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ARTICLE INFO ABSTRACT

Keywords: This work presents the synthesis of two hybrid compounds (1 and 2) with thiazolidine-2,4-dione structure as a
Thiazolidine-2,4-dione central scaffold which were further screened in combo (in vitro as PTP-1B inhibitors, in vivo antihyperglycemic
Antihyperglycemic activity, in silico toxicological profile and molecular docking). Compound 1 was tested in the enzymatic assay
PM;;efglar docking showing an ICso = 9.6 + 0.5 pM and compound 2 showed about a 50% of inhibition of PTP-1B at 20 puM.

Therefore, compound 1 was chosen to test its antihyperglycemic effect in a rat model for non-insulin-dependent
diabetes mellitus (NIDDM), which was determined at 50 mg/kg in a single dose. The results indicated that
compound showed a significant decrease of plasma glucose levels that reached 34%, after a 7 h post-adminis-
tration. Molecular docking was employed to study the inhibitory properties of thiazolidine-2,4-dione derivatives
against Protein Tyrosine Phosphatase 1B (PDB ID: 1¢83). Concerning to the two binding sites in this enzyme
(sites A and B), compound 1 has shown the best docking score, which indicates the highest affinity. Finally,
compounds 1 and 2 have demonstrated an in silico satisfactory pharmacokinetic profile. This shows that it could
be a very good candidate or leader for new series of compounds with this central scaffold.

1. Introduction

Thiazolidinone and thiazolidine-2,4-dione (glitazone) are important
nucleus of heterocyclic bioactive compounds that have several different
biological properties such as anti-tumor [1-3], anti-inflammatory
[4-6], antimicrobial [7-10], antiviral [11,12], anticonvulsant [13,14],
antifungal [15], tyrosinase inhibitor [16] and antidiabetic activities
[17,18].

Moreover, glitazone drugs such as pioglitazone and rosiglitazone
(PPARy agonists) also containthiazolidine-2,4-dione core and they are
used for the treatment of diabetes mellitus type 2. Currently, this
scaffold has encouraged the attention of two research groups [19-23] in
their search for antidiabetic molecules through inhibition of Protein-
tyrosine phosphatase 1B (PTP-1B). This enzyme is a promising target

for the diabetes treatment, and it has been implicated as a negative
regulator of insulin-stimulated pathways [24-28].

PTP-1B has a catalytic site where the negatively charged phosphate
of tyrosine is recognized, then it is hydrolyzed by a catalytic triad that is
composed of Asp181, Cys215, Arg221 residues [29] and the phenyl ring
of phosphotyrosine is stabilized by Tyr 46 and Phe182 [29,30]. Hence,
lies the importance of knowing the involvement of these residues in
ligand recognition to facilitate the design of new drug candidates due to
their pharmacological resistance in a chronic degenerative disease such
as diabetes. In order to obtain new ligands with affinity and selective
recognition to PTP-1B, our research group has designed and synthesized
the two compounds (1 and 2) with phenol moiety (tyrosine-like frag-
ment) and thiazolidine-2,4-dione as a central scaffold. Finally, it has
used the aza/thiaza heterocyclic portion in order to test them in vitro
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inhibition of PTP-1B, as well as the in vivo antidiabetic effect of each
compound.

2. Material and methods
2.1. Chemistry

Commercially obtained chemicals and solvents were used without
further purification. First, all the round-bottom flasks were dried.
Second, the melting points were taken in open glass capillaries using
the EZ-Melt MPA120 automated melting point apparatus from Stanford
Research Systems. Then, the reactions were monitored by TLC on
0.2 mm precoated Silica Gel 60 F254 plates (E. Merck). H and °C NMR
spectra were recorded by using a Varian Inova 400 MHz (9.4 T) NMR
spectrometer. Next, the chemical shifts were given at ppm relative to
tetramethylsilane (TMS), and samples were dissolved in DMSO-d;. Last,
the Chemical Ionization (CI) and positive Fast Atom Bombardment
(FAB+) mass spectra (mNBA matrix), were recorded on a JEOL JMS-
S$X102 A spectrum.

2.1.1. N-(1,3-benzo[d]thiazol-2-yD)-2-[(5Z)-5-(4-hydroxybenzylidene)-
2,4-dioxo-1,3-thiazolidin-3-yl]acetamide (1)

A solution of (Z)-5-(4-hydroxybenzylidene)-1,3-thiazolidine-2,4-
dione 3 (0.3 g, 1.3 mmol) and K,CO3 (0.2 g, 1.5 mmol) was dissolved in
10 mL of dimethylformamide in a round bottom flask with a magnetic
stirrer. Then, the N-(benzo[d]thiazol-2-yl)-2-chloroacetamide 5
(6.7 mmol) were added and stirred at room temperature (25 °C) during
4 days. Once the reaction was completed, the mixture was poured into
water and the resulting precipitate was filtered. The product was pur-
ified through the column chromatography (mixture of eluents: CH,Cl,-
AcOEt in 80:20 ratio). Finally, it was dried under vacuum to give 0.31 g
of a yellow compound (yield 56%). Mp: 235.6-236.8°C. 'H NMR
(400 MHz, DMSO-dg) 68: 2.67 (s, 2H, CH,), 5.11 (s, OH), 6.75 (d, 2H, H-
4, H-7, Jo= 8.4Hz), 6.85 (d, 2H, H-5, H-6, Jo= 8.4 Hz), 6.97 (s, 1H,
HC = C), 7.90(s, 1H, NH-C = 0), 7.30 (d, 2H, H-3, H-5", Jo= 8Hz),
7.44 (d, 2H, H-2", H-6", Jo= 8 Hz), '*C NMR (100 MHz, DMSO-d6) §:
67.66 (NCH2-), 116.56 (C-4, C-7), 121.82 (C-5, C-6), 123.84 (C-3°, C-
57, 126.17(C-2"), 126.31(C-6"), 132.86 (C-2), 148.44(0 = C-C=0),
151.12 (O = C-C=C), 165.90 (=CC = ON), 167.63 (CH,C = ON),
175.12 (SC = ON). MS (Cl+) m/z 412 (M*, 5).

2.1.2. (5Z)-3-(1H-benzo[d]imidazol-2-ylmethyl)-5-(4-
hydroxybenzylidene)-1,3-thiazolidine-2,4-dione (2)

The solution was placed in a round-bottom flask containing a
magnetic stirrer, with (Z)-5-(4-hydroxybenzylidene)-1,3-thiazolidine-
2,4-dione 3 (0.2g, 0.9 mmol) and K,CO5; (0.13g, 1.1 mmol) it was
dissolved in 2mL of dimethylformamide. Fifteen minutes after the
dissolution,  2-(chloromethyl)-1H-benzo[d]imidazole 4 (0.15g,
0.9 mmol) were added and stirred at room temperature (25 °C) for 12 h.
Once the reaction was complete, the mixture was poured into water and
the resulting precipitate was filtered. The product was purified by a
chromatography column (mixture of eluents CH,Cl,-AcOEt in 80:20
ratios). The obtained product was dried under vacuum to give a yellow
compound with a yield of 0.15g. Yield 55%. Mp: 214-215.5°C. 'H
NMR (400 MHz, DMSO-dy) 8: 3.32 (s, CHy), 5.27(s, NH), 5.73(s, O-H),
6.92(d, 2H, H-2, H-6, Jo= 8. 6 Hz), 7.09-7.20(m, 2H, H-5", H-6", Jm=
3Hz, Jm= 3.2Hz, Jo= 6.2Hz, Jo= 7 Hz), 7.46-7.53 (m, 4H, H-3, H-5,
H-4", H-7°, Jm= 3Hz, Jo= 5.0 Hz, Jo= 8.6 Hz), 7.89 (s, H-7) ppm. *3C
NMR (100 MHz, DMSO-d6) 8: 116.84(C-4°, C-7"), 117.01(C-2, C-6),
124.07(C-5°, C-67), 133.17(C-3, C-5), 149.13(C-7), 161.08(C-OH),
165.92(=CC = ON), 167.80(SC = ON) ppm. MS (Cl+) m/z 351 (M*,
5).

2.1.3. N-(benzo[d]thiazol-2-yl)-2-chloroacetamide (5)
A solution of 2-aminobenzothiazole (1.0 g, 6.6 mmol) and triethy-
lamine (0.67g, 0.93mL, 6.7mmol) was dissolved in 10mL of
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dichloromethane in the round bottom flask equipped with a magnetic
stirrer and ice bath. After fifteen minutes, 2-chloroacetyl chloride
(6.7 mmol) were slowly added and stirred at room temperature (25 °C)
for 2h. Once the reaction was completed, a solvent was filtered and
then evaporated in vacuum to give a pure compound (white solid) with
a yield of 1.05g (yield 72%). Mp: 135-137°C. 'H NMR (400 MHz,
DMSO-dg) 8: 4.21(s, 2H, CH»-Cl), 7.53(m, 2H, H-5, H-6), 8.01(m, 1H, H-
7), 8.18(m, 1H, H-4) ppm. '3C NMR (100 MHz, DMSO-d6) §: 42.7(CH.-
CD, 118.31(C-4), 121.16(C-7), 124.5(C-6), 125.35(C-5), 168.65
(C = 0) ppm.

2.1.4. (Z)-5-(4-hydroxybenzylidene)-1,3-thiazolidine-2,4-dione (3)

In a round bottom flask with a magnetic stirrer, the solution of
thiazolidine-2,4-dione 7 (0.959 g, 8.2 mmol), p-hydroxybenzaldehyde 6
(1g, 8.1 mmol) and benzoic acid (0.3 g, 2.5 mmol) in toluene (10 mL)
was heated at 40 °C until complete dissolution. Under these conditions
and showing a translucent solution, the piperidine (0.242mL,
2.5mmol) was immediately added and the reaction mixture was re-
fluxed for 6 h with the Dean-Stark apparatus. Once the reaction had
been completed, the mixture was filtered, and the filtered solution was
concentrated under vacuum. The yellow precipitate was washed with
cold toluene and acetone to obtain a pure solid with a yield of 1.77 g
(yield 94%). Mp: Dec 200 °C, H NMR (400 MHz, DMSO-ds) &: 6.9 (d,
2H, H-2, H-6, Jo= 8.55Hz), 7.43 (d, 2H, H-3, H-5, Jo= 8.55 Hz), 7.64
(s, 1H, H-7). '*C NMR (100 MHz, DMSO-d6) & 116.22(C-2, C-6),
120.29(C-4), 124.16(C- 8), 131.38(C-7), 132.16(C-3, C-5), 159.55 (C-
1), 168.85 (C = 0), 169.03 (C = 0). MS (FAB*) m/z 221 (M*, 10).

2.2. In vitro studies

2.2.1. Enzyme section

The complete coding sequence of PTP1B was cloned in frame with
the sequence of the glutathione S-transferase (GST) in the pGEX-2T
bacterial expression vector. The enzyme expression and purification
were achieved in the Escherichia coli TB1 strain. Briefly, the re-
combinant fusion proteins were purified from bacterial lysate using a
single step affinity chromatography of glutathione-Sepharose. The so-
lution contained purified fusion proteins that were treated with
thrombin for 3h at 37 °C. Then the enzymes were purified from GST
and thrombin by gel filtration on Superdex G-75. The purity of protein
preparations was analyzed by SDS-polyacrylamide gel electrophoresis
according to Laemmli [31].

2.2.2. Phosphatase assay and inhibition experiments

The phosphatase assay was carried out at 37°C using p-ni-
trophenylphosphate as substrate; the final volume of each test was
1mL. The assay buffer (pH 7.0) contained 0.075M of f,B-di-
methylglutarate buffer, 1mM EDTA and 5mM dithiothreitol.
Furthermore, the reactions were initiated by adding the aliquots of the
enzyme preparation and pausing at appropriate times by adding 4 mL of
1 M KOH. The amount of p-nitrophenolate ion release was determined
by reading the absorbance of samples at 400nm (e = 18,000
M~ 'em™1). For each inhibitor, the ICs, value was determined by
measuring the initial hydrolysis rate under a fixed p-nitrophenylpho-
sphate concentration, which was equivalent to the Km value of the
considered PTP, in the presence of increasing inhibitor concentrations.
The obtained data were adjusted to the following equations using the
Fig-Sys program:

Max — Min

slope
1+ (i)

were y = Vi/ VO, represent the ratio between the activity measuredin
the presence of the inhibitor (Vi) and the activity of enzyme measured
in the absence of the inhibitor (VO), while the parameter “x” represents
the concentration of the inhibitor [32].

+ Min

x
ICsp
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The main kinetic parameters (Km and Vmax) were determined by
measuring the initial rates at different substrate concentrations. All
experimental data were analyzed using the Michaelis-Menten equation
and a non-linear fitting program (Fig-Sys). Inhibition constants were
determined measuring initial hydrolysis rates at differing substrate and
inhibitor concentrations. In order to determine the inhibition me-
chanism of compounds, the experimental data were analyzed using the
double reciprocal plot method. Ki values were determined using ap-
propriate equations, depending on the inhibition mechanism of com-
pounds. All the initial rate measurements were carried out in triplicate.

2.3. In vivo studies

2.3.1. Animals

Male Wistar rats weighing 200-250 g, were housed in standard la-
boratory conditions and fed with a rodent pellet diet and water ad li-
bitum. They were maintained at room temperature and at a photo-
period of 12h day/night cycle. Animals described as fasted had been
deprived of food for 16 h., but had free access to tap water. All ex-
perimental animal procedures were carried out in conformity with the
guidelines of our Federal Regulations for Animal Experimentation and
Care (SAGARPA, NOM-062-Z00-1999, México) and approved by the
Institutional Animal Care and Use Committees funded by the US
National Institutes of Health. (Publication number: 85-23, revised
1985).

2.3.2. Induction of diabetes

Streptozotocin (STZ) was dissolved in citrate buffer (pH 4.5) and
nicotinamide in a normal physiological saline solution. The non-insulin-
dependent diabetes mellitus rat model was induced in overnight fasted
rats by a single intraperitoneal injection of 65 mg/kg STZ, 15 min after
the i.p. administration of 110 mg/kg of nicotinamide. Hyperglycemia
was confirmed by the elevated glucose concentration in plasma, de-
termined at 72h by a glucometer. The animals with the highest blood
glucose concentrations of 250 mg/dL were used for the antidiabetic
screening [17,33,34].

2.3.3. Non-insulin dependent diabetes mellitus rat model

The diabetic animals were divided into three groups of five animals
each (n = 5). The experimental group rats were administered with a
solution of compound 1 (50 mg/kg body weight, prepared with tween
80, 10%). In contrast, the animals in the control group were also treated
with a saline plus tween 80, 10%. Additionally, Glibenclamide (5 mg/
kg) was used as a hypoglycemic reference drug. Blood samples were
collected from the caudal vein at 0, 1, 3, 5 and 7h after vehicle,
compound and drug administration. Then, the blood glucose con-
centration was estimated by an enzymatic glucose oxidase method
using a commercial glucometer. The percentage variation of glycemia
for each group was calculated in relation to an initial (0 h) level, ac-
cording to:

GluX-Gluo

%100
Gluo )

% variation of glycemia = (

where GluO were the initial glycemia values and GluX were the gly-
cemia values at 1, 3, 5 and 7 h, respectively. All values were expressed
as the mean + S.E.M. Last, the statistical significance was estimated by
an analysis of variance (ANOVA), where p < 0.05 implies significance.

2.4. In silico studies

2.4.1. Preparation of ligands

The three dimensional structures of each compounds were prepared
using the Avogadro (http://avogadro.cc/) which minimized the ligand
using a MMFF94 force field of steepest descent algorithms. The final
configuration was saved as a.pdb file format [35-38]. These. pdb files
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were subjected to the AutoDock tool to prepare a. pdbqt file of each
compound for molecular docking studies.

2.4.2. Molecular docking studies

The protein tyrosine phosphatase 1B was retrieved from the RCSB
Protein Data Bank (http://www.rcsb.org/pdb/home/home.do/) as a
PDB file with the access code: 1C83 (1.8A resolution) co-crystalized
with 6-(oxalyl-amino)-1H-indole-5-carboxylic acid.

Then, a molecular docking was carried out using AutoDock4.2 and
AutoGrid 1.5.3 [35]. The AutoDock had been performed with an au-
tomated docking of the ligand with a user-specified dihedral flexibility
in a rigid protein binding site and the program performed several runs
in each docking experiment. Each run provided one predicted binding
mode. All water molecules and 6-(oxalyl-amino)-1H-indole-5-car-
boxylic acid (crystallographic ligand) were removed from the crystal-
lographic structures, and all the hydrogen atoms were added. Ad-
ditionally, all the ligands and proteins, gasteiger charges were assigned
and non-polar hydrogen atoms were merged. Consequently, all the
torsions were allowed to rotate during docking. The auxiliary program
AutoGrid generated the grid maps. Each grid was centered at the
crystallographic point coordinates of the crystallographic compound.
The molecular docking protocol was carried out covering two binding
sites (site A and site B). The grid dimensions were 60 X 60 x 60 points
separated by 0.375 A. The grid was generated by overlapping the re-
sidues of the catalytic and binding sites (Site A) such as Aspl81,
Cys215, Arg221 and other residues like Lys120, Ser216, Phel82,
Gly220) and also covering Site B with the following residues: Arg24,
Tyr46, Asp48, Val49, 11e219, Arg254, Met258 and GIn262 [42]. The
Lamarckian genetic algorithm was applied to the search by using de-
fault parameters. The number of docking runs was 100. After the
docking solutions had been clustered into groups of RMSD lower than
2.0A. The clusters were finally ranked by the lowest energy re-
presentative for each cluster.

2.4.3. Validation

Validation was performed in AutoDock 4.2 using crystal structure of
protein tyrosine phosphatase 1B (PDB ID: 1C83). The X-ray crystal
structure (6-(oxalyl-amino)-1H-indole-5-carboxylic acid) was built and
docked overlying two binding site regions. The docking protocol was
validated by re-docking co-crystal ligand (6-(oxalyl-amino)-1H-indole-
5-carboxylic acid) comprising two active sites (A and B), the binding
mode and site is the same as the co-crystal ligand. After the re-docking,
we found that the root mean square deviation (RMSD) between the co-
crystal ligand and the re-docked structure was 0.33 A indicating that
the parameters for docking simulations are good for orientation re-
production, conformation and interactions in the original x-ray crystal
structure.

2.5. Pharmacokinetic profile

The Pharmacokinetic parameters were predicted for the synthesized
compounds with the help of admetSAR tool (http://lmmd.ecust.edu.cn/
admetsar2).

3. Results and discussion
3.1. Chemistry

The synthesis of two thiazolidine-2,4-dione derivatives (1 and 2)
starting from intermediate compounds 3 and 5 to later convergent
synthesis with the aim to improve their efficiency and yields. First, the
acylation of 2-aminobenzothiazole (9) was carried out with 2-chor-
oacetyl chloride (8) giving corresponding compound 5 in reasonably
good yields. On the other hand, to obtain the second most important
moiety, p-hydroxybenzaldehyde (6) and thiazolidine-2,4-dione (7)
were subjected to Knoevenagel conditions to obtain the required (Z)-5-
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Scheme 1. Synthesis of thiazolidine-2,4-dione derivatives, conditions and reagents: i) Et3N, CH,Cly, r.t.; i) Piperidine, benzoic acid, toluene, reflux; iii) KCO3, DMF,

r.t.

(4-hydroxybenzylidene)-1,3-thiazolidine-2,4-dione (3). Subsequently,
the two moieties were used to a convergent synthesis where compounds
3 and 5 were treated under basic conditions at room temperature giving
compound 1 in moderate yield (Scheme 1). For comparison purposes,
the length of compound 1 was reduced by removing the amidic group
spacer to find more details of the molecular requirements like flex-
ibility. Therefore, heterocyclic moiety (benzimidazole) in compound 2
is only linked by a methylene group. In order to obtain the second final
compound,  (Z)-5-(4-hydroxybenzylidene)-1,3-thiazolidine-2,4-dione
(3) and 2-chloromethylbenzimidazole (4) were subjected to an SN2
reaction. The final compounds were recovered with moderate yields
( + 50%) and were characterized by a 'H, '*C-Nuclear Magnetic Re-
sonance and Mass Spectral Analysis. 'H-NMR spectra of the compounds
1 and 2 showed a typical proton to methine signal at 7.68 ppm corre-
sponding to a Z configuration, previously reported by Bruno et al [38].
This signal is outstanding for the product identification. Additionally, a
phenol test with FeCl; was conducted to identify the final compounds.
The compounds were obtained through a linear synthesis of five steps
which were easy to obtain and were of a low structural complexity.

3.2. In vitro

3.2.1. PTP-1B inhibition assay

The final compounds 1 and 2 were tested as PTP-1B inhibitors at 20
uM. We found that compound 1 and 2 decrease the enzyme activity up
to 85% and 50%, respectively. Taking into account these results, we
have performed an additional concentration-response test in order to
calculate the ICs, for the most active inhibitor, namely the compound 1
(Table 1).

Table 1
Ki value and inhibition type of compound 1 and 2.

Compound K; (uM) a Inhibition type
1 3.7 £ 0.5 - Non-competitive inhibition
2 3.5 * 0.4 3.7 Mixed-type non-competitive inhibition
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For this purpose, we studied the PTP-1B catalyzed hydrolysis of p-
nitrophenyl phosphate by using different concentrations of compound
1, measuring the time-course of p-nitrophenol release at 400 nm. We
found that initial rates decrease with increasing inhibitor concentra-
tions; therefore, its ICso value was determined (Fig. 1). We found that
compound 1 had an IC5 of 9.6 + 0.5 uM.

Moreover, to define the action mechanism of compounds 1 and 2,
further assays were carried out. For each compound, we measured the
initial hydrolysis rate using different substrate concentrations, and in-
creasing inhibitor concentrations. The data that has been obtained were
analysed by the double reciprocal plot (Fig. 2A, B). We found that ex-
perimental data that had been obtained with compound 1 describes
straight lines intersecting from one another in a point on the x-axis, in
the left quadrant. Moreover, we found that Vmax decreases in the
presence of the inhibitor, but the Km value is not influenced. Based on
the above results, we can conclude that compound 1 behaves as a non-
competitive inhibitor (see Scheme 2A). Fig. 2B shows the double

1,24
1,04
0,8

0,64

V. /

0,4

s

0,2

0,0 T T T
0,01 0,1 1 10

[11uM

Fig. 1. The ICs, value was determined by plotting the relative activity of PTP-
1B vs compound 1 concentration. Fifteen different inhibitor concentrations
were used. All tests were performed in triplicate. The data represent the
means * S.E.M.
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Fig. 2. Double reciprocal plot (1/v versus 1/[S]). The inhibitor concentrations were the following: without inhibitor, m; 5 uM, O; 7.5 uM, 4; 10 pM, v to compound 1
(A) and without inhibitor m; 7.5 uM, O; 15 uM, 4; 25 pM, v to compounds 2 (B). All assays were performed in triplicate. The data reported in the graph, represent the
means * S.E.M. Dependence of mains kinetic parameters K;,, and V., from the concentration of compound 1 and 2 (C-F). Determination of Ki value: the slope
values calculate by linear fitting in Figs. 2G-H were plotted versus compounds 1 and 2 concentrations. Fitting of data was carried out using Egs. (1), and (2). The
parameter a was calculate using Eq. (3).
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Ki aKi

El+S. " ESI
aks

Scheme 2. A, non-competitive inhibition; B, Mixed-type non-competitive inhibition. E, free enzyme; ES enzyme-substrate complex; EI, enzyme-inhibitor complex;
ESI, enzyme-substrate-inhibitor complex; Ks, enzyme substrate complex dissociation constant; Ki, enzyme-inhibitor complex dissociation constant; o > 1.

reciprocal plot obtained from compound 2. We can observe that the
straight lines that have been obtained by fitting experimental data in-
tersect from one another in a point on the left quadrant. Moreover, both
Km and Vmax values are affected by inhibitor (Km increases and Vmax
decreases, respectively). Together, these evidences suggested that
compound 2 behaved as a mixed-type non-competitive inhibitor (see
Scheme 2B) Ki and a values were determined using the Eq. (1) (for
compound 1), and Egs. (2) and (3) (for compound 2).

Km [1] Km
Slope = —— X | = |+ ——
Vmax Ki Vmax (€8}
Km Km
Slope = Il +
P Vmax x Ki 1l Vimax 2
1 1
Intercept = I+
P Vmax x Ki ] Vimax 3
3.3. In vivo

3.3.1. Antihyperglycemic activity

According to the stages of development and search for new bioac-
tive compounds, the most active molecule on PTP-1B inhibition assay
was evaluated for in vivo antihyperglycemic activity using a rat model
of non-insulin-dependent diabetes mellitus (NIDDM). Compound 1 was
found to be the most effective inhibitor of human PTP-1B.
Glibenclamide was taken as the positive control. The antihyperglycemic
activity was determined using a 50 mg/kg single dose. Compound 1
demonstrated a modest variation of glycaemia, decreasing up to 37% at
7 h post-administration. Compound 1 showed a similar percentage of
variation than glibenclamide which was observed at 7h of post-in-
tragastric administration (Table 2). Finally, several 2-aminobenzothia-
zoles have been tested as antidiabetic compounds with promising re-
sults [39,40]. This inhibitory effect on the enzyme causes a prolonged
effect of insulin since the receptor is sensitized to the action of the same
insulin, which makes the small amount of insulin more efficient in this
murine model.

Table 2

3.4. In silico

3.4.1. Molecular docking of compounds 1 and 2

In effort to explain the best activity showed by compound 1, we
performed a molecular docking on a PTP-1B structure in order to find
the possible binding mode. The molecules were docked with a crys-
tallographic structure of a human PTP-1B (PDB code 1C83, [41]) cov-
ering two binding sites reported by Puius [42]. Compounds 1 and 2
were docked showing good affinities with free binding energy of —8.94
Kcal/mol and —8.04 Kcal/mol, respectively. Fig. 3 shows the binding
mode of 1 which has conserved two interactions with the most im-
portant residues that were involved into a catalytic triad of PTP-1B
(Aspl81 and Arg221) and other H-bonds with Arg47 and Asp48 re-
sidues. Moreover, compound 2 also has significant interactions with
Asp 181, Arg221 and Tyr46 (Fig. 4), both had interactions at least with
one residue of site B, however, the flexible spacer in compound 1 gives
it a better bond strength. As compared to the crystallographic ligand,
compound 1 and 2 lack of numerous important hydrogen bonds with
Lys120, Ser216, Ala217 and Gly220. Interestingly, two H-bonds were
conserved with two residues, which are catalytic residues. In both cases
the phenol moiety was oriented towards a catalytic pocket, but the
other portion of the molecule is directed to the exposed surface of the
catalytic site. Also, the benzazole fragment can be strengthening the
interaction with this extended site. Although benzimidazole has one
more hydrogen bond donor than the benzothiazole, it seems that the
space between thiazolidine-2,4-dione core and benzazole favored the
enzyme inhibition when the distance between the two cores are longer.
This proposes that the binding site could be located in site B (extended
site) near to the catalytic site A [43]. These results strengthen the
previous enzymatic tests and could explain or indicate that compound 1
occupies the binding site and thereby blocks the enzyme activity by
obstruction of the catalytic site and its interaction with two catalytic
residues. Figs. 3 and 4 depicts the corresponding amino acid residues at
4.5 A in a 2D interaction map that was generated with the Molecular
Operating Environment (MOE) software package [44].

3.4.2. ADMET properties calculation

Pharmacokinetic parameters of compounds 1 and 2 (Table 3) were
calculated using the admetSAR web server [45]. This information was
required to optimize the pharmacodynamic response and extent of

Effect of a single dose of 1 (50 mg/Kg; intragastric, n = 5) in streptozotocin-nicotinamide-induced diabetes rat model.

Compd Dose (mg/Kg) Percentage of variation of glycemia + SEM (mg/dL)

Zero hour First hour Third hour Fifth hour Seventh hour
1 50 0.0 = 0.0 16.0 = 3.5 -1+ 22 -11.0 £ 75 —34.0 + 4.4
Gli 5 0.0 + 0.0 -20.4 = 8.2 -36.3 £ 7.5 —-37.5 = 0.5 —43.6 = 9.9

Vehicle: Isotonic saline solution. *p < 0.05 versus ISS group. The negative value indicates drecrese in glycemia. Gli, Glibenclamide.
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Fig. 3. The proposed binding mode of compound 1 with the best free binding energy (-8.94 Kcal/mol) in the active site of PTP-1B. A) Compound 1 was colored by
atom types (carbon atoms colored gray) and hydrogen bond network is denoted as red dashed lines. Five polar contacts were detected with Val49, Arg221, Asp181,
Arg47 and Asp48 residues. B) 2D interaction map of 1 docked into the PTP-1B binding pocket.

availability as a function in the route of administration. The results
obtained from the BBB (Blood-Brain Barrier) penetrability were
agreeable for both compounds, which showed an intermediate to low
probability of crossing the BBB reducing the possible toxicity in the
central nervous system. We also found that the two tested compounds
could be absorbed by the human intestine, that could allow them to
reach the site of action, nevertheless, both showed a poor penetration to
Caco-2.

On the other hand, the tested compounds did not seem to be po-
tential substrates or inhibitors for the P-glycoprotein (P-gp) which ef-
fluxes drugs and various compounds and this is considered as a multi-
drug resistant target. In contrast, there are several cytochrome P450
isoforms and the inhibition of cytochrome P450 isoforms might cause
drug-drug interactions in which co-administered drugs are unsuccessful
to metabolize and increase the amount of drugs to toxic levels [46].
Nevertheless, more than a few of cytochrome P450 isoforms could be
inhibited by one or more of the tested compounds. Fortunately, we
were able to find compounds that did not exhibit inhibition over all
isoforms but the compounds showed a preference to isoform CYP 2C9.
Both compounds did not show any carcinogenic and mutagenic effect
and genotoxicity in the Ames test. Finally, the compounds demon-
strated to be safe with LDsq values greater than 500 mg/kg but less than
2000 mg/kg (Category III).

4. Conclusions

We have described the synthesis of two molecules that were easily
obtainable and used in combo evaluations (in vitro, in silico and in vivo
assays). The enzymatic activity results suggested that the molecule with
amide spacer group (compound 1) induces better activity than com-
pound 2, which lacks this portion. Interestingly, compound 1 showed
an in vivo antidiabetic activity. The correlation between in vitro and in
vivo assays indicates that compounds 1 and 2 have potential char-
acteristics that improve their affinity. On the other hand, the potency
between compounds was dramatically improved by the addition of a
spacer, which gives the molecule the ability to take an enhanced con-
formation in the recognition site in enzymes. Furthermore, the in-
troduction of privileged heterocyclic scaffold as benzothiazole and
benzimidazole provides acceptable drug-like properties with an easy
modification that can help us to obtain ligands with requirements for
better interaction. Finally, the molecular docking has revealed the im-
portance of an H-bond acceptor that improves the interaction between
ligand and binding site residues. In this case, that was the phenol
fragment of the molecule. The groundwork for the future design of
specific compounds with better affinity and selectivity is to find ligands
that can interact with two PTP-1B binding sites (A and B). These con-
siderations could be taken into account to design new compounds.
Finally, the two compounds have satisfactory calculated

Fig. 4. The proposed binding mode of compound 2 with the free binding energy of —8.04 Kcal/mol. A) Compound 2 was colored by atom types (carbon atoms
colored blue) and hydrogen bond network is denoted as red dashed lines. Three polar contacts were detected: two H-bonds with Arg221, Lys 120 andTyr46 residues.

B) 2D interaction map of 2 docked into the PTP-1B binding pocket.
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Table 3
ADMET properties calculated for compounds 1 and 2.
Model Result Probability
Compound 1 Compound 2
Absorption
Blood-Brain Barrier BBB (+) 0.5277 (-) 0.8861
Human Intestinal Absorption HIA + 0.9382 0.9970
Caco-2 Permeability Caco2- 0.6734 0.5812
P-glycoprotein Substrate Substrate 0.5959 0.6483
P-glycoprotein Inhibitor Non-inhibitor 0.8671 0.9083
Non-inhibitor 0.7756 0.8683
Renal Organic Cation Transporter Non-inhibitor 0.8293 0.7473
Metabolism
CYP450 2C9 Substrate Non-substrate 0.7787 0.8153
CYP450 2D6 Substrate Non-substrate 0.8284 0.8033
CYP450 3A4 Substrate Non-substrate 0.5542 0.6162
CYP450 1A2 Inhibitor Non-inhibitor 0.8293 0.5000
CYP450 2C9 Inhibitor Inhibitor 0.7122 0.6183
CYP450 2D6 Inhibitor Non-inhibitor 0.7533 0.6962
CYP450 2C19 Inhibitor Non-inhibitor 0.6818 0.5529
CYP450 3A4 Inhibitor Non-inhibitor 0.9012 0.5199
CYP Inhibitory Promiscuity Low CYP Inh Promiscuity 0.5269 0.6999
Toxicity
Human Ether-a-go-go-Related Gene Inhibition Weak inhibitor 0.8564 0.9355
Non-inhibitor 0.7490 0.7489
AMES Toxicity Non AMES toxic 0.6880 0.6418
Carcinogens Non-carcinogens 0.8080 0.8382
Cacinogenicity Non-required 0.5078 0.5065
Acute Oral Toxicity 111 0.6060 0.6687
Model Units Probability
Compound 1 Compound 2
ADMET predicted Profile-Regression
Aqueous solubility LogS —3.4327 —3.6185
Caco-2 Permeability LogPapp, cm/s 0.6929 1.1082
Rat Acute Toxicity LD50, mol/kg 2.3240 2.5775
Fish Toxicity pLC50, mg/L 1.1345 1.2586
Tetrahymena pyriformis Toxicity pIGC50, ug/L 0.4939 0.5023

pharmacokinetics parameters values which make promising molecules
that allow us to continue their revision.
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