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ABSTRACT 32 

This study tested the hypothesis that (pyr)apelin-13 dose-dependently augments 33 

myocardial contractility and coronary blood flow, irrespective of changes in systemic 34 

hemodynamics. Acute effects of intravenous (pyr)apelin-13 administration (10 nM to 1,000 nM) 35 

on blood pressure, heart rate, left ventricular pressure and volume, and coronary parameters 36 

were measured in dogs and pigs. Administration of (pyr)apelin-13 did not influence blood 37 

pressure (P = 0.59), dP/dt-max (P = 0.26) or dP/dt-min (P = 0.85) in dogs. However, heart rate 38 

dose-dependently increased >70% (P < 0.01) which was accompanied by a significant increase 39 

in coronary blood flow (P < 0.05) and reductions in left ventricular end-diastolic volume and 40 

stroke volume (P < 0.001). In contrast, (pyr)apelin-13 did not significantly affect hemodynamics, 41 

coronary blood flow, or indices of contractile function in pigs. Further, swine studies found no 42 

effect of intracoronary (pyr)apelin-13 administration on coronary blood flow (P = 0.83) or 43 

vasorelaxation in isolated, endothelium-intact (P = 0.89) or denuded (P = 0.38) coronary artery 44 

rings. Examination of all data across (pyr)apelin-13 concentrations revealed an exponential 45 

increase in cardiac output as peripheral resistance decreased across pigs and dogs (P < 0.001; 46 

R2 = 0.78). Assessment of the Frank-Starling relationship demonstrated a significant linear 47 

relationship between left ventricular end diastolic volume and stroke volume across species (P < 48 

0.001; R2 = 0.70). Taken together, these findings demonstrate that (pyr)apelin-13 does not 49 

directly influence myocardial contractility or coronary blood flow in either dogs or pigs. 50 

51 

Keywords: Apelin, inotropy, coronary blood flow, dog, pig 52 

53 

New and Noteworthy 54 

Our findings provide much needed insight regarding the pharmacologic cardiac and coronary 55 
effects of (pyr)apelin-13 in larger animal preparations. In particular, data highlight distinct 56 
hemodynamic responses of apelin across species which are independent of any direct effect on 57 
myocardial contractility or perfusion. 58 
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INTRODUCTION 59 

Apelin is an endgenous peptide and ligand for angiotensin-like 1 (APJ) receptors (6, 35, 60 

46) which are ubiquitously expressed throughout the body (29). Several active isoforms of61 

apelin have been identified with aminoacid numbers ranging from 36 to 12 (16). Prior evidence 62 

supports that apelin-13 and its post-transcriptionally modified pyroglutamyl form ((pyr)-apelin-63 

13) are the predominant circulating isoforms (3, 56). The apelin/APJ system has received a lot64 

of attention in recent years as initial studies support that this pathway normally acts to oppose 65 

actions of the renin-angiotensin system (6, 52). As such, apelin has been implicated in the 66 

pathophysiology of numerous disease states, including obesity/diabetes (21-23, 32, 54), 67 

hypertension (1, 43, 53), coronary artery disease (8, 27), cardiac hypertrophy (11), and heart 68 

failure (4, 15, 25, 52). 69 

APJ receptor expression has been demonstrated in cardiomyocytes, endothelial and 70 

vascular smooth muscle cells and corresponds with a number of cardiovascular effects (29). In 71 

particular, apelin has been reported to induce endothelial-dependent vasodilation (4, 19, 20, 24, 72 

25, 33, 41), reductions in blood pressure (4, 9, 25, 30, 47) and increases in myocardial 73 

contractility (2, 5, 33, 44) in both normal and failing hearts. While these salutary influences 74 

support APJ receptor agonism as a potential therapeutic modality, closer inspection of prior 75 

studies reveals conflicting results regarding the cardiovascular actions of apelin across species 76 

(16). In particular, investigations in rodent models provide strong evidence of a positive inotropic 77 

effect of apelin, including increases in fractional shortening of isolated cardiomyocytes (12, 49), 78 

elevated developed pressure in isolated, isovolumic hearts (38, 44, 51), as well as augmented 79 

stroke volume with no changes in end-diastolic volume in vivo (2, 5). In contrast, studies in 80 

larger species show biphasic hemodynamic responses in sheep (7) and relatively modest (~5-81 

10%) decreases in systemic vascular resistance that are associated with comparable increases 82 

in cardiac output in healthy humans (25) and in dogs (14, 50) and humans with heart failure (4, 83 

25). Apelin-mediated increases in coronary blood flow have also been reported in human 84 
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subjects (25). However, the extent to which these responses are mediated by direct cardiac 85 

and/or vascular effects vs. consequences of peripheral vasodilation (reductions in afterload) 86 

remains a critical gap in our understanding of the apelin/APJ pathway. 87 

Based on prior conflicting data regarding the cardiovascular effects of apelin across 88 

species, this study was designed to examine the cardiac and coronary effects of apelin in 89 

multiple large animal species. In particular, we tested the hypothesis that (pyr)apelin-13 dose-90 

dependently augments myocardial contractility and coronary blood flow, irrespective of changes 91 

in systemic hemodynamics, in dogs and pigs. Experiments assessed the acute effects of 92 

intravenous (pyr)apelin-13 administration (10 nM to 1,000 nM) on blood pressure, heart rate, left 93 

ventricular pressure and volume, and coronary parameters in open-chest, anesthetized animals. 94 

Additional swine studies also examined cardiovascular responses to (pyr)apelin-13 in the 95 

presence of angiotensin II, during direct intracoronary administration of apelin, and vasomotor 96 

responses in isolated coronary artery rings. Our findings provide much needed insight in to the 97 

pharmacologic cardiac and coronary effects of (pyr)apelin-13 in larger animal preparations, 98 

which more closely mimic the underlying physiologic phenotype of humans (10, 36). 99 

100 
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METHODS 101 

All protocols were approved by the Institutional Animal Care and Use Committee in 102 

accordance with the Guide for the Care and Use of Laboratory Animals (NIH Pub. No. 85-23, 103 

Revised 2011) and have therefore been performed in accordance with the ethical standards laid 104 

down in the 1964 Declaration of Helsinki and its later amendments. Mongrel dogs were 105 

administered morphine (3 mg/kg, s.c.) as a sedative, pre-anesthetic before inducing anesthesia 106 

with α-chloralose (100 mg/kg, iv).  Pigs were initially sedated with Telazol (tiletamin-zolazepam, 107 

5mg/kg sc), xylazine (2.2mg/kg sc), and ketamine (3.0 mg/kg sc). In order to avoid potential 108 

confounding differences in estrous cycle, only male animals were studied in this investigation.   109 

Following endotracheal intubation and attainment of venous access, anesthesia was maintained 110 

in both species with morphine (3.0mg/kg sc) and α-chloralose (100mg/kg, iv).  All animals were 111 

mechanically ventilated (Harvard respirator) with O2 supplemented room air. Following 112 

completion of experimental protocols, hearts were fibrillated and excised in accordance with 113 

recommendation of the American Veterinary Medical Association Guide on Euthanasia (June 114 

2007).  115 

116 

Surgical preparation. Acute in-vivo experiments were conducted in open chest, anesthetized 117 

dogs and pigs. Catheters were placed into the right femoral artery and vein for systemic 118 

hemodynamic measurements and administration of supplemental anesthesia, heparin and 119 

sodium bicarbonate respectively. Blood gas parameters were maintained within normal limits 120 

through periodic arterial blood gas analyses and appropriate adjustments to breathing rate and 121 

bicarbonate supplementation as necessary to maintain values within the following limits (arterial 122 

PO2 = 185 ± 8 mmHg; arterial PCO2 = 44 ± 2; pH = 7.40 ± 0.02; hematocrit = 36 ± 1). A left 123 

lateral thoracotomy was performed, allowing for access to the heart. The left anterior 124 

descending coronary artery (LAD) was then isolated and a perivascular flow transducer 125 

(Transonic Systems Inc.) was placed around the vessel. Following flow probe placement, a 126 
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catheter was introduced into the coronary interventricular vein for coronary venous blood 127 

sampling.  A pericardial cradle was then made to allow for adequate access to the heart apex 128 

and a purse string suture was placed at the apex through which an 18 gauge needle was 129 

passed into the left ventricular cavity to allow for introduction and securing of a pressure volume 130 

admittance catheter (Transonic Systems). Placement of this catheter allowed for determination 131 

of left ventricular pressure and volume in both dog (n = 8) and in a subset of pig studies (n = 5). 132 

All data were collected using IOX acquisition software (EMKA Technologies, Falls Church VA. 133 

USA). Prior to any measurements, heparin was administered (bolus; 500 U/kg, iv) to prevent 134 

formation of blood clots during the protocol. 135 

 136 

Experimental protocols. Following the surgical preparation a stabilization period of at least 20 137 

min was allowed before animals received continuous, graded intravenous infusions of vehicle 138 

(Hanks’ Balanced salt solution and 0.1% bovine serum albumin) or increasing concentrations of 139 

(pyr)apelin-13 (10 nM to 1,000 nM) in sequence for 5 min at each dose in dogs (n = 8) and pigs 140 

(n = 13). (Pyr)apelin-13 was prepared by peptide synthesis and appropriate molecular weight 141 

and cellular activity determined by Eli Lilly & Company. Vehicle studies were performed in a 142 

select number of dogs (n = 5) and pigs (n = 6), and animals that received vehicle infusion were 143 

also subjected to (pyr)apelin-13 administration. Similar dose-response studies to (pyr)apelin-13 144 

(10 nM to 1,000 nM) were also performed in pigs (n = 6) following the titrated administration of 145 

intravenous angiotensin II necessary to achieve an ~25-30 mmHg increase in mean blood 146 

pressure. Hemodynamic parameters, coronary blood flow (LAD), and ECG were continuously 147 

measured throughout the entire protocol. Arterial and coronary venous blood samples were 148 

simultaneously collected (EDTA tubes + 4 μl formic acid/ml blood), immediately sealed, and 149 

placed on ice at baseline and at each dose of (pyr)apelin-13. These samples were analyzed for 150 

pH, PCO2, PO2, O2 content, and hematocrit with an Instrumentation Laboratories automatic 151 

blood gas analyzer (GEM Premier 3000) and CO-oximeter (682) system. Myocardial oxygen 152 
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consumption (µl O2/min/g) was calculated using the Fick principle as [coronary blood flow x 153 

(arterial O2 content – coronary venous O2 content)]. Cardiac output was determined by the 154 

product of cardiac stroke volume and heart rate (data from admittance catheter). Total 155 

peripheral resistance was determined as mean blood pressure divided by cardiac output. LAD 156 

perfusion territory was estimated to be 30% of total heart weight, as previously described by 157 

Feigl (13). 158 

Additional experiments were also performed in a small cohort of pigs (n = 3) in which the 159 

LAD was cannulated with a stainless steel cannula connected to an extracorporeal perfusion 160 

system (28). Coronary perfusion pressure was maintained at 100 mmHg throughout the 161 

experimental protocol by a servo-controlled roller pump. Hemodynamic parameters were allowed 162 

to stabilize for ~30 min before (pyr)apelin-13 (1,000 nM) was infused directly into the LAD 163 

perfusion circuit.  164 

 165 

Functional assessment of isolated coronary arteries. Isometric tension studies were performed 166 

on 3 mm coronary artery rings (isolated from swine) that were mounted in organ baths filled with 167 

Ca2+-containing Krebs buffer (131.5 mM NaCl, 5mM KCl, 1.2 mM NaH2PO4, 1.2 mM MgCl2, 168 

25mM NaHCO3, 10 mM glucose, 4mM CaCl2) maintained at 37°C. Once stabilized at optimal 169 

passive tension (~4 g), both endothelium intact and denuded coronary arteries were pre-170 

contracted with the thromboxane A2 mimetic U46619 (1 µM). Vascular effects were then 171 

assessed by the addition of graded concentrations of (pyr)apelin-13 (10 nM to 1,000 nM) to the 172 

tissue bath. Following completion of the apelin dose-response curve, viability of each coronary 173 

artery ring was verified by >75% relaxation to 10 μM adenosine. Data are reported as the 174 

percentage of relaxation for arterial rings from individual animals, with 100 percent relaxation 175 

defined as the loss of all active tension developed in response to U46619.  176 

 177 
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Statistical analyses. Data are presented as mean ± SE and were analyzed using SigmaPlot 12 178 

software (Systat Software Inc.).  Statistical comparisons for concentrations of (pyr)apelin-13 179 

were made by t-test or one-way ANOVA as appropriate. For all comparisons, P < 0.05 was 180 

considered statistically significant. When significance was found with ANOVA, a Student-181 

Newman-Keuls multiple comparison test was performed to identify differences between 182 

treatment levels. Linear regression was also used to analyze relationships between variables of 183 

cardiac function.  184 

185 
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RESULTS 186 

Cardiovascular effects of acute (pyr)apelin-13 administration in dogs. Initial studies revealed no 187 

effects of the vehicle infusion (n = 5) from baseline to the highest infusion rate (equivalent to 188 

1,000 nM dose) on mean blood pressure (95 ± 6 to 97 ± 9 mmHg; P = 0.98), heart rate (93 ± 18 189 

to 94 ± 16 beats/min; P = 0.99), coronary blood flow (0.49 ± 0.03 to 0.49 ± 0.05 ml/min/g; P = 190 

0.98), or left ventricular dP/dt-max (1,976 ± 140 to 1,965 ± 81 mmHg/sec; P = 0.87). Intravenous 191 

infusion of (pyr)apelin-13 (n = 8) did not influence blood pressure (Figure 1A; P = 0.59), dP/dt-192 

max (Figure 1E; P = 0.26) or dP/dt-min (Figure 1F; P = 0.85). However, heart rate dose-193 

dependently increased >70% (Figure 1B; P < 0.01) which was accompanied by a significant 194 

increase in coronary blood flow (Figure 1C; P < 0.05) and reductions in left ventricular end-195 

diastolic volume and stroke volume (Table 1; Figure 3A; P < 0.001). Myocardial oxygen 196 

consumption averaged 40 ± 4 μl O2/min/g at baseline and 49 ± 5 μl O2/min/g at the 1,000 nM 197 

dose of (pyr)apelin-13 (P = 0.16), while coronary venous PO2 was unaltered (Figure 1D; P = 198 

0.91). 199 

 200 

Cardiovascular effects of acute (pyr)apelin-13 administration in pigs. Vehicle infusion in pigs (n 201 

= 6) also demonstrated no change in blood pressure (109 ± 11 to 108 ± 11 mmHg; P = 0.99), 202 

heart rate (81 ± 15 to 83 ± 15 beats/min; P = 0.99), coronary blood flow (0.51 ± 0.01 to 0.49 ± 203 

0.03 ml/min/g; P = 0.88), or left ventricular dP/dt-max (1,381 ± 143 to 1,319 ± 158 mmHg/sec; P 204 

= 0.98). Systemic adminstration increased plasma apelin concentration from 0.44 ± 0.23 ng/ml 205 

at baseline to 347 ± 58 ng/ml at the 1,000 nM dose (n = 5; P < 0.001). These changes in 206 

circulating apelin concentration were associated with an ~12 mmHg decrease in mean blood 207 

pressure (Figure 2A), however this reduction did not achieve statistical significance (n = 13; P = 208 

0.48). Moreover, (pyr)apelin-13 administration did not significantly affect any key cardiovascular 209 

endpoint, including heart rate (Figure 2B; P = 0.94), coronary blood flow (Figure 2C; P = 0.09), 210 

coronary venous PO2 (Figure 2D; P = 0.21), dP/dt-max (Figure 2E; P = 0.88), or dP/dt-min 211 
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(Figure 2F; P = 0.46). Myocardial oxygen consumption averaged 59 ± 4 μl O2/min/g at baseline 212 

and 49 ± 3 μl O2/min/g at the 1,000 nM dose of (pyr)apelin-13 (P = 0.50). Left ventricular filling 213 

and output also remained unchanged (Table 1; Figure 3B). Similarly, (pyr)apelin-13 did not 214 

influence any of these variables in the presence of angiotensin II mediated increases (~25-30 215 

mmHg) in mean blood pressure (Table 2).  216 

Additional experiments to assess the coronary effects of (pyr)apelin-13 were also 217 

performed in vivo and in vitro. Direct intracoronary adminstration of 1,000 nM (pyr)apelin-13 (n = 218 

3) did not affect coronary blood flow (Figure 4A; P = 0.83) with coronary perfusion pressure 219 

held constant at 99 ± 1 by an extracorporeal perfusion circuit. (Pyr)apelin-13 also failed to alter 220 

isometric tone of endothelium-intact (n = 4; P = 0.89) or denuded (n = 4; P = 0.38) isolated 221 

coronary arteries (Figure 4B).   222 

 223 

Hemodynamic and cardiac effects of acute (pyr)apelin-13 across species. Examination of the 224 

relationship of all cardiac output and total peripheral resistance data across (pyr)apelin-13 225 

concentrations revealed an exponential increase in cardiac output as peripheral resistance 226 

decreased across pigs (n = 5) and dogs (n = 8) (Figure 5A; P < 0.001; R2 = 0.78). Overall, this 227 

tight, continuous relationship is determined by apelin-mediated reductions in cardiac output in 228 

dogs and a modest ~15% decrease in total peripheral resistance in swine (from 68 ± 16 229 

mmHg/L/min at baseline to 58 ± 9 mmHg/L/min at 1,000 nM (pyr)apelin-13; P = 0.63). 230 

Assessment of the Frank-Starling relationship from all data points across species demonstrated 231 

a significant linear relationship between left ventricular end diastolic volume and stroke volume 232 

(Figure 5B; P < 0.001; R2 = 0.70). 233 

  234 
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DISCUSSION 235 

 The apelin/APJ system has been the focus of extensive investigation as a potential 236 

biomarker and therapeutic for cardiovascular disease and heart failure (16, 26, 52, 53). While 237 

there is evidence to support an inotropic effect of apelin-based compounds in small animal 238 

models (2, 5, 38, 44, 51), there are, at present, a paucity of data with regard to left ventricular 239 

pressure and volume relationships in species larger than rodents. Furthermore, data from 240 

humans suggest that apelin-induced increases in cardiac output and coronary blood flow could 241 

be secondary responses related to reductions in total peripheral resistance (25). Accordingly, 242 

this study was designed to specifically test the hypothesis that (pyr)apelin-13 dose-dependently 243 

augments cardiac inotropy and coronary blood flow, irrespective of changes in systemic 244 

hemodynamics in dogs and pigs. This hypothesis was examined through a series of integrative 245 

in vivo and in vitro studies that combined assessment of systemic hemodynamics, left 246 

ventricular pressure and volume as well as coronary reactivity to (pyr)apelin-13 administration. 247 

Our findings highlight distinct hemodynamic responses across species which are independent of 248 

any direct effect of apelin on myocardial contractility or perfusion.  249 

 250 

Hemodynamic responses to (pyr)apelin-13 across species. One of the most surprising findings 251 

of this investigation was the marked, dose-dependent increase in heart rate (> 50 beats/min) 252 

documented in response to (pyr)apelin-13 administration in dogs (Figure 1B). This effect does 253 

not appear to be baroreceptor-mediated as blood pressure remained unchanged in these 254 

animals (Figure 1A). The tachycardia produced by apelin in dogs lies in stark contrast to the 255 

majority of reported responses in other species which typically demonstrate little/no effect in 256 

rodents (2, 5, 47) and modest ~10% (~ 5-8 beat/min) increases in pigs (Figure 2B), sheep (7), 257 

and healthy human subjects (4, 25). However, discrepancies in hemodynamic responses to 258 

apelin have been described in relation to differences between the specific apelin peptide 259 

studied, concentration, duration, and route of apelin exposure, conscious vs. anesthetized 260 
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preparations, as well as species and underlying disease condition(s) present (16, 52, 53). 261 

Although (pyr)apelin-13 administration failed to significantly affect any hemodynamic endpoint in 262 

pigs studied in this investigation (Figure 2), the overall magnitude of changes in blood pressure 263 

(106 ± 6 mmHg to 95 ± 5 mmHg) and heart rate (65 ± 8 mmHg to 71 ± 7 beats/min) from 264 

baseline to the 1,000 nM dose of (pyr)apelin-13 are quite consistent with previous reported 265 

responses (~10% change) in humans (4, 25), including in the presence of renin-angiotensin 266 

system activation (Table 2). Furthermore, it is important to point out that our measures of 267 

plasma apelin concentration in pigs at baseline (0.44 ± 0.23 ng/ml) are quite similar to 268 

previously reported values in humans (31) and that the relatively modest cardiovascular effects 269 

occurred in response to >750-fold increase in plasma apelin levels. Mechanism underlying the 270 

distinct species dependent effects remains unclear as there are currently a lack of data 271 

regarding specific expression patterns of APJ receptor in nodal vs. myocardium.  272 

 273 

Effects of (pyr)apelin-13 on the coronary circulation. Prior evidence supports that apelin 274 

produces vasodilation as evidenced by increases in forearm (4, 24) and coronary blood flow 275 

(25) in humans and by vasorelaxation of isolated peripheral artery rings from humans (33, 41) 276 

and rodents (19, 20, 34). In particular, Japp et al. demonstrated that intracoronary 277 

administration of apelin-36 (200 nmol) increased both coronary blood flow and left ventricular 278 

dP/dt max in human subjects, an index of myocardial contractiltity (25). While these data 279 

suggest apelin may have direct coronary effects, it is critical to recognize that myocardial 280 

oxygen consumption (i.e. cardiac oxygen “demand”) is the primary determinant of coronary 281 

blood flow (18). Thus, any increase in myocardial contractile function, heart rate, etc. will be 282 

closely matched by increases in coronary blood flow in order to maintain an adequate balance 283 

between myocardial oxygen delivery and metabolism (18). This point is relevant not only for the 284 

human data in the Japp et al. study (25) but also accounts for the significant increase in 285 

coronary blood flow in response to (pyr)apelin-13 in dogs in the present study (Figure 1C), in 286 
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which heart rate was augmented by >50 beats/min by apelin (Figure 1B). These responses are 287 

in contrast with findings from our pig study in which coronary blood flow (Figure 2C) tended to 288 

decrease (from 0.50 ± 0.02 ml/min/g at baseline to 0.42 ± 0.02 ml/min/g at 1,000 nM (pyr)apelin-289 

13) in proportion to the ~10 mmHg decrease in mean blood pressure (Figure 2A). Furthermore,290 

administration of a pure coronary vasodilator compound is also expected (a priori) to 291 

significantly increase coronary venous PO2, thereby definitively establishing that myocardial 292 

oxygen supply has exceeded underlying myocardial oxygen demand (48). Accordingly, the lack 293 

of any change in coronary venous PO2 in response to systemic (pyr)apelin-13 infusion in dogs 294 

(Figure 1D) and pigs (Figure 2D) argues against any direct coronary effect of acute apelin 295 

administration. This conclusion is further supported by the lack of any effect of intracoronary 296 

(pyr)apelin-13 on coronary blood flow (Figure 4A) or vasorelaxation in isolated coronary artery 297 

rings (Figure 4B). While the studies in isolated coronary arteries were not conducted in 298 

resistance vessels, these data serve as an important functional assay which argues against 299 

direct endothelial-dependent effects of apelin in the coronary circulation. Taken together, our 300 

findings support that apelin-mediated alterations in coronary blood flow occur secondary to 301 

alterations in underlying metabolic demand (e.g. heart rate, blood pressure, stroke volume), 302 

independent of any direct effect on coronary endothelium or vascular smooth muscle.   303 

304 

Effects of (pyr)apelin-13 on myocardial contractility. A preponderance of the literature asserts 305 

that apelin-based compounds augment myocardial contractility (2, 5, 33, 44) and proposes 306 

apelin as the most potent positive inotropic substance yet identified (44). However, while load-307 

independent measures of contractility support this contention in rodents (2, 5, 38, 44, 51), such 308 

measurements in larger species or humans are scant. The current study provides the first 309 

systematic assessment of the dose-dependent effects of (pyr)apelin-13 on the relationship 310 

between left ventricular pressure and volume across two different large animal species, which 311 

have both been extensive utilized for cardiovascular experimentation for decades. Our findings 312 
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do not support any inotropic action of acute (pyr)apelin-13 as indices of contractile function were 313 

not significantly elevated in either dogs (Figure 1; Table 1) or pigs (Figure 2; Table 1). More 314 

importantly, plotting of the Frank-Starling relationship for all data points across species revealed 315 

a highly significant linear relationship between left ventricular stroke volume and end diastolic 316 

volume (Figure 5B). Thus, aside from tachycardia-mediated reductions in ventricular fillling and 317 

stroke volume in dogs (Table 1), (pyr)apelin-13 failed to augment stroke volume independent of 318 

changes in diastolic filling volume in either species (Figure 5B). Moreover, it is apparent that 319 

absolute levels of cardiac output in response to (pyr)apelin-13 are largely attributable to the 320 

underlying degree of total peripheral resistance both within and between species (Figure 5A).  321 

Overall, our reported changes in these key variables in response to apelin are similar in 322 

magnitude (~10% change) to previously reported effects of apelin-based compounds on 323 

systemic hemodynamics and cardiac output in humans (4, 25). Taken together, these findings 324 

indicate these effects of apelin are likely a consequence of moderate alterations in peripheral 325 

resistance and/or reductions in cardiac afterload as opposed to direct inotropic effects per se. 326 

Importantly, this possibility was addresssed in the Japp et al. study which documented similar 327 

hemodynamic effects of apelin and glyceryl trinitrate (peripheral vasodilator compound) in 328 

humans (25). Accordingly, we postulate that reported benefits of apelin-based compounds 329 

similar to any afterload reducing agent and as such would avoid potential complications of 330 

chronic postive inotropic therapy (17). 331 

332 

Summary and conclusions. Results from this series of experiments fail to support the hypothesis 333 

that (pyr)apelin-13 dose-dependently augments cardiac inotropy or coronary blood flow in either 334 

dogs or pigs. Our findings indicate that reported increases in cardiac output and coronary blood 335 

flow (in larger animal models and humans) are likely the consequence of alterations in 336 

underlying cardiac loading conditions and not the result of direct effects of apelin/APJ signaling. 337 

While these results argue against the potential for apelin-based therapies to augment 338 
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myocardial inotropy in the setting of heart failure, future efforts to delineate the mechanisms 339 

underlying the cardioprotective effects against ischemia-reperfusion injury (39, 40, 42, 55), 340 

apoptosis (45, 54), fibrosis and maladaptive remodeling (16, 37) are warranted. Furthermore, 341 

future studies to examine the role of endogenous apelin in response to patho-physiologic stimuli 342 

such as hypoxia are also needed.   343 

344 
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Figure Legends 512 
 513 
Figure 1. Effects of systemic (pyr)apelin-13 infusion on systemic hemodynamics, coronary 514 
blood flow and indices of cardiac function in dogs (n = 8). Solid circles and lines demonstrate 515 
average (mean ± SE) responses and open circles represent individual data points under each 516 
condition. * P < 0.05 vs. baseline. 517 
 518 
Figure 2. Effects of systemic (pyr)apelin-13 infusion on systemic hemodynamics, coronary 519 
blood flow and indices of cardiac function in pigs (n = 13). Solid triangles and lines demonstrate 520 
average (mean ± SE) responses and open triangles represent individual data points under each 521 
condition. 522 
 523 
Figure 3. Representative left ventricular pressure-volume loops from dogs (Panel A) and pigs 524 
(Panel B) under baseline conditions and in response to systemic administration of 1,000 nM 525 
(pyr)apelin-13. 526 
 527 
Figure 4. Effects of intracoronary (pyr)apelin-13 (1,000 nM) on coronary blood flow in pigs (n = 528 
3; Panel A). Solid triangles and lines demonstrate average responses and open triangles and 529 
lines represent individual responses under each condition. Response of isolated coronary 530 
arteries with endothelium intact (n = 4) and denuded (n = 4) to increasing concentrations of 531 
(pyr)apelin-13 (Panel B). 532 
 533 
Figure 5. Effects of (pyr)apelin-13 on the relationship between cardiac output and total 534 
peripheral resistance in dogs (n = 8) and pigs (n = 5) (Panel A). Frank-Starling relationship 535 
between left ventricular stroke volume and end diastolic volume in response to (pyr)apelin-13 in 536 
dogs (n = 8) and pigs (n = 5) (Panel B). 537 
  538 
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 539 

Table 1. Cardiac effects of (Pyr)Apelin-13 in dogs and pigs. 540 

 Baseline (Pyr)Apelin-13  P value 

Dogs (n = 8) 

End diastolic volume (ml) 

 

85 ± 4 

 

55 ± 2 

 

 

 

P < 0.001 

Stroke volume (ml) 38 ± 4 17 ± 2  P < 0.001 

Cardiac output (L/min)   2.8 ± 0.3   2.2 ± 0.3  P = 0.54 

Ejection Fraction (%) 58 ± 4 48 ± 3  P = 0.33 
     

Pigs (n = 5) 

End diastolic volume (ml) 

 

  74 ± 10 

 

  67 ± 10 

 

 

 

P = 0.45 

Stroke volume (ml) 36 ± 5 33 ± 5  P = 0.43 

Cardiac output (L/min)   2.0 ± 0.3   1.9 ± 0.2  P = 0.41 

Ejection Fraction (%) 49 ± 2 50 ± 3  P = 0.97 

Values are mean ± SE 541 

 542 
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Table 2. Hemodynamic and cardiac effects of (Pyr)Apelin-13 in presence of angiotensin II. 
Baseline Baseline +  

Ang II 
Apelin 10 

nM 
Apelin 100 

nM 
Apelin 

1,000 nM 
P Value 

Mean Blood 
Pressure  
(mmHg) 

98 ± 9 126 ± 6 121 ± 8 119 ± 7 117 ± 8 P = 0.12

Heart Rate 
(beats/min) 

  75 ± 15   60 ± 9     65 ± 13     68 ± 12     68 ± 12 P = 0.94

Coronary Blood 
Flow (ml/min/g) 

  0.48 ± 0.08     0.61 ± 
0.08 

    0.58 ± 
0.08 

    0.54 ± 
0.08 

    0.54 ± 
0.08 

P = 0.85

Coronary 
Venous PO2  
(mmHg) 

17 ± 2 17 ± 1 15 ± 1 15 ± 1 16 ± 2 P = 0.58

dP/dt max  
(mmHg/sec) 

1,488 ± 149 1,938 ± 229 1,822 ± 258 1,777 ± 240 1,802 ± 261 P = 0.72

dP/dt min  
(mmHg/sec) 

-1,352 ± 135 -1,526 ± 80 -1,417 ± 99 -1,391 ±
140

-1,393 ±
132

P = 0.87

Values are mean ± SE for n = 6 pigs 543 
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