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Abstract 

Leukemia remains a major therapeutic challenge in clinical oncology. Despite significant advancements in treatment 
modalities, leukemia remains a significant cause of morbidity and mortality worldwide, as the current conventional 
therapies are accompanied by life-limiting adverse effects and a high risk of disease relapse. Histone deacetylase 
inhibitors have emerged as a promising group of antineoplastic agents due to their ability to modulate gene expres-
sion epigenetically. In this review, we explore these agents, their mechanisms of action, pharmacokinetics, safety 
and clinical efficacy, monotherapy and combination therapy strategies, and clinical challenges associated with his-
tone deacetylase inhibitors in leukemia treatment, along with the latest evidence and ongoing studies in the field. In 
addition, we discuss future directions to optimize the therapeutic potential of these agents.
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Introduction
Leukemia arises from the uncontrolled proliferation of 
immature blood cells in the bone marrow and peripheral 
blood. Classified broadly into acute and chronic forms, 
leukemia is considered a multifactorial disease, involv-
ing a variety of genetic, environmental, and immunologic 
factors [1, 2]. Common symptoms of leukemia include 
fatigue, fever, easy bruising or bleeding, and recurrent 
infections, reflecting bone marrow failure and com-
promised immune function [3, 4]. Diagnosis typically 
involves a combination of clinical evaluation, peripheral 

blood smear, bone marrow aspiration, and genetic testing 
to subtype the disease and guide treatment decisions [5]. 
Despite therapeutic advances, leukemia remains a signifi-
cant cause of morbidity and mortality globally, with con-
ventional therapies, facing limitations including toxicity 
and risk of relapse [6].

Histone deacetylase (HDAC) inhibitors represent a 
class of pharmacological agents that modulate gene 
expression by targeting epigenetic mechanisms [7–9]. 
HDACs, enzymes responsible for removing acetyl groups 
from histone proteins, play a significant role in regulating 
chromatin structure and gene transcription [10, 11]. Dys-
regulation of HDAC activity is implicated in various dis-
eases, including cancer, where aberrant gene expression 
contributes to tumorigenesis and progression [12, 13]. 
HDAC inhibitors exert their effects by inhibiting HDAC 
activity, leading to increased histone acetylation, chro-
matin relaxation, and transcriptional activation of genes 
involved in cell cycle regulation, apoptosis, and differ-
entiation [8, 13]. Beyond histones, HDAC inhibitors can 
also target non-histone proteins [14]. Given their ability 
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to modulate gene expression epigenetically, HDAC inhib-
itors have been proposed as promising therapeutic agents 
for a wide range of malignancies.

This review aims to provide a comprehensive clinical 
insight into the potential of HDAC inhibitors in the treat-
ment of leukemia.

Main text
Mechanisms of action
In general, HDAC inhibitors exert their effects through 
multiple mechanisms, including:

Histone acetylation
HDAC inhibitors suppress the deacetylation of histone 
proteins, leading to chromatin relaxation and transcrip-
tional activation of genes involved in cell cycle regulation, 
apoptosis, and differentiation [15].

Non‑histone protein acetylation
HDAC inhibitors also acetylate non-histone proteins, 
such as transcription factors and signaling molecules, 
influencing various cellular processes critical for cancer 
pathogenesis [16].

Apoptosis induction
By upregulating pro-apoptotic genes, programmed acti-
vation of caspases, and downregulating anti-apoptotic 
genes, HDAC inhibitors promote apoptosis in malignant 
cells, leading to cell death [17–19].

Cell cycle arrest
HDAC inhibitors induce cell cycle arrest at different 
checkpoints, preventing uncontrolled proliferation of 
leukemic cells [20].

Anti‑angiogenic effects
HDAC inhibitors have been shown to inhibit angiogen-
esis by targeting endothelial cell function and disrupting 
angiogenic signaling pathways, ultimately inhibiting the 
formation of new blood vessels in tumors [21]. HDAC 
inhibitors modulate the expression of genes involved in 
angiogenesis, such as vascular endothelial growth fac-
tor (VEGF) and its receptors, endothelial nitric oxide 
synthase (eNOS), and angiopoietins, through epigenetic 
mechanisms [22, 23]. By promoting histone acetylation 
and altering chromatin structure, HDAC inhibitors sup-
press the transcriptional activity of pro-angiogenic genes 
[24, 25]. Moreover, HDAC inhibitors have been shown to 
disrupt the tumor microenvironment by targeting stro-
mal cells, immune cells, and extracellular matrix com-
ponents, additionally impairing angiogenesis and tumor 
growth [26, 27].

Disruption of DNA repair mechanisms
HDAC inhibitors impair DNA repair mechanisms, 
enhancing the susceptibility of malignant cells to DNA 
damage-induced cell death [28, 29].

Autophagy induction
Previous studies have specified the autophagy-induc-
ing role of HDAC inhibitors, generally through mTOR 
inhibition, NF-κB hyperacetylation, and p53 acetylation 
signaling pathways [30].

Classification
The classical family of HDACs are typically catego-
rized into different classes. Each class shares a common 
ancestor and is characterized by structural and func-
tional similarities [31]. The classical HDACs family is 
consisted of three classes [32, 33]:

•	 Class I: HDAC1, HDAC2, HDAC3, and HDAC8
•	 Class II: HDAC4, HDAC5, HDAC6, HDAC7, 

HDAC9, HDAC10
•	 Class IV: HDAC11

Class III HDACs, also referred to as sirtuins, are 
structurally and mechanistically distinct. While class 
I and class II HDACs are zinc-dependent, class III 
HDACs require nicotinamide adenine dinucleotide 
(NAD+) as a cofactor for their deacetylase activity, 
which rises from the evolutionary divergence and dis-
tinct biochemical properties of sirtuins compared to 
classical HDACs [34, 35].

HDAC inhibitors can also be classified into structur-
ally diverse classes, including hydroxamic acids (such 
as vorinostat and panobinostat), cyclic peptides (such 
as romidepsin), benzamides (such as entinostat), and 
short-chain fatty acids (such as valproic acid). These 
compounds differ in their chemical structures and 
HDAC isoform selectivity, leading to variations in their 
pharmacokinetic properties and therapeutic effects.

Pharmacokinetics and clinical efficacy
The pharmacokinetic properties of HDAC inhibitors, 
including absorption, distribution, metabolism, and 
elimination, influence their bioavailability and efficacy 
in  vivo. HDAC inhibitors are administered via vari-
ous routes, including oral and intravenous, with dif-
ferent absorption rates and tissue distribution profiles 
[36]. Oral formulations of HDAC inhibitors undergo 
absorption in the gastrointestinal tract, where they 
may be subject to first-pass metabolism in the liver 
before reaching systemic circulation. Intravenous 
administration bypasses the gastrointestinal tract, 
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resulting in rapid and complete drug absorption into 
the bloodstream.

Several studies have evaluated the use of HDAC inhibi-
tors, both as monotherapy and in combination with other 
agents, across various leukemia subtypes. While results 
have been variable, HDAC inhibitors have shown signifi-
cant activity in subsets of patients, including those with 
relapsed or refractory disease who have failed stand-
ard therapies [37, 38]. Improved overall response rates 
(ORR), increased progression-free survival (PFS), and 
prolonged duration of response have been reported in 
certain trials, particularly in combination with chemo-
therapy or targeted agents [39, 40]. While HDAC inhibi-
tors have demonstrated efficacy in specific leukemia 
subtypes, their clinical utility in acute myeloid leukemia 
(AML) and acute lymphoblastic leukemia (ALL) remains 
under investigation [41]. Despite these encouraging find-
ings, challenges such as drug resistance, heterogeneous 
patient populations, off-target effects, and optimal dosing 
schedules remain areas of active investigation [42, 43].

Safety
The safety profile of HDAC inhibitors in leukemia treat-
ment is a subject of considerable interest and investiga-
tion. While HDAC inhibitors have shown promising 
therapeutic efficacy in preclinical and clinical studies, 
their clinical use could be associated with various adverse 
effects, including cardiac toxicity, gastrointestinal dis-
turbances, fatigue, and hematologic toxicity [43–45]. 
Hematologic toxicity, in the forms of thrombocytopenia, 
neutropenia, and anemia, is among the most commonly 
reported adverse events [46]. Gastrointestinal discom-
fort, including nausea, vomiting, diarrhea, and loss of 
appetite, is also frequently observed and may require 
supportive care measures [36, 47, 48]. Cardiac toxicity, 
characterized by QT interval prolongation, T-wave flat-
tening, ST segment depression, and arrhythmias, has 
been reported with specific HDAC inhibitors and under-
scores the importance of cardiac monitoring during 
therapy [43, 49]. In addition, some studies have suggested 
electrolyte abnormalities subsequent to administration 
of HDAC inhibitors as the cause of cardiac side effects 
[50]. Overall, further studies are required to determine 
the complete safety profile of HDAC inhibitors in leuke-
mia treatment and ensure their tolerability and long-term 
efficacy in patients.

Clinical agents and candidates
Several agents have been proposed and studied through 
the last decades. Tables 1 and 2 present a comprehensive 
review of the preclinical and clinical studies of HDAC 
inhibitors. The most prominent HDAC inhibitors candi-
dates for the treatment of leukemia are:

Vorinostat
Vorinostat (suberoylanilide hydroxamic acid, SAHA) is 
a broad-spectrum HDAC inhibitor that targets class I, 
II, and IV HDAC enzymes [51, 52]. By inhibiting these 
enzymes, vorinostat increases the acetylation of histone 
proteins, leading to the transcriptional activation of 
genes that induce cell cycle arrest, promote apoptosis, 
and inhibit tumor angiogenesis [53, 54]. This modula-
tion of gene expression disrupts cancer cell prolifera-
tion and survival. Initially approved for the treatment 
of cutaneous T-cell lymphoma (CTCL), its potential has 
also been explored in AML and other hematological 
malignancies [15, 55, 56]. Studies have demonstrated 
its ability to synergize with other therapeutic agents, 
enhancing the cytotoxic effects against leukemic cells 
by disrupting mitochondrial function and inducing oxi-
dative stress, which leads to apoptosis in leukemic cells 
[57].

Romidepsin
Romidepsin (FK228) is a selective inhibitor of class I 
HDACs, particularly HDAC1 and HDAC2 [58, 59]. Its 
anti-tumor activity is attributed to its strong induction 
of G2/M cell cycle arrest and activation of the intrin-
sic apoptotic pathway [60]. Romidepsin modifies the 
expression of key apoptotic regulators, enhancing the 
expression of pro-apoptotic proteins and suppress-
ing anti-apoptotic proteins [61]. Primarily approved 
for CTCL and peripheral T-cell lymphoma (PTCL), 
romidepsin has been evaluated in clinical trials involv-
ing patients with various forms of leukemia [62]. Recent 
studies indicate the potential of romidepsin in downregu-
lating DNA methyltransferases, leading to the demethyl-
ation of tumor suppressor genes and reactivation of their 
expression, thereby providing a dual epigenetic therapy 
approach when combined with DNA methylation inhibi-
tors [63, 64].

Belinostat
Like vorinostat, belinostat (PXD101) is a pan-HDAC 
inhibitor that affects class I, II, and IV enzymes [65]. 
Its anticancer effects are mediated through the induc-
tion of apoptosis, cell cycle arrest, and the reduction of 
angiogenesis [66–68]. Belinostat also affects the acetyla-
tion of non-histone proteins critical in cell cycle regula-
tion and apoptosis [68, 69]. While belinostat is approved 
for PTCL, its role in treating leukemia subtypes is under 
investigation. Preclinical models show that Belinostat 
effectively induces death in leukemic cells, particularly 
when combined with other chemotherapeutic or targeted 
agents, enhancing its antileukemic activities [68].
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Panobinostat
Panobinostat (LBH589) inhibits class I, II, and IV HDAC 
enzymes, which results in a more robust increase in his-
tone acetylation compared to other HDAC inhibitors [15, 
70]. This extensive hyper-acetylation disrupts many cel-
lular processes in cancer cells, including gene expression, 
cell cycle progression, and survival pathways. Initially 
approved for multiple myeloma (MM) in 2015, panobi-
nostat has demonstrated significant potential in preclini-
cal studies for the treatment of ALL [71–73]. It has been 
shown to induce apoptosis and enhance the efficacy of 
other therapeutic agents like bortezomib through syner-
gistic mechanisms in leukemic cells [74]. Furthermore, 
panobinostat has been involved in clinical trials aimed at 
evaluating its effectiveness in overcoming drug resistance 
and preventing disease relapse in leukemia patients [75].

Chidamide
Chidamide, also known as CS055/HBI-8000, is a novel 
benzamide class HDACi that has shown promising 
activity in preclinical models and clinical trials for the 
treatment of leukemia [76, 77]. Chidamide selectively 
inhibits class I HDACs (HDAC1, 2, 3, and 10), leading 
to increased histone acetylation and modulation of gene 
expression [78, 79]. Chidamide has demonstrated anti-
leukemic activity in preclinical and clinical studies, par-
ticularly in patients with relapsed or refractory disease 
[80, 81]. Combination therapy strategies, administrating 
chidamide along with chemotherapy agents or targeted 
therapies, are being explored to enhance therapeutic effi-
cacy and overcome drug resistance.

Entinostat
Entinostat, (MS-275, SNDX-275), is a synthetic benza-
mide derivative that selectively inhibits class I HDAC 
[82]. Preclinical studies have demonstrated the abil-
ity of entinostat in the induction of cell cycle arrest and 
expression of pro-apoptotic proteins in leukemic cells 
[83]. Recent clinical trials evaluating entinostat as mono-
therapy or in combination with other agents have shown 
promising results in leukemia patients, including those 
with AML and chronic lymphocytic leukemia (CLL) [84, 
85]. Combining entinostat with hypomethylating agents 
such as azacitidine has been extensively studied as a 
potential treatment regimen for leukemia patients [85, 
86].

Mocetinostat
Mocetinostat (MGCD0103) is a highly selective inhibitor 
of class I and IV HDAC isoforms that has demonstrated 
preclinical activity against leukemia cells [87, 88]. Moce-
tinostat also establishes antileukemic effects through the 

induction of apoptosis, cell cycle arrest, and modulation 
of gene expression. Clinical studies of mocetinostat in the 
treatment of leukemia are still ongoing, and the results 
are indefinite to date.

Givinostat
Givinostat (ITF2357) is a hydroxamic acid derivative 
inhibiting class I and IIb HDAC isoforms [89]. Givinostat 
has demonstrated preclinical activity in leukemia models, 
including the induction of apoptosis and differentiation 
of leukemic cells [90, 91]. Clinical studies investigating 
givinostat in leukemia patients, particularly those with 
AML and myelodysplastic syndromes (MDS), are ongo-
ing, evaluating the patients’ hematologic responses and 
improvements in disease-related symptoms.

Other candidates
Several other candidates are being studied preclinically, 
including fimepinostat (CUDC-907), ivaltinostat (CG-
200745), and CUDC-101, which are chiefly studied for 
solid tumors, but also considered for relapsed/refractory 
hematologic malignancies [42, 92–94].

Repurposed agents
Due to the heterogenic spectrum of HDAC classes, 
the development of novel HDAC-targeting agents has 
been challenging, which has led to frequent endeavors 
to repurpose the currently available drugs [95, 96]. Tri-
chostatin A is an antibiotic antifungal agent with specific 
class I and II HDAC inhibitory properties, which has also 
demonstrated significant anti-leukemic effects in preclin-
ical studies [97–99]. Apicidin is another fungal metabo-
lite with HDAC inhibitory properties, which has been 
proven to induce pro-apoptotic activities in hematologi-
cal malignancies [100, 101].

In addition, some distant agents, such as valproic 
acid—which is primarily used as an antiepileptic medica-
tion—have also shown HDAC inhibitory activities [102, 
103], which, although might not be a primary choice of 
cancer treatment, have demonstrated strong evidence for 
positive antileukemic effects in combination with novel 
and conventional cancer therapies [104].

Combination therapies
Several studies have proposed therapeutic regimens of 
HDAC inhibitors combined with other treatment modal-
ities in order to overcome resistance, minimize off-target 
effects, and increase the clinical efficacy for the treat-
ment of leukemia subtypes [105]. As displayed in Fig. 1, 
these combination regimens can synergistically enhance 
antitumor effects and improve patient outcomes. Sev-
eral combination protocols are being studied, the main of 
which being:
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Combination with chemotherapeutic agents
Combining HDAC inhibitors with conventional cytotoxic 
chemotherapy agents is a rational approach to enhance 
tumor cell destruction and overcome chemotherapy 
resistance [106]. Preclinical studies have demonstrated 
synergistic interactions between HDAC inhibitors and 
agents, such as cytarabine, doxorubicin, and vincris-
tine in leukemia models, leading to activation of pro-
apoptosis pathway and cell cycle arrest in leukemic 
cells [107]. Clinical trials evaluating the combination of 
HDAC inhibitors with chemotherapy regimens in leu-
kemia patients have shown promising results, including 
improved response rates and survival outcomes, mostly 
with acceptable toxicity levels (Table 2).

Combination with immunotherapy
HDAC inhibitors can modulate the tumor microenviron-
ment, enhance antigen presentation, and promote anti-
tumor immune responses [108–110]. Previous studies 
suggested a significant synergistic effect for the coadmin-
istration of HDAC inhibitors and immunomodulating 
agents in solid tumors, with potentially high levels of 
toxicity [111]. However, the studies on hematological 
malignancies are still indefinite. Considering the rapidly 
evolving landscape of cancer immunotherapy, further 
studies are required to determine the effectiveness and 
safety of these combinations,  particularly in treatment 
regimens  involving immune checkpoint inhibitors and 
tumor microenvironment components, such as myeloid-
derived suppressor cells (MDSCs) and tumor-associated 
macrophages (TAMs) [112, 113].

Combination with targeted therapies
Combining HDAC inhibitors with tyrosine kinase inhibi-
tors (TKIs) targeting aberrant signaling pathways such 
as FLT3, BCR–ABL, or JAK–STAT has shown promise 
in preclinical models of leukemia, leading to enhanced 
apoptosis and inhibition of leukemic cell proliferation 
[114–116]. Gilteritinib, midostaurin, sorafenib, and 
quizartinib are among the most common FLT3-inhibit-
ing agents combined with HDAC inhibitors for leukemia 
treatment [117, 118].

Combination with radiation therapy
In general, radiation therapy is not the primary treat-
ment strategy for leukemia. However, combining HDAC 
inhibitors with radiation therapy has the potential to 
enhance the efficacy of palliative radiotherapy and over-
come tumor resistance mechanisms in the treatment of 
leukemia metastases. The rationale behind this combina-
tion lies in the ability of HDAC inhibitors to modulate 
chromatin structure, sensitize tumor cells to radiation-
induced DNA damage, and promote apoptotic cell death 
[119]. HDAC inhibitors alter the chromatin structure 
and DNA repair mechanisms, leading to increased sen-
sitivity of metastatic cells to ionizing radiation-induced 
DNA damage (radiosensitization), thereby enhancing 
the cytotoxic effects of radiation therapy [120]. In addi-
tion, HDAC inhibitors induce apoptosis through multi-
ple mechanisms, which synergize with radiation-induced 
apoptosis. Moreover, the anti-angiogenesis effects of 
HDAC inhibitors enhance the efficacy of radiation ther-
apy by reducing tumor blood supply and oxygenation 
to metastatic tumor cells [121]. However, the current 

Fig. 1  HDAC inhibitors exhibit antileukemic effects, either as monotherapy or in combination with other treatment modalities
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evidence regarding the clinical applicability of this com-
bination strategy is limited.

Combination with other epigenetic modifiers
Combining HDAC inhibitors with other epigenetic mod-
ifiers, such as DNA methyltransferase (DNMT) inhibi-
tors or bromodomain and extra-terminal (BET) protein 
inhibitors, could modulate multiple layers of epigenetic 
regulation and achieve synergistic antitumor effects 
[122–124].

DNMT inhibiting azacitidine and decitabine are among 
the common hypomethylating agents, recommended for 
leukemia combination therapy with HDAC inhibitors 
[125]. A recent preclinical study has demonstrated that 
combining decitabine and HDAC inhibition resulted in 
significant downregulation of both oncogenes and the 
epigenetic modifiers often overexpressed in leukemia 
[126]. Preclinical studies have also confirmed that com-
bining HDAC inhibitors with DNMT inhibiting agents 
or BET inhibitors could lead to an enhanced reprogram-
ming of gene expression, induction of differentiation, and 
inhibition of leukemic cell proliferation [127, 128]. Clini-
cal trials investigating the combination of HDAC inhibi-
tors with epigenetic modifiers in leukemia patients are 
still ongoing, aiming to assess safety, efficacy, and poten-
tial biomarkers of response.

Ongoing research
Several trials are currently ongoing to determine the 
effectiveness and safety of HDAC inhibitors in the treat-
ment of leukemia. Most of the ongoing studies focus on 
adding HDAC inhibitors as an arm of a combined proto-
col for treating leukemia [129, 130]. Table 3 summarizes 
the ongoing trials of HDAC inhibitors monotherapy and 
combination therapy for leukemia treatment.

Future directions
Future research endeavors regarding the potential of 
HDAC inhibitors in the treatment of leukemia should 
address the following issues:

•	 Combination therapies: The synergistic effects of 
HDAC inhibitors with available novel and conven-
tional cancer therapies, including other targeted 
agents, chemotherapy, and immunotherapy, in order 
to improve efficacy and minimize resistance.

•	 Biomarker identification: Identifying predictive bio-
markers for response to HDAC inhibitor therapy, in 
order to select leukemia patients who are most likely 
to benefit from HDAC inhibitor therapy and moni-
toring treatment response.

•	 Epigenetic profiling: Utilizing epigenetic profiling to 
stratify leukemia patients based on their epigenetic 

signatures and tailor treatment approaches accord-
ingly.

•	 Developing next-generation HDAC inhibitors: 
Designing selective HDAC inhibitors with improved 
potency, pharmacokinetics, and safety profiles to 
overcome limitations associated with current agents.

•	 Immunomodulatory effects: Exploring the immu-
nomodulatory effects of HDAC inhibitors, including 
their impact on the tumor microenvironment and 
immune checkpoint regulation, to enhance antileu-
kemic immune responses.

Conclusion
Histone deacetylase inhibitors represent a promising 
therapeutic strategy for different leukemia subtypes by 
targeting epigenetic dysregulation implicated in leuke-
mogenesis. While significant progress has been made 
in understanding their mechanisms of action and clini-
cal efficacy, challenges such as drug resistance and life-
limiting side effects still persist. Ongoing research efforts 
focused on combination therapies, biomarker identifica-
tion, and next-generation HDAC inhibitors hold promise 
for improving outcomes in patients with hematological 
malignancies.
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