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GC-MS and in silico analyses revealed the potential inhibitory
activity of compounds isolated from Ciplukan herb (Physalis
angulata L.) targeting GLUT-4 receptors

Rita Rakhmawati'>3", Setyanto Tri Wahyudi**°, Mae Sri Hartati Wahyuningsih®’, Mustofa Mustofa®, Ahmad Hamim Sadewa®

"Department of Medicine and Health Science Doctorate Program, Faculty of Medicine, Public Health and Nursing, Universitas Gadjah Mada, Yogyakarta, Indonesia.
*Department of Pharmacy, Faculty of Mathematics and Natural Sciences, Universitas Sebelas Maret, Surakarta, Indonesia.

*Bioinformatic and Biodiversity Community, MABBI (Masyarakat Bioinformatika dan Biodiversitas Indonesia), Jakarta, Indonesia.

“Department of Physics, Faculty of Mathematics and Natural Sciences, IPB University, Bogor, Indonesia.

*Tropical Biopharmaca Research Center, IPB University, Bogor, Indonesia.

’Department of Pharmacology and Therapy, Faculty of Medicine, Public Health and Nursing, Universitas Gadjah Mada, Yogyakarta, Indonesia.

"Center for Herbal Medicine, Faculty of Medicine, Public Health and Nursing, Universitas Gadjah Mada, Yogyakarta, Indonesia.

SDepartment of Biochemistry, Faculty of Medicine, Public Health and Nursing, Universitas Gadjah Mada, Yogyakarta, Indonesia.

ARTICLE HISTORY

ABSTRACT

Received on: 04/02/2024
Accepted on: 26/05/2024
Available Online: 05/08/2024

Key words:

AS160 protein, diabetes
mellitus, GC-MS, GLUT4, in
silico, phytosterol

The escalating prevalence of diabetes mellitus (DM), a major global health threat and one of the top 10 causes of
mortality, is a worrying trend. Prolonged hyperglycemia in people with diabetes triggers oxidative stress, leading to
accelerated tissue damage, increased levels of free radicals, and the onset of complications. Our initial exploration
of Physalis angulata L, using bioassay-guided isolation and C2C12 insulin resistance monitoring, revealed the
compound’s ability to increase cellular glucose uptake. Consequently, there is an urgent need for further drug
discovery efforts aimed at deciphering the mechanism of action of compounds targeting GLUT4 receptors in silico.
The focus of this study was to predict the mechanism of action of compounds against the AS160 protein to facilitate
GLUT4 translocation to the cell surface. Using GC-MS analysis and molecular docking via Autodock Vina, a
mixture of blind and targeted docking approaches, isolated compounds were identified. Notably, this study marks the
first identification, to the best of our knowledge, of campesterol and stigmasterol in P. angulata L herbs by GC-MS
analysis. Through in silico simulations, campesterol and stigmasterol show promising potential in the treatment
of type 2 diabetes by targeting the glucose transporter GLUT4 via facilitating GLUT4 translocation. Given their
favorable pharmacokinetic properties, these phytoconstituents are potential hypoglycemic agents.

INTRODUCTION

hyperglycemia, is a common side effect of uncontrolled diabetes.

Diabetes is a chronic disease caused by either
insufficient use of insulin by the body or insufficient production of
insulin by the pancreas. The hormone insulin is known to control
blood glucose levels. High blood sugar, commonly referred to as
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Many internal systems, including blood vessels and nerve cells,
can be severely affected [1]. The severity of symptoms depends
on the type and duration of diabetes. Particularly in children with
complete insulin deficiency, other people with high blood glucose
levels may develop polyuria, polydipsia, polyphagia, weight loss,
and blurred vision [2]. Type 2 DM, the most common form of the
disease, affects more than 90% of people [3] and their cells do not
respond to insulin or produce insulin. The process typically starts
with insulin resistance, a condition in which cells use insulin
incorrectly. The pancreas gradually stops producing insulin as
the body’s need for the hormone increases [4].
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The main protein, glucose transporter 4 (GLUT4),
has been identified as a therapeutic target for pharmaceutical
intervention strategies to reduce hyperglycemia. GLUT4 can
facilitate blood glucose uptake by muscle and adipose tissue
cells [5]. According to research by Song et al. [6], Sophora
alopecuroides L. produces quinolizidine alkaloid aloperine
(ALO), which has been shown to warrant investigation as a
potential hypoglycaemic agent. Protein kinase C (PKC) is
activated by the G-protein-PLC-IP3R-Ca2+ signaling pathway,
so this drug lowers blood glucose levels by inducing the plasma
membrane of GLUT4 to fuse and absorb glucose.

An indigenous herb from Indonesia called Physalis
angulata L, popularly known as Ciplukan, may have
antiproliferative, diabetic, and anticytotoxic properties [7].
The herbs (all parts of the plant) of the Ciplukan plant are the
most widely used constituents. Some people also use the roots,
stems, fruits, and leaves of the plant. They contain chemicals
from the terpenoid, alkaloid, phenolic, flavonoid, and saponin
groups [8]. In contrast to the other fractions, fraction I of the
P. angulata chloroform extract had the highest percentage of
glucose reduction (26.47%), according to other previous work
[9]. Due to the rapid decisions, in silico drug development is
being evaluated worldwide. Bioinformatics and computational
biology, combined with silico medicinal chemistry, are part
of the current revolution in drug development. From the early
stages of preclinical development to the later stages of clinical
development, in silico approaches are essential. As well as
speeding up the drug discovery process, it can also help to avoid
costly late-stage clinical failures [10].

The problem arises from inadequate insulin production
by the pancreas, resulting in decreased GLUT4 expression and
subsequently reduced muscle glucose uptake. The aim of this
study was to identify specific compounds by GC-MS analysis
and to evaluate their potential as antihyperglycaemic agents in
P. angulata, with a particular focus on their interaction with
the target Akt substrate of 160 kDa (AS160). AS160, which
contains a Rab (GTPase-activating protein (GAP) domain, is
phosphorylated at multiple sites by the protein kinase Akt. In
adipocytes, the insulin-triggered translocation of the glucose
transporter GLUT4 to the cell membrane depends on the
phosphorylation of AS160. This complex process of GLUT4
translocation and glucose absorption is tightly regulated by
AS160 splicing [11,12]. The lack of mainstream diabetes
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Figure 1. Representation of 3QYB Chain A structure (A) surface; (B)
Secondary structure.

drugs targeting AS160 is unfortunate. Our study took an
unprecedented approach to this protein to assess its viability and
potential applicability in future endeavors. The study by Kane
et al. [13] showed that the molecular characteristics of AS160
are consistent with those of a Rab-GAPase activating protein
(GAP) and underlined its central role as a regulator of GLUT4
traffic. AutoDock Vina (Vina), as described by Trott and Olson
[14], is a commonly used method, especially when binding site
details are available to ensure the effectiveness of the docking
process. However, in scenarios where the specific protein
binding pocket remains unidentified, Vina excels in performing
blind docking (BD) procedures. BD involves enclosing the
target in a unified simulation box, effectively covering the entire
surface area of the protein [15]. The study aims to advance the
search for potential lead compounds by predicting biological
activity, gaining new perspectives on binding mechanisms, and
anticipating pharmacological profiles.

MATERIALS AND METHODS

Active ingredient of P. Angulata L

The maceration method was used for extraction,
in which 500 g of P. angulata powder was macerated with
2 1 of chloroform. The compound was then obtained using
vacuum liquid chromatography and preparative thin layer
chromatography methods. Although the specific details of
the bioactive compound are not included in this article, its
antihyperglycaemic activity was evaluated using a glucose
consumption assay. Appropriate measures were taken to prepare
the active ingredient of P. angulata for gas chromatography-
mass spectrometry (GC-MS) analysis.

GC-MS analysis and compound identification

A Thermo Scientific TM TRACE 1313 GC and
a Thermo Scientific TM ISQ LT single quadrupole mass
spectrometer were used for GC-MS analysis. The GC-MS
system, operating in EI mode, has an HP 5MS UI capillary
column with a 30 m X 0.25 mm x 0.25 m layer thickness.
Helium UHP (He) was used as the carrier gas (1 ml minute 1).
The temperature gradient was set to increase by 3°C per minute
from 60°C to 280°C. The sample solution in a vial containing
chloroform solvent was filtered and injected into a GC-MS
instrument. The structure of the compound was identified
by comparison with spectra from the Wiley 275 MS library
and publicly available data. Molecular docking analysis was
performed using the information from the GC-MS analysis.

Pre-processing of target structure

The 3D structure of human TBCI1 domain family
member 4 (TBC1D4) was obtained from the Protein Data
Bank (https://www.rcsb.org; accessed on 28 July 2023), with
a PDB ID of 3QYB (Fig. 1) and a resolution of 3.50 A. The
selection of this protein was based on its possession of the only
available crystal structure known in the literature, specifically to
accurately represent the AS160 receptor in docking studies [16].
Uniprot.org, under code 060343, confirmed that this structure
corresponds to the only chain A structure known for TBC1D4
(accessed 28 July 2023). After visualization of the target
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Table 1. Isolated compounds from herbs of P. angulata L.

CC(C)C(C)CCC(C)CICCC2C(CCCIC2CC=CAC3(CCC(C4)0)C)C

No Ligand PubChem ID Mol. weight (g/mol) Canonical SMILES
1 Campesterol 173183 400.7
2 Stigmasterol 5280794 412.7

CCC(C=CC(C)C1CCC2C1(CCC3C2CC=CAC3(CCC(CA)0)C)C)C(C)C

structure and elimination of water molecules, the final molecule
was saved in a (.pdb) file using PyMol. Autodock Tools 1.5.7
was then used to determine the grid box size, introduce charges,
and predict the binding site using BD techniques. The resulting
file was then converted into a molecular docking file (.pdbqt)
[14].

BD to predict the binding site

The ligand, derived from natural products and
purchased from PubChem (CID 5546) [17,18], underwent
2D structural optimization facilitated by Open Babel [19].
Adjustments were made to the protein lattice box size to match
the chain dimensions. A 3QYB structure was constructed using
Autodock Tools 1.5.7 [14]. Following ligand optimization,
which resulted in (.pdbqt) file extensions, the docking process
involved the generation of 20 modes and redocking twice,
resulting in a final production of 60 modes using Autodock
Vina. Visualization of the docking results was performed using
Pymol [18], allowing identification of the prominent binding
site favored by the ligand. This identified binding site will be
used in the molecular docking analysis of potential compounds
from P. angulata.

Molecular docking of compounds against AS160 protein

The active compound identified by bioassay-guided
isolation (see Table 1) was successfully isolated in a previous
study (not presented here) and characterized by GC-MS
analysis. All ligands from the PubChem database (accessed
on 30 July 2023) were subjected to energy minimization using
Open Babel. The ligand formats were converted from .sdf to
(.pdbqt) and AutoDock Vina was used to generate the 3QYB
target structure. Through cluster analysis within the protein
target structure, the docking positions of the ligands were
visualized using PyMol and LigPlot+. The resulting complexes
were then used to elucidate the binding process.

Binding characterisation mechanism

LigPlot+ (v.2.2.8) was used to look at the hydrogen
bonding and hydrophobic interactions between the selected
drugs and the target protein structure. Interactions between
the selected compounds and known inhibitors with the target
structure were examined to find common residues that may be
critical for ligand binding.

RESULTS AND DISCUSSION

Target structure pre-processing

The 3D structure of the AS160 protein, also known as
Human TBC1D4 PDB ID: 3QYB, was obtained. The structure
was selected as the best structure from the UniProt list with the
highest resolution, 3.50 A. The AS160 gene sequence from The
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Figure 2. Schematic of the GLUT4 translocation to the cell surface of the
insulin-signaling cascade.

Table 2. Ligand for BD.

Name Triamterene
TUPAC name
CID 5546
CI2H11IN7
253.26 g/mol

6-phenyl pteridine-2,4,7-triamine

Molecular formula

Molecular weight

Research Collaboratory for Structural Bioinformatics is still
bound to water molecules and other solvents and is eliminated.
AS160, a protein that activates Rab GTPases, appears to be
phosphorylated and inactivated by Akt [16]. This protein
activates a GTP-bound form of an unnamed Rab protein. It may
also regulate one or more steps in the translocation of GLUT4
vesicles to the cell surface (Fig. 2).

BD to predict the binding site

Due to the lack of research on the AS160 protein
structure in the UniProt database, coupled with the lack of
information on the target pocket or binding site in the 3D
structure, molecular docking was performed using the BD
method [20]. The use of BD expands the conformational
search space and improves docking accuracy by not restricting
binding to a specific protein pocket. For binding site prediction,
a grid size was created that included all 3QYB proteins with
coordinates that covered the protein surface (X: —57.781; Y-
55.459; Z: 6.341). This coordination center was determined after
prediction to identify unknown binding pockets and minimize
the search space. Ligands derived from natural sources were
used to randomly bind to the targets, with triamterene (see
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Table 2) being selected. Triamterene was chosen randomly
as the ability of native ligands to interact with the AS160
protein remains unknown. In addition, numerous studies have
investigated the potential effects of triamterene [21,22].

Molecular docking was performed using Autodock
Vina with 20 output modes and a completeness of 64. Two
subsequent redockings, each with 60 output ligands, were used
to identify the potential binding sites on the protein. The ligand
structure showed a distribution over 8 sites, but two primary
centers with the highest probability were identified. These
are binding site 1 (X: —65.295; Y: 50.280; Z: 24.497), which
represents 36.6%, and binding site 2 (X: —49.276; Y: 60.786; Z:
—1.742), which represents 26.6% (see Fig. 3). The remaining
36.8% of the ligand structures were distributed over 6 other
sites not presented in this paper. The determined binding site
dimensions are subsequently used to perform docking analyses
between the AS160 protein and potential compounds derived
from P. angulata.

Binding Site2

Binding Site | ~ g™

Figure 3. The binding site included in the blind-docking simulation.

Molecular docking of compounds against the AS160 protein

The molecular docking ligands were obtained from
P angulata L. herbs by GC-MS analysis, as shown in Table
3, and their molecular weight was validated by mass spectra
(MS). Notably, among the different fractions, fraction I of
the chloroform extract of P angulata showed the highest
percentage of glucose reduction (26.47%) [9]. Our previous
unpublished research confirmed the successful isolation of
bioactive compounds from fraction 1 using a bioassay-guided
isolation strategy. GC-MS analysis revealed that the isolated
compound from P. angulata consists of a mixture of known
phytosterols, campesterol, and stigmasterol (see Table 3).
Stigmasterol has a retention time (RT) of 31.889, whereas the
RT of campesterol is 31.298. With stigmasterol having an m/z
of 412 and campesterol having an m/z of 400, both compounds
have similarity index match values of over 90% (see Fig. 4).
Therefore, this study aims to investigate the in silico antidiabetic
properties of stigmasterol and campesterol.

The glucose transporter GLUT4 is present in various
tissues, including skeletal muscle, heart, adipose tissue, and
brain, and is responsive to insulin. GLUT4 is located in the
cytoplasmic vesicles of cells and its translocation to the cell
membrane is initiated by insulin binding to insulin receptors
[23]. Insulin resistance, associated with diabetes mellitus
(DM), refers to a diminished response to insulin. In response
to this inefficiency, the body increases insulin production in an
attempt to restore glucose homeostasis. Type 2 DM (T2DM)
is a consequence of this increased insulin production, which

Table 3. Chemical profiling of bioactive compounds in P. angulata L by using GC-MS analysis.

. Molecular Molecular mass Rel. area
RT (Min) formula (@/mol) %) Compound name 2D Structure
31,298 C28H480 400.0 26.27 Campesterol
31,889 C29H480 412.0 7.86 Stigmasterol

420 APex Peak #114 Scan: #8176 RT 31.80 min NL-6.... 4100 APex Peak #110 Scan #7950 RT 31.04 min NL' 2. _
1[ -850 4124 1% 1051 3143
1| e ]
1| 43. ﬂ
i — 28 -
| %50 mainlib Library Hit: Stigmasterol 918 ]| 480 mainlib Library Hit: Campesterol 812
| 83.0
1] 43. 133.0
| l ﬂ Wh} ﬁﬁ E 2550 412.0 bg. 2130 289.0 400.0
=20 =20

Figure 4. Mass fragmentograms (m/z 412) of the characteristic ion for (A) stigmasterol and mass fragmentograms (m/z 400) of the

characteristic ion for (B) campesterol by GC-MS analysis.



146 Rakhmawati et al. / Journal of Applied Pharmaceutical Science 14 (08); 2024: 142-149

subsequently declines. Numerous studies have explored
targeting the glucose transporter GLUT4 as a therapeutic
approach to T2DM, with the aim of increasing GLUT4 protein
translocation and expression [23]. Potential pathways that
have been investigated include the PI3K/Akt pathway and
the G protein-PLC-PKC pathway through the target protein
[6,11]. Our study focused on phytosterol compounds extracted
from P. angulata and investigated their potential to alleviate
hyperglycemia through in silico experiments. Consequently,

Figure 5. A visual representation of the compounds found in P. angulata L and
their docking to the active site of AS160 would provide an insightful schematic.
This scheme could show the molecular interactions and positioning of these
compounds within the active site of the AS160 receptor, elucidating their
potential binding and functional relationships. (A) Binding site 1. (B) Binding
site 2 (note: magenta as campesterol and green as stigmasterol).

we performed in silico experiments to elucidate the effects of
campesterol and stigmasterol on T2DM.

The major glucose transporter in skeletal
muscle, known as GLUT4, is central to understanding the
pathophysiology of molecular docking. To comprehensively
cover the active site residues, a single grid box was used,
derived from a BD investigation, taking into account potential
secondary substrate binding sites. PyMol proved to be a
valuable tool for investigating protein-ligand interactions
and assessing the strength of ligand binding within the active
region. As shown in Figure 5, almost all of the chemicals were
docked deep within the binding site of the AS160 receptor.
Cluster analysis of the docking results played a crucial role in
identifying the optimal poses for each molecule. This analytical
approach provides insight into the most likely binding sites for
protein-ligand combinations [24].

LigPlot+ was used to visualize the protein-ligand
interactions. The study of molecular interactions is crucial for
understanding biological regulatory mechanisms and providing
a theoretical basis for the development of new therapeutic
targets [25]. Both strong hydrophobic contacts and delicate
intermolecular interactions, such as hydrogen bonding, play
a role in stabilizing ligands at active sites and can serve as
indicators of binding affinity and efficacy [26]. Conditions
indicative of hydrogen bonding in interaction studies require a
hydrogen donor and acceptor with a bond distance of less than
3.9 A, while angles greater than 150° indicate the strength of
the hydrogen bond [27,28]. The following table provides details
on hydrogen bonding and hydrophobic interactions for all three
compounds in complex with the AS160 receptor at binding sites
1 and 2 (see Table 5).

In molecular docking studies at binding site 1,
both campesterol and stigmasterol showed hydrogen bond
interactions with the protein target. Specifically, both
compounds formed two hydrogen bonds with the active site
residues His940 and Arg941. The bond lengths for campesterol

Table 4. ADME properties of phytochemical compounds predicted by SwissADME.

Consensus low

Drug TPSA Lipinski’s rule

Ligands polw Water solubility GI absorption linkeness (A7) of five Pain
Campesterol 6.90 Moderately soluble Low Yes 20.23 1 violation 0 alert
Stigmasterol 6.97 Moderately soluble Low Yes 20.23 1 violation 0 alert

Table 5. Binding energies of compounds and proteins with their corresponding hydrogen and hydrophobic interacting residues.

Bindi .
Extracted compounds inding energies

Hydrogen bonding interacting

Hydrophobic bond interacting residues

(kJ/mol) residues and bond lengths (A)
Binding site 1
Campesterol —6.675 His940 (3.12), Arg941 (3.03) Tyr936, Leu942, GIn946, Tyr1037 Asp1038, Gly1040, Argl1042
Stigmasterol —6.572 His940 (3.02), Arg941 (2.80) Tyr936, Leu942, GIn946, Tyr1037 Asp1038, Gly1040, Argl1042
Binding site 2
Campesterol —7.523 Asnl147 (2.80), Aspl1151 (2.90) Arg973, Phe975, Pro976, Thr977, Phel014, Ala1094, Ser1095,
GIn1096, Leul099, Lys1146, Thr1148, Pro1150
Stigmasterol =7.693 Arg973 (3.18) Phe975, Pro976, Thr977, His978, Tyr880, Glu881, GIn1010,

Phel014, Ala1094, Ser1095, Leul099
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were measured to be 3.12 and 3.03 A, whereas stigmasterol
exhibited shorter bond lengths of 3.02 and 2.80 A (see Fig.
6A and B, respectively). Given the preference for shorter bond
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Figure 6. Schematic and Ligplot+ representation of the interaction mechanism
of (A) campesterol and (B) stigmasterol in the active site of AS160 at binding
site 1.
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Figure 7. Schematic and Ligplot+ representation of the interaction mechanism
of (a) campesterol and (b) stigmasterol in the active site of AS160 at binding
site 2.

lengths, as they improve subsequent binding, it could be argued
that stigmasterol is favored over campesterol.

In addition, hydrogen bonds were formed at binding
site 2, similar to the previous site, involving protein amino acids.
Campesterol, among other ligands, exhibited the shortest bond
lengths 0f 2.80 and 2.90 A, respectively. It formed two hydrogen
bonds with the active site residues Asnl1147 and Aspl1151 (see
Fig. 7A). In contrast, the other ligands exhibited longer bond
lengths above 3 A. Stigmasterol formed a hydrogen bond with
Arg973 at alength of 3.18 A (see Fig. 7B). Importantly, all bond
lengths remained within an acceptable threshold. In conclusion,
the interaction of the two compounds at binding site 2 suggests
a high level of selectivity for these molecules [29]. The main
binding interactions between the compounds and the active site
residues are primarily facilitated by hydrogen bonds, which
ensure the stability of the complexes [30].

Based on the results of a molecular docking
simulation, the phytosterols found in Ciplukan (P. angulata)
show potential in the treatment of type 2 diabetes by targeting
the glucose transporter GLUT4 through the process of GLUT4
translocation. These compounds hold promise as a reliable
source of bioactive compounds for antihyperglycaemic agents,
offering a potential avenue for the prevention of DM. This
finding is consistent with previous research where stigmasterol
isolated from the seaweed Gelidium spinosum showed
reduced hyperglycaemic effects, as confirmed by in vitro and
in vivo studies [31]. Furthermore, edible soy oil containing
stigmasterol significantly increased GLUT4 translocation and
glucose uptake in L6 cells and skeletal muscle. In addition, oral
stigmasterol therapy in KK-Ay rats improved insulin resistance
and oral glucose tolerance as evidenced by reduced fasting
blood glucose levels and improved blood lipid indicators such
as triglycerides and cholesterol [32].

Plant-derived substances such as campesterol,
stigmasterol, and -sitosterol which have structural similarities
to cholesterol, play crucial roles in structural stability,
regulatory functions, and signaling [33]. Building on the above
explanation, molecular docking, a simulation technique that
focuses on the interaction between two molecules, provides
insight into the potential efficacy of a potential drug. However,
experimental demonstrations in the laboratory are essential to
validate the results of in silico studies, especially with regard
to pharmacological effects such as in vivo responses and
toxicity.

We predicted absorption, distribution, metabolism,
and excretion (ADME) properties for a more holistic simulation
using SwissADME prediction. Campesterol and stigmasterol
behave as drug-like, moderately soluble in water, topological
polar surface area (TPSA) (20.23 A2) and 1 violation of
Lipinski’s rule of five, making them potential candidates as
antihyperglycaemic agents (Table 4). We also advocate the
use of molecular dynamics (MDs) simulations to investigate
the stability of complex structural interactions. This approach
facilitates the assessment of conformational stability, residual
flexibility of amino acids, and consistency of hydrogen bonding
profiles over the simulation period. As reported by Wahyudi et
al. [34], natural compounds (cosmosiin, glucobrassicin, and
isobavachin) exhibited MDs simulations and ADME properties
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comparable to those of recognized Mpro inhibitors of SARS-
CoV-2, providing a comprehensive simulation.

CONCLUSION

The isolated compounds from P. angulata L herbs,
namely campesterol and stigmasterol, show potential inhibitory
activity with the AS160 protein, which is thought to play a
role in regulating GLUT4 vesicle translocation to the cell
surface. These phytoconstituents were found to have promising
pharmacokinetic properties, making them an excellent source
of naturally occurring chemicals with hypoglycaemic activity.
However, further in vivo investigations are essential to
validate these findings and assess their potential utility in the
management of DM.
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