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Abstract
Oxytocin and its receptor are synthesised in the heart and blood vessels but effects of

chronic activation of this peripheral oxytocinergic system on cardiovascular function are not

known. In acute studies, systemic administration of low dose oxytocin exerted a protective,

preconditioning effect in experimental models of myocardial ischemia and infarction. In this

study, we investigated the effects of chronic administration of low dose oxytocin following

angiotensin II-induced hypertension, cardiac hypertrophy and renal damage. Angiotensin II

(40 μg/Kg/h) only, oxytocin only (20 or 100 ng/Kg/h), or angiotensin II combined with oxyto-

cin (20 or 100 ng/Kg/h) were infused subcutaneously in adult male Sprague-Dawley rats for

28 days. At day 7, oxytocin or angiotensin-II only did not change hemodynamic parameters,

but animals that received a combination of oxytocin and angiotensin-II had significantly ele-

vated systolic, diastolic and mean arterial pressure compared to controls (P < 0.01). Hemo-

dynamic changes were accompanied by significant left ventricular cardiac hypertrophy and

renal damage at day 28 in animals treated with angiotensin II (P < 0.05) or both oxytocin

and angiotensin II, compared to controls (P < 0.01). Prolonged oxytocin administration did

not affect plasma concentrations of renin and atrial natriuretic peptide, but was associated

with the activation of calcium-dependent protein phosphatase calcineurin, a canonical sig-

nalling mechanism in pressure overload-induced cardiovascular disease. These data dem-

onstrate that oxytocin accelerated angiotensin-II induced hypertension and end-organ renal

damage, suggesting caution should be exercised in the chronic use of oxytocin in individu-

als with hypertension.

PLOS ONE | DOI:10.1371/journal.pone.0138048 September 22, 2015 1 / 19

OPEN ACCESS

Citation: Phie J, Haleagrahara N, Newton P,
Constantinoiu C, Sarnyai Z, Chilton L, et al. (2015)
Prolonged Subcutaneous Administration of Oxytocin
Accelerates Angiotensin II-Induced Hypertension and
Renal Damage in Male Rats. PLoS ONE 10(9):
e0138048. doi:10.1371/journal.pone.0138048

Editor: Jaap A. Joles, University Medical Center
Utrecht, NETHERLANDS

Received: May 14, 2015

Accepted: August 24, 2015

Published: September 22, 2015

Copyright: © 2015 Phie et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All data underlying the
findings described in our manuscript are provided
within the manuscript or as supplemental files and is
fully available without restrictions.

Funding: This work was supported by a research
grant (2140-12005-0130 to RK & LC) from the
Australian Institute of Tropical Health and Medicine,
and James Cook University. The funding agencies
had no role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0138048&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Introduction
Recent advances indicate that oxytocin (OT) is potentially a useful therapeutic agent for many
neuropsychiatric conditions including autism, social anxiety, postnatal depression, obsessive-
compulsive problems and schizophrenia [1, 2]. However, the vast majority of studies on the
putative use of OT as a therapeutic agent have been based on a wide range of single or short-
term OT doses in normal individuals and thus failed to determine how acute and chronic OT
administration differ, and how the therapeutic effects of OT in normal individuals may trans-
late to patients with comorbidities of brain disorders and other systemic disease conditions [3].
The oxytocinergic system influences physiological functions in many organ systems outside
the central nervous system. OT is synthesised in the heart and the OT receptor similar to that
found in the uterus and brain was identified in mammalian cardiac myocytes, cardiac fibro-
blasts and blood vessels [4, 5]. The first cardiac specific role of OT was demonstrated by its
ability to trigger the release of atrial natriuretic peptide (ANP) from mammalian hearts [6],
causing natriuresis and a decrease in blood pressure [7]. Similarly, OT is associated with a
direct, centrally mediated regulation of autonomic outflow to the heart leading to negative ino-
tropic and chronotropic effects [8, 9]. In experimental models of ischemic cardiac injury, single
sub-pressor doses (25–125 ng/Kg) of OT significantly reduced myocardial infarct size, improv-
ing left ventricular function by activating cytoprotective intracellular mechanisms including
the stimulation of endothelial nitric oxide synthase-guanylate cyclase, ANP-cyclic guanosine
monophosphate, phosphoinositide 3-kinase and protein kinase B pathways likely via the OT
receptor [10–12]. In the heart, these intracellular signalling mechanisms subserve many benefi-
cial functions including vasodilation, anti-apoptotic and anti-fibrotic effects [10, 13]. It has
also been suggested that the protective effects of OT in myocardial ischemic injury are linked
to ischemic preconditioning [10, 11]. Acute stimulation of the cardiac OT receptor caused the
up-regulation of protein kinase C, which triggers the activation of mitochondrial ATP-depen-
dent potassium channels (mitoKATP) [10, 13]. This elicits cardiac protective effects through
increased potassium ion uptake into the mitochondria, leading to reduced mitochondrial
steady-state matrix volume, respiratory uncoupling and matrix alkalization [14]. Opening of
mitoKATP channels also causes sustained production of reactive oxygen species during the
ischemic period but reduces it following reperfusion thus preventing irreversible opening of
the mitochondrial permeability transition pore [15].

In marked contrast however, the acute short-term and specifically targeted benefits of OT
could be negated leading to unpredictable outcomes if the use of this neuropeptide is prolonged
in chronic cardiovascular conditions such as hypertension and pressure overload-induced car-
diac and renal damage. For instance, in ischemic cardiac injury, a short-term targeted adminis-
tration of OT increased the expression of transforming growth factor-beta1 in the infarct and
was associated with improved cardiac function and decreased mortality [11, 16, 17]. However,
chronically increased transforming growth factor-beta 1 expression causes pathological cardiac
remodelling characterised by hypertrophy, apoptosis and fibrosis [18]. This demonstrates that
possible chronic effects of OT on cardiovascular function cannot be inferred from studies with
acute dosing regimens. Furthermore, activation of the OT receptor is known to increase intra-
cellular calcium concentration mediated by the stimulation of phospholipase C as seen in the
myometrium [19, 20]. In the heart, accumulation of intracellular calcium and the subsequent
activation of calcium dependent calcineurin activity, and its downstream effector, the nuclear
factor of activated T-cells (NFAT) is a hallmark and a critical intracellular signalling conver-
gence point for many pathological conditions, including chronic pressure overload-induced
cardiac hypertrophy and failure, and ischemic injury [21, 22]. Mammalian myometrial cells
and cardiac myocytes share an identical OT receptor [23] but OT treatment appears to
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ameliorate endothelin-1 and Angiotensin II (AngII) mediated NFAT activation, hypertrophy
and apoptosis in neonatal rat cardiac myocytes [24]. While this in vitro study based on neona-
tal cardiac myocytes indicates that OT may attenuate the effects of pressure-overload induced
cardiac hypertrophy and pathology, effects of prolonged OT administration on cardiovascular
health in general, and chronic pressure overload-induced cardiac hypertrophy and end-organ
damage in vivo have not been investigated. We hypothesised that in the presence of a chronic
hypertensive state, prolonged administration of OT may be pathological. Our objective was to
examine effects and putative pathophysiological mechanisms of prolonged administration of
low dose OT in a rodent model of AngII-induced hypertension, cardiac hypertrophy and renal
damage.

Materials and Methods

Chemicals and Reagents
OT was obtained from Bachem (Bubendorf, Switzerland), AngII and all other chemicals were
obtained from Sigma Chemical Company (St. Louis, MO USA). Bioassay reagents for quantifi-
cation of total plasma renin and ANP, and a bioassay kit for extraction and quantification of
myocardial tissue calcium dependent calcineurin activity were obtained from Sapphire Biosci-
ences (NSW, Australia). Implantable mini-osmotic pumps (Model 2004) were obtained from
Alzet (CA, USA).

Animals and experimental design
Male Sprague Dawley rats (8–9 weeks old, 240–350g) were used for this study. Rats were housed
(2–3 animals per cage), at 23°C, 60% humidity on a 14:10 hour light-dark cycle; were fed stan-
dard rat chow and allowed access to water ad libitum. Animal use and all experimental proce-
dures were approved by James Cook University Animal Ethics Committee according to
Australian guidelines for the use and care of laboratory animals (Approval number A2010).
Forty-eight rats were randomly divided into six experimental groups (n = 8 per group) and
starting body weights were recorded (S1 File). The experimental groups consisted of: Control
receiving phosphate buffered saline; Low dose OT (LDOT, 20 ng/Kg/h); High dose OT (HDOT,
100 ng/Kg/h); AngII (40 μg/Kg/h); AngII with LOT and AngII with HDOT. The dose of AngII
was based on that used in previous models of hypertension and cardiac hypertrophy induced by
AngII infusion [25, 26]. The doses of OT were based on those used in acute studies utilising OT
infusion in myocardial infarction [11]. AngII and OT were dissolved in phosphate buffered saline
and treatments were administered for 28 days via subcutaneously implanted mini-osmotic
pumps. One animal in the AngII only group died suddenly of an unidentified cause before the
conclusion of experiments but this did not warrant any changes in the experimental design.

Osmotic pump implantation
Mini-osmotic pumps were prepared as per manufacturer's instructions. Rats were anaesthe-
tised with isoflurane (5% induction, 2% maintenance, at a flow rate of 2 L/min in oxygen) and
an incision approximately 1 cm in diameter was made between the scapulae and pumps were
inserted into the incision. Once surgery was completed, wounds were closed using 5.8 mm sur-
gical staples and swabbed with 7.5% w/v iodine to prevent contamination and infection.

Hemodynamic measurements
Baseline diastolic, systolic and mean arterial blood pressures, and heart rate were measured
immediately prior to pump implantation and at day 7 and day 28 after commencement of the
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experiment. Animals were acclimatized to the restraint apparatus on a heated pad at 37.5°C in
a quiet environment under light isoflurane-induced anaesthesia (4% induction, 2% mainte-
nance, at a flow rate of 2 L/min in oxygen). Measurements were taken using a computerised
CODA blood pressure monitor (Kent Scientific, CT USA), equipped with an occlusion cuff
and a volume pressure recording sensor. Values were recorded until five complete measure-
ments were obtained without the range of the five replicate mean arterial pressures exceeding
15mmHg. All blood pressure measurements were taken between the hours of 6:00 AM-11:00
AM to minimise the impact of diurnal variation. This method has been validated and shown to
have good reproducibility and accuracy over the physiological range of blood pressure values
in rodents [27].

Echocardiography
Echocardiograms (M-mode) were obtained 21 days after pump implantation (n = 7–8 per
group), under light isoflurane-induced anaesthesia as described above. Rats were positioned
right side down on a heated pad and echocardiograms were obtained via the right parasternal
short axis view just below the level of the mitral valve using a curved array (3–9 Mhz) probe on
a MyLab70 XVision Esaote

1

ultrasound machine. Left ventricular mass was calculated using
the American Society of Echocardiography formula in Eq (1) below and then corrected for var-
iations in body weight where 1.04 is the specific gravity of muscle, LVIDd is the left ventricular
internal diameter in diastole, IVSd is the interventricular septal diameter in diastole and
LVPWd is the left ventricular posterior wall thickness in diastole.

1:04½ðIVSdþ LVIDdþ LVPWdÞ3 � ðLVIDdÞ3� Eqð1Þ
Fractional shortening (FS) was calculated according to Eq (2), where LVIDS is the left ven-

tricular internal diameter in systole and LVIDd is the left ventricular internal diameter in dias-
tole.

ðLVIDd � LVIDsÞ =ðLVIDdÞ � 100 Eqð2Þ

For each measured parameter, an average of five cardiac cycles was used by a veterinary
echocardiologist who was blinded to the experimental treatment regimens.

Histological and morphometric analysis of cardiac hypertrophy and renal
damage
At day 28, animals were sacrificed by carbon dioxide asphyxiation. Hearts were fixed in diastole
by a retrograde apical infusion of 1% potassium chloride, rapidly removed, blot dried, weighed
and cut in half along the cross sectional plane. The basal half of the heart and the left kidney
were fixed in 10% neutral buffered formalin and embedded in paraffin for histological analysis.
Sections of the heart and kidney (5μm) were prepared and stained with hematoxylin and eosin,
and Masson’s trichrome, and then photographed under a bright-field with a microscope
(Olympus BX43F). Collagen deposition in the posterior wall of the left ventricle and the inter-
ventricular septal wall was analysed using Image-J software (NIHealth, MD USA), according to
previously described methods [28]. For kidney sections, a histological scoring system based on
a semi-quantitative analysis of pathological changes [29] was also used to assess AngII or OT
induced changes in a single-blinded manner. Assessed parameters included: glomerular necro-
sis, tubular degeneration, necrosis and epithelial sloughing, vascular congestion and extravasa-
tion, and interstitial fibrosis. The grading system used to assess these pathological changes was
based on 0–4 score designed by a pathologist who was blinded to the treatments and was out-
lined as, 0 = normal with no noticeable histopathological changes; 1 = minor: 0–29%;
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2 = moderate: 30–49%; 3 = marked: 50–69% and 4 = severe: 70–100%. Six individual samples
were analysed for each of the six experimental groups and histological scores were reported as
mean ± standard error of the mean (SEM).

Quantifying plasma electrolytes, creatinine, urea, ANP and prorenin/
renin
At day 28, rats were euthanized by carbon dioxide overdose, blood was collected in heparinised
tubes and plasma samples (n = 6 per experimental group) were collected by centrifugation at
2000 xg, for 15 min at 4°C and then stored at -20°C prior to analysis. Photometric analysis was
performed to determine plasma sodium, potassium, chloride, calcium, magnesium, phosphate,
bicarbonate, urea, creatinine, total protein and glutamate dehydrogenase activity using a chem-
istry analyser (Beckman, AU480). Urea to creatinine ratio was calculated as an indicator for
renal failure. Urine flow rate was not measured in this study but an indirect measure of creati-
nine clearance (mL/min) was used according to a method that utilises plasma creatinine con-
centration and body mass index in rats [30], using Eq (3).

CrðmL = minÞ ¼ 220� 10�3ðmmol =min = kgÞ � weightðkgÞ � ½Crðmmol =LÞ��1 ð3Þ
Where Cr is plasma creatinine concentration.

Total plasma prorenin/renin concentration was determined using an ELISA assay kit,
according to the manufacturer’s instructions (Molecular Innovations) and plasma ANP was
quantified by using an ANP ELISA kit [31].

Calcineurin activity
Frozen heart tissue was thawed and a section of the left ventricle (0.20–0.35g) was isolated and
homogenised using a Polytron (Brinkmann PT2100) tissue homogeniser in lysis buffer con-
taining 50 mmol/L Tris (pH 7.5), 0.1 mmol/L EDTA, 0.1 mmol/ L EGTA, 0.2% NP-40, 1
mmol/ L DTT, 100 μmol/ L PMSF, 5 mmol/L ascorbic acid, and protease inhibitor cocktail.
The tissue homogenate was centrifuged at 18000 xg for 30 min at 4°C and the supernatant was
desalted to remove excess phosphate and nucleotides. Calcineurin activity was measured by the
rate of dephosphorylation of a synthetic peptide using a calcineurin assay kit according to the
manufacturer’s instructions. The released free phosphate was detected using the standard Mal-
achite green colorimetric assay [32]. Relative calcineurin phosphatase activity was expressed as
pmol phosphate/μg of protein.

Statistical Analysis
Normally distributed data were presented as means ± SEM and analysed using one-way analy-
sis of variance with Tukey's post-hoc tests for multiple comparisons. Data that were not consis-
tent with a Gaussian distribution were presented as medians with the interquartile range (IQR)
and analysed using the Kruskal-Wallis test paired with Dunn’s post-hoc test for multiple com-
parisons and the linear mixed effects model to adjust for unequal variance between experimen-
tal groups [33]. Changes were considered significant at P< 0.05.

Results

Chronic Administration of Oxytocin Accelerated Angiotensin II-induced
Hypertension
Blood pressure and heart rate was measured immediately before pump implantation (day 1)
and after 7 and 28 days of OT, AngII or AngII and OT infusion. Administration of only OT at
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20 ng/kg/h (LDOT) or 100 ng/kg/h (HDOT) had no effect on any of the measured hemody-
namic parameters after 28 days of treatment. At day 7 however, systolic and diastolic blood
pressure, and mean arterial pressure was significantly elevated in animals that received both
OT and AngII but not AngII only (Figs 1 and 2). Median systolic blood pressure (mmHg) for
animals receiving both LDOT and AngII was 151 (146–163) versus control: 100 (98–103);
P< 0.05. Diastolic pressure and mean arterial pressure values (mmHg) were 102 (99–112)
[LDOT and AngII] versus 68 (67–68) [control; P< 0.05], and 116 (112–131) [LDOT and
AngII] versus 76 (75–79) [control; P< 0.05] respectively. Similarly, a significant increase in
systolic, diastolic and mean arterial pressure was observed in animals receiving a combination
of AngII and HDOT (P< 0.05), but no difference was observed between animals receiving
AngII and LDOT, and AngII and HDOT.

At day 28, following the administration of AngII only, AngII and LDOT or AngII and
HDOT, a significant increase in systolic, diastolic and mean arterial pressure was observed
(Figs 1 and 2). Median arterial pressure values (mmHg) were 85 (79–88) [control] versus 99
(90–129) [AngII only; P< 0.05], 112 (99–152) [AngII and LDOT; P< 0.05] and, 128 (114–
140) [AngII and HDOT; P< 0.01]. The hypertensive effects resulting from administration of a
combination OT and AngII at day 7 were sustained at day 28 but the administration of AngII

Fig 1. Effects of oxytocin and angiotensin II on systolic and diastolic blood pressure. Systolic and diastolic blood pressure (mmHg) after 1, 7 and 28
days of subcutaneous infusion of saline (control), low dose oxytocin (LDOT), high dose oxytocin (HDOT), angiotensin II (AngII), a combination of angiotensin
II and low dose oxytocin (AngII + LDOT) or angiotensin II and high dose oxytocin (AngII + HDOT). Data represent medians with interquartile range (n = 5–8).
Asterisks (*) indicate significant difference from the control group on the same day (* P<0.05, ** P<0.01). Clear bars represent saline, low dose oxytocin
(LDOT) or high dose oxytocin (HDOT) controls, and filled bars represent angiotensin II, or a combination of angiotensin II and low or high dose oxytocin.

doi:10.1371/journal.pone.0138048.g001
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together with LDOT or HDOT did not cause a significant change in blood pressure compared
to the AngII only group. A significant increase in blood pressure between day 7 and day 28 was
only observed in the AngII group (P< 0.05). There were no significant differences in heart
rates between any of the treatment groups at day 1, 7 or 28 (Fig 2).

Effects of Oxytocin on Angiotensin II-Induced Cardiac Hypertrophy and
Fibrosis
Chronic pressure overload leads to cardiac hypertrophy, cardiomyocyte apoptosis and fibrosis
[18]. We assessed effects of OT on AngII induced cardiac hypertrophy and fibrosis. Wet heart
weights were measured and normalised to body weight for comparison between treatment
groups. Heart weight to body weight ratio was significantly elevated (P< 0.05), only in animals
that were administered a combination of AngII and LDOT or AngII and HDOT (Fig 3). Mean
heart to body weight ratios (mg/kg) were Control: 3.2 ± 0.2; LDOT only: 3.4 ± 0.7; HDOT
only: 3.1 ± 0.1; AngII only: 3.7 ± 0.4; AngII and LDOT: 3.9 ± 0.5; AngII and HDOT: 4.0 ± 0.4.

Fig 2. Effects of oxytocin and angiotensin II on mean arterial pressure and heart rate.Mean arterial blood pressure (mmHg) and heart rate (beats/min)
after 1, 7 and 28 days of subcutaneous infusion of saline (control), low dose oxytocin (LDOT), high dose oxytocin (HDOT), angiotensin II (AngII), a
combination of angiotensin II and low dose oxytocin (AngII + LDOT) or angiotensin II and high dose oxytocin (AngII + HDOT). Data represent medians with
interquartile range (n = 5–8). Asterisks (*) indicate significant difference from the control group on the same day (* P<0.05, ** P<0.01). Clear bars represent
saline, low dose oxytocin (LDOT) or high dose oxytocin (HDOT) controls, and filled bars represent angiotensin II, or a combination of angiotensin II and low or
high dose oxytocin.

doi:10.1371/journal.pone.0138048.g002
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Left ventricular mass index (mg/g) as determined by echocardiography was significantly higher
in animals treated with AngII only, AngII and LDOT and, AngII and HDOT compared to the
control group. The indices for left ventricular mass (mg/g) were 1.9 ± 0.3 [control] versus
2.5 ± 0.4 [AngII only; P< 0.05], 2.5 ± 0.5 [AngII and LDOT; P< 0.05] and 2.7 ± 0.5 [AngII
and HDOT; P< 0.01]. Interventricular septal thickness during diastole and systole was signifi-
cantly higher only in animals receiving AngII and HDOT compared to control (P< 0.05) but
there were no changes in all the other indices of cardiovascular function including percentage
FS and ejection fraction in any of the groups (Table 1). Similarly, there were no significant dif-
ferences in collagen deposition in the posterior wall of the left ventricle and the interventricular
septal wall between any of the treatment groups (S2 File).

Fig 3. Effects of oxytocin on angiotensin II-induced cardiac hypertrophy. Representative hematoxylin and eosin stained histological sections of the
interventricular septal wall of the heart (original magnification x400) showing changes in cardiac myocyte size, left ventricular mass and heart to body weight
ratio. Left ventricular mass index and heart weight were quantified at day 21 and 28 respectively following the infusion of saline (control), low dose oxytocin
(LDOT), high dose oxytocin (HDOT), angiotensin II (AngII), a combination of angiotensin II and low dose oxytocin (AngII + LDOT) or angiotensin II and high
dose oxytocin (AngII + HDOT). Data on bar graphs represent mean ± SEM (n = 6–8). Asterisks (*) indicate significant difference from the control group (*
P<0.05, ** P<0.01).

doi:10.1371/journal.pone.0138048.g003
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Oxytocin Exacerbated Angiotensin II-induced Renal Damage
Kidneys are susceptible to the deleterious effects of chronic hypertension. Effects of OT on
AngII-induced hypertension and renal, end-organ damage were assessed by histological evalu-
ations as well as the analysis of plasma urea and creatinine as indicators of renal function. At
day 28, plasma urea and creatinine concentrations were significantly elevated only in animals
that were treated with both AngII and OT (Table 2 and Fig 4). Mean urea to creatinine plasma
concentration ratios were Control: 278 ± 16 versus AngII only: 309 ± 17; AngII and LDOT:
350 ± 16, P< 0.05; AngII and HDOT: 339 ± 27, P< 0.05. The marked increase in plasma urea
and creatinine concentration was matched by a corresponding, significant decrease in creati-
nine clearance in animals that received both AngII and LDOT or Ang II and HDOT (Fig 4).
Mean creatinine clearance values (mL/min) were 4.4 ± 0.2 [Control] versus 3.1 ± 0.4 [AngII
only], 2.5 ± 0.4 [AngII and LDOT; P< 0.01] and, 2.7 ± 0.3 [AngII and HDOT; P< 0.01]. Sig-
nificant renal damage (P< 0.05) was also evident on Masson’s trichrome stained histological
sections of kidneys from animals that received AngII only, and a combination of AngII and
LDOT or AngII and HDOT (Fig 4 and S3 File). Observed pathological effects included tubular

Table 1. Echocardiographic Evaluations of Left Ventricular Dimensions and Function.

Control LDOT HDOT AngII AngII + LDOT AngII + HDOT

IVSs (mm) 2.13 ± 0.10 2.40 ± 0.12 2.18 ± 0.13 2.35 ± 0.20 2.44 ± 0.16 2.76 ± 0.10*

IVSd (mm) 1.36 ± 0.10 1.22 ± 0.07 1.45 ± 0.12 1.57 ± 0.12 1.65 ± 0.13 1.90 ± 0.15*

LVIDs (mm) 4.95 ± 0.22 4.96 ± 0.23 5.13 ± 0.12 4.37 ± 0.46 4.33 ± 0.25 4.29 ± 0.30

LVIDd (mm) 7.33 ± 0.39 7.49 ± 0.39 7.46 ± 0.16 6.68 ± 0.28 6.79 ± 0.20 6.67 ± 0.29

PWs (mm) 2.70 ± 0.15 3.14 ± 0.13 2.63 ± 0.19 2.83 ± 0.18 2.90 ± 0.14 2.77 ± 0.17

PWd (mm) 2.08 ± 0.18 2.35 ± 0.10 1.90 ± 0.14 2.20 ± 0.22 2.05 ± 0.27 2.00 ± 0.12

FS (%) 32.3 ± 1.4 33.0 ± 1.9 31.4 ± 1.6 35.2 ± 4.5 36.3 ± 3.0 35.4 ± 2.4

EF (%) 66.1 ± 1.8 68.6 ± 2.9 64.6 ± 2.3 68.7 ± 6.1 70.9 ± 4.3 70.6 ± 3.0

Data represent the mean ± SEM, n = 7–8 per group. Asterisks (*) and bold indicate significant difference compared with control (P < 0.05). LDOT, low

dose oxytocin; HDOT, high dose oxytocin; AngII, angiotensin II; IVSs, interventricular septum thickness during systole; IVSd, interventricular septum

thickness during diastole; LVIDs, left ventricular internal diameter during systole; LVIDd, left ventricular internal diameter during diastole; PWs, left ventricle

posterior wall thickness during systole; PWd, left ventricle posterior wall thickness during diastole; FS, fractional shortening; EF, ejection fraction.

doi:10.1371/journal.pone.0138048.t001

Table 2. Effects of oxytocin and angiotensin II on plasma urea and creatinine concentrations, and plasma electrolytes and osmolality.

Control LDOT HDOT AngII AngII + LDOT AngII + HDOT

Urea (mM) 6.6 ± 0.5 6.2 ± 0.3 6.6 ± 0.3 9.2 ± 1.3 13.5 ± 2.3* 15.1 ± 1.9**

Creatinine (mM) 0.02 ± 0.001 0.03 ± 0.001 0.03 ± 0.001 0.03 ± 0.001 0.04 ± 0.001* 0.04 ± 0.001*

Albumin (mg/mL) 65 ± 1 65 ± 1 67 ± 1 60 ± 1 68 ± 2 64 ± 1

Na+ (mM) 143 ± 1 143 ± 1 144 ± 1 143 ± 1 140 ± 2 142 ± 1

K+ (mM) 7.2 ± 0.6 6.4 ± 0.1 7.2 ± 0.2 5.8 ± 0.4 6.2 ± 0.4 6.6 ± 0.2

Ca2+ (mM) 2.9 ± 0.1 2.9 ± 0.03 3.0 ± 0.1 2.8 ± 0.1 3.0 ± 0.1 2.9 ± 0.1

Cl- (mM) 97 ± 1 97 ± 1 97 ± 1 96 ± 2 91 ± 2 92 ± 2

PO4
2- (mM) 3.5 ± 0.2 3.1 ± 0.1 3.3 ± 0.1 3.0 ± 0.2 3.2 ± 0.2 3.2 ± 0.3

HCO3
- (mM) 33 ± 2 33 ± 1 34 ± 1 34 ± 2 35 ± 1 36 ± 2

Osmolality (mM) 292 ± 2 293 ± 2 294 ± 2 296 ± 1 294 ± 1 294 ± 1

Data represent mean ± SEM, n = 5–6 per group, asterisks (*) and bold indicate significant difference from control group (* P<0.05, ** P<0.01). LDOT, low

dose oxytocin; HDOT, high dose oxytocin; AngII, angiotensin-II.

doi:10.1371/journal.pone.0138048.t002

Oxytocin and Angiotensin II-Induced Pathology

PLOS ONE | DOI:10.1371/journal.pone.0138048 September 22, 2015 9 / 19



epithelial cell necrosis and desquamation, vacuolisation and degeneration of basement mem-
branes, luminal congestion with loss of brush borders, enlargement of Bowman's cavities and,
interstitial fibrosis (Fig 4 and S3 File). Histological scores were: 1.2 ± 0.3 in AngII treated ani-
mals, 2.1 ± 0.4 in animals that received Ang II and LDOT and 1.7 ± 0.3 in animals that received
AngII and HDOT(Fig 4 and S3 File). No noticeable pathological effects were observed in the
control, LDOT or HDOT groups.

Effects of Chronic Oxytocin Administration on Plasma Atrial Natriuretic
Peptide and Renin Concentration
ANP and renin are important blood pressure regulating factors secreted from the heart and
kidneys respectively. In the current study we investigated whether the hypertensive effects
resulting from chronic administration of AngII and OT were attributed to sustained changes in
circulating levels of ANP and renin. Plasma samples obtained after 28 days of AngII or AngII

Fig 4. Effects of oxytocin on angiotensin II-induced renal damage. Representative Masson’s trichrome stained histological sections of the renal cortex
and medulla showing effects of oxytocin on angiotensin II induced renal damage. Pathological changes in the kidney were assessed by histological
evaluation of glomerular necrosis, tubular degeneration, necrosis and epithelial sloughing and interstitial fibrosis (‡), and vascular congestion and
extravasation (†). The original magnification was x100. Changes in renal function due to intra-renal damage were also evaluated as plasma urea to creatinine
ratio and creatinine clearance. Measurements were made 28 days following the infusion of saline (control), low dose oxytocin (LDOT), high dose oxytocin
(HDOT), angiotensin II (AngII), a combination of angiotensin II and low dose oxytocin (AngII + LDOT), or angiotensin II and high dose oxytocin (AngII
+ HDOT). Data represent the mean ± SEM (n = 6) and asterisks (*) on bar graphs indicate significant difference from the control group (* P<0.05, ** P<0.01).

doi:10.1371/journal.pone.0138048.g004

Oxytocin and Angiotensin II-Induced Pathology

PLOS ONE | DOI:10.1371/journal.pone.0138048 September 22, 2015 10 / 19



and OT administration revealed no significant differences in plasma ANP, sodium, potassium
and chloride concentrations between any of the treatment groups (Fig 5 and Table 2). In con-
trast however, total plasma renin and prorenin was significantly decreased (P< 0.05) in all ani-
mals that received AngII (Fig 5). Median plasma renin concentrations (ng/mL) were 30 (17–
41) [Control] versus 6 (4–16) [AngII only; P< 0.05], 5 (5–11) [AngII and LDOT; P< 0.05]
and, 4 (3–5) [AngII and HDOT; P< 0.001].

Effects of Oxytocin on Angiotensin II-Induced Activation of Phosphatase
Calcineurin
Activation of calcineurin, a calcium-calmodulin-activated serine/threonine phosphatase, plays
a critical signal transduction role in the development of pressure overload-induced cardiac
hypertrophy, and renal damage. We investigated effects of chronic OT administration on
AngII induced activation of calcineurin in heart tissue. The increase in calcineurin phosphatase
activity was statistically significant only in animals that received both AngII and, LDOT or
HDOT (Fig 6). Median calcineurin phosphatase activities (pmol phosphate/μg protein) were
11 (8–14) [Control] versus 15 (10–18) [LDOT only], 10 (6–11) [HDOT only], 19 (12–22)
[AngII only], 36 (22–38) [AngII and LDOT; P< 0.01] and, 25 (19–33) [AngII and HDOT;
P< 0.05].

Discussion
The hypothesis tested in this study was that prolonged systemic administration of OT aggra-
vates the adverse effects of chronic hypertension induced by AngII. Our major observations
were that OT accelerated AngII-induced hypertension in a dose dependent manner leading to

Fig 5. Effects of oxytocin and angiotensin II on plasma ANP and renin concentration. Plasma ANP and, prorenin and renin concentrations were
quantified following the administration of saline (control), low dose oxytocin (LDOT), high dose oxytocin (HDOT), angiotensin II (AngII), a combination of
angiotensin II and low dose oxytocin (AngII + LDOT) or angiotensin II and high dose oxytocin (AngII + HDOT) for 28 days. Data represent mean ± SEM
(n = 5). Asterisks (*) indicate significant difference from the control group (* P<0.05, ** P<0.01).

doi:10.1371/journal.pone.0138048.g005
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a compensatory phase of cardiac hypertrophy with increased heart weight and left ventricular
mass; but without significant changes in collagen deposition and myocardial fibrosis, or func-
tion as determined by evaluation of the left ventricular ejection fraction and fractional shorten-
ing. The acceleration of the hypertensive effects of AngII by OT was accompanied by
significant kidney damage and compromised renal function. While the prolonged administra-
tion of OT did not change plasma concentrations of ANP and renin, or plasma osmolality, it
augmented the activation of calcium-dependent protein phosphatase calcineurin, a common
signalling mechanism in pressure overload-induced pathological conditions [21, 22].

Chronic hypertension was induced by the subcutaneous infusion of AngII at 40 μg/kg/h
for 4 weeks and effects of OT were tested by the simultaneous subcutaneous infusion of OT
at 20 ng/kg/h or 100 ng/kg/h for 28 days, to cause chronic oxytocinergic stimulation in
male adult Sprague Dawley rats. In previous studies, modelling of cardiovascular disease in
Sprague Dawley rats has typically used subcutaneously infused AngII at doses between 10 and
30 μg/kg/h. Following the infusion of 10.5 μg/kg/h of AngII, systolic blood pressure was signifi-
cantly elevated by day 14 [25], while at 30 μg/kg/h of AngII infusion, systolic blood pressure
was significantly elevated by day 7 [34]. The dose and route of AngII administration that we
employed in the current study is very comparable to that used by Brink and colleagues [34],
however blood pressure was not significantly elevated by day 7 in this study. The male Sprague
Dawley rats utilised in our study were younger adults (2 versus 5 months old) and this may
have accounted for the delayed development of hypertension. Under these experimental condi-
tions, AngII caused a significant increase in blood pressure by day 28. When the infusion of

Fig 6. Effects of oxytocin and angiotensin II on myocardial calcineurin activity. Activity of the
myocardial calcium-dependent calcineurin phosphatase was quantified following the administration of saline
(control), low dose oxytocin (LDOT), high dose oxytocin (HDOT), angiotensin II (AngII), a combination of
angiotensin II and low dose oxytocin (AngII + LDOT) or angiotensin II and high dose oxytocin (AngII + HDOT)
for 28 days. Data represent mean ± SEM (n = 5). Asterisks (*) indicate significant difference from the control
group (* P<0.05, ** P<0.01).

doi:10.1371/journal.pone.0138048.g006
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AngII was combined with OT in the current study, systolic, diastolic and mean arterial blood
pressure were significantly elevated at day 7 but by day 28 blood pressure was equally elevated
in all animals that received AngII only or AngII and OT. This indicates that hypertension was
attained earlier and therefore prolonged, by combining AngII with OT. The sustained hyper-
tension led to a significant, OT dose-dependent increase in heart weight and left ventricular
mass in animals that received both AngII and OT. These data are in marked contrast with pre-
vious in vitro studies where a comparable, low concentration of OT (100 nmoles/L) mitigated
AngII-induced hypertrophy and apoptosis in neonatal cardiac myocytes by activating cytopro-
tective mechanisms including ANP release, endothelial nitric oxide synthase and guanylate
cyclase stimulation and increasing intracellular cyclic guanosine monophosphate [24]. This
disparity indicates that systemic effects of chronic OT administration may be more complex
and thus difficult to predict based on in vitro or ex vivo studies with acute dosing regimens.
Certainly, even with whole animal studies, OT may increase [35, 36] or decrease [36, 37] blood
pressure and heart rate depending on dosage and route of administration, length of treatment
and, the initial blood pressure status or trigger for hypertension. Here we demonstrate that pro-
longed subcutaneous administration of OT (20–100 ng/kg/h, 28 days) in itself exerts no
changes on heart rate or blood pressure and yet by comparison, intrathecal administration of
equivalent doses of OT into the central nervous system caused transient cardiac sympathetic
activation and tachycardia, and subsequent lowering of blood pressure via OT receptor medi-
ated stimulation of paraventricular nuclei with spinally projecting neurones [38]. The apparent
lack of effect on heart rate in our study may be attributed to the fact that the subcutaneously
administered, low dose range of OT had very limited access to the central nervous system
mainly because of poor blood-brain barrier permeability and unfavourable pharmacokinetic
profiles; this notion is supported by previous studies [39]. It can be argued therefore, that the
sub-pressor dose range of OT used in the current study accelerated the hypertensive effects via
shared peripheral mechanisms with AngII. At a relatively high plasma concentration, akin to
that detected at term pregnancy or during parturition, OT increases blood pressure by activat-
ing the vasopressin V1aR receptor [40]. Similarly, AngII is known to stimulate vasopressin
release in the circulation and this contributes to increase in blood volume, arterial resistance
and elevated blood pressure [41]. It is unlikely however, that involvement of vasopressin and
its receptor would serve as the only mechanism to account for the prohypertensive effects of
OT in the current study. This is partly because OT has very low intrinsic activity at V1aR vasso-
pressin receptors making it difficult to constitute full functionality at the dose range used here
[40]. Opposite hemodynamic challenges associated with hypovolemia and hypotension are
accompanied by increased secretion of OT, and the intravenous infusion of OT (125 ng/kg/h)
over 120 minutes activates an increase in plasma renin concentration by stimulating OT recep-
tors in macula densa cells of the juxtaglomerular apparatus in the kidney of Sprague Dawley
rats [35, 42]. The acute effects of OT on renin release were not re-evaluated in the current
study but they do offer a sound rationale for enhancing the renin-AngII system and therefore
contributing to the accelerated elevation of blood pressure by OT that we observed. With
chronic OT infusion over 28 days however, we observed a significant decrease in total plasma
renin concentrations in all animals that received only AngII or AngII and OT. Moreover, in
animals that received AngII or AngII and OT treatment, the decrease in total plasma renin was
inversely proportional to the elevation in blood pressure at day 7 and 28. This observation is
consistent with a form of negative feedback where the increased stimulation of the AngII type
1 receptors reduces renin release from the kidneys as observed to a similar extent in other stud-
ies using subcutaneous AngII treatment at a similar dose range [43, 44].

The progression of chronic hypertension to cardiac hypertrophy and congestive heart fail-
ure is characterised by an increase in the biosynthesis and release of ANP from the atrial and
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ventricular myocytes and this serves an important protective mechanism contributing to natri-
uresis, increased urine volume and lowering of blood pressure [6, 7, 24]. Plasma ANP was
therefore measured as a biomarker for cardiac hypertrophy [45, 46], as well as to determine
whether OT increased plasma ANP as seen previously [6]. However, when comparable doses
of OT (20 or 100 ng/kg/h) were infused subcutaneously for 28 days in the current study, OT,
AngII, or a combination of AngII and OT had no effect on total plasma ANP, sodium and
potassium concentrations or plasma osmolality. Perhaps this is not surprising because the car-
diac hypertrophy that we observed was in a compensatory phase with no signs of overt failure
and thus would not be predicted to stimulate significant ANP release. These data also suggest
that putative cardiac protective effects of OT in acute conditions such as ischemic reperfusion
injury may not be prominent with the chronic administration of OT. We investigated whether
chronically administered OT may have exacerbated the effects of AngII via pathological mech-
anisms mediated by increased intracellular calcium. Indeed, we confirmed that the administra-
tion of OT and AngII caused significant activation of calcium-dependent protein phosphatase
calcineurin, a canonical early signalling mechanism in pressure overload-induced cardiovascu-
lar disease [21, 22]. This indicates that the cardiac myocyte hypertrophy that we observed with
AngII only or AngII and OT was an early compensatory phase of a pathological effect but not a
normal physiological response.

Kidneys are susceptible to hypertension-induced end-organ damage prompted by reduction
of renal perfusion which triggers cellular injury. In this study we show that the acceleration of
AngII-induced hypertension by OT corroborated the significant renal damage characterised by
tubular epithelial cell necrosis and desquamation, vacuolisation and degeneration of basement
membranes, luminal congestion with loss of brush borders, enlargement of Bowman's cavities
and, interstitial fibrosis. Thus, these effects may be attributed to the prolonged pressor
responses resulting from combining OT and AngII. This is further substantiated by the fact
that a significant increase in plasma urea to creatinine ratio and decreased creatinine clearance
was observed only in animals treated with both AngII and LDOT or HDOT. As the increase in
plasma urea to creatinine ratio and the decrease in creatinine clearance are standard markers
for compromised renal function in clinical pathology, we conclude that chronic OT adminis-
tration exacerbated AngII-induced renal damage. This however, contradicts recent literature
which shows that OT administered at a similar dose of 125 ng/kg/h over 12 weeks, exerted car-
dioprotective effects in leptin receptor deficient (db/db) obese diabetic mice [47]. It was sug-
gested that these changes in db/db mice were partly attributed to decreased body weight gain
and adipocyte size, as well as reduced oxidative stress due to the beneficial effects of OT on car-
bohydrate metabolism [47]. Peripheral OT administration can also reduce appetite in leptin-
receptor deficient rats (fa(k)/fa(k)), and inhibit a decrease in energy expenditure due to weight
loss [48]. The differences between the results of the current study and that of Plante and co-
workers [47], may be due to a number of factors. Firstly, there are prominent species differ-
ences between mice and rats and to a great extent, hypertension and renal damage that is seen
in experimental models in rats is difficult to induce in mice [49]. Secondly, these studies may
collectively suggest that OT is cardioprotective when obesity and diabetes are a major contrib-
uting factor, but is not cardioprotective in models of inappropriate RAAS regulation. Thus, it
could be hypothesised that OT could be beneficial or detrimental to cardiac health depending
on the underlying pathophysiological mechanisms.

Study Limitations
Based on the experimental design and execution of the current study, useful conclusions can be
drawn from the generated data. Nonetheless, there are a few of limitations to this study as
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outlined below. Firstly, only one model of AngII-induced hypertension was used in rats, and a
limited dose range of OT was tested. These observations should be confirmed in other models of
chronic hypertension and other animal species with a relatively larger sample size, a wide OT
dose range, different routes of OT administration and duration. Secondly, the primary observa-
tion of renal damage induced by co-administration of AngII and OT was not confirmed by
assessing changes in glomerular filtration rate directly. This was because of the inability to track
and quantify total urine output due to the limited access to an adequate number of metabolic
cages for rats. Nonetheless creatinine clearance was estimated using a validated method which
correlates very well with glomerular filtration rate in Sprague Dawley rats [30]. Our data indicates
that the compromised creatinine clearance matched the observed renal damage histologically.
Moreover, in animals treated with OT and AngII, the evaluated urea:creatinine ratios (mmol/L:
μmol/L), a standard clinical pathology practice indicates a likelihood of intra-renal damage thus
supporting these conclusions. Thirdly, we did not quantify changes in plasma AngII and OT.
This is partly because subcutaneous infusion of AngII and OT in Sprague Dawley rats has been
previously validated [11, 25, 34], and indeed the observed cardiovascular changes indicate that
our drug infusions exerted the intended effects. In addition, we only took snapshot readings of
blood pressure at day 1, 7 and 28 following OT and AngII infusion. This is a minor limitation as
snapshot readings can still provide important information from which meaningful conclusions
can be drawn. Our results should be confirmed in future studies utilising telemetry probes to
allow for continuous observation of blood pressure. Lastly, detailed mechanisms that underpin
some of the conclusions in the current study remain to be determined. The extensive, complex
and often overlapping interactions between OT, AngII or vasopressin receptors in maintaining
homeostasis in cardiovascular function precluded any meaningful use of receptor antagonist to
elucidate mechanisms, but transgenic or OT receptor gene knockout animal models could be uti-
lized to determine whether the observations in the current study were exclusively mediated by
the OT receptor. Mechanistically we observed that calcineurin activity was elevated in the myo-
cardium coinciding with the accelerated increase in blood pressure in animals that received both
AngII and OT. OT augmented the pathological effects of AngII in the kidneys but kidney specific
activation of calcineurin was not demonstrated. While we have access to formalin fixed kidney
samples from this study, we realise now that the fixed tissues are not suitable for quantifying
renal calcineurin activity and the accompanying downstream biochemical effector pathways.
Thus, the current study presents important primary observations relating to prohypertensive
effects of OT in an AngII infusion model in rats, but additional studies geared at elucidating
detailed molecular mechanisms are warranted.

Perspectives and conclusions
Intranasal administration of OT is in clinical trials for management of some neuropsychiatric
disorders including autism and schizophrenia [2, 3], and a number of studies have indicated
that OT may also serve beneficial roles in experimental models of acute myocardial injury
[10, 12]. However, the characterisation of cardiovascular effects of OT has been based on
acute in vivo or ex vivo studies and effects of chronic activation of the oxytocinergic system
on cardiovascular function are not known. To a great extent, even human clinical trials with
OT have been limited to single or sub-acute dosing regimens in normal individuals or
patients with behavioural or neuropsychiatric disease [2, 3]. To our knowledge, the current
study is the first to investigate effects of prolonged administration of sub-pressor doses of OT
on AngII-induced hypertension in vivo. We show that OT accelerated AngII-induced hyper-
tension leading to cardiac hypertrophy and, significant damage and compromised function
of the kidneys. These effects were associated with the activation of the calcium-dependent
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calcineurin, a pathological signaling pathway in chronic hypertension. Although we do not
show a direct kidney specific effect, this is the first study to show that OT enhances the acti-
vation of calcineurin by angiotensin II in cardiovascular tissue. OT may contribute to arterial
smooth muscle contraction and hypertension especially in the presence of a pressor agent
like angiotensin II in a manner a kin to OT-mediated contraction of uterine smooth muscle.
Thus, the acceleration of hypertension by OT was a likely a factor contributing to the
increased renal damage. It remains to be determined how our results may relate to the
administration of OT via other routes, apply to other species, or models of chronic hyperten-
sion but, within the confines and limitations of our experimental design, we conclude that
caution should be exercised in the chronic use of OT systemically even at sub-pressor doses
in individuals with pre-existing hypertension.

Supporting Information
S1 File. Starting body weights of experimental rats immediately prior to pump implanta-
tion. Data represent means ± SEM (n = 8). Ang II, Angiotensin II; LDOT, low dose Oxytocin;
HDOT, high dose Oxytocin.
(TIF)

S2 File. Masson's trichrome stained histological sections of the posterior wall of the left
ventricle. Collagen deposition in the posterior wall of the left ventricle was not significantly dif-
ferent between groups treated with saline (control), low dose oxytocin (LDOT), high dose oxy-
tocin (HDOT), angiotensin II (AngII), a combination of angiotensin II and low dose oxytocin
(AngII + LDOT) or angiotensin II and high dose oxytocin (AngII + HDOT) for 28 days. The
original magnification was x100.
(TIF)

S3 File. Masson’s trichrome stained histological sections of the renal cortex and medulla
showing effects of oxytocin on angiotensin II induced renal damage. Pathological changes
in the kidney were scored by histological evaluation of glomerular necrosis, tubular degenera-
tion, necrosis and epithelial sloughing and interstitial fibrosis, and vascular congestion and
extravasation. The original magnification was x100. Measurements were made 28 days follow-
ing the infusion of saline (control), low dose oxytocin (LDOT), high dose oxytocin (HDOT),
angiotensin II (AngII), a combination of angiotensin II and low dose oxytocin (AngII +
LDOT), or angiotensin II and high dose oxytocin (AngII + HDOT).
(TIF)

S4 File. The ARRIVE Guidelines Checklist.
(PDF)

Acknowledgments
We would like to thank Mrs Elizabeth Davies and Mrs Christine Hall for their technical assis-
tance, Dr Paula Clancy for useful discussions and Professor Rhonda Jones for statistical advice.

Author Contributions
Conceived and designed the experiments: JP LC NH ZS RK. Performed the experiments: JP PN
CC. Analyzed the data: JP RK LC NH ZS. Contributed reagents/materials/analysis tools: PN
CC NH LC RK. Wrote the paper: JP LC NH RK.

Oxytocin and Angiotensin II-Induced Pathology

PLOS ONE | DOI:10.1371/journal.pone.0138048 September 22, 2015 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138048.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138048.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138048.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138048.s004


References
1. Bakermans-Kranenburg M, Van Ijzendoorn M. Sniffing around oxytocin: review and meta-analyses of

trials in healthy and clinical groups with implications for pharmacotherapy. Transl Psychiatry. 2013; 3
(5):e258.

2. Cochran D, Fallon D, Hill M, Frazier JA. The role of oxytocin in psychiatric disorders: A review of biologi-
cal and therapeutic research findings. Harv Rev Psychiatry. 2013; 21(5):219. doi: 10.1097/HRP.
0b013e3182a75b7d PMID: 24651556

3. Anagnostou E, Soorya L, Brian J, Dupuis A, Mankad D, Smile S, et al. Intranasal oxytocin in the treat-
ment of autism spectrum disorders: a review of literature and early safety and efficacy data in youth.
Brain Res. 2014; 1580:188–98. doi: 10.1016/j.brainres.2014.01.049 PMID: 24508578

4. Jankowski M, Hajjar F, Al Kawas S, Mukaddam-Daher S, Hoffman G, McCann SM, et al. Rat heart: a
site of oxytocin production and action. Proc Natl Acad Sci U S A. 1998; 95(24):14558–63. PMID:
9826739

5. Thibonnier M, Conarty DM, Preston JA, Plesnicher CL, Dweik RA, Erzurum SC. Human Vascular Endo-
thelial Cells Express Oxytocin Receptors. Endocrinology. 1999; 140(3):1301–9. PMID: 10067857

6. Gutkowska J, Jankowski M, Lambert C, Mukaddam-Daher S, Zingg HH, McCann SM. Oxytocin
releases atrial natriuretic peptide by combining with oxytocin receptors in the heart. Proc Natl Acad Sci
U S A. 1997; 94(21):11704–9. PMID: 9326674

7. Haanwinckel M, Elias L, Favaretto A, Gutkowska J, McCann S, Antunes-Rodrigues J. Oxytocin medi-
ates atrial natriuretic peptide release and natriuresis after volume expansion in the rat. Proc Natl Acad
Sci U S A. 1995; 92(17):7902–6. PMID: 7644511

8. Mukaddam-Daher S, Yin Y-L, Roy J, Gutkowska J, Cardinal R. Negative inotropic and chronotropic
effects of oxytocin. Hypertension. 2001; 38(2):292–6. PMID: 11509492

9. Rigatto K, Puryear R, Bernatova I, Morris M. Salt Appetite and the Renin-Angiotensin System Effect of
Oxytocin Deficiency. Hypertension. 2003; 42(4):793–7. PMID: 12953013

10. Alizadeh AM, Faghihi M, Sadeghipour HR, Mohammadghasemi F, Imani A, Houshmand F, et al. Oxyto-
cin protects rat heart against ischemia–reperfusion injury via pathway involving mitochondrial ATP-
dependent potassium channel. Peptides. 2010; 31(7):1341–5. doi: 10.1016/j.peptides.2010.04.012
PMID: 20417240

11. Jankowski M, Bissonauth V, Gao L, Gangal M, Wang D, Danalache B, et al. Anti-inflammatory effect of
oxytocin in rat myocardial infarction. Basic Res Cardiol. 2010; 105(2):205–18. doi: 10.1007/s00395-
009-0076-5 PMID: 20012748

12. Faghihi M, Alizadeh AM, Khori V, Latifpour M, Khodayari S. The role of nitric oxide, reactive oxygen
species, and protein kinase C in oxytocin-induced cardioprotection in ischemic rat heart. Peptides.
2012; 37(2):314–9. doi: 10.1016/j.peptides.2012.08.001 PMID: 22902709

13. Garg V, Hu K. Protein kinase C isoform-dependent modulation of ATP-sensitive K+ channels in mito-
chondrial inner membrane. Am J Physiol Heart Circ Physiol. 2007; 293(1):H322–H32. PMID: 17351068

14. Costa AD, Quinlan CL, Andrukhiv A, West IC, Jabůrek M, Garlid KD. The direct physiological effects of
mitoKATP opening on heart mitochondria. Am J Physiol Heart Circ Physiol. 2006; 290(1):H406–H15.
PMID: 16143645

15. Costa AD, Jakob R, Costa CL, Andrukhiv K, West IC, Garlid KD. The mechanism by which the mito-
chondrial ATP-sensitive K+ channel opening and H2O2 inhibit the mitochondrial permeability transition.
J Biol Chem. 2006; 281(30):20801–8. PMID: 16720572

16. Frantz S, Hu K, Adamek A, Wolf J, Sallam A, Maier SK, et al. Transforming growth factor beta inhibition
increases mortality and left ventricular dilatation after myocardial infarction. Basic Res Cardiol. 2008;
103(5):485–92. doi: 10.1007/s00395-008-0739-7 PMID: 18651091

17. Chen H, Li D, Saldeen T, Mehta JL. TGF-β1 attenuates myocardial ischemia-reperfusion injury via inhi-
bition of upregulation of MMP-1. Am J Physiol Heart Circ Physiol. 2003; 284(5):H1612–H7. PMID:
12679326

18. Kuwahara F, Kai H, Tokuda K, Kai M, Takeshita A, Egashira K, et al. Transforming growth factor-β func-
tion blocking prevents myocardial fibrosis and diastolic dysfunction in pressure-overloaded rats. Circu-
lation. 2002; 106(1):130–5. PMID: 12093782

19. Monga M, Campbell DF, Sanborn BM. Oxytocin-stimulated capacitative calcium entry in humanmyo-
metrial cells. Am J Obstet Gynecol. 1999; 181(2):424–9. PMID: 10454695

20. Pont JN, McArdle CA, López Bernal A. Oxytocin-stimulated NFAT transcriptional activation in human
myometrial cells. Mol Endocrinol. 2012; 26(10):1743–56. PMID: 22902539

21. Molkentin JD. Calcineurin–NFAT signaling regulates the cardiac hypertrophic response in coordination
with the MAPKs. Cardiovasc Res. 2004; 63(3):467–75. PMID: 15276472

Oxytocin and Angiotensin II-Induced Pathology

PLOS ONE | DOI:10.1371/journal.pone.0138048 September 22, 2015 17 / 19

http://dx.doi.org/10.1097/HRP.0b013e3182a75b7d
http://dx.doi.org/10.1097/HRP.0b013e3182a75b7d
http://www.ncbi.nlm.nih.gov/pubmed/24651556
http://dx.doi.org/10.1016/j.brainres.2014.01.049
http://www.ncbi.nlm.nih.gov/pubmed/24508578
http://www.ncbi.nlm.nih.gov/pubmed/9826739
http://www.ncbi.nlm.nih.gov/pubmed/10067857
http://www.ncbi.nlm.nih.gov/pubmed/9326674
http://www.ncbi.nlm.nih.gov/pubmed/7644511
http://www.ncbi.nlm.nih.gov/pubmed/11509492
http://www.ncbi.nlm.nih.gov/pubmed/12953013
http://dx.doi.org/10.1016/j.peptides.2010.04.012
http://www.ncbi.nlm.nih.gov/pubmed/20417240
http://dx.doi.org/10.1007/s00395-009-0076-5
http://dx.doi.org/10.1007/s00395-009-0076-5
http://www.ncbi.nlm.nih.gov/pubmed/20012748
http://dx.doi.org/10.1016/j.peptides.2012.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22902709
http://www.ncbi.nlm.nih.gov/pubmed/17351068
http://www.ncbi.nlm.nih.gov/pubmed/16143645
http://www.ncbi.nlm.nih.gov/pubmed/16720572
http://dx.doi.org/10.1007/s00395-008-0739-7
http://www.ncbi.nlm.nih.gov/pubmed/18651091
http://www.ncbi.nlm.nih.gov/pubmed/12679326
http://www.ncbi.nlm.nih.gov/pubmed/12093782
http://www.ncbi.nlm.nih.gov/pubmed/10454695
http://www.ncbi.nlm.nih.gov/pubmed/22902539
http://www.ncbi.nlm.nih.gov/pubmed/15276472


22. Wilkins BJ, Dai Y-S, Bueno OF, Parsons SA, Xu J, Plank DM, et al. Calcineurin/NFAT coupling partici-
pates in pathological, but not physiological, cardiac hypertrophy. Circ Res. 2004; 94(1):110–8. PMID:
14656927

23. Inoue T, Kimura T, Azuma C, Inazawa J, Takemura M, Kikuchi T, et al. Structural organization of the
human oxytocin receptor gene. J Biol Chem. 1994; 269(51):32451–6. PMID: 7798245

24. Menaouar A, Florian M, Wang D, Danalache B, Jankowski M, Gutkowska J. Anti-hypertrophic effects of
oxytocin in rat ventricular myocytes. Int J Cardiol. 2014;(0). doi: http://dx.doi.org/10.1016/j.ijcard.2014.
04.174

25. Cassis LA, Marshall DE, Fettinger MJ, Rosenbluth B, Lodder RA. Mechanisms contributing to angioten-
sin II regulation of body weight. Am J Physiol Endocrinol Metab. 1998; 274(5):E867–E76.

26. Griffin SA, BrownW, MacPherson F, McGrath JC, Wilson VG, Korsgaard N, et al. Angiotensin II causes
vascular hypertrophy in part by a non-pressor mechanism. Hypertension. 1991; 17(5):626–35. PMID:
2022407

27. Feng M, Whitesall S, Zhang Y, Beibel M, D'Alecy L, DiPetrillo K. Validation of volume–pressure record-
ing tail-cuff blood pressure measurements. Am J Hypertens. 2008; 21(12):1288–91. doi: 10.1038/ajh.
2008.301 PMID: 18846043

28. Papadopulos F, Spinelli M, Valente S, Foroni L, Orrico C, Alviano F, et al. Common tasks in microscopic
and ultrastructural image analysis using ImageJ. Ultrastruct Pathol. 2007; 31(6):401–7. PMID:
18098058

29. Dam VP, Scott JL, Ross A, Kinobe RT. Inhibition of cystathionine gamma-lyase and the biosynthesis of
endogenous hydrogen sulphide ameliorates gentamicin-induced nephrotoxicity. Eur J Pharmacol.
2012; 685(1):165–73.

30. Moorhead KT, Hill JV, Chase JG, Hann CE, Scotter JM, Storer MK, et al. Modelling acute renal failure
using blood and breath biomarkers in rats. Comput Methods Programs Biomed. 2011; 101(2):173–82.
doi: 10.1016/j.cmpb.2010.07.010 PMID: 20728235

31. Rössger K, Charpin-El Hamri G, Fussenegger M. Reward-based hypertension control by a synthetic
brain–dopamine interface. Proc Natl Acad Sci U S A. 2013; 110(45):18150–5. doi: 10.1073/pnas.
1312414110 PMID: 24127594

32. Martin B, Pallen C, Wang J, Graves DJ. Use of fluorinated tyrosine phosphates to probe the substrate
specificity of the low molecular weight phosphatase activity of calcineurin. J Biol Chem. 1985; 260
(28):14932–7. PMID: 2415511

33. Pinheiro J, Bates D. Mixed-effects models in S and S-PLUS: Springer Science & Business Media;
2006.

34. Brink M, Wellen J, Delafontaine P. Angiotensin II causes weight loss and decreases circulating insulin-
like growth factor I in rats through a pressor-independent mechanism. J Clin Invest. 1996; 97(11):2509.
PMID: 8647943

35. HuangW, Sjöquist M, Skott O, Stricker EM, Sved AF. Oxytocin antagonist disrupts hypotension-
evoked renin secretion and other responses in conscious rats. Am J Physiol Regul Integr Comp Phy-
siol. 2001; 280(3):R760–R5. PMID: 11171655

36. Wsol A, Szczepanska-Sadowska E, Kowalewski S, Puchalska L, Cudnoch-Jedrzejewska A. Oxytocin
differently regulates pressor responses to stress in WKY and SHR rats. The role of central oxytocin and
V1a receptors. Stress. 2014; 17(1):117–25. doi: 10.3109/10253890.2013.872620 PMID: 24308490

37. Petersson M, Alster P, Lundeberg T, UvnÄS-Moberg K. Oxytocin Causes a Long-Term Decrease of
Blood Pressure in Female and Male Rats. Physiol Behav. 1997; 60(5):1311–5.

38. Morris M, Callahan MF, Li P, Lucion AB. Central Oxytocin Mediates Stress‐Induced Tachycardia. J
Neuroendocrinol. 1995; 7(6):455–9. PMID: 7550292

39. Morin V, del Castillo JR, Authier S, Ybarra N, Otis C, Gauvin D, et al. Evidence for non-linear pharmaco-
kinetics of oxytocin in anesthetizetized rat. J Pharm Pharmaceut Sci. 2008; 11:12–24.

40. Loichot C, Krieger J-P, De JongW, Nisato D, Imbs J-L, Barthelmebs M. High concentrations of oxytocin
cause vasoconstriction by activating vasopressin V1A receptors in the isolated perfused rat kidney.
Naunyn-Schmiedeberg's Arch Pharmacol. 2001; 363(4):369–75.

41. Cudnoch-Jędrzejewska A, Dobruch J, Puchalska L, Szczepańska-Sadowska E. Interaction of AT1
receptors and V1a receptors-mediated effects in the central cardiovascular control during the post-
infarct state. Regul Pept. 2007; 142(3):86–94. PMID: 17350115

42. Schiltz JC, Hoffman GE, Stricker EM, Sved AF. Decreases in arterial pressure activate oxytocin neu-
rons in conscious rats. Am J Physiol Regul Integr Comp Physiol. 1997; 273(4):R1474–R83.

43. Chen L, Kim SM, Eisner C, Oppermann M, Huang Y, Mizel D, et al. Stimulation of renin secretion by
angiotensin II blockade is Gsα-dependent. J Am Soc Nephrol. 2010; 21(6):986–92. doi: 10.1681/ASN.
2009030307 PMID: 20395378

Oxytocin and Angiotensin II-Induced Pathology

PLOS ONE | DOI:10.1371/journal.pone.0138048 September 22, 2015 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/14656927
http://www.ncbi.nlm.nih.gov/pubmed/7798245
http://dx.doi.org/10.1016/j.ijcard.2014.04.174
http://dx.doi.org/10.1016/j.ijcard.2014.04.174
http://www.ncbi.nlm.nih.gov/pubmed/2022407
http://dx.doi.org/10.1038/ajh.2008.301
http://dx.doi.org/10.1038/ajh.2008.301
http://www.ncbi.nlm.nih.gov/pubmed/18846043
http://www.ncbi.nlm.nih.gov/pubmed/18098058
http://dx.doi.org/10.1016/j.cmpb.2010.07.010
http://www.ncbi.nlm.nih.gov/pubmed/20728235
http://dx.doi.org/10.1073/pnas.1312414110
http://dx.doi.org/10.1073/pnas.1312414110
http://www.ncbi.nlm.nih.gov/pubmed/24127594
http://www.ncbi.nlm.nih.gov/pubmed/2415511
http://www.ncbi.nlm.nih.gov/pubmed/8647943
http://www.ncbi.nlm.nih.gov/pubmed/11171655
http://dx.doi.org/10.3109/10253890.2013.872620
http://www.ncbi.nlm.nih.gov/pubmed/24308490
http://www.ncbi.nlm.nih.gov/pubmed/7550292
http://www.ncbi.nlm.nih.gov/pubmed/17350115
http://dx.doi.org/10.1681/ASN.2009030307
http://dx.doi.org/10.1681/ASN.2009030307
http://www.ncbi.nlm.nih.gov/pubmed/20395378


44. Crowley SD, Gurley SB, Herrera MJ, Ruiz P, Griffiths R, Kumar AP, et al. Angiotensin II causes hyper-
tension and cardiac hypertrophy through its receptors in the kidney. Proc Natl Acad Sci U S A. 2006;
103(47):17985–90. PMID: 17090678

45. Ibebuogu UN, Gladysheva IP, Houng AK, Reed GL. Decompensated Heart Failure Is AssociatedWith
Reduced Corin Levels and Decreased Cleavage of Pro–Atrial Natriuretic Peptide. Circ Heart Fail.
2011; 4(2):114–20. doi: 10.1161/CIRCHEARTFAILURE.109.895581 PMID: 21216831

46. O'Brien R. N-terminal pro-atrial natriuretic peptide (N-ANP) and N-terminal pro-B-type natriuretic pep-
tide (N-BNP) in the prediction of death and heart failure in unselected patients following acute myocar-
dial infarction. Clin Sci. 2004; 107:309–16. PMID: 15182235

47. Plante E, Menaouar A, Danalache BA, Yip D, Broderick TL, Chiasson J-L, et al. Oxytocin Treatment
Prevents the Cardiomyopathy Observed in Obese Diabetic Male db/db Mice. Endocrinology. 2015; 156
(4):1416–28. doi: 10.1210/en.2014-1718 PMID: 25562615

48. Morton GJ, Thatcher BS, Reidelberger RD, Ogimoto K, Wolden-Hanson T, Baskin DG, et al. Peripheral
oxytocin suppresses food intake and causes weight loss in diet-induced obese rats. Am J Physiol
Endocrinol Metab. 2012; 302(1):E134–E44. doi: 10.1152/ajpendo.00296.2011 PMID: 22008455

49. Hartner A, Cordasic N, Klanke B, Veelken R, Hilgers KF. Strain differences in the development of
hypertension and glomerular lesions induced by deoxycorticosterone acetate salt in mice. Nephrology
Dialysis Transplantation. 2003; 18(10):1999–2004.

Oxytocin and Angiotensin II-Induced Pathology

PLOS ONE | DOI:10.1371/journal.pone.0138048 September 22, 2015 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/17090678
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.109.895581
http://www.ncbi.nlm.nih.gov/pubmed/21216831
http://www.ncbi.nlm.nih.gov/pubmed/15182235
http://dx.doi.org/10.1210/en.2014-1718
http://www.ncbi.nlm.nih.gov/pubmed/25562615
http://dx.doi.org/10.1152/ajpendo.00296.2011
http://www.ncbi.nlm.nih.gov/pubmed/22008455

