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Abstract

Dilated cardiomyopathy (DCM) is the major cause of heart failure affecting both women and
men. Limited clinical studies show conflicting data in sex-related differences in the progres-
sion of dilated cardiomyopathy and heart failure (HF) outcomes. We examined the compara-
tive sex-related progression of cardiomyopathy and the development of HF (at4, 7, 13
weeks of age) in a well-established, transgenic mouse model of DCM that recapitulates

the progressive stages of human HF. By 13 weeks of age, female mice with DCM had

more severe left ventricular systolic dysfunction, left ventricular dilation and wall thinning
(P<0.001 for all) than age-matched male mice with DCM. Female mice also had greater
lung edema (P<0.001), cardiac fibrosis (P<0.01) and pleural effusions, which were not res-
cued by ovariectomy. By comparison to DCM male mice at 13 weeks, these pathological
changes in female mice with DCM, were associated with significant increases in plasma
active renin (P<0.01), angiotensin 1l (P<0.01) and aldosterone levels (P<0.001). In compari-
son to DCM male mice, DCM female mice also showed differential expression of the natri-
uretic peptide system with lower corin and higher ANP, BNP and cGMP levels at 13 weeks
of age. We conclude, that female mice with experimental DCM have an accelerated pro-
gression of cardiomyopathy and HF, which was not corrected by early ovariectomy. These
alterations are associated with early renin activation with increased angiotensin Il and aldo-
sterone levels, and altered expression of the natriuretic peptide system.

Introduction

Dilated cardiomyopathy (DCM) is the major cause of heart failure (HF) [1,2] that affects more
than 60% of HF patients [1,3]. DCM affects both men and women [2,4] and sex-related differ-
ences in survival have been reported previously [2,4-8], but the data on disease incidence,
outcomes and survival are inconsistent [9-14]. Whether sex-related variations in specific
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pathways alter the progression of cardiomyopathy or the development of HF remains poorly
understood.

In humans, DCM is characterized by progressive enlargement of ventricles, fluid retention
and loss of heart contractile function [1,2,4]. The heart muscle weakens and the main chamber
(left ventricle) is unable to pump sufficient blood and oxygen to the organs [3]. Experimental
data on diseases incidence, progression and HF outcomes in animal models are scarce. This
experimental DCM mouse model appears to be the highly translationally relevant since the
DCM mice are not only recapitulate pathological features of HF [15-18], but also pass through
all stages of HF [19], similar to humans [20]. DCM mice develop progressive ventricular dila-
tion with loss of systolic function, lung edema and death [15,17-19,21]. Female mice with
DCM have shorter survival than males, which has been attributed to more severe impairments
in mitochondrial function in females evident at 12 weeks of age [16].

The natriuretic peptide (NP) system and renin angiotensin aldosterone system (RAAS) play
important roles in the pathophysiology of HF [22-26]. However, whether sex-related modula-
tion of NP and RAAS affects the progression of DCM and HF is not clear. Activation of the
RAAS leads to extracellular fluid and sodium retention, ventricular remodeling, left ventricular
dysfunction and dilation; pharmacologic blockade of RAAS activity is widely used for HF
treatment [27-30]. Under normal physiological conditions, RAAS action is counter-balanced
by the NP system [31]. Natriuretic peptides oppose the effects of RAAS by increasing glomeru-
lar filtration rate, inhibiting sodium reabsorption and inhibiting renin and aldosterone release
from the kidney [22,32].

Previous experimental studies have concluded that the net effect of estrogen is to suppress
the renin-angiotensin system [33,34]; this suggests the hypothesis that female mice with DCM
may be protected from RAAS activation and HF development in an experimental model of
DCM. In this study we examined the progression of cardiomyopathy and HF over time, in
female mice (with and without ovariectomy) by comparison to male mice with DCM. We
monitored for the pathologic development of cardiomyopathy and HF (lung edema, cardiac
dysfunction, cardiac remodeling) in relation to the activation of RAAS system and the expres-
sion of NP system components.

Material and methods

Mice

Animal studies were approved by the Animal Care and Use Committees of University of Ten-
nessee Health Science Center and were performed in accordance with National Institute of
Health (NIH) Guide for the Care and Use of Laboratory Animals. The progression of HF and
cardiomyopathy were examined in female and male mice with or without DCM on a C57BL/6
background at 4, 7 and 13 weeks of age. DCM mice express a dominant-negative CREB tran-
scription factor in cardiomyocytes and develop progressive DCM and HF [15,17-19,21]. The
expression of dominant negative CREB transgene product was not different between sexes and
the CREB transgene expression does not significantly alter the content of endogenous CREB
protein in the heart between sexes [16].

Mice were housed in the same cage racks in AAALAC-accredited facilities and fed a normal
chow diet with 0.3% sodium (EnvigoTeklad #7912) and their health and behavior were moni-
tored daily by the animal facility staff and laboratory members. Mice with DCM of both sexes
develop HF over time by experimental design. To prevent animal’s suffering, the following
endpoint criteria were used in veterinary evaluation: weight loss (>20 percent), increased
respiratory rate, and hunched posture. Mouse survival was determined by the reports of the
animal facility technician who was blinded to genotype. Animals were reported deceased at
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daily health check prior to any endpoint criteria being identified; All 109 mice used in survival
studies were found dead without using humane intervention (euthanasia). Total 216 mice
were euthanized with isoflurane at 4, 7 and 13 weeks of age for blood and tissue samples collec-
tion; these mice were never demonstrated the endpoint criteria. The blood samples were col-
lected by heart puncture into EDTA-aprotinin tubes to block proteolysis of targeted proteins.
The blood samples were centrifuged at 3000 rpm for 20 min at 4°C, aliquoted, and stored at
-80°C until analysis.

Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured by a non-
invasive tail-cuff method at 85-90 days old male and female mice with or without DCM
(n = 26) (Kent Scientific, Torrington, CT; model XBP 1000).

Echocardiography

Transthoracic echocardiograms were performed by an echocardiographer blinded to mouse
genotype using a Vevo 2100 Imaging System (Visual Sonic Inc., Toronto, Canada) as we have
described previously [17-19]. Hair from the ventral thorax was removed by chemical depila-
tory cream (Nair) one day before the echocardiographic studies. Briefly, mice were sedated
with 1.5% inhaled isoflurane. Two-dimensional and M-mode images of the LV were obtained
from the parasternal long-axis and short axis acoustic windows. The 2D-guided M-mode
recordings were analyzed using Vevo LAB™ (version 1.7.1) software; left ventricular internal
dimension at end systole (LVIDs), interventricular septal wall thickness in diastole (IVSd) and
left ventricular posterior wall thickness in diastole (LVPWd) were measured on at least three
cardiac cycles and averaged for each mouse. All measurements were performed using the lead-
ing-edge-to-leading-edge convention. The fractional shortening (FS, %) and ejection fraction
(EF, %) were calculated according to standard equations.

Lung edema analysis

Pleural effusions were assessed by necropsy analysis of the mouse thoracic cavity. Lung edema
was assessed by the lung weight-to-body weight ratio (LW/BW%). The LW/BW% was calcu-
lated as right plus left lung wet weight divided by body weight as described previously [19].
The heart weight-to-body weight ratio (HW/BW%) was also calculated as an indicator of car-
diac mass [17,18].

Enzyme immunoassay for plasma proteins detection

Plasma corin, ANP (as N terminus-ANP), BNP (as C terminus-BNP), cGMP, angiotensin II
and aldosterone levels were measured by enzyme immunoassays according to the manufactur-
er’s protocols (USCN Life Science Inc., China; Phoenix Pharmaceuticals, Inc.,Burlingame, CA;
Enzo Life Science Inc.,Farmingdale, NY, Abcam Inc.,Cambridge, MA). Renin activities in
plasma samples were measured by cleavage of a fluorescence resonance energy transfer sub-
strate using a SensoLyte 520 mouse renin assay kit (AnaSpec, Fremont,CA) that allows the
direct assessment of renin activity [34].

Histological staining and analysis

Formalin-fixed (10% buffered formalin), paraffin-embedded heart sections (5 um) were cut on
slides and used for picrosirius red staining to analyze fibrosis. Slides were deparaffinized (Safe-
clear II, Fisher Diagnostics, Kalamazoo, MI) in a series of xylene solutions, hydrated in graded
ethanol, and then stained with picrosirius stain (Abcam,Cambridge, MA). Slides were scanned
by Aperio CS2 scanner (Aperio Technologies, Vista, CA) and images were captured using
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ImageScope (Leica Biosystems) software. Interstitial fibrosis was examined by collagen (red)
positive area in 7-12 fields (scale bars, 200 um) of left ventricular free wall and septum per
heart by a blinded observer. Total interstitial fibrosis was quantitated as the percentage of the
collagen (red) positive area/total myocardial area using Image Pro Plus 6.2 (Media Cybernet-
ics, Bethesda, MD).

Ovariectomy

Ovariectomy was performed in DCM female mice at 4 weeks of age prior to sexual maturation
[35]. Mice were kept under 1-2%isoflurane anesthesia during surgical procedure. A single 1
cm ventral incision was made through the skin, muscle layer and body wall. Once exposed, the
ovaries were clamped with a hemostat briefly to achieve hemostasis and removed. The body
wall and muscle layers were sutured with 4-0 Vicryl and the skin was closed with surgical
wound clips. Buprenorphine (0.1 mg/kg SC) was given at the time of recovery and every 12 h
as needed up to 72 h post-surgery. Body temperature was maintained throughout the surgery
using a heated surgical platform and a circulating hot water pad during recovery. Mice were
returned to housing room after reaching full consciousness. Skin staples were removed 10-14
days post-surgery.

Statistical analysis

Statistical analysis was performed with Graph Pad Prism 5.0 software (San Diego, CA). Sur-
vival was analyzed by the Kaplan-Meier method and the comparison of two groups was
assessed by the log-rank test. Time-dependent differences between sexes were analyzed by a
two-way ANOVA using the Bonferroni post-test correction. Differences among more than
two groups were analyzed by one-way ANOV A at single time point (13 weeks) using a Neu-
mann-Keuls correction. Differences were considered to be significant if the two-tailed P<0.05.
The number of animals (N) is indicated in the figures or legends. Data were expressed as
mean + SEM.

Results
Female mice have an accelerated decline in cardiac function

We compared cardiac systolic function in DCM female mice to WT female controls. In DCM
female mice, EF% (Fig 1A) or FS% (Fig 1B) were mildly decreased at 4 weeks of age and pro-
gressively declined by more than 75% at 13 weeks (EF = 12+2% vs. 57+1%, Fig 1A, P<0.001
and FS = 5.5+.7.0% vs 30+0.7%, P<0.001, Fig 1B). In DCM male mice, a less marked, time-
dependent decline in systolic function was evident in comparison with wild-type controls (Fig
1D and 1E), as we have previously described [19].

The sex-based differences in cardiac systolic function in female vs. male mice with DCM
were examined. The EF% was similar in female vs. male mice with DCM at 4 weeks (51+2% vs
56+1%) and 7 weeks (43+2% vs 38+2%), but it decreased nearly 2.5-fold in female vs male at
13 weeks of age (EF%; 12+2% vs 31+3%, Fig 1G). The FS was also markedly reduced in female
vs male mice at 13 weeks (5.5+0.8% vs 15+1%, Fig 1H, P<0.001). Age (P<0.001) and sex
(P<0.001) both are crucial determinants of systolic function (EF% and FS%) in DCM mice, as
analyzed by two-way ANOVA.

At 13 weeks of age, female mice with DCM had significantly greater left ventricular dimen-
sions than male with DCM (LVIDs, 4.3 vs 3.9 mm, S1C Fig, P<0.05). At this age, the interven-
tricular septum (IVSd = 0.5 vs0.7mm, P<0.001) and posterior wall (LVPWd = 0.5vs 0.7mm,
P<0.001) were significantly thinner in female vs male mice with DCM (S1F and S1I Fig). In
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Fig 1. Female mice with DCM show accelerated declines in systolic function and increased lung water retention when
compared with male mice with DCM. Age- related changes in ejection fraction (EF%) in female (A) and in male mice(D) fractional
shortening (FS%) in female (B) and in male mice (E) LW/BW% in female (C) and in male (F) mice with and without DCM. Figs 1D, 1E
and 1F were reproduced from our previously published data [19]. Female or male with DCM are indicated by closed symbols, female
or male without DCM by open symbols. The number of animals per group at each time point is shown. Age dependent changes in both
sexes were analyzed by two-way ANOVA. At 13 weeks of age, changes in EF% (G) FS% (H) and LW/BW% (1) in female and male
mice with or without DCM. DCM-F (DCM female, red), DCM-M (DCM male, black), dotted red (female) and black (male) line represent
mean baseline levels in mice without DCM. The number of DCM mice is indicated. Differences among groups at 13 weeks were
analyzed by one-way ANOVA. ***P<0.001 (DCM female vs DCM male). ***P<0.001, and *P<0.05 (DCM vs. WT mice).

https://doi.org/10.1371/journal.pone.0189315.9001

comparison to their sex matched WT controls, the thickness of IVS and LVPW were signifi-
cantly decreased (13 weeks) in DCM female mice (P<0.001; S1D and S1G Fig) but only
slightly reduced in DCM male mice (IVSd = NS;S1E Fig; LVPWd = P<0.01;S1H Fig). These
echocardiographic measures demonstrate that female have severely reduced left ventricular
function with greater ventricular dilation and more pronounced wall thinning than male mice
with DCM.

Female mice develop greater lung edema

The development of HF is associated with pleural effusions and increased lung water retention
or lung edema in patients [22] and in mice with DCM as previously reported [17-19]. In
DCM female, at 4 and 7 weeks of age, there was no sign of lung edema and pleural effusions,

PLOS ONE | https://doi.org/10.1371/journal.pone.0189315 December 14, 2017 5/15


https://doi.org/10.1371/journal.pone.0189315.g001
https://doi.org/10.1371/journal.pone.0189315

@° PLOS | ONE

Enhanced heart failure in females with DCM

but 13 weeks DCM female showed a significant increase by 77% (P<0.001) in LW/BW% (lung
edema) and pleural effusions in comparison with WT female controls (Fig 1C). A less signifi-
cant change (4-13 weeks) in LW/BW% was evident in DCM male mice in comparison to WT
male controls (Fig 1F) as described [19].

Importantly, DCM female mice also showed a significant increase (by 50%) in LW/BW%
(Fig 11, P<0.001) and pleural effusions (female = 3 out of 17 animals vs male = 0 out of 12 ani-
mals) in comparison with DCM male mice at 13 weeks. LW/BW% were analyzed by two-way
ANOVA in DCM mice of both sexes; age (P<0.01) and sex (P<0.01) both were significant
modulators of lung weight.

Female mice show enhanced pathological cardiac remodeling

We determined cardiac remodeling by measuring HW/BW% and cardiac fibrosis. By compar-
ison to their sex matched WT controls, both female (P<0.001) and male (P<0.01) mice with
DCM showed increased cardiac fibrosis (Fig 2D and 2E) at 13 weeks of age. Although male
DCM mice did not show any difference in HW/BW% as compared to their WT control males
(Fig 2B), DCM female mice showed significantly increased HW/BW% in comparison to WT
female control (Fig 2A, P<0.01) at 13 weeks.

We compared sex-based differences in HW/BW% and fibrosis in DCM female vs DCM
male mice at 13 weeks of age. HW/BW% was increased in DCM female vs. DCM male (Fig 2A
and 2B) and that is also evident by morphologically enlarged heart seen in DCM females (Fig
2C). DCM mice had pathologically enlarged and dilated heart chambers as shown in Fig 2C.
DCM females had four chamber dilation with significant left ventricular enlargement when
compared to DCM males at 13 weeks of age (Fig 2C). Left atrial enlargement with thrombosis
was often seen in females with DCM, but not in males (Fig 2C).

We determined age-dependent changes in HW/BW% by a two-way ANOVA in female and
male mice with DCM,; this analysis showed that the age was a significant (P<0.05) modulator
of cardiac mass in DCM mice. Cardiac fibrosis was significantly enhanced in female vs. male
mice with DCM as assessed by picrosirius red staining for collagen (P<0.01, Fig 2D and 2E) at
13 weeks.

Female mice show enhanced early activation of the RAAS

Activation of RAAS,with elevated plasma angiotensin II and aldosterone, promotes HF, lung
edema and myocardial fibrosis [22,28,36]. The RAAS is activated by renin followed by angio-
tensin II production and aldosterone release [27]. By comparison to their WT controls, plasma
active renin levels (P<0.01), angiotensin IT (P<0.01) and aldosterone levels (P<0.001) were
increased in DCM female (Fig 3A-3C). However, DCM males showed only a significant eleva-
tion of aldosterone (Fig 3C, P<0.01) levels as compared to their WT controls.

We compared sex-based differences in plasma RAAS components in DCM female vs
DCM male mice at 13 weeks of age. Plasma active renin levels were significantly increased in
female vs male mice with DCM (Fig 3A, P<0.01). Angiotensin II (P<0.01) and aldosterone
(P<0.001) plasma levels were also increased in female vs male with DCM (Fig 3B and 3C).
There was no significant difference in the aldosterone to renin ratio in female and male
mice with or without DCM (Fig 3D). At 13 weeks of age, systolic blood pressure (SBP) was
unchanged in DCM female vs DCM male mice (Fig 3K) and diastolic blood pressure (DBP)
was reduced in DCM female vs DCM male mice (Fig 3L, P<0.05).

We determined the longitudinal changes in RAAS activation at 4, 7 and 13 weeks of age
and its relationship with the development of HF. In comparison to their WT controls, female
DCM mice showed an early increase in active renin plasma levels at 7 weeks (Fig 3E, P<0.05)
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Fig 2. Sex differences in cardiac fibrosis and hypertrophy in DCM mice. (A) Heart weight to body weight ratio (HW/BW%) in
female and (B) in male DCM and WT mice. Female or male mice with DCM are indicated by closed symbols, female or male WT
controls mice by open symbols. Number of animals per group at each time point is shown. (C) Representative (scale bars, mm)
image shows gross heart morphology of female and male mice with DCM at the age of 13 weeks. (D) Representative picrosirius
red-stained images (scale bars, 100 um) show collagen from heart tissue of DCM and WT, female and male mice of 13 weeks of
age. Red color indicates collagen deposition. (E) Interstitial percent fibrosis was calculated in measurements from 6—12 images
(scale bars, 200 ym) of the left ventricle and septum, n = 4-8 per group. WT female and WT male (open bar), DCM female (red bar)
DCM male (black bar). **P<0.01 (DCM male vs. DCM female), ***P<0.001, **P<0.01 (DCM vs. WT) mice.

https://doi.org/10.1371/journal.pone.0189315.9002

that further increased at 13 weeks (Fig 3E, P<0.001). Angiotensin IT (P<0.001) and aldoste-
rone (P<0.001) plasma levels were significantly increased only at late stage (13 weeks), as sig-
nificant HF developed in DCM females (Fig 3F and 3G). However, DCM male mice showed a
significant increase (P<0.001) in aldosterone only as compared to their WT controls but

not in renin or angiotensin plasma levels (Fig 3H-3]). We found that in DCM mice, age
(P<0.0001) and sex (P<0.001) both are significant modulators of renin plasma activity and
angiotensin II plasma levels while aldosterone levels are modulated only by age (P<0.0001)
when analyzed by two-way ANOVA.
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Fig 3. Sex differences in the activation of RAAS axis in mice with DCM. Plasma levels of (A) active renin (B) angiotensin ||
and (C) aldosterone in female and male DCM and WT control mice, at 13 weeks, determined by ELISA. (D) Aldosterone to
active plasma renin ratio in DCM and WT mice. The number of DCM mice is indicated. Female and male base line levels were
indicated by red and black dotted line respectively (WT mice, n = 6-8 per group). Plasma active renin levels (arbitrary units) in
female (E) and in male (H), angiotensin Il plasma levels in female (F) and in male (1), Aldosterone plasma levels in female (G)
and in male, DCM and WT control mice (J). The number of animals per group at each time point is shown. Female and male
mice with DCM (closed symbol) female and male WT mice (open symbol). Systolic blood pressure (K) and diastolic blood
pressure (L) in female and male, DCM and WT mice. The number of DCM mice is indicated, WT mice, n = 4-8 per group.
***P<0.001, **P<0.01, *P<0.05 (DCM female vs. DCM male). ***P<0.001, **P<0.01, *P<0.05 (DCM vs WT).

https://doi.org/10.1371/journal.pone.0189315.9003

Female mice show increased activation of the NP system

Low corin levels are found in HF patients [37-39]and experimental DCM with reduced sys-
tolic function [17,19]. Corin plasma levels were significantly reduced (P<0.001, Fig 4A) and,
ANP and BNP plasma levels were increased in DCM female (P<0.001, Fig 4B and 4C) by com-
parison to WT female controls (Fig 4A). In comparison to WT male controls, DCM male
showed reduced corin plasma levels (P<0.001, Fig 4A), and increased ANP plasma levels
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Data for male mice have been reported [19]. The number of DCM mice per group is indicated. Female and male base line levels were
indicated by red and black dotted line respectively, n = 6-8 per group. ***P<0.001, **P<0.01 (DCM male vs. DCM female). **
*P<0.001, **P<0.01 (DCM vs. WT), ns = non significant.

https://doi.org/10.1371/journal.pone.0189315.9004

(P<0.001, Fig 4B) as we described [19]. cGMP plasma levels were significantly increased in
both female and male mice with DCM vs their sex-matched WT controls (Fig 4D; P<0.01).

We determined sex related differences in plasma levels of corin, ANP and BNP. There was
a significant decrease in corin (P<0.01) and an increase in ANP, BNP (P<0.001) plasma levels
in DCM female mice in comparison to DCM male mice (Fig 4A-4C). cGMP plasma levels
were non-significantly increased in DCM female vs DCM male mice at 13 weeks of age (Fig
4D).

Ovariectomy does not rescue female mice from declining systolic
function, HF or mortality

Consistent with previous reports in another strain of mice [16], we confirmed that females had
a markedly diminished survival vs. male mice with DCM (median survival—female, 13.7 vs
male, 20.1 weeks, P<0.001). The promoter for angiotensinogen (renin substrate and precursor
of angiotensin II) is directly controlled by estrogen through estrogen response elements
[33,34] which suggests that estrogen may modulate systolic dysfunction, HF and mortality in
female mice with DCM. Although ovariectomy (OVX) reduces estrogen levels [40] it did not
significantly prolong survival in DCM-OVX females in comparison to DCM-control (non-
OVX) females (median survival, 13.8 vs. 13.9 weeks, Fig 5A). Heart systolic function (EF%)

100+

Survival (%)

o SR
& O
Age, weeks RS OGN\

0(\\(0\ ’OQ\I‘
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Fig 5. Ovariectomy does not significantly alter survival, systolic dysfunction or and HF development in female mice with
DCM. (A) Kaplan—Meier survival curves of DCM- OVX vs. DCM non-OVX control female. DCM non-OVX control female (red, n = 27),
DCM-OVX female (green, n =22), WT female (red dotted line) (B) Systolic function (EF%) (C) LW/BW% and (D) HW/BW% were
indifferentin DCM-OVX vs DCM non-OVX female. The number of DCM mice is indicated. Data represent meant SE, ***P<0.001,
*P<0.05 (DCM vs. WT mice).

https://doi.org/10.1371/journal.pone.0189315.9g005
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was similarly reduced in DCM-OVX vs DCM control females when compared at 13 weeks of
age (Fig 5B). In addition, in mice with vs. without ovariectomy, there were no significant dif-
ferences in pleural effusions (3 out of 17 vs 4 out of 10 mice), LW/BW% (Fig 5C), HW/BW%
(Fig 5D), active renin plasma levels (P>0.05, n = 8 per group) and cGMP plasma levels
(P>0.05, n = 10 per group).

Discussion

These data show that females have an accelerated progression of DCM and increased mortality
in a translationally relevant, experimental mouse model of DCM. Female mice with DCM
have accelerated systolic dysfunction, ventricular dilation, increased lung edema and cardiac
fibrosis, and reduced survival as compared to male. These differences are associated with
marked early activation of the RAAS, depressed corin levels with profound elevations of ANP,
BNP and cGMP in DCM females.

Female mice with DCM progressed through the ACCF-AHA Stages of HF [20] faster than
male mice with DCM [19]. At 4 weeks of age, males had Stage A HF (risk of DCM without
decline in systolic function), but females at this age already showed a significant decline in EF
%, corresponding to Stage B of HF. At 13 weeks, males had Stage C HF, whereas females
showed Stage C-D (terminal HF and death). At 13 weeks of age, female mice had physiological
signs of HF such as lung edema, pleural effusions, heart dilation and increased myocardial
fibrosis. Plasma HF biomarkers such as ANP, BNP and cGMP were also elevated. There were
also notable sex-based differences in EF%, FS%, LVIDs, IVSd, LVPWd, LW/BW% and plasma
HF markers consistent with the accelerated mortality in female vs male mice with DCM.

Enhanced RAAS activity is associated with clinical signs of HF in humans including fluid
retention, pulmonary venous congestion, pleural effusions, heart dilation and myocardial
fibrosis [22-27,41]. Active renin exclusively controls the first rate limiting step in RAAS cas-
cade i.e. conversion of angiotensinogen to angiotensin I. The early (at 7 weeks) and sustained
elevation of active renin (13 weeks) observed in female mice with DCM may have contributed
to the more severe interstitial fibrosis, ventricular dilation, HF and greater mortality observed
in these mice [24,42]. At 13 weeks, female with DCM showed increased active renin, angioten-
sin IT and aldosterone levels vs male with DCM. These data are consistent with clinical studies
showing that women have higher aldosterone levels and are more sensitive to aldosterone-
induced ventricular remodeling as compared to men [41,43,44]. The degree of increase in
plasma renin activity and plasma aldosterone level correlates with prognosis in patients with
left ventricular HF [22,45-47]. The finding that aldosterone/active renin ratios were similar in
both sexes of mice with or without DCM, suggests that aldosterone production remained
under the control of the active renin cascade (vs. autonomous production). Measures of kidney
function (plasma BUN and creatinine) were within normal range in DCM vs WT mice of both
sexes, excluding abnormal renal function as a cause of RAAS activation [17,18]. RAAS compo-
nents are regulated by sex hormones and modulated in a sex-dependent manner under patho-
logical conditions [33,34]. However, the effect of female sex on RAAS modulation may be
complex, as ovariectomy did not influence plasma active renin, survival, systolic function, lung
water retention, and cGMP levels in ovariectomized DCM vs. non-overiectomized DCM
female mice.

Overexpression of cardiac corin improves contractile function and prolongs survival in
DCM mice in part through reduction of myocardial fibrosis [17]. We found that female mice
with DCM had lower corin levels and increased cardiac interstitial fibrosis vs. male mice with
DCM. Further studies are required to determine whether there are sex-related differences in
the molecular composition of this fibrosis with regards to specific collagens and other
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extracellular matrix proteins. However, by comparison to sex-matched control mice, ANP and
BNP peptides are much higher in female than in male mice with DCM. These data are in
agreement with lower plasma corin levels in women than men in HF patients [38]. Impaired
pro-ANP processing has been implicated in humans with decompensated HF with low corin
levels and, it may contribute to HF in DCM mice as well [37,48]. The NP system is protective
in the development of HF, it suppresses the RAAS components and thus mitigate fluids reten-
tion and cardiac fibrosis. In DCM mice, females showed enhanced RAAS activity, which likely
contributes to their early demise. Although RAAS is elevated it did not increase systolic or dia-
stolic blood pressure in female mice with DCM. NP system components such as ANP and
BNP levels were increased in these females, which might be a compensatory response to atten-
uate the deleterious effects of RAAS activation, but insufficient to halt the development of HF
in females.

Sex-related differences have also been noted in mice with cardiac overexpression of
PDGEF-C and the cardiac alphalB adrenergic receptor [49,50]. PDGF-C female mice develop
severe DCM and die of HF, while DCM male mice show progressive hypertrophy without HF
symptoms [49]. Cardiac alphalB adrenergic receptor overexpression leads to early death in
female vs male mice, but no differences in other HF parameters were noted [50]. In contrast,
with the DCM model used in the present study, mice from both sexes shown a similar progres-
sion of DCM-HEF, but at different rates, which uniquely recapitulates all of the stages of human
HF (Stage A-D) [19].

It has been reported that females are more likely to develop HF in the setting of hyperten-
sion, diabetes or after the acute phase of myocardial infarction [16]. While it is important to
consider the translational limitations of murine studies, in this experimental model, female sex
also altered the development of HF and the progression of cardiomyopathy. The pathogenesis
appears complex, as ovariectomy did not rescue these female mice from HF nor did affect
mice with another model of DCM [51]. This suggests that the sex-related difference in DCM
mice may not be simply attributable to hormonal status, but rather by the effects of sex chro-
mosomes on differential expression of myocardial and non-myocardial genes [52-55].

The increased renin levels in DCM females may be driven by sex-related differences in
upstream pathways such as the kinin-kallikrein system or factor XII activity [56,57]. In addi-
tion, sex-related changes in local cardiac RAAS or natriuretic peptide activity may also modu-
late cardiac remodeling [25,30,58-61]. An alternative axis of the RAAS, which comprises
ACE2, neprilysin, Ang-(1-7) might also play a role. DCM mice also show early evidence of
mitochondrial dysfunction (4 weeks), though sex-related differences in mitochondrial func-
tion were not found until 12 weeks in females, which is after they develop significant systolic
dysfunction and HF [16]. Further studies are required to assess the extent to which these sex-
related differences in the progression of systolic dysfunction and HF are generalizable to other
types of cardiomyopathies (e.g., ischemic cardiomyopathy) and, whether they can be modu-
lated by agents that alter renin, estrogen, mitochondrial function or other components of the
RAAS or natriuretic peptide pathways to reduce HF and mortality.

Conclusions

Our study clearly demonstrates that, in an experimental model of DCM, female sex is associ-
ated with accelerated decline in systolic function and, the development of HF, which is accom-
panied by early and sustained activation of systemic RAAS as well as increased plasma
natriuretic peptide levels. Further clinical studies may be warranted to gain insight into how
sex affects the progression of HF and treatment response in patients with DCM, with special
reference to the RAAS and natriuretic peptide pathways.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189315 December 14, 2017 11/15


https://doi.org/10.1371/journal.pone.0189315

@° PLOS | ONE

Enhanced heart failure in females with DCM

Supporting information

S1 Fig. Increased heart dilation in female mice with DCM.
(DOCX)

Acknowledgments

We thankfully acknowledge the contributions of Aiilyan K. Houng and Nelson Houng for
their technical assistance.

Author Contributions

Conceptualization: Guy L. Reed, Inna P. Gladysheva.

Data curation: Ranjana Tripathi, Inna P. Gladysheva.

Formal analysis: Ranjana Tripathi, Ryan Sullivan, Tai-Hwang M. Fan, Inna P. Gladysheva.
Funding acquisition: Dong Wang, Guy L. Reed, Inna P. Gladysheva.

Investigation: Ranjana Tripathi, Ryan Sullivan, Tai-Hwang M. Fan, Inna P. Gladysheva.

Methodology: Ranjana Tripathi, Ryan Sullivan, Tai-Hwang M. Fan, Dong Wang, Inna P.
Gladysheva.

Project administration: Inna P. Gladysheva.

Resources: Guy L. Reed, Inna P. Gladysheva.

Software: Ranjana Tripathi, Ryan Sullivan, Tai-Hwang M. Fan, Inna P. Gladysheva.
Supervision: Inna P. Gladysheva.

Validation: Ranjana Tripathi, Ryan Sullivan, Tai-Hwang M. Fan, Yao Sun, Guy L. Reed, Inna
P. Gladysheva.

Visualization: Ranjana Tripathi, Inna P. Gladysheva.
Writing - original draft: Ranjana Tripathi, Guy L. Reed, Inna P. Gladysheva.

Writing - review & editing: Ranjana Tripathi, Ryan Sullivan, Tai-Hwang M. Fan, Dong
Wang, Yao Sun, Guy L. Reed, Inna P. Gladysheva.

References

1. Weintraub RG, Semsarian C, Macdonald P. Dilated cardiomyopathy. Lancet. 2017; 390(10092):400—
414, https://doi.org/10.1016/S0140-6736(16)31713-5 PMID: 28190577.

2. Fairweather D, Cooper LT Jr., Blauwet LA. Sex and gender differences in myocarditis and dilated car-
diomyopathy. Curr Probl Cardiol. 2013; 38(1):7—46. Epub 2012/11/20. https://doi.org/10.1016/].
cpcardiol.2012.07.003 PMID: 23158412.

3. Hershberger RE, Hedges DJ, Morales A. Dilated cardiomyopathy: the complexity of a diverse genetic
architecture. Nat Rev Cardiol. 2013; 10(9):531-47. https://doi.org/10.1038/nrcardio.2013.105 PMID:
23900355.

4. Meyer S, van der Meer P, van Tintelen JP, van den Berg MP. Sex differences in cardiomyopathies. Eur
J Heart Fail. 2014; 16(3):238—47. https:/doi.org/10.1002/ejhf.15 PMID: 24464619.

5. HoKK, Pinsky JL, Kannel WB, Levy D. The epidemiology of heart failure: the Framingham Study. J Am
Coll Cardiol. 1993; 22(4 Suppl A):6A—13A. Epub 1993/10/01. PMID: 8376698.

6. Cleland JG, Swedberg K, Follath F, Komajda M, Cohen-Solal A, Aguilar JC, et al. The EuroHeart Failure
survey programme—a survey on the quality of care among patients with heart failure in Europe. Part 1:
patient characteristics and diagnosis. Eur Heart J. 2003; 24(5):442—63. PMID: 12633546.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189315 December 14, 2017 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189315.s001
https://doi.org/10.1016/S0140-6736(16)31713-5
http://www.ncbi.nlm.nih.gov/pubmed/28190577
https://doi.org/10.1016/j.cpcardiol.2012.07.003
https://doi.org/10.1016/j.cpcardiol.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23158412
https://doi.org/10.1038/nrcardio.2013.105
http://www.ncbi.nlm.nih.gov/pubmed/23900355
https://doi.org/10.1002/ejhf.15
http://www.ncbi.nlm.nih.gov/pubmed/24464619
http://www.ncbi.nlm.nih.gov/pubmed/8376698
http://www.ncbi.nlm.nih.gov/pubmed/12633546
https://doi.org/10.1371/journal.pone.0189315

@° PLOS | ONE

Enhanced heart failure in females with DCM

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

Stromberg A, Martensson J. Gender differences in patients with heart failure. Eur J Cardiovasc Nurs.
2003; 2(1):7-18. Epub 2003/11/19. https://doi.org/10.1016/S1474-5151(03)00002-1 PMID: 14622644.

Hsich EM, Pina IL. Heart failure in women: a need for prospective data. J Am Coll Cardiol. 2009; 54
(6):491-8. https://doi.org/10.1016/j.jacc.2009.02.066 PMID: 19643307.

Azevedo A. Gender differences in heart failure. Heart. 2008; 94(3):264-5. https://doi.org/10.1136/hrt.
2006.110668 PMID: 18276810.

Lenzen MJ, Rosengren A, Scholte op Reimer WJ, Follath F, Boersma E, Simoons ML, et al. Manage-
ment of patients with heart failure in clinical practice: differences between men and women. Heart.
2008; 94(3):e10. Epub 2007/06/19. https://doi.org/10.1136/hrt.2006.099523 PMID: 17575332.

Rumsfeld JS, Masoudi FA. Sex differences: implications for heart failure care. Eur Heart J. 2004; 25
(2):101-3. PMID: 14720524,

Bello N, Mosca L. Epidemiology of coronary heart disease in women. Prog Cardiovasc Dis. 2004; 46
(4):287-95. PMID: 14961452,

Shindler DM, Kostis JB, Yusuf S, Quinones MA, Pitt B, Stewart D, et al. Diabetes mellitus, a predictor of
morbidity and mortality in the Studies of Left Ventricular Dysfunction (SOLVD) Trials and Registry. Am J
Cardiol. 1996; 77(11):1017—20. PMID: 8644628.

Kwon DH, Halley CM, Popovic ZB, Carrigan TP, Zysek V, Setser R, et al. Gender differences in survival
in patients with severe left ventricular dysfunction despite similar extent of myocardial scar measured
on cardiac magnetic resonance. Eur J Heart Fail. 2009; 11(10):937—44. https://doi.org/10.1093/eurjhf/
hfp118 PMID: 19789396.

Fentzke RC, Korcarz CE, Lang RM, Lin H, Leiden JM. Dilated cardiomyopathy in transgenic mice
expressing a dominant-negative CREB transcription factor in the heart. J Clin Invest. 1998; 101
(11):2415-26. https://doi.org/10.1172/JCI2950 PMID: 9616213.

Watson PA, Birdsey N, Huggins GS, Svensson E, Heppe D, Knaub L. Cardiac-specific overexpression

of dominant-negative CREB leads to increased mortality and mitochondrial dysfunction in female mice.

Am J Physiol Heart Circ Physiol. 2010; 299(6):H2056—68. https://doi.org/10.1152/ajpheart.00394.2010
PMID: 20935148.

Gladysheva IP, Wang D, McNamee RA, Houng AK, Mohamad AA, Fan TM, et al. Corin overexpres-
sion improves cardiac function, heart failure, and survival in mice with dilated cardiomyopathy. Hyper-
tension. 2013; 61(2):327-32. https://doi.org/10.1161/HYPERTENSIONAHA.112.193631 PMID:
23232642.

Wang D, Gladysheva IP, Fan TH, Sullivan R, Houng AK, Reed GL. Atrial natriuretic peptide affects car-
diac remodeling, function, heart failure, and survival in a mouse model of dilated cardiomyopathy.
Hypertension. 2014; 63(3):514-9. Epub 2014/01/01. https://doi.org/10.1161/HYPERTENSIONAHA.
113.02164 PMID: 24379183.

Tripathi R, Wang D, Sullivan R, Fan TH, Gladysheva IP, Reed GL. Depressed Corin Levels Indicate
Early Systolic Dysfunction Before Increases of Atrial Natriuretic Peptide/B-Type Natriuretic Peptide and
Heart Failure Development. Hypertension. 2016; 67(2):362—7. https://doi.org/10.1161/
HYPERTENSIONAHA.115.06300 PMID: 26667411.

Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr., Drazner MH, et al. 2013 ACCF/AHA guideline
for the management of heart failure: a report of the American College of Cardiology Foundation/Ameri-
can Heart Association Task Force on practice guidelines. Circulation. 2013; 128(16):e240-327. Epub
2013/06/07. https://doi.org/10.1161/CIR.0b013e31829e8776 PMID: 23741058.

Huggins GS, Lepore JJ, Greytak S, Patten R, McNamee R, Aronovitz M, et al. The CREB leucine zipper
regulates CREB phosphorylation, cardiomyopathy, and lethality in a transgenic model of heart failure.
Am J Physiol Heart Circ Physiol. 2007; 293(3):H1877-82. https://doi.org/10.1152/ajpheart.00516.2007
PMID: 17616745.

Schrier RW, Abraham WT. Hormones and hemodynamics in heart failure. N Engl J Med. 1999; 341
(8):577-85. https://doi.org/10.1056/NEJM199908193410806 PMID: 10451464.

Dzau VJ, Colucci WS, Hollenberg NK, Williams GH. Relation of the renin-angiotensin-aldosterone sys-
tem to clinical state in congestive heart failure. Circulation. 1981; 63(3):645-51. Epub 1981/03/01.
PMID: 7006851.

Patten RD, Konstam MA. Ventricular remodeling and the renin angiotensin aldosterone system. Con-
gest Heart Fail. 2000; 6(4):187-92. PMID: 12147951.

Mizuno Y, Yoshimura M, Yasue H, Sakamoto T, Ogawa H, Kugiyama K, et al. Aldosterone production
is activated in failing ventricle in humans. Circulation. 2001; 103(1):72—7. PMID: 11136688.

Louridas GE, Lourida KG. Systems biology and biomechanical model of heart failure. Curr Cardiol Rev.
2012; 8(3):220-30. https://doi.org/10.2174/157340312803217238 PMID: 22935019.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189315 December 14, 2017 13/15


https://doi.org/10.1016/S1474-5151(03)00002-1
http://www.ncbi.nlm.nih.gov/pubmed/14622644
https://doi.org/10.1016/j.jacc.2009.02.066
http://www.ncbi.nlm.nih.gov/pubmed/19643307
https://doi.org/10.1136/hrt.2006.110668
https://doi.org/10.1136/hrt.2006.110668
http://www.ncbi.nlm.nih.gov/pubmed/18276810
https://doi.org/10.1136/hrt.2006.099523
http://www.ncbi.nlm.nih.gov/pubmed/17575332
http://www.ncbi.nlm.nih.gov/pubmed/14720524
http://www.ncbi.nlm.nih.gov/pubmed/14961452
http://www.ncbi.nlm.nih.gov/pubmed/8644628
https://doi.org/10.1093/eurjhf/hfp118
https://doi.org/10.1093/eurjhf/hfp118
http://www.ncbi.nlm.nih.gov/pubmed/19789396
https://doi.org/10.1172/JCI2950
http://www.ncbi.nlm.nih.gov/pubmed/9616213
https://doi.org/10.1152/ajpheart.00394.2010
http://www.ncbi.nlm.nih.gov/pubmed/20935148
https://doi.org/10.1161/HYPERTENSIONAHA.112.193631
http://www.ncbi.nlm.nih.gov/pubmed/23232642
https://doi.org/10.1161/HYPERTENSIONAHA.113.02164
https://doi.org/10.1161/HYPERTENSIONAHA.113.02164
http://www.ncbi.nlm.nih.gov/pubmed/24379183
https://doi.org/10.1161/HYPERTENSIONAHA.115.06300
https://doi.org/10.1161/HYPERTENSIONAHA.115.06300
http://www.ncbi.nlm.nih.gov/pubmed/26667411
https://doi.org/10.1161/CIR.0b013e31829e8776
http://www.ncbi.nlm.nih.gov/pubmed/23741058
https://doi.org/10.1152/ajpheart.00516.2007
http://www.ncbi.nlm.nih.gov/pubmed/17616745
https://doi.org/10.1056/NEJM199908193410806
http://www.ncbi.nlm.nih.gov/pubmed/10451464
http://www.ncbi.nlm.nih.gov/pubmed/7006851
http://www.ncbi.nlm.nih.gov/pubmed/12147951
http://www.ncbi.nlm.nih.gov/pubmed/11136688
https://doi.org/10.2174/157340312803217238
http://www.ncbi.nlm.nih.gov/pubmed/22935019
https://doi.org/10.1371/journal.pone.0189315

@° PLOS | ONE

Enhanced heart failure in females with DCM

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

46.

Schroten NF, Gaillard CA, van Veldhuisen DJ, Szymanski MK, Hillege HL, de Boer RA. New roles for
renin and prorenin in heart failure and cardiorenal crosstalk. Heart Fail Rev. 2012; 17(2):191-201.
Epub 2011/06/23. https://doi.org/10.1007/s10741-011-9262-2 PMID: 21695549.

von Lueder TG, Sangaralingham SJ, Wang BH, Kompa AR, Atar D, Burnett JC Jr., et al. Renin-angio-
tensin blockade combined with natriuretic peptide system augmentation: novel therapeutic concepts to
combat heart failure. Circ Heart Fail. 2013; 6(3):594—605. Epub 2013/05/23. https://doi.org/10.1161/
CIRCHEARTFAILURE.112.000289 PMID: 23694773.

Ma TK, Kam KK, Yan BP, Lam YY. Renin-angiotensin-aldosterone system blockade for cardiovascular
diseases: current status. Br J Pharmacol. 2010; 160(6):1273—-92. Epub 2010/07/02. https://doi.org/10.
1111/j.1476-5381.2010.00750.x PMID: 20590619.

Silvestre JS, Heymes C, Oubenaissa A, Robert V, Aupetit-Faisant B, Carayon A, et al. Activation of car-
diac aldosterone production in rat myocardial infarction: effect of angiotensin Il receptor blockade and
role in cardiac fibrosis. Circulation. 1999; 99(20):2694—701. Epub 1999/05/25. PMID: 10338465.

Harris PJ, Thomas D, Morgan TO. Atrial natriuretic peptide inhibits angiotensin-stimulated proximal
tubular sodium and water reabsorption. Nature. 1987; 326(6114):697-8. Epub 1987/04/16. https://doi.
org/10.1038/326697a0 PMID: 2951600.

Oelkers W, Kleiner S, Bahr V. Effects of incremental infusions of atrial natriuretic factor on aldosterone,
renin, and blood pressure in humans. Hypertension. 1988; 12(4):462—7. PMID: 2971619.

Komukai K, Mochizuki S, Yoshimura M. Gender and the renin-angiotensin-aldosterone system. Fun-
dam Clin Pharmacol. 2010; 24(6):687-98. https://doi.org/10.1111/j.1472-8206.2010.00854.x PMID:
20608988.

Fischer M, Baessler A, Schunkert H. Renin angiotensin system and gender differences in the cardiovas-
cular system. Cardiovasc Res. 2002; 53(3):672—7. Epub 2002/02/28. PMID: 11861038.

Cunningham MA, Wirth JR, Scott JL, Eudaly J, Collins EL, Gilkeson GS. Early Ovariectomy Results in
Reduced Numbers of CD11c+/CD11b+ Spleen Cells and Impacts Disease Expression in Murine
Lupus. Front Immunol. 2016; 7:31. https://doi.org/10.3389/fimmu.2016.00031 PMID: 26913030.

Vasan RS, Evans JC, Benjamin EJ, Levy D, Larson MG, Sundstrom J, et al. Relations of serum
aldosterone to cardiac structure: gender-related differences in the Framingham Heart Study.
Hypertension. 2004; 43(5):957—62. https://doi.org/10.1161/01.HYP.0000124251.06056.8e PMID:
15007028.

Ibebuogu UN, Gladysheva IP, Houng AK, Reed GL. Decompensated heart failure is associated with
reduced corin levels and decreased cleavage of pro-atrial natriuretic peptide. Circ Heart Fail. 2011; 4
(2):114-20. Epub 2011/01/11. https://doi.org/10.1161/CIRCHEARTFAILURE.109.895581 PMID:
21216831.

Dong N, Chen S, Yang J, He L, Liu P, Zheng D, et al. Plasma soluble corin in patients with heart failure.
Circ Heart Fail. 2010; 3(2):207—11. Epub 2010/01/12. https://doi.org/10.1161/CIRCHEARTFAILURE.
109.903849 PMID: 20061521.

Zhou X, Chen JC, Liu Y, Yang H, Du K, Kong Y, et al. Plasma Corin as a Predictor of Cardiovascular
Events in Patients With Chronic Heart Failure. JACC Heart Fail. 2016; 4(8):664-9. https://doi.org/10.
1016/j.jchf.2016.03.006 PMID: 27179834.

van Eickels M, Grohe C, Cleutjens JP, Janssen BJ, Wellens HJ, Doevendans PA. 17beta-estradiol
attenuates the development of pressure-overload hypertrophy. Circulation. 2001; 104(12):1419-23.
PMID: 11560859.

Weber KT. Aldosterone in congestive heart failure. N Engl J Med. 2001; 345(23):1689-97. https://doi.
org/10.1056/NEJMra000050 PMID: 11759649.

Unger T, Li J. The role of the renin-angiotensin-aldosterone system in heart failure. J Renin Angiotensin
Aldosterone Syst. 2004; 5 Suppl 1:S7—-10. Epub 2004/11/05. https://doi.org/10.3317/jraas.2004.024
PMID: 15526242.

Duprez DA. Role of the renin-angiotensin-aldosterone system in vascular remodeling and inflammation:
a clinical review. J Hypertens. 2006; 24(6):983-91. Epub 2006/05/11. https://doi.org/10.1097/01.hjh.
0000226182.60321.69 PMID: 16685192.

Delcayre C, Swynghedauw B. Molecular mechanisms of myocardial remodeling. The role of aldoste-
rone. J Mol Cell Cardiol. 2002; 34(12):1577-84. PMID: 12505056.

Tamargo J, Lopez-Sendon J. Novel therapeutic targets for the treatment of heart failure. Nat Rev Drug
Discov. 2011; 10(7):536-55. https://doi.org/10.1038/nrd3431 PMID: 21701502.

Francis GS, Benedict C, Johnstone DE, Kirlin PC, Nicklas J, Liang CS, et al. Comparison of neuroendo-
crine activation in patients with left ventricular dysfunction with and without congestive heart failure. A
substudy of the Studies of Left Ventricular Dysfunction (SOLVD). Circulation. 1990; 82(5):1724-9.
PMID: 2146040.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189315 December 14, 2017 14/15


https://doi.org/10.1007/s10741-011-9262-2
http://www.ncbi.nlm.nih.gov/pubmed/21695549
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000289
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000289
http://www.ncbi.nlm.nih.gov/pubmed/23694773
https://doi.org/10.1111/j.1476-5381.2010.00750.x
https://doi.org/10.1111/j.1476-5381.2010.00750.x
http://www.ncbi.nlm.nih.gov/pubmed/20590619
http://www.ncbi.nlm.nih.gov/pubmed/10338465
https://doi.org/10.1038/326697a0
https://doi.org/10.1038/326697a0
http://www.ncbi.nlm.nih.gov/pubmed/2951600
http://www.ncbi.nlm.nih.gov/pubmed/2971619
https://doi.org/10.1111/j.1472-8206.2010.00854.x
http://www.ncbi.nlm.nih.gov/pubmed/20608988
http://www.ncbi.nlm.nih.gov/pubmed/11861038
https://doi.org/10.3389/fimmu.2016.00031
http://www.ncbi.nlm.nih.gov/pubmed/26913030
https://doi.org/10.1161/01.HYP.0000124251.06056.8e
http://www.ncbi.nlm.nih.gov/pubmed/15007028
https://doi.org/10.1161/CIRCHEARTFAILURE.109.895581
http://www.ncbi.nlm.nih.gov/pubmed/21216831
https://doi.org/10.1161/CIRCHEARTFAILURE.109.903849
https://doi.org/10.1161/CIRCHEARTFAILURE.109.903849
http://www.ncbi.nlm.nih.gov/pubmed/20061521
https://doi.org/10.1016/j.jchf.2016.03.006
https://doi.org/10.1016/j.jchf.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27179834
http://www.ncbi.nlm.nih.gov/pubmed/11560859
https://doi.org/10.1056/NEJMra000050
https://doi.org/10.1056/NEJMra000050
http://www.ncbi.nlm.nih.gov/pubmed/11759649
https://doi.org/10.3317/jraas.2004.024
http://www.ncbi.nlm.nih.gov/pubmed/15526242
https://doi.org/10.1097/01.hjh.0000226182.60321.69
https://doi.org/10.1097/01.hjh.0000226182.60321.69
http://www.ncbi.nlm.nih.gov/pubmed/16685192
http://www.ncbi.nlm.nih.gov/pubmed/12505056
https://doi.org/10.1038/nrd3431
http://www.ncbi.nlm.nih.gov/pubmed/21701502
http://www.ncbi.nlm.nih.gov/pubmed/2146040
https://doi.org/10.1371/journal.pone.0189315

@° PLOS | ONE

Enhanced heart failure in females with DCM

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Levine TB, Francis GS, Goldsmith SR, Simon AB, Cohn JN. Activity of the sympathetic nervous system
and renin-angiotensin system assessed by plasma hormone levels and their relation to hemodynamic
abnormalities in congestive heart failure. Am J Cardiol. 1982; 49(7):1659-66. PMID: 7044086.

Huntley BK, Sandberg SM, Heublein DM, Sangaralingham SJ, Burnett JC Jr., Ichiki T. Pro-B-type natri-
uretic Peptide-1-108 processing and degradation in human heart failure. Circ Heart Fail. 2015; 8(1):89-
97. Epub 2014/10/24. https://doi.org/10.1161/CIRCHEARTFAILURE.114.001174 PMID: 25339504.

Ponten A, Li X, Thoren P, Aase K, Sjoblom T, Ostman A, et al. Transgenic overexpression of platelet-
derived growth factor-C in the mouse heart induces cardiac fibrosis, hypertrophy, and dilated cardiomy-
opathy. Am J Pathol. 2003; 163(2):673-82. https://doi.org/10.1016/S0002-9440(10)63694-2 PMID:
12875986.

Lemire |, Ducharme A, Tardif JC, Poulin F, Jones LR, Allen BG, et al. Cardiac-directed overexpression
of wild-type alpha1B-adrenergic receptor induces dilated cardiomyopathy. Am J Physiol Heart Circ Phy-
siol. 2001; 281(2):H931-8. Epub 2001/07/17. PMID: 11454600.

Gao XM, Agrotis A, Autelitano DJ, Percy E, Woodcock EA, Jennings GL, et al. Sex hormones and cardi-
omyopathic phenotype induced by cardiac beta 2-adrenergic receptor overexpression. Endocrinology.
2003; 144(9):4097-105. https://doi.org/10.1210/en.2002-0214 PMID: 12933684.

Ober C, Loisel DA, Gilad Y. Sex-specific genetic architecture of human disease. Nature reviews Genet-
ics. 2008; 9(12):911-22. https://doi.org/10.1038/nrg2415 PMID: 19002143.

Wijchers PJ, Festenstein RJ. Epigenetic regulation of autosomal gene expression by sex chromo-
somes. Trends in genetics: TIG. 2011; 27(4):132—40. https://doi.org/10.1016/j.tig.2011.01.004 PMID:
21334089.

InanlooRahatloo K, Liang G, Vo D, Ebert A, Nguyen |, Nguyen PK. Sex-based differences in myocardial
gene expression in recently deceased organ donors with no prior cardiovascular disease. PloS one.
2017; 12(8):e0183874. https://doi.org/10.1371/journal.pone.0183874 PMID: 28850583.

Winham SJ, de Andrade M, Miller VM. Genetics of cardiovascular disease: Importance of sex and eth-
nicity. Atherosclerosis. 2015; 241(1):219-28. https://doi.org/10.1016/j.atherosclerosis.2015.03.021
PMID: 25817330.

Leckie EJ. The reversible activation of inactive renin in human plasma: role of acid and of plasma kalli-
krein and plasmin. Clin Exp Hypertens A. 1982; 4(11-12):2133-47. PMID: 6216988.

Derkx FH, Schalekamp MP, Schalekamp MA. Two-step prorenin-renin conversion. Isolation of an inter-
mediary form of activated prorenin. J Biol Chem. 1987; 262(6):2472—7. PMID: 3546290.

Hirsch AT, Pinto YM, Schunkert H, Dzau VJ. Potential role of the tissue renin-angiotensin system in the
pathophysiology of congestive heart failure. Am J Cardiol. 1990; 66(11):22D-30D; discussion D-2D.
Epub 1990/10/02. PMID: 2220602.

MacFadyen RJ. Role of the circulating and tissue-based renin-angiotensin system in the development
of heart failure: implications for therapy. Cardiology. 1993; 83(1-2):38—-48. PMID: 8261485.

Schnee JM, Hsueh WA. Angiotensin Il, adhesion, and cardiac fibrosis. Cardiovasc Res. 2000; 46
(2):264—8. Epub 2000/04/25. PMID: 10773230.

Xiao HD, Fuchs S, Campbell DJ, Lewis W, Dudley SC Jr., Kasi VS, et al. Mice with cardiac-restricted
angiotensin-converting enzyme (ACE) have atrial enlargement, cardiac arrhythmia, and sudden death.
Am J Pathol. 2004; 165(3):1019-32. https://doi.org/10.1016/S0002-9440(10)63363-9 PMID:
15331425.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189315 December 14, 2017 15/15


http://www.ncbi.nlm.nih.gov/pubmed/7044086
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001174
http://www.ncbi.nlm.nih.gov/pubmed/25339504
https://doi.org/10.1016/S0002-9440(10)63694-2
http://www.ncbi.nlm.nih.gov/pubmed/12875986
http://www.ncbi.nlm.nih.gov/pubmed/11454600
https://doi.org/10.1210/en.2002-0214
http://www.ncbi.nlm.nih.gov/pubmed/12933684
https://doi.org/10.1038/nrg2415
http://www.ncbi.nlm.nih.gov/pubmed/19002143
https://doi.org/10.1016/j.tig.2011.01.004
http://www.ncbi.nlm.nih.gov/pubmed/21334089
https://doi.org/10.1371/journal.pone.0183874
http://www.ncbi.nlm.nih.gov/pubmed/28850583
https://doi.org/10.1016/j.atherosclerosis.2015.03.021
http://www.ncbi.nlm.nih.gov/pubmed/25817330
http://www.ncbi.nlm.nih.gov/pubmed/6216988
http://www.ncbi.nlm.nih.gov/pubmed/3546290
http://www.ncbi.nlm.nih.gov/pubmed/2220602
http://www.ncbi.nlm.nih.gov/pubmed/8261485
http://www.ncbi.nlm.nih.gov/pubmed/10773230
https://doi.org/10.1016/S0002-9440(10)63363-9
http://www.ncbi.nlm.nih.gov/pubmed/15331425
https://doi.org/10.1371/journal.pone.0189315

