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bstract

To obtain insight in mechanisms of action of extracellular adenosine triphosphate (ATP) and adenosine, a simple HPLC method has been
ptimized and applied to investigate ATP metabolism in human whole blood ex vivo. This method provided good chromatographic resolution and

eak shape for all eight compounds within a 19 min run time. The baseline was clean, the lower limit of quantification was below 0.3 �mol/L for
ll adenine nucleotides and the method demonstrated good linearity. Within-day precision ranged from 0.7 to 5.9% and between-days from 2.6 to
5.3%. Simplicity and simultaneous detection of ATP and its metabolites make this method suitable for clinical pharmacokinetic studies.
 2008 Elsevier B.V. All rights reserved.
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. Introduction

The nucleotide profile of blood is relatively simple compared
o that of nucleated cells. Because no DNA synthesis occurs, only
ibonucleotides are present. The adenine ribonucleotide pool,
hich in metabolically normal erythrocytes mainly consists of

denosine triphosphate (ATP), adenosine diphosphate (ADP),
nd adenosine monophosphate (AMP), is much larger than that
f other nucleotides, such as the guanine ribonucleotides (GTP,
DP, and GMP) [1]. Generally, ADP and AMP concentrations

re only 12.5–20% and 1–2%, respectively, of the ATP concen-
rations [2]. Apart from its role as an intracellular energy carrier,
xtracellular ATP is involved in processes such as neurotrans-
ission, mechanosensory transduction, secretory functions and
asodilatation, and long-term (chronic) signalling functions in
evelopment and regeneration of cells [3]. Moreover, once ATP
s released, for example through cell lysis during organ injury,
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t can mediate several inflammatory responses, including the
elease of cytokines, tumor necrosis factor-� and interleukin-1�
rom monocytes and macrophages, and facilitation of leukocyte
dhesion to the endothelium [4,5]. Proliferation of various in
itro tumor cell lines has been shown to be suppressed after expo-
ure to ATP [6–8]. The pharmacological use of ATP has received
ncreasing attention following reports of its benefit in pain, vas-
ular disease and cancer [9]. Given our interest in the metabolism
f ATP and its behaviour after ATP supplementation in humans,
e needed a quick and reliable method for the simultaneous
easurement of purine nucleotides, nucleosides, and bases in

uman blood. Given the complexity of the nucleotide break-
own cascade, which involves various enzymes, special care
ad to be taken to suppress unwanted nucleotide degeneration
n fresh samples.

Several methods have been published to measure nucleotides,
ncluding an enzyme assay [10], bioluminescence, 31P nuclear

agnetic resonance spectroscopy (NMR), high-performance

apillary electrophoresis (HPCE), gas chromatography (GC),
on-pair reversed-phase HPLC [11–16], gradient HPLC [17–19],
nd ion-exchange methods [20]. RP-HPLC lacks some of the
rawbacks of other methods, like, for ion-exchange HPLC, the
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eed for highly concentrated elution buffers and long analysis
imes. An advantage of the method is that it allows simultane-
us detection of nucleotides, nucleosides and nucleobases in
single run with short times between injections. Given the

igh concentrations of adenine nucleotides in human blood
1500–1900 �mol/L) [21], there was no need for measurement
n the lower nanomolar range, which is for instance achievable
y bioluminescence kits.

In the present paper we report a reversed-phase HPLC method
or the simultaneous analysis of ATP, ADP, AMP, adenosine,
denine, inosine, hypoxanthine, and uric acid in human blood.
ample collection and processing methods were optimized. The
pplication of the method is illustrated by an experiment in
hich the concentrations of adenine nucleotides are monitored

fter incubation of human blood samples with ATP, a model used
n our lab to study anti-inflammatory properties of ATP and its
reakdown products.

. Materials and methods

.1. Chemicals

Adenosine 5′-triphosphate disodium salt (ATP), adeno-
ine 5′-diphosphate disodium salt (ADP), adenosine 5′-
onophosphate sodium salt (AMP), adenine, inosine, hypox-

nthine and uric acid were purchased from Sigma Chemical
o., St. Louis, USA. Adenosine was obtained from Bufa B.V.,
itgeest, The Netherlands. Perchloric acid 70% solution in
ater (PCA) was purchased from Sigma–Aldrich, Steinheim,
ermany. Potassium hydroxide (KOH), potassium dihydro-
en phosphate (KH2PO4), potassium carbonate (K2CO3),
i-potassium hydrogen phosphate trihydrate (K2HPO4·3H2O)
nd sodium hydroxide (NaOH) were obtained from Merck,
armstadt, Germany. 0.9% saline was purchased from Braun,
elsungen, Germany. RPMI 1640 (order number 21875)
edium-containing l-glutamine was obtained from Gibco,
aisly, UK.

.2. Sample preparation

Blood was collected from healthy volunteers by venipuncture
n EDTA-containing vacutainer tubes (Vacutainer, Becton-
ickinson, New Jersey, USA). Five hundred microliters of blood
as vortex-mixed for 5 s with 500 �L of ice-cold 8% PCA in a
.5 mL Eppendorf tube. After precipitation of the protein frac-
ion (at 12,000 × g, 10 min, 4 ◦C), insoluble perchlorate was
ormed by addition of 40 �L 2 M K2CO3 in 6 M KOH to 650 �L
f supernatant, sufficient to neutralize the pH of the samples.
ollowing centrifugal removal of the perchlorate (12,000 × g,
0 min, 4 ◦C), 40 �L supernatant was mixed with 160 �L of
obile phase A (see Section 2.4 for its composition) in HPLC
icrovials (Agilent Technologies, Palo Alto, CA, USA).
.3. Equipment

ATP and its metabolites were quantified using a series 1100
gilent HPLC system (Agilent Technologies, Palo Alto, CA,

c
b
s
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SA) consisting of a quaternary gradient pump, a variable wave-
ength detector (set at 254 nm) and a solvent degasser system.
eparation was achieved with a 3 �m particle size Hypersil ODS
18 RP column (150 mm × 4.6 mm i.d.; Thermo Electron Corp.,
SA) with pore diameter 120 Å, protected by a 5 �m Hypersil
18 guard column (10 mm × 4 mm i.d.; Thermo Electron Corp).

.4. Separation

A 50 mM phosphate buffer (pH 6.0) (mobile phase A),
00% methanol (mobile phase B) and a flow of 1 mL/min
ere employed to separate the compounds of interest. Buffers
ere prepared by diluting 50 mL of a stock solution of 0.6 M
2HPO4/0.4 M KH2PO4, to 1 L of MilliQ water. The pH was

djusted to 6.0 with concentrated phosphoric acid. From 0 to
min, the eluent consisted of 100% mobile phase A. Between
and 10 min the amount of mobile phase B increased linearly

o 12.5%, and then stayed like that for 2 min. Finally, between
2 and 17 min, the gradient returned linearly to 100% mobile
hase A. The column was equilibrated between injections for
min, leading to a total run time of 19 min. Twenty-five micro-

iters of the sample was injected. The autosampler temperature
as set at 4 (±2) ◦C. The column was kept at room temperature

20 ± 2 ◦C).

.5. Standard solutions

All purine standards were treated in a manner similar to the
lood samples. First, the standards were individually dissolved
n mobile phase A to a concentration of 4 mM (ATP: 8 mM).
ric acid was dissolved in 0.1 M NaOH instead of mobile phase
. Next, equal volumes of four compounds were mixed and

dded to 8% PCA in a final ratio of mobile phase A to 8%
CA of 1:1. This resulted in two mixtures with concentrations of
00 �M of each compound (ATP: 1000 �M). The mixtures were
ubsequently prepared as described in Section 2.2 and finally
iluted with mobile phase A to acquire a standard range which
eflects pre-preparation concentrations of 10–500 �M (ATP:
0–1000 �M). Concentrations of ATP and its metabolites in
lood were determined by comparing peak areas to appropriate
tandards using Chemstation software (Version A.09.03; Agi-
ent, Palo Alto, CA, USA). A mathematical adjustment is applied
o correct for the experimentally determined 20% increase in

etabolite concentration measured in the supernatant, which
ccurs due to protein precipitation in blood samples. The sta-
ility of ATP was determined using 500 �M ATP solutions in
obile phase A that were (a) stored at −20 ◦C for 2 or 7 days,

b) stored at 4 ◦C for 1 day, or (c) incubated at 37 ◦C for 1 h.
he percentage of degradation products formed was used as a
easure for the amount of degradation.

.6. Assay validation
Linearity of the assay was assessed using three calibration
urves analyzed on separate days. The curves were constructed
y plotting the peak areas against the concentration of the
ample.
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The within-day coefficient of variation (CV) was determined
y repeated analysis of five aliquots of a single volume of whole
lood. The blood was spiked with high and low concentrations
f standards. Between-day CV was determined by analyzing,
n five different days, a blood sample that was collected from
ne subject, mixed with PCA and then stored in five aliquots
t −20 ◦C awaiting further sample preparation and analysis.
he noise was determined by Chemstation software in the time

ange between 10.5 and 13 min after injection of 10 separate
hole blood samples. The limit of detection (LOD) and lower

imit of quantification (LLOQ) were calculated by multiplying
he SD of the noise by 3 and 10, respectively. The values for
ll compounds are presented as concentrations in whole blood,
n order to present the actual limits that are achievable by our

ethod.
Recovery data of all eight compounds were obtained in

uplicate by adding known amounts of nucleotide standards
individually dissolved in mobile phase A (uric acid in 0.1 M
aOH)) or a blank solution (mobile phase (A) to blood samples

mmediately after collection, at high and low spike concentra-
ions. Preparation then continued as described above for both
hese samples and for samples containing spikes in buffer.
ecovery was calculated as

ecovery (%) = 100 × ([blood + spike] − [blood + blank])

× ([spike])−1

.7. Optimization

.7.1. Sample handling
By using the method of Schweinsberg and Loo [2] as a start-

ng point, optimizations were performed with blood samples
btained from healthy volunteers. The optimization of sample
reparation included varying (a) the anticoagulant in the blood
ollection tube (EDTA or Li-Heparin), (b) the timing of pro-
ein precipitation by PCA after blood collection (directly after
lood collection or after storage at −80 ◦C), (c) thawing con-
itions after cold storage (at room temperature or on ice), (d)
he precipitation of PCA (separate from, or simultaneous with
H neutralization by KOH), and (e) the sample pH (pH range
–6). The effects of changing these parameters were rated opti-
ally based on peak shape, yield and compound separation on
he HPLC chromatogram.

.7.2. Chromatographic conditions
The parameters varied for optimization of the chromato-

raphic conditions were: (a) elution buffer pH (range 3–6) and
hosphate concentration (range 50–100 mM), (b) timing of the
lution gradient, and (c) injection volume.

.8. Application
After optimization, we applied the method to investigate the
etabolism of ATP added to whole blood ex vivo, and more

pecifically, the effects of dilution of the blood with saline or
PMI 1640 medium on the concentration of ATP. This experi-

w
y
n
n
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ent was a follow-up to an earlier study by Swennen et al. [22],
n which the ex vivo whole blood model was used to investi-
ate the immunoregulatory effects of ATP. In this model, whole
lood was diluted fourfold with RPMI 1640 medium, resulting
n an approximate ATP half-life of 2 h. We set out to determine
he effect of the dilution factor and type of dilution medium on
he ATP metabolism, since literature reports half times of 15 min
n undiluted set-ups [23].

Blood from a healthy volunteer was collected in heparin-
ontaining vacutainer tubes and directly put on ice (Vacutainer,
70 IU). Use of EDTA as an anticoagulant was avoided, given
ur interest in ATP breakdown. Next, appropriate volumes of
lood were put in 6- or 24-well plates and spiked with a
nown volume of 6 mM ATP in MilliQ, saline or medium. Next,
he spiked blood was used either undiluted or diluted two- or
ourfold by mixing gently with saline or medium. The final con-
entration of ATP was 300 �M in each well. Samples of 450 �L
ere taken at 0, 2, 4, 8, 15, 30 min and 2, 4, and 24 h after

ddition of the ATP spike. Plates were incubated at 5% CO2
nd 37 ◦C between sampling. Upon collection, samples were
entrifuged (3000 × g, 10 min, 4 ◦C), 100 �L of cell-free super-
atant was transferred to a clean Eppendorf tube and stored at
80 ◦C. ATP and its degradation products were determined as

escribed above. Standard solutions were prepared, as described
n Section 2.5, and used to calculate the concentrations of ATP
nd its degradation products. This resulted in time-dependent
egradation profiles for undiluted, and two- and fourfold diluted
lood.

. Results

.1. Optimization of the sample handling

The goal of optimizing sample handling was to prevent loss
f adenosine nucleotides, which are normally rapidly degraded
y ecto-enzymes located on the plasma membrane. Lower con-
entrations of nucleotides were present when blood collection
ubes containing the anticoagulant Li-heparin were used instead
f EDTA-containing tubes (data not shown). Furthermore, the
recipitation of proteins by mixing blood with PCA was found
o be most effective in retaining endogenous nucleotides when
one directly following blood collection. This in comparison to
he situation in which the whole blood was mixed with PCA
fter it had been stored at −80 ◦C and then thawed. The ATP
oncentration was lowered on average by 8% in the latter case.
he samples of blood mixed with PCA could either be stored at
80 ◦C or processed further for direct HPLC measurement with-

ut affecting the nucleotide concentration. After cold storage,
qual levels of adenine nucleotides were found, regardless of
hether the samples were thawed on ice or at room temperature

data not shown).
During sample preparation, it was found that precipitation of

CA in the samples with K2CO3 could be performed together

ith neutralization by KOH without loss of nucleotides. Optimal
ield and peak shapes were obtained when all samples were
eutralized with buffer to pH 6.0. At pH 3, 4 and 5, peak shapes
otably worsened, affecting separation and yield of the various
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Fig. 1. Chromatogram showing the effects of buffer pH on peak shape and retention time after separate injections of ATP (100 �mol/L). Peaks are overlaid on the
same time-axis, and normalized to equal height on the Y-axis. Only the relevant part of the X-axis is shown. Widths reported were taken at half height of the peaks.
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ig. 2. Chromatogram of 500 �mol/L of uric acid (UA), ATP, ADP, hypoxanth
he separation are as described in Section 2.3.

ompounds. An example of the effects of buffer pH on the ATP
eak is displayed in Fig. 1.

.2. Optimization of chromatographic conditions

Peak shape and compound separation benefited from a buffer
H of 6.0 and a phosphate concentration of 50 mM (data not
hown). The elution gradient used was a compromise between a
ast analysis time and sufficient separation of the peaks. Higher
ethanol concentrations resulted in overlapping peaks of the

ompounds of interest. By returning the methanol concentra-
ion to 0–12 min after injection, the amount of time needed
or column equilibration was limited to 2 min. Finally, the
ample injection volume was set at 25 �L, since higher load-
ng volumes resulted in worse separation of ATP and uric

cid, especially in blood samples, in which both are the most
bundant compounds. A representative chromatogram of the
eparation of eight purine standards in one run is shown in
ig. 2.

o
1
a

ig. 3. Chromatogram of two whole blood samples. One sample was spiked with a m
s described in Section 2.2. In the fresh unspiked whole blood sample, only uric acid
yp), AMP, Adenine (Ade), inosine (Ino) and adenosine (Ado). Conditions of

.3. Assay validation

Chromatograms of unspiked and spiked whole blood samples
re shown in Fig. 3. Calibration curves were calculated using
eak areas at six standard concentrations, the range of which
as proportional to the concentration of analyte in the prepared
hole blood samples. The concentration range was linear from
to 500 �mol/L for all analytes. The regression coefficient for

ll calibration curves was greater than 0.999 (Table 1).
Within-day CV (range 0.7–5.9%) and between-day CV

2.6–15.3%), LOD and LLOQ are presented for every compound
n Table 2. The concentrations reported represent the actual LOD
nd LLOQ of compounds in blood, since dilution of the blood
ecessary for sample preparation is taken into account. The LOD
ere all below 0.15 �mol/L and the LLOQ below 0.5 �mol/L.

The recovery of the method after addition of known amounts

f compounds to whole blood samples ranged between 58 and
08% as presented in Table 3. The concentrations of ATP, ADP,
nd AMP found in the whole blood were 1217 ± 75, 95 ± 15, and

ix of eight compounds (solid line) followed by immediate sample preparation
, ATP, ADP and AMP are detected (dashed line).
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Table 1
Summary of linearity (range, slope, r2, and intercept values) and analyte retention times

Analyte Linearity Retention time (min)

Range (�mol/L) r2 Slope ± SD Intercept ± SD

ATP 1–500 0.999 9.59 ± 0.01 17.27 ± 7.27 3.6
ADP 1–500 0.999 8.25 ± 0.01 8.93 ± 6.62 4.5
AMP 1–500 0.999 8.54 ± 0.01 17.02 ± 6.30 6.5
Hypoxanthine 1–500 0.999 5.55 ± 0.01 42.76 ± 4.36 7.4
Uric acid 1–500 0.999 2.91 ± 0.002 5.77 ± 1.74 3.2
Adenine 1–500 0.999 7.04 ± 0.01 14.35 ± 3.96 10.2
Adenosine 1–500 0.999 10.37 ± 0.02 14.88 ± 8.43 15.7
Inosine 1–500 0.999 8.23 ± 0.07 34.34 ± 2.79 10.8

For each analyte N = 9 datapoints were used.

Table 2
Summary of precision and detection limits of ATP, ADP, AMP, hypoxanthine, adenine, adenosine, inosine and uric acid (CV, coefficient of variation; LOD, limit of
detection; LLOQ, lower limit of quantification)

Analyte Within-day precision Between-day precision LOD (�mol/L) LLOQ (�mol/L)

Mean (�mol/L), N = 5 CV (%) Mean (�mol/L), N = 5 CV (%) N = 10 N = 10

ATP 1003.0 0.7 974.3 3.6 0.049 0.162
ADP 356.5 0.9 357.3 5.5 0.072 0.239
AMP 241.1 1.3 244.5 2.6 0.052 0.172
Hypoxanthine 169.9 5.9 206.1 15.3 0.082 0.272
Uric acid 304.9 1.6 326.4 11.5 0.121 0.405
Adenine 167.5 3.2 194.4 10.4 0.090 0.299
Adenosine 226.1 1.7 221.8 4.3 0.070 0.232
Inosine 206.0 2.1 234.8 15.0 0.059 0.197

Between-day precision of five aliquots of a single blood sample, measured on 5 different days spread over a period of 7 months. Within-day precision is calculated
after repeated analysis (N = 5) of multiple aliquots of a single volume of whole blood, spiked with known amounts of standards. Values are the mean concentrations
and the coefficient of variation (CV). The LOD and LLOQ were calculated as 3 and 10 times the SD of the noise of the UV baseline in untreated whole blood samples
(N = 10) in the time range of 10.5–13 min after injection.

Table 3
Recovery data for ATP, ADP, AMP, Hypoxanthine, adenine, adenosine, inosine and Uric Acid in whole blood

Compound Blood (�mol/L) Spike (�mol/L) Blood + spike (�mol/L) Recovery (%)

ATP 1216.9 2271.2 3462.1 98.9
1087.5 2393.0 108.2

ADP 94.5 583.4 664.8 97.8
305.0 393.8 98.1

AMP 27.1 546.3 495.9 85.8
285.7 271.0 85.4

Adenine 42.3 648.2 493.1 69.6
381.5 277.3 61.6

Adenosine 0 588.5 483.6 82.2
289.6 242.1 83.6

Inosine 0 569.5 479.4 84.2
283.7 237.7 83.8

Hypoxanthine 1.6 755.9 444.2 58.6
424.0 262.7 61.7

Uric acid 252.2 589.4 613.2 69.8
316.0 419.3 68.8

Standard solutions (spike) were added to a whole blood sample with predetermined metabolite levels (blood). The resulting metabolite concentration of the mixture
(blood + spike) was determined. The concentrations presented are averages of N = 5 blood samples and N = 5 blood + spike samples at each concentration.
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7.1 ± 6 �mol/L, respectively, and the ATP/ADP and ATP/AMP
atios were 12.8 and 44.9, respectively.

The stability of ATP in mobile phase A was assessed for
hree storage conditions. The proportion of degradation products
etected was on average 1% of ATP for storage at 4 ◦C for 1 day
nd 37 ◦C for 1 h, and 2% for storage and thawing at −20 ◦C for
days.

.4. Application

In this experiment, the effects of dilution of blood with saline
r RPMI 1640 medium on ATP metabolism were investigated in

n ex vivo set-up. Fig. 4 displays the degradation of ATP added
t t = 0 to the undiluted (A), and twofold (B and C) and fourfold
D and E) diluted aliquots of blood. Adenine, adenosine and
nosine were not detected. Besides uric acid, none of the other

s
i
s

ig. 4. Degradation profile of ATP added to blood that was (A) undiluted, (B) dilute
imes with saline, or (E) diluted four times with medium. X-axis (not to scale) plots
amples taken before addition of the ATP spike are represented by —. The legend
etected compounds is plotted on the Y-axis. Curves represent means and error bars r
atogr. B  864 (2008) 43–51

ompounds were present in samples taken before the addition
f ATP.

In the undiluted situation, the ATP concentration declined
teadily until complete degradation after 30 min. The ADP
oncentration doubled 15 min after incubation, followed by a
ecline to zero after 2 h. AMP rose between 2 and 30 min, with
he strongest increase between 15 and 30 min, followed by a
ecline to zero after 4 h. Hypoxanthine was first formed after
0 min incubation and kept rising sharply until the final mea-
urement after 19 h. In contrast to the other metabolites, uric
cid levels were quite stable with only a minor increase at the
ater stages of the incubation.
In the twofold diluted situation, every compound behaved
imilarly, but with a time-frame that was shifted by approx-
mately 90 min. Two notable differences are (a) the near
imultaneous disappearance of ADP and ATP, instead of ATP

d two times with saline, (C) diluted two times with medium, (D) diluted four
the time in minutes and hours after incubation at t = 0. Concentrations in the

shown in A applies to all conditions. The concentration (�M) of each of the
epresent standard deviation (n = 2).
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receding ADP and (b) the smaller rise in hypoxanthine con-
entration after 19 h.

Compared to the undiluted situation, the shift in time in the
ourfold diluted situation was approximately 3.5 h. One differ-
nce is that the ATP concentration does not decline directly after
he start of the incubation, but only after 15 min (Fig. 4D) or
min (Fig. 4E). Finally, the increase in hypoxanthine after 19 h
as even smaller, compared to the twofold diluted situation.
No remarkable differences between medium and saline were

ound. In the fourfold diluted situation, complete degradation of
DP took slightly longer in saline than in medium. Finally, as

emarked in the previous paragraph, ATP seems to start degrad-
ng somewhat later when diluted in saline rather than medium.

. Discussion

In the present paper we have optimized and applied a sim-
le and rapid reversed-phase HPLC method for the simultaneous
nalysis of ATP, ADP, AMP, adenosine, adenine, inosine, hypox-
nthine, and uric acid in human whole blood. Crucial steps in
he collection, handling and preparation of the blood samples
nclude collection in EDTA-tubes, immediate PCA addition, and
eutralization before HPLC analysis at pH 6. The faster ATP
reakdown in heparin-containing tubes, compared to EDTA-
ubes, can be explained by EDTA’s Ca2+-chelating activities that
nactivate the ATP-degrading enzymes [24]. Addition of PCA
erves the same purpose, since PCA precipitates all proteins and
hus inactivates enzymes as well. For sufficient inactivation of
he enzymes, PCA had to be thoroughly mixed with the blood
efore freezing the samples. The enzymes were properly inacti-
ated, as shown by the observation that no significant loss of ATP
ccurred when samples were thawed on ice or at room temper-
ture. Further preparation was not necessary, thus making this
ethod suitable for clinical applications (bedside). Chromato-

raphic separation can be difficult for compounds with multiple
Ka’s. Neutralization of the samples with KOH was necessary
efore HPLC analysis, and eluent pH values below six resulted
n worse shape and separation of the peaks. Finally, the stability
f the samples and the standard compounds was such that large
atches of samples could be analyzed in one run, without risking
egradation.

The recovery levels ranged between 82 and 108% for ATP,
DP, AMP, adenosine and inosine, but were below 70% for uric

cid, adenine and hypoxanthine. These low recovery levels may
e caused by coprecipitation of these metabolites together with
roteins during the centrifugation step of the acid extraction
reparation of the samples or with the perchlorate precipitate
fter neutralization [25,26]. In whole blood, precipitate vol-
mes are large, and the 20% adjustment of concentration to
orrect for this volume change may have been an overcorrec-
ion for more apolar metabolites, such as uric acid, adenine
nd hypoxanthine, resulting in lower recoveries. Recovery lev-
ls reported by others for methods using perchloric acid for the

xtraction of nucleotides from cells or tissues range between 75
nd 120.5% [27–30]. The recoveries did not differ substantially
hether the nucleotides were spiked at high or low concentra-

ions. The whole blood concentrations of ATP, ADP, AMP and

b
i
c
t
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ric acid reported in Table 3 correlate well with those reported
y others [2,31].

The LOD (below 0.15 �mol/L for all compounds) and LLOQ
all below 0.5 �mol/L) were more than adequate for the purpose
or which this method was developed: the quantification of ATP
nd its metabolites in whole blood. Concentrations of ATP in
hole blood are extremely high compared to plasma concentra-

ions, because ATP present at millimolar concentrations inside
he erythrocytes is released before measuring whole blood. Ery-
hrocyte ATP concentrations exceed plasma ATP concentrations,
hich are in the nanomolar range, by over 10,000-fold [32].
frequently used method to measure ATP is the luciferin-

uciferase assay [33,34]. This method has the sensitivity needed
or the detection of low plasma ATP levels. A recent similar
ethod is presented by Farthing et al. [35]. For measurement

f ATP in whole blood, extreme dilutions are necessary. How-
ver, its main disadvantage compared to our method is that only
TP can be determined, whereas we can quantify the complete
denylate pool in one run. Ion-exchange methods often require
ore extensive pretreatment of samples and have difficulties in

eparating nucleobases, nucleosides and nucleotides in one run,
iven the charged nature of the nucleotides in the operating pH
ange (pH 2–7) [33,36–39].

Adenosine and inosine concentrations in whole blood were
elow the LOD. This is in line with results of studies investigat-
ng the adenine nucleotide content in human whole blood and
rythrocytes [40,41]. Our within-day CV (range 0.7–5.9%) and
etween-day CV (2.6–15.3%) correlate well with the findings
f others [42].

In the application of the method, we found that ATP added
o whole blood ex vivo was converted into several intermediate
roducts, which, together, created a typical degradation profile.
he 30 min degradation period of ATP in the undiluted sample

s consistent with the literature data [23,43]. In a similar set-
p, Heptinstall et al. [23] found that the degradation of ATP to
MP in plasma can be attributed mainly to leukocytes, since

hese possess a high ectonucleotidase activity. When comparing
he whole blood model to the in vivo situation, the main differ-
nce is the absence of vascular endothelial cells in the model.
he ectonucleotidases that are active on the luminal surface of
ndothelial cells, shorten the ATP half-life to seconds or less
n vivo [44]. In an ex vivo set-up, but with endothelial factors
resent, the half-life of ATP is longer (5–10 min), probably due
o the static nature of this set-up, in comparison to the in vivo
ituation in microvasculature [45–47].

In addition to ATP, the degradation profiles of the other com-
ounds also showed similarities to those reported before in the
iterature [23], even though we employed a longer incubation
eriod and started at a higher ATP concentration. First, as was
lso reported by Coade and Pearson [45], this profile indicates
he sequential catabolism of ATP to ADP and AMP. ADP forma-
ion coincided with ATP degradation, whereas the formation of
MP began 4 min later. The latter indicates that ADP, while still

eing formed as a degradation product from its precursor ATP,
s simultaneously being degraded into AMP. This also becomes
lear from the observation that, starting 30 min after incubation,
he decline in ADP concentration coincides with the complete
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epletion of its precursor ATP. The combination of both pro-
esses leads to a strong rise in AMP concentration between
0 min and 2 h after incubation. Second, the profile shows a
trong increase in hypoxanthine concentrations between 2 and
9 h, after which the experiment was terminated. The catabolism
f adenine nucleotides beyond AMP has been shown to involve
he enzyme 5′-nucleotidase (CD73) to yield inosine monophos-
hate (IMP), inosine and hypoxanthine [48]. Heptinstall et al.
23,45,49] reported that this enzyme acts independently from
eukocytes or erythrocytes, since breakdown of AMP added to
ell-free plasma was similar to that in whole blood. In line with
ther studies [23], no other intermediate products (adenosine and
nosine) were detected. Studies with the uptake inhibitor dipyri-
amole revealed that adenosine is taken up efficiently by the
rythrocytes through equilibrative nucleoside transporters after
hich rapid sequential conversion into hypoxanthine occurs

ntracellularly, with hypoxanthine finally being distributed out-
ide of the cell, resulting in the observed increased hypoxanthine
evels [23,50].

In our experiment, hypoxanthine was the final degradation
roduct and we observed only a very small rise in the concen-
ration of uric acid, which is the endproduct in vivo [51]. This
ould be explained by the probable absence of xanthine oxidase
EC 1.2.3.2) in our model, the enzyme responsible for the further
egradation of hypoxanthine to xanthine and finally uric acid.
he highest activity of xanthine oxidase is reportedly found in

he liver and intestinal mucosa [52,53], but it is also present in
arious organs and vascular endothelial cells [54,55]. Both liver
nd endothelial cells are absent in our set-up, which explains the
ack of change in uric acid levels.

Besides interest in the breakdown profile of ATP added to
hole blood, we were also interested in the effects of dilution of

he whole blood with two different media: either saline of RPMI
640 medium. The RPMI 1640 medium is used by Swennen
t al. [22] in the whole blood model to more closely resemble
he in vivo situation. We therefore hypothesized that addition of
his medium would help stabilize ATP more than would a simi-
ar dilution with saline. However, degradation profiles in blood
iluted with either saline or medium were quite similar. This
esult indicates that the medium does not contain any substance
hat might delay the degradation of ATP.

In contrast, the extent of dilution does influence the degrada-
ion profile of ATP added to the blood. First, the delay in ATP
reakdown got more pronounced with increasing dilution of the
hole blood (Fig. 4). For instance, whereas in undiluted blood,
TP completely degraded in 30 min, this process can take up to
and 4 h in two- and fourfold diluted blood, respectively. Sec-

nd, other features of the degradation profile were delayed as
ell, such as the decline in ADP combined with the sharp rise

n AMP that coincides with ATP depletion at 2 h. Furthermore,
he maximum level of AMP was reached after incubation of 2 h
twofold diluted) or after incubation of 4–6 h (fourfold diluted).
. Conclusion

The HPLC procedure described in this paper allows separa-
ion of the main metabolites of adenine nucleotide metabolism

[
[

[
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ound in human whole blood samples. Compared to previous
ethods, it is a simple and rapid procedure, which has a short

un time, good peak shape and high sensitivity. The method
as been validated with respect to accuracy, precision, linear-
ty and limit of detection, recovery and stability. The method
s suitable for purine analysis in vivo or in an ex vivo set-up,
nabling nucleotide metabolic processes to be followed in time.
t has been reported for long that lowered blood ATP levels
ave been associated with acute disease states. Decreased lev-
ls of adenine nucleotides in erythrocytes were, for instance,
bserved in patients with various malignancies [56,57]. The
ethod described here may be used to monitor changes that

ccur in these patients and after therapeutic administration of
TP.
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