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Hydroxamic acids (HA) and their metal complexes have attracted considerable
attention because of their diverse biological properties, particularly their cytotoxic
and potential anticancer activities. This narrative review summarizes the reported
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Ferroptosis. cytotoxic and antiproliferative effects of selected HAs, their derivatives, and
related metal complexes in cancer and non-cancer cell models. It considers
clinically used or clinically investigated hydroxamate-based histone deacetylase
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inhibitors, including vorinostat, belinostat, panobinostat, pracinostat, abexinostat,
dacinostat, quisinostat, and resminostat, as well as deferoxamine, an iron-
chelating siderophore containing hydroxamate groups. The reviewed studies
indicate that biological activity depends on chemical structure, concentration,
exposure conditions, and the experimental model. Reported mechanisms include
histone deacetylase inhibition, iron chelation, reactive oxygen species generation,
DNA damage, cell-cycle arrest, apoptosis, and, in selected contexts, ferroptosis.
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INTRODUCTION

Cytotoxicity refers to the ability of a chemical or biological agent to damage cells, inhibit their proliferation, or induce cell death.
Depending on the compound and the biological context, cytotoxic effects may involve different cellular processes, including
apoptosis, necrosis, and ferroptosis [1, 2]. Although cytotoxicity can be detrimental to normal tissues, the selective induction of cell
death in cancer cells represents an important objective in the development of anticancer agents. Consequently, identifying
compounds that combine potent antiproliferative activity with acceptable selectivity toward malignant cells remains a major
challenge in medicinal chemistry and cancer research [1, 3].

Hydroxamic acids (HA) are characterized by the functional group R—C(=O)-NHOH. Their ability to coordinate metal ions
contributes to their chemical and biological properties [2]. Certain hydroxamate derivatives inhibit histone deacetylases (HDAC),
enzymes involved in the regulation of gene expression, cellular differentiation, proliferation, and survival. HDAC inhibition can
alter the expression of genes associated with cell-cycle regulation and apoptosis and may thereby suppress cancer-cell growth [2,
4]. Not all compounds discussed in this review are themselves hydroxamic acids; related ligands are identified separately where
relevant.
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Several hydroxamate-based HDAC inhibitors have been investigated for cytotoxic and antiproliferative properties, including
vorinostat, belinostat, panobinostat, pracinostat, abexinostat, dacinostat, quisinostat, and resminostat [4—12]. Their effects have been
evaluated in different cancer models, including leukemia, neuroblastoma, hepatocellular carcinoma, colorectal cancer, thyroid
cancer, and medulloblastoma [5—12]. Deferoxamine is a distinct hydroxamate-containing iron chelator that has been studied in
cancer-related experiments [13]. Importantly, the study by Chan et al. [13] examined deferoxamine as an iron-chelating agent that
attenuated dihydroartemisinin-induced cytotoxicity in Molt-4 leukemia cells; it did not establish direct cytotoxicity of deferoxamine
as a standalone anticancer agent. Other reported effects of hydroxamate-based compounds include oxidative stress, DNA damage,
cell-cycle arrest, and programmed cell death, although the contribution of each mechanism varies by compound and experimental
model.

Coordination of hydroxamate ligands with metal ions provides another approach to modifying biological activity. Metal
complexation can influence molecular structure, stability, electronic properties, and interactions with biological targets [2, 3].
Selected copper, cobalt, iron, nickel, and zinc complexes have been investigated in cytotoxicity or related biological assays [1, 3,
14-16]. Complex formation may alter activity relative to the free ligand, but such changes are compound- and model-dependent.
Proposed mechanisms include interactions with DNA or proteins and the modulation of oxidative stress; these mechanisms should
be described as experimentally demonstrated only when supported by the relevant primary study [2, 3, 15].

Cytotoxic activity must be considered together with biological selectivity and safety. A compound that inhibits cancer-cell growth
may also affect non-malignant cells, potentially limiting its therapeutic value [1, 3]. For example, copper complexes examined by
Azeredo et al. [1] showed activity in several cancer-cell models, but some also affected peripheral blood mononuclear cells (PBMC).
Differences in cell type, exposure time, concentration, and assay method limit direct comparisons across studies. Accordingly, ICso
values obtained under different experimental conditions should not be interpreted as directly comparable measures of clinical
efficacy.

This review summarizes the reported cytotoxic properties of hydroxamic acids, hydroxamate derivatives, and selected metal
complexes. It considers effects on cancer cells and, where reported, non-malignant cells; quantitative endpoints such as ICso;
proposed mechanisms; and the influence of metal coordination. Related non-hydroxamate ligands are explicitly distinguished from
hydroxamic acids. The review also highlights limitations in the available evidence, including differences among experimental
models and the need to verify numerical results against the original studies.

LITERATURE SEARCH AND REVIEW METHODOLOGY

A narrative literature review was conducted to summarize published findings on HA, hydroxamate-based derivatives, and selected
metal complexes in cancer-related biological research. Relevant publications were selected on the basis of their relevance to
chemical identity, cytotoxicity or antiproliferative activity, experimental cell models, quantitative endpoints (including ICso and
percentage inhibition), and proposed mechanisms of action. Primary research articles were prioritized for extraction of experimental
results, while review articles were used to provide broader context. Reference lists of relevant publications were also examined to
identify additional studies. Because the studies differed in compounds, assays, exposure times, concentrations, and biological
models, their results were summarized descriptively and were not pooled quantitatively. This article is a narrative review and was
not designed as a systematic review or meta-analysis.

1. Cytotoxicity of HA

Cytotoxicity describes the ability of an agent to impair cell viability or proliferation. Depending on the compound and experimental
context, the observed response may involve apoptosis, necrosis, ferroptosis, or reversible/irreversible growth inhibition [1, 2]. This
section focuses on selected hydroxamate-based compounds and related agents investigated in preclinical or clinical cancer research.
Deferoxamine (1) is discussed separately as an iron-chelating hydroxamate-containing siderophore, whereas vorinostat, belinostat,
panobinostat, and other hydroxamate-based HDAC inhibitors are considered according to their individual development and approval
status. Vorinostat and belinostat, for example, have received regulatory approval for specific hematological malignancies; regulatory
status should not be generalized to all compounds in this group.

Table 1. Cytotoxic and antiproliferative effects of selected HA, derivatives, and related ligands (1-11).

C d . .
n(;)mpoun Compound / chemical class | Cell model and reported findings Reference
Human T-lymphoblastoid leukemia cells (Molt-4): 1
UG O (10, 20, and 30 uM) was used as an iron-chelating
1 W"#"M WJQ agent a.n(.i o significantly N attenuate.d [13]
o o o dihydroartemisinin-induced  cytotoxicity.  This
Deferoxamine experiment does not demonstrate direct cytotoxicity
of deferoxamine alone.
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C d . .
n(;)mpoun Compound / chemical class | Cell model and reported findings Reference
Ewing sarcoma cell lines A4573 and TC32: ICso =
200 ng/mL; reported effects included DNA damage,
”Mn”“ ROS production, oxidative stress, cell-cycle arrest,

2 oy ! and apoptosis. Hepatocellular carcinoma/hepatoma | [5-7]

Vorinostat cell lines SMMC-7721, BEL7402, and HepG2: ICso
= 0.47, 9.49, and 2.39 pM, respectively. HCT-116
colorectal cancer cells: ICso =2.14 uM.

©/Et§,s%©A\ivml Thyroid cancer cell lines: ICso values are summarized

3 ° ! separately in Table 2. Growth inhibition via
Belinostat apoptosis was reported.

Thyroid cancer cell lines: ICso values are summarized [8]

4 %N"V@\/Ag”m separately in Table 2. The source reports greater
Panobinostat cytotoxicity for.compound 4 than for compound 3 in

the tested thyroid cancer cell lines.
o ;NJ HCT-116 colorectal cancer cells: ICso = 0.48 M. No
uo\NJv\Q:N antiproliferative effect was observed in normal

5 ! N/>_\—\ human fibroblasts at concentrations up to 100 pM. In | [7, 9]

rat renal fibroblasts, no cell death was observed at
Pracinostat 500 nM in the reported study.
o
0. N/\/O
¢ [ n \@fﬁ\o" Human neuroblastoma cell lines SKNBE and SMS- [10]
N o KCNR: ICso = 83.5 nM and 196.4 nM, respectively.
Abexinostat
(o]
2 N/()H
H Medulloblastoma model: ICse < 200 nM in D283
7 Qj/\/N\/\OH cells. The source reports significant tumor-growth
e suppression in mice at 20 mg/kg, without weight loss.
Dacinostat
0 [11]
/j)LV/OH
N 1
. . P " Medulloblastoma model: ICso < 200 nM in D283

8 A §JQ cells. The source reports significant tumor-growth
C\])V suppression in mice at 20 mg/kg, without weight loss.
Quisinostat

0 Hepatocellular carcinoma cell lines HepG2, SMMC-
/\Q’? SN 7721, and Hep3B: cytotoxic and antiproliferative
9 - SO : pob: | ATPro. [12]
A effects were reported at concentrations ranging from
Resminostat 0.1t05 uM.
A T Murine erythroleukemia model: dose-dependent
r growth inhibition was reported at 4.8 and 24 uM,

10 (E)-3-(5-benzoyl-1-methyl- with increased hemoglobin acc.:u.mulation at 4.8 uM. | [17]
1 H-pyrrol-3-y1)-N- The source reports no cytotoxicity after 48 h at 1.2,
hydroxyacrylamide 2.4,4.8, and 24 uM.

on Colo-205, NCI-H460, U-937-derived cells, and

11 @g N\ \ healthy peripheral blood mononuclear cells (PBMC): | [1]

the related aminophenolic ligand HBPA (not a HA),
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Egmpound Compound / chemical class | Cell model and reported findings Reference
2-[(pyridin-2- as well as N-hydroxybenzamide (NHBA), was
ylmethyl)amino]phenol reported to be non-cytotoxic at concentrations up to
(HBPA; related | 100 pM.
aminophenolic/pyridyl
ligand, not a HA

Note. 1Cso, half-maximal inhibitory concentration; ROS, reactive oxygen species.

Table 2. ICso values (uM) of belinostat (3) and panobinostat (4) in thyroid cancer cell lines.

Thyroid cancer cell line Belinostat (3) Panobinostat (4) Reference
Cal62 0.47 0.033

Hth7 0.40 0.015

Hth83 0.72 0.034

C643 0.97 0.071

SW1736 0.38 0.035 [8]

T241 0.75 0.065

T351 1.10 0.050

BHP2-7 0.77 0.037

T238 6.80 1.50

The mechanisms associated with hydroxamate-containing compounds are diverse and should not be conflated. However, several
hypotheses have been put forward and experimentally verified. Iron chelation can restrict the availability of iron required for DNA
synthesis and cell proliferation, whereas iron-dependent radical formation can contribute to the cytotoxicity of compounds such as
dihydroartemisinin. In the study by Chan et al. [13], Compound 1 (Table 1) attenuated dihydroartemisinin-induced cytotoxicity in
Molt-4 cells, supporting an iron-dependent component of dihydroartemisinin action. This experiment does not demonstrate that
compound 1 itself was cytotoxic. More generally, iron depletion may affect proliferating cells, but selective toxicity toward cancer
cells must be demonstrated experimentally rather than inferred solely from iron requirements.

Iron-mediated free radical formation plays a crucial role in the cytotoxic mechanism (ferroptosis). The same applies to iron depletion
via a chelating agent (reduced cell division) [5]. The presence of iron is essential for DNA synthesis during mitosis in rapidly
dividing cancer cells. Cancer cells exhibit high expression of transferrin receptors, which enable them to absorb more iron than
normal cells. This high level of free iron in cancer cells makes a chelating agent selectively toxic to them [13].

2. Cytotoxicity of HA complexes

Studies of metal complexes containing hydroxamate or related ligands have been investigated for different biological endpoints.
Co(Il) and Cu(Il) benzohydroxamate complexes studied by Coelho et al. [18], were evaluated for antimycobacterial activity,
including activity against intramacrophage Mycobacterium tuberculosis. The authors reported that none of the tested compounds
showed a cytotoxic effect at 200 pg/mL. This concentration is a tested concentration at which cytotoxicity was not detected; it is
not an ICso value. The study is an antimicrobial investigation and should not be presented as evidence of anticancer activity. It is
distinct from the anticancer cytotoxicity results reported by Azeredo ef al. [1] for copper complexes 12—15 (Table 2). In that study,
complex 15 showed ICso values of 2027 pM across the tested cancer-cell models and an ICso of 18 pM in PBMC, indicating limited
selectivity under the reported conditions (Table 3) [1].
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Table 3. Cytotoxicity (ICso, nM) of HA-derived metal complexes 12—15 in cancer and normal-cell models.

I Refi
:;’mp “* | Chemical structure Colo-205 NCI-H460 U-937 PBMC | elerenc
12 C/\O >250 56 400 45
""'Cl
/
(0]
©\( N / “NH
13 g /C [ >100 38 42 82
%} 1]
OH
H
N
14 <jf R 35 32 31 36
AR o N
cr
B b | cnyon
- —
78\
=N, /o
15 o= 20 25 27 18
o0
L _| 4m0

Note. 1Cso, half-maximal inhibitory concentration; Colo-205: colon cancer cell line; NCI-H460: lung carcinoma cell line; U-937:
monocyte cell line derived from a lymphoma; and PBMC: normal peripheral blood mononuclear cells.

Table 4. Reported cytotoxic effects of HA-derived metal complexes 16-18.

1
::mp e Chemical structure Cell model and reported findings Reference
16 ©\?¢ \ /0 NH Human colorectal carcinoma cells (HCT-116; the source table [14]
BN~ \ é‘\@ spells this as “HTC116”): ICso = 60 pM.
Human breast cancer cells (MCF-7); MTT assay, 48 h;
17 C N N/©/ concentration range: 0-360 pM. Reported percentage
/@/N o~ 0%\© inhibition: 52.80% (the corresponding test concentration is not
specified in the source excerpt); ICso = 38.09 uM.
[15]
Human breast cancer cells (MCF-7); MTT assay, 48 h;
18 C O N/©/ concentration range: 0-360 pM. Reported percentage
/@/ ~o” 04[\@ inhibition: 83.97% (the corresponding test concentration is not
specified in the source excerpt); ICso = 89.52 uM.
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Table 5. Toxicity of iron(II) and zinc(I) complexes 19 and 20 in Artemia after 24 h.

1 Test E R ted
Complex Chemical structure s . .xp osure o .e Reference
no. concentration | time mortality
19 P (\ /O\N/
< ;v(; 10 pg/mL 24h 16.66%
- - [16]
20 g o8 10 pg/mL 24h 96.66%

Note. These values represent the reported mortality in Artemia after 24 h; they are not mammalian-cell ICso measurements.

For the Co(Il) and Cu(Il) benzohydroxamate complexes described by Coelho et al. [18], molecular docking suggested a possible
interaction with urease, an enzyme relevant to the intraphagosomal survival of Mycobacterium tuberculosis. This is a
computationally proposed interaction, not direct experimental proof of urease inhibition or an established anticancer mechanism.
Separately, Azeredo et al. [1] reported findings consistent with ferroptosis-related cell death for complex 15; these observations
should be interpreted within the specific experimental conditions and cell models used in that study.

CONCLUSION

This review summarizes evidence on the cytotoxic and antiproliferative properties of HA, hydroxamate derivatives, and selected
metal complexes. Several hydroxamate-based HDAC inhibitors have shown activity in different cancer-cell models. Reported
mechanisms include HDAC inhibition, iron chelation, reactive oxygen species generation, DNA damage, cell-cycle arrest,
apoptosis, and ferroptosis. The findings also demonstrate why cytotoxic potency must be interpreted alongside effects on non-
malignant cells. Deferoxamine requires a distinct interpretation: in the cited Molt-4 study, it was used to attenuate
dihydroartemisinin-induced cytotoxicity rather than demonstrated as a directly cytotoxic agent [13]. In addition, the
benzohydroxamate complexes studied against intramacrophage Mycobacterium tuberculosis [18] provide antimicrobial, not
anticancer, evidence.

Future studies should clarify the mechanisms underlying the biological effects of these compounds, establish structure—activity
relationships, and compare cancerous and non-cancerous cells under standardized conditions. Particular attention should be given
to the influence of metal identity, ligand structure, stability, and cellular uptake on biological activity. Quantitative results should
be reported with the corresponding concentration, exposure time, assay, cell model, and uncertainty where available. Further
preclinical investigations are needed before the compounds discussed here can be considered therapeutically useful. Overall,
hydroxamic acids and related metal complexes remain valuable research scaffolds, but their selectivity, safety, and therapeutic
relevance require further validation.
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