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ABSTRACT
Type 2 diabetes mellitus (T2DM) and cancers are two globally prevalent diseases which can increase the 
incidence of each other. Intestinal α-glucosidase and β-glucuronidase are key targets for glycaemic control 
and chemotherapy detoxification, respectively. This study first found that the leaf methanol extract of 
Millettia pachycarpa displayed dual inhibition to the two enzymes. The dually active constituents were then 
isolated and identified as two prenylated isoflavones of 6,8-diprenylorobol and 6,8-diprenylgenistein. 
Diprenylorobol exhibits competitive inhibition to both the two enzymes with Ki values of 21.6 μM 
(α-glucosidase) and 1.41 μM (β-glucuronidase). Diprenylgenistein is an uncompetitive inhibitor of 
α-glucosidase (Ki = 11.4 μM) but a competitive inhibitor of β-glucuronidase (Ki = 1.69 μM). Molecular docking 
studies showed that both the two isoflavones tightly bind into the active pockets via various hydrogen 
bonds and hydrophobic interactions. In summary, the current study identifies two promising dual inhibitors 
of α-glucosidase and β-glucuronidase from the leaves of Millettia pachycarpa.
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Introduction

Type 2 diabetes mellitus (T2DM) is becoming more and more prev-
alent worldwide, with a 50% surge in incidence over three decades 
over the past three decades according to global burden of disease 
data1. Epidemiologically, T2DM is linked to increase the incidence 
of malignancies, including liver, pancreatic, endometrial, colorectal, 
and breast cancers2,3. Therefore, there has been growing interest in 
repurposing anti-diabetic drugs (e.g. metformin) in treatment of 
cancers4,5. Meanwhile, emerging evidences have indicated that can-
cer survivors are also at an increased risk of developing subsequent 
diabetes6,7. Irinotecan, a cornerstone for solid tumours, induces 
severe delayed diarrhoea in most of patients across treatment 
cycles, often necessitating treatment discontinuation, dose reduc-
tion, and escalated healthcare costs8–10. Therapeutically, dual-target 
agents addressing both metabolic dysregulation and chemotherapy 
toxicity hold promising potential.

Glycosidases represent two key targets for treatment of T2DM 
and chemotherapy induced toxicities, respectively. α-Glucosidase 
(E.C.3.2.1.20, α-GUS) modulates postprandial hyperglycaemia via 
oligosaccharide hydrolysis, while gut microbial β-glucuronidase 
(E.C.3.2.1.31, β-GUS) releases SN-38 (irinotecan’s toxic metabolite) 
through deglucuronidation11,12. Clinically approved α-GUS inhibi-
tors (acarbose and miglitol) delay glucose absorption, whereas 
β-GUS inhibitors (e.g. baicalin) reduce gastrointestinal exposure of 
SN-3812–15. Therapeutically, dual inhibition of α- and β-GUS could 
synergistically address T2DM-cancer comorbidities, surpassing 
single-target limitations.

Medicinal plants have long been used as alternative medicine 
in treating T2DM and chemotherapeutic toxicity. A variety of nat-
urally occurring chemicals have been reported to be potent inhib-
itors of α-GUS or β-GUS12,16,17. Particularly, several flavone chemicals 
(e.g. baicalein and quercetin) were demonstrated to be dual inhib-
itors of the two enzymes18,19. Encouraged by these findings, this 
study was conducted to screen a variety of plants in hopes of dis-
covery of dual inhibitors of α-GUS and β-GUS. We first found that 
the methanol leaf extracts of Millettia pachycarpa Benth (LMP) dis-
play inhibition towards both the two enzymes. Then, this study 
characterised the main active components in LMP, kinetically 
determined the inhibition type and inhibitory potentials, and fur-
therly exploring possible structural mechanism behind dual inhibi-
tion of α-GUS and β-GUS. It is hoped that the results of this study 
will be helpful in comorbid diabetes-chemotherapy management, 
as well useful in development of new naturally occurring dual 
inhibitors.

Materials and methods

Chemicals, enzymes, and reagents

The leaves of Millettia pachycarpa Benth, Zephyranthes candida, 
Prunus subg. Cerasus sp., Cerasus spp., Elephantopus scaber L., 
Artemisia lactiflora Wall. ex DC., Cassia tora Linn., Ipomoea batatas 
Lam., Plantago depressa Willd., Lagenaria siceraria (Molina) Standl., 
Hibiscus syriacus L., Bauhinia purpurea L., Litchi chinensis Sonn., 
Ophiopogon japonicus, Ziziphus jujuba Mill., Quisqualis indica L., 
Cucurbita moschata (Duch. ex Lam.) Duch. ex Poiret, Hibiscus  
mutabilis L., Eremochloa ciliaris (L.) Merr., and Ligustrum lucidum  
Ait. used in this study were obtained from Luzhou, China. 
4-Nitrophenyl-α-d-glucopyranoside (PNPG) was obtained from 
Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, 
China). 4-Methylumbelliferyl-β-d-glucuronide (4-MUG) was obtained 
from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). 

4-Methylumbelliferone (4-MU) was purchased from Shanghai Titan 
Scientific Co., Ltd. (Shanghai, China). S. cerevisiae α-GUS, E. coli 
β-GUS, and PNP and acarbose were purchased from Sigma-Aldrich 
(St. Louis, MO). d-Saccharic acid 1,4-lactone (DSL) was purchased 
from Target Molecule Corp. (Wellesley Hills, MA). 6,8-Diprenylorobol 
(DPL) and 6,8-diprenylgenistein (DPG) were isolated and prepared 
from the extract of LMP. All reagents and solvents are of analytical 
or chromatographic grade. Based on analysis results by HPLC-UV, 
the purities of these compounds are all above 95% (Figs. S1 
and S2).

Preparation of methanol plant extracts

The fresh leaves of plants were first dried and then ground into 
powder. The plant materials were immersed in methanol for 
30 min, followed by ultrasonic extraction for another 30 min. The 
filtered extracts were then combined and concentrated by using a 
rotary evaporator at 40 °C to obtain the crude extracts, which were 
subsequently dissolved in methanol as stock solution (25 mg/mL) 
for α-GUS and β-GUS inhibition screening.

α-GUS inhibition assay

The incubation mixture was composed of PBS buffer (pH 6.8, 
100 mM), α-GUS (0.1 U/mL), and PNPG in the presence or absence 
of different concentrations of inhibitors. To perform an accurate 
inhibition evaluation, preliminary kinetic assays were first con-
ducted for the probing reaction. For PNPG hydrolysis by α-GUS, 
the Km and Vmax values were 537  ±  76 μM and 1.05  ±  0.03 μmol/
min/U, respectively. Therefore, 500 μM PNPG (a value closed to the 
Km value) was used in inhibition screening and IC50 determinations, 
while 200–1500 μM PNPG (covering the Km value) were used in 
inhibition constant determinations. After preincubation with α-GUS 
at 37 °C for 10 min, PNPG was added to initiate the hydrolysis. 
After incubation at 37 °C for 20 min, 0.1  M NaOH (50 μL) was added 
to stop the reaction. The incubation mixtures were centrifuged at 
20  000  ×  g at 4 °C for 20 min. The supernatants (100 μL) were then 
transferred into the 96-well plates, and the absorption of the 
hydrolysis product PNP was read by microplate reader (BioTek 
Instruments, Inc., Winooski, VT) under the wavelength of 405 nm. 
Acarbose was used as a positive control inhibitor. The residual 
activity of α-GUS could be calculated by the following formula: 
residual activity (%)  =  (absorption of PNP in the presence of inhib-
itor)/absorption of PNP in the negative control (methanol 
only)  ×  100%.

β-GUS inhibition assay

Preliminary kinetic experiment assays demonstrated that the Km 
and Vmax values for 4-MUG hydrolysis by β-GUS were 102  ±  6 μM 
and 7.21  ±  0.10 μmol/min/mg, respectively. The incubation mixture 
was composed of PBS buffer (pH 7.4, 50 mM), β-GUS (5 ng/mL), and 
4-MUG (100 μM for inhibition screening; 50–2000 μM for inhibition 
constant determination) in the presence or absence of different 
concentrations of inhibitors. After incubation (200 μL) at 37 °C for 
40 min, the reactions were terminated by adding 50 μL acetonitrile. 
Then, the incubation mixtures were centrifuged at 20  000  ×  g at 
4 °C for 20 min to remove the protein. The supernatants (100 μL) 
were transferred into the 96-well plates. The fluorescence intensity 
of the hydrolysis product 4-MU was read by fluorescent microplate 
reader (BioTek Instruments, Inc., Winooski, VT) with the excitation/
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emission wavelength of 360/455 nm. DSL was used as a positive 
control inhibitor. The residual activity of β-GUS could be calculated 
by the following formula: residual activity (%) =  (fluorescence inten-
sity of 4-MU in the presence of inhibitor)/(fluorescence intensity of 
4-MU in the negative control)  ×  100%.

Chemical fingerprinting by LC-UV and fraction collection

Samples were analysed on a HPLC system (Agilent Technologies, 
Shanghai, China) consisting of a G7111A Quat pump VL, a G7129C 
Vialsampler autoinjector, a G7130A ICC heat exchanger, and a 
G7115A DAD WR detector to perform fingerprint analysis and LC 
fraction collection. The chromatographic separations were achieved 
using a C18 column (4.6 mm × 250mm, 5 μm, Lubex Kromasil) at a 
flow rate of 1 mL/min. The column temperature was set at 30 °C. 
The mobile phase consisted of acetonitrile (A) and water contain-
ing 0.1% phosphoric acid (B), eluted with a long gradient: 
0–15.0 min, 15–25% A; 15.0–25.0 min, 25–70% A; 25.0–39.0 min, 
70–95% A. The injection volume of the methanol plant extracts 
was set to 2.5 μL. In the range of 0–39 min, the LC fractions of 
methanol plant extracts were collected consecutively every 3 min. 
The collections were dried by dry nitrogen blower (LICHEN, 
LC-DCY-24G) and then redissolved in methanol to further deter-
mine the inhibitory effect to α-GUS and β-GUS.

Identification of α-GUS and β-GUS inhibitors in the leaves of 
Millettia pachycarpa Benth

The major constituents of the bioactive fractions (F6, F11) of LMP 
were carefully analysed by a LC–MS/MS system (Shimadzu 
Corporation, Kyoto, Japan), which includes a LC-30AD × 2 infusion 
pumps, a DGU-20A5 online degasser, a SIL-30AC automatic sam-
pling device, a CTO-20A column oven, a CBM-20A system controller, 
a Triple Quad tandem mass spectrometer, and a computer equipped 
with the LabSolutions software (ver. 5.85; Shimadzu, Kyoto, Japan). 
A Shim-pack C18 column (2.1  ×  50 mm, 3  µm; Shimadzu, Kyoto, 
Japan) was utilised for chromatographic separation with the col-
umn temperature of 40 °C. The mobile phase was (A) acetonitrile 
and (B) ultrapure water at a flow rate of 0.3 mL/min, with the fol-
lowing gradient: 0–20 min, 95% B to 5% B. The optimised spectro-
metric conditions were set as follows: the ion spray voltage, source 
temperature, and desolvation temperature were 3.5 kV, 400 °C, and 
200 °C, respectively. The flow rates of the atomising gas, heating 
gas, and drying gas were 2.5 L/min, 8.0 L/min, and 10.0 L/min, 
respectively. Collision energy was set at 35 eV in positive and nega-
tive ion mode. The 1H NMR (500 MHz) and 13C NMR (125 MHz) spec-
tra were measured on a Varian Unity INOVA 500 spectrometer using 
tetramethylsilane (TMS) as an internal standard. The chemical struc-
tures of the purified compounds were elucidated through nuclear 
magnetic resonance (NMR) and LC–MS/MS spectra.

Inhibition kinetic analyses

Kinetic analysis was conducted for the inhibition of DPL and DPG 
against α-GUS and β-GUS by using PNPG (200–2000) and 4-MUG 
(50–2000 μM) as the substrate, respectively. Various concentrations 
of DPL (0–45 μM) and DPG (0–120 μM) were employed in the incu-
bations. The Lineweaver–Burk and Dixon plots were drawn to 
determine the inhibition pattern of the tested inhibitor. The inhi-
bition constant (Ki) values were calculated via fitting the equations 
of competitive inhibition (1), non-competitive inhibition (2), 

uncompetitive inhibition (3), or mixed inhibition (4) into data. The 
goodness of fitting (R2) was used to validate the most appropriate 
type of inhibition mechanism.
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where V is the reaction rate; Ki is the inhibition constant, describ-
ing the affinity of the inhibitor to the enzyme; S and I are the 
concentrations of the substrate and the inhibitor, respectively; Vmax 
is the maximum velocity; Km is the substrate concentration at 
0.5 Vmax.

Molecular docking simulation

The crystal structure of β-GUS (PDB code: 3K4D) was obtained 
from Protein Data Bank. Since no experimental crystal structure of 
α-GUS is available, the structure was obtained from alpha fold 2 
(https://alphafold.ebi.ac.uk/entry/P07265)20,21. Water molecules 
were removed and non-polar hydrogen atoms were added to the 
protein structure in PyMOL 2.4. In docking assays with α-GUS, 
Asp69, Tyr158, Glu277, Thr310, Ser311, Arg315, Asp352, Glu411, 
and Arg442 in the active site were selected as the referring amino 
acid residues according to the previous study19. Since Glu 413 was 
demonstrated to be a key residue in catalysing hydrolytic reac-
tion22, it was used as the cantered residue in docking ligands into 
the active pocket of β-GUS. Docking results were obtained by 
AutoDock 4.2 with a size of 126  ×  126  ×  126  Å in the x-, y, and 
z-axis at grid spacing, respectively. The 3D models of Acarbose, 
DSL, DPL, and DPG were obtained from PubChem. Ligand was 
converted to pdbqt format in Open Babel 2.4.1 setting. Docking 
results were visualised and analysed using PyMOL 2.4.

Statistical analysis

All the incubations were performed in triplicate and the data are 
expressed as mean  ±  SD. The IC50 (half maximal inhibitory concen-
tration) and Ki values were calculated by the nonlinear regression 
analysis of GraphPad Prism 7.0 (San Diego, CA).

Results

Inhibition screening of leaf extracts towards α-GUS and β-GUS

The methanol extracts of 20 plants (100 μg/mL) were evaluated for 
their inhibition activities towards α-GUS and β-GUS. It can be seen 
from Figure 1 that the activities of the two enzymes were both 
inhibited by the extract of LMP, with the residual activities of 
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45.67% (α-GUS) and 7.00% (β-GUS). Further inhibition assays indi-
cate that the methanol extract of LMP could dose-dependently 
reduce activities of α-GUS and β-GUS with IC50 values of 
98.80  ±  9.53 μg/mL and 16.01  ±  1.98 μg/mL, respectively (Figure 2). 
These results strongly suggest that the methanol extract of LMP 
contains naturally occurring α-GUS and β-GUS inhibitors.

Identification of α-GUS and β-GUS inhibitors from LMP

In order to discover the naturally occurring inhibitors from LMP, 
the extract was first separated into 13 fractions by HPLC (Figure 3). 
The eluted fractions were collected, concentrated, and evaluated 

for their inhibiting activities towards α-GUS and β-GUS. As illus-
trated in Figure 3(B), fractions 6 and 11 exhibited potent inhibition 
towards α-GUS, reducing residual enzyme activity to below 50%, 
while other fractions showed minimal inhibitory effects. For β-GUS, 
fractions 6, 7, 10, 11, and 12 reduced enzymatic activity to below 
50% of control levels, whereas fractions 2 and 13 demonstrated 
mild stimulatory effects, and remaining fractions exerted negligi-
ble effects. Of the tested fractions, only fractions 6 and 11 dis-
played dual inhibition towards the two glycosidases. In the MS/MS 
spectra, fraction 6 displayed molecular ion peaks at m/z 423.2 
(negative-ion mode) and 424.2 (positive-ion mode) (Fig. S3), while 
fraction 11 exhibited peaks at m/z 407.2 (negative-ion mode) and 
405.2 (positive-ion mode) (Fig. S4). After comparing the NMR  

Figure 1.  Inhibition of α-GUS and β-GUS by methanol extracts (100 μg/mL) of leaves of 20 plants. Data represent the mean residual activities of the triplicate deter-
minations. A1: Zephyranthes candida; A2: Prunus subg. Cerasus sp.; A3: Cerasus spp.; A4: Elephantopus scaber L.; A5: Artemisia lactiflora Wall. ex DC.; B1: Cassia 
tora Linn.; B2: Ipomoea batatas (L.) Lam.; B3: Plantago depressa Willd.; B4: Lagenaria siceraria (Molina) Standl.; B5: Hibiscus syriacus L.; C1: Bauhinia purpurea L.; 
C2: Litchi chinensis Sonn.; C3: Ophiopogon japonicus; C4: Ziziphus jujuba Mill.; C5: Quisqualis indica L.; D1: Cucurbita moschata (Duch. ex Lam.); D2: Hibiscus 
mutabilis L.; D3: Eremochloa ciliaris (L.) Merr.; D4: Ligustrum lucidum Ait.; D5: Millettia pachycarpa Benth.

Figure 2. D ose-dependent inhibition of α-GUS and β-GUS by the methanol extracts of leaves of Millettia pachycarpa Benth (LMP). Data points represent the mean 
residual activities of the triplicate determinations, and error bars are the calculated SD values.
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(Figs. S5 and S6) with the reported phytochemical studies22,23, the 
key constituents in fractions 11 and 6 were characterised as DPL 
and DPG (Figure 4), respectively. It is anticipated that DPL and 
DPG may both act as dual inhibitors of α-GUS and β-GUS.

Inhibition of α-GUS and β-GUS

In a similar way to the methanol extract of LMP, DPL and DPG 
could both dually inhibit α-GUS and β-GUS in a dose-dependent 
manner (Figure 5). Figure 5 also indicates that DPL and DPG both 
display stronger inhibition than the positive control inhibitors (DSL 
and acarbose). The IC50 values for inhibition of α-GUS by DPL and 
DPG were dozens of μM, while the values for inhibition of β-GUS 
were just a few μM (Table 1). Consistently, the leaf extract also 
displayed stronger inhibition to β-GUS than to α-GUS (Table 1). 
Based on these results, it can be concluded that DPL and DPG are 
responsible for dual inhibition of α-GUS and β-GUS by the 
extract of LMP.

Kinetic analyses for inhibition of α-GUS and β-GUS

To get a more accurate evaluation of the inhibitory potency, kinetic 
analyses were performed to obtain information related to inhibi-
tion types and the corresponding Ki values. With respect to inhibi-
tion of α-GUS, the Lineweaver–Burk plot (1/v vs. 1/[PNPG]) indicates 
that DPL shows competitive inhibition that is consistent with the 
Dixon plot (1/v vs. [DPL]) (Figure 6(A)). Nonlinear regression analy-
sis confirms that DPL inhibits the enzyme obeying competitive 
inhibition model (Equation (1), R2  =  0.96) with the Ki value calcu-
lated to be 21.6  ±  2.3 μM. As can be seen from Figure 6(B), DPG 
acts as an uncompetitive inhibitor which is different from DPL. The 
Ki value was calculated to be 11.4  ±  2.2 μM via fitting data into the 
uncompetitive inhibition model (Equation (3), R2  =  0.98).

With respect to inhibition of β-GUS, the linear kinetic plots 
(Figure 7) lead to a conclusion that DPL and DPG act as a com-
petitive and non-competitive inhibitor, respectively. Fitting 
kinetic data into competitive inhibition model (Equation (1), DPL) 
and non-competitive inhibition model (Equation (2), DPG) yield 

Figure 3. LC -UV fingerprinting of the leaves of Millettia pachycarpa Benth extract (A); inhibition of α-GUS and β-GUS by the LC fractions (F1–F13) collected at 3 min 
intervals (B). Each data column and error bar represent as the mean and SD of triplicate determinations. Methanol was used as the negative control (CTR).

Figure 4. M olecular structures of 6,8-diprenylorobol (DPL) and 6,8-diprenylgenistein (DPG).

https://doi.org/10.1080/14756366.2025.2501041
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Ki values of 1.41  ±  0.18 μM (R2  =  0.96) and 2.62  ±  0.10 μM 
(R2  =  0.99), respectively. It is demonstrated that DPL is more 
effective in inhibiting β-GUS.

Molecular docking simulations

In order to decipher structural mechanism for dual inhibition of 
α-GUS and β-GUS, docking analyses were conducted for DPL and 
DPG (as well as the positive control inhibitors), respectively. The 
results revealed that DPL and DPG could interact with the amino 
acid residues in the catalytic cavities of both the two enzymes. 
The binding energies for DPL and DPG bound to α-GUS were 
−9.41 kcal/mol and −8.85 kcal/mol, while the energy for acarbose 
bound was −5.13 kcal/mol. The control docking suggests that 

acarbose can form 10 hydrogen bonds with six amino residues, 
including Phe157, His239, Glu304, Thr307, Pro309, Phe310, and 
Arg312 (Figure 8(A)). As shown in Figure 8(B,C), the skeletal struc-
ture of isoflavone (A and B rings) can form various hydrogen 
bonds and hydrophobic interactions with multiple amino acid res-
idues in the active pocket. The two prenyl groups can form addi-
tional hydrophobic interactions with the amino acid residues. 
Interestingly, there is no hydrogen bond formation with C7-OH in 
the “A ring”, and the presence of C5-OH even results in unfavour-
able donor–donor interaction. In contrast, both C3′-OH and C4′-OH 
in the C ring are favoured by α-GUS binding the two prenylated 
isoflavones.

Docking analysis indicates that the binding energies for DPL 
and DPG bound to β-GUS are −6.99 and −7.09 kcal/mol, while the 
energy for DSL bound was −3.39 kcal/mol. As shown in Figure 9(A), 
the known inhibitor DSL can form eight hydrogen bonds with 
eight amino acid residues, including Asp163, Asn412, Glu413, 
Asn466, Tyr472, Trp549, Arg562, and Asn566. Figure 9(B,C) indi-
cates that the two prenyl groups contribute significantly to DPL 
and DPG bound via hydrophobic interactions. Figure 9(B,C) also 
indicates that multiple amino acid residues (Asp163, Leu361, 
Tyr472, Arg562) are shared by the two inhibitors. It is additionally 
demonstrated that Glu413, a key residue in catalysing hydrolytic 
reaction, involves in interaction with DPL and DSL other than DPG. 
There is no interaction between C7-OH with the activity pocket of 
β-GUS, which resembles interactions with α-GUS.

Discussion

It has been documented that T2DM and malignancies can increase 
the incidence of each other. This pathophysiological interplay 

Figure 5. D ose-dependent inhibition of α-GUS (A) and β-GUS (B) by DPL, DPG, and the positive control inhibitors (acarbose and DSL, respectively). Each data point 
and column represent as the mean of triplicate determinations, and the error bars are the calculated SD values.

Table 1.  IC50 and Ki values for the inhibition of α-GUS and β-GUS by the meth-
anol extract of leaves of Millettia pachycarpa Benth, 6,8-diprenylorobol (DPL), 
6,8-diprenylgenistein (DPG), and the known positive inhibitors (acarbose and 
DSL).

Inhibitors Enzyme Substrates IC50 Ki (μM) Inhibition type

Extract α-GUS PNPG 98.8  ±  9.5 NA NA
β-GUS 4-MUG 16.0  ±  2.0 NA NA

DPL α-GUS PNPG 29.0  ±  4.4 21.6  ±  2.3 Competitive
β-GUS 4-MUG 3.89  ±  0.25 1.41  ±  0.18 Competitive

DPG α-GUS PNPG 60.6  ±  10.3 11.4  ±  2.2 Un-competitive
β-GUS 4-MUG 4.05  ±  0.16 2.62  ±  0.10 Non-competitive

Acarbosea α-GUS PNPG 215  ±  20 ND ND
DSLa β-GUS 4-MUG 55.0  ±  7.6 ND ND

NA: not applicable; ND: not determined.
aPositive control inhibitors.
IC50 values for leaf extract are in μg/mL, while the values for the other inhibitors 

are in μM.
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highlights the therapeutic value of dual-targeting therapies that 
simultaneously address both diseases. Notably, α-GUS is a 
well-established pharmacological target for T2DM management, 
whereas β-GUS activity has been implicated in aggravating 
chemotherapy-induced gastrointestinal toxicity. While α-GUS inhib-
itors are clinically approved for blood glucose regulation, β-GUS 
inhibitors are active in mitigating adverse gastrointestinal effects 
associated with specific chemotherapeutic regimens. Guided by 
the inhibitory activities, we identified two novel dual inhibitors 
(DPL and DPG) of α-GUS and β-GUS in the methanol extract of LMP.

M. pachycarpa is an ethnomedicinal plant distributed through-
out Southeast Asia which has gain wide applications in clinic, agri-
culture, and fishery 24. In clinical practise, botanical extracts of 
different parts are used locally in treatment of infertility, inflamma-
tion, cancer, and insect infections24. Our current study revealed 
that the methanolic extract of leaves demonstrates potent inhibi-
tion against both α-GUS and β-GUS, with IC50 values of 0.1 mg/mL 
and 0.02 mg/mL, respectively (Table 1). It was previously reported 
that this extract (0.1 mg/mL) displayed anti-inflammatory effect as 
determined by in vitro human red blood cell stability method25. 
Meanwhile, the extract was active in scavenging of radicals by 
2,2-diphenyl-1-picrylhydrazyl assay with the EC50 value of about 
0.2 mg/mL26. Moreover, the root methanol extract (5 mg/mL) dis-
played anthelmintic activity against intestinal parasitic round-
worms Raillietina echinobothrida and Ascaridia galli27,28. Compared 
to other documented pharmacological activities, inhibition of 
β-GUS and α-GUS may occur at substantially lower concentrations. 
Through activity-guided fractionation, the two prenylated 

isoflavones DPL and DPG were identified as the principal dual 
inhibitors in LMP. The two compounds have been previously char-
acterised in the trichloromethane extract of aerial parts and the 
ethyl acetate extract of leaves29,30.

The current study indicates that DPL and DPG exhibit superior 
α-GUS inhibitory efficacy compared to the clinical reference drug 
acarbose, which is in consistent with the previous studies30–32. The 
two prenylated isoflavones DPL and DPG may act as promising 
candidates for developing next-generation hyperglycaemia thera-
peutics. Notably, DPG demonstrates a multi-target pharmacologi-
cal profile beyond α-GUS inhibition. It was reported to be an 
inhibitor α-amylase with the IC50 value of 14.8 μM, suggesting 
another way impeding starch hydrolysis30. Though inhibition of 
protein tyrosine phosphatase-1B (IC50  =  2.3–28 μM), it enhances 
tyrosine phosphorylation and thereby promoting insulin signal-
ling32,33. In addition, DPG (>10 μM) could effectively increase both 
of the basal and insulin-stimulated glucose uptake in L6 myo-
tubes33. Moreover, DPG (>2.5 μM) is able to reverse the high glu-
cose induced injury in human umbilical vein endothelial cells34. 
These mechanistically distinct yet synergistic actions suggest that 
DPG may act as a multi-faceted therapeutic agent for T2DM, 
potentially addressing both glycaemic control and diabetic 
complications.

The current study additionally demonstrates that DPL and DPG 
act as potent inhibitors of β-GUS (Table 1). This finding holds par-
ticular clinical relevance, as β-GUS inhibition has been clinically val-
idated to alleviate severe gastrointestinal tract toxicities in colorectal 
cancer patients receiving irinotecan therapy12,35. When considering 

Figure 6. T he Lineweaver–Burk and Dixon plots for inhibition of α-GUS by DPL (A) and DPG (B). The data points represent as the mean of the triplicate determinations, 
and the error bars represent the calculated SD values.
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Figure 7. T he Lineweaver–Burk plots and the Dixon plots for inhibition of β-GUS by DPL (A) and DPG (B). The data points represent the mean of the triplicate deter-
minations, and the error bars represent the calculated SD values.

Figure 8.  3D and 2D binding interactions of acarbose (A), DPL (B), and DPG (C) with the active cavity of α-GUS.
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their gastrointestinal protective potential, these isoflavones likely 
exert multiple synergistic actions. Both the two phytochemicals are 
able to scavenge radicals in ABTS assay, neutralising reactive oxy-
gen species (ROS) in inflammatory bowel microenvironments23. 
DPG could inhibit activity of platelet-activating factor acetyltrans-
ferase (IC50  =  19 μM), disrupting pro-inflammatory lipid mediator 
synthesis36. Meanwhile, both the two chemicals display desired 
anticancer activities. It was reported that DPL (40 μM) could inhibit 
the proliferation of human colon cancer cells via activation of p53 
and generation of ROS37. DPG (7.1 μM) could trigger dual apoptosis 
and autophagy of colorectal cancer cells38. Through multiple syner-
gistic actions of β-GUS inhibition, anti-inflammation, and tumour 
suppression, the two compounds may enhance chemotherapy tol-
erability while counteracting colorectal carcinogenesis.

As demonstrated in Table 1, IC50 and Ki values for inhibition of 
β-GUS are much lower than those for inhibition of α-GUS. It is 
indicated that β-GUS is more sensitive to DPL and DPG. However, 
it does not mean that the therapeutic effects from inhibition of 
β-GUS are more readily due to distinct anatomical requirements. 
To alleviate the gastrointestinal toxicity, β-GUS throughout the 
whole gut lumen needs to be inhibited. However, to inhibit starch 
digestion, only duodenum α-GUS needs to be inhibited39. Given 
that the volume of duodenum lumen is much lower than the 
whole gut lumen, the concentrations of DPL and DPG in duode-
num lumen may be much higher. It is therefore the oral dosages 
of the dual inhibitors may be comparable in the cases of achieving 
a hypoglycaemic effect and protecting colon from the gastrointes-
tinal toxicity.

To reveal the possible structural mechanism behind the dual 
inhibition, the inhibitors were docked into the active pockets of a 
predicted α-GUS model (https://alphafold.ebi.ac.uk/entry/P07265) 
and a crystal structure of β-GUS, respectively20,21,40. To validate the 
docking protocol, known inhibitors (acarbose and DSL) were 
docked into the glycosidases’ active sites as control docking assays. 
Acarbose can form various hydrogen bonds with multiple amino 

acid residues in the active pocket of α-GUS (Figure 8(A)). This is in 
consistent with previous studies in which acarbose can form 12 
hydrogen bonds with the enzyme19,41. Similarly, in docking analysis 
with β-GUS, the diagram of the active site with DSL bound (Figure 
9(A)) is very close to the experimental determinations40. Moreover, 
binding energies for DPL and DPG bound are all lower than the 
positive inhibitors bound, which is highly consistent with the two 
isoflavones displaying much stronger inhibition. Together, these 
results suggest that docking analyses using both predicted and 
experimental structural models provide insights into DPL and DPG 
interaction patterns with the two glycosidases.

Historically, isoflavones have been recognised as relatively weak 
inhibitors of both α-GUS and β-GUS. For instance, daidzein, a rep-
resentative naturally occurring isoflavone, exhibits the IC50 values 
exceeding 100 μM against both of the two enzymes18,19. 
Consequently, the development of isoflavone-based inhibitors has 
drawn few attentions, which is in sharp contrast to the extensive 
exploration of flavones as potent inhibitors. Our findings reveal 
that the introduction of two prenyl groups at the C8 position of 
the isoflavone A-ring confers remarkable inhibitory potency against 
both α-GUS and β-GUS. Molecular docking analyses (Figures 8 and 
9) confirm that the prenyl substituents form hydrophobic interac-
tions within the catalytic pockets of both enzymes, significantly 
enhancing binding affinity. Intriguingly, docking assays reveal that 
the C7-hydroxyl group on the A-ring does not participate in 
molecular interactions with either enzyme (Figures 8 and 9), con-
trasting sharply with established structure–activity relationship 
paradigms for flavone inhibitors. In flavone derivatives, retention 
of the C7-hydroxyl group in the “A ring” is crucial for inhibition of 
both the two enzymes18,19. It appears to be that dual inhibition of 
α-GUS and β-GUS favours a hydrophobic “A ring” in isoflavones, 
while favouring a polar one in flavones.

As shown in Figure 4, isoflavones DPL and DPG exhibit a subtle 
structural variation: C3′-OH is present in the B ring in DPL but 
absent in DPG. However, this structural distinction drives differential 

Figure 9.  3D and 2D interaction patterns of DSL (A), DPL (B), and DPG (C) with the active cavity of β-GUS.

https://alphafold.ebi.ac.uk/entry/P07265
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enzyme selectivity. According to the Ki values, DPG displays twofold 
stronger binding affinity with α-GUS, whereas DPL demonstrates 
superior β-GUS binding affinity. Previous studies related to flavone 
inhibitors demonstrated that B-ring ortho-dihydroxylation enhances 
α-GUS inhibition, while mono-hydroxylated analogues preferentially 
inhibit β-GUS18,19. It seems that α-GUS and β-GUS favour isoflavone 
inhibitors with different B rings, of which the molecular recognition 
strategies are conserved across flavonoid subclasses. We acknowl-
edge that the interaction patterns identified here derive from anal-
ysis of only two prenylated isoflavones. To establish a robust 
structure–activity relationship, testing additional analogues would 
be required.

Conclusions

In conclusion, this study demonstrates that LMP displays inhibitory 
effects towards both α-GUS and β-GUS. The main active ingredi-
ents have been identified as two prenylated isoflavones DPL and 
DPG, both of which act as potent dual inhibitors. These findings 
offer an herb candidate and two leading compounds for mitigat-
ing irinotecan-induced gastrointestinal toxicity in T2DM patients 
undergoing chemotherapy.
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