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Abstract

Background

Septic shock remains associated with significant mortality rates. Arginine vasopressin

(AVP) and analogs with V1A receptor agonist activity are increasingly used to treat fluid-

resistant vasodilatory hypotension, including catecholamine-refractory septic shock. Clini-

cal studies have been restricted to healthy volunteers and catecholamine-refractory septic

shock patients excluding subjects with cardiac co-morbidities because of presumed safety

issues. The novel selective V1A receptor agonist selepressin, with short half-life, has been

designed to avoid V2 receptor-related complications and long-term V1A receptor activation.

Cardiovascular safety of selepressin, AVP, and the septic shock standard of care norepi-

nephrine was investigated in a rabbit model of early-stage atherosclerosis.

Methods

Atherosclerosis was established in New Zealand White rabbits using a 1% cholesterol-con-

taining diet. Selepressin, AVP, or norepinephrine was administered as cumulative intrave-

nous infusion rates to atherosclerotic and non-atherosclerotic animals.

Results

Selepressin and AVP induced a slight dose-dependent increase in arterial pressure (AP)

associated with a moderate decrease in heart rate, no change in stroke volume, and a mod-

erate decrease in aortic blood flow (ABF). In contrast, norepinephrine induced a marked

dose-dependent increase in AP associated with a lesser decrease in the heart rate, an

increase in stroke volume, and a moderate increase in ABF. For all three vasopressors,

there was no difference in responses between atherosclerotic and non-atherosclerotic

animals.
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Conclusion

Further studies should be considered using more advanced atherosclerosis models, includ-

ing with septic shock, before considering septic shock clinical trials of patients with comor-

bidities. Here, selepressin and AVP treatments did not display relevant cardiovascular risk

in early-stage rabbit atherosclerosis.

Introduction

Septic shock remains associatedwith mortality rates of 20–50% in critical care medicine despite
some improvements in recent years [1−4]. Shock is the result of a systemic inflammatory
response syndrome (SIRS) inducing systemic vasodilatation and increased vascular permeabil-
ity, both leading to hypotension that becomes unresponsive to fluid resuscitation. Administra-
tion of the vasopressor norepinephrine (NE) is septic shock standard of care, although this
catecholamine is not registered for such a clinical use [5]. In many cases NE administration
eventually fails to stabilize arterial pressure (AP), termed the catecholamine-refractory stage,
which leads to multiple organ failure syndrome and mortality. The neuroendocrinehormone
arginine vasopressin (AVP) and analogs with selectiveV1A receptor-agonist activity are
increasingly used to treat catecholamine-refractory septic shock and the irreversible phase of
fluid-resuscitated hemorrhagic shock, another form of distributive shock like septic shock [6].

Both decreased and increasedmortality rates have been reported in association with AVP
treatment of these two forms of distributive shock. For example, a retrospective study of acute
trauma patients in the irreversible phase of hemorrhagic shock showed that AVP administra-
tion was associated with increasedmortality compared to patients receiving other vasopressors
[7]. In contrast, in the Vasopressin and Septic Shock Trial, a placebo-controlled randomized
clinical trial, AVP administration reducedmortality compared to NE, although this was only
significant in patients with less severe condition [8]—there was no significant difference in
patients with more severe septic shock and in the trial patients overall. Interestingly, in a subset
of patients, who received corticosteroids, AVP administration also reducedmortality com-
pared to NE [9]. Amongst the criticisms of the Vasopressin and Septic Shock Trial was its
exclusion of patients with underlying heart disease; it was suspected that the inclusion of such
patients, a situation more representative of the general population, may lead to additional
safety issues related to AVP administration potentially culminating in increasedmortality [10].

Induction of atherosclerosis in the rabbit using a high-cholesterol diet is a well-established
animal model of heart disease [11]. We investigated in this model, the cardiovascular safety of
the V1A receptor agonist selepressin (FE 202158) and AVP in comparison with NE. Selepressin
is a nonameric peptide analog of AVP highly selective for the V1A receptor in contrast with the
mixed agonism of AVP at the V1A, V2, and OT receptors [12–14]. While V1A receptor activa-
tion induces vasoconstriction,maintaining AP in septic shock [15], V2 receptor activation may
have deleterious effects in such a setting, including vasodilation and release of the pro-coagu-
lant factor VIII and vonWillebrand factor [16,17]. Septic shock is a pro-thrombotic condition
often complicated by disseminated intravascular coagulation [18]. In addition, selepressin has
a short half-life in healthy rats and dogs of approximately 20 min and 30 min, respectively
(unpublished results), and bore no relevant coronary ischemic liability in healthy dogs [19].
Therefore, selepressin should avoid complications related to V2 receptor activation and long-
term V1A receptor activation. It was shown to be superior to AVP in animal models of severe
sepsis and septic shock [20–22], has completed Phase IIa clinical trials for the treatment of
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vasodilatory hypotension in septic shock (NCT01000649; NCT01612676), and has entered
combined phase II/III of clinical development (NCT02508649). Should administration of sele-
pressin and AVP not pose any additional safety issues, including cardiovascular liability, in the
rabbit model of early-stage atherosclerosis used here as a first stage, more advanced animal dis-
ease models should be considered to challenge the argument that patients with underlying
heart disease should be excluded and support broadening of the inclusion criteria in further
clinical trials of these vasopressors.

Materials and Methods

Materials

Selepressin as selepressin acetate (0510–103) and AVP (208044–01) were supplied by Ferring
(Copenhagen,Denmark) and NE (T-2010B, 4201790 and T-2011B) was obtained from Aguet-
tant (Lyon, France).

Animals

Thirty male New ZealandWhite rabbits (2.6–3.6 kg, Centre d’élevage G. Achard de la Vente, St
Mars d'Egrenne, France), aged 3–4 months were individually housed in stainless steel mesh
cages (500 × 600 × 400 mm) at 19–25°C and�35% humidity with a 12-h light/dark cycle. Each
animal received Bolapin (Huttepain Bouix, LeMans, France) at approximately 60 g/day as
standard diet (non-atherosclerotic animals) or supplemented with1% cholesterol for 6 weeks to
induce atherosclerosis (both n = 15). The animals were fasted for at least 12 h before clinical
laboratory blood sampling, on the day of the experiment, and before scheduled necropsy.
Water was supplied ad libitum. On completion of cholesterol feeding, the animals were pre-
pared surgically to determine cardiovascular variables and infused intravenously with selepres-
sin, arginine vasopressin (AVP), or norepinephrine (NE) at incremental rates.

This study was conducted in compliance with Good Laboratory Practices, including retro-
spective formulation analysis and plasma sample bioanalysis to confirm appropriate exposure.
All experimental procedures were approved by the Local Ethics Committee of WIL Research
Europe Lyon, France, with the welfare agreement under the number 7.2009, and conformed to
the guidelines from Directive 2010/63/EU.

Surgical Preparation

Following overnight fasting, the rabbits were pre-anesthetized intramuscularly using a mixture
of 15 mg/kg ketamine hydrochloride (Imalgène 5001, RhôneMérieux, Lyon, France) and 0.7
mg/kg xylazine hydrochloride (Rompun1 2%, KVP, Kiel, Germany). The animals were tra-
cheotomized and maintained under isoflurane anesthesia (2% v/v isoflurane in oxygen [isoflur-
ane: AErrane1, Baxter, Maurepas, France]). The electrocardiogramwas monitored
continuously (Lead II derivation) during surgery. A femoral vein was cannulated using a poly-
vinyl chloride catheter to administer selepressin, AVP, NE, or vehicle while a carotid artery
was cannulated for blood sampling. A Millar catheter-tip transducer was introduced into the
femoral artery to determine arterial pressure. The animals were infused intravenously using
Ringer lactate (Lavoisier, Paris, France) at 2 mL/h.

Doppler Ultrasonography

A left parasternal image windowwas used to obtain a long-axis view, visualizing the entire
ascending aorta, the innominate artery branch, and the left common carotid arteries in the
same plane. Prior to dosing, all of the animals (atherosclerotic [A] and non-atherosclerotic
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[NA]) were examined by 2-dimensional ultrasonography using a 15-MHz linear probe. The
thoracic aorta was visualized at up to 30 frames/s using a 120-μm axial resolution. An adequate
penetration depth was set to several centimeters beyond the far wall of the ascending aorta.
Intima-media thickness (IMT) immediately proximal to the innominate artery branch site was
determined in a consistent manner in each animal using the arterial branching points as ana-
tomic landmarks.

Doppler ultrasonographicmeasurements were performed using Acuson Séquoia 526 color
Doppler equipment (Siemens, Saint-Denis, France). Aortic flowmeasurements were per-
formed from a trans-hepatic view for perfect alignment (cos(theta) of the Doppler equation
�1). Time velocity integrals and aortic diameter were determined for each time point by aortic
echography.

Aortic blood flow (ABF, mL/min) was calculated according to the following formula:

ABF ðmL=minÞ ¼ SV ðmL=beatÞ �HR ðbeats=minÞ

where:

• HR: heart rate

• SV (stroke volume, mL) = ITVAo (cm) × SAo (cm2)

• ITVAo: Integral time velocity of the aorta evaluated from the mean of three to five consecu-
tive velocity waveforms (i.e., three to five heartbeats)

• SAo (Section of the aorta) = (π × DAo
2)/4

• DAo: Aortic diameter (cm) determined by aortic echography close to the maximal velocity
measurement site.

Drug Administration

Before treatment, the animals (n = 5 for each drug and for A vs. NA) were infusedwith the cor-
responding vehicle (10 mM acetate buffer at 9% v/v in 0.9% NaCl for selepressin, 10 mM ace-
tate buffer at 0.3% v/v in 0.9% NaCl for AVP, and in 0.9% NaCl for NE) at 1 mL.kg−1.h−1 for
15 min. Selepressin acetate, AVP, and NE were administered via the femoral vein. Specifically,
seven or eight incremental infusion rates of selepressin (1, 3, 10, 30, 100, 300, 1000, and 3000
ng.kg−1.min−1), AVP (0.3, 1, 3, 10, 30, 100, 300, and 1000 ng.kg−1.min−1), or NE (10, 30, 100,
300, 1000, 3000, and 10,000 ng.kg−1.min−1) were each administered at 1 mL.kg−1.h−1 until the
maximum hemodynamic effect was reached, or for a maximum of 15 min in cases when no
hemodynamic change was observed.

Drug Formulation Analysis and Plasma Bioanalysis

Blood for bioanalysis was sampled from all of the animals both before the first infusion (vehicle
control) and for each infusion rate at the time of maximum hemodynamic effect. Quantifica-
tion of selepressin, AVP, or NE in plasma samples was performed using validated liquid chro-
matography with tandemmass spectrometric detection for selepressin and AVP and validated
liquid chromatography with colorimetric detection for NE. All of the animals treated with sele-
pressin, AVP, or NE were exposed in a dose-dependentmanner, with no difference betweenA
and NA animals. The maximum selepressin plasma concentrations (mean ± standard devia-
tion) were 329±52 and 367±48 ng/mL for A and NA animals, respectively, for AVP they were
122±27 and 100±46.2 ng/mL for A and NA, respectively, and for NE they were 301±126 and
345±164 ng/mL for A and NA, respectively.
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Cardiovascular Variables Collection and Analysis

AP and electrocardiogramsignals were amplified (Hugo Sachs Elektronik, March-Hugstetten,
Germany) and recorded continuously using a computerized data acquisition system (Noto-
cord, Croissy-sur-Seine, France) with acquisition rates of 500 and 1000 Hz for arterial pressure
and electrocardiogram, respectively.

Lipid Variables

On completion of feeding for 6 weeks of a normal diet or a 1% cholesterol-containing diet,
total serum cholesterol, triglycerides (TG), high-density lipoprotein-cholesterol (HDL-C), and
low-density lipoprotein-cholesterol (LDL-C) concentrations were determined at the end of
administration of the highest infusion rate tested for each vasopressor using a BeckmanCoul-
ter AU640 Chemistry autoanalyzer (BeckmanCoulter, Villepinte, France).

Biomarkers of Cardiac Injury

Serum aspartate aminotransferase and creatine kinase (CK) were determined at baseline
(before administration of vasopressors) and at the end of administration of the highest infusion
rate of selepressin, AVP, or NE using a BeckmanCoulter AU640 Chemistry autoanalyzer.
Serum cardiac troponin I was determined using a rabbit enzyme-linked immunosorbent assay
kit (Life Diagnostics,West Chester, PA, USA).

Histology

Animals were euthanized using an overdose of pentobarbital (Vetoquinol, 200 mg/mL) admin-
istered via the venous catheter. Three samples from the aorta of each animal were collected at
necropsy and fixed in 10% neutral formalin. Tissue sampling and trimming were in accordance
with the Registry of Industrial Toxicology Animal-data guide for rats. All sections were stained
using hematoxylin and eosin.

Data Collection and Statistical Evaluation

During baseline and for each infusion rate period of 15 min, arterial pressure and heart rate
were continuously monitored and averaged over 30 s at every 3-minute interval. The integral
time velocity of the aorta and aortic diameter were determined every 3 min in a similar
manner.

The results were evaluated for each variable and each animal, and expressed as individual
values and mean ± standard deviation. For each vasopressor (selepressin, AVP, or NE) of the A
and NA animals, the following values were calculated:

Baseline: the mean value over the 15-minute period before administration of the lowest
infusion rate of vasopressor (defined as the vehicle alone).

Maximal change per infusion rate: the value at the maximum effect from the mean baseline,
for each infusion rate tested.

Maximal observed effect per vasopressor: the value of the maximal effect (positive or nega-
tive) observedover the whole infusion rate range for a given vasopressor.

For the variables for which dose-response curveswere constructed, data were fitted by non-
linear regression analysis using GraphPad Prism1 5.04 and the following parameters was
derived:

Emax (efficacy): the maximal possible effect, which was determined from the averaging pro-
cess over 30 s at every 3-minute interval.

ED50 (potency): the dose (i.e., infusion rate) inducing 50% of the Emax.
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For each vasopressor, an unpaired Student’s t-test withWelch’s correctionwas performed
to compare maximal observed effect values with baseline values and to compare maximal
observedvalues betweenA and NA animals. This test was also applied for each hemodynamic
variable to compare the maximal observed effect induced by selepressin and AVP. For each
vasopressor, ED50 values in their logarithmic form were compared betweenA and NA animals
using the extra-sum-of-squares F test. A value of p<0.05 was considered as significant.

Results

Atherosclerosis Model

Echography demonstrated that in contrast to NA animals (Fig 1A), animals fed with a choles-
terol-enriched diet for 6 weeks to induce atherosclerosis (A animals) displayed atheromatous
plaques that were present at the level of the ascending aorta (Fig 1B). Histological examination
of the aorta showed infiltration of the aortic intima by foam cells in 4 out of the 15 A animals.
Foam cell presence was associated with cellular fibrous tissue, whereas none of the NA animals
displayed this histological feature (Fig 1C and 1D). One cholesterol-fed animal also presented
foam cell presence into the pulmonary artery trunk. Aortic foam cells were also associated with
slight aortic mineralization in one A animal and moderate thrombosis in a second animal. The
aortic IMT of all the A animals was greater than of the NA animals, which was significant
(p<0.0001; Fig 1E). There was a significant increase in total serum cholesterol and low-density
lipoprotein-C in the A animals (p<0.001; Fig 1F). The cholesterol diet did not significantly
affect TG or high-density lipoprotein-C (Fig 1F).

Cardiovascular Variables

Arterial pressure. Baseline diastolic AP, mean AP (MAP), and systolic AP were not signif-
icantly different betweenA and NA animals: 41±8 mmHg vs. 42±9 mmHg, 48±8 mmHg vs. 49
±10 mmHg, and 58±10 mmHg vs. 60±13 mmHg, respectively (Fig 2A–2C). Incremental infu-
sion rates of selepressin induced a slight increase in diastolic AP, MAP, and systolic AP, with
an increase in MAP in the A and NA animals of up to 10 mmHg and 11 mmHg above baseline,
respectively (Fig 2A–2C). There were no significant differences betweenA and NA animals for
the AP dose-response curves in terms of maximal observed effect (Fig 3A–3F) or log ED50 val-
ues (Table 1).

Incremental AVP infusion rates caused a mild increase in diastolic AP, MAP, and systolic
AP, which for MAP in the A and NA animals was up to 20 mmHg and 23 mmHg above base-
line, respectively (Fig 2A–2C). There were no significant differences betweenA and NA ani-
mals for the AP dose-response curves in terms of maximal observed effect values (Fig 3A–3F)
or log ED50 values (Table 1). Furthermore, the AP dose-response curves for selepressin and
AVP did not differ significantly from each other in the A or the NA animals in terms of maxi-
mal observed effect values.

In contrast, incremental infusion rates of NE caused a marked increase in diastolic AP,
MAP, and systolic AP, which for MAP in the A and NA animals was up to 63 mmHg and 57
mmHg above baseline, respectively (Fig 2A–2C). Of note, increasedAP was preceded by a
slight to moderate decrease during the first minutes following the initiation of administration
of the 10 μg.kg−1.min−1 infusion rate in four out of five A animals and in two out of five NA
animals. Nevertheless, there were no significant differences betweenA and NA animals for the
AP dose-response curves in terms of maximal observed effect values (Fig 3A–3F) or log ED50

values (Table 1).
Heart rate. BaselineHR values were not significantly different betweenA and NA animals

(203±29 bpm vs. 217±32 bpm) (Fig 4A and 4B). Incremental infusion rates of selepressin
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caused a moderate decrease in the HR in A and NA animals by up to 68 bpm and 69 bpm
below baseline, respectively (Fig 2D). There were no significant differences betweenA and NA
animals for the associated dose-response curves in terms of maximal observed effect values
(Fig 4A and 4B) of log ED50 values (Table 1).

Incremental infusion rates of AVP induced a moderate decrease in the HR in A and NA ani-
mals of up to 70 bpm and 76 bpm below baseline, respectively (Fig 2D). There were no signifi-
cant differences between the A and NA animals for the associated dose-response curve in
terms of maximal observed effect values (Fig 4A and 4B) or log ED50 values (Table 1). Further-
more, the HR dose-response curves for selepressin and AVP did not differ significantly from
each other in the A or the NA animals in terms of maximal observed effect values.

Fig 1. Indicators for atherosclerotic development in the rabbit model. Bi-dimensional mode echographic view of the ascending aorta (Asc. Aorta) in

(A) a non-atherosclerotic (non-cholesterol-fed) animal vs. in (B) an atherosclerotic (cholesterol-fed animal) showing an atheromatous plaque (between

the arrows) and increased intima-media thickness (IMT). (C) Morphology of the aorta in non-atherosclerotic vs. (D) atherosclerotic rabbit with infiltration

of the intima by foam cells (FC). (E) Echographic measurements of the aortic IMT in the non-atherosclerotic vs. atherosclerotic animals, mean ± standard

deviation (both n = 15), analyzed using unpaired t-test, ****p<0.0001. (F) Serum lipids (TG: triglycerides, TC: total cholesterol, HDL-C: high-density

lipoprotein-cholesterol, LDL-C: low-density lipoprotein-cholesterol) on completion of 6 weeks of feeding with normal (non-atherosclerotic) vs. 1%

cholesterol-containing diet (atherosclerotic), mean ± standard deviation (both n = 15); analyzed using unpaired t-test, ***p<0.001.

doi:10.1371/journal.pone.0165422.g001
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Fig 2. Dose-response curves for hemodynamic variables in non-atherosclerotic (NA) and atherosclerotic (A) rabbits.

Selepressin, arginine vasopressin (AVP), or norepinephrine (NE) were administered with incremental infusion rates. A:

Diastolic arterial pressure (DAP); B: mean arterial pressure (MAP); C: systolic arterial pressure (SAP); D: heart rate (HR); E:

aortic blood flow (ABF); F: stroke volume (SV). A−D: n = 4−5/dose for A and n = 5/dose for NA; E−F: n = 2−5/dose for A and

n = 4−5/dose for NA. Curves could not be statistically fitted for AVP effect on MAP in NA rabbits and for selepressin effect on

SAP in A rabbits.

doi:10.1371/journal.pone.0165422.g002
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Fig 3. Baseline and maximal observed effect (Max Obs E) for arterial pressure in non-atherosclerotic and

atherosclerotic rabbits. Selepressin, arginine vasopressin (AVP), or norepinephrine (NE) were administered with

incremental infusion rates. (A and B): Diastolic arterial pressure (DAP); (C and D): mean arterial pressure (MAP); (E

and F): systolic arterial pressure (SAP). Difference vs. baseline (n = 5/vasopressor): *p<0.05; **p<0.01.

doi:10.1371/journal.pone.0165422.g003
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Incremental infusion rates of NE caused a mild decrease in HR in A and NA animals of up
to 32 bpm and 33 bpm below baseline, respectively (Fig 2D). There were no significant differ-
ences between the A and NA for the associated dose-response curves in terms of maximal
observed effect values (Fig 4A and 4B) or log ED50 values (Table 1).

Biomarkers of Cardiac Injury

No electrocardiogramabnormalities (including ST segment elevation) were observedduring
incremental infusion rates of selepressin or AVP. Some premature ventricular beats were
observedduring infusion of NE at the highest rate tested (1 μg.kg−1.min−1), both in the A and
NA animals, but was not associated with an increase in the serum concentration of cardiac tro-
ponin I from baseline level (<0.16 μg/L; lower limit of quantification). Serum aspartate amino-
transferase activity was not significantly different from baseline at the end of administration of
selepressin or AVP, both in A and NA animals (Fig 5A). In contrast, it was significantly higher
than baseline at the end of NE administration in NA animals but not in A animals (Fig 5A).
CK serum concentration was significantly higher than baseline at the end of administration of
all three vasopressors both in A and NA animals (Fig 5B)—for NE, it is also noteworthy that
CK showed a significantly greater elevation in the NA than in the A animals.

Aortic Blood Flow

Baseline ABF values were not significantly different betweenA and NA animals (455±90
mL/min vs. 499±142 mL/min) (Fig 4C and 4D). Incremental infusion rates of selepressin
induced a moderate decrease in ABF in A and NA animals of up to 177 mL/min and 234
mL/min below baseline, respectively (Fig 2E). There were no significant differences betweenA
and NA animals for the ABF dose-response curves in terms of maximal observed effect values
(Fig 4C and 4D) or log ED50 values (Table 1).

Incremental infusion rates of AVP also caused a moderate decrease in ABF in A and NA
animals of up to 149 mL/min and 168 mL/min below baseline, respectively (Fig 2E). There
were no significant differences betweenA and NA animals for the ABF dose-response curve in
terms of maximal observed effect values (Fig 4C and 4D) or log ED50 values (Table 1). Further-
more, the ABF dose-response curves for selepressin and AVP did not differ significantly from
each other in the A or the NA animals in terms of maximal observed effect values.

Table 1. Potencies (log ED50) of selepressin, arginine vasopressin (AVP), and norepinephrine (NE)

for hemodynamic parameters in non-atherosclerotic (NA) and atherosclerotic (A) rabbits.

HemodynamicParameter Log ED50 (log(ng.kg-1.min-1))

Selepressin AVP NE

NA A NA A NA A

DAP −7.4±0.2 −8.5±0.9 −10.0±7.5 −8.7±1.1 −6.0±0.3 −5.8±0.4

MAP −7.2±0.3 −8.5±1.3 No fit −8.6±1.4 −6.1±0.3 −5.7±0.3

SAP −7.2±0.4 No fit −6.6±1.9 −8.6±3.2 −6.1±0.2 −5.±0.2

HR −7.6±0.3 −7.4±0.2 −8.6±0.2 −8.5±0.5 −6.9±0.9 −7.0 ±1.2

ABF −8.7±0.7 −8.1±1.2 −8.1±0.5 −8.4±0.2 −6.5±0.4 −6.2±0.7

SV −4.9±6.2 −6.5±1.0 −7.5±5.9 −7.9±5.1 −6.5±0.4 −5.4±0.4

All values are mean ± standard error of the mean. Selepressin and AVP were statistically compared for

hemodynamic effects by means of comparison of fits (extra-sum-of-squares F test). No fit: dose-response

curve could not be statistically fitted. See legend of Fig 2 for the hemodynamic parameter abbreviations.

doi:10.1371/journal.pone.0165422.t001
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Fig 4. Baseline and maximal observed effect (Max Obs E). Heart rate (HR) (A and B), aortic blood flow (ABF) (C

and D), and stroke volume (SV) (E and F) in non-atherosclerotic and atherosclerotic rabbits administered incremental

infusion rates of selepressin, arginine vasopressin (AVP), or norepinephrine (NE). Difference vs. baseline (n = 5/

vasopressor, except n = 4 for AVP-induced SV Max Obs E): *p<0.05; **p<0.01; ***p<0.001.

doi:10.1371/journal.pone.0165422.g004
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In contrast, incremental infusion rates of NE caused a moderate increase in the ABF rate in
the A and NA animals of up to 276 mL/min and 240 mL/min above baseline, respectively (Fig
2E). There were no significant differences betweenA and NA animals for the ABF dose-
response curves in terms of maximal observed effect values (Fig 4C and 4D) or log ED50 values
(Table 1).

Stroke Volume

Baseline SV values were not significantly different betweenA and NA animals (2.27±0.48mL
vs. 2.32±0.71 mL) (Fig 4E and 4F). Incremental infusion rates of selepressin inducedminimal
changes in SV in A and NA animals (Fig 2F). There were no significant differences betweenA
and NA animals for the SV dose-response curves in terms of maximal observed effect values
(Fig 4E and 4F) or log ED50 values (Table 1).

Incremental infusion rates of AVP induced a mild non-dose-dependent increase in SV in A
and NA animals of up to 1.14 mL and 0.79 mL above baseline, respectively (Fig 2F). There
were no significant differences betweenA and NA animals for the SV dose-response curve in
terms of maximal observed effect values (Fig 4E and 4F) or log ED50 values (Table 1).

In contrast, incremental infusion rates of NE caused a moderate dose-dependent increase in
the SV rate in the A and NA animals of up to 1.80 mL (Fig 2F). There were no significant dif-
ferences betweenA and NA animals for the SV dose-response curves in terms of maximal
observed effect values (Fig 4E and 4F) or log ED50 values (Table 1).

Discussion

In this study, the cardiovascular safety of the selectiveV1A receptor agonist selepressin [12–14]
and AVP was investigated in comparison with that of the septic shock standard of care NE in a

Fig 5. Biomarkers of cardiac injury. (A) Aspartate aminotransferase (ASAT) and (B) creatine kinase (CK) serum levels. Serum levels of ASAT

and CK were determined in the anesthetized animal before the onset of treatment (BEF) and just after the last dose level of treatment of

selepressin, arginine vasopressin (AVP), or norepinephrine (NE). BEF serum levels were determined after the completion of 6 weeks of feeding

with normal (non-atherosclerotic rabbits (NA)) or 1% cholesterol-containing diet (atherosclerotic rabbits (A)). Data was analyzed using one-way

analysis of variance followed by Bonferroni’s multiple comparison test (n = 5/vasopressor for A and NA animals). **p<0.01; ***p<0.001: drug (NA)

vs. BEF (NA); ¤¤¤p< 0.001: drug (A) vs. BEF (A); §§§p<0.001: NE (NA) vs. NE (A).

doi:10.1371/journal.pone.0165422.g005
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well-established rabbit model of early-stage atherosclerosis. The key observations are that the
hemodynamic effects of these three vasopressors, as well as the serum concentrations obtained
by incremental infusion rates, did not differ betweenA and NA animals, suggesting that early-
stage atherosclerosis did not influence the pharmacokinetics or cardiovascular pharmacody-
namics of these vasopressors. Moreover, selepressin and AVP were not associated with myo-
cardial injury-related electrocardiogramabnormalities, including ST segment elevation, while
premature ventricular contractions were observed in some of the NE-treated rabbits (both A
and NA) at the highest infusion rate tested.

There was clear evidence of atherosclerosis in the rabbits receiving the cholesterol-enriched
diet. Indeed, total serum cholesterol and LDL-C were significantly elevated (Fig 1F) as expected
from the literature [23]. In contrast, TG and HDL-C were unaltered. Successful induction of
atherosclerosis was confirmed by a greatly increased IMT (Fig 1E), infiltration of the aortic tis-
sue by foam cells (Fig 1D vs. 1C), and clear plaque formation (Fig 1B vs. 1A) [24–27]. Prior to
vasopressor administration, atherosclerosis was not associated with any change in AP (Fig 3),
as reported previously.24

Both selepressin and AVP induced a slight increase in AP (Fig 2A–2C) associated with a
moderate decrease in the HR (Fig 2D), possibly of baroreflex origin [28]. The moderate
decrease in ABF (Fig 2E) likely reflects a diminished cardiac output caused by the reducedHR
(because the SV was maintained—Fig 2F) and possibly also due to increased systemic vascular
resistance to both vasopressors [29]. Very similar results were reported in dogs; the selepressin-
and AVP-induced increase in AP was also dampened in that animal species by a reduced ABF
associated with a diminishedHR [19,30]. Because both selepressin and the mixed V1A/V2

receptor agonist AVP [12,13] demonstrated comparable hemodynamic characteristics, this
suggests that the AVP-related cardiovascular effects were triggeredmainly by activation of the
V1A receptor.

NE, in contrast to selepressin and AVP, induced a marked increase in AP (Fig 2A–2C),
which was associated with a lesser decrease in the HR (Figs 2D, 4A and 4B) and a moderate
increase in ABF (Figs 2E, 4C and 4D)—the reflection of a dose-dependent increase in SV (Figs
2F, 4E and 4F). These results suggest that an increase in cardiac output mediated by an increase
in SV was the main determinant of the increase in AP, consistent with the known positive ino-
tropic effect of NE [31]. NE intravenous infusion bears the risk of cardiovascular liability
through premature ventricular contractions, as we observedhere in some rabbits at the highest
infusion rate tested, which may predispose the heart to ventricular arrhythmia [32]. Moreover,
the inotropic effect of NE can greatly increasemyocardial oxygen demand, and thus the risk of
infarction [33]. Consequently, NE potentially poses a greater cardiovascular risk than selepres-
sin or AVP despite it being used as the standard of care in septic shock.

Interestingly, although the serum concentration of cardiac troponin I—a sensitive and spe-
cific biomarker of cardia injury [34]—was not increased by any of the three vasopressors tested,
including NE, the serum concentration of CK was significantly increased by all three to the
same extent in NA and A animals (Fig 5B). Total CK serum concentration is an insensitive and
non-specific biomarker of cardiac injury [34]. Skeletal muscle is by far the tissue possessing the
largest amount of CK activity per gram of tissue (5 to 10 times greater than the heart in
humans) [35]. Intravenous administration of high doses of vasopressin or epinephrine has
been shown to induce rhabdomyolysis accompanied by an increased serumCK concentration
[36–39] The magnitude of the increases observed in the present study is similar to that in a rab-
bit model of surgically-induced acute rhabdomyolysis [40]. Like the serumCK concentration,
that of aspartate aminotransferase is an insensitive and non-specific biomarker of cardiac
injury [34]. However, we cannot explain the fact that it only significantly increased in NE-
treated NA animals (Fig 5A).
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The present study had some limitations. Only five animals per group were included for ethi-
cal reasons, limiting the power of the study. The study concentrated mainly on hemodynamics,
although some histopathological and biomarker aspects of cardiovascular risk were also con-
sidered, and only focused on early-stage atherosclerosis. Most importantly, the effect of septic
shock on the potential cardiovascular liability of the three vasopressors in this rabbit model of
early-stage atherosclerosis was not assessed because anesthesia and sepsis pose a substantial
risk for these sensitive animals.

In conclusion, the results from the experimental conditions adopted indicated that there
was no relevant additional cardiovascular risk in the atherosclerotic animals following treat-
ment with not only AVP but also with the novel selective V1A receptor agonist selepressin,
which is consistent with the early stage of the disease. Further larger animal studies should be
performed using models of moderate to advanced atherosclerosis, in particular incorporating
septic shock, to assess the safety risk of selepressin and AVP in later stages of the disease. Con-
firmation of the safety of these vasopressins in such studies in addition to other animal models
of heart disease is desirable before considering clinical trials in patients with pre-existing heart
disease. The long-term consideration would be the possibility of using new vasopressors such
as selepressin in emergency therapeutic intervention, when the pre-existing cardiac health of
the patient is still unknown.
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