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ABSTRACT: The design and development of new small-molecule glycation inhibitors are
essential for preventing various chronic diseases, including diabetes mellitus, immunoin-
flammation, cardiovascular, and neurodegenerative diseases. 4-Thiazolidinone or
thiazolidine-4-one is a well-known heterocyclic compound with the potential to inhibit
the formation of advanced glycation end products. In the present work, we report the
synthesis and characterization of four new S-arylidene 3-cyclopropyl-2-(phenylimino)-
thiazolidin-4-one (1—4) compounds and their human serum albumin glycation inhibitory
activity. One of the compounds S-(2H-1,3-benzodioxol-5-ylmethylidene)-3-cyclopropyl-2-
(phenylimino)-1,3-thiazolidin-4-one (3) showed potent inhibition in the synthesis of
initial, intermediary, and final products of glycation reactions. Besides, conformational
changes in the a-helix and f-sheet (due to hyperglycemia) were also found to be reversed
upon the addition of (3). Experimental findings were complemented by computational
[molecular docking, ADME/Tox, and density functional theory (DFT)] studies. The

5-(Benzo[d][1,3]dioxol-5-ylmethylene)-3-
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docking scores of the compounds were in order 1 > 3 > 2 > 4, indicating the importance of the polar group at the S-arylidene
moiety. The results of ADME/Tox and DFT calculations revealed the safe nature of the compounds with high drug-likeness and
stability. Overall, we speculate that the results of this study could provide valuable insights into the biological activity of 4-

thiazolidinones.

1. INTRODUCTION

Maillard, or the glycation reaction, is a spontaneous non-
enzymatic reaction between nonreducing sugars and amine-
containing compounds.’ This reaction is a part of normal
human physiology in which an amino acid/protein reacts with
sugar; however, it becomes detrimental when it occurs inside a
human body over an extended time period.” Especially under
abnormal physiological conditions (e.g, diabetes mellitus,
pancreatic cancer, and chronic diseases), the glycation reaction
is significantly altered and uncontrolled. Such accelerated
glycation reactions lead to the formation of various initial
(ketoamines), intermediary (carbonyl and dicarbonyl com-
pounds), and final end products, which are known as advanced
glycation end products (AGEs)." These irreversibly formed
glycated products directly affect the pancreatic cells, leading to
their malfunction and death.® Furthermore, the interaction of
AGEs with the receptor for AGEs (RAGE) activates signal
transduction, leads to oxidative stress in cells and their
dysfunction, and may cause organ damage.” AGEs can be
formed via the glycation reaction of long-lived proteins, which
are available as substrates for a longer duration. However, these
processes may expedite under oxidative stress, affecting other
biomolecules (proteins, hormones, and enzymes).” All these
events may contribute to the development of diabetic
complications and strong relations in the pathogenesis of
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other diseases such as Alzheimer’s disease, Parkinson’s disease,
cardiovascular disorders, kidney dysfunction, hepatic fibrosis,
and cancers.”

Extensive research has been conducted to identify inhibitors
that can halt or inhibit glycation or their end products.”® A
huge effort has been made to discover natural product-based
antiglycation agents.” Although several extracts have shown
appreciable inhibitory activity, their purity, tedious separation,
and challenging structural characterization remain daunting.
Moreover, as evident from many reports, researchers failed to
identify the exact component responsible for glycation
inhibition. To overcome these challenges, synthetic com-
pounds such as Schiff bases,® oxindole,” benzimidazole,'’
thiazole,"' oxadiazole derivatives,'"> and others'® have been
reported with antiglycative inhibitors. Among a large pool of
heterocyclic compounds, N-, O-, and S-containing thiazolidi-
none frameworks are quite popular in diabetic research. In fact,
glitazones and epalrestat, used for treating diabetes-related
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Scheme 1. Synthesis of 4-Thiazolidinone Derivatives
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complications, are based on a thiazolidine-2,4-dione core.
These drugs are known to impart activity by insulin
sensitization via peroxisome-proliferated activated receptor
activation, reducing oxidative stress and conserving islet f-cell
function. Despite their high popularity, the use of thiazolidine-
2,4-dione is severely limited due to poor selectivity,
hepatotoxicity, and carcinogenicity.'* Among others, one
possible way to overcome these limitations is to use a similar
core. Thiazolidin-4-one fits well into this criterion.”’® Despite
the fact that thiazolidin-4-one-based compounds have been
reported to inhibit the formation of AGEs,'® limited research
has been carried out. Intrigued by this, herein, we present the
synthesis and characterization of four new 4-thiazolidinone
derivatives (1—4) and the study of their human serum albumin
(HSA) glycation inhibitory activity. In silico molecular
docking, absorption, distribution, metabolism, excretion, and
toxicity (ADMET), and density functional theory (DFT)
studies were carried out to compare HSA binding affinity,
identify sites, and assess the toxicity of the compounds.

2. MATERIALS AND METHODS

2.1. General Procedures. All reagents and solvents were
obtained from Sigma-Aldrich and used as received. Thin-layer
chromatography was performed on silica gel-coated aluminum
sheets (Merck, Germany). Infrared (IR) spectra were recorded
using the KBr pellet technique on a PerkinElmer (1600 FT-IR
RX1) spectrophotometer. 'H- and ')C-nuclear magnetic
resonance (NMR) spectra were collected on a Bruker
Spectrospin DPX 300 MHz spectrometer. The chemical shift
values were recorded on d scale (expressed in ppm) and the
coupling constants (J) in Hertz. Tetramethylsilane was used as
an internal standard. The following abbreviations were used in
reporting spectra: s = singlet, d = doublet, dd = double
doublet, and m multiplet. The mass spectra of the
compounds were recorded on a microTOF-Q II 10330.

2.2. General Protocol for the Synthesis of 4-
Thiazolidinone Derivatives (1—4). 4-Thiazolidinone de-
rivatives (1—4) used in this study were synthesized following
the protocol available in the literature and depicted in Scheme
1. Intermediate compounds [1-cyclopropyl-3-phenyl thiourea
and 4-thiazolidinone core, i.e., 3-cyclopropyl-2-(phenylimino)
thiazolidin-4-one] were obtained following the reported
method.'” Final compounds (1—4) were prepared as follows.
In a round-bottom flask, 3-cyclopropyl-2-(phenylimino)-
thiazolidin-4-one (1.0 mmol) was dissolved in absolute ethanol
(50 mL). After this, piperidine (1.15 mmol) was added to the
reaction mixture. Following this, 1.0 mmol of different
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aldehydes (Ar—CHO) was added to the mixture, and the
mixture was refluxed for 10—12 h. The progress of the reaction
was monitored by thin-layer chromatography in 5% ethyl
acetate and hexane. After the completion of the reaction, a
yellow precipitate was formed, which was filtered off. The
obtained crude product was recrystallized in chloroform and
methanol (1:1). The chemical composition of the compounds
was determined by multiple spectroscopic techniques (vide
infra).

2.2.1. 3-Cyclopropyl-5-[(2,5-dimethoxyphenyl)-
methylidene]-2-(phenylimino)-1,3-thiazolidin-4-one (1).
Yield: 72%; IR vy, (cm™): 3025.9 (Ar—H), 17152 (-C=
0), 1624.2 (C=N), 1548.1 (—C=C—); "H NMR (CDCl,):
5 (ppm): 8.05 (s, IH, H-C=C-), 7.39 (t, 2H, ] = 8.0 Hz,
Ar—H), 7.17 (t, 1H, ] = 7.0 Hz, Ar—H), 6.99 (d, 2H, ] = 7.5
Hz, Ar—H), 6.67—6.63 (m, 3H, Ar—H), 3.79 (s, 3H, OCH3),
3.69 (s, 3H, OCHj;), 2.92—2.87 (m, 1H, cyclopropyl, —CH-),
1.09-0.98 (m, 4H, cyclopropyl, —CH,—); *C NMR
(CDCly): 6 (ppm): 167.1 (—C=0), 148.6 (—-C=C-),
153.5, 152.8, 151.6, 134.9, 129.3, 125.92, 124.8, 123.9, 121.9,
121.1, 115.7, 1147, 111.9 (aromatic), 56.1 (OCHj), $6.1
(OCH;), 34.8 (CH-cyclopropyl), 25.9 (CH,—, cyclopropyl).
Calculated mass: 380.46; observed mass (m/z): 381.0 [M +
HJ*, 382.0.0 [M + 2H]* and 383.0 [M + 3H]".

2.2.2. 2-Cyclopropyl-5[4-(dimethylamino)phenyl]-
methylidene-2-(phenylimino)-1,3-thiazolidin-4-one (2).
Yield: 80%; IR v, (cm™): 3065.8 (Ar—H), 1706.0 (—C=
0), 1583.45 (C=N), 1508.0 (—C=C-); '"H NMR (CDCl,):
8 (ppm): 7.64 (s, IH, H-C=C—), 7.40 (t, 2H, J = 7.5 Hz,
Ar—H), 7.33 (d, 2H, ] = 5.4 Hz, Ar—H), 7.20 (t, 1H, ] = 7.2
Hz, Ar—H), 7.03 (d, 2H, J = 4.5 Hz, Ar—H), 6.65 (d, 2H, ] =
5.4 Hz, Ar—H), 2.99 (s, 6H, N,N dimethyl), 2.92—2.85 (m,
1H, —CH-), 1.09—0.81 (m, 4H, cyclopropyl protons); *C
NMR (CDCL): 5 (ppm): 167.8 (—C=0), 149.1, (C=C-),
152.4, 135.3, 132.1, 129.6, 128.9, 124.6, 121.4, 114.8, 112.0
(aromatics), 40.1 (—N(CH,),), 34.8 (—CH-cyclopropyl), 25.7
(cyclopropyl). Calculated mass = 363.48 observed mass (m/
z): 364.0 [M + H]*, 365.0 [M + 2H]" and 366.0 [M + 3H]".

2.2.3. 5-(2H-1,3-Benzodioxol-5-ylmethylidene)-3-cyclo-
propyl-2-(phenylimino)-1,3-thiazolidin-4-one (3). Yield:
75%; IR v, (cm™): 3020.3 (Ar—H), 1714.6 (N—C=0),
1639.7 (C=N), 1592.3 (-C=C-); 'H NMR (CDCl,) §
(ppm): 7.59 (s, 1H, H—-C=C), 7.40 (t, 2H, J = 7.5 Hz, Ar—
H), 7.20 (t, 1H, ] = 7.5 Hz, Ar—H), 7.00—6.88 (m, 4H, Ar—
H), 681 (d, 1H, J = 8.5 Hz, Ar—H), 597 (s, 2H, CH,-
piperonal ring), 2.92—2.79 (m, 1H,—CH-), 1.17-1.06 (m,
4H, cyclopropyl ring proton); 167.3 (—C=0), 148.7(-C=

https://doi.org/10.1021/acsomega.3c08463
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C-), 151.3, 135.0, 130.6, 129.9128.5, 126.0, 124.8, 1214,
116.1, 108.9, 101.8 (aromatics) 34.9, (cyclopropyl, —CH—),
25.9 (cyclopropyl—-CH,—); Calculated mass 364.41; observed
mass (m/z): 364.42; observed mass 364.0 [M]* and 365.0 [M
+ HJ".

2.2.4. 5-(Anthracen-9-ylmethylidene)-3-cyclopropyl-2-
(phenylimino)-1,3-thiazolidin-4-one (4). Yield: 73%; IR v,
(em™): 3013.1 (Ar—H), 1718.1 (C=0), 1621.5 (—C=N),
1587.9 (—C=C—); 'H NMR (CDCL,): 5 (ppm): 8.67 (s, 1H,
anthracene), 8.43 (s, 1H, H-C=C-), 8.00—7.95 (m, 4H,
anthracene), 7.51—7.46 (m, 4H, anthracene), 7.20 (t, 2H, J =
7.5 Hz, Ar—H), 7.00 (t, 1H, J = 7.5 Hz, Ar—H), 6.84 (d, 2H, |
= 7.5 Hz, Ar—H); *C NMR (CDCl,): § (ppm): 165.9 (—C=
0), 148.3 (—C=C, alkene), 151.2, 135.3, 1312, 130.4, 129.3,
129.1, 128.7, 127.9, 126.6, 125.7, 124.7, 123.6, 120.9
(aromatics), 53.5 (—CH-N), 26.2 (—CH,-cyclopropyl car-
bon); calculated mass: 420.525; observed mass (m/z): 421.0
[M + HJ*, 422.0 [M + 2H]*, and 423.0 [M + 3H]".

2.3. Glycation of HSA Proteins. Normal HSA (N-HSA)
was converted to glycated HSA (G-HSA) by treating 15.15 uM
HSA in 20 mM phosphate-buffered saline (PBS, pH 7.4) with
0.05 M p-glucose (passed through a 0.2 um filter). The
resulting mixture was incubated at 37 °C for the next 10 weeks
under strict sterile conditions. Compounds 1—4 (0.78—400
ug/mL) were added to this reaction mixture. HSA without
glucose served as the control. After incubation, samples were
extensively dialyzed against PBS and stored at —20 °C before
use. The HSA concentration was measured using Nanodrop.

2.4. Ultraviolet Absorption Spectroscopy. The ultra-
violet absorption spectra of native and modified HSA samples
were analyzed in the wavelength range 260—360 nm on a
spectrophotometer (UV-1700, Shimadzu, Kyoto, Japan) using
a cuvette of 1 cm path length. G-HSA was added with different
compounds (1—4) at varying concentrations (0.078—400 ug/
mL). Each sample was run in triplicate, and the mean + SD
values were given in the data.

2.5. Fluorescence Spectroscopy. 2.5.1. Tryptophan-
Specific Fluorescence. Protein samples were analyzed by
measuring tryptophan-specific fluorescence on a spectrofluor-
ometer (RF-5301, Shimadzu, Tokyo, Japan). To study the
cumulative effect of tryptophan, the samples were excited at
285 nm, and the emissions were measured over 290—430
nm.'* Compounds (1—4) at a 200 ug/mL concentration were
added to the glycation reactions, incubated for a similar period,
and analyzed with N-HSA and G-HSA samples. The
concentration of protein samples was taken as 100 uM.

2.5.2. Pentosidine-Specific Fluorescence. The fluorometric
analysis of the AGE pentosidine was performed at an excitation
wavelength of 375 nm. The pentosidine-specific peak was
observed in the 300—400 nm range. Excitation and emission
slit widths were 10 nm. All protein solutions were of the same
concentration (60 yM). Different compounds (1—4) at a
concentration of 200 pg/mL were mixed with the glycation
reaction to detect their inhibitory effect on the formation of
the AGE pentosidine.

2.6. Circular Dichroism Study. Circular dichroism (CD)
of native and modified HSA and G-HSA with compounds (1—
3) was measured in a JASCO ]-810 spectropolarimeter
attached to a thermally controlled sample cell holder. Samples
were analyzed with a scan speed of 20 nm/min and a response
time of 1 s. Each spectrum was the average of 2 scans.
Measurements in the 200—350 nm range were taken using a
protein concentration of 2.2 M with a 1 mm path length cell.
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For each sample, the buffer was used as a blank. The results
were expressed as mean residual electricity (MRE) and
expressed in deg-cm?dmol™’, which is defined as

RE=6),./(10 X n X I X Cp)

where 6, is the CD in millidegrees, n is the number of amino
acid residues, [ is the path length of the cell, and Cp is the mole
fraction. The relative percentages of the secondary structure
elements present were estimated using the Yang equation.'*?

2.7. Ketoamine Estimation by Nitroblue Tetrazolium.
Samples were quantified by a published colorimetric procedure
using nitroblue tetrazolium (NBT) with a slight modifica-
tion."” Bovine serum albumin (BSA) (10 mg/mL) was
incubated with 0.5 M glucose for 2 weeks at 37 °C in 20
mM PBS. The treatment resulted in extensive glycation of
proteins with the subsequent formation of ketoamines.”” In a
96-well microtiter plate, S0 uL of samples was added, and after
that, 100 uL of NBT reagent (250 M in 0.1 M carbonate
buffer, pH 10.35) was added to each well and kept for 2 h at 37
°C. A microplate reader recorded the color developed at 550
nm. A standard curve of glycated BSA was used to calculate the
amount of ketoamine in each sample.

2.8. Determination of Protein-Bound Carbonyl
Groups. Levine et al.”' published a well-established procedure
for estimating protein-bound carbonyl groups. Briefly, a
protein sample (200 uL; 0.1 mg of protein) was mixed with
an amount of 400 uL from 7 mM dinitrophenyl hydrazine
(DNPH) solution prepared in 2 M HCL. Samples of proteins
without DNPH served as the control. The reaction mixture
was incubated for 1 h at room temperature, and then, 500 yL
of trichloroacetic acid (4% w/v) was added, causing
precipitation. The precipitate was centrifuged for 5 min at
14,000g. The supernatant was removed, and ethanol/ethyl
acetate (1:1, v/v) was added to the pellet and centrifuged.
After 3—4 washes, unwanted DNPH was removed. Then, 0.6
mL of a 6 M guanidinium hydrochloride solution (20 mM
phosphate buffer; pH 2.3) was added to the pellet. Freezing
overnight at —20 °C followed by thawing dissolved hydrazones
completely. The samples (200 uL) were recorded in a
microplate reader at 379 nm. The results were evaluated as
moles of carbonyl per mole of HSA using an €379 ,,, = 22,000
M em™.

2.9. Computational Details. Molecular docking was
performed using the Schrdodinger software with the Glide
module with default settings.”> The pharmacokinetic profile
(ADMET) of the compounds was determined using the
Qikprop module of Schrddinger.”” The SMILE format of the
ligands was generated using Marvin 21.18.0, 2021, ChemAxon
(http://www.chemaxon.com). The crystal structure of the
HSA protein (PDB: 1A06) was downloaded from the protein
data bank (http://www.rcsb.org) and prepared using the Glide
module of the Schrédinger suite. Preparation includes the
removal of water molecules/heteroatoms and the assignment
of protonation states. Tautomeric forms of amino acid residues
were considered to ensure their physiological relevance. The
energy minimization was carried out using Schrddinger’s
Protein Preparation Wizard, addressing steric clashes and
optimizing geometry. For ligands, the LigPrep wizard was
utilized for structure minimization and optimization. A docking
grid was generated to cover the pertinent binding site on the
protein. The results were analyzed, taking into account the
binding energy, interaction patterns, and ligand pose. The
identification of top-scoring complexes was a crucial aspect of

https://doi.org/10.1021/acsomega.3c08463
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Figure 1. Compounds 1 (A), 2 (B), 3 (C), and 4 (D) were used as inhibitors in the glycation reactions with varying concentrations (0.78—400 ug/

mL). Each value is the mean + SD of three independent assays.

the analysis.”* DFT calculations were performed using the
B3LYP/6-31G* basis set in the gas phase by Spartan20
software (Wave function Inc.). All calculations (docking, result
visualization, quantum chemical calculations, and ADMET
predictions) followed our previously published protocol.”

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. The targeted series
of four new S-arylidene 3-cyclopropyl-2-(phenylimino)-
thiazolidin-4-one (1—4) compounds were synthesized follow-
ing the reported protocols. All the synthesized compounds
obtained were light to dark yellow solids and stable at room
temperature. These compounds were characterized by IR
spectroscopy, 'H/"*C NMR spectroscopy, and high-resolution
mass spectrometry (Figures S1—S12, supplementary file).

3.2. HSA Antiglycation Studies. HSA is one of the most
important carrier proteins in human blood and is known for its
high ligand (drugs) binding capacity.”® Under hyperglycemic
conditions, this protein undergoes structural and conforma-
tional changes, leading to abnormalities/diseases. It has been
suggested from previous studies that glycation causes protein
aggregation, and protein albumin, upon glycation, forms
dimers and multimers.””** These dimers and multimers may
be formed due to intramolecular cross-links such as dialkyl-
dihydro pyrazine lysine—lysine cross-links.”” Thus, G-HSA
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showed a decrease in UV—vis intensity compared to that of the
native HSA (N-HSA). In this study, we monitored the level of
HSA glycation in the presence and absence of compounds
(compounds 1—4) using UV—vis spectroscopy (Figure 1).
Since the glycation of a biomolecule depends on the sugar
concentration, HSA was incubated with varying levels of
compounds. Concentrations of 0.78—400 ug/mL were used
for each compound in the glycation reactions. The native
protein (N-HSA, 0.242 + 0.0078) and glycated protein (G-
HSA, 0.132 + 0.0051) showed significant differences (p <
0.01) in the absorbance intensities at 280 nm. There is a
significant (p < 0.01) change in UV intensity in the glycation
reaction with compounds 3 (0.179 =+ 0.0063) at a
concentration of 400 ug/mL compared to that of the G-
HSA sample without compounds (Figure 1C). This inhibition
was decreased with a decrease in inhibitor 3 concentrations.
However, there is no significant difference in inhibition of the
glycation reactions between the 200 yg/mL (0.177 + 0.0058)
and 400 pug/mL concentrations. Compound 1 showed a
maximum change in UV intensity (0.161 + 0.0057) at a
concentration of 400 pg/mL followed by a slight decrease in
UV intensity (0.158 + 0.0048) at 200 pug/mL (Figure 1A).
Conversely, for compound 2, the maximum UV intensity
(0.155 + 0.0063) was observed at a 200 yg/mL concentration.
The concentrations 100 yug/mL (0.151 + 0.0050) and 400 g/
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mL (0.153 + 0.0047) of 2 compounds did not show significant
differences in the UV intensity compared to the UV intensity
at 200 pg/mL (Figure 1B). Compound 4, when introduced
into the glycation reactions, showed no respectable change in
the UV intensity, even at higher concentrations (Figure 1D).

Figure 2 shows the inhibition in the glycation reactions by all
four different compounds at a concentration of 200 ug/mL.

0.3
N-HSA
—&— G-HSA
1+ G-HSA
0.25 4 .

—*—2+ G-HSA
—&—3 + G-HSA
—o—4+ G-HSA

Absorbance

280 300 320

Wave length (nm)

Figure 2. Inhibition of UV intensities of the glycation reactions using
compounds (1—4) at a concentration of 200 yg/mL. Each value is the
mean + SD of three independent assays. Significance was defined by p
< 0.05, p < 0.01, and p = ns. The “ns” represents nonsignificant.

Compound 3 showed maximum inhibition (42.73%; p < 0.01)
at a 400 pg/mL concentration in the glycation reaction.
Compounds 1 and 2 showed 28.2% (p < 0.05) at 400 ug/mL
and 20.9% (p = ns) at 200 pg/mL inhibitions in the glycation
of HSA molecules, respectively. However, compound 4
showed no respectable inhibition and was not involved in
further experimental analysis. Moreover, very slight differences
were observed in glycation inhibition for 1 and 3 at 200 and
400 pg/mL. After comparing these results, the 200 ug/mL
concentration was selected for compounds 1, 2, and 3 for
further analysis.

Under hyperglycemic conditions, blood proteins undergo
numerous alterations. Several studies were conducted to prove
that proteins, such as albumin, collagen, histone, insulin, etc.,
undergo structural alterations due to glycation.”**” One of the
unique characteristics of the HSA molecule is that it has a
single tryptophan residue. Analysis of tryptophan-specific
fluorescence of HSA molecules can provide structural
alteration at the microenvironment levels. Increased trypto-
phan fluorescence in G-HSA was significantly inhibited by 3. A
significant (p < 0.05) percent inhibition (39%) of tryptophan-
specific fluorescence was observed with compound 3 coupled
with a blue shift in the fluorescence intensity in the glycation
reaction when 3 was introduced to the reaction (Figure 3).
The 1 and 2 compounds also showed 22 and 16% inhibition in
glycation reactions, respectively (Figure 3). However, no blue
shifts were seen in the tryptophan fluorescence intensities with
the 1 and 2 compounds.

One of the most studied AGEs is pentosidine, which can be
analyzed at a specific fluorescence intensity (excitation
wavelength of 375 nm). There was a significant increase in
the pentosidine-specific fluorescence in 10 weeks of incubated
G-HSA samples compared to that of the N-HSA. However, the
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Figure 3. Tryptophan-specific fluorescence of the glycation reactions
using compounds (1—3) at a 200 yg/mL concentration. Each value is
the mean + SD of three independent assays. Significance was defined
by p < 0.0S.

addition of compounds 3 and 1 decreased the fluorescence
intensities significantly (43.6 and 24.7%, respectively) (Figure
4). There was also a slight change (nonsignificant) in the

2+ G-HSA

350

p<0.05

1+ G-HSA

p<0.01

|

3+ G-HSA

300 A
250 A
200 A
150 A

o L= |

100
50 1
N-HSA G-HSA

Pentosidine Fluorescence (AU)

Figure 4. Pentosidine-specific fluorescence in N-HSA and G-HSA.
The G-HSA reactions were incubated in the presence of compounds
(1—3). The concentration of compounds was set at 200 yg/mL. Each
value is the mean + SD of three independent assays. Significance was
defined by p < 0.05 and p < 0.01.

fluorescence intensity due to compound 2. Furthermore,
increased amounts of AGE pentosidine were estimated in G-
HSA samples, which decreased significantly when compounds
1 and 3 were introduced.

Ketoamine is one of the initial products in the glycation
reaction. The level of ketoamines may be related to the extent
of protein glycation. Several studies have established the
formation of ketoamines, an initial reversible product of the
glycation reaction.”>*° This is also supported by the ketoamine
analysis of this study. When compound 3 was added to the
glycation reaction, the level of ketoamine decreased signifi-
cantly. Significantly (p < 0.001), a high amount of ketoamines
was generated in the glycation reaction of HSA (6.9 + 0.40)
compared to that of N-HSA (0.19 + 0.11) when incubated for
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10 weeks. Compound 3 exerts significant inhibition (p < 0.05)
in the formation of ketoamine (Figure 5). However,
compounds 1 and 2 did not show a respectable inhibition.

8
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3 4
2 4
1
0 L ==

N-HSA G-HSA 1+ G-HSA 2+ G-HSA 3+ G-HSA

Ketoamines (moles/mol HSA)

Concentration (ug/ml)

Figure S. Inhibition of ketoamine formation using compounds (1-3).
The concentration of 200 ug/mL of compounds was used to
coincubate in the glycation reactions. Each value is the mean + SD of
three independent assays. Significance was defined by p < 0.0S.

Carbonyl compounds are highly toxic to biomolecules in
human blood and are generated in large amounts during the
glycation reaction. Dicarbonyl compounds are precursors for
developing AGEs and participate in insulin resistance. Some of
the highly reactive dicarbonyls are methylglyoxal and 3-
deoxyglucosone.” In this study, significant carbonyl com-
pounds were estimated in G-HSA, which were inhibited
strongly by 1 and 3 compounds. The G-HSA sample showed a
high amount of carbonyl compounds (8.3 + 0.31; p < 0.001)
compared to that of N-HSA (Figure 6). Compounds 1 and 3

10
< 9 A
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=] 4
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£ 51 p<0.01
2
g4
73
=3
£ 2
<
Q 1

0 d

N-HSA G-HSA 1+ G-HSA 2+ G-HSA 3+ G-HSA

Concentration (ug/ml)

Figure 6. Inhibition in the generation of carbonyl compounds in the
presence of the compounds (1—3). A concentration of 200 yg/mL of
compounds was used to coincubate in the glycation reactions. Each
value is the mean + SD of three independent assays. Significance was
defined by p < 0.05 and p < 0.01.

exhibited significant percent inhibition (33.73 and 50.6%,
respectively) in the formation of carbonyl compounds, whereas
compound 2 did not show any significant change in the levels
of carbonyl compounds.

CD analysis was performed to identify the changes in the
secondary structure of the HSA molecules when it was
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modified with glucose. In this study, G-HSA was evaluated for
detecting changes in the secondary structure (a-helix, f-sheet,
P-turn, and random coil). CD analysis of G-HSA showed
remarkable changes in a-helix and f-sheet (Figure 7).
Structural modifications may cause protein toxicity and
dysfunction. However, these changes were reversed to some
extent after the addition of compound 3. There were
significant changes observed in the a-helix (p < 0.05) and f-
sheet (p < 0.01) structures of the HSA molecules upon
glycation. There was a negative change in the a-helix
(—12.15%), whereas a positive change was detected in the f-
sheet (+19.47%) structure after glycation. Nonsignificant,
minimal effects were also observed in both turn and random
coil structures in G-HSA compared to those in N-HSA (Table
1). Furthermore, compounds were coincubated in the
glycation reactions to inhibit these secondary structure
changes. However, a significant reverse effect was detected in
both the a-helix (—6.78%) and fS-sheet (+11.10%) structures
with inhibitor 3. Compounds 1 and 2 showed minimal
alterations in the a-helix and f-sheet structures of G-HSA
samples, which were nonsignificant.

3.3. Computational Studies. 3.3.7. Molecular Docking.
Computational molecular docking has emerged as an efficient
approach for predicting molecular targets and supporting
experimental findings. Compounds 1—4 were docked with
HSA (PDB: 1A06), and the results are summarized in Table
ST1 (Supporting Information) and Figure 8. HSA is a carrier
protein that contains 585 amino acids with three (I—III)
subdomains. Subdomain I (A and B) is composed of residues
1—195, while II (A and B) spans from 196 to 383 and III (A
and B) spans from 384 to 585.”%*” It has been reported that
the ligand (drug/compound) is mainly transported via binding
through Sudlow sites II and III. Sudlow site I is located in
subdomain ITA and Sudlow site II is located in subdomain
ITIA.** Molecular docking results also confirm this observation
as compounds 1—4 interacted with different amino acids of the
Sudlow sites II and IIL. The docking scores of the compounds
were found to be in order 1 (—3.91 kcal/mol) > 3 (—3.69
kcal/mol) > 2 (—3.22 kcal/mol) > 4 (1.91 kcal/mol), which
supported the experimental data (compounds 1 and 3 showed
better in vitro results than those of 2). Besides, compounds
interacted with Asn295, Lys436, and Lys444 receptor residues
via hydrogen bonding. The involvement of such domains and
residues in binding with exogenous compounds using
experimental and computational methods is already estab-
lished.””** It should be noted that compounds 1 and 4 have
oxygen atoms that assist in H-bonding. Owing to the lack of
any polar group at the 5-arylidene group, compound 4 did not
form any hydrogen bond but interacted through relatively
weak z-cation (Lys444, Lys395), salt bridge (Asp451), and
#—n (Tyr4S2) interactions.

3.3.2. Drug-Likeness, Bioavailability, and Toxicity Pre-
diction (ADME Prediction). Pharmacokinetic profiles, includ-
ing drug-likeness, bioavailability, and toxicology of the
compounds, were computed further using Qikprop and
pkesm tools to check the suitability of the studied molecules
as drug candidates. Such tools are standard in drug discovery
research due to their high efficiency and fast output. While
various parameters can be calculated using these tools,”* we
predicted properties such as octanol/water partition coefficient
(QPlogPo/w), aqueous solubility (QPlogS), HSA binding
(QPlog Khsa), apparent Caco cell permeability (QPPCaco),
number of N and O (# N&O), blood—brain partition
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Figure 7. CD analysis of the N-HSA and G-HSA samples. A reduction in glycation was observed with compounds 1 (G-HSA + 1), 2 (G-HSA + 2),
and 3 (G-HSA + 3). The compound concentration of 200 yg/mL was added with 2.2 4uM of HSA in all the samples. N-HSA and G-HSA samples
were served as negative and positive controls. Each spectrum is the average of three independent assays.

Table 1. CD Analysis for N-HSA, G-HSA, and G-HSA Incubated with Compounds (1—3)“

conformation N-HSA G-HSA
a-helix 42.8 + 0.23 37.6 + 0.25%
(—12.15%)
[-sheet 262 + 021 31.3 + 0.27%%
(+19.47%)
p-turn 19.7 + 0.26 20.2 + 0.21
(+2.54%)
random coil 11.3 + 0.22 10.9 + 0.18
(~3.54%)

1 + G-HSA 2 + G-HSA 3 + G-HSA
382 + 031 37.9 + 0.28 39.9 + 0.28“
(~10.75%) (—11.45%) (—6.78%)
30.7 + 0.30 31.0 + 0.26 29.1 + 0.23
(+17.17%) (+18.32%) (+11.10%)
20.2 + 0.18 20.2 + 0.18 20.0 + 0.18
(+2.54%) (+2.54%) (+1.52%)
109 £+ 0.16 109 + 0.16 11.0 £ 0.13
(~3.54%) (—3.54%) (2.65%)

“The values are in percentages. Each sample was read in triplicate. The data given are the mean + standard deviation. * p < 0.0, **p < 0.01 versus
control (N-HSA). Values in parentheses represent the percent change in the secondary structure from N-HSA. Percent decrease and increase are
denoted by “—” and “+” signs. The concentrations of 200 yug/mL compounds (1, 2, and 3) were used in the glycation reactions. A t-test was
adopted for the comparison between the groups. The sign “#” represents significance p < 0.05 when the values were compared with those of G-

HSA.

coefficient (QPlog BB), human oral absorption level (%HOA),
van der Waals surface area of polar atoms (PSA), and the
number of violations of Lipinski’s rule of five (RoS) were
calculated and compared. Owing to their small size, all the
compounds show excellent absorption, distribution, metabo-
lism, and excretion properties. The relatively high inhibitory
activity of 1—3 compared to that of 4 could be due to the
greater number of N and O atoms in the former, which assisted
the molecules interacting with the receptor via different
noncovalent interactions. It is also worth noting that all the
compounds, except 4, did not show any Ro$ violations. Also,
compound 4 has a relatively higher MW and volume than
those of compounds 1—3. Other parameters were also within
the reference range. For instance, QPlog Khsa (recommended
value: —1.5 to +1.5), QPPCaco (recommended value: >500),
QPlog BB (recommended value: —3.0 to 1.2), etc., were within
the reference range. These findings align with the earlier study,
which suggests that descriptors such as lipophilicity, number of
HBA/HBD, size, and rigidity are some of the important
parameters that govern the antiglycation property of a
heterocyclic core.”> The toxicity assessment using the web-
based platform pkCSM™ revealed that compounds have no
skin sensitivity but may cause hepatotoxicity and AMES
toxicity and inhibit hERG II. The predicted maximum
tolerated dose for human use was in the range of 0.469—
0.542 log mg/kg/day, while oral rat acute toxicity (LDs,) was
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in the range of 2.19—2.24 mol/kg. One should read carefully as
further biological studies are required to confirm these
observations.

3.3.3. DFT Analysis. DFT calculation lies at the crossroads
of interdisciplinary research as it provides information on
several underlying properties, such as energy and localization
of frontier orbitals, possible electronic transitions, stability, and
reactivity of a compound. We carried out DFT calculations
using a B3LYP/6-31G* instrument in the gas phase
(SPARTAN 20). The distribution of the frontier orbitals is
given in Figure 9, while the energy of the frontier molecular
orbitals and other parameters are given in Table ST2
(Supporting Information). It has been reported that a 4-
thiazolidinone derivative having S-chlorobenzene at position $
has HOMO at —6.16 eV, while LUMO lies at —2.38 eV."" It
has also been reported that HOMO is localized mainly over
the 4-thiazolidinone ring and the exocyclic benzene ring,
Therefore, one may expect that a change in the functionality at
S-arylidene may also affect the localization and energy of the
frontier orbitals. In our case, the HOMO energy was found in
the range of —5.01 to —5.93 eV while LUMO in the range of
—1.55 to —1.87 eV, leading to a HOMO—LUMO gap (AE)
value between 3.14 and 4.21 eV. This value is similar to that of
the structurally close thiazolidinone derivatives reported
earlier.””
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Figure 8. Molecular docking outcomes for compounds (A) 1, (B) 2, (C) 3, and (D) 4. Only the residues involved in H-bond formation, 7—x
stacking, and salt bridge interactions are shown.

ESPM

Figure 9. DFT-calculated HOMO—LUMO orbitals and the ESP map of compounds 1 (A), 2 (B), 3 (C), and 4 (D).

Indices such as ionization energy, electron affinity, electro- interpret the stability and reactivity of a molecule.”® It has also
negativity (y), chemical potential (y), chemical hardness (1), been demonstrated that the interacting site of AGE
softness (o), and electrophilicity index (@) are often used to compounds can be predicted using chemical reactivity
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descriptors.”” For example, a higher HOMO energy level
means greater electron-donating ability, while a lower LUMO
level indicates the electron acceptability of a molecule. A
molecule with a lower AE value requires less energy for
electronic excitation (thus the creation of a charge carrier) and
possesses high chemical reactivity (soft molecules).*” This gap
has also been correlated with the biological activity of a
molecule.*’ We found that compound 4 (3.14 V) had the
lowest AE value, while compound 1 had the highest AE value
(4.21 eV). It is to be noted that compounds with a higher AE
value (such as 1 and 3) have relatively good in vitro activities.
Similarly, a positive I value indicates that the compound is
stable, while a positive A value means energy is released when
going from atom to anion (the greater the value of A, the more
stable the anion will be). We found that all compounds under
investigation are stable. We speculate that compound 4 is more
stable in anionic form than neutral form, while compound 2 is
more stable in neutral form. The chemical reactivity of the
compounds follows the order 1 > 3 > 4 > 2 (the greater the
electronegativity, the lower the chemical potential and the
higher the chemical reactivity).42 Negative p values indicate
that the compound is stable and cannot decompose
spontaneously. Similarly, the electrophilicity index (@) is
related to the stabilization in energy in a situation where the
system gains an additional electronic charge from the
surrounding and quantifies the global electrophilic power of
the molecule.”’

The electrostatic potential (ESP) map provides information
about the electrostatic charge distribution in a molecule and is
useful to map sites for electrophilic/nucleophilic attack and
noncovalent interaction-forming units. While the regions
colored in red are electron-rich (site for electrophilic attack),
those in blue are electron-deficient (site for nucleophilic
attack), and those in green are considered neutral. The ESP
map of compounds 1—4 is depicted in Figure 9. As expected, a
blue/green region over the cyclopropyl ring/aromatic, yellow-
orange over N-phenyl, red over the carbonyl of the TZD ring,
etc., can be seen. A shift in electron density over S-arylidene is
also apparent due to the change in functionalities.

4. CONCLUSIONS

Glycation reactions are inevitable in human physiology.
However, with abnormal changes in physiological conditions
as well as in chronic conditions, glycation reactions may be
accelerated. Accelerated glycation reactions may produce
ketoamines, carbonyl compounds, and AGEs with structural
alteration. High levels of dicarbonyl compounds and AGEs are
toxic and may cause disease pathogenesis. Different com-
pounds were used in this study to halt or inhibit the formation
of toxic glycation products. From a series of compounds,
compound 3 was found to be an excellent inhibitor of glycation
reactions and HSA modifications. Considering the high drug
likeness and inhibitory ability of compound 3, further in vivo
investigations are needed to elucidate the complete mecha-
nism.
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