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ABSTRACT Ischemia/reperfusion (I/R) elicits renin
release from cardiac mast cells (MC), thus activating
a local renin-angiotensin system (RAS), culminating in
ventricular fibrillation. We hypothesized that in I/R,
neurogenic ATP could degranulate juxtaposed MC and
that ecto-nucleoside triphosphate diphosphohydrolase
1/CD39 (CD39) on MCmembrane could modulate ATP-
induced renin release. We report that pharmacological
inhibition of CD39 in a cultured human mastocytoma
cell line (HMC-1) and murine bone marrow-derived MC
with ARL67156 (100 mM) increased ATP-induced renin
release (‡2-fold), whereas purinergic P2X7 receptors
(P2X7R) blockade with A740003 (3 mM) prevented it.
Likewise, CD39 RNA silencing in HMC-1 increased ATP-
induced renin release (‡2-fold), whereas CD39 over-
expression prevented it. Acetaldehyde, an I/R product
(300 mM), elicited an 80% increase in ATP release from
HMC-1, in turn, causing an autocrine 20% increase in
renin release. This effect was inhibited or potentiated
when CD39 was overexpressed or silenced, respectively.
Moreover, P2X7R silencing prevented ATP- and
acetaldehyde-induced renin release. I/R-induced RAS
activation in ex vivo murine hearts, characterized by
renin and norepinephrine overflow and ventricular
fibrillation, was potentiated (∼2-fold) by CD39 inhi-
bition, an effect prevented by P2X7R blockade. Our data
indicate that by regulating ATP availability at the MC
surface, CD39 modulates local renin release and thus,
RAS activation, ultimately exerting a cardioprotective
effect.—Aldi, S., Marino, A., Tomita, K., Corti, F., Anand,
R., Olson, K. E., Marcus, A. J., Levi, R. E-NTPDase1/
CD39 modulates renin release from heart mast cells

during ischemia/reperfusion: a novel cardioprotective
role. FASEB J. 29, 61–69 (2015). www.fasebj.org
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WE DEMONSTRATED THAT cardiac mast cells (MC) are a
critical source of renin (1). Released by ischemia/
reperfusion (I/R), MC-derived renin initiates the ac-
tivation of a local renin-angiotensin system (RAS). This
promotes excessive norepinephrine (NE) release, thus
causing severe arrhythmic dysfunction (2). Sympathetic/
purinergic nerve terminals are juxtaposed to cardiac MC
(1, 3, 4) and release neurotransmitter ATP, which elicits
MC degranulation (5, 6). ATP, which is also produced
in MC (4) and released in greater amounts during I/R
(7), could positively feedback in an autocrine mode on the
MC, initiating a vicious cycle that would amplify renin
release, activate a local RAS, and elicit cardiac dysfunction.

Cell-surface ecto-nucleoside triphosphate diphospho-
hydrolases (E-NTPDases) are the primary enzymes that
control availability of extracellular nucleotides to puri-
nergic receptors (8, 9). E-NTPDase1/CD39 (CD39),
expressed on vascular endothelial cells (10, 11), plays
a critical role in maintaining blood fluidity by metab-
olizing ADP and ATP released from activated platelets
(12, 13). We had reported that CD39 is also present
in sympathetic/purinergic nerve terminals (14), where
it exerts a cardioprotective effect in I/R (7) by atten-
uating the autocrine NE-releasing effects of neurogenic
ATP (15).

As MC express CD39 (16), the purpose of our study
was to investigate whether, by regulating ATP availabil-
ity at the MC surface, CD39 might modulate local renin
release, thus limiting local RAS activation and ulti-
mately exerting a cardioprotective effect. We present
data indicating that the CD39 expression level in MC
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indeed determines the extent of ATP-induced renin re-
lease and that CD39 inhibition in ex vivo murine hearts
subjected to I/R enhances MC renin release and ar-
rhythmic dysfunction, an action mediated by activation
of the purinergic P2X7 receptor subtype (P2X7R) on MC.

MATERIALS AND METHODS

HMC-1 cell line

The human mastocytoma cell line (HMC-1) was kindly pro-
vided by Dr. J. H. Butterfield (Mayo Clinic, Rochester, MN,
USA). Cells were maintained in suspension culture as described
previously (17).

MC differentiation from murine bone marrow

Murine bone marrow-derived MC (BMMC) were obtained as
described previously (18). In brief, C57BL/6 wild-type (WT)
mice were anesthetized with CO2 vapor and euthanized by
cervical dislocation, as approved by the Weill Cornell Medical
College Institutional Animal Care and Use Committee. Bone
marrow was flushed out from femora and tibiae. BMMC
were cultured in RPMI-1640 medium (Invitrogen Life
Technologies, Carlsbad, CA, USA), containing antibiotics
(10 U/ml penicillin/streptomycin), 10% heat-inactivated
fetal calf serum, 2-ME (55 mmol/L), recombinant murine
IL-3, and stem cell factor (both 20 ng/ml; PeproTech,
Rocky Hill, NJ, USA). BMMC were cultured at a density of
0.5 3 106 cells/ml. Cell medium was changed every 3-4 d,
and nonadherent cells were transferred to a new culture
flask. Mature BMMC were obtained after 4-5 wk when .90%
of cells were double positive for c-kit/CD117 and high-
affinity IgE receptor.

b-Hexosaminidase and renin assay

b-Hexosaminidase (b-HEX) and renin release were measured
as described previously (19). In brief, HMC-1 and BMMC were
washed and resuspended in Ringer buffer (140 mM NaCl,
5 mM KCl, 10 mM HEPES, 1 mM MgCl2, 2 mM glucose, and
2 mM CaCl2, pH 7.4). Identical volumes of cells were aliquoted
in Eppendorf tubes (HMC-1) or in 96-well plates (BMMC)
and incubated with gentle oscillation at 37°C with ATP
(1 mM–1 mM) or acetaldehyde (100–500 mM) for 20 min (both
from Sigma-Aldrich, St. Louis, MO, USA). When reported,
cells were preincubated with pharmacological agents before
ATP was added. ARL67156 and A740003 (both from R&D
Systems, Minneapolis, MN, USA) were used at concentrations
of 100 mM for 10 min and 3 mM for 15 min, respectively (half-
maximal inhibitory concentration values: 0.3 mM and 40 nM
for ARL67156 and A740003, respectively) (20, 21). At the end
of the incubation, samples were placed in ice and centrifuged
at 500 g for 5 min. Supernatants were collected and used to
measure the b-HEX content and renin release. For the renin
assay, human and porcine angiotensinogen was used for HMC-1
and BMMC samples, respectively. Renin activity (angiotensin I
formed) was determined by GammaCoat Plasma Renin
Activity [125I] Radioimmunoassay (DiaSorin, Stillwater, MN,
USA). Cell pellets were lysed with cell lysis buffer 13 (Cell
Signaling Technology, Danvers, MA, USA), and total lysates
were used to determine total b-HEX content and total protein
concentration by the DC Protein Assay kit (Bio-Rad Labora-
tories, Hercules, CA, USA). Total b-HEX content and total
protein concentration were used to normalize b-HEX and

renin release, respectively. Results were expressed as per-
cent increase above basal level.

Measurement of ATP release

ATP levels were measured in HMC-1 supernatants, as de-
scribed previously (22). In brief, HMC-1, processed as above,
were incubated with acetaldehyde (100–500 mM) and gently
oscillated at 37°C for 20 min. Supernatants were then col-
lected by centrifugation at 500 g for 5 min, and ATP levels
were assayed immediately by use of a firefly luciferin/
luciferase-based commercial kit (ATP Bioluminescence Assay
Kit HS II; Roche Diagnostics, Indianapolis, IN, USA).
Luciferin/luciferase reagent (50 ml) was added to 50 ml of
each diluted supernatant (1:100 in Ringer buffer), and the
mixture was pipetted into appropriate test tubes and placed
in a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA,
USA). ATP concentrations were calculated from a calibration
curve constructed the same day by use of ATP standards
included in the kit. The optimal detection range was between
10210 and 10216 mol of ATP. Cell lysates were assayed
for protein content by the DC Protein Assay kit (Bio-Rad
Laboratories) and used to normalize samples.

HMC-1 lentivirus transduction

Short hairpin (sh)RNA was delivered by a modified pCDH1
lentivirus expression vector to knock down the expression of
endogenous CD39 and P2X7R in HMC-1 cells. Vector con-
taining an shRNA sequence and lentiviral particles was pre-
pared as described previously (22). We identified potential
19 bp small interfering (si)RNA target sequences within the
human CD39 or P2X7R coding regions by use of the siRNA
Target Finder application (available at http://www.genscript.
com/siRNA_target_finder.html; GenScript, Piscataway, NJ,
USA). The target sequence for human CD39 was AAGTACCT-
GAGTGAATACTGC, and the target sequence for human P2X7R
was AAGGTGAAAGAGTGGATCGTG. HMC-1 cells were trans-
duced at a multiplicity of infection (MOI) of 5. Seventy-two hours
after transduction, cells were harvested, cell lysates prepared,
and expression of human CD39 or P2X7R was assayed by
Western blot. A lentiviral construct encoding a scrambled
shRNA, which did not alter CD39 or P2X7R expression, served
as the control virus. For overexpression of human CD39 in
HMC-1, human CD39 was cloned from RNA, prepared from
HUVECs, as reported previously (22). The primers used to
generate the human CD39 open-reading frame from HUVEC-
derived cDNA were 59-ATGGAAGATACAAAGGAGTCTAAC-
GTG and 39-TACCATATCTTTCCAGAAATATGAAGGC. Len-
tiviral expression vector and particles were generated as
described previously (22). HMC-1 were transduced at an MOI
of 10. Seventy-two hours following transduction, total cell
lysates and membrane proteins were prepared. Expression
of CD39 protein was assessed by Western blot. Transduced
cells were also sorted according to the intensity of green fluo-
rescent protein by the FACSAriaII-SORP cell sorter (BD Bio-
sciences, San Jose, CA, USA). As a control, HMC-1 were also
transduced with the same expression vector lacking the human
CD39 sequence and addressed as an empty vector.

Western blot

Total lysates from HMC-1 and BMMC were prepared with
RIPA buffer (Sigma-Aldrich), and protein concentration was
calculated by the DC Protein Assay kit (Bio-Rad Laboratories).
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Membrane proteins were isolated as described previously
(22). Total lysates and membrane proteins were tested by
electrophoresis and Western blot, as described previously
(17). PVDF membranes were probed with anti-human CD39
(Ancell, Bayport, MN, USA) and anti-mouse CD39 (Epitomics,
Burlingame, CA, USA), both at a dilution of 1:2000, and anti-
P2X7R (Sigma-Aldrich), at a dilution of 1:1000. Anti-rabbit
and anti-mouse IgG horseradish peroxidase (HRP)-linked
secondary antibodies (Cell Signaling Technology) were used
at a dilution of 1:5000. Proteins of interest were detected by
Immobilon Western Chemiluminescent HRP Substrate (EMD
Millipore, Billerica, MA, USA). b-Actin HRP-conjugated
antibody (Alpha Diagnostic International, San Antonio, TX,
USA) and Na+/K+-ATPase (Santa Cruz Biotechnology, Dallas,
TX, USA) were used as controls (Supplemental Fig. S1).

Perfusion of mouse hearts ex vivo

WT C57BL/6J mice (male, 10–12 wk old; The Jackson Lab-
oratory, Bar Harbor, ME, USA) were injected i.p. with heparin
(100 IU), anesthetized with CO2, and euthanized by cervical
dislocation, as approved by the Weill Cornell Medical College
Institutional Animal Care and Use Committee. Hearts were
isolated and transferred to a Langendorff apparatus (Radnoti,
Monrovia, CA, USA). The aorta was cannulated with a flanged,
20-gauge stainless-steel needle. The heart was perfused through
the aorta in a retrograde mode at a constant pressure of 100 cm
H2O, with modified Krebs-Henseleit buffer containing (mM):
NaCl, 120; KCl, 4.7; CaCl2, 2.5; MgSO4, 1.2; KH2PO4, 1.2;
NaHCO3, 25; glucose, 11; pyruvic acid, 2; and EDTA, 0.5. The
perfusion fluid was bubbled with 95% O2 and 5% CO2 at
37°C to give a pH of 7.4. After equilibration, all hearts were
subjected to 40 min global ischemia, followed by 30 min
reperfusion (I/R). To inhibit CD39, hearts were perfused with
the CD39 inhibitor ARL67156 (30 mM) for 10 min before
I/R. To block P2X7R, hearts were perfused with the selective
P2X7R antagonist A740003 (3 mM) (21) for 5 min, followed
by a combination with A740003 and ARL67156 for 10 min
before ischemia and for the initial 15 min of reperfusion.
Surface electrocardiogram was recorded and analyzed by
use of PowerLab 8/SP (ADInstruments, Colorado Springs,
CO, USA). Coronary flow was measured by timed collections
of the effluent every 5 min; samples were assayed for renin
and NE. Renin release was measured by incubating samples of
coronary effluent for 1.5 h with porcine angiotensinogen.
Renin activity (angiotensin I formed) was then determined
by radioimmunoassay, as described above. NE overflow into
the coronary effluent was measured by HPLC with electro-
chemical detection, as described previously (19).

Statistical analysis

Values are expressed as means 6 SEM. Unpaired t-test was
used throughout the study. P , 0.05 was considered statis-
tically significant.

RESULTS

ATP-induced degranulation and renin release in
HMC-1 cells and BMMC

The administration of ATP to HMC-1 in culture elicited
a concentration-dependent (1–100 mM) degranulation,
as evidenced by the release of b-HEX, which was

associated with renin release (Fig. 1A, C). In the pres-
ence of the selective P2X7R antagonist A740003 (3 mM)
(23), the ATP-induced release of b-HEX and renin was
markedly diminished (Fig. 1A, C). In contrast, in the
presence of the CD39 inhibitor ARL67156 (100 mM)
(15, 24), MC degranulation and renin release were
both markedly potentiated (Fig. 1A, C). This suggested
that P2X7R mediate ATP-induced MC degranulation
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Figure 1. ATP elicits degranulation and renin release in HMC-
1 and BMMC: potentiation by CD39 inhibition and antago-
nism by P2X7R blockade. Concentration-response curves for
the degranulating (i.e., b-HEX release) and renin-releasing
effects of ATP (20 min incubation at each concentration),
alone or in the presence of the CD39 inhibitor ARL67156
(100 mM, 10 min preincubation) or of the selective P2X7R
antagonist A740003 (3 mM, 15 min preincubation; P2X7R
blocker). Points are means (6SEM; n = 3–47). Basal b-HEX
release was 3.63 6 0.82 and 2.48 6 0.15% in HMC-1 (n = 24)
and BMMC (n = 34), respectively; basal renin release
(angiotensin I formed) was 4.96 6 1.09 (n = 16) and 4.42 6
0.93 (n = 31) ng/h/mg protein in HMC-1 and BMMC,
respectively. *P , 0.05, **P , 0.01, and ***P , 0.001 vs.
corresponding control (ATP alone) by unpaired t-test.
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and renin release and that CD39, by hydrolyzing ATP
(25), negatively modulates ATP-induced MC degranu-
lation and renin release.

Similar to HMC-1, BMMC were also degranulated by
ATP and released renin as a function of the ATP con-
centration to which they were exposed (10–1000 mM;
Fig. 1B,D). Again, the degranulating and renin-releasing
effect of ATP was blocked by A740003 (3 mM) and poten-
tiated by ARL67156 (100 mM; Fig. 1B, D), indicating that
CD39 negatively modulates the renin-releasing action of
ATP also in native MC. As ATP is released from sym-
pathetic nerve endings that lay juxtaposed to MC
(1, 26), these findings suggest that MC CD39 is likely
to modulate the renin-releasing effects of neurotrans-
mitter ATP.

CD39 expression modulates ATP-induced
degranulation and renin release in HMC-1 cells

As pharmacological inhibition of CD39 suggested that
this ectonucleotidase modulates the renin-releasing
action of ATP in HMC-1 and BMMC, we sought cor-
roboration of this view by modifying the expression of
CD39. For this, we overexpressed CD39 in HMC-1 by
use of a lentivirus carrying a subcloned human CD39-
coding sequence (CD39+) (22) (Fig. 2A). We found
that an increase in membrane CD39 protein resulted in
an ;5- to 10-fold reduction in ATP-induced b-HEX
and renin release (Fig. 2C). Conversely, we found
that silencing of CD39 in HMC-1 cells by transducing
them with lentivirus carrying shCD39 (22) (Fig.2B)
caused a 2-fold increase in ATP-induced MC degranulation

and renin release, which was prevented by pharmaco-
logical blockade of P2X7R with A740003 (3 mM)
(Fig.2C). These findings highlighted the relevance of
CD39 as a pivotal modulator of ATP-induced MC
degranulation and renin release and its final media-
tion by P2X7R.

Reactive aldehydes promote ATP release from HMC-1
cells, in turn, eliciting autocrine renin release, an
action controlled by MC CD39

MC are themselves an important source of ATP, partic-
ularly in I/R, a condition in which toxic aldehydes [e.g.,
acetaldehyde, 4-hydroxynonenal (4-HNE)] and reactive
oxygen species (ROS) are formed in large quantities
(27–32). Hence, we next investigated whether acetal-
dehyde might be capable of releasing ATP from MC
and that this ATP might then act in an autocrine mode
to cause MC degranulation and renin release. We found
that, as a function of its concentration (100–500 mM),
acetaldehyde elicited an ;25–100% increase in ATP
release from HMC-1 cells (Fig. 3A). At a 300 mM con-
centration, at which acetaldehyde elicited an ;80%
increase in ATP release, b-HEX and renin release was
also increased by;20% (Fig. 3B). Notably, acetaldehyde-
induced release of b-HEX and renin was decreased by
;80% in HMC-1 overexpressing CD39. In contrast,
acetaldehyde-induced release of b-HEX and renin was
increased by ;22% and ;80%, respectively, in cells in
which CD39 had been silenced (Fig. 3B); this increase
was prevented by blockade of P2X7R with A740003
(3 mM). These findings suggested that MC-derived ATP
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induced MC degranulation and renin release
in HMC-1 cells. A) Representative Western blot
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CD39-overexpressing (CD39+) HMC-1, probed
with anti-CD39, anti-b-actin, and anti-Na+/K+

ATPase (membrane fraction marker, 40 and
5 mg/lane for WT and CD39+ cells, respec-
tively). B) Western blot of HMC-1 total lysates
transduced with lentivirus carrying sh scrambled
(Scr) or shCD39 probed with anti-CD39 and
anti-b-actin (50 mg/lane). C) ATP-induced de-
granulation and renin release are markedly
reduced in CD39-overexpressing HMC-1. In
contrast, the silencing of CD39 enhances de-
granulation and renin release. WT HMC-1 and
HMC-1 infected with empty vector (Vector),
CD39-overexpressing vector (CD39+), lentivirus
carrying sh scrambled, and sh-silenced CD39
(shCD39) were incubated with ATP (100 mM) for
20 min in the absence or presence of A740003
(P2X7R blocker; 3 mM, 15 min preincubation);
b-HEX and renin content was measured in the
supernatants at the end of the incubation. Basal
b-HEX release was 2.27 6 0.30% (n = 22), and
basal renin release (angiotensin I formed) was
3.20 6 0.75 ng/h/mg protein (n = 17). Bars are
means 6 SEM (n = 4–28). *P , 0.05, **P , 0.01
vs. WT cells by unpaired t-test.
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acted in an autocrine mode to release renin from the
same cells, an action controlled by CD39 and mediated
by P2X7R.

P2X7R mediate paracrine and autocrine ATP-induced
release of renin from HMC-1 cells

The finding that A740003 inhibited the ATP-induced
MC renin release in HMC-1 and BMMC (see Fig. 1)
revealed a likely involvement of P2X7R, a subtype that is
thought to play a major role in HMC-1 purinergic ac-
tivation (4). To strengthen these pharmacologic data,
we silenced P2X7R in HMC-1 cells by transducing them
with lentivirus carrying shRNA against P2X7R (22)
(Fig. 4A). We found that incubation of P2X7R-silenced
HMC-1 with ATP at a supramaximal concentration
(100 mM) elicited a release of b-HEX and renin that was
only 20% of that elicited in WT and scrambled control
cells (Fig. 4B). Notably, P2X7R silencing also abolished
the degranulating and renin-releasing effects of acet-
aldehyde (300 mM; Fig.4C). Collectively, these findings
suggested that the MC renin-releasing effects of ATP,
whether released from neighboring cells or from MC
themselves, involve P2X7R activation.

CD39 inhibition in ex vivo mouse hearts subjected to
I/R potentiates renin release and RAS activation

As our data suggested that CD39 expression and activity
modulate ATP-induced MC renin release and given that
I/R enhances ATP and renin release in the heart (2, 7,
17), we next investigated whether CD39 inhibition
might have an impact on the I/R-induced release of
MC renin. We found that when Langendorff-perfused

murine hearts were subjected to normothermic global
ischemia for 40 min, followed by 30 min reperfusion,
this resulted in a large increase in renin and NE
overflow (i.e., 30- and 6-fold, respectively) during the
first 5 min of reperfusion and the development of
ventricular tachycardia/fibrillation (VT/VF; Fig. 5). We
had determined previously that the release of MC renin
contributes to the activation of a local RAS, which leads
to NE release and severe arrhythmias (2). When hearts
were perfused with the CD39 inhibitor ARL67156
(30 mM) and subjected to I/R, renin and NE overflow
further increased 2-fold and ;60%, respectively, and
VT/VF lasted twice as long (Fig. 5). Notably, all of the
effects caused by CD39 inhibition were abolished in
hearts perfused with the selective P2X7R antagonist
A740003 (Fig. 5). Therefore, during I/R, ATP derived
from various cardiac cells is likely to promote MC renin
release and activate a local RAS, culminating in ar-
rhythmic dysfunction, a process mediated by P2X7R
and likely controlled by CD39. Furthermore, P2X7R
blockade reduced NE release to a level significantly
lower than in I/R controls (Fig. 5), suggesting that
P2X7R may also facilitate NE release directly at sympa-
thetic nerve endings.

DISCUSSION

The purpose of our study was to investigate whether, by
regulating ATP availability at the MC surface, CD39
would modulate ATP-induced MC degranulation and
renin release, thus limiting local RAS activation, ul-
timately exerting a so-far unidentified cardioprotective
effect. Toward this goal, we first ascertained that
exogenously administered ATP elicited degranula-
tion and renin release in HMC-1 cells and BMMC,
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demonstrating the feasibility of both cell models. Second,
pharmacological inhibition of CD39 with ARL67156
potentiated ATP-induced degranulation and renin re-
lease in both of these cell models, whereas blockade of
the purinergic receptor subtype, known to be expressed
in MC (i.e., P2X7R) (33), prevented these effects. This

suggested that MC CD39 functions to regulate ATP-
induced degranulation and renin release and that
P2X7R activation mediates both of these ATP actions.
Indeed, overexpression of CD39 in HMC-1 cells pre-
vented ATP-induced degranulation and renin release,
whereas silencing of CD39 potentiated both effects.
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content was measured in the supernatants at the end of
incubation. Basal b-HEX release was 2.27 6 0.30% (n = 22),
and basal renin release (angiotensin I formed) was 3.20 6
0.75 ng/h/mg protein (n = 17). Bars are means 6 SEM

(n = 5–19). *P , 0.05, and **P , 0.01 vs. WT control by un-
paired t-test. C) Acetaldehyde-induced MC degranulation and
renin release are attenuated in P2X7R-silenced HMC-1. WT,
scrambled, and shP2X7R HMC-1 were incubated with acetalde-
hyde (300 mM, for 20 min), and b-HEX and renin content was
measured in the supernatants at the end of incubation. Basal
b-HEX release was 2.28 6 0.32% (n = 21), and basal renin
(angiotensin I formed) was 5.16 6 1.07 ng/h/mg protein
(n = 16). Bars are mean6 SEM (n = 6–15). **P, 0.01, and ***P,
0.001 vs.WT cells by unpaired t-test, respectively.
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This silencing-induced potentiation was prevented by
blockade of P2X7R. Moreover, the silencing of P2X7R
in HMC-1 prevented ATP-induced degranulation and
renin release. All of these findings corroborated the
pivotal role of P2X7R and CD39 in the mediation and
modulation, respectively, of ATP-induced MC degranula-
tion and renin release.

We had shown previously that renin-containing MC
lay in close proximity to ATP-releasing neurons (1, 26);
our present data indicate that activation of sympathetic/
purinergic nerves, which enhance the release of neu-
rogenic ATP in I/R (7), very likely provoke MC degran-
ulation and renin release, a paracrine process controlled
by CD39 present at the MC membrane. Indeed, the
results of our experiments in ex vivo murine hearts
subjected to I/R demonstrate that pharmacological
blockade of CD39 magnifies the consequences of I/R-
induced RAS activation, as indicated by an enhanced
release of renin and NE into the coronary effluent,
which was associated with an increased duration of rep-
erfusion arrhythmias, such as VT/VF. Notably, arrhyth-
mias, resulting from RAS activation, are caused, in
part, by NE (released via the angiotensin II subtype 1
receptor-mediated effect of angiotensin II) (34–37) and,
in part, by the direct arrhythmogenic effects of angio-
tensin on cardiac cells (38–44). That an enhanced ATP
availability at the MC surface was responsible for the
increased renin release and its downstream conse-
quences was verified by the finding that blockade of
P2X7R prevented the effects of CD39 inhibition.

Aside from the paracrine effects of neurotransmitter
ATP on juxtaposed MC, we considered that MC are
themselves an important source of ATP, particularly in
I/R, a condition in which toxic aldehydes (e.g., acetalde-
hyde and 4-HNE) and ROS are formed in large quantities
(27–31). We postulated that toxic aldehydes formed in
I/R would elicit ATP release from MC and that this ATP
might then activate P2X7R on MC in an autocrine mode,
causing degranulation and renin release. If this were the
case, then MC CD39 should play a modulatory role in the
release of MC renin elicited by MC-derived ATP.
Indeed, the administration of acetaldehyde to HMC-1 cells
caused a release of ATP, which increased progressively as
a function of acetaldehyde’s concentration. Notably, ac-
etaldehyde elicited MC degranulation and renin release,
both of which were prevented by CD39 overexpression or
potentiated by CD39 silencing. The silencing-induced
potentiation was prevented by P2X7R blockade. This
demonstrated that ATP, produced by MC under the
influence of acetaldehyde, acted in an autocrine mode,
degranulating the MC and releasing their renin content,
and that this action of MC-produced ATP was under
CD39 control and ultimately mediated by P2X7R. The
renin-releasing effect of exogenously applied acetaldehyde
exemplifies the effect of endogenously produced ac-
etaldehyde in I/R (17, 19). Indeed, renin overflow from
hearts subjected to I/R and consequent local RAS
activation were both greatly enhanced when CD39 was
pharmacologically inhibited.

ATP, whether released from sympathetic/purinergic
neurons during I/R (7) or produced by MC under the
influence of toxic aldehydes, initiated degranulation
and renin release via P2X7R activation. Indeed, the

silencing of P2X7R prevented the degranulating and
renin-releasing effects of ATP and acetaldehyde.
Furthermore, the pivotal P2X7R dependence of local
RAS activation in the heart was demonstrated by the
finding that pharmacological antagonism of P2X7R
prevented the increase in renin and NE release and the
increased severity of reperfusion arrhythmias, all caused
by inhibition of CD39. Notably, in the ex vivo hearts,
P2X7R blockade reduced NE release to a level signifi-
cantly lower than in I/R controls, whereas renin release
and VT/VF duration were not significantly different
from I/R controls. This suggests that P2X7R, seemingly
expressed on sympathetic nerve endings (45), may par-
ticipate in the mediation of NE release during I/R,
whereas renin release and consequent RAS activation
are predominantly modulated at the MC level.

We had demonstrated previously that facilitation of
ATP-induced NE release from cardiac sympathetic nerves
is a composite of two autocrine components: positive
(mediated by high levels of ATP activating P2XR) and
negative (mediated by low levels of ATP activating P2YR)
(15). As P2YR are also present in MC (4), it is conceivable
that a similar mechanism may operate in physiologic
conditions. It is unlikely, however, that this may occur
in a pathophysiological setting, such as I/R, in which
purinergic signaling is prevalently ascribable to P2XR,
given the greater ATP availability.

In summary (Fig. 6), sympathetic/purinergic nerve
terminals are juxtaposed to cardiac MC and release ATP
(5), which activates P2X7R on MC, eliciting degranulation
and renin release (26). ATP, which is also produced in
MC and released in greater amounts in I/R (4), is likely
to feed back positively in an autocrine mode on the MC,
initiating a vicious cycle that amplifies renin release,
activates a local RAS, and elicits cardiac dysfunction. We
postulate that, by regulating ATP availability at the MC
surface, CD39 modulates local renin release, ultimately
exerting a cardioprotective effect. Until now, CD39

Sympathetic
nerve CD39

ATP

ATP

CD39 CD39
P2X7R

Renin RAS
activation

Cardiac
DysfunctionMast Cell

Figure 6. Proposed role of CD39 in ATP-induced MC de-
granulation and renin release.
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had been regarded as playing roles at the platelet/
endothelial interface and sympathetic nerve terminals
(10–15), where it exerts a cardioprotective effect in I/R
(7) by attenuating the autocrine NE-releasing effects
of neurogenic ATP. We have now discovered that, by
limiting MC renin release, CD39 plays an additional
cardioprotective role in I/R, ultimately preventing the
dysfunctional consequences of RAS activation, includ-
ing severe arrhythmias, such as VT/VF. Moreover, the
CD39-induced modulation of MC renin release is likely
to impact other organs (e.g., brain, kidney, and liver) that
have renin-containing MC (46–49) and can suffer ischemic
episodes (50–54). Thus, our findings may contribute to
the identification of new therapeutic targets, not only in
myocardial ischemia but also in ischemic syndromes of
other organs.
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