits LPS-PHA-induced TNF-α and 
IFN-γ and stimulates IL-8 and IL-10 production. Moreover, in contrast to ATP, ADP 
stimulated LPS-PHA-induced IL-1β production. Among all the tested metabolites, 
ADP is the only metabolite, which showed, just as ATP, a stimulatory effect on LPS-

PHA-induced IL-10. This finding corroborates and expands on our recent report [7], 

which showed that the stimulatory effect of ATP on IL-10 release observed 24 h 

after stimulation, when all ATP is metabolized, was regulated via activation of the 

P2Y12 receptor, a receptor activated by ADP [10, 12]. AMP, similar to ATP, inhibited 

LPS-PHA-induced TNF-α and IFN-γ production and stimulated LPS-PHA-induced 
IL-8 production. But in contrast to ATP, AMP stimulated LPS-PHA-induced IL-1β 
and had no effect on IL-10 production. 

ADP and AMP were the only metabolites showing, just like ATP, an attenuation of 

the stimulation-induced rise in TNF-α concentration. This does not necessarily 
indicate that the earlier observed inhibitory effect of ATP on TNF-α release 24 h 
after stimulation [6], when all ATP is metabolized, is due to these metabolites. In 

fact, we earlier demonstrated that the inhibitory effect of ATP on TNF-α release 
observed 24 h after stimulation was mediated by the P2Y11 receptor [7], which is 

known to be activated only by ATP as a natural occurring agonist [8, 10, 11]. 

Moreover, we showed earlier that adenosine 5’-O-(3-thiotriphosphate) (ATPγS), a 
stable analogue of ATP, also inhibited the TNF-α release 24 h after stimulation [6, 
7]. 

The nucleoside adenosine is a well known immunomodulatory agent and has been 

shown to inhibit deleterious immune-mediated processes, including the release of 

pro-inflammatory cytokines from different types of stimulated cells [4, 26-29]. 

Surprisingly, in our study, adenosine showed no effect on LPS-PHA-induced TNF-α, 
IL-1β and IL-8 concentrations, but it inhibited IFN-γ and IL-10 release. Similar 
inhibitory effects of adenosine on IL-10 and IFN-γ release were shown earlier in 
different cell types by several groups. Thus, Erdmann at al. [30] showed that the IL-

10 secretion, induced by a mixed population of murine effector CD4
+
 Th2 and CD8

+
 

Th2 cells, was inhibited through A2A receptor stimulation. Furthermore, adenosine 

inhibited the production of IFN-γ in immuno-stimulated mature human dendritic cells 

[31]. Inosine, which is formed by the breakdown of adenosine by adenosine 

deaminase, is also known to have potent anti-inflammatory effects by inhibiting the 

release of pro-inflammatory cytokines and chemokines by different stimulated cell 

types [32-34]. In our stimulated blood model, inosine showed no effect on LPS-PHA-
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induced IFN-γ, IL-1β and IL-8 concentrations, but it showed an inhibitory effect on 
TNF-α and IL-10. 
Very limited information is available on the pharmacological effects of hypoxanthine, 

the purine base that is cleaved off from inosine. In our study, hypoxanthine showed 

no effect on LPS-PHA-induced TNF-α, IFN-γ and IL-8 concentrations but it 
significantly stimulated the rise in IL-1β concentrations and decreased the rise in IL-
10 concentrations after LPS-PHA stimulation. The fact that hypoxanthine showed no 

effect on TNF-α release and an opposite effect on IL-10 release, compared to ATP, 
indicates that the release of hypoxanthine observed 24 h after LPS-PHA stimulation 

is not responsible for the anti-inflammatory effects of ATP observed 24 h after 

stimulation, when all ATP is metabolized. 

Production of cytokines and chemokines is essential in immunity and involves the 

activation of several transcription factors, including NFκB [15]. In the resting state, 
NFκB is present in the cytoplasm of the cell through its tight association with the 
inhibitory protein IκB [35]. Upon cell stimulation, such as LPS, IκB is phosphorylated 
and degraded, followed by translocation of NFκB into the nucleus to regulate 
transcriptional activation of a host of cytokine genes and subsequent release of 

cytokines, including TNF-α, IL-6, IL-1β and IL-8 [36, 37]. Our data show that NFκB 
is activated in a time-dependent fashion (at 2 until 24 h) after LPS-PHA stimulation 

in blood. Moreover, ATP was able to down-regulate the stimulation-induced NFκB 
activation at 2 h only, which indicates an early inhibitory effect of ATP on NFκB. The 
modest inhibitory effect of ATP on NFκB activation could suggest that other 
transcription factors or other intracellular pathways are also involved in the observed 

effects of ATP on cytokine production. Another possibility is that NFκB has already 
reached it maximum activation between 0 and 2 h after stimulation. 

In conclusion, in the present study, we have further characterized the used LPS-

PHA-stimulated blood model. In this model, ATP is slowly broken down and almost 

completely degraded after 6 h. During that time, ADP, AMP and hypoxanthine are 

formed, with a high release of hypoxanthine at 24 h. ATP inhibits the release of 

TNF-α, IFN-γ and IL-1β, but stimulates the release of IL-10 and IL-8 after LPS-PHA 
stimulation of blood. Our results demonstrate that ATP is able to modulate a variety 

of cytokines in stimulated blood; moreover, these immunomodulatory effects of ATP 

are rapid (at 2, 4 and 6 h after LPS-PHA stimulation) and persist until 24 h. 
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Abstract 

Damage to healthy tissue is a major disadvantage of radiotherapy treatment of 

cancer patients, leading to several side effects and complications. Radiation-

induced release of pro-inflammatory cytokines is thought to be partially responsible 

for the radiation-associated complications. The aim of the present study was to 

investigate the protective effects of the natural compound adenosine 5’-triphosphate 

(ATP) on markers of oxidative stress, radiation-induced inflammation and DNA 

damage in irradiated blood ex vivo. ATP inhibited radiation-induced tumour necrosis 

factor-alpha (TNF-α) release and increased interleukin (IL)-10 release. The 
inhibitory effect of ATP on TNF-α release was completely reversed by adenosine 5’-
O-thiomonophosphate (5’-AMPS), indicating a P2Y11 mediated effect. Furthermore, 

ATP attenuated radiation-induced DNA damage at 10 min (immediate), 3 and 6 h 

after irradiation. Pretreatment of blood with ATP protected against irradiation-

induced glutathione (GSH) depletion. Our study indicates that ATP administration 

alleviates radiation-toxicity to blood cells, mainly by inhibiting radiation-induced 

inflammation and DNA damage. 

 

 

 



Radioprotective effects of ATP 

 

 

 89 

Introduction 

Radiation is one of the main options for treatment of cancer. Damage to healthy 

tissue is a major factor limiting the radiation dose applied in cancer treatment. This 

is especially the case for highly radiosensitive organs, such as the lungs [1, 2]. 

Pneumonitis as an early pathologic change, and pulmonary fibrosis as a late 

pathologic change are common toxicities observed after radiotherapy for lung 

cancer [3, 4]. Although the underlying mechanisms responsible for radiation-

associated complications remain unclear, radiation-induced release of pro-

inflammatory cytokines is likely to be involved [4, 5]. The cytokine network is 

activated shortly after irradiation and this may account at least partly for the acute 

(pneumonitis), as well as the late (fibrosis) effects of radiation-induced damage [4]. 

The importance of protection of healthy tissue against radiation injury has triggered 

the search for radioprotective compounds. However, even though many compounds 

tested showed good radioprotection in in vitro studies, most failed in in vivo 

application mainly because of their acute toxicity [6]. 

We earlier reported that the natural compound adenosine 5’-triphosphate (ATP) has 

anti-inflammatory properties in lipopolysaccharide (LPS)-phytohemagglutinin (PHA) 

stimulated human blood, as shown by inhibition of tumour necrosis factor-α (TNF-α) 
and stimulation of interleukin (IL)-10 release [7]; these effects were attributed to 

activation of the P2Y11 and P2Y12 receptors, respectively [8]. The present study 

aimed to examine the protective effects of ATP against radiation-induced injury in 

human blood ex vivo. For this purpose, we investigated the effects of ATP on 

cytokine release, nuclear factor kappaB (NFκB) activation, DNA damage and 
oxidative stress markers at different time-points after irradiation of blood. 

Material and methods 

Chemicals 

Human TNF-α and human IL-10 high sensitivity enzyme linked immune sorbent 

assay (ELISA) kits were obtained from R&D systems (Quantikine HS, Minneapolis, 

United States of America). RPMI 1640 medium containing L-glutamine was obtained 

form Gibco, UK. ATP was purchased from Calbiochem, USA. Adenosine 5’-O-

thiomonophosphate (5’-AMPS) was purchased from Sigma Chemical Co, St. Louis, 

USA. PSB-0413 (AR-C67085MX, 2-propylthioadenosine-5’-adenylic acid (1,1-

dichloro-1-phosphonomethyl-1-phosphonyl) anhydride) [9] was a kind gift from Prof. 

Dr. C.E. Müller (Pharmaceutical Chemistry, University of Bonn). All other chemicals 

were of analytical grade. 
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Irradiation 

was incubated with medium (control) or ATP (300 µM). Following a 30 min 
incubation period at 37°C, each blood sample was divided into two parts: one was 
exposed to 16 Gy (irradiated sample); the other was not exposed to irradiation. The 

effects of receptor antagonists were investigated by pre-incubating blood for 15 min 

with antagonists prior to the addition of medium or ATP. Antagonists were prepared 

in external stock solutions (dissolved either in RPMI 1640 medium or dimethyl 

sulfoxide (DMSO)), which were stored at -20°C and diluted immediately before use. 

Irradiations were performed with a Philips MCN 225 industrial x-ray tube (Philips, W 

Germany) operated at 225 kV and 10 mA delivering a dose-rate of 0.85 Gy/min. 

Blood sampling 

At different time-points after irradiation whole blood samples were collected and 

frozen for analysis of glutathione-related enzymes. For the analysis of reduced 

glutathione (GSH) and oxidized glutathione (GSSG) blood samples were treated 

with 1.3% sulphosalicilic acid (SSA) in 100 mM HCl to preserve the samples. 

Because of the instability of GSH in blood, GSH and GSSG levels were measured 

only 10 min (immediate) after irradiation. Plasma was collected by centrifugation 

(3500 rpm, 10 min at 4°C) and stored at -80°C for cytokines, Trolox equivalent 
antioxidant capacity (TEAC) and malondialdehyde (MDA) analysis. To isolate white 

blood cells (WBC), the erythrocyte pellet was washed several times with erythrocyte 

lysis buffer (containing NH4Cl, KHCO3 and EDTA) and placed on ice to lyse the 

erythrocytes. At the end, the pellet was washed with PBS and finally, the cells were 

resuspended in 1 ml cold PBS. For the analysis of DNA damage, 10 µl of the cell 
suspension was mixed with 90 µl of 1% low-melting-point agarose of 37°C and 
layered onto agarose-coated (1.5% agarose in PBS) microscope slides. The slides 

were covered with a coverslip and kept at 4°C for 5 min to allow the low-melting-
point agarose to solidify. Then, the coverslips were removed and the slides were 

stored in a jar containing cold lysing solution (2.5 M NaCl, 100 mM Na2 

ethylenediaminetetraacetic acid, 10 mM Tris [pH 10], 1% Triton-X-100 and 10% 

DMSO). The remaining WBC solution was centrifuged and the pellet was used to 

prepare nuclear extracts for NFκB determination. For this purpose, the WBC pellets 

were lysed using an ice-cold lysis buffer as described by Hofmann et al. [10] and 

centrifuged at 15000 rpm for 1 min at 4°C. The nuclear pellets were resuspended in 
ice-cold extraction buffer as described by Hofmann et al. [10]. After 20 min at 4°C, 
the nuclear lysates were centrifuged at 15000 rpm for 2 min at 4°C and the 
supernatants, containing the nuclear proteins, were immediately collected and 

stored at -80°C until analysis of NFκB and protein concentration. 

Blood from eight healthy volunteers (age range 25-35 years; 4 women and 4 men) 
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Cytokine measurement via ELISA 

All cytokines were quantified using R&D high sensitivity ELISA kits (Quantikine HS, 

Minneapolis, United States of America) based on appropriate and validated sets of 

monoclonal antibodies. Assays were performed as described by the manufacturer’s 

instructions. 

NFκκκκB and protein measurement 

NFκB concentrations were determined in nuclear extracts, according to the 
manufacturer’s instructions (TransAM NFκB p50 transcription Factor Assay Kit; 
Active Motif Europe, Rixensart, Belgium), using a protein content of 200-300 µg/ml 

in the nuclear extracts; protein concentrations were determined using the method of 

Bradford (Biorad), using bovine serum albumin as a standard.  

Comet assay 

As an additional marker of systemic oxidative stress, the comet assay, which is a 

sensitive technique for analyzing reactive oxygen species (ROS)-induced DNA 

damage, was used. The comet assay (single-cell gel electrophoresis) was adapted 

from the method described by Mercken et al. [11] with minor modifications. In short, 

the prepared slides stored in lysing solution (see preparation as described in blood 

sampling) were placed in a horizontal electrophoresis unit filled with fresh cold 

electrophoresis buffer (10 N NaOH, 200 mM Na2ethylenediaminetetraacetic acid, 

pH between 12.5 and 13.5) for 20 min. Electrophoresis was performed for 20 min at 

25 V and 300 mA. Subsequently, slides were washed gently three times in 

neutralization buffer (0.4 M Tris, pH 7.5) and stored at 4°C until further analysis. For 
microscope analysis, each slide was stained with 50 µl of ethidium bromide (20 

µg/ml). Comet measurements were made by image analysis using a fluorescence 

microscope and the comet assay III software (perceptive Instruments, Suffolk, UK). 

DNA damage was measured as tail moment (based on the product of the 

percentage of DNA in the tail and tail length). 

GSH and GSSG 

GSH and GSSG calibrators were prepared freshly and contained the same 

concentrations of SSA as the samples. GSH levels were determined by measuring 

the increase in absorbance, caused by the GSH driven reduction of 5’,5’-dithiobis-2-

nitrobenzoic acid (DTNB) during the enzymatic reaction started by adding GSSG 

reductase, using the recycling method as described by Vandeputte et al. [12]. 

GSSG was measured by the same protocol as GSH, with the only difference that 

this assay involves a GSH derivatization by 2-vinylpyridine [12]. 
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TEAC and uric acid 

The TEAC value, which gives the capacity of a solution to neutralize the stable (2,2’-

azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) radical, was determined as 

previously described by Fischer et al. [13] and is expressed as µM trolox 

equivalents. Uric acid was measured in plasma, deproteinated with a final 

concentration of 5% trichloric acid, using a high performance liquid chromatography 

(HPLC) method described by Lux et al. [14]. The system (Agilent, Palo Alto, CA, 

USA) consisted of a Hypersil ODS C-18 end-capped column, 125 x 4 mm, particle 

size 5 µM (Agilent, Palo Alto, CA, USA) with a mobile phase of 0.1% trifluoric acid in 

MilliQ. UV detection was performed at 292 nm. 

MDA 

The determination of MDA was based on the formation of a colored adduct of MDA 

with 2-thiobarbituric acid (TBA) using a HPLC method as described previously by 

Lepage et al. [15].  

Glutathione Peroxidase assay (GPx) 

The selenium-dependent GPx activity, with hydrogen peroxide (H2O2) as substrate, 

was determined by measuring the decrease in absorbance due to the consumption 

of NADPH [16]. GPx activity was calculated using the molar absorbance coefficient 

of NADPH. 

Glutathione Reductase assay (GR) 

GR activity was determined by measuring the decrease in absorbance caused by 

the consumption of NADPH in the enzymatic reduction of GSSG to GSH by GR [17]. 

The activity was calculated using the molar absorbance coefficient of NADPH. 

Glutathione-S-Transferase assay (GST) 

GST activity was determined by the GST catalyzed reaction of 1-chloro-2,4-

dinitrobenzene with GSH, resulting in a yellow colored product, GSH-

dinitrobenzene, of which the increase in absorbance was measured [18]. The 

activity of GST in the samples was calculated using the molar absorbance 

coefficient of GSH-dinitrobenzene. 
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Statistics 

The effect of irradiation compared to baseline (no irradiation) and of ATP on 

radiation-induced damage compared to irradiation in the absence of ATP was 

determined using Wilcoxon’s signed rank test. Two-tailed P values of 0.05 or less 

were considered statistically significant. Results are reported as means ± SEM. For 
the comet assay, data were expressed as median ± SEM. 

Results 

Effect of ATP on radiation-induced cytokine release 

As shown in figure 1, TNF-α concentrations in non-irradiated blood were stable. 
TNF-α was induced 3 h after irradiation exposure and this effect remained at 6 h 
after irradiation. In the presence of ATP, the radiation-induced TNF-α release was 
significantly attenuated by 42 ± 6% (mean ± SEM) at 3 h after irradiation and by 34 
± 8% at 6 h after irradiation. The P2Y11 antagonist 5’-AMPS largely reversed the 

inhibitory effect of ATP on radiation-induced TNF-α release.  
 

Figure 1: Effect of ATP (300 µM) on TNF-α release at different time-points (0, 3 and 6 h) after 

irradiation in the absence and presence of the P2Y11 receptor antagonist 5’-AMPS (100 µM) in 

human blood. Data are expressed as mean values, with error bars representing SEM. 
∗
P<0.01 

compared to no irradiation, 
#
P<0.05 compared to irradiation in the absence of ATP, 

‡
P<0.05 

compared to irradiation in the presence of ATP. 
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The P2Y12 receptor antagonist PSB-0413 showed no effect on TNF-α release in the 
presence of ATP (data not shown). 

In non-irradiated blood, concentrations of the anti-inflammatory cytokine IL-10 were 

stable (Figure 2). IL-10 concentrations were slightly, but not significantly (P=0.069), 

increased at 3 h after irradiation. At 6 h after irradiation exposure, IL-10 

concentrations were significantly increased and in the presence of ATP this 

radiation-induced IL-10 increase was significantly stimulated by 27 ± 7%. Both the 

P2Y12 receptor antagonist PSB-0413 and the P2Y11 antagonist 5’-AMPS (data not 

shown) did not block the ATP-induced IL-10 stimulation. Both 5’-AMPS and PSB-

0413 alone and in the absence of irradiation did not have an effect on TNF-α and IL-
10 release (data not shown). 

 

Figure 2: Effect of ATP (300 µM) on IL-10 release at different time-points (0, 3 and 6 h) after 

irradiation in the absence and presence of the P2Y12 receptor antagonist PSB-0413 (25 nM) in 

human blood. Data are expressed as mean values, with error bars representing SEM. 
∗
P<0.05 

compared to no irradiation, #P<0.05 compared to irradiation in the absence of ATP. 

Effect of ATP on radiation-induced NFκκκκB activation 

As shown in figure 3, the transcription factor NFκB was significantly increased 3 h 
after irradiation exposure; this effect was no longer observed 6 h after irradiation 

exposure. In the presence of ATP, the irradiation-induced NFκB activation was not 
significantly attenuated compared to the control condition (no ATP). In non-

irradiated blood, no NFκB activation was observed at any time-point. 
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Figure 3: Effect of ATP (300 µM) on NFκB activation at different time-points (0, 3 and 6 h) after 

irradiation in human blood. Results are expressed as percentage, with 100% representing NFκB 
release in non-irradiated blood. Data are expressed as mean values, with error bars representing 

SEM. 
∗
P<0.01 compared to no irradiation. 

Effect of ATP on radiation-induced DNA damage 

Figure 4 shows the radiation-induced DNA damage as measured by the comet 

assay (tail moment) at different time-points after irradiation of blood. In non-

irradiated blood, no DNA damage was observed at any time-point. Already 

immediately (10 min) after irradiation a significant increase in DNA damage was 

seen. Although DNA damage decreased at 3 h and 6 h after irradiation, it remained 

significantly different from the non-irradiated samples at both time-points. ATP 

significantly attenuated the radiation-induced DNA damage at 0 h (29 ± 8%), 3 h (45 

± 10%) and 6 h (58 ± 10%) after irradiation. 
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Figure 4: Effect of ATP on irradiation-induced DNA damage (tail moment) in white blood cells 

isolates from irradiated blood at different time-points (0, 3 and 6 h) after irradiation. Values are 

expressed as median ± SEM. 
∗
P<0.05 compared to no irradiation, 

#
P<0.05 compared to irradiation 

in the absence of ATP. 

Effect of ATP on radiation-induced oxidative stress 

Because of the instability of GSH in blood, GSH and GSSG levels were measured 

only 10 min (immediately) after irradiation. As shown in table 1, GSH levels were 

significantly decreased 10 min after irradiation. In the presence of ATP, GSH levels 

were not influenced after irradiation exposure. GSSG levels were significantly 

increased 10 min after irradiation both in the absence and presence of ATP. As a 

final point, the GSH/GSSG ratio, which was decreased significantly 10 min after 

irradiation, was not altered by ATP. 

Table 1: Effect of ATP on GSH and GSSG levels immediately after irradiation of human blood 
a)
. 

Condition GSH  

(µmol/gHb) 

GSSG  

(µmol/gHb) 

GSH/GSSG ratio 

No irradiation 10 ± 0.5 0.18 ± 0.02 55.7 ± 3.5 

Medium + irradiation 8.7 ± 0.2
∗
 0.25 ± 0.04

∗
 34.8 ± 5.8

∗
 

ATP + irradiation 9.1 ± 0.2 0.26 ± 0.03
∗
 35 ± 3.5

∗
 

a) Data are shown as mean ± SEM in eight subjects (
∗
P<0.05 compared to no irradiation). 
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The TEAC value, a marker of total antioxidant capacity, and MDA, a marker of lipid 

peroxidation, were not significantly changed at any time-point after irradiation of 

blood. Also, none of the GSH-relating enzymes such as GPx, GST and GR were 

significantly changed at any time-points (data not shown). 

Discussion 

Damage to healthy tissue is a major radiation dose limiting factor in treatment of 

cancer. Although several compounds have been shown to possess the property of 

protecting various biological systems from deleterious effects of ionizing radiation, 

many of these compounds showed acute toxicity, limiting their clinical usefulness 

[6]. Therefore, development of protectors with minimal toxicity is of high clinical 

relevance. 

The aim of the present study was to investigate the protective effects of the natural 

compound ATP on radiation-induced damage at different time-points after irradiation 

of human blood. To our knowledge, our study is the first study regarding the 

protective effects of ATP on radiation-induced inflammation and DNA damage in 

irradiated human blood ex vivo. Results showed that radiation induced a marked 

increase in TNF-α and IL-10 concentrations. ATP was able to protect against 
radiation-induced inflammation in blood by attenuating TNF-α release and 

increasing IL-10 release. Recently, we reported that ATP gave similar protective 

effects against LPS-PHA-induced inflammation in human blood [7]. Several studies 

have shown that concentrations of cytokines such as IL-6 and TNF-α were higher 
after irradiation in vivo [19-22]. Moreover, many studies have implicated the 

involvement of cytokines in the initiation and maintenance of radiation-induced 

toxicity [3, 23]. 

The inhibitory effect of ATP on the radiation-induced TNF-α release was largely 
blocked by 5’-AMPS, indicating that the P2Y11 receptor is involved. This is in 

agreement with our earlier study [8], in which we showed that the inhibition of LPS-

PHA-induced TNF-α release by ATP was mediated via P2Y11 receptor activation. In 

contrast to our previous publication [8], the stimulatory effect of ATP on the 

radiation-induced IL-10 release did not involve the P2Y12 receptor. One possible 

explanation could be that the receptor and its transduction system are damaged by 

radiation [24]. Another possible explanation could be that another P2Y receptor is 

involved in the stimulatory effect of ATP on radiation-induced IL-10 release. It is also 

possible that IL-10 is not yet maximally expressed at 6 h after irradiation, and 

consequently the stimulatory effect of ATP on IL-10 release may be higher at later 

time-points after irradiation. 

The transcription factor NFκB plays an important role during an inflammatory 
response by regulating the expression of many downstream genes, including 
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cytokines in inflammatory responses [25]. In our study, NFκB activation was 
transiently increased 3 h after irradiation of blood. ATP showed a non-significant 

attenuation on the NFκB activation induced 3 h after irradiation exposure. The 
temporal relationship between the radiation-induced activation of NFκB and 
increases in TNF-α expression suggests that activation of NFκB by irradiation could 
play a role in the induction of this cytokine. Production of ROS upon irradiation could 

provide a possible mechanism for the activation of NFκB as has been seen in 
several cell types [26-30]. Linard et al [31], showed that whole body irradiation of 

rats induced a cascade of inflammatory responses, which was dependent on the 

transcription factor NFκB. 
Exposure to ionizing radiation produces a variety of lesions in DNA such as single 

strand breaks, double strand breaks, DNA-DNA and DNA protein cross-links 

together with damage to nucleotide bases [32]. Our study showed that DNA damage 

occurred immediately after irradiation, followed by a decrease of this damage 

indicating a repair mechanism, which continues at 3 and 6 h after irradiation. ATP 

administration before radiation resulted in a significant inhibition of the radiation-

induced comet tail length at all time-points after irradiation, indicating the protection 

of cellular DNA. Several groups have demonstrated initial DNA damage after 

irradiation of lymphocytes followed by repair [33, 34]. We showed earlier, by 

electron spin measurements, that ATP attenuated spin-trap-hydroxyl radical (OH
•
) 

adduct formation in the Fenton reaction [35]. Thus, the protective effects of ATP on 

radiation-induced DNA damage may be partly due to scavenging of OH
•
, produced 

by irradiation. 

It is known that in physiological processes, GSH acts as a protective agent against 

ROS. GSH participates non-enzymatically in protection against radiation damage. In 

our study, we observed decreased levels of GSH in irradiated blood, presumably 

due to its utilization by ROS. Pretreatment of blood with ATP prior to irradiation, 

protected against this GSH depletion. Oxidized levels of GSSG were increased in 

irradiated blood, but were still increased in the presence of ATP. No effect of 

irradiation was seen on TEAC, MDA levels and activities of GPx, GST and GR. This 

finding contrast with data from Prasad et al. [36] who showed that in cultured 

lymphocytes, exposed to irradiation, GPx activity decreased. Also, whole body 

irradiation of mouse/rats, induced a reduction in erythrocyte GR, GPx and GST 

activities [37, 38] and increase in MDA levels [38]. 

Our observation that ATP inhibited radiation induced inflammation and DNA 

damage would suggest that ATP could be used as a protector against radiation-

induced damage. Indeed, protective effects of ATP against radiation damage on 

normal tissues were observed in various animal models in vivo, as shown by 

enhanced survival rates [39, 40]. Moreover, Senagore et al. [41] demonstrated that 

intravenous ATP-MgCl2 infusions in pigs offered significant cytoprotection from 

pelvic radiotherapy by diminishing colorectal seromuscular ischaemia and 

decreasing skin and subcutaneous tissue injury and inflammatory reactions. When 
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compared with other possible protectors, ATP has the advantage of being a natural 

compound with little toxicity. Moreover, the anti-inflammatory properties of ATP in 

blood exposed to radiation, suggest the potential attenuation of complications, which 

are related to cytokine production. Besides these possible properties of ATP as a 

protector against radiation-induced injury, potential applications for ATP in cancer 

treatment have aroused increasing interest over the past decade [42]. At 

concentrations of 1-5 mM, extracellular ATP exerted cytostatic and cytotoxic effects 

on several tumour cell lines, which were stronger than the effect upon non-

transformed mother cells [43-45]. Estrela et al [46] showed that the combination of 

radiotherapy and ATP administration reduced GSH-levels in tumour cells, but not in 

normal cells, offering a selective point of attack in cancer therapy. Both the groups 

of Estrela et al. [46] and Szeinfeld et al. [47] showed a markedly differential 

response to ATP plus radiation treatment in tumoural vs. healthy tissue, suggesting 

protection against radiation damage by ATP in healthy tissue, but not in tumour 

tissue. The therapeutic potential of ATP and other extracellular nucleotides in the 

treatment of cancer by signaling through P2 receptors has recently been reviewed 

by White et al. [48]. 

We conclude that ATP is able to attenuate radiation-induced DNA damage and 

inflammation in blood. Further work in vitro and in vivo will be needed to 

substantiate these findings and unravel underlying mechanisms. 
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Abstract 

Cancer may be associated with inflammation and oxidative stress. Moreover, 

cancer-related side effects, such as fatigue and weight loss, are associated with an 

overproduction of pro-inflammatory cytokines. The first aim of this study was to 

determine the oxidative stress and inflammatory status in non-small-cell lung cancer 

(NSCLC) patients compared to a matched control group. Secondly, the potential of 

the natural compound adenosine 5’-triphosphate (ATP) to modulate cytokine 

release in ex vivo stimulated blood was assessed in both groups. NSCLC patients, 

selected for treatment with radiotherapy, as well as healthy controls matched for 

age, gender and smoking history were enrolled. Measurements included 

determination of total plasma antioxidant capacity, levels of uric acid, glutathione 

(GSH), GSH-related enzymes, malondialdehyde (MDA), tumour necrosis factor-

alpha (TNF-α), interleukin (IL)-10, C-reactive protein, haptoglobin, albumin and pre-
albumin. Compared to the control group, NSCLC patients showed a significantly 

lower glutathione peroxidase (GPx) activity, while glutathione-S-transferase (GST) 

activity and MDA levels were significantly higher. Basal levels of TNF-α were 
significantly increased in the cancer group, whereas basal albumin levels were 

significantly decreased. ATP significantly inhibited TNF-α release and stimulated IL-
10 release in ex vivo lipopolysaccharide (LPS)-phytohemagglutinin (PHA)-

stimulated blood in a concentration-dependent manner, both in the cancer and 

control group. Our results show an impaired antioxidant system and an increased 

inflammatory status in NSCLC compared to healthy subjects. Moreover, the anti-

inflammatory effects of ATP in stimulated blood may partly explain the previously 

reported in vivo effects of ATP infusions in patients with advanced NSCLC. 
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Introduction 

Cancer, a disease characterized by uncontrolled growth and spread of abnormal 

cells, is one of the major causes of death in humans [1]. Lung cancer is a common 

cancer with high mortality due to late diagnosis; the major risk factor is smoking [1-

3]. Non-small-cell lung cancer (NSCLC), which accounts for about 80% of all lung 

cancers, is the type of cancer with the highest incidence and mortality in men, and 

the third highest in women. The overall five-year survival rates of these patients 

remain relatively poor, ranging from 70% for stage IA patients to 25% for stage IIIA 

patients [4]. 

Cancer is known to be associated with inflammation [5-8]. Moreover, secondary 

symptoms of NSCLC, such as fatigue and weight loss, have been shown to 

correlate with an overproduction of cytokines such as tumour necrosis factor-alpha 

(TNF-α) and C-reactive protein (CRP) [9-13]. Increased oxidative stress is a 
characteristic feature of chronic inflammation and the role of oxidative stress in the 

carcinogenesis process was recently reviewed by Valko et al. [14]. In addition, there 

is substantial evidence indicating that the redox balance in cancer cells is impaired 

relative to normal human cells [15, 16]. 

One approach to reduce side effects in cancer patients and thereby improving 

quality of life of these patients could be the administration of an anti-inflammatory 

agent. Moreover, this reduced inflammatory reaction will lead to less reactive 

oxygen species (ROS) production and thereby a decreased level of oxidative stress. 

We earlier showed that the natural compound adenosine 5’-triphosphate (ATP) was 

able to down-regulate TNF-α and to up-regulate interleukin (IL)-10 release in 
lipopolysaccharide (LPS)-phytohemagglutinin (PHA)-stimulated blood of healthy 

subjects [17]. Moreover, Agteresch et al. [18-20] showed in a randomized clinical 

trial that appetite, weight, muscle strength, fatigue and physical and functional 

quality of life remained stable for 6 months in the ATP group, but progressively 

deteriorated in the control group, receiving usual palliative care only. 

The first aim of the present study was to determine both the oxidative stress and 

inflammatory status in NSCLC relative to matched healthy control subjects. 

Secondly, we investigated the potential anti-inflammatory properties of ATP in blood 

of NSCLC patients. For this purpose, blood was ex vivo exposed to LPS and PHA, 

both inducers of cytokines, in the absence and presence of ATP. 
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Material and methods 

General information 

The study protocol was approved by the Ethical Committee of Maastricht University 

and MAASTRO clinic. Informed consent was obtained from all participants prior to 

inclusion. 

Patients 

Eligible were current or ex-smoking patients with histological or cytological 

confirmation of NSCLC, who had been selected by their treating pulmonologist for 

either high-dose radiotherapy (tumour stage I, II, IIIA and IIIB), aimed at loco-

regional tumour control, or for palliative radiotherapy (tumour stage IIIB or IV), 

aimed at palliation of complaints of intrathoracal tumour volume in patients with poor 

prognosis (both either with or without chemotherapy pretreatment). Patients had 

been diagnosed with the primary tumour between June 2005 and September 2006. 

All NSCLC patients were recruited by participating physicians in three regional 

hospitals located in Heerlen and Eindhoven, in the south-eastern part of The 

Netherlands, and Overpelt, Belgium, between November 2005 and September 

2006. Patients with diagnosis of bronchial asthma were excluded. Blood was 

sampled prior to starting the first radiotherapy treatment. 

Controls 

The control group consisted of 12 smoking healthy volunteers, matched for age, 

gender and smoking history compared to the group of NSCLC patients. All healthy 

volunteers were recruited from an elderly home in Maastricht, in the south-eastern 

part of The Netherlands in a period between August 2006 and September 2006. The 

percentage weight loss in both groups was calculated by the following formula: 

[(weight six months ago - actual weight) / weight three years ago] x 100%. 

Blood sampling 

Blood samples were collected in EDTA-containing vacutainer tubes (Vacutainer, 

Becton-Dickinson) and kept on ice until processing, which occurred within one hour 

after blood collection. Blood was aliquoted into eppendorf cups for the analysis of 

glutathione-related enzymes. For analysis of reduced glutathione (GSH) and 

oxidized glutathione (GSSG), 1.3% sulphosalicilic acid (SSA) in 100 mM HCl was 

used to preserve the blood samples. For ATP analysis, 8% perchloric acid (PCA) 

was added to blood. The remaining blood was centrifuged (3500 rpm for 10 min at 

4°C) to obtain plasma for cytokine and malondialdehyde (MDA) analysis. 
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Deproteinization of an aliquot of this plasma, using 10%  trichloric acid followed by 

centrifugation (13000 rpm for 5 min at 4°C), was done for measurement of the trolox 
equivalent antioxidant capacity (TEAC). After processing, all samples were stored at 

-80°C until analysis. 

Blood-based cytokine production assay 

Blood was collected in a heparine-containing vacutainer tube (Vacutainer, Becton-

Dickinson, 170 IU) and within one hour after blood collection, blood was aliquoted 

into 24-well plates and incubated with medium (control) or 300 µM ATP at t=-30 min 
followed at t=0 min by LPS-PHA stimulation at 37°C and 5% CO2 for 24 h as 

described previously [17]. 

Inflammatory markers 

Cytokines in the blood-based cytokine production assay were quantified using 

PeliKine Compact human enzyme linked immune sorbent assay (ELISA) kits 

(CLB/Sanquin, The Netherlands) based on appropriate and validated sets of 

monoclonal antibodies. Basal cytokine levels in plasma were quantified using R&D 

high sensitivity ELISA kits (Quantikine HS, Minneapolis, United States of America). 

Assays were performed as described in the manufacturer’s instructions. 

Serum CRP and albumin levels were determined by Hitachi Modular equipment 

(Roche Diagnostics GmbH, Mannheim, Germany). Serum haptoglobin and pre-

albumin levels were determined by Behring BN-II equipment (Dade Behring GmbH, 

Marburg, Germany). Assays were performed by the Medical Laboratory of Dr. Stein 

& Colleges (Maastricht, The Netherlands) as described in the manufacturer’s 

instructions. The erythrocyte sedimentation rate (ESR, mm/h) was also determined. 

Blood analyses 

Hematology analyses such as hemoglobin, leukocytes, erythrocytes and monocytes 

were determined by the Sysmex/XE-2100 equipment. Clinical chemistry parameters 

including cholesterol, triglycerides, aspartate aminotransferase (AST), alanine 

aminotransferase (ALT), gamma glutamyl transferase (gamma-GT), lactate 

dehydrogenase (LDH), creatinine, vitamin B12 and folic acid were determined by 

Hitachi Modular equipment (Roche Diagnostics GmbH, Mannheim, Germany). 

Assays were performed as described in the manufacturer’s instructions. 

ATP measurement 

ATP in blood was determined as previously described by Schweinsberg et al. [21]. 

Briefly, blood was treated with 8% PCA immediately after blood collection and 
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frozen at -80°C. Prior to analysis, samples were thawed on ice and centrifuged at 
12000 rpm, 10 min, 4°C. The supernatant was neutralized (pH 6-7) with 2M K2CO3 

in 6M KOH and centrifuged (14.000 rpm, 10 min, 4°C). In a single run, ATP and its 

metabolites were quantified by high performance liquid chromatography (HPLC). 

Erythrocyte ATP levels are correlated to haematocrit levels. 

Oxidative stress markers 

TEAC and uric acid 

The TEAC value, which gives the capacity of a solution to neutralize the stable 2,2’-

azino-bis(3-ethylbenzothiazoline-6-sulfonate (ABTS) radical, was determined as 

previously described by Fischer et al. [22] and is expressed as µM Trolox 
equivalent. Uric acid was measured in plasma, deproteinated with a final 

concentration of 5% trichloric acid, using a HPLC method as described by Lux et al. 

[23]. The system (Agilent, Palo Alto, CA, USA) consisted of a Hypersil ODS C-18 

end-capped column, 125 x 4 mm, particle size 5 µM (Agilent, Palo Alto, CA, USA) 

with a mobile phase of 0.1% trifluoric acid in MilliQ. UV detection was performed at 

292 nm. 

MDA 

The determination of MDA was based on the formation of a colored adduct of MDA 

with 2-thiobarbituric acid (TBA) using a HPLC method as described previously by 

Lepage et al. [24].  

GSH and GSSG 

Immediately after blood collection, to minimize the ability of GSH to form mixed 

disulfides, GSH/GSSG samples were stabilized by adding 1.3% SSA. GSH and 

GSSG calibrators were prepared freshly, and contained the same concentrations of 

SSA as the samples. GSH levels were determined by measuring the increase in 

absorbance, caused by the GSH driven reduction of 5’,5’ dithiobis-2-nitrobenzoic 

acid (DTNB) during the enzymatic reaction started by adding GSSG reductase, 

using the recycling method described by Vandeputte et al. [25]. GSSG was 

measured by the same protocol as GSH, with the only difference that this assay 

involves a GSH derivatization by 2-vinylpyridine [25]. 

Glutathione peroxidase (GPx) 

The selenium-dependent GPx activity, with hydrogen peroxide (H2O2) as substrate, 

was determined by measuring the decrease in absorbance due to the consumption 

of NADPH [26]. GPx activity was calculated using the molar absorbance coefficient 

of NADPH. 
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Glutathione reductase (GR) 

GR activity was determined by measuring the decrease in absorbance caused by 

the consumption of NADPH in the enzymatic reduction of GSSG to GSH by GR [27]. 

The activity was calculated using the molar absorbance coefficient of NADPH. 

Glutathione-S-transferase (GST) 

GST activity was determined by the GST catalyzed reaction of 1-chloro-2,4-

dinitrobenzene with GSH, resulting in a yellow colored product, GSH-

dinitrobenzene, of which the increase in absorbance was measured [28]. The 

activity of GST in the samples was calculated using the molar absorbance 

coefficient of GSH-dinitrobenzene. 

Statistics 

Data of patients and controls were compared using the Mann-Whitney-U-test. 

Spearman’s rank correlation coefficients were calculated to appraise the relation 

between TNF-α or IL-10 levels in the absence and presence of ex vivo added ATP. 
Two-tailed P-values of 0.05 or less were considered statistically significant. 

Results 

Ten NSCLC patients and 12 healthy controls were enrolled in the study, who were 

all current smokers. Characteristics of the study populations are summarized in 

table 1.  

Table 1: Characteristics of non-small-cell lung cancer patients and controls. 

 Patients 

(n=10) 

Controls 

(n=12) 

Gender (M/F) 8/4 6/6 

Age (years, mean ± SEM) 70.1 ± 3.0 78.1 ± 2.2 

Smoking history (pack-years, mean ± SEM) 37.4 ± 9.1 27.2 ± 4.5 

Body mass index (mean ± SEM) 23.7 ± 1.4 24.3 ± 0.4 

Weight loss ( ≥ 5%/<5%) 6/4 2/12 

Chemotherapy as pre-treatment (yes/no) 5/5 not applicable 

Stage of lung cancer: I-II 

IIIA/B-IV 

4 

6 

not applicable 

not applicable 
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Six out of 10 patients and two out of 12 healthy controls had lost more than 5% body 

weight over the last 6 months. Five out of 10 patients had been pre-treated with 

chemotherapy. Four patients had tumour stage I or II and six patients had advanced 

cancer (stage IIIA/B or IV). At the moment of blood sampling, the time since 

diagnosis of the primary tumour was 2.8 ± 0.5 months (mean ± SEM), and the time 
occurred since the last chemotherapy treatment in five out of ten patients was 1.5 ± 
0.3 months. Results of hematological and biochemical analysis of blood are 

presented in table 2.  

Table 2: Hematological and biochemical parameters of patients with non-small cell lung cancer and 

control subjects 
a)
. 

Parameters Patients Controls Normal values  

Hemoglobin (mmol/l) 7.2 ± 0.4
∗
 9.3 ± 0.2 8.1-10.7 

Erythrocytes (/pl) 3.9 ± 0.2
∗∗
 4.8 ± 0.1 4.2-5.7 

Hematocrit (l/l) 0.4 ± 0.02
∗
 0.50± 0.01 0.39-0.55 

Leucocytes (/nl) 9.7 ± 2.1 7.3 ± 0.6 4.0-11.0 

Thrombocytes (/nl) 288.9 ± 38 205 ± 13.3 150-400 

Lymphocytes (%) 21 ± 4.2
∗
 30.9 ± 2.7 22-50 

Monocytes (%) 6.7 ± 1 6.7 ± 0.7 <18.0 

Neutrophilic granulocytes (%) 68.8 ± 5 59.8 ± 2.5 37-70 

Eosinophilic granulocytes (%) 1.7 ± 0.3 2 ± 0.4 <4.1 

Basophilic granulocytes (%) 0.6 ± 0.1 0.5 ± 0.1 <1.5 

Cholesterol (mmol/l) 4.6 ± 0.3 5.2 ± 0.4 <6.50 

Bilirubin total (µmol/l) 6.3 ± 1 11.1 ± 1.2 <17 

AST (U/l) 37 ± 10.6 30.4 ± 5.5 10.0-50.0 

ALT (U/l) 29.6 ± 9.2 23 ± 3.8 <50 

Gamma-GT (U/l) 50.5 ± 12.2 78.4 ± 35.2 <66 

Alkaline phosphatase (U/l) 107.7 ± 8.7 92.5 ± 5.6 40-129 

Creatinine (µmol/l) 92.5 ± 8.5 92 ± 6.5 <124 

Vitamin B12 (pmol/l) 270.2 ± 37.1 410.3 ± 111.9 145-639 

Folic acid (nmol/l) 9.4 ± 1 15.6 ± 3.7 7.0-39.7 

Ferritin (µg/l) 328.7 ± 58 271.7 ± 129 30-400 

Triglycerides (mmol/l) 1.3 ± 0.1 1.7 ± 0.2 0.57-2.28 

LDH (U/l) 275.5 ± 45.9
∗
 182.5 ± 9.5 <295 

ATP in erythrocytes (µM) 2038 ± 94 1993 ± 100  

a) Results are given as mean ± SEM. AST (aspartate aminotransferase), ALT (alanine aminotransferase), 

gamma-GT (gamma glutamyl transferase), LDH (lactate dehydrogenase). 
∗
P<0.01 compared to controls 

and 
∗∗
P<0.001 compared to controls. 
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Hemoglobin levels, hematocrit levels, erythrocytes, lymphocytes were significantly 

lower in cancer patients compared to the control group. Plasma lactate 

dehydrogenase (LDH) levels were significantly increased in the patients compared 

to the control group. The other parameters, such as erythrocyte ATP levels, were 

not significantly different between the groups. 

As shown in table 3, GPx activity was significantly lower in cancer patients than in 

controls, and MDA levels and GST activity were significantly higher in cancer 

patients compared to controls. GSH, GSSG, uric acid, TEAC and GR activity were 

not significantly different between the NSCLC patients and their matched controls. 

Table 3: Markers of oxidative stress in non-small-cell lung cancer patients and controls 
a)
. 

 Patients Controls 

GSH (µmol/gHb) 8.7 ± 0.5 7.6 ± 0.5 

GSSG (µmol/gHb) 0.4 ± 0.1 0.4 ± 0.05 

Uric acid (µM) 340.1 ± 27.4 306.3 ± 13.9 

TEAC-uric acid (µM) 1039.4 ± 57.5 1007.2 ± 57.3 

MDA (µM) 1.3 ± 0.04
∗
 1.1 ± 0.02 

GPx (µmol H2O2/min gHb) 17.4 ± 0.9
∗
 20.6 ± 0.9 

GST (U/gHb) 4.6 ± 0.7
∗
 2.5 ± 0.3 

GR (U/gHb) 6.4 ± 0.9 6.3 ± 0.6 

a) Data are expressed as mean ± SEM. 
∗
P<0.05 compared to controls. GSH (reduced glutathione), GSSG 

(oxidized glutathione), TEAC (Trolox equivalent antioxidant capacity), GPx (glutathione peroxidase), GST 

(glutathione-S-transferase), GR (glutathione reductase). 

Table 4 shows the inflammatory markers in patients and control subjects. Basal 

levels of the pro-inflammatory cytokine TNF-α in plasma were significantly 
increased in cancer patients compared to their matched controls. Serum levels of 

albumin were significantly decreased in the patient group compared to the control 

group. Serum levels of CRP and haptoglobin as well as erythrocyte sedimentation 

rate (ESR) were higher in cancer patients than in the control group, but these 

differences did not reach statistical significance.  
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Table 4: Markers of inflammation in non-small-cell lung cancer patients and controls 
a)
. 

 Patients Controls 

TNF-α (pg/ml) 4.3 ± 0.3
∗
 2.9 ± 0.2 

IL-10 (pg/ml) 16.9 ± 2.2 18.1 ± 3.8 

C-reactive protein (mg/l) 34.1 ± 15.3 6.8 ± 1.2 

Haptoglobin (g/l) 2.9 ± 0.6 1.8 ± 0.2 

Albumin (g/l) 38.4 ± 1.4
∗
 46.7 ± 0.5 

Pre-albumin (mg/l) 199.7 ± 33.1 241.2 ± 13.6 

Erythrocyte sedimentation rate (mm/h) 46.6 ± 11.2 27.2 ± 3.4 

a) Data are expressed as mean ± SEM. 
∗
P<0.01 compared to control. 

Antioxidant and cytokine levels of male and female patients were similar (data not 

shown). Moreover, antioxidant and cytokine levels were not correlated with age. 

Compared to patients not having any chemotherapy treatment (n=5), the group of 

patients who had prior treatment with chemotherapy (n=5), showed significantly 

lower levels of pre-albumin (125 ± 30 mg/l (mean ± SEM) vs. 274 ± 36 mg/l; 
P<0.02), erythrocytes (3.3 ± 0.12 /pl vs. 4.5 ± 0.08 /pl; P<0.02) and hemoglobin 
(6.16 ± 0.32 mmol/l vs. 8.4 ± 0.17 mmol/l; P<0.02); and tended to display slightly 

lower levels of GSH (8 ± 0.4 µmol/gHb vs. 9.6 ± 0.9 µmol/gHb; P=0.2), TEAC (1218 
± 66 µM vs. 1486 ± 67 µM; P=0.1), uric acid (269 ± 27 µM vs. 388 ± 28 µM; P=0.2) 
and higher levels of GSSG (0.57 ± 0.2 µmol/gHb vs. 0.24 ± 0.05 µmol/gHb; P=0.1) 
and ESR (63 ± 19 mm/h vs. 30 ± 9 mm/h; P=0.06).  

Compared to patients not having any weight loss (n=4), the group of patients who 

had weight loss (n=6), tended to display higher levels of LPS-PHA-stimulated TNF-α 
(11938 ± 1902 pg/ml vs. 5053 ± 1624 pg/ml; P=0.06).  
Compared to the early stages (stage I/II) NSCLC patients (n=4), advanced stages 

(stage IIIA-B/IV) NSCLC patients (n=6) showed significantly lower levels of albumin 

(35 ± 1 g/l vs. 43 ± 1 g/l; P=0.02) and significantly higher levels of ESR (64 ± 14 
mm/h vs. 20 ± 4 mm/h; P=0.03) and tended to display higher levels of CRP (47 ± 22 
mg/l vs. 7 ± 4 mg/l; P=0.1) and haptoglobin (3.6 ± 0.8 g/l vs. 1.8 ± 0.4 g/l; P=0.1). 
Ex vivo stimulation of blood with LPS-PHA for 24 h showed a non-significant trend 

of higher TNF-α concentrations and lower IL-10 concentrations in the patient group 
compared to the control group (TNF-α: 10134 ± 1540 pg/ml in patients vs. 8572 ± 
1203 pg/ml in controls; IL-10: 1212 ± 344 pg/ml in patients vs. 1478 ± 186 pg/ml in 
controls).  
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As shown in figure 1A and B, ATP inhibited the LPS-PHA-induced TNF-α production 
and stimulated the LPS-PHA-induced IL-10 production in the NSCLC patient group. 

Similar effects were observed in the matched controls, confirming our earlier results 

[17]. The observed immunomodulatory effects of ATP on TNF-α and IL-10 release 
were more pronounced as the concentration of ATP was higher (Figure 1A and B). 

 

 

 

Figure 1 A/B: Modulating effect of ATP (30, 100 and 300 µM) on LPS-PHA-induced TNF-α (A) and 
IL-10 (B) production in NSCLC patients compared to their matched controls. Results are expressed 

in percentage, with 100% representing the cytokine release under stimulation by LPS and PHA in 

the absence of ATP. Data are expressed as mean ± SEM, 
∗
P<0.01 in the control group versus the 

incubation containing no ATP (panel A); 
#
P<0.01 in the patient group versus the incubating 

containing no ATP (panel A and B), 
∗
P<0.05 and 

∗∗
P<0.01 in the control group versus the 

incubation containing no ATP (panel B). 
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As shown in figure 2A, the response of TNF-α to 300 µM ATP seemed to be 

stronger in the cancer group compared to the control group (the slopes in figure 2A 

indicate that on average, 300 µM ATP reduces the TNF-α production in patients 
with 47% and in controls with 40%). The correlation also indicates a stronger 

inhibitory effect of ATP as the basal inflammation is higher. For IL-10, only in the 

patient group a significant correlation was found between the stimulatory effect of 

ATP (300 µM) on IL-10 and initial IL-10 levels (Figure 2B). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 A/B: Effect of ATP (300 µM) on LPS-PHA-induced TNF-α (A) and IL-10 (B) production in 
both NSCLC patients and their matched controls. The decrease and increase in LPS-PHA-induced 

TNF-α (A) and IL-10 (B) production respectively caused by ATP (Y-axis) is plotted against the LPS-
PHA-induced TNF-α (A) or IL-10 (B) production in the absence of ATP (X-axis). Data are expressed 
as individual values (n=10 for the patients; n=12 for the controls). 
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Discussion 

ROS and free radicals are known to be involved in the process of carcinogenesis, 

as recently reviewed by Valko et al. [14]. Since little is known about the presence of 

oxidative stress in patients with progressive cancer, the first aim of our study was to 

determine the oxidative stress status in NSCLC patients compared to healthy 

individuals, matched for age, gender and smoking behaviour. Results showed a 

significant reduction in GPx activity and a significant increase in MDA levels and 

GST activity in NSCLC patients, compared to healthy controls. MDA is a marker of 

lipid peroxidation and this process is one of the reactions set into motion as a 

consequence of the formation of free radicals in cells and tissue. GPx is a primary 

antioxidant enzyme, since it is involved in the direct elimination of ROS, while GST, 

a secondary antioxidant enzyme, helps in the detoxification of ROS by decreasing 

peroxide levels. The data reported in the literature on antioxidant enzymes in 

different human cancer types are controversial. Our findings are different from Ho et 

al. [29] who showed an increase in GPx activity in NSCLC patients, however, the 

lack of matching for age en gender between the patients and healthy subjects is a 

limiting factor of that study. Kaynar et al. [30] did not find a different GPx activity in 

NSCLC and SCLC patients compared to a control group. However, our findings are 

consistent with several studies which showed that GPx was lowered in erythrocytes 

of cancer patients with advanced-stage tumours at different sites [31-33], in 

oesophageal and gastric cancer patients [34] and in serum of chronic lymphocytic 

leukemia patients [35]. Kaynar et al. [30] showed that MDA levels were increased in 

NSCLC and SCLC patients, and higher MDA levels were also observed in cancer 

patients with different tumour types with metastases [33], chronic lymphocytic 

leukemia [35] and patients with oesophageal and gastric cancer [34]. Slightly, but 

not significantly higher levels of GST activity, were observed in NSCLC and SCLC 

patients compared to controls [30]. Total antioxidant status, a marker comparable to 

the TEAC, and the activity of GR in serum of advanced stage cancer patients was, 

like in our study, also not different compared to controls [35]. In our study, patients 

and controls were matched for their smoking history (package years), indicating that 

the observed decrease in GPx activity and increase in MDA levels and GST activity 

were not caused by a different smoking history. Thus, the lower GPx activity and the 

higher MDA found in the cancer patient group are consistent with the elevated 

production of ROS present in NSCLC. This phenomenon is referred to as oxidative 

stress, which can cause serious oxidative damage to biological macromolecules like 

DNA, lipids and proteins. 

To evaluate of the inflammatory status in NSCLC patients, basal levels of the pro-

inflammatory cytokine TNF-α, the anti-inflammatory cytokine IL-10, the positive 
acute phase proteins, CRP and haptoglobin, and the negative acute phase 

response proteins, albumin and pre-albumin, were measured. TNF-α was chosen 
because this cytokine has been implicated in cancer related side effects such as 
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cachexia and fatigue [9-13]. Moreover, TNF-α is capable of activating nuclear factor 
kappaB (NFκB) and activator protein-1 (AP-1) that will subsequently enhance other 
inflammatory mediators such as IL-8 and TNF-α itself, thereby amplifying the TNF-
α-mediated inflammatory processes [36, 37]. Our study shows that basal plasma 
TNF-α levels were significantly increased in NSCLC patients compared to healthy 
controls. This finding is consistent with previous studies in newly diagnosed NSCLC 

patients [38], advanced-stage NSCLC patients [39] and in advanced stage cancer 

patients with tumours at different sites [31, 32]. Moreover, we showed that levels of 

albumin, a negative acute phase protein, were significantly lower in NSCLC patients 

compared to controls. We found no changes in the basal levels of the anti-

inflammatory cytokine IL-10 between the NSCLC and the control group. 

The subgroup of patients with chemotherapy pretreatment showed lower levels of 

pre-albumin and tended to display lower levels of GSH and TEAC, and higher levels 

of GSSG than the subgroup of patients without prior chemotherapy, suggesting that 

chemotherapy may have contributed to inflammation and oxidative stress in these 

patients. Patients with advanced NSCLC (stage IIIA-B/IV) showed lower levels of 

albumin and a higher ESR compared to early stages (stage I/II) NSCLC patients, 

indicating that the level of inflammation may be related to the severity of the 

disease. However, the number of patients in these subgroups are small and thus 

these results require confirmation in a larger population. 

Since we showed earlier that the natural compound ATP has anti-inflammatory 

properties in LPS-PHA-stimulated blood of healthy subjects, we compared the anti-

inflammatory potential of ATP on induced inflammation in blood of controls and 

NSCLC patients. This stimulated blood model reflects the in vivo condition because 

all the cell-to-cell interactions are preserved and all blood components are present 

in in vivo ratios with non-cellular components [40]. In both the NSCLC and the 

control group, incubation with ATP significantly reduced LPS-PHA-induced TNF-α 
release and increased IL-10 release. These effects were dose-dependent and could 

already be achieved at 30 µM of ATP. It is noteworthy that the anti-inflammatory 
effect of ATP was directly proportional to the level of induced inflammation both for 

TNF-α and IL-10, indicating that ATP may be especially effective in situations of 

marked inflammation. 

The observed ex vivo anti-inflammatory effects of ATP in blood from NSCLC 

patients may partly explain the favourable effects of ATP on appetite, weight, 

muscle strength, fatigue and physical and functional quality of life, which were 

shown in a randomized clinical trial of NSCLC patients receiving ATP infusions 

compared to a control group of patients receiving usual palliative care only. 

Moreover, albumin levels remained stable in the ATP-treated group, whereas they 

decreased in the control group [18-20]. Besides these anti-inflammatory properties, 

ATP is also known to have in vitro anti-tumour effects via P2 receptors, as recently 

reviewed by White et al. [41]. 
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In conclusion, our study shows an impaired antioxidant system in NSCLC patients, 

as shown by decreased levels of GPx activity and increased levels of MDA and GST 

activity, and enhanced inflammation as indicated by increased levels of TNF-α and 
decreased levels of albumin. Furthermore, the natural compound ATP shows 

significant anti-inflammatory effects in ex vivo stimulated blood of patients which are 

directly proportional to the degree of inflammation. Further research will be 

necessary to confirm these favourable anti-inflammatory effects of ATP in cancer 

patients in vivo. 
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General discussion 

The data presented in this thesis show that adenosine 5’-triphosphate (ATP) 

possesses ex vivo anti-inflammatory properties through simultaneous inhibition of 

the pro-inflammatory response and stimulation of the anti-inflammatory response. 

This concerted modulation by ATP is mediated via activation of different purinergic 

receptors: P2Y11 is involved in the inhibitory effect of ATP on tumour necrosis factor-

alpha (TNF-α) and P2Y12 is responsible for the stimulatory effect of ATP on 

interleukin (IL)-10. Moreover, these anti-inflammatory effects of ATP persist under 

circumstances of severe oxidative stress. In addition, ATP is able to modulate 

oxidative stress directly by scavenging hydroxyl radicals (OH
•
) in vitro. The anti-

inflammatory effects of ATP are, besides in blood from healthy subjects, also 

observed in blood from non-small-cell lung cancer (NSCLC) patients, who showed 

an elevated inflammatory and oxidative stress status. Additionally, ATP is able to 

protect normal blood cells against ex vivo radiation-induced damage by different 

simultaneous mechanisms: (i) via its concerted anti-inflammatory effects, (ii) via its 

DNA damage-inhibiting effects and (iii) by restoration of decreased glutathione 

(GSH) levels. 

Several aspects of this thesis merit further discussion and therefore, in the next 

paragraphs, the following topics will be discussed: 

- advantages of the model used 

- comparison of the favourable effects of ATP with other compounds 

- the mechanism of action of ATP 

- the link of the findings of this thesis with the in vivo situation, and some ideas for 

possible further research. 

The present thesis mainly focuses on an ex vivo inflammation model, which 

approaches the in vivo situation more than most in vitro studies. This contrasts with 

most in vitro studies, which are performed in isolated cell lines. In order to 

investigate both the modulatory effects of ATP on inflammation in the absence and 

presence of oxidative stress and the radioprotective effects of ATP, we used human 

whole blood treated either with lipopolysaccharide (LPS) and phytohemagglutinin 

(PHA), which are stimulators of cytokine production, or with gamma-radiation. The 

advantage of the stimulated blood model is that all cell types including lymphocytes, 

monocytes, neutrophils, granulocytes and platelets are present in their natural 

occurring ratios and are able to produce cytokines. Moreover, the natural cell-to-cell 

interactions are preserved and all blood components are present in in vivo ratios 

with non-cellular components. Therefore, this system is a better reflection of the 

physiological environment and forms an appropriate and reproducible culture 

condition to measure stimulation-induced damage ex vivo. 
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The property of ATP in this stimulated blood model to simultaneously modulate the 

pro- and anti-inflammatory response, i.e. the TNF-α suppressing and IL-10 
stimulating activity of ATP, is remarkable. TNF-α is known to activate nuclear factor 
kappaB (NFκB), thereby activating the production of other cytokines and amplifying 
its own synthesis, and to induce oxidative stress by reactive oxygen species (ROS) 

production by immune cells [1, 2]. In contrast, the anti-inflammatory cytokine IL-10 is 

known to inhibit the release of pro-inflammatory cytokines, inflammation-mediated 

ROS production and ROS-mediated NFκB activation [3, 4]. Therefore, the inhibition 
of TNF-α and the increase of IL-10 by ATP will attenuate not only inflammation, but 

also oxidative stress. Kaur et al. [5] recently showed the importance of the interplay 

of IL-10 and TNF-α to protect against increased oxidative stress in isolated adult 
cardiac myocytes. Therefore, in any clinical condition, an appropriate balance 

between IL-10 and TNF-α may be of crucial importance for mitigating oxidative 
stress. Besides ATP, there are only a limited number of compounds known which 

display the same concerted modulation on TNF-α and IL-10 release. For example, 
cyclosporine was able to induce TNF-α suppression and IL-10 stimulation in 
fibroblast-like synoviocytes [6]. However, whereas the inhibitory effect on TNF-α by 
cyclosporine was directly dependent on the IL-10 increase, this was not the case for 

ATP: in our used stimulated blood model, the effects of ATP on TNF-α and IL-10 
were independent and mediated by different receptors. In addition, of the ATP-

metabolites tested in the stimulated blood model, only adenosine 5’-diphosphate 

(ADP) showed a similar concerted modulation as ATP on TNF-α and IL-10 release, 
indicating that among P1/P2 purinergic compounds, this combined effect is an 

unique effect of ATP and ADP. 

As mentioned above, the activity of ATP on TNF-α and IL-10 was shown to be 
regulated via the activation of different purinergic receptors. The P2Y11 receptor, 

which was responsible for the inhibition of TNF-α by ATP, is dually coupled to 
adenylyl cyclase (AC) activation and phospholipase C (PLC) activation [7-9], 

whereas the P2Y12 receptor, which was involved in the stimulatory effect of ATP on 

IL-10 release, is coupled to AC inhibition [7]. Among the P2Y receptors, P2Y11 is the 

only ATP-specific receptor [7], indicating that the inhibitory effect of ATP on TNF-α 
was an effect of ATP itself. P2Y12 prefers ADP, which indicates that the stimulatory 

effect of ATP on IL-10 was due to its breakdown product ADP. 

The differential effects of ATP on TNF-α and IL-10 were, besides in LPS-PHA-
induced inflammation, also present in radiation-induced inflammation. As expected, 

the inhibitory effect of ATP on radiation-induced TNF-α release was mediated via 
P2Y11 receptor activation. However, quite unexpectedly, simultaneous incubation 

with a selective P2Y12 receptor antagonist did not reverse the stimulatory effect of 

ATP on radiation-induced IL-10 release. One potential cause of this may be that the 

P2Y12 receptor, or its transduction system, was possibly damaged by radiation. As 

reviewed by Van der Vliet et al. [10], oxidative stress can affect the binding of 
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ligands to membrane receptors, such as beta-adrenergic receptors and muscarinic 

receptors, as well as the coupling of receptors to G-proteins or the second 

messengers. Moreover, Kramer et al. [11] showed in rat airways that the adrenergic 

receptor, which is coupled to AC, is more susceptible to ROS than the muscarinic 

response, which is coupled to PLC. Based on this, we speculate that the P2Y12 

receptor, which is coupled to Gi and thereby inhibiting AC [7], may be more sensitive 

to radiation compared to the P2Y11 receptor, which has the unique property of being 

dually coupled to Gq, thereby activating the PLC pathway, and to Gs, which leads to 

AC activation [7, 9]. Another possible explanation could be that a different P2Y 

receptor is involved in the stimulatory effect of ATP on radiation-induced IL-10 

release than in the stimulatory effect of ATP on LPS-PHA-induced IL-10 release. It 

is also possible that IL-10 is not yet maximally expressed at the measured time-

point (6 h) after irradiation, and that consequently the stimulatory effect of ATP on 

IL-10 release would be higher at later time-points after irradiation. The additional 

observed radioprotective effects of ATP, by inhibiting DNA damage and restoring 

decreased GSH levels, would suggest that ATP may protect normal blood cells 

against damage induced by radiotherapy, which in the in vivo situation could lead to 

the prevention of fever, radiation-induced side effects or complications. The 

protection of ATP against ROS-induced damage could be explained by the OH
•
 

scavenging effect of ATP, as shown in chapter 3. 

The ex vivo anti-inflammatory effects of ATP, which were demonstrated in different 

experiments in this thesis, are consistent with the earlier shown favourable clinical 

effects of ATP on nutritional status and overall quality of life in a randomized clinical 

trial in patients with NSCLC [12-14]. Results of that study showed that albumin 

levels remained stable in the ATP-treated group, whereas they decreased in the 

control group. Moreover, data in a subgroup of patients suggested potential 

inhibition of C-reactive protein by ATP. In the present thesis, we confirm the 

presence of a higher inflammatory status, in a pilot study, in NSCLC patients, 

compared to a control group matched for gender, age and smoking history. The 

presence of a chronic pro-inflammatory state has been implicated in the etiology of 

cancer-related complications such as progressive weight loss and fatigue [15-18]. 

Thus, our data confirm ATP as a promising approach in the supportive treatment of 

cancer-related side effects, an effect which appears to be at least partially mediated 

via its anti-inflammatory properties. Clinical trials with ATP will have to further 

corroborate the anti-inflammatory and radioprotective properties of ATP in vivo. 

The potential application of ATP in cancer has aroused interest due to its favourable 

activities such as (a) inhibition of tumour growth in vitro and in mice in vivo [19-25], 

(b) increasing the passive permeability of several chemotherapeutic agents in vitro 

and in mice in vivo [26-29] and (c) rendering cancer cells more sensitive for 

radiation damage by decreasing GSH levels in tumour cells but not in normal cells in 

vitro [30]. It should be noted that in the present study, the focus was on normal 
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blood cells; therefore similar types of experiments in different cancer cell lines would 

be valuable. Generally speaking, a good radioprotector should protect normal cells, 

but afford no protection under a hypoxic environment, which is a common feature in 

solid tumours. 

The fact that ATP exerts most of its favourable effects via activation of different 

purinergic receptors would suggest that ATP may be superior to selective receptor 

agonists in supportive cancer treatment. For example, in comparison with ATP, a 

selective P2Y11 receptor agonist would only inhibit TNF-α release but will not exert 
the concerted modulation on different cytokines as induced by ATP, and is unlikely 

to have similar radioprotective effects as ATP. Moreover, when compared with a 

selective P2Y11 receptor agonist, ATP will have additional beneficial effects via 

several purinergic receptors, first by its direct stimulation of P2Y11 and P2Y2 

receptors, and second, via its degradation to ADP on P2Y1, P2Y12 an P2Y13 

receptors. For example, stimulation of appetite, which is known to be regulated via 

the P2Y1 receptor [31], can be triggered by ATP via its degradation to ADP, but this 

effect cannot be achieved by a selective P2Y11 receptor agonist. 

When compared with ATP, corticosteroids and non-steroidal anti-inflammatory 

drugs (NSAIDs), which have appetite stimulating and anti-inflammatory activities, 

did not have any effect on weight loss in cancer patients [32-35]. TNF-α blockers, 
such as infliximab (Remicade), etanercept (Enbrel) and adalimumab (Humira) 
are effective therapeutic agents used in routine clinical practice for severe 

rheumatologic and chronic inflammatory conditions [36, 37]. However, these 

compounds modulate only TNF-α, are expensive, and the in vivo use has been 
associated with an increased rate of side effects [38, 39]. Compared to ATP, 

synthetic radioprotectors, which so far have mostly failed in clinical practice due to 

their acute toxicity [40], lack the concerted anti-inflammatory effects of ATP and are 

known to have acute side effects. Due to the combined favourable effects of ATP in 

relation to cancer, ATP would appear to be a promising agent to improve therapy 

and quality of life of cancer patients. 

Placebo-controlled clinical trials with ATP in patients with different types of cancer, 

treated with chemotherapy and/or radiotherapy, will be needed to confirm the anti-

inflammatory effects of ATP and to expand our knowledge by directly measuring the 

effect of ATP on tumour growth and survival. It also may be valuable to investigate 

the effect of ATP in other diseases related to oxidative stress and/or inflammation, 

such as chronic obstructive pulmonary disease (COPD), asthma, and rheumatoid 

arthritis (RA), as well as diseases associated with weight loss and impaired quality 

of life, such as COPD, chronic heart failure and acquired immune deficiency 

syndrome (AIDS). Currently, we are performing a double-blind randomized placebo-

controlled clinical trial aimed at assessing the effect of ATP infusions on nutritional 

status and quality of life in NSCLC patients selected for radiotherapy, while at the 
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same time evaluating the potential of ATP to prevent short and long term effects of 

radiotherapy, including intermediate markers of inflammation and oxidative stress, 

as well as the potential of ATP to inhibit tumour growth and to improve survival. 
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Summary 

Adenosine 5’-triphosphate (ATP), a naturally occurring nucleotide, is found in every 

cell of the human body and is well-known for its central role in intracellular energy 

metabolism. In addition, ATP is widely distributed outside the cell, influencing many 

biological processes such as muscle contraction and neurotransmission, through 

signal transduction via purinergic receptors. In a randomized clinical trial, favourable 

effects of ATP were shown in patients with advanced non-small-cell lung cancer 

(NSCLC). In these patients, regular intravenous infusions of ATP improved muscle 

strength, fatigue, appetite, body weight and functional quality of life.  

Cancer is known to be associated with inflammation and oxidative stress; fatigue 

and weight loss, which are frequent secondary symptoms of cancer, are thought to 

be due to the production of pro-inflammatory cytokines. Moreover, radiotherapy, as 

one of the main options for treatment of cancer, also causes oxidative stress and 

damage to healthy tissue, thereby inducing clinical side effects. To avoid radiation-

induced complications, protection of healthy tissue is of major importance. 

 

Therefore, the present thesis was aimed at: 

1. Revealing a possible mechanism behind the in vivo favourable effects of 

ATP on nutrition and overall quality of life in cancer patients by focusing on 

the modulatory effects of ATP on inflammation and oxidative stress; 

2. Investigating the radioprotective effects of ATP in normal cells 

 

The following specific study questions were formulated: 

• Is ATP a modulator of inflammation and oxidative stress? 

• What are the underlying mechanisms for the modulatory effects of ATP 

on inflammation and oxidative stress? 

• Is ATP able to protect normal cells against radiation-induced damage 

such as inflammation, oxidative stress and DNA damage? 

 

In chapter 2, we examined the ex vivo immunomodulatory effects of ATP in whole 

blood from healthy subjects, i.e. a model closely resembling the in vivo situation. For 

this purpose, whole blood was incubated with lipopolysaccharide (LPS) and 

phytohemagglutinin (PHA), which are both inducers of cytokine production. Results 

showed that ATP, in a dose-dependent fashion, inhibited the ex vivo LPS-PHA-

induced production of the pro-inflammatory cytokine tumour necrosis factor-alpha 

(TNF-α) and stimulated the production of the anti-inflammatory cytokine interleukin 
(IL)-10. Adenosine 5’-O-(3-thiotriphosphate) (ATPγS), an ATP analogue, and 
adenosine 5’-diphosphate (ADP), a breakdown product of ATP, also inhibited TNF-α 
release, but only ADP showed a stimulatory effect on IL-10 release. Adenosine, a 

breakdown product of ATP, was not involved in the effect of ATP on TNF-α and IL-
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10 release. These data indicate that ATP is an anti-inflammatory agent with 

simultaneous TNF-α suppressing and IL-10 augmenting activity. 
Cancer is, besides inflammation, also associated with oxidative stress. Therefore, in 

chapter 3, the anti-inflammatory effects of ATP were examined in the presence of 

oxidative stress, as simulated by the incubation of blood with different 

concentrations of hydrogen peroxide (H2O2), prior to ATP and LPS-PHA incubation. 

Results showed that ATP retained its anti-inflammatory effects in the presence of 

severe oxidative stress. Moreover, ATP was able to scavenge hydroxyl radicals 

(OH
•
), indicating a direct attenuation of oxidative stress by ATP itself. 

The mechanism involved in the observed anti-inflammatory effects of ATP in LPS-

PHA-stimulated blood was investigated in chapter 4. This study was aimed at 

identifying the purinergic receptors involved in the anti-inflammatory effects of ATP 

by using several specific receptor agonists and antagonists. Results showed that 

the down-regulation of TNF-α by ATP was mediated by P2Y11 receptor activation, 

and the simultaneous up-regulation of IL-10 by P2Y12 receptor activation. Thus, the 

concerted modulation of pro- and anti-inflammatory cytokines by ATP, is mediated 

by different purinergic receptors. 

In chapter 5 we further characterized the LPS-PHA-stimulated whole blood model 

by investigating the breakdown profile of ATP in this model. In this ex vivo model, 

ATP is slowly broken down, probably due to lowered ecto-ezyme concentration in 

this diluted blood model. We also investigated the time-dependent effect of ATP and 

its metabolites on several inflammatory cytokines, induced at different time-points 

after LPS-PHA stimulation. ATP inhibited the LPS-PHA-induced TNF-α, interferon-
gamma (IFN-γ) and IL-1β production, but increased the production of IL-8 and IL-10. 
These effects of ATP were rapid (2, 4 and 6 h after LPS-PHA stimulation) and 

persisted until 24 h after stimulation. Metabolites of ATP did not mimic the effects of 

ATP, i.e. they showed either no, similar or opposite effects on cytokine release, 

selective to ATP. At 2 h, but not at later time-points, ATP down-regulated the LPS-

PHA-induced activation of the transcription factor nuclear factor kappaB (NFκB), 
suggesting an early inhibitory effect of ATP on NFκB. 
As described in chapter 6, the effects of ATP on radiation-induced damage after ex 

vivo irradiation of blood from healthy subjects are reported. Ex vivo irradiation of 

blood induced cytokine release, DNA damage and depletion of glutathione (GSH) 

levels. ATP inhibited radiation-induced TNF-α release and increased IL-10 release. 
Moreover, ATP attenuated radiation-induced DNA damage.  

In chapter 7, the oxidative stress and inflammatory status of NSCLC patients and 

healthy control subjects matched for age, gender and smoking history were 

quantified. In addition, the ex vivo anti-inflammatory effects of ATP were examined 

in blood of NSCLC patients and controls. Results showed an impaired antioxidant 

system in the patient group compared to the matched control group, as shown by 

decreased levels of glutathione peroxidase (GPx) activity and increased levels of 

malondialdehyde (MDA) and glutathione-S-transferase (GST) activity; and an 
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enhanced inflammation as indicated by increased levels of TNF-α and decreased 
levels of albumin. Furthermore, ATP showed anti-inflammatory effects in ex vivo 

stimulated blood, both in cancer patients and controls, which were directly 

proportional to the degree of inflammation. 

Finally, in chapter 8, the main findings from the studies described in this thesis are 

discussed. 

We conclude that the data of this thesis support the value of ATP as a highly potent 

natural compound, which is able to modulate inflammation and oxidative stress. 

Many of the demonstrated effects of ATP have not previously been reported, 

including the anti-inflammatory effects of ATP in ex vivo LPS-PHA-stimulated and 

radiation-treated blood, and the radioprotective effects of ATP on DNA damage in 

ex vivo radiated blood. Our experiments demonstrate that ATP, through an 

alteration of the balance among pro- and anti-inflammatory cytokines, possesses 

marked anti-inflammatory properties, via activation of different purinergic receptors, 

which persist even under circumstances of severe oxidative stress. Moreover, ATP 

is able to scavenge OH
•
 and to alleviate radiation-toxicity to blood cells by inhibiting 

radiation-induced inflammation and DNA damage. 
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Nederlandse samenvatting 

Adenosine 5’-trifosfaat (ATP), een natuurlijk voorkomend nucleotide, is aanwezig in 

iedere cel van het menselijk lichaam en is bekend voor zijn intracellulaire functie in 

energie metabolisme. Bovendien is ATP ook aanwezig buiten de cel en blijkt daar 

verschillende biologische processen te beïnvloeden zoals neurontransmissie en 

spiersamentrekking.  

In een eerder uitgevoerde gerandomiseerde klinische studie zijn gunstige effecten 

van ATP aangetoond bij patiënten met vergevorderde niet-kleincellige longkanker. 

ATP infusen verbeterden de spierkracht, vermoeidheid, eetlust, lichaamsgewicht en 

levenskwaliteit bij deze patiënten.  

Het is bekend dat kanker veelal geassocieerd is met ontsteking en oxidatieve 

stress. Ook is aangetoond dat vermoeidheid en gewichtsverlies, die veel 

voorkomende symptomen zijn bij kanker, veroorzaakt worden door de productie van 

ontstekingsbevorderende cytokines. Een veel gebruikte therapie voor kanker is 

bestraling, die naast kankercellen ook gezonde cellen beschadigt, hetgeen kan 

leiden tot bijwerkingen en complicaties. Om deze reden is het belangrijk om gezond 

weefsel te beschermen, waardoor bestralings-geïnduceerde complicaties vermeden 

kunnen worden. 

 

Dit proefschrift heeft als doel: 

1. Het mechanisme te onderzoeken dat verantwoordelijk is voor de in vivo 

aangetoonde gunstige effecten van ATP op de voedingstoestand en de 

kwaliteit van leven bij kankerpatiënten, met name de effecten van ATP bij 

ontsteking en oxidatieve stress; 

2. Het onderzoeken van de beschermende effecten van ATP in normale 

cellen na bestraling 

 

De volgende specifieke vraagstellingen werden geformuleerd: 

• Is ATP een modulator van ontsteking en oxidatieve stress? 

• Wat zijn de onderliggende mechanismen voor de modulatoire effecten 

van ATP bij ontsteking en oxidatieve stress? 

• Kan ATP normale cellen beschermen tegen bestralings-geïnduceerd 

schade zoals ontsteking, oxidatieve stress en DNA schade? 

 

In hoofdstuk 2 hebben we de ex vivo immunomodulatoire effecten van ATP 

onderzocht in het bloed van gezonde vrijwilligers om de in vivo situatie zoveel 

mogelijk na te bootsen. Voor dit onderzoek werd bloed geïncubeerd met 

lipopolysaccharide (LPS) en phytohemagglutinine (PHA), dit zijn stoffen die 

aanzetten tot de productie van cytokines. De resultaten laten zien dat ATP, op een 

dosis-afhankelijke wijze, de geïnduceerde productie van het 

ontstekingsbevorderende cytokine tumor necrose factor-alfa (TNF-α) remt, en de 
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productie van het ontstekingsremmende cytokine interleukin (IL)-10 stimuleert. 

Adenosine 5’-O-(3-thiotrifosfaat) (ATPγS), een ATP analoog, en adenosine 5’-
difosfaat (ADP), een afbraakproduct van ATP, remde eveneens de TNF-α 
productie, maar van deze stoffen was alleen ADP in staat om IL-10 te stimuleren. 

Adenosine, een afbraakproduct van ATP, was niet betrokken in het effect van ATP 

op de TNF-α en IL-10 productie. Deze resultaten geven aan dat ATP een 
ontstekingsremmende stof is met tegelijkertijd een TNF-α remmende en IL-10 

stimulerende activiteit. 

Omdat kanker, naast ontsteking, ook gerelateerd is aan oxidatieve stress, hebben 

we in hoofdstuk 3 de ontstekingsremmende effecten van ATP onderzocht in de 

aanwezigheid van oxidatieve stress, gesimuleerd door incubatie van bloed met 

verschillende concentraties van waterstofperoxide (H2O2), voorafgaand aan de 

incubatie met ATP en LPS-PHA. Resultaten tonen aan dat ATP zijn 

ontstekingsremmende effecten onverminderd behoudt in een situatie van hevige 

oxidatieve stress. ATP is bovendien ook in staat om hydroxylradicalen weg te 

vangen, wat wijst op een directe remming van oxidatieve stress door ATP zelf. 

Het mechanisme dat verantwoordelijk is voor de ontstekingsremmende effecten van 

ATP in LPS-PHA-gestimuleerd bloed werd onderzocht in hoofdstuk 4. Het doel van 

deze studie was het identificeren van purinerge receptoren betrokken bij de 

ontstekingsremmende effecten van ATP door het gebruik van specifieke receptor 

agonisten en antagonisten. Resultaten laten zien dat de remming van TNF-α door 
ATP verloopt via activatie van de P2Y11 receptor en de stimulatie van IL-10 door 

ATP via activatie van de P2Y12 receptor. De gelijktijdige modulaties van 

ontstekingsbevorderende en ontstekingsremmende cytokines door ATP, wordt dus 

gereguleerd door verschillende purinerge receptoren. 

In hoofdstuk 5 wordt het LPS-PHA-gestimuleerde volbloed model nader 

gekarakteriseerd door het afbraakprofiel van ATP in dit model verder te bestuderen. 

In LPS-PHA-gestimuleerd bloed wordt ATP langzaam afgebroken, waarschijnlijk 

door de verlaagde ecto-enzym concentraties in dit model. In dit hoofdstuk 

bespreken we ook het tijdsafhankelijke effect van ATP en de afbraakproducten van 

ATP op verschillende cytokines, geïnduceerd op verschillende tijdstippen na LPS-

PHA stimulatie. ATP remde de LPS-PHA-geïnduceerde TNF-α, interferon-gamma 

(IFN-γ) en IL-1β productie, maar stimuleerde de productie van IL-8 en IL-10. Deze 
effecten van ATP waren snel (2,4 en 6 uur na LPS-PHA stimulatie) en bleven 

behouden tot 24 uur na stimulatie. Geen van de afbraakproducten van ATP had een 

vergelijkbaar werkingsprofiel als ATP, dat wil zeggen: deze diverse 

afbraakproducten vertoonden ofwel, geen, hetzelfde ofwel een tegengesteld effect 

t.o.v. ATP. Tenslotte laten we zien dat ATP de LPS-PHA-geïnduceerde activatie van 

de transcriptie factor nuclear factor kappaB (NFκB) remt op een tijdstip van 2 uur na 
stimulatie hetgeen wijst op een vroeg remmend effect van ATP op NFκB. 
In hoofdstuk 6 worden de effecten van ATP op bestralings-geïnduceerde schade 

na ex vivo bestraling van bloed van gezonde vrijwilligers nader bestudeerd. Ex vivo 
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bestraling van bloed leidde tot cytokineproductie, DNA-schade en depletie van de 

lichaamseigen antioxidant glutathion in de rode bloedcellen. ATP remde de 

bestralings-geïnduceerde TNF-α productie en stimuleerde de bestralings-

geïnduceerde IL-10 productie. Bovendien beschermde ATP normale bloedcellen 

effectief tegen bestralings-geïnduceerde DNA-schade.  

In hoofdstuk 7 vergelijken we de oxidatieve stress en ontstekingsstatus in bloed 

van patiënten met niet-kleincellige longkanker en gezonde controle personen, die 

met de patiëntengroep overeenkwamen in leeftijd, geslacht en rookgedrag. 

Bovendien is in bloed van beide groepen ook de ex vivo ontstekingsremmende 

effecten van ATP bepaald. Bloed van longkankerpatiënten vertoonde in vergelijking 

met de controle groep een ontregeld antioxidant-systeem, zoals blijkt uit de 

verlaagde waarden van de glutathion peroxidase activiteit en verhoogde waarden 

van de glutathion-S-transferase activiteit en van malondialdehyde, ook was in het 

bloed van de kankerpatiënten sprake van een verhoogde ontstekingsactiviteit, 

blijkend uit verhoogde waarden van TNF-α en verlaagde waarden van albumine. 
Bovendien had ATP ontstekingsremmende effecten in ex vivo gestimuleerd bloed 

van zowel kankerpatiënten en gezonde controles. Deze ontstekingsremmende 

effecten van ATP waren direct proportioneel met de graad van ontsteking, dus: hoe 

sterker de ontsteking was, des te sterker was ook het corrigerende effect van ATP. 

Tenslotte worden in hoofdstuk 8 de voornaamste bevindingen van de studies die 

beschreven zijn in dit proefschrift bediscussieerd. 

We concluderen dat de gegevens van dit proefschrift de waarde bevestigen van 

ATP als een natuurlijke stof, met sterke effecten op processen zoals ontsteking en 

oxidatieve stress. Veel van de in dit proefschrift gerapporteerde effecten van ATP 

zijn niet eerder beschreven, zoals de ontstekingsremmende effecten ATP in LPS-

PHA-gestimuleerd en bestraald bloed en het beschermende effect van ATP op 

bestralings-geïnduceerde DNA schade in bestraald bloed. Onze experimenten 

tonen aan dat ATP, door het gunstig beïnvloeden van de balans tussen 

ontstekingsremmende en ontstekingsbevorderende cytokines, een sterk 

ontstekingsremmend effect heeft via de activatie van verschillende purinerge 

receptoren, en dat deze effecten aanwezig blijven onder omstandigheden van 

oxidatieve stress. Bovendien vangt ATP hydroxylradicalen weg en vermindert de 

bestralingsschade aan bloedcellen, door bescherming tegen bestralings-

geïnduceerde ontsteking en DNA schade. 
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Mijn naam mag dan wel op de voorpagina van dit proefschrift staan, ik had dit 

echter nooit kunnen verwezenlijken zonder de steun van vele mensen op de lange 

weg naar dit eindresultaat. Daarom wil ik al deze mensen, en een aantal in het 

bijzonder, hier graag hartelijk bedanken. 

 

Allereerst zou ik Prof. dr. Aalt Bast en Prof. dr. ir. Piet van den Brandt, mijn 

promotores, en Dr. ir. Pieter Dagnelie, mijn copromotor, willen bedanken voor de 

kans die ze me gegeven hebben om met dit onderzoeksproject te starten. Pieter, 

bedankt om mij de afgelopen 4 jaar op dit interessante maar soms hobbelige pad zo 

goed te hebben begeleid. Je stuwende invloed, je snelle en essentiële feedback en 

bovenal je passie voor het onderwerp maakten dit resultaat mogelijk! Aalt, bedankt 

voor je vertrouwen, je enthousiaste begeleiding en voor het aanrijken van 
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over mijn Vlaamse verkleinwoordjes maakte onze werkoverleggen bovendien heel 
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 142 
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