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ABSTRACT 

Background: Heart failure with preserved ejection fraction (HFpEF) is a major public 

health problem characterised by multiple simultaneous comorbidities whose specific 

contribution is challenging to disentangle in humans, leading to a generalized therapeutic 

approach that may not account for the underlying pathology. Methods: we followed 

distinct mouse models of major HFpEF comorbidities for 2.5 years to unveil their specific 

contribution to the syndrome. Results: All comorbidities contributed to HFpEF through 

partially distinct routes. Ageing alone resulted in HFpEF in old age, with delayed left 

ventricular relaxation and kidney fibrosis. Obesity induced a faster deterioration of 

relaxation associated with enlarged left ventricle and liver fibrosis. Hypertension caused 

delayed ventricular relaxation independent from structural changes that preceded left 

atrial dilatation linked to aortic stiffness, and increased fibrosis in myocardium and 

kidney. Chronic intermittent hypoxia led to HFpEF and relaxation impairment associated 

with pulmonary hypertension. Hyperglycaemia accelerated diastolic dysfunction and 

HFpEF onset associated with reduced arterial flow and left ventricular remodelling. 

Therefore, the pathological substrates contributing to HFpEF included cardiac and non-

cardiac alterations with differential features for each comorbidity. Critically, the 

characteristics linked to diastolic dysfunction and HFpEF across the various 

comorbidities agreed with phenogroups observed in human patients. Conclusions: The 

identification of time-dependent pathological features provides a comprehensive picture 

of HFpEF progression associated with each comorbidity. 

 

KEYWORDS: heart failure with preserved ejection fraction, ageing, obesity, 

hypertension, hyperglycaemia, sex-dependent effects, mouse models of heart failure.  
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INTRODUCTION 

Heart failure is a major global health concern, particularly among the elderly, and is 

expecting to increase in the next years.1 In stark contrast to heart failure (HF) with reduced 

ejection fraction (HFrEF), the prevalence of HF with preserved EF (HFpEF) is on the 

rise, and most large-scale clinical trials have proven ineffective in reducing mortality 

rates.2 This lack of success can be partly attributed to marked patient heterogeneity, 

largely resulting from the large spectrum of non-cardiac comorbidities contributing to this 

complex syndrome.3,4 HFpEF is closely linked to hypertension, obesity, diabetes mellitus, 

sleep apnea, and lung disorders, thereby complicating treatment strategies. Most patients 

accumulate several comorbidities at the time of presenting with symptoms of HF (stage 

C), and even at the time of detecting structural or functional abnormalities without HF 

(stage B). Therefore, it is challenging to discern the precise pathophysiological pathways 

underpinning the individual contribution of each comorbidity to the syndrome. 

Recent clinical trials showed that SGLT2 inhibitors and GLP-1 analogues can mitigate 

HF hospitalisation and cardiovascular mortality in HFpEF.5,6,7 While these findings are 

encouraging, the precise impact of age and the individual influence of comorbidities in 

driving diastolic dysfunction leading to HFpEF remains obscure. In order to develop new 

personalized approaches able to prevent cardiac dysfunction and HFpEF, it is essential to 

identify the specific features underlying the progression of cardiac dysfunction for each 

separated comorbidity.  

Given the intricate interplay of various comorbidities in human patients and the 

interaction with aging, animal models represent an invaluable tool for unravelling the 

progression of diastolic dysfunction and HFpEF. However, suitable mouse models 

specifically simulating HFpEF are limited, challenging the translation from fundamental 

research to clinical application.8 Indeed, animal models of HFpEF often show diastolic 

dysfunction but rarely demonstrate HF itself, a sine qua non condition to faithfully 

replicate human HFpEF, especially lung congestion.8,9 Additionally, several animal 

models are based on genetic alterations or chemical inhibitors that induce HFpEF often 

at an unnaturally young age.10,11 This is a critical point, considering that HFpEF primarily 

affects the elderly population.1 

Therefore, we designed an experimental study that aimed to discern the specific 

contribution of individual comorbidities in the progression from cardiac dysfunction to 
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HFpEF, unravelling the intricate complexity of this multifaceted syndrome. We used 

long-standing mouse models of ageing, obesity, hypertension, sleep apnoea, and 

hyperglycaemia to simulate the natural course of the syndrome for each comorbidity, 

identifying the earliest structural and functional features of cardiac dysfunction and, 

finally, HFpEF.  
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METHODS 

Detailed methods can be found in the supplementary material. 

Data availability 

The authors declare that all supporting data are available within the article and its online 

supplementary files. 

Mice and study design 

All experimental procedures were in accordance with institutional guidelines and 

approved by the Centro Nacional de Investigaciones Cardiovasculares’ Institutional 

Animal Care and Research Advisory Committee and by the Regional Government of 

Madrid (PROEX 177/17, PROEX 191.5/22). 

A total of 188 male and female C57BL/6 mice, starting at 10 weeks-old were used. Mice 

were randomly assigned to one of the following comorbidity groups using simple 

randomisation: Obesity (OB) induced by high-fat diet [45 kcal% (24 g%) palm oil-based 

fat, 35 kcal% (41 g%) carbohydrate, 20 kcal% (24 g%) protein]), systemic hypertension 

(SAH) induced by high-salt diet (HS, 8% NaCl), chronic intermittent hypoxia (CIH) 

induced by exposure to hypoxia (FiO2 10%) during 8 hours in their light cycle, 5 

days/week, or chronic hyperglycaemiav(HG) induced by injecting streptozotocin (STZ, 

50mg/kg, 0.05mol/L) i.p for five consecutive days. An untreated group was included as 

a control (CTL group). Serial weight and arterial blood pressure measurement, blood 

collection, and cardiac, vascular, and pulmonary ultrasound were performed for up to 2.5 

years until mice showed evidence of HFpEF, in which case they were euthanatized using 

a chamber gradually filled with CO2, or died naturally. Mice showing signs of illness 

were humanely sacrificed. No data were excluded. 

Noninvasive ultrasound assessment 

Ultrasound was blindedly performed using a high-frequency ultrasound system with a 30-

MHz linear probe. Two- dimensional (2D) and M-mode (MM) echography were 

performed at >230 frames/s, and pulse wave and tissue Doppler (PW and TDI, 

respectively) was acquired at 40 kHz. Mice were lightly anesthetized with 0.5–2% 

isoflurane in oxygen, administered via nose cone and adjusting the isoflurane delivery to 

maintain podal reflex. 
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RNA isolation, reverse transcription, and qRT-PCR. 

Total RNA was extracted from LV, RV, lung, liver, and kidney samples from each mouse 

using TRIzol (Invitrogen). Reverse transcription was performed with 100 ng of total RNA 

using High-Capacity cDNA Archive Kit (Applied Biosystems). Quantitative reverse-

transcribed PCR (qRT-PCR) was performed in 10 μl: 1 μl of cDNA, 5 μl Power SYBR® 

Green PCR Master Mix (Thermo Fischer Scientific) and 0.5 μl of 150 μM primer (Table 

S12).  
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RESULTS 

Characterization of comorbidity models and time to HFpEF 

We chose major comorbidities associated with HFpEF in humans: ageing (CTL group), 

obesity induced by a high-fat/high-carbohydrate diet (OB group), systemic arterial 

hypertension induced by a high-salt diet (SAH group), chronic intermittent hypoxia 

simulating sleep apnoea through daily 8-hour hypoxia exposure (CIH group), and chronic 

hyperglycaemia resulting from pancreatic β-cell ablation (HG group).  

To discern the individual contribution of each comorbidity to HFpEF, echocardiography 

parameters were analysed every 4-8 weeks in all animals (Table S1). Treatment began at 

8 weeks of age, and observations extended up to 2.5 years until mice developed signs of 

HFpEF or died naturally (Table S1). Mice were considered to have HFpEF when they 

showed evidence of lung congestion together with echocardiographic evidence of cardiac 

structural and/or functional abnormalities consistent with the presence of LV diastolic 

dysfunction/raised filling pressures.12  

As shown in Fig. 1A-E, all groups developed the expected pathological changes 

associated with each comorbidity. Remarkably, all comorbidity groups developed 

HFpEF, including aged CTL mice. The presence of comorbidities accelerated the onset 

of HFpEF, especially in SAH and HG mice (Fig. 1F-H). No significant decline in ejection 

fraction was detected (Fig. 1E), except for a few remaining SAH mice at very old age. 

 

Diverse diastolic dysfunction features across comorbidities 

The development of features of cardiac diastolic dysfunction was monitored by 

echocardiography. We focused on parameters related to LV relaxation (IVRT, E and A 

mitral waves, and E/A ratio) and LV filling pressures (left atrium (LA) internal diameter 

and the ratio between E and E’ waves), following established mouse echocardiography 

guidelines. As shown in Fig. 2A-F, all mouse groups presented features of diastolic 

dysfunction,13,14 with changes arising in middle or advanced age, depending on the 

comorbidity (Fig. 2A-F).  

To identify specific features of diastolic dysfunction in each comorbidity relative to 

others, a linear mixed-effects model was employed, incorporating natural cubic splines to 

address non-linear temporal alterations (Fig. 2G, Table S2). In addition, we investigated 



6 
 

whether changes in cardiac diastolic parameters correlated with ventricular remodelling 

and/or alterations in different vascular territories, including the aorta, pulmonary and 

carotid arteries (Fig. S1A-F, Fig. S2A-H, Table S1). Using a statistical model that 

facilitated the identification of lagged correlations, we discerned sequences of events 

(Fig. 3, Fig. S3-S7). 

CTL mice showed a progressive deterioration of LV relaxation (reduced E/A ratio despite 

a relatively flat E wave curve), which correlated synchronously with LV remodelling 

(changes in LV mass and volume), indicating simultaneous development of LV 

remodelling and diastolic dysfunction with age. These changes preceded the increase in 

LV filling pressures (LA enlargement) at late stages, which correlated with increased 

stiffness and reduced flow in the aorta (Fig. 2A-G, 3, S3A, S3B). 

OB mice showed larger LV volume and mass (Fig. S1A-G), suggesting LV volume 

overload leading to LV hypertrophy (LVH), as it happens in humans.15,16,17 They 

developed a faster impairment of LV relaxation (significantly accelerated E wave velocity 

leading to a reduced E/A ratio), which correlated strongly with LV remodelling (larger 

mass and volume), but not with changes in vascular parameters, suggesting that LV 

remodelling is the main driver of diastolic function deterioration in these mice (Fig. 2A-

G, 3, S4A, S4B).  

 SAH mice showed more severe relaxation defects than other comorbidities, indicated by 

significantly decreased E/A ratio and increased IVRT, together with higher LV filling 

pressures (larger LA dilatation) at late time points (Fig. 2A-G). Early relaxation defects 

(reduced E wave and E/A ratio) preceded changes in vascular stiffness (left common 

carotid artery pulsativity and resistivity indexes, LCCA PI and RI) and showed only mild 

correlation with myocardial remodelling parameters (Fig. 3, S5A, S5B). In contrast, the 

longer IVRT and higher LV filling pressures (LA diameter) correlated synchronously 

with increased vascular stiffness and LV mass. These results suggest that relaxation 

deterioration is independent from LV remodelling in this comorbidity, while higher LV 

filling pressure is strongly linked to vascular stiffness and myocardial hypertrophy. 

CIH mice developed pulmonary hypertension (PH), as evidenced by the reduced 

pulmonary artery (PA) AT/ET ratio (Fig. 1C). They showed delayed LV relaxation 

impairment (decreased E/A ratio) compared to other groups and slightly lower LV filling 

pressures (LA diameter and E/E’ ratio; note that E/E’ has negative values). Relaxation 
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defects (reduced E/A ratio) showed delayed correlation with changes in PA flow and 

increased RV wall thickness (Fig. 3, S6A, S6B), suggesting a potential contribution of 

PH and RV hypertrophy to diastolic dysfunction in this model. This delayed correlation 

between changes in PA flow and diastolic dysfunction was unique to CIH mice. 

Finally, HG mice developed acute relaxation deterioration (higher IVRT and a faster 

decrease in E/A) starting shortly after hyperglycemia onset and progressing faster than in 

other groups. However, LV filling pressures (LA diameter, E/E’) were less affected 

compared to other comorbidities (Fig. 2A-G). Impaired relaxation (elevated IVRT) 

correlated strongly with reduced arterial stiffness and flow, and with LV wall thickness 

even if hearts were generally thinner in these mice (Fig. 3, S7A, S7B). These results 

suggest a strong vascular component in the development of diastolic dysfunction as a 

consequence of HG, in addition to LV remodelling. 

In essence, while all mice developed diastolic dysfunction, diverse patterns emerged 

linked to each comorbidity. CTL mice developed relaxation complications with ageing 

mainly associated with LV remodelling. OB mice showed more profound relaxation 

deterioration resulting from larger LV remodelling than CTL mice. In SAH mice, 

relaxation impairment was independent from structural changes and preceded a second 

phase of more severe diastolic dysfunction that involved higher LV filling pressures 

associated with increased arterial stiffness and LV remodelling. CIH mice developed 

delayed LV relaxation impairment mainly associated to PH, changes in PA flow and RV 

remodelling. Finally, HG mice developed diastolic dysfunction much faster than any 

other model associated with poorer arterial flow and LV remodelling. 

 

Determinants of the transition to HFpEF in each comorbidity  

To identify the main structural and functional changes linked to an increased risk of 

HFpEF, a comprehensive univariate analysis was conducted using tailored survival 

models of time-to-HFpEF, while accounting for age and sex (Fig. 4A, Table S3). In 

addition, to further illustrate the different pathways to HFpEF, the analysis was narrowed 

down to the top 10 parameters with the lowest p-values in each comorbidity within the 

HFpEF risk model, contrasting final values across groups with CTL mice (Fig. 4B).  
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For CTL mice, HFpEF risk was associated mainly with increased arterial stiffness (LCCA 

RI, mean and peak pressure gradients) and also with most diastolic dysfunction 

parameters (Fig. 4A). Interestingly, reduced PA flow and RV hypertrophy also increased 

to HFpEF risk. This suggests that the arterial stiffening that accompanies ageing 

contributes to the development of HFpEF to a larger extent than other features like LV 

remodelling, which also increased the risk but to a lower extent (Fig. 4A).  

In OB mice, increased HFpEF risk was mainly associated with changes in LV function 

and, to some extent, with LV structure (wall thickness and intraventricular dimensions), 

poorer LV relaxation (longer IVRT) and increased filling pressures (larger LA diameter). 

The contribution of changes in aortic and carotid flow to HFpEF risk was more modest 

than in other comorbidities (Fig. 4A, 4B). 

For SAH mice, increased HFpEF risk was mainly associated with stiffer arteries and 

changes in arterial flow (LCCA PI and RI indexes, mean and peak pressure gradients, 

AbdAo PI and RI, PA AT and peak velocity). Additionally, the core markers of relaxation 

deterioration (prolonged IVRT, reduced E wave velocity, and E/A ratio) and to some 

extent a thicker LV wall intensified HFpEF risk (Fig. 4A, 4B). 

CIH mice displayed a robust association between HFpEF risk and PH (diminished PA 

AT/ET). In addition, risk also increased with higher arterial stiffness (LCCA PI, AbdAo 

PI) and to a certain extent with LV remodelling parameters and markers of diastolic 

dysfunction (Fig. 4A, 4B). 

Lastly, HG mice showed HFpEF risk significantly correlated with reduced arterial 

stiffness and flow, as well as with LV remodelling (smaller LV volume and thicker 

ventricular walls; Fig. 4A). Therefore, the main parameters associated with diastolic 

dysfunction in this model also increased HFpEF risk. 

Collectively, these results underline the diverse routes leading to HFpEF, contingent upon 

the underlying comorbidity. Increased arterial stiffness was a major contributor to HFpEF 

in SAH and CTL mice, while the pathway to HFpEF was rather associated with LV 

remodelling in OB mice, with PH in CIH mice, and with reduced vascular flow and 

increased ventricular wall thickness in HG mice. 
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Molecular mechanisms underlying the contribution of each comorbidity to diastolic 

dysfunction  

To delve into the molecular mechanisms underpinning the contribution of individual 

comorbidities to deteriorated LV relaxation, we initially conducted a comparison of 

protein expression and oxidation measured by MS proteomics in the LV of each 

experimental group at their respective latest time points, in relation to CTL mice (Fig. 5A, 

5B, Tables S4-S8, Table S9). In OB mice, an elevated oxidative response was observed, 

accompanied by an increase in protein oxidation and proteins associated with the immune 

response. SAH hearts exhibited increased expression of sarcomeric components, 

alongside reduced levels of calcium handling proteins. As anticipated, cardiac tissue from 

CIH mice showed higher levels of hypoxia-related proteins, while HG mice displayed 

higher expression of proteins implicated in the response to oxidative stress and in 

mitochondrial activity, concomitant with an increase in protein oxidation (Fig. 5B). 

Next, we explored the association between changes in molecular parameters, particularly 

those related to inflammation and fibrosis, and alterations of LV relaxation in each 

comorbidity. We quantified mRNA expression of various markers in the LV, RV, lung, 

liver, and kidney, in addition to genes encoding some of the differentially expressed 

proteins (Fig. 5C). We also quantified fibrosis by histology (Fig. 5D). These analyses 

were carried out at intermediate and final time intervals for each comorbidity (Fig. 5C-E, 

6A-E). Given the accelerated development of HFpEF in HG mice, these time points were 

selected earlier and juxtaposed with age-matched mice from the CTL group. 

CTL and SAH mice showed similar associations between reduced LV relaxation and 

myocardial fibrosis markers. In CTL mice, reduced LV relaxation (faster A wave, reduced 

E/A ratio, prolonged IVRT) exhibited a broad correlation with markers of LV, RV and 

kidney fibrosis and inflammation (Fig. 5E, 6A, 6E, Table S10). Similarly, in SAH mice, 

parameters associated with late relaxation impairment (prolonged IVRT) showed 

correlation with fibrosis and inflammation markers in the LV (Table S10; Fig. 5E). 

Notably, in SAH mice, kidney fibrosis was strongly linked to aortic stiffness and larger 

LV mass, implying an interconnected axis encompassing kidney fibrosis, aortic stiffness, 

LV hypertrophy, LV fibrosis, and late diastolic dysfunction, a pattern also evident to some 

degree in CTL mice (Table S10). 
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In contrast, OB mice showed low association of LV relaxation impairment with 

myocardial inflammation and fibrosis genes or with the clear increase in markers of the 

oxidative response (Sod1, Cat, Gstm1). Instead, parameters related to reduced relaxation 

(reduced E/A ratio, faster A and E waves) were associated with increased expression of 

inflammation or fibrosis markers in the liver (Fig. 5E, 6C, 6E, Table S10). 

CIH mice displayed comparatively less LV inflammation and fibrosis than other groups 

(Fig. 5C, 5D). Impaired relaxation (reduced E/A ratio) showed no significant association 

with LV fibrosis, but correlated with some congestion-related genes in the lung (Fig. 6B, 

6E, Table S10).. 

HG mice showed an early increase in myocardial fibrosis (Fig. 5C, 5D). However, 

deteriorated LV relaxation (prolonged IVRT, reduced E/A ratio) correlated inversely with 

fibrosis as determined by qRT-PCR and histology (Fig. 5E, Table S10), suggesting that 

LV fibrosis is not a major mediator of diastolic dysfunction in this group. Similarly, 

despite the increase in mitochondrial mRNAs in HG mice (Fig. 5C), these markers 

correlated inversely with reduced LV relaxation parameters (Table S10). Instead, 

relaxation impairment (reduced E/A) was associated with increased expression of lung 

congestion markers (Aqp4, Aqp5, Spb; Table S10, Fig. 6E). 

Sex-related differences in HFpEF development 

Subsequent exploration into potential differences between female and male mice within 

each group shed light on interesting trends, although statistical significance varied (Fig. 

7A-E). Female mice showed increased incidence of HFpEF in CTL and SAH mice and 

swifter progression at middle age, compared to their male counterparts (Fig. 7A, 7B). In 

both groups, female mice showed stronger association between time-to-HFpEF and 

reduced arterial flow than male mice (Fig. 7C). In addition, the association between LV 

relaxation deterioration (prolonged, IVRT, slower E wave velocity, reduced E/A ratio) 

and HFpEF risk was more prominent in female SAH mice. Renal fibrosis was also higher 

in female mice across all comorbidities (Fig. 7E). Together, these results suggest that the 

HFpEF phenotype associated with ageing and hypertension is primarily driven by female 

animals.  

In contrast, HFpEF incidence was slightly higher in OB males. Male mice also showed 

greater expression of fibrosis-related genes in LV and liver, although this association was 

not confirmed by histology (Fig. 7A, 7E). The alignment of functional and structural 
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parameters with HFpEF risk remained parallel between sexes, despite differences within 

the top ten parameters at the final time point (Fig. 7C, 7D). 

As in CTL and SAH, female CIH mice showed higher HFpEF incidence (Fig. 7A) and a 

stronger association of HFpEF risk with PH (reduced PA AT/ET ratio) and arterial 

stiffness (Fig. 7C, 7D). However, male mice experienced accelerated HF progression, 

coupled with higher gene expression of some lung fibrosis markers (Fig. 7B, 7E). These 

results suggest that different pathological processes may drive HFpEF progression in CIH 

mice, with a stronger vascular component in female mice. In HG mice, no prominent sex-

based disparities emerged in HFpEF incidence, progression, or association with structural 

and functional parameters (Fig. 7C).  
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DISCUSSION 

 Our work investigated the distinct roles played by prominent HFpEF-associated 

comorbidities in the complex development of this syndrome. We unveiled the principal 

functional and structural factors that underlie HFpEF within each group, together with 

the pathophysiological mechanisms and phenotypic features associated with the diverse 

patterns of diastolic dysfunction. 

Aligned with the human HF definition, our criteria for HFpEF in animals entailed the 

presence of tangible indications of lung congestion and evidence of cardiac structural 

and/or functional abnormalities consistent with the presence of LV diastolic 

dysfunction.18,19 This approach effectively addressed a key limitation observed in various 

animal HFpEF models that show extensive LV diastolic dysfunction but frequently lack 

clinical HF symptoms.20 Notably, aging emerged as a pivotal driver of HFpEF, mirroring 

the human scenario. Thus, our work underscores the critical need of employing aged 

animals to aptly model this human syndrome. 

Phenotype-based patient grouping (Phenomapping) has emerged as a promising approach 

in human HFpEF patient classification, aiming to identify subgroups that could benefit 

from tailored treatments.19,21,22 Regrettably, this systematic approach has not yet been 

extensively applied to animal HFpEF models, where a spectrum of phenotypes often leans 

towards severe diastolic dysfunction rather than true HFpEF manifestations.20 

Importantly, our models underscored distinct features associated with HFpEF, with 

primary determinants within each group that resemble different patient phenogroups.  

Obesity induced faster LV relaxation deterioration associated with an early onset of LVH 

characterized by an evolving shift from concentric to eccentric hypertrophy as disease 

progressed. Relaxation impairment did not significantly correlate with myocardial 

fibrosis. Additionally, a slightly higher HFpEF incidence was observed in male mice. 

These findings are in agreement with the characteristics of the obese cardiometabolic 

patient phenogroup in humans, marked by elevated LV mass and E wave velocity, with a 

higher prevalence among males.19 

Chronic systemic hypertension exacerbated LV relaxation decline induced by ageing and 

induced a more pronounced increase in LV filling pressures compared to CTL mice. In 

SAH mice, diastolic dysfunction was mainly linked to myocardial remodelling and aortic 

stiffness. Progression to HFpEF in this group was mainly dependent on increased arterial 



13 
 

stiffness. Although CTL mice developed HFpEF later, they showed similar traits and 

correlations to SAH counterparts. In both groups, impaired LV relaxation was associated 

with markers of myocardial and kidney fibrosis, while this correlation was less obvious 

in other comorbidities. Therefore, although LV fibrosis is a hallmark of the aged 

myocardium, it cannot be universally considered to be a cause of diastolic dysfunction 

and HFpEF, as this association may depend on the underlying pathological substrate. 

Both SAH and CTL groups showed a higher female prevalence, and their phenotypes were 

similar to that of the human aging-hypertensive phenogroup, which presents a slower E 

wave, fibrosis, hypertension, kidney disease, and a greater prevalence among female 

patients.19 

CIH mice developed PH in the absence of other comorbidities, together with RV 

hypertrophy and RV systolic dysfunction – an indication of maladaptive right ventricular 

remodelling resulting from prolonged hypoxic exposure.23 Abnormal LV relaxation in 

CIH mice was mainly associated with PH, which was a major contributor to increased 

HFpEF risk in this group. While not a direct match, the key traits of diastolic dysfunction 

and HFpEF within this group share some semblance with human phenogroups exhibiting 

pulmonary dysfunction – encompassing cases marked by dyspnoea or chronic obstructive 

pulmonary disease (COPD) – in which lower LV mass and RV involvement are 

observed.19 

Finally, HG mice showed alterations in LV relaxation mainly associated with reduced 

vascular flow and LV remodelling, which also marked the transition to HFpEF in this 

group. Both diastolic dysfunction (including increase IVRT as we observed in our work) 

and vascular complications have been previously described in animal models and patients 

with type 1 diabetes,24–26 and type 1 diabetes is strongly increased the incidence of heart 

failure in human patients.27 Therefore, the identification of LV remodelling and 

alterations in vascular flow as drivers of HFpEF in this group fits with existing data in 

animals and patients.  

Several limitations warrant consideration in our study. First, the diagnosis of heart failure 

was based solely on echography analysis (heart and lung), we did not use exercise 

capacity to determine the presence of HFpEF. We have not accounted for the potential 

cumulative impact of multiple comorbidities, a scenario frequently encountered in human 

cases. Our research was conducted using a single mouse strain; it remains plausible that 

different mouse strains could yield varying outcomes. Of note, three SAH, one OB and 
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one CIH mice showed a reduction of the LVEF at the very end of the study. Since previous 

LVEF measurements in each mouse were preserved, we decided to keep these mice in 

the HFpEF group. These mice would likely correspond to a HFpEF to HFrEF transition, 

as it occurs in some patients and especially among uncontrolled hypertensive individuals..  

In summary, we unveil distinct trajectories leading to HFpEF in mice with diverse 

comorbidities (Fig. 8). To our knowledge, this is the first study to provide simultaneous 

longitudinal analysis of mouse phenogroups associated with HFpEF. The similarity 

between mouse and human phenogroups reinforces the notion that HFpEF is not a single 

pathological condition. While this remains a descriptive study, our findings imply that 

personalized therapeutic strategies aligned with individual underlying pathologies would 

enhance patient outcomes.  
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FIGURES 

 

Figure 1. All groups develop the expected pathological changes associated with each 
comorbidity. (A-E) Body weight (A), systolic blood pressure (B), blood glucose (C), 
pulmonary artery acceleration time/ejection time ratio (D), and left ventricular ejection 
fraction (E) were measured every 2 months until mice developed HFpEF or died 
naturally. Lines and shadows represent means and their 95% CI, respectively, along time 
using smooth curves of values (loess). (F) Number of mice that developed HFpEF in each 
comorbidity. (G) Age at which mice developed HFpEF in each group. (H) Kaplan-Meier 
curve showing the probability of survival (no development of HFpEF) in the different 
groups. CTL, control; OB, obese; SAH, systemic arterial hypertension; CIH, chronic 
intermittent hypoxia; HG, hyperglycaemic.  
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Figure 2. Distinct diastolic dysfunction patterns across comorbidities. (A-F), 
isovolumic relaxation time (IVRT; A), E and A wave velocities (B, C), the ratio between 
the velocity of the E and A waves (E/A; D), the ratio between the E and E’ velocities 
(E/E’; E), and left atrium (LA) diameter (F) were measured by echocardiography every 2 
months until mice developed HFpEF or died naturally. Lines and shadows represent 
means and their 95% CI, respectively, along time using smooth curves of values (loess). 
(G), To determine whether a specific parameter changed differently in a group compared 
to the rest of the groups, lmer was used to create a model that includes a fixed effect for 
group, a fixed effect for time (age), their interaction, and (uncorrelated) random intercepts 
and slopes for time, nested within each individual (adjusted for the impact of gender). 
Since the longitudinal variables do not change linearly in time, cubic splines were 
included natural to model the potential non-linearities. Each spline captures a different 
segment/interval of the relationship between ‘age’ and the outcome variable. Splines with 
4 degrees of freedom were used, dividing the temporal effect in 4 time slots. The 
coefficient for a group represents the difference in the average response between the 
group and the rest of groups at time zero. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 3. Diastolic dysfunction is associated with distinct cardiac and vascular 
parameters in each comorbidity group. The correlation of selected parameters related 
to LV relaxation deterioration (E, E/A, IVRT) and/or increased filling pressures (LAID) 
with different left ventricular (LV), right ventricular (RV), pulmonary artery (PA), 
ascending aorta (AsAo), left common carotid artery (LCCA), and abdominal aorta 
(AbdAo) functional and structural parameters was analysed taking into account potential 
time lags in the correlation. Triangle heading up means that the parameter in the Y axis 
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preceded the diastolic function parameter in the X axis; triangle heading down indicates 
that the parameter in the Y axis follows the diastolic function parameter in the X axis; 
circle means the correlation is synchronous. The size of the triangle indicates the degree 
of time lag. Red, direct correlation; blue, inverse correlation. Colour intensity corresponds 
with the R value. LV, left ventricle; LVAW and LVPW, LV anterior and posterior wall 
thickness, respectively; s, systole; d, diastole; ID, internal diameter; LVVol, LV volume, 
LVSV, LV stroke volume; LVEF, LV ejection fraction; LVCO, LV cardiac output; RVW, 
right ventricle wall thickness; PA, pulmonary artery; VTI, velocity time integral; Vel, 
blood flow velocity; Grad, pressure gradient; AT, acceleration time; ET, ejection time; 
AsAo, ascending aorta; LCCA, left common carotid artery; EDV, end diastolic volume; 
PSV, peak systolic velocity; PI, pulsativity index; RI, resistivity index; AbdAo, 
abdominal aorta. Statistical correlations of all parameters can be found in Fig. S3-S7. 
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Figure 4. Distinct parameters are associated with the risk of HFpEF. (A) Analysis of 
time-to-HFpEF. Heatmap displaying variables with p-values of hazard ratios that are 
significant (p<0.05) for each comorbidity independently. Colour represents hazard ratios 
that indicate the change in the risk of HF event if the continuous parameter rises by one 
unit (one standard deviation in the case of standardized variables), displayed in log10 
scale. Positive/negative HR values (red/blue) denote an increase/decrease, respectively. 
Grey denotes non availability or no significance. CTL, control; OB, obese; SAH, systemic 
arterial hypertension; CIH, chronic intermittent hypoxia; HG, hyperglycaemic. (B), 
Spider graphs showing main echocardiographic parameters associated with changes in 
the risk of HFpEF and their respective weight in each comorbidity. Grey represents values 
for the CTL group. Last available values were used to compute mean parameters per 
group. Mean values for each group are represented. For each individual parameter, 
inner/outer ring represents the minimum/maximum value among the 5 groups. Parameters 
are ordered based on Hazard Ratios (HR, decreasing order to prioritize the stronger 
effects), starting at the top and following a counterclockwise order. 
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Figure 5. Relaxation impairment is associated with different pathophysiological 
changes in the left ventricle in each comorbidity. (A) Biological process categories 
enriched in proteins changed in each comorbidity compared to CTL in left ventricle 
analysed by mass spectrometry proteomics at their respective final time point (n=5 per 
group). (B) Cumulative distributions of the standardized log2 ratios of abundances (Zqp) 
of peptides containing oxidized cysteine residues. (C), Total mRNA was isolated from 
left ventricle and gene expression was analysed by qRT-PCR. Results show log2 fold-
change for each gene in the different groups. Time points were divided into 25 ± 3 weeks 
(early time points); 46 ± 5 weeks (middle time points); and 103 ± 23 weeks (late time 
points reflecting the time when mice developed HFpEF or died naturally). Genes are 
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clustered according to biological process. For each gene, relative expression levels are 
shown with the highest as red and the lowest as blue. Significant differences (FDR-
adjusted p-value<0.05) between each group and CTL mice at each time point are 
indicated by asterisk (*p<0.05, **p<0.01, ***p<0.001), and differences with the earliest 
time point within each group are indicated by the hash key (#p<0.05). n=7-19 male + 
female mice per group (see Table S1 for details). (D), Tissue fibrosis was analysed by 
picrosirius red staining in LV, RV and peripheral tissues. p<0.05 compared to CTL at 
each time point; #p<0.05 compared to the earliest time point in each group. n=7-20 (see 
Table S1). (E) Pearson correlation between LV diastolic function and LV expression of 
inflammation and fibrosis markers and natriuretic peptides. *p<0.05. Red, positive 
correlation; blue, negative correlation, with colour shades indicating the R value. Grey 
boxes highlight those parameters that changed significantly in each comorbidity (Figure 
2). CTL, control; OB, obese; SAH, systemic arterial hypertension; CIH, chronic 
intermittent hypoxia; HG, hyperglycaemic. Histol., histological analysis of fibrosis. 
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Figure 6. Left ventricular relaxation impairment is associated with 
pathophysiological changes in the right ventricle and peripheral organs. (A), Total 
mRNA was isolated from right ventricle, lung, liver and kidney, and gene expression was 
analysed by qRT-PCR. Results show log2 fold-change for each gene in each organ in the 
different groups. Time points were divided into 25 ± 3 weeks (early time points); 46 ± 5 
weeks (middle time points); and 103 ± 23 weeks (late time points reflecting the time when 
mice developed HFpEF or died naturally). Genes are clustered according to biological 
process. For each gene, relative expression levels are shown with the highest as red and 
the lowest as blue. Significant differences (FDR-adjusted p-value<0.05) between each 
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group and CTL mice at each time point are indicated by asterisk (*p<0.05, **p<0.01, 
***p<0.001), and differences with the earliest time point within each group are indicated 
by the hash key (#p<0.05). n=7-19 male + female mice per group (see Table S1 for 
details). (B), Pearson correlation between LV diastolic function and expression of 
inflammation and fibrosis markers and natriuretic peptides in the right ventricle, lung, 
liver, and kidney. *p<0.05. Red, positive correlation; blue, negative correlation, with 
colour shades indicating the R value. Grey boxes highlight those parameters that changed 
significantly in each comorbidity (Figure 2). CTL, control; OB, obese; SAH, systemic 
arterial hypertension; CIH, chronic intermittent hypoxia; HG, hyperglycaemic. Histol., 
histological analysis of fibrosis with picrosirius red. 
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Figure 7. Sex-related differences in HFpEF development. (A) Incidence of HFpEF in 
male and female mice in each comorbidity. *p<0.05 male vs female, Fisher’s test. (B), 
Kaplan-Meier curve showing the probability of survival (no development of HFpEF) in 
female and male mice, separately for each group. (C) Analysis of time-to-HFpEF in each 
comorbidity and sex. Heatmap displaying variables with p-values of hazard ratios that are 
significant (p<0.05) for each comorbidity independently. Colour represents hazard ratios 
that indicate the change in the risk of HFpEF event if the continuous parameter rises by 
one unit (one standard deviation in the case of standardized variables), displayed in log10 
scale. Positive/negative HR values (red/blue) denote an increase/decrease, respectively. 
Grey denotes non availability or no significance. (D), Spider graphs showing main 
echocardiographic parameters associated with changes in the risk of HFpEF and their 
respective weight in each sex and comorbidity. Grey and blue represent values for female 
and male mice respectively. Last available values were used to compute mean parameters 
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per group. Mean values for each group are represented. For each individual parameter, 
inner/outer ring represents the minimum/maximum value among the 5 groups. Parameters 
are ordered based on Hazard Ratios (HR, decreasing order to prioritize the stronger 
effects), starting at the top and following a counterclockwise order. (E), Pearson 
correlation between sex and expression of inflammation and fibrosis markers and 
natriuretic peptides in the left ventricle, right ventricle, lung, liver, and kidney. *p<0.05. 
Blue, positive correlation with males; orange, positive correlation with females, with 
colour shades indicating the R value. CTL, control; OB, obese; SAH, systemic arterial 
hypertension; CIH, chronic intermittent hypoxia; HG, hyperglycaemic. 
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Figure 8. Schematic summarising the main routes to HFpEF depending on the 

underlying comorbidity. 

 

 


