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A B S T R A C T

Herein we report for the first time an efficient synthetic procedure for the preparation of N-aryl-N’-ureido-O-
sulfamates (AUSs) as a new class of Carbonic Anhydrase Inhibitors (CAIs). The compounds were tested for the
inhibition of several human (h) Carbonic Anhydrase (CA; EC 4.2.1.1) isoforms. Interesting inhibition activity and
high selectivity against CA VII and XII versus CA I and II, with KIs in the low nanomolar range, were observed.
Molecular modeling studies allowed us to decipher the structural features underpinning the selective inhibitory
profile of AUSs towards isoforms CAs VII and XII. A selection of sulfamates showed promising neuropathic pain
modulating effects in an in vivo animal model of oxaliplatin induced pain.

1. Introduction

The last decade has been characterized by a particularly sustained
research in the field of pain, which culminated in 2011 with a new
definition of neuropathic pain [1]. A task force of experts called the
Special Interest Group on Neuropathic Pain (NeuPSIG) within the In-
ternational Association for the Study of Pain (IASP) firstly suggested, by
means of a consensus paper, that neuropathic pain should be properly
defined as “arising as a direct consequence of a lesion or disease affecting
the somatosensory system” [1,2]. This new definition, which was almost
acquired from IASP, differs from the previous one for the missing word
“dysfunction”. What apparently did look like a mere debate on de-
scriptions, it was the necessary step to elude serious and stringent
limitations imposed from the previous definition in the diagnosis,
classification, epidemiology, treatment and thus in research and de-
velopment within the neuropathic pain field. In this context are also our
efforts on structure-based drug design studies towards the validation of
Carbonic Anhydrase (CA; EC 4.2.1.1) enzymes for the management of
neuropathic pain. This is also in agreement with the intent of the
NeuPSIG committee to raise scientific awareness as well as to define a

new scientific playground in the field.
The link between CAs and neuropathic pain was first raised by Kaila

and Price by reporting that the CAs catalyzed reaction had significant
effects on the regulation of the levels of several neurotransmitters,
among which γ-aminobutyric acid (GABA) [3,4]. These first experi-
ments were based on the administration of the non-selective CA in-
hibitors (CAIs) (e.g. acetazolamide-AAZ), but they clearly showed an
effect when the drug was administered in combination with midazolam
[5–7]. Current knowledge however lacks any evidence on which CA
isoforms, among the 15 catalytically active expressed ones in humans,
are mainly involved in peripheral and/or central sensitization events
leading to neuropathic pain. Furthermore, the precise mechanism of
action of CAIs in modulating neuropathic pain seems to be rather
complex, as both the levels of GABA as well as the activity of the K-Cl
cotransporter KCC2 are affected by inhibiting the enzyme at the central
and probably peripheral levels.

Therefore, we turned our attention towards the physiologically re-
levant hCAs present in the nervous system, i.e., isoforms I, II, VII, IX and
XII, which are largely expressed both at the central as well as at per-
ipheral level. Among them, the CA VII is mainly present within the
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central nervous system (CNS) and this makes it particularly interesting
when designing selective CAIs for neuropathic pain management pur-
poses.

The concept of isoform selectivity is of paramount importance
within the CAs field, as the various enzymatic isoforms are highly
specialized in catalyzing the CO2 hydration reaction and they all differ
for expression within specific cellular and tissutal districts [8]. Our
efforts in pursuing this goal by means of structure-based drug discovery
led to the identification of new chemical classes acting as CAIs such as
the coumarins [9,10] and their congeners [11–16], the phenols [17],
the polyamines [18], the dithiocarbamates [19,20] and their bioisos-
teres [21,22], the 2-benzylsulfinylbenzoic acids [23], the benzoxabor-
oles [24] and the last introduced the selenols [25]. All of them were
demonstrated to possess diverse inhibition mechanisms by means of
inhibition experiments as well as X-ray crystallographic investigations
of the corresponding adducts within various hCAs [8–19]. A neglected
moiety reported by some of us is the low micromolar CAI inhibitors N-
hydroxyurea, which was demonstrated to interact as a bidentate zinc-
binding group within the hCA II enzymatic cleft [26]. With our surprise
no further developments of N-hydroxy urea-based CAIs were carried out
since their first report in 2006, also in consideration of the reappraisal
of the ureido moiety by means of our investigations [27–29], which led
to the introduction in clinical phase II of the small molecule SLC-0111
(Fig. 1), in association with gemcitabine, for the treatment of metastatic
pancreatic ductal cancer [30].

In the present study we propose the N-aryl-N’-ureido-O-sulfamates
(AUSs) as a new class of CA ligands, which was conceived by merging
the chemical groups proven to be particularly relevant within the CAI
field, as schematically represented in Fig. 1, and thus virtually en-
compassing their properties.

As part of this study, we developed an efficient synthetic method to
afford N-aryl-N’-ureido-O-sulfamates in good yields. Thus, the series
obtained was investigated for the ability to inhibit the human expressed
CAs, followed by investigation of the binding modes by means of mo-
lecular modelling studies. In consideration of the excellent selectivity of
the compounds reported for the hCA VII, we investigated their effects in
an in vivo model of neuropathic pain (see Fig. 2.).

2. Results and discussion

2.1. Design and synthesis of compounds

The strategic approach beneath our research studies relies on the
recently reported coordination properties of the hydroxylamine-O-

sulfonamide 1 compound towards various hCAs [31].
As shown above, two Zn (II) coordination patterns were reported: (i)

direct coordination of the inhibitor to the metal ion to form a tetra-
hedral adduct, in agreement to the coordination cluster of CAIs of the
sulfonamide type and their bioisosteres [32]; (ii) generation of a penta-
coordinated metal ion based complex in which the aminooxy moiety in
1 interacts in a side-on (η2) manner [32]. Such a discovery defined 1 as
a blueprint for further development of CAIs bearing the sulfonamides or
aminoxysulfamates as zinc binding moieties. In this context, we de-
signed and developed a synthetic strategy with the aim to obtain CAIs
bearing the hydroxylamine-O-sulfonamide moiety with a coordination
pattern entirely shifted to the type reported in Fig. 2A. According to our
expectations, compounds of this type will benefit of the strong inter-
action of the sulfamate moiety to the Zn (II) ion as well as of the
flexibility features the ureido group may retain, which proved to be
vital for directing the inhibition preferentially towards physiologically
relevant hCAs [27,28,33]. Our first synthetic attempt was based on the
previously reported methodology to obtain the hydroxylamine-O-sul-
fonamide 1a as the trifluoroacetic acid salt, which in turn was reacted
with commercially available isocyanates as reported in Scheme 1.

Although the synthetic procedure proved successful, the purification
of the final compounds, by means of flash chromatography or crystal-
lization techniques, resulted quite inefficient as significative decom-
position occurred. Alternatively, the final compounds were recovered in
good yields by treatment of the corresponding hydroxyureas 2a-22a
[33] with calculated excess of freshly prepared sulfamoyl chloride at
0 °C in anhydrous DMA. Usually the starting materials were consumed
in 5–10min (TLC monitoring) and the reactions were quenched with
slush followed by acidification with a 1.0M HCl aqueous solution. The
desired compounds 2–22 were isolated in good yields according to the
treatments described in the experimental section with a HPLC purity
grade of≥ 95% (see Scheme 2.).

2.2. Carbonic Anhydrase inhibition

The reported compounds 2–22 were tested in vitro for their in-
hibitory properties against the physiologically relevant hCA isoforms
(e.g. I, II, VII, IX, XII) by means of the stopped-flow carbon dioxide
assay [34] and compared with the clinically used drug Acetazolamide
(AAZ) (Table 1).

The following structure-activity relationships (SARs) can be drawn:

i) The majority of compounds tested were weak inhibitors of the ki-
netically slowest hCA I isoform with KI values spanning between
347.6 and 8921.0 nM, whereas the remaining ones were ineffective
(KIs > 10000). The most potent inhibitor was 12 (KI of 347.6 nM)
which possessed the ethoxy group at 2 position of the phenyl ring,
followed by the indene containing scaffold 21 (KI of 863.3 nM) and
13 (KI of 902.4 nM) which contained the bulky 4-phenoxy moiety.
The results reported in Table 1 didn’t allow to define a clear SAR for
this isoform.

ii) The abundantly expressed cytosolic isoform hCA II, in analogy toFig. 1. Schematical representation of the design approach used in this study.

Fig. 2. Zn (II) coordination geometry in the hCA II/1 adduct for binding ac-
cording to a tetrahedral (A) or penta-coordinated (B) cluster. Hydrogen bonds
and residues forming van der Waals interactions are also reported [31].
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previous one, was poorly inhibited by the series of sulfamates 2–22.
The most efficient inhibitor of the series was 18 (KI of 295.5 nM)
that possessed the 4-fluoro-3-methyl substitution pattern, followed
by the unsubstituted derivative 2 and 4-trifluoromethyl substituted
derivative 17 (KIs of 620.2 and 645.6 nM, respectively). All the
remaining compounds resulted weak inhibitors with KIs between
1.72 and 7.28 µM).

iii) Compounds 2–22 were effective inhibitors of the CNS abundantly
expressed hCA VII isoform. As reported in Table 1, all the KI values
were comprised in the nanomolar concentration range, spanning
between 2.1 and 57.4 nM, and were thus comparable to the stan-
dard CAI AAZ (KI of 6.0 nM). Among the series tested, compounds
2, 4–11, 15–19 showed low nanomolar inhibitory activities with KIs
between 2.1 and 8.1 nM. The most potent one was the 3-chlor-
ophenyl derivative 6 which was 2.86-fold more potent when com-
pared to AAZ (KIs of 2.1 and 6.0 nM, respectively). Slightly higher
KI values were obtained for compounds 16 (3,5-dimethyl sub-
stituted), 8 (4-fluoro substituted) and 2 (unsubstituted) with KIs in
the range of 2.3–2.8 nM. Even the remaining compounds in the
series (e.g. 3, 12–14, 20–22) were effective inhibitors of this iso-
form and reported KI values spanning between 19.6 and 57.8 nM.

iv) The tumor associated transmembrane isoform hCA IX was inhibited
only by 12 compounds out of the 21 tested, and among them the 3-
ethylester phenyl substituted 14 and the indan-5-yl derivative 21
were the most potent (KIs of 15.5 and 11.5 nM, respectively) also

when compared to AAZ (KI of 25.8). The remaining compounds
were medium potency inhibitors (e.g. 6, 10 and 22) with KIs of
193.1, 244.2 and 266.6 nM respectively. As for the remaining ones
(e.g. 2, 13 and 16) low micromolar KI values were obtained and
comprised between 3.05 and 3.76.

v) The second tumor associated isoform, the hCA XII, was effectively
inhibited by the compounds reported here with low nanomolar
inhibitory constants. This isoform was highly inhibited by the 2-
nitro- and 4-chloro-phenyl substituted derivatives 10 and 5, with
KIs of 6.1 and 7.5 nM, respectively, that are comparable to AAZ (KI
of 5.7 nM). As for the remaining ones, three main blocks may be
defined. The first is represented by compounds 2, 8, 15 and 16,
which do possess KI values comprised between 18.9 and 26.1 nM;
the second block comprises derivatives 3, 4, 11, 17 and 19 (KIs
between 33.2 and 52.2 nM); the latter includes the remaining
compounds tested, which exhibited higher nanomolar kinetic va-
lues.

The series of N-phenyl-N’-ureido-O-sulfamates were assayed on all
physiologically relevant hCAs. In the whole, the compounds here re-
ported were high potent inhibitors of the CNS expressed hCA VII iso-
form, with low nanomolar inhibition values comparable to the standard
CAI AAZ. Only few compounds (e.g. 12–14 and 22) showed KI values in
the medium-high nanomolar range. The compounds tested showed also
good inhibition of the tumor associated hCA XII, with KI values below

Scheme 1. General synthetic scheme for N-aryl-N’-ureido-O-sulfamates.

Scheme 2. Synthesis of N-aryl-N’-ureido-O-sulfamates 2–22. Percentage yields are reported.
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100 nM. In particular, compounds 5 and 10 were as potent as the CAI
AAZ (KIs of 7.5, 6.1 and 5.7 nM, respectively). Thus, in consideration of
the kinetic data obtained, we focused our attention towards the in-
vestigation of the binding modes of our compounds within the hCAs
active site with the aim to extract the main structural features re-
sponsible of the hCA VII isoform selectivity. In addition, we explored
the effects of a selection of such compounds in an oxaliplatin induced
model of neuropathic pain.

2.3. Computational studies

With the aim of suggesting a binding mode into hCAs for this class
of compounds and analyzing the ligand-protein interaction features that
could be at the basis of their selectivity for hCA VII and XII with respect
to the other tested hCAs, molecular modeling studies including a robust
docking procedure followed by molecular dynamics (MD) simulations
in explicit water environment were carried out. Compound 15, which
showed good potency on both hCA VII and XII, was taken into account
for this study as a reference ligand of the series. This compound was
thus docked into hCA VII using Autodock4 software and the best ranked
pose was subjected to 20 ns of MD simulation studies (see the
Experimental section for details). As shown in Fig. 3, compound 15 was
predicted to chelate the prosthetic zinc ion of hCA VII through the
sulfamate group, which also interacted with T201 forming H-bonds
with both the backbone nitrogen and the hydroxyl group of the residue.
The oxygen atom that connects the sulfamate group with the ureidic
fragment showed a stable H-bond with the hydroxyl group of T202,
whereas the ureidic carbonyl oxygen formed a water-mediated H-bond
with the oxygen backbone of P203. Finally, the 2,5-dimethylphenyl
group was found to be localized between N64, Q69, Q94 and F133, thus
efficiently blocking the entrance of the binding cavity.

As shown in Fig. SI-1, by superimposing the hCA VII-15 complex
with the starting crystallographic structure of hCA VII used for the
analysis (3MDZ PDB code) it is evident that all residues involved in the
interaction with the ligand approximately maintained their original
disposition, with the exception of N64 and Q69. With regards to N64,
the sidechain of the residue showed a different disposition, but the H-

bond between its amidic oxygen and the nitrogen backbone of S67 was
maintained in both structures. More evident differences can be high-
lighted for Q69, whose amidic nitrogen was directed towards the water-
exposed part of the binding site in the starting crystallographic struc-
ture. However, the predicted binding mode of compound 15 is not
compatible with this disposition of Q69; in fact, in the hCA VII-15
complex the presence of the 2,5-dimethylphenyl group forced the
sidechain of Q69 to fold towards the protein. This disposition was al-
lowed by the formation of an H-bond between the amidic nitrogen of
Q69 and the carboxylic oxygen of D71. Interestingly, an analysis of the
conservation of these three residues among the ten most common hCAs
reported in this study, highlighted that N64 was conserved in 7 hCAs,
Q69 in 4 hCAs, D71 only in two hCAs and the combination of Q69 and
D71 was shown only for hCA VII (see Fig. SI-2).

In hCA XII, N64 is conserved (N92 for hCA XII) whereas Q69 and
D71 are replaced by K97 and N99, respectively. As shown in Fig. 4, the
ligand maintained into hCA XII the same binding orientation observed
for hCA VII, showing the two interactions of the sulfonamide fragment
with T226, the additional H-bond with the hydroxyl group of T227 and
the water-mediated H-bond with the oxygen backbone of P228. The

Table 1
Stopped-flow kinetic data of compounds 2–22 on hCAs I, II, VII, IX and XII in
comparison with AAZ.

KI (nM)*

Compound hCAI hCAII hCAVII hCAIX hCAXII

2 7894.9 620.2 2.8 3051.9 26.1
3 >10000 4178.0 26.0 >10000 37.9
4 >10000 2016.6 4.6 >10000 52.2
5 >10000 4946.2 6.7 >10000 7.5
6 >10000 4349.3 2.1 193.1 56.1
7 3754.6 2220.5 4.7 >10000 50.0
8 8801.1 3078.3 2.6 >10000 19.9
9 8921.0 4530.6 7.7 >10000 50.4
10 >10000 3007.2 7.5 266.6 6.1
11 4024.3 2470.0 5.3 >10000 33.2
12 347.6 4033.0 56.8 >10000 70.4
13 902.4 1718.2 38.4 3763.0 76.3
14 4016.8 2814.2 57.4 15.5 62.8
15 >10000 4326.1 3.0 >10000 18.9
16 6459.3 2304.8 2.3 3295.8 22.2
17 7769.6 645.6 8.1 >10000 35.6
18 3625.7 295.5 6.1 3478.0 66.5
19 3636.7 2556.7 6.3 >10000 50.3
20 3805.3 2035.7 19.6 >10000 85.7
21 863.3 7277.8 20.3 11.5 62.1
22 >10000 4337.9 43.0 244.2 71.2
AAZ 250.0 12.1 6.0 25.8 5.7

* Mean from 3 different assays, by a stopped flow technique (errors were in
the range of ± 5–10% of the reported values).

Fig. 3. Predicted binding mode of compound 15 into hCA VII.

Fig. 4. Predicted binding mode of compound 15 into hCA XII.
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conserved residue N92 showed a disposition very similar to that ob-
served for hCA VII and the non-conserved K97 was found to fold to-
wards the protein forming an H-bond with N99, thus allowing the
proper disposition of the 2,5-dimethylphenyl group of the ligand within
the binding site.

The binding modes predicted for the ligand into the catalytic sites of
the other analyzed hCAs were found to be different with respect to
those observed into hCA VII and XII. Fig. SI-3A shows the disposition of
compound 15 into the binding site of hCA I: the replacement of Q69
present in hCA VII with a histidine residue (H68) prevented the proper
orientation of the 2,5-dimethylphenyl group of the ligand, which was
instead shifted toward F92 and L132. This disposition allowed the
formation of an H-bond between Q93 and a nitrogen of the ureidic
fragment of the molecule, but at the same time prevented the ligand
sulfonamide moiety to correctly chelate the zinc ion and to form the H-
bonds with T200. Furthermore, due to the replacement of T202 with a
histidine residue (H201) the ligand also lost the H-bond showed by the
oxygen atom that connects the sulfonamide and the ureidic fragment.

The analysis of the interactions of 15 into hCA II binding site
highlighted that the non-conserved N67 (Q69 for hCA VII) was not able
to fold towards the protein, since it couldn’t interact with E69 (D71 for
hCA VII) that was involved in a stable ionic interaction with R58. It is
interesting to note that the salt bridge between R58 and E69 can be
formed only into hCA II, because these two residues are not present into
the other hCAs (see Fig. SI-3B). Due to the lack of the interaction be-
tween N67 and E69, the asparagine residue was directed towards the
water-exposed cavity of the binding site and interacted with the con-
served N62, which was thus not able to maintain the disposition
showed into hCA VII. On the bases of the different disposition of N62
and N67, the ligand bound to hCA II with the 2,5-dimethylphenyl group
occupying the central region of the binding site cavity without forming
the two H-bond interactions with T199 and P200, in agreement with
the low activity of the compound against this hCA subtype.

In the predicted hCA IX-15 complex, a further different ligand
binding mode was observed. Although in this hCA isoform both N64
and Q69 of hCA VII are conserved (N198 and Q203, respectively, in
hCA IX), the threonine residue T205 replacing D71 of hCA VII was not
able to establish any H-bond with the conserved Q203 and to allow its
folding towards the protein. For this reason, the amide group of Q203
was directed towards the water-exposed region of the binding site,
forming stacking interactions with Q224 (Fig. SI-3C). Compound 15
was thus predicted to interact with hCA IX laying its 2,5-dimethyl-
phenyl moiety onto the amide groups of Q203 and Q224; interestingly,
the ureidic fragment of the ligand was disposed with the carbonyl
oxygen oriented toward H226, in order to form an H-bond with Q224.
Although in this case, the ligand was able to properly chelate the zinc
ion and to form the H-bond interactions with T332 (T201 in hCA VII)
through its sulfonamide moiety, it still lacked the additional H-bond
with the hydroxyl group of T333 and the water mediated H-bond with
P334 (T202 and P203 in hCA VII, respectively). The lack of these two
interactions, which strongly contributed to anchor the ligand to the
binding site of hCA VII, may justify its weak inhibitory activity against
hCA IX.

2.4. Pain modulating effects of CA inhibitors

Compounds 2, 6, 15, 17–19 with selective inhibitory activities on
hCA VII were selected to investigate their neuropathic pain-relieving
effects in comparison to the clinically used CAI drug AAZ [5,6] in a
mice model of neuropathic pain induced by oxaliplatin, [35] an antic-
ancer drug characterized by a relevant neurotoxicity able to induce
neuropathy in a high percentage of patients [36,37]. The results are
summarized below in Fig. 5.

The pain threshold measurements of oxaliplatin-treated animals
(Cold plate test) are shown in Fig. 5. Compound 2 in Fig. 5a, showed a
dose dependent pain-relieving effect lasting up to 45min and peaking

at 30min after administration with both concentrations (e.g. 10 and
30mg kg−1). An analogous trend was also reported for compound 6 in
Fig. 5b. It is worth noting that the introduction in 2 of the chlorine atom
at 3-position of the phenyl ring resulted in significative increase of the
potency as well as of the biologic effect duration. The comparison of
Fig. 5a and b showed that the administration of 6 at a concentration of
3mg kg−1 resulted in a response curve almost superimposable to the
one of compound 2 administered at its maximum concentration. Ad-
ministration of 6 at 30mg kg−1 afforded a response as much intense as
the reference AAZ at a concentration of 100mg kg−1. Quite interest-
ingly compound 6 at the range of concentrations used (e.g. 3 to
30mg kg−1) determined biological responses all peaked at 30min and
lasting up to 60min after administration (Fig. 5b). The 2,5-dimethyl-
phenyl 15 was slightly more potent when compared to the other non-
halogen containing derivative 2 when administered at the maximum
concentration (e.g. 30mg kg−1) and it showed identical time frame
efficacy and curve profile (Fig. 5c). The data in Fig. 5d relative to
compound 17 do profile for a different type of response depending on
the concentration used. For instance, when 17 was administered at
10mg kg−1 the maximum effect was reached just after 15min from the
administration and lasted constant up to 30min followed by a slow
decrement of intensity over 45min. The use of 17 at a 3-fold higher
concentration did result in a constant increase of the biological effect up
to 30min with a value comparable to the reference AAZ and then fol-
lowed by its rapid depletion in just 15min (Fig. 5d). Again, the in-
troduction of a halogen moiety as in 18, determined a significative
response at the minimal concentration of 3mg kg−1 peaking at 30min
and lasting up to 60min. The increase of 18 up to 3-fold of the initial
concentration resulted in enhancements of the biological effect without
any disruption of the curves symmetry (Fig. 5e). The last compound
tested showed a weak biological effect when administered at
10mg kg−1. The increase of its concentration determined a maximum
effect at 30min after administration, with a value over the threshold
limit reported for untreated mice used as control. The effected rapidly
and constantly diminished up to 60min after the experiment has
started.

The compounds 2, 6, 15, 17–19 were selected for the in vivo testing
on the basis of their selectivity profiles against the hCA VII isoform. Any
consideration on the solubility of our compounds in water was in-
tentionally skipped since the presence of the N’-ureido-O-sulfamate
moiety is reasonably expected to provide enough hydrophilicity.

3. Conclusions

Here we report for the first time the N-phenyl-N’-ureido-O-sulfa-
mates as a new class of CAIs, designed by merging the ureido, hydro-
xyurea and hydroxylamine-O-sulfonamide chemotypes possessing CA
inhibitory effects, in the same molecule. We developed an efficient
synthetic procedure which allowed the desired compounds 2–22 in
good yields. They were assessed their inhibition properties against
several human CAs by means of the stopped flow in vitro assay.
Interestingly, the compounds revealed to be effective inhibitors of the
hCA isoforms VII and XII with KI values in the low nanomolar range. In
order to determine the binding features at the basis of the selectivity
profile of this class of CAIs for the VII and XII isoforms, we carried out
molecular modeling studies including a robust docking procedure fol-
lowed by molecular dynamics (MD) simulations in explicit water en-
vironment using compound 15 as a model. Quite interestingly, the
superposition of the hCA VII-15 and hCA XII-15 complexes revealed
closely matching poses, both accounting for a canonical sulfamate co-
ordination of the Zn (II) ion, a strong stabilization of the ureido-O-
sulfamate section by means of hydrogen bond networks and accom-
modation of the aryl tail towards the rim of the catalytic cleft. The same
compound showed different and less energetically favored poses within
the other hCA isoforms studied. Finally, a selection of compounds (e.g.
2, 6, 15, 17–19) was considered for their neuropathic pain-relieving
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effects in comparison to the clinically used drug AAZ in a mice model of
neuropathic pain induced by oxaliplatin. All selected compounds
showed interesting activities, and among them 6, 17–19 showed potent
analgesic effects. These results give scientific evidence in order to
support the N-phenyl-N’-ureido-O-sulfamates as a new and efficient CAI
class worth of future development for the obtainment of hCA VII se-
lective inhibitors useful for the management of neuropathic pain.

4. Experimental section

4.1. Materials and methods

Chemistry. All anhydrous solvents and reagents used in this study
were purchased from Alfa Aesar, TCI, and Sigma-Aldrich. The synthetic
reactions involving air- or moisture-sensitive chemicals were carried
out under a nitrogen atmosphere using dried glassware and syringe

Fig. 5. Graphics are illustrating the modulating effects of CAIs 2 (a), 6 (b), 15 (c), 17 (d), 18 (e) and 19 (f) on neuropathic pain induced by oxaliplatin with
comparison to AAZ. The response to a thermal stimulus was evaluated by the Cold plate test measuring the latency (s) to pain-related behaviors (lifting or licking of
the paw). Mice were treated with oxaliplatin (2.4mg kg−1 i.p.) for two consecutive weeks (10 injections) and the acute tests were performed starting from day 15.
Compounds were administered per o.s. and the measurements were performed 15, 30, 45 and 60min after treatments. Control mice were treated only with vehicle.
Each value represents the mean of 12 mice per group, performed in 2 different experimental sets. **P < 0.01 vs vehicle+ vehicle; ^P < 0.05 and ^^P < 0.01 vs
oxaliplatin+ vehicle.
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techniques in order to transfer the solutions. Nuclear magnetic re-
sonance (1H-, 13C-, and 19F NMR) spectra were recorded using a Bruker
Avance III 400MHz spectrometer using DMSO‑d6 as solvent. The che-
mical shifts are reported in parts per million (ppm), and the coupling
constants (J) are expressed in Hertz (Hz). The splitting patterns are
designated as s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet;
brs, broad singlet; dd, doublet of doublets. The correct assignment of
exchangeable protons (i.e., OH and NH) was carried out by means of the
addition of D2O. Analytical thin-layer chromatography (TLC) was done
on Merck silica gel F-254 plates. The HPLC was performed by using a
Waters 2690 separation module coupled with a photodiode array de-
tector (PDA Waters 996) using a Nova-Pak C18 4 μm 3.9mm×150mm
(Waters) silica-based reverse phase column. The sample was dissolved
in 10% acetonitrile/H2O and an injection volume of 45 μL. The mobile
phase (flow rate 1.0mL/min) was a gradient of H2O+ trifluoroacetic
acid (TFA) 0.1% (A) and acetonitrile+ TFA 0.1% (B), with steps as
follows: (A%/B%), 0–10min 90:10, 10–25min gradient to 60:40,
26:28min isocratic 20:80, 29–35min isocratic 90:10. TFA 0.1% in
water as well in acetonitrile was used as counterion. All compounds
reported here were≥ 95% HPLC pure. The solvents used in MS mea-
sures were acetone, acetonitrile (Chromasolv grade), and mQ water 18
MU. The high resolution mass spectrometry (HRMS) analysis was per-
formed with a Thermo Finnigan LTQ Orbitrap mass spectrometer cou-
pled with an electrospray ionization source (ESI). Analysis was carried
out in positive ion mode [M+H]+, and it was used a proper dwell time
acquisition to achieve 60,000 units of resolution at full width at half
maximum (fwhm). Elemental composition of compounds was calcu-
lated on the basis of their measured accurate masses, accepting only
results with an attribution error less than 5 ppm and a not integer RDB
(double bond/ring equivalents) value [32] tock solutions of analytes
were prepared using acetone (1.0mgmL−1) and stored at 4 °C. Then
working solutions of each analyte were prepared by dilution of the
stock solutions using mQ H2O/ACN 1/1 (v/v) up to a concentration of
1.0 μgmL−1. The HRMS analysis was performed by introducing the
analyte working solution via syringe pump at 10 μLmin−1.

4.2. Synthesis of compounds

A solution of hydroxyureas 2a-22a [33] (0.2 g, 1.0 eq) in dry DMA
at 0 °C was treated with freshly prepared sulfamoylchloride (6.0 eq,
portion-wise). The reaction mixture was warmed to rt and stirred for
15min then quenched with slush. The obtained precipitate was filtered-
off and washed with DCM (3×5mL) to afford desired products 7, 13,
15–16, 18, 21. Alternatively the mixture was extracted with ethyl
acetate (3×15mL). The combined organic layers were washed with
brine (3× 15mL), dried over anhydrous Na2SO4, filtered and the sol-
vents were removed under vacuum to afford desired product 2–6, 8–12,
14, 17, 19, 20, 22.

4.2.1. S-((3-phenylureido)oxy)sulfonamide (2)
Brown solid, 75% yield; mp 123–124 °C (dec); δH (400MHz,

DMSO‑d6) 7.08 (1H, t, J 7.6), 7.34 (2H, t, J 7.6), 7.57 (2H, d, J 7.6),
8.00 (2H, s, exchange with D2O, SO2NH2), 8.84 (1H, s, exchange with
D2O, NH), 10.50 (1H, s, exchange with D2O, NH); δC (100MHz,
DMSO‑d6) 120.9, 124.1, 129.5, 139.3, 156.9; HRMS m/z [M−H]−

calcd for C7H9N3O4S, 231,0314; found, 231,0311.

4.2.2. S-((3-(p-Tolyl)ureido)oxy)sulfonamide (3)
Pale yellow solid, 88% yield; mp 143–144 °C (dec); δH (400MHz,

DMSO‑d6) 2.29 (3H, s), 7.14 (2H, d, J 8.0), 7.44 (2H, d, J 8.0), 7.98 (2H,
s, exchange with D2O, SO2NH2), 8.73 (1H, s, exchange with D2O, NH),
10.44 (1H, s, exchange with D2O, NH); δC (100MHz, DMSO‑d6) 21.3,
120.9, 129.9, 133.0, 136.6, 156.9; HRMS m/z [M−H]− calcd for
C8H11N3O4S, 245,0470; found, 245,04685.

4.2.3. S-((3-(o-Tolyl)ureido)oxy)sulfonamide (4)
Pale yellow solid, 45% yield; mp 141–142 °C (dec); δH (400MHz,

DMSO‑d6) 2.24 (3H, s), 7.13 (1H, t, J 7.6), 7.22 (1H, t, J 7.6), 7.26 (1H,
d, J 7.6), 7.47 (1H, d, J 7.6), 8.07 (2H, s, exchange with D2O, SO2NH2),
8.24 (1H, s, exchange with D2O, NH), 10.53 (1H, s, exchange with D2O,
NH); δC (100MHz, DMSO‑d6) 18.5, 125.5, 126.0, 127.1, 131.2, 132.6,
136.6, 157.3; HRMS m/z [M−H]− calcd for C8H11N3O4S, 244,0470;
found, 244,0474.

4.2.4. S-((3-(4-chlorophenyl)ureido)oxy)sulfonamide (5)
Pale yellow solid, 52% yield; mp 172–173 (dec) °C; δH (400MHz,

DMSO‑d6) 7.39 (2H, d, J 8.8), 7.61 (2H, d, J 8.8), 8.00 (2H, s, exchange
with D2O, SO2NH2), 9.05 (1H, s, exchange with D2O, NH), 10.61 (1H, s,
exchange with D2O, NH); δC (100MHz, DMSO‑d6) 122.3, 127.7, 129.4,
138.4, 156.8; HRMS m/z [M−H]− calcd for C7H8ClN3O4S, 263,9924;
found, 263,9920.

4.2.5. S-((3-(3-Chlorophenyl)ureido)oxy)sulfonamide (6)
Pale yellow solid, 70% yield; mp 175–176 °C (dec); δH (400MHz,

DMSO‑d6) 7.13 (1H, ddd, J 0.92, 2.04, 8.0), 7.36 (1H, t, J 8.0), 7.54
(1H, ddd, J 0.92, 2.04, 8.0), 7.75 (1H, t, J 2.04), 8.02 (2H, s, exchange
with D2O, SO2NH2), 9.12 (1H, s, exchange with D2O, NH), 10.68 (1H, s,
exchange with D2O, NH); δC (100MHz, DMSO‑d6) 119.1, 120.1, 123.6,
131.2, 133.9, 141.0, 156.8; HRMS m/z [M−H]− calcd for
C7H8ClN3O4S, 263,9924; found, 263,9927.

4.2.6. S-((3-(2-chlorophenyl)ureido)oxy)sulfonamide (7)
Pale yellow solid, 71% yield; mp 172–173 °C (dec); δH (400MHz,

DMSO‑d6) 7.20 (1H, t, J 8.0), 7.38 (1H, t, J 8.0), 7.54 (1H, d, J 8.0),
7.92 (1H, d, J 8.0), 8.20 (2H, s, exchange with D2O, SO2NH2), 8.38 (1H,
exchange with D2O, NH), 10.84 (1H, s, exchange with D2O, NH); δC
(100MHz, DMSO‑d6) 124.4, 125.7, 126.3, 128.6, 130.3, 135.3, 156.5;
HRMS m/z [M−H]− calcd for C7H8ClN3O4S, 263,9924; found,
263,9922

4.2.7. S-((3-(4-fluorophenyl)ureido)oxy)sulfonamide (8)
Pale yellow, 37% yield; mp 162–163 °C (dec); δH (400MHz,

DMSO‑d6) 7.18 (2H, m), 7.58 (2H, m), 7.99 (2H, s, exchange with D2O,
SO2NH2), 8.94 (1H, s, exchange with D2O, NH), 10.55 (1H, s, exchange
with D2O, NH); δC (100MHz, DMSO‑d6) 116.0 (d, 2JC-F 22), 122.8 (d,
3JC-F 7), 135.6 (d, 4JC-F 2), 157.0, 159.0 (d, 1JC-F 238); δF (376MHz,
DMSO‑d6) −119.9 (1F, s); HRMS m/z [M−H]− calcd for
C7H8FN3O4S, 249,0220; found, 249,0223.

4.2.8. S-((3-(4-nitrophenyl)ureido)oxy)sulfonamide (9)
Yellow solid, 60% yield; mp 170–171 °C (dec); δH (400MHz,

DMSO‑d6) 7.86 (2H, d, J 9.2), 8.07 (2H, s, exchange with D2O,
SO2NH2), 8.25 (2H, d, J 9.2), 9.66 (1H, s, exchange with D2O, NH),
10.88 (1H, s, exchange with D2O, NH); δC (100MHz, DMSO‑d6) 119.9,
125.7, 142.9, 146.2, 156.4; HRMS m/z [M−H]− calcd for C7H8N4O6S,
276,0165; found, 276,0168.

4.2.9. S-((3-(2-nitrophenyl)ureido)oxy)sulfonamide (10)
Yellow solid, 57% yield; mp 136–137 °C (dec); δH (400MHz,

DMSO‑d6) 7.34 (1H, t, J 8.0), 7.79 (1H, t, J 8.0), 8.19 (1H, d, J 8.0),
8.23 (2H, s, exchange with D2O, SO2NH2), 8.31 (1H, d, J 8.0), 10.05
(1H, s, exchange with D2O, NH), 11.24 (1H, s, exchange with D2O, NH);
δC (100MHz, DMSO‑d6) 123.3, 124.5, 126.5, 134.4, 136.3, 139.1,
156.2; HRMS m/z [M−H]− calcd for C7H8N4O6S, 276,0165; found,
276,0169.

4.2.10. S-((3-(2-methoxyphenyl)ureido)oxy)sulfonamide (11)
White solid, 31% yield; mp 167–168 °C (dec); δH (400MHz,

DMSO‑d6) 3.89 (3H, s), 6.93–7.00 (1H, m), 7.09 (2H, m), 7.97 (1H, d, J
7.6), 8.17 (1H, s, exchange with D2O, NH), 8.21 (2H, s, exchange with
D2O, SO2NH2), 10.67 (1H, s, exchange with D2O, NH); δC (100MHz,
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DMSO‑d6) 56.8, 112.0, 120.3, 121.4, 124.5, 127.8, 149.5, 156.4; HRMS
m/z [M−H]− calcd for C8H11N3O5S, 261,0419; found, 261,0422.

4.2.11. S-((3-(2-ethoxyphenyl)ureido)oxy)sulfonamide (12)
White solid, 85% yield; mp 160–161 °C (dec); δH (400MHz,

DMSO‑d6) 1.41 (3H, t, J 7.0), 4.13 (2H, q, J 7.0), 6.95 (1H, m), 7.05
(2H, m), 8.02 (1H, dd, J 1.2, 8.0), 8.22 (3H, m, exchange with D2O, NH
and SO2NH2), 10.71 (1H, s, exchange with D2O, NH); δC (100MHz,
DMSO‑d6) 15.8, 65.6, 113.4, 120.2, 121.9, 125.0, 128.2, 148.9, 157.0;
HRMS m/z [M−H]− calcd for C9H13N3O5S, 275,0576; found,
275,0567.

4.2.12. S-((3-(4-phenoxyphenyl)ureido)oxy)sulfonamide (13)
White solid, 60% yield; mp 152–153 °C (dec); δH (400MHz,

DMSO‑d6) 7.01 (4H, m), 7.14 (1H, t, J 8.0), 7.40 (2H, t, J 8.0), 7.59 (2H,
d, J 8.8), 8.02 (2H, s, exchange with D2O, SO2NH2), 8.93 (1H, s, ex-
change with D2O, NH), 10.53 (1H, s, exchange with D2O, NH); δC
(100MHz, DMSO‑d6) 118.8, 120.3, 122.7, 123.9, 130.9, 135.1, 152.7,
157.0, 158.3; HRMS m/z [M−H]− calcd for C13H13N3O5S, 323,0576;
found, 323,0575.

4.2.13. Ethyl 3-(3-(sulfamoyloxy)ureido)benzoate (14)
Pale yellow solid, 70% yield; mp 151–152 °C (dec); δH (400MHz,

DMSO‑d6) 1.36 (3H, t, J 7.2), 4.35 (2H, q, J 7.2), 7.49 (1H, t, J 8.0),
7.67 (1H, m), 7.89 (1H, m), 8.01 (2H, s, exchange with D2O, SO2NH2),
8.23 (1H, t, J 2.0), 9.16 (1H, s, exchange with D2O, NH), 10.65 (1H, s,
exchange with D2O, NH); δC (100MHz, DMSO‑d6) 15.1, 61.7, 121.3,
124.6, 125.2, 129.9, 131.2, 139.8, 156.9, 166.5; HRMS m/z [M−H]−

calcd for C10H13N3O6S, 303,0525; found, 303,0522.

4.2.14. S-((3-(2,5-dimethylphenyl)ureido)oxy)sulfonamide (15)
White solid 50% yield; mp 157–158 °C (dec); δH (400MHz,

DMSO‑d6) 2.19 (3H, s), 2.29 (3H, s), 6.94 (1H, d, J 7.6), 7.13 (1H, d, J
7.6), 7.30 (1H, s), 8.06 (2H, s, exchange with D2O, SO2NH2), 8.17 (1H,
s, exchange with D2O, NH), 10.51 (1H, s, exchange with D2O, NH); δC
(100MHz, DMSO‑d6) 18.0, 21.5, 125.9, 126.6, 129.3, 131.0, 136.1,
136.4, 157.2; HRMS m/z [M−H]− calcd for C9H13N3O4S, 259,0627;
found, 259,0625.

4.2.15. S-((3-(3,5-dimethylphenyl)ureido)oxy)sulfonamide (16)
White solid, 75% yield; mp 160–161 °C (dec); δH (400MHz,

DMSO‑d6) 2.27 (6H, s), 6.73 (1H, s), 7.20 (2H, s), 8.00 (2H, s, exchange
with D2O, SO2NH2), 8.63 (1H, s, exchange with D2O, NH), 10.46 (1H, s,
exchange with D2O, NH); δC (100MHz, DMSO‑d6) 22.0, 118.5, 125.7,
138.5, 139.1, 156.8; HRMS m/z [M−H]− calcd for C9H13N3O4S,
259,0627; found, 259,0631.

4.2.16. S-((3-(4-(trifluoromethyl)phenyl)ureido)oxy)sulfonamide (17)
Pale yellow solid, 88% yield; mp 149–150 °C (dec); δH (400MHz,

DMSO‑d6) 7.70 (2H, d, J 8.8), 7.81 (2H, d, J 8.8), 8.04 (2H, s, exchange
with D2O, SO2NH2), 9.33 (1H, s, exchange with D2O, NH), 10.73 (1H, s,
exchange with D2O, NH); δC (100MHz, DMSO‑d6) 120.4, 124.0 (q, 2JC-F
32), 125.4 (q, 1JC-F 270), 126.8 (q, 3JC-F 4), 143.3 (q, 4JC-F 1), 156.7; δF
(376MHz, DMSO‑d6) −60.2 (3F, s); HRMS m/z [M−H]− calcd for
C8H8F3N3O4S, 299,0188; found, 299,0190.

4.2.17. S-((3-(4-fluoro-3-methylphenyl)ureido)oxy)sulfonamide (18)
White solid, 45% yield; mp 157–158 °C (dec); δH (400MHz,

DMSO‑d6) 2.24 (3H, d, J 1.6), 7.11 (1H, m), 7.39–7.47 (2H, m), 7.99
(2H, s, exchange with D2O, SO2NH2), 8.83 (1H, exchange with D2O,
NH), 10.53 (1H, s, exchange with D2O, NH); δC (100MHz, DMSO‑d6)
15.2 (d, JC-F 3), 115.7 (d, JC-F 23), 120.1 (d, JC-F 8), 124.0 (d, JC-F 5),
125.0 (d, JC-F 18), 135.2 (d, JC-F 3), 157.0, 157.6 (d, JC-F 237); δF
(376MHz, DMSO‑d6) −124.2 (1F, s); HRMS m/z [M−H]− calcd for
C8H10FN3O4S, 263,0376; found, 263,0378.

4.2.18. S-((3-(2-chloro-4-(trifluoromethyl)phenyl)ureido)oxy)sulfonamide
(19)

White solid, 57% yield; mp 159–160 °C (dec); δH (400MHz,
DMSO‑d6) 7.78 (1H, dd, J 1.6, 8.8), 7.97 (1H, d, J 1.6), 8.26 (1H, d, J
8.8), 8.28 (2H, s, exchange with D2O, SO2NH2), 8.58 (1H, exchange
with D2O, NH), 11.07 (1H, s, exchange with D2O, NH); δC (100MHz,
DMSO‑d6) 123.0, 124.4 (q, JC-F 270), 124.8, 125.5 (q, JC-F 33), 125.9 (q,
JC-F 4), 127.4 (q, JC-F 4), 139.3 (q, JC-F 1), 155.9; δF (376MHz,
DMSO‑d6) −60.6 (3F, s); HRMS m/z [M−H]− calcd for
C8H7ClF3N3O4S, 332,9798; found, 332,9796

4.2.19. S-((3-(perfluorophenyl)ureido)oxy)sulfonamide (20)
White solid, 64% yield; mp 168–169 °C (dec); δH (400MHz,

DMSO‑d6) 8.07 (2H, s, exchange with D2O, SO2NH2), 9.15 (1H, s, ex-
change with D2O, NH), 11.00 (1H, s, exchange with D2O, NH); δC
(100MHz, DMSO‑d6) 113.8 (t, JC-F 15), 138.1 (m, JC-F 248), 140.1 (m,
JC-F 244), 144.3 (m, JC-F 248), 157.0; δF (376MHz, DMSO‑d6) 163.7
(2F, dt, JC-F 4.9, 22.9), 157.6 (1F, t, JC-F 22.9), 145.6 (2F, dd, JC-F 4.9,
22.9); HRMS m/z [M−H]− calcd for C7H4F5N3O4S, 320,9843; found,
320,9845.

4.2.20. S-((3-(2,3-dihydro-1H-inden-5-yl)ureido)oxy)sulfonamide (21)
White solid, 61% yield; mp 149–150 °C (dec); δH (400MHz,

DMSO‑d6) 2.04 (2H, m), 2.85 (4H, m), 7.17 (1H, d, J 8.0), 7.28 (1H, dd,
J 2.0, 8.0), 7.44 (1H, d, J 2.0), 7.99 (2H, s, exchange with D2O,
SO2NH2), 8.69 (1H, s, exchange with D2O, NH), 10.43 (1H, s, exchange
with D2O, NH); δC (100MHz, DMSO‑d6) 26.1, 32.7, 33.4, 117.2, 119.1,
124.9, 137.3, 139.4, 145.0, 156.9; HRMS m/z [M−H]− calcd for
C10H13N3O4S, 271,0627; found, 271,0629.

4.2.21. S-((3-(naphthalen-1-yl)ureido)oxy)sulfonamide (22)
White solid, 65% yield; mp 217–218 °C (dec); δH (400MHz,

DMSO‑d6) 7.53–7.65 (4H, m), 7.84 (1H, d, J 8.4), 7.98–8.06 (2H, m),
8.11 (2H, s, exchange with D2O, SO2NH2), 8.97 (1H, s, exchange with
D2O, NH), 10.65 (1H, s, exchange with D2O, NH); δC (100MHz,
DMSO‑d6) 123.4, 123.6, 126.5, 126.6, 126.9, 127.1, 129.1, 129.6,
133.9, 134.7, 158.0; HRMS m/z [M−H]− calcd for C11H11N3O4S,
281,0470; found, 281,0472.

4.3. In vitro Carbonic Anhydrase inhibition assay

The CA-catalyzed CO2 hydration activity was performed on an
Applied Photophysics stopped-flow instrument using phenol red (at a
concentration of 0.2 mM) as a pH indicator with 20mM Hepes (pH 7.5)
as the buffer, 20mM Na2SO4, and following the initial rates of the CA-
catalyzed CO2 hydration reaction for a period of 10–100 s and working
at the maximum absorbance of 557 nm [38,39]. The CO2 concentra-
tions ranged from 1.7 to 17mM. For each inhibitor six traces of the
initial 5–10% of the reaction have been used in order to determine the
initial velocity. The uncatalyzed reaction rates were determined in the
same manner and subtracted from the total observed rates. Stock so-
lutions of inhibitor (0.1mM) were prepared in distilled water, and di-
lutions up to 0.01 nM were prepared. Solutions containing inhibitor and
enzyme were preincubated for 15min at room temperature prior to
assay in order to allow the formation of the E–I complex. The inhibition
constants were obtained as nonlinear least-squares protocols using
PRISM 3 38,39 and are the mean from at least three different mea-
surements. All hCAs were recombinant ones and were obtained in house
[38,39].

4.4. Molecular docking

The crystal structures of hCA I (PDB code 1AZM), hCA II (PDB code
2AW1), hCA VII (PDB code 3MDZ), hCA IX (PDB code 3IAI) and hCA
XII (PDB code 1JD0) were taken from the Protein Data Bank [40].
Molecular docking calculations were performed with Autodock 4.2 [41]
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using the improved force field [42,43]. Autodock Tools were employed
for identifying the torsion angles in the ligands, add the solvent model
and assign the Kollman atomic charges to the proteins. Ligand charges
were calculated with the Gasteiger method. A grid spacing of 0.375 Å
and a distance-dependent function of the dielectric constant were used
for the calculation of the energetic maps, generated within a grid box
including all protein residues located in a shell of 10 Å from the bound
ligand. The ligand was subjected to a docking procedure already used in
pose prediction studies [44,45]. The docked compound was subjected
to 200 runs of the Autodock search using the Lamarckian Genetic Al-
gorithm, performing 10 000 000 steps of energy evaluation. For each
docking run, a maximum of 10 000 000 generations were simulated
starting from an initial population of 500 individuals. The docking so-
lutions were clustered using an rms threshold of 2.0 Å. All other settings
were left as their defaults and the best docked conformation was taken
into account.

Molecular dynamics simulations. The ligand-protein complexes gen-
erated by docking compound 15 into the catalytic sites of the five dif-
ferent hCA isoforms were studied through molecular dynamic (MD)
simulations with AMBER [46]. Each complex was subjected to an MD
procedure based on an already successfully applied protocol, using the
ff14SB force field at 300 K [47]. Prior to MD simulations, each complex
was placed in a rectangular parallelepiped water box and solvated with
a 20 Å water cap using TIP3P explicit solvent model for water. Sodium
or chlorine ions were then added as counterions for the neutralization
of the solvated system. Each system was subjected to two stages of
energy minimization, each composed of 5000 steps of steepest descent
followed by conjugate gradient until a convergence of 0.05 kcal/
(mol ± 2) was reached. In the first stage, the whole protein was
blocked with a position restraint of 500 kcal/(mol ± 2) to uniquely
minimize the position of the water molecules, while in the second stage
the entire system was energy minimized applying a harmonic potential
of 10 kcal/(mol ± 2) only to the protein α carbons. The minimized
complexes were then used as the starting point for a total of 20 ns of MD
simulation. A 0.5 ns constant-volume simulation, in which the tem-
perature of the system was raised from 0 to 300 K, was initially per-
formed. In the second step, the system was equilibrated through a 3 ns
constant-pressure simulation, maintaining the temperature at the con-
stant value of 300 K with the use of Langevin thermostat. Additional
16.5 ns of constant-pressure MD were then performed, for a total of
20 ns of simulation. In all three MD steps, a harmonic potential of
10 kcal/(mol ± 2) was applied to the protein α carbons. All simulations
were performed using particle mesh Ewald (PME) electrostatics with a
cutoff of 10 Å for non-bonded interactions and periodic boundary
conditions. A simulation step of 2.0 fs was employed, as all bonds in-
volving hydrogen atoms were kept rigid using SHAKE algorithm. Gen-
eral Amber force field (GAFF) parameters were used for the ligand,
whose partial charges were calculated with the AM1-BCC method as
implemented in the Antechamber suite of AMBER 16.

4.5. Animals

Male CD-1 albino mice (Envigo, Varese, Italy) weighing approxi-
mately 22–25 g at the beginning of the experimental procedure, were
used. Animals were housed in Ce.S.A.L (Centro Stabulazione Animali da
Laboratorio, University of Florence) and used at least 1 week after their
arrival. Ten mice were housed per cage (size 26× 41 cm). Animals
were fed a standard laboratory diet and tap water ad libitum, and kept
at 23 ± 1 °C with a 12 h light/dark cycle, light at 7 a.m. All animal
manipulations were carried out according to the Directive 2010/63/EU
of the European parliament and of the European Union council (22
September 2010) on the protection of animals used for scientific pur-
poses. The ethical policy of the University of Florence complies with the
Guide for the Care and Use of Laboratory Animals of the US National
Institutes of Health (NIH Publication No. 85–23, revised 1996;
University of Florence assurance number: A5278-01). Formal approval

to conduct the experiments described was obtained from the Animal
Subjects Review Board of the University of Florence. Experiments in-
volving animals have been reported according to ARRIVE guideline
[48]. All efforts were made to minimize animal suffering and to reduce
the number of animals used.

4.5.1. Oxaliplatin-induced neuropathic pain model and pharmacological
treatments

Mice treated with oxaliplatin (2.4mg·kg-1) were administered in-
traperitoneally (i.p.) on days 1–2, 5–9, 12–14 (10 i.p. injections)
[35,49]. Oxaliplatin was dissolved in 5% glucose solution. Control an-
imals received an equivalent volume of vehicle. Behavioural tests were
performed starting from day 15. AAZ (100mg·kg-1) and 2, 6, 15,
17–19 (3–30mg kg−1) were suspended in 1% carboxymethylcellulose
sodium salt (CMC, Sigma-Aldrich, Milan, Italy) and per os (p.o.) acutely
administered.

4.5.2. Cold plate test
The animals were placed in a stainless steel box

(12 cm×20 cm×10 cm) with a cold plate as floor. The temperature of
the cold plate was kept constant at 4 °C ± 1 °C. Pain-related behaviour
(licking of the hind paw) was observed and the time (seconds) of the
first sign was recorded. The cut-off time of the latency of paw lifting or
licking was set at 60 s [50,51].

4.5.3. Statistical analysis
Behavioural measurements were performed on 12 mice for each

treatment carried out in 2 different experimental sets. Results were
expressed as mean ± S.E.M. The analysis of variance of behavioural
data was performed by one way ANOVA, a Bonferroni's significant
difference procedure was used as post-hoc comparison. P values of less
than 0.05 or 0.01 were considered significant. Investigators were blind
to all experimental procedures. Data were analysed using the “Origin 9”
software (OriginLab, Northampton, USA).

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bioorg.2019.103033.
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