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A B S T R A C T   

Metabolic syndrome has several characteristic manifestations, including insulin resistance and dyslipidaemia, 
that demand therapeutic approaches, such as the inhibition of enzymes involved in nutrient absorption and 
digestion.This study aimed to evaluate the potential pharmacological use of natural compounds widespread in 
the plant kingdom and their semisynthetic compounds against target enzymes. Twenty-three oxyprenylated 
natural compoundswere investigated for their ability to inhibit α-amylase, α-glucosidase, and pancreatic lipase 
enzymes by in vitro assays. Moreover, in silico molecular docking was performed to analyse their binding ca
pabilities into 3D structures. Farnesyloxyferulic acid, geranyloxyvanillic acid, nelumal A, and geranyloxyferulic 
acid showed the highest inhibition activity in all three in vitro enzyme assays. Moreover, in silico molecular 
docking of these four compounds was used to analyse their possible binding in 3D structures of the investigated 
enzymes. The results indicate that these compounds have considerable therapeutic potential for the treatment of 
metabolic syndrome, and further studies are warranted for their pharmacological development.   

1. Introduction 

Obesity has increased every year since 1980. At present, the number 
of overweight adults worldwide is about 1.9 billion, according to the 
World Health Organization, with the highest obesity rates in the 
following countries: United States, Mexico, New Zealand, and Hungary. 
Obesity, together with hypertension, hypertriglyceridemia, hypergly
cemia, and hypoalphalipoproteinemia, are comorbidities present in 
metabolic syndrome (MetS) that increase morbidity and mortality, 
reducing the quality of life and resulting in a global public health care 
problem (Fernando et al., 2020). MetScan be influenced by both envi
ronmental and genetic factors. Insulin resistance, impaired glucose 
tolerance, and dyslipidemia are the main characteristic of the patho
physiology of MetS. MetSleadsto an increased risk of cardiovascular 
diseases, pancreatic and kidney dysfunction, non-alcoholic fatty liver 
disease, and cancer (liver, pancreas, breast, and bladder) (Baxter et al., 
2006; Fernando et al., 2020; Wong et al., 2016). The chronic effects of 

MetS demand therapeutic intervention and, possibly, compounds able to 
reduce glucose and lipid blood levels with low side effects. One of the 
therapeutic strategies used in MetS is to interact with enzymes involved 
in nutrient digestion and absorption. In particular, the inhibition of 
enzymes involved in carbohydrate digestion, α-amylase, and α-glucosi
dase, is certainly important in postprandial hyperglycaemia control, 
typical of type 2 diabetes. In fact, the digestion of dietary starch is 
operated by α-amylase, releasing oligosaccharides that are further 
broken down by α-glucosidase to glucose, which is rapidly absorbed by 
the body (Awosika and Aluko, 2019). Moreover, hydrolysis of dietary 
lipids is catalysed by pancreatic lipase, and employing inhibitors of this 
enzyme is a strategy adopted in therapy for reducing both: fat absorption 
and weight (Spínola et al., 2020). The inhibitors of α-amylase and 
α-glucosidase, like acarbose, and inhibitors of lipase, like orlistat, are 
commonly used in clinical therapy to decrease hyperglycaemia and 
hyperlipidaemia as well as obesity (Buchholz and Melzig, 2016; Franco 
et al., 2020). Therefore, identifying compounds that are effective on all 
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these enzymes could reduce MetS related pathology, resulting in a more 
efficient drug therapy. 

Since natural products are important sources of new drugs, our 
research aimed to investigate the inhibitory effects of 23 pure natural 

and semisynthetic compounds on the activity of α-amylase, α-glucosi
dase, and pancreatic lipase in vitro, aiming at identifying possible can
didates for pharmacological therapy. Many of these compounds are 
natural oxyprenylated ferulic, umbelliferone derivatives and coumarins 

Fig. 1. Chemical structures of the 23 analysed pure natural and semisynthetic compounds.  
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that have been isolated from different plants, such as Ferula foetida L. 
(Apiaceae) or Cinnamomum cassia L. J.Presl (Lauraceae) The most effi
cient inhibitors of all three enzymes were selected for further analysis by 
docking them into structures of the three proteins in silico in an attempt 
to understand how the compounds may bind and exert their inhibitory 
activity. In fact, a combined in vitro and in silico approach is necessary to 
screen for active compounds to understand the possible molecular in
teractions affinity. Molecular docking is an important in silico technique 
normally used to predict the orientation between the receptor and the 
ligand (pure compound). This technique is employed in drug discovery 
because it is inexpensive and time-saving (Miners et al., 2004). For these 
reasons, the development of in vitro and in silico approaches is important 
to predict drug interactions, to possibly identify the pharmacophore, to 
reduce time and costs (FitzGerald et al., 2020). 

2. Results and discussion 

The 23 pure compounds (Fig. 1) were tested using three in vitro 
enzymatic assays to evaluate their α-amylase, α-glucosidase, and lipase 
inhibition ability. Among them, compounds 1–3, 5, 8, 9, 11, 12, 14, and 
18–23 are natural molecules (Gargaro et al., 2017), while the other 
molecules have semisynthetic origin (Table 1). 

Acarbose, a commonly prescribed antidiabetic drug, was used as 
positive control in the α-amylase and α-glucosidase inhibition assays 
(Faraone et al., 2019), whereas orlistat, a drug currently used against fat 
absorption, was used as positive control in the lipase inhibition assay 
(Patil et al., 2017). The inhibitory activity of the analysed compounds 
increased proportionally with their concentration, indicating a clear 
dose-dependent effect. Compound 11, nelumal A, an active principle 
isolated from a Chinese medicinal plant, Ligularia nelumbifolia (Bureau & 
Franch.) Hand.-Mazz (Compositae), showed the highest inhibitory ac
tivity against α-amylase with the same order of magnitude as that of 
acarbose (IC50 of 7.84 ± 0.58 μM and 5.56 ± 0.48 μM, respectively). The 
IC50 values of the pure compounds 3, 5, 9, 12, 15, 17, 18, and 22were 
comparable, and there was no statistical difference among them (Table 2 
and Fig. 2 A). Moreover, it was not possible to determine IC50 for 
compounds 6, 8, 13, and 20, even when these compounds were tested at 
the highest concentration. To compare the inhibition activity of all 
tested substances, they were tested at the concentration of 31.25 μM, 
and in this set of experiments, compound 11 showed an inhibitory ac
tivity (99.75 ± 0.03%) that was higher than that of acarbose (75.75 ±
0.44%). 

The activity of compounds tested against α-glucosidase is presented 
in Table 2. In this case, some compounds could not inhibit the enzyme 

Table 1 
Analysed pure natural and semisynthetic compounds. IUPAC name, trivial name (if any), and natural source.  

Compound IUPAC name Trivial name Origin Reference 

1 7-[(3-methyl-2-buten-1yl) oxy]-2H-1-benzopyran-2- 
one 

7-isopentenyloxycoumarin Rutaceae Preziuso et al. 
(2020) 

2 3-[3-Methoxy-4- [(3-methyl-2-buten1-yl) oxy] 
phenyl]-(2E)-propenoic acid 

Boropinic acid Boronia pinnata Sm. (Rutaceae) Fiorito et al. (2019) 

3 3-[3-Methoxy-4-[(2E,6E)-3,7,11-trimethyl-2,6,10- 
dodecatrien-1-yl]oxy]phenyl]-(2E)-propenoic acid 

Farnesyloxyferulic acid S.O. Epifano et al. 
(2007) 

4 7-(2-Propen-1-yloxy)-2H-1-benzopyran-2-one 7-allyloxyumbelliferone S.O. Gargaro et al. 
(2017) 

5 3-[3-Methoxy-4-[(3-methyl-2-buten-4-ol-1-yl) oxy] 
phenyl]-(2E)-propenoic acid 

no trivial name Boronia pinnata Sm. (Rutaceae) Di Giulio et al. 
(2016) 

6 4-Methyl-7- [[(2E, 6E) − 3, 7, 11-trimethyl-2, 6, 10- 
dodecatrien-1-yl] oxy] -2H-1-benzopyran-2-one 

no trivial name S.O. Gargaro et al. 
(2017) 

7 7-(2-Propyloxy)-2H-1-benzopyran-2-one 7-npropyloxyumbelliferone S.O. Gargaro et al. 
(2017) 

8 7-(3-Methylbutoxy)-2H-1-benzopyran-2-one 7-dihydroisopentenyloxycoumarin S.O. Gargaro et al. 
(2017) 

9 3-[3-Methoxy-4-[(3,7-dimethyl-octa-2,6-dienyl) oxy]- 
benzoic acid 

4-geranyloxyvanillic acid S.O. Bruyère et al. 
(2011) 

10 7-(2-Pentyn-1-yloxy)-2H-1-benzopyran-2-one no trivial name S.O. Gargaro et al. 
(2017) 

11 3-[4-[[(2E)-3,7-Dimethyl-2,6-octadien-1-yl]oxy]-3,5- 
dimethoxyphenyl]-(2E)-2-propenal 

Nelumal A Ligularia nelumbifolia (Bureau & 
Franchet) Handel-Mazzetti 
(Asteraceae) 

Miyazaki et al. 
(2021) 

12 7-(3-Methyl-2-buten-4-ol-1-yl)oxy-2H-1-benzopyran- 
2-onE 

7-(3′-hydroxymethyl-3′-methylallyloxy) 
coumarin, 

Haplopappus multifolius Phil ex Reiche 
(Rutaceae) 

Fiorito et al. (2016) 

13 7-[(3-Phenyl-2-propen-1-yl)oxy]-2H-1-benzopyran-2- 
one 

7-styrylumbelliferone S.O. Gargaro et al. 
(2017) 

14 7-Methoxy-2H-1-benzopyran-2-one 7-methoxyumbelliferone Rutaceae (Gargaro et al., 
2017); 

15 3-[4-[[(2E)-3,7-Dimethyl-2,6-octadien-1-yl]oxy]-3- 
methoxyphenyl]-(2E)-2-propenoic acid 

4′-geranyloxyferulic acid Rutaceae Fiorito et al. (2019) 

16 7-(2-buten-1-yl)oxy)-2H-1-benzopyran-2-one no trivial name S.O. Gargaro et al. 
(2017) 

17 7-Benzyloxy-2H-1-benzopyran-2-one 7-benzyloxyumbelliferone S.O. Gargaro et al. 
(2017) 

18 3-Methoxy-4-[(3-methyl-2-buten-1-yl)oxy]-benzoic 
acid 

isopentenyloxyvanillic acid S.O. Bruyère et al. 
(2011) 

19 4-Hydroxy3-methoxyphenyl-(2E)-2-propenoic acid ferulic acid ubiquitous Chaudhary et al. 
(2019) 

20 7-Hydroxy-2H-1-benzopyran-2-one umbelliferone ubiquitous da Cruz et al. 
(2020) 

21 7-Hydroxy-4-methyl-2H-1-benzopyran-2-one 4-methylmbelliferone S.O. Nagy et al. (2015) 
22 4-Hydroxy-3-methoxy-benzoic acid vanillic acid, ubiquitous Brimson et al. 

(2019) 
23 3-(4-Hydroxy-3,5-dimethoxyphenyl)- (2E)-2-propenal sinapaldehyde ubiquitous Farah and 

Samuelsson (1992) 

S.O. = semysinthetic origin. 
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even when tested at the highest concentrations. However, compounds 3, 
9, 10, 11, and 15 showed an interesting inhibitory activity, which was 
higher than acarbose (491.68 ± 37.22 μM). In particular, the activity of 
compound 3 is the highest, with an IC50 value of 7.39 ± 0.35 μM, almost 
two orders of magnitude more effective than that of the reference 
standard (Table 2 and Fig. 2 B). 

Moreover, the inhibitory activity of the selected substances against 
pancreatic lipase was measured, and the results demonstrate that all 
compounds have a lower inhibitory effect than that of orlistat (0.52 ±
0.05 μM), which was used as the reference standard. Again, compounds 
3, 9, and 11 were the most effective, together with compound 1 (Table 2 
and Fig. 2 C). 

In conclusion, the compounds that showed the highest inhibitory 
activity in all in vitro enzyme assays were compounds 3, 9, and 11, 
followed by compound 15. The four substances have a 4′-geranyloxy-3′- 

methoxyphenyl unit in common, where each compound presents 
various 1′ substituents (carboxylic acid (9), trans-propenoic acid (3 and 
15) or trans-propenal (11)) and in one case a 5′-methoxy (11) and in 
another a farnesyl instead of a geranyl unit (3). Thus, interestingly, 
concerning all the other tested compounds, 9, 11, and 15 have in 
common the side chain constituted by geranyl unit, whereas compound 
3 has a farnesyl unit (a geranyl elongated with one more isoprene unit). 
Among all tested compounds, only one more compound has the geranyl 
group, the 7-geranyloxy-4-methylcoumarin (compound 6). However, 
this compound did not show activity at the tested concentrations in the 
three tests carried out. Starting from this observation, it might be 
hypothesised that the presence of a CHas an additional moiety nega
tively interferes with the inhibitory properties of the target enzymes. 
Perhaps, the inactivity of compound 6 could be due to the methyl
coumarin structure, which completes the molecule; in fact, also the 
compound 21, the 7-hydroxy-4-methylcoumarin, with the same struc
ture, showed a low inhibitory activity in all assays. Compound 9, a 
prenyloxyphenylpropanoid vanillic acid derivative, was previously 
tested for its in vivo neuroprotective activity using the mouse maximal 
electroshock-induced seizure model (Genovese et al., 2009)and for its 
inhibitory effects on nitric oxide production in bacterial 

Table 2 
α-Amylase and α-glucosidase inhibitory activity of 23 pure natural and semi
synthetic compounds.  

Compounds α-Amylase inhibition assay α-Glucosidase inhibition assay 

% inhibition at 
31.25 μM 

IC50 

μM 
% inhibition at 
400.00 μM 

IC50 

μM 

Acarbose 75.75 ± 0.44a 5.56 ± 0.48a 43.94 ± 3.58a 491.68 ±
37.22a,b 

1 13.49 ± 0.24 b 1410.89 ±
99.83 b 

13.78 ± 0.65 b nd 

2 24.95 ± 0.15c 1104.04 ±
41.93 b,c 

Negativec nd 

3 31.58 ± 0.27 d 160.87 ±
5.09a 

>100%d 7.39 ± 0.35c 

4 24.92 ± 1.41c 1892.59 ±
147.74 d 

Negativec nd 

5 53.31 ± 0.06e 21.55 ±
0.82a 

30.70 ± 1.88e 1031.81 ±
39.75 d 

6 27.94 ± 1.48c nd Negativec nd 
7 21.47 ± 2.15f 2827.15 ±

74.40e 
2.76 ± 0.26c 1877.63 ±

32.36e 

8 18.03 ± 1.82 g nd 34.56 ± 2.06e nd 
9 46.47 ± 0.92 h 45.85 ±

3.84a 
51.68 ± 1.55f 325.21 ±

11.41a,b,f 

10 16.11 ± 0.55 b, 

g 
1036.06 ±
63.59c 

50.29 ± 3.32f 381.51 ±
31.12a,b,f 

11 99.75 ± 0.03i 7.84 ± 0.58a 90.87 ± 1.93 g 145.39 ±
5.91c,f 

12 42.40 ± 0.35j 69.19 ±
3.59a 

19.57 ± 0.27 h 1349.30 ±
83.63 g 

13 15.07 ± 0.48 b, 

g 
nd Negativec nd 

14 18.93 ± 0.63f,g 1585.31 ±
117.15 b,d 

47.54 ± 1.00a,f 533.64 ±
36.00a,b,f 

15 45.38 ± 0.32 h,j 68.25 ±
1.87a 

60.11 ± 1.77i 336.73 ±
22.96a,f 

16 26.90 ± 2.24c 1006.19 ±
36.73c 

14.36 ± 0.82 b nd 

17 21.72 ± 0.35f 343.04 ±
34.06a 

31.97 ± 1.33e 666.51 ±
40.60 b 

18 22.22 ± 0.60c,f 204.25 ±
18.65a 

Negativec nd 

19 19.72 ± 0.23f,g 1102.02 ±
109.32 b,c 

Negativec nd 

20 20.05 ± 1.61f,g nd 8.12 ± 0.54j nd 
21 19.13 ± 0.23f,g 3618.73 ±

466.44f 
13.29 ± 0.60 b 2036.09 ±

4.86e,h 

22 31.61 ± 0.37 d 277.04 ±
20.07a 

10.09 ± 0.45 b,j 2156.04 ±
184.44 h 

23 17.85 ± 0.67 g 3029.88 ±
32.43e 

16.75 ± 0.87 b,h 2202.38 ±
198.98 h 

The enzymatic activity was shown as IC50 value (μM) and as %inhibition at a 
common final concentration. Results are expressed as the mean value of tripli
cate data ±standard deviation. Different superscripts in the same row (a-j) 
indicate significant difference (p ≤ 0.05), 95% confidence limit, according to a 
one-way analysis of variance (ANOVA); nd = not determinable at tested 
concentrations. 

Fig. 2. In vitro inhibition activities.α-Amylase inhibition (A) andα-glucosidase 
inhibition (B) by acarbose and the pure active compounds. (C) Pancreatic lipase 
inhibition by orlistat and the pure active compounds. In each test, data are 
expressed as IC50 values in μM and values with the same letter (a–h) are not 
significantly different at p ≤ 0.05 level, according to a one-way analysis of 
variance (ANOVA). 
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lipopolysaccharide (LPS)-stimulated with a low activity (IC50 > 200 μM) 
(Genovese et al., 2013). Moreover, nelumalA (compound 11) is effective 
against aromatase, a member of the cytochrome P450 family, with a 
potency comparable to anastrozole, a known aromatase inhibitor. These 
results have been previously demonstrated on two human cell lines, 
human embryonic kidney 293T cells (HEK293T) and human 
granulosa-like tumour cells (Epifano et al., 2014). In addition, the in 
vitro growth-inhibitory activity of this oxyprenylated natural phenyl
propanoid was tested on six human cancer cell lines using MTT col
ourimetric assays (Bruyère et al., 2011). Aromatase, together with the 
three enzymes investigated in the present work, are involved in risk for 
some cancers and the progression of MetS (Chen et al., 2015; Hargrove 
et al., 2011; Subbaramaiah et al., 2011).For these reasons, the action 
carried out by nelumal A could represent a valid therapeutic strategy in 
patients with MetS. The 4′-geranyloxyferulic acid (GOFA), compound 
15, was also known as a natural colon cancer chemopreventive agent 
(Genovese et al., 2010). Moreover, the 3-(4′-farnesylox
y-3′-methoxyphenyl)-2-trans propenoic acid (compound 3) was previ
ously evaluated for its in vitro inhibition ability against farnesyl 
transferase (FTase) and geranylgeranyltransferase I (GGTase I). The 
sample did not show activity on FTase, while it inhibited GGTase I with 
83.90% inhibition and an IC50 value of 66 μM (Epifano et al., 2007). 

It is interesting to underline that, as previously reported in the 
literature, the addition of isoprenoid chains to natural compounds can 
increase the pharmacological potential of the native non-prenylated 
products (Genovese et al., 2018). 

Molecular docking was performed to analyse the binding capabilities 
of compounds 3, 9, 11, and 15into 3D-structures of human pancreatic 
α-amylase, intestinal α-glucosidase, and pancreatic lipase enzymes 
because they were shown the most potent inhibitors considering the 
measured IC50 values (Fig. 2 and Tables 2 and 3). The structures used in 
the docking study were human proteins in inhibitor-bound conforma
tions: α-amylase, which has 97% sequence identity to the salivary form 
of the enzyme and 87% identity to the porcine counterpart used in the 

assay (the latter two sharing 86% identity); α-glucosidase, which, 
although low sequence similarity to the yeast protein used in the inhi
bition assay, belongs to the same protein superfamily and have the same 
catalytic triad; and lipase, for which the species origin of the assay 
enzyme is unknown.In the docking procedure, the side chains of the 
residues of the active site pocket and the tested ligand compounds are 
given conformational freedom and solutions with the lowest binding 
energies (highest affinities) are calculated upon searches in the so-called 
conformational space. 

The highest-ranking docking results of compounds 3, 9, 11, and 15 
inα-amylase were analysed and compared to each other and the binding 
of acarbose (Fig. 3). The docked compounds interact with various resi
dues in the substrate-binding pocket, of which many overlaps, but only 
two (E248 and I250) bind to all four of them (Fig. 3 A-E). The binding 
residues also include two of the residues indispensable for catalysis 
(D212 and E248). Most of the interactions between the ligand and the 
protein are hydrophobic, and very few hydrogen bonds are found, which 
is not surprising given the mainly hydrophobic nature of the compounds 
and the very few potential hydrogen bond donors and acceptors. The 
carboxylic groups (of the 1′-phenyl substituent transpropenoic acid) of 
compound 3and 15, which only differ from each other in having a far
nesyl or geranyl moiety in the 4′ position of the phenyl ring, both form 
hydrogen bonds with E255 and have superimposed positions (Fig. 3 A, 
D, and E), and the aldehyde of 11 (also in the 1′ phenyl substituent 
transpropenal) also stretches towards this residue (Fig. 3 C and E). It is 
noteworthy that all four compounds bind in a similar orientation in 
α-amylase with the position of their aromatic rings almost super
imposed, and in the case of compounds 3 and 15 totally (Fig. 3 E), 
whereas the farnesyl/geranyl tails (4′-phenyl substituents) are posi
tioned more variably. The more different position of compound 9 may 
be explained by it havingonly a carboxylate group as 1′-phenyl sub
stituent and therefore not reaching E255 (too short), but it makes a 
hydrogen bond to E248 and probably, as a consequence, its aromatic 
ring is positioned more differently from those of compounds 3, 11, and 
15 (Fig. 3 B and E). The binding energies for the four compounds in 
α-amylase calculated by AutodockVinarange from − 7.7 to − 9.3 kcal/ 
mol and are compatible with high affinities. The docking results of the 
four compounds in α-amylase were compared to the position of the in
hibitor acarbose, which was present in the original enzyme structure 
(Fig. 3 F), because some of the dimensions of the hexose-analogue chain 
resemble those of the compounds, although it is chemically very 
different from the tested substances due to its high hydrophilicity and 
make very different interactions with the protein. The 1′-phenyl sub
stituents of compound 3, 11, and 15 cover the position corresponding to 
the first hexose of acarbose, the aromatic rings approximately of all four 
compounds are positioned on the second hexose of acarbose and their 
farnesyl/geranyl tails cover the third hexose, which covers the active 
site residues (Fig. 3 A-E). Therefore, given the structural similarity be
tween compounds 3, 9, 11, and 15 and the resemblance in conforma
tion, orientation, position, and contact-making, in which they bind to 
α-amylase, it is likely that they bind the enzyme with high affinity in a 
similar way and that they inhibit the entrance of the substrate (or 
accessibility of the active site residues) in analogy to acarbose. 

Compounds 3, 9, 11, and 15 were also docked into the structure of 
α-glucosidase, analysed and compared to each other and the binding of 
acarbose, which was present in the original structure of this enzyme too 
(Fig. 4). All four compounds interact with several of the residues of the 
narrower and deeper binding pocket of α-glucosidase (compared to that 
of α-amylase), and among the residues participating in ligand binding 
are the active site residues D1420 and D1526 (Fig. 4 A-E). The latter 
residue, together with W1369 and F1560, are bound by all four com
pounds; however, many of the other binding resides are also in common 
for more than one compound. The 1′-phenyl substituents are penetrating 
the deepest part of the cleft, and the carboxylic groups of compounds 3, 
9, and 15form different hydrogen bonds, the latter two with the active 
site residue D1420 (Fig. 4 A, B and D). The positions of aromatic rings of 

Table 3 
Pancreatic lipase inhibitory activity of 23 pure natural and semisynthetic 
compounds.  

Samples % inhibition at 400.00 μM IC50 (μM) 

Orlistat 100%a 0.52 ± 0.05a 

1 44.75 ± 0.31 b 1263.28 ± 27.20 b 

2 25.08 ± 0.88c 2273.73 ± 186.14c,d 

3 23.89 ± 1.06c,d 1342.02 ± 116.15 b 

4 23.99 ± 1.10c,d 2055.98 ± 181.56 d 

5 21.02 ± 1.32 d nd 
6 14.93 ± 0.66e nd 
7 31.48 ± 1.10f 2945.77 ± 215.06e 

8 27.42 ± 0.66c nd 
9 44.90 ± 0.22 b 1024.13 ± 36.01 b 

10 14.15 ± 0.88e nd 
11 42.87 ± 0.88 b,g 1116.67 ± 109.79 b 

12 23.93 ± 1.18 d nd 
13 40.58 ± 0.18 g,h 1464.32 ± 85.14 b,f 

14 7.60 ± 0.44i nd 
15 35.85 ± 1.99j 1530.09 ± 125.59 b,f 

16 20.81 ± 1.41 d nd 
17 38.29 ± 1.98 h,j nd 
18 36.63 ± 0.88j 1522.17 ± 144.97 b,f 

19 23.52 ± 1.77 d 2070.48 ± 28.34c,d 

20 12.90 ± 0.88e,k nd 
21 22.89 ± 0.88 d 2628.18 ± 202.76c,e 

22 16.96 ± 0.88e nd 
23 13.37 ± 0.66e,k nd 

The enzymatic activity was shown as IC50 value (μM) and as %inhibition at a 
common final concentration. Results are expressed as the mean value of tripli
cate data ±standard deviation. Different superscripts in the same row (a-k) 
indicate significant difference (p ≤ 0.05), 95% confidence limit, according to a 
one-way analysis of variance (ANOVA); nd = not determinable at tested 
concentrations. 
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compounds 3, 11, and 15 almost overlap, probably due to a similar 
length 1′-phenyl substituent, whereas that of 9 penetrates further into 
the pocket with its shorter 1′-carboxylate (Fig. 4 E). Regarding their 
aromatic rings, the farnesyl/geranyl tails of all four compounds linger 
back towards the entrance of the binding pocket with somewhat 
different conformations (Fig. 4 E). However, taken together, all four 
compounds bind to α-glucosidase in a quite similar orientation. The 
calculated binding energies of the docking of compounds 3, 9, 11, and 
15 in α-glucosidase, ranging from − 8.1 to − 8.7 kcal/mol, correspond to 
quite considerable affinity. In comparison, acarbose penetrates with 
hexose one and two deep into the narrow binding pocket covering the 
active site residues, whereas the other hexoses are towards the binding 
pocket entrance (Fig. 4 F). In the docking results, the aromatic rings of 
compounds 3, 11, and 15 are positioned corresponding to the second 
hexose of acarbose and the propenoic carboxylate/aldehyde moiety (1′- 

phenyl substituent) to the first hexose (Fig. 4 A, C, D, and F), whereas 
compound 9, which lacks this moiety, has the aromatic ring approxi
mately where the first hexose is found (Fig. 4 B and F). Thus, it is 
probable that compounds 3, 9, 11, and 15 that have structural simi
larities bind α-glucosidase in a similar way and block the substrate from 
interacting with the catalytic residues by tight binding in the active site, 
which is like the inhibition mechanism of acarbose in this enzyme and 
the conclusions of the docking results with α-amylase. 

The docking results of the four compounds into lipase were analysed 
in the same way as those of α-amylase and α-glucosidase. The substrate- 
binding site of lipase is a long cleft closed on one side, with the catalytic 
residues in the centre. In the docking results, compounds 3, 9, 11, and 
15 are positioned with the hydrophobic farnesyl/geranyl moiety above 
the catalytic residues and towards the open part of the binding cleft, 
whereas the aromatic rings are on the other half of the cleft and 1′- 

Fig. 3. Docking of compounds 3, 9, 11, and 15 in human α-amylase and α-glucosidase enzymes. The original structures of α-amylase (1XD0) and α-glucosidase 
(3TOP) enzymes contain the inhibitor acarbose (carbons coloured in orange and hexoses numbered in A and F, respectively). The docking results in α-amylase (B-E, 
light grey surface) and α-glucosidase (G-J, beige) enzymes with compounds 3 (pink, B and G), 9 (cyan, C and H), 11 (magenta, D and I), and 15 (green, E and J) are 
shown with their respective binding energies. The carbons of the residues lining the binding pocket are coloured in white, with the active site residues in yellow 
(R210, D212, E248, and R352 in α-amylase; D1420, E1423, and D1526 in α-glucosidase enzyme). Residues making hydrogen bonds with the ligands are indicated (B- 
E and G-J). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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phenyl substituents are interacting, with hydrogen bondsfor compounds 
3, 9, and 15, with the residues closing the cleft (Fig. 5 A-D).In this case, 
many of the binding residues are in common between the compounds 
but are highly variable, and only F94, D96, H168, and H280 overlap for 
all four compounds (Fig. 5 E). H280 and S169, which are part of the 
catalytic triad, often participate in binding. Although the 1′-phenyl 
substituents of compounds 3 and 11 are different, they are quite well 
superimposed, including with their aromatic rings (Fig. 5 E), whereas 
these entities of 9 and 15 are located differently, which is interesting 

since the 1′-phenyl substituent of 15 is identical to that of 3. In contrast, 
it seems that the farnesyl/geranyl tails are quite well superimposed, 
maybe with the exception 9, towards the open part of the cleft after the 
restriction between F94 and the catalytic residue H280 (Fig. 5 E), which 
might suggest that these parts of the molecules are binding similarly and 
more specifically. The binding energies in the highest-ranking docking 
solutions of the four compounds in lipase range from − 9.6 to − 10.3 
kcal/mol, which suggest elevated potential of high-affinity binding of 
the ligands. Compared to the binding of methoxyundecylphosphinic 

Fig. 4. Docking of compounds 3, 9, 11, and 15 in human lipase enzyme. The original structure of the lipase enzyme (1LPB) contains the inhibitor methox
yundecylphosphinic acid (MUP, carbons coloured purple (A)). The docking results in lipase enzyme (B-E, green surface) with compounds 3 (pink, B), 9 (cyan, C), 11 
(magenta, D), and 15 (green, E) are shown with their respective binding energies. The carbons of the residues lining the binding pocket are coloured in white, with 
the active site residues in yellow (S169, D193, and H280). Residues making hydrogen bonds with the ligands are indicated (B–E). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 

I. Faraone et al.                                                                                                                                                                                                                                 



Phytochemistry 187 (2021) 112781

8

acid (MUP), which was present in the original structure of lipase (Fig. 5 
F), the compounds 3, 9, 11, and 15are positioned with the hydrophobic 
geranyl moiety in correspondence to one of the acyl chains of MUP, 
which has the phosphinic group in proximity to the catalytic triad. 
Whereas the aromatic rings and the phenyl and 1′-phenyl substituents of 
the compounds penetrate towards the closed part of the cleft, the other 
acyl chain of MUP exits the pocket (Fig. 5 A-D and F). In conclusion, the 
docking results for lipase also suggest that all four compounds bind the 
protein in a similar orientation and with similar interactions, mimicking 
the action of MUP; however, the farnesyl/geranyl tails (4′-phenyl sub
stituents) interact more specifically probably in the part of the binding 

cleft where the hydrophobic parts of the fatty acids bind. Meanwhile, the 
phenyls (and 1′-phenyl substituents) bind more differently in corre
spondence to where the glycerol moiety of the natural substrate most 
likely binds. 

The general conclusion of the docking results of compounds 3, 9, 11, 
and 15 interactions with α-amylase, α-glucosidase, and pancreatic 
lipase, while keeping the enzyme inhibition experiments in mind, is that 
all three enzymes probably require both aromatic 3′-methoxyphenyl 
ring with variable 1′-substituents on the one hand and a 4′-polyisoprene 
of at least the length of a geranyl chain on the other hand to make the 
necessary number of interactions for tight binding and inhibition. 

Fig. 5. Docking of compounds 3, 9, 11 and 15 in human lipase. The structure of lipase (green surface) with the residues lining the binding pocket (sticks with white 
carbons) and the catalytic resides (S169, D193 and H280 in yellow). The docking results in lipase with compounds 3 (pink, A), 9 (cyan, B), 11 (magenta, C) and 15 
(green, D) are shown with their main interacting residues labelled, hydrogen bonds and binding energies. (E) Zoom in on the superimposition of the docked 
compounds 3, 9, 11 and 15 (coloured as in A-D) with the position of the aromatic rings encircled and the residues, which interact with all compounds of them, are 
labelled. (F) The original structure of lipase (1LPB) contains the inhibitor methoxy-undecylphosphinic acid (MUP in purple). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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Our work encourages the need for further research on these mole
cules. Here, we have demonstrated that some of them exert an important 
inhibitory activity against α-amylase, α-glucosidase, and lipase enzymes. 

3. Conclusion 

Among the tested compounds, 3, 9, 11, and 15 were the most 
promising. Above all, these four pure compounds are candidates and 
possible drugs to be used in patients with MetS, given their ability to 
inhibit enzymes involved in postprandial hyperglycemia and lipid 
metabolism. These results suggest that the compounds have significant 
pharmacological potential that needs further investigation to confirm 
and clearly understand the complete mechanistic aspects related to their 
activity and toxicological effects. 

4. Experimental 

4.1. Chemicals 

Reagents and standards as 4-p-nitrophenyl-α-D-glucopyranoside, 
α-glucosidase from Saccharomyces cerevisiae (CAS number: 9001-42-7), 
α-amylase from hog pancreas (CAS number: 9000-90-2), dimethyl sulf
oxide (DMSO), iodine, potassium iodide, potassium phosphate mono
basic, sodium carbonate, sodium chloride, starch, acarbose and orlistat 
were purchased from Sigma-Aldrich (Milan, Italy). The QuantiChrom™ 
lipase assay kit was purchased from BioAssay Systems (BioAssay Sys
tems, Hayward, CA, USA). 

4.2. Preparation of samples 

Investigated samples have been synthesized following the same 
general procedure as already reported (yields > 81.40%). Their purity 
was assayed by HPLC and resulted to be >98%. 1H and 13C NMR data 
were in full agreement with those previously reported for the same 
compounds (Bruyère et al., 2011; Gargaro et al., 2017).Different con
centrations of 23 pure compounds (25000.00–0.03 μM) were prepared 
with pure dimethyl sulfoxide (DMSO) (Kayukova et al., 2019) and tested 
for their in vitro enzymatic activity. 

4.3. Potential antidiabetic activity 

4.3.1. α-Amylase inhibition 
The ability of samples to inhibit the α-amylase enzyme was deter

mined using starch as substrate, by the Caraway-Somogyi iodine/po
tassium iodide method with slight modifications (Herrera et al., 2019; 
Zengin et al., 2016).α-Amylase enzyme solution (50 μL, 5 U/mL) was 
added to 25 μL of different concentrations of each sample and incubated 
at 37 ◦C for 10 min. After this pre-incubation, 100 μL of 1% starch so
lution were added and the reaction was incubated for another 10 min at 
37 ◦C. Then, the reaction was stopped adding 25 μL of HCl 0.1 N. In 
order to measure the absorbance of samples, in each well of plate was 
added the dye, iodine–potassium iodide solution (KI/I2 1:5, 50 μL); the 
absorbance was read at 630 nm while the plate was incubated at 37 ◦C 
for 12 min; data were reported after 10’. The blank of each concentra
tion was prepared by adding all reaction reagents without α-amylase 
enzyme solution. Solvent alone and solvent with acarbose were used 
instead samples in the negative and positive controls, respectively, 
following the same procedure used for tested samples. 

4.3.2. α-Glucosidase inhibition 
The ability of samples to inhibit α-glucosidase enzyme was evaluated 

using a previously described method, with slight modifications (Braca 
et al., 2018; Faraone et al., 2020). Different concentrations of each 
sample (20 μL) were added to 50 μL of buffer and 40 μL of enzyme (0.1 
U/mL). The reaction mix was pre-incubated at 37 ◦C for 10′ and then 40 
μL of the substrate 4-p-nitrophenyl-α-D-glucopyranoside (2.5 mM) were 

added. The plate was again incubated for 15 min at 37 ◦C; after that, 100 
μL of sodium carbonate 0.2 M were added and the absorbance was 
immediately monitored at 405 nm. Acarbose and DMSO were used as 
positive and negative controls, respectively. 

4.4. Pancreatic lipase inhibition 

Pancreatic lipase activity was measured using a QuantiChrom lipase 
assay kit (DLPS-100; BioAssay Systems, Hayward, CA, USA) according to 
manufacturer’s instructions at 37 ◦C, with slight modifications (Hasan 
et al., 2009; QuantiChromTM Lipase Assay). In this colorimetric assay, 
also known as BALB method, the cleavage of dimercaptopropanol
tributyrate (BALB) operated from lipase gives SH groups that react with 
5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) allowing to get a yellow 
coloured product directly proportional to the enzymatic activity of the 
sample and monitored at 412 nm. DMSO and orlistat were used as 
negative and positive controls of the reaction, respectively (Patil et al., 
2017). 

4.5. In silico molecular docking 

Molecular docking was performed by AutoDockVina (Trott and 
Olson, 2010) with conformationally flexible compounds 3, 9, 11 and 15 
into the human protein structures of pancreatic α-amylase enzyme (PDB 
ID: 1XD0) (Li et al., 2005), small intestine α-glucosidase enzyme (PDB 
ID: 3TOP) (Ren et al., 2011) and pancreatic lipase enzyme (PDB ID: 
1LPB) (Egloff et al., 1995). The side chains of the residues in the sub
strate binding pocket of each protein were chosen to have conforma
tional flexibility during the docking: α-amylase enzyme (W58, W59, 
Y62, Q63, D96, V98, H101, Y151, L162, T163, L165, R195, D197, K200, 
H201, D233, I235, E240, F256, N298, H299, D300, H305 and R337), 
α-glucosidase enzyme (K1156, D1157, Q1158, P1159, Y1167, Y1251, 
D1279, I1280, Q1286, I1315, D1317, W1355, W1369, Q1372, K1377, 
W1418, D1420, M1421, E1423, S1425, F1427, K1460, R1510, W1523, 
D1526, T1528, D1555, F1559, F1560, Q1561, R1582, H1584, T1586 
and I1587) and lipase enzyme (F77, I78, D79, E83, W85, R111, Y114, 
H151, S152, L153, D176, P180, D205, I209, L213, F215, W252, R256, 
H263, L264 and Y267).The docking results were analysed by PyMOL 
and PISA (Krissinel and Henrick, 2007). 

4.6. Instruments and statistical analysis 

All spectrophotometric measurements were done in 96-well micro
plates on a UV/vis spectrophotometer SPECTROstarNano (BMG Labtech, 
Ortenberg, Germany). Each assay was performed in triple triplicate and 
the data were expressed as mean of the concentration (in μM) of the 
sample required to inhibit the activity of the enzyme by 50% (IC50) 
calculated by non-linear regression analysis ±standard deviation; where 
it was not possible to reach IC50, data were also shown as percentage 
inhibition at a final common concentration in each test. The correlation 
among used assays was verified by the calculation of p value by one-way 
analysis of variance (ANOVA) using GraphPad Prism 5 Software (San 
Diego, CA, USA). Only the p ≤ 0.05 was considered significant. 
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