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Introduction: Moringa oleifera is known as a ‘natural nutrition of the tropics’ because it provides vital
nutritional supplements and a variety of pharmacological benefits. The focus of this study was to
elucidate the dose dependent effects of Moringa oleifera leaf (MOL) extract on the growth of the human
osteoblast-like osteosarcoma SaOS-2 cell line and primary osteoblast cells.
Methods: Trypan blue & tetrazolium assay, intracellular ROS generation, chromatin condensation, cell
cycle analysis, alkaline phosphatase (ALP), mineralization, and osteogenic gene expression were tested
on both treated and untreated osteosarcoma SaOS-2 cells.
Results: As revealed by cell viability assay, growth activity was observed at concentrations 25 and 50 mg/
mL of MOL extract, whereas 100 and 200 mg/mL doses decreased the proliferation activity, resulting in
ROS production and chromatin condensation. Cell cycle study revealed that MOL extract at 50 and
100 mg/mL concentrations arrested the cells in the G2/M phase. Low doses increased the ALP levels,
mineralization, and expression of the bone morphogenetic protein 2 (BMP2) and runt-related tran-
scription factor 2 (Runx2) genes in osteoblast-like SaOS-2 cells, however, high doses inhibited the pro-
liferation properties of MOL extract. Through AutoDock Vina and iGEMDOCK 2.1, the interaction of active
components of MOL, such as b-sitosterol, quercetin and kaempferol, with BMP2 and Runx2 proteins
revealed a reasonable binding affinity. Moreover, these components did not show any Lipinski's rule of
five violation and showed predictable pharmacokinetic properties.
Conclusion: The results of the biphasic dose-response of MOL extract on the growth activity of
osteoblast-like SaOS-2 cells and in silico binding interface, may provide a therapeutic and/or preventive
implication in prospective drug development.
© 2022 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Bone disorders such as arthritis, osteoporosis and osteosarcoma
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are the worldwide problems of the human skeleton system. Oste-
oporosis is one of the global public health problems among bone
disorders which represents major worldwide clinical, societal, and
economical challenge. This is a chronic disease characterized by
fragility in bone and fractures.1 Over than 8.9 million people are
suffering from osteoporosis, which causes an osteoporotic fracture
every 3 s.2 If the effects of population aging alone are accounted,
the burden of osteoporosis and fragility fractures is predicted to rise
dramatically over the next ten years.3 The aging population and
higher life expectancy in Europe will cause osteoporosis to impact
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List of abbreviations

MOL Moringa oleifera leaf
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide
ALP alkaline phosphatase
ROS Reactive oxygen species
BMP2 Bone morphogenetic protein 2
Runx2 runt-related transcription factor 2
pNPP p-nitrophenyl phosphate
HB hydrogen bond
VDW van der Waals forces
EI electrostatic interactions
PASS Prediction of activity spectra for substances
BAS Bioactivity score
ADMET Absorption, distribution, metabolism, excretion,

and toxicity
BBB blood -brain barrier
P-gp P-glycoprotein
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more than 30 million people by 2050.4

Several therapeutic methods for the treatment of bone disor-
ders, such as chemotherapy and radiotherapy, have been devel-
oped; however, these conventional systems of therapies are known
to have various complications such as nausea, anorexia, uncon-
trollable vomiting and diarrhea, dermatitis, electrolyte imbalance
and bullous erythemamultiforme, which reduce success rate in the
majority of cases.5 Therefore, finding alternative therapies is crucial
for resolving these issues and may be beneficial for those who have
osteoporosis.

Plant extracts are well known indicative of their potential
contribution to drug production because of their wide-ranging
support and therapeutic applications.6 Medicinal plants and their
ingredients are extremely important in the health-care systems of
the world's population. For instance, date palm, figs, black cumin
seeds, fruit and their active ingredients lutein, apigenin, b-sitos-
terol, p-hydroxybenzoic acid, o-coumaric acid, linoleic acid, pal-
mitic acid, thymoquinone, dithymoquinone, and carvacrol have
been found to be important in cancer and diabetes therapies, have
shown antibacterial, antiviral, hepatoprotective, anti-
hyperlipidemic, cardioprotective and antioxidant activities and are
also helpful in pregnancy and delivery.7 In addition, Gloriosa
superba, Leea species, Centella asiatica, Echium amoenum, Withania
somnifera and Nigella sativa have been reported for potential anti-
oxidant, antimicrobial, antidiarrhoeal, anticancer, analgesic,
anthelmintic, anti-inflammatory, antipyretic, hepatoprotective,
nephroprotective, neuroprotective activities.8

Among different medicinal plants, Moringa oleifera (MO) is the
most commonly cultivated plant of the ‘Moringaceae’ family, which
is known as ‘natural nutrition of the tropics’. Interestingly, nearly all
parts of the MO plant such as leaves, roots, seed, bark, fruit, flowers
and immature pods contain important nutritional supplements
with a variety of medicinal properties.9e11 Many essential compo-
nents viz. alkaloids, flavonoids, terpenoids, steroidal aglycones,
tannins and reducing sugars, can be found in the leaves, barks,
roots, seeds, flowers, and immature pods of theMO plant.12 Various
parts of this multipurpose tree have been credited with several
beneficial and medicinal properties which include anti-fibrotic,
anti-inflammatory, anti-microbial, anti-hyperglycemic, anti-
oxidant, anti-tumor, and anti-cancer activities.10 An earlier study
has proven the osteogenic activity of MO and Cissus quadrangularis
in mandibular fracture clinically.13
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Moringa oleifera leaf (MOL) is the store house of vital compo-
nents viz. carotenoids, flavonoids, tocopherols, folate, phenolic
acids, polyunsaturated fatty acids and various minerals.14 Earlier
studies have also shown that MOL contains the bioactive compo-
nents viz. b-sitosterol, quercetin and kaempferol.15,16 Some previ-
ous researchers have shown that many dietary phytoestrogens
such as genistein, daidzein, biochanin A, glabrene isoflavene, iso-
liquiritigenin, kaempferol, resveratrol and other phytochemicals
demonstrated biphasic hormetic like dose-response effects.17e20

However, to date, no scientific study has evaluated the dose-
dependent biphasic effects of moringa oleifera. Therefore, we hy-
pothesized that MOL extract might have hormetic-like dose-dependent
biphasic effects on cell growth of human osteoblast-like SaOS-2 cell
line.

In the present study, an in vitro dose-response potential of MOL
extract against SaOS-2, a human osteoblast-like cell line was
investigated using cell viability assay, analysis of ROS, nuclear
apoptosis, cell cycle, ALP analysis, mineralization, and osteoblastic
bone morphogenetic protein 2 (BMP2) and runt-related tran-
scription factor 2 (Runx2) gene expression. Moreover, an in-silico
structure-based virtual screening technique was used to determine
MO leaf bioactive components b-sitosterol, quercetin and kaemp-
ferol with BMP2 and Runx2 proteins. The results on the biphasic
dose-response of MOL extract may have a potential therapeutic or
preventive implication in drug development.

2. Materials and methods

2.1. Reagents, chemicals, and plant materials

Entire cell culture media, supplements and all chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and Hi-media
(Mumbai, India). Fresh and spotless leaves of MO plant were
collected in the month of August nearby Lucknow, India, and was
scientifically identified in the herbarium of Pharmacognosy and
Phytochemistry Department at Integral University, Lucknow, India
(file no. IU/PHAR/HRB/14/07). Healthy leaves of MOweighing 450 g
were washed with sterile water, air-dried for a week and then
grinded into a coarse powder. Plant materials were soaked in 95%
ethanol in 1:4 ratio (w/v) at 25 �C for 3 days to extract the soluble
components. The supernatant was filtered with Whatman No.1
filter paper and then was concentrated at 40e45 �C in water bath.
The obtained semi-solid paste (approx. 10% yield) was stored at
room temperature and used for experimental purposes.

2.2. Osteobalst-like cell line, primary osteoblasts and their culture

Human osteoblast SaOS-2 cell line (passage no. 24) was pro-
cured from cell repository at National Centre for Cell Sciences, Pune,
India. SaOS-2 cell line was grown in McCoy's 5Amedium (Hi-media
Mumbai, India) with 2.0 mM L-glutamine, 1.0% penicillin and
streptomycin solution supplemented with 0.5 g/L NaHCO3 and 10%
Fetal bovine serum (Hi-media Mumbai, India). Primary osteoblasts
were isolated from rat pups calvaria as per the previous standard
method and maintained in alpha-MEM containing 10% FBS and 1%
penicillin/streptomycin solution in a CO2 incubator at 37 �C, 5% CO2

with humidified air.19 Institutional Animal Ethics Committee
approval number of the animal study is IAEC/ELMCH/1/21/-2.

2.3. Trypan blue staining and MTT assay

The percent cells viability of SaOS-2 cell line at 25, 50, 100 and
200 mg/mL concentrations of MOL was evaluated at different time
periods 24, 48 and 72 h using trypan blue staining assay. Based on
growth pattern of cells, SaOS2 cell line and primary osteoblast cells
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was evaluated further for cell viability at 48 h byMTT dye.21 In each
well of a 96-well culture plate, approximately 1 � 104 cells were
seeded in 0.1 mL of growth medium. The stock of MOL extract was
prepared in culture media and diluted to the desired concentra-
tions in the medium (25, 50, 100 and 200 mg/mL) and applied to
each well. After 48 h of treatment, microphotograph was captured
using a microscopy of trinocular inverted phase-contrast (Nikon
ECLIPSE TS100, Japan) and a microplate reader (BIORAD-PW41,
California, USA) was used to measure the absorbance at 540 nm.
2.4. DCFDA staining dye for ROS activity

To determine the impact of low and high dose of MOL on
reactive oxygen species (ROS) development in SaOS-2 cells, fluo-
rescence imaging microscope and multiwell plate reader tech-
niques were used.22 In a 96-well black bottom culture plate, SaOS-
2 cells (1 � 104 per well) were cultured and treated with different
concentrations of MOL extract for 24 h, as 24 h time period was
enough for ROS generation treated cells. The cells were incubated
with DCFH-DA (10 mM) dye and fluorescence intensity was
determined using a multiwell plate reader (BioTek's Synergy H1
Hybrid Multi-Mode Microplate Reader, VT, USA). Results were
expressed as a percentage of the fluorescence intensity relative to
control groups. For Imaging of ROS intensity, cells were incubated
with MOL extract in 24-well plate for 24 h and images were
captured after DCFHDA staining under an inverted fluorescence
microscope (Zeiss AxioVert 135, USA).
2.5. Chromatin condensation

Using the nuclear fluorescent dye DAPI, the apoptotic effect of
MOL at various concentrations was investigated.23 After 48 h of
incubation with MOL extract, the cells were fixed in 4% para-
formaldehyde and stained with DAPI dye. The photos were taken
with a fluorescent inverted microscope after staining. Apoptotic
cells were described as those with condensed nuclei.
2.6. Cell cycle phase distribution

Flow cytometric analysis was used to examine the relationship
between cell cycle phase and cellular DNA material. SaOS-2 cells
were seeded at a density of 1 � 106 cells/mL in a 6-well plate and
treated with two effective doses of MOL extract, 50 mg/mL (prolif-
erative dose) and 100 mg/mL (cytotoxic dose), for 48 h and were
incubated in a 5% CO2 incubator at 37 �C.24 The stained cells with
propidium iodide (PI) dye were used to test the PI fluorescence of
individual nuclei using a flow cytometer (BD FACS Calibur, Becton
Dickinson, USA). The Cell Quest Pro V3.2.1 programme (Becton
Dickinson, USA) was used to analyse the data.
2.7. ALP quantification assay

In an ALP assay, the p-nitrophenyl phosphate (pNPP) substrate is
hydrolyzed into a yellow-colored product which was measured as
per the previous method.21 Approximately, 2 � 103 cells of SaOS2/
well per 100 mL media was seeded in 96-well plate using McCoy's
5A medium containing 10% FBS, 50 mg/mL ascorbic acid and 10 mM
b-glycerophosphate (differentiation medium) overnight. The cells
were then incubated for 48 h with concentrations of MOL extract of
25, 50, 100, and 200 mg/mL. An inverted phase contrast microscope
was used to capture the creation of colour images and the absor-
bance was estimated at 405 nM with the help of an ELISA reader
(BIORAD-PW41, California, USA).
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2.8. Mineralization assay

Calcium contents in SaOS-2 cells were measured using Alizarin
Red S stain as per the method reported previously.21 In a 12-well
culture plate (Himedia, India), 2 � 104 cells/well were seeded in
500 mL differentiation medium containing 10�7 M dexamethasone.
MOL extract was given to the cells for 21 days, and the mediumwas
changed every other day. The cells were fixed in paraformaldehyde
solution and stained with 40 mM Alizarin Red-S. Calcified nodules
with a bright red colour were captured under inverted phase
contrast microscopy. To determine the quantitative value, a
100mM cetylpyridinium chloride solutionwas applied to each well
for 1 h to solubilize and release the calcium-bound alizarin red into
solution in each well. Every well's supernatant was transferred in
triplicate to a 96-well plate, and the absorbance was measured at
570 nm using a microplate reader (BIORAD-PW41, California, USA).
2.9. Real-time quantitative PCR (qPCR) analysis

SaOS-2 cells were treated with MOL extract at various concen-
trations in T-25 cm2

flask for 48 h and the expression analysis of
BMP2 and Runx2 gene was performed using an earlier method.22

Following the manufacturer's instructions, total RNA was isolated
from treated and untreated cells using the RNAiso Plus reagent. The
Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific,
(Waltham, MA, USA) was used to synthesize cDNA from 1 mg of
isolated RNA. A spectrophotometer (Thermo 2000C, USA) was used
to determine the concentration of cDNA, and 12.5 ng/mL cDNA was
used for qPCR analysis. The LightCycler 480 SYBRGreen I kit (Roche,
Mannheim, Germany) was used to conduct real-time PCR analysis
in a light cycler PCR system (Light Cycler 480, Roche, Mannheim,
Germany). A standard curve of treated and untreated cells of
known template concentration was generated for absolute quan-
tification, and the concentration of the unknown sample was
calculated by interpolating its PCR signal (cycle threshold) into the
standard curve. Sequence of Runx2 gene primer pair was: Forward:
50-CACAGAGCTATTAAAGTGACAGTG-3'; Reverse: 50-AACAAAC-
TAGGTTTAGAGTCATCAAGC-3'; Sequence of BMP-2 gene primer
pairs was: Forward: 50-ATGGATTCGTGGTGGAAGTG-30, Reverse: 50-
GTGGAGTTCAGATGATCAGC-3'.
2.10. Molecular docking study

AutoDock Vina and iGEMDOCK V2.1were used to investigate the
binding relationship of b-sitosterol, quercetin and kaempferol with
BMP2 and Runx2 protein. The 3D structure of ligand was obtained
from the PubChem database, and energy minimization was carried
out using ChemBio3D Ultra 14.0, with Force Field type MM2 and
saved in.pdb format. The BMP2 and Runx2 proteins’ 3-D crystal
structure was downloaded in.pdb format from the RCSB-Protein
Data Bank. Based on binding energy, AutoDock Vina was used to
perform docking analysis, producing 9 conformations of the ligand-
protein complex. Accelrys Biovia Discovery Studio version 2017 R2
was used to visualise the conformations with the lowest binding
energy. The genetic algorithm parameters of the docking procedure
were set using iGEMDOCK V2.1 as follows: population size ¼ 200,
generations¼ 70, and number of solutions¼ 2. The best match was
chosen displaying total binding energy, which is the aggregate of
hydrogen bond (HB), van der Waals forces (VDW), and electrostatic
interactions (EI) energy. Accelrys Biovia Discovery Studio 2017 R2
was used to imagine the optimal fit of the ligand-protein
interaction.25
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2.11. PASS program

Based on the structure-activity relationship, the Prediction of
Activity Spectra for Substances (PASS) study predicts biological and
pharmacological activities of compounds as well as their mecha-
nism of action.26 The following parameters were used to conduct
the PASS analysis in this study:

2.11.1. Lipinski's rule of five
Lipinski's rule of five was used to assess the drug-likeness of b-

sitosterol, quercetin and kaempferol active constituents.27 The
Molinspiration online tool was used to calculate the various phys-
icochemical properties as described in Table 3.

2.11.2. Drug-likeness and toxicity potential study
Toxicity risk assessment analysis offers preliminary information

of phytocomponent's side effects that can be used in lead discovery
and development. Prediction of various properties of phyto-
components is a crucial step in the early stages of drug develop-
ment. Druglikeness, mutagenic, tumorigenic, reproductive, and
irritant effects of drug-toxicity risk parameters were analysed using
OSIRIS Data Warrior V5.2.1 online software.26

2.12. Bioactivity score (BAS) prediction

BAS values indicate a compound's overall potential as a drug
candidate. Molinspiration chemoinformatics (https://www.
molinspiration.com/cgi-bin/properties) was used to predict the
drug scores of phytoconstituents against a variety of human re-
ceptors, including GPCRs, ion channels, kinases, nuclear receptors,
proteases, and enzymes. As a rule of thumb, the higher the
Table 1
Docking interactions of Beta-sitosterol, quercetin and kaempferol with human Bone Mor
and AutoDock Vina. Ligand-protein complex is represented by the 2-D line model in Auto
White, C¼ Grey, N¼ Blue, O¼ Red, S¼Yellow, Pink¼ other elements. The hydrogen and p

AutoDock Vina

Ligand with MF,
MW and PubChem
CID

BE
(kcal/
mol)

Interacting amino acids 2-D Structure

Beta-sitosterol
MF: C29H50O
MW: 414.7
PubChem

CID:222284

�7.8 Trp28, Trp31, Asp30, Glu96, Glu94,
Asp93, Met89, Leu92, Met106,
Tyr103

Quercetin
PubChem CID:

5280343
MF: C15H10O7

MW: 302.23 g/mol

�6.6 Tyr91, Leu92, Glu96, Asp93, Glu94,
Trp31, Leu92, Asp93, Trp28

Kaempferol
PubChem CID:

5280863
MF: C15H10O6

MW: 286.24 g/mol

�6.3 Trp28, Trp31, Asp30, Asp93, Glu94,
Glu96, Asp93, Leu92

Abbreviation: MW, molecular weight; MF, molecular formula, BE, binding energy; TE, t
interaction.
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bioactivity score, the more likely the compound is to be active.28

2.13. Pharmacokinetics study

The pharmacokinetic properties of active components in MOL,
such as absorption, distribution, metabolism, excretion, and
toxicity (ADMET), were predicted using the online SwissADME
program. A number of pharmacokinetic properties including blood
-brain barrier (BBB), skin permeability (Log Kp), and metabolism as
a P-glycoprotein (P-gp) substrate, cytochrome P450 inhibitor, as
well as their lipophilicity were investigated.29

2.14. Statistical analysis

The results were expressed in triplicates as the means ± SEM
with statistical significance calculated using ANOVA and Dunnett's
multiple comparison tests. Statistical significance was defined as a
probability value of p < 0.05. The programme GraphPad Prism
(Version 5.1) was used to perform all of the analyses.

3. Results

3.1. Microscopic observation and cell viability analysis of SaOS-
2 cells

Osteoblast-like SaOS-2 cells were treated with different con-
centration of MOL extract at different time periods and trypan blue
staining was used to detect the cell growth kinetic. As shown in
Fig. 1A, doses 25 and 50 mg/mL of MOL extract increased the viable
cells (trypan blue dye excluding) number at 24, 48 and 72 h of in-
cubation, while 100 and 200 mg/mL of MOL extract reduced the
phogenetic Protein-2 (BMP2, PDB ID: 3BMP; Homo 2-mer - A2) using AutoDock 4.2
Dock Vina and 3-D stick model was used in iGEMDOCK 2.1 analyses colored by- H ¼
i-alkyl bond interactions are shown as green andmagenta broken lines, respectively.

iGEMDOCK v2.1

T.E.
(kcal/
mol)

VDW HB EI Interacting amino acids 3-D Structure

�77.44 �70.67 �6.77 0 Lys73, Ser72, Ile74, Pro75, Lys76,
Cys78, Glu46, Cys79, Gly45,
His44

�92.07 �63.37 �28.70 0 Asn68, Pro75, Lys76, Ala77,
Cys78, Cys47, Cys79, Glu46,
Gly45

�79.99 �56.07 �23.92 0 Lys11, Leu10, Glu46, Gly45,
His44, Cys79, Cys78, Ala77,
Lys76

otal energy; VDW, van der Waals interaction; HB, hydrogen bond; EI, electrostatic

https://www.molinspiration.com/cgi-bin/properties
https://www.molinspiration.com/cgi-bin/properties


Table 2
Docking interactions of Beta-sitosterol, quercetin and kaempferol with executioner Runt-related transcription factor 2 (Runx2; PDB ID: 6VGE; Hetero 3-mer - A1B1C1) using
AutoDock 4.2 and AutoDock Vina. Ligand-protein complex is represented by the 2-D line model in AutoDock Vina and 3-D stick model was used in iGEMDOCK 2.1 analyses
colored by- H ¼White, C ¼ Grey, N ¼ Blue, O ¼ Red, S ¼ Yellow, Pink ¼ other elements. The hydrogen and pi-alkyl bond interactions are shown as green and magenta broken
lines, respectively.

AutoDock Vina iGEMDOCK v2.

Ligand with MF, MW,
Molecular Structure and
PubChem CID

BE
(kcal/
mol)

Interacting amino acids 2-D Structure T.E.
(kcal/
mol)

VDW HB EI Interacting amino acids 3-D Structure

Beta-sitosterol
MF: C29H50O
MW: 414.7
PubChem CID:222284

�6.6 Ala111, Glu112, Val125, Ser124, Pro127,
His129, Pro224, Trp130, Arg225, Pro224,
Gly223

�73.93 �63.52 �10.41 0 Asn160, His214, Thr198,
Lys195, Arg215, Phe197,
Ser196, Gly194

Quercetin
PubChem CID: 5280343
MF: C15H10O7

MW: 302.23 g/mol
Chemical Class:

Polyphenolic
Flavonoid

�6.1 Thr198, Gly159, Asn160, Asp161, Thr198,
Asn160, Phe197, Arg215, Ser196, His214,
Lys195, Gly194, Arg193, Gly194

�91.42 �50.57 �40.85 0 Gly159, Thr198, His214,
Phe197, Asn160, Ala216,
Arg215, Ser196, Lys195,
Gly194

Kaempferol
PubChem CID: 5280863
MF: C15H10O6

MW: 286.24 g/mol
Chemical Class:

Tetrahydroxyflavone

�6.2 Thr198, Gly159, Phe197, His214, Arg215,
Ser196, Asn160, Gly194, Lys195, Lys196,
Arg216, Asp161, Asn160, Gly159, Thr198,
Phe197, Thr198

�86.83 �67.90 18.93 0 His214, Arg215, Thr198,
Asp161, Gly159, Asn160,
Phe197, Ser196, Lys195,
Gly194

Abbreviation: MW, molecular weight; MF, molecular formula, BE, binding energy; TE, total energy; VDW, van der Waals interaction; HB, hydrogen bond; EI, electrostatic
interaction.

Table 3
PASS analysis of most active phytoconstituents.

Lipinski's rule of 5 parameters (Physiochemical parameters)

S.
No.

Phytoconstituent %
Absorption
(>50%)a

Topological Polar
Surface Area (Å)
(TPSA)b

(160 Å)

MW
(<500)

c logP
(<5)c

Heavy atom
count (n atoms)

Hydrogen Bond
Donors (nOHNH)
(�5)

Hydrogen Bond
Acceptors (nON)
(�10)

Number of
Rotatable bonds
(�10)

Lipinski's
violation

1. Beta-sitosterol 102.02 20.23 414.72 8.62 30 1 1 6 1
2. Quercetin 63.68 131.35 131.35 1.68 22 5 7 1 0
3. Kaempferol 70.66 111.12 286.24 2.17 21 4 6 1 0

Note.
a Percentage absorption was calculated as: % Absorption ¼ 109- [0.345xTopological Polar Surface Area].
b Topological polar surface area (defined as a sum of surfaces of polar atoms in a molecule).
c Logarithm of compound partition coefficient between n-octanol and water.
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viable cell number both dose and time dependant manner.
Although, MOL extract increased the necrotic (trypan blue positive)
cells both dose and time dependant manner as compared to con-
trol. Based on the trypan blue cell growth data, 48 incubation
period was selected for further cell viability analysis of SaOS-2 cells
at different doses of MOL extract using MTT mitochondrial assay.
Fig. 1B and C show the comparative cell morphology and cell
viability of untreated and treated osteoblast SaOS-2 cells with MOL
extract, respectively. Cells treated with 25 and 50 mg/mL of MOL
extract changed the morphology of the cell with a more elongated
612
shape showing cell proliferation. However, MOL extract at con-
centrations of 100 and 200 mg/mL distorted to an almost spherical
shape, inhibited cell proliferation, and compromised membrane
integrity. In comparison to the control, the concentrations of 25 and
50 mg/mL of MOL extract increased the viability of the cells by 119.5
and 151.82%, respectively, while, 100 and 200 mg/mL extract
reduced the cell growth to 96.34 and 71.86%. The results of primary
osteoblasts were consistent with results of osteosarcoma cell line
(Fig. 1D and E).



Fig. 1. Trypan blue and MTT assay of MOL extract against human osteosarcoma SaOS-2 cell line and normal primary rat calvaria osteoblasts (A) Growth curve of viable (tryplan blue
excluding) and necrotic (trypan blue positive) cells x104/ml of SaOS-2 cell line treated at various concentrations of MOL extract at 24, 48 and 72 h periods. (B) Morphological
variation of untreated and treated SaOS-2 cells at various concentrations of MOL extract, Bar ¼ 100 mm (C) As stated in the experimental section, the percent cell viability of SaOS-
2 cells was calculated at 48 h through MTT assay (D) Morphological variation of primary osteoblasts at various concentrations of MOL extract, Bar ¼ 100 mm (E) the percent cell
viability of primary osteoblasts cells at 48 h through MTT assay. The results are expressed as the means ± SEM of at least three independent experiments. *p < 0.05 as compared
with their respective control.
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3.2. Effects of MOL extract on ROS generation, nuclear apoptosis
and cell cycle arrest

As evident from fluorescent microscopic images (Fig. 2A), with
increasing concentrations of MO extract, the intensity of ROS was
decreased slightly while the native morphology of the cells was
preserved. However, 100 and 200 mg/mL of MOL extract consider-
ably induced the ROS levels in cells with deformed morphology.
The quantitative data were consistent with the findings of fluo-
rescent microscopic images (Fig. 2B). As observed from the
photomicrograph (Fig. 2C), the exposure of SaOS-2 cells at 100 and
200 mg/mL of MOL induced apoptosis in the cells where the dye's
permeability was increased. In a cell cycle study, SaOS-2 cell was
treated at a proliferative dose and other at a toxic dose viz. 50 and
100 mg/mL of MOL for 48 h and various stages of the cell cycle was
detected. The control group had a normal distribution of the cell
cycle, as seen in the results (Fig. 2D). After treatment with MOL at
50 and 100 mg/mL, a large number of cells were accumulated in the
apoptotic phase (subG0), with a considerable number accumulated
in G2/M phase. Results revealed that both 50 and 100 mg/mL of the
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plant extract resulted in extensive accumulation of cell density in
the G2/M phase while MOL at 100 mg/mL suppressed its own pro-
moting effect in S phase and caused cell apoptosis.

3.3. Effect of MOL on differentiation, mineralization and Runx2/
BMP-2 gene expression

The qualitative and quantitative data of ALP analysis showed
that the concentration 25 and 50 mg/mLMOL extract stimulated the
rate of osteoblast cell differentiation by increasing ALP stain and its
level. However, 100 and 200 mg/mL MOL extract decreased the ALP
level (Fig. 3A and B). The concentrations 25 and 50 mg/mL of MOL
increased mineralized nodules in cultured osteoblast, suggesting
osteogenic effect (p < 0.05) when compared with control. However,
concentrations 100 and 200 mg/mL of MOL extract turned to
decrease the level of mineralization (Fig. 3C and D). As is shown in
Fig. 3E and F, concentrations 25 and 50 mg/mL of MOL extract
elevated the expression profile of BMP2 and Runx2 genes while the
expression level of both genes was decreased at 100 and 200 mg/mL
of the plant extract.



Fig. 2. Effect of MOL extract on ALP level, mineralization and expression analysis of BMP2 and Runx2 genes in SaOS-2 cells (A) Photomicrographs showing the ALP stain in treated
and untreated SaOS-2 cells at various concentrations (25e200 mg/mL) of MOL extract at 48 h, Bar ¼ 100 mM (B) Quantitative data of ALP level represented as ALP activity relative to
control which was measured with a colorimetric assay using p-nitrophenyl phosphate disodium as a substrate (C) Photomicrographs showing mineralized nodules formation of
SaOS-2 cells stained with alizarin red- S, Bar ¼ 100 mm (D) Quantitative estimation of the formation of the mineralized nodule which is expressed as OD (E & F) Graph showing the
qPCR analysis of BMP2 and Runx2 gene expression. Data are shown as mean ± SEM of three independent experiments. *p < 0.05 as compared to control.
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3.4. Molecular docking analysis

The binding relationship of b-sitosterol, quercetin and kaemp-
ferol with BMP2 and Runx-2 proteins was investigated through
AutoDock Vina and iGEMDOCK 2.1. The obtained best pose of
interaction was visualized using Accelrys Biovia Discovery Studio.
Molecular docking analyzes by AutoDOck Vina revealed that b-
sitosterol, quercetin, and kaempferol had potent binding in-
teractions with BMP2 protein, with binding energies of �7.8, �6.6,
and �6.6 kcal/mol, respectively (Table 1). When analysed using
Autodick Vina, the ligands b-sitosterol, quercetin, and kaempferol
exhibited potent binding interactions with Runx2 protein, with
binding energies of�6.6,�6.1, and�6.2 kcal/mol, respectively. This
interaction was further confirmed from analysis using iGEMDOCK
2.1 software. The molecular interactions represent interacting
amino acid residues in binding pockets has also been shown in
Tables 1 and 2.

3.5. PASS analysis of active constituents

Table 3 displays the physicochemical properties of MOL
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ingredients according to Lipinski's rule of 5. Lipinski's violation
should not be more than one for an orally active compound.
Interestingly, b-sitosterol had only one violation of Lipinski's rule of
five, whereas quercetin and kaempferol did not. The logPc value
indicates that phytocomponents are well absorbed or permeated
through the intestinal wall. Except for b-sitosterol, both quercetin
and kaempferol exhibited this property.

3.6. Druglikeness and toxicity calculation

Table 4 depicts the drug-likeness and toxicity potential of active
components using the OSIRIS Data Warrior V5.2.1 software. Ac-
cording to the data, all of the ingredients are safe to use andwill not
cause any toxicity. Quercetin was found to be mutagenic and
tumurogenic, whereas kaempferol was found to be highly
mutagenic.

3.7. Bioactivity scores (BAS) analysis of drug targets

Molecules with a BAS score of >0.00 is thought to be biologically
active, while one with a BAS score of �0.50 to 0.00 is thought to be



Fig. 3. Effect of MOL extract on ROS generation, nuclear condensation and cell cycle progression of SaOS-2 cells (A) Photomicrograph stained with DCFDA dye displaying intra-
cellular ROS production induced by MOL extract at various concentrations (B) Measurement of ROS level is expressed as the percentage of fluorescence intensity relative to the
control (C) Fluorescence microscopy images of SaOS-2 cells stained with DAPI showing nuclear condensation under an inverted fluorescence microscope (D) Representative
photomicrographs displays the apoptosis and phase distribution of cell population at 50 and 100 mg/mL of MO extract after 48 h. The results are expressed as means ± SEM of at
least three independent experiments, *p < 0.05, as compared to control. Scale bar 100 ¼ mm.

Table 4
Druglikeness and toxicity calculation of MOL phytoconstituents.

S. No. Compounds Name Druglikeness Mutant Tumurogenic Reproductive effective Irritant

1. Beta-sitosterol �4.475 None None None None
2. Quercetin �0.82832 High High None None
3. Kaemferol �0.82832 High None None None

M.I. Khan, S. Siddiqui, Md.A. Barkat et al. Journal of Traditional and Complementary Medicine 12 (2022) 608e618
moderately active, and one with a BAS score of �0.50 is thought to
be inactive. Surprisingly, all of the ingredients were found to be
biologically active and/or moderately active. As a result, b-sitos-
terol, quercetin, and kaempferol are thought to exert physiological
effects via a variety of mechanisms, including interactions with ion
channel modulators, GPCR ligands, nuclear receptor ligands, and
protease and kinase enzyme inhibitors.
3.8. ADMET (absorption, distribution, metabolism, excretion, and
toxicity) properties

The pharmacokinetic properties of b-sitosterol, quercetin, and
Table 5
Bioactivity scores of MOL active ingredients.

S. No. Bioavtivity score parameter

Ligand GPCR ligand Ion channel modulator Kinase in

1. Beta-sitosterol 0.14 0.04 �0.50
2. Quercetin �0.06 �0.19 0.28
3. Kaempferol �0.10 �0.21 0.21

615
kaempferol were calculated using online SwissADME software
(Table 6). The lower the log Kp, the less permeant the molecule is to
the skin28. The calculated LogKp value showed that b-sitosterol is
more skin permeant than quercetin and kaempferol. Lipophilicity is
an important drug parameter that influences its activity in the
human body. The compound's Log P value indicates the drug's
ability to reach the target tissue in the body. Because their Log P is
greater than or equal to one, all of the ingredients are lipophilic. As
a result, all of the ingredients are lipophilic and absorb well across
the skin. None of the components were permeable to the blood-
brain barrier (BBB). Furthermore, none of the components serve
as P-glycoprotein substrates (P-gp). P-gp is an ATP-dependent
hibitor Nuclear receptor ligand Protease inhibitor Enzyme inhibitor

0.73 0.07 0.51
0.36 �0.25 0.28
0.32 �0.27 0.26



Table 6
ADMET properties calculated by swissADME.

S.
No.

Components Lipophilicity (Consensus
Log Po/w)

BBB
permeant

P-gp
substrate

CYP1A2
inhibitor

CYP2C19
inhibitor

CYP2C9
inhibitor

CYP2D6
inhibitor

CYP3A4
inhibitor

Log Kp (skin permeability
coefficient)

1. Beta-
sitosterol

7.19 No No No No No No No �2.20 cm/s

2. Quercetin 1.23 No No Yes No No Yes Yes �7.05 cm/s
3. Kaempferol 1.58 No No Yes No No Yes Yes �6.70 cm/s
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protein pump that removes drugs from the human body, reducing
phytomolecule pharmacokinetic efficacy. As a result, the active
ingredients of MOL may remain in the cells and confirm their
intracellular pharmacological role. Cytochromes P450 (CYPs) are
metabolic enzymes involved in drug metabolism; if one drug in-
hibits the CYPs-mediated metabolism of another, the second drug
may accumulate inside the body and cause toxic effects. In this
study, none of the MOL components were found to be acting as
inhibitors of CYPs, except quercitin and kaempferol for CYP1A2,
CYP2D6 and CYP3A4.

4. Discussion

The present study evidenced for the cell's growth potential of
MOL extract against osteoblast cell line by providing the osteogenic
effects as well as cytotoxic potential depending upon dose. Bone
formation process is called osteogenesis or ossification which in-
cludes three stages of development: 1) cell differentiation, called
proliferation 2) maturation of matrix, and 3) mineralization.30 A
fine balance between bone formation and bone resorption is
required for healthy bone tissue, and this will be the first step in
osteoporosis treatment. To investigate the effect of MOL extract on
bone cells metabolism, we employed a cell culture system with
SaOS-2 of human osteoblast-like osteosarcoma cells. This study
supported the results showing cells exposed to low concentration
of MO extract causes osteoblast differentiation as a function of dose
through morphological changes and an increase in the number of
cells.31 Low doses of MO leaf extract improved cell proliferation by
increasing the number of bone cells and their compactness, as
shown in Fig. 1 B, whereas, high doses reduced the bone cells
number and their compactness. One of the biochemical approaches
is to measure alkaline phosphatase activity quantitatively that offer
information about early cell differentiation of osteoblast.32 Natu-
rally occurring flavone b-sitosterol has shown a stimulatory effect
on alkaline phosphatase activity in osteoblast cells.33 More inter-
estingly, a previous study has supported our results that MOL
extract ranging from 0 to 50 mg/mL have less significant activity on
liver cancer HepG2 cells proliferation and its apoptosis, however,
doses ranging from 100 to 300 mg/mL have prominent effects on
HepG2 cancer cells death.34

Further, to check the cytotoxic effects of higher doses of MO
leaves extract, both treated and untreated osteosarcoma SaOS2
cells were tested for nuclear condensation, ROS generation and cell
cycle arrest. Result of DAPI fluorescence stain showed that high
doses of MOL induced the apoptosis of the cell with nuclear frag-
mentation, while DCFHDA stain revealed the ROS-mediated cell
death in osteosarcoma cells at higher concentrations of MOL
extract. In a previous study, luteolin, a flavonoid, showed a pro-
tective effect against hyperglycemic induced ROS generation in
MG-63 cells, however, high concentrations of luteolin demon-
strated osteoblast cell death in normal and high-glucose states via
increasing ROS and decreasing alkaline phosphatase activity.35 In
another study, quercetin, a flavonoid, induced growth inhibition of
143B osteosarcoma cell line and arrested the cell cycle in G2/M
phase.36 Cell cycle data revealed that doses 50 and 100 mg/mL of
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MOL extract arrested the cells in the G2/M phase. More impor-
tantly, low dose of MOL exhibited the promoting effect by arresting
the cells in S phase while decreasing the promoting effect at high
dose by preventing them from entering the S phase and thus
decrease the cell proliferation (Fig. 2D). In a similar study, low doses
of aspirin have induced cell cycle arrest at the G0/G1 phase and
decreases the S phase by preventing them from entering the S
phase and thus decreasing proliferation.37

Mineralized nodules are phenotypic markers for osteoblasts
that identify the final stages of differentiation, which take place
after cell proliferation and matrix maturation.38 As a result, it takes
at least 21 days for calcium nodules formation and therefore,
mineralization assay was performed after 21 days of incubation. In
our study, low doses of MO leaf extract induced the calcium nodule
formation but high doses reversed the process of mineralization
(Fig. 3C and 3D). BMP2 is one of the most powerful cytokines that
promote differentiation of mesenchymal cells into osteoblasts
in vitro and induce bone formation in vivo. BMP2 exhibits this
osteogenic action by activating Smad signaling and by regulating
transcription of osteogenic genes such as Runx2, type I collagen,
osteocalcin, and bone sialoprotein39. Runx2 is a key transcription
factor initiating early osteogenesis as the master gene of bone
formation, late mineralization, and expression of major bone ma-
trix genes during the early stages of osteoblast differentiation.40 In
our study, low doses of MO leaves extract induced the osteogenic
genes BMP2 and Runx2 expression, whereas, high doses reduced
the expression level of both genes. This study suggested the
hormetic-like biphasic dose-response effects of MO leaves on the
bone cells proliferation and differentiation. A previous study has
reported that nutraceuticals curcumin and carnosic acid synergis-
tically promoted osteogenesis in cultured murine 7F2 osteoblast
cells and alleviated microgravity-induced inhibition of osteogenic
differentiation and function.41

A recent study has demonstrated the hormetic-like concentra-
tion-dependent response of resveratrol and other natural com-
pounds inducing biologically reverse effects at different doses.17

The nature of pro-oxidant or antioxidant of the candidates de-
pends on their concentrations and pH, that could play a pivotal role
in cell growth and survival.42 Autophagy is also crucial in main-
taining bone homeostasis through degradation of osteoclasts, os-
teoblasts and osteocytes. Autophagy is a stress-response
mechanism for cell survival and a homeostatic process based on
lysosome-dependent intracellular degradation system.43 In an
earlier study, adenosine monophosphate-activated protein kinase
(AMPK), a heterotrimeric protein kinase, has been shown to regu-
late osteogenic differentiation of human mesenchymal stem cells
by early mTOR inhibition-mediated autophagy and late activation
of the Akt/mTOR signaling axis.44 Phytomolecules have played
potential correlation between autophagy and bone pathogenesis. In
a previous study, resveratrol accelerated osteogenic differentiation
in differentiating of human gingival mesenchymal stem cells via
activating AMPK-BECLIN-1 pro-autophagic pathway.45 In addition,
kaempferol, a flavonol, promoted the osteogenic differentiation of
cultured MC3T3-E1 osteoblast cells by inducing autophagy at low
concentration, however, it showed cytotoxic effect at higher
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concentration.46 Interestingly, our study also demonstrated that
MO acted as cytotoxic agent at high concentration, however, low
concentration induced the cell proliferation.

In addition, an in silico molecular docking analysis was con-
ducted to investigate the binding interaction of potential compo-
nents of MOL b-sitosterol, quercetin, and kaempferol with BMP2
and Runx-2 proteins through AutoDock Vina and iGEMDOCK 2.1
tools. Interestingly, all the active components of MOL exhibited
good binding affinity with BMP2 and Runx2 proteins. The molec-
ular interactions represent interacting residues in binding pockets
with specific physico-chemical properties which indicate specific
functions of the target protein47. This result suggested that inter-
acting amino acids with ligand molecules were attached with H-
bond, alkyl, pi-alkyl, and van der Waals forces which stabilized the
complex structure.48 The calculated values of various physi-
ochemical parameters of the selected compounds for drug likeness
by applying Lipinski's rule of five are shown in Table 3. The violation
performed by Lipinski should not be more than one for an orally
active medicine.49 Interestingly, there were no violations of Lip-
inski's rule of five in any of the active components. Furthermore,
drug absorption % refers to the amount of drug absorbed from the
gastrointestinal lumen into the blood of the hepatic portal vein50.
Table 3 shows that the highest percentage of b-sitosterol was
absorbed orally, followed by kaempferol, and finally quercetin. As
analysed by OSIRIS Data Warrior V5.2.1 software, b-sitosterol was
found to be druglikeness and non-toxicity characteristics, followed
by kaempferol and quercetin (Table 4). The bioactivity score is an
important indicator of a biomolecule's potency. The greater the
bioactivity score, the more probable the component is to be
active.26 As it is cleared from Table 5, b-sitosterol was found to be
biologically active components against GPCR and acting as ion
channel modulator, nuclear receptor, protease inhibitor and
enzyme inhibitor. Quercetin and kaempferol, on the other hand,
showed active kinase and other enzyme inhibitors and act as active
components against nuclear receptor. The absorption, distribution,
metabolism, excretion, and toxicity features of the components
were also calculated using the online SwissADME software to
determine their pharmacokinetics (Table 6). All components were
shown to be lipid soluble, indicating good absorption over skin, as
determined by the LogP value. The ATP-dependent bioavailability
protein pump permeability-glycoprotein (P-gp) removes medicines
from biological systems. Interestingly, neither of the phytocompo-
nents showed BBB permeability nor were they predicted to behave
as P-gp substrates. Cytochrome P450 (CYPs) is a family of important
metabolic enzymes that serve in the biotransformation of xenobi-
otics in order to protect tissues. Furthermore, only the CYP1A2,
CYP2D6, and CYP3A4 isoenzymes of the CYP family interacted with
quercitin and kaempferol among the three phytocomponents
studied, providing its efficiency with little toxicity. The current
in vitro and in silico investigations have demonstrated a hormetic-
like biphasic dose response of MOL on bone cells proliferation
and differentiation, which may impart dose-dependent efficacy of
MOL in clinical study of the health sector.

5. Conclusion

This study demonstrated that MO worked as anti-osteosarcoma
agent at high concentration via modulating ROS, chromatin
condensation, and cell cycle arrest. Low concentrations, on the
other hand, stimulated proliferation, differentiation, and minerali-
zation and expression level of BMP2 and Runx2 genes. Thus,
hormetic-like biphasic concentration-dependent response of MOL
might be crucial element in bone pathogenesis. Although this is a
preliminary study, few limitations of this study could be resolved
by examining the expression level of BMP2 and Runx2 proteins at
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various concentrations of MOL as well as the mechanisms under-
lying osteogenic-like differentiation of SaOS2 cells. This study also
necessitates further a preclinical investigation to determine its
efficient and safe dosages in prospective drug development.
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