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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. VWomen 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- - the formation of and undermines the stability of the atherosclerotic
ulation results from an inflammatory response to an ectopic . plaque. However, inflammation in atherosclerosis may not solely be
accumulation of dysfunctional lipids. Hypercholesterolaemia a response to lipids that are imbibed from the bloodstream. Many
is a major risk factor for coronary artery disease, but it is @ systemic inflammatory diseases (e.g. rheumatoid arthritis and pso-
the inflammatory response to oxidized lipoproteins that leads to : riasis) are characterized by accelerated coronary atherosclerosis
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and a heightened risk of coronary ischaemic events." 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.?

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.* The epicardial release of proinflalmmatory mediators can
cause microcirculatory dysfunction and fibrosis of the adjacent
muscle.> When this process affects the atria, the resulting elec-
troanatomical remodelling may lead to atrial fibrillation.® 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.” 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.f 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%).° 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.”'? 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.! Some patients have sur-
gically correctable lesions (e.g. valvular disease), and others have

hypervolaemic or high-output states (e.g. obesity, cirrhosis and
shunts).’®1213 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." 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,’> 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.’® 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.'”’~"°
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.?’ 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.”?"?2 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.”'"2? However, the ventricles
cannot accommodate the expansion and redistribution of blood
volume because cardiac distensibility is impaired,”'" most likely
related to coronary microvascular dysfunction and myocardial
fibrosis and/or pericardial restraint.>” Inflammation-related phos-
phorylation of titin may also enhance myocardial stiffness.?* 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 Heart failure, often with increased right-sided pressures

right-sided pressures
Obesity or visceral adiposity Not characteristic
Systolic blood pressure

antihypertensive drugs)
Systemic inflammation Not well characterized
Systemic venous capacitance Not impaired
Natriuretic peptides Often strikingly increased
Cardiac troponin Typically increased
LV systolic function Ejection fraction typically >40%
Left atrial enlargement Typically present
LV diastolic filling abnormalities

LV wall thickness

Typically present

LV end-diastolic volumes (indexed
for age and gender)

Typically reduced

Low to normal (often intolerant of

Markedly increased (especially in men)

Characteristically present
Modestly increased (or taking antihypertensive drugs)

Increased C-reactive protein and other inflammatory biomarkers
Impaired, leading to increased central blood volume
Disproportionately lower than cardiac filling pressures
Occasionally increased

Ejection fraction typically >40%

Typically (but not invariably) present

Typically present, but often not at rest

Often within the normal range or mildly increased

Normal to mildly increased

LV, left ventricular.

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

preserved ejection fraction

o Exertional dyspnoea due to heart failure with a left ventricular ejection fraction that is generally >40%

e Primarily a disease of women

o 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)

o Increased biomarkers reflecting systemic inflammation or insulin resistance (e.g. C-reactive protein)

o Mildly increased systolic blood pressure or taking medications for the treatment of hypertension

o 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

e Magnetic resonance imaging demonstrates increased epicardial adipose tissue volume, with variable degrees of fibrosis

e Coronary microvascular dysfunction, ideally measured by reduced coronary flow reserve during adenosine-induced hyperaemia, but

approximated by provocative testing during non-invasive imaging

e Renal dysfunction (typically, an estimated glomerular filtration rate of 50—80 mL/min/1.73 m?), with evidence of increased perirenal fat

or renal microvascular disease related to systemic inflammation

e Potentially impaired systemic venous capacitance (often with plasma volume expansion) leading to an increase in central blood volume

o 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.'®?> Cardiac filling pressures are increased
in large part because of chamber overfilling.’® 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.”'1220 |n 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 7 and 2).'"12'7 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.

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,* and they show a heightened systemic inflammatory
response to the accumulation of body fat.2® Women are particu-
larly likely to develop myocardial steatosis in response to metabolic

27

derangements,”” 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.33-3° Patients with
psoriasis also exhibit coronary microvascular dysfunction, abnor-
mal diastolic filling, and an increased risk of heart failure.*=*? 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

failure.#*=* 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.**~5' Regardless of the cause,
biomarkers of systemic inflammation may precede the onset of
HFpEF by years®>>3 and distinguish such patients from those with
HFrEF2° Furthermore, measures of inflammation are elevated in
proportion to the number of comorbidities®; are accompanied
by abnormalities in LA structure and LV filling that are typical of
HFpEF®5; and have an adverse prognosis.>®

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.>’=>° An elevated body mass (especially visceral adiposity)
presages a dramatic increase in the risk of heart failure (espe-
cially HFpEF)”'° and independent of any association with ischaemic
cardiac injury.®® 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-

6162 which may collectively culminate in HFpEF$?

tolic dysfunction,
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.5*~¢8 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.®~73 Each
of these metabolic disorders is characterized by the expansion and

inflammation of adipose tissue depots.”*~7¢

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.”’ 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.”®-8" Chronic kidney disease is often accompanied by
systemic inflammation, whose severity predicts the development
of diastolic dysfunction and heart failure, including HFpEF82-84
Proinflammatory mediators that have been linked to HFpEF have
been associated with a progressive decline in glomerular function.®
Furthermore, the renal response to adipose tissue expansion and
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inflammation can trigger changes in tubuloglomerular feedback
that promote glomerular hyperfiltration and its adverse effects on

renal function.8687

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.'® 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,%-%
sclerosis,” increases the prevalence and worsens the severity of
asthma,”? has deleterious effects in inflammatory bowel disease

worsens functional capacity in systemic

and multiple sclerosis,®®** and contributes to the progression
of diabetes, non-alcoholic steatohepatitis and chronic kidney
disease.”>7 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.’® Obese patients with
HFpEF have plasma volume expansion that is directly proportional
to body mass,” and additionally, obesity may limit systemic venous
capacitance.”® The resulting expansion of central blood volume is
poorly tolerated when LV distensibility is impaired.”

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*® As compared with men with HFpEF, women have more
symptoms and disability,’'%! but have more favourable long-term
outcomes.”” 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,'®
limited in women.'%® Furthemore, women show greater degrees of

possibly because systemic venous capacitance is

arterial stiffness, more impaired ventricular—vascular coupling, and
more striking LV concentric remodelling with pressure overload
than men.'%*-1% |mportantly, in the absence of HFpEF, LV volumes
are smaller in women than in men (even when accounting for body
surface area),'%~'% and thus, women are more reliant on a higher
ejection fraction to maintain stroke volume and cardiac output,'®
an effect that may be exaggerated by aging.!'® 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.'%7:108

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.?3? Central obesity
exacerbates age-related ventricular-arterial stiffening in women,
but not in men.""" Both adiposity and diabetes are important
determinants of LV mass and wall thickness in women, but not

112,113

in men, especially as they grow older. Similarly, obesity and

other inflammatory states have a greater influence to increase LA

114115 particularly with aging.''® Visceral

size in women than in men,
adiposity is accompanied by coronary microvascular dysfunction
in women, but not in men.3® Obesity and diabetes accelerates
the evolution of diastolic filling abnormalities during longitudinal

17 and diabetes exacerbates

follow-up more in women than men,
exercise-induced diastolic abnormalities more in women than
men.'"® 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 HFpER19-124

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.? 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,* 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.*°
When overfilled with lipids, these adipocytes are prone to lipolysis,

125

and the release of fatty acids triggers macrophage infiltration'* and
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the secretion of proinflammatory cytokines (leptin, tumour necro-
sis factor-a, interleukin-6, interleukin-14 and resistin).'®'26 The
intimacy of its interface with the myocardium allows these biolog-
ical derangements to be transmitted to the neighbouring muscle.*
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.®'27-133 Lipids
may also accumulate to an excess degree within the myocardium

itself and be accompanied by adverse structural changes.'?%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.'3*-"3¢ Epicardial adiposity is also seen
37 inflammatory bowel disease,’3® and chronic pul-

139 Similarly, in obesity, epicardial adipose
4140

in psoriasis,
monary inflammation.

tissue volume is increase in relation to the degree of microvas-

cular dysfunction, cardiac fibrosis, and ventricular hypertrophy'?®
and to adverse changes in diastolic filling, LA dimensions and global
longitudinal strain.”'3*'*! Diabetes is accompanied by epicardial
adipose expansion and inflammation'#; when diabetes and obe-
sity coexist, each contributes to the volume of epicardial fat."*
Epicardial adiposity is strongly associated with insulin resistance'*
and changes in ventricular structure and function.’ 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.'28146.147
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.'8-150

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 HFpEF”'>! — a
feature that may distinguish HFpEF from HFrEF.'5253 [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

an inflammatory) state.’*] 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.’?'%3 Spread of the systemic inflammatory process to
the kidneys may explain why epicardial fat is increased in chronic
kidney disease.'>® Epicardial adipose tissue mass predicts the pro-
gressive decline in glomerular function and the onset of albuminuria
in diabetic nephropathy.’>®'57 Epicardial adiposity is associated
with chronic kidney disease even in the absence of diabetes.>

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.3!15%10 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 31127161 |ntramyocardial fat accumulation in HFpEF is also par-

ticularly characteristic of women.'?’

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.'11162

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.’*1%3 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.’®*1%7 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

© 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. 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.'®8169

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,’® 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,'”°
pogenesis and the secretion of proinflammatory cytokines.

promoting epicardial adi-
150,171
Elevated tissue activity of aldosterone causes coronary microvas-
cular dysfunction and fibrosis,'”2173 and the infusion of aldosterone
contributes to the evolution of experimental HFpEF."# Circulating
levels of aldosterone are increased in parallel with abnormalities of
LV geometry,'”® although interestingly, hyperaldosteronism has not
been noted in patients with established HFpEF,7® 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 tissue'’’~'7%; natriuretic pep-
tides are capable of reverting epicardial fat to its healthy state,
thereby enhancing its nutritive functions.’®'®" 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.'®2'® 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.'8+18°
Attenuation of the actions of natriuretic peptides also leads to
coronary microvascular dysfunction and cardiac fibrosis'®'%; the
resulting limitation of ventricular stretch further weakens the
stimulus to natriuretic peptide synthesis.” Interestingly, circulating
neprilysin levels have been reported to be increased in HFpEF in

some studies'®® (but not others'®); nevertheless, patients with

HFpEF have accelerated breakdown of natriuretic peptides.'”®
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."

The expansion and biological transformation of epicardial adi-
pose tissue promotes its synthesis of proinflammatory adipocy-
tokines, including leptin, tumour necrosis factor-a, interleukin-14
and interleukin-6.%12¢ These mediators are released locally (pro-
moting cardiac inflammation) and systemically (potentially con-
tributing to renal dysfunction).”> Among the candidate adipocy-
tokines, leptin is most likely to cause sodium retention and
be linked to systemic inflammatory and adipogenic metabolic
disorders.' Circulating levels of leptin are closely associated with
those of aldosterone in population studies.'”? Leptin stimulates
aldosterone secretion from the adrenal cortex'®? and promotes its
proinflammatory actions'®*; in return, aldosterone can increase the
synthesis of leptin.’®® In a counterregulatory manner, natriuretic
peptides inhibit the synthesis of both leptin and aldosterone'%1%7;
circulating levels of leptin and natriuretic peptides are inversely
related."®21%8 Circulating leptin levels are correlated with epicardial

163 F198,199

fat mass'®’ and are increased in patients with HFpE

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 types'’"2%; and mineralocorticoid recep-
tor antagonism attenuates inflammasome activity and blocks
the production of proinflammatory cytokines in adipocytes
and macrophages. "2 Rheumatoid arthritis is character-
ized by increased levels of aldosterone in blood and inflamed
tissues, 203204
anti-inflammatory treatment for the disorder.?®® The activity of

and spironolactone has been proposed as an

aldosterone is increased in ulcerative colitis, multiple sclerosis,
and pulmonary inflammation.2%-2% Finally, adipocytes are an

209 and obesity is characterized

important source of aldosterone,
by hyperaldosteronism?'%; increased levels of aldosterone precede
the development of the metabolic syndrome?!" and predict the
development of diabetes.2'? Spironolactone ameliorates insulin
resistance?’’; and aldosterone contributes to the microvascular
complications of diabetes.?'*?1

Leptin also plays a central role in immune responses and
inflammation.2'® 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.2'’?'® Levels of leptin in blood
and synovial fluid are increased in rheumatoid arthritis in pro-

portion to the disease activity,?'’

and leptin drives autommune
responses in systemic lupus erythematosus.??® Increased leptin is a
marker of disease activity in chronic pulmonary disorders, inflam-
matory bowel disease and multiple sclerosis.??'-223 Additionally,
leptin is increased in proportion to body mass and insulin resis-
tance in obesity and diabetes.??* Increased leptin levels are seen
in hypercortisolism and primary aldosteronism and are reduced by
treatment.225226

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.'%?? Importantly,
circulating levels of natriuretic peptides are decreased in obesity,
diabetes, metabolic syndrome and non-alcoholic fatty liver dis-
ease, particularly in women?2-231; in addition, these disorders
are accompanied by impaired responsiveness to the actions of
natriuretic peptides in adipose tissue, blood vessels and the
kidney.232-23* The impairment of natriuretic peptide signalling may
be related to an increase in neprilysin that is seen in states of
visceral adiposity'; enhanced neprilysin activity has been impli-
cated in the end-organ injury seen in diabetes.?* Furthermore,
the activity of neprilysin is increased at sites of disease activity
in rheumatoid arthritis and systemic sclerosis,?*>23¢ 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.?7-2%8

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.?*
These relationships may be related to greater visceral adiposity
in women,2® but women also show higher levels of and are
more sensitive to the effects of agonists of the secretion of
aldosterone.*2*2 Furthermore, women manifest a heightened
leptin response to inflammation and visceral adiposity.24>?** Leptin
activates the sympathetic nervous system and increases blood
pressure; interestingly, women show greater sympathetic response
to leptin than men,?** and leptin is correlated with blood pressure
in women, but not in men.2** Conversely, although women have
higher levels of natriuretic peptides than men when healthy, they
have lower levels if they are obese,??® and these are further reduced
when they become postmenopausal.2* Interestingly, natriuretic
peptides are particularly decreased in visceral adiposity,'824
and the lower levels of natriuretic peptides in women are still

apparent in patients with heart failure.** When compared with
men, women with HFpEF have lower levels of the biologically
active BNP? — but not the inactive prohormone, N-terminal
proBNPZ? — consistent ~ with  increased

neprilysin-mediated breakdown of the former, but not the latter.'®

adiposity-related

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 obesity?>'; on
the risk of death in patients with HFpEF who were prescribed
statins for dyslipidaemia or diabetes?®?; and on the risk of heart
failure hospitalization with the use of methotrexate in rheumatoid
arthritis, > 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,?* a pattern that differs from that seen when statins are
prescribed to patients with HFrEF25

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.2%627 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 2%

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 spironolactone?’; a differential response might have been
more readily distinguished if visceral adiposity had been assessed
directly.2® 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

e Women predominate among community-based cohorts of HFpEF

e 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

o 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

o 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

o Systemic inflammatory and metabolic disorders that are linked to HFpEF are more common in women than men

e Women are more likely than men to experience systemic inflammation and show increases in proinflammatory cytokines in response to increases

in body fat

o 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

o 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

e 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

e 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

o 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

o 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

o Women with HFpEF may show a greater reduction in all-cause mortality with mineralocorticoid receptor antagonism than men

o 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
value?®'; 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.?? Furthermore, in TOPCAT, women (who are prone to
inflammatory-metabolic HFpEF) responded more favourably than
men on certain outcome measures.?%3 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.8237264 |n 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.’®!

In a large-scale double-blind randomized trial (PARAGON-HF),
neprilysin inhibition produced a modest decrease in the number

of hospitalizations for heart failure.> 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 (SGLT?2) 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 HFpEF2%¢-2¢8 |n addi-
tion, these drugs inhibit sodium reabsorption in the proximal renal
tubule, the site where metabolic disorders may act to cause sodium
retention.?® As a result of these effects, SGLT2 inhibitors may
function as physiological antagonists of leptin.?’® These salutary
actions may explain why SGLT2 inhibitors reduce the risk of heart
failure hospitalizations in patients with type 2 diabetes?’’; these
trials noted a decrease in new-onset HFpEF as well as a reduction
in heart failure events in patients with established HFpEF%3272
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

in trials of mineralocorticoid receptor antagonism and neprilysin
inhibition in HFpEF.
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