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a b s t r a c t

Chronic kidney disease (CKD) is associated with numerous metabolic and endocrine disturbances, includ-
ing abnormalities of calcium and phosphate metabolism and an inflammatory syndrome. The latter
occurs early in the course of CKD and contributes to the development and progression of vascular calci-
fication. A few therapeutic strategies are today contemplated to target vascular calcification in patients
with CKD: vitamin K2, calcimimetics and phosphate binders. However, none has provided complete pre-
vention of vascular calcification and there is an urgent need for alternate efficient treatments. Recent
findings indicate that tissue-nonspecific alkaline phosphatase (TNAP) may represent a very promising
drug target due to its participation in mineralization by vascular smooth muscle cells. We report the syn-
thesis of four levamisole derivatives having better inhibition property on TNAP than levamisole. Their
IC50, Ki and water solubility have been determined. We found that the four inhibitors bind to TNAP in
an uncompetitive manner and are selective to TNAP. Indeed, they do not inhibit intestinal and placental
alkaline phosphatases. Survival MTT tests on human MG-63 and Saos-2 osteoblast-like cells have been
performed in the presence of inhibitors. All the inhibitors are not toxic at concentrations that block TNAP
activity. Moreover, they are able to significantly reduce mineralization in MG63 and Saos-2 osteoblast-
like cells, indicating that they are promising molecules to prevent vascular calcification.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

End-stage of renal disease [ESRD or stage-5 chronic kidney dis-
ease (CKD)] is associated with numerous metabolic and endocrine
disturbances, including abnormalities of calcium and phosphate
metabolism and an inflammatory syndrome. CKD contributes to
the development and progression of vascular calcification. The
prevalence of CKD has reached epidemic proportions with
10–13% of the population in Japan or Canada for instance.1

The coronary calcium score is recognized as a strong predictor
of incident coronary heart disease in the general population2 and
even more in patients with ESRD3–6 who develop exacerbated vas-
cular calcification.7 A few therapeutic strategies are today contem-
plated to target vascular calcification in patients with CKD: vitamin
K2, calcimimetics and phosphate binders.1 However, none has

provided complete prevention of vascular calcification and there
is an urgent need for alternate efficient treatments. A few years
ago, it was still commonly thought that vascular calcification in
ESRD was solely due to an increased Ca � Pi product resulting from
hyperphosphatemia. However, several reports have challenged this
point of view. For instance, medial calcification also occurs in aging
and diabetes, when calcium and phosphate concentrations are in
the normal range. Moreover, the mere increase in Ca � Pi product
in vivo is not sufficient to induce any calcification in mice.8 Medial
calcifications much more likely result from the tissue-nonspecific
alkaline phosphatase (TNAP) induced removal of inorganic pyro-
phosphate (PPi), which is a potent mineralization inhibitor. PPi is
normally produced in the vasculature and other tissues to inhibit
hydroxyapatite (HA) crystal formation. In bone and growth plate
cartilage, PPi is physiologically removed by TNAP, an ectoenzyme
expressed by osteoblasts and growth plate chondrocytes to
promote mineralization. In humans, TNAP functional deficiency
leads to severe hypomineralization and death in utero.9 On the
opposite, PPi deficiency due to mutations in the gene encoding the
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PPi-producing enzyme NPP1 leads to severe, fatal arterial calcifica-
tion.10 Plasma PPi levels are negatively associated with vascular
calcification in ESRD11 which highlights the central role of TNAP.
TNAP activity is significantly higher in vascular smooth muscle
cells (VSMCs) from aortas of uremic rats as compared with control
ones.12 In this context, administration of PPi and/or inhibition of
TNAP appear as particularly appealing strategies. PPi administra-
tion in uremic rodents strongly decreases vascular calcifica-
tion.11,13 However, PPi is a short-lived molecule in the
circulation, with a half-life of about 30 min. It is therefore uncer-
tain that PPi may be a suitable long-term treatment option in
humans.14 Therefore, we have privileged the strategy of TNAP inhi-
bition.15–18 The most potent commercial TNAP inhibitor known so
far, levamisole, cannot be used in vivo, since 1 mM is necessary to
block calcification in cultures of aortas from uremic rats, a level
which cannot be achieved in vivo.12 To our knowledge, only one
laboratory in the United States developed new TNAP inhibitors
having higher potency than levamisole and outstanding selectiv-
ity.19–24 Recently, we patented a family of compounds showing a
several-fold higher potency than levamisole to inhibit TNAP.18

Their chemical structures19–24 are completely different from that
of our molecules. In this article, we report the synthesis of four lev-
amisole derivatives having better TNAP inhibition properties as
compared with levamisole. Their IC50, Ki and water solubility have
been determined. We found that the four inhibitors bind selec-
tively to TNAP in an uncompetitive manner. They do not inhibit
intestinal alkaline phosphatase (IAP) or placental alkaline phos-
phatase (PLAP). All inhibitors are not toxic at 10 lM concentration
and are able to reduce the ascorbic acid (AA) and b-glycerophos-
phate (b-GP) induced mineralization in MG63 and in Saos-2 cells
indicating that the development of TNAP inhibitors may be a
promising strategy to prevent vascular calcification.

2. Results

2.1. Organic synthesis

In 1977, a series of meta- and para-substituted phenyl deriva-
tives of (±)-2,3-dehydrotetramisole and (±)-tetramisole was syn-
thesized.25,26 Following the synthetic methodology already
described above, benzo[b]thiopheno-2,3-dehydrotetramisole 352
and (±)-tetramisole 354 were obtained in five steps from the known
3-(2-bromoacetyl)benzo[b]thiophene 1 previously synthesized

from benzo[b]thiophene as reported in the literature
(Scheme 1).27,28

352 was prepared in an overall yield of 22% by condensation of 1
with the 2-aminothiazole followed by the acetylation of 2, sodium
borohydride reduction of 4 and ring closure of 6 with thionyl chlo-
ride. A similar sequence of reactions was employed for the conden-
sation of the bromomethyl aryl ketone 1 with 2-aminothiazoline.
Following the similar synthetic sequence developed for 352, the
intermediate 3 was converted into levamisole derivative 354. To in-
crease the hydrophilic character of the 352 benchmark compound,
amino group was introduced from the first step of the synthetic se-
quence starting from 2-acetyl-3-aminobenzo[b]thiophene.29 To
complete the series of compounds 352-NO2 and 352-NH2 were pre-
pared (Fig. 1) (Synthetic scheme and analytical data are available in
the Supplementary data).

2.2. Inhibition and solubility properties of benzothiophenyl
derivatives as compared to those of levamisole

The inhibition property of each compound was determined by
measuring TNAP activity at alkaline pH (optimum conditions)
and at physiological pH, IC50 values determined at both pH
(Table 1) indicated that all four synthetized inhibitors (352, 354,
352-NO2 and 352-NH2) have better inhibition properties than lev-
amisole. Indeed their IC50 values either at pH 10.4 or at pH 7.8 were
significantly lower as compared with those of levamisole. Standard
internal reference levamisole has been also included consistently
all along the biological assays. Each compound behaves in an
uncompetitive manner and is selective to TNAP. At 400 mM—that
is, thirteen to hundred times more to inhibit TNAP- all compounds
did not inhibit IAP or PLAP indicating specificity of the inhibition
(Table 1).

Assuming that each inhibitor acts in an uncompetitive manner
having Michaelis–Menten kinetics, Ki amounted to 1.3 ± 0.1 lM for
352-NO2—the best inhibitor-as compared with that of levamisole
which was 30.5 ± 0.5 lM while other have Ki ranging from
3.9 ± 0.2 lM (352), 5.0 ± 0.2 lM (354) to 10.3 ± 0.1 lM
(352-NH2), confirming that all synthesized inhibitors can inhibit
TNAP at thirty (352-NO2) to three time (352-NH2) lower concen-
tration than levamisole (Table 1). Solubility property is an impor-
tant factor which can control the accessibility of the inhibitor in
hydrophobic or hydrophilic binding sites. Therefore we synthe-
sized a series of inhibitors having different water solubility. The
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Scheme 1. Reaction scheme.
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