
ORIGINAL ARTICLE

Nucleotide P2Y1 receptor agonists are in vitro and in vivo prodrugs
of A1/A3 adenosine receptor agonists: implications for roles of P2Y1
and A1/A3 receptors in physiology and pathology
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Abstract
Rapid phosphoester hydrolysis of endogenous purine and pyrimidine nucleotides has challenged the characterization of the role
of P2 receptors in physiology and pathology. Nucleotide phosphoester stabilization has been pursued on a number of medicinal
chemistry fronts. We investigated the in vitro and in vivo stability and pharmacokinetics of prototypical nucleotide P2Y1 receptor
(P2Y1R) agonists and antagonists. These included the riboside nucleotide agonist 2-methylthio-ADP and antagonist MRS2179,
as well as agonist MRS2365 and antagonist MRS2500 containing constrained (N)-methanocarba rings, which were previously
reported to form nucleotides that are more slowly hydrolyzed at the α-phosphoester compared with the ribosides. In vitro
incubations in mouse and human plasma and blood demonstrated the rapid hydrolysis of these compounds to nucleoside
metabolites. This metabolism was inhibited by EDTA to chelate divalent cations required by ectonucleotidases for nucleotide
hydrolysis. This rapid hydrolysis was confirmed in vivo in mouse pharmacokinetic studies that demonstrate that MRS2365 is a
prodrug of the nucleoside metabolite AST-004 (MRS4322). Furthermore, we demonstrate that the nucleoside metabolites of
MRS2365 and 2-methylthio-ADP are adenosine receptor (AR) agonists, notably at A3 and A1ARs. In vivo efficacy ofMRS2365
in murine models of traumatic brain injury and stroke can be attributed to AR activation by its nucleoside metabolite AST-004,
rather than P2Y1R activation. This research suggests the importance of reevaluation of previous in vitro and in vivo research of
P2YRs and P2XRs as there is a potential that the pharmacology attributed to nucleotide agonists is due to AR activation by active
nucleoside metabolites.
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Significance statement Extensive chemical efforts have attempted to
stabilize nucleotide phosphoester groups to prevent hydrolysis and
allow investigation of the in vitro and in vivo effects of P2Y and P2X
receptor ligands. Our research demonstrates that prototypical P2Y1

receptor agonists containing an (N)-methanocarba ring system to
impede α-phosphoester hydrolysis are rapidly metabolized to nucleoside
metabolites with affinity for adenosine receptors, and antagonists are sim-
ilarly unstable. This research suggests that some P2YR pharmacology
observed to date may actually be due in part to adenosine receptor
activation.
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Abbreviations
AST-004 (1R,2R,3S,4R,5S)-4-(6-amino-2-

(methylthio)-9H-purin-9-yl)-1-
(hydroxymethyl)bicyclo[3.1.0]
hexane-2,3-diol

CCPA 2-Chloro-N6-cyclopentyladenosine
CGS21680 2-(4-(2-carboxyethyl)phenethylamino)-

5′-N-ethylcarboxamidoadenosine
CHO Chinese hamster ovary

2-MeS-ADP 2-methylthio-adenosine 5′-diphosphate
HEK Human embryonic kidney
I-AB-MECA [125I]N6-(4-amino-3-iodobenzyl)adenosine-

5′-N-methyluronamide
LLOQ Lower limit of quantitation
NECA Adenosine-5′-N-ethyluronamide
R-PIA [3H]N6-R-phenylisopropyladenosine
PSB-603 8-[4-[4-(4-chlorophenzyl)piperazide-1-

sulfonyl)phenyl]]-1-propylxanthine
ULOQ Upper limit of quantitation.

Introduction

Early research on the diverse pharmacology of adenine-
containing compounds, starting with the classic research of
Drury and Szent-Györgyi, led to the classification of ATP as a
neurotransmitter with extracellular effects [1–3]. Observations of
the diverse effects of extracellular ATP in a variety of systems
ultimately led to the proposal of two families of G protein-
coupled purinergic receptors [4]. The adenosine receptors
(ADORA receptor gene family or P1 receptors) are comprised
of four receptor subtypes (A1, A2A, A2B, and A3) for which
adenosine is the primary endogenous ligand [5, 6]. The P2 re-
ceptor (P2R) family is comprised of two subfamilies of receptors:
the ATP-gated ion channel P2X receptor (P2XR) family for
which ATP is the primary endogenous ligand and the G protein
coupled P2Y receptor (P2YR) family for which purine and py-
rimidine nucleotides are the primary endogenous ligands [7, 8].

A major challenge in delineating the functional roles of the
P2Rs in vitro and in vivo is the rapid phosphate ester hydro-
lysis of both endogenous nucleotides and pharmacological
tool compounds[9]. Ectonucleotidases are ubiquitous en-
zymes located on cell membrane surfaces and in circulating
blood that rapidly dephosphorylate adenine and uridine nucle-
otides to adenosine and uridine, respectively [10]. These en-
zymes play a critical function in regulating the effects of nu-
cleotides released from cells [11]. Ex vivo studies with per-
fused organs such as the lung or heart have reported ATP half-
lives of 0.2 s or less [12, 13]. Consensus opinion is that the
in vivo half-lives of endogenous mononucleotides are in the
range of seconds or less.

Specific agonists and antagonists that are resistant to
ectonucleotidase-mediated dephosphorylation are required to
fully investigate and characterize the role of P2 receptors in
physiology and disease. One approach is to incorporate meth-
ylene phosphonates which are non-hydrolyzable bonds, but
often the P2YR affinity of such phosphonates is reduced
[14] . Nevertheless , incorporat ion of methylene,
dihalomethylene, boronophosphate, or phosphorothioate sub-
stitutions within the phosphodiester bonds of adenosine or
uracil nucleotides has been reported to impart significant
in vitro stability to dephosphorylation [14–17]. Another mod-
ification of P2Y1R agonists and antagonists that was found to
reduce but not eliminate the hydrolysis was the replacement of
the phosphorylated riboside of purine nucleotide analogs with
a phosphorylated ring-constrained (N)-methanocarba moiety
containing bicyclo[3.1.0]hexane. This general modification
increased the affinity and selectivity of P2Y1R agonists rela-
tive to other P2 receptors and was also noted to increase
in vitro stability to dephosphorylation by nucleotidases. The
hydrolysis by CD73 of (N)-methanocarba-AMP in a pure sin-
gle enzymatic system occurred at < 1% of the rate for AMP
[18], and it was deemed “somewhat stable” to dephosphory-
lation. An (N)-methanocarba 3′,5′-bisphosphate P2Y1R antag-
onist MRS2500 retained in vivo antithrombotic potency con-
siderably longer (~ 1 h) than a related 2′-deoxyribonucleotide
antagonist MRS2179 [19], suggesting its relative stability to
hydrolysis.

Despite the lack of definitive in vivo demonstration of re-
sistance to ectonucleotidases for these chemical modifica-
tions, a number of research groups used both ribose-
containing and (N)-methanocarba nucleotide analogs to eval-
uate the in vitro and in vivo role of P2Y and P2XRs in normal
and pathophysiology [19–29]. Most of this research has not
included any reported attempts to quantitate actual systemic or
target tissue pharmacokinetics for these receptor agonists and
antagonists. The lack of definitive stability data for these com-
pounds is a potentially major limitation for the mechanistic
interpretation of these studies.

Our research included a specific focus on the in vitro and
in vivo metabolism and pharmacokinetics of the prototypical
high-affinity and specific (N)-methanocarba P2Y1R agonist
MRS2365. We also evaluated the in vitro plasma and blood
stability of 2-MeS-ADP, the high-affinity 3′,5′-bisphosphate
(N)-methanocarba P2Y1R antagonist MRS2500, and the 3′,5′-
bisphosphate riboside antagonist MRS2179 that have also
been utilized extensively in previous in vitro and in vivo stud-
ies [19, 24, 27, 30–33]. Our data reveal that these compounds
are still highly susceptible to rapid metabolism in vitro and
in vivo to dephosphorylated nucleoside analogs. The metabo-
lism is so rapid in vivo that the P2Y1R agonist MRS2365 acts
as a prodrug of its more stable nucleosidemetabolite AST-004
(MRS4322, (1R,2R,3S,4R,5S)-4-(6-amino-2-(methylthio)-
9H-purin-9-yl)-1-(hydroxymethyl)bicyclo[3.1.0]hexane-2,3-
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diol) in our studies. We show that AST-004 has affinity for
adenosine receptors, most notably the A1 and A3 receptors.
We further suggest that the efficacy of the P2Y1R agonist
MRS2365 in in vivo murine models of TBI and stroke is
actually due to interactions of its metabolite AST-004 with
adenosine receptors. Considering that the vast majority of re-
search performed to date with P2Y1R agonists and antagonists
has not included evaluation of in vitro/in vivo stability and
pharmacokinetics, our data suggest that previous reports of
the pharmacology of P2Y and P2X receptors could be due
to activation of adenosine receptors. We conclude by advocat-
ing for additional pharmacokinetic studies in any future
in vivo studies when investigating phosphorylated receptor
agonists and antagonists regardless of chemical modification.

Materials and methods

Chemicals

MRS2365, MRS2500, MRS2179, 2-methylthio-ADP (2-
MeS-ADP), and 2-methylthioadenosine were obtained from
Tocris Bioscience (Bristol, UK), and 2-methylthio-AMP (2-
MeS-AMP) was from Sigma-Aldrich (St. Louis, MO). AST-
004 (MRS4322) was synthesized at the National Institute of
Diabetes, Digestive and Kidney Diseases (Bethesda, MD), as
published [18]. MRS1523 was obtained from Sigma-Aldrich
(St. Louis, MO). Analytical grade tolbutamide was obtained
from commercial supplies at Seventh Wave Laboratories
(Maryland Heights, MO). All other chemicals were obtained
from Sigma-Aldrich (St. Louis, MO). Radioligands were ob-
tained from PerkinElmer (Boston, MA).

Animals

Female C576BL/6 J mice weighing approximately 0.02 kg
were used for this study, supplied by the University of Texas
Health at San Antonio (UTHSA). All studies were conducted
under approved UTHSA IACUC protocols.

In vitro stability and metabolism studies

Media and astrocyte culture stability determination Mouse
and human astrocyte media and cell cultures were prepared
as previously described [34]. Astrocytes were cultured in 96-
well plates at a density of 1 × 104 cells per well, and stability
studies were conducted 24 h following plating. MRS2365
stability was determined in phosphate-buffered saline (pH
7.4), astrocyte cell culture media, and in mouse and human
astrocyte cell cultures. MRS2365 was solubilized in cold
phosphate-buffered saline at a concentration of 100 μM.
Solutions and cell cultures were pre-warmed to 37 °C in a
humidified, 5% CO2 incubator. Stability incubations were

initiated with the addition of 6 μl of 100 μM MRS2365
(1 μM final concentration). Stability incubations utilized in-
cubation timepoints of 1, 15, 30, 60, 120, and 240 min. At
each timepoint, 50 μl aliquots of incubations were acquired
and immediately quenched with 150 μl ice-cold methanol
containing the bioanalytical internal standard tolbutamide.
Quenched samples were immediately centrifuged, and super-
natants were placed in microtainer tubes and stored at − 80 °C
until analysis.

Plasma stability determination MRS2365, enalapril, and
procaine were dissolved in phosphate-buffered saline,
pH 7.4. Enalapril and procaine were utilized as plasma
and blood stability standards with known in vitro stabil-
ity half-lives. Plasma samples (prepared from blood with
either EDTA or lithium heparin as anticoagulants) were
pre-warmed for 60 min in a humidified, 5% CO2 incu-
bator maintained at 37 °C. Stability incubations were
initiated with the addition of MRS2365 (1 μM final con-
centration). Initial assessments of stability in EDTA-
generated plasma utilized incubation timepoints of 0,
10, 30, 60, 120, and 240 min. Subsequent studies com-
paring EDTA- and heparin-generated plasma utilized in-
cubation timepoints of 0, 1, 2.5, 5, 7.5, 10, and 30 min.
Additional plasma stability incubations comparing
EDTA- and heparin-generated plasma were performed
using timepoints of 0, 5, 10, 20, 30, 45, 60, and 90 s.
At each timepoint, stability was determined by quantita-
tion of concentrations of parent compound assessed by
LC-MS/MS (see below). For metabolite scouting analy-
ses, MRS2365 was incubated in heparinized human plas-
ma at a concentration of 100 μM for 10 or 30 min. In all
studies, 50 μl aliquots of incubations were acquired at
each timepoint and immediately quenched with 150 μl
ice-cold methanol containing the bioanalytical internal
s tandard tolbutamide and cent r i fuged at 4 °C.
Supernatants were placed in microtainer tubes, frozen
on dry ice, and stored at − 80 °C until analysis.

Blood stability determination MRS2365, MRS2179,
MRS2500, 2-MeS-ADP, enalapril, and procaine were dis-
solved in phosphate-buffered saline, pH 7.4. Blood samples
(EDTA- or lithium heparin-treated) were pre-warmed for
60 min in a humidified, 5% CO2 incubator maintained at
37 °C. Stability incubations were initiated with the addition
of individual compounds (1 μM final concentration). Fifty
microliter blood sample aliquots were obtained at 0, 1, 2.5,
7.5, 10, and 30 min and placed in microtainer tubes. Fifty
microliters of ice-cold distilled water were added to the blood
aliquots to lyse blood cells, immediately followed by addition
of 150 μl ice-cold methanol containing the bioanalytical in-
ternal standard tolbutamide, vortexing, and centrifugation at
4 °C. Supernatants were placed inmicrotainer tubes, frozen on
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dry ice, and stored at − 80 °C until analysis. At each timepoint,
stability was determined by quantitation of concentrations of
parent compound assessed by LC-MS/MS (see below). In the
case of 2-MeS-ADP, stability was determined by the rate of
formation of 2-methylthioadenosine assessed by LC-MS/MS.
For metabolite scouting analyses, MRS2365, MRS2179, and
MRS2500 were incubated in heparinized human or
mouse whole blood at a concentration of 100 μM for 10 or
30min; plasmawas immediately prepared by centrifugation at
4 °C and stored at − 80 °C until structural elucidation analyses
(see below).

In vivo pharmacokinetic studies

Drug administrationMRS2365 was dissolved in phosphate-
buffered saline and then diluted in phosphate-buffered sa-
line to prepare dosing solutions. The final dosing solution
concentration of MRS2365 was 100 μM or 1 μM. A
100 μl volume of dosing solution was administered intra-
peritoneally or intravenously to each mouse per 20-g body
weight; MRS2365 was administered at 0.5 and 5.0 μmol/
kg or 0.27 and 2.7 mg/kg. Three mice were administered
MRS2365 for each sampling timepoint. Pharmacokinetic
studies utilized sampling times of 1 or 5, 15, 30, 60, 120
and 180 min following intraperitoneal administration.

Pharmacokinetic studies were also performed for the
MRS2365 dephosphorylated nucleoside metabolite, AST-
004. AST-004 was solubilized in DMSO and then diluted in
saline to prepare dosing solution. Final dosing solution con-
centration of AST-004 was 100 μM. A 100 μl volume of
dosing solution was administered intraperitoneally to each
mouse per 20-g body weight; AST-004 was administered in-
traperitoneally at 0.15 mg/kg. Three mice were administered
AST-004 for each sampling timepoint. Plasma and brain sam-
ples were obtained at 0, 0.083, 0.25, 0.5, 1, 2, and 8-h post-
dose.

Pharmacokinetic studies were also performed to assess the
pharmacokinetics of the nucleoside metabolite AST-004 fol-
lowing intraperitoneal administration of MRS2365. Dosing
and sampling conditions were identical to those described
above for MRS2365; however, the concentrations of the me-
tabolite AST-004 were determined in plasma and the brain.
Plasma and brain samples were obtained at 0, 0.083, 0.25, 0.5,
1, 2, and 8-h post-dose.

Tissue sampling At each timepoint, mice (3/timepoint) were
euthanized in a carbon monoxide chamber. Whole blood was
obtained by cardiac puncture into Microtainer tubes contain-
ing heparin and immediately centrifuged for preparation of
plasma, plasma was stored at − 80 °C. At each timepoint,
whole brain samples were obtained by decapitation, rinsed
in ice-cold phosphate-buffered saline, and weighed. Brain

samples were then immediately flash-frozen in liquid nitrogen
and stored at − 80 °C.

Bioanalytical and pharmacokinetic analyses

Concentrations of MRS2365, AST-004, MRS2500,
MRS2179, and 2-methylthioadenosine in in vitro and/or
in vivo samples were determined by single reaction monitor-
i n g LC -MS /MS i n n e g a t i v e o r p o s i t i v e ( 2 -
methylthioadenosine) ion mode. The systems consisted of
Shimadzu (Columbia, MD) Prominence or Waters (Milford,
MA) Acquity HPLC units and AB Sciex API4000 or
API5500 mass spectrometers. Parent compounds were moni-
tored for Q1/Q3 masses with tolbutamide as an internal stan-
dard. For each analyte, bioanalytical methods were identical
for all matrices; standard curve statistics (e.g., Fit, Intercept,
Slope, Correlation Coefficient) were determined for each ma-
trix but were not significantly different. For each tissue matrix,
standard curves were created, and lower (LLOQ) and upper
(ULOQ) limits of quantitation were determined. Generally,
bioanalytical LLOQs for these studies were ≤ 2.4 ng/mL or
less, and ULOQs were up to 5000 ng/mL. Pharmacokinetic
parameters were calculated by non-compartmental analysis
using Phoenix WinNonlin (Certara, Princeton, NJ).

In vitro and in vivo structural elucidation of MRS2365,
2-MeS-ADP, MRS2179, and MRS2500 metabolites

Following in vitro incubation of MRS2365 in mouse and hu-
man plasma and blood, or mouse in vivo intravenous admin-
istration, targeted metabolite scouting for parent MRS2365
and putative metabolites in plasma, blood and brain samples
were conducted using LC-MS/MS in negative and positive
ion mode. Negative ion mode was utilized to monitor nucle-
otide metabolite formation, and positive ionmodewas utilized
for nucleoside metabolite formation. Analyses were conduct-
ed with a Shimadzu Prominence HPLC unit and an AB Sciex
(Redwood City, CA) API4000 mass spectrometer. Samples
were analyzed for the product ions for parent MRS2365, its
putative monophosphate metabolite MRS2347, and its puta-
tive dephosphorylated nucleoside metabolite AST-004.

Following 2-MeS-ADP, MRS2179, and MRS2500 mouse
whole blood in vitro incubations, targeted metabolite scouting
for their monophosphate (MRS2179 and MRS2500) and de-
phosphorylated nucleoside metabolites (2-MeS-ADP,
MRS2179, and MRS2500) were conducted using Shimadzu
Prominence or Waters Acquity HPLC units and AB Sciex
API4000 or API5500mass spectrometers in negative and pos-
itive ionmode. Samples were analyzed for the product ions for
parent compounds, putative monophosphate metabolites, and
putative dephosphorylated nucleoside metabolites.
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In vitro receptor affinity and functional studies

A1, A2A, A2B, or A3 adenosine receptor affinity For AST-004,
membrane preparations of recombinant CHO or HEK293
cells stably expressing adenosine receptor subtypes A1, A2A,
A2B, or A3 were conducted as previously described [35] or
purchased at PerkinElmer. Rat cerebral cortical and rat striatal
membranes were obtained as previously described [36].
Radioligand binding assays at human, rat, and mouse for A1,
A2A, A2B, and A3 receptors were performed utilizing specific
radioligands for each receptor [37]. [3H] CCPAwas used as an
A1 agonist radioligand, [3H]CGS21680 as an A2A agonist
radioligand and [3H]PSB-603 as anA2B antagonist radioligand,
since no selective agonist radioligand is currently available for
A2B receptors. [3H]5′-N-Ethylcarboxamidoadenosine (NECA)
was employed as an A3 agonist radioligand. The non-
selective agonist [3H]NECA could be used because
CHO cells do not natively express adenosine receptors.
Concen t r a t i on -dependen t d i sp l acemen t o f the
radioligands by AST-004 was determined. Non-specific
binding was determined using the compounds (final
concentration): 2-chloroadenosine (10 μM), NECA
(50 μM), and R-PIA (100 μM), for A1, A2A, and
A3ARs, respectively. Previously published NECA affin-
ities for the adenosine receptors were used as a refer-
ence to compare to AST-004 [37]. Assays measuring
inhibition of forskolin-induced cAMP accumulation in
CHO cells recombinantly expressing human, rat, and
mouse A1 and A3 receptors were performed [37], using
the non-selective agonist NECA as a control.

For 2-methylthioadenosine, binding affinities were deter-
mined as previous ly descr ibed [38] . [ 3H]N6-R-
phenylisopropyladenosine ([3H]R-PIA) was used as an A1 ago-
nist radioligand, [3H]2-[p-(2-carboxyethyl)phenethylamino]-5′-
N-ethylcarboxamidoadenosine ([3H]CGS21680) as an A2A ago-
nist radioligand, and [3H]NECAwas used as a non-selective A2B

agonist radioligand. [125I]N6-(4-amino-3-iodobenzyl)adenosine-
5′-N-methyluronamide ([125I]I-AB-MECA) was employed as
an A3 agonist radioligand.

Receptor and enzyme target selectivityAST-004 was profiled
against a collection of 160 receptor and enzyme targets using a
commercially available target profiling panel (Bioprint,
Eurofins Cerep, Le Bois I’Evêque B.P. 30001, 86 600 Celle
I’Evescault, France).

Results

In vitro stability of P2Y1R agonists and antagonists The sta-
bilities of commonly used phosphorylated (N)-methanocarba
P2Y1R agonist and antagonist (MRS2365 and MRS2500, re-
spectively) and phosphorylated riboside P2Y1R agonist and
antagonist (2-MeS-ADP and MRS2179, respectively) were
assessed in vitro.

MRS2365 stability was assessed in in vitro incubations
conducted at 37 °C and analyzed by LC-MS/MS. Following
incubation in phosphate-buffered saline (pH 7.4), no hydroly-
sis of MRS2365 is observed (Table 1). However, in cell-free
astrocyte culture media, or in mouse and human astrocyte cell
culture incubations, MRS2365 was found to have in vitro
half-lives of 42, 25, and 26 min, respectively. By 2 h, no
MRS2365 was detectable in either media or cell culture
incubations.

The stability of MRS2365 was also assessed in in vitro
incubations at 37 °C in mouse and human plasma and whole
blood prepared with either EDTA or heparin as anticoagulants
(Table 2). EDTA is a commonly used anticoagulant, but it is
also an inhibitor of ectonucleotidases responsible for dephos-
phorylation of nucleotides [39]. MRS2365 was completely
stable over 240 min in EDTA-prepared mouse plasma and
had a half-life of 47 min in EDTA-prepared mouse blood. In
EDTA-prepared human plasma and blood, MRS2365 was
stable over 240 min in both matrices. However, our initial
stability studies in heparinized mouse and human plasma
and whole blood did not detect quantifiable concentrations
of MRS2365 at any incubation timepoint from 1 to 60 min.
Additional studies were conducted to evaluate stability at
timepoints from 5 to 90 s in both EDTA- and heparin-

Table 1 In vitro stability of nucleotides MRS2365, MRS2179, and MRS2500 in phosphate-buffered saline, astrocyte culture media or mouse, and
human astrocyte cell culture

Media

PBS, pH 7.4 Astrocyte culture media Mouse astrocyte cell culture Human astrocyte cell culture

Compound T1/2 (min) % remaining
(240 min)

T1/2 (min) % remaining
(240 min)

T1/2 (min) % remaining
(240 min)

T1/2 (min) % remaining
(240 min)

MRS2365 > 240 100% 42 2.5% 25 < 1% 26 < 1%

MRS2179 > 60 100% - - - - - -

MRS2500 > 60 100% - - - - - -

Results are the mean values of 3 replicates per incubation conducted at 37 °C

-Not tested
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prepared mouse and human. In these shorter incubation stud-
ies, 80–100% MRS2365 remained after 20 s in EDTA-
prepared plasma, but only 5–10% remained in heparin-
prepared plasma.

The stability of the phosphorylated ribose P2Y1R agonist
2-MeS-ADP was then assessed in mouse blood using either
EDTA or heparin as anticoagulants. In mouse blood prepared
with EDTA, 2-MeS-ADP was completely stable over a 2-h
incubation. But again, in mouse blood prepared with heparin,
the half-life of 2-MeS-ADP was approximately 11.7 min and
associated with the formation of the dephosphorylated nucle-
oside metabolite 2-methylthioadenosine. By 1 h, 2-MeS-ADP
was completely metabolized to 2-methylthioadenosine.

Since numerous in vitro and in vivo research studies have
utilized the phosphorylated P2Y1R antagonists MRS2179 and
MRS2500, their in vitro stability was also measured. In
phosphate-buffered saline, neither compound exhibited any
detectable hydrolysis. In addition, both compounds were sta-
ble over 60-min incubation periods in mouse whole blood
utilizing EDTA as the anticoagulant. However, in mouse
blood utilizing heparin as the anticoagulant, MRS2179 had a
half-life of 67 min, and MRS2500 was undetectable at all
timepoints.

In all incubations, the in vitro half-lives of the stability
standards, enalapril and procaine were within the range report-
ed throughout the literature.

Identification of P2Y agonist and antagonist metabolites
in vitro Metabolite scouting was conducted using LC-MS/
MS monitoring product ions of putative in vitro metabolites
of MRS2365, 2-MeS-ADP, MRS2179, and MRS2500.
Negative ion mode was utilized to monitor for nucleotide
metabolites and positive ion mode utilized for monitoring nu-
cleoside metabolites. The identified in vitro metabolic path-
ways of MRS2365, 2-MeS-ADP, MRS2179, and MRS2500
that result from phosphoester hydrolysis by ectonucleotidases
are illustrated (Fig. 1). No other metabolites were detected.

To identify potential metabolites of MRS2365 in vitro, the
compound was incubated in heparinized human whole blood
or plasma for 10 min at 37 °C at a concentration of 100 μM.
Product ions for the nucleoside metabolite AST-004 and its
corresponding 5′-monophosphate MRS2347 were observed
in incubation extractions. These data confirmed that the
in vitro instability of MRS2365 in blood and plasma was
due to rapid sequential dephosphorylation to the nucleoside
AST-004. No other metabolites were observed in whole blood
or plasma incubations.

Following 60-min incubations of MRS2179 in heparinized
mouse whole blood, product ions consistent with two
monophosphate metabolites and one dephosphorylated nucle-
oside metabolite were identified. For MRS2500, only the de-
phosphorylated nucleoside metabolite was identified, suggest-
ing that for this compound, dephosphorylation rapidly
progressed through hydrolysis of either the 3′ and 5′ phos-
phate moieties on the (N)-methanocarba ring to form
monophosphate metabolites that were not directly detected
by LC-MS/MS. For 2-MeS-ADP, the nucleoside metabolite
2-methylthioadenosine was identified, suggesting rapid de-
phosphorylation via 2-MeS-AMP that could not be detected
by LC-MS/MS.

In all cases, the predominant route of metabolism, as ex-
pected, was dephosphorylation to the resulting dephosphory-
lated nucleoside metabolites. Metabolism of the agonists
MRS2365 and 2-MeS-ADP resulted in metabolites that are
analogs of adenosine. Interestingly, the metabolism of the
(N)-methanocarba and phosphorylated riboside P2Y1R

Table 2 In vitro stability of
nucleotides MRS2365,
MRS2179, MRS2500, and 2-
MeS-ADP in mouse and human
plasma and blood treated with the
anticoagulants EDTA or heparin

Half-life (T1/2, min) in treated media

Mouse plasma Mouse whole blood Human plasma Human whole blood

Compound EDTA Heparin EDTA Heparin EDTA Heparin EDTA Heparin

MRS2365 > 240 < 0.1 47 2.5 > 240 < 0.1 > 240 < 0.1

MRS2179 – – > 180 67 - - - -

MRS2500 - - > 180 < 1 - - - -

2-MeS-ADP - - > 60 11.7 - - - -

Enalapril - 59 59–65 64–75 - - - -

Procaine - - - - - 0.4 - 1.1

Results are the mean values of 3 replicates per incubation conducted at 37 °C

-Not tested

�Fig. 1 Metabolism by phosphoester enzymatic hydrolysis of nucleotides
MRS2365 (a), MRS2179 (b), MRS2500 (c), and 2-MeS-ADP (d) in
heparinized mouse and/or human plasma and whole blood. a MRS2365
(human whole blood and plasma), b MRS2179 (mouse whole blood), c
MRS2500 (mouse whole blood), and d 2-MeS-ADP (mouse whole
blood)
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d 2-MeS-ADP (Mouse Whole Blood)

2-MeS-ADP
C11H17N5O10P2S

2-MeS-AMP
C11H16N5O7PS

2-MeS-Adenosine
C11H15N5O4S

a MRS2365 (Human Whole Blood and Plasma)

b MRS2179 (Mouse Whole Blood)

c MRS2500 (Mouse Whole Blood)

MRS2365
C13H19N5O9P2S

MRS2347
C13H18N5O6PS

AST004 (MRS4322)
C13H17N5O3S

MRS2179
C11H17N5O9P2

MRS2179 3’- and 5’-monophosphates
C11H16N5O6P

MRS2179 Riboside
C11H15N5O3

MRS2500
C13H18IN5O8P2

MRS2500 3’- and 5’-monophosphates
C13H17IN5O5P

MRS2500 Riboside
C13H16IN5O2
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antagonists MRS2500 andMRS2179 resulted in 2′-deoxy nu-
cleoside metabolites, analogs of 2′-deoxyadenosine.

In vivo pharmacokinetics of MRS2365 The plasma and brain
pharmacokinetics of the P2Y1R agonist MRS2365 were eval-
uated in mice following intravenous or intraperitoneal admin-
istration, utilizing a sensitive LC-MS/MS bioanalytical meth-
od (1–5 ng/mL lower limits of quantitation) and multiple pro-
tocols utilizing different dose levels (0.27 and 2.7 mg/kg) as
well as blood sampling as early as 1-min post-dose. In all of
these studies, detectable concentrations of MRS2365
were never observed in either plasma or the brain following
intraperitoneal or intravenous administration, suggestive of
very high plasma clearance consistent with the rapid metabo-
lism observed for endogenous nucleotides (Table 3).

Identification of MRS2365 metabolites in vivoBased on initial
pharmacokinetic studies which failed to detect circulating
concentrations of MRS2365, the identification of circulating
metabolites was pursued. Given the extremely high clearance
of endogenous nucleotides due to dephosphorylation, it was
hypothesized that the likely major route of MRS2365 in vivo
metabolism was dephosphorylation, similar to that observed
in in vitro studies.

Following intraperitoneal administration of MRS2365 to
mice, neither MRS2365 nor its monophosphate metabolite
MRS2347 was detected in plasma or brain samples even as
early as 1-min post-dose. However, the dephosphorylated nu-
cleoside metabolite AST-004 was detected in both plasma and
brain samples (Table 3). These data indicated that MRS2365
was rapidly dephosphorylated in mice to the (N)-
methanocarba nucleoside AST-004.

In vivo pharmacokinetics of the MRS2365 nucleoside metab-
olite AST-004 Identification of AST-004 as the only drug-
related material in mice following administration of
MRS2365 led to measuring the pharmacokinetics of AST-
004. Following intravenous administration to mice, AST-
004 was found to have a high plasma clearance, a volume of
distribution indicating dispersal into tissues and a plasma half-
life of 0.5 h (Table 4). AST-004 is primarily renally eliminated
unmetabolized, and the high clearance observed in mice is
likely due to the substantially higher body weight-adjusted
glomerular filtration rate in that species. Subsequent pharma-
cokinetic studies in rats, dogs, neonatal pigs, and cynomolgus
monkeys are beyond the scope of this report, but in these
species, the plasma clearance has been demonstrated to be
moderate and the predicted human half-life by i.v. administra-
tion to be in the range of 19–24 h (data not shown). AST-004
brain/plasma concentration ratios in mice based on eitherCmax

or AUC values ranged from 4.0 to 9.6% indicating distribu-
tion of AST-004 into brain tissue following administration of
either MRS2365 or AST-004; ratios in other species range
from 10 to 30% (data not shown).

Importantly, when equimolar doses of MRS2365 and
AST-004 were intraperitoneally administered to mice and
AST-004 plasma and brain concentrations were assessed
by LC-MS/MS, the overall plasma concentration profiles
and pharmacokinetics of AST-004 were not significantly
different (Fig. 2, Table 4). This strongly suggests that
MRS2365 is rapidly and quantitatively metabolized to
AST-004 in mice. The clearance of MRS2365 is so rapid
that this P2Y1R agonist can be considered an in vivo
prodrug of the more stable nucleoside metabolite AST-
004.

Table 3 In vivo plasma and brain concentrations and pharmacokinetics of MRS2365 and its metabolite AST-004 in mice following intraperitoneal or
intravenous administration of either MRS2365 or AST-004

Compound
administered

Compound
monitored

Route of
administration

Dose (mg/kg;
μmol/kg)

Tissue Concentration (ng/mL or ng/g) at time (h)

0 0.02 0.08 0.25 0.5 1 1.5 2 2.5

MRS2365 MRS2365 i.p. 0.27; 0.5 Plasma - - < LLOQ < LLOQ < LLOQ < LLOQ - < LLOQ

i.v. 0.27; 0.5 Plasma - < LLOQ < LLOQ < LLOQ < LLOQ < LLOQ - < LLOQ

i.v. 2.7; 5.0 Plasma - < LLOQ < LLOQ - - - - -

Brain - - < LLOQ - - - - -

MRS2365 AST-004 i.p. 0.27; 0.5 Plasma - - 57.1 45.7 26.1 3.3 - 0.8 -

Brain - - 5.8 3.8 2.9 < LLOQ - < LLOQ -

AST-004 AST-004 i.p. 0.15; 0.5 Plasma - - 49.5 41.8 21.1 5.8 - 0.8 -

Brain - - 2.4 3.1 2.4 < LLOQ - < LLOQ -

AST-004 AST-004 i.v. 0.25; 0.8 Plasma - - 79.4 38.0 9.2 6.0 2.2 0.8 1.04

Results are the means of 3 mice per timepoint

LLOQ for MRS2365 was 5 ng/mL plasma or 5 ng/g brain tissue

LLOQ for AST-004 was 0.1 ng/mL plasma or 2.4 ng/g brain tissue

-Not sampled
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Receptor affinity and cAMP accumulation analyses of the nu-
cleoside metabolite AST-004 The receptor affinity of structur-
ally similar analogs of the MRS2365 major metabolite, AST-
004, has previously been reported. For example, the 6-chloro
analog MRS1873 has affinity for the adenosine receptor family
and appears to be a partial agonist [40, 41]. Likewise, the nu-
cleoside metabolite of 2-MeS-ADP, 2-methylthioadenosine, al-
so interacts with adenosine receptors, primarily the adenosine
A3 receptor and to a lesser extent the adenosine A1 receptor,
with affinities for human A1, A2A, A2B, and A3 receptors of 1.9,
11.6, > 30, and 0.7 μM, respectively (Table 5).

Our binding displacement studies indicated that the affinity
of AST-004 in rodent species is primarily to the A3 receptor,
and to a less extent the A1 receptor, although affinity for the
human A3 and A1 receptors appears to be similar (Fig. 3,

Table 5). A broad commercial human target selectivity panel
(Cerep Bioprint) was also utilized to identify potential addi-
tional receptor or enzyme targets for AST-004 and none of
significance have been identified other than the adenosine A3

and A1 receptors (data not shown). Affinity for the adenosine
A2A receptor was significantly lower, and affinity for the A2B

receptor could not be measured.
Additionally, cAMP accumulation experiments

were conducted in CHO cells recombinantly expressing
mouse, rat, or human adenosine A1 or A3 receptors, with the
non-selective agonist NECA used as a control agonist (Figs. 4
and 5, Table 6). In these studies, EC50 values ranged from
0.76 μM in mouse A3-expressing CHO cells to 3.6 μM in
human A3-expressing cells. In these engineered cell lines,
AST-004 appeared to be a full or nearly full agonist compared

Table 4 In vivo plasma and brain pharmacokinetic parameters of AST-004 in mice following intraperitoneal or intravenous administration of either
MRS2365 or AST-004

Compound
administered

Compound
monitored

Route of
administration

Dose (mg/kg;
μmol/kg)

Tissue Pharmacokinetic parameters

C0 or Cmax
(ng/mL or
ng/g)

CLp (mL/
min/kg)

Vdss
(L/kg)

AUC
(ng -h /
mL)

T1/2
(h)

MRS2365 AST-004 I.P. 0.27; 0.5 Plasma 64.5 - - 29.3b 0.3

Brain 6.2 - - 1.7c -

AST-004 AST-004 I.P. 0.15; 0.5 Plasma 49.5 - - 30.1b 0.3

Brain 3.2 - - 1.2c -

AST-004 AST-004 I.V.a 0.25; 0.8 Plasma 115 132 2.2 31.6b 0.5

Results are the means of 3 mice per timepoint
a LLOQ for AST-004 plasma was 0.1 ng/mL
bAUC (0-Inf)
c AUC (0–0.5 h)

-Not determined

Results are the Mean ± SEM (n=3/timepoint).
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Administration
AST-004 [Brain] - AST-004
Administration

Fig. 2 Plasma and brain
concentration-time profiles of
AST-004 following intraperito-
neal doses of either MRS2365 or
AST-004 at equimolar doses.
Results are the mean ± SEM
(n = 3/timepoint)
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with the full agonist NECA. The EC50 of NECA andAST-004
were not determined for the human A1R due to lack of a
functional CHO cell line expressing this receptor.

Together, these data highlight the likelihood of nucleosideme-
tabolites of P2Y1R agonists to interact with adenosine receptors.

Relative efficacies of MRS2365 and its metabolite AST-004 in
in vivo murine model of traumatic brain injury (TBI) Previous
data demonstrated that intraperitoneal administration of
MRS2365 significantly reduced cerebral edema and reactive
gliosis in an in vivo model of traumatic brain injury, attributed
to P2Y1R agonism [29]. Based on the observations of rapid
in vivo metabolism ofMRS2365, the efficacy of its adenosine
A3 agonist metabolite AST-004 was compared in a controlled
cortical impact (CCI) model of TBI in mice.

An equimolar intraperitoneal bolus dose of AST-004, com-
pared with MRS2365 (0.22 mg/kg), or vehicle, was adminis-
tered to mice following a CCI. Cell death, blood brain barrier
permeability and reactive gliosis (astrocytes and microglia),
were measured 3–7 days post-injury. Administration of AST-
004 resulted in a statistically significant reduction in seizures,
gliosis, and learning impairments (Bozdemir et al., 2020;
manuscript in preparation). Indistinguishable neuroprotective
efficacy of MRS2365 and AST-004 was also observed in a
murine model of stroke (data not shown, manuscript in prep-
aration). Together, these data indicate that the observed effi-
cacy of MRS2365 in mouse models of TBI and stroke are
mediated by adenosine receptors, not by P2Y1R.

Discussion

The susceptibility of purine and pyrimidine nucleotide P2Y or
P2X agonists and antagonists to rapid dephosphorylation by

ectonucleotidases has long been recognized [10, 11]. Multiple
ectonucleotidases and phosphatases, which are present at dif-
ferent levels in different cells and organs, are responsible for
this metabolism [42, 43]. ATP and ADP and their analogs,
similarly to the P2Y1R agonists examined here, are first hy-
drolyzed by E-NTPDase (CD39, along with its NTPDase fam-
ily) to produce AMP, followed by CD73 to cleave the 5′-
phosphate of AMP [39]. Many in vitro and in vivo studies
of P2YRs and P2XRs have noted the potential of applied
adenine nucleotide agonists to form adenosine, which can
activate adenosine receptors and complicate the data interpre-
tation. In some cases, either ectonucleotidase inhibitors or
adenosine receptor antagonists are added to minimize this
effect [44, 45]. However, these compounds can produce their
own confounding effects through other interactions or by
blocking endogenous adenosine [46]. Furthermore, enzymes
other than CD73 can hydrolyze AMP to adenosine, such as
alkaline phosphatase in human airways [43]. It is worth noting
that the activity of the ectonucleotidases that metabolize the
P2Y1R agonists and antagonists in our study is also subject to
temperature and pH dependence [42, 47]. The pH of maximal
activity of human CD73 was found to be 7.2–7.5, and the
corresponding optimal pH for E-NTPDase was reported to
be 8.5. Therefore, many factors may affect the complication
of phosphate hydrolysis in situ associated with P2Y1R tool
compounds, leading to activation of adenosine receptors or
other activities.

Extensive medicinal chemistry efforts have been conduct-
ed to stabilize the nucleotide phosphoester groups by structur-
al modification to prevent hydrolysis [14–19, 48, 49].
However, very few analogs have been evaluated in both
in vitro and in vivo pharmacokinetic or metabolic studies in
preclinical species or in humans. Those few examples have
reported in vivo half-lives or durations of activity on the order

Table 5 Affinities of AST-004, 2-methylthioadenosine, or NECA at adenosine receptors determined in radioligand binding studies

Human A3AR Rat
A3AR

Mouse
A3AR

Human A1AR Rat
A1AR

Mouse
A1AR

Agonist Ki ± SEM (nM)

AST-004 1490 ± 410 10,800 ± 1200 4940 ± 974 1590 ± 853 1880 ± 507 3690 ± 877

2-Methylthio-adenosineb 720 ± 280 - - 1900 ± 770 - -

NECA 6.18 (KD)
a 48.6 (KD)

a 15.1 (KD)
a 14a 5.1a 2.49a

Human
A2AAR

Rat
A2AAR

Mouse
A2AAR

Human
A2BAR

Rat
A2BAR

Mouse
A2BAR

Agonist Ki ± SEM (nM)

AST-004 16,000 ± 6170 10,200 ± 1990 9040 ± 4290 > 10,000 > 10,000 10,000

2-Methylthio-adenosineb 11,600 ± 1000 - - > 30,000 - -

NECA 20a 9.7a 43.4a 1890a 1110a 656a

a Data from Alnouri et al. (2015)
bMethods from Gao et al. (2003)
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Human A1
Mouse A1
Rat A1

Human A2A

Mouse A2A
Rat A2A

Results are the Mean ± SEM (n=3-4).

Human A3
Mouse A3
Rat A3

a

b

c

Fig. 3 Competition binding
experiments of AST-004 versus
the adenosine radioligands at
human, mouse, and rat A1 (a),
A2A (b), and A3 (c) receptors
expressed in CHO cells. Results
are the mean ± SEM (n = 3–4)
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of 2 min [48, 49], consistent with an extremely high plasma
clearance. Our data are a systematic assessment of in vitro and
in vivo metabolism and pharmacokinetics of multiple P2Y
agonists and antagonists, including examples that have previ-
ously been reported to have increased in vitro stability to
ectonucleotidase-mediated dephosphorylation relative to en-
dogenous nucleotides [18, 19]. In addition, we have presented
the pharmacological implications of the metabolism of P2
receptor ligands to adenosine receptor-active metabolites.

The current data reveal a rapid in vitro and in vivo metab-
olism of the high-affinity and specific P2Y1R agonist
MRS2365 to a dephosphorylated nucleoside AST-004 with
affinity for the adenosine A3 receptor and A1 receptors.
These findings also indicate that while the ring constraint

imparted by the (N)-methanocarbo moiety in these P2Y1R
agonists may result in greater in vitro metabolic stability of
the α-phosphoester relative to AMP, as previously demon-
strated, these structural modifications are still prone to rapid
dephosphorylation in vitro and in vivo. Moreover, this finding
of rapid metabolism is not unique to MRS2365, as significant
and rapid in vitro dephosphorylation was also observed with
the (N)-methanocarba P2Y1R antagonist MRS2500 as well as
the phosphorylated riboside P2Y1R agonists and antagonists
2-MeS-ADP and MRS2179. The major metabolite of 2-MeS-
ADP, 2-methylthioadenosine, has also been characterized as
an adenosine receptor ligand.

In in vitro mouse and human serum and blood experi-
ments, the rapid metabolism of these compounds was

AST004

NECA

AST004

NECA

Results are Mean ± SEM (n=3). 100% represents cAMP accumulation by 10 µM forskolin in the 

absence of agonist.

NECA

AST004

a

b

c

Fig. 4 Inhibition of forskolin-
mediated camp accumulation by
AST-004 and NECA at human
(a), mouse (b), and rat (c) A3

receptors expressed in CHO cells.
Results are mean ± SEM (n = 3).
100% represents cAMP accumu-
lation by 10 μM forskolin in the
absence of agonist
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significantly inhibited in samples prepared with 1 mM
EDTA as the anticoagulant. Since ectonucleotidases re-
quire divalent cation cofactors for their activity, the inhi-
bition of metabolism in EDTA-treated samples is likely
due to cation chelation and loss of ectonucleotidase activ-
ity in these matrices [39]. When heparin was utilized as the
plasma and blood anticoagulant, rapid dephosphorylation
was observed. Although ectonucleotidase activity was not
quantified in this study, the effects of EDTA on the metab-
o l i sm of these compounds a re cons i s t en t wi th
ectonucleotidase inhibition as previously reported [39].

Initial studies have found no evidence of rephosphorylation
of the nucleoside metabolite AST-004 back to the
monophosphoes te r nuc leo t ide MRS2347 or the
diphosphoester nucleotide MRS2365. Together, these data,
along with the preliminary findings in mouse models of TBI
and stroke (manuscripts in preparation), suggest that AST-004
efficacy is due to interaction with cell surface A3AR and not
due to extracellular or intracellular rephosphorylation back to
a P2Y1R agonist. A role for adenosine to reduce TBI damage,
possibly through either A1 or A3 receptors, has been proposed
[50].

Additional research in this report describes the in vitro me-
tabolism of the P2Y1R antagonists MRS2179 and MRS2500
to their dephosphorylated nucleoside metabolites. Although

receptor affinity studies were not conducted for the metabo-
lites of these antagonists, structurally it is conceivable that
these 2′-deoxynucleosides would also interact weakly with
the adenosine receptors and might have other biological activ-
ities. The 2′-deoxynucleoside metabolites are also analogs of
2′-deoxyadenosine, a compound that has been studied exten-
sively in the fields of immune function and oncology [51]. For
example, the anticancer drug cladribine, which is the 2′-deoxy
analog of potent, non-selective adenosine receptor agonist 2-
chloroadenosine, displays affinity at human A1 and A2A (Ki =
1.57 and 15.1 μM, respectively), but not A2B and A3 (Ki >
100 μM) receptors [52]. Thus, the adenosine receptor affinity
of this riboside is reduced by > 100-fold by the removal of the
2′-hydroxyl group. Furthermore, the 2-iodo modification of
adenosine analogs further decreases adenosine receptor affin-
ity [53]; thus, it is unlikely that a metabolite of MRS2500
would substantially activate adenosine receptors. The product
of phosphate removal from the 5′ position of MRS2500 (Fig.
1c) is reported to have a Ki of 1.56 μM at the human P2Y1R,
i.e., ~ 2000-fold weaker than MRS2500 [54, 55]. Thus, based
on our findings, it would seem very important to evaluate the
in vivo pharmacokinetics and metabolism of these antagonists
as a key component of any in vivo efficacy study.
Paradoxically, a single report has been published on the
in vivo pharmacokinetics of MRS2500 following intravenous

Results are Mean ± SEM (n=3). 100% represents cAMP accumulation by 10 µM forskolin in the 

absence of agonist.

AST004

NECA

AST004

NECA

a

b

Fig. 5 Inhibition of forskolin-
mediated cAMP accumulation by
AST-004 and NECA at mouse (a)
and rat (b) A1 receptors expressed
in CHO Cells. Results are mean ±
SEM (n = 3). 100% represents
cAMP accumulation by 10 μM
forskolin in the absence of agonist
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administration tomice, reporting a low plasma clearance value
(determined using mouse serum) [56], which is consistent
with antithrombotic efficacy of MRS2500 in the mouse ob-
served by Hechler et al. [19]. Another report refers instead to
the compound’s short half-life in monkeys [24]. Further re-
search is required to explain the discrepancy between the ap-
parent rapid metabolism reported here and the previously re-
ported mouse in vivo data.

Many studies using as P2Y1R pharmacological probes,
riboside nucleotide agonist 2-methylthio-ADP and antagonist
MRS2179, or the (N)-methanocarba agonist MRS2365 and
antagonist MRS2500 have been validated using other evi-
dence for direct effects on this receptor. For example, the
use of both agonist and antagonist (at moderate concentra-
tions) in control experiments or following the selective loss
of P2Y1R due to desensitization [57, 58], or the use of P2Y1R-
knockout mice [59], increases confidence in the use of these
compounds. Also, it is worth noting that stable antagonists of
P2Y1R are available, such as allosteric antagonist BPTU, a
urea derivative (although much weaker than MRS2500),
which was used to block P2Y1R neuromuscular responses to
MRS2365 in intestinal muscle strips [57]. Therefore, we are
not recommending discontinuation of the use of these tool
compounds in research. Nevertheless, our results suggest cau-
tion in interpretation of results with these ligands, especially
for in vivo application. The unusual characteristics of P2 re-
ceptor pharmacology, compared with many other GPCRs and
ligand gated ion channels for which there are chemically and
enzymatically stable tool compounds, require taking into con-
sideration phosphate ester hydrolysis and its consequences.

In addition to (N)-methanocarba modifications of nucleo-
tides, other structural modifications have been pursued to im-
part hydrolytic stability to the phosphoester groups of P2Y or
P2X agonists and antagonists. These modifications include in-
corporation of β,γ-methylene, α-BH3. β,γ-dihalomethylene,
or phosphorothionate groups into the phosphoester backbone
of these nucleotides. These compounds appear to have greater

in vitro stability than ATP or ADP in in vitro human serum
incubations and/or various preparations of ectonucleotidases.
However, the vast majority of these compounds has not been
evaluated in in vivo pharmacokinetic studies to date.
Interestingly, one β,γ-dihalomethylene ATP analog has been
assessed in vivo in rat, dog, and human, with a reported in vivo
human half-life of only 2 min, indicative of extremely high
in vivo clearance [48, 49]. Surprisingly, this same compound
was reported to be completely stable to dephosphorylation in
human serum.

In previous publications on boronophosphate P2Y1R ago-
nists, the reference in vitro half-life of ATP in plasma has been
reported to be unusually long, up to 4 h [15]. This is in contrast
to many studies that have reported in vitro ATP half-lives
ranging from seconds to min and ex vivo perfused tissue
and in vivo studies that have reported ATP half-lives < 1 s
[12, 13]. These discrepancies in the reported stability of the
natural endogenous nucleotides make interpretation of relative
stabilities of various structural modifications very difficult to
interpret. A common methodological approach to both the
conduct and the analysis of nucleotide stability studies is war-
ranted. For example, fresh heparinized whole blood could be a
fairly consistent in vitro matrix with which to conduct nucle-
otide stability studies and compare results across chemical
series and research groups, utilizing LC-MS/MS to ensure
specific monitoring of substrate concentrations and metabolite
formations. Obviously, it would be important to avoid the
addition of EDTA to in vitro nucleotide stability assays for
the reasons mentioned above regarding chelation of divalent
cations required for ectonucleotidase activity.

At this time, however, there is not a consistent approach to
scaling between in vitro methods to assess nucleotide stability
and the actual in vivo pharmacokinetics of these compounds,
further emphasizing the need for in vivo pharmacokinetic con-
firmation of the disposition of these nucleotide analogs.
Unlike other drug-metabolizing enzyme families such as the
cytochrome P450 family that are predominantly expressed in

Table 6 Potencies of AST-004
and reference agonist NECA at
A3 and A1 adenosine receptors
stably expressed in CHO cells
determined in camp accumulation
assays

Human

A3AR

Rat

A3AR

Mouse

A3AR

Agonist EC50 ± SEM (nM) (efficacy at 100 μM concentration, in % relative to maximal effect of NECAa)

AST-004 3630 ± 370 (70 ± 12) 3260 ± 983 (98 ± 1) 759 ± 170 (72 ± 18)

NECA 41.8 ± 6.3 16.3 ± 1.13 6.85 ± 0.88

Human

A1AR

Rat

A1AR

Mouse

A1AR

Agonist EC50 ± SEM (nM) (efficacy at 100 μM concentration, in % relative to maximal effect of NECAa)

AST-004 n.d. 1330 ± 259

(100 ± 1)

3780 ± 480

(102 ± 2)

NECA n.d. 0.781 ± 0.343 1.50 ± 0.28

a 10 μM NECA
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the liver, ectonucleotidases are an ubiquitous family of multi-
ple enzymes that are not only expressed on the surface of
every cell but circulated in the blood as well [10, 11]. In the
case of cytochrome P450-mediated metabolic clearance, tech-
niques have been developed and summarized to predict
in vivo intrinsic clearance of compounds from in vitro micro-
somal or hepatocyte stability data [60]. Although these tech-
niques have not been applied to the unique challenges of the
broad tissue expression of ectonucleotidases, they should be
able to be adapted, modified, and applied to at least allow an
initial whole blood in vitro-in vivo scaling of blood intrinsic
clearance of nucleotide analogs. Further research will be pur-
sued in this area.

Our observations present a number of challenges and
potential dangers for the broader field of purinergic phar-
macology, not just the field of P2Y1R pharmacology. First,
the vast majority of published research in both the P2Y and
P2X receptor fields makes no effort to confirm in vitro,
in vivo circulating, or in vivo target tissue concentrations
of nucleotide P2 receptor ligands. The research groups
conducting these studies administered various P2Y or P2X
receptor agonists and antagonists and assume that the ob-
served effects were due to the unmetabolized administered
ligand. Second, although great progress has been made in
the synthesis of non-nucleotide P2 receptor antagonists
[61], current research in the P2 receptor field still relies
heavily on phosphorylated receptor agonists and, in many
cases, both purine-containing and pyrimidine-containing
agonists and antagonists. Given the susceptibility of phos-
phorylated nucleotides to hydrolysis, it is critically impor-
tant that previous research is reevaluated to ensure that ef-
fects attributed to P2Y or P2X receptor ligands are indeed
due to the interactions with P2Y or P2X receptors and not
due to nucleoside metabolites that may actually be activat-
ing adenosine receptors or other potential targets.
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