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Abstract
α-amylase and α-glucosidase are key enzymes implicated in carbohydrate digestion and their inhibition has been suggested
as a powerful approach for regulating blood glucose levels. The present work describes for the first time their inhibition by a
group of twelve hydroxylated 2-styrylchromones (2-SC). Our findings revealed that 2-SC display strong systematic
inhibition of α-glucosidase rather than α-amylase activity. The number and position of the hydroxy groups in the chromone
moiety further modulate the inhibitory profile of the studied compounds, and the derivatives bearing one catechol unit are
efficient inhibitors of both enzymes. Enzyme kinetic studies indicate that all active compounds act as competitive inhibitors
of α-amylase while most of them behave as non-competitive inhibitors of α-glucosidase. The results are promising and pave
the way to further deciphering the potential of this class of compounds as a suitable alternative for the management of type 2
diabetes and its complications.
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Introduction

According to the International Diabetes Federation (IDF)
Atlas records, people with Diabetes mellitus (DM) increased
from 436 million (20–79 years old) in 2019 to 537 million
in 2021 and this number is predicted to rise to 643 million
by 2030 and outnumber 783 million by 2045. Regretfully,
besides the long-term debilitating sequels, diabetes is
among the top causes of premature death, being responsible
for 6.7 million deaths around the world in 2021 [1].

According to the aetiology, DM subdivides into type 1,
type 2, gestational and others. Type 2 DM, also known as
insulin-resistant or adult-onset diabetes, is the commonest in
middle-aged and older people. It occurs when the body does
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not produce enough insulin or the body’s cells do not
respond normally to the insulin. If left untreated, this dis-
order may cause severe long-term micro- and macro-
vascular complications that can be life-threatening, such as
cardiovascular diseases, peripheral neuropathy, diabetic
nephropathy, and retinopathy, among others [2–6].

Commonly used drugs to treat type 2 DM include sul-
fonylureas, thiazolidinediones, biguanides, meglitinides,
glucagon-like peptide-1 agonists, dipeptide peptidase 4
inhibitors, and sodium-glucose cotransporter-2 inhibitors.
Another common approach considers lowering the amount
of assimilated glucose through supplemented use of inhi-
bitors of key enzymes involved in carbohydrate digestion,
such as α-amylase (EC 3.2.1.1) and α-glucosidase (EC
3.2.1.20) [2, 7–10]. Digestion starts in the mouth, with the
activity of salivary α-amylase, promoting the hydrolysis of
α-(1,4)-glycosidic bonds of dietary carbohydrates (e.g.,
starch) to a series of branched glucans and small linear
glucans. When the mixture is produced, the chyme reaches
the stomach and salivary α-amylase activity ceases because
of the acidic environment. Hydrolysis is resumed in the
upper part of the small intestine by the release of pancreatic
α-amylase. α-Glucosidase at the brush border of the small
intestine ultimately catalyzes the hydrolysis of α-(1,4)-gly-
coside bonds at the non-reductive end and in a smaller
extension of α-(1,6) bonds of oligosaccharides, to free
glucose and other monosaccharides. In this sense, targeting
the action of α-amylase and α-glucosidase enzymes can
prevent the excessive production of glucose and be a first-
line approach to attain normoglycemia in type 2 DM [11].

Clinically approved inhibitors of α-glucosidase are
limited and include acarbose, which also inhibits α-amylase
as well as activities of enzymes such as glucoamylase,
maltase, sucrase and isomaltase [12–14]. Acarbose is pre-
scribed very often but requires co-administration of car-
bohydrates to exert its effect and reduce the risk of
hypoglycemia. In turn, this therapeutic option is associated
to undesired side effects at the gastrointestinal tract, as
result of the accumulation of undigested carbohydrates in
the large intestine, that includes abdominal distension,

flatulence and diarrhea [15–18]. Thus, several efforts have
been geared toward developing new and effective alter-
natives ranging from different classes of natural products to
diverse synthetic analogues [12, 19–22].

Chromones represent a class of disseminated oxygenated
heterocyclic compounds with several biological and phar-
macological properties, that cover the antidiabetic action
[23–25], as evidenced by some 2-arylchromones [21, 22].
The small group of chromones known as 2-styrylchromones
(2-SC), albeit scarcer in nature, has been largely studied
over the past three decades. It includes the isolation of a few
natural derivatives, the synthesis of a vast variety of syn-
thetic analogues and the assessment of biological activities
such as antibacterial, antifungal, anti-inflammatory, anti-
oxidant, antiviral, and antitumoral, among others [26–28].
Nonetheless, to the best of our knowledge, studies on the
antidiabetic potential of 2-SC derivatives has not been
conducted to date. Thus, we envisage that like 2-arylchro-
mones, the inhibition of the carbohydrate-hydrolyzing
enzymes by this class of compounds might be the starting
point in the discovery of novel and efficient antidiabetic
agents.

In this sense, the in vitro inhibitory activity, and the type
of inhibition against pancreatic α-amylase and yeast α-
glucosidase enzymes by a panel of twelve synthetic 2-SC 1-
3A-D (Fig. 1), bearing hydroxy groups in different positions
of the chromone scaffold, is herein described for the first
time.

Results

In vitro α-amylase inhibitory activity

The inhibitory effects of 2-SC 1-3 upon α-amylase were
evaluated and compared with the standard inhibitor, acar-
bose (IC50= 0.62 ± 0.07 μM). The results varied either
according to the substitution in the B-ring of the styryl
group or secondly on the substitution pattern at the A-ring
of chromone. Those trends allowed us to group them into

Fig. 1 Chemical structures of the
tested 2-SC 1-3
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three sets, as summarized in Table 1. All 2-SC of the first
set exhibited inhibitory effects on pancreatic α-amylase
activity in a concentration-dependent manner, with IC50

varying from 25.9 to 88 μM. Namely 2-SC 1C (with 5-OH
in A-ring) and 1A [with 5,7-(OH)2 in A-ring] were the most
effective compounds of the group, with almost similar
effects (IC50s of 25.9 ± 0.9 μM and 29 ± 2 μM, respectively)
(Table 1 and Fig. 2). Compound 1B (with 7-OH in A-ring)
was less efficient and provided an IC50 value of 68 ± 3 μM.
Derivative 1D (without substitution in A-ring) was the less
active of the group, with an IC50 value of 88 ± 2 μM.

Only 2-SC 2A and 2B from the second set (with 4’-OH
in B-ring), have shown a concentration-dependent activity,
although the 2-SC 2A (IC50= 62 ± 3 μM) (Table 1 and
Fig. 2) was noticeably more potent than the 2-SC 2B
(IC50= 174 ± 6 μM). Compound 2C presented no ability to
inhibit α-amylase up to the highest tested concentration of
200 μM and 2-SC 2D reached only a 33% inhibitory effect
for 200 μM concentration.

Set 3 (no substitution in B-ring), comprehended the less
efficient group of compounds tested, recording low inhibi-
tory activities from 24% to 48%, up to the maximum tested
concentrations (200 μM).

Nevertheless, all active 2-SC showed moderate inhibition
against α-amylase activity when compared with the positive
control, acarbose (Table 1).

The type of inhibition of the most active derivatives of set 1
(1A-D), set 2 (2A, 2B) and the positive control was deducted
from the statistical evaluations of the experimental data fitting
to the corresponding Michaelis–Menten kinetics model. Fur-
ther comparison of experimental data distances to the
Lineweaver–Burk double reciprocal plots generated by each
fitted model was performed by visual inspection. Compounds
1A-D, 2A and 2B behaved as competitive inhibitors of α-
amylase with corresponding kinetic parameters (Vmax, Km,
Kic), as shown in Table 2. As an example, Fig. 3 depicts how
the Lineweaver–Burk plots generated from parameters in
Table 2 superimpose experimental data got for α-amylase
activity in the presence of the selected compounds 1D and 2B
(see SI for the other Lineweaver–Burk plots). Thus, increasing
the inhibitor concentration, the plots present constant Vmax

values and increasing values of Km, which is characteristic of
competitive inhibitors. As already reported in other studies, a
mixed type of inhibition was also recorded for acarbose,
where the values of the kinetic parameters Vmax and Km

decreased with increasing concentrations of acarbose [11, 21].

Table 1 Chemical structures and
inhibitory effects (IC50 μM,
mean ± SEM) of the tested 2-SC
1-3 on the porcine α-amylase
and yeast α-glucosidase
activities

IC50 (μM) or Inhibition (%)

Compounds R1 R2 α-amylase α-glucosidase

1A OH OH 29 ± 2 19 ± 3

1B OH H 68 ± 3 86 ± 7

1C H OH 25.9 ± 0.9 47 ± 2

1D H H 88 ± 2 149 ± 12

2A OH OH 62 ± 3 29 ± 3

2B OH H 174 ± 6 56 ± 7

2C H OH < 20% 200 μM 105 ± 2

2D H H 33 ± 3% 200 μM 136 ± 10

3A OH OH 28 ± 4% 200 μMa 76 ± 3

3B OH H 48 ± 3% 200 μMa 143 ± 6

3C H OH 25 ± 3% 200 μMa 36 ± 2% 200 μM a

3D H H 24 ± 3% 200 μMa 24 ± 3% 200 μM a

Positive control

Acarbose 0.62 ± 0.07 528 ± 9

Each study corresponds to at least three experiments
aThe value represents the percentage of inhibition for the highest tested concentration (in superscript)

Bold: most active compounds tested, for each enzyme
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Fig. 2 α-Amylase inhibition by 2-SC 1A, 1C and 2A. Each value represents the mean ± SEM of at least four experiments (see SI for other α-
amylase inhibitory profiles)

Table 2 Type of inhibition
(using Solver™ supplement) of
the tested 2-SC 1-3 and acarbose
against α-amylase and α-
glucosidase activities and
respective kinetic parameters
values: Vmax, Km, Kic and Kiu

(mean ± SEM)

Compounds Type of inhibition Vmax (ΔAbs/min) Km (μM) Kic (μM
−1) Kiu (μM

−1)

α-Amylase activity

1A competitive 43.9 ± 0.6 909 ± 22 20.1 ± 0.5 ‒
1B competitive 50 ± 1 1130 ± 41 53.7 ± 0.9 ‒
1C competitive 49 ± 2 1053 ± 48 18.6 ± 0.6 ‒
1D competitive 53 ± 3 1188 ± 86 70 ± 2 ‒
2A competitive 51 ± 1 1082 ± 37 62 ± 1 ‒
2B competitive 51.8 ± 0.8 1167 ± 26 128 ± 2 ‒
Acarbose mixed 41 ± 1 942 ± 53 2.6 ± 0.2 0.37 ± 0.01

α-Glucosidase activity

1A competitive 93 ± 2 697 ± 28 7.2 ± 0.2 ‒
1B non-competitive 87.0 ± 0.6 740 ± 11 75.5 ± 0.9 75.5 ± 0.9

1C non-competitive 103.4 ± 0.8 761 ± 14 56.2 ± 0.7 56.2 ± 0.7

1D non-competitive 128 ± 1 1021 ± 19 72.1 ± 0.8 72.1 ± 0.8

2A non-competitive 136 ± 3 1069 ± 30 52 ± 1 52 ± 1

2B mixed 124 ± 2 921 ± 27 100 ± 5 28 ± 1

2C non-competitive 108 ± 3 816 ± 37 279 ± 11 279 ± 11

2D non-competitive 118 ± 1 858 ± 16 114 ± 1 114 ± 1

3A non-competitive 101 ± 2 842 ± 31 243 ± 10 243 ± 10

3B non-competitive 104 ± 3 764 ± 43 334 ± 17 334 ± 17

Positive control

Acarbose competitive 125 ± 1 730 ± 13 312 ± 3 ‒
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The analysis by ANOVA one-factor of the experimental
data showed a precision ranging from 0.9 and 2.4 Δabsor-
bance (ΔAbs) per min for the tested 2-SC and 1.6 ΔAbs per
min for acarbose, as calculated from the within-groups
mean square. The same statistical test also recorded for the
tested compounds F values of 23-221, higher than the F
critical values (ranging from 1.98 to 2.07), corresponding to
a p < 0.05 (one-tail probability), as a consequence of its
significant effect on the enzymatic activity.

In all cases, the inhibition kinetic model was the best fitted,
thus providing the lowest sum of squared residuals after
iterative nonlinear regression using the Solver™ supplement.

In vitro α-glucosidase inhibitory activity

The inhibitory activity upon yeast α-glucosidase by 2-SC
1-3 and the positive control, acarbose (IC50= 528 ± 9 μM),
is resumed in Table 1.

All 2-SC derivatives of set 1 proved to inhibit α-gluco-
sidase in a concentration-dependent manner. Derivative 1A
was the most effective, presenting an IC50 value of
19 ± 3 μM, being considerably more efficient than the rest of
the compounds tested (Table 1 and Fig. 4). Compound 1C
was 2.5-fold less active and compound 1B was 4.5-fold less
active than 1A, with corresponding IC50 values of
47 ± 2 μM and 86 ± 7 μM, respectively. 2-SC 1D was the
less effective α-glucosidase inhibitor of the group, provid-
ing an IC50 value of 149 ± 12 μM (Table 1 and Fig. 4).

Unlike to above-referred for α-amylase, all derivatives of
set 2 were able to inhibit α-glucosidase in a concentration-
dependent manner. Furthermore, 2-SC 2A
(IC50= 29 ± 3 μM) was the most active one and twice more
efficient than 2-SC 2B (IC50= 56 ± 7 μM). Derivative 2C
was also able to inhibit α-glucosidase although it was
revealed to be less efficient, with an IC50 value of
105 ± 2 μM, and compound 2D was the less active

Fig. 3 Lineweaver–Burk plots of
α-amylase inhibition by 2-SC
1D and 2-SC 2B. Marquees
correspond to the mean values of
the experimental results. Lines
were plotted from the fitted
model competitive inhibition
when (left) Vmax= 53 Δabs/min;
Km= 1188 μM; Kic= 70 μM,
and (right) Vmax= 51.8 Δabs/
min; Km= 1167 μM;
Kic= 128 μM

Fig. 4 α-Glucosidase inhibition
by 2-SC 1A and 1D. Each value
represents the mean ± SEM of at
least four experiments (see SI for
other α-glucosidase inhibitory
profiles)
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compound of the group, presenting an IC50 value of
136 ± 10 μM (Table 1).

From set 3, only derivatives 3A and 3B exhibited an
inhibitory effect dependent on the concentration, with 3A
(IC50= 76 ± 3 μM) being almost twice more active than 3B
(IC50= 143 ± 6 μM). For compounds 3C and 3D it was not
possible to achieve the IC50 value, presenting only a slight
inhibitory effect of 36 ± 2% and 24 ± 3%, respectively, at
the maximum tested concentrations of 200 μM (Table 1).

The IC50 values found for the α-glucosidase inhibitory
activity by 2-SC 1-3 vary from 19 up to 149 μM and are
significantly lower than the IC50 value found for the positive
control, acarbose (IC50= 528 ± 9 μM) (Table 1).

The inhibition mechanisms of 2-SC 1-3 and the positive
control acarbose against α-glucosidase were deduced from
the statistical evaluations of the experimental data fitting to
the corresponding Michaelis–Menten kinetics model and
Lineweaver–Burk plots, using a similar procedure to the
already described for α-amylase.

In Table 2 is depicted the results for the type of inhibition
against α-glucosidase and the corresponding kinetic con-
stants values (Vmax, Km, Kic and/or Kiu) for the active 2-SC,
obtained from nonlinear regression of respective inhibition
theoretical models.

The most active derivative, 2-SC 1A, behaved as a
competitive inhibitor of α-glucosidase activity and the
respective Lineweaver–Burk plot is disclosed in Fig. 5.
Thus, it is possible to observe that when the Vmax value
remained constant independently of the inhibitor con-
centration, higher concentrations of the inhibitors led to
increasing Km values. Derivative 2B showed a mixed type

of inhibition on α-glucosidase activity while the remaining
tested compounds exhibited a non-competitive type of
inhibition. As an example, the Lineweaver–Burk plot of α-
amylase inhibition by the non-competitive inhibitor 2-SC
3A is shown in Fig. 5, where increasing the concentration of
compound 3A, Km values remained constant and Vmax

values decreased (see SI for the other Lineweaver–Burk
plots).

The positive control acarbose exhibited a competitive
type of inhibition, once the value of kinetic parameter Km

increased and of Vmax remained constant, with increasing
concentrations of acarbose (Table 2).

The analysis by ANOVA one-factor of the experimental
data showed a precision ranging from 3.7 to 7.4 Δabsor-
bance (ΔAbs) per min for the tested 2-SC and 2.9 ΔAbs per
min for acarbose, as calculated from the within-groups
mean square. Moreover, significant effect on the enzymatic
activity by all active 2-SC was also recorded since F values
of 21-1081 were higher than the F critical values (ranging
from 1.85 to 2.02), corresponding to a p < 0.05 (one-tail
probability).

Discussion

A wide variety of natural and synthetic compounds have
been screened to modulate DM pathways upon inhibition of
the carbohydrate hydrolyzing enzymes, α-amylase and α-
glucosidase [19, 29–31]. Among these, some chromones
has been studied regarding inhibition of both enzymes,
varying the type and number of substituents attached to

Fig. 5 Lineweaver–Burk plots of
α-glucosidase inhibition by
2-SC 1A and 2-SC 3A
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their skeleton [19]. As far as known, this is the first report
on α-amylase and α-glucosidase inhibitory activity by a
range of synthetic 2-SC, which includes twelve deriva-
tives with different substitution patterns (Fig. 1). Thus,
compounds are numbered 1-3, in which compounds of set
1 possess a 3′,4′-(OH)2 in B-ring, compounds of set 2 bear
a 4′-OH in B-ring and compounds of set 3 presents no
substitution in B-ring. The variation in A-ring involves
the presence in both 5- and 7-hydroxy groups (derivatives
A), 7-OH substitution (derivatives B), 5-OH substitution
(derivatives C) and without substitution in A-ring (deri-
vatives D).

Following the obtained results, the inhibitory effects on
pancreatic α-amylase activity by 2-SC seem to depend
particularly on the OH-substitution pattern at the styryl
aromatic ring, B-ring. Compounds of set 1, with a catechol
unit [3′,4′-(OH)2] in B-ring, presented a considerably higher
effect than those lacking this feature as it can be confirmed
by the comparison of the results from set 1 with the those
from sets 2 and 3. In set 1 we found the most active com-
pounds of this work, 2-SC 1C, with a 5-hydroxy group of
A-ring, presenting an IC50 value of 25.9 ± 0.9 μM and 2-SC
1A, with 5- and 7-hydroxy groups of A-ring, exhibiting an
IC50 value of 29 ± 2 μM. Moreover, low efficiency was
observed for compounds of set 3 (unsubstituted in B-ring),
where it was not possible to achieve the IC50 values of the
compounds at the highest tested concentration. Accord-
ingly, it was previously described in in vitro studies that the
absence of substituents in B-ring in the several flavonoids
was disadvantageous for the inhibitory activity against α-
amylase [21, 32, 33].

The presence of the hydroxy substituents in the A-ring
also contributes positively to the inhibitory efficiency of
2-SC 1 and 2. Thus, 2-SC 1A (IC50= 29 ± 2 μM) and 2A
(IC50= 62 ± 3 μM), which possess 5,7-(OH)2 substitution
were shown to be more effective inhibitors than 2-SC 1D
(IC50= 88 ± 2 μM) and 2D (33% inhibition at 200 μM), that
are unsubstituted in A-ring. A similar conclusion was taken
by our group when a panel of structurally-related flavones
was tested, lacking the Cα=Cβ double bond of 2-SC.
Luteolin [5,7,3′,4′-(OH)4 flavone] (IC50= 78 ± 3 μM) and
apigenin [5,7,4′-(OH)3 flavone] (IC50= 122 ± 7 μM) were
more active than 3′,4′-(OH)2 flavone (46% inhibition at
200 μM) and 4′-OH flavone (no inhibitory effect) [21]. Even
more, comparing the results of the above-referred 2-SC with
the related flavones we can notice that 2-SC are more active
against α-amylase than flavones, leading to infer that the
presence of the Cα= Cβ double bond is relevant to enhance
the inhibitory effect. This fact points to a likely contribution
of the styryl moiety to molecular stabilization, increasing
the compound’s inhibitory activity [34].

The most active compounds were 2-SC 1A-C and 2A,
with inhibitory order potency as 2-SC 1C (IC50=

25.9 ± 0.9 μM) ≈ 2-SC 1A (IC50= 29 ± 2 μM) > 2-SC 2A
(IC50= 62 ± 3 μM) ≈ 2-SC 1B (IC50= 68 ± 3 μM). Never-
theless, the positive control, acarbose (IC50= 0.62 ±
0.07 μM), was a noticeably more efficient inhibitor of
α-amylase than the tested 2-SC.

The mechanism explaining α-amylase inhibition and the
kinetic parameters of all active compounds and the positive
control acarbose were further assessed using the generalized
Michaelis-Menten model and its simplifications. Both stra-
tegies revealed that compounds 1A-D, 2A and 2B act via
the competitive type of inhibition i.e., compete directly for
the catalytic site of α-amylase. In this circumstance, higher
amounts of substrate would be required to generate similar
reaction product concentrations in the same period. Acar-
bose displayed a mixed-type inhibition mechanism, as
previously described by other authors for the inhibition of
pancreatic α-amylase enzymatic activity [11, 21, 33, 35].

Concerning the hydrolytic catalysis promoted by α-glu-
cosidase and regarding its inhibition by the 2-SC tested,
whatever the considered sets 1-3, derivatives A (possessing
5,7-(OH)2 substitution) were the most active compounds.
Even so, 2-SC 1A (IC50= 19 ± 3 μM) was 1.5 times more
active than 2-SC 2A (IC50= 29 ± 3 μM) and 4 times more
active than 2-SC 3A (IC50= 76 ± 3 μM). These results lead
us to infer the importance, simultaneously, of the 5-OH and
7-OH groups for the high inhibitory activity towards α-
glucosidase. This is consistent with previous findings pin-
pointing the presence of hydroxy groups in the A-ring as
pivotal to the inhibitory profile of flavones. Accordingly,
luteolin [5,7,3′,4′-(OH)4 flavone] (IC50= 46 ± 6 μM) and
apigenin [5,7,4′-(OH)3 flavone] (IC50= 82 ± 6 μM) were
more efficient α-glucosidase inhibitors than the corre-
sponding flavones with a single hydroxyl group in A-ring
and even more active than those lacking this substitution on
A-ring [22].

In contrast, derivatives D (without OH groups in A-ring)
were the less active of their groups, as can be observed by
comparison of the IC50 values of 2-SC 1D
(IC50= 149 ± 12 μM), 2-SC 2D (IC50= 136 ± 10 μM) and
2-SC 3D (24% inhibition at 200 μM) with those of the
respective derivatives A. A similar conclusion was drawn
by us and other groups when studied the inhibitory effects
of flavonoids substituted with hydroxy groups [22, 36, 37].
A dramatic loss of the α-glucosidase inhibitory efficiency
was verified for flavones missing any hydroxy group on A-
ring, as noticed for 3′,4′-(OH)2 flavone (32% inhibition at
200 μM), 4′-OH flavone and parent flavone that were not
active for the maximum tested concentration of 200 μM
[22].

The presence of a 7-OH group in the A-ring of 2-SC
contributed positively to the α-glucosidase inhibitory
activity since all derivatives B were able to inhibit this
enzyme, with inhibitory order potency as 2-SC 2B
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(IC50= 56 ± 7 μM) > 2-SC 1B (IC50= 86 ± 7 μM) > 2-SC
3B (IC50= 143 ± 6 μM). The presence of the 5-OH group in
the A-ring also influenced the inhibitory effects by 2-SC
and was more notorious in derivative 1C
(IC50= 47 ± 2 μM), twice more active than derivative 2C
(IC50= 105 ± 2 μM).

Another important feature can be taken from the com-
parison of the results from the inhibitory activity of 2-SC
and those of the corresponding flavones. Analyzing the IC50

values of the most active 2-SC 1A (IC50= 19 ± 3 μM), 2A
(IC50= 29 ± 3 μM), 1C (IC50= 47 ± 2 μM) and 2B
(IC50= 56 ± 7 μM) we can state that were considerably
lower than those of the corresponding flavones: luteolin
[5,7,3′,4′-(OH)4 flavone] (IC50= 46 ± 6 μM); apigenin
[5,7,4′-(OH)3 flavone] (IC50= 82 ± 6 μM); 5,3′,4′-(OH)3
flavone (IC50= 66 ± 7 μM) and 7,4′-(OH)2 flavone
(IC50 ≈ 200 μM), clear evidence of the importance of Cα=
Cβ double bond for the high inhibitory profile of 2-SC
[22, 34].

Unlike the α-amylase inhibitory assay, all active 2-SC
were able to inhibit α-glucosidase in a very efficient
manner, with corresponding IC50 values ranging from 19
to 149 μM, being the most active 2-SC 1A
(IC50 = 19 ± 3 μM), more than 25 times more active than
the positive control, acarbose (IC50 = 528 ± 9 μM). A
strong inhibition of α-glucosidase combined with a mild
inhibitory activity against α-amylase will avoid a pro-
longed inhibition of starch hydrolysis and the accumu-
lation of undigested carbohydrates in the colon,
responsible for the severe gastrointestinal complications
registered in type 2 DM patients when using this ther-
apeutic strategy [13, 19].

The type of α-glucosidase inhibition and the kinetic
constants of all active 2-SC and of the positive control,
acarbose, were also evaluated, using Lineweaver–Burk
plots and Solver supplement of Excel Microsoft Office™.
The two methods were in accordance and showed that
2-SC 1A behaved as a competitive inhibitor, meaning that
this compound competes directly with the substrate for
the activity of the α-glucosidase enzyme. The mixed type
of inhibition exhibited by derivative 2B is representative
that the compound can bind to the free enzyme or to
enzyme-substrate complex but has a greater affinity for
one state or the other. The remaining tested compounds
displayed a non-competitive type of inhibition on α-glu-
cosidase activity, meaning that the compounds can bind
with the same affinity to free enzyme and enzyme-
substrate complex, resulting in a decrease of the enzy-
matic activity that cannot be overcome by increasing the
substrate concentration.

Concerning the positive control acarbose, a competitive
type of inhibition mechanism was observed, which is cor-
roborated by other authors [22, 35].

Conclusions

This study has demonstrated for the first time the in vitro
inhibition of the carbohydrate-hydrolyzing enzymes α-
amylase and α-glucosidase by a group of twelve 2-SC.
Generally, 2-SC displayed lower inhibitory activity than the
positive control acarbose against α-amylase, but higher
inhibitory effects were recorded against α-glucosidase. It
was possible to infer that the number and position of the
hydroxy groups largely affected the inhibitory profile of the
studied compounds, being derivatives of set 1 efficient
inhibitor of both enzymes. In addition, all derivatives of set
2 were active against α-glucosidase while non-activity was
verified for the derivatives of set 3 against the α-amylase
activity. Furthermore, all active 2-SC showed a competitive
type of inhibition for α-amylase while a non-competitive
inhibition mechanism was recorded against α-glucosidase
for most of the tested 2-SC, except for derivative 1A and
2B, that acted via competitive and mixed type of inhibition,
respectively.

In summary, the promising results of 2-SC as α-amylase
and α-glucosidase inhibitors and the structure–activity
relationships established offers a new challenge in the
pursuit of novel leading molecules for targeting these key
enzymes enrolled in the management of type 2 DM.

Materials and methods

Materials and reagents

The following reagents were obtained from Sigma-Aldrich
Co. LLC (St. Louis, MO): α-amylase from porcine pan-
creas, α-glucosidase from Saccharomyces cerevisiae, acar-
bose, 2-chloro-4-nitrophenyl-α-D-maltotrioside (CNPG3),
dimethylsulfoxide (DMSO), p-nitrophenyl-α-D-glucopyr-
anoside (pNPG), sodium hydrogen phosphate and sodium
dihydrogen phosphate. 2-SC 1-3 (Fig. 1) were synthesized
as previously described in the literature [38]. For the
enzymatic assays, 2-SC 1-3 were dissolved in DMSO (the
final concentration of DMSO in the reaction mixture was
<5%). The amount of DMSO used had no interference with
the assays. A multimode microplate reader (Synergy HT,
BIO-TEK) with temperature control capacity was used to
perform the spectrophotometric readings in all the assays.

In vitro α-amylase inhibitory activity assay

The α-amylase inhibition assay by each one of the 2-SC 1-3
(0–200 μM) was performed according to a previously
reported method, in which the hydrolysis of the
CNPG3 substrate (500 μM) is mediated by the
enzyme (0.1 U/mL) into 2-chloro-4-nitrophenol (CNP),
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2-chloro-4-nitrophenyl-α-D-maltoside (CNPG2), mal-
totriose and glucose [21]. Results represent at least three
independent experiments and were expressed as
mean% inhibition ±standard error of the mean (SEM)
(see Eq. 1 below). For the blank assay, both the sample and
the enzyme solutions were replaced by equal volumes of the
solvent (DMSO and phosphate buffer, respectively). The
control corresponded to the assay where the sample was
replaced by an equal volume of DMSO. Acarbose (0–5 μM)
was used as the positive control.

Inhibition ð%Þ ¼ Slopesample � Slopeblank
Slopecontrol � Slopeblank

� 100 ð1Þ

Inhibitory kinetic analysis of α-amylase

The determination of inhibitory mechanisms was performed
for the most active 2-SC, which comprised all derivatives of
set 1 and derivatives A and B of set 2. The concentrations
used were respectively: 1A (10–25 μM); 1B (25-60 μM), 1C
(6.25–25 μM), 1D (50–100 μM), 2A (30–75 μM) and 2B
(50–150 μM), and between 0.25 and 1 μM for the positive
control, acarbose. The remaining 2-SC showed residual
activity in preliminary assays at the highest tested con-
centration of 200 μM.

The methodoly involves a previous described technique
in which the compounds tested 2-SC 1A-D and 2A-B were
incubated at 37 °C with the enzyme (0.1 U/mL) and the
substrate CNPG3 (in final concentrations of 250, 500 and
1000 μM) and the enzymatic kinetic monitored spectro-
photometrically at 405 nm, after 30 min of reaction [21].

The experimental results were fitted by nonlinear least
squares regression to the generalized Michaelis-Menten
model equation [39]. Iterative optimization of parameter
values in each model was performed by Solver™ supple-
ment of Excel Microsoft Office™, as described by Bezerra
et al. [40] and Dias et al. [41].

The inhibition mechanism was given through charts of
the predicted lines of reciprocal of maximum velocity (1/
Vmax) against the reciprocal of 2-SC concentrations (1/[S]).
Vmax represents the maximum achievable velocity when
0.1 μ/mL of enzyme is used; Km, Michaelis–Menten con-
stant in mM, Kic = inhibitor dissociation constant of
enzyme inhibitor expressed in μM−1, and Kiu = inhibitor
dissociation constant of enzyme–substrate–inhibitor com-
plex expressed in μM−1 [42, 43].

In vitro α-glucosidase inhibitory activity assay

The α-glucosidase inhibition assay by each one of the 2-SC
1-3 (0–200 μM) was performed according to the reported
method with slight modifications [22]. The assay was
carried out by monitoring the α-glucosidase-mediated

(0.05 μ/mL) transformation of the substrate pNPG (600 μM)
into α-D-glucose and α-nitrophenol, spectrophotometrically
at 405 nm, after 30 min of reaction. Both, the raw data and
the results enabled were obtained as already described
before for α-amylase. Acarbose (0–3000 μM) was used as a
positive control.

Inhibitory kinetic analysis of α-glucosidase

The determination of inhibitory mechanisms was performed
for all tested 2-SC, except 3C and 3D which showed residual
activity at the highest tested concentration of 200 μM. The
following concentrations were used: 1A (5–20 μM), 1B
(25–75 μM), 1C (20–40 μM), 1D (50–150 μM), 2A
(20–60 μM), 2B (25–75 μM), 2C (75–110 μM), 2D
(50–100 μM), 3A (50–75 μM) and 3B (100–150 μM), and
between 250 and 1500 μM for the positive control, acarbose.
Experimentally, the enzyme (0.05 μ/mL) was incubated at
37 °C with the mentioned 2-SC 1-3 and the substrate pNPG
(in final concentrations of 300, 600 and 1200 μM). The
corresponding increases in absorbance values were followed
at the wavelength at 405 nm for 30min.

The study of the inhibition type of the tested 2-SC 1-3
was performed using the nonlinear regression
Michaelis–Menten enzyme kinetics and the corresponding
Lineweaver–Burk double reciprocal plots. Solver™ sup-
plement of Excel Microsoft Office™ was used to estimate
the kinetic parameters and the prediction of the mechanisms
of inhibition, as previously described in Section 5.3 for the
α-amylase inhibitory kinetic analysis (Table 2) [22].

Statistical analysis

The results of the in vitro inhibition of the 2-SC 1-3 on
pancreatic α-amylase and yeast α-glucosidase catalysis are
expressed as mean ± SEM. A statistical comparison
between the active chromones was performed using
ANOVA. Differences among the groups were compared by
Tukey test, with a p ≤ 0.05 considered statistically sig-
nificant. All the statistical analyses were performed using
GraphPad Prism™ (version 5.0; GraphPad Software). The
type of inhibition was established by comparison among the
models using the Solver™ supplement. The extra sum-of-
squares F test [44] and the Akaike information criterion
(AIC) test [45] confirmed the inhibition mechanisms. The
Jackknife procedure helped to determine the error of the
kinetic constants values.
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