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Background: Men and women differ in their susceptibility to cardiovascular disease, though
the underlying mechanism has remained elusive. Heart disease symptoms, evolution and
response to treatment are often sex-specific. This has been studied in animals models of
hypertension or myocardial infarction in the past but has received less attention in the
context of heart valve regurgitation. The aim of the study was to evaluate the
development of cardiac hypertrophy (CH) in response to left ventricle (LV) volume
overload (VO) caused by chronic aortic valve regurgitation (AR) in male and female rats
treated or not with angiotensin II receptor blocker (ARB), valsartan. We studied 8 groups of
Wistar rats: male or female, AR or sham-operated (sham) and treated or not with valsartan
(30 mg/kg/day) for 9 weeks starting one week before AR surgical induction. Results: As
expected, VO from AR resulted for both male and female rats in significant LV dilation
(39% vs. 40% end-diastolic LV diameter increase, respectively; p<0.0001) and CH (53%
vs. 64% heart weight increase, respectively; p<0.0001) compared to sham. Sex
differences were observed in LV wall thickening in response to VO. In untreated AR males,
relative LV wall thickness (a ratio of wall thickness to end-diastolic diameter) was reduced
compared to sham, whereas this ratio in females remained unchanged. ARB treatment did
not prevent LV dilation in both male and female animals but reversed LV wall thickening in
females. Systolic and diastolic functions in AR animals were altered similarly for both
sexes. ARB treatment did not improve systolic function but helped normalizing diastolic
parameters such as left atrial mass and E wave slope in female AR rats. Increased LV gene
expression of \textit{Anp} and \textit{Bnp} was normalized by ARB treatment in AR
females but not in males. Other hypertrophy gene markers (Fos, Trpc6, Klf15, Myh6 and
Myh7) were not modulated by ARB treatment. The same was true for genes related to LV
extracellular matrix remodeling (Col1a1, Col3a1, Fn1, Mmp2, Timp1 and Lox). In summary,
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ARB treatment of rats with severe AR blocked the female-specific hypertrophic response
characterized by LV chamber wall thickening. LV dilation, on the other hand, was not
significantly decreased by ARB treatment. This also indicates that activation of the
angiotensin II receptor is probably more involved in the early steps of LV remodeling
caused by AR in females than in males.

PeerJ reviewing PDF | (2019:04:36436:1:1:NEW 26 Jun 2019)

Manuscript to be reviewed



Sex differences in the response to1

angiotensin II receptor blockade in a rat2

model of eccentric cardiac hypertrophy.3
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ABSTRACT11

Background: Men and women differ in their susceptibility to cardiovascular disease, though the underlying

mechanism has remained elusive. Heart disease symptoms, evolution and response to treatment are

often sex-specific. This has been studied in animals models of hypertension or myocardial infarction

in the past but has received less attention in the context of heart valve regurgitation. The aim of the

study was to evaluate the development of cardiac hypertrophy (CH) in response to left ventricle (LV)

volume overload (VO) caused by chronic aortic valve regurgitation (AR) in male and female rats treated

or not with angiotensin II receptor blocker (ARB), valsartan. We studied 8 groups of Wistar rats: male

or female, AR or sham-operated (sham) and treated or not with valsartan (30 mg/kg/day) for 9 weeks

starting one week before AR surgical induction. Results: As expected, VO from AR resulted for both male

and female rats in significant LV dilation (39% vs. 40% end-diastolic LV diameter increase, respectively;

p<0.0001) and CH (53% vs. 64% heart weight increase, respectively; p<0.0001) compared to sham.

Sex differences were observed in LV wall thickening in response to VO. In untreated AR males, relative

LV wall thickness (a ratio of wall thickness to end-diastolic diameter) was reduced compared to sham,

whereas this ratio in females remained unchanged. ARB treatment did not prevent LV dilation in both

male and female animals but reversed LV wall thickening in females. Systolic and diastolic functions in

AR animals were altered similarly for both sexes. ARB treatment did not improve systolic function but

helped normalizing diastolic parameters such as left atrial mass and E wave slope in female AR rats.

Increased LV gene expression of Anp and Bnp was normalized by ARB treatment in AR females but not

in males. Other hypertrophy gene markers (Fos, Trpc6, Klf15, Myh6 and Myh7 ) were not modulated

by ARB treatment. The same was true for genes related to LV extracellular matrix remodeling (Col1a1,

Col3a1, Fn1, Mmp2, Timp1 and Lox). In summary, ARB treatment of rats with severe AR blocked the

female-specific hypertrophic response characterized by LV chamber wall thickening. LV dilation, on the

other hand, was not significantly decreased by ARB treatment. This also indicates that activation of the

angiotensin II receptor is probably more involved in the early steps of LV remodeling caused by AR in

females than in males.
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INTRODUCTION37

Heart diseases are among the leading causes of mortality for both men and women. Roth et al. (2017) Car-38

diac hypertrophy (CH) is an adaptive response to overload (pressure (PO) or volume (VO)) Swynghedauw39

(1999) and is an independent cause of morbidity and mortality from heart diseases. Heart failure (HF) in40

women occurs as frequently as in men but later in life and less from ischemic causes4. Women are more41

likely to develop HFpEF, which is associated with diastolic dysfunction (impaired myocardial relaxation42

during filling) and concentric LV (left ventricle) remodeling.Maric-Bilkan et al. (2016) In preclinical43

models of pathological CH and/or HF such as in mice with transverse aortic constriction (TAC; LV PO44

model), males develop concentric LV hypertrophy (LVH) sooner than females. Myocardial remodeling in45

males then evolves more rapidly towards eccentric LVH and HFrEF than in females. Regitz-Zagrosek et al.46
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(2010) A sexual dimorphism is thus present in the hypertrophic response to an overload in both patients47

and in pre-clinical models. Blenck et al. (2016). Sexually dimorphic response to PO (hypertension) and48

effects of treatment has been relatively well-documented. This is not the case for VO.49

LV VO occurs when either the aortic or the mitral valve is regurgitating. Causes for regurgitation are50

multiple but worldwide, they are most frequently complications of acute rheumatic fever. Rheumatic51

valve diseases causing aortic regurgitation (AR) are still occurring at an alarming rate in the third-world52

and low/middle-income countries. In the Western world, they are still prevalent in poor, remote, Native53

American communities and in immigrants from countries where rheumatic fever is still endemic. The54

estimated burden worldwide of rheumatic valve diseases is estimated to more than 15 million existing55

cases with 280k new cases each year and 230k deaths. Marijon et al. (2012) Secondary moderate to56

severe AR also occurs in a small proportion of patients (5-10%) undergoing transcatheter aortic valve57

replacement (TAVR). Leon et al. (2016) Since TAVR is now a procedure routinely performed, management58

of secondary AR is a developing concern.59

LV remodeling in response to significant VO from experimental severe AR in male Wistar rats results60

in important eccentric hypertrophy (dilation) to accommodate the excess regurgitating aortic blood to61

pump. Arsenault et al. (2002) Plante et al. (2003) We recently observed in a rat model of chronic (662

months) LV VO caused by severe aortic valve regurgitation (AR), that female animals developed as much63

if not more CH than males. Beaumont et al. (2017) However, male LVs showed more dilation and worse64

contractile function than those of females. Interestingly, LV remodeling in AR female rats is characterized65

by a more important increase in LV wall thickness than in males. Beaumont et al. (2017) In another66

rat VO model (aorto-caval fistula), a faster progression toward HF was observed in males and resulted67

in poorer survival. Dent et al. (2010a) At the cellular and molecular levels, we observed that male AR68

rat LVs showed an important down-regulation of many fatty acid oxidation genes and an up-regulation69

of glucose metabolism genes, whereas this characteristic energy metabolism switch did not happen in70

females. Beaumont et al. (2017) Since sex steroids have a potent effect on differentiation, they could71

explain a large part of the sex dimorphism as observed in CH. Leinwand (2003)72

Activation of the tissue renin-angiotensin-aldosterone system (RAAS) system is a characteristic feature73

of the myocardial response to a pathological and chronic stress such as a significant valve regurgitation74

(VO) or a LV pressure overload such as in hypertension or aortic valve stenosis. We previously showed75

that blocking the RAAS in male AR rats could reduce development of LV hypertrophy (LVH), improve76

myocardial function and survival Plante et al. (2009) Plante et al. (2004a) Arsenault et al. (2013). However,77

we did not investigate the benefits of inhibiting the RAAS in female AR rats. Here, we wanted to compare78

the hypertrophic response to treatment targeting the RAAS of animals of both sexes with a severe LV79

volume overload. We studied the effects of an angiotensin II receptor antagonist, valsartan, on the80

hypertrophic response to severe LV volume overload from AR in rats of both sexes and over a relatively81

short duration of two months in order to better differentiate early cardiac remodeling events between82

males and females with AR. We started treatment one week before AR induction instead as two weeks83

after as described in the chronic studies above in order to hopefully inhibit early features of LV remodeling84

under the control of the RAAS in our animals.85

Our results suggest that angiotensin receptor blockade (ARB) with valsartan during the development86

of hypertrophy in female rats with severe AR partly abrogates LV wall thickening leading to a more87

eccentric remodeling similar to the one observed in males.88

METHODS89

Animals90

Severe AR was induced in males (300-325g) and females (200-225g) Wistar rats (9-10 weeks of age)91

by retrograde puncture one or two aortic valve leaflets under echocardiographic guidance as previously92

described. Arsenault et al. (2002) Only animals with 50% and more regurgitation were included in the93

study. The regurgitant fraction was estimated by the ratio of the forward systolic flow time–velocity94

integral (VTI) to the reversed diastolic flow VTI measured by pulsed Doppler in the thoracic descending95

aorta. Eleven male and ten female Wistar AR rats received daily valsartan (30 mg/kg/d) mixed in unsalted96

peanut butter (1:50;w:w). Untreated animals received equivalent amount of peanut butter (5-6 animals/gr.).97

Treatment was started one week before AR induction. We made sure that peanut butter was consumed by98

all animals, daily. In addition, 24 sham-operated male and female Wistar rats (Sham or Sh) were used as99

controls and received treatment following the same regimen as AR rats. The protocol was approved by100
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the Université Laval’s Animal Protection Committee and followed the recommendations of the Canadian101

Council on Laboratory Animal Care.102

Echocardiography103

An echocardiographic exam was performed two weeks after surgery to confirm AR severity (estimation

of regurgitation and LV dimensions) and at the end of the protocol 8 week later as previously described.

Arsenault et al. (2013) Arsenault et al. (2002) Plante et al. (2003) LV mass estimated by echocardiography

was calculated using the following equation.

1.04x((EDD+PW +SW )3–EDD3)

EDD, PW, and SW are end-diastolic diameter, posterior wall thickness, and septal wall thickness,104

respectively. At the end of the protocol, the heart and the lungs were harvested and weighed. Heart105

chambers were dissected, weighted and the LV was then quickly frozen in liquid nitrogen and kept at -80106

C until further use.107

Gene Expression Analysis by quantative RT-PCR108

Total RNA was extracted using Trizol reagent as described elsewhere.Champetier et al. (2009) LV RNA109

samples were diluted to 500 ng/microliter. One microliter RNA (500 ng) was converted to cDNA using the110

QuantiTect R© Reverse Transcription kit (Qiagen). The cDNA obtained was further diluted 11-fold with111

water prior to amplification (final concentration corresponding to 4.54 ng/microliter of initial RNA). Five112

microliter diluted cDNA were amplified in duplicate by quantitative PCR in a Rotor-GeneTM thermal113

cycler (Corbett Life Science. Sydney, Australia). Pre-optimized primers were from QuantiTect (Qiagen)114

and IDT (Coralville, Iowa) (Table 1) and SsoAdvanced Universal SYBR Green Supermix (Bio Rad,115

Hercules, CA) was used. Each run included one tube with water only (no template control) and a series of116

three 10-fold dilutions of a representative cDNA sample to check efficiency of the amplification reactions.117

We studied 5-6 animals/group. The 6 animals/group studied from the AR valsartan-treated groups were118

chosen randomly. Cyclophilin A gene (Ppia) was the housekeeping gene.119

Table 1. Name and symbol of all primer pairs used for gene expression analysis by quantitative RT-PCR.

The table also includes catalogue numbers (from IDT or Qiagen) and the size of the amplicon.

mRNA Symbol Catalog no. Amplicon (bp)

procollagen-1 alpha-1 Col1 Rn.PT.58.7562513 134

procollagen-3 alpha-1 Col3 Rn.PT.58.11138874 100

fibronectin 1 Fn1 Rn.PT.58.18226984 114

osteosarcoma viral oncogene homolog Fos QT01576330 73

krüppel-like factor 15 Klf15 Rn.PT.58.12431283 129

lysyl oxidase Lox Rn.PT.58.10677971 150

matrix metalloproteinase-2 Mmp2 Rn.PT.58.44737355 87

myosin, heavy polypeptide 6, cardiac Myh6 Rn.PT.58.8646063 150

myosin, heavy polypeptide 7, cardiac Myh7 Rn.PT.58.34623828 125

natriuretic peptide precursor type A Nppa, Anp Rn.PT.58.5865224 79

natriuretic peptide precursor type B Nppb, Bnp Rn.PT.58.5595685 108

tissue inhibitor of metalloproteases 1 Timp1 Rn.PT.58.34442920 127

transient receptor potential cation channelC6 Trpc6 Rn.PT.58.18089975 94

integrin beta 1 (fibronectin receptor beta) Itgb1 QT00187656 117

connective tissue growth factor Ctgf QT00182021 102

cyclophilin A Ppia Rn.PT.39a,22214830 140

Statistical analysis120

Results are presented as the mean and the standard error of the mean (SEM). Statistical analyses were121

performed on the log of the data. Two-way ANOVA analysis was performed and Holm-Sidak’s post-test122

was used for comparison between the groups (Graph Pad Prism 8.02, San Diego, CA). A Student’s t-test123

was used when only two groups were compared. A p-value lower than 0.05 was considered significant.124
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RESULTS125

Animal characteristics126

Treatment with the angiotensin receptor blocker (ARB), valsartan, was initiated a week before surgery127

and lasted up until the end of the protocol 9 weeks later. Surgery itself, had no effects on body weight gain128

during the protocol. Valsartan treatment had no significant effects on heart total weight in sham-operated129

animals, males and females (Tables 2 and 3). The only significant difference was for the left atrial weight130

which was decreased by the ARB treatment in females.131

Table 2. Characteristics of male sham-operated and AR animals at the end of the protocol. BW: body

weight. M: males, F: females and V: valsartan. Values are expressed as the mean +/- SEM. Group

comparisons were made using Two-way ANOVA followed by Holm-Sidak post-test for intergroup

comparisons. *: p < 0.0001 vs. respective sham group.

Parameters Sh ShV AR ARV

(n=6) (n=6) (n=6) (n=11)

Body weight, g 586 +/- 9 637 +/- 31 599 +/- 31 619 +/- 12

Tibial length, mm 57 +/- 0.2 57 +/- 0.7 58 +/- 0.3 58 +/- 0.3

Heart, mg 1303 +/- 30 1322 +/- 68 1989 +/- 54* 1889 +/- 87*

Heart/BW, mg/g 2.2 +/- 0.06 2.1 +/- 0.06 3.3 +/- 0.08* 3.1 +/- 0.11*

Left ventricle, mg 1000 +/- 28 976 +/- 46 1538 +/- 55* 1426 +/- 58*

Right ventricle, mg 225 +/- 9 247 +/- 20 311 +/- 28* 325 +/- 23*

Left atria, mg 32 +/- 2 30 +/- 3 61 +/- 3* 58 +/- 5*

Lungs, g 2.6 +/- 0.3 2.1 +/- 0.2 2.5 +/- 0.1 2.4 +/- 0.1

Comparing AR rats to sham ones, every parameter measured with the exception of body weight and132

tibial length were significantly increased as summarized in Tables 2 and 3. Moreover, heart total and133

indexed weights were significantly reduced in female animals treated with the ARB (Table 3). Only a134

trend for a decrease was present in males. This was also true for the left and right ventricles, which were135

smaller in female AR rats treated with valsartan. This again, was not observed in AR males. Lungs weight136

(a marker of overt heart failure) remained stable in the AR groups suggesting that the animals were still in137

the compensated state of the disease.138

Table 3. Characteristics of females AR animals at the end of the protocol. BW: body weight. Values are

expressed as the mean +/- SEM. Group comparisons were made using Two-way ANOVA followed by

Holm-Sidak post-test for intergroup comparisons. *: p < 0.0001 vs. respective sham group. ¶: p < 0.05

vs. respective untreated group.

Parameters Sh ShV AR ARV

(n=5) (n=6) (n=6) (n=10)

Body weight, g 318 +/- 6 328 +/- 3 337 +/- 12 332 +/- 9

Tibial length, mm 50 +/- 0.4 50 +/- 0.2 50 +/- 0.5 50 +/- 0.2

Heart, mg 836 +/- 22 812 +/- 26 1375 +/- 107* 1115 +/- 59*¶

Heart/BW, mg/g 2.6 +/- 0.04 2.5 +/- 0.07 4.1 +/- 0.31* 3.4 +/- 0.14*¶

Left ventricle, mg 638 +/- 22 612 +/- 24 1068 +/- 81* 862 +/- 44*¶

Right ventricle, mg 144 +/- 3 149 +/- 4 225 +/- 20* 171 +/- 12*¶

Left atria, mg 24 +/- 1 15 +/- 1¶ 43 +/- 4 * 32 +/- 3*

Lungs, g 2.1 +/- 0.2 1.8 +/- 0.3 2.0 +/- 0.2 2.0 +/- 0.1

In Figure 1, we illustrated individual variations in heart and heart chambers weights of AR animals139

relative to the mean of their respective sham-operated group in order to emphasize the extent of changes140

associated with the disease, the biological sex or the treatment. As expected, AR caused important cardiac141

hypertrophy in both male and female animals compared to sham. Valsartan had relatively little effects in142

blocking the development of cardiac hypertrophy in male animals. On the other hand, the hypertrophic143

response was slowed in female AR animals; this was significant for the left ventricle.144
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Figure 1. Effects of a 9-week treatment with valsartan on cardiac hypertrophy development caused by

severe volume overload from AR. Results are expressed as the percentage of variation of the indicated

parameter compared to the mean of the same parameter for the respective sham-operated group. A, Heart

weight, B, Left ventricular weight, C, right ventricular weight and D, left atrial weight. Results are

expressed as the mean +/- SEM. *: p < 0.05 between groups.

Echocardiography data145

As for the animal and heart characteristics described above, most echocardiographic parameters measured146

were significantly changed by AR (Tables 4 and 5). ARB treatment with valsartan of sham-operated rats147

had relatively no effects on echocardiographic parameters measured in this study (Table 4). Calculated148

ejection fraction, although still in the normal range was lower in treated sham males.149

In AR animals, the effects of valsartan were observed on the LV wall thickness (intraventricular septal150

wall (SW) and posterior wall (PW), which were thinner in females compared to untreated AR rats. ARB151

had no effects in AR males (Table 5). Diastolic LV parameters were significantly altered in AR rats.152

Valsartan treatment had no effects on these parameters in males but significantly reduced E wave slope in153

females.154

As illustrated in Figure 2, LV dilation caused by AR was similar in rats of both sexes. However, LV155

septal and posterior walls thickening was more important in females. This was almost completely blocked156

by ARB treatment.157

As illustrated in Figure 3, both E wave and A wave were increased by AR in male and female rats. E158

wave slope, the most reliable marker of changes in diastolic function in our model was also increased.159
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Table 4. Echocardiographic parameters of male animals at the end of the protocol. NA: non applicable,

EDD: end-diastolic diameter, ESD: end-systolic diameter, SW: septum wall thickness, PW: posterior wall

thickness, RWT: relative wall thickness, EF: ejection fraction, HR: heart rate, bpm: beats per minute.

Values are expressed as the mean +/- SEM. Group comparisons were made using Two-way ANOVA

followed by Holm-Sidak post-test for intergroup comparisons. *: p < 0.05 vs. respective sham group. ¶:

p <0.05 vs. the respective untreated group.

Parameters Sh ShV AR ARV

(n=6) (n=6) (n=5) (n=6)

AR severity, % NA NA 65 +/- 4 64 +/- 4

EDD, mm 7.7 +/- 0.3 7.3 +/- 0.3 10.7 +/- 0.2* 10.3 +/- 0.3 *

ESD, mm 3.3 +/- 0.1 3.6 +/- 0.2 6.2 +/- 0.1* 6.0 +/- 0.3*

SW, mm 1.2 +/- 0.06 1.1 +/- 0.04 1.3 +/- 0.03 1.1 +/- 0.05

PW, mm 1.9 +/- 0.02 2.1 +/- 0.08 2.3 +/- 0.02* 2.4 +/- 0.10

RWT 0.40 +/- 0.032 0.44 +/- 0.022 0.34 +/- 0.013* 0.35 +/- 0.015*

EF, % 81 +/- 1 74 +/- 2¶ 66 +/- 2 * 66 +/- 2*

LV mass/BW, mg/g 1.4 +/- 0.16 1.3 +/- 0.14 3.0 +/- 0.15* 2.7 +/- 0.19*

HR, bpm 393 +/- 13 374 +/- 10 365 +/- 12 377 +/- 11

E wave, cm/s 77 +/- 3 74 +/- 6 101* +/- 9 99 +/- 7*

A wave, cm/s 38 +/- 3 45 +/- 6 57 +/- 6* 63 +/- 5*

E wave slope 2691 +/- 52 2391 +/- 115¶ 3547 +/- 407* 3578 +/- 180*

Plante et al. (2003) Valsartan treatment had no effects on these parameters in males but significantly160

reduced E wave and E wave slope in AR female.161

Markers of LV hypertrophy and extracellular matrix remodeling162

We measured LV gene expression for several hypertrophy markers in AR animals relative to sham163

controls. Anp and Bnp mRNA levels were increased in both male and female AR animals (Figure 4A).164

This increase was stronger for Bnp expression in females compared to males and was reversed by ARB165

treatment. Valsartan also reversed the increase in Anp expression in AR females. The expression of other166

hypertrophy markers was only changed in AR males but not in females (Figure 4B). Valsartan lowered167

Fos expression in both male and female animals but had little effects on the other two genes studied.168

Trpc6 was up-regulated and Klf15, down-regulated in AR males. As expected Myh6 gene expression was169

reduced by AR whereas Myh7 expression increased. Valsartan treatment had no effect on the expression170

of both Myh genes.171

Gene expression of extracellular components were only mildly regulated as illustrated in Figure 5.172

Col1 was significantly increased in female AR rats and this was reversed by ARB treatment. Itgb1 encodes173

for beta-1 integrin, a sensor of mechanical stretch expressed on the surface of cardiac myocytes. In all AR174

groups with the exception of untreated males, Itgb1 was up-regulated. Timp1 was up-regulated in AR175

males and Lox in both males and females. The expression of the latter was reduced in ARB-treated males.176

Ctgf gene expression was increased in all AR groups but females treated with valsartan.177

DISCUSSION178

In this study, we observed that angiotensin II receptor blockade using valsartan reduces the LV wall179

thickening taking place in AR female rats. We had previously shown that LV remodeling from AR in this180

model involves similar LV dilation in rats of both sexes but an excess of wall thickening in females. This181

results in somewhat maintained relative wall thickness (RWT), an index of LV remodeling. Beaumont182

et al. (2017)183

The classic view of cardiac remodeling induced by a hemodynamic overload is that pressure overload184

(hypertension or aortic stenosis; afterload) is associated with initial concentric LV hypertrophy (wall185

thickening and equal or smaller chamber volume). On the other hand, volume overload (valve regur-186

gitation; preload) induces chamber dilatation with no or little increase in wall thickness or eccentric187

remodeling. Katz and Rolett (2016) This is probably more accurate for male animal models than for188

females as evidenced in the present study. We observed that eccentric LV remodeling took place in AR189
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Table 5. Echocardiographic parameters of female animals at the end of the protocol. NA: non

applicableEDD: end-diastolic diameter, ESD: end-systolic diameter, SW: septum wall thickness, PW:

posterior wall thickness, RWT: relative wall thickness, EF: ejection fraction, HR: heart rate, bpm: beats

per minute. Values are expressed as the mean +/- SEM. Group comparisons were made using Two-way

ANOVA followed by Holm-Sidak post-test for intergroup comparisons. *: p < 0.05 vs. respective sham

group. ¶: p <0.05 vs. the respective untreated group.

Parameters Sh ShV AR ARV

(n=6) (n=11) (n=6) (n=10)

AR severity, % NA NA 68 +/- 6 66 +/- 3

EDD, mm 6.7 +/- 0.2 6.5 +/- 0.3 9.4 +/- 0.2 8.7 +/- 0.3

ESD, mm 2.9 +/- 0.2 2.8 +/- 0.3 5.3 +/- 0.2 4.8 +/- 0.3

SW, mm 1.1 +/- 0.04 0.9 +/- 0.07 1.3 +/- 0.03 0.9 +/- 0.05¶

PW, mm 1.7 +/- 0.02 1.6 +/- 0.10 2.7 +/- 0.15* 2.1 +/- 0.07*¶

RWT 0.40 +/- 0.032 0.44 +/- 0.022 0.43 +/- 0.013 0.38 +/- 0.015*¶

EF, % 81 +/- 3 81 +/- 2 68 +/- 3* 70 +/- 2*

LV mass/BW, mg/g 1.9 +/- 0.17 1.5 +/- 0.11 5.0 +/- 0.34* 3.3 +/- 0.16*¶

HR, bpm 413 +/- 17 421+/- 14 386 +/- 15 380 +/- 9*

E wave, cm/s 71 +/- 4 86 +/- 6 102 +/- 6* 94 +/- 4

A wave, cm/s 40 +/- 2 43 +/- 3 65 +/- 6* 68 +/- 4*

E wave slope 2383 +/- 129 2699 +/- 127 4094 +/- 251* 3275 +/- 190*¶

males resulting in a lower relative wall thickness ratio. In AR females, LV wall thickening concurrent to190

its dilation resulted in a maintained relative wall thickness ratio.191

We observed that LV dilation was similar and relatively unaffected by angiotensin receptor blockade192

by valsartan both in males and females. Blood regurgitation from the aorta to the LV during diastole is a193

relatively stable determinant of the disease and cannot be modulated significantly by ARB. On the other194

hand, LV wall thickening, more important in female AR rats compared to males, was reversed by ARB195

leading to similar LV morphology between the sexes. Indexed LV mass estimated by echocardiography196

showed a similar trend where valsartan treatment partly reversed hypertrophy in females but not in males.197

The method we used make the geometrical assumption of an elliptical LV. It is possible that the shape of198

the dilated LV in female AR rats obeys less to this assumption.199

Aortocaval fistula (ACF) is a model of global cardiac volume overload where sex differences have200

been studied with some details in the past in rats. Although this form of VO is less relevant for a clinical201

standpoint, it remains the most popular pre-clinical VO model in the literature. In 2002, Gardner and202

collaborators first reported that female rats with ACV developed less cardiac hypertrophy, evolved less203

towards heart failure and had better survival than males. Gardner et al. (2002) Ovariectomy removed this204

advantage over males. Brower et al. (2003) A few years later, Dent and collaborators characterized this205

model further by echocardiography and at the molecular level. Both groups showed that estrogen could206

reverse the adverse effects of ovariectomy in females. Dent et al. (2010b) In the AR rat model, we did not207

observe major effects related to the loss of estrogens by ovariectomy in females. Drolet et al. (2006)208

Pharmacological interventions for cardiovascular diseases and heart failure are often less prescribed209

in women. Their absorption, distribution , metabolism and clearance is often different. Humphries et al.210

(2017) It is not excluded that the differences we observed here may have been related to sex-specific211

handling of ARB by females compared to males. Unfortunately, sex differences in the response to212

treatment in pre-clinical models of cardiovascular diseases have received little attention. In the pressure213

overload SHR (spontaneously hypertensive rats) model of LV hypertrophy, head-to-head comparison214

of treatment in animals of both sexes have seldom been performed. In 1982, Pfeffer and collaborators215

showed similar effects between male and female SHR of two anti-hypertensive agents hydralazine and216

guanethidine on LV hypertrophy. Pfeffer et al. (1982a) Captopril (ACE inhibitor) has been shown to be217

effective to block LV hypertrophy in both males and females but was not compared in the same study.218

Pfeffer et al. (1982b) Pfeffer et al. (1983) More recently, the effects of vasopeptidase inhibitor omapatrilat219

and the ARB irbesartan in combination with a diuretic were studied in SHR/stroke prone male and female220

animals. Graham et al. (2004) Both regimen were efficient to lower LV hypertrophy development and this221

was similar for males and females. Romero and collaborators observed a better response of male SHR to222
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atrial natriuretic treatment than for females although benefits were present for all animals. Romero et al.223

(2015)224

Sex dimorphism in the response to treatment has not been studied before in VO rodent models. The225

present study design is also different from previous studies we made on male animals using this model.226

Arsenault et al. (2013) Plante et al. (2004b) Zendaoui et al. (2011) Plante et al. (2009) Plante et al. (2008)227

Here, we started treatment before the surgical induction of valve regurgitation instead of two weeks228

after and thus, when cardiac hypertrophy is already present. We choose to initiate treatment before AR229

induction in order to investigate the early implication of angiotensin II in the LV remodeling caused by230

severe VO instead of attempting to reproduce a more clinical situation. This study was also relatively short231

(2 months) instead of being more chronic (6 months and more) concentrating in early events. We consider232

that at the end of the protocol the animals were still in the compensated phase of the disease although233

both systolic and diastolic functions indicators were already significantly but not severely, altered. We234

showed in previous chronic studies that renin-angiotensin-aldosterone system (RAAS) inhibition using235

either angiotensin converting enzyme inhibitors such as captopril or angiotensin II receptor antagonists236

such as losartan can reduce the extent in LV hypertrophy, dilation and improve survival in males. Plante237

et al. (2009) Arsenault et al. (2013) By comparing these studies performed in males to the present one,238

we notice that the RAAS implication during the early stages of LV remodeling after AR induction does239

not seem to be as important as the one of the mTORC signaling pathway we observed in a previous240

study. Drolet et al. (2015) Rapamycin inhibition of mTOR signaling was able to reduced the extent of LV241

dilation in AR males, which was not the case here. It is possible that a higher dosage of valsartan may242

have provide a better inhibition. On the other hand, the dosage of valsartan we used in this study was243

similar to other studies performed in the past in rats ranging from 10 to 30 mg/kg/daily. Li et al. (2002)244

Der Sarkissian et al. (2003) Tachikawa et al. (2003) Michel et al. (2016)245

The present study also enlightened that development of LV hypertrophy in this model first involves246

rapid LV dilation to accommodate the increased blood volume during diastole in males. In previous247

studies in males, we observed either a mild raise in systolic blood pressure or no changes. Plante et al.248

(2009) Bouchard-Thomassin et al. (2011) Plante et al. (2004a) Then, later in the disease, LV dilation249

and mass continue to increase and this can be blocked by inhibiting the RAAS. Plante et al. (2004a)250

Arsenault et al. (2013) Here, we showed that RAAS activation leads to LV wall thickening early in the251

disease. This helps maintain an enlarged but relatively normal LV morphology (relative wall thickness).252

Gain of LV mass is relatively as important as for AR males. In AR males however, our results seems to253

indicate that the RAAS blockade early in the disease is less consequential than later in the disease. LV254

hypertrophy development is rapid in our model during the first months and then slows later but still goes255

on. Plante et al. (2003) We can assume the first phase of LV remodeling is focused on the adaptation to256

pump the additional regurgitating blood. Then later in the disease, LV dilation continues and this can be257

blocked by either inhibiting angiotensin converting enzyme with captopril or ARB. Plante et al. (2004b)258

Arsenault et al. (2013) This inhibition of the RAAS later in the disease provides benefits such as less LV259

hypertrophy, better myocardial energy metabolism and better survival. Arsenault et al. (2013)260

Expression of various LV genes associated with hypertrophy or extracellular matrix remodeling was261

assessed. In the case of Anp and Bnp genes, expression was more elevated in AR rats and valsartan262

normalized their expression but only in females suggesting that LV wall tension may have been improved263

by treatment. For three other hypertrophy markers, namely Fos, Trpc6 and Klf15, gene expression was264

only altered in untreated AR males but not in females as previously reported. Beaumont et al. (2017)265

Interestingly, fos expression was lowered by ARB both in males and females. As for genes related to266

extracellular matrix components and metabolism, very few differences between the sexes or by treatment267

were registered. Volume overload is not associated with important myocardial fibrosis at least in the268

early steps of the disease. Ryan et al. (2007) This is also true in the AR rat model where collagen total269

myocardial content, at least in males, is still normal up to 9 months. Lachance et al. (2009)270

It is not clear if the effects of angiotensin receptor blockade we observed in AR females provide271

benefits in the context of a LV VO. On one side, valsartan recreates in AR females an eccentric LV272

morphology similar to males, which tend to have a worse outcome than untreated AR females after 6273

months.Beaumont et al. (2017) On the other hand, it is probably that valsartan treatment may provide274

benefits as illustrated by several observations Beaumont et al. (2019) First, diastolic function seemed to275

be improved by ARB as evidenced by less left atrial hypertrophy and better echocardiographic diastolic276

parameters. Valsartan helped reduced natriuretic peptides gene expression in females as well as collagen277
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1 and Ctgf. In males, benefits of valsartan were only observed for the decrease of Fox and Lox gene278

expression and an increase for Itgb1. Beta-1 integrin is one subunit of the dimeric fibronectin surface279

receptor. Its signaling promotes cardiac hypertrophy but also cardiac myocytes survival via Erk and Akt280

signaling pathways.Brancaccio et al. (2006)281

We chose to not directly address the influence of sex hormones by castration or ovariectomy in this282

study. This would have added a level of complexity. We recently observed that loss of testosterone reduced283

LV hypertrophy in AR males and helped normalize the myocardial transcriptional profile suggesting an284

important role for this sex hormone in the response of the heart to a pathological stress. Beaumont et al.285

(2019)286

Additional studies are needed to better understand sex differences in the response to treatment in both287

pressure overload and volume overload pre-clinical models of LV hypertrophy. It is not clear how we can288

translate the observations made here and future ones to the human situation. On the other hand, our state289

of knowledge about heart diseases in women and how to treat them is still lagging. Regitz-Zagrosek et al.290

(2010) Blenck et al. (2016) We need even more basic knowledge to address this gap. We want to point out291

several limitations in this study. One is the relatively short duration of the protocol and as mentioned, the292

fact that we did not study the effects of sex hormones on the response to treatment. Aortic regurgitation is293

a relative rare disease in the Western world and is more prevalent in poorer countries. Zühlke et al. (2017)294

Since this disease is still lacking proven pharmaceutical options that could delay valve replacement if295

available for the patient, we consider that an effort on this is important.296

In conclusion, we showed that female AR rats have a stronger early response to treatment with297

an angiotensin receptor antagonist, valsartan than males. This response is mainly concentrated on a298

female-specific feature of the LV remodeling in response to volume overload, LV wall thickening.299
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Figure 2. Effects of a 9-week treatment with valsartan on LV hypertrophy development caused by AR

on echocardiographic parameters. Results are expressed as the percentage of variation of the indicated

parameter compared to the mean of the same parameter of the respective untreated sham-operated group.

A, End-diastolic diameter, B, End-systolic diameter, C, Inter-ventricular septal wall thickness and D,

posterior wall thickness. Results are expressed as the mean +/- SEM. *: p < 0.05 and **: p < 0.01

between groups.
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Figure 3. AR caused a general degradation of diastolic parameters that was improved by valsartan

treatment in females but not in males. A, E wave, B, A wave, C, E wave slope. Results are expressed as

the percentage of variation of the indicated parameter compared to the mean of the same parameter of the

respective untreated sham-operated group. Results are expressed as the mean +/- SEM. *: p < 0.05

between groups.
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Figure 4. Evaluation by real-time quantitative RT-PCR of the LV mRNA leves of genes encoding for

several hypertrophy markers in AR animals relative to sham controls. A: Anp, B: Bnp, C: c-Fos, D:

Trpc6, E: Klf15, F: Myh6, G: Myh7 and H: Myh6/Myh7 ratio. The results are reported in arbitrary units

(AU) as the mean +/- SEM (n=5-6/gr.). Messenger RNA levels of the respective sham group were

normalized to 1 and is represented by the dotted line. *: p < 0.05 and **: p < 0.01 vs. respective

untreated sham group. +: p < 0.05, ++: p < 0.01 and +++: p < 0.001 between the indicated groups.
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Figure 5. Evaluation by real-time quantitative RT-PCR of the LV mRNA levels of genes encoding for

several extracellular matrix markers in AR animals relative to sham controls. A: Col1a1, B: Col3a1, C:

Fn1, D: Itgb1, E: Mmp2, F: Timp1, G: Lox and H: Ctgf. The results are reported in arbitrary units (AU)

as the mean +/- SEM (n=5-6/gr.). Messenger RNA levels of the respective sham group were normalized

to 1 and is represented by the dotted line. *: p < 0.05 and **: p < 0.01 vs. respective untreated sham

group. +: p < 0.05 between the indicated groups.
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