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A B S T R A C T   

Aims: Heart failure with preserved ejection fraction (HFpEF) is a devastating health issue although limited 
knowledge is available for its pathogenesis and therapeutics. Given the perceived involvement of mitochondrial 
dysfunction in HFpEF, this study was designed to examine the role of mitochondrial dynamics in the etiology of 
HFpEF. 
Method and results: Adult mice were placed on a high fat diet plus L-NAME in drinking water (‘two-hit’ challenge 
to mimic obesity and hypertension) for 15 consecutive weeks. Mass spectrometry revealed pronounced changes 
in mitochondrial fission protein Drp1 and E3 ligase FBXL4 in ‘two-hit’ mouse hearts. Transfection of FBXL4 
rescued against HFpEF-compromised diastolic function, cardiac geometry, and mitochondrial integrity without 
affecting systolic performance, in conjunction with altered mitochondrial dynamics and integrity (hyper
activation of Drp1 and unchecked fission). Mass spectrometry and co-IP analyses unveiled an interaction between 
FBXL4 and Drp1 to foster ubiquitination and degradation of Drp1. Truncated mutants of FBXL4 (Delta-Fbox) 
disengaged interaction between FBXL4 and Drp1. Metabolomic and proteomics findings identified deranged fatty 
acid and glucose metabolism in HFpEF patients and mice. A cellular model was established with concurrent 
exposure of high glucose and palmitic acid as a ‘double-damage’ insult to mimic diastolic anomalies in HFpEF. 
Transfection of FBXL4 mitigated ‘double-damage’-induced cardiomyocyte diastolic dysfunction and mitochon
drial injury, the effects were abolished and mimicked by Drp1 knock-in and knock-out, respectively. HFpEF 
downregulated sarco(endo)plasmic reticulum (SR) Ca2+ uptake protein SERCA2a while upregulating phospho
lamban, RYR1, IP3R1, IP3R3 and Na+-Ca2+ exchanger with unaltered SR Ca2+ load. FBXL4 ablated ‘two-hit’ or 
‘double-damage’-induced changes in SERCA2a, phospholamban and mitochondrial injury. 
Conclusion: FBXL4 rescued against HFpEF-induced cardiac remodeling, diastolic dysfunction, and mitochondrial 
injury through reverting hyperactivation of Drp1-mediated mitochondrial fission, underscoring the therapeutic 
promises of FBXL4 in HFpEF.   

1. Introduction 

Heart failure with preserved ejection fraction (HFpEF) is the most 
prevalent form of HF with a normal or near-normal left ventricular 
ejection fraction [1,2]. Several potential mechanisms have been 

postulated for the pathogenesis of HFpEF including cardiac remodeling, 
energetic abnormalities, mitochondrial dysfunction, inflammation, and 
endothelial injury [1,3,4]. Elevated inflammation and related signaling 
pathways have also been noted in HFpEF patients based on the 
PROMIS-HFpEF study [5]. Recent evidence suggested a strong 
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association between HFpEF and metabolic dysregulation [6], thus fa
voring a vital role for inflammation and metabolism in the etiology of 
HFpEF. Of note, cytokine release and oxidative stress in inflammation 
and metabolic disarray are well perceived to provoke mitochondrial 
injury and energy derangement, enroute to the etiology of HFpEF [7]. 

Mitochondrial homeostasis is governed by synchronized interplay 
among mitochondrial dynamics, mitochondrial biogenesis, and 
mitophagy [8–10]. Among which, mitochondrial dynamics functions as 
an early response element to mitochondrial defect [8,11]. Morpholog
ical changes were noted in mitochondrial ultrastructure in a ‘two-hit’ 
model of HFpEF, reminiscent of heart tissues acquired from patients 
with HFpEF [12]. Evident mitochondrial fragmentation, cristae 
destruction, and vacuolar degeneration were found in HFpEF [7]. 
Considering the workload of mitochondria to maintain cardiac homeo
stasis, it is imperative to understand mitochondrial function in HFpEF. 
Dynamin-related GTPase dynamin-related protein 1 (Drp1), a fission 
protein, and other fission proteins play an essential role in mitochondrial 
dynamics [4,13,14]. Mitochondria become elongated in cardiomyocytes 
with downregulation of Drp1. Mitochondrial translocation of Drp1 is 
also noted in pathological heart conditions with overtly fragmented 
mitochondria [15]. Endogenous Drp1 is essential for cardiac hemody
namics, as cardiomyocyte-specific Drp1-knockout mice died prema
turely, exhibited defective mitochondrial respiration and buildup of 
ubiquitinated proteins [16]. 

Our recent work suggested a role for Skp1-Cullin-F-box (SCF) ubiq
uitin ligase family in mitochondrial quality control in obese hearts [17]. 
One important member of SCF ubiquitin family, F-box and leucine-rich 
repeat 4 (FBXL4), was shown to engage in protein interaction and 
participate in mitochondrial dynamics, mitochondrial fusion and Ca2+

balance through its LRR domain [18]. FBXL4 participates in 
phosphorylation-directed ubiquitination [19], and plays a crucial role in 
the maintenance of mtDNA as missense and recessive nonsense muta
tions of FBXL4 prompt to pathological changes such as lactic acidemia, 
congenital hypotonia, and mitochondrial encephalomyopathy [20]. 
Given the ever-rising implication of mitochondrial damage in HFpEF, 
our current study was designed to evaluate myocardial proteomic al
terations of HFpEF with a special focus on mitochondria and 
FBXL4-governed mitochondrial regulatory components, if any. 

2. Materials and methods 

2.1. Experimental animals, HFpEF model and plasma file 

The experimental procedures used in this work were approved by the 
Institutional Animal Use and Care Committees of Xuhui Central Hospital 
and Zhongshan Hospital (Shanghai, China) and were in accordance with 
the NIH Guideline. In brief, adult male C57BL/6 N mice were randomly 
assigned to chow or high fat diet (60% of calories from fat) plus L-NAME 
(0.5 g/L in drinking water) [21]. To evaluate autophagy flux, the lyso
somal inhibitor chloroquine (CQ, 20 mg/kg/day, i.p.) was injected 
intraperitoneally for 7 consecutive days [22]. Mice were anesthetized by 
a combination of ketamine (80 mg/kg; Pfizer, Berlin, Germany) and 
xylazine (12 mg/kg; Bayer AG, Leverkusen, Germany). Euthanasia was 
accomplished by cervical dislocation. Blood glucose levels were 
measured using a glucometer (Acu-ChekTM). We generated 
cardiac-specific Drp1 knock-in mice (Drp1CKI) by crossing Drp1 and 
myh6-Cre mice. Heterozygous cardiac-specific Drp1 knockout mice 
(Drp1hetCKO) were generated by crossing Drp1-floxed and myh6-Cre 
mice. According to the structure of Drp1 gene, exon2-exon7 of Drp1 
transcript represents knockout region. Drp1 was knocked out after 
mating with mice expressing Cre recombinase. Littermates Drp1 flox 
(Drp1 fl/fl) mice were used as control group. Genetically engineered mice 
were purchased from Gem Pharmatech (Nanjing, China) using 
CRISPR/Cas9-mediated genome engineering [23]. Only male mice 
(age-matched at 8-10-week-old) were used here to minimize variability. 

2.2. Human subjects 

A total of 2137 otherwise healthy individuals ≧ 65 years of age were 
recruited into Shanghai Heart Health Study (SHHS) prior to a baseline 
survey including general information using self-administered question
naire, standard 12-lead electrocardiogram (ECG) and chest X-ray. Serum 
and urine biochemistry were performed. After exclusion of 140 subjects 
missing serum or urine results, 207 individuals lacking echocardio
graphic data and 14 subjects with severe valvular dysfunction, 1776 
participants were enrolled. Informed consent was obtained from all 
patients. The study was approved by the institutional human research 
committee of Zhongshan Hospital Fudan University (2008–10c5), and 
followed the ethical guidelines stated in the 1975 Declaration of 
Helsinki. 

2.3. Echocardiographic assessment 

Mice were anesthetized by isoflurane (1.5–3.0%) prior to measure
ment of cardiac geometry and function using a 2-D guided M-mode 
echocardiography (Vevo 2100, Visualsonics, Toronto, ON, Canada). 
Fractional shortening (FS) was calculated from LV end-diastolic 
(LVEDD) and LV end-systolic diameters (LVESD) using the equation of 
(LVEDD - LVESD)/LVEDD. Ejection fraction (EF) and heart rate (HR) 
were calculated using a Vevo 2100 echocardiography. Peak Doppler 
blood inflow velocity across mitral valve during early diastole, peak 
Doppler blood inflow velocity across mitral valve during late diastole, 
peak tissue Doppler of myocardial relaxation velocity at the mitral valve 
annulus during early diastole and early filling deceleration time were 
also recorded. For echocardiogram acquisition in temperature- 
controlled conditions, isoflurane was reduced to 1.0–1.5% and was 
adjusted to maintain the heart rate within a range of 450–550 beats per 
min [24]. 

2.4. Exercise exhaustion test 

After three days of acclimatization to treadmill exercise, an 
exhaustion test was performed. Mice ran uphill (20◦) on the treadmill 
(Columbus Instruments, Columbus, OH, USA) starting at a warm-up 
speed of 5 m/min for 4 min before the speed was elevated to 14 m/ 
min for 2 min. Every subsequent 2 min, speed was increased by 2 m/min 
until mice were exhausted. Exhaustion was defined as inability to return 
to run within 10 s of direct contact with an electric-stimulus grid. 
Running time was measured and running distance was calculated [25]. 

2.5. Blood pressure recordings 

Systolic and diastolic blood pressure was measured noninvasively in 
conscious mice using a CODA tail-cuff device (Kent Scientific, Torring
ton, CT, USA). Mice were placed in individual holders on a platform, and 
recordings were performed under steady-state conditions. Blood pres
sure was recorded for at least three measurements per session [26]. Mice 
were acclimated for three days prior to measurement to avoid unnec
essary interference in blood pressure values. 

2.6. Proteomics and enrichment analysis 

Protein was extracted from mouse hearts and subjected to NSI source 
followed by tandem mass tag (TMT)-based mass spectrometry (MS) in Q 
Exactive™ Plus (Thermo) coupled online to the UPLC. Peptide FDR was 
adjusted to 1% and all spectra identified with a score <20 was discarded. 
Proteins meeting the criteria of |log2FC| ≧1.2 or ≦0.83 and p value <
0.05 were identified as differentially changed proteins. These proteins 
were mapped to the relevant biological annotation and the result of 
Gene Ontology (GO) and KEGG pathway enrichment analysis was 
visualized using the ‘cluster Profiler’ package. 
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2.7. AAV9 vector production 

The recombinant adeno-associated virus (serotype AAV9) was used 
as vector (Hanbio Biotechnology, Shanghai, China), AAV9-cTNT-GFP 
(AAV9-NULL) served as the negative control, AAV9-cTNT-FBXL4- 
3Flag-GFP overexpressed FBXL4 served as the AAV9-cTNT-FBXL4-OE 
group, and cTNT was employed as the promoter in specific expression 
in myocardial tissues. Mice were randomly divided into 2 groups, AAV9- 
cTNT-Null and AAV9-cTNT-FBXL4-OE [27]. 

2.8. AAV9 FBXL4 injection and transfection in vivo 

FBXL4 delivery was achieved in chow and HFpEF mice (following 15 
weeks of diet regimen) through tail veins at a dose of 1 × 1012 vg/ml 
(100 μl per mouse) using an insulin syringe (30-gauge needle) [28]. 
Eight weeks later, cardiac geometry and function were evaluated using 
echocardiography while expression of FBXL4 was measured using 
Western blots and immunohistochemistry. 

2.9. Isolation and culture of adult mouse cardiomyocytes (AMCMs) 

Following ketamine/xylazine sedation, hearts were removed and 
perfused with a Krebs-Henseleit bicarbonate (KHB) buffer containing (in 
mM): 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 10 HEPES 
and 11.1 glucose. Hearts were digested using collagenase D for 20 min 
prior to removal and mincing of left ventricles. Cardiomyocyte yield at 
least 80% rod-shaped AMCMs was deemed successful [29]. Cells were 
transduced with adenoviruses carrying LacZ and FBXL4 (Ad-FBXL4) at 
the indicated multiplicity of infection (MOI) for 48 h. A cohort of cells 
for the ‘double-damage’ cell model was treated with high glucose (HG 
12.5 mM) and palmitic acid (PA 0.2 mM) for 12h. For all these treat
ments, cells cultured in a serum-free medium with dimethyl sulfoxide 
(DMSO with a final concentration <0.1% without any effect on cell 
mechanics) were employed as controls [29,30]. 

2.10. Histological examination 

Following anesthesia by a combination of ketamine (80 mg/kg; 
Pfizer, Berlin, Germany) and xylazine (12 mg/kg; Bayer AG, Leverkusen, 
Germany), mice were sacrificed and hearts were excised and immedi
ately placed in 10% neutral-buffered formalin at room temperature for 
24 h. Cardiomyocyte cross-sectional areas were calculated using a dig
ital microscope ( × 400) using the Image J Fiji software (version2.3.0, 
NIH). Masson trichrome staining was employed to detect fibrosis. Per
centage of fibrosis was calculated using the Adobe Photoshop CS3 
software (Adobe Systems Inc, San Jose, CA, USA). Fraction of light blue 
stained area normalized to total area was used as an indicator of 
myocardial fibrosis. Frozen slices were cut on a cryotome and stained for 
wheat germ agglutinin (WGA) to measure cross-sectional area of car
diomyocytes [31]. 

2.11. Detection of reactive oxygen species (ROS) 

Myocardial tissue slices were rinsed with 37 ◦C PBS and incubated 
with 10 μM DCFH-DA fluorescence probe (Beyotime, China, 1:1000, no 
serum) for 20 min at 37 ◦C. Cells were observed using a Leica confocal 
microscope. ROS fluorescence intensity was evaluated using the ImageJ 
software [32]. 

2.12. TUNEL 

According to the One Step TUNEL Apoptosis Assay Kit (Beyotime 
S1086) protocol, frozen heart slices were incubated with TUNEL solu
tion for 1 h prior to fluorescent imaging using the Leica sp8 confocal 
fluorescence microscope [33]. 

2.13. Transmission electron microscopy (TEM) 

Small cubic pieces ≤ 1 mm3 from left ventricles were fixed with 2.5% 
glutaraldehyde in 0.1 M sodium phosphate (pH 7.4) overnight at 4 ◦C. 
Following post-fixation in 1% OsO4, samples were dehydrated through 
graded alcohols and were embedded in Epon Araldite. Ultrathin sections 
(50 nm) were prepared using an ultramicrotome (Ultracut E, Leica, 
Wetzlar, Germany), and were stained with uranyl acetate and lead cit
rate. Specimens were viewed on a Hitachi H-7000 Electron Microscope 
(Hitachi High Tech America, Inc., Pleasanton, CA, USA) [34]. 

2.14. Mitochondrial structure analysis 

To assess changes in mitochondrial structure, cell was stained with 
mitochondrial immunofluorescence with Invitrogen MitoTrackerTM 
Red at 1 mM for10 min at 37 ◦C. Confocal microscope was used to 
capture single-cell images assisted by the Image-J software to acquire 
mitochondrial length. 

2.15. Laboratory examination 

Blood samples were obtained following a 12-h-overnight fasting and 
were transferred to central laboratory. Following centrifugation and 
routine blood test, sera were stored at − 28 ◦C until experimentation. 

2.16. Criteria for clinical diagnosis of HFpEF 

H2FPEF score was used for discrimination of HFpEF from non- 
cardiac causes of dyspnea. At a score of ≧6, HFpEF was diagnosed 
with a probability ≧ 90% with the presence of dyspnea. The 6 variables 
that constitute the H2FPEF score were (1) a body mass index (BMI) > 30 
kg/m2; (2) use of ≧ 2 antihypertensive medications; (3) the presence of 
atrial fibrillation; (4) pulmonary hypertension defined as pulmonary 
artery systolic pressure >35 mmHg; (5) age >60 years; and (6) elevated 
filling pressures evident from E/eʹ > 9. The presence of persistent or 
paroxysmal atrial fibrillation yields 3 points, a BMI >30 kg/m2 yields 2 
points, and all other variables yield 1 point [35]. Exclusion criteria 
included ejection fraction ≤50% (current or prior), significant valvular 
heart disease (greater than mild stenosis, greater than moderate regur
gitation) and constrictive pericarditis [36]. 

2.17. Widely targeted metabolomics 

Sample quality was monitored by unsupervised PCA (principal 
component analysis) statistics function prompt within R (www.r-pr 
oject.org). Significantly regulated metabolites between groups were 
determined by FDR <0.1 and absolute Log2FC (fold change) ≧1.2 or 
≦0.83. Data were unit variance scaled before unsupervised PCA, 
calculation of hierarchical cluster analysis and Pearson correlation co
efficients [37]. 

2.18. Cell shortening/relengthening 

Mechanical properties of adult mouse cardiomyocytes were assessed 
using an IonOptix soft-edge system (IonOptix, Milton, MA, USA). Car
diomyocytes were field stimulated at 0.5 Hz. Cell shortening and 
relengthening were assessed including peak shortening (PS), time-to-PS 
(TP10, 50, 90), time-to-10%, 50% and 90% relengthening (TR10, 50, 
90) and maximal velocity of shortening/relengthening (±dL/dt) [38]. 
Sarcomere length was assessed including sarcomere length, sarcomere 
shortening velocity, maximal relaxation velocity, time to peak 90% (TP 
90) and time to relengthening 90% (TR 90) [39]. 
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2.19. Measurement of intracellular Ca2+ and sarco(endo)plasmic 
reticulum (SR) Ca2+ load 

Cardiomyocytes were loaded with 1 μM Fura-2 (Beyotime, S1502) 
for 20 min, and fluorescence intensity was recorded with a dual- 
excitation fluorescence photomultiplier system (Ionoptix). Cells were 
exposed to light emitted by a 75W lamp and passed through either a 360 
or a 380 nm filter. Fluorescence emissions were captured between 480 
and 520 nm by a photomultiplier tube after first illuminating cells at 
360 nm for 0.5 s then at 380 nm for the duration of the recording pro
tocol (333 Hz sampling rate). The 360 nm excitation scan was then 
repeated at the end of the recording and qualitative changes in intra
cellular Ca2+ concentration were inferred from the ratio of Fura-2 
fluorescence intensity (FFI) at two wavelengths (360/380). This 
“interpolated numerator” method provides better signal-to-noise ratio 
than the "interleaved" method (rapidly switching between 340 nm and 
380 nm wavelengths [29]. Fluorescence decay time (single exponential) 
was derived as an indicator of intracellular Ca2+ clearance [40]. 
Caffeine-induced release of intracellular Ca2+ from SR was used to assess 
SR Ca2+ load capacity. Cardiomyocytes were initially stimulated to 
contract at 0.5 Hz to ensure steady state. Electrical stimulus was stopped 
and a caffeine puff (10 mM for 10 s) was applied to proximity of cells 
through a micropipette to trigger SR Ca2+ depletion [41]. 

2.20. Adenoviral transfection 

H9C2 cells were transfected with adenoviruses harboring FBXL4 or 
Drp1. After adenoviral transfection, cells were subjected to normal or 
‘double-damage’ for 48 h. Cells were transduced with adenoviruses 
carrying LacZ and FBXL4 (Adv-FBXL4) at the indicated multiplicity of 
infection (MOI) for 48 h as per the manufacturer’s instruction. 

2.21. Cell viability assay 

Assessment of cell viability was conducted using a commercial CCK8 
kit. Cell culture media were introduced with the CCK-8 reagent at a 
mixed ratio of 1:10 (Beyotime, Shanghai, China). 

2.22. Measurement of mitochondrial membrane potential (ΔΨ) 

ΔΨ was measured using a ThermoFisher Image-iTTM tetrame
thylrhodamine, methyl ester (TMRM) kit. Cells were treated with TMRM 
(50 nM) for 30 min at 37 ◦C. Samples were visualized and fluorescence 
intensity was recorded using a fluorescence microscope (Leica sp8, 
Weztlar, Germany) [32,34]. 

2.23. Structure-based protein interaction interface analysis between Drp1 
and FBXL4 

The protein structures of Drp1 were predicted by template-based 
homology structure modeling tool SWISS-MODEL (www.swissmodel. 
expasy.org), using Protein Data Bank (PDB) structure 3w6n.1, chain A 
(covering residues 1 to 364; sequence identity, 93.77%) and FBXL4 
structure 6w66.1, chain A (covering residues 278 to 470; sequence 
identity, 88.85%) as the template. Structures of proteins were submitted 
to the PRISM tool (http://cosbi.ku.edu.tr/prism) to predict their po
tential interaction interface. Prediction results were visualized by the 
PyMol tool (http://pymol.org) [17]. 

2.24. Immunofluorescence and confocal imaging assay 

Immunofluorescence for FBXL4 and Drp1 were performed following 
the manufacturer’s instruction. Briefly, AMCM and H9C2 cell were fixed 
and permeabilized at room temperature. After blocking for 1 h, samples 
were incubated with rabbit anti-Drp1 antibody (1:50) and mouse anti- 
FBXL4 antibody (1:50) overnight at 4 ◦C. AMCM and H9C2 cells were 

incubated with anti-rabbit Alexa Fluor 488 (1:800) and anti-mouse 
Alexa Fluor 546 (1:800 dilution) secondary antibodies for 1 h in the 
dark. Immunofluorescence was assessed on a laser confocal microscope 
equipped with a × 630 oil objective (Leica sp8, Weztlar, Germany) [34]. 

2.25. Co-immunoprecipitation 

The co-immunoprecipitation (Co-IP) assay was performed using a 
TheromFisher Pierce®Co-IP kit follow manufacturer’s instructions. One 
hundred μg of purified anti-FBXL4, anti-Drp1, or anti-flag antibodies 
were coupled with resin. One mg protein samples were then exposed to 
the antibody-coupled resin for 2 h. Protein-antibody complexes were 
eluted in 50 μl elution buffer after mixing and washing. The eluted 
protein samples were subjected to immunoblotting with corresponding 
antibodies [42]. 

2.26. Plasmid constructs and transfection 

FBXL4 (NM_172988.4) full-length, Fbox domain deletion (FBXL4- 
Delta-Fbox), Fbox domain (Fbox), and LRR2 domain deletion (FBXL4- 
Delta-LRR2) tagged with Flag were cloned in pcDNA3.1-mcherry and 
purchased from Sai Suofei Genes (Kunshan, China). Drp1 
(NM_152816.3) tagged with His was cloned in pcDNA3.1-mcherry and 
purchased from Sai Suofei Genes (Kunshan, China) [34]. 

2.27. Ubiquitylation level of Drp1 

Immunoprecipitation (IP) with the anti-Drp1 antibody, followed by 
anti-Ubiquitin (Ub) immunoblotting (IB), was performed in a denaturing 
RIPA buffer [50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 % (v/ 
v) Triton X-100, 0.5 % sodium pyrophosphate, 0.1 % SDS, and protease 
inhibitor cocktail (Roche, Basel, Switzerland)]. After tissue or cell ly
sates were centrifuged at 22,500×g at 4 ◦C for 15 min, supernatants 
were incubated with anti-Drp1 beads (Shanghai Genomics Inc., 
Shanghai, China) at 4 ◦C overnight. Beads were then resuspended and 
were washed three times with a RIPA buffer (10 min at 4 ◦C, for each 
washing), followed by SDS-PAGE and IB analysis with the anti-Drp1/Ub 
antibodies [42]. 

2.28. Oxygen consumption rate measurement 

OCR was analyzed using an XFe96 extracellular flux analyzer (Sea
horse Bioscience). First, Seahorse 96-well plates were attached by pol
ydlysine (PDL) (Sigma-Aldrich) for at least 2 h before AMCMs isolation. 
Isolated AMCMs were plated on PDL attached dishes at a density of 1 ×
105 cells/well and OCR was recorded by sequentially adding the meta
bolic regulators including oligomycin A (1 μM), FCCP (1 μM), antimycin 
A (1 μM) and rotenone (1 μM) [32]. 

2.29. siRNA and transfection 

Oligonucleotides for siRNA were made by HanBio. The three pairs of 
FBXL4 siRNA oligonucleotides were based on the following sequences. 

5-GCCCAAAUCUACAAGACUUAA TT-3 (FBXL4 siRNA #1), 5-GCU
CUUCUGUUUGUUUGGUUU TT-3 (FBXL4 siRNA #2) and 5-CGUCA
GUUUAAACCUUGUAUU TT-3 (FBXL4 siRNA #3). The results were 
obtained with the second pair, but the third pair was equally effective. 
H9C2 cells were transfected with siRNA duplexes at a concentration of 
75 pM by Lipofectamine 2000 (Invitrogen). At 24 h after the initial 
treatment, the second siRNA transfection was performed, and cells were 
grown for 48 h. At 72 h after initial treatment, cells were collected for 
immunoblotting [43]. A cohort of H9C2 cells were treated with a pro
teasomal inhibitor MG132 (10 μM, S1748, Beyotime Institute of 
Biotechnology, Shanghai, China) for 4, 8, and 12 h. 
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2.30. NAD+/NADH assay 

Murine myocardial lysate contents of NAD+ and NADH were deter
mined using a NAD+/NADH Assay Kit (ml092927, mlbio, Shanghai, 
China) per the manufacturer’s manual. The NAD+/NADH ratio was 
calculated using standard curves for NAD+ and NADH [44]. 

2.31. Aconitase activity 

Aconitase activity was determined by monitoring the conversion of 
isocitrate to cis-aconitate, which produces absorbance at a wavelength 
of 240 nm. The Aconitase Activity Microplate assay kit (ab109712, 
abcam, Shanghai, China) was employed per the manufacturer’s rec
ommended protocol [45]. 

2.32. Microsome isolation and Ca2+-ATPase activity assay 

Microsomes containing ER membrane vesicles were isolated from 
murine cardiomyocytes using a Beckman ultracentrifuge LE-80K (Brea, 
CA, USA). ATPase activity of sarco(endo)plasmic reticulum Ca2+- 
ATPase 2 (SERCA2) was determined through measurement of Ca2+

uptake assisted by a Fura-2-based method. Microsomes were incubated 
in an assay buffer (100 mM KCl, 10 mM HEPES (pH 7.4), 10 mM oxalate, 
5 mM MgCl2, 10 μM ruthenium red, and 2 μM Fura-2). The uptake re
action was initiated by addition of 5 mM ATP and 2 μM Ca2+. The 
fluorescence ratio (excitation at 340 and 380 nm) was recorded at 510 
nm emission using a fluorescence microplate reader (BioTek). Rate of 
Ca2+ uptake was derived from the linear slope following addition of 
Ca2+ [46]. 

2.33. Western blot analysis 

Heart tissues were sonicated in a lysis buffer containing 20 mM Tris 
(pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 0.1% 
sodium dodecyl sulfate, and a protease inhibitor cocktail. Protein sam
ples were incubated with anti-Drp1, anti-FIS1, anti-MFF, anti-optic at
rophy type 1 (OPA1), anti-mitofusin 1 (MFN1), anti-MFN2, anti-FBXL4, 
anti-ANP, anti-BNP, anti-β-MHC, anti-Caspase3, anti-Caspase9, anti- 
Caspase12, anti-uncoupling protein 2 (UCP2), anti-Bax, anti-Atg5, 
anti-LC3BII, anti-p62, anti-p-Drp1(Ser616), anti-p-Drp1(Ser637), anti- 
SERCA2a, anti-phospholamban (PLN), anti-ryanodine receptor 
(RYR1), anti-inositol 1,4,5-trisphosphate receptor 1 (IP3R1), anti- 
IP3R3, anti-Na+-Ca2+ exchanger (NCX), and anti-translocase of outer 
mitochondrial membrane 20 (Tom20) antibodies. Horseradish 
peroxidase-coupled secondary antibodies were employed. All antibodies 
were obtained from Cell Signaling Technology (Danvers, MA, USA), 
Santa Cruz Biotech (Santa Cruz, CA, USA) or Abcam (Cambridge, UK). 
After immunoblotting, films were scanned and detected using a Bio-Rad 
calibrated densitometer and band intensity was normalized to loading 
control β-actin or GAPDH [34]. 

2.34. Statistical analysis 

Data were Mean ± SEM. Independent samples t-test or Wilcoxon 
rank sum test for continuous variables and Chi-square test for categor
ical variables were employed when appropriate to examine differences 
between HFpEF and non-HFpEF human subjects. Statistical significance 
was estimated using one-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparison test, repeated measures ANOVA in R and 
Bonferroni adjusted test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p 
< 0.0001 were indicated for significance. All statistics analyses were 
performed using GraphPad Prism 9.0 software (GraphPad, San Diego, 
CA, USA). 

3. Results 

3.1. Proteomics analysis and mitochondrial dynamics protein files in 
HFpEF hearts 

To discern biological processes involved in HFpEF, heart tissues were 
collected from chow and ‘two-hit’ challenged mice and were subjected 
to TMT proteomics. Of note, 156 proteins were enriched, 74 proteins 
were upregulated and 82 proteins were downregulated, and 49% of 
proteins were localized in cytoplasm and mitochondria. KEGG enrich
ment analysis revealed that differentially expressed proteins encom
passed cGMP-PKG signaling, AMPK signaling and Ca2+ signaling 
proteins within cytoplasm and mitochondria (Fig. 1A–C). Of note, 
mitochondrion-regulatory proteins, Drp1 and FBXL4 were identified as 
important candidates among enriched pathways (Fig. 1D). Intriguingly, 
levels of FBXL4 were downregulated in ‘two-hit’ hearts (Fig. 1E). Fig. 1F 
and G also noted upregulated mitochondrial fission proteins including 
Drp1, FIS1, and MFF as well as downregulated mitochondrial fusion 
proteins including OPA1, MFN1/2. Supplemental Figs. 1A–B showed 
altered mitophagy proteins in HFpEF samples including downregulated 
Pink1 and upregulated Parkin. In addition, autophagy proteins LC3BII 
and p62 were downregulated and upregulated, respectively, in HFpEF 
samples, the effects of which were unaffected by CQ injection (Supple
mental Figs. 1C–D). 

3.2. Effect of FBXL4 transfection on echocardiographic properties in chow 
and HFpEF mice 

To examine possible impact of FBXL4 on HFpEF phenotype, a gain- 
of-function study was conducted using AAV9 delivery of FBXL4 and 
vector for 4 weeks (Fig. 2A). Efficacy of FBXL4 overexpression was 
evaluated using Western blotting (heart, liver, and kidney) and fluo
rescence imaging (heart) (Fig. 2B–E), revealing a “2-fold” increase in 
FBXL4 in the heart only. Our result revealed that FBXL4 transfection 
(but not empty vector) reversed HFpEF-induced rises in septal thickness, 
LV mass, E wave velocity, A wave velocity, E/A ratio and E/e’ ratio as 
well as decreased e’ wave velocity without affecting LV diameters, 
fractional shortening, and ejection fraction. Transfection of FBXL4 or 
empty vectors did not elicit any discernible responses in chow mice 
(Fig. 2F-P, Supplemental Figs. 2A–C). FBXL4 failed to affect ‘two-hit’ 
challenge-induced responses in blood pressure, glucose intolerance, 
plasma insulin and heart rate although it overtly attenuated ‘two-hit’ 
challenge-evoked exercise intolerance, cardiac hypertrophy, and pul
monary edema. Empty vector failed to recapitulate FBXL4-offered ben
efits, nor did it affect body weight, blood pressure, heart rate, insulin 
levels and insulin sensitivity in chow or HFpEF group (Fig. 2Q-U, Sup
plemental Figs. 1D–H). 

3.3. Effect of FBXL4 overexpression on HFpEF-induced changes in 
myocardial morphology, oxidative stress, and apoptosis 

Our results revealed that the ‘two-hit’ insult evoked pronounced 
myocardial interstitial fibrosis, cardiac hypertrophy, oxidative stress, 
and apoptosis, the effects of which were mitigated by FBXL4 (Fig. 3A–F). 
Along the same line, ‘two-hit’ challenge significantly upregulated pro- 
hypertrophic genes including ANP, BNP, and β-MHC as well as 
apoptosis markers including cleaved caspase3, cleaved caspase9, and 
caspase12, the responses were ablated by FBXL4 but not empty vector 
(Fig. 3G-L). Neither FBXL4 nor empty vector elicited any notable effect 
on myocardial morphology, oxidative stress, hypertrophic and apoptotic 
markers in chow-diet group (Fig. 3A-L). 
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3.4. Effect of FBXL4 overexpression on HFpEF-induced changes in 
mitochondrial morphology, dynamics, function as well as intracellular 
Ca2+ transport and autophagy 

Given that HFpEF is associated with mitochondrial fragmentation 
manifested as smaller and fatter mitochondria [47], we went on to 
evaluate mitochondrial morphology. Our data noted overtly decreased 
mitochondrial major axis length and, increased density and circularity 
in HFpEF mouse hearts, the effect was reconciled by FBXL4 but not 
empty vector. Mitochondrial number (particularly in the segment of 
smaller size <0.6 μm) was significantly elevated by HFpEF and recon
ciled by FBXL4 transfection. Neither FBXL4 nor empty vector elicited 
notable effect on mitochondrial morphology, dynamics, and function in 
chow-diet group (Fig. 4A–E). NAD+/NADH ratio was significantly 
decreased by HFpEF, the effect of which was reconciled by FBXL4 
transfection (Fig. 4F). These data favored a possible contribution of 
elevated NAD+ in mitochondria-derived ATP generation. Likewise, 
aconitase activity was overtly decreased in HFpEF mouse hearts, the 
effect of which was recovered by FBXL4 transfection (Fig. 4G). Our data 
also revealed upregulated mitochondrial uncoupling protein UCP2, 
apoptosis marker Bax and the autophagy adaptor p62 along with sup
pressed Beclin1, Atg5, and LC3BII in HFpEF hearts, the effect was 
nullified by FBXL4 but not empty vector (Fig. 4H-M). These results favor 
the possible involvement of autophagy in FBXL4-offered benefit against 
HFpEF-induced cardiac anomalies. 

Next, we examined mitochondrial dynamics and our result noted 
upregulated levels of Drp1, Drp1 Ser616 phosphorylation (p-Drp1 
Ser616), p-Drp1 Ser616/Drp1 ratio, FIS1 and MFF (fission markers) along 

with downregulated fusion markers OPA1, MFN1 and MFN2 without 
changes in Drp1 Ser637 phosphorylation in ‘two-hit’-challenged hearts. 
Although FBXL4 did not elicit any effect in chow group, it reversed ‘two- 
hit’ insult-induced changes in pan Drp1, Ser616 phosphorylation of Drp1, 
FIS1, and MFF, but not OPA1, MFN1 and MFN2. Empty vector did not 
elicit any effect on these fission and fusion protein markers (Fig. 5A-L). 
To understand possible involvement of intracellular Ca2+ handling, 
components responsible for intracellular Ca2+ release and re- 
sequestration were monitored. ‘Two-hit’ challenge overtly down
regulated intracellular Ca2+ regulatory protein SERCA2a while upre
gulating that of phospholamban, Na+-Ca2+ exchanger (NCX), IP3R1, 
IP3R3, and RYR1. Transfection of FBXL4 but not LacZ vector rescued 
‘two-hit’ challenge-induced changes in SERCA2a and PLN without 
affecting other Ca2+ regulatory proteins (Fig. 5M-T). 

3.5. Metabolomics analysis in HFpEF of cohort study and in HFpEF mice 

To explore possible underlying pathophysiology mechanisms of 
HFpEF and the ‘two-hit’ challenge, metabolomics was conducted in a 
cohort of HFpEF patients. From 1776 community-based patients after 
exclusion of HFrEF and patients with valvular diseases, those with 
HFpEF were identified using the H2FPEF score and clinical symptom to 
unveil high risk HFpEF cases (2.6%, 46/1776 patients). HFpEF were 
more likely to be associated with hypertension, atrial fibrillation (AF), 
coronary artery disease, diabetes mellitus, and dyslipidemia, but less 
likely obesity. Interestingly, HFpEF patients tended to possess higher 
levels of total cholesterol, triglyceride, low-density lipoprotein choles
terol and N-terminal pro-B type natriuretic peptide (Supplemental 

Fig. 1. Adult mice were fed HFD and L-NAME in drinking water for 15 weeks prior to TMT-proteomic analysis of heart tissues. A: Cellular components (CC); B: 
Biological process (BP); C: Chord diagram displaying the interplay of protein and KEGG pathways; D: Heat map exhibiting up- or down-regulated genes; E: Levels of 
F-box and leucine-rich repeat protein 4 (FBXL4); F: Levels of mitochondrial fission proteins dynamin-related protein 1 (Drp1), mitochondrial fission protein 1 (FIS1) 
and mitofusin-1 (MFF); and G: Levels of mitochondrial fusion proteins mitofusin-1 (OPA1), MFN1 and MFN2; Insets: Representative gel bands depicting FBXL4 and 
mitochondrial fusion/fission proteins using specific antibodies; Mean ± SEM, n = 3 mice for TMT proteomics (panel A–D) or 6 mice per group (panel E–G). Dif
ferential proteins were identified using variable important in projection (VIP) > 1.2 in an orthogonal partial least square-discriminant analysis (OPLS-DA) model. 
Differentially expressed genes were defined as genes with a Benjamini-Hochberg adjusted P value < 0.05. Statistical significance was estimated using one-way 
ANOVA, ***p < 0.001, ****p < 0.0001 between indicated groups. 
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Fig. 2. Verification of FBXL4 levels of AAV viral transfection in mouse hearts, livers, and kidneys, general biometric and echocardiographic properties of chow and 
‘two-hit’ diet-induced HFpEF in mice. A: Illustrative experimental protocol; B: Representative immunoblots of FBXL4 in hearts, livers, and kidneys in AAV9-cTNT- 
Null and AAV9-cTNT-FBXL4 OE groups; C: Pooled data of FBXL4 in hearts, livers, and kidneys from AAV9-cTNT-Null and AAV9-cTNT-FBXL4 OE groups; D–E: FBXL4 
intensity in mouse hearts detected using GFP fluorescence; F: Representative M-mode (upper), pulse-wave Doppler (middle) and tissue Doppler (bottom) images; G: 
Left ventricular end diastolic diameter (LVEDD); H: Left ventricular end systolic diameter (LVESD); I: Fractional shortening; J: Ejection fraction; K: Interventricular 
septal thickness in diastole (IVS, d); L: LV mass; M: E wave velocity; N: Mitral E/A ratio; O: e’ wave velocity; P: Mitral E/e’ ratio; Q: Running distance; R: Heart weight 
(HW) normalized to tibial length; S: Wet-to-dry lung weight ratio; and T–U: IPGTT curve and area under curve of intraperitoneal glucose tolerance test (IPGTT). Mean 
± SEM, n = 6 mice per group for panel B–E, and 8–10 mice per group for others. Statistical significance was estimated using one-way ANOVA followed by a Tukey’s 
post hoc analysis (two-way ANOVA for panel U). *p < 0.05, ***p < 0.001, ****p < 0.0001 between indicated groups. 
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(caption on next page) 
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Fig. 3. Effect of FBXL4 on HFpEF-induced changes in myocardial morphology, oxidative stress, and apoptosis. A: Representative gross images, Masson trichrome, 
H&E, and WGA staining; B: Percentage of interstitial fibrosis; C: WGA cross-sectional area; D–F: Representative images and pooled analysis of DCF/TUNEL staining 
depicting oxidative stress and apoptosis; G: ANP; H: BNP; I: β-MHC; J: Caspase3; K: Caspase9; and L: Caspase12. Insets: Representative immunoblots depicting atrial 
natriuretic peptide (ANP), brain natriuretic peptide (BNP), β-myosin heavy chain (β-MHC), cleaved caspase 3, cleaved caspase 9, and Caspase12 using specific 
antibodies. Mean ± SEM, n = 5 mice per group (4 replicates per mouse) (panel A–F) and n = 6 mice per group (panel G–L). Statistical significance was estimated by 
one-way ANOVA followed by Tukey’s multiple comparison test, repeated measures ANOVA in R and Bonferroni adjusted test. ****p < 0.0001 between indi
cated groups. 

Fig. 4. Effect of FBXL4 on HFpEF-induced changes in mitochondrial ultrastructure, apoptosis, autophagy and mitophagy. A: Representative TEM images; B: 
Mitochondrial length (major axis); C: Mitochondrial circularity index; D: Mitochondrial distribution by unit size; E: Mitochondrial density; F: NAD+/NADH ratio; G: 
Aconitase activity; H: Uncoupling protein 2 (UCP2); I: Bax; J: Beclin-1; K: Atg5; L: LC3BII and M: p62. Insets: Representative immunoblots depicting UCP2, Bax, 
Beclin-1, Atg5, LC3BII, and p62 using specific antibodies. Mean ± SEM, n = 5 mice per group (4 replicates each mouse, panel A–E), n = 4 mice per group (3 replicates 
per mouse, panel F), n = 4 mice per group (6 replicates per mouse, panel G), and n = 6 mice per group (H–M). Statistical significance was estimated by one-way 
ANOVA followed by Tukey’s multiple comparison test, repeated measures ANOVA in R and Bonferroni adjusted test. ****p < 0.0001 between indicated groups. 
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Table 1). We performed LC-MS to examine metabolite profiles in human 
plasma (30 per group including 15 males and 15 females) and HFpEF 
mouse hearts (6/group). Both human and mouse metabolomic profiles 
were analyzed using multivariate analysis, while principal component 
analysis (PCA) and partial least-squares discrimination analysis (PLS- 
DA) were employed to determine the difference in metabolites. The 
results indicated a distinct separation in metabolite profiles in HFpEF 
patients and mice compared with healthy and chow counterparts 
(Supplemental Figs. 3A–D), indicating altered endogenous substances in 
HFpEF. Based on PLS-DA analysis, substances with significant differ
ences between two groups were obtained following t-test, and endoge
nous metabolites in plasma and heart tissues were retrieved and 

matched in HMDB database. These retrieved substances were mainly 
associated with lipid, amino acid, and carbohydrate metabolism in 
human plasma and mouse hearts of HFpEF (Fig. 6A and B with male only 
to avoid possible sex-related issue). Further analysis revealed similar 
metabolomics pattern in female HFpEF patients or combined patient 
population (Supplemental Figs. 3E–F). Moreover, proteomics analysis 
revealed significant association for fatty acid degradation and meta
bolism with HFpEF in mouse hearts (Fig. 6C). Earlier evidence noted 
that hearts exposed to hyperglycemic environments with abundant fatty 
acids in type 2 diabetes mellitus often exhibited LV diastolic dysfunction 
[1]. To discern a possible role for fatty acid and high glucose in HFpEF, 
PA (0.2 mM) and HG (12.5 mM) were concurrently exposed to AMCMs 

Fig. 5. Effect of FBXL4 on HFpEF-induced changes in mitochondrial dynamics and Ca2+ transport. A: Representative immunoblots depicting pan and phosphorylated 
(Ser616/637) Drp1; B: Drp1; C–D: Phosphorylated Drp1 (p-Drp1 Ser616, Ser637); E: p-Drp1 Ser616-to-Drp1 ratio; F: Representative immunoblots depicting FIS1 and MFF 
using specific antibodies; G: FIS1; H: MFF; I: Representative immunoblots of OPA1, MFN1 and MFN2 using specific antibodies; J: OPA1; K: MFN1; L: MFN2; M: 
Representative immunoblots of SERCA2a, PLN and NCX using specific antibodies; N: Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 2a (SERCA2a); O: Phos
pholamban (PLN); P: Na+-Ca2+ exchanger (NCX); Q: Representative immunoblots of inositol 1,4,5-trisphosphate receptor 1 (IP3R1), IP3R3, and ryanodine receptor 1 
(RYR1) using specific antibodies; R: IP3R1; S: IP3R3; and T: RYR1. Mean ± SEM, n = 10 mice per group (panel A–E), n = 6 mice per group (panel F–T). Statistical 
significance was estimated by one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, ***p < 0.001, ****p < 0.0001 between indicated groups. 
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as a ‘double-damage’ for 12h prior to examination of cardiomyocyte 
mechanics (Fig. 6D). Our data noted that ‘double-damage’ challenged 
cardiomyocytes displayed evident diastolic dysfunction. Systolic func
tion was spared by ‘double-damage’. Either PA or HG alone failed to 
recapitulate ‘double-damage’-induced cardiomyocyte mechanical 
defect (Fig. 6E–I). Cell viability was not notably altered in response to 
‘double-damage’ insult or adenoviral transfection at 12- 24-, 36- and 48- 
hours (Supplemental Fig. 3G). Overexpression of FBXL4 was validated 
using Western blot analysis regardless of ‘double-damage’ insult or not 
(Supplemental Fig. 3H). 

To discern if levels of FBXL4 and Drp1 recapitulate the in vivo ‘two- 
hit’ HFpEF model, FBXL4 and Drp1 were also monitored in the ‘double 
damage’ cardiomyocyte model. Our data revealed overtly down
regulated FBXL4 along with elevated Drp1 Ser616 phosphorylation 

(Supplemental Fig. 3I). Moreover, endothelial injury is a main feature of 
heart complications in patients with HFpEF [48]. Levels of eNOS and 
ET-1 were scrutinized. Our result noted overtly downregulated eNOS 
level with markedly upregulated vasoconstrictive factor ET-1 in ‘dou
ble-damage’-challenged mouse artery endothelial cell lines (Supple
mental Figs. 3J–K). These findings strongly favor that our in vitro cell 
model may mimic diastolic dysfunction phenotype reminiscent of 
HFpEF. 

3.6. Effect of FBXL4 and Drp1 knock-in and knock-out on ‘double- 
damage’-induced cardiomyocyte diastolic dysfunction 

Given the key role of Drp1 in mitochondrial fission, Drp1 knock-in 
and knockout mice were used to discern the interaction between Drp1 

Fig. 6. Metabolomics and proteomics analyses in plasma from HFpEF patients and mouse hearts, as well as establishment of an in vitro HFpEF model for diastolic 
dysfunction. A: Metabolomics analysis of human plasma (male only) using Mass spectrometry; B: Metabolomics analysis of mouse heart tissues; C: KEGG pathways of 
top 10 differential proteins from HFpEF mouse hearts using TMT-proteomics; D: Protocol depicting the in vitro ‘double-damage’ (DD) model established using high 
glucose (HG, 12.5 mM) and palmitic acid (PA, 0.2 mM) in cardiomyocytes from WT, Drp1CKI and Drp1hetCKO mice; E: Peak shortening (% cell length); F: Maximal 
velocity of shortening (+dL/dt); G: Maximal velocity of relengthening (-dL/dt); H: Time-to-10%, 50% and 90% shortening (TP10, TP50 and TP90); I: Time-to-10%, 
50%, and 90% relengthening (TR10, TR50 and TR90); J: Representative tetramethylrhodamine, methyl ester (TMRM) staining of mitochondrial membrane potential 
(red color) using confocal microscopy; K: Pooled data of mitochondrial membrane potential using TMRM; L–P: Adult mouse cardiomyocytes from Drp1CKI and 
Drp1hetCKO mice were transfected with Adv-FBXL4 or vector for 48 h prior to ‘double-damage’ challenge for another 4 h. L: Peak shortening; M: + dL/dt; N: dL/dt; O: 
Time-to-90% shortening (TP90); and P: Time-to-90% relengthening (TR90). Mean ± SEM, Independent-samples used t-test or Wilcoxon rank sum test for continuous 
variables and Chi-square test for categorical variables (details provided in Supplemental Table 1); n = 15 subjects (panel A) for metabolomics per group; n = 6 mice 
(panel B) for metabolomics; n = 3 mice (panel C) for TMT-proteomics, Differential proteins were identified using variable important in projection (VIP) values of 
>1.2 in an orthogonal partial least square–discriminant analysis (OPLS-DA) model. n = 6 mice per group (10 replicates per heart, panel E–I), and n = 6 mice per 
group (5 replicates per heart, panel J–P). Statistical significance was estimated using one-way ANOVA followed by the Tukey’s multiple comparison test, repeated 
measures ANOVA in R and Bonferroni adjusted test. ***p < 0.001, ****p < 0.0001 between indicated groups. 
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and FBXL4. Meanwhile, using our novel ‘double damage’ in vitro car
diomyocyte diastolic dysfunction model, possible contributions of 
FBXL4 and Drp1 in ‘double-damage’-evoked diastolic dysfunction were 
determined using FBXL4 transfection and Drp1 genetic knock-in and 
knock-out murine models. Our data revealed that FBXL4 effectively 
alleviated ‘double damage’-induced collapse of mitochondrial mem
brane potentials and diastolic dysfunction in cardiomyocytes. However, 
FBXL4-offered benefits against ‘double-damage’-induced mitochondrial 
injury and diastolic dysfunction were essentially abolished by homo
zygous knock-in of Drp1 (Fig. 6J-P). Systolic function manifested by 
peak shortening was preserved in all groups examined. FBXL4 over
expression did not affect systolic function in Drp1CKI and Drp1hetCKO 

mice (Fig. 6L-P). Transfection of LacZ vector did not affect ‘double- 
damage’-induced changes in cardiac function and mitochondrial mem
brane potential in WT and Drp1fl/fl mice (Supplemental Figs. 4A–G). 

3.7. Analysis of possible FBXL4-Drp1 interaction and effect of FBXL4 
overexpression and Drp1 knock-in, knock-out on mitochondria 
fragmentation 

PRISM technique (http://cosbi.ku.edu.tr/prism) was used to 
examine potential interaction between FBXL4 and Drp1 and potential 
interfaces. According to the results from PRISM, Drp1 and FBXL4 may 
form protein interaction interfaces in Fbox (with CYS-33, GLN-37, LYS- 
40, ASN-43, LEU-47 as the interaction hotspots) and LRR2 (with ARG-75 
as the interaction hotspot) domains on FBXL4 (Fig. 7A and B). To further 
evaluate if ‘two-hit’ insult alters Drp1-FBXL4 interaction, co- 
immunoprecipitation was executed using mouse heart samples 
following ‘two-hit’ challenge. Our results failed to discern any difference 
in Drp1-FBXL4 interaction between the two dietary conditions (Fig. 7C). 
To explore such interaction, truncated mutants of FBXL4 were con
structed with deletion of either Fbox (Delta-Fbox) or LRR2 (Delta-LRR2) 
domain. Truncated variants of HA-tagged FBXL4 plasmids were trans
fected with flag-tagged Drp1 plasmid in H9C2 cells. Mutation of Fbox 
domain disengaged the interaction of FBXL4 with Drp1. However, 
deletion of LRR2 failed to diminish interaction between Drp1 and 
FBXL4, suggesting a vital role for Fbox domain of FBXL4 in direct 
interaction with Drp1 (Fig. 7D). Interaction between FBXL4 and Drp1 
was further consolidated using fluorescent colocalization, where muta
tion of Fbox (but not LRR2) domain disengaged the interaction between 
FBXL4 with Drp1 (Fig. 7E–G). Likewise, FBXL4 attenuated ‘double- 
damage’-induced mitochondrial fragmentation, the effect of which was 
cancelled off by Drp1 knock-in (Fig. 7H and I). Transfection of FBXL4 
LacZ vector alone did not affect ‘double-damage’-induced change in 
mitochondrial fragmentation in WT and Drp1fl/fl mice (Supplemental 
Figs. 5A–B). 

Ubiquitination and degradation of Drp1 were examined in the 
presence or absence of autophagy/proteasomal inhibitors or FBXL4 
genetic manipulation. Immunoprecipitation data shown in Fig. 7J-M 
revealed overtly reduced Drp1 ubiquitination in heart tissues from 
HFpEF mice, the effect of which was reversed by FBXL4 transfection. 
Application of MG132 removed FBXL4-induced Drp1 degradation, the 
effect was mimicked by FBXL4 silencing but not scramble siRNA 
(Fig. 7N-P). In AMCM from HFpEF mice, FBXL4 evoked downregulation 
of Drp1 in a time-dependent manner, the effect of which was abrogated 
by MG132 (Fig. 7Q–S). 

3.8. Effect of Drp1 knock-in and knock-out on FBXL4-offered protection 
against mitochondrial damage and diastolic dysfunction in simulated 
HFpEF, and involvement of ATP dependent-SERCA2a function 

To explore possible mechanisms underscoring ‘double-damage’- 
induced cardiomyocyte mechanical changes, intracellular Ca2+

handling was scrutinized. Our data depicted that ‘double-damage’ 
triggered rises in resting intracellular Ca2+ levels (either in 360/380 
ratio or calibrated concentration) and prolongation in intracellular Ca2+

clearance without affecting electrically-stimulated increase in intracel
lular Ca2+ (ΔFFI, in 360/380 ratio or calibrated concentration). Either 
HG or PA alone failed to trigger notable intracellular Ca2+ changes 
(Fig. 8A–F). Assessment of sarcomere length displayed shorter sarco
mere length, slower relaxation velocity, and prolonged relaxation 
duration in the absence of changes in sarcomere shortening, shortening 
duration in cardiomyocytes upon ‘double damage’ insult (Supplemental 
Figs. 6A–E), further consolidating diastolic defect observed in car
diomyocyte shortening. Caffeine triggers abrupt release and depletion of 
Ca2+ from SR, the major Ca2+ pool available for contractile proteins 
upon excitation in myocardium [41]. In the presence of ‘double-damage’ 
insult, neither baseline FFI nor ΔFFI was altered for caffeine-induced SR 
Ca2+ release (Fig. 8G–J). These findings did not favor a major impact of 
‘double-damage’ insult on SR Ca2+ loading capacity, which directly 
correlates with systolic function. 

Given our findings of compromised mitochondrial membrane po
tentials and downregulated ATP-driven SERCA2a, mitochondrial respi
ratory oxidation and ATP levels were determined in ‘double-damage’ 
challenged cardiomyocytes. Intriguingly, FBXL4-offered beneficial re
sponses were mitigated by SERCA2a inhibitor thapsigargin. Thapsi
gargin also evoked direct drops in intracellular Ca2+ decay in the 
absence of ‘double-damage’, the response was unaffected by FBXL4 
transfection (Fig. 8K-M). In addition, ‘double damage” insult suppressed 
SERCA2a activity, the effect of which was attenuated by FBXL4 (Sup
plemental Fig. 6F). Our data shown in Fig. 8N-P noted overtly decreased 
OCR rate (basal and maximal respiration) in ‘double-damage’ chal
lenged cardiomyocytes, the effects of which were reconciled by FBXL4. 
Intriguingly, FBXL4 transfection alleviated ‘double-damage’-evoked 
diastolic dysfunction, the effect of which was abolished by Drp1 knock- 
in (Fig. 8Q–S). Transfection of FBXL4 LacZ vector alone did not affect 
‘double-damage’-evoked changes in diastolic dysfunction in WT and 
Drp1fl/fl mice (Supplemental Figs. 6G–I). 

4. Discussion 

Our study revealed that FBXL4 rescued against HFpEF-induced car
diac remodeling, pulmonary edema, diastolic dysfunction, exercise 
intolerance, and mitochondrial injury, with little impact on blood 
pressure, plasma insulin level and glucose intolerance in HFpEF mice. 
Our proteomics analysis revealed overt enrichment of Drp1 and the E3 
ligase FBXL4 along with mitochondrial fission and cytosolic Ca2+ dys
regulation in the ‘two-hit’ HFpEF murine hearts. More importantly, 
FBXL4 suppressed ‘two-hit’ HFpEF-induced Drp1 hyperactivation 
(Ser616 phosphorylation) and mitochondrial fragmentation without 
affecting mitochondrial fusion. Using metabolomics and proteomics 
approach, unsaturated fatty acids and lipid derangement were unveiled 
in HFpEF patient plasma and mouse hearts. An in vitro ‘double-damage’ 
cell model was established to simulate cardiomyocyte diastolic and 
mitochondrial defects observed in vivo along with endothelial injury. 
The ‘double-damage’ insult did not affect cardiomyocyte SR Ca2+ load 
and systolic (cell and sarcomere shortening) properties, indicating pre
served systolic function. Intriguingly, FBXL4 rescued ‘double-damage’- 
induced cardiomyocyte diastolic (cell and sarcomere shortening) and 
mitochondrial dysfunctions, the effect of which was nullified by SERCA 
inhibition. This is supported by FBXL4-improved SERCA2a function 
under ‘double-damage’ insult. Further scrutiny revealed pronounced 
energy deficit in ‘double-damage’-challenged cardiomyocytes, the effect 
of which was reconciled by FBXL4. These findings depict a unique car
dioprotective role for FBXL4 against HFpEF-evoked pathology through a 
Drp1/SERCA2a-dependent mechanism. 

Ample evidence has revealed pronounced unfavorable changes in 
myocardial geometry and function in HFpEF including cardiac hyper
trophy, interstitial fibrosis, diastolic dysfunction, pulmonary edema, 
and exercise intolerance [1,49,50]. This is consistent with our obser
vations of cardiac hypertrophy, interstitial fibrosis, preserved fraction 
shortening and ejection fraction along with diastolic dysfunction 
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Fig. 7. Detection of Drp1-FBXL4 binding and FBXL4-Drp1 axis in ‘double-damage’-evoked mitochondrial fragmentation. A–B: Structure-based interface analysis 
between Drp1 and FBXL4. A: FBXL4-Drp1 complex structure with interaction hot-spot residues labeled using PRISM; B: Domain deletion of FBXL4 for Co-IP ex
periments, and predicted Drp1 interaction sites on FBXL4. Boxes indicate exons; white bars indicate deleted domains; C: IP analysis of FBXL4 tagged with Flag 
(FBXL4-Flag) and Drp1 tagged with His (Drp1-His) in AMCM cells from chow and HFpEF; D: IP analysis of FBXL4 domain mutations (FBXL4-Flag, FBXL4-ΔFbox, 
FBXL4-ΔLRR2) using Drp1-His in H9C2 cell line; E: H9C2 cells were divided into 4 groups (FBXL4-Flag, FBXL4-ΔFbox, FBXL4-ΔLRR2, Fbox) prior to transfection of 
Drp1 using plasmid DNA, Confocal image exhibiting H9C2 cells transfected with indicated plasmids, stained with MitoTracker (red), anti-FBXL4 (green), and anti- 
Drp1 (blue) antibodies; F–G: Colocalization and Pearson’s correction coefficient; H–I: Assessment of mitochondrial structure using confocal microscopy in adult 
mouse cardiomyocytes (AMCM) transfected with Adv-FBXL4 for 48 h prior to DD challenge for 12 h; H: Representative mitochondrial immunofluorescence using 
Mito Tracker (red); and I: Quantification of mitochondrial length of Drp1CKI and Drp1hetCKO groups. J–M: Ubiquitylation level of Drp1 in heart tissues from chow and 
HFpEF with or without FBXL4 overexpression; N–P: Drp1 level in H9C2 cells transfected with FBXL4-siRNA or FBXL4-scramble, treated with or without MG132 for 4, 
8, and 12 h; Q–S: Whole cell level of Drp1 treated with or without MG132 for 4, 8, and 12 h in AMCM cells from chow and HFpEF; Mean ± SEM, n = 3 mice per group 
(5 replicates per heart, panel E–I), or 3 replicates from 1 sample per group (panel J–M), or 2 replicates from 3 sample per group (panel N–S). Statistical significance 
was estimated by one-way ANOVA followed by the Tukey’s multiple comparison test or repeated measures ANOVA in R and Bonferroni adjusted test. *p < 0.05, ***p 
< 0.001, ****p < 0.0001 between indicated groups. 
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Fig. 8. Role of ATP-dependent SERCA2a/PLN and Drp1 in FBXL4-offered benefits in ‘double-damage’ cell model. A–F: Experiments depicting intracellular Ca2+

transient properties in control and ‘double damage’ (DD) mouse cardiomyocytes; G–J: Caffeine-induced changes in baseline fura-2 fluorescence intensity (FFI), ΔFFI 
and intracellular Ca2+ decay rate; K–M: Impact of SERCA inhibition using thapsigargin (Tg) on FBXL4-offered benefit against DD-induced intracellular Ca2+ mis
handling including baseline Fura-2 fluorescent intensity; N–P: Effect of FBXL4 on DD-induced myocardial energy deficit using OCR curve (panel N), basal OCR and 
maximal respiration (panel O–P); and Q–S: Effect of Drp1 knock-in or knock-out in FBXL4-offered intracellular Ca2+ responses under DD challenge. Cardiomyocytes 
from WT, Drp1CKI and Drp1hetCKO mice were challenged with DD regimen for 12 h in the absence or presence of FBXL4 overexpression; Mean ± SEM, n = 6 mice per 
group (5 replicates per heart, panel B–F, K–S), n = 5 mice per group (3 replicates per heart, panel G–J). Statistical significance was estimated using one-way ANOVA 
followed by the Tukey’s multiple comparison test or repeated measures ANOVA in R and Bonferroni adjusted test. ***p < 0.001, ****p < 0.0001 between indi
cated groups. 
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(increased E wave, E/A ratio and E/e’ ratio as well as dropped e’ wave, – 
dL/dt and prolonged relengthening duration) following ‘two-hit’ chal
lenge. In our hands, a tight association was evident between mito
chondrial dynamics and mitochondrial injury under the ‘two-hit’ 
challenge. KEGG enrichment identified FBXL4 in ‘two-hit’ 
insult-induced diastolic dysfunction along with Drp1. Western blot 
analysis noted upregulated mitochondrial fission proteins, down
regulated mitochondrial fusion proteins and FBXL4 in ‘two-hit’ hearts. 
Mutation of FBXL4 was demonstrated to evoke fragmentation of mito
chondrial network, suggesting a role of FBXL4 in mitochondrial dy
namics [51]. Likewise, absence of FBXL4 leads to aberrant changes in 
mitochondrial proteins and mitochondrial function through degradation 
of mitochondria [19]. Examination of human genes associated with 
encephalopathy also revealed an etiological role for mutant FBXL4 in 
mitochondrial swelling and mitochondrial respiratory dysfunction [52, 
53]. Mitochondrial phenotypic changes included mitochondrial frag
mentation, decreased basal and maximal respiration, impaired survival 
under obligate aerobic respiration, and lost mitochondrial inner mem
brane potential under FBXL4 deficiency [54]. Our data unveiled evident 
oxidative stress, apoptosis (Bax, cleaved caspase-3 and -9), deranged 
autophagy (LC3B, p62) and mitophagy (Pink1 and Parkin) along with 
mitochondrial injuries following ‘two-hit’ insult, denoting a role for 
mitochondrial dynamics in HFpEF injury. These findings coincide with 
the enrichment of “apoptosis” and “mitophagy” processes from TMT 
proteomics in HFpEF hearts. Intriguingly, FBXL4 attenuated ‘two-hit’ 
insult-induced apoptosis, deranged autophagy, overactivation of Drp1 
and mitochondrial fission. 

Perhaps the most innovative finding from our work is that Drp1 in
teracts with FBXL4 while forced expression of Drp1 abolished FBXL4- 
offered protection against HFpEF. PRISM and co-IP analyses indicated 
a direct interaction between FBXL4 and Drp1 through Fbox domain 
(CYS-33, GLN-37, LYS-40, ASN-43, LEU-47 as the interaction hotspots) 
on FBXL4. Drp1 is a crucial ‘adapter’ in mitochondrial fission and 
maintains mitochondrial integrity [55]. Mitochondrial fission is turned 
on in response to Drp1 relocation onto outer mitochondrial membrane 
(OMM) and its subsequent activation (phosphorylation). Nonetheless, a 
paradoxical role was reported for Drp1 with regards to cardiac homeo
stasis [55]. Inhibition of Drp1 was found to mitigate mitochondrial 
injury, unveiling a crucial role for Drp1 in the governance of mito
chondrial homeostasis. These notions are consistent with our findings of 
mitochondrial dysfunction and contractile defects with hyperactivation 
of Drp1 in HFpEF model. Nonetheless, an obligatory role for endogenous 
Drp1 was suggested in preservation of cardiac homeostasis in stress 
conditions [23]. In Drp1 deficient cardiomyocytes, mitochondria dis
played higher connectivity, buildup of ubiquitinated proteins, and 
decreased respiration. Disruption of Drp1 triggers mitochondrial elon
gation, suppresses mitophagy, and evokes mitochondrial injury, thus 
promoting cardiac dysfunction [56]. In our hands, we noted hyper
activation of Drp1 along with Fis1 (a Drp1 receptor) 57and MFF, in 
HFpEF model. Fis1 assemblies fission apparatus resulting in mitochon
drial membrane constrictions and division [57]. MFF then fosters 
mitochondrial recruitment of Drp1 and mitochondrial fission. Thus, 
upregulation of Drp1, MFF, Fis1 collectively favors a coordinated 
mitochondrial fission event centered around Drp1 [58]. 

Our data noted Drp1 hyperactivation in association with more pro
nounced mitochondrial impairment, mitochondrial energy defect (OCR) 
and Ca2+ overload following the ‘two-hit’ insult. Drp1 hyperactivation- 
induced mitochondrial fragmentation (under ‘two-hit’ or ‘double-dam
age’) then disrupts mitochondrial ultrastructure and integrity, resulting 
in collapsed mitochondrial membrane potential and loss in mitochon
drial energy (ATP levels and OCR respiration). It is noteworthy that 
mitochondrial injury is associated with diastolic but not systolic 
dysfunction (evidenced by preserved systolic parameters and SR Ca2+

loading capacity) in our experimental settings. Earlier evidence has 
indicated a close tie between mitochondrial OXPHOS function and 
contractile capacity in the heart although mild to moderate 

mitochondrial injury may impose local or temporal accumulations of 
ADP and impair SERCA2a function, enroute to elevated cytosolic Ca2+

level, cardiac stiffness, and diastolic anomalies in HFpEF models [59]. 
Higher cytosolic Ca2+ (also seen in our current study) may evoke ROS 
accumulation, oxidation of CaMKII to favor relaxation defect through 
SERCA2a loss and cell death in cardiomyocytes [60]. Thus, it is possible 
that development of moderate mitochondrial injury may be responsible 
for diastolic but not systolic defect as seen in our ‘two-hit’ model. 
Nonetheless, timely diagnosis of mitochondrial injury and HFpEF is 
rather challenging given the difficulty of non-invasive characterization 
of symptoms of reduced heart pump capacity to deliver blood at normal 
filling pressures during diastole [3,35,61]. Patients often exhibit he
modynamic abnormalities only under stress (e.g., exercise) condition. 
Hinted by metabolomics findings from human and murine HFpEF sub
jects, we established a novel ‘double-damage’ model using concurrent 
exposure of palmitate and high glucose, two likely triggers for lipotoxic 
challenge in metabolic derangement [62]. Using this model, we were 
able to mimic the in vivo ‘two-hit’ HFpEF-evoked cardiomyocyte dia
stolic dysfunction, SERCA2a defect and mitochondrial anomalies, the 
effect of which was alleviated by FBXL4. Data from CCK8 assay did not 
favor a major role for altered cell viability in ‘double damage’- or 
FBXL4-induced changes in cardiomyocyte function. Intriguingly, 
FBXL4-offered beneficial responses were abrogated by Drp1 knock-in or 
SERCA2a inhibition. Likewise, FBXL4-offered benefit against ‘two-hi
t’-induced mitochondrial energy deficit (ATP level and mitochondrial 
respiration) and intracellular Ca2+ derangement was nullified by Drp1 
knock-in, supporting a downstream role for ATP-dependent SERCA in 
FBXL4/Drp1 axis under HFpEF. 

Several scenarios may be considered for FBXL4-Drp1 axis in ‘two- 
hit’-evoked myocardial anomalies. FBXL4 comprises canonical FBXL 
functional domains [63]. Importantly, FBXL4 contains a mitochondrial 
localization sensor, allowing its colocalization with mitochondrial pro
teins [53]. In our hands, FBXL4 interacted with Drp1 through F-box 
domain on FBXL4 to speed up Drp1 ubiquitination/degradation to keep 
mitochondrial fission in check. We found that FBXL4 may bind Drp1 to 
promote its ubiquitination/degradation. Our data indicated that 
FBXL4-induced Drp1 degradation was overtly increased by FBXL4 
overexpression, favoring a ubiquitin-proteasomal dependent mecha
nism in Drp1 degradation in the face of ‘two hit’ insult. With reduced 
availability of mitochondrial energy, diastolic function and SERCA2a 
level/function were compromised, leading to poor intracellular Ca2+

clearance and cytosolic Ca2+ overload. Loss of FBXL4 in HFpEF would 
dampen FBXL4 interaction and degradation of Drp1, trigger mitochon
drial fragmentation and injury, ultimately compromising mitochondrial 
energy and SERCA2a function. Involvement of SERCA2a, a driving force 
for intracellular Ca2+ re-sequestration into SR and diastolic function, in 
FBXL4-offered cardioprotection against HFpEF pathology received 
further supports from the observation that SERCA2a inhibitor thapsi
gargin nullified FBXL4-induced cardioprotective responses. 

Our results revealed elevated resting cytosolic Ca2+ and unchanged 
caffeine-evoked SR Ca2+ load in ‘double-damage’ cell model, indicating 
preserved systolic function along with diastolic defect. Earlier findings 
noted mixed findings with regards to the correlation between SERCA 
defect and contractile function. In particular, reduced SERCA2a levels 
(in some cases, along with poor Na+/Ca2+ exchange function), were 
found to be associated with systolic dysfunction, possibly due to inad
equate SR reuptake, resulting in elevated cytosolic Ca2+ levels and low 
SR Ca2+ capacity available for the next systole mainly driven by rya
nodine receptors, myofilament Ca2+ sensitivity and myofilament cross- 
bridge sliding [64,65]. Loss in SERCA function likely brings on 
compensatory intracellular Ca2+ regulatory components such as mito
chondrial Ca2+ uptake and sarcolemma Na+-Ca2+ exchange, to 
replenish SR with sufficient Ca2+ load (although at a much slower rate) 
to preserve intracellular Ca2+ release and systolic function. This is 
supported by preserved SR Ca2+ load and systolic function in the face of 
overtly reduced SERCA2a levels in cardiac pathological conditions such 
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as diabetes [66,67], as seen in our present study. 

4.1. Experimental limitations 

Certain experimental limitations exist for our study. First, species 
differences (in vivo, in vitro and cell lines) employed in our study pre
sent an obstacle to limit our understanding of authentic pathogenesis 
and targeted therapies for HFpEF. The HFpEF cohort is accompanied 
with more cardiovascular complications, including hypertension, dia
betes, and hyperlipidemia, clearly distinct from our ‘two-hit’ murine 
model. The apparent HFpEF rate of 2.6% create a dramatic difference in 
sample size (thus possibly affecting statistical outcome) between HFpEF 
versus non-HFpEF groups. HFpEF prevalence was reported to be 
3.8–7.4% in other cohort studies, similar to our study [68,69]. Due to 
apparent ethical issue, we cannot collect heart tissues from HFpEF pa
tients to verify levels of FBXL4 and Drp1 or metabolomic analysis. Next, 
only male mice were used in our study, creating a possible sex-related 
issue. Also, plasma omics was not comparted between human and ro
dent, creating a potential organ-dependent bias. Although our metab
olomics results did not reveal any notable sex difference in human 
HFpEF patients, larger patient population at different ages should be 
examined. Based on CHARM-preserved, I-PRESERVE, and TOPCAT 
study, younger patients with HFpEF were more often obese black or 
Asian men with a lower comorbidity burden. However, older patients 
with HFpEF were more often white women who exhibited higher co
morbidity burden compared with younger patients [70]. Since our 
current study did not directly involve an “aging” aspect, possible sex 
issue may not be as a major impact as those in older mice. Third, 

dampened autophagy (likely due to lysosomal defect as shown by 
autophagy flux experiment) was noted in our ‘two-hit’ HFpEF model, 
which was greatly reversed by FBXL4. Given the close association be
tween mitochondrial integrity and autophagy [8,71], improved auto
phagy (and autophagy flux) in response to FBXL4 may be resulted from 
improved mitochondrial function although further study is warranted to 
discern the role of autophagy in HFpEF. Fourth, the ‘two-hit’ model 
represents nitrosative stress with concurrent obesity and hypertension 
[21]. Cardiac dysfunction in high fat diet-induced obesity is manifested 
as decline of both systolic and diastolic function [17,62], which is 
phenotypically different from HFpEF. KEGG analysis from obese hearts 
enriched mitophagy pathway rather than mitochondrial dynamics 
among top hits [17]. In this context, mitochondrial dynamics may play a 
more dominant role in HFpEF although further study is warranted for 
mitophagy in HFpEF. Last but not the least, our in vitro ‘double-damage’ 
model mimicked diastolic, SERCA2a and mitochondrial dysfunctions in 
HFpEF. It should be mentioned that this ‘double-damage’ in vitro model 
may not recapitulate authentic pathophysiological milieu of HFpEF 
cardiomyocytes in vivo. A more thorough screening of various metab
olites in HFpEF should uncover the proof-of-concept applicability of 
metabolomics for the treatment in HFpEF. 

In summary, we provided evidence that FBXL4 rescued against 
HFpEF-induced cardiac remodeling, diastolic and intracellular Ca2+

dysregulation through Drp1/SERCA2a-dependent regulation of mito
chondrial integrity and cytosolic Ca2+. FBXL4 likely bound Drp1 to 
evoke Drp1 degradation in a proteasomal-dependent manner, thus 
reverting hyperactivation of Drp1-mediated mitochondrial fission 
(Fig. 9). These findings favored the notion that FBXL4 and Drp1 may 

Fig. 9. Schematic diagram exhibiting possible involvement of FBXL4 in HFpEF-associated cardiomyopathy through FBXL4-evoked Drp1 degradation in a 
proteasomal-dependent manner. HFpEF downregulates FBXL4 level, resulting hyperactivation of Drp1 and subsequent mitochondrial injury. Elevated FBXL4 level 
rescues against HFpEF-induced cardiac remodeling, diastolic dysfunction, and mitochondrial injury (mitochondrial fragmentation, collapsed membrane potential and 
intracellular Ca2+ overload due to defective SERCA2a function) through reverting hyperactivation of Drp1-mediated mitochondrial fission. 
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serve as possible targets for HFpEF therapeutics. 
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