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Abstract: Obesity and type 2 diabetes (T2D) are on trend to become a huge burden across all ages.
They cause harm to almost every organ, especially the heart. For decades, the incidence of heart failure
with impaired diastolic function (or called heart failure with preserved ejection fraction, HFpEF) has
increased sharply. More and more studies have uncovered obesity and T2D to be closely associated
with HFpEF. The sarcoplasmic/endoplasmic reticulum calcium ATPase2a (SERCA2a) microdomain is
a key regulator of calcium reuptake into the sarcoplasmic reticulum (SR) during diastole. 3′,5′-cyclic
adenosine monophosphate (cAMP) and its downstream effector cAMP dependent protein kinase
(PKA) act locally within the SERCA2a microdomain to regulate the phosphorylation state of the
small regulatory protein phospholamban (PLN), which forms a complex with SERCA2a. When
phosphorylated, PLN promotes calcium reuptake into the SR and diastolic cardiac relaxation by
disinhibiting SERCA2a pump function. In this review, we will discuss previous studies investigating
the PLN/SERCA2a microdomain in obesity and T2D in order to gain a greater understanding of
the underlying mechanisms behind obesity- and T2D-induced diastolic dysfunction, with the aim to
identify the current state of knowledge and future work that is needed to guide further research in
the field.
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1. Introduction

As the world lives longer, obesity and T2D are becoming more and more frequent
all over the world, with the global prevalence of obesity and T2D estimated to reach a
staggering 1 billion and 570 million, respectively, by the year 2025 [1]. As obesity and T2D
increase the risk for cardiovascular diseases [2], they not only result in a heavy economic
burden and medical stress, but also pose a serious impact to quality of life. Epidemic
studies have shown obesity and T2D go hand in hand, and contribute to many kinds
of cardiovascular diseases, in particular to heart failure with preserved ejection fraction
(HFpEF) [3,4]. HFpEF draws our attention due its high morbidity and lack of suitable
therapies, particularly in obesity and T2D associated HFpEF [5,6]. In efforts to identify
new effective therapies, it is imperative to uncover the role of obesity and T2D in the
pathophysiology of HFpEF. Investigations into the PLN/SERCA2a microdomain provide
a hopeful spark in achieving this goal [7]. This microdomain is particularly interesting
because it controls diastolic function of the cardiomyocyte by regulating calcium cycling [8],
with the level of cAMP determining whether the SERCA2a pump is more “opened or
closed” by PKA mediated phosphorylation of PLN. In this review, we aim to discuss
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what is currently known about the PLN/SERCA2a microdomain in the obese and T2D
heart in the context of HFpEF, and to highlight any obstacles and limitations that need to
be overcome in order to direct this research field and potential new HFpEF therapies in
the future.

2. Obesity and T2D

Obesity is defined as a disproportionate body weight for height with an excessive
accumulation of adipose tissue, and it is assessed via body mass index (BMI), expressed as
the ratio of body weight in kilograms divided by height in square meters (kg/m2) [9]. The
World Health Organization (WHO) classification defines obesity as a BMI ≥ 30 kg/m2 and
extreme/morbid obesity as a BMI≥ 40 kg/m2 [10]. T2D is characterized by hyperglycemia,
as a result of insulin resistance. While early stages are often accompanied by hyperinsu-
linemia, if left untreated, the condition may progress to a severe stage of insulin deficiency
due to pancreatic beta cell dysfunction [11]. The WHO diagnosis criteria for T2D is based
on a fasting blood glucose level of ≥7.0 mmol/L or 2 h post-glucose load ≥ 11.1 [12].
Both obesity and T2D result in significant physical and psychological stress. Additionally,
importantly, the combined presence of both obesity and T2D increase cardiovascular risk,
with obese and T2D patients being 2–5 times more likely to develop heart failure, of which
75% of cases are attributed to HFpEF [2,13,14].

3. Heart Failure Induced by Obesity and T2D

HFpEF differs from traditional heart failure with reduced ejection fraction (HFrEF),
in that the heart is still able to pump blood out to the body, but it has an impaired ability
to adequately relax [13]. Importantly, HFpEF is reported to have comparable morbidity
and mortality rates as HFrEF [15]. For example, mortality rates six months post diagnosis
have been reported to be at 16% in both HFpEF and HFrEF patients [16], at one year
post diagnosis increasing in both forms of heart failure to 28% and 32%, and at five
years to 65% and 68%, respectively [17]. It is also estimated in the latest epidemiological
studies that half of all heart failure patients have HFpEF [18]. With obesity and T2D
incidence increasing, and with a multitude of studies showing that obesity and T2D
promote HFpEF [3,4,19], even in children [20], it is not surprising that HFpEF will soon
take over as the predominant form of heart failure [21]. When we consider morbidity and
mortality rates associated with HFpEF, it is important to note that in addition to obesity
and T2D, there is also a high prevalence of cardiovascular comorbidities that associate with
HFpEF, most notably hypertension, coronary artery disease and atrial fibrillation [16]. The
presence of these co-morbidities not only contribute significantly to the overall burden of
HFpEF but add to the complexity in our understanding of its pathophysiology. Indeed,
despite a plethora of potential mechanisms of HFpEF being identified, such as chronic
inflammation, hypertension, endothelial cell dysfunction, and dyslipidemia [22–24], we
still lack significant understanding of how obesity and T2D induce HFpEF. In addition,
while prognosis of traditional HFrEF has improved as a result of a variety of effective
drugs such as beta blockers, angiotensin-converting enzyme inhibitors and aldosterone
antagonists, they are unfortunately ineffective in HFpEF patients [18,25–27], particularly
in obesity and T2D associated HFpEF. Therefore, we have an urgent need to identify the
mechanism/s of HFpEF.

While a growing body of science has nicely focused on the clinical characteristics
and diagnosis of HFpEF, including investigations into potential biomarkers [13,28,29], it
is the investigation of HFpEF at the cell signaling level that is required for us to truly
dissect the pathophysiology of HFpEF. In past work, the lack of suitable HFpEF animal
models that are comparable to the clinical manifestation of obesity and T2D HFpEF has
been a major impediment. In this review, in an attempt to unravel the mystery of obesity
and T2D-induced HFpEF, we rely on past work that was predominately undertaken in
murine models of obesity and T2D [30–34]. It is therefore important to note that these
models vary considerably in the severity and stage of both obesity and T2D; as such, care
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must be taken when making comparisons between past work. In addition, while obesity
and T2D are strong promoters of HFpEF, they are not the only causes, with increasing
age and hypertension in particular, also shown to promote HFpEF. Additionally, indeed,
a combination of all of these stresses is often presented in the clinical manifestation of
HFpEF. However, in this review, we specifically focus on cAMP dynamics within the
PLN/SERCA2a microdomain in the etiology of HFpEF induced by obesity and T2D.

4. cAMP and Its Microdomains

cAMP is a ubiquitous intracellular second messenger that regulates a wide range of
physiological and pathological processes through the phosphorylation of several proteins
involved in calcium handling and excitation-contraction coupling mediated via cAMP
dependent protein kinase (PKA) activation [35]. The distinct function of cAMP is dependent
on its localization within microdomains (or nanodomains) which are a series of local
macromolecular signaling complexes that control the production, regulation, and function
of cAMP. For example, cAMP activity is compartmentalized within microdomains situated
at the PLN/SERCA2a complex, ryanodine receptors (RyRs) and L-type calcium channel
(LTCC), in which increases in cAMP lead to increased PKA activation and subsequent
activation of these calcium handling proteins [36]. cAMP production is stimulated via
beta-adrenergic receptor (β-AR) signaling, in response to the binding of hormones and
neurotransmitters such as epinephrine or norepinephrine to the β1-AR or β2-AR subtypes.
Agonist binding to both the β1-AR and β2-AR allows for coupling with a stimulatory G
protein, Gαs, thus stimulating cAMP production. In addition, prolonged agonist binding
to the β2-AR allows for coupling with an inhibitory G protein, Gαi, thus inhibiting cAMP
production. cAMP is also inhibited via hydrolysis by phosphodiesterases (PDEs) for which
there are at least five isoforms expressed in the heart: PDE1, PDE2, PDE3, PDE4 and
PDE8 [36,37]. To prevent sustained stimulation of β-ARs, a negative feedback loop is
initiated, in which β-ARs are phosphorylated by G protein-coupled receptor kinases and
PKA to promote receptor desensitization [38]. Furthermore, PKA can phosphorylate several
cAMP degrading PDE isoforms further enhancing their hydrolytic activity. This dynamic
balance of cAMP production and inhibition is vital in achieving distinct functional activities
of cAMP within different microdomains [36].

While the majority of past work has been restricted to assessing cAMP dynamics at
the whole tissue/cell level with basic biochemical approaches, the development of Förster
resonance imaging transfer (FRET) cAMP biosensors specifically targeted to different cAMP
microdomains, have allowed the direct assessment of cAMP dynamics within function-
ally relevant sites of calcium handling with high spatial and temporal resolution [39,40].
Incredibly, this work can be performed in single live cells, allowing us to not only visualize
cAMP levels, but to manipulate and measure changes in cAMP concentrations in real time.
For obesity/T2D-induced HFpEF, the PLN/SERCA2a microdomain should be of partic-
ular functional relevance since it regulates diastolic calcium reuptake and cell relaxation.
Live cell imaging using biosensors targeted to this microdomain can potentially provide
important new mechanistic insights which are almost completely lacking for HFpEF. For
example, we have previously generated FRET-based cAMP biosensor Epac1-cAMP fused to
PLN (Epac1-PLN), allowing for the assessment of cAMP dynamics within close proximity
to SERCA2a [41]. In this work, we discovered that selective stimulation of the β1-AR
subtype, but not β2-AR, resulted in increased cAMP levels within the PLN/SERCA2a
microdomain, and for these cAMP pools to be hydrolyzed by the PDE families in the
predominant order of PDE4, PDE3 and PDE2 (see Figure 1). Interestingly, in response
to transthoracic-aortic-banding-induced hypertrophy and an early HFrEF phenotype, we
observed reduced β-AR-induced cAMP pools within the SERCA2a microdomain and an
increased coupling of PDE2. This suggests that in traditional heart failure there is an early
remodeling of cAMP dynamics that blunt β-AR cAMP signals within the PLN/SERCA2a
microdomain that is partly explained by increased PDE2 mediated hydrolysis of cAMP.
However, whether and how cAMP remodeling within the PLN/SERCA2a microdomain
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occurs in HFpEF is still unclear. Below, we discuss the importance of the PLN/SERCA2a
microdomain and evidence obtained from basic biochemical approaches that suggest the
presence of PLN/SERCA2a dysregulation and remodeling of cAMP dynamics in obesity
and T2D HFpEF models.

1 
 

 

 

Figure 1. Schematic of the PLN/SERCA2A microdomain in healthy and diseased cardiomyocytes.
(A) In healthy cells, the regulation of cAMP within the beta-adrenergic receptor (β-AR) microdomains
in which cAMP signals stimulated via the β1-AR are far-reaching and regulated via the phosphodi-
esterases (PDEs), PDE2, PDE3 and PDE4, while the β2-AR signals are locally confined and regulated
via PDE3 and PDE4. In the PLN/SERCA2a microdomain, PKA is tethered by A-kinase anchoring
protein 18δ (AKAP18δ) and cAMP pools are mainly regulated via PDE3 and PDE4. (B) Schematics
of PLN/SERCA2A microdomain remodeling in obesity and T2D-induced HFpEF cardiomyocytes.
While there are consistent reports of reduced SERCA2a activity, the mechanisms remain unclear.
With typically reduced PLN phosphorylation there is no clear knowledge regarding cAMP concentra-
tions or PDE activities within this microdomain which may lead to spatial alterations in β1-AR and
β1-AR/cAMP responses.

5. PLN/SERCA2a Microdomain in Heart

The PLN/SERCA2a microdomain is situated within the sarcoplasmic reticulum (SR)
membrane. The SR is a vital intracellular organelle found in muscle cells such as cardiomy-
ocytes, smooth muscle cells, and skeletal muscle cells [42]. The function of the SR is to
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synthesize a portion of proteins and to store calcium needed for excitation-contraction
coupling. SERCA2a is the only subtype of SR ATPase expressed in cardiomyocytes that
participates in calcium transport [43]. During diastole, more than 70% of cytosolic cal-
cium is absorbed by SERCA2a in reuptake [8]. The downregulation or hypofunction of
SERCA2a has been associated with impaired function in the cardiomyocyte, especially in
HFrEF [44,45]. Conversely, researchers have also discovered that upregulation of SERCA2a
in the atrial myocardium of T2D patients is also associated with impaired diastolic func-
tion [46], highlighting the layers of complexity in the regulation of SERCA2a activity besides
its expression level. SERCA2a activity is tightly regulated by PLN (Figure 1A).

PLN is a small 52 amino acid protein that was first discovered in the 1970s [47]. It
quickly became a hotspot of investigation due to its involvement in regulating SERCA2a
activity, with subsequent work targeting PLN as potential therapeutic target for ventricle
dysfunction [48]. The SR membrane contains both monomer and pentamer PLN, but
only the monomer is capable of binding to and inhibiting SERCA2a [8,49]. PLN binds to
SERCA2a by crosslinking lysine (Lys) 3 in the PLN domain Ia to Lys397 and Lys400 in the
cytosolic nucleotide-binding domain of SERCA2a [50]. On the one hand, the functional
stoichiometry of PLN and SERCA2a in the heart is 2:1 to 2.5:1, and either less or more PLN
expression in the cardiomyocyte may result in heart dysfunction [51–54]. PLN association
and inhibition of SERCA2a is relieved upon PLN phosphorylation. With PLN phosphory-
lated by PKA at serine 16 in response to increased cAMP levels and by Ca2+/calmodulin
dependent protein kinase II (CaMKII) at threonine 17. PLN is dephosphorylated by protein
phosphatase 1 [8].

6. PLN/SERCA2a Microdomain in Heart Dysfunction Induced by Obesity and T2D

There is evidence to suggest a dysregulation of PLN/SERCA2a activity in the obese
and/or T2D heart that may promote diastolic dysfunction and HFpEF, with many models
observing a decrease in SERCA2a activity and altered calcium handling; however, the
potential mechanisms of this dysregulation have varied and/or remained unclear.

For example, single cell experiments in cardiomyocytes isolated from db/db mice
uncovered a delay in calcium transients, with removal of cytosolic calcium ~33% slower
in db/db cardiomyocytes compared to that in healthy mice [55]. The cardiomyocytes also
exhibited increased SR calcium leakage. Since this was not accompanied by changes in
RyR or sodium-calcium exchanger activity, the authors hypothesized that delayed calcium
transients and leakage were due to impaired SERCA2a activity. Indeed, they also observed a
threefold greater PLN:SERCA2a expression ratio which would favor an increased inhibitory
effect of PLN on SERCA2a. Interestingly, this altered expression ratio was less driven by a
reduction in SERCA2a expression, but more so due to a large increase in PLN expression.
Accompanying this altered expression ratio, the db/db cardiomyocytes also exhibited a
trend for a reduced PLN Ser16 phosphorylation which may have further contributed to
an increased inhibitory effect of PLN on SERCA2a [55]. Figure 1B summarizes possible
alterations in PLN/SERCA2a microdomain in disease.

Delays in cytosolic calcium reuptake into the SR have also been reported in pre-T2D rat
models; however, these changes were not accompanied by altered expression ratios of total
PLN:SERCA2a protein [56,57]. For example, in rats fed a high sucrose diet that induced
a pre-T2D phenotype (hyperinsulinemia, mild hyperglycemia, and hyperlipidemia) with
diastolic dysfunction, a reduction in SR calcium reuptake by ~30% was observed along
with significant reductions in both PKA and CaMKII mediated phosphorylation of PLN,
yet no changes were observed in total PLN or SERCA2a protein levels, suggesting the de-
creased SERCA2a activity was driven by upstream alterations in PLN phosphorylation [57].
Consistent with this finding, high-fat-diet-induced obesity in rats resulted in lower lev-
els of PLN Ser16 phosphorylation accompanied by dysregulated calcium handling [58].
However, in contrast, rats given a low dose of Streptozotocin (STZ) and a high fat diet
which induced an early T2D phenotype, exhibited an increased phosphorylation of PLN at
Ser16, whereas PLN phosphorylation at the CaMKII site was decreased [59]. Additionally,
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in another study employing a high sucrose-induced pre-T2D insulin-resistant phenotype
in rats, calcium reuptake into the SR was prolonged by ~25% compared to that in insulin
sensitive cardiomyocytes; however, phosphorylation of PLN at Ser16 along with total PLN
and SERCA2a protein levels remained unchanged [56]. Therefore, these data suggest a
greater complexity to altered SERCA2a activity and SR calcium reuptake in T2D than that
which can solely be explained by reduced PLN phosphorylation.

Indeed, similar observations regarding delayed calcium reuptake into the SR have
been observed in cardiomyocytes isolated from MetS rats and from mice fed a high fat diet,
with no changes in the PLN phosphorylation status, potential mechanisms were instead
attributed to oxidative stress-induced oxidation of SERCA2a and reduced SERCA2a protein
levels [60,61]. Interestingly, alterations in PLN Ser16 phosphorylation do not necessarily
result in impairments in calcium handling, as a high fat diet in male Wistar rats which
induced diastolic dysfunction was associated with reduced PLN phosphorylation at Ser16,
in the absence of any clear defects in calcium cycling and reuptake into the SR [62]. In
saying that, the therapeutic advantage of maintaining normal PLN phosphorylation in
T2D has been demonstrated in the past. For example, in hyperglycemia-induced cardiac
hypertrophy, activation of a G-protein coupled receptor TGR5 was shown to improve
cardiac function by preventing high glucose-induced decreases in SERCA2a expression
and promoting PKA-mediated PLN phosphorylation at Ser16 and subsequent SR calcium
reuptake [63]. While this study unfortunately did not assess diastolic dysfunction, it
highlights the importance of maintaining normal PKA mediated PLN phosphorylation in
regulating SERCA2a mediated calcium reuptake in hyperglycemia.

Considering how alterations in PDE activity may dysregulate SERCA2a activity, it
was reported recently that hyperinsulinemia induces systolic and diastolic dysfunction by
increasing expression of PDE4D, which contributes to reduced PKA mediated phosphoryla-
tion of PLN [64]. Additionally, in response to a high-carbohydrate-diet-induced metabolic
syndrome in rats, elevated PDE3 and PDE4 expression was associated with a decreased
phosphorylation of PLN and altered calcium homeostasis [65]. However, a limitation of
these studies was that assessments of PDEs were made at the whole cell lysate/tissue level.
In the future, it would be interesting to further uncover how PDE activities specifically
within the PLN/SERCA2a domain is altered in HFpEF. For example, another potential
mechanism of decreased SERCA2a activity, may be due to increased PDE activities within
the SERCA2a microdomain, leading to decreased cAMP levels and PLN phosphorylation.

7. Conclusions

There is still a long way to go before we can fully decipher and understand the precise
remodeling of the PLN/SERCA2a domain in HFpEF caused by obesity and T2D. The
variable findings from past studies have made it difficult to accurately pinpoint the distinct
alterations within the PLN/SERCA2a microdomain that promote diastolic dysfunction
(see Figure 1B). However, these studies provide key insights into the likely evolutionary
nature of changes in PLN/SERCA2a expression and activity that may depend on the stage
and severity of obesity and T2D-induced HFpEF. Furthermore, by compiling a summary
of these past literature we have been able to identify key gaps of knowledge that are
needed for us to understand the significance of PLN/SERCA2a microdomain remodeling
in HFpEF. For example, the main limitation of past studies has been the use of whole
cell/tissue lysates in an attempt to explain alterations specifically observed with SERCA2a
calcium handling and an overall lack of understanding of cAMP-mediated regulation of
PKA and PLN within this microdomain. In future work, the application of highly sensitive
FRET cAMP biosensors, such as the Epac1-PLN biosensor, applied to clinically relevant
HFpEF models, will allow us for the first time to truly dissect specific alterations in cAMP
dynamics that regulate SERCA2a activity. Such as in elucidating any alterations in cAMP
concentrations within this microdomain and in β-AR subtype control of cAMP pools and
PDE coupling. Ultimately, this knowledge will be imperative in not only our understanding
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of the pathophysiology of HFpEF induced by obesity and T2D, but also in our attempts to
develop effective therapies to treat HFpEF.

Author Contributions: P.L., K.A.D.J. and V.O.N. developed the concept; K.A.D.J. and P.L. drafted the
manuscript. All authors revised the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: The work of our laboratory was supported by the Deutsche Forschungsgemeinschaft
(grants NI 1301/7-1, SFB 1328 and SFB1525 to V.O.N.), the European Research Area Network on Car-
diovascular Diseases (ERA-CVD), the Gertraud und Heinz-Rose Stiftung and the Chinese Scholarship
Council (CSC, Ph.D. fellowship to P.L.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank all members of our group for their support and helpful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lin, X.; Xu, Y.; Pan, X.; Xu, J.; Ding, Y.; Sun, X.; Song, X.; Ren, Y.; Shan, P.F. Global, regional, and national burden and trend of

diabetes in 195 countries and territories: An analysis from 1990 to 2025. Sci. Rep. 2020, 10, 14790. [CrossRef] [PubMed]
2. Despres, J.P. Body fat distribution and risk of cardiovascular disease: An update. Circulation 2012, 126, 1301–1313. [CrossRef]

[PubMed]
3. Waldeyer, R.; Brinks, R.; Rathmann, W.; Giani, G.; Icks, A. Projection of the burden of type 2 diabetes mellitus in Germany: A

demographic modelling approach to estimate the direct medical excess costs from 2010 to 2040. Diabet. Med. 2013, 30, 999–1008.
[CrossRef] [PubMed]

4. Finkelstein, E.A.; Khavjou, O.A.; Thompson, H.; Trogdon, J.G.; Pan, L.; Sherry, B.; Dietz, W. Obesity and severe obesity forecasts
through 2030. Am. J. Prev. Med. 2012, 42, 563–570. [CrossRef]

5. Tsujimoto, T.; Kajio, H. Beta-blocker use and cardiovascular event risk in patients with heart failure with preserved ejection
fraction. Sci. Rep. 2018, 8, 9556. [CrossRef]

6. Tsujimoto, T.; Kajio, H. Abdominal Obesity Is Associated with an Increased Risk of All-Cause Mortality in Patients with HFpEF. J.
Am. Coll. Cardiol. 2017, 70, 2739–2749. [CrossRef]

7. Zaccolo, M. cAMP signal transduction in the heart: Understanding spatial control for the development of novel therapeutic
strategies. Br. J. Pharmacol. 2009, 158, 50–60. [CrossRef]

8. MacLennan, D.H.; Kranias, E.G. Phospholamban: A crucial regulator of cardiac contractility. Nat. Rev. Mol. Cell Biol. 2003, 4,
566–577. [CrossRef]

9. Gonzalez-Muniesa, P.; Martinez-Gonzalez, M.A.; Hu, F.B.; Despres, J.P.; Matsuzawa, Y.; Loos, R.J.F.; Moreno, L.A.; Bray, G.A.;
Martinez, J.A. Obesity. Nat. Rev. Dis. Primers 2017, 3, 17034. [CrossRef]

10. World Health Organization. Obesity: Preventing and Managing the Global Epidemic: Report of aWHO Consultation; WHO Technical
Report Series; World Health Organization: Geneva, Switerzerland, 2000; p. 9.

11. DeFronzo, R.A.; Ferrannini, E.; Groop, L.; Henry, R.R.; Herman, W.H.; Holst, J.J.; Hu, F.B.; Kahn, C.R.; Raz, I.; Shulman, G.I.; et al.
Type 2 diabetes mellitus. Nat. Rev. Dis. Primers 2015, 1, 15019. [CrossRef]

12. World Health Organization. Definition, Diagnosis and Classification of Diabetes Mellitus and Its Complications. REPORT of a WHO
Consultation, Part. 1: Diagnosis and Classification of Diabetes Mellitus; World Health Organization: Geneva, Switerzerland, 1999.

13. Dunlay, S.M.; Roger, V.L.; Redfield, M.M. Epidemiology of heart failure with preserved ejection fraction. Nat. Rev. Cardiol. 2017,
14, 591–602. [CrossRef] [PubMed]

14. Piche, M.E.; Tchernof, A.; Despres, J.P. Obesity Phenotypes, Diabetes, and Cardiovascular Diseases. Circ. Res. 2020, 126, 1477–1500.
[CrossRef] [PubMed]

15. Tsao, C.W.; Lyass, A.; Enserro, D.; Larson, M.G.; Ho, J.E.; Kizer, J.R.; Gottdiener, J.S.; Psaty, B.M.; Vasan, R.S. Temporal Trends in
the Incidence of and Mortality Associated with Heart Failure with Preserved and Reduced Ejection Fraction. JACC Heart Fail.
2018, 6, 678–685. [CrossRef] [PubMed]

16. Pfeffer, M.A.; Shah, A.M.; Borlaug, B.A. Heart Failure with Preserved Ejection Fraction In Perspective. Circ. Res. 2019, 124,
1598–1617. [CrossRef]

17. Owan, T.E.; Hodge, D.O.; Herges, R.M.; Jacobsen, S.J.; Roger, V.L.; Redfield, M.M. Trends in prevalence and outcome of heart
failure with preserved ejection fraction. N. Engl. J. Med. 2006, 355, 251–259. [CrossRef]

18. Shah, S.J.; Borlaug, B.A.; Kitzman, D.W.; McCulloch, A.D.; Blaxall, B.C.; Agarwal, R.; Chirinos, J.A.; Collins, S.; Deo, R.C.; Gladwin,
M.T.; et al. Research Priorities for Heart Failure with Preserved Ejection Fraction: National Heart, Lung, and Blood Institute
Working Group Summary. Circulation 2020, 141, 1001–1026. [CrossRef]

http://doi.org/10.1038/s41598-020-71908-9
http://www.ncbi.nlm.nih.gov/pubmed/32901098
http://doi.org/10.1161/CIRCULATIONAHA.111.067264
http://www.ncbi.nlm.nih.gov/pubmed/22949540
http://doi.org/10.1111/dme.12177
http://www.ncbi.nlm.nih.gov/pubmed/23506452
http://doi.org/10.1016/j.amepre.2011.10.026
http://doi.org/10.1038/s41598-018-27799-y
http://doi.org/10.1016/j.jacc.2017.09.1111
http://doi.org/10.1111/j.1476-5381.2009.00185.x
http://doi.org/10.1038/nrm1151
http://doi.org/10.1038/nrdp.2017.34
http://doi.org/10.1038/nrdp.2015.19
http://doi.org/10.1038/nrcardio.2017.65
http://www.ncbi.nlm.nih.gov/pubmed/28492288
http://doi.org/10.1161/CIRCRESAHA.120.316101
http://www.ncbi.nlm.nih.gov/pubmed/32437302
http://doi.org/10.1016/j.jchf.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30007560
http://doi.org/10.1161/CIRCRESAHA.119.313572
http://doi.org/10.1056/NEJMoa052256
http://doi.org/10.1161/CIRCULATIONAHA.119.041886


J. Cardiovasc. Dev. Dis. 2022, 9, 163 8 of 9

19. Boyle, J.P.; Thompson, T.J.; Gregg, E.W.; Barker, L.E.; Williamson, D.F. Projection of the year 2050 burden of diabetes in the
US adult population: Dynamic modeling of incidence, mortality, and prediabetes prevalence. Popul. Health Metr. 2010, 8, 29.
[CrossRef]

20. Ali, A.K. Epidemiology of Heart Failure with Preserved Ejection Fraction in Pediatric Population with Obesity. Pharmacoepidemiol.
Drug Saf. 2020, 29, 455.
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