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Introduction 

Diabetes mellitus (DM) is a prevalent global health issue, 

including in Indonesia. According to the International Diabetes 

Federation (IDF), the prevalence of DM has been rising significantly 

since 2015 and is projected to reach 6.16 billion by 2040. DM comprises 

a group of chronic metabolic disorders characterized by hyperglycemia, 

resulting from defects in insulin production, insulin action, or both 1. 

The majority of DM cases are type II. Management of type II DM 

involves both non-pharmacological and pharmacological therapies. 

Non-pharmacological approaches focus on lifestyle modifications, 

while pharmacological treatments involve the use of oral anti-diabetic 
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medications 2. However, long-term use of synthetic antidiabetic drugs, 

such as acarbose, can lead to side effects, including nausea, vomiting, 

abdominal pain, and bloating, affecting the digestive system 3. 1 

Consequently, natural medicine is increasingly considered an 

alternative therapy due to its potential benefits and minimal side effects. 

Previous studies have identified several ethnopharmacological plants 

from Sulawesi, including C. myxa L. 4–6, S. cumini 7,8, S. malaccense 9–

11, and A. bunius 6,12,13, as potential candidates for antidiabetic drug 

development.  These studies have explored the biological activities and 

chemical compounds of these plants. For instance, ELISA studies on 

the leaf extract of C. myxa L. have demonstrated α-glucosidase inhibitor 

activity 4. Additionally, an in silico approach has been employed to 

screen compounds from C. myxa L. with potential as α-glucosidase 

inhibitors 5. Furthermore, mapping studies of active compounds in the 

n-hexane fraction of C. myxa L. leaves, along with postprandial 

bioassays and radical scavenging activity assessments 14, have indicated 

the plant’s potential antidiabetic and antioxidant properties. 

The experimental findings have conclusively demonstrated the 

therapeutic potential of these plant species. To comprehensively 

understand the molecular basis of these therapeutic effects, a multi-

tiered analytical approach has been implemented.  Initially, 

metabolomic profiling utilizing gas chromatography-mass 

spectrometry (GC-MS) approach has enabled the detailed 

characterization of tentative bioactive metabolites through 

identification and quantification by splitting ions that produce typical 

fragmentation patterns of parent ions  15.  Moreover, the identified 
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Diabetes is a degenerative disease affecting many people in Indonesia, where herbal preparations 

offer an alternative treatment. This study aims to identify potential antidiabetic drugs from four 

ethnopharmacological plants of Sulawesi (Cordia myxa L., Syzygium cumini, Syzygium 

malaccense, and Antidesma bunius) using network pharmacology and molecular docking 

approaches. Secondary metabolites in the ethanolic extracts were identified using gas 

chromatography-mass spectrophotometry (GC-MS), followed by analysis of potential antidiabetic 

targets through network pharmacology and docking studies with Molecular Operating 

Environment (MOE) software. Network pharmacology revealed PPARG as a potential target for 

C. myxa and GCG receptors for the other plants. Docking analysis showed that C. myxa 

compounds bind strongly to PPARG (PDB ID: 5YCP), surpassing Rosiglitazone (-7.49635 

kcal/mol), with top binding energies observed for Squalane (-9.6078 kcal/mol), 2,6,10,14,18,22-

Tetracosahexaene, 2,6,10,15,19,23-hexamethyl-(all-E)- (-8.7069 kcal/mol), and Anodendroside 

G monoacetate (-8.0845 kcal/mol). Meanwhile, for GCG (PDB ID: 5EE7) receptor interactions, 

several compounds demonstrated stronger binding than MK-0893 (-5.66941 kcal/mol). A. bunius 

exhibited the highest GCG binding affinities from terpenoid of 2,5,7,8-Tetramethyl-2-(4,8,12-

Trimethyltridecyl)-3,4-Dihydro-2h-Chromen-6-Yl Hexofuranoside (-8.8001 kcal/mol), while S. 

malaccense and S. cumini compounds showed moderate to strong binding energies ranging from 

-7.6398 to -6.5939 kcal/mol. These findings highlight the significant antidiabetic potential of C. 

myxa targeting PPARG and A. bunius, S.malaccense and S.cumini targeting GCG receptors, 

offering promising candidates for antidiabetic drug development. 
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compounds were subsequently analyzed through Network 

Pharmacology (NP), a sophisticated computational framework that 

systematically maps and analyzes the intricate web of interactions 

between plant-derived compounds and their corresponding biological 

targets simultaneously interact with various cellular proteins and 

signaling pathways, offering insights into their mechanisms of action at 

the molecular level 16.  The system biology perspective has proven 

particularly valuable in understanding the pleiotropic effects of natural 

products, as demonstrated by our previous study demonstrating the anti-

inflammatory properties of phenolic acid derivatives through their 

specific inhibitory action on TNF-α convertase 

receptors 17.   Subsequent validation of these promising therapeutic 

candidates was conducted through molecular docking simulations that 

enable precise prediction and visualization of binding interactions. Our 

previous studies have demonstrated that the docking method effectively 

identified anticancer bioactive compounds from Begonia medicinalis 

plant by utilizing the virtual screening method of the Begonia genus 

plant compounds database 18–20. Similarly, the discovery of antidiabetic 

compounds has been achieved through molecular docking approaches, 

exemplified by compounds from Ficus lutea plants 21. Furthermore, 

inhibitor compounds for the 3CL-protease enzyme of SARS-CoV-2 

were successfully identified from Zingiber officinale plants using a GC-

MS-based molecular docking approach22. Therefore, in this study, we 

performed network pharmacology to identify the potential antidiabetic 

target from four ethnopharmaca plants of Sulawesi and then further 

validated the potency by molecular docking of plants metabolites 

compounds on the specific antidiabetic protein target.  

 

Materials and Methods 
 

Plant Materials 

The leaves of Cordia myxa L. (voucher specimen no. 117.CM.05.2024) 

were collected on May 21, 2024, from Rante Padang-Rante Mario 

Village, Malua District, Enrekang Regency, South Sulawesi, Indonesia 

(3°22'26"S; 119°53'15"E). Similarly, the leaves of Syzygium cumini 

(voucher specimen no. 118.SC.05.2024), Syzygium malaccense 

(voucher specimen no. 119.SM.05.2024), and Antidesma bunius 

(voucher specimen no. 120.AB.05.2024) were obtained on the same 

date from Kelarembeng Village, Bontonompo District, Gowa Regency, 

South Sulawesi, Indonesia (5°18'21"S; 119°23'48"E). The taxonomic 

identification of all plant species was conducted by the Botanical 

Division of the Pharmacognosy-Phytochemistry Laboratory, Faculty of 

Pharmacy, Universitas Muslim Indonesia. 

 
Preparation of plant material and extraction 

Each fresh leaf sample was carefully cleaned to remove debris and air-

dried at room temperature for one week. Subsequently, 300 g of the 

dried material from each species was finely ground into a powder using 

a traditional grinder. The powdered leaf samples were extracted using 

the maceration method, with 10 liters of 95% ethanol serving as the 

organic solvent. The maceration process was carried out over a period 

of 3-5 days at room temperature, during which the mixture was 

intermittently stirred to ensure thorough extraction. After the 

maceration period, the resulting mixture was filtered to separate the 

liquid extract from the solid residue. The residue was re-soaked under 

the same conditions, and this process was repeated three times to 

maximize the extraction yield. The combined filtrates from each 

repetition were evaporated under reduced pressure using a rotary 

evaporator to remove the solvent, yielding a viscous ethanolic extract. 

These extracts were then stored under appropriate conditions for further 

analysis. 

 
GC-MS Analysis 

Ethanol extracts of each plant leaves were analyzed by GC-MS 

(Shimadzu QP-2010 Gas Chromatograph Mass Spectrometer Ultra), 

equipped by an autosampler AOC-20i and capillary column (SH-Rxi-

5Sil MS) with the diameter 30 m x 0.25 mm x 0.25 mm. Helium was 

used as carrier gas (1.0 mL/min). Temperature injection of 250°C; 

splitless mode; a column oven temperature of 70°C at the beginning and 

held for 2 min, then ramped to 200°C at the rate of 10°C/min and end 

temperature 280°C and held for 9 min at the rate 5°C/min; an MS ion 

source temperature of 200°C, and an interface temperature of 280°C 

were set. The secondary metabolites were identified by comparing the 

experimental molecular mass spectra and base peak of each 

chromatogram with the Wiley and NIST database libraries 23. 

 
Network Pharmacology 

Identification of Gene Targets Associated Active Compounds 

The identification of potential gene targets was based on the active 

compounds derived from GC-MS analysis. The pharmacological 

activities of these genetic targets were predicted using SMILES data, 

which was later integrated into SwissTargetPrediction 

(http://www.swisstargetprediction.ch/) database. The compilation of 

genetic targets was standardized according to the guidelines established 

by the HUGO Gene Nomenclature Committee (HGNC). This 

standardization process utilized the Uniprot database 

(https://www.uniprot.org/id-mapping) to rectify any discrepancies in 

gene nomenclature across different databases 24,25. 

 
Identification of Gene Targets Related with Diabetes 

The identification of target proteins involved in the pathogenesis of 

cervical cancer was conducted through an extensive search of multiple 

genomic databases, including Gene Expression Omnibus (GSE) 

(GSE184050) (https://www.ncbi.nlm.nih.gov/geo/), Online Mendelian 

Inheritance in Man (OMIM) (https://omim.org/), GeneCards 

(https://www.genecards.org/), DrugBank (https://go.drugbank.com/), 

DisGeNET (https://disgenet.com/), and PharmGKB 

(https://www.pharmgkb.org/). These resources were utilized to gather 

relevant information on genes and proteins associated with diabetes by 

employing keywords such as "diabetes," "type 2 diabetes mellitus," and 

"T2DM". After collecting the data, the target proteins were standardized 

according to the UniProt database, following a methodology similar to 

that used in previous steps 24–26. 

 

Construction of Protein-protein interaction (PPI) network and 

enrichment analysis 

An interaction network was developed to explore the relationships 

between genes associated with plant-derived active compounds and 

target proteins associated to diabetes, utilizing the STRING database 

with a high confidence threshold of 0.700 and a false discovery rate 

(FDR) stringency of 5%. The resulting protein networks were 

subsequently analyzed using Cytoscape 3.9.1 software. This 

visualization of protein-protein interaction (PPI) networks enabled the 

identification of similar genes among the targets. In this network, each 

protein's topological identity is represented as a "node," while the 

interactions between genes and proteins are denoted as "edges." Further 

analysis of this network included metrics such as degree, betweenness, 

and centrality (BC). Nodes with high degree values, indicating the 

highest-ranked target proteins, are regarded as playing crucial roles 

within the PPI network. To gain insights into the biological functions of 

these proteins, an enrichment analysis was performed using MetaScape 

(https://metascape.org/), WebGestalt (https://webgestalt.org/), and 

Enrichr (https://maayanlab.cloud/Enrichr) 27–29.  

 

Molecular docking 

In this study, the receptor associated with diabetes mellitus was 

analyzed based on network pharmacology. To determine which test 

compounds exhibited superior binding stability, molecular docking 

procedures were conducted using the Molecular Operating 

Environment (MOE) software (version 2020). The crystal structures of 

the receptors were initially refined by adding hydrogen atoms and 

protonating them. Following this, the AMBER 99 force field was 

applied to minimize the energy of the macromolecules prior to docking 

simulations. The test compounds were first constructed in two 

dimensions using ChemDraw software (version 19.1, Perkin Elmer 

Informatics) and then imported into the MOE database. These 2D 

structures were converted into three-dimensional conformations by 

adding both polar and nonpolar hydrogen atoms, followed by 

optimization using the MMFF94x force field. The docking process 

facilitated the analysis of potential interactions within the receptor's 

active site, with docking coordinates selected based on the binding pose 

of the native ligand. To validate the docking protocol, post-docking 
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results for the native ligand were assessed by calculating the Root Mean 

Square Deviation (RMSD) in comparison to its original conformation; 

a valid docking protocol is indicated by an RMSD value below 2 Å. 

Furthermore, the stability of ligand-receptor interactions—

encompassing both native ligands and test compounds—was evaluated 

using S Score, which reflects binding energy. Lower binding energy 

values indicate better stability of interactions among the compounds 30. 

. 

Results and Discussion 

 
Extraction and GC-MS Analysis of Plants Ethanolic Extracts 

The extraction of each plant obtained the viscous ethanol extract of C. 

myxa, A. bunius, S. malaccense, and S. cumini with the yields of 1.93%, 

2.28%, 2.97% and 1.87%, respectively. Gas Chromatography-Mass 

Spectrometry (GC-MS) analysis of each extracts revealed the presence 

of diverse metabolite compounds across several species. The analysis 

identified 88 distinct metabolites in C. myxa, while A. bunius contained 

95 compounds. S. malaccense yielded 71 compounds, and S. cumini 

demonstrated the highest number with hundred metabolite compounds. 

In this study, C. myxa, A. bunius, S. malaccense, and S. cumini exhibited 

distinct metabolite compositions, with A. bunius showing the highest 

number of terpenoids compounds followed by S. cumini and S. 

malaccense. Meanwhile, C. myxa  showing the highest number of fatty 

acids compounds which are aligns with previous research that 

underscores the utility of GC-MS in plant metabolomics, particularly in 

revealing variations in metabolite profiles across different species 

(Figure 1).  

 

 
 

Figure 1: Tentative phytoconstituents profile of C. myxa, A. 

bunius, S. malaccense, and S. cumini extracts identified by GC-

MS. 
 

The distinct clustering patterns observed in metabolite profiles across 

various plant families suggest that genetic and environmental factors 

significantly influence metabolite production. This is corroborated by 

findings from a study that explored the metabolic diversity among 

different plant families, revealing that similar biosynthetic pathways 

often lead to analogous metabolite classes within related species 31. 

 
Network Pharmacology 

The SwissTarget database analysis revealed significant variations in 

compound-gene interactions across the four medicinal plants. S. cumini 

demonstrated the highest number of interactions with 1,132 genes, 

substantially higher than S. malaccense (906 genes), A. bunius (804 

genes), and C. myxa L. (662 genes). The diabetes-associated gene 

analysis across multiple databases identified GSE as the primary 

database with 1,743 genes, followed by DisGeNET (318 genes), OMIM 

(260 genes), DrugBank (139 genes), PharmGKB (55 genes), and 

GeneCards (53 genes) (Figure 2). The multi-database approach 

provides comprehensive validation of the potential therapeutic targets 

in diabetes treatment. 

 

 
  (a)    (b) 

Figure 2: Number of genes related to compound structures from 

the SwissTarget database (a) and the number of genes associated 

with diabetes mellitus across multiple databases (b). 
 

The STRING database visualization analysis revealed complex 

interaction patterns, with degree measurements indicating the quantity 

of direct nodal connections in the network. In C. myxa L., PPARG 

displayed the highest connectivity score of 20, establishing its 

significance as a central hub protein in anti-diabetic mechanisms. This 

was complemented by PPARA showing 17 connections, while RXRA 

exhibited 8 interconnections (Figure 3A & (20 interactions) correlating 

with extensive biological process involvement, showing maximum 

counts (15) across metabolic processes, stimulus response, and 

biological regulation ( Figure 4 A). This aligns with research 37 

demonstrating PPARG's crucial role in modulating multiple 

synchronized glucose homeostasis regulation 39. A. bunius showed 

moderate but significant enrichment (13 counts) across (Table 1). The 

network analysis of S. cumini revealed GCG as a prominent node with 

16 interactions, accompanied by SLC5A2 and DPP4, each 

demonstrating 9 network connections (Figure 3 B & (20 interactions) 

correlating with extensive biological process involvement, showing 

maximum counts (15) across metabolic processes, stimulus response, 

and biological regulation ( Figure 4 A). This aligns with research 37 

demonstrating PPARG's crucial role in modulating multiple 

synchronized glucose homeostasis regulation 39. A. bunius showed 

moderate but significant enrichment (13 counts) across (Table 1). A. 

bunius showed comparable patterns, with GCG maintaining strong 

network presence through 14 interactions (Figure 3 C & (20 

interactions) correlating with extensive biological process involvement, 

showing maximum counts (15) across metabolic processes, stimulus 

response, and biological regulation ( 

Figure 4 A). This aligns with research 37 demonstrating PPARG's 

crucial role in modulating multiple synchronized glucose homeostasis 

regulation 39. A. bunius showed moderate but significant enrichment 

(13 counts) across (Table 1). Meanwhile, S. malaccense exhibited a 

distinctive interaction profile where GCG and GCK each displayed 

equal network strength with 12 connections, followed by SLC2A2 

showing moderate network involvement with 10 interactions (Figure 3 

D & (20 interactions) correlating with extensive biological process 

involvement, showing maximum counts (15) across metabolic 

processes, stimulus response, and biological regulation (Figure 4 A). 

This aligns with research 37 demonstrating PPARG's crucial role in 

modulating multiple synchronized glucose homeostasis regulation 39. 

A. bunius showed moderate but significant enrichment (13 counts) 

across   ( Table 1). The significance of these degree values is supported 

by network biology principles, where nodes with higher degrees are 

considered hub proteins that play central roles in biological networks 32. 

These hub proteins are particularly important as they typically represent 

essential components in biological processes, and their removal can 

significantly impact several pathways in the network 33,34. The varying 

degrees of connectivity across different proteins suggest species-

specific mechanisms of action in their anti-diabetic properties, with 

higher degree values indicating more central roles in the therapeutic 

network 35,36.metabolic pathways including glycolysis and 

gluconeogenesis for glucose homeostasis. The network analysis 

revealed species-specific patterns complementing gene ontology 

findings. S. cumini exhibited GCG prominence (16 interactions) 
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reflected in robust biological process enrichment (15 counts) and 

membrane component distribution (15 counts) ( 

Figure 4 B). Recent studies 38, showing that membrane-associated 

protein interactions enhance insulin secretion and glucose uptake 

mechanisms. S. malaccense demonstrated the highest enrichment (17 

counts) in both metabolic processes and membrane components, 

corresponding with GCG and GCK's balanced connectivity (12 

interactions each) ( 

Figure 4 C), indicating The analysis of gene ontology revealed 

sophisticated molecular mechanisms underlying the anti-diabetic 

properties of four medicinal plants. C. myxa L. demonstrated PPARG's 

high connectivity  (20 interactions) correlating with extensive 

biological process involvement, showing maximum counts (15) across 

metabolic processes, stimulus response, and biological regulation ( 

Figure 4 A). This aligns with research 37 demonstrating PPARG's 

crucial role in modulating multiple synchronized glucose homeostasis 

regulation 39. A. bunius showed moderate but significant enrichment (13 

counts) across 

 

Table 1: Predicted target genes associated to anti-diabetic metabolites derived from different plant species 
 

Species Gene Degree Closeness Centrality Betweenness Centrality 

Cordia myxa L. 

PPARG 20 0.352631579 0.098385439 

PPARA 17 0.315294118 0.064317858 

RXRA 8 0.288172043 0.009811636 

S. cumini 

GCG 16 0.30191458 0.076548946 

SLC5A2 9 0.303703704 0.018722911 

DPP4 9 0.291607397 0.018942047 

A. bunius 

GCG 14 0.349344978 0.123494994 

SLC5A2 9 0.316831683 0.020780706 

DPP4 9 0.30651341 0.02297128 

S. malaccense 

GCG 12 0.338318 0.06800 

GCK 12 0.315881 0.06231 

SLC2A2 10 0.346743 0.02854 

*The bolded proteins represent the selected targets for molecular docking, prioritized based on degree, closeness centrality, and betweenness 

centrality. 

 

 
 

Figure 3: Protein-protein interaction (PPI) networks generated by the STRING database, demonstrating the antidiabetic activities 

associated with (a) C. myxa, (b) S. cumini, (c) S. malaccense, and (d) A. bunius plants. 

 
categories, correlating with GCG's substantial network presence (14 

interactions) ( 

Figure 4 D). The consistent enrichment of membrane-associated 

components across species supports research demonstrating six key 

mechanisms in diabetic syndrome amelioration, including enhanced 

insulin secretion and glucose uptake by muscle cells  38. 

The KEGG pathway enrichment analysis reveals intricate molecular 

mechanisms across the studied plant species, with notable correlations 

to their therapeutic potential. In C. myxa, the significant enrichment of 

PPAR signaling pathway (fold enrichment >60) aligns with its high 

STRING connectivity score for PPARG (20 connections) Figure 5 A), 

suggesting a robust role in metabolic regulation. This finding is 

supported by research demonstrating PPARG's crucial role in insulin 

sensitization and glucose homeostasis in type 2 diabetes treatment 40. 

The adipocytokine signaling pathway enrichment further complements 

this mechanism, as studies have shown its involvement in insulin 

resistance modulation through AMPK pathway activation. For S. 

cumini and A. bunius, the prominent enrichment in galactose and 

starch/sucrose metabolism pathways (fold enrichment ~60-100) 

correlates with their STRING network profiles, particularly GCG's high 

connectivity (16 and 14 connections respectively). This metabolic focus  

is consistent with research identifying their hypoglycemic properties 

through enhanced glucose uptake and metabolism (Figure 5 B & Figure 

5 C) 41. The presence of carbohydrate digestion and absorption  

pathways in both species' enrichment profiles supports their traditional 

use in diabetes management 42. S. malaccense's distinctive enrichment 

in PPAR and AMPK signaling pathways (fold enrichment 40-50) 

complements its unique STRING interaction profile where GCK and 

GCG show equal network strength (12 connections each). This dual 

mechanism is particularly noteworthy as recent studies have 
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demonstrated that simultaneous activation of these pathways can 

enhance insulin sensitivity and glucose uptake more effectively than 

single pathway targeting (Figure 5 D) 43. The consistent presence of 

insulin resistance and glucagon signaling pathways across all species' 

enrichment profiles, albeit with varying significance levels, indicates a 

common underlying mechanism in their anti-diabetic properties, while 

their unique enrichment patterns suggest species-specific therapeutic 

approaches  42. 

The molecular pathway analysis reveals intricate signaling networks 

governing metabolic regulation, as illustrated in the KEGG pathway 

diagrams. In the PPAR signaling pathway, ligand activation (including 

unsaturated fatty acids, eicosanoids, and NSAIDs) triggers PPAR-RXR 

heterodimer formation in three key tissues: liver, skeletal muscle, and 

adipose tissue. This complex regulates diverse target genes involved in 

ketogenesis (HMGCS2), lipid transport (ApoA1, ApoAV), fatty acid 

oxidation (ACO, CPT1, CPT2), and adipocyte differentiation (aP2, 

ADIPOQ) (Figure 6) 39. The pathway's tissue-specific effects are 

particularly evident in C. myxa, where PPARG's high connectivity (20 

interactions) correlates with its enrichment score. The glucagon 

signaling pathway diagram demonstrates a complex interplay between 

multiple signaling cascades: cAMP signaling through CREB1, calcium 

signaling via IP3, and AMPK pathway activation ( 

Figure 7). This network shows how glucagon receptor activation 

influences glucose metabolism through key enzymes like PEPCK and 

G6Pase, while also modulating fatty acid oxidation through AMPK-

mediated effects on acetyl-CoA carboxylase. The pathway diagrams 

reveal significant cross-talk through the AMPK signaling node, which 

integrates both PPAR and glucagon effects on metabolic regulation. 

This integration explains the observed synergistic effects in S. 

malaccense, where  

  

 

 
     

   
   

 
 

 

Figure 4: Gene Ontology Enrichment Analysis Showing Biological Processes (Red), Cellular Components (Blue), and Molecular 

Functions (Green) for (a) C. myxa, (b) S. cumini, (c) S. malaccense, and (d) A. bunius 

(a) 

(c) 

(b) 

(d) 
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Figure 5: KEGG Pathway Enrichment Analysis Visualized as Bubble Plots for (a) C. myxa, (b) S. cumini, (c) S. malaccense, and (d) A. bunius, where 

Bubble Size Represents Pathway Enrichment and Color Intensity Indicates Statistical Significance 

 

(a) 

(c) 

(b) 

(d) 
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Figure 6: Molecular Mechanisms of Peroxisome Proliferator-Activated Receptor Gamma (PPARγ) Protein Activity and Its Role in 

Diabetes Mellitus Pathogenesis 

 

 
 

Figure 7: Signaling pathways involving Glucagon (GCG) protein activity and their role in the pathogenesis of diabetes mellitus. 
balanced GCG and GCK activity (12 connections each) suggests 

coordinated metabolic control. The presence of multiple feedback loops 

and regulatory intersections, particularly in glucose homeostasis and 

lipid metabolism, provides molecular evidence for the therapeutic 

potential of targeting both pathways simultaneously in diabetes 

treatment, supporting the traditional use of these medicinal plants 

through well-defined molecular mechanisms  38–40. 

Molecular Docking 

Since network pharmacology is employed to identify target proteins 

based on plant compound structures and their relationship to specific 

diseases, then molecular docking analysis is conducted to predict 

binding interactions between ligands and proteins at the molecular 

level, with initial binding site recognition being crucial for accurate 

results.  The PPARG protein (PDB ID: 5YCP) utilizes Rosiglitazone as 

its natural ligand and positive control, functioning as a selective PPAR-

γ agonist that plays a crucial role in regulating insulin-responsive genes. 

The activation of PPAR-γ enhances insulin sensitivity in adipose tissue, 

skeletal muscle, and liver, subsequently reducing blood glucose levels 

and endogenous glucose production 44. Prior study has demonstrated 

that Rosiglitazone exhibits anti-inflammatory properties by decreasing 

NF-κB transcription factor levels, which helps reduce systemic 

inflammation commonly observed in diabetic patients 45. However, 

significant cardiovascular side effects have been associated with 

Rosiglitazone use. Clinical studies have shown increased risks of heart 

failure, myocardial infarction, and cardiovascular death. Meta-analyses 

have revealed that Rosiglitazone usage can elevate heart attack risk by 

up to 30% compared to alternative treatments or placebos 45. To mitigate 

these adverse effects, C. myxa plant compounds were investigated using 

molecular docking to evaluate their potential in inhibiting diabetes 

mellitus pathogenesis. The study then expanded to include three 

additional plants targeting the GCG protein (PDB ID: 5EE7), utilizing 

MK-0893 as the native ligand. The molecular docking analysis 

encompassed both PPARG and GCG target proteins, aiming to identify 

compounds from the four selected plants with promising antidiabetic 

properties.  

Molecular docking analysis revealed significant binding interactions 

between selected plant compounds and both PPARG and GCG 

receptors. For the PPARG receptor (PDB ID: 5YCP), three compounds 

from C. myxa demonstrated superior binding affinities compared to the 

standard drug Rosiglitazone (-7.49635 kcal/mol), with terpenoid 
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compounds of Squalane (-9.6078 kcal/mol), 2,6,10,14,18,22-

Tetracosahexaene, 2,6,10,15,19,23-hexamethyl-(all-E)- (-8.7069 

kcal/mol), and Anodendroside G monoacetate (-8.0845 kcal/mol) 

showing the strongest interactions. In the analysis of GCG receptor 

(PDB ID: 5EE7) interactions, A. bunius exhibited notable results from 

terpenoid compounds of 2,5,7,8-Tetramethyl-2-(4,8,12-

Trimethyltridecyl)-3,4-Dihydro-2h-Chromen-6-Yl Hexofuranoside (-

8.8001 kcal/mol), 2,6-Dimethyl-2-(4-methylpentyl)-3-(4-

methylphenyl)-3H-chromen-4-one (-8.2000 kcal/mol), and 3-Hydroxy-

2-(4-hydroxyphenyl)-5-methyl-4H-pyran-4-one (-7.9000 kcal/mol). 

For S. malaccense, the top docking score were also terpenoid 

compounds included 1,6,10,14,18,22-Tetracosahexaen-3-ol, 

2,6,10,15,19,23-hexamethyl-, (all-E)- (-7.6398 kcal/mol), 

2,6,10,14,18,22-Tetracosahexaene, 2,6,10,15,19,23-hexamethyl-, (all-

E)- (-7.2562 kcal/mol), and 4-Hydroxy-3-methoxybenzaldehyde (-

7.1208 kcal/mol). Lastly, S. cumini compounds showed promising 

binding with several terpenoids that are 2,6,10,14,18,22-

Tetracosahexaene, 2,6,10,15,19,23-hexamethyl-, (all-E)- (-7.2562 

kcal/mol), 5-(Geranyl/geranyl)]-3,4-dihydroxybenzoic Acid (-6.983 

kcal/mol), and 2h-1-Benzopyran-6-Ol, 3,4-Dihydro-2,7,8-Trimethyl-2-

(4,8,12-Trimethyltridecyl)- (-6.5939 kcal/mol). This study highlighted 

the importance of terpenoid compounds as antidiabetic drugs, which is 

consistent with several reports regarding the effectiveness of terpenoids 

in treating diabetes 46–48.  The molecular interaction analysis PPARγ 

reveals a well-positioned docking pose of Rosiglitazone with an RMSD 

value of 1.4004 Å (

 Table 2), indicating high reliability of the docking results. The 

molecular interaction  

 

Table 2: The top three docking results of Cordia myxa with PPARγ receptor 
 

Compound ID Molecular name Molecular Structure 
S Score 

(Kcal/mol) 

CM80 Squalane 
 

-9.6078 

CM69 

2,6,10,14,18,22-

Tetracosahexaene, 

2,6,10,15,19,23-

hexamethyl-, (all-

E)- 

 
-8.7069 

CM44 

Anodendroside G, 

monoacetate 

(CAS) 

 

-8.0845 

Native ligand 

(Rosiglitazone) 

(RMSD = 

1.4004 Å) 

Rosiglitazone 

 

 

-7,49635 

 

 

of the four ligands with PPARγ reveals distinctive interaction patterns and binding characteristics. Rosiglitazone demonstrates the most specific 

interactions with the PPARγ active site residues Gln286, Ser289, Ser314, His323, Lue330, Met364, and His449 49, Rosiglitazone, as native ligand exhibits 

the most specific and robust interactions, forming strong hydrogen bonds with Ser289, while also engaging with His449, Met364 and Leu330 ( 

Figure 8 A), demonstrating its characteristic U-shaped conformation. Moreover, Squalene demonstrates limited interaction with the active site residues, 

primarily forming hydrophobic contacts with Met364 and Leu330 ( 

Figure 8 B) without establishing specific hydrogen bonding networks. 

Similarly, 2,6,10,14,18,22-Tetracosahexaene, 2,6,10,15,19,23-hexamethyl-, (all-E)- shows a predominant hydrophobic interaction pattern, engaging with 

Met364 and Leu330 through its extended hydrocarbon chain structure ( 

Figure 8 C), while also forming non-specific contacts with surrounding hydrophobic residues. Anodendroside G monoacetate presents an intermediate 

interaction profile, where its acetate and hydroxyl moieties form hydrogen bonds with Cys285, Arg280, Gln273, and Ser274. At the same time, its steroid  

 

 

 

scaffold establishes hydrophobic interactions with Met364 and Leu330 ( 

Figure 8 D), demonstrating a unique binding mode that combines both polar and non-polar interactions. 

The Glucagon Receptor (GCGR) 's active site comprises complex amino acid residues that play pivotal roles in ligand binding and molecular recognition. 

The key residues Lys187, Tyr149, Ile235, Val191, Ile194, Met231, Glu362, and Phe365 form an intricate molecular environment that demonstrates 
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remarkable specificity and structural complementarity for ligand interactions 50. Our docking study The molecular docking analysis reveals a sophisticated 

landscape of ligand-protein interactions, where  

Figure 9 A's MK-0893 native ligand (RMSD= 1.2772 Å) (

dioxatetracyclo ligand extends the interaction diversity by revealing 

backbone acceptor interactions with Leu357, Pro356, and Val360, 

simultaneously connecting with  

Figure 9 D is 1,6,10,14,18,22-Tetracosahexaen-3-ol through shared 

hydrophobic interaction mechanisms. The ligand's hydroxyl group 

engages with polar residues Ser350, Asn404, and Tyr343, while basic 

residues Lys349 and Arg346 create potential electrostatic interactions. 

Furthermore,  

Figure 9 E's 4,4,6a,6b,8a,11,11,14b-Octamethyl-docosahydropicen-3-

ol elaborates these interaction patterns by showcasing multiple 

hydroxyl groups interacting with Gln408 (Hydrogen bond) and Thr353, 

while  

Figure 9 F's 2,6,10,14,18,22-Tetracosahexaene emphasizes 

hydrophobic residue  

interactions with Leu403, Leu352, Leu329, and electrostatic 

interactions from Lys349, Lys405, and Arg346. Consequently,  

Figure 9 G's 5-(Geranyl/geranyl)-3,4-dihydroxybenzoic acid introduces 

additional hydrogen bonding complexity through its carboxyl group's 

interactions with Lys405 and Asn404, and its 3,4-dihydroxy benzene 

ring engaging Ser350 and Lys349. Ultimately,  

Figure 9 H's 2h-1-Benzopyran-6-Ol synthesizes these interaction 

mechanisms by demonstrating precise hydrogen bonding with Asn404 

through its hydroxyl group, extensive hydrophobic stabilization by 

leucine residues, and potential π-π stacking interactions via Phe345. 

 

Table 3) demonstrates critical interactions through its carboxylic acid 

group, forming hydrogen bonds with Lys405, Arg346, and Asn404. 

Transitioning to  

Figure 9 B's 2,5,7,8- 

Tetramethyl-2-(4,8,12-Trimethyltridecyl)-3,4-Dihydro-2h-Chromen-

6-Yl Hexofuranoside, the interaction complexity intensifies with 

multiple hydrogen bonding points involving Ser350, Arg346, and 

Lys349, while maintaining a hydrophobic interaction network with 

leucine residues Leu347, Leu352, Leu399, and Leu403. Moreover,  

Figure 9 C's 7-Isopropyl-12-methyl-13-methylidene-2-aza-6,8-  

 

 

  

A B 

  

C D 

 

 

Figure 8: Molecular interactions of Rosiglitazone as Native ligand (A), and Squalane (B), 2,6,10,14,18,22-Tetracosahexaene, 2,6,10,15,19,23-

hexamethyl-, (all-E)- (C), Anodendroside G, monoacetate (CAS) (D) against PPAR-γ as an antidiabetic agent 
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dioxatetracyclo ligand extends the interaction diversity by revealing 

backbone acceptor interactions with Leu357, Pro356, and Val360, 

simultaneously connecting with  

Figure 9 D is 1,6,10,14,18,22-Tetracosahexaen-3-ol through shared 

hydrophobic interaction mechanisms. The ligand's hydroxyl group 

engages with polar residues Ser350, Asn404, and Tyr343, while basic 

residues Lys349 and Arg346 create potential electrostatic interactions. 

Furthermore,  

Figure 9 E's 4,4,6a,6b,8a,11,11,14b-Octamethyl-docosahydropicen-3-

ol elaborates these interaction patterns by showcasing multiple 

hydroxyl groups interacting with Gln408 (Hydrogen bond) and Thr353, 

while  

Figure 9 F's 2,6,10,14,18,22-Tetracosahexaene emphasizes 

hydrophobic residue  

interactions with Leu403, Leu352, Leu329, and electrostatic 

interactions from Lys349, Lys405, and Arg346. Consequently,  

Figure 9 G's 5-(Geranyl/geranyl)-3,4-dihydroxybenzoic acid introduces 

additional hydrogen bonding complexity through its carboxyl group's 

interactions with Lys405 and Asn404, and its 3,4-dihydroxy benzene 

ring engaging Ser350 and Lys349. Ultimately,  

Figure 9 H's 2h-1-Benzopyran-6-Ol synthesizes these interaction 

mechanisms by demonstrating precise hydrogen bonding with Asn404 

through its hydroxyl group, extensive hydrophobic stabilization by 

leucine residues, and potential π-π stacking interactions via Phe345. 

 

Table 3: Top Three Molecular Docking Conformations of Bioactive Compounds from A. bunius, S. malaccense, and S. cumini against GCG 

Receptor 
 

Plants Molecular name Molecular Structure S Score (Kcal/mol) 

A. bunius 

AB94 

2,5,7,8-Tetramethyl-2-(4,8,12-

Trimethyltridecyl)-3,4-

Dihydro-2h-Chromen-6-Yl 

Hexofuranoside 

 

-8.8001 

AB28 

7-Isopropyl-12-methyl-13-

methylidene-2-aza-6,8-

dioxatetracyclo-

[8.2.1.0(2,12).0(4,10)]tridec-

3-en-11-one  

-8.0234 

AB52 

1,6,10,14,18,22-

Tetracosahexaen-3-ol, 

2,6,10,15,19,23-hexamethyl-, 

(all-E)- 
 

-7.6398 

S. malaccense 

SM62 

1,6,10,14,18,22-

Tetracosahexaen-3-ol, 

2,6,10,15,19,23-hexamethyl-, 

(all-E)- 
 

-7.6398 

SM71 

4,4,6a,6b,8a,11,11,14b-

Octamethyl-

docosahydropicen-3-ol 
 

-7.1208 

SM52 

2,6,10,14,18,22-

Tetracosahexaene, 

2,6,10,15,19,23-hexamethyl-, 

(all-E)- 
 

-7.2562 

S. cumini 

SC81 

2,6,10,14,18,22-

Tetracosahexaene, 

2,6,10,15,19,23-hexamethyl-, 

(all-E)- 
 

-7.2562 

SC91 
5-(Geranyl/geranyl)]-3,4-

dihydroxybenzoic Acid 
 -6.983 

SC94 

2h-1-Benzopyran-6-Ol, 3,4-

Dihydro-2,7,8-Trimethyl-2-

(4,8,12-Trimethyltridecyl)- 
 

-6.5939 

Native ligand (MK-

0893) 

(RMSD = 1.2772 Å) 

3-[[4-[(1~{S})-1-[3-[3,5-

bis(chloranyl)phenyl]-5-(6-

methoxynaphthalen-2-

yl)pyrazol-1-

yl]ethyl]phenyl]carbonylamin

o]propanoic acid 
 

-5,66941 
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A B 

  
C D 

 
 

E F 

 
 

G H 

 
 

Figure 9: Molecular interactions of MK-0893 as Native ligand (A), 2,5,7,8-Tetramethyl-2-(4,8,12-Trimethyltridecyl)-3,4-Dihydro-2h-Chromen-6-Yl 

Hexofuranoside (B), 7-Isopropyl-12-methyl-13-methylidene-2-aza-6,8-dioxatetracyclo-[8.2.1.0(2,12).0(4,10)]tridec-3-en-11-one (C), 1,6,10,14,18,22-

Tetracosahexaen-3-ol, 2,6,10,15,19,23-hexamethyl-, (all-E)- (D), 4,4,6a,6b,8a,11,11,14b-Octamethyl-docosahydropicen-3-ol (E), 2,6,10,14,18,22-

Tetracosahexaene, 2,6,10,15,19,23-hexamethyl-, (all-E)- (F), 5-(Geranyl/geranyl)]-3,4-dihydroxybenzoic Acid (G), and 2h-1-Benzopyran-6-Ol, 3,4-

Dihydro-2,7,8-Trimethyl-2-(4,8,12-Trimethyltridecyl)- (H) against GCG as an antidiabetic agent 

 

Conclusion 

This study investigated the anti-diabetic potential of C. myxa, A. bunius, 

S. malaccense, and S. cumini using a multi-omics approach. GC-MS 

analysis revealed diverse metabolite profiles, combined with network 

pharmacology analysis demonstrated varying compound-gene 

interactions, Pathway enrichment analyses unveiled species-specific 

mechanisms: C. myxa in PPAR signaling, S. cumini and A. bunius in 

galactose and starch/sucrose metabolism, and S. malaccense in both 

PPAR and AMPK signaling pathways. Molecular docking analysis 

corroborated these findings, with compounds from C. myxa, 

particularly terpenoid of squalane, showing superior binding affinities 

to the PPARG receptor compared to Rosiglitazone. For the GCG 

receptor, terpenoids compounds from A. bunius, S. malaccense, and S. 

cumini also demonstrated promising interactions. These results provide 

molecular evidence supporting the plants' traditional use in diabetes 

management, revealing diverse mechanisms of action. Limitations 

include lack of in vivo validation and limited pharmacokinetic analysis, 

suggesting future research should focus on in vivo studies, potential 

synergistic effects, and further investigation of pharmacokinetics and 

safety profiles to facilitate clinical application in diabetes treatment. 
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