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Abstract

population level.

The global increase in human life expectancy, coupled with an unprecedented rise in the prevalence of obesity,
has led to a growing clinical and socioeconomic burden of heart failure with preserved ejection fraction

(HFpEF). Mechanistically, the molecular and cellular hallmarks of aging are omnipresent in HFpEF and are further
exacerbated by obesity and associated metabolic diseases. Conversely, weight loss strategies, particularly caloric
restriction, have shown promise in improving health status in patients with HFpEF and are considered the gold
standard for promoting longevity and healthspan (disease-free lifetime) in model organisms. In this review, we
implicate fundamental mechanisms of aging in driving HFpEF and elucidate how caloric restriction mitigates the
disease progression. Furthermore, we discuss the potential for pharmacologically mimicking the beneficial effects
of caloric restriction in HFpEF using clinically approved and emerging caloric restriction mimetics. We surmise that
these compounds could offer novel therapeutic avenues for HFpEF and alleviate the challenges associated with
the implementation of caloric restriction and other lifestyle modifications to reduce the burden of HFpEF at a
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Introduction

Human life expectancy is increasing globally, shifting
the demographic landscape towards an aged population
[1]. This demographic shift is accompanied by a rising
prevalence and socioeconomic burden of cardiovascu-
lar diseases, which are the primary causes of morbidity
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and mortality worldwide [2]. Cardiovascular diseases,
irrespective of their aetiology, often culminate in the
development of heart failure (HF) with either preserved
ejection fraction (HFpEF) or reduced ejection fraction
(HFrEF). Currently, over 56 million people worldwide
are diagnosed with HF, [3] and at least half of them have
HFpEF [4]. The prevalence of HFpEF has increased dis-
proportionately compared to HFrEF, primarily due to
population aging, [5, 6] making HFpEF a leading cause
of hospitalisation in the elderly, with 29% of discharged
patients readmitted within 90 days [7]. Long-term stud-
ies have also revealed alarmingly high mortality rates in
patients with HFpEF that surpass many types of cancer
[5].

Despite recent advances in the quest for effective thera-
pies, the heterogeneous and complex pathophysiology

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati

vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12933-024-02566-8&domain=pdf&date_stamp=2025-1-10

Fuerlinger et al. Cardiovascular Diabetology (2025) 24:21

of HFpEF limit the effectiveness of emerging treat-
ments to selected patient groups, and thus the burden
of morbidity and mortality remains unacceptably high
[8]. In this regard, HFpEF is increasingly recognized as
an age-related disease, with the age-dependent risk of
HFpEF substantially exceeding that of HFrEF, especially
in women [9, 10]. Additionally, HFpEF is closely associ-
ated with the global pandemics of obesity and metabolic
syndrome, as the majority of patients with HFpEF are
either overweight or obese [11]. Thus, aging and associ-
ated systemic comorbidities appear to actively contrib-
ute to HFpEF and its prognosis by driving numerous
pathogenic cardiac and noncardiac processes [12]. Con-
sequently, HFpEF manifests as a multifaceted syndrome
affecting various organs besides the heart, [13] highlight-
ing the potential of anti-aging and metabolic therapies
that beneficially impact multiple organ systems.

In this review, we elucidate the fundamental mecha-
nisms of aging that are implicated in the development
of HFpEF and examine how caloric restriction (CR), the
gold-standard metabolic and anti-aging intervention,
mitigates the progression of HFpEF. Furthermore, we
explore the potential for pharmacologically mimicking
the beneficial effects of CR using emerging CR mimetics
(CRM), which could offer novel therapeutic possibilities
for combating HFpEF. Ultimately, we address the chal-
lenges associated with implementing CR and other life-
style modifications at a population level.

Pathophysiology of HFpEF

Recent years have seen a significant progress in under-
standing the pathophysiology of HFpEF, leading to the
recognition of HFpEF as a multi-organ syndrome rather
than an isolated disease of the heart [12]. The burden
of non-cardiac comorbidities is remarkably higher in
HFpEF compared to HFrEF [14]. Furthermore, patients
with HFpEF are more likely to die from non-cardiovas-
cular events than those with HFrEF [14]. Consequently,
it is widely accepted that addressing both cardiac and
extra-cardiac factors might be necessary for improving
outcomes in patients with HFpEF. This view, however,
adds to the complexity of HFpEF pathophysiology, as it
encompasses the molecular and cellular changes not only
in the heart but also in other organs, such as the lungs,
kidneys, skeletal muscle, adipose tissue, as well as the
vascular and immune system [12]. Thus, there remains
a critical unmet need to identify unifying mechanisms
that could pave the way for the development of novel and
more efficient evidence-based therapies for HFpEF [15].

HFpEF as an age-related condition

Although HFpEF prevalence is increasing in both older
and younger individuals, it remains predominantly a dis-
ease of the elderly, with only 14% of all HF diagnoses in

Page 2 of 17

patients under 40 years being HFpEF [16]. Furthermore,
the incidence and prevalence of HFpEF increase later and
more drastically with age compared to HFrEF [6]. Indeed,
the most crucial risk factor for the development of
HFpEF is advanced age, making the disease increasingly
viewed as an age-related condition. As such, HFpEF is a
leading cause of morbidity, hospitalization and mortality
in adults over the age of 65 [17]. Notably, although old
age alone may not cause HFpEF, age-associated systemic
and cardiac changes, including arterial stiffness, cardiac
fibrosis, ventricular stiffening, hypertrophy and diastolic
dysfunction, provide an ideal substrate for the develop-
ment of HFpEF [18]. Thus, the combination of genetic
predisposition, environmental factors (e.g., unhealthy
nutrition, sedentariness, and smoking) and comorbidities
accelerates and exacerbates age-related systemic and car-
diac changes at the molecular, cellular and whole-organ
level, thereby substantially increasing the risk of HFpEF
[10, 19-21].

It is important to note that the majority of HFpEF-pro-
moting comorbidities, including obesity, diabetes mel-
litus (DM), hypertension, metabolic syndrome, chronic
kidney disease (CKD), atrial fibrillation and amyloido-
sis are also predominantly age-related. For instance, the
prevalence of DM significantly increases with age, with
the number of patients over 65 years old projected to
increase by more than 50% by 2030, making them the age
group with the highest prevalence of DM in the future
[22]. Similarly, age-related arterial stiffness increases the
prevalence of hypertension by more than two folds in
individuals over 80 years compared to those aged 40 to
59 years (76.5% vs. 32.4%, respectively) [23, 24]. CKD also
drastically increases with age with a third of all patients
being between 70 and 79 years of age, and over half being
above 80 years [25]. Notably, 88% of patients with CKD
also exhibit hypertension, 17% display DM, and 40%
have at least two comorbidities [26]. This underscores
the complexity of HFpEF, as age-associated comorbidi-
ties are highly interconnected. Irrespectively, amyloido-
sis is another relevant age-related risk factor for HFpEF,
which almost exclusively affects those older than 60
years [27]. The age-associated deposition of amyloid-beta
in the heart and vasculature is associated with cardio-
myocyte dysfunction, vascular stiffening and increased
inflammation, further connecting cardiovascular diseases
with age-associated neurodegenerative diseases such as
Alzheimer’s disease [28].

Beyond epidemiological associations, emerging evi-
dence from human and experimental studies indicate
that the molecular and cellular hallmarks of aging are
accentuated in HFpEF and might be mechanistically
involved in its pathogenesis [29]. Among these, disabled
macroautophagy, loss of proteostasis, genomic instabil-
ity, epigenetic alterations, mitochondrial dysfunction,
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dysregulated neurohormonal signalling, cell senescence
and inflammation are particularly relevant for the cardio-
vascular system and might serve as potential entry points
for the treatment of HFpEF.

The hallmarks of cardiovascular aging in HFpEF
Macroautophagy, herein referred to as autophagy, is a
degradative pathway essential for cellular survival and
homeostasis [30]. Autophagy progressively declines
with age, [31, [32] and multiple studies have shown that
genetic reinforcement of such decline causes acceler-
ated cardiac and vascular aging [33-38]. For instance,
cardiomyocyte-specific autophagy protein (ATG) 5
knockout mice exhibit left ventricular systolic and dia-
stolic dysfunctions, exaggerated cardiac hypertrophy,
pronounced effort intolerance, reduced cardiopulmo-
nary functional capacity and shortened lifespan, coupled
to disrupted sarcomere structure, dysfunctional mito-
chondria and increased oxidative stress [34]. Specifically
in HFpEE, myocardial gene expression analysis of septal
biopsies from non-failing and failing human hearts iden-
tified autophagy as a uniquely downregulated pathway in
patients with HFpEF compared to those with HFrEF and
to non-failing controls [39]. Conversely, pharmacological
activation of autophagy via the natural polyamine sper-
midine prevented the development of HFpEF in Dahl
salt-sensitive rats fed a high-salt diet [40]. Similarly, the
autophagy inducer rapamycin effectively attenuated clas-
sical signs of HFpEF, like left ventricular hypertrophy,
fibrosis and diastolic dysfunction, in mouse models of
aging and pressure overload [41, 42].

Along similar lines, the efficiency of cellular proteosta-
sis declines with age [43]. Particularly in cardiomyocytes,
sarcomeres rely on the continuous removal of misfolded
and aggregated proteins via the ubiquitin—proteasome
system and chaperone-mediated autophagy [44-46].
Proteasomal functional analysis of cardiac tissue from
human non-failing donor hearts and hearts with dilated
or hypertrophic cardiomyopathy (HCM) revealed mark-
edly reduced proteasomal proteolytic activity in failing
and HCM hearts compared to controls [47]. The latter
points towards a likely involvement in the pathophysiol-
ogy of HFpEF, which is prevalent among patients with
HCM [48].

Besides impaired protein and organelle quality control,
DNA damage and genomic instability are intimately
linked to advanced age and increased exposure to oxi-
dative stress. Indeed, inefficient DNA damage response
can lead to cellular senescence and inflammation— both
of which are hallmarks of aging [49]. The analysis of
human myocardia from patients with aortic stenosis,
which resembles many features of HFpEF, showed ele-
vated markers of DNA damage in cardiomyocytes, [50]
potentially contributing to cardiomyocyte hypertrophy
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and myocardial fibrosis, and ultimately predisposing the
heart to the development of HFpEFE. Intriguingly, age-
related mutations with significant effects on the cardio-
vascular system primarily occur in the blood and bone
marrow, and not in the heart [29]. Carriers of these
mutations—otherwise known as clonal haematopoiesis
of indeterminate potential (CHIP)—are typically aged
but otherwise healthy individuals. Among these, Tet2
mutations have been identified as an independent risk
factor for HFpEF in a large prospective cohort study, with
8090 participants [51]. A smaller study consisting of 81
patients with HFpEF further showed exacerbated dia-
stolic dysfunction, higher N-terminal pro b-type natri-
uretic peptide (NT-proBNP) levels and worse prognosis
in association with Tet2-mediated CHIP [52]. Along sim-
ilar lines, an aggravated HFpEF phenotype was reported
in bone marrow-specific Tet2-deficient mice subjected to
high-fat diet (HFD) and L-NAME [52]. Mechanistically,
Tet2 mutations have been found to induce a pro-inflam-
matory phenotype through activation of the NLR fam-
ily pyrin domain containing 3 (NLRP3)/interleukine-1
(IL-1p) axis [53]. Besides somatic mutations, age-related
shifts in gene expression can also be caused by a variety
of Epigenetic factors, including DNA methylation, his-
tone modifications and non-coding RNAs (ncRNAs). In
HFpEF, histone modifications through genetic or phar-
macological interventions targeting histone deacetylases
(HDACs) have been shown to attenuate diastolic dys-
function in clinically relevant rodent and feline models,
[54-56] while other epigenetic factors are less under-
stood and will require further investigations.
Mitochondrial dysfunction is a key characteris-
tic of aging and a major pathophysiological mechanism
underlying HFpEF [29, 57]. Impaired mitochondrial
quality control is among the proposed mechanisms of
mitochondrial dysfunction in HFpEF [58], leading to the
accumulation of mitochondrial damage and a mismatch
between ATP production and demand [57]. Supporting
this notion, non-invasive cardiac imaging using 3'P-MRS
revealed significantly reduced cardiac energy reserve [59].
In addition, reduced cardiac energy reserve and ATP pro-
duction have been reported in various preclinical models
of HFpEF [60, 61]. Of note, treatment of ZSF1 obese rats
with an FDA-approved HFpEF therapeutic, the sodium-
glucose cotransporter 2 inhibitor (SGLT2i) empagliflozin,
increased mitochondrial oxygen consumption via resta-
bilising the mitochondrial electron transfer chain [62].
Besides energy metabolism, mitochondria play a crucial
role in the intracellular calcium signalling, redox balance,
anabolic and catabolic processes, inflammation and cel-
lular death. Therefore, mitochondria are considered cen-
tral organelles for multiple HFpEF-relevant pathological
processes that go beyond impaired ATP production [29].
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Another key aspect of aging is cell senescence or the
permanent arrest of cell cycle, with pro-inflammatory
phenotypic alterations. Available evidence implicates the
accumulation of senescent cells in age-dependent cardiac
structural and functional changes [63, 64]. Specifically
in HFpEF, endothelial cellular senescence exacerbated
HFpEF development in senescence-accelerated mice
fed a high-fat/high-salt Western diet [65]. Compared to
chow diet-fed controls, senescence-accelerated mice fed
a Western diet showed worse left ventricular diastolic
function and hypertrophy as well as left atrial dilata-
tion, myocardial fibrosis, lung congestion and exercise
intolerance, coupled to impaired vascular function and
increased inflammation [65].

Furthermore, neurohormonal signalling, includ-
ing the renin—angiotensin—aldosterone system (RAAS),
B-adrenergic signalling and growth hormone signal-
ling, is progressively dysregulated with aging [29].
RAAS and B-adrenergic signalling, in particular, play
a central role in the pathophysiology and treatment of
numerous age-related cardiovascular diseases. With
aging, RAAS-dependent cardiovascular stiffening and
decreased P-adrenergic reserve might predispose the
heart to HFpEF [66]. Indeed, angiotensin-converting
enzyme inhibitors (ACE-Is), angiotensin receptor block-
ers (ARBs), angiotensin receptor-neprilysin inhibitors
(ARNIs), mineralocorticoid receptor antagonists (MRAs)
and B-blockers are all commonly used in the treatment
of several underlying comorbidities of HFpEF, includ-
ing hypertension, ischemic heart disease and arrhyth-
mia, among others [67]. However, with the exception
of mineralocorticoid receptor antagonism, [68] clinical
trials investigating the impact of RAAS modulation and
[B-adrenergic blockade in HFpEF failed to meet their pri-
mary endpoints [67, 69]. Nevertheless, subgroup analy-
ses suggest that HFpEF patients on the lower end of the
ejection fraction (EF) spectrum might still benefit from
ARNI, ARB and MRA treatment to decrease hospital-
izations [70]. Importantly, finerenone, a non-steroidal
MRA, has been shown to improve major cardiovascular
outcomes in patients with HFpEF [68]. Unlike other age-
related neurohormonal dysregulations, insulin/insulin-
like growth factor-1 (IGF-1) signalling exhibits a biphasic
age-dependent relationship to cardiovascular health [71].
While IGF-1 signalling is indispensable in early life, it is
detrimental in aging [71]. In that regard, old mice with
cardiac-specific overexpression of the IGF-1 recep-
tor (IGF-1R) have aggravated cardiac aging, accelerated
HF development and reduced lifespan [71]. Conversely,
genetic ablation or pharmacological inhibition of IGF-
1R reduced cardiac hypertrophy, fibrosis, inflammation,
and extends lifespan in aged mice [72, 73]. Importantly,
although circulating plasma levels of IGF-1 decline in
HFpEEF, cardiac expression of IGF-1R increases, at least
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on a transcriptional level [74]. The down-stream effects
of IGF-1 signalling include disabled autophagy, mito-
chondrial dysfunction, impaired oxidative metabolism
and myocardial bioenergetics, all of which are relevant
pathophysiological mechanisms contributing to HFpEF
[71].

Finally, increased inflammation integrates all these
aging mechanisms and their consequences in HFpEF
pathogenesis. In fact, among the initial attempts to
establish a unifying pathological mechanism underly-
ing HFpEEF, it was postulated that comorbidities induce
systemic and coronary microvascular inflammation as a
potential cause of HFpEF [75]. Indeed, circulating inflam-
matory markers, in particular, high-sensitivity C-reactive
protein (hsCRP), interleukin-6 (IL-6) and tumour necro-
sis factor-a (TNF-a), are significantly associated with
incident HFpEF [76, 77]. Besides circulating inflamma-
tory markers, inflammation of the myocardium itself was
observed in cardiac biopsies from patients with HFpEF,
revealing increased infiltration of macrophages, dendritic
cells and CD3 " T-cells, which were closely associated
with increased fibrosis and extracellular matrix remodel-
ling [78, 79]. In this vein, inhibition of the NLRP3/IL-1p
axis ameliorated cardiac dysfunction, fibrosis and inflam-
mation in preclinical models of HFpEF [80, 81]. Notably,
however, only a few clinical trials investigating immuno-
modulating therapies in HFpEF have been reported,
with mixed outcomes. In the DHART trial, IL-1 recep-
tor inhibition with anakinra reduced systemic inflam-
mation and increased exercise capacity [82]. However,
a slightly larger follow-up trial failed to reproduce the
effects on exercise capacity, despite reducing hsCRP and
NT-proBNP levels [83]. Notably, the extent of systemic
inflammation is associated with phenotypic differences
between HFpEF patients, [84] indicating that immuno-
modulating therapies might prove more beneficial in
patients with elevated inflammatory markers. Regard-
less, outcomes of future and ongoing trials, like COLpEF,
which is investigating the anti-inflammatory effects of
colchicine in HFpEF, [85] will elucidate whether and how
HFpEF can be optimally treated using anti-inflammatory
interventions.

Taken together, the hallmarks of cardiovascular aging
are markedly pronounced in HFpEF, suggesting acceler-
ated biological aging in affected individuals. Although
the pathophysiological relevance of each mechanism
may vary in HFpEF, compelling evidence suggests that
impaired autophagy, mitochondrial dysfunction, neuro-
hormonal signalling, and inflammation are key drivers of
HFpEEF. Given the intricate interconnections among these
aging hallmarks and their direct or indirect contribu-
tions to the systemic derangements observed in HFpEF,
29] each hallmark- either alone or in combination with
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others— could represent a potential mechanistic target
for novel therapeutic interventions in HFpEF.

Caloric restriction: the unattainable holy grail of
longevity

CR is defined as a reduction of calorie intake without
malnutrition. This can be implemented by reducing meal
sizes without prolonged fasting periods, aiming for a CR
of around 20-30%, or with time-restricted eating peri-
ods (i.e. intermittent fasting [IF]), such as: (i) alternate-
day fasting (ADF), with eating only every other day; (ii)
periodic fasting or arrhythmic IF, with two consecutive
or dispersed fasting days per week; or (iii) time-restricted
eating (TRE), with defined daily eating windows [86].
Rodent model organisms are commonly calorically
restricted by being offered pre-weighed food allotments
aimed at a 10-50% CR, which is much simpler than
counting the actual amount of calories in rigorously con-
ducted human studies [87]. However, rodents offered one
meal per day are most likely to indulge in the provided
food portion quickly, resulting in prolonged fasting peri-
ods between consecutive meals, mimicking IF. Besides
that, the potential of overeating in periods with access to
food has to be considered in human and rodent studies
[86]. Irrespective of the regimen of CR or fasting, dietary
restriction remains the gold standard to increase lifes-
pan and promote healthy aging [86, 88—90]. CR extends
lifespan up to 28% in mice, independently of genetic
background, and this can be further prolonged through
circadian alignment of feeding and fasting periods [91—
93]. CR also prolongs lifespan and prevents the develop-
ment of age-related morbidities in non-human primates
[94, 95]. CR in humans has been also shown to attenuate
signs of cardiovascular aging, including reduced ventric-
ular and vascular stiffness, lowered blood pressure, and
improved cardiac function in the form of alleviated dia-
stolic dysfunction [96, 97].

Nutrient deprivation during CR and fasting induces a
metabolic switch towards catabolic pathways, particu-
larly autophagy induction, via several nutrient-sensing
pathways, such as AMP-activated kinase (AMPK). AMPK
is a key sensor of the cellular energy status and is acti-
vated by an increased AMP-to-ATP ratio upon reduced
nutrient supply [98, 99]. Active phospho-AMPK inhibits
the mechanistic target of rapamycin (mTOR) by direct
phosphorylation of the mTORCI subunit, [100] which is
crucial in the regulation of cell growth by integrating ana-
bolic signals like insulin or IGF-1 [101]. Inhibition of the
mTOR signalling pathway has been shown to promote
longevity in yeast, [102] flies, [103] nematodes [104] and
in mice [105, 106]. In the fasted state, AMPK activation
and mTOR inhibition also culminate in the activation
of autophagy through AMPK-mediated phosphoryla-
tion and activation of unc-51 like autophagy activating
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kinase 1 (ULK1), which otherwise can be counteracted by
active mTORC1 [107]. Furthermore, mTOR can inhibit
the transcription factor EB (TFEB) and thereby sup-
press the expression of lysosomal and autophagy-related
genes [108-110]. In addition, the insulin/IGF-1 pathway
is involved in the regulation of autophagy, [111, 112] as
it mediates the phosphatidylinositol-3-kinase (PI3K)/
AKT signalling cascade, [111, 113, 114] known to activate
mTORCI [115, 116]. Besides attenuated mTORC]1 activa-
tion, reduced IGF-1 signalling during CR or fasting exerts
pro-autophagic actions by activating transcriptional acti-
vators of autophagy, including TFEB and forkhead-box
O (FOXO) [117-119]. Alternatively, autophagy can be
initiated through the nicotinamide adenine dinucleotide
(NAD")-dependent deacetylase Sirtuin-1 (SIRT-1), which
is activated by CR [120, 121]. In fact, CR upregulates
SIRT-1 expression, [121-123] thereby activating autoph-
agic flux through the deacetylation of essential autophagy
machinery proteins, like ATG5, ATG7 or ATGS8 [122].
Accordingly, mice lacking SIRT-1 do not show lifespan
extension upon CR [124].

Mechanistically, downstream activation of autoph-
agy is especially important in the clearance of dysfunc-
tional mitochondria (i.e. mitophagy) that accumulate
during aging [125]. Enhanced production of reactive
oxygen species (ROS) in aged mitochondria, or accu-
mulating mitochondrial DNA (mtDNA) released from
leaky organelles can trigger inflammatory responses or,
in the case of released caspases or nucleases can even
lead to cell death [19]. In the model organism C. elegans,
CR and IF restored the age-related imbalance in mito-
chondrial network remodelling via AMPK and increased
mitochondrial fatty acid oxidation [126]. Besides autoph-
agy, chronic low-grade inflammation in aging, known
as inflammaging, [127] is also improved upon CR and
fasting [116, 128]. Recently, analysis of transcriptional
changes demonstrated that CR in aged rats rejuvenates
the age-related pro-inflammatory state [129]. Specifically,
the polarization to pro-inflammatory M1 macrophages
is redirected towards anti-inflammatory M2, as well as
reduced neutrophil migration into peripheral tissues
and attenuated pro-inflammatory signalling (e.g. TNFaq,
IL1B, IL-6) in calorically restricted animals [129, 130].
Prolonged 25% CR has been also shown to lower the age-
related increase in circulating pro-inflammatory cyto-
kines, an effect that correlated with improved diastolic
dysfunction in humans [96].

Caloric restriction in HFpEF

Patients with metabolic syndrome, who are typically at
risk of HFpEF, exhibit reduced body weight and improved
blood pressure, lipid profile and glucose homeostasis
in response to CR and TRE [131, 132]. Specifically in
obese, aged patients with HFpEF, CR (either alone or in
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combination with physical exercise) improved quality of
life, enhanced exercise capacity and lowered LV mass,
body weight, body fat mass and inflammation [133, 134].

Mechanistically, it is plausible to speculate that CR
protects from HFpEEF, at least in part, through autophagy
induction because autophagy-related genes and pro-
teins are downregulated in humans and rodents with
HFpEE, respectively [34, 39, 135, 136]. In support of this
assumption, CR improved diastolic dysfunction, coin-
ciding with suppressed mTOR and increased ratio of
LC3B-II/LC3B-I (microtubule-associated protein 1 light
chain 3B) in aged rats [137]. Among autophagy subrou-
tines, impaired mitophagy might be particularly relevant
in the pathogenesis of HFpEF due to associated mito-
chondrial dysfunction [29]. Recent studies show that
although global cardiac autophagy is reduced in response
to HFpEF risk factors, like obesity and increased after-
load, ULK1-dependent alternative mitophagy is acti-
vated—albeit insufficiently—to counteract severe cardiac
decline in preclinical models of diabetic and hyper-
trophic cardiomyopathy [138, 139]. However, experi-
mental HFpEF, induced by a two-hit model combining
obesity and hypertension, displayed blunted cardiac
mitophagy, coupled with impaired metabolic adaptation
due to inadequate fatty acid oxidation (FAO) and mito-
chondrial dysfunction, which could be counteracted by
reactivating mitophagy or stimulating FAO [58, 140].
Since both mitophagy and FAO are upregulated dur-
ing fasting and CR, [141-146] these findings highlight
the potential involvement of mitophagy/autophagy and
FAO in the anti-HFpEF effects of fasting and CR. Indeed,
fasting appears to mechanistically depend on poly-
amine-induced autophagy and mitophagy to promote
healthspan and lifespan in aged mice [147]. Since dam-
aged mitochondria can also elicit significant inflamma-
tory responses, the anti-inflammatory effects of CR are
possibly mediated through mitochondrial quality con-
trol. Using a 3-hit mouse model HFpEF induced by obe-
sity, aging and hypertension, a vicious cycle of enhanced
NLRP3-inflammasome activation and mitochondrial
dysfunction could be counteracted by supplementation
of the ketone body B-hydroxybutyrate that also amelio-
rated HFpEF in these mice [81]. Notably, CR and fasting
are known to significantly upregulate ketone body pro-
duction and increase their consumption as an alternative
fuel for cellular energy homeostasis [148]. Indeed, ADF
attenuated age-related cardiac inflammation and remod-
elling in aged rats, [149, 150] whereas in humans, the
cardioprotective actions of CR correlated with reduced
inflammatory markers [96, 151].

In sum, accumulating evidence strongly suggests that
CR and fasting can positively impact various aging mech-
anisms to improve cardiac health in HFpEF and associ-
ated risk factors, like aging, obesity, and hypertension
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(Fig. 1). However, implementing restrictive dietary regi-
mens could potentially entail adverse effects such as
reduced immunity, body temperature, bone density and
lean mass, which can subsequently increase the risk of
infections, falls and frailty, especially in older patients
[86, 152, 153]. Additionally, CR has been associated with
a decrease in sex hormone levels in sedentary and obese
post-menopausal women, [154] who are at high risk for
HEFpEF [155]. Similarly, healthy middle-aged men who
underwent long-term CR (with a mean duration of 7.4
years) had lower levels of total testosterone compared to
controls, [156] which might favour HFpEF development
due to the associated adverse effects on metabolic health
[157]. That said, the effect of CR on testosterone levels
appears to be dependent on body weight, as multiple
studies have reported an increase in testosterone levels
in obese men who underwent CR [158]. Furthermore, a
recent study investigating the impact of 25% CR and TRE
in males and females with obesity did not detect signifi-
cant changes in any sex hormones, including in pre- and
post-menopausal women, relative to controls [159]. This
highlights the need for further studies investigating the
impact of CR on sex hormones, preferably in the context
of HFpEF.

Irrespectively, even though modified fasting regimens
and concomitant resistance or endurance training and
food supplements are increasingly proposed to resolve
these issues, [160—164] poor adherence to fasting and CR
undermines the feasibility of dietary interventions as a
long-term treatment option [165, 166]. Thus, pharmaco-
logical alternatives that can mimic the benefits of CR and
fasting, especially in old and obese patients with HFpEF,
are needed.

Caloric restriction mimetics

CRMs are natural and synthetic pharmacological com-
pounds capable of replicating certain metabolic effects
of CR without the need to reduce food intake [167].
Specifically, CRMs converge on their ability to induce
autophagy and counteract obesity through different
mechanisms (Table 1). These include protein deacety-
lation via acetyl-CoA depletion, acetyltransferases inhi-
bition or deacetylases activation, suppression of appetite
and nutrient-sensing signalling and stimulating ketogen-
esis, among others [168].

Experimental caloric restriction mimetics

Inhibitors of acetyl-CoA synthesis

Protein acetylation can occur enzymatically via lysine
acetyltransferases (KATs) or through a non-enzymatic
reaction, with acetyl-CoA serving as the sole acetyl-group
donor. Accordingly, a reduction in cytosolic acetyl-CoA
decreases protein acetylation, thereby inducing autoph-
agy [169]. Hydroxycitric acid (HCA) lowers the cytosolic
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acetyl-CoA pool by competitive inhibition of ATP citrate
lyase, leading to autophagy induction in multiple tis-
sues and cell types, including the myocardium [169].
Furthermore, HCA reduced the body weight of mice in
an autophagy-dependent fashion [169]. Beyond weight
loss, HCA treatment elicited multiple systemic and car-
diometabolic benefits in male obese Zucker rats, [170]
known to develop a HFpEF-like phenotype [171]. Spe-
cifically, HCA-treated rats had lower body weight, insulin
resistance and oxidative stress compared to non-treated
controls. Notably, HCA treatment also decreased circu-
lating levels of inflammatory markers, such as CRP and
IL-6, which are typically elevated in HFpEF [170]. Along
similar lines, another study reported salutary effects of
HCA in male rats with pulmonary hypertension, includ-
ing reduced right ventricular pressures and remodelling,

along with reduced inflammatory markers and oxidative
stress [172]. Nonetheless, direct studies investigating the
effects of HCA on cardiac parameters in genuine mod-
els of HFpEF are lacking. Similarly, future HFpEF studies
should investigate the impact of bempedoic acid, another
ATP citrate lyase inhibitor that lowers acetyl-CoA levels.
Given its established safety and efficacy profile in cardio-
vascular patients, [173] bempedoic acid might be even a
more promising CRM candidate than HCA.

Perhexiline and its derivative perhexiline maleate
reduce acetyl-CoA levels via inhibiting carnitine O-pal-
mitoyl transferase 1, thereby decreasing mitochondrial
fatty acid uptake and inducing autophagy [168, 174].
Perhexiline, which can also activate autophagy through
mTOR suppression, is an already established phar-
macological intervention for angina [175]. Moreover,
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Table 1 Caloric restriction mimetics and their effects in animal models with or at risk of HFpEF
Condition Compound Molecular target(s) Model(s) Treatment effect(s) Ref
At risk of Hydroxycitric ACLY ZDF obese rats Monocro-  Reduced obesity, insulin resistance, oxidative stress and [170,
HFpEF acid taline/hypoxia induced inflammation Reduction in right ventricular pressures/ 172]
pulmonary hypertension  hypertrophy, reduced inflammation
in rats
HFpEF Curcumin EP300/AMPK Dahl salt-sensitive rats Reduced cardiac hypertrophy [183]
Spermidine EP300 Dahl salt-sensitive rats Reduced blood pressure, cardiac hypertrophy, diastolic [40]
dysfunction, inflammation and pulmonary congestion;
Nephroprotection
Berberine DRP1/mTOR/SIRT-1 Mice fed HFD and L-NAME  Improved cardiac and mitochondrial function, improved  [207]
Ca’* handling
Resveratrol SIRT-1/GATA Mice subjected to Improved cardiac dysfunction and reduced hypertrophic  [209]
uninephrectomy and signalling
aldosterone
Nicotinamide NAD*/Sirtuins ZSF1 obese rats Mice fed Improved cardiac function and metabolism, and de- [60,
HFD and L-NAME creased cardiomyocyte stiffness 190]
Nicotinamide NAD*/Sirtuins Mice fed HFD and L-NAME  Improved cardiac function and increased fatty acid [191,
riboside oxidation 192]

Abbreviations: ACLY, ATP citrate lyase; AMPK, AMP-activated kinase; DRP1, dynamin-related protein 1; EP300, E1A binding protein p300; HFD, high-fat diet; HFpEF,
heart failure with preserved ejection fraction; GATA, GATA binding protein; L-NAME, N’ nitro-l-arginine methyl ester; mTOR, mechanistic target of rapamycin; SIRT-

1, sirtuin-1; NAD*, nicotinamide adenine dinucleotide (oxidized form)

perhexiline has shown promise in treating patients with
HCM, [176] as it improved myocardial bioenergetics,
denoted by an increased PCr/ATP ratio, reduced dia-
stolic dysfunction, enhanced exercise capacity and atten-
uated symptomatic burden. These improvements were
accompanied by reduced plasma glucose and fatty acid
levels, suggesting increased cardiac substrate utilization
by perhexiline. This might be particularly beneficial in
the HFpEF myocardium, where energy metabolism and
metabolic flexibility are impaired [61, 176]. Thus, given
that patients with HCM often progress to clinically evi-
dent HFpEF, testing perhexiline in patients with HFpEF
is warranted.

Inhibitors of Acetyltransferases

Inhibition of acetyltransferases, in particular E1A bind-
ing protein p300 (EP300), activates autophagy not only
by reducing the acetylation status of proteins involved in
autophagosome formation, [168] but also through inhib-
iting mTOR [177]. Besides its effect on autophagy, EP300
is involved in the regulation of cardiac hypertrophic and
pro-fibrotic gene expression by interacting with myo-
cyte enhancer factor 2 (MEF2), GATA and SMAD [178].
EP300 overexpression in transgenic mice induced dose-
dependent cardiac hypertrophy and premature death due
to heart failure [179]. Notably, failing human hearts with
ischemic or dilated cardiomyopathy had an increased
EP300 activity compared to non-failing controls [179].
Thus, EP300 inhibition might exert cardioprotective
effects through simultaneous activation of autophagy
and reduction of hypertrophic and pro-fibrotic gene
expression.

Indeed, the natural polyamine spermidine, which
inhibits EP300, extends the lifespan and cardiac health-
span in mice [40, 168]. Late-in-life administration of
spermidine reduced age-dependent cardiac hypertro-
phic remodelling and diastolic dysfunction, rejuvenated
cardiomyocyte composition and reduced inflammation
[40]. Furthermore, spermidine improved mitochondrial
morphology, biogenesis and function in cardiomyocytes
from aged mice and rats [180, 181]. Aged rats treated
with spermidine also exhibited SIRT-1 activation, leading
to increased mitochondrial biogenesis via downstream
deacetylation of PPARy coactivator 1 alpha (PGCl-a)
[180]. This resulted in improved mitochondrial oxidative
phosphorylation and lower ROS production, and coin-
cided with a reduced number of senescent cells [180].
Along similar lines, aged mice treated with spermidine
had more mitochondria and a smaller degree of mito-
chondrial disorganisation [181]. Notably, spermidine
levels progressively decrease in the human myocardium
with aging and obesity, [29, 182] and are negatively asso-
ciated with inflammation, oxidative stress, hypertension,
cardiac remodelling and dysfunction [182]. These find-
ings indicate that a reduction in cardiac spermidine levels
due to aging or concomitant comorbidities might con-
tribute to the development of HFpEF. Indeed, spermidine
supplementation protected from HFpEF development in
male Dahl salt-sensitive rats fed a high-salt diet [40]. Spe-
cifically, spermidine delayed the onset of hypertension
and reduced cardiac hypertrophy, diastolic dysfunction,
lung congestion and circulating inflammatory markers.
Additionally, spermidine-treated Dahl rats had increased
renal autophagy along with less severe hypertensive
kidney injury, supporting the notion that extra-cardiac
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effects might be beneficial, if not required, for HFpEF
treatment [40]. Notably, the cardioprotective effects of
spermidine appear to be largely dependent on autophagy,
since they were absent in autophagy-deficient mice [40].

Curcumin is another natural compound that inhibits
EP300, induces autophagy and can protect from HFpEF
[177, 183]. Both curcumin and its active metabolite, tet-
rahydrocurcumin, have shown benefits in models of
HFpEF risk factors, including obesity and aging. For
instance, curcumin exerted cardioprotective effects,
while activating autophagy and inhibiting apoptosis in
a model of diabetic cardiomyopathy induced by strep-
tozotocin and HFD [184]. Cardiac autophagy in these
mice was induced through AMPK activation and the
downstream phosphorylation of BCL-2 and BIM, reduc-
ing their binding to BECLINI, thereby making it avail-
able for autophagy induction [184]. This highlights the
potential of curcumin to activate autophagy via alterna-
tive targets to acetyltransferases. Mice fed tetrahydrocur-
cumin also exhibited an extended lifespan compared to
controls when treated from a young age [185]. Beyond
HFpEEF risk factors, curcumin has been shown to reduce
cardiac hypertrophy and protect against HFpEF devel-
opment in Dahl salt-sensitive rats [183]. Notably, this
effect was independent of blood pressure modulation,
but was attributed to reduced GATA4 acetylation, which
diminished the transcription of hypertrophic genes,
such as ANF and B-MHC. Furthermore, EP300 levels
were elevated in Dahl salt-sensitive rats, supporting the
involvement of EP300 in hypertensive heart disease and
related HFpEF in these rats [183]. Despite these prom-
ising preclinical results, a clinical trial investigating the
effects of curcumin in hypertensive heart disease with
preserved EF resulted in neutral outcomes. The primary
endpoint of diastolic dysfunction, measured by E/e, was
not improved after curcumin treatment for 24 weeks,
although curcumin prevented an increase in BNP levels
[186].

Activators of deacetylases

Major HFpEEF risk factors, including aging, obesity and
hypertension are all associated with a decline in cellu-
lar levels of nicotinamide adenine dinucleotide (NAD™),
[187] and this decline is further exacerbated after the
onset of HFpEF both in animals and humans [60, 188,
189]. Since NAD" is the rate-limiting substrate for sir-
tuin deacetylases, its replenishment represents another
strategy to reduce protein deacetylation, induce autoph-
agy and attenuate age- and obesity-related cardiometa-
bolic disorders, including HFpEF [187]. Indeed, oral
supplementation with the NAD® precursor nicotin-
amide effectively elevated cardiac NAD" levels and pre-
vented the development of HFpEF in preclinical models
involving single and multiple hits of aging, obesity and
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hypertension [60, 190]. Both female and male rats and
mice treated with nicotinamide exhibited improved dia-
stolic function, reduced myocardial hypertrophy and
lung congestion, along with enhanced exercise tolerance
and cardiopulmonary function capacity. In ZSF1 obese
rats with HFpEF, nicotinamide reduced body weight
and induced a metabolic shift from glycolysis to FAO,
restoring myocardial energy reserves. Furthermore,
nicotinamide reinstated SIRT-1 expression and reduced
SERCA2a and titin acetylation, resulting in reduced
myocardial stiffness [60]. Nicotinamide riboside is
another NAD™ precursor that showed efficacy in murine
HEFpEF models induced by the combination of HFD and
L-NAME (two-hit model) or by HFD, aging and desoxy-
corticosterone pivalate (three-hit model) [191, 192]. Nic-
otinamide riboside reduced the acetylation of enzymes
involved in FAO and restored their functional capacity,
possibly due to increased activity of the mitochondrial
deacetylase SIRT-3 [191]. However, a study performed in
SIRT-3 knockout mice suggested that the cardioprotec-
tive effect of nicotinamide riboside might be independent
of SIRT-3-mediated mitochondrial protein deacetylation,
at least in models of pressure overload-induced HFrEF
[193]. Notably, NAD" repletion seems more efficacious
in reversing experimental HFpEF induced by HFD and
L-NAME than dietary intervention to reduce weight,
[189] suggesting that restoring NAD™ levels exerts ben-
eficial effect beyond improving comorbidities. Thus,
more research is warranted to elucidate the molecular
mechanisms that underpin the cardioprotective benefits
of NAD" replenishment. Similarly, although sirtuins have
been shown to play a crucial role in the regulation of car-
diac autophagy, [194, 195] the extent to which autophagy
contributes to the beneficial effects of NAD™ precursors
in HFpEF remains to be elucidated.

Other CRMs in this class include polyphenols, such as
berberine and resveratrol, which are proposed to act as
sirtuin activators. However, it is important to note that
the specificity of these nutraceuticals is uncertain, and
they have been shown to interact with other molecular
targets [196—200]. Irrespectively, berberine has shown
efficacy in delaying aging, [201-203] and its metabolite
tetrahydroberberrubine has been shown to enhance car-
diac autophagy, thereby improving cardiac dysfunction
in mice with accelerated aging induced by D-galactose
as well as in mice and rats exposed to pressure overload
[204—-206]. Berberine treatment protected from HFpEF
development in mice subjected to HFD and L-NAME
[207]. In doing so, berberine activated cardiac autophagy,
leading to improved mitochondrial function, cardiomyo-
cyte calcium handling and mechanical properties during
diastole. Along similar lines, resveratrol has been shown
to induce autophagy, delay aging and extend the lifespan
of metabolically-stressed mice [121, 208]. Furthermore,
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resveratrol treatment prevented the development of dia-
stolic dysfunction and attenuated myocardial hypertro-
phy, fibrosis, inflammation and ROS damage in a murine
model of HFpEF induced by uninephrectomy and aldo-
sterone administration [209]. Mechanistically, these
cardioprotective effects were attributed to SIRT-1-de-
pendent deacetylation of SMAD3, counteracting the pro-
fibrotic activation of TGF-f signalling [209].

Clinically approved caloric restriction mimetics
SGLT2 inhibitors
The clinical management of HFpEF has dramatically
evolved in recent years, largely due to sodium-glucose
cotransporter 2 inhibitors (SGLT2i) [210]. The SGLT2i
dapagliflozin and empagliflozin have both demonstrated
efficacy in reducing the rate of cardiovascular death or
HF hospitalisation in patients with HFpEF [211, 212].
Importantly, these beneficial effects are observed regard-
less of diabetes status, [213] suggesting that the underly-
ing mechanisms extend beyond lowering plasma glucose
levels. While the exact molecular mechanisms underlying
the cardioprotective actions of SGLT2i remain to be fully
elucidated, evidence indicates that they recapitulate key
aspects of caloric restriction, positioning them as puta-
tive CRMs [214]. Of note, SGLT2 inhibition results in
glucose excretion that is equivalent to an estimated loss
of 150-350 kcals per day, [215] roughly 5-10% reduc-
tion in the average daily caloric intake [216]. This caloric
deficit, albeit modest, appears to trigger a metabolic shift
toward increased ketone body production, characterized
by body weight loss and nutrient-deprivation signalling,
coupled to induced autophagy and mitochondrial bio-
genesis— all of which are bona fide hallmarks of CR [217].
Mechanistically, although higher ketone body availabil-
ity is associated with cardioprotection, [218] including
in HFpEF models, [81] the rise in ketone bodies induced
by SGLT2i is modest and per se cannot entirely explain
the benefits of SGLT2i treatment [219, 220]. Various
reports have suggested a direct interaction of SGLT2i
with mTOR, SIRT-1 and SIRT-3, [221-223] while oth-
ers proposed an indirect suppression through ketone
body-dependent signalling [219]. Furthermore, avail-
able evidence suggests that SGLT2i inhibit the glucose
transporter GLUT1 in cardiomyocytes, reducing glu-
cose uptake and leading to mTOR inhibition and AMPK
activation. Thus, SGLT2i modulate the activity of major
nutrient-sensing pathways, [219] which are disrupted
in HFpEF due to accumulating metabolic intermediates
[224]. In parallel, SGLT2i promote fatty acid uptake and
oxidation, further reducing the accumulation of inter-
mediate metabolites and restoring the balance between
glycolysis and oxidative phosphorylation [219, 225]. Acti-
vation of AMPK and sirtuins and inhibition of mTOR
subsequently increases autophagic flux, [223, 226, 227]
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and induces mitochondrial biogenesis through PGCI1-a
[219, 228]. SGLT2i also exhibit anti-inflammatory prop-
erties involving reduced NLRP3 activation, NF-kB sig-
nalling and IL-1B/IL-6 secretion, which have been linked
to AMPK activation and the anti-inflammatory proper-
ties of ketone bodies [229]. Of note, disrupted mitophagy
has been shown to aggravate the activation of NLRP3
inflammasome through the cytosolic escape of mtDNA
that triggers cGAS/STING pathway [230, 231]. This find-
ing points towards an anti-inflammatory mechanism of
SGLT?2i via increasing mitophagy, [232] and supports the
observation that mitophagy is not adequately activated in
HFpEF [58]. Notably, SGLT2 inhibition also increases the
clearance of senescence cells, indicating that SGLT2i also
delay aging like CR and other CRMs [233, 234].

Taken together, SGLT2i exert cardioprotective effects
through multiple mechanisms reminiscent of CR, includ-
ing weight loss, ketogenesis and nutrient-deprivation
signalling, which converge on autophagy induction and
improved mitochondrial quality control. Indeed, the
protective effects of SGLT2i were absent, at least in the
kidneys, of autophagy-deficient mice [235]. However, as
the majority of these mechanistic studies were not con-
ducted in HFpEF, further research is warranted to sys-
tematically examine the relevance and contribution of
these different mechanisms in genuine models of HFpEF.
Besides, SGLT2i have been associated with an increased
risk of genital and urinary tract infections as well as
hypotension in patients with HFpEF [212]. These risks
could potentially be mitigated in the future by leveraging
novel mechanistic insights to develop more targeted and
refined interventions.

Glucagon-like peptide-1 receptor agonists

Glucagon-like peptide-1 receptor agonists (GLP-1RA)
have demonstrated efficacy in lowering body weight and
improving outcomes in obesity-related HFpEF, thereby
mimicking aspects of CR. A pooled analysis of the STEP-
HFpEF, STEP-HFpEF DM, SELECT and FLOW trials,
including 3743 participants, showed that the GLP-1RA
semaglutide significantly reduced the risk of cardiovascu-
lar death or HF worsening, [236] independent of diabe-
tes status. Follow-up subgroup analyses revealed greater
benefits in patients with severe obesity (BMI>35 kg/
m?). However, although greater weight loss was asso-
ciated with more pronounced HF improvements, the
observed benefits cannot be attributed to weight reduc-
tion alone. Despite comparable weight loss, patients with
more severe HF exhibited stronger treatment effects than
those with less severe disease. Moreover, female patients
and those without diabetes achieved more weight loss
than males and diabetic patients but exhibited compa-
rable improvements in outcomes. Kaplan—Meier analy-
sis also indicate that cardiovascular benefits emerge
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before significant weight loss [236]. Along similar lines,
the GLP-1RA albiglutide significantly reduced the risk of
major adverse cardiovascular events in diabetic patients
without a significant effect on bodyweight [237]. More
recently, tirzepatide, a dual agonist of both GLP-1R and
glucose-dependent insulinotropic peptide (GIP) recep-
tors that has a more pronounced weight-lowering effect
than classical GLP-1RAs [238] improved major outcomes
in patients with HFpEF in the SUMMIT trial [239].

GLP-1RAs lower body weight by modulating satiety
and ingestion through central hypothalamic effects as
well as peripheral mechanisms, such as delayed gastric
emptying and reduced nutrient absorption [240]. Con-
sequently, the adverse effects associated with modern
long-acting GLP-1RAs primarily revolve around gastro-
intestinal discomfort [241]. Regardless, the reduction
in caloric intake varied between trials, ranging between
16-39% [242]. This significant decrease in nutrient avail-
ability inevitably affects nutrient-sensing pathways.
Indeed, administration of GLP-1RA or increasing endog-
enous GLP-1 activated AMPK signalling and inhibited
mTOR activation with a subsequent increase in autopha-
gic flux across multiple tissues, including the heart [243—
250]. For instance, liraglutide protected against diabetic
cardiomyopathy in ZDF rats in an autophagy-dependent
manner [245]. Furthermore, increasing GLP-1 availabil-
ity activated autophagy in the perivascular adipose tissue
and improved vascular function, while reducing inflam-
matory signalling, potentially contributing to the blood
pressure-lowering properties of GLP-1RA [246].

It is becoming increasingly clear that GLP-1RA induce
systemic metabolic changes similar to CR, including
improved glucose homeostasis, enhanced lipid profile,
reduced blood pressure and inflammation with pleio-
tropic effects across organs relevant for HEpEF, such as
adipose tissue, liver, kidneys, blood vessels and the heart
[240]. Notably, semaglutide treatment exerts more pro-
nounced cardioprotective effects than CR in a murine
model of HFpEF induced by aging, obesity and hyperten-
sion, [251] denoting additional GLP-1R-mediated effects
independent of weight loss and reduced caloric intake.
This is supported by the broad expression of GLP-1R
in various cell types and tissues [252]. However, avail-
able evidence indicates that GLP-1R signalling may have
limited relevance for the heart, since GLP-1R-deficient
mice were still protected against cardiac dysfunction by
liraglutide, at least in the setting of myocardial infarction
[253].

In sum, mounting preclinical and clinical evidence
indicates that GLP-1RAs, which act through mecha-
nisms reminiscent of CR, is another CRM drug class with
proven efficacy especially in patients with obesity-related
HEpEE.
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Future perspectives and concluding remarks
Extensive research efforts over the past decade have
transformed our understanding of the biology of aging
and its role in HFE. Considering that traditional risk fac-
tors account for only about 53% of the attributable risk
for HF in the elderly, [254] the hallmarks of aging are
becoming increasingly recognized as potential therapeu-
tic targets in HFpEF. The ability to modify the molecular
and cellular hallmarks of aging to alter the pathophysi-
ology of HFpEF offers the exciting possibility that aging
itself could represent a new area for therapeutic target
discovery in HFpEF. Indeed, experimental CRMs with
healthspan-promoting effects have gained traction in
the field. While the mechanisms mediating the benefits
of these experimental compounds in HFpEF are multi-
factorial and remain to be fully elucidated, their CR-like
effects have spurred efforts to specifically target meta-
bolic remodelling in HFpEF for therapeutic benefits. This
knowledge has yielded novel targets to prevent, delay or
even treat HFpEF (Fig. 2), but ensuring their translation
to patients is needed and requires investments into fur-
ther drug discovery and large-scale outcome trials.

In this regard, controlled randomized HFpEF stud-
ies, considering careful dose adaptation from rodent to
human studies, are needed to allow comparisons of clini-
cally effective CRMs (i.e. SGLT2i and GLP-1RA) with
emerging CRMs that have been experimentally validated.
In particular, mounting evidence indicates that NAD*
precursors might become an alternative or an addition to
SGLT2i and GLP-1RA, pending future studies identify-
ing potential subgroups of patients with HFpEF, who are
most likely to benefit from these putative CRMs. Mov-
ing forward, careful monitoring of any potential long-
term adverse effects will be critical to ensure that they
are clinically safe. Alternatively, repurposing currently
used drugs with established safety profile and CR-like
features might be worth considering. For example, met-
formin, which is a synthetic anti-diabetic biguanide and
a CRM candidate drug, might be a viable option. Indeed,
post-hoc analyses of clinical trials indicated that metfor-
min potentially lowers mortality and hospitalisations in
HFpEF, [255, 256] and two ongoing clinical trials are now
testing metformin in patients with HFpEF [257, 258].
Collectively, progress in the development and testing of
CRMs that impact shared biology of human aging and
HFpEF will ultimately enhance their translational success
rate and likely change the trajectory of HFpEF in older
and obese adults.
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