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Summary
Carbonic anhydrases (CAs, EC 4.2.1.1) are widespread metalloenzymes all over the phylogenetic tree, with 16
different isoforms present in mammals. CAs are efficient catalysts for the reversible hydration of carbon dioxide to
bicarbonate and are inhibited by several classes of compounds such as the sulfonamides and their isosteres,
sulfamates and sulfamides. A large number of clinically used drugs/agents in clinical development show significant
inhibitory activity against the human (h) CA isoforms. Such compounds have applications as diuretics and
antiglaucoma drugs, anticonvulsants, with some derivatives in clinical development as anticancer agents/diagnostic
tools, or as antiobesity drugs. Several drugs originally discovered for other targets, such as such as the antiepileptics
topiramate, zonisamide, and lacosamide; the sulfonamide coxibs (celecoxib, valdecoxib and paricoxib), or the
protein kinase inhibitors pazopanib, imatinib and nilotinib, also show significant inhibition of many
pharmacologically relevant CA isoforms. This polypharmacology of the CA inhibitors (CAIs) thus affords for novel
applications for these drugs, such as for example the antiobesity action of topiramate and zonisamide (thought to be
due to inhibition of two mitochondrial CA isoforms) or the antitumor activity of most sulfonamides and also coxibs
and kinase inhibitors, which strongly inhibit the tumor-associated isoforms CA IX and XII. Novel applications of
CAIs have also emerged in the treatment of rheumatoid arthritis, neuropathic pain and cerebral ischemia,
considering the off-target activity/polypharmacology of well-known, clinically used drugs targeting these enzymes.

Introduction
The carbonic anhydrases (CAs, EC 4.2.1.1) are
ubiquitous zinc enzymes, present in prokaryotes and
eukaryotes, being encoded by seven distinct,
evolutionarily unrelated gene families: the -CAs
(present in vertebrates, Bacteria, algae and cytoplasm of
green plants), the -CAs (predominantly in Bacteria,
© 2019 The Italian Society of Pharmacology (SIF)
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some Archaea, algae, chloroplasts of both mono- as well
as dicotyledons and some fungi), the -CAs (mainly in
Archaea and some Bacteria), the - and -CAs present
in marine diatoms, the -class discovered in protozoans
and the -CAs present in diatoms [1-9]. In mammals, 16
different -CA isozymes were described so far, with
very different subcellular localization, catalytic activity
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and tissue distribution [1-8]. Basically, there are eight
cytosolic forms (CA I-III, CA VII, CA XIII as well as
the noncatalytic CA VIII, X and XI proteins), five
membrane-bound/transmembrane
isozymes
with
extracellular active site (CA IV, CA IX, CA XII, CA
XIV and CA

XV), two mitochondrial forms (CA VA and CA VB), as
well as one secreted isozyme, CA VI (in saliva and milk)
[1-12]. Table I shows the catalytic activity for the
physiologic reaction as well as distribution and
physiological role of these enzymes.

Table I. Kinetic parameters for CO2 hydration reaction catalysed by the 16 vertebrate α-CA isozymes, at 20 °C
and pH 7.5, and their subcellular/tissue localization

Subcellular
localization

Tissue/organ

5.0.107

cytosol

Erythrocytes, GI tract

1-3

9.3

1.5.108

cytosol

Erythrocytes, eye, GI tract
(ubiquitous), Bone osteoclasts,
kidney, lung, testis, brain

1-3

1.3.104

41.3

3.1.105

cytosol

Skeletal muscle, adypocytes

1-3

hCA VI

1.1.106

21.5

5.1.107

membrane-bound

Kidney , lung, pancreas, brain
capillaries, colon, heart muscle

1-3,6

hCA VA

2.9.105

10.0

2.9. 107

mitochondria

liver

1-3,7

hCA VB

9.5.105

9.7

9.8. 107

mitochondria

heart and skeletal muscle,
pancreas, kidney, spinal cord, GI
tract

1-3,7

hCA VI

3.4.105

6.9

4.9. 107

Secrete (saliva/milk)

salivary and mammary glands

1,11

hCA VII

9.5.105

11.4

8.3. 107

cytosol

CNS

1,12

hCA VIII

-

-

-

cytosol

CNS

1-3

hCA IX

1.1.106

7.5

1.5. 108

transmembrane

Tumors; GI mucosa

15,15

hCA X

-

-

-

cytosol

CNS

1-3

hCA XI

-

-

-

cytosol

CNS

1-3

hCA XII

4.2.105

12.0

3.5.107

transmembrane

Renal, intestinal, reproductive
epithelia

1-4

hCA XIII

1.5.105

13.8

1.1.107

cytosol

kidney, brain, lung, gut,
reproductive tract

1-3

hCA XIV

3.1.105

7.9

3.9.107

transmembrane

kidney, brain, liver

14,14

mCA XV

4.7.105

14.2

3.3.107

membrane-bound

kidney

1,9

Isozyme

kcat

Km

kcat/Km

(s-1)

(mM)

(M-1.s-1)

hCA I

2.0.105

4.0

hCA II

1.4.106

hCA III

localization

h = human; m = mouse enzyme. hCA VIII, X and XI are devoid of catalytic activity
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insulin secretion signalling in pancreas  cells. Isozymes
CA II and VA/VB are involved in important metabolic
processes, as they provide bicarbonate for ureagenesis,
gluconeogenesis, fatty acids de novo biosynthesis and
pyrimidine base synthesis [1-12]. Finally, some
isozymes (such as CA IX, CA XII, CA VIII) are highly
abundant in tumours, being involved in oncogenesis and
tumor progression [1-5,15]. Although the physiological
function of some isozymes (CA I, CA III, CA X, CA XI)
is still unclear or poorly understood, from the data
presented above one may understand the importance of
CAs for a wide range of physiological processes, both in
normal and pathological states. This may explain why
inhibitors of these enzymes found a place in clinical
medicine already in 1954, with acetazolamide (1) the
first non-mercurial diuretic agent used clinically [1].
Inhibitors of these enzymes are used clinically as
antiglaucoma agents, diuretics, antiepileptics, in the
management of mountain sickness, gastric and duodenal
ulcers, several minor neurological disorders, or for the
management of osteoporosis among others [1-5,14].
Presently, research in the CA field for the drug design of
pharmacological agents interacting with these enzymes
is devoted on at least five fronts: (i) antiglaucoma drugs
(targeting isozymes such as CA II, IV and XII) [1]; (ii)
anticancer drugs/tumor diagnostic agents (targeting CA
IX and CA XII, isozymes predominantly present in
tumor cells) [1-3,15]; (iii) anticonvulsants (targeting CA
II, VII, XII and XIV) [1,12]; (iv) antiobesity agents,
which target the mitochondrial isoforms CA VA and CA
VB [1,7]; and (v) mediators of neuropathic pain
(targeting the brain cytosolic isoform CA VII) [16-19].
These multiple applications of the CA inhibitors (CAIs)
are due several factors, among which the large number
of isoforms in this family of enzymes, their different
subcellular/tissue localization as well as their diverse
physiological functions [1]. However, this is a doubleedged sword, since achieving selectivity for an inhibitor
(drug) in a family with so many structurally related
isozymes is rather difficult [1]. On the other hand, due to
these factors, it is also not at all surprising that there are
many examples of drugs originally designed to target
other enzymes/proteins than the CAs, which were
subsequently found to act as very potent CAIs and thus
to possess unexpected (and sometimes valuable)

These enzymes catalyze a very simple physiological
reaction, the interconversion between carbon dioxide
and the bicarbonate ion plus protons, and are involved in
many crucial physiological processes in which these
three simple chemical species are involved, such as
respiration and transport of CO2/bicarbonate between
metabolizing tissues and lungs, pH and CO2
homeostasis, electrolyte secretion in a variety of
tissues/organs, biosynthetic reactions (such as
gluconeogenesis, lipogenesis and ureagenesis), bone
resorption, calcification, tumorigenicity, and many other
physiologic or pathologic processes [1-13].
In vertebrates, including Homo sapiens, the
physiological functions of CAs have widely been
investigated over the last 70 years (Table 27.1) [1-12].
Thus, isozymes CA I, II and IV are involved in
respiration and regulation of the acid/base homeostasy
[1]. These complex processes involve both the transport
of CO2/bicarbonate between metabolizing tissues and
excretion sites (lungs, kidneys), facilitated CO2
elimination
in
capillaries
and
pulmonary
microvasculature, elimination of H+ ions in the renal
tubules and collecting ducts, as well as reabsorption of
bicarbonate in the brush border and thick ascending
Henle loop in kidneys [1]. By producing the bicarbonate
rich aqueous humor secretion (mediated by ciliary
processes isozymes CA II, CA IV and CA XII) within
the eye, CAs are involved in vision, and their
misfunctioning leads to high intraocular pressure, and
glaucoma [1]. CA II is also involved in the bone
development and function, such as the differentiation of
osteoclasts, or the provision of acid for bone resorption
in osteoclasts [14]. CAs mediate the electrolytes
secretion in many other tissues/organs, such as: CSF
formation, by providing bicarbonate and regulating the
pH in the choroid plexus; saliva production in acinar and
ductal cells; gastric acid production in the stomach
parietal cells; bile production, pancreatic juice
production, intestinal ion transport [1-3]. CAs are also
involved in gustation and olfaction, protection of gastrointestinal tract from extreme pH conditions, regulation
of pH and bicarbonate concentration in the seminal fluid,
muscle functions and adaptation to cellular stress [1-12].
Some isozymes, such as the mitochondrial CA VA/VB
are involved in molecular signalling processes, such as
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applications, due to their interactions with some of these
enzymes. In this article, we summarize some of the most
important such examples, among which the widely used
antiepileptics topiramate, zonisamide and lacosamide,
the coxibs nonsteroidal anti-inflammatory agents
celecoxib and valdecoxib, the steroid sulfatase inhibitors
of the sulfamate type (in clinical development as
antitumor agents), as well as the protein tyrosine kinase
inhibitors imatinib and nilotinib.

Some of the clinically used compounds, such as
acetazolamide 1, methazolamide 2, ethoxzolamide 3,
sulthiame 4, and dichlorophenamide 5, are known for
decades, and were initially developed in the search of
novel diuretics or antiepileptics, in the 50s and 60s [1].
Although their use was not extensive as diuretics, it has
been observed that such enzyme inhibitors may be
employed for the systemic treatment of glaucoma [1].
Thus, many such drugs (e.g., acetazolamide,
methazolamide and dichlorophenamide) are still
presently used in ophthalmology, whereas two other
derivatives, dorzolamide 6 and brinzolamide 7 have
been developed in the 90s as topically acting
antiglaucoma agents [1]. It should be mentioned that
among the various drugs/drug candidates of structure 1 25, only the first seven compounds and the thiazide/high
ceiling diuretics 19-25 have been originally developed
as CAIs. All other compounds from this list are in fact
good examples of polypharmacology, as they have been
designed to act against other targets that have nothing to
do with the CAs (Table II). As seen from data of Table
2, many of these drugs inhibit all CA isoforms
significantly, in the nanomolar range [1].
The interaction of this class of CAIs with the enzyme is
detailed in Fig. 1 where the binding of two clinically
used sulfonamides (sulthiame 4 and zonisamide 10), one
sulfamate (EMATE 13) and one sulfamide (the
sulfamide analogues of topiramate 9) are shown
schematically, as obtained by means of X-ray
crystallography in adducts with the dominant human (h)
isoform hCA II [25-32]. The sulfonamide, sulfamate and
sulfamide zinc-binding groups (ZBGs) bind in a similar
manner to the metal ion, whereas the remaining part of
the organic scaffold participate in many types of polar
and hydrophobic interactions which stabilize the
enzyme-inhibitor adduct. As seen from data of Table II,
many of these compounds are low nanomolar inhibitors
against many CA isozymes.

Carbonic anhydrase inhibition
Several classes of CAIs are known: the metal
complexing anions, the unsubstituted sulfonamides and
their bioisosteres (sulfamates, sulfamides, etc), which
bind to the Zn(II) ion of the enzyme either by
substituting the non-protein zinc ligand or add to the
metal coordination sphere, generating trigonalbipyramidal species [1-12]; the phenols [18,19], the
polyamines [20], both of which anchor to the zinc-bound
solvent molecule (water/hydroxide ion), and the
coumarins [21,22] and fullerenes [23], which occlude
the entrance to the active site, binding on the edge of the
cavity. Sulfonamides/sulfamates/sulfamides bind in a
tetrahedral geometry of the Zn(II) ion, in deprotonated
state, with the nitrogen atom of the sulfonamide moiety
coordinated to Zn(II) and an extended network of
hydrogen bonds, involving residues Thr199 and Glu106,
also participating to the anchoring of the inhibitor
molecule to the metal ion [24].
The aromatic/heterocyclic part of the inhibitor (R)
interacts with hydrophylic and hydrophobic residues of
the cavity [24]. There are at least 30 clinically used drugs
or agents in clinical development reported to possess
significant CA inhibitory properties (compounds 1-25)
[1]. Many other such derivatives belonging to the
sulfonamide, sulfamate or sulfamide classes are
constantly reported, being designed and synthesized by
means of rational drug design processes [1].
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Table 2. Inhibition data with some of the clinically used sulfonamides/sulfamates 1-25 against isozymes I – XIV
(the isoforms CA VIII, X and XI are devoid of catalytic activity and probably do not bind sulfonamides as they do
not contain Zn(II) ions) [1].

Isozyme*

KI (nM)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

hCA Ia

250

50

25

374

1200

5000
0

4500
0

31

250

56

12000

3450

37

50000

hCA IIa

12

14

8

9

38

9

3

15

10

35

40

21

10

21

hCA
IIIa

2.1
05

7.1
05

1 106

6.3.1
05

6.8.
105

7.7.1
05

1.1.1
05

1040
0

7.8.
105

2.2.
106

10600

7.0
104

6.5 105

7.4. 104

hCA
IVa

74

620
0

93

95

15000

8500

3950

65

4900

8590

6.5

25

nt

880

hCA
VAa

63

65

25

81

630

42

50

79

63

20

174

765

nt

794

hCA
VBa

54

62

19

91

21

33

3’

23

30

6033

18

720

nt

93

hCA
VIa

11

10

43

134

79

10

0.9

47

45

89

0.8

653

nt

94

hCA
VIIa

2.5

2.1

0.8

6

26

3.5

2.8

122

0.9

117

3630

23

nt

2170

hCA
IXa

25

27

34

43

50

52

37

24

58

5.1

46

34

30

16

hCA
XIIb

5.7

3.4

22

56

50

3.5

3.0

3.4

3.8

11000

3.9

12

7.5

18

mCA
XIIIa

17

19

50

1450

23

18

10

11

47

430

295

1050

nt

98

hCA
XIVa

41

43

25

1540

345

27

24

106

1460

5250

110

755

nt

689

mCA
XVa

72

65

58

65

95

61

61

72

78

634

73

nt

nt

45

*h = human; m = murine isozyme.; nt = not tested, data not available. aFull length enzyme; bCatalytic domain.
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Table 2. (continued)

Isozyme*

KI (nM)

15

16

17

18

19a

20

21

22

23

24

25

hCA Ia

54000

50

2300

4000

328

35000

54000

348

51900

62

12400

hCA
IIa

43

5950

45

21

290

1260

2000

138

2520

65

3050

hCA
IIIa

7.8.104

1.0.105

1.3 106

3.1.105

7.9. 105

nt

6.1.105

1.1. 104

2.3. 105

3.2. 106

nt

hCA
IVa

1340

7920

650

60

427

nt

216

196

213

564

nt

hCA
VAa

912

10060

134

88

4225

nt

750

917

890

499

nt

hCA
VBa

88

7210

76

70

603

nt

312

9

274

322

nt

hCA
VIa

572

935

145

65

3655

nt

1714

1347

1606

245

nt

hCA
VIIa

3900

10

18

15

5010

nt

2.1

2.8

0.23

513

nt

hCA
IXa

27

103

24

14

367

nt

320

23

36

420

nt

hCA
XIIb

13

633

5

7

355

nt

5.4

4.5

10

261

nt

mCA
XIIIa

425

12100

76

21

3885

nt

15

15

13

550

nt

hCA
XIVa

107

773

33

13

4105

nt

5432

4130

4950

52

nt

mCA
XVa

66

nt

Nt

Nt

nt

nt

nt

nt

nt

nt

nt

*h = human; m = murine isozyme.; nt = not tested, data not available. aFull length enzyme; bCatalytic domain.
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Figure 1. Schematic representation of the binding of the anticonvulsant sulfonamides sulthiame 4 (A) and
zonisamide 10 (C) in complex with hCA II. Binding of the sulfamate CA inhibitor EMATE 13 to hCA II (B) and
of the sulfamide analog of topiramate 9, to the hCA II active site are also shown, as obtained by means of X-ray
crystallography (figures represent distances in Å) [25-30]
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Anion inhibitors bind either in tetrahedral geometry of
the metal ion or as trigonal-bipyramidal adducts,
whereas the binding of coumarins, fullerenes and
phenols/polyamines is a more complex process recently
investigated in detail by means of kinetic and
crystallographic studies [18-22]. These CAIs are not
considered in detail here as they do not have clinical
applications so far. Here we will discuss several
interesting aspects of polypharmacology of several CAIs
in clinical use.

CA isozymes [29-32,47]. It is thought that the
anticonvulsant effects of topiramate 9 or related
sulfonamides (such as zonisamide 10) may be due to
CO2 retention secondary to inhibition of the red blood
cell and brain enzymes [47]. However, initially
topiramate was classified as a very weak (millimolar)
CA inhibitor by its discoverers [33], but it seems that
rather unpurified enzymes have been used for assays.
More recently the same group reported different results
[48], showing that topiramate is a much stronger CA
inhibitor (i.e., in the micromolar range) in a different
assay set-up, using enzymes from different sources.
Nevertheless, even in the latter report the efficacy
against a series of CA isozymes was 10 times lower
compared to acetazolamide, the sulfonamide CAI
mostly used. This was in contradiction to data of
Supuran’s laboratory that clearly showed topiramate to
be a very potent CA inhibitor [29-32]. These findings
match with many clinically observed side effects of
topiramate [49-53], which are in agreement with the
typical pharmacological profiles of strong sulfonamide
CAIs used as systemic antiglaucoma agents
(acetazolamide 1, methazolamide 2, dichlorophenamide
5 [1]) and include paresthesias, nephrolithiasis, and
weight loss, among others [1]. For the complete
inhibition profile of topiramate 9 against all mammalian
CA isozymes see data of Table 2. These data show that
topiramate inhibits eight CA isoforms with inhibition
constants < 65 nM, hCA I with an inhibition constant of
250 nM whereas three other isozymes are less inhibited
(KIs in the range of 1460 nM – 0.78 mM).What is
however more significant is that many isozymes
involved in crucial physiologic functions, such as CA II,
CA IV, CA VA, CA VII, CA IX and CA XII are highly
inhibited by this drug, sometimes (e.g., CA VII) in the
subnanomolar range. A confirmation of the potent
inhibition observed in solution has been obtained by the
report of the X-ray crystal structure of topiramate in
complex with two CA isoforms, hCA II [29,30] and hCA
I [31] (Figure 2).

Topiramate and zonisamide: antiepileptics with
potent antiobesity action
Topiramate 9, a sugar sulfamate, is a clinically used
antiepileptic drug discovered by Maryanoff’s group in
the 80s by using an empirical approach, the maximal
electroshock seizure (MES) test [33]. Topiramate is
orally active and efficacious in various forms of
epilepsy, refractory to other medication, has a rapid
absorption, high bioavailability and long duration of
action [33-37]. An interesting feature of this drug is that
it has no structural relatedness to any other antiepileptic
used clinically (such as the phenytoins, carbamazepines,
barbiturates, benzodiazepines or GABA-scaffold
derived antiepileptics). It is somehow related to
zonisamide.
10 (1,2-benzoxazol-3-yl-methanesulfonamide), as both
drugs contain a ZBG known to coordinate to the Zn(II)
ion of CAs, the sulfonamide one in the case of
zonisamide, and the sulfamate one in the case of
topiramate [26,29-32]. The mechanism of action of this
drug is not fully understood yet [35-37]. Several
mechanisms of action were proposed so far [37] such as
the enhancement of GABA-ergic transmission [37-40],
the antagonism of kainate/AMPA receptors [40-43] and
the inhibition of action potentials creation in neurons via
antagonizing the activation of Na+ channels [44-46].
Another mechanism of action of topiramate that has not
been viewed as critical up to now, but that will be
considered here in detail, is the inhibition of different
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Figure 2. Schematic representations for the binding of topiramate 9 to hCA I (A), hCA II (B) and hCA VA (C)
active site. Figures A and B were obtained by X-ray crystallography [29-31] whereas C by homology modelling
[33].

The deprotonated sulfamate moiety of topiramate is
anchored to the Zn(II) ion similarly to the same moiety
of EMATE shown in Fig. 1B. In addition, the organic
scaffold of the inhibitor participates in six hydrogen
bonds with amino acid residues and water molecules in
the hCA II active site [29], and in five such interactions
in the case of the hCA I adduct [31]. However, for the
last isoform, a massive reorganization of the active site
has been observed, a unique case in CA – inhibitor
adducts [24,31]. A large number of hydrophobic
interactions also stabilize further the topiramate adduct
with both isoforms. In the figure is also presented the
homology modeling for the binding of topiramate to
hCA VA (Fig. 2C). Also in the case of this isoform, there
are many polar and hydrophobic interaction between the
inhibitor and various amino acid residues from the
enzyme active site [32].
Zonisamide,
10
(1,2-benzisoxazole-3
methanesulfonamide), is a widely used antiepileptic
drug [46,54,55]. In vitro studies with cultured neurons
showed that zonisamide blocks repetitive firing of
voltage-sensitive sodium channels and reduces voltagesensitive T-type calcium currents without affecting Ltype calcium currents [46,54,55]. Such a complicated
mechanism of action may explain its efficacy in patients
resistant to other antiepileptic drugs, whereas its
pharmacokinetic profile is favorable for clinical use

since the drug is rapidly and completely absorbed and
has a long half-life (63-69h), which allows twice- or
once-daily dosing [46,54,55]. Being an unsubstituted
sulfonamide, zonisamide has also been investigated for
the inhibition of CA by its discoverers [56,57], being
concluded that although it binds significantly to
erythrocytes [58] (where two CA isozymes, CA I and II
are highly abundant) its CA inhibitory properties are
rather weak, and thus, this phenomenon does not play
any role in the anticonvulsant activity of the drug [5658]. However subsequent studies from this group [26]
showed zonisamide to be a potent CAI for many
isoforms such as CA I, II, VA, VI, VII, and IX (which
are inhibited with KIs < 120 nM) [1,26,59]. The X-ray
crystal structure of the hCA II – zonisamide complex has
been also reported [26], its binding to the enzyme being
schematically shown in Fig. 1C. The X-ray crystal data
(at a resolution of 1.70 Å), showed that the sulfonamide
moiety to participate in the classical interactions with the
Zn(II) ion and the residues Thr199 and Glu106, whereas
the benzisoxazole ring was found situated in the
hydrophobic half of the active site, establishing a large
number of strong van der Waals interactions (<4.5 Å)
with residues Gln92, Val121, Phe131, Leu198, Thr200,
Pro202 [26]. Thus, although topiramate 9 and
zonisamide 10 possess so different chemical structures,
and they bind diversely to the CA active sites, they have
in common the property of behaving as very potent

24

Pharmadvances (2019) 0:14-38

Supuran C.T, Mugelli A.

inhibitors of some CA isoforms involved in a crucial
physiologic process, among which the de novo
lipogenesis [1,7,60].

effective antiobesity agents [7] with a novel mechanism
of action (as the de novo lipogenesis inhibition is) the
two compounds may also represent valuable leads for
developing even more selective (or effective) CAIs
targeting the mitochondrial CA isoforms involved in
lipogenesis [1].

The enzymes involved in this biochemical pathway are:
the mitochondrial pyruvate carboxylase (PC), which is
needed for the efflux of acetyl groups from the
mitochondria to the cytosol where fatty-acid
biosynthesis takes place [1,60]. Pyruvate is thereafter
carboxylated to oxaloacetate in the presence of
bicarbonate under the catalytic influence of the
mitochondrial isozymes (CA VA and/or CA VB) [1,60].
The mitochondrial membrane is impermeable to acetylCoA, which reacts with oxaloacetate, leading to the
formation of citrate, which is then translocated to the
cytoplasm by means of the tricarboxylic acid transporter.
As oxaloacetate is unable to cross the mitochondrial
membrane, its decarboxylation regenerates pyruvate,
which can then be transported into the mitochondria by
means of the pyruvate transporter. The acetyl-CoA thus
generated in the cytosol is in fact used for de novo
lipogenesis, by carboxylation in the presence of acetylCoA carboxylase (ACC) and bicarbonate, with
formation of malonyl-CoA, the conversion between CO2
and bicarbonate being assisted by CA II [1,60].
Subsequent steps involving the sequential transfer of
acetyl groups lead to longer-chain fatty acids. For the
reasons mentioned above, CA isozymes are critical to
the entire process of fatty acid biosynthesis: CA VA and
VB within the mitochondria (to provide enough
substrate to PC), and CA II within the cytosol (for
providing sufficient substrate to ACC) [1,7,60].
Furthermore, it has been demonstrated that inhibiting
these enzymes with sulfonamide/sulfamate CAIs, leads
to a profound decrease of lipogenesis [1,7,60]. Indeed,
there are many reports regarding the side-effects
observed in obese epileptic patients treated with
topiramate 9 or zonisamide 10, leading to a significant
weight loss [61-64]. The same effects have been
observed in experimental animals [65] and topiramate
has been approved as an antiobesity agent in 2012 [66].
Thus, side effects due to off-target inhibition of CAs (as
both drugs have been claimed by their discoverers to be
either weak CAIs – topiramate –or not CAIs at all –
zonisamide) may lead in fact to totally new applications
of the two compounds. As there is a stringent need of

Nonsteroidal anti-inflammatory agents: sulfonamide
coxibs with antitumor activity due to CA IX/XII
inhibition
Cyclooxygenases (COXs) catalyze the committed step
in the conversion of arachidonic acid to prostaglandins
(PGs) and thromboxane, with at least three distinct
isozymes, COX-1 - COX-3 isolated up to now [67-69].
The inducible COX-2 was shown to be associated with
inflammatory conditions, whereas the constitutive form
(COX-1) is responsible for the beneficial effects of the
PGs [67,68]. The development and the use of these
specific inhibitors, collectively called coxibs, were
immediately considered as a real breakthrough in antiinflammatory therapy [67]. Thus, the development of the
“coxibs”, was based on the hypothesis that this isoform
mediates inflammation in several organs via the
biosynthesis of prostaglandins E2 and I2 (or prostacyclin)
and that COX-1 was the source of the same
prostaglandins in the gastric epithelium, where they
would act as cytoprotective mediators. The sulfonamide
celecoxib 14 (Celebrex®) and the methylsulfone
rofecoxib (Vioxx®) were the first two coxibs approved
by the FDA and launched in 1999 by Pfizer and Merck
& Co., respectively [67]. A second generation of coxibs
emerged later onto the market. The sulfonamide
valdecoxib 15 (Bextra®, Pfizer-Pharmacia) was then
approved by the FDA and launched in 2002, but this
compound is no longer in clinical use after the
withdrawal of Vioxx from the market in 2004, due to the
cardiovascular side effects of the drug.
Our group showed that celecoxib 14 and valdecoxib 15,
which contain primary sulfamoyl moieties in their
molecules, but not the methylsulfone analogues (of the
rofecoxib type) act as potent inhibitors of several CA
isozymes, with affinity for some of them of the same
order of magnitude as those of clinically used CAIs, in
the low nanomolar range [70,71]. For example, isoforms
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CA II, VB, IX and XII are inhibited with KIs < 100 nM
by the two drugs, but CA II, IX and XII shows in fact
inhibition in the low nanomolar range (KIs < 40 nM)
[1,70,71]. Furthermore, the X-ray crystal structure of the

adducts of the two drugs bound to the physiologically
dominant isoform hCA II have also been reported
[70,71] (Figure 3).

Figure 3. Binding of celecoxib 14 (sky blue) and valdecoxib 15 (magenta) to hCA II as observed in the X-ray
crystallographic adducts of the two drugs [70,71]. The Zn(II) ion, its three His ligands and amino acid residues from
the enzyme active site involved in the binding of the two drugs are also shown. Although celecoxib and valdecoxib
possess a very similar shape of the molecule, their orientation within the hCA II active site are very different, except
for the benzenesulfonamide fragment of the two molecules which are superimposable.

For example, as observed from these structures, the
phenyl-isoxazole moiety of valdecoxib filled the active
site channel of the enzyme and interacted with the side
chains of Gln92, Val121, Leu198, Thr200 and Pro202
(distance < 4.5 Å). Besides these interactions, the 3phenyl group present in the inhibitor molecule was
located into a hydrophobic cavity, simultaneously
establishing van der Waals interactions with the aliphatic
side chain of various hydrophobic residues (Val135,

Ile91, Val121, Leu198, Leu141) and a strong offset faceto-face stacking interaction with the aromatic ring of
Phe131 [71]. Figure 3 shows a structural overlay of
valdecoxib 15 [71] and celecoxib 14 [70] bound to hCA
II, as determined by the superposition of hCA II active
site residues. In both cases, the organic scaffold of the
inhibitor (i.e., the isoxazole ring of 15, or the pyrazole
ring of 14) did not establish polar interactions with the
enzyme active site but participated to a large number of
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hydrophobic contacts. This similarity was reflected by a
rather comparable value of the KI for the two inhibitors
against hCA II (Table II). However, even though
valdecoxib and celecoxib are structurally similar, they
showed a very different location when bound to the
enzyme active site. In fact, celecoxib completely filled
the entire CA II active site, with its trifluoromethyl
group in the hydrophobic part of the active site and the
p-tolyl moiety in the hydrophilic one (and this may also
explain why it is approximately a two times stronger
hCA II inhibitor as compared to valdecoxib) [70,71].
Consequently, the p-tolyl moiety of celecoxib did not
establish any interaction with the side chain of Phe131.
In contrast to this, valdecoxib was rotated of about 90°
around the chemical bond connecting the
benzensulfonamide and the substituted isoxazole ring.
This rotation placed the 3-phenyl substituent of the
inhibitor in a different position and allowed, together
with the aforementioned movement of Phe131, the
strong stacking interaction with this aromatic residue
[71]. It was in fact recently demonstrated by Supuran’s
group that just this interaction with Phe131 (or its
absence) orients the active site binding region of
inhibitors within the hCA II cavity, allowing thus for
further insights into the rational drug design of CA
inhibitors [72].

for developing potent antitumor sulfonamides
possessing several mechanisms of antitumor action.
Sulfonamide CAIs as anticancer agents
Indisulam 8 [78], a benzenesulfonamide derivative
discovered by Owa’s group was in clinical trials as an
antitumor agent [1,4,78-80] and it also possesses
significant CA inhibitory properties against many CA
isoforms (Table II) The X-ray crystal structures of
indisulam
and
sulpiride,
another
primary
benzenesulfonamide drug in clinical use as an
antipsychotic, in adduct with hCA II, have been reported
by Supuran’s group and were useful for drug design
purposes of other sulfonamide CAIs [78,79]. However,
indisulam is no longer being developed as an anticancer
agent, probably due to the lack of significant effects in
Phase II trials [80]. However, in the last decade, isoform
CA
IX
and
XII
were
validated
as
antitumor/antimetastatic drug targets as well as for the
imaging hypoxic tumors [80-91]. Many CAIs which
selectively inhibit these two isoforms, belong to
sulfonamide, coumarin and sulfocoumarin classes of
CAIs. Alone or in combination with other agents, CA
IX/XII inhibitors inhibit the growth of the primary
tumors, the formation of metastases and deplete the
cancer stem cell population, three beneficial antitumor
mechanisms, making them unique among all anticancer
drugs available to date [80-92]. The compound which
progressed to Phase II clinical trials as an
antitumor/antimetastatic agent is SLC-0111 (compound
26) which was discovered in the Supuran’s laboratory
[83]. This benzenesulfonamide derivative is highly
isoform selective for the tumor associated CA IX and
XII, shows a good bioavailability and was effective
alone or in combination with other anticancer drugs in
both animal models and preliminary clinical trials [80,
83-92]. Many of its analogs were obtained and
investigated in detail [84-88] as well as CAIs
incorporating positron emitting isotopes for possible
theragnostic applications, for the treatment and imaging
of hypoxic tumors [89-91].

The potent inhibition of physiologically relevant CA
isozymes by the coxibs 14 and 15 affords for novel
clinical applications. We have in fact showed that both
celecoxib and valdecoxib are effective systemic
antiglaucoma agents in hypertensive rabbits, possessing
an activity similar to acetazolamide [70]. However, the
two compounds also strongly inhibited the tumorassociated isoforms CA IX and XII (Table 2) [1,70,71]
and there are many reports in the literature regarding the
beneficial effects of mainly celecoxib in diverse cancer
types [73-77]. Such effects may now be explained by a
dual mechanism of action: in addition to COX-2
inhibition, these compounds also interfere with the
activity of CA isozymes critical for the development and
invasion of cancer cells, such as IX and XII. This
additional mechanism is in fact observed only with the
sulfonamide not methylsulfone COX-2 inhibitors [7377]. Thus, these two compounds may already be used
clinically as antitumor agents and may constitute leads

Lacosamide, an antiepileptic with a strange binding
mode to CAs
Lacosamide,(2R)-2-acetylamino-N-benzyl-3
methoxypropanamide, 27, a relatively new antiepileptic
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drug recently approved for use in USA and Europe, in
2008, [93] seems to modulate the slow inactivation gate
sodium channels and collapsin response mediator
protein 2 as antiepileptic mechanisms, but high affinity
binding targets for this drug have not been identified so
far, even if 100 potential binding sites in various
receptors have been investigated [93]. Thus, the cognate
receptors/proteins with which the drug may interact in
vivo are largely unknown, although a lot of interesting
research was recently reported by its discoverers,
Kohn’s group [92]. Thus it was hypothesized that CAs
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might be a putative target of this new drug and its
inhibitory activity against all mammalian isozymes was
investigated [94]. Lacosamide 27 is a medium potency
inhibitor of isoforms hCA I, II, III, IV, VB, VI, IX, XIV
and mCA XV, with inhibition constants in the range of
331-525 nM. The remaining isozymes, i.e., hCA VA,
VII, XII and XIII are less inhibited by this drug, with
inhibition constants in the micromolar range (KIs of 1.21
– 4.56 M) [94]. However, the nice surprise came when
the high-resolution X-ray crystal structure of this drug in
complex with hCA II (Figure 4) was resolved [94].
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Figure 4. Superposition of the hCA II – hydrolyzed coumarin 29 (in blue sky) adduct (PDB file 3F8E) [21] with
the hCA II – lacosamide 27 (yellow) adduct (PDB file 3IEO [94]). The Zn(II) ion is the central violet sphere with
its three coordinated histidine residues (His94, 96, 119) shown, whereas the protein backbone is represented as
green ribbon. Amino acid residues involved in the binding of inhibitors 27 and 29 are shown in detail (Thr200,
Asn67, Gln92, and Phe131) in CPK colors

As for the previously reported structure of coumarin 28
in adduct with hCA II [21], when the hydrolyzed form
29 has been detected, it was demostrated that lacosamide
does not interact with the metal ion from the bottom of
the enzyme active site but is accommodated at its
entrance (Fig. 4). This represents a completely new
mechanism of CA inhibition [21,94]. All atoms of
lacosamide 27 had clearly defined electron density in the
hCA II – 27 adduct. Lacosamide adopted an extended
conformation when bound to the hCA II active site,
making no hydrogen bonds at all, but only hydrophobic,
van der Waals interactions (< 4 Å) with several amino
acid residues, such as Thr200, Phe131, Gln92 and
Asn67, known to interact with other classes of inhibitors
(sulfonamides, sulfamates, coumarins) [24]. Indeed, the
acetamido moiety of lacosamide was orientated towards
Gln92, with the distance between the methyl group of
the inhibitor and the NH2 moiety of Gln92 being of only

2.2 Å. The methyl belonging to the methoxy moiety of
lacosamide was on the other hand orientated towards
Asn67, with a distance between the oxygen of the
CONH2 moiety of Asn67 and the methyl of the inhibitor
of 3.7 Å. Also, the PhCH2 fragment of lacosamide
interacted with this amino acid residue, i.e., Asn67, with
a distance of 4.0 Å between the same carbonyl oxygen
of the amino acid residue and the methylene moiety of
27. On the other hand, many atoms of the phenyl ring of
Phe131 were in van der Waals contacts with the CONHCH2 and phenyl fragments of lacosamide. Thr200 (the
OH moiety) was also in van der Waals contact with the
methoxy moiety of lacosamide, whereas the phenyl
moiety of 27 was orientated towards the exit of the active
site cavity, not making many interactions with other
amino acids than Phe131 (from which it was anyhow at
around 4 – 4.5 Å). Thus, this moiety of 27 might be
derivatized in order to augment the affinity of the
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inhibitor for the CA active site. The stronger inhibitor 29
participates in many more polar interactions with various
amino acid residues and water molecules from the hCA
II active site, presumably because the four polar side
chains substituting its phenyl ring (obtained after the
hydrolysis of the coumarin 28 to the corresponding cis2-hydroxycinnamic acid derivative 29) allow the latter
compound to participate in many other interactions
compared to the unique side chain present in lacosamide
27 [21,94]. These data clearly show that lacosamide may
be used as lead for designing CAIs with a new
mechanism of action. As yet, it is not clear whether the
rather significant CA inhibitory properties of this
compound may explain some of its antiepileptic activity,
but no detailed such studies have been performed so far.

first tyrosine kinase inhibitor to be used clinically,
imatinib 30 (as mesylate salt) (Glivec™/Gleevec™,
Novartis
Pharmaceuticals) blocks activity of the
Bcr-Abl oncoprotein and the cell trtansmembrane
tyrosine kinase receptor c-Kit, and was recently
approved for several indications in the treatment on
chronic myeloid leukemia (CML) and gastrointestinal
stromal tumors (GIST). In both of these examples the
target protein was identified by an oncogenic, activating
mutation. Imatinib 30 is also a potent inhibitor of
PDGFR kinase and is currently being employed for the
treatment of chronic myelomonocytic leukemia and is
being evaluated in glioblastoma multiforme, based upon
evidence in these diseases of activating mutations in
PDGFR. The molecular pathogenesis of CML in
particular, depends on formation of the Bcr-Abl
oncogene, leading to constitutive expression of the
tyrosine kinase fusion protein, Bcr-Abl. Based on these
observations, imatinib was developed as a selective
inhibitor of the Bcr-Abl protein tyrosine kinase. The
extraordinary success of imatinib in CML and GIST
represents a model for molecularly targeted therapy for
tumors, whereas the molecular basis and the detailed
mechanisms of action of this drug are still not
completely understood at this moment [95,96]. Nilotinib
31, is a second-generation PTK inhibitor (PTKI) and was
approved in 2007, for the treatment of adult patients with
chronic-phase and accelerated-phase Philadelphia
chromosome-positive (Ph+) CML, resistant to or
intolerant of prior treatment that included imatinib. The
compound is also being investigated for the treatment of
patients with GIST [96]. Serendipitously, the potential
of imatinib 30 and nilotinib 31 to act as inhibitors of all
the catalytically active mammalian CA isoforms has
been recently discovered [96]. Thus, imatinib and
nilotinib were observed to act as very potent inhibitors
of two CA isozymes, i.e., hCA I and II, with inhibition
constants in the range of 4.1 – 31.9 nM. The isoform
with the highest affinity for these drugs was the
ubiquitous, physiologically dominant hCA II. In fact, the
clinically used sulfonamide inhibitor par excellence,
acetazolamide 1, has a KI of 12 nM against hCA II,
intermediate between that of nilotinib (KI of 4.1 nM) and
imatinib (KI of 30.2 nM) [1,96]. Effective inhibition with
imatinib and nilotinib was also observed against the

The protein tyrosine kinase inhibitors imatinib
nilotinib and pazopanib strongly inhibit mammalian
CA isoforms
There are 518 protein kinases and approximately 100
protein phosphatases encoded within the human genome
[95]. A major focus of cancer research in recent years
has been to identify oncogenic molecules and the signal
transduction pathways in which they are involved, in
order to develop specifically targeted drugs. In cancer,
as well as in other proliferative diseases, unregulated cell
proliferation, differentiation and survival frequently
results from abnormal protein phosphorylation.
Receptor and non-receptor protein tyrosine kinases
(PTKs) are essential enzymes in cellular signaling
processes that regulate cell growth, differentiation,
migration and metabolism [95]. Aberrant catalytic
activity of many PTKs, via mutation or overexpression,
plays an important role in numerous pathological
conditions, the most important of which is cancer. PTKs
associated with platelet-derived growth factor (PDGF)
receptors, Abelson (ABL) protein, KIT protein (also
known as stem cell factor [SCF] receptor), protein kinase
AI (PKAI), bcl-2/bcl-xL, FLT3 (fms-related tyrosine
kinase/Flk2/Stk-2) - a receptor tyrosine kinase primarily
expressed on hematopoietic cells, epidermal growth
factor receptor (EGFR), and ErbB-2 transmembrane
tyrosine kinases are currently being targeted by various
compounds/drugs in the treatment of cancer [95]. The
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cytosolic isoform, hCA VII, the tumor-associated,
transmembrane enzyme, hCA IX, and the membraneanchored enzyme mCA XV [96]. These isoforms were
inhibited by the two compounds with KIs in the range of
41.9 – 109 nM. The two PTKIs showed KIs of 99 – 109
nM against the preponderantly brain-associated hCA
VII, being less active than acetazolamide (KI of 2.5 nM).
hCA IX is one of the most promising new anticancer
drug targets as recently shown [1-4]. The development
of agents targeting this isozyme may have clinical and
diagnostic significance for the management of hypoxic
tumors in which CA IX is generally overexpressed [1].
It has been observed that imatinib and nilotinib
significantly inhibited this isoform, with inhibition
constants of 41.9 – 75.7 nM, in the same range as the
sulfonamide acetazolamide 1 (KI of 25 nM). It might be
hypothesized that part of the excellent anticancer effects
of these drugs may also be due to their interaction with
this or other CA isoforms involved in carcinogenesis.
The affinity of the two drugs (imatinib and nilotinib) for
mCA XV on the other hand is very similar to that of
acetazolamide, the three compounds showing KIs of 72
– 79 nM. A third group of CA isozymes, including hCA
III (cytosolic), VI (secreted in saliva and milk), XII
(transmembrane, present in some tumors among other
tissues) and XIV (transmembrane) were moderately
inhibited by imatinib and nilotinib, with KIs in the range
of 223 – 980 nM [96]. The membrane-bound hCA IV
was also inhibited moderately by nilotinib (KI of 446
nM) but much less by imatinib (KI of 4553 nM). The
mitochondrial isoforms hCA VA and VB, together with
the slow cytosolic isoform mCA XIII showed the
weakest inhibition with the PTKIs 30 and 31, with
inhibition constants in the range of 4,665 – 20,200 nM.

contribute to the efficacy of these drugs in GIST. Some
other effects of these drugs might also be related to CA
inhibition. Thus, CAs are known to play a pivotal role in
bone metabolism, and acetazolamide inhibits bone
resorption in vitro/ex vivo [14], being shown to be
effective for the long-term therapy of osteoporosis.
Therefore, the recently reported long-term effect of
imatinib therapy in promoting bone formation in CML
patients, mimicks quite well the action of acetazolamide
observed in the same clinical settings, and might be
related to CA II inhibition in in osteoclasts and
osteoblasts, in addition to the inhibition of kinases
[14,96]. It is in fact well-known that several CA
isozymes (CA II, CA XII and XIV) are involved in the
acidification processes in osteoclasts, leading to
inorganic matrix dissolution that precedes enzymatic
removal of the organic bone matrix [14]. By inhibiting
these CA isozymes with sulfonamides, the osteoclasts
acidification and bone dissolution processes are also
inhibited [14].
Thus, the two clinically used PTKIs, imatinib and
nilotinib were recently shown as inhibitors of many CA
isoforms. The two compounds inhibited all 13
catalytically active mammalian isoforms with KIs in the
range of 4.1 nM – 20.2 M. CA I and CA II were the
most efficiently inhibited isoforms (KIs of 4.1 – 31.9
nM), whereas CA VA and VB showed the lowest
affinity for these drugs (KIs of 5.4 – 20.2 M). The
anticancer activity of the two PTKIs investigated here
may also involve their interaction with CAs in addition
to the targets for which they were designed originally,
i.e., the PTKs. Furthermore, they afford CAIs with a
completely novel chemotype, although the detailed
binding mode of the two compounds to CAs is unknown
for the moment, due to the fact that no god X-ray crystal
structure of one of their adducts could be obtained so far.
However, the proposed inhibition CA mechanism with
PTKIs is depicted in Figure 5.

Given the systemic exposures achieved at the standard
recommended doses of both imatinib (steady state Cmax /
Cmin 5.2 and 2.5 M at 400 mg q.d.) and nilotinib (steady
state Cmax / Cmin 4.0 and 1.8 M at 400 mg b.i.d.), it
seems likely that the inhibition of at least some of the
CAs, alone or in concert with one another, by these drugs
might be physiologically relevant [96]. Thus for
example, CA IX and CA XII promote tumor cell survival
within the hypoxic tumor microenvironment, and
therefore their inhibition by imatinib and nilotinib might

The inhibitor appears to be anchored to the Zn(II)
coordinated water molecule from the hCA II active site,
similarly to spermine, an amine inhibitor for which the
X-ray crystal structure has recently been reported by
Supuran’s group [20] (Figure 5A). Alternatively,
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imatinib might not interact with the metal ion or its nonprotein ligand, but might be anchored towards the

entrance of the active site, similarly to the coumarin
CAIs or lacosamide [21,94] (Figure 5B).

Figure 5. Proposed CA inhibition mechanisms with the PTKI imatinib 27.30. A. The inhibitor is anchored to the
Zn(II) coordinated water molecule from the hCA II active site. B. The inhibitor does not interact with the metal ion
or its non-protein ligand, but is anchored towards the entrance of the active site, similarly to the coumarin CAIs or
lacosamide [21,94]. The Zn(II) ion is coordinated by three His residues (His94, 96 and 119). The gate-keeper
residues Thr199 (making a hydrogen bond with the fourth zinc ligand) is also shown [1].
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vertebrates, the 16 different -CA isoforms play crucial
physiological roles. These enzymes are efficient
catalysts for the reversible hydration of carbon dioxide
to bicarbonate, and are inhibited by several classes of
compounds such as the sulfonamides and their isosteres
(sulfamates, sulfamides etc.), phenols, coumarins and
polyamines. At least 25 clinically used drugs or agents
in clinical development show significant inhibitory
activity against the mammalian (human, h) CA isoforms.
Such compounds have applications as diuretics
antiglaucoma drugs, and anticonvulsants, whereas some
compounds are being developed as anticancer
agents/diagnostic tools for tumors, or as antiobesity
agents. The presence of these ubiquitous enzymes in so
many tissues and in so different isoforms, represents an

Pazopanib 32 on the other hand is a primary sulfonamide
derivative [97]. It is a multi-targeted tyrosine kinase
inhibitor (TKI) used clinically for the treatment of
several types of tumors [97]. Pazopanib, similar to
structurally related sulfonamides such as indisulam,
acetazolamide
or
ureido-substituted
benzenesulfonamides (SLC-0111) acts as a low
nanomolar inhibitor of many of the fifteen human
isoforms hCA I-XIV. Such data indicate that in addition
to the TK inhibitory action, pazopanib exerts its
antitumor/antimetastatic effects also due to the potent
inhibition of the tumor-associated, hypoxia-inducible
enzymes CA IX and XII [97].
Conclusions
With their diffuse distribution in many tissues in
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6. Supuran, C.T. (2008) Diuretics: From classical carbonic
anhydrase inhibitors to novel applications of the
sulfonamides. Curr. Pharm. Des., 14, 641 – 648.
7. De Simone, G., Di Fiore, A., Supuran, C.T. (2008) Are
carbonic anhydrase inhibitors suitable for obtaining
antiobesity drugs ? Curr. Pharm. Des., 14, 655-660
8. Supuran CT. (2017) Advances in structure-based drug
discovery of carbonic anhydrase inhibitors. Expert Opin.
Drug Discov., 12, 61-88
9. Del Prete, S., Vullo, D., Fisher, G.M., Andrews, K.T.,
Poulsen, S.A., Capasso, C., Supuran, C.T. (2014)
Discovery of a new family of carbonic anhydrases in the
malaria pathogen Plasmodium falciparum--the η-carbonic
anhydrases. Bioorg. Med. Chem. Lett. 24, 4389-4396.
10. Alterio, V., Hilvo, M., Di Fiore, A., Supuran, C.T., Pan,
P., Parkkila, S., Scaloni, A., Pastorek, J., Pastorekova, S.,
Pedone, C., Scozzafava, A., Monti, S.M., De Simone, G.
(2009) Crystal structure of the extracellular catalytic
domain of the tumor-associated human carbonic anhydrase
IX. Proc. Natl. Acad. Sci. USA, 106, 16233 – 16238.
11. Nishimori, I., Minakuchi, T., Onishi, S., Vullo, D.,
Scozzafava, A., Supuran, C.T. (2007) Carbonic anhydrase
inhibitors. DNA cloning, characterization and inhibition
studies of the human secretory isoform VI, a new target for
sulfonamide and sulfamate inhibitors. J. Med. Chem., 50,
381-388
12. Vullo, D., Voipio J., Innocenti, A., Rivera, C., Ranki, H.,
Scozzafava, A., Kaila, K., Supuran, C.T. (2005) Carbonic
anhydrase inhibitors. Inhibition of the human cytosolic
isozyme VII with aromatic and heterocyclic sulfonamides.
Bioorg. Med. Chem. Lett., 15, 971-976
13. Supuran, C.T.; Casini, A.; Scozzafava, A. (2004)
Development of sulfonamide carbonic anhydrase
inhibitors. In Carbonic anhydrase - Its inhibitors and
activators, Supuran, C.T., Scozzafava, A., Conway, J.
(Eds.); CRC Press, Boca Raton (FL), USA, pp. 67-148.
14. Riihonen, R., Supuran, C.T., Parkkila, S., Pastorekova, S.,
Vaananen, H.K., Laitala-Leinonen, T. (2007) Membranebound carbonic anhydrases in osteoclasts. Bone, 40, 10211031
15. Svastova, E., Hulikova, A., Rafajova, M., Zatovicova, M.,
Gibadulinova, A., Casini, A., Cecchi, A., Scozzafava, A.,
Supuran, C.T., Pastorek, J., Pastorekova, S. (2004)
Hypoxia activates the capacity of tumor-associated
carbonic anhydrase IX to acidify extracellular pH. FEBS
Lett., 577, 439-445.
16. Supuran, C.T. (2016) Carbonic anhydrase inhibition and
the management of neuropathic pain. Expert Rev.
Neurother., 16, 961-968.
17. Di Cesare Mannelli, L., Micheli, L., Carta, F., et al. (2016)
Carbonic anhydrase inhibition for the management of
cerebral ischemia: in vivo evaluation of sulfonamide and

attractive goal for the design of inhibitors/activators with
biomedical applications but also rises challenging
problems for polypharmacology related issues. The
examples provided here for drugs such as topiramate,
zonisamide, lacosamide, the sulfonamide coxibs
(celecoxib, valdecoxib), or for the tyrosine kinase
inhibitors imatinib, nilotinib and pazopanib, show that
these agents probably exert their pharmacological
activity also due to inhibition of some CA isoforms, in
addition to the targets for which they have been
originally designed. Such off-target action affords for
novel applications of some of these compounds, such as
for example the antiobesity action of topiramate and
zonisamide (thought to be due to inhibition of two
mitochondrial CA isoforms, CA VA and VB) or the
antitumor activity of the coxibs and other sulfonamide
CAIs, which strongly inhibit the tumor-associated
isoforms CA IX and XII. Furthermore, lacosamide,
imatinib and nilotinib constitute CAIs of a completely
novel chemotype and may lead both to novel
applications for these drugs as well as to the
development of CAIs possessing a novel mechanism of
action compared to the sulfonamides. Thus, emerging
novel drug targets or novel applications can be
discovered by attentively considering such off-target
activity of some well-known drugs.
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