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A B S T R A C T   

Diabetes mellitus is a metabolic disease characterized by hyperglycemia, which can be counteracted by the in-
hibition of α-glucosidase (α-Glu) and α-amylase (α-Amy), enzymes responsible for the hydrolysis of carbohy-
drates. In recent decades, many natural compounds and their bioinspired analogues have been studied as α-Glu 
and α-Amy inhibitors. However, no studies have been devoted to the evaluation of α-Glu and α-Amy inhibition by 
the neolignan obovatol (1). In this work, we report the synthesis of 1 and a library of new analogues. The 
synthesis of these compounds was achieved by implementing methodologies based on: phenol allylation, 
Claisen/Cope rearrangements, methylation, Ullmann coupling, demethylation, phenol oxidation and Michael- 
type addition. Obovatol (1) and ten analogues were evaluated for their in vitro inhibitory activity towards 
α-Glu and α-Amy. Our investigation highlighted that the naturally occurring 1 and four neolignan analogues (11, 
22, 26 and 27) were more effective inhibitors than the hypoglycemic drug acarbose (α-Amy: 34.6 µM; α-Glu: 
248.3 µM) with IC5O value of 6.2–23.6 µM toward α-Amy and 39.8–124.6 µM toward α-Glu. Docking in-
vestigations validated the inhibition outcomes, highlighting optimal compatibility between synthesized neo-
lignans and both the enzymes. Concurrently circular dichroism spectroscopy detected the conformational 
changes in α-Glu induced by its interaction with the studied neolignans. Detailed studies through fluorescence 
measurements and kinetics of α-Glu and α-Amy inhibition also indicated that 1, 11, 22, 26 and 27 have the 
greatest affinity for α-Glu and 1, 11 and 27 for α-Amy. Surface plasmon resonance imaging (SPRI) measurements 
confirmed that among the compounds studied, the neolignan 27 has the greater affinity for both enzymes, thus 
corroborating the results obtained by kinetics and fluorescence quenching. Finally, in vitro cytotoxicity of the 
investigated compounds was tested on human colon cancer cell line (HCT-116). All these results demonstrate 
that these obovatol-based neolignan analogues constitute promising candidates in the pursuit of developing 
novel hypoglycemic drugs.   

1. Introduction 

Obovatol (1), magnolol (2) and honokiol (3) are phenylpropanoid 
neolignans isolated for the first time from the Magnolia genus (Fig. 1) 
[1,2]. These three compounds have been reported for several pharma-
cological relevant properties as antioxidant [3,4], antiproliferative 

[5,6], antibacterial [7,8], cytotoxic [6], neuro- and hepatoprotective 
[9,10], anti-inflammatory [11,12], anti-platelet [13], anxiolytic [1] 
antidepressant [14], and anti-obesity agents [15]. Several studies have 
been devoted to the synthesis of 2 [16] and 3 [17], as well as structural 
analogues thereof [18–23]. However, much less has been reported for 1 
[24,25], which is extracted in low yields from Magnolia obovata dried 
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bark (0.26 %) and leaves (0.76 %). Therefore, the biological activities of 
1 or its analogues are still poorly explored. 

Magnolol (2) and honokiol (3) are also inhibitors of α-glucosidase 
and α-amylase [26–29]. The inhibition of these enzymes is one of the 
established approaches proposed to manage type 2 diabetes by delaying 
carbohydrate metabolism [30,31]. The approved antidiabetic drug 
acarbose is also a good α-glucosidase and α-amylase inhibitor [32,33], 
but undesired side effects including flatulence, diarrhea, abdominal 
distention and nausea, have been reported [33,34]. This is the reason 
why a search of novel inhibitors of these enzymes has been initiated and 
natural product-based compounds such as the biaryl magnolol and some 
of its derivatives were notably found to be promising alternatives for 
inhibiting α-glucosidase. The inhibitory activity of magnolol itself (2) 
was not as strong as some of its derivatives, but still was by far much 
higher than that of the pseudotetrasaccharide acarbose and that of its 
biaryl isomer honokiol (3) [26]. These results led us to contemplate the 
case of obovatol (1), a catecholic diaryl ether analogue of 2 and 3. 

We started this study by carrying out the chemical synthesis of 1, for 
which the diaryl ether linkage was forged by an Ullman coupling reac-
tion [35]. A small library of novel obovatol-inspired compounds, 
including derivatives exhibiting various functional groups (methoxy, 
bromide, carboxyl and formyl groups) and diaryl thioether analogues, 
was also synthesized in the aim of gathering structure–activity data 
related to the inhibition of α-glucosidase and α-amylase in the light of 
previous findings [36–39]. All of these compounds were subjected to in 
vitro biochemical assays, kinetic analysis, fluorescence, circular di-
chroism spectroscopies, surface plasmon resonance imaging (SPRI), and 
in silico modeling. In addition, in vitro cytotoxicity of the examined 
compounds was tested toward HCT-116, a human colorectal carcinoma 
cell line of Duke’s type A, with an epithelial morphology, initiated from 
a 48-year-old male. 

2. Results and discussion 

2.1. Chemistry 

The synthesis of obovatol (1) was designed according to the 
approach depicted in Scheme 1. The ultimate dimethylated intermediate 
9 could be prepared through a copper-mediated Ullmann coupling re-
action between the aryl bromide 7 and the commercial 4-allylphenol 
(8). The aryl bromide 7 could be obtained from the commercial 3-bro-
mocatechol (4) through a regioselective monoallylation, a Claisen/ 
Cope cascade rearrangement and a final methylation reaction. 

Thus, we proceeded accordingly to synthesize 1 in five steps, starting 
with the preparation of 2-allyloxy-3-bromophenol 5 from 4 using allyl 
bromide (Scheme 2). The O-allylated compound 5 was then subjected to 
a Lewis acid-mediated [3,3] sigmatropic Claisen rearrangement, which 
was followed in situ by a [3,3] sigmatropic Cope rearrangement [40] to 
deliver the intermediate 6 in 80 % yield. This catechol was next meth-
ylated under mild conditions to give the desired aryl bromide 7 in 70 % 
yield (Scheme 2). 

The copper-catalyzed Ullmann coupling reaction, which is one the 
most useful methods for the formation of diaryl ethers [41], was then 
performed between 7 and 8 using N,N-dimethylglycine hydrochloride 
(30 mol%) as a ligand allowing the use of catalytic amount of the copper 
(I) iodide catalyst (10 mol%) [35,42] in the presence of Cs2CO3 as a base 
in dioxane at 90 ◦C. The resulting coupling product 9 was obtained in 52 
% yield and was demethylated in 84 % yield using boron tribromide 
(BBr3). This total synthesis of obovatol (1) was thus achieved in a 
satisfying overall yield of 15 % (Scheme 2). Slight modifications of the 
BBr3-mediated demethylation conditions enabled us to produce two 
additional compounds, the mono-demethylated variant 10 and the bis- 
hydrobrominated derivative 11 (Scheme 3), which were respectively 
obtained in overall yields of 18 % and 10 % from 3-bromocatechol (4). 

The Ullmann coupling-based strategy used for the synthesis of 1 
turned out to be a practical approach to a variety of diaryl ether obovatol 
analogues. As depicted in Scheme 4, eugenol (12) could be coupled with 
1-allyl-4-bromobenzene (13), 2-bromo-4-methoxyphenyl acetic acid 
(16) and 4-bromobenzoylchloride (18) to respectively afford com-
pounds 14 (94 % yield), 17 (40 % yield) and 19 (20 % yield). The 
demethylation of 14 gave the analogue 15 (97 % yield). Additionally, 4- 
allylphenol (8) reacted with 5-bromo-2-methoxybenzaldehyde (21) to 
give 22. 

The preparation of diaryl thioether analogues could not be achieved 
by Ullmann coupling reactions, so we relied on an alternative route 
involving the intermediacy of an electrophilic ortho-quinone species 
derived from the oxygenative demethylation of a 2-methoxyphenol. 

Fig. 1. Structures of obovatol (1), magnolol (2) and honokiol (3).  

Scheme 1. Retrosynthetic analysis of obovatol (1).  
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Thus, eugenol (12) was oxygenatively demethylated with the “stabi-
lized” nonexplosive formulation of 2-iodoxybenzoic acid (SIBX) to 
generate the intermediate 23 [43,44]. This ortho-quinone was then 
directly treated in situ with either thiophenol (24) or 4-bromothiophe-
nol (25), which reacted in a regioselective 1,6-conjugate manner with 
23 to afford compounds 26 and 27 in 45 and 35 % yields, respectively, 
from eugenol (12) (Scheme 5). 

2.2. In vitro α-glucosidase and α-amylase inhibitory activity 

Obovatol (1) and its synthetized analogues were evaluated for their 
in vitro inhibitory activity towards α-glucosidase from Saccharomyces 
cerevisiae (α-Glu) and α-amylase from porcine pancreas (α-Amy) ac-
cording to the previously described spectrophotometric methods [45]. 
The antidiabetic drug acarbose was employed as a positive control in 
both assays. The inhibitory activity was expressed as the concentration 
(µM) inhibiting 50 % of the enzyme activity (IC50); thus, the lower the 
IC50 value, the higher the inhibitor activity. The data obtained for both 

enzymes are reported in Table 1. 
According to the results, obovatol (1) is twice as active as α-Glu in-

hibitor (124.6 µM) and a slightly better α-Amy inhibitor (23.6 µM) than 
acarbose (248.3 µM and 34.6 µM, respectively). Moreover, most of the 
analogues are more active than 1 toward the inhibition of α-Glu (39.8 – 

97.7 µM) and by far more potent than acarbose. These neolignan de-
rivatives have α-Amy inhibitory activity with IC50 value in the range of 
6.2 – 43.6 µM. Among these, 11, 19, and 27 (6.2 – 17.6 µM) are more 
active than both 1 (23.6 µM) and acarbose (34.6 µM). All compounds are 
more effective inhibitors of α-Amy than of α-Glu, and can thus be 
considered as potential drug alternatives to acarbose. 

Some speculations about the structure–activity relationship can be 
made by considering the different structural modifications brought to 
the native obovatol structure. Compounds with free hydroxyl groups 
exhibit a significant inhibitory effect in agreement with previous find-
ings [46,47]. Thus, methylated compounds 9 and 10 were less active 
than the catecholic 1, and methylated 14 was less active than the parent 
compound 15. Moreover, the brominated catecholic compound 11 
shows an IC50 value of 12.7 µM for α-Amy inhibition and 111.0 µM for 
α-Glu inhibition. The higher inhibition activity of 11 with respect to that 
of obovatol (1) might be attributed to the presence of 2-bromopropyl 
chains instead of the allyl ones. The combined effect of the free hy-
droxyl groups and the presence of bromine atoms contributes to the 
overall inhibitory activity not only of the neolignan derivative 11, but 
also of the thioether analogue 27 (6.2 µM for α-Amy inhibition and 39.8 
µM for α-Glu inhibition). The other diaryl thioether compound 26 is also 
among the most active compounds tested against α-Glu (56.1 µM). This 
higher activity observed with the sulfide analogues has been previously 
documented in other thioether compounds for α-glucosidase [38], but 
not for α-amylase. The role of bromine atoms on aromatic and aliphatic 
moieties (β-carboline derivatives, benzimidazole-thioquinolines, aryl-
ketones) in increasing α-Glu inhibitory activity has already been studied 
[36,48,49]. According to the data reported in Table 1, bromine atoms 
may also be important in enhancing the α-Amy inhibition. Compounds 
11 and 27 are the most active compounds tested against α-Amy, showing 
respectively IC50 value of 6.2 and 17.6 µM. 

Compound 15 differs from obovatol (1) by the position of the allyl 
chain onto the ring A and the absence of an OH group at C-2. Never-
theless, 15 has the same activity as its natural lead, and this result may 
suggest that the allyl chain position is not important for the interaction 
with both enzymes. Finally, compounds 17, 19, and 22, maintaining 
only the 1-allyl-4-phenoxy moiety of obovatol (ring B, Fig. 2), but 

Scheme 2. Syntheis of obovatol (1). a) dry acetone, K2CO3 (1 eq.), allyl bromide (1.4 eq.), 6 h, 56 ◦C. b) dry CH2Cl2, 1 M Et2AlCl (in dry n-hexane, 2 eq.), 3 h, room 
temperature. c) DMF, K2CO3 (2 eq.), CH3I (3 eq.), 4 h, room temperature. d) dioxane, Cs2CO3 (2 eq.), 4-allylphenol (8, 1.5 eq.), CuI (10 mol%), N, N-dimethylglycine 
HCl (30 mol%), 52 h, 90 ◦C. e) BBr3 (1 M in CH2Cl2, 2 eq.), dry CH2Cl2, 3 h, –78 ◦C. 

Scheme 3. Synthesis of analogues 10–11. a) BBr3 (1 M in CH2Cl2, 1 eq.), dry 
CH2Cl2, 2 h, –78 ◦C. b) BBr3 (1 M in CH2Cl2, 1 eq.), dry CH2Cl2, 30 min, –78 ◦C, 
then room temperature, 2 h. 
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lacking any allyl chain on the ring A, are as active as 1 and even more 
effective as α-Glu inhibitor. These data suggest that the presence of an 
allyl chain on these diaryl ether structures may not be relevant for the 
activity. More in detail, compounds 17 and 19, bearing a carboxyl 
function onto the ring A instead of an allyl chain have comparable or 
slightly better inhibitory activities than obovatol toward both enzymes. 
It is worth noting that compound 22, bearing a formyl group onto the 
ring A, is a more effective α-Glu inhibitor than obovatol. The structur-
e–activity relationships described above are graphically summarized in 
Fig. 2. 

2.3. Molecular modelling 

To rationalize the in vitro inhibitory outcomes, the obovatol ana-
logues were evaluated in silico for their affinity to the α-glucosidase and 
α-amylase catalytic sites and the output poses were carefully analyzed 
(Fig. 3 and 4). The 3D structure of α-Glu from S. cerevisiae (AF-P53341- 
F1-model_v4) was downloaded from AlphaFold data bank, and that of 
α-Amy (PDB ID: 4 W93) from the Protein Data Bank. Glide Ligand 
Docking was employed to perform the computational experiments (see 
the Experimental Section for more details). The in silico data for α-Glu 

Scheme 4. Synthesis of analogues 14, 15, 17, 19 and 22. a) dioxane, Cs2CO3 (2 eq.), phenol (1.5 eq.), CuI (10 mol%), N,N-dimethylglycine HCl (30 mol%), 24 h, 
90 ◦C. b) BBr3 (1 M in CH2Cl2, 1 eq.), dry CH2Cl2, 3 h, –78 ◦C. c) DMF, K2CO3 (3 eq.), CH3I (3 eq.), overnight, room temperature. 

Scheme 5. Synthesis of thioether analogues 26 and 27. a) SIBX (2.15 eq.), dry THF, 16 h, room temperature. b) thiol (3 eq.), dry THF, 1–2 h, room temperature.  
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and α-Amy are listed in Tables 2 and 3; these values suggest a good 
interaction of the obovatol analogues with both proteins. In general, by 
carefully analyzing the pose outcomes, it is possible to observe that all 
the ligands are compatible with the hydrophobic pocket of both en-
zymes, suggesting that they could be promising inhibitory agents. The 
docking analysis of obovatol (1) shows a stabilization into the hydro-
phobic pocket of the catalytic site of α-Glu due to the formation of a 
hydrogen bond between the OH group at C-2 and Asp408, a π-cation 
interaction between the A-ring and Arg312, and a π-π interaction be-
tween the B-ring and Phe300 (Fig. 3). Moreover, upon visual examina-
tion, it seems that the allyl chain on the B-ring of 1 is stabilized by the 
hydrophobic portion (Ala278, Val277, Ala21, Gly217, and Leu218) 
within the catalytic site (IC50: 124.6 µM). When the OH group at C-2 is 
methylated, as in compound 10 (Scheme 3), the ligand changes its 
orientation into the binding pocket, thus favoring the formation of a 
hydrogen bond between the OH group at C-1 and Glu304, but main-
taining the π-cation interaction with Arg312 (docking affinity: –3.35 
Kcal/mol, IC50: 167.5 µM; see Fig. S8). In the case of 9 in which both OH 
groups at C-1 and C-2 are methylated, the ligand is capable of forming 
two π-π interactions between the B- and A-rings and the α-Glu Phe177 
and Phe300 residues (docking affinity: –5.52 Kcal/mol, IC50: 198.0 µM) 
and a π-π interaction between A-ring and the α-Amy Trp59 (docking 
affinity: –4.64 Kcal/mol, IC50: 43.6 µM; Table 3). However, despite these 
interactions, the methylation of OH groups at the C-1 and C-2 positions 
does not represent an advantageous structural modification due to the 
absence of H-donor interactions. 

If methylation of the phenolic OH groups thus did not seem benefi-
cial for the biological activity, the hydrobromination of both allyl chains 
would appear to be. Indeed, ligand 11 shows better binding energies for 
both enzymes (–5.04 and –4.83 Kcal/mol). These data obtained for 
α-Glu and α-Amy are also confirmed by the IC50 values (111 µM and 
12.7 µM, see Section 2.2). Taking a look to the docking pose of 11 into 

α-Glu, it seems that the flexibility of the aliphatic chains associated with 
the hydrophobic effect of the bromine atom(s) surrounded by a hydro-
phobic portion (Phe177, Leu218, Ala278, Phe300, Phe158, Phe157, 
Pro309, Phe310, Phe311) allows the ligand incorporation into the 
cavity, reducing the exposure to the external environment. This favors 
the formation of two hydrogen bonds between the OH groups at C-1 and 
C-2 and Asp349, while the B-ring establishes a π-cation interaction with 
Arg312. Similar considerations are related to the docking into α-Amy. 
The ligand 11 seems to be incorporated into the α-Amy binding site in a 
way that the A-ring changes its orientation, favoring the formation of 
two hydrogen bonds between the OH group at C-1 with His299, and the 
OH group at C-2 with Glu233. 

Ligands 14 and 15 maintain the B-ring of obovatol (1), whereas the 
substitution on the A-ring differs from 1 with the allylic chain at C-3 and 
a methoxy (14) or a hydroxy group (15) at C-1. The outcomes obtained 
for both enzymes highlight the fact that the lack of a OH group at the C-2 
position worsens the stability of the complex (α-Glu: ΔGbind –2.84 and 
IC50: 127.7 µM (15); ΔGbind –3.02 Kcal/mol and IC50: 177.7 µM (14); 
α-Amy: ΔGbind –3.30 and IC50: 24.5 µM (15); ΔGbind –2.70 Kcal/mol and 
IC50: 36.1 µM (14)). The structural modifications on the A-ring of ligands 
17 (carboxymethyl group at C-1) and 19 (carboxyl group at C-3) seem to 
have no significant effect on the stabilization of the corresponding 
complexes with α-Glu, and consequently, they have comparable inhib-
itory activity to that of 1. However, for α-Amy, both ligands are well 
accommodated within the hydrophobic pocket with a ΔGbind of –5.09 
(IC50: 97.7 µM); and –5.02 Kcal/mol (IC50: 119.4 µM), respectively, 
suggesting a certain stability of the complexes with the biological target. 
Compound 17 can establish a hydrogen bond between the carbonyl 
oxygen of the carboxymethyl group and Gln63. Moreover, the A-ring 
establishes two π-π stacking interactions with Trp58 and Trp59. Ligand 
19 has a different orientation into the hydrophobic pocket as compared 
to that of 17, establishing two accepting hydrogen bonds between the 
two oxygens of the carboxyl group in the C-3 position and the Lys200 
and Ile235 residues. Moreover, the A-ring is also involved in a π-π 

interaction with His201. In both ligands, the B-ring does not participate 
in the interaction with α-Amy and appears to be more exposed to the 
external environment. Finally, the formyl group on the A-ring of ligand 
22 is involved in the formation of a hydrogen bond with His239 of the 
α-Glu hydrophobic pocket, contributing to the good stabilization energy 
of –4.66 Kcal/mol (IC50: 65.6 µM) that was observed. Analogously, a 
hydrogen bond between the carbonyl group and Ile235 and a π-π 

stacking interaction between the A-ring and His201 occur within the 
α-Amy catalytic site. In both cases, no stabilization effect was due to the 
B-ring as observed for 1. 

The most active compounds toward the inhibition of α-Glu are the 
diaryl thioethers 26 and 27, according to the in vitro assay results. 
Docking analyses corroborated these results as indicated by calculated 
ΔGbind (26: docking affinity –5.34 Kcal/mol and IC50: 56.1 µM; 27: 
docking affinity –5.37 Kcal/mol and IC50: 39.8 µM). The ligand 26 in-
teracts with the catalytic pocket only through the A-ring, establishing a 
hydrogen bond between the OH group at C-2 and Asp349, whereas the 

Table 1 
Inhibitory activity (IC50) towards α-Amy and α-Glu.  

Compounds α-Amya 

IC50 ± SEM 
α-Glua 

IC50 ± SEM 
1 23.6 ± 2.0 *** 124.6 ± 3.0 *** 

9 43.6 ± 3.5 *** 198.0 ± 15.6 *** 

10 38.8 ± 2.9 167.5 ± 5.6 *** 

11 12.7 ± 0.9 *** 111.0 ± 7.3 *** 

14 36.1 ± 2.8 177.7 ± 2.9 *** 

15 24.5 ± 2.1 *** 127.7 ± 5.8 *** 

17 20.1 ± 0.4 *** 97.7 ± 2.0 *** 

19 17.6 ± 1.6 *** 119.4 ± 4.5 *** 

22 27.0 ± 2.3 * 65.6 ± 2.1 *** 

26 35.4 ± 1.2 56.1 ± 2.4 *** 

27 6.2 ± 1.0 *** 39.8 ± 2.4 *** 

Acarbose 34.6 ± 0.9 248.3 ± 2.3 
*P < 0.05, ***: P < 0.001, compared with the group of acarbose. 

a Results are expressed in µM. IC50 is the concentration required to inhibit 50 
% of enzyme activity. 

Fig. 2. Structural features affecting the α-Amy and α-Glu inhibitory activity of obovatol analogues.  
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Fig. 3. 2D interaction diagrams of acarbose, 1, 11, 22, 26 and 27 with α-glucosidase.  
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B-ring does not have a role in the stabilization of the complex, being 
more exposed to the external environment. However, the introduction of 
a bromine substituent on the B-ring, as in ligand 27, allows the forma-
tion of a π-cation and a π-π interaction with the close Arg312 and Phe157 
residues, thus justifying the higher inhibitory activity with respect to 26. 
It seems that the combined presence of the thioether link and the 
bromine atom makes the interaction with the enzyme more stable and, 
consequently, the inhibition effect obtained is higher than that of obo-
vatol (1). The ligand 27 is also efficient in stabilizing the complex with 
α-Amy (docking affinity –5.50 Kcal/mol and IC50: 6.2 µM). The A-ring 
mimics the obovatol maintaining the same interactions, but being more 
incorporated and less exposed to the external environment. The B-ring is 
better accommodated and surrounded by a hydrophobic portion 
(Tyr151, Ile215, Ala198, Leu162, Leu165, Tyr62, Trp59) of α-Amy that 
contributes to stabilize altogether the complex (Fig. 4). These observa-
tions perfectly agree with its IC50 value and allow us to consider 27 as a 
potent α-Amy inhibitor. 

Therefore, considering the above data, the most important outcome 
is that OH groups at C-1 and mostly at C-2 of the obovatol scaffold are 

relevant for the interaction with α-Glu and α-Amy. In particular, the OH 
group in position C-1 would seem to have a key role in the stabilization 
of the complex, since when it is involved in the formation of hydrogen 
bonds with any of the two proteins, the complex is more stable and 
consequently the inhibitory effect is stronger. Compounds 11, 26, and 
27 are among the most active ligands for α-Glu. A hydrogen bond forms 
between the OH group at C-2 and Asp349, a component of the catalytic 
triad of α-Glu (consisting of Asp214, Glu276, and Asp349). This inter-
action appears crucial for stabilizing the transition state derived from 
the native substrate, as indicated by a previous study [50]. Analogously, 
into α-Amy cavity, ligands 11 and 27 establish a hydrogen bond between 
the OH group at C-2 and Glu233, which is also part of the catalytic triad 
[50]. In this context, when this substitution pattern on A-ring is retained, 
the B-ring seems to have only a supporting role. 

Additionally, the absorption, distribution, metabolism, and excretion 
(ADME) profile of obovatol (1), 11, 22, 26, and 27 was determined 
using the SwissADME web platform [51]. The results are reported in 
Figs. S3 – S7. All compounds show a computational TPSA (topological 
polar surface area) less than 140 Angstroms squared [Å2]), between 

Fig. 4. 2D interaction diagrams of acarbose, 1, 11, and 27 with α-amylase.  
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35.53 and 65.76 Å2, thus computationally exhibiting good intestinal 
absorption [51]. Compounds 1, 22, and 26 show moderate solubility 
and a lipophilicity value (MlogP) less than 4.15, satisfying all Lipinsky’s 
rules. Conversely, compounds 11 and 27 show a lipophilicity higher 
than 4.15, thus violating one Lipinsky’s rule. 

2.4. Kinetics of α-glucosidase and α-amylase inhibition 

The mode of inhibition of the most active compounds in the inhibi-
tion of α-glucosidase (1, 11, 22, 26, 27) and/or α-amylase (1, 11, 27) 
was investigated by UV spectroscopy. Kinetics data were elaborated, 
plotting the reciprocal of initial velocity (ν0) for each inhibitor con-
centration versus the reciprocal of substrate concentration [p- 

nitrophenyl-α-glucoside (NPG) for α-Glu and 2-chloro-4-nitrophenyl- 
α-maltotrioside (CNPG3) for α-Amy]. The results are reported as 
Lineweaver-Burk plots (L-B) in Fig. 5. The kinetic parameters are 
collected in Table 4. Secondary plots (Figures S11-S12) allowed the 
estimation of kinetic constants. The results were compared to previously 
published data on acarbose, reported as competitive inhibitor toward 
the two enzymes with Ki values of 3.7 and 6.9 µM, respectively [52–54]. 
Obovatol (1) and the most active synthetic compounds showed different 
mode of inhibition. Obovatol (1) resulted as a non-competitive inhibitor 
toward α-Glu as the lines in L-B plot cross the x-axis. A Ki value of 79.1 ±
2.1 µM (docking affinity: −3.69 Kcal/mol; IC50: 124.6 µM) was deter-
mined for the formation of the enzyme-inhibitor (EI) complex by sec-
ondary plot, where the slope of each line of L-B plot (Km/νmax) was fitted 

Table 2 
Binding Energies (ΔGbind) and list of molecular interactions and residues interacting with obovatol and its analogues within the α-Glu catalytic site.  

Ligands Glide calcd ΔGbind Interacting residues Interaction Distance (A◦) 
acarbose  

–7.09 Glu304, Thr307, Ser308, Arg312, Phe157, Asp408, Asp349    

1 
B-ring –3.69 Phe300 π − π −

A-ring Arg312 π-cation −

OH (C-2) Asp408 H-donor 2.1  

9 
B-ring –5.52 Phe177 π − π −

A-ring Phe300 π − π −

10 
OH (C-1) –3.35 Glu304 H-donor 1.9 
A-ring Arg312 π-cation −

11 
OH (C-1) –5.04 Asp349 H-donor 1.7 
OH (C-2) Asp349 H-donor 1.9 
B-ring Arg312 π-cation −

14 
B-ring –3.02 Phe300 π − π −

B-ring Phe157 π − π −

15 
OH (C-1) –2.84 Glu304 H-donor 1.8 
A-ring Phe157 π − π −

A-ring Arg312 π-cation −

17 
OCH3 (C-4) –4.61 Asn241 H-acceptor 2.0 
COO– (C-1) Lys155 salt bridge −

COO– (C-1) Arg312 H-acceptor 1.9 
B-ring Arg312 π-cation −

19 
COO– (C-3) –4.14 Lys155 salt bridge −

COO– (C-3) Arg312 H-acceptor 2.1  

22 
CHO (C-2) –4.66 Hie239 H-acceptor 2.1  

26 
OH (C-1) –5.34 Asp349 H-donor 1.9 
OH (C-2) Asp349 H-donor 1.6  

27 
OH (C-1) –5.37 Asp349 H-donor 1.9 
OH (C-2) Asp349 H-donor 1.6 
B-ring Phe157 π − π −

B-ring Arg312 π-cation −
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with obovatol concentration. The same inhibitory behaviour was 
observed for the analogues 11 (docking affinity: −5.04 Kcal/mol; IC50: 
111.0 µM and Ki values of 146.2 ± 5.8 µM) and 26 (docking affinity: 
−4.66 Kcal/mol; IC50: 56.1 µM and Ki values of and 125.0 ± 5.1 µM). 
Differently, the data lines on the L-B plot of 22 and 27 suggested that 
these compounds act as mixed-type inhibitors, an intermediate mecha-
nism between non-competitive and uncompetitive inhibition [46], as 
the lines intersected in the third quadrant (Fig. 5C and E). In this case, 
the inhibitor may bind to the enzyme into an allosteric site whether or 
not the enzyme has already bound the substrate. In this case, it is 
possible to determine the Ki value for the EI complex replotting the Km/ 
νmax of L-B plot lines versus inhibitor concentration as described above. 
The Kʹi related to the formation of the enzyme-substrate-inhibitor (ESI) 
complex, is obtained by replotting the intercept of L-B lines versus in-
hibitor concentration. For both inhibitors, Kʹi values are lower than Ki, 
suggesting that these compounds could preferentially bind to the ES 
complex by interacting in a pocket different from the catalytic site. 

Worth noting, compound 27 showed a Ki value of 42.0 ± 2.3 µM and a 
Kʹi 4.9 ± 0.2 µM, which are in agreement with the lowest IC50 (39.8 µM) 
value observed in the inhibitory assay and docking affinity −5.37 Kcal/ 
mol. A lower Kʹi than Ki in a mixed type inhibition is indicative of a 
preferential interaction of the inhibitor (in this case, 22 and 27) in an 
allosteric site different from that occupied by the substrate. To support 
an α-glucosidase mixed-type inhibition of 22 and 27, docking analysis 
on several potential allosteric sites was performed according to a liter-
ature report [55]. For each binding site, identified by SiteMap, the 
molecular interaction with both molecules was studied and the calcu-
lated ΔGbind energies are reported in the Table S1 (see supporting). The 
best interaction was collected in the allosteric site with a sitescore of 
1.001 and x,y,z coordinates of −8.56, 19.56, −6.89 (see Section 4.6 and 
Table S1), for which the calculated ΔGbind was −5.97 and −6.21 kcal/ 
mol for 22 and 27, respectively. It is worth to note that these ΔG binding 
energies are lower with respect to those calculated for the same mole-
cules into the catalytic site, suggesting a greater affinity with the 

Table 3 
Binding Energies (ΔGbind) and list of molecular interactions and and residues interacting with obovatol and its analogues within the α-Amy catalytic site.  

Ligands Glide calcd ΔGbind Interacting 
residues 

Interaction Distance (A◦) 

acarbose      
–8.33 Glu240, Glu233, Trp59, GLN63, His201, Lys200    

1 
OH (C-2) –4.48 Glu233 H-donor 1.6 
OH (C-1) Asp197 H-donor 1.7  

9 
A-ring –4.64 Trp59 π − π −

10 
OCH3 (C-2) –3.22 Gln63 H-acceptor 2.4 
OH (C-1) Tyr62 H-donor 2.7  

11 
OH (C-2) –4.83 Glu233 H-donor 1.6 
OH (C-1) Hie299 H-acceptor 2.7  

14 
A-ring –2.70 Trp59 π − π −

15 
OH (C-1) –3.30 Asp197 H-donor 1.8  

17 
A-ring –5.09 Trp58 π − π −

A-ring Trp59 π − π −

COO– (C-1) Gln63 H-acceptor 2.0  

19 
A-ring –5.02 His201 π − π −

COO– (C-3) Lys200 H-acceptor 2.5 
COO– (C-3) Ile235 H-acceptor 1.9  

22 
CHO (C-2) –5.60 Ile235 H-acceptor 2.1 
A-ring His201 π − π −

26 
B-ring –4.99 His201 π − π −

OH (C-1) Glu233 H-donor 1.8 
OH (C-2) Glu233 H-donor 1.8  

27 
OH (C-2) –5.50 Glu233 H-donor 1.6 
OH (C-1) Asp197 H-donor 1.9  
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Fig. 5. Lineweaver-Burk plots of α-glucosidase inhibition in the presence of: A) 1; B) 11; C) 22; D) 26; E) 27, and of α-amylase inhibition in the presence of: F) 1; G) 
11; H) 27. Plotted data are means ± SD (n = 3). 
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allosteric site. Into this allosteric binding site, 22 interacts with His258 
through a π-π stacking interaction, whereas 27 interacts with the cavity 
through a H-bond interaction between the OH group at C-2 and Arg269, 
whereas the B-ring is involved in a π-cation interaction with Lys12 and a 
π-π interaction with His258. No other significant interactions were 
found with other reported allosteric sites (sitescore < 1, see Tables S1 
and S2) for both molecules. These data suggest that compounds 22 and 
27, aside from exhibiting compatibility with the catalytic site (Section 
2.6), demonstrate a high affinity for the most likely allosteric site 
identified. This observation agrees with the findings from the kinetic 
assays. 

The analysis of the kinetics data for the α-amylase inhibition pointed 
out the two more active inhibitors, 11 and 27, as well as the obovatol 
(1), as competitive inhibitors. Furthermore, the Ki values (11: 29.9 µM; 
27: 8.5 µM; 1: 12.7 µM) are in good agreement with the experimental 
IC50 values (11: 12.7 µM; 27: 6.2 µM; 1: 23.6 µM), and docking findings 
(11: −4.83 Kcal/mol; 27: −5.50 Kcal/mol; 1: −4.48 Kcal/mol), with 27 
being the most effective inhibitor toward α-amylase, as well as toward 
α-glucosidase. 

2.5. Intrinsic fluorescence measurements 

The affinity of the most effective inhibitors (11, 22, 26 and 27) for 
α-Glu and α-Amy was determined spectroscopically by a fluorescence 
quenching experiment. Analogous experiments were performed on 
obovatol (1) for comparison. Tryptophan (Tyr) possesses a chromophore 
group that is responsible for the endogenous fluorescence of most pro-
teins, among which α-glucosidase and α-amylase are examples [56]. The 
interaction between the enzyme and its substrate modifies the micro-
environment of Trp residues, thus producing a decrease in fluorescence. 
More specifically, α-Glu displays an intrinsic fluorescence emission peak 
at 340 nm when excited at 295 nm. Similarly, α-Amy shows an emission 
peak at nearly 345 nm when excited ad 295 nm. In Fig. 6, the fluores-
cence spectra of α-Glu in the presence of increasing concentrations of 1, 
11, 22, 26, and 27 are reported. Fig. 7 shows the spectra of α-Amy in the 
presence of increasing concentrations of 1, 11, and 27. These mea-
surements were performed at 298.15, 303.15, and 310.15 K to get more 
information on the nature of the interaction. The addition of the tested 
compounds progressively reduced the fluorescence intensity of both 
enzymes. Compound 22 exhibits an intrinsic fluorescence in the region 
at 415 nm when it is irradiated at 295 nm (Fig. S15). Therefore, the 
fluorescence spectra of α-Glu in the presence of increasing concentra-
tions of 22 show a double peak (Fig. 6). The data recorded were elab-
orated according to the equation (4). The linearity of Stern-Volmer plots 
indicated a single mode of quenching for the two enzymes (Figs. 8-9). 
From these plots, and according to the equation, the dissociation con-
stant Ksv and the bimolecular quenching constant Kq were determined. 
These data are collected in Table 5. From the analysis, the same be-
haviors can be observed for all compounds with α-glucosidase and 
α-amylase. The increasing temperature causes an increasing number of 
collisions with the consequent raising of Ksv values. Thus, the fluores-
cence quenching occurs through a dynamic mechanism. The number of 
binding sites (n) and the binding constant (Ka) for the interaction of the 

neolignan-type ligands with α-glucosidase and α-amylase were calcu-
lated using equation (5) (Eq. (5), and these values are reported in 
Table 5. In the temperature range studied, the number of binding sites n 
was close to 1 for all the tested compounds against both enzymes, sug-
gesting the formation of a one-to-one complex between the fluorophore 
and the quencher. Looking at the obtained Ka values, compound 27 
shows the greatest affinity for both enzymes, corroborating all the re-
sults therein reported. 

2.6. Circular dichroism 

Circular dichroism (CD) spectroscopy is mainly used to monitor the 
secondary structure (α-helix, β-sheet, β-turn and random coil) changes of 
proteins in solution and, more specifically, the conformational changes 
of a given protein in the presence of selected ligands [57,58]. CD mea-
surements were carried out to have further confirmation of the inter-
action of obovatol (1) and its analogues with the higher activities (1, 11, 
22, 26, and 27) towards α-glucosidase, thus providing details and 
valuable information regarding the inhibition process. We have not 
obtained reliable results using α-amylase owing to experimental condi-
tions that were not suitable for CD measurement. 

The CD measurement of the α-Glu enzyme was carried out in the 
absence and presence of different aliquots of the selected compounds. 
ECD spectra were acquired in the 200–260 nm range and are reported in 
Fig. 10. α-Glu had a high percentage of α-helix structures that exhibited 
two negative bands around 210 and 222 nm, attributable to n → π* 
transition for the peptide bond of α-helix structures as reported in the 
literature [45,59]. The ECD spectra of 1, 11, 22, 26 and 27 in buffer 
solutions in the absence of enzyme were acquired as well. As expected, 
since the compounds are not chiral, they do not show any CD signal in 
the absorption region (Fig. 10, orange line). Then, ECD spectra of the 
α-Glu solution with increasing amounts of ligands were recorded. All 
reported spectra of α-Glu change after the addition of ligands; the in-
tensity of both bands observed in the spectrum of α-Glu decreases, 
indicating the loss of part of the α-helix structures as a result of the 
interaction of the tested compounds with α-Glu. In order to visualize 
these differences, we subtracted the spectra of α-Glu in the presence of 
ligands minus the spectra of α-Glu. The resulting CD difference spectra 
(inset in Fig. 10) clearly show that CD spectroscopy can detect the 
conformational changes of α-Glu induced by interaction with the tested 
compounds. In particular, all difference spectra show a negative band 
below 210 nm and a positive band centered at around 225 nm (inset in 
Fig. 10). These spectroscopic features of the ECD spectra resemble that 
observed for the random coil conformation. Indeed, the random coil is 
characterized by a positive contribution at about 220 nm, a negative 
band at about 200 nm and a cross over point in the 210 nm region. 
However, a positive contribution at 225 nm is also observed for β-turns, 
together with a positive signal in the 200 nm region. Therefore, the 
broad positive feature of the difference spectra suggests that the content 
of random coil and β-turns may increase after the interaction with the 
tested compounds. CD data were further estimated with the secondary 
structure estimation software included in the JASCO Spectra Manager 
software to quantify the changes in the secondary structure (Table S3 in 

Table 4 
Kinetic parameters for α-glucosidase and α-amylase inhibition.a  

compound α-Glu   α-Amy  
Type of inhibition Ki = ± SD (μM) Kʹi= ± SD (μM) Type of inhibition Ki = ± SD (μM) 

Acarbose competitive 185.1 ± 18.4 − competitive 25.1 ± 1.14 
1 non-competitive 79.1 ± 2.0 − competitive 12.7 ± 3.0 
11 non-competitive 146.2 ± 5.7 − competitive 29.9 ± 2.4 
22 mixed-type 234.2 ± 7.2 44.2 ± 5.4 − −

26 non-competitive 125.0 ± 5.1 − − −

27 mixed-type 42.0 ± 2.3 4.9 ± 0.2 competitive 8.5 ± 0.9  
a Ki refers to the constants for the formation EI complex; Kʹi refers to the constants for the formation ESI complex. 
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Fig. 6. Changes in the intrinsic α-Glu fluorescence at different concentrations of 1, 11, 22, 26 and 27 and different temperatures (pH 6.9, λex = 295 nm).  
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Supplementary material). According to the data, it was observed that the 
interaction between the α-Glu and all tested compounds (1, 11, 22, 26 
and 27) caused a significant decrease of α-helix content at the highest 
concentration of employed inhibitor. The α-helix content exhibited an 
approximate percentage decrease from 38 % to 27 %. The interaction of 
all compounds also resulted in an increase in random coil content as 
evidenced by the difference spectra between the enzyme/neolignan 
complexes at ratios of 1:1 (0.5: 0.5 µM) and 1:6 (0.5: 3.0 µM) minus the 
CD spectrum of α-Glu. Additionally, 1, 11 and 22 caused an increase in 
β-sheet content with the increase of the complex ratio, while compounds 
26 and 27 led to an initially increase at a 1:1 ratio and a decrease at a 
ratio 1:6. Other notable differences have been shown in β-turn content 
where 1, 26 and 27 exhibited a slight increase while 11 and 22 showed a 
reduction. 

2.7. Surface plasmon resonance imaging 

SPR imaging (SPRI) is an extremely versatile technique for the 
multiplexed detection of biomolecular interactions with high sensitivity 
[60]. It uses optical detectors for spatial monitoring of localized 

differences in the reflectivity of the incident light (Δ%R), which can be 
seen as brighter or darker regions in the SPR image, from an array of 
biomolecules linked to chemically modified gold surface [61]. Label-free 
and real-time analyses can be carried out with high throughput and low 
sample consumption by coupling microfluidic devices with the SPRI 
apparatus [62]. We used SPRI to obtain further evidence of the inter-
action between compounds (1, 11, 22, 26, and 27) and α-glucosidase 
and α-amylase. To this aim, we immobilized the enzymes on the gold 
surface of the SPR sensor through the amine-coupling reaction between 
N-hydroxysuccinimidyl (NHS) ester ends of Dithiobis(N)succinimidyl-
propionate (DTSP)-modified gold surface and the N-terminal groups of 
the enzymes. These coupling conditions are typically carried out in a 
buffered solution close to physiological ambient and, therefore, should 
not alter the inherent activity of the biomolecules by preserving their 
structure [63]. Fig. 11 shows representative SPRI curves for the enzyme 
immobilization, kept at the lowest density possible, the same for both 
enzymes, to give a proper kinetic signal, minimizing mass transport, 
steric hindrance, crowding and aggregation typically associated with 
high-capacity surface [64]. The deactivation of excess NHS reactive 
groups on the surface was obtained by a solution of Trizma solution (0.1 

Fig. 7. Changes in the intrinsic α-Amy fluorescence at different concentrations of 1, 11 and 27 at different temperatures (pH 6.9, λex = 295 nm).  
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M in water) for at least 10 min. 
Different concentrations of 1, 11, 22, 26 and 27 were tested and the 

level of binding of the neolignans to the immobilized α-Amy and α-Glu 
was measured based on the change of the SPRI response in Δ%R values 
obtained in each microchannel and recorded as the real-time profile of 
the SPRI response versus time. Fig. S16 shows representative SPRI 
changes in percent reflectivity (Δ%R) over time detected for the inter-
action of α-Amy and the new analogues (1, 11 and 27) using their 200, 
400 and 800 μM solutions in PBS. The larger SPRI shift detected for the 
interaction between 27 and α-Amy provided evidence of the capacity of 
the compound to interact with the α-Amy preferentially compared to 11 
and 1. Assuming one-to-one binding model, the rate and affinity con-
stants can be easily calculated, when the association and dissociation 
curves are measured for various analyte concentrations [65]. The as-
sociation and dissociation rate constants (Ka, Kd) and the affinity con-
stant, calculated as KD = Kd/Ka, were determined by exponential fit of 
the association and dissociation phase performed with Origin software 
using the theoretical equations reported in Supplementary material. The 
kinetic parameters are given in Table 6. The smaller the KD value, the 
greater the binding affinity of the ligand for its target. As shown in 
Fig. S16 and Table 6, the results suggested that 27 have high binding 
ability to α-amylase. The binding order of new compounds for α-Amy is 

27 > 11 > 1, suggesting that the binding affinity was much more 
affected by the presence of bromine atoms and the thioether link than by 
the number of hydroxyl groups. To understand whether such an inter-
action is related to the molecular structure of the neolignan derivatives, 
acarbose was used as control. Acarbose is a pseudo-tetrasaccharide with 
high number of hydroxyl gropus whose structural differences may have 
greater effects on the binding ability. (Fig. S16). In this case, the expo-
nential fitting fails to estimate kinetic parameters. The higher KD value 
(0.78 ± 0.12 x10−3M) reported in the literature for the acarbose inter-
action with α-Amy is very likely caused by the differences in its structure 
compared to new anologues which is expected to have different steric 
requirements. Therefore, the binding ability between the three com-
pounds (1, 11, and 27) and α-amylase was significantly higher than the 
acarbose and enzyme. 

Fig. S17 shows representative SPRI changes in percent reflectivity 
(Δ%R) over time detected for the interaction of α-Glu and the new an-
alogues (1, 11, 22, 26 and 27). As shown in Fig. S17 and Table 7, also in 
this case, the compounds bound to immobilized α-Glu in a 
concentration-dependent manner, and the KD values were calculated to 
be in the range 10−4 ÷ 10−6. The binding order of new analogues for 
α-Glu is 27 > 26 > 22 > 11 > 1, confirming that new neolignans bound 
to α-Glu and α-Amy formed new stable complexes that exhibited fast 

Fig. 8. Stern-Volmer plots for the quenching effects of α-Glu with selected compounds (1, 11, 22, 26 and 27).  

Fig. 9. Stern-Volmer plots for the quenching effects of α-Amy with selected compounds (1, 11 and 27).  
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binding and slow dissociation reaction, as well as strong binding. 

2.8. Biological activity and cytotoxicity 

The biological activity of the most active neolignan analogues (11, 
22, 26 and 27) were tested toward HCT-116 colon cancer cell line under 
a phase-contrast microscope, after 24 h of treatment, with respect to 
obovatol (1). Cells were treated with ½ IC50, IC50 and 2 × IC50 con-
centrations for α-Glu inhibition of each compound, and compared to 
untreated control cells (Fig. 12). No differences were detected for 26 and 
27 treated cells, suggesting that these α-glucosidase inhibitors were non 
toxic at these concentrations. A significant reduction of cell number, 
cellular shrinkage and detachment from the adjacent cells was recorded 
for 1, 11 and less pronounced for 22 treated cells, especially when cells 
were treated with 2 × IC50 concentrations for α-Glu inhibition. 
Morphological changes were also detected after staining with acridine 
orange and ethidium-bromide (AO/EB). AO can penetrate into the living 
cells and emits green fluorescence, while EB enters the cells after cell 
membrane damage and emits red fluorescence. As shown in Fig. 13, 
untreated viable cells emitted green fluorescence due to the AO staining 
of both cytoplasm and nuclei. No condensed chromatin was detected in 
all treated cells with IC50 concentration for α-Glu inhibition. Interest-
ingly, cells treated with 27 are similar to untreated cells, confirming no 
cytotoxicity effect of this compound at this concentration. The AO 
staining in the cytoplasm of other treated cells was detectable as bright 
punctate dots, revealing acidic compartments, such as lysosomes and 
vacuole, namely acidic vesicular organelles (AVOs). These features 
represent the hallmark of non-apoptotic cell death, such as autophagy. 

Autophagy is characterized by sequestration of cellular organelles and 
proteins into autophagic vesicles and fusion of these vesicles with ly-
sosomes. In cancer cells autophagy plays a dual role to either suppress 
early carcinogenesis or support the survival and growth of advanced 
tumors. The vitro cytotoxicity of obovatol (1), 11, 22, 26 and 27 was 
additionally tested by MTT assay, after 24 h of exposure. IC50 was 
defined as the concentration of the compound inhibiting cell survival 
rate by 50 %, compared with a vehicle-treated control cells. The IC50 
values of tested compounds are shown in Fig. 14. Compared to obovatol 
(1), all tested analogues showed a cytotoxic activity (IC50) against HCT- 
116 cell line. The most active was compound 26 with the IC50 value of 
97 ± 11 µM. The cytotoxic activities of these compounds are considered 
moderate, but in consideration of their inhibitory activity (IC50) towards 
α-Amy and α-Glu, compound 27 could be consider safe, while the 
compound 11 could be consider as antiproliferative. Based on the ob-
tained results, these compounds can serve as promising hit compounds 
for further bioactivity optimization and anti–type 2 diabetes study. 

3. Conclusions 

The present work reports efficient synthesis tactics based on either 
the Ullmann coupling reaction or a thia-Michael addition reaction to 
produce obovatol (1) and a set of ten new analogues within the neo-
lignan class. This study presents, for the first time, a comprehensive 
assessment of the α-glucosidase and α-amylase inhibitory activities of 1 
and its analogues with the purpose of evaluating new scaffolds for type 2 
diabetes drug research. Our investigation demonstrated promising 
inhibitory activities for the naturally occurring compound 1 and the 

Table 5 
Quenching constants Ksv, quenching rate constants Kq and binding constants Ka of the interaction of obovatol (1) and its analogues (11, 22, 26, and 27) with α-Glu and/ 
or α-Amy.   

T (K) Ksv 
(×104 L/mol) 

Kq 
(×1012 L/mol) 

R2 Ka 
(×104 L/mol) 

n R2 

α-Glu 
1  298.15 0.70 ± 0.02 0.70 ± 0.02  0.9905 0.95 ± 0.04  1.11  0.9954  

303.15 1.04 ± 0.15 1.04 ± 0.15  0.9902 1.79 ± 0.23  0.76  0.9936  
310.15 1.30 ± 0.18 1.30 ± 0.18  0.9935 2.20 ± 0.32  1.35  0.9994  

11  298.15 0.54 ± 0.02 0.54 ± 0.02  0.9942 0.20 ± 0.14  1.18  0.9933  
303.15 0.70 ± 0.03 0.70 ± 0.03  0.9931 0.24 ± 0.04  1.14  0.9951  
310.15 0.84 ± 0.04 0.84 ± 0.04  0.9980 0.52 ± 0.05  1.20  0.9935  

22  298.15 0.81 ± 0.02 0.81 ± 0.02  0.9908 0.20 ± 0.02  1.36  0.9902  
303.15 1.27 ± 0.45 1.27 ± 0.45  0.9929 0.35 ± 0.08  1.28  0.9902  
310.15 1.64 ± 0.38 1.64 ± 0.38  0.9989 0.50 ± 0.04  1.30  0.9926  

26  298.15 2.61 ± 0.25 2.61 ± 0.25  0.9976 0.99 ± 0.13  1.23  0.9965  
303.15 2.96 ± 0.15 2.96 ± 0.15  0.9973 1.84 ± 0.24  1.11  0.9978  
310.15 3.33 ± 0.18 3.33 ± 0.18  0.9925 2.18 ± 0.31  1.11  0.9972  

27  298.15 1.81 ± 0.34 1.81 ± 0.34  0.9940 2.09 ± 0.44  0.96  0.9932  
303.15 2.42 ± 0.18 2.42 ± 0.18  0.9912 3.54 ± 0.57  0.96  0.9908  
310.15 3.18 ± 0.21 3.18 ± 0.21  0.9965 3.87 ± 0.62  0.83  0.9919  

α-Amy 
1  298.15 3.03 ± 0.40 3.03 ± 0.40  0.9902 3.49 ± 0.70  0.95  0.9944  

303.15 3.62 ± 0.14 3.62 ± 0.14  0.9978 4.53 ± 0.54  0.93  0.9930  
310.15 4.89 ± 0.21 4.89 ± 0.21  0.9962 6.30 ± 0.54  0.92  0.9966  

11  298.15 2.95 ± 0.29 2.95 ± 0.29  0.9934 1.70 ± 0.12  1.14  0.9929  
303.15 4.89 ± 0.32 4.89 ± 0.32  0.9913 2.25 ± 0.04  0.90  0.9994  
310.15 6.32 ± 0.13 6.32 ± 0.13  0.9907 6.10 ± 0.37  1.00  0.9924  

27  298.15 4.25 ± 0.04 4.25 ± 0.04  0.9985 3.10 ± 0.22  1.11  0.9926  
303.15 5.75 ± 0.36 5.75 ± 0.36  0.9941 4.78 ± 0.54  1.07  0.9923  
310.15 7.20 ± 0.23 7.20 ± 0.23  0.9904 7.60 ± 0.07  0.97  0.9942  
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newly synthesized analogues 11, 22, 26, and 27. To better understand 
the enzymatic inhibition outcomes, an in silico evaluation of these neo-
lignans was conducted to assess their affinity for the enzymatic catalytic 
sites. The in silico data revealed favorable interactions between obovatol 
and its analogues with both enzymes, underscoring how the combined 
influence of free hydroxyl groups and the presence of bromine atoms 
enhances inhibitory activity not only in the ether 11 but also in the 
thioether derivative 27. Conversely, the presence of allyl chains in the 
diaryl ether structures was not a crucial structural feature for inhibitory 
activity. 

Kinetic results indicated different modes of α-Glu inhibition by the 
most promising active neolignans despite their very similar structures 

Fig. 10. ECD spectra of α-Glucosidase [0.5 µM] in the presence of increasing amounts of 1, 11, 22, 26 and 27. Orange line represents the spectra of the relative 
compound at the concentration of 3 µM in the absence of the enzyme. Inset: CD difference between the spectra of α-Glu/compound 1:1 complex minus that of α-Glu 
alone (black line) and of α-Glu/compound 1:6 complexes minus that of α-Glu alone (red line). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 11. Representative changes in percent reflectivity (Δ%R) over time detected for the immobilization of the enzymes α-Amy (280 μg mL−1 in PBS) and α-Glu (130 
μg mL−1 in PBS). The curves shown refer to independent immobilizations performed in parallel through the channels of the microfluidic device in contact with the 
modified gold surface of the SPRI, followed by the deactivation step with Trizma solution to block unreacted NHS ester moieties. 

Table 6 
Kinetic parameters obtained for the interaction of three neolignans (1, 11 and 
27) with α-amylase immobilized onto the gold surface of the SPRI sensor.  

α-Amy/Compound Ka(mol−1⋅L⋅s−1) Kd(s−1) KD(M) 
1 7.04 ± 0.66 1.66 ± 0.12 x10−4 2.36 ± 0.02 x10−5 

11 3.41 ± 0.17 4.21 ± 0.15 x10−5 1.23 ± 0.04 x10−5 

27 3.62 ± 0.19 3.02 ± 0.09 x10−5 8.34 ± 0.03 x10−6 

Acarbosea 11.12 ± 0.07 8.8 ± 0.04 x10−3 0.78 ± 0.12 x10−3b 

Values are expressed as means ± standard errors obtained from experiments 
performed at three different concentrations. aKinetic parameters available from 
the literature for acarbose and α-amylase interactionb [66]. 
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with 1, 11 and 26 acting as non-competitive inhibitors and 22 and 27 as 
mixed-type inhibitors. In contrast, α-Amy inhibition occurred through 
the same mechanism for all the compounds acting as competitive in-
hibitors. Compounds 22 and 27 exhibited mixed-type inhibition be-
haviours towards α-Glu, and additional docking studies supported their 
compatibility with both the catalytic and allosteric sites, in agreement 
with the kinetic data. Fluorescence data confirmed dynamic interactions 
between enzymes and neolignans, while CD results suggested confor-
mational changes in α-Glu induced by increasing amounts of neolignans. 
SPRI measurements demonstrated that all of the compounds were better 
ligands than acarbose and exhibited strong binding to α-amylase and 
α-glucosidase, providing scientific support for the screening of these 
analogues as potential inhibitors. Interestingly, the evaluation of their 
biological activity using the IC50 concentration (inhibitory activity to-
wards α-Glu) on HCT-116 colon cancer cell line, suggests that obovatol 
(1), 11, 22 and 26 are able to induce a programmed cell death, through 
the activation of autophagic pathway, while no effect was detected 
when cells were treated with 27. Moreover, based on their cytotoxic 
effect and inhibitory activity for α-Glu, the neolignane and analogues we 
tested can be considered safe (27), borderline (26) or with anti-
proliferative activity (1, 11, 22). 

This comprehensive study indicates that the neolignane obovatol (1) 
and its analogues 11, 22, 26 and, mostly 27, represent promising 
compounds with interesting structural features for developing a novel 
hypoglycemic drug for treating type-2 diabetes. Future perspectives will 
concern the validation of the inhibitory activity of the synthesized 
compounds towards human enzymes, the assessment of their mecha-
nism of action and in vivo analyses. 

4. Experimental 

4.1. General 

All reactions were carried out under nitrogen or argon atmosphere 
using dry solvents under anhydrous conditions, unless otherwise noted. 
Solvents for chromatographic purification (ethyl acetate, cyclohexane, 
n-hexane, acetone, dichloromethane, methanol) were purchased at the 
highest commercial quality. Reagents were purchased at the highest 
commercial quality and used without further purification, unless 
otherwise noted. Evaporations were conducted under reduced pressure 
at 35 ◦C unless otherwise noted. Yields refer to chromatographically and 
spectroscopically (1H NMR) homogeneous materials, unless otherwise 
noted. Reactions were monitored by thin-layer chromatography (TLC) 
carried out using pre-coated Merck silica gel plates 60F-254. Merck 
silica gel (60, particle size 40–63 µm) was used for column chromatog-
raphy. The visualization of the reaction components was obtained under 
UV light at a wavelength of 254 nm. NMR spectra were recorded on 
Bruker DPX-300 and Bruker Avance I 300 MHz spectrometers and were 
calibrated using residual undeuterated solvent signals as internal ref-
erences [CDCl3 (1H): δ = 7.26 ppm; CDCl3 (13C): δ = 77.0 ppm]. The 
following abbreviation were used to describe the multiplicities: s for 
singlet, d for doublet, dd for double doublet, dt for double triplet, dq for 
double quartet brs for broad singlet, ddt for double double triplet, dddt 

for double double double, m for multiplet. IR spectra were recorded 
between 4000 and 450 cm−1 on a Bruker IFS55 (OPUS/IR 3.0.2) FT-IR 
spectrometer. High resolution mass spectrometry (HRMS) was per-
formed using the Electro Spray Ionization (ESI) method. The α-glucosi-
dase (α-Glu) and α-amylase (α-Amy) inhibition assays and kinetic 
measurements were performed on a 96-well microplate and the Synergy 
H1 microplate reader was used. 

4.2. Chemical synthesis 

4.2.1. 2-(allyloxy)-3-bromophenol (5) 
The commercially available 3-bromobenzene-1,2-diol (300.0 mg, 

1.58 mmol) was dissolved in dry acetone (12 mL) and K2CO3 (219.4 mg, 
1.59 mmol) was added. This mixture was stirred at room temperature 
for 10 min, after which time allyl bromide (268.8 mg, 2.22 mmol) was 
added, and this reaction mixture was refluxed for 2 h. The mixture was 
cooled down to room temperature, diluted with ethyl acetate (5 mL), 
filtered and evaporated. The resulting oily residue was purified by silica 
gel column chromatography (n-hexane → n-hexane/ethyl acetate 98:2) 
to afford compound 5 (224.7 mg, 62 %) as a yellowish oil. IR (NaCl): 
3450, 2925, 1717, 1459, 1252 cm−1; 1H NMR (300 MHz, CDCl3): δ 7.09 
(dd, J = 6.4, 3.2 Hz, 1H, H-5), 6.94–6.88 (m, 2H, H-4/H-6), 6.22–5.98 
(m, 1H, H-8), 5.47 (dq, J = 17.1, 1.5 Hz, 1H, Ha-9), 5.36 (dq, J = 10.3, 
1.5 Hz, 1H, Hb-9), 4.60 (dt, J = 6.0, 1.2 Hz, 2H, H-7); 13C NMR (75 MHz, 
CDCl3): δ 150.4 (C-2), 143.3 (C-1), 132.8 (C-8), 126.0 (C-4), 124.6 (C-5), 
119.7 (C-9), 116.1 (C-3), 114.9 (C-6), 74.6 (C-7); HRMS (neg. ESI) calcd 
for C9H8O2Br [M−H]+: 226,9713, found 226,9711. 

4.2.2. 5-allyl-3-bromobenzene-1,2-diol (6) 
A 1 M Et2AlCl solution in n-hexane (1.96 mL, 1.96 mmol) was added 

dropwise to a solution of 5 (224.7 mg, 0.98 mmol) in dry CH2Cl2 (1 mL). 
The mixture was stirred at room temperature for 3 h, after which time 2 
N aqueous HCl (2 mL) was added at 0 ◦C. The mixture was partitioned 
using CH2Cl2 (2 × 5 mL), and the combined organic layers were washed 
with water, dried oved anhydrous Na2SO4, filtered and evaporated. The 
resulting residue was purified by silica gel column chromatography, 
eluting with cyclohexane → cyclohexane/acetone (85:15), to furnish the 
expected Claisen-Cope product 6 (179.6 mg, 80 %) as a brownish oil. IR 
(NaCl): 3439, 2925, 1721, 1441, 1069 cm−1;1H NMR (300 MHz, CDCl3): 
δ 6.97 (d, J = 2.1 Hz, 1H, H-4), 6.67 (d, J = 2.0 Hz, 1H, H-6), 5.95 (m, 
1H, H-8), 5.14–5.03 (m, 2H, H-9), 3.31 (dt, J = 7.4, 1.3 Hz, 2H, H-7). 13C 
NMR (75 MHz, CDCl3): δ 144.3 (C-1) 142.0 (C-2), 136.9 (C-8), 136.5 (C- 
8), 134.3 (C-5), 123.2 (C-4), 116.3 (C-9), 115.4 (C-6), 113.8 (C-3), 39.3 
(C-7).; HRMS (neg. ESI) calcd for C9H8O2Br [M−H]+: 226,9713, found 
226,9710. 

4.2.3. General procedure for methylation reactions 
To a solution of 6 or 20 (1 eq.) in DMF was added K2CO3 (2 eq.). After 

stirring for 30 min, methyl iodide (3 equiv. per OH group) was added, 
and the resulting mixture was stirred for 4 h at room temperature. The 
reaction mixture was then quenched by addition of saturated aqueous 
NH4Cl (2 mL) and diluted with diethyl ether (4 mL), further extracted 
with diethyl ether (2 × 5 mL) and the combined organic layers were 
washed with brine, dried over anhydrous Na2SO4, filtered and 
evaporated. 

4.2.4. 5-allyl-1-bromo-2,3-dimethoxybenzene (7) 
According to the above general procedure, the reaction of 6 (112.3 

mg, 0.49 mmol) with potassium carbonate (135.6 mg, 0.98 mmol) and 
methyl iodide (208.7 mg, 1.47 mmol) gave a crude residue, which was 
purified by silica gel column chromatography, eluting with n-hexane → 

n-hexane/acetone (98:2), to afford compound 7 (88.2 mg, 70 %) as a 
yellowish oil. 1H NMR (300 MHz, CDCl3): δ 6.97 (d, J = 1.9 Hz, 1H, H-4), 
6.67 (d, J = 1.9 Hz, 1H, H-6), 6.04–5.83 (m, 1H, H-8), 5.16–5.05(m, 2H, 
H-9), 3.85 (s, 3H, CH3), 3.83 (s, 3H, CH3), 3.31 (dt, J = 6.7, 1.4 Hz, 2H, 
H-7). 13C NMR (75 MHz, CDCl3): δ 153.6 (C-3), 144.7 (C-2), 137.3 (C-8), 

Table 7 
Kinetic parameters obtained for the interaction of three neolignans (1, 11, 22, 
26 and 27) with α-glucosidase immobilized onto the gold surface of the SPRI 
sensor.  

α-Glu/Compound ka(mol−1⋅L⋅s−1) kd(s−1) KD(M) 
1 2.83 ± 0.23 1.24 ± 0.01 x10−3 4.38 ± 0.003 x10−4 

11 6.22 ± 0.28 1.17 ± 0.06 x10−3 1.88 ± 0.01 x10−4 

22 7.75 ± 0.72 7.33 ± 0.39 x10−4 9.46 ± 0.05 x10−5 

26 7.56 ± 0.26 2.14 ± 0.95 x10−4 2.83 ± 0.13 x10−5 

27 5.52 ± 0.16 3.14 ± 0.35x10−5 5.69 ± 0.06 x10−6 

Values are expressed as means ± standard errors obtained from experiments 
performed at three different concentrations. 
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136.6 (C-5), 124.5 (C-6), 117.5 (C-4), 116.5(C-8), 112.1(C-1), 60.6 
(CH3), 56.0 (CH3), 39.7 (C-7). Spectroscopic data were in agreement 
with those previously reported [67]. 

4.2.5. 5-bromo-2-methoxybenzaldehyde (21) 
According to the general procedure, the reaction of commercially 

available 5-bromo-2-hydroxybenzaldehyde 20 (130.0 mg, 0.75 mmol) 
with potassium carbonate (207.5 mg, 1.5 mmol) and methyl iodide 
(320.0 mg, 2.25 mmol) furnished a crude residue, which was purified by 

Fig. 12. Inverted phase-contrast micrographs of HCT-116 cells treated for 24 h with ½ IC50, IC50 and 2 × IC50 concentrations for α-Glu inhibition of 1, 11, 22, 26 and 
27. Magnification 200 × . 
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silica gel column chromatography, eluting with cyclohexane/acetone 
(95:5), to afford compound 21 (155.4 mg, 97 %) as a yellow solid. 1H 
NMR (300 MHz, CDCl3): δ 10.38 (s, 1H, H-7), 7.92 (d, J = 2.6 Hz, 1H, H- 
6), 7.63 (dd, J = 8.9, 2.6 Hz, 1H, H-2), 6.90 (d, J = 8.9 Hz, 1H, H-3), 3.90 
(s, 3H, CH3). Spectroscopic data were in agreement with those previ-
ously reported [68]. 

4.2.6. General procedure for Ullmann coupling reactions 
A mixture of bromide (1 eq.), p-allylphenol (1.5 eq.), Cs2CO3(2 eq.), 

CuI (10 mol%) and N,N-dimethylglycine hydrochloride (30 mol%) in 
dioxane (2 mL) was heated at 90 ◦C under nitrogen in a sealed tube for 
48 h, after which time the reaction mixture was cooled down to room 

temperature and partitioned between ethyl acetate (4 mL) and water (4 
mL). The organic layer was separated, and the aqueous layer was further 
extracted with ethyl acetate (3 × 5 mL). The combined organic layers 
were washed with brine, dried over Na2SO4, filtered and evaporated. 

4.2.7. 4-allyl-6-(4′-allylphenoxy)-1,2-dimethoxybenzene (9) 
According to the above general procedure, the reaction of the bro-

mide 7 (65.0 mg, 0.25 mmol) with the p-allylphenol 8 (50 mg, 0.38 
mmol) gave a crude residue, which was purified by silica gel column 
chromatography, eluting with n-hexane → n-hexane/acetone (98:2), to 
afford compound 9 (38.8 mg, 52 %) as a yellowish oil. IR (NaCl): 2920, 
2848, 1508, 1426, 1234, 1094 cm−1; 1H NMR (300 MHz, CDCl3): δ 7.11 

Fig. 13. Fluorescence micrographs of HCT-116 cells treated for 24 h with ½ IC50, IC50 and 2 × IC50 concentrations for α-Glu inhibition of 1, 11, 22, 26 and 27 after 
AO/EB double staining. Untreated cells display green fluorescence of both cytoplasm and nuclei. In the cytoplasm of 1, 11, 22 and 26 are visible bright punctate dots, 
namely acidic vesicular organelles (AVOs), a hallmark of autophagic cell death. Magnification 630 × . (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 14. IC50 values (concentration that inhibit the 50 % of cell proliferation compared to untreated cells) obtained from the dose–response model, expressed as µM 
± SD (standard deviation). Experiments were performed in triplicate. 
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(d, J = 8.7 Hz, 2H, H-2′/H-6′), 6.90 (d, J = 8.7 Hz, 2H, H-3′/H-5′), 6.54 
(d, J = 2.0 Hz, 1H, H-5), 6.42 (d, J = 2.0 Hz, 1H, H-3), 5.92 (dddt, J =
17.5, 16.1, 10.7, 6.7 Hz, 2H, H-8 /H-8′), 5.17–4.96 (m, 4H, H-9/H-9′), 
3.88 (s, 3H, CH3), 3.81 (s, 3H, CH3), 3.35 (d, J = 6.7 Hz, 2H, H-7), 3.27 
(d, J = 6.7 Hz, 2H, H-7′). 13C NMR (75 MHz, CDCl3): δ 156.2 (C-1′), 
153.8 (C-2), 149.6 (C-6), 139.2 (C-1), 137.7(C-8′), 137.1 (C-8), 136.0 (C- 
5′), 134.3(C-4), 129.7 (C-3′/C-5′), 117.5 (C-2′/C-6′), 116.1 (C-9′), 115.7 
(C-9), 113.4 (C-3), 108.2 (C-5), 61.1 (CH3), 56.2 (CH3), 40.1 (C-7), 39.5 
(C-7′); HRMS (pos. ESI) calcd for C20H23O3 [M + H]+: 311.1647, found 
311.1630. 

4.2.8. 3-allyl-6-(4′-allylphenoxy)-1-methoxybenzene (14) 
According to the general procedure, the reaction of the bromide 13 

(50.0 mg, 0.25 mmol) with the p-allylphenol 12 (61.8 mg, 0.38 mmol) 
gave a crude residue, which was purified by silica gel column chroma-
tography, eluting with n-hexane → n-hexane/acetone (98:2), to afford 
compound 14 (64.4 mg, 94 %) as a colourless oil. IR (NaCl): 3077, 2977, 
2836, 1638, 1613, 1597, 1503, 1463, 1417, 1271, 1225, 1151, 1036 
cm−1; 1H NMR (300 MHz, CDCl3): δ 7.12 (d, J = 8.7 Hz, 2H, H-2′/H-6′), 
6.93–6.87 (m, 3H, H-3′/H-5′, H-5), 6.85 (d, J = 2.1 Hz, 1H, H-2), 6.75 
(dd, J = 8.1, 2.1 Hz, 1H, H-4), 6.00 (dddt, J = 17.1, 10.3, 8.6, 6.7 Hz, 2H, 
H-8/H-8′), 5.20–5.04 (m, 4H. H-9/H-9′), 3.85 (s, 3H, CH3), 3.41 (dt, J =
6.7, 1.5 Hz, 2H, H-7), 3.37 (dt, J = 6.7, 1.5 Hz, 2H, H-7′).13C NMR (75 
MHz, CDCl3): δ 156.5 (C-1′), 151.3 (C-2), 143.5 (C-1), 137.7 (C-8′), 137.3 
(C-8), 136.7 (C-4′), 133.9 (C-4), 129.6 (C-3′/C-5′), 121.0 (C-5), 120.8 (C- 
6), 117.2 (C-2′/C-6′), 116.0 (C-9′), 115.7 (C-9), 113.2 (C-3), 56.0 (CH3), 
40.0 (C-7), 39.5 (C-7′). HRMS (pos. ESI): calcd for C19H20O2Na [M +
Na]+: 303.1361, found 303.1345. 

4.2.9. 1-(6-(4′-allyl-2′-methoxyphenoxy)-4-methoxyphenyl)acetic acid 
(17) 

According to the general procedure, the reaction of 16 (170.0 mg, 
0.70 mmol) with 12 (172.4 mg, 1.05 mmol) gave a crude residue, which 
was purified by silica gel column chromatography, cyclohexane/ethyl 
acetate (95:5) → cyclohexane/ethyl acetate (70:30), to afford compound 
17 (90.0 mg, 40 %) as a colourless oil. IR (NaCl): 2993, 1765, 1379.07, 
1244, 1056, 750 cm−1; 1H NMR (300 MHz, CDCl3): δ 7.17 (d, J = 8.3 Hz, 
1H, H-2), 6.88 (d, J = 8.1 Hz, 1H, H-6′), 6.79 (d, J = 2.0 Hz, 1H, H-4′), 
6.72 (dd, J = 8.1, 2.0 Hz, 1H, H-5′), 6.56 (dd, J = 8.3, 2.5 Hz, 1H, H-3), 
6.24 (d, J = 2.5 Hz, 1H, H-5), 6.08 – 5.88 (m, 1H, H-8′), 5.18 – 5.02 (m, 
2H, H-9′), 3.77 (s, 3H, CH3), 3.75 (s, 2H, H-7), 3.69 (s, 3H, CH3), 3.37 
(dt, J = 6.7, 1.5 Hz, 2H, H-7′). 13C NMR (75 MHz, CDCl3): δ 176.9 (C-8), 
160.1 (C-4), 157.1 (C-2′), 151.2 (C-6), 142.7 (C-1′), 137.3 (C-9′), 137.2 
(C-4′), 131.6 (C-2), 121.3 (C-1), 121.0 (C-5′), 116.0 (C-8′), 115.7 (C-6′), 
113.2 (C-3′), 107.1 (C-3), 102.8 (C-5), 55.9 (CH3), 55.4 (CH3), 40.7 (C- 
7′), 35.1(C-7). HRMS (neg. ESI): calcd for C19H19O5 [M + H]–: 
327.12332, found 327.1236. 

4.2.10. 6-(4′-allyl-2′-methoxyphenoxy)-benzoic acid (19) 
According to the general procedure, the reaction of 18 (100.0 mg, 

0.46 mmol) with 12 (113.3 mg; 0.69 mmol) afforded a crude residue, 
which was purified by silica gel column chromatography, eluting with 
cyclohexane/ethyl acetate (95:5), to afford compound 19 (20 mg, 20 %) 
as an orange solid. IR (NaCl): 2924, 2854, 1685, 1610, 1597, 1504, 
1463, 1423, 1273, 1232, 1161, 1122, 1035 cm−1; 1H NMR (300 MHz, 
CDCl3): δ 8.03 (d, J = 9.1 Hz, 2H, H-2/H-4), 7.01 (d, J = 8.0 Hz, 1H, H- 
6′), 6.92 (d, J = 9.0 Hz, 2H, H-1/H-5), 6.85 (d, J = 2.0 Hz, 1H, H-3′), 6.81 
(dd, J = 8.0, 2.0 Hz, 1H, H-5′), 6.00 (ddt, J = 17.0, 10.3, 6.7 Hz, 1H, H- 
8′), 5.24–5.08 (m, 2H, H-9′), 3.78 (s, 3H, CH3), 3.42 (dd, J = 6.7, 1.5 Hz, 
2H, H-7′). 13C NMR (75 MHz, CDCl3): δ 171.6 (C-7), 163.2 (C-6), 151.5 
(C-2′), 141.3 (C-1′), 138.5 (C-8′), 137.1(C-4′), 132.3 (C-2/C-4), 122.8 (C- 
3), 122.3 (C-5′), 121.2 (C-6′), 116.3 (C-9′), 115.7 (C-1/C-5), 113.3 (C-3′), 
55.9 (CH3), 40.1 (C-7′). HRMS (neg. ESI) calcd for C17H15O4 [M + H]−: 
283.0970, found 283.0969. 

4.2.11. 6-(4′-allylphenoxy)-3-methoxybenzaldehyde (22) 
According to the general procedure, the reaction of 21 (155.4 mg, 

0.72 mmol) with 12 (145.0 mg, 1.08 mmol) gave a crude residue, which 
was purified by silica gel column chromatography, eluting with CH2Cl2, 
to afford compound 22 (110.0 mg, 52 %) as an orange oil. IR 
(NaCl):3360, 3076, 2922, 2852., 1683,1639, 1613, 1505, 1488, 1425, 
1393, 1266, 1219, 1151, 1025, 819 cm−1; 1H NMR (300 MHz, CDCl3): δ 

10.40 (s, 1H,H-7), 7.43 (d, J = 3.1 Hz, 1H, H-1), 7.22 (dd, J = 9.0, 3.2 
Hz, 1H, H-5), 7.11 (d, J = 8.7 Hz, 2H, H-2′/H-6′), 6.94 (d, J = 9.0 Hz, 1H, 
H-4), 6.86 (d, J = 8.6 Hz, 2H, H-3′/H-5′), 5.94 (ddt, J = 16.0, 10.7, 6.7 
Hz, 1H, H-8′), 5.18 – 5.03 (m, 2H, H-9′), 3.89 (s, 3H, CH3), 3.34 (dt, J =
6.8, 1.6 Hz, 2H, H-7′). 13C NMR (75 MHz, CDCl3): δ 189.4 (C-7), 158.1 
(C-3), 155.8 (C-1′), 151.1 (C-6), 137.5 (C-8′), 135.1 (C-4′), 130.0 (C3′/C- 
5′), 127.0 (C-3), 125.5 (C-5), 118.4 (C-2′/C-6′), 118.0 (C-1), 115.9 (C-9′), 
113.2 (C-4), 56.2 (CH3), 39.5 (C-7′). HRMS (pos. ESI): calcd for 
C17H16O3Na [M + Na]+: 291.0997, found 291.0980. 

4.2.12. General procedure for demethylation reactions 
To a solution of an Ullman coupling product (1.0 eq.) in dry CH2Cl2 

at –78 ◦C was added BBr3 (1 M solution in CH2Cl2, 1.0 or 2.0 eq.), and 
the reaction mixture was stirred for 2 h, after which time it was 
quenched by an addition of methanol (1 mL) and diluted with ethyl 
acetate (2 mL). The mixture was extracted with ethyl acetate (3 × 5 mL) 
and the combined organic layers were washed with brine, dried over 
Na2SO4, filtered and evaporated. 

4.2.13. 4-allyl-6-(4′-allylphenoxy)-benzene-1,2-diol (1) 
According to the general procedure, the reaction of 9 (65.0 mg, 0.21 

mmol) with BBr3 (1 M solution in CH2Cl2, 0.44 mmol) gave a crude 
residue, which was purified by silica gel column chromatography, 
eluting with CH2Cl2, to afford obovatol (1, 50 mg, 84 %) as a yellowish 
oil. IR (NaCl): 3450, 2924, 2853, 1639, 1602, 1504, 1444, 1360, 1214, 
1168, 1022 cm−1; 1H NMR (300 MHz, CDCl3): δ 7.18 (d, J = 8.6 Hz, 2H, 
H-2′/H-6′), 6.97 (d, J = 8.6 Hz, 2H, H-3′/H-5′), 6.60 (d, J = 1.9 Hz, 1H, 
H-3), 6.31 (d, J = 1.9 Hz, 1H, H-5), 6.01–5.77 (m, 2H, H-7/H-7′), 5.35 
(brs, 1H, OH), 5.30 (brs, 1H, OH), 5.22–4.92 (m, 4H, H-9/H-9′), 3.40 (dt, 
J = 6.8, 1.5 Hz, 2H, H-7), 3.23 (d, J = 6.7, 1.6 Hz, 2H, H-7′). 13C NMR 
(75 MHz, CDCl3): δ 155.0 (C-1′), 144.8 (C-6), 143.7 (C-2), 137.4 (C-8), 
137.2 (C-8′), 135.3 (C-4′), 132.9 (C-1), 132.5 (C-4), 129.9 (C-3′/C-5′), 
117.9(C-2′/C-6′), 115.9 (C-9), 115.8 (C-9′), 111.1 (C-3), 110.6 (C-5), 
39.7 (C-7), 39.4 (C-7′). HRMS (neg. ESI): calcd for C18H17O3 [M +
H]−:281.1178, found 281.1176. 

4.2.14. 4-allyl-6-(4′-allylphenoxy)-2-methoxyphenol (10) 
According to the general procedure, the reaction of 9 (30.0 mg, 0.10 

mmol) with BBr3 (1 M solution in CH2Cl2, 0.1 mmol) afforded com-
pound 10 (28.7 mg, 97 %) as a brownish oil. IR (NaCl): 2923, 2853, 
1504, 1452, 1433, 1222, 1084 cm−1; 1H NMR (300 MHz, CDCl3): δ 7.12 
(d, J = 8.5 Hz, 2H, H-2′/H-6′), 6.92 (d, J = 8.6 Hz, 2H, H-3′/H-5′), 6.53 
(d, J = 1.9 Hz, 1H, H-5), 6.44 (d, J = 1.8 Hz, 1H, H-3), 6.10–5.80 (m, 2H, 
H-8/H-8′), 5.14–4.99 (m, 4H, H-9/H-9′), 3.91 (s, 3H, CH3), 3.36 (dt, J =
6.5, 1.6 Hz, 2H, H-7), 3.26 (dt, J = 6.6, 1.5 Hz, 2H, H-7′).13C NMR (75 
MHz, CDCl3): δ 155.8 (C-1′), 147.9 (C-2), 143.3 (C-6), 143.0, 137.6 (C- 
8′), 137.3 (C-8), 135.6 (C-4′), 134.5 (C-4), 131.5 (C-1), 129.7(C-3′/C-5′), 
117.3 (C-2′/C-6′), 115.9 (C-9), 115.7 (C-9′), 113.0 (C-5), 107.3 (C-3), 
56.3(CH3), 39.9 (C-7), 39.5 (C-7′). HRMS (pos. ESI): calcd for C19H21O3 
[M + Na]+: 319.1310, found 319.1302. 

4.2.15. 4-(8-bromopropyl)-6[4′-(8′-bromopropyl)phenoxy)]benzene-1,2- 
diol (11) 

To a solution of the Ullmann coupling 9 (30.0 mg, 0.10 mmol) in dry 
CH2Cl2 (0.2 mL) at –78 ◦C was added BBr3 (1 M solution in CH2Cl2, 0.1 
mmol). After stirring for only 30 min at the same temperature, the re-
action mixture was allowed to warm up to room temperature and stirred 
for 2 h, after which time it was quenched by an addition of methanol (1 
mL) and diluted with ethyl acetate (2 mL). The mixture was extracted 
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with ethyl acetate (3 × 5 mL) and the combined organic layers were 
washed with brine, dried over Na2SO4, filtered and evaporated. The 
resulting crude residue was purified by silica gel column chromatog-
raphy, eluting with cyclohexane/acetone (90:10) → cyclohexane/ 
acetone (80:20), to afford compound 11 (22.5 mg, 50 %) as a brownish 
oil. IR (NaCl): 3425, 2923, 1505, 1219, 1170, 601 cm−1; 1H NMR (300 
MHz, CDCl3): δ 7.18 (d, J = 8.4 Hz, 2H, H-2′/H-6′), 6.97 (d, J = 8.4 Hz, 
2H, H-3′/H-5′), 6.59 (d, J = 1.9 Hz, 1H, H-3), 6.33 (d, J = 1.8 Hz, 1H, H- 
5), 4.45–3.94 (m, 2H, H-8/H-8′), 3.29–2.76 (m, 4H, H-7/H-7′), 1.68 (dd, 
J = 19.6, 6.6 Hz, 6H, CH3). 13C NMR (75 MHz, CDCl3): δ 155.6 (C-1′), 
144.9 (C-2), 143.3 (C-6), 133.8 (C-1), 133.7 (C-4), 131.0 (C-4′), 130.7 
(C-2′/C-6′), 117.7 (C-3′/C-5′), 111.9 (C-5), 111.6 (C-3), 46.9 (C-7), 46.6 
(C-7′), 43.6 (C-8), 43.6 (C-8′), 25.7 (CH3), 25.6 (CH3). HRMS (neg. ESI) 
calcd for C18H19Br2O3 [M + H]−: 442.9857, found 442. 9681. 

4.2.16. 4-allyl-6-(4′-allylphenoxy) phenol (15) 
According to the general procedure, the reaction of 14 (30.0 mg, 

0.11 mmol) with BBr3 (1 M solution in CH2Cl2, 0.11 mmol) afforded 15 
(28.4 mg, 97 %) as a brownish oil. IR (NaCl): 3520, 3077, 2923, 2853, 
1637, 1598, 1502, 1452, 1432, 1270, 1223, 1163, 1111 cm−1; 1H NMR 
(300 MHz, CDCl3): δ 7.17(d, J = 8.6 Hz, 2H, H-2′/H-6′), 6.97 (d, J = 8.6 
Hz, 2H, H-3′/H-5′), 6.92 (d, J = 2.1 Hz, 1H, H-2), 6.83(d, J = 8.3 Hz, 1H, 
H-5), 6.69 (dd, J = 8.3, 2.1 Hz, 1H, H-4), 6.26–5.74 (m, 2H, H-8/H-8′), 
5.34–4.91 (m, 4H, H-9/H-9′), 3.38 (ddd, J = 8.6, 6.8, 1.6 Hz, 4H, H-7/H- 
7′). 13C NMR (75 MHz, CDCl3): δ 155.3 (C-1′), 147.3 (C-1), 141.8 (C-6), 
137.4 (C-3), 137.3 (C-4′), 136.9 (C-8), 135.2 (C-8′), 129.9(C-3′/C-5′), 
120.6 (C-2′/C-6′), 118.7 (C-4), 117.8 (C-3), 116.2(C-9), 116.0 (C-9′), 
115.9 (C-2), 39.7 (C-7), 39.4 (C-7′). HRMS (neg. ESI) calcd for C18H17O2 
[M + H]−: 265.1229, found 265.1233. 

4.2.17. General procedure for 2-methoxyphenol oxidation and thia- 
Michael addition 

To a stirred suspension of SIBX (2.15 eq.) in dry THF (ca 0.05 M) was 
added the 2-methoxyphenol (1.0 eq.). After stirring in the dark at room 
temperature for 16 h, the thiophenol (3.0 eq.) was added and the re-
action mixture was stirred at room temperature for 2 h. The white sus-
pension was filtered out from the reaction mixture. The filter cake was 
washed with CH2Cl2 (20 mL), and the combined filtrate and washings 
were poured into water (30 mL). After separation, the aqueous layer was 
further extracted with CH2Cl2 (30 mL) and the combined organic layers 
were washed with saturated aqueous NaHCO3 (4 × 15 mL) and treated 
with saturated aqueous Na2S2O4 (2 mL) for 10 min with vigorous 
shaking under nitrogen in the dark. The resulting solution was washed 
with water (10 mL), brine (10 mL), dried over Na2SO4, filtered and 
evaporated. 

4.2.18. 4-allyl-6-(phenylthio)- benzene-1,2-diol (26) 
According to the general procedure, the reaction of the 2-methoxy-

phenol 12 (50.0 mg, 0.30 mmol) with the thiophenol 24 (99.2 mg, 
0.90 mmol) gave a crude residue, which was purified by silica gel col-
umn chromatography, eluting with cyclohexane → cyclohexane/ethyl 
acetate (80:20), to afford compound 26 (45 mg, 45 %) as a colourless oil. 
IR (NaCl):3422, 3073.72, 2923, 2853, 1581.91, 1638.35, 1581, 1478, 
1438, 1265, 1168, 1122, 988, 737, 688 cm−1; 1H NMR (300 MHz, 
CDCl3): δ 7.33 (d, J = 8.4 Hz, 2H, H-3′/H-5′), 7.28–7.24 (m, 1H, H-4′), 
7.19 (dd, J = 8.3, 1.4 Hz, 2H, H-2′/H-6′), 7.00 (d, J = 2.0 Hz, 1H, H-5), 
6.97 (d, J = 2.0 Hz, 1H, H-3), 6.21–5.79 (m, 1H, H-8), 5.28–5.05 (m, 2H, 
H-9), 3.38 (dt, J = 6.7, 1.5 Hz, 2H, H-7). 13C NMR (75 MHz, CDCl3): δ 

144.2 (C-2), 142.8 (C-1), 137.1 (C-7), 135.8 (C-1′), 133.5 (C-4), 129.3 
(C-2′/C-6′), 127.3 (C-4′), 126.9 (C-3′/C-5′), 126.2 (C-5), 118.0 (C-9), 
116.1 (C-3), 115.9 (C-6), 39.4 (H-7). HRMS (neg. ESI) calcd for 
C15H13O2S [M + H]−: 257.0636, found 257.0639. 

4.2.19. 4-allyl-6-((4′-bromophenyl) thio)-benzene-1,2-diol (27) 
According to the general procedure, the reaction of 12 (100.0 mg, 

0.60 mmol) with the thiophenol 25 (346.0 mg, 1.80 mmol) gave a crude 

residue, which was purified by silica gel column chromatography, 
eluting with cyclohexane → cyclohexane/ethyl acetate (95:5), to afford 
compound 27 (70 mg, 35 %) after flash column chromatography, eluting 
with cyclohexane → cyclohexane: ethyl acetate 95:5. colourless oil. IR 
(NaCl): 3420., 2923, 2853, 1715, 1471, 1267, 668 cm−1; 1H NMR (300 
MHz, CDCl3): δ 7.35 (d, J = 8.7 Hz, 2H, H-3′/H-5′), 6.94 (d, J = 8.7 Hz, 
2H, H-2′/H-6′), 6.88 (d, J = 1.8 Hz, 1H, H-3), 6.19 (d, J = 1.8 Hz, 1H, H- 
5), 6.03–5.79 (m, 1H, H-8), 5.16–5.00 (m, 1H, H-9), 3.29 (dt, J = 6.7,1.5 
Hz, 2H, H-7). 13C NMR (75 MHz, CDCl3): δ 144.4 (C-2), 142.9 (C-1), 
137.1 (C-8), 135.2 (C-1′), 133.8 (C-5), 132.4 (C-3′/C-5′), 128.5 (C-2′/C- 
6′), 127.3 (C-5), 120.0 (C-4′), 118.3 (C-9), 116.3 (C-3), 115.5 (C-6), 39.4 
(C-7). HRMS (neg. ESI) calcd for C15H14BrO2S [M + H]+: 336.9798, 
found 336.9718. 

4.3. Assay and kinetic of α-glucosidase inhibition 

The α-glucosidase inhibition assay was performed using the condi-
tions previously reported [47]. Briefly, in a 96-well microplate, the 
α-glucosidase solution (0.25 U/ml in 50 mM phosphate buffer, pH 6.8; 
100 µl) was mixed with different aliquots (2, 4, 6, 8 µl) of tested com-
pounds (stock solutions in methanol ranging from 3.22 mM to 0.5 mM). 
Then, the substrate p-nitrophenyl-α-glucoside (NPG, 78 µM, 100 µl) was 
added and the microplate was incubated at 37 ◦C for 30 min under 
shaking. The reaction was stopped by adding 1 M aqueous Na2CO3 (10 
μl) and the absorbance of p-nitrophenol was measured at 405 nm with 
the Synergy H1 microplate reader (BioTek, Bad Friedrichshall, Ger-
many). Acarbose was used as a reference standard. The assays were 
performed in triplicate with different concentrations for each com-
pound. The amount of methanol used in the experiment did not affect 
the glucosidase inhibitory activity. The inhibition percentage was 
calculated by the following equation: 

%inhibition =
ODcontrol − ODsample

ODcontrol

*100 (1)  

where, ODcontrol represents the measured optical density for the enzyme- 
substrate mixture in the absence of inhibitor, and ODsample represents 
the optical density of the reaction mixture in the presence of the in-
hibitor. The concentration required to inhibit the 50 % activity of the 
enzyme (IC50) was calculated by regression analysis. The results of the in 
vitro assay are reported in Table 3 as IC50 values. The mode of inhibition 
and the inhibitory constants for obovatol (1) and the most promising 
analogues were determined similarly. Precisely, mixtures containing 
α-Glu (5 μL of a 31 μM solution), the inhibitors (1: 0, 62.5, 125.0, 190.0 
μM; 11: 0, 60.0, 120.0, 168.0 μM; 22: 0, 30.0, 67.0, 120.0 μM; 26: 0, 
27.5, 56.0, 82.5 μM; 27: 0, 20.0, 40.0, 60.0 μM) and NPG 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 OD changes at 405 nm during the linear 
course of the reaction. The inhibition constants were calculated from the 
equations: 

v0 =
vmaxS

Km

(

1 + I
Ki

)

+ S

(2)  

v0 =
vmaxS

Km

(

1 + I
Ki

)

+ S

(

1 + I
K’i

) (3)  

where ν0 is the initial velocity in the absence and presence of the in-
hibitor, S and I are the concentrations of substrate and inhibitor, 
respectively, νmax is the maximum velocity, Km is the Michaelis-Menten 
constant, Ki is the competitive inhibition constant, and K’i is the un-
competitive inhibition constant. The graphs of slope and y-intercept of 
Lineweaver-Burk plots versus the inhibitor concentration gave a straight 

C. Sciacca et al.                                                                                                                                                                                                                                 



Bioorganic Chemistry 147 (2024) 107392

22

line, whose intercept corresponds to Ki and K’i values, respectively. 

4.4. Assay and kinetic of α-amylase inhibition 

The inhibition of the porcine pancreatic α-amylase (EC3.2.1.1, Type 
VI-B, α-Amy) was performed as previously reported [45]. 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 
compounds (2, 4, 6, 8 of 3.87–0.50 mM solutions). The reactions were 
incubated at 37 ◦C for 10 min, then, a starch solution (0.5 % in phos-
phate 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 (con-
taining 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 OD 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 
inhibition % data. The mode of inhibition and the kinetic parameters for 
obovatol (1) and the most promising analogues were determined ac-
cording to a procedure previously described with some modifications. 
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, 8.0, 16.0, 24.0 μM; 
11: 0, 15.0, 25.0, 50.0 μM; 27: 0, 3.0, 6.0, 18.0 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 
(CNPG3; 1.25, 1.00, 0.75, 0.50, 0.25 mM), the OD was measured at 405 
nm every minute for 30 min, maintaining the plate at 37 ◦C. The initial 
velocity (ν) was determined as the slope of the OD changes at 405 nm 
during the linear course of the reaction. The data acquired were elabo-
rated according to the Lineweaver-Burk equations (Eq. 2–3). 

4.5. Fluorescence measurement 

Fluorescence experiments were performed as previously reported 
[45]. 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) respectively of 1, 11, 22, 26 or 27 for 
glucosidase and 1, 11, or 27 for amylase. 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; 
acquisition from 310 to 500 nm). The fluorescence at the maximum 
intensity was employed to obtain the Stern-Volmer plots using the 
equation: 
F0

F
= 1 + KSV[Q] = 1 + Kqτ0[Q] (4)  

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
F0 ​ - F

F
= logKa + nlog[Q] (5)  

4.6. Molecular docking analysis 

Due to the absence of the related solved structure of α-Glu in the 
Protein Data Bank, it would have been necessary to proceed with the 
construction of a homology model [69]. After 2022, the AphaFold 
protein structure database (https://alphafold.ebi.ac.uk) provided 3D 
protein models with high-accuracy counting more than 200 million 
entries [70,71]. The α-glucosidase model was first prepared and mini-
mized by Protein preparation wizard. The putative binding site was 
identified through SiteMap software that allowed to generate a ranking 
of five possible druggable binding pockets based on the site score output 
and the best-one was then used for the molecular docking calculation. 
Specifically, starting from site 1, the following coordinates were ob-
tained by Grid generation experiment: 14.61 (x), 2.13 (y), 1.91 (z), 10 x 
10 x 10 as innerbox, and 36.76 x 36.76 x 36.76 as outerbox. The 
composition of the α-Glu binding site includes the following interacting 
residues: Asp68, Ser156, Phe157, Phe177, Asp214, His239, Asn241, 
His245, Glu276, Ala278, Phe300, Glu304, Thr307, Ser308, Pro309, 
Arg312, Gln222, Asp349, Gln350 and Asp408. [72]. The.pdb file of 
human pancreatic α-amylase (PDB ID: 4 W93) was downloaded from 
Protein Data Bank. The α-amylase is cocrystallized with montbretin A as 
specific inhibitor. The grid box was centered in the binding site of pro-
tein, with grid centre set to –7.28 (x), 7.43 (y) and –18.44 (z), 10 x 10 x 
10 as innerbox, and 30 x 30 x 30 as outerbox. The composition of the 
α-Amy binding site includes: Trp58, Trp59, Tyr62, Val98, His101, 
Tyr151, Leu162, Thr163, Leu165, Arg195, Ala198, Lys200, His201, 
Glu233, Glu240, Ile235, His299 and Asp300 as reported previously 
[72]. The.sdf file of acarbose was downloaded from PubChem (htt 
ps://pubchem.ncbi.nlm.nih.gov ID code: 41774). Obovatol (1) and its 
analogues were drawn using ChemDraw and saved in.sdf file. Then, the 
library was prepared by LigPrep software, generating all the possible 
tautomers and protonation states (pH = 7.4 ± 1.0) for each compound. 
The obtained structures were minimized by OPLS3. The molecular 
docking studies were performed using Glide interfaced with Maestro. In 
docking calculation, protein was treated as rigid and ligands as flexible. 
Glide were compiled and run in OSX Yosemite (10.10.5) environment. 
The analysis of docking outcomes was carried out by Maestro (Version 
11), and figures of 3D models were generated by Pymol (2.3.5). For 
mixed-type inhibitors 22 and 27, other potential binding sites different 
from the catalytic one were evaluated, four obtained by sitemap and 
another recently proposed in the literature [55]. For each binding site, 
the molecular interaction with both molecules was studied and the 
calculated ΔGbind energies are reported in the Table S1 (see supporting). 
The best interaction was collected in the allosteric site composed by the 
following residue (Table S2, line 1): Thr287, Ala289, Ala290, Tyr292, 
Glu293, Val294, Ser295, His258. Arg259, Met261, Lys262, Asn263, 
Val265, Gly268, Arg269, Glu270, Ile271, Met272, Thr273 and Lys12. 

4.7. Electronic circular dichroism spectra measurements 

ECD spectra were recorded on a Jasco J715 spectropolarimeter 
equipped with a single position Peltier temperature control set at 37 ◦C, 
and a quartz cuvette with a 1 cm path length was used for all ECD ex-
periments. CD measurements were performed in the range 200–260 nm 
in the presence or absence of the tested compounds with the following 
parameters: scanning rate 50 nm/min, data pitch 0.2 nm, digital inte-
gration time (D.I.T) 4 s, band width 2.0 nm. Each ECD spectrum was an 
average of at least five scans. For each experiment, the α-glucosidase 
(0.5 µM in 10 mM phosphate buffer, pH 7.2) was titrated with increasing 
aliquots of natural lead or analogues, thus the concentration of tested 
compounds was increased from 0:1 to 6:1 for 1, 11, 22, 26 and 27. The 
spectra were collected after each addition and corrected by subtraction 
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of the blank (100 mM phosphate buffer). ECD spectra of 1, 11, 22, 26 
and 27, at the highest concentration tested, were acquired under the 
same conditions. The changes of secondary structures of α-glucosidase 
were estimated with the secondary Structure Estimation software 
included in the JASCO Spectra Manager software. The percentage of 
secondary structure, including α-helix, β-sheet, β-turn and random coil, 
was estimated by the Jasco J-715 accessory secondary structure analysis 
program according to Yang’s equation. 

4.8. Surface plasmon resonance imaging measurements 

We performed SPRI experiments using an SPR imager apparatus 
(GWC Technologies, U.S.A.) and analyzed the detected images by using 
V++ software (version 4.0, Digital Optics Limited, New Zealand) and 
the ImageJ 1.32j software package (National Institutes of Health, U.S. 
A.). SPRI image data (pixel intensity, 0–255 scale) were converted into 
percentage of reflectivity (%R) using the equation %R = 100 × 0.85Ip/Is 
where Ip and Is refer to the reflected light intensity detected using p- and 
s-polarized light, respectively. The SPRI curves were obtained by plot-
ting the average pixel values (0–255 grey level scale) referring to the 
selected regions of interest (ROIs) of the SPR images as a function of 
time. A microfluidic device with six parallel microchannels (80 μm 
depth, 1.4 cm length, 400 μm width) was used for the study to allow 
independent control of interactions occurring on six different regions of 
the SPRI gold surface. The device was fabricated in poly (dimethylsi-
loxane) (PDMS) polymer by a replica molding technique. PEEK tubes 
(UpChurch Scientific) were inserted into the microfluidic device to 
connect the microfluidic cell to an Ismatec IPC (Ismatec SA, Switzerland) 
peristaltic pump. A refractive index matching liquid was used to obtain 
the optical contact between the gold substrate and the prism. Phosphate 
buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM phosphate 
buffer, pH 7.4) was obtained from VWR (Italy). Dithiobis(N)succinimi-
dylpropionate (DTSP) and Trizma solution (1 M in water) were pur-
chased from Merck (Italy). We used ultrapure water produced with a 
Milli-Q Integral S3 system (Millipore, Italy) for all the experiments. 
SPRI gold substrates (Xantec bioanalytics GmbH, Germany) were 
washed with ultrapure water (Milli-Q water) and ethanol and dried with 
a stream of nitrogen gas. The substrates were cleaned with UV/ozone for 
5 min, immersed in ethanol for 10 min and dried with a nitrogen stream. 
The functionalization of the gold surface can be referred to in our pre-
viously published paper [73]. Compounds 1, 11, 22, 26 and 27 were 
tested at 200–800 μM in PBS buffer, (prepared by dilutions from stock 
solutions in methanol ranging from 170 to 340 mM). the solutions were 
injected onto the surface of the α-Glu and α-Amy, at a flow rate of 15 μL/ 
min, and at room temperature. Our microfluidic device bearing six 
parallel microchannels allows us to simultaneously compare the binding 
of different derivates to both immobilized enzymes. The complex was 
allowed to associate for 1320 s to reach the steady-state and dissociate 
for 600 s. The bound ligand compound was then desorbed and the α-Glu 
and α-Amy coating surface was regenerated using pulses of 2 mM NaOH 
solution after each measurement. 

4.9. Biological evaluation 

The HCT-116 colon cancer cell line purchased from American Type 
Culture Collection (ATCC, Manassas, VA, USA) was cultured at 37◦ C in 
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Paisley, UK), 
supplemented with 10 % heat-inactivated fetal bovine serum and 100 U/ 
mL penicillin and 100 μg/mL streptomycin, at 37 ◦C and 5 % CO2, as 
already described [74–76]. For morphological assessment by phase 
contrast inverted microscope, the cells were seeded on a coverslip in 24- 
well plates at a density of 5 × 104 cells/well. After 24 h cells were treated 
for 24 h with compound dilutions of ½ IC50, IC50 and 2 × IC50 for α-Glu 
inhibition with respect to untreated control cells. Morphology was 
observed under a phase contrast inverted microscope (Carl Zeiss, 
Oberkochen, Germany) at 200X. For fluorescence staining with acridine 

orange/ethidium bromide (AO/EB), after 24 h of treatment, the cover-
slips were washed twice with PBS and stained for a few min with 200 μL 
of the Acridine Orange (100 μg/mL), Ethidium Bromide (100 μg/mL) 
mixture (1:1, v/v) and then washed three times with PBS. Cells were 
immediately observed under a fluorescent microscopy (Carl Zeiss, 
Oberkochen, Germany) at 640 × magnification. The cytotoxic activity of 
selected compounds, was determined by using MTT assay, as already 
described [77,78]. Cells were plated to a density of 15 × 103 cells/well 
in 96-well plates for 24 h. Then, culture medium containing various 
concentrations of all compounds (20, 40, 80, 160, 320 µM) were added 
and incubated for 24 h at 37 ◦C. After that, medium was removed and 
cells washed three times with phosphate-buffered saline solution. Fresh 
medium containing (0.5 mg/mL of Thiazolyl Blue Tetrazolium Bromide 
(Merck, Darmstadt, Germany) in phosphate buffer saline (PBS) was 
added and incubated for 2 h. Culture liquid was removed and cells were 
lysed in 100 µl of dimethyl sulfoxide (DMSO). The absorbance of mixture 
was measured at 570 nm using a 96-well plate reader (Spark® 20 M 
Tecan Trading AG, Switzerland). The percentage of cell viability 
compared to untreated control cells was calculated after subtraction of 
the blank. The IC50 (the concentration able to inhibit 50 % of cell 
growth) was calculated using a dose–response model, obtained from 
sigmoidal fitting of response curves of percent inhibition versus loga-
rithmic concentration, using Graph Pad Prism software. Each result was 
the mean value of three different experiments performed in triplicate. 
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