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Carbonic Anhydrase IX (CAIX) is a major metabolic effector of tumor hypoxia and 

regulates intra- and extracellular pH and acidosis. carbonic anhydrase (hCA) isoforms 

hCA IX and hCA XII are well established anticancer drug targets and their selective 

inhibition is highly desired for the proper treatment of cancer. Lack of isoform-

selectivity in current clinically used CA inhibitors (CAIs) is a major concern as it leads 

to undesired side effects, associated with off-target inhibition. Thus, there is need to 

explore alternative approaches for the design of isoform-selective inhibitors and the 

leading promising approach for the design of isoform-selective CAIs is “the tail-
approach”.Recent research has explored several structural classes, including 
thiadiazole–urea derivatives, coumarin derivatives, pyrazole benzenesulfonamides, 

thiopyrimidine–benzenesulfonamide hybrids, isatin-sulfonamides, quinoline hybrids, 

indolylchalcone benzenesulfonamides, coumarin–triazole derivatives, quinazoline–
sulfonamide hybrids, benzimidazole derivatives, and thiazole-based chalcones. Several 

of these compounds showed nanomolar or submicromolar CA IX inhibition and, in 

some cases, significant selectivity over CA I and CA II. 
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INTRODUCTION 

Carbonic anhydrases (CAs) belong to a group of 

zinc metalloprotein enzymes (1). Carbonic 

anhydrases (CAs) are zinc-containing enzymes 

(metalloenzymes) catalyzing the interconversion 

of CO2 and H2O to bicarbonates (HCO3 −) by 

following a metal hydroxide involving 

nucleophilic mechanism. The active site of CAs 

contains metal ions (Zn2+) in a tetrahedral 

geometric shape with the ligands which are three 

amino acid residues in addition to a H2O/OH (2). 

In humans 15 CAs are expressed, 12 of which are 

catalytically active: the cytosolic CA I-III, VII and 

https://www.ijpsjournal.com/
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XIII, the membrane-bound CA IV, the 

mitochondrial CA VA and VB, the secreted (in 

saliva and tears) CA VI, and the transmembrane 

CA IX, XII and XIV the catalytic forms are CA 

VIII, X and XI). many of these enzymes are drug 

targets, as their inhibitors show pharmacological 

applications for drugs treating edema, glaucoma, 

obesity, epilepsy, and tumors (1, 3).  

Carbonic anhydrase responsible for facilitating the 

conversion of carbon dioxide into bicarbonate ion 

and proton. During the process, it releases a 

proton, which is an essential physiological process 

for several biological functions.(1,4). These 

enzymes are widely expressed in a variety of 

tissues and are essential for numerous 

physiological activities, including respiration, 

ureagenesis, gluconeogenesis, lipogenesis, acid-

base balance, and the transfer of ions and gases (5).  

In humans, 15 α-class hCA isoforms have been 

identified, of which 12 are catalytically active, and 

differ markedly in tissue distribution and 

subcellular localization (2, 6). Tumor cells that 

live in hypoxic settings produce carbonic 

anhydrase IX (CAIX), a potent effector of 

hypoxia, on their cell surface. This enzyme has 

drawn a lot of interest as a cancer-specific 

therapeutic target since it is rarely produced on 

healthy cells (7). 

 

Figure.1.The significance of carbonic anhydrase IX in hypoxic tumor cells and its localization. 

The alteration of intracellular pH (pHi) due to 

extracellular acidification impacts key cellular 

activities such as metabolism, membrane integrity, 

energy production, and proliferation. Once the 

extra cellular pH decreases, cells must adjust pHi, 

a process that is especially important for tumor 

cells, which prefer a little more alkaline pHi than 

normal cells. The reason is to reverse the pH 

gradient in tumors relative to normal tissues by re-

establishing a slightly alkaline intracellular pH and 

generating a significant acidic extracellular 

environment. While extracellular pH (pHe) can 

decrease to values as low as pH 6.5, intracellular 

pH (pHi) becomes slightly alkaline in cancer cells. 

This reversal in the pH gradient has been shown to 

occur at an early point in malignant transformation 

and can further increase with proceeding tumor 

growth. The import of bicarbonate ions generated 

by CO2 hydration and the export of lactate and 

protons are the primary mechanisms for 

intracellular pH regulation (1,4,5). 

Mechanism of carbonic anhydrase inhibitor  

Under normal oxygen conditions (normoxia), 

tumor cells usually show low levels of CAIX; 

however, under hypoxia, this level sharply rises  

(2, 4) CA IX plays a crucial part in maintaining the 

intracellular pH necessary for aggressive tumor 

cells to survive. In order to counterbalance the 

varying oxygen levels, the hypoxia-inducible 

factor 1 (HIF1) tumor suppressor protein controls 
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the production of CA IX. Through proline 

hydroxylation, the Von Hippel Lindau (VHL) 

tumor suppressor protein, a part of a ubiquitin 

ligase complex, inhibits the production of CA IX 

and causes the transcription factor to be degraded 

by proteasomes (4,5). 

 

Figure.2.Mechanism of carbonic anhydrase inhibitor

DESIGNING STRATEGIES FOR 

CARBONIC ANHYDRASE   INHIBITORS                       

ZBG: primary 

 Zinc binding group :  aromatic sulfonamide, 

especially [p]-sulfamoylbenzene. 

Core/linker: 1,3,4-thiadiazole, triazole, 

pyrimidine, amide, urea, or hydrazone etc . 

Tail: substituted phenyl, heteroaryl, sugar, 

morpholine, piperazine, or a hydrophilic/cationic 

group etc .   

Significance of zinc binding group       

 

Figure.3.General scheme for CAI  belonging to the zinc binders class( sulfonamide, sulfamate, 

sulfamide)(8) 

  These CAIs bind in deprotonated form, as anions, 

to the Zn(II) ion from the enzyme active site, 

which is in a tetrahedral geometry, being 

coordinated by three His residues from the enzyme 

and by the zinc-binding group (ZBG) of the 

inhibitor  The ZBG also interacts with two other 
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conserved residues in all a-CAs, acting as “gate 
keepers”, i.e. Thr199  hydrogen bonded through its 
OH group with the water molecule/hydroxide ion 

coordinated to the zinc in the uninhibited enzyme, 

and with the ZBG, as shown in Figure 3, in the 

enzyme–inhibitor adducts  and Glu106, which is 

hydrogen bonded to Thr199 through its 

carboxylate moiety.(8,9)     

TAIL BASED APPROACH  DRUG DESIGN 

OF CARBONIC ANHYDRSE INHIBITOR 

 The “tail approach” has become a milestone in 
human carbonic anhydrase inhibitor (hCAI) 

design for various therapeutics, including tumor, 

antiglaucoma agents etc. Besides the classical 

hydrophobic/hydrophilic division of hCA active 

site, several sub pockets have been identified at the 

middle/outer active sites rim, which could be 

targeted to increase the CAI isoform selectivity(9). 

This postulate is explored here by three-tailed 

benzene sulfonamide CAIs  to fully exploit such 

amino acid differences among hCAs. The active 

site architecture is quite similar in all the twelve 

catalytically active -CA isoforms, thus making 

task of obtaining isoform- selective inhibitors 

rather difficult . However, the conserved amino 

acid residues in the human isoforms are at the 

bottom and middle parts of the active sites, 

whereas the most variable ones are at their 

entrances. Thus, the most successful approach 

termed as “the tail-approach” consists of 

appending one or more ‘tails’ to a scaffold (usually 
an aromatic or heterocyclic ring system 

incorporating a zinc binding group (ZBG) such as 

sulfonamide or their bioisosteres) leading to an 

elongated molecule with its tail being able to 

interact with the amino acid residues present 

mainly in the external-middle and outer rim of the 

active site cavity, which, as mentioned above, are 

the regions of the highest variability among the 

different CA isoforms  (10,11). 

 

Figure .4. Schematic representation of (A) "tail " (B) Two tail (C) Three tail approach design for the 

CAI(11) 

2.1 Tail approach based drug design on 

Thiadiazole compounds  

Tail approach based drug design on thiadiazole  

compounds connect benzene sulfonamide as a 

zinc‐binding moiety to different urea motifs using 
1,3,4‐thiadiazole ring as a linker. In this way, they 

followed the tail‐approach based design to yield 
effective and selective CAIs. Alkyl, alkoxy, nitro, 

and halogen are among the substituents we 

selected because they are likely to establish 

hydrophobic contact, hydrogen bonds, or halogen 

bonds with the target enzyme(12). 
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Figure.5. Tail based approach design of thiadiazole compounds 

 

Figure.6. Proposed binding mode of  within active site of human carbonic anhydrase IX enzyme 

2.2 Tail-approach-based design of coumarin 

monoterpene derivatives 

Adding "tail(s)" to an aromatic or heterocyclic 

scaffold with a zinc connecting group (ZBG), such 

as sulfonamides or related bioisosteres, is the "tail 

approach," a structure-based drug design method. 

This results in an enlarged molecule that can 

interact with the inner or outer edge of the active 

site cavity in a selective manner between different 

isoforms (depending on amino acid residues). (13)                                                                                              

                                     

 
Figure .7.Tail based approach design of coumarin-monoterpene derivatives 
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Figure .7A.Docked image of coumarin monoterpene derivatives 

The docked pose shows a hydrogen bond of the 

ligand’s hydroxyl group with the sidechain of 
Thr200, while the carboxylic acid group interacts 

with the Zn2+ ion. The ligand is in a folded 

conformation and the terminal phenyl group forms 

hydrophobic interactions with the sidechains of 

Trp5 and Pro202.  ligand’s carboxylic acid 
interacts with the Zn2+ ion and Thr199 (Figure 7). 

The interaction of the hydroxyl group with Thr200 

is not stable instead, it forms hydrogen bonds with 

bridging water molecules with Gln67, Gln92, and 

Thr200. Due to the flexible chain, the ligand 

adopts several conformations in the active site 

with a near-extended alkyl        chain conformation. 

As a result, the triazole and phenyl groups of the 

ligand form occasionally hydrogen bonds or 

aromatic hydrogen bonds with the active site.(13) 

2.3 Tail based approach design of Pyrazole  

derivatives 

In order to accommodate the enzyme variable 

halves, they are using the tail approach strategy in 

the design of the target CAIs. As a result, nine 

series of distinct 3,4-disubstituted pyrazole 

benzene sulfonamides were created (Figure 8). To 

explore their potential as potential anticancer 

drugs via CA inhibition, the substitutions at 

positions 3 and 4 were changed with various 

functional moieties that had varying electronic 

nature and/or lipophilicity.(14) 

 
Figure .8. Design of pyrazole derivatives(14) 
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2.4 Dual tail approach design of  

thiopyrimidine-benzene sulfonamide 

derivatives 

A dual-tail approach was applied to the design of 

a novel series of 2-thiopyrimidine benzene 

sulfonamides as carbonic anhydrase (CA) 

inhibitors. The design strategy is based on the 

hybridization between a benzene sulfonamide 

moiety as Zn2+ binding group and 2,4-

disubstituted thiopyrimidine as a tail. (15) 

 

     

Figure .9.The design strategy for the dual- tail pyrimidine benzene sulfonamide hybrids as hCA IX 

inhibitors 

Recent Developments of Carbonic Anhydrase 

Inhibitors as Potential Anticancer Drugs 

3.1 Isatin-sulfonamide derivatives 

Isatin-sulfonamide derivatives has a main 

sulfonamide moiety and an unsubstituted isatin 

ring connected by a methyl-branched flexible 

linker (meta-propanamide) became the most 

effective human Carbonic Anhydrase IX (hCA IX) 

inhibitor in its manufactured series; activity was 

further increased by adding the methyl-branched 

meta-propanamide linker(16) . 

 

3.2  Dimethoxy quinoline hybrid derivatives 

Dimethoxy quinoline represents a first-in-class 

hybrid small molecule engineered to combine 

ATP-competitive kinase inhibition with zinc-

binding carbonic anhydrase suppression with CA 

IX Inhibition (Ki)93.3 nM.Hydrophobic pocket 

accommodates extended aromatic rings (e.g., 

quinoline or biphenyl groups) via π-π stacking and 

hydrophobic interactions with residues such as 

Val121, Val131, and Leu198.Hydrophilic pocket 

Interacts with polar linkers or hydrogen-bonding 

elements to differentiate CA IX from off-target 

cytosolic isoforms (CA I and CA II) (17). 
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3.3 Indolylchalcone benzenesulfonamides 

Indolylchalcone benzenesulfonamides  shows 

marked selectivity for tumor-associated hCA IX 

over off-target isoforms, 61.9-fold selectivity over 

hCA I and 7.2-fold selectivity over hCA II.  5-CN 

functional group  showed potent and selective 

inhibition of hCA IX (Ki = 8.9 nM) with 

selectivity over hCA I, II, and XII (SI=61.9, 7.2, 

and 5.7, respectively),   outperforming the standard 

inhibitor acetazolamide. SAR analysis indicated 

that electron withdrawing groups, particularly 

cyano and substituent on the indole scaffold, 

enhanced selectivity toward tumor-associated 

hCA IX . A clear positional effect was observed in 

which substitution at the 5-position of the indole 

core favors hCA IX inhibition whereas 

substitution at the 6-position promotes hCA XII 

selectivity.(18) 

 

 3.4   Coumarin/Thiazole Chalcone Hybrid 

Novel (E)-6-(3-(4-methyl-2-thioxo-2,3-

dihydrothiazol-5-yl)-3-oxoprop-1-en-1-yl)-2H-

chromen-2-one (chemical 6) as a dual inhibitor of 

tubulin polymerization and tumor-associated 

carbonic anhydrases (CAs) IX and XII.shown 

strong antiproliferative action with good 

selectivity for non-tumorigenic cells, especially 

against MDA-MB231 triple-negative breast 

cancer cells (IC50 = 0.37 µM). downregulation of 

CA-IX and CA-XII protein expression and 

submicromolar inhibition of CA IX (IC50 = 0.102 

± 0.005 µM) and CA XII (IC50 = 0.213 ± 0.004 

µM)(19). 

 

3.5 Umbelliferone -vanilloid hybrids 

 The Umbelliferon–vanilloid hybrids selectively 

target tumor-associated isoforms hCA IX (𝐾𝑖 =69.6–941 nM) and hCA XII (𝐾𝑖 =66.1–694 nM). They show virtually no activity 

against off-target cytosolic isoforms hCA I and 

hCA II (𝐾𝑖 > 10,000 nM).While unmodified 

Umbelliferon displays strong activity (𝐾𝑖 =24.9 nM for hCA IX; 𝐾𝑖 = 45.1 nM for hCA XII), 

in human bronchial epithelial and lung 

adenocarcinoma (A549) cell lines it lacks the 

functional tail to modulate downstream cellular 

anti-inflammatory/anti-cancer pathways. 

Unmodified vanilloids  exhibit almost no CA 

inhibitory activity (𝐾𝑖 > 10,000 nM).(20) 
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3.6  Coumarin-Triazole Derivatives  

             In this study, twenty novel 6-

functionalized coumarin derivatives synthesized  

bearing 1,2,3-triazole moieties via amide linkers of 

varying alkyl chain lengths. These molecules were 

isoforms I, II, IX,and XII. The data demonstrated 

selective inhibition to the cancer-related isoforms 

hCA IX and XII (Ki values ranging from 79  to 96 

nM), with negligible activity against the off-target 

isoforms hCA I and II (Ki > 100 μM). Among the 
three linker types studied, the acetyl and butanoyl-

linked derivatives demonstrated superior activity  

(hCA IX: Ki = 79.5 nM)  SAR analysis highlighted 

that electron withdrawing groups (e.g., F, OCF3) 

and shorter linkers enhanced activity, while 

electron-donating groups and longer linkers 

diminished potency. Overall, the results validate 

the coumarin-linked triazoles as a promising lead 

for selective inhibition of carbonic anhydrase. (21) 

 

3.7  Quinazoline-sulfonamide hybrids 

The most potent compounds in the study, 

exhibiting sub-micromolar inhibition of a) CA IX 

(𝐼𝐶50 = 0.077 𝜇M) and CA XII (𝐼𝐶50 =0.205 𝜇M), alongside VEGFR-2  (𝐼𝐶50 =0.069 𝜇M)               b) CA IX (𝐼𝐶50 = 0.168 𝜇M), 

CA XII (𝐼𝐶50 = 0.154 𝜇M), and VEGFR-2 

(𝐼𝐶50 = 0.145 𝜇M).It demonstrated strong broad-

spectrum cytotoxicity (𝐼𝐶50 = 7.81--19.50 𝜇M) 

and high selectivity toward cancer cells over 

normal cells (SI = 6.94). The introduction of the 

acetamide linker significantly enhanced the 

anticancer activity, with compounds a and b 

emerging as the most potent derivatives. These 

compounds exhibited potent dual enzymatic 

inhibition comparable to that of sorafenib and 

acetazolamide, along with broad-spectrum 

antiproliferative activity against multiple cancer 

cell lines. Mechanistic studies proved that 

compound a produced G2/M arrest of the cell 

cycle and promoted intrinsic apoptosis via 

modulation of Bax/Bcl-2 and caspase activation. 

Supported by molecular modeling, these findings 

validate the design rationale and highlight this 

scaffold as a promising platform for further 

development of multitarget anticancer agents 

targeting hypoxic tumors as VEGFR-2 and CA 

dual inhibitors.(22) 
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3.8 Benzimidazole-thiazole  derivatives  

 Benzimidazole-thiazole derivatives  was 

rationally designed and synthesized. 4-(5-Chloro-

1H-benzo[d]imidazol-2-yl)-N'-(4-(2,4-

dimethoxyphenyl)thiazol-2-yl)benzohydrazide 

demonstrated the highest carbonic anhydrase IX 

inhibitory activity among the tested series. 

Showed notable cytotoxicity across multiple 

cancer cell lines with 𝐼𝐶50 values of 36.6 ±11.98 𝜇M (HT29 colon cancer), 22.8 ± 5.18 𝜇M 

(MCF7 breast cancer), and 42.06 ± 6.58 𝜇M (C6 

glioma).(23) 

 

3.9  Diazo and Pyrazole-Carboxamide-Linked 

Benzenesulfonamides  

In diazo and Pyrazole-Carboxamide linked 

Benzenesulfonamides More specifically, para-

substituted analogs exhibited enhanced inhibitory 

properties relative to their meta-substituted 

counterparts. Compound  with a 3,4-dichloro 

motif, exhibited the highest activity with a very 

low KI value of 1.8 nM  against carbonic 

anhydrase IX. Electron-withdrawing substituents 

improved inhibitory efficacy,whereas electron-

donating groups often reduce   activity.(24)                                                          

 

3.91 Thiazole- Chalcones Linked to 

Sulfanilamide derivatives 

Tail-focused design strategy was employed to 

synthesize thiazole-based chalcone derivatives 

bearing a sulfanilamide moiety as the zinc-binding 

group for selective inhibition of tumor-associated 

CA isoforms. This compound  emerged as the 

most potent, exhibiting strong inhibition of hCA 

IX/XII, outperforming acetazolamide and SLC-

0111, showed broad-spectrum anticancer activity, 

with GI50 values below 2 μM in melanoma, 
breast, and colon cancer. Demonstrates 

exceptional inhibition against the tumor-

associated isoforms with 𝐾𝑖 values of 15.5 nM for 

hCA IX and 2.0 nM for hCA XII.(25) 
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3.92 Non-sulfonamide derivatives  

 This study focuses on derivatives containing a 

trifluorodihydroxypropanone (TDP) . 

Mechanistically, the TDP pharmacophoric motif 

mimics a typical zinc-binding group (such as those 

found in classic sulfonamide-based inhibitors) by 

coordinating directly with the active site zinc ion 

through one hydroxyl group of its diol moiety, 

displacing the zinc-bound solvent molecule. TDP 

exhibits most potent inhibitors of the tumor-

associated hCA IX isoform (𝐾𝑖 = 0.78 𝜇M) 

Additionally, high selectivity for hCA IX over 

cytosolic hCA II (SI = 6.0) and hCA XII (SI =25.2).(26) 

 

3.93  Di-meta-Substituted Fluorinated 

Benzenesulfonamides 

                     Trifluorinated benzenesulfonamide 

with cyclooctylamino substituent at the meta 

position, with up to 10-fold affinity improvement 

for CAIX, resulting in low picomolar binders. The 

resulting CAIX-targeting compounds showed up 

to 1000-fold selectivity over off-target CA 

isozymes. Compound  achieved low picomolar 

affinity for CA IX, with an observed dissociation 

constant a) (𝐾𝑑,obs) of 0.0045 nM (4.5 pM) b) 

(𝐾𝑑,obs) of 0.050 nM (50 pM)  at pH 7.0.(27) 

      

3.94  Benzenesulfonamides carrying thiadiazole 

and urea moieties 

Carbonic anhydrase inhibitors synthesized based 

on the tail approach design. Based on this strategy, 

connected benzenesulfonamide, the zinc‐binding 
scaffold, to different urea moieties with the 1,3,4‐
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thiadiazole ring as a linker it selectively inhibits 

the tumor-associated isoforms   hCA IX (𝐾𝑖 =7.8 nM) and hCA XII (𝐾𝑖 = 5.3 nM) while 

effectively sparing the off-target, physiologically 

dominant isoforms hCA I (𝐾𝑖 = 6092 nM) and 

hCA II (𝐾𝑖 = 91.8 nM). Spairing hCA I and II 

reduces potential side effects(28).  

 

CONCLUSION  

CA IX is an attractive anticancer target because it 

is closely connected with tumor hypoxia, 

extracellular acidification, metabolic adaptation, 

invasion, and resistance to therapy. Its restricted 

expression in many normal tissues and increased 

expression in hypoxic tumors provide a useful 

basis for developing tumor-selective 

pharmacological agents. The "tail-approach" 

which appends structural tails to a zinc-binding 

scaffold—effectively exploits the amino acid 

variability at the outer rim of the active site. This 

design strategy successfully differentiates tumor-

associated CAIX from off-target physiological 

isoforms, because the bottom and middle active-

site regions are largely conserved across different 

hCA isoforms, obtaining selective inhibitors is 

challenging. The outer rim exhibits the highest 

structural variability, making the tail-approach a 

leading strategy to improve ligand-isoform 

matching and selectively target tumor-associated 

isoforms like hCA IX and XII. Recent drug 

discovery efforts have explored alternative 

scaffolds, such as derivatives containing a 

trifluorodihydroxypropanone (TDP) moiety, 

which act as non-sulfonamide inhibitors. Non-

sulfonamide derivatives such as TDP demonstrate 

potent inhibition of the tumor-associated hCA IX 

isoform with a Ki of 0.78 uM.These compounds 

maintain high selectivity for hCA IX over 

cytosolic isoforms like hCA II (selectivity index of 

6.0) and hCA XII (selectivity index of 

25.2).Recent advancements have yielded 

exceptional drug candidates. For instance, di-

meta-substituted fluorinated benzenesulfonamides 

achieve low picomolar affinities, while diazo and 

pyrazole-carboxamide derivatives and thiadiazole-

urea hybrids exhibit potent nanomolar inhibition 

coupled with high selectivity against off-target 

variants. Their anticancer potential is further 

increased when CA inhibition is combined with 

inhibition of VEGFR-2, PDGFR, tubulin 

polymerization, or other cancer-related pathways.  
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