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ABSTRACT

Background: Postmenopausal osteoporosis affects a large percentage of the female population
worldwide. Understanding the molecular pathways is critical for effective treatment. This
study aimed to assess ipriflavone's efficacy in treating postmenopausal osteoporosis using
computational techniques and in vitro evidence. Materials and Methods: Ligands were
prepared for docking while receptors were readied via protein preparation. Molecular docking
was performed to generate ligand-receptor complexes which underwent molecular dynamics
simulation using GROMACS. Simulation trajectories were analyzed to gauge binding stability.
Finally, ligand activity against MG-63 osteosarcoma cells was evaluated through MTT and Alizarin
Red assays to measure viability and calcium uptake respectively. Results: The results of the
study indicated that ipriflavone can modulate several genes associated with postmenopausal
osteoporosis, including ESR1, ESR2, CYP19A1, LGMN, CASP3, BMP4, TNFRSF1A, and CTSK. Among
these genes, ipriflavone showed the highest binding affinity with estrogen receptors (ESR1 and
ESR2) with a docking score of -8.7 kcal/mol. Molecular dynamics analysis confirmed the stability
of the ipriflavone complex for up to 200 ns. Pathway analysis using KEGG revealed the specific
pathways modulated by ipriflavone. Furthermore, in vitro experiments using the MG63 cell
line demonstrated that ipriflavone is non-toxic and can increase calcium uptake, indicating its
potential osteogenic effect. The MTT assay supported the safety of ipriflavone treatment in MG63
cells. Conclusion: This study illuminates ipriflavone's anti-osteoporotic mechanism. According to
this study, ipriflavone may modify estrogen receptors and treat postmenopausal osteoporosis.
More in vivo investigations are needed to prove ipriflavone's biological potency and efficacy in a
more complex physiological environment.
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development.

INTRODUCTION

Postmenopausal osteoporosis is a prevalent global disease,
impacting approximately 200 million women worldwide. In
the United States, it affects around 10 million individuals with
an additional 44 million having low bone mass, making them
susceptible to fractures.! In India, the prevalence of osteoporosis
in postmenopausal women ranges from 19.3% to 57.9%,
according to the reports of region and population.” Both women
and men are affected by bone fracture-related issues around 50
years of age.> As a result of population expansion and ageing, it
is anticipated that the total number of osteoporotic fracture cases
may increase twofold by 2050.*
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Postmenopausal osteoporosis poses a substantial health risk,
increasing the susceptibility to fractures and diminishing overall
well-being. Bisphosphonates, denosumab, teriparatide, HRT and
ERM are therapeutic approaches for addressing postmenopausal
osteoporosis. Bisphosphonates act on osteoclasts and inhibit bone
resorption.’ Denosumab, a monoclonal antibody that inhibits the
RANK ligand, has also been shown to reduce the risk of fractures
in postmenopausal women with osteoporosis.® Teriparatide,
a recombinant human parathyroid hormone, has increased
bone mineral density by increasing osteoblast formation and
inhibiting osteoblast apoptosis.” Estrogen replacement therapy
is one of the most effective treatments for osteoporosis. It
works by slowing down bone loss and increasing bone density.
However, HRT is associated with certain risks and side effects,
and its use should be carefully monitored.® Selective Estrogen
Receptor Modulators (SERMs) mimic the effects of estrogen to
increase bone mineral density by down modulating the activity
of osteoclasts in transforming growth factor-f3.° Clinical
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studies have shown that ipriflavone can significantly increase
Bone Mineral Density (BMD) and decrease the risk of vertebral
fractures in postmenopausal women with osteoporosis, especially
when combined with calcium supplements.' Ipriflavone works
by inhibiting bone resorption and stimulating bone formation,
primarily through its effects on osteoblast and osteoclast activity."*
However, more research is needed to understand its long-term
safety and effectiveness fully.

The results indicated that ipriflavone displayed limited estrogenic
activity and had the potential to interact with the estrogen
receptor.'” These findings suggest that ipriflavone might function
as a Selective Estrogen Receptor Modulator (SERM), exerting
estrogen-like effects on bone and other bodily tissues. This study
provides important insights into the mechanism of action of
ipriflavone and its potential applications in treating osteoporosis
and other estrogen-related disorders."

In recent drug development computational approach is used
to find the responsible gene pathways involved in the disease
progression and to find the possible mechanism involved to
target these pathways by various drug molecules, in this regards
this study is designed to evaluate the efficacy of ipriflavone in the
treatment of postmenopausal osteoporosis using computational
tools and in vitro studies like identification of genes involved in the
disease and ipriflavon modulating genes, finding protein-protein
interactions of common genes involved, gene ontology, KEGG
pathway, molecular docking, ADME profile of drug, molecular
simulation and in vitro alp, calcium uptake assay.

MATERIALS AND METHODS

In silico studies

Protein selection and preparation

Ipriflavon canonical SMILES were extracted from PubChem
database. The proteins involved in disease progression were
identified from DisGeNET database (https://www.disgenet.org/).
Whereas protein targets were predicted using the Swiss target
prediction (http://www.swisstargetprediction.ch/) for ipriflavone.
Further, the common targets for osteoporosis and ipriflavone
were taken from the Venny 2.1.0 online tool." ¢

Protein-Protein Interaction Data

String 11.5 (https://string-db.org/) online database was used for
predicting protein interactions, including direct and indirect
protein interactions. It scores each protein interaction. A
higher score means a higher confidence of protein interaction.
The selected intersection targets were imported into String for
protein interaction analysis, and the protein interaction network
was obtained with the species limited to "Homo sapiens". The
protein interaction data were imported into Cytoscape (https://
cytoscape.org/) to construct the PPI network and highest degree
of interaction with common genes retracted from Venny 2.0.1.7"°
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Gene Ontology (GO) and Pathway Enrichment

DAVID (https://david.ncifcrf.gov/) database integrates various
types of database resources and uses the improved Fisher
precision test algorithm to analyse the enrichment of gene sets.
A cut off P value and False Discovery Rate (FDR)<0.05 were used
to indicate statistical significance. GO annotation and KEGG
PATHWAY analysis were carried out for the intersection genes.
Finally, we could get the pathway maps from KEGG PATHWAY
Database (https://www.kegg.jp/).”**

Molecular Docking Verification

Preparation of ligand and protein

The LigPrep module was used to prepare ligands for docking.
Ligands were transformed into 3D structures via ionisation,
tautomerism, energy minimisation, and geometry optimisation.
Further, ionisation and tautomeric states were generated
in the pH range of 6.8 to 7.2 using the Epik module. The
X-ray crystallographic structure of the proteins comprising
co-crystalline ligand, water molecule, metal ions, and cofactors
were retrieved from the protein data bank. The protein preparation
wizard was used to prepare proteins. The energy minimisation
of the protein was performed using the Optimised Potentials for
Liquid Simulations-3 (OPLS3) force field.?*

Receptor grid set to generation and Glide ligand docking

A receptor grid for protein-ligand docking was generated via the
site map module. The binding site possessing the largest volume
was taken under consideration to form a grid where docking is
to be performed. Ipriflavone was docked into the generated grid.
The docking was performed in a versatile docking mode that
automatically generated conformations for each input ligand,
using extra precision mode. The ligand possessing the least glide
scores were utilised to visualise the protein-ligand interaction by
the Glide module's XP visualiser and a 2D image of the interaction
was extracted.>>*

MD simulation

To perform MD simulation, gromacs (https://www.gromacs.
org/) ver. 2023.1 was used. The hetero atoms from complex was
removed by using the UCSF chimera. The protein topology was
generated by applieng CHARMM 27 force filed and the ligand
topology by the swiss param portal online tool also, gestiger
charges added the H. The intermediate complex was built using
the editconf module of gromacs. The complex was then solvated
using a triclinic box with 1 nm dimensions on all sides, utilising
a TETP1 water model. The system was neutralised by adding
Na+ and Cl- counter ions as required. To minimise energy,
the system was subjected to steepest descent integrator with a
verlet cutoff-scheme for a maximum of 55000 steps, followed
by adding restrains. The system was then equilibrated using
Canonical (NVT) and Isobaric (NPT) for 10 ps for two coupling
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groups: protein-ligand and water-ions. A modified Berendsen
thermostat (V-rescale) was used to maintain constant volume
and temperature at 300 K, while a C-rescale pressure coupling
algorithm was applied to maintain constant pressure at 1 bar.
Particle Mesh Ewald (PME) was used for computing long-range
electrostatics, coulomb, and Van der Waals with a cut-oft of 1.2
nm. The LINCS algorithm was used to constrain bond length.
Each complex was subjected to an MD run for 200 ns, and the
coordinates and energies were saved at every 200 nanoseconds to
acquire 100000 frames. The generated trajectories were analysed
using the in-built gromacs utilities. The Root Mean Square
Deviation (RMSD), Root Mean Square Fluctuation (RMSF),
Radius of Gyration (RoG), Solvent Assessable Surface Area
(SASA), and Number of hydrogen bonds were retrieved for a

time span of 200 ns and visualised using QtGrace.”*

Biological activity

Cells and cell culture

MG-63 cell maintenance and culture involve several key steps.
Initially, a DMEM medium is prepared, supplemented with 10%
FBS and 1% antibiotics. The cells are counted using an automated
cell counter and then seeded onto 96 well culture plate. Feeding
with fresh medium is accomplished every 2-3 days to provide
nutrients for cell growth. When the cells reach 80-90% confluence,
they are subcultured or passaged to maintain viability. Regular
monitoring of cell growth, morphology, and contamination is

essential.

P w

(A)

MTT assay

MTT assay is a commonly used colourimetric assay to assess cell
viabilityand proliferation. It measures theactivity of mitochondrial
enzymes that can convert the yellow water-soluble substrate, MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide),
into a purple formazan product. The formazan formed is directly
proportional to the number of viable cells in the culture.

Dissolve MTT powder in a sterile buffer or culture medium to
create a concentrated MTT solution (usually 5 mg/mL). Seed
the cells and allow them to adhere and grow. Treat the cells with
various concentrations of ipriflavon. Remove the culture medium
and replace it with a fresh medium. Add the MTT solution to
each well, ensuring it is evenly distributed. Incubate the cells with
MTT at 37°C for 4 hr. After the incubation, carefully remove
the MTT-containing medium. The formazan crystals formed
by viable cells remain insoluble. To solubilise the formazan, add
a dimethyl sulfoxide to each well and gently shake the plate to
dissolve the crystals fully. Transfer the dissolved formazan solution
from each well into a new microplate or cuvette and measure the
absorbance at a specific wavelength (usually around 570 nm)
using a spectrophotometer. The absorbance is proportional to
the number of viable cells present. Normalise the absorbance
values to control samples and calculate the relative cell viability

or proliferation based on the experimental design.**

Calcium uptake assay by Alizarin red

Calcium uptake by MG-63 cells was monitored by incubating
cells in 6 well pates with test compound for 24 hr. After the
incubation period, the treated cells were washed with PBS and
fixed in 4% paraformaldehyde at room temperature for 20 min.

(B) (C)

Figure 1: (A) Venny diagram of disease gene and ipriflavone compounds, (B) The protein-protein interaction from string database (PPI),
(C) The common genes of ipriflavone and disease genes with its protein-protein interaction with degree segregation red is highest
orange intermediate and yellow is lowest. PMO-Postmenopausal osteoporosis; IP-lpriflavone.
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The fixed cells were stained with freshly prepared alizarin red (2%
aqueous, pH 4.2) and washed with PBS. The intensity of the stain
uptake was used to assess the calcium accumulation and compare
it with the untreated control. Alizarin red stain from the cells was
extracted using 10% acetic acid and quantified at 405 nm using a

multimode microplate reader.

RESULTS

Targets of ipriflavone and postmenopausal
osteoporosis

The Canonical SMILE of ipriflavon was retrieved from PubChem.
Based on chemical structural similarity, we used SwissTarget
Prediction online databases to predict their targets. A total of 201
targets were predicted for ipriflavone. For disease gene prediction,

the disgenet database has a total of 171 genes for postmenopausal
osteoporosis with Disgenet ID-CUI: C0029458. Based on targets
of the ipriflavone and postmenopausal osteoporosis, intersection
targets were got by Venny 2.0.1. eight intersection genes were
found eventually, shown in Figure 1(A); details of intersection

targets are described in Table 1.

Gene Ontology

GO analysis of 8 candidate targets for ipriflavone against
postmenopausal osteoporosis was performed using the DAVID
database to understand the relationship between functional
units and their underlying significance in the biological system
networks. The results were divided into three parts, including
biological processes, cellular components, and molecular
function, as shown in Figure 2(A). The data was generated using

Table 1: Ipriflavone targeted protein, gene and protein class related to postmenopausal osteoporosis.

Protein Class

Gene-ID PDB-ID Gene Name
ESR1 1A52 Estrogen receptor 1 Nuclear receptor
ESR2 1L2] Estrogen receptor 2 Nuclear receptor
CYP19A1 3EQM Cytochrome P450 family 19 Enzyme
subfamily A member 1
LGMN 4AW9 Legumain Enzyme
CASP3 1CP3 Caspase 3 Enzyme
BMP4 2HQL Bone morphogenetic protein 4 Signaling
TNFRSF1A 1FP3 TNF receptor superfamily NA
member 1A
CTSK 1ATK Cathepsin K Enzyme
A B
Pathways in cancer J
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Figure 2: (A) Gene ontology enrichment analysis of biological process (green), cellular component (orange), molecular function (purple), (B) Bubble

chart of KEGG pathways analysis.
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the bioinformatics tool (https://www.bioinformatics.com.cn/
plot_basic_GO_term_bp_cc_mf bar_plot_046_en) depicted in
Figure 2(A).

Pathway Enrichment

Rough comprehensive analysis, we obtained an integrated
postmenopausal osteoporosis pathway based on our current
knowledge of postmenopausal osteoporosis pathogenesis
to illuminate the integral role of ipriflavone in treating
postmenopausal osteoporosis. TOP 8 KEGG signaling pathways
of BHD were obtained and constructed based on p value, as

shown in Figure 2(B).

Ipriflavone-postmenopausal osteoporosis Network

Eight intersection targets were imported into the String database,
and TSV text showing the interaction relationship was obtained
with the addition of node interaction, as shown in Figure 1(B).
This network contained 18 nodes and 53 edges. Then, the network

topology analysis was applied by the software of Cytoscape 3.6.0.
Importing the TSV text into the Cytoscape software, we could
get an ipriflavone-postmenopausal osteoporosis network, as
shown in Figure 1(C). This network contained eight nodes and
ten edges. In this network, the red nodes had higher degrees,
followed by orange and then yellow. The degree rank of them is
4 in CASP3, ESR1, 3 IN CTSK, CYP19A1, ESR2, 1 IN LGMN,
BMP4, TNFRSF1A, respectively. This suggested that these genes
might be the key or central genes in postmenopausal osteoporosis
development.

Molecular docking

The key genes involved in the progression of postmenopausal
osteoporosis regulated by ipriflavone are CASP3, ESR1, 3 IN
CTSK, CYP19A1, ESR2, 1 IN LGMN, BMP4, TNFRSF1A. The
docking scores of this are found in the range of -8.7 to -1.6
kcal/mol. The highest docking score was found in estrogen
receptor 2 (-8.7 kcal/mol), followed by ESRland TNFRSF1A>
CYP19A>CASP3>CTSK>LGMN. The interactions and docking

Table 2: Docking scores and 2d interaction of ipriflavone with amino acids of target genes of PMO.

Sl. No. Gene-ID

1 CASP3

2 ESR2

3 CYP19A1

4 ESR1

5 LGMN

6 TNFRSF1A
7 CTSK

1L1J

3D "o X ( Ylis 58 {

Scores Interactions

-5.1 TYR 195 (pi-pi stacking), ARG
164, TYR 197 (H bond)

-8.7 PHE 356 (H bond)

-5.9 PHE 430 (pi-pi stacking)

-6.4 No interactions

-1.6 ASN 59 (H bond)

-6.4 TRP 314, HIP 248 ( pi-pi
stacking), Arg 60, HIP 248 (PI
cation)

-2.3 LYS 41 (pi cation)

1FP3
- G ‘ V- A5
b PR ft 1
-‘\f"x, o) 5
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—_—

3 ) : “f:_ ~ o~ )
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Figure 3: 3D and 2D Interactions of ipriflavone with Human Estrogen Receptor beta (IL2J); Estrogen Receptor Alpha (1A52);
N-Acyl-D-Glucosamine 2-Epimerase (1FP3).
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scores are given in Table 2, and the 3D and 2D images of the top
three scored compounds are depicted in Figure 3.

Molecular dynamic simulation

The MD simulation analysis for RMSD, RMSE, Rg and SASA is
depicted in Figure 4. In which Figure 1(A), 1(B), 1(C) is complex
RMSD for the backbone (black) and complex (red), the results of
1(A) shows highest fluctuation for backbone and complex in the
range of 0.70007864A and 0.748047 A respectively, 1(B) highest
and lowest is 0.24082 A, 0.3112189 A for backbone and complex
respectively, for 1(C) highest RMSD fluctuation is seen in the

range of 0.3257656 A for backbone and 0.3829054 A. The Radius
of gyration displayed a fluctuation in the range of 0.15 nm with
a decrease at 18 ns, for 1(C), 0.06 nm with 2(C) throughout MD
run, and 0.1 nm with 3(C). The solvent-accessible surface area is
found in the range of 115 to 140 nm?, 175 to 194 nm?, 117-137
nm? for 1(D), 2(D), 3(D), respectively, indicating that enough
surface is available for the ligand to bind with the protein.

Cytotoxicity
The highest cell viability is observed at a concentration of 25
pg/mL, where the viability is 105.18%. At concentrations lower

Figure 4: RMSD OF 1(A) 1A52, 2(A) TFP3, 3(A) 1L2L; RMSF OF 1(B) 1A52, 2(B) 1FP3, 3(B) 1L2L; Radius of gyration 1(C) 1A52, 2(C)
1FP3, 3(C) 1L2L; SASA 1(D) 1A52, 2(D) 1FP3, 3(D) 1L2L.

(A MTT Assay
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Figure 5: (A) cytotoxicity of ipriflavone by MTT Assay (B) Calcium uptake of ipriflavone. The values are mean£SD (n=3).
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and higher than 25 pg/mL, the cell viability tends to decrease.
Specifically, the cell viability decreases at concentrations of 12.5,
50, 100, and 200 units, with falling values of 96.94%, 88.99%,
86.48%, and 79.77% respectively. The results are represented
graphically in the Figure 5.

Calcium uptake assay

These results suggest that the optical density at 405 nm, which
correlates with the amount of calcium uptake or mineralisation,
increases with increasing concentrations of the substance. The
mean OD values show an increasing trend from 0.146 at 0 pg/mL
t0 0.337 at 100 pg/mL. The Standard Deviation (SD) indicates the
variability of the measurements within each concentration group.
This data implies that higher concentrations of the substance
are associated with increased calcium uptake, as reflected by the
higher OD values.

DISCUSSION

In this study, we have screened the activity of ipriflavone against
postmenopausal osteoporosis. Protein-protein interaction is a
crucial part in predicting the molecular mechanism of disease by
importing the common target from drug and disease genes into a
string database that provided the degree analysis which revealed
that CASP3, ESR1, CTSK AND CYP19A1 play crucial role in
the development PMO. The Masco reported that caspase is an
important enzyme in cell survival and apoptosis. The reduction
in CASP3 can lead to decreased bone mineral density.** Estrogen
prevents bone loss by inhibiting the synthesis of proinflammatory
cytokines by bone marrow and bone cells.*> Downregulation of
CTSK can affect bone resorption by cleaving and removing the
organic matrix of type I collagen fibres and CYP19A1 is involved
in the formation of estrogen.***

In molecular docking, ipriflavon was docked with selected target
proteins. Amongst Human Estrogen Receptor 2 (IL2]) was found
to have maximum binding affinity (-8.7 kcal/mol). The literature
suggests that the ESR2 levels are decreased in PMO in women
and men compared to premenopausal osteoporosis. Hence,
based on the binding affinity of IP with ESR 2, it can predict the
possible ESR 2-related activity and manage bone resorption. The
interactions of IP with different target proteins revealed that the
H bond is formed with amino acids ARG 164, TYR197, PHE 356,
and ASN59. Pi-pi bonds with TYR 195, PHE 430, TRP314, and
HIP248. These amino acids are responsible for producing stable
bonds with IP. The physical behaviour of these docked complexes
over time was analysed by MD simulation, which provides
valuable insights into the dynamics and structural changes
of these molecules. The analysis in Figure 3 focuses on several
important parameters: RMSD, RMSE Rg, and SASA.

RMSD measures the deviation or difference between the
positions of atoms in a given structure compared to a reference

structure. In this case, the RMSD is calculated for the backbone
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(black) and the complex (red). In Figure 1(A), the results show
that both the backbone and the complex have relatively high
fluctuation. The backbone has a fluctuation range of 0.70007864
A, while the complex exhibits a slightly higher fluctuation with
a range of 0.748047 A. This indicates that both the backbone
and the complex are undergoing structural changes during the
MD simulation. In Figure 1(B), the highest and lowest RMSD
values are provided. The backbone has the highest RMSD value
of 0.24082 A, while the complex has a slightly lower highest
RMSD value of 0.3112189 A. These values give an indication
of the maximum structural deviations observed during the
simulation. In Figure 1(C), the highest RMSD fluctuations are
reported. The backbone shows a fluctuation range of 0.3257656
A, while the complex has a slightly higher fluctuation range of
0.3829054 A. These values provide insights into the dynamic
behaviour and flexibility of the backbone and the complex. RMSF
measures the average fluctuation or mobility of each residue in
a protein throughout the simulation. However, the analysis in
Figure 3 does not explicitly mention the RMSF values or their
interpretation. Including the RMSF analysis would provide a
more comprehensive understanding of residue-specific dynamics.
The Rg is a measure of the compactness or spatial extent of a
biomolecule. It represents the average distance of each atom in
a molecule from its centre of mass. Fluctuations in Rg during an
MD simulation can provide insights into structural changes and
folding/unfolding events. For Figure 1(C), it is stated that there is
a fluctuation of 0.15 nm (or 1.5 A) with a decrease observed at 18
ns. This suggests a conformational change or compaction of the
molecule at that specific time point. In 2(C), there is a fluctuation
of 0.06 nm (or 0.6 A) throughout the MD run, indicating
relative stability in the size of the molecule. In 3(C), there is a
fluctuation of 0.1 nm (or 1.0 A), which suggests some changes in
the compactness but to a lesser extent compared to 1(C). SASA
measures the total surface area of a molecule that is accessible
to the surrounding solvent molecules. It indicates the available
surface area for interactions, such as ligand binding. In Figure
1(D), the SASA range is reported to be between 115 and 140 nm?2.
In Figure 3(D), the range is between 175 and 194 nm2. Finally, in
Figure 3(D), the range is between 117 and 137 nm?. These values
suggest that there is sufficient surface area available for the ligand
to bind with the protein throughout the simulation. Overall, the
fluctuation patterns observed in RMSD, Rg, and SASA provide
insights into the conformational flexibility, compactness, and
binding potential of the complex during the simulation.

The cytotoxicity is a major concern in drug development due to
the toxic effects of drug molecules, therefore, we have evaluated
the in vivo cytotoxicity of IP on osteoblast cell lines (MG63). The
results depicted that the compound has no toxicity. This indicates
that IP is a safe molecule on the osteoblast cell line. Further,
the calcium uptake and ALP activity showed a positive effect in
calcium deposition as well as cell proliferation via ALP hydrolysis
inorganic phosphatase, which is a naturally occurring inhibitor
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of mineralisation; it also provides inorganic phosphatase for the
synthesis of hydroxyl appetite known as the main mineral to give
bone structure and density. Hence, this indicates that the IP can
be targeted for therapeutic intervention in PMO.

CONCLUSION

In conclusion, this study shows that Ipriflavone (IP) has
the potential to be used as a treatment intervention for
Postmenopausal Osteoporosis (PMO). Through protein-protein
interaction research and molecular docking, IP was discovered
to affect critical genes related to PMO, including estrogen
receptors. The IP-protein complexes' stability was validated by
molecular dynamics analysis. IP-SLN formulations were found to
be non-toxic and capable of increasing calcium absorption and
promoting osteoblast development in vitro. These data suggest
IP's potential as an effective treatment for PMO. More study is
required to establish IP's biological activity and safety in vivo.
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