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Abstract

Aims Diastolic dysfunction is common in cardiovascular diseases, particularly in the case of heart failure with preserved
ejection fraction. The challenge is to develop adequate animal models to envision human therapies in the future. It has been
hypothesized that this diastolic dysfunction is linked to alterations in the nitric oxide (•NO) pathway. To investigate this
issue further, we investigated the cardiac functions of a transgenic rat model (Tgβ3) that overexpresses the human
β3‐adrenoceptor (hβ3‐AR) in the endothelium with the underlying rationale that the •NO pathway should be stimulated in
the endothelium.
Methods and results Transgenic rats (Tgβ3) that express hβ3‐AR under the control of intercellular adhesion molecule 2 pro-
moter were developed for a specific expression in endothelial cells. Transcriptomic analyses were performed on left
ventricular tissue from 45‐week‐old rats. Among all altered genes, we focus on •NO synthase expression and endothelial
function with arterial reactivity and evaluation of •NO and O2

•� production. Cardiac function was characterized by
echocardiography, invasive haemodynamic studies, and working heart studies. Transcriptome analyses illustrate that several
key genes are regulated by the hβ3‐AR overexpression. Overexpression of hβ3‐AR leads to a reduction of Nos3 mRNA expres-
sion (�72%; P < 0.05) associated with a decrease in protein expression (�19%; P < 0.05). Concentration‐dependent
vasodilation to isoproterenol was significantly reduced in Tgβ3 aorta (�10%; P < 0.05), while •NO and O2

•� production
was increased. In the same time, Tgβ3 rats display progressively increasing diastolic dysfunction with age, as shown by an
increase in the E/A filing ratio [1.15 ± 0.01 (wild type, WT) vs. 1.33 ± 0.04 (Tgβ3); P < 0.05] and in left ventricular
end‐diastolic pressure [5.57 ± 1.23 mmHg (WT) vs. 11.68 ± 1.11 mmHg (Tgβ3); P < 0.05]. In isolated working hearts, diastolic
stress using increasing preload levels led to a 20% decrease in aortic flow [55.4 ± 1.9 mL/min (WT) vs. 45.8 ± 2.5 mL/min
(Tgβ3); P < 0.05].
Conclusions The Tgβ3 rat model displays the expected increase in •NO production upon ageing and develops diastolic dys-
function. These findings provide a further link between endothelial and cardiac dysfunction. This rat model should be valuable
for future preclinical evaluation of candidate drugs aimed at correcting diastolic dysfunction.
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Introduction

The high prevalence, mortality, and health costs associated
with heart failure (HF) make it a major public health issue.
Several terminologies exist to classify patients with HF ac-
cording to their ejection fraction (EF).1,2 At present, patients
with HF with preserved EF (HFpEF) are more difficult to man-
age clinically due to the complexity of the phenotypes under-
lying this pathology. Indeed, several co‐morbidities are
described in HFpEF patients, such as high blood pressure,
obesity, diabetes, atrial fibrillation, ageing, and the influence
of gender on the disease, all of which complicate diagnosis
and the identification of effective therapeutic targets.3 The
common feature of all HFpEF phenotypes is diastolic dysfunc-
tion with altered relaxation and increased filling pressures.4

The early phase of diastolic dysfunction is generally asymp-
tomatic. When patients become symptomatic, they show a
decrease in their tolerance to exercise or to stress conditions
leading to cardiac decompensation.5 Because HFpEF remains
a poorly understood pathology with no treatment to improve
patient survival, it is important to develop animal models that
best recapitulate the human phenotypes. Such HFpEF models
may in turn help understand how diastolic dysfunction is gen-
erated over time within this pathology and provides hope for
accelerated drug discovery. Basic and clinical studies have
highlighted that the endothelium plays a role in the patho-
physiology of HFpEF and the observed diastolic
dysfunction.6,7 Endothelial cells may be a key factor in the de-
velopment of the diastolic dysfunction with a significant in-
volvement of nitric oxide (•NO) and •NO synthase (NOS).

Indeed, Schiattarella et al. showed that an increase in iNOS
activity and expression can drive the diastolic dysfunction of
HFpEF through an increase in •NO production. 8 Considering
the fact that •NO production is mainly due to Gαi–•NO–cGMP
activation and that this pathway is coupled to the expression
and activity of β3‐adrenergic receptors (β3‐AR),

9,10 we de-
cided to investigate how overexpression of this receptor in
the endothelium may influence •NO production and whether
it may lead to a new and original model of HFpEF. For that
purpose, we have generated a rat model overexpressing the
human β3‐AR (hβ3‐AR) within endothelial cells (Tgβ3), and
we evaluated how it impacted •NO production and myocar-
dial function. We demonstrate that the excessive •NO pro-
duction is indeed associated with a progressive alteration of
diastolic function upon ageing.

Materials and methods

All animal experimental protocols were approved by the Pays
de la Loire Ethical Committee and were performed in accor-
dance with the French law on animal welfare, EU Directive
2010/63/EU for animal experiments, the National Institutes
of Health Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Pub. No. 85‐23, revised 2011),
and the 1964 Declaration of Helsinki and its later amend-
ments. In functional protocols, both male and female animals
were investigated. All experimental procedures performed
are available in detail in the Supporting Information.

Figure 1 β‐Adrenergic receptor transcript expression. Transcript levels of hβ3‐AR mRNA (A) and rat β1‐AR, β2‐AR, and β3‐AR mRNA (B), in wild‐type
(WT) (n = 8) and Tgβ3 (n = 13) rats. Reverse transcription PCR assays were performed on whole heart, and de‐endothelialized or intact aorta tissue
extracts (C), and isolated cardiomyocytes (D). hadrb3, human β3‐AR. Data are expressed as mean ± standard error of the mean,

*
P < 0.05.

4160 J. Dhot et al.

ESC Heart Failure 2020; 7: 4159–4171
DOI: 10.1002/ehf2.13040

 20555822, 2020, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.13040 by U

niversité D
e N

antes, W
iley O

nline L
ibrary on [04/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Results

Rat model overexpressing human β3‐
adrenoceptor in endothelial cells

To confirm cardiac hβ3‐AR expression in our model, quantita-
tive reverse transcription PCR analyses were conducted on
whole‐heart extract samples. Our assays showed a high level
of hβ3‐AR mRNA in Tgβ3 whole‐heart samples (Figure 1A).
Expression of the transgene did not impact the expression of
endogenous β1‐AR, β2‐AR, and β3‐AR (Figure 1B). To confirm
endothelial expression of the inserted gene, reverse
transcription PCR was performed on aortas and isolated
cardiomyocytes. The presence of hβ3‐AR transcripts was con-
firmed in entire Tgβ3 aortas (Figure 1C), while it was not
detected in wild‐type (WT) aortic tissue nor in the aortas of
Tgβ3 rats in which the endothelium was removed. Conversely,
hβ3‐AR transcripts were absent in isolated cardiomyocytes
(Figure 1D), confirming that hβ3‐AR mRNA could be expressed
in the endothelial cells of Tgβ3 rats, but further study should be
performed to confirm. These results agree with the use of the
intercellular adhesionmolecule 2 promoter that should restrict
expression to the endothelium. Analyses of protein expression
levels using a β3‐AR‐specific antibody illustrate that protein
expression increased over time between 15 and 45 weeks of
age (Supporting Information, Figure S1). Like many others, this
antibody does not distinguish between the rat and human iso-
forms of β3‐AR, but it is reasonable to assume that the
increased level of protein expression is due to the transgene.

Transcriptomic analyses of transgenic rats

In order to investigate the impact of hβ3‐AR overexpression in
the endothelium on cardiac gene expression, we turned to-
wards transcriptomic analyses. Using significance analysis of
microarrays with false discovery rate = 0.05, we identified
241 transcripts that were differentially expressed in Tgβ3 rats
compared with WT rats (Supporting Information, ‘45wk males
differential’). Among these genes, 15 of them were up‐
regulated, whereas 226 other ones were down‐regulated
(Figure 2A). The data indicate an up‐regulation of several tran-
scripts involved in collagen formation and in the regulation of
the metabolism in Tgβ3 rats. The main down‐regulated tran-
scripts were involved in the reactive oxygen pathway and
the immune system. Further analyses of the data by gene
set enrichment analysis underlined these findings: when using
all gene sets as input, 49 gene sets were significantly
up‐regulated in Tgβ3 rats and 78 gene sets were significantly
down‐regulated. Most of the up‐regulated gene sets were as-
sociated with the extracellular matrix, indicating an activation
of fibrotic pathways in the transgenic rats (Figure 2B and 2C)
that display the most significant gene sets. To focus on the

•NO pathway, gene set enrichment analysis was also per-
formed on endothelial NOS (eNOS)‐associated and inducible
NOS (iNOS)‐associated gene sets only. When analysing
eNOS‐associated gene sets, a positive association was found
with the CHEN_LVAD_OF_FAILING_FAILING_HEART_UP gene
set (Figure 2D). Although this gene set does not contain eNOS,
eNOS was found to be up‐regulated in the corresponding
study.11 Analysis of iNOS‐associated gene sets pointed
towards the implication of reactive oxygen biosynthesis
(Figure 2E). We decided to perform a more in‐depth analysis
of the eNOS pathways in this animal model.

Transgenic rats display a dysfunction in
endothelial nitric oxide synthase pathways

Imbalance in nitric oxide synthase pathway
To investigate the potential physiopathological mechanism
involved in our model, mRNA analyses of neuronal NOS
(nNOS) (Nos1) and iNOS (Nos2) were performed on WT and
Tgβ3 rats on the left ventricle. The analysis shows no signifi-
cant alteration concerning the mRNA levels for Nos1 and
Nos2 (Figure 3A and 3B), but we detected a significant de-
crease in eNOS (Nos3) mRNA expression in Tgβ3 rats (Figure
3C). Interestingly, the protein levels of nNOS and iNOS were
significantly increased in Tgβ3 rats (Figure 3D and 3E). In con-
trast, the eNOS levels were decreased (Figure 3F), without an
alteration of the phosphorylation level of eNOS (Figure 3G).
We conclude that overexpression of hβ3‐AR should lead to
a significant imbalance in NOS pathways.

Impairment of nitric oxide production and endothelial
dysfunction
To confirm a possible endothelial dysfunction linked to these
changes in NOS expression levels, we investigated the vascu-
lar function in response to aortic isoproterenol in Tgβ3
animals. We found that the response to isoproterenol was
reduced in Tgβ3 animals (Figure 4A). This decrease in vasore-
laxation is counterintuitively related to an increase in •NO
and O2

•� productions in these aortas (Figure 4B and 4C),
suggesting that the balance of expression of NOS subtypes
in the endothelium plays an important role.

All these contextual findings, at both the transcriptome
and protein levels, represented strong incentives to carefully
investigate potential cardiac pathologies in this rat model.

Transgenic rats develop a phenotype similar to
age‐related diastolic dysfunction in heart failure
with preserved ejection fraction models

General characteristics
To examine the impact of the overexpression of hβ3‐AR in the
endothelium on the rat cardiac phenotype, echocardiography
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Figure 2 Transcriptome analysis on the left ventricle. Hierarchical clustering of microarray data based on the 241 transcripts differentially expressed
between Tgβ3 and wild‐type (WT) rats (A). Gene expression is presented as a coloured matrix, where each row represents a gene and each column
represents a sample. Green, black, and red correspond to lower values, median values, and higher values, respectively. (B–E) Gene set enrichment
analysis enrichment plots and heat maps based on gene expression profiles from Tgβ3 and WT rats. Only genes from the gene set enrichment analysis
core enrichment are displayed in the heat maps.
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was performed at 15, 30, and 45 weeks of age. This investiga-
tion was performed on animals of both sexes, as well as on
WT animals. We also investigated ovariectomized (OVX) fe-
male rats. We observed that WT and Tgβ3 female rats—either
OVX or non‐OVX—display no alteration in their cardiac func-
tion during ageing (Supporting Information, Tables S3 and
S4 and Figure S2). In contrast, Tgβ3 male rats do show a dia-
stolic dysfunction that develops during ageing and that per-
sists. Because of this sex difference in the manifestation of
cardiac defects, we decided to focus our attention on male
animals. Therefore, only data from male WT and Tgβ3 rats will
be presented in this manuscript.

With regard to other physiological parameters, WT and
Tgβ3 male rats at 45 weeks of age presented similar weight

and tibia length (Supporting Information, Tables S5 and S6).
Blood pressure assessment revealed that Tgβ3 male rats did
not show any significant modification in systolic
(136.3 ± 4.0 mmHg for WT vs. 133.4 ± 4.6 mmHg for Tgβ3),
diastolic (95.3 ± 2.0 mmHg for WT vs. 92.7 ± 3.1 mmHg for
Tgβ3), or mean arterial pressure (109.0 ± 2.6 mmHg for WT
vs. 106.3 ± 3.5 mmHg for Tgβ3) (Supporting Information, Ta-
ble S7).

In vivo investigation of cardiac function
Systolic function, evaluated by the calculated EF, remained
normal in both WT and Tgβ3 rats regardless of age (Figure
5A). Repeated measurements over time of early‐to‐late filing
ratios (E/A) revealed that diastolic dysfunction is exacerbated

Figure 3 Changes in NOS transcripts and protein expression and phosphorylation on the left ventricle. nNOS (Nos1) (A), iNOS (Nos2) (B), and nNOS
(Nos3) (C) mRNA levels in wild‐type (WT) (n = 8) and Tgβ3 (n = 13) rats. Western blot analysis was performed to study total expression of nNOS
(D), iNOS (E), and eNOS (F) and level of phosphorylated Ser1177 eNOS (G). Data are expressed as mean ± standard error of the mean. *P < 0.05.
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with a restrictive filling pattern over age. Indeed, at 30 and
45 weeks of age, the E/A ratio was significantly increased in
Tgβ3 rats (1.08 ± 0.04 for WT vs. 1.26 ± 0.05 for Tgβ3;
P < 0.05 for 30 weeks; and 1.15 ± 0.01 for WT vs.
1.33 ± 0.04 for Tgβ3; P < 0.05 for 45 weeks) (Figure 5B). This
increase in the E/A ratio was associated with the dilation of
the left atrium (LA) (Figure 5C). Also, at 45 weeks of age,
Tgβ3 rats showed a significant increase in left ventricular
end‐diastolic pressure (LVEDP) (5.57 ± 1.23 mmHg for WT
vs. 11.68 ± 1.11 mmHg for Tgβ3; P < 0.05, Figure 5D). The
E/A ratio is low: it is because the heart rhythm is high as a
consequence of low anaesthesia, which favours fusion of E
wave and A wave and artificially lowers the E/A ratio.

Ex vivo investigation of cardiac function
Intrinsic heart function was evaluated using an isolated work-
ing heart model. Under physiological conditions, Tgβ3 hearts
showed a significantly higher LVEDP (+50%), an increase in
heart rate (+8%), and a decrease in systolic pressure (�9%)
compared with WT animals. In vivo blood pressure values
did not differ between the groups. The difference between

in vivo and ex vivo results is explain by the devoid of any neu-
rohormonal modulation in isolated heart, and one cannot ex-
clude that some circulating factors may, in vivo, modulate the
cardiac function. Diastolic function of Tgβ3 hearts was altered,
as illustrated by the decrease in dP/dtmin (+10%), in relaxation
time (+14%), and in diastolic filing period (�28%). The systolic
function, systolic ejection period, and contraction time were
not statistically different, while dP/dtmax was decreased
(�10%) in Tgβ3 hearts. Altogether, these modifications were
not associated with cardiac output and coronary flow modifi-
cation in Tgβ3 hearts (Supporting Information, Table S8).

Ex vivo investigation of cardiac function under
stress conditions

Response to β‐adrenergic receptor stimulation
To study the β‐adrenergic receptor stimulation occurring dur-
ing stress‐induced catecholamine release on cardiac function,
the effect of increasing concentrations of isoproterenol was
investigated on isolated WT and Tgβ3 working hearts. The

Figure 4 Vascular reactivity analysis. Concentration–response curves to isoproterenol were obtained by measuring contractility of wild‐type (WT) (○,
n = 4–5) and Tgβ3 (■, n = 4–5) aorta (A), in the presence (plain line) or absence (dotted line) of endothelium. •NO (B) and O2

•� (C) production were
evaluated by electron paramagnetic resonance spectroscopy in aorta at 45 weeks of age in WT (n = 4) and Tgβ3 (n = 4). Data are expressed as
mean ± standard error of the mean.

*
P < 0.05.
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Figure 5 Cardiac function. Evolution of systolic function (A) and diastolic function (B) between 15 and 45 weeks measured by echocardiography. Eval-
uation of the area of the left atrium at 45weeks by echocardiography (C). Left ventricular pressure measurements at 45 weeks of wild‐type (WT) (n = 7)
and Tgβ3 (n = 8) rats (D). Data are expressed as mean ± standard error of the mean. *P < 0.05.
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Figure 6 Isoproterenol concentration–response curve in isolated working heart. dP/dtmax, dP/dtmin (A), cardiac output (B), and aortic flow (C) were
measured on wild‐type (WT) (○, n = 8) and Tgβ3 (■, n = 8). The effects of an afterload increase on cardiac function of WT (○, n = 8) and Tgβ3 (■,
n = 8) rats were evaluated on dP/dtmax and dP/dtmin rate (D), cardiac output (E), and aortic flow (F). The effects of a preload increase on cardiac func-
tion of WT (○, n = 12) and Tgβ3 (■, n = 13) rats were evaluated through the study of dP/dtmax and dP/dtmin rate (G), cardiac output (H), and aortic flow
(I). BL, baseline. Data are expressed as mean ± standard error of the mean. *P < 0.05, **P < 0.01, and ***P < 0.001 for WT vs. Tgβ3.
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effects of isoproterenol were similar in both Tgβ3 and WT
hearts in terms of cardiac contraction and relaxation rate
(Figure 6A), cardiac output (Figure 6B), and aortic flow (Figure
6C). These results are in agreement with the similar transcrip-
tion levels of β1‐AR and β2‐AR expressed in both Tgβ3 and WT
rats (Figure 1B).

Response to pressure variation
An afterload increase was applied to reproduce ex vivo in-
creases in peripheral resistance and to stimulate the systolic
adaptation. From 100 mmHg, adaptation in contractility of
Tgβ3 hearts was impaired (for dP/dtmax at 14 mmHg:
9167 ± 510 mmHg/s for WT vs. 7234 ± 263 mmHg/s for
Tgβ3; P < 0.05) (Figure 6D). Cardiac outputs and aortic flows
were similar in WT and Tgβ3 hearts (Figure 6E and 6F). In an-
other study, a diastolic stress was applied by gradually increas-
ing the preload in order to mimic pulmonary arterial pressure
increase or on venous return. The preload increase induced a
significant dP/dtmin elevation in both WT and Tgβ3. However,
WT hearts showed significantly elevated contractility, while
the adaptive response of Tgβ3 hearts was impaired (Figure
6G). In the presence of a high preload (25mmHg), the ejection
capacity of Tgβ3 hearts was significantly decreased. We ob-
served a 14% decrease in cardiac output (79.0 ± 2.2 mL/min
for WT vs. 69.2 ± 2.6 mL/min for Tgβ3; P < 0.05) (Figure 6H)
and a decrease in aortic flow (Figure 6I). These results reveal
that diastole duration and the heart capacity to work were
blunted at the highest levels of preload in Tgβ3 hearts.

Discussion

Endothelial overexpression of hβ3‐AR in our model is associ-
ated with an endothelial dysfunction along with a slow devel-
opment of diastolic function alteration, an impaired filling
pattern, and an increase in LVEDP. In vivo blood pressure
and body weight do not differ between the two groups, sug-
gesting that the diastolic dysfunction is observed without the
presence of co‐morbidities (hypertension, obesity, etc.) con-
trary to many models that induce HFpEF. The subtle cardiac
impairment was exacerbated during stress conditions, espe-
cially when the diastolic function was challenged. Our data
suggest that this animal model, with endothelial‐localized
alterations in signalling, develops diastolic dysfunction and
endothelial alteration. Tgβ3 rats display a progressive diastolic
dysfunction, illustrated by the elevation of their E/A ratio with
ageing, associated with an increased LVEDP. The slight but
significant increase in collagen deposition (Supporting Infor-
mation, Figure S3) observed in our model suggests that other
parameters are implicated in left ventricular (LV) stiffness
and diastolic dysfunction.12 The absence of cardiac remodel-
ling in male rats Tgβ3 may be surprising. Indeed, the study of
Shah et al.13 have shown a high prevalence of hypertrophy of
the left ventricle in HFpEF patient with diastolic dysfunction.

They also rely on the fact that hypertrophy of the LA is corre-
lated with diastolic dysfunction. Ventricular hypertrophy is
not associated with diastolic dysfunction in our model. But
according to Figure 5C, hypertrophy of the LA is, however, well
present in animals with diastolic dysfunction. In addition, other
studies in animal models have shown that in the severe stages
of diastolic dysfunction, an enlargement of the LA, potentially
attributed to a LA–LV decoupling, has been observed.14,15 Our
study suggests that, in the early development of diastolic dys-
function, the onset of left atrial enlargement may be anterior
to ventricular hypertrophy. Indeed, at 60 weeks, a sign of LV
hypertrophy was observed with an increase of LV anterior wall
depth (Supporting Information, Figure S4A).

It has been described that patients with diastolic dysfunc-
tion become pathological when the heart is submitted to a
chronic or acute stress. In order to evaluate whether diastolic
dysfunction is worsened under stress conditions, we used the
working heart technique. This technique allowed us to study
the impact of stress specifically on the systolic function, with
an increase in afterload, or on the diastolic function, with an
increase in preload and a pharmacological stress with isopro-
terenol. Tgβ3 rat hearts displayed an alteration in contractility
only when submitted to a high afterload level (130–
140 mmHg). Alteration in contractility was not observed in
echocardiographic study due to lower in vivo blood pressure
(90–100mmHg). These results suggest that if Tgβ3 rat had hy-
pertension, then they probably would develop a systolic dys-
function. After an increase in preload, Tgβ3 hearts exhibit
contractility and relaxation impairment, associated with a sig-
nificant alteration of cardiac output. During exercise toler-
ance tests, HFpEF patients develop a strong LVEDP increase,
and a decrease in stroke volume, indicating that diastolic
function is severely worsened under stress conditions.16

These results are in accordance with John et al. showing that
diastolic function in patients is sensitive to preload
variations17 and indicate that heart function in these rats is
altered specifically when diastolic function is evaluated.

The present study raises questions concerning the involve-
ment of β3‐AR in diastolic dysfunction development. In the lit-
erature, β3‐AR has been reported to couple with NOS and to
involve the Gαi–•NO–cGMP pathway,10,18,19 which are known
to be cardioprotective,20 at least at a physiological expression
level of β3‐AR. Earlier studies have indeed reported a benefi-
cial effect of β3‐AR stimulation when expressed in
cardiomyocytes (not endothelial cells): in acute disorders or
anti‐hypertrophic effect at an early stage of HF.21 In acute
disorders, it appears to produce a decrease in myocardial
damage by decreasing mitochondrial permeability transition
pore opening22 or an anti‐hypertrophic effect at an early
stage of HF.21 We report a deleterious effect of the
long‐term endothelial overexpression of β3‐AR suggesting a
potential cell‐specific effect of this pathway. Conversely,
however, an elevated expression of β3‐AR, maybe associated
to an increase in adrenergic stimulation, seems to be
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detrimental. At the end‐stage of HF, β3‐AR overexpression is
associated with cardiac dysfunction,23,24 suggesting that the
cardiac effects of β3‐AR are much more complex than initially
thought. In atrial fibrillation, recent studies show that chronic
stimulation of β3‐AR may lead to iNOS uncoupling, leading
to oxidative stress and atrial remodelling and atrial
fibrillation.25–27 In this report, the specific endothelial overex-
pression of the transgene allows us to suggest that the endo-
thelium acts as a critical actor in the development of diastolic
dysfunction. We have shown that the long‐term overexpres-
sion of β3‐AR causes alterations in the •NO pathway and in
calcium handling of endothelial cells. We have identified
changes in NOS expression, in particular an increase in nNOS
and iNOS levels occurring concomitantly with a decrease in
eNOS expression level. The nNOS overexpression associated
with β3‐AR stimulation in stress condition has been already
described.28 The decrease in eNOS expression can tentatively
be explained by the increase of inflammation and O2

•� expres-
sion that leads to eNOS uncoupling.29 We also investigated
the expression levels of cyto/chemokines in plasma and
did not observe fluctuations of the concentrations of IL‐6
and IL‐1β. We observed a difference, but not significant, in
the mean value of TNF‐α, suggesting a potential low grade
of inflammation at 45 weeks in Tgβ3 rats (Supporting Infor-
mation, Figure S5). The hypothetic low grade of inflammation
could explain the increase of iNOS expression observed at
45 weeks and the eNOS uncoupling leading to endothelial
dysfunction over the time.30 But considering our results on
inflammation, we cannot confirm the increase of inflamma-
tion and further study needs to be performed. This change
in expression balance between the different NOS subtypes
is associated with a significant increase in •NO production in
endothelial cells. This overproduction was not due to the in-
crease in the aortic internal diameters (Supporting Informa-
tion, Figure S6). β3‐AR is believed to couple to eNOS and
nNOS in endothelial cells, and an alteration in the relative ex-
pression levels of nNOS and eNOS in the β3‐AR overstimula-
tion condition can explain the overproduction of •NO.31 We
postulate that, in the long run, the change in type of NOS
coupling to β3‐AR and/or the overproduction of •NO, as a re-
sult of this change or of the overexpression of β3‐AR, is asso-
ciated with a depletion in cellular energy store via different
mechanisms such as the activation of poly‐ADP ribose
polymerase.32 iNOS increase overexpression via β3‐AR could
explain the endothelial dysfunction. Such a process may lead
to a progressive alteration of the cardiac function. In addition,
the overproduction of •NO has been associated with an in-
crease in nitrosylation and reactive oxygen species produc-
tion as supported by the increase in O2

•� production in our
model. Our results substantiate the involvement of the endo-
thelium in the development of diastolic dysfunction as sug-
gested earlier by Paulus and Tschöpe.7 Recently, several
studies confirmed the implication of endothelial cells, in both
preclinical and clinical studies.6 Indeed, Ebner et al.

demonstrated a diastolic dysfunction in a model of vascular
eNOS dysfunction, suggesting that our animal model could
be relevant to understand the pathophysiology underlying
HFpEF.33 Hence, we show that our rat model has important
characteristics in common with HFpEF such as preserved EF,
diastolic dysfunction, effort intolerance (ex vivo studies),
age impact, and some structural anomalies as fibrosis, even
though it lacks LV hypertension, and we did not observe al-
terations in renal or pulmonary vascular beds (Supporting In-
formation, Figure S7). The transcriptomic study also
confirmed interesting parallels between our model and
HFpEF. We confirmed an alteration in the expression of the
genes involved in collagen deposition, inflammation, metabo-
lism, and calcium pathways (Supporting Information, Figure
S8): a set of pathways also involved in the pathophysiology
of diastolic dysfunction. The alteration in the •NO pathway,
described in our model, might be linked potentially to other
physiopathological mechanisms such as reactive oxygen pro-
duction. The absence of cardiac dysfunction in female rats, in-
cluding after ovariectomy, raises interesting questions
regarding the implication of gender in our model. This issue
was investigated in a recent study and concluded that in
the HFpEF model with high‐fat diet + Nω‐nitro‐L‐arginine
methyl ester, the female sex is protective.34 Now the issue
will be to understand the mechanisms involved in this protec-
tion of the female sex in preclinical models. In HFpEF, treat-
ment response seems to be different between women and
men confirming the importance to study female and male an-
imal in preclinical models. 35–37 The fact that only male rats
develop the pathology is not fully understood in our study.
Compared with other studies, we suppose that the addition
of co‐morbidities in female rats could increase the phenotype
of diastolic dysfunction.

Even if Tgβ3 rats have some similarities with HFpEF in
humans: diastolic dysfunction, preserved EF, in vivo exercise
intolerance (Supporting Information, Figure S4B), and a sign
of cardiac hypertrophy (Supporting Information, Figure S4A),
Tgβ3 rats cannot be considered as a perfect HFpEF model be-
cause of the absence of pulmonary oedema (Supporting Infor-
mation, Figure S4C) or more severe cardiac remodelling.
However, the model remains valuable to understand the
physiopathology of diastolic dysfunction and may become a
greater model of HFpEF provided that other co‐morbidities
as hypertension or obesity are added to the phenotype.

In conclusion, the Tgβ3 rat is an animal model of diastolic
dysfunction. The pathology develops with ageing with a
progressive filling impairment at rest, associated with diffuse
fibrosis. Moreover, our data demonstrated a similar cardiac
response of Tgβ3 rats and HFpEF model when submitted to
a stretch‐induced stress, illustrating an altered adaptation
to stress conditions. This new model confirms that an alter-
ation of the physiology of endothelial cell signalling can lead
to diastolic dysfunction. Our new rat model of diastolic dys-
function may help unravel part of the mechanisms involved
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in diastolic dysfunction genesis. More importantly, it will help
the pharmaceutical industry test some of their most promis-
ing leads for the prevention of the pathology.
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Figure S1. β3‐AR antibody (A). Western‐Blot of β3‐AR protein
at 15 and 45 weeks (B). β3‐AR protein level at 15 (Tgβ3; n = 4)
and 45 weeks (Tgβ3; n = 5) (C). Data are expressed as mean ±
SEM.
Figure S2. LV pressure measurements of 45 weeks WT (n = 8)
and Tgβ3 (n = 9) rats (A). Evolution of diastolic function be-
tween 15 and 45 weeks measured by echocardiography (B).
Data are expressed as mean ± SEM.
Figure S3. Fibrosis quantification. (A) Cryosections were
stained with picrosirius red and viewed under polarized light
to distinguish type I (red) from type III (green) collagen. Rep-
resentative views from WT and Tgβ3 samples are presented.
(B) Changes in Col3a1 transcript in WT (n = 7) and Tgβ3

(n = 12) rats. (C) Changes in Col1a1 transcript in WT (n = 7)
and Tgβ3 (n = 13) rats. Data are expressed as mean ± SEM.
*: P < 0.05.
Figure S4. (A) Left ventricular anterior wall depth in diastole
at 60 weeks. (B) Treadmill tolerance test with the evaluation
of travelled distance. (C) Lung weight (wet/dry). Data are
expressed as mean ± SEM. *: P < 0.05.
Figure S5: (A) Rat IL‐1β plasma concentration (B) Rat TNF‐α
plasma concentration (C) Rat IL‐6 plasma concentration. Data
are expressed as mean ± SEM. *: P < 0.05.
Figure S6. (A) Vascular density in myocardium (B) Mean area
aorta. Representative views from WT and Tgβ3 samples are
presented. Data are expressed as mean ± SEM. *: P < 0.05.
Figure S7. Vascular injuries of lungs and kidneys from WT
(n = 8) and Tgβ3 (n = 9) rats. (A) Renal injuries were evaluated
using the glomerular score (B). Data are expressed as mean ±
SEM.
Figure S8. Protein expression of PLB (A), of serine 16 phos-
phorylated PLB (B), of SERCA2 (C), of RyR2 (D) and of serine
2,808 phosphorylated RyR2 (E) all evaluated on whole heart
tissue extracts at 45 weeks in WT (n = 4–8) and Tgβ3
(n = 10). Data are expressed as mean ± SEM. *: P < 0.05.
Table S1. Primers used for RT‐qPCR experiments.
Table S2. Antibodies used for Western‐Blot analyses.
Table S3. Cardiovascular parameters of WT and Tgβ3 females
at 45 weeks of age. Data are expressed as mean ± SEM.
Table S4. Arterial blood pressure values measured for WT
and Tgβ3 female rats at 45 weeks. Data are expressed as
mean ± SEM.
Table S5. Physiological and cardiovascular parameters re-
corded for WT and Tgβ3 males at 45 weeks of age. E/A:
early‐to‐late filing ratio. Data are expressed as mean ± SEM
*: P < 0.05.
Table S6. Cardiovascular parameters from WT and Tgβ3 males
at 15 and 30 weeks of age. Data are expressed as mean ±
SEM.
Table S7. Arterial blood pressure values measured for WT
and Tgβ3 male rats at 45 weeks of age measured by arterial
catheterism. Data are expressed as mean ± SEM.
Table S8. Characteristics of perfused isolated working hearts
under physiological condition in WT and Tgβ3 male rats at
45 weeks of age. Data are expressed as mean ± SEM.
Afterload was set at 80 mmHg and preload at 12.5 mmHg
*: P < 0.05.
45wk males differential
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