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ABSTRACT 
Due to the complex mechanism of insulin resistance (IR), multi-component herbal medicines might be 
an alternative approach in the treatment of IR-related diseases, such as type 2 diabetes mellitus 
(T2DM). Andrographis paniculata (AP) and Anredera cordifolia (AC) have been reported to have anti-dia
betic effects. However, their effect and mechanism of action in a mixed formula (FAPAC), especially as 
an insulin sensitizer have not been reported. Therefore, in vitro studies were performed to investigate 
the effect of FAPAC, and the molecular mechanisms were predicted by in silico studies through net
work pharmacology, molecular docking, and dynamics simulations. In vitro studies demonstrated that 
FAPAC at 2 mg/mL was comparable to metformin in increasing glucose uptake in IR-HepG2 cells. KEGG 
analysis revealed that IR was the top pathway and predicted that FAPAC acts as an insulin-sensitizing 
agent by inhibiting three main targets: IKBKB, PRKCD, and PTPN1. Consensus docking suggested 7-O- 
methyl wogonin, ninandrographolide, and 3-O-b-D-glucopyranosyl andrographolide as the potent 
inhibitors for IKBKB, PRKCD, and PTPN1, respectively. Furthermore, molecular dynamics confirmed that 
the potential compounds remained in the binding pocket throughout the simulation and had a good 
affinity toward their respective targets, comparable to native ligands.
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1. Introduction

IR plays a vital role in the pathogenesis of type 2 diabetes 
mellitus (T2DM) (Galicia-Garcia et al., 2020). This condition 
causes the failure of primary target tissues, such as muscle, 
liver, and adipose tissue to correctly respond to insulin activ
ity triggering an increase in blood glucose levels (Lee et al., 
2022). IR is a complex mechanism including several upstream 
and downstream signaling molecules in insulin signal trans
duction (Mengwei Li et al., 2022; Urzua et al., 2019). 
Moreover, extracellular factors including immune abnormal
ities, lipotoxicity, hypoxic environments, and inflammation, 
have also been reported to trigger IR by inducing intracellu
lar stress (Zhao, An, et al., 2023). Current anti-hyperglycemic 
medicines such as thiazolidinediones, sodium-glucose 
cotransporter (SGLT)-2 inhibitors, and metformin have been 
used to improve IR by targeting different key molecules 
(Mastrototaro & Roden, 2021). For patients who do not 
respond well to monotherapy, these anti-hyperglycemic 
medicines combination can be recommended. For instance, 
a combination of rosiglitazone with metformin resulted in 
better IR improvement than metformin alone (Arslanian 

et al., 2013), demonstrating the important role of multi-target 
therapy in IR treatment.

In addition to conventional anti-hyperglycemic medicines, 
multi-component herbal medicines can modulate one or 
more pathways that regulate IR (Chang et al., 2013). Several 
studies have demonstrated the use of herbal medicines as a 
potential source of multi-target anti-IR. Morus alba leaf 
extract has been reported as an anti-IR by targeting IRS-1 
and JNK (Liu et al., 2016). Toona sinensis leaf showed insulin- 
sensitizing effects by modulating AMPK and PPARc (Liu 
et al., 2015). Momordica charantia improves IR through the 
inhibition of NF-jB and JNK pathways (Yang et al., 2015).

AP and AC as a single herb have been reported to exhibit 
anti-diabetic effects based on in vitro and in vivo studies 
(Suemanotham et al., 2023; Sulfianti et al., 2023). There are, 
to our knowledge, no previous studies concerning the effect 
and mechanism of AP and AC combination in IR treatment. 
In certain cases, herb combinations exhibited a superior 
effect than a single herb by improving pharmacokinetic, 
pharmacodynamic, and toxicity profiles (Sangande et al., 
2023). A study revealed that there was a better increase in 
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insulin sensitivity when using a combination of Scutellaria 
baicalensis (radix) and Coptis chinensis (rhizoma) in ratio1:1 
compared to a single herb (Cui et al., 2018).

Herbal medicines contain a large number of bioactive 
compounds in varying amounts that interact with each 
other through antagonistic, additive, or synergistic effects 
to result in biological activities (Vaou et al., 2022). The 
complexity of IR pathogenesis and the compound con
tained in herbal medicine provides a challenge in the 
mechanism of action elucidation. Fortunately, many studies 
have shown the power of network pharmacology com
bined with molecular docking to systematically predict the 
potential targets and compounds of herbal medicine (Bai 
et al., 2022; Zhao, Zhang, et al., 2023; Zhao, Fu, et al., 
2023), as a reference before conducting expensive and 
time-consuming experimental studies for molecular mech
anism elucidation. In the current study, therefore, the insu
lin-sensitizing effect of FAPAC was determined in IR-HepG2 
cells by using metformin as the control. Afterward, we 
applied network pharmacology, molecular docking, and 
molecular dynamics (MD) simulations to predict the mech
anism of action of FAPAC against IR. This study provides a 
scientific foundation for designing further experimental 
studies to obtain comprehensive results, especially in 
selecting targets to be tested.

2. Materials and methods

2.1. Plant extraction

2.1.1. Plant collection and authentication
Dried AP herbs were bought from the local market in 
Yogyakarta and fresh AC leaves were from BRIN plantation in 
Lampung. Both plants were authenticated by the Research 
Centre for Biology, Indonesian Institute of Science (No. 493/ 
IPH.1.01/If.07/II/2017).

Figure 1. Cytotoxicity test of FAPAC on HepG2 cells. Values are provided as means ± SD from three independent experiments. (�) difference significantly was com
pared to untreated cells (p< .05).

Figure 2. Glucose uptake on IR-HepG2 cells after FAPAC treatment. Values are the mean ± SD. (�) different significantly from the IR model (p< .05).

Figure 3. Venn diagram illustrating the common target between IR-related tar
gets and FAPAC-related targets.
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2.1.2. Preparation of extracts
Dried AP was ground into powder and then extracted using 
ethanol with maceration for 4 h. The filtrate was evaporated 
using a vacuum evaporator (50 �C) to obtain semisolid mass. 
A similar extraction procedure was conducted on AC leaves 
after being dried and milled into powder. Each semisolid 
extract was then mixed in the proportional combination until 
a homogeneous mass was obtained and kept in the amber 
bottle for the next experiment. The extract combination was 
termed FAPAC.

2.2. In vitro study

2.2.1. Cellular assay
The HepG2 (human hepatocarcinoma) cell lines were 
obtained from the Laptiab laboratory-BRIN collection. 
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% 

Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin (PS, 
100 units of penicillin/mL and 100 pg streptomycin/mL) was 
used to maintain cells. The cells were incubated at 37 �C, 5% 
CO2, and replacing the medium every 48 h.

2.2.2. Cells viability assay
The cytotoxicity test using 3-[4,5-dimethylthiazol-2-yl]-2,5 
diphenyl tetrazolium bromide (MTT) was performed based 
on a previous study (Mosmann, 1983). The HepG2 cells were 
seeded in 96-well plates at a density of 1.0� 104 cells/well. 
After being incubated for 24 h, cells were treated by FAPAC 
in various concentrations (2, 10, and 50 mg/mL) for 24 h. 
Afterward, the medium was removed, cells were washed 
with PBS and 100 mL of MTT (0.5 mg/mL) was added followed 
by incubation for 4 h. Subsequently, cells were incubated 
overnight in 100 mL solution containing 10% sodium dodecyl 
sulfate (SDS) in 0.1 N HCl to determine the number of living 
cells by measuring the absorbance of the medium at 570 nm 
using a microplate reader (Synergy HTX; Bio-Tek Instruments 
Inc., Winooski, VT, USA). The percentage of viable cells in 
each concentration was determined relative to the group 
without treatment. The non-toxic concentrations were used 
in the further experiment.

2.2.3. Cellular glucose uptake assay
IR-HepG2 cells were developed with slight modifications 
based on previous papers (Hu et al., 2014; Mosmann, 1983; 
Panahi et al., 2018). Briefly, HepG2 cells were cultured in 96- 
well plates at a density of 3.0� 104 until 80%–90% conflu
ency. After that, the medium was replaced with serum-free 
DMEM supplemented with 30 mM glucose concentration, 
and cells were re-incubated for the next 24 h. Furthermore, 
cells were treated with various concentrations of FAPAC and 
standard metformin (2 and 10 mg/mL) in serum-free DMEM 
for 24 h followed by another incubation for 30 min in serum- 
free DMEM supplemented with 1 mg/mL insulin (Sigma 
Aldrich, Saint Louis, USA). The glucose content within each 
medium was quantified utilizing the Glucose GOD-PAP kit 
assay (Diasys Diagnostics, Holzheim, Germany). The glucose 
uptake value was calculated by subtracting the glucose 

Figure 4. KEGG enrichment pathways.

Figure 5. PPI network of 14 targets involved in the IR pathway. IKBKB, PRKCD, 
and PTPN1 are shown in darker and larger nodes, indicating a high degree 
level.

Table 1. Topology parameters of the main targets.

Target

Topology parameters

DC EC LAC BC CC NC

IKBKB 9 0.4 4.9 18.5 0.8 7.5
PRKCD 9 0.3 4.0 14.0 0.7 6.8
PTPN1 9 0.4 5.3 9.8 0.8 7.9
Cutoff 6 0.2 3.4 8.3 0.6 4.8

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 3



concentration in treated cells from the blank wells (medium 
only).

2.3. Statistical analysis

All data was performed in an average ± SD. Statistical analysis 
was performed using SPSS 13 program. The difference 
between groups was compared using One-way analysis of 
variance (ANOVA) for parametric data followed by LSD post 
hoc test and for non-parametric data analyzed using Kruskal 
Wallis followed with Mann Whitney test post hoc. The statis
tically significant difference was defined as a pvalue of less 
than .05 (p< .05).

2.4. Active compounds search and potential targets of 
FAPAC

Active compounds of AP herb and AC leaf were collected 
from the KNApSAcK database and literature search on 

Figure 6. Herb-compound-target network.

Table 2. Comparison of the redocking pose and crystallography pose of 
native ligands.

Target DOCK6 Vina

IKBKB

PRKCD

PTPN1

Table 4. The score of duplet conformation on main targets using Vina.

Compound

Vina score

IKBKB PRKCD PTPN1

14-acetyl-3,19-isopropylidene andrographolide −7.8 −5.0 –
2,3-dihydroxypropyl palmitate – – –
5-hydroxy-7,40-dimethoxyflavone −9.4 – −7.1
12S-hydroxy andrographolide −7.4 −4.8 –
7-O-methyl wogonin −9.0 −5.6 −6.2
Ninandrographolide – −5.5 –
Ursolic acid – −5.4 –
Larreagenin A −6.2 −5.7 –
Desmosflavone – – –
9-octadecenoid acid – – –
14-acetyl andrographolide −7.1 −5.4 –
b-sitosterol −8.8 −4.7 –
Andrograpanin −8.3 – –
Andrographiside – −5.3 –
Caffeic acid −6.8 – −6.9
p-Coumaric acid −6.7 – −6.9
3-O-b-D-glucopyranosyl andrographolide – – −7.9
14-deoxy andrographolide −7.6 −5.3 −6.2
Native ligand of IKBKB −12.4
Native ligand of PRKCD −5.8
Native ligand of PTPN1 −8.3

Table 3. The score of duplet conformation on main targets using DOCK6.

Compound

DOCK6 score

IKBKB PRKCD PTPN1

14-acetyl-3,19-isopropylidene andrographolide −55.4 −35.1 –
2,3-dihydroxypropyl palmitate – – –
5-hydroxy-7,40-dimethoxyflavone −53.7 – −44.6
12S-hydroxy andrographolide −47.7 −37.9 –
7-O-methyl wogonin −54.3 −34.8 −38.9
Ninandrographolide – −45.4 –
Ursolic acid – −33.9 –
Larreagenin A −36.7 −31.2 –
Desmosflavone – – –
9-octadecenoid acid – – –
14-acetyl andrographolide −46.0 −40.4 –
b-sitosterol −53.4 −35.4 –
Andrograpanin −48.8 – –
Andrographiside – −45.1 –
Caffeic acid −34.2 – −36.1
p-Coumaric acid −34.0 – −35.4
3-O-b-D-glucopyranosyl andrographolide – – −57.8
14-deoxy andrographolide −50.9 −38.1 −41.7
Native ligand of IKBKB −78.6
Native ligand of PRKCD −44.7
Native ligand of PTPN1 −44.6
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Pubmed and Google Scholar. Furthermore, by using their 
SMILES submitted to SwissTargetPrediction (http://www.swis
stargetprediction.ch/), we predicted the potential targets 
(probability value � 0.1) of these compounds.

2.5. Collection of IR-related targets of FAPAC

Comparative Toxicogenomics Database (CTD) (http://ctdbase. 
org/) and DisGeNet (https://www.disgenet.org/) were used to 
collect for IR-related targets. In CTD we used ‘insulin resist
ance’ as the keyword and only targets marked as ‘marker/ 
mechanism’ and/or ‘therapeutic’ were selected. In DisGeNet, 
all targets included in the search using the keyword ‘insulin 
resistance’ (CUI: C0021655) were selected. After deleting the 
duplicate targets from the two databases, we overlaid the 
potential targets of FAPAC with these IR-related targets using 
the Venny 2.1 tool (https://bioinfogp.cnb.csic.es/tools/venny/ 
index.html). The common targets were considered IR-related 
targets of FAPAC.

2.6. KEGG analysis

ShyniGO 0.77 (http://bioinformatics.sdstate.edu/go/) was 
used to analyze KEGG enrichment at the p value of � .05 
after importing the IR-related targets of FAPAC into this tool. 
The top 20 enriched pathways ranked by false discovery rate 

(FDR) were obtained. Because our study is focused on IR, we 
only retrieved targets from this pathway for further protein- 
protein interaction (PPI) analysis.

2.7. Construction of PPI network of targets from IR 
pathway

All targets included in the IR pathway were submitted to the 
STRING database (https://string-db.org/) and constructed 
their PPI network. The confidence parameter was set to 0.7 
in Homo sapiens. The results were imported to Cytoscape 
3.9.3 for topology calculation including local average con
nectivity (LAC), closeness centrality (CC), degree centrality 
(DC), eigenvector centrality (EC), betweenness centrality (BC), 
and network centrality (NC) using the CytoNCA plugin. The 
mean value of every topology parameter was calculated and 
used as a cutoff. Targets with topology values more than the 
cutoff were considered the main targets for further docking 
simulations.

2.8. Identification of potential compounds through 
molecular docking

For docking simulation, we rescreened compounds that have 
at least one of the main targets generated from 
SwissTargetPrediction. The 3D structure of these compounds 
was retrieved from PubChem. The structures of the main tar
gets: IKBKB (PDB:4KIK), PRKCD (PDB: 1PTR), and PTPN1 (PDB: 
1C83) were downloaded from RCSB. DOCK6 (Allen et al., 
2015) and Vina (Trott & Olson, 2010) were used for docking 
simulations and the protocols were developed based on a 
previous study (Sangande et al., 2023).

In DOCK6, the AM1-BBC method was used for adding the 
charges to the targets and ligands. The molecular surface 
was generated by using a probe radius of 1.4 Å. Spheres 
within 8 Å of the native ligand with an extra margin of 5 Å 
were used for defining the active site.

In Vina, the targets were prepared by adding polar hydro
gen atoms and Kollman charges, while the ligands were 
added with Gestaiger charges. The grid box sizes of 
22� 22� 22 Å for IKBKB and PRKCD, and 18� 18� 18 Å for 
PTPN1, at a spacing of 1 Å, were centered on their respective 
native ligand position to obtain the center coordinate.

The two docking protocols were set to generate 10 con
formations per ligand to be compared with each other. Only 
compounds with a duplet conformation detected in DOCK6 
and Vina were calculated for their consensus score (mean 
value of the scores of these conformations). The potential 

Table 5. Consensus score of duplet conformation on main targets.

Compound

Consensus score

IKBKB PRKCD PTPN1

14-acetyl-3,19-isopropylidene andrographolide −31.6 −20.1 –
2,3-dihydroxypropyl palmitate – – –
5-hydroxy-7,40-dimethoxyflavone −31.6 – −25.9
12S-hydroxy andrographolide −27.6 −21.4 –
7-O-methyl wogonin 231.7 −20.2 −22.6
Ninandrographolide – 225.5 –
Ursolic acid – −19.7 –
Larreagenin A −21.5 −18.5 –
Desmosflavone – – –
9-octadecenoid acid – – –
14-acetyl andrographolide −26.6 −22.9 –
b-sitosterol −31.1 −20.1 –
Andrograpanin −28.6 – –
Andrographiside – 25.2 –
Caffeic acid −20.5 – −21.5
p-Coumaric acid −20.4 – −21.2
3-O-b-D-glucopyranosyl andrographolide – – 232.8
14-deoxy andrographolide −29.3 −21.7 −23.8
Native ligand of IKBKB −45.5
Native ligand of PRKCD −25.3
Native ligand of PTPN1 −26.5

Table 6. Binding free energy of ligand-target complexes.

Ligand

Energy (Kcal/mol)

DVDWAALS DEEL DEGB DESURF DGGAS DGSOLV DTOTAL

7-O-methyl wogonin-IKBKB −34.36 −8.79 20.51 −4.49 −43.15 16.02 −27.13
Native ligand-IKBKB −32.63 −5.13 12.32 −3.48 −37.77 8.85 −28.92
Ninandrographolide-PRKCD −32.60 −6.92 17.27 −4.60 −39.52 12.67 −26.85
Native ligand-PRKCD −31.21 −12.05 18.81 −3.77 −43.26 15.04 −28.22
3-O-b-D-glucopyranosyl andrographolide-PTPN1 −26.61 −5.44 18.50 −3.84 −32.06 14.66 −17.39
Native ligand-PTPN1 −22.23 −4.57 14.36 −3.17 −26.80 11.19 −15.61
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compounds of FAPAC were defined as compounds showing 
the best consensus score.

2.9. Molecular dynamics simulations and binding free 
energy analysis

MD simulations were performed using Gromacs 2023.1 (Hess 
et al., 2008). The topologies of potential compounds and 
native ligands were prepared using ACPYPE 2022.6.6 while 
for the target topologies, AMBER99SB-ILDN was used as the 
force field parameters. TIP3P water model was used to dis
solve the systems which was then neutralized by adding Naþ

or Cl- ions. After minimization using the steepest descent 
method under 1000 kcal/mol/nm, the systems were then 
equilibrated using 250 ps NVT (constant number of particles, 
volume, and temperature) ensemble at 310�K, and 250 ps 
NPT (constant number of particles, pressure, and tempera
ture) at 1 bar. The production run was conducted for 100 ns. 
Subsequently, the binding free energy calculations were 

performed using gmx_MMPBSA 1.6.1, analyzing frames from 
1 to 9,999,999 with an interval of 20 frames using the 
Generalized Born Surface Area (GBSA) method.

3. Results and discussion

3.1. In vitro study

Before testing the insulin-sensitizing effect of FAPAC, we 
evaluated the cell toxicity of this formula. HepG2 cells were 
treated with a range concentration of FAPAC (2, 10, and 
50 mg/mL). FAPAC up to 10 mg/mL exhibited more than 80% 
cells viable relative to untreated cells and started to decline 
significantly at a concentration of 50 mg/mL (Figure 1). This 
result revealed that FAPAC was a safe and non-toxic agent in 
HepG2 up to 10 mg/mL.

To examine the glucose uptake effect, we incubated the 
IR cells with the FAPAC and metformin in various concentra
tions (2 and 10 mg/mL) for 24 h in a serum-free DMEM 
medium. FAPAC, especially at a concentration of 2 mg/mL 

Figure 7. Backbone (Ca) and ligand RMSD profiles of IKBKB complexes (A); PRKCD complexes (B); PTPN1 complexes (C).
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(IR-HepG þ 2), significantly increased glucose uptake in IR- 
HepG2 cells compared to control IR-HepG2 cells (p< .05) 
(Figure 2). However, treating IR-HepG2 cells with 10 mg/mL of 
FAPAC (IR-HepG þ 10) did not improve the glucose uptake 
of IR-HepG2 cells. On the other hand, metformin, as a stand
ard oral diabetic drug for IR conditions, repaired the IR of 
the cells. All tested concentrations of metformin increase glu
cose uptake significantly compared to the model (p< .05) in 
a dose-dependent manner. Figure 2 also showed that the 
activities of FAPAC at 2 mg/mL and metformin were compar
able, making this formula interesting for further study 
regarding the molecular mechanisms as presented in the 
results below.

3.2. Active compounds collection and IR-related target 
of FAPAC

After collecting the active compounds from the literature and 
database, and importing them into SwissTargetPrediction, we 
obtained 54 compounds contained in FAPAC that have 

657 potential targets with a probability � 0.1. However, their 
IR-related targets still need to be determined. Therefore, we 
collected 184 IR(disease)-related targets after merging and 
deleting duplicate targets from CTD and DisGeNet databases. 
Afterward, it was mapped to the 657 compound-related tar
gets. Figure 3 revealed that only 47 targets were predicted as 
the IR-related target of FAPAC.

3.3. KEGG analysis and identification of potential 
targets

For further investigation, these 47 IR-related targets were 
submitted to ShyniGO for KEGG analysis, and we identified 
IR as the top pathway (Figure 4). In this pathway, there 
were 14 contributed targets, and their PPI network was 
constructed using STRING (Figure 5). From this PPI, we 
identified 3 main targets: IKBKB, PRKCD, and PTPN1 which 
have topological parameter values above the average 
(Table 1). IKBKB, PRKCD, and PTPN1 are the genes coding 
for IKK-b, PKC-d, and PTP1B proteins, respectively. 
Inhibition of the activity of these proteins has been 
reported to ameliorate IR (Arkan et al., 2005; Mengyao Li 
et al., 2015; Ma et al., 2011).

3.4. Identification of potential compounds through 
molecular docking

From SwissTargetPrediction, we sorted out 12 compounds 
and 6 compounds were from AP and AC, respectively, which 
attacked at least one of the 3 main targets. Figure 6 revealed 
that the active compounds from AP and AC contribute to 
the inhibition of the three main targets, supporting the 
rationale for using the combination of these two herbs.

SwisTargetPrediction works based on similarity search, a 
ligand-based virtual screening (LBVS) method, assuming that 
structurally similar compounds may have a similar target 
(Gfeller et al., 2014). Combining LBVS with structure-based 
virtual screening (SBVS) such as molecular docking can 
increase the accuracy of the screening results (Oliveira et al., 
2023). Moreover, molecular docking has been used in many 
network pharmacology studies to validate the results in add
ition to in vitro and in vivo which are feasible methods, but 
high-cost and time-consuming (Noor et al., 2022). Therefore, 
docking simulation was performed in the present study to 
initially validate the binding ability of the compounds to 
IKBKB, PRKCD, and PTPN1 proteins before validating these 
results using in vitro and in vivo in subsequent studies. Prior 
to docking simulation, the protocols of DOCK6 and Vina 
were validated, and Table 2 revealed that our docking proto
cols were valid, resulting in re-docking poses with a root- 
mean-square deviation (RMSD) value of <2 Å.

Many docking tools are currently available, and each tool 
may have a different algorithm and scoring function, thus 
their hit compounds may also differ. Even though they are 
the same, the docking pose can be different. Therefore, in 
the present study, we applied consensus docking where 
compounds without a duplet conformation detected in 
DOCK6 and Vina could be neglected because their pose is 

Figure 8. The RMSF profiles of IKBKB complexes (A); PRKCD complexes (B); 
PTPN1 complexes (C).
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suspicious (Ng et al., 2021). These compounds were not 
scored as shown in Tables 3 and 4. Consensus docking 
results (Table 5) suggested the three best-socred compounds 
of AP: 7-O-methyl wogonin, ninandrographolide, and 3-O- 
b-D-glucopyranosyl andrographolide as the most potent 
inhibitors for IKBKB, PRKCD, and PTPN1 respectively.

Some literature supported that these potential com
pounds might be active at the targets mentioned above. 7- 
O-methyl wogonin is a derivate of wogonin by substituting 
the hydroxyl group at C-7 with methoxy. A study demon
strated that wogonin has an anti-inflammatory effect by 
inhibiting phosphorylation of IKBKB thus suppressing NF-jB 
activation (Yao et al., 2014). 3-O-b-D-glucopyranosylandrogra
pholide is one of the active compounds of AP. The extract of 
AP has been reported to inhibit PTPN1 activity with IC50 

13.4 mg/mL (Singh et al., 2022). PTPN1 is a key negative regu
lator of insulin signaling transduction by hydrolyzing tyrosine 
phosphorylation of insulin receptors and IRS-1 induced by 
insulin action, leading to decreased glucose uptake 

(Panzhinskiy et al., 2013). Meanwhile, no reports indicated 
the inhibitory activity of ninandrographolide or AP against 
PRKCD. However, andrographolide, a main compound of AP, 
was known to interfere with the activity of phorbol-12-myris
tate-13-acetate (PMA), an activator of PKC (Burgos et al., 
2020). The rise in PRKCD activation will inhibit insulin signal
ing because it will increase Ser phosphorylation on insulin 
receptor and/or IRS-1, thus interfering with Tyr phosphoryl
ation on IRS-1 mediated by insulin receptor (Shehadeh et al., 
2021).

3.5. Molecular dynamics and binding free energy of 
potential compounds

Due to the simplification of molecular docking by ignoring 
several important parameters such as solvation effects and 
flexibility (Pantsar & Poso, 2018), MD simulations were per
formed to study the dynamic behavior and stability of 

Figure 9. Interaction profiles of native ligand (A) and 7-O-methyl wogonin (B) on IKBKB during MD simulations.
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ligand-protein complexes followed by rescoring the binding 
free energy to obtain more accurate results. As shown in 
Table 6, all the potential compounds have a total binding 
energy similar to that of their native ligand. Among them, 
only 3-O-b-D-glucopyranosylandrographolide has more nega
tive energy than the native ligand and this is in agreement 
with the consensus score from docking results.

Based on backbone (Ca) root mean square deviation 
(RMSD) profiles (Figure 7), all complexes appeared stable 
during the simulations indicating that the potential com
pounds, like the native ligands, did not cause significant 
changes to their respective targets. This was also observed in 
the root means square fluctuation (RMSF) analysis. As shown 
in Figure 8, there was no significant difference between the 
potential compound and native ligand in each target indicat
ing that they affect the targets at a similar level, except for 
the native ligand-PTPN1 complex, the region around residue 
116 was quite different from that of the potential com
pound-PTPN1 complex but this region does not include the 

active site. Nevertheless, the potential compounds and 
the native ligand revealed differences in behavior during the 
simulations which can be observed from their ligand RMSD 
(Figure 7) and interaction profiles (Figures 9–11).

In IKBKB, the native ligand appeared to be able to main
tain its initial conformation (docking pose) during simulation. 
It was equilibrated at ± 0.2 nm since the beginning of the 
simulation (Figure 7A). From the interaction profile of the 
native ligand (Figure 9A), we identified Glu97, Cys99, Glu149, 
and Asn150 were the key residues. Meanwhile, 7-O-methyl 
wogonin was stable in RMSD values of ± 0.5 nm after 20 ns. 
Figure 9B revealed that its conformation at 25 ns changes 
slightly with the addition of two hydrogen bonds (H-bonds) 
compared to the docking pose (0 ns). We noticed that Cys99, 
Lys44, and Asp166 might be the important residues for this 
compound as they were always present in almost all 
sampled conformations. Several natural products from the 
flavonoid group such as naringenin, pinocembrin, and erio
dictyol which have IKBKB suppressive activity were reported 

Figure 10. Interaction profiles of native ligand (A) and ninandrographolide (B) on PRKCD during MD simulations.
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to interact with Cys99, and Asp166 through H-bonds (Zhang 
et al., 2023). Moreover, a study that evaluated the selectivity 
of a series of 4-substituted 2-amino-5-cyanopyrrolo[2,3-d]pyr
imidines against IKK isoforms revealed that compounds that 
form H-bonds with Lys44 effectively have a greater affinity 
for IKBKB (Anthony et al., 2017). Overall, the interaction pro
file of 7-O-methyl wogonin demonstrated that it was stable 
at the binding site during the simulation.

In PRKCD, the native ligand was strongly anchored in the 
binding site as seen in the ligand RMSD (Figure 7B) and 
interaction profiles (Figure 10A). It was equilibrated from the 
beginning to the end of the simulation at ± 0.2 nm. This is 
confirmed by the interaction profiles where there were no 
significant changes in conformation during the simulations. 
Ser240, Thr242, Leu251, and Gly253 were the key residues 
observed in sampled conformations. In contrast to the native 

ligand, ninandrographolide showed a fluctuating RMSD pro
file in the first ± 70 ns before stabilizing at ± 0.75 nm. It was 
observed that this compound underwent a conformational 
change as seen from the interaction profile (Figure 10B). The 
docking pose (0 ns) showed one H-bond with Tyr238 and it 
was slightly different from the conformation at 25 ns. At 
50 ns, no H-bonds were formed, and at 100 ns this com
pound rotated ± 90� but it formed three H-bonds with 
Met239, Ser240, and Gly253. The last two were the key resi
dues as found in the native ligand’s profile that also formed 
H-bonds at 25 ns. This confirmed that during the simulations 
ninandrographolide also remained on the binding site.

In PTPN1, 3-O-b-D-glucopyranosyl andrographolide showed 
a better ligand RMSD profile than the native ligand. As shown 
in Figure 7C, 3-O-b-D-glucopyranosyl andrographolide appears 
to reach equilibrium starting from ± 5 ns at ± 1 nm. 

Figure 11. Interaction profiles of native ligand (A) and 3-O-b-D-glucopyranosyl andrographolide (B) on PTPN1 during MD simulations.
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Meanwhile, the native ligand continues to fluctuate until the 
end of the simulation. This might be the reason why this 
native ligand needs to be further optimized to increase its 
affinity (Andersen et al., 2000). Nevertheless, as shown in 
Figure 11A, this native ligand remained in the active site of 
PTPN1 consisting of the P loop (His214-Arg221), WPD loop 
(Thr177-Pro185), and several residues such as Tyr46, Arg47, 
Val49, Lys120, Phe182, and Gln262 (Baskaran et al., 2012). 
Based on the interaction profile (Figure 11B), Asp48 was 
frequently found (at 0, 50, and 100 ns) to interact with 3-O- 
b-D-glucopyranosyl andrographolide. A study revealed that 
H-bonds with this residue were proven to be essential for bet
ter inhibition of PTP1B (Wan et al., 2006). From the sampled 
conformations, this compound was also found to form H- 
bonds with other residues such as Arg24, Asp181, Ala217, 
Gly220, Arg254, Gly259, and Gln262. Even though there was a 
conformational change that appears to be rotating, this inter
action profile demonstrated that 3-O-b-D-glucopyranosyl 
andrographolide remained on the binding site.

4. Conclusion

FAPAC at 2 mg/mL significantly increased glucose uptake on 
IR-HepG2 cells. This formula may work to improve IR primar
ily by affecting inflammatory processes via IKBKB and insulin 
signal transduction mediated by PTPN1 and PRKCD. This for
mula promises to be developed as an insulin-sensitizing 
agent for T2DM treatment. However, further in vitro and 
in vivo studies are required to verify the activity of FAPAC 
against the main target.
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