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Aims Sex differences in heart failure with preserved ejection fraction (HFpEF) are important, but key mechanisms involved are incom-
pletely understood. While animal models can inform about sex-dependent cellular and molecular changes, many previous pre- 
clinical HFpEF models have failed to recapitulate sex-dependent characteristics of human HFpEF. We tested for sex differences 
in HFpEF using a two-hit mouse model (leptin receptor–deficient db/db mice plus aldosterone infusion for 4 weeks; db/db + Aldo).

Methods 
and results

We performed echocardiography, electrophysiology, intracellular Ca2+ imaging, and protein analysis. Female HFpEF mice exhibited 
more severe diastolic dysfunction in line with increased titin N2B isoform expression and PEVK element phosphorylation and re-
duced troponin-I phosphorylation. Female HFpEF mice had lower BNP levels than males despite similar comorbidity burden 
(obesity, diabetes) and cardiac hypertrophy in both sexes. Male HFpEF mice were more susceptible to cardiac alternans. Male 
HFpEF cardiomyocytes (vs. female) exhibited higher diastolic [Ca2+], slower Ca2+ transient decay, reduced L-type Ca2+ current, 
more pronounced enhancement of the late Na+ current, and increased short-term variability of action potential duration 
(APD). However, male and female HFpEF myocytes showed similar downregulation of inward rectifier and transient outward 
K+ currents, APD prolongation, and frequency of delayed afterdepolarizations. Inhibition of Ca2+/calmodulin-dependent protein 
kinase II (CaMKII) reversed all pathological APD changes in HFpEF in both sexes, and empagliflozin pre-treatment mimicked these 
effects of CaMKII inhibition. Vericiguat had only slight benefits, and these effects were larger in HFpEF females.

Conclusion We conclude that the db/db + Aldo pre-clinical HFpEF murine model recapitulates key sex-specific mechanisms in HFpEF and pro-
vides mechanistic insights into impaired excitation–contraction coupling and sex-dependent differential arrhythmia susceptibility in 
HFpEF with potential therapeutic implications. In male HFpEF myocytes, altered Ca2+ handling and electrophysiology aligned with 
diastolic dysfunction and arrhythmias, while worse diastolic dysfunction in females may depend more on altered myofilament 
properties.
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1. Introduction
Sex differences in cardiovascular diseases are increasingly recognized, yet 
females are underrepresented in clinical trials, and mechanisms remain in-
completely understood.1–4 Pre-menopausal women have lower risk of 
coronary artery disease (CAD) and reduced susceptibility to ischaemic 
heart injury.1 The female heart is also relatively protected against heart fail-
ure (HF) with reduced ejection fraction (HFrEF), and this protection wanes 
post-menopause.2,3 In contrast to CAD and HFrEF, heart failure with pre-
served ejection fraction (HFpEF) is more prevalent in both pre-menopausal 
and post-menopausal women.2,5,6 This might be due to the common extra-
cardiac comorbidities that markedly increase the risk of developing HFpEF 
in women.7 Hypertension increases HF risk by three-fold in women com-
pared with two-fold in men,8 and diabetes mellitus increases HF risk by 
five-fold in women compared with 2.4-fold in men.9 The disease prognosis 
and diastolic dysfunction in HFpEF have also been reported worse in fe-
males.6 In contrast to higher susceptibility of female patients for contractile 
dysfunction, cardiac arrhythmia and sudden cardiac death (SCD) might be 
more frequent in male patients with HFpEF.10 SCD incidence was 2.1-fold 
higher in male vs. female patients with HFpEF in the Treatment of 
Preserved Cardiac Function Heart Failure with an Aldosterone 
Antagonist (TOPCAT) trial.11 However, exact arrhythmia risk and me-
chanisms in HFpEF remain unclear.12

Animal models can provide important mechanistic insights into sex- 
dependent disease mechanisms13; however, female animals are underuti-
lized in pre-clinical cardiovascular research.14 Several mouse models that 

exhibit aspects of HFpEF have been previously used; however, many mod-
els fall short of recapitulating the complex, multiorgan HFpEF phenotype 
seen in human patients.15,16 Recently, two-(or multi)-hit models have 
emerged, combining metabolic and haemodynamic stresses, and showed 
multiple characteristics of human HFpEF.17 Among these models, a mouse 
model using high-fat diet (HFD) and Nω-nitro-L-arginine methyl ester 
(L-NAME), an inhibitor of nitric oxide (NO) synthases, quickly became 
popular allowing translational investigations in HFpEF.18–20 However, fe-
male sex is protective against developing HFpEF in the HFD + L-NAME– 
treated mice,21 which contrasts with clinical observations in human 
HFpEF. Because HFpEF represents a diverse group of patients, multiple 
models with different underlying pathophysiology may be required to bet-
ter understand HFpEF.12,22 Recently, we established another two-hit 
model of HFpEF that synergistically combines the leptin receptor–deficient 
db/db mice with 4-week continuous aldosterone (Aldo) infusion (db/db +  
Aldo), which mimics a more diabetic sub-phenogroup in HFpEF.23

Importantly, diastolic dysfunction is more prominent in female patients 
with diabetes and HFpEF24 and in female db/db mice,25 and mineralocortic-
oid receptor inhibition may provide more benefit in female patients with 
HFpEF.26 Thus, we hypothesized that the db/db + Aldo mice may better re-
capitulate sex differences in human HFpEF, with worse diastolic dysfunc-
tion in females. Additionally, we aimed to characterize sex-dependent 
changes in intracellular Ca2+ handling and electrophysiology in HFpEF car-
diomyocytes, because sex-specific proarrhythmia mechanisms in HFpEF 
are largely unknown. We also focused on select myofilament proteins, titin 
and troponin-I. We then tested for sex-specific cardiomyocyte 
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electrophysiological responses to sodium–glucose cotransporter-2 
(SGLT2) inhibitor empagliflozin (an established drug in HFpEF),27 soluble 
guanylate cyclase (sGC) stimulator vericiguat (a drug with ample pre- 
clinical data but that failed in HFpEF clinical trials),28 and inhibition of 
Ca2+/calmodulin-dependent kinase II (CaMKII, a key signalling molecule 
regulating cardiomyocyte excitation–contraction coupling and multiple 
ion channels)29 using autocamtide-2-related inhibitory peptide (AIP) to ad-
vance clinical translation.

2. Methods
All animal handling and laboratory procedures were in accordance with the 
approved protocols of the Institutional Animal Care and Use Committee 
at University of California, Davis (#23175), conforming to the Guide for 
the Care and Use of Laboratory Animals published by the US National 
Institutes of Health (8th edition, 2011). An expanded Methods section is 
available in the Supplementary material.

2.1 Animal procedures
Adult (10-week-old) Leprdb/db (strain #000697) and corresponding wild- 
type (WT) mice on C57BL/6J background were obtained from The 
Jackson Laboratory. Mice were kept at standard temperature, humidity, 
and lighting. Food (Teklad, 2018) and drinking water were provided ad 
libitum. Osmotic minipumps (Alzet, 2004) were implanted subcutaneously 
in 12-week-old mice that delivered a continuous infusion of either 
D-aldosterone (0.3 μg/h) or vehicle (saline with 5% ethanol) for 4 weeks 
(study protocol is shown in Figure 1A). We used block randomization 
with a block size of four animals (for each genotype, treatment, and sex), 
with 24 control (WT + vehicle) and 24 two-hit (db/db + Aldo) mice in-
cluded (allowing for detailed isolated myocyte studies), and for the one-hit 
controls, we used 8 WT + Aldo and 8 db/db + vehicle mice. For proper 

allocation concealment, animals were recruited blinded based on sequen-
tial ear tag numbers randomly assigned by the animal housing staff. Each 
treatment group included equal numbers of male and female animals. 
Animals were injected with heparin (400 U/kg) and were subjected to gen-
eral anaesthesia by 2–5% isoflurane inhalation in 100% oxygen throughout 
the terminal surgical procedure. All animals were euthanized by surgical ex-
cision of the heart while in deep anaesthesia. Enzymatic isolation of cardi-
omyocytes was performed as previously described.30

2.2 Blood glucose and BNP measurements
Blood glucose levels were measured in blood samples collected from the 
middle tail vein using OneTouch UltraMini blood glucose monitoring sys-
tem and test strips (LifeScan). B-type natriuretic peptide (BNP) levels 
were measured in blood plasma by ELISA (RayBiotech, EIAM-BNP-1).

2.3 Echocardiography
Transthoracic echocardiography was performed in anaesthetized (isoflur-
ane, 0.5–3%) animals. M-mode and Doppler images were acquired using a 
Vevo 2100 echocardiography system (FUJIFILM VisualSonics) equipped 
with a 40 MHz transducer.

2.4 Protein analysis
Gel electrophoresis and immunoblotting were performed to determine 
changes in titin isoform expression and phosphorylation, troponin-I phos-
phorylation (pTnI), and periostin expression.

2.5 Myocyte Ca2+ imaging and 
electrophysiology
Intracellular Ca2+ signals were measured using confocal microscopy in 
freshly isolated ventricular cardiomyocytes loaded with Fluo-4 AM at 

Figure 1 Sex differences in morphometric parameters in HFpEF mice. (A) HFpEF study protocol and assessment of extracardiac morbidities, heart function, 
and cardiomyocyte excitation–contraction coupling and electrophysiology. (B) Sex-dependent changes in body weight and blood glucose levels over time in 
db/db mice with chronic aldosterone infusion (db/db + Aldo) vs. vehicle-treated WT control (WT + vehicle). Two-way repeated measures ANOVA with 
Geisser–Greenhouse correction. (C ) Sex-dependent cardiac hypertrophy, pulmonary oedema, and increased BNP plasma levels in db/db + Aldo vs. WT + ve-
hicle (HW/TL, heart weight to tibial length ratio; BNP, B-type natriuretic peptide). Two-way ANOVA followed by Šídák’s multiple comparisons test. N = 12 
animals/experimental group except for BNP measurements where N = 4.
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21–22°C. Action potentials (APs) and ionic currents were recorded in iso-
lated ventricular cardiomyocytes via patch-clamp technique at 37°C.

2.6 Statistics
Data are presented as mean ± SEM. Normality of the data and the equality 
of group variance were assessed by Shapiro–Wilk and Brown–Forsythe 
tests, respectively. Statistical significance of differences was determined 
using two-way ANOVA followed by appropriate post hoc tests in pairwise 
comparisons. Hierarchical statistical analyses (nested tests) to account for 
intersubject variability and non-independent sampling (as multiple cells may 
come from one animal) were performed in cellular experiments. GraphPad 
Prism 10 was used for data analysis. A P < 0.05 was considered statistically 
significant.

3. Results
3.1 Sex differences in multiorgan function for 
HFpEF induced by diabetes and excess 
aldosterone
First, we compared morphometric and metabolic parameters (Figure 1) be-
tween male and female mice in the db/db + Aldo two-hit model of HFpEF 
vs. vehicle-treated WT controls (WT + vehicle) and in the one-hit disease 
models (db/db or aldosterone infusion alone; Supplementary material 
online, Figure S1). All db/db + Aldo mice showed marked obesity, hypergly-
caemia, cardiac hypertrophy, pulmonary congestion, and elevated plasma 
BNP levels (Figure 1B and C ), all similar to our prior work on this HFpEF 
model.23 Body weights of female db/db + Aldo mice were similar to the ob-
ese males, and the female db/db + Aldo mice had a tendency for higher 
blood glucose levels, especially later during aldosterone infusion 
(Figure 1B). Cardiac hypertrophy and pulmonary oedema were not differ-
ent in female and male db/db + Aldo mice. Note that the heart and body 
weights were smaller in control female mice than in males, making the 
HFpEF-induced relative increases larger in females. Importantly, female 
db/db + Aldo mice had significantly lower plasma BNP levels (Figure 1C), in-
dicating a diminished BNP upregulation in HFpEF females (P = 0.007 for 
interaction between sex and HFpEF in two-way ANOVA test). In vehicle- 
treated db/db mice (db/db + vehicle) or aldosterone-treated WT mice 
(WT + Aldo), no significant increase in cardiac hypertrophy, pulmonary oe-
dema, or BNP levels were found, and no sex difference therein was ob-
served (see Supplementary material online, Figure S1) indicating that 
HFpEF develops via the synergistic action between db/db and aldosterone 
treatment.

3.2 Marked diastolic dysfunction, especially 
in female HFpEF
Echocardiographic evaluation showed preserved ejection fraction (EF) in all 
treatment groups (Figure 2, Supplementary material online, Figure S2). 
Concentric cardiac hypertrophy was evident from left ventricular (LV) 
wall thickening and increase in LV remodelling index (LVRI, a ratio between 
LV mass and LV internal diameter) in both male and female db/db + Aldo 
mice (Figure 2B). However, the diastolic dysfunction (Figure 2C), character-
ized by marked increases in E/A and E/e′ echo Doppler indexes, was more 
pronounced in female db/db + Aldo mice than in males (E/e′, P = 3.8 × 10−6 

for interaction between sex and HFpEF). Left atrial enlargement 
(Figure 2C) was also more pronounced in female db/db + Aldo mice 
(P = 0.008 for interaction between sex and HFpEF). In the one-hit versions 
of this heart disease model (db/db + vehicle and WT + Aldo), no significant 
sex difference in any echocardiographic parameters was found 
(see Supplementary material online, Figure S2). These functional character-
istics demonstrate that the female sex is associated with worse diastolic 
dysfunction in the db/db + Aldo HFpEF mouse model, similar to human 
HFpEF.

3.3 Diastolic Ca2+ handling impairment, 
especially in male HFpEF
Impaired Ca2+ handling contributes to contractile dysfunction and arrhyth-
mias in HFrEF31; however, little is known about Ca2+ handling impairments 
in HFpEF. Thus, we performed Ca2+ imaging in isolated ventricular myo-
cytes loaded with the fluorescent intracellular Ca2+ indicator, Fluo-4 AM 
(Figure 3A). The amplitude of the intracellular [Ca2+] transient (CaT) at 
1 Hz pacing was unchanged in both male and female db/db + Aldo cardio-
myocytes (Figure 3B) consistent with the preserved systolic function on 
echocardiography (Figure 2B). However, the diastolic [Ca2+] in paced cells, 
quantified as the ratio of minimum F between consecutive beats and the 
resting F0, was increased only in male but not female db/db + Aldo, in line 
with prolonged CaT decay τ in male db/db + Aldo (Figure 3C). At 2 Hz pa-
cing, HFpEF myocytes showed similar frequency-dependent acceleration 
of CaT decay as healthy controls; however, male db/db + Aldo myocytes 
still showed prolonged CaT decay τ with a more pronounced increase in 
diastolic [Ca2+] (see Supplementary material online, Figure S3A). The sarco-
plasmic reticulum (SR) Ca2+ load (Figure 3C) and the Ca2+ spark rate (see 
Supplementary material online, Figure S3B) were unchanged in both male 
and female db/db + Aldo myocytes. These data indicate that impaired 
Ca2+ handling (slower SR Ca2+ reuptake but unchanged SR Ca2+ leak) 
may contribute to diastolic dysfunction, but particularly in HFpEF males.

3.4 Myofilament alterations are enhanced  
in female HFpEF
Molecular determinants of diastolic dysfunction have been further tested 
for select myofilament alterations in HFpEF. Isoform expression analysis 
of the giant elastic protein titin revealed a slight increase of the shorter 
and stiffer N2B isoform relative to total titin in female but not in male 
db/db + Aldo ventricles (Figure 4A). Post-translational modifications, includ-
ing phosphorylation of titin in the PEVK (named after its enrichment in pro-
line, glutamic acid, valine, and lysine) spring element, can affect myocyte 
stiffness.32 Phosphorylation of the key PEVK serine 170 site (pS170, corre-
sponding to S12022 in full-length human titin, target for protein kinase C 
and CaMKII)32,33 was significantly increased in female but not in male 
db/db + Aldo ventricles (Figure 4B). pTnI at serine 22/23 was significantly in-
creased in db/db + Aldo males, indicating desensitization of myofilament 
Ca2+ responsiveness. However, there was a trend for reduced TnI phos-
phorylation in db/db + Aldo females, which could increase myofilament 
Ca2+ sensitivity (Figure 4C), resulting in elevated force as [Ca2+]i declines 
during diastole. Periostin, an activated fibroblast marker and key regula-
tor,34 showed a trend towards higher expression in female db/db + Aldo 
ventricles (see Supplementary material online, Figure S4). These data indi-
cate that changes in contractile filaments and tissue structure may be the 
dominant mechanisms for the greater relaxation deficit in HFpEF females.

3.5 Arrhythmogenic APs in male HFpEF
Contractile dysfunction and Ca2+ handling impairments are associated with 
alterations in cardiac APs that increase the risk of cardiac arrhythmias.35

Thus, we measured APs in isolated ventricular myocytes (Figure 5A). The 
AP durations at 20, 50, 75, and 90% repolarization (APD20, APD50, 
APD75, and APD90) were calculated to analyse repolarization dynamics. 
The early AP repolarization (APD20 and APD50) was slightly prolonged 
only in male db/db + Aldo; however, APD75 and APD90 were both marked-
ly prolonged in db/db + Aldo myocytes, similarly both in males and females 
(Figure 5B, Supplementary material online, Figure S5). The resting mem-
brane potential and maximal upstroke velocity showed trends for a slight 
reduction in db/db + Aldo (see Supplementary material online, Figure S5). 
The short-term variability (STV) of APD90 was significantly increased in 
db/db + Aldo (Figure 5C) with a larger increase in males (P = 0.025 for inter-
action between sex and HFpEF; Figure 5D). Moreover, db/db + Aldo myo-
cytes also showed APD90 alternans at rapid pacing frequencies (Figure 5E). 
Interestingly, male db/db + Aldo myocytes exhibited larger amplitude of 
APD90 alternans at matching APD90 (and diastolic intervals) than females 
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(Figure 5E and F ), consistent with a dominant Ca2+-driven mechanism for 
alternans formation.36

In line with the increased susceptibility for APD90 alternans, we also ob-
served contractile alternans in echocardiograms in awakening db/db + Aldo 
animals in vivo (at heart rates of ≈600 b.p.m.) but not in any control animals 
(see Supplementary material online, Figure S6). The magnitude of alternat-
ing changes in LV systolic and diastolic diameters in subsequent beats was 
significantly larger in male than in female db/db + Aldo animals (see 
Supplementary material online, Figure S6). In ventricular myocytes, delayed 
afterdepolarizations (DADs) were also enhanced in db/db + Aldo following 
cessation of tachypacing; however, this increase was similar in males and 
females (see Supplementary material online, Figure S7). These data are in 
line with the increased arrhythmia risk in HFpEF males. The dominant 

sex-dependent differences in cellular arrhythmia mechanisms in HFpEF 
were the increase in alternans susceptibility and larger STV in males, 
both favouring re-entry mechanisms in the heart.

3.6 Sex differences in ionic current 
remodelling in HFpEF
We then performed voltage-clamp experiments to measure ionic currents 
that mediate APD alterations in HFpEF. The membrane capacitance was 
significantly increased in both male and female HFpEF myocytes 
(Figure 6A), indicating similar cardiomyocyte hypertrophy in both sexes 
and paralleling the observed overall cardiac hypertrophy (Figure 1C). 
Because the AP repolarization was impaired and remodelling in K+ 

Figure 2 More severe diastolic dysfunction in female HFpEF mice. (A) LV M-mode, flow, and tissue Doppler echocardiographic images in male and female 
db/db mice with chronic aldosterone infusion (db/db + Aldo) vs. vehicle-treated WT control (WT + vehicle), 4 weeks after minipump implantation. (B) 
Preserved EF, cardiac hypertrophy, and increased LVRI (a ratio between LV mass and LV internal diameter) in both sexes in db/db + Aldo mice (LVPWd, 
LV end-diastolic posterior wall thickness; LVM, LV mass; LVIDd, LV internal diameter in diastole). (C ) More severe LV diastolic dysfunction and left atrial 
(LA) area enlargement in female db/db + Aldo mice. (E/A, ratio between mitral E-wave and A-wave; E/e′, ratio between mitral E-wave and e′-wave). 
Two-way ANOVA followed by Šídák’s multiple comparisons test. N = 12 animals in each group except for LA area where N = 8.
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channels has been implicated in HFpEF,37 we first measured repolarizing K+ 

currents. The inward rectifier K+ current (IK1) density (Figure 6A) was sig-
nificantly reduced in db/db + Aldo, similarly in males and females, with re-
ductions at both −140 mV (inward IK1) and −40 mV (outward IK1), 
which would enhance DAD amplitude. The net voltage-gated K+ current 
(IKv) was also markedly downregulated in both male and female db/db +  
Aldo myocytes (Figure 6B). To gain further insights, IKv components 
were separated by biexponential fitting to the current decay under a 
long (4.5 s) depolarizing voltage pulse (Figure 6C). The transient outward 
K+ current (Ito) was downregulated in db/db + Aldo myocyte in both sexes. 
The slowly inactivating K+ current (IK,slow) was significantly reduced only in 
male db/db + Aldo myocytes. The sustained K+ current (ISUS) measured at 
the end of the voltage pulse did not change in db/db + Aldo myocytes.

We then measured the major depolarizing currents during the AP, the 
L-type Ca2+ current (ICa,L) and late Na+ current (INa,L). Interestingly, ICa,L 

was downregulated in male db/db + Aldo myocytes and unchanged in fe-
males (Figure 6D). In contrast to ICa,L, INa,L was markedly upregulated in 
db/db + Aldo (Figure 6E). This INa,L upregulation, however, was more 
pronounced in male db/db + Aldo (P = 0.026 for interaction between 
sex and HFpEF). These data show differential sex-specific remodelling 
in ionic currents in HFpEF, which underlies APD changes and contributes 
to sex-dependent arrhythmia susceptibility more collectively in HFpEF 
males.

3.7 Empagliflozin and CaMKII inhibition 
suppress arrhythmic APD changes in HFpEF
Sex differences in therapeutic responses are incompletely understood and 
may be important in HFpEF.5,26 Cell pre-treatment with the SGLT2 inhibi-
tor empagliflozin fully reversed all arrhythmogenic APD changes (i.e. 
APD90 prolongation, increased STV, APD alternans, and DADs) both in 
male and female db/db + Aldo myocytes (Figure 7, Supplementary 
material online, Figure S8). AIP, a selective CaMKII inhibitor, mimicked these 
effects and was similarly effective in reversing APD changes in both HFpEF 
males and females (Figure 7). Vericiguat, a stimulator of sGC that enhances 
protein kinase G (PKG) signalling, significantly attenuated APD90 prolonga-
tion, reduced STV, and reduced DAD frequency in female db/db + Aldo 
myocytes (Figure 7, Supplementary material online, Figure S8). However, 
the effect size of vericiguat was smaller than that of empagliflozin and 
AIP in female db/db + Aldo myocytes (Figure 7). In contrast to females, in 
male db/db + Aldo myocytes, vericiguat failed to alter STV, APD alternans, 
and DADs and only slightly attenuated APD90 prolongation (Figure 7, 
Supplementary material online, Figure S8). Notably, none of these drugs in-
fluenced APD90, STV, APD alternans, or DAD frequency in vehicle-treated 
WT controls (see Supplementary material online, Figure S9). These data 
show that empagliflozin and AIP had marked effects on cardiomyocyte 
electrophysiology in HFpEF, and they provided similar benefits both in 

Figure 3 Sex differences in intracellular Ca2+ handling in HFpEF cardiomyocytes. (A) Intracellular Ca2+ signals in db/db mice with chronic aldosterone infusion 
(db/db + Aldo) vs. vehicle-treated WT control (WT + vehicle) cardiomyocytes paced at 1 Hz and during rapid caffeine application. (B) Intracellular Ca2+ tran-
sient (CaT) parameters. Diastolic [Ca2+] is the ratio of minimum F between beats at 1 Hz pacing and the resting F0. (C ) CaT decay tau and SR Ca2+ content 
(assessed by rapid local application of 10 mmol/L caffeine). n (cells)/N (animals) = 19/8 for WT + vehicle male, 19/7 for WT + vehicle female, 17/8 for db/db +  
Aldo male, and 19/7 for db/db + Aldo female. Hierarchical (nested) ANOVA followed by Šídák’s multiple comparisons test.
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males and females, whereas vericiguat provided minor benefits on cardio-
myocyte electrophysiology only in females.

4. Discussion
Here, we report that the db/db + Aldo HFpEF murine model recapitulates 
key sex differences seen in human HFpEF, including more severe diastolic 
dysfunction (Figure 2) and myofilament alterations (Figure 4) in females and 
higher arrhythmia susceptibility in males in the form of cardiac alternans 
(Figure 5, Supplementary material online, Figure S6), a beat-to-beat periodic 
alternation in electrical activity, and contractile strength that is associated 
with high risk of ventricular fibrillation and SCD.36 These sex differences 
occurred under similar comorbidity burden (obesity, diabetes), cardiac 
hypertrophy, atrial enlargement, and pulmonary congestion in HFpEF 
males and females (Figures 1 and 2). HFpEF cardiomyocytes showed 
marked APD prolongation, enhanced DADs, and increased STV and alter-
nans at physiological pacing rates (Figure 5). APD alternans and STV had lar-
ger magnitudes in HFpEF males vs. females, despite similar APD 
prolongation (which by itself can increase alternans susceptibility and 
STV) in both sexes. This suggests impaired excitation-contraction coupling 
and Ca2+-dependent feedback signals that could further augment APD al-
ternans and STV.36,38,39 Indeed, male HFpEF cardiomyocytes exhibited 
higher diastolic [Ca2+], slower CaT decay, reduced ICa,L, and larger INa,L 

enhancement (Figures 3 and 6). However, downregulation of IK1 and Ito 

were similar in HFpEF males and females (Figure 6). Myocyte pre-treatment 
with the specific CaMKII inhibitor, AIP, fully reversed all arrhythmogenic 
APD changes in both sexes in HFpEF, indicating a pivotal role for 
CaMKII in HFpEF proarrhythmia (Figure 7). Importantly, these effects 
were mimicked by empagliflozin in both sexes in HFpEF, suggesting that 
empagliflozin could attenuate pathological CaMKII signalling (Figure 7). 
Vericiguat had only slight benefits, and these effects were larger in 
HFpEF females, in line with lower BNP levels that could attenuate sGC ac-
tivation and PKG signalling in HFpEF females (Figure 7).

Since obesity and diabetes are among the frequent comorbidities in 
HFpEF, and mineralocorticoid receptor antagonism showed benefits, espe-
cially in obese female patients with HFpEF,26 we first proposed the db/db +  
Aldo model, in which the db/db phenotype–mediated metabolic stress is 
combined with chronic aldosterone excess to synergistically promote 
HFpEF.23 In fact, diabetes and high aldosterone levels are associated with 
worse outcomes in patients with HFpEF.40 Aldosterone levels are in-
creased in parallel with abnormalities of LV structure and geometry in pa-
tients with HFpEF, particularly in females.41 The leptin receptor–deficient 
C57BL/6J db/db mice exhibit not only severe hyperinsulinaemia and type 2 
diabetes but also hyperleptinaemia.42 The leptin–aldosterone–neprilysin 
axis has been implicated in HFpEF, and female sex is associated with higher 
levels of aldosterone, leptin, and neprilysin and a decrease in the counter-
balancing effects of natriuretic peptides.43 In line with these observations in 

Figure 4 Sex differences in myofilament alterations in HFpEF ventricles. (A) Titin isoform analysis in male (M) and female (F) db/db + Aldo HFpEF (HF) vs. 
vehicle-treated WT control (Ctrl) ventricular samples. Relative expression of the more compliant N2BA and the stiffer N2B titin isoform to total titin (TT) and 
myosin heavy chain (MHC) was assessed using gel electrophoresis. ANOVA followed by Šídák’s multiple comparisons test. (B) Western blot data showing 
increased phosphorylation of serine 170 of titin’s PEVK domain normalized to titin Z1Z2 element (to assess total intact titin level) in db/db + Aldo females. 
Kruskal–Wallis ANOVA followed by Dunn’s multiple comparisons test. (C ) pTnI normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
ANOVA followed by Šídák’s multiple comparisons test. Three technical replicates (blots) were performed for each protein sample. N = 4 animals in each 
group.
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humans, we found that female db/db + Aldo mice exhibited lower BNP le-
vels (Figure 1) and more severe diastolic dysfunction (Figure 2). Important 
to note is that female homozygous db/db mice are infertile and exhibit 
markedly reduced oestrogen levels by 8 weeks of age and extensive ovarian 
follicular involution by 16 weeks of age.44 Thus, even though we used 
young adult (16-week-old) db/db + Aldo mice, the hormonal status of these 
female mice could be a proxy of the post-menopausal stage, which agrees 
with clinical observations that HFpEF is more predominant and character-
ized by more severe diastolic dysfunction in post-menopausal women.3

Diastolic dysfunction is a core characteristic of HFpEF, although it is also 
frequently present in HFrEF, and several mechanisms have been implicated 
specific to cardiomyocytes (e.g. impairments of myofilaments, Ca2+ hand-
ling, and energetics) and non-cardiomyocytes (e.g. inflammation, fibrosis, 
and microvascular dysfunction).45 We found key myofilament alterations 
in female db/db + Aldo ventricles, including increased expression of N2B ti-
tin isoform, and increased phosphorylation of titin’s PEVK spring element 
at S170 site, which is a target for both PKC and CaMKII, and both increase 
titin’s stiffness (in contrast to PKA phosphorylation of titin, which reduces 

titin’s stiffness).32,33,46 Sex differences in inflammation and fibrosis are well 
established in HFpEF. More fibrosis has been shown in diabetic HFpEF 
hearts,47 and greater cardiac remodelling in female patients with diabetes 
and HFpEF24 and in female db/db mice.25 In line with this, we found a trend 
for increased periostin expression in female db/db + Aldo hearts. 
Troponin-I S22/23 phosphorylation was reduced in db/db + Aldo female 
vs. male hearts, which increases myofilament Ca2+ sensitivity and could 
contribute to diastolic dysfunction. Impairments in cardiac mitochondrial 
function also contribute to differential diastolic dysfunction between 
sexes.20 We have also previously reported a marked increase in vascular 
myogenic tone in db/db + Aldo mice that could contribute to hypertension, 
highlighting a critical vascular derangement in HFpEF.23 Nonetheless, the 
exact contribution of other cell types in the heart to diastolic dysfunction 
requires further investigation.45

Diastolic Ca2+ handling impairments may also be involved in diastolic 
dysfunction in HFpEF.48 Reduced Ca2+ removal rate and reduced expres-
sion of the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) were ob-
served only in diabetic Zucker fatty and spontaneously hypertensive (ZSF1) 

Figure 5 Sex differences in arrhythmogenic APs in HFpEF cardiomyocytes. (A) Representative ventricular APs in male and female db/db mice with chronic 
aldosterone infusion (db/db + Aldo) vs. vehicle-treated WT control (WT + vehicle) cardiomyocytes paced at 1 Hz (above). Tachypacing (10 Hz) induced APD 
alternans (S, short; L, long) in db/db + Aldo (inset, below). (B) APD at 90% repolarization (APD90). (C ) Fifty consecutive APD90 values at 1 Hz pacing. 
(D) Increased STV of APD90 in db/db + Aldo. n (cells)/N (animals) = 20/7 for WT + vehicle male, 25/8 for WT + vehicle female, 24/8 for db/db + Aldo male, 
and 29/8 for db/db + Aldo female (for both APD90 and STV). (E) Frequency dependence of APD90. (F ) Amplitude of APD90 alternans at 10 Hz tachypacing. 
n (cells)/N (animals) = 13/7 for WT + vehicle male, 16/8 for WT + vehicle female, 11/7 for db/db + Aldo male, and 18/8 for db/db + Aldo female. Hierarchical 
(nested) ANOVA followed by Šídák’s multiple comparisons test.
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Figure 6 Sex-dependent remodelling in K+ currents, L-type Ca2+ current, and late Na+ current in HFpEF cardiomyocytes. (A) Representative inward rectifier 
K+ current (IK1) traces at −140 mV in male and female db/db mice with chronic aldosterone infusion (db/db + Aldo) vs. vehicle-treated WT control (WT +  
vehicle) cardiomyocytes. Increased cell capacitance and reduced IK1 densities at −140 and −40 mV in db/db + Aldo in both sexes. n (cells)/N (animals) =  
97/8 for WT + vehicle male, 112/8 for WT + vehicle female, 110/8 for db/db + Aldo male, and 109/8 for db/db + Aldo female. (B) Representative voltage-gated 
K+ current (IKv) traces. The net IKv current was reduced in both sexes in HFpEF. (C ) Transient outward K+ current (Ito), slowly inactivating K+ current (IK,slow), 
and sustained K+ current (Isus) were separated by biexponential fitting to IKv traces. n (cells)/N (animals) = 15/5 for WT + vehicle male, 20/6 for WT + vehicle 
female, 17/6 for db/db + Aldo male, and 18/6 for db/db + Aldo female. (D) Representative L-type Ca2+ current (ICa,L) traces. ICa,L was reduced only in male 
db/db + Aldo cardiomyocytes. n (cells)/N (animals) = 25/7 for WT + vehicle male, 21/8 for WT + vehicle female, 19/8 for db/db + Aldo male, and 21/8 for 
db/db + Aldo female. (E) Representative late Na+ current (INa,L) traces. INa,L was markedly upregulated in db/db + Aldo, and the increase was larger in male 
than in female cardiomyocytes. n (cells)/N (animals) = 8/4 for WT + vehicle male, 10/5 for WT + vehicle female, 10/6 for db/db + Aldo male, and 10/6 for 
db/db + Aldo female. Hierarchical (nested) ANOVA followed by Šídák’s multiple comparisons test.
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rats but not in Dahl salt-sensitive (DSS) rats, suggesting that this could be 
specific to diabetic HFpEF.49 In line with this, we have previously reported 
that diastolic [Ca2+] was increased and that CaT decay was prolonged in 
the diabetic db/db + Aldo mice.23 However, interestingly, we showed 
here that these CaT changes were only observed in male but not in female 
db/db + Aldo mice (Figure 3), while females had worse diastolic dysfunction 
(Figure 2) and myofilament alterations (Figure 4). These data suggest that 
Ca2+ handling impairments in male db/db + Aldo mice and myofilament 
and extracellular matrix remodelling in female db/db + Aldo mice may im-
portantly mediate the diastolic dysfunction.

Arrhythmias (both atrial and ventricular) frequently occur in patients 
with HFpEF, although until recently, HFpEF has not been considered an ar-
rhythmogenic disease. Non-sustained ventricular tachycardia is common, 
present in 30–45% patients with HFpEF, whereas atrial fibrillation occurs 
in roughly two-thirds of patients with HFpEF.12,50,51 Ventricular arrhyth-
mias are more common in male patients with HFpEF,10 and their preva-
lence is even higher in the presence of diabetes.11 The heart 

rate-corrected QT interval (QTc) in HFpEF is generally prolonged51 and 
associated with more severe diastolic dysfunction.52 Male DSS rats exhib-
ited longer QT intervals and increased SCD due to ventricular arrhythmias 
compared to females.53 In ventricular cardiomyocytes, APD prolongation 
has previously been shown both in DSS rats37 and in HFD + L-NAME– 
treated mice,19 similar to our findings here in db/db + Aldo mice (Figure 5). 
In addition to QT prolongation, microvolt T-wave alternans was also a sig-
nificant predictor of arrhythmic events in patients with chronic myocardial 
infarction and a preserved EF.54 Here, we reported marked mechanical 
(see Supplementary material online, Figure S6) and electrical (Figure 5) alter-
nans in db/db + Aldo with greater alternans amplitudes seen in male HFpEF 
mice. Furthermore, DADs represent important arrhythmia triggers, and 
DADs were enhanced in db/db + Aldo mice (see Supplementary material 
online, Figure S7) in line with previous data in DSS rats.37

Prolonged QT and APD indicate an impaired repolarization process of 
the myocardium. In HFpEF, an enhanced response of QT interval lengthen-
ing to the class III antiarrhythmic ibutilide was reported even in patients 

Figure 7 Sex-dependent electrophysiological responses to therapeutic interventions in HFpEF cardiomyocytes. (A) Representative ventricular APs at 1 Hz 
pacing in male and female db/db mice with chronic aldosterone infusion (db/db + Aldo) in control and following cell pre-treatments with empagliflozin, AIP, and 
vericiguat. (B) Attenuation of prolonged APD at 90% repolarization (APD90) by empagliflozin, AIP, and vericiguat. (C ) Fifty consecutive APD90 values at 1 Hz 
pacing. (D) Increased STV of APD90 in db/db + Aldo was reversed by empagliflozin and AIP in both sexes. Vericiguat reduced STV only in female db/db + Aldo 
cardiomyocytes. n (cells)/N (animals) = 24/8 for control male, 29/8 for control female, 16/6 for empagliflozin-treated male, 15/6 for empagliflozin-treated fe-
male, 14/4 for AIP-treated male, 11/4 for AIP-treated female, 12/4 for vericiguat-treated male, and 10/4 for vericiguat-treated female. (E) Representative APD90 

alternans during 10 Hz pacing (S, short; L, long). (F ) APD90 alternans was markedly reduced by empagliflozin and AIP in both sexes. Vericiguat reduced APD90 

alternans only in female db/db + Aldo cardiomyocytes. n (cells)/N (animals) = 11/7 for control male, 18/8 for control female, 12/5 for empagliflozin-treated 
male, 20/6 for empagliflozin-treated female, 6/4 for AIP-treated male, 8/4 for AIP-treated female, 9/4 for vericiguat-treated male, and 9/4 for vericiguat-treated 
female. Hierarchical (nested) ANOVA followed by Dunnett’s multiple comparisons test.
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with a normal QT interval vs. age- and sex-matched control individuals 
without HF.55 This suggests blunted repolarization reserve mechanisms 
in HFpEF. Downregulation of voltage-gated K+ currents, including Ito, IKr, 
and IK1 (by ∼50, ∼60, and ∼55%, respectively), has previously been re-
ported in male DSS rats.37 Here, in db/db + Aldo mice, we found ∼45– 
50% reduction in Ito and ∼30–35% reduction in IK1, both without significant 
sex difference (Figure 6). This extent of Ito downregulation in db/db + Aldo 
mice is similar to that reported previously in HFrEF cardiomyocytes, 
whereas IK1 downregulation was more pronounced in HFrEF (∼50% re-
duction in IK1) than in HFpEF.56 IK,slow was significantly reduced only in 
male db/db + Aldo myocytes. Changes in depolarizing currents can also af-
fect APD and arrhythmias. ICa,L was upregulated (by ∼25%) in parallel with 
increased CaT amplitude and SR Ca2+ load in male DSS rats,37,57 which may 
represent a compensatory response to mechanical afterload.58,59 In con-
trast to this, ICa,L was reduced (by ∼20%) in male db/db + Aldo mice, and 
ICa,L was unchanged in females (Figure 6). However, INa,L was markedly up-
regulated in db/db + Aldo mice (Figure 6), and larger INa,L enhancement was 
found in males (by ∼115%) compared to females (by ∼85%). Pathological 
INa,L upregulation has also been shown in human cardiomyocytes from pa-
tients with aortic stenosis and a HFpEF-like phenotype60 and in the HFD +  
L-NAME HFpEF mice.19

Although we found minor Ca2+ handling impairments in db/db + Aldo 
(Figure 3), which was significant only in males, CaMKII inhibition had marked 
effects on APD and DADs in both sexes (Figure 7). This suggests that 
CaMKII is activated in HFpEF, but its activation may be promoted by post- 
translational modifications (e.g. oxidation and O-GlcNAcylation) rather 
than simply canonical Ca2+/calmodulin binding.29 CaMKII activation has 
previously been shown in diabetic hyperglycaemia (via O-GlcNAcylation), 
where its electrophysiological effects were prevented in knock-in mice in 
which the key CaMKII O-GlcNAcylation site was ablated (S280A).30

CaMKII appears also to mediate adverse cardiac effects of aldosterone 
(via oxidation).61 Chronic CaMKII overactivation affects arrhythmogenicity 
and contributes to cardiac hypertrophic remodelling, fibrosis, and inflam-
mation and modulates the stiffness of the myocardium via phosphorylating 
titin.29,32 Thus, CaMKII signalling may play a key role, not only in HFrEF and 
diabetes but also in HFpEF. Further studies are required to elucidate the 
exact role and regulation of CaMKII in HFpEF.

Empagliflozin also reversed all arrhythmogenic APD changes in both 
sexes (Figure 7, Supplementary material online, Figure S8). In line with these 
pre-clinical benefits, empagliflozin improved cardiovascular outcomes in 
HFpEF similarly in men and women.27 It was previously shown that empa-
gliflozin fully reversed the pathological INa,L upregulation in both human and 
murine HFpEF cardiomyocytes.19,60 This effect of empagliflozin on INa,L 

was again similar to the CaMKII inhibitor AIP suggesting that empagliflozin 
may act via limiting CaMKII signalling.19,60,62 Empagliflozin reduced CaMKII 
autophosphorylation and phosphorylation of RyR2 at serine 2814 
(a CaMKII target site), and attenuated Ca sparks and waves in db/db and 
TAC mice and failing human cardiomyocytes.63,64 Interestingly, these empa-
gliflozin effects required longer cell pre-incubations (30 min–4 h), and short-
er empagliflozin treatment did not affect CaMKII activity and Ca2+ handling in 
HFrEF myocytes63 nor inhibit INa,L in HFpEF myocytes.19 These data suggest 
that the target of empagliflozin in cardiomyocytes could be upstream of 
CaMKII. Empagliflozin’s clinical target, SGLT2, is not expressed in 

cardiomyocytes, but its beneficial effects in isolated myocytes have been at-
tributed to reduction in ROS production, inhibition of Na+/H+ exchanger 
and INaL

65 ; 
however, details remain controversial.62,66 Nonetheless, Na+ and Ca2+ hand-
ling impairments are tightly connected forming a vicious cycle through an 
INa,L–ROS–CaMKII–leak RyR-mediated feedback in HF,35 and empagliflozin 
may target one component of this vicious cycle, which calls for additional 
mechanistic investigations.

Vericiguat had minimal effects on HFpEF myocyte proarrhythmia, and 
these effects were only observed in female db/db + Aldo cardiomyocytes 
(Figure 7). Lower BNP levels in HFpEF females clinically67 and in our mouse 
model (Figure 1) could limit NO production and reduce activation of sGC– 
cGMP–PKG signalling. Thus, vericiguat, a direct sGC stimulator, may be 
able to further activate PKG in females. The vericiguat-induced shortening 
of APD in female db/db + Aldo myocytes might be explained by a 
PKG-dependent phosphorylation of the L-type Ca2+ channel that reduces 
ICa,L amplitude.68 The ineffectiveness of vericiguat in db/db + Aldo males 
might be due to a ‘ceiling’ effect, meaning that PKG might already be max-
imally activated, or alternatively, it is desensitized to cGMP. Nonetheless, 
vericiguat treatment in patients with HFpEF failed to improve quality of 
life in both sexes.28 However, neprilysin inhibition also stimulates sGC– 
cGMP–PKG signalling via augmentation of the natriuretic peptides, and sa-
cubitril/valsartan, an angiotensin receptor/neprilysin inhibitor, reduced HF 
hospitalization only in female patients with HFpEF,69 which would be in line 
with an impaired BNP–NO–sGC–cGMP–PKG pathway in women.

In conclusion, here, we provided evidence that the db/db + Aldo 
pre-clinical HFpEF murine model has large potential for clinical translation 
as it recapitulates fundamental sex-specific features in HFpEF, i.e. 
worse diastolic dysfunction in females but higher arrhythmia susceptibility 
in males. We also showed key sex differences in myofilament proteins, 
Ca2+ handling, ionic currents, and proarrhythmic AP remodelling in 
HFpEF. We also tested for sex-specific antiarrhythmic responses to 
clinically used drugs (empagliflozin, vericiguat) and selective CaMKII 
inhibition. Future studies are required to further our mechanistic 
understanding of HFpEF cardiomyocyte signalling mechanisms, which are 
inherently complex,16 and here, we only discussed the potential roles of 
CaMKII and PKG-dependent pathways in HFpEF cardiomyocyte 
proarrhythmia.

4.1. Limitations
Here, we focused on sex differences in cardiomyocyte excitation– 
contraction coupling mechanisms and electrophysiology in an obese 
diabetic HFpEF mouse model. Further investigations are required to 
identify the exact mechanisms of diastolic dysfunction, including 
more detailed myofilament studies, and assessing microtubule detyro-
sination, tissue-level changes (fibrosis and extracellular matrix remod-
elling), and the role of non-cardiomyocytes in HFpEF, which may reveal 
additional sex differences in pre-clinical HFpEF animals and human 
HFpEF. Future in vivo arrhythmia tests may inform about exact ar-
rhythmia risk, and in vivo chronic drug treatments may reveal potential 
reverse remodelling that attenuates arrhythmogenicity and diastolic 
dysfunction in HFpEF.

Translational perspective
Sex differences in susceptibility to diastolic dysfunction and arrhythmias have been observed in HFpEF patients, but mechanisms are incompletely 
understood. Here, we show that obese diabetic HFpEF mice recapitulate these key sex-dependent differences and exhibit differential ionic and myo-
filament remodelling between sexes. Our results could (i) improve the mechanistic understanding of cardiomyocyte excitation–contraction coupling 
contributing to HFpEF between sexes, (ii) indicate key sex-dependent differences in cardiomyocyte proarrhythmic mechanisms, and (iii) suggest a key 
role for CaMKII inhibition and empagliflozin in attenuating cellular proarrhythmia in HFpEF.
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