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Background: Abutilon indicum (L.) Sweet (Malvaceae) is a traditional medicinal plant known for its antidiabetic properties in
Ayurveda and other health systems.
Aims: Tis study aims to profle metabolites in Abutilon indicum (L.) Sweet extracts (AI) and elucidate their antidiabetic
mechanisms through bioinformatics and experimental methods.
Study Design: Te ethanolic (AIE) and aqueous (AIA) extracts were evaluated for their inhibitory efects on α-glucosidase and
α-amylase, as well as their impact on glucose metabolism in 3T3-L1 adipocytes and L6 skeletal muscle cells. AIE was characterized
via HPLC-DAD-QTOF-MS, with network pharmacology and molecular docking analyses used to explore molecular targets.
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Methods: In vitro assays were performed to assess enzyme inhibition, and cell line studies HPLC-DAD-QTOF-MS were utilized
for compound characterization. Network pharmacology and molecular docking were conducted to reveal underlying antidiabetic
mechanisms.
Results: LC-MS-QTOF analysis identifed gallic acid, stigmasterol, and ribofavin as abundant compounds. Te AIE exhibited
signifcant α-glucosidase (IC50 � 74.15± 1.61 μg/mL) and α-amylase inhibition (IC50 �13.41± 0.71 μg/mL). Moreover, it enhanced
glucose consumption in 3T3-L1 cells (IC50 � 6.25 μg/mL) and promoted glucose uptake in L6 myotubes. Network pharmacology
analyses highlighted the PI3K–Akt signaling pathway’s role in facilitating glucose transport.
Conclusion: Te phytochemicals in AIE may contribute signifcantly to its antidiabetic efects, particularly through the
modulation of glucose transport via the PI3K–Akt pathway. Future studies should focus on the preclinical development of safe
herbal formulations utilizing these mechanisms for efective diabetes management.

Keywords: Abutilon indicum; antidiabetic activity; glucose transport; LC-MS-QTOF; network pharmacology

1. Introduction

Diabetes is a chronic metabolic disorder characterized by
insufcient insulin production or insulin resistance. Tis
condition is infuenced by various factors, including genetics
and environmental circumstances [1]. Diabetic medications,
metformin, SGLT2 inhibitors, and GLP1 receptor agonists,
reduce blood sugar levels with signifcant side efects. DPP4
inhibitors are regarded as safer alternatives, particularly for
individuals vulnerable to such complications [2, 3]. Te
potential side efects of diabetes medications highlight the
importance of preventive measures aimed at reducing the
risk of developing diabetes.

Herbal medicines are receiving attention because they
provide multi-targeted compounds that can afect multiple
pathways involved in diabetes. Tese natural ingredients can
enhance insulin sensitivity, promote glucose uptake, and lower
blood sugar levels [4]. Ayurveda, the traditional Indian system
of medicine, ofers various methods for managing complex
metabolic diseases like diabetes, including herbal treatments
and dietary guidance [5, 6]. Some studies also reported on the
in vitro bioactivity and metabolite profles of herbal combi-
nations, suggesting their potential in diabetes management [7].

Abutilon indicum (L.) Sweet commonly known as Indian
mallow or “Aatibala” is a notable medicinal plant used in
Ayurveda. Its antidiabetic properties come from various
bioactive compounds, including abutilin A, alkaloids, fa-
vonoids, polysaccharides, and phenolic compounds present
in the extract [8]. Te antidiabetic potential of Abutilon
indicum has been extensively studied in previous research,
highlighting its mechanisms of action, bioactive compounds,
and pharmacological efects.

Recent advancements in network pharmacology and
high-resolution techniques like LC-MS/MS have deepened
insights into the molecular mechanisms of traditional me-
dicinal plants [9, 10]. Network pharmacology leverages
multi-omics data to systemically evaluate drug–response
interactions [11], while LC-MS/MS enables the precise
chemical profling of herbal extracts, critical for identifying
multi-component therapeutics. Integrating these ap-
proaches, particularly with LC-MS-QTOF, clarifes the poly-
pharmacological efects of traditional herbal mixtures by
mapping interactions among phytochemicals, disease tar-
gets, and molecular networks [5, 6, 10, 12, 13]. Such

strategies elucidate synergistic mechanisms and systemic
therapeutic benefts, advancing the study of herbal
medicine [9].

Previous research has extensively documented the an-
tidiabetic potential of A. indicum, with studies highlighting
its capacity to modulate glucose metabolism through en-
zyme inhibition. Methanolic leaf extracts of A. indicum were
shown to suppress the α-glucosidase activity in both normal
and diabetic rats [14], aligning with the enzymatic inhibition
observed in the current study. Signifcant in vitro α-amylase
and α-glucosidase inhibitory efects of root extracts were also
reported [15], further corroborating this mechanism. Be-
yond enzyme modulation, aqueous extracts of A. indicum
were found to enhance glucose homeostasis by inhibiting
intestinal glucose absorption and stimulating insulin se-
cretion [16, 17], while its in vitro efcacy among other
medicinal plants was confrmed [17]. Te present study
extends these insights by employing network pharmacology
and molecular docking to elucidate systemic interactions
between A. indicum compounds and diabetes-related mo-
lecular targets, a novel approach not previously explored.
Phytochemical analyses identifed bioactive markers such as
gallic acid and quercetin [8, 18], which this work reinforces
through the HPLC-DAD-QTOF-MS characterization of
extract constituents, underscoring their antidiabetic and
antioxidant roles. Additionally, antioxidant and anti-
infammatory properties linked to oxidative stress mitiga-
tion and β-cell protection were documented [19–23], sup-
porting the current fndings. Collectively, this study
integrates multifaceted methodologies to advance the
mechanistic understanding of A. indicum in diabetes
management, bridging traditional pharmacological assess-
ments with contemporary computational and analytical
techniques.

In this study, the ethanolic extract of A. indicum (AIE)
and the aqueous extract (AIA) were evaluated for their
in vitro inhibitory efects on α-glucosidase and α-amylase
enzymes. Te infuence of these extracts on glucose con-
sumption, uptake, and cell viability was also examined in
3T3-L1 adipocytes and L6 skeletal muscle cells. Te char-
acterization of AIE was performed using HPLC-DAD-
QTOF-MS, while network pharmacology and molecular
docking analyses were conducted to clarify the molecular
mechanisms behind the observed bioactivities. One notable
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distinction of this study is its evaluation of glucose con-
sumption, uptake, and cell viability in 3T3-L1 adipocytes
and L6 skeletal muscle cells, which was not extensively
explored in previous research. Additionally, while past
studies primarily focused on crude extracts, this study
provides a more comprehensive system-level pharmaco-
logical analysis of A. indicum using network pharmacology
and LC-MS/MS profling. Tis approach enhances our
understanding of the plant’s poly-pharmacological efects,
setting this study apart by bridging traditional knowledge
with advanced molecular techniques.

2. Materials and Methods

2.1. Materials and Instruments. Methanol (Analytical Re-
agent grade, CAS No. 67-56-1), formic acid (HPLC grade,
CAS No. 64-18-6), and acetonitrile (HPLC grade, CAS No.
67-64-1) were obtained from Fisher Scientifc in the
United Kingdom. Additional chemicals and reagents were
sourced fromACROSOrganics or Sigma-Aldrich in the USA.
Te mobile phase for the analyses was fltered using mem-
brane flters from Millipore, featuring a pore size of 0.45 μm.
In addition, samples underwent fltration using Millipak
Express syringe flters, which also have a pore size of 0.45 μm.
Necessary equipment included a rotary vacuum evaporator
from Buchi, Germany, and an Agilent 6500 Series LC Q-TOF
System equipped with an electrospray ionization (ESI) in-
terface for high-resolution mass spectrometry analysis.

2.2. Plant Extract Preparation. Te aerial parts of Abutilon
indicum were obtained from Ayurawet Wattana Medicine
Limited Partnership inTailand and were carefully stored at
room temperature, around 27°C–30°C. A specimen of the
plant with voucher number MPIC/MT/22/05 was deposited
at the Medicinal Plant Innovation Centre at Mae Fah Luang
University, located in Chiang Rai, Tailand. Te collected
plant material was thoroughly washed under running water
to remove any impurities, followed by shade drying to retain
its properties. Once dried, the plant material was ground
into a fne powder using an electronic mixer grinder. Te
weights recorded for the raw and powdered plant materials
were approximately 700 g and 500 g, respectively.

Te ethanolic (AIE) and aqueous (AIA) extracts were
prepared by extracting the powder with ethanol (3× 500mL)
and distilled water (3×1 L), respectively, at room temper-
ature for 48 h with occasional shaking. Following the ex-
traction processes for both methods, the mixtures were
fltered to separate the liquid extracts from the solid plant
material. Te resulting extracts were then evaporated to
dryness under reduced pressure using a rotary vacuum
evaporator and subsequently freeze-dried to obtain a con-
centrated form of the extracts.

2.3. Pharmacological Activity

2.3.1. α-Glucosidase Inhibition Activity. Te activity of the
α-glucosidase inhibition was conducted following the pro-
cedure described in the literature with some modifcations
[7]. Te inhibitory efect of AI extracts was evaluated at
various concentrations (5, 10, 20, 35, 50, 75, and 100 μg/mL).
Each extract (50 μL) was mixed with 0.35U/mL α-of glu-
cosidase solution (100 μL) and incubated at 37°C for 10min.
Subsequently, 1.5mMof p-NPG solution (100 μL) was added
and incubated again at 37°C for 20min. Te reaction was
terminated by adding sodium carbonate (1000 μL) solution.
After stopping the reaction, the absorbance of the resulting
solution was measured at a wavelength of 405 nm using
a microplate reader. Acarbose, a well-known α-glucosidase
inhibitor, was used as a positive control for comparison.

2.3.2. α-Amylase Inhibition Activity. Te α-amylase in-
hibitory activity of the AI extracts was measured with minor
modifcations following the literature [20, 24] with some
modifcation. A starch solution was prepared (120 μL), and
the plant extracts AIE and AIA (60 μL) at various concen-
trations (5, 10, 20, 35, 50, 75, and 100 μg/mL) were prepared.
Tis mixture was then incubated at 37°C for 10min. After
incubation, 1U/mL of α-amylase solution (180 μL) was
added to the mixture, which was subsequently incubated for
an additional 30min. Te reaction was stopped by adding
0.1M hydrochloric acid solution (1mL) followed by 1mM
iodine solution (100 μL). Te absorbance of the solution was
measured at a wavelength of 650 nm using a microplate
reader (EnVision, Perkin Elmer, Waltham, MA). Acarbose
was again utilized as a positive control for the experiments.

2.3.3. Glucose Difusion Retardation Assay. Te glucose
difusion retardation assay was adapted from a method
described in the literature to examine the efect of the ex-
tracts on glucose difusion [25]. A one-sided sealed dialysis
tube was utilized for this experiment.Te tube was flled with
22mMD-glucose (1mL) in 0.15MNaCl (1mL), and then AI
extracts were added to the tube at various concentrations
(25, 12.5, and 6.25mg/mL). After flling the tube, the other
end of the tube was sealed, and the dialysis membrane was
submerged in a conical fask that contained 0.15M NaCl
(45mL). Te efects of the extracts on glucose difusion were
observed and recorded at intervals of 2, 4, and 6 h. An aliquot
(10 μL) of the external solution was withdrawn at each in-
terval and tested for the presence of glucose, using a glucose
oxidase kit (Biosystems, Spain). A standard curve was
constructed using diferent glucose concentrations. Te
glucose difusion retardation index (GDRI) was calculated
using the following formula below, and all experiments were
carried out in triplicate to ensure the reliability of the results

GDRI �
100 − glucose content(mg/mL) in external solution in the presence of plant extract

glucose content(mg/mL) in external solution in the absence of plant extract
􏼠 􏼡 × 100. (1)

Journal of Food Biochemistry 3
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2.4. Experimental Validation of the Antidiabetic Potential of
AI Extracts in Adipocytes and Skeletal Muscle. Te antidia-
betic potential of AI extracts was evaluated using 3T3 pre-
adipocyte cells (ATCC, Manassas, VA, USA, Catalog No.
CL-173, CVCL_0123). Te cells were grown for 24 h in
DMEM (Dulbecco’s modifed Eagle’s medium) culture
media that contained 10% (v/v) fetal bovine serum (FBS),
100U/L of penicillin, 100U/L of streptomycin, 2mM of
glutamine, and glucose solution (3mg/mL). Te incubation
atmosphere was maintained at a temperature of 37°C with
5% CO2. Cells were treated with AI extracts for 24 h in
DMEM containing 4mg/mL of glucose. After 24 h, 10 μL of
the supernatant was used to measure glucose consumption
using the glucose oxidase–peroxidase assay, with glucose
levels quantifed using a standard curve ranging from 0.5 to
4mg/mL. Te percent of glucose consumption was calcu-
lated using the following formula and IC50 was determined

Glucose consumption �
(A − B)

(A − C)
× 100, (2)

A�Glucose concentration in the control medium.
B�Glucose concentration in the sample medium. C � Blank
control without cell in the medium.

L6 myotubes (ATCC, Manassas, VA, USA, Catalog No.
CRL-1458, CVCL_0385) were grown in DMEM with 10%
(v/v) FBS, along with 100U/L of penicillin and 100U/L of
streptomycin. Tese myotubes were incubated in a humid-
ifed environment consisting of 95% air and 5% CO2 at 37°C
for 24 h. After the initial culture, the cells were reseeded at
a density of 2×104 cells/mL in either 6-well plates or 24-well
plates for subsequent glucose uptake assays. Once the cells
attained approximately 80% confuence, the medium was
switched to DMEM supplemented with a reduced con-
centration of 2% (v/v) FBS.Tis media change occurred after
24 h and was repeated at intervals of 2, 4, and 6 days to
provide optimal growth conditions. When myotube dif-
ferentiation was completed on day 7, the experiment
commenced.

L6 myotubes were treated with AI extracts and met-
formin, which was used as a positive control, for a duration
of 24 h. After treatment, the cells were subjected to 80 μM of
2-NBDG for 60min after being rinsed twice with Krebs
Ringer bicarbonate bufer to determine glucose uptake. Te
fuorescence intensity of the samples was measured at ex-
citation/emission wavelengths of 485/530 nm using
a microplate reader (EnVision, Perkin Elmer, Waltham,
MA). Tis measurement provided insights into the glucose
uptake capabilities of the myotubes in response to the
treatments.

2.5. Liquid Chromatography–Mass Spectrometer (LC/QTOF-
MS)Analysis. TeAIE (1mg) was dissolved in LC/MS grade
methanol (1mL) and then fltered through a PTFE mem-
brane syringe flter (0.22 μm). Te chemical analysis of AIE
was conducted using a liquid chromatography/time-of-fight
mass spectrometer (Agilent 6500 Series LC Q-TOF System)
equipped with a dual ASI ESI interface. Chromatographic
separation was accomplished with an Agilent LC-QTOF

6500 system utilizing an Agilent ZORBAX Eclipse Plus—C18
column (2.1× 50mm, 1.8 μm). Te mobile phase consisted
of water containing 0.1% formic acid (A) and acetonitrile
(0.1% formic acid) (B) at a fow rate of 200 μL/min. Te
injection volume was 1 μL. Te column temperature was
maintained at 25°C throughout the analysis.

Te MS1 acquisition was set with a minimum range
(m/z) of 103 and amaximum range (m/z) of 1100 with a scan
rate (spectra/sec) of 1.00. Te detection window was
established at 100 ppm. Te fow rate was maintained at
1mL/min, starting with 5% mobile phase B for 1min and
increasing linearly to 17%B in 13min. Te fow was then
increased to 100% mobile phase B within 22min, and the
eluent composition was held steady for 2min before being
reduced back to 5% mobile phase B over the same 2min,
applying both positive and negative ion modes. Te nebu-
lizer pressure was set at 45 psi. Te MS/MS absolute
threshold was established at fve per peak.

Te identifcation of compounds was performed utiliz-
ing Agilent Mass Hunter B.08.00 software (Qualitative
navigator, Qualitative workfows) along with the PCDL
database. Te height of the peaks at 10,000 in both profle
and centroid spectra indicated signifcance, with a relative
peak height of 0.1% compared to the highest peak. An al-
gorithm was used to determine a quality score greater than
70%, which assessed the reliability of the detected feature as
a compound. Te following factors included the signal-to-
noise ratio, retention time peak shape, retention time peak
width, consistency of ion retention time, mass diferences
between ion species, and the isotope pattern when setting the
quality score. Te identifcation of peaks was achieved by
comparing retention time, mass spectra, and fragmentation
patterns with reference compounds from the library, using
the PCDL database (including the TCM database, phenolic
acid database, and PubChem chemical database), while
maintaining high accuracy (error < 5 ppm). MS/MS
matching of major fragments was utilized for further con-
frmation. Mass tolerances were established with the pre-
cursor ion at ± 10 ppm and the fragment ion at ± 15 ppm.
Te unit mass tolerance was set at 0.3Da, with an abundance
ratio of 40%.

2.6. Target Search and ADME Profling. Te GEO database
was searched for suitable datasets, leading to the selection of
GSE81965 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc
=GSE81965), whichwas loaded into the Biojupies notebook.Te
expression data were quantifed as gene-level counts using the
ARCHS pipeline. Te data normalization was performed by
converting the raw counts to log10-counts per million
(logCPM). Te gene expression signature was generated by
comparing gene expression levels between the control group and
the experimental group using the Limma R package. Te high-
dimensional RNA-seq data were analyzed with an interactive
heat map. Te target prediction for compounds was extensively
mined using SwissTargetPrediction (threshold > 0.1). Te target
IDs identifed as human targets with accurate UniProtKB/ID
were retrieved. Te ADME parameters, including oral bio-
availability and drug-likeness of the compounds, were analyzed
using SwissADME. Te corresponding targets identifed were

4 Journal of Food Biochemistry
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searched inDisGeNet to extract information regarding the genes
associated with diabetes using the keyword. A Venn diagram
analysis was conducted utilizing Venny 2.1.

2.7. Protein–Protein Interaction (PPI) and Functional Asso-
ciation Network Analysis. Te program STRING 3.0 was
utilized to conduct the PPI analysis, following the protein
target criteria of NetworkAnalyst for hub and module to-
pology analysis (https://www.networkanalyst.ca). Te PPI
networks, represented as undirected graphs with proteins as
nodes and known interactions as edges, were analyzed to
illustrate their connectivity. Additional topological and
module analysis was performed to identify the main hub
proteins, their connections, and collective activities. A
minimal interaction network was selected for further hub
and module analysis, where the hub proteins represented
key roles in essential signaling pathways. Te KEGG data-
base was used to assess the functional importance of the
proteins identifed.

Te “connection frst approach” was applied to identify
the modules, highlighting the seed proteins’ log fold change
(log FC) values and calculating the relevance of the modules.
An enrichment PPI network analysis of the targets was
performed to determine Gene Ontology (GO) and pathways
in various biological contexts. Te functional annotation
enrichment analysis was integrated with biological networks
based on multiple lines of evidence from diferent databases,
including GO, KEGG, and BioCarta. Normalization of
values was applied using a cumulative hypergeometric
distribution to calculate kappa scores for the similarity
metric, and similarity score-based clustering was conducted
following techniques described in the literature [26, 27]. Te
scoring functions of the interaction network were based on
physical interactions from BioGRID to derive genomic in-
terpretations [28, 29]. Te program Cytoscape, an open-
source software platform, was used to create the
networks [30].

2.8. Molecular Docking Analysis. Te analysis of molecular
docking was performed following a previously described
method [31]. Te molecular graphics and analyses were
performed using UCSF Chimera, which was developed by
the Resource for Biocomputing, Visualization, and In-
formatics at the University of California, San Francisco
(USA). Te docking program AutoDock Vina 1.1.2 was
employed to dock four peptides with α-glucosidase and to
examine their binding mechanisms. Te crystal structures
of human pancreatic α-amylase (PDB-1B2Y) and human
lysosomal α-glucosidase (PDB-5NN8) were obtained from
the Protein Data Bank (PDB: https://www.rcsb.org/) of the
Research Collaboratory for Structural Biology (RCSB).
Molecular docking studies utilized the positions of the
natural ligands, acarbose, which were ascertained using x-
ray structures as binding sites. Te program Dock Prep was
used to prepare protein structures in UCSF Chimera. Te
ligands underwent energy minimization, and then hy-
drogens and Gasteiger charges were added. Te structures
were ultimately stored as .mol2 fles.Te docking input fles

were created using the UCSF Chimera AutoDock Tools
1.5.6 package. Te α-amylase search grid dimensions were
defned as sizes_x: 19.36, size_y: 21.07, and size_z: 25.8,
with centers at 19.2577, center_y: 8.60875, and center_z:
47.6245, respectively. Te α-glucosidase search grid di-
mensions were set to sizes_x: 30.5, size_y: 30.5, and size_z:
30.5, with centers at center_x: 12.9149, center_y: −27.0982,
and center_z: 93.9821, respectively. Te exhaustiveness was
assigned a value of 8 with a maximum energy diference of
3 kcal/mol.

2.9. Statistical Analysis. Te statistical analysis was con-
ducted using GraphPad Prism version 8.0.1 (GraphPad
Software, San Diego, CA, USA). One-way ANOVA was
applied to compare the statistical diferences between
groups, while Tukey’s post hoc test was implemented to
assess signifcance (p< 0.05).

3. Results

3.1. Extraction. Te extraction by maceration over 48 h
yielded 16.5% for the ethanolic extract (AIE) and 2.8% for
the aqueous extract (AIA).

3.2. α-Glucosidase and α-Amylase Inhibition Activity. Te
ethanolic extract (AIE) demonstrated strong inhibitory
activity against α-glucosidase (IC50 � 74.15± 1.61 μg/mL)
and α-amylase (IC50 �13.41± 0.71 μg/mL) when compared
with acarbose (IC50 �146.01± 1.16; 57.71± 1.46 μg/mL, re-
spectively). In contrast, the aqueous extract (AIA) exhibited
insignifcant inhibition (IC50> 200 μg/mL) of both
α-glucosidase and α-amylase.

3.3. GDRI. Te control (without the extract) showed a mean
glucose concentration of 0.457± 0.004mmol/mL at 6 h, as
presented in Table 1. Overall analysis revealed that the AIA
extract inhibited greater glucose movement compared to the
AIE. Notably, the AIA extract demonstrated a signifcant
reduction in glucose concentration at both 4 and 6 h when
compared to the control. Tese fndings suggest that the AI
extract reduces gastrointestinal glucose absorption, thereby
lowering blood glucose levels.

3.4. Glucose Uptake/Consumption in 3T3-L1 Pre-Adipocyte
and L6 Myotube Cells. An increase in glucose consumption
was observed in 3T3-L1 pre-adipocyte cells following
treatment with both AIE and AIA, indicating enhanced
glucose consumption (Table 2). Te AIE exhibited the
highest glucose consumption with an EC50 value of <
6.25 μg/mL, while the AIA demonstrated moderate activity
with an EC50 value of 16.19 μg/mL. Both extracts showed
signifcantly higher glucose consumption than metformin
(EC50 � 21.19 μg/mL).

Te efect of AI extracts on glucose uptake was assessed
using L6 myotube cells, as shown in Figure 1. Results in-
dicated that AIA and AIE enhanced glucose uptake at
100 μg/mL by approximately 2.5-fold compared to the
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control. AIE exhibited signifcantly higher glucose uptake
than AIA. Patients with type 2 diabetes typically present
elevated blood sugar levels due to a decreased insulin-
stimulated glucose absorption by cells [16, 17]. Tese
fndings suggest that AIE may lower blood sugar levels by
stimulating glucose absorption/uptake in both skeletal
muscle cells and adipocytes.

3.5. Liquid Chromatography–Mass Spectrometer (LC/QTOF-
MS) Analysis. Te AIE was further analyzed using LC-
QTOF-MS due to its superior bioactivities compared to the
aqueous extract (AIA). Tis analysis revealed a variety of
compounds, which are detailed in Table 3. Te LC/
QTOF-MS chromatogram is depicted in Figure 2(a) dis-
playing total ion chromatogram and Figure 2(b) showing
total compound chromatogram, the identifcation of 11
distinct compounds. Te details of these compounds, in-
cluding their chemical formula, theoretical mass, observed
mass-to-charge ratio (m/z), retention time (RT), mass error
(Dif (Tgt, ppm)), score, major MS/MS fragments, and
relevant published literature supporting the presence of
these compounds, are presented in Table 3. Te results
confrmed the existence of several phenolic compounds
known for their antidiabetic properties, including gallic acid,
luteolin, syringic acid, and catechin [38]. Additional bio-
active compounds identifed included favonoid glycosides
such as rutin, as well as derivatives of coumaric acid like
chlorogenic acid, p-coumaric acid, and ferulic acid. Other
notable compounds included 4-hydroxybenzaldehyde and
stigmasterol.

3.6. ADME and Network Pharmacology Analysis. An in-
vestigation into the molecular interactions of AIE with
potential protein targets associated with diabetes mellitus
was conducted through network pharmacology analysis.
Tis approach aimed to explore the combined efects of the
identifed compounds and to identify potential mechanistic
interactions arising from these combinations [39]. Te
ADME analysis of LC-MS-identifed molecules of AI
revealed diverse pharmacokinetic profles. Absorption:
Smaller molecules like gallic acid (MW 170.12), p-coumaric
acid (MW 164.16), and ferulic acid (MW 194.18) exhibit
high GI absorption due to their compliance with Lipinski’s
rules (0 violations), low molecular weight, and moderate
lipophilicity (Consensus Log P 0.21–1.36). In contrast,
chlorogenic acid (MW 354.31) and rutin (MW 610.52) show

Table 1: Glucose concentrations in the external solution of Abutilon indicum (L.) sweet extracts.

Tested samples
Concentration (mmol/mL)

2 h 4 h 6 h
Control 0.571± 0.004 0.523± 0 0.457± 0.004
Abutilon indicum (L.) EtOH extract 0.638± 0.047∗∗∗ 0.439± 0.004∗∗∗ 0.365± 0.004∗∗∗
Abutilon indicum (L.) H2O extract 0.514± 0.044 0.418± 0.004∗∗∗ 0.284± 0.004∗∗∗

Note: One way ANOVA followed by Tukey test.
∗∗∗p< 0.001 compared with control.

Table 2: Te efect of Abutilon indicum (L.) sweet extracts in glucose consumption on 3T3-L1 cells.

Tested samples Percentage of glucose
consumption at 100 μg/mL EC50 (μg/mL)

Abutilon indicum (L.) EtOH extract 80.10± 3.27 < 6.25∗∗∗
Abutilon indicum (L.) H2O extract 63.35± 0.91 16.19
Metformin 89.56± 2.02 21.19
Note: One-way ANOVA followed by Tukey test.
∗∗∗p< 0.001 compared with metformin.

Control AIE
100 µg/ml

AIA
100 µg/ml

Metformin
100 µg/ml
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0.5 µg/ml

^^^
###
$$$

^^^ ^^^
###$$$

###
$$$ ###

$$$

^^^

∗∗∗ ∗∗∗

∗∗∗
∗∗∗

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Fo
ld

 in
du

ct
io

n

Figure 1: Te efect of Abutilon indicum (L.) extracts stimulated
glucose uptake in L6 myotube cells one-way ANOVA followed by
Tukey test; ∗∗∗p< 0.001 compared with control, ###p< 0.001
compared with AIA, metformin, insulin group comparison with
AIE, $$$p< 0.001 compares with metformin, insulin group com-
parisons with AIA, ∧∧∧p< 0.001 compares insulin group com-
parison with metformin.
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low absorption, attributed to their higher molecular weights
and multiple Lipinski violations (1 and 3 violations, re-
spectively). Distribution: p-Coumaric acid and 4-
hydroxybenzaldehyde (TPSA 57.53 and 37.30) demon-
strate BBB permeation, likely due to their compact size and
lower polar surface area. Larger, polar molecules like rutin
(TPSA 269.43) and chlorogenic acid (TPSA 164.75) are
restricted from CNS penetration. Metabolism: Luteolin
poses a risk as a CYP1A2 and CYP3A4 inhibitor, sug-
gesting potential drug–drug interactions, while others
like catechin and stigmasterol show no CYP inhibition.
Excretion: Poor solubility (e.g., stigmasterol, ESOL sol-
ubility 1.43E − 05mg/mL) and high log P values (e.g.,
stigmasterol, Consensus Log P 6.98) may hinder renal
clearance. Most compounds, however, exhibit favorable
solubility (e.g., gallic acid, ESOL class “Very soluble”).

Key liabilities include rutin’s synthetic complexity (SA
6.52) and stigmasterol’s poor solubility. Overall, gallic
acid, p-coumaric acid, and ferulic acid emerge as
promising candidates due to balanced ADME properties.

3.6.1. Target Search and Validation Based on Diferential
Gene Expression Profling. TeGEO database was employed
to gather and analyze publicly available RNA sequencing
data from the muscle tissues of individuals diagnosed with
diabetes. Tis included an analysis of the GSE81965 dataset,
which encompassed diferentiated myotubes from patients
with type 2 diabetes and/or obesity. Te dataset provided
valuable gene expression data specifc to the skeletal muscle
[40]. Gene expression data were quantifed as gene-level
counts using the ARCHS pipeline. Te RNA-seq data were
categorized into control and treatment groups, facilitating

Table 3: List of compounds from ethanolic extract of Abutilon indicum (L.) sweet determined by LC-MS/MS-QTOF analysis.

No. Name Formula Teoretical
mass

Observed
m/z RT Dif

(Tgt, ppm) Score Major
fragments Reference

1 Gallic acid C7H6O5 170.0205 170.0216 1.29 0.9 84.21 125.0236, 59.80 [18]
2 Chlorogenic acid C16H18O9 354.0927 354.0957 1.53 1.9 80.93 255.0, 81.88 [32]
3 p-coumaric acid C9H8O3 164.0473 164.0473 18.18 0.6 93.61 147.0438, 63.10 [8]
4 Luteolin C15H10O6 286.0482 286.0473 18.64 −2.8 87.74 153.0182, 65.44 [33]
5 Syringic acid C9H10O5 198.0542 198.0521 19.28 3.2 85 125.0, 74.83 [34]
6 4-Hydroxybenzaldehyde C7H6O2 122.0367 122.0369 21.34 2.21 87.39 123.0442, 21.90 [8]
7 Catechin C15H14O6 290.077 290.0793 21.65 1.9 89.38 165.0542, 95 [35]
8 Stigmasterol C29H48O 412.3709 413.3772 27.15 0.99 81.65 159.0, 255.0 [8]
9 Ferulic acid C10H10O4 194.0581 194.0578 27.93 1.1 96.66 177.72, 35 [36]
10 Ribofavin C17H20N4O6 376.1383 377.1433 28.60 2.08 52.68 377.1456, 25 [8]
11 Rutin C27H30O16 610.1530 610.1533 28.93 −0.49 85.6 57, 373 [37]
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Figure 2: LC-QTOF-MS profle of the ethanolic extract of Abutilon indicum L. (a) Total ion chromatogram and (b) total compound
chromatogram.
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the identifcation of diferentially expressed targets, which
resulted in a total of 16,593 diferentially expressed genes. A
volcano plot representing the diferential expression of these
targets is illustrated in Figure 3(a).

Te target prediction was accomplished for the 11
compounds identifed from the LC-MS-QTOF analysis of
A. indicum extract (AIE). A detailed exploration was per-
formed using SwissTargetPrediction, with the threshold set
above 0.1. Tis analysis resulted in the identifcation of 293
potential targets. Human targets were retrieved with accu-
rate UniProtKB/ID. Furthermore, diabetes-related targets
were investigated through DisGeNet, leading to the com-
pilation of a set of 3134 genes based on el-GDA scores
greater than 0.9. A Venn diagram presented in Figure 3(b)
illustrates the overlap among 103 common targets identifed
from the GSE81965 dataset, targets from Swis-
sTargetPrediction, NIDDM_GDA-targets derived from gene
disease association database for non-insulin dependent di-
abetes mellitus from DisGeNet disease database, and the
compound target search. Tis diagram emphasizes the
substantial intersection between the identifed targets and
known diabetes-related targets, underscoring the relevance
of the compounds in the context of diabetes management.

3.6.2. Target–Compound Network Pathway Enrichment
Analysis. Te interacting targets and compounds were
utilized to construct the target–compound network depicted
in Figure 3(c). Te network analysis revealed a complex
structure consisting of 307 nodes, comprising 293 targets
and 10 compounds interconnected by 356 edges. Key hub
targets identifed included carbonic anhydrase II (CA2) and
glycogen synthase kinase 3 beta (GSK3B), each having 11
connections; pancreatic α-amylase (AMY2A) with 10 con-
nections; insulin-like growth factor 1 receptor (IGF1R) with
8 connections; and PI3-kinase p110-α (PIK3CA) with 7
connections. Notably, luteolin and syringic acid exhibited
signifcant interactions with GSK3B.

Further pathway enrichment analysis was performed
using the Fisher exact test (p-value < 0.5) to identify sig-
nifcantly afected biological pathways. Tis analysis un-
covered enriched KEGG pathways associated with the genes
interacting with AIE phytochemicals. In addition,
Figure 4(a) shows the bubble plot of enriched pathways with
hierarchical clustering, and Table 4 presents important
pathways related to diabetes among the 103 targets, dis-
played in a bubble plot alongside hierarchical clustering.Te
analysis revealed that the compounds in AIE signifcantly
interacted with multiple signaling pathways related to di-
abetes and associated conditions (Table 4).

Te AIE compounds targeted the primary metabolic
pathways relevant to diabetes and other conditions associ-
ated with impaired glucose or lipid metabolism. Tese
pathways, with a highly signifcant p-value of 7.78E− 12, are
crucial for diabetes management, as disruptions in certain
genes may enhance insulin sensitivity [41]. Notable path-
ways include the PI3K-Akt signaling pathway
(p-value� 2.99E− 20), the MAPK signaling pathway
(p-value� 6.94E− 15), and pathways related to lipid meta-
bolism and atherosclerosis (p-value� 7.62E− 16).

Moreover, Figure 4(b) illustrates the interaction of AIE
compounds with targets within the MAP kinase pathway,
including FGFR1, MAPK1, FLT1, IKBKB, MET, MAP3K8,
NFKB1, MAPK14, PDGFRB, TEK, IGF1R, AKT1, EGFR,
PRKCA, BRAF, INSR, RELA, and IRAK4. Metformin,
a potential antidiabetic agent, has been shown to inhibit the
MAPK pathway [42]. Te regulation of MAPK signaling is
crucial in addressing pancreatic β-cell dysfunction and di-
abetes, as it helps to modulate β-cell function and prevent
cell death [43]. Further analysis identifed the targets such as
PIK3CB, FGFR1, GSK3B, JAK2, MAPK1, FLT1, IKBKB,
MET, NFKB1, PDGFRB, TEK, PIK3CA, CDK2, CDK4,
IGF1R, AKT1, EGFR, PRKCA, PRKAA2, JAK1, INSR,
PIK3CD, RELA, and MTOR that are involved in the
PI3K–AKT pathway, as shown in Figure 4(c).

3.6.3. Compound–Target–Protein Interaction Network En-
richment Analysis Reveals the Signifcance of AIE Targets in
Insulin Signaling, Glucose Metabolism, and Transport.
Te targets identifed that intersect with the disease in-
teraction space, as shown in Figure 5, were examined for
crucial PPIs in the STRING interactome. Te PPI network
initially comprised 580 nodes and 1167 edges, which was
further refned to focus on diabetes, resulting in 280 nodes
and 645 edges, as illustrated in Figure 5.Tis refned network
was then utilized to elucidate signifcant functional anno-
tations. Te functional enrichments of the targets are rep-
resented in pie charts, with colors indicating the most
signifcant functional terms: regulation of metabolic path-
ways (hsa001100, p � 5.26E − 21) is represented in blue; the
PI3K–AKT signaling pathway (hsa04151, p � 9.07E − 11) is
represented in yellow; and insulin resistance (hsa04931,
p � 9.07E − 11) is represented in pink.

Te network analysis of AIE molecules underscores their
importance in promoting glucose transport, even in the
presence of insulin resistance. Te experimental results
support this inference, as AIE promotes glucose uptake in L6
myotubes (Figure 1). In addition, Figure 6(a) illustrates the
enriched network clustered based on enrichment scores of
pathways and GO terms utilized in the analyses. Te
enriched terms were clustered according to their kappa
scores with a similarity greater than 0.3, with nodes rep-
resenting signifcant p-values from each of the top clusters
connected by edges. Figure 6(b) shows the bar plot of disease
enrichment.

Te top clusters of the enriched terms are presented in
Table 5, where themulti-test-adjusted p-value in logarithmic
base 10 is referred to as “Log10(q)” and is computed using
standard procedures. Figure 6(b) displays various disease
terms enriched among the common targets, including en-
dothelial dysfunction, fatty liver disease, diabetic retinopa-
thy, and more. Finally, Figure 6(c) presents all the GO terms
that are crucial for the amelioration of type 2 diabetes.

3.6.4. Molecular Docking Analysis. Te molecular docking
study revealed that the top poses of compounds from AIE
performed better than acarbose, as demonstrated in Table 6.
Tis table displays the binding afnities, expressed in

8 Journal of Food Biochemistry
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kilocalories per mole (kcal/mol), of various ligands for the
two human enzymes: pancreatic α-amylase and lysosomal
α-glucosidase. Acarbose exhibited a binding afnity of
−7.5 kcal/mol for pancreatic α-amylase and −6.4 kcal/mol
for lysosomal α-glucosidase. Ligands such as rutin, luteolin,
chlorogenic acid, catechin, and stigmasterol demonstrated
higher binding afnities for both pancreatic α-amylase and
lysosomal α-glucosidase when compared to acarbose. Te
lower-energy states of these compounds based on the
docking poses are illustrated in Figures 7(a), 7(b), 7(c) for
human pancreatic α-amylase (PDB ID: 1B2Y) with (a)
catechin at −9.1 kcal/mol, (b) stigmasterol at −9.8 kcal/mol,
and (c) rutin at −8.9 kcal/mol. In Figures 7(d), 7(e), 7(f ), the
results for human lysosomal α-glucosidase (PDB ID: 5NN8)
are shown with (d) chlorogenic acid at −7.0 kcal/mol, (e)
stigmasterol at −8.2 kcal/mol, and (f ) rutin at −8.9 kcal/mol.

4. Discussions

Te ongoing debate regarding the efcacy and safety of
herbal medicines for treating diabetes refects a pressing
need for a deeper understanding of these treatments [44].
While numerous studies indicate positive outcomes, such as
enhanced insulin secretion and improved insulin sensitivity
from plant-based treatments like A. indicum, signifcant
concerns remain. Tese concerns center on the variability in

the bioactive compound content, standardization, and po-
tential side efects [10, 19, 45, 46]. Moreover, the interactions
between these herbal compounds and conventional anti-
diabetic drugs are not fully understood, raising questions
about their combined use in clinical settings [5, 9, 47].

In the present study, the LC-MS-QTOF and network
analysis-based system approaches were employed to mo-
lecularly characterize the antidiabetic potential of AIE across
various in vitro experiments, including α-glucosidase and
α-amylase inhibition, glucose consumption, and glucose
uptake in 3T3-L1 adipocytes and L6 skeletal muscle cells.
Network analysis elucidated the multi-component mecha-
nisms underlying the antidiabetic efects of AIE, facilitating
the identifcation of targets, ADME profles, pathways,
genes, and disease associations based on PPIs. Te enrich-
ment analysis and clustering further clarifed the mecha-
nisms of action of the compounds identifed by LC-
MS-QTOF analysis, correlating themwith the in vitro results
of α-glucosidase and α-amylase inhibition, glucose con-
sumption, glucose uptake, and cellular viability in 3T3-L1
adipocytes and L6 myotubes.

Te observed efects can be attributed to the bioactive
favonoids (rutin, catechin, luteolin) and phenolic com-
pounds (4-hydroxybenzaldehyde, chlorogenic acid, ferulic
acid, gallic acid, p-coumaric acid, syringic acid) present in
AIE, which were identifed through the LC-QTOF-MS

Control vs perturbation signature | volcano plot
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Figure 3: (a): Volcano plot of the diferential expression of the targets. (b): Venn diagram of target search. AI-Abuliton indicum targets from
SwissTargetPrediction, NIDDM_GDA-targets derived from gene disease association database for non-insulin-dependent diabetes mellitus
from DisGeNet database. (c): Compound–target network with STRING functional association.
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study, including rutin, luteolin, chlorogenic acid, catechin,
and stigmasterol. Tese compounds are well-documented
for their antidiabetic potential, particularly through mech-
anisms such as free radical scavenging, anti-infammatory
actions, regulation of glucose and lipid metabolism, and
management of insulin resistance [48]. Te study showed
that AIE demonstrated superior activity compared to the
aqueous extract, consistent with the identifcation of 11
compounds that resemble previously reported antidiabetic
bioactive compounds, including favonoids and phenolic
compounds [8]. Some specifc compounds that were pre-
viously identifed and isolated from Abutilon indicum in-
clude p-coumaric acid, stigmasterol, and ribofavin [8]. Te
identifed compounds and their reported activities are de-
tailed in Table 7, which emphasizes those compounds that
demonstrate signifcant modulatory efects on glucose
metabolism.

Te identifcation of gallic acid in this plant extract was
achieved using the HPTLC method [18], while chlorogenic
acid was found in another species of Abutilon [32]. Luteolin
was reported as one of the favonoid compounds from
A. indicum fowers [33], and syringic acid was identifed in the

methanol extract of the leaves of the plant [34]. Catechins,
along with various other favonoids, were discovered in the
seeds of Abutilon species [35], and ferulic acid was identifed
alongside other favonoids within these species [36]. Te
favonoid glycoside rutin, found in the LC-MS-QTOF study,
was also previously reported in similar Abutilon species [37].
In the experimental results, the AIE demonstrated the ability
to inhibit α-glucosidase (IC50� 74.15± 1.61 μg/mL) and
α-amylase (IC50�13.41± 0.71μg/mL) more efectively than
acarbose, a commonly used antidiabetic drug. Tese fndings
align with previous research indicating that the leaves of
A. indicum possess a robust afnity and potency for inhibiting
these enzymes [15]. Tese results are supported by various
studies demonstrating the hypoglycemic and anti-
hyperglycemic efects of extracts and isolated compounds
from A. indicum [61]. Te inhibition of these enzymes plays
a crucial role in carbohydrate metabolism, as their inhibition
can enhance glucose uptake and subsequently promote
glycogenesis [62].

Molecular docking studies corroborated the in vitro
enzyme inhibition results. Tese studies revealed that
compounds identifed in AIE, such as catechin, possess
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Figure 4: (a): Bubble plot of enriched pathways with hierarchical clustering. (b): MAPK signaling pathways. (c): PI3K-AKT signaling
pathway.

10 Journal of Food Biochemistry

 jfbc, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/jfbc/8252812 by Subhadip B

anerjee - SE
A

 O
R

C
H

ID
 (T

hailand) , W
iley O

nline L
ibrary on [09/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Ta
bl

e
4:

To
p
en
ri
ch
ed

pa
th
w
ay
s
of

A
IE

ph
yt
oc
he
m
ic
al

in
te
ra
ct
in
g
w
ith

ta
rg
et
s.

Pa
th
w
ay

En
ri
ch
m
en

t
FD

R
Fo

ld
en

ri
ch
m
en

t
G
en

es

M
et
ab
ol
ic

pa
th
w
ay
s

7.
78
E

−
12

4.
43

C
D
38

TY
M
P
PI
K
3C

B
PT

G
S2

PL
D
1
G
ST

P1
A
K
R1

B1
G
SR

A
LD

H
2
H
M
G
C
R

A
K
R1

A
1
H
SD

11
B1

EP
H
X
2
PI
K
3C

A
A
O
C
3
C
YP

19
A
1
C
YP

2C
9
PD

E5
A

C
YP

1A
1

C
YP

1A
2
C
YP

17
A
1
PD

E3
B
X
D
H
A
N
PE

P
FA

SN
PI
K
3C

D
D
H
C
R7

C
A
5A

PL
A
2G

2A
M
A
O
A

PI
3K

–A
kt

sig
na
lin

g
pa
th
w
ay

2.
99
E

−
20

15
.3
0

PI
K
3C

B
FG

FR
1
G
SK

3B
JA

K
2
M
A
PK

1
FL

T1
IK

BK
B
M
ET

N
FK

B1
PD

G
FR

B
TE

K
PI
K
3C

A
C
D
K
2
C
D
K
4
IG

F1
R
A
K
T1

EG
FR

PR
K
C
A
PR

K
A
A
2
JA

K
1
IN

SR
PI
K
3C

D
RE

LA
M
TO

R

Ra
s
sig

na
lin

g
pa
th
w
ay

1.
06
E

−
17

18
.5
6

PI
K
3C

B
PL

D
1
FG

FR
1
M
A
PK

1
FL

T1
IK

BK
B
M
ET

N
FK

B1
PD

G
FR

B
TE

K
PI
K
3C

A
IG

F1
R
A
K
T1

EG
FR

PR
K
C
A

IN
SR

PI
K
3C

D
RE

LA
PL

A
2G

2A

Ra
p1

sig
na
lin

g
pa
th
w
ay

3.
91
E

−
17

19
.3
4

PI
K
3C

B
PR

K
C
Z
FG

FR
1
M
A
PK

1
FL

T1
M
ET

M
A
PK

14
PD

G
FR

B
TE

K
PI
K
3C

A
IG

F1
R
A
K
T1

EG
FR

PR
K
C
A

BR
A
F
IN

SR
PI
K
3C

D
SR

C

M
A
PK

sig
na
lin

g
pa
th
w
ay

6.
94
E

−
15

13
.8
1

FG
FR

1
M
A
PK

1
FL

T1
IK

BK
B
M
ET

M
A
P3

K
8
N
FK

B1
M
A
PK

14
PD

G
FR

B
TE

K
IG

F1
R
A
K
T1

EG
FR

PR
K
C
A

BR
A
F
IN

SR
RE

LA
IR
A
K
4

Li
pi
d
an
d
at
he
ro
sc
le
ro
sis

7.
62
E

−
16

17
.9
2

PI
K
3C

B
G
SK

3B
JA

K
2
M
A
PK

1
IK

BK
B
N
FK

B1
M
A
PK

14
PI
K
3C

A
C
YP

2C
9

C
YP

1A
1
A
K
T1

PR
K
C
A

PI
K
3C

D
RE

LA
M
M
P1

SR
C
IR
A
K
4

Journal of Food Biochemistry 11

 jfbc, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/jfbc/8252812 by Subhadip B

anerjee - SE
A

 O
R

C
H

ID
 (T

hailand) , W
iley O

nline L
ibrary on [09/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



higher binding afnities for pancreatic α-amylase and ly-
sosomal α-glucosidase compared to acarbose. Catechin
demonstrated a binding afnity of −9.1 kcal/mol for pan-
creatic α-amylase, whereas acarbose showed a binding
afnity of −7.5 kcal/mol. Tis suggests that the antidiabetic
potential of AIE may surpass that of acarbose, as these
enzymes signifcantly impact carbohydrate metabolism.
Te experimental results demonstrated that AIE enhances
glucose consumption, with an EC50 value of 6.25 μg/mL in
3T3-L1 cells, compared to the EC50 value of 21.19 μg/mL for
metformin. Additionally, AIE at a concentration of 100 μg/
mL signifcantly enhanced glucose uptake in L6 cells,
showing an increase of approximately 2.56- to 2.48-fold.
Tese activities can be attributed to the phenolic com-
pounds found in AIE, such as gallic acid, luteolin, syringic
acid, and catechin. Tese compounds may enhance insulin
secretion, improve insulin sensitivity, inhibit glucose ab-
sorption, and modulate glucose metabolism [16].

Te network pharmacology analysis (Figure 3(c))
highlighted interactions among the carbonic anhydrase
family of proteins (CA1, CA2, CA3, CA4, CA5B, CA6, CA7,
CA9, CA13, CA14, CA19) with compounds such as gallic
acid, luteolin, syringic acid, and catechin.

Research has indicated that carbonic anhydrase serves as
a crucial target in antidiabetic therapy, as it reduces hepatic

glucose production and is involved in hepatic gluconeo-
genesis [63, 64]. Te pathway enrichment analysis
(Figure 4(a) and Table 4) revealed the signifcance of
compounds in AIE, such as luteolin, chlorogenic acid,
syringic acid, and stigmasterol, all connected to metabolic
processes. Tese connections correlate with their in-
volvement in diabetes and glucose transport. Studies suggest
that free fatty acids like stigmasterol act as metabolic hubs
linking obesity, insulin resistance, and type 2 diabetes
(T2DM), which is an independent risk factor for cardio-
vascular disease and is associated with the development of
islet autoimmunity in type 1 diabetes mellitus [65].

Te analysis also showed substantial involvement of the
PI3K–Akt and MAPK signaling pathways, along with
metabolic pathways related to lipids and atherosclerosis. Te
MAPK signaling pathway, known for its association with
infammatory, oxidative, and apoptotic processes, plays
a crucial role in the development of cardiovascular com-
plications in diabetes [66]. Compounds such as luteolin and
syringic acid interact with MAPK1, IKBKB, MAP3K8,
MAPK14, IGF1R, AKT1, EGFR, PRKCA, and INSR. Ad-
ditionally, syringic acid modulates glucose uptake and uti-
lization in L6 myotubes and rat muscle tissue [67].

Te network enrichment cluster analysis (Figure 6 and
Table 5) revealed enrichment for the terms “GO:0006468

chart c... term name description FDR value
hsa01100
hsa04151
hsa04931

Metabolic pathways
PI3K-Akt signaling pathway

Insulin resistance

5.26E–21
5.79E–9

9.07E–11

Figure 5: Protein–protein interaction functional enrichment network of AIE.
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protein phosphorylation,” “GO:0043408 regulation of
MAPK cascade,” and “hsa04010 MAPK signaling pathway.”
Tese terms highlight the importance of promoting the
transcription of glucose transporter genes Glut1 and Glut4.
Te P38 MAPK pathway enhances both insulin-dependent
and -independent glucose transport. Additionally, PGC1 is
induced by p-38/MAPK, boosting oxidative metabolism by
co-activating mitochondrial biogenesis. AMPK and p38
MAPK are co-expressed in the contracting skeletal muscle,
where their combined actions promote glucose uptake via
insulin-dependent mechanisms [66].

Te T cell protein tyrosine phosphatase (TCPTP)
pathway, which dephosphorylates substrates like JAK-STAT
and insulin receptors (IRs), was found to be signifcantly
enriched. In the liver, TCPTP dephosphorylates STAT3,
STAT5, and AKT, regulating insulin signaling by inhibiting
key enzymes involved in gluconeogenesis, thus reducing
hepatic glucose production [68]. Both network pharma-
cology and experimental evidence indicate that AIE mole-
cules can inhibit TCPTP, thereby modulating glucose
metabolism. Specifcally, gallic acid has been shown to re-
store insulin resistance by enhancing glucose uptake. It
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GO:0040011: Locomotion
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GO:0032501: Multicellular organismal process
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Figure 6: (a): Enrichment clustering network. (b): Bar plot of disease enrichment. (c): GO enrichment bar plot.

Table 5: Top clusters with their representative-enriched terms involved with AIE target proteins involved in diabetes and associated
conditions.

GO Description Log10 (P) Log10 (q)
GO:0006468 Protein phosphorylation −30.83 −26.49
GO:0043408 Regulation of MAPK cascade −25.48 −21.91
hsa04010 MAPK signaling pathway −18.42 −15.81
M91 PID TCPTP PATHWAY −17.79 −15.27
GO:0032103 Positive regulation of response to external stimulus −17.08 −14.64
GO:0006979 Response to oxidative stress −16.44 −14.07
GO:0019216 Regulation of lipid metabolic process −15.52 −13.2
GO:1902532 Negative regulation of intracellular signal transduction −15.45 −13.13
GO:0070482 Response to oxygen levels −15.02 −12.74
WP1544 MicroRNAs in cardiomyocyte hypertrophy −14.78 −12.52

Journal of Food Biochemistry 13

 jfbc, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/jfbc/8252812 by Subhadip B

anerjee - SE
A

 O
R

C
H

ID
 (T

hailand) , W
iley O

nline L
ibrary on [09/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



reduces oxidative stress that hinders insulin sensitivity by
inhibiting the PI3K–Akt signaling pathway, ultimately
promoting the translocation of glucose transporter 4
(GLUT4) to the plasma membrane for glucose absorption
[69]. Te presence of gallic acid in AIE, as confrmed by the
LC-MS-QTOF study, supports its role in enhancing insulin

sensitivity and managing glucose metabolism. Gallic acid is
known for inhibiting glucose-metabolizing enzymes [61].
Prior studies have quantifed gallic acid in the AI methanol
extract [18]. Te fndings from our LC-MS-QTOF analysis
also confrmed the presence of gallic acid, which aligns with
previous results from animal studies showing its potential

Table 6: Molecular docking study of human pancreatic alpha-amylase (1B2Y) and human lysosomal alpha-glucosidase (5NN8) with
molecules found in the LC-MS-QTOF study.

Ligands Human pancreatic alpha-amylase
(PDB ID-1B2Y) (kcal/mol)

Human lysosomal alpha
glucosidase (PDB ID-5NN )

(kcal/mol)
Acarbose −7.5 −6.4
Gallic acid −6.2 −6.0
Chlorogenic acid −8.0 −7.0
p-coumaric acid −6.2 −5.7
Luteolin −8.9 −7.0
Syringic acid −5.7 −5.5
4-Hydroxybenzaldehyde −5.0 −5.2
Catechin −9.1 −6.7
Stigmasterol −9.8 −8.2
Ferulic acid −6.4 −5.8
Ribofavin −8.1 −6.8
Rutin −8.9 −8.9

(a) (b) (c)

(d) (e) (f)

Figure 7: Molecular docking study on human pancreatic α-amylase (1B2Y) with (a) catechin, (b) stigmasterol, (c) rutin and human
lysosomal α-glucosidase (5NN8) with (d) chlorogenic acid, (e) stigmasterol, and (f) rutin.

14 Journal of Food Biochemistry
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efects on glucose metabolism [70]. Te experimental results
revealed the presence of p-coumaric acid, which, like gallic
acid, has demonstrated antidiabetic efects [71].

Similarly, luteolin has been reported to improve glucose
consumption by activating GLUT4 and modulating the
PI3K/Akt/GLUT4 signaling pathways in insulin-resistant
cells [53]. Tis aligns with our experimental results, which
showed signifcant enhancement of the PI3K–Akt signaling
pathways. Syringic acid and catechin further contribute to
the antidiabetic efects of AIE by enhancing glucose trans-
port and inhibiting carbohydrate-metabolizing enzymes,
further supporting the in silico and experimental results.
Syringic acid is also recognized for its enzyme inhibition
potential related to carbohydrate metabolism in various
diabetes animal models [55, 72]. Catechin was identifed in
the LC-MS-QTOF study, which enhanced glucose transport
by activating the AMPK and PI3K, thereby improving in-
sulin sensitivity and promoting glucose uptake by cells, as
supported by both the in silico and experimental fndings
[73]. Catechin is also found to interact with human pan-
creatic α-amylase (PDB ID: 1B2Y) with a docking score of
−9.1 kcal/mol compared to −7.5 kcal/mol for acarbose
(Figure 7 and Table 6).

Ferulic acid helps in diabetes through various mechanistic
pathways [74]. Previous animal studies indicated that at
a dosage of 50mg/kg, the hyperglycemic state in the cardiac
tissue of diabetic rats was altered by the increased translocation
of GLUT-4 to the cardiac membrane. Tis alteration was
achieved through elevated phosphorylation of PI3K, AKT, and
inactivation of GSK-3 [75]. Further studies have also high-
lighted the anti-hyperglycemic potential of these compounds,
which were identifed in our LC-MS-QTOF study [76]. Rutin
has shown a very stable docking score of −8.9 kcal/mol for
both human pancreatic α-amylase (PDB ID: 1B2Y) and hu-
man lysosomal α-glucosidase (PDB ID: 5NN8). Moreover,
rutin, which demonstrated this stable docking score for these
enzymes, has been proven in clinical trials to improve various
metabolic parameters in patients with type 2 diabetes mellitus
(T2DM) [77]. Rutin, a favonoid glycoside, has been shown to
increase tissue glucose uptake [59]. Tis suggests that the
efects of these bioactive compounds may extend beyond the
gastrointestinal tract, potentially ofering a more compre-
hensive antidiabetic strategy through the modulation of
multiple pathways involved in diabetes mellitus [62].

Te network pharmacology analysis (Figure 5) revealed
that luteolin interacts with GSK3A/B, while stigmasterol
interacts with PPARG. Tese interactions represent viable
targets for treating diabetes-associated infammation [78].
Te PI3K/AKT signaling pathway is crucial in energy
metabolism concerning obesity, insulin resistance, hyper-
glycemia, and diabetes [79]. Te insulin-independent sig-
naling molecule AMPK has been found to reduce high-
phosphoinositide-induced activation of the PI3K/AKT/
GLUT4 pathway and glucose uptake in myotubes exposed to
elevated glucose levels. Te activation of the phospho-PI3K/
phospho-AKT/phospho-AMPK/GLUT4 signaling cascade
is associated with improvements in body weight, fasting
blood sugar, glycated hemoglobin, insulin resistance, and
glucose intolerance, ofering potential treatment strategies

for hyperglycemia. Previous studies reported that activation
of the PI3K/AKT/GLUT4 signaling pathway promotes hy-
poglycemic efects in L6 cells [68] and enhances glucose
absorption while reducing insulin resistance in skeletal
muscle cells.Te glucose-modulating and antioxidant efects
of A. indicum align with fndings from Rhinacanthus
nasutus, where rhinacanthin-rich extracts enhanced glucose
uptake and exhibited antiglycation activity, suggesting
shared mechanisms in mitigating metabolic and oxidative
stress [80], the multi-target potential of germacrone [81],
and the antioxidant properties of Berberis lycium [82],
underscoring the broader therapeutic promise of phyto-
chemicals in addressing multifactorial diseases like diabetes.
Notably, AIE was found to be more efective than metformin
in increasing glucose uptake in L6 myotube skeletal muscle
cells. Tis fnding suggests that a combination of AIE bio-
active natural products (gallic acid, luteolin, syringic acid,
and catechin) may be more efective than metformin alone
through a multi-combinatorial mechanism of action.

5. Conclusions

Te ethanolic extract of Abutilon indicum (AIE) exhibits
signifcant antidiabetic potential, attributed to its rich
composition of bioactive phenolic compounds, including
gallic acid, luteolin, syringic acid, catechin, ferulic acid, and
rutin. Tese compounds work synergistically to enhance
glucose metabolism by promoting both glucose consump-
tion and uptake in adipocytes and skeletal muscle cells. Tis
activity is crucial for improving glucose homeostasis per-
tinent to T2DM. Notably, AIE demonstrated superior in-
hibitory efects on α-glucosidase and α-amylase enzymes
compared to the standard drug acarbose. Tis indicates its
efcacy in modulating carbohydrate digestion and absorp-
tion, which were further validated by molecular docking
studies. Te network pharmacology analyses revealed that
phytochemicals present in AIE interact with key protein
targets, including PIK3CA, various MAP kinases, GSK3B,
carbonic anhydrases (CAs), DPP4, and the insulin receptor
(INSR). Tese interactions predominantly infuence the
MAP kinase and PI3K–AKT signaling pathways, both of
which are critical in regulating glucose metabolism and
insulin sensitivity. While these fndings provide a robust
framework for elucidating the multifaceted antidiabetic
mechanisms of AIE, they also pave the way for future re-
search eforts. Subsequent studies that incorporate tran-
scriptomic analyses, protein expression evaluations through
Western blotting, and comprehensive in vivo studies in
diabetic animal models will be instrumental in validating
and expanding upon these preliminary insights. Such re-
search will enhance the understanding of the therapeutic
potential of AIE and its role in the management of diabetes.

Nomenclature

2-NBDG (2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-D-glucose)

3T3-L1 Mouse pre-adipocyte cell line
AIA Aqueous extract of Abutilon indicum
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AIE Ethanolic extract of Abutilon indicum
ADME Absorption, distribution, metabolism,

elimination
AMY2A Pancreatic α-amylase
CA2 Carbonic anhydrase II
GDRI Glucose difusion retardation index
GEO Gene expression omnibus
GSK3B Glycogen synthase kinase
HPLC-
DAD

High-performance liquid chromatography with
diode-array detection

IGF1R Insulin-like growth factor 1 receptor
L6 Rat skeletal muscle cell line
PIK3CA PI3-kinase p110-α
QTOF-
MS

Quadrupole time-of-fight mass spectrometry
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