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Heart failure with preserved ejection fraction (HFpEF) is a multi-organ disorder that
represents about 50% of total heart failure (HF) cases and is the most common form
of HF in the elderly. Because of its increasing prevalence caused by the aging population,
high mortality and morbidity, and very limited therapeutic options, HFpEF is considered as
one of the greatest unmet medical needs in cardiovascular medicine. Despite its complex
pathophysiology, numerous preclinical models have been established in rodents and in
large animals to study HFpEF pathophysiology. Although age and sex differences are well
described in HFpEF population, there are knowledge gaps in sex- and age-specific
differences in established preclinical models. In this review, we summarize various
strategies that have been used to develop HFpEF models and discuss the knowledge
gaps in sex and age differences in HFpEF.
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INTRODUCTION

Heart failure (HF) is a leading cause of death worldwide and its prevalence is estimated to be 1%–2%
of the adult population in developed countries, rising to ≥10% among people over 70 years of age
(McDonagh et al., 2021). HF is a chronic, progressive condition in which the heart muscle is unable
to pump enough blood to meet the body’s need for blood and oxygen. Typical symptoms of HF are
exercise intolerance, fatigue and weakness, congestion, dyspnea, and peripheral edema (McDonagh
et al., 2021). Diverse etiologies of HF can be associated with reduced, preserved, or mid-range left
ventricular ejection fraction (LVEF). HF with reduced ejection fraction (HFrEF; LVEF <40%) is
typically associated with myocardial damage–related loss of cardiomyocytes and results in the
inability of the left ventricle to contract properly (Simmonds et al., 2020). Pathophysiology of HF
with preserved ejection fraction (HFpEF; LVEF >50%) is more complex and is not as well defined.
Although, historically, HFpEF was called diastolic HF, it is now recognized that HFpEF is a multi-
organ disorder because this systemic syndrome involves multiple pathophysiological abnormalities
above and beyond LV diastolic dysfunction. Multiple derangements in metabolism and cardiac,
pulmonary, renal, skeletal, and immune systems coordinately contribute to the development of
HFpEF symptoms and outcomes (Mishra and Kass, 2021). In particular, the myocardium of patient
with HFpEF is characterized by structural remodeling and cellular abnormalities such as
cardiomyocyte hypertrophy, fibrosis, and inflammation that eventually lead to diastolic
dysfunction of left ventricle (Mishra and Kass, 2021). HF with mid-range ejection fraction
(HFmrEF; LVEF 40%–50%) is an intermediate state between HFrEF and HFpEF (Kapoor et al.,
2016; Nadruz et al., 2016). Differences in the pathological development of HFrEF and HFpEF have
been summarized and discussed in recent review articles (Mentz et al., 2014; Simmonds et al., 2020).
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HFpEF consists of about 50% of total HF cases (Dunlay et al.,
2017), and its prevalence relative to HFrEF is predicted to
increase at a rate of 1% per year, indicating that HFpEF is
becoming the most common type of HF (Steinberg et al.,
2012; Oktay et al., 2013). HFpEF is associated with high
morbidity and mortality with a 2-year risk of hospitalization
or all-cause death of 35% and 2-year mortality of 14%, which is
similar or slightly below as in HFrEF (Lam et al., 2018).
Epidemiological data showed that the prevalence of HFpEF is
very low in people aged 55 or younger but increases sharply with
age thereafter and reaches >8% in women over 80 years of age
(Dunlay et al., 2017; Kitzman et al., 2017). The Baltimore
Longitudinal Study on Aging has showed that aging in healthy
men and women is associated with LV hypertrophy, declined
diastolic function, preserved systolic function at rest, and reduced
cardiac reserve (Lakatta and Levy, 2003). These age-related
changes in cardiac function overlap with the cardiac changes
observed in patients with HFpEF (Mishra and Kass, 2021).
Moreover, aging contributes to molecular and cellular
alterations in the heart (Loffredo et al., 2014; Chiao and
Rabinovitch, 2015), many of which have been also implicated
in HFpEF (Samson et al., 2016; Mishra and Kass, 2021). These
observations highlight the important role of aging in HFpEF
pathogenesis. Three independent HFpEF trials have shown that
the elderly patient group was predominantly women with a high
incidence of comorbidities (Yusuf et al., 2003; Massie et al., 2008;
Pitt et al., 2014; Tromp et al., 2019). The higher occurrence of
HFpEF in women suggests that sex-dependent mechanisms may
be involved in HFpEF pathogenesis (Dunlay et al., 2017). The
high prevalence of HFpEF in postmenopausal women also hints
that menopause-related estrogen dysregulation and the related
comorbidities, such as obesity, diabetes, hypertension, and renal
dysfunction, may contribute to HFpEF development (Sabbatini
and Kararigas, 2020). Because of the longer life expectancy of
women compared to men, there is a higher percentage of women
than men in the older age groups. This age distribution of the
population may also contribute to the higher percentage of
women with HFpEF. A recent study showed that, after
adjusting for age, obesity (body mass index), blood pressure,
current treatment for hypertension, and previous myocardial
infarction, the risk of HFpEF is similar in men and women
(Ho et al., 2016). Further investigations are required to determine
the sex differences and sex-dependent mechanisms of HFpEF.

Extensive clinical and preclinical studies have resulted in the
development of efficient therapies for HFrEF (Vaduganathan
et al., 2020). However, these treatments mostly are not
effective for HFpEF management, and new evidence-based
treatments for HFpEF are needed. On the basis of
experimental and clinical data, several cellular and molecular
mechanisms such as cardiac hypertrophy, myocardial fibrosis,
sarcomere dysfunction, reduced cGMP-PKG signaling,
nitrosative-oxidative stress, and mitochondrial and metabolic
defects have been proposed to mediate the pathophysiology of
HFpEF (Yamamoto et al., 2002; van Heerebeek et al., 2008; Phan
et al., 2009; Zile et al., 2011; Chirinos and Zamani, 2016;
Schiattarella et al., 2019). These mechanisms of HFpEF have
been nicely summarized in a recent review (Mishra and Kass,

2021). A recent study using amousemodel of HFpEF showed that
metabolic drugs, including sodium-glucose co-transporter 2
inhibitor (SGLT2i) dapagliflozin, are potential treatments for
HFpEF (Withaar et al., 2021a). Interestingly, the EMPEROR-
Preserved clinical trial also showed that SGLT2i empagliflozin
reduces the risk of cardiovascular death or hospitalization for HF
in patients with HFpEF (Anker et al., 2021). The consistent results
of these preclinical and clinical studies highlight the potential of
preclinical animal studies to identify the mechanisms and
therapeutic targets for HFpEF.

HFpEF is recognized to be a multi-systemic disorder with
broad phenotypic heterogeneity (Juillière et al., 2018). Prognoses
and outcomes of HFpEF are strongly correlated with the presence
of multiple chronic comorbidities such as hypertension, obesity,
diabetes, and atrial fibrillation (Mentz et al., 2014; Dunlay et al.,
2017; Pfeffer et al., 2019). Because of the multimorbidity and
heterogeneity of patients with HFpEF (Juillière et al., 2018),
preclinical studies should consider the multiorgan complexity
of this syndrome. Although numerous animal models have been
used to study the pathogenic mechanisms of HFpEF, many
HFpEF models do not recapitulate the systemic
pathophysiology of patients with HFpEF. In this article, we
summarize the available animal models and discuss the
knowledge gaps in the age and sex differences in HFpEF
(Table 1).

HFpEF ANIMAL MODELS FOR
PRECLINICAL STUDIES

Animal models of HFpEF should mimic the phenotypes and
symptoms observed in patients with HFpEF. Diastolic
dysfunction as well as concentric hypertrophy and fibrosis are
the main cardiac characteristics for HFpEF. Patients with HFpEF
also develop systemic derangements such as exercise intolerance
and pulmonary congestion/edema. Different strategies for
induction of HFpEF risk factors, such as aging, hypertension,
and metabolic stress, have been used alone or in combination to
reproduce diastolic dysfunction and other phenotypes of HFpEF
in animal models.

SINGLE-STRESSOR PRECLINICAL
MODELS

Aging
The aging heart shows phenotypic changes such as cardiac
hypertrophy, diastolic dysfunction, worsened myocardial
performance, and preserved systolic function at rest but
impaired while performing exercise (Lakatta and Levy, 2003).
The overlapping characteristics of cardiac aging and HFpEF and
the sharp age-related increase in HFpEF prevalence support the
importance of aging-based HFpEF models and the cross-talk
between cardiac aging and HFpEF pathogenesis (Conceição et al.,
2016; Beale et al., 2018).

Consistent with the observations in humans, studies on
C57BL/6 mice (male, female, or mixed sex) showed that aging
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TABLE 1 | Selected small and large animal preclinical models used to study HFpEF.

Stress
factor

Animal
model

Age
group

Age at
endpoint

Sex Sex
differences

Cardiac phenotype Extracardiac phenotype Remarks Ref

Preserved
EF

Diastolic
dysfunction

Cardiac
hypertrophy

Cardiac
fibrosis

Lung
congestion

Exercise
intolerance

Aging Senescence-
accelerated
mouse (SAM)

Young 24 weeks F ND + + + + ND + - Gevaert et al.
(2017)

Aged C57BL/6
mouse

Old 24–30 months M ND + + + + + + - Roh et al.
(2020)

Old 27–28 months F ND + + + ND ND + - Dai et al. (2014);
Campbell et al.
(2019)

Hypertension Dahl salt-
sensitive (SS) rat

Young 19 weeks M ND + + + + + − - Doi et al. (2000)
Young 26 weeks M ND - + + + + − - Doi et al. (2000)

DOCA-
salt–induced rat
and mouse

Young 10–12 weeks M ND + + + + − + - Matsumura
et al. (2000);
Jeong et al.
(2013); Basting
and Lazartigues
(2017); Bowen
et al. (2017)

Spontaneously
hypertensive
rat (SHR)

Old 18–24 months M ND +/−* + + + + ND - Pfeffer et al.
(1979); Bing
et al. (1995);
Kuoppala et al.
(2003); Kokubo
et al. (2005)

Angiotensin II
infusion mouse

Young 12–13 weeks M ND + + + + ND + - Becher et al.
(2012); Inoue
et al. (2012);
Westermann
et al. (2012);
Regan et al.
(2015)

Metabolic
stress
(obesity and
diabetes)

Ob/ob mouse Young 10–11 weeks F/M ND + + + + − − - Christoffersen
et al. (2003);
Van den Bergh
et al. (2008);
Manolescu
et al. (2014)

Zucker rat Young 14 weeks F/M + + + +/− +/− − ND Fibrosis: absent
in females;
Hypertrophy:
absent in males

Ren et al.
(2000); Wang
et al. (2005);
van den Brom
et al. (2010);
Lum-Naihe
et al. (2017)

(Continued on following page)
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TABLE 1 | (Continued) Selected small and large animal preclinical models used to study HFpEF.

Stress
factor

Animal
model

Age
group

Age at
endpoint

Sex Sex
differences

Cardiac phenotype Extracardiac phenotype Remarks Ref

Preserved
EF

Diastolic
dysfunction

Cardiac
hypertrophy

Cardiac
fibrosis

Lung
congestion

Exercise
intolerance

db/db mouse Young 20–28 weeks F/M + + + + + + + an increase in
LV mass is
enhanced in
females, males
exhibited
microvascular
rarefaction

Broderick et al.
(2012); Ostler
et al. (2014);
Papinska et al.
(2016); Alex
et al. (2018)

Multi-hit
models

Obese ZSF1 rat Young 6–32 weeks F/M + + + + + ND + more severe
obesity,
increased
blood pressure
in females

Nguyen et al.
(2020); Schauer
et al. (2020)

HFD + L-NAME Young 7 months M(F) + + + + + + + Attenuated in
females

Schiattarella
et al. (2019);
Tong et al.
(2019);
Schiattarella
et al. (2021);
Tong et al.
(2021)

HFD + ANG2 Old 21–24 months F(M) + +/− + + + + + HFrEF in males Withaar et al.
(2021a)

HFD + DOCP Middle-
age

16 months M/F ND + + + + + + - Deng et al.
(2021)

Large animal
models

Aortic-
constriction in
cats

Young 6 months M ND + + + + + ND - Wallner et al.
(2017); Wallner
et al. (2020)

STZ + HFD +
renal artery
embolization in
swine

Young 8–9 months F ND + + ND + ND ND - Sorop et al.
(2018)

Western diet +
aortic banding
in Ossabaw
swine

Young 12 months F ND + + + +/− +/− ND - Olver et al.
(2019)

Western diet +
DOCA in
Gottingen
Miniswine

Young 19 months F ND + + + + + ND - Sharp et al.
(2021)

Abbreviations: STZ, streptozotocin; HFD, high-fat diet; L-NAME, N-nitro-L-arginine methyl ester; ANG2, angiotensin 2; DOCP, deoxycorticosterone pivalate; DOCA, 11-deoxycorticosterone acetate; F, female; M, male; ND, not determined. *
Reduced ejection fraction in later stage. Methods used to assess each phenotype: preserved EF, diastolic dysfunction–transthoracic echocardiography, cardiac magnetic resonance imaging or pressure–volume (P-V) catheter technique,
cardiac hypertrophy–echocardiography, heart weight measurement, gene expression of hypertrophymarkers, cardiac fibrosis–histological staining and gene expression of fibrosis marker, lung congestionmeasurements of wet lungweight or
lung wet/dry ratio, and exercise intolerance–treadmill running.
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results in left ventricular and left atrial hypertrophy, diastolic
dysfunction, worsened myocardial performance, and a modest
decline in systolic function (Dai et al., 2009; Dai et al., 2014; Roh
et al., 2020). In addition, old (>24 months) male or female
C57BL/6 mice display exercise intolerance (Campbell et al.,
2019; Chiao et al., 2020; Roh et al., 2020). Old or senescent
C57BL/6 mice (>24 months) have a low incidence of
conventional cardiovascular risk factors associated with
HFpEF, e.g., they do not develop hypertension (Chiao et al.,
2012; Roh et al., 2020), suggesting that some features of HFpEF
develop with aging independent of these risk factors.
Interestingly, these age-related changes can be reversed by
caloric restriction, rapamycin treatment, and exercise training
(Dai et al., 2014; Chiao et al., 2016; Roh et al., 2020).

Senescence-accelerated mouse (SAM) is a model of accelerated
aging. Untreated male senescence-prone (SAMP8) mice develop
diastolic dysfunction at 6 months of age (Reed et al., 2011),
whereas untreated female SAMP8 mice display similar
diastolic function as control senescence-accelerated resistant
(SAMP1) mice (Gevaert et al., 2017). Female SAMP8 mice
develop multiple HFpEF features on a high-fat and high-salt
diet; however, the effects of the high-fat and high-salt diet in male
SAMP8 mice and the sex-dependent differences in diastolic
function at baseline were not determined (Gevaert et al., 2017).

Although aging animal models and patients with HFpEF share
some common features such as cardiac hypertrophy, diastolic
dysfunction, and exercise intolerance, aging alone does not result
in HF in most animal models (Dai et al., 2009; Dai et al., 2014;
Roh et al., 2020). However, as aging is a main risk factor of
HFpEF, advanced age should be incorporated as an additional
stressor in preclinical models of HFpEF to better mimic the
patient population with HFpEF.

Hypertension
Hypertension is one of the major comorbidities contributing to
the development of HFpEF. Because of its structural and
functional consequences on the cardiovascular system,
hypertensive stress is widely used in different animal models
to study HFpEF.

Dahl salt-sensitive (SS) rat model is a commonly used HFpEF
model (Riehle and Bauersachs, 2019). Treatment of male Dahl SS
rats with 8% NaCl high-salt diet starting 7–8 weeks of age
elevated blood pressure and resulted in progressive LV
hypertrophy, diastolic dysfunction, and preserved systolic
function at 19 weeks of age (Doi et al., 2000; Klotz et al.,
2006). However, when the diet treatment was continued to
26–27 weeks of age, the animals display reduced LVEF (Doi
et al., 2000; Klotz et al., 2006). The progression of HFpEF into
HFrEF is very uncommon in humans, and that limits the
relevance of Dahl SS rats as a model for human HFpEF (Doi
et al., 2000; Valero-Muñoz et al., 2017).

Deoxycorticosterone acetate (DOCA)–salt hypertension leads
to hypervolemia due to an impairment of renal sodium handling
where the kidneys reabsorb more water and sodium (Basting and
Lazartigues, 2017). When young Wistar male rats were treated
with DOCA and 1% sodium chloride water for 28 days, they
develop hypertension, cardiac hypertrophy, and fibrosis

(Matsumura et al., 2000; Basting and Lazartigues, 2017).
Importantly, DOCA-salt–induced hypertension results in
diastolic dysfunction and preserved systolic function in both
rats and mice (Lovelock et al., 2012; Jeong et al., 2013; Bowen
et al., 2017). Exercise intolerance has been reported in DOCA-
treated mice but pulmonary congestion was not observed (Bowen
et al., 2017).

Spontaneously hypertensive rat (SHR) is an inbred rat strain
that has a predisposition to the spontaneous development of
hypertension (Dickhout and Lee, 1998). At around 9 months of
age, male SHR develops HFpEF features including diastolic
dysfunction, cardiac hypertrophy, impaired myocardial
performance, altered hemodynamic function, and pulmonary
hypertension (Pfeffer et al., 1979; Bing et al., 1995; Kuoppala
et al., 2003; Kokubo et al., 2005; Regitz-Zagrosek and Kararigas,
2017). However, as in the Dahl SS rat model, SHR transitions
from HFpEF to HFrEF occur at 18–24 months of age, which is
major limitation in the application of this model in HFpEF
studies (Valero-Muñoz et al., 2017).

Angiotensin II plays a major role in cardiac homeostasis and
regulates such processes as afterload, preload, cardiac
hypertrophy, and fibrosis (Regan et al., 2015). Young male
mice infused with angiotensin II develop hypertension and
display preserved systolic function, cardiac fibrosis, increased
LV hypertrophy, and diastolic dysfunction (Becher et al., 2012;
Inoue et al., 2012; Westermann et al., 2012; Regan et al., 2015),
which all are features of human HFpEF. Angiotensin II infusion
can result in LV dilatation in Balb/c mice (Peng et al., 2011) or
concentric hypertrophy in C57BL/6J mice, which better reflects
HFpEF features observed in humans (Inoue et al., 2012;
Westermann et al., 2012).

While animal models of hypertension display cardiac features
of HFpEF at an early stage, extracardiac features of HFpEF are not
well represented and some hypertensive models progress to
HFrEF at a later stage (Pfeffer et al., 1979; Doi et al., 2000;
Kuoppala et al., 2003; Kokubo et al., 2005; Klotz et al., 2006).
Therefore, they are not considered as good models for HFpEF
studies. In addition, most hypertensive models were investigated
only in males, and sex differences of these models have not been
determined.

Metabolic Stress–Obesity and Diabetes
Obesity and diabetes are two of the major comorbidities in
HFpEF (Altara et al., 2017). Patients with obesity or diabetes
are more resistant to insulin and exhibit increased inflammation
and dyslipidemia. All of the above conditions are strongly
associated with the HFpEF (Altara et al., 2017).

Zucker rats (males or females depending on study) develop
insulin resistance and dysfunctional leptin receptors due to a
mutation in Lepr gene, which encodes the leptin receptor and that
leads to the worsen affinity of leptin to its receptor (Kurtz et al.,
1989). This mutation causes hyperphagia and obesity, but Zucker
rats do not become diabetic. Zucker rats display hypertension,
preserved LVEF, early diastolic dysfunction, cardiomyocyte
hypertrophy, and fibrosis (Ren et al., 2000; Wang et al., 2005;
van den Brom et al., 2010; Lum-Naihe et al., 2017). However,
other HFpEF characteristics like lung congestion or exercise

Frontiers in Aging | www.frontiersin.org February 2022 | Volume 3 | Article 8114365

Kobak et al. Age and Sex Differences in HFpEF

https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


intolerance do not occur or have not been determined (van den
Brom et al., 2010).

Ob/ob mouse is a leptin-deficient model in C57BL/6J
background that spontaneously develops obesity and type 2
diabetes. Concentric hypertrophy, diastolic dysfunction, and
preserved LVEF have been observed in ob/ob female and male
mice (Christoffersen et al., 2003; Van den Bergh et al., 2008;
Withaar et al., 2021b). However, ob/ob mice display normal
exercise tolerance and expression of natriuretic peptides is
unchanged or even slightly reduced compared to controls
(Broderick et al., 2014; Manolescu et al., 2014; Withaar et al.,
2021b).

Db/db leptin receptor-deficient mouse model is characterized
by a point mutation in the gene that encodes the leptin receptor in
C57BL/6J or C57BL/6KsJ background. This mutation leads to
obesity and results in type 2 diabetes (Chen et al., 1996). At
6 months of age, db/db mice exhibit cardiac hypertrophy, fibrosis,
diastolic dysfunction with preserved systolic function (Barouch
et al., 2003; Alex et al., 2018). These HFpEF features are observed
in both sexes but female db/db mice have exacerbated LV
remodeling and hypertrophy compared the males (Alex et al.,
2018). Exercise intolerance and pulmonary congestion are also
observed in this model (Broderick et al., 2012; Ostler et al., 2014).

These models of metabolic stress have marked obesity with
(ob/ob and db/db mice) or without diabetes (Zucker rats) and
develop cardiac features of HFpEF in both sexes. Sex differences
in cardiac HFpEF features have been observed, but age differences
have not been determined in these models.

LIMITATIONS OF SINGLE-HIT HFpEF
MODELS

Early attempts on the development of HFpEF animal models
mainly focused on the use of single perturbations (such as aging,
hypertension, and diabetes/metabolic stress) to induce the clinical
features of HFpEF. However, because HFpEF is a systemic
disorder with multiple comorbidities, these single-hit models
typically do not mimic certain symptoms of patients with
HFpEF. Very recently, researchers established several novel
models that utilize perturbations on two or more risk factors
of HFpEF to recapitulate major clinical features of this complex
syndrome (Table 1).

TWO- AND MULTI-HIT MODELS

Obese ZSF1 rat is one of the first models that combine more
than one perturbation to induce HFpEF phenotype in
rodents. This model established by crossing female Zucker
diabetic rat and male spontaneously hypertensive HF rat
develops both cardiac and extracardiac HFpEF phenotype
(Hamdani et al., 2013; Nguyen et al., 2020; Schauer et al.,
2020). Nguyen et al. showed that both male and female obese
ZSF1 rat developed HFpEF phenotypes features such as
diastolic dysfunction, cardiac hypertrophy, and fibrosis
(Nguyen et al., 2020).

Recently, Schiattarella et al. (2019) induced concomitant
metabolic and hypertensive stress (two-hit stress) in male
C57BL/6N mice with high-fat diet and inhibition of
constitutive nitric oxide synthase using N-nitro-L-arginine
methyl ester (L-NAME), respectively. After 15-week treatment,
two-hit stress–treated mice display preserved EF and significant
diastolic dysfunction accompanied by extracardiac HFpEF
phenotypes including pulmonary congestion and exercise
intolerance (Schiattarella et al., 2019). This model also displays
cardiac and cardiomyocytes hypertrophy, fibrosis, and reduction
in myocardial capillary density (Schiattarella et al., 2019).
Compared to L-NAME-only– and HFD-only–treated mice,
two-hit stress–treated mice exhibit more severe HFpEF
phenotypes and developed impaired cardiomyocyte
contraction and relaxation kinetics (Schiattarella et al., 2019).
Using this model, the authors showed a critical role of nitrosative
stress in the pathophysiology of HFpEF (Schiattarella et al., 2019).

L-NAME and HFD on female mice resulted in significantly
attenuated phenotype as compared to male counterparts (Tong
et al., 2019). Female mice treated with two-hit stress mice showed
modest decline in diastolic function, mild fibrosis, and
maintained normal cardiac mass and LV remodeling index.
Exercise intolerance, but not lung congestion, was observed in
two-hit stress treated females (Tong et al., 2019). Milder HFpEF
phenotypes reported in females are consistent with observations
from many conditions such as myocardial ischemia and pressure
or volume overload, where the female sex is associated with better
cardiovascular disease outcomes (Regitz-Zagrosek and Kararigas,
2017). The protective effect of the female sex in this HFpEFmodel
is in contrast to the higher or equal risk of HFpEF in women (Ho
et al., 2016; Dunlay et al., 2017). Importantly, ovariectomized
two-hit stress–treated females did not show any differences in
HFpEF phenotypes, suggesting that estrogens do not mediate the
protection of the female sex in this model (Tong et al., 2019). Age
is a major risk factor of HFpEF, but this two-hit stress model has
only been performed on 8-week-old mice. It is very likely that
aged animals treated with L-NAME and HFD would present
exacerbated HFpEF progression, including the development of
significant HFpEF phenotypes in old females. This two-hit model
was later used to demonstrate the roles of NAD metabolism and
Xbp1s-FoxO1–regulated lipid accumulation in the pathogenesis
of HFpEF (Schiattarella et al., 2021; Tong et al., 2021).

A recent study by Withaar et al. (Withaar et al., 2021a)
combined advanced age (18–22 months old), cardiometabolic
stress (12-week HFD treatment), and hypertensive stress (4-
week angiotensin 2 infusion) to induce HFpEF development in
female mice. This model is characterized by preserved LVEF,
concentric LV hypertrophy, increased LV fibrosis, reduced
diastolic function, atrial enlargement, pulmonary congestion,
and elevated natriuretic peptides, which all are characteristic
for patients with HFpEF (Withaar et al., 2021a). The authors
used this preclinical model to show that selected metabolic drugs
can normalize the cardiometabolic HFpEF phenotypes (Withaar
et al., 2021a). Interestingly, using this protocol on male mice
resulted in eccentric remodeling, cardiac dilatation, and reduced
systolic function, all characteristics of HFrEF (Withaar et al.,
2021a). Thus, future studies are needed to reveal factors
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contributing to the sex differences and the mechanisms
underlying the higher susceptibility of females to HFpEF
phenotype and males to HFrEF.

A more recent study by Deng et al. (2021) developed a similar
model where 3-month-old mice were fed with HFD for
13 months and injected a bolus of desoxycorticosterone
pivalate (DOCP) in the last month to accentuate hypertension
and systemic inflammation. At the end of treatment, mice were
characterized by high blood pressure as well as increased
oxidative stress and inflammation (Deng et al., 2021).
Peripheral abnormalities such as exercise intolerance and
pulmonary congestion were also observed (Deng et al., 2021).
Heart muscle displayed significant hypertrophy, fibrosis, and
diastolic dysfunction with unaffected LVEF (Deng et al., 2021).
These changes resemble the typical hemodynamic and peripheral
features of patients with HFpEF. Using this model, the authors
showed that the interplay between mitochondrial protein
hyperacetylation and inflammation is a pathogenic mechanism
of HFpEF (Deng et al., 2021). The study was performed on mixed
sex mice, and potential sex differences were not investigated
(Deng et al., 2021).

The aforementioned two- and multi-hit strategies generate
novel animal models that display typical cardiac and
extracardiac features of human HFpEF patients. Sex
differences in HFpEF phenotypes were observed in two of
these models (Tong et al., 2019; Withaar et al., 2021a), and
advanced age was incorporated as a stressor in the two multi-
hit models (Withaar et al., 2021a; Deng et al., 2021). Further
investigations on age and sex differences in these models will
offer critical insights into how age and sex impact HFpEF
pathogenesis.

LARGE ANIMAL MODELS OF HFpEF

The aforementioned murine and rat models have some
limitations due to their sizes and different cardiac structure
and function as compared to large animals and humans
(Riehle and Bauersachs, 2019). Large animal preclinical
models, including feline, canine, and swine, have been used to
investigate the pathogenic mechanisms of HFpEF (Table 1). Early
large animal models of HFpEF were based on single-hit
perturbations, such as pressure overload in sheep (Charles
et al., 1996) or canine model of mild coronary
microembolizations (He et al., 2004), and exhibit only a
portion of HFpEF features. Recently, slow-progressive pressure
overload by aortic-constriction was used to establish a feline
HFpEF model (Wallner et al., 2017; Wallner et al., 2020; Gibb
et al., 2021). Comprehensive phenotyping of this model showed
many features of HFpEF, such as concentric LV hypertrophy and
significant diastolic dysfunction (Wallner et al., 2017; Wallner
et al., 2020). These cardiac phenotypes are associated with LV
fibrosis, cardiomyocyte hypertrophy, and elevated NT-proBNP
plasma levels (Wallner et al., 2017; Wallner et al., 2020).
Moreover, this model develops signs of pulmonary
hypertension and vascular remodeling (Wallner et al., 2017).
Using this model, Wallner et al. demonstrated the protective

effects of histone deacetylase inhibition on cardiopulmonary
structure, function, and metabolism (Wallner et al., 2020).

In recent years, multi-hit swine HFpEF models were also
established. Using streptozotocin injection, HFD and renal
artery embolization, Sorop et al. (2018) induced diabetes,
hypercholesterolemia, and hypertension in female swine.
Chronic exposure to these HFpEF comorbidities results in the
development of cardiac fibrosis, cardiomyocytes stiffness, and
diastolic dysfunction without changes in LVEF (Sorop et al.,
2018). Systemically, animals present dyslipidemia, renal
dysfunction, and systemic inflammation (Sorop et al., 2018).
Similar phenotypes are observed in another swine model
(Olver et al., 2019), where cardio-metabolic HF is induced in
Ossabaw swine by aortic banding and Western diet (WD)
feeding. Very recently, a noninvasive HFpEF model was
developed by Sharp et al. (2021) using the combination of
WD-induced obesity and DOCA-salt–induced hypertension in
female Gottingen minipigs (known for its susceptibilities toward
obesity, metabolic syndrome, and atherosclerosis). Severe LV
diastolic dysfunction, concentric hypertrophy, and myocardial
fibrosis are observed, whereas LVEF is preserved. In addition to
these cardiac phenotypes, pulmonary and systemic hypertension
and derangements in multiple organs, including pancreas, liver,
and kidneys, are observed (Sharp et al., 2021).

Despite sharing more similarities in their cardiovascular
physiology with humans, large animal preclinical models have
their limitations. Primary limitation of large animal preclinical
models is the high general cost compared to rodent models
(Riehle and Bauersachs, 2019). This often leads to lower
number of animals used in the studies. In each of studies
described above, either male or female sex was investigated,
and potential sex differences were not determined. Another
limitation is the lack of established protocols to measure some
endpoints such as exercise intolerance, which was also not
investigated in aforementioned studies. Finally, aging in large
animals takes longer compared to rodents, so incorporation of
aging as a risk factor and determination of age-dependent
mechanisms are more time-consuming and costly. In all the
abovementioned large animal studies, only young/adult animals
were analyzed.

DISCUSSION

Most of the pharmacological and device therapies for HFpEF
investigated in completed clinical trials have been shown to be
ineffective. So far, only the recent EMPEROR-Preserved clinical
trial showed that empagliflozin reduced the combined risk of
cardiovascular death or hospitalization for HF in patients with
HFpEF (Anker et al., 2021). It is important to note that some
studies suggested effectiveness of certain treatments in specific
subgroups of patients with HFpEF (Lam et al., 2012; Solomon
et al., 2016; Solomon et al., 2019). For example, the PARAGON-
HF trial showed that sacubitril–valsartan treatment did not
reduce the rate of total hospitalizations for HF and death from
cardiovascular causes among patients with HF with a LVEF of
45% or higher (Solomon et al., 2019). However, when trial
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outcomes were analyzed among different subgroups of patients, a
potential benefit was suggested in patients with a LVEF of
45%–57% and in women.

It is highly unlikely that a single animal model will fully
recapitulate the phenotypes of the heterogenous HFpEF
population. For example, a limitation of HFpEF models
induced by hypertension is the fact that, in the majority of
patients with HFpEF, it continues to display HFpEF symptoms
even when their blood pressure is under control (Conceição et al.,
2016). Some models transition from HFpEF to HFrEF, which is a
rare phenomenon in humans and limits their clinical relevance
(Valero-Muñoz et al., 2017; Mishra and Kass, 2021). Although
some of described models are very complex and include multiple
comorbidities like aging, obesity, and hypertension, they are
unable to represent the whole spectrum of patients with
HFpEF, who can present different combinations of these
comorbidities and others such as COPD, atrial fibrillation, and
renal dysfunction (Dunlay et al., 2017). The differential treatment
effects in different patient subgroups in clinical trials and the
limitations of various preclinical HFpEF models highlight the
need to develop animal models to represent specific HFpEF
subphenotypes. Therefore, rather than looking for a universal
HFpEF model, future studies should utilize various animal
models to study the pathogenic mechanisms and develop
therapeutics for different human HFpEF subphenotypes.

Many preclinical HFpEF studies used animals of one sex or
mixed sex, limiting the interpretation of sex-specific differences in
HFpEF pathogenic mechanisms. Because of the sex disparities in
HFpEF, it is important to include both sexes in HFpEF research
and analyze the outcomes separately to determine any potential

sex-specific mechanisms. While it is well established that the
prevalence of HFpEF sharply increases with age (Owan et al.,
2006; Oktay et al., 2013; Dunlay et al., 2017), the majority of the
preclinical HFpEF studies used young animals. Although it is
expensive and time-consuming to age the animals to the
appropriate ages, it is important to include this risk factor in
preclinical studies. In fact, the need for improved animal models,
which incorporate the effects of aging and its associated comorbid
conditions, has been recently postulated as one of the research
priorities for HFpEF by a National Heart, Lung, and Blood
Institute Working Group (Shah et al., 2020). Incorporating
aging in preclinical HFpEF models will provide crucial insights
into the age-related derangements that predispose the elderly to
HFpEF pathogenesis. This information will be invaluable to the
development of new therapies for HFpEF in older adults, who are
most at risk for the disease.

AUTHOR CONTRIBUTIONS

KK, WZ, and YAC contributed to the literature research. KK and
WZ wrote the initial manuscript. YAC supervised the writing and
revised the manuscript. All authors reviewed the final version of
the manuscript.

FUNDING

We acknowledge funding support from the National Institute on
Aging (R00 AG051735) to YAC.

REFERENCES

Alex, L., Russo, I., Holoborodko, V., and Frangogiannis, N. G. (2018).
Characterization of a Mouse Model of Obesity-Related Fibrotic
Cardiomyopathy that Recapitulates Features of Human Heart Failure with
Preserved Ejection Fraction. Am. J. Physiol.-Heart Circ. Physiol. 315,
H934–H949. doi:10.1152/ajpheart.00238.2018

Altara, R., Giordano, M., Nordén, E. S., Cataliotti, A., Kurdi, M., Bajestani, S. N.,
et al. (2017). Targeting Obesity and Diabetes to Treat Heart Failure with
Preserved Ejection Fraction. Front. Endocrinol. 8, 160. doi:10.3389/fendo.2017.
00160

Anker, S. D., Butler, J., Filippatos, G., Ferreira, J. P., Bocchi, E., Böhm, M., et al.
(2021). Empagliflozin in Heart Failure with a Preserved Ejection Fraction. N.
Engl. J. Med. 385, 1451–1461. doi:10.1056/nejmoa2107038

Barouch, L. A., Berkowitz, D. E., Harrison, R. W., O’Donnell, C. P., and Hare, J. M.
(2003). Disruption of Leptin Signaling Contributes to Cardiac Hypertrophy
Independently of Body Weight in Mice. Circulation 108, 754–759. doi:10.1161/
01.cir.0000083716.82622.fd

Basting, T., and Lazartigues, E. (2017). DOCA-Salt Hypertension: an Update. Curr.
Hypertens. Rep. 19, 32. doi:10.1007/s11906-017-0731-4

Beale, A. L., Meyer, P., Marwick, T. H., Lam, C. S. P., and Kaye, D. M. (2018). Sex
Differences in Cardiovascular Pathophysiology. Circulation 138, 198–205.
doi:10.1161/circulationaha.118.034271

Becher, P. M., Lindner, D., Miteva, K., Savvatis, K., Zietsch, C., Schmack, B., et al.
(2012). Role of Heart Rate Reduction in the Prevention of Experimental Heart
Failure. Hypertension 59, 949–957. doi:10.1161/hypertensionaha.111.183913

Bing, O., Brooks, W., Robinson, K., Slawsky, M., Hayes, J., Litwin, S., et al. (1995).
The Spontaneously Hypertensive Rat as a Model of the Transition from

Compensated Left Ventricular Hypertrophy to Failure. J. Mol. Cell Cardiol.
27, 383–396. doi:10.1016/s0022-2828(08)80035-1

Bowen, T. S., Eisenkolb, S., Drobner, J., Fischer, T., Werner, S., Linke, A., et al.
(2017). High-intensity Interval Training Prevents Oxidantmediated Diaphragm
Muscle Weakness in Hypertensive Mice. FASEB j. 31, 60–71. doi:10.1096/fj.
201600672r

Broderick, T. L., Jankowski, M., Wang, D., Danalache, B. A., Parrott, C. R., and
Gutkowska, J. (2012). Downregulation in GATA4 and Downstream Structural
and Contractile Genes in the Db/db Mouse Heart. ISRN Endocrinol. 2012,
736860. doi:10.5402/2012/736860

Broderick, T. L., Wang, D., Jankowski, M., and Gutkowska, J. (2014). Unexpected
Effects of Voluntary Exercise Training on Natriuretic Peptide and Receptor
mRNA Expression in the Ob/ob Mouse Heart. Regul. Peptides 188, 52–59.
doi:10.1016/j.regpep.2013.12.005

Campbell, M. D., Duan, J., Samuelson, A. T., Gaffrey, M. J., Merrihew, G. E.,
Egertson, J. D., et al. (2019). Improving Mitochondrial Function with SS-31
Reverses Age-Related Redox Stress and Improves Exercise Tolerance in Aged
Mice. Free Radic. Biol. Med. 134, 268–281. doi:10.1016/j.freeradbiomed.2018.
12.031

Charles, C. J., Kaaja, R. J., Espiner, E. A., Nicholls, M. G., Pemberton, C. J.,
Richards, A. M., et al. (1996). Natriuretic Peptides in Sheep with Pressure
Overload Left Ventricular Hypertrophy. Clin. Exp. Hypertens. 18, 1051–1071.
doi:10.3109/10641969609081034

Chen, H., Charlat, O., Tartaglia, L. A., Woolf, E. A., Weng, X., Ellis, S. J., et al.
(1996). Evidence that the Diabetes Gene Encodes the Leptin Receptor:
Identification of a Mutation in the Leptin Receptor Gene in Db/db Mice.
Cell 84, 491–495. doi:10.1016/s0092-8674(00)81294-5

Chiao, Y. A., and Rabinovitch, P. S. (2015). The Aging Heart: Figure 1. Cold Spring
Harb Perspect. Med. 5, a025148. doi:10.1101/cshperspect.a025148

Frontiers in Aging | www.frontiersin.org February 2022 | Volume 3 | Article 8114368

Kobak et al. Age and Sex Differences in HFpEF

https://doi.org/10.1152/ajpheart.00238.2018
https://doi.org/10.3389/fendo.2017.00160
https://doi.org/10.3389/fendo.2017.00160
https://doi.org/10.1056/nejmoa2107038
https://doi.org/10.1161/01.cir.0000083716.82622.fd
https://doi.org/10.1161/01.cir.0000083716.82622.fd
https://doi.org/10.1007/s11906-017-0731-4
https://doi.org/10.1161/circulationaha.118.034271
https://doi.org/10.1161/hypertensionaha.111.183913
https://doi.org/10.1016/s0022-2828(08)80035-1
https://doi.org/10.1096/fj.201600672r
https://doi.org/10.1096/fj.201600672r
https://doi.org/10.5402/2012/736860
https://doi.org/10.1016/j.regpep.2013.12.005
https://doi.org/10.1016/j.freeradbiomed.2018.12.031
https://doi.org/10.1016/j.freeradbiomed.2018.12.031
https://doi.org/10.3109/10641969609081034
https://doi.org/10.1016/s0092-8674(00)81294-5
https://doi.org/10.1101/cshperspect.a025148
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Chiao, Y. A., Ramirez, T. A., Zamilpa, R., Okoronkwo, S. M., Dai, Q., Zhang, J.,
et al. (2012). Matrix Metalloproteinase-9 Deletion Attenuates Myocardial
Fibrosis and Diastolic Dysfunction in Ageing Mice. Cardiovasc. Res. 96,
444–455. doi:10.1093/cvr/cvs275

Chiao, Y. A., Kolwicz, S. C., Basisty, N., Gagnidze, A., Zhang, J., Gu, H., et al.
(2016). Rapamycin Transiently Induces Mitochondrial Remodeling to
Reprogram Energy Metabolism in Old Hearts. Aging 8, 314–327. doi:10.
18632/aging.100881

Chiao, Y. A., Zhang, H., Sweetwyne, M., Whitson, J., Ting, Y. S., Basisty, N., et al.
(2020). Late-life Restoration of Mitochondrial Function Reverses Cardiac
Dysfunction in Old Mice. Elife 9, e55513. doi:10.7554/eLife.55513

Chirinos, J. A., and Zamani, P. (2016). The Nitrate-Nitrite-NO Pathway and its
Implications for Heart Failure and Preserved Ejection Fraction. Curr. Heart
Fail. Rep. 13, 47–59. doi:10.1007/s11897-016-0277-9

Christoffersen, C., Bollano, E., Lindegaard, M. L. S., Bartels, E. D., Goetze, J. P.,
Andersen, C. B., et al. (2003). Cardiac Lipid Accumulation Associated with
Diastolic Dysfunction in Obese Mice. Endocrinology 144, 3483–3490. doi:10.
1210/en.2003-0242

Conceição, G., Heinonen, I., Lourenço, A. P., Duncker, D. J., and Falcão-Pires, I.
(2016). Animal Models of Heart Failure with Preserved Ejection Fraction. Neth.
Heart J. 24, 275–286. doi:10.1007/s12471-016-0815-9

Dai, D.-F., Santana, L. F., Vermulst, M., Tomazela, D. M., Emond, M. J., MacCoss,
M. J., et al. (2009). Overexpression of Catalase Targeted to Mitochondria
Attenuates Murine Cardiac Aging. Circulation 119, 2789–2797. doi:10.1161/
circulationaha.108.822403

Dai, D. F., Karunadharma, P. P., Chiao, Y. A., Basisty, N., Crispin, D., Hsieh, E. J.,
et al. (2014). Altered Proteome Turnover and Remodeling by Short-term
Caloric Restriction or Rapamycin Rejuvenate the Aging Heart. Aging Cell
13, 529–539. doi:10.1111/acel.12203

Deng, Y., Xie, M., Li, Q., Xu, X., Ou, W., Zhang, Y., et al. (2021). Targeting
Mitochondria-Inflammation Circuit by β-Hydroxybutyrate Mitigates HFpEF.
Circ. Res. 128, 232–245. doi:10.1161/circresaha.120.317933

Dickhout, J. G., and Lee, R. M. K. W. (1998). Blood Pressure and Heart Rate
Development in Young Spontaneously Hypertensive Rats. Am. J. Physiology-
Heart Circulatory Physiol. 274, H794–H800. doi:10.1152/ajpheart.1998.274.3.
h794

Doi, R., Masuyama, T., Yamamoto, K., Doi, Y., Mano, T., Sakata, Y., et al. (2000).
Development of Different Phenotypes of Hypertensive Heart Failure.
J. Hypertens. 18, 111–120. doi:10.1097/00004872-200018010-00016

Dunlay, S. M., Roger, V. L., and Redfield, M. M. (2017). Epidemiology of Heart
Failure with Preserved Ejection Fraction.Nat. Rev. Cardiol. 14, 591–602. doi:10.
1038/nrcardio.2017.65

Gevaert, A. B., Shakeri, H., Leloup, A. J., Van Hove, C. E., De Meyer, G. R. Y.,
Vrints, C. J., et al. (2017). Endothelial Senescence Contributes to Heart Failure
with Preserved Ejection Fraction in an AgingMouseModel. Circ. Heart Fail. 10,
e003806. doi:10.1161/CIRCHEARTFAILURE.116.003806

Gibb, A. A., Murray, E. K., Eaton, D. M., Huynh, A. T., Tomar, D., Garbincius, J. F.,
et al. (2021). Molecular Signature of HFpEF. JACC: Basic Translational Sci. 6,
650–672. doi:10.1016/j.jacbts.2021.07.004

Hamdani, N., Franssen, C., Lourenço, A., Falcão-Pires, I., Fontoura, D., Leite, S.,
et al. (2013). Myocardial Titin Hypophosphorylation Importantly Contributes
to Heart Failure with Preserved Ejection Fraction in a Rat Metabolic Risk
Model. Circ. Heart Fail. 6, 1239–1249. doi:10.1161/circheartfailure.113.000539

He, K., Dickstein, M., Sabbah, H. N., Yi, G. H., Gu, A., Maurer, M., et al. (2004).
Mechanisms of Heart Failure with Well Preserved Ejection Fraction in Dogs
Following Limited Coronary Microembolization. Cardiovasc. Res. 64, 72–83.
doi:10.1016/j.cardiores.2004.06.007

Ho, J. E., Enserro, D., Brouwers, F. P., Kizer, J. R., Shah, S. J., Psaty, B. M., et al.
(2016). Predicting Heart Failure with Preserved and Reduced Ejection Fraction:
The International Collaboration on Heart Failure Subtypes. Circ. Heart Fail. 9
(6), e003116. doi:10.1161/circheartfailure.115.003116

Inoue, N., Kinugawa, S., Suga, T., Yokota, T., Hirabayashi, K., Kuroda, S., et al.
(2012). Angiotensin II-Induced Reduction in Exercise Capacity Is Associated
with Increased Oxidative Stress in Skeletal Muscle. Am. J. Physiol.-Heart Circ.
Physiol. 302, H1202–H1210. doi:10.1152/ajpheart.00534.2011

Jeong, E.-M., Monasky, M. M., Gu, L., Taglieri, D. M., Patel, B. G., Liu, H., et al.
(2013). Tetrahydrobiopterin Improves Diastolic Dysfunction by Reversing

Changes in Myofilament Properties. J. Mol. Cell Cardiol. 56, 44–54. doi:10.
1016/j.yjmcc.2012.12.003

Juillière, Y., Venner, C., Filippetti, L., Popovic, B., Huttin, O., and Selton-Suty, C.
(2018). Heart Failure with Preserved Ejection Fraction: A Systemic Disease
Linked to Multiple Comorbidities, Targeting New Therapeutic Options. Arch.
Cardiovasc. Dis. 111, 766–781. doi:10.1016/j.acvd.2018.04.007

Kapoor, J. R., Kapoor, R., Ju, C., Heidenreich, P. A., Eapen, Z. J., Hernandez, A. F.,
et al. (2016). Precipitating Clinical Factors, Heart Failure Characterization, and
Outcomes in Patients Hospitalized with Heart Failure with Reduced,
Borderline, and Preserved Ejection Fraction. JACC: Heart Fail. 4, 464–472.
doi:10.1016/j.jchf.2016.02.017

Kitzman, D. W., O’Neill, T. J., and Brubaker, P. H. (2017). Unraveling the
Relationship between Aging and Heart Failure with Preserved Ejection
Fraction. JACC: Heart Fail. 5, 356–358. doi:10.1016/j.jchf.2017.01.009

Klotz, S., Hay, I., Zhang, G., Maurer, M., Wang, J., and Burkhoff, D. (2006).
Development of Heart Failure in Chronic Hypertensive Dahl Rats.
Hypertension 47, 901–911. doi:10.1161/01.hyp.0000215579.81408.8e

Kokubo, M., Uemura, A., Matsubara, T., and Murohara, T. (2005). Noninvasive
Evaluation of the Time Course of Change in Cardiac Function in Spontaneously
Hypertensive Rats by Echocardiography. Hypertens. Res. 28, 601–609. doi:10.
1291/hypres.28.601

Kuoppala, A., Shiota, N., Lindstedt, K. A., Rysä, J., Leskinen, H. K., Luodonpää, M.,
et al. (2003). Expression of Bradykinin Receptors in the Left Ventricles of Rats
with Pressure Overload Hypertrophy and Heart Failure. J. Hypertens. 21,
1729–1736. doi:10.1097/00004872-200309000-00023

Kurtz, T. W., Morris, R. C., and Pershadsingh, H. A. (1989). The Zucker Fatty Rat
as a Genetic Model of Obesity and Hypertension. Hypertension 13, 896–901.
doi:10.1161/01.hyp.13.6.896

Lakatta, E. G., and Levy, D. (2003). Arterial and Cardiac Aging: Major Shareholders
in Cardiovascular Disease Enterprises: Part II: the Aging Heart in Health: links
to Heart Disease. Circulation 107, 346–354. doi:10.1161/01.cir.0000048893.
62841.f7

Lam, C. S. P., Carson, P. E., Anand, I. S., Rector, T. S., Kuskowski, M., Komajda, M.,
et al. (2012). Sex Differences in Clinical Characteristics and Outcomes in
Elderly Patients with Heart Failure and Preserved Ejection Fraction. Circ. Heart
Fail. 5, 571–578. doi:10.1161/circheartfailure.112.970061

Lam, C. S. P., Gamble, G. D., Ling, L. H., Sim, D., Leong, K. T. G., Yeo, P. S. D., et al.
(2018). Mortality Associated with Heart Failure with Preserved vs. Reduced
Ejection Fraction in a Prospective International Multi-Ethnic Cohort Study.
Eur. Heart J. 39, 1770–1780. doi:10.1093/eurheartj/ehy005

Loffredo, F. S., Nikolova, A. P., Pancoast, J. R., and Lee, R. T. (2014). Heart Failure
with Preserved Ejection Fraction. Circ. Res. 115, 97–107. doi:10.1161/
circresaha.115.302929

Lovelock, J. D., Monasky, M. M., Jeong, E.-M., Lardin, H. A., Liu, H., Patel, B. G.,
et al. (2012). Ranolazine Improves Cardiac Diastolic Dysfunction through
Modulation of Myofilament Calcium Sensitivity. Circ. Res. 110, 841–850.
doi:10.1161/circresaha.111.258251

Lum-Naihe, K., Toedebusch, R., Mahmood, A., Bajwa, J., Carmack, T., Kumar, S.
A., et al. (2017). Cardiovascular Disease Progression in Female Zucker Diabetic
Fatty Rats Occurs via Unique Mechanisms Compared to Males. Sci. Rep. 7,
17823. doi:10.1038/s41598-017-18003-8

Manolescu, D.-C., Jankowski, M., Danalache, B. A., Wang, D., Broderick, T. L.,
Chiasson, J.-L., et al. (2014). All-trans Retinoic Acid Stimulates Gene
Expression of the Cardioprotective Natriuretic Peptide System and Prevents
Fibrosis and Apoptosis in Cardiomyocytes of Obese Ob/ob Mice. Appl. Physiol.
Nutr. Metab. 39, 1127–1136. doi:10.1139/apnm-2014-0005

Massie, B. M., Carson, P. E., McMurray, J. J., Komajda, M., McKelvie, R., Zile, M.
R., et al. (2008). Irbesartan in Patients with Heart Failure and Preserved Ejection
Fraction. N. Engl. J. Med. 359, 2456–2467. doi:10.1056/nejmoa0805450

Matsumura, Y., Kuro, T., Konishi, F., Takaoka, M., Gariepy, C. E., and Yanagisawa,
M. (2000). Enhanced Blood Pressure Sensitivity to DOCA-Salt Treatment in
Endothelin ETB Receptor-Deficient Rats. Br. J. Pharmacol. 129, 1060–1062.
doi:10.1038/sj.bjp.0703157

McDonagh, T. A., Metra, M., Adamo, M., Gardner, R. S., Baumbach, A., Böhm, M.,
et al. (2021). 2021 ESC Guidelines for the Diagnosis and Treatment of Acute
and Chronic Heart Failure. Eur. Heart J. 42, 3599–3726. doi:10.1093/eurheartj/
ehab368

Frontiers in Aging | www.frontiersin.org February 2022 | Volume 3 | Article 8114369

Kobak et al. Age and Sex Differences in HFpEF

https://doi.org/10.1093/cvr/cvs275
https://doi.org/10.18632/aging.100881
https://doi.org/10.18632/aging.100881
https://doi.org/10.7554/eLife.55513
https://doi.org/10.1007/s11897-016-0277-9
https://doi.org/10.1210/en.2003-0242
https://doi.org/10.1210/en.2003-0242
https://doi.org/10.1007/s12471-016-0815-9
https://doi.org/10.1161/circulationaha.108.822403
https://doi.org/10.1161/circulationaha.108.822403
https://doi.org/10.1111/acel.12203
https://doi.org/10.1161/circresaha.120.317933
https://doi.org/10.1152/ajpheart.1998.274.3.h794
https://doi.org/10.1152/ajpheart.1998.274.3.h794
https://doi.org/10.1097/00004872-200018010-00016
https://doi.org/10.1038/nrcardio.2017.65
https://doi.org/10.1038/nrcardio.2017.65
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003806
https://doi.org/10.1016/j.jacbts.2021.07.004
https://doi.org/10.1161/circheartfailure.113.000539
https://doi.org/10.1016/j.cardiores.2004.06.007
https://doi.org/10.1161/circheartfailure.115.003116
https://doi.org/10.1152/ajpheart.00534.2011
https://doi.org/10.1016/j.yjmcc.2012.12.003
https://doi.org/10.1016/j.yjmcc.2012.12.003
https://doi.org/10.1016/j.acvd.2018.04.007
https://doi.org/10.1016/j.jchf.2016.02.017
https://doi.org/10.1016/j.jchf.2017.01.009
https://doi.org/10.1161/01.hyp.0000215579.81408.8e
https://doi.org/10.1291/hypres.28.601
https://doi.org/10.1291/hypres.28.601
https://doi.org/10.1097/00004872-200309000-00023
https://doi.org/10.1161/01.hyp.13.6.896
https://doi.org/10.1161/01.cir.0000048893.62841.f7
https://doi.org/10.1161/01.cir.0000048893.62841.f7
https://doi.org/10.1161/circheartfailure.112.970061
https://doi.org/10.1093/eurheartj/ehy005
https://doi.org/10.1161/circresaha.115.302929
https://doi.org/10.1161/circresaha.115.302929
https://doi.org/10.1161/circresaha.111.258251
https://doi.org/10.1038/s41598-017-18003-8
https://doi.org/10.1139/apnm-2014-0005
https://doi.org/10.1056/nejmoa0805450
https://doi.org/10.1038/sj.bjp.0703157
https://doi.org/10.1093/eurheartj/ehab368
https://doi.org/10.1093/eurheartj/ehab368
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Mentz, R. J., Kelly, J. P., von Lueder, T. G., Voors, A. A., Lam, C. S. P., Cowie, M. R.,
et al. (2014). Noncardiac Comorbidities in Heart Failure with Reduced versus
Preserved Ejection Fraction. J. Am. Coll. Cardiol. 64, 2281–2293. doi:10.1016/j.
jacc.2014.08.036

Mishra, S., and Kass, D. A. (2021). Cellular and Molecular Pathobiology of Heart
Failure with Preserved Ejection Fraction.Nat. Rev. Cardiol. 18, 400–423. doi:10.
1038/s41569-020-00480-6

Nadruz, W., Jr., West, E., Santos, M., Skali, H., Groarke, J. D., Forman, D. E., et al.
(2016). Heart Failure and Midrange Ejection Fraction: Implications of
Recovered Ejection Fraction for Exercise Tolerance and Outcomes. Circ.
Heart Fail. 9, e002826. doi:10.1161/CIRCHEARTFAILURE.115.002826

Nguyen, I. T. N., Brandt, M. M., van de Wouw, J., van Drie, R. W. A., Wesseling,
M., Cramer, M. J., et al. (2020). Both male and Female Obese ZSF1 Rats Develop
Cardiac Dysfunction in Obesity-Induced Heart Failure with Preserved Ejection
Fraction. Plos One 15, e0232399. doi:10.1371/journal.pone.0232399

Oktay, A. A., Rich, J. D., and Shah, S. J. (2013). The Emerging Epidemic of Heart
Failure with Preserved Ejection Fraction. Curr. Heart Fail. Rep. 10, 401–410.
doi:10.1007/s11897-013-0155-7

Olver, T. D., Edwards, J. C., Jurrissen, T. J., Veteto, A. B., Jones, J. L., Gao, C., et al.
(2019). Western Diet-Fed, Aortic-Banded Ossabaw Swine. JACC: Basic
Translational Sci. 4, 404–421. doi:10.1016/j.jacbts.2019.02.004

Ostler, J. E., Maurya, S. K., Dials, J., Roof, S. R., Devor, S. T., Ziolo, M. T., et al.
(2014). Effects of Insulin Resistance on Skeletal Muscle Growth and Exercise
Capacity in Type 2 Diabetic Mouse Models. Am. J. Physiol.-Endocrinol. Metab.
306, E592–E605. doi:10.1152/ajpendo.00277.2013

Owan, T. E., Hodge, D. O., Herges, R. M., Jacobsen, S. J., Roger, V. L., and Redfield,
M. M. (2006). Trends in Prevalence and Outcome of Heart Failure with
Preserved Ejection Fraction. N. Engl. J. Med. 355, 251–259. doi:10.1056/
nejmoa052256

Papinska, A. M., Soto, M., Meeks, C. J., and Rodgers, K. E. (2016). Long-term
Administration of Angiotensin (1-7) Prevents Heart and Lung Dysfunction in a
Mouse Model of Type 2 Diabetes ( Db/db ) by Reducing Oxidative Stress,
Inflammation and Pathological Remodeling. Pharmacol. Res. 107, 372–380.
doi:10.1016/j.phrs.2016.02.026

Peng, H., Yang, X.-P., Carretero, O. A., Nakagawa, P., D’Ambrosio, M., Leung, P.,
et al. (2011). Angiotensin II-Induced Dilated Cardiomyopathy in Balb/c but
Not C57BL/6J Mice. Exp. Physiol. 96, 756–764. doi:10.1113/expphysiol.2011.
057612

Pfeffer, J. M., Pfeffer, M. A., Fishbein, M. C., and Frohlich, E. D. (1979). Cardiac
Function and Morphology with Aging in the Spontaneously Hypertensive Rat.
Am. J. Physiol.-Heart Circ. Physiol. 237, H461–H468. doi:10.1152/ajpheart.
1979.237.4.h461

Pfeffer, M. A., Shah, A. M., and Borlaug, B. A. (2019). Heart Failure with Preserved
Ejection Fraction in Perspective. Circ. Res. 124, 1598–1617. doi:10.1161/
circresaha.119.313572

Phan, T. T., Abozguia, K., Nallur Shivu, G., Mahadevan, G., Ahmed, I.,
Williams, L., et al. (2009). Heart Failure with Preserved Ejection
Fraction Is Characterized by Dynamic Impairment of Active Relaxation
and Contraction of the Left Ventricle on Exercise and Associated with
Myocardial Energy Deficiency. J. Am. Coll. Cardiol. 54, 402–409. doi:10.
1016/j.jacc.2009.05.012

Pitt, B., Pfeffer, M. A., Assmann, S. F., Boineau, R., Anand, I. S., Claggett, B., et al.
(2014). Spironolactone for Heart Failure with Preserved Ejection Fraction. N.
Engl. J. Med. 370, 1383–1392. doi:10.1056/nejmoa1313731

Reed, A. L., Tanaka, A., Sorescu, D., Liu, H., Jeong, E.-M., Sturdy, M., et al. (2011).
Diastolic Dysfunction Is Associated with Cardiac Fibrosis in the Senescence-
Accelerated Mouse. Am. J. Physiol.-Heart Circ. Physiol. 301, H824–H831.
doi:10.1152/ajpheart.00407.2010

Regan, J. A., Mauro, A. G., Carbone, S., Marchetti, C., Gill, R., Mezzaroma, E., et al.
(2015). A Mouse Model of Heart Failure with Preserved Ejection Fraction Due
to Chronic Infusion of a Low Subpressor Dose of Angiotensin II. Am.
J. Physiol.-Heart Circ. Physiol. 309, H771–H778. doi:10.1152/ajpheart.00282.
2015

Regitz-Zagrosek, V., and Kararigas, G. (2017). Mechanistic Pathways of Sex
Differences in Cardiovascular Disease. Physiol. Rev. 97, 1–37. doi:10.1152/
physrev.00021.2015

Ren, J., Sowers, J. R., Walsh, M. F., and Brown, R. A. (2000). Reduced Contractile
Response to Insulin and IGF-I in Ventricular Myocytes from Genetically Obese

Zucker Rats. Am. J. Physiol.-Heart Circ. Physiol. 279, H1708–H1714. doi:10.
1152/ajpheart.2000.279.4.h1708

Riehle, C., and Bauersachs, J. (2019). Small Animal Models of Heart Failure.
Cardiovasc. Res. 115, 1838–1849. doi:10.1093/cvr/cvz161

Roh, J. D., Houstis, N., Yu, A., Chang, B., Yeri, A., Li, H., et al. (2020). Exercise
Training Reverses Cardiac Aging Phenotypes Associated with Heart Failure
with Preserved Ejection Fraction in Male Mice. Aging Cel. 19, e13159. doi:10.
1111/acel.13159

Sabbatini, A. R., and Kararigas, G. (2020). Menopause-Related Estrogen Decrease
and the Pathogenesis of HFpEF. J. Am. Coll. Cardiol. 75, 1074–1082. doi:10.
1016/j.jacc.2019.12.049

Samson, R., Jaiswal, A., Ennezat, P. V., Cassidy, M., and Le Jemtel, T. H. (2016).
Clinical Phenotypes in Heart Failure with Preserved Ejection Fraction. J. Am.
Heart Assoc. 5, e002477. doi:10.1161/JAHA.115.002477

Schauer, A., Draskowski, R., Jannasch, A., Kirchhoff, V., Goto, K., Männel, A., et al.
(2020). ZSF1 Rat as Animal Model for HFpEF: Development of Reduced
Diastolic Function and Skeletal Muscle Dysfunction. ESC Heart Fail. 7,
2123–2134. doi:10.1002/ehf2.12915

Schiattarella, G. G., Altamirano, F., Tong, D., French, K. M., Villalobos, E., Kim, S.
Y., et al. (2019). Nitrosative Stress Drives Heart Failure with Preserved Ejection
Fraction. Nature 568, 351–356. doi:10.1038/s41586-019-1100-z

Schiattarella, G. G., Altamirano, F., Kim, S. Y., Tong, D., Ferdous, A., Piristine, H.,
et al. (2021). Xbp1s-FoxO1 axis Governs Lipid Accumulation and Contractile
Performance in Heart Failure with Preserved Ejection Fraction. Nat. Commun.
12, 1684. doi:10.1038/s41467-021-21931-9

Shah, S. J., Borlaug, B. A., Kitzman, D. W., McCulloch, A. D., Blaxall, B. C.,
Agarwal, R., et al. (2020). Research Priorities for Heart Failure with Preserved
Ejection Fraction. Circulation 141, 1001–1026. doi:10.1161/circulationaha.119.
041886

Sharp, T. E., 3rd, Scarborough, A. L., Li, Z., Polhemus, D. J., Hidalgo, H. A.,
Schumacher, J. D., et al. (2021). Novel Göttingen Miniswine Model of Heart
Failure with Preserved Ejection Fraction Integrating Multiple Comorbidities.
JACC: Basic Translational Sci. 6, 154–170. doi:10.1016/j.jacbts.2020.11.012

Simmonds, S. J., Cuijpers, I., Heymans, S., and Jones, E. A. V. (2020). Cellular and
Molecular Differences between HFpEF and HFrEF: A Step Ahead in an
Improved Pathological Understanding. Cells 9, 242. doi:10.3390/cells9010242

Solomon, S. D., Claggett, B., Lewis, E. F., Desai, A., Anand, I., Sweitzer, N. K., et al.
(2016). Influence of Ejection Fraction on Outcomes and Efficacy of
Spironolactone in Patients with Heart Failure with Preserved Ejection
Fraction. Eur. Heart J. 37, 455–462. doi:10.1093/eurheartj/ehv464

Solomon, S. D., McMurray, J. J. V., Anand, I. S., Ge, J., Lam, C. S. P., Maggioni, A.
P., et al. (2019). Angiotensin-Neprilysin Inhibition in Heart Failure with
Preserved Ejection Fraction. N. Engl. J. Med. 381, 1609–1620. doi:10.1056/
nejmoa1908655

Sorop, O., Heinonen, I., van Kranenburg, M., van de Wouw, J., de Beer, V. J.,
Nguyen, I. T. N., et al. (2018). Multiple Common Comorbidities Produce Left
Ventricular Diastolic Dysfunction Associated with Coronary Microvascular
Dysfunction, Oxidative Stress, and Myocardial Stiffening. Cardiovasc. Res. 114,
954–964. doi:10.1093/cvr/cvy038

Steinberg, B. A., Zhao, X., Heidenreich, P. A., Peterson, E. D., Bhatt, D. L., Cannon,
C. P., et al. (2012). Trends in Patients Hospitalized with Heart Failure and
Preserved Left Ventricular Ejection Fraction. Circulation 126, 65–75. doi:10.
1161/circulationaha.111.080770

Tong, D., Schiattarella, G. G., Jiang, N., May, H. I., Lavandero, S., Gillette, T. G.,
et al. (2019). Female Sex Is Protective in a Preclinical Model of Heart Failure
with Preserved Ejection Fraction. Circulation 140, 1769–1771. doi:10.1161/
circulationaha.119.042267

Tong, D., Schiattarella, G. G., Jiang, N., Altamirano, F., Szweda, P. A.,
Elnwasany, A., et al. (2021). NAD + Repletion Reverses Heart Failure
with Preserved Ejection Fraction. Circ. Res. 128, 1629–1641. doi:10.1161/
circresaha.120.317046

Tromp, J., Shen, L., Jhund, P. S., Anand, I. S., Carson, P. E., Desai, A. S., et al. (2019).
Age-Related Characteristics and Outcomes of Patients with Heart Failure with
Preserved Ejection Fraction. J. Am. Coll. Cardiol. 74, 601–612. doi:10.1016/j.
jacc.2019.05.052

Vaduganathan, M., Claggett, B. L., Jhund, P. S., Cunningham, J. W., Pedro Ferreira,
J., Zannad, F., et al. (2020). Estimating Lifetime Benefits of Comprehensive
Disease-Modifying Pharmacological Therapies in Patients with Heart Failure

Frontiers in Aging | www.frontiersin.org February 2022 | Volume 3 | Article 81143610

Kobak et al. Age and Sex Differences in HFpEF

https://doi.org/10.1016/j.jacc.2014.08.036
https://doi.org/10.1016/j.jacc.2014.08.036
https://doi.org/10.1038/s41569-020-00480-6
https://doi.org/10.1038/s41569-020-00480-6
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002826
https://doi.org/10.1371/journal.pone.0232399
https://doi.org/10.1007/s11897-013-0155-7
https://doi.org/10.1016/j.jacbts.2019.02.004
https://doi.org/10.1152/ajpendo.00277.2013
https://doi.org/10.1056/nejmoa052256
https://doi.org/10.1056/nejmoa052256
https://doi.org/10.1016/j.phrs.2016.02.026
https://doi.org/10.1113/expphysiol.2011.057612
https://doi.org/10.1113/expphysiol.2011.057612
https://doi.org/10.1152/ajpheart.1979.237.4.h461
https://doi.org/10.1152/ajpheart.1979.237.4.h461
https://doi.org/10.1161/circresaha.119.313572
https://doi.org/10.1161/circresaha.119.313572
https://doi.org/10.1016/j.jacc.2009.05.012
https://doi.org/10.1016/j.jacc.2009.05.012
https://doi.org/10.1056/nejmoa1313731
https://doi.org/10.1152/ajpheart.00407.2010
https://doi.org/10.1152/ajpheart.00282.2015
https://doi.org/10.1152/ajpheart.00282.2015
https://doi.org/10.1152/physrev.00021.2015
https://doi.org/10.1152/physrev.00021.2015
https://doi.org/10.1152/ajpheart.2000.279.4.h1708
https://doi.org/10.1152/ajpheart.2000.279.4.h1708
https://doi.org/10.1093/cvr/cvz161
https://doi.org/10.1111/acel.13159
https://doi.org/10.1111/acel.13159
https://doi.org/10.1016/j.jacc.2019.12.049
https://doi.org/10.1016/j.jacc.2019.12.049
https://doi.org/10.1161/JAHA.115.002477
https://doi.org/10.1002/ehf2.12915
https://doi.org/10.1038/s41586-019-1100-z
https://doi.org/10.1038/s41467-021-21931-9
https://doi.org/10.1161/circulationaha.119.041886
https://doi.org/10.1161/circulationaha.119.041886
https://doi.org/10.1016/j.jacbts.2020.11.012
https://doi.org/10.3390/cells9010242
https://doi.org/10.1093/eurheartj/ehv464
https://doi.org/10.1056/nejmoa1908655
https://doi.org/10.1056/nejmoa1908655
https://doi.org/10.1093/cvr/cvy038
https://doi.org/10.1161/circulationaha.111.080770
https://doi.org/10.1161/circulationaha.111.080770
https://doi.org/10.1161/circulationaha.119.042267
https://doi.org/10.1161/circulationaha.119.042267
https://doi.org/10.1161/circresaha.120.317046
https://doi.org/10.1161/circresaha.120.317046
https://doi.org/10.1016/j.jacc.2019.05.052
https://doi.org/10.1016/j.jacc.2019.05.052
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


with Reduced Ejection Fraction: a Comparative Analysis of Three Randomised
Controlled Trials. Lancet 396, 121–128. doi:10.1016/s0140-6736(20)30748-0

Valero-Muñoz, M., Backman, W., and Sam, F. (2017). Murine Models of Heart
Failure with Preserved Ejection Fraction. JACC: Basic Transl. Sci. 2, 770–789.
doi:10.1016/j.jacbts.2017.07.013

Van den Bergh, A., Vanderper, A., Vangheluwe, P., Desjardins, F., Nevelsteen, I.,
Verreth, W., et al. (2008). Dyslipidaemia in Type II Diabetic Mice Does Not
Aggravate Contractile Impairment but Increases Ventricular Stiffness.
Cardiovasc. Res. 77, 371–379. doi:10.1093/cvr/cvm001

van den Brom, C. E., Bosmans, J. W., Vlasblom, R., Handoko, L. M., Huisman, M.
C., Lubberink, M., et al. (2010). Diabetic Cardiomyopathy in Zucker Diabetic
Fatty Rats: the Forgotten Right Ventricle. Cardiovasc. Diabetol. 9, 25. doi:10.
1186/1475-2840-9-25

van Heerebeek, L., Hamdani, N., Handoko, M. L., Falcao-Pires, I., Musters, R. J.,
Kupreishvili, K., et al. (2008). Diastolic Stiffness of the Failing Diabetic Heart:
Importance of Fibrosis, Advanced Glycation end Products, and Myocyte
Resting Tension. Circulation 117, 43–51. doi:10.1161/circulationaha.107.
728550

Wallner, M., Eaton, D. M., Berretta, R. M., Borghetti, G., Wu, J., Baker, S. T., et al.
(2017). A Feline HFpEF Model with Pulmonary Hypertension and
Compromised Pulmonary Function. Sci. Rep. 7, 16587. doi:10.1038/s41598-
017-15851-2

Wallner, M., Eaton, D. M., Berretta, R. M., Liesinger, L., Schittmayer, M.,
Gindlhuber, J., et al. (2020). HDAC Inhibition Improves Cardiopulmonary
Function in a Feline Model of Diastolic Dysfunction. Sci. Transl Med. 12,
eaay7205. doi:10.1126/scitranslmed.aay7205

Wang, P., Lloyd, S. G., Zeng, H., Bonen, A., and Chatham, J. C. (2005). Impact of
Altered Substrate Utilization on Cardiac Function in Isolated Hearts from
Zucker Diabetic Fatty Rats. Am. J. Physiol.-Heart Circ. Physiol. 288,
H2102–H2110. doi:10.1152/ajpheart.00935.2004

Westermann, D., Becher, P. M., Lindner, D., Savvatis, K., Xia, Y., Fröhlich, M., et al.
(2012). Selective PDE5A Inhibition with Sildenafil Rescues Left Ventricular
Dysfunction, Inflammatory Immune Response and Cardiac Remodeling in
Angiotensin II-Induced Heart Failure In Vivo. Basic Res. Cardiol. 107, 308.
doi:10.1007/s00395-012-0308-y

Withaar, C., Meems, L. M. G., Markousis-Mavrogenis, G., Boogerd, C. J., Silljé, H.
H. W., Schouten, E. M., et al. (2021a). The Effects of Liraglutide and
Dapagliflozin on Cardiac Function and Structure in a Multi-Hit Mouse

Model of Heart Failure with Preserved Ejection Fraction. Cardiovasc. Res.
117, 2108–2124. doi:10.1093/cvr/cvaa256

Withaar, C., Lam, C. S. P., Schiattarella, G. G., de Boer, R. A., and Meems, L. M. G.
(2021b). Heart Failure with Preserved Ejection Fraction in Humans and Mice:
Embracing Clinical Complexity in Mouse Models. Eur. Heart J. 42, 4420–4430.
doi:10.1093/eurheartj/ehab389

Yamamoto, K., Masuyama, T., Sakata, Y., Nishikawa, N., Mano, T., Yoshida,
J., et al. (2002). Myocardial Stiffness Is Determined by Ventricular
Fibrosis, but Not by Compensatory or Excessive Hypertrophy in
Hypertensive Heart. Cardiovasc. Res. 55, 76–82. doi:10.1016/s0008-
6363(02)00341-3

Yusuf, S., Pfeffer, M. A., Swedberg, K., Granger, C. B., Held, P., McMurray,
J. J., et al. (2003). Effects of Candesartan in Patients with Chronic Heart
Failure and Preserved Left-Ventricular Ejection Fraction: the CHARM-
Preserved Trial. Lancet 362, 777–781. doi:10.1016/s0140-6736(03)
14285-7

Zile, M. R., Gottdiener, J. S., Hetzel, S. J., McMurray, J. J., Komajda, M., McKelvie,
R., et al. (2011). Prevalence and Significance of Alterations in Cardiac Structure
and Function in Patients with Heart Failure and a Preserved Ejection Fraction.
Circulation 124, 2491–2501. doi:10.1161/circulationaha.110.011031

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kobak, Zarzycka and Chiao. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Aging | www.frontiersin.org February 2022 | Volume 3 | Article 81143611

Kobak et al. Age and Sex Differences in HFpEF

https://doi.org/10.1016/s0140-6736(20)30748-0
https://doi.org/10.1016/j.jacbts.2017.07.013
https://doi.org/10.1093/cvr/cvm001
https://doi.org/10.1186/1475-2840-9-25
https://doi.org/10.1186/1475-2840-9-25
https://doi.org/10.1161/circulationaha.107.728550
https://doi.org/10.1161/circulationaha.107.728550
https://doi.org/10.1038/s41598-017-15851-2
https://doi.org/10.1038/s41598-017-15851-2
https://doi.org/10.1126/scitranslmed.aay7205
https://doi.org/10.1152/ajpheart.00935.2004
https://doi.org/10.1007/s00395-012-0308-y
https://doi.org/10.1093/cvr/cvaa256
https://doi.org/10.1093/eurheartj/ehab389
https://doi.org/10.1016/s0008-6363(02)00341-3
https://doi.org/10.1016/s0008-6363(02)00341-3
https://doi.org/10.1016/s0140-6736(03)14285-7
https://doi.org/10.1016/s0140-6736(03)14285-7
https://doi.org/10.1161/circulationaha.110.011031
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

	Age and Sex Differences in Heart Failure With Preserved Ejection Fraction
	Introduction
	HFpEF Animal Models for Preclinical Studies
	Single-Stressor Preclinical Models
	Aging
	Hypertension
	Metabolic Stress–Obesity and Diabetes

	Limitations of Single-Hit HFpEF Models
	Two- and Multi-Hit Models
	Large Animal Models of HFpEF
	Discussion
	Author Contributions
	Funding
	References


