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Abstract
Recently we discovered that intact kidneys release into the extracellular compartment 2',3'-cAMP (a
positional isomer of 3',5'-cAMP with unknown pharmacology) and metabolize 2',3'-cAMP to 2'-
AMP, 3'-AMP and adenosine. Because adenosine inhibits growth of vascular smooth muscle cells
and mesangial cells, we tested the hypothesis that extracellular 2',3'-cAMP attenuates growth of
preglomerular vascular smooth muscle and mesangial cells via production of adenosine. For
comparison, all experiments were performed with both 2',3'-cAMP and 3',5'-cAMP.

Study 1—2',3'-cAMP, 3',5'-cAMP, 5'-AMP, 3'-AMP or 2'-AMP were incubated with cells and
purines measured in the medium by mass spectrometry. Both preglomerular vascular smooth muscle
and mesangial cells metabolized 3',5'-cAMP to 5'-AMP and adenosine, 5'-AMP to adenosine, 2',3'-
cAMP to 2'-AMP, 3'-AMP and adenosine and 2'-AMP and 3'-AMP to adenosine. 3-Isobutyl-1-
methylxanthine (phosphodiesterase inhibitor) and 1,3-dipropyl-8-psulfophenylxanthine (ecto-
phosphodiesterase inhibitor) blocked conversion of 3',5'-cAMP to 5'-AMP and adenosine and α,β-
methylene-adenosine-5'-diphosphate (CD73 inhibitor) blocked conversion of 5'-AMP to adenosine.
These enzyme inhibitors had little effect on metabolism of 2',3'-cAMP, 2'-AMP or 3'-AMP.

Study 2—2',3'-cAMP and 3',5'-cAMP profoundly inhibited proliferation (thymidine incorporation
and cell number) of both cell types with 2',3'-cAMP more potent than 3',5'-cAMP. Antagonism of
A2B receptors (MRS-1724), but not A1 (1,3-dipropyl-8-cyclopentylxanthine), A2A (SCH-58261) or
A3 (VUF-5574) receptors, attenuated the growth inhibitory effects of 2',3'-cAMP and 3',5'-cAMP.

Conclusions—Extracellular 2',3'-cAMP inhibits growth of preglomerular vascular smooth muscle
and mesangial cells more profoundly than does 3',5'-cAMP. Although both cAMPs inhibit growth
in part via conversion to adenosine followed by A2B-receptor activation, their metabolism is mediated
by different enzymes.
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INTRODUCTION
Recently, we developed an assay employing high-performance liquid chromatography-tandem
mass spectrometry (LC-MS/MS) to measure 3',5'-cAMP and other purines in the renal venous
effluent from isolated, perfused kidneys1. While studying the release of 3',5'-cAMP from
isolated, perfused rat kidneys, we observed a chromatographic peak that was due to an
endogenous substance that was not 3',5'-cAMP but had the same parent ion as 3',5'-cAMP and
fragmented to the same daughter ion as 3',5'-cAMP2. We identified the substance as a positional
isomer of 3',5'-cAMP, namely 2',3'-cAMP2 and provided support for the notion that 2',3'-cAMP
derives from mRNA breakdown triggered by energy depletion2. To our knowledge this was
the first report of the endogenous generation of 2',3'-cAMP by any tissue, organ or cell.

The discovery that kidneys release 2',3'-cAMP into the extracellular compartment suggests the
hypothesis that there may exist a novel mechanism for the extracellular production of
adenosine: metabolism of extracellular 2',3'-cAMP to 2'-AMP and/or 3'-AMP followed by
conversion of 2'-AMP and/or 3'-AMP to adenosine (i.e., the extracellular 2',3'-cAMP-
adenosine pathway). Studies in isolated, perfused rat kidneys support the extracellular 2',3'-
cAMP-adenosine pathway hypothesis3. In this regard, infusions of 2',3'-cAMP into the renal
artery increase profoundly the levels of 2'-AMP, 3'-AMP and adenosine in the renal vein, and
infusions of 2'-AMP and 3'-AMP increase the concentrations of adenosine in the renal vein3.
Also, activation of mRNA breakdown by energy depletion increases renal venous levels of 2',
3'-cAMP, 2'-AMP, 3'-AMP and adenosine3. Because renal venous measurements likely reflect
vascular metabolism of the cAMPs, these findings indicate that the renal vasculature expresses
the extracellular 2',3'-cAMP-adenosine pathway.

Preglomerular vascular smooth muscle cells (PGVSMCs) and glomerular mesangial cells
(GMCs) are two important renovascular cell types that could contribute to the existence of the
renovascular extracellular 2',3'-cAMP-adenosine pathway. Indeed, previous studies
demonstrate the existence of an extracellular 3',5'-cAMP-adenosine pathway (metabolism of
extracellular 3',5'-cAMP to 5'-AMP and conversion of 5'-AMP to adenosine) in both of these
cell types4–6. Therefore, one goal of the present study was to investigate the renovascular
extracellular 2',3'-cAMP-adenosine pathway by examining whether this pathway exists in
PGVSMCs and GMCs and by determining, in side-by-side experiments, the quantitative
importance of the extracellular 2',3'-cAMP-adenosine pathway compared with the extracellular
3',5'-cAMP-adenosine pathway in PGVSMCs and GMCs. A second goal of the present study
was to ascertain whether the enzymes that mediate the extracellular 2',3'-cAMP-adenosine
pathway are distinct from those that mediate the extracellular 3',5'-cAMP-adenosine pathway.

Adenosine is an important autacrine/paracrine factor that acts via A1, A2A, A2B and A3
receptors and has profound effects on blood vessels, particularly in the renal vasculature7–9.
Studies show that adenosine powerfully inhibits the proliferation of vascular smooth muscle
cells and mesangial cells10–15 and that the extracellular 3',5'-cAMP-adenosine pathway inhibits
cell growth via generation of adenosine and stimulation of A2B receptors6, 16. Accordingly, a
third goal was to determine whether extracellular 2',3'-cAMP inhibits proliferation of PGMVCs
and GMCs, whether 2',3'-cAMP is more potent that 3',5'-cAMP in this regard, and whether the
effects of 2',3'-cAMP are mediated via adenosine receptors.
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METHODS
Animals

PGVSMCs and GMCs were harvested from adult male Wistar-Kyoto rats (Taconic Farms;
Germantown, NY). The Institutional Animal Care and Use Committee approved all
procedures. The investigation conforms to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised
1996).

Drugs
2',3'-cAMP, 3',5'-cAMP, 5'-AMP, 3'-AMP, 2'-AMP, 3-isobutyl-1-methylxanthine (IBMX;
broad spectrum phosphodiesterase inhibitor17), 1,3-dipropyl-8-psulfophenylxanthine
(DPSPX; ecto-phophosphodiesterase inhibitor18–20), α,β-methylene-adenosine-5'-
diphosphate (AMPCP; ecto-5'-nucleotidase (CD73) inhibitor21), 1,3-dipropyl-8-
cyclopentylxanthine (DPCPX; selective A1 receptor antagonist22), 7-(2-phenylethyl)-5-
amino-2-(2-furyl)-pyrazolo-[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine (SCH-58261; selective
A2A receptor antagonist22), 8-[4-[((4-cyanophenyl)carbamoylmethyl)oxy]phenyl]-1,3-di(n-
propyl)xanthine (MRS-1754; selective A2B receptor antagonist22) and N-(2-methoxyphenyl)-
N′-[2-(3-pyridinyl)-4-quinazolinyl]-urea (VUF-5574; selective A3 receptor antagonist23)
were obtained from Sigma-Aldrich (St. Louis, MO).

Cell Culture
Rat PGVSMCs and GMCs were harvested and cultured as described by us previously24, 25.
All experiments were performed in cells in 3rd to 5th passage.

Metabolism Studies
Cells were washed with HEPES-buffered Hanks balanced salt solution and incubated with 0.5
ml of Dulbecco's phosphate-buffered saline in the presence and absence of various treatments.
After 1 hour the medium was collected, heated for 3 minutes at 100°C to denature enzymes
and then frozen at −80°C until assayed by LC-MS/MS.

Analytical Methods
Purines were quantified using a triple quadrupole mass spectrometer (TSQ Quantum-Ultra,
ThermoFisher Scientific, San Jose, CA) as previously described in detail3.

Cell Proliferation Studies
[3H]-thymidine incorporation (index of DNA synthesis) and cell number (cell proliferation)
studies were conducted as previously described11.

Statistics
Data were analyzed by 1- or 2-factor analysis of variance (ANOVA), with post hoc
comparisons using a Fisher's Least Significant Difference (LSD) test. The criterion of
significance was p<0.05. All values in text and figures are means ± SEM.

RESULTS
Metabolism of 3',5'-cAMP, 2',3'-cAMP, 5'-AMP, 3'-AMP and 2'-AMP in PGVSMCs

We first examined the conversion of 3',5'-cAMP versus 2',3'-cAMP to AMPs and adenosine
in PGVSMCs. Confluent PGVSMCs in 24-well plates were incubated with 0, 3, 10 or 30
μmol/L of 3',5'-cAMP or 2',3'-cAMP. Also, in some culture wells, each cAMP (30 μmol/L)
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was incubated with either IBMX (1 mmol/L; a broad spectrum inhibitor of
phosphodiesterase17) or DPSPX (1 mmol/L; an agent that does not penetrate cell
membranes18 yet blocks ecto-phosphodiesterase19, 20). After 1 hour, the medium was
collected and assayed for 5'-AMP, 3'-AMP, 2'-AMP or adenosine by LC-MS/MS. Incubation
of PGVSMCs with 3',5'-cAMP, but not 2',3'-cAMP, concentration-dependently increased 5'-
AMP levels (Fig. 1A). At 30 μmol/L, 3',5'-cAMP increased mean extracellular levels of 5'-
AMP by approximately 12-fold (basal, 6.1 ± 0.3 nmol/L). This increase was nearly abolished
by co-incubation with the inhibitors IBMX and DPSPX (Fig. 1B); however, neither IBMX nor
DPSPX affected the lack of an increase in 5'-AMP levels in cells incubated with 2',3'-cAMP
(Fig. 1B). In contrast, incubation of PGVSMCs with 3',5'-cAMP did not elevate 3'-AMP levels,
yet incubation with 2',3'-cAMP concentration-dependently increased 3'-AMP levels (Fig. 1C).
At 30 μmol/L, 2',3'-cAMP increased mean extracellular levels of 3'-AMP by approximately
19,000-fold (basal, 0.20 ± 0.08 nmol/L). Neither IBMX nor DPSPX affected the lack of an
increase in 3'-AMP levels in cells incubated with 3',5'-cAMP (Fig. 1D), and also these inhibitors
did not affect 2',3'-cAMP-induced increases in 3'-AMP levels (Fig. 1D). 3',5'cAMP also did
not affect extracellular levels of 2'-AMP (Fig. 1E), whereas 2',3'-cAMP concentration-
dependently increased 2'-AMP levels (Fig. 1E) approximately 25,000-fold at 30 μmol/L (basal,
0.04 ± 0.03 nmol/L). Neither IBMX nor DPSPX affected the lack of increase in 2'-AMP levels
in 3',5'-cAMP-treated cells (Fig. 1F). Although IBMX did not affect 2',3'-cAMP metabolism
to 2'-AMP, DPSPX did cause a slight reduction in the metabolism of 2',3'-cAMP to 2'-AMP
(Fig. 1F). Both 3',5'-cAMP and 2',3'-cAMP concentration-dependently increased extracellular
levels of adenosine (Fig. 1G) by approximately 6-fold (basal, 1.7 ± 0.1 nmol/L) and 13-fold
(basal, 0.7 ± 0.1 nmol/L) at 30 μmol/L, respectively. IBMX and DPSPX attenuated the ability
of 3',5'-cAMP to elevate adenosine levels (Fig. 1H), but in contrast had no effect on the
metabolism of 2',3'-cAMP to adenosine (Fig. 1H).

We next examined the conversion of the three different AMPs to adenosine in PGVSMCs. In
these experiments, confluent PGVSMCs in 24-well plates were incubated with 0, 3 or 10
μmol/L of AMPs. Also, in some culture wells, each AMP (10 μmol/L) was incubated with
AMPCP (0.1 mmol/L; an inhibitor of CD73, a well characterized ecto-5'-nucleotidase21). After
1 hour, the medium was collected and assayed for adenosine by LC-MS/MS. 5'-AMP (Fig.
2A), 3'-AMP (Fig. 2B) and 2'-AMP (Fig. 2C) all concentration-dependently increased
extracellular levels of adenosine; however, 5'-AMP was more effective compared with 3'-AMP
and 2'-AMP [680-fold, 5-fold and 5-fold (basal, 2.7 ± 0.2 nmol/L), respectively, at 10 μmol/
L]. AMPCP abolished metabolism of 5'-AMP to adenosine (Fig. 2D), but did not affect the
metabolism of 3'-AMP (Fig. 2E) or 2'-AMP (Fig. 2F) to adenosine.

Metabolism of 3',5'-cAMP, 2',3'-cAMP, 5'-AMP, 3'-AMP and 2'-AMP in GMCs
We conducted experiments with cAMPs in GMCs using the same protocol as with PGVSMCs.
Incubation of GMCs with 3',5'-cAMP, but not 2',3'-cAMP, concentration-dependently
increased 5'-AMP levels (Fig. 3A). At 30 μmol/L, 3',5'-cAMP increased mean extracellular
levels of 5'-AMP by approximately 4-fold (basal, 13.4 ± 4.8 nmol/L). This increase was
abolished by co-incubation with the inhibitors IBMX and DPSPX (Fig. 3B); however, neither
IBMX nor DPSPX affected the lack of an increase in 5'-AMP levels in the cells incubated with
2',3'-cAMP (Fig. 3B). Incubation of GMCs with 3',5'-cAMP did not elevate 3'-AMP levels,
yet incubation with 2',3'-cAMP concentration-dependently increased 3'-AMP levels (Fig. 3C).
At 30 μmol/L, 2',3'-cAMP increased mean extracellular levels of 3'-AMP by approximately
5,800-fold (basal, 0.43 ± 0.14 nmol/L). Neither IBMX nor DPSPX affected the lack of increase
in 3'-AMP levels in cells incubated with 3',5'-cAMP (Fig. 3D), and also these inhibitors did
not affect metabolism of 2',3'-cAMP to 3'-AMP (Fig. 3D). 3',5'cAMP also did not affect
extracellular levels of 2'-AMP (Fig. 3E), whereas 2',3'-cAMP concentration-dependently
increased 2'-AMP levels (Fig. 3E) by approximately 64,000-fold at 30 μmol/L (basal, 0.02 ±
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0.02 nmol/L). Neither IBMX nor DPSPX affected the absence of an increase in 2'-AMP levels
in 3',5'-cAMP-treated cells (Fig. 3F). Although IBMX did not affect 2',3'-cAMP-induced
increases in 2'-AMP levels, DPSPX did cause a slight reduction in the metabolism of 2',3'-
cAMP to 2'-AMP (Fig. 3F). Both 3',5'-cAMP and 2',3'-cAMP concentration-dependently
increased extracellular levels of adenosine (Fig. 3G) by approximately 3-fold and 5-fold at 30
μmol/L, respectively (basal, 5.6 ± 1.3 nmol/L). IBMX abolished and DPSPX nearly abolished
the ability of 3',5'-cAMP to elevate adenosine levels (Fig. 3H), but in contrast had no significant
effect on 2',3'-cAMP-induced increases in adenosine levels (Fig. 3H).

5'-AMP (Fig. S1A), 3'-AMP (Fig. S1B) and 2'-AMP (Fig. S1C) all concentration-dependently
increased extracellular levels of adenosine (please see http://hyper.ahajournals.org); however,
5'-AMP was again more effective in this regard compared with 3'-AMP and 2'-AMP [170-fold,
3-fold and 2-fold (basal, 8.2 ± 0.4 nmol/L), respectively, at 10 μmol/L]. AMPCP abolished 5'-
AMP-induced increases in adenosine levels (Fig. S1D), but did not affect 3'-AMP-induced
(Fig. S1E) or 2'-AMP-induced (Fig. S1F) increases in adenosine levels (please see
http://hyper.ahajournals.org).

Growth Effects cAMPs in PGVSMCs
In PGVSMCs, both 2',3'-cAMP and 3',5'-cAMP significantly inhibited cell growth as assessed
by either [3H]-thymidine incorporation or cell number (Fig. 4A and 4B). Inhibition of cell
number was statistically significant for both cAMPs at the lowest concentration tested (1 μmol/
L; 20% and 16% inhibition for 2',3'-cAMP and 3',5'-cAMP, respectively), and inhibition of
cell number at the highest concentration tested (100 μmol/L) was 50% and 41% for 2',3'-cAMP
and 3',5'-cAMP, respectively. For both the [3H]-thymidine incorporation experiments and cell
number experiments, the inhibition by 2',3'-cAMP was statistically greater (p<0.0001 for both;
interaction term in 2-factor ANOVA in which one factor was cAMP type and the other factor
was concentration of cAMP) than inhibition induced by 3',5'-cAMP. DPCPX, SCH-58261 and
VUF-5574 (each at 0.1 μmol/L) did not antagonize the inhibitory effects of 2',3'-cAMP or 3',
5'-cAMP (each at 30 μmol/L) on [3H]-thymidine incorporation (Fig. 4C and 4D). In contrast,
MRS-1724 (0.1 μmol/L) significantly (p<0.0001) attenuated the reduction in [3H]-thymidine
incorporation induced by 2',3'-cAMP and 3',5'-cAMP (Fig. 4C and 4D). The attenuation by
MRS-1724 of 3',5'-cAMP-induced inhibition was statistically greater than the attenuation of
2',3'-cAMP-induced inhibition.

Growth Effects of cAMPs in GMCs
In GMCs, both 2',3'-cAMP and 3',5'-cAMP significantly inhibited cell growth as assessed by
either [3H]-thymidine incorporation or cell number (Fig. 4E and 4F). Inhibition of cell number
was statistically significant for both cAMPs at the lowest concentration tested (1 μmol/L; 14%
and 13% inhibition for 2',3'-cAMP and 3',5'-cAMP, respectively), and inhibition of cell number
at the highest concentration tested (100 μmol/L) was 42% and 37% for 2',3'-cAMP and 3',5'-
cAMP, respectively. For the [3H]-thymidine incorporation experiments, the inhibition by 2',
3'-cAMP was statistically greater (p<0.0001; interaction term in 2-factor ANOVA in which
one factor was cAMP type and the other factor was concentration of cAMP) than inhibition
induced by 3',5'-cAMP. DPCPX, SCH-58261 and VUF-5574 (each at 0.1 μmol/L) did not
antagonize the inhibitory effects of 2',3'-cAMP or 3',5'-cAMP (each at 30 μmol/L) on [3H]-
thymidine incorporation (Fig. 4G and 4H). In contrast, MRS-1724 (0.1 μmol/L) significantly
(p<0.0001) attenuated the reduction in [3H]-thymidine incorporation induced by 2',3'-cAMP
and 3',5'-cAMP (Fig. 4G and 4H). The attenuation by MRS-1724 of 3',5'-cAMP-induced
inhibition was statistically greater than the attenuation of 2',3'-cAMP-induced inhibition.
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DISCUSSION
One goal of the present study was to determine whether PGVSMCs and GMCs express both
the 2',3'-cAMP-adenosine and 3',5'-cAMP-adenosine pathways, and the results of the present
study confirm this hypothesis. Another goal of this study was to investigate whether there is
any overlap between the enzymes that mediate the extracellular 3',5'-cAMP-adenosine pathway
and the enzymes that are responsible for the 2',3'-cAMP-adenosine pathway. The extracellular
3',5'-cAMP-adenosine pathway is mediated by an ecto-phosphodiesterase that is sensitive to
inhibition by both IBMX and DPSPX and by CD73, an ecto-5'-nucleotidase that is sensitive
to inhibition by AMPCP26. In both PGVSMCs and GMCs, IBMX inhibits the conversion of
3',5'-cAMP to 5'-AMP and to adenosine, but has little or no effect on the conversion of 2',3'-
cAMP to 3'-AMP, 2'-AMP or adenosine. Thus the 2',3'-cAMP-phosphodiesterase that mediates
the 2',3'-cAMP-adenosine pathway is distinct from the 3',5'-cAMP phosphodiesterase that
mediates the 3',5'-cAMP-adenosine pathway. Because 3',5'-cAMP and 2',3'-cAMP are highly
hydrophilic, these cAMPs would not be expected to penetrate cell membranes, and so the
enzymes that metabolize these compounds must be ecto-enyzmes, i.e., ecto-2',3'-cAMP-
phosphodiesterase and ecto-3',5'-cAMP-phosphodiesterase. In confirmation of this assertion,
DPSPX, a methylxanthine that does not penetrate cell membranes, inhibits the ecto-3',5'-
cAMP-phosphodiesterase in both PGVSMCs and GMCs. Consistent with the conclusion that
ecto-3',5'-cAMP-phosphodiesterase and ecto-2',3'-cAMP-phosphodiesterase are separate
enzymes, in PGVSMCs and GMCs, DPSPX has little or no effect on the conversion of 2',3'-
cAMP to 3'-AMP. Importantly, in both PGVSMCs and GMCs, DPSPX somewhat reduces the
conversion of 2',3'-cAMP to 2'-AMP. This suggests that there are two separate ecto-2',3'-
cAMP-phosphodiesterases, one that metabolizes 2',3'-cAMP to 3'-AMP (i.e., ecto-2',3'-
cAMP-2'-phosphodiesterase) and is resistant to inhibition by both IBMX and DPSPX, and a
second that metabolizes 2',3'-cAMP to 2'-AMP (i.e., ecto-2',3'-cAMP-3'-phosphodiesterase)
and is resistant to inhibition by IBMX, but is modestly inhibited by DPSPX. This finding may
have important implications because if 3'-AMP and 2'-AMP have different biological effects
apart from their conversion to adenosine, the relative expression of these two forms of ecto-2',
3'-phosphodiesterase and their relative kinetic properties would determine whether
extracellular 2',3'-cAMP is converted predominantly to 3'-AMP or to 2'-AMP.

Regarding the ecto-3',5'-cAMP-phosphodiesterase, to our knowledge whether this enzyme also
metabolizes 3',5'-cAMP to 3'-AMP as well as 5'-AMP was until now unknown. The present
study, however, clearly shows that ecto-3',5'-cAMP-phosphodiesterase is exclusively an
ecto-3',5'-cAMP-3'-phosphodiesterase. Therefore, any 3'-AMP present in the extracellular
compartment is most likely derived from ecto-2',3'-cAMP-2'-phosphodiesterase acting on
extracellular 2',3'-cAMP.

The results of the present study show that in PGVSMCs and GMCs, AMPCP inhibits the
conversion of extracellular 5'-AMP to extracellular adenosine, but has little or no effect on the
metabolism of extracellular 3'-AMP or 2'-AMP to extracellular adenosine. We conclude,
therefore, that the ecto-2'/3'-nucleotidase that mediates the conversion of 3'-AMP or 2'-AMP
to adenosine is distinct from the ecto-5'-nucleotidase (CD73) that mediates the conversion of
extracellular 5'-AMP to extracellular adenosine. It is conceivable that there exists distinct
ecto-2'-nucleotidases and ecto-3'-nucleotidases and that there exists ecto-nucleotidases with
activity against both 2'-AMP and 3'-AMP. However, the present results do not address this
issue.

The fact that the extracellular 3',5'-cAMP pathway and the extracellular 2',3'-cAMP pathway
are mediated by distinct ecto-enyzmes implies that small molecule inhibitors for each of the
relevant ecto-enzymes could be developed to manipulate specifically the extracellular levels
of 3',5'-cAMP, 2',3'-cAMP, 5'-AMP, 3'-AMP, 2'-AMP and adenosine. The utility of such
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inhibitors will become clearer as we learn more about the pharmacology of these purines and
their biological roles in the extracellular compartment.

In PGVSMCs and GMCs, the increase in extracellular 3'-AMP and 2'-AMP induced by
extracellular 2',3'-cAMP is much greater than the increase in extracellular 5'-AMP induced by
3',5'-AMP. In contrast, the increase in extracellular adenosine caused by extracellular 5'-AMP
is much greater than the increase in adenosine caused by extracellular 3'-AMP and 2'-AMP.
This implies that the rate-limiting step for the extracellular 3',5'-cAMP-adenosine pathway is
the ecto-3',5'-cAMP-3'-phosphodiesterase, whereas the rate limiting step for the extracellular
2',3'-cAMP-adenosine pathway is the ecto-2'/3'-nucleotidase. Consequently, activation of the
extracellular 2',3'-cAMP-adenosine pathway causes a greater increase in the intermediate
AMPs, which could be of considerable importance if 3'-AMP and 2'-AMP have biological roles
independent from adenosine formation.

The present study establishes for the first time that extracellular 2',3'-cAMP is an important
modulator of cell growth, and is, in fact, more potent than extracellular 3',5'-cAMP in both
PGVSMCs and GMCs. We postulate that the growth inhibitory effects of 2',3'-cAMP and 3',
5'-cAMP are mediated in part by conversion of these cAMPs to AMPs with further processing
of the AMPs to adenosine. This hypothesis is based on the facts that: 1) both PGVSMCs and
GMCs metabolize extracellular 2',3'-cAMP and 3',5'-cAMP to adenosine; 2) adenosine inhibits
growth of vascular smooth muscle cells, GMCs and cardiac fibroblasts10–15, 27–29; and 3)
MRS-1724 attenuates the growth inhibitory effects of both 2',3'-cAMP and 3',5'-cAMP.

Because MRS-1724 is a selective A2B antagonist22, our results imply that adenosine produced
by metabolism of the extracellular cAMPs inhibits growth of both cell types via A2B receptors.
These results are consistent with our previous findings that A2B receptors mediate the growth
inhibitory effects of adenosine and extracellular 3',5'-cAMP12, 13, 15, 16, 27–29. Importantly,
the results of the present study show that neither DPCPX, SCH-58261 nor VUF-5574 attenuate
the growth inhibitory effects of either 2',3'-cAMP or 3',5'-cAMP, findings that eliminate any
involvement of A1, A2A or A3 receptors in the growth inhibitory effects of either 2',3'-cAMP
or 3',5'-cAMP.

In PGVSMCs and GMCs, extracellular 2',3'-cAMP is more potent as a growth inhibitor
compared with extracellular 3',5'-cAMP. The reason for this differential potency is unknown,
but probably is due to direct pharmacological effects of 2',3'-cAMP (or 2'-AMP/3'-AMP) that
are not expressed by 3',5'-cAMP (or 5'-AMP). The basis for this conclusion is that: 1) 2',3'-
cAMP and 3',5'-cAMP appear to be equally effective in generating adenosine; and 2)
MRS-1724 nearly fully prevents growth inhibition by 3',5'-cAMP, but only partially blocks
growth inhibition by 2',3'-cAMP.

It is noteworthy that the growth inhibitory effects of extracellular 2',3'-cAMP are profound,
generally inhibiting growth by approximately 50% at a concentration of 100 μmol/L.
Importantly, even very low concentrations of 2',3'-cAMP can inhibit growth (levels less than
1 μmol/L). Calculations show that the degradation of mRNA (the source of 2',3'-cAMP) could
readily achieve such concentrations of 2',3'-cAMP in the local cellular environment3.

Perspective
Neuroendocine activation or renal injury can induce pathological proliferation of PGVSMCs
or GMCs leading to renal dysfunction, which in turn can contribute to the development and
maintenance of hypertension, thus leading to further renal injury. As illustrated in Fig. S2
(please see http://hyper.ahajournals.org), both the 2',3'-cAMP-adenosine and 3',5'-cAMP-
adenosine pathways may afford protection against these processes. The neuroendocrine system
may activate the 3',5'-cAMP-adenosine pathway via stimulation of adenylyl cyclase to form

Jackson et al. Page 7

Hypertension. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://hyper.ahajournals.org


3',5'-cAMP and renal injury may activate the 2',3'-cAMP-adenosine pathway via breakdown
of mRNA to release 2',3'-cAMP. These pathways, separately or in concert and possibly in
combination with other mechanisms of adenosine production, would produce adenosine which
via the A2B receptor would inhibit pathological remodeling of renovascular and glomerular
structures. Thus, both endogenous 2',3'-cAMP and 3',5'-cAMP via adenosine may play an
important role to protect against renal disease and hypertension, and drugs that modulate the
extracellular 2',3'-adenosine or 3',5'-adenosine pathways may find utility in the prevention and
treatment of renal diseases and hypertension.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Line graphs show concentration-dependent effects of 3',5'-cAMP and 2',3'-cAMP on
extracellular levels of 5'-AMP, 3'-AMP, 2'-AMP and adenosine in PGVSMCs. Bar graphs
show the effects of 3',5'-cAMP and 2',3'-cAMP on extracellular levels of 5'-AMP, 3'-AMP, 2'-
AMP and adenosine in the absence and presence of IBMX or DPSPX (1 mmol/L). Values
represent means ± SEM for the indicated number of experiments (n). ap<0.05, compared with
basal (0 or PBS) value; bp<0.05, compared with the corresponding cAMP in the absence of
inhibitors. P-values in panels are from 1-factor analysis of variance.
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Figure 2.
Line graphs show the concentration-dependent effects of 5'-AMP (A), 3'-AMP (B) and 2'-AMP
(C) on extracellular levels of adenosine in PGVSMCs. Bar graphs show the effects of AMPCP
(1 mmol/L) on extracellular adenosine levels derived from 5'-AMP (D), 3'-AMP (E) and 2'-
AMP (F). Values represent means ± SEM for the indicated number of experiments (n). ap<0.05,
compared with basal (0 or PBS) value; bp<0.05, compared with the corresponding AMP in the
absence of inhibitor. P-values in panels are from 1-factor analysis of variance.
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Figure 3.
Line graphs show concentration-dependent effects of 3',5'-cAMP and 2',3'-cAMP on
extracellular levels of 5'-AMP, 3'-AMP, 2'-AMP and adenosine in GMCs. Bar graphs show
the effects of 3',5'-cAMP and 2',3'-cAMP on extracellular levels of 5'-AMP, 3'-AMP, 2'-AMP
and adenosine in the absence and presence of IBMX or DPSPX (1 mmol/L). Values represent
means ± SEM for the indicated number of experiments (n). ap<0.05, compared with basal (0
or PBS) value; bp<0.05, compared with the corresponding cAMP in the absence of inhibitors.
P-values in panels are from 1-factor analysis of variance.
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Figure 4.
Line graphs show the concentration-dependent effects of exogenous 2',3'-cAMP and 3',5'-
cAMP on [3H]-thymidine incorporation and cell number in PGVSMCs and GMCs. Bar graphs
show the effects of DPCPX (A1 antagonist), SCH-58261 (A2A antagonist), MRS-1724 (A2B
antagonist) and VUF-5574 (A3 antagonist) on inhibition of growth ([3H]-thymidine
incorporation) by 2',3'-cAMP and 3',5'-cAMP in PGVSMCs and GMCs. aIndicates p<0.05
compared with basal (0) levels; bIndicates p<0.05 compared with 3',5'-cAMP at the same
concentration; cIndicates p<0.05 compared with no inhibitor; dIndicates significantly (p<0.05)
greater effect of MRS-1724 on 3',5'-cAMP compared with 2',3'-cAMP. P-values in figure are
interaction term in 2-factor ANOVA.
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