
Hydrolysis of Extracellular ATP by Ectonucleoside
Triphosphate Diphosphohydrolase (ENTPD) Establishes the
Set Point for Fibrotic Activity of Cardiac Fibroblasts*

Received for publication, March 2, 2013, and in revised form, May 10, 2013 Published, JBC Papers in Press, May 15, 2013, DOI 10.1074/jbc.M113.466102

David Lu‡ and Paul A. Insel‡§1

From the Departments of ‡Pharmacology and §Medicine, University of California at San Diego, La Jolla, California 92093

Background:Ectonucleoside triphosphate diphosphohydrolases (ENTPDs) hydrolyze extracellular ATP and diminishATP
signaling.
Results: ENTPD inhibition increases the fibrotic phenotype of cardiac fibroblasts (CFs) by enhancing pro-fibrotic response to
ATP and attenuating anti-fibrotic response to adenosine.
Conclusion: ENTPDs integrate ATP and adenosine signaling to regulate the CF phenotype.
Significance: ENTPD is an important regulatory component controlling ATP- and adenosine-mediated CF homeostasis.

The establishment of set points for cellular activities is essen-
tial in regulating homeostasis. Here, we demonstrate key deter-
minants of the fibrogenic set point of cardiac fibroblasts (CFs)
by focusing on the pro-fibrotic activity of ATP,which is released
by CFs.We tested the hypothesis that the hydrolysis of extracel-
lular ATP by ectonucleoside triphosphate diphosphohydrolases
(ENTPDs) regulates pro-fibrotic nucleotide signaling. We
detected two ENTPD isoforms, ENTPD-1 and -2, in adult rat
ventricular CFs. Partial knockdown of ENTPD-1 and -2 with
siRNA increased basal extracellular ATP concentration and
enhanced the pro-fibrotic effect of ATP stimulation. Sodium
polyoxotungstate-1, an ENTPD inhibitor, not only enhanced
the pro-fibrotic effects of exogenously added ATP but also
increased basal expression of �-smooth muscle actin, plasmin-
ogen activator inhibitor-1 and transforming growth factor
(TGF)-�, collagen synthesis, and gel contraction. Furthermore,
we found that adenosine, a product of ATP hydrolysis by
ENTPD, acts via A2B receptors to counterbalance the pro-fi-
brotic response to ATP. Removal of extracellular adenosine or
inhibition of A2B receptors enhanced pro-fibrotic ATP signal-
ing. Together, these results demonstrate the contribution of
basally released ATP in establishing the set point for fibrotic
activity in adult rat CFs and identify a key role for the modula-
tion of this activity by hydrolysis of released ATP by ENTPDs.
These findings also imply that cellular homeostasis and fibrotic
response involve the integration of signaling that is pro-fibrotic
by ATP and anti-fibrotic by adenosine and that is regulated by
ENTPDs.

The regulation of the remodeling of extracellular matrix
(ECM)2 is essential for tissue homeostasis during normal devel-

opment and also in tissue healing after injury (1, 2). In the heart,
cardiac fibroblasts (CFs) maintain myocardial ECM turnover
and are critical contributors to the remodeling that occurs after
injury, such as myocardial infarction (3–5). Organization of
myocardial structure by the ECM is also essential for normal
cardiac contraction and electrical conduction (6, 7). Activation
of fibroblasts by certain cytokines and hormones causes their
transformation into pro-fibrogenic myofibroblasts and can
result in tissue fibrosis through excessive deposition of colla-
gens (primarily types I and III) and other ECMproteins (5, 8, 9).
Myofibroblasts express �-smooth muscle actin (�-SMA), a

contractile protein that aids in wound contraction (10), and
numerous pro-fibrotic cytokines, including plasminogen
activator inhibitor (PAI)-1 and transforming growth factor
(TGF)-�. PAI-1 inhibits the activation of plasmin and matrix
metalloproteinases and is linked to the development of tissue
fibrosis (11, 12). TGF-� receptor/Smad signaling in fibroblasts
is strongly pro-fibrotic and induces the synthesis of ECM and
expression of �-SMA (13, 14).

Understanding tissue fibrosis requires identification of the
stimuli that regulate the homeostatic phenotype of fibroblasts
and that trigger fibrosis. Extracellular ATP has been shown to
promote monocyte and inflammatory cell recruitment to sites
of injury in the lung (15) and liver (16). Consistent with such
effects, we have found that extracellular ATP and UTP and
their signaling through P2Y2 receptors are pro-fibrotic in adult
rat and mouse ventricular fibroblasts grown in primary culture
(17). The activation of P2Y2 receptors by these nucleotides
increases collagen synthesis and the expression of �-SMA,
PAI-1, and TGF-�. Furthermore, ATP, released from CFs via
connexin-43 and -45 hemi-channels, activates P2Y2 receptors
in an autocrine/paracrine manner (18). Data in the latter study
also revealed that the release of and signaling by ATP contrib-
ute to the basal fibrotic state of CFs as follows: hydrolysis of
extracellular ATP, by addition of the nucleotidase apyrase,
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decreased basal collagen synthesis, and the expression of
�-SMA stress fibers. Such data indicate that the release of cel-
lular ATP and subsequent activation of P2Y2 receptors contrib-
ute to fibroblast phenotypes and suggest that nucleotide signal-
ing is an important pro-fibrotic mechanism in CFs and
potentially in fibroblasts in other tissues.
Extracellular ATP catabolism is important in regulating sig-

nal transduction by nucleotides. Ectonucleoside triphosphate
diphosphohydrolases (ENTPDs) are a family of nucleotidases
that hydrolyze tri- and di-phosphate nucleotides. ENTPD
activity in vascular endothelial cells is essential for the regula-
tion of inflammation and thrombosis (19, 20) and for vascular
tone (21). Furthermore, ENTPD activity in hepatic portal fibro-
blasts may limit fibroblast and endothelial cell proliferation,
thus implicating nucleotide catabolism in the regulation of liver
fibrosis (22).
The strong anti-fibrotic effects of apyrase on activities of CFs

led us to ask if CFs endogenously express nucleotidases that
produce similar effects and thereby provide a “brake” on the
pro-fibrotic actions of released ATP. Of the four extracellular
ENTPD isoforms (ENTPD-1, -2, -3, and -8) (23), ENTPD-1 has
been themost studied in the heart, but almost exclusively in the
context of cardioprotection following injury (24). No previous
information is available regarding expression of ENTPDs by
CFs nor have the potential effects of ATP hydrolysis by
ENTPDs been studied with respect to the transformation of
CFs to pro-fibrogenic myofibroblasts.
We hypothesized that ENTPD activity is a mechanism that

inhibits the pro-fibrotic autocrine/paracrine pathway stimu-
lated by ATP-P2Y receptor signaling, such that both ATP
release and its hydrolysis determine fibrotic response. In this
study, we investigated ENTPD expression in adult rat CFs, the
effect of ENTPD inhibition on CF phenotype, and the role of
these enzymes in modulating pro-fibrotic nucleotide signaling.
We also assessed whether adenosine, a product generated by
the hydrolysis of ATP, activates adenosine receptors and also
regulates CF phenotypes. The results reveal a key integrative
role for ENTPD in ATP-mediated pro-fibrotic and adenosine-
mediated anti-fibrotic responses.

EXPERIMENTAL PROCEDURES

Isolation and Culture of Adult Rat Cardiac Fibroblasts—Ap-
proval for the ethical care and use of animals for this study was
granted by the University of California at San Diego Institu-
tional Animal Care and Use Committee and was in compliance
with the guiding principles of the American Physiological Soci-
ety. CFs were isolated from adult (8–10 weeks), male Sprague-
Dawley (SD) rats, as described previously (8). Briefly, SD rats
were anesthetized via intraperitoneal injection of 100 mg/kg

ketamine, 10 mg/kg xylazine. The heart was removed, cannu-
lated on a modified Langendorff apparatus, and perfused with
collagenase II (Worthington). CFs were separated from cardiac
myocytes by gravity separation and grown to confluency in
10-cm culture dishes at 37 °C, 10% CO2 in DMEM containing
10% FBS, 1% penicillin, 1% streptomycin. CFs were then split to
appropriate-sized culture dishes, allowed to adhere overnight,
and serum-starved in DMEM, 0% FBS for 24 h prior to
treatment.
Extracellular ATP Quantification—Growth media (100 �l)

were carefully removed by placing a pipette as close to the fluid
surface as possible to avoid perturbation of the cells. ATP con-
centrationwasmeasured using a luciferase-basedATP assay kit
(ENLITEN ATP Assay; Promega, Madison, WI) and TD-20/20
luminometer (Turner Biosystems, Sunnyvale, CA) according to
the manufacturers’ instructions. Assays were conducted at
room temperature. Standard curves using DMEM supple-
mented with known ATP concentrations were generated and
used to quantify ATP concentration in the experimental
samples.
Malachite Green Assay—ATP hydrolysis was measured by

quantifying inorganic phosphate accumulation using the
SensoLyte malachite green assay kit (AnaSpec, Fremont, CA)
following themanufacturer’s instructions. CFswere cultured in
phosphate- and serum-free DMEM. One hour after addition of
30�M exogenous ATP,media were gently removed and filtered
(to remove free cells). Media samples (80 �l) or standards con-
sisting of DMEM containing phosphate standards were mixed
with 20 �l of assay reagent in a 96-well plate. Following incu-
bation at room temperature on a rotary shaker for 20 min, the
absorbance was measured at 620 nm using a DTX 800 multi-
mode detector (Beckman Coulter). The concentration of inor-
ganic phosphate in CF-conditioned media was calculated by
comparison with standard curves.
siRNA Transfection—Targeted siRNA sequences for rat

ENTPD-1 (s134179), ENTPD-2 (s134120) and negative control
siRNAwere purchased fromAmbion (Grand Island, NY). Cells
were transfected with 5 nM siRNA using RNAiMAX (Invitro-
gen) for 8 h according to the manufacturer’s instructions. The
media containing transfection reagent were then replaced with
fresh serum-free DMEM, and CFs were incubated for 24 h.
Quantitative Real Time PCR (qPCR)—Total RNA was iso-

lated by TRIzol extraction (Invitrogen), and cDNA was gener-
ated using the Superscript III cDNA synthesis system (Invitro-
gen) according to the manufacturer’s instructions. The qScript
One-Step qRT-PCR kit (Quanta Biosciences, Gaithersburg,
MD) and a DNA Engine Opticon 2 (Bio-Rad) qPCR machine
were used for gene expression analyses. Primers for PCR ampli-

TABLE 1
Primer sequences used for real time qPCR

Gene Forward, 5�–3� Reverse, 5�–3�

�-SMA CATCAGGAACCTCGAGAAGC TCGGATACTTCAGGGTCAGG
PAI-1 GGAGAAGCGAAACAGGAGTG TCCAGAAGGGGATATGTTGC
TGF-� CCTGGAAAGGGCTCAACA GTTGGTTGTAGAGGGCAAGG
ENTPD-1 AGGAGCCTGAAGAGCTACCC GTCTGATTTAGGGGCACGAA
ENTPD-2 CTTCGGGATGTACCCAGAGA CAGCAGGTAGTTGGCAGTCA
18 S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
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fication (Table 1) were designed based on the nucleotide
sequences of the respective gene target using Primer3Plus soft-
ware. When possible, each forward and reverse primer set was
designed between multiple exons. Amplification efficiency of
each primer pair was tested prior to analysis, and relative gene
expression levels were determined using the ��CT method
with 18 S as the reference gene (25).
Immunoblot Analysis—Whole cell lysates were prepared in

150 mM Na2CO3 buffer (pH 11) and homogenized by sonica-
tion. Protein concentration was measured using a Bradford
protein assay (Bio-Rad), and equal amounts of protein were
separated by SDS-PAGE using 10% polyacrylamide precast gels
(Invitrogen) and transferred to a poly(vinylidenedifluoride)
membrane with the iBlot system (Invitrogen). Membranes
were blocked in PBSTween (1%) containing 5% nonfat drymilk
and incubated with primary antibody overnight at 4 °C. Bound
antibodies were visualized using horseradish peroxidase-con-
jugated secondary antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA) and ECL reagent (Amersham Biosciences). Bands
were compared with molecular weight standards to confirm
migration of proteins at the appropriate size. Quantification of
the densitometry of protein expression was performed using
ImageJ software (National Institutes of Health). Antibodies for
�-SMA were purchased from Invitrogen, PAI-1 from BD Bio-
sciences, GAPDH fromAbcam, and p-ERK and total ERK from
Cell Signaling (Danvers, MA).
Collagenase-sensitive [3H]Proline Incorporation—Collagen-

ase-sensitive [3H]proline incorporation assays were used to
quantify collagen accumulation and were performed as
described previously (8, 18). CFs cultured on 12-well plates
were serum-starved for 24 h followed by the addition of 1
�Ci/ml [3H]proline (PerkinElmer Life Sciences; 1 Ci� 37GBq)
along with compounds of interest and incubated at 37 °C for
24 h. Cells were lysed with 0.5 N NaOH, and following neutral-
ization with HCl, protein was precipitated overnight with 10%
trichloroacetic acid (TCA). Samples were pelleted and washed
in 5%TCA, dissolved in 0.2 NNaOH, and neutralized with HCl.
Collagenase II (2 mg/ml; Worthington) in Tris/CaCl2/N-ethyl-
maleimide buffer was added to each sample, and samples were
incubated at 37 °C for 1 h. Protein was then precipitated and
centrifuged. The supernatant was collected and the radioactiv-
ity quantified using a liquid scintillation counter.
Collagen Gel Contraction Assay—Collagen gels were pre-

pared using rat tail collagen 1 (BDBiosciences) neutralizedwith
NaOH and supplemented with 1� DMEM (Sigma). Gels con-
tained 2–3 mg/ml rat tail collagen, depending on experimental
protocols, in 0.5-ml volumes. CFs were seeded at a density of
1.8 � 105 cells per gel, and the gels were allowed to polymerize
at 37 °C for 1 h. Following polymerization, 0.5 ml of serum-free
DMEM was added, and the gels were detached and suspended
in liquid culture. Treatments were done for 24 h, and images
were taken for surface area quantification.
Reagents—ATP, adenosine, suramin, POM-1, H89, (Rp)-

cAMPS, PSB 603, and SCH442416were purchased fromTocris
Bioscience (Minneapolis, MN). Apyrase and adenosine deami-
nase were purchased from Sigma.
Statistical Analysis—Calculations and statistics were per-

formed using GraphPad Prism 5.0 software (GraphPad Soft-

ware, La Jolla, CA). Numerical values are presented as mean �
S.E. Analysis of numerical data from experiments withmultiple
comparisons were done using analysis of variance with Tukey’s
test. p � 0.05 was considered significant.

RESULTS

ATP Signaling Regulates Basal �-SMA Expression and Con-
tractile Tone in Cardiac Fibroblasts—The expression of
�-SMA is a hallmark of myofibroblast transformation (10) and
confers a contractile phenotype toCFs (26). In previous studies,
we showed that ATP released from CFs regulates collagen syn-
thesis and that addition of exogenous ATP increases formation
of �-SMA-expressing fibers in CFs via P2Y2 receptor signaling
(17, 18). Those results suggested that extracellular ATP helps
determine CF �-SMA expression and contraction. To assess
the extent of basally released ATP in regulating CF contractile
tone, we seeded CFs into gels containing 2.5 mg/ml collagen,
which CFs spontaneously contract. Hydrolysis of extracellular
ATP, produced by addition of 1 unit/ml apyrase, decreased this
contraction and increased gel surface area (by 65%, p � 0.001)
while also decreasing basal �-SMA expression (by 42%, p �
0.01) (Fig. 1, A and B). Suramin (50 �M), a P2 nucleotide recep-
tor inhibitor, also increased collagen gel surface area (by 67%,
p � 0.001). Thus, removal of ambient extracellular ATP by
apyrase or blocking P2 receptors reduced basal �-SMA expres-
sion and CF contraction, indicating in addition to our previous
findings related to P2Y2 signaling in CFs (18) that tonic ATP-
P2Y2 signaling promotes myofibroblast transformation of CFs.
These results led us to ask if nucleotidase activity expressed by
CFs may regulate CF homeostasis by hydrolyzing basally
released ATP and attenuating this pro-fibrotic phenotype.
ENTPD Expression in Rat CFs, siRNA-mediated Knockdown

of Endogenous NTPases Increases Extracellular ATP Concentra-
tion and Enhances the Pro-fibrotic Effect of ATP Stimulation—
CFs, alongwith numerous cell types in themyocardium, release
ATP in response to physical or chemical stimuli (18, 27–29),
but the fate of this releasedATP is notwell defined.Wehypoth-
esized that CFsmay endogenously express enzymeswith nucle-

FIGURE 1. Basal ATP signaling stimulates �-SMA expression and CF con-
traction. A, CFs seeded in 2.5 mg/ml rat tail collagen spontaneously con-
tracted the collagen gels by 24 h. Subsequent 24 h of treatment with apyrase
(apy) (1 unit/ml) and P2 inhibition with suramin (sur) (50 �M) reversed spon-
taneous collagen gel contraction and increased collagen gel surface area
compared with the 48-h untreated controls (cont) by 65 and 67%, respec-
tively. B, apyrase (1 unit/ml for 24 h) decreased �-SMA protein expression by
42%. **, p � 0.01; ***, p � 0.001 versus untreated controls; quantitative data
are presented as mean � S.E. of three independent experiments.
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otide hydrolytic activity thatmight result in effects akin to those
we observed by adding apyrase and thereby, provide a brake on
pro-fibrotic ATP signaling. Kauffenstein et al. (21) described
that the mouse vasculature expresses two NTPase isoforms,
ENTPD-1 and -2. Using real time qPCR analysis of isolated rat
ventricular CFs, we detected ENTPD-1 and -2 at approximately
equal expression levels (Fig. 2A). ENTPD-3 was not detected
(data not shown).
We used siRNA to selectively decrease expression of each

ENTPD isoform. Although single knockdown of ENTPD-1 or
-2 did not substantially change extracellular ATP concentra-
tion, knockdown of both ENTPD-1 and -2 decreased their
expression by 57 and 54%, respectively, and significantly
increased basal extracellular ATP concentration (by 2.5-fold,
p � 0.01) (Fig. 2B). The requirement to knock down both
ENTPD-1 and -2 implies that both enzymes contribute to ATP
hydrolytic activity in CFs.
Assessment of changes in pro-fibrotic marker expression (by

qPCR) was used to investigate the functional impact of knock-
downof ENTPD-1 and -2 and thus of decreasedATPhydrolytic
activity in CFs. Although we found increased expression of
�-SMA, PAI-1, and TGF-� following ENTPD-1/-2 knock-
down, these increases were not statistically significant (p �
0.05). However, addition of 10 �M ATP to ENTPD-deficient
CFs had a significantly greater stimulatory effect on �-SMA,
PAI-1, and TGF-� expression (2.7-, 4.0-, and 1.7-fold, respec-
tively) than did ATP treatment of control siRNA-transfected
CFs (Fig. 2C). Thus, a decrease in ENTPD expression in CFs
enhanced the pro-fibrotic response to ATP.

POM-1, an ENTPD Inhibitor, Enhances Basal Pro-fibrotic
and ERK Activity in CFs—Because of the partial knockdown
that we achieved with siRNA and the need to target both
ENTPD-1 and -2 to decrease ATP hydrolysis, we tested a sec-
ond approach to inhibit ENTPDs as follows: treatment of CFs
with a polyoxometalate-derived compound, which is an extra-
cellular ENTPD inhibitor (30, 31). Sodium polyoxotungstate
(POM)-1 prominently inhibits ENTPD activity in endothelial
and smooth muscle cells and in mouse models of cardiac and
renal ischemia (24, 32). Because POM-1 interferes with lucifer-
ase-basedmethods for ATP quantification, we used amalachite
green assay to measure accumulation of inorganic phosphate
resulting from ATP hydrolysis (31, 33–35). Addition of 30 �M

POM-1 inhibited ATP hydrolysis by �30% (p � 0.001) (Fig.
3A); 100 �M POM-1 did not produce a significantly greater
inhibitory effect. As a result of ENTPD inhibition, we found
that treatment of CFs with POM-1 produced a concentra-
tion-dependent increase in �-SMA and PAI-1 protein
expression and collagen synthesis (Fig. 3, B and C), thus indi-
cating that POM-1 enhances the basal transformation of CFs
to myofibroblasts.
Previous data indicate that the P2Y2 receptor is the most

highly expressed P2Y subtype in rat ventricular fibroblasts and
that P2Y2mediates the majority of pro-fibrotic responses of rat
CFs in response to ATP stimulation (17, 18). P2Y2 receptor
stimulation can lead to rapid and transient activation ofMAPK/
ERK (36, 37); rat CFs deficient in P2Y2 receptors lack this
response to exogenously added ATP (18). Consistent with the
ability of ENTPD inhibition to enhance ATP-mediated signal-

FIGURE 2. Simultaneous siRNA knockdown of ENTPD1 (E1) and ENTPD2 (E2) increases extracellular ATP concentration and enhances the pro-fibrotic
effect of ATP. A, ENTPD-1 and -2 were detected in similar abundance in rat ventricular CFs. Co-transfection with siRNA for ENTPD-1 and -2 (E1/E2) decreased
expression by 57 and 54%, respectively. B, ENTPD-1/-2 knockdown increased basal extracellular ATP concentration by 2.5-fold. C, knockdown of ENTPD-1/-2
significantly enhanced the pro-fibrotic effect of 10 �M ATP on CFs. CFs transfected with siRNA targeting both ENTPD-1/-2 up-regulated �-SMA, PAI-1, and TGF-�
expression by 2.7-, 4.0-, and 1.7-fold, respectively, in response to a 4-h incubation with ATP as compared with control (cont) siRNA-transfected CFs incubated
with ATP. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus identically transfected, untreated samples; �, p � 0.05; ��, p � 0.01; ���, p � 0.001 between groups
indicated. Gene expression data are presented as mean � S.E. of three independent experiments; ATP assay data are presented as mean � S.E. of six
independent experiments.
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ing, a 1-h pretreatment of CFs with 30 �M POM-1 increased
basal phospho-ERK levels and prominently prolonged ATP-
stimulated activation of ERK compared with the response of
CFs treated with ATP alone (Fig. 3D). The P2 receptor antago-
nist suramin blocked the stimulatory effect of 30�MPOM-1 on
collagen synthesis and on the protein expression of�-SMA and
PAI-1 (Fig. 3E), indicating that the pro-fibrotic effects of
POM-1 require P2, most likely P2Y2 receptor activation
(17, 18).
POM-1 Enhances the Pro-fibrotic Effects of ATP—In addition

to stimulating basal pro-fibrotic signaling, POM-1 enhanced
the pro-fibrotic effects of exogenously added ATP. Treatment
with 30 �M POM-1 significantly increased ATP-promoted
mRNA expression of �-SMA, PAI-1, and TGF-� by 1.9-fold
(p � 0.01), 3.0-fold (p � 0.05), and 1.7-fold (p � 0.01), respec-
tively (Fig. 4A). Similarly, protein expressions of �-SMA and
PAI-1 were increased 30% (p � 0.05) and 89% (p � 0.01),
respectively, and collagen synthesis was increased 73% (p �
0.001) in CFs treated with POM-1 plus ATP compared with
responses of cells incubated only with ATP (Figs. 4B and 5A).
CF-mediated collagen gel contraction was also enhanced, and
POM-1 increased ATP-stimulated gel contraction by 23% (p �
0.001) (Fig. 5B).
Together, these data indicate that the pro-fibrotic effects

mediated by ATP are enhanced by inhibiting extracellular

ENTPD activity. POM-1 increased the basal pro-fibrotic state
of CFs and enhanced the stimulatory effect of ATP on collagen
synthesis and the expression of pro-fibrotic markers, �-SMA,
PAI-1, and TGF-�. Thus, ENTPD activity is a brake that regu-
lates a basal pro-fibrotic pathway driven by constitutive nucle-
otide release and signaling.
Adenosine Reverses the Pro-fibrotic Effects of POM-1—Aden-

osine signaling in rat CFs is anti-fibrotic, mediated by increased
intracellular cAMP via activation of Gs-coupled A2 adenosine
receptors (38–40). ENTPD activity, in combination with the
activity of 5	-nucleotidases (e.g. CD73) and alkaline phospha-
tase, produces extracellular adenosine (24, 41, 42). Thus, we
speculated that the generation of adenosine by ATP hydrolysis
might represent a counterbalancing anti-fibroticmechanism in
CFs that functions via A2 receptor activation. Indeed, we found
that addition of 100 �M adenosine significantly reduces the
stimulatory effect of POM-1 on �-SMA mRNA and protein
expression (p � 0.05) (Fig. 6, A and B).
The anti-fibrotic effects of adenosine in CFs occur via an

increase in intracellular cAMP in response to Gs-coupled A2
receptor activation (38, 40).We therefore assessed PKA-depen-
dent CREB phosphorylation resulting fromATP and adenosine
treatment. Stimulation of CFs for 4 h with either 10 �MATP or
30 �M adenosine significantly increased phospho-CREB levels
in a PKA (and thus, cAMP)-dependent manner (Fig. 6C). Con-

FIGURE 3. Inhibition of endogenous NTPase activity by POM-1 is pro-fibrotic. A, ATP hydrolysis was measured using a malachite green assay. Addition of
30 �M POM-1 inhibited ENTPD-mediated hydrolysis of exogenously added ATP (30 �M) after 1 h. POM-1 treatment for 24 h increased CF �-SMA and PAI-1
protein expression (B) and collagen synthesis (C) in a concentration-dependent manner. D, POM-1 pretreatment (1 h) increased basal ERK phosphorylation and
prolonged 10 �M ATP-stimulated ERK phosphorylation. E, stimulatory effects of 30 �M POM-1 on collagen synthesis and expression of �-SMA and PAI-1 protein
were blocked by 50 �M suramin (sur). *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus untreated controls; ���, p � 0.001 between groups indicated. Quantitative
data are presented as mean � S.E. of at least three independent experiments. cont, control; WB, Western blot.
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sistent with this idea, inhibition of PKA with 10 �M H89 or 50
�M (Rp)-cAMPS blocked CREB phosphorylation stimulated by
ATP and adenosine. Furthermore, antagonism of A2B recep-
tors with 300 nM PSB 603 blocked the stimulatory effect of ATP
on CREB phosphorylation (p � 0.05; Fig. 6D), whereas the A2A
receptor inhibitor SCH 442416 had no significant effect (p �
0.05). These results show that ATP-stimulatedCREB phosphory-
lation is dependent on A2B receptors and activation of the

cAMP-PKA pathway. Thus, ATP can activate Gs-coupled A2B
receptors, an effect resulting from the hydrolysis of extracellu-
lar ATP into adenosine.
Extracellular Adenosine Deamination and Adenosine A2B

Receptor Inhibition Enhances Pro-fibrotic ATP Signaling—If
the hydrolysis of pro-fibrotic ATP via the generation of adeno-
sine produces a counterbalancing anti-fibrotic response in CFs,
interventions that decrease extracellular adenosine should

FIGURE 4. POM-1 enhances the effects of ATP on pro-fibrotic marker expression of CFs. A, incubation of CFs with POM-1 together with ATP for 4 h increased
expression of �-SMA, PAI-1, and TGF-� mRNA by 1.9-, 3.0-, and 1.7-fold, respectively, compared with CFs incubated only with ATP. B, incubation of CFs with
POM-1 for 24 h increased �-SMA and PAI-1 protein expression by 30 and 89%, respectively, as compared with CFs incubated only with ATP. *, p � 0.05; **, p �
0.01; ***, p � 0.001 versus untreated controls (cont); �, p � 0.05; ��, p � 0.01 between groups indicated. Data are presented as mean � S.E. of at least three
independent experiments. veh, vehicle.

FIGURE 5. POM-1 enhances the stimulatory effect of ATP on collagen synthesis and gel contraction. A, incubation of CFs with 30 �M POM-1 increased the
effect of 10 �M ATP on collagen synthesis 73% after 24 h as compared with CFs incubated only with ATP. B, POM-1 increased the 12% reduction in collagen gel
surface area in response to a 24-h incubation with 10 �M ATP to 32%. *, p � 0.05; **, p � 0.01, ***, p � 0.001 versus untreated controls (cont); ���, p � 0.001
between groups indicated. Quantitative data are presented as mean � S.E. of three independent experiments.
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enhance the pro-fibrotic phenotype. To test this idea, we
assessed �-SMA and PAI-1 protein expression in response to
ATP in the presence of adenosine deaminase (ADA). ADA (1
unit/ml) increased collagen synthesis by 38% (p � 0.001) and
the expression of �-SMA and PAI-1 protein by 2- and 3-fold,
respectively (p � 0.05) (Fig. 7, A and B). Addition of ADA also
enhanced response to ATP, incubation of CFs with ADA and
ATP increased �-SMA and PAI-1 protein expression 42% (p �
0.05) and 182% (p � 0.001) more than ATP alone (Fig. 7B).

As an alternative approach to block adenosine action, we
incubated CFs with ATP or UTP in the presence of PSB 603.
PSB 603 (300 nM) enhanced responses to ATP (10 �M), ATP-
promoted increases in �-SMA and PAI-1 mRNA expression
were 62% (p� 0.01) and 69% (p� 0.05) greater, respectively, in
the presence of PSB 603 (Fig. 7C), and �-SMA protein levels
were 33% (p � 0.05) higher than if incubated only with ATP
(Fig. 7D). By contrast, response to 10 �M UTP was not
enhanced by the addition of PSB 603. This result is as expected
because although ATP and UTP activate P2Y2 receptors with
equal affinity (43, 44), UTP hydrolysis does not yield adenosine,
and thus A2B receptor inhibition should have no effect. Fur-
thermore, PSB 603 did not potentiate the effects of POM-1 on
�-SMA or PAI-1 expression (p � 0.05) (Fig. 7E), indicating a
robust pro-fibrotic response to ENTPD inhibition and the

absence of adenosine signaling. Thus, pro-fibrotic ATP signal-
ing is amplified in CFs by interventions that block the counter-
balancing anti-fibrotic pathway mediated by adenosine.

DISCUSSION

Based onprevious data that identified a role for constitutively
released ATP in regulating fibrotic activity of CFs (18), we
hypothesized that ATP hydrolysis by endogenous nucleoti-
dases might be an important mechanism that controls the acti-
vation of pro-fibrogenic pathways by basal nucleotide signaling
in CFs.We demonstrate results consistent with this hypothesis
as follows: endogenous ENTPD activity attenuates pro-fibrotic
nucleotide signaling in CFs, thus establishing a stimulatory
mechanism (i.e. ATP release) and an inhibitory mechanism
(ATP hydrolysis by ENTPD) that work in concert to establish
the set point for extracellular ATP levels and P2Y2-mediated
pro-fibrotic tone. Inhibition of ENTPD activity (such as with
POM-1) increases pro-fibrotic autocrine/paracrine effects of
basal nucleotide signaling, thus identifying the importance of
these nucleotidases in attenuating this pathway.
Previous reports have described the use of POM-1 as an

ENTPD inhibitor (24, 31, 32), and one study showed that
POM-1 inhibits cardioprotection via adenosine generation
(24). However, previous studies have not addressed whether

FIGURE 6. Adenosine signaling counteracts the pro-fibrotic effects of ATP. Adenosine (ado) decreased POM-1-stimulated �-SMA mRNA (A) and protein (B)
expression in a concentration-dependent manner. C, incubation with ATP (10 �M) and adenosine (ado, 30 �M) for 4 h increased CREB phosphorylation, an effect
that was blunted with the PKA inhibitors, H89 (10 �M) and (Rp)-cAMPS (50 �M). D, inhibition of A2B adenosine receptors with PSB 603 (300 nM) blocked
ATP-stimulated CREB phosphorylation; A2A receptor inhibition (300 nM SCH 442416) had no significant effect. *, p � 0.05; **, p � 0.01 versus untreated controls
(cont); �, p � 0.05; ��, p � 0.01; ���, p � 0.001 between groups indicated or as compared with control CFs not treated with inhibitors (C). Data are presented
as mean � S.E. of at least three independent experiments. WB, Western blot; veh, vehicle.
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ENTPD inhibition perturbs fibrogenic responses. We found
that treatment of CFs with POM-1 inhibits hydrolysis of extra-
cellular ATP by CFs, increases basal expression of the pro-fi-
brotic markers �-SMA, PAI-1, and TGF-�, and stimulates col-
lagen synthesis. We did not observe statistically significant
effects on basal CF gene expression with siRNA-mediated
ENTPD knockdown, likely because we only achieved partial
knockdown of ENTPD expression. Unfortunately, we found
that ENTPD siRNA concentrations higher than 5 nM were not
well tolerated by CFs. Even so, CFs transfected with siRNA
targeting ENTPD-1 and -2 were significantly more pro-fibrotic
in response to exogenously added ATP than were control
siRNA-transfected CFs.
The effects observedwith POM-1 treatment were blunted by

P2 receptor inhibition, consistent with the involvement of
extracellular nucleotide-P2Y receptor signaling in the pro-fi-
brotic response to POM-1 (17, 18). Incubation with POM-1
also enhanced and prolonged the transient effects of ATP on
ERK activation, indicating that POM-1 enhances ATP signal-
ing. Consistent with this idea, treatment with POM-1 signifi-
cantly increased the ATP-promoted increase in expression of
�-SMA, PAI-1, and TGF-�, cellular collagen synthesis, andCF-
mediated gel contraction.
In addition to attenuating pro-fibrotic ATP signaling, nucle-

otidase activity, via the generation of adenosine, initiates a
counterbalancing, anti-fibrotic response mediated by A2B
receptor activation. Numerous studies have found that ENTPD
activity facilitates the production of adenosine and that ENTPD

inhibition decreases extracellular adenosine concentration (24,
31, 32, 45). We found that ATP stimulates PKA-dependent
CREBphosphorylation, a response that is sensitive to inhibition
of A2B receptors, indicating that these effects are a result of
adenosine generation and signaling. Furthermore, treating CFs
with agents that blunt adenosine levels (ADA) or response (an
A2B receptor antagonist) enhanced the pro-fibrotic activity of
CFs, increasing the pro-fibrotic effect of ATP on �-SMA and
PAI-1 expression. Thus, the anti-fibrotic component of ATP
signaling is initiated by ecto-nucleotidase-mediated hydrolysis.
Consistent with this mechanism, we found that A2B inhibition
did not further potentiate the pro-fibrotic effects of POM-1,
indicating a strong induction of ATP signaling by ENTPD inhi-
bition and the absence of adenosine signaling.
Together, our findings indicate that a decrease in ENTPD

expression or activity in CFs will enhance pro-fibrogenic activ-
ity and potentially promote the development of cardiac fibrosis,
which can result from two effects: prolongedATP signaling and
decreased adenosine generation. Of note, such effects are not
limited to the heart. Similar mechanisms may regulate hepatic
stellate cell and portal fibroblast proliferation and activity in the
liver (22, 46). Our data demonstrate that autocrine/paracrine
signaling that results from nucleotide release and hydrolysis
appear to be essential for determining the set point of the CF
phenotype and perhaps in other tissues as well.
In the cardiovascular system, further studies are required to

investigate whether disease settings result in altered extracellu-
lar ATP catabolism and the impact of this effect on CF activity.

FIGURE 7. Extracellular adenosine deamination and A2B receptor inhibition enhances pro-fibrotic ATP signaling. Incubation with adenosine deaminase
(ADA) increased collagen synthesis by 38% (after 24 h) (A) and the expression of �-SMA and PAI-1 protein 2- and 3-fold, respectively (after 4 h) (B). Incubation
of CFs with ADA enhanced the stimulation produced by 10 �M ATP in the expression of �-SMA (42%) and PAI-1 (182%). C, incubation with 300 nM PSB 603 (PSB)
enhanced the stimulation by ATP (10 �M, 4 h treatment) of �-SMA and PAI-1 gene expression by 62 and 69%, respectively. D, incubation for 24 h with PSB
produced a 33% increase in ATP-promoted enhancement in �-SMA protein levels. PSB did not enhance the UTP-promoted increases in �-SMA or PAI-1
expression. E, effects of 30 �M POM-1 were not enhanced by pretreatment with PSB. *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus untreated controls (cont); �,
p � 0.05; ��, p � 0.01; ���, p � 0.001 between groups indicated. Data are presented as mean � S.E. of three independent experiments. WB, Western blot.
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Mice that overexpress ENTPD1/CD39 are protected from
ischemia-reperfusion injury as a consequence of adenosine
production and signaling in cardiac myocytes (24, 33). Further-
more, differential ENTPD1/CD39 activities have beenobserved in
patients with coronary artery disease and ischemic heart disease
(47, 48). Our data suggest that ENTPDup-regulationmay protect
against cardiac fibrosis in vivo and that conversely down-regula-
tion or decreased activity of ENTPD may exacerbate the fibrotic
phenotype.
Together with previous findings (18, 22, 46, 49), the data

presented here demonstrate the important role of basally
released ATP and nucleotide hydrolysis in mediating cellular
homeostasis and physiology (e.g. proliferation, contraction,
migration, and collagen synthesis) (Fig. 8). ENTPDs play an
essential role in the attenuation of ATP signaling but also initi-
ate ADP (and UDP) and adenosine-driven responses (20, 49).
We find that the generation of adenosine, an anti-fibroticmedi-
ator in CFs (38, 40), also helps determine the set point of CFs.
The release of cellular nucleotides and the activity of ENTPDs
andpossibly other ecto-nucleotidases thusmediate counteract-
ing ATP-P2Y and adenosine-P1 pathways that regulate cellular
homeostasis.
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