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ABSTRACT: Osteosarcoma is a heterogeneous tumor intimately linked to its
microenvironment, which promotes its growth and spread. It is generally
accompanied by cancer-induced bone pain (CIBP), whose main component is
neuropathic pain. The TRPA1 ion channel plays a key role in metastasis and is
increasingly expressed in bone cancer. Here, a novel TRPA1 inhibitor is described
and tested together with two other known TRPA1 antagonists. The novel lipoyl
derivative has been successfully assessed for its ability to reduce human
osteosarcoma MG-63 cell viability, motility, and gene expression of the CIBP
pro-inflammatory cytokines interleukin 6 (IL-6) and tumor necrosis factor α
(TNF-α). A putative three-dimensional (3D) model of the inhibitor covalently
bound to TRPA1 is also proposed. The in vitro data suggest that the novel
inhibitor described here may be highly interesting and stimulating for new
strategies to treat osteosarcomas.
KEYWORDS: lipoyl derivatives, osteosarcoma, TRPA1 channel, neuropathic pain

The involvement of Ca2+-permeable channels in several
types of cancer is well known, and a direct correlation

between their altered expression and cancer progression has
extensively been reported.1 Transient receptor potential (TRP)
channels are Ca2+ channels involved in the regulation of many
signalling pathways, including those related to carcinogenesis,
tumor progression, and regulation of pain in cancer treatment.2

Acute and chronic neuropathies associated with cancer and
anticancer drug administration are indeed related to the
remodelling and alteration in the expression of TRP Ca+2
channels. Moreover, a direct correlation between TRP channel
expression and regulation of the motility of several cancer
types has been reported.3 In particular, in Lewis lung cancer
cells, TRPM8 (melastatin 8) and TRPA1 (ankyrin-like 1)
contribute to enhance cell detachment and promote meta-
stasis.3

The TRPA1 channel is widely expressed in nociceptive
neurons and a vast literature exists on ankyrin-like 1 as a
chemosensor of noxious stimulus.4−6 Albeit TRPA1 being also
expressed in non-neuronal cells, like in lung epithelial
fibroblasts, very little has been reported on its functions in
malignancies. Recent evidence provided a rational basis on the
implications of TRPA1 in lung adenocarcinoma, highlighting
the binding of TRPA1 N-terminal ankyrin repeating units to
the C-terminal membrane receptor fibroblast growth factor

receptor 2 (FGFR2). The TRPA1-FGFR2 interaction inhibits
the channel, triggers the activation of the receptor, and
promotes lung adenocarcinoma progression and metastasis.
Downregulation of TRPA1 inhibits the TRPA1-mediated
activation of FGFR2, hampering metastasis,7 which is essential
for hair-cell transduction.
Therefore, the emerging role of TRPA1 in metastasis,8−16

the tendency of tumor cells originated in the lung to
metastasize to the bone microenvironment,17 and the
amplification observed in bone cancer of the expression of
TRPA1 in the dorsal root ganglion (DRG)17−19 prompted us
to study the effect of TRPA1 inhibition on the migration
ability of osteosarcoma cells.
Osteosarcoma is a very heterogeneous tumor inextricably

linked to its microenvironment, which is a fertile media for
tumor cells to survive and growth.20 Although advances in
clinical management of osteosarcoma have progressed, the
survival rates for patients with metastatic and recurrent disease
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remain below 20%.21 Therefore, osteosarcoma treatment is still
an urgent medical need.
Some years ago, we reported on two lipoyl derivatives,

namely ADM_0922 and ADM_12,23 as TRPA1 antagonists
able to revert the in vivo neuropathic pain induced by
chemotherapy. Herein, we describe the synthesis of a new
TRPA1 antagonist, namely OF1105, and report on the effects
of ADM_09, ADM_12, and OF1105 (Figure 1) on cancer
bone cell viability, in reducing the migration of MG-63
osteosarcoma cells in vitro, and on gene expression levels of the
pro-inflammatory cytokines IL-6 and TNF-α in MG-63.

Compounds ADM_09 and ADM_12 are effective antago-
nists of the nociceptive sensor channel TRPA1, whose
persistent blocking effect has been proposed as the result of
a synergistic combination of calcium-mediated binding of the
polar hook and disulfide-bridge formation of the lipoic acid
residue.22 Like ADM_09 and ADM_12, the new derivative
OF1105 is a residue of lipoic acid that is linked to a
sulfocoumarin polar moiety through an amidic bond (Figure
1). As previously reported,24 sulfocoumarins may undergo
enzymatic hydrolysis, unmasking a sulfonic acid residue

Figure 1. Structures of lipoyl derivatives ADM_09, ADM_12, and OF1105.

Scheme 1. Synthesis of Lipoyl Derivative OF1105

Figure 2. (A) (Top) Whole-cell currents (top) through hERG-HEK293 transfected cells under control conditions and in the presence of OF1105
(1 mM) and E4031 (100 nM). The reference compound E4031 was tested at the end of each experiment to assess the contribution of endogenous
currents. (Bottom) Mean relative tail-current amplitude before (control) and after application of 1 mM OF1105. Each column represents the mean
± standard error of the mean (SEM) of n > 5 cells. OF1105 reduced the tail-current amplitude by 15 ± 4%. (B) Dose-response curve (mean ±
SEM) obtained by patch clamp recordings through TRPA1-HEK293 transfected cells for the inhibition of 30 μM menthol-induced currents (top),
and 100 μMMO-induced currents (bottom) by OF1105 (n ≥ 5 per data point). The IC50 values obtained by fitting with a Hill equation are 3.8 ±
0.7 μM for menthol-induced currents, and 5.6 ± 1.9 μM for MO-induced currents.
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(Figure S1, Supporting Information) and making OF1105 an
analogue of ADM_12.

■ RESULTS AND DISCUSSION
Synthesis of the Lipoyl Derivative OF1105. The

synthesis of OF1105 was performed by activating the lipoic
acid 1in situ with EDC and HOBt at room temperature and in
dimethylformamide (DMF) as solvent, and adding to the
reaction mixture the 6-amino sulfocoumarin 2.25 The reaction
was completed in 8 h and afforded after purification by column
chromatography on silica gel the lipoyl amide OF1105 in good
yield (78%) (Scheme 1).
As expected,26 patch clamp experiments confirmed that

OF1105 is an effective TRPA1 antagonist (IC50 = 3.8 ± 0.7
μM for the inhibition of 30 μM menthol-induced currents and
5.6 ± 1.9 μM for mustard oil (MO)-induced currents), while
no inhibitory effect was recorded on hERG channels (no overt
cardiotoxicity) (Figure 2 and Supporting Information).
Molecular Dynamics Simulations. To get insights into

the binding interactions of the new lipoyl derivative, MD
simulations were used to obtain a putative three-dimensional
(3D) structure of the human TRPA1 ion channel in complex
with the covalently bound OF1105 derivative and embedded
in a lipid bilayer. For this purpose, we used the coordinates of
TRPA1 obtained from the previously reported cryo-EM
structure (PDB entry: 6pqp, see Methods for more details).27

First, the structure of OF1105 was superimposed on the
structure of the human TRPA1 ion channel in complex with
the covalent agonist benzyl isothiocyanate (BITC). As
described previously,28 we considered that compound
OF1105 also reacts with Cys621, opening the 1,2-dithiolane
ring. All possible complexes formed in this reaction were
considered in the calculations (Figures 3a andS2). Interest-
ingly, the complexes were stable throughout the simulations
(see Figure 3b for the structure of the complex with the (R)-
configuration at the new stereocenters generated upon the
ring-opening reaction). In all complexes, the aromatic moiety
was aligned and interacted hydrophobically with the lipid
molecules, and only transient hydrogen bonding was detected
throughout the trajectories, with populations <20% in all cases
(Figure 3c). We also calculated by MD simulations the
distance between the free remaining thiol group of OF1105,
formed upon the reaction with the protein, and the remaining
sulfhydryl groups of the Cys residues. According to our
calculations, Cys665 showed on average (5.1 ± 1.4 Å) the
lowest distance to the reactive SH center in OF1105 (Figure
3d). These data suggest that this Cys and the free SH of the
lipoyl derivative may form an additional disulfide bond, as
shown by us previously.22 We have also tested this potential
derivative by MD simulations for one of the isomers and found
that the system is stable over the entire trajectory, with a root-

Figure 3.MD simulations of human TRPA1 ion channel in complex with the covalently bound OF1105 derivative and embedded in a lipid bilayer
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). (a) Proposed structure for the complex upon the attack of Cys621 on OF1105. Only the
conjugate with the (R) configuration at the new stereocenters is shown. (b) Model of TRPA1 and membrane interaction resulted from MD
simulations. The membrane bilayer’s apolar face is shown in light gray; phospholipids’ external heads are shown in red, blue, and orange; and
protein in purple. (c) A closer snapshot derived from 0.5 μs MD simulations. Carbon atoms of the OF1105 derivative are shown in blue. (d)
Monitoring the distance between the SH group in OF1105, formed upon reaction with the protein, and Cys665 by MD simulations. The atoms of
the membrane, as well as solvent and ions, have been removed in (c) and (d) for clarity.
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mean-square deviation (RMSD) value for the backbone atoms
of 3.2 Å related to the cry-EM structure (see Figure S3).
In Vitro Assessment. Cytotoxicity Assay. At first, a cell

viability assay was performed at a concentration of 100 μM of
the three inhibitors using normal human osteoblasts (NHOst).
Previous studies on ADM_09 and ADM_12 have shown that
the inhibitor at this concentration has high antioxidative
properties (nitroblue tetrazolium test, NBT) and no toxicity
(upon rat astrocytes).22,23 Thus, the cells were seeded in 24-
well plates (3 × 104 cells per well, day 0) and the inhibitors
were added (day 1). Cell viability was measured after 1 and 2
days of incubation in the presence of the inhibitors. The results
presented in Figure 4 demonstrate that both inhibitors

ADM_09 and ADM_12 did not induce any cytotoxicity after
1 and 2 days of incubation, indicating cell viability values
similar to those for the tissue culture polystyrene (TCPS)
control surface, which are more than 90% of the control. For
solubility reasons, OF1105 was dissolved in the organic solvent
dimethyl sulfoxide (DMSO) and tested for its cytotoxic effects
at a concentration of 100 μM. A decrease of cell viability on
days 1 and 2, reaching 75% of the viability compared to the
TCPS control, was observed (see Supporting Information for
details). In order to assess if the cytotoxic effect of OF1105 is
due to its pre-dilution in 1% DMSO, an extra control was
tested. DMSO was dissolved in culture medium at the same
concentration used for the OF1105 dissolution, and the cell
viability assay was performed in NHOst cells. As shown in
Figure 4, 1% DMSO does not indicate any cytotoxic effect and
displays similar cell viability levels compared to the control
culture.
To detect possible differences of the tested molecules

between normal and cancer cells, cytotoxicity was also
evaluated in MG-63 human osteosarcoma cells. The protocol,
as above reported for NHOst, was followed. The results
presented in Figure 4 show a high cell viability for both
ADM_09 and ADM_12, similar to the TCPS control.
Conversely, the incubation of MG-63 cells with OF1105
induced a decreasing cell viability compared to the control, of
35 and 29% after 1 and 2 days of incubation, respectively

(Figure 5). DMSO as control has comparable cell viability
values with the control culture; therefore, the decreased cell

viability of OF1105 is due to the presence of the tested
inhibitor and not because of the organic solvent. These results
indicate that OF1105 has a higher cytotoxic effect on MG-63
osteosarcoma cells in comparison with the physiological cell
type, such as the normal human osteoblasts.
Trying to rationalize these data, we considered previous

studies24 reporting on the cytotoxicity of ADM_12 in human
colon cancer cells HT-29 ascribed to the inhibition of carbonic
anhydrases (CAs) IX and XII, a superfamily of zinc
metalloenzymes involved in many types of cancer progression.
Assuming that in a tumoral microenvironment OF1105 might
undergo the sulfocoumarin ring opening (see above),23 we
investigated its possible CA inhibition properties. However,
OF1105 showed a poor (micromolar range) inhibition of
human CAIX and CAXII, sensibly lower than that reported for
ADM_12 (see Table S3, Supporting Information). The low
inhibition observed suggests a scarce interaction of OF1105
with CAs’ binding site, likely due to a poorly accessible
sulfonate group, which in OF1105 likely does not undergo
hydrolysis to sulfonic acid.
Wound Healing Assay. Cell migration is a central

component of the metastatic cascade requiring a concerted
action of ion channels and transporters. The ion transport
protein’s role in tumor cell migration and invasion includes the
induction of local volume changes and/or modulation of Ca2+,
K+, and H+ signalling. Ion transport proteins, including the
TRP channel superfamily, are considered attractive candidate
targets for the reduction of cancer migration because, as
membrane proteins, they are easily accessible and often
overexpressed or activated in cancer.29,30 Therefore, the highly
aggressive MG-63 human osteosarcoma cells were used in a
wound healing model to evaluate the possible effects of
ADM_09, ADM_12, and OF1105 on the ability of
osteosarcoma cells to migrate, thus reflecting their effect on
the metastatic activity of osteosarcoma cells. The results show
that in control samples (cells only) the closure was
approximately 20%, as expected according to the literature.31,32

Interestingly, the TRPA1 inhibitors slowed down the migration

Figure 4. Cell viability assessment showing the viability of normal
human osteoblasts (NHOst) and expressed as percent viability
adjusted to the TCPS control for each experimental time point of 1
and 2 days in culture. Each bar represents the mean ± standard
deviation (SD) of quadruplicates in three independent experiments (n
= 12). Statistical analysis was performed for each compound (100
μM) and compared to the TCPS control at the same experimental
time point (**p < 0.01, ****p < 0.0001).

Figure 5. Cell viability assessment showing the viability of MG-63
human osteosarcoma cells expressed as percent viability adjusted at
100% of the TCPS control for each time point of 1 and 2 days in
culture. Each bar represents the mean ± SD of quadruplicates in three
independent experiments (n = 12). Statistical analysis was performed
for each compound (100 μM) and compared to the TCPS control at
the same experimental time point (****p < 0.0001).
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rate, as the wound closure was approximately 10% for all of
them. Hence, our results indicate that the TRPA1 channel
plays a role in the metastatic capacity of osteosarcoma, and the
addition of the inhibitors ADM_09, ADM_12, and OF1105
resulted in a significant downregulation of the MG-63 cell
migration (Figure 6). The antimetastatic capacities of
ADM_09, ADM_12, and OF1105 reported herein agree
with previous reports indicating that alterations and blocking
in the ion transport proteins lead to a reduction in the
migration ability of tumor cells.33 In particular, it has been
recognized that Ca2+ signals have regulatory effects on cell
motility since they target contractile proteins and many
regulatory proteins.34,35

Expression of the TRPA1 Receptor in MG-63 Cells and
Gene Expression of the Inflammatory Markers IL-6 and TNF-
α. Pain caused by bone metastasis (cancer-induced bone pain
(CIBP)) is an important factor affecting the quality of life of
oncologic patients. Currently, it is suggested that neuropathic
pain is a main component of CIBP.28 The pathways of
neuropathic pain are not well understood. Neuropathic pain is
a complex phenomenon caused by interactions between
multiple physiological systems, including the immune system.
Based on the current evidence, both pro- and anti-
inflammatory cytokines appear to play an important role in
the development of neuropathic pain; on the other hand, the
relevant involvement of TRPA1 in different patterns of
neuropathic pain is worldwide accepted. IL-6 and TNF-α are
pro-inflammatory cytokines that play a crucial role in the
development and maintenance of inflammatory pain and can
induce pain through the release of inflammatory mediators
sensitizing ion channels.15 TRP transcripts are accompanied by
increased IL-6 and TNF-α mRNA levels, and it is known that
the TRPA1 channel can be sensitized by inflammatory agents
causing its upregulation.36,37 Previous studies have shown that
inhibition of either IL-6 or TNF-α expression attenuated the

expression of TRPA1, reducing the mechanical hyperalgesia
and thermal hypersensitivity induced by bone cancer.17

At first, we examined if the MG-63 cells express the TRPA1
receptor. RNA was extracted from an untreated cell culture and
reverse transcribed. In the synthesized cDNA, polymerase
chain reaction (PCR) was performed with specific primers for
TRPA1. Figure 7 presents the results of the PCR for the
untreated cells (control culture) and confirms the expression of
TRPA1 receptor in MG-63 cells.

Thus, RNA extraction of MG-63 cells treated with
ADM_09, ADM_12, and OF1105 was performed after 1, 2,
and 3 days of culture to examine the gene expression levels of
IL-6 and TNF-α in osteosarcoma cells treated with the three
inhibitors and with respect to a control cell culture (Figure 8).
The levels of IL-6 mRNA expression of MG-63 cells were

significantly decreased after the treatment with ADM_09 after
1 and 2 days of incubation, with a significant increase on day 3

Figure 6. Migration assay on MG-63 human osteosarcoma cells. After serum starvation for 24 h, the inhibitors ADM_09, ADM_12, and OF1105
were added at a concentration of 100 μM in 0% DMEM and a wound was created with a 10 μL sterile tip. Upper panel: micrographs were taken at
a 10-fold magnification at 0 and 24 h. Lower panel: the graph represents the percent wound closure area. Statistical analysis indicates the differences
between each compound compared to the control (**p < 0.01).

Figure 7. Agarose gel electrophoresis for the amplified TRPA1
receptor in a control culture of MG-63 cells and visualization under
ultraviolet (UV) light after staining with gel red (L: ladder, 1: positive
control, 2: negative control).
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(Figure 8a). On the contrary, TNF-α showed a significant
upregulation on day 1 followed by an approximately 3-fold
reduction on day 2 (Figure 8b). ADM_12 administration
caused an upregulation of IL-6 mRNA expression levels after 3
days of culture in comparison with the control culture (Figure
8a), while the TNF-α expression levels showed a significant
increase after day 1, followed by a significant decrease after 3
days in culture (Figure 8b). The latter agrees with a report on
in vivo experiments indicating that systemic administration of
ADM_12 reduced the mRNA levels of both cytokines.19

Notably, the cells’ treatment with OF1105 indicates a
remarkable downregulation of both inflammatory cytokines
IL-6 and TNF-α after 3 days in culture compared to the
nontreated control.

■ CONCLUSIONS
In the current study, the synthesis of the new lipoyl derivative
OF1105 is described. The compound OF1105 is structurally
related to the TRPA1 inhibitors ADM_09 and ADM_12 we
previously reported. The inhibition properties of OF1105 vs
TRPA1 have been assessed and tentatively rationalized by MD
simulations relying on coordinates of human TRPA1 obtained
from the cryo-EM structure previously reported.27 Indeed,
OF1105 could undergo a ring-opening reaction through the
1,2-dithiolane moiety with Cys621 to form a covalently linked
complex (Figure 3). According to our MD simulations, the
resulting conjugate is stable throughout the simulation time
and OF1105 is engaged in transient hydrogen bonds with the
protein. Of note, the simulations also show that Cys665 is
close enough to form an additional disulfide bond with the
remaining -SH group of OF1105.
Cytotoxicity tests performed on ADM_09, ADM_12, and

OF1105 using normal human osteoblast (NHOst) (see Figure
4) and human osteosarcoma MG-63 (see Figure 4) cells
indicated similar cell viabilities for ADM_09 and ADM_12 as

the control culture (no reduction after 1 and 2 days of
incubation). For OF1105, even though a moderate decrease of
viability of NHOst cells (up to 25%) was recorded, a
remarkable reduction of MG-63 viability was assessed (65%,
day 1 and 71%, day 2). The effects of ADM_09, ADM_12, and
OF1105 on the ability of aggressive MG-63 cells to migrate
and colonize tissues were evaluated using a wound healing
model. Each of the three compounds slowed down the cell
migration rate, with a reduction of wound closure from 20%
(cells only as control) to 10% (Figure 6). Additionally, the
gene therapy strategy that relieves neuropathic pain by
silencing TNF-α expression in DRG using the RNA
interference technology with lentiviral vectors showed that
TNF-α and IL-6 expression levels were significantly reduced
after 3 days of administration of each of the three inhibitors in
comparison with the control culture.38 Our results on the
downregulation of the TNF-α and IL-6 gene expression (see
Figure 8) are in line with the reported findings. These data
prove the ability of the three compounds in reverting the
expression of pro-inflammatory cytokines and presumably
reducing neuropathic pain through the downregulation of
TRPA1, in agreement with previous reports on the ability of
ADM_09 and ADM_12 to counteract “in vivo” neuropathic
pain.19,23 Assuming for OF1105 the same mechanism of action
as ADM_09 and ADM_12, it was expected to observe similar
trends for the three compounds in terms of cell viability and
migration. Surprisingly, the new lipoyl derivative caused a
significant reduction of osteosarcoma cells’ MG-63 viability
and a striking downregulation of both TNF-α and IL-6 pro-
inflammatory cytokines (on day 3), proving it as the most
promising among the three compounds investigated.
Concluding, herein we reported on the beneficial role of

TRPA1 inhibitors in regulating osteosarcoma cell migration
and in reducing the level of inflammatory markers IL-6 and
TNF-α, known to trigger CIBP. It is worthy of noting that,

Figure 8. Real-time PCR analysis of the expression of pro-inflammatory cytokines including IL-6 (a) and TNF-α (b) in MG-63 osteosarcoma cells
seeded with and without ADM_09, ADM_12, and OF1105 after 1, 2, and 3 days of culture. The values present means ± SD of triplicates in three
independent experiments (n = 9). B2M and GAPDH were used as housekeeping genes. Statistical analysis was performed for each compound (100
μM) and compared to the TCPS control at the same experimental time point (***p < 0.001, ****p < 0.0001, *****p < 0.00001).
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albeit a rational basis on the implication of TRPA1 in lung
adenocarcinoma has been provided, unprecedentedly, our
results demonstrate that TRPA1 inhibitors are also involved in
osteosarcoma cell motility. Since lung adenocarcinomas tend
to form metastases in bones, these results are of high interest
and the inhibitor OF1105 herein reported might be of
inspiration for new strategies to treat osteosarcomas and the
still intractable CIBP.

■ EXPERIMENTAL SECTION
General Methods. High-grade reagents and solvents were

purchased from commercial suppliers and were used without
further purification. Reactions were followed by analytical thin-
layer chromatography (TLC plates, Merck silica gel 60 F254),
and compounds were detected under UV light (λ = 254 or 365
nm) and/or stained with 10 wt % phosphomolybdic acid
solution in EtOH.
Synthesis of Lipoyl Derivative OF1105. To a solution of

lipoic acid (230 mg, 1.12 mmol) in 12 mL of DMF, EDAC
HCl (429 mg, 2.24 mmol) and 1-hydroxybenzotriazole hydrate
(242 mg, 1.79 mmol) were added. The solution was stirred for
1 h; then 6-amino sulfocoumarin (220 mg, 1.12 mmol) was
added and the solution stirred overnight at room temperature.
The reaction mixture was diluted with ethyl acetate (300 mL)
and washed twice with a solution of citric acid (10%), twice
with NaHCO3 s.s., and then twice with water. After removal of
the solvent under vacuum, 400 mg of a crude sample was
obtained. The crude sample was purified by flash chromatog-
raphy on silica gel (5% methanol in dichloromethane) to
obtain 338 mg of pure OF1105 (0.877 mmol, 78%) as a pale-
yellow powder. Mp: > 245 °C (dec). 1H NMR (DMSOd6, 500
MHz): δ 10.17 (s, 1H), 8.02 (d, J = 2.88 Hz, 1H), 7.72 (d, J =
10.08 Hz, 1H), 7.62 (dd, J = 9.12 Hz, J = 2.88 Hz, 1H), 7.50
(d, J = 10.08 Hz, 1H), 7.39 (d, J = 9.12 Hz, 1H), 3.67−3.61
(m, 1H), 3.22−3.18 (m, 1H), 3.17−3.10 (m, 1H), 2.46−2.39
(m, 1H), 2.34 (t, J = 6.72 Hz, 2H), 1.92−1.85 (m, 1H), 1.73−
1.55 (m, 4H), 1.45−1.39 (m, 2H). 13C{1H} NMR (CDCl3,
125 MHz): 171.24, 147.39, 135.90, 135.82, 122.97, 122.76,
120.14, 119.29, 119.28, 56.38, 40.29, 38.51, 37.27, 34.59,
28.79, 25.06. HRMS m/z: [M + H]+ Calcd for C16H20O4NS3,
386.0549; found 386.0547.
CA Inhibition Assay. An Applied Photophysics stopped-

flow instrument was used to assay the CA-catalyzed CO2
hydration activity.24,25 Phenol red (at a concentration of 0.2
mM) was used as an indicator, working at the absorbance
maximum of 557 nm, with 20 mM Hepes (pH 7.4) as a buffer,
and 20 mM Na2SO4 (to maintain constant ionic strength),
following the initial rates of the CA-catalyzed CO2 hydration
reaction for a period of 10−100 s. The CO2 concentrations
ranged from 1.7 to 17 mM for the determination of the kinetic
parameters and inhibition constants. Enzyme concentrations
ranged between 5 and 12 nM. For each inhibitor, at least six
traces of the initial 5−10% of the reaction were used to
determine the initial velocity. The uncatalyzed rates were
determined in the same manner and subtracted from the total
observed rates. Stock solutions of the inhibitor (0.1 mM) were
prepared in distilled−deionized water and dilutions up to 0.01
nM were done thereafter with the assay buffer. Inhibitor and
enzyme solutions were preincubated together for 15 min at
room temperature prior to the assay, to allow for the formation
of the E−I complex. The inhibition constants were obtained by
nonlinear least-squares methods using PRISM 3 and the
Cheng-Prusoff equation as reported earlier and represent the

mean from at least three different determinations. All CA
isoforms were recombinant proteins obtained in-house, as
reported earlier.25

Cell Viability Assessment. The viability and proliferation
of both cell types NHOst and MG-63 were assessed using the
PrestoBlue viability assay (Invitrogen Life Technologies).39

When cells retain their viability, they maintain a reducing
environment within their cytosol. The nontoxic metabolic
indicator resazurin is modified by the reducing environment; it
becomes red, and can be detected photometrically. For the
viability experiments, 3 × 104 cells/well were seeded on day 0
and cell viability was measured after 1 and 2 days in culture.
Absorbance measurements related to cell viability were
performed using a spectrophotometer (Synergy HTX Multi-
Mode Microplate Reader, BioTek, Winooski, VT) at 570 and
600 nm. Experiments were performed in quadruplicates in
three independent experiments (n = 12). In all experiments,
tissue culture polystyrene (TCPS) was used as the control
surface in cell culture.
Culture of Human Osteosarcoma Cells MG-63.

Osteosarcoma cells MG-63 provided by Sigma (86051601)
were cultured in DMEM supplemented with 10% (v/v) FBS,
100 μg/mL penicillin and streptomycin (PAN-Biotech,
Germany), 2 mM L-glutamine (PAN-Biotech, Germany), and
2.5 μg/mL Amphotericin (Gibco, Thermo Fisher Scientific,
U.K.) in a humidified incubator at 37 °C in 5% CO2. The
culture medium was replaced twice weekly. The cells were
detached using trypsin-0.25% EDTA. For the cell viability
experiments, 3 × 104 cells were seeded per well in 24-well
plates, while 8 × 104 cells per well were cultured in 24-well
plates for the real-time quantitative polymerase chain reaction
(PCR) experiments.
Wound Healing Assay. The wound healing assay was

performed as previously described.32 MG-63 cells were seeded
in 24-well plates at a concentration of 6 × 104 cells per well on
day 0. The optimal concentration for plating was selected so
that the cells would be confluent after 72 h of incubation at 37
°C and 5% CO2. After serum starvation for 24 h (using
Dulbecco’s Modified Eagle Medium, DMEM, 0% FBS culture
medium), the inhibitors were added at a concentration of 100
μM diluted in DMEM 0% medium and the cells were
incubated for 24 h. On day 3, the confluent cell layer was
wounded by scratching it with a sterile 10 μL pipette tip.
Photographs were taken at 0 and 24 h by means of a Zeiss
Axiovert 200 microscope at a 10-fold magnification, and the
wound closure was analyzed by means of Image J software.
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