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Historically, natural products have been a primary source of new drugs and lead compounds. However,
their direct application as therapeutic agents remains limited. Given the multifactorial nature of diabetes,
therapeutic agents with multi-targeting properties offer a promising solution for effective management.
Herein, we developed a library of seven lipophilic derivatives of caffeic acid (CA) and evaluated their
multimodal antidiabetic activities. Among these, the most potent compound, CA14, showed an ICsq of
1.94 uM, representing a 113-fold improvement over acarbose (ICsq 219.70 uM). Further, compared to the
parent compound CA (ICsq 12 400 pM), CA14 was 6392 times more potent. Kinetic analysis revealed that
CA14 acts as a competitive inhibitor of a-glucosidase. CA14 showed comparable a-amylase inhibition to
that of acarbose, while CA showed no inhibition even at 500 pM. Additionally, CA14 exhibited
antiglycation activity by inhibiting fructosamine and advanced glycation end products (AGEs). It also
showed excellent antioxidant activity (ICso 13.98 pM), nearly twice as potent as Vitamin C. Notably,
acarbose lacked any antioxidant activity. Intrinsic fluorescence quenching and FT-IR analyses further
confirmed that CA14 disrupted substrate binding, reducing enzymatic activity. Of note, CA14 did not
exhibit any significant cytotoxicity in 3T3-L1 fibroblasts, even at 50 uM. Molecular docking revealed good

Received 30th July 2025 extent of interactions, while ADMET profiling predicted favorable druglikeness. CA14 was found to be
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stable under physiological conditions even after 10 days. In summary, CA derivatives demonstrated

DOI: 10.1039/d5ra05522a robust multifaceted antidiabetic potential by inhibiting a-glucosidase, a-amylase, and AGE formation,

rsc.li/rsc-advances while also mitigating oxidative stress, which are key contributors to diabetes progression.

Hyperglycemia often elevate the reactive oxygen species
(ROS), thereby creating an environment that predisposes cells
to insulin resistance® and accelerate the non-enzymatic glyca-

1. Introduction

Diabetes mellitus manifests as a pathological dysregulation of

postprandial glucose homeostasis, leading to aberrant carbo-
hydrate metabolism and a cascade of systemic pathophysio-
logical consequences. Starch, contributing about 50-70% of
energy, is hydrolyzed by a-amylase to reducing sugars. These are
then converted to glucose by a-glucosidase present at the brush
border of small intestine.”” Hyperglycemia may stem from
either type 1 diabetes mellitus (T1DM), which is characterized
by a lack of insulin secretion, or type 2 diabetes mellitus
(T2DM), which is characterized by cellular resistance towards
insulin.*” The International Diabetes Federation (IDF) projects
that by 2050, 852.5 million people will be diabetic.® Diabetes
ranks ninth among the world's leading causes of mortality,
affecting one in ten persons worldwide making it an unprece-
dented pandemic over time.”

“Department of Chemistry, Indian Institute of Technology Palakkad, Palakkad, Kerala
678 623, India. E-mail: sushabhan@iitpkd.ac.in

*Physical & Chemical Biology Laboratory and Department of Biological Sciences &
Engineering, Indian Institute of Technology Palakkad, Palakkad, Kerala 678 623, India

© 2025 The Author(s). Published by the Royal Society of Chemistry

tion of proteins, giving rise to advanced glycation end products
(AGEs).”' Currently, the primary therapeutic strategy for
managing hyperglycemia involves inhibiting a-amylase and o-
glucosidase, thereby delaying carbohydrate hydrolysis.*** To
date, acarbose and miglitol are the food and drug administra-
tion (FDA)-approved drugs, which target these enzymes'>** but
its extended use has resulted in several side effects including,
liver problems, abdomen discomfort, vomiting.'**® Further-
more, the drugs with a strong a-amylase inhibition are found to
result in severe gastrointestinal problems.'**®* Aminoguanidine
(AG), a potent inhibitor of non-enzymatic glycation,' has been
associated with significant toxicity concerns, as identified
during clinical trials.*® AGEs, ROS, smoking, obesity and dia-
betes mutually exacerbate each other, making it
complicated.*

Nature is a bedrock of drug discovery, which inspires
scientists to look back for the development of effective thera-
peutics.*** Polyphenols are one of the naturally occurring
compounds having wide range of pharmaceutical effects
without any significant cytotoxicity.”**” Caffeic acid (CA),
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a naturally occurring hydroxycinnamic acid, is a category of
phenolic acid that is widely distributed in various plant-based
foods, including coffee, fruits, vegetables, and herbs.*®** Its
diverse pharmacological properties make it a promising
compound for the development of novel therapeutic
agents'26,30,31

Our group has recently reported epigallocatechin-3-gallate
(EGCG)-quinoxaline hybrids obtained through the click reac-
tion as potent a-amylase and o-glucosidase inhibitors along
with strong antioxidant activity.*” Furthermore, we have also
reported lipophilic derivatives of EGCG, having strong antidia-
betic, antioxidant, as well as anti-inflammatory properties.*® A
similar trend was demonstrated by Wang et al. showing an
increasing trend of a-amylase and a-glucosidase inhibitory
activity with an increase in the hydrophobic chain on chloro-
genic acid.** High glucose level and oxidative stress often leads
to the accumulation of excess cholesterol in the cellular
membrane, which in turn triggers several other complica-
tions.** Interestingly, a report by Sherratt et al. demonstrated
that lipophilic ester derivatives of rosmarinic acid can inhibit
the formation of cholesterol domains in model membranes
through their antioxidant properties.®*® The carbohydrate
hydrolase inhibitory effects of EGCG palmitate by Liu et al.
further underscore an enhanced antidiabetic activity achieved
through lipophilization.>” However, the high molecular weight
may pose challenges to its bioavailability.

Given that diabetes is a multifactorial problem, unlike the
“one drug-one target approach”, it requires a multi-targeting
approach to effectively tackle the disease.*** In this connection,
we aimed to develop lipophilic derivatives of low molecular
weight CA, and generated a library of CAn, where n represents
even numbers ranging from 4 to 16, to evaluate it as a multi-tar-
geting antidiabetic agent. Among the synthesized derivatives,
CA14 emerged as the most potent, demonstrating significant
inhibition of a-glucosidase and a-amylase, along with strong
antioxidant and antiglycation activities. The interaction of CA14
with the target proteins was further validated using Fourier
transform-infrared spectroscopy (FT-IR). Microenvironmental
changes and the resulting intrinsic fluorescence quenching
behaviour of the enzymes upon interaction with CA14 was
investigated. Molecular docking was employed to gain insights
into the interactions between key amino acids and the potent
compound. In silico absorption, distribution, metabolism, excre-
tion, and toxicity (ADMET) profiling of CA14 was studied to
predict the druglikeness and pharmacokinetic properties.
Further, CA14 was found to be stable under physiological condi-
tions. Moreover, CA14 exhibited no significant cytotoxicity even at
concentrations up to 50 pM in 3T3-L1 cells. These findings rein-
force the potential of nature as a vast reservoir of bioactive
molecules, offering promising avenues for the development of
effective multimodal antidiabetic therapeutics.

2. Experimental section
2.1 Materials used

Caffeic acid (CA), Girard's T reagent, tetradecylamine, and
aminoguanidine hydrochloride were procured from BLD
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Pharmatech Co. Ltd, India. Acarbose, a-glucosidase (Cat. No.
G5003), porcine pancreatic a-amylase (Cat. No. A3176), 3,5-di-
nitrosalicylic acid (DNS) and potato starch were purchased from
Sigma-Aldrich, USA. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), fructose, p-nitrophenyl-o-
p-glucopyranoside (o-pNPG), nitroblue tetrazolium (NBT),
bovine serum albumin (BSA), N,N’-dicyclohexylcarbodiimide
(DCC), dodecylamine, butylamine, hexadecylamine, and t-
ascorbic acid were procured from the Sisco Research Labora-
tories (SRL) Pvt. Ltd, India. Decylamine was procured from
Chemscene Jinay Pharmaceuticals Pvt. Ltd, India. Silica gel 60-
120, n-hexylamine, n-octylamine, and n-octadecylamine were
purchased from Spectrochem, India. Reagent-grade solvents
were procured from Pure Chem Pvt. Ltd, India.

2.2 Instruments and methods used

Shimadzu liquid chromatography-mass spectrometry (LC-MS)-
8045 with a Sprite TARGA C18 column (40 x 2.1 mm, 5 pm)
was used for LC-MS analysis. Water with 0.1% formic acid was
used as solvent A for the HPLC, while acetonitrile with 0.1%
formic acid was used as solvent B. At a flow rate of 0.5
mL min~", compounds were eluted using a gradient of 5%
solvent B for 1 minute, a linear gradient of 5% to 60% solvent B
over 5 minutes, continued for 1 minute, a gradient of 60% to
95% solvent B in 3 minutes, continued for another 3 minutes,
and then a gradient of 5% solvent B in 1.5 minutes, brought
down to 5% solvent B in 1.5 minutes and then continued for
another 1.5 minutes before the method was stopped. Before
injecting the sample, the column was always rinsed with 50%
solvent B and then 95% solvent B. "H and "*C NMR spectra were
recorded in the AVANCE NEO500 Ascend Bruker BioSpin
International AG NMR spectrometer. "H and "*C NMR spectra
were recorded in DMSO-ds and the spectral data were reported
in ppm. The absorbance values for all the assays were measured
using microplate reader (BioTek, Epoch 2). FT-IR spectra were
recorded using a PerkinElmer Spectrum 100 spectrometer using
universal attenuated total reflectance (ATR).

2.3 General procedure for the synthesis of CA alkyl-amide
derivatives (CAn)

The lipophilic CA derivatives were synthesized according to the
previously reported protocol with slight modifications.*’ In
brief, DCC (228 mg, 1.11 mmol, 1 eq.) was introduced into
awell-stirred solution of CA (200 mg, 1.11 mmol, 1 eq.) in 10 mL
of dry tetrahydrofuran (THF). The mixture was allowed to stir for
about 5 minutes followed by the dropwise addition of alkan-1-
amine (1.11 mmol, 1 eq.). The solution was stirred at 60 °C
and the reaction progress was monitored using the thin-layer
chromatography (TLC). The reaction was quenched after
4 hours with 5 mL of water and extracted with ethyl acetate (5 mL
x 3), followed by the addition of anhydrous sodium sulphate to
remove residual water from the organic layer. The organic
solvent was evaporated under reduced pressure and purified
using silica gel column chromatography (acetone/
dichloromethane). The compounds were characterized using
LC-MS, "H NMR, and '*C NMR (Fig. S1-528).

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05522a

Open Access Article. Published on 30 October 2025. Downloaded on 11/10/2025 2:35:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2.3.1 (E)-3-(3,4-Dihydroxyphenyl)-N-butylacrylamide (CA4).
Yield: 70%. MS (ESI): m/z calculated for [C,3H;,NO; + H]" =
236.12, observed is 236.30. '"H NMR (500 MHz, DMSO-dq):
6 (ppm) = 0.88 (3H, t, ] = 7.00 Hz), 1.30 (2H, sext, J = 7.00 Hz),
1.42 (2H, quint, J = 7.00 Hz), 3.14 (2H, q, ] = 6.50 Hz), 6.32 (1H,
d,J = 15.50 Hz), 6.74 (1H, d, ] = 8.00 Hz), 6.82 (1H, dd, J = 8.00,
2.00 Hz), 6.93 (1H, d, ] = 2.00 Hz), 7.21 (1H, d, ] = 15.50 Hz), 7.94
(1H, t, J = 6.00 Hz). "*C NMR (125 MHz, DMSO-d,): 6 (ppm) =
13.73, 19.68, 31.37, 38.32, 113.83, 115.77, 118.68, 120.36,
126.48, 138.90, 145.55, 147.25, 165.33.

2.3.2 (E)-3-(3,4-Dihydroxyphenyl)-N-hexylacrylamide (CA6).
Yield: 75%. MS (ESI): m/z calculated for [Cy5H,NO; + H]" =
264.15, observed is 264.30. "H NMR (500 MHz, DMSO-dg):
0 (ppm) = 0.86 (3H, t, ] = 7.00 Hz), 1.26 (6H, bs), 1.43 (2H, quin,
J=7.00Hz), 3.13 (2H, q,] = 6.50 Hz), 6.31 (1H, d, ] = 15.50 Hz),
6.73 (1H, d, J = 8.00 Hz), 6.82 (1H, dd, J = 8.00, 2.00 Hz), 6.93
(1H, d, ] = 2.00 Hz), 7.20 (1H, d, ] = 15.50 Hz), 7.94 (1H, t, ] =
6.00 Hz). **C NMR (125 MHz, DMSO-dg): § (ppm) = 13.96, 22.09,
26.20, 29.22, 31.04, 38.64, 113.81, 115.75, 118.67, 120.33,
126.46, 138.86, 145.53, 147.22, 165.27.

2.3.3 (E)-3-(3,4-Dihydroxyphenyl)-N-octylacrylamide (CAS8).
Yield: 68%. MS (ESI): m/z calculated for [C;,H,5NO; + H|" =
292.18, observed is 292.30. 'H NMR (500 MHz, DMSO-d):
6 (ppm) = 0.86 (3H, t, / = 7.00 Hz), 1.26 (10H, bs), 1.43 (2H,
quin,J = 7.00 Hz), 3.13 (2H, q, ] = 6.50 Hz), 6.31 (1H, d,J = 15.50
Hz), 6.73 (1H, d, ] = 8.00 Hz), 6.82 (1H, dd, J = 8.00, 2.00 Hz),
6.93 (1H, d,J = 2.00 Hz), 7.20 (1H, d, J = 15.50 Hz), 7.93 (1H, t,]
= 6.00 Hz). >C NMR (125 MHz, DMSO-d,): 6 (ppm) = 13.99,
22.12, 26.53, 28.69, 28.77, 29.24, 31.28, 38.63, 113.81, 115.75,
118.68, 120.33, 126.46, 138.86, 145.53, 147.22, 165.27.

2.3.4 (E)-3-(3,4-Dihydroxyphenyl)-N-decylacrylamide
(CA10). Yield: 76%. MS (ESI): m/z calculated for [C;oH,oNO; +
H]" = 320.21, observed is 320.40. 'H NMR (500 MHz, DMSO-d):
6 (ppm) = 0.85 (3H, t,J = 7.00 Hz), 1.24 (16H, bs), 1.43 (2H, bs),
3.13 (2H, q,] = 6.50 Hz), 6.31 (1H, d,/ = 15.50 Hz), 6.73 (1H, d, ]
= 8.00 Hz), 6.82 (1H, dd, J = 8.00, 2.00 Hz), 6.93 (1H, d, J = 2.00
Hz),7.21 (1H, d,J = 15.50 Hz), 7.93 (1H, t, ] = 6.00 Hz). **C NMR
(125 MHz, DMSO-dg): & (ppm) = 13.97, 22.13, 26.52, 28.74,
28.81, 29.00, 29.05, 29.25, 31.33, 38.63, 113.81, 115.74, 118.68,
120.31, 126.48, 138.86, 145.55, 147.23, 165.28.

2.3.5 (E)-3-(3,4-Dihydroxyphenyl)-N-dodecylacrylamide
(CA12). Yield: 72%. MS (ESI): m/z calculated for [C,;H33NO; +
H]" = 348.25, observed is 348.45. 'H NMR (500 MHz, DMSO-d):
6 (ppm) = 0.85 (3H, t,J = 7.00 Hz), 1.24 (18H, bs), 1.42 (2H, bs),
3.13 (2H, q,] = 6.50 Hz), 6.31 (1H, d,J = 15.50 Hz), 6.73 (1H, d, J
= 8.00 Hz), 6.82 (1H, d, J = 8 Hz), 6.93 (1H, bs), 7.21 (1H, d, ] =
15.50 Hz), 7.93 (1H, t,J = 6.00 Hz). ">C NMR (125 MHz, DMSO-
de): 6 (ppm) = 13.98, 22.13, 26.51, 28.74, 28.79, 29.03, 29.04,
29.08, 29.23, 31.33, 38.63, 113.81, 115.74, 118.67, 120.31,
126.46, 138.85, 145.53, 147.22, 165.27.

2.3.6 (E)-3-(3,4-Dihydroxyphenyl)-N-tetradecylacrylamide
(CA14). Yield: 76%. MS (ESI): m/z calculated for [C,;H;3,NO; +
H]" = 376.28, observed is 376.50. "H NMR (500 MHz, DMSO-d,):
6 (ppm) = 0.84 (3H, t,J = 7.00 Hz), 1.23 (22H, bs), 1.42 (2H, bs),
3.13 (2H, q,/ = 6.50 Hz), 6.31 (1H, d,J = 15.50 Hz), 6.73 (1H, d, ]
= 8.00 Hz), 6.82 (1H, dd, J = 8.00, 2.00 Hz), 6.93 (1H, d, J = 2.00
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Hz),7.21 (1H, d,J = 15.50 Hz), 7.93 (1H, t,] = 6.00 Hz). >*C NMR
(125 MHz, DMSO-dg): 6 (ppm) = 13.98, 22.13, 26.52, 28.75,
28.81, 29.04, 29.05, 29.08, 29.09, 29.24, 31.33, 38.63, 113.81,
115.74, 118.66, 120.30, 126.47, 138.86, 145.53, 147.22, 165.27.

2.3.7 (E)-3-(3,4-Dihydroxyphenyl)-N-hexadecylacrylamide
(CA16). Yield: 73%. MS (ESI): m/z calculated for [C,5H4;NO; +
H]" = 404.31, observed is 404.50. "H NMR (500 MHz, DMSO-d,):
6 (ppm) = 0.85 (3H, t,J = 7.00 Hz), 1.23 (26H, bs), 1.42 (2H, bs),
3.13 (2H, q,J = 6.50 Hz), 6.31 (1H, d,J = 15.50 Hz), 6.73 (1H, d, J
= 8.00 Hz), 6.82 (1H, dd, J = 8.00, 2.00 Hz), 6.92 (1H, d, J = 2.00
Hz), 7.20 (1H, d,J = 15.50 Hz), 7.93 (1H, t, ] = 6.00 Hz). >*C NMR
(125 MHz, DMSO-ds): 6 (ppm) = 13.99, 22.13, 26.51, 28.74,
28.80, 29.03, 29.07, 29.24, 31.33, 38.63, 113.82, 115.75, 118.67,
120.32, 126.47, 138.87, 145.54, 147.22, 165.28.

2.4 oa-Glucosidase inhibitory activity of CAn derivatives

All the synthesized derivatives were examined for their inhibi-
tory potential using the previously reported protocol by our
group.® In brief, o-glucosidase solution (0.3 U mL™') was
prepared in a 50 mM sodium phosphate buffer of pH 6.8. The
test samples (standard or CA derivatives) were dissolved in 20%
DMSO in buffer to study the inhibition. 80 pL of different
inhibitor concentrations were mixed with 20 pL of the enzyme
solution and incubated for 10 minutes at 37 °C. Of note, mixture
of 80 uL of 20% DMSO in buffer solution and 20 pL enzyme
solution served as the control. After preincubation, 100 pL of
200 pM pNPG as a substrate was added to the enzyme and
inhibitor solution, followed by an incubation for 30 minutes.
The reaction was quenched by adding 80 pL of 200 mM sodium
carbonate solution followed by an absorbance reading at
405 nm using microplate reader. The following equation was
used to assess the o-glucosidase inhibitory activity, where Abs,
represents the absorbance of the control, and Abs, represents
the absorbance of the sample. The ICs, values were calculated
from the non-linear regression curves using GraphPad Prism 8
(GraphPad Software Inc., USA). The assay was performed in
triplicate to ensure accuracy and reliability.

Abs, — Abss) « 100

a-Glucosidase inhibition(%) = ( Abs

2.5 o-Amylase inhibitory activity of CAn derivatives

All the synthesized derivatives were examined for their inhibi-
tory potential against a-amylase using the previously reported
protocol by our group.® Briefly, an enzyme solution of 2 U mL ™"
was prepared in 10 mM sodium phosphate buffer of pH 6.8
containing 0.5 mM NaCl. Test samples at varying concentra-
tions were prepared in 20% DMSO in buffer. 100 pL of each
inhibitor concentration and 100 pL of the enzyme were added to
different micro-centrifuge tubes. The solution was preincubated
at 37 °C for 10 minutes. For the control, inhibitor was replaced
by 20% DMSO in the buffer. To all the tubes, 100 pL of 1%
starch solution in buffer was added and incubated again for 10
minutes. The reaction was terminated by adding 200 pL of DNS
was added in all tubes, followed by heating it in a dry bath at
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100 °C for 5 minutes. For the absorbance reading at 540 nm, 50
uL of these solutions were taken in 96-well plate and diluted
with 200 pL of distilled water. The percentage inhibitory activity
was evaluated using the formula given below, where Absg and
Abs,. hold the standard meaning. ICs, values were determined
using non-linear regression analysis in GraphPad Prism 8
(GraphPad Software Inc., USA). The assay was performed in
triplicate to ensure accuracy and reliability.

Abs, — Abss> « 100

a-Amylase inhibition(%) = ( Abs

2.6 Free radical scavenging activity of CAn derivatives

The antioxidant capacity of the synthesized derivatives was
determined using 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay as
per the previously reported protocol by our group using ascorbic
acid as the control.*” Briefly, 50 pL of different concentrations of
the test compounds prepared in DMSO were added to 96-well
plates. 150 uL of 0.2 mM DPPH in 95% methanol was added to
each well and incubated for 1 hour in dark at room temperature
followed by measuring the absorbance at 517 nm. The following
formula was used to determine the free radical scavenging
capacity where Absg and Abs, hold the standard meaning. The
IC5o values were calculated from the non-linear regression
curves using GraphPad Prism 8 (GraphPad Software Inc., USA).
The assay was performed in triplicate to ensure accuracy and
reliability.

Abs, — Abss) « 100

Free radical scavenging activity(%) = ( Abs
C

2.7 Enzyme Kkinetics study

The mechanism of inhibition of the enzyme was determined
using our reported protocol.**** In brief, different concentra-
tions (<ICs, value) of CA14 and acarbose were mixed with 20 pL
of 0.3 U per mL a-glucosidase and incubated at 37 °C for 10
minutes. Following preincubation, the solution was treated
with a-pNPG (0.25-2 mM), followed by measuring the absor-
bance at 405 nm at 1 minute intervals for 30 minutes. Line-
weaver-Burk plots (1/Vvs. 1/S) were used to find the K, and Viax
values where S represents the concentration of the substrate, V
denotes the rate of enzymatic reaction, K, is the Michaelis—
Menten, and V;,,x is the maximal reaction velocity. The K; values
were calculated using the competitive inhibition model in
GraphPad Prism 8 (GraphPad Software Inc., USA).

2.8 Inhibitory study on non-enzymatic protein glycation

To evaluate the antiglycation potential of the most potent
compound, we followed the protocol reported by Xu et al
employing the BSA-fructose model.*»** In brief, 300 mg of BSA
and 900 mg of fructose were dissolved in 10 mL of 0.2 M
potassium phosphate buffer of pH 7.4. 100 uL of BSA-fructose
solution and 100 pL of varying concentrations of CA14 were
added in a 96 well plate, followed by incubation at 50 °C for
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24 hours. The resulting mixture was then analysed for its
inhibitory properties for the following. AG was used as a positive
control for the AGEs inhibitory study. The experiments were
performed in triplicate and used GraphPad Prism 8 (GraphPad
Software Inc., USA) to determine the ICso.

2.8.1 Study on fructosamine inhibition. The early formed
non-enzymatic glycation product, fructosamine, was deter-
mined using NBT assay. To begin with, NBT (300 puM) was
prepared in 0.1 M sodium carbonate buffer of pH 10.6. The
incubated solution (10 pL) was treated with 100 pL of NBT
solution and incubated at 37 °C for 15 minutes in a 96 well plate
followed by measuring the absorbance at 530 nm. The following
equation was used to measure the inhibition rate.

(Abs. — Abs,) — (Abss — Absy,)

% fructosamine inhibition = (Abs. — Abss)

x 100

Abs. and Abs., represent the absorbance of the control and
control blank, respectively, whereas Absg and Absg, denote the
absorbance of the sample and sample blank respectively.

2.8.2 Determination of the inhibitory action on AGEs. The
fluorescence intensity of the incubated solution was recorded at
an exciting wavelength of 375 nm and an emission wavelength
of 440 nm. 20 pL of the incubation mixture was diluted to 100
uL in a 96 black well plate, followed by its fluorescence intensity
measurement using a fluorescence spectrophotometer. The
lower the intensity of fluorescence reflects less glycation end
products. The inhibition rates by CA14 and AG were calculated
using the equation.

ch) - (Is - Isb)
(Ic - ch)
I. and I, represent the fluorescence intensity of the control and

control blank, respectively, whereas I and I, denote the fluo-
rescence intensity of the sample and sample blank, respectively.

% AGESs inhibition = (L — x 100

2.9 Intrinsic fluorescence quenching and determination of
binding affinity
We assessed the binding affinity of CA14 towards both a-
amylase and a-glucosidase using the methodology reported by
our group.’** In brief, the fluorescence spectra of both o-
glucosidase (7 uM) and e-amylase (7 pM) solutions in the
presence of varying concentrations of CA14 (2-20 puM) were
measured. The excitation wavelength was set at 280 nm, and
fluorescence spectra were scanned from 300 to 500 nm. The slit
width for excitation and emission was maintained at 10 nm for
a-amylase and 5 nm for a-glucosidase. The maximal fluores-
cence intensity for a-amylase was observed at 348.4 nm and for
a-glucosidase at 329.5 nm.

The extent of intrinsic fluorescence quenching by the
compound (CA14) was measured by using the Stern-Volmer
equation

It
70 =1 + Ksy[CA14] = | + K,7)[CA14]

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where I, is the intrinsic fluorescence of the enzymes without the
inhibitor and I represent the fluorescence intensity of the
enzyme upon addition of different concentrations of the
inhibitor. Kgy and Ky were determined from the slope of the
above equation whereas n and K, was obtained from the
Scatchard equation given below

Log((ly/I) — 1) = Log K, + nlog[CA14]

2.10 Docking studies with a-glucosidase and a-amylase

To begin with, we prepared the structure of acarbose and CA14 in
ChemBio3D Ultra 14.0 and minimized the energy and saved it
as mol file. Using the Open Babel GUI tool we further converted
the mol file to pdbqt format for docking. The molecular docking
of CA14 with a-glucosidase was performed in accordance with our
previously reported protocol by our group.*® In brief, we used
SWISS-MODEL repository to obtain the structure of a-glucosidase
MAL12 protein (P53341).* The protein was prepared by removing
the water molecule, repairing missing atoms, adding polar
hydrogens followed by Kollman charges, and a grid box dimen-
sion was set using AutoDock Vina (1.5.7) program.** The docking
for CA14 and acarbose was run using Perl script.** The protein-
ligand interactions for the docked molecules were analysed using
the BIOVIA Discovery Studio 2021.¢

The molecular docking of CA14 with a-amylase was per-
formed in accordance with our previously reported protocol.*
In brief, the structure of porcine pancreatic a-amylase with
a PDB ID (10SE) was retrieved from Protein Data Bank.*” The
protein was prepared by removing the water molecule, co-
crystallized acarbose, repairing missing atoms, adding polar
hydrogens, Kollman charges, and a grid box dimension was set
using AutoDock Vina (1.5.7) program. The protein-ligand
interactions for the docked molecules were analysed using the
BIOVIA Discovery Studio 2021 while docking was carried out
using Perl script.

2.11 FT-IR analysis

The non-covalent interactions between the enzyme and CA14
were investigated using FT-IR spectrophotometer.*® a-Glucosi-
dase (7 uM) and a-amylase (7 uM) were prepared in 50 mM
sodium phosphate buffer of pH 6.8, and % transmittance was
recorded as the control. To assess the effect of CA14, a mixture
of a-glucosidase and CA14 (20 uM) was incubated at 37 °C for
30 minutes, while a-amylase was incubated with CA14 (20 pM)
at 37 °C for 10 minutes. Both samples were scanned across the
spectral range (350-4500 cm ') at 0.2 cm™ " resolution.

2.12 Cytotoxicity studies in 3T3-L1 mammalian cell line

To check whether our potent compound is safe to use in
mammalian cells, we performed an MTT assay based on the
previously reported protocol by our group.®*** The 3T3-L1 cells
were cultured in Dulbecco's modified eagle medium (DMEM)
supplemented with 10% FBS, 1% penicillin-streptomycin, and
0.2% amphotericin, and maintained at 37 °C in a humidified
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5% CO, incubator. In a 96-well plate, 2.0 x 10* cells per well
were seeded and incubated overnight in DMEM. Adhered cells
were washed with 1X phosphate-buffered saline (PBS), and then
treated with different concentrations of CA14 (0-50 pM)
prepared in DMEM for 12 hours. After incubation, each well was
washed with 1X PBS and treated with 0.05% MTT solution in
DMEM followed by 3 hours incubation. The media was aspi-
rated out and the resultant formazan crystals were dissolved in
100 pL. DMSO. The absorbance of the resultant violet solution
was measured at 590 nm with a reference wavelength assessed
at 620 nm. A non-linear regression analysis was performed to
assess the IC5, using the GraphPad Prism 8 (GraphPad Software
Inc., USA). The assay was performed in triplicate to ensure the
accuracy and reliability.

2.13 In silico evaluation of druglikeness and
pharmacokinetic characteristics

To check the physicochemical properties of CA14, we utilized
SwissADME analysis,* which includes the parameters such as
molar mass, lipophilicity, number of hydrogen bond donors
and acceptors, topological polar surface area (TPSA), and
number of rotatable bonds. Additionally, we employed ADMET
profiling to predict the absorption, distribution, metabolism,
excretion, and toxicity of the designed molecule using the
pkCSM web tool.” These findings help in assessing whether the
molecule can advance its therapeutic potential as a drug.**

2.14 Stability assay of CA14 under physiological conditions

The stability of the lead compound, CA14, was studied under the
physiological conditions (1X PBS pH 7.4 and 37 °C) with the help
LC-MS using the previously reported method.*® Briefly, a 200 uM
solution of CA14 was prepared in 1X PBS of pH 7.4 and incubated
at 37 °C. Immediately after preparation, 500 pL of the solution
was collected separately in a vial and extracted with ethyl acetate
(100 puL x 3). The organic layer was evaporated under reduced
pressure and stored at —20 °C to determine the stability of the
compound at 0™ hour. After 10 days of incubation, the sample
was further extracted with ethyl acetate and the residue was
collected upon evaporation. The stability of CA14, thus collected
at 0™ hour and 10™ day, was analysed via LC-MS.

2.15 Statistical analysis of the data

We used GraphPad Prism 8 software to perform the statistical
analysis. One-way analysis of variance (ANOVA), with Dunnett's
multiple comparison test and Student's ¢-test, was used to
determine the statistical significance of the data, where ‘ns’
represents not significant and is given for p > 0.05, * for p < 0.05,
and ** for p < 0.01. All the data in this manuscript, including the
ICs, values, are represented as mean =+ standard error of the
mean (SEM) from the experiments conducted in triplicate.

3. Results and discussion
3.1 Design and synthesis of the lipophilic derivatives of CA

Polyphenols serve as a treasure trove of therapeutic potential,
offering powerful remedies for a range of disorders. CA, a low
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molecular weight polyphenol with diverse pharmacological
activities, holds significant therapeutic potential.** Jung et al.
reported a significant blood glucose lowering effect of CA in
C57BL/Ks]-db/db mice by enhancing glucose uptake in adipo-
cytes and stimulating insulin secretion.” In addition, studies
have discussed the antioxidant, anti-inflammatory and anti-
glycation potential of CA.>*** However, its poor lipophilicity and
low bioavailability pose significant restrictions in its further
translational aspects. An in vivo study performed by Wang et al.
revealed that the bioavailability and intestinal absorption of CA
was just 14.70% and 12.40% respectively. In addition, a study
done with Caco-2 cell model concluded that CA itself has poor
Caco-2 monolayer permeability.>® The pharmacokinetics of CA
suggest that the absorption of CA occurs with the help of
colonic microflora in the intestine via hydrolysis. Subsequently,
it is subjected to enzyme conjugation (methylation, sulphation,
and glucuronidation), making it more hydrophilic and resulting
in rapid excretion. Therefore, masking the free carboxylic group
can avoid rapid metabolism, thereby improving the
bioavailability.>®

Hence, to increase the absorption and bioavailability,
chemical modification of CA was necessary either through
esterification or amidation. It was found that the caffeic acid
phenethyl ester (CAPE), in the rat plasma, showed rapid
decomposition and removal from blood circulation due to the
presence of esterases.”” In contrast, the amide bond was found
to be more stable compared to the ester due to high hydrolytic
activation energy, which prevents rapid hydrolysis by esterases
in the plasma. According to the report by Yang et al. the stability
of caffeic acid phenethyl amide (CAPA) in rat plasma at 25 °C
and 37 °C demonstrated 118-fold and 77-fold improvement
compared to its ester form.”® In view of bioavailability, a report
by Matthias et al. assessed the bioavailability of echinacea
components, mainly alkylamides and hydrophilic CA conju-
gates. They evaluated the permeability of these compounds in
Caco-2 monolayer model and compared it in a phase I clinical
trial. Interestingly, the in vitro result suggested a reduced
membrane permeability of hydrophilic CA conjugates, whereas
alkylamides showed rapid diffusion through Caco-2 mono-
layers, highlighting enhanced bioavailability. Similarly, in the
clinical study, they could not detect the hydrophilic CA
components in the plasma at any time point. On the other side,
lipophilic alkylamides were detected in the plasma as early as
20 minutes of administration, suggesting increased bioavail-
ability associated with lipophilic groups.>**°

Thus, based on the above observations and structural
insights, we hypothesized that lipophilization of CA could
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enhance its cell permeability and, consequently, its bioavail-
ability, leading to a more effective therapeutic effect. A recent
work by Liu et al. showed that EGCG palmitate, inhibited o-
amylase and a-glucosidase, 4.5 and 52 times better than that of
EGCG as such.”” Similarly, lipophilization of chlorogenic acid
was found to be a better inhibitor of carbohydrate hydrolase
compared to the parent molecule.** Furthermore, our group has
employed an alkyl ether modification on EGCG, which offers
enhanced metabolic stability by resisting hydrolysis as
compared to EGCG palmitate work discussed above. This
structural feature maintain the biological activity of the parent
compound highlighting its multifaceted antidiabetic potential
through the inhibition of a-amylase and a-glucosidase, as well
as its antioxidant and anti-inflammatory properties.*® Herein,
we chose amidation over esterification to tune the lipid solu-
bility and enhance the inhibitory properties as they are resistant
towards the cleavage by esterases.®* The alkyl amide derivatives
of CA were synthesized in a single step with moderate to high
yield as outlined below (Scheme 1).

3.2 Invitro a-glucosidase and a-amylase inhibition

CAn lipophilic derivatives were analysed for their inhibitory
activity towards a-glucosidase and a-amylase. The non-linear
regression curves were used to calculate the ICs, values of the
derivatives for both a-glucosidase and o-amylase inhibitory
activity (Table 1, Fig. S29 and S30). The parent molecule, CA,
exhibited an ICs, of 12 400 uM against a-glucosidase. However,
the addition of a hydrophobic chain led to a significant reduc-
tion in the IC5, value, enhancing the potency of CAn derivatives
by a factor of 241 to 6392. Our synthesized derivatives showed
enhanced o-glucosidase inhibition with an ICs, in the range
(1.94-51.46 pM) compared to the standard drug acarbose (ICs,
of 219.70 uM), and CA (ICs, 12 400 pM). Of note, the IC5, value
for CA is not physiologically relevant. Among the compounds
tested, CA14, with a 14-carbon long chain length, was found to
be the most effective in inhibiting a-glucosidase, showing an
ICs, of 1.94 uM, which is 113 times more potent than acarbose
and 6392 times more potent than the parent molecule, CA. A
similar trend was reported by Gutierrez et al. where they studied
the inhibitory effect of alkyl gallates on the enzymatic digestion
of starch. Their results were evident that the intermediate chain
length of alkyl gallate was preferred for its inhibitory activity®
which in turn supports the finding by Kaur and Singh® that
amylose-lipid complex formation was more efficient with myr-
istic acid (C14) than with stearic acid (C18) during cooking. Our
most potent a-glucosidase inhibitor, CA14 stood out as the most
effective a-amylase inhibitor as well with an ICs, of 26.97 uM,

o) o)
HO /\(}/ bcc HO /\9/
X~ S0H + HN —_— X N
:@A)L 7 n2 THE60°C,4h H o 'n2
HO HO

Alkan-1-amine
n=even integers
(4,6,8..,16)

Caffeic acid (CA)

CAn derivatives

Scheme 1 Synthesis of lipophilic CAn derivatives via amide coupling, where n is an even number ranging from 4 to 16.
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Table1 Inhibitory potential of CA derivatives, acarbose, and Vitamin C
against a-glucosidase, a-amylase, and DPPH radical. ICsq values are
represented as mean + SEM, with all experiments conducted in
triplicate

(ICso & SEM) in uM

a-Glucosidase a-Amylase Antioxidant
Sl. no.  Compound inhibition inhibition activity

1 CA 12400 £+ 190 >500 34.27 £ 0.52
2 CA4 37.97 £ 1.57 >500 20.78 & 0.45
3 CA6 51.46 £ 2.36 >500 23.74 £ 0.59
4 CAS8 13.67 £ 0.44 >500 24.31 £+ 0.58
5 CA10 19.13 £ 0.64 >500 23.37 £ 0.77
6 CA12 17.37 £ 0.87 72.83 +1.83 16.45 £ 0.48
7 CA14 1.94 + 0.06 26.97 £ 0.83 13.98 + 0.38
8 CA1l6 24.77 £ 0.46 58.42 £ 2.68 15.06 £+ 0.30
9 Acarbose 219.70 £ 4.75  11.32 £ 0.23 No activity
10 Vitamin C No activity No activity 32.71 £ 0.47

closely resembling the inhibition potential of acarbose. The
results suggest that the fourteen-carbon chain length of CA
(CA14) strikes an optimal balance, offering sufficient length to
fit into the active site without causing steric hindrance, while
facilitating key interactions with the amino acids surrounding
the active site. Taken together, CA14, emerged as the most
potent compound, exhibiting multi-targeting properties. It
inhibited a-glucosidase 113 times more effectively than acar-
bose and 6392 times better than CA, while also displaying a-
amylase inhibition comparable to acarbose. Of note, the parent
molecule showed no significant inhibitory activity against
either enzyme. Further, to strengthen the in vitro study, we have
conducted a co-inhibition study to assess the inhibitory
potential of the compound CA14 against a-glucosidase and o-
amylase in the presence of each other. The results showed that
the activity of individual enzymes remains largely unaffected by
the presence of the other (Table S3).

3.3 Free radical scavenging capacity of CAn derivatives

Phenolic acids exhibit antioxidant activity that stems from their
remarkable ability to neutralize reactive oxygen species (ROS),
encompassing both radical and non-radical forms. As the
antioxidant enzymes are limited in islet cells, the pancreatic
B cells are highly susceptible to ROS-induced damage which in
turn reduces insulin secretion. It can also react with DNA and
proteins thereby complicating the condition of diabetes.”®®*
Studies have revealed that the presence of free hydroxyl groups,
their number, and their position highly influence the antioxi-
dant capability of polyphenolics compounds.®>*® Recently, we
have reported the excellent antioxidant properties of several
EGCG derivatives.*****” Inspired by this, we explored whether
lipophilic derivatives of CA could exhibit strong potential for
reducing oxidative stress. The antioxidant potential of the
synthesized CA derivatives were assessed using the DPPH assay
where Vitamin C, a standard antioxidant was used as a refer-
ence (Table 1 and Fig. S31). The ICs, values obtained from non-
linear regression curves ranged from 13.98-24.31 uM,
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demonstrating their excellent antioxidant capacity compared to
the standard Vitamin C (ICs, 32.71 pM). Of note, acarbose did
not show any antioxidant activity. Among all the derivatives,
CA14, the most potent compound with a 14-carbon chain
length, was found to exhibit antioxidant activity 2.3 times more
effectively than Vitamin C and 2.5 times better than CA. We
have also chosen the previously reported potent EGCG-
quinoxaline derivative, 15¢, and compared its antioxidant
potential with that of CA14. Upon comparison, the antioxidant
potentials of our synthesized derivatives, CA14 (IC5, = 13.98
uM) and 15¢ (ICs5, = 16.83 uM) exhibited 2.3-fold and 2.0-fold
better than the standard Vitamin C (ICs, = 32.71 uM). Further,
among the lead compounds, 15c¢ and CA14, the antioxidant
activity of CA14 was found to be 1.2-fold better than that of 15¢
(Fig. 1C). Overall, CA14 exhibited multimodal behaviour by
demonstrating superior a-glucosidase inhibition, comparable
a-amylase inhibition, and enhanced antioxidant property,
highlighting its potential as a multi-targeting antidiabetic agent
(Fig. 1A-C).

3.4 Kinetic study of enzymatic inhibition by CA14

The synthesized CA derivatives demonstrated strong potency in
inhibiting a-glucosidase, prompting us to conduct a detailed
enzyme kinetics study to uncover the underlying inhibition
mechanism. We took the most potent inhibitor (CA14) of o-
glucosidase for the study keeping the acarbose as a reference. In
a competitive inhibition, the inhibitor and the substrate will
compete for the active site of the enzyme, which causes the
maximum reaction velocity (Vinax) unaltered and an increase in
the Michaelis-Menten constant (K,). The Lineweaver-Burk plot
(1/v vs. 1/S), which was used to analyze the kinetics of a-
glucosidase inhibition, shows that both acarbose and CA14
were inhibited competitively (Fig. 2A and B). The V., values for
a-glucosidase inhibition by acarbose and CA14 were 0.022 and
0.020 mM min~', respectively. The K, and the inhibition
constant (K;) for acarbose were found as 0.681 mM and 395.5
uM, respectively. In comparison, CA14 was found to exhibit
a Ky, value of 0.579 mM and a K; value of 2.84 pM. Notably, the K;
value of CA14 was about 140 times lower than that of acarbose,
further supporting our findings that CA14 had a significantly
higher affinity for the enzyme, leading to superior inhibitory
potential (Fig. 1C).

3.5 Inhibitory effects of CA14 on the formation of advanced
glycation end products

Persistent hyperglycaemia results in the acceleration of non-
enzymatic glycation reaction in the body, leading to the
formation of AGEs. These molecules act as pro-inflammatory
agents and trigger free radical production, further compli-
cating diabetes.®® We evaluated the inhibition of nonenzymatic
glycosylation by CA14 using model BSA-fructose glycosylation
system. This process produces fructosamine and AGEs, which
represent the early and late stages of glycosylation, respectively
where the fluorescence intensity of AGEs serves as a key indi-
cator of nonenzymatic glycosylation.®”® As displayed in Fig. 34,
on average, the standard antiglycation agent, AG which served

RSC Adv, 2025, 15, 41833-41849 | 41839
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Fig. 1

Inhibitory effects of CAn derivatives against (A) a-glucosidase, (B) a-amylase, and (C) free radical scavenging potential, with acarbose

serving as a reference inhibitor for enzymatic assays, while Vitamin C and 15c as a reference for antioxidant potential, as acarbose lacked any
antioxidant activity. One-way analysis of variance (ANOVA), with Dunnett's multiple comparison test, was used to determine the statistical
significance of the data, where ** is represented for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.
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Fig. 2 Lineweaver—Burk plots (1/V vs. 1/S) for a-glucosidase inhibition by (A) acarbose, (B) CA14, using a-pNPG as the substrate, and (C)

calculated Viax, Km. and K; values illustrating the inhibitory properties of

as a reference, was able to prevent the formation of fructos-
amine, an early stage glycation product, by 9% and 30% at
5 mM and 10 mM, respectively. On the other hand, our most
potent compound, CA14 showed an inhibition percentage of
33% and 70% at 5 mM and 10 mM respectively. The results
reveal that CA14 has an antiglycation potential several fold
better than that of standard AG. The end stage glycation prod-
ucts, AGEs are highly reactive and have a significant contribu-
tion to complicate the condition of diabetes.” Hence, inhibiting
the formation of AGEs may help prevent a cascade of patho-
logical events. CA14 demonstrated comparable inhibition of
AGEs to that of AG (Fig. 3B). At 5 mM, CA14 and AG exhibited
44% and 43% inhibition, respectively, while at 10 mM, the
inhibition increased to 79% for CA14 and 70% for AG. More-
over, the interaction of CA14 with proteins prevented the
proteins from reacting with fructose, thereby enhancing its
antiglycation activity.

41840 | RSC Adv, 2025, 15, 41833-41849

acarbose and CA14.

3.6 Binding affinity analysis and intrinsic fluorescence
quenching of a-glucosidase and a-amylase in presence of
CA14

Fluorescence spectroscopy serves as a reliable technique for
assessing both the binding affinity and quenching potential of
a ligand interacting with an enzyme. The intrinsic fluorescence
of the proteins primarily arises from the tryptophan, tyrosine
and phenylalanine residues. Among them, the indole group
present in the tryptophan is highly sensitive towards the
changes in the microenvironment making it suitable for the
study accompanying the conformational changes in the
proteins and their interactions with other molecules.””* By
observing the changes in the fluorescence emission peaks when
excited at 280 nm with increasing ligand concentrations, one
can learn more about the tryptophan and tyrosine residues and,
consequently, the protein characteristics. Hence, we were
interested in evaluating the intrinsic fluorescence quenching

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to determine the statistical significance of the data, where 'ns’ represents not significant and is given for p > 0.05, * for p < 0.05, and ** for p < 0.01.

ability and binding affinity of the lead compound, CA14, with a-
glucosidase and o-amylase at varying concentrations. With
increasing concentration of CA14, we observed a decrease in the
fluorescence intensity of both a-glucosidase and a-amylase (Fig.
4A and D). The findings imply that their interaction had altered

the microenvironment surrounding the chromophore, resulting
in fluorescence quenching. Stern-Volmer plots (Fig. 4B and E)
were used to determine the Stern-Volmer quenching constant
(Ksv) and the bimolecular quenching rate constant (K,), while
Scatchard plots (Fig. 4C and F) were employed to calculate the
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Fig. 4

(A) Intrinsic fluorescence quenching of a-glucosidase in presence of CA14 (0-20 uM); (B) and (C) corresponding Stern—Volmer plot and

Scatchard plot, respectively; (D) intrinsic fluorescence quenching of a-amylase in the presence of CA14 (0-20 uM); (E) and (F) corresponding
Stern—Volmer plot and Scatchard plot, respectively; (G) calculated Ksy, Ky, n, and K, values derived from Stern—Volmer and Scatchard plots.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 41833-41849 | 41841


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05522a

Open Access Article. Published on 30 October 2025. Downloaded on 11/10/2025 2:35:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

A)
ARG
A212
ALA
A278
PHE
A177

A215

PHE

View Article Online

Paper

HIS
A48 forvh

ASP.

GLU
X A349
A276 ASP
PHE ARG A:408
A58 A:439

A:300
L
7 Interactions
| PRO é
¢ LU
A309 # [] vander \{vaals
,\‘/\} % I Conventional Hydrogen Bond
,:;'57 Carbon Hydrogen Bond
HIS
£ A279 M o
£ [] n-Lone Pair
PHE PHE - e T shaped
A311 A310 = P
L] - Augt
- Unfavorable Donor-Donor
ARG 6L
P A212 A304 1 Auyt
A8 e
ARG A312 ALA
? ASP PHE A216
A A214 A300
/ﬂ THR
A215
P W W P W < f:l/i A(.Szl;js
v o
ASP PHE
A:349 Adsy, . 6Ly
PHE TYR PHE A217
A277 AT1 A:158 LEU VAL
A218 A277 oy
ASP HIS N

HIS

& A245

Fig. 5 Three-dimensional and two-dimensional molecular docking interaction profiles of (A and B) acarbose and (C and D) CA14 within the

active site of a-glucosidase.

binding constant (K,) and the number of binding sites (n). K,
Ky, K,, and n values for the interaction between CA14 and o-
glucosidase were 28.804 x 10° M, 28.804 x 10" M~* s/,
10.949 x 10° M, and 0.908 respectively. Similarly, for o-
amylase, the corresponding values were found to be 30.892 x
10° M1, 30.892 x 10"* M~' 571 27.240 x 10° M1, and 0.987
respectively (Fig. 4G). The binding site value for both enzymes
suggests the presence of at least one binding site for CA14,
reinforcing its strong interaction. These findings indicate that
CA14 had strong affinities for both enzymes, leading to changes
in the microenvironment of chromophores, as evidenced by its
quenching behaviour.

3.7 In silico binding interactions of a-glucosidase and o-
amylase with CA14

To get additional support for our experimental results, we per-
formed molecular docking with CA14 to understand its binding
interactions with a-glucosidase and a-amylase. We used Auto-
Dock Vina program to evaluate the docked conformations of
CA14 in the enzymes. a-Glucosidase contains the catalytic
residues D214, E276, and D349 in its active site, while a-amylase
has the key amino acid residues D197, E233, and D300
contributing to its active site. The docking analysis revealed that
CA14 interacted with the active site of a-glucosidase in
a manner similar to acarbose, further supporting that the
inhibition is competitive in nature. The in silico analysis for
acarbose and CA14 with a-glucosidase showed that the mole-
cules occupied and interacted with the active site amino acid
residues (Fig. 5A-D). With E276 and D349 residues, acarbose

41842 | RSC Adv, 2025, 15, 41833-41849

demonstrated hydrogen bonding and Van der Waals interac-
tion, respectively, while D214 showed no interaction (Fig. 5B).
Interestingly, our most potent compound showed Van der
Waals interaction with D214 and D349 while exhibiting
hydrogen bonding with E276 residue (Fig. 5D). Moreover, CA14
exhibited a strong binding affinity of —7.7 kcal mol™" and
—7.5 keal mol™" for acarbose, which further reveals a strong
interaction with the enzyme (Table 2). The interactions of the
compound within the active site of a-glucosidase were primarily
driven by Van der Waals and hydrogen bonding. However, the
compound was also surrounded by additional key amino acid
residues as shown in Fig. 5D. The findings indicate that
hydrogen bonding and hydrophobic interactions are the key
forces involved between the enzyme and CA14. Further, the
interaction of CA14 with the Y71 and F300 has appeared to alter
residue, leading to
increased exposure to the solvent and a decrease in the fluo-
rescence intensity. We believe that these interactions further
reinforce our fluorescence quenching observations.

The binding affinity value of CA14 (—6.8 kcal mol ) with a-
amylase (Table 3) indicate that it also had a strong interaction.
The in silico analysis for acarbose and CA14 with a-amylase
showed that the molecules occupied and interacted with the
active site amino acid residues (Fig. 6A-D). The binding of CA14
to the catalytic amino acid residues was predominantly gov-
erned by Van der Waals forces and hydrogen bonding. While
acarbose showed no interaction with D197, it demonstrated
hydrogen bonding with E233 and D300 residues (Fig. 6B). In
contrast, our most potent compound, CA14, exhibited hydrogen
bonding with D197 and Van der Waals interaction with both

the microenvironment around this
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Table 2 Binding affinity values (kcal mol™) and molecular interactions with the active site amino acid residues of a-glucosidase with acarbose

and CA14
Active site amino acid residues
Sl. no. Ligand of interest Binding affinity (kcal mol ) D214 E276 D349
1 Acarbose -7.5 — Hydrogen bond Van der Waals
2 CA14 -7.7 Van der Waals Hydrogen bond Van der Waals

Table 3 Binding affinity values (kcal mol™) and molecular interactions with the active site amino acid residues in a-amylase by acarbose and

CA14
Active site amino acid residues
SL no. Ligand of interest Binding affinity (kcal mol ) D197 E233 D300
1 Acarbose —7.8 — Hydrogen bond Hydrogen bond
2 CA14 —6.8 Hydrogen bond Van der Waals Van der Waals

E233 and D300 (Fig. 6D). It is interesting to note the presence of
additional amino acid residues, including W58, W59, and Y62
of a-amylase (Fig. 6D) surrounding the compound, which
aligned well with the fluorescence quenching study, further
supporting the compound's interaction with o-amylase.

3.8 Effect of CA14 on the native conformation of enzymes
using FT-IR spectroscopy

The structural changes in the a-glucosidase and o-amylase
upon interaction with CA14 were explored using FT-IR. It has
been reported that the proteins mainly show the existence of
two characteristic amide bond peaks in the IR spectrum. It
includes amide I (1700-1600 cm™') and amide II (1600-
1500 cm™ ') regions characterized by the C=O and C-N
stretching coupled with N-H bending respectively.”* Neverthe-
less, the amide I band is highly sensitive and serves as a crucial
indicator of the changes in the native conformations of the
enzyme compared to the other bands.” In this study, the
changes in the amide I region upon interaction between the
enzyme and the ligand are predicted. As depicted in Fig. 7, the
amide I peak for free o-glucosidase was observed at
1614.79 cm ' and for free a-amylase, the peak was at
1634.65 cm ™' (Fig. S32). The peak near 3384.10 cm ™' in Fig. 7
and at 3284.83 cm ' in Fig. S32 corresponds to the O-H
stretching vibration. The interaction between the enzyme and
CA14 exhibited spectral shifts without the emergence of any
additional peaks, which indicate that the binding was driven by
non-covalent interactions between them. Upon addition of
CA14, we observed a significant red shift (Fig. 7) from (3384.10-
3295.76 cm™ '), which indicates the presence of hydrogen
bonding in the a-glucosidase-CA14 complex. As depicted in
Fig. 7, the addition of CA14 had a pronounced blue shift in the
amide 1 peak position from 1614.79 cm™ "' to 1633.46 cm .
Nevertheless, the addition of CA14 did not alter the amide I
peak position in a-amylase, suggesting that the enzyme's
chemical groups remained wunchanged in the tested

© 2025 The Author(s). Published by the Royal Society of Chemistry

concentration (Fig. S32). These findings demonstrate that in
comparison to a-amylase, CA14 highly influenced the secondary
structure of a-glucosidase by the rearrangement of the
hydrogen bonding within the polypeptide groups.

3.9 Cytotoxicity assessment of CA14 in 3T3-L1 cell line

We aimed to assess the toxicity of CA14, in a non-malignant
3T3-L1 mammalian cell line, which has been widely used for
investigating the cellular mechanisms associated with diabetes.
We used MTT assay to assess the toxicity behaviour in
mammalian cell lines. Viable or metabolically active cells
reduce yellow tetrazolium salt to insoluble purple formazan
crystals through the action of NAD(P)H-dependent oxidore-
ductase enzymes. The cell viability data (Fig. 8) revealed that
CA14 exhibited no significant cytotoxicity up to 50 M. Notably,
the ICs, values for a-glucosidase, a-amylase inhibition, and free
radical quenching are below its cytotoxic dose, highlighting its
potential as an effective and safe multimodal antidiabetic
agent.

3.10 In silico physicochemical properties and ADMET
studies

The drug-likeness assessed using Lipinski's rule of five (Ro5),
helps to determine a molecule's bioavailability and general
potential for drug development. The rule suggests that a drug
candidate should have a molecular weight less than 500 Da,
a threshold lipophilicity range (consensus log P < 5), no more
than 5 hydrogen bond donors, and no more than 10 hydrogen
bond acceptors. Also, another criterion is to have topological
polar surface area (TPSA) less than 140 A% Nevertheless, strict
compliance to the Ro5 has hindered the development of novel
therapeutic agents, including natural products, cyclic peptides,
and macrocycles. Hence, the idea of beyond the rule of five
(bRo5) was introduced to overcome the limitations of limita-
tions of Ro5.”7 The bRo5 for a drug candidate includes the
characteristics such as molecular weight greater than 700 Da,
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Fig. 6 Three-dimensional and two-dimensional molecular docking interaction profiles of (A and B) acarbose and (C and D) CA14 within the

active site of a-amylase.

polar surface area (PSA) greater than 200 A% no more than 5
hydrogen bond donors, and no more than 10 hydrogen bond
acceptors, consensus log P < 0 or > 7.5, and number of rotatable
bonds greater than 20. The physicochemical properties of CA14
(MW = 375.54 g mol "), along with 3 hydrogen bond donors
and 3 hydrogen bond acceptors, showed a consensus log Pvalue
of 5.53, thus reflecting a balance between polarity and hydro-
phobicity of the molecule. Altogether, the compound complies
with Lipinski's rule of five, with only one violation, while
satisfying bRo5, showing its potential for an effective drug
candidate. In addition, the TPSA for CA14 was found to be 69.56
A?, thereby showing the ability of the compound to penetrate
the biological membrane due to low polar groups on the
surface. Overall data of physicochemical characteristics has
been represented in Table S1.

ADMET studies encompass properties such as human
intestinal absorption, blood-brain barrier permeability (BBB),
lethal dosage (LDs,) etc.”® It is known that the primary site for
a drug to get absorbed is the small intestine, and the data
suggest that an absorption rate of less than 30% indicates poor
druggability. CA14 exhibited a high percentage of human
intestinal absorption (87.30%), which aligns with the criteria for
potent drug-like molecules. The ability of a drug candidate to
cross the BBB was measured as the logarithmic ratio of brain to
plasma drug concentration (log BB). A value of log BB < —1 is
considered to have low distribution in the brain, whereas
a value greater than 3 shows high BBB penetration.” A value of
—1.01 for BBB penetration further supports the limited

41844 | RSC Adv, 2025, 15, 41833-41849

potential of CA14 to intrude the BBB, hence fewer side effects.
Another parameter is the volume of distribution steady state
(VDss). In contrast to drugs that bind to plasma proteins, which
usually have a lower apparent volume of distribution, drugs that
bind to tissues usually have a larger apparent volume of
distribution. VDss is considered low if the value is less than
—0.15 and is expressed in log L kg '.”° The data revealed

a-Glucosidase
a-Glucosidase + 20 uM CA14

80

704 1633.46

% Transmittance

60

3384.10
1614.79

50 4 3295.76

40 v
4000

T T T T
3000 2500 2000 1500

Wavenumber (cm™)

T
3500

Fig. 7 FT-IR spectra of a-glucosidase (7 uM) with and without CA14
(20 uM).
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Fig.8 3T3-L1 cell viability in the presence of varying concentration of
CA14 (0-50 puM). One-way analysis of variance (ANOVA), with Dun-
nett's multiple comparison test, was used to determine the statistical
significance of the difference in mean values. The statistical signifi-
cance 'ns’ represents not significant and is given for p > 0.05.

a greater apparent volume of distribution, with a value of 0.18,
indicating the potential for CA14 to be distributed more
extensively in tissues rather than in plasma. LDs, is used as
a measurement for toxicity prediction, representing the amount
of the compound that causes the death of 50% group of the test
animals. A value of LDs, > 500 mg kg for a drug candidate is
predicted to have low toxicity. The oral rat acute toxicity of CA14
gave an LDjs, of 2.37 mol kg™, indicating low toxicity. AMES
toxicity is another test to assess the mutagenic property of
a molecule, where a positive test suggests the potential of
a compound to be carcinogenic in nature.®** Interestingly, the
compound was not found to have any AMES toxicity, suggesting
it has a non-carcinogenic property (Table S2). Altogether, the
compound has good pharmacokinetic properties and is safe to
be considered to advance its therapeutic potential.

3.11 Stability assessment of CA14 under physiological
conditions

We performed the stability assay to find the chemical stability of
CA14 under physiological conditions. After 10 days of incuba-
tion in 1X PBS of pH 7.4 at 37 °C, the CA14, extracted in the
organic layer showed a single peak corresponding to the mass of
CA14 in the LC-MS (Fig. S33-S36). Notably, CA14 did not exhibit
any degradation even after incubating it for 10 days under
physiological conditions, attesting to its stability.

4. Conclusions

Diabetes, being a multifactorial disease, often renders treat-
ment with a single therapeutic agent ineffective. To overcome
these challenges, the development of antidiabetic agents with
multimodal treatment strategies is essential. In this study, we
developed a library of lipophilic derivatives of the small
molecular weight polyphenol, caffeic acid (CA) in pursuit of
potent multi-targeting antidiabetic molecules capable of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inhibiting a-amylase and a-glucosidase, scavenging free radi-
cals, and preventing the formation of AGEs. Among the
synthesized compounds, CA14 emerged as the most potent
compound that inhibited a-glucosidase with an IC5, of 1.94 uM
which is 113 times better than acarbose (ICs, of 219.70 uM) and
6392 times better than CA (ICs, of 12400 uM). Additionally,
CA14 showed a-amylase inhibition comparable (ICs, of 26.97
uM) to that of acarbose (ICs, of 11.32 uM). An added advantage
is its inhibitory effect against non-enzymatic glycation products,
showing approximately 33% and 70% inhibition of early-stage
fructosamine formation at 5 mM and 10 mM, respectively.
This is significantly higher than AG, a known glycation inhib-
itor, which showed only 9% and 30% inhibition at the same
concentrations. CA14 also exhibited comparable inhibition of
AGEs as that of AG. Further, it displayed superior free radical
scavenging properties compared to standard Vitamin C,
whereas the acarbose did not show any antioxidant activity.
Kinetic study revealed that CA14 inhibited the a-glucosidase
competitively as that of acarbose. The intrinsic fluorescence
quenching experiment revealed a significant interaction
between CA14 and both a-glucosidase and a-amylase which was
further supported by molecular docking studies that demon-
strated favorable binding interactions and affinities comparable
to acarbose. The interactions between a-glucosidase and CA14
were further analysed using FT-IR. Additionally, the compound
did not exhibit any significant cytotoxicity in 3T3-L1 fibroblasts,
even at 50 pM. Further, the ADMET profiling of CA14 revealed
good pharmacokinetic properties and is safe to be considered to
advance its therapeutic potential. In addition, the CA14 was
found to be stable under physiological conditions. These find-
ings highlight the critical role of strategic structural modifica-
tions in transforming natural products into advanced
multimodal therapeutics, offering a promising avenue for
tackling the intricate pathophysiology of diabetes.
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