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Abstract: Diabetes mellitus (DM) is a chronic metabolic condition that can lead to significant com-
plications and a high fatality rate worldwide. Efforts are ramping up to find and develop novel
α-glucosidase and α-amylase inhibitors that are both effective and potentially safe. Traditional
methodologies are being replaced with new techniques that are less complicated and less time de-
manding; yet, both the experimental and computational strategies are viable and complementary in
drug discovery and development. As a result, this study was conducted to investigate the in vitro
anti-diabetic potential of aqueous acetone Helichrysum petiolare and B.L Burtt extract (AAHPE) us-
ing a 2-NBDG, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-deoxy-D-glucose uptake assay. In
addition, we performed molecular docking of the flavonoid constituents identified and quantified
by liquid chromatography-mass spectrometry (LC-MS) from AAHPE with the potential to serve as
effective and safe α-amylase and α-glucosidase inhibitors, which are important in drug discovery
and development. The results showed that AAHPE is a potential inhibitor of both α-amylase and
α-glucosidase, with IC50 values of 46.50 ± 6.17 (µg/mL) and 37.81 ± 5.15 (µg/mL), respectively. This
is demonstrated by a significant increase in the glucose uptake activity percentage in a concentration-
dependent manner compared to the control, with the highest AAHPE concentration of 75 µg/mL of
glucose uptake activity being higher than metformin, a standard anti-diabetic drug, in the insulin-
resistant HepG2 cell line. The molecular docking results displayed that the constituents strongly bind
α-amylase and α-glucosidase while achieving better binding affinities that ranged from ∆G = −7.2
to −9.6 kcal/mol (compared with acarbose ∆G = −6.1 kcal/mol) for α-amylase, and ∆G = −7.3 to
−9.0 kcal/mol (compared with acarbose ∆G = −6.3 kcal/mol) for α-glucosidase. This study revealed
the potential use of the H. petiolare plant extract and its phytochemicals, which could be explored to
develop potent and safe α-amylase and α-glucosidase inhibitors to treat postprandial glycemic levels
in diabetic patients.

Keywords: glucose uptake; drug discovery and development; α-amylase and α-glucosidase in-
hibitors; diabetes mellitus
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1. Introduction

Diabetes mellitus (DM) is a complex global public health condition and, after can-
cer and cardiovascular disease, is the third most common chronic and non-contagious
disease [1]. Insulin dysfunction results from a lack of pancreatic cells to release insulin
(Type 1 DM) or an inadequate insulin response (Type 2 DM), both of which are known as
insulin resistance (IR). IR reduces insulin-sensitive activity and is the leading cause of Type
2 diabetes worldwide, accounting for 90–95 percent of cases, and is thought to be produced
by a prolonged hyperglycemic state. The contribution of reactive oxygen species (ROS)
generated by the oxidative stress (OS) induced by chronic hyperglycemia is linked to the
onset and progression of diabetes and its associated complications [2,3]. Chronic hyper-
glycemia produces antioxidant imbalances in the body; therefore, treating DM requires
exogenous antioxidants, notably flavonoids, which are bioactive components of many
medicinal plants. Medicinal plants are the repository of many bioactive compounds; hence,
their excellent nutritional values and biological or pharmacological activities are mainly due
to flavonoids [4]. Flavonoids are important bioactive plant compounds with a wide range
of nutritional and health benefits as well as biological activities, such as anti-atherosclerosis,
anti-inflammatory, anti-diabetic, neuroprotective, antioxidant, anti-proliferative, antimi-
crobial, and hepatoprotective [5–10] activities. The biological effects of flavonoids are
due to their interactions with various proteins and enzymes, including cytochrome P450,
laminin receptor, phospholipase A2, α-amylase, α-glucosidase [4], and many others. Inter-
actions between flavonoids and α-amylase and/or α-glucosidase (protein or enzyme) are
specific inhibitory mechanisms of prospective anti-diabetic drugs [4,11]. Flavonoids also
influence insulin production, insulin signaling, carbohydrate metabolism/digestion, and
glucose absorption in insulin-sensitive tissues through a variety of intracellular signaling
pathways [12,13].

Digestive enzymes α-amylase and α-glucosidase that hydrolyze starch are implicated
in postprandial hyperglycemia; thus, inhibition of these enzymes reduces glucose release
and absorption in the small intestine. This significant anti-diabetic effect attributed to
the inhibition of α-amylase and α-glucosidase could be achieved through the biological
activities of flavonoids [14,15]. Acarbose, miglitol, and voglibose are examples of synthetic
medicines that block α-amylase, α-glucosidase, while biguanides, such as metformin,
are used to control postprandial hyperglycemia. However, their usage is restricted or
discouraged because of diarrhea, stomach pain, flatulence, and other adverse effects. As a
result, novel inhibitors with improved safety and efficacy profiles to reduce postprandial
glycemic levels effectively and efficiently should be discovered and developed from natural
products, particularly medicinal plants. Natural medicinal plant products exhibit a greater
chemical variety and engage a larger chemical space than synthetic medications. Natural
product pharmacophores serve as the foundation for newly synthesized pharmaceuticals
with lower hydrophobicity and higher stereochemical richness than drugs derived entirely
from synthetic materials [16]. The bioactive components of natural products or medicinal
plants are essential therapeutic agents in biomedical and natural product research. As
a result, research into their bioactive profiling is critical. It comprises a series of steps,
including plant selection, collection and identification, bioactive molecule extraction and
isolation, structural elucidation, and biological and pharmacological screening [17].

The Helichrysum genus is an aromatic plant in the Asteraceae family, with roughly
500–600 species found globally, including in South Africa. Diabetes mellitus, cough, cold,
wound, renal disease, skin infections, chest pain, menstruation pain, fever, and hyperten-
sion have all been treated with the Helichrysum genera locally in the past. The antioxidant,
antibacterial, antifungal, anti-ulcerogenic, anti-tyrosinase, and anti-proliferative character-
istics of the Helichrysum genus have been investigated in scientific studies [18,19]. Many
complex bioactive chemicals, such as phloroglucinols and their derivatives, chalcones,
flavonoids, α-pyrones, essential oils, and terpenoids, may be found in this massive plant
genus [20,21], whereas for Helichrysum petiolare, phenolics, flavonoids, and anthocyanins
are the dominant phytochemicals [18,22,23]. A recent review indicated that some species of
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Helichrysum are under-explored for drug discovery and development [18] in many human
diseases or disorders, such as diabetes mellitus. Previous reports have affirmed that a
few species, such as H. nudifolium L. Less, H. odoratissimum L. Sweet, and H. petiolare H
and B.L have traditionally been used to treat DM [24]. Helichrysum plicatum ssp. plicatum
and Helichrysum graveolens have also been scientifically investigated for the treatment of
DM [25,26] in drug discovery and development as an effective anti-diabetic agent. Helichry-
sum petiolare H and B.L is commonly called the silverbush everlasting plant and is called
kooigoed in the Afrikaans dialect of South Africa. Helichrysum petiolare is a shrub with
silver-grey hair covering its aromatic round-shaped leaves with whitish-cream flowers.
Our previous study has profiled the antioxidant activities, total phenol, total flavonoids,
and fatty acid composition of the aqueous acetone of Helichrysum petiolare extract (AAHPE)
[in the press]. Therefore, we aimed to provide evidence for the cytotoxic screening of
this extract, inhibitory activity of α-amylase and α-glucosidase, glucose uptake activity,
and LC-MS analysis of flavonoids of this extract. The molecule docking of the bioactive
flavonoid’s interactions for possible drug discovery and development of safe and effective
anti-diabetic agents from Helichrysum petiolare H and B.L. was investigated. This research
ultimately aims at providing and ascertaining the possible use of Helichrysum petiolare H
and B.L extract and its phytochemicals as an alternative source of anti-diabetic agents in
the treatment of postprandial hyperglycemia in type 2 diabetes mellitus.

2. Material and Methods
2.1. Chemicals

All chemicals used in this study, including metformin, 2NBDG, 2-(N-(7-Nitrobenz-2-
oxa-1,3-diazol-4-yl) amino)-2-deoxy-D-glucose, acetone, DMSO, α-amylase and α-glucosidase
enzymes, 3,5-dinitro salicylic acid, sodium hydroxide, sodium potassium tartrate, and sodium
chloride, were high-grade quality of minimum of 95% and were purchased from Sigma
Aldrich (St. Louis, MO, USA) and Merck (Darmstadt, Germany). The cell culture media and
reagents have been indicated in the manuscript in the cell line and culture condition section.

2.2. Collection of Plant Material

Helichrysum petiolare with accession number UFH-2020-10-01 was collected from Cape
Peninsula University (CPUT), Bellville, in October 2020, Western Cape, South Africa and
identified by Prof. Christopher N. Cupido of the Department of Botany, University of Fort
Hare, Alice, South Africa.

2.3. Plant Extraction

As previously reported by Nas et al. (2019), the leaves of the plants were cleaned
and air-dried to a constant weight. The dried plant sample was pulverized using an
electronic blender, and the ground plant was weighed. The powdered plant materials were
soaked in 90% aqueous acetone in conical flasks, subjected to intermittent stirring, and
warmed in the water bath at 60 ◦C for 2 h [27]. The mixture was filtered through Whatman
cellulose filter paper under pressure using a pump. The plant material was subjected to
a second extraction by soaking overnight, and the filtrates were pooled together before
being subjected to a rotary evaporator. The residue or extract obtained was allowed to
dry in the fume cupboard. The residual extracts were stored at −20 ◦C until required for
use. A percentage yield of 6.3% was obtained after 97.6 g of plant material underwent the
extraction process to give 6.155 g of the extract.

2.4. Determination of the Enzymatic Inhibitory Activity of AAHPE
2.4.1. α-Amylase Inhibitory Assay

The inhibition of α- glucosidase by plant extract as described by Ali et al. (2006) using
a spectrometric method [28]. In their study, the same concentration range (10–250 µg/mL)
was used for the plant extract and acarbose. Here, different concentrations of plant extracts
in DMSO were mixed with 4.8 mL of distilled water and 1.2 mL of 0.5% w/v soluble potato
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starch in 20 mM phosphate buffer (pH 6.9) containing 6.7 mM sodium chloride in test tubes.
At 0 min, 600 µL of enzyme solution was added (4 units/ml in distilled water); after 3 min,
600 µL of the mixture was transferred into another test tube containing 300 µL of DNSA
(1 g of 3,5-dinitrosalicylic acid (96 mM), 30 g of sodium potassium tartrate, and 20 mL of 2N
sodium hydroxide to a final volume of 100 mL in distilled water, and transferred to a hot
water bath maintained at 85–90 ◦C for 15 min. The reaction mixture in each test tube was
diluted with 2.7 mL distilled water and an absorbance measurement (Thermo spectronic
spectrophotometer model-biomate 3, Madison, WI, USA) was performed at 540 nm. For
concentration, the blank incubation was prepared by replacing the enzyme solution with
600 µL of distilled water at the start of the reaction. The control incubations, representing
100% enzyme activity, were conducted in the same way by replacing the plant extract with
120 µL DMSO. All the tests were in triplicate. Net absorbance (A) due to maltose generated
was calculated as Equation (1):

A450 nm plant extract = A450 nm Test − A450 nm blank (1)

Thus, from the value obtained, the percentage (w/v) of maltose generated was calcu-
lated from the equation obtained from the maltose standard calibration curve (0–0.1% w/v
maltose). The level of the inhibition (%) was calculated as Equation (2):

%inhibition = 100 − %reaction (at t = 3 min) (2)

where, %reaction = mean maltose in sample × 100/Mean maltose in control

2.4.2. α-Glucosidase Inhibitory Assay

The inhibition of α-glucosidase by plant extract is described with slight modification
from [29]. Different concentrations of the plant extract (10–250 µg/mL) were incubated with
0.5 mg of the protein equivalent of crude α-glucosidase enzyme before reaction initiation
with 45 mM sucrose as substrate, in a final reaction mixture of 1 mL of 0.1 M phosphate
buffer (pH 7.2). The reaction mixture was incubated for 30 min at 37 ◦C. A total of 1000 µL
of Tris base was used to stop the reaction, and α-glucosidase was monitored using the
released glucose with glucose oxidase method by absorbance at the wavelength of 450 nm.
α-glucosidase inhibitory activity was expressed as percentage inhibition. The enzyme
inhibition data were expressed as IC50 values, depicting the plant extract concentration
that inhibits 50% of α-glucosidase activity.

2.5. Liquid Chromatography-Mass Spectrometry (LC-MS) Analysis of AAHPE

The LCMS analysis was performed using the method of Standers et al., with slight
modification [30]. The UPLC-MS analysis was performed with a Waters Synapt G2
quadrupole time-of-flight (QTOF) mass spectrometer (MS) connected to a water Acquity
ultra-performance liquid chromatography (UPLC) system (Waters, Milford, MA, USA).
Electrospray ionization was used in negative mode with a cone voltage of 15 V, desolvation
temperature of 275 ◦C, desolvation gas at 650 L/h, and the rest of the MS settings optimized
for the best resolution and sensitivity. Data were acquired by scanning from 150 to 1500 m/z
in both resolution and MSE mode. Two channels of MS data were obtained in MSE mode,
first at low collision energy (4 V) and the second using a collision energy ramp (40–1000V)
to obtain the fragmentation data. Leucine enkephalin was used as a locked mass (reference
mass) for accurate mass determination, and the instrument was calibrated with sodium
formate. Separations were achieved on a 150 mm HSST3 column. An injection volume of
3 µL was used as a mobile phase consisting of 0.1% formic acid (solvent A) and acetonitrile
with 0.1% formic acid as solvent B. The gradient started at 100% solvent A for 1 min and
changed to 28% B over 22 min linearly. It changed to 40% B over 50 s and a wash step of
1.5 min at 100% B was achieved after re-equilibration to the initial condition for 4 min. The
flow rate was 0.3 mL/min and a column temperature of 55 ◦C was maintained. Compounds
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were quantified relatively against a calibration curve established by injecting a range of
catechin standards from 0.5 to 100 mg/L catechin.

2.6. In Vitro Studies
2.6.1. Cell Line and Culture Condition

The human hepatocarcinoma cell line HepG2, ATCC® HB-8065 ™, was obtained
from the American Type Culture Collection (ATTC, Manassa, VA, USA). The cell line was
cultured in Dulbecco’s Modified Eagles Medium (DMEM) 4.5 g/L glucose supplemented
with 10% foetal bovine serum (Gibco, Life Technologies Corporation, Paisley, UK), 1%
100 U/mL penicillin, and 100 µg/mL of streptomycin (Lonza Group Ltd., Verviers, Belgium)
in sterile 60 mm Petri dishes placed in a 95% O2 and 5% CO2 sterile incubator condition
for proper growth. At 70–80% cell confluence, the cells were passaged using 0.1% trypsin
EDTA (Lonza Group Ltd., Verviers, Belgium).

2.6.2. Cell Cytotoxicity by MTT Assay of AAHPE

In a cytotoxic assay, MTT(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide) mechanisms involve the ability of viable cells to reduce the MTT reagent to formazan
using the nicotinamide adenine dinucleotide phosphate (NADPH)-dependent oxidoreduc-
tase enzyme. The colour change from the yellow MTT salt solution to purple formazan
occurs in the mitochondria of viable or living cells. In this assay, powdered MTT at a
concentration of 5 mg/mL in PBS was used. HepG2 cells with optimum established cells of
5000 cell/well of 96-well plates were seeded in 100 µL of complete DMEM culture medium
for 24 h to attach. After attachment, the cells were treated by replacing the culture medium
with 25 µg/mL, 50 µg/mL, 75 µg/mL, and 100 µg/mL of AAHPE concentrations while
cells without plant extract served as the control for the 48 h duration. After treatment,
10 µL of MTT solution was added to every well and incubated for 4 h. The supernatant
was carefully aspirated and 100 µL of DMSO was added, after which it was read at 570 nm
with a BMG Labtech multi-cell plate reader. The cell viability was expressed as a fraction of
viable cells relative to the control culture.

2.6.3. NBDG Glucose Uptake Assay

The insulin-resistant HepG2 cell model and glucose uptake were established according
to Liu et al.’s [29] method with slight modifications. Briefly, HepG2 cells were cultured
in a black 96-well culture plate; after reaching confluence, the cells were treated with
10−6 mol/l insulin for 24 h to induce insulin resistance. The IR HepG2 cells were treated
with 25 µg/mL, 50 µg/mL, and 75 µg/mL concentrations of plant extracts and 4 mM
metformin (induces proliferation, safe dose) for 24 h, after which they were incubated
with 100 nM insulin for 30 min. The glucose uptake was measured after incubation with
40 µM 2-NBDG for 30 min. The cells were washed with ice-cold PBS to stop the response,
and 2-NBDG fluorescence intensity was measured on a microplate reader (BMG Labtech
Omega® POLARStar, Ortenberg, Germany) at 485 nm (excitation) and 528 nm (emission)
wavelengths. The experiment was repeated three times.

2.7. In Silico Drug-Likeness Analysis and ADMET Profiling

The physicochemical, pharmacokinetic, and drug-likeness properties of the flavonoid’s
compounds identified by LC-MS were determined. In silico ADME (adsorption, distri-
bution, metabolism, and excretion) analysis was performed using the European Bioin-
formatics Institute (EBI) SwissADME online analyzer (http://swissadme.ch/ (accessed
on 25 October 2021)) and ADMETlab web server (http://admet.scbdd.com (accessed on
25 October 2021)) [31,32]. The numerological values of the flavonoid compounds and met-
formin, an anti-diabetic drug, were interpreted by the qualitative units based on the AD-
METlab server explanation. The canonical SMILES for structures of all the compounds and
metformin were retrieved from the National Center for Biotechnology Information (NCBI)

http://swissadme.ch/
http://admet.scbdd.com
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PubChem database (https://pubchem.ncbi.nlm.nih.gov/ (accessed on 25 October 2021))
prior to the analysis.

2.8. Molecular Docking
2.8.1. Protein Preparation

The crystal structures of α-amylase (PDB ID: 2QV4) and α-glucosidase (PDB ID:
3WEL) proteins were retrieved in .pdb format from the Protein Data Bank (PDB) (https:
//www.rcsb.org/ (accessed on 25 October 2021)). The PDB is a worldwide archive used to
access the 3D structures of biological macromolecules (Burley et al., 2021). In this study, we
adopted a single chain of α-amylase and α-glucosidase for docking analysis. MGLTools
software was used for protein preparation. The water molecules and co-crystallized ligands
were deleted from the macromolecule and polar hydrogens were added.

2.8.2. Ligand Preparation

The initial 3D structures of the selected ligands were retrieved in .sdf format from
PubChem (https://pubchem.ncbi.nlm.nih.gov/ (accessed on 25 October 2021)) and Chem-
Spider (http://www.chemspider.com/ (accessed on 25 October 2021)).Pub Chem and
ChemSpider are publicly accessible repositories for chemical substances and their related
biological activities [33,34]. The optimized structures were then converted into .pdb format
using open BABEL.

2.8.3. Docking Protocol

The PDB files of both ligands and proteins were converted in an extended PDB format,
termed PDBQT, to perform molecular docking analysis using AutoDock 1.5.6 and AutoDock
Vina. The docking protocol was used as previously reported by many studies [35,36]. The
“Grid” of AutoDock 1.5.6 was used for calculating the grid parameters, and all the data
regarding target proteins, ligand, grid size, and geometry were saved in the “TXT” file.
Docking was performed with the grid box size set to 60 × 68 × 56 and 84 × 76 × 50 xyz
points for α-amylase and α-glucosidase, respectively, with a grid spacing of 1 Å and the
grid center designated at dimensions (x, y, and z): 17,453, 61,696, and 14,571 and 13,999,
16,094, and 28,018 for α-amylase and α-glucosidase, respectively. The output PDBQT files
were written into a config. (configuration) file. The conformation with the lowest binding
energy was considered the most stable conformation of the ligand regarding the bioactive
compounds. The results were analyzed using the free version of Biova Discovery Studio
2020 client (Dassault Systèmes BIOVIA, Discovery Studio Modeling Environment, Release
2017, San Diego: Dassault Systèmes, 2016).

2.8.4. Docking Method

The reference ligands were docked in the binding site of the target proteins and com-
pared with those of the co-crystallized ligands of the target proteins (the PDB ligand of
2QV4 and 3WEL was the sulphate ion) to determine the accuracy of the docking protocol.
The prepared ligand molecules were docked in the binding site of the refined α-amylase
and α-glucosidase models utilizing AutoDock Vina and scored using the scoring function.
The protein–ligand interactions were analyzed further for the docked poses of the ligands
in the binding sites of the target proteins. The best pose was selected for further analysis
of the binding interactions (including H-bond and hydrophobic interactions) of the lig-
ands using PyMOL (The PyMOL Molecular Graphics System, version 2.2.0, Schrodinger,
New York, NY, USA, 2018) and Biova Discovery Studio 2020 client (Dassault Systèmes
BIOVIA, Discovery Studio Modeling Environment, Release 2017, San Diego: Dassault
Systèmes, 2016).

2.9. Statistical Analysis

GraphPad Prism7 software was used for statistical analysis and data were expressed as
mean ± SD. The significant difference was set at (p < 0.05) and Duncan’s test was performed.

https://pubchem.ncbi.nlm.nih. gov/
https://www.rcsb.org/
https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
http://www.chemspider.com/
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3. Results

The results of the α-amylase inhibition assay of AAHPE indicated concentration-
dependent inhibitory action, with the highest concentration having the highest inhibition
revealed in Figure 1. The IC50 of the extract (46.50 ± 6.17 µg/mL) was lower than that for
standard acarbose (IC50 = 0.32 ± 0.16 µg/mL) as shown in Table 1. In the same vein, the
α-glucosidase inhibitory assay of the plant extract also showed concentration-dependent
inhibitory potential revealed in Figure 1. The IC50 of the plant extract (37.81 ± 5.15 µg/mL)
was lower than that of the standard acarbose (IC50 = 5.38 ± 2.76 µg/mL) as shown in Table 1.
At the highest concentration of 250 µg/mL, we obtained inhibitory activity of 85.25% and
82.77%, respectively, for α-amylase and α-glucosidase. Overall, the plant extract exhibits
inhibition action against α-amylase and α-glucosidase and is potentially an anti-diabetic
agent, especially in postprandial hyperglycemic conditions.
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Figure 1. (a) α-amylase and (b) α-glucosidase inhibitory activity of AAHPE, using acarbose as a
positive control (10–250 µg/mL). Values are expressed as the mean ± SD (n = 3), **** p < 0.0001
compared with the control.

Table 1. The IC50 inhibitory effect of AAHPE and acarbose on theα-amylase andα-glucosidase enzymes.

IC50 AAHPE (µg/mL) Acarbose (µg/mL)

α-amylase 46.50 ± 6.17 0.32 ± 0.16
α-glucosidase 37.81 ± 5.15 5.38 ± 2.76

3.1. Screening of the Flavonoid’s Compound of AAHPE Using LC-MS Analysis

We identified 38 compounds with average Rt (min) and average m/z values and con-
centrations through LC-MS/MS analysis (Supplementary Materials Table S1). Previous
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studies have identified a positive relationship, or the ability of an increasing concentration
of flavonoids, to inhibit α-amylase and α-glucosidase [37]. Hence, 19 different secondary
metabolites (flavonoids) identified in Figure 2, LC-MS/MS analysis having concentra-
tions above 100 mg/g and acarbose, an anti-diabetic drug, were docked in this study.
The quantitative assessment was indicated in their concentrations (this can be seen in
Supplementary Materials Table S1), and the 2D chemical structure of the selected 19 bioac-
tive compounds of AAHPE were illustrated (Supplementary Materials Table S2). The quan-
titative assessment indicated the following predominant compounds: 3,5-dicaffeoylquinic
acid (1727.3 mg/g), arubitin (1279.7 mg/g), 4,5-caffeoylquinic acid (1209.1 mg/g),
5-caffeoylquinic acid (826.7 mg/g), engeletin (747.9 mg/g), quercetin-3-galactoside
(586.3 mg/g), 5-feruloyl quinic acid (411.6 mg/g), 3-O-caffeyl-4-O-methylquinic acid
(407.1 mg/g), myricetin 3-galactoside (402.5 mg/g), and dicaffeoylquinic acid (388.7 mg/g),
among others.
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3.2. The Effect of ACHPE on HepG2 Cell Viability

HepG2 cells were treated with increasing concentrations of AAHPE (25–100 µg/mL)
for 48 h. The adherence to the cell viability threshold of 80% was sufficient for our
work [38]. The MTT assay showed a slight increase in cell viability with the addition
of the AAHPE in a dose-dependent manner between concentrations of 25 and 75 µg/mL,
indicating non-toxicity compared to the control. However, at 100 µg/mL, the cell viability
reduced by a quarter compared with the control. Thus, cell viability at a concentration of
100 µg/mL is around 75%, indicating slight toxicity. Hence, we adhered to concentrations
of 25–75 µg/mL because the cell viability was above the threshold of 80% at these concen-
trations as shown in Figure 3; thus, they were regarded as very safe doses and were used in
the subsequent assay in this study.
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3.3. The Effect of AAHPE on Glucose Uptake

The glucose uptake effect in the insulin-resistant HepG2 cells indicated that the standard
drug metformin increased the glucose uptake tremendously. There was increase in glucose
uptake in concentration-dependent manner treated in insulin-resistant HepG2 cells with
AAHPE (25–75 µg/mL). The highest concentration of the plant extract 75 µg/mL is slightly
higher in glucose uptake activity than the standard metformin as revealed in Figure 4.
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Figure 4. Effect of AAHPE on insulin-stimulated glucose uptake in insulin-resistant HepG2 cells. The
insulin-resistant cells induced with 10−6 mol/L insulin were treated with AAHPE (25–75 µg/mL) concen-
trations or metformin for 48 h and glucose uptake was measured using fluorescent D-glucose 2-NBDG.
Values are mean ± SD, * p < 0.05, *** p < 0.001 and **** p < 0.0001 significant compared with the control.

In this study, not all the potential compounds satisfied Lipinski’s rule of five regarding
the octanol-water partition coefficient (LogP ≤ 5), molecular weight (≤500 KDa), number
of H-bond donors (≤5), number of H-bond acceptors (≤10), and molecular refractivity
(40–130) as tabulated in Table 2. Lipinski’s rule of five, referred to as Pfizer’s rule, is
one of the techniques used to evaluate the drug-likeness of a chemical compound as it
delineates the relationship between pharmacokinetics and physicochemical parameters.
It determines the potential of the biological activities or pharmacological properties of a
chemical compound and its effectiveness as an oral drug in humans [39,40]. We adhered to
compounds with no violations or a minimum of a single violation, as violations of two or
more indicate that drug candidates may not be orally active [40,41]. Hence, compounds
with predicted poor oral absorption but high potency, as revealed in the Supplementary
Materials, could be improved upon using an optimized absorption enhancement approach
in future research.

The different ADME properties help with predictions and are essential in drug discov-
ery and development, as shown in Table 3. A significant property is metabolism, which
involves the interactions of possible drug candidates with cytochrome P450 (CYP) that
ultimately lead to drug elimination through metabolic biotransformation. We observed
that all the compounds did not inhibit the different CYP isoforms (CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4) except sinocrassosideA1, which is an inhibitor of CYP1A2
and CYP2C19. Essentially, CYP and P-glycoprotein (P-gp) offer protection to tissues and
organisms by processing molecules or drugs synergistically. The inhibition of CYP connotes
a significant cause of pharmacokinetics-related drug–drug interactions, with increased
toxicity and unwanted side effects predominating because of the reduced clearance and
bioaccumulation effect of the drug or metabolite [40,42]. In drug discovery and develop-
ment, potential drug candidates with unfavourable absorption, distribution, metabolism,
and elimination (ADME) parameters are disqualified from clinical trials [31].
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Table 2. Predicted pharmacokinetic parameters (ADME properties) of the compounds selected from plant LC-MS analysis.

Compounds LogPo/w
(MLOGP)

LogSw
(ESOL) MW (g/mol) HBA HBD Reactivity

(40–130) tPSA Solubility
(mg/mL)

Rotatable
Bonds (RoB) n Violation

3-caffeoylquinic acid 0.96 −1.62 354.31 9 6 83.50 164.75 8.50 5 1
3-O-Caffeoyl-4-O-methylquinic acid 1.47 −1.84 368.34 9 5 87.97 153.75 5.38 6 0

4-Feruloyl quinic acid/5-Feruloylquinic acid 1.47 −1.84 368.34 9 5 87.97 153.75 5.38 6 0
Arbutin 1.07 −0.71 272.25 7 5 62.61 119.61 5.27 3 0

Engeletin 1.77 −3.09 434.49 10 6 103.95 166.14 3.55 3 1
Metformin 0.34 0.29 129.16 2 3 36.93 91.49 2.53 2 0

Protocatechuic acid 1.09 −1.89 154.12 4 3 37.45 77.76 1.99 1 0
SinocrassosideA1 3.36 −4.09 316.43 3 0 92.90 38.83 2.58 0 0

Acarbose 8.56 −2.13 645.60 19 14 136.69 321.17 2.32 9 3

MW: molecular weight, logP: partition coefficient, tPSA: topological polar surface area, logSw: water solubility, HBA: hydrogen bond acceptors, HBD: hydrogen bond donors.
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Table 3. ADMET properties of the AAHPE compounds predicted using the SwissADME online analyzer and ADMETlab web server.

Class Properties 3-Caffeoylquinic
Acid

3-O-Caffeoyl-4-O-
Methylquinic

Acid
4-/5-Feruloyl
Quinic Acid SinocrassosideA1 Engeletin Metformin Protocatechuic

Acid Acarbose Arbutin

Absorption

Caco-2 permeability
(>−5.15 cm/s) −6.58 −6.331 −6.331 −4.56 −6.581 −5.502 −5.107 −0.8955 −5.954

Pgp-inhibitor No No No No No No No Yes No
Pgp-substrate No Yes No Yes Yes No No No No

HIA
(≥30%: high, <30%: low) Low High High High High High Low Low High

Bioavailability score 0.11 0.11 0.11 0.55 0.55 0.55 0.56 0.11 0.55
GI absorption Low Low Low High Low High High Low High

Skin permeation (Log Kp) (cm/s) −8.76 −8.62 −8.62 −5.65 −8.42 −7.99 −6.39 −5.16 −8.92

Distribution PPB (90%) 41.961% 41.1349% 41.1349% 97.16.5% 42.5742% 3.9577% 42.6641% 21.138% 36.0499%
BBB No No No Yes No No No No No

Metabolism

CYP1A2 inhibitor No No No No No No No No No
CYP1A2 substrate No No No No No No No Yes No
CYP3A4 inhibitor No No No No No No No No No
CYP3A4 substrate Weakly Weakly Weakly Yes Weakly No Yes Yes Weakly
CYP2C9 inhibitor No No No Yes No No No No No
CYP2C9 substrate No No No No No No No No No
CYP2C19 inhibitor No No No Yes No No No No No
CYP2C19 substrate No No No No No No No No No
CYP2D6 inhibitor No No No No No No No Yes No
CYP2D6 substrate No No No No No Yes No Weakly No

Excretion

T1/2
(>8 h: high; 3 h < Cl < 8 h:

moderate; <3 h: low)
0.442 0.565 0.565 1.587 1.213 1.838 0.318 1.32 0.713

Clearance rate (>15 mL/min/kg:
high; 5mL/min/kg < Cl <

>15 mL/min/kg: moderate;
<5 mL/ min/kg: low)

1.196 1.174 1.174 1.569 1.033 0.911 1.601 0.503 1.526

Toxicity

hERG I/II No/No No/No No/No No/No No/No Yes/Yes No/No Ambiguous No/No
AMES toxicity No No No No No No No No No

H-HT (Human hepatotoxicity) No No No No No No No No No
Skin sensitization No No No No No Yes No No No

Max. tolerated dose (human)
(log mg/kg/day) −0.134 1.285 1.285 −0.078 0.306 0.902 0.787 0.484 0.485
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3.4. Result of Molecular Docking

The present work revealed the binding interaction of 19 selected bioactive compounds
in AAHPE and acarbose with α-amylase and α-glucosidase enzymes or protein molecules.
Further, an investigation into the interaction was performed in silico using the Auto Dock
Vina. Each of the 19 bioactive compounds identified with LC-MS and acarbose (standard drug,
positive control) were docked, giving a clear understanding of their interaction with the active
sites of both human pancreatic α-amylase (HPA) and human intestinal α-glucosidase (HIG)
enzymes. As revealed in Table 4, 19 bioactive compounds present in AAHPE had a higher
binding affinity for both HPA and HIG enzymes than the standard drug acarbose. The binding
affinity for HPA ranged from ∆G = −7.2 to −9.6 kcal/mol compared to ∆G = −6.1 kcal/mol for
acarbose, while the binding affinity for HIP enzymes ranged from ∆G = −7.3 to −9.0 kcal/mol
compared to ∆G = −6.3 kcal/mol for acarbose. Arbutin (−7.0 kcal/mol) and protocatechuic
acid (−6.6 kcal/mol) showed the least binding affinity for HPA and HIG enzymes, respectively,
from the identified bioactive compounds but had higher binding affinity when compared with
acarbose. Overall, the binding interactions of all the bioactive compounds were better than
the acarbose standard anti-diabetic drug. It is important to note that the more negative the
binding free energy value is, the greater the likelihood of the ligand binding to the receptor, as
depicted in the interactions of the compounds and acarbose with HPA and HIG represented
in Table 4. Among all compounds, sinocrassosideA1 showed the lowest binding energy to
both α-amylase and α-glucosidase, whereas arbutin exhibited the highest energy in the case
of both enzymes (Table 4). These results show that all selected ligands exhibit good binding
affinity with our target proteins. Moreover, we selected acarbose as a standard drug, docked
against both targeted proteins. The results were compared with the selected anti-diabetic
bioactive compounds (Table 4), which further suggest their affinity for the targeted proteins.
This depicts the high possibility of molecular interaction between these bioactive compounds
and the enzymes α-amylase and α-glucosidase.

This likely denotes that those bioactive compounds can act individually or synergistically,
which results in the good inhibitory activity against HPA and HIG obtained in the in vitro
AAHPE inhibition assay.

The detailed interactions of the bioactive compounds of AAHPE with HPA and HIG enzymes
was depicted by the visualization and analysis of the docking results, completed using the free
version of Biova Discovery studio Visualiser 2020 software. The software revealed the best docking
poses, amino acid residues in such interactions, and contributing bond types (conventional
hydrogen bond, carbon–hydrogen bond, pi–sigma, pi–pi, pi–alkyl, van der Waals, and others) of
the bioactive compounds with HPA and HIG enzymes. From Figures 5 and 6, it was revealed that
the bond interactions of the bioactive compounds of AAHPE are numerous and vary. However,
van der Waals, carbon–hydrogen, and conventional hydrogen bonds are available in the acarbose
interaction with HPA and HIP enzymes. Generally, weak intermolecular interactions, such as
hydrophobic and van der Waals bonds, are adjudged to promote greater affinity of the ligand for
the target protein with other bonds, thus stabilizing energetically favoured ligands [43]. The best
ligand-binding poses in the catalytic domain of HPA and HIG after docking, with the amino acid
residues involved in the interaction, are shown in Figures 5 and 6, with a propensity that a set
of similar important amino acid residues could be the target to facilitate improved drug efficacy.
We observed a similar set of amino acid residues for HPA (Gln63, Thr163, Glu233, and Asp300)
and for HIG (Glu109, Lys560, Tyr561, Asn668 and Met801) in the standard drug acarbose with
inhibitory potential. However, variation was observed in the interaction of bioactive compounds
of AAHPE with the main catalytic residues of Ser774, Arg733, Gln770, Arg392, Gln63, Trp59, and
Thr163 for the HPA and HIG enzymes. These additional amino acid residues participating in the
interaction might contribute to the inhibitory activity of these bioactive compounds. Our docking
results for the bioactive compounds showed that many were actively involved in hydrogen
bonding with eight polar residues, including aspartic acid, serine, histidine, threonine, glutamine,
asparagine, glutamic acids, and tyrosine. Other crucial interactions, such as weak van der Waals
forces, pi–sigma, and pi–pi interactions, were also found to increase the binding of bioactive
compounds with protein binding pockets.
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Table 4. Predicted binding affinity and detailed docking interactions of α-amylase and α-glucosidase
with compounds of AAHPE and acarbose.

Compounds

Binding
Affinity

(Kcal/mol)α-
Amylase

No of
H-Bonds

H-Bonds
Residues with

H-Bonds
Length (Å)

Binding
Affinity

(Kcal/mol)α-
glucosidase

No of
H-Bonds

H-Bonds
Residues with

H-Bonds
Length (Å)

3-caffeoylquinic
acid −7.2 4

Ala106 (3.20 Å),
Asn105 (3.16 Å),
Thr163 (2.65 Å),
Gln63 (3.16 Å)

−7.8 6

Gln839 (1.96 Å),
Ser774 (2.55 Å),
Asn797 (2.68 Å),
Thr769 (1.83 Å),
Arg773 (2.39 Å)
Arg392 (2.78 Å)

3-O-Caffeoyl-4-O-
methylquinic

acid
−7.4 5

Asp300 (2.27 Å),
Thr163 (3.27 Å),
Glu233 (2.13 Å),
Asp197 (2.94 Å),
His305 (2.08 Å)

−7.6 3
Asn797 (2.48 Å),
Thr769 (3.15 Å),
Arg392 (2.89 Å)

4-Feruloylquinic
acid −7.7 4

Arg195 (3.20 Å),
Gln63 (2.70 Å),
Thr163 (2.79 Å),
Asp300 (2.24 Å)

−7.3 4

Gln839 (2.70 Å),
Trp841 (3.25 Å),
Thr769 (2.62 Å),
Arg392 (2.98 Å)

5-Feruloylquinic
acid −7.7 2 Glu233 (2.59 Å),

Asp197 (2.31 Å)
−7.3 4

Gly390 (2.50 Å),
Ser774 (2.98 Å),
Trp841 (2.88 Å),
Arg392 (2.98 Å)

Arbutin −7.0 3
Glu233 (2.53 Å),
Asp197 (2.23 Å),
Gln63 (2.96 Å)

−6.8 5

Thr769 (2.71 Å),
Trp320 (3.34 Å),
Asn797 (2.79 Å),
Arg392 (3.28 Å),
His387 (2.77 Å)

Engeletin −8.5 4

Glu233 (2.63 Å),
Arg195 (3.34 Å),
Gln63 (2.79 Å),
His305 (1.97 Å)

−8.4 5

Arg392 (2.83 Å),
Tyr319 (3.13 Å),
Trp320 (2.91 Å),
Arg773 (3.32 Å),
Gln770(2.84 Å)

Acarbose −6.1 4

Glu233 (3.08 Å)
Asp300 (2.49 Å),
Thr163 (2.93 Å),
Gln63 (2.04 Å)

–6.3 4

Glu109 (2.75 Å),
Lys560 (2.19 Å),
Thr561 (2.29 Å),
Met801 (2.29 Å)

Protocatechuic
acid −7.2 3

Glu233 (2.97 Å),
Gln63 (3.06 Å),
Thr163 (2.57 Å)

−6.6 3
Thr775 (2.65 Å),
Ser774 (2.55 Å),
Arg773 (2.79 Å)

SinocrassosideA1 −9.6 3
Gln63 (2.50 Å),

Asp300 (2.49 Å),
Glu233 (2.27 Å)

−9.0 4

Gln839 (2.22 Å),
Ser774 (3.08 Å),
Glu352 (2.55 Å),
Gly390 (1.99 Å)
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Figure 5. Model of the interaction and the 2D Structure of α-amylase protein with (a) 3-caffeoylquinic acid, (b) 3-O-

Caffeoyl-4-O-methylquinic acid, (c) 4-Feruloylquinic acid, (d) 5-Feruloylquinic acid, (e) Arbutin, (f) Engeletin, (g) Acar-

bose, (h) Protocatechuic acid, and (i) SinocrassosideA1. 

Figure 5. Model of the interaction and the 2D Structure of α-amylase protein with (a) 3-caffeoylquinic
acid, (b) 3-O-Caffeoyl-4-O-methylquinic acid, (c) 4-Feruloylquinic acid, (d) 5-Feruloylquinic acid, (e)
Arbutin, (f) Engeletin, (g) Acarbose, (h) Protocatechuic acid, and (i) SinocrassosideA1.
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Figure 6. Model of the interaction and the 2D Structure of α-glucosidase protein with (a) 3-caffeoylquinic acid, (b) 3-O-

Caffeoyl-4-O-methylquinic acid, (c) 4-Feruloylquinic acid, (d) 5-Feruloylquinic acid, (e) Arbutin, (f) Engeletin, (g) Acar-

bose (h), Protocatechuic acid, and (i) SinocrassosideA1. 
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Figure 6. Model of the interaction and the 2D Structure of α-glucosidase protein with (a)
3-caffeoylquinic acid, (b) 3-O-Caffeoyl-4-O-methylquinic acid, (c) 4-Feruloylquinic acid, (d) 5-
Feruloylquinic acid, (e) Arbutin, (f) Engeletin, (g) Acarbose (h), Protocatechuic acid, and (i) Sinocras-
sosideA1.
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4. Discussion

Diabetes mellitus (DM) is a global health concern with metabolic disorders of multiple
aetiologies. DM is often characterized by the perturbations of biomolecules, including
carbohydrates, fats, and proteins, with defects of insulin secretions or actions, or both [44].
Reducing hepatic glucose generation, increasing insulin production and sensitivity, inhibit-
ing gluconeogenesis, and decreasing glucose absorption are important targets employed in
developing synthetic anti-diabetic agents. However, limitations and side effects, such as
weight gain, gastrointestinal disorders, headache, peripheral oedema, and hypotension,
associated with using these synthetic agents, the cost, and accessibility remain major hin-
drances [45,46]. Hydrolysis of complex starch, oligosaccharides, and disaccharides by the
pancreatic α-amylase, together with glucose uptake by the intestinal α-glucosidase, have
been implicated in the postprandial glucose level in type 2 diabetes [47] with its attendant
complications. Essentially, the regulation of α-amylase and α-glucosidase biological func-
tions (inhibition) is critical to the treatment regimen. This implies that new drug candidates
with potent inhibition of the intestinal α-glucosidase and mild inhibition of pancreatic
α-amylase and with a safety profile would be valuable to drug discovery and development
for diabetes mellitus.

In the field of drug discovery and development, both experimental and computational
strategies are valid and complimentary. The use of information from chemical and bio-
logical entities, such as ligands or targets, in the identification and optimization of new
drugs, the elimination of compounds with undesirable characteristics (poor activity and/or
poor absorption, distribution, metabolism, excretion, and toxicity (ADMET)), and ensuring
that the process of drug discovery and development is streamlined are benefits of com-
putational techniques [31,40,48]. Overall, enriched compounds with drug-likeness, lead-
likeness, active qualities, and elimination of molecules with inactive, reactive, toxic, or poor
ADMET/PK properties are highly desired in drug discovery and development [32,40,48].
In vitro investigation of plant extracts for anti-diabetic potential or activities is essential.
The exploration of bioactive compounds present in plant extracts for anti-diabetic activities
provides the basis for the discovery of bioactive compounds that are potent inhibitors of
intestinal α- glucosidase and mild inhibitors of pancreatic α-amylase with better potency
and safety profiles which is urgently necessary.

Helichrysum petiolare H and B.L, commonly called the silverbush everlasting plant,
is traditionally used to treat different ailments and has been investigated scientifically
to manage disease conditions [18]. Our research on Helichrysum petiolare involves drug
discovery and development of the plant extract and its polyphenolic bioactive compounds
as safe and effective potential anti-diabetic agents, considering their inhibitory activity
against α-amylase and α-glucosidase enzymes. Reducing blood sugar, especially the
postprandial blood sugar level, is an effective and attractive strategy in treating diabetes
mellitus. Many natural products from plant sources are potential therapeutic agents; hence,
fast screening of these natural products through molecular docking is important and can
quickly meet this demand. Docking represents ligand and protein interactions using a
computational approach for molecular recognition. It combines and screens databases for
the accuracy of prognostication of protein structures and protein–ligand complexes for
principal structure-based drug design [49–51]. Therefore, we evaluated the potential of the
anti-diabetic effect of Helichrysum petiolare extract and its phytochemicals as α-amylase and
α-glucosidase inhibitors. We observed relative safety of the AAHPE via cytotoxic screening,
which is similar to other research work [52], and strong inhibitory activity when compared
with acarbose. The non-cytotoxicity, good inhibition of α-amylase and α-glucosidase, and
excellent glucose uptake activity of AAHPE at the highest concentration of the extract
over metformin indicated anti-diabetic or hypoglycemic properties. The anti-diabetic
property of Helichrysum petiolare is linked to repositories of the phytochemicals or bioactive
compounds [12,52].

It is worth pointing out that from our study, bioactive compounds such as 3-caffeoylquinic
acid, 3-O-caffeoyl-4-O-methylquinic acid, arbutin, engeletin, protocatechuic acid, and sinocras-
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sosideA1 support Lipinski’s rule of five, while deviations from the criteria of Lipinski’s rule
of five for oral bioavailability is indicated by violating more than two of Lipinski’s five rules
(Supplementary Materials Table S3). In view of this, the drugs formulated using these bioac-
tive compounds that fulfilled Lipinski’s rule of five may have some significant advantages
over the synthetic compound (acarbose). Interestingly, acarbose violated three out of the five
rules and has been reported to be metabolically unstable [53,54].

Natural products are more complex than synthetic compounds, and drugs based on
natural product structures exhibit better chemical diversity and occupy larger regions
of chemical space than drugs of completely synthetic origins [16,55]. Components or
compounds obtained through LC-MS analysis from Helichrysum petiolare extract, including
protocatechuic acid, arbutin, engeletin, 3-caffeoylquinic acid, are reported to elicit anti-
diabetic properties through the inhibition of α-amylase and α-glucosidase enzymes [56–58].

In this study, the detailed interaction of the best conformation of the docking results
revealed the best docking poses of the bioactive compounds and their binding sites on α-
amylase and α-glucosidase in Figures 5 and 6, respectively. This involved various bonding
interactions, namely conventional hydrogen, carbon–hydrogen, pi–sigma, pi–pi, pi–alkyl,
etc. Based on the literature, the strength of the π–π interaction for stabilization of a structural
complex is comparable to the strength of hydrogen bond at an excited state [59]. While in
the ground state, the loss of the π–π interaction does not affect the active-site conformation,
but results in a reduction in the rate of chemical activity approximately 20–30-fold [60].
However, hydrophobic or van der Waals interactions could promote ligand affinity for the
target protein [43]. Therefore, this study evaluated the binding affinity between ligand and
protein complexes by assessing binding energy, H-bonds, pi–pi interactions, and van der
Waals interactions. As shown in Figure 5, the bioactive compounds in AAHPE bind with
one or two reported essential binding residues, such as TRP59, ASP197, and GLU233 of
α-amylase [61,62]. Aside from these essential amino acid residues, other amino acids, such
as Arg195, Thr163, His305, Gln63, His299, Ala106, Asn105, and Asp300, formed hydrogen
bonds, as shown in Table 4. In contrast, α-glucosidase interacts with the binding pocket of
the following listed amino acid residues: Asp323, Arg392, Ser774, Thr769, His387, Arg773,
Asn797, Gly390, Gly839, and Tyr841, which play an important role in phytochemical
binding (Supplementary Materials Table S3).

It is noteworthy that sinocrassosideA1 had the lowest binding energy but interacted
with the reported important catalytic site amino acid residues TRP59, ASP197, and GLU233
via a conventional hydrogen bond [GLU233 (2.63 Å)], pi–pi interaction (TRP59), and van
der Waals interaction (ASP197) (Figure 5i). Meanwhile, sinocrassosideA1 interacted with α-
glucosidase through four hydrogen bonds (Ser774, Gln839, Gly390, and Glu352) and other
bonds, as shown in Figure 6i. Similar interactions were observed for all other bioactive
compounds in AAHPE. Similarly, acarbose showed interactions with α-amylase ASP197
via a van der Waals interaction, TRP59 through a carbon hydrogen bond, and GLU233
via a conventional hydrogen bond (Figure 5g), while having the least binding affinity
(Table 4). Interestingly, acarbose interacted with the same key amino acid residues involved
in catalysis at the active site of α-amylase and α-glucosidase (Figures 5 and 6). This likely
implies the inhibition of α-amylase and α-glucosidase by these bioactive compounds
through a similar mode of action as acarbose. The bioactive compounds in the target
proteins (α-amylase and α-glucosidase) were less than 3.5 Å, suggesting resilient hydrogen
bonding between protein and ligands. Our docking results for the bioactive compounds
sinocrassosideA1, arbutin, engeletin, protocatechuic acid (Figures 4 and 5), isorhamnetin-3-
galactoside, methyl 3,5-di-O-caffeoylquinate, 1,4-dicaffeoylquinic acid, 3,4-dicaffeoylquinic
acid, and 5-caffeoylquinic acid, among others (Supplementary Materials Figures S1 and S2),
were actively involved in hydrogen bonding with eight polar residues, including aspartic
acid, serine, histidine, threonine, glutamine, asparagine, glutamic acids, and tyrosine. Other
crucial interactions such as weak van der Waals forces, pi–sigma, and pi–pi interactions
were also found to increase the binding of phytochemicals with the protein binding pockets
(Figures 5 and 6).
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Our docking analysis suggests that most of the bioactive compounds in AAHPE could
compete with the substrate for the enzyme’s active site in a similar manner as acarbose
does [61–63]. Acarbose has been reported in the literature to be a competitive inhibitor
of α-amylase and α-glucosidase [62,64,65]. This phenomenon is further confirmed by the
present study’s findings, as revealed by the similar binding site occupied and binding pose
assumed by acarbose (the standard inhibitor) and the bioactive compounds, as shown
in Figures 5 and 6. Aside from the binding pose/binding site occupied, all bioactive
compounds were bound to the enzymes near the catalytic site domain where acarbose
binds (Figures 5 and 6). Moreover, this suggests that these bioactive compounds contribute
to the overall α-amylase and α-glucosidase inhibitory effect of the AAHPE, which could be
by the same competitive mode of inhibition as acarbose [65].

On the contrary, some bioactive compounds, such 3-caffeoylquinic acid, 4-feruloylquinic
acid, and isorhamnetin 3-galactoside, had a higher binding affinity than acarbose towards
α-amylase (Supplementary Materials Table S3). A similar result was observed for 3,5-
dicaffeoylquinic acid with α-glucosidase (Supplementary Materials Table S3). The bioactive
compounds did not compete with acarbose for the active site, since they were bound to
the proteins at different binding sites, as shown in Figures 5a,c and S2d,h (3-caffeoylquinic
acid, 4-feruloylquinic acid and 3,5-dicaffeoylquinic acid, Isorhamnetin 3-galactoside). This
indicates their propensity to contribute to the overall α-amylase and α-glucosidase in-
hibitory effect of the AAHPE via the non-competitive mode of inhibition. Interestingly, all
the bioactive compounds in AAHPE investigated in this study inhibit both α-amylase and
α-glucosidase, either via the competitive or non-competitive mode of inhibition. This was
corroborated with the inhibition assay of AAHPE showing high inhibitory effect, which
may be due to the synergetic effect of the bioactive compounds present in the extract. This
study is novel and significant to the best of our knowledge as it is the first in silico study
on the inhibitory activity of bioactive phytochemicals identified from AAHPE against
α-amylase and α-glucosidase as a therapeutic target for the treatment of diabetes mellitus.
Findings from this study indicated that the extract of AAHPE and its phytochemicals
examined could be a promising therapeutic agent with better therapeutic efficacy than
acarbose and could be a potential anti-diabetic agent with strong inhibitory activity against
α-amylase and α-glucosidase.

5. Conclusions

This research reports the AAHPE chemical constituents identified using LC-MS/MS
analysis as well as the remarkable in vitro anti-diabetic potential of AAHPE. Additionally, a
combined physicochemical, pharmacokinetics, drug-like properties, and molecular docking
study was performed for α-amylase and α-glucosidase with anti-diabetic constituents
of AAHPE to assess new potential therapeutic drug candidates. LC-MS/MS analysis
revealed phytochemicals or bioactive compounds, of which those with high concentrations
were chosen for the molecular docking analysis. We affirmed that the phytochemicals
sinocrassosideA1, engeletin, 4-feruloylquinic acid, 3-O-caffeoyl-4-O-methylquinic acid,
protocatechuic acid, 3-caffeoylquinic acid, and arbutin are novel in fulfilling Lipski’s rules
and are potential safe and potent α-amylase and α-glucosidase inhibitors among the array
of phytochemicals in this study. The molecular docking showed hydrogen bonds and
other interactions as they relate to the importance of binding energy and the stability of
complexes of these phytochemicals and various amino acid residues in the active site of
the two enzymes that confer them as α-amylase and α-glucosidase inhibitors. Further
investigations of in vivo and clinical trials are warranted. Conclusively, we postulate that
these bioactive compounds should be considered as safe and potent inhibitors of diabetes
mellitus, controlling postprandial hyperglycemia.

Supplementary Materials: The following are available online, Table S1. LC-MS analysis of bioactive
constituents of aqueous-acetone extract of Helichrysum petiolare (AAHPE), Table S2. Chemical structure
(2D) of bioactive compounds in the aqueous-acetone extract of Helichrysum petiolare (AAHPE), Table S3.
Predicted binding affinity and detailed docking interactions of α-amylase and α-glucosidase with
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compounds of AAHPE and Acarbose, Figure S1. Model of the Interaction and the 2D Structure
of α-amylase protein and compounds of AAHPE, Figure S2. Model of the Interaction and the 2D
Structure of α- glucosidase protein and compounds of AAHPE.
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