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Accumulating evidence points to the existence of an inflammatory-metabolic phenotype of heart failure with a preserved ejection
fraction (HFpEF), which is characterized by biomarkers of inflammation, an expanded epicardial adipose tissue mass, microvascular
endothelial dysfunction, normal-to-mildly increased left ventricular volumes and systolic blood pressures, and possibly, altered activity of
adipocyte-associated inflammatory mediators. A broad range of adipogenic metabolic and systemic inflammatory disorders – e.g. obesity,
diabetes and metabolic syndrome as well as rheumatoid arthritis and psoriasis – can cause this phenotype, independent of the presence of
large vessel coronary artery disease. Interestingly, when compared with men, women are both at greater risk of and may suffer greater car-
diac consequences from these systemic inflammatory and metabolic disorders. Women show disproportionate increases in left ventricular
filling pressures following increases in central blood volume and have greater arterial stiffness than men. Additionally, they are particularly
predisposed to epicardial and intramyocardial fat expansion and imbalances in adipocyte-associated proinflammatory mediators. The hor-
monal interrelationships seen in inflammatory-metabolic phenotype may explain why mineralocorticoid receptor antagonists and neprilysin
inhibitors may be more effective in women than in men with HFpEF. Recognition of the inflammatory-metabolic phenotype may improve an
understanding of the pathogenesis of HFpEF and enhance the ability to design clinical trials of interventions in this heterogeneous syndrome.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Introduction
The most common cardiovascular disorder in the general pop-
ulation results from an inflammatory response to an ectopic
accumulation of dysfunctional lipids. Hypercholesterolaemia
is a major risk factor for coronary artery disease, but it is
the inflammatory response to oxidized lipoproteins that leads to
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the formation of and undermines the stability of the atherosclerotic
plaque. However, inflammation in atherosclerosis may not solely be
a response to lipids that are imbibed from the bloodstream. Many
systemic inflammatory diseases (e.g. rheumatoid arthritis and pso-
riasis) are characterized by accelerated coronary atherosclerosis
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and a heightened risk of coronary ischaemic events.1 In these dis-
orders, the coronary vessels are the target of a systemic inflam-
matory response whose trigger resides outside of the cardio-
vascular system. Some have proposed that systemic inflamma-
tion induces transformational changes in epicardial adipose tis-
sue; the resulting pockets of inflammation are transmitted to
the immediately adjacent coronary vessels to cause occlusive
lesions.2

Like the coronary arteries, the myocardium can be a target of
a systemic inflammatory disorder that is initiated in non-cardiac
tissues. These diseases can adversely affect the coronary microvas-
culature directly.3 Additionally, these disorders are often accom-
panied by the accumulation and dysfunction of epicardial adi-
pose tissue and intramyocardial lipids, which are poised to focus
the effects of the systemic disorder onto the underlying cardiac
tissues.4 The epicardial release of proinflammatory mediators can
cause microcirculatory dysfunction and fibrosis of the adjacent
muscle.5 When this process affects the atria, the resulting elec-
troanatomical remodelling may lead to atrial fibrillation.6 When
the process adjoins the left ventricle, it may impair the cham-
ber’s distensibility and increase diastolic stiffness and left ventric-
ular (LV) filling pressures.7 This phenotype is designated herein
as ‘inflammatory-metabolic heart failure with a preserved ejection
fraction’ (HFpEF).

The myocardial inflammatory process in these patients often
compromises systolic function, but in general, the LV ejection
fraction is not severely depressed; typically, it is >40%. However,
many patients with a LV ejection fraction of 40–50% do not have
meaningful evidence of inflammation; instead, they have features of
heart failure and a reduced ejection fraction (HFrEF), with evidence
of cardiomyocyte injury and stretch.8 These latter patients often
respond favorably to drugs that produce important benefits in
those with marked systolic dysfunction (i.e. LV ejection fraction
<35–40%).9 Therefore, the diagnosis of ‘inflammatory-metabolic
HFpEF’ is not based on the measurement of LV ejection fraction,
but instead, it is primarily determined by evidence of systemic and
adipose tissue inflammation, microvascular endothelial dysfunction,
and myocardial fibrosis.

Previous work on the influence of visceral fat and the actions of
hormonal mediators has focused on HFpEF in obese people.7,10 By
contrast, this paper characterizes the pathophysiologic abnormal-
ities that may lead to a distinctive form of HFpEF that is seen in
a broad range of systemic inflammatory and metabolic disorders,
potentially explaining why this HFpEF phenotype is predominantly
a disease of women.

Characterization of the heart
failure phenotype in patients
with a systemic inflammatory or
adipogenic metabolic disorder
A diverse range of disorders can cause heart failure with a LV
ejection fraction in the normal range.11 Some patients have sur-
gically correctable lesions (e.g. valvular disease), and others have ..
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.. hypervolaemic or high-output states (e.g. obesity, cirrhosis and
shunts).10,12,13 Still others may have hypertrophic or an infiltra-
tive cardiomyopathy. The most common infiltrative disease lead-
ing to a clinical picture that may mimic HFpEF is amyloidosis,
which affects up to 15% of elderly people with heart failure,
primarily men.14 However, the majority of patients with HFpEF
in clinical practice have a phenotype that is closely linked to
systemic and adipose tissue inflammation, and is primarily seen
in women.

Pathophysiological distinctions between
inflammatory-metabolic heart failure
with a preserved ejection fraction
and hypertrophic or infiltrative
cardiomyopathy
When first recognized, HFpEF was regarded as a form of hyper-
trophic cardiomyopathy,15 a disorder that is characterized by
excessive thickening of the LV walls and small LV volumes. The
hypertrophic process may encroach into LV cavity, impeding
the capacity of the left ventricle to accommodate blood. These
patients have depressed stroke volumes and low blood pres-
sures and may deteriorate clinically when plasma volumes are
reduced by diuretics.16 The LV end-diastolic pressure–volume
relation is shifted upwards and to the left, so that cardiac
filling pressures are elevated, even though cardiac filling is
inadequate.

Many of these features are also present in patients with wild-type
transthyretin amyloid cardiomyopathy. These individuals are gen-
erally men who have low-to-normal systolic blood pressures, a
reduced LV cavity size, striking thickening of the ventricular walls,
and disportionately increased levels of natriuretic peptides.17–19

The LV end-diastolic pressure–volume relation is also shifted
upwards and to the left as in hypertrophic cardiomyopathy, but
in contrast with the latter, patients with cardiac amyloidosis
often have right ventricular involvement as a result of amyloid
infiltration.

In contrast, the HFpEF phenotype that accompanies a broad
range of systemic inflammatory or metabolic diseases is primar-
ily seen in older women with comorbidities, which may reflect
the effects of the inflammatory or metabolic process on vari-
ous end-organ functions.20 The LV walls are often not thickened
or only mildly so, and ventricular volumes (when indexed for
body surface area and sex) are normal or modestly enlarged,
and not decreased.7,21,22 This HFpEF phenotype is frequently
accompanied by sodium retention and possibly by a decrease
in systemic venous capacitance, both of which can lead to an
increase in central blood volume.7,11,23 However, the ventricles
cannot accommodate the expansion and redistribution of blood
volume because cardiac distensibility is impaired,7,11 most likely
related to coronary microvascular dysfunction and myocardial
fibrosis and/or pericardial restraint.5,7 Inflammation-related phos-
phorylation of titin may also enhance myocardial stiffness.24 The
LV end-diastolic pressure–volume relationship is not necessarily
shifted in these patients as it is in infiltrative cardiomyopathies;
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Table 1 Contrasting features of cardiac amyloidosis and inflammatory-metabolic heart failure with a preserved
ejection fraction

Wild-type transthyretin
amyloid cardiomyopathy

Inflammatory-metabolic heart failure
with a preserved ejection fraction

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Demographic features Older adults, men > women Middle-aged to elderly, women > men
Clinical presentation Heart failure, typically with increased

right-sided pressures
Heart failure, often with increased right-sided pressures

Obesity or visceral adiposity Not characteristic Characteristically present
Systolic blood pressure Low to normal (often intolerant of

antihypertensive drugs)
Modestly increased (or taking antihypertensive drugs)

Systemic inflammation Not well characterized Increased C-reactive protein and other inflammatory biomarkers
Systemic venous capacitance Not impaired Impaired, leading to increased central blood volume
Natriuretic peptides Often strikingly increased Disproportionately lower than cardiac filling pressures
Cardiac troponin Typically increased Occasionally increased
LV systolic function Ejection fraction typically >40% Ejection fraction typically >40%
Left atrial enlargement Typically present Typically (but not invariably) present
LV diastolic filling abnormalities Typically present Typically present, but often not at rest
LV wall thickness Markedly increased (especially in men) Often within the normal range or mildly increased
LV end-diastolic volumes (indexed

for age and gender)
Typically reduced Normal to mildly increased

LV, left ventricular.

Table 2 Principal clinical and pathophysiological characteristics of inflammatory-metabolic heart failure with a
preserved ejection fraction

• Exertional dyspnoea due to heart failure with a left ventricular ejection fraction that is generally >40%
• Primarily a disease of women
• Generally accompanied by a chronic systemic inflammatory or metabolic disorder that is characterized by a derangement of adipose

tissue biology (e.g. obesity, diabetes, metabolic syndrome, non-alcoholic fatty liver disease, rheumatoid arthritis, psoriasis)
• Increased biomarkers reflecting systemic inflammation or insulin resistance (e.g. C-reactive protein)
• Mildly increased systolic blood pressure or taking medications for the treatment of hypertension
• Echocardiography reveals normal to modestly increased left ventricular volumes (indexed for gender and body surface area), generally

with diastolic filling abnormalities, but without marked septal thickening
• Magnetic resonance imaging demonstrates increased epicardial adipose tissue volume, with variable degrees of fibrosis
• Coronary microvascular dysfunction, ideally measured by reduced coronary flow reserve during adenosine-induced hyperaemia, but

approximated by provocative testing during non-invasive imaging
• Renal dysfunction (typically, an estimated glomerular filtration rate of 50–80 mL/min/1.73 m2), with evidence of increased perirenal fat

or renal microvascular disease related to systemic inflammation
• Potentially impaired systemic venous capacitance (often with plasma volume expansion) leading to an increase in central blood volume
• Potential reduction in adverse heart failure-related outcomes with mineralocorticoid receptor antagonists and neprilysin inhibitors

instead, patients operate on a steeper portion of the normal
pressure–volume curve.16,25 Cardiac filling pressures are increased
in large part because of chamber overfilling.16 Yet, cardiomyocyte
stretch is limited, and thus, circulatory levels of natriuretic pep-
tides are often lower than expected based on the increase in
LV filling pressures.7,11,12,20 In further contrast with hypertrophic
or amyloid cardiomyopathy, patients with inflammatory HFpEF
often have an elevated blood pressure, in part related to their
plasma volume expansion (Tables 1 and 2).11,12,17 Table 3 pro-
vides a list of the diseases that have been linked to this form of
HFpEF; importantly, these disorders are generally more prevalent
in women. ..
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.. Influence of sex on the mechanisms
of inflammatory-metabolic heart failure
with a preserved ejectin fraction
The pathways that drive inflammatory-metabolic HFpEF are par-
ticularly common in women. Women are prone to the systemic
metabolic and autoimmune disorders that cause adipose tissue
inflammation,4 and they show a heightened systemic inflammatory
response to the accumulation of body fat.26 Women are particu-
larly likely to develop myocardial steatosis in response to metabolic
derangements,27 and when compared with men, they are more
susceptible to developing coronary microvascular dysfunction and
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Table 3 Systemic inflammatory, metabolic and
hormonal disorders that are accompanied by
epicardial adipose tissue expansion and inflammation
and an increased risk of heart failure with a preserved
ejection fraction

Chronic systemic inflammatory disorders
Rheumatoid arthritis
Systemic lupus erythematosus
Psoriasis
Systemic sclerosis
Inflammatory bowel disease
Chronic kidney disease
Late-onset asthma
Multiple sclerosis

Chronic adipogenic metabolic or hormonal disorders
Obesity
Diabetes
Metabolic syndrome
Non-alcoholic fatty liver disease
Hypothyroidism
Hypercortisolism (iatrogenic or endogenous)
Primary hyperaldosteronism

left atrial (LA) and LV structural and functional abnormalities in
response to adiposity and systemic inflammation.28–32

Systemic inflammatory
and metabolic disorders that lead
to cardiac inflammation, diastolic
filling abnormalities and heart
failure
Many chronic systemic inflammatory and metabolic disorders are
accompanied by an increased risk of heart failure, particularly
HFpEF (Table 3), and this risk is independent of the development
of macrovascular coronary heart disease. As noted earlier, most of
these systemic disorders are more prevalent in women.

Systemic inflammatory disorders leading
to heart failure with a preserved ejection
fraction
Rheumatoid arthritis and systemic lupus erythematosus can lead
to myocardial inflammation, coronary microcirculatory abnor-
malities, diastolic dysfunction, LA enlargement, and heart failure,
particularly HFpEF; these abnormalities parallel the degree of
clinical inflammation and are not explained by traditional cardio-
vascular risk factors or ischaemic heart disease.33–39 Patients with
psoriasis also exhibit coronary microvascular dysfunction, abnor-
mal diastolic filling, and an increased risk of heart failure.40–42 In
systemic sclerosis, the myocardium is often affected by microcircu-
latory abnormalities and fibrosis, leading to diastolic dysfunction,
abnormal LA mechanics, intolerance to volume loading, and heart ..
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.. failure.43–45 Inflammatory bowel disease, chronic kidney disease,
late-onset asthma and multiple sclerosis are accompanied by
diastolic filling and coronary microvascular abnormalities and
an increased risk of heart failure.46–51 Regardless of the cause,
biomarkers of systemic inflammation may precede the onset of
HFpEF by years52,53 and distinguish such patients from those with
HFrEF.20 Furthermore, measures of inflammation are elevated in
proportion to the number of comorbidities54; are accompanied
by abnormalities in LA structure and LV filling that are typical of
HFpEF55; and have an adverse prognosis.56

Metabolic and hormonal derangements
leading to heart failure with a preserved
ejection fraction
In addition to systemic inflammation, numerous metabolic disor-
ders that are accompanied by the expansion and inflammation
of visceral adipose tissue have been linked to the development
of HFpEF (Table 3). Obesity is predictably accompanied by dias-
tolic filling abnormalities, microvascular dysfunction, and cardiac
fibrosis.57–59 An elevated body mass (especially visceral adiposity)
presages a dramatic increase in the risk of heart failure (espe-
cially HFpEF)7,10 and independent of any association with ischaemic
cardiac injury.60 Additionally, there is a strong mechanistic rela-
tionship between diabetes and heart failure; hyperglycaemia and
insulin resistance are often accompanied by cardiac inflamma-
tion, coronary microvascular disease, myocardial fibrosis, and dias-
tolic dysfunction,61,62 which may collectively culminate in HFpEF.63

Other disorders that are characterized by visceral adiposity and
insulin resistance – e.g. the metabolic syndrome and non-alcoholic
fatty liver disease – are also strongly associated with coronary
microcirculatory dysfunction, ventricular fibrosis, abnormalities of
diastolic filling, and an increased risk of heart failure.64–68 Finally,
patients with hypercortisolism, hypothyroidism and primary hyper-
aldosteronism manifest cardiac fibrosis, abnormalities of LV filling
and an increased risk of heart failure, which may be ameliorated
by treatment of the underlying hormonal derangement.69–73 Each
of these metabolic disorders is characterized by the expansion and
inflammation of adipose tissue depots.74–76

The kidneys as a secondary target
of inflammation
These systemic disorders may not only adversely affect the
heart, but also the kidneys. The most common causes of
inflammatory-metabolic HFpEF – diabetes and obesity – are
important causes of chronic kidney disease.77 Additionally, other
diseases that are linked to HFpEF (e.g. rheumatoid arthritis, psori-
asis and non-alcoholic steatohepatitis) increase the risk of chronic
kidney disease, in proportion to the severity of the inflammatory
derangement.78–81 Chronic kidney disease is often accompanied by
systemic inflammation, whose severity predicts the development
of diastolic dysfunction and heart failure, including HFpEF.82–84

Proinflammatory mediators that have been linked to HFpEF have
been associated with a progressive decline in glomerular function.85

Furthermore, the renal response to adipose tissue expansion and

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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inflammation can trigger changes in tubuloglomerular feedback
that promote glomerular hyperfiltration and its adverse effects on
renal function.86,87

Obesity as a link between systemic
inflammation and metabolic disorders
Obesity provides an important link between systemic inflammation
and metabolic disorders, and thus, is a major determinant of HFpEF,
whether the primary mechanism is identified as inflammatory or
metabolic.10 Visceral adiposity amplifies the systemic inflammatory
response even if its origins reside in non-adipocyte organs. As a
result, concomitant obesity substantially increases the incidence
and clinical severity of many inflammation-related disorders.

Obesity predicts adverse clinical outcomes and treatment
responses in rheumatoid arthritis, systemic lupus erythemato-
sus and psoriasis,88–90 worsens functional capacity in systemic
sclerosis,91 increases the prevalence and worsens the severity of
asthma,92 has deleterious effects in inflammatory bowel disease
and multiple sclerosis,93,94 and contributes to the progression
of diabetes, non-alcoholic steatohepatitis and chronic kidney
disease.95–97 By acting as a broad accelerant of systemic inflamma-
tion, obesity potentiates the likelihood of heart failure (particularly
HFpEF) in patients who are already prone to its development.
The predisposition to heart failure is particularly enhanced by an
action of obesity to promote sodium reabsorption across multiple
sites along the renal tubular epithelium.10 Obese patients with
HFpEF have plasma volume expansion that is directly proportional
to body mass,7 and additionally, obesity may limit systemic venous
capacitance.98 The resulting expansion of central blood volume is
poorly tolerated when LV distensibility is impaired.7

Influence of sex on cardiac and vascular
dysfunction leading to heart failure
with a preserved ejection fraction
Women are not only at greater risk of the systemic inflammatory
and metabolic disorders that are linked to HFpEF, but sex also influ-
ences the cardiovascular response to stresses that predispose to
HFpEF.99 As compared with men with HFpEF, women have more
symptoms and disability,100,101 but have more favourable long-term
outcomes.99 When compared with men, women (especially elderly
women) exhibit greater impairment of LV diastolic reserve and
show greater increases in pulmonary venous pressures with vol-
ume loading,102 possibly because systemic venous capacitance is
limited in women.103 Furthemore, women show greater degrees of
arterial stiffness, more impaired ventricular–vascular coupling, and
more striking LV concentric remodelling with pressure overload
than men.104–106 Importantly, in the absence of HFpEF, LV volumes
are smaller in women than in men (even when accounting for body
surface area),106–108 and thus, women are more reliant on a higher
ejection fraction to maintain stroke volume and cardiac output,109

an effect that may be exaggerated by aging.110 In patients with estab-
lished HFpEF, women show greater increases in pulmonary wedge
pressure and abnormalities of diastolic filling at a given workload
and manifest a greater LV wall thickness than men.107,108 ..
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.. Interestingly, the two most common harbingers of
inflammatory-metabolic HFpEF – obesity and diabetes – have
greater cardiac effects in women than men. Obesity causes greater
structural changes in the hearts of women.29,32 Central obesity
exacerbates age-related ventricular-arterial stiffening in women,
but not in men.111 Both adiposity and diabetes are important
determinants of LV mass and wall thickness in women, but not
in men,112,113 especially as they grow older. Similarly, obesity and
other inflammatory states have a greater influence to increase LA
size in women than in men,114,115 particularly with aging.116 Visceral
adiposity is accompanied by coronary microvascular dysfunction
in women, but not in men.30 Obesity and diabetes accelerates
the evolution of diastolic filling abnormalities during longitudinal
follow-up more in women than men,117 and diabetes exacerbates
exercise-induced diastolic abnormalities more in women than
men.118 As a result – in obesity, diabetes and the metabolic
syndrome – as compared with men, women show increased LV
wall thickness and filling pressures by echocardiography and an
enhanced risk of HFpEF.119–124

Deleterious biological
transformation of epicardial
adipose tissue in systemic
inflammatory and metabolic
disorders
Why do systemic inflammatory and adipogenic metabolic disorders
target the heart? These diseases may lead to HFpEF through
their common action to cause endothelial dysfunction of the
coronary microvasculature.3 Furthermore, each of these disorders
also causes adipose tissue inflammation, which (if it involves the
epicardial fat mass or intramyocardial lipids) may amplify and focus
the systemic process onto the myocardium,4 thus potentiating
cardiac inflammation and coronary microcirculatory dysfunction,
thereby impairing the distensibility of the left ventricle.

Adaptive and maladaptive roles
of epicardial adipose tissue in nurturing
and injuring underlying cardiovascular
structures
The epicardium shares an unobstructed microcirculation with the
underlying muscle, given the absence of a fascial plane between
the two structures. Embryonically, it is a major source of mes-
enchymal stem cells for cardiac regeneration, and healthy epicardial
fat has the biological properties of brown adipose tissue, which
combusts proinflammatory fatty acids and secretes adipokines (e.g.
adiponectin) that nourish the myocardium. However, under the
influence of certain systemic inflammatory or metabolic disor-
ders, mesenchymal cells in the epicardium are transformed into
adipocytes, which develop features of white adipose tissue.4,10

When overfilled with lipids, these adipocytes are prone to lipolysis,
and the release of fatty acids triggers macrophage infiltration125 and

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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the secretion of proinflammatory cytokines (leptin, tumour necro-
sis factor-𝛼, interleukin-6, interleukin-1𝛽 and resistin).10,126 The
intimacy of its interface with the myocardium allows these biolog-
ical derangements to be transmitted to the neighbouring muscle.4

Proinflammatory cytokines synthesized in epicardial fat depots are
ideally positioned to adversely influence the structure and function
of the underlying tissues, i.e. the epicardium focuses the inflamma-
tion initiated in other organs onto the heart. Accordingly, in the
presence or absence of HFpEF, the volume of epicardial adipose
tissue is associated with the severity of coronary microvascular
dysfunction, myocardial fibrosis and LV hypertrophy.6,127–133 Lipids
may also accumulate to an excess degree within the myocardium
itself and be accompanied by adverse structural changes.129,130

Expansion of epicardial adipose tissue
in patients with chronic systemic
inflammatory and metabolic disorders
and in patients with heart failure and a
preserved ejection fraction
In light of the potential importance of epicardial adipose tissue
expansion in the pathogenesis of HFpEF, it is noteworthy that each
of the systemic inflammatory or adipogenic metabolic disorders
that have been linked to HFpEF has been shown to be associated
with an increase in epicardial fat volume (Table 3).

Specifically, rheumatoid arthritis, systemic lupus erythemato-
sus and systemic sclerosis are accompanied by an increase in
epicardial fat volume that is proportional to the duration and
severity of the underlying disease and is paralleled by changes in
diastolic filling parameters.134–136 Epicardial adiposity is also seen
in psoriasis,137 inflammatory bowel disease,138 and chronic pul-
monary inflammation.139 Similarly, in obesity, epicardial adipose
tissue volume is increased140 in relation to the degree of microvas-
cular dysfunction, cardiac fibrosis, and ventricular hypertrophy128

and to adverse changes in diastolic filling, LA dimensions and global
longitudinal strain.7,130,141 Diabetes is accompanied by epicardial
adipose expansion and inflammation142; when diabetes and obe-
sity coexist, each contributes to the volume of epicardial fat.143

Epicardial adiposity is strongly associated with insulin resistance144

and changes in ventricular structure and function.145 The metabolic
syndrome and non-alcoholic fatty liver disease are associated with
increases in epicardial fat that are accompanied by proportional
degrees of diastolic dysfunction and microvascular injury.128,146,147

Other hormonal derangements that have been linked to HFpEF
(primary hyperaldosteronism, Cushing’s syndrome and hypothy-
roidism) exhibit increases in epicardial fat volume that parallel the
severity of the underlying disorder.148–150

The systemic inflammatory or metabolic disorders that are
linked to HFpEF are associated with epicardial adipose tissue
expansion before the onset of heart failure, and thus, epicardial
fat volume is increased in patients with established HFpEF7,151 – a
feature that may distinguish HFpEF from HFrEF.152,153 [One report
suggesting a decrease in epicardial fat volume in HFpEF eval-
uated obese patients who had an inexplicably low prevalence
of atrial fibrillation and likely had a hypervolaemic (rather than ..
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.. an inflammatory) state.154] In patients with HFpEF, epicardial
adipose tissue expansion has been associated with greater degrees
of LA and LV dysfunction and a higher prevalence of atrial
fibrillation.152,153 Spread of the systemic inflammatory process to
the kidneys may explain why epicardial fat is increased in chronic
kidney disease.155 Epicardial adipose tissue mass predicts the pro-
gressive decline in glomerular function and the onset of albuminuria
in diabetic nephropathy.156,157 Epicardial adiposity is associated
with chronic kidney disease even in the absence of diabetes.158

Influence of sex on epicardial adipose
tissue in inflammatory-metabolic heart
failure with a preserved ejection fraction
Given the potential importance of epicardial adipose tissue inflam-
mation in mediating the structural and functional changes in the
myocardium in HFpEF, it is noteworthy that epicardial fat volume
appears to be particularly increased in women, particularly as they
age and become postmenopausal.31,159,160 Epicardial fat is likely to
be accompanied by evidence of systemic inflammation, increases
in systolic blood pressure, coronary microcirculatory abnormal-
ities and abnormalities of diastolic filling in women, but not in
men.31,127,161 Intramyocardial fat accumulation in HFpEF is also par-
ticularly characteristic of women.129

Challenges in assessing the role
of epicardial adipose tissue
derangements
in inflammatory-metabolic heart failure
with a preserved ejection fraction
Notwithstanding these observations, deciphering the role of epi-
cardial adipose tissue inflammation in the pathogenesis of HFpEF
is difficult. Imaging can quantify the volume of epicardial fat, but it
cannot assess its biological activity, and thus, cannot determine if it
is nutritive or proinflammatory. Furthermore, the increase in circu-
lating proinflammatory adipocytokines in epicardial adiposity may
reflect their release from non-cardiac visceral fat depots, which
often increase in parallel with an expansion of epicardial adipose
tissue. As in the case of epicardial fat, abdominal fat is closely asso-
ciated with LV dysfunction.111,162

Nevertheless, epicardial fat depots (as well as intramyocar-
dial lipids) are unique in their exceptionally close proximity to
the myocardium, and fat expansion adjacent to cardiomyocytes
may be particularly linked to cardiac derangements.159,163 Further-
more, the premise that an expanded epicardial fat mass is biolog-
ically abnormal is supported by the analyses of tissue obtained
during surgery and by the finding of an elevated transcardiac
gradient for proinflammatory adipocytokines in states of epicar-
dial adiposity.164–167 Yet, the intimacy of epicardial fat and the
myocardium can be bidirectional; conceivably, epicardial adipose
tissue expansion may reflect the extension of inflammation origi-
nating in the heart to the epicardium. If so, then increases in epicar-
dial fat would represent a biomarker rather than a cause of cardiac
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inflammation. However, it is noteworthy that interventions that
selectively remove epicardial fat (by excision or lipolysis) appear
to reduce proinflammatory cytokines, ameliorate the severity of
nearby coronary lesions and improve myocardial function, high-
lighting the likelihood of an inflammatory source within the epi-
cardium, acting as a transducer of a systemic process.168,169

Role of aldosterone, natriuretic
peptides and leptin in the genesis
of adipose tissue inflammation
and the development of heart
failure with a preserved ejection
fraction
Why does a broad range of systemic inflammatory and metabolic
disorders lead to epicardial adipose tissue expansion? Systemic and
adipose tissue inflammation has been linked to abnormalities in sev-
eral hormonal mediators (i.e. aldosterone, leptin and natriuretic
peptides) that may contribute to the development of epicardial
adiposity. Previous work has focused on their contribution in the
genesis of heart failure in obesity,10 whereas this paper focuses on
their role in the epicardial adipose tissue expansion and in medi-
ating the inflammatory processes seen in the myriad of systemic
disorders that are linked to HFpEF.

Aldosterone promotes epicardial adipose tissue expansion and
its adverse effects on the myocardium. Mineralocorticoid receptor
signalling is required for the differentiation of adipocytes and their
transition to a proinflammatory state,170 promoting epicardial adi-
pogenesis and the secretion of proinflammatory cytokines.150,171

Elevated tissue activity of aldosterone causes coronary microvas-
cular dysfunction and fibrosis,172,173 and the infusion of aldosterone
contributes to the evolution of experimental HFpEF.174 Circulating
levels of aldosterone are increased in parallel with abnormalities of
LV geometry,175 although interestingly, hyperaldosteronism has not
been noted in patients with established HFpEF,176 supporting the
hypothesis that aldosterone (if released by epicardial adipocytes)
acts primarily in a paracrine manner.

In contrast to the actions of aldosterone, natriuretic peptides
have direct effects to limit adipogenesis and restrain the proinflam-
matory transformation of adipose tissue177–179; natriuretic pep-
tides are capable of reverting epicardial fat to its healthy state,
thereby enhancing its nutritive functions.180,181 By doing so, natri-
uretic peptide signalling opposes the actions of aldosterone to
promote the expansion and inflammation of adipose tissue; cir-
culating levels of natriuretic peptides are inversely related to epi-
cardial as well as visceral fat mass.182,183 However, dysfunctional
adipocytes accelerate the clearance of natriuretic peptides and
secrete neprilysin (which degrades natriuretic peptides), thus pro-
moting a positive feedback loop that stimulates adipogenesis.184,185

Attenuation of the actions of natriuretic peptides also leads to
coronary microvascular dysfunction and cardiac fibrosis186,187; the
resulting limitation of ventricular stretch further weakens the
stimulus to natriuretic peptide synthesis.7 Interestingly, circulating
neprilysin levels have been reported to be increased in HFpEF in ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. some studies188 (but not others189); nevertheless, patients with
HFpEF have accelerated breakdown of natriuretic peptides.190

In any case, neprilysin inhibition attenuates atrial distension and
ventricular wall stress in patients with HFpEF with obesity, and
these benefits are particularly notable in those who have type 2
diabetes.191

The expansion and biological transformation of epicardial adi-
pose tissue promotes its synthesis of proinflammatory adipocy-
tokines, including leptin, tumour necrosis factor-𝛼, interleukin-1𝛽
and interleukin-6.4,126 These mediators are released locally (pro-
moting cardiac inflammation) and systemically (potentially con-
tributing to renal dysfunction).5 Among the candidate adipocy-
tokines, leptin is most likely to cause sodium retention and
be linked to systemic inflammatory and adipogenic metabolic
disorders.10 Circulating levels of leptin are closely associated with
those of aldosterone in population studies.192 Leptin stimulates
aldosterone secretion from the adrenal cortex193 and promotes its
proinflammatory actions194; in return, aldosterone can increase the
synthesis of leptin.195 In a counterregulatory manner, natriuretic
peptides inhibit the synthesis of both leptin and aldosterone196,197;
circulating levels of leptin and natriuretic peptides are inversely
related.182,198 Circulating leptin levels are correlated with epicardial
fat mass163 and are increased in patients with HFpEF.198,199

Role of aldosterone, leptin
and natriuretic peptides in the
pathogenesis of systemic inflammatory
and adipogenic metabolic disorders
If derangements in aldosterone, natriuretic peptides and leptin
contribute to the expansion of epicardial adipose tissue, it is not
surprising that imbalances in these hormonal systems are seen
in the systemic inflammatory and metabolic disorders linked to
HFpEF. In fact, these adipocyte-associated mediators appear to
play a central role in promoting and modulating the inflammatory
process itself.

Aldosterone stimulates proinflammatory pathways in a
broad range of cell types171,200; and mineralocorticoid recep-
tor antagonism attenuates inflammasome activity and blocks
the production of proinflammatory cytokines in adipocytes
and macrophages.201,202 Rheumatoid arthritis is character-
ized by increased levels of aldosterone in blood and inflamed
tissues,203,204 and spironolactone has been proposed as an
anti-inflammatory treatment for the disorder.205 The activity of
aldosterone is increased in ulcerative colitis, multiple sclerosis,
and pulmonary inflammation.206–208 Finally, adipocytes are an
important source of aldosterone,209 and obesity is characterized
by hyperaldosteronism210; increased levels of aldosterone precede
the development of the metabolic syndrome211 and predict the
development of diabetes.212 Spironolactone ameliorates insulin
resistance213; and aldosterone contributes to the microvascular
complications of diabetes.214,215

Leptin also plays a central role in immune responses and
inflammation.216 The adipokine stimulates the proliferation of
monocytes and their production of proinflammatory cytokines, and
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it fuels the activation of T cells.217,218 Levels of leptin in blood
and synovial fluid are increased in rheumatoid arthritis in pro-
portion to the disease activity,219 and leptin drives autommune
responses in systemic lupus erythematosus.220 Increased leptin is a
marker of disease activity in chronic pulmonary disorders, inflam-
matory bowel disease and multiple sclerosis.221–223 Additionally,
leptin is increased in proportion to body mass and insulin resis-
tance in obesity and diabetes.224 Increased leptin levels are seen
in hypercortisolism and primary aldosteronism and are reduced by
treatment.225,226

Endogenous natriuretic peptides also play an important role
in the pathogenesis of systemic inflammatory and adipogenic
metabolic disorders, but in a manner opposite to that of aldos-
terone and leptin. Natriuretic peptides inhibit pathways involved
in inflammation and attenuate the production of proinflammatory
cytokines by macrophages and adipocytes.179,227 Importantly,
circulating levels of natriuretic peptides are decreased in obesity,
diabetes, metabolic syndrome and non-alcoholic fatty liver dis-
ease, particularly in women228–231; in addition, these disorders
are accompanied by impaired responsiveness to the actions of
natriuretic peptides in adipose tissue, blood vessels and the
kidney.232–234 The impairment of natriuretic peptide signalling may
be related to an increase in neprilysin that is seen in states of
visceral adiposity185; enhanced neprilysin activity has been impli-
cated in the end-organ injury seen in diabetes.234 Furthermore,
the activity of neprilysin is increased at sites of disease activity
in rheumatoid arthritis and systemic sclerosis,235,236 where it may
negate the counterbalancing anti-inflammatory actions of locally
active natriuretic peptides. The loss of the adaptive action of
biologically active natriuretic peptides should not be confused with
reports that circulating levels of N-terminal pro B-type natriuretic
peptide (BNP) (an inactive prohormone) are increased in many
systemic inflammatory disorders, where they primarily represent
a biomarker of cardiac dysfunction.237,238

Sex and the neurohormonal response
to adipose tissue inflammation
Given the potential role of adipocyte-associated inflammatory
mediators in the development of HFpEF, it is noteworthy that sex
influences their synthesis and their interactions. When compared
with men, women have higher levels of leptin and aldosterone.239

These relationships may be related to greater visceral adiposity
in women,240 but women also show higher levels of and are
more sensitive to the effects of agonists of the secretion of
aldosterone.241,242 Furthermore, women manifest a heightened
leptin response to inflammation and visceral adiposity.242,243 Leptin
activates the sympathetic nervous system and increases blood
pressure; interestingly, women show greater sympathetic response
to leptin than men,244 and leptin is correlated with blood pressure
in women, but not in men.245 Conversely, although women have
higher levels of natriuretic peptides than men when healthy, they
have lower levels if they are obese,228 and these are further reduced
when they become postmenopausal.246 Interestingly, natriuretic
peptides are particularly decreased in visceral adiposity,183,247

and the lower levels of natriuretic peptides in women are still ..
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.. apparent in patients with heart failure.248 When compared with

men, women with HFpEF have lower levels of the biologically
active BNP249 – but not the inactive prohormone, N-terminal
proBNP250 – consistent with increased adiposity-related
neprilysin-mediated breakdown of the former, but not the latter.185

Thus, systemic inflammatory and metabolic disorders are
characterized by an increase in proinflammatory mediators (aldos-
terone and leptin) and decrease in the counterbalancing effects
of natriuretic peptides. The net result may be to transform the
biology of the visceral (and particularly epicardial) adipocytes, thus
focusing the systemic inflammatory process onto the myocardium
and leading to HFpEF. These interactions are particularly prominent
in women.

Potential therapeutic strategies
for inflammatory-metabolic heart
failure with a preserved ejection
fraction
Patients with the inflammatory-metabolic phenotype of HFpEF
may respond to the treatment of the underlying systemic disorder.
Observational studies have noted favourable effects on the course
of heart failure following bariatric surgery for obesity251; on
the risk of death in patients with HFpEF who were prescribed
statins for dyslipidaemia or diabetes252; and on the risk of heart
failure hospitalization with the use of methotrexate in rheumatoid
arthritis,253 but these benefits have not been evaluated in ran-
domized controlled trials. Interestingly, the effect of statins on the
course of HFpEF is independent of any benefits on coronary heart
disease,254 a pattern that differs from that seen when statins are
prescribed to patients with HFrEF.255

If increases in aldosterone and leptin along with decreases in
natriuretic peptide signalling contribute to the development of
inflammatory-metabolic HFpEF, then interventions that ameliorate
these abnormalities might be expected to have favourable effects,
and such benefits (if present) may be particularly notable in women.

Mineralocorticoid receptor antagonists
The findings of randomized controlled trials suggest that inhibition
of the action of aldosterone may have benefits in HFpEF. Spironolac-
tone improved LV filling dynamics and improved exercise tolerance
in patients with HFpEF in some studies, but not in others.256,257 In
the TOPCAT trial, when the analyses were restricted to the regions
where sites recruited patients with HFpEF and where patients
received their study medication, mineralocorticoid receptor antag-
onism appeared to reduce the risk of cardiovascular death and
hospitalization for heart failure.258

The proportion of patients with the inflammatory-metabolic
form of HFpEF in the TOPCAT trial is not known. However,
patients with a higher body mass index were more likely to respond
to spironolactone259; a differential response might have been
more readily distinguished if visceral adiposity had been assessed
directly.260 This possibility is supported by analyses indicating that
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Table 4 Pathophysiological mechanisms and clinical observations demonstrating that women may be at greater risk
for inflammatory-metabolic heart failure with a preserved ejection fraction than men

• Women predominate among community-based cohorts of HFpEF
• Women exhibit higher pulmonary venous pressures with volume loading, possibly because women have a greater limitation of systemic venous

capacitance
• Women show greater degree of arterial stiffness, more impaired ventricular–vascular coupling, and more striking LV concentric remodelling with

pressure overload than men
• LV volumes are smaller in women than in men (even when accounting for differences in body surface area), and thus, women are more reliant on a

higher ejection fraction to maintain stroke volume and cardiac output
• In patients with HFpEF, women show greater increases in pulmonary wedge pressure and abnormalities of diastolic filling dynamics at a given

workload and manifest greater LV wall thickness than men. Women with HFpEF have greater symptoms and disability than men
• Systemic inflammatory and metabolic disorders that are linked to HFpEF are more common in women than men
• Women are more likely than men to experience systemic inflammation and show increases in proinflammatory cytokines in response to increases

in body fat
• As compared to men, women are more likely to develop myocardial steatosis in response to metabolic derangements, and women have greater

volumes of epicardial or intramyocardial fat than men, particularly as they age and particularly if they have HFpEF
• Epicardial fat is accompanied by evidence of systemic inflammation, coronary microcirculatory abnormalities, abnormalities of diastolic filling and

increases in blood pressure in women, but not in men
• As compared with men, women are more likely to show adverse changes in cardiac structure and function in response to systemic inflammation

and metabolic disorders. Obesity causes greater structural changes in the hearts of women, and obesity and diabetes increases the risk of HFpEF
more in women than in men

• Women have higher levels of leptin and aldosterone than men, and they are more sensitive to the effects of agonists of aldosterone secretion.
Obesity is more likely to be accompanied by hyperaldosteronism in women, and women show heightened leptin response to inflammation and
visceral adiposity

• In states of adipose tissue inflammation and insulin resistance, circulating levels of natriuretic peptides are decreased more in women than men. As
compared with men with HFpEF, women with HFpEF have lower levels of B-type natriuretic peptide

• Women show greater increases in sympathetic activity in response to leptin than men, and leptin is correlated with blood pressure in women, but
not in men

• Women with HFpEF may show a greater reduction in all-cause mortality with mineralocorticoid receptor antagonism than men
• Women with HFpEF may show a greater reduction in hospitalizations for heart failure with neprilysin inhibition than men

HFpEF, heart failure with a preserved ejection fraction; LV, left ventricular.

patients were more likely to benefit from spironolactone if they had
circulating natriuretic peptides that were lower than the median
value261; decreased levels likely identified patients with obesity- or
inflammation-related HFpEF. Interestingly, low levels of natriuretic
peptides also identified patients with HFpEF most likely to respond
in the I-PRESERVE trial, which evaluated an inhibitor of aldosterone
synthesis.262 Furthermore, in TOPCAT, women (who are prone to
inflammatory-metabolic HFpEF) responded more favourably than
men on certain outcome measures.263 Spironolactone reduced the
risk of death by 34% in women, with no apparent benefit in men
(interaction P = 0.02), although there was no treatment-by-sex
interaction for the effect on hospitalizations for heart failure.

Inhibitors of neprilysin
Neprilysin inhibition increases levels of natriuretic peptides,
potentially explaining its ability to ameliorate cardiac and renal
injury, inflammation and fibrosis in states of sodium overload or
diabetes.186,237,264 In patients with HFpEF most of whom were
obese, neprilysin inhibition reduced myocardial injury, biomarkers
of LV filling pressures and LA size, and the effect was particularly
notable in patients with diabetes.191

In a large-scale double-blind randomized trial (PARAGON-HF),
neprilysin inhibition produced a modest decrease in the number ..
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. of hospitalizations for heart failure.265 As in TOPCAT, the trial

enrolled both patients with inflammatory-metabolic HFpEF as well
as other diseases that mimic HFpEF. Interestingly, the trial reported
a sex-by-treatment interaction, which suggested a greater benefit
of neprilysin inhibition in women. When compared with valsartan,
sacubitril/valsartan reduced the likelihood of cardiovascular death
and total hospitalizations for heart failure by 27% in women, but
treatment did not influence this risk in men (interaction P < 0.006).
Importantly, the treatment-by-sex interaction was independent
of the influence of ejection fraction on the effects of neprilysin
inhibition seen in the trial. Ongoing analyses are determining if this
finding may be related to a favourable effect of neprilysin inhibition
on the inflammatory-metabolic phenotype of HFpEF, particularly
among women, or conversely, if the enrolment of patients with
cardiac amyloidosis may have attenuated the benefit of neprilysin
inhibition in men.

Sodium–glucose co-transporter 2
inhibitors
In both experimental and clinical studies, sodium–glucose
co-transporter 2 (SGLT2) inhibitors reduce adipose tissue inflam-
mation and epicardial fat mass; inhibit coronary microvascular
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dysfunction and myocardial fibrosis; and improve LV diastolic
filling, thus ameliorating the evolution of HFpEF.266–268 In addi-
tion, these drugs inhibit sodium reabsorption in the proximal renal
tubule, the site where metabolic disorders may act to cause sodium
retention.269 As a result of these effects, SGLT2 inhibitors may
function as physiological antagonists of leptin.270 These salutary
actions may explain why SGLT2 inhibitors reduce the risk of heart
failure hospitalizations in patients with type 2 diabetes271; these
trials noted a decrease in new-onset HFpEF as well as a reduction
in heart failure events in patients with established HFpEF.63,272

Since all patients who had or developed HFpEF in these trials had
some underlying cause of the inflammatory/metabolic HFpEF, no
treatment-by-sex interaction might be expected. However, ongo-
ing large-scale trials of SGLT2 inhibitors are enrolling non-diabetic
patients with HFpEF, and they are likely to enrol patients without
inflammatory/metabolic HFpEF; thus, they may be poised to find a
sex-by-treatment interaction similar to that seen in other recent
HFpEF trials.

Summary and conclusions
A broad range of chronic systemic inflammatory and adipogenic
metabolic and hormonal disorders increase the risk of HFpEF.
These diseases may cause HFpEF by virtue of their common
action to promote global microvascular endothelial dysfunction
and adipose tissue inflammation, particularly among epicardial
adipocytes. The activation of aldosterone, leptin and neprilysin
that is seen in systemic inflammatory and metabolic disorders may
mediate the accumulation and dysfunction of epicardial (and other
forms of visceral) fat. The transmission of inflammation related to
the accumulation of epicardial adipose tissue or intramyocardial
lipids to the adjacent cardiac tissues may cause microvascular
dysfunction, cardiac fibrosis and impaired LV distensibility – the
features of inflammatory-metabolic HFpEF.

Importantly, the inflammatory-metabolic phenotype of HFpEF is
primarily seen in women. When compared with men, women are
at greater risk of the systemic inflammatory and metabolic disor-
ders that are linked to HFpEF, and women experience exaggerated
cardiovascular responses to the haemodynamic and inflammatory
stresses that predispose to HFpEF. Epicardial fat volume is partic-
ularly increased in women, and such expansion is more likely to
be accompanied by systemic inflammation, coronary microcircula-
tory abnormalities and abnormalities of LV diastolic filling in women
than in men. Furthermore, when compared with men, women have
higher levels and exhibit exaggerated responses to leptin and aldos-
terone and show greater relative deficiency of natriuretic peptides.
Accordingly, systemic inflammation and metabolic disorders linked
to adipose tissue inflammation are more likely to have adverse car-
diovascular effects in women than men (Table 4).

If adipose tissue inflammation drives the pathogenesis of HFpEF
in systemic inflammatory and adipogenic metabolic disorders, then
interventions directed at reducing the influence of aldosterone
or potentiating the actions of natriuretic peptides might have
favourable effects in those with inflammatory-metabolic HFpEF.
This hypothesis may explain sex differences in outcomes observed ..
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.. in trials of mineralocorticoid receptor antagonism and neprilysin
inhibition in HFpEF.
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133. Şeker T, Türkoğlu C, Harbalıoğlu H, Gür M. Epicardial fat thickness is associated
with abnormal left ventricle geometry in newly diagnosed hypertension. Acta
Cardiol Sin 2018;34:280–287.

134. Alpaydın S, Buyukterzi Z, Akkurt HE, Yılmaz H. Impaired left ventricular diastolic
functions and thickened epicardial adipose tissue in rheumatoid arthritis patients
is correlated with DAS-28 score. Acta Cardiol Sin 2017;33:182–187.

135. Lipson A, Alexopoulos N, Hartlage GR, Arepalli C, Oeser A, Bian A, Gebret-
sadik T, Shintani A, Stillman AE, Stein CM, Raggi P. Epicardial adipose tis-
sue is increased in patients with systemic lupus erythematosus. Atherosclerosis
2012;223:389–393.

136. Long BD, Stojanovska J, Brown RKJ, Attili AK, Jackson EA, Ognenovski V.
Increased epicardial fat volume is independently associated with the presence
and severity of systemic sclerosis. Acad Radiol 2017;24:1473–1481.

137. Wang X, Guo Z, Zhu Z, Bao Y, Yang B. Epicardial fat tissue in patients with
psoriasis: a systematic review and meta-analysis. Lipids Health Dis 2016;15:103.

138. Uysal F, Akbal E, Akbal A, Cevizci S, Arık K, Gazi E. Epicardial adipose tissue
is increased in patients with inflammatory bowel disease. J Ultrasound Med
2016;35:1859–1864.

139. Ozde C, Dogru M, Erdogan F, Ipek IO, Ozde S, Karakaya O. The relationship
between adiponectin levels and epicardial adipose tissue thickness in non-obese
children with asthma. Asian Pac J Allergy Immunol 2015;33:289–295.

140. Rabkin SW. The relationship between epicardial fat and indices of obesity and
the metabolic syndrome: a systematic review and meta-analysis. Metab Syndr
Relat Disord 2014;12:31–42.

141. Iacobellis G, Leonetti F, Singh N, Sharma AM. Relationship of epicardial adipose
tissue with atrial dimensions and diastolic function in morbidly obese subjects.
Int J Cardiol ;115:272–273.

142. Bambace C, Sepe A, Zoico E, Telesca M, Olioso D, Venturi S, Rossi A,
Corzato F, Faccioli S, Cominacini L, Santini F, Zamboni M. Inflammatory profile
in subcutaneous and epicardial adipose tissue in men with and without diabetes.
Heart Vessel 2014;29:42–48.

143. Groves EM, Erande AS, Le C, Salcedo J, Hoang KC, Kumar S, Mohar DS,
Saremi F, Im J, Agrawal Y, Nadeswaran P, Naderi N, Malik S. Compari-
son of epicardial adipose tissue volume and coronary artery disease sever-
ity in asymptomatic adults with versus without diabetes mellitus. Am J Cardiol
2014;114:686–691.

144. Arpaci D, Ugurlu BP, Aslan AN, Ersoy R, Akcay M, Cakir B. Epicardial fat
thickness in patients with prediabetes and correlation with other cardiovascular
risk markers. Intern Med 2015;54:1009–1014.

145. Kazlauskaite R, Doukky R, Evans A, Margeta B, Ruchi A, Fogelfeld L, Kelly
RF. Predictors of diastolic dysfunction among minority patients with newly
diagnosed type 2 diabetes. Diabetes Res Clin Pract 2010;88:189–195.

146. Fracanzani AL, Pisano G, Consonni D, Tiraboschi S, Baragetti A, Bertelli C,
Norata GD, Dongiovanni P, Valenti L, Grigore L, Tonella T, Catapano A, Far-
gion S. Epicardial adipose tissue (EAT) thickness is associated with cardiovascular
and liver damage in nonalcoholic fatty liver disease. PLoS One 2016;11:e0162473.

147. Park HE, Choi SY, Kim M. Association of epicardial fat with left ventricu-
lar diastolic function in subjects with metabolic syndrome: assessment using
2-dimensional echocardiography. BMC Cardiovasc Disord 2014;14:3.

148. Maurice F, Gaborit B, Vincentelli C, Abdesselam I, Bernard M, Graillon T,
Kober F, Brue T, Castinetti F, Dutour A. Cushing syndrome is associated with
subclinical LV dysfunction and increased epicardial adipose tissue. J Am Coll
Cardiol 2018;72:2276–2277.

149. Korkmaz L, Sahin S, Akyuz AR, Ziyrek M, Anaforoglu I, Kose M, Erkan H, Ağaç
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207. Avsar T, Durası IM, Uygunoğlu U, Tütüncü M, Demirci NO, Saip S, Sezerman
OU, Siva A, Tahir Turanlı E.. CSF proteomics identifies specific and shared
pathways for multiple sclerosis clinical subtypes. PLoS One 2015;10:e0122045.

208. Lieber GB, Fernandez X, Mingo GG, Jia Y, Caniga M, Gil MA, Keshwani S,
Woodhouse JD, Cicmil M, Moy LY, Kelly N, Jimenez J, Crawley Y, Anthes
JC, Klappenbach J, Ma YL, McLeod RL. Mineralocorticoid receptor antagonists
attenuate pulmonary inflammation and bleomycin-evoked fibrosis in rodent
models. Eur J Pharmacol 2013;718:290–298.

209. Briones AM, Nguyen Dinh Cat A, Callera GE, Yogi A, Burger D, He Y,
Corrêa JW, Gagnon AM, Gomez-Sanchez CE, Gomez-Sanchez EP, Sorisky A,
Ooi TC, Ruzicka M, Burns KD, Touyz RM. Adipocytes produce aldos-
terone through calcineurin-dependent signaling pathways: implications in
diabetes mellitus-associated obesity and vascular dysfunction. Hypertension
2012;59:1069–1078.

210. Bentley-Lewis R, Adler GK, Perlstein T, Seely EW, Hopkins PN, Williams GH,
Garg R. Body mass index predicts aldosterone production in normotensive
adults on a high-salt diet. J Clin Endocrinol Metab 2007;92:4472–4475.

211. Musani SK, Vasan RS, Bidulescu A, Liu J, Xanthakis V, Sims M, Gawalapu RK,
Samdarshi TE, Steffes M, Taylor HA, Fox ER. Aldosterone, C-reactive protein,
and plasma B-type natriuretic peptide are associated with the develop-ment of
metabolic syndrome and longitudinal changes in metabolic syndrome compo-
nents: findings from the Jackson Heart Study. Diabetes Care 2013;36:3084–3092.

212. Joseph JJ, Echouffo Tcheugui JB, Effoe VS, Hsueh WA, Allison MA, Golden SH.
Renin-angiotensin-aldosterone system, glucose metabolism and incident type 2
diabetes mellitus: MESA. J Am Heart Assoc 2018;7:e009890.

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.



1566 M. Packer et al.

213. Raheja P, Price A, Wang Z, Arbique D, Adams-Huet B, Auchus RJ, Vong-
patanasin W. Spironolactone prevents chlorthalidone-induced sympathetic
activation and insulin resistance in hypertensive patients. Hypertension
2012;60:319–325.

214. Takata H, Takeda Y, Zhu A, Cheng Y, Yoneda T, Demura M, Yagi K,
Karashima S, Yamagishi M. Protective effects of mineralocorticoid receptor
blockade against neuropathy in experimental diabetic rats. Diabetes Obes Metab
2012;14:155–162.

215. Wilkinson-Berka JL, Tan G, Jaworski K, Miller AG. Identification of a retinal
aldosterone system and the protective effects of mineralocorticoid receptor
antagonism on retinal vascular pathology. Circ Res 2009;104:124–133.

216. Abella V, Scotece M, Conde J, Pino J, Gonzalez-Gay MA, Gómez-Reino JJ,
Mera A, Lago F, Gómez R, Gualillo O. Leptin in the interplay of inflam-
mation, metabolism and immune system disorders. Nat Rev Rheumatol
2017;13:100–109.

217. Santos-Alvarez J, Goberna R, Sánchez-Margalet V. Human leptin stimulates
proliferation and activation of human circulating monocytes. Cell Immunol
1999;194:6–11.

218. Saucillo DC, Gerriets VA, Sheng J, Rathmell JC, Maciver NJ. Leptin metabobol-
ically licenses T cells for activation to link nutrition and immunity. J Immunol
2014;192:136–144.

219. Cao H, Lin J, Chen W, Xu G, Sun C. Baseline adiponectin and leptin levels
in predicting an increased risk of disease activity in rheumatoid arthritis: a
meta-analysis and systematic review. Autoimmunity 2016;49:547–553.

220. Lourenço EV, Liu A, Matarese G, La Cava A. Leptin promotes systemic lupus
erythematosus by increasing autoantibody production and inhibiting immune
regulation. Proc Natl Acad Sci U S A 2016;113:10637–10642.

221. Bruno A, Alessi M, Soresi S, Bonanno A, Riccobono L, Montalbano AM, Albano
GD, Gjomarkaj M, Profita M. Increased leptin/leptin receptor pathway affects
systemic and airway inflammation in COPD former smokers. J Inflamm Res
2011;4:51–59.

222. Trejo-Vazquez F, Garza-Veloz I, Villela-Ramirez GA, Ortiz-Castro Y,
Mauricio-Saucedo P, Cardenas-Vargas E, Diaz-Baez M, Cid-Baez MA,
Castañeda-Miranda R, Ortiz-Rodriguez JM, Solis-Sanchez LO, Martinez-Fierro
ML. Positive association between leptin serum levels and disease activity on
endoscopy in inflammatory bowel disease: a case-control study. Exp Ther Med
2018;15:3336–3344.

223. Matarese G, Carrieri PB, La Cava A, Perna F, Sanna V, De Rosa V, Aufiero D,
Fontana S, Zappacosta S. Leptin increase in multiple sclerosis associates with
reduced number of CD4+CD25+ regulatory T cells. Proc Natl Acad Sci U S A
2005;102:5150–5155.

224. Wauters M, Considine RV, Yudkin JS, Peiffer F, De Leeuw I, Van Gaal LF. Leptin
levels in type 2 diabetes: associations with measures of insulin resistance and
insulin secretion. Horm Metab Res 2003;35:92–96.

225. Leal-Cerro A, Soto A, Martínez MA, Dieguez C, Casanueva FF. Influence of
cortisol status on leptin secretion. Pituitary 2001;4:111–116.

226. Iacobellis G, Petramala L, Cotesta D, Pergolini M, Zinnamosca L, Cianci R, De
Toma G, Sciomer S, Letizia C. Adipokines and cardiometabolic profile in primary
hyperaldosteronism. J Clin Endocrinol Metab 2010;95:23918.

227. Chiurchiù V, Izzi V, D’Aquilio F, Carotenuto F, Di Nardo P, Baldini PM. Brain
natriuretic peptide (BNP) regulates the production of inflammatory mediators
in human THP-1 macrophages. Regul Pept 2008;148:26–32.

228. Wang TJ, Larson MG, Levy D, Benjamin EJ, Leip EP, Wilson PW, Vasan RS. Impact
of obesity on plasma natriuretic peptide levels. Circulation 2004;109:594–600.

229. Goharian TS, Goetze JP, Faber J, Andersen LB, Grøntved A, Jeppesen JL.
Associations of proatrial natriuretic peptide with components of the metabolic
syndrome in adolescents and young adults from the general population. Am
J Hypertens 2017;30:561–568.

230. De Souza LR, Ye C, Hanley AJ, Connelly PW, Sermer M, Zinman B, Ret-
nakaran R. Circulating B-type natriuretic peptide in women with and without
recent gestational diabetes: the impact of current glucose intolerance. Clin
Endocrinol 2018;88:227–233.

231. Johansen ML, Schou M, Rasmussen J, Rossignol P, Holm MR, Chabanova E,
Dela F, Faber J, Kistorp C. Low N-terminal pro-brain natriuretic peptide levels
are associated with non-alcoholic fatty liver disease in patients with type 2
diabetes. Diabetes Metab 2019;45:429–435.

232. Kovacova Z, Tharp WG, Liu D, Wei W, Xie H, Collins S, Pratley RE. Adipose
tissue natriuretic peptide receptor expression is related to insulin sensitivity in
obesity and diabetes. Obesity (Silver Spring) 2016;24:820–828.

233. Marrachelli VG, Miranda FJ, Centeno JM, Miranda I, Castelló-Ruiz M, Burguete
MC, Jover-Mengual T, Salom JB, Torregrosa G, Alborch E. Mechanisms under-
lying the diabetes-induced hyporeactivity of the rabbit carotid artery to atrial
natriuretic peptide. Pharmacol Res 2011;63:190–198.

234. Packer M, Claggett B, Lefkowitz MP, McMurray JJV, Rouleau JL, Solomon SD,
Zile MR. Effect of neprilysin inhibition on renal function in patients with type 2 ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. diabetes and chronic heart failure who are receiving target doses of inhibitors of
the renin-angiotensin system: a secondary analysis of the PARADIGM-HF trial.
Lancet Diabetes Endocrinol 2018;6:547–554.

235. Matucci-Cerinic M, Lombardi A, Leoncini G, Pignone A, Sacerdoti L, Spillantini
MG, Partsch G. Neutral endopeptidase (3.4.24.11) in plasma and synovial fluid
of patients with rheumatoid arthritis. A marker of disease activity or a regulator
of pain and inflammation? Rheumatol Int 1993;13:1–4.

236. Matucci-Cerinic M, Iannone F, Carossino A, Pignone A, Leoncini G, Generini S,
Lapadula G, Cagnoni M. Discrepant expression of neprilysin on fibroblasts in
diffuse systemic sclerosis. J Rheumatol 1999;26:347–351.

237. Peters MJ, Welsh P, McInnes IB, Wolbink G, Dijkmans BA, Sattar N,
Nurmo-hamed MT. Tumour necrosis factor alpha blockade reduces circu-
lating N-terminal pro-brain natriuretic peptide levels in patients with active
rheumatoid arthritis: results from a prospective cohort study. Ann Rheum Dis
2010;69:1281–1285.

238. Pietrzak A, Bartosinska J, Blaszczyk R, Chodorowska G, Brzozowski W, Herco-
gova J, Donica H, Lotti T. Increased serum level of N-terminal pro-B-type natri-
uretic peptide as a possible biomarker of cardiovascular risk in psoriatic patients.
J Eur Acad Dermatol Venereol 2015;29:1010–1014.

239. Ferrario CM, Jessup JA, Smith RD. Hemodynamic and hormonal patterns of
untreated essential hypertension in men and women. Ther Adv Cardiovasc Dis
2013;7:293–305.

240. Tonstad S, Sandvik E, Larsen PG, Thelle D. Gender differences in the prevalence
and determinants of the metabolic syndrome in screened subjects at risk for
coronary heart disease. Metab Syndr Relat Disord 2007;5:174–182.

241. Giacché M, Vuagnat A, Hunt SC, Hopkins PN, Fisher ND, Azizi M, Cor-
vol P, Williams GH, Jeunemaitre X. Aldosterone stimulation by angiotensin
II: influence of gender, plasma renin, and familial resemblance. Hypertension
2000;35:710–716.

242. Abdullah SM, Khera A, Leonard D, Das SR, Canham RM, Kamath SA, Vega
GL, Grundy SM, McGuire DK, de Lemos JA. Sex differences in the association
between leptin and CRP: results from the Dallas Heart Study. Atherosclerosis
2007;195:404–410.

243. Breyer MK, Rutten EP, Vernooy JH, Spruit MA, Dentener MA, Van der Kallen C,
van Greevenbroek MM, Wouters EF. Gender differences in the adipose secre-
tome system in chronic obstructive pulmonary disease (COPD): a pivotal role
of leptin. Respir Med 2011;105:1046–1053.

244. Flanagan DE, Vaile JC, Petley GW, Phillips DI, Godsland IF, Owens P, Moore
VM, Cockington RA, Robinson JS. Gender differences in the relationship
between leptin, insulin resistance and the autonomic nervous system. Regul Pept
2007;140:37–42.

245. Ma D, Feitosa MF, Wilk JB, Laramie JM, Yu K, Leiendecker-Foster C, Myers
RH, Province MA, Borecki IB. Leptin is associated with blood pressure and
hypertension in women from the National Heart, Lung, and Blood Institute
Family Heart Study. Hypertension 2009;53:473–479.

246. Maffei S, Del Ry S, Prontera C, Clerico A. Increase in circulating levels of cardiac
natriuretic peptides after hormone replacement therapy in postmenopausal
women. Clin Sci (Lond) 2001;101:447–453.

247. Neeland IJ, Winders BR, Ayers CR, Das SR, Chang AY, Berry JD, Khera A,
McGuire DK, Vega GL, de Lemos JA, Turer AT. Higher natriuretic peptide levels
associate with a favorable adipose tissue distribution profile. J Am Coll Cardiol
2013;62:752–760.

248. Emdin M, Passino C, Del Ry S, Prontera C, Galetta F, Clerico A. Influence of
gender on circulating cardiac natriuretic hormones in patients with heart failure.
Clin Chem Lab Med 2003;41:686–692.

249. Harada E, Mizuno Y, Kugimiya F, Shono M, Maeda H, Yano N, Yasue H. Sex
differences in heart failure with preserved ejection fraction reflected by B-type
natriuretic peptide level. Am J Med Sci 2018;356:335–343.

250. Faxén UL, Lund LH, Orsini N, Strömberg A, Andersson DC, Linde C,
Dahlström U, Savarese G. N-terminal pro-B-type natriuretic peptide in chronic
heart failure: the impact of sex across the ejection fraction spectrum. Int J Cardiol
2019;287:66–72.

251. Sundström J, Bruze G, Ottosson J, Marcus C, Näslund I, Neovius M. Weight loss
and heart failure: a nationwide study of gastric bypass surgery versus intensive
lifestyle treatment. Circulation 2017;135:1577–1585.

252. Fukuta H, Sane DC, Brucks S, Little WC. Statin therapy may be associated with
lower mortality in patients with diastolic heart failure: a preliminary report.
Circulation 2005;112:357–363.

253. Bernatsky S, Hudson M, Suissa S. Anti-rheumatic drug use and risk of hospital-
ization for congestive heart failure in rheumatoid arthritis. Rheumatology (Oxford)
2005;44:677–680.

254. Alehagen U, Benson L, Edner M, Dahlström U, Lund LH. Association between
use of statins and mortality in patients with heart failure and ejection fraction
of ≥50. Circ Heart Fail 2015;8:862–870.

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.



Inflammatory-metabolic HFpEF and influence of sex 1567

255. Alehagen U, Benson L, Edner M, Dahlström U, Lund LH. Association between
use of statins and outcomes in heart failure with reduced ejection fraction:
prospective propensity score matched cohort study of 21 864 patients in the
Swedish Heart Failure registry. Circ Heart Fail 2015;8:252–260.

256. Kosmala W, Rojek A, Przewlocka-Kosmala M, Wright L, Mysiak A, Marwick
TH. Effect of aldosterone antagonism on exercise tolerance in heart failure with
preserved ejection fraction. J Am Coll Cardiol 2016;68:1823–1834.

257. Edelmann F, Wachter R, Schmidt AG, Kraigher-Krainer E, Colantonio C,
Kamke W, Duvinage A, Stahrenberg R, Durstewitz K, Löffler M, Düngen HD,
Tschöpe C, Herrmann-Lingen C, Halle M, Hasenfuss G, Gelbrich G, Pieske B;
Aldo-DHF Investigators. Effect of spironolactone on diastolic function and
exercise capacity in patients with heart failure with preserved ejection fraction:
the Aldo-DHF randomized controlled trial. JAMA 2013;309:781–791.

258. Pfeffer MA, Claggett B, Assmann SF, Boineau R, Anand IS, Clausell N, Desai
AS, Diaz R, Fleg JL, Gordeev I, Heitner JF, Lewis EF, O’Meara E, Rouleau JL,
Probstfield JL, Shaburishvili T, Shah SJ, Solomon SD, Sweitzer NK, McKinlay
Pitt B.. Regional variation in patients and outcomes in the Treatment of Cardiac
Function Heart Failure with an Aldosterone Antagonist (TOPCAT). Circulation
2015;131:34–42.

259. Pitt B, Pfeffer MA, Assmann SF, Boineau R, Anand IS, Claggett B, Clausell N,
Desai AS, Diaz R, Fleg JL, Gordeev I, Harty B, Heitner JF, Kenwood CT, Lewis EF,
O’Meara E, Probstfield JL, Shaburishvili T, Shah SJ, Solomon SD, Sweitzer NK,
Yang S, McKinlay SM; TOPCAT Investigators. Spironolactone for heart failure
with preserved ejection fraction. N Engl J Med 2014;370:1383–1392.

260. Olivier A, Pitt B, Girerd N, Lamiral Z, Machu JL, McMurray JJV, Swedberg K, van
Veldhuisen DJ, Collier TJ, Pocock SJ, Rossignol P, Zannad F, Pizard A. Effect of
eplerenone in patients with heart failure and reduced ejection fraction: potential
effect modification by abdominal obesity. Insight from the EMPHASIS-HF trial.
Eur J Heart Fail 2017;19:1186–1197.

261. Anand IS, Claggett B, Liu J, Shah AM, Rector TS, Shah SJ, Desai AS, O’Meara E,
Fleg JL, Pfeffer MA, Pitt B, Solomon SD. Interaction between spironolactone
and natriuretic peptides in patients with heart failure and preserved ejection
fraction: from the TOPCAT trial. JACC Heart Fail 2017;5:241–252.

262. Anand IS, Rector TS, Cleland JG, Kuskowski M, McKelvie RS, Persson H,
McMurray JJ, Zile MR, Komajda M, Massie BM, Carson PE. Prognostic value of
baseline plasma amino-terminal pro-brain natriuretic peptide and its interactions
with irbesartan treatment effects in patients with heart failure and preserved
ejection fraction: findings from the I-PRESERVE trial. Circ Heart Fail 2011;4:
569–577.

263. Merrill M, Sweitzer NK, Lindenfeld J, Kao DP. Sex differences in outcomes and
responses to spironolactone in heart failure with preserved ejection fraction: a
secondary analysis of TOPCAT trial. JACC Heart Fail 2019;7:228–238. ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
. 264. Kusaka H, Sueta D, Koibuchi N, Hasegawa Y, Nakagawa T, Lin B, Ogawa H,

Kim-Mitsuyama S. LCZ696, angiotensin II receptor-neprilysin inhibitor, amelio-
rates high-salt-induced hypertension and cardiovascular injury more than valsar-
tan alone. Am J Hypertens 2015;28:1409–1417.

265. Solomon SD, McMurray JJ, Anand IS, Ge J, Lam CS, Maggioni AP, Mar-
tinez F, Packer M, Pfeffer MA, Pieske B, Redfield MM, Rouleau JL, Van
Veldhuisen DJ, Zannad F, Zile MR, Desai AS, Claggett B, Jhund P, Boytsov
SA, Colet JC, Cleland J, Duengen HD, Goncalvesova E, Katova T, Kerr
Saraiva JF, Lelonek M, Merkely B, Senni M, Shah SJ, Zhou J, Rizkala AR,
Gong J, Shi VC, Lefkowitz MP; PARAGON-HF Investigators and Committees.
Angiotensin-neprilysin inhibition in heart failure with preserved ejection frac-
tion. N Engl J Med 2019;381:1609–1620.

266. Díaz-Rodríguez E, Agra RM, Fernández ÁL, Adrio B, García-Caballero T,
González-Juanatey JR, Eiras S. Effects of dapagliflozin on human epicardial adi-
pose tissue: modulation of insulin resistance, inflammatory chemokine produc-
tion and differentiation ability. Cardiovasc Res 2018;114:336–346.

267. Adingupu DD, Göpel SO, Grönros J, Behrendt M, Sotak M, Miliotis T,
Dahlqvist U, Gan LM, Jönsson-Rylander AC. SGLT2 inhibition with empagliflozin
improves coronary microvascular function and cardiac contractility in predia-
betic Ob/Ob−/− mice. Cardiovasc Diabetol 2019;18:16.

268. Soga F, Tanaka H, Tatsumi K, Mochizuki Y, Sano H, Toki H, Matsumoto K, Shite J,
Takaoka H, Doi T, Hirata KI. Impact of dapagliflozin on left ventricular diastolic
function of patients with type 2 diabetic mellitus with chronic heart failure.
Cardiovasc Diabetol 2018;17:132.

269. Packer M. Activation and inhibition of sodium-hydrogen exchanger is a mecha-
nism that links the pathophysiology and treatment of diabetes mellitus with that
of heart failure. Circulation 2017;136:1548–1559.

270. Packer M. Do sodium-glucose co-transporter-2 inhibitors prevent heart failure
with a preserved ejection fraction by counterbalancing the effects of leptin? A
novel hypothesis. Diabetes Obes Metab 2018;20:1361–1366.

271. Zelniker TA, Wiviott SD, Raz I, Im K, Goodrich EL, Bonaca MP, Mosen-
zon O, Kato ET, Cahn A, Furtado RH, Bhatt DL, Leiter LA, McGuire DK,
Wilding JP, Sabatine MS. SGLT2 inhibitors for primary and secondary preven-
tion of cardiovascular and renal outcomes in type 2 diabetes: a systematic
review and meta-analysis of cardiovascular outcome trials. Lancet 2019;393:
31–39.

272. Kato ET, Silverman MG, Mosenzon O, Zelniker TA, Cahn A, Furtado RH,
Kuder J, Murphy SA, Bhatt DL, Leiter LA, McGuire DK, Wilding JP, Bonaca
MP, Ruff CT, Desai AS, Goto S, Johansson PA, Gause-Nilsson I, Johanson P,
Langkilde AM, Raz I, Sabatine MS, Wiviott SD. Effect of dapagliflozin on
heart failure and mortality in type 2 diabetes mellitus. Circulation 2019;139:
2528–2536.

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.


