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Abstract

There are no approved drugs for the treatment of heart failure with preserved ejection fraction 

(HFpEF), which is characterized by left ventricular (LV) diastolic dysfunction. We demonstrate 

that ITF2357 (givinostat), a clinical-stage inhibitor of histone deacetylase (HDAC) catalytic 

activity, is efficacious in two distinct murine models of diastolic dysfunction with preserved EF. 

ITF2357 blocked LV diastolic dysfunction due to hypertension in Dahl salt-sensitive (DSS) rats 

and suppressed aging-induced diastolic dysfunction in normotensive mice. HDAC inhibitor–

mediated efficacy was not due to lowering blood pressure or inhibiting cellular and molecular 

events commonly associated with diastolic dysfunction, including cardiac fibrosis, cardiac 
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hypertrophy, or changes in cardiac titin and myosin isoform expression. Instead, ex vivo studies 

revealed impairment of cardiac myofibril relaxation as a previously unrecognized, myocyte-

autonomous mechanism for diastolic dysfunction, which can be ameliorated by HDAC inhibition. 

Translating these findings to humans, cardiac myofibrils from patients with diastolic dysfunction 

and preserved EF also exhibited compromised relaxation. These data suggest that agents such as 

HDAC inhibitors, which potentiate cardiac myofibril relaxation, hold promise for the treatment of 

HFpEF in humans.

INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) is characterized by increased left 

ventricular (LV) filling pressure, increased LV stiffness, and prolonged relaxation in the 

presence of normal systolic function (1). This relaxation abnormality is the final common 

end point of many different types of pathologic stress, including hypertension and aging. 

Over the past two decades, patients with HF with reduced EF (HFrEF; systolic HF) have 

seen clinical benefits through pharmacological management (2). Unfortunately, large clinical 

trials using standard-of-care HFrEF medications have failed to demonstrate efficacy in 

patients with HFpEF (3–5), and thus, clinicians have no guidance on which biochemical 

pathways to target for the treatment of patients with HFpEF, whose prognosis is as poor as 

those with systolic HF. Patients with HFpEF report similar symptom burden and reduction in 

quality of life as patients with HFrEF, suffering from fluid retention, dyspnea, fatigue, and 

exercise intolerance. All-cause mortality is equivalent for patients with HFrEF and HFpEF, 

and the 5-year mortality rate after first admission for HF is more than 40% (3). Hence, it is 

crucial to investigate the molecular mechanisms governing HFpEF, with the goal of 

discovering novel therapeutic targets.

Diastolic dysfunction in HFpEF is often attributed to increased interstitial fibrosis (6). 

Collagen deposition is thought to be responsible for elevated ventricular stiffness, because 

measures of fibrosis correlate positively with reduced chamber compliance (7). In a recent 

autopsy study, HFpEF patients were shown to have more severe cardiac fibrosis than control 

subjects, and cardiac fibrosis was inversely related to microvascular density in the heart (8). 

However, in a separate study of human cardiac biopsies from HFpEF patients with severe 

diastolic dysfunction (9), about one-third of the samples examined did not have significant 

fibrosis. When biopsies from HFpEF and HFrEF patients were compared (10), no significant 

differences were found in interstitial fibrosis between the groups (12 ± 1.4% versus 14.4 

± 1.5%, respectively), despite the fact that measures of LV relaxation were highly dissimilar. 

These data suggest that fibrosis is not the sole mechanism responsible for ventricular 

dysfunction in HFpEF.

Diastolic dysfunction may also involve cardiomyocyte-autonomous defects in relaxation. 

The interaction between the thin and the thick filaments of cardiomyocyte myofibrils has 

been shown to play a critical role in regulating cardiomyocyte relaxation, and alterations of 

myofibrillar proteins, such as troponin I (TnI), myosin-binding protein C (MyBP-C), 

tropomyosin, and myosin heavy chain (MyHC), can affect cardiac relaxation in model 

systems and humans (11–15). The giant myofibrillar protein titin has been implicated in the 
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regulation of cardiomyocyte relaxation (16), and the abundance of specific titin isoforms, as 

well as the phosphorylation state of titin, affects the stiffness of cardiomyocytes 

independently of fibrosis, both in experimental models and in hearts of patients with HFpEF 

(9, 17–19).

Histone deacetylases (HDACs) are a family of enzymes that catalyze removal of acetyl 

groups from lysine residues. Small-molecule inhibitors of HDAC catalytic activity have 

previously been shown to be efficacious in preclinical models of systolic HF, in part due to 

their ability to block cardiac hypertrophy and fibrosis (20, 21). Given that four HDAC 

inhibitors are approved for the treatment of cancer, there is considerable interest in 

translating these preclinical findings to test HDAC inhibitors in the HF population. Despite 

extensive use of HDAC inhibitors in models of systolic cardiac disease, nothing is known 

about the impact of this class of compounds on diastolic function of the heart.

Here, we demonstrate that the HDAC inhibitor ITF2357 (givinostat), currently in a phase 3 

trial in patients with Duchenne muscular dystrophy (22), improves relaxation of the heart in 

rodent models of diastolic dysfunction with preserved EF. ITF2357 did not elicit discernable 

toxicity, and efficacy was independent of alterations in blood pressure, cardiac hypertrophy, 

cardiac fibrosis, or cardiac titin and MyHC isoform expression. We define impaired 

myofibril relaxation as an HDAC-dependent mechanism for diastolic dysfunction and 

demonstrate that patients with restrictive cardiomyopathy (RCM) characterized by diastolic 

dysfunction with preserved EF also exhibit diminished myofibril relaxation properties. The 

data suggest that stress stimuli impinge on myofibrils to promote diastolic dysfunction, and 

HDAC inhibitors or other agents that target myofibrils could be used to improve diastolic 

function of the heart in the context of HFpEF.

RESULTS

HDAC inhibition attenuates diastolic dysfunction in Dahl salt-sensitive rats

Dahl salt-sensitive (DSS) rats have mutations in genes that regulate sodium and renin 

homeostasis, leading to hypertension when maintained on a high-salt (HS) diet (23, 24). 

Traditionally, DSS rats have been fed 8% NaCl, which leads to severe hypertension, 

progressive LV dilation, and combined systolic and diastolic dysfunction (25). To more 

closely model human chronic hypertensive heart disease and diastolic dysfunction with 

preserved EF, here DSS rats were fed chow containing 4% NaCl (referred to as an HS diet). 

Doppler echo-cardiography was used to quantify diastolic function by measuring the ratio of 

the early filling (E) phase of the LV during diastole, which is due to relaxation of the LV, and 

the late filling (A) phase, which is mediated by contraction of the atrium. Septal mitral 

annulus velocity (E′/A′) and isovolumic relaxation time (IVRT) were also determined. 

Compared to DSS rats fed a normal-salt (NS) diet, 10 weeks of HS feeding led to diastolic 

dysfunction as evidenced by reduced E/A, E′/A′, and increased IVRT (fig. S1, A to C). 

Animals on 4% NaCl had preserved EF (fig. S1D).

To begin to test whether HDACs contribute to hypertension-induced diastolic dysfunction, 

DSS rats were fed HS diet and gavaged daily with the HDAC inhibitor ITF2357 (givinostat). 

Serial echocardiography assessed the impact of HS and ITF2357 on diastolic function over 
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the course of 10 weeks (Fig. 1A). ITF2357 did not elicit discernable hematological toxicity 

(table S1), which is notable because a major dose-limiting toxicity of HDAC inhibitors in 

humans is thrombocytopenia (26). Compared to vehicle-treated controls, ITF2357 dose-

dependently prevented diastolic dysfunction due to HS feeding, as illustrated by the ability 

of the compound to normalize E/A, E′/A′, and IVRT (Fig. 1, B to E). Consistent with the 

pilot study, LV systolic function was preserved during the course of the 10-week study (Fig. 

1F). Invasive hemodynamic measurements obtained at study end point revealed that 

ITF2357 also normalized LV end diastolic pressure while having no effect on the 

hypertensive response of the rats to HS feeding (Fig. 1, G and H). A repeat study, which 

included more exhaustive echocardiographic and pressure-volume analyses, confirmed the 

ability of ITF2357 to normalize diastolic function in the face of sustained hypertension in 

DSS rats (table S2). These findings suggest that HDAC inhibition in DSS rats directly 

affects the LV to improve relaxation, as opposed to indirectly ameliorating diastolic 

dysfunction by normalizing blood pressure.

Diastolic dysfunction is often attributed to cardiac hypertrophy and fibrosis (8, 19). 

Echocardiography revealed that HS-mediated cardiac hypertrophy was unaffected by 

ITF2357 treatment in DSS rats (Fig. 2, A and B). Consistent with these findings, ITF2357 

also failed to reduce LV-to-tibia length ratio and cardiomyocyte cross-sectional area (Fig. 2, 

C to E, and table S3). In contrast to previous observations in DSS rats fed 8% NaCl, animals 

fed 4% NaCl chow for 10 weeks did not exhibit significant LV interstitial fibrosis (Fig. 2, F 

and G, and table S3; P = 0.51). Together, these findings suggest that HDAC inhibition 

improves diastolic function in DSS rats independently of effects on cardiac hypertrophy and 

fibrosis.

Diastolic dysfunction in DSS rats correlates with HDAC-dependent impairment of myofibril 
relaxation

To begin to address whether HDAC inhibition directly affects cardiomyocyte relaxation, 

cultured adult rat ventricular myocytes (ARVMs) were treated with ITF2357 for 24 hours. 

The cells were subsequently electrically paced, and mechanical parameters were measured. 

ARVMs exposed to ITF2357 had markedly increased rates of cellular relaxation compared 

to vehicle-treated controls (fig. S2, A and B). In contrast, the contractility of ARVMs was 

unaffected by the HDAC inhibitor (fig. S2, C and D). Representative contraction/relaxation 

traces from individual cells treated with ITF2357 and vehicle control are shown (fig. S2, E 

and F).

We hypothesized that HDAC-dependent alteration in intrinsic relaxation properties of 

cardiomyocytes contributes to diastolic dysfunction in DSS rats. To test this, myofibrils from 

homogenized LVs were mounted on a force transducer in a tissue bath, rapidly shifted from 

a solution with a high calcium concentration to a solution without calcium, and relaxation 

kinetics were quantified (Fig. 3A). Myofibrils from DSS rats fed HS diet for 10 weeks 

exhibited severe decrements in the duration and rate constant of the linear phase of 

relaxation, which were normalized by the high dose of ITF2357 (Fig. 3, B to D). The linear 

phase of relaxation represents inactivation of thin filament regulatory proteins, which halts 

additional cross-bridge association. The exponential phase of myofibril relaxation was not 
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altered by HS feeding or ITF2357 (Fig. 3E); the exponential phase of relaxation is governed 

by the rate of actin and myosin dissociation. Unlike the observed impairment of myofibril 

relaxation, calcium-activated maximal tension generation (force of contraction) was 

unaffected by HS feeding or HDAC inhibition (Fig. 3F). These findings reveal a myofibril-

autonomous defect in HS-fed DSS rats that correlates with diastolic dysfunction at the 

whole-organ level and demonstrate that inhibition of HDAC activity prevents this decrement 

in myofibril relaxation.

HDAC inhibitor–mediated improvement of cardiac relaxation is not due to changes in 
myofibril myosin composition, calcium sensitivity, or titin function

The relative abundance of the thick filament proteins α-MyHC and β-MyHC in the LV is an 

important determinant of sarcomere cross-bridge activation and relaxation (27). Because 

stress signals increase the expression of cardiac β-MyHC, this isoform switch could 

contribute to the myofibril relaxation impairment observed in HS-fed DSS rats. However, 

ITF2357 failed to attenuate up-regulation of β-MyHC in LVs of DSS rats fed a HS diet for 

10 weeks and did not affect the reduced kinetics of myofibril contraction, which is governed 

by the slower adenosine triphosphatase (ATPase) activity of β-MyHC (fig. S3, A to C). The 

ability of ITF2357 to improve myofibril relaxation without altering β-MyHC expression or 

function suggests that HDAC inhibition targets a distinct mechanism that controls the 

process.

Increased myofibril calcium sensitivity contributes to diastolic dysfunction (28). Thus, 

force-calcium concentration (pCa) curves were constructed to examine whether the 

dynamics and/or affinity of myofibril calcium binding and force production were altered in 

DSS rats. HS feeding resulted in a nonsignificant right shift of pCa50 (P = 0.85), which was 

unaffected by ITF2357 treatment (fig. S4). The Hill coefficient, a measurement of 

cooperativity of myofibrillar protein interaction, was not altered by HS feeding or ITF2357 

treatment (fig. S4). Thus, altered relaxation in DSS rats does not correlate with changes in 

myofibril calcium sensitivity.

Increased resting tension of myofibrils, which is controlled by the giant protein titin (17, 18), 

contributes to diastolic dysfunction of the heart (19). Consistent with this, myofibrils from 

DSS rats fed HS exhibited increased resting tension (fig. S5A). However, ITF2357 treatment 

did not attenuate resting tension, and titin isoform expression was unaffected by HS or 

ITF2357 (fig. S5, A to E). Together, these data suggest that HDAC inhibition increases the 

rate of myofibril relaxation through a mechanism that is independent of changes in MyHC, 

myofibril calcium sensitivity, or titin isoform switching.

Acetylation/deacetylation of cardiac myofibrils alters relaxation

ITF2357-mediated enhancement of myofibril relaxation in DSS rats could be due to direct 

effects of HDAC inhibition on myofibrillar protein function or through distal actions that 

indirectly affect myofibril mechanical properties, such as alteration of kinase activity and 

downstream myofibrillar protein phosphorylation. DSS rats treated with ITF2357 did not 

exhibit overt alterations in myofibrillar protein composition or general phosphorylation state 

(fig. S6). Evaluation of site-specific phosphorylation also failed to reveal HS or ITF2357-
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mediated differences in titin or MyBP-C, although an increase in phosphorylation of the 

protein kinase A (PKA) target sites of TnI was observed in hearts of rats fed HS and treated 

with ITF2357 (fig. S7, A to G). Conversely, phosphorylation of the PKA target site of the 

calcium-handling protein phospholamban (PLN) was unaffected by either treatment (fig. 

S7H).

Consistent with the possibility that an HDAC directly regulates myofibril function 

independently of effects on myofibrillar protein phosphorylation, HDAC2 co-purified with 

myofibrils from DSS rat LVs (fig. S8). HDAC3 and HDAC4 were not found in association 

with myofibrils (fig. S8), suggesting a specific role for HDAC2 in the control of myofibrils. 

Deacetylation of myofibrils with recombinant HDAC2 ex vivo caused a 32% increase in 

myofibril relaxation duration (Fig. 4, A to C). In contrast, acetylation of myofibrils with 

recombinant p300 had the converse effect of augmenting the rate of myofibril relaxation 

(Fig. 4, D and E). Ex vivo acetylation by p300 also ameliorated relaxation of severely 

impaired DSS myofibrils (Fig. 4, F and G). Ex vivo acetylation/deacetylation did not alter 

myofibril contraction (fig. S9, A to C), consistent with the data obtained with in vivo 

samples (Fig. 3F). These findings demonstrate that myofibril relaxation can be controlled by 

myofibrillar protein acetylation.

DSS rat myofibrils analyzed with general anti–acetyl-lysine antibodies revealed subtle 

changes associated with diastolic dysfunction (fig. S10). Definitive assessment of stress-

dependent alterations in myofibril protein acetylation will require use of site-specific anti-

acetyl antibodies and quantitative mass spectrometry.

HDAC inhibition blunts age-dependent diastolic dysfunction and myofibril relaxation 
impairment in mice

We next addressed whether HDAC-dependent myofibril relaxation impairment contributes to 

diastolic dysfunction caused by distinct etiology. Advanced age is an independent risk factor 

for the development of HFpEF: More than 90% of HFpEF patients are over the age of 60 

years at the time of diagnosis (3, 5), and LV systolic function is preserved during aging (29). 

To begin to address whether HDAC inhibition also blocks age-dependent diastolic 

dysfunction, 9-month-old female 129S6 mice were fed normal chow or ITF2357-containing 

chow, and diastolic function was assessed serially by echocardiography (Fig. 5A). Female 

mice were used because age-related HFpEF disproportionately affects women (3). Diastolic 

function (E/A, E′/A′, and IVRT) progressively declined in mice fed normal chow but was 

preserved out to 20 months of age (time of study completion) in mice fed ITF2357 (Fig. 5, B 

to D, and tables S4 and S5). Consistent with findings in DSS rats, ITF2357 did not alter 

blood pressure or LV hypertrophy in aged female mice (Fig. 5, E and F).

Myofibril mechanical studies revealed that linear and exponential phase relaxation was more 

rapid in myofibrils from aged mice fed ITF2357 compared to myofibrils from control mice 

fed normal chow (Fig. 5, G to I), whereas myofibril contraction was equivalent in both 

groups (Fig. 5J). Thus, in two models of diastolic dysfunction with preserved EF, HDAC 

inhibition improved LV diastolic function in a manner that correlates with enhanced kinetics 

of myofibril relaxation.
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Myofibril relaxation is impaired in human diastolic dysfunction

To address whether myofibril relaxation impairment contributes to diastolic dysfunction in 

patients, mechanics studies were performed with myofibrils obtained from explanted LV 

tissue from two individuals diagnosed with idiopathic RCM who underwent cardiac 

transplantation. HFpEF can arise from diverse predisposing causes, such as hypertension, 

aging, and metabolic disease. Furthermore, by excluding risk factors, such as infiltrative 

cardiomyopathies, a diagnosis of RCM can be made. RCM represents a pure form of severe 

diastolic dysfunction with preserved EF that is inherent to the heart. Age-matched nonfailing 

donor hearts were used as controls (table S6). Isolated myofibrils from both RCM patients 

exhibited markedly prolonged kinetics of the linear phase of relaxation compared to control 

myofibrils (Fig. 6, A to C). Myofibrils from the HF patients also had reduced kinetics of the 

exponential phase of relaxation (Fig. 6D). Maximum force generation was unchanged 

between myofibrils obtained from the patients and controls, consistent with the clinical 

presentation of preserved systolic function (Fig. 6E). These findings suggest that myofibril 

relaxation impairment contributes to diastolic dysfunction in humans. A model for HDAC 

inhibitor–mediated control of diastolic cardiac function is shown (fig. S11).

DISCUSSION

Pathophysiological processes governing HFpEF remain poorly defined, which could account 

for the numerous failed clinical trials in this patient population. Here, we provide evidence 

of a role for impaired myofibril relaxation in the control of diastolic dysfunction in 

preclinical models and in human patients with HFpEF. A clinical-stage HDAC inhibitor, 

ITF2357 (givinostat), prevented hypertension- and aging-induced diastolic dysfunction in 

rodents in a manner associated with amelioration of myofibril relaxation impairment ex 

vivo. Furthermore, acetylation and deacetylation of myofibrils ex vivo led to enhanced and 

impeded relaxation, respectively, suggesting a direct role for this posttranslational 

modification in the control of diastolic function of the heart. We propose that attenuation of 

myofibril relaxation kinetics by HDACs is a previously unrecognized mechanism for the 

development of diastolic dysfunction, which could be therapeutically exploited for the 

treatment of HFpEF.

The three largest phase 3 clinical trials for HFpEF targeted the aldosterone receptor 

(TOPCAT) or the angiotensin II (Ang II) receptor (I-PRESERVE and CHARM-Preserved). 

The rationale for these approaches was largely based on the role of the aldosterone/Ang II 

axis in promoting adverse cardiac fibrosis and hypertrophy, and underlying hypertension 

(30). In this regard, it is noteworthy that ITF2357 improved diastolic function without 

significantly affecting blood pressure or fibrosis. Although ITF2357 transiently blunted 

hypertension-induced increases in LV wall thickness, it failed to exert prolonged anti-

hypertrophic action, which is in contrast to previous reports of HDAC inhibitors blocking 

cardiac hypertrophy (20). The reason for this discrepancy remains unknown but could be 

related to ITF2357 dose, route of administration, and/or pharmacokinetic properties. We 

propose that combined use of HDAC inhibitors with current goal-directed therapy, such as 

aldosterone and/or Ang II receptor blockers, will provide superior efficacy in HFpEF 
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patients by simultaneously targeting distinct mechanisms that control relaxation and 

compliance of the heart.

Concerns have been raised regarding the use of pan-HDAC inhibitors for chronic indications 

such as HF (20). The major dose-limiting effect associated with pan-HDAC inhibition is 

thrombocytopenia (26). However, in our study of DSS rats, ITF2357 did not reduce platelet 

counts or cause other hematological toxicities. ITF2357 was found to improve skeletal 

muscle parameters at doses that did not significantly affect platelets in a phase 2 trial in boys 

with Duchenne muscular dystrophy (22); ITF2357 is currently being evaluated in a phase 3 

trial in this patient population. It is important to define the HDAC isoforms that control 

diastolic dysfunction with the goal of developing the least toxic isoform-selective HDAC 

inhibitors for HFpEF, but it is also possible that an existing pan-HDAC inhibitor, such as 

ITF2357, could be sufficiently tolerated and efficacious to be “repurposed” for this cardiac 

indication.

The substrates of acetylation/deacetylation that control myofibril relaxation remain 

unknown. We hypothesize that deacetylation of lysine residues in specific myofibrillar 

proteins leads to impaired relaxation and diastolic dysfunction of the heart. Acetyl-

proteomics studies have demonstrated extensive acetylation of proteins that comprise cardiac 

myofibrils (31). In vitro experiments showed that acetylation of α- and β-MyHC increased 

the actin-sliding velocity of both myosin isoforms, which would be predicted to speed the 

exponential phase of relaxation, and HDAC3 was implicated as the MyHC deacetylase (32). 

However, HDAC3-mediated deacetylation of MyHC is unlikely to account for our 

observations, because we failed to see a significant amount of HDAC3 co-purifying with 

myofibrils. HDAC inhibition had a profound effect on linear phase relaxation, which 

involves inactivation of the thin filament of myofibrils, as opposed to the MyHC-containing 

thick filament. Our results are also unlikely to be related to the recent demonstration that 

skeletal muscle actin in Drosophila melanogaster is regulated by acetylation, because this 

posttranslational modification was shown to augment flight muscle contraction and we did 

not observe a change in myofibril force generation upon HDAC inhibitor treatment (33). 

Nonetheless, the actin findings further illustrate the emerging role of lysine acetylation in the 

control of muscle mechanics.

The current data suggest noncanonical, nongenomic roles for acetyltransferases and 

deacetylases in the direct control of myofibrils and cardiac relaxation. Consistent with this, 

HDAC2 co-purified with myofibrils from DSS rat hearts, and treatment of myofibrils with 

recombinant HDAC2 or p300 ex vivo decreased and increased myofibril relaxation, 

respectively. We provide evidence to suggest that HDACs control myofibril relaxation 

through a mechanism distinct from those which have been previously described to control 

this process. For example, phosphorylation of cardiac TnI has been shown to increase the 

kinetics of myofibril relaxation while reducing calcium sensitivity (34). Although we 

observed a modest increase in TnI phosphorylation in hearts of DSS rats fed HS and treated 

with ITF2357, calcium sensitivity was unchanged in HS-fed and HS-fed ITF2357-treated 

DSS rats, indicating a divergent mechanism of thin filament regulation upon HDAC 

inhibition. Increased myofibril calcium sensitivity due to glutathionylation of MyBP-C has 

also been previously linked to diastolic dysfunction (35). However, the lack of a change in 
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calcium sensitivity upon ITF2357 treatment suggests that the ability of the HDAC inhibitor 

to improve relaxation of the heart is independent of effects on glutathionylation of MyBP-C. 

Finally, titin isoform switching and phosphorylation are associated with diastolic 

dysfunction (17, 18); yet, we failed to observe changes in the large titin isoform (N2BA), the 

short titin isoform (N2B), or phosphorylation of PKC, PKA, or PKG target sites on titin in 

DSS rats fed HS with or without ITF2357 (figs. S5 and S7). Future structure-function 

studies should pinpoint the precise roles of myofibrillar protein acetylation in the control of 

diastolic function.

We cannot rule out the possibility that HDAC inhibition improves diastolic heart function 

through additional mechanisms, besides altering myofibrillar protein acetylation. Although 

fibrosis did not appear to contribute significantly to diastolic dysfunction in the models 

presented here, extracellular matrix remodeling has been implicated in cardiac relaxation 

impairment in HFpEF (8) and can be attenuated by HDAC inhibitors in other settings (36). 

Furthermore, it has been suggested that oxidative stress promotes diastolic dysfunction (35, 

37), and HDAC inhibitors exhibit antioxidant properties (38). Elucidation of the full 

constellation of mechanisms by which HDAC inhibitors improve relaxation of the heart 

awaits further investigation.

We acknowledge that a limitation of this study is the reliance on rodent models of diastolic 

dysfunction, which do not fully recapitulate HFpEF in humans (39). Future translational 

studies will need to use large animal models of HFpEF, such as feline, canine, or porcine 

models (40–42). In addition, echocardiographic assessment of diastolic function in rodents 

has previously been hindered by the lack of color Doppler technology. During the course of 

our investigation, we implemented a Vevo2100 instrument, thereby increasing the precision 

of early-to-late mitral annular velocity measurements. Finally, HFpEF patients have not 

historically been referred for cardiac transplantation, and thus, we were limited to evaluating 

a small number of human hearts. With the heightened awareness of HFpEF as a clinical 

syndrome, we anticipate that an increased number of cardiac tissue samples from this patient 

population will become available for research purposes in the future. Evaluation of myofibril 

mechanics with these samples will enable a determination of the generalizability of 

relaxation impairment as a pathogenic mechanism in HFpEF.

In summary, we define impaired myofibril relaxation as an HDAC-dependent mechanism for 

diastolic dysfunction of the heart. The findings suggest that agents, such as HDAC 

inhibitors, which target myofibrils to improve relaxation, should be evaluated for clinical 

efficacy in patients with HFpEF, a condition for which no approved drugs currently exist.

MATERIALS AND METHODS

Study design

The objectives of this study were to determine whether HDAC inhibition could improve 

cardiac relaxation in two rodent models of diastolic dysfunction and to determine whether 

diastolic dysfunction can be traced to the level of myofibril relaxation abnormalities. 

Functional measurements of whole-heart, single-cardiomyocyte, and myofibril mechanics 

were used to assess cardiac function. Morphological features were also used to assess 
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response to chronic hypertension and aging. The specificity of HDAC inhibition in 

ameliorating diastolic dysfunction was confirmed with ex vivo manipulation of lysine 

modification with recombinant HDAC and HAT (histone acetyltransferase) enzymes. For 

rodent models, all animals were randomly assigned to treatment groups. Sample size was 

guided by our previous experience with these animals and was based on development of 

cardiac hypertrophy. The number of animals per group was determined by power calculation 

to assess cardiac hypertrophy, with α = 0.05 and β = 0.8. Human hearts with known HFpEF 

were also used to show clinical applicability of the concept that cardiac relaxation localizes 

to myofibril relaxation abnormalities.

Animal models

Animal experiments were approved by the Institutional Animal Care and Use Committee at 

the University of Colorado Denver (UCD). Sprague-Dawley rats were obtained from Charles 

River Laboratories. DSS rats were obtained from Envigo (formerly Harlan Laboratories) and 

fed NS diet (Teklad; 2020X; 0.4% NaCl) or the same diet but containing 4% NaCl. ITF2357 

was delivered daily by gavage (3 or 30 mg/kg body weight) in a vehicle of hydroxypropyl 

cellulose (0.5%) and Tween 80 (0.5%) in water. ITF2357-containing chow was prepared by 

Dyets Inc. by mixing enough ITF2357 to reach 555 mg/kg of food, equivalent to a daily 

dose of 50 mg/kg body weight. Female 129S6/SvEvTac mice (Taconic) were aged to 9 

months at UCD before initiating feeding with ITF2357-containing chow.

Hemodynamic analyses

Serial transthoracic echocardiography and Doppler analyses were performed using Vevo770 

(DSS rat studies) and Vevo2100 (aging mouse study) instruments (VisualSonics). Animals 

were anesthetized with 2% isoflurane, their chests were shaved, and their body temperatures 

were maintained at 37°C. Long and short parasternal axis views of the LV were obtained. 

Short-axis two-dimensional views of the LV at the papillary muscle level were used to 

obtain M-mode targeted recordings. Anterior and posterior end-diastolic and end-systolic LV 

wall thickness and internal diameter were measured using the leading-edge method to 

calculate EF. Doppler signals of mitral inflow and myocardial tissue movement at the level 

of the mitral annulus were obtained to calculate the ratio of early and active filling wave 

peak of diastolic flow velocity (E/A) and the ratio of peak diastolic tissue velocity (E′/A′) to 

assess diastolic cardiac function. All measurements were averaged from three consecutive 

cardiac cycles on the exhale phase. Echocardiography was performed in a blinded manner. 

Subsequently, a battery of LV hemodynamic indices was assessed using a pressure-volume 

system (Scisense Inc.). For DSS rats, systemic blood pressure was measured using a fluid-

filled catheter placed in the femoral artery. For the aging mice, systemic blood pressure was 

assessed in conscious animals using a noninvasive tail-cuff system (CODA, Kent Scientific).

Human heart samples

Human hearts were obtained from a tissue bank maintained by the Division of Cardiology at 

the UCD (COMIRB 01-568). Characteristics of the patients and nonfailing donor controls 

are provided in table S6. All patients were followed by the University of Colorado Heart 

Failure Program and offered participation in the research protocol. Hearts were collected at 

the time of orthotopic cardiac transplantation. For the HFpEF cohort, two patients were 
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selected with the following criteria: (i) preserved LV systolic function (>50%), (ii) presence 

of diastolic dysfunction, and (iii) no known genetic causes of HFpEF. Control hearts were 

obtained from unused donor hearts that could not be used for transplantation. Six control 

hearts were age-and gender-matched to the two HFpEF hearts.

Statistical analyses

Mean ± SEM values are shown and were compared by Student’s t test (two unpaired groups) 

or one-way ANOVA (more than two groups) with Newman-Keuls post-test. Probability 

values of P < 0.05 were considered significant. For the aging study, a linear mixed model 

was implemented in SAS (version 9.4) to estimate outcome measurement for treated and 

control groups across time for each outcome variable. To allow for nonlinear trends over 

time, time was treated as a class variable and an interaction effect between time and group 

was included in the model. A random effect of subject was included in the model to account 

for in-subject variance. Pairwise comparisons between treatment and control groups at each 

time point were performed post hoc. The number of animals analyzed for each end point is 

listed in table S7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. HDAC inhibition attenuates diastolic dysfunction in DSS rats
(A) Study overview. DSS rats were fed NS diet or a 4% NaCl–containing diet (HS) for 10 

weeks. Beginning at the time of HS feeding, animals were treated with ITF2357 (pan-HDAC 

inhibitor) (3 or 30 mg/kg) or vehicle control by oral gavage (PO) once a day (QD). Serial 

echocardiography was performed before HS feeding and after 6, 8, and 10 weeks. (B) 

Doppler measurement of mitral inflow velocity (E/A) in DSS rats treated with vehicle or 

HDAC inhibitor. (C) Representative E/A Doppler echocardiography images. The ratio of the 

early filling (E) phase of the LV during diastole and the late filling (A) phase is a common 

echocardiographic measurement of diastolic function. Measurements of septal mitral 

annulus velocities (E′/A′) (D) and isovolumic relaxation time (IVRT) (E). (F) EF 

throughout the experiment. (G) LV end diastolic pressure (LVEDP). (H) Mean systemic 

pressure (MSP). For (G) and (H), ITF (3) and ITF (30) represent the dose of ITF in mg/kg. 

For all graphs, mean ± (or +) SEM values are shown and were compared by one-way 

analysis of variance (ANOVA) with Newman-Keuls post-test. *P < 0.05 versus NS + 

vehicle, #P < 0.05 versus HS + vehicle. For (B) and (D) to (F), rat numbers for each 

condition and time are provided in table S7. Each figure includes the number of animals 

used in the analysis. When such format was not practical, table S7 summarizes the number 

of animals used.
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Fig. 2. HDAC inhibition improves diastolic function in DSS rats independently of effects on 
cardiac hypertrophy or fibrosis
Echocardiographic assessment of LV posterior (LVPW) (A) and anterior (LVAW) (B) wall 

thickness in NS- and HS-fed rats treated with vehicle or ITF2357. LV-to-tibia length (C) and 

images and quantification of myocyte cross-sectional area (D and E) in 10-week samples. 

Picrosirius red staining (F) and collagen quantification (G) of 10-week LV sections from 

DSS rats. For (C), (E), and (G), ITF (3) and ITF (30) represent the dose of ITF in mg/kg. For 

all graphs, mean ± (or +) SEM values are shown and were compared by one-way ANOVA 

with Newman-Keuls post-test. *P < 0.05 versus NS + vehicle, #P < 0.05 versus HS + 

vehicle. For (A) and (B), rat numbers for each end point and each time point are provided in 

table S7; at least eight animals were used per analysis. Scale bars, 20 μm.
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Fig. 3. Diastolic dysfunction in DSS rats is associated with prolongation of myo-fibril relaxation 
that is normalized with HDAC inhibition
(A) Schematic representation of the ex vivo myofibril mechanics quantification assay. (B) 

Representative relaxation traces of myofibrils obtained from LVs of DSS rats fed NS or HS 

for 10 weeks and gavaged daily with ITF2357 (30 mg/kg) or vehicle control. Duration (tRel, 

slow) (C) and rate constant (kRel, slow) (D) of the linear relaxation phase of myofibrils from 

rats at 10 weeks. Exponential relaxation phase of myofibrils (kRel, fast) (E) and myofibril 

maximal tension generation of myofibrils (F) from rats at 10 weeks. For all graphs, mean + 

SEM values are shown and were compared by one-way ANOVA with Newman-Keuls post-

test. *P < 0.05 versus NS + vehicle. n = 6 rats for NS + vehicle and HS + ITF2357 and n = 5 

for HS + vehicle; 7 to 12 myofibrils per animal were analyzed.
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Fig. 4. Ex vivo deacetylation of cardiac myofibrils prolongs relaxation kinetics
(A) Experimental design. Myofibrils from normal Sprague-Dawley rat LVs were incubated 

with recombinant HDAC2 or p300 before performing mechanics studies. Myo-fibril 

relaxation (B) and protein acetylation (C) with and without HDAC2. Myofibril relaxation 

(D) and protein acetylation (E) with and without p300. (F) Experimental design. Myofibrils 

isolated from DSS + HS–fed rats were treated with recombinant p300 and acetyl-CoA 

(coenzyme A). (G) Myofibril relaxation with and without p300. Data are mean + SEM and 

were compared by Student’s t test. *P < 0.05 versus untreated controls. Data from three 

separate ARVM preparations were combined; five to nine myofibril bundles were analyzed 

per ARVM preparation.
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Fig. 5. HDAC inhibition blocks age-dependent diastolic dysfunction
(A) Study overview. Nine-month-old female 129S6/SvEvTac mice were fed normal chow or 

chow containing ITF2357 (50 mg/kg) for 11 months. Serial echocardiog-raphy was 

performed at 9, 15, 17, and 20 months. (B) Doppler measurement of mitral inflow velocity 

(E/A) in aged mice treated with vehicle or HDAC inhibitor. Measurements of septal mitral 

annulus velocities (E′/A′) (C) and IVRT (D). Mouse numbers for each time point are 

provided in table S7. Mean systemic blood pressure (MSP) (E) and LV-to-tibia length (F) in 

20-month-old mice treated with or without ITF2357. (G to J) Ex vivo mechanics analyses of 

myofibrils from 20-month-old mice fed normal chow or ITF2357-containing chow. Data are 

mean + SEM and were compared by Student’s t test. *P < 0.05 versus untreated controls. n 
= 4 mice per group; 9 to 10 myofibril bundles were analyzed per animal.
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Fig. 6. Human HFpEF is associated with impaired cardiac myofibril relaxation
(A) Representative relaxation traces of myofibrils from nonfailing donor heart (n = 1) and 

hearts from two individuals with HFpEF superimposed on identical time scale. Linear phase 

duration (tRel, slow) (B) and slope of the linear phase relaxation (kRel, slow) (C) from 

myofibrils from RCM patients and control nonfailing donor heart. Exponential phase 

relaxation (kRel, fast) (D) and maximal tension generation (E) from RCM patients and 

nonfailing donor heart. Data are mean + SEM and were compared by one-way ANOVA with 

Newman-Keuls post-test. *P < 0.05 versus nonfailing controls. n = 5 nonfailing donors (7 to 

16 myofibril bundles per donor). For RCM patient #1, 16 myofibril bundles were analyzed, 

and for RCM patient #2, 12 myofibril bundles were analyzed.
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