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The concentration of adenosine nucleotides (ATP&ADP) in the circulation may impact health and disease by 

controlling cellular metabolic pathways in tissues throughout the body. Fasting plasma nucleotide levels are 

normally relatively low in healthy subjects, but can increase by orders of magnitude in disease. High circulating 

nucleotide levels promote chronic purinergic signaling, which may disrupt the normal cellular metabolism in 

the body and initiate immune and inflammatory consequences. Strategies to control nucleotide levels in the 

bloodstream may therefore have therapeutic importance to halt the progression of metabolic disorders. 
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Extracellular nucleotides and disease 

Adenosine nucleotides in the circulation are potent 

autocrine/paracrine regulators of cellular metabolism and 

control both the immune and inflammatory response [1-3]. 

Nucleotide concentration is carefully controlled to 

regulate purinergic signaling by coordinating the 

activation of specific P2X and P2Y receptors (Figure 1). 

Acute and short-lived nucleotide signaling is required for 

normal cellular function, while chronic purinergic 

signaling may perturb various metabolic pathways [4-6]. 

We have shown that extracellular nucleotides regulate 

lipoprotein secretion from the liver, by controlling 

intracellular proteolytic pathways in the hepatocyte [7] 

(Figure 1). Other studies have shown that extracellular 

nucleotides may regulate glucose metabolism by 

controlling insulin signaling through the insulin receptor 
[8, 9]. Chronically elevated blood nucleotide levels and 

sustained purinergic signaling may therefore play a path 

physiological role in the development of metabolic 

disorders [6, 10, 11]. Nucleotide-induced signaling events 

REVIEW 
 

Figure 1. Elevated blood nucleotide levels promote chronic 
purinergic signaling. Activation of P2 receptors (P2X & P2Y) 

initiates inflammation through NF-B and promotes autophagy 

and dyslipidemia through inhibition of insulin receptor and Akt 
pathways. The levels of extracellular nucleotides in the 
circulation may thereby perturb cellular metabolism and promote 
inflammatory disease. 
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also stimulate the release of pro-inflammatory cytokines 

and the activation of inflammatory pathways [12-14] (Figure 

1). High circulating nucleotides may therefore impact the 

development of inflammatory disease by promoting an 

“injury response” in vascular tissues [11-13]. Consistent with 

this view, knockout of P2 receptors in mice significantly 

reduces inflammatory disease in the heart, liver, kidney 

and other tissues [15-20]. Factors that control the levels of 

extracellular nucleotides in the bloodstream may therefore 

have important regulatory effects on cellular metabolic 

pathways [5, 6, 21].  

Extracellular nucleotides in the circulation 

Nucleotides are released from various tissues in the 

body and then accumulate in the bloodstream and 

extracellular fluids. Studies three decades ago quantified 

human plasma nucleotide levels and showed that both 

ATP&ADP concentrations in EDTA plasma were near 

equimolar and in the low M range [22, 23].  The 

measurement of adenosine nucleotide concentration in 

aqueous solutions has been accomplished by both HPLC 

and luminometry [23, 24]. Commercial bioluminescent assay 

kits are currently readily available and our 

characterizations show the analytical technique to be 

accurate and scalable for routine clinical investigations. 

These assays utilize luciferase to convert ATP and D-

luciferin to oxyluciferin and light and then luminescence 

is quantified in a luminometer. Serum samples interfere 

with the luminescence assay reagents and therefore cannot 

be evaluated. Plasma samples exhibit minimal 

interference. We observe low M levels of ADP and ATP 

in fasted EDTA plasma from healthy control subjects and 

from patients with various metabolic disorders (Figure 2). 

These estimations are in complete agreement with 

previous measurements made with luminescent assays [24, 

25] and by HPLC [22, 23]. Our studies show that plasma 

nucleotide levels are unaffected by short term storage of 

the blood or plasma samples at room temperature or long 

term storage at -20oC. Earlier work had suggested that 

plasma nucleotides are quite labile [26, 27] and our work 

shows that the stability of nucleotide measurements is 

directly proportional to the level of hemolysis. The 

consequence of hemolytic events on circulating 

nucleotides has long been a concern [26] and we have found 

that hemolysis decreases the measurement stability and 

Figure 2. Fasting plasma nucleotide levels are elevated in obese and CAD patients. Plasma samples were 
isolated from fasted venous blood drawn from 16 control subjects, 18 morbidly obese subjects and 20 coronary 
artery disease (CAD) patients. Plasma nucleotide levels were measured with a bioluminescent assay and mean 

values for obese and CAD patients were almost double normal levels. Some obese and CAD patients had fasted 
nucleotide levels that were 4 to 7-fold elevated over controls. 
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increases ATP/ADP ratios by selectively increasing the 

level of ATP. ATP: ADP ratios therefore appear to be a 

marker for red cell hemolysis. A normal plasma sample 

ATP: ADP ratio is close to 1, while a hemolysed sample 

has an ATP: ADP ratio of >2. This would be expected 

considering the predominant intracellular nucleotide in red 

blood cells is ATP.  

Stress and disease have been reported to increase 

circulating nucleotide levels [24, 28, 29] and we therefore set 

out to characterize what would be considered “normal” 

versus “abnormal” levels of ATP&ADP in the 

bloodstream. Nucleotide levels in fasted plasma samples 

from healthy control subjects (n=16) varied between 0.5 to 

1.5 M, with a mean of 1.0 M for ATP and 0.9 M for 

ADP (Figure 2). In healthy subjects, ATP concentrations 

were 20-30% greater than ADP concentrations and ATP: 

ADP ratios averaged 1.5. We also measured plasma 

nucleotide levels in morbidly obese subjects and in 

patients with coronary artery disease (CAD). Nucleotide 

levels were highly variable in the obese subjects and 

ranged from 0.5 to 7 M. While mean nucleotide levels 

averaged ~2-fold greater than that measured in control 

subjects, several of the obese subjects had plasma 

nucleotide levels that were 4 to 7-fold elevated (Figure 2). 

High nucleotide levels observed in some morbidly obese 

subjects appeared to associate with early stage insulin 

resistance, since obese subjects with average nucleotide 

levels > 2.5M (n=8) had elevated circulating insulin 

levels, 122+38 pmol/L. Nucleotide levels were also 

measured in fasting plasma samples from patients with 

angiographically confirmed CAD. Average nucleotide 

levels in CAD patients were elevated and approximately 

double that observed in control plasma samples (Figure 

2), while ATP: ADP ratios were reduced to ~1.1 as a 

consequence of higher ADP levels.  

Studies have shown that stress and injury may increase 

circulating nucleotide levels both acutely and chronically 
[5, 24, 28-30]. Early studies suggested that simple exercise can 

significantly increase plasma ATP levels [29], while both 

endotoxin and anaphylactic shock were shown to be 

associated with low plasma ATP and high ADP levels [24]. 

We have now shown that circulating nucleotide levels are 

also directly affected by a postprandial response. Plasma 

nucleotide levels were measured in peripheral venous 

plasma samples drawn from human subjects after a 12 

hour fast and during a postprandial response to a meal. 

Circulating nucleotide levels increased significantly 

during a postprandial response (Figure 3A), relative to 

that observed after prolonged fasting (Figure 3B). 

ATP&ADP levels increased ~2-fold in the bloodstream of 

control subjects at 2 hours after a 600 kcal (60g 

carbohydrate, 30g fat, 15g protein) mixed nutrient meal 

(Figure 3). This increase in blood nucleotide level lasted 

for several hours and then returned to normal levels by 4 

hours. In contrast, a 1,400 kcal (153g carbohydrate, 74g 

fat, 25g protein) meal promoted a 4 to 6-fold increase in 

plasma nucleotide levels by 4 hours (not shown). 

Figure 3. Plasma nucleotide levels exhibit a postprandial response. Plasma samples were isolated from venous blood drawn 
from a control subject after a 12 hour fast and (A) a 600 kcal meal or (B) prolonged fasting. Plasma nucleotide levels were 
measured with a bioluminescent assay and mean values are illustrated relative to plasma glucose levels. (A) Plasma nucleotide 

levels increase quickly and double in magnitude at 2 hours after a 600 kcal meal and then return to normal levels by 4 hours. (B) 
Prolonged fasting has little effect on plasma nucleotide levels. 
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Preliminary studies were also undertaken to determine the 

dietary components that contribute to the postprandial 

nucleotide response. An oral glucose dose (300 kcal/75g) 

had minimal effect on plasma nucleotide levels, while pure 

clarified butter fat (315 kcal/35g) increased blood 

nucleotide levels to a similar extent as the 600 kcal meal. 

This suggests that circulating nucleotide levels are 

sensitive to dietary fat. A specific dietary regime may 

therefore have therapeutic value to normalize elevated 

circulating nucleotide levels.  

Cellular control of extracellular nucleotide levels 

Extracellular nucleotide levels in the circulation are a 

product of both cellular release and extracellular 

degradation. Nucleotide release has been long known to be 

a phenomenon of all types of cells [31-33] and a consequence 

of various forms of cellular stress and injury [34]. ATP 

release has been shown to be regulated by intracellular 

[Ca2+] and by P2X receptor activation [35]. ATP release 

may involve specific P2X receptors [36, 37], since activation 

of P2X receptors with the receptor agonist, BzATP (2’3’-

O-(4-benzoyl-benzoyl)-adenosine 5’-triphosphate) 

increases intracellular [Ca2+] and stimulates ATP release 

from different tissues [37-39]. Figure 4A illustrates the 

effect of BzATP treatment of hepatic cells on both ATP 

and ADP release. Media ATP levels peak at 5 min after the 

treatment and then fall over a 2 hour incubation, as the 

extracellular nucleotides are metabolized or degraded. In 

hepatic cells, BzATP stimulates a massive 300-fold pulse 

of ATP release at 5 min and a 4-fold lesser response with 

ADP [39]. ADP levels then increase in parallel to the 

clearance of ATP from the media. While this compound 

has been widely touted as a P2X7 receptor agonist, in 

hepatocarcinoma cells, gene silencing of both P2X4 and 

P2X7 was shown to have no effect on BzATP-induced 

nucleotide release [39], which may suggest that BzATP can 

also act through other P2 receptors [40].   

Studies have primarily characterized the pathways that 

control ATP release [34, 35, 41, 42], however our work 

suggests that a cellular stress response preferentially 

stimulates the release of ADP from cultured cells [39, 43]. 

Figure 4B shows that a reduction in media serum can 

promote a pulse of ADP release from liver cells, which 

increases extracellular ADP levels 8-fold at 5-30 min. and 

then is cleared by 4 hours. This was a somewhat novel 

finding, as earlier work had suggested that most cells 

primarily release ATP [34] and only the circulating platelets 

were predisposed to ADP release. We have shown that 

ADP release is stimulated by P2X receptors, an increase in 

intracellular Ca2+ levels and by nutrient deprivation [39]. 

ADP release was shown to be stimulated by a reduction in 

media serum and/or glucose levels and by the calcium 

ionophore, ionomycin. Since intracellular ADP levels are 

normally very low, this work appeared to suggest that ADP 

is released through a Ca2+ regulated exocytic pathway, 

perhaps involving the vesicular nucleotide transporter 

Figure 4. Liver cells can release both ATP and ADP into the media. Extracellular nucleotide concentration in the media of healthy 
liver cells averages ~20 nM, but increases after treatment with BzATP or after nutrient depletion. (A) The P2X agonist, BzATP, rapidly 

stimulates the release of both ATP and ADP from liver cells. ATP release is 4-fold greater than that for ADP and then ADP levels rise 
as ATP is degraded. (B) ATP levels are unaffected by a reduction in media serum (FBS), while ADP levels in the media increase 8-fold 
at 30 min. when serum levels are reduced.  Newly released ADP is metabolized and cleared from the media by 4 hours. 
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(VNUT) or by membrane ATPases, such as F1-ATPase 

and ABC transporters  [34]. Other work has suggested that 

nucleotide release may also be regulated by membrane 

channels, i.e. connexin hemichannels and pannexin, as 

described for ATP [44].  

The pulse of ADP release into the media is short lived 

and media ADP levels were shown to return to near normal 

levels by 2 hours (Figure 4B), suggesting that nucleotide 

degradation may be important to the regulation of 

extracellular nucleotide levels. Nucleotide degradation has 

been previously described to affect circulating nucleotide 

levels. Nucleotides are degraded by specific ecto-

nucleotidases, i.e. NTPDase1 and CD73 [45, 46] and 

knockout of the NTPDase1 (CD39) in mice was shown to 

cause an elevation in blood nucleotides and a phenotype 

that has all the hallmarks of metabolic syndrome, 

including inflammation, hypertriglyceridemia and insulin 

resistance [47]. Single nucleotide polymorphisms in human 

NTPDase1 gene have also been shown to be associated 

with type 2 diabetes and diabetic nephropathy [48]. This 

suggests that nucleotidases may also affect extracellular 

nucleotide levels.  

Cellular stress and [Ca2+] therefore control the release 

of cellular ATP&ADP and regulate their accumulation in 

the extracellular compartment. Intracellular Ca2+ levels 

also control cellular apoptotic pathways and it therefore 

appears that nucleotide release may be a universal 

apoptotic cell response (Figure 5). Studies have shown 

that extracellular ATP may be a chemotatic (find-me) 

signal released by apoptotic cells and utilized to promote 

the phagocytic clearance of the dying cell [49, 50]. Our 

research has shown that cellular stress and [Ca2+] can also 

stimulate ADP release [39], but shows that ADP uniquely 

acts through P2Y receptors to activate a different survival 

pathway, cellular autophagy [7, 43]. Autophagy can block 

the induction of apoptosis, and vice versa, and these 

pathways are therefore thought to work antagonistically to 

regulate the turnover of cellular components and 

coordinate survival and death [51]. This may suggest that 

specific extracellular nucleotides play unique roles in 

regulating cellular survival pathways (Figure 5). ADP 

release and cellular autophagy are stimulated by a 

survival-starvation response [43], while ATP release is 

linked to a caspase-dependent activation of cellular 

apoptosis and the consequent clearance of dying cells [49]. 

Summary 

Chronically elevated levels of adenosine nucleotides in 

the circulation and sustained purinergic signaling may play 

a pathological role in the development of metabolic 

disorders [6, 11, 53] and inflammatory disease [11-13]. 

Circulating nucleotide levels appear to be elevated in some 

morbidly obese subjects and patients with cardiovascular 

disease. Nucleotide levels are affected by a postprandial 

response to a meal and are sensitive to dietary 

composition. Since dietary intervention is a well-

established therapy for both metabolic and inflammatory 

disease [53, 54], it therefore follows that diet modification 

may partly act to modulate extracellular nucleotide 

metabolism and suppress chronic purinergic signaling. 

Further characterization of how dietary nutrients and 

Figure 5. Extracellular nucleotides coordinate cellular autophagy and apoptosis. Nucleotide 
release from various tissues is stimulated by P2X receptor activation and increased intracellular 
[Ca2+]. Extracellular ATP stimulates P2X receptors, increases intracellular Ca2+ and activates 
apoptotic pathways. Extracellular ADP stimulates P2Y receptors and activates cellular autophagy. 
Extracellular levels of ATP&ADP may therefore indirectly impact cellular survival pathways. 
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caloric intake impacts circulating nucleotide levels may 

therefore contribute to the development of a simple and 

effective therapeutic approach to the treatment of 

metabolic and cardiovascular disease.  
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