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ABSTRACT
Apelin increases coronary blood flow, cardiac contractility, and
cardiac output. Based on these favorable hemodynamic effects,
apelin and apelin-like analogs are being developed for treating heart
failure and related disorders; however, the molecular mechanisms
underlying apelin-induced coronary vasodilation are unknown. This
study aimed to elucidate the signaling pathways by which apelin
causes smooth muscle relaxation in coronary arteries. Receptors
for apelin (APJ receptors) were expressed in coronary arteries, as
determined by Western blot and polymerase chain reaction
analyses. Immunofluorescence imaging studies identified APJ
receptors on endothelial and smooth muscle cells. In isolated
endothelial cells, apelin caused an increase in 4,5-diaminofluor-
escein fluorescence that was abolished by nitro-L-arginine (NLA)
and F13A (H-Gln-Arg-Pro-Arg-Leu-Ser-His-Lys-Gly-Pro-Met-Pro-
Ala-OH), an APJ receptor antagonist, consistent with increased
nitric oxide (NO) production. In arterial rings, apelin caused

endothelium-dependent relaxations that were abolished by NLA,
F13A, and iberiotoxin. Neither oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ) nor DT-2, a protein kinase G inhibitor, had any effect on
apelin-induced relaxations, and apelin itself had no effect on
intracellular cGMP accumulation in coronary arteries. Patch-
clamp studies in isolated smooth muscle cells demonstrated that
the NO donors, diethyl amine NONOate and sodium nitroprusside,
caused increases in large conductance, calcium-activated potas-
sium channel (BKCa) currents, which were inhibited by iberiotoxin
but not ODQ. Thus, apelin causes endothelium-dependent re-
laxation of coronary arteries by stimulating endothelial APJ recep-
tors and releasing NO, which acts in a cGMP-independent manner
and increases BKCa activity in the underlying smooth muscle cells.
These results provide a mechanistic basis for apelin-induced
coronary vasodilation and may provide guidance for the future
development of novel apelin-like therapeutic agents.

Introduction
The vasoactive peptide, apelin, was initially discovered as

the endogenous ligand for the G protein–coupled apelin
receptor known as APJ (Tatemoto et al., 1998). A growing
body of evidence indicates that apelin has diverse physiologic
effects, including regulation of cardiovascular function
(O’Carroll et al., 2013). Apelin and APJ receptors are widely
expressed in the cardiovascular system, including the heart
(Kleinz and Davenport, 2004), blood vessels (Kleinz et al.,
2005; Pitkin et al., 2010), and cardiovascular regulatory
centers in the brain (Hosoya et al., 2000; Reaux et al., 2002;
Zhang et al., 2009). Apelin is also formed in adipocytes, where
it may be released into the bloodstream and serve as an
adipokine (Boucher et al., 2005). As such, the role of apelin in
various cardiovascular disorders is of considerable interest.

Apelin/APJ signaling has significant effects on vascular
tone. In rodent models, apelin causes a marked reduction in
arterial blood pressure that is attenuated by pharmacologic
inhibition with F13A (H-Gln-Arg-Pro-Arg-Leu-Ser-His-Lys-
Gly-Pro-Met-Pro-Ala-OH), an APJ receptor antagonist (Lee
et al., 2005), or by deletion of the APJ receptor gene (Ishida
et al., 2004). In humans, systemic administration of apelin
lowers mean arterial blood pressure and reduces peripheral
vascular resistance (Japp et al., 2010; Barnes et al., 2013),
effects that are consistent with arterial vasodilation. Studies
in isolated blood vessels indicate that apelin has complex
effects on vascular function. Apelin causes relaxation of
vascular smooth muscle via both endothelium-dependent
and endothelium-independent mechanisms, depending on
the origin of the blood vessel (Gurzu et al., 2006; Salcedo
et al., 2007; Maguire et al., 2009; Wang et al., 2015). Apelin
may also cause contractions in isolated vessels in which the
endothelium has been damaged or removed (Maguire et al.,
2009; Han et al., 2013).
Based on the favorable hemodynamic profile of apelin, there

is increasing interest in the apelin/APJ signaling system as a
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potential target for developing novel therapeutic strategies to
treat disorders such as heart failure and pulmonary arterial
hypertension (Brame et al., 2015; Narayanan et al., 2015;
Yang et al., 2015). In the heart, apelin increases coronary
blood flow, cardiac contractility, and cardiac output, and these
effects of apelin are preserved in patients with heart failure
(Japp et al., 2010; Barnes et al., 2013). At present, the
molecular mechanisms underlying apelin-induced coronary
vasodilation are unknown, thus limiting our understanding of
the vascular actions of apelin under both physiologic and
pathophysiological conditions. Hence, this study was designed
to elucidate the signaling pathways by which apelin causes
smooth muscle relaxation in coronary arteries.

Materials and Methods
Animals and Tissue Preparation. Experimentswere performed

on tissues isolated from 12-week-old male Sprague-Dawley rats
(Envigo RMS, Indianapolis, IN). Rats were kept on a 12-hour/12-hour
light/dark cycle at 22 6 2°C and food and water were provided ad
libitum. The North Dakota State University Institutional Animal
Care and Use Committee approved the animal protocols used in this
study.Heartswere isolated fromanimals anesthetizedwith isoflurane
and placed into ice-cold physiologic salt solution of the following
composition: 118.9 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM
MgSO4.7H2O, 1.2 mM KH2PO4, 25.0 mM NaHCO3, 5.5 mM glucose,
and 0.03 mM EDTA. Epicardial coronary arteries were dissected and
cleaned of surrounding tissues.

Western Immunoblotting. Coronary arteries were isolated and
immediately frozen in liquid nitrogen. APJ receptor protein was
detected according to our previously published method for coronary
arteries, with minor modifications (Tunstall et al., 2011). The blots
were incubated with a primary antibody specific for APJ receptors
(Santa Cruz Biotechnology Inc., Dallas, TX), which was used at a
dilution of 1:200, and b-actin expression was measured as a loading
control. The blots were first probed with APJ receptor antibody,
followed by chemical stripping and reprobing with b-actin antibody
(Santa Cruz). An enhanced chemiluminescence light detection
kit (Thermo Fisher Scientific, Waltham, MA) was used for
immunodetection.

Real-Time Quantitative Polymerase Chain Reaction.
Freshly isolated tissues were frozen immediately in liquid nitrogen
and total RNA was isolated with the use of an RNeasy Mini Kit,
according to the manufacturer’s protocol (Qiagen, Germantown, MD).
A spectrophotometer (Nanodrop Technologies, Wilmington, DE) was
used to determine the concentration and purity of RNA. The cDNA
was synthesized from 50 ng RNA and the use of an iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA). A SYBR Green expression
assay was used to determine expression of APJ receptors, with b-actin
used as a housekeeping gene (Bio-Rad). The following primers
(synthesized by Invitrogen, Carlsbad, CA) were used: 59-ACAAGACA-
TGTGCCATTGGA-39 (forward) and 59-TCTCCCAGAAGCCTCCTACA-39
(reverse) for the APJ receptor and 59-GTCGTACCACTGGCATTGTG-39
(forward) and 59-TCTCAGCTGTGGTGGTGAAG-39 (reverse) for b-actin.
The reaction conditions were set at 95°C for 10 minutes, followed
by 40 cycles of 95°C for 10 seconds, 60°C for 20 seconds, and 72°C
for 30 seconds.

Immunofluorescence Microscopy. Freshly isolated coronary
arteries were fixed in formalin solution (10%), processed, and
embedded in paraffin. Tissue sections (5 mm) were prepared from
paraffin blocks, mounted onto microscopic slides (ProbeOn Plus;
ThermoFisher Scientific), and fixed by heating at 60°C for 30minutes.
Nonspecific binding of antibodies was blocked by incubation with
normal serum [10% (w/v); in Tris-buffered saline] for 1 hour at room
temperature. Sections were incubated at 4°C overnight in 1% serum
containing primary antibodies against APJ receptors (Abcam,

Cambridge, MA), smooth muscle actin (Santa Cruz Biotechnology),
and/or platelet endothelial cell adhesion molecule (PECAM)-1 (Santa
Cruz Biotechnology). For colocalization studies, double immunofluo-
rescent staining was accomplished by simultaneously incubating the
tissue sections with more than one primary antibody. Primary
antibodies against the APJ receptor, smooth muscle actin, and
PECAM-1 were detected by using Texas red–conjugated (goat anti-
rabbit IgG; Invitrogen), Alexa Fluor 488 (goat anti-mouse IgG; Santa
Cruz Biotechnology), and Alexa Fluor 555 (donkey anti-goat IgG;
Santa Cruz Biotechnology) secondary antibodies, respectively. Nega-
tive controls were incubated with 1% serum solution overnight
followed by secondary antibodies. Tris-buffered saline containing
Triton X-100 [0.3% (v/v)] was used for all dilutions and thorough
washes between stages, unless otherwise stated. Sectionswere blotted
with filter paper, and a drop of mounting medium containing an
antifade reagent (Vector Laboratories, Burlingame, CA) was placed on
each slide. Tissue sections were imaged with an Olympus confocal
laser-scanning microscope (Olympus, Tokyo, Japan) and Olympus
FluoView FV300 (version 4.3) confocal software was used to generate
the images.

Vascular Function Studies. Arterial rings (120–150 mm; 1.2 mm
in length) were placed in wire myographs (DMT, Aarhus, Denmark) for
recording isometric tension. The myograph chambers were filled with
physiologic salt solution (5 ml), which was aerated continuously with
95% O2/5% CO2 and maintained at 37°C throughout the experiment.
The vessels were stretched to a resting tension of 7.5 mN and then
allowed to stabilize for 30–40 minutes with intermittent washings.
Vessel reactivitywas confirmed by evoking a contractile response toKCl
(60 mM). In some vessels, the endothelial cells were removed by gently
rubbing the intimal surface with a human hair. The presence or absence
of endothelium was confirmed by measuring relaxation in response to
the endothelium-dependent vasodilator, acetylcholine (1026 M). Re-
sponses to the vasodilators used in this study were obtained in arterial
rings contracted with 5-hydroxytryptamine (5-HT) (1027 M), a potent
coronary vasoconstrictor that is released fromaggregating platelets and
has been linked to increased vasomotor tone in the setting of coronary
artery disease (Houston et al., 1986; Golino et al., 1994; Kleinbongard
et al., 2011; Li et al., 2012), unless otherwise stated. Inhibitors were
added to the myograph chamber 20 minutes prior to contraction with
5-HT and they remained in contact with the tissues for the remainder of
the experiment. Experiments with inhibitors were conducted in parallel
with control rings taken from the same animal.

Coronary Endothelial Cell Isolation. Endothelial cells were
isolated from coronary arteries as previously described (Sonkusare
et al., 2012) with minor modifications. Briefly, coronary arteries were
digested in dissociation solution (55 mM NaCl, 80 mM Na-glutamate,
6 mM KCl, 2 mM MgCl2, 0.1 mM CaCl2, 10 mM glucose, and 10 mM
HEPES, pH 7.3) containing neutral protease (0.5 mg/ml) (Worthing-
ton, Lakewood, NJ) and elastase (0.5 mg/ml) (Worthington) for
60 minutes at 37°C. Collagenase (Worthington type II, 0.5 mg/ml)
was then added to the same enzyme solution and digestion was
continued for 2 minutes. The artery was removed and placed back in
the dissociation solutionwithout enzymes for an additional 10minutes
before trituration with a polished Pasteur pipette to produce a
suspension of single endothelial cells.

Real-Time NO Imaging. Freshly isolated endothelial cells were
allowed to attach in eight-well LabTek chambers (Thermo Fisher
Scientific) for 3 to 4 hours. The cells were then loaded with the
NO-sensitive fluorescent dye, 4,5-diaminofluorescein (DAF-2) diace-
tate (Thermo Fisher Scientific; 5 mM; 60 minutes at room tempera-
ture). Real-time imaging was performed using an Olympus confocal
laser-scanning microscope with a 40� numerical aperture oil immer-
sion lens (with excitation at 488 nm and emission at 515 nm). All
experiments were carried out at room temperature inHank’s balanced
salt solution. The effects of agonists and inhibitors on intracellularNO
levels were obtained in paired experiments. In experiments with NLA
(3 � 1025 M) and F13A (1027 M), the inhibitors were added to the
chamber for 10 minutes before addition of apelin (1027 M). After
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DAF-2 imaging, cells were washed and fixed with ice-cold ethanol and
stained with PECAM-1 and smooth muscle cell actin antibodies.
Immunofluorescence imaging showed positive staining for PECAM-1,
but not for smooth muscle cell actin. Endothelial cells were isolated
from 4 to 6 animals (each animal on a different day) and 2 to 3 cells
were analyzed for each treatment from each animal.

cGMP Estimation. Coronary arterial cGMP levels were deter-
mined by ELISA, according to our previously described method
(Tunstall et al., 2011). Arterial segments were treated with apelin
(1027 and 1026 M, 5 minutes) or acetylcholine (ACh; 1026 M,
5 minutes). In some experiments, the tissues were incubated with
NLA (3 � 1025 M) or ODQ (1025 M) for 20 minutes before being
exposed to apelin or acetylcholine. Tissue cGMP levels are expressed
as picomoles per microgram of protein.

Coronary SmoothMuscle Cell Isolation. Vascular smoothmuscle
cells were isolated as described previously, with minor modification
(Gonzales et al., 2010). Arteries were put into a cell isolation solution of
the following composition: 60 mM NaCl, 80 mM Na-glutamate, 5 mM
KCl, 2 mMMgCl2, 10 mM glucose, and 10 mMHEPES, pH 7.2. Arterial
segments were digested initially with 1.2 mg/ml papain (Worthington)
and 2.0 mg/ml dithioerythritol (Sigma Aldrich, St. Louis, MO) for
17 minutes, followed by 0.8 mg/ml type II collagenase (Worthington) for
12 minutes. All incubations were performed at 37°C. After digestion, the
arterial segments were placed in fresh ice-cold isolation solution for
30 minutes and then triturated with a polished Pasteur pipette to yield a
suspension of single smooth muscle cells. Isolated smooth muscle cells
were used for electrophysiological recordings within 6 hours.

Electrophysiological Recording. Isolated smooth muscle cells
were put into a recording chamber (Warner Instruments,Hamden,CT) at
room temperature and superfused at a rate of 2.0 ml/min with a solution
containing 145 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2,
5 mMHEPES, and 10 mM glucose, pH 7.4 (NaOH). Patch pipettes were
filled with internal pipette solution containing 145mMKCl, 5 mMNaCl,

0.37mMCaCl2, 2 mMMgCl2, 10mMHEPES, 1mMEGTA, and 7.5mM
glucose, pH 7.2 (KOH). The estimated free Ca21 concentration in the
pipette solution was [1027 M]. Whole cell K currents were recorded with
the use of an AxoPatch 200B amplifier outfitted with an Axon CV 203BU
headstage (Molecular Devices, Sunnyvale, CA), as described previously
(Modgil et al., 2013). Current data were collected and analyzed with
pCLAMP 10.0 software (Molecular Devices). The patch electrodes (3 to
4 MV) were fashioned from 1.5-mm borosilicate glass capillaries. All
drugs were diluted in fresh bath solution and perfused into the
experimental chamber. Standard recording conditions for BKCa currents
were achieved by stepping in 10-mV increments from a holding potential
of 260 to 180 mV. BKCa currents were expressed as current density
(current divided by cell membrane capacitance).

Drugs. The following drugs were used: acetylcholine, diethyl amine
(DEA) NONOate, sodium nitroprusside (SNP), diltiazem, 5-HT, in-
domethacin, DT-2 trifluoroacetate salt, nitro-L-arginine (NLA), and
glyburide (Sigma Chemical, St. Louis, MO); iberiotoxin and 1H-[1,2,4]
oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) (Tocris, Ellisville, MO); apelin-
13 and F13A trifluoro-acetate salt (Bachem, Torrance, CA); and cyclo-
piazonic acid (CPA) (Abcam). Drug solutions were prepared fresh daily,
protected from light, and kept on ice until used. All drugs were dissolved
in double-distilled water, with the exception of ODQ and CPA (which
were dissolved initially in dimethylsulfoxide), indomethacin (which was
dissolved initially in 1mM sodium carbonate), and glyburide (which was
dissolved initially in 0.1 N NaOH prior to further dilution in double-
distilledwater).Drugswereadded to themyograph chambers in volumes
not greater than 0.02ml.Drug concentrations are reported as finalmolar
concentrations in the myograph chamber.

Data Analysis. Relaxation responses are expressed as a percent of
the initial tension induced by 5-HT (1027 M). EC50 values were
calculated by interpolating from each curve the concentration of agonist
producing a relaxation halfway between the level of the preexisting
contraction and the maximal relaxation obtained with that agonist,

Fig. 1. Expression and localization of APJ receptors in coronary arteries. (A) Representative immunoblot showing expression of APJ receptor protein in
homogenates from rat coronary arteries (lane 1) and lung tissue (lane 2); b-actin was used as a loading control. The immunoblots shown are
representative of data obtained from five different animals. (B) Bar graph showing relative mRNA expression of APJ receptor, represented as DCt values
relative to b-actin. Data are presented as the mean 6 S.E.M. (n = 3). (C) Representative immunofluorescence images of (1) APJ receptors (red
fluorescence), (2) a merged image showing PECAM-1 in endothelial cells (magenta fluorescence) and actin in smooth muscle cells (green fluorescence),
(3) a merged image showing APJ receptor colocalized areas in smooth muscle cells (yellow fluorescence) and endothelium (red fluorescence) in rat
coronary artery [the inset demonstrates a lack of staining after incubation of tissue with serum followed by the secondary antibody (negative control)],
and (4) a differential interference contrast image of rat coronary artery. The images are representative of those obtained from three different animals.
Scale bar, 20 mm. APJR, APJ receptor; DCt, delta threshold cycle.
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converted to their negative logarithms, and expressed as the2logmolar
EC50 (pD2) value. Real-time quantitative polymerase chain reaction
data were analyzed to quantify relative gene expression by delta
threshold cycle relative to b-actin. For nitric oxide (NO) imaging,
amplitude of DAF-2 fluorescence was calculated by subtracting peak
fluorescence intensity from basal fluorescence intensity. Results are
expressed as means 6 S.E.M., and n indicates the number of animals
fromwhich blood vesselswere collected, unless otherwise stated. Values
were compared by the t test or one-way analysis of variance using the
Tukey test as post hoc analysis for paired or unpaired observations, as
appropriate, to determine significance between groups. Values were
considered to differ significantly when P , 0.05.

Results
Receptors for Apelin Are Expressed in Coronary

Arteries. Expression of APJ receptor protein was demon-
strated in rat coronary arteries byWestern immunoblot analysis.
A strong immunoreactive band associated with APJ receptors
was observed at 42 kDa in homogenates from the rat coronary
artery and lung, which was used as a positive control (Fig. 1A)
(Hosoya et al., 2000). Expression of mRNA transcripts in rat
coronary arteries was confirmed by real-time quantitative poly-
merase chain reaction (Fig. 1B). In imaging studies using
immunofluorescence and confocal microscopy, APJ receptor
protein was detected in rat coronary arteries (Fig. 1C1), where
it was localized to the endothelial and smoothmuscle cell layers.
Smooth muscle cell actin was detected in the smooth muscle cell
layer and PECAM-1 was observed in the endothelial layer (Fig.
1C2). Although some APJ receptors colocalized with actin in the
smooth muscle cell layer, staining for APJ receptors was more
uniform in the endothelium (Fig. 1C3).

Apelin Causes Endothelium-Dependent Relaxation
of Coronary Arteries. Apelin (1028 2 3 � 1026 M) caused
concentration-dependent relaxation of isolated rat coronary
arteries with intact endothelium (Fig. 2). The pD2 value for
apelin was 6.906 0.12 and themaximal relaxation was 45%6
6%. By comparison, the prototypical endothelium-dependent
vasodilator, acetylcholine, was similar in potency (pD2 5 6.89
6 0.12) but was more effective (Emax: 97% 6 1% relaxation;
P , 0.05; n 5 8) than apelin in producing relaxation. The
relaxation response to apelin was essentially abolished by
removal of the endothelium or by inhibition of APJ receptors
with F13A (1027 M) (Fig. 2B). These same concentrations of
apelin had no measurable effect on vascular tone in quiescent
coronary arterial rings under resting conditions.
Inhibition of prostaglandin synthesis with indomethacin

(1025 M) had no effect on the concentration-response curve to
apelin (pD2 5 6.89 6 0.1 vs. 7.01 6 0.2; Emax 5 39% 6 4% vs.
36% 6 8%; in the absence and presence of indomethacin,
respectively;P. 0.05, n5 8), whereas the nitric oxide synthase
inhibitor, NLA (3 � 1025 M), completely inhibited the response
to apelin (Fig. 3A). In freshly isolated endothelial cells, apelin
(1027 M) caused an increase in DAF-2 fluorescence consistent
with the formation of intracellular nitric oxide (Fig. 3B).
The apelin-induced increase in DAF-2 fluorescence was
inhibited byNLA (3� 1025M) and by F13A (1027M) (Fig. 3C).
Neither NLA nor F13A had any effects of their own on DAF-2
fluorescence.
Inhibitors of Guanylyl Cyclase, Protein Kinase G, and

Sarcoplasmic Reticulum ATPase Have No Effect on
Apelin-Induced Relaxation. Relaxations induced by apelin
were insensitive to inhibition of soluble guanylyl cyclase with

Fig. 2. Effect of endothelium removal and APJ
receptor antagonism on apelin-induced relaxa-
tion of isolated rat coronary arteries. (A) Repre-
sentative original tracings of isometric tension
recordings from rat isolated coronary arteries
(with and without endothelium) in response to
cumulative addition of increasing concentrations
of apelin, followed by acetylcholine (1026 M) and
diltiazem (1025 M). (B) Mean data demonstrat-
ing apelin-induced relaxation in coronary ar-
teries with endothelium (E+), which was
abolished in the endothelium denuded (E2)
segments or in the presence of F13A (1027 M).
Data are expressed as a percentage of the initial
increase in tension induced by 5-HT (1027 M).
Each point represents the mean 6 S.E.M. (n =
5–9). *P, 0.05 vs. E+ as calculated by analysis of
variance using the Tukey test as post hoc anal-
ysis. ACh, acetylcholine.
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ODQ (1025 M) and to inhibition of protein kinase G (PKG) with
DT-2 (1026 M) (Fig. 4, A and B). Moreover, exposure of freshly
isolated coronary arteries to apelin had no effect on intracellu-
lar cGMP levels either in the absence (Fig. 5A) or presence
(Supplemental Fig. 1) of 5-HT. By comparison, acetylcholine-
induced relaxationswere impaired by bothODQ andDT-2 (Fig.
4, C and D), and acetylcholine caused a significant increase in
intracellular cGMP thatwas inhibited byNLA (3� 1025M) and
by ODQ (1025 M) (Fig. 5B). Inhibition of the sarcoplasmic
reticulum ATPase (SERCA) with CPA (2 � 1025 M) had no

effect on apelin-induced relaxation (pD25 7.206 0.1 vs. 7.306
0.1; Emax 5 48% 6 6% vs. 48% 6 4%; in the absence and
presence of CPA, respectively; P . 0.05, n 5 6).
Apelin-Induced Relaxation of Coronary Arteries

Requires BKCa Channel Activation. In endothelium-
intact coronary rings contracted with 5-HT, blockade of large
conductance, BKCa channels with iberiotoxin (1027 M) com-
pletely inhibited apelin-induced relaxation, whereas inhibi-
tion of ATP-sensitive K channels with glyburide (1026 M) was
without effect (Fig. 6A). Moreover, apelin failed to cause
relaxation of rings contracted with a depolarizing concentra-
tion of potassium ions (40 mM) instead of 5-HT (Fig. 6B). The
potassium-induced contractions were abolished by a voltage-
dependent calcium channel blocker, diltiazem (1025M), which
caused 99% 6 1% relaxation (n 5 7).
The effect of NO on whole cell BKCa currents was de-

termined by using patch-clamp recording in freshly isolated
coronary smooth muscle cells. BKCa currents were increased
in the presence of the NO donor, DEANONOate (1025M) (Fig.
7, A–E). The DEA-induced increase in BKCa current was
blocked by iberiotoxin (1027 M), whereas ODQ (1025 M) was
without effect (Fig. 7, F and G). Similar results were obtained
with SNP (1025 M) (data not shown).

Discussion
The primary goal of this study was to elucidate the

mechanism(s) underlying apelin-induced dilation of coronary
arteries. The results are the first to establish that apelin causes
endothelium-dependent relaxation of isolated coronary arteries
and that this response is due to activation of APJ receptors
located on endothelial cells in the arterial wall, likely resulting
in the release of NO. Notably, apelin-induced endothelium-
dependent relaxation of coronary arteries is abolished by
pharmacologic blockade of BKCa channels and does not involve
stimulation of the guanylyl cyclase/cGMP/PKG pathway.
Taken together, these findings provide new insight into the
signaling pathways by which apelin causes smooth muscle
relaxation in coronary arteries.
It is generally held that apelin causes vasodilation in the

peripheral circulation. Systemic administration of apelin
decreases arterial blood pressure (Tatemoto et al., 2001;
Ishida et al., 2004; Japp et al., 2010), and local infusion of
the peptide increases blood flow (Japp et al., 2008, 2010).
Based on their putative beneficial hemodynamic effects,
apelin and apelin-like analogs are in clinical development
for the treatment of several cardiovascular disorders, includ-
ing heart failure and pulmonary hypertension (Brame et al.,
2015; Narayanan et al., 2015; Yang et al., 2015). Surprisingly,
there is little information regarding the effects of activating
the apelin/APJ receptor system in specific vascular beds and
the underlying molecular mechanisms that result in vascular
smooth muscle relaxation, an understanding of which is
critical for optimizing the safety and efficacy of such agents.
Vasodilators may exert their effects either by a direct action

on vascular smooth muscle cells or by an indirect effect due to
the release of relaxing factors, such as NO and prostacyclin,
from endothelial cells in the blood vessel wall (O’Rourke et al.,
2006). Several studies have demonstrated that the blood
pressure-lowering and vasodilator effects of apelin are sensi-
tive to inhibitors of endothelial nitric oxide synthase (eNOS)
(Tatemoto et al., 2001; Ishida et al., 2004; Japp et al., 2008),

Fig. 3. Role of NO in apelin-induced relaxation of coronary arteries. (A) Log
concentration-response curve for apelin in producing relaxation of endothe-
lium-intact coronary arteries in the absence and presence of NLA (3� 1025

M, n = 6). (B) Representative images of freshly isolated coronary endothelial
cells loaded with DAF-2 (5 mM) (1) before and (2) after exposure to apelin
(1027 M). (C) Bar graph representing increase in DAF-2 fluorescence after
exposure to apelin (1027M) in the absence and presence ofNLA (3� 1025M)
or F13A (1027 M). Amplitude of change in DAF-2 fluorescence was
calculated as the maximal fluorescence after agonist exposure, corrected
for baseline fluorescence. Values are represented as the mean6 S.E.M. (n =
4–6). *P , 0.05 vs. apelin alone as calculated by analysis of variance using
the Tukey test as post hoc analysis. A.U., arbitrary unit.
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suggesting a role for endothelial cell–derived NO; however, a
limitation of in vivo studies such as these is that they do not
identify a precise site of drug action. Studies with isolated
blood vessels indicate that apelin may act via multiple
mechanisms to cause vascular smooth muscle relaxation.
Although apelin has been shown to activate eNOS in some
vessels (Jia et al., 2007; Zhong et al., 2007), the human
internal mammary artery is the only blood vessel studied
thus far in which apelin-induced relaxation is completely
eliminated by removal of the endothelium (Maguire et al.,
2009). In these arteries, the endothelium-dependent response
to apelin was insensitive to the eNOS inhibitor, N-nitro-L-
arginine methyl ester (L-NAME), but was abolished by in-
hibition of cyclooxygenase with indomethacin. In mouse aorta
and rat portal vein, apelin causes both endothelium-
dependent and endothelium-independent relaxations, with
the endothelium-dependent component being at least par-
tially sensitive to L-NAME (Gurzu et al., 2006; Wang et al.,
2015). L-NAME also inhibits apelin-induced relaxation of
human mesenteric arteries, whereas in hepatic arteries the
response to apelin is unaffected by either L-NAME or the
cyclooxygenase inhibitor, meclofenamate (Salcedo et al.,
2007). Taken together, these studies indicate that apelin is
capable of activating several mechanisms at the local level
within the blood vessel wall to cause smoothmuscle relaxation
and vasodilation. These include stimulating the release of NO
and vasodilator prostaglandins from endothelial cells, as well
as a direct action on vascular smooth muscle cells.

In this study, apelin caused relaxation of isolated coronary
arteries and this response was abolished by removal of the
endothelium. These results suggest that, rather than acting
directly on the coronary smooth muscle to cause relaxation,
apelin exerts its effect via an action on endothelial cells.
Molecular and imaging studies established that APJ receptors
are expressed in coronary arteries and are indeed present on
endothelial cells. Together with the observation that the APJ
receptor antagonist, F13A, also abolished the response to
apelin, the findings strongly support the notion that apelin-
induced relaxation of coronary arteries is due to activation of
APJ receptors on the endothelial cells followed by the release
of a vasorelaxant factor. Previous studies in isolated blood
vessels indicate that endothelium-dependent relaxations
evoked by apelin may be mediated by NO or by vasodilator
prostaglandins (Gurzu et al., 2006; Salcedo et al., 2007;
Maguire et al., 2009). Inhibition of cyclooxygenase with
indomethacin had no effect on apelin-induced relaxation of
coronary arteries, thereby ruling out prostaglandins in this
response. Conversely, endothelium-dependent relaxation
evoked by apelin was completely abolished by inhibition of
eNOS with NLA, indicating that NO likely mediates apelin-
induced relaxation in coronary arteries. This conclusion is
further supported by real-time imaging experiments demon-
strating that apelin increased NO levels in isolated coronary
endothelial cells, as measured by DAF-2 fluorescence. More-
over, the apelin-induced increase in intracellular NO was
sensitive to inhibition by bothNLA andF13A, as was observed

Fig. 4. Effect of ODQ and DT-2 on apelin- and acetylcholine-induced relaxation of coronary arteries. (A–D) Log concentration-response curves for apelin
(A and B) and acetylcholine (C and D) in producing relaxation of endothelium-intact coronary arteries in the absence and presence of ODQ (1025 M) and
DT-2 (1026 M). Each point represents the mean 6 S.E.M. (n = 6–8). *P , 0.05 vs. acetylcholine response in the absence of inhibitor as calculated by
paired t test.
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with the relaxation response to apelin in the functional
studies.
It is well established that NO may cause relaxation of

vascular smooth muscle via several mechanisms. NO in-
creases the activity of guanylyl cyclase, resulting in an
increase in intracellular cGMP levels and activation of PKG
(Vanhoutte et al., 2016); however, NO may also act via cGMP-
independentmechanisms, such as activation of BKCa channels
in the plasma membrane (Bolotina et al., 1994; Mistry and
Garland, 1998) and activation of SERCA (Adachi et al., 2001).
Although NO has been implicated in the vasodilator effects of
apelin in some vascular beds, there have been no studies to
date investigating the downstream signaling pathways by
which NO released from endothelial cells in response to apelin
causes vascular smooth muscle relaxation. The results of this
study demonstrate that, in coronary arteries, apelin-induced
relaxation occurs in a cGMP-independent manner, inasmuch

as apelin did not cause an increase in intracellular cGMP
levels, nor was apelin-induced relaxation sensitive to inhibi-
tors of guanylyl cyclase (i.e., ODQ) or PKG (i.e., DT-2). With
regard to cGMP-independent mechanisms, a role for SERCA
in the response to apelin in coronary arteries can be ruled out
since apelin-induced relaxations were unchanged in the pres-
ence of CPA, a potent SERCA inhibitor (Seidler et al., 1989).
Alternatively, several lines of evidence support the view that
NO released in response to apelin causes activation of BKCa

channels to produce relaxation of coronary arteries. Apelin-
induced endothelium-dependent relaxation was abolished by
iberiotoxin, a potent and selective BKCa channel blocker
(Galvez et al., 1990), whereas the ATP-sensitive K channel
blocker, glyburide (Ashcroft and Ashcroft, 1990), was without
effect. Moreover, K channel activators cause smooth muscle
relaxation via mechanisms that are sensitive to membrane
potential. Responses to such agents are eliminated by high
concentrations of extracellular K1 (Hamilton et al., 1986;
Cook et al., 1988), which significantly attenuates or abolishes
the driving force for K1 efflux through membrane K channels.
Indeed, apelin-induced relaxationwas not observed in arteries
contracted with a depolarizing concentration of K1, which is
consistent with a mechanism of action that is susceptible to
changes in membrane potential. NO-induced activation of

Fig. 5. Intracellular cGMP formation in response to apelin and acetyl-
choline in coronary arteries. (A and B) Bar graphs representing the effect
of apelin (1027 and 1026 M, 5 minutes) (A) and acetylcholine (1026 M,
5 minutes) (B) on intracellular cGMP levels in endothelium-intact
coronary arterial segments. In addition, no change in cGMP levels was
observed in coronary arteries incubated with apelin for up to 20 minutes
(data not shown for the sake of clarity). Values are represented asmeans6
S.E.M. (n = 3 to 4). *P, 0.05 vs. basal; #P, 0.05 vs. acetylcholine alone as
calculated by analysis of variance using the Tukey test as post hoc
analysis. ACh, acetylcholine.

Fig. 6. Role of K channels in apelin-induced relaxation of coronary
arteries. (A and B) Log concentration-response curves for apelin in
producing relaxation of endothelium-intact coronary arteries: in the
absence and presence of iberiotoxin (1027 M, n = 6) or glyburide (1026

M, n = 7) (A) and arterial segments contracted with high potassium
solution (40 mM K+, n = 7) (B). *P , 0.05 vs. apelin alone as calculated by
analysis of variance using the Tukey test as post hoc analysis. IBTx,
iberiotoxin.
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BKCa channels in coronary vascular smooth muscle cells was
confirmed in patch-clamp recording experiments, in which
BKCa currents were increased in the presence of two different
NO donors, DEA and SNP. That ODQ had no effect on the
NO-induced increase in BKCa channel activation is in agree-
ment with the lack of effect of guanylyl cyclase inhibition on
the functional response to apelin and supports the notion that
NO can activate BKCa channels in a cGMP-independent
manner (Bolotina et al., 1994; Mistry and Garland, 1998).
The results of this study provide a mechanistic basis for the

increase in coronary blood flow that is observed after intra-
coronary infusion of apelin (Japp et al., 2010). By stimulating
endothelial APJ receptors and releasing NO, which in turn
activates BKCa channels in the underlying smooth muscle
cells, apelin causes endothelium-dependent relaxation of
coronary arteries, thereby leading to vasodilation. Moreover,
this response to apelin-induced NO release occurs indepen-
dently of any change in intracellular cGMP levels. By contrast,
endothelium-dependent relaxation to acetylcholine was asso-
ciated with increased cGMP formation. Although somewhat
speculative at present, these differences in signaling
mechanisms (i.e., BKCa channel-dependent versus cGMP-
dependent) could help to explain, at least in part, why
apelin-induced vasodilation is preserved in patients with
heart failure (Japp et al., 2010; Barnes et al., 2013), whereas
responses to acetylcholine are impaired (Treasure et al., 1990;
Kubo et al., 1991; Bitar et al., 2006). These observations
notwithstanding, it is important to recognize that the exper-
iments were conducted on animal tissues and cells, which is a
limitation of this study. Similar studies with human coronary
arteries will be essential to establish whether the current
findings in coronary arteries of the rat will translate to human
arteries. A second caveat is that BKCa channel expression and
function are reduced in certain cardiovascular diseases such
as hypertension and diabetes (Amberg and Santana, 2003;
Dong et al., 2008; Yang et al., 2013; Nieves-Cintrón et al.,

2017). If such changeswere to occur in the coronary circulation
of patients with heart disease(s), the potential therapeutic
benefit of apelin to improve cardiac perfusion could be limited
by the reduced number of functional BKCa channels in
coronary smooth muscle cells that are available for activation
by NO released in response to apelin. Future studies aimed at
addressing these questions and improving our understanding
of the apelin/APJ receptor-signaling pathways that elicit
vasodilation may provide guidance for the development of
novel apelin-like therapeutic agents.
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