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Histone deacetylase inhibition
with givinostat: a multi-targeted
mode of action with the potential
to halt the pathological cascade
of Duchenne muscular dystrophy

A. Aartsma-Rus*

Department of Human Genetics, Leiden University Medical Center (LUMC), Leiden, Netherlands

Muscle repair and regeneration are complex processes. In Duchenne muscular
dystrophy (DMD), these processes are disrupted by the loss of functional
dystrophin, a key part of the transmembrane dystrophin-associated
glycoprotein complex that stabilizes myofibers, indirectly leading to
progressive muscle wasting, subsequent loss of ambulation, respiratory and
cardiac insufficiency, and premature death. As part of the DMD pathology,
histone deacetylase (HDAC) activity is constitutively increased, leading to
epigenetic changes and inhibition of muscle regeneration factors, chronic
inflammation, fibrosis, and adipogenesis. HDAC inhibition has consequently
been investigated as a therapeutic approach for muscular dystrophies that,
significantly, works independently from specific genetic mutations, making it
potentially suitable for all patients with DMD. This review discusses how HDAC
inhibition addresses DMD pathophysiology in a multi-targeted mode of action
and summarizes the recent evidence on the rationale for HDAC inhibition with
givinostat, which is now approved by the United States Food and Drug
Administration for the treatment of DMD in patients aged 6 years and older.

dystrophinopathy, acetylation, muscle repair, myogenesis, inflammation, FAP cells,
satellite cells, miRNA

Introduction

In patients with Duchenne muscular dystrophy (DMD), the direct effect of the
characteristic lack of dystrophin is the loss of muscle sarcolemma membrane stability,
which results in DMD pathology (Mozzetta et al, 2024). DMD is characterized by
progressive loss of muscle tissues, leading to loss of ambulation and the need for
assisted ventilation, and, eventually, premature death in the 2-4th decade (Ryder et al.,
2017; Walter and Reilich, 2017). Indirectly, the loss of dystrophin results in a cascade of
pathological events in the muscle cell that include chronic inflammation and failed

Abbreviations: DMD, Duchenne muscular dystrophy; DAPC, dystrophin-associated glycoprotein
protein complex; FAP, fibro-adipogenic progenitor; HDAC, histone deacetylase; MHCI, major
histocompatibility complex class |; MCHII, major histocompatibility complex class II; miRNA,
microribonucleic acid; MPO, myeloperoxidase; MuSC, muscle stem cell; NOS, nitric oxide synthase.
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Constitutive HDAC activity contributes to dystrophic muscle pathology. DAPC, dystrophin-associated protein complex; DMD, Duchenne muscular
dystrophy; FAP, fibro-adipogenic progenitor; HAT, histone acetyltransferase; HDAC, histone deacetylase; MuSC, muscle stem cell; NO, nitrous oxide;
NOS, nitric oxide synthase. LEFT: healthy muscle fibers with intact dystrophin and DAPC. (A) MuSC and satellite cells reside on the muscle fibers ready to
differentiate into new muscle fibers (B) Intact DAPC regulates activity of HDAC to allow translation of muscle regeneration factors (C) In the nucleus
HDAC and HAT work in balance to regulate the expression of muscle regeneration factors RIGHT: DMD muscle with mutated dystrophin and disrupted
DAPC (D) Absent or mutated dystrophin leads to disruption of the DAPC with multiple consequences for muscle repair (E) These consequences include
damage to the sarcolemma leading to cytoplasmic leakage displacement of NOS and decreased levels of NO, which, in turn, lead to aberrant constitutive
expression of HDACs (F) Increased HDAC activity results in repression of translation and transcription of muscle repair regeneration factors (G) The
absence of gene transcription leads to changes in the production of new myofibres from satellite cells, prolongation of inflammatory phases of repair into
a chronic state, and induction of FAP differentiation into fibroblasts and adipocytes.

regeneration (Dowling et al, 2023). One pathological aspect
perpetuating the pathological pathways is the increased activity of
histone deacetylase (HDAC) enzymes. As such, the global inhibition
of HDAC activity has received attention as a therapeutic approach
for treating muscular dystrophies (Lamb, 2024). Preclinical and
clinical studies have demonstrated positive effects of HDAC
inhibition on multiple levels of DMD-related pathogenic events
(Mozzetta et al, 2024). Pivotal phase 3 clinical trial data have
recently been published for givinostat, an HDAC inhibitor that
was investigated in ambulant boys aged 6 years and older with DMD
(Mercuri et al, 2024). In this multicenter, randomized trial,
givinostat  significantly delayed DMD disease progression
compared with placebo and had a positive risk/benefit profile.
Givinostat has recently been approved by the US Food and Drug
Administration for the treatment of DMD in patients aged 6 years
(Lamb, 2024; United States
2024), and

Medicines Agency is ongoing (Duchenne UK, 2023). The

and older Food and Drug

Administration, evaluation by the European
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purpose of this narrative review is to elaborate on how HDAC
inhibition addresses DMD pathophysiology in a multi-targeted
mode of action and to summarize the recent evidence on the
rationale for HDAC inhibition with givinostat.

Dystrophin and DMD

DMD results from mutations in the DMD gene encoding
dystrophin, the largest known human gene (Aartsma-Rus et al,
2016; Okubo et al., 2017). So far, over 7,000 mutations in the DMD
gene have been identified (Aartsma-Rus et al., 2016; Bladen et al.,
2015). These mutations result in the absence of functional
dystrophin (Blake et al., 2002; Hoffman et al., 1987).

Dystrophin has a mechanical, stabilizing function in skeletal
muscle fibers by connecting the cytoskeleton—part of the contractile
machinery—to the connective tissue surrounding each muscle fiber.
Specifically, dystrophin binds to F-actin in the cytoskeleton and to a
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part of the transmembrane dystrophin-associated glycoprotein
protein complex (DAPC) called beta-dystroglycan, which in turn
binds to the connective tissue protein laminin (Mukund and
Subramaniam, 2020; Wilson et al, 2022; Campbell and Kahl,
1989; Ervasti and Campbell, 1993; Guiraud et al., 2015).

Normal muscle repair

Muscle contraction and relaxation cause stress to the muscle
fibers, and damage can occur during regular activity or trauma.
Muscle fibers are postmitotic, and muscle damage repair is
orchestrated by satellite cells, quiescent cells that lie on top of
muscle fibers, which are activated when there is damage. Upon
activation, satellite cells proliferate into muscle stem cells (MuSC),
which differentiate into muscle fibers to repair the damage (Figure 1)
(Mukund and Subramaniam, 2020). Healthy skeletal muscle has a
unique immune-privileged status, with fewer antigen-presenting
cells and pro-inflammatory cells present, and no constitutive
major histocompatibility complex class I (MHCI) or II (MHCII)
expression, resulting in less necrosis and a lower capacity to generate
abscesses (Bez Batti Angulski et al,, 2023; Sciorati et al., 2016).
Contraction can cause membrane damage and leakage of
cytoplasmic content into the extracellular compartment. Due to
skeletal muscle’s unique immune privilege, rapid membrane repair
mechanisms, and membrane stability conferred by intact
dystrophin, this inflammatory response is limited, controlled, and
quickly resolved in healthy muscle (Sciorati et al., 2016).

Myogenesis also depends significantly on the interaction
between satellite cells and their microenvironment (Mukund and
Subramaniam, 2020). In healthy muscle, injury is repaired by the
asymmetric division of satellite cells; the interactions of DAPC
subunits are essential for this process (Chang et al., 2018; Duan
et al, 2021; Dumont et al., 2015). The activation and migration of
satellite cells to the injury site and their proliferation and
differentiation into muscle fibers is a synchronized series of
stepwise processes. First, upon muscle injury, there is an acute
and transient innate immune system response. During this
process, the immune system will inhibit the myogenic repair
system, enabling inflammatory cells (neutrophils, eosinophils, and
macrophages) to be recruited to clear the area of debris.
M1 macrophages arrive first and induce a pro-inflammatory
phase that, in muscle, causes the secretion of cytokines,
promoting myogenic cell proliferation. In the subsequent anti-
inflammatory phase, M2 macrophages facilitate myogenic
differentiation, stimulating the activation, proliferation, and
division of satellite cells (Blau et al., 2015; Rugowska et al., 2021;
Ziemkiewicz et al, 2021). Once the damage is cleared, fibro-
adipogenic progenitors (FAPs) are activated to repair the
matrix. FAPs

mesenchymal stem cells that can differentiate into adipocytes,

extracellular are muscle-resident multipotent
fibroblasts, or osteocytes. Intrinsic and extrinsic regulatory
cell fate

decision, and clearance of FAPs (Molina et al, 2021). Finally,

mechanisms control the activation, proliferation,
satellite cells are activated to proliferate and differentiate into
mature muscle either by fusing with the remaining muscle fiber
or by forming a new fiber within the shell of connective tissue. Many

transcription factors are involved in muscle development and repair,
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and they have a temporal sequence of activation across various
stages of myogenesis (Mukund and Subramaniam, 2020). While the
differentiation of satellite cells produces new myofibers necessary for
muscle repair and regeneration, the self-renewal of satellite cells is
crucial for maintaining the stem cell population (Kodippili and
Rudnicki, 2023).

Failed muscle repair in DMD

The loss of functional dystrophin in DMD results in the
disassembly of DAPC complexes, reduced expression levels of
certain DAPC components, and the loss of the interaction
between the F-actin cytoskeleton and the extracellular matrix.
This leads to wide-ranging consequences, including loss of
fiber
contractile activity, contraction-induced membrane rupture, and

membrane and myofiber integrity, impaired muscle
progressive muscle degeneration (Figure 1) (Dowling et al., 2023;
Kodippili and Rudnicki, 2023). The membrane leakage leads to
continuous release of cytoplasmic content, including damage-
associated molecular patterns that are ligands to toll-like
receptors, P2RX7, and other pattern recognition receptors on
muscle and adaptive immune cells (Bez Batti Angulski et al,
2023; Giordano et al, 2015; Henriques-Pons et al, 2014;
Sinadinos et al., 2015). Pattern recognition receptors activate
downstream signaling cascades and initiate the innate immune
response, and pro-inflammatory cytokines induce the expression
of MHCI and MHCII on muscle fibers, removing the immune
privilege (Bez Batti Angulski et al., 2023).

Membrane leakage also results in abnormal calcium handling
and associated proteolytic degradation of muscle proteins, leading to
a cascade of pathological events in the muscle cell and a
desynchronization of the repair processes with failure of proper
myogenic repair (Dowling et al., 2023).

Compared with the cycling states in normal muscle tissue, the
innate and adaptive immune system becomes chronically activated
in patients with DMD, inhibiting muscle repair even at locations
where the debris has been cleared. The chronic inflammatory
response in muscle fibers of patients with DMD is maintained by
overlapping pro- and anti-inflammatory signaling, preventing the
full resolution of inflammation (Bez Batti Angulski et al., 2023).
FAPs are improperly activated and persist at sites of tissue damage.
Here, they produce excess connective tissue leading to fibrosis and
differentiate into fibroblasts and fat cells that produce fat tissue
(adiposis) (Giuliani et al., 2022). The MuSCs maintain a proliferative
state, and due to the signals from inflammatory cells and FAPs, they
transdifferentiate into FAPs—additionally, increased symmetric
satellite cell expansion results in satellite cell hyperplasia. Fewer
asymmetric cell divisions lead to low myogenic progenitor cell
numbers (Kodippili and Rudnicki, 2023).

Functions of HDACs

HDAGCs are evolutionarily conserved enzymes that remove
acetylated groups from lysine residues in histones. This action
leads reduced DNA
accessibility. The HDAC counterparts, histone acetylases, add

to a “closed” histone structure and
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acetyl groups to proteins, leading to an “open” histone structure and
increased DNA accessibility for transcription factors (Eslaminejad
et al., 2013; Mozzetta et al., 2024).

The combinations of histone modifications determine their
overall interaction with DNA, leading to activation and/or
inhibition of transcription (Eslaminejad et al, 2013). Many
chromatin states are regulated and maintained in a tissue-specific
way, ensuring DNA is accessible at specific times and precise
2005).  Specifically, the
acetylation and deacetylation of proteins influence important

locations (Marifio-Ramirez et al,
processes in muscle cells (Sandona et al., 2023).

HDACs have many roles (Molinari et al., 2023; Sandona et al.,
2023); by both directly and indirectly regulating gene expression,
they also control key cellular processes through the deacetylation of
non-histone proteins and act as effectors in response to
physiological and pathological signals (e.g., acetylation of SMADs
can dampen TGF-3 signaling by reducing SMAD phosphorylation)
(Osseni et al., 2022). Genetic and pharmacological manipulations of
HDAGC:s in both in vitro and in vivo settings have emphasized their
crucial role in the maintenance and adaptation of skeletal muscle
metabolism (Molinari et al., 2023).

Increased levels of HDACs in DMD

A lack of dystrophin results in HDAC hyperactivity, which
exacerbates, at least in part, the pathological processes outlined
above. Dystrophin, as part of the DAPC, has many other important
roles in addition to providing mechanical stability to muscle fibers
(Dowling et al., 2023). It is crucial for signal transduction between
the internal and external environments of the muscle cell, providing
a scaffold responsible for the membrane localization of signaling
proteins. In health, the DAPC anchors a variety of signaling
molecules to their functional sites at the sarcolemma via the
syntrophin protein. One such is the enzyme nitric oxide synthase
(NOS), which regulates the intramuscular generation of nitric oxide
and microribonucleic acids (miRNAs) required for muscle tissue
maintenance and regeneration. This is achieved through the
modification of HDACs (Marrone and Shcherbata, 2011). In
DMD, dystrophin loss and DAPC disassembly lead to the
displacement of muscle-specific NOS. The resultant reduction in
nitric oxide generation leads to an aberrant, constitutive
hyperactivation of HDACs due to NO-mediated S-nitrosylation
(Kodippili and Rudnicki, 2023; Marrone and Shcherbata, 2011;
Sandona et al., 2016).

The consequences of constitutive
HDAC activity

Aberrant and constitutive hyperactive HDACs in patients with
DMD cause excessive acetyl group removal from histone proteins,
preventing transcription of key homeostatic genes (Mozzetta et al.,
2024), resulting in a decrease in the levels of myogenic miRNAs
(Rugowska et al., 2021).

This has many pathological consequences for muscle damage
repair. First, the immune system becomes chronically activated in
the muscle (Rosenberg et al., 2015). HDACs appear to have a role in
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the regulation of the immune response (Licciardi and Karagiannis,
2012; Sweet et al., 2012). In the context of DMD, in which immune
cells infiltrate muscles and contribute to disease pathology, the
constitutive hyperactivity of HDACs affects the balance between
pro-inflammatory and anti-inflammatory immune cell populations,
thereby influencing disease progression (Figure 1) (Bez Batti
Angulski et al, 2023; Kulthinee et al., 2022; Licciardi and
Karagiannis, 2012). Specifically, HDAC hyperactivity has been
associated with the suppression of regulatory T cells through the
deacetylation of Foxp3 (Beier et al., 2011).

Second, it results in altered FAP activity. The FAPs stall in
connective tissue production mode and become fibroblasts and fat
cells instead of supporting the satellite cells to differentiate and
repair muscle (Figure 2) (Marrone and Shcherbata, 2011; Ren et al,,
2024; Rugowska et al., 2021; Saccone et al., 2014; Sandonad et al.,
2016). Evidence from a DMD mouse model (mdx) has revealed an
HDAC-regulated network that consists of myogenic miRNAs and a
chromatin remodeling complex that is able to activate the myogenic
program in FAPs. HDAC-mediated repression of myogenic
miRNAs is reported in dystrophic muscles (Saccone et al., 2014).

Third, activated satellite cells cannot differentiate into new fibers
without FAP involvement (Figure 1). Hyperactive HDACs
deacetylate faster than HATs (Hyperactive HDACs deacetylate
faster than HATSs acetylate), thereby reducing the activity of
transcription factors and co-factors critical for myogenic
differentiation, such as MyoD and MEF2 (Marrone and
Shcherbata, 2011; Rugowska et al, 2021) and impairing the
differentiation of satellite cells (Marrone and Shcherbata, 2011;
Ren et al, 2024). This leads to ineffective muscle repair and
regeneration in patients with DMD. Furthermore, the FAPs
produce  factors activated
transdifferentiate into fibroblasts and lose
capability (Molina et al., 2021; Ren et al., 2024).

Proteins other than histones are also regulated by the addition

causing satellite  cells to

muscle repair

and removal of acetyl groups, which can further exacerbate muscle
damage and pathology in DMD. For example, a key regulator of
fibrosis, TGF-f3, works by triggering the addition of a phosphate
group to a protein complex, SMAD, leading to fibrosis (Biernacka
etal,, 2011). Normally, this process is inhibited by SMAD acetylation
(Osseni et al., 2022). However, with HDAC hyperactivity, these
acetyl groups are actively removed, reducing the threshold for
adding phosphate groups and thus further increasing fibrosis.

HDAC inhibition in dystrophinopathy

The finding that dystrophin deficiency leads to constitutive
HDAC activation in muscles has provided a rationale for
investigating HDAC inhibitors such as givinostat in DMD
(Lamb, 2024): given that multiple muscle damage and repair
processes are exacerbated by excessive HDAC activity, inhibiting
HDAC activity could improve muscle repair and alleviate DMD
pathology. HDAC inhibition is expected to allow immune cells to
transition from a pro-inflammatory state to a modulatory state,
which would diminish the immune response and reduce the
inhibition of muscle repair processes. HDAC inhibition might
also direct FAPs to regain their supportive role in muscle repair
and prevent their production of fat and connective tissues. Evidence
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Multiple effects of HDAC inhibition on DMD-related pathogenesis. DMD, Duchenne muscular dystrophy; EV, extracellular vesicle; FAP, fibro-
adipogenic progenitor; HDACI, histone deacetylase inhibitor, MuSC, muscle stem cell. HDAC inhibition leads to (A) Reduction in hyperacetylation of
chromatin by HDAC and restoration of gene transcription (B) Increase in the number of EVs produced by FAPS that contain microRNAs that influence the
biological processes controlling muscle regeneration, fibrogenesis, and inflammation (C) Decrease in the differentiation of FAP cells into adipocytes

and fibroblasts (D) Decrease in chronic inflammation and reduction in inflammatory cytokines, which also reduces fibrosis (E) Increases transcription of
muscle genes and decreases myofiber membrane leakage and myofiber degeneration/necrosis. Inhibits activation of TGF-f signaling (F) Increases fusion
of myoblasts into differentiated myotubes (G) Increases formation of regenerating, center-nucleated myofibers.

suggests that FAPs exposed to HDAC inhibitors increase the
extracellular vesicle levels of a subset of miRNAs that target
biological processes such as regeneration, fibrosis, and
inflammation (Sandona et al., 2020). Satellite cells can also be
prompted to differentiate fibers than
remaining stalled in proliferation mode (Figure 2) (Kodippili and
Rudnicki, 2023).

Exposure of mdx mice to HDAC inhibitors demonstrated

into muscle rather

therapeutic effects in dystrophinopathy, including histological
improvement in fibrosis and inflammation, as well as enhanced
muscle regeneration, decreased membrane permeability, and
increased muscle strength and performance (Mozzetta et al., 2024).

Effects of givinostat in DMD

Although HDAC inhibitors have been in development for many
years and for many diseases, relatively few have been approved for
use in specific indications (Mozzetta et al., 2024). HDAC inhibitors
have a narrow therapeutic window; doses above a certain threshold
are required for a therapeutic effect, but high doses can be associated
with dose-limiting side effects (Sandona et al., 2023).

Givinostat is an orally bioavailable, potent HDAC inhibitor
(Lamb, 2024; United States Food and Drug Administration,
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2024) designed to overcome the challenges observed in previous
2024). Unlike other HDAC inhibitors,
givinostat has shown efficacy at dosing levels that are generally
tolerated (Lamb, 2024; Mercuri et al., 2024).

On a molecular level, HDAC inhibition by givinostat leads to a

studies (Mozzetta et al.,

cascade of changes in gene expression, protein function, and cellular
processes. Specifically, one effect of HDAC inhibition by givinostat
leads to hyperacetylation of histones, resulting in a more open and
relaxed chromatin structure. Consequently, transcription factors
and other regulatory proteins can more easily access DNA,
enhancing the transcription of genes involved in muscle repair
and anti-inflammatory responses. The effects of this inhibition by
givinostat have been consistently demonstrated throughout a
defined preclinical and clinical program.

Preclinical evidence of
givinostat efficacy

The effect of givinostat on myogenic miRNAs has been
investigated in mdx mice. In untreated mdx versus wild-type
mice, 120 miRNAs were found to be significantly upregulated
and 66 were found to be significantly downregulated (Licandro

et al, 2021), and correlations noted with patients with DMD
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(Cacchiarelli et al., 2011; Licandro et al., 2021). Furthermore, specific
miRNAs have been shown to correlate with DMD pathology. In mdx
mice, givinostat was shown to induce miRNAs (miR-449a-5p and
miR-92b-3p) that are known to be linked to stem cell pluripotency
and are reduced in patients with heart failure (Licandro et al., 2021).
Both in vitro and ex vivo, givinostat restored human DMD FAP
ability to support MuSC differentiation into multinucleated
myotubes, indicating that additional events resulting from DAPC
disassembly can be dysregulated in DMD MuSCs (Sandona et al.,
2020). The muscle regeneration factor, miR-206, is repressed in
DMD MuSCs (Cacchiarelli et al., 2011); and could be compensated
by FAP-derived EVs-miR-206 to restore MuSC ability to regenerate
dystrophic muscle (Sandona et al., 2020).

Histopathological analysis also demonstrated improvements
with givinostat treatment. Givinostat significantly reduced fibrosis
by up to 30%-40% in mdx mice compared with healthy controls and
reduced inflammation (Consalvi et al., 2013). In another study,
givinostat also reduced fibrosis, necrosis, and fat replacement in
skeletal muscle tissue in mdx mice (Licandro et al., 2021). Fibrosis,
often regarded as the most detrimental consequence of disease
progression in DMD mouse models, arises from complex
interactions between resident cell types and inflammatory
infiltrates. The myeloperoxidase (MPO) enzyme produced by
neutrophils, monocytes, and macrophages serves as a marker for
quantifying inflammation linked to muscle degeneration in
muscular dystrophies. Significantly reduced MPO activity was
observed in the muscles of mdx mice treated with givinostat
compared to those treated with a vehicle control. These results
were also supported by functional improvements in mdx mice,
where givinostat treatment resulted in muscle regeneration.
Histological images showed that givinostat increased muscle fiber
diameter (measured as myofiber cross-sectional area) in mdx mice
compared to control (Consalvi et al., 2013). Givinostat treatment
resulted in increased muscle strength, demonstrated by dose-
dependent improvements in the grip test (Licandro et al., 2021).
Improvements were also seen in the treadmill exhaustion test, both
in terms of distance covered and time to exhaustion (Consalvi et al.,
2013; Licandro et al.,, 2021).

First-in-human evidence of HDAC
inhibition by givinostat

Orally administered givinostat 50 or 100 mg transiently reduced
the in vitro production of pro-inflammatory cytokines (while not
affecting anti-inflammatory cytokines) in a phase 1 trial in healthy
males. After seven daily doses of givinostat 200 mg, the reductions in
cytokine production were generally similar to those following the
initial dose (Furlan et al., 2011).

Clinical evidence of givinostat efficacy

In an open-label, two-part, phase 2 study, the histological effects
of givinostat were analyzed in 20 ambulant boys with DMD (Bettica
et al, 2016). The histological effect of givinostat treatment was
confirmed, with a significant increase in muscle tissue and
reductions in fibrosis, tissue necrosis, and fatty replacement.
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Givinostat was subsequently shown to slow DMD progression in
a placebo-controlled phase 3 trial, in which both groups continued
to receive corticosteroids. The results indicated that over 18 months
of treatment, givinostat significantly improved muscle function and
strength compared with the placebo group. It effectively slowed the
progression of muscle degeneration in the participants. The primary
endpoint, change in four-stair climb from baseline, was met. All
secondary endpoints were in favor of givinostat, including other
timed function tests, the North Star Ambulatory Assessment and
muscle strength. Givinostat reduced fat infiltration in the vastus
lateralis in patients with DMD by 30%. Magnetic resonance
spectroscopy evidence suggested less fat infiltration in the vastus
lateralis at 72 weeks with givinostat compared to control group
(LSM difference in fat fraction —2.92% [-5.64 to —0.20] (Mercuri
etal,, 2024). These findings are consistent with those observed in the
givinostat pre-clinical studies (Consalvi et al., 2013; Licandro et al.,
2021) and phase 2 clinical trial (Bettica et al., 2016).

In terms of safety, givinostat was generally well tolerated. The
most common side effects were mild to moderate and included
monitorable  gastrointestinal such as diarrhea,
thrombocytopenia
manageable with dose adjustments. No severe or serious adverse

symptoms
and  hypertriglyceridaemia, and  were
events were directly related to the drug or resulted in study
withdrawal (Mercuri et al., 2024).

Future considerations for
combination treatment

Now that givinostat is approved by the Food and Drug
Administration (United States), there is an opportunity for
combination with other approved treatments that induce
production of partially functional dystrophin. The expectation
is that the combination would have added benefit, as the
dystrophin-restoring approaches rely on the presence of
muscle and muscle quality. The micro-dystrophin gene
therapy approach (delandistrogene moxeparvovec) relies on a
muscle-specific promotor and thus the transgene will only be
(Hoy, 2023).
Furthermore, the micro-dystrophin is only partially functional

expressed in skeletal and cardiac muscle
and will slow down but not stop pathology. As such, a second
treatment aiming to slow down muscle pathology should be
beneficial. The exon skipping approach (eteplirsen, golodirsen,
casimersen and viltolarsen) uses antisense oligonucleotides that
target exons during pre-mRNA splicing of dystrophin transcripts
(Aartsma-Rus, 2023). These transcripts are only produced in
muscle tissue and not in fibrosis or adipose tissues. For exon
skipping however, an added benefit of givinostat co-treatment is
expected, as it has been shown that dystrophin transcript
expression is reduced in patients with DMD due to chromatin
remodeling. It is expected that givinostat treatment can increase
dystrophin expression per se. Without exon skipping, this would
not lead to dystrophin protein production; after exon skipping, it
would. Indeed, in the mdx mouse model, treatment with mouse
specific exon skipping compounds and givinostat resulted in
increased levels of dystrophin transcripts and protein
compared with exon skipping by itself (Garcia-Rodriguez

et al., 2020).
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Conclusion

DMD pathogenesis is complex and multifaceted. All currently-
available dystrophin-restoring treatments restore only partially
functional dystrophins that may slow down disease pathology,
but the pathophysiological processes remain inevitable. HDACs
have been shown to be hyperactive in patients with DMD and
contribute to this pathology, therefore HDAC inhibition has arisen
as a potential therapeutic option. Through its novel, multi-targeted
mode of action, the HDAC inhibitor givinostat has demonstrated
the potential to address the pathophysiological cascade of DMD by
targeting key pathological events originated by the lack of
dystrophin. The reduction of muscle degeneration is achieved by
lowering inflammation in the muscle, reverting inhibition of
myogenesis, promoting muscle regeneration, and decreasing
fibrogenesis and adipogenesis in patients with DMD.

Givinostat is the first nonsteroidal treatment for DMD to be
approved for use irrespective of the specific genetic variant
underlying the disease and received its first approval for the
treatment of DMD in patients >6 years old in March 2024 in the
United States (Lamb, 2024). Ongoing clinical studies continue to
evaluate the potential of HDAC inhibition in DMD and other
disorders where elevated HDAC activity plays a role.

Author contributions

AA-R: Writing-original draft, Writing-review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study

References

Aartsma-Rus, A. (2023). The future of exon skipping for Duchenne muscular
dystrophy. Hum. Gene Ther. 34, 372-378. d0i:10.1089/hum.2023.026

Aartsma-Rus, A., Ginjaar, I. B.,, and Bushby, K. (2016). The importance of genetic
diagnosis for Duchenne muscular dystrophy. J. Med. Genet. 53, 145-151. doi:10.1136/
jmedgenet-2015-103387

Beier, U. H., Akimova, T., Liu, Y., Wang, L., and Hancock, W. W. (2011). Histone/
protein deacetylases control Foxp3 expression and the heat shock response of
T-regulatory cells. Curr. Opin. Immunol. 23, 670-678. doi:10.1016/j.c0i.2011.07.002

Bettica, P., Petrini, S., D’Oria, V., D’Amico, A., Catteruccia, M., Pane, M., et al. (2016).
Histological effects of givinostat in boys with Duchenne muscular dystrophy.
Neuromuscul. Disord. 26, 643-649. doi:10.1016/j.nmd.2016.07.002

Bez Batti Angulski, A., Hosny, N., Cohen, H., Martin, A. A, Hahn, D., Bauer, J., et al.
(2023). Duchenne muscular dystrophy: disease mechanism and therapeutic strategies.
Front. Physiol. 14, 1183101. doi:10.3389/fphys.2023.1183101

Biernacka, A., Dobaczewski, M., and Frangogiannis, N. G. (2011). TGF-p signaling in
fibrosis. Growth factors. 29, 196-202. doi:10.3109/08977194.2011.595714

Bladen, C. L., Salgado, D., Monges, S., Foncuberta, M. E., Kekou, K., Kosma, K., et al.
(2015). The TREAT-NMD DMD global database: analysis of more than
7,000 Duchenne muscular dystrophy mutations. Hum. Mutat. 36, 395-402. doi:10.
1002/humu.22758

Blake, D. J., Weir, A., Newey, S. E., and Davies, K. E. (2002). Function and genetics of
dystrophin and dystrophin-related proteins in muscle. Physiol. Rev. 82, 291-329. doi:10.
1152/physrev.00028.2001

Blau, H. M., Cosgrove, B. D., and Ho, A. T. V. (2015). The central role of muscle stem
cells in regenerative failure with aging. Nat. Med. 21, 854-862. doi:10.1038/nm.3918

Frontiers in Cell and Developmental Biology

07

10.3389/fcell.2024.1514898

received funding from Italfarmaco S.p.A who provided funding for
writing assistance and covered the open access fee.

Acknowledgments

The author acknowledges Italfarmaco S.p.A., Milan, Italy, for
publication coordination and critical review for scientific accuracy,
and Paul Wilson, BSc, and Julia Coleman, PhD, of Cognite for
medical writing and editorial assistance based on the author’s input
and direction.

Conflict of interest

Italfarmaco S.p.A had the following involvement in the study:
suggestions for manuscripts to include in the review, fact checking
and payment for a professional writer to edit the manuscript and
draft the figures.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Cacchiarelli, D., Legnini, I, Martone, J., Cazzella, V., D’Amico, A., Bertini, E., et al.
(2011). miRNAs as serum biomarkers for Duchenne muscular dystrophy. EMBO Mol.
Med. 3, 258-265. doi:10.1002/emmm.201100133

Campbell, K. P., and Kahl, S. D. (1989). Association of dystrophin and an integral
membrane glycoprotein. Nature 338, 259-262. doi:10.1038/338259a0

Chang, N. C,, Sincennes, M.-C., Chevalier, F. P., Brun, C. E,, Lacaria, M., Segalés, J.,
et al. (2018). The dystrophin glycoprotein complex regulates the epigenetic activation of
muscle stem cell commitment. Cell. Stem Cell. 22, 755-768.e6. doi:10.1016/j.stem.2018.
03.022

Consalvi, S., Mozzetta, C., Bettica, P., Germani, M., Fiorentini, F., Del Bene, F., et al.
(2013). Preclinical studies in the mdx mouse model of Duchenne muscular dystrophy
with the histone deacetylase inhibitor givinostat. Mol. Med. 19, 79-87. doi:10.2119/
molmed.2013.00011

Dowling, P., Swandulla, D., and Ohlendieck, K. (2023). Cellular pathogenesis of
Duchenne muscular dystrophy: progressive myofibre degeneration, chronic
inflammation, reactive myofibrosis and satellite cell dysfunction. Eur. J. Transl.
Myol. 33, 11856. doi:10.4081/ejtm.2023.11856

Duan, D., Goemans, N., Takeda, S., Mercuri, E., and Aartsma-Rus, A. (2021).
Duchenne muscular dystrophy. Nat. Rev. Dis. Prim. 7, 13. doi:10.1038/s41572-021-
00248-3

Duchenne UK, 2023. DMD treatment Givinostat reaches important stage in
European approval process.

Dumont, N. A, Wang, Y. X, von Maltzahn, J., Pasut, A., Bentzinger, C. F., Brun, C. E,,
et al. (2015). Dystrophin expression in muscle stem cells regulates their polarity and
asymmetric division. Nat. Med. 21, 1455-1463. doi:10.1038/nm.3990

frontiersin.org


https://doi.org/10.1089/hum.2023.026
https://doi.org/10.1136/jmedgenet-2015-103387
https://doi.org/10.1136/jmedgenet-2015-103387
https://doi.org/10.1016/j.coi.2011.07.002
https://doi.org/10.1016/j.nmd.2016.07.002
https://doi.org/10.3389/fphys.2023.1183101
https://doi.org/10.3109/08977194.2011.595714
https://doi.org/10.1002/humu.22758
https://doi.org/10.1002/humu.22758
https://doi.org/10.1152/physrev.00028.2001
https://doi.org/10.1152/physrev.00028.2001
https://doi.org/10.1038/nm.3918
https://doi.org/10.1002/emmm.201100133
https://doi.org/10.1038/338259a0
https://doi.org/10.1016/j.stem.2018.03.022
https://doi.org/10.1016/j.stem.2018.03.022
https://doi.org/10.2119/molmed.2013.00011
https://doi.org/10.2119/molmed.2013.00011
https://doi.org/10.4081/ejtm.2023.11856
https://doi.org/10.1038/s41572-021-00248-3
https://doi.org/10.1038/s41572-021-00248-3
https://doi.org/10.1038/nm.3990
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1514898

Aartsma-Rus

Ervasti, J., and Campbell, K. (1993). A role for the dystrophin-glycoprotein complex
as a transmembrane linker between laminin and actin. J. Cell. Biol. 122, 809-823. doi:10.
1083/jcb.122.4.809

Eslaminejad, M., Fani, N., and Shahhoseinini, M. (2013). Epigenetic regulation of
osteogenic and chondrogenic differentiation of mesenchymal stem cells in culture. Cell.
15, 1-10.

Furlan, A., Monzani, V., Reznikov, L. L., Leoni, F., Fossati, G., Modena, D., et al.
(2011). Pharmacokinetics, safety and inducible cytokine responses during a phase 1 trial
of the oral histone deacetylase inhibitor ITF2357 (givinostat). Mol. Med. 17, 353-362.
doi:10.2119/molmed.2011.00020

Garcia-Rodriguez, R., Hiller, M., Jiménez-Gracia, L., Van Der Pal, Z., Balog, J.,
Adamzek, K., et al. (2020). Premature termination codons in the DMD gene cause
reduced local mRNA synthesis. Proc. Natl. Acad. Sci. U.S.A. 117, 16456-16464. doi:10.
1073/pnas.1910456117

Giordano, C., Mojumdar, K., Liang, F., Lemaire, C., Li, T., Richardson, J., et al. (2015).
Toll-like receptor 4 ablation in mdx mice reveals innate immunity as a therapeutic target
in Duchenne muscular dystrophy. Hum. Mol. Genet. 24, 2147-2162. doi:10.1093/hmg/
ddu735

Giuliani, G., Rosina, M., and Reggio, A. (2022). Signaling pathways regulating the fate
of fibro/adipogenic progenitors (FAPs) in skeletal muscle regeneration and disease.
FEBS J. 289, 6484-6517. doi:10.1111/febs.16080

Guiraud, S., Chen, H., Burns, D. T., and Davies, K. E. (2015). Advances in genetic
therapeutic strategies for Duchenne muscular dystrophy. Exp. Physiol. 100, 1458-1467.
doi:10.1113/EP085308

Henriques-Pons, A., Yu, Q., Rayavarapu, S., Cohen, T. V., Ampong, B., Cha, H. J.,
et al. (2014). Role of Toll-like receptors in the pathogenesis of dystrophin-deficient
skeletal and heart muscle. Hum. Mol. Genet. 23, 2604-2617. doi:10.1093/hmg/ddt656

Hoffman, E. P., Brown, R. H., and Kunkel, L. M. (1987). Dystrophin: the protein
product of the Duchenne muscular dystrophy locus. Cell. 51, 919-928. doi:10.1016/
0092-8674(87)90579-4

Hoy, S. M. (2023). Delandistrogene moxeparvovec: first approval. Drugs 83,
1323-1329. doi:10.1007/s40265-023-01929-x

Kodippili, K., and Rudnicki, M. A. (2023). Satellite cell contribution to disease
pathology in Duchenne muscular dystrophy. Front. Physiol. 14, 1180980. doi:10.
3389/fphys.2023.1180980

Kulthinee, S., Yano, N., Zhuang, S., Wang, L., and Zhao, T. C. (2022). Critical
functions of histone deacetylases (HDACs) in modulating inflammation associated with
cardiovascular ~ diseases.  Pathophysiology 29,  471-485. doi:10.3390/
pathophysiology29030038

Lamb, Y. N. (2024). Givinostat: first approval. Drugs 84, 849-856. doi:10.1007/
540265-024-02052-1

Licandro, S. A., Crippa, L., Pomarico, R,, Perego, R., Fossati, G., Leoni, F., et al. (2021).
The pan HDAC inhibitor Givinostat improves muscle function and histological
parameters in two Duchenne muscular dystrophy murine models expressing
different haplotypes of the LTBP4 gene. Skelet. Muscle 11, 19. doi:10.1186/s13395-
021-00273-6

Licciardi, P. V., and Karagiannis, T. C. (2012). Regulation of immune responses by
histone deacetylase inhibitors. ISRN Hematol. 2012, 690901-690910. doi:10.5402/2012/
690901

Marifio-Ramirez, L., Kann, M. G., Shoemaker, B. A., and Landsman, D. (2005).
Histone structure and nucleosome stability. Expert Rev. Proteomics 2, 719-729. doi:10.
1586/14789450.2.5.719

Marrone, A. K., and Shcherbata, H. R. (2011). Dystrophin orchestrates the epigenetic
profile of muscle cells via miRNAs. Front. Gene. 2, 64. doi:10.3389/fgene.2011.00064

Mercuri, E., Vilchez, J. J., Boespflug-Tanguy, O., Zaidman, C. M., Mah, J. K,
Goemans, N., et al. (2024). Safety and efficacy of givinostat in boys with Duchenne
muscular dystrophy (EPIDYS): a multicentre, randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet Neurology 23, 393-403. doi:10.1016/S1474-4422(24)
00036-X

Molina, T., Fabre, P., and Dumont, N. A. (2021). Fibro-adipogenic progenitors in
skeletal muscle homeostasis, regeneration and diseases. Open Biol. 11, 210110. doi:10.
1098/rs0b.210110

Molinari, S., Imbriano, C., Moresi, V., Renzini, A., Belluti, S., Lozanoska-Ochser, B.,
et al. (2023). Histone deacetylase functions and therapeutic implications for adult

Frontiers in Cell and Developmental Biology

08

10.3389/fcell.2024.1514898

skeletal muscle metabolism. Front. Mol. Biosci. 10, 1130183. doi:10.3389/fmolb.2023.
1130183

Mozzetta, C., Sartorelli V. and Puri, P. L. (2024). HDAC inhibitors as
pharmacological treatment for Duchenne muscular dystrophy: a discovery journey
from bench to patients. Trends Mol. Med. 30, 278-294. doi:10.1016/j.molmed.2024.
01.007

Mukund, K., and Subramaniam, S. (2020). Skeletal muscle: a review of molecular
structure and function, in health and disease. WIREs Mech. Dis. 12, e1462. doi:10.1002/
wsbm.1462

Okubo, M., Goto, K., Komaki, H., Nakamura, H., Mori-Yoshimura, M., Hayashi, Y.
K., etal. (2017). Comprehensive analysis for genetic diagnosis of Dystrophinopathies in
Japan. Orphanet J. Rare Dis. 12, 149. doi:10.1186/s13023-017-0703-4

Osseni, A., Ravel-Chapuis, A., Belotti, E., Scionti, I, Gangloff, Y.-G., Moncollin, V.,
et al. (2022). Pharmacological inhibition of HDAC6 improves muscle phenotypes in
dystrophin-deficient mice by downregulating TGF-p via Smad3 acetylation. Nat.
Commun. 13, 7108. doi:10.1038/s41467-022-34831-3

Ren, S, Fu, X,, Guo, W,, Bai, R, Li, S., Zhang, T., et al. (2024). Profound cellular
defects attribute to muscular pathogenesis in the rhesus monkey model of Duchenne
muscular dystrophy. Cell. 187, 6669-6686. doi:10.1016/j.cell.2024.08.041

Rosenberg, A. S., Puig, M., Nagaraju, K., Hoffman, E. P., Villalta, S. A., Rao, V. A, et al.
(2015). Immune-mediated pathology in Duchenne muscular dystrophy. Sci. Transl.
Med. 7, 299rv4. doi:10.1126/scitranslmed.aaa7322

Rugowska, A., Starosta, A., and Konieczny, P. (2021). Epigenetic modifications in
muscle regeneration and progression of Duchenne muscular dystrophy. Clin. Epigenet
13, 13. doi:10.1186/s13148-021-01001-z

Ryder, S., Leadley, R. M., Armstrong, N., Westwood, M., de Kock, S., Butt, T., et al.
(2017). The burden, epidemiology, costs and treatment for Duchenne muscular dystrophy:
an evidence review. Orphanet J. Rare Dis. 12, 79. doi:10.1186/s13023-017-0631-3

Saccone, V., Consalvi, S., Giordani, L., Mozzetta, C., Barozzi, I., Sandond, M., et al.
(2014). HDAC-regulated myomiRs control BAF60 variant exchange and direct the
functional phenotype of fibro-adipogenic progenitors in dystrophic muscles. Genes.
Dev. 28, 841-857. doi:10.1101/gad.234468.113

Sandona, M., Cavioli, G., Renzini, A., Cedola, A., Gigli, G., Coletti, D., et al. (2023).
Histone deacetylases: molecular mechanisms and therapeutic implications for muscular
dystrophies. IJMS 24, 4306. doi:10.3390/ijms24054306

Sandona, M., Consalvi, S., Tucciarone, L., De Bardi, M., Scimeca, M., Angelini, D. F.,
et al. (2020). HDAC inhibitors tune miRNAs in extracellular vesicles of dystrophic
muscle-resident mesenchymal cells. EMBO Rep. 21, e50863. doi:10.15252/embr.
202050863

Sandona, M., Consalvi, S., Tucciarone, L., Puri, P. L., and Saccone, V. (2016). HDAC
inhibitors for muscular dystrophies: progress and prospects. Expert Opin. Orphan Drugs
4, 125-127. doi:10.1517/21678707.2016.1130617

Sciorati, C., Rigamonti, E., Manfredi, A. A., and Rovere-Querini, P. (2016). Cell death,
clearance and immunity in the skeletal muscle. Cell. Death Differ. 23, 927-937. doi:10.
1038/cdd.2015.171

Sinadinos, A., Young, C. N.]., Al-Khalidi, R., Teti, A., Kalinski, P., Mohamad, S., et al.
(2015). P2RX7 purinoceptor: a therapeutic target for ameliorating the symptoms of
Duchenne muscular dystrophy. PLOS Med. 12, €1001888. doi:10.1371/journal.pmed.
1001888

Sweet, M. J., Shakespear, M. R., Kamal, N. A, and Fairlie, D. P. (2012). HDAC
inhibitors: modulating leukocyte differentiation, survival, proliferation and
inflammation. Immunol. Cell. Biol. 90, 14-22. doi:10.1038/icb.2011.88

United States Food and Drug Administration, 2024. DUVYZAT (givinostat) oral
suspension. Prescribing Information. Italfarmaco S.p.A https://www.accessdata.fda.gov/
drugsatfda_docs/label/2024/2178650rig1s0001bl.pdf (Accessed December 19, 2024).

Walter, M. C., and Reilich, P. (2017). Recent developments in Duchenne muscular
dystrophy: facts and numbers. J. cachexia sarcopenia muscle 8, 681-685. doi:10.1002/
jesm.12245

Wilson, D. G. S., Tinker, A., and Iskratsch, T. (2022). The role of the dystrophin

glycoprotein complex in muscle cell mechanotransduction. Commun. Biol. 5, 1022.
doi:10.1038/s42003-022-03980-y

Ziemkiewicz, N., Hilliard, G., Pullen, N. A,, and Garg, K. (2021). The role of innate
and adaptive immune cells in skeletal muscle regeneration. Int. J. Mol. Sci. 22, 3265.
doi:10.3390/ijms22063265

frontiersin.org


https://doi.org/10.1083/jcb.122.4.809
https://doi.org/10.1083/jcb.122.4.809
https://doi.org/10.2119/molmed.2011.00020
https://doi.org/10.1073/pnas.1910456117
https://doi.org/10.1073/pnas.1910456117
https://doi.org/10.1093/hmg/ddu735
https://doi.org/10.1093/hmg/ddu735
https://doi.org/10.1111/febs.16080
https://doi.org/10.1113/EP085308
https://doi.org/10.1093/hmg/ddt656
https://doi.org/10.1016/0092-8674(87)90579-4
https://doi.org/10.1016/0092-8674(87)90579-4
https://doi.org/10.1007/s40265-023-01929-x
https://doi.org/10.3389/fphys.2023.1180980
https://doi.org/10.3389/fphys.2023.1180980
https://doi.org/10.3390/pathophysiology29030038
https://doi.org/10.3390/pathophysiology29030038
https://doi.org/10.1007/s40265-024-02052-1
https://doi.org/10.1007/s40265-024-02052-1
https://doi.org/10.1186/s13395-021-00273-6
https://doi.org/10.1186/s13395-021-00273-6
https://doi.org/10.5402/2012/690901
https://doi.org/10.5402/2012/690901
https://doi.org/10.1586/14789450.2.5.719
https://doi.org/10.1586/14789450.2.5.719
https://doi.org/10.3389/fgene.2011.00064
https://doi.org/10.1016/S1474-4422(24)00036-X
https://doi.org/10.1016/S1474-4422(24)00036-X
https://doi.org/10.1098/rsob.210110
https://doi.org/10.1098/rsob.210110
https://doi.org/10.3389/fmolb.2023.1130183
https://doi.org/10.3389/fmolb.2023.1130183
https://doi.org/10.1016/j.molmed.2024.01.007
https://doi.org/10.1016/j.molmed.2024.01.007
https://doi.org/10.1002/wsbm.1462
https://doi.org/10.1002/wsbm.1462
https://doi.org/10.1186/s13023-017-0703-4
https://doi.org/10.1038/s41467-022-34831-3
https://doi.org/10.1016/j.cell.2024.08.041
https://doi.org/10.1126/scitranslmed.aaa7322
https://doi.org/10.1186/s13148-021-01001-z
https://doi.org/10.1186/s13023-017-0631-3
https://doi.org/10.1101/gad.234468.113
https://doi.org/10.3390/ijms24054306
https://doi.org/10.15252/embr.202050863
https://doi.org/10.15252/embr.202050863
https://doi.org/10.1517/21678707.2016.1130617
https://doi.org/10.1038/cdd.2015.171
https://doi.org/10.1038/cdd.2015.171
https://doi.org/10.1371/journal.pmed.1001888
https://doi.org/10.1371/journal.pmed.1001888
https://doi.org/10.1038/icb.2011.88
https://www.accessdata.fda.gov/drugsatfda_docs/label/2024/217865Orig1s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2024/217865Orig1s000lbl.pdf
https://doi.org/10.1002/jcsm.12245
https://doi.org/10.1002/jcsm.12245
https://doi.org/10.1038/s42003-022-03980-y
https://doi.org/10.3390/ijms22063265
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1514898

	Histone deacetylase inhibition with givinostat: a multi-targeted mode of action with the potential to halt the pathological ...
	Introduction
	Dystrophin and DMD
	Normal muscle repair
	Failed muscle repair in DMD
	Functions of HDACs
	Increased levels of HDACs in DMD
	The consequences of constitutive HDAC activity
	HDAC inhibition in dystrophinopathy
	Effects of givinostat in DMD
	Preclinical evidence of givinostat efficacy
	First-in-human evidence of HDAC inhibition by givinostat
	Clinical evidence of givinostat efficacy
	Future considerations for combination treatment
	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


