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Repurposing bempedoic acid as a histone deacetylase 6 inhibitor
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Abstract. The dysregulation of the activity of histone deacety-
lase 6 (HDACSO) is observed in a number of human diseases.
Targeting HDAC6 has been identified as an ideal treatment
strategy in epigenetic-based therapies. Bempedoic acid is
an FDA-approved cholesterol-lowering medication. In the
present study, bempedoic acid was repurposed as an HDAC6
inhibitor for the first time, at least to the best of our knowledge.
Bempedoic acid inhibited the activity of HDACS6 in vitro with
an IC;, value of ~0.8 mM. In silico analysis predicted the
formation of hydrogen bonds and hydrophobic interactions
between HDACH residues and bempedoic acid, which may be
attributed to its HDAC®6 inhibitory potential. The results of the
present study provide new opportunities to bring bempedoic
acid into epigenetic-based drug discovery platforms.

Introduction

Drug discovery is a tedious and costly process that requires
extensive pre-clinical and clinical evaluations. Although
numerous drugs exhibit promising pre-clinical efficacies,
their clinical efficacies may be unfavorable, resulting in the
omission of pre-clinically favorable drug candidates in clinical
drug development settings (1,2). Drug repurposing approaches
identify novel pharmacological targets of drug candidates that
have already obtained regulatory approval for clinical use (3).
As the safety, pharmacodynamic and pharmacokinetic profiles
of clinically approved drug candidates are already established,
the exploration of novel pharmacological properties or targets
provides a number of benefits in terms of the cost associated
with drug discovery approaches and opens up new arenas in
modern drug discovery landscapes (3).
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Bempedoic acid was approved by the Food and Drug
Administration (FDA) in 2020 for the treatment of refractory
hypercholesterolemia (4). Bempedoic is a pro-drug that is
activated in the liver by the enzyme very long-chain acyl-CoA
synthetase (ACSVLI1). The active form of bempedoic acid
(bempedoic acid attached to coenzyme A) is an ATP lyase
inhibitor (5). ATP lyase plays a key role in cholesterol biosyn-
thesis (6). By inhibiting the activity of ATP lyase, bempedoic
acid upregulates the expression of low-density lipoprotein
(LDL) cholesterol receptors, decreasing LDL-cholesterol by
increasing cholesterol uptake and clearance in the liver (6).

According to epigenetics, chromatin-bound information,
other than the information available in DNA sequences, is
responsible for the regulation of gene expression (7). Notably,
dysregulated epigenetic events are commonly observed in
human diseases, rendering them attractive pharmacological
targets (8). Of the various epigenetic events, histone acetyla-
tion has been well-characterized. Histone acetyltransferases
(HATSs) and histone deacetylases (HDACS) are involved in
the acetylation of histones. HATs mediate acetylation reac-
tions, while HDACs mediate deacetylation reactions in a
well-balanced and reversible manner (7). Thus far, 18 different
HDACSs have been identified in humans (9). There is ample
evidence to indicate that HDACG6 plays a key role in a wide
range of human diseases, including cancer, neurological
diseases, inflammatory diseases and metabolic diseases, thus
rendering it an attractive drug target (10,11). To date, various
HDACG6 inhibitors have been identified from natural and
synthetic sources. The HDAC inhibitory effects of fatty acids
have been well-established and numerous fatty acids have
been shown to exert HDAC inhibitory effects at millimolar
concentrations (i.e., effective concentration for inhibiting
HDAC activity) (9,12,13).

The chemical structure of bempedoic acid resembles
an a,w-dicarboxylic acid (14). In a recent study, the authors
identified a series of odd-chain fatty acids as HDAC6 inhibi-
tors, which motivated the exploration of the HDAC®6 inhibitory
effects of new fatty acid candidates (15). Considering the
recent findings related to the HDACG6 inhibitory potential of
odd-chain fatty acids and the chemical structure of bempe-
doic acid, it was hypothesized that bempedoic acid can exert
HDACS® inhibitory effects. This hypothesis was tested using
a cell-free HDACG6 enzyme assay and confirmed by in silico
analysis.
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Materials and methods

Chemicals. Bempedoic acid was purchased from Cayman
Chemical Company (item no. 26409).

HDACG6 enzyme inhibitory assay. A BioVision HDAC6
Enzyme Cell-Free Inhibitory Assay kit (cat. no. K465;
BioVision, Inc.) was used to evaluate the HDACG6 inhibitory
potential of bempedoic acid. The assay procedures provided by
the manufacturer were followed when conducting the enzyme
assays. This HDAC6 enzyme inhibitory assay kit includes
HDAC®6 synthetic acetylated peptide substrate, human HDAC6
enzyme and a developer. Prior to the assay, bempedoic acid
was dissolved in ethanol to yield a dilution series starting
from 2 to 0.0078 mM. Fluorescence was measured at excita-
tion/emission wavelengths of 380/490 nm using a microplate
reader (Sunrise; Tecan Group, Ltd).

Molecular docking. The crystal structure of HDAC6 comprising
nexturastat A was obtained from the Protein Data Bank (PDB
ID: 5G0J). Prior to docking, nexturastat A was removed from
the active site of HDACG6. The three-dimensional (3D) struc-
ture of bempedoic acid (CID: 10472693) was obtained from the
PubChem database and energetically pre-optimized using the
universal force field (PyRx Python Prescription, version 0.8;
The Scripps Research Institute, 2008). The amino acids in
the active site were determined using the Computed Atlas for
Surface Topography of Proteins (16) and BIOVIA Discovery
Studio 4.5 (Dassault Systemes BIOVIA, Discovery Studio
Modeling Environment, Version 4.5. San Diego; Dassault
Systemes; 2015). The docking experiments were performed
using the AutoDock Vina module (Molecular Graphics Lab,
The Scripps Research Institute). Based on the binding ener-
gies, the best-docked pose was selected and 3D images were
generated using PyMOL (The PyMOL Molecular Graphics
System, Ver.2.5.0; Schrodinger, LLC). The docked complex
of HDAC6 was further optimized, validated and explored
using the Discovery Studio visualizer (version 21.1.0.20298).
The hydrogen bonds and hydrophobic interactions between
bempedoic acid and HDAC6 were analyzed using the LigPlot
program (17).

Data analysis. The enzyme inhibitory assay was conducted
in triplicate. The results are presented as the mean + standard
deviation (SD). GraphPad Prism software was used to generate
enzyme inhibitory graphs and to obtain the half maximal
inhibitory concentration (ICs,) of bempedoic acid.

Results

HDACG6 enzyme inhibitory effects of bempedoic acid. The
effect of bempedoic acid on HDACG6 activity was assessed
in vitro. As illustrated in Fig. 1, bempedoic acid exerted a
concentration-dependent HDAC6 inhibitory effect with an
IC,, value of ~0.8 mM.

Molecular docking. For in silico analysis, the 3D structure of
Danio rerio HDAC6, 5G0J.pdb, was used as the 3D structure
of Homo sapiens HDACG6 (containing two catalytic domains)
has not been deposited in the PDB (15). The basic molecular
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Figure 1. The HDACG6 inhibitory effects of bempedoic acid in vitro.
Bempedoic acid exhibited an ICy, value of ~0.8 mM. HDAC®6, histone
deacetylase 6.

structure of HDAC6 contains two catalytic domains (CDI
and CD2) (18). Among these catalytic domains, CD2 exhibits
broad substrate specificity and has been used exclusively to
develop HDACG6-selective inhibitors (19). The docking of
bempedoic acid to HDACG6 exhibited binding energies ranging
from -4.7 to -5.1 kcal/mol. The complex with the lowest
binding energy was selected for further analysis. As shown in
Fig. 2, bempedoic acid is docked into the active pocket of the
catalytic domain of HDAC6.

LigPlot analysis revealed molecular interactions (hydrogen
bonds and hydrophobic interactions) between bempedoic acid
and the catalytic domain of HDACG6 (Fig. 3). Furthermore, the
LigPlot analysis revealed that five residues, GIn352, Vall75,
Leul80, Ser765 and Argl81, are involved in hydrogen bonds,
and six residues, Ser768, Arg354, Ser178, Ala60, Lys59 and
Asp764, are involved in hydrophobic interactions with bempe-
doic acid. These hydrogen bonds and hydrophobic interactions
may play an essential role in lead optimization and may thus
enhance the affinity of bempedoic acid for HDAC6.

Discussion

In the present study, for the first time, to the best of our knowl-
edge, bempedoic acid was repurposed as a HDACG6 inhibitor.
Bempedoic acid is an FDA-approved cholesterol-lowering
agent (4). In the liver, with the aid of the enzyme ACSVLI,
bempedoic acid is converted to its active form, which is an
ATP citrate lyase inhibitor (5). The dysregulated activity or
overexpression of HDACG6 have been reported in a range
of human diseases, rendering HDACG6 an interesting drug
target (10,11).

A large number of isoform-specific and pan-HDAC
inhibitor proteins belonging to four major chemical classes
have been identified: Benzamides, fatty acids, hydroxamates
and cyclic tetrapeptides (7). A recent study by the authors
identified a series of odd-chain fatty acids, including valeric
acid (C5:0), heptanoic acid (C7:0), nonanoic acid (C9;0),
undecanoic acid (C11:0) and pentadecanoic acid (C15:0) as
HDACS6 inhibitors (15). Of these, pentadecanoic acid exerted
more potent HDAC6 inhibitory effects with binding energies
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Figure 2. Docking results for bempedoic acid and HDACG6 obtained from AutoDock Vina. (A) A three-dimensional image of bempedoic acid docked into
the active pocket in the catalytic domain of HDAC6. (B) A closer view of bempedoic acid binding to the catalytic domain of HDAC6. HDACS, histone
deacetylase 6.
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Figure 3. The molecular interactions between bempedoic acid and histone deacetylase 6 were analyzed using LigPlot. Hydrophobic interactions are repre-
sented by brick red spoked arcs. Hydrogen bonds are indicated by green dotted lines. Receptor residues involved in hydrogen bonding are indicated in green.
Ligand residues (oxygen atoms in bempedoic acid) involved in hydrogen bonding are shown in red.

ranging from -3.95 to -2.90 kcal/mol. The HDAC3 and HDAC7  identified as the most potent HDAC3 inhibitor among the fatty
enzyme inhibitory effects of short-chain fatty acids (namely, acids tested. Fass ef al (21) demonstrated the class I and class
valeric, propionic, butyric, caproic and 4-methylvaleric acids)  IIa HDAC inhibitory potentials of the short-chain fatty acids,
have been previously investigated (20). Butyric acid was  butyric acid and valporic acid. The branched-chain fatty acids
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2,2-dimethylbutyric acid, 2-ethylbutyric acid, and valproic
acid, and the un-branched fatty acids propionic acid, valeric
acid and butyric acid, were previously identified as weak and
equipotent HDAC inhibitors, respectively (22). In a recent
study, valeric acid was identified as a HDAC3 inhibitor (23).

In the present study, the in vitro HDAC6 enzyme inhibi-
tory assay indicated that bempedoic acid can inhibit the
activity of HDACG6 at millimolar concentrations. According
to the in silico findings, bempedoic acid docked into the active
pocket of the catalytic domain of HDACG6 and was involved
in the formation of hydrogen bonds and hydrophobic interac-
tions with HDACG6 residues, which may explain the HDAC6
inhibitory effects of bempedoic acid. Notably, bempedoic
acid exhibited a lower binding energy (-4.7 to -5.1 kcal/mol)
compared to pentadecanoic acid, which was identified as the
most potent HDACG6 inhibitor in a recent by the authors (15).

Bempedoic acid is rapidly absorbed in the small intes-
tine and reaches a maximum plasma concentration of
20.6+6.1 pg/ml (0.059 mM) following multiple-dose admin-
istration at 180 mg/day (24). According to the enzyme assay
results of the present study, bempedoic acid at concentrations
near ~0.059 mM also exerted HDACS6 inhibitory effects, indi-
cating that the HDACS6 inhibitory action of bempedoic acid
is likely to occur in body tissues. According to the FDA drug
label for bempedoic acid, bempedoic acid and its conjugates
are detected in plasma, with bempedoic acid being the most
prominent compound, accounting for almost 46% of the area
under the curve (AUC,_,5,) (25). Although the pre-clinical
findings are meaningful, it is critical to assess the HDAC
isoform specificities of bempedoic acid, its active form and
conjugates. Moreover, the preliminary findings of the present
study may provide an important foundation with which to
rationalize the HDAC6 inhibitory effects of bempedoic acid
and warrant additional investigations to explore the detailed
epigenetic mechanisms associated with bempedoic acid and
its active form in cell-based systems. A recent study demon-
strated that bempedoic acid can reprogram the epigenetic and
transcriptional machineries of ATP citrate lyase-associated
genes in hepatocytes (26), further supporting the current
preliminary experimental findings. Taken together, the present
study opens up new perspectives for the exploration of the
epigenetic effects of bempedoic acid in human diseases, as
HDACS6 activity and expression are frequently altered in a
range of human diseases (10,11).

In conclusion, to the best of our knowledge, the present
study reports for the first time that bempedoic acid, an
FDA-approved cholesterol-lowering drug, functions as an
HDAC6 enzyme inhibitor. Similar to several other fatty acids,
bempedoic acid exerts HDACG6 inhibitory effects at millimolar
concentrations.
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