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Abstract: Curcuma longa is only a rich source of curcumin (1) and its major analogues 
demethoxycurcumin (2) and bisdemethoxycurcumin (3) among the Curcuma species. The content 
ratio of these three curcumins in turmeric is depended on the varieties and growing environment. 
Recently, curcumin (1) has been reported as potential inhibitor of hepatic and enzymatic protein 
tyrosine phosphatase 1B (PTP1B) and its related disorders such as hypertriglyceridemia, 
hyperlipidemia and liver steatosis. Thus, we further purified curcumins (1–3) from C. longa and 
investigated their inhibitory effects against PTP1B and α-glucosidase enzymes. As the result, 
curcumins (1–3) exhibited potential PTP1B inhibition with IC50 values of 37.8 ± 1.4, 45.3 ± 0.7, and 
72.6 ± 1.1 μM, respectively, and α-glucosidase inhibition with similar manner (IC50 values of 78.2 ± 
0.2, 82.4 ± 0.6, and 90.6 ± 1.0 μM, respectively). These results reveal a key role of methoxylation in 
the variation of PTP1B and α-glucosidase inhibitory activity for these curcumins. In addition, 
density functional theory (DFT) was used accompanying with molecular docking (MD) to analyze 
the ligand stability and the interaction of curcumins (1–3) with PTP1B and glucoside hydrolase 
proteins. Assay-based results and the MD data obtained are highly correlation suggesting that the 
deterioration of the enzyme activity caused by the distortion of structural conformation of PTP1B 
and glucoside hydrolase may be related to the arrangement of amino acids in protein structure. This 
reported for the first time that inhibitory effects of curcumins (1–3) against PTP1B and glucoside 
hydrolase have been examined in vitro and in silico as well. 

Keywords: Curcuma longa; curcumins; PTP1B; anti-diabetes; α-glucosidase; turmeric; molecular 
docking simulation 
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1. Introduction 

There were about 537 million peoples in the age from 20 to 79 years old having diabetes in 2021 
according to the World Diabetes Association (IDF) report. This number may be increased to 643 and 
783 million by 2030 and 2045, respectively. Diabetes causes 6.7 million deaths with approximately 
541 million adults at risk of type 2 diabetes [1–3]. Up to date, the common therapeutic approaches 
focus on simultaneously inhibit insulin- and glucose-based enzyme. PTP1B is an enzyme founding 
as a member in the family of the protein tyrosine phosphatase (PTP) [4,5], this enzyme is non-receptor 
type 1 of tyrosine-protein phosphatase, and it negatively regulates the insulin signaling pathway [6]. 

Over activation of PTP1B lead to a decrease phosphorylating insulin receptors, mutations in the 
PTP1B gene lead to the development of diabetes [7,8]. Second, α-glucosidase has now been a well-
known drug target to treat diabetes due to its important role in hydrolyzing carbohydrate for 
absorption in the intestinal track. Thus, inhibition of this enzyme could significantly reduce 
postprandial hyperglycemia and possibly utilized to control diabetes mellitus [9]. In addition, oligo-
1,6-glucosidase protein, a debranching endoenzyme, was previously reported to acts on 
oligosaccharides with an α-1,6 linkage to produce sugar with an α-configuration as the main product 
[10]. The malfunction of this enzyme could also play an important role in control diabetes mellitus. 
Therefore, the study of multiple inhibitor of PTP1B and glucoside hydrolase in the treatment of 
diabetes could represent an interesting therapeutic approach that promoting the attention of 
scientists in the recent years [7,8]. 

Curcuma longa is a favorite medicinal food all over the world, belongs to the family 
Zingiberaceae, and native to the tropics of Tamil Nadu, Southeast India [11]. The species is one of the 
oldest plants used as daily spice, grown in Southeast Asian countries with the main chemical 
component as curcumins. Turmeric was utilized as a medicinal drug to treat various chronic diseases 
including liver-fat reduction in non-alcoholic fatty liver patients, and anticancer as well [12,13]. 
Curcumin extracted from C. longa has potential effects in the treatment of psoriasis, antibacterial, 
antiviral and anti-fungal. In particular, it has antidiabetic effects, the ethanolic extracts of turmeric 
(containing curcumin, demethoxycurcumin and bisdemethoxycurcumin) were confirmed to reduce 
blood glucose in rats and prevent hyperglycemia [14,15]. Previous research study reported that 
curcumin had affected the enzyme PTP1B by increasing the sensitivity of hepatic leptin and insulin 
of rat liver [14,15]. Curcumin also inhibited PTP1B enzyme action that leads to improve hepatic leptin 
and insulin signaling in rats fed with fructose [16–20]. In addition, curcumin remarkably reduced the 
podocyte injury and proteinuria induced by fructose, the expression of PTP1B, and cut down the 
activity of insulin receptor and insulin receptor substrate 1 of fructose-fed rats [21]. 

In this study, curcumins (1–3) were purified from C. longa using a rapidly method and 
structurally identified by spectroscopic techniques. The in vitro inhibitory effects of compounds (1–
3) on PTP1B and glucoside hydrolase were investigated by assay-based experiments and their 
mechanism of action was further elucidated using molecular docking method. 

2. Results and Discussion 

2.1. Experimental Results 

An HPLC method was applied to purified compounds (1–3) from C. longa extract using Agilent 
1260 HPLC system and RP-C18 column (Figure 1).  
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Figure 1. A representative HPLC chromatography for isolation of curcumin (1), demethoxycurcumin 
(2), and bisdemethoxycurcumin (3) from C. longa. 

Chemical structures of curcumin (1), demethoxycurcumin (2), and bisdemethoxycurcumin (3) 
were characterized by analyses of NMR spectral data and comparing with literature (Figure 2).  

 

Figure 2. Chemical structure of compounds (1–3) isolated from C. longa. 

Compound 1 was obtained as a yellow crystal. The 1H NMR spectrum (Table 1) showed two sets 
of ABX aromatic protons at [δH 7.28 (2H, d, J = 1.8 Hz, H-6/H-6′), 6.87 (2H, d, J = 7.8 Hz, H-9/H-9′), 
and 7.14 (2H, dd, J = 1.8, 7.8 Hz, H-10/H-10′], which characterized for the 1,3,4-trisubstituted benzene 
ring, and two methoxy group [δH 3.89 (6H, s, 7-OCH3/7′-OCH3]. Two pairs of trans-olefinic protons 
[δH 6.68 (2H, d, J = 16.2 Hz, H-3/H-3′) and 7.58 (2H, d, J = 16.2 Hz, H-4/H-4′], and a methylene group 
at δH 5.98 (2H, s, H-1) were also observed in the 1H NMR (Figure 2 and Table 1). Consistent with the 
above 1H NMR analysis, the 13C NMR and DEPT spectra displayed signals of two methoxy groups at 
δC 56.2 (7-OCH3/7′-OCH3), four olefinic carbons [δC 122.1 (C-3/C-3′) and 141.4 (C-4/C-4′), two 
conjugated ketones at δC 184.4 (C-2/C-2′), a methylene carbon at δC 101.6 (C-1), and 12 carbons ranging 
from δC 111.6 to 150.1 ppm corresponding to two aromatic rings (Figure 2 and Table 1). The 
arrangement of proton-carbon groups were characterized by the aid of HMQC, revealing the 
structural skeleton of a curcuminoid [13]. The HMBC showed correlations between H-6 and H-10 to 
C-4 and C-8; H-6′ and H-10′ to C-4′ and C-8′; H-4 to C-2, C-6, and C-10; H-4′ to C-2′, C-6′, and C-10′; 
H-3 to C-1 and C-5; H-3′ to C-1 and C-5′; as well as H-1 to C-2, C-3, C-2′, and C-3′ (Figure 3). The two 
methoxy groups were found attaching to C-7 and C-7′ due to the correlations of the methoxy protons 
with carbon C-7 and C-7′ in the HMBC spectrum (Figure 3). The ESI-MS spectrum of 1 displayed an 
ion peak at m/z 369.1 [M+H]+, revealing a molecular formula of C21H20O6 for compound 1. Thus, 
compound 1 was characterized as 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione 
[28,29] with a trivial name curcumin.  
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Figure 3. The key HMBC correlations for curcumins 1–2 from C. longa. 

Table 1. NMR spectroscopic data of compounds 1‒3 measured in acetone-d6 at 600 MHz (1H) and 150 
MHz (13C). 

Position 
1 2 3 

δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC 

1 5.98 (2H, s) 101.6 5.99 (2H, s) 101.6 5.99 (2H, s) 101.6 
2  184.4  184.6  184.5 
3 6.68 (1H, d, 16.2) 122.1 6.69 (1H, d, 15.6) 122.1 6.64 (1H, d, 15.6) 121.7 
4 7.58 (1H, d, 16.2) 141.4 7.59 (1H, d, 15.6) 141.4 7.58 (1H, d, 15.6) 141.1 
5  127.9  127.9  127.3 
6 7.28 (1H, d, 1.8) 111.6 7.29 (1H, d, 1.8) 111.6 7.53 (1H, dd, 1.8, 7.8) 130.8 
7  148.9  148.9 6.88 (1H, dd, 1.8, 7.8) 116.7 
8  150.1  150.2  160.7 
9 6.87 (1H, d, 7.8) 116.3 6.86 (1H, d, 7.8) 116.3 6.88 (1H, dd, 1.8, 7.8) 116.7 

10 7.14 (1H, dd, 1.8, 7.8) 123.7 7.14 (1H, dd, 1.8, 7.8) 123.8 7.53 (1H, dd, 1.8, 7.8) 130.8 
2′  184.4  184.4  184.5 
3′ 6.68 (1H, d, 16.2) 122.1 6.64 (1H, d, 15.6) 121.8 6.64 (1H, d, 15.6) 121.7 
4′ 7.58 (1H, d, 16.2) 141.4 7.57 (1H, d, 15.6) 141.2 7.58 (1H, d, 15.6) 141.1 
5′  127.9  127.3  127.3 
6′ 7.28 (1H, d, 1.8) 111.6 7.52 (1H, dd, 1.8, 6.6) 130.9 7.53 (1H, dd, 1.8, 7.8) 130.8 
7′  148.9 6.87 (1H, dd, 1.8, 6.6) 116.8 6.88 (1H, dd, 1.8, 7.8) 116.7 
8′  150.1  160.8  160.7 
9′ 6.87 (1H, d, 7.8) 116.3 6.87 (1H, dd, 1.8, 6.6) 116.8 6.88 (1H, dd, 1.8, 7.8) 116.7 
10′ 7.14 (1H, dd, 1.8, 7.8) 123.7 7.52 (1H, dd, 1.8, 6.6) 130.9 7.53 (1H, dd, 1.8, 7.8) 130.8 

7-OCH3 3.89 (3H, s) 56.2 3.89 (3H, s) 56.3   
7′-OCH3 3.89 (3H, s) 56.2     

Compound 2 appeared similar morphology with 1 as yellow crystal. The molecular formula of 
compound 2 was deduced as C20H18O5 due to the presence of an ion peak at m/z 339.2 [M+H]+ on its 
ESI-MS. 1D-NMR spectra of compound 2 were quite similar to those of 1, showing an A2B2 aromatic 
spin system [δH 7.52 (2H, dd, J = 1.8, 6.6 Hz, H-6′/H-10′), 6.87 (2H, dd, J = 1.8, 6.6 Hz, H-7′/H-9′)] for 
one benzene ring and one ABX aromatic spin for one another (Figure 2 and Table 1). A difference 
with 1 that compound 2 possessed only one methoxy group at C-7′ [δH 3.89 (3H, s) and δC 56.3]. Thus, 
compound 2 was determined as 1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxyphenyl)hepta-1,6-
diene-3,5-dione with a trivial name demethoxycurcumin [30]. 

Compound 3 also appeared as a yellow crystal with a molecular formula of C19H16O4 deduced 
by an ion peak at m/z 309.1 [M+H]+ in its ESI-MS. There was no methoxy group found on its 1D NMR. 
While two A2B2 spin system of two benzene rings [δH 7.53 (4H, dd, J = 1.8, 7.8 Hz, H-6/H-10/H-6′/H-
10′), 6.88 (4H, dd, J = 1.8, 7.8 Hz, H-7/H-9/H-7′/H-9′)] were observed. Detailed analyses of the 1H and 
13C NMR data of compound 3 and compare with those of compounds 1 and 2 lead to the structural 
identification of compound 3 to be 1,7-bis(4-hydroxyphenyl)-1,6-heptadiene-3,5-dione 
(bisdemethoxycurcumin) [30].  

Inhibitory effects of curcumins 1‒3 on protein tyrosine phosphatase 1B (PTP1B) enzyme activity 
were tested in vitro using a triterpene (ursolic acid) and a quinone emodin as positive control [31]. 
As shown in Table 2, all compounds potential inhibited this enzyme action with IC50 values of 37.8 ± 
1.4 (curcumin 1), 45.3 ± 0.7 (demethoxycurcumin 2), and 72.6 ± 1.1 μM (bisdemethoxycurcumin 3). 
Emodin possessed potential inhibition with an IC50 value of 7.6 ± 0.3 μM. Among these curcumins, 
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curcumin (1) bearing two methoxy moieties at C-7 and C-7′ (Figure 2), displayed the most potential 
inhibition against PTP1B (IC50 value of 37.8 ± 1.4 μM), demethoxycurcumin (2) bearing one methoxy 
group at C-7 (loss of one methoxygroup at C-7′) exhibited less inhibitory activity (IC50 value of 45.3 ± 
0.7 μM) than 1. Bisdemethoxycurcumin (3) without methoxy moiety in its structure showed moderate 
inhibition (IC50 value of 72.6 ± 1.1 μM). This experimental result suggests that substitution of methoxy 
moiety at C-7 and/or C-7′ in curcuminoid compounds may play a key role for enhancing their 
inhibitory effect on PTP1B enzyme activity.  

Table 2. The inhibitory activities of curcumins (1‒3) on PTP1B and α-glucosidase. 

Compounds 
PTP1B α-glucosidase 

IC50, µM IC50, µM 

Curcumin (1) 37.8 ± 1.4 78.2 ± 0.2 
Demethoxycurcumin (2) 45.3 ± 0.7 82.4 ± 0.8 

Bisdemethoxycurcumin (3) 72.6 ± 1.1 90.6 ± 1.0 
Emodina 7.6 ± 0.1 - 

Ursolic acida 4.3 ± 0.4 - 
Acarboseb - c 147.2 ± 1.0 

a The compounds used as positive controls for PTP1B. b Positive controls for α-glucosidase. c Not detected. 

Li et al. reported that curcumin (1) possessed inhibition on PTP1B action and affected on the 
liver of rats with fructose-fed. At 60 mg/kg, curcumin showed similar effect with pioglitazone on liver 
PTP1B expression, but showed less effect against PTP1B activity than pioglitazone at a concentration 
of 10 mg/kg [16]. Recently, Kostrzewa et al. demonstrated curcumin showing antidiabetic and 
anticancer potential via inhibition of PTP1B [17]. Curcumin also reduced the enzymatic activity of 
PTP1B phosphatase and MCF7 cell viability by 50% inhibition at a concentration of 100 μM. In our in 
vitro study, curcumin (1) showed more potent inhibition with 50% inhibition at a concentration of 
37.8 μM on PTP1B action. This assay has reported for the first time the inhibitory activities of 
demethoxycurcumin (2) and bisdemethoxycurcumin (3) against PTP1B. 

Regarding to α-glucosidase inhibitory experimental assay, acarbose and curcumins (1‒3) were 
tested using α-glucosidase enzyme from rat intestinal tract. In this assay, acarbose displayed a similar 
inhibitory IC50 value (147.2 ± 1.0 μM) toward α-glucosidase [22]. Furthermore, curcumin (1) 
potentially inhibited the action of α-glucosidase with an IC50 value of 78.2 ± 0.2 μM, almost two times 
stronger than acarbose. Demethoxycurcumin (2) showed an IC50 value of 82.4 ± 0.8 μM and 
bisdemethoxycurcumin (3) showed less activity than 1 and 2, with an IC50 value of 90.6 ± 1.0 μM. 
Similar aspect with PTP1B enzyme, the inhibitory effect of curcumins 1‒3 against α-glucosidase was 
also decreased by the demethoxylation in the curcuminoid structure. This leads to suggest that 
methylation or methoxyl substitution in the design and synthesis of curcumin analogs may be a key 
for the search and development of α-glucosidase inhibitory agents. 

A published result reported that curcumin (1) exhibited a mild inhibition effect on α-glucosidase 
through a competitive inhibition mechanism with its IC50 value of 20.54 ± 1.02 mg/mL [32]. Du et al. 
studied the inhibition of natural curcumins and the synthetic curcumin analogs on α-glucosidase 
enzyme. However, only natural bisdemethoxycurcumin (3) showed inhibitory activity with an IC50 
value of 23.0 μM against α-glucosidase [33], while the inhibitory effects of curcumin (1) and 
demethoxycurcumin (2) were ambiguously mentioned. Another report demonstrated the inhibition 
of curcumin (1) and other curcuminoids on enzymatic α-glucosidase activity. But, their inhibitory 
effects were moderate at 50 μg/mL and at mM level [34,35]. In our experimental assay, α-glucosidase 
enzyme was obtained from rat intestine and the positive control acarbose showed a stable IC50 value 
[22]. Consequently, the result obtained in this study was accurate and reachable. And that the 
inhibitory activity of demethoxycurcumin (2) on α-glucosidase enzyme has first reported. 
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2.2. Computational Studies 

In this study, DFT and MD were the two utilized techniqs used to investigate the interaction 
between curcumins (1–3) and the targeted protein (3W37, 3AJ7 and PTP1B). Figure 4 shows the 
geometrically optimized structures of compounds 1–3 and Figure 5 shows the HOMO and LUMO 
frontier molecular orbitals, Table 3 listed the related quantum parameters for these compounds. 
These compound structures are identical, compounds 1, 2, and 3 contains -OH and C=O functional 
groups, the C=O bonds are ~1.21Å, whereas C-OH are 1.35 Å. These were reported to be highly 
conducive to polarity and solubility of the host compound [36,37], thus implying promising 
inhibitability towards protein molecules based on polar interactions with highly polarized amino 
acids. Moreover, these compounds are suitable for intermolecular inhibition suggested by bonding 
analysis on frontier molecular orbitals. As shown in Figure 5, the large lobes of the HOMO and 
LUMO are both mainly located on the aromatic ring, with O (C=O bonds), O (-OH group), C (C=C-C 
bonds). This is indicated that to uphold electron-transferring interactability, the molecules are able to 
initiate intermolecular inhibition from certain approaching manners. In addition, the parameter 
values which calculated for these curcumins are not significantly differences. Particularly, the energy 
gaps (DEGAP) of curcumins (1–3) are -5.962, -5.724 and -5.717 eV, respectively. These obtained values 
are considered to be low values which may lead to chemical reactivity and inhibitory stability [38,39].  

 
(1) (2) 

 
(3) 

Figure 4. DFT calculation for structural optimization of curcumins 1–3 using basis M062X/6-
311+G(d,p). 

Table 3. Quantum chemical parameters of củcumins 1–3 calculated by Pop analysis at level M062X/6-
311+G(d,p) including HOMO energy (EHOMO), LUMO energy (ELUMO), energy gap (DEGAP); 
ionization potential (I); electron affinity (A); electronegativity (c); chemical potential (m). 

Compounds EHOMO (eV)ELUMO (eV)∆EGAP = ELUMO − EHOMO I=− EHOMOA = −ELUMO χ=(I+A)/2 
µ =−χ = 

−(∂E/∂N)v(r)

1 -7.298 -1.581 5.717 7.298 1.581 4.439 -4.439 
2 -7.298 -1.574 5.724 7.298 1.574 4.436 -4.436 
3 -7.525 -1.563 5.962 7.525 1.563 4.544 -4.544 
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 HOMO LUMO 

1 

  

2 

  

3 

  
Figure 5. HOMO and LUMO of curcumins 1–3 calculated by DFT using M062X/6-311+G(d,p). Red 
and green colours refer to the electron density deformation. 

The reason is thought to be that electrons of inhibitory molecules are easily activated and 
transferred to their surface, ready for intermolecular activities. Furthermore, electronegativity (c), or 
the chemical potential (m) in a negative value, could be considered as a reliable inhibition indicator 
since it presents an electron-attracting tendency. In principle, a higher electronegativity implies a 
stronger attraction of electrons towards the host molecule. Thus, these curcumins (1–3) seem 
promising for docking study. 

As the X-ray structure of PTP1B was not well characterized, we built a three-dimensional 
structure of PTP1B by homology modeling on the Swiss-Model webserver. It is commonly assumed 
that a good quality model is expected to have a score over 90% in the most favored regions [35]. 
Obtained data from Ramachandran plot showed that 98.27% amino acid residues of the PTP1B model 
located in the most favored regions (Figure 6A,B). In addition, the modeled structure of PTP1B was 
superimposed with three previously published crystal structure of PTP1B (Figure 6C). The sequence 
alignment between these models exhibit significant high identity (at least 96.98%), thus, this model 
could be considered as a liable model for further docking studies. 

  
(A) (B) 
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(C) 

Figure 6. (A) Swiss-Model of PTP1B; (B) Ramachandran plot analysis of the structure of PTP1B model; 
(C) An overlay of the ribbon diagrams of the PTP1B homology modeled structure (apricot) with three 
published crystal structure of PTP1B on Protein Data Bank (PDB entry: 1G7F-cyan; 1PXH-magenta; 
4Y14-green, respectively). The images were generated using Chimera 1.16. 

Amongst various docking softwares, AutoDock4 (AD4) is a non-commercial package that is 
recognized and used during the last ten years with about 6000 publicaitons. This is an useful tool to 
rapidly predict the binding affinity of ligands towards a specific protein/ targeted enzyme [41,42], 
thus, we chose AD4 to perform docking simulation. According to the ranking criteria of Autodock4, 
the negative value of docking energy express the binding affinity of the compound towards targeted 
receptor, this means that the value becomes more negative showing better binding affinity [41,43]. 

The binding site of targeted proteins are investigated using 3DLigandSite webserver 
(https://www.wass-michaelislab.org/3dlig) in which they are marked as site 1 (yellow), site 2 (cyan), 
site 3 (magenta), site 4 (blue) (Figure 7). Particularly, the key residues of each site are presented in 
Table 4. Emodin, ursolic acid and acarbose were selected as reference ligands. 

Binding sites of alpha-glucosidase 
protein (3W37) 

Binding sites of oligo-1,6-glucosidase 
protein (3AJ7) 

Binding sites of protein tyrosine 
phosphatase PTP1B 

 

Figure 7. Crystal structures of proteins 3W37, 3AJ7, and PTP1B with their binding sites by 
investigated curcumins: yellow (site 1), cyan (site 2), magenta (site 3), and blue (site 4). 

Table 4. Key residues of different binding site of 3W37, 3AJ7, and PTP1B proteins. 

Site Residues of 3W37 Residues of 3AJ7 Residues of PTP1B 

1 
Tyr360, Phe367, Pro395, Ile396, 

Leu397, Ile454, Phe457, 
Arg458, Ile463, Ile466 

Asp69, Tyr72, His112, Lys156, 
Ser157, Tyr158, Phe159, Leu177, 

Phe178, Gln182, Arg213, Asp307, 
Thr310, Ser311, Pro312, Leu313, 
Phe314, Arg315, Tyr316, His351, 
Asp352, Gln353, Glu411, Ile440, 

Arg442, Arg446 

Arg24, Ala27, Ser28, Asp29, 
Phe30, Pro31, Cys32, Lys36, 
Asp48, Val49, Phe52, Ile219, 

Arg254, Arg257, Met258, 
Gly259, GLn262 

2 
Glu301, Tyr659, Thr662, 
Leu663, Asp666, Arg670, 

Ile672, Arg676, Ile697, Gly698, 

Val369, Ile370, Lys373, Pro488, 
Asn489, Ser490, Asn493, Phe494, 
Glu497, Leu561, Glu562, Phe593, 

Ala35, Lys36, Leu37, Pro38, 
Asn40, Lys41, Asn44, Arg45, 
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Arg699, Gly700, Ile701, Ile754, 
Asn758, Ile759, Val760, Ala761, 

Thr790, Gly&91, Glu792 

Gly564, Asn565, Tyr566, Pro567, 
Lys568, Val571 

Tyr46, Arg47, Asp48, 
Val49,Ser50  

3 

Tyr319, Pro658, Tyr661, 
Gln763, Arg773, Phe777, 
Leu793, Phe794, Leu795, 

Asp796, Trp841 

Lys156, Ser157, Tyr158, Phe159, 
Gly160, Gly161, Asp233, Asn235, 
Ser236, Thr237, Trp238, Ser311, 

Leu313, Phe314, Asn317, Asn415, 
Ala418, Ile419, Glu422, His423, 

Glu428, Glu429, Lys432 

Leu71, Lys73, Met74, Glu75, 
Ala77, Gln78, Arg79, Ser80, 

Ser203, Leu204, Ser205, 
Pro206, His208, Gly209, 
Pro210, Val211, Leu233, 

Lys237 

4 

Tys331, Arg332, Asp333, 
Ile358, Asp359,Tyr360, Met361, 

Asp362, Ala363, Phe364, 
Asp370, His373, Phe374, 

Arg629 

Lys, Trp15, Asn259, Ile262, 
Glu271, Ile272, Met273, Thr274, 
Tyr289, Thr290, Ser291, Ala292, 

Arg294, His295, Glu296, Leu297, 
Ser298, Asp341, Cys342, Trp343 

Lys73, Met74, Glu75, Glu76, 
Ala77, Thr230, Leu234, 
Lys248, Val249, Glu252, 

Lys255, Phe256 

Obtained data showed that all the binding sites are constituted from a larger number of different 
amino acids, thus, they are assumed as highly conductive to peripheral interactions. Considering α-
glucosidase protein (PDB ID: 3W37), a total of 21 amino acids were detected in site 2 binding region 
which is significantly higher than the other sites. The docking score also proved this is the most 
suitable site for curcumin compounds given the lowest value of binding free energy (varying from -
6.99 to -12.36 kcal/mol) (Table 6). In terms of 3AJ7, site 1 and 3 also expected to be favorable for 
inhibitors to form interaction based on their dominant in the numbers of constitute residues. Docking 
analysis has pointed out that site 3 provide the highest binding affinity towards studied ligands, 
especially curcumin compounds (varying from -9.99 to -10.65 kcal/mol). Regarding protein PTP1B, 
all the detected binding sites showed no noticeable differences in the number of in-pose amino acids. 
In this case, docking score revealed that site 3 is the most preferential region for inhibitors to bind 
with (varying from -8.09 to -12.75 kcal/mol).  

Table 5. Docking score of studied compounds on 3W37, 3AJ7 and PTP1B proteins. 

Compounds 
3W37 3AJ7 PTP1B 

Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 Site 4 

1 -4.49 -12.36 -8.38 -7.42 -9.98 -9.09 -10.65 -8.51 -7.47 -8.06 -9.57 -8.12 
2 -5.29 -12.16 -7.50 -7.42 -9.80 -9.06 -9.99 -9.58 -6.85 -7.87 -8.93 -7.49 
3 -6.43 -11.14 -7.63 -6.42 -9.04 -7.76 -10.60 -9.90 -6.47 -8.27 -8.09 -7.52 

Emodin -4.65 -6.99 -6.25 -5.83 -7.53 -7.16 -7.90 -7.74 -6.03 -7.07 -11.31 -5.51 
Ursolic acid -5.27 -7.36 -3.70 -6.20 -8.81 -8.01 -7.68 -8.80 -7.43 -7.28 -12.37 -5.98 

Acarbose -6.61 -12.22 -6.06 -12.78 -13.15 -12.46 -12.72 -13.24 -12.22 -8.60 -12.75 -10.59 

Table 6. Interaction analysis between studied compounds (curcumins 1–3) and 3W37, 3AJ7 and 
PTP1B targeted proteins. 

Compounds 

3W37 3AJ7 PTP1B 

H-bond 
Van der Waals 

interaction 
H-bond 

Van der Waals 

interaction 
H-bond 

Van der Waals 

interaction 

1 

Thr299, 
Arg676, 
Arg699 

Glu301, Asp666, 
Arg670, Ile672, 
Phe680, Thr681 

Gly161, 
Asn235, 
Asn317 

Lys156, Tyr158, 
Asp233, Phe314, 
Arg315, Tyr316, 

Glu411 

Lys73, 
Gln78, 
Leu204 

Arg79, Ser80, 
Ser203, Gly209, 
Pro210, Val211 

2 

Arg670, 
Arg676, 
Arg699, 

Ile759, Arg814 

Tyr659, Glu792 
Gly161, 
Asn235, 
Asn317 

Tyr158, Glu429, 
Lys432 

Glu75, 
Gln78, 
Leu204 

Lys73, Arg79, 
Ser80, Ser205, 

Pro206, Gly209, 
Pro210 
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3 

Arg676, 
Arg699, 

Ile759, Glu792 
Glu301, Tyr659 

Gly161, 
Asn317 

Phe314, Ile419 
Met74, 
Glu75, 
Leu204 

Lys73, Arg79, 
Ser80, Pro210 

The detailed docking simulation interaction of curcuminoid compounds (1–3) are summarized 
in Table 7. Overall, all curcumins (1–3) exhibit the most inhibitory effect toward α-glucosiase (PDB 
ID: 3W37) than the others. The most negative values of binding free energies were recorded for 
curcumin (1), demethoxycurcumin (2) and bisdemethoxycurcumin (3) as -12.36, -12.16 and -11.14 
kcal/mol, respectively. The reference ligand, acarbose, was recorded to exhibit high affinity toward 
this protein with dock score of -12.22 kcal/mol. This ranking were highly correlate with experimental 
data since the IC50 of tested compounds were: compound 1 (78.2 ± 0.2 μM), compound 2 (82.4 ± 0.8 
μM), compound 3 (90.6 ± 1.0 μM), acarbose (147.2 ± 1.0 μM). As reported in previous study [22], 
Arg676 was assumed to display important role in the functional of α-glucosidase (3W37). Interaction 
formed with this residue seem to induce sevear conformational changes on the enzyme PTP1B, thus, 
causing loss of its normal functionality. Obtained data proved that, all three studied ligands form H-
bond with Arg676, particularly, the number of hydrogen bonds formed between 3W37 and curcumin 
compounds (1–3) were 3, 5 and 4, respectively. Additionaly, their interaction were further strengthen 
through Van der Waals bonding (Figure 8). In terms of oligo-1,6-glucosidase protein (PDB ID: 3AJ7), 
although the experiments are not included in this study, docking simulation were conducted to gain 
better insight regarding mechanism of action of studied compounds towards this protein since it is a 
well-known drug target for diabetes treatment. Initially, docking conformation analysis revealed that 
residue Asn317 is assumed to play an important role in the fuction of this protein. This hypotheses 
would need further experiment to validate the inhibitory mechanism of action. Regarding PTP1B 
protein, the dock score ranking of studied ligands (ursolic acid > emodin > 1 > 2 > 3) showed high 
correlation with experiment-based assay result on PTP1B inhibition, in which the IC50 value are: 
ursolic acid (4.3 ± 0.4 μM), emodin (7.6 ± 0.1 μM), compound 1 (37.8 ± 1.4 μM), compound 2 (45.3 ± 
0.7 μM) and compound 3 (72.6 ± 1.1 μM). Dock pose analysis showed that amino acid Leu204 
participated in forming hydrogen bonds with all the studied curcumin compounds within the site 3 
binding region. Therefore, this residue might play a key role in the development of potential 
compounds to inhibit the function of this protein. 

(A) (B) (C) 
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(D) 
 

(E) (F) 

(G) (H) 
 

(I) 

Figure 8. Docking pose of compounds 1−3 in the most active binding site of protein targets, suggested 
by molecular docking studies. (A) Compound 1 dock with 3W37; (B) Compound 2 dock with 3W37; 
(C) Compound 3 dock with 3W37; (D) Compound 1 dock with 3AJ7; (E) Compound 2 dock with 3AJ7; 
(F) Compound 3 dock with 3AJ7; (G) Compound 1 dock with PTP1B; (H) Compound 2 dock with 
PTP1B; (I) Compound 3 dock with PTP1B. 

3. Materials and Methods 

3.1. General Experimental Procedures  

1H-NMR (600 MHz) and 13C NMR (150 MHz) were measured on a Bruker AVANCE 600 
spectrometer. MS was obtained from Single Quadrupole LC/MS system of Agilent. Silica gel (Si 60 
F254, 230-400 mesh, Merck) was used for open column. Thin layer chromatography was used for 
analytical purposes using silica gel and RP 60 F254 plates. HPLC was carried out using an Agilent 1260 
HPLC system with a DAD detector and an XDB-C18 column and all purified solvents with analytical 
grade were from Fisher Scientific Korea Ltd. 

3.2. Plant Material 

The root parts of C. longa were collected in 2019 at Bac Kan province, Vietnam. The sample was 
identified by Dr. Nguyen Quoc Binh (Vietnam National Museum of Nature, VAST, 18-Hoang Quoc 
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Viet, Cau Giay, and Hanoi, Vietnam). A voucher specimen (CL-BK) was deposited at the Vietnam 
National Museum of Nature, VAST. 

3.3. Extraction and Isolation 

The root parts of C. longa (1.4 kg) was cut into small pieces and dried before extracted with 

MeOH (5 L x 3 time) at 45ºC using sonication for 10 h. After removing the solvent under reduced 
pressure, the residue (65.4 g) was excessively fractionated with n-hexane and EtOAc to give the n-
hexane fraction (16 g) and EtOAc (11 g), respectively. The EtOAc fraction (10 g) was directly 
chromatographed on an open silica gel column (5.0 × 80 cm; 63−200 µm particle size, Merck) using a 
stepwise gradient of n-hexane/EtOAc (from 20:1 to 0:1) to give twelve combined fractions (CL-1 to 
CL-12) according to their TLC profiles. Fraction CL-3 was directly purified by Agilent 1260 HPLC 
system using an Optima Pak_C18 column (10 × 250 mm, 10 μm particle size), eluted with an isocratic 
solvent system of ACN:MeOH (25:35%, v/v) in H2O + 0.1% formic acid (flow rate 2 mL/min) over 30 
min, UV detection at 428 nm, resulted in the isolation of compounds 1 (88.4 mg; tR = 19.34 min), 2 
(21.5 mg; tR = 20.88 min), and compound 3 (28.3 mg; tR = 22.43 min), respectively. 

3.4. Spectral and Physical Data of Isolates 

Curcumin (1): Yellow crystal; ESI-MS m/z 369.1 [M+H]+ (C21H21O6); 1H NMR (600 MHz) and 13C 
NMR (150 MHz) spectroscopic data measured in acetone-d6, see Table 1. 

Demethoxycurcumin (2): Yellow crystal; ESI-MS m/z 339.2 [M+H]+ (C20H19O5); 1H NMR (600 
MHz) and 13C NMR (150 MHz) spectroscopic data measured in acetone-d6, see Table 1. 

Bisdemethoxycurcumin (3): Yellow crystal; ESI-MS m/z 309.1 [M+H]+ (C19H17O4); 1H NMR (600 
MHz) and 13C NMR (150 MHz) spectroscopic data measured in acetone-d6, see Table 1. 

3.5. Inhibitory Assay on PTP1B 

PTP1B enzyme was obtained from Biomol International LP, Plymouth Meeting, Pennsylvania, 
PA, USA, and the experimental assay was performed similar with previous method [22]. 

3.6. Inhibitory Assay on α-Glucosidase 

The α-glucosidase enzyme was from rat intestine and the detailed assay procedure was 
performed with the same method as described previously [22].  

3.7. Molecular Docking Studies 

MarvinSketch version 19.27.0 and PyMOL version 1.3r1 were used for preparation of 3D 
structure of curcumins (1−3) and quantum properties were analyzed by DFT. The Gaussian 09, 
revision E.01 program was used for all calculations [39]. Geometry optimization and frequency 
calculations of all structures, transition states (TSs), intermediate species, and products were 
conducted at the M06-2X functional and 6-311+G(d,p) basis sets without symmetry constraint [40,41]. 
All single-point calculations were performed at the same level of theory. The PDB entries chosen for 
docking studies 3W37 (alpha-glucosidase protein) [42], 3AJ7 (oligo-1,6-glucosidase protein) [43] were 
downloaded from the Protein Data Bank archive. The amino acid sequence of PTP1B enzyme was 
determined and its information was published at UniProtKB, archived under entry ID: UniProtKB-
A0A0U1XP67. The crystal structure of PTP1B was built and validated using Swiss-Model webserver 
(http://swissmodel.expasy.org). The Graphical User Interface program named Autodock Tools 1.5.6 
(ADT) was employed to set up input data. The location and dimensions of the grid box for each 
protein were chosen such that they incorporate the amino acid domain involved in binding with the 
reference compound, which was enclosed in a box with the number of grid points in x × y × z 
directions and a grid spacing of 0.375 Å. The detailed coordinate of grid box parameters are presented 
in Table 8. 
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Table 8. Detail grid box parameters for each binding site of targeted proteins. 

Site 3W37 3AJ7 PTP1B 

Grid box center 

 x y z x y z x y z 
1 -2.783 -20.139 -14.192 16.920 -10.869 19.269 -27.669 40.981 -8.880 
2 16.542 -28.867 -41.997 28.176 16.748 -0.427 -23.809 30.047 -16.569 
3 8.457 -41.335 -37.723 15.262 -21.012 13.686 -34.929 32.542 9.157 
4 -13.147 -11.244 -19.031 12.365 10.215 30.416 -34.929 42.799 5.639 

Grid box size 
 x y Z x y Z x y Z 

1 50 55 50 74 64 70 66 55 50 
2 68 52 70 50 60 55 60 40 40 
3 55 55 55 60 60 60 60 68 55 
4 55 50 65 60 60 60 55 50 50 

4. Conclusions 

A fast and accurate HPLC method was built to purify three curcuminoids [curcumin (1), 
demethoxycurcumin (2), and bisdemethoxycurcumin (3)] from C. longa. Their structure were 
characterized by NMR spectra analyses and comparing with published values. Curcumins 1–3 
potential inhibited PTP1B enzyme with IC50 values from 37.8 to 72.6 μM, and α-glucosidase enzyme 
(IC50 values from 78.2 to 90.6 μM). Compound 1 bearing two methoxy groups possessed the most 
inhibition on both enzymatic assay (IC50 of 37.8 ± 1.4 and 78.2 ± 0.2 μM against PTP1B and α-
glucosidase, respectively), while compound 2, with loss of one methoxy group in its structure, 
showed less inhibition than 1 with IC50 of 45.3 ± 0.7 (PTP1B) and 82.4 ± 0.6 (α-glucosidase) μM. Finally, 
compound 3 with bisdemethoxylation moderately exhibited the IC50 values of 72.6 and 90.6 μM, 
respectively. This result may suggest that the demethoxylation in curcuminoid structure may be 
responsible for the decrease of inhibitory activities against PTP1B and α-glucosidase of these 
compounds. 

In addition, docking simulation and experimental assay data are highly correlation showing the 
most negative values of binding free energies were recorded for curcumins (1–3) as -12.36, -12.16 and 
-11.14 kcal/mol, respectively toward PDB ID: 3W37 protein. In case of PTP1B protein, the dock score 
ranking of studied ligands (ursolic acid > emodin > 1 > 2 > 3) showed high correlate with experiment 
result, in which the IC50 value are: ursolic acid (4.3 ± 0.4 μM), emodin (7.6 ± 0.1 μM), compound 1 (37.8 
± 1.4 μM), compound 2 (45.3 ± 0.7 μM) and compound 3 (72.6 ± 1.1 μM). Dock pose analysis showed 
that amino acid Leu204 might play a key role in the development of potential compounds to inhibit 
the function of this protein due to the forming hydrogen bonds by Leu204 with all the studied 
curcumins (1–3) at the site 3 binding region. To date, curcumin (1), demethoxycurcumin (2), and 
bisdemethoxycurcumin (3) have been investigated both in vitro and in silico for their inhibition on 
PTP1B and glucoside hydrolase enzymes for the first time. 
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