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Utilizing metal complexes to inhibit histone deacetylases (HDACs) and carbonic anhydrases (CAs) highlights their therapeutic
potential, particularly in anticancer strategies. The metal complexes, with their unique three-dimensional structures, fit ade-
quately into the active sites of the enzymes, not only improving selectivity but also providing facile coordination with amino acid
residues to enhance their inhibitory ability. This review emphasizes the role of metal complexes in the selective inhibition of
HDACs and CAs along with details of their mechanism of action. Additionally, we summarize the inhibition ability and cyto-
toxicity of metal complexes targeting HDACs and CAs, as well as the therapeutic implications that can lead to the invention and
development of metal complexes as potent anticancer agents.
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Introduction

Over the last few decades, drugs based on metal
complexes have been extensively studied and utilized in
the treatment of human diseases, especially cancers [1,2].
Among these, platinum-based drugs (e.g., cisplatin, car-
boplatin, and oxaliplatin) have been applied in the treat-
ment of about 50–70% of cancers [3,4]. However, these
drugs elicit significant side effects and may increase the
likelihood of drug resistance development [5]. In further
advancements, non-platinum drugs based on ruthenium [6–
8], iron [9,10], and gold [11,12] were also developed as
advanced therapeutic agents. Notably, some compounds
such as NAMI-A [13], KP1019 [14], and NKP1339 [15],
have advanced to clinical trials. Platinum drugs typically
target DNA, a strategy that, while effective, has revealed
limitations, particularly collateral damage to normal cells
[3,16]. Thus, alternative targets, such as enzymes involved
in cancer-related metabolic pathways, have been suggested
for metal-based drug design [17]. Recent studies have high-
lighted the safety and efficacy of metal complex-based in-
hibitors targeting a broad range of therapeutically relevant
enzymes, strengthening the acceptance of metal complexes
for therapy [18–21]. Numerous types of metal complexes
have found utility in medicinal chemistry, including plat-
inum coordination complexes, metallocenes, half-sandwich
metallocenes [22], metal carbenes, metal carbonyls, and
metal-arene compounds [23,24]. The mechanisms of ac-
tion of these metal-based inhibitors are diverse and offer

advantages over organic compounds. These include (i) a
wide range of stereochemistry, allowing them to fit into the
hydrophobic pocket of the enzyme; (ii) kinetic stability and
lipophilicity, prompting cellular uptake; and (iii) the ability
to incorporate functional ligands to bind to specific enzyme
sites [25–28]. These propertiesmakemetal complexes ideal
bases for the development of enzyme inhibitors, providing
a promising avenue for developing more selective and less
harmful cancer treatments.

Zinc-dependent metalloenzymes, including histone
deacetylases (HDACs) and carbonic anhydrases (CAs),
play pivotal roles in numerous biological processes, un-
derscoring their importance in the maintenance of cellular
homeostasis and human health [29,30]. The catalytic sites
of HDAC7 and CA II are shown in Fig. 1. HDACs, which
belong to a family of enzymes that remove acetyl groups
from the ε-N-acetyl lysine amino acid of histones, are im-
portant in regulating gene expression by altering chromatin
structure, consequently influencing cell cycle progression,
differentiation, and apoptosis [31–33]. Their dysregula-
tion has been implicated in the development of various dis-
eases such as cancers, neurological disorders, and inflam-
matory diseases, highlighting their potential as therapeu-
tic targets [34–37]. CAs could catalyze the conversion of
CO2 and water into bicarbonate and protons, a fundamen-
tal reaction in various physiological processes such as res-
piration, acid-base balance, and ion transport [38,39]. Ab-
normal CA activity has been linked to diseases including
glaucoma [40], epilepsy [41], and especially cancer [42–
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Fig. 1. Crystal structures of the active sites of HDAC7 (left, PDB: 3C0Y), and human CA II (right, PDB: 1XEV). Abbreviation:
HDAC, histone deacetylase; CA, carbonic anhydrase.

Table 1. Classes, localization, catalytic sites, and function of HDACs.
Class HDACs Subcellular location Catalytic domain Target protein Functions Refs.

I HDAC1,2,3,8 nucleus Zn(II)-dependent histone promote cell proliferation and inhibit apoptosis [48–50]
IIa HDAC4,5,7,9

nucleus and cytoplasm Zn(II)-dependent histone and non-histone
promote angiogenesis [51]

IIb HDAC6,10 promote angiogenesis and cell migration [52–55]

III
SIRT1,6,7 nucleus

NAD+-dependent histone and non-histone regulate cell metabolism and cell growth [52–54]
SIRT3,4,5 mitochondrial

IV HDAC11 nucleus and cytoplasm Zn(II)-dependent non-histone inhibit cell migration [55]
Abbreviation: HDAC, histone deacetylase; SIRT, Sirtuin.

44], further emphasizing the therapeutic relevance of these
enzymes. Therefore, these have contributed to an expand-
ing interest in developing selective inhibitors, particularly
metal complexes, as therapeutic agents.

The existing metal complex-based inhibitors target-
ing HDACs and CAs are mainly developed using two ap-
proaches: (i) modifying existing anticancer metal drugs
with enzymatic inhibitor moieties, such as sulfonamides for
CA inhibition and molecules including 4-phenylbutyrate
(PhB) and valproate (VPA) for HDAC inhibition; and (ii)
enhancing existing organic inhibitors with metallocenes
and/or metal arene complexes. These approaches enhance
the lipophilicity of these complexes [45,46], neutralize the
negative charge of the inhibitor groups [27], and increase
their synergistic effects in targeting cancer cells [23,47].

This review focuses on the latest progress in the gen-
eration of metal-based complexes as inhibitors of zinc-
containing metalloenzymes, HDACs, and CAs. Recogniz-
ing the crucial roles these enzymes play in cancer progres-
sion and the significant antitumor potential of their inhibi-
tion, the review delves into the design of metal complexes
and their relevance in cancer therapy.

Histone Deacetylases

HDACs can regulate gene expression and chromatin
structure. HDACs function by catalyzing the removal of
acetyl groups (O=C–CH3) from lysine residues of histone
proteins, leading to a more condensed chromatin structure
and reduced gene transcription [31]. HDACs play a key
role in the dynamic regulation of chromatin structure and
influence cellular processes such as differentiation, prolif-
eration, and apoptosis [32]. The HDAC enzyme family is
categorized into four classes based on their homology to
yeast counterparts and their dependence on cofactors. Each
class has a unique structure, enzymatic activity, and sub-
cellular localization, which determines their specific role in
the cell (Table 1, Ref. [48–55]). Under normal conditions,
HDACs are distributed to various cell compartments: Class
I HDACs (1, 2, 3, and 8) are found primarily in the nu-
cleus and regulate gene expression and cell cycle progres-
sion [32]. Class II HDACs shuttle between the nucleus and
cytoplasm and participate in tissue-specific gene expression
and cell differentiation [45,46]. Class III HDACs play a
role in aging, metabolism, and stress resistance [47]. Class
IV, consisting only of HDAC11, exhibits characteristics of
both Class I and II enzymes. HDAC11’s role is not yet fully
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understood, but it has recently been reported that it shares
the same function as a lysine defattyacylase [56,57].

The mechanism of action of HDACs involves the in-
teraction between histone acetylation and deacetylationme-
diated by histone acetyltransferases (HATs) and HDACs,
respectively [32]. Acetylation of histones by HATs leads
to an open chromatin structure, which facilitates access of
transcriptional machinery to the DNA and results in gene
activation [58,59]. Conversely, HDAC-mediated deacety-
lation results in a closed chromatin structure, which sup-
presses gene transcription [59]. This dynamic balance be-
tween acetylation and deacetylation is important for pre-
cise control of gene expression patterns that govern cellular
function and identity [32]. HDACs are not limited to his-
tones but can deacetylate a variety of non-histone proteins,
affecting their stability, localization, and function. These
proteins include transcription factors and transcription-
related proteins, such as p53 tumor protein, peroxisome
proliferator-activated receptor gamma coactivator-1 al-
pha (PGC-1α), damage-specific DNA binding protein 1
(DDB1), FK506-binding protein 51 (FKBP51), forkhead
box O3 (FOXO3) [60].

HDACs have been implicated in the pathogenesis of
a wide range of diseases, including cancers, neurodegener-
ative disorders, cardiovascular diseases, and inflammatory
conditions [61]. Dysregulation of HDAC activity can re-
sult in abnormal gene expression patterns that contribute
to the development and progression of cancer [32]. Class
I HDACs interact with transcription factors that relate to
cancer progression [48]. The expression of HDACs, es-
pecially Class I HDACs, has been found to be elevated
in multiple cancer cell lines, such as colorectal cancer,
lung cancer, prostate cancer, breast cancer, and liver can-
cer [62]. For example, HDAC1 and HDAC2 are asso-
ciated with Sin3A, CoREST, and Nucleosome Remodel-
ing and Deacetylase (NuRD) protein complexes and par-
ticipate in the regulation of transcription, DNA replica-
tion, and DNA repair [34]. In particular, they negatively
regulate acetylation and transcriptional activity of nuclear
factor kappa B (NF-κB), and signal transducer and acti-
vator of transcription 1 and 3 (STAT1 and STAT3) [63].
HDAC1 and HDAC2 promote tumorigenesis by interact-
ing with metastasis-associated protein 1 (MTA-1), a cancer-
related protein of the NuRD complex [35]. HDAC3 could
regulate transcription factors I and II to inhibit nuclear re-
ceptor transporting activity and promote cancer cell prolif-
eration [64]. HDAC8 promotes stemness, proliferation, mi-
gration, and invasion of cancer cells by activating the trans-
forming growth factor beta (TGF-β) signaling [65]. Class II
HDACs bind classical transcription factors that participate
in tumorigenesis and progression [66]. Also, HDAC4 and
HDAC6 levels have been found to be elevated in glioblas-
toma, correlating with poor patient survival [36,67]. Sepa-
rately, upregulation of HDAC9 can enhance cell prolifera-
tion and drug resistance in lymphoblastic leukemia [37].

Unlike Class I/II HDACs, Class III HDACs play op-
posite roles in various cancers [68]. Both Sirtuin 1 (SIRT1)
and Sirtuin 2 (SIRT2) (members of Class III HDACs) con-
tribute to tumor suppression bymaintaining genomic stabil-
ity, regulating chromatin dynamics, and deacetylating tu-
mor suppressor proteins like p53, which governs cell cycle
arrest and apoptosis [68]. The tumor-suppressive activity of
SIRT1 and SIRT2 has been observed in prostate, bladder,
and ovarian cancers [68–71]. SIRT1 has also been impli-
cated in promoting cancer progression and drug resistance,
particularly in cervical and lung cancers [72], while SIRT2
shows cancer-promoting activity through the deacetylation
of proteins like α-tubulin and E1A binding protein p300
(EP300) [73]. Additionally, SIRT3, another member of III
class HDACs, primarily acts as a tumor suppressor by regu-
lating cellular metabolism and oxidative stress, showing an-
titumor effects against prostate cancer [74], hepatocellular
carcinoma, and pancreatic cancer [75]. Conversely, SIRT3
acts as an oncogenic factor in cervical cancer by regulating
fatty acid synthesis [76] and colon cancer [77].

HDAC inhibitors are recognized as powerful epige-
netic therapies, with four main classes comprising 17 in-
hibitors [78]. Of these inhibitors, only five have been ap-
proved for clinical use by the U.S. Food and Drug Admin-
istration (FDA), including vorinostat (or superpolyamide
hydroxamic acid (SAHA)), romidepsin, belinostat, panobi-
nostat, and chidamide [78]. Despite their therapeutic po-
tential, the broad specificity of these inhibitors poses chal-
lenges, resulting in off-target side effects and toxicity [29,
79]. This highlights the need to develop more selective
inhibitors targeting specific HDACs and/or classes [80].
Combining HDAC inhibitors with other treatments, in-
cluding DNA repair drugs, radiotherapy, topoisomerase in-
hibitors, epigenetic modifiers, and immune checkpoint in-
hibitors, has been shown to improve effectiveness [29]. De-
spite uncertainty about their comprehensive biological im-
pacts, inhibiting HDACs remains a promising avenue for
anticancer therapy.

Carbonic Anhydrase

Belong to a family of zinc metalloenzymes, CAs are
essential for regulating pH, fluid homeostasis, and CO2

transportation in various tissues throughout the body [38,
39]. These enzymes catalyze the reversible conversion of
CO2 and water into bicarbonate and protons, known as
the zinc-hydroxide mechanism, a reaction that is funda-
mental to many physiological processes [38,39]. These en-
zymes are expressed in most living organisms and are en-
coded by eight evolutionary distinct gene families: α, β,
δ, ε, γ, ι, τ , and ζ, α-CAs is predominantly expressed in
vertebrates and is the only class observed in humans with
15 isoforms. Among these 15 isoforms, 12 isoforms are
active (Table 2, Ref. [40,41,43,44,81–92]) [93,94]. Other
isoforms (VIII, X, XI) that are devoid of Zn(II) active sites
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Table 2. Characterizations, distribution, localization, and catalytic activity of 12 active human CA isoforms, along with their associated diseases.
Isoforms Primary locations Subcellular location Known/Suspected functions Associated diseases Refs.

CA I RBCs, eye cytosol gas exchange, pH balance upregulation → hemolytic anemia [81]
CA II ubiquitous cytosol pH regulation, ion transport, CO2 hydration upregulation → glaucoma, epilepsy, cancer [82,83]
CA III skeletal muscle, adipose tissue cytosol Buffering, cell growth, and differentiation downregulate CA III → oxidative stress [84,85]
CA IV kidney, lung membrane-bound ion transport, diffusion of CO2 across cell membranes upregulate CA IV → Retinitis pigmentosa, glaucoma [40]
CA VA liver mitochondria

ureagenesis, gluconeogenesis upregulation → obesity, insulin resistance [86]
CA VB heart, skeletal muscle, kidney mitochondria
CA VI saliva, milk secreted maintain pH balance in the mouth and digestive tract downregulation → dental caries [87]
CA VII brain, liver, colon, skeletal muscle cytosol neurological processes, pH regulation upregulation → epilepsy [41]
CA IX stomach, certain cancers transmembrane pH regulation in tumors, cell proliferation upregulation → cancer [43,44]
CA XII kidney, eye, cancers, reproductive epithelia transmembrane pH regulation, ion transport upregulation → cancer, glaucoma [88–90]
CA XIII kidney, thymus, intestine, reproductive organs cytosol pH regulation, ion transport downregulation → sterility [91]
CA XIV kidney, liver, bladder, eyes, brain transmembrane ion transport, pH regulation upregulation → retinopathy, epilepsy [92]
Abbreviations: CA, carbonic anhydrase; RBCs, red blood cells.
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are referred to as CA-related proteins [95]. The 12 active
isoforms differ in terms of cellular distribution and physio-
logical functions, which are summarized in Table 2.

Under normal conditions, CAs are involved in a va-
riety of physiological processes. These processes include
respiratory activities (such as the transfer of CO2 across
membranes and the exchange of oxygen within red blood
cells (RBCs), which are influenced by pH and Bohr effects)
[96], movement of fluids through epithelial cells, regula-
tion of acid-base balance across the epithelial barrier (e.g.,
gastric acid secretion and bicarbonate released by the pan-
creas) [97,98], and acid secretion by osteoclasts during bone
resorption [99]. Importantly, CA-mediated acid-base regu-
lation by renal epithelial cells is essential for maintaining
the body’s overall acid-base equilibrium [100]. This equi-
librium is essential for stabilizing cellular pH, which under-
lies numerous biochemical processes, including gluconeo-
genesis, ureagenesis, and lipogenesis, and is important for
virtually all cellular functions [100].

CAs play an important role not only in the mentioned
physiological processes but also in the pathophysiology of
various diseases, especially cancers and neurological disor-
ders [101]. Specific CA isoforms, particularly CA IX and
CA XII isoforms, are overexpressed in various tumors and
are associated with tumor acidosis and tumormicroenviron-
ment regulation [88,102,103]. These isoforms help cancer
cells adapt to hypoxic conditions by promoting the removal
of CO2 produced during the metabolic switch to glycolysis
(Warburg effect) [101,102]. Expression of CA IX isoform
increases significantly in response to low oxygen levels, a
process that is dependent on hypoxia-inducible factor (HIF-
1) and occurs in cells with von Hippel-Lindau (VHL) syn-
drome deficiencies [82,104,105]. Similarly, the expression
of CA XII isoform is increased in VHL-deficient kidney
cells and is influenced by estrogen receptor alpha (ERα) in
breast cancer cells [82,83]. Expression of CA IX and CA
XII isoforms is often associated with poor prognosis, tu-
mor progression, and metastasis [88,106–108]. Thus, CA
IX and CA XII have been validated as essential targets for
the treatment of hypoxic tumors and metastasis.

The main strategy to treat the diseases by targeting
CAs is inhibiting their enzymatic activity. The active
site within α-CAs consists of hydrophobic and hydrophilic
residues lined up on the opposite sides of the cavity. At
the bottom of this cavity is attached a metal ion, which is
important for catalysis, where a water molecule activated
by Zn(II) promotes nucleophilic attack on the substrates
[109]. Additionally, CAs have a large active pocket, allow-
ing them to be inhibited by various classes of inhibitors,
especially sulfonamides and their isosteres [110,111]. De-
veloping CA inhibitors have been recognized as a promis-
ing strategy for treating human diseases, including cancers
[103]. Sulfonamides and their isosteres are recognized as
potential inhibitors, particularly effective in the deproto-
nated form; these inhibitors bind with high affinity to the

Zn(II) of the enzyme and can affect several CA isoforms
in vertebrates, including humans [112]. Among the ex-
isting sulfonamides, several have shown promise in clini-
cal settings, such as acetazolamide (AAZ), methazolamide
(MZA), ethoxzolamide (EZA), saccharin (SAC), brinzo-
lamide (BRZ), and dorzolamide (DRZ) [111]. However,
they lack selectivity toward different CA isoforms [111]. Of
note, new types of inhibitors (non-sulfonamides) have been
invented with different blocking mechanisms [113]. These
mechanisms include attaching to Zn-coordinated water
molecules, blocking the entrance of the active site, and/or
binding outside the active site [113]. Despite challenges in
isoform selectivity, CA inhibitors remain a promising strat-
egy for cancer therapy, and this underscores the need to dis-
cover highly selective inhibitors for specific isoforms (e.g.,
CA IX and CA XII).

Inhibition of HDAC by Metal Complexes

Platinum Complexes

Platinum-based chemotherapeutic agents, including
cisplatin, oxaliplatin, and carboplatin (Fig. 2), are com-
monly utilized in the treatment of various human can-
cers. Nevertheless, their application is limited by numerous
shortcomings such as resistance (both endogenous and ac-
quired), negative side effects, limited spectrum of activity,
low bioavailability, and ineffectiveness against all types of
cancer [114–116]. Extensive studies have been conducted
on investigating the mechanism of action of these drugs,
which were among the first to be approved. Their mecha-
nisms primarily involve processes such as cellular uptake,
activation through hydration, generation of DNA adducts
that alter the DNA structure, and the activation of cellular
processes leading to apoptosis [21]. Therefore, the devel-
opment of new platinum-based anticancer drugs often fo-
cuses on modifying these processes to improve cellular up-
take and altering the way these drugs interact with DNA to
influence the processing of DNA adducts. One promising
approach in this direction is targeting HDAC as part of a
strategy to improve therapeutic outcomes.

Efforts to target HDAC have been proceeded by coor-
dinating HDAC inhibitors into Pt(IV) complexes, a deriva-
tive of cisplatin, oxaliplatin, and carboplatin. HDAC in-
hibitors, such as PhB and VPA, are frequently utilized as
axial ligands in Pt(IV) complexes [19,117–121]. This strat-
egy was believed to promote platinum absorption by im-
proving the lipophilicity of the complexes over cisplatin or
oxaliplatin [121]. Additionally, this incorporation neutral-
izes the negative charge of PhB/VPA, resulting in increased
accumulation of PhB/VPA [27]. In addition to the cel-
lular accumulation of these compounds, the coordination
of PhB/VPA into Pt(IV) complexes significantly improved
their anticancer efficacy compared to free PhB/VPA and
cisplatin/oxaliplatin [119,121].
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Fig. 2. Chemical structure of organic HDAC inhibitors and three traditional platinum drugs. The chemical structures were illus-
trated using ChemDraw Ultra 12.0 (CambridgeSoft, Waltham, MA, USA).

Fig. 3. HDAC inhibitors were developed based on cisplatin. The chemical structures were illustrated using ChemDraw Ultra 12.0.
Notes: MCF7 is a cell line of human breast cancer; A2780cis is a cell line of cisplatin-resistant ovarian cancer. Abbreviations: IC50,
half-maximal inhibitory concentration.

Fig. 4. HDAC inhibitors were developed based on oxaliplatin. The chemical structures were illustrated using ChemDraw Ultra 12.0.
Notes: MCF7 is a cell line of human breast cancer; A2780cis is a cell line of cisplatin-resistant ovarian cancer. Abbreviations: HDAC,
histone deacetylase; IC50, half-maximal inhibitory concentration.

HDAC Inhibitors Based on Cisplatin’s Derivatives

The Pt(IV) compounds (compounds 1 and 2, in Fig. 3),
derivatives of cisplatin, have been developed as highly po-
tent cytotoxic agents against a variety of human cancer cell

lines, showing up to 100-fold higher potency than cisplatin
[118]. It also inhibited HDAC activity by 60–70% in breast
cancerMCF-7 cells after 24 hours of treatment at small half-
maximal inhibitory concentration (IC50) values (compound
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Fig. 5. HDAC inhibitors were developed based on carboplatin. The chemical structures were illustrated using ChemDraw Ultra 12.0.
Note: A431 is a cell line of epidermal cancer.

1: 0.18 µM; and compound 2: 0.91 µM). In contrast, the in
vitro IC50 values of free PhB in inhibiting Class I HDACs
(HDAC1, HDAC2, HDAC3, and HDAC8) range from 64
to 260 µM, and are notably less against Class IIa HDACs
(HDAC4, HDAC5, HDAC7, and HDAC9) with values ex-
ceeding 2000 µM, as well as 240 µM for HDAC6 [122].
Similarly, free VPA shows IC50 values for HDAC inhi-
bition ranging from 39 to 161 µM for Class I and >2000
µM for all other classes [122]. These findings suggest that
the outstanding anticancer efficacy of these Pt(IV) com-
plexes may be due to their synergistic effects when com-
bined with platinum. In another study, compound 2 was
observed to significantly reduce the expression of HDAC2
and HDAC7 in ovarian cancer cells A2780 [119]. Remark-
ably, compound 2 inhibited HDAC activity in A2780 cells
at a concentration approximately 34,000-fold lower than the
concentration required for free VPA to exhibit a similar in-
hibitory effect on HDAC activity. This again supports the
synergistic effect between the platinum component and the
VPA/PhB ligands [119]. After the investigation of com-
pound 1, Almotairy et al. [123] examined the inhibitory
activity of a series of Pt(IV) complexes (compounds 3a-c)
with PhB (Fig. 3). Studies have confirmed that these com-
pounds could interact with their intended targets, DNA and
HDAC. In particular, compound 3b was found to be the
most cytotoxic among compounds 3a to 3c, significantly in-
creasing cellular reactive oxygen species (ROS) levels and
inducing apoptosis independent of DNA damage in both
cisplatin-sensitive A2780 and cisplatin-resistant A2780cis
ovarian cancer cells. These findings suggest that compound
3b operates through multiple mechanisms to cause DNA
damage and induce apoptosis in an effective manner even
in the presence of cisplatin resistance.

Another study on platinum prodrugs developed Pt(IV)
complex, compound 4, which contains the HDAC in-

hibitor (PhB), along with a tumor-targeting moiety (biotin)
[19]. This compound demonstrated antiproliferative effects
against a variety of cancer cell lines, including human breast
cancerMCF-7, human colorectal cancer HCT-116, and hep-
atocellular carcinoma HepG-2, with results comparable to
or even surpassing those of cisplatin. Importantly, the tox-
icity of this compound to normal human liver LO2 cells
was significantly lower than that of cisplatin, highlighting
its potential for safer cancer treatment. Unlike traditional
platinum-based prodrugs such as cisplatin, compound 4
also exhibited HDAC inhibitory activity in HepG-2 cells,
providing a distinct and potentially more targeted mecha-
nism of action.

Two Pt(IV) prodrugs compounds 5 and 6, which
are cisplatin derivatives containing HDAC inhibitors (i.e.,
PhB and VPA), have been utilized as promising multi-
action anticancer agents for the treatment of prostate can-
cer cells [121]. The mechanism of action for these two
compounds is attacking multiple targets in the cancer cells
simultaneously in a concerted fashion. It was also shown
that the activity of HDAC decreased with the increasing in-
tracellular level of acetylated histone H3 in human prostate
LNCaP cells. This effect occurred through the reduction
of the Pt(IV) complexes with DNA-damaging Pt(II) agent
(i.e., cisplatin) and HDAC inhibitor ligands [121].

HDAC Inhibitors Based on Oxaliplatin’s Derivatives
Platinum-based prodrugs (compounds 7 and 8), which

are oxaliplatin derivatives linked to VPA, have been ex-
amined for their potential as anticancer agents (Fig. 4)
[124]. Antiproliferative tests showed that these new com-
pounds were less cytotoxic than oxaliplatin in cultured
cells. Nonetheless, compounds 7 and 8 showed cytotoxic
effects in cisplatin-sensitive and -resistant ovarian tumor
(A2780cis) cells due to increased intracellular accumula-
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Fig. 6. Relationship of axial ligand design with PhB and VPA ligands and their effects on HDAC inhibition activity. This schematic
diagram was created using Microsoft PowerPoint. Abbreviations: PhB, 4-phenylbutyrate; VPA, valproate.

tion. Moreover, these conjugates simultaneously acted on
two targets: genomic DNA and HDAC in A2780 cancer
cells. The findings indicate the potential of these com-
pounds in creating more effective and promising dual-
targeting agents for the treatment of various types of can-
cer, especially those resistant to traditional cisplatin-based
chemotherapy [124].

A new series of Pt(IV) anticancer prodrugs (com-
pounds 9–11) featuring PhB as the axial ligand has been
reported [120]. These prodrugs demonstrated remarkable
efficacy against cancer cells, especially the MDA-MB-231
breast cancer cell line. The observed anticancer activ-
ity results from multiple mechanisms, including significant
HDAC inhibition, as evidenced by a 28%, 17%, and 23%
reduction upon treatment with compounds 9, 10, and 11, re-
spectively. The modes of action proposed include altering
nuclear DNA, reducing mitochondrial membrane potential,
triggering epigenetic processes, andmodifying the structure
of the cytoskeleton network [120].

HDAC Inhibitors Based on Carboplatin’s Derivatives
A series of Pt(IV) complexes combining carboplatin

and PhB, designated as compounds 12–16, have been de-
veloped as well (Fig. 5) [125]. Their cytotoxic effects were
evaluated across a variety of cancer cell types, including
melanoma (A375), pancreatic (BxPC3), colon (LoVo), and
epidermal (A431) cancer cells. Among these derivatives,
compound 15 has been reported as a promising HDAC in-
hibitor, showing 10-fold greater potency than carboplatin,
and decreasing basal cellular HDAC activity by approxi-
mately 18% in A431 human cervical cancer cells [125]. It
also exhibited significant cytotoxicity against the A431 cell
line with an IC50 value of 5 µM and demonstrated levels of
intracellular platinum accumulation similar to that of cis-
platin.

Brief Summary of Platinum Complexes
In summary, treating cancers with platinum com-

plexes involves multiple mechanisms, including HDAC in-
hibition and DNA interaction. Like the parent platinum
complexes (i.e., cisplatin, oxaliplatin, and carboplatin),
complexes 1–16 also can bind to DNA to show anticancer
ability. These complexes, however, demonstrated signifi-
cantly stronger cytotoxicity against cancer cells while re-
maining harmless to normal cells. Furthermore, complexes
1–16 are stronger HDAC inhibitors than freePhB andVPA.
The modifications of the axial ligands in these platinum
complexes significantly enhance their HDAC inhibitory ac-
tivity and cytotoxic effects on cancer cells (Fig. 6).

Ferrocene Complexes
Efforts to develop ferrocene-based HDAC inhibitors

are mainly focused on integrating ferrocene with super-
polyamide hydroxamic acid (SAHA) and its derivatives to
increase synergistic effects (Fig. 7). SAHA is one of the six
basic categories of HDAC inhibitors and is one of the most
extensively studied drugs [126]. The mechanism of action
of SAHA involves binding of the hydroxamate group to a
Zn(II) located in the HDAC cavity [127,128]. The binding
of SAHA to Zn(II) in the HDAC active site is primarily
driven by the coordination to the catalytic Zn(II) by the de-
protonated oxygen of the hydroxamate group, which effec-
tively displaces the Zn(II)-boundwater molecule in the rest-
ing state of the enzyme (Fig. 7). Besides, hydroxamatemoi-
ety also forms two hydrogen bonds with His139 and Tyr331
[128]. So far, multiple studies have focused on developing
new HDAC inhibitors inspired by the SAHA. These efforts
have primarily concentrated on modifying the cap, func-
tional unit, and spacer components of the SAHAmolecule,
as depicted in Fig. 7. Any structural modifications in the
compounds could result in changes to the inhibitory activ-
ity.
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Fig. 7. Zn(II) binding mechanism of superpolyamide hydroxamic acid (SAHA) in the active site of HDACs and different ap-
proaches in developing new HDAC inhibitors by incorporating ferrocene to SAHA. This schematic diagram was created using
Microsoft PowerPoint and the chemical structure of SAHA was illustrated using ChemDraw Ultra 12.0.

Marinero et al. [129] employed compounds 17 and
18, which were developed by combining ferrocifen with
SAHA (Fig. 8), for HDAC inhibition and antiproliferative
effects. The integration of ferrocifen and SAHA led to
the development of HDAC inhibitors with enhanced cyto-
toxicity against triple-negative MDA-MB-231 breast can-
cer cell line. Compound 17 showed a significant improve-
ment of cytotoxicity (IC50 = 0.7 µM) compared to SAHA
(IC50 = 3.6 µM) [129]. Additionally, compound 18 was
effective in suppressing the proliferation of both MDA-
MB-231 and MCF-7 cells, with IC50 values of 0.5 µM and
1.8 µM, respectively. Compound 17 demonstrated signifi-
cant enzymatic inhibition of HDAC, which was lower than
that of SAHA. Despite the relatively strong antiprolifera-
tive effects, compound 18 could not inhibit HDAC activity.
The hydroxamate head of SAHA and compound 17 could
chelate metal ions such as Fe(III) and Zn(II) to form tris-
and/or bis-hydroxamato complexes. Thus, they can coor-
dinate Zn(II) from the active site of HDAC. However, this
chelation was not observed upon treatment with compound
18, which contains an amide head. Therefore, the antipro-
liferative activity of these compounds could be attributed to
specific properties of the organometallic structure [129].

Spencer et al. [130] introduced a series of Jay Amin
hydroxamic acids (JAHA), ferrocene-based Class I HDAC
inhibitors (compounds 19–23), by replacing a sandwich fer-
rocene with the phenyl cap of SAHA to evaluate inhibition
of HDAC1, 2, 3, 6, and 8. The compounds (except com-
pound 23) showed inhibition of HDAC activity at nanomo-
lar dose, with notably stronger inhibition of HDAC6 com-
pared to SAHA [130]. Compounds 19–23 exhibited strong
anticancer ability against MCF-7 cells with an IC50 value
from 1.9 to 5.08 µM. Docking studies of compound 19 to
HDAC8 suggested that the ferrocenyl group effectively re-
places the aryl cap of SAHA, fitting well into the specific
pocket formed by Phe152, Tyr100, and Tyr306.

Two HDAC inhibitors derived from JAHA, namely
compounds 24a and 24b, which exhibited pharmacokinetic
improvement, were also introduced [131]. Compound 24b
appeared to be a more effective HDAC inhibitor, achieving
a low IC50 value slightly better than SAHA in biochemi-
cal ex vivo and in vivo tests. Additionally, to determine the
ability of compound 24b to inhibit HDAC6 in vivo, the au-
thors exposed Xenopus laevis embryos to compound 24b
at a concentration of 100 µM. The effect on HDAC6 was
measured by measuring the acetylation levels of α-tubulin,
showing that compound 24b effectively inhibited deacety-
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Fig. 8. Ferrocene-containing HDAC inhibitors. The chemical structures were illustrated using ChemDraw Ultra 12.0. Notes: MCF7
is a cell line of human breast cancer; MDA-MB 231 is a cell line of triple-negative breast cancer; JEKO-1 is a cell line of mantle cell
lymphoma.

lation in a similar manner to SAHA. Another JAHA deriva-
tive, compound 25, is highlighted as an HDAC inhibitor
[132]. This compound demonstrated remarkable potency
against HDAC3, with an IC50 value of 0.09 µM. Compared

to RGFP966, a selective HDAC3 inhibitor, compound 25
displayed superior efficacy in inhibiting the invasion of
HCT116 cells. Furthermore, compound 25’s redox phar-
macology was explored by treating HCT116 cells with the
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Fig. 9. Other metal complexes as HDAC inhibitors. The chemical structures were illustrated using ChemDraw Ultra 12.0. Notes:
H460 is a cell line of human lung cancer; SKOV3 is a cell line of human ovarian cancer.

compound. Upon treatment with compound 25, sodium ni-
troprusside, and glutathione, cytotoxicity and DNA dam-
age, likely attributed to the activation of a Fe(III) species,
were significantly heightened. Compound 25 has also been
proposed as the inhibitor of triple-negative breast cancer

(TNBC) cell viability and growth in culture, which oper-
ates by inducing an impairment of cell autophagic process
and mitochondrial function [133].

Designed by incorporating a ferrocenyl group and a
selenocyanide as a zinc-binding motif (Fig. 8), compounds
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26 and 27 are effective against TNBC cells [134]. Both
in vitro and in vivo studies showed that compound 26 in-
creased ERα expression in TNBC cells and made MDA-
MB-231 cells more responsive to standard endocrine treat-
ments by reactivating ERα. It was also found that com-
pound 26 blockedHDAC activitywith an IC50 value of 14.8
nM. Additionally, using free SeISA as a reference standard,
orally administering compound 26 at a dose of 20 mg/kg
daily for 21 days resulted in a 58.6% reduction in tumor
xenograft volume in a mouse model bearingMDA-MB-231
tumors. Importantly, treatment with compound 26 did not
significantly change the bodyweight of tumor-bearingmice
and no adverse effects appeared throughout the treatment
period. Consequently, compound 26 is recognized as a po-
tent HDAC inhibitor with potential as a therapeutic option
for TNBC. Compounds 28 and 29 exhibited inhibitory ac-
tivity against HDAC6, with IC50 values in the nanomolar
range [135]. Both compounds demonstrated moderate an-
tiproliferative effects across various cancer cell lines. No-
tably, compound 28 showed superior antiproliferative ac-
tivity in JEKO-1 cells, with an IC50 of 4.80 µM [135].

Other Metal Complexes
Efforts to develop new metal complexes as HDAC

inhibitors, inspired by SAHA, have extended beyond fer-
rocene complexes to include half-sandwich arene com-
pounds (Fig. 9). For example, Cross et al. [136] intro-
duced a variety of ruthenium compounds combined with
SAHA. These complexes, designated as complexes 30a–
f (Fig. 9), exhibited significant HDAC inhibitory activity,
reducing the activity of HDAC1 and HDAC6 to less than
25% at a concentration of 1 µM. In particular, complex 30f
showed very low IC50 values, at 80 nM and 35 nM for
HDAC1 and HDAC6, respectively. Most of these ruthe-
nium complexes showed cytotoxic effects similar to SAHA
against the MCF-7 cell line. It has been reported that Ru(II)
and Rh(III) piano-stool complexes (complexes 31 and 32)
exhibited HDAC inhibitory and antiproliferative properties
against H460 lung cancer cells [137]. At a concentration
of 0.1 µM, both complexes 31 and 32 inhibited approxi-
mately 85% of HDAC activity, which was slightly lower
than that of SAHA (94% inhibition). The use of these 3D
piano-stool structures as HDAC inhibitors was expected to
improve binding efficiency by targeting previously inacces-
sible regions on the HDAC enzyme surface [137]. Briefly,
the complexes 30, 31, and 32 demonstrated anticancer ef-
fects similar to SAHA, with HDAC inhibition identified as
the primary mechanism of action, without any interaction
with DNA [137].

A series of organometallic compounds featuring tran-
sition metal centers (i.e., Ru, Ir, Rh, Os) and a SAHA moi-
ety, compounds 33a–b and 34a–b were developed (Fig. 9)
[138]. These compounds exhibited inhibitory activity in the
nanomolar range against HDAC6, particularly compounds
34a and 34b demonstrated stronger inhibition than SAHA.

Moreover, compound 34a showed high cytotoxicity in hu-
man cancer cell lines such as HCT116 (colon), NCI-H460
(non-small cell lung), SiHa (cervix), and SW480 (colon),
while showing low cytotoxicity in hemolysis studies and in
zebrafish [138]. This emphasizes the influence of the metal
center that can significantly enhance target specificity and
potency toward HDACs and differentiate between cancer-
ous and normal cells, which can be leveraged for reducing
side effects. Additionally, compound 34a slightly reduced
the expression of vascular endothelial growth factor recep-
tor 2 (VEGFR2), which could be upregulated by SAHA.
These findings indicate that the new organometallic com-
pounds exhibit different modes of action compared to their
bioactive components [138].

The fluorescent Ru(II) complex containing SAHA
moiety (compound 35 in Fig. 9) was investigated by Rui-
Rong et al. [21]. Compound 35 has shown to be a broad-
spectrum antiproliferative agent against a variety of human
cancer cell lines, including HeLa (cervical), A549 (lung),
HepG2 (liver), and LO2 (liver), while exhibiting signifi-
cantly low toxicity toward normal cells. Additionally, a de-
tailed in vitro study on the inhibition of HDAC activity in
HeLa nuclear extract identified compound 35 as an effec-
tive HDAC inhibitor. Induction of apoptosis by compound
35 was associated with activation of mitochondria-related
pathways and increased ROS production [21]. The same re-
search group also introduced a cyclometalated Ir(III) com-
plex (compound 36) using a pyridyl framework that has
a cancer-fighting mechanism as shown in Fig. 9 [139].
Specifically, compound 36 was shown to induce apoptosis
in HeLa cells by inhibiting HDACs, increasing ROS levels,
and causing mitochondrial damage. The therapeutic im-
pact of compound 36 was further amplified when exposed
to ultraviolet light. The study also highlighted that combin-
ingHDAC inhibition with the photodynamic therapy (PDT)
properties of luminescent Ir(III) complexes could provide a
powerful approach to metal-based cancer therapy [139].

A variety of Cu(II) prodrugs based on SAHA (com-
pounds 37a–e as shown in Fig. 9) containing phenanthrene
ligands known for their DNA intercalation and HDAC
inhibition abilities have been developed as well [140].
These complexes demonstrated effective DNA binding and
induced DNA damage through ROS generation. These
compounds also showed enhanced antiproliferative effects
against three cancer cell lines: SKOV-3 (ovarian), MCF-
7, and DU145 (prostate). Confocal microscopy and gene
expression studies revealed that cytotoxic actions are pri-
marily carried out through apoptosis [140].

Moreover, selenium complexes have shown promis-
ing results in the development of cancer drugs due to their
potential safety profile and therapeutic effects [141,142].
Ebselen, a clinically safe selenium complex, has been ap-
proved for treating neurological and psychiatric disorders,
as well as ototoxicity [141,142]. Ebselen and its oxide form
have been identified as inhibitors of several HDACs, with
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Fig. 10. Selenium complexes as HDAC inhibitors. The chemical structures were illustrated using ChemDraw Ultra 12.0.

IC50 values in the single-digit micromolar range (as de-
picted in Fig. 10) [141,142]. A series of Ebselen deriva-
tives (compounds 38–41) were developed by hybridizing
Ebselen with SAHA, functioning as multitarget-directed
ligands for treating Alzheimer’s disease [143]. These com-
plexes exhibited an inhibitory effect on HDAC6 at IC50

lower than 1 µM. In particular, compound 38 was found
to be a potent HDAC6 inhibitor (IC50 = 0.037 µM). Fur-
thermore, compound 38 demonstrated significant protec-
tive effects against hydrogen peroxide-induced damage and
the ability to prevent ROS accumulation in pheochromocy-
toma PC12 cells [143].

A Brief Summary of Metal Complex-Based HDAC
Inhibitors

The metal complex-based HDAC inhibitors can be
broadly divided into two classes:

(i) Single-target anticancer compounds. This class
of compounds includes metal-complexed compounds de-
veloped from SAHA, such as ferrocene-based HDAC in-
hibitors and arene-metal complexes (compounds 30–32).
These compounds exhibited remarkable inhibitory activ-
ity against the low nanomolar range of HDAC, surpassing
the inhibition levels of their parent inhibitors like SAHA.
Moreover, these compounds showed significantly greater
cytotoxicity against cancer cells compared to SAHA, and
traditional platinum-based anticancer drugs such as cis-
platin, oxaliplatin, and carboplatin.

(ii) Multitarget anticancer compounds. This class of
compounds contains all platinum complexes (compounds
1–16) and some of the other metal complexes (compounds

34–41). These complexes, besides targeting HDAC, also
targeted receptors and enzymes, including VEGFR2 (com-
pounds 33 and 34) and matrix metalloproteinase (MMP;
compounds 1, 2, 35), and promoted Bax/Bcl-2 modula-
tion (compound 4). They also induced biological effects
such as p53 activation (compounds 1, 2, 37), ROS produc-
tion and mitochondrial damage (compounds 1–16, and 35–
37), and DNA intercalation (compounds 1–16, 37). Ad-
ditionally, compounds 39–41 targeted multiple enzymes
(e.g., lipoxygenases, nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, protein kinase C, H+/K+-
ATPase, and IMPase) [136,143]. These compounds exhib-
ited significant toxicity to cancer cells compared to their
parent platinum-based drugs. This enhanced cytotoxicity is
believed to result from the synergistic and multiple actions
of the ligand and the parent coordination complex.

Inhibition of CA by Metal Complexes

Solid tumors thrive in hypoxic and acidic environ-
ments, which help them grow, spread, and resist treatments
[144]. This condition leads to impairment of the DNA
repair machinery and increased mutations while reducing
the effectiveness of chemotherapeutic drugs such as cis-
platin [82]. Efforts to utilize hypoxia-activated drugs were
not found to significantly improve anticancer effectiveness
[145]. Treatments targeting hypoxia and acidity often have
limited efficacy because they can also impact healthy tis-
sues, leading to side effects and limiting the therapeutic
window [145]. Therefore, targeting tumor-associated CAs
(CA IX and CA XII isoforms) offers a promising strategy
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to specifically address the tumormicroenvironment and dis-
rupt metabolism, potentially improving treatment outcomes
[83]. In the development of CAs inhibitors, the sulfonamide
(–SO2NH2) moiety plays an important role in binding to
Zn(II) in the active site (Fig. 11) [111,146]. The binding
of sulfonamide to Zn(II) is primarily driven by two mech-
anisms. First, the deprotonated sulfonamide nitrogen co-
ordinates with the catalytic Zn(II), leading to the displace-
ment of a Zn(II)-bound water molecule (Fig. 11). Second,
the sulfonamide moiety forms two hydrogen bonds with
Thr199 [146]. In this binding process, the nature of the
R substituent in the sulfonamide also results in further in-
teractions with either the hydrophilic or the hydrophobic
regions of the active site [146]. The strategy of develop-
ing CA inhibitors based on metal complexes encompasses
two approaches that significantly change the nature of the R
group in sulfonamide structure: (i) coordination complexes,
where the sulfonamide acts as a ligand to the metal cen-
ter, and (ii) sandwich and half-sandwich complexes, where
the metal is coordinated between cyclic organic ligands, po-
tentially including sulfonamide derivatives. Besides, linear
or near-linear metal complexes of silver or gold-containing
sulfonamide moiety were also introduced as potent strate-
gies for targeting CAs.

Fig. 11. Schematic illustration of the key interactions between
a sulfonamide inhibitor and the CA II isoform’s active site.
The schematic diagram was created using PowerPoint and Chem-
Draw Ultra 12.0.

Inhibition of CA by Coordination Metal Complexes
The CA inhibitor development strategy that includes

multitarget anticancer drugs involves incorporating sulfon-
amide moiety into coordination compounds, with a transi-
tion metal (such as Pt, Cu, Ni, and Co) coordinated at the
center (compounds 42–48). Two Pt(IV) complexes, known
as CAIXplatins (compounds 42, 43), have been developed
to target hypoxic and aggressive tumors by specifically tar-
geting the CA IX isoform (Fig. 12) [20]. This achievement
was realized by attaching benzene sulfonamide, the active
moiety of CA IX inhibitors, to cisplatin and oxaliplatin.
These complexes effectively inhibited the activity of CA IX
isoform at low IC50 value (compound 42: 251.2 nM; and
compound 43: 77.6 nM). Compounds 42 and 43 exhibited
markedly low toxicity to normal cell lines (IC50 >100 µM,
over 72 hours), with the cancer selectivity index (SI) being
70–90 times greater than cisplatin or oxaliplatin under hy-
poxic conditions. This selective action is due to their ability
to bind CA IX isoform and utilize CA IX-mediated active
transport and endocytosis [20]. Three Cu(II) complexes de-
rived from proton transfer salts of sulfonamide-modified
maleic acid, specifically compounds 44, 45, and 46 were
developed [147]. These compounds demonstrated inhibi-
tion of esterase and hydratase activities in both CA I and
CA II isoforms. Notably, compounds 45 and 46 interacted
robustly with the active sites of carbonic anhydrase, ef-
fectively engaging both hydrophilic and hydrophobic sites.
Compound 45 inhibited the CA I isoform with a Ki value
of 0.86 µM and the CA II isoform with a Ki value of 0.71
µM, while compound 46 showed even lower Ki values of
0.06 µM for the CA I isoform and 0.02 µM for the CA II
isoform [147].

A series of transition metal complexes (i.e., Cu, Ni,
Co) featuring bidentate Schiff-base ligands was developed,
specifically compounds 47a–c and 48a–c [148]. These
complexes exhibited potent inhibitory activity against CA.
The inhibitory properties of these compounds were system-
atically evaluated against the cytosolic CA isozymes, CA I
and CA II. Generally, all compounds demonstrated signifi-
cant inhibition potency toward CA I with Ki values ranging
from 16.39–23.12 nM [148].

In summary, the aforementioned metal complexes
were developed with at least one sulfonamide serving as the
zinc-binding group, where the metal center and the coordi-
nating ligand function as the R-group, as shown in Fig. 11.
In most cases, the R-groups were bulkier than those of
AAZ, yet these compounds still managed to enter the ac-
tive pocket of CA and coordinate with the Zn(II) at the
active center. Additionally, compounds 42 and 43 exhib-
ited a binding mode similar to AAZ, forming additional
hydrogen bonds with amino acids (His64, Gln92, Asn62,
Gln67, and Trp5) [20]. However, the CA inhibition abil-
ity of these compounds (42–46) was lower or similar to
that of AAZ, but greater than that of the benzene sulfon-
amide ligands (compounds 42, 43, 46). This could be at-
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Fig. 12. Metal complexes as CA inhibitors. The chemical structures were illustrated using ChemDraw Ultra 12.0.

Fig. 13. Interaction of the compound 49 with Zn(II) active site
of CA II isoform. The chemical structure was illustrated using
PowerPoint and ChemDraw Ultra 12.0.

tributed to the unique properties of AAZ’s structure, where
the heterocyclic ring facilitates easier access to the pocket

site and enables more extensive bonding within the active
site [149]. It was also observed that compounds 42 and
43 underwent reduction to Pt(II), releasing benzene sulfon-
amide ligands. This instability and consequent reduction
might restrict their ability to effectively enter and act within
the active site [20].

Inhibition of CA by Sandwich/Half-Sandwich Metal
Complexes

In the development of new CA inhibitors based on
sandwich/half-sandwich complexes, multiple studies incor-
porated metallocene or metal arene into benzene sulfon-
amides and/or into AAZ [150–154]. This approach signif-
icantly raised inhibition activity over AAZ and coordina-
tion metal complexes containing sulfonamides. It will be
discussed in detail in this section.

Sandwich/Half-Sandwich Metallocene Complexes

The mechanism of action of sandwich/half-sandwich
complexes also involves binding of the sulfonamide head to
a Zn(II) located in the CA cavity. While the metallocene-
triazole tail groups could occupy the space in the active site
and interact with further sites in the active cavity, as pre-
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Fig. 14. Sandwich and half-sandwich complexes as CAs inhibitors. The chemical structures were illustrated using ChemDraw Ultra
12.0.

sented in Fig. 13 [151]. Any modifications of metallocene
or metal arene could lead to changes in inhibition activity.

Compound 49–53, a series of benzene sulfonamides
containing ferrocenyl fragments were synthesized and in-
vestigated for their ability to inhibit the enzymatic activ-
ity of CA II isoforms, as well as tumor-associated CA IX
and XII isoforms (Fig. 14) [150–152]. All compounds
were nanomolar inhibitors of CA IX and XII, with Ki
ranging from 5.9–85 nM and 5.5–18.8 nM, respectively
[152]. In addition, most of these compounds (except com-
pound 50) also inhibited the CA II isoform with a Ki value
in the nanomolar range. Ruthenocenyl derivatives (com-
pounds 52 and 53) provided superior CA inhibition com-
pared to ferrocenyl compounds for all three CA isozymes.
X-ray crystallography confirmed that the sulfonamide binds
to the catalytic zinc in the active site of the CA II isoform
whereas the metallocene located at the entrance does not in-
teract with the enzyme [151,152]. The bulkiness of metal-

locene allows for better targetingwithin the active site of the
enzyme compared to simpler compounds [151,152]. Can
et al. [153,154] explored rhenium and technetium tricar-
bonyl fragments as metal-based CA inhibitors (compounds
54, 55, and 56), attaching these fragments to the sulfon-
amide’s tails. Similar to previous ferrocene/ruthenocene
sulfonamides complexes, their crystal structures revealed
that the sulfonamide group bound to Zn(II) of the enzyme
without interaction between the metal-substituted tail and
the protein [154]. These compounds displayed nanomolar
affinity for specific CA isoforms, especially enhanced se-
lectivity for CA II, IX, and XII isoforms (Ki ranged from
4.4 to 43 nM).

To obtain CA inhibitors containing organometallic
moieties, a series of organometallic acylhydrazones (com-
pounds 57a–c) containing Re(CO)3, Mn(CO)3 and fer-
rocenyl moieties were reacted with amino-sulfonamides
[155]. The resulting compounds demonstrated selective in-
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Fig. 15. Metal arene complexes as CA inhibitors. The compounds were prepared by using ChemDraw Ultra 12.0. Note: MDA-MB
23 is a cell line of triple-negative breast cancer.

Fig. 16. Linear silver and gold complex as CA inhibitors. The chemical structures were illustrated using ChemDraw Ultra 12.0. Note:
Caco-2 is a cell line of human colorectal andenocarcinoma.

hibition of CA II, VA, and VII isoforms with nanomolar Ki
values, whereas the inhibitory effect on CA I isoform was
much less potent, indicating much higher Ki values. Brichet
et al. [156] introduced a series of bioorganometallic com-
pounds featuring benzenesulfonamide with CA inhibitory
properties (compounds 58a–f). All six compounds showed
significant inhibitory effects on CAXII in the Ki range from
1.9 to 24.4 nM. The cytosolic isoforms, CA I and II, were
also effectively inhibited by almost all derivatives with Ki
in the range of 1.7–22.4 nM. The inhibitory efficacy of these
compounds was comparable to or even exceeded that of
AAZ. This improved performance is potentially due to the
presence of metal-organic or metal-carbonyl groups in the
molecules of these CA inhibitors [156].

Half-Sandwich Metal Arene Complexes

Metal arene complex-based CA inhibitors, with a pri-
mary emphasis on ruthenium complexes, have been intro-
duced (Fig. 15). For example, two Ru/Fe heterobimetal-

lic complexes (59a–b and 60a–b) containing sulfonamide
were developed to act as selective inhibitors against tumor-
related isoforms CA IX and XII [157]. These compounds
selectively inhibit CA IX and XII isoforms at nanomolar
value (Ki ranged from 30 to 275 nM), which was analyzed
by a stopped-flow CO2hydrase assay [157]. Two Ru(II)
arene complexes (compounds 61 and 62) containing sul-
fonamides have been developed. Their sulfonamides could
serve as specific probes targeting cancer cells to enhance
the uptake of these compounds into such cells [158]. These
compounds show cytotoxicity toward cancer cells (MDA-
MB-231 and MIA PaCa-2), while sparing non-cancerous
CHO and MDCK cells. Enhanced toxicity under hypoxic
conditions observed in MDA-MB-231 cells may be linked
to higher expression of CA IX in these conditions. Both
complexes 61 and 62 induce apoptosis by depolarizing mi-
tochondrial membrane potential and arresting the cell cycle
in the SubG1 phase [158].
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In addition to the metal complexes containing benzene
sulfonamides, complexes featuring AAZ were developed,
exhibiting significantly higher inhibitory activity compared
to AAZ alone and surpassing that of the benzene sulfon-
amides complex. For example, Seršen et al. [159] syn-
thesized complexes 63 and 64 by combining AAZ with
Ru(II) η6-p-cymene chloride. These compounds demon-
strated significant inhibitory effects on human CA I, IX,
and XII isoforms, surpassingAAZ’s inherent inhibitory ca-
pabilities [159]. These compounds showed potent activity
against CA I, with Ki values ranging from 8.5 to 23.4 nM,
compared to the Ki value of 250 nM forAAZ. For the CA II
isoform, its Ki values ranged between 0.48 and 4.2 nM. The
inhibitory effect extended to CA IX and XII isoforms, with
Ki value ranges of 0.63 to 3.8 nM and 0.04 to 0.52 nM, re-
spectively, showing their remarkable potency against these
enzymes [159].

In summary, developing CA inhibitors based on
sandwich/half-sandwich metal complexes containing sul-
fonamide moieties involves single-target anticancer drugs.
The compounds mentioned above (49–64) exhibit signifi-
cant inhibitory effects toward CA IX and CA XII isoforms,
with Ki values in the nanomolar range. While compounds
61 and 62 have demonstrated effective anticancer activity
while sparing non-cancerous cells, most of the other com-
pounds have not been examined for their anticancer activity
and cytotoxicity. Detailed studies on the anticancer effect
of these compounds on cancer cells should be processed.

Linear-Geometry Metal Complex
Linear metal complexes are characterized by their

two-bond coordinated structures, commonly with Ag(I) and
Au(I) as metal centers [160]. In developing CA inhibitors
based on these metal complexes, a sulfonamide moiety is
incorporated into Ag(I) and Au(I)-based anticancer drugs.
This modification aims to enhance the efficacy of these
complexes as multitarget anticancer agents [161]. Aura-
nofin, an Au(I) complex, has garnered significant interest
for its potential in cancer therapy [160]. A recent study
has focused on derivatives of auranofin, specifically de-
signed as CA IX inhibitors by incorporating dithiocarba-
mate gold(I) complexes with benzenesulfonamide (com-
pounds 65 and 66) (Fig. 16) [161]. Compounds 65 and
66 were developed as multitarget anticancer drugs that in-
duced the apoptosis of colon cancer cells [161]. Both com-
pounds are capable of inhibiting the CA IX isoform at lower
concentrations. They exhibited strong toxicity on human
colorectal adenocarcinoma Caco-2 cells, with IC50 values
of 1.14 µM and 7.22 µM, respectively. Both complexes
generate cellular stress that activates the p53 protein, lead-
ing to cell cycle arrest in the G1 phase. The inhibition of
thioredoxin reductase causes a pro-oxidant effect, poten-
tially augmented by the pro-oxidant action of p53 [161].
Briefly, the activity of CA IX isoform is compromised upon
treatment with compounds 65 and 66, indicating that both

complexes are probably multitarget drugs [161]. A sil-
ver complex of 1,3-diaryltriazene-substituted sulfonamides
was synthesized by Canakci et al. [162] (compound 67),
which showed one of the high cytotoxicity against all can-
cer cell lines (DLD-1, HeLa, MDA-MB-231, HT-29, ECC-
1, DU-145, and PC-3) with IC50 values between 3.30 to
16.18 µM among other tested compounds.

A Brief Summary of Metal Complex-Based CA
Inhibitors

Like HDAC inhibitors based on metal complexes, CA
inhibitors based on metal complexes can be divided into
two classes. Except for compounds 65 and 66, which are
multitarget anticancer complexes, most of the aforemen-
tioned CA inhibitors involve CA single-target compounds.
These compounds, especially compounds 49–64, exhibited
remarkable inhibitory activity against CA within the very
low nanomolar range, surpassing the inhibition levels of
benzenesulfonamide and AAZ. However, the cytotoxicity
and anticancer activity of these compounds have not been
studied in detail. Therefore, future studies should investi-
gate the broader impacts of these drugs on cancer cells.

Conclusions

In summary, this paper reviews the role of metal com-
plexes as potent inhibitors of HDACs and CAs, with an em-
phasis on their superiority in selectivity and efficiency over
traditional organic inhibitors. This review also presents the
mechanisms of action and clarifies the relationship between
molecular design, inhibitory efficiency, and cytotoxic ef-
fects, offering insights that could inform the design of fu-
ture inhibitors. Future research should focus on designing
new inhibitors based on metal complexes by incorporating
relatively non-toxic metals with effective ligands (i.e., or-
ganic inhibitors).

Author Contributions

YTN and HJL conceptualized the review. YTN, NK,
and HJL performed the literature searches and YTN pre-
pared the figures and tables in the manuscript. YTN, NK,
and HJL prepared the first draft and critically revised the
manuscript. All authors have read and approved the final
manuscript. All authors have participated sufficiently in
the work and agreed to be accountable for all aspects of the
work.

Ethics Approval and Consent to Participate

Not applicable.

Acknowledgment

Not applicable.

https://www.discovmed.com/


2170

Funding

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Ko-
rean government (Ministry of Science and ICT; MSIT)
(2022R1F1A1074609 to HJL).

Conflict of Interest

The authors declare no conflict of interest.

References

[1] Zhao S, Yang Z, Jiang G, Huang S, Bian M, Lu Y, et al.
An Overview of Anticancer Platinum N-Heterocyclic Car-
bene Complexes. Coordination Chemistry Reviews. 2021; 449:
214217.

[2] Adhikari S, Nath P, Das A, Datta A, Baildya N, Duttaroy AK, et
al. A review on metal complexes and its anti-cancer activities:
Recent updates from in vivo studies. Biomedicine & Pharma-
cotherapy. 2024; 171: 116211.

[3] Galluzzi L, Senovilla L, Vitale I, Michels J, Martins I, Kepp O,
et al. Molecular mechanisms of cisplatin resistance. Oncogene.
2012; 31: 1869–1883.

[4] Calls A, Carozzi V, Navarro X, Monza L, Bruna J. Pathogenesis
of platinum-induced peripheral neurotoxicity: Insights from pre-
clinical studies. Experimental Neurology. 2020; 325: 113141.

[5] Shahlaei M, Asl SM, Derakhshani A, Kurek L, Karges J, Mac-
gregor R, et al. Platinum-Based Drugs in Cancer Treatment:
Expanding Horizons and Overcoming Resistance. Journal of
Molecular Structure. 2024; 1301: 137366.

[6] Alessio E, Messori L. NAMI-A and KP1019/1339, Two Iconic
Ruthenium Anticancer Drug Candidates Face-to-Face: A Case
Story in Medicinal Inorganic Chemistry. Molecules (Basel,
Switzerland). 2019; 24: 1995.

[7] Trondl R, Heffeter P, Kowol CR, Jakupec MA, Berger W, Kep-
pler BK. NKP-1339, the First Ruthenium-Based Anticancer
Drug on the Edge to Clinical Application. Chemical Science.
2014; 5: 2925–2932.

[8] Gomes LMF, Bataglioli JC, Jussila AJ, Smith JR, Walsby CJ,
Storr T. Modification of Aβ Peptide Aggregation via Covalent
Binding of a Series of Ru(III) Complexes. Frontiers in Chem-
istry. 2019; 7: 838.

[9] Lin H, Wang Y, Lai H, Li X, Chen T. Iron(II)-Polypyridyl Com-
plexes Inhibit the Growth of Glioblastoma Tumor and Enhance
TRAIL-Induced Cell Apoptosis. Chemistry, an Asian Journal.
2018; 13: 2730–2738.

[10] Wang J, Chen D, Li B, He J, Duan D, Shao D, et al. Fe-MIL-101
exhibits selective cytotoxicity and inhibition of angiogenesis in
ovarian cancer cells via downregulation of MMP. Scientific Re-
ports. 2016; 6: 26126.

[11] Mora M, Gimeno MC, Visbal R. Recent advances in gold-NHC
complexes with biological properties. Chemical Society Re-
views. 2019; 48: 447–462.

[12] Elie BT, Fernández-Gallardo J, Curado N, Cornejo MA, Ramos
JW, Contel M. Bimetallic titanocene-gold phosphane complexes
inhibit invasion, metastasis, and angiogenesis-associated signal-
ing molecules in renal cancer. European Journal of Medicinal
Chemistry. 2019; 161: 310–322.

[13] Rademaker-Lakhai JM, van den Bongard D, Pluim D, Beijnen
JH, Schellens JHM. A Phase I and pharmacological study with
imidazolium-trans-DMSO-imidazole-tetrachlororuthenate, a
novel ruthenium anticancer agent. Clinical Cancer Research.
2004; 10: 3717–3727.

[14] Hartinger CG, Jakupec MA, Zorbas-Seifried S, Groessl M, Eg-

ger A, Berger W, et al. KP1019, a new redox-active anticancer
agent–preclinical development and results of a clinical phase
I study in tumor patients. Chemistry & Biodiversity. 2008; 5:
2140–2155.

[15] Kuhn PS, Pichler V, Roller A, Hejl M, Jakupec MA, Kandioller
W, et al. Improved reaction conditions for the synthesis of new
NKP-1339 derivatives and preliminary investigations on their
anticancer potential. Dalton Transactions. 2015; 44: 659–668.

[16] Zhang C, Xu C, Gao X, Yao Q. Platinum-based drugs for cancer
therapy and anti-tumor strategies. Theranostics. 2022; 12: 2115–
2132.

[17] Griffith D, Parker JP, Marmion CJ. Enzyme inhibition as a key
target for the development of novel metal-based anti-cancer ther-
apeutics. Anti-Cancer Agents inMedicinal Chemistry. 2010; 10:
354–370.

[18] Foo JB, Low ML, Lim JH, Lor YZ, Zainol Abidin R, Eh Dam
V, et al. Copper complex derived from S-benzyldithiocarbazate
and 3-acetylcoumarin induced apoptosis in breast cancer cell.
Biometals. 2018; 31: 505–515.

[19] HanW, HeW, Song Y, Zhao J, Song Z, Shan Y, et al. Multifunc-
tional platinum(IV) complex bearing HDAC inhibitor and biotin
moiety exhibits prominent cytotoxicity and tumor-targeting abil-
ity. Dalton Transactions. 2022; 51: 7343–7351.

[20] Cao Q, Zhou DJ, Pan ZY, Yang GG, Zhang H, Ji LN, et al.
CAIXplatins: Highly Potent Platinum(IV) Prodrugs Selective
Against Carbonic Anhydrase IX for the Treatment of Hypoxic
Tumors. Angewandte Chemie. 2020; 59: 18556–18562.

[21] Ye RR, Ke ZF, Tan CP, He L, Ji LN, Mao ZW. Histone-
deacetylase-targeted fluorescent ruthenium(II) polypyridyl
complexes as potent anticancer agents. Chemistry. 2013; 19:
10160–10169.

[22] Das R, Chatterjee DR, Shard A. Oxidation States in Metal-
locenes: A Key Mechanistic Component in Cancer Alleviation.
Coordination Chemistry Reviews. 2024; 504; 215666.

[23] Kilpin KJ, Dyson PJ. Enzyme Inhibition by Metal Complexes:
Concepts, Strategies and Applications. Chemical Science. 2013;
4: 1410–1419.

[24] Gasser G, Ott I, Metzler-Nolte N. Organometallic anticancer
compounds. Journal of Medicinal Chemistry. 2011; 54: 3–25.

[25] Riccardi L, Genna V, De Vivo M. Metal–Ligand Interactions in
Drug Design. Nature Reviews Chemistry. 2018; 2: 100–112.

[26] Göschl S, Varbanov HP, Theiner S, Jakupec MA, Galanski MS,
Keppler BK. The role of the equatorial ligands for the redox be-
havior, mode of cellular accumulation and cytotoxicity of plat-
inum(IV) prodrugs. Journal of Inorganic Biochemistry. 2016;
160: 264–274.

[27] Mendrina T, Poetsch I, Schueffl H, Baier D, Pirker C, Ries A,
et al. Influence of the Fatty Acid Metabolism on the Mode of
Action of a Cisplatin(IV) Complex with Phenylbutyrate as Axial
Ligands. Pharmaceutics. 2023; 15: 677.

[28] Ye R, Tan C, Chen B, Li R, Mao Z. Zinc-Containing Metalloen-
zymes: Inhibition by Metal-Based Anticancer Agents. Frontiers
in Chemistry. 2020; 8: 402.

[29] Eckschlager T, Plch J, StiborovaM, Hrabeta J. Histone Deacety-
lase Inhibitors as Anticancer Drugs. International Journal of
Molecular Sciences. 2017; 18: 1414.

[30] Lionetto MG. Carbonic Anhydrase and Biomarker Research:
New Insights. International Journal of Molecular Sciences.
2023; 24: 9687.

[31] Lai F, Jin L, Gallagher S, Mijatov B, Zhang XD, Hersey P. His-
tone deacetylases (HDACs) as mediators of resistance to apop-
tosis in melanoma and as targets for combination therapy with
selective BRAF inhibitors. Advances in Pharmacology. 2012;
65: 27–43.

[32] Haberland M, Montgomery RL, Olson EN. The many roles of
histone deacetylases in development and physiology: implica-

https://www.discovmed.com/


2171

tions for disease and therapy. Nature Reviews. Genetics. 2009;
10: 32–42.

[33] Li G, Tian Y, Zhu WG. The Roles of Histone Deacetylases and
Their Inhibitors in Cancer Therapy. Frontiers in Cell and Devel-
opmental Biology. 2020; 8: 576946.

[34] Gonneaud A, Turgeon N, Jones C, Couture C, Lévesque D,
Boisvert FM, et al. HDAC1 and HDAC2 independently regulate
common and specific intrinsic responses in murine enteroids.
Scientific Reports. 2019; 9: 5363.

[35] Levenson AS. Metastasis-associated protein 1-mediated antitu-
mor and anticancer activity of dietary stilbenes for prostate can-
cer chemoprevention and therapy. Seminars in Cancer Biology.
2022; 80: 107–117.

[36] Liu JR, Yu CW, Hung PY, Hsin LW, Chern JW. High-selective
HDAC6 inhibitor promotes HDAC6 degradation following
autophagy modulation and enhanced antitumor immunity in
glioblastoma. Biochemical Pharmacology. 2019; 163: 458–471.

[37] Suzuki K, Okuno Y, Kawashima N, Muramatsu H, Okuno T,
Wang X, et al. MEF2D-BCL9 Fusion Gene Is Associated With
High-Risk Acute B-Cell Precursor Lymphoblastic Leukemia in
Adolescents. Journal of Clinical Oncology. 2016; 34: 3451–
3459.

[38] Avvaru BS, Kim CU, Sippel KH, Gruner SM, Agbandje-
McKenna M, Silverman DN, et al. A short, strong hydrogen
bond in the active site of human carbonic anhydrase II. Biochem-
istry. 2010; 49: 249–251.

[39] Domsic JF, Avvaru BS, Kim CU, Gruner SM, Agbandje-
McKennaM, SilvermanDN, et al. Entrapment of carbon dioxide
in the active site of carbonic anhydrase II. The Journal of Bio-
logical Chemistry. 2008; 283: 30766–30771.

[40] Datta R, Waheed A, Bonapace G, Shah GN, Sly WS. Pathogen-
esis of retinitis pigmentosa associated with apoptosis-inducing
mutations in carbonic anhydrase IV. Proceedings of the National
Academy of Sciences of the United States of America. 2009;
106: 3437–3442.

[41] Ciccone L, Cerri C, Nencetti S, Orlandini E. Carbonic Anhy-
drase Inhibitors and Epilepsy: State of the Art and Future Per-
spectives. Molecules. 2021; 26: 6380.

[42] Nannini G, De Luca V, D’Ambrosio C, Scaloni A, Taddei A,
Ringressi MN, et al. A comparative study of carbonic anhydrase
activity in lymphocytes from colorectal cancer tissues and ad-
jacent healthy counterparts. Journal of Enzyme Inhibition and
Medicinal Chemistry. 2022; 37: 1651–1655.

[43] Pastorekova S, Gillies RJ. The role of carbonic anhydrase IX
in cancer development: links to hypoxia, acidosis, and beyond.
Cancer Metastasis Reviews. 2019; 38: 65–77.

[44] Todenhöfer T, Gibb EA, Seiler R, Kamyabi A, Hennenlotter J,
McDonald P, et al. Evaluation of carbonic anhydrase IX as a po-
tential therapeutic target in urothelial carcinoma. Urologic On-
cology. 2021; 39: 498.e1–498.e11.

[45] Duong V, Bret C, Altucci L, Mai A, Duraffourd C, Loubersac J,
et al. Specific activity of class II histone deacetylases in human
breast cancer cells. Molecular Cancer Research. 2008; 6: 1908–
1919.

[46] La DD, Bhosale SV, Jones LA, Bhosale SV.
Tetraphenylethylene-Based AIE-Active Probes for Sens-
ing Applications. ACS Applied Materials & Interfaces. 2018;
10: 12189–12216.

[47] Poulose N, Raju R. Sirtuin regulation in aging and injury.
Biochimica et Biophysica Acta. 2015; 1852: 2442–2455.

[48] Bayat S, Shekari Khaniani M, Choupani J, Alivand MR, Man-
soori Derakhshan S. HDACis (class I), cancer stem cell, and
phytochemicals: Cancer therapy and prevention implications.
Biomedicine & Pharmacotherapy. 2018; 97: 1445–1453.

[49] Pinkerneil M, Hoffmann MJ, Deenen R, Köhrer K, Arent T,
Schulz WA, et al. Inhibition of Class I Histone Deacetylases

1 and 2 Promotes Urothelial Carcinoma Cell Death by Various
Mechanisms. Molecular Cancer Therapeutics. 2016; 15: 299–
312.

[50] Juan LJ, Shia WJ, Chen MH, Yang WM, Seto E, Lin YS, et al.
Histone deacetylases specifically down-regulate p53-dependent
gene activation. The Journal of Biological Chemistry. 2000; 275:
20436–20443.

[51] Shen Z, Bei Y, Lin H, Wei T, Dai Y, Hu Y, et al. The role of
class IIa histone deacetylases in regulating endothelial function.
Frontiers in Physiology. 2023; 14: 1091794.

[52] Houtkooper RH, Pirinen E, Auwerx J. Sirtuins as regulators of
metabolism and healthspan. Nature Reviews.Molecular Cell Bi-
ology. 2012; 13: 225–238.

[53] Chang HC, Guarente L. SIRT1 and other sirtuins in metabolism.
Trends in Endocrinology and Metabolism: TEM. 2014; 25:
138–145.

[54] Zhu S, Dong Z, Ke X, Hou J, Zhao E, Zhang K, et al. The roles
of sirtuins family in cell metabolism during tumor development.
Seminars in Cancer Biology. 2019; 57: 59–71.

[55] Yi Z, Wenwen L, Kun W, Jian S. Overexpression of histone
deacetylase 11 suppresses basal-like breast cancer cell invasion
and metastasis. Journal of Southern Medical University. 2019;
39: 751–759.

[56] Kutil Z, Mikešová J, Zessin M, Meleshin M, Nováková Z,
Alquicer G, et al. Continuous Activity Assay for HDAC11 En-
abling Reevaluation of HDAC Inhibitors. ACS Omega. 2019; 4:
19895–19904.

[57] Cao J, Sun L, Aramsangtienchai P, Spiegelman NA, Zhang X,
Huang W, et al. HDAC11 regulates type I interferon signaling
through defatty-acylation of SHMT2. Proceedings of the Na-
tional Academy of Sciences of the United States of America.
2019; 116: 5487–5492.

[58] Bannister AJ, Kouzarides T. Regulation of chromatin by histone
modifications. Cell Research. 2011; 21: 381–395.

[59] Lee HT, Oh S, Ro DH, Yoo H, Kwon YW. The Key Role of
DNA Methylation and Histone Acetylation in Epigenetics of
Atherosclerosis. Journal of Lipid and Atherosclerosis. 2020; 9:
419–434.

[60] Hai R, Yang D, Zheng F, Wang W, Han X, Bode AM, et al. The
emerging roles of HDACs and their therapeutic implications in
cancer. European Journal of Pharmacology. 2022; 931: 175216.

[61] Hagelkruys A, Sawicka A, Rennmayr M, Seiser C. The biol-
ogy of HDAC in cancer: the nuclear and epigenetic components.
Handbook of Experimental Pharmacology. 2011; 206: 13–37.

[62] The Human Protein Atlas. Available at: https://www.proteinatl
as.org/ (Accessed: 18 April 2024).

[63] Guo X, Deng J, Zheng B, Liu H, Zhang Y, Ying Y, et al. HDAC1
and HDAC2 regulate anti-inflammatory effects of anesthetic
isoflurane in human monocytes. Immunology and Cell Biology.
2020; 98: 318–331.

[64] Sun Z, Feng D, Fang B, Mullican SE, You SH, Lim HW, et al.
Deacetylase-independent function of HDAC3 in transcription
and metabolism requires nuclear receptor corepressor. Molec-
ular Cell. 2013; 52: 769–782.

[65] Tang X, Li G, Su F, Cai Y, Shi L, Meng Y, et al. HDAC8 coop-
erates with SMAD3/4 complex to suppress SIRT7 and promote
cell survival and migration. Nucleic Acids Research. 2020; 48:
2912–2923.

[66] Mei J, Liu G, Wang W, Xiao P, Yang D, Bai H, et al. OIP5-AS1
modulates epigenetic regulator HDAC7 to enhance non-small
cell lung cancer metastasis via miR-140-5p. Oncology Letters.
2020; 20: 7.

[67] Huang Z, Xia Y, Hu K, Zeng S, Wu L, Liu S, et al. His-
tone deacetylase 6 promotes growth of glioblastoma through the
MKK7/JNK/c-Jun signaling pathway. Journal of Neurochem-
istry. 2020; 152: 221–234.

https://www.discovmed.com/
https://www.proteinatlas.org/
https://www.proteinatlas.org/


2172

[68] Zhao E, Hou J, Ke X, Abbas MN, Kausar S, Zhang L, et al. The
Roles of Sirtuin Family Proteins in Cancer Progression. Cancers.
2019; 11: 1949.

[69] Head PE, Zhang H, Bastien AJ, Koyen AE, Withers AE, Dad-
dacha WB, et al. Sirtuin 2 mutations in human cancers impair
its function in genome maintenance. The Journal of Biological
Chemistry. 2017; 292: 9919–9931.

[70] Ong ALC, Ramasamy TS. Role of Sirtuin1-p53 regulatory axis
in aging, cancer and cellular reprogramming. Ageing Research
Reviews. 2018; 43: 64–80.

[71] Serrano L, Martínez-Redondo P, Marazuela-Duque A, Vazquez
BN, Dooley SJ, Voigt P, et al. The tumor suppressor SirT2 regu-
lates cell cycle progression and genome stability by modulating
the mitotic deposition of H4K20 methylation. Genes & Devel-
opment. 2013; 27: 639–653.

[72] Xia X, Zhou X. Knockdown of SIRT1 inhibits proliferation and
promotes apoptosis of paclitaxel-resistant human cervical cancer
cells. Cellular and Molecular Biology. 2018; 64: 36–41.

[73] Türelik Ö, Fındık DG. The Role of Sirtuin 2 in Chemotherapeu-
tic Resistance. Eurasian Journal of Medical Advances. 2023; 3:
67–69.

[74] Sawant Dessai A, DominguezMP, Chen UI, Hasper J, Prechtl C,
Yu C, et al. Transcriptional Repression of SIRT3 Potentiates Mi-
tochondrial Aconitase Activation to Drive Aggressive Prostate
Cancer to the Bone. Cancer Research. 2021; 81: 50–63.

[75] Huang S, Chen X, Zheng J, Huang Y, Song L, Yin Y, et al.
Low SIRT3 expression contributes to tumor progression, de-
velopment and poor prognosis in human pancreatic carcinoma.
Pathology, Research and Practice. 2017; 213: 1419–1423.

[76] Xu LX, Hao LJ, Ma JQ, Liu JK, Hasim A. SIRT3 promotes the
invasion and metastasis of cervical cancer cells by regulating
fatty acid synthase. Molecular and Cellular Biochemistry. 2020;
464: 11–20.

[77] Liu C, Huang Z, Jiang H, Shi F. The sirtuin 3 expression profile
is associated with pathological and clinical outcomes in colon
cancer patients. BioMed Research International. 2014; 2014:
871263.

[78] Shanmugam G, Rakshit S, Sarkar K. HDAC inhibitors: Targets
for tumor therapy, immunemodulation and lung diseases. Trans-
lational Oncology. 2022; 16: 101312.

[79] Afifi S, Michael A, Azimi M, Rodriguez M, Lendvai N, Land-
gren O. Role of Histone Deacetylase Inhibitors in Relapsed Re-
fractory Multiple Myeloma: A Focus on Vorinostat and Panobi-
nostat. Pharmacotherapy. 2015; 35: 1173–1188.

[80] Park SY, Kim JS. A short guide to histone deacetylases including
recent progress on class II enzymes. Experimental & Molecular
Medicine. 2020; 52: 204–212.

[81] Gao BB, Clermont A, Rook S, Fonda SJ, Srinivasan VJ, Wo-
jtkowski M, et al. Extracellular carbonic anhydrase mediates
hemorrhagic retinal and cerebral vascular permeability through
prekallikrein activation. Nature Medicine. 2007; 13: 181–188.

[82] Kaplan AR, Glazer PM. Impact of hypoxia on DNA repair and
genome integrity. Mutagenesis. 2020; 35: 61–68.

[83] Shi R, Liao C, Zhang Q. Hypoxia-Driven Effects in Cancer:
Characterization, Mechanisms, and Therapeutic Implications.
Cells. 2021; 10: 678.

[84] Liu C, Wei Y, Wang J, Pi L, Huang J, Wang P. Carbonic an-
hydrases III and IV autoantibodies in rheumatoid arthritis, sys-
temic lupus erythematosus, diabetes, hypertensive renal disease,
and heart failure. Clinical & Developmental Immunology. 2012;
2012: 354594.

[85] Barreiro E, Hussain SNA. Protein carbonylation in skeletal mus-
cles: impact on function. Antioxidants & Redox Signaling.
2010; 12: 417–429.

[86] Queen A, Khan P, Azam A, Hassan MI. Understanding the Role
and Mechanism of Carbonic Anhydrase V in Obesity and its

Therapeutic Implications. Current Protein & Peptide Science.
2018; 19: 909–923.

[87] Piekoszewska-Ziętek P, Szymański K, Olczak-Kowalczyk D.
Polymorphism in the CAVI gene, salivary properties and den-
tal caries. Acta Odontologica Scandinavica. 2020; 78: 250–255.

[88] Kopecka J, Campia I, Jacobs A, Frei AP, Ghigo D, Wollscheid
B, et al. Carbonic anhydrase XII is a new therapeutic target to
overcome chemoresistance in cancer cells. Oncotarget. 2015; 6:
6776–6793.

[89] Waheed A, Sly WS. Carbonic anhydrase XII functions in health
and disease. Gene. 2017; 623: 33–40.

[90] Tonissen KF, Poulsen SA. Carbonic anhydrase XII inhibition
overcomes P-glycoprotein-mediated drug resistance: a poten-
tial new combination therapy in cancer. Cancer Drug Resistance.
2021; 4: 343–355.

[91] Aspatwar A, Tolvanen MEE, Barker H, Parkkila S. Carbonic
Anhydrase XIII. Carbonic Anhydrases as Biocatalysts (pp. 207–
219). Elsevier: Amsterdam, Netherlands. 2015.

[92] Ogilvie JM, Ohlemiller KK, Shah GN, Ulmasov B, Becker TA,
Waheed A, et al. Carbonic anhydrase XIV deficiency produces a
functional defect in the retinal light response. Proceedings of the
National Academy of Sciences of the United States of America.
2007; 104: 8514–8519.

[93] Aspatwar A, Tolvanen MEE, Parkkila S. An update on carbonic
anhydrase-related proteins VIII, X and XI. Journal of Enzyme
Inhibition and Medicinal Chemistry. 2013; 28: 1129–1142.

[94] Occhipinti R, Boron WF. Role of Carbonic Anhydrases and In-
hibitors in Acid-Base Physiology: Insights from Mathematical
Modeling. International Journal of Molecular Sciences. 2019;
20: 3841.

[95] Aspatwar A, Tolvanen ME, Parkkila S. Phylogeny and expres-
sion of carbonic anhydrase-related proteins. BMCMolecular Bi-
ology. 2010; 11: 25.

[96] Dichiera AM, Esbaugh AJ. Red blood cell carbonic anhydrase
mediates oxygen delivery via the Root effect in red drum. The
Journal of Experimental Biology. 2020; 223: jeb232991.

[97] Akiba Y, Ghayouri S, Takeuchi T, Mizumori M, Guth PH, En-
gel E, et al. Carbonic anhydrases and mucosal vanilloid recep-
tors help mediate the hyperemic response to luminal CO2 in rat
duodenum. Gastroenterology. 2006; 131: 142–152.

[98] Akiba Y, Kaunitz JD. Luminal chemosensing and upper gas-
trointestinal mucosal defenses. The American Journal of Clin-
ical Nutrition. 2009; 90: 826S–831S.

[99] Lehenkari P, Hentunen TA, Laitala-Leinonen T, Tuukkanen J,
Väänänen HK. Carbonic anhydrase II plays a major role in
osteoclast differentiation and bone resorption by effecting the
steady state intracellular pH and Ca2+. Experimental Cell Re-
search. 1998; 242: 128–137.

[100] Lee SK, Boron WF, Occhipinti R. Potential Novel Role of
Membrane-Associated Carbonic Anhydrases in the Kidney. In-
ternational Journal of Molecular Sciences. 2023; 24: 4251.

[101] Sedlakova O, Svastova E, Takacova M, Kopacek J, Pastorek
J, Pastorekova S. Carbonic anhydrase IX, a hypoxia-induced
catalytic component of the pH regulating machinery in tumors.
Frontiers in Physiology. 2014; 4: 400.

[102] Chen LQ, Howison CM, Spier C, Stopeck AT,Malm SW, Pagel
MD, et al. Assessment of carbonic anhydrase IX expression and
extracellular pH in B-cell lymphoma cell line models. Leukemia
& Lymphoma. 2015; 56: 1432–1439.

[103] Chiche J, Ilc K, Laferrière J, Trottier E, Dayan F, Mazure NM,
et al. Hypoxia-inducible carbonic anhydrase IX andXII promote
tumor cell growth by counteracting acidosis through the regula-
tion of the intracellular pH. Cancer Research. 2009; 69: 358–
368.

[104] Pastorekova S, Zatovicova M, Pastorek J. Cancer-associated
carbonic anhydrases and their inhibition. Current Pharmaceuti-

https://www.discovmed.com/


2173

cal Design. 2008; 14: 685–698.
[105] Riffle S, Pandey RN, Albert M, Hegde RS. Linking hypoxia,

DNA damage and proliferation in multicellular tumor spheroids.
BMC Cancer. 2017; 17: 338.

[106] de Martino M, Lucca I, Mbeutcha A, Wiener HG, Haitel A,
Susani M, et al. Carbonic anhydrase IX as a diagnostic urinary
marker for urothelial bladder cancer. European Urology. 2015;
68: 552–554.

[107] Liu LC, Xu WT, Wu X, Zhao P, Lv YL, Chen L. Overexpres-
sion of carbonic anhydrase II and Ki-67 proteins in prognosis of
gastrointestinal stromal tumors. World Journal of Gastroenterol-
ogy. 2013; 19: 2473–2480.

[108] Radvak P, Repic M, Svastova E, Takacova M, Csaderova L,
Strnad H, et al. Suppression of carbonic anhydrase IX leads to
aberrant focal adhesion and decreased invasion of tumor cells.
Oncology Reports. 2013; 29: 1147–1153.

[109] Kim S, Sung J, Yeon J, Choi SH, Jin MS. Crystal Structure
of a Highly Thermostable α-Carbonic Anhydrase from Perse-
phonella marina EX-H1. Molecules and Cells. 2019; 42: 460–
469.

[110] Mishra CB, Tiwari M, Supuran CT. Progress in the develop-
ment of human carbonic anhydrase inhibitors and their phar-
macological applications: Where are we today? Medicinal Re-
search Reviews. 2020; 40: 2485–2565.

[111] Kumar S, Rulhania S, Jaswal S, Monga V. Recent advances in
the medicinal chemistry of carbonic anhydrase inhibitors. Euro-
pean Journal of Medicinal Chemistry. 2021; 209: 112923.

[112] Jonsson BH, Liljas A. Perspectives on the Classical Enzyme
Carbonic Anhydrase and the Search for Inhibitors. Biophysical
Journal. 2020; 119: 1275–1280.

[113] Nocentini A, Angeli A, Carta F, Winum JY, Zalubovskis R,
Carradori S, et al. Reconsidering anion inhibitors in the general
context of drug design studies of modulators of activity of the
classical enzyme carbonic anhydrase. Journal of Enzyme Inhi-
bition and Medicinal Chemistry. 2021; 36: 561–580.

[114] Brabec V, Kasparkova J. Modifications of DNA by platinum
complexes. Relation to resistance of tumors to platinum antitu-
mor drugs. Drug Resistance Updates: Reviews and Commen-
taries in Antimicrobial and Anticancer Chemotherapy. 2005; 8:
131–146.

[115] Li C, Xu F, Zhao Y, Zheng W, Zeng W, Luo Q, et al. Plat-
inum(II) Terpyridine Anticancer Complexes Possessing Multi-
ple Mode of DNA Interaction and EGFR Inhibiting Activity.
Frontiers in Chemistry. 2020; 8: 210.

[116] Dasari S, Tchounwou PB. Cisplatin in cancer therapy: molec-
ular mechanisms of action. European Journal of Pharmacology.
2014; 740: 364–378.

[117] Johnstone TC, SuntharalingamK, Lippard SJ. The Next Gener-
ation of Platinum Drugs: Targeted Pt(II) Agents, Nanoparticle
Delivery, and Pt(IV) Prodrugs. Chemical Reviews. 2016; 116:
3436–3486.

[118] Raveendran R, Braude JP, Wexselblatt E, Novohradsky V,
Stuchlikova O, Brabec V, et al. Pt(iv) derivatives of cisplatin
and oxaliplatin with phenylbutyrate axial ligands are potent cy-
totoxic agents that act by several mechanisms of action. Chem-
ical Science. 2016; 7: 2381–2391.

[119] Novohradsky V, Zerzankova L, Stepankova J, Vrana O,
Raveendran R, Gibson D, et al. New insights into the molecular
and epigenetic effects of antitumor Pt(IV)-valproic acid conju-
gates in human ovarian cancer cells. Biochemical Pharmacol-
ogy. 2015; 95: 133–144.

[120] Kostrhunova H, Zajac J, Novohradsky V, Kasparkova J, Ma-
lina J, Aldrich-Wright JR, et al. A Subset of New PlatinumAnti-
tumor Agents Kills Cells by aMultimodal Mechanism of Action
Also Involving Changes in the Organization of the Microtubule
Cytoskeleton. Journal of Medicinal Chemistry. 2019; 62: 5176–

5190.
[121] Karmakar S, Kostrhunova H, Ctvrtlikova T, Novohradsky

V, Gibson D, Brabec V. Platinum(IV)-Estramustine Multiac-
tion Prodrugs Are Effective Antiproliferative Agents against
Prostate Cancer Cells. Journal of Medicinal Chemistry. 2020;
63: 13861–13877.

[122] Fass DM, Shah R, Ghosh B, Hennig K, Norton S, Zhao WN,
et al. Short-Chain HDAC Inhibitors Differentially Affect Ver-
tebrate Development and Neuronal Chromatin. ACS Medicinal
Chemistry Letters. 2010; 2: 39–42.

[123] Almotairy ARZ, Montagner D, Morrison L, Devereux M,
Howe O, Erxleben A. Pt(IV) pro-drugs with an axial HDAC
inhibitor demonstrate multimodal mechanisms involving DNA
damage and apoptosis independent of cisplatin resistance in
A2780/A2780cis cells. Journal of Inorganic Biochemistry.
2020; 210: 111125.

[124] Novohradsky V, Zerzankova L, Stepankova J, Vrana O,
Raveendran R, Gibson D, et al. Antitumor platinum(IV) deriva-
tives of oxaliplatin with axial valproato ligands. Journal of Inor-
ganic Biochemistry. 2014; 140: 72–79.

[125] Almotairy ARZ, Gandin V, Morrison L, Marzano C, Montag-
ner D, Erxleben A. Antitumor platinum(IV) derivatives of car-
boplatin and the histone deacetylase inhibitor 4-phenylbutyric
acid. Journal of Inorganic Biochemistry. 2017; 177: 1–7.

[126] Bolden JE, Peart MJ, Johnstone RW. Anticancer activities of
histone deacetylase inhibitors. Nature Reviews. DrugDiscovery.
2006; 5: 769–784.

[127] Marks PA, Breslow R. Dimethyl sulfoxide to vorinostat: de-
velopment of this histone deacetylase inhibitor as an anticancer
drug. Nature Biotechnology. 2007; 25: 84–90.

[128] Hai Y, Christianson DW. Histone deacetylase 6 structure and
molecular basis of catalysis and inhibition. Nature Chemical Bi-
ology. 2016; 12: 741–747.

[129] Marinero JJC, Lapierre M, Cavaillès V, Saint-Fort R, Vessières
A, Top S, et al. Efficient new constructs against triple negative
breast cancer cells: synthesis and preliminary biological study
of ferrocifen-SAHA hybrids and related species. Dalton Trans-
actions. 2013; 42: 15489–15501.

[130] Spencer J, Amin J, Wang M, Packham G, Alwi SSS, Tiz-
zard GJ, et al. Synthesis and Biological Evaluation of JAHAs:
Ferrocene-Based Histone Deacetylase Inhibitors. ACS Medici-
nal Chemistry Letters. 2011; 2: 358–362.

[131] Spencer J, Amin J, Boddiboyena R, Packham G, Cavell BE,
Syed Alwi SS, et al. Click JAHAs: Conformationally Restricted
Ferrocene-Based Histone Deacetylase Inhibitors. Medicinal
Chemistry Communications. 2012; 3: 61–64.

[132] Ocasio, CA, Sansook S, Jones R, Roberts JM, Scott TG,
Tsoureas N, et al. Pojamide: An HDAC3-Selective Ferrocene
Analogue with Remarkably Enhanced Redox-Triggered Fer-
rocenium Activity in Cells. Organometallics. 2017; 36: 3276–
3283.

[133] Luparello C, Asaro DML, Cruciata I, Hassell-Hart S, Sansook
S, Spencer J, et al. Cytotoxic Activity of the Histone Deacety-
lase 3-Selective Inhibitor Pojamide on MDA-MB-231 Triple-
Negative Breast Cancer Cells. International Journal of Molec-
ular Sciences. 2019; 20: 804.

[134] Tang C, Du Y, Liang Q, Cheng Z, Tian J. Development of
a Novel Ferrocenyl Histone Deacetylase Inhibitor for Triple-
Negative Breast Cancer Therapy. Organometallics. 2018; 37:
2368–2375.

[135] Yan J, Yue K, Fan X, Xu X, Wang J, Qin M, et al. Synthesis
and bioactivity evaluation of ferrocene-based hydroxamic acids
as selective histone deacetylase 6 inhibitors. European Journal
of Medicinal Chemistry. 2023; 246: 115004.

[136] Cross JM, Blower TR, Kingdon ADH, Pal R, Picton DM, Wal-
ton JW. Anticancer Ruthenium Complexes with HDAC Isoform

https://www.discovmed.com/


2174

Selectivity. Molecules. 2020; 25: 2383.
[137] Cross JM, Blower TR, Gallagher N, Gill JH, Rockley KL,Wal-

ton JW.Anticancer RuII and RhIII Piano-Stool Complexes that
are Histone Deacetylase Inhibitors. ChemPlusChem. 2016; 81:
1276–1280.

[138] Hanif M, Arshad J, Astin JW, Rana Z, Zafar A, Movassaghi
S, et al. A Multitargeted Approach: Organorhodium Anticancer
Agent Based on Vorinostat as a Potent Histone Deacetylase In-
hibitor. Angewandte Chemie. 2020; 59: 14609–14614.

[139] Ye RR, Tan CP, He L, Chen MH, Ji LN, Mao ZW. Cyclomet-
alated Ir(III) complexes as targeted theranostic anticancer ther-
apeutics: combining HDAC inhibition with photodynamic ther-
apy. Chemical Communications. 2014; 50: 10945–10948.

[140] McGivern TJP, Slator C, Kellett A, Marmion CJ. Innovative
DNA-Targeted Metallo-prodrug Strategy Combining Histone
Deacetylase Inhibition with Oxidative Stress. Molecular Phar-
maceutics. 2018; 15: 5058–5071.

[141] Wang Y, Wallach J, Duane S, Wang Y, Wu J, Wang J, et al.
Developing selective histone deacetylases (HDACs) inhibitors
through ebselen and analogs. Drug Design, Development and
Therapy. 2017; 11: 1369–1382.

[142] Inks ES, Josey BJ, Jesinkey SR, Chou CJ. A novel class of
small molecule inhibitors of HDAC6. ACS Chemical Biology.
2012; 7: 331–339.

[143] Hu J, An B, Pan T, Li Z, Huang L, Li X. Design, synthesis, and
biological evaluation of histone deacetylase inhibitors possess-
ing glutathione peroxidase-like and antioxidant activities against
Alzheimer’s disease. Bioorganic & Medicinal Chemistry. 2018;
26: 5718–5729.

[144] Swietach P, Vaughan-Jones RD, Harris AL. Regulation of tu-
mor pH and the role of carbonic anhydrase 9. Cancer Metastasis
Reviews. 2007; 26: 299–310.

[145] Kao TW, Bai GH, Wang TL, Shih IM, Chuang CM, Lo CL, et
al. Novel cancer treatment paradigm targeting hypoxia-induced
factor in conjunction with current therapies to overcome re-
sistance. Journal of Experimental & Clinical Cancer Research.
2023; 42: 171.

[146] Ferraroni M, Cornelio B, Sapi J, Supuran CT, Scozzafava A.
Sulfonamide Carbonic Anhydrase Inhibitors: Zinc Coordination
and Tail Effects Influence Inhibitory Efficacy and Selectivity for
Different Isoforms. Inorganica Chimica Acta. 2018; 470: 128–
132.

[147] Ilkimen H, Tunca Y, Tunca E, Bülbül M, Yenikaya C. Carbonic
Anhydrase Inhibitory Activities of Novel Proton Transfer Salts
and Their Cu(II) Complexes. Macedonian Journal of Chemistry
and Chemical Engineering. 2023; 42: 57–66.

[148] Yaşar Ü, Gönül İ, Türkeş C, Demir Y, Beydemir Ş. Tran-
sition‐Metal Complexes of Bidentate Schiff‐Base Ligands: In
Vitro and In Silico Evaluation as Non‐Classical Carbonic Anhy-
drase and Potential Acetylcholinesterase Inhibitors. Chemistry-
Select. 2021; 6: 7278–7284.

[149] Angeli A, Paoletti N, Supuran CT. Five-Membered Het-
erocyclic Sulfonamides as Carbonic Anhydrase Inhibitors.
Molecules. 2023; 28: 3220.

[150] Salmon AJ, Williams ML, Innocenti A, Vullo D, Supuran CT,
Poulsen SA. Inhibition of carbonic anhydrase isozymes I, II
and IX with benzenesulfonamides containing an organometallic
moiety. Bioorganic & Medicinal Chemistry Letters. 2007; 17:

5032–5035.
[151] Salmon AJ, Williams ML, Hofmann A, Poulsen SA. Protein

crystal structures with ferrocene and ruthenocene-based enzyme
inhibitors. Chemical Communications. 2012; 48: 2328–2330.

[152] Salmon AJ, Williams ML, Wu QK, Morizzi J, Gregg D,
Charman SA, et al. Metallocene-based inhibitors of cancer-
associated carbonic anhydrase enzymes IX and XII. Journal of
Medicinal Chemistry. 2012; 55: 5506–5517.

[153] Can D, Spingler B, Schmutz P, Mendes F, Raposinho P, Fer-
nandes C, et al. [(Cp-R)M(CO)3] (M=Re or 99mTc) Arylsul-
fonamide, arylsulfamide, and arylsulfamate conjugates for se-
lective targeting of human carbonic anhydrase IX. Angewandte
Chemie. 2012; 51: 3354–3357.

[154] Can D, Peindy N’Dongo HW, Spingler B, Schmutz P, Rapos-
inho P, Santos I, et al. The [(Cp)M(CO)(3)] (M=Re, (99m)Tc)
building block for imaging agents and bioinorganic probes: per-
spectives and limitations. Chemistry & Biodiversity. 2012; 9:
1849–1866.

[155] Huentupil Y, Peña L, Novoa N, Berrino E, Arancibia R,
Supuran CT. New sulfonamides containing organometallic-
acylhydrazones: synthesis, characterisation and biological eval-
uation as inhibitors of human carbonic anhydrases. Journal of
Enzyme Inhibition and Medicinal Chemistry. 2019; 34: 451–
458.

[156] Brichet J, Arancibia R, Berrino E, Supuran CT.
Bioorganometallic derivatives of 4-hydrazino-
benzenesulphonamide as carbonic anhydrase inhibitors:
synthesis, characterisation and biological evaluation. Journal
of Enzyme Inhibition and Medicinal Chemistry. 2020; 35:
622–628.

[157] Peña L, Jiménez C, Arancibia R, Angeli A, Supuran CT. Het-
erobimetallic complexes containing organometallic acylhydra-
zone ligands as potential inhibitors of human carbonic anhy-
drases. Journal of Inorganic Biochemistry. 2022; 232: 111814.

[158] Maji M, Acharya S, Bhattacharya I, Gupta A, Mukherjee A.
Effect of an Imidazole-Containing Schiff Base of an Aromatic
Sulfonamide on the Cytotoxic Efficacy of N,N-Coordinated
Half-Sandwich Ruthenium(II) p-Cymene Complexes. Inorganic
Chemistry. 2021; 60: 4744–4754.

[159] Seršen S, Traven K, Kljun J, Turel I, Supuran CT. Organoruthe-
nium(II) complexes of acetazolamide potently inhibit human
carbonic anhydrase isoforms I, II, IX and XII. Journal of En-
zyme Inhibition and Medicinal Chemistry. 2019; 34: 388–393.

[160] Gamberi T, Chiappetta G, Fiaschi T, Modesti A, Sorbi F,
Magherini F. Upgrade of an old drug: Auranofin in innova-
tive cancer therapies to overcome drug resistance and to in-
crease drug effectiveness. Medicinal Research Reviews. 2022;
42: 1111–1146.

[161] Quero J, Royo JC, Fodor B, Gimeno MC, Osada J, Rodríguez-
Yoldi MJ, et al. Sulfonamide-Derived Dithiocarbamate Gold(I)
Complexes Induce the Apoptosis of Colon Cancer Cells by the
Activation of Caspase 3 and Redox Imbalance. Biomedicines.
2022; 10: 1437.

[162] Canakci D, Koyuncu I, Lolak N, Durgun M, Akocak S, Supu-
ran CT. Synthesis and cytotoxic activities of novel copper and
silver complexes of 1,3-diaryltriazene-substituted sulfonamides.
Journal of Enzyme Inhibition and Medicinal Chemistry. 2019;
34: 110–116.

https://www.discovmed.com/

	Introduction
	Histone Deacetylases
	Carbonic Anhydrase
	Inhibition of HDAC by Metal Complexes
	Platinum Complexes
	HDAC Inhibitors Based on Cisplatin's Derivatives
	HDAC Inhibitors Based on Oxaliplatin's Derivatives
	HDAC Inhibitors Based on Carboplatin's Derivatives
	Brief Summary of Platinum Complexes

	Ferrocene Complexes
	Other Metal Complexes
	A Brief Summary of Metal Complex-Based HDAC Inhibitors 

	Inhibition of CA by Metal Complexes
	Inhibition of CA by Coordination Metal Complexes
	Inhibition of CA by Sandwich/Half-Sandwich Metal Complexes
	Sandwich/Half-Sandwich Metallocene Complexes
	Half-Sandwich Metal Arene Complexes

	Linear-Geometry Metal Complex
	A Brief Summary of Metal Complex-Based CA Inhibitors

	Conclusions 
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

