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Type 2 Diabetes mellitus is a chronic disease considered one of the most severe global health emergencies.
Chlorogenic acid (1) has been shown to delay intestinal glucose absorption by inhibiting the activity of
α-glucosidase (α-Glu) and α-amylase (α-Amy). In the present work, eleven chlorogenic acid amides have been
•
synthesized and evaluated for their antioxidant properties (as DPPH and ORAC) and inhibition activity towards
the two enzymes and, with the aim to obtain dual-action antidiabetic agents. The two most promising hypo
glycemic compounds, bearing a tertiary amine function on an alkyl chain (8) and a benzothiazole scaffold (11),
showed IC50 values lower than that of (1) (45.5 µM α-Glu; 105.2 µM α-Amy). Amides 8 and 11 were by far more
potent α-Glu inhibitors than the antidiabetic drug acarbose (IC50 = 268.4 µM) and about twice less active toward
α-Amy than acarbose (IC50 = 34.4 µM). Kinetics experiments on amides 8 and 11 indicated these compounds as
mixed-type inhibitors of α-Glu with Kʹi values of 13.3 and 6.3 µM, respectively. The amylase inhibition occurred
with a competitive mechanism in the presence of 8 (Ki = 79.7 µM) and with a mixed-type mechanism with 11 (Ki
= 19.1 µM; Kʹi = 93.6 µM). Molecular docking analyses supported these results, highlighting the presence of
additional binding sites in both enzymes. Fluorescence experiments confirmed the grater affinity of amides 8 and
11 towards the two enzymes respect to (1). Moreover, a significant enhancement in acarbose efficacy was
observed when inhibition assays were performed adding acarbose and amide 11. The above outcomes pinpointed
the benzothiazole-based amide 11 as a promising candidate for further studies on type 2 diabetes treatment, both
alone or combined with acarbose.

1. Introduction
Diabetes mellitus is a chronic multifactorial disease characterized by
hyperglycemia, and it is considered one of this century’s most serious
global health emergencies. It is classified into type 1 and type 2, this
latter affecting about 90% of all diabetic patients. Type 2 diabetes
mellitus (T2DM) develops in adulthood and is related to incorrect life
styles such as consuming high-calorie, industrially sourced food, drug
abuse, and related chronic degenerative diseases to diabetes [1]. In
chronic conditions, hyperglycemia causes the onset of diseases related to
diabetes (retinopathy, nephropathy, neuropathy, etc.) and an increase in
the production of reactive radical species, including reactive oxygen

species (ROS), with consequent oxidative damage to the involved tissues
[2].
One therapeutic approach in the management of T2DM is to delay
the carbohydrates metabolism, thus the blood glucose absorption by
inhibiting α-amylase and α-glucosidases [3,4]. However, the commer
cially available drugs based on carbohydrate-related structures, such as
acarbose, voglibose, and miglitol, have shown some side effects (diar
rhea, vomiting, and abdominal hypertension) when administered in
association with a high-carbohydrate diet, reversible with discontinua
tion [5]. The side effects of these drugs’ intake have led to the search for
alternative therapies, based on natural or biocompatible molecules,
effective in contrasting hyperglycemia.
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Table 1

Optimization of reaction conditions for the synthesis of amide 3.

Entry

R

Activating agent

Base

Catalyst

Solvent

T (◦ C)

% Yielda

1
2
3
4
5

H
H
TBDMSb
H
H

EDCI/HOBt
BOP
BOP
—
—

DIPEA
TEA
TEA
—
—

—
—
—
B(OCH2CF3)3
Silica

DMF/CH2Cl2
DMF/CH2Cl2
DMF/CH2Cl2
2-MeTHF
2-MeTHF

25
25
25
80
80

12
36
50
3c
2c

a
b
c

Yield determined by quantitative HPLC-UV analysis on mixtures reacted for 12 h.
TBDMS: tert-butyldimethylsilyl group.
Yield determined after 24 h of reaction; no improvement was observed when the reaction was performed under microwave irradiation (200 W).

Numerous studies have been published on the hypoglycemic activity
of natural products; these studies concern both molecules present in
plants used for medicinal purposes and molecules taken with the diet as
contained in edible plants [6]. Among these, the evaluation of natural
phenolic compounds as metabolic enzyme inhibitors has rapidly
increased in the latest years, especially considering the known antioxi
dant activity. There is, therefore, a wide range of natural polyphenolic
compounds with mild side effects that could be used as dietary supple
ments [7–12]. In the light of these considerations, the synthesis of new
potential hypoglycemic agents derived from natural polyphenols is an
exciting and up-to-date research field as an alternative to currently
available drugs [13–15].
Recently, several papers related to natural bioactive phenolic acids
and derivatives [16] have highlighted their potential role as inhibitors of
the carbohydrates hydrolyzing enzymes [17,18]. For example, extracts
containing rosmarinic acid as a major constituent have shown antioxi
dant and α-glucosidase inhibitory activities [16]. In the light of the
synthesis of a new potential hypoglycemic agent, some papers report
studies on derivatives of rosmarinic acid and their evaluation for anti
oxidant activity and yeast α-glucosidase inhibition [19,20]. Chlorogenic
acid (1), an ester of caffeic acid, is ubiquitous in potato tubers, sweet
potato leaves, eggplant, artichoke, sunflower seed kernels and in
numerous varieties of green coffee beans at different concentrations
[21,22]. 1 is widely used in the pharmaceutical industry for its known
anti-inflammatory and antioxidant activities [23]. In addition, it has
been shown to delay intestinal glucose absorption and inhibit gluco
neogenesis [24,25]; it mediates blood glucose response in rats [26,27].
Moreover, chlorogenic acid and its isomers have promising inhibitory
activity towards α-glucosidase and α-amylase [28–30].
The antioxidant properties of 1 would be helpful in the design of
dual-action antidiabetic agents, able to reduce glycemia and prevent
damage caused by reactive radicals. Inspired by the above-cited prop
erties of 1, several studies planned to synthesize new analogs such as
caffeic acid and other related cinnamic acid analogs onto quercitol core
[31]. Some authors have introduced alkyl chains in high hydrophilic
polyphenols, thus obtaining derivatives with stronger α-glucosidase
inhibitory activity; in this way some diketal/acetal derivatives of
chlorogenic acid showed remarkable inhibitory activity than the lead
compound [32].
This research describes the synthesis of eleven new chlorogenic acid
derivatives bearing different substituents (protonable alkyl chains,
benzothiazolyl and phenolic groups) to the 1-position carboxyl group
connected through an amide bond. It’s well know that amide derivatives
have higher metabolic stability with respect to the ester analogues,
furthermore previous findings have shown that amides with similar side
chains and/or structural features, as well as benzothiazoles are prom
ising molecules in the development of new antidiabetic agents [19,33].
The newly amide derivatives of chlorogenic acid were evaluated as

α-glucosidase and α-amylase inhibitors by means of in vitro biochemical

assays, kinetic analysis, fluorescence spectroscopy experiments and in
silico analysis.
2. Materials and methods
2.1. General information

All materials, reagents, and solvents were purchased from Sigma
Aldrich, Merck, Carlo Erba and TCI Europe companies.
Optical rotatory power was measured using the Autopol I Rudolph
Research Analytical polarimeter (Milan, Italy) equipped with a 1 dm
path cell. The measurements were performed at 25 ◦ C and 589 nm
(yellow sodium line; D). All NMR spectra were recorded on a Varian
Unity Inova spectrometer (Italy, Milan) operating at 499.86 (1H) and
125.70 MHz (13C), and equipped with a gradient-enhanced, reversedetection probe. Chemical shifts (δ) are indirectly referred to TMS using
residual solvent signals (δ 3.31 for MeOH‑d4, 7.26 for CHCl3-d).
Coupling constants (J) are reported in Hertz (Hz) and multiplicity in 1H
NMR spectra are abbreviated as follows: s for singlet, d for doublet, t for
triplet, q for quartet, p for pentet, dd for double doublet, bs for broad
singlet, ddd for double double doublet, m for multiplet. All NMR ex
periments, including 2D spectra (g-COSY, g-HSQCAD, and g-HMBCAD),
were acquired at constant temperature (300 K). g-HMBCAD experiments
were set for an optimal long-range 13C–1H coupling constant of 8.0 Hz.
High-resolution mass spectra were acquired with a Q Exactive Orbitrap
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany)
equipped with an ESI ion source operating in negative mode.
HPLC-UV chromatograms were acquired on an Agilent 1100 series
(Milan, Italy), equipped with an auto-sampler (G1313A), a pump
(G1354A), and a diode array detector (DAD; G1315D). The reaction
mixtures were eluted on an analytical reversed-phase column (Luna
C18, 5 μm; 4.6 × 250 mm; Phenomenex, Castel Maggiore, BO, Italy).
Elution was performed with the following gradient of H2O + 1%
HCOOH (solvent A) and CH3CN + 1% HCOOH (solvent B) at 1 mL/min:
t0 min B (0%), t15 min B (80%), t25 min B (0%).
Preparative liquid chromatography was performed on M.N. poly
amide CC6 (70 µm, Macherey-Nagel, Düren, Germany eluted with water
and MeOH, DIOL silica gel (45 µm, Chromabond, Macherey-Nagel,
Düren, Germany), eluted with a gradient of MeOH in CH2Cl2. TLC was
carried out using pre-coated silica gel F254 plates (Macherey-Nagel,
Düren, Germany); visualization of reaction components was achieved
under UV light at wavelengths of 254 and 366 nm, and by staining with a
solution of cerium sulfate followed by heating.
2.2. Synthesis of silyloxy chlorogenic acid (1a)
Chlorogenic acid (1, 950 mg, 2.68 mmol) was dissolved in dry
2
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CH2Cl2 (4.8 mL); tert-butyldimethylsilyl chloride (1.0098 g, 6.72 mmol,
2.5 equiv for each added TBDMS ether group) and freshly distilled N,N’diisopropylethylamine (DIPEA, 1.2 mL, 13.4 mmol) were added and the
reaction mixture was stirred at 25 ◦ C for 24 h, under N2 atmosphere. The
mixture was diluted with EtOAc (50 mL) and partitioned with water (50
mL), the organic layer was partitioned with 1 M HCl (50 mL). The
organic phase was dried over anhydrous Na2SO4 and concentrated to
dryness. The crude product was purified by column chromatography on
Diol silica gel eluted with petroleum ether to give 1a with 78% yield: 1H
NMR (CHCl3-d, 500 MHz) δ: 7.59 (d, J = 15.9 Hz, 1H, H7’), 7.01 (s, 1H,
H2’), 7.00 (d, J = 8.0 Hz, 1H, H6’), 6.80 (d, J = 8.0 Hz, 1H, H5’), 6.23 (d,
J = 15.9 Hz, 1H, H8’), 5.38 (m, 1H, H3), 5.08 (bs, 3H, OH1,4,5), 4.31 (bs,
1H, H5), 3.77 (dd, J = 9.5 and 2.2 Hz, 1H, H4), 2.19 (m, 4H, H2,6), 0.99
(s, 9H, Htert-butyl), 0.98 (s, 9H, Htert-butyl), 0.21 (s, 6H, Si(CH3)2) 0.20 (s,
6H, Si(CH3)2), proton signal related to COOH is absent due the experi
mental condition; 13C NMR (CHCl3-d, 125 MHz) δ: 175.2 (C, COOH),
168.3 (C, COO), 149.9 (C, C4’), 147.2 (C, C3’), 146.4 (CH, C7’), 127.6 (C,
C1’), 122.6 (CH, C2’), 121.2 (CH, C5’), 120.5 (CH, C6’), 114.7 (CH, C8’),
75.7 (C, C1), 74.0 (CH, C5), 71.1 (CH, C3), 71.0 (CH, C4), 38.3 (CH2, C6),
36.4 (CH2, C2), 18.5 and 18.4 (C, Ctert-butyl), 25.9 and 25.8 (CH3, Ctert−
butyl), − 4.0 and − 4.1 (CH3, Cmethyl); HRMS (ESI ): m/z 581.2648
−
[M− H] (calcd for C28H45O9Si2 m/z 581.2602)

2.3.4. Procedure 5
hlorogenic acid (1, 10 mg; 0.028 mmol) and tyramine (2, 4.7 mg
0.34 mmol) were dissolved in 2-methyl THF (0.2 mL), silica gel 60 (20
mg) was added and the mixture was stirred at 80 ◦ C for 24 h. The same
reaction was also performed in solvent-free conditions and under mi
crowave irradiation (200 W).
2.4. General protocol for the synthesis of amides 3–13 with procedure 3
Silyloxy chlorogenic acid (1a, 70 mg, 0.12 mmol) was dissolved in
dry DMF (1 mL) and stirred with TEA (30 μL, 0.2 mmol) for 10 min a
25 ◦ C. Then, in each reaction, the selected amine (0.3 mmol, 1.5 equiv)
was added followed by the dropwise injection of BOP solution (88.5 mg,
0.2 mmol in 2 mL of dry CH2Cl2) within 15 min. The mixture was stirred
at 0 ◦ C for 30 min and at 25 ◦ C for 12 h, under N2 atmosphere. The
mixture was taken to dryness, diluted with dry THF (3.0 mL) and stirred
with 1 M TBAF (240 μL, 0.24 mmol) at 0 ◦ C for 1 h.
Work-up for amides 3–7, 11–13. The reaction mixture was concen
trated and diluted with EtOAc (20 mL), and it was partitioned with
water (2 × 15 mL). The organic layer was dried. The organic crude was
purified on Diol silica gel column (CH2Cl2: MeOH 98:2 → CH2Cl2: MeOH
85:15) to give the amide.
Work-up for amides 8–10. The crude of reaction was concentrated
and loaded onto M.N. polyamide CC6 (7 g), eluting with water (120 mL)
and then with MeOH (60 mL). The MeOH fraction was purified on the
Diol silica gel column (CH2Cl2: MeOH 98:2 → CH2Cl2: MeOH 70:30) to
give the expected product.

2.3. Preliminary experiments to obtain the amide 3
Preliminary experiments for the synthesis of amide 3 are listed in
Table 1 and described in the following as: procedure 1) amidation after
the activation of the carboxyl group with EDCI/HOBt (N-(3-dimethyla
minopropyl)-N’-ethylcarbodiimide hydrochloride/1-hydroxybenzotria
zole); procedures 2 and 3) amidation after the activation of the
carboxyl group with BOP (benzotriazol-1-yloxy)tris(dimethylamino)
phosphonium hexafluorophosphate); procedure 4) direct amidation
with B(OCH2CF3)3; procedure 5) direct amidation with silica gel. The
reaction yield was determined by HPLC-UV quantitative analysis in the
conditions reported in the General information section.

2.4.1. (E)-(1R,2R,3R,5S)-2,3,5-Trihydroxy-5-[(4-hydroxyphenethyl)
carbamoyl]cyclohexyl 3-(3,4-dihydroxyphenyl)acrylate (3)

1
52% yield: [α]25
D ¡50.4 (c 0.52, MeOH); H NMR (MeOH‑d4, 500
MHz) δ: 7.58 (d, J = 15.9 Hz, 1H, H7’), 7.05 (s, 1H, H2’), 7.03 (d, J = 8.2
Hz, 2H, H2’’,6’’), 6.95 (d, J = 8.1 Hz, 1H, H6’), 6.78 (d, J = 8.1 Hz, 1H,
H5’), 6.70 (d, J = 8.2 Hz, 2H, H3’’,5’’), 6.29 (d, J = 15.9 Hz, 1H, H8’), 5.38
(m, 1H, H3), 4.22 (d, J = 2.6 Hz, 1H, H5), 3.69 (dd, J = 9.5 and 2.6 Hz,
1H, H4), 3.38 (t, J = 7.1 Hz, 2H, H8’’), 2.70 (t, J = 7.1 Hz, 2H, H7’’), 2.01
(m, 4H, H2,6), proton signals related to 6 OH and 1 NH are not present in
the spectrum as these protons are subjected to exchange processes in
protic deuterated solvent; 13C NMR (MeOH‑d4, 125 MHz) δ: 176.6 (C,
CONH), 169.0 (C, COO), 156.9 (C, C4’’), 149.5 (C, C4’), 147.0 (CH, C7’),
146.8 (C, C3’), 131.0 (C, C1’’), 130.8 (CH, C2’’,6’’), 127.8 (C, C1’), 122.9
(CH, C6’), 116.5 (CH, C5’), 116.2 (CH, C3’’,5’’), 115.4 (CH, C8’), 115.1
(CH, C2’), 77.7 (C, C1), 74.4 (CH, C5), 72.6 (CH, C4), 71.9 (CH, C3), 41.9
(CH2, C8’’), 39.9 (CH2, C6), 38.7 (CH2, C2), 35.6 (CH2, C7’’); HRMS
(ESI− ): m/z 472.1647 [M− H]− (calcd for C24H26NO9 m/z 472.1608).

2.3.1. Procedure 1
Chlorogenic acid (1, 10 mg; 0.028 mmol) was dissolved in dry DMF
(0.15 mL), and the solution was stirred at 25 ◦ C with freshly distilled
DIPEA for 10 min. Then, tyramine (2, 4.7 mg 0.34 mmol) was added to
the mixture, followed by dropwise additions of EDCI (5.4 mg, 0.028
mmol in 0.1 mL of dry CH2Cl2) and HOBt (3.9 mg, 0.028 mmol in 0.1 mL
of dry DMF) solutions. The mixture was stirred at 0 ◦ C for 30 min, then it
was kept at 25 ◦ C, under stirring, for 12 h, under N2 atmosphere.
2.3.2. Procedures 2 and 3
Chlorogenic acid (1) or silyloxy derivative 1a (0.028 mmol) was
dissolved in dry DMF (0.15 mL), and the solution was stirred at 25 ◦ C
with freshly distilled triethylamine (TEA, 5 μL) for 10 min. Then, tyra
mine (2, 4.7 mg 0.34 mmol) was added to the mixture, followed by
dropwise addition of BOP solution (12.4 mg, 0.028 mmol in 0.2 mL of
dry CH2Cl2). The mixture was stirred at 0 ◦ C for 30 min, then it was kept
at 25 ◦ C, under stirring, for 12 h, under N2 atmosphere. For mixtures
with 1a (procedure 3), at the completion of the reaction, the crude was
concentrated in vacuo, diluted with dry THF (0.7 mL) and stirred with 1
M tetra-n-butylammonium fluoride solution (TBAF, 60 μL, 0.060 mmol)
at 0 ◦ C for 1 h. The mixture was diluted with EtOAc (10 mL and parti
tioned with water (2 × 5 mL). The organic layer was dried and took to
dryness.

2.4.2. (E)-(1R,2R,3R,5S)-5-[(3,4-Dihydroxyphenethyl)carbamoyl]-2,3,5trihydroxycyclohexyl 3-(3,4-dihydroxyphenyl)acrylate (4)

1
20% yield: [α]25
D +37.5 (c 0.48, MeOH); H NMR (MeOH‑d4, 500
MHz) δ: 7.58 (d, J = 15.9 Hz, 1H, H7’), 7.05 (d, J = 1.3 Hz, 1H, H2’), 6.95
(dd, J = 8.1 and 1.3 Hz, 1H, H6’), 6.78 (d, J = 8.1 Hz, 1H, H5’), 6.68 (d, J
= 8.0 Hz, 1H, H5’’), 6.65 (d, J = 1.3 Hz, 1H, H2’’), 6.53 (dd, J = 8.0 and
1.3 Hz, 1H, H6’’), 6.29 (d, J = 15.9 Hz, 1H, H8’), 5.39 (m, 1H, H3), 4.22
(d, J = 2.7 Hz, 1H, H5), 3.69 (dd, J = 9.8 and 2.7 Hz, 1H, H4), 3.37 (m,
2H, H8’’), 2.65 (t, J = 7.1 Hz, 2H, H7’’), 2.01 (m, 4H, H2,6), proton signals
related to 7 OH and 1 NH are not present in the spectrum as these
protons are subjected to exchange processes in protic deuterated sol
vent; 13C NMR (MeOH‑d4, 125 MHz) δ: 176.6 (C, CONH), 169.0 (C,
COO), 149.5 (C, C4’), 147.0 (CH, C7’), 146.8 (C, C3’), 146.3 (C, C4’’),
144.8 (C, C3’’), 131.8 (C, C1’’), 127.8 (C, C1’), 122.9 (CH, C6’), 121.1 (CH,
C6’’), 116.9 (CH, C5’), 116.5 (CH, C2’’), 116.4 (CH, C5’’), 115.4 (CH, C8’),
115.1 (CH, C2’), 77.7 (C, C1), 74.4 (CH, C5), 72.7 (CH, C4), 71.9 (CH, C3),
41.9 (CH2, C8’’), 40.0 (CH2, C6), 38.7 (CH2, C2), 35.9 (CH2, C7’’); HRMS
(ESI− ): m/z 488.1601 [M− H]− (calcd for C24H26NO10 m/z 488.1557).

2.3.3. Procedure 4
Chlorogenic acid (1, 10 mg; 0.028 mmol) was dissolved in 2-methyl
THF (0.1 mL) and the solution was stirred at 80 ◦ C with tyramine (2, 4.7
mg 0.34 mmol) and B(OCH2CF3)3 (15 μL, 0.030 mmol) for 24 h. The
same reaction was also performed under microwave irradiation (200
W).
3
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Fig. 1. Synthesis of amides 3–13 according to the procedure reported in entry 3 of Table 1.

2.4.3. (E)-(1R,2R,3R,5S)-5-(Benzylcarbamoyl)-2,3,5trihydroxycyclohexyl 3-(3,4-dihydroxyphenyl) acrylate (5)

2.4.4. (E)-(1R,2R,3R,5S)-2,3,5-Trihydroxy-5-[(4-methylbenzyl)
carbamoyl]cyclohexyl 3-(3,4-di-hydroxyphenyl)acrylate (6)

1
80% yield: [α]25
D ¡20.9 (c 0.50, MeOH); H NMR (MeOH‑d4, 500
MHz) δ: 7.58 (d, J = 15.9 Hz, 1H, H7’), 7.26 (m, 5H, Hbenzyl), 7.05 (bs,
1H, H2’), 6.94 (d, J = 8.1 Hz, 1H, H6’), 6.78 (d, J = 8.1 Hz, 1H, H5’), 6.29
(d, J = 15.9 Hz, 1H, H8’), 5.42 (m, 1H, H3), 4.39 (s, 2H, H7’’), 4.24 (bs,
1H, H5), 3.72 (d, J = 9.8 Hz, 1H, H4), 2.09 (m, 4H, H2,6), proton signals
related to 5 OH and 1 NH are not present in the spectrum as these
protons are subjected to exchange processes in protic deuterated sol
vent; 13C NMR (MeOH‑d4, 125 MHz) δ: 176.7 (C, CONH), 169.0 (C,
COO), 149.4 (C, C4’), 147.0 (CH, C7’), 146.7 (C, C3’), 139.8 (C, C1’’),
129.5 (CH, C3’’,5’’), 128.2 (CH, C2’’,6’’), 128.1 (CH, C4’’), 127.7 (C, C1’),
122.9 (CH, C6’), 116.5 (CH, C5’), 115.3 (CH, C8’), 115.2 (CH, C2’), 77.8
(C, C1), 74.3 (CH, C5), 72.6 (CH, C4), 71.8 (CH, C3), 43.7 (CH2, C7’’), 39.9
(CH2, C6), 38.7 (CH2, C2); HRMS (ESI− ): m/z 442.1545 [M− H]− (calcd
for C23H24NO8 m/z 442.1502).

1
49% yield: [α]25
D +38.4 (c 0.30, MeOH); H NMR (MeOH‑d4, 500
MHz) δ: 7.58 (d, J = 15.9 Hz, 1H, H7’), 7.14 (d, J = 8.2 Hz, 2H, H2’’,6’’),
7.11 (d, J = 8.2 Hz, 2H, H3’’,5’’), 7.05 (d, J = 2.0 Hz, 1H, H2’), 6.94 (dd, J
= 8.2 and 2.0 Hz, 1H, H6’), 6.78 (d, J = 8.2 Hz, 1H, H5’), 6.29 (d, J =
15.9 Hz, 1H, H8’), 5.41 (ddd, J = 11.3, 9.8 and 5.1 Hz, 1H, H3), 4.34 (s,
2H, H7’’), 4.24 (dd, J = 6.0 and 3.1 Hz, 1H, H5), 3.72 (dd, J = 9.9 and 3.1
Hz, 1H, H4), 2.29 (s, 3H, Hmethyl), 2.07 (m, 4H, H2,6), proton signals
related to 5 OH and 1 NH are not present in the spectrum as these
protons are subjected to exchange processes in protic deuterated sol
vent; 13C NMR (MeOH‑d4, 125 MHz) δ: 176.7 (C, CONH), 169.0 (C,
COO), 149.5 (C, C4’), 147.0 (C, C7’), 146.8 (CH, C3’), 137.9 (C, C4’’),
136.8 (C, C1’’), 130.1 (CH, C3’’,5’’), 128.2 (CH, C2’’,6’’), 127.8 (C, C1’),
122.9 (CH, C6’), 116.5 (CH, C5’), 115.4 (CH, C8’), 115.1 (CH, C2’), 77.8
(C, C1), 74.4 (CH, C5), 72.6 (CH, C4), 71.9 (CH, C3), 43.5 (CH2, C7’’), 40.0
(CH2, C6), 38.7 (CH2, C2), 21.1 (CH3, Cmethyl); HRMS (ESI− ): m/z
456.1608 [M− H]− (calcd for C24H26NO8 m/z 456.1658).
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Fig. 2. Lineweaver-Burk plots of α-glucosidase inhibition in the presence of: A) chlorogenic acid (1); B) amide 8; C) amide 11. Lineweaver-Burk plots of α-amylase
inhibition in the presence of: D) chlorogenic acid (1); E) amide 8; F) amide 11.

2.4.5. (E)-(1R,2R,3R,5S)-2,3,5-Trihydroxy-5-(methylcarbamoyl)
cyclohexyl 3-(3,4-dihydroxy-phenyl)acrylate (7)

MHz) δ: 7.58 (d, J = 15.9 Hz, 1H, H7’), 7.05 (d, J = 2.1 Hz, 1H, H2’), 6.95
(dd, J = 8.2 and 2.1 Hz, 1H, H6’), 6.78 (d, J = 8.2 Hz, 1H, H5’), 6.29 (d, J
= 15.9 Hz, 1H, H8’), 5.39 (ddd, J = 11.4, 9.8 and 5.0 Hz, 1H, H3), 4.24
(q, J = 3.1 Hz, 1H, H5), 3.71 (dd, J = 9.8 and 3.1 Hz, 1H, H4), 3.44 (m,
2H, H8’’), 2.75 (m, 6H, H2’’,6ʹʹ,7ʹʹ), 2.05 (m, 4H, H2,6), 1.70 (p, J = 5.7 Hz,
4H, H3’’,5ʹʹ), 1.55 (m, 2H, H4ʹʹ), proton signals related to 5 OH and 1 NH
are not present in the spectrum as these protons are subjected to ex
change processes in protic deuterated solvent; 13C NMR (MeOH‑d4, 125
MHz) δ: 177.3 (C, CONH), 169.0 (C, COO), 149.6 (C, C4’), 147.0 (CH,
C7’), 146.9 (C, C3’), 127.8 (C, C1’), 122.9 (CH, C6’), 116.5 (CH, C5’),
115.3 (CH, C8’), 115.1 (CH, C2’), 77.8 (C, C1), 74.3 (CH, C4), 72.6 (CH,
C5), 71.9 (CH, C3), 58.3 (CH2, C7ʹʹ), 55.2 (CH2, C2ʹʹ,6ʹʹ), 39.9 (CH2, C6),
38.7 (CH2, C2), 36.5 (CH2, C8’’) 25.8 (CH2, C3’’,5ʹʹ), 24.3 (CH2, C4ʹʹ);
HRMS (ESI− ): m/z 463.2125 [M− H]− (calcd for C23H31N2O8 m/z
463.2080).

2.4.6. (E)-(1R,2R,3R,5S)-5-[(3-(Dimethylamino)propyl)carbamoyl]2,3,5-trihydroxycyclohexyl 3-(3,4-dihydroxyphenyl)acrylate (8)
25% yield: 1H NMR (MeOH‑d4, 500 MHz) δ: 7.59 (d, J = 15.9 Hz, 1H,
H7’), 7.09 (d, J = 1.5 Hz, 1H, H2’), 6.98 (dd, J = 8.1 and 1.5 Hz, 1H, H6’),
6.82 (d, J = 8.1 Hz, 1H, H5’), 6.32 (d, J = 15.9 Hz, 1H, H8’), 5.39 (m, 1H,
H3), 4.27 (d, J = 2.7 Hz, 1H, H5), 3.75 (dd, J = 9.8 and 2.7 Hz, 1H, H4),
3.22 (m, 2H, H1’’), 2.97 (m, 2H, H3’’), 2.76 (s, 6H, N(CH3)2), 2.07 (m,
4H, H2,6), 1.66 (m, 2H, H2’’), proton signals related to 5 OH and 1 NH are
not present in the spectrum as these protons are subjected to exchange
processes in protic deuterated solvent; 13C NMR (MeOH‑d4, 125 MHz) δ:
177.5 (C, CONH), 169.3 (C, COO), 149.5 (C, C4’), 147.2 (CH, C7’), 146.6
(C, C3’), 127.7 (C, C1’), 123.1 (CH, C6’), 116.6 (CH, C5’), 115.3 (CH, C8’,
C2’), 77.8 (C, C1), 74.2 (CH, C4), 72.4 (CH, C5), 71.9 (CH, C3), 56.7 (CH2,
C3’’), 43.8 (CH3, N(CH3)2); 39.8 (CH2, C6), 38.6 (CH2, C2), 37.2 (CH2,
C1’’) 24.7 (CH2, C2’’); HRMS (ESI− ): m/z 437.1883 [M− H]− (calcd for
C21H29N2O8 m/z 437.1924).

2.4.8. (E)-(1R,2R,3R,5S)-2,3,5-Trihydroxy-5-{[2-(piperazin-1-yl)ethyl]
carbamoyl}cyclohexyl 3-(3,4-dihydroxyphenyl)acrylate (10)

1
78% yield: [α]25
D ¡9.8 (c 0.51, MeOH); H NMR (MeOH‑d4, 500 MHz)
δ: 7.53 (d, J = 15.9 Hz, 1H, H7’), 7.04 (d, J = 1.5 Hz, 1H, H2’), 6.95 (dd, J
= 8.1 and 1.5 Hz, 1H, H6’), 6.78 (d, J = 8.1 Hz, 1H, H5’), 6.22 (d, J =
15.9 Hz, 1H, H8’), 5.28 (m, 1H, H3), 4.14 (m, 1H, H5), 3.73 (dd, J = 7.4
and 3.0 Hz, 1H, H4), 3.70 (s, 3H, Hmehyl), 2.12 (m, 4H, H2,6), proton
signals related to 5 OH and 1 NH are not present in the spectrum as these
protons are subjected to exchange processes in protic deuterated sol
vent; 13C NMR (MeOH‑d4, 125 MHz) δ: 175.4 (C, CONH), 168.3 (C,
COO), 149.6 (C, C4’), 147.2 (CH, C7’), 146.8 (C, C3’), 127.6 (C, C1’),
123.0 (CH, C6’), 116.5 (CH, C5’), 115.1 (CH, C8’), 115.0 (CH, C2’), 75.8
(C, C1), 72.6 (CH, C4), 72.1 (CH, C3), 70.3 (CH, C5), 53.0 (CH3, Cmethyl),
38.0 (CH2, C6), 37.8 (CH2, C2); HRMS (ESI− ): m/z 366.1557 [M− H]−
(calcd for C17H20NO8 m/z 366.1189).

1
32% yield: [α]25
D +24.2 (c 0.36, MeOH); H NMR (MeOH‑d4, 500
MHz) δ: 7.58 (d, J = 15.9 Hz, 1H, H7’), 7.05 (d, J = 2.1 Hz, 1H, H2’), 6.95
(dd, J = 8.2, 2.1 Hz, 1H, H6’), 6.79 (d, J = 8.2 Hz, 1H, H5’), 6.30 (d, J =
15.9 Hz, 1H, H8’), 5.39 (m, 1H, H3), 4.25 (m, 1H, H5), 3.72 (dd, J = 9.8
and 2.9 Hz, 1H, H4), 3.20 (m, 2H, H8’’), 3.08 (m, 4H, H3ʹʹ,5ʹʹ), 2.71 (m, 4H,
H2ʹʹ,6ʹʹ), 2.57 (t, J = 6.2 Hz, 2H, H7ʹʹ), 2.05 (m, 4H, H2,6), proton signals
related to 5 OH and 2 NH are not present in the spectrum as these
protons are subjected to exchange processes in protic deuterated sol
vent; 13C NMR (MeOH‑d4, 125 MHz) δ: 176.8 (C, CONH), 169.0 (C,
COO), 149.5 (C, C4’), 147.0 (CH, C7’), 146.8 (C, C3’), 127.8 (C, C1’),
122.9 (CH, C6’), 116.5 (CH, C5’), 115.4 (CH, C8’), 115.2 (CH, C2’), 77.8
(C, C1), 74.3 (CH, C4), 72.6 (CH, C5), 71.9 (CH, C3), 57.5 (CH2, C7ʹʹ), 55.0
(CH2, C2ʹʹ,6ʹʹ), 45.0 (CH2, C8’’), 44.8 (CH2, C3’’,5ʹʹ), 40.0 (CH2, C6), 38.7
(CH2, C2); HRMS (ESI− ): m/z 464.2101 [M− H]− (calcd for C22H30N3O8
m/z 464.2033).

2.4.7. (E)-(1R,2R,3R,5S)-2,3,5-Trihydroxy-5-{[2-(piperidin-1-yl)ethyl]
carbamoyl}cyclohexyl 3-(3,4-dihydroxyphenyl)acrylate (9)

1
44% yield: [α]25
D − 78.4 (c 0.38, MeOH); H NMR (MeOH‑d4, 500
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147.1 (CH, C7’), 146.8 (C, C3’), 133.2 (C, C7’’a), 127.7 (C, C1’), 127.3
(CH, C5’’), 125.1 (CH, C6’’), 122.9 (CH, C6’), 122.4 (CH, C7’’), 121.9 (CH,
C4’’), 116.5 (CH, C5’), 115.22 (CH, C8’), 115.16 (CH, C2’), 77.6 (C, C1),
73.8 (CH, C4), 72.0 (CH, C5), 71.8 (CH, C3), 39.4 (CH2, C6), 38.7 (CH2,
C2); HRMS (ESI− ): m/z 485.1069 [M− H]− (calcd for C23H21SN2O8 m/z
485.1019).

Table 2
Hypoglycemic and antioxidant activities of chlorogenic acid (1) and amides
3–13.a

Hypoglycemic activity

Antioxidant activity

Compound R

α-Amy

α-Glu

IC50 ± SEM

DPPH
ORAC
EC50 ± SEM TE ± SEM

1
3

105.2 ± 6.9
155.8 ± 7.5

45.5 ± 2.1
40.8 ± 0.2

18.1 ± 0.5
26.4 ± 6.2

3.4 ± 0.3
3.1 ± 0.1

4

123.0 ± 11.6 20.4 ± 4.1

17.6 ± 0.7

3.4 ± 0.1

5

124.9 ± 14.1 43.8 ± 0.8

36.1 ± 1.3

3.0 ± 0.3

6

143.9 ± 6.9

39.6 ± 5.9

22.1 ± 0.2

3.1 ± 0.3

7
8

112.7 ± 6.9
61.6 ± 5.6

27.3 ± 3.5
13.3 ± 2.9

58.2 ± 11.0
50.9 ± 3.4

2.7 ± 0.2
2.9 ± 0.5

9

83.9 ± 0.7

21.8 ± 0.8

82.6 ± 0.3

2.6 ± 0.2

10

61.4 ± 13.9

17.1 ± 3.5

53.6 ± 4.7

2.8 ± 0.5

11

86.9 ± 6.2

14.5 ± 5.6

50.8 ± 7.6

2.7 ± 0.1

12

132.6 ± 7.7

16.0 ± 3.4

33.2 ± 2.8

3.0 ± 0.2

13

88.8 ± 3.6

15.3 ± 5.3

48.2 ± 3.8

2.8 ± 0.1

Acarbose
Quercetin

34.4 ± 1.1

268.4 ± 17.8

4.4 ± 0.7

6.8 ± 0.4

IC50 ± SEM

2.4.10. (E)-(1R,2R,3R,5S)-2,3,5-Trihydroxy-5-[(7-hydroxybenzo[d]
thiazol-2-yl)carbamoyl] cyclohexyl 3-(3,4-dihydroxyphenyl)acrylate (12)

•

1
52% yield: [α]25
D +28.1 (c 0.32, MeOH); H NMR (MeOH‑d4, 500
MHz) δ: 7.55 (d, J = 15.8 Hz, 1H, H7’), 7.27 (d, J = 7.7 Hz, 1H, H4ʹʹ), 7.12
(t, J = 7.7 Hz, 1H, H5ʹʹ), 7.02 (bs, 1H, H2’), 6.89 (d, J = 7.8 Hz, 1H, H6’),
6.82 (d, J = 7.7 Hz, 1H, H6ʹʹ), 6.75 (d, J = 8.2 Hz, 1H, H5’), 6.26 (d, J =
15.9 Hz, 1H, H8’), 5.46 (m, 1H, H3), 4.32 (s, 1H, H5), 3.79 (d, J = 8.0 Hz,
1H, H4), 2.21 (m, 4H, H2,6), proton signals related to 5 OH and 1 NH are
not present in the spectrum as these protons are subjected to exchange
processes in protic deuterated solvent; 13C NMR (MeOH‑d4, 125 MHz) δ:
175.1 (C, CONH), 168.9 (C, COO), 157.3 (C, C2’’), 150.9 (C, C3’’a), 149.5
(C, C4’), 147.1 (CH, C7’), 146.7 (C, C3’), 139.0 (C, C7’’a), 134.6 (C, C7’’),
127.7 (C, C1’), 126.2 (CH, C5’’), 122.9 (CH, C6’), 116.5 (CH, C5’), 115.21
(CH, C8’), 115.16 (CH, C2’), 113.0 (CH, C4’’), 112.2 (CH, C6’’), 77.6 (C,
C1), 73.9 (CH, C4), 72.1 (CH, C5), 71.7 (CH, C3), 39.5 (CH2, C6), 38.7
(CH2, C2); HRMS (ESI− ): m/z 501.1020 [M− H]− (calcd for C23H21SN2O9
m/z 501.0968).

2.4.11. (E)-(1R,2R,3R,5S)-5-(Benzo[d]thiazol-6-ylcarbamoyl)-2,3,5trihydroxycyclohexyl 3-(3,4-dihydroxyphenyl)acrylate (13)

1
37% yield: [α]25
D 74.0 (c 0.51, MeOH); H NMR (MeOH‑d4:CHCl3-d1
85:15, 500 MHz) δ: 9.10 (s, 1H, H2’’), 8.51 (d, J = 2.0 Hz, 1H, H7’’), 8.00
(d, J = 8.8 Hz, 1H, H4’’), 7.66 (dd, J = 8.8 and 2.0 Hz, 1H, H5’’), 7.58 (d,
J = 15.9 Hz, 1H, H7’), 7.04 (d, J = 1.9 Hz, 1H, H2’), 6.92 (dd, J = 8.2 and
1.9 Hz, 1H, H6’), 6.78 (d, J = 8.2 Hz, 1H, H5ʹ), 6.28 (d, J = 15.9 Hz, 1H,
H8’), 5.47 (ddd, J = 11.2, 9.7, and 4.9 Hz, 1H, H3), 4.31 (dd, J = 6.1, 3.0
Hz, 1H, H5), 3.76 (d, J = 9.7 and 3.0 Hz, 1H, H4), 2.22 (m, 4H, H2,6),
proton signals related to 5 OH and 1 NH are not present in the spectrum
as these protons are subjected to exchange processes in protic deuterated
solvent; 13C NMR (MeOH‑d4:CHCl3-d1 85:15, 125 MHz) δ: 174.8 (C,
CONH), 168.9 (C, COO), 155.9 (CH, C2’’), 150.6 (C, C3’’a), 149.3 (C, C4’),
146.9 (CH, C7’), 146.5 (C, C3’), 136.9 (C, C6’’), 135.4 (C, C7’’a), 127.5 (C,
C1’), 123.7 (CH, C4’’), 122.8 (CH, C6’), 121.0 (CH, C5’’), 116.3 (CH, C5’),
115.1 (CH, C8’), 115.0 (CH, C2’), 114.0 (CH, C7’’), 77.9 (C, C1), 74.1 (CH,
C4), 72.3 (CH, C5), 71.7 (CH, C3), 39.7 (CH2, C6), 38.5 (CH2, C2); HRMS
(ESI− ): m/z 485.1066 [M− H]− (calcd for C23H21SN2O8 m/z 485.1019).

a

Results are expressed in µM. IC50 is the concentration required to inhibit 50%
of enzyme activity. EC50 is the effective concentration required to quench the
•
50% of DPPH radical. TE stands for trolox equivalents.

2.4.9. (E)-(1R,2R,3R,5S)-5-(Benzo[d]thiazol-2-ylcarbamoyl)-2,3,5trihydroxycyclohexyl 3-(3,4-dihydroxyphenyl)acrylate (11)

1
36% yield: [α]25
D +42.9 (c 0.21, MeOH); H NMR (MeOH‑d4, 500
MHz) δ: 7.84 (d, J = 7.9 Hz, 1H, H7ʹʹ), 7.74 (d, J = 8.1 Hz, 1H, H4ʹʹ), 7.55

Table 3
Kinetic parameters for α-glucosidase and α-amylase inhibition with 1, 8, and
11.a
Compound

α-Glu

α-Amy

Type of
inhibition

Ki = ±
SEM
(μM)

Kʹi=
±
SEM
(μM)

Type of
inhibition

Ki = ±
SEM
(μM)

Kʹi= ±
SEM
(μM)

1

competitive

–

mixed-type

8

mixed-type

competitive

mixed-type

13.3
± 1.6
6.3
± 0.9

246.4
± 14.2
79.7
± 2.8
19.1
± 0.7

370.6
± 13.7
–

11

203.0
± 8.3
191.5
± 5.3
91.4
± 2.5

mixed-type

2.5. Assay and kinetics of α-glucosidase inhibition
The inhibition of α-glucosidase from Saccharomyces cerevisiae (EC
3.2.1.20, type I, α-Glu), was performed according to the assay previously
described [7]. In a 96-well microplate, the α-glucosidase solution (0.025
mg/mL in 50 mM phosphate buffer, pH 7.0; 100 μL) was mixed with the
tested compounds (2, 4, 8, 10 μL of 0.8–0.5 mM stock solutions). The
plate was incubated at 37 ◦ C for 10 min, then, 100 μL of 78 μM pnitrophenyl α-glucopyranose (NP-α-G) were added, and the microplate
was shaken at 37 ◦ C for 30 min. The reaction was stopped by adding 1 M
Na2CO3 solution (10 μL) in each well, and the optical density (O.D.) was
read at 405 nm with the Synergy H1 microplate reader (BioTek, Bad
Friedrichshall, Germany). Acarbose was used as a positive control.
The following equation gave the inhibition percentage:

93.6
± 5.1

a
Ki refers to the constants for the formation EI complex; Kʹi refers to the
constants for the formation ESI complex.

(d, J = 15.9 Hz, 1H, H7’), 7.42 (m, 1H, H5ʹʹ), 7.30 (m, 1H, H6ʹʹ), 7.01 (d, J
= 2.1 Hz, 1H, H2’), 6.89 (dd, J = 8.2 and 2.1 Hz, 1H, H6’), 6.74 (d, J =
8.2 Hz, 1H, H5’), 6.26 (d, J = 15.9 Hz, 1H, H8’), 5.45 (td, J = 9.7 and 4.7
Hz, 1H, H3), 4.32 (m, 1H, H5), 3.79 (dd, J = 9.7 and 3.2 Hz, 1H, H4), 2.22
(m, 4H, H2,6), proton signals related to 5 OH and 1 NH are not present in
the spectrum as these protons are subjected to exchange processes in
protic deuterated solvent; 13C NMR (MeOH‑d4, 125 MHz) δ: 175.2 (C,
CONH), 168.8 (C, COO), 159.5 (C, C2’’), 149.7 (C, C3’’a), 149.5 (C, C4’),

inhibition% =

(ODcontrol − ODsample )
× 100
ODcontrol

(1)

where ODcontrol and ODsample are the optical density measured for the
mixture enzyme/substrate and the mixtures enzyme/inhibitor/sub
strate, respectively. The concentration required to inhibit the 50% ac
tivity of the enzyme (IC50) was calculated by regression analysis.
6
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Fig. 3. Percentage of α-glucosidase inhibition of acarbose (red bars) and its combination with A) 8 (blue bars) and B) 11 (green bars). C) Percentage of α-amylase
inhibition of acarbose and its combination with 11 (green bars). The concentration of amides is the same employed in the assays for IC50 value determination.
Different letters on bars represent significant differences by Tukey’s test (p < 0.05).

Fig. 4. Changes in the intrinsic α-Glu fluorescence at different concentrations of 1, 8, and 11 and different temperatures (pH 6.9, λex = 295 nm).
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Fig. 5. Changes in the intrinsic α-Amy fluorescence at different concentrations of 1, 8, and 11 and different temperatures (pH 6.9, λex = 295 nm).

The mode of inhibition and the inhibitory constants for chlorogenic
acid and amides 8 and 11 were determined similarly. Precisely, mixtures
containing α-Glu (5 μL of a 31 μM solution), the inhibitors (1: 0, 52, 75,
105 μM; 8: 0, 18, 28, 40 μM; 11: 0, 17, 25.7, 34 μM) and NP-α-G at
different concentration (2.00, 1.50, 1.25, 0.83, 0.50, 0.33 and 0.15 mM)
were incubated at 37 ◦ C and the optical density was read at 405 nm
every 1 min for 30 min with the Synergy H1. The initial velocity (ν) was
determined as the slope of the O.D. changes at 405 nm during the linear
course of the reaction.
For competitive inhibitors, the kinetic equation (2) can be written in
a double reciprocal form (Eq. (3)) to give the Lineweaver-Burk plots as in
Fig. 2.
vmax S
)
v= (
Km 1 + KIi + S

1
=
v

(
)
Km 1 + KIi
vmax

1
1
× +
S vmax

(3)

For mixed-type inhibitors, the Eq. (4) can be written in a double
reciprocal form (Eq. (5)) to give the Lineweaver-Burk plots as in Fig. 2
(

v=
Km

1
=
v

(2)

v S
)max (
)
1+
+ S 1 + K’I i

(4)

I
Ki

(
)
Km 1 + KIi
vmax

(
1
× +
S

)
1 + K’I i
vmax

(5)

where ν and νmax are the enzyme reaction initial rate and the maximal
velocity, respectively, in the absence and presence of inhibitors. Km, Ki,
and K’i represent the Michaelis-Menten, the competitive and non8

N. Cardullo et al.

Bioorganic Chemistry 117 (2021) 105458

Fig. 6. Stern-Volmer plots for the quenching effects of α-Glu (A–C) and α-Amy (D–F) with selected compounds.

competitive inhibition constants, respectively; S and I are substrate (NPα-G) and inhibitor concentrations.
In either case, Ki and K’i can be determined using secondary plots
obtained from Eqs. (3) and (5) [34].

course of the reaction. The data acquired were elaborated according to
the Lineweaver-Burk equations (3) and (5).
2.7. Fluorescence measurements
Fluorescence experiments were performed as previously reported
[7]. A solution of α-Glu (0.03 mg/mL in 0.1 M phosphate buffer con
taining 0.1 M NaCl, pH 6.9; 2 mL) or α-Amy (0.4 mg/mL in 0.1 M
phosphate buffer containing 0.1 M NaCl, pH 6.9; 2 mL) was titrated by
consecutive additions (2 or 4 μL) of 1, 8 or 11. The concentration of
starting solution of the tested compounds was chosen based on the IC50
values. Each titration was replicated three times at 298.15, 303.15, and
310.15 K. The fluorescence spectrum was acquired after 1 min from each
addition setting the instrument (Varian Cary Eclipse Spectrophotom
eter) with the following parameters: λEXC = 295 nm; slit 10 nm; acqui
sition from 310 to 500 nm). The fluorescence at the maximum intensity
was employed to obtain the Stern-Volmer plots using the equation (6):

2.6. Assay and kinetics of α-amylase inhibition
The inhibition of the porcine pancreatic α-amylase (EC3.2.1.1, Type
VI-B, α-Amy) was performed previously reported [7]. The reactions were
carried out in test tubes by mixing 50 μL of the enzyme solution (6 U/ml
in 20 mM phosphate buffer containing 6.7 mM NaCl) with tested com
pounds (2, 4, 6, 8, 10 μL of 15–5 mM solutions). The reactions were
incubated at 37 ◦ C for 10 min, then, a starch solution (0.5% in phosphate
buffer; 50 μL), previously stirred at 90 ◦ C for 20 min, was added in the
test tubes, and the mixtures were incubated again at 37 ◦ C for 15 min.
Lastly, 100 μL of a 96 mM 3,5-dinitrosalicylic acid solution (containing
30% sodium potassium tartrate in 2 N NaOH) were added, and the test
tubes were heated at 80 ◦ C for 10 min. Each mixture was diluted with
water (final volume 540 μL) and the solutions were moved into a 96-well
microplate, and the O.D. at 540 nm was acquired. Acarbose was used as
a positive reference. The inhibition percentage was calculated by solving
Eq. (1); the IC50 values were calculated by regression analysis of inhi
bition % data.
The mode of inhibition and the kinetic parameters for chlorogenic
acid and amides 8 and 11 were determined according to a procedure
previously described with some modifications [35]. The assay was
performed in 96-well microplates (final volume of 200 μL). In a typical
set of experiments were added 10 μL of α-Amy solution (4.0 U/mL in 0.1
mM phosphate buffer containing 0.02% NaN3; pH 6.8) and the inhibitor
at different concentrations (1: 0, 70, 110, 210 μM; 8: 0, 75, 114, 150 μM;
11: 0, 61.5, 92.5, 123 μM). The plate was incubated at 37 ◦ C for 10 min,
and the reaction was started by addition of different aliquots of 10 mM
2-chloro-4-nitrophenyl-α-maltotrioside (CNP-α-G3; 1.25, 1.00, 0.75,
0.50, 0.25 mM), the O.D. was measured at 405 nm every minute for 30
min, maintaining the plate at 37 ◦ C. The initial velocity (ν) was deter
mined as the slope of the O.D. changes at 405 nm during the linear

Fo
= 1 + KSV [Q] = 1 + Kq τ0 [Q]
F

(6)

F0 and F represent the fluorescence intensities of the enzyme before and
after the addition of inhibitor, respectively. [Q] represents the concen
tration of the compounds studied; Ksv represents the Stern-Volmer
quenching constant. If the quenching is dynamic, the Stern-Volmer
constant will be represented by KD; otherwise, this constant will be
described as Ksv. Kq is the biomolecule quenching rate and it is related
with τ0, the average lifetime of the fluorophore in the absence of
quencher protein (approximately 10− 8 s for α-Glu and α-Amy).
The binding constant (Ka) and the number of binding sites n were
calculated with the following equation:
log

9

F0 − F
= logKa + nlog[Q]
F

(7)
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reported.[36] Different aliquots (10, 20, and 30 μL) of tested compounds
•
(300–150 μM in MeOH) were added to 0.2 mL of a 150 mM DPPH so
lution (in MeOH) freshly prepared. The mixtures were stored in the dark
at 25 ◦ C, and the O.D. was recorded at 517 nm with Synergy H1 after 1 h.
•
The percentage of DPPH quenched was calculated according to the
following equation:

Table 4
Dissociation (KSV) and binding constants (Ka) and the number of binding sites (n)
for the interaction of 1, 8, and 11 with α-glucosidase and α-amylase.

α-Glu
1

T (K)

KSV
(×104
L/mol)

Kq
(×1012L/
mol s)

R2

Ka
(×104L/
mol)

n

R2

298.15

7.21 ±
0.30
6.03 ±
0.79
5.48 ±
0.14
0.91 ±
0.14
1.34 ±
0.27
1.57 ±
0.08
2.70 ±
0.62
2.80 ±
0.57
3.19 ±
0.11

7.21 ±
0.30
6.03 ±
0.79
5.48 ±
0.14
0.91 ±
0.14
1.34 ±
0.27
1.57 ±
0.08
2.70 ±
0.62
2.80 ±
0.57
3.19 ±
0.81

0.9939

5.83 ±
0.61
3.06 ±
0.37
2.16 ±
0.21
0.49 ±
0.06
1.16 ±
0.10
2.51 ±
0.08
0.52 ±
0.06
1.50 ±
0.15
2.78 ±
0.25

1.05

0.9936

1.20

0.9981

1.24

0.9972

1.39

0.9961

1.01

0.9979

0.89

0.9960

1.42

0.9949

1.11

0.9940

1.01

0.9944

5.00 ±
0.28
3.41 ±
0.11
1.96 ±
0.22
0.28 ±
0.03
1.52 ±
0.41
1.88 ±
0.38
2.38 ±
0.15
4.08 ±
0.39
4.70 ±
0.18

5.00 ±
0.28
3.41 ±
0.11
1.96 ±
0.12
0.28 ±
0.03
1.52 ±
0.41
1.88 ±
0.38
2.38 ±
0.15
4.08 ±
0.39
4.70 ±
0.18

0.9938

1.08 ±
0.12
0.91 ±
0.11
0.83 ±
0.08
1.40 ±
0.08
1.64 ±
0.14
1.88 ±
0.06
1.60 ±
0.22
1.97 ±
0.56
2.80 ±
0.03

1.44

0.9936

1.35

0.9950

1.21

0.9918

0.53

0.9945

0.83

0.9935

0.99

0.9916

2.30

0.9937

2.31

0.9940

2.00

0.9957

303.15
310.15
8

298.15
303.15
310.15

11

298.15
303.15
310.15

α-Amy
1

298.15
303.15
310.15

8

298.15
303.15
310.15
298.15

11

303.15
310.15

0.9994
0.9979
0.9924
0.9947
0.9919
0.9964
0.9972
0.9919

0.9976
0.9923
0.9937
0.9967
0.9970
0.9907
0.9941
0.9965

quenchedDPPH% =

(ODcontrol − ODsample )
× 100
ODcontrol

(8)

where ODcontrol is the optical density of the DPPH solution in the
presence of MeOH (10, 20 or 30 μL) and ODsample is the optical density of
•
DPPH in the presence of the sample. EC50 is the concentration (μM)
required to obtain a 50% antioxidant effect, and it was calculated by
•
regression analysis of quenched DPPH %. Quercetin has been employed
as reference standard.
•

2.8.2. Oxygen radical absorbance capacity assay (ORAC)
The ORAC assay was performed according to the methodology pre
viously reported [37]. Fluorescein (8.16 × 10− 5 mM in 75 mM phos
phate buffer, pH = 7.4; 150 μL) was shaken with the tested compounds
(140–100 μM in MeOH; 25 μL) in a black 96-well microplate at 37 ◦ C for
10 min. The reaction started with the addition of 25 μL of a 153 mM 2,2’Azobis(2-methylpropionamidine) dihydrochloride solution freshly pre
pared. The fluorescence intensity was recorded with the Synergy H1
microplate reader using the following parameters: λEx = 485 nm, λEm =
528 nm, GAIN 50; for 30 min every minute. The data were elaborated as
the area under the curve (AUC), and Trolox was used as standard in the
same conditions to obtain a calibration curve (R2 = 0.9924). The anti
oxidant capacity was expressed as Trolox equivalents (TE: μM trolox/μM
tested compound) and was calculated according to the equation:
ORAC =

(AUCsample − AUCblank )
1
×
(slopeAUCTrolox )
(molaritysample)

(9)

Quercetin has been employed as reference standard.
2.9. Statistical analysis
All biochemical assays, fluorescence experiments, and kinetics were
performed in triplicate, and the results were expressed as mean value ±
SEM. All data were elaborated with Origin 8.0 software or Excel 2016
and were compared using analysis of variance (ANOVA). P values < 0.05
(Tukey’s test) were statistically significant.

2.8. Antioxidant activity assays
2.8.1. DPPH scavenging assay
•
The 2,2-diphenyl-1-picrylhydrazyl (DPPH ) radical scavenging ac
tivity of chlorogenic acid and amide derivatives was determined ac
cording to a methodology adapted to 96-well microplate previously
•

Fig. 7. Amides 8 (blue) and 11 (orange) inside the primary binding site of α-glucosidase.
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Fig. 8. Amides 8 (blue) and 11 (orange) inside the primary binding site of α-amylase.

Fig. 9. Catalytic and allosteric sites in α-glucosidase. 3D and 2D interaction of 8 (cyano) and 11 (orange) inside the allosteric binding site of α-glucosidase.

2.10. Molecular modeling

template and downloaded in PDB format from (PDB ID: 3AJ7) [41]. In
the alignment, 581 of 584 target residues (99.5%) were aligned to
template residues. Among these aligned residues, the sequence identity
was 71.8% and the sequence similarity 84.9% (BLOSUM62 score is > 0).
Docking experiments were carried out employing AutoDock 4.2.6
software ref and YASARA as a graphical interface, as already reported
[42,43]. The maps were generated by the program AutoGrid (4.26) with
a spacing of 0.375 Å and dimensions that encompass all atoms extending
5 Å from the surface of the PM6-minimized structures. All the parame
ters were inserted at their default settings. In the docking tab, the
macromolecule and ligand are selected, and GA parameters are set as
ga_runs = 100, ga_pop_size = 150, ga_num_evals = 20 000 000,
ga_num_generations = 27 000, ga_elitism = 1, ga_mutation_rate = 0.02,
ga_crossover_rate = 0.8, ga_crossover_mode = two points, ga_cau
chy_alpha = 0.0, ga_cauchy_beta = 1.0, number of generations for
picking worst individual = 10.

The molecules were drawn using Marvin Sketch and then subjected
to molecular mechanics energy minimization by Merck molecular force
field (MMFF94) optimization using the Marvin Sketch geometrical de
scriptors plugin. After obtaining the 3D structures for all compounds, the
geometry was also optimized at the semiempirical level using the
parametrized model number 6 (PM6) semiempirical Hamiltonian [38],
as implemented in the MOPAC2016 package (v 18.025 W). Both the
docking experiments and the homology model were performed with
YASARA software (v 21.6.16) [39]. The homology modeling module
[40] present in YASARA was exploited to build the model starting from
the isomaltase from the Saccharomyces sequence. The linear sequence of
the α-glucosidase was downloaded from www.uniprot.org (code:
P53341), and the homology model was made using YASARA software.
The sequence of the isomaltase from Saccharomyces was employed as a
11
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Fig. 10. Catalytic and allosteric sites in α-amylase. 3D and 2D interaction of 11 (orange) inside the allosteric binding site of α-amylase.

3. Results and discussion

performed by conventional heating and microwaves irradiation; how
ever, no improvement in the course of the reactions was detected, thus
confirming the limited substrate scope.
A total of 11 amines have been used in order to obtain chlorogenic
acid derivatives bearing different amidic side chains. This list includes
alkyl aryl amines, benzothiazolyl amines and alkyl amines with tertiary
protonable sites (Fig. 1). The reaction trends were almost the same for
all amines regardless of the structural and chemical differences. Based
on this data, amides 3–13 were synthesized in large amount according to
the procedure reported in Fig. 1 and entry 3 of Table 1. Newly obtained
chlorogenic acid amides 3–13 were characterized employing HRMS
spectrometry and 1H and 13C NMR spectroscopy; 2D NMR experiments
(COSY, HSQC, and HMBC) were run to establish the structure of prod
ucts and unambiguously assign the proton and carbon chemical shifts.
The specific rotation for compounds 3–13 was also tabulated, and all
these data are listed in the Material and Methods section.

3.1. Chemistry
The amide functionality is widespread in bioactive natural products
and it is present in up to 25% of all pharmaceuticals. The high activation
barrier for the direct amidation of a carboxylic acid and the competing
acid-base reaction between a carboxylic acid and an amine make this
reaction challenging. Several methods to obtain amide linkage exploit
carboxylic acid activators. The main advantages in employing activating
agents are mild reaction conditions and yields from good to high.
However, these reactions give by-products with consequent long puri
fication procedures [44]. As an alternative, the amide linkage can be
formed by direct amidation of non-activated carboxylic acid in the
presence of Lewis acid catalysts, namely, metal complexes, boron- or
silica-based reagents [45,46]. These protocols result in a more ecofriendly processes employing stoichiometric amounts of activating
agents but often requiring high reaction temperatures and long reaction
time. Furthermore, a significant drawback is the removal of water to
increase yields. Not least, the direct amidation approach can suffer from
a limited substrate scope.
Based on this, we have performed preliminary experiments to
pinpoint the best reaction conditions for synthesizing amide derivatives
of chlorogenic acid, sifting through some of the different methodologies
listed above. Table 1 reports the reaction condition optimization be
tween chlorogenic acid (1) and tyramine (2). Precisely, EDCI/HOBt
(entry 1) and BOP (entry 2 starting from 1 and entry 3 from 1a) have
been employed as carboxylic acid activating groups, whereas B
(OCH2CF3)3 (entry 4) and silica gel (entry 5) and catalysts have been
screened for thermal amidation.
Poor results have been obtained with the EDCI/HOBt couple (entry
1). Amide 3 was obtained with moderate yield employing BOP as acti
vating agent and free chlorogenic acid (entry 2). Using chlorogenic acid
protected at phenolic functions with TBDMS groups (compound 1a)
improved the yield reaching 50% after the deprotection step (entry 3 of
Table 1; Fig. 1 for reaction scheme). The unreacted chlorogenic acid was
recovered from direct amidation experiments (entries 4 and 5). Ac
cording to some literature reports, these latter reactions have been

3.2. Biochemical studies
3.2.1. α-glucosidase and α-amylase inhibitory activity
Amides 3–13 and the natural lead 1 were evaluated for their inhib
itory activity towards α-glucosidase from Saccharomyces cerevisiae
(α-Glu) and α-amylase from porcine pancreas (α-Amy) according to the
previously described spectrophotometric methods [7]. The antidiabetic
drug acarbose has been employed as a positive control in both the as
says. The inhibition curves for α-Glu and α-Amy with tested compounds
are reported in Figure S69 and S70. The results are reported in Table 2 as
the concentration (µM) inhibiting the 50% of enzyme activity (IC50);
therefore, the lower is the value of IC50 so higher will be the observed
inhibition.
According to the data obtained, the majority of amide derivatives are
more effective α-Glu inhibitors (27.3–13.3 µM) than the natural lead 1
(45.5 µM) and by far more potent than acarbose (268.4 µM). Only de
rivatives 3, 5, and 6 gave IC50 values comparable to 1, whereas the
amides 8, 10–13 are two to three times more active than 1. The amides
have shown promising α-Amy inhibitory activity with IC50 value in the
range of 61.6–155.8 µM. Among these, the derivatives 8–11 and 13
(61.4–88.8 µM) are more active than 1 (105.2 µM) and about twice less
12
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active than acarbose, which is known to be a more potent α-Amy in
hibitor than α-Glu inhibitor. Otherwise, the most promising α-Glu and
α-Amy inhibitors, namely 8, 10, 11, and 13, have shown a behavior
opposite to that of acarbose, being potent α-glucosidase inhibitors and
moderate α-amylase inhibitors. This result is very intriguing considering
that the undesired side effects related to the use of acarbose as antidi
abetic drug can be associated with its potent inhibition of α-Amy.
Furthermore, some speculation about the structure − activity relation
ship can be performed considering the different groups and chemical
properties of the moieties linked through the amide junction. All the
amides with alkyl chain and one or two protonable tertiary amine
functions (8–10) are among the most active hypoglycemic agents, in
agreement with previous findings [19]. Similarly, the amides bearing a
benzothiazole unit (11–13) are among the most active compounds
tested herein. In addition, amides 11–13 are by far more potent hypo
glycemic agents than other previously reported benzothiazole-based
compounds [33], suggesting that the chlorogenic acid portion has a
pivotal effect on the inhibitory activity of these derivatives. Moreover,
the amines employed to synthesize 3–13, were subjected to the same
inhibition assays and did not show any significant activity (Table S1).
Finally, alkyl aryl chlorogenic acid amides are the less active compounds
among those studied.

(Figure S72A). Conversely, the data lines on the Lineweaver–Burk plot
of both amides 8 and 11 intersected in the third quadrant (Fig. 2B–C);
this behaviour can be explained with a mixed-type inhibition, that is an
intermediate mechanism between non-competitive and uncompetitive
inhibition [48]. In this case, usually the Kʹi < Ki where Kʹi and Ki are the
inhibitor constants for the formation of ESI complex and EI complex,
respectively. The secondary plots of the Lineweaver-Burk graphic gave
the Kʹi and Ki values, thus confirming the above-described processes
(Figure S72B–C). The kinetics for amides 8 and 11 suggested that these
inhibitors could cause a conformational change in the enzyme by
interacting in a pocket different from the catalytic one; alternatively,
they could bind directly to the ES complex. In both cases, the inhibitors
do not compete with the substrate for the same binding site.
Because of their different binding sites, acarbose and mixed-type
inhibitors, such as 8 and 11, might not hinder each other and, in the
absence of adverse protein conformational changes, might bind simul
taneously to the enzyme exhibiting synergistic overall inhibitory
activity.
The analysis of the Lineweaver-Burk plots for the α-Amy inhibition in
the presence of 1 confirms the literature data about its mixed-type
inhibitory mode (Fig. 2D) [47]. The chlorogenic acid amide 8 behaves
as a competitive inhibitor (Fig. 2E), being the data lines crossed on the y
axis (namely, the νmax does not change). The Dixon plot (Figure S71E)
focused on one point and gave straight lines, thus confirming the
occurrence of this specific mode of inhibition. A dissociation constant
(Ki) value of 79.7 μM was determined from the graphic obtained by the
slope of Lineweaver-Burk plot lines versus inhibitor concentration
(Figure S73B). The data lines on the Lineweaver–Burk plot of amide 11
(Fig. 2F) intersected in the second quadrant thus resulting in a mixedtype inhibitor. More in detail, the inhibition of α-Amy caused by 11
modified both νmax and Km values. In this case, the inhibitor exhibits
both competitive and non-competitive inhibition mechanism with Ki <
Kʹi. The secondary plots of the Lineweaver-Burk graphic (Figure S73C)
gave these values (see Table 3), thus confirming the above-described
processes.

3.2.2. Antioxidant activity
Two assays were employed to measure the antioxidant activity of
amides 3–13 and of chlorogenic acid (1), one based on the scavenging of
•
the DPPH radical (reported in Table 2 as EC50 in µM), the other one
based on the Oxygen Radical Absorbance Capacity (ORAC, expressed in
Table 2 as μmol Trolox/µmol of sample; TE). The data obtained with
these methods were linearly correlated (R2 = 0.9083) and, as expected,
the amides with a phenol pendant (3 and 12) or a catechol group (4)
•
showed the highest antioxidant activity in both assays, with DPPH EC50
values between 17.6 and 33.2 µM and very similar TE values (3.0–3.4).
Also, amide 6 with a 4-methyl benzyl chain has shown promising anti
oxidant activity. Of note, the most effective hypoglycemic agents,
namely 8, 11, and 13, have good antioxidant activity, with EC50 and TE
values in the range between 48.2–50.9 µM and 2.7–2.9 µM. These data
indicate that 8, 11, and 13 are potential dual-action antidiabetic agents
with both hypoglycemic and antioxidant activity.
To have more information on the inhibitory behaviour of the most
active compounds toward both α-Glu and α-Amy, further experiments
were performed on amides 8 and 11 as representatives of the two most
promising scaffolds for the hypoglycemic activity. The experiments were
also performed on chlorogenic acid for comparison. Furthermore, the
mode of inhibition and the binding constant of 1 towards α-amylase are
known [47], but not data referring to α-glucosidase are reported.

3.2.4. Combined inhibition by acarbose with amides 8 and 11
Based on these kinetic data, the combined inhibition of acarbose
with amides showing mixed-type inhibition, namely amides 8 and 11
against α-glucosidase and amide 11 against α-amylase, was determined.
As shown in Fig. 3, adding amides and acarbose (blue and green bars) to
both enzymes increased the percentage inhibition compared to acarbose
assayed alone (red bars). Furthermore, the most significant increase in
α-Glu inhibition was observed in the presence of 11, resulting in a
substantial enhancement in acarbose efficacy.
These findings indicated that combining acarbose and amide 8 and,
more specifically amide 11 may produce a more effective inhibition of
α-glucosidase and α-amylase. Furthermore, the combination index value
(CI) was determined to assess whether the combined effect of amide 11
and acarbose toward both α-Amy and α-Glu can be explained as a syn
ergism (CI < 1), as additive (CI = 1.0–1.1), or antagonism (CI > 1.1) 49,
50]. According to the results (Figure S75) a synergism might occur at
lower concentrations of amide 11 in the combined inhibition of α-Amy
(CI = 0.70 at 40.8 μM and CI = 0.77 at 84.9 μM) and α-Glu (CI = 0.66 at
2.4 μM). Whereas, at the higher concentrations, CI values > 1 have
suggested additive and antagonistic inhibition [49,50]. Therefore, tak
ing advantage of this synergistic effect, it would be possible to admin
ister the antidiabetic drug acarbose at lower doses, possibly reducing the
side effects associated with its assumption.

3.2.3. Mode of inhibition
The mode of inhibition of chlorogenic acid (1) and amides 8 and 11
towards α-Glu and α-Amy was determined employing UV spectroscopy,
plotting the reciprocal of initial velocity (ν) versus the reciprocal of
substrate concentration (NP-α-G for α-Glu and CNP-α-G3 for α-Amy) at
different concentration of the inhibitor. The Lineweaver-Burk plots (L-B)
for the mode of inhibition of α-Glu by 1, 8, and 11 are reported in
Fig. 2A–C, respectively; those obtained from the inhibition of α-Amy are
reported in Fig. 2D–F. The Dixon plots and the secondary plots elabo
rated for determination of constants are reported as Supplementary
Material, whereas the kinetics parameters are collected in Table 3.
According to these findings, chlorogenic acid acts as a competitive
inhibitor of α-Glu; in fact, increasing the concentration of 1 unaffected
the νmax value, whereas it increased the Km value. Furthermore, the
Dixon plot (Figure S71A) linearly fitted and focused on one point,
further supporting that 1 competes for the catalytic site of free α-GLU.
Moreover, a dissociation constant (Ki) value of 203 μM for the enzymeinhibitor complex was determined from a secondary plot where the
slope of Lineweaver-Burk lines linearly fitted with the concentration of 1

3.2.5. Intrinsic fluorescence measurements
Finally, the affinity of the most effective inhibitors 8 and 11 for α-Glu
and α-Amy was determined spectroscopically by fluorimetric titration
(Figs. 4 and 5). Analogous experiments were performed on chlorogenic
acid (1) for comparison.
It is well known that Phe, Tyr, and Trp possess chromophore groups
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responsible for the endogenous fluorescence of the majority of proteins;
among these, α-glucosidase, α-amylase, albumin and lipase are few ex
amples [47]. Accordingly, changes in the maximum emission intrinsic
fluorescence intensity of α-Glu and α-Amy can be attributed to the
micro-environmental changes of Phe, Tyr, and Trp residues, in turn,
caused by interactions with a ligand, thus affecting the enzyme’s
activity.
Fluorescence spectra of α-Glu and α-Amy were recorded by titrating
the enzyme solution with the inhibitor solution (1, 8, or 11). These
measurements were performed at three temperatures (298.15, 303.15,
and 310.15 K) to get more information on the nature of the interaction.
In Figs. 4 and 5, the spectra acquired for α-Glu and α-Amy, respectively,
in the presence of 1, 8, and 11 are reported. The addition of the tested
compounds progressively reduced the fluorescence intensity of the two
enzymes. Furthermore, a red shift of the maximum emission wavelength
(from 343 to 364 nm for α-Glu and from 350 to 365 nm for α-Amy) was
observed. This typical trend suggests a variation of the polarity of the
micro-environment around the above-cited amino acidic residues as a
result of the interaction between the enzyme and the inhibitor [7].
The data recorded were elaborated according to equation (6). The
linearity of Stern-Volmer plots indicates a single mode of quenching for
both α-Glu and α-Amy (Fig. 6). From these plots, and according to Eq.
(6), the dissociation constant KSV and the bimolecular quenching con
stant Kq were determined. These data are collected in Table 4.
From the analysis of these data, two different behaviours can be
distinguished. For chlorogenic acid (1) the slopes of the three lines (Ksv)
related to experiments performed with both α-Glu and α-Amy decreased
with increasing of temperature. In addition, their corresponding Kq
values ranged from 7.21 to 5.48 £ 1012 L mol− 1 s− 1 for α-Glu and from
5.00 to 1.96 £ 1012 L mol− 1 s− 1 for α-Amy, indicating that in the
presence of 1 a static quenching occurs. It is worthy of note that the data
obtained fit with those previously reported by Chen et al. [30] and
Zheng et al [47].
The opposite effect was observed for the amide derivatives 8 and 11
towards the two enzymes. The dissociation constants increased with the
temperature, and Kq values are lower than those observed for 1. These
findings indicate that the amide derivatives of chlorogenic acid
quenched the fluorescence of the two enzymes through diffusive colli
sions. The number of binding sites (n) and the binding constant (Ka) for
the interaction of 1, 8, and 11 with α-glucosidase and α-amylase were
calculated using the Eq. (7) (Figure S74), and these values are reported
in Table 4. In the temperature range studied, the value obtained for n is
near 1 for 1 and 8 concerning the two enzymes. Compound 11 showed n
value near to 1 toward α-Glu and near to 2 toward α-Amy. The com
parison of the Ka values at 310.15 K shows that amides 8 and 11 have a
greater affinity for the two enzymes than the natural lead 1. Moreover,
all experimental data obtained for both enzymes agree with each other
as indicated by the linear correlation between KA and 1/Ki values, (R2 =
0.83 for α-Glu; R2 = 0.95 for α-Amy).

enzymes: i.e., Asp 68, Ser 156, Phe 157, Phe 177, Asp 214, His 239, Asn
241, His 245, Glu 276, Ala 278, Phe 300, Glu 304, Thr 307, Ser 308, Pro
309, Arg 312, Gln 222, Asp 349, Gln 350, and Asp 408 for the
α-glucosidase and Trp 58, Trp 59, Tyr 62, Val 98, His 101, Tyr 151, Leu
162, Thr 163, Leu 165, Arg 195, Ala 198, Lys 200, His 201, Glu 233, Glu
240, Ile 235, His 299 and Asp 300 for the α-amylase. Figs. 7 and 8 show
the two molecules inside the binding pocket of α-glucosidase and
α-amylase, respectively. For both molecules, the catechol group is
located close to Thr 307 and Arg 312 in α-glucosidase. Molecule 8 can
interact with the residues by H-bond donor between the catechol and
Thr 307 and H-pi interaction with Arg 312. Differently, H-pi interactions
are identified between the benzothiazole ring of 11 and Asp 214. The
sulfur of the ring is also interacting as H-acceptor with Asp 349. The
calculated binding energies are in fair agreement with the experimental
ones, indicating 11 slightly more powerful of 8, with a ΔG binding of
6.71 and 6.55 kcal/mol, respectively. Considering the α-amylase in
teractions, the two molecules are located in a similar pose inside the
catalytic pocket where the catechol group is located in a pocket formed
by Tyr 151, Ala 198, Lys 200, and Ile 235, whereas the other part of the
molecules are pointing toward the surface of the protein. Binding en
ergies calculated are for 8, and 11 in the catalytic pocket of α-amylase
are 5.91 and 5.73 kcal/mol, respectively.
Although the calculated interactions for both molecules in the
analyzed binding pockets are in fair agreement with the experimental
ones, this could not explain the mixed type inhibition experimentally
measured for 8 and 11 in α-glucosidase and for 11 in α-amylase. In order
to explain the mixed-type inhibition, other binding sites far from the
active site were analyzed as recently proposed [47,51], and the molec
ular interaction with both molecules was studied.
Several binding sites were analyzed for the α-glucosidase, and the
result showed that both molecules best interact with the allosteric site
formed by Lys 155, Phe 157, Leu 176, Leu 237, Gln 238, Gly 243, Ser
244, Phe 311, Arg 312 with a calculated ΔG binding of 6.35 and 6.40
kcal/mol for molecules 8 and 11, respectively. No other relevant in
teractions were found with other reported allosteric sites for both mol
ecules; in fact, 8 and 11 can only also slightly interact with the binding
pocket formed by Lys 12, Trp 14, His 258, Lys 262, Val 265, Glu 270, Ile
271, Thr 287, Ala 289, Tyr 292, Val 294, Thr 295, Ser 339 (ΔG binding
of 4.65 and 4.44 kcal/mol for molecules 8 and 11) and by Gln 66, Gln
67, Met 69, Ser 179, Arg 180, Glu 405, Val 407, Lys 410, Asn 411, Trp
465 (ΔG binding of 4.46 and 4.23 kcal/mol for molecules 8 and 11). All
the other calculated interactions with other reported binding pockets
only achieved ΔG of binding <3 kcal/mol, suggesting that 8 and 11
interact only with the first reported allosteric site. In this site, the
catechol moiety of both molecules is located deep in the pocket, whereas
the other part of the molecules is pointing toward the surface of the
enzyme (Fig. 9). In molecule 8, the catechol interacts through H-bond
with Asp 232 and the tertiary amine with an ionic interaction with Glu
426. Differently, the catechol group in molecule 11 interacts with Ser
235; another H-bond is present between an OH and the Asp 429. Finally,
the benzothiazole scaffold interacts with Lys 233 through a cation-pi
interaction.
Unlike the α-glucosidase that possesses multiple allosteric sites, only
one secondary binding site has been recently reported for the α-amylase
[47,52]. Both the molecules were docked into the allosteric site and the
calculated ΔG binding were 3.65 and 5.04 kcal/mol for molecules 8 and
11, suggesting a stronger interaction of 11 with the allosteric site. This
result agrees with the measured mixed-type inhibitory activity of 11 and
the competitive inhibitory activity of 8. In α-amylase, molecule 8 can
only interact primarily with the catalytic site, resulting in a competitive
inhibitor; differently, molecule 11 can also interact with the allosteric
site, resulting in a mixed-activity. In this secondary binding pocket, 11
interacts via a series of H-bonds with Arg 252 and Asp 402 and an H-pi
interaction between the benzothiazole and Asn 5 (Fig. 10).

3.3. Molecular modeling
In order to investigate the binding mode of the new chlorogenic acid
derivatives, two representatives of the most potent compounds, 8 and
11, were studied inside the binding pockets of α-glucosidase and
α-amylase. Secondary binding pockets interactions were also studied in
both enzymes and the main catalytic pockets to explain the mixed-type
inhibition of the two molecules in α-glucosidase and the mixed-type
inhibition of 11 in the α-amylase. The α-glucosidase target enzyme
was prepared through homology modeling, differently the human
pancreatic α-amylase in complex with montbretin A was used for the
modeling of α-amylase (ProteinData Bank www.rcsb.org, PDB ID: 4
W93). In order to obtain the homology model of the α-glucosidase, we
performed a similar approach already reported [19]. Once the model for
the α-glucosidase was created, the docking experiments started. The two
selected molecules were firstly docked into the active site of both
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Based on the antioxidant activity and inhibition of α-glucosidase and
α-amylase by chlorogenic acid, a series of chlorogenic acids amides was

newly synthesized as dual-action antidiabetic agents able to prevent
damage caused by reactive radicals and reduce glycaemia.
Among the eleven synthesized compounds, 8 and 11 exhibited sig
nificant α-Glu inhibition and moderate α-Amy inhibition, thus reducing
the undesired side effects of acarbose use associated with its potent in
hibition of α-Amy. Kinetics experiments showed a mixed-type inhibition
of α-Glu by 8 and 11 and of α-Amy by amide 11. Based on these kinetic
data, the synergistic effect of acarbose with 8 and 11 was determined,
with the latter producing a more effective inhibition. Molecular docking
analyses have supported the experimental data highlighting other
possible binding pockets in both enzymes additional to the catalytic site,
with relevant binding energy. The outcomes above verified the
benzothiazole-based amide 11 as an appropriate candidate for further
studies for treating type 2 diabetes alone or combined with acarbose.
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