Current Heart Failure Reports (2022) 19:63-74
https://doi.org/10.1007/511897-022-00546-1

TRANSLATIONAL RESEARCH IN HEART FAILURE (M. HOES, SECTION EDITOR) q

Check for
updates

Targeting the Metabolic-Inflammatory Circuit in Heart Failure With
Preserved Ejection Fraction

En Ping Yap'%3 . Myu Mai Ja Kp' - Chrishan J. Ramachandra'2

Accepted: 25 March 2022 / Published online: 11 April 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Purpose of Review Heart failure with preserved ejection fraction (HFpEF) is a leading cause of morbidity and mortality. The
current mechanistic paradigm supports a comorbidity-driven systemic proinflammatory state that evokes microvascular and
myocardial dysfunction. Crucially, diabetes and obesity are frequently prevalent in HFpEF patients; as such, we review the
involvement of a metabolic-inflammatory circuit in disease pathogenesis.

Recent Findings Experimental models of diastolic dysfunction and genuine models of HFpEF have facilitated discovery of
underlying drivers of HFpEF, where metabolic derangement and systemic inflammation appear to be central components of
disease pathophysiology. Despite a shared phenotype among these models, molecular signatures differ depending on type
and combination of comorbidities present.

Summary Inflammation, oxidative stress, hypertension, and metabolic derangements have been positioned as therapeutic
targets to suppress the metabolic-inflammatory circuit in HFpEF. However, the stratification of unique patient phenogroups

within the collective HFpEF subgroup argues for specific interventions for distinct phenogroups.

Keywords Heart failure with preserved ejection fraction - Diastolic dysfunction - Inflammation - Metabolic syndrome -

Microvascular dysfunction - SGLT2 inhibitors

Introduction

Approximately 64.3 million people are living with heart
failure (HF) globally [1], with absolute numbers poised to
increase due to global population growth, ageing communi-
ties, and reductions in mortality following improvements in
preventive care [2]. HF is a heterogeneous syndrome with
diverse aetiology; as such, left ventricular ejection fraction
(LVEF) is commonly used as a clinical marker to distin-
guish between various forms of HF (hereafter, referred to as
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subgroups) and to determine patient response to therapy. In this
regard, HF patients can be categorised as those with reduced
(LVEF <40%), mid-range (LVEF 40-49%), or preserved ejec-
tion fraction (LVEF >50%) [3]. However, these criteria differ
across guidelines and hamper the estimation of HF incidence,
hospitalisation, and mortality rates. Interestingly, network
analysis of biomarker profiles revealed distinct differences
between patients with reduced (HFrEF), midrange (HFmrEF),
and preserved (HFpEF) ejection fraction [4], which support
differences in pathophysiology between HF subgroups, and
argues for the possibility of clearly distinct syndromes.
Despite these differences, there is considerable overlap
between HF subgroups. Adverse remodelling and cardiac
dysfunction are typical presentations in HF patients and
are thought to be mediated by an inflammatory response.
Indeed, an increase in circulating inflammatory markers is
associated with disease severity and poorer prognosis in
patient subgroups [5, 6]. However, myocardial and systemic
inflammation in the setting of HFrEF is likely to be sec-
ondary in response to the primary insult of cardiomyocyte
loss, while systemic inflammation in the setting of HFpEF
is considered a critical mediator of coronary microvascular
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endothelial dysfunction, myocardial fibrosis, and increased
cardiomyocyte hypertrophy and stiffness [7]. Moreover,
the frequent prevalence of diabetes and obesity in HFpEF
patients [8—10] supports the possibility of a metabolic
risk—related proinflammatory state in having a defining role
in the pathogenesis and progression of HFpEF, as opposed
to HFrEF [4, 11] (Fig. 1).

In this review, we discuss recent findings that support the
current HFpEF paradigm, where a metabolic comorbidity-
driven proinflammatory state underlies HFpEF pathophysi-
ology, positioning the metabolic-inflammatory circuit as an
attractive therapeutic target to improve clinical outcomes of
HFpEF patients.

Metabolic Comorbidities in HFpEF

HF is often accompanied by non-cardiac comorbidities
which are associated with increased hospitalisation risk
and worse clinical outcomes. Interestingly, evaluation of
non-cardiac comorbidities revealed most comorbidities (7
out of 8) display the highest prevalence in HFpEF patients,
as opposed to other HF subgroups [8]. This supports the
notion that inflammation is a critical mediator of HFpEF,
as comorbidities such as hypertension, diabetes, obesity,
chronic obstructive pulmonary disease, and chronic kidney
disease are able to elicit a chronic systemic inflammatory
state. As the scope of this review is to interrogate the asso-
ciation between metabolic comorbidities and inflammation,

Fig. 1 Overview of the
metabolic-inflammatory circuit
in HFpEF. Metabolic comor-
bidities elicit a chronic proin-
flammatory state that evokes
microvascular and myocardial
dysfunction. The release of
proinflammatory mediators
can promote oxidative stress
that subsequently impedes
endothelial and cardiomyocyte
function. Targeting myocardial
inflammation and oxidative
stress may help to restore nitric
oxide bioavailability, the latter
being critical for endothelial-
cardiomyocyte crosstalk

METABOLIC
COMORBIDITIE
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preference has been given for diabetes and obesity (two
comorbidities that frequently coexist). To appreciate the full
extent of non-cardiac commodities and the elicited inflam-
matory response in HF, readers are directed to the following
reviews [12e, 13].

Diabetes and obesity are frequently prominent comor-
bidities in HFpEF patients. Approximately 45% of HFpEF
patients have diabetes [9], and several clinical studies sup-
port diabetic HFpEF patients to have greater morbidity and
long-term mortality than those without diabetes [14, 15].
Although diabetes is associated with smaller LV volumes,
higher mitral E/e' ratio, poorer quality of life, and worse
outcomes in both HFrEF and HFpEF patients, differences
in cardiac remodelling have been observed between the two
subgroups, where the former predominantly presents eccen-
tric cardiac hypertrophy, while the latter presents concentric
hypertrophy [15]. The mechanism by which diabetes pro-
motes HF is unclear, and while vasculopathy is proposed
as the main cause of morbidity and mortality in diabetic
patients, cardiomyocyte dysfunction (due to mitochondrial
injury, oxidative stress, impaired intracellular calcium han-
dling, and increased inflammation and apoptosis) is also
implicated in disease pathogenesis [16].

Strikingly, the prevalence of obesity is nearly twofold
that of diabetes, with approximately 80% of elderly HFpEF
patients being overweight or obese [10]. Obesity and related
cardiometabolic traits are associated with higher risk of
HFpEF than HFrEF [17]. Initially, a U-shaped relationship
was observed between BMI, and both primary composite
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end point and all-cause mortality, where patients with the
lowest and highest BMI showed increased risk of adverse
outcomes [10]. However, recent findings support obesity to
increase risk of all-cause mortality in HFpEF patients [18].
Interestingly, clinical evidence supports a distinct obese phe-
notype among HFpEF patients, where the latter (compared
to non-obese controls and non-obese HFpEF patients) dis-
play increased biventricular remodelling, volume overload,
RV dysfunction, pericardial restraint, and hemodynamic
derangements, with worse exercise capacity and impaired
pulmonary vasodilation [19]. Compared to obese non-HF
and lean HFpEF patients, obese HFpEF patients display ele-
vated levels of circulating biomarkers of volume expansion,
fibrosis and systemic inflammation [20]. While these find-
ings support an association between obesity, inflammation,
and cardiac dysfunction, the mechanism by which obesity
drives HFpEF pathophysiology is unclear, although expan-
sion of epicardial adipose tissue (EAT) in obese HFpEF
patients does correlate with more profound hemodynamic
derangements at rest and at exercise [21]. Besides exert-
ing mechanical stress, EAT also serves as a metabolically
active depot that produces several adipokines, and which is
capable of inducing a proinflammatory state associated with
coronary endothelial dysfunction, cardiomyocyte stiffness,
and fibrosis [22].

Causal or Association—the Role
of Inflammation in HFpEF

Though several studies support an association between
inflammation and HFpEF [4, 11, 23], the extent to which
inflammation contributes to disease pathogenesis and
progression is unclear. Indeed, the current mechanistic
paradigm implicates comorbidities, or environmental and
haemodynamic stressors to evoke systemic low-grade
inflammation in the microvasculature which disrupts
endothelium homeostasis, by initiating production of reac-
tive oxygen species (ROS) and adhesion molecules in the
latter [7]. An abundance of ROS depletes nitric oxide (NO)
bioavailability, while subsequent perturbations in the NO-
c¢GMP-PKG pathway induce cardiomyocyte hypertrophy and
stiffness. Moreover, an increase in adhesion molecules facili-
tates macrophage infiltration which promotes collagen accu-
mulation in the myocardium [24]. As such, the combination
of increased cardiomyocytes stiffness and macrophage-
mediated interstitial fibrosis are considered key inducers of
diastolic dysfunction; a hallmark of HFpEF.

The possibility that inflammation does play a causal role
in disease pathogenesis is supported by findings, whereby an
upregulation of CCR2 (C—C Motif Chemokine Receptor 2)
ligands in the settings of pressure overload and hypertension
promoted myocardial infiltration of CCR2* macrophages,

the latter being associated with a proinflammatory response
[24, 25]. Importantly, blockade of CCR2* macrophage
infiltration or inhibition of IL-10 (produced by these mac-
rophages) was able to attenuate adverse remodelling and
fibrosis, and improve both systolic and diastolic dysfunc-
tion [24, 25]. Conversely, the disappointing outcomes from
clinical trials which evaluated anti-inflammatory therapies
may suggest inflammation to play a minor role in disease
patho and even worsened systolic genesis. Given that inflam-
mation induces cardiac fibrosis (which to a certain extent is
irreversible), the introduction of anti-inflammatory thera-
pies, especially at a late stage, may yield modest benefits;
as such, the outcomes of these trials do not exclude a causal
role of inflammation.

Interestingly, other studies suggest inflammation to play
a partial role in disease pathogenesis, as genetic ablation of
MCP-1 (monocyte chemoattractant protein 1) and CCR2,
though able to prevent angiotensin II (Ang II)-induced car-
diac fibrosis, was unable to alleviate adverse remodelling and
diastolic dysfunction, and even worsened systolic function
and LV dilation in certain settings [26, 27]. It is important to
note that immune cells are responsible for evoking, as well as
resolving a proinflammatory state, and this may explain why
targeting these pathways can either be beneficial or detrimen-
tal. In support, canakinumab (a monoclonal antibody targeted
at IL-1p) was found to reduce HF-related hospitalisation and
mortality [28], while high doses of infliximab (a monoclonal
antibody targeted at tumour necrosis factor (TNF-a)) wors-
ened clinical outcomes of HF patients [29]. Collectively,
these findings support a causal role of inflammation in micro-
vascular dysfunction and myocardial fibrosis in HFpEF; how-
ever, the extent of its involvement in the development of other
pathological traits needs further validation.

Evidence of a Metabolic-Inflammatory
Circuit in HFpEF

Impaired diastolic function is a hallmark of HFpEF [30e]; as
such, several studies have attempted to evaluate both the car-
diac and vascular components of animal models of diastolic
dysfunction, with preserved systolic function. A major hur-
dle encountered in establishing such models is the inability
to preserve the HFpEF phenotype, as common HF models of
pressure overload or ischemia—reperfusion injury transition
rapidly to a HFrEF state. While this can be circumvented
with models of hypertension or metabolic syndrome, the
single endpoint of diastolic dysfunction or preserved EF may
not be sufficient to categorise these models as HFpEF [31].
Other parameters such as exercise intolerance, pulmonary
congestion, and concentric cardiac hypertrophy, which are
frequently associated with HFpEF patients, need to be con-
sidered, and if these features are presented together with
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preserved EF and diastolic dysfunction, such models may
be considered genuine HFpEF models [30e]. However, this
is not so easy to achieve, as the complexity of the disease
has made it challenging to establish models that reproduce
all clinical presentations of human HFpEF.

It is important to note that HFpEF does not originate from
one pathological source, but rather from an integration of
several factors. In this regard, by implementing multi-hit
approaches, a HFpEF phenotype that closely resembles
the clinical presentation can be achieved in animals. For
instance, high-fat diet (HFD) and L-NAME administra-
tion induced several systemic and cardiovascular features
of HFpEEF, attributed to metabolic inflammation primarily
driven by iNOS (inducible nitric oxide synthase) [32¢]. The
inclusion of advanced ageing and female sex (both of which
are prominent traits in HFpEF), coupled with HFD and Ang
II administration, promoted a cardiometabolic HFpEF phe-
notype as evidenced by the presence of obesity, diabetes,
elevated blood pressure and lung congestion, inflammation,
cardiac remodelling, fibrosis, and diastolic disfunction [33].
Interestingly, a 3-hit model has also been established, where
a combination of ageing, HFD, and desoxycorticosterone
pivalate promoted assembly of NLRP3 (NLR family pyrin
domain containing 3) inflammasome on hyperacetylated
mitochondria, and this was associated with increased car-
diac IL-1p and IL-18, and fibrosis [34].

Beside these rodent models, large pre-clinical models
of HFpEF have also been established. The combination of
hypertension, obesity, and diabetes elicited systemic inflam-
mation and myocardial oxidative stress in female swine that
were associated with myocardial stiffening and diastolic
dysfunction [35]. In Ossabaw swine, western diet and aor-
tic banding elicited a chronic inflammatory state, accom-
panied by diastolic dysfunction [36]. Since these multi-hit
approaches employ metabolic and hypertensive stress, they
are the preferred choice for modelling human HFpEF. How-
ever, single-hit models like Dahl salt-sensitive rats have
also shown signs of diastolic dysfunction with elevated E/e’
ratios, and increases in left atrial (LA) diameter and car-
diac hypertrophy, through activation of a cardiac NLRP3
inflammasome [37]. Aside from being used to investigate
factors that either promote or prevent LV diastolic dysfunc-
tion, these experimental models can also be used to explore
LA cardiomyopathy, which commonly accompanies HFpEF
and is an independent predictor of mortality [38]. In support,
LA cardiomyocytes from HFpEF rats displayed dysregulated
TNFa/IL-10 signalling which elicited intrinsic inflammation
that disrupted calcium homeostasis and promoted oxidative
stress (possibly through mitochondrial fission), leading to
contractile dysfunction and arrhythmogenicity [39]. Collec-
tively, these findings support a proinflammatory state associ-
ated with HFpEF pathophysiology, and given that metabolic
stress is routinely employed to evoke a HFpEF phenotype,
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metabolic derangements are likely to be primary drivers of
the disease. The potential mechanisms by which this meta-
bolic-inflammatory circuit mediates cardiac structural and
functional alteration are discussed in the following section.

Mechanisms Underlying
the Metabolic-Inflammatory Circuit

Though systemic inflammation is considered a critical medi-
ator of HFpEF, the components and pathways involved are
less recognised. While genuine HFpEF models can help
to address this in the near future, other models of diastolic
dysfunction have facilitated discovery of key mediators of
myocardial inflammation.

Consistent with a myocardial inflammatory response, an
increased infiltration of neutrophils and M1 macrophages,
and proinflammatory cytokines (IL-1p, IL-6, and TNF-a)
have been observed in HFpEF hearts [40]. Moreover, tran-
scriptome analysis of the cardiac vascular fraction revealed
endothelial dysfunction, systemic inflammation, and an
increase in several mast cell markers [41]. The accumula-
tion of activated mast cells in the heart was found to induce
(through histamine release) cardiac microvessel disease and
diastolic dysfunction, thereby positioning mast cells as a
critical component in disease pathogenesis. Notably, the
absence of fibrosis and cardiomyocyte abnormalities in this
model reinforces the central role of inflammation and micro-
vascular dysfunction in disease pathophysiology [41]. In
other studies, proinflammatory and profibrotic macrophage
polarisation was associated with diastolic dysfunction in
ageing mice and was more pronounced in females than in
males [42] (Fig. 1). These different myocardial immune cell
populations observed between males and females [42] may
explain why most elderly HFpEF patients are women [43e].

Despite being implicated in disease pathogenesis, how
myocardial inflammation mediates adverse remodelling and
cardiac dysfunction is less clear. An increase in myocardial
stiffness and impaired cardiomyocyte relaxation are causal
factors of diastolic dysfunction [44]; as such, secretion of
proinflammatory and profibrotic factors by infiltrating cells
may contribute to increased extracellular matrix-related
myocardial stiffness that is observed in HFpEF patients
(Fig. 1). In support, an increase in cardiac cardiotrophin-1
(a proinflammatory cytokine) and galectin-3 expression
was associated with inflammation, fibrosis, and diastolic
dysfunction, and interestingly, an elevation of both factors
correlated with higher risk of cardiovascular mortality in
chronic HF patients [45], but whether this may extend to
HFpEF patients is unknown. Moreover, an increase in car-
diac tissue factor (a transmembrane glycoprotein) elicited
inflammation and cardiac hypertrophy, through ERK1/2 and
STATS3 pathways [46] (Fig. 2). In other studies, inflammation
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Fig.2 Molecular mechanisms underlying the metabolic-inflammatory
circuit. Systemic and local inflammation evoke an inflammation-oxi-
dative stress feedback loop in cardiomyocytes that activates signalling

evoked microvascular dysfunction through depletion of criti-
cal factors that are also required for cardiomyocyte function.
For instance, stimulation of cardiac microvascular endothe-
lial cells with TNF-a led to NO depletion [47], the latter
being important for both contraction and relaxation. These
findings suggest that inflammation (through microvascular
dysfunction) may directly impede myofibril mechanics, and
indeed, sarcomere hyperphosphorylation (primarily medi-
ated by protein kinase C isoforms) at the Z- and M-line,
and myofilament anchoring and mechano-sensing structures
have been associated with diastolic dysfunction [48]. Alter-
natively, several studies support a casual role of metabolic
derangements in diastolic calcium overload, decreased glu-
cose transport, and elevated oxidative stress and inflamma-
tion in cardiomyocytes [49] (Fig. 1). Moreover, cardiomyo-
cyte steatosis due to increased forkhead box O1 activity has
been observed in HFpEF hearts [50e], while the uncoupling
of glycolysis and glucose oxidation is considered an early
event in HFpEF pathogenesis [51]. The detrimental effects
exerted by the metabolic-inflammatory circuit on cardio-
myocyte function may be an important mechanism in the
progression of HFpEF.

Inflammation and oxidative stress are closely related
pathological processes, where one can induce the other;
as such, both processes are found to simultaneously occur
in various pathological settings [52]. Unsurprisingly, oxi-
dative stress has been implicated in HFpEF pathophysiol-
ogy. Chronic exposure to 3 common comorbidities elicited

networks for cardiac hypertrophy and fibrosis which induce contrac-
tile dysfunction. Anti-hypertensive agents and SGLT?2 inhibitors may
indirectly suppress this loop and attenuate the HFpEF phenotype

systemic inflammation and increased myocardial superox-
ide production that evoked microvascular dysfunction and
reduced NO production, which led to increased fibrosis
and passive cardiomyocyte stiffness, and diastolic dysfunc-
tion [35] (Fig. 1). Similarly, activation of the renin—angio-
tensin—aldosterone system mediated oxidative stress and
inflammation with subsequent adverse remodelling and
diastolic dysfunction [53]. While these findings support
inflammation and oxidative stress to coexist in the setting
of metabolic derangement, the latter may lie upstream as
several inflammatory mediators are regulated by oxidative
stress—responsive transcription factors [54]. In support, the
oxidative stress—responsive cytoplasmic adapter molecule,
TRAF3-interacting protein-2 (which lies upstream of
NF-kB and activator protein-1), was increased in the set-
ting of obesity, and this elicited an inflammatory response
which mediated cardiac hypertrophy, fibrosis, and dias-
tolic dysfunction [55] (Fig. 2). The possibility that oxida-
tive stress may be an early event in HFpEF is supported
by findings where NADPH oxidase-1 (NOX1)-mediated
endothelial activation led to myocardial inflammation and
adverse remodelling, but in the absence of diastolic dys-
function [56]. Interestingly, NOX1 was found to be highly
expressed in peripheral monocytes from patients with dias-
tolic dysfunction [56]; however, the absence of metabolic
derangements in these patients suggests NOX1 elevation to
be a general event and is unlikely to be specific to patients
with metabolic comorbidities.
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The ablation of specific genes has facilitated mechanistic
understanding of HFpEF pathophysiology. Formyl peptide
receptor-2 (ALXR) deficiency led to dysregulated energy
metabolism and age-related obesity, with impaired myocar-
dial strain, increased proinflammatory Ly6C"CCR2" mac-
rophages in heart and spleen, and cardiorenal endothelial
dysfunction [57]. Since ALXR is mainly expressed in leuko-
cytes, these findings support a leukocyte-driven mechanism
that promotes obesity, reduces life span, and induces profound
interorgan non-resolving inflammation in HFpEF [58]. Moreo-
ver, augmented profibrotic TGF-f/protease-activated recep-
tor-1 (PARI1) signalling due to PAR2 deficiency led to age-
dependent diastolic dysfunction, endothelial activation, and
inflammation [59e]. In other studies, reduction in osteoglycin
(a small leucine-rich proteoglycan) has been observed in age-
ing mice which does not lead to alterations in cardiac structure
or function; however, the inclusion of a hypertensive stimu-
lus, coupled with ageing and loss of osteoglycin, exacerbated
cardiac fibrosis and inflammation, which worsened diastolic
dysfunction [59e]. The disruption of metabolic genes can
also expedite diastolic dysfunction as cardiac-specific pyru-
vate dehydrogenase knockout led to reductions in myocardial
glucose oxidation and increases in palmitate oxidation which
impaired diastolic, but not systolic function [60]. In line with
these findings, individuals that carry genetic polymorphisms
that can potentially disrupt the functionality of these proteins
may be at high risk of developing HFpEF.

In summary, these findings position the metabolic-inflam-
matory circuit to have a profound impact on cardiac function
by inducing hypertrophy, fibrosis, and diastolic dysfunction
(Fig. 2). Considering that most of these studies were per-
formed in models of diastolic dysfunction, and not in genu-
ine models of HFpEF, it is imperative that these findings are
validated in the latter, as the inclusion of specific comorbidi-
ties (and sex) can promote differences in molecular signa-
tures, despite a shared phenotype. In support, obesity was
found to induce diastolic derangements in the presence of
oxidative stress and hypertrophic remodelling, but in the
absence of inflammation and fibrosis [61]. In the same study,
hypertension minimally affected diastolic function, but had a
major impact on mitochondrial function, inflammation, and
fibrosis [61]. Similarly, differential gene expression from
hearts of 3 models of diastolic dysfunction revealed diversity
in causality and molecular processes that underlie a shared
phenotype [62].

Targeting the Metabolic-Inflammatory
Circuit
Given its critical role in HFpEF pathophysiology, it

seems prudent to target inflammation, either by sup-
pressing proinflammatory mediators or by augmenting
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anti-inflammatory pathways. However, clinical trials eval-
uating TNF-a inhibitors have been largely disappointing.
These neutral outcomes may be due to cardiomyocytes
having already entered an inflamed state, as LA cardio-
myocytes from HFpEF rats show reduced TNF-a recep-
tor expression [39]. Importantly, anti-inflammatory IL-10
treatment normalised dysfunctional calcium homeostasis
in LA cardiomyocytes by attenuating oxidative stress,
albeit its effect on improving global cardiac function was
not evaluated [39]. Administration of a ligand to dendritic
cell-specific intercellular adhesion molecule-3-grabbing
non-integrin (DC-SIGN) prevented interstitial fibrosis by
inhibiting the maturation of myeloid cells, which reduced
progression of diastolic dysfunction in aged females, but
not in aged males [42]. This differential response to treat-
ment may be attributed to different myocardial inflamma-
tory components between the sexes. In other studies, the
thrombin receptor antagonist, vorapaxar, reduced fibro-
sis and inflammation by directly inhibiting PAR1 [59e].
Interestingly, HFpEF patients who received coagulation
factor X inhibitors (upstream of PAR) showed improve-
ments in diastolic function and had reduced circulating
markers of fibrosis [59¢]. These findings suggest antico-
agulatory agents to have pleiotropic effects extending to
anti-inflammatory and anti-fibrotic properties.
Inflammation is typically accompanied by oxidative
stress (and vice versa); as such, targeting oxidative stress
can be another treatment strategy for HFpEF. QiShenYiQi
(QSYQ) is a herbal preparation with reported benefits for
several medical conditions, and may also have potential use
in HFpEEF, although this needs to be validated in high-quality
clinical studies [63]. QSYQ attenuated myocardial micro-
vascular inflammation and endothelial-mesenchymal tran-
sition by reactivating the NO-cGMP-PKG pathway, which
prevented cardiac hypertrophy and fibrosis, and improved
cardiac function [64]. Moreover, resveratrol (a potent anti-
oxidant) protected against adverse remodelling by reducing
Smad3 acetylation and transcription activity through activa-
tion of sirtuin-1 [40]. Consistent with its pleiotropic effects,
resveratrol inhibited myocardial inflammation and modu-
lated macrophage polarisation. Antioxidants can also exert
direct benefits on cardiomyocytes, as the citrus fruit flavo-
noid, naringin, attenuated oxidative stress and inflammation
[49] (Fig. 1). In other studies, chronic alpha-lipoic acid-dis-
continuous treatment reduced cardiometabolic derangements
and attenuated diastolic dysfunction [65]. While these find-
ings support antioxidants to attenuate the HFpEF phenotype
in experimental models, it must be noted that antioxidant
therapies have failed to exert protection in large-scale trials
for other cardiac diseases [52, 66]. Considering their inter-
dependence, the inability to suppress both inflammation and
oxidative stress may partially explain these disappointing
outcomes; as such, simultaneous use of both antioxidants
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and anti-inflammatory agents can be considered a potential
treatment strategy.

Hypertension is a common comorbidity in HFpEF
patients [30e]; as such, angiotensin receptor—neprilysin
inhibition has been investigated in a large HFpEF cohort
[30e]. In this study, sacubitril-valsartan or valsartan alone
was unable to significantly lower risk of HF hospitalisation
and death from cardiovascular causes, though some posi-
tive trends were noted in certain subgroups. Conversely,
sacubitril-valsartan prevented diastolic dysfunction, and
reduced fibrosis and oxidative stress in an obese model,
which may suggest these agents to be more suited for obese
HFpEF patients [67]. Similarly, azilsartan (an Ang II recep-
tor antagonist) suppressed inflammation and oxidative stress,
and reversed adverse remodelling and diastolic dysfunction
by modulating the ACE-2/ANG 1-7/Mas R pathway [53].
Impaired conduction vasodilation is another mechanism by
which microvascular dysfunction occurs, and this has been
observed in HFpEF patients [68]. Interestingly, inhibition
of adenosine kinase by ABT-702 enhanced conducted vaso-
dilation which protected against development of diastolic
dysfunction [68].

Attempting to normalise metabolic derangements can be
a potential strategy for preventing systemic inflammation,
and downstream microvascular and cardiac complications in
HFpEF. In this regard, glucagon-like peptide (GLP-1) recep-
tor agonists and sodium-glucose co-transporter-2 (SGLT2)
inhibitors have been identified as favourable pharmacologi-
cal agents, especially in the setting of diabetes. A meta-
analysis of 4 GLP-1 receptor agonist trials revealed these
classes of drugs to reduce three-point major adverse car-
diovascular events, cardiovascular mortality, and all-cause
mortality in diabetic patients [69]. Crucially, no study to date
has evaluated GLP-1 receptor agonists in HFpEF cohorts;
however, such drugs which meaningfully promote weight
loss may specifically benefit obese patients. In support, lira-
glutide attenuated cardiometabolic dysregulation in a mouse
model of HFpEF, with accompanying reductions in atrial
weight and lung congestion, and improvements in cardiac
structure and function [33]. Unlike GLP-1 receptor agonists,
the therapeutic effects of SGLT2 inhibitors have been vali-
dated in several large trials, where these agents were found
to mediate cardiovascular protection, regardless of diabetic
status. SGLT2 inhibitors have been shown to improve clini-
cal outcomes of both HFrEF and HFpEF patients. Notably,
in the EMPEROR-Preserve trial, empagliflozin reduced
risk of HF hospitalisation in approximately 6000 HFpEF
patients, and was the first study to demonstrate significant
benefits in this HF subgroup [70e]. Moreover, the protection
mediated by SGLT?2 inhibitors in the absence of diabetes
suggests these classes of drugs are not restricted to their anti-
glycaemic properties. Indeed, these agents are associated
with several cardioprotective mechanisms, including reversal

of endothelial activation and endothelial nitric oxide syn-
thase deficit, and reductions in myocardial inflammation and
profibrotic signalling [37, 71]; however, these are likely to
be secondary to reprogramming of myocardial metabolism
[72]. In support, the ketone body p-hydroxybutyrate, which
is elevated post-SGLT?2 inhibitor treatment [73, 74], exerted
protection by attenuating NLRP3 inflammasome assembly
on hyperacetylated mitochondria, which prevented proin-
flammatory cytokine—triggered mitochondrial dysfunction
and fibrosis [34] (Fig. 2).

In summary, components of the metabolic-inflammatory
circuit such as inflammation, oxidative stress, hypertension,
and metabolic derangements have been positioned as poten-
tial therapeutic targets for attenuating the HFpEF phenotype,
but whether these targets can be universally applied across
all patients remains to be seen [22, 75, 76¢]. Further work
is needed to determine if targeting inflammation and oxida-
tive stress in a broad sense, or rather specific components of
these pathways [66, 77¢] will be more effective as a thera-
peutic intervention. While SGLT2 inhibitors are gaining
traction as a standardised therapeutic modality for improv-
ing outcomes of HF patients, their mode of action is unclear,
and only by elucidating their cardioprotective mechanisms
can healthcare professionals facilitate their rapid entry into
clinical practice.

Future Directions

A proinflammatory state elicited by metabolic comorbidi-
ties is considered the primary driver of HFpEF; as such,
the metabolic-inflammatory circuit has been positioned as a
therapeutic target for improving clinical outcomes of HFpEF
patients. Whether this approach can be universally applied
across all patients is unclear, as recent findings support
the existence of several phenogroups within the collective
HFpEF subgroup, whose characteristics may be key determi-
nants of therapeutic outcomes, given that some phenogroups
may be responsive, while others are not. For instance, 3 dis-
tinct clinically identifiable phenogroups have been identified
who display differences in circulating biomarkers, cardiac
and arterial structure, and in response to therapy [75]. In
other studies, unique phenotypes have been identified within
the metabolic HFpEF phenogroup, where unsupervised
machine learning identified 3 unique obese-inflammatory
phenotypes that were associated with differences in comor-
bidity burden, HFpEF severity, and fibrosis [76e]. In this
study, patients with a pan-inflammatory phenotype displayed
the highest circulating levels of inflammatory mediators,
and had more comorbidities and HF hospitalisations, while
patients with a non-inflammatory phenotype had the low-
est levels of inflammation and the most favourable levels of
all other variables [76¢]. Moreover, HFpEF patients with
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Fig.3 Classification of HFpEF
phenogroups. Distinct pheno-
groups have been identified
within the collective HFpEF

HFpEF

subgroup. The potential dispar- |

ity in molecular signatures
between each phenogroup
raises the need for phenogroup-

Metabolic HFpEF
Phenogroup

Classic HFpEF
Phenogroup

specific interventions

Enlarged EAT
Phenotype

0 ®

enlarged EAT can be classified as another unique pheno-
group, which may benefit from EAT-targeted interventions
[22] (Fig. 3). Importantly, though metabolic derangement
is considered the primary insult, perturbations imposed by
other comorbidities (and sex) and the mechanisms by which
they worsen clinical outcomes need to be thoroughly inves-
tigated in models that best reproduce human HFpEF, and
which are not limited to diastolic dysfunction.

Conclusions

While a metabolic-inflammatory circuit may underlie
HFpEF pathophysiology, the molecular signatures in each
phenogroup are likely to be different [42, 61, 62], and this
may pose a major hurdle when evaluating the therapeutic
benefits of pharmacological agents. As such, an argument
can be made for comorbidity-specific phenotypic charac-
terisation, as opposed to a common clustering of preserved
EF, with future trials focusing on specific interventions for
distinct phenogroups.
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