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Introduction

Bromodomain-containing protein 4 (BRD4) is a member 
of the mammalian bromo- and extra-terminal domain 
(BET) protein family, which also comprises BRD2, BRD3, 
and testis-specific BRDt. The BET family of proteins shares 
the structure of two evolutionarily conserved tandem 
N-terminal bromodomains, as well as an extra-terminal 
(ET) domain (Figure 1). They bind acetylated histone 

tails through bromodomains, which results in localization 
to the chromosome, where they recruit other regulatory 
complexes, such as transcription elongation factor b 
(P-TEFb) and mediators, to influence gene expression 
[1,2]. In 2010, two groups independently discovered JQ1 
and I-BET as BET bromodomain inhibitors, a class of 
small molecules that forms monovalent interactions with 
individual BET bromodomains that compete for binding 
of bromodomains to their natural ligand, acetylated 
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gene expression by binding to acetylated histones and transcription factors and then recruiting other transcriptional regulators. 
The discovery and development of BET inhibitors have greatly advanced our understanding of the cellular effects of BET proteins 
and their therapeutic relevance to different diseases. In the field of cardiovascular research, BET bromodomain inhibition by small 
molecules has been investigated and has demonstrated promising effects on various heart diseases. Whereas results from these 
preclinical investigations have shown promise, clinical trials are still in early phases at this time. In this review, considering the rapidly 
expanding evidence for targeting BET family proteins in heart disease, we will summarize the preclinical and clinical investigations of 
the therapeutic potential of BET bromodomain inhibition in heart disease, with a focus on heart failure and diabetic cardiomyopathy.

Keywords: BET inhibition, BRD4, Diabetic cardiomyopathy, Heart failure, Mitochondrial homeostasis

 

 

 

 

 

 

 

 

 

 

  
Figure 1: Scheme showing domain architecture of human BET family proteins. The bromodomain and extra-terminal 
domain (BET) family of proteins comprises BRD2, BRD3, BRD4, and BRDt. Only BRD4 and BRDt have a C‐terminal motif. BD: 
Bromodomain; ET: Extra-Terminal domain; CTM: C‐Terminal Motif.
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lysine [3,4]. Since then, BET bromodomains have 
become therapeutic targets for designing small anticancer 
molecules. In cardiovascular research, accumulating 
evidence shows that pharmacological inhibition of 
BET proteins has therapeutic effects on heart disease, 
hypertension [5], pulmonary arterial hypertension [6], 
and atherosclerosis [7]. In this mini-review, we will 
specifically summarize the recent advances in BET 
inhibition in the field of heart disease, with a focus on 
heart failure (HF) and diabetic cardiomyopathy (DC). 
We will also discuss the relationship between BRD4 and 
mitochondrial homeostasis in the heart, the difference 
between pharmacological BET inhibition and genetic Brd4 
knockout mouse models, and the translational potential of 
BET inhibition for treating human heart disease.

BRD4 Inhibition Attenuates HF

HF can be characterized as a progressive disorder that 
is initiated after “damage signals”, such as myocardial 
infarction (MI) and vascular disease–induced interruption 
of cardiac blood supply, which results in reduced contractile 
function and inability of the heart to pump sufficient blood 
to meet bodily demands. HF remains a major cause of 
morbidity and mortality worldwide [8]. To compensate 
for adverse hemodynamics and to increase cardiac output 
during HF, the heart undergoes cardiac hypertrophy, 
which may be adaptive initially but becomes maladaptive if 
sustained [9]. Two groups generated cardiac hypertrophy 
mouse models by transverse aortic constriction (TAC) and 
found that BET bromodomains inhibition by JQ1 blocked 
both agonist-dependent hypertrophy in cultured neonatal 
rat ventricular myocytes and rescued TAC-induced 
pathologic cardiac remodeling and cardiac dysfunction. 
Mechanistically, they found BET proteins could be 
enriched at super-enhancers and acted as essential 
transcriptional coactivators of pathologic genes that link 
to cardiomyocyte hypertrophy and HF [10,11]. For the first 
time, they depicted the role of BET bromodomain proteins 
in the heart. This dynamic enrichment of BRD4 at super-
enhancers was regulated by microRNA-9 [12]. Moreover, 
Duan et al. extended the therapeutic relevance of the work 
by treating mice with pre-established HF or massive MI 
with JQ1 and explored the mechanism using human-
induced pluripotent stem cell-derived cardiomyocytes 
(iPSC-CMs). Their integrated transcriptomic analyses 
across animal models and human iPSC-CMs indicated that 
BET inhibition blocks transactivation of genes involved in 
pro-fibrosis and innate inflammatory responses [13]. 

The heart is a complex organ comprising different 
cell types. Because JQ1 is administered systemically, 
it may directly affect not only cardiomyocytes but also 
noncardiomyocyte populations. For example, Stratton 
and Bagchi et al. identified BRD4 as a crucial mediator 
of fibroblast activation in the heart by redistributing to 

enhancers and super-enhancers in cardiac fibroblasts 
and promoting the expression of fibrotic genes upon 
stimulation. BRD4 inhibition by JQ1 blocked this process 
[14]. Despite protecting against cardiac fibrosis, BET 
inhibitors have exhibited profound anti-fibrotic effects 
in various rodent models of organ failure, which has 
been reviewed in-depth elsewhere [15]. One recent study 
revealed the anti-inflammatory effect of BET inhibition 
in a cytokine storm (CS)-induced cardiac dysfunction 
animal model and multi-cellular human pluripotent stem 
cell-derived cardiac organoids (hCOs). They highlighted 
fibroblasts as crucial mediators in inflammation-
induced cardiac dysfunction, as the CS induced a more 
pronounced transcriptional response in fibroblasts than 
in cardiomyocytes within hCOs [16]. Collectively, these 
studies establish BET bromodomains inhibition as a viable 
therapeutic strategy to attenuate acquired forms of HF. 

The damage signal that triggers HF is not only acquired, 
such as MI and TAC, but may be hereditary, as in the case of 
genetic cardiomyopathies. Dilated cardiomyopathy (DCM) 
increases the risk of heart failure and sudden cardiac 
death [17]. Recent studies highlighted the therapeutic 
effect of BET bromodomains inhibition on mouse models 
of heritable DCM. Mutations in the LMNA gene, which 
encodes lamin A/C, have been linked to a variety of diseases, 
including DCM [18]. Using Lmna cardiomyocyte-specific 
knockout mice (Lmna-cKO), Auguste et al. discovered 
increasing Brd4 transcript levels without changes in 
protein expression. Treating 2-week-old mice with JQ1 
for 7 days, the authors observed potent improvements 
in survival, pathologic cardiac remodeling, and cardiac 
function. RNA-Seq of primary cardiomyocytes isolated 
from JQ1-treated mice revealed that JQ1 partially restored 
the dysregulated transcriptome and secretome of Lmna-
deficient cardiomyocytes to the level of healthy controls 
[19]. A dominant Arg-to-Cys (Arginine-to-Cysteine) 
missense mutation in phospholamban (PLNR9C) is another 
known genetic cause of human DCM [20]. A study from 
the Burke group also highlighted the important role of 
BRD4 in the pathogenesis of DCM using a PLNR9C mouse 
model. In that work, BET inhibition by JQ1 abrogated 
adverse cardiac remodeling, reduced cardiac fibrosis, 
and prolonged survival in PLNR9C mice. Importantly, the 
authors revealed that BRD4 serves as a direct regulator 
of NF-κB–mediated proinflammatory gene expression in 
cardiac fibroblasts but not in adult cardiomyocytes [21]. 
Taken together, these studies implicate the activation 
of BET proteins in the pathogenesis of heritable HF 
and uncovered a potential therapeutic strategy for this 
condition by BET bromodomains inhibition.

BRD4 Inhibition Protects Against DC

DC develops in the absence of traditional risk factors, such 
as hypertension and coronary artery disease in patients 
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with diabetes. According to the United States Centers for 
Disease Control and Prevention (CDC), type 2 diabetes 
mellitus (T2DM) is the most common form of diabetes, 
affecting 90% to 95% of total patients. The risk of HF in 
men and women with T2DM is at least 2.4-fold and 5.1-
fold higher, respectively, than in sex-matched individuals 
without diabetes [22]. Despite the fact that cardiac 
complications are elevated in patients with diabetes, 
effective therapeutic strategies for diabetes-associated 
cardiovascular disease prevention and treatment remain 
elusive. Streptozotocin (STZ) is particularly toxic to the 
insulin-producing beta cells of the pancreas in mammals 
and is commonly used to induce rodent models of type 1 
diabetes. Given that JQ1 improves cardiac function and 
pathologic cardiac remodeling in mouse models of TAC and 
MI, Guo et al. revealed that JQ1 also reduced STZ-induced 
cardiac fibrosis and cardiomyocyte apoptosis through 
caveolin-1, a negative regulator of TGF-β1 (transforming 
growth factor-β1) signaling [23]. 

Because T2DM has strong association with the prevalence 
of cardiac complications, investigating BET bromodomains 
inhibition in T2DM animal models is important for 
understanding this relationship. A recent study from our 
group discovered aberrant upregulation of BRD4 protein 
expression in high-fat-diet (HFD)-induced DC. Inhibition 
of BRD4 by chronic JQ1 administration alleviated DC 
disease progression, as evidenced by complete restoration 
of normal cardiac diastolic and systolic function and near-
complete prevention of cardiac hypertrophy, interstitial 
fibrosis, lipid accumulation, and cardiomyocyte apoptosis 
induced by 6-month HFD-feeding [24]. However, in this 
study, we only focused on the effect of JQ1 in late-stage 
DC, which is characterized by systolic cardiac dysfunction 
with adverse structural remodeling. Exploring whether 
JQ1 has a preventive effect on pathogenesis of early-
stage DC, which is characterized by diastolic cardiac 
dysfunction, is of great interest. Moreover, T2DM is often 
asso ciated with insulin resistance (IR), which occurs in 
many tissues, including skeletal muscle, liver, and heart. 
The common insulin-sensitizing therapy, Rosiglitazone, 
however, significantly increases the risk of cardiac damage 
[25]. We found that JQ1 ameliorated diabetes-induced IR, 
as evidenced by improved glucose and insulin tolerance 
(unpublished data). Taken together, our findings indicate 
that BET bromodomains inhibition is not only a potential 
therapeutic approach for DC but could also be used as an 
insulin sensitizer without cardiac side effects to alleviate 
metabolic syndrome.

BRD4 Regulates Mitochondrial Homeo-
stasis in the Heart

The heart is the most metabolically active organ in 
the body. To meet the enormous energy requirement 
for contraction and relaxation, the heart possesses the 

highest content of mitochondria in the body, which 
compose 25%–30% of the cell volume across mammalian 
species, compared to any other organs [26]. Given that 
considerable evidence of altered mitochondrial energetics 
has been observed in HF [27] and that BET bromodomains 
inhibition demonstrably improves heart function in several 
HF and DC mouse models, specific studies that target the 
regulatory effect of BRD4 on mito chondrial homeostasis 
will be of great interest. Dysfunctional mitochondria can 
be sequestered and delivered to lysosomes for degradation 
during mitophagy. PTEN-induced putative kinase protein 
1 (PINK1) is a serine/threonine kinase that is localized 
at the mitochondrial outer membrane and mediates 
mitophagy in a ubiquitination-dependent manner [28]. A 
recent study from our group revealed that JQ1 improved 
dysfunctional mitochondrial clearance by activating 
PINK1-mediated mitophagy in the diabetic heart. We 
found enrichment of both BRD4 and acetylated histone 
3 lysine 27 (H3K27ac) at the Pink1 promoter in hearts of 
HFD-fed mice, implying that BRD4 binds to H3K27ac at 
the Pink1 promoter region. Deletion of Pink1 abrogates 
the beneficial effect of JQ1 on cardiac diastolic and systolic 
functions, cardiac lipid accumulation, and cardiomyocyte 
apoptosis [24]. 

A recent elegant study by Padmanabhan et al. revealed 
a different phenotype of a Brd4 genetic deletion mouse 
model. Unlike pharmacological inhibition, cardiomyocyte-
specific deletion of Brd4 in adult mice leads to acute 
deterioration of cardiac contractile function. To delineate 
the underlying mechanism, they found that BRD4 
and GATA4, a well-established lineage-determining 
transcription factor of cardiomyocytes, co-localized and 
formed a novel protein complex at gene loci relevant 
to mitochondrial bioenergy production. Importantly, 
this complex is bromodomain-independent, as BRD4 
bromodomains acetylated-lysine interaction-defective 
mutant constructs retained the ability to interact with 
GATA4 [29]. Their study first elucidated the critical role 
of BRD4 in regulating cardiomyocyte mitochondrial 
homeostasis. In addition, they highlighted the structure-
function relationships of BRD4 outside of bromodomains. 
Kim et al. similarly found that a genetic knockout 
of Brd4 triggered progressive decline in myocardial 
function, culminating in DCM due to significant loss of 
mitochondrial electron transport chain protein expression 
and activity [30]. Taken together, these studies of genetic 
knockout mouse models elucidated a novel role for BRD4 
in regulating cardiomyocyte mitochondrial homeostasis, 
which is indispensable for normal heart function.

Pharmacological BET Inhibition vs. 
Genetic Brd4 Knockout

Notably, the Brd4 cardiomyocyte-specific knockout 
mouse model displayed an outcome distinct from 
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pharmacological BET inhibition. Here, we summarize 
our thoughts on the possible causes of these disparities. 
First, BET bromodomains inhibitors engage at the 
bromodomain pocket of BET proteins competitively with 
acetylated-lysine binding, thereby displacing BET proteins 
from chromatin. Other BET family proteins, such as BRD2 
and BRD3, can also be influenced by pharmacological 
BET inhibition. Second, in addition to acetylated-lysine 
binding bromodomains, BRD4 comprises several other 
domains that are similarly important for transcription 
factor interaction and chromatin regulation (Figure 
2). For example, the ET domain of BRD4 can regulate 
gene transcription by interacting with several histone 
modifiers, such as the arginine demethylase JMJD6 and 
the lysine methyltransferase NSD3 [31,32]. The BID and 
PDID domains of BRD4 interact directly with p53 [33]. 
In addition, BRD4 has been characterized as a histone 
acetyltransferase that acetylates H3K122, which plays a 
critical role in nucleosome stability [34]. One recent study 
indicated that prolyl hydroxylase domain protein 2 (PHD2)-
mediated proline hydroxylation of BRD4 significantly 
affects its interaction with key transcription factors, as 
well as BRD4-mediated transcriptional activation [35,36]. 
Unlike genetic Brd4 knockout, pharmacological BET 
inhibition only partially affected BRD4 function. Finally, 
BET inhibition is systemic, so the beneficial effect of BET 
inhibition on heart disease may be due to a combination 
effect on multiple cell types. Overall, genetic modulation 

is an entirely different molecular perturbation than small-
molecule inhibition of BET bromodomains.

Translational Potential for BET Inhibitors 
in Human Heart Disease

Based on the promising effects seen in the preclinical 
studies, prospective cardiovascular clinical trials (phase 
II and III) investigating the BET inhibitor RVX-208 (now 
called apabetalone) have already been completed. The 
phase II ASSERT trial (ApoA-I Synthesis Stimulation 
Evaluation in Patients Requiring Treatment for Coronary 
Artery Disease) represented the first attempt to assess the 
safety, tolerability, and efficacy of RVX-208 in patients with 
stable coronary artery disease who were on statin therapy 
[37]. Compared to placebo, administration of RVX-208 
significantly increased levels of high-density lipoprotein 
cholesterol (HDL-C) and large HDL particles, suggesting 
improved cholesterol mobilization. However, there was 
no statistical significance regarding apolipoprotein A1 
(ApoA1) changes, and transient and reversible elevations 
in liver transaminases were observed. The ASSERT 
trial was limited by a short treatment window of only 12 
weeks. Later, a 26-week phase II ASSURE trial (ApoA-I 
Synthesis Stimulation and Intravascular Ultrasound 
for Coronary Atheroma Regression Evaluation) showed 
that RVX-208 failed to significantly elevate ApoA1 and 
HDL-C and failed to significantly decrease the primary 

 

 

 

 

  
Figure 2: Interaction partners and modifications of BRD4. BRD4 contains several domains that recruit and interact with 
different proteins. BD1 and BD2 domains bind acetylated lysine of histone tails. The “pan” BET inhibitor JQ1 can engage at both 
BD1 and BD2 domains competitively with acetylated lysine binding. The PDID and BID domains directly bind p53. The ET domain 
recruits arginine demethylase JMJD6, which demethylates H4R3, and histone methyltransferase NSD3, which trimethylates 
H3K36. BRD4 has been characterized as a histone acetyltransferase with a putative HAT domain that acetylates H3K122. Prolyl 
hydroxylase domain protein 2 (PHD2) mediates proline hydroxylation of BRD4 at Pro536. Ac: Acetylated lysine; BD: Bromodomain. 
BID: Basic residue–enriched Interaction Domain; ET: Extra-Terminal domain; Me2: Dimethylated arginine; Me3: Trimethylated 
lysine; PDID: Phosphorylation-Dependent Interaction Domain; HAT: Histone Acetyltransferase; H4R3: Histone 4 Arginine 3; 
H3K36: Histone 3 Lysine 36; H3K122:Histone 3 Lysine 122; JMJD6: Jumonji C-domain-containing protein 6; NSD3: Histone-
lysine N-methyltransferase.
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endpoint of percent change in atheroma volume [38]. The 
beneficial effect of RVX-208 on facilitation of cholesterol 
mobilization was lost in the ASSURE trial, which may 
indicate the importance of combination drug therapy. The 
recently completed phase III BETonMACE trial (major 
adverse cardiovascular events) is a randomized, double-
blind, placebo-controlled trial conducted at 190 sites in 
13 countries. Overall, 2425 patients with acute coronary 
syndrome, T2DM, and low HDL-C levels, participated in 
the trial [39]. Although not reaching significance on the 
primary endpoint (combined cardiovascular death, MI, 
or stroke), apabetalone treatment showed a trend toward 
reduction in MACE (10.3% in apabetalone-treated and 
12.4% in placebo-treated patients, hazard ratio 0.82, 
95% confidence interval [CI] 0.65–1.04), among the 2425 
subjects. The authors suggested that a larger trial with 
expanded endpoints may yield a different result. Notably, 
apabetalone is a BET inhibitor selective for the second BD 
(BD2) within the BET proteins. This selective inhibition 
of BD2 by apabetalone largely contributes to its well 
described safety and tolerability profile, which far exceeds 
those of pan-BET inhibitors [40]. Overall, the sample 
size, the sample selection criteria, the treatment window, 
and the combination drug therapy will all influence the 
results of the clinical trials. In addition, given the diverse 
effects of BET proteins on mammalian physiology and 
pathophysiology, it will be possible that the side effects 
induced by BET inhibitor will also influence the outcome 
of clinical trials. Although the preclinical studies showed 
promising effect of BET inhibition, the current clinical 
advancements of BET inhibitors in cardiovascular diseases 
are still in early stages.

Perspectives

Recent preclinical studies have identified the 
indispensable role of BRD4 in mouse heart and highlighted 
the therapeutic benefits of BET BD inhibition in various 
types of heart disease, including MI or TAC-induced HF, 
gene mutation-induced DCM, and DC. HF in patients is 
often categorized as reduced ejec tion fraction (HFrEF) or 
preserved ejection fraction (HFpEF). Patients with HFpEF 
also have poor prognosis after the first diagnosis [41]. 
Whereas multiple studies have focused on investigating 
the role of BET BD inhibition in HFrEF, exploring its 
function in HFpEF will be of significance. Moreover, 
acute HF is often associated with ischemia-reperfusion 
injury [42]. Investigating the role of BET inhibition 
during ischemia-reperfusion is also of interest. Clinical 
trials of the BD2-selective BET inhibitor apabetalone in 
cardiovascular diseases suggest significant potential for 
future development. Despite these exciting advances, 
many questions remain to be answered. What are the 
distinct roles of individual BET proteins in the setting of 
different cell types in the heart? Is it possible to study the 
BET-independent function of BET proteins in different 

types of heart disease? How can more potent BD-selective 
compounds be developed? In conclusion, an in-depth 
understanding of the precise mechanisms underlying BET 
BD inhibition and discovery of more potent inhibitory 
compounds will foster the development of BET inhibitors 
as therapeutic strategies for human heart disease.
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