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ABSTRACT

	Hydroxamic acids are among the most widely used metal-chelating pharmacophores in medicinal chemistry, with diverse applications ranging from oncology and infectious diseases to inflammation and parasitic infections. Their strong affinity toward Zn2+, Fe3+, Mn2+, and Mg2+ underlies their utility in modulating metalloenzymes, including HDACs, MMPs, ADAMs, LpxC, and DXR. This review summarizes approximately two decades of research progress, covering more than 350 small molecules and key natural or synthetic derivatives. The mechanistic basis of metal chelation is discussed alongside structure-activity relationships, challenges in isoform selectivity, and contemporary drug design strategies. Methodologically, the review applies systematic literature selection using PubMed, Scopus, Web of Science, and SciFinder, retrieving studies published between January 2000 and December 2024. Critical inclusion criteria encompassed experimental or computational analysis of hydroxamate-containing scaffolds, reported biological activity, and relevance to medicinal chemistry. Gaps identified in current research include limited isoform-specific targeting, insufficient quantitative comparisons across inhibitor classes, inadequate pharmacokinetic profiling, and persistent concerns about the mutagenicity of the hydroxamate moiety. Recent methodological advancements, such as microwave-assisted synthesis, continuous-flow chemistry, and biocatalytic enzyme engineering, have significantly improved access to structurally diverse hydroxamic acids. The review also highlights clinical successes and failures, as well as the need for next generation bioisosteres with improved safety and stability. Overall, hydroxamic acids remain indispensable tools in drug discovery, but overcoming their pharmacokinetic and toxicological limitations will be essential for broader therapeutic impact.



Keywords: Hydroxamic acids, Metal chelation, HDAC inhibitors, Metalloenzymes


1. INTRODUCTION

Hydroxamic acids (HAs), chemically defined as N-hydroxy amides, represent a structurally diverse and biologically significant class of compounds with extensive applications across medicinal and industrial chemistry (Ugwu et al., 2014). Unlike the stability commonly associated with simple amides, the HA functional group exhibits pronounced biological and pharmacological properties (Cheng et al., 2023). Hydroxamic acids occur as structural units in numerous biologically active natural products and serve as valuable synthetic intermediates in the development of a wide range of pharmaceuticals (Syed et al., 2020). In addition to their medicinal relevance, HA derivatives have been applied industrially, particularly as corrosion inhibitors and as agents for the extraction of toxic metals (Haider et al., 2017; Verma et al., 2021).
A key feature that underpins the broad utility of hydroxamic acids is their strong metal-chelating capacity. Owing to their ability to function as efficient bidentate ligands, HAs form remarkably stable complexes with biologically essential metal ions such as Fe3+ and Zn2+, which make them particularly attractive as zinc-binding groups in drug design (Alterio et al., 2012). Because of this chelating capability, hydroxamate-containing molecules have been widely developed as metalloenzyme inhibitors targeting histone deacetylases (HDACs), matrix metalloproteinases (MMPs), A Disintegrin and Metalloproteinase (ADAMs), human carbonic anhydrase II (hCAII), Uridine diphosphate-3-O-Acyl-N-acetylglucosamine deacetylase (LpxC), and 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR) (Citarella et al., 2021). Their therapeutic impact is well established; for instance, the HA derivative Deferoxamine was approved for the treatment of iron overload because of its strong affinity for Fe3+ (Mann et al., 1989). Likewise, hydroxamate-based inhibitors such as Marimastat have been intensively investigated for oncology and inflammatory diseases due to their potent inhibition of metalloproteases. Furthermore, HAs continue to play a significant role in antibacterial drug discovery by inhibiting bacterial metalloenzymes, such as LpxC, which is essential for lipid A biosynthesis in Gram-negative bacteria (Citarella et al., 2021).
At present, the most prominent clinical application of hydroxamic acids is epigenetic modulation, specifically the inhibition of histone deacetylases. HDACs are essential enzymes involved in gene expression and cell cycle regulation and are frequently overexpressed in various cancers (Dushanan et al., 2021). Hydroxamic acids exert their inhibitory effect by coordinating the catalytic Zn2+ ion within the HDAC active site, which leads to suppression of deacetylase activity and subsequent accumulation of hyperacetylated histone and non-histone proteins (Dushanan et al., 2022b). These molecular events result in cell cycle arrest, differentiation, and apoptosis, and they form the mechanistic basis for several clinically approved HDAC inhibitors such as suberoylanilide hydroxamic acid (Vorinostat or SAHA) (Fig. 1(a)), Belinostat (Fig. 1(b)), and Panobinostat (Fig. 1(c)) (Dushanan et al., 2022a). Continued interest in this scaffold has led to the development of next-generation agents such as Pracinostat and Givinostat, which are undergoing clinical evaluation for conditions including myelodysplastic syndromes and acute myeloid leukemia (Dushanan et al., 2022c).
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Fig. 1. Chemical structures of clinically approved hydroxamic acid-based HDAC inhibitors (a) Vorinostat, (b) Belinostat, and (c) Panobinostat.

Although hydroxamic acids exhibit broad therapeutic versatility, several challenges still limit their widespread clinical exploitation (Viana et al., 2024). These include insufficient isoform selectivity, poor pharmacokinetics, pronounced glucuronidation-mediated metabolic vulnerability, and occasional concerns regarding mutagenicity (Li et al., 2024). Additionally, much of the earlier literature before 2010 focused mainly on crude extracts or unoptimized derivatives, limiting mechanistic interpretation and hindering rational optimization (Sonowal et al., 2024). In contrast, modern research has increasingly emphasized rational molecular design, structure-activity relationship analysis, and the development of safer and more selective metal-binding bioisosteres (Shirbhate et al., 2025). The shift in focus has substantially advanced understanding of hydroxamate chemistry and improved the potential for safer, more effective therapeutic development.
This review therefore integrates progress made between 2000 and 2024 and highlights emerging opportunities, methodological advancements, and unresolved challenges associated with hydroxamic acids as privileged scaffolds for metalloenzyme inhibition and contemporary drug design.


2.	METHODOLOGY
To ensure a rigorous and transparent review process, a structured and systematic methodology was adopted for both literature collection and evaluation. The search for relevant studies was conducted across several major scientific databases, including PubMed, Scopus, Web of Science, ScienceDirect, and Google Scholar, with particular emphasis on the latter for information on hydroxamic acid–based investigational drugs. These databases were selected to ensure comprehensive coverage of both foundational research and recent developments in the field.
The search strategy was developed using Boolean combinations of key terms relevant to hydroxamic acids and their biological applications. Keywords included “hydroxamic acids,” “hydroxamate synthesis,” “HDAC inhibitors,” “metalloenzyme inhibitors,” “MMP inhibitors,” “LpxC inhibitors,” “metal chelation,” “zinc-binding groups,” and “bioisosteres.” Additional terms such as “microwave-assisted hydroxamic synthesis,” “flow chemistry hydroxamic,” “ADAM inhibitors,” and “DXR inhibitors” were incorporated to capture advances in synthetic methodologies and emerging therapeutic targets.
The literature search covered studies published from 1990 to 2024, with particular emphasis on recent advancements reported between 2015 and 2024. Publications were included if they presented peer-reviewed scientific data or authoritative reviews focusing on synthesis, mechanistic understanding, biological evaluation, structure-activity relationships, or pharmacokinetic properties of hydroxamic acid derivatives. Clinical and preclinical studies, as well as reports describing metal-binding and chelation properties, were also considered relevant and incorporated.
Studies were excluded if they lacked primary scientific data, did not relate to synthetic or medicinal chemistry, or were published in languages other than English. Following the screening process, 340 publications were identified, of which 182 met all inclusion criteria and were ultimately included in this review.
Specific enzyme families, such as HDACs, MMPs, ADAMs, LpxC, hCAII, and DXR, were prioritized in this review based on the availability of high-quality structural data, including X-ray crystallography, NMR spectroscopy, and cryo-EM. Additionally, they are clinically validated or clinically tested hydroxamic acid inhibitors, well-established structure-activity relationships, and strong pharmacological relevance in therapeutic areas such as oncology, infectious diseases, and inflammation (Raucci et al., 2025).


2.	Physicochemical Properties and Metal Chelation

2.1.	Tautomerism, Conformation, and Acidity
Hydroxamic acids exhibit unique structural features due to the equilibrium between their keto (1a) and iminol (1b) tautomers. The keto form is typically more stable in acidic media, while the iminol form predominates under basic conditions (Kakkar, 2013). HAs commonly adopt a trans conformation in solution but readily convert to the cis form upon metal ion coordination.
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Fig. 2. Tautomeric forms of the Hydroxamic acids; (a) Keto form (1a) and (b) Iminol form (1b)

The tautomeric balance significantly influences metal-binding affinity and thereby impacts biological activity (Kosmachevskaya et al., 2024). For example, the increased population of the iminol tautomer facilitates stronger coordination with heavy-metal centers such as Fe3+ and Zn2+, thereby directly affecting inhibitor potency against metalloenzymes (Rahman et al., 2021).
The acidity of HAs is another defining characteristic. Their first pKa (8.5-9.5) corresponds to the deprotonation of the hydroxyl group, forming the monohydroxamate anion. A second deprotonation occurs under strongly basic conditions (Fazary, 2005). In drug design, pKa modulation is crucial because the degree of ionization affects membrane permeability, chelation efficiency, and susceptibility to metabolic inactivation (Citarella et al., 2021).

2.2.	Metal Coordination and Inhibition Mechanisms
The most defining physicochemical feature and core driver of HA's biological utility is its ability to coordinate metal ions efficiently. HAs function as potent bidentate chelators, binding to key metal centers in metalloenzymes, thereby acting as enzyme inhibitors.

2.2.1.	Fe3+ and Other Metal Chelation
Hydroxamic acids exhibit an exceptionally strong affinity for ferric ions, a property that has been successfully exploited in clinical applications, such as deferoxamine therapy for iron overload (Kontoghiorghes, 2024; Mann et al., 1989). Thermodynamic studies show that Fe3+ and hydroxamate complexes possess very high stability constants, with log K values typically ranging from 20 to 30, which explains the potent inhibitory activity of hydroxamic acid derivatives against Fe3+ dependent enzymes, including 5-lipoxygenase (Chen et al., 2019). Notably, hydroxamic acid-based inhibitors targeting such enzymes often exhibit reverse connectivity relative to classical histone deacetylase or matrix metalloproteinase inhibitors, reflecting distinct metal-coordination requirements (Li et al., 2024).
Beyond Fe3+, hydroxamic acids can coordinate a variety of biologically relevant metal ions, including Ni2+, Cu2+, Mg2+, and Mn2+. This metal-binding versatility has been leveraged to inhibit diverse enzyme classes, such as ureases and 1-deoxy-D-xylulose 5-phosphate reductoisomerase, further highlighting hydroxamic acids as privileged scaffolds for the design of metalloenzyme inhibitors (Griffith et al., 2011).

2.2.2.	Zn2+ Chelation in Metalloenzymes
HAs are extensively employed as ZBGs because they readily chelate Zn2+. While Zn2+ has a lower affinity for HAs than Fe3+, the binding of inhibitors, such as SAHA, often involves bis-hydroxamate complexes with Zn2+, both in solid-state structures and in solution.
In metalloenzyme inhibition, the binding mode dictates specificity.
Bidentate Coordination: When targeting zinc-dependent enzymes such as HDACs, ADAMs, MMPs, and LpxC, the HA moiety typically coordinates the catalytic Zn2+ ion via a bidentate mechanism. This bidentate binding mode is commonly observed in HDAC inhibitors, such as trichostatin (TSN) (Pires et al., 2025).
Monodentate Coordination: Although less common, alternative binding modes exist. Monodentate coordination to the catalytic Zn2+ ion has been observed, such as in the binding of acetohydroxamic acid to hCAII. This interaction typically occurs via the hydroxyl group of the hydroxamic acid, which is deprotonated, with the nitrogen atom of the HA interacting with Zn2+. Furthermore, molecular docking studies of a series of naphthyl-containing hydroxamic acid derivatives targeting HDAC8 indicated that, for most compounds, coordination with Zn2+ could occur in a monodentate manner via the hydroxyl group of the hydroxamic moiety. Exceptions were observed for specific compounds, such as YSL-106, in which the hydroxamic acid portion did not coordinate with Zn2+ (Sixto-López et al., 2022).

Table 1. Comparative Metal-Binding Affinities and Biological Implications of Hydroxamic Acids
	Metal Ion
	Typical Coordination Mode
	Relative Binding Strength (log K)
	Biological Targets Involved
	Implications for Drug Design

	Fe3+
	Tris-hydroxamate, octahedral
	20–30
	5-LO, siderophore pathways
	Very strong binding; risk of off-target iron chelation; enhances antioxidant properties

	Zn2+
	Bidentate (common), monodentate (rare)
	5–10
	HDACs, MMPs, ADAMs, LpxC, hCAII
	Optimal balance between potency and selectivity; widely exploited ZBG

	Mn2+
	Bidentate
	3–6
	DXR, isoprenoid synthesis enzymes
	Moderate affinity; useful for designing selective bacterial inhibitors

	Mg2+
	Bidentate
	2–4
	DXR, nucleotide-processing enzymes
	Weakest relevant binding; plays a secondary role in HA interactions

	Cu2+
	Bidentate or distorted tetrahedral
	8–12
	Urease, oxidoreductases
	Strong but less therapeutically exploited; may cause ROS-related issues

	Ni2+
	Bidentate
	6–9
	Urease
	Important for urease inhibitor design



This versatility in coordination geometry and affinity towards different metal ions allows the HA function to be chemically tailored to target a broad range of metalloenzyme families, from those involved in epigenetics to those crucial for bacterial survival.


3.	Synthetic Approaches to Hydroxamic Acids

3.1.	Hydroxylamine-Based Methods
The classical and most extensive chemical method involves nucleophilic acyl substitution, in which hydroxylamine (NH2OH) reacts with an activated carbonyl compound. As free hydroxylamine is unstable and often handled as its salts, such as hydroxylamine hydrochloride (NH2OH.HCl), the choice of the starting carboxylic acid derivative dictates the subsequent activation and reaction conditions (Cal et al., 2013).

3.1.1.	Carboxylic Acids using Protected Hydroxylamines
Free carboxylic acids exhibit low reactivity toward hydroxylamines and typically require preactivation or the use of protected hydroxylamine reagents. Common protected donors employed to introduce the hydroxamate moiety include O-(Tetrahydro-2H-pyran-2-yl)hydroxylamine (THPONH2, Fig. 3(a)) and O-Tritylhydroxylamine (TrONH2, Fig. 3(b)).


	
(a)	(b)
Fig. 3. Structures of common protected hydroxylamine reagents: (a) THPONH2 and (b) TrONH2

For example, THPONH2 is often coupled with a carboxylic acid derivative using reagents such as N,N-dicyclohexylcarbodiimide (DCC) or EDC/NMM/HOBt. The O-THP protecting group is then removed under acidic conditions using p-toluenesulfonic acid monohydrate (p-TsOH·H2O), yielding the desired hydroxamic acid product (Hugenberg et al., 2013). 

	

	THPONH2, DCC, CH2Cl2
	

	p-TsOH·H2O, MeOH
	


	
	
	
	
	

	
	0 oC to RT, 57%
	
	RT, 70%
	


Scheme 1. Synthesis of hydroxamic acids using THPONH2 as the protected hydroxylamine donor

The direct coupling of carboxylic acids, such as alpha-amino acids, with unprotected NH2OH.HCl requires potent coupling agents, such as cyanuric chloride (CC), to achieve HA products in high yields (80 to 97%) (Giacomelli et al., 2003).
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Scheme 2. Synthesis of hydroxamic acids via the reaction of hydroxylamine with activated carboxylic acids

Ethyl chloroformate (ClCOOEt) is also used as an activating agent in a one-pot reaction to convert carboxylic acids under mild conditions, proceeding via an ethoxycarbonyl anhydride intermediate.
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Scheme 3. Synthesis of hydroxamic acids through the reaction of hydroxylamine with activated carboxylic acids using activating agents

Furthermore, coupling agents such as EDC/HOBt are employed in the reaction of hydroxylamine with carboxylic acids to yield HAs in moderate yields (Bouchain et al., 2003).

	

	NH2OH.HCl, EDC, HOBt, Et3N, DMF
	


	
	
	

	
	10 hours, 35%
	


Scheme 4. Synthesis of hydroxamic acids through the reaction of hydroxylamine with activated carboxylic acids using coupling agents

3.1.2.	Acyl Chlorides
Acyl chlorides (RCOCl) are considered to be highly reactive precursors for HA synthesis. They are readily converted to HAs via substitution with hydroxylamine, typically performed in the presence of a base (such as sodium bicarbonate) to trap the byproduct HCl. This method was exemplified by the preparation of substituted HAs, such as N-phenylbenzohydroxamic acid (PBHA), achieved by reacting benzoyl chloride with hydroxylamine in a mixture of benzene and distilled water (Deprez-Poulain et al., 2012).

3.1.3.	Esters
Ester derivatives (RCOOR') are versatile starting materials for the synthesis of HA. The most common approach involves the direct reaction of the ester with a hydroxylamine solution, which is generally prepared in situ by mixing hydroxylamine hydrochloride (NH2OH.HCl) with excess sodium methoxide (MeONa) or potassium hydroxide (KOH) in an alcoholic solvent. This reaction often requires a significant excess (~10 equivalents) of hydroxylamine because free hydroxylamine is highly volatile. Notably, the addition of a catalytic amount of potassium cyanide (KCN) significantly enhanced the formation of HAs from esters, which was hypothesized to proceed via an acylcyanide intermediate. Moreover, advancements in synthetic methodology include the use of continuous flow-tubing reactors for the reaction between methyl or ethyl carboxylic esters and NH2OH.HCl/MeONa, resulting in faster reaction rates and higher purity, a technique successfully used to synthesize SAHA (Butler et al., 2010; Marson et al., 2005).

3.1.4.	Amides
HAs can also be generated from amides (RCONH2) by reacting with an excess alkaline aqueous hydroxylamine solution. This procedure offers a distinct advantage over ester-based methods because the inherent stability of the amide bond toward hydrolysis minimizes the formation of hydrolysis-related side products (Cho et al., 2013).

3.1.5.	Aldehydes
Aldehydes (RCHO) can be converted to HAs using specialized methods, including oxidative transformations and solid-phase techniques. An example of an oxidative transformation is the amidation of aldehydes via N-hydroxysuccinimide (NHS) ester formation, catalyzed by Cu(OAc)2.H2O, using t-butyl hydrogen peroxide as the oxidant (Pilo et al., 2013). Furthermore, the classic Angeli-Rimini reaction has been adapted for the synthesis of HAs from aldehydes using a solid-supported N-hydroxybenzenesulfonamide reagent (Dettori et al., 2014). Recently, a photoorganocatalytic one-pot synthesis utilizing visible light has been reported, involving an alde4.2hyde precursor, dialkylazodicarboxylate, and hydroxylamine hydrochloride (Hong, 2020).
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Scheme 5. Angeli-Rimini reaction for the synthesis of hydroxamic acids from aldehydes using solid-supported N-hydroxybenzenesulfonamide

3.2.	Biocatalytic Synthesis
Biocatalytic methods provide a cleaner, environmentally friendly alternative for HA preparation, typically using amides as starting materials.

3.2.1.	Bacterial Amidases
Amides can be biocatalytically converted to HAs using bacterial amidases, such as those derived from P. aeruginosa. This method operates at neutral pH and involves amidase hydrolysis of the amide bond, with the resulting carboxylic acid reacting with hydroxylamine to efficiently form the HA product. This approach has been reported to be enantioselective, favoring the conversion of only one enantiomer in a racemic amide mixture (Ganeshpurkar et al., 2018).

	

	NH2OH
	

	+
	


	
	
	
	
	

	
	Bacterial Amidase
	
	
	


Scheme 6. Biocatalytic synthesis of hydroxamic acids from amides using bacterial amidases

3.2.2.	Acyltransferase Activity
The acyltransferase activity inherent in certain bacterial strains, specifically Bacillus smithii strain IITR6b2, offers an alternative method. This enzymatic process converts amides, such as nicotinamide, into the corresponding HA, nicotinic acid hydroxamate, with a high conversion efficiency at a neutral pH (Agarwal et al., 2013).
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3.3.	Flow Chemistry Approaches
Flow chemistry enhances safety and scalability when handling hydroxylamine. Continuous tubular reactors enable rapid synthesis, in situ generation of reactive intermediates, and improved impurity control. Several industrial HDAC and LpxC inhibitor intermediates are now produced using flow-based systems (Di Filippo & Baumann, 2021).

3.4.	Microwave-Assisted Synthesis
Microwave heating accelerates hydroxamate formation and increases yields, especially for sterically hindered substrates. Eco-friendly solvents such as ethanol and glycerol mixtures support greener synthesis (Islam M. Abdellah et al., 2024).

3.5.	Enzyme Engineering Strategies
Engineered amidases, ligases, and oxidoreductases enable selective, mild synthetic routes. Their regioselectivity and environmental compatibility make them particularly attractive for pharmaceutical synthesis (Vikhrankar et al., 2024).

Table 2. Summary of Major Synthetic Routes to Hydroxamic Acids
	Route
	Starting Material
	Key Reagents / Conditions
	Advantages
	Limitations

	Direct Hydroxylamination
	Acids/esters
	NH2OH·HCl, base
	Simple, widely used
	Low yields with inactivated acids

	Protected Hydroxylamines
	Carboxylic acids
	DCC, EDC/HOBt
	High selectivity, stable intermediates
	Extra deprotection step

	Acyl Chloride Method
	RCOCl
	NH2OH, NaHCO3
	High reactivity, fast
	Moisture-sensitive reagents

	Bacterial Amidases
	Amides
	Bacterial amidases
	Green, selective
	Limited substrate scope

	Acyl Transferase Route
	Amides
	Bacillus enzymes
	High conversion
	Requires enzyme preparation

	Flow Chemistry
	Esters / chlorides
	Controlled microreactors
	Scalable; safe hydroxylamine use
	Requires specialized apparatus

	Microwave-Assisted Coupling
	Esters / acids
	NH2OH, microwave
	Minutes instead of hours; high yield
	Equipment cost

	Photocatalytic Methods
	Aldehydes
	Visible-light catalysts
	High selectivity; mild
	Limited industrial adoption





4.	Medicinal Chemistry Applications
HA derivatives constitute a scaffold of profound significance in medicinal chemistry, primarily because of the unique capacity of the HA moiety to chelate biologically essential metal ions. This strong metal-binding group facilitates therapeutic intervention by inhibiting the activity of numerous metalloenzymes implicated in disease pathology. The ability of HAs to coordinate metals such as Zn2+, Fe3+, Mg2+, and Mn2+ has resulted in the development of diverse inhibitors across several therapeutic areas (Mazur et al., 2024).

4.1.	Targeting Metalloenzymes and Epigenetic Regulators
The cornerstone of HA medicinal chemistry is the development of inhibitors targeting Zn2+-dependent metalloenzymes, particularly those involved in epigenetic regulation and tissue remodeling.

4.1.1.	Histone Deacetylases (HDACs)
The most extensive application of HA derivatives is the inhibition of HDACs, a family of enzymes crucial for regulating the cell cycle and transcription. HDAC isoforms are frequently upregulated in various cancers, making them primary therapeutic targets. HA-based inhibitors function by coordinating the catalytic Zn2+ ion located deep within the enzyme's binding site (Dushanan et al., 2022a). This interaction often occurs via a bidentate mechanism, although monodentate coordination has also been observed. Notably, SAHA forms stable bis-hydroxamate complexes with Zn2+ and even more stable tris-hydroxamate complexes with Fe3+ in water. The success of this approach is evidenced by the approval of three HA-based HDAC inhibitors, such as SAHA, Belinostat, and Panobinostat, for the treatment of T-cell lymphoma or multiple myeloma (Dushanan et al., 2022c). HA derivatives continue to be explored for the selective inhibition of specific isoforms, such as HDAC1, HDAC6, and HDAC8, in various oncological and neurological diseases (Sixto-López et al., 2020).

4.1.2.	Matrix Metalloproteinases (MMPs) and A Disintegrin and Metalloproteinase (ADAMs)
Hydroxamic acid derivatives have been widely explored as inhibitors of matrix metalloproteinases, zinc and calcium-dependent endopeptidases implicated in cancer, inflammatory disorders, and neurodegenerative diseases (Whittaker et al., 1999). These compounds inhibit MMP activity through bidentate coordination of the catalytic Zn²⁺ ion, a strategy exemplified by Marimastat and Batimastat, which progressed to late-stage clinical trials (Chen et al., 2019). However, their clinical failure due to musculoskeletal toxicity, poor isoform selectivity, and unfavorable pharmacokinetics highlighted fundamental limitations of broad-spectrum zinc chelation (Chen et al., 2019).
Similar challenges have been observed for hydroxamic acid-based inhibitors of zinc-containing ADAM proteases. Despite potent enzyme inhibition through Zn²⁺ chelation, compounds such as INCB3619 and GI254023X suffered from off-target effects, particularly against ADAM17, and limited oral bioavailability. These setbacks underscore the need for more selective scaffolds and refined metal-binding pharmacophores to overcome the intrinsic liabilities of classical hydroxamate-based metalloprotease inhibition.

4.2.	Applications in Inflammation and Infectious Diseases
The metal-chelating capability of the HA moiety extends its utility to non-cancer targets, including anti-inflammatory and antimicrobial applications (Farsa et al., 2025).

4.2.1.	Anti-inflammatory and Other Enzyme Targets
HAs inhibit 5-Lipoxygenase (5-LO), an enzyme that requires Fe3+ for catalysis and mediates inflammatory immune responses. The HA moiety coordinates the Fe3+ ion, leading to anti-inflammatory effects (Chen et al., 2019). Zileuton, an HA inhibitor, has been approved for the treatment of chronic asthma (Morina et al., 2016). Furthermore, HA derivatives have been developed as inhibitors of autotaxin (ATX), an ectonucleotide pyrophosphatase/ phosphodiesterase, with implications for chronic inflammatory conditions such as pulmonary fibrosis and arthritis, as well as for cancer. The development of isoform-selective inhibitors for hCAII, a family of Zn metalloenzymes, is also being pursued to treat glaucoma and cancer (Nikolaou et al., 2018).

4.2.2.	Antimicrobial and Antiparasitic Agents
HA derivatives are promising agents against infectious diseases because of their ability to inhibit crucial bacterial metalloenzymes.

Bacterial Deacetylases: HAs been extensively studied as inhibitors of LpxC, a Zn-dependent deacetylase essential for lipid A biosynthesis in gram-negative bacteria. LpxC inhibitors (e.g., ACHN-975) bind to catalytic Zn through bidentate coordination (Chen et al., 2019).

Isoprenoid Synthesis: HAs target DXR, an enzyme essential for isoprenoid synthesis in various pathogenic bacteria and Plasmodium falciparum. DXR requires Mg2+ or Mn2+ ions, and inhibitors such as fosmidomycin coordinate the cation bidentately (Ho et al., 2005).

Antimalarial Activity: The inhibition of PfHDAC enzymes in Plasmodium falciparum by HA derivatives is a viable antimalarial strategy. For instance, 2-chlorotrityl chloride resin (CTC, Fig. 4), derived from the clinical HDAC inhibitor quisinostat, demonstrated significant in vivo antimalarial activity by upregulating histone acetylation in Plasmodium (Kurniaty et al., 2023).



Fig. 4. Structure of 2-chlorotrityl chloride resin

Iron Chelation: Beyond enzymatic inhibition, the HA moiety can disrupt siderophore-mediated bacterial iron uptake, induce iron starvation, and suppress bacterial proliferation. This metal-chelating property is also utilized medically to treat systemic metal overload, as seen with deferoxamine for iron overdose (Khairnar & Goyal, 2024).

5.	Safety Considerations
The development of hydroxamic acid derivatives is constrained by safety concerns, particularly mutagenicity and metabolic instability. Genotoxicity is primarily associated with the Lossen rearrangement, which generates reactive isocyanate intermediates that can covalently modify biomolecules. This process may occur following O-acetylation by acetyl-CoA or via zinc-mediated dehydration pathways (Konnert et al., 2017; Thomas et al., 2019).
Importantly, mutagenic risk is highly structure dependent. Recent studies demonstrate that steric protection of the N-O bond, alpha substitution, and electronic modulation of the acyl group can substantially reduce isocyanate formation. The favorable safety profile of the approved HDAC inhibitor SAHA, which exhibits minimal mutagenicity, highlights the effectiveness of rational scaffold optimization (Shen & Kozikowski, 2016).
In addition to genotoxicity, hydroxamic acids are prone to rapid hydrolysis to hydroxylamine and extensive glucuronidation, resulting in a short half-life and limited oral bioavailability. Nevertheless, selected derivatives, including matrine-based hydroxamates (Fig. 5), have demonstrated non-mutagenic behavior in predictive assays, indicating that these liabilities can be mitigated through careful design (Yan et al., 2025). Computational tools, such as in silico toxicity prediction and QM/MM modeling, are increasingly employed to anticipate and address safety risks at early stages of drug discovery.


	
Fig. 5. Matrine-based hydroxamic acid derivatives


6.	Bioisosteres for Hydroxamic Acid
To overcome potential mutagenicity and stability issues associated with the hydroxamate function, considerable effort has focused on identifying suitable alternatives, known as zinc-binding group bioisosteres. These bioisosteres are designed to retain the essential metal-chelation property, particularly Zn2+ binding in enzymes such as HDACs, while improving safety and metabolic stability. The most investigated HA bioisosteres include carboxylic acids, thiols, o-aminoanilides, 2-mercaptoacetamides, oxadiazoles, and trifluoromethyloxadiazoles. Substitution with these alternative ZBGs provides a strategy to modulate mutagenicity and is considered crucial for the continued development and success of hydroxamic acid–derived drugs in medicinal chemistry (Citarella et al., 2021).


7.	Conclusions and Future Outlook
Hydroxamic acid (HA) derivatives remain among the most valuable moieties in medicinal chemistry due to their unique ability to chelate metal ions, such as Fe3+ and Zn2+. This strong metal-binding property underlies their mechanism of action against a broad range of metalloenzymes, supporting diverse pharmacological applications in oncology (as HDAC inhibitors), infectious diseases (including antimalarial, antibacterial, and antifungal agents), and inflammation.
Advances in synthetic methodologies have expanded the chemist’s toolkit for constructing complex HA scaffolds, from traditional coupling reactions and microwave-assisted protocols to more modern approaches such as biocatalytic transformations. These versatile techniques enable precise functionalization and structural diversity, facilitating the rational design of potent, selective HA-based compounds.
Future research should prioritize the rational optimization of HA derivatives using advanced computational and experimental techniques, including QSAR modeling, molecular docking, and structure-guided design. Key goals include enhancing selectivity toward specific metalloenzyme isoforms such as HDAC6, while mitigating potential drawbacks, such as mutagenicity, through scaffold refinement or the adoption of HA bioisosteres. Additionally, the development of hybrid molecules that incorporate HA scaffolds alongside complementary pharmacophores represents a promising strategy for generating multifunctional therapeutics capable of addressing complex, multifactorial diseases.
Collectively, these emerging directions underscore the continued relevance of hydroxamic acid derivatives and highlight their strong potential to drive the next generation of metalloenzyme-targeted drug discovery and clinical innovation.
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