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Abstract: In an effort to identify potent aldose reductase
(AR) inhibitors, 5-(arylidene)thiazolidine-2,4-diones (1–8),
which were prepared by the solvent-free reaction of 2,4-
thiazolidinedione with aromatic aldehydes in the presence
of urea, were examined for their in vitro AR inhibitory
activities and cytotoxicity. 5-(2-Hydroxy-3-methylbenzyli-
dene)thiazolidine-2,4-dione (3) was the most potent AR
inhibitor in this series, exerting uncompetitive inhibition
with a Ki value of 0.445 ± 0.013 µM. The IC50 value of
compound 3 for L929 mouse fibroblast cells was deter-
mined as 8.9 ± 0.66 µM, pointing out its safety as an AR
inhibitor. Molecular docking studies suggested that com-
pound 3 exhibited good affinity to the binding site of AR
(PDB ID: 4JIR). Based upon in silico absorption, distribu-
tion, metabolism, and excretion data, the compound is
predicted to have favorable pharmacokinetic features.
Taking into account the in silico and in vitro data, com-
pound 3 stands out as a potential orally bioavailable AR
inhibitor for the management of diabetic complications as
well as nondiabetic diseases.

Keywords: aldose reductase, thiazolidinedione, cytotoxi-
city, molecular docking

1 Introduction

Type 2 diabetes (T2D) is a chronic life-threatening disease
characterized by abnormally high blood glucose levels
resulting from impaired response of target tissues to
insulin (insulin resistance) and/or progressively reduced
function of pancreatic β cells. The global burden of T2D is
increasing considerably, and therefore there is an urgent
need to develop safe and potent antidiabetic agents [1–5].

Polyol pathway is a two-step metabolic pathway
in which glucose is reduced to sorbitol, which is then
converted to fructose. The abnormally activated polyol
pathway has been reported to participate in the patho-
genesis of T2D complications [5–11].

Aldose reductase (AR) catalyzes the NADPH-depen-
dent reduction of glucose to sorbitol as the first and rate-
limiting enzyme of the polyol pathway. Under euglycemic
conditions, the reduction of glucose is a minor function
of AR owing to the relatively low affinity (high Km) of AR
for this substrate. However, under hyperglycemic condi-
tions, excess intracellular glucose leads to an increase in
the enzymatic conversion of glucose to sorbitol, NADPH-
consuming reaction in tissues possessing insulin-inde-
pendent glucose transport. Sorbitol does not diffuse
readily through cell membranes due to its strong hydro-
philic feature and accumulates in cells causing osmotic
stress and cellular damage, particularly in lenses. Further-
more, the concurrent NADPH deprivation impairs the
activity of other NADPH-dependent enzymes and causes
an imbalance between the generation of intracellular
reactive oxygen species and cellular antioxidant defense.
Concomitantly, pseudohypoxia, which results from the
NAD+ depletion during the oxidation of sorbitol to fruc-
tose by sorbitol dehydrogenase, causes further metabolic
and signaling alterations by exacerbating redox imbal-
ance. Fructose, the end product of the polyol pathway,
is more reactive than glucose as a glycating agent; and
the increased formation of fructose also gives rise to
pathological conditions by promoting protein glycation
and the formation of advanced glycation end products
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and thus leading to alterations in protein functions. Apart
from its role in T2D complications, AR is an important
mediator in oxidative and inflammatory-signaling path-
ways implicated in the pathophysiology of cardiovas-
cular disorders, sepsis, and cancer. In this context, AR
is identified as a multidisease target for the design of
potent agents able to counteract the development of
long-term T2D complications as well as nondiabetic dis-
eases [5–13].

The recent findings related to the pathophysiological
role of AR have led to the discovery of a great variety of
AR inhibitors so far, and most of them have been evalu-
ated in preclinical and clinical trials. However, their
development is mostly hampered by low in vivo potency,
adverse effects, or pharmacokinetic drawbacks [5–13].

2,4-Thiazolidinedione (TZD) stands out as a privi-
leged scaffold for the identification of promising thera-
peutic agents for the management of T2D, targeting a
plethora of crucial enzymes/receptors such as peroxi-
some proliferator-activated receptor gamma, AR, protein
tyrosine phosphatase 1B, and so on [14–26]. In the search
for novel AR inhibitors, 2,4-TZDs are of great importance
as safer bioisosteres of hydantoin, which is considered
as the main cause of hypersensitivity reactions provoked
by some AR inhibitors, such as sorbinil. Currently, only
epalrestat (EPR) bearing a 2-thioxo-4-thiazolidinone
scaffold (Figure 1) is commercially available in few Asian
countries (such as Japan and India) as an AR inhibitor
approved for the management of diabetic neuropathy.
This agent is able to slow the progression of diabetic
neuropathy and ameliorate its symptoms without any
serious side effects after long-term use. However, further
long-term comparative studies should be carried out to
elucidate its efficacy in different patient populations [5].

Taking into account the knowledge obtained so far
[5–26] and the potential of TZD-based small molecules as
AR inhibitors [14–26], herein we reported the preparation
of new 2,4-TZDs and in vitro studies related to their AR
inhibitory activities and cytotoxicity toward L929 mouse
fibroblast cell line. In an effort to explore their possible
binding modes in the binding site of AR, molecular
docking studies were performed. In silico absorption, dis-
tribution, metabolism, and excretion (ADME) studies

were also carried out to estimate their physicochemical
parameters for the evaluation of their oral bioavailability
and drug likeness.

2 Experimental section

2.1 Chemistry

2.1.1 General

2,4-TZD and urea were procured from Acros Organics
(Geel, Belgium) and VWR Chemicals (Leuven, Belgium),
respectively. Aromatic aldehydes were purchased from
Alfa Aesar (Karlsruhe, Germany) or Sigma-Aldrich (St.
Louis, MO, USA). Melting points (MPs) were detected
using Electrothermal IA9200 MP apparatus (Staffordshire,
UK). Infrared (IR), nuclear magnetic resonance (NMR;
1H and 13C), mass spectra, and elemental analyses
were recorded on IRPrestige-21 FT-IR spectrophotometer
(Shimadzu, Tokyo, Japan), Varian 400MHz FT-NMR spec-
trometer (Agilent, Palo Alto, CA, USA), VG Quattro Mass
spectrometer (Agilent, Minnesota, USA), and Perkin Elmer
EAL 240 elemental analyzer (Perkin-Elmer, Norwalk, CT,
USA), respectively.

2.1.2 Synthesis of 5-(arylidene)thiazolidine-2,4-
diones (1–8)

A mixture of aromatic aldehyde (2 mmol) and 2,4-TZD
(2 mmol) in the presence of urea (20mmol) was heated
in an oil bath at 150°C for 2 h. Upon completion of the
reaction, it was then dispersed with hot water and col-
lected by filtration. The product was crystallized from
ethanol [27].

2.1.2.1 5-(2-Fluoro-4-methoxybenzylidene)thiazolidine-
2,4-dione (1)

Yield: 88%. MP: 215–220°C.
IR νmax (cm−1): 3450.65, 3367.71, 3080.32, 3007.02,

2843.07, 1728.22, 1708.93, 1668.43, 1616.35, 1593.20,
1573.91, 1506.41, 1436.97, 1388.75, 1342.46, 1313.52,
1294.24, 1269.16, 1251.80, 1190.08, 1161.15, 1093.64,
1028.06, 950.91, 871.82, 858.32, 825.53, 806.25, 756.10,
729.09, 713.66, 692.44, and 646.15.
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Figure 1: Epalrestat.
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1H NMR (400MHz, DMSO-d6) δ (ppm): 3.80 (s, 3H),
6.38 (s, 1H), 6.86–6.89 (m, 1H), 7.68 (d, J = 9.6 Hz, 1H),
8.49 (s, 1H), 10.41, and 11.18 (2 s, 1H).

13C NMR (100MHz, DMSO-d6) δ (ppm): 55.76 (CH3),
101.61 (d, J = 25.0 Hz, CH), 110.79 (CH), 113.05 (d, J =
12.8 Hz, C), 116.12 (C), 127.85 (CH), 130.23 (d, J = 3.8 Hz,
CH), 155.41 (C), 160.85 (d, J = 11.5 Hz, C), 165.23 (C), and
167.44 (C).

MS (FAB) m/z 254.11 [M + H]+.
Anal. Calcd. for C11H8FNO3S: C, 52.17; H, 3.18; and N,

5.53. Found: C, 52.15; H, 3.19; and N, 5.54.

2.1.2.2 5-(2-Fluoro-5-methoxybenzylidene)thiazolidine-
2,4-dione (2)

Yield: 55%. MP: 235–240°C.
IR νmax (cm−1): 3466.08, 3045.60, 2945.30, 2835.36,

1728.22, 1666.50, 1593.20, 1496.76, 1463.97, 1419.61, 1382.96,
1323.17, 1282.66, 1211.30, 1099.43, 1031.92, 1012.63, 956.69,
877.61, 839.03, 804.32, 758.02, 711.73, 694.37, and 644.22.

1H NMR (400MHz, DMSO-d6) δ (ppm): 3.80 (s, 3H),
6.38 (s, 1H), 6.88–6.92 (m, 1H), 7.12–7.17 (m, 2H), 10.66,
and 11.18 (2 brs, 1H).

13C NMR (100MHz, DMSO-d6) δ (ppm): 55.70 (CH3),
113.73 (d, J = 1.9 Hz, CH), 115.78 (CH), 115.88 (d, J = 3.2 Hz,
CH), 116.12 (C), 121.23 (d, J = 14.1 Hz, C), 129.86 (d, J =
1.9 Hz, CH), 155.53 (C), 160.79 (C), 165.13 (C), and 167.44 (C).

MS (FAB) m/z 254.14 [M + H]+.
Anal. Calcd. for C11H8FNO3S: C, 52.17; H, 3.18; and N,

5.53. Found: C, 52.19; H, 3.17; and N, 5.52.

2.1.2.3 5-(2-Hydroxy-3-methylbenzylidene)thiazolidine-
2,4-dione (3)

Yield: 36%. MP: 168–170°C.
IR νmax (cm−1): 3541.31, 3431.36, 3336.85, 3050.46,

2924.09, 2858.51, 1693.50, 1681.93, 1600.92, 1525.69,
1469.76, 1435.04, 1381.03, 1265.30, 1188.15, 1095.57,
1039.63, 765.74, 746.45, 680.87, and 650.01.

1H NMR (400MHz, DMSO-d6) δ (ppm): 2.30 (s, 3H),
6.66–7.44 (m, 3H), 8.50 (s, 1H), 10.12 (s, 1H), 10.41, and
11.18 (2 s, 1H).

13C NMR (100MHz, DMSO-d6) δ (ppm): 15.23 (CH3),
116.10 (C), 116.40 (C), 122.43 (CH), 125.82 (CH), 126.11 (C),
129.86 (CH), 131.20 (CH), 150.15 (C), 165.13 (C), and 167.44 (C).

MS (FAB) m/z 236.16 [M + H]+.
Anal. Calcd. for C11H9NO3S: C, 56.16; H, 3.86; and N,

5.95. Found: C, 56.13; H, 3.87; and N, 5.97.

2.1.2.4 5-(2-Hydroxy-5-methoxy-3-nitrobenzylidene)
thiazolidine-2,4-dione (4)

Yield: 74%. MP: 245–246°C.
IR νmax (cm−1): 3562.52, 3425.58, 3334.92, 3076.46,

2945.30, 1693.50, 1681.93, 1668.43, 1598.99, 1537.27, 1531.48,
1454.33, 1344.38, 1307.74, 1242.16, 1197.79, 1166.93, 1095.57,
1041.56, 929.69, 837.11, 752.24, and 665.44.

1H NMR (400MHz, DMSO-d6) δ (ppm): 3.81 (s, 3H),
6.72–6.88 (m, 1H), 7.87–8.02 (m, 1H), 8.47 (s, 1H), 10.26
(s, 1H), and 11.10 (brs, 1H).

13C NMR (100MHz, DMSO-d6) δ (ppm): 55.78 (CH3),
108.20 (CH), 116.06 (C), 118.01 (CH), 118.42 (C), 135.55
(CH), 137.90 (C), 145.44 (C), 155.05 (C), 165.30 (C), and
167.40 (C).

MS (FAB) m/z 297.14 [M + H]+.
Anal. Calcd. for C11H8N2O6S: C, 44.60; H, 2.72; and N,

9.46. Found: C, 44.63; H, 2.71; and N, 9.44.

2.1.2.5 5-(3-Chloro-4-fluorobenzylidene)thiazolidine-
2,4-dione (5)

Yield: 68%. MP: 218–224°C.
IR νmax (cm−1): 3444.87, 3387.00, 3037.89, 1737.86,

1708.93, 1668.43, 1591.27, 1504.48, 1435.04, 1346.31, 1263.37,
1195.87, 1126.43, 1091.71, 1060.85, 1024.20, 920.05, 898.83,
864.11, 819.75, 792.74, 756.10, 729.09, 709.80, 675.09, and
642.30.

1H NMR (400MHz, DMSO-d6) δ (ppm): 6.37 (s, 1H),
7.39 (t, J = 8.8 Hz, 1H), 7.83 (d, J = 5.6 Hz, 1H), 8.49 (s, 1H),
10.67, and 11.25 (2 brs, 1H).

13C NMR (100MHz, DMSO-d6) δ (ppm): 116.91 (C),
117.02 (d, J = 21.2 Hz, CH), 120.09 (d, J = 17.3 Hz, C),
128.70 (d, J = 1.9 Hz, CH), 130.15 (d, J = 7.0 Hz, CH),
130.72 (C), 130.96 (d, J = 3.8 Hz, CH), 155.38 (C), 165.27
(C), and 167.45 (C).

MS (FAB) m/z 258.06 [M + H]+.
Anal. Calcd. for C10H5ClFNO2S: C, 61.78; H, 4.75; and

N, 6.00. Found: C, 61.81; H, 4.73; and N, 6.01.

2.1.2.6 5-(3-Chloro-4-methylbenzylidene)thiazolidine-
2,4-dione (6)

Yield: 83%. MP: 225–230°C.
IR νmax (cm−1): 3456.44, 3375.43, 3028.24, 2929.87,

1728.22, 1710.86, 1660.71, 1589.34, 1496.76, 1440.83, 1392.61,
1361.74, 1334.74, 1284.59, 1253.73, 1219.01, 1188.15, 1124.50,
1087.85, 1053.13, 1031.92, 997.20, 906.54, 887.26, 860.25,
821.68, 756.10, 711.73, 675.09, 644.22, and 632.65.
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1H NMR (400MHz, DMSO-d6) δ (ppm): 2.32 (s, 3H),
6.35 (s, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.66 (s, 1H), 8.48 (s,
1H), 10.61, and 11.21 (2 brs, 1H).

13C NMR (100MHz, DMSO-d6) δ (ppm): 19.35 (CH3),
116.91 (C), 127.94 (CH), 128.29 (CH), 128.97 (CH), 131.29
(C), 132.52 (C), 133.80 (C), 135.55 (CH), 165.35 (C), and
167.45 (C).

MS (FAB) m/z 254.17 [M + H]+.
Anal. Calcd. for C11H8ClNO2S: C, 52.08; H, 3.18; and N,

5.52. Found: C, 52.05; H, 3.20; and N, 5.52.

2.1.2.7 5-(3-Methoxy-2-nitrobenzylidene)thiazolidine-
2,4-dione (7)

Yield: 43%. MP: 190–195°C.
IR νmax (cm−1): 3323.35, 3022.45, 2941.44, 2837.29,

1658.78, 1651.07, 1598.99, 1537.27, 1454.33, 1402.25, 1359.82,
1261.45, 1178.51, 1118.71, 1068.56, 1039.63, 995.27, 852.54,
732.95, and 642.30.

1H NMR (400MHz, DMSO-d6) δ (ppm): 3.83 (s, 3H),
6.85–7.90 (m, 3H), 8.69 (s, 1H), and 11.10 (brs, 1H).

13C NMR (100MHz, DMSO-d6) δ (ppm): 55.76 (CH3),
114.40 (CH), 116.50 (C), 119.69 (CH), 128.90 (C), 131.30 (C),
134.99 (CH), 136.56 (CH), 155.41 (C), 165.36 (C), and
167.47 (C).

MS (FAB) m/z 281.16 [M + H]+.
Anal. Calcd. for C11H8N2O5S: C, 47.14; H, 2.88; and N,

10.00. Found: C, 47.11; H, 2.89; and N, 10.02.

2.1.2.8 5-(5-Chloro-2-hydroxy-3-methylbenzylidene)
thiazolidine-2,4-dione (8)

Yield: 40%. MP: 160–165°C.
IR νmax (cm−1): 3541.31, 3454.51, 3334.92, 3076.46,

2927.94, 1693.50, 1681.93, 1598.99, 1566.20, 1514.12, 1469.76,
1435.04, 1381.03, 1311.59, 1192.01, 1120.64, 1043.49, 900.76,
864.11, 752.24, 731.02, 651.94, and 634.58.

1H NMR (400MHz, DMSO-d6) δ (ppm): 2.26 (s, 3H),
6.92–7.68 (m, 2H), 8.51 (s, 1H), 10.21 (s, 1H), and 11.10
(brs, 1H).

13C NMR (100MHz, DMSO-d6) δ (ppm): 15.25 (CH3),
116.61 (C), 117.89 (C), 124.78 (CH), 126.76 (C), 129.39 (CH),
132.80 (C), 135.56 (CH), 150.15 (C), 165.31 (C), and 167.42 (C).

MS (FAB) m/z 270.12 [M + H]+.
Anal. Calcd. for C11H8ClNO3S: C, 48.99; H, 2.99; and

N, 5.19. Found: C, 48.98; H, 2.97; and N, 5.21.

2.2 Biochemistry

2.2.1 AR activity assay

Purification of sheep liver AR was done according to the
previous studies [28–32]. Bradford method was utilized to
determine the quantitative protein [33]. The enzyme purity
was checked according to Laemmli’s procedure [34,35]. AR
activity was spectrophotometrically evaluated based on the
decrease in absorbance of NADPH at 340 nm [36–38].

2.2.2 In vitro inhibition studies

The AR activity was determined in the presence of different
concentrations of compounds 1–8. The IC50 value of each
compound was calculated from activity%–[Compound]
graphs [36]. For determining the inhibition types of the com-
pounds, Lineweaver–Burk graph was plotted [39] according
to the previous works [40–42].

2.2.3 Cell culture and drug treatment

The L929 mouse fibroblast cells (ATCC, CCL-1TM) (Manassas,
VA, USA) were cultured and drug treatments were per-
formed as previously reported [42].

2.2.4 MTT assay

MTT test was performed to examine the cytotoxic effects
of compounds 1–8 on the L929 cells as previously explained
[43] but with minor modifications [42].

The percentage of the viable cells was calculated
using the following formula: (%) = [100 × (sample absor-
bance)/(control absorbance)].

2.2.5 Statistical studies

GraphPad Prism version 7 for Mac (GraphPad Software,
La Jolla, CA, USA) was used for data analysis and graphs.
SigmaPlot version 12 for Windows (Systat Software,
San Jose, CA, USA) was performed to calculate the inhi-
bition constants. The fit of enzyme inhibition models was
compared using the extra sum-of-squares F test and the
Akaike’s corrected Information Criterion (AICc) approach.
The results were expressed as mean ± standard error of the
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mean (95% confidence intervals). Differences between
data sets were considered statistically significant when
the p value was less than 0.05.

2.3 Molecular docking studies

Molecular docking simulations were conducted using panels
(LigPrep [44], Maestro [45], Prime molecular mechanics–
generalized Born surface area [MM-GBSA] [46], Protein Pre-
paration Wizard [47], and Receptor Grid Generation [48]) in
the Schrödinger Suite 2020-2 for Mac. The high-resolution
3D crystal structure of AR (PDB ID: 4JIR; 2.00Å) [49] was
downloaded from RCSB Protein Data Bank [50] and used for
molecular docking. Protein Preparation Wizard [51] was
used to prepare the crystal structure [52]. The 3D structures
of compounds 1–8 were sketched using ChemDraw Pro ver-
sion 19.1 for Mac [53] (PerkinElmer, Inc., Waltham, MA,
USA). The molecules were subjected to ligand preparation
using LigPrep tool [54] in default conditions at pH 7.4 ± 0.5
[55]with Epik [56] in the OPLS3e force field [57,58]. Receptor
Grid Generation tool [59] was used to generate the grid for
docking. Binding sites were defined using cocrystallized nat-
ural ligand (EPR). Glide extra precision (Glide XP) [60,61]
was used for docking [62]. Docked poseswere rescored using
the MM-GBSA approach [63,64].

2.4 In silico ADME studies

QikProp, a predictive ADME module within the Maestro
suite produced by Schrödinger, was performed to predict
the ADME properties of compounds 1–8.

Ethical approval: The conducted research is not related to
either human or animal use.

3 Results and discussion

3.1 Chemistry

The preparation of the hitherto unreported 5-(arylidene)
thiazolidine-2,4-diones (1–8) was carried out through the
solvent-free reaction of 2,4-TZD with aromatic aldehydes
in the presence of urea (Scheme 1).

The structures of compounds 1–8 were verified by
IR, 1H NMR, 13C NMR, mass spectrometry and elemental

analyses. In their IR spectra, the C]O stretching vibra-
tions resulted in the formation of two characteristic
bands at 1737.86–1651.07 cm−1. The N–H stretching vibra-
tion belonging to the N–H proton of the thiazolidine scaffold
gave rise to the bands in the region 3466.08–3323.35 cm−1. In
the IR spectra of compounds 3, 4, and 8, the O–H stretch-
ing band appeared at 3562.52–3541.31 cm−1. In the 1H
NMR spectra of all compounds except compound 2, the
signal due to the benzylidene CH proton was observed at
8.47–8.69 ppm as a singlet. In the 1H NMR spectra of com-
pounds 4, 7, and 8, the signal due to the N–H proton
appeared at 11.10 ppm as a broad singlet, whereas in the
1H NMR spectra of other compounds, the signal due to the
N–H proton appeared in the region 10.41–11.25 ppm as two
singlets or broad singlets. In the 1H NMR spectra of methoxy-
substituted compounds 1, 2, 4, and 7, the signal due to the
methoxy protons was observed in the region 3.80–3.83 ppm
as a singlet. In the 1H NMR spectra of methyl-substituted
compounds 3, 6, and 8, the signal due to themethyl protons
occurred in the region 2.26–2.32 ppm as a singlet. The O–H
proton gave rise to a singlet peak at 10.12–10.26 ppm in
the 1H NMR spectra of compounds 3, 4, and 8. In the 13C
NMR spectra of compounds 1–8, the signals due to the car-
bons of two C]O groups were observed in the region
165.13–167.47 ppm. The signal due to the benzylidene
CH carbon appeared at 129.86–136.56 ppm. In the 13C
NMR spectra of methoxy-substituted compounds 1, 2,
4, and 7, the methoxy carbon gave rise to the peak at
55.70–55.78 ppm. In the 13C NMR spectra of methyl-sub-
stituted compounds 3, 6, and 8, the signal due to the
methyl carbon occurred in the region 15.23–19.35 ppm.

3.2 In vitro AR inhibitory activity and
cytotoxicity

The IC50, Ki, and inhibition types of compounds 1–8
were determined to investigate their ability to inhibit
AR (Table 1). According to in vitro data, compounds 1–8
showed inhibitory effects on AR, with IC50 values ranging
from 0.273 to 0.533 µM and Ki values ranging from 0.445
to 0.943 µM (Figure 2). Compounds 1, 3, and 5 were found
to act as uncompetitive AR inhibitors, whereas other

S

NH

O

O

RR

CHO
N

SO

OH

i

Scheme 1: The synthetic route for the preparation of compounds
1–8. Reagents and conditions: (i) NH2CONH2, oil bath, 150°C, 2 h.
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compounds were identified as noncompetitive AR inhibi-
tors. The order of 2,4-TZD-based AR inhibitors (1–8)
(from the most active to the least active) according to
their Ki values was noted to be as follows: compound 3
> compound 1 > compound 2 > compound 7 > compound
6 > compound 4 > compound 5 > compound 8. The
in vitro data pointed out the significance of the arylidene
group at the fifth position of 2,4-TZD scaffold. The intro-
duction of a chlorine group into the fifth position of the
benzylidenemoiety of compound 3 (IC50 = 0.382 ± 0.010 µM,
Ki = 0.445 ± 0.013 µM) led to a substantial decrease
in AR inhibitory potency (IC50 = 0.533 ± 0.015 µM,
Ki = 0.943 ± 0.024 µM for compound 8) and an alteration
in inhibition type (the inhibition type of compound 3 was
uncompetitive, while the inhibition type of compound 8
was noncompetitive).

In the search for AR inhibitors for the management of
T2D and its complications, the identification of potent

therapeutic agents endowed with favorable pharmaco-
kinetic profiles as well as devoid of severe unwanted effects
is an uphill task for researchers [5]. On this basis, herein

Table 1: AR inhibition data of compounds 1–8

S

NH

O

O

R

Compound R IC50 (µM) R2 Ki (µM) R2 Inhibition type

1 2-F-4-OCH3 0.375 ± 0.007 0.9970 0.462 ± 0.015 0.9964 Uncompetitive
2 2-F-5-OCH3 0.273 ± 0.004 0.9981 0.549 ± 0.023 0.9923 Non-competitive
3 2-OH-3-CH3 0.382 ± 0.010 0.9955 0.445 ± 0.013 0.9982 Uncompetitive
4 2-OH-5-OCH3-3-NO2 0.349 ± 0.003 0.9994 0.769 ± 0.017 0.9977 Non-competitive
5 3-Cl-4-F 0.398 ± 0.011 0.9920 0.892 ± 0.020 0.9983 Uncompetitive
6 3-Cl-4-CH3 0.411 ± 0.005 0.9991 0.729 ± 0.019 0.9957 Non-competitive
7 3-OCH3-2-NO2 0.455 ± 0.008 0.9963 0.713 ± 0.014 0.9976 Non-competitive
8 2-OH-3-CH3-5-Cl 0.533 ± 0.015 0.9935 0.943 ± 0.024 0.9960 Non-competitive

The test results were indicated as mean ± standard deviation.

(a) (b)

Figure 2: (a) Percentage activity versus inhibitor concentration graph of compound 3 at five different concentrations. (b) Lineweaver–Burk
plot of compound 3.

Table 2: IC50 values of compounds 1–8 for L929 cell line after 24 h
incubation

Compound IC50 (µM)a

1 0.55 ± 0.07
2 2.63 ± 0.15
3 8.9 ± 0.66
4 2.25 ± 0.35
5 3.47 ± 0.84
6 1.43 ± 0.06
7 >25
8 >25

aResults were given as mean ± SD.
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the cytotoxic activities of compounds 1–8 against L929
mouse fibroblast (healthy) cells were determined (Table 2).
According to the MTT assay, all compounds did not show
significant cytotoxicity toward L929 cells at their effective
concentrations. The IC50 values of compounds 2–6 for
L929 cells were found to be between 1.43 and 8.9 µM,
while the IC50 values of compounds 7 and 8 for L929
cell line were higher than 25 µM, pointing out the safety
of compounds 2–8 as AR inhibitors. However, the IC50

value of compound 1 for L929 cells (IC50 = 0.55 ± 0.07 µM)
was slightly close to its IC50 value for AR inhibition
(IC50 = 0.375 ± 0.007 µM). The effects of compound 1 on
percentages of L929 cell viability at different concentra-
tions (0.39, 0.78, and 6.26 µM)were found as 68.85 ± 2.47,
38.61 ± 14.71, and 31.60 ± 3.15, respectively (p < 0.05).
These results showed that compound 1 caused dose-
dependent cytotoxicity on L929 cell line at tested concen-
trations. On the other hand, the effects of compound 3

Figure 3: Interactions of the ligands with the key amino acids within the binding site of AR (PDB ID: 4JIR, 2.00 Å). (a) 2D ligand interaction
diagram of 4JIR with native ligand EPR (epalrestat). (b) 2D ligand interaction diagram of 4JIR with compound 3.
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on percentages of L929 cell viability at different concen-
trations (0.78, 6.26, and 12.5 µM) were determined as
92.22 ± 5.43, 91.99 ± 13.69, and 22.72 ± 2.39, respectively
(p < 0.05). The cytotoxicity of compound 3 was low at
0.78 and 6.26 µM. This outcome indicated that compound
3 displayed low cytotoxicity toward L929 cell line at its
IC50 value for AR inhibition (IC50 = 0.382 ± 0.010 µM).

3.3 Molecular docking studies

In an effort to gain insight into the binding mode of the
TZD scaffold in the enzyme binding site, compound 3
carrying 2-hydroxy-3-methylbenzylidene moiety at the
fifth position of 2,4-TZD scaffold was docked into the
binding site of AR (PDB ID: 4JIR) as a representative of
compounds 1–8 (Figure 3). The best poses for ligand
according to score and binding interactions were refined
by the MM-GBSA-based approach to assess the electro-
static contribution of the variable dielectric surface gene-
ralized born (VSGB) solvation model. For validation of
molecular docking simulations, the cocrystalized ligand
EPR was extracted and redocked into the binding site.
Their root mean square deviation (RMSD) score was com-
puted to evaluate the quality of the cocrystallized ligand.
The results were compared with EPR derived from the
corresponding 4JIR, and the docking poses were super-
imposed. The RMSD score was found as 1.20 Å. The docking
pattern of EPR was compared with that of compound 3.

According to Zhang et al. [49], the native ligand EPR
(with anMM-GBSA value of –33.42 kcal/mol and a docking
score of –7.19) formed three H-bonds with Tyr48, His110,
and Trp111 (with distances 1.56, 1.83, and 2.25 Å, respec-
tively), in the catalytic domain of 4JIR. Moreover, the
most prominent amino acid residues accommodating
hydrophobic fragments were Tyr48 and Trp111 as well
as Trp20, Val47, Trp79, Phe122, Trp219, and Cys298. Com-
pound 3 (with an MM-GBSA value of –33.69 kcal/mol and
a docking score of –7.19) exhibited two interactions with
the target enzyme. Asn160 and Cys298 showed H-acceptor
interactions with the hydroxyl and carbonyl groups (with
distances 2.10 and 2.41 Å, respectively) of the ligand. The
weak π–π stacking between Trp20, His110, and Tyr209
residues and the benzylidene moiety was observed in
the 2D ligand interaction diagram (Figure 3). The results
provided insights into the interactions between compounds
1–8 and AR and rationalized the experimental data.

3.4 In silico pharmacokinetic studies

The discovery of AR inhibitors with favorable ADME profiles
represents a crucial turning point in the challenging route
to develop a new generation of safer AR inhibitors [5]. On
this basis, the pharmacokinetic features of compounds 1–8
were assessed by means of QikProp (Table 3). According
to in silico prediction, their SASA, QPlogPo/w, CIQPlogS,
and QPlogKhsa values were within the recommended

Table 3: Predicted ADME profiles of compounds 1–8

Compound SASAa QPlogPo/wa CIQPlogSa QPlogKhsaa Human oral absorption%b Rule of fivec Rule of threec

1 428.912 1.786 −3.528 −0.236 86.866 0 0
2 421.221 1.746 −3.528 −0.240 86.630 0 0
3 423.671 1.156 −3.130 −0.293 77.063 0 0
4 465.209 0.375 −3.705 −0.406 56.281 0 0
5 417.076 2.184 −3.892 −0.145 89.199 0 0
6 436.250 2.144 −3.813 −0.044 88.965 0 0
7 456.458 1.058 −3.691 −0.304 70.607 0 0
8 448.637 1.694 −3.791 −0.188 81.474 0 0

aRecommended values for the total solvent accessible surface area (SASA): 300–1,000 Å2; the predicted octanol/water partition coefficient
(QPlogPo/w): −2 to 6.5; the conformation-independent predicted aqueous solubility (CIQPlogS): −6.5 to 0.5; the predicted binding to
human serum albumin (QPlogKhsa): −1.5 to 1.5.bPredicted human oral absorption on 0 to 100% scale. Human oral absorption higher than
80% is considered to be high, while human oral absorption lower than 25% is considered to be poor.cRule of Five: Number of violations of
Lipinski’s rule of five. The rules are molecular weight of the molecule < 500, QPlogPo/w < 5, hydrogen-bond donor atoms ≤5, hydrogen-bond
acceptor atoms ≤ 10. Compounds that provide these rules are considered as drug-like molecules. Rule of Three: Number of violations of
Jorgensen’s rule of three. The three rules are QPlogS (predicted aqueous solubility) > −5.7, QPPCaco > 22 nm/s, # primary metabolites < 7.
Compounds with fewer (and preferably no) violations of these rules are more likely to be orally available agents (Schrödinger Release 2016-
2: Schrödinger, LLC, New York, NY, USA).
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range. Their human oral absorption percentages were
found to range from 56.281 to 89.199%. All compounds
comply with Lipinski’s rule of five and Jorgensen’s rule
of three, and therefore they are expected to have favor-
able oral bioavailability and drug-like features.

4 Conclusions

In conclusion, a facile and versatile synthetic procedure
was performed to obtain new 5-(arylidene)thiazolidine-
2,4-diones, which were evaluated for their AR inhibitory
effects and cytotoxic effects on L929 cells. According to
in vitro assay, compounds 1–8 showed inhibitory effects
on AR with Ki values ranging from 0.445 to 0.943 µM.
Taking into account the Ki values, compound 3was found
as the most promising AR inhibitor with a Ki value of
0.445 ± 0.013 µM and its inhibition type was determined
as uncompetitive. The MTT assay indicated that com-
pound 3 did not exert cytotoxicity toward L929 cells at
its effective concentration. Based on molecular docking
studies, compound 3 interacted with crucial amino acid
residues in the binding site of AR (PDB ID: 4JIR). Taking
into account in silico ADME studies, this compound is
expected to have a favorable pharmacokinetic profile.
In vitro and in silico studies pointed out the potential of
compound 3 as an orally bioavailable AR inhibitor for the
management of T2D complications as well as nondiabetic
diseases.
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