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Introduction: Cancer is the second most widespread cause of mortality following
cardiovascular disorders, and it imposes a heavy global burden. Nowadays, herbal
nutraceutical products with a plethora of bioactive metabolites represent a
foundation stone for the development of promising chemopreventive and
anticancer agents. Certain members of the family Malvaceae have traditionally
been employed to relieve tumors. The literature concerning the
chemopreventive and anticancer effects of the plant species along with the
isolated cytotoxic phytometabolites was reviewed. Based on the findings,
comprehensive computational modelling studies were performed to explore
the pharmacokinetic and pharmacodynamic profiles of the reported cytotoxic
metabolites to present basis for future plant-based anticancer drug discovery.

Methods: All the available information about the anticancer research in family
Malvaceae and its cytotoxic phytometabolites were retrieved from official sources.
Extensive search was carried out using the keywords Malvaceae, cancer,
cytotoxicity, mechanism and signalling pathway. Pharmacokinetic study was
performed on the cytotoxic metabolites using SWISS ADME model. Acute oral
toxicity expressed as median lethal dose (LDsg) was predicted using Pro Tox
3.0 web tool. The compounds were docked using AutoDock Vina platform
against epidermal growth factor receptor (EGFR kinase enzyme) obtained from
the Protein Data Bank. Molecular dynamic simulations and MMGBSA calculations
were performed using GROMACS 2024.2 and gmx_MMPBSA tool v1.5.2.

Results: One hundred forty-five articles were eligible in the study. Several tested
compounds showed safe pharmacokinetic properties. Also, the molecular docking
study showed that the bioactive metabolites possessed agreeable binding affinities

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2024.1465055/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1465055/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1465055/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1465055/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1465055/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1465055/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2024.1465055&domain=pdf&date_stamp=2024-10-16
mailto:AbdelnasserSingab@pharma.asu.edu.eg
mailto:AbdelnasserSingab@pharma.asu.edu.eg
mailto:vpr.nassersingab@asu.edu.eg
mailto:vpr.nassersingab@asu.edu.eg
mailto:scyang@kmu.edu.tw
mailto:scyang@kmu.edu.tw
https://doi.org/10.3389/fphar.2024.1465055
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2024.1465055

Sameh et al.

10.3389/fphar.2024.1465055

to EGFR kinase enzyme. Tiliroside (25), boehmenan (30), boehmenan H (31), and
isoquercetin (22) elicited the highest binding affinity toward the enzyme with a score
of —10.4, -10.4, -10.2 and —10.1 Kcal/mol compared to the reference drug erlotinib
having a binding score equal to -9 Kcal/mol. Additionally, compounds 25 and
31 elicited binding free energies equal to -4217 and -42.68 Kcal/mol,
respectively, comparable to erlotinib.

Discussion: Overall, the current study presents helpful insights into the
pharmacokinetic and pharmacodynamic properties of the reported cytotoxic
metabolites belonging to family Malvaceae members. The molecular docking
and dynamic simulations results intensify the roles of secondary metabolites
from medicinal plants in fighting cancer.

cancer, herbal nutraceutical, chemopreventive, Malvaceae, pharmacokinetic,

pharmacodynamic, tiliroside

1 Introduction

Cancer is considered to be a perilous killer worldwide, with
estimates of 28.4 million new cancer cases by the year 2040,
representing an increase of 47% from the number of diagnosed
cancer cases in 2020 (Hricak et al, 2021). Lifestyle and
environmental factors represent 90%-95% of the leading causes
of cancer, while 5%-10% are related to inherited genes carrying
errors (Anand et al., 2008). Several interrelated complex molecular
mechanisms govern the development of this serious disease (Heng
et al,, 2010). The initiation of abnormal cell growth and division
expedites the development of cancer and leads to unlimited cell
growth and division, resistance to programmed cell death,
development of new blood vessels, and metastasis by invading
the surrounding healthy tissues (Hornberg et al., 2006). The
underlying pathophysiology of this neoplastic disease is related to
genetic factors involving gene mutations leading to cancerous
transformations and overexpression or formation of novel
oncogenes or stopping the action of tumor suppressor genes;
also, epigenetic factors can contribute to the development of this
disease by changing the methylation level of the genomic DNA
without altering its sequence, leading to epimutations that remain
through cell division and are transferred to subsequent generations
(Heng et al., 2010). Cancer treatment represents a major challenge to
humanity due to several reasons, such as the absence of specificity of
conventional cancer treatment with failure to provide a long-
standing defense against cancer, the emergence of drug
resistance, and the lack of early diagnosis due to the silent nature
of cancer leading to metastasis to various regions of the body.
Furthermore, the currently used synthetic chemotherapeutic
agents elicit toxic and serious side effects due to their actions on
both cancer and normal cells (Chakraborty and Rahman, 2012).

In this context, a great demand exists for complementary
remedies that can prevent and treat cancer. Herbal medicine is
considered a potential source of natural and safe chemopreventive
and anticancer candidates that can eradicate cancer cells and arrest
their growth and metastasis, leading to the protection of people’s
lives, reducing undesired pain, and hastening the control of cancer
(Rochaniawan, 2021). Chemoprevention is the use of natural drugs
to prevent, reduce, reverse, or delay the development of cancer by
acting as a blocking agent through different mechanisms including:
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reducing the activation of pro-carcinogens into carcinogens.
Moreover, reducing the amount of reactive oxygen species and
promoting repair pathways represent another possible
mechanism. Furthermore, they act as suppressing agents against
the signalling pathways that activate cell survival and proliferation
(Swetha et al., 2022). It is important to note that natural bioactive
compounds found in fruits, vegetables and whole grains play a major
role in cancer chemoprevention. Moreover, herbal medicines are
considered to be beneficial in cancer treatment when employed with
conventional remedies (Yin et al., 2013). Around 25% of all newly
approved anti-cancer drugs between 1981 and 2019 had been
originated from natural sources (Huang et al., 2021).

Traditional strategies employed to eradicate tumor cells are
inefficient, while specialized chemotherapy proved to be effective
against certain types of cancer. Molecular targeted therapy
represents a fundamental approach in cancer treatment. Previous
reports showed that kinases represent promising targets (Min and
Lee, 2022; Kumar et al., 2017; Raju et al., 2024). Epidermal growth
factor receptor belongs to the tyrosine kinase family and is a chief
member. EGFR kinase is overexpressed in several types of cancer,
such as glioblastoma, brain, lung, and breast cancer (Saadeh et al,,
2018). FDA-approved drugs targeting EGFR kinase receptor are
available. However, first-generation drugs such as erlotinib exhibited
little activity due to tolerance development owing to mutations in
the EGFR kinase target. Moreover, second- and third-generation
drugs exhibited serious side effects. Therefore, there is a great need
to find safe and effective alternatives (Sepay et al., 2022).

The family Malvaceae is commonly known as the Hibiscus,
Mallow, or Cotton family. It is a family of flowering plants
comprising 244 genera and 4,225 species. Most species are herbs,
shrubs, and some are trees. The family members are widely
distributed in tropical and temperate regions (Rahman and
Gondha, 2014). Some members of family Malvaceae were
employed in traditional medicine to relieve inflammation and
tumors such as Corchorus olitorius, Abutilon indicum, Hibiscus
sabdariffa and Pavonia xanthogloea (Oboh et al., 2009; Abat
et al,, 2017; Mostardeiro et al., 2014). Moreover, it was previously
reported that a number of bioactive compounds belonging to several
phytochemical classes, such as carotenoids, phenolic acids,
flavonoids, coumarins, alkaloids, lignans, cardiac glycosides,
sterols, terpenes and polysaccharides isolated from members of
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polysaccharides in family Malvaceae.

the family Malvaceae elicited potential cytotoxic and anticancer
activities (Abdel-Razek et al., 2023; Wesley et al., 2013; Hayaza et al.,
2019; Moujir et al., 2007; Ahmed et al., 2011; Atolani et al., 2019; Hsu
et al.,, 2015).

However, very few medicinal plants and isolated compounds from
the family Malvaceae have been subjected to in vitro and in vivo
cytotoxicity studies. Moreover, data about their possible anticancer
mechanisms are scarce. Hence, the objective of this study is to shed light
on family Malvaceae members possessing anticancer activity. Also, it is
an attempt to comprehensively explore the possible anticancer
mechanisms of the isolated bioactive compounds. Additionally, the
study provides pharmacokinetic and pharmacodynamic profiles
concerning the reported bioactive cytotoxic metabolites to be a
starting point for future in depth investigations aiming to develop
promising chemopreventive and anticancer candidates.

2 Materials and methods
2.1 Inclusion criteria

All available information concerning the current status of
anticancer research in family Malvaceae members and the
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cytotoxic activity of the reported metabolites was obtained from
official sources such as Pubmed, ScienceDirect, Google Scholar,
Reaxys and Springer Link. The keywords employed to retrieve
the data were Malvaceae, cancer, cytotoxicity, mechanism and
signalling pathway.

2.2 Pharmacokinetic profiling, drug likeness
and acute oral toxicity study

The pharmacokinetic profiling of the reported bioactive
cytotoxic compounds and the reference drug erlotinib was made
using SWISS ADME model, which is a free web tool able to predict
the ADME profile (http://www.swissadme.ch). Physicochemical
properties of the compounds such as topological polar surface
area (TPSA),
number of hydrogen bond donors (HBD), and molecular weight

number of hydrogen bond acceptors (HBA),

were evaluated. Moreover, the lipophilicity of the compounds
expressed as Log P and their solubility were predicted using
SWISS ADME. Important pharmacokinetic properties, including
blood-brain barrier permeability (BBB), passive gastrointestinal
absorption (HIA) and P-glycoprotein substrate were estimated
using BOILED-Egg chart. Additionally, the predicted inhibitory
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TABLE 1 Predicted pharmacokinetic profile, drug-likeness and acute oral toxicity of the bioactive cytotoxic metabolites and erlotinib.

Compound TPSA HBA HBD Log My Solubility Gl BBB CYP LDso Acute oral
P absorption permeability 3A4 inhibition (mg/kqg) toxicity class
1 0.00 0 5.93 536.87 Poorly soluble Low No No 1,510 4
2 0.00 0 5.93 536.87 = Poorly soluble Low No No 5,700 6
3 40.46 2 5.93 568.88 = Poorly soluble Low No No 10 2
4 77.76 4 0.97 180.16 Very soluble High No No 2,980 5
5 164.75 9 0.87 354.31 Very soluble Low No No 5,000 5
6 57.53 3 0.95 164.16 Soluble High Yes No 2,850 5
7 29.46 2 2.37 164.20 Soluble High Yes No 1930 4
8 78.79 4 2.39 313.35 Soluble High No Yes 500 4
9 97.99 5 0.21 170.12 Very soluble High No Yes 2000 4
10 97.25 6 3.14 373.40 Soluble High No Yes 500 4
11 66.76 4 1.81 194.18 Soluble High Yes No 2,980 5
12 246.8 15 2.79 692.62 Moderately Low No No 5,000 5
soluble
13 144.52 8 1.48 360.31 Soluble Low No No 5,000 5
14 66.76 4 221 23223 Soluble High Yes Yes 1,330 4
15 75.99 5 1.54 198.17 Very soluble High No No 1700 4
16 79.90 5 2.56 284.26 Moderately High No Yes 4,000 5
soluble
17 90.90 5 1.89 270.24 Soluble High No Yes 2,500 5
18 190.28 11 -0.09 448.38 Soluble Low No No 5,000 5
19 147.97 9 1.66 382.34 Soluble Low No No 2000 4
20 70.67 4 2.55 254.24 Moderately High Yes Yes 3,919 5
soluble
21 90.90 5 2.08 270.24 Soluble High No Yes 3,919 5
22 210.51 12 0.94 464.38 Soluble Low No No 5,000 5
23 111.13 6 1.70 286.24 Soluble High No Yes 3,919 5
24 131.36 7 1.63 302.24 Soluble High No Yes 159 3

(Continued on following page)
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TABLE 1 (Continued) Predicted pharmacokinetic profile, drug-likeness and acute oral toxicity of the bioactive cytotoxic metabolites and erlotinib.
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Compound TPSA HBA HBD Log Mw Solubility Gl BBB CYP Lipinski's LDso Acute oral
P absorption permeability 3A4 inhibition violation (mg/kg) toxicity class

25 216.58 13 2.68 594.52 Moderately Low No No 3 5,000 5
soluble

26 131.65 8 1.82 364.33 Moderately High No No 0 4,000 5
soluble

27 59.67 4 1.86 192.17 Soluble High Yes No 0 3,800 5

28 17.82 1 2.46 232.28 Moderately High Yes Yes 0 2000 4
soluble

29 37.79 1 2.15 248.28 Moderately High Yes Yes 0 300 3
soluble

30 159.44 12 2.36 712.74 | Poorly soluble Low No No 2 1,000 4

31 12391 9 4.76 536.57 Moderately High No Yes 1 5,000 5
soluble

32 170.44 12 5.59 698.71 Poorly soluble Low No No 2 5,000 5

33 184.60 12 4.40 666.80 Moderately Low No No 3 4 1
soluble

34 142.75 9 2.52 534.64 Soluble Low No No 1 2000 4

35 40.46 2 6.39 442.72 | Poorly soluble Low No No 1 2000 4

36 57.53 3 6.14 456.70 = Poorly soluble Low No No 1 2,610 5

37 86.99 5 7.45 604.87 | Poorly soluble Low No No 2 9,600 6

38 0.00 0 341 204.35 Soluble Low No No 0 4,390 5

39 20.23 1 6.92 400.68 Poorly soluble Low No No 1 890 4

40 0.00 0 3.25 204.35 Soluble Low No No 0 5,300 5

41 47.28 3 227 246.30 Soluble High Yes No 0 38 2

42 46.53 3 2.01 196.24 Very soluble High Yes No 0 34 2

43 37.30 2 3.85 256.42 Moderately High Yes No 0 900 4
soluble

44 20.23 1 6.25 296.53 Moderately Low No No 1 5,000 5
soluble

45 20.23 1 7.19 414.71 Poorly soluble Low No No 1 890 4

46 20.23 1 7.19 414.71 = Poorly soluble Low No No 1 890 4

(Continued on following page)
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TABLE 1 (Continued) Predicted pharmacokinetic profile, drug-likeness and acute oral toxicity of the bioactive cytotoxic metabolites and erlotinib.
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TPSA: topological polar surface area, HBA: hydrogen bond acceptors, HBD: hydrogen bond donors, Log P: logarithm of the Partition Coefficient, MW: molecular weight, GI: gastrointestinal, BBB: blood brain barrier, CYP, 3A4: Cytochrome P450 3A4, LD50: Lethal

dose, 50%.
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effect of the compounds on CYP 3A4 was assessed. The drug
likeness of the compounds was evaluated using the Lipinski’s
rule-of-5. Moreover, the SWISS ADME Bioavailability Radar map
revealed the drug likeness and the bioavailability of the tested
molecules (Daina et al., 2017). Pro Tox 3.0 web server was
employed to predict the acute oral toxicity (LDsp) and the
toxicity class (https://tox.charite.de/protox3/) (Banerjee et al., 2024).

2.3 In silico molecular docking study

Screening of the bioactive compounds was carried out through
the AutoDock Vina platform (Trott and Olson, 2010; AbdelRazek
et al,, 2023). The crystal structure of the target EGFR kinase having
the PDB ID (8 A27) was obtained from the Protein Data Bank (PDB)
(http://www.rcsb.org). Erlotinib was used as the reference drug
(Zubair and Bandyopadhyay, 2023). Validation of the docking
protocol was carried out by docking the co-crystallized ligand in
the receptor, then, calculation of RMSD by comparing the co-
crystallized pose and the docked pose. The RMSD value was
equal to 0.414 A° which demonstrates the validity of the method.
The binding interactions were created through Protein-Ligand
Interaction Profiler web tool (http://plip-tool.biotec.tu-dresden.de)
and visualized using PyYMOL (Adasme et al., 2021).

2.4 Molecular dynamic simulations and
molecular mechanics generalized-born
surface area (MM-GBSA) calculations

Molecular dynamic simulations were performed using GROMACS
2024.2 (Abraham et al,, 2015). Protein-ligand complexes were solvated
in the TIP3P explicit water model’s cubic box (Berendsen et al., 1984).
The system was neutralized by adding 0.1 M concentration of NaClL
The energy of the system was minimized by applying the steepest
descent minimization algorithm with a convergence set at 10 kJ/mol
and 50,000 steps. Each NVT was run at 300 K temperature and 1 atm
pressure for 500 ps, followed by NPT equilibration. At NPT ensembles,
50-ns runs were done. V-rescale modified Berendsen thermostat was
used for temperature coupling for each equilibration run. Additionally,
pressure coupling was done employing a 2 ps time constant Berendsen
coupling (Berendsen et al., 1984; Bussi et al., 2007). Parrinello-Rahman
pressure coupling technique was employed during the production runs
(Parrinello and Rahman, 1981). Verlet cutoff approach was utilized with
1.2 cutoff and 1.0 nm switch list distances for Van der Waals
computations and searching for neighboring atoms. Long-range
electrostatics at 1.2 nm was calculated using Particle Mesh Ewald
technique (Darden et al., 1993). The bond lengths were restricted by
the LINear Constraint Solver (LINCS) algorithm (Hess et al., 1997). The
topology and parameters of the protein molecules were constructed
using CHARMM36 all-atom force field. Ligand parameters were
obtained from SwissParam server. The RMSD and RMSF of the
lead phytochemical-bound, standard inhibitor-bound were estimated
using the gmx_rms and gmx_rmsf options of gromacs, respectively.
The Rg was determined using the gmx_gyrate. The energy calculations
were driven employing the gmx_energy tool. Hydrogen bond formation
was assessed using the gmx_hbond tool. Grace Software was employed
to make graphical representations (https://plasma-gate.weizmann.ac.il/
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FIGURE 2

BOILED-Egg chart revealing the predicted absorption of the reported cytotoxic metabolites and erlotinib.

FIGURE 3

Docking protocol validation result of EGFR kinase showing RMSD
value equal to 0.414 A’ (co-crystallized pose = pink, docked
pose = blue).

Grace/). The binding free energy of the top hits and reference
compounds was calculated by the MMGBSA method using the
gmx_MMPBSA tool v1.5.2 (Valdés-Tresanco et al, 2021). The tool
was conjugated with GROMACS to make computations based on
AMBER (Miller et al., 2012).

3 Results

3.1 Members of family Malvaceae possessing
anticancer activity

The anticancer activity of 24 species from family Malvaceae is
stated in this study. It is important to note that plant extracts with
ICs less than 20 pg/mL are considered to possess potent in vitro
cytotoxic activity according to the criteria of the US National Cancer

Frontiers in Pharmacology

Institute (NCI). Moreover, crude extracts with ICs, up to 30 pg/mL
are suggested to be promising for further purification according to
NCI (Canga et al., 2022). The extracts and fractions prepared from
the different plants and possessing potent activity are summarized in
Supplementary Table S1, while the plants’ extracts and fractions
exhibiting weak
Supplementary Table S2.

moderate  or effect are listed in

3.1.1 Abelmoschus esculentus L.

By reviewing the literature, we observed that the different organs
of Abelmoschus esculentus exerted promising cytotoxic activity
against diverse types of cancer. It was reported that gold
nanoparticles (AU NPS) prepared from the aqueous pulp extract
of red okra were tested in vitro against Jurkat (human acute myeloid
leukemia), K562 (human chronic myeloid leukemia) and DL
(Dalton’s lymphoma) cell lines. Results showed that the tested
gold nanoparticles at concentrations of 5, 10, 25 and 50 pug/mL
elicited remarkable inhibition in viability of Jurkat cells by 45.1, 48.6,
81.3, and 87.2%, respectively, with ICs, equal to 8.17 pg/mL. The
gold nanoparticles possessed potent activity against Jurkat cells,
which was attributed to an increase in reactive oxygen species and
alteration of the mitochondrial membrane potential leading to
apoptosis. However, this study proved that Au NPS exerted
moderate antiproliferative activity against the K562 and DL cell
lines (Mollick et al., 2014; Petruzzello, 2022).

Another study proved that silver nanoparticles (Ag NPS)
synthesized from aqueous extract prepared from flowers
exhibited potential in vitro cytotoxic activity against lung cancer
cell lines (A549) and mesenchymal cell lines (TERT-4) with ICsy =
1.74 and 1.65 pg/mL, respectively, compared to 5-fluorouracil
having ICsq = 0.763 and 0.781 pg/mL, respectively. The observed
cytotoxic activity is due to the ability of silver nanoparticles to enter
the cells via endocytosis and pinocytosis, promoting the elevation of
reactive oxygen species inside the cells, leading to DNA
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TABLE 2 Docking scores of the reported bioactive cytotoxic metabolites
with EGFR kinase (8A27).

Score (Kcal/mol)

1 -8.1

2 -84
3 -9.3
4 -6.7
5 —6.6
6 -6.5
7 -5.9
8 -8.9
9 -6.3
10 -89
11 —6.6
12 -9.7
13 =7.1
14 6.6
15 -6

16 -9.1
17 -8.9
18 -9.1
19 -8

20 -9.5
21 -8.2
22 -10.1
23 7.6
24 -8.6
25 -10.4
26 -8.7
27 -6.9
28 -8.5
29 -9.3
30 -10.4
31 -10.2
32 -8.8
33 -9.6
34 -8.7
35 -8.2
36 -8

37 -8.2
38 =7.1

(Continued in next column)
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TABLE 2 (Continued) Docking scores of the reported bioactive cytotoxic
metabolites with EGFR kinase (8A27).

Score (Kcal/mol)

39 -9.4
41 -7.9
42 -7.2
43 -6.3
44 -7.3
45 -9.1
47 -9.3
48 -8.9
49 -8.3
50 -7
51 =7.1
Erlotinib -9

deterioration and apoptosis. Furthermore, the bioactive constituents
coating the silver nanoparticles elevate oxidative stress and activate
caspase-mediated and mitochondria-dependent pathways leading to cell
death. Also, it was observed that there were changes in the expression of
anti-apoptotic (Bcl-2) and pro-apoptotic (Bax) genes and stimulation of
caspase-3 and caspase-9 (Devanesan and AlSalhi, 2021). Moreover, the
ethyl acetate fraction obtained from the flowers exerted weak cytotoxic
activity against HepG2 cells (Solomon et al., 2016).

Furthermore, the in vivo anticancer activity of the ethanol
extract prepared from the pods of red okra was tested against N-
methyl-N-nitrosourea (MNU) induced breast cancer model in rats.
The findings showed that the extract at doses of 100 and 200 mg/kg
b. w. produced potent anticancer effects by regulating the immune
response by diminishing the interleukin (IL)-6, IL-1f§, tumor
necrosis factor (INF)-«, IL-17, IL-10, and tumor growth factor-
B. Additionally, it was observed that the extract at a dose of
200 mg/kg b. w. promoted the activation of CD4" and CD8"
T cells and arrested the generation of epithelial cells in the
mammary glands (Abdel-Razek et al., 2023; Pramudya et al.,, 2022).

Moreover, a polysaccharide extract of fruits prepared by ethanol
extraction showed weak activity against human liver cancer cell lines
(Huh7it) by inducing 5.62% and 5.82% early and late apoptosis,
respectively at concentration of 600 pug/mL. Additionally, cell cycle
arrest at Go/G; phase was observed (Hayaza et al., 2019). A further
study showed that cerium oxide nanoparticles (CeO,) prepared
from the fruits exerted weak in vitro cytotoxic activity against
HelLa cells (Ahmed et al., 2021).

An in vitro study was conducted to test the antiproliferative
effect of lectin isolated from the seeds against U87 glioblastoma cell
lines. Results showed that the compound exerted pronounced
cytotoxic activity against the tested cell line with ICsy equal to
21 pg/mL. The findings revealed that cells treated with lectin at a
concentration of 21 pg/mL demonstrated an increase in late
apoptotic cells (Annexin and PI + ve) by 68%, which was
comparable to temozolomide standard-treated cell lines, which
exhibited a 75% increase in late apoptotic cells. Moreover, lectin-
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treated cell lines showed 16% Annexin V FITC-positive U87 cells.
Thus, early and late apoptosis were induced. Also, nuclear
morphological alterations and apoptosis were observed when
utilizing acridine orange and ethidium bromide on treated cell
lines with 21 ug/mL. The findings revealed that cells were stained
green and red, respectively, indicating DNA damage and cell death.
Moreover, it was deduced that apoptosis was induced by the ability
of lectin to promote the generation of caspase-3 and caspase-7.
Furthermore, lectin induced cell cycle arrest at Go/G; phase, leading
to apoptosis (Musthafa et al., 2021).

3.1.2 Abelmoschus moschatus Medik.

Reports have shown that the leaves, seeds, and aerial parts of
Abelmoschus moschatus possess cytotoxic activity. The ethanol and
acetone extracts prepared from the aerial parts exhibited moderate
in vitro cytotoxic activity against HepG2 cells (Sebastian et al., 2022).
Moreover, hydroalcohol extracts prepared from the leaves and seeds
of the plant elicited weak in vitro cytotoxic activity against colorectal
adenocarcinoma (COLO-205) and retinoblastoma (Y79) cell lines
(Gul et al., 2011; Rojas-Sandoval, 2018).

3.1.3 Abutilon grandiflorum G. Don

The petroleum ether, ethyl acetate, and aqueous extracts
prepared from the roots of Abutilon grandiflorum were tested
in vitro. The results showed that the ethyl acetate extract exerted
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moderate cytotoxic activity against colon cell line HT-29, while the
petroleum ether and aqueous extracts showed low activity (Beha
et al., 2004).

3.1.4 Abutilon hirtum Lam.

An in vitro study revealed that the petroleum ether extract prepared
from the leaves of Abutilon hirtum when tested at concentrations of
100 and 50 pg/mL exhibited 100% reduction in Ehrlich ascites
carcinoma tumor cells (Ha, 2001). Another in vitro study showed
that the aqueous extract prepared from the flowers elicited weak
cytotoxic activity against MCF-7 cells (Wesley et al., 2013).

3.1.5 Abutilon indicum L.

The petroleum ether and methanol extracts along with two ethyl
acetate subfractions (AIM-C and AIM-E) obtained from the methanol
extract prepared from the leaves exhibited moderate activity against
U87MG glioblastoma cell lines (Khan et al,, 2015). Moreover, the
methanol extract prepared from the whole plant of Abutilon indicum
exerted very weak cytotoxic activity against human melanoma cell
lines (SK-MEL28) and human non-small cell lung cancer cell lines
(NCI-H23) (Srikanth et al., 2012).

3.1.6 Adansonia digitata L.

Different organs of Adansonia digitata elicited promising
cytotoxic activity against various types of cancer. The brine

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1465055

Sameh et al.

10.3389/fphar.2024.1465055

3D interactions with EGFR Kinase

VAL 26
ALLL743 7
Leu-7i§_ p

MET-793

\w
s-913
{

5
" \TRP-880
w479
S
@.7QHKQ
N /S ~
| METdes
/
- 16
ALAT22
p
LEU3a4 PHORR3

\

FIGURE 5

Gray dashed Iine: hydrophobic imteraction
Blue solid line: hydrogen bond

THR:790 =
7 LEUT77

39

<
LEU-747 a)7se
”’ /

~

THR-854

~/
N
¢’ _LEU\788
LYsi74s !
) LYS/45
GLy7sE - - -
I:'..E 759
\
THB790 S
lB LEU CB

Three-dimensional interactions of compounds glucoevatromonoside (33), chrysin (20), campesterol (39), zeaxanthin (3), cryptolepinone (29),
stigmasterol (47), acacetin (16), astragalin (18) and -Sitosterol (45) with EGFR kinase (8A27) active sites.

shrimp lethality bioassay was conducted using the methanol extract,
petroleum ether soluble fraction, chloroform soluble fraction, and
aqueous soluble fraction prepared from the leaves and barks of
Adansonia digitata. The results showed that the leaves petroleum
ether soluble fraction and the bark methanol extract exhibited the
highest activity expressing ICs, equal to 0.284 and 6.99 ug/mL,
respectively, compared to vincristine sulphate having ICs, = 0.44 ug/
mL (Tahia et al., 2015). In addition, the seeds aqueous ethanol
extract was evaluated in vitro against lung cancer cells (A549), breast
cancer cells (MCF?7), hepatic cancer cells (HepG2), normal cell line
melanocytes cells (HFB4) and fibrinocytes cells (BHK). The results
showed that the extract exhibited an ICsy = 11.5 pg/mL against
MCEF-7 cells. Moreover, it elicited a remarkable activity against
HFB4 and BHK normal cells with ICsy = 11.6 and 24.5 pg/mL,
respectively (Abd Alaziz and Abdelmageed, 2019).

Moreover, the silver nanoparticles (Ag NPS) prepared from the
fruits and the fruit aqueous extract exerted moderate in vitro
cytotoxic activity against HTC116 and SW480 colon cancer cell
lines. It was observed that the fruits Ag NPS exhibited higher activity
against both cell lines compared to the fruits extract. It was supposed
that the cytotoxic activity was due to the reduction in the expression
of CTNNBI and LRP6 genes, which in turn reduces cell proliferation
and delays tumor expansion. Also, it was observed that the level of
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LRP5 genes was very high in both treated cell lines (Almukaynizi
et al.,, 2022).

3.1.7 Althaea officinalis L.

An in vitro study proved that the crude, flavonoid and phytosterol
extracts of Althaea officinalis exhibited moderate cytotoxic activity
against breast cancer cell lines (AM] 13) (Kadhum et al, 2021).
Furthermore, it was previously reported that the aqueous extract
prepared from the flowers elicited weak in vitro cytotoxic activity
against A549, EB, HCT116 p53 null cells, p53 wild type HCT116,
MCF-7 and HeLa 229 cell lines (Farhat et al., 2022).

3.1.8 Althaea rosea (L.) Cav.

It was observed that Althaea rosea could be a good nucleus for
developing chemopreventive and anticancer drugs as it exerts its
action by inhibiting the cancerous cell transformation through
reducing the activity of kinase in EGFR receptor. Also, it reduced
cell generation produced by EGF in murine embryonic fibroblasts
having EGFR (Choi et al., 2012).

3.1.9 Brachychiton discolor F. Muell.

The cytotoxic activity of the essential oils obtained from the
leaves and flowers of Brachychiton discolor was tested against MCEF-
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(A) Ligand RMSD for boehmenan H (31), tiliroside (25), and erlotinib. (B) Protein RMSD of EGFR.

7, A549, and HepG2 cell lines. It was observed that the essential oils
from the flowers exhibited potent cytotoxic activity with ICsq =
10.9 and 7.98 pug/mL against MCF-7 and A549 cells, respectively,
compared to doxorubicin having ICsy = 0.43 and 0.91 pg/mL,
respectively (Thabet et al., 2020).

3.1.10 Brachychiton populneus (Schott and Endl.)
R. Br.

The silver nanoparticles (Ag NPS) prepared from the leaves
aqueous extract of Brachychiton populneus exhibited weak cytotoxic
activity against Uppsala 87 malignant glioma (U87 MG) and human
embryonic kidney cell lines (HEK 293) (Naveed et al., 2022).

3.1.11 Brachychiton rupestris (T. Mitch. ex Lindl.)
K. Schum.

An in vitro study showed that the leaves essential oils exerted
pronounced activity against HepG2 cell lines with ICs, equal to
8.57 pg/mL compared to doxorubicin (ICsy = 0.51 ug/mL) (Thabet
et al.,, 2020).

3.1.12 Cola gigantea A. Chev.

The in vitro cytotoxic activity of the essential oils obtained from
the seeds of Cola gigantea was evaluated against human foreskin
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fibroblast (HFF) at doses ranging from 0 to 1,000 pg/mL. The oil
exhibited potent activity with ICs, less than 10 pg/mL (Atolani
et al.,, 2019).

3.1.13 Corchorus olitorius L.

Several organs of Corchorus olitorius exhibited promising
cytotoxic activity. It was reported that the aqueous ethanol
extract prepared from the aerial parts showed pronounced effects
due to the induction of apoptosis with ICs, (8.6, 10.3 and 5.56 pg/
mL) against metastatic melanoma (CaCi 1962 and LiGh 1927B) and
human melanoma SK-MEL28 cell lines, respectively, which were
comparable to the standard drug cisplatin (Handoussa et al., 2013).
In addition, gold and iron oxide nanoparticles prepared from the
leaves 70% ethanol extract exhibited promising effects against MCF-
7 cell lines with ICs (6.97 and 5.82 pg/mL), respectively, which were
comparable to the standard drug having ICs, equal to 3.95 pg/mL
(El-Rafie et al., 2016).

In the same context, the hexane, ethyl acetate, methanol, and
aqueous extracts prepared from the whole plant were tested against
non-cancerous cell lines (L929), breast cancer (MCF-7), and lung
cancer cells (A549). It was observed that the methanol extract exerted
the most promising activity against MCF-7 and A549 cell lines with
IC5o equal to 20 and 1245 pg/mL, respectively, which were
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TABLE 3 Binding free energy of ligand-EGFR complexes.

VDWAALS

Energy (Kcal/mol)

AGgas AGsoLy ATOTAL

AEsyrr

Boehmenan H (31) —59.87 —-15.57 30.12 -8.01 —64.79 22.11 —42.68
Tiliroside (25) -21.18 -64.79 ‘ 73.79 -7.35 -108.61 66.44 -42.17
Erlotinib (Standard) -52.2 -38.21 ‘ 45.44 -6.75 -73.37 38.68 —34.69

comparable to cisplatin having an IC5, equal to 2.50 and 13.13 pug/mL,
respectively. Also, the extract showed low level of toxicity against non-
cancerous 1929 cell lines (ICso = 227.84 pg/mL) compared with
cisplatin (ICsq = 10.34 pg/mL). The results revealed that early and late
apoptosis were induced by 4.18% and 5.72%, respectively, in MCF-7
treated cells with methanol extract, while it induced early and late
apoptosis by 4.55% and 11.5%, respectively, in A549 cells. Moreover,
apoptosis was induced in the treated cell lines with methanol extract
by activation of caspase-3. A decrease in Bcl-2 protein level and DNA
damage were also observed (Alshabi et al., 2022).

the
antiangiogenic activities of the aqueous extract prepared from the

Furthermore, in wvitro and in ovo cytotoxic and
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leaves and the active phytometabolites chlorogenic acid (5) and
isoquercetin (22) (Figure 1) were evaluated. They exhibited weak
cytotoxic activity against human melanoma (A-375), gastric cancer
(AGS), and pancreatic cancer cell lines (SUIT-2). Moreover, all
tested substances arrested angiogenesis in the A-375 and AGS cell
lines (Tosoc et al., 2021).

Another study showed that methyl-1,4,5-tri-O-caffeoyl quinate
(12) (Figure 1) isolated from whole plant methanol extract was
tested at concentrations reaching 1.6 mM against HeLa cells. It
exerted mild cytotoxic effect at 800 uM or higher. Also, an in silico
molecular docking study showed that the compound possessed
pronounced  binding

affinity toward metalloproteinase-9,
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fibroblast growth factor receptor 2, and epidermal growth factor
receptor involved in tumourigenesis. Despite the weak cytotoxic
activity of the compound, analogues with higher potency could be
developed after carrying out structure-activity relationship studies
(Taiwo et al., 2016).

3.1.14 Hibiscus cannabinus L.

The in vitro cytotoxic activities of lignans isolated from the acetone
extract prepared from the bark of Hibiscus cannabinus were tested
against human carcinoma of the cervix (HeLa), human carcinoma of
the larynx (Hep-2), and human lung carcinoma cells (A549). Two
lignans, boehmenan H (31) and threo-carolignan K (32) (Figure 1),
elicited strong effects against all tested cell lines (Moujir et al., 2007).

3.1.15 Hibiscus ficulneus L.

Reports showed that the lignan compound, namely boehmenan
(30) isolated from the stem methanol extract exhibited a good
cytotoxic activity against Wnt-independent (RKO) and Wnt-
dependent cells (HCT116), respectively (Shono et al., 2015).

3.1.16 Hibiscus sabdariffa L.

Ethanol extract prepared from the calices of Hibiscus sabdariffa
exerted weak cytotoxic activity against MCF-7 and MDA-MB231 cell
lines. The observed activity was attributed to the ability of the fraction
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to stimulate the reduction in proteasome activity and promote the
autophagic activity in both cell lines. Moreover, in MCF-7, the levels
of mRNA and protein of ERa were remarkably decreased in treated
cells, leading to dysregulation in ERe and a decrease in the protein
levels of its two targets, namely BRCA1 and CAV1. The reduction in
BRCALI led to a decrease in the repair of DNA damage leading to
apoptosis and cell death. Also, the decrease in CAV1 led to a reduction
in cell migration and invasion (Malacrida et al,, 2022).

3.1.17 Hibiscus syriacus L.

Previous reports showed that Hibiscus syriacus is rich with
carotenoids and triterpenes possessing promising cytotoxic
activity (Hsu et al., 2015; Azimova et al,, 2011). By reviewing the
literature, it was observed that the triterpenoid betulin-3-caffeate
(37) (Figure 1) elicited potent in vitro cytotoxic activity against lung
cancer cell lines (A549) (Shi et al., 2014).

Furthermore, the in vitro and in vivo anticancer activity of a
callus extract prepared from the leaves of Hibiscus syriacus was
tested. The in vitro results showed that the extract possessed
moderate activity against HT-29 cell lines. Moreover, the in vivo
study carried out in thymus-deficient mice bearing HT-29
xenografts revealed that the extract elicited good anticancer
activity at doses of 100 and 200 mg/kg when used for 15 days
through notch signalling-mediated suppression of cholesterol
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synthesis. Thus, it was deduced that the extract possessed good anti-
colorectal cancer activity (Xu et al., 2022).

3.1.18 Hibiscus tiliaceus L.

Reports showed that the isolated compounds hibiscusamide (10)
and N-trans-feruloyltyramine (8) (Figure 1) from the stem wood
methanol extract possessed strong in vitro cytotoxic activity against
leukemia cell lines (P-388) and human colon cancer cell lines (HT-
29) (Chen et al., 2006). Moreover, the ethyl acetate extract prepared
from the leaves exhibited potent cytotoxic activity against breast
cancer cell lines (MCF-7) with ICs; equal to 10 pg/mL by inducing
early and late apoptosis (Andriani et al., 2020).

3.1.19 Malva parviflora L.

It was previously reported that the stems of Malva parviflora are rich
with phenolic and flavonoid compounds (Singh, 2017). Reports showed
that the hexane extract prepared from the stems exerted weak in vitro
cytotoxic activity against MDA-MB231 cell lines (Nasr et al., 2018).

3.1.20 Malva sylvestris L.

The iron oxide nanoparticles prepared from Malva sylvestris
possessed weak in vitro cytotoxic activity against MCF-7 and
HepG2 cell lines (Mousavi et al., 2020).
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3.1.21 Pavonia odorata willd.

An in vitro study proved that the methanol extract prepared
from the whole plant of Pavonia odorata exerted weak cytotoxic
activity against human breast (MD-MB231), prostate cancer (PC3),
and lung cancer cell lines (Calu-6). It was deduced that the present
flavonoids were responsible for the antiproliferative activity by
reducing the Na® and K" ATPase in the plasma membrane,
leading to the inhibition of the elevated glycolytic activity of the
tumor cells (Girish et al., 2016).

3.1.22 Pavonia xanthogloea Ekman

The aqueous fraction prepared from the aerial parts of Pavonia
xanthogloea elicited weak cytotoxic activity against human
lymphocyte cells (Mostardeiro et al., 2014).

3.1.23 Sida acuta Burm. F.

Reports showed that cryptolepinone (29) (Figure 1) and N-
trans-feruloyltyramine (8) (Figure 1) isolated from the ethyl acetate
extract elicited 83.3% and 75% reduction in dimethylbenz [a]-
anthracene (DMBA)-induced preneoplastic lesions in mouse
mammary glands in organ culture at a dose of 10 ug/mL,
respectively. Therefore, it was deduced that those compounds

could be used as chemopreventive agents (Jang et al, 2003).
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Moreover, the alkaloid cryptolepine (28) (Figure 1) isolated from the
methanol extract prepared from the whole plant and tested at
concentrations of 1.25, 2.5 and 5 pM was able to solve tumor
necrosis factor (TNF)-related apoptosis-inducing ligand resistance
in human gastric adenocarcinoma (AGS) cell lines. It was observed
that cryptolepine stimulated the release of mitochondrial
cytochrome-c leading to cell cycle arrest and apoptosis (Ahmed
et al,, 2011).

3.1.24 Wissadula periplocifolia (L.) C. Presl

The in vitro cytotoxic activities of the isolated compounds
from the ethanol extract aerial parts were evaluated. It was
observed that acacetin (16) and tiliroside (25) (Figure 1)
exhibited good cytotoxic activity against PC-3M cell lines.
Moreover, acacetin (16) elicited remarkable effect against UVW
glioma. Furthermore, the combination of 7-O-sulphate acacetin
(wissadulin) (26) and 4’-O-methyl-8-O-sulphate isoscutellarein
(caicoine) (19) exerted activity against PC-3M with ICsg
(92.14 pg/mL) (Teles et al., 2015).
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3.2 Bioactive phytometabolites in family
Malvaceae and their chemopreventive and
anticancer effects

A number of bioactive secondary metabolites belonging to
identified and isolated from
different members of family Malvaceae (Gomaa et al, 2018;
Oboh et al., 2012; Abd El-Salam et al., 2016; Hasan and Kadhim,
2018; Yakoub et al., 2018; Ramadevi, 2013; Hassan et al., 2019;
Ragasa et al., 2016; Biswas et al., 2022; Arfa, 2022; Deters et al., 2010;
Shah et al., 2011). Reports showed that some of them elicited
chemopreventive and anticancer

several chemical classes were

activities. The mentioned
compounds are listed in Supplementary Table S3 and illustrated

in Figure 1.

3.2.1 Carotenoids

Carotenoids are characterized by their polyene structure
containing 8-13 conjugated double bonds which are effective in
scavenging reactive oxygen and nitrogen species (Saini and Keum,
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2019). It exists an inverse relationship between carotenoid intake
and the incidence of various types of cancer such as breast, prostate,
lung and colorectal cancers (Saini et al., 2020).

p-carotene (1), lycopene (2) and zeaxanthin (3) occurred in
family Malvaceae (Abdel-Razek et al.,, 2023; Azimova et al., 2011).
Carotenoids exert their anticancer properties through modulating
various signalling pathways. It was previously reported that f-
carotene (1) elicited promising antiproliferative in vitro activity
against human breast cancer (MCF-7 cells) by activating caspase-
3 enzyme, decreasing the expression of the anti-apoptotic protein,
Bcl2 and PARP, decreasing the level of NF-xB, inhibiting the
activation of ERK1/2, and inhibiting Akt activity, thus leading to
apoptosis (Sowmya et al., 2017).

Moreover, lycopene (2) exhibited promising in vitro anticancer
activity against human colon cancer cells (HT-29) by inhibiting the
phosphorylation of Akt, glycogen synthase kinase-3f (GSK-33), and
ERK 1/2 proteins and by suppressing MMP-7 expression, thus
preventing metastasis and angiogenesis (Lin et al, 2011).
that reduced H
pylori-associated gastric cancer by decreasing the levels of ROS,

Moreover, it was reported lycopene
inhibiting Jak1/Stat3 activation, eliciting alteration in Wnt/f-
catenin multiprotein complex molecules, reducing the expression
of ¢-myc and cyclin E, and decreasing the cell proliferation in H
(Park et al, 2019).

Furthermore, lycopene exerted promising in vitro activity against

pylori-infected gastric epithelial cells

prostatic carcinoma cells (LNCaP) by eliciting Ras inactivation,
reducing the activation of NF-kB, decreasing the level of ROS,
inhibiting the phosphorylation of c-jun N-terminal kinase,
extracellular signal-regulated kinase 1/2, and p38. It elicited also
a decrease in cyclin D1 and increased p21, p27, p53 levels, and Bax:
Bcl-2 ratio, thus causing cell cycle arrest and inducing apoptosis
(Palozza et al., 2010).

It was previously reported that zeaxanthin (3) exerted
pronounced selective cytotoxic activity against 12 different types
of human gastric carcinoma. The compound exerted its action by
affecting ROS-mediated MAPK, AKT, NF-kB, and STATS3 signalling
pathways. It was observed that it decreased the potential of
mitochondrial membrane, elevated the level of cytochrome-c and
Bax. Also, it inhibited caspase-3 and PARP expression and reduced
the expression of Bcl-2, pro-caspase-3, and pro-PARP, leading to
apoptosis. Moreover, it elicited cell cycle arrest at the G2/M phase by
elevating p21 and p27 levels and inhibiting AKT, cyclin A, cyclin B1,
and cyclin-dependent kinase 1/2 levels. It exerted potent cytotoxic
activity against AGS cells with ICsy = 17 uM compared to the
standard drug 5-fluorouracil having ICsy = 23.34 pM (Sheng
et al., 2020).

3.2.2 Phenolic acid derivatives

Several phenolic acids possessing promising cytotoxic activity
were identified in various species of family Malvaceae. Previous
reports proved that phenolic compounds possessed significant anti-
carcinogenic activity (Singab et al., 2011). Caffeic acid (4) is available
in many foods in the form of ester leading to difficult absorption
inside the human body. A small quantity is initially absorbed in the
stomach. Following this, cleavage of the ester moiety occurs in the
colon to release the free acid. Monocarboxylic acid transporters
mediate the active transport of the compound into the intestinal
wall. The compound is present at high concentration in the plasma
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for 1 h after ingestion of foods containing the compound. Then, the
plasma concentration decreases rapidly. Therefore, the dose of
caffeic acid must be given every 2 h. The compound is detoxified
and eliminated through enzymatic conjugation which makes the
compound more hydrophilic (Espindola et al., 2019).

Reports showed that the compound possessed promising in vitro
and in vivo antiproliferative activity through various mechanisms. It
prevents the formation of ROS and reduces the oxidative stress
through preventing free radical generation by stopping the chain
reaction with another different molecule. The free radicals are
converted into thermodynamically constant substances by the
action of caffeic acid that donates hydrogen/electrons to them.
Another way to prevent the formation of free radicals is by
stopping peroxides decomposition by acting as chelating agent
through the formation of complexes with metals. In addition, it
causes apoptotic alterations in cancer cells by acting as pro-oxidant
through the induction of lipid peroxidation markers, leading to an
increase in ROS and modifications in MMP leading to the damage of
DNA in cancer cells. Furthermore, it induces cell cycle arrest and
promotes cell death owing to its apoptotic properties as it inhibits
the Bcl-2 activity, leading to cytochrome-c release and enhancement
of caspase-3 activity. Also, it inhibits angiogenesis and metastasis
through decreasing HIF-1a activity, leading to a reduction in JNK-1
phosphorylation which in turn leads to stopping of VEGF-mediated
proliferation and decreases cancer growth. Also, it decreases the
expression of MMP-2 and MMP-9 (Alam et al., 2022). An in vitro
study was conducted to evaluate the antiproliferative activity of
caffeic acid using MTT assay against breast carcinoma cells (MCF-
7). The MCEF-7 cells were treated with different concentrations of the
compound ranging from 5 to 200 pug/mL for 48 and 72 h. Tamoxifen
citrate was employed as the standard drug. The results revealed that
the compound exhibited ICsy = 170 and 159 pg/mL in treated cells
for 48 and 72 h, respectively, compared to the standard drug having
ICso = 19.4 and 16 pg/mL, respectively. The observed activity of
caffeic acid was related to alterations in the expression of p53,
p21 and Mcl-1 genes responsible for apoptosis. Moreover, the
increased expression of p21 inhibited CDK2, CDK3, and CDK4,
leading to cell cycle arrest in G1 or G2 phases (Rezaei-Seresht
et al.,, 2019).

Furthermore, it exhibited potent cytotoxic activity against liver
cancer cell lines (Huh-7) with ICs, = 3 pg/mL (El-Din et al., 2014).
Another study showed that the combination of caffeic acid (50 uM)
and cisplatin (5 uM) led to 1.7 fold enhancement in caspase action,
leading to an increase in the apoptotic cascade in human ovarian
carcinoma cells (A2780 cis cells) (Alam et al., 2022). Additionally, an
in vivo study was conducted to test the effect of the administration of
caffeic acid (30 mg) on the efficacy of transarterial embolization
(TAE) therapy in rats inoculated with the N1-S1 hepatocellular
carcinoma cell line. TAE is employed to block blood supply in the
arteries, leading to ischemia and depletion of oxygen and nutrients
in tumor cells. The results showed the efficacy of caffeic acid as it
reduced tumor volume by 70%-85% compared to the treated group
with TAE technique alone. The observed activity was due to the
ability of caffeic acid to activate the intrinsic pathway of apoptosis
and cause DNA fragmentation leading to destroying cancer cells
(Wilkins et al., 2017). Moreover, the compound has been subjected
to  clinical  trials  with  codes  NCT03070262  and
NCT04648917 entitled (The Efficacy and Safety of Caffeic Acid
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for Esophageal Cancer) and (GASC1 Inhibitor Caffeic Acid for
Squamous Esophageal Cell Cancer [ESCC]), respectively. However,
no results have yet been published (Cortez et al., 2024).

Moreover, chlorogenic acid (5) exhibited potent in vitro and in
vivo antiproliferative activity against hepatocellular carcinoma by
inducing cell cycle arrest in the S phase, reducing the
phosphorylation of ERK1/2, and decreasing MMP-2 and MMP-9
expression (Yan et al., 2017). Also, it exerted promising anticancer
activity against A549 cell lines by inhibiting the expression of Bcl-2
and by activating Bax and caspase-3 enzyme (Yamagata et al., 2018).

Furthermore, It was reported that p-coumaric acid (6) exerted
promising in vitro antiproliferative activity against colon cancer cells
like HT 29 and HCT 15 and caused cell cycle arrest at sub-G1 phase,
and induced apoptosis (Jaganathan et al., 2013). Also, it exerted
promising in vivo anticancer effects by eliciting antiangiogenic effect
in endothelial cells by down-regulating the vascular endothelial
growth factor, AKT, and ERK signalling pathways (Kong
et al.,, 2013).

Previous studies showed that eugenol (7) elicited cytotoxic
activity against PC-3 cell lines and possessed the ability to
scavenge the nitric oxide radicals; thus, it could be a lead for
developing chemopreventive agents (Sharma et al., 2017).

Reports revealed that N-trans-feruloyltyramine (8) possessed
selective cytotoxic activity and is a good candidate for developing
chemopreventive and anticancer medications as it exhibited
antiproliferative activity by inhibiting the oxidative damage
caused by H,0,. Also, it conserves the integrity of mitochondrial
membrane by reducing morphological alteration in mitochondria
(Gao et al, 2019).

Gallic acid (9) is a phenolic compound available in a variety of
foods. Bioavailability studies showed that the compound possesses
good absorption inside the human body. 4-O-methyl gallic acid
was the major metabolite appearing in human plasma. After
ingestion of 50 mg free gallic acid, a high human plasma
concentration of the free acid and 4-O-methyl gallic acid is
observed (Kaliora et al, 2013). It was assumed that the
compound can be administered as oral tablets during cancer
therapy. Concerning the toxicity of gallic acid, no adverse
effects were observed when administering the compound to
mice at a dose of 5,000 mg/kg b. w. Reports showed that gallic
acid (9) possessed a strong cytotoxic activity (Sameh et al., 2018). It
showed in vitro anticancer activity against human hepatoma cells
(SMMC-7721) with ICsy = 50 puM/L by reducing the cell
proliferation and inducing apoptosis by increasing the tumor
suppressor gene p53 (Subramanian et al., 2015). Furthermore, it
revealed anticancer activity against A375. S2 human melanoma
cells by inducing apoptosis through increasing the expression of
apoptotic protein Bax and reducing the expression of anti-
apoptotic protein Bcl-2 and also through the activation of
caspase-9 and caspase-3 (Lo et al.,, 2010). Moreover, it elicited
anticancer effect against cervical cancer cells (HeLa) by increasing
the production of reactive oxygen species and reducing the GSH
level in HeLa cells (You et al., 2010). Another study showed that it
possessed potent activity against MCF-7 cells with IC5, = 18 pg/mL
compared to the standard drug tamoxifen citrate eliciting an IC5, =
16 pg/mL. It was observed that the compound altered the
expression of p53, p2l, and Mcl-1 genes responsible for
apoptosis (Rezaei-Seresht et al., 2019).
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Reports showed that hibiscusamide (10) exhibited cytotoxic
activity against Hep3B cells by reducing p-STAT3, p-JAK2, and
p-ERK phosphorylation and inhibiting IL-6 signalling pathway
(Hwang et al., 2016). Furthermore, it was deduced that methyl
caffeate (11) could be developed into a supplement used for
chemoprevention as it elicits apoptosis by selectively inhibiting 3-
phosphoglycerate dehydrogenase (PHGDH) enzyme which is highly
expressed in cancer cells (Wang et al, 2021). Moreover, it was
reported that methyl-1, 4, 5-tri-O-caffeoyl quinate (12) elicited mild
cytotoxic activity against HeLa cells (Taiwo et al,, 2016).

Rosmarinic acid (13) showed cytotoxic activity against rat
glioblastoma C6 cells due to its antioxidant effect and its ability
to reduce cell proliferation at concentrations ranging from 80 to
130 pM, while at higher concentration over 200 uM, it stimulates
prooxidant activity, leading to necrosis and cell death
(Ramanauskiene et al, 2016). Another study showed that the
compound elicited promising anticancer effect by inhibiting the
microtubule affinity regulating kinase (MARK4) (Anwar et al,
2020). Furthermore, it was reported that it induced apoptosis in
HepG2 cells, inhibited proteasome, and induced cellular stress
(Ozgun and Ozgun, 2020). Moreover, syriacusin A (14) possessed
the ability to reduce cell proliferation and to enhance apoptosis
(Matsumoto et al., 2020).

By reviewing the literature, it was observed that syringic acid
(15) represents a promising molecule for developing anticancer
drugs as it induced cytotoxic activity in HepG2 cells by
enhancing the expression of caspase-3 and -9, cytochrome-c,
Apaf-1, Bax, and p53 gene. Also, it reduced the expression of
Bcl-2, leading to apoptosis (Gheena and Ezhilarasan, 2019).

3.2.3 Flavonoids

Flavonoids are divided into 6 classes which are isoflavonoids,
flavanones, flavanols, flavonols, flavones and anthocyanidins
(Kopustinskiene et al., 2020). Several in vitro and in vivo studies
showed that flavonoids possessed promising anticancer activities
(Rodriguez-Garcia et al., 2019; Abotaleb et al., 2018; Chirumbolo
et al, 2018; Mostafa et al, 2017). Generally, flavonoids act by
modulating the redox homeostasis. They act as antioxidant in
normal cells, directly by scavenging the reactive oxygen species
or indirectly by activating the antioxidant enzymes or arresting the
prooxidant enzymes. Moreover, they elicit prooxidant activity in
cancer cells, leading to apoptosis (Kopustinskiene et al., 2020). Also,
reports showed that flavonoids possessed anti-inflammatory activity
(Ayoub et al., 2021; Labib et al., 2013).
that (16)
antiproliferative activity in vitro and in vivo animal models. It
showed cytotoxic activity against A549, NCI-H187, H1299 cells,
leukemia CLL, Jurkat T cells, MOLT-4, HL-60, U937, K562 cells,
breast carcinoma cells (MDA-MB-231, MCF-7, MCF-10A),
hepatocellular carcinoma (SMMC-7721, HepG2),
(Hs27, HSC-3, B-16), esophageal squamous cell carcinoma
(Ecal09), glial cell line (HEB), glioma cells (UVW), prostate
carcinoma cells (PC-3M, PNT2A, DUI145, LNCaP), colon
carcinoma cells (CaCO-2, LOVO, COLO-201, HCT-8), cervical
carcinoma cells (HeLa), bone osteosarcoma cells (U2-OS), gastric

Previous studies showed acacetin exerted

skin cells

carcinoma cells (AGS), melanoma cells (B16F10, B16F1), ovarian
carcinoma cells (OVCAR-3, A2780) and kidney cells (HEK293T).
Moreover, it elicited a pronounced activity in vivo in skin xenograft
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and xenograft model of chronic lymphoid leukemia. It exerted its
action by targeting several signalling pathways according to the type
of cancer, such as reducing the action of topoisomerase 1 and
tyrosinase enzyme. Also, it increased the level of p53 expression,
induced cell cycle arrest at G1 and or G2/M phase, activated caspase-
7 enzyme, elicited apoptosis, and reduced metastasis by inhibiting
MMP-2 and -9 (Singh et al., 2020).

Apigenin (17) possesses oral bioavailability of about 30%. Peak
plasma concentration of the compound is observed within 0.5-2.5 h
post ingestion (DeRango-Adem and Blay, 2021). It is found to be
safe, even when administered at elevated doses (Salehi et al., 2019).
Reports showed that it elicited in vitro cytotoxic activity against
various cell lines as mentioned in Supplementary Table S3 (Choi and
Kim, 2009b; Souza et al., 2017). Apigenin exerts its activity by
different mechanisms such as inducing cell cycle arrest at G2/M
phase by decreasing cyclin B1, Cdc2, and Cdc25¢ expression and by
up-regulating p53 and p21 expression. Another mechanism is to
induce the intrinsic apoptotic pathway by down-regulating Bcl-2,
Bcl-xL, Bcl-w, and Mcl-1 expression and increasing Bad, Bak, Bax,
Bid and Bim expression. Also, a decrease in outer mitochondrial
membrane potential with cytochrome-c release was observed.
Furthermore, it inhibits cell invasion and metastasis through the
action on AKT/mTOR pathway. Also, it increases transgelin
expression and decreases MMP-9 through the reduction of AKT
phosphorylation (Ashrafizadeh et al., 2020). Additionally, an in vitro
study on MDA-MB-453 cells proved the beneficial effect of
combining 5-fluorouracil at its ICsy which is equal to 90 uM
with apigenin (5, 10, 50, and 100 pM). MDA-MB-453 cells are
resistant to 5-fluorouracil due to ErbB2 overexpression. The findings
revealed that the proliferation of cancer cells exposed to the
combination was highly reduced compared to 5-fluorouracil
alone due to decreased resistance owing to the synergistic activity
between 5-fluorouracil and apigenin (Choi and Kim, 2009a). In the
same context, in an inflammation-induced colon carcinogenesis
effects by
reducing myeloperoxidase, inflammatory cytokine, and COX-2
levels and by inhibiting NF-kB and STAT3, thus reducing
inflammation. Apigenin was administered at doses of 200 and

model, apigenin showed remarkable anticancer

300 mg/kg b. w. and exerted its action in a dose dependent
manner (Ai et al., 2017). Thus, apigenin is a good candidate for
developing chemopreventive and anticancer products. Moreover, a
clinical trial carrying the code NCT00609310 and entitled “Dietary
Bioflavonoid Supplementation for the Prevention of Neoplasia
Recurrence” was carried out to test the consequence of the
combination of apigenin with epigallocatechin gallate on the
recurrence of colorectal carcinoma. Nevertheless, no results have
been released yet (Naponelli et al., 2024).

Astragalin  (18) possesses low oral bioavailability and is
metabolized by glucuronidation and sulfation. The compound is
rapidly eliminated from the body within 1-3 h. Reports showed that
its bioavailability and absorption are increased by salt-processing.
Moreover, reports revealed that the compound has no toxicity
(Chen et al.,, 2023). Astragalin exerted good in vitro and in vivo
cytotoxic activity against HCT 116 human colon cancer cells. It
exhibited an ICsy = 18.88 ug/mL. The compound downregulated
MMP-2 and MMP-9 expression leading to a decrease in invasion
and metastasis. Moreover, it increased caspase-3, -6, -7, -8, and
-9 along with p53 and Bax and inhibited Bcl-2, leading to apoptosis.
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Additionally, it inhibited CDK2, CDK4, cyclin D1, and cyclin E,
leading to cell cycle arrest. The in vivo study showed that the tumor
volume was decreased by 67.06% in the group treated with a dose
equal to 75 mg/kg b. w. compared to the untreated control group
(Yang et al,, 2021). Another study evaluated the cytotoxic activity of
astragalin against lung cancer cells. The compound elevated Bax:Bcl-
2 ratio and reduced extracellular signal-regulated kinase (ERK)-1/
2 and Akt signalling, leading to cell death. Also, it reduced tumor
necrosis factor-alpha (TNFa«)-induced NF-kB activity. Moreover, it
enhanced apoptosis in A549 cells when tested at a concentration of
40 pg/mL and also in an in vivo animal xenograft model when
administered at a dose of 50 mg/kg b. w. (Chen et al., 2017).

Furthermore, it was reported that the combination of two
sulphated flavonoids, caicoine (19) and wissadulin (26), exerted
cytotoxic activity against PC-3M with ICs, (92.14 pg/mL), thus
sulphated flavonoids represent an interesting source for developing
anticancer drugs; nevertheless, there are no reports about their
mechanisms of action (Teles et al., 2015; Teles et al., 2018).
Previous reports have shown that chrysin (20) is a good
candidate for producing chemopreventive and anticancer agents
because it showed promising results in MCF-7 cells by inducing
apoptosis. The anti-apoptotic gene c-FLIP-L can stop the activity of
caspase-8. Chrysin acts by reducing the activation of NF-kB, leading
to the downregulation of the anti-apoptotic NF-kB target gene,
which in turn leads to apoptosis. Moreover, it induces caspase-3
leading to AKT or protein kinase B inactivation and to a reduction in
the expression of X-linked inhibitor of apoptosis protein (XIAP)
(Samarghandian et al, 2011; Samarghandian et al, 2016).
Additionally, it exhibited cytotoxic activity against liver cancer
cell lines (Huh-7) with ICsy = 18.51 pg/mL (EI-Din et al., 2014).
Moreover, gold nanoparticles synthesized from galangin (21)
revealed promising activity against ovarian cancer cells by
hastening the p53 level and caspase-8, leading to apoptosis (Al-
Shammari et al., 2020).

Reports showed that isoquercetin (22) exerted its cytotoxic
activity by reducing the phosphorylation of protein kinase B,
enhancing the activity of caspases, and decreasing the levels of
anti-apoptotic proteins such as BCl-2 and MCI-1. Also, it
scavenges the reactive oxygen species (Akter et al, 2021).
(23) elicited
in vitro and in vivo anticancer activity against breast cancer by

Furthermore, reports showed that kaempferol

down-regulating the expression of cyclin D1, cyclin E, cathepsin D,
pIRS-1, pAkt, and pMEK1/2, while up-regulating p21 and Bax
expression (Kim et al, 2016). Moreover, it was found that
quercetin (24) exerted promising activity in vitro against human
glioblastoma cells (U251) by reducing the expression of matrix
metallopeptidases MMP-9 and MMP-2 (Liu et al,, 2017). Also, it
was found that it stopped the activity of NF-kB and inhibited the
MAPK pathway. Moreover, it inhibited the expression of p-EGFR,
VEGFR-2, p-PI3K, Akt, and pGSK383; thus, it reduced the rate of
carcinogenesis (Pramudya et al., 2022).

Tiliroside (25) is a dietary flavonoid possessing potent
antiproliferative activity. However, reports showed that the
compound suffers from low oral bioavailability owing to the
multidrug resistance-associated protein (MRP2) which affects its
intestinal absorption. Therefore, methods should be developed to
enhance its bioavailability (Yi et al., 2023). Moreover, the genotoxic
and hemolytic potentials of the compound were evaluated using
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in vitro and ex vivo methods. The findings proved no cellular toxicity
along with low hemolysis rate in RBC (Sousa et al., 2021). It was
reported that tiliroside (25) exhibited potent in vitro cytotoxic effect
against HepG2 cell line with ICsy = 3.822 pg/mL which was
comparable to the standard drug 5- Fluorouracil (ICsy = 0.9 ug/
mL). Moreover, the compound was very selective on cancer cell lines
(Abdel-Salam et al., 2018). It elicited its action by inhibiting the
carbonic anhydrase (CAXII) leading to a decrease in cancer cells
growth. Moreover, a decrease in the transcription factors E2F1 and
E2F3 expression was observed with an increase in caspase-3
expression, leading to apoptosis (Han et al.,, 2021). Furthermore,
the compound exhibited a cytotoxic activity against T47D cell line
by activating caspase-8 and -9 and by decreasing the expression of
Bcl-2 protein (Da’i et al., 2016). Therefore, the compound represents
a good lead for developing anticancer drugs.

3.2.4 Coumarins

It was reported that scopoletin (27) possessed in vitro anticancer
activity against human prostate cancer cells by eliciting apoptosis
through the induction of caspase-3. Also, it causes cell cycle arrest at
G,/M phase due to blocking of the PI3K/Akt/mTOR signalling
pathway. Moreover, it downregulates the expression of cyclin D1 (Li
et al., 2015; Meilawati et al., 2023).

3.2.5 Alkaloids

Alkaloids represent an important class of natural products from
which anticancer drugs were developed. It was reported that the
anticancer effect of cryptolepine (28) is directly attributed to its anti-
inflammatory activity. It was reported that it exerted promising
effect against breast cancer due to its effect on cyclin D1, D2, D3 and
cyclin E leading to controlling the cell cycle progression.
Furthermore, it was reported that it controls IGF-IR expression,
thus regulating the PI3k/Akt pathway (Ansha and Mensah, 2013).
Moreover, the alkaloid cryptolepinone (29) possessed promising
anticancer activity by inducing the quinone reductase activity in
mouse hepatoma cells (Hepa lclc7) and it also inhibited 7,12-
dimethylbenz [a]anthracene-induced preneoplastic lesions in
mouse mammary organ culture assay (Jang et al., 2003).

3.2.6 Lignans

Reports showed that lignans play crucial role during the early
stages of carcinogenesis, so they are regarded as interesting
candidates for developing anticancer drugs (Mulkhija et al., 2022).
Reports showed that boehmenan (30) inhibited the expression of the
cytosolic and nuclear -catenin along with c-myc in STF/293 cells.
Thus, the reduction in S-catenin levels reduced the Wnt signal
(Shono et al., 2015). Moreover, it was reported that the compounds,
namely boehmenan H (31) and threo-carolignan K (32) elicited
remarkable cytotoxic activity (Pham et al., 2020; Moujir et al., 2007).

3.2.7 Cardiac glycosides

studies showed that the glycoside
glucoevatromonoside (33) exhibited potent anticancer activity against
lung cancer with ICsy = 19.3 nM compared to the standard drug
paclitaxel exhibiting IC5, = 260.5 nM. The observed activity of the
compound was greater than the standard drug by 14 folds. The

Previous cardiac

compound exerted its action by inducing apoptosis, cell cycle arrest
at G2/M phases, and by down-regulating cyclin B1 (Schneider et al.,
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2018). It was reported that helveticoside (34) represents a promising lead
for developing chemopreventive agent against colorectal cancer as it
exerted promising in vitro effect by increasing Bax level, inhibiting Bcl-2,
and by cleaving caspase-3 and -9, leading to apoptosis (An et al., 2020).

3.2.8 Sterols and terpenes

Previous studies showed that betulin (35) and betulinic acid (36)
exerted cytotoxic activity against human breast cancer cell lines
(MDA-MB231 and HBL-100). They induced apoptosis by
increasing the level of apoptotic proteins like Bax, NOXA, PUMA,
and PERP and by decreasing the level of anti-apoptotic gene BCl-x.
Also, they enhanced cell cycle arrest by activating p21 (Hsu et al.,
2015). Moreover, betulinic acid (36) possessed promising anticancer
activity by eliciting apoptosis through the activation of mitochondrial
apoptotic pathway and the elevation of ROS level. Additionally, it
inhibited topoisomerase I, Ila. Also, it decreased angiogenesis by
down-regulating aminopeptidase N (Hordyjewska et al., 2019). Also,
it was reported that betulin-3-caffeate (37) exerted cytotoxic activity
against human and murine malignant cells (P19, N2/D1, K1735-M2,
PC-3, and CaOV3) and A549 cell lines (Shi et al., 2014). Reports
showed that é—cadinene (38) elicited cytotoxic activity against MCF-
7, BT-20 and HeLa cell lines (Ali et al., 2017; Kubo and Morimitsu,
1995). Furthermore, reports showed that campesterol (39) exerted
antiangiogenic activity by reducing the proliferation of endothelial
cells and decreasing capillary differentiation (Choi et al., 2007).

In addition, it was previously reported that 8-caryophyllene (40)
exerted in vitro cytotoxic activity against various cell lines such as
HCT-116, HT-29, and pancreatic cancer cells (PANC-1). It was
observed that the compound induced caspase-3, leading to DNA
fragmentation. Also, it was found that the compound incorporates
itself into the cancer cell membrane, leading to increasing the bilayer
membrane permeability, so it helps in enhancing the entrance of the
anticancer drug inside the cancerous cell (Fidyt et al., 2016; Dahham
et al.,, 2015).

Furthermore, reports showed that hibiscone C (41) exhibited
cytotoxic activity against HeLa cells due to its ability to decrease
cell proliferation and to enhance cell death. It was observed that
the cell viability was equal to 56.6% when testing hibiscone C at a
concentration of 120 uM (Matsumoto et al., 2020). Moreover, it was
observed that hibiscone C reduced the activity of PI;K, leading to
apoptosis (Besley et al, 2017). Additionally, it was reported that
loliolide (42) exerted preventive effect against cell damage induced
by H,O, (Sebastian et al., 2022; Gangadhar et al., 2020). Moreover, it
was reported that palmitic acid (43) elicited pronounced selective
cytotoxic activity against MOLT-4. Also, it produced in vivo anticancer
effect (Thabet et al., 2020). The action of palmitic acid is attributed to
its activity on DNA topoisomerase I (Harada et al., 2002).

It was previously reported that phytol (44) possessed anticancer
and antimutagenic activities (Sebastian et al., 2022). Reports showed
that it effect
adenocarcinoma MCF-7 and the prostate adenocarcinoma PC-3

exerted effective cytotoxic against  breast
cells (Pejin et al., 2014). Moreover, it elicited cytotoxic activity
against A549 cell line by elevating the number of cells in the
sub-GO phase, decreasing Bcl-2 level, increasing Bax level, and
promoting the activity of caspase-3 and -9. Also, it possessed
antiangiogenic activity (Sakthivel et al., 2018).
B-sitosterol  (45)  exhibited

chemopreventive activities against various types of cancer (Singab

Moreover, anticancer and
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etal,, 2012). An in vitro study showed that it exerted antiproliferative
effect against MCF-7 cell line and induced apoptosis in MDA-MB
231 cells by activating caspase enzymes (Bin Sayeed and Ameen,
2015). Another in vitro study showed that it elicited apoptosis in
COLO 320 DM cells by scavenging reactive oxygen species and
reducing the expression of f-catenin and the PCNA antigens
(Baskar et al., 2010). Furthermore, previous studies have shown
that it possesses in vitro cytotoxic activity against human prostate
cancer cell lines by inhibiting cell growth by activating MAPK
pathway. Moreover, an in vitro study showed that it exerted
anticancer effect against SGC-7901 human stomach cancer cells
by inducing apoptosis by decreasing the bcl-2/bax ratio and eliciting
DNA damage (Bin Sayeed and Ameen, 2015). In the same context, it
was reported that y-sitosterol (46) exhibited its cytotoxic activity by
activating the apoptotic pathway by decreasing c-myc oncogene
expression (Sebastian et al., 2022; Endrini et al., 2014).

In vitro studies have shown that stigmasterol (47) exerts
promising activity against the human gastric cancer cell line
SNU-1 by eliciting antiproliferative effects, inducing apoptosis,
and exhibiting cell cycle arrest at G2/M phases (Li et al., 2018).
Furthermore, stigmasterol has been reported to decrease capillary
formation and reduce endothelial cell proliferation and migration;
therefore, it elicits antiangiogenic activity. Also, it exhibited
antiproliferative activity against HepG2 and MCF-7 cells.
Moreover, it increased the levels of Bax, caspase-3, and -9 and
decreased Bcl-2 expression (Kadhum et al., 2021; Al-Fatlawi, 2019).

Furthermore, it was reported that tanshindiol (48) elicited
anticancer effect through reducing the activity of EZH2 (Woo et al,
2014). It was previously reported that ursolic acid (49) elicited
promising in vitro cytotoxic activity against breast cancer cells
(MCF-7) by inducing apoptosis and by increasing ROS production
(Mishra et al., 2016). Another in vitro study showed that it possessed
significant anticancer activity against prostate cancer by inducing
apoptosis and by down-regulating Bcl-2 protein (Kassi et al., 2007).

3.2.9 Polysaccharides

Previous reports showed that polysaccharides elicited promising
anticancer activity due to their ability to scavenge radicals, inhibit
DNA topoisomerase, induce apoptosis, and prevent angiogenesis
(Yarley et al., 2021). It was found that glucans (50) possessed potent
antioxidant and chemopreventive activities (Oliveira et al., 2013).
Furthermore, it was reported that pectin (51) gold nanoparticles
enhanced apoptosis and DNA damage in several types of cancer like
mammary adenocarcinoma cell lines (Suganya et al., 2016). Also, it
possessed antioxidant and anti-inflammatory activities (Yan et al.,
2023; Teng et al., 2022).

3.3 In silico pharmacokinetic profile, oral
bioavailability, drug likeness and acute oral
toxicity study of the bioactive cytotoxic
compounds and the reference drug erlotinib

The results revealed that the compounds 4, 6, 7, 8,9, 10, 11, 14, 15,
16, 17, 20, 21, 23, 24, 26, 27, 28, 29, 31, 41, 42, 43, 48, and erlotinib
possessed features for high gastrointestinal absorption owing to their
observed solubility. Moreover, compounds 6, 7, 11, 14, 20, 27, 28, 29,
41, 42, 43, and erlotinib have abilities for blood brain barrier
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permeability. In addition, compounds 8, 9, 10, 14, 16, 17, 20, 21,
23,24, 28,29, 31, and erlotinib showed effect on CYP 3A4, while other
compounds were devoid of this effect; thus, preventing any possible
drug-drug interactions. The results are listed in Table 1 and illustrated
in Figure 2. Moreover, the drug likeness properties of the tested
compounds were assessed using the Lipinski’s rule-of-5 (Table 1). A
compound having a molecular weight below 500 g/mol, no more than
10 hydrogen bond acceptors, less than 5 hydrogen bond donors and a
Log P below 5 and that violates no more than one of the stated criteria,
is considered to obey the Lipinski’s rule-of-5 (Ivanovi¢ et al., 2020).
The findings of the study showed that compounds 12, 18, 22, 25, 30,
32, 33,37, 50, and 51 elicited more than one violation to the Lipinski’s
rule-of-5. Additionally, the Bioavailability Radar map illustrated the
drug likeness features and the bioavailability of each compound
(Supplementary Table S4). Furthermore, the predicted acute oral
toxicity (LDsp) and the toxicity class of each compound were
determined using Pro Tox 3.0. The acute oral toxicity is classified
into 6 classes as follows: class 1 with LDs, < 5 mg/kg and class 2 having
LDs5o more than 5 and less than or equal to 50 mg/kg are considered to
be fatal if swallowed, class 3 possessing LD5, more than 50 and less
than or equal to 300 mg/kg is found to be toxic if swallowed, class
4 with LDs, more than 300 and less than or equal to 2000 mg/kg is
harmful if swallowed, class 5 possessing LD5, more than 2000 and less
than or equal to 5,000 mg/kg may be harmful if swallowed and class
6 with LDs, > 5,000 mg/kg is nontoxic (Banerjee et al, 2024).
Compounds 33, 41, and 42 were predicted to be fatal, while the
compounds 29, 50, 51, and erlotinib were found to be toxic. The
results are listed in Table 1.

3.4 In silico molecular modelling of the
reported bioactive cytotoxic compounds

The anticancer effect of the reported compounds was studied
through testing their inhibitory potential against EGFR kinase
enzyme. Erlotinib was used as the reference anticancer drug as it
could arrest the EGFR pathway. The docking protocol was validated
(Figure 3). Results revealed that all the screened compounds
belonging to different classes of bioactive metabolites possessed
agreeable binding affinities with negative binding scores to the
EGFR kinase enzyme compared to the reference drug erlotinib
which elicited a binding score equal to -9 kcal/mol. Furthermore,
it was observed that compounds 25, 30, 31, 22, 12, 33, 20, 39, 3, 29,
47,16, 18, and 45 elicited binding affinities higher than the reference
drug with scores equal to —10.4, -10.4, -10.2, —10.1, 9.7, -9.6, —
9.5,-9.4,-9.3,-9.3,-9.3,-9.1, 9.1 and -9.1 kcal/mol, respectively,
due to the observed hydrophobic interactions and hydrogen bonds
between the compounds and the receptor. The binding scores of all
the tested compounds are listed in Table 2. The binding interactions
of the compounds with the highest affinities to the enzyme are listed
in Supplementary Table S5 and shown in Figures 4, 5.

3.5 In silico molecular dynamic simulations
and MM-GBSA calculations

Based on the docking results, it was observed that tiliroside (25)
and boehmenan H (31) exhibited high binding affinities toward
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EGEFR kinase comparable to erlotinib. In addition, previous reports
revealed the potent in vitro cytotoxic activity of the compounds.
Therefore, molecular dynamic simulations were performed for 50 ns
to evaluate the binding modes and stability of the candidate
compounds under real physiological conditions. The RMSD value
estimated the stability of the ligand-protein complexes based on
these simulations. EGFR backbone equilibrated at below 0.5 nm for
every complex as shown in Figure 6B. The simulations started with a
lower RMSD value for the boehmenan H (31) complex and
remained consistent by the end of the simulation. Erlotinib and
tiliroside (25) exhibited comparable effect on EGFR stability
(Figure 6B). The RMSD of boehmenan H (31) and erlotinib
seemed to overlap at the lower value, suggesting that they had a
more solid docking position than the other compound. However,
compound tiliroside (25) fluctuated especially after 30 ns, but
maintained below 0.5 nm (Figure 6A). The conformational
variations per residue during the period of the simulation were
measured by root mean square fluctuation (RMSF). The two ligands
possessed comparable patterns of flexibility. However, erlotinib
showed more stable fluctuation. In contrast, all of them had
variation less than 0.4 nm, except for residues around720 and
970 (Figure7B). Acceptable radius of gyration (RoG) ranges were
shown by the complex systems. The erlotinib system (black) and
boehmenan H (31) (red) elicited RoG values below 2 nm. Tiliroside
(25) fluctuated higher than 2 than
2.05 nm (Figure 7A).

Binding free energies (AG) were computed and averaged for

nm but lower

each of the three complexes over the course of the 50 ns simulations
for comparative purpose as it gives useful information for estimating
the total binding strength. For all complex systems, the binding free
energy (AG) and its components are shown in Table 3. Gibbs free
energy of the gas (AGg,s) and the solvation free energy (Gs,,) were
employed to compute the free energies. AGgas is the sum of
electrostatic energy (Agrg) and van der Waals energy
(VDWAALS) (Genheden and Ryde, 2015). Gy is the sum of
the non-polar solvation energies Agsyrp, and the generalized
Born Polar solvation energy (Egg). The total energy components
for the binders were plotted as shown in Figures 8A, 9A for
compounds 31 and 25, respectively. The energy composition
analysis verified the strong interaction of compound (31) with
Val726, Thr854, Thr790, Lys745, Phe856, Met766, Leu844 of the
EGEFR, as displayed in the individual energy contribution graph
(Figure 8B). Also, the heatmap and 3D interactions highlighted
some residues to maintain the individual energy contribution
throughout the 50 ns simulation’s time, especially, Thr790 and
Met766 (Figures 8C, D). Regarding tiliroside (25), the individual
energy contribution graph revealed favorable interactions with the
previous amino acids, but the most contributing residues were
Thr790, and GIn791 (Figure 9B). Notably, the heatmap and 3D
interactions (Figures 9C, D) confirmed the maintenance of the
energy contribution through the simulation’s time. The obtained
results were comparable to the standard drug erlotinib (Figure 10).

4 Discussion

Current studies showed that phytochemicals could be employed
as alternative or complementary routes for alleviating cancer by re-
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establishing the normal epigenetic marks which are changed due to
tumourigenesis. Herbal nutraceuticals are considered to be dietary
supplements exhibiting potent health benefits and could be
employed in the prevention and treatment of cancer as the
bioactive phytochemicals are able to decrease the growth and
proliferation of tumor cells (Calvani et al., 2020).

By reviewing the literature, it was observed that some members
belonging to family Malvaceae were utilized in folk medicine to
relieve tumors. Moreover, reports showed that family Malvaceae
members are rich with potent cytotoxic compounds belonging to
several phytochemical classes, such as carotenoids, phenolic acids,
flavonoids, coumarins, alkaloids, lignans, cardiac glycosides, sterols,
terpenes and polysaccharides, which represent good sources of lead
compounds possessing chemopreventive and anticancer activities.
However, scarce data have summarized the cytotoxic activity and the
anticancer mechanisms of the bioactive compounds in the
Malvaceae family. The study will draw the attention to medicinal
plants belonging to family Malvaceae that possess anticancer activity
and the possible anticancer mechanisms of action of the cytotoxic
compounds. The search results revealed that the cytotoxic
compounds were subjected to in vitro and in vivo studies with
limited clinical trials. Clinical trials represent a challenge in the
production of natural anticancer drugs because of difficulties in
designing and recruiting participants (Chunarkar-Patil et al., 2024).

Additionally, the current study provides valuable insights on the
pharmacokinetic and pharmacodynamic profiles of the reported
cytotoxic compounds. Recently, it was observed that computational
modelling including ADME prediction and molecular docking,
exerts a pivotal role in the discovery of anticancer lead
compounds. This approach increases the rate of anticancer drug
discovery and reduces the cost needed for developing
chemopreventive anticancer the
importance of the computational approach, validation of the

and medications. Despite
results through experimental procedures such as preclinical and
clinical studies remains crucial to verify the effectiveness and safety
of the tested natural compounds (Chunarkar-Patil et al., 2024).
Errors may exist in the pharmacokinetic estimates generated by
computational tools, which could affect the activity of drug
candidates during clinical trials (Mushebenge et al., 2023). It is
important to note that several natural products exhibit potential
activity in the in vitro and in vivo studies, while their effects vary in
clinical trial inside the human body owing to their poor
bioavailability (Phansalkar et al, 2020). In case of oral drugs,
gastrointestinal absorption represents an obstacle between the
bioactive ingredients and the blood circulation. Therefore, the
bioavailability of natural entities affects the process of oral drug
development. A drug that obey Lipinski’s rule-of-five is considered
to possess favorable features for gastrointestinal absorption
(Abourashed, 2013). However, the removal of natural compounds
that violate the rule-of-five from further studies, could conduct to
missing promising effective drugs. An equilibrium between efficacy
and safety should be taken in consideration during the complex
process of drug development (Ivanovi¢ et al., 2020; Beutler, 2009; Li
et al, 2024). Notably, flavonoids possess a wide range of
pharmacological applications; however, reports showed that they
elicit low oral bioavailability owing to their low aqueous solubility,
which in turn remarkably affects their efficacy. Several strategies
have been developed to improve oral bioavailability such as the
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employment of absorption enhancer, structural transformation. In
addition, carrier complexes, nanotechnology and co-crystals
represent promising technologies (Zhao et al., 2019).

Preliminary pharmacokinetic prediction represents a crucial
step in drug discovery (Phansalkar et al, 2020). In the present
study, the white region of the BOILED-Egg chart (Figure 2) revealed
that compounds 4, 9, 10, 15, 17, 23, 24, 31, and 48 possessed high
probability of passive gastrointestinal absorption (HIA). Moreover,
the predicted effect of the compounds on CYP3A4 was studied.
CYP3A4 represents 30% of the total P450 quantity in the liver. Many
anticancer medications are metabolized by CYP3A4. Patients
suffering from cancer are administered combination remedy
which may lead to possible drug-drug interactions, severe side
effects, serious toxicities or could reduce drug’s effectiveness
(Ando, 2004; Tian and Hu, 2014). The tested compounds 4, 5, 6,
7,11,12,13,15,18, 19, 22, 25, 26, 27, 30, 32, 33, 34, 35, 36, 37, 38, 39,
40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, and 51 showed no effect on
CYP3A4 eliminating any possible interactions or side effects as
mentioned in Table 1.

Furthermore, P-glycoprotein represents a major challenge
facing the development of successful chemotherapeutic agents.
P-glycoprotein is responsible for the development of multidrug
resistance. It is highly expressed in blood cancers and solid
tumors leading to poor clinical outcomes (Waghray and Zhang,
2017). By observing the Boiled-Egg chart (Figure 2), it was found
that compounds 4, 5, 6, 7, 8, 10, 11, 13, 14, 15, 16, 17, 18, 23, 24, 26,
29, 32, 35, 36, 38, 39, 41, 42, 43, 46, and erlotinib are illustrated in red
color showing that they are non-substrate of P-gp (PGP").

The Bioavailability Radar map generated using SWISS ADME
revealed the drug likeness and the oral bioavailability features of the
reported compounds. It was observed that compounds 5, 12, 18, 22,
25, 30, 32, 33, 37, 50, and 51 possessed a poor bioavailability score,
while the other compounds showed good oral bioavailability profile.
Moreover, toxicity studies should be carried out on natural
substances during drug development (Dzobo, 2022). The acute
oral toxicity profile of the cytotoxic metabolites was predicted
using Pro Tox 3.0.

The in silico molecular docking study was performed on the
reported cytotoxic metabolites against EGFR kinase PDB ID (8A27).
The epidermal growth factor receptor (EGFR) belongs to tyrosine
kinase family and is responsible for tumor growth and metastasis;
therefore, it represents a potential therapeutic target (Sasaki et al.,
2013). Erlotinib was used as the reference drug as it possessed potent
EGFR kinase inhibitory activity (Ling et al., 2007). The results
revealed that all the tested compounds revealed agreeable binding
affinities toward the enzyme with negative binding scores owing to
the hydrophobic interactions and the hydrogen bonds between the
compounds and the amino acid residues present in the receptor. It is
important to note that hydrogen bonding affects the compound
solubility, distribution and permeability. Also, it makes the binding
between the drug and receptor easier. Also, hydrophobic
interactions play a pivotal role in establishing the binding affinity
between the compound and the receptor and determine the
selectivity of the drugs toward the target (Afolabi et al., 2024).

Natural products exert a pivotal role in anticancer drug
discovery. Drug discovery is a multifactorial approach which
balance between the

requires a pharmacodynamic and

pharmacokinetic profiles of the compounds in order to select the
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best drug candidates (Guan et al., 2019). The current study revealed
that several reported cytotoxic metabolites possessed good
pharmacokinetic features and elicited high binding affinity
against EGFR kinase enzyme. It is important to note that
compounds 25, 30, 31, 22, 12, 33, 20, 39, 3, 29, 47, 16, and
45 showed potent inhibitory activity toward EGFR kinase
addition, dynamic
simulations studies on compounds 25 and 31, it was observed

receptor. In by performing molecular
that they possessed a good stability in the receptor comparable to
the standard drug erlotinib. Further in-depth preclinical and clinical
studies should be carried out to develop safe and effective
chemopreventive and anticancer medications. The present study
represents a point of departure toward the selection of good
candidates from family Malvaceae to be a nucleus for future
plant based anticancer drug development.

5 Conclusion

Family Malvaceae represents a promising source of bioactive
phytometabolites belonging to various classes, such as carotenoids,
phenolic acids, flavonoids, coumarins, alkaloids, lignans, cardiac
glycosides, sterols, terpenes, and polysaccharides. By reviewing the
literature, we observed that some members were utilized
traditionally for curing tumors. Moreover, cytotoxic studies
showed that many species possessed promising chemopreventive
and anticancer activities. Nevertheless, data about the possible
mechanisms of action are scarce. Furthermore, a very small
number of isolated compounds have been subjected to cytotoxic
studies. Natural products are characterized by their biofunctionality
and biodiversity and will represent a revolution in cancer
management in the upcoming decade their

biodegradability and biocompatibility. Drug discovery from

owing to

natural products is a complex process which faces many
obstacles such as absence of enough studies concerning the
efficiency, safety, stability and favorable drug targets. This study
is an endeavor to summarize the reported anticancer activity of
species of family Malvaceae and to provide pharmacokinetic and
pharmacodynamic profiles for the bioactive cytotoxic compounds.
The results of the in silico study showed that the reported bioactive
metabolites exhibited good binding affinities to the EGFR kinase
enzyme. The compounds, namely tiliroside (25), boehmenan (30),
boehmenan H (31), and
pharmacokinetic properties. They elicited the highest binding
affinity toward EGFR kinase enzyme with a score
of —-104, -10.4, -10.2 and -10.1 Kcal/mol, respectively, in
comparison with the reference drug erlotinib having a binding

isoquercetin  (22) revealed safe

score equal to -9 Kcal/mol. Moreover, the molecular dynamic
simulations carried out on compounds 25 and 31 showed that
they possessed good stability in the receptor comparable to the
standard drug erlotinib. Further preclinical studies should be carried
out on the most promising candidates through selecting appropriate
in vitro and in vivo models to validate the efficacy of the compounds.
Moreover, convenient drug delivery systems should be developed to
ensure the good bioavailability of the compounds as many
compounds exhibit good efficacy in preclinical studies, However,
they fail in clinical trials owing to their low bioavailability. In
addition, suitable analogues could be developed to increase the
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effectiveness of the compounds. Promising candidates should be
subjected to standardization to fall within the criteria of the
international ~ standard to develop safe and effective
chemopreventive and anticancer products to put an end to

suffering from this fatal disease.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Author contributions

SS: Writing-original draft, Software, Methodology, Formal
AE: Validation,
Supervision, Conceptualization, Methodology, Formal Analysis.

Analysis. Writing-review and  editing,
EA-S: Writing-review and editing, Validation, Supervision,
Methodology, Investigation, Formal Analysis, Data curation,
Conceptualization. RL: Writing-review and editing, Validation,
Supervision, Methodology, Investigation, Formal Analysis, Data
curation, Conceptualization. H-WC: Writing-review and editing,
Validation, Methodology, Investigation, Formal Analysis, Data
curation. S-YY: Conceptualization, Data curation, Writing-review
and editing, Validation, Methodology, Investigation, Formal
F-RC:
Methodology, Data curation, Conceptualization, Writing-review

Analysis. Supervision,  Project  administration,
and editing, Validation, Investigation, Formal Analysis. S-CY:
Writing-review ~ and  editing, = Validation,
Methodology, Investigation, Formal Analysis, Data curation,
ANBS:

Writing-review

Supervision,

Conceptualization. Visualization, Resources, Project
Validation,

Supervision, Methodology, Investigation, Formal Analysis, Data

administration, and editing,

curation, Conceptualization.

References

Abat, J. K., Kumar, S., and Mohanty, A. (2017). Ethnomedicinal, phytochemical and
ethnopharmacological aspects of four medicinal plants of Malvaceae used in Indian
traditional medicines: a review. Medicines 4, 75. doi:10.3390/medicines4040075

Abd Alaziz, H., and Abdelmageed, M. (2019). Phytochemical analysis, antioxidant,
cytotoxicity and antibacterial activity of Adansonia digitata L. seeds ethanol extract.
J. Pharmacogn. Phytochem. 8, 776-781.

Abdel-Razek, M., Abdelwahab, M., Abdelmohsen, U., and Hamed, A. (2023). A
review: pharmacological activity and phytochemical profile of Abelmoschus esculentus
(2010-2022). RSC Adv. 13, 15280-15294. d0i:10.1039/d3ra01367g

AbdelRazek, M., Elissawy, A., Mostafa, N., Moussa, A., Elanany, M., Elshanawany, M.,
et al. (2023). Chemical and biological review of endophytic fungi associated with Morus
sp. (Moraceae) and in silico study of their antidiabetic potential. Molecules 28, 1718.
doi:10.3390/molecules28041718

Abdel-Salam, N., Ghazy, N., Sallam, S., Radwan, M., Wanas, A., ElSohly, M., et al.
(2018). Flavonoids of Althaea rosea L. and their immune stimulant, antioxidant and
cytotoxic activities on hepatocellular carcinoma HepG-2 cell line. Nat. Prod. Res. 32,
702-706. doi:10.1080/14786419.2017.1332602

Abd El-Salam, N., Radwan, M., Wanas, A., Shenouda, M., Sallam, S., Piacente, S., et al.
(2016). Phytochemical and biological evaluation of Althaea rosea L., growing in Egypt.
Planta Medica 82, PC83. doi:10.1055/5-0036-1578785

Abotaleb, M., Samuel, S., Varghese, E., Varghese, S., Kubatka, P., Liskova, A., et al.
(2018). Flavonoids in cancer and apoptosis. Cancers 11, 28. doi:10.3390/
cancers11010028

Frontiers in Pharmacology

23

10.3389/fphar.2024.1465055

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The
authors would like to acknowledge the Egyptian Science and
Technology and Innovation Fund (STIFA) for the support of
the study through grant no. 46667 entitled “Sustainability of
Lab Capacities of the Center of Drug Discovery Research and
Development.”

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1465055/
full#supplementary-material

Abourashed, E. A. (2013). Bioavailability of plant-derived antioxidants. Antioxidants
2, 309-325. doi:10.3390/antiox2040309

Abraham, M., Murtola, T., Schulz, R, Pdll, S., Smith, J., Hess, B., et al. (2015).
GROMACS: high performance molecular simulations through multi-level parallelism
from laptops to supercomputers. SoftwareX 1, 19-25. doi:10.1016/j.s0ftx.2015.06.001

Adasme, M., Linnemann, K., Bolz, S., Kaiser, F., Salentin, S., Haupt, V., et al. (2021).
PLIP 2021: expanding the scope of the protein-ligand interaction profiler to DNA and
RNA. Nucleic Acids Res. 49, W530-W534. doi:10.1093/nar/gkab294

Afolabi, O., Olasehinde, O., Owolabi, O., Jaiyesimi, K., Adewumi, F., Idowu, O., et al.
(2024). Insight into antioxidant-like activity and computational exploration of
identified bioactive compounds in Talinum triangulare (Jacq.) aqueous extract as
potential cholinesterase inhibitors. BMC Complement. Med. Ther. 24, 134. doi:10.
1186/512906-024-04424-2

Ahmed, F., Toume, K., Ohtsuki, T., Rahman, M., Sadhu, S., and Ishibashi, M. (2011).
Cryptolepine, isolated from Sida acuta, sensitizes human gastric adenocarcinoma cells
to TRAIL-induced apoptosis. Phytother. Res. 25, 147-150. doi:10.1002/ptr.3219

Ahmed, H., Igbal, Y., Aziz, M., Atif, M., Batool, Z., Hanif, A, et al. (2021). Green
synthesis of CeO, nanoparticles from the Abelmoschus esculentus extract: evaluation of
antioxidant, anticancer, antibacterial, and wound-healing activities. Molecules 26, 4659.
doi:10.3390/molecules26154659

Ai, X, Qin, Y., Liu, H,, Cui, Z,, Li, M., Yang, J., et al. (2017). Apigenin inhibits colonic
inflammation and tumorigenesis by suppressing STAT3-NF-kB signaling. Oncotarget 8,
100216-100226. doi:10.18632/oncotarget.22145

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2024.1465055/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1465055/full#supplementary-material
https://doi.org/10.3390/medicines4040075
https://doi.org/10.1039/d3ra01367g
https://doi.org/10.3390/molecules28041718
https://doi.org/10.1080/14786419.2017.1332602
https://doi.org/10.1055/s-0036-1578785
https://doi.org/10.3390/cancers11010028
https://doi.org/10.3390/cancers11010028
https://doi.org/10.3390/antiox2040309
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1093/nar/gkab294
https://doi.org/10.1186/s12906-024-04424-2
https://doi.org/10.1186/s12906-024-04424-2
https://doi.org/10.1002/ptr.3219
https://doi.org/10.3390/molecules26154659
https://doi.org/10.18632/oncotarget.22145
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1465055

Sameh et al.

Akter, R., Afrose, A., Rahman, M., Chowdhury, R., Nirzhor, S., Khan, R,, et al. (2021).
A comprehensive analysis into the therapeutic application of natural products as
SIRT6 modulators in Alzheimer’s disease, aging, cancer, inflammation, and diabetes.
Int. J. Mol. Sci. 22, 4180. doi:10.3390/ijms22084180

Alam, M., Ashraf, G., Sheikh, K., Khan, A., Ali, S., Ansari, M., et al. (2022). Potential
therapeutic implications of caffeic acid in cancer signaling: past, present, and future.
Front. Pharmacol. 13, 845871. doi:10.3389/fphar.2022.845871

Al-Fatlawi, A. (2019). Stigmasterol inhibits proliferation of cancer cells via apoptotic
regulatory genes. Biosci. Res. 16, 695-702.

Ali, N., Chhetri, B., Dosoky, N., Shari, K., Al-Fahad, A., Wessjohann, L., et al. (2017).
Antimicrobial, antioxidant, and cytotoxic activities of Ocimum forskolei and Teucrium
yemense (Lamiaceae) essential oils. Medicines 4, 17. doi:10.3390/medicines4020017

Almukaynizi, F., Daghestani, M., Awad, M., Althomali, A., Merghani, N., Bukhari,
W, et al. (2022). Cytotoxicity of green-synthesized silver nanoparticles by Adansonia
digitata fruit extract against HTC116 and SW480 human colon cancer cell lines. Green
Process Synth. 11, 411-422. doi:10.1515/gps-2022-0031

Alshabi, A., Alkahtani, S., Shaikh, 1., Orabi, M., Abdel-Wahab, B., Walbi, L, et al. (2022).
Phytochemicals from Corchorus olitorius methanolic extract induce apoptotic cell death
via activation of caspase-3, anti-Bcl-2 activity, and DNA degradation in breast and lung
cancer cell lines. J. King Saud. Univ. Sci. 34, 102238. doi:10.1016/.jksus.2022.102238

Al-Shammari, A., Al-Saadi, H., Al-Shammari, S., and Jabir, M. (2020). Galangin
enhances gold nanoparticles as anti-tumor agents against ovarian cancer cells. AIP Conf.
Proc. 2213, 020206. doi:10.1063/5.0000162

An, N, Sun, Y., Ma, L., Shi, S,, Zheng, X., Feng, W,, et al. (2020). Helveticoside
Exhibited p53-dependent anticancer activity against colorectal cancer. Arch. Med. Res.
51, 224-232. doi:10.1016/j.arcmed.2020.02.007

Anand, P., Kunnumakara, A., Sundaram, C., Harikumar, K., Tharakan, S., Lai, O.,
et al. (2008). Cancer is a preventable disease that requires major lifestyle changes.
Pharm. Res. 25, 2097-2116. d0i:10.1007/s11095-008-9661-9

Ando, Y. (2004). “Cytochrome P450 and anticancer drugs,” in Handbook of
anticancer pharmacokinetics and pharmacodynamics (Springer), 215-229.

Andriani, Y., Sababathy, M., Amir, H., Sarjono, P., Syamsumir, D., Sugiwati, S., et al.
(2020). The potency of Hibiscus tiliaceus leaves as antioxidant and anticancer agents via
induction of apoptosis against MCF-7 cells. IOP Conf. Ser. Mater. Sci. Eng. 959, 012022.
doi:10.1088/1757-899x/959/1/012022

Ansha, C,, and Mensah, K. (2013). A review of the anticancer potential of the
antimalarial herbal Cryptolepis sanguinolenta and its major alkaloid cryptolepine.
Ghana Med. ]. 47, 137-147.

Anwar, S., Shamsi, A., Shahbaaz, M., Queen, A., Khan, P., Hasan, G., et al. (2020).
Rosmarinic acid exhibits anticancer effects via MARK4 inhibition. Sci. Rep. 10, 10300.
doi:10.1038/s41598-020-65648-2

Arfa, N. (2022). Utilization of Hollyhock (Althaea officinalis L.) roots in manufacture
of juices and jams. Int. J. Fam. Stud. Food Sci. Nutr. Health. 3, 193-211.

Ashrafizadeh, M., Bakhoda, M., Bahmanpour, Z., Ilkhani, K., Zarrabi, A., Makvandi,
P., et al. (2020). Apigenin as tumor suppressor in cancers: biotherapeutic activity,
nanodelivery, and mechanisms with emphasis on pancreatic cancer. Front. Chem. 8,
829. doi:10.3389/fchem.2020.00829

Atolani, O., Oguntoye, H., Areh, E., Adeyemi, O., and Kambizi, L. (2019). Chemical
composition, anti-toxoplasma, cytotoxicity, antioxidant, and anti-inflammatory
potentials of Cola gigantea seed oil. Pharm. Biol. 57, 154-160. doi:10.1080/
13880209.2019.1577468

Ayoub, I, Korinek, M., El-Shazly, M., Wetterauer, B., El-Beshbishy, H., Hwang, T,
et al. (2021). Anti-allergic, anti-inflammatory, and anti-hyperglycemic activity of
Chasmanthe aethiopica leaf extract and its profiling using LC/MS and GLC/MS.
Plants 10, 1118. doi:10.3390/plants10061118

Azimova, S., Glushenkova, A., and Vinogradova, V. (2011). “Hibiscus syriacus L,” in
Handbook of Lipids, lipophilic components and essential oils from plant sources (Springer
Science and Business Media), 626-627.

Banerjee, P, Kemmler, E., Dunkel, M., and Preissner, R. (2024). ProTox 3.0: a
webserver for the prediction of toxicity of chemicals. Nucleic Acids Res. 52,
W513-W520. doi:10.1093/nar/gkae303

Baskar, A., Ignacimuthu, S., Paulraj, G., and Al Numair, K. (2010). Chemopreventive
potential of f-sitosterol in experimental colon cancer model-an in vitro and in vivo
study. BMC Complement. Altern. Med. 10, 24-10. doi:10.1186/1472-6882-10-24

Beha, E., Jung, A., Wiesner, J., Rimpler, H., Lanzer, M., and Heinrich, M. (2004).
Antimalarial activity of extracts of Abutilon grandiflorum G. Don-a traditional
Tanzanian medicinal plant. Phytother. Res. 18, 236-240. doi:10.1002/ptr.1393

Berendsen, H., Postma, J., Van Gunsteren, W., DiNola, A., and Haak, J. (1984).
Molecular dynamics with coupling to an external bath. J. Chem. Phys. 81, 3684-3690.
doi:10.1063/1.448118

Besley, C., Rhinehart, D., Ammons, T., Goess, B., and Rawlings, J. (2017). Inhibition
of phosphatidylinositol-3-kinase by the furanosesquiterpenoid hibiscone C. Bioorg.
Med. Chem. Lett. 27, 3087-3091. doi:10.1016/j.bmcl.2017.05.041

Beutler, J. A. (2009). Natural products as a foundation for drug discovery. Curr.
Protoc. Pharmacol. 46, 9.11.1-9.11.21. doi:10.1002/0471141755.ph0911s46

Frontiers in Pharmacology

10.3389/fphar.2024.1465055

Bin Sayeed, M., and Ameen, S. (2015). Beta-sitosterol: a promising but orphan
nutraceutical to fight against cancer. Nutr. Cancer. 67, 1214-1220. doi:10.1080/
01635581.2015.1087042

Biswas, A., Dey, S., Huang, S., Deng, Y., Birhanie, Z., Zhang, J., et al. (2022). A
comprehensive review of C. capsularis and C. olitorius: a source of nutrition, essential
phytoconstituents and pharmacological activities. Antioxidants 11, 1358. doi:10.3390/
antiox11071358

Bussi, G., Donadio, D., and Parrinello, M. (2007). Canonical sampling through
velocity rescaling. J. Chem. Phys. 126, 014101. doi:10.1063/1.2408420

Calvani, M., Pasha, A., and Favre, C. (2020). Nutraceutical boom in cancer: inside the
labyrinth of reactive oxygen species. Int. J. Mol. Sci. 21, 1936. doi:10.3390/ijms21061936

Canga, L, Vita, P., Oliveira, A. L, Castro, M. A., and Pinho, C. (2022). In vitro cytotoxic
activity of African plants: a review. Molecules 27, 4989. doi:10.3390/molecules27154989

Chakraborty, S., and Rahman, T. (2012). The difficulties in cancer treatment.
Ecancermedicalscience 6, ed16. doi:10.3332/ecancer.2012.ed16

Chen, ], Huang, S., Duh, C,, Chen, I, Wang, T., and Fang, H. (2006). A new cytotoxic amide
from the stem wood of Hibiscus tiliaceus. Planta Med. 72, 935-938. doi:10.1055/s-2006-931604

Chen, J., Zhong, K., Qin, S,, Jing, Y., Liu, S., Li, D., et al. (2023). Astragalin: a food-
origin flavonoid with therapeutic effect for multiple diseases. Front. Pharmacol. 14,
1265960. doi:10.3389/fphar.2023.1265960

Chen, M., Cai, F.,, Zha, D., Wang, X, Zhang, W., He, Y., et al. (2017). Astragalin-
induced cell death is caspase-dependent and enhances the susceptibility of lung cancer
cells to tumor necrosis factor by inhibiting the NF-kB pathway. Oncotarget 8,
26941-26958. doi:10.18632/oncotarget.15264

Chirumbolo, S., Bjerklund, G., Lysiuk, R,, Vella, A., Lenchyk, L., and Upyr, T. (2018).
Targeting cancer with phytochemicals via their fine tuning of the cell survival signaling
pathways. Int. J. Mol. Sci. 19, 3568. doi:10.3390/ijms19113568

Choi, E., Cho, S., Shin, J., Kwon, K., Cho, N., and Shim, J. (2012). Althaea rosea
Cavanil and Plantago major L. suppress neoplastic cell transformation through the
inhibition of epidermal growth factor receptor kinase. Mol. Med. Rep. 6, 843-847.
doi:10.3892/mmr.2012.977

Choi, E., and Kim, G. (2009a). 5-Fluorouracil combined with apigenin enhances
anticancer activity through induction of apoptosis in human breast cancer MDA-MB-
453 cells. Oncol. Rep. 22, 1533-1537. doi:10.3892/0r_00000598

Choi, E., and Kim, G. (2009b). Apigenin induces apoptosis through a mitochondria/
caspase-pathway in human breast cancer MDA-MB-453 cells. . Clin. Biochem. Nutr. 44,
260-265. doi:10.3164/jcbn.08-230

Choi, J., Lee, E., Lee, H., Kim, K., Ahn, K., Shim, B., et al. (2007). Identification of
campesterol from Chrysanthemum coronarium L. and its antiangiogenic activities.
Phytother. Res. 21, 954-959. doi:10.1002/ptr.2189

Chunarkar-Patil, P., Kaleem, M., Mishra, R., Ray, S., Ahmad, A., Verma, D,, et al.
(2024). Anticancer drug discovery based on natural products: from computational
approaches to clinical studies. Biomedicines 12, 201. doi:10.3390/biomedicines12010201

Cortez, N., Villegas, C., Burgos, V., Cabrera-Pardo, J., Ortiz, L., Gonzélez-Chavarria,
L, et al. (2024). Adjuvant properties of caffeic acid in cancer treatment. Int. J. Mol. Sci.
25, 7631. doi:10.3390/ijms25147631

Dahham, S., Tabana, Y., Igbal, M., Ahamed, M., Ezzat, M., Majid, A., et al. (2015). The
anticancer, antioxidant and antimicrobial properties of the sesquiterpene /-
caryophyllene from the essential oil of Aquilaria crassna. Molecules 20,
11808-11829. doi:10.3390/molecules200711808

Da’i, M., Wikantyasning, E., Wahyuni, A., Kusumawati, I, Saifudin, A., and Suhendi,
A. (2016). Antiproliferative properties of tiliroside from Guazuma ulmifolia lamk on
T47D and MCF7 cancer cell lines. Natl. J. Physiol. Pharm. Pharmacol. 6, 627-633.
doi:10.5455/njppp.2016.6.0617727072016

Daina, A., Michielin, O., and Zoete, V. (2017). SwissADME: a free web tool to evaluate
pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small
molecules. Sci. Rep. 7, 42717. doi:10.1038/srep42717

Darden, T., York, D., and Pedersen, L. (1993). Particle mesh Ewald: an N- log (N) method
for Ewald sums in large systems. J. Chem. Phys. 98, 10089-10092. doi:10.1063/1.464397

DeRango-Adem, E., and Blay, J. (2021). Does oral apigenin have real potential for a
therapeutic effect in the context of human gastrointestinal and other cancers? Front.
Pharmacol. 12, 681477. doi:10.3389/fphar.2021.681477

Deters, A., Zippel, J., Hellenbrand, N., Pappai, D., Possemeyer, C., and Hensel, A.
(2010). Aqueous extracts and polysaccharides from Marshmallow roots (Althaea
officinalis L.): cellular internalisation and stimulation of cell physiology of human
epithelial cells in vitro. J. Ethnopharmacol. 127, 62-69. doi:10.1016/j.jep.2009.09.050

Devanesan, S., and AlSalhi, M. (2021). Green synthesis of silver nanoparticles using
the flower extract of Abelmoschus esculentus for cytotoxicity and antimicrobial studies.
Int. J. Nanomedicine. 16, 3343-3356. doi:10.2147/1JN.S307676

Dzobo, K. (2022). “The role of natural products as sources of therapeutic agents for
innovative drug discovery,” in Comprehensive pharmacology, 408-422.

El-Din, M., Eldahshan, O., Singab, A., and Ayoub, N. (2014). Cytotoxicity of
Enterolobium timbouva plant extract and its isolated pure compounds. Br. J. Pharm.
Res. 4, 826-836. doi:10.9734/BJPR/2014/5020

frontiersin.org


https://doi.org/10.3390/ijms22084180
https://doi.org/10.3389/fphar.2022.845871
https://doi.org/10.3390/medicines4020017
https://doi.org/10.1515/gps-2022-0031
https://doi.org/10.1016/j.jksus.2022.102238
https://doi.org/10.1063/5.0000162
https://doi.org/10.1016/j.arcmed.2020.02.007
https://doi.org/10.1007/s11095-008-9661-9
https://doi.org/10.1088/1757-899x/959/1/012022
https://doi.org/10.1038/s41598-020-65648-z
https://doi.org/10.3389/fchem.2020.00829
https://doi.org/10.1080/13880209.2019.1577468
https://doi.org/10.1080/13880209.2019.1577468
https://doi.org/10.3390/plants10061118
https://doi.org/10.1093/nar/gkae303
https://doi.org/10.1186/1472-6882-10-24
https://doi.org/10.1002/ptr.1393
https://doi.org/10.1063/1.448118
https://doi.org/10.1016/j.bmcl.2017.05.041
https://doi.org/10.1002/0471141755.ph0911s46
https://doi.org/10.1080/01635581.2015.1087042
https://doi.org/10.1080/01635581.2015.1087042
https://doi.org/10.3390/antiox11071358
https://doi.org/10.3390/antiox11071358
https://doi.org/10.1063/1.2408420
https://doi.org/10.3390/ijms21061936
https://doi.org/10.3390/molecules27154989
https://doi.org/10.3332/ecancer.2012.ed16
https://doi.org/10.1055/s-2006-931604
https://doi.org/10.3389/fphar.2023.1265960
https://doi.org/10.18632/oncotarget.15264
https://doi.org/10.3390/ijms19113568
https://doi.org/10.3892/mmr.2012.977
https://doi.org/10.3892/or_00000598
https://doi.org/10.3164/jcbn.08-230
https://doi.org/10.1002/ptr.2189
https://doi.org/10.3390/biomedicines12010201
https://doi.org/10.3390/ijms25147631
https://doi.org/10.3390/molecules200711808
https://doi.org/10.5455/njppp.2016.6.0617727072016
https://doi.org/10.1038/srep42717
https://doi.org/10.1063/1.464397
https://doi.org/10.3389/fphar.2021.681477
https://doi.org/10.1016/j.jep.2009.09.050
https://doi.org/10.2147/IJN.S307676
https://doi.org/10.9734/BJPR/2014/5020
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1465055

Sameh et al.

El-Rafie, H., Abd El-Aziz, S., and Zahran, M. (2016). Bioactivities of gold and iron
oxide nanoparticles biosynthesized from the edible plant Corchorus olitorius. Pharm.
Lett. 8, 156-164.

Endrini, S., Rahmat, A., Ismail, P., and Taufig-Yap, Y. (2014). Cytotoxic effect of y-
sitosterol from Kejibeling (Strobilanthes crispus) and its mechanism of action towards
c-myc gene expression and apoptotic pathway. Med. J. Indones. 23, 203-208. doi:10.
13181/mji.v23i4.1085

Espindola, K., Ferreira, R., Narvaez, L., Silva Rosario, A., Da Silva, A, Silva, A,, et al.
(2019). Chemical and pharmacological aspects of caffeic acid and its activity in
hepatocarcinoma. Front. Oncol. 9, 541. doi:10.3389/fonc.2019.00541

Farhat, C., Younes, H., Alyamani, O., Mrad, M., Hourani, N., Khalifeh, H., et al.
(2022). Chemical characterization and in vitro biological evaluation of aqueous extract
of Althaea officinalis L. flower grown in Lebanon. J. Herb. Med. 34, 100575. doi:10.1016/
j-hermed.2022.100575

Fidyt, K., Fiedorowicz, A., Strzadata, L., and Szumny, A. (2016). B-caryophyllene and
B-caryophyllene oxide—natural compounds of anticancer and analgesic properties.
Cancer Med. 5, 3007-3017. doi:10.1002/cam4.816

Gangadhar, K., Rodrigues, M., Pereira, H., Gaspar, H., Malcata, F., Barreira, L., et al.
(2020). Anti-hepatocellular carcinoma (HepG2) activities of monoterpene hydroxy
lactones isolated from the marine microalga Tisochrysis lutea. Mar. Drugs. 18, 567.
doi:10.3390/md18110567

Gao, X., Wang, C,, Chen, Z., Chen, Y., Santhanam, R., Xue, Z., et al. (2019). Effects of
N-trans-feruloyltyramine isolated from laba garlic on antioxidant, cytotoxic activities
and H,0,-induced oxidative damage in HepG2 and L02 cells. Food Chem. Toxicol. 130,
130-141. doi:10.1016/j.£ct.2019.05.021

Genheden, S., and Ryde, U. (2015). The MM/PBSA and MM/GBSA methods to
estimate ligand-binding affinities. Expert Opin. Drug Discov. 10, 449-461. doi:10.1517/
17460441.2015.1032936

Gheena, S., and Ezhilarasan, D. (2019). Syringic acid triggers reactive oxygen
species—-mediated cytotoxicity in HepG2 cells. Hum. Exp. Toxicol. 38, 694-702.
doi:10.1177/0960327119839173

Girish, H.,, Vinod, A., Dhananjaya, B, Kumar, S., and Duraisamy, S. (2016). The
anticancer potential of Pavonia odorata extract on human breast (MD-MB-231), prostate
(PC-3) and lung (Calu-6) cancer cell lines. Pharmacogn. J. 8. doi:10.5530/pj.2016.1.6

Gomaa, A., Samy, M., Desoukey, S., and Kamel, M. (2018). Phytochemistry and
pharmacological activities of genus Abutilon: a review (1972-2015). J. Adv. Biomed.
Pharm. Sci. 1, 56-74. doi:10.21608/jabps.2018.3333.1000

Guan, L, Yang, H,, Cai, Y., Sun, L, Di, P, Li, W,, et al. (2019). ADMET-score-a
comprehensive scoring function for evaluation of chemical drug-likeness. Med. Chem.
Commun. 10, 148-157. doi:10.1039/c8md00472b

Gul, M., Bhakshu, L., Ahmad, F., Kondapi, A., Qureshi, I, and Ghazi, I. (2011).
Evaluation of Abelmoschus moschatus extracts for antioxidant, free radical scavenging,
antimicrobial and antiproliferative activities using in vitro assays. BMC Complement.
Altern. Med. 11, 64-12. doi:10.1186/1472-6882-11-64

Ha, K. (2001). Investigation of lipids, mucilage and cytotoxic activity of the leaves of
Abutilon hirtum lam. Growing in Egypt. Bull. Fac. Pharmacy-Cairo Univ. 39, 165-169.

Han, R, Yang, H,, Lu, L., and Lin, L. (2021). Tiliroside as a CAXII inhibitor suppresses
liver cancer development and modulates E2Fs/Caspase-3 axis. Sci. Rep. 11, 8626. doi:10.
1038/541598-021-88133-7

Handoussa, H., Hanafi, R., Eddiasty, I, El-Gendy, M., El Khatib, A., Linscheid, M.,
et al. (2013). Anti-inflammatory and cytotoxic activities of dietary phenolics isolated
from Corchorus olitorius and Vitis vinifera. J. Funct. foods 5, 1204-1216. doi:10.1016/j.
jff.2013.04.003

Harada, H., Yamashita, U., Kurihara, H., Fukushi, E., Kawabata, J., and Kamei, Y.
(2002). Antitumor activity of palmitic acid found as a selective cytotoxic substance in a
marine red alga. Anticancer Res. 22, 2587-2590.

Hasan, H., and Kadhim, E. (2018). Phytochemical investigation of leaves and seeds of
Corchorus olitorius L. Cultivated in Iraq. Asian J. Pharm. Clin. Res. 11, 408-417. doi:10.
22159/ajpcr.2018.v11i11.28408

Hassan, A., Mekhael, M., Hanna, A., Simon, A., Téth, G., and Duddeck, H. (2019).
Phytochemical investigation of Corchorus olitorius and Corchorus capsularis (family
tiliaceae) that grow in Egypt. Egypt. pharma. J. 18, 123.

Hayaza, S., Wahyuningsih, S., Susilo, R., Permanasari, A., Husen, S., Winarni, D., et al.
(2019). Anticancer activity of okra raw polysaccharides extracts against human liver
cancer cells. Trop. J. Pharm. Res. 18, 1667-1672. d0i:10.4314/tjpr.v18i8.15

Heng, H., Stevens, J., Bremer, S., Ye, K., Liu, G., and Ye, C. (2010). The evolutionary
mechanism of cancer. J. Cell Biochem. 109, 1072-1084. doi:10.1002/jcb.22497

Hess, B., Bekker, H., Berendsen, H., and Fraaije, J. (1997). LINCS: a linear constraint
solver for molecular simulations. J. Comput. Chem. 18, 1463-1472. doi:10.1002/(sici)
1096-987x(199709)18:12<1463::aid-jcc4>3.3.c0;2-1

Hordyjewska, A., Ostapiuk, A., Horecka, A., and Kurzepa, J. (2019). Betulin and
betulinic acid: triterpenoids derivatives with a powerful biological potential. Phytochem.
Rev. 18, 929-951. do0i:10.1007/s11101-019-09623-1

Hornberg, J., Bruggeman, F., Westerhoff, H., and Lankelma, J. (2006). Cancer: a
systems biology disease. Biosyst 83, 81-90. doi:10.1016/j.biosystems.2005.05.014

Frontiers in Pharmacology

10.3389/fphar.2024.1465055

Hricak, H., Ward, Z., Atun, R., Abdel-Wahab, M., Muellner, A., and Scott, A. (2021).
Increasing access to imaging for addressing the global cancer epidemic. Radiological Soc.
N. Am. 301, 543-546. doi:10.1148/radiol.2021211351

Hsu, R, Hsu, Y., Chen, S, Fu, C, Yu, J., Chang, F., et al. (2015). The triterpenoids of
Hibiscus syriacus induce apoptosis and inhibit cell migration in breast cancer cells. BMC
Complement. Altern. Med. 15, 65-69. doi:10.1186/s12906-015-0592-9

Huang, M., Lu, J., and Ding, J. (2021). Natural products in cancer therapy: past,
present and future. Nat. Prod. Bbioprospect. 11, 5-13. doi:10.1007/s13659-020-00293-7

Hwang, J., Kim, Y., Jang, H., Oh, H,, Lim, C,, Lee, S., et al. (2016). Study of the UV light
conversion of feruloyl amides from Portulaca oleracea and their inhibitory effect on IL-
6-induced STAT3 activation. Molecules 21, 865. doi:10.3390/molecules21070865

Ivanovi¢, V., Ranci¢, M., Arsi¢é, B., and Pavlovié, A. (2020). Lipinski’s rule of five, famous
extensions and famous exceptions. Chem. Naissensis 3, 171-181. doi:10.46793/chemn3.1.171i

Jaganathan, S., Supriyanto, E., and Mandal, M. (2013). Events associated with
apoptotic effect of p-Coumaric acid in HCT-15 colon cancer cells. World
J. Gastroenterol. 19, 7726-7734. doi:10.3748/wjg.v19.i43.7726

Jang, D., Park, E,, Kang, Y., Su, B., Hawthorne, M., Vigo, J., et al. (2003). Compounds
obtained from Sida acuta with the potential to induce quinone reductase and to inhibit 7,
12-dimethylbenz-[a]-anthracene-induced preneoplastic lesions in a mouse mammary
organ culture model. Arch. Pharmacal Res. 26, 585-590. doi:10.1007/BF02976704

Kadhum, H., Abd, A., and Al-Shammari, A. (2021). Anti-Proliferative activity of
Althaea Officinalis extracts on Iraqi breast cancer cell line AMJ13. Iraqi J. Med. Sci. 19,
163-171. doi:10.22578/ijms.19.2.5

Kaliora, A., Kanellos, P., and Kalogeropoulos, N. (2013). “Gallic acid bioavailability in
humans,” in Handbook on Gallic acid: natural occurrences, antioxidant properties and
health implications, 301-312.

Kassi, E., Papoutsi, Z., Pratsinis, H., Aligiannis, N., Manoussakis, M., and Moutsatsou,
P. (2007). Ursolic acid, a naturally occurring triterpenoid, demonstrates anticancer
activity on human prostate cancer cells. J. Cancer Res. Clin. Oncol. 133, 493-500. doi:10.
1007/s00432-007-0193-1

Khan, R., Senthi, M., Rao, P., Basha, A., Alvala, M., Tummuri, D., et al. (2015).
Cytotoxic constituents of Abutilon indicum leaves against U87MG human glioblastoma
cells. Nat. Prod. Res. 29, 1069-1073. doi:10.1080/14786419.2014.976643

Kim, S. H., Hwang, K., and Choi, K. (2016). Treatment with kaempferol suppresses
breast cancer cell growth caused by estrogen and triclosan in cellular and xenograft
breast cancer models. J. Nutr. Biochem. 28, 70-82. doi:10.1016/j.jnutbio.2015.09.027

Kong, C,, Jeong, C., Choi, J., Kim, K., and Jeong, J. (2013). Antiangiogenic effects of p-
coumaric acid in human endothelial cells. Phytother. Res. 27, 317-323. doi:10.1002/ptr.4718

Kopustinskiene, D., Jakstas, V., Savickas, A., and Bernatoniene, J. (2020). Flavonoids
as anticancer agents. Nutrients 12, 457. d0i:10.3390/nul12020457

Kubo, I, and Morimitsu, Y. (1995). Cytotoxicity of green tea flavor compounds against
two solid tumor cells. J. Agric. Food Chem. 43, 1626-1628. doi:10.1021/jf00054a039

Kumar, B,, Singh, S., Skvortsova, I, and Kumar, V. (2017). Promising targets in anti-
cancer drug development: recent updates. Curr. Med. Chem. 24, 4729-4752. doi:10.
2174/0929867324666170331123648

Labib, R, Ayoub, N,, Singab, A., Al-Azizi, M., and Sleem, A. (2013). Chemical constituents
and pharmacological studies of Lagerstroemia indica. Phytopharmacol 4, 373-389.

Li, B, Wang, Z., Liu, Z,, Tao, Y., Sha, C., He, M., et al. (2024). DrugMetric: quantitative
drug-likeness scoring based on chemical space distance. Brief. Bioinform. 25, bbae321.
doi:10.1093/bib/bbae321

Li, C., Han, X,, Zhang, H., Wu, J., and Li, B. (2015). Effect of scopoletin on apoptosis
and cell cycle arrest in human prostate cancer cells in vitro. Trop. J. Pharm. Res. 14,
611-617. doi:10.4314/tjpr.v14i4.8

Li, K, Yuan, D, Yan, R, Meng, L., Zhang, Y., and Zhu, K. (2018). Stigmasterol
exhibits potent antitumor effects in human gastric cancer cells mediated via inhibition
of cell migration, cell cycle arrest, mitochondrial mediated apoptosis and inhibition of
JAK/STAT signalling pathway. J. BUON 23, 1420-1425.

Lin, M., Wang, F., Kuo, Y., and Tang, F. (2011). Cancer chemopreventive effects of
lycopene: suppression of MMP-7 expression and cell invasion in human colon cancer
cells. J. Agric. Food Chem. 59, 11304-11318. doi:10.1021/jf202433f

Ling, Y., Li, T., Yuan, Z., Haigentz, M., Weber, T., and Perez-Soler, R. (2007).
Erlotinib, an effective epidermal growth factor receptor tyrosine kinase inhibitor,
induces p27KIP1 up-regulation and nuclear translocation in association with cell
growth inhibition and G1/S phase arrest in human non-small-cell lung cancer cell
lines. Mol. Pharmacol. 72, 248-258. doi:10.1124/mol.107.034827

Liu, Y., Tang, Z., Lin, Y., Qu, X,, Lv, W., Wang, G., et al. (2017). Effects of quercetin on
proliferation and migration of human glioblastoma U251 cells. Biomed. Pharmacother.
92, 33-38. doi:10.1016/j.biopha.2017.05.044

Lo, C, Lai, T., Yang, J., Yang, J., Ma, Y., Weng, S., et al. (2010). Gallic acid induces
apoptosis in A375. S2 human melanoma cells through caspase-dependent and-
independent pathways. Int. J. Oncol. 37, 377-385. doi:10.3892/ijo_00000686

Malacrida, A., Erriquez, J., Hashemi, M., Rodriguez-Menendez, V., Cassetti, A., Cavaletti,
G, et al. (2022). Evaluation of antitumoral effect of Hibiscus sabdariffa extract on human
breast cancer cells. Biochem. Biophys. Rep. 32, 101353. doi:10.1016/j.bbrep.2022.101353

frontiersin.org


https://doi.org/10.13181/mji.v23i4.1085
https://doi.org/10.13181/mji.v23i4.1085
https://doi.org/10.3389/fonc.2019.00541
https://doi.org/10.1016/j.hermed.2022.100575
https://doi.org/10.1016/j.hermed.2022.100575
https://doi.org/10.1002/cam4.816
https://doi.org/10.3390/md18110567
https://doi.org/10.1016/j.fct.2019.05.021
https://doi.org/10.1517/17460441.2015.1032936
https://doi.org/10.1517/17460441.2015.1032936
https://doi.org/10.1177/0960327119839173
https://doi.org/10.5530/pj.2016.1.6
https://doi.org/10.21608/jabps.2018.3333.1000
https://doi.org/10.1039/c8md00472b
https://doi.org/10.1186/1472-6882-11-64
https://doi.org/10.1038/s41598-021-88133-7
https://doi.org/10.1038/s41598-021-88133-7
https://doi.org/10.1016/j.jff.2013.04.003
https://doi.org/10.1016/j.jff.2013.04.003
https://doi.org/10.22159/ajpcr.2018.v11i11.28408
https://doi.org/10.22159/ajpcr.2018.v11i11.28408
https://doi.org/10.4314/tjpr.v18i8.15
https://doi.org/10.1002/jcb.22497
https://doi.org/10.1002/(sici)1096-987x(199709)18:12<1463::aid-jcc4>3.3.co;2-l
https://doi.org/10.1002/(sici)1096-987x(199709)18:12<1463::aid-jcc4>3.3.co;2-l
https://doi.org/10.1007/s11101-019-09623-1
https://doi.org/10.1016/j.biosystems.2005.05.014
https://doi.org/10.1148/radiol.2021211351
https://doi.org/10.1186/s12906-015-0592-9
https://doi.org/10.1007/s13659-020-00293-7
https://doi.org/10.3390/molecules21070865
https://doi.org/10.46793/chemn3.1.171i
https://doi.org/10.3748/wjg.v19.i43.7726
https://doi.org/10.1007/BF02976704
https://doi.org/10.22578/ijms.19.2.5
https://doi.org/10.1007/s00432-007-0193-1
https://doi.org/10.1007/s00432-007-0193-1
https://doi.org/10.1080/14786419.2014.976643
https://doi.org/10.1016/j.jnutbio.2015.09.027
https://doi.org/10.1002/ptr.4718
https://doi.org/10.3390/nu12020457
https://doi.org/10.1021/jf00054a039
https://doi.org/10.2174/0929867324666170331123648
https://doi.org/10.2174/0929867324666170331123648
https://doi.org/10.1093/bib/bbae321
https://doi.org/10.4314/tjpr.v14i4.8
https://doi.org/10.1021/jf202433f
https://doi.org/10.1124/mol.107.034827
https://doi.org/10.1016/j.biopha.2017.05.044
https://doi.org/10.3892/ijo_00000686
https://doi.org/10.1016/j.bbrep.2022.101353
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1465055

Sameh et al.

Matsumoto, T., Imahori, D., Achiwa, K., Saito, Y., Ohta, T., Yoshida, T., et al. (2020).
Chemical structures and cytotoxic activities of the constituents isolated from Hibiscus
tiliaceus. Fitoterapia 142, 104524. doi:10.1016/j.fitote.2020.104524

Meilawati, L., Dewi, R., Tasfiyati, A., Septama, A., and Antika, L. (2023). Scopoletin:
anticancer potential and mechanism of action. Asian pac. J. Trop. Biomed. 13, 1-8.
doi:10.4103/2221-1691.367685

Miller, B., McGee, T., Swails, J., Homeyer, N., Gohlke, H., and Roitberg, A. (2012).
MMPBSA. py: an efficient program for end-state free energy calculations. J. Chem.
Theory Comput. 8, 3314-3321. d0i:10.1021/ct300418h

Min, H,, and Lee, H. (2022). Molecular targeted therapy for anticancer treatment.
Exp. Mol. Med. 54, 1670-1694. doi:10.1038/s12276-022-00864-3

Mishra, T., Arya, R., Meena, S., Joshi, P., Pal, M., Meena, B,, et al. (2016). Isolation,
characterization and anticancer potential of cytotoxic triterpenes from Betula utilis
bark. PloS one 11, €0159430. doi:10.1371/journal.pone.0159430

Mollick, M., Bhowmick, B., Mondal, D., Maity, D., Rana, D., Dash, S., et al. (2014).
Anticancer (in vitro) and antimicrobial effect of gold nanoparticles synthesized using
Abelmoschus esculentus (L.) pulp extract via a green route. RSC Adv. 4, 37838-37848.
doi:10.1039/c4ra07285e

Mostafa, N., Eldahshan, O., El-Beshbishy, H., and Singab, A. (2017).
Hepatoprotective, antihyperglycemic and cytotoxic activities of Jacaranda acutifolia
leaf extract. Med. Aromat. Plants Los Angl. 6, 1000297. doi:10.4172/2155-9821.1000297

Mostardeiro, C., Mostardeiro, M., Morel, A., Oliveira, R., Machado, A., Ledur, P., et al.
(2014). The Pavonia xanthogloea (Ekman, Malvaceae): phenolic compounds
quantification, anti-oxidant and cytotoxic effect on human lymphocytes cells.
Pharmacogn. Mag. 10, S630-S638. doi:10.4103/0973-1296.139804

Moujir, L., Seca, A,, Silva, A., Lopez, M., Padilla, N., Cavaleiro, J., et al. (2007).
Cytotoxic activity of lignans from Hibiscus cannabinus. Fitoterapia 78, 385-387. doi:10.
1016/j.fitote.2007.03.010

Mousavi, S., Hashemi, S., Zarei, M., Bahrani, S., Savardashtaki, A., Esmaeili, H., et al.
(2020). Data on cytotoxic and antibacterial activity of synthesized Fe;O4 nanoparticles
using Malva sylvestris. Data brief 28, 104929. doi:10.1016/j.dib.2019.104929

Mukhija, M., Joshi, B., Bairy, P., Bhargava, A., and Sah, A. (2022). Lignans: a versatile
source of anticancer drugs. Beni-Suef Univ. J. Basic Appl. Sci. 11,76. doi:10.1186/s43088-
022-00256-6

Mushebenge, A., Ugbaja, S., Mbatha, N., B. Khan, R, and Kumalo, H. (2023).
Assessing the potential contribution of in silico studies in discovering drug
candidates that interact with various SARS-CoV-2 receptors. Int. J. Mol. Sci. 24,
15518. doi:10.3390/ijms242115518

Musthafa, S., Muthu, K., Vijayakumar, S., George, S., Murali, S., Govindaraj, J., et al.
(2021). Lectin isolated from Abelmoschus esculentus induces caspase mediated apoptosis
in human U87 glioblastoma cell lines and modulates the expression of circadian clock
genes. Toxicon 202, 98-109. doi:10.1016/j.toxicon.2021.08.025

Naponelli, V., Rocchetti, M., and Mangieri, D. (2024). Apigenin: molecular
mechanisms and therapeutic potential against cancer spreading. Int. J. Mol. Sci. 25,
5569. doi:10.3390/ijms25105569

Nasr, F., Abutaha, N., Al-Zahrani, M., Faroog, M., and Wadaan, M. (2018). Anticancer
potential of plant extracts from Riyadh (Saudi Arabia) on MDA-MB-231 breast cancer
cells. Afr. J. Tradit. Complem. Altern. Med. 15, 46-53. doi:10.21010/ajtcam.v15i4.7

Naveed, M., Batool, H., Rehman, S, Javed, A., Makhdoom, S., Aziz, T, et al. (2022).
Characterization and evaluation of the antioxidant, antidiabetic, anti-inflammatory,
and cytotoxic activities of silver nanoparticles synthesized using Brachychiton populneus
leaf extract. Processes 10, 1521. doi:10.3390/pr10081521

Oboh, G., Ademiluyi, A., Akinyemi, A., Henle, T, Saliu, J., and Schwarzenbolz, U. (2012).
Inhibitory effect of polyphenol-rich extracts of jute leaf (Corchorus olitorius) on key enzyme
linked to type 2 diabetes (a-amylase and a-glucosidase) and hypertension (angiotensin I
converting) in vitro. J. Funct. Foods. 4, 450-458. doi:10.1016/.jff.2012.02.003

Oboh, G., Raddatz, H., and Henle, T. (2009). Characterization of the antioxidant
properties of hydrophilic and lipophilic extracts of Jute (Corchorus olitorius) leaf. Int.
J. Food Sci. Nutr. 60, 124-134. doi:10.1080/09637480902824131

Oliveira, R., Salles, M., Silva, A., Kanno, T., Lourenco, A., Leite, V., et al. (2013). In vivo
evaluation of the antimutagenic and antigenotoxic effects of -glucan extracted from
Saccharomyces cerevisiae in acute treatment with multiple doses. Genet. Mol. Biol. 36,
413-424. doi:10.1590/S1415-47572013005000028

Ozgun, G., and Ozgun, E. (2020). The cytotoxic concentration of rosmarinic acid increases
MGI132-induced cytotoxicity, proteasome inhibition, autophagy, cellular stresses, and
apoptosis in HepG2 cells. Hum. Exp. Toxicol. 39, 514-523. doi:10.1177/0960327119896614

Palozza, P., Colangelo, M., Simone, R., Catalano, A., Boninsegna, A., Lanza, P., et al.
(2010). Lycopene induces cell growth inhibition by altering mevalonate pathway and
Ras signaling in cancer cell lines. Carcinog 31, 1813-1821. doi:10.1093/carcin/bgq157

Park, B., Lim, J., and Kim, H. (2019). Lycopene treatment inhibits activation of Jak1/
Stat3 and Wnt/f-catenin signaling and attenuates hyperproliferation in gastric
epithelial cells. Nutr. Res. 70, 70-81. doi:10.1016/j.nutres.2018.07.010

Parrinello, M., and Rahman, A. (1981). Polymorphic transitions in single crystals: a
new molecular dynamics method. J. Appl. Phys. 52, 7182-7190. doi:10.1063/1.328693

Frontiers in Pharmacology

10.3389/fphar.2024.1465055

Pejin, B., Kojic, V., and Bogdanovic, G. (2014). An insight into the cytotoxic activity of phytol
at in vitro conditions. Nat. Prod. Res. 28, 2053-2056. doi:10.1080/14786419.2014.921686

Petruzzello, M. (2022). List of plants in the family Malvaceae. Available at: https://
www.britannica.com/plant (Accessed August 17, 2023).

Pham, H., Van Vuong, Q., Bowyer, M., and Scarlett, C. (2020). Phytochemical profiles
and potential health benefits of Helicteres hirsuta Lour. Proc. 1st Int. Electron. Conf.
Food Sci. Funct. Foods 70, 43. doi:10.3390/foods_2020-07804

Phansalkar, P., Zhang, Z., Verenich, S., and Gerk, P. (2020). “’Pharmacokinetics and
bioavailability enhancement of natural products,” in Natural products for cancer
chemoprevention: single compounds and combinations (Springer), 109-141.

Pramudya, M., Dewi, F., Wong, R., Anggraini, D., Winarni, D., and Wahyuningsih, S.
(2022). Anti-cancer activity of an ethanolic extract of red okra pods (Abelmoschus
esculentus L. Moench) in rats induced by N-methyl-N-nitrosourea. Vet. World. 15,
1177-1184. doi:10.14202/vetworld.2022.1177-1184

Ragasa, C. Y., Vivar, J,, Tan, M., and Shen, C. (2016). Chemical constituents of
Corchorus olitorius L. Int. J. Pharmacogn. Phytochem. Res. 8, 2085.

Rahman, A., and Gondha, R. (2014). Taxonomy and traditional medicine practices on
Malvaceae (mallow family) of rajshahi, Bangladesh. Open J. Bot. 1, 19-24. doi:10.12966/
0jb.06.01.2014

Raju, R, Jeffin, J., Manjunathaiah, R., Justin, A., and Kumar, B. (2024). EGFR as
therapeutic target to develop new generation tyrosine kinase inhibitors against breast
cancer: a critical review. Results Chem. 7, 101490. doi:10.1016/j.rechem.2024.101490

Ramadevi, D. (2013). Phytochemical examination of Corchorus olitorius leaves. Int.
J. Curr. Pharm. Rev. Res. 4, 42-46.

Ramanauskiene, K., Raudonis, R., and Majiene, D. (2016). Rosmarinic acid and
Melissa officinalis extracts differently affect glioblastoma cells. Oxid. Med. Cell Longev.
2016, 1564257. doi:10.1155/2016/1564257

Rezaei-Seresht, H., Cheshomi, H., Falanji, F., Movahedi-Motlagh, F., Hashemian, M.,
and Mireskandari, E. (2019). Cytotoxic activity of caffeic acid and gallic acid against
MCEF-7 human breast cancer cells: an in silico and in vitro study. Avicenna J. Phytomed.
9, 574-586. doi:10.22038/AJP.2019.13475

Rochaniawan, A. (2021). Herbal medicines as cancer treatment: a narrative literature
review. Open Access Indonesian J. Med. Rev. 1, 79-82. doi:10.37275/0aijmr.v1i5.49

Rodriguez-Garcia, C., Sanchez-Quesada, C., and Gaforio, J. (2019). Dietary flavonoids
as cancer chemopreventive agents: an updated review of human studies. Antioxidants 8,
137. doi:10.3390/antiox8050137

Rojas-Sandoval, J. J. (2018). Abelmoschus moschatus (musk mallow). Available at:
https://www.cabidigitallibrary.org/(Accessed August 17, 2023).

Saadeh, F., Mahfouz, R., and Assi, H. (2018). EGFR as a clinical marker in glioblastomas
and other gliomas. Int. J. Biol. Marker 33, 22-32. doi:10.5301/ijbm.5000301

Saini, R., and Keum, Y. (2019). Microbial platforms to produce commercially vital
carotenoids at industrial scale: an updated review of critical issues. J. Ind. Microbiol.
Biotechnol. 46, 657-674. doi:10.1007/s10295-018-2104-7

Saini, R., Keum, Y., Daglia, M., and Rengasamy, K. (2020). Dietary carotenoids in
cancer chemoprevention and chemotherapy: a review of emerging evidence. Pharmacol.
Res. 157, 104830. doi:10.1016/j.phrs.2020.104830

Sakthivel, R., Malar, D., and Devi, K. (2018). Phytol shows anti-angiogenic activity
and induces apoptosis in A549 cells by depolarizing the mitochondrial membrane
potential. Biomed. Pharmacother. 105, 742-752. doi:10.1016/j.biopha.2018.06.035

Salehi, B., Venditti, A., Sharifi-Rad, M., Kregiel, D., Sharifi-Rad, J., Durazzo, A., et al. (2019).
The therapeutic potential of apigenin. Int.J. Mol. Sci. 20, 1305. doi:10.3390/ijms20061305

Samarghandian, S., Afshari, J., and Davoodi, S. (2011). Chrysin reduces proliferation
and induces apoptosis in the human prostate cancer cell line PC-3. Clinics 66,
1073-1079. doi:10.1590/s1807-59322011000600026

Samarghandian, S., Azimi-Nezhad, M., Borji, A., Hasanzadeh, M., Jabbari, F.,
Farkhondeh, T., et al. (2016). Inhibitory and cytotoxic activities of chrysin on
human breast adenocarcinoma cells by induction of apoptosis. Pharmacogn. Mag.
12, S436-S440. doi:10.4103/0973-1296.191453

Sameh, S., Al-Sayed, E., Labib, R, and Singab, A. (2018). Genus Spondias: a
phytochemical and pharmacological review. J. Evid. Based Complement. Altern.
Med. 2018, 5382904. doi:10.1155/2018/5382904

Sasaki, T., Hiroki, K., and Yamashita, Y. (2013). The role of epidermal growth factor
receptor in cancer metastasis and microenvironment. Biomed. Res. Int. 2013, 546318.
doi:10.1155/2013/546318

Schneider, N., Cerella, C., Lee, J., Mazumder, A., Kim, K., De Carvalho, A., et al.
(2018). Cardiac glycoside glucoevatromonoside induces cancer type-specific cell death.
Front. Pharmacol. 9, 70. doi:10.3389/fphar.2018.00070

Sebastian, R., Venkatachalam, G., Umamaheswari, D., and Venkateswarlu, B. (2022).
Evaluation of cytotoxic potential of ethanolic and acetone extract of Abelmoschus moschatus
on HepG2 cell lines. Asian J. Biol. Life Sci. 11, 70-76. doi:10.5530/ajbls.2022.11.10

Sepay, N., Mondal, R, Al-Muhanna, M., and Saha, D. (2022). Identification of natural
flavonoids as novel EGFR inhibitors using DFT, molecular docking, and molecular
dynamics. New J. Chem. 46, 9735-9744. doi:10.1039/d2nj00389a

frontiersin.org


https://doi.org/10.1016/j.fitote.2020.104524
https://doi.org/10.4103/2221-1691.367685
https://doi.org/10.1021/ct300418h
https://doi.org/10.1038/s12276-022-00864-3
https://doi.org/10.1371/journal.pone.0159430
https://doi.org/10.1039/c4ra07285e
https://doi.org/10.4172/2155-9821.1000297
https://doi.org/10.4103/0973-1296.139804
https://doi.org/10.1016/j.fitote.2007.03.010
https://doi.org/10.1016/j.fitote.2007.03.010
https://doi.org/10.1016/j.dib.2019.104929
https://doi.org/10.1186/s43088-022-00256-6
https://doi.org/10.1186/s43088-022-00256-6
https://doi.org/10.3390/ijms242115518
https://doi.org/10.1016/j.toxicon.2021.08.025
https://doi.org/10.3390/ijms25105569
https://doi.org/10.21010/ajtcam.v15i4.7
https://doi.org/10.3390/pr10081521
https://doi.org/10.1016/j.jff.2012.02.003
https://doi.org/10.1080/09637480902824131
https://doi.org/10.1590/S1415-47572013005000028
https://doi.org/10.1177/0960327119896614
https://doi.org/10.1093/carcin/bgq157
https://doi.org/10.1016/j.nutres.2018.07.010
https://doi.org/10.1063/1.328693
https://doi.org/10.1080/14786419.2014.921686
https://www.britannica.com/plant
https://www.britannica.com/plant
https://doi.org/10.3390/foods_2020-07804
https://doi.org/10.14202/vetworld.2022.1177-1184
https://doi.org/10.12966/ojb.06.01.2014
https://doi.org/10.12966/ojb.06.01.2014
https://doi.org/10.1016/j.rechem.2024.101490
https://doi.org/10.1155/2016/1564257
https://doi.org/10.22038/AJP.2019.13475
https://doi.org/10.37275/oaijmr.v1i5.49
https://doi.org/10.3390/antiox8050137
https://www.cabidigitallibrary.org/
https://doi.org/10.5301/ijbm.5000301
https://doi.org/10.1007/s10295-018-2104-7
https://doi.org/10.1016/j.phrs.2020.104830
https://doi.org/10.1016/j.biopha.2018.06.035
https://doi.org/10.3390/ijms20061305
https://doi.org/10.1590/s1807-59322011000600026
https://doi.org/10.4103/0973-1296.191453
https://doi.org/10.1155/2018/5382904
https://doi.org/10.1155/2013/546318
https://doi.org/10.3389/fphar.2018.00070
https://doi.org/10.5530/ajbls.2022.11.10
https://doi.org/10.1039/d2nj00389a
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1465055

Sameh et al.

Shah, S., Akhtar, N., Akram, M., Shah, P., Saeed, T., Ahmed, K., et al. (2011).
Pharmacological activity of Althaea officinalis L. J. Med. Plants Res. 5, 5662-5666.

Sharma, U., Sharma, A., Gupta, A., Kumar, R, Pandey, A., and Pandey, A. (2017).
Pharmacological activities of cinnamaldehyde and eugenol: antioxidant, cytotoxic and
anti-leishmanial studies. Cell. Mol. Biol. 63, 73-78. d0i:10.14715/cmb/2017.63.6.15

Sheng, Y., Luo, Y., Liu, S., Xu, W., Zhang, Y., Zhang, T., et al. (2020). Zeaxanthin
induces apoptosis via ROS-regulated MAPK and AKT signaling pathway in human
gastric cancer cells. OncoTargets Ther. 13, 10995-11006. doi:10.2147/OTT.S272514

Shi, L., Wu, C,, Yang, T., Yao, C,, Lin, H., and Chang, W. (2014). Cytotoxic effect of
triterpenoids from the root bark of Hibiscus syriacus. Fitoterapia 97, 184-191. doi:10.
1016/j.fitote.2014.05.006

Shono, T., Ishikawa, N., Toume, K., Arai, M., Ahmed, F., Sadhu, S., et al. (2015).
Boehmenan, a lignan from Hibiscus ficulneus, showed Wnt signal inhibitory activity.
Bioorg. Med. Chem. Lett. 25, 2735-2738. doi:10.1016/j.bmcl.2015.05.037

Singab, A., Ayoub, N., Al-Sayed, E., Martiskainen, O., Sinkkonen, J., and Pihlaja, K.
(2011). Phenolic constituents of Eucalyptus camaldulensis Dehnh, with potential
antioxidant and cytotoxic activities. Rec. Nat. Prod. 5. doi:10.7324/JAPS.2012.2838

Singab, A, El-Ahmady, S., Milad, R,, and Saad, S. (2012). Kalanchoe thrysiflora Harv. and
Kalanchoe marmorata Baker, DNA Profiling, biological guided fractionation of different
extracts, isolation and identification of cytotoxic compounds. J. Appl. Pharm. Sci. 2, 215-220.

Singh, A. (2017). Ethnomedicinal, antimicrobial and pharmacological aspects of Malva
parviflora Linn: a review. J. Phytopharm. 6, 247-250. doi:10.31254/phyto.2017.6408

Singh, S., Gupta, P., Meena, A., and Lugman, S. (2020). Acacetin, a flavone with
diverse therapeutic potential in cancer, inflammation, infections and other metabolic
disorders. Food Chem. Toxicol. 145, 111708. doi:10.1016/j.fct.2020.111708

Solomon, S., Muruganantham, N., and Senthamilselvi, M. (2016). Anticancer activity
of Abelmoschus esculentus (flower) against human liver cancer. Int. J. Pharmacol. Biol.
Sci. 6, 154-157. doi:10.21276/ijpbs.2016.6.3.18

Sousa, A., Fernandes, D., Ferreira, M., Cordeiro, L., Souza, M., Pessoa, H., et al. (2021).
Analysis of the toxicological and pharmacokinetic profile of Kaempferol-3-O-3-D-(6"-
Ep-coumaryl) glucopyranoside-Tiliroside: in silico, in vitro and ex vivo assay. Braz.
J. Biol. 83, €244127. doi:10.1590/1519-6984.244127

Souza, R., Bonfim-Mendonga, P., Gimenes, F., Ratti, B., Kaplum, V., Bruschi, M., et al.
(2017). Oxidative stress triggered by apigenin induces apoptosis in a comprehensive
panel of human cervical cancer-derived cell lines. Oxidative Med. Cell. Longev. 2017,
1512745. doi:10.1155/2017/1512745

Sowmya, S., Yogendra Prasad, K., Arpitha, H., Deepika, U., Nawneet Kumar, K,
Mondal, P., et al. (2017). B-carotene at physiologically attainable concentration induces
apoptosis and down-regulates cell survival and antioxidant markers in human breast
cancer (MCF-7) cells. Mol. Cell. Biochem. 436, 1-12. doi:10.1007/s11010-017-3071-4

Srikanth, P., Karthik, P., Sirisha, M., and Chitti, S. (2012). Evaluation of antioxidant
and anticancer properties of methanolic extracts of Abutilon indicum and Blumea
mollis. J. Pharm. Res. 5, 2373-2376.

Subramanian, A., John, A., Vellayappan, M., Balaji, A., Jaganathan, S., et al. (2015).
Gallic acid: prospects and molecular mechanisms of its anticancer activity. Rsc Adv. 5,
35608-35621. doi:10.1039/c5ra02727f

Suganya, K., Govindaraju, K., Kumar, V., Karthick, V., and Parthasarathy, K. (2016).
Pectin mediated gold nanoparticles induces apoptosis in mammary adenocarcinoma
cell lines. Int. J. Biol. Macromol. 93, 1030-1040. doi:10.1016/j.ijbiomac.2016.08.086

Swetha, M., Keerthana, C., Rayginia, T, and Anto, R. (2022). Cancer
chemoprevention: a strategic approach using phytochemicals. Front. Pharmacol. 12,
809308. doi:10.3389/fphar.2021.809308

Tahia, F., Majumder, P., Sikder, M., and Rashid, M. (2015). Studies of bioactivities of
Adansonia digitata (L.). J. Pharm. Sci. 14, 157-162. doi:10.3329/dujps.v14i2.28505

Taiwo, B., Taiwo, G., Olubiyi, O., and Fatokun, A. (2016). Polyphenolic compounds
with anti-tumour potential from Corchorus olitorius (L.) Tiliaceae, a Nigerian leaf
vegetable. Bioorg. Med. Chem. Lett. 26, 3404-3410. doi:10.1016/j.bmcl.2016.06.058

Teles, Y., Horta, C., Agra, M., Siheri, W., Boyd, M., Igoli, J., et al. (2015). New
sulphated flavonoids from Wissadula periplocifolia (L.) C. Presl (Malvaceae). Molecules
20, 20161-20172. doi:10.3390/molecules201119685

Teles, Y. C., Souza, M. S., and Souza, M. D. (2018). Sulphated flavonoids: biosynthesis,
structures, and biological activities. Molecules 23, 480. doi:10.3390/molecules23020480

Teng, H., He, Z., Li, X, Shen, W., Wang, J., Zhao, D., et al. (2022). Chemical structure,
antioxidant and anti-inflammatory activities of two novel pectin polysaccharides from
purple passion fruit (Passiflora edulis Sims) peel. J. Mol. Struct. 1264, 133309. doi:10.
1016/j.molstruc.2022.133309

Thabet, A., Youssef, F., El-Shazly, M., and Singab, A. (2020). GC-MS and GC-FID
analyses of the volatile constituents of Brachychiton rupestris and Brachychiton discolor,

Frontiers in Pharmacology

27

10.3389/fphar.2024.1465055

their biological activities and their differentiation using multivariate data analysis. Nat.
Prod. Res. 34, 590-594. doi:10.1080/14786419.2018.1490908

Tian, D., and Hu, Z. (2014). CYP3A4-mediated pharmacokinetic interactions in cancer
therapy. Curr. Drug Metab. 15, 808-817. doi:10.2174/1389200216666150223152627

Tosoc, J., Nufieza, O., Sudha, T., Darwish, N., and Mousa, S. (2021). Anticancer effects
of the Corchorus olitorius aqueous extract and its bioactive compounds on human
cancer cell lines. Molecules 26, 6033. doi:10.3390/molecules26196033

Trott, O., and Olson, A. (2010). AutoDock Vina: improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and multithreading.
J. Comput. Chem. 31, 455-461. doi:10.1002/jcc.21334

Valdés-Tresanco, M., Valdés-Tresanco, M., Valiente, P., and Moreno, E. (2021). gmx_
MMPBSA: a new tool to perform end-state free energy calculations with GROMACS.
J. Chem. Theory Comput. 17, 6281-6291. doi:10.1021/acs.jctc.1c00645

Waghray, D., and Zhang, Q. (2017). Inhibit or evade multidrug resistance
P-glycoprotein in cancer treatment: miniperspective. J. Med. Chem. 61, 5108-5121.
doi:10.1021/acs.jmedchem.7b01457

Wang, Y., Zheng, M., Jiang, Q., Xu, Y., Zhou, X,, Zhang, N, et al. (2021). Chemical
components of the fruits of Morus nigra Linn.: methyl caffeate as a potential anticancer
agent by targeting 3-phosphoglycerate dehydrogenase. J. Agric. Food Chem. 69,
12433-12444. doi:10.1021/acs.jafc.1c03215

Wesley, P., Devi, B, Sarmad, M., and Shibu, B. (2013). In vitro phytochemical
screening, free radical scavenging activity and anticancer activity of Abutilon hirtum
(Lam.) sweet (Malvaceae). Int. J. Pharmtech. Res. 5, 155-161.

Wilkins, L., Brautigan, D., Wu, H., Yarmohammadi, H., Kubicka, E., Serbulea, V.,
et al. (2017). Cinnamic acid derivatives enhance the efficacy of transarterial
embolization in a rat model of hepatocellular carcinoma. Cardio Vasc. Interv.
Rradio. 40, 430-437. doi:10.1007/s00270-016-1515-y

Woo, J., Kim, H,, Byun, B., Chae, C,, Lee, ], Ryu, S., et al. (2014). Biological evaluation
of tanshindiols as EZH2 histone methyltransferase inhibitors. Bioorg. Med. Chem. Lett.
24, 2486-2492. doi:10.1016/j.bmcl.2014.04.010

Xu, X., Choi, H., Park, S., Kim, J., Seo, K., Kim, H., et al. (2022). Hibiscus syriacus L.
cultivated in callus culture exerts cytotoxicity in colorectal cancer via Notch signaling-
mediated cholesterol biosynthesis suppression. Phytomedicine 95, 153870. doi:10.1016/
j.phymed.2021.153870

Yakoub, A., Abdehedi, O., Jridi, M., Elfalleh, W., Nasri, M., and Ferchichi, A. (2018).
Flavonoids, phenols, antioxidant, and antimicrobial activities in various extracts from
Tossa jute leave (Corchorus olitorus L.). Ind. Crops Prod. 118, 206-213. doi:10.1016/j.
indcrop.2018.03.047

Yamagata, K., Izawa, Y., Onodera, D., and Tagami, M. (2018). Chlorogenic acid
regulates apoptosis and stem cell marker-related gene expression in A549 human lung
cancer cells. Mol. Cell. Biochem. 441, 9-19. d0i:10.1007/s11010-017-3171-1

Yan, S., Liu, X,, Wang, Y., Yang, X,, Bai, L, Sun, L., et al. (2023). Structural
characterization and antioxidant activity of pectic polysaccharides from Veronica
peregrina L. Front. Nutr. 10, 1217862. doi:10.3389/fnut.2023.1217862

Yan, Y., Liu, N, Hou, N,, Dong, L., and Li, J. (2017). Chlorogenic acid inhibits
hepatocellular carcinoma in vitro and in vivo. J. Nutr. Biochem. 46, 68-73. doi:10.1016/j.
jnutbio.2017.04.007

Yang, M, Li, W., Xie, ]., Wang, Z., Wen, Y., Zhao, C,, et al. (2021). Astragalin inhibits the
proliferation and migration of human colon cancer HCT116 cells by regulating the NF-xB
signaling pathway. Front. Pharmacol. 12, 639256. doi:10.3389/fphar.2021.639256

Yarley, O., Kojo, A., Zhou, C,, Yu, X,, Gideon, A., Kwadwo, H., et al. (2021). Reviews
on mechanisms of in vitro antioxidant, antibacterial and anticancer activities of water-
soluble plant polysaccharides. Int. J. Biol. Macromol. 183, 2262-2271. doi:10.1016/j.
ijbiomac.2021.05.181

Yi, X, Xu, C, Yang, J., Zhong, C,, Yang, H,, Tang, L., et al. (2023). Tiliroside protects
against lipopolysaccharide-induced acute kidney injury via intrarenal renin-angiotensin
system in mice. Int. J. Mol. Sci. 24, 15556. doi:10.3390/ijms242115556

Yin, S. Y., Wei, W. C,, Jian, F. Y., and Yang, N. S. (2013). Therapeutic applications of
herbal medicines for cancer patients. eCAM 2013, 302426. doi:10.1155/2013/302426

You, B., Moon, H., Han, Y., and Park, W. (2010). Gallic acid inhibits the growth of
Hela cervical cancer cells via apoptosis and/or necrosis. Food Chem. Toxicol. 48,
1334-1340. doi:10.1016/j.fct.2010.02.034

Zhao, J., Yang, J., and Xie, Y. (2019). Improvement strategies for the oral
bioavailability of poorly water-soluble flavonoids: an overview. Int. J. Pharm. 570,
118642. doi:10.1016/j.ijpharm.2019.118642

Zubair, T., and Bandyopadhyay, D. (2023). Small molecule EGFR inhibitors as anti-
cancer agents: discovery, mechanisms of action, and opportunities. Int. J. Mol. Sci. 24,
2651. doi:10.3390/ijms24032651

frontiersin.org


https://doi.org/10.14715/cmb/2017.63.6.15
https://doi.org/10.2147/OTT.S272514
https://doi.org/10.1016/j.fitote.2014.05.006
https://doi.org/10.1016/j.fitote.2014.05.006
https://doi.org/10.1016/j.bmcl.2015.05.037
https://doi.org/10.7324/JAPS.2012.2838
https://doi.org/10.31254/phyto.2017.6408
https://doi.org/10.1016/j.fct.2020.111708
https://doi.org/10.21276/ijpbs.2016.6.3.18
https://doi.org/10.1590/1519-6984.244127
https://doi.org/10.1155/2017/1512745
https://doi.org/10.1007/s11010-017-3071-4
https://doi.org/10.1039/c5ra02727f
https://doi.org/10.1016/j.ijbiomac.2016.08.086
https://doi.org/10.3389/fphar.2021.809308
https://doi.org/10.3329/dujps.v14i2.28505
https://doi.org/10.1016/j.bmcl.2016.06.058
https://doi.org/10.3390/molecules201119685
https://doi.org/10.3390/molecules23020480
https://doi.org/10.1016/j.molstruc.2022.133309
https://doi.org/10.1016/j.molstruc.2022.133309
https://doi.org/10.1080/14786419.2018.1490908
https://doi.org/10.2174/1389200216666150223152627
https://doi.org/10.3390/molecules26196033
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1021/acs.jctc.1c00645
https://doi.org/10.1021/acs.jmedchem.7b01457
https://doi.org/10.1021/acs.jafc.1c03215
https://doi.org/10.1007/s00270-016-1515-y
https://doi.org/10.1016/j.bmcl.2014.04.010
https://doi.org/10.1016/j.phymed.2021.153870
https://doi.org/10.1016/j.phymed.2021.153870
https://doi.org/10.1016/j.indcrop.2018.03.047
https://doi.org/10.1016/j.indcrop.2018.03.047
https://doi.org/10.1007/s11010-017-3171-1
https://doi.org/10.3389/fnut.2023.1217862
https://doi.org/10.1016/j.jnutbio.2017.04.007
https://doi.org/10.1016/j.jnutbio.2017.04.007
https://doi.org/10.3389/fphar.2021.639256
https://doi.org/10.1016/j.ijbiomac.2021.05.181
https://doi.org/10.1016/j.ijbiomac.2021.05.181
https://doi.org/10.3390/ijms242115556
https://doi.org/10.1155/2013/302426
https://doi.org/10.1016/j.fct.2010.02.034
https://doi.org/10.1016/j.ijpharm.2019.118642
https://doi.org/10.3390/ijms24032651
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1465055

Sameh et al.

Glossary

ug/mL
uM
A375.82
A549
ADME
Ag NPS
AGS
AM]J13
Annexin V-FITC
Au NPS
Bax

BBB
Bcl-2
BHK
CeO,
COLO-205
Calu-6
COX-2
CTNNB1
CYP 3A4
DL
DMBA
DNA
EGFR
EZH2

GI

GSH
GSK-3p8
HBA
HBD
HEK293T
HCT-116
HeLa 229
HepG2
HFB4
HFF
HT-29
ICso

IL
Jurkat
K562

Kcal/mol

Microgram per milliliter

Micromole

Malignant melanoma
Adenocarcinomic human alveolar basal epithelial cells
Absorption, Distribution, Metabolism, Excretion
Silver nanoparticles

Gastric cancer

Iraqi breast cancer cell line

Annexin V-fluorescein isothiocyanate
Gold nanoparticles

Bcl-2-associated X protein

Blood brain barrier

B-cell lymphoma 2

Baby Hamster kidney cells

Cerium oxide nanoparticles

Colon adenocarcinoma cell line
Human lung adenocarcinoma cell line
Cyclooxygenase-2

Catenin Beta 1

Cytochrome P450 3A4

Dalton’s lymphoma
Dimethylbenz[a]-anthracene
Deoxyribonucleic acid

Epidermal growth factor receptor
Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit
Gastrointestinal

Glutathione

Glycogen synthase kinase-3 beta
Hydrogen bond acceptors

Hydrogen bond donors

Human embryonic kidney 293T
Human colorectal carcinoma cell line
Human cervical adenocarcinoma cells
Hepatocellular carcinoma

Normal human melanocyte cell line
Human foreskin fibroblast

Human colorectal adenocarcinoma cell line
Half-maximal inhibitory concentration
Interleukin

Human acute myeloid leukemia
Human chronic myeloid leukemia

kilocalorie per mole

Frontiers in Pharmacology 28

LDs,
LNcaP
Log P
LRP5
LRP6
MCEF-7
MDA-MB-231
MMP-7
MNU
MRP2
My
NCI-H23
NHDF
PC3
PHGDH
PI

ROS
SK-MEL28
SUIT-2
TNF
TPSA
Us87
XIAP

Y79

10.3389/fphar.2024.1465055

Lethal dose, 50%

Prostatic carcinoma cells

Logarithm of the Partition Coefficient
Low-density lipoprotein receptor-related protein 5
Low-density lipoprotein receptor-related protein 6
Breast cancer cell line

Breast cancer cell line

Matrix metalloproteinase 7
N-methyl-N-nitrosourea

Multidrug resistance-associated protein
Molecular weight

Lung cancer cell line

Normal human dermal fibroblasts
Prostate cancer cell line
Phosphoglycerate dehydrogenase
Propidium iodide

Reactive oxygen species

Human melanoma cells

Human pancreatic carcinoma

Tumor necrosis factor

Topological polar surface area

Human glioblastoma cell

X linked inhibitor of apoptosis protein

Retinoblastoma cell line

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1465055

	Family Malvaceae: a potential source of secondary metabolites with chemopreventive and anticancer activities supported with ...
	1 Introduction
	2 Materials and methods
	2.1 Inclusion criteria
	2.2 Pharmacokinetic profiling, drug likeness and acute oral toxicity study
	2.3 In silico molecular docking study
	2.4 Molecular dynamic simulations and molecular mechanics generalized-born surface area (MM-GBSA) calculations

	3 Results
	3.1 Members of family Malvaceae possessing anticancer activity
	3.1.1 Abelmoschus esculentus L.
	3.1.2 Abelmoschus moschatus Medik.
	3.1.3 Abutilon grandiflorum G. Don
	3.1.4 Abutilon hirtum Lam.
	3.1.5 Abutilon indicum L.
	3.1.6 Adansonia digitata L.
	3.1.7 Althaea officinalis L.
	3.1.8 Althaea rosea (L.) Cav.
	3.1.9 Brachychiton discolor F. Muell.
	3.1.10 Brachychiton populneus (Schott and Endl.) R. Br.
	3.1.11 Brachychiton rupestris (T. Mitch. ex Lindl.) K. Schum.
	3.1.12 Cola gigantea A. Chev.
	3.1.13 Corchorus olitorius L.
	3.1.14 Hibiscus cannabinus L.
	3.1.15 Hibiscus ficulneus L.
	3.1.16 Hibiscus sabdariffa L.
	3.1.17 Hibiscus syriacus L.
	3.1.18 Hibiscus tiliaceus L.
	3.1.19 Malva parviflora L.
	3.1.20 Malva sylvestris L.
	3.1.21 Pavonia odorata willd.
	3.1.22 Pavonia xanthogloea Ekman
	3.1.23 Sida acuta Burm. F.
	3.1.24 Wissadula periplocifolia (L.) C. Presl

	3.2 Bioactive phytometabolites in family Malvaceae and their chemopreventive and anticancer effects
	3.2.1 Carotenoids
	3.2.2 Phenolic acid derivatives
	3.2.3 Flavonoids
	3.2.4 Coumarins
	3.2.5 Alkaloids
	3.2.6 Lignans
	3.2.7 Cardiac glycosides
	3.2.8 Sterols and terpenes
	3.2.9 Polysaccharides

	3.3 In silico pharmacokinetic profile, oral bioavailability, drug likeness and acute oral toxicity study of the bioactive c ...
	3.4 In silico molecular modelling of the reported bioactive cytotoxic compounds
	3.5 In silico molecular dynamic simulations and MM-GBSA calculations

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References
	Glossary


