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ABSTRACT: Rubia tinctorum L. is one of the most widely used
plants in folk medicine, with many reported pharmacological
activities. One of these valuable activities is its anticancer efficacy.
The aim of this study is to explore the multilevel mechanisms of R.
tinctorum metabolites in cancer treatment using network
pharmacology, together with molecular docking and in vitro
studies. The network pharmacology analysis enabled us to reveal
the hit anticancer R. tinctorum constituents, which were found to be
acacetin, alizarin, anthragallol, 2-hydroxyanthraquinone, and
xanthopurpurin. The most enriched cancer-linked target genes
were PLCG1, BCL2, CYP1B1, NSD2, and ESR2. The pathways
that were mostly involved in the anticancer mechanism of R.
tinctorum metabolites were found to be metabolic pathways as well
as pathways in cancer and apoptosis. Molecular docking of the identified hit anticancer constituents on the active sites of the most
enriched genes unveiled that acacetin and alizarin possessed the lowest binding energies on the active sites of NSD2 and BCL2,
respectively. While anthragallol showed the most stabilized interaction on the active sites of PLCG1, CYP1B1, and ESR2.
Consequently, R. tinctorum extracts were evaluated for their in vitro cytotoxicity on a panel of cancerous cells. Among the tested R.
tinctorum extracts, the chloroform extract was the strongest one with an IC50 = 3.987 μg/mL on the MCF-7 breast cancer cell line.
Consequently, it was subjected to chromatographic separation and purification to isolate its major components with reported
anticancer activity (scopoletin, rubiadin, chrysophanic acid, alizarin, purpurin, nor-damnacanthal, emodin, and rutin). Alizarin and
purpurin constituted the main anthraquinones in R. tinctorum. Thus, they were quantified using LC/MS analysis. Moreover, a
semisynthetic approach of alizarin toward the enhancement of its anticancer effect on the tested cancer cells was attained. Among the
synthesized compounds, 2-methyl alizarin was the most active one with an IC50 = 8.878 μg/mL against the HepG2 cell line. This
study provides deep insights into the anticancer mechanisms of R. tinctorum metabolites for the first time using network
pharmacology and valorizes their significance as valuable anticancer agents.

1. INTRODUCTION
Cancer is a serious health problem that is characterized by
uncontrollable body cell growth that can pervade throughout the
body.1 It is the second main cause of death globally, behind
cardiovascular ailments.2 In the past decade, there have been 10
million cancer-related deaths and 20 million new instances of
cancer worldwide. By 2040, it is anticipated that there will be
roughly 30 million additional instances of cancer worldwide,
with the largest increases occurring in middle- and low-income
nations, if no new steps are taken to control and prevent cancer.3

For many years, patients with cancer had only a limited
number of treatment options, which included surgery, radiation
therapy, and chemotherapy, either individually or in combina-
tion.4 Although these treatment methods were somewhat

effective, they exhibited many adverse side effects and problems
such as the drug nonselectivity and resistance, in addition to
fatigue, hair loss, nausea, vomiting, and pain.5 Therefore, there
was a necessity to improve these treatments and develop new
ones with higher safety and efficacy. Recently, various
advancements in conventional cancer treatments have been
recorded. One of these advancements has been achieved by the
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discovery of effective anticancer secondary metabolites from
plants and other natural products such as vinca alkaloids,
taxanes, epipodophyllotoxins, and derivatives of camptothe-
cin.6−8 Natural products are still considered to be a wealthy
source of promising anticancer agents, and one of these natural
products is Rubia tinctorum L.

R. tinctorum L., also known as common madder, is a member
of the Rubiaceae family. It is indigenous to northern Africa,
western Asia, and southern Europe, though it is often cultivated
worldwide.9 Its medicinal part is the dried roots that have a
crimson coloring substance that is used as a dye and that gives
madder a significant commercial value.10 The roots are widely
used in folk medicine for alleviation of urinary, menstrual, and
liver disorders.9 They are also hired for treatment of bladder and
renal stones.11 Moreover, they are used as a laxative and mild
sedative.12 Many in vitro and in vivo studies have verified the
pharmacological activities of R. tinctorum. It has been shown to
possess anticancer,13 antioxidant,14 antimalarial,12 anti-inflam-
matory,15 antifungal,16 antibacterial,17 and hepatoprotective18

activities. These activities are believed to be due to various
anthraquinones and their glycosides existing mainly in the roots
and rhizomes of R. tinctorum such as alizarin, purpurin,
pseudopurpurin, purpuroxanthin, ruberythric acid (alizarin-
primeveroside), munjistin, rubiadin, nor-damnacanthal, and
lucidin primeveroside.9,12

Many previous reports have examined the anticancer
potential of R. tinctorum. For example, Lajko ́ et al. have
emphasized purpurin’s efficient and selective ability to inhibit
melanoma cells, as well as the potential for its usage as a targeted
anticancer treatment.19 In addition, Rashan et al. have
demonstrated that R. tinctorum root extracts exhibited antitumor
efficiency toward tongue squamous carcinoma and breast cancer
cells.20 Moreover, Abdul Jalill R. has shown that the aqueous
root extract of R. tinctorum can reduce the cell viability of human
glioblastoma cell line (AMGM) with an IC50 of 76.44 mg/mL.21

Furthermore, the anthraquinones, soranjidiol and rubiadin, were
found to be effective photochemotherapeutic agents against
cancer cells by induction of apoptosis.22

Elucidation of natural products’ mechanisms in relieving
various diseases is very complicated. This is due to natural
products’ intricate metabolome, the prospective synergism

between the metabolites, and their ability to influence many
targets simultaneously.23 This trouble has been successfully
solved via the network pharmacology-based analysis that
allowed the compound−target gene-disease network to be set
up, making it feasible to recognize the multiple targets and
pathways of natural product metabolites.24−29

The present study’s objective is to elucidate the molecular
mechanisms underlying R. tinctorum’s anticancer potential
through the integration between network pharmacology,
molecular docking, and in vitro studies for the first time.
Isolation of some of the hit anticancer metabolites, their
quantitation using LC/MS analysis, and preparation of some of
their semisynthetic derivatives to identify their anticancer
efficacy were also conducted. The overview workflow of the
study is illustrated in Scheme 1. Up to the authors’ knowledge,
this work represents the first attempt to provide a profound
illustration of the anticancer mechanism of R. tinctorum
metabolites, aiming to valorize them as promising anticancer
agents.

2. RESULTS AND DISCUSSION
A database enclosing 67 metabolites (Table S1)9,12,30−33 was
gathered by searching the literature for the phytochemical
composition of R. tinctorum. Some of these metabolites are
common in many plants such as apigenin, luteolin, rutin, and
emodin. Therefore, the study in hand focused on the metabolites
that are specific to or more abundant in R. tinctorum in order to
capture the unique bioactivity of the studied plant.

2.1. ADME Filtration of R. tinctorum Phytoconstitu-
ents. The QikProp module was employed to determine the
drug likeness of R. tinctorum constituents by evaluating their
ADME traits (absorption, distribution, metabolism, and
excretion) by measuring certain physicochemical features. The
rule of five of Lipinski summed up these physiochemical
features. As defined by Lipinski’s rule of 5, a chemical with
documented biological activity is deemed active if its hydrogen-
bond acceptors (Hacc) are less than ten, its hydrogen-bond
donors (Hdon) are lower than five, its rotatable bonds are not
more than ten, its molecular weight is below 500 Da, and its
measured log P (C log P) is not more than five.34 The database
contained only the constituents that fitted with more than two of

Scheme 1. Overview Workflow of the Study
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the above-mentioned requirements. Furthermore, the database
constituents’ oral bioavailability (OB) was determined.35 It
estimates the amount of medication taken orally that actually
reaches the therapeutic site of action. Compounds having OB <
30% were excluded from the database. All the database
compounds complied with the above requirements. Therefore,
they were further subjected to network pharmacology analysis.
By focusing on drug-likeness criteria, it is aimed to identify
compounds that not only exhibit biological activity but also
possess favorable pharmacokinetic profiles. This is essential for
minimizing the risk of late-stage failures in drug development
due to poor absorption, high toxicity, or unfavorable
metabolism.36

2.2. Finding Out Cancer-Linked Genes of R. tinctorum
Phytoconstituents by Network Pharmacology-Based
Analysis. The results gained from STITCH 5.0 database37

were utilized to set up a compound−target gene (C−T) network
(Figure S1) that allowed for unveiling the cancer-linked genes of
R. tinctorum constituents. The UniProt38 and GeneCards39

databases served to ascertain the job of the identified target
genes and how they related to cancer. The STITCH 5.0 database
provides “combined scores” for chemical−gene interactions,
wherein stronger interactions possess higher scores. Only
constituents possessing combined scores ≥0.4 were included
in this analysis28 (Table 1).

The built C−T network (Figure S1) was constituted of 54
nodes (22 compounds and 32 genes) and 363 edges with an
average of 3.148 targets for each compound, suggesting the
multitarget traits of R. tinctorum constituents. The C−T network
disclosed that the R. tinctorum hit list was comprised mainly of
flavonoids and anthraquinones, where acacetin (flavonoid)
displayed the highest percentage of C−T interactions (19%),
succeeded by alizarin (14%) (anthraquinone), anthragallol
(12%) (anthraquinone), 2-hydroxyanthraquinone (12%) (an-
thraquinone), and xanthopurpurin (12%) (anthraquinone)
(Figure 1A).

Papers investigating the role of these hit constituents in cancer
were looked up in PubMed to confirm the findings of the
network pharmacy analysis (Table S2). For example, acacetin
prevented gastric cancer cells from invasively migrating and
developing TGF-β1-induced epithelial-to-mesenchymal tran-
sition via PI3K/Akt/Snail pathway.40 It also caused RIP1-
dependent necroptotic death and prolonged ERK1/2 activation
in breast cancer cells.41 Moreover, alizarin prevented pancreatic
cancer cells from growing by blocking NF-κB activation.42 It also
impaired both breast and bone cancers by inducing cell cycle
arrest in the S phase and inhibiting ERK phosphorylation.43

Furthermore, 2-hydroxyanthraquinone showed a remarkable
effect on apoptotic, heat shock, and ER chaperone genes in
breast and colon cancer cells. In addition, it induced protein
levels of pro-apoptotic pathways, resulting in apoptosis via
inhibiting antiapoptotic pathways.44 It also exhibited inhibitory
activity against protein tyrosine kinases v-src and pp60src and
arrested the growth of SPC-1-A, Bcap37, and HepG2 cancer
cells via the mitochondrial apoptotic pathway.45 Additionally,
xanthopurpurin demonstrated high selective toxicity toward
breast and skin cancer cells at lower concentrations without
inducing toxicity toward normal cells. Therefore, it can be a
promising, safe, and selective anticancer agent.46 Network
pharmacology also disclosed that the most enriched cancer-
linked genes that had the highest percentages of C−T
interactions were PLCG1 (23%), BCL2 (14%), CYP1B1
(12%), NSD2 (5%), and ESR2 (5%) (Figure 1B). These are

renowned cancer-related targets where PLCG1was proved to be
essential for the self-renewal of AML1-ETO leukemia stem
cells.47 Moreover, it has been discovered that BCL2 family genes
are essential regulators of the induction of apoptosis in various
cancer types.48 Furthermore, CYP1B1 was found to prevent
ferroptosis and promote anti-PD-1 resistance in colorectal
cancer by breaking down acyl-CoA synthetase long-chain family
member 4 (ACSL4).49 In addition, NSD2 was found to be
essential for the proliferation of various human cancer cell types,
such as prostate cancer cells, leukemia cells, osteoblastoma cells,
and myeloma cells.50 Also, ESR2 was found to be generally
expressed at low levels in breast cancer but associated with
improved overall survival and may be related to immune
response modulation.51 Strong associations among the identi-
fied cancer-linked genes were observed in the protein−protein
network (Figure S2).

Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis was then conducted to assign the functions
and pathways of the specified target genes52 (Table 2 and Figure
S3). It disclosed that the specified targets are associated with 37
cancer-linked pathways, where the most significant ones were
metabolic pathways, pathways in cancer, and apoptosis that
exhibited the largest gene counts and the least false discovery
rates (Table 2).

The compound-gene and gene-pathway networks were then
merged to set up the compound−target−pathway network
(Figure 2) that disclosed robust associations between R.
tinctorum’s constituents, genes, and pathways.

2.3. Gene Ontology Enrichment Analysis for Targets.
DAVID bioinformatics database with the Homo sapiens
annotation option53 was hired for conducting gene ontology
(GO) enrichment analysis for the network pharmacology-
specified targets. It allowed for the identification of the most
significant pathways and GO terms (cellular components,
biological processes, and molecular functions) with the highest
log p-values and gene counts. Figure 3A demonstrates the
involvement of 2 BIOCARTA pathways, which are apoptotic
signaling in response to DNA damage and cell cycle and 37
KEGG pathways enclosing the NF-kappa B signaling pathway,
pathways in cancer, and chemical carcinogenesis. The adjusted
P-value for each of these determined pathways was ≤0.01 (P-
values were corrected using the Benjamini−Hochberg method54

to minimize false positives), proving their significant correlation
with cancer.

Figure 3B unveils that the most important biological processes
were negative regulation of the apoptotic process and long-chain
fatty acid biosynthetic process, while the most enriched
molecular functions were heme binding and enzyme binding.
Meanwhile, the most significant cellular components were
cytosol and cytoplasm.

2.4. Molecular Docking of R. tinctorum Hit Constitu-
ents on the Binding Sites of the Most Enriched Cancer-
Linked Target Genes. Molecular docking simulations were
performed in this study to elucidate the binding interactions
between the most enriched target proteins and potential drug
candidates (hit compounds) identified from the network
pharmacology analysis, thereby providing insights into their
affinity and specificity. The basic principle of molecular docking
involves predicting the optimal binding orientation and energy
of small molecules within the active site of the receptor, thereby
facilitating the identification of promising candidates for further
development in the drug discovery process.55
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The most enriched genes recognized from network
pharmacology analysis were 1-phosphatidylinositol 4,5-bi-
sphosphate phosphodiesterase gamma-1, apoptosis regulator
B-cell lymphoma 2 (Bcl-2), cytochrome P450 1B1, histone-
lysine N-methyltransferase NSD2, and estrogen receptor beta.

1-Phosphatidylinositol 4,5-bisphosphate phosphodiesterase
gamma-1 (PLCγ1) is a member of the phospholipase C family. It
consists of two central catalytic domains forming the triose
phosphate isomerase (TIM) α/β barrel (X- Y- box) and
noncatalytic domains�a pleckstrin homology (PH), EF-hand,
and a C2 domain. The two catalytic domains are separated from
each other by the specific array (SA), which consists of a split PH
(spPH) domain that is separated by two SH2 domains (nSH2
and cSH2), an SH3 domain, and an intervening linker that
contains a crucial tyrosine residue, Y783. Physiological PLCγ1
activation occurs following its recruitment to receptor or
nonreceptor tyrosine kinases (RTKs and TKs), which in turn
phosphorylate the PLCγ1 SA domain on tyrosine residue 783.
Either the aminoterminal nSH2 domain or the carboxyterminal
cSH2 domain has been found to bind to an activated RTK.
Activation of PLCγ1 occurs due to the intramolecular binding of
the phosphorylated Y783 to the cSH2 domain, which leads to
conformational changes in the protein and the release of the
cSH2 domain from the catalytic core of PLCγ1.56

Bcl-2 is a key regulator of apoptosis and belongs to a family of
proteins that either promote or inhibit apoptosis. It contains
four Bcl-2 homology (BH) domains designated as BH1, BH2,
BH3, and BH4. These domains are crucial for its function in
regulating apoptosis. It also has a hydrophobic C-terminal
region that anchors it to the mitochondrial membrane, where it
exerts its protective effects against apoptosis. The protein
predominantly consists of α-helical structures, which play a
significant role in its interactions with other proteins. Bcl-2
exhibits conformational flexibility, which allows it to interact
with various pro-apoptotic proteins such as Bax and Bak. This
flexibility is essential for its ability to sequester these proteins and
inhibit their pro-apoptotic functions. It can also form
homodimers and heterodimers with other Bcl-2 family
members. The dimerization process is influenced by the binding
of ligands and the presence of other interacting proteins. The
BH3 domain of pro-apoptotic proteins binds to the BH1 and
BH2 domains of Bcl-2, inhibiting its function. This pocket is
critical for the regulation of apoptosis.57 Moreover, cytochrome
P450 1B1 (CYP1B1) is an enzyme belonging to the cytochrome
P450 superfamily, which is involved in the metabolism of various
substrates. It contains a heme prosthetic group that is crucial for
its enzymatic activity. The iron within the heme plays a vital role
in the oxidation−reduction reactions. The enzyme has a
hydrophobic region that anchors it to the endoplasmic reticulum
membrane, allowing it to interact with various substrates and
electron donors. It also has specific cavities and pockets that
facilitate substrate binding and recognition, characterized by
distinct amino acid residues. There is a characteristic distortion
of helix F where π−π stacking interactions occur with Phe231.
The amino acid residuesVal395 and Ala133 determine the cavity
shape in the vicinity of the heme.58,59 The enzyme undergoes
significant conformational changes during the binding and
metabolism of substrates, which can include the opening and
closing of access channels to the active site.58 Furthermore,
histone-lysine N-methyltransferase NSD2 is an important
enzyme involved in epigenetic regulation through the
methylation of histones. It contains an SET domain, which is
characteristic of methyltransferases. This domain is responsibleT
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for transferring methyl groups to lysine residues on histones. It
also has multiple zinc finger motifs that play a role in protein−
protein interactions and may contribute to its stability and
specificity. In addition, the enzyme features a catalytic cavity,
where the substrate (histone lysine) binds and undergoes
methylation. It also includes flexible loops that can adopt
different conformations, influencing their interaction with
substrates and inhibitors. NSD2 requires S-adenosylmethionine
(SAM) as a methyl donor, and the binding site for SAM is crucial
for its methyltransferase activity.60 Additionally, estrogen
receptor β is a nuclear hormone receptor that plays a crucial
role in mediating the effects of estrogen in various tissues. It
contains a DNA-binding domain (DBD) with a zinc finger
structure that allows it to bind to specific estrogen response
elements in DNA. It also has a ligand-binding domain (LBD)
that is responsible for binding estrogen and is critical for
receptor activation. It has a hydrophobic pocket that
accommodates the ligand. The protein contains transactivation
domain that is involved in recruiting coactivators and transcrip-
tional machinery to initiate gene expression. In addition, it has a
flexible hinge region that connects the DBD and LBD and plays
a role in receptor dimerization and conformational changes.61

In this study, three crystal structures were selected from RCSB
Protein Data Bank (PDB) (https://www.rcsb.org/) for each of
the most enriched targets related to cancer identified from
network pharmacology analysis. Following that, the three crystal
structures of each protein were compared using two procedures:
the first is the redocking procedure in which the cocrystallized
ligands were docked back into the receptor binding cavity. Prior
to performing the redocking experiments, the ligands were
converted to SMILES format before converting them back to 3D
structures in order to lose the binding coordinates, allowing for a
more reliable evaluation of the docking accuracy. After
performing the redocking experiments, the relative mean
standard deviation (RMSD) value between the initial
conformation and the redocked one was calculated for each
crystal structure. The lower the (RMSD) value, the higher the

accuracy of docking pose prediction.62,63 The second procedure
is the enrichment calculations that are crucial for evaluating the
ability of the virtual screening software to find the active ligands
throughout the background database in a random selection of
ligands.62,63 In this procedure, a validation set composed of
active compounds for each of the studied proteins was seeded
into 1000 built-in Schrodinger decoys (Table S3). Decoys are
compounds that are similar in physical properties with respect to
the reference ligand that might not bind effectively to a
protein.64 Validation parameters such as area under curve of
receiver operating characteristic (AUC-ROC), enrichment
factor (EF at 2%, 5%, and 10%), and BEDROC were then
estimated. From the ROC plots, the area under the curve (AUC)
computed the probability of how highly a randomly selected
active is ranked compared to a randomly chosen decoy. The
ideal range of AUC is 0−1, a value near ≤0.5 indicates that the
software randomly selects true actives and false actives, where a
value close to 1 highlights greater possibility to identify true
actives before false ones.65 Comparing EF values revealed that
the investigated proteins were able to extract actives from a
seeded random set, when the top 2, 5, and 10% of the total set
were considered, noting that the maximum attainable enrich-
ment factors are 50, 20, and 10 for EF(2%), EF(5%), and
EF(10%), respectively.66 However, BEDROC is a criteria used
to assess early recognition of actives from decoys at different
tuning parameter values α.67 The crystal structure displaying the
lowest RMSD and the best enrichment values for each protein
was chosen for molecular docking with R. tinctorum’s hit
phytoconstituents (Table S4).

The selected crystal structures were PDB ID: 7NXE for 1-
phosphatidylinositol 4,5-bisphosphate phosphodiesterase
gamma-1, PDB ID: 2Y6W for apoptosis regulator Bcl-2, PDB
ID: 6IQ5 for cytochrome P450 1B1, PDB ID: 7VLN for histone-
lysine N-methyltransferase NSD2, and PDB ID: 2GIU for
estrogen receptor beta.

In this study, the Schrodinger suite software’s Glide module
was employed to compute the XP G scores of R. tinctorum hit

Figure 1. Distributions % of the compound−target gene (C−T) interactions on R. tinctorum constituents (A) and the identified cancer-related genes
(B).
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constituents, acacetin, alizarin, anthragallol, hydroxyanthraqui-
none, and xanthopurpurin, on the active sites of the most
enriched targets related to cancer: PLCG1, BCL2, CYP1B1,
NSD2, and ESR2. Table 3 discloses that anthragallol possessed
the least XP G score upon binding with 1-phosphatidylinositol
4,5-bisphosphate phosphodiesterase gamma-1, cytochrome
P450 1B1, and estrogen receptor beta, whereas alizarin
demonstrated the most stable interaction with the apoptosis
regulator Bcl-2. Meanwhile, acacetin exhibited the lowest
binding energy with histone-lysine N-methyltransferase NSD2.

The 2D and 3D diagrams of anthragallol’s interaction with 1-
phosphatidylinositol 4,5-bisphosphate phosphodiesterase
gamma-1 active site (Figure 4A) showed the formation of a
hydrogen bond between C2 hydroxyl group and Thr590 and

other three hydrogen bonds between C3 hydroxyl group and
Thr596, Arg586, and Ser588 residues. There were also
hydrophobic interactions with Phe591 and Cys608; in addition
to charged positive interactions with Arg562, Arg609, Arg586,
and Arg559; charged negative interaction with Glu589; and
polar interactions with Thr590, Thr596, Ser588, and Hie607.68

The stable binding of anthragallol on the active site of
cytochrome P450 1B1was found to be due to the formation of a
hydrogen bond between the C3 hydroxyl group and Ile462, in
addition to another hydrogen bond between the C10 ketone
group and Arg117. Moreover, hydrophobic interactions with
Ile399, Ile462, Val395, Phe463, Ala330, Cys470, Ala133, Ile471,
Met132, and Trp141; charged positive interactions with Arg145,

Table 2. KEGG Pathway Analysis of the Identified Target Genes

pathway
ID pathway description

observed
gene count

false discovery
rate matching proteins in network

hsa01100 metabolic pathways 13 1.37 × 10−6 AKR1B1, AKR1B10, ALOX5, CBS, CYP1A1, CYP1A2, CYP27A1, CYP2C19,
CYP3A4, GAPDH, NSD2, PLCG1, XDH

hsa05200 pathways in cancer 8 1.47 × 10−9 APAF1, BCL2, ESR1, ESR2, IL2, PGF, PLCG1, SMAD3
hsa04210 apoptosis 6 1.16 × 10−5 APAF1, BCL2, BCL2A1, ERN1, MCL1, PTPN13
hsa05204 chemical carcinogenesis 5 1.02 × 10−6 CYP1A1, CYP1A2, CYP1B1, CYP2C19, CYP3A4
hsa05206 microRNAs in cancer 5 3.64 × 10−6 BCL2, CDC25B, CYP1B1, MCL1, PLCG1
hsa04151 PI3K-Akt signaling pathway 5 6.05 × 10−5 BCL2, CREB1, IL2, MCL1, PGF
hsa04915 estrogen signaling pathway 4 0.00012 BCL2, CEB1, ESR1, ESR2
hsa04064 NF-kappa B signaling pathway 4 8.16 × 10−10 BCL2, BCL2A1, MALT1, PLCG1
hsa00140 steroid hormone biosynthesis 4 6.05 × 10−5 CYP1A1, CYP1A2, CYP1B1, CYP3A4
hsa00982 drug metabolism�cytochrome

P450
3 0.001 CYP1A2, CYP2C19, CYP3A4

hsa01522 endocrine resistance 3 0.00034 BCL2, ESR1, ESR2
hsa04066 HIF-1 signaling pathway 3 0.0288 BCL2, GABDH, PLCG1
hsa05166 human T-cell leukemia virus 1

infection
3 0.0291 CERB1, IL2, SMAD3

hsa04913 ovarian steroidogenesis 3 3.13 × 10−5 ALO5, CYP1A1, CYP1B1
hsa04659 Th17 cell differentiation 3 0.027 IL2, SMAD3, PLCG1
hsa05202 transcriptional misregulation in

cancer
3 0.00038 BCL2A1, CDK9, NSD2

hsa00380 tryptophan metabolism 3 0.0037 CYP1A1, CYP1A2, CYP1B1
hsa00590 arachidonic acid metabolism 2 6.05 × 10−5 ALOX5, CYP2C19
hsa05224 breast cancer 2 0.0124 ESR1, ESR2
hsa04110 cell cycle 2 0.0065 CDC25B, SMAD3
hsa05210 colorectal cancer 2 0.0185 BCL2, SMAD3
hsa04625 C-type lectin receptor signaling

pathway
2 0.0037 IL2, MALT1

hsa00983 drug metabolism�other
enzymes

2 0.0153 CYP3A4, XDH

hsa01521 EGFR tyrosine kinase inhibitor
resistance

2 0.0166 BCL2, PLCG1

hsa04666 Fc gamma R-mediated
phagocytosis

2 0.0234 PLCG1, PTPRC

hsa00790 folate biosynthesis 2 0.0234 AKR1B1, AKR1B10
hsa05226 gastric cancer 2 0.0124 BCL2, SMAD3
hsa04935 growth hormone synthesis,

secretion and action
2 0.0343 CREB1, PLCG1

hsa05225 hepatocellular carcinoma 2 0.0024 PLCG1, SMAD3
hsa04722 neurotrophin signaling pathway 2 0.0315 BCL2, PLCG1
hsa04115 p53 signaling pathway 2 0.0145 APAF1, BCL2
hsa05020 prion disease 2 0.0025 APAF1, CREB1
hsa04917 prolactin signaling pathway 2 0.0127 ESR1, ESR2
hsa05215 prostate cancer 2 0.00035 BCL2, CREB1
hsa05205 proteoglycans in cancer 2 0.0246 ESR1, PLCG1
hsa05222 small cell lung cancer 2 0.0027 APAF1, BCL2
hsa04919 thyroid hormone signaling

pathway
2 0.0362 ESR1, PLCG1
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Arg468, and Arg117; and polar interactions with Thr398,

Ser464, Gln424, and Thr334 were also observed69 (Figure 4B).

Furthermore, anthragallol was stabilized in the active site of
estrogen receptor beta through a pair of hydrogen bonds
between C1 and C2 hydroxyl groups and Glu305, and another

Figure 2. Compound−target−pathway network (compounds are represented in purple color, targets are presented in blue color, and pathways are
presented in green color).

Figure 3. BIOCARTA (green) and KEGG (orange) pathways involved in cancer and generated by DAVID database (A). GO enrichment analysis of
identified cancer targets. Biological processes are colored orange, cellular components are yellow, and molecular functions are green (B). The order of
importance was ranked by −log 10 (adjusted P-value) with a bar chart. The number of targets stick into each term with a line chart.
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hydrogen bond was formed between C3 hydroxyl group and
Leu339. In addition, there were hydrophobic interactions with
Ile373, Ile376, Leu380, Met336, Met340, Phe356, Leu339,
Leu343, Ala302, Leu301, Leu298, Val487, Leu476, and Met295;
a charged positive interaction with Arg346; a charged negative
interaction with Glu 305; and polar interactions with Thr299
and Hie47570 (Figure 4C).

On the other hand, alizarin occupied the apoptosis regulator
Bcl-2’s binding site via hydrophobic interactions with PheB 57,
AlaA 105, PheA 102, AlaA 98, ValA 101, PheA 53, ValB 101, and
PheB 53 and a charged negative interaction with GluB 5471

(Figure 5A).
Furthermore, the binding of acacetin with histone-lysine N-

methyltransferase NSD2 involved a hydrogen bond between 7
hydroxyl group and Asp269; pi−pi stacking interactions
between the aromatic ring B of the flavonol moiety and
Tyr233 and Trp236; hydrophobic interactions with Tyr233,
Leu318, Val230, Trp235, Pro234, Trp236, Phe266, Phe267, and
Ala270; a charged positive interaction with Lys229; charged
negative interactions with Glu272 and Asp269; and polar
interactions with Ser228 and Gln32172 (Figure 5B).

For providing more accurate estimation of ligand−target
binding interactions, we incorporated the Molecular Mechan-
ics/Generalized Born Surface Area (MM_GBSA) binding
energy calculations to account for simulated solvation entropy
and evaluate the nature of interaction based on different energy
terms.73 The FastDRH free online platform (http://cadd.zju.
edu.cn/fastdrh/overview) has been adopted to predict and
analyze the ligand−target binding interactions based on
MM_GBSA decompositions.74 Pose rescoring of the top-
docked compound−protein complexes was proceeded through
Amber protein force fields and under explicit water model
(nonpolarizable four-point rigid optimal point charge; OPC)
solvation conditions being reported with better performance
over other force field and water models.74,75 Interestingly,
electrostatic interactions (ELE) have been assigned with
dominant contributions over van der Waals (VDW) potentials
within the binding energies of all investigated complexes, except
that of BCL2-alizarin complex where electrostatic interactions
were inferior (Table 4). The latter highlights the advent of polar
functionalities within the chemical structures of investigated
compounds to ensure ligand stability within the target pocket

Table 3. XP G Scores of the Top Hit R. tinctorum Constituents against the Most Enriched Cancer-Linked Target Proteins

1-phosphatidylinositol 4,5-bisphosphate
phosphodiesterase gamma-1 (7NXE)

apoptosis regulator
Bcl-2 (2Y6W)

cytochrome
P450 1B1
(6IQ5)

histone-lysine
N-methyltransferase NSD2

(7VLN)

estrogen
receptor beta

(2GIU)

acacetin −4.508 −5.326 −5.036 −7.533 −7.782
alizarin −4.431 −6.595 −7.024 −6.74 −9.436
anthragallol −5.814 −6.125 −7.865 −6.744 −9.514
hydroxyanthraquinone −3.753 −5.325 −5.211 −5.559 −8.705
xanthopurpurin −5.321 −6.188 −7.092 −5.545 −8.854

Figure 4. 2D and 3D interaction diagrams of (A) anthragallol in the active site of 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-1
(PDB ID 7NXE); (B) anthragallol in the active site of cytochrome P450 1B1 (PDB ID 6IQ5); and (C) anthragallol in the active site of estrogen
receptor beta (PDB ID 2GIU).
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sites. Nonetheless, electrostatic contributions could be consid-
ered a double-bladed knife as their contribution to the solvation
free energy (GB) was the highest for anthragallol at both PLCG1
and CYP1B1 complexes, conferring a compromised binding
process since the later has been considered a solvent-
displacement process.76,77

Thus, it is suggested that further lead compound development
through the introduction of functional group of balanced

hydrophobic/polar characteristics (e.g., tetrazoles and other
carboxylate bioisosteres) would be beneficial for optimizing the
compound−target complex stability and in turn the biological
activity.78

2.5. Structure Elucidation of Some of the Hit
Anticancer Metabolites from the Roots of R. tinctorum.
2.5.1. Spectroscopic Data of the Isolated Compounds (2−7).
2.5.1.1. Rubiadin (2). Yellow powder; 1H NMR (400 MHz,

Figure 5. 2D and 3D interaction diagrams of (A) alizarin in the active site of the apoptosis regulator Bcl-2 (PDB ID 2Y6W); (B) acacetin in the active
site of histone-lysine N-methyltransferase NSD2 (PDB ID 7VLN).

Table 4. MM_GBSA Binding Energy Calculations and Dissected Contribution Energy Terms (kcal/mol)a of the Top-Docked
Compound−Target Complexes

PLCG1-anthragallol complex BCL2-alizarin complex CYP1B1-anthragallol complex NSD2-acacetin complex ESR2-anthragallol complex

ELE −117.19 −13.95 −139.32 −48.04 −47.63
VDW −14.58 −29.34 −33.76 −29.9 −27.52
INT 0.01 0 0.01 −0.01 0
GAS −131.76 −43.29 −173.07 −77.95 −75.15
GBSUR −2.98 −2.29 −4.13 −4.88 −3.33
GB 113.2 21.66 143.88 50.02 32.42
GBSOL 110.22 19.37 139.75 45.14 29.09
GBELE −3.99 7.71 4.56 1.98 −15.21
GBTOT −21.54 −23.92 −33.32 −32.81 −46.06

aELE = electrostatic interactions; VDW = van der Waals interactions between the fragments; INT = internal energy arising from bond, angle, and
dihedral terms in the MM force field; GAS = total gas phase energy (ELE + VDW + INT); GBSUR = nonpolar contribution to solvation; GB =
electrostatic contribution to the solvation free energy; GBSOL = sum of nonpolar and polar contributions to solvation (GBSUR + GB); GBELE =
sum of the electrostatic solvation free energy and MM electrostatic energy (ELE + GB); and GBTOT = estimated total binding free energy
calculated from the terms above (GAS + GBSOL).
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DMSO-d6): δ H 7.30, s (H-4), 8.12, br.d, J = 8 (H-5), 7.69, m
(H-6&7), 8.20, br.d, J = 8 (H-8), 2.12, s (CH3). 13C NMR (100
MHz, DMSO-d6): δ C 162.4 (C-1), 117.3 (C-2), 162.8 (C-3),
107.3 (C-4), 126.3 (C-5), 134.4 (C-6), 134.5 (C-7), 126.7 (C-
8), 186.2 (C-9), 181.8 (C-10), 133.0 (C-11), 132.9 (C-12),
108.9 (C-13), 131.7 (C-14), 8.07 (CH3).
2.5.1.2. Chrysophanic Acid (3). Yellow powder; 1H NMR

(600 MHz, CDCl3): δ H 7.04, d, J = 1.2 (H-2), 7.59, d, J = 1.2
(H-4), 7.76, dd, J = 1.2, 7.8 (H-5), 7.60, t, J = 7.8 (H-6), 7.23, dd,
J = 1.2, 8.4 (H-7), 2.40, s (CH3), 11.95, s (C1−OH), 12.06, s
(C8−OH). 13C NMR (150 MHz, CDCl3): δ C 162.7 (C-1),
124.4 (C-2), 149.3 (C-3), 121.4 (C-4), 119.9 (C-5), 137.0 (C-
6), 124.6 (C-7), 162.4 (C-8), 192.6 (C-9), 182.0 (C-10), 115.9
(C-11), 109.0 (C-12), 113.7 (C-13), 133.6 (C-14), 22.3 (CH3).
2.5.1.3. Alizarin (4). Violet powder; 1H NMR (400 MHz,

DMSO-d6): δ H 6.35, d, J = 8 (H-3), 6.58, d, J = 8 (H-4), (7.41−
7.47, m) (H-5&8), 6.93−6.99, m (H-6&7). 13C NMR (100
MHz, DMSO-d6): δ C 152.7 (C-1), 150.7 (C-2), 121.0 (C-3),
120.7 (C-4), 126.7 (C-5), 135.0 (C-6), 134.0 (C-7), 126.4 (C-

8), 188.6 (C-9), 180.4 (C-10), 132.7 (C-11), 133.5 (C-12),
116.1 (C-13), 123.7 (C-14).
2.5.1.4. Purpurin (5). Yellow powder; 1H NMR (400 MHz,

DMSO-d6): δ H 6.60, brs (H-2), 7.28, brs (H-4), 8.20, brd (H-
5&8), 7.67−7.83, m (H-6 &7). 13C NMR (100 MHz, DMSO-
d6): δ C 160.4 (C-1), 104.9 (C-2), 157.0 (C-3), 109.6 (C-4),
126.1 (C-5), 134.8 (C-6), 133.9 (C-7), 126. Three (C-8), 186.4
(C-9), 183.1 (C-10), 133.7 (C-11), 133.2 (C-12), 112.1 (C-13),
and 132.3 (C-14).
2.5.1.5. Nor-damnacanthal (6). Yellow powder; 1H NMR

(400 MHz, DMSO-d6): δ H 7.21, s (H-4), 8.13, dd, J = 8, 2 (H-
5), 7.82−7.86, m (H-6&7), 8.07, dd, J = 8, 2 (H- 8), 13.18, s
(C1−OH), 9.70, s (COH). 13C NMR (100 MHz, DMSO-d6): δ
C 164.6 (C-1), 117.1 (C-2), 164.1 (C-3), 108.1 (C-4), 127.2
(C-5), 134.9 (C-6), 135.1 (C-7), 126.8 (C-8), 186.7 (C-9),
182.2 (C-10), 134.4 (C-11), 133.4 (C-12), 109.5 (C-13), 133.3
(C-14), 191.4 (COH).
2.5.1.6. Emodin (7). Orange powder; 1H NMR (600 MHz,

CDCl3): δ H 7.08, brs (H-2), 7.62, brs (H-4), 7.28, brs (H-5),
6.67, brs (H-7), 2.45, s (CH3), 12.11, s (C1−OH), 12.28, s

Figure 6. Chemical structures of the hit anticancer constituents isolated from R. tinctorum L.
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(C8−OH). 13C NMR (150 MHz, CDCl3): δ C 162.5 (C-1),
124.6 (C-2), 148.4 (C-3), 121.3 (C-4), 108.8 (C-5), 165.2 (C-
6), 108.9 (C-7), 163.4 (C-8), 190.8 (C-9), 182.0 (C-10), 133.1
(C-11), 110.4 (C-12), 113.6 (C-13), 135.3 (C-14), 22.7 (CH3).

As previously mentioned in the experimental section, eight
compounds were isolated and purified (Figure 6). Compounds
1 and 8 were identified through comparison with reference
authentic samples as scopoletin and rutin, respectively.
Compounds 2−7 were identified based on NMR data as well
as comparison with the previously published data. Compound 2
was identified as rubiadin,79 compound 3, chrysophanic acid;80

compound 4, alizarin;81 compound 5, purpurin;82 compound 6,
nor-damnacanthal;83 and finally compound 7 was identified as
emodin84 (Figure 6).

2.6. Quantitation of Alizarin and Purpurin Using LC/
MS Analysis. The method was optimized as illustrated in Table
S5. Validation of the method was verified as follows:
2.6.1. Linearity. Evaluation of the linearity of the method was

performed by analyzing a number of different concentrations of
each alizarin and purpurin as standard solutions. Each
concentration was applied in triplicate, and their data of the
calibration curve showed a good linear relationship over the
concentration range of 50−200 ng/mL for alizarin and 25−250
ng/mL for purpurin. The correlation coefficient (R2) was 0.9925
for alizarin and 0.9986 for purpurin. The linear regression
equations were found to be y = 2.226 x + 57.167 and y = 1.4771x
+ 181 for alizarin and purpurin, respectively, where y is the peak
area, and x is the concentration of analyte.
2.6.2. System Precision. The system precision was checked

by the determination of a selected concentration (100 ng/mL)
of the two standard compounds each in triplicate. The value of
percent relative standard deviation (%RSD) was found to be
0.86 and 0.95 for alizarin and purpurin, respectively, indicating
precision of the method.
2.6.3. Method Precision. This was confirmed by the repeated

analysis of the R. tinctorum root extract. It was applied 4 times
using the same previously described procedure. The low value of
%RSD (2.74 and 1.88 for alizarin and purpurin, respectively)
indicated the precision of the method.
2.6.4. Accuracy. The accuracy of the suggested method was

indicated by the addition of the preanalyzed R. tinctorum root
extract to a known concentration of standard alizarin, and then,
the same sample was fortified by the addition of a known
concentration of standard purpurin. The fortified samples were
analyzed using the same previously described method. After
triplicate analysis of the mixtures. The calculated percentage
recovery indicated the accuracy of the procedure.
2.6.5. Limits of Detection and Quantification. The limits of

detection and quantification were calculated using the equations
3.3 (SDy/S) for determining the limit of detection and 10
(SDy/S) for the limit of quantification, where SDy is the
standard deviation of the response, and S is the slope of the
calibration curve.
2.6.6. Sample Analysis. After application of the mentioned

method, the concentrations of the two compounds alizarin and
purpurin were calculated and found to be 5.2 and 1.8 mg/g of R.
tinctorum root extract, respectively (Figure S4).

2.7. Identification of the Semisynthetic Derivatives of
Alizarin (A1−A3). Chemical modification of the bioactive
components of medicinal herbs is one of the most common
approaches used in drug discovery. The α- and β-OH groups of
alizarin had different reactivity because of the formation of an
intramolecular H-bonding between the α-OH and the

anthraquinone carbonyl (Figure 7). Differences in the acidity
and the ability of bases to deprotonate them were used to
synthesize different derivatives.85

The synthetic steps for the preparation of alizarin’s semi-
synthetic derivatives are shown in the scheme presented in
Figure 8. The prepared derivatives can be divided into two
groups: acetyl derivatives and a methyl one. An equimolar ratio
of reactants (dimethyl sulfate and acetic anhydride) were the
best conditions for synthesizing the monosubstituted deriva-
tives. Poly substituted derivatives were produced if an excess of
reagent was used.

The purity of the prepared derivatives was checked by TLC,
and their identities were confirmed by 1H NMR data:
2.7.1. 1-Hydroxy-2-methoxyanthracene-9,10-dione or 2-

Methyl Alizarin (A1). 1H NMR (400 MHz, DMSO-d6) δ: 12.67
(s, 1H), 8.28−8.20 (m, 2H), 7.97−7.94 (m, 2H), 7.79 (d, J = 8.5
Hz, 1H), 7.48 (d, J = 8.5 Hz, 1H), 3.96 (s, 3H).86

2.7.2. 9,10-Dihydro-1-hydroxy-9,10-dioxoanthracen-2-yl
Acetate or Alizarin-2-acetate (A2). 1H NMR (400 MHz,
DMSO-d6) δ: 12.53 (s, 1H), 8.18−8.06 (m, 2H), 7.98−7.87 (m,
3H), 7.42 (d, J = 8.3 Hz, 1H), 2.37 (s, 3H).87

2.7.3. 1,2-Diacetoxyanthraquinone or Alizarin-1,2-diace-
tate (A3). 1H NMR (400 MHz, DMSO-d6) δ: 8.24−8.22 (m,
1H), 8.19−8.12 (m, 2H), 7.93−7.90 (m, 2H), 7.86 (d, J = 8 Hz,
1H), 2.44 (s, 3H), 2.38 (s, 3H).88

The chemical shift near 3.96 ppm is assigned to the three
hydrogen atoms in the methoxy group in compound A1.
However, the chemical shift near 2.37 ppm is assigned to the
three hydrogen atoms in the ester side chain in compound A2.
On the other hand, chemical shifts near 2.38 and 2.44 ppm are
assigned to the six hydrogen atoms in the two ester side chains.
This demonstrates that the acetylation product is exactly the
diacetylated alizarin A3.

2.8. In Vitro Cytotoxic Activity Testing of R. tinctorum
Crude Extracts, Alizarin, Purpurin, and Alizarin Deriva-
tives Using the MTT Assay. Evidence of the anticancer
activities of R. tinctorum against various types of malignancies
has been acquired in numerous biological investigations.19,20,89

These antitumor activities are mediated by different mecha-
nisms such as inhibition of the proliferation, adhesion and
migration of melanoma cells, and targeting multiple signal
transduction pathways, modulate cancer aneuploidy, tubulin
binding, topoisomerases, and gene-specific targets.19,20 Hence,
purpurin, alizarin, alizarin derivatives, the crude chloroform,
hexane, and ethyl acetate extracts of R. tinctorum were screened
for their cytotoxic activities against a panel of cancerous breast,
liver, and noncancerous cell lines, MCF-7, MDA-MB-231,
HepG2, and HSF, and to test their safety (selectivity) using the
MTT assay (Table 5). Doxorubicin was adopted as a positive

Figure 7. Intramolecular H-bonding in the alizarin molecule.
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control with depicted IC50 = 2.48 μg/mL, 7.05 μg/mL, and 2.17
μg/mL at HepG2, MDA-MB-231, and MCF-7 cell lines,
respectively. The chloroform extract of R. tinctorum was most
cytotoxic against the MCF-7 cell line (IC50 = 3.987 μg/mL) with
cell growth inhibition of 17.4% at the highest concentration 200
μg/mL (Figure 9C), while it was selective against the MDA-MB-
231 with a higher IC50 value of 37.9 μg/mL (Figure 9B). Also,
the ethyl acetate extract of R. tinctorum is cytotoxic against the
MCF-7 line (IC50 = 25.74 μg/mL) (Figure 9C) and safe against
HSF normal cells (Figure 9A).

2-Methyl alizarin (alizarin derivative) was the most cytotoxic
against the HepG2 cell line (IC50 = 8.878 μg/mL) (Figure 9D)
and safe against HSF normal cells (Figure 9A).

We acknowledge that cytotoxicity data (IC50) of the plant
extracts and only 2-methyl alizarin were at the two-digit
micrograms per milliliter concentrations for the normal cell
line (HSF), which is considerably high as compared to their
corresponding data on some cancerous cell lines. Hence, both
on-and off-target affinity should be further improved in future
studies. Together with the insights from the in silico data
structures presented here, both the synthesized compounds
(A1−3) offer promising starting points for such future
investigations.
2.8.1. RC. Chloroform extract, RE: ethyl acetate extract, RH:

hexane extract, F3−2: alizarin-1,2-diacetate, F3−1: alizarin-2-
acetate, Me: 2-methyl alizarin, AZ: alizarin, and Pr: purpurin.

3. MATERIALS AND METHODS
3.1. Assembling of R. tinctorum In-House Database. A

database of R. tinctorum was gathered through searching
previous literature on R. tinctorum chemical makeup (Table
S1).9,12,30−33 The database compounds’ 2D structures were
verified via ChEMBL (https://www.ebi.ac.uk/chembl/) and
PubChem (https://pubchem.ncbi.nlm.nih.gov/). Thereafter,
these structures were transformed into the SMILES format by
means of Schrodinger software (2017A).

3.2. ADME and Drug-likeness Screening of R.
tinctorum Database. R. tinctorum database metabolites were
screened for their drug-likeness by calculating their absorption,
distribution, metabolism, and excretion (ADME) properties and
pursuing the rule of five of Lipinski,34 by means of Qikprop
software (Schrodinger suite 2017A). Compounds with a
calculated OB of lower than 30 were not included in this
investigation. Furthermore, compounds that met fewer than
three of Lipinski’s rule of five criteria were also eliminated.

3.3. Network Pharmacology Analysis. 3.3.1. Identifica-
tion of Cancer-Related Proteins for R. tinctorum Filtered
Metabolites. Recognition of target proteins associated with the
filtered R. tinctorum constituents was fulfilled through STITCH
DB (http://stitch.embl.de/, ver. 5.0) with the ‘H. sapiens’
species setting.90 UniProt (http://www.uniprot.org/) and
GeneCards: the human gene database (http://www.
genecards.org/) was searched for information about the
recognized genes such as genes ID, names, organism, and
role.90,91 The only genes that remained in the study are the ‘H.
sapiens’ genes that are linked to cancer. The interactions among
the selected genes were visualized through STRING database
(https://string-db.org/) that constructed the protein−protein
interaction network (PPI network).27

3.3.2. Gene Ontology Enrichment Analysis of the Selected
Genes. The KEGG pathways (http://www.genome.jp/kegg/
pathway.html) and the database for Annotation, Visualization,
and Integrated Discovery (DAVID) ver. 6.8 (https://david.
ncifcrf.gov/) were looked for data about GO and characterize
the canonical pathways, molecular functions, cellular compo-
nents, and biological processes that are in association with the
recognized target genes.24,27,28 The only picked out pathways
are those with adjusted P-values ≤0.01 (P-values were corrected
using the Benjamini−Hochberg method54 to minimize false
positives).
3.3.3. Constructing the Networks. Three networks (con-

stituent-gene, gene-pathway, and constituent-gene-pathway
networks) were instituted utilizing Cytoscape 3.8.2 (http://

Figure 8. Scheme for the synthesis of alizarin derivatives.

Table 5. In Vitro Cytotoxic Activity Testing of R. tinctorum
Crude Extracts, Alizarin, Purpurin, and Alizarin Derivatives
Using the MTT Assaya

IC50 (μg/mL)

sample MCF-7* MDA-MB-231* HepG2* HSF*
crude extract 60.58 114.7 88.13 79.23
chloroform extract (RC) 3.987 37.9 22.26 15.49
ethyl acetate extract

(RE)
25.74 76.25 85.52 68

hexane extract (RH) 112.1 119.9 142.1 110.1
alizarin-1,2-diacetate

(F3−2)
135 126.9 ≥50 141.8

alizarin-2-acetate
(F3−1)

119.5 156.7 ≥50 150.8

2-methyl alizarin (Me) 52.09 83.02 8.878 67.03
alizarin (AZ) 66.9 52.6 99.39 111
purpurin (Pr) 147.9 244.3 179.4 200.7
aMCF-7* and MDA-MB-231*: breast cancer; HepG2*: liver cancer;
HSF*: normal cell line.
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www.cytoscape.org/) for exploring the multilevel mechanisms
underlying R. tinctorum constituents’ anticancer activity.29

Genes, constituents, and pathways are represented by the
nodes in these networks, and the interactions among them are
denoted by the edges. The Cytoscape’s network analyzer plug-in
was hired to compute the constructed networks’ parameters
where the importance of the networks’ nodes was estimated by
the Cytoscape combined score of interactions.

3.4. Molecular Docking Studies. The PDB92 (https://
www.rcsb.org/) was hired to get the three crystal structures of
each of the identified most enriched cancer-related targets
disclosed from network pharmacology analysis, which were 1-
phosphatidylinositol 4,5-bisphosphate phosphodiesterase
gamma-1 (PLCG1), apoptosis regulator Bcl-2 (BCL2),
cytochrome P450 1B1 (CYP1B1), histone-lysine N-methyl-
transferase NSD2 (NSD2), and estrogen receptor beta (ESR2).
The crystal structures were selected to have a high resolution,
with their source organism beingHomo sapiens. The three crystal
structures of each protein were compared using the two
procedures: the first is the redocking procedure, in which the
cocrystallized ligands were docked back into the receptor
binding cavity. The root-mean-square deviation (RMSD) value
between the initial conformation and the redocked one was
calculated for each crystal structure.62,63 The second procedure
is the enrichment calculations, in which a validation set
comprising active compounds for each of the investigated
proteins was seeded into 1000 built-in Schrodinger decoys
(Table S3). Decoys are compounds that are similar in physical
properties with respect to the reference ligand that might not
bind effectively to a protein. Validation parameters such as
receiver operating characteristic (ROC), AUC-ROC, BED-
ROC, and enrichment factor (EF at 2%, 5%, and 10%) were then

estimated.62,63 The crystal structure displaying the lowest
RMSD and best enrichment values for each protein was chosen
for further docking with R. tinctorum’s hit anticancer
phytoconstituents.

The crystal structures were saved in the form of pdb files to be
subsequently prepared through the PrepWiz module incorpo-
rated into the Schrodinger software.93 The first step was protein
preprocessing by specifying hydrogens and bond orders and
formation of disulfide bonds and zero order bonds with metals.
Every water molecule that had >5 Å was eliminated from the
active site. Hydrogen bonds’ assignment was carried out through
PROPKA. Afterward, energy was reduced via OPLS 3 force field
until the reduced structure’s RMSD was above 0.30 Å when
compared with the crystal structure.94 By applying the receptor
grid creation module, the binding site’s location was determined
for the docking studies, and the grids were the boxes that include
the cocrystallized ligands’ centroids.

To gain low-energy compounds’ structures, their 3D
structures were uploaded in SDF format into the LigPrep
module built in the Maestro molecular modeling platform.
Ionization state regulation was done to generate every probable
state at pH 7. Simulation of the docking experiments was
accomplished by means of the extra-precision (XP-Glide)
module of the Glide docking program incorporated into the
Maestro molecular modeling platform. The Maestro interface
was hired to visualize the ligand−target interactions, encompass-
ing hydrogen bonds, ion pair, and hydrophobic interactions, in
addition to the binding modes of the ligands.

3.5. Plant Material. The source of R. tinctorum roots was the
Egyptian market, and confirmation of the identity was done at
Suez Canal University (Faculty of Science). A voucher specimen
was held over at the Faculty of Pharmacy (Pharmacognosy

Figure 9. In vitro cytotoxic activity of R. tinctorum crude extracts, alizarin, purpurin, and alizarin derivatives using the MTT assay on normal cell line,
HSF (A), breast cancer cell lines, MDA-MB-231 (B) and MCF-7 (C), and liver cancer cell line, HepG2 (D).
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Department), Suez Canal University. The sample was given a
code number 2019-RT.

3.6. Isolation of Some of the Hit Anticancer Metabo-
lites from the Roots of R. tinctorum. Column chromato-
graphic separations of the pure compounds were possible by
using Sephadex LH-20 (0.25−0.1 mm, Pharmacia) as well as
silica gel 60 (0.04−0.063 mm). Thin layer chromatographic
separation was done using TLC plates and precoated with silica
gel 60 F254 (0.2 mm, Merck). The solvents utilized for
extraction and development such as chloroform and methanol
were purchased from Merck Company (Darmstadt, Germany).
Visualization of the spots was carried out by UV absorption (λmax
255 and 366 nm) and exposure to conc. ammonia vapor, while
the purity was inspected by a P-anisaldehyde/H2SO4 spray.

Roots were dried and powdered, where 2 kg of the powder
was extracted by methanol then dried using rotary evaporator to
give finally 250 g of dry brownish-red residue. The dry extract
(160 g were used) was suspended in 150 mL of distilled water.
This step was followed by successive fractionation with hexane,
chloroform, and ethyl acetate (3 L of each). After drying of the
extracts, the obtained yield was found to be 28, 65, and 42 g of
hexane, chloroform, and ethyl acetate extracts, respectively. The
chloroform extract showed the most major and distinct spots, as
well as positive results when tested for the presence of
anthraquinones and showed the best cytotoxic activity. There-
fore, the sample was subjected to further fractionation. A weight
of 18 mg of the chloroform extract was applied on a column
packed with silica gel and fractionated using CHCl3/MeOH
gradient elution to yield 6 main fractions (after compiling of
similar fractions together). These fractions were subjected to
different chromatographic techniques including adsorption
(column and thin layer chromatography) and size exclusion
using Sephadex to give finally 8 pure compounds.

NMR data were obtained using Bruker Avance DRX 600
MHz spectrometers, while chemical shifts were recorded in parts
per million and coupling constants in Hz, and CDCl3 and
CD3OD were used as solvents.

3.7. Quantitation of Alizarin and Purpurin Using LC/
MS Analysis. An amount of 50 mg of each of alizarin and
purpurin was used to prepare the standard stock solution. The
prepared solutions were quantitatively placed in a 10 mL
volumetric flask, and methanol was used to adjust the volume.
The stock solution was tightly closed and kept in a refrigerator
until used for preparing different concentrations in order to
construct the calibration curve. Different concentrations of each
of alizarin and purpurin were prepared, and optimization of mass
spectrometric parameters for the LC−MS analysis was
performed. For LC−MS analysis, a Waters ACQUITY Xevo
TQD UPLC/MS system was used. The data acquisition was
implemented using MassLynx version V4.1 SCN918 software.
Samples and standard solutions were separated on an
ACQUITY UPLC HSS T3 C18, 1.8 μm, 50 mm × 2.1 mm
column at 30 °C. Chromatographic separations were executed
using gradient elution by 0.1% (v/v) formic acid in water (eluent
A) and 0.1% (v/v) formic acid in acetonitrile (eluent B) with a
rate of flow equal to 0.3 mL/min. Analytes were detected with
electrospray ionization (ESI) in positive mode for alizarin and
negative mode for purpurin, and the injected volume was 10 μL.
The drying gas was operated at a flow rate of 650 L h−1 at 350 °C,
the cone gas flow was 20 L h−1, the cone voltage was 40 V, and
the capillary was set at 3000 V.

3.8. Preparation and Purification of the Semisynthetic
Derivatives of Alizarin (A1−A3). 3.8.1. Chemicals and

Reagents. Acetic anhydride, dimethyl sulfate, potassium
carbonate, pyridine, and solvents used in the preparation of
the semisynthetic derivatives were purchased from Sigma-
Aldrich (St. Louis, Mo., USA).
3.8.2. Experimental Section. 3.8.2.1. Procedure for Meth-

ylation. A solution of alizarin (0.2 mmol) and potassium
carbonate (42 mg, 0.3 mmol) together with dimethyl sulfate
(0.02 mL, 0.2 mmol) in the presence of acetone (5 mL) was
refluxed for 5 h. Removal of acetone was performed under
vacuum followed by washing of the resulting mixture with 5 mL
of water. Ethyl acetate (3 × 5 mL) was used for extraction of the
aqueous layer, then the solvent was eliminated under vacuum,
and purification of the obtained residue was done by preparative
thin layer chromatography with ethyl acetate−hexane (30:70) as
the eluent to give pure compound (A1).95

3.8.2.2. Procedure for Acetylation. Acetic anhydride (0.02
mol) was added to a solution of 0.2 mmol of alizarin in 2 mL of
pyridine. Vigorous stirring of the solution was done overnight,
and then the solvent was removed. The resulting concentrated
solution was worked up with H2O, acidified by HCl, extracted
with ethyl acetate, and dried over Na2SO4, filtered, and
concentrated. The products were purified using preparative
thin layer chromatography, while the used eluent was a mixture
of ethyl acetate and hexane in a ratio of 30:70 to give pure
compound (A2).87,88 Performing the reaction with a 2-fold
excess gave compound (A3).88

3.9. In Vitro Cytotoxic Activity Testing of R. tinctorum
Crude Extracts, Alizarin, Purpurin, and Alizarin Deriva-
tives. 3.9.1. Cell Culture Treatment. R. tinctorum crude
extracts, alizarin, purpurin, and alizarin derivatives were tested
using cancerous breast, liver, as well as noncancerous cell lines,
MCF-7, MDA-MB-231, HepG2, and HSF, that were kept in
RPMI-1640/DMEM (purchased from Sigma-Aldrich, St. Louis,
MO, USA). The media were complemented with 2 mML-
glutamine, 1% penicillin/streptomycin (Lonza, Belgium), and
10% FBS (Sigma, St. Louis, MO, USA). All cells were incubated
in 5% CO2 atmosphere (NuAire, Lane Plymouth, MN 55447,
USA) at 37 °C as reported in the routine tissue culture
method.96

3.9.2. Cytotoxicity Using the MTT Assay. A 96-well plate was
used where the cells were plated in triplicate at a density of 5000
cells. Treatment of the cells was executed on the next day using
the indicated extract and compound/s at the specified
concentrations, while the final volume of the media was 100
μL. Viability of the cells was counted after 48 h using MTT
solution (Promega, Madison, WI, USA).97 Twenty μL of the
reagent was added to each well, then the plate was incubated for
3 h, and fluorescence was determined (570 nm) by a plate
reader. Finally, IC50 values were estimated using GraphPad
prism 7.98,99

4. CONCLUSIONS
The application of network pharmacology with molecular
docking for the first time in this study enabled us to disclose
the hit anticancer R. tinctorum constituents. Additionally, the
identification of PLCG1, BCL2, CYP1B1, NSD2, and ESR2 as
the most enriched cancer-linked target genes was allowed.
Moreover, acacetin and alizarin were declared to possess the
lowest binding energy on the active sites of NSD2 and BCL2,
respectively, while anthragallol showed the most stabilized
interactions on the active sites of PLCG1, CYP1B1, and ESR2.
The anticipated anticancer efficacy of crude R. tinctorum root
extracts, some isolated metabolites, and semisynthetic deriva-
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tives was assured by evaluating their in vitro cytotoxic potentials
on normal, breast, and liver cancer cell lines. The remarkable
results were shown by R. tinctorum chloroform extract, which
demonstrated the most cytotoxic activity against the MCF-7 cell
line, whereas 2-methyl alizarin was the most cytotoxic against
the HepG2 cell line. Given the current limitation regarding the
safety profile, future studies will be directed toward gaining
better selectivity indices for the plant-derived metabolites. A
basis for such investigations will be the structure-guided
approaches and computational investigation established in this
study. Further in vivo and clinical studies are required for these
extracts and metabolites to prove their bioavailability and
stability and also to assess the possibility of being formulated
into effective marketed anticancer agents.
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