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acid (IC50 = 11.34 µM)]. Besides, two 2-arylbenzofurans 
[morusalfurans A (1) and F (6)], one flavonoid [morusalnol 
B (9)], and one geranylated stilbene [morusibene A (11)] 
exhibited PTP1B inhibition with IC50 values ranging from 
11.02 to 26.56 µM. Kinetic studies revealed compounds 2, 3, 
6, and 11 as mixed type PTP1B inhibitors, while 1 and 9 are 
known as noncompetitive. Molecular docking simulations 
demonstrated that these active compounds can bind with 
the respective catalytic or/and allosteric sites of PTP1B with 
negative binding energies and the results are in accordance 
with that of the kinetic studies. To the best of our knowl-
edge, this is the first time, the PTP1B inhibitory activity 
of eleven compounds (1–11), as well as the mechanism of 
action underlying the effects on PTP1B enzyme of the active 
compounds, were investigated. In vitro and in silico results 
suggest that the farnesylated 2-arylbenzofurans from M. alba 
may potentially be utilized as an effective treatment therapy 
for type 2 diabetes mellitus and its associated complications.

Keywords  Morus alba · Moraceae · Farnesylated 
2-arylbenzofurans · Protein tyrosine phosphatase 1B · 
Kinetic · Molecular docking

Introduction

Nowadays, changes in human behavior and lifestyle have led 
to a dramatic increase in the incidence of diabetes mellitus 
(DM) worldwide (World Health Organization 2016). Dia-
betes mellitus is a metabolic disease characterized by high 
blood sugar levels over a prolonged period, it was reported 
as one of the most common and severe diseases in the world. 
According to the World Health Organization (WHO), since 
1980, the global prevalence of diabetes has nearly doubled 
among adults over 18 years of age (from 4.7 in 1980 to 8.5% 
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in 2014). In 2012, diabetes directly caused 1.5 million deaths 
and high blood glucose was responsible for an additional 
2.2 million deaths as a result of increased risks of cardiovas-
cular and other diseases (World Health Organization 2016). 
There are two primary forms of diabetes. Type 1 diabetes 
mellitus (insulin-dependent DM) is caused by autoimmune 
destruction of the insulin-producing ß-cells of the pancreatic 
islets, usually leading to absolute insulin deficiency (Alberti 
and Zimmet 1998). Type 2 diabetes mellitus (non-insulin-
dependent DM, T2DM) is characterized by insulin resistance 
and relative insulin deficiency, which accounts for about 90 
to 95 % of all diagnosed diabetes cases. It is often, but not 
always, associated with overweight or obesity, which itself 
can cause insulin resistance and lead to high blood glucose 
levels (Alberti and Zimmet 1998; Moller 2001). Currently, 
used insulin sensitizers still have many side effects including 
weight gain (Moller 2001). An ideal treatment for T2DM 
would result in the alleviation of the insulin-resistant state 
combined with weight loss. A specific drug target offering 
both of these approaches is protein tyrosine phosphatase 1B 
(PTP1B).

Protein tyrosine phosphatase 1B is an intracellular protein 
tyrosine phosphatase expressed in insulin-responsive tissues. 
PTP1B plays a critical role in the insulin receptor signal-
ing pathway. PTP1B directly interacts with activated insulin 
receptor or insulin receptor substrate-1 to dephosphorylate 
phosphotyrosine residues, resulting in the down-regulation 
of insulin action (Elchebly et al. 1999). PTP1B overexpres-
sion results in insulin-resistant states; while PTP1B knock-
down mice showed enhanced insulin sensitivity in glucose 
and insulin tolerance, indicating that PTP1B is a major 
factor in the modulation of insulin sensitivity (Little et al. 
2007). In addition, PTP1B is also the key regulator of the 
leptin signaling pathway. PTP1B-deficient mice also show 
decreased leptin levels and hypersensitivity to leptin com-
pared with wild-type littermates on low- and high-fat diets 
(Zabolotny et al. 2002). Despite many drug lead candidates 
of both natural and synthetic origin, there exist no clinically 
approved PTP1B inhibitors (Wang et al. 2015). Therefore, 
immense efforts are being made to identify novel and natural 
PTP1B inhibitors.

Morus alba (Moraceae), a perennial herb, is the domi-
nant species among the genus Morus. All parts of M. alba 
(white mulberry) have long been used in traditional Chinese 
medicine, particularly its leaves, fruits, branches, and root 
bark, are all recorded in the Chinese Pharmacopoeia (He 
et al. 2018). In most European countries, ethnobotanical 
usage of mulberry fruits includes the preparation of juices, 
wine, jams, marmalades, ice-creams, kinds of vinegar, and 
cosmetic products (Natić et al. 2015). Traditionally, the 
leaves of M. alba have been used as herbal tea with impor-
tant bioactivities such as antioxidant, antidepressant, hypo-
glycemic, and hepatoprotective effects (Choi et al. 2013; 

Sánchez-Salcedo et al. 2017). Pharmacological properties 
of the root bark extract of M. alba include anti-Alzheimer, 
anti-asthmatic, antibacterial, anti-cancer, anti-depressant, 
anti-inflammatory, anti-obesity, antioxidant, anti-tyrosi-
nase, cardio-protective, hypoglycaemic, myocardial pro-
tective, neuroprotective, and pancreatic lipase inhibitory 
activities (Yang et al. 2014; Ha et al. 2016, 2018; Kuk et al. 
2017). 2-Arylbenzofurans are especially known as the prin-
cipal constituent of Morus plants and usually comprised 
of some substituents such as prenyl, geranyl, and farnesyl 
groups (Fig. 1) (Ha et al. 2016). Among them, farnesylated 
2-arylbenzofurans are rarer than prenylated or geranylated 
2-arylbenzofurans. The diverse 2-arylbenzofurans result 
from different positioning of the substituents or cyclization. 
Previous reports indicate that 2-arylbenzofurans from Morus 
species have a wide range of biological activities, such as 
antioxidant, anti-inflammatory, cytotoxicity, and antifungal 
activities (Yang et al. 2014). Recently, arylbenzofurans iso-
lated from the root bark of M. alba was found to exhibit 
anti-Alzheimer’s disease and anti-glycation potential (Seong 
et al. 2018; Paudel et al. 2019). In the previous study, we 
have reported the isolation of eleven new compounds from 
M. alba root bark, including seven 2-arylbenzofuran deriva-
tives (morusalfurans A-G), three flavonoids (morusalnols 
A-C), and one geranylated stilbene (morusibene A), as well 
as their potential pancreatic lipase (PL) inhibitory activity 
(Ha et al. 2016). All the farnesylated 2-arylbenzofurans 
(morusalfurans B and C) showed strong PL inhibitory activ-
ity, suggesting the important role of the farnesyl group in the 
PL inhibitory activity. In the present study, the structure-
activity relationship of the above eleven compounds, espe-
cially two farnesylated 2-arylbenzofurans in terms of PTP1B 
inhibitory activity was also investigated. Also, kinetic and 
molecular docking studies were performed to understand the 
inhibition type, interaction, and binding mode of the active 
compounds with the PTP1B enzyme.

Materials and methods

Chemicals and reagents

Ethylenediamine tetraacetic acid (EDTA), p-nitrophenyl 
phosphate (p-NPP), and dimethylsulfoxide (DMSO) were 
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). 
Protein tyrosine phosphatase 1B (PTP1B, human recombi-
nant) and dithiothreitol (DTT) were purchased from Bio-
mol® International LP (Plymouth Meeting, PA, USA) and 
Bio-Rad Laboratories (Hercules, CA, USA), respectively. 
All other chemicals and solvents used were of reagent grade 
and acquired from commercial sources.



963Inhibition of PTP1B by farnesylated 2-arylbenzofurans isolated from Morus alba root bark:…

1 3

Isolation of compounds 1–11 from M. alba root bark

Seven 2-arylbenzofuran derivatives (morusalfurans A–G, 
1–7), three flavonoids (morusalnols A–C, 8–10), and one 
geranylated stilbene (morusibene A, 11) were isolated 
from the root bark of M. alba in our laboratory as previ-
ously described (Ha et al. 2016). The chemical structures 
of isolated compounds (1–11) are shown in Fig. 1.

PTP1B inhibitory assay

Protein tyrosine phosphatase 1B inhibitory activity was 
evaluated using p-nitrophenyl phosphate (p-NPP) as the 
substrate, according to our previously reported procedure 
with slight modifications (Jung et al. 2013). Sodium ortho-
vanadate and ursolic acid were used as positive controls. In 
each well of a 96-well plate (final volume 100 µL), 40 µL 

Fig. 1   Chemical structures of compounds 1–11 
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of PTP1B enzyme [0.5 unit diluted using PTP1B reaction 
buffer containing 50 mM citrate (pH 6.0), 1 mM ethylenedi-
amine tetraacetic acid (EDTA), 0.1 M NaCl, and 1 mM dithi-
othreitol (DTT)] was added with or without a test sample. 
The plate was preincubated at 37 °C for 10 min. After that, 
50 µL of 2 mM p-NPP dissolved in PTP1B reaction buffer 
was added. Following incubation at 37 °C for 15 min in the 
dark, the reaction was terminated by the addition of 10 µL of 
10 M NaOH. The amount of p-nitrophenolate produced by 
the enzymatic dephosphorylation of p-NPP was estimated 
by measuring the absorbance at 405 nm using a microplate 
spectrophotometer (Molecular Devices, Sunnyvale, CA, 
USA). The non-enzymatic hydrolysis of 2 mM p-NPP was 
corrected by measuring the increase in absorbance at 405 nm 
obtained in the absence of the PTP1B enzyme. The percent 
inhibition (%) was obtained by the following equation:

 where Ac is the absorbance of the control, and As is the 
absorbance of the sample.

Enzyme kinetic analysis with PTP1B

To determine the modes of enzyme inhibition of the active 
compounds (1−3, 6, 9, and 11), two complementary kinetic 
methods including Lineweaver-Burk and Dixon plots 
(Lineweaver and Burk 1934; Dixon 1953) were employed, 
and Sigma Plot 12.0 was used to analyze and visualize the 
experimental results (Ha et al. 2018). The enzymatic inhi-
bition of the tested compounds was evaluated by monitor-
ing the effects of different concentrations of the substrates 
(0.25, 0.50, and 0.75 mM p-NPP for 1 and 3; 0.50, 0.75, 
and 1.00 mM p-NPP for 2; and 0.37, 0.74, and 1.48 mM 
p-NPP for 6, 9, and 11) in the Dixon plots (single reciprocal 
plots). Lineweaver–Burk plots for inhibition of PTP1B were 
obtained in the presence of various concentrations of the test 
compounds (0, 5, 10, and 20 µM for 1; 0, 6, 7, and 8 µM for 
2; 0, 2, 5, and 7 µM for 3; 0, 10, 15, and 20 µM for 6 and 11; 
and 0, 20, 25, and 30 µM for 9). The inhibition constants (Ki) 
were determined by interpretation of Dixon plots, where the 
value of the x-axis was taken as -Ki.

Molecular docking simulation in PTP1B inhibition

To understand the interaction and binding of the active 
compounds (1−3, 6, 9, and 11) with PTP1B, molecular 
docking simulations were performed with AutoDock 4.2 
software (Nguyen et al. 2020). The X-ray crystallographic 
structure of PTP1B (1T49) was obtained from the RCSB 
Protein Data Bank website (Bernstein et al. 1977; Berman 
et al. 2002; Wiesmann et al. 2004). The selective allosteric 
inhibitor A: 3-(3,5-dibromo-4-hydroxy-benzoyl)-2-ethyl-

% inhibition = [(Ac − As)∕Ac] × 100

benzofuran-6-sulfonic acid (4-sulfamoyl-phenyl)-amide 
and selective catalytic inhibitor C: 3-({5-[(N-acetyl-3-{4-
[(carboxycarbonyl)(2-carboxyphenyl)amino]-1-naphthyl}-
L-alanyl)amino]pentyl}oxy)-2-naphthoic acid were used to 
detect the respective binding site of the protein. The bind-
ing areas of compound C and compound A of the protein 
were considered to be the most convenient regions for ligand 
binding in the docking simulation. Protein preparation was 
conducted using Discovery Studio 2017 R2 software (Accel-
rys, Inc., San Diego, CA, USA). The 3D structures of com-
pounds 1−3, 6, 9, and 11 were constructed and minimized 
using Chemdraw and Accelrys Discovery Studio 2017 R2 
software. Automated docking simulation was performed 
using AutoDock Tools (ADT) to assess the appropriate bind-
ing orientations and conformations of the ligand molecules 
with different protein inhibitors. A Lamarckian genetic algo-
rithm method implemented in AutoDock 4.2 was employed. 
For docking calculations, Gasteiger charges were added by 
default, the rotatable bonds were set by the AutoDock tools, 
and all torsions were allowed to rotate. The grid maps were 
generated by the Autogrid program where the grid box size 
of 126 × 126 × 126 with a default spacing of 0.375 Å was 
used. The docking protocol for rigid and flexible ligand 
docking consisted of 10 independent Genetic Algorithms, 
while other parameters were used as defaults of the ADT. 
The binding aspect of PTP1B residues and their correspond-
ing binding affinity score were regarded as the best molecu-
lar interaction. The results were analyzed using PyMOL, 
while the hydrogen bond, van der Waals, and hydrophobic 
interacting residues were visualized using Discovery studio 
2017 R2 software.

Statistics

Statistical significance was analyzed by one-way ANOVA 
and Duncan’s test (Systat Inc., Evanston, IL, USA), and was 
noted at p < 0.05. All results are presented as mean ± SEM 
of at least three independent experiments.

Results

Inhibitory activity against PTP1B

The inhibitory potentials of 1–11 against PTP1B were evalu-
ated using p-nitrophenyl phosphate (p-NPP) as a substrate, 
and the result was expressed as IC50 values, which were 
determined by linear regression analysis (Table 1). Specifi-
cally, three 2-arylbenzofurans [morusalfurans A–C; (1–3)] 
showed strong inhibitory effects on PTP1B with IC50 values 
of 11.02, 8.92, and 7.26 µM, respectively; which are higher 
compared to the positive controls [sodium orthovanadate 
(IC50 = 15.10  µM) and ursolic acid (IC50 = 11.34  µM)]. 
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Besides, other 2-arylbenzofuran [morusalfuran F; (6)], one 
flavonoid [morusalnol B (9)], and one geranylated stilbene 
[morusibene A (11)] exhibited moderate PTP1B inhibition 
with IC50 values ranging from 17.64 to 26.56 µM.

The structure-activity relationship (SAR) was observed in 
the PTP1B inhibitory assay for 2-arylbenzofuran derivatives 
(1−7). Among them, two farnesylated 2-arylbenzofurans 
[morusalfurans B (2) and C (3)] showed the strongest inhibi-
tory effect on PTP1B, suggesting the presence of farnesyl 
group at position 2ʹ positively influenced the PTP1B inhibi-
tory activity of 2-arylbenzofuran derivatives. Interestingly, 
this suggestion is completely consistent with our previous 
study, in which the farnesyl group also plays an important 
role in exerting pancreatic lipase inhibitory activity (Ha et al. 
2016).

Enzyme kinetics of PTP1B inhibition

To explain the mode of enzymatic inhibition, the kinetic 
analysis was performed at different concentrations of the 
p-NPP substrate and inhibitors (1−3, 6, 9, 11) according 
to the Lineweaver-Burk plot and Dixon plot methods. The 
Dixon plot is a graphical method [plot of 1/enzyme veloc-
ity (1/V) against inhibitor concentration (I)] employed for 
the determination of the type of enzyme inhibition and to 
determine the dissociation or inhibition constant (Ki) for the 
enzyme-inhibitor complex (Dixon 1953; Cornish-Bowden 
1974). In the Lineweaver-Burk plot method, the lines of the 
inhibitors that intersected at the xy region indicated a mixed 

inhibition, while the lines which crossed the same point 
on the x-intercept, represented noncompetitive inhibition 
(Lineweaver and Burk 1934). As shown in Table 1; Figs. 2 
and 3, compounds 1 and 9 showed noncompetitive type inhi-
bition (Ki values; 10.90 and 6.38 µM, respectively), while 
compounds 2, 3, 6, and 11 showed a mixed type of inhibi-
tion (Ki values; 7.09, 6.30, 6.22, and 5.37 µM, respectively) 
against PTP1B. As the Ki value represents the concentration 
needed to combine the inhibitor with an enzyme, compounds 
with a lower Ki value were generally more effective inhibi-
tors against PTP1B, which is an important requisite for the 
development of preventive and therapeutic agents. 

Molecular docking simulation of PTP1B inhibition

To understand the molecular mechanism and the binding 
orientation, we further subjected the tested compounds to 
molecular docking studies using standard software - Auto-
dock 4.2. Our docking simulations were found to be con-
current with the kinetic studies. To validate and optimize 
the docking procedure, we re-docked a native co-ligand, 
compound A [3-(3,5-dibromo-4-hydroxy-benzoyl)-2-ethyl-
benzofuran-6-sulfonic acid (4-sulfamoyl-phenyl)-amide] 
into the allosteric site of the PTP1B (PDB ID: 1T49). The 
root means square deviation (RMSD) value was obtained 
by comparing the best pose generated in Autodock 4.2 with 
our docking protocol and the co-ligand (0.56 Å). This vali-
dated method was used to investigate the binding pose of 
the selected compounds. The predicted binding mode of 
compounds is depicted in Figs. 4, 5 and 6; Table 2. Com-
pounds 2, 3, 6, and 11 demonstrated a mixed type of inhibi-
tion (bind to catalytic as well to allosteric site); whereas 1 
and 9 showed a non-competitive type of inhibition (allos-
teric site only). As shown in Fig. 5a and d and Table 2, the 
oxygen atom at the furan ring and the hydroxyl group at 
position 3′ of 1 demonstrated interactions with the Asn193 
and Lys197 residues via H-bond interaction with a bind-
ing energy of – 9.55 kcal/mol. Furthermore, the Gly277, 
Ser151, Ser190, and Glu200 residues were noted to be 
involved in the Van der Waals interactions. Also, the ben-
zofuran ring showed π-π stacked hydrophobic interaction 
with the Phe280 and Leu192 residues while π–σ interaction 
was observed between CH3-10′′ and Phe196 residue, thus 
exhibiting similarity with the positive ligand (compound 
A). In addition, the Ile281, Ala189, Tyr153, and Tyr152 
residues were involved in the π-alkyl interactions with 1. 
In the case of another non-competitive inhibitor, compound 
9, no hydrogen bond and π–σ interactions were observed, 
which explains its slightly less potency than the rest of the 
active compounds. The Asn193, Lys197, Gly277, Glu276, 
Pro188, Ser190, and Tyr152 residues were involved in the 
Van der Waals interactions with 9 while other interactions 
were similar to 1. As shown in Figs. 4 and 5, compounds 2 

Table 1   Inhibitory activities of compounds 1–11 against PTP1B

a The values (μM) indicate 50% PTP1Binhibitory effects. These data 
are expressed as the mean ± SEM of triplicate experiments
b Determined by Lineweaver–Burk plots
c Determined by Dixon plots
d Positive control. (–) No test

Compounds PTP1B IC50 (µM)a Inhibition typeb Ki(µM)c

1 11.02 ± 0.42 Noncompetitive 10.90
2 8.92 ± 0.35 Mixed 7.09
3 7.26 ± 0.02 Mixed 6.30
4 67.86 ± 0.72  −   − 
5  > 100  −   − 
6 18.02 ± 1.73 Mixed 6.22
7  > 100  −   − 
8 57.39 ± 0.35  −   − 
9 26.56 ± 1.02 Noncompetitive 6.38
10  > 100  −   − 
11 17.64 ± 1.02 Mixed 5.37
Sodium 

orthovanadated
15.10 ± 1.76  −   − 

Ursolic acidd 11.34 ± 0.01  −   − 
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Fig. 2   Lineweaver-Burk plots for PTP1B inhibition of 1 (a), 2 (b), and 3 (c). Dixon plots for PTP1B inhibition of 1 (d), 2 (e), and 3 (f)
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and 3 demonstrated binding modes at catalytic as well as 
at allosteric sites. Both 2 and 3 exhibited binding with the 
important catalytic residues (Cys215, Tyr46, and Gln262) 
but with a different binding orientation at the catalytic site 
with the binding energies of – 6.44 and – 7.14 kcal/mol, 
respectively (Fig. 4). The OH- and OCH3- group present in 
the core structure were found to be responsible for the hydro-
gen bond interactions (Gly220, Gln262, and Gly183 residues 
with 2; Cys215, Ile219, Thr263 and Gly183 residues with 3) 
(Fig. 4). However, in the case of 3, additional π–π stacked 
interaction between Trp179 and ring B was observed. Simi-
larly, the case of the allosteric site also, both 2 and 3 showed 
interactions with the important allosteric residues including 
Phe196, Phe280, Leu192, and Asn193 via Van der Waals 
and hydrophobic interactions, and as expected the orienta-
tion was opposite similar as the catalytic pocket (Fig. 5). 
Only one H-bond interaction was observed between the 
hydroxyl group at position 6 of 2 and the Lys197 with a 
binding energy of – 7.13 kcal/mol whereas the most active 
compound 3, demonstrated two H-bond interactions with 
Ser187 (OH-6) and Gly277 (OH-5′) with a lowest binding 
energy of – 9.17 kcal/mol (Fig. 5).   

Furthermore, 6 interacted with Asp48 residue (via 
H-bond interaction), Val49, Gln262, Ile219, Thr263, Ser216, 
Gly220, Arg221, Gln266, Gly183, and Ser222 residues (via 
Van der Waals interactions), and important residues Cys215, 
Val184, and Trp179 (via π-alkyl interactions) with a bind-
ing energy of – 7.26 kcal/mol at the catalytic site (Fig. 4); 
whereas at the allosteric site, the interactions with Glu276 
(via H-bond), Asn193, Ser190, Phe196, Ile281, Gly277, 
and Ser187 residues (via Van der Waals), Phe280 (via π–π 
stacked), Leu192, and Ala189 (via π–σ), and Pro188, Tyr152 
(via π-Alkyl) were observed (Fig. 6). Interestingly, at both 
the sites, the hydroxyl group present at the B-ring (OH-3′) 
was only involved in the hydrogen bond interaction as seen 
in Figs. 4g and 6d. In addition, compound 11 interacted with 
Thr263, Glu115, and Lys116 residues (via H-bond inter-
actions), and Gln266, Trp179, Val184, Asp265, Gln262, 
Ile219, Gly220, Gly218, Asn111, Gly183, Cys215, Lys120, 
Ala217, and Tyr46 residues (via hydrophobic interactions) 
with a binding energy of – 6.77 kcal/mol at the catalytic site; 
whereas in the case of an allosteric site (Fig. 4), the Gly277, 
and Ser187 residues (via H-bond interactions) and Asn193, 
Phe196, Ser190, Ala278, Ile281, Phe280, Leu192, Pro188, 
Ala189, and Glu276 residues (via hydrophobic interac-
tions) were involved in the binding with a binding energy of 
– 7.67 kcal/mol (Fig. 6). These interactions include various 

important catalytic and allosteric residues as mentioned ear-
lier, which are essential for proper conformation and the 
tighter binding, which ultimately leads to better activity. 
Surprisingly, despite the difference in the structure of 6 and 
11, the binding orientation and conformation at the catalytic 
site as well as at the allosteric site were almost similar.

Discussion

The prevalence of T2DM is increasingly rapidly in an expo-
nential manner and is believed to be the ninth major cause 
of death. Particularly, the countries with economic transi-
tions towards growth are affected epidemically (Zheng et al. 
2018). The current treatment option includes insulin admin-
istration and some oral hypoglycemic agents. Chronic use 
of insulin injection causes suffering and inconvenience to 
the patients. PTP1B, a negative regulator of the leptin and 
insulin signaling pathways has been the subject of interest 
to various researchers as it satisfies the therapeutic target to 
develop potent and selective inhibitors (Elchebly et al. 1999; 
Klaman et al. 2000). PTP1B (50 kDa) is composed of 435 
amino acid residues and divided into three regions: N-termi-
nal catalytic region, regulatory region (serve as binding sites 
for proteins and impart substrate specificity), and C-terminal 
membrane localization region (responsible for the binding 
the enzyme to the cytoplasmic face of the endoplasmic 
reticulum). The activity of the enzyme is regulated by phos-
phorylation of serine and tyrosine residues of catalytic and 
transmembrane domains. Usually, a shorter version having 
298 amino acid residues is employed for enzyme assays. 
R loop (Val113–Ser118), lysine loop (Leu119–Cys121), 
WPD loop (Thr177–Pro185), S loop (Ser201–Gly209), Q 
loop (Ile261–Gln262), α3 helix (Glu186–Glu200), α6 helix 
(Ala264–Ile281), and α7 helix (Val287–Ser295) play critical 
roles in dephosphorylation of phosphotyrosine (Shinde et al. 
2018). However, due to the lower cell permeability and bio-
availability, most of the PTP1B inhibitors are considered as 
inefficient drug candidates. Also, due to the high polar and 
conserved nature of the catalytic site of the PTP1B, find-
ing appropriate PTP1B inhibitors remains a harder and big 
challenge. The first PTP1B inhibitors that entered the clini-
cal trial were ertiprotafib (Wrobel et al. 1999), trodusquem-
ine (Zasloff et al. 2001), and JTT-551(Fukuda et al. 2010). 
However, ertiprotafib was unsuccessful in Phase II due to its 
lower potency and undesirable side effects (Zhang and Lee 
2003). Until date, there exist no potential PTP1B inhibitors 
in the market. Consequently, there subsists a greater need for 
potent PTP1B inhibitors with safe and lesser side effects for 
the treatment of T2DM. Also, enzymes are highly responsive 
to the small molecular weight or drug-like molecules and 
they represent the attractive targets for the drug development 
and therapy (Mphahlele et al. 2020). Undoubtedly, naturally 

Fig. 4   Inhibition mode of 2 (a), 3 (b), 6 (c), and 11 (d) for PTP1B 
catalytic site with known catalytic inhibitor, compound C (black line). 
2D ligand interaction diagram of PTP1B catalytic inhibition by 2 (e), 
3 (f), 6 (g), and 11 (h). Dashed lines indicate H-bonds. The figure was 
generated using PyMOL and Discovery Studio

◂
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occurring compounds satisfy the criteria for a potent PTP1B 
inhibitor. Accordingly, in search of potent natural PTP1B 
inhibitors, herein, we present the compounds isolated from 
M. alba root bark, which holds the efficiency to be employed 
as potential therapeutic agents for T2DM.

All the tested compounds (except 5, 7, and 10) demon-
strated the potent inhibitory activity with the IC50 values 
ranging from 7.26 to 67.86 µM. Among all the compounds, 
2 and 3 showed the most potent inhibitory activity against 
PTP1B. Examination of SARs among the compounds 1–5 
suggests that the presence of a farnesyl group at position 
2ʹ is essential for potent PTP1B inhibitory activity. Also, 
various reports regarding the importance of resorcinol 

scaffold in the structure that increases the efficacy of the 
compounds in a positive manner (Zhang et al. 2013; Seong 
et al. 2018). However, in our study, 3 was comparatively 
more active than 2 (2 has a resorcinol scaffold), which 
could be due to the interference of the prenyl group at 
position 6’. Furthermore, considering other similar struc-
tures, it can be suggested that the lipophilic farnesyl 
group is important for strong PTP1B inhibitory activity. 
Based on our results, it is hypothesized that an increase 
in the lipophilicity via the addition of prenyl/geranyl/
farnesyl moiety at specific positions and a decrease in the 
charge of aliphatic side chain might be important criteria 
for enhancement in the inhibitory activity. In addition, 

Fig. 5   Inhibition mode of 1 (a), 2 (b), and 3 (c) for PTP1B allosteric site with known allosteric inhibitor, compound A (red line). 2D ligand 
interaction diagram of PTP1B allosteric inhibition by 1 (d), 2 (e), and 3 (f). Dashed lines indicate H-bonds. The figure was generated using 
PyMOL and Discovery Studio
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kinetics and molecular docking analysis of the selected 
compounds were done to understand the binding orienta-
tion and reason behind the variance in the activity. Com-
parison of the docking studies between 2 and 3 revealed 
that 3 exhibited lower binding energy and interacted with 
the important catalytic residue (Cys215) via H-bond 

interaction with the hydroxyl group at position 6, which 
leads to tighter binding at the active site (Fig. 4). Other 
interactions include binding with the R loop (Glu115 
and Lys116), lysine loop (Lys120), WPD loop (Trp179, 
Pro180, Asp181, Phe182, Gly183, and Val184), Q loop 
(Gln262), and α6 helix (Asp265 and Gln266). Apart from 

Fig. 6   Inhibition mode of 6 (a), 9 (b), and 11 (c) for allosteric site with known allosteric inhibitor, compound A (red line). 2D ligand interaction 
diagram of PTP1B allosteric inhibition by 6 (d), 9 (e), and 11 (f). Dashed lines indicate H-bonds. The figure was generated using PyMOL and 
Discovery Studio 
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Table 2   Binding site residues and docking scores of 1 − 3, 6, 9, and 11 in PTP1B obtained using Autodock 4.2

Compounds Binding 
energy (kcal/
mol)a

Hydro-
gen bond 
interactionb

Van der Waals Hydrophobic interactionc Other interactiond

π–π stacked π–σ π-alkyl π-anion/
cation

π-sulfur Halogen

1  − 9.55 Asn193, 
Lys197

Gly277, 
Ser151,

Ser190, 
Glu200

Phe280,
Leu192

Phe196 Ile281, 
Ala189,

Tyr153, 
Tyr152

2 – 6.44 Gln262, 
Gly183, 
Gly220

Cys215, 
Ser216,

Gly218, 
Arg221,

Tyr46, 
Asn111,

Glu115, 
Lys116,

Pro180, 
Val184,

Asp181, 
Phe182,

Thr263, 
Gln266

Ile219,
Lys120,
Ala217

 − 7.13 Lys197 Lys279, 
Glu276,

Ala189, 
Leu192,

Gly277, 
Ile281,

Glu200

Phe196, 
Phe280

Met282

3  − 7.14 Cys215, 
Ile219,

Gly183, 
Thr263

Gly218, 
Gly220,

Gln266, 
Asp265,

Val184, 
Pro180,

Phe182, 
Asp181,

Glu115, 
Asp48,

Lys120, 
Gln262,

Lys116, 
Asn111

Trp179 Val49, Tyr46,
Ala217

 − 9.17 Gly277, 
Ser187

Asn193, 
Ser151,

Tyr152, 
Ser190,

Ala278, 
Ile281,

Leu232

Phe196 Leu192,
Ala189,
Pro188, 

Lys150,
Tyr153

Glu276
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a Estimated binding-free energy of the ligand-receptor complex
b– dThe number of hydrogen bonds and all amino acid residues from the enzyme-inhibitor complex were determined with the AutoDock 4.2 pro-
gram

Table 2   (continued)

Compounds Binding 
energy (kcal/
mol)a

Hydro-
gen bond 
interactionb

Van der Waals Hydrophobic interactionc Other interactiond

π–π stacked π–σ π-alkyl π-anion/
cation

π-sulfur Halogen

6  − 7.26 Asp48 Val49, 
Gln262,

Ile219, 
Thr263,

Ser216, 
Gly220,

Arg221, 
Gln266,

Gly183, 
Ser222

Tyr46 Ala217 Cys215, 
Val184,

Trp179

 − 8.67 Glu276 Asn193, 
Ser190,

Phe196, 
Ile281,

Gly277, 
Ser187

Phe280 Leu192, 
Ala189

Pro188, 
Tyr152

9  − 7.89 Asn193, 
Lys197,

Gly277, 
Glu276,

Pro188, 
Ser190,

Tyr152

Phe280 Phe196, 
Leu192,

Ala189

11  − 6.77 Thr263, 
Glu115,

Lys116

Gln266, 
Trp179,

Val184, 
Asp265,

Gln262, 
Ile219,

Gly220, 
Gly218,

Asn111

Gly183 Cys215, 
Lys120,

Ala217, 
Tyr46

Arg221

 − 7.67 Gly277, 
Ser187

Asn193, 
Phe196,

Ser190, 
Ala278,

Ile281

Phe280 Leu192, 
Pro188,

Ala189

Glu276

C – 10.23 Asp48, 
Ala217,

Ser216, 
Cys215,

Ile219, 
Gly218,

Gly220, 
Arg221,

Arg254

Val49, 
Cys215,

Gln266, 
Trp179,

Thr263, 
Lys120,

Tyr20, Arg24,
Gln262, 

Ser28,
Asp29

Tyr46 Ala217 Met258

A – 11.13 Asn193, 
Glu276

Lys279, 
Met282,

Gly277, 
Pro188,

Phe280 Phe196 Ala189, 
Leu192,

Lys197

Glu200
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this, the binding orientation between 2 and 3 was observed 
to be relatively opposite, which might be due to the pres-
ence of additional prenyl moiety at C-6′ position in 2, thus 
explaining the lower potency of 2 over 3. Similarly, in the 
case of the allosteric site, 3 exhibited lower binding energy 
coupled with a greater number of H-bondings, which led 
to an increase in the binding affinity with better stabil-
ity and subsequently better activity. Similar results were 
obtained by Hoang et al. while comparing with the aryl 
benzofurans against PTP1B (Hoang et al. 2009): mulber-
rofuran W has the similar structure to that of 3, except for 
the methoxy group is replaced by hydroxyl group to form 
resorcinol moiety in 3, and it was found to be three times 
(IC50; 2.7 µM) more potent than the 3. Likewise, resorcinol 
moiety present in 1, demonstrated H-bond interaction with 
the important residues (Asn193 and Lys 197) along with 
the hydrophobic interactions, which might be the reason 
behind its profound activity against PTP1B.

Overall, this study reports the first investigation of 
the PTP1B inhibitory activity of seven 2-arylbenzofuran 
derivatives (morusalfurans A–G, 1–7), three flavonoids 
(morusalnols A–C, 8–10), and one geranylated stilbene 
(morusibene A, 11) isolated from Morus alba root bark. 
Our results demonstrated two farnesylated 2-arylbenzo-
furans [morusalfurans B (2) and C (3)] showed strong 
inhibitory effects on PTP1B, while other 2-arylben-
zofurans [morusalfurans A (1) and F (6)], one flavo-
noid [morusalnol B (9)], and one geranylated stilbene 
[morusibene A (11)] exhibited moderate PTP1B inhibi-
tion. Besides, this study again confirms the importance 
of the presence of the farnesyl group in the structure of 
2-arylbenzofurans for its biological activity. The kinetic 
studies indicated that morusalfurans B (2), C (3), and F (6) 
and morusibene A (11) displayed mixed inhibition, while 
morusalfuran A (1) and morusalnol B (9) displayed non-
competitive inhibition for the PTP1B enzyme. The molec-
ular docking results were in accordance with the kinetic 
studies and indicated that these active compounds could 
bind to the active sites of PTP1B with negative binding 
energies. Coupled with all the evidence that has been pub-
lished earlier along with our results, it can be concluded 
that 2-arylbenzofurans are the promising structures for the 
evaluation as PTP1B inhibitors and should be investigated 
promptly to develop potent therapeutic agents for T2DM.
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