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Network Pharmacology approach: Bioactive phytochemicals from Salvia officinalis
L. targeting SRC for the treatment of Colorectal Cancer

POOJA

ABSTRACT

Colorectal cancer (CRC) is one of the most common disease across the globe, around
millions of cases are being diagnosed each year. Targeted therapy using bioactive
compounds obtained from medicinal plants for various disease has gained a lot interest in
the past decade. There is a rising need for identification for more safe and effective
treatment strategies to reduce to mortality rate of cancer. Treatment using traditional
medicinal herbs leads to less side effects as compared to conventional cancer therapies.
Network pharmacology approach provides insights into pharmacological mechanisms of
phytochemicals obtained from therapeutic herbs. This method utilizes various databases
software for predicting the relationship between bioactive compound and target protein
involved in pathogenesis of disease, then its affinity is determined by bioinformatics
analysis such as Molecular docking simulations.

Network pharmacology is a useful approach for discovery of novel drug candidates. Salvia
officinalis L., also known as sage plant have shown to contain around 749 active
phytochemicals in different parts according to IMPPAT and KNApSAcK databases. The
OMIM (Online Mendelian Inheritance in Man) and Genecards databases provides
information regarding gene targets involved in CRC. The venn plot between common
target genes of phytochemicals and the disease target genes showed 12 common targets,
that act as potential key players in promoting CRC carcinogenesis. These 12 common
genes are modulated by phytochemicals of salvia officinalis L., these were subjected to
KEGG (Kyoto Encyclopedia of Genes and Genomics) and GO (Gene Ontology)
enrichment analysis, which predicts the involvement of target gene in specific pathway of
disease. String database predicts the protein-protein interaction, explaining the
relationship ranking between bioactive compound and the target genes. This network of
drug-target pathway and PPI is visualized by using Cytoscape. Protein-Protein
interactions provides information complex interaction network between these proteins in
CRC. SRC gene which encodes for protein tyrosine kinase came out to be highest scoring
gene in Cytoscape analysis. Lastly, Molecular docking simulations was performed to
analyze the affinity of interaction between selected bioactive phytochemicals and its target
gene. We obtained structure of Src kinase (2H8H) from RCSB protein databank. The
results showed that bioactive phytochemicals (Hispidulin, 6-Epi-beta-bisabolol) present
in Salvia officinalis L. can be potential inhibitor of Src kinase which is encoded by SRC
gene. This comprehensive method demonstrates the effectiveness of medicinal plants in
treatment of cancer and lays the groundwork for comprehending the efficaciousness of
herbal remedies.



The use of medicinal plant is increasing worldwide, many FDA approved drugs are
obtained from medicinal plants. Hence, the need for new potential bioactive compound
that functions as potential drug is in demand in healthcare. The significance and relevance
of these studies are underscored by the growing interest in complementary medicine. By
combining science with traditional knowledge, new treatment options for cancer can be
investigated, providing hope for safer and more effective treatments.
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CHAPTER 1

INTRODUCTION

This study aims to provide a network pharmacology approach along with bioinformatics
analysis for the prediction of potential bioactive compounds present in Salvia officinalis
L. effective against Src kinase encoded by SRC gene. It plays an important role in
colorectal cancer carcinogenesis. Colorectal cancer is third common cancer affecting
individuals of different age groups and causing cancer death worldwide. Emerging
research has shown that network pharmacological approaches can be used in many
different fields of study, particularly in figuring out how herbal remedies and ayurvedic
formulations might work to treat different disorders [1]. This computational
pharmacology research has been conducted with the assistance of various online
prediction tools and servers. The introductory section alludes to the motivation and
rationale behind the research, followed by abridgment of the objectives, the research
hypothesis, and the thesis outline.

1.1 Rationale:

Colorectal cancer (CRC) ranks as the third most common type of cancer and is leading
cause of death globally [2]. Development of CRC is a complex multistep process which
is initiated by gene and epigenetic changes that causes transformation of normal epithelial
cells in colorectal region to abnormally proliferating cancerous cells. Its carcinogenesis
initiates with formation of polyps, a small outgrowth on the colon and rectum internal
lining. Polyps which are considered as precursors of CRC are generally arise from
epithelial tissues. This polyp formation is followed by well characterized genetic events
that transform it into malignant cancerous cells. Current treatment strategy such as
chemotherapy and radiotherapy used for treating colorectal cancer have some limitations
such as off target effects, adverse side effects [3]. To overcome this limitations, innovative
treatment methods are desperately required to improve the therapeutic strategy for
individuals with this illness. Identifying phytochemicals that specifically targets particular
molecular pathways that is linked to the colorectal cancer carcinogenic events is one
promising area of research with a great potential of developing innovative therapeutic
strategies [4]. The involvement of SRC gene which encodes for Src protein kinase aids in
the carcinogenesis of colorectal cancer is becoming more frequently recognized. It has
been seen that Src kinase has been linked with enhancing proliferation of tumor cell,
survival, and metastasis and it is overexpressed in a considerable proportion of colorectal
cancer cases. Overexpression and hyper activation of SRC gene in colorectal cells can



cause its transformation into malignant cells. Hence, inhibiting the expression of Src
kinase is one possible strategy to treat CRC [5].

Salvia officinalis L. (sage) is herbal medicinal herb which has been traditionally used due
to its unique qualities such as antibacterial, antioxidant and anti-inflammatory qualities.
Its shows potential anticancer effects due to the presence of potential bioactive
phytochemicals. Salvia officinalis L. contains phytochemicals that may provide an
effective natural source of Src kinase inhibitors, which may be developed into potent CRC
therapeutic agents [6].

1.2 Objectives:

The main purpose of this study is to discover potential phytochemicals from Salvia
officinalis L. that shows potential inhibitory activity against Src kinase, thus can be used
as promising therapeutic agent against Colorectal cancer. This objective can be achieved
step by step analysis involved in network pharmacology approach along with
bioinformatics analysis.

e Determine the potential bioactive phytochemicals present within Salvia officinalis
L. (Medicinal plant)

e Identify effective targets of these bioactive substances in disease which promotes
carcinogenesis in colorectal cancer

e Examine the linkages that exist between the phytochemicals and the targets that
they are expected to affect.

e Conducting the toxicity analysis of bioactive compounds to demonstrate its drug
likeness property, i.e., whether the bioactive compound in query qualify to be
used as oral drug medications.

e Performing lipinski rule of five. These five rules of Lipinski help in determining
which substances have higher chances of getting absorbed by human body via
gastrointestinal tract when consumed orally. It is a crucial step for drug discovery
and development.

e Assess the binding affinity and effectiveness of this phytochemicals against Src
kinase via bioinformatics analysis

e Predict the most promising compound for further in vitro and in vivo research.

1.3 Research hypothesis and pipeline:

The research pipeline involves the prediction of bioactive compounds obtained from
medicinal plant which is effective against specific disease by using Network
pharmacology and Bioinformatics analysis (see fig . IMPPAT and KNApSAcK are online
plant databases that were used to determine all of the available phytochemicals in various
parts of Salvia officinalis L. Among the 729 phytochemicals, we filtered out effective
phytochemicals based on their drug likeness value and bioavailability score. Toxicity



analysis was performed to analyze immunotoxicity, mutagenicity, hepatotoxicity and
cytotoxicity of a compound. The bioactive compound must be inactive in all of these four
parameters. The phytochemicals predicted by this approach should not violate Lipinski
rule of five that includes having molecular weight less than 500 Daltons, Hydrogen bind
donor must be less than five, hydrogen bond acceptor must be less than ten and logP value
(partition coefficient) should be below five. These criteria determine whether a particular
bioactive drug can be used as a viable oral drug. Then, OMIM and Genecard databases
were used to find the disease target of CRC. Venn diagram was constructed that showed
12 targets as the common targets present between compounds and colorectal cancer
disease. String database helps in visualization and understanding of protein-protein
interaction network. Then, we created and visualized network of drug-target pathway and
PPI using Cytoscape, these were subjected to KEGG and GO enrichment analysis. Key
targets involved biological mechanisms are revealed by GO enrichment analysis, and their
functional pathway annotations are revealed by KEGG enrichment analysis. This step is
followed by, molecular docking simulations to analyze the affinity of interaction between
potential phytochemicals and its target Src kinase which was done using Pyrx software.
Pyrx used for performing molecular docking is a powerful computational tool for new
drug discovery as it predicts the most promising bioactive agent against the target protein
and how it binds with its target thereby saving both resources and time.
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Table 1: List of databases utilized in Network pharmacology approach

S(; Database and software website

1. IMPPAT https://cb.imsc.res.in/imppat/

2. KNApSAcK http://www.knapsackfamily.com/KNApSAcK/
3. Molsoft L.L.C. https://www.molsoft.com

4. SwissADME http://www.swissadme.ch

. S;’V;Zflirl;?il(.)grft https://www.swisstargetprediction.ch

6. Genecards https://www.genecards.org

7. | OMIM https://www.omim.org

8. | Vennplot https://bioinformatics.psb.ugent.be/webtools/Venn/
9. STRING https://string-db.org

10. Cytoscape 3.10.1 https://cytoscape.org

11. Protein Data Bank https://www.rcsb.org

1.4 Thesis Outline

Chapter 2: A brief description of theoretical aspects explaining the malignancy rate of
CRC, importance of advancement in drug development and strategy for the therapy of this

disease.

Chapter 3: This chapter provides explanation of methodology and various online
platforms and web-tools used for identifying and validating effectiveness of proposed
bioactive compounds against CRC. This chapter describes the online tools used for
prediction and validation of ligand-protein interaction. Description of the mode of




operation used by each online server and its threshold value is also provided in each
subsection.

Chapter 4: This chapter shows the results of each prediction and evaluation steps.

Chapter 5: The discussion, importance, and interference of the achieved technical
results are given in this chapter.

Chapter 6: This section provides a summary of the results obtained from this study and
mentions the future perspective and limitations of the current study.



CHAPTER-2

LITERATURE REVIEW

2.1 Colorectal Cancer

The third common type of cancer in the US is colorectal cancer and over the coming
decades, an increase in its occurrence is expected worldwide. The risk of colorectal cancer
in individual is 4%-5% globally (see Table 1). Predictions regarding patient survival or
response to therapy are not possible due to the mutational landscape of colorectal cancer
(CRC). Significant progress has been achieved in comprehending the molecular processes
that causes the development of cancer and adenomatous polyps [7]. Colorectal cancer is a
multistep carcinogenesis, basically it is a combined impact of several successive genetic
changes. These changes can be inherited, as in genetic cancer predisposition syndromes,
or acquired, like the sporadic forms. The formation of CRC involves occurrence of
histopathological changes in epithelial cells present in mucosal lining of colorectal cells.
Initially, hyperplasia develops which causes thickening of mucosal surface, this is
followed by atypical hyperplasia which shows abnormal features of cells along with
excessive proliferation [8]. Persistence of this atypical hyperplasia leads to the formation
of adenomas in colorectal mucosa epithelial cells that breaks down normal regulatory
mechanism completely can ultimately progresses into carcinoma. Genetic mutations
either somatic (also known as acquired) or germline (also known as inherited) are primary
factors responsible for progression of cells from precancerous to carcinoma stage, cells at
carcinoma stage are highly invasive and can move to the distant parts of the body. This
process begins with the factors that induces changes in the structural makeup of DNA by
binding to it. Traditional cancer treatment options like radiotherapy and chemotherapy
involves utilization of high energy radiation and cytotoxic drugs which pose some
limitations such as off-target effects, meaning they cannot distinguish between the normal
cells and affected or diseased cells. Various symptoms such as nausea, vomiting,
immunosuppression and hair loss are caused by the off targets effects of therapy. While
chemotherapeutic drugs primarily target cancer cells, they can also inadvertently harm
surrounding healthy cells. [9].



Colorectal cancer

Figure 2.1: CRC accounts for 7.8% of newly diagnosed cancer cases in year 2023 in the

US
At a Glance
Estimated New Cases in 2024 152,810 5-Year
Relative Survival
% of All New Cancer Cases 7.6%

65.0%
Estimated Deaths in 2024 53,010 2014-2020

% of All Cancer Deaths 8.7%

Percent of Cases by Stage

0
6% 5-Year Relative Survival
B Localized (35%)

Confined to Primary Site

W Regional (36%)
Spread to Regional Lymph Nodes

Distant (23%)

Cancer Has Metastasized 48.8%

Percent

Unknown (6%)
Unstaged

15.7%

Localized Regional Distant Unknown

36%

Stage

Figure 2.2: a) According to data obtained from National Cancer Institute, it is estimated
that around 53,010 deaths will occur due to colorectal cancer and 1,52,810 new CRC cases
will emerge in 2024. Overall survival rate of individuals suffering from CRC is 65% from
the year 2014 to the year 2020 b) Pie chart and Bar graph is showing the survival by stage
which interprets the extent of the colorectal cancer in the body during diagnosis, or at a
stage of cancer, which influences both the length of survival and the available treatment
options. This data is obtained from National Cancer Institute, NIH.



Different stages of Cancer:

e Localized: Localized cancer refers to the cancer which is present in tissue or organ
where it began and has not yet invaded or reached to nearby body parts. It is also
referred to as stage 1 cancer. In figure b) 91.1% are of localized cases, which
remain confined to primary sites

e Regional/Distant Cancer: It represents the advanced stages of cancer progression.
Cancer which has spread to the nearby lymph node and distant locations within
the body such as liver, lungs and bone is known as regional or distant cancer.

2.2 Salvia officinalis L.

Salvia officinalis L. is a medicinal plant or Sage plant is a member of Labiatae/Lamiaceae
family. Bioactive compounds have been abundantly available in this medicinal plants.
This herb has been used for many different applications, such as medicine and diet.
Although this genus of plants is found all over the world, its species are regional to
Mediterranean and Middle East regions. [10]. Salvia species are rich in biologically active
substances majorly classified into phenolic components, monoterpenes, diterpenes, and
triterpenes. These compounds possess unique pharmacological activities, including
anticancer, antioxidative, antimicrobial, and antimutagenic properties, making them
potential treatments for various disorders. [2]. When examining the phytochemical content
of S. officinalis L, it can be observed that linalool is the most abundant in the stem, a-
pinene and cineole and some others are highest in the flowers, and bornyl acetate,
limonene, camphene, humulene, and thujone etc. are the most abundant in the leaves [11].

There are many common names for S. officinalis. The most well-known names for this
herb are culinary sage, dalmatian sage, true sage, garden sage, golden sage, and broadleaf
sage. Purple sage and red sage are two types that are grown.
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Figure 2.3: 2D structure of a) Caffeic acid b) Cynaroside c) 6 Epi-beta bisabolol d)
Hispidulin e) Limonin

Studies have shown that extract of sage plant inhibits the process of angiogenesis (
formation of new blood vessels) in vivo at optimum concentrations, suggesting that this
could be a novel avenue for the development of a new and novel anti-angiogenic
medication [12]. New blood vessels development from previous vessels is referred as
angiogenesis, this promotes development and survival of cancer cells by providing the
factors and oxygen required for its growth.

Biologically active compound present in Sage that can be effective against colorectal
cancer include caffeic acid, luteolin, quercetin, limonin etc (see fig 2.3). The polyphenol
content was present in high concentration in sage leaf extracts, then in aerial parts followed
by its other parts. S. officinalis L. has been studied for potential anticancer effects on a
variety of malignant cell lines and animal cancer models. Results against these cell lines
showed pro-apoptotic and growth inhibitory effects promoting cell destruction and
avoiding its proliferation in tissue. It has been seen that drinking sage tea can stop CRC
in its early stages. [13]. In rats, the impact of consuming sage herbal tea on the prevention
of CRC carcinogenesis was investigated. The DNA damage induced by oxidative H202
within in-vitro condition was found to be significantly minimized due to exposure of
extracts obtained from S. officinalis L. Phytochemicals exhibit anti-carcinogenic effects
by inhibiting the process of mitosis and promoting apoptosis (programmed cell death)
during the early stages of cancer progression. [14]. Network pharmacology has been
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recently adopted as practical tool to understand the mechanisms of herbal medicine to
identify potential targets based on multi-compound and multi-target theory.

2.3 Effect of SRC gene in colorectal cancer carcinogenesis

Sample analysis revealed in 80% of CRC patients, SRC gene have shown overexpression.
SRC kinase (a proto oncogene) is encoded by SRC gene. This kinase protein has tyrosine
kinase domain at its C-terminus. Tyrosine kinase is categorized into two types: receptor
tyrosine kinases (RTKs) and non-receptor tyrosine kinases (NRTKs). SRC gene forms
non-receptor tyrosine kinase.

#amples prP.. IIIIIIIIIIIIllIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

w ol

Genetic Alteration Missense Mutation (unknown significance) | Ampification | No alterations

Figure 2.4: This data presented in this study interprets the result of 165 samples obtained
from 161 patients to analyze query of SRC gene in CRC using cBioPortal platform.
Among all the patients 3% of patients showed amplification and missense mutation in
SRC gene resulting in overexpression of Src kinase protein.

cBioPortal serves as an extensive online tool or portal for analyzing multidimensional
cancer genomics data, which enables researchers to look into intricate genetic changes in
arange of different cancer types. By analyzing the query gene in this portal, it provides a
wide range of interpretation including pathways involved, which genes is over expressed,
reason behind the overexpression of a particular gene by analyzing the sample obtained
from patients suffering from particular disease. Our findings in this portal showed that the
SRC gene had genetic changes in about 3% of the patients (Total sample of patients-195)
(see fig 2.4). In particular, these changes comprised:

e Gene amplifications: Gene amplification results due to multiple amplification of
particular gene segment, which causes increase in its number. An increase in copy
no. of SRC gene occurs in CRC. Overexpression of SRC gene increases the
amount of Src kinase protein, which induces and causes dysregulation of multiple
downstream pathways as a result leading to carcinogenic processes. Its
overexpression causes significant changes within normal cells, converting it into
cancerous cells

e Missense mutations: Missense mutation occurs when one amino acid is replaced
by another amino acid in the polypeptide chain affecting its structure and function.
These are single nucleotide alterations in the SRC gene's DNA sequence that cause

11



the SRC protein to contain a different amino acid. These mutations have the
potential to change the function of protein, which may cause development of
cancer.

Thus, overexpression of SRC gene causes uncontrolled division of cells, resistance to cell
death, increased angiogenesis. These findings suggest that SRC holds promise as a both
therapeutic target as well as a biomarker in colorectal cancer, offering new strategies for
personalized treatment therapy. Targeting and inhibiting SRC to treat CRC has full
therapeutic potential, but more research investigations and clinical validation are needed
[15]. SRC gene has over more than 30 substrates, which includes transcription factors,
RNA-binding proteins, and signal transducers. It is involved in various signaling pathways
including PI3K/Akt pathway, MAPK, Stat3, IL-8, and VEGF, as well as pathways for
cytoskeleton formation, which control cellular activities and migration [16]. Despite the
tight regulation of their activity in normal cells, alternations such as mutations in target
gene, its overexpression, and autocrine paracrine stimulation can induce normal cells to
acquire transforming functions, which can result in cancer. SRC also upregulates p-gp
causing increase in resistance to drugs. P-gp stands for P-glycoprotein which removes the
absorbed drug from the intestine back into the lumen.

As compared to normal intestinal tissues, colorectal tumors express higher levels of SRC
gene expressing Src protein kinase, which induces carcinogenesis. Protein tyrosine kinase
phosphorylates tyrosine residues in target protein which transfers its signal. The majority
of signal transduction cascades depends on NRTKSs to control vital biological functions
such as adhesion of cells, its proliferation, survival, cell division, gene expression
regulation, and prevention of cell development [17]. Tyrosine kinases make up a
significant fraction of all oncoproteins, which are involved in the transformation of normal
cells into numerous cancers [18].

2.3.1 Structure of SRC gene:

Src is made up of the following segment: 14-carbon myristoyl group at N-terminus, an
SH3 domain, an SH2 domain around N-terminus, a protein-tyrosine kinase domain at C-
terminus and a C-terminal regulatory tail [19]. The small amino-terminal domain of Src
kinase is composed of 267-337 aa residues, while its large carboxyl-terminal domain
contains 341-520 aa residues. The primary function of smaller amino-terminal lobe of
protein kinases is to anchor and orient ATP; the G-rich loop is a part of nucleotide-
phosphate binding region. The B-sheet structure is primarily antiparallel in this smaller
lobe. Overexpression of Src kinase occurs due to mutations in the SH3 and SH2 domains
at N-terminus; Tyr527Phe mutation also increases Src enzyme activity. Tyrosine 416,
which causes activation due to autophosphorylation, and tyrosine 527 causes inhibition
due to phosphorylation by Src kinase at C-terminal, these two are main phosphorylation
region of Src kinase protein. SH3 and SH2 are Src homology (SH) domains. SH2 function
as protein-protein interaction domain and phosphor-tyrosine binding. SH3 function as
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both recognition domain for substrate and linker interacting domain. The phosphotyrosine
527 and SH2 domain form salt bridge, while the polyproline type II left-handed helix
present at SH3 domain attaches to the kinase domain. A dormant enzyme conformation is
stabilized by both SH2 and SH3 domains, which are located away from the active site of
enzyme usually at the backside of the kinase domain [20] (see fig 2.5).

ATP binding pocket  Autophosphorylation site

! !

Intra/inter Phospho-tyrosine K219 Y342
molecular binding and PPI
interacting site domain

! !

NH2=— SH3 —————— SH2

Phosphorylating site o
Y447(Autoinhibition site)

Tyrosine Kinase —|—COOH

Figure 2.5: SRC kinase structure

I

SRC

Various cytokines and growth hormones binds to target receptor and positively stimulates
Src kinase protein which in turn activates or inhibits multiple signaling pathways such as
mitogen activated protein kinase (MAPK), phosphatidylinositide 3 kinase, signal
transducer and activator of transcription 3, endothelial growth pathways, vascular
endothelial growth factor etc. It also regulates pathways involved in formation of
cytoskeleton.

2.3.2 Pathways regulated by Src kinase

Src regulates the target protein by kinase activity, i.e., by phosphorylating the target
protein. Src phosphorylates p85 subunit present within PI3K which causes its activation.
Increase in expression level of PI3K in turn activates many downstream effector proteins
such as mTor C1, NF-xB, GSK that play an important role in various cellular events. The
second major pathway controlled by Src is Ras-Raf-MEK-ERKI1/2 pathways. This
pathway involves series of activation of downstream protein. Src activates Ras protein,
this protein is a major regulator of Raf. Ras activates Raf, which in turn activate MEK.
MEK activates ERK1/2. This ERK1/2 is a transcription factor which binds to DNA,
thereby increasing the cell activity. Third major signaling pathway controlled or regulated
by this gene include STAT3 pathway. Src phosphorylates STAT3 and induces the
expression of STAT3 protein. This activated STAT3 acts as a transcription factor and
enters inside the nucleus. Once it is inside the nucleus, it activates various effector proteins
by binding with the DNA such as c-Myc, VEGF, Bcl2, IL-6 (see fig 2.6)
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Figure 2.6: Major pathways of Src

Research indicates that overexpression of SRC gene in colon cancer can speed up the
spread of the disease [21]. Its overexpression increases cell adhesion, migration and
invasion indicating its role in cancer progression. Selective tyrosine kinase inhibitors can
block constitutive oncogenic activation of Src in cancer cells, which makes it a practical
approach that can be used for novel genome-based therapeutics [22]. Therefore, inhibiting
SRC (non-receptor tyrosine kinase) could be helpful in treating colorectal cancer.

2.4 Lipinski Rule of five

Lipinski rule of five, also known as Ro5 evaluates the drug-likeness property of a
bioactive compound. It was originally published in the year 1997 by Christopher A.
Lipinski who developed this rule after noticing that the majority of medications are taken
orally and it is small, somewhat lipophilic molecules [23]. It provides general guideline
for assessing drug-likeness of a chemical compound, it also asses its pharmacological or
biological activity that would likely make it qualify as oral drug to be used by humans.

Bioactive compounds that fulfills all the five criteria of Lipinski rule is considered as
orally active drug for humans. This analysis should be carried out to evaluate whether a
particular bioactive compound is a drug or non-drug. For the biologically active molecule
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or compound to have the potential to be used as an oral medication, it needs to have
molecular weight less than 500 Daltons (<500 Da), a compound must have less than five
hydrogen bond donor (<5) and less than ten hydrogen bond acceptor (<10), An extensive
analysis of ligands with several hydrogen bond donor groups indicates that it is very tough
to accommodate more than two or three of these H-groups in a single ligand [24]. It is
very difficult to obtain the exact geometry needed for the best possible hydrogen bonding.
The accurate 3D alignment of the donor atoms and acceptor atoms is necessary for
directional interactions like hydrogen bonds. One important factor in H-bonding is
conformational flexibility of ligand molecule because flexible ligands have the ability to
take on various conformations, not all of which are favorable for hydrogen bonding. On
the other hand, stiff ligands show restricted degree of conformational freedom, which
would make it harder to achieve the required conformational geometry. It is also
intrinsically difficult to maintain the precise alignment required for multiple strong
hydrogen bonds by balancing these factors [25]. Because of this, it increases the
possibility that potential hydrogen bond donors will not positively contribute to ligand
binding and shows the opposite effect as ligand binding increases in number. The
calculated logP (partition coefficient) value should be below 5. The hydrophobicity of a
compound is measured by its logP which shows how well the compound gets dissolved in
fats vs water. If a compound has logP value above 5, it means compound is hydrophobic,
get easily soluble in fat but not in water. This can affect its absorption by the GI tract.
They may also be more likely to become stuck in lipid membranes, which would make it
more difficult for them to get to the intended locations inside the body. According to the
rule, drug is more likely to have inappropriate permeation and absorption if compound
violates any of these five criteria [23]. We can estimate and analyze all these parameters
using SwissADME online webserver.

2.5 Network pharmacology

By investigating into anti-CRC compounds and the related molecular mechanism of
Salvia officinalis L. in teating CRC, the researchers hope to provide a theoretical
framework for finding and creating novel drugs against diseases [22]. In order to
understand the mechanisms behind the complementary therapeutic actions of herbal
medicines, network pharmacology is an integrative in-silico method that uses a protein-
ligand /disease-gene network. It basically elucidates the pharmacological effect of a
phytochemical by targeting specific disease gene. As a result, the paradigm has changed
from "one target, one drug" to "network target, multiple component therapeutics" [26]
Because network pharmacology approaches address a drug effectiveness against multiple
target key players in disease or its associated pathway involved in a disease. This approach
allows us to identify multiple drug candidates against a particular target gene. In-silico
toxicity analysis and efficacy testing of phytochemicals against the target protein is crucial
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pre-step that saves time. Several databases have been established that provides on drugs,
targets, pathways, interactions, and disease associations. Drug databases such as
PubChem is used to obtain information about phytochemicals such as Canonical SMILES,
its molecular weight, structural details etc. List of phytochemicals present in particular
plant is acquired from IMPPAT ad KnapSacK databases. OMIM and Genecard databases
are comprehensive database to understand human genes and genomes. This database
provides a list of genes linked to specific diseases. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Ontology are databases that covers diseases, drugs,
chemicals, biological pathways, and genomes. A common tool for comprehending
molecular networks and medication action mechanisms is the KEGG pathway and GO
analysis. STRING database predicts interaction and its affinity between proteins. Output
of protein interaction analysis is depicted with nodes and edges. It helps us to understand
the broader aspects of drug targets.

The analysis of Salvia officinalis L. bioactive compounds with their anti-cancer effect
through the use of molecular-docking, simulation, and network pharmacology sparked
interest in the plant as a potential drug source [22]. Additionally, more wet lab testing is
required to investigate the compound's potential pharmacological uses. Although
computational techniques provide significant insights into prediction, but validation by
wet lab experimentation is still essential for verification of these predictions and
converting them into clinical applications. To validate the bioactivity of Salvia officinalis
L. compounds against cancer cells, clarify their mechanisms of action, evaluate their
safety and efficacy profiles, and optimize their pharmacokinetic properties, wet lab
experiments—such as in vitro and in vivo studies—are crucial.
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CHAPTER 3

METHODOLOGY

3.1 Identification of active phytochemicals present in Salvia officinalis L.

In recent years, the research on plant metabolites has gained a lot of interest within the
scientific community. Plant metabolites includes a wide range of bioactive compounds
including Alkaloids, flavonoids, terpenoids and phenolics. These phytochemicals show
immense potential for human health. In this study, we have taken Salvia officinalis L. to
determine the effectiveness of its phytochemicals against CRC. The list of phytochemicals
found in different portions of Salvia officinalis L. are all obtained from plant databases
like KNApSACk and IMPPAT (Indian Medicinal Plants, Phytochemistry and
Therapeutics) [27]. These plant databases provide wide range of information about
bioactive phytochemicals present within the plants and biological sources associated with
them. It provides information such as chemical structure of the phytochemicals, its
molecular weight and physiochemical properties allowing scientists to carry out in depth
analysis. These databases facilitate identification of potential therapeutic candidates by
providing broad data on plant metabolites. Scientists can examine naturally occurring
bioactive compound that exhibits medicinal properties and evaluate their use in drug
discovery and development. Total 749 different phytochemicals are found in Salvia
officinalis L. Software like Molsoft and SwissADME is used to analyze pharmacokinetics
properties, bioavailability score and drug-likeness of these 749 phytochemicals by using
their Canonical SMILES which are taken from PubChem database. In order to facilitate
effective data processing and analysis, canonical SMILES offer a standardized
representation of the molecular structure.

3.2 ADME analysis

ADME refers Absorption, Distribution, Metabolism and Excretion. Analysis of these four
parameters play essential role in discovery and development of drugs, thereby determining
the overall efficacy and safety profile of a drug candidate [22]. Drug must arrive at target
site within the body in appropriate amount, must show improved bioavailability at target
site and it should be in its bioactive form for sufficient amount of time to produce intended
biological effect. SwissADME is an online tool available for free, offering rapid and
reliable predictive models for pharmacokinetics, physicochemical properties, drug-
likeness, and medicinal chemistry friendliness.[28] [29]. These models include in-house
expertise from methods like the iLOGP, Bioavailability Radar, and BOILED-Egg.
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Software SwissADME analyze pharmacokinetics properties, bioavailability score and drug-
likeness of these 749 compounds by using their Canonical SMILES which is obtained from
PubChem database. Drug likeness of a compound should be >0.18 and bioavailability score
must be >0.55 for a compound to be qualify as viable oral drug. A compound must also qualify
Lipinski’s rule of five (Ro5). This analysis helps to identify promising drug candidates [30].
It was discovered that out of 749, only 22 phytochemicals met the requirement for drug-
likeness and had appropriate ADME values.

3.3 Toxicity analysis

It is estimated that the chances of drug candidates are only 8% to become marketed drug
medications, when they enter clinical trials, and the drug toxicities account for 20% of
failures in late-stage drug development [31]. Computational prediction method provides
multiple benefits during the drug development process. It saves time and resources,
reduces the chances of drug failures due to prior predictions of its properties [32].

Using Protox 3.0 software, the toxicological properties of 30 non-toxic bioactive
compounds were analyzed (refer to Appendix 2). This step is crucial to evaluate the
effectiveness and safety of drug medications [33]. The main objective of this toxicity
models is to save time and money invested in toxicity assessments by supplementing the
current in vitro toxicity methods that predict the toxicity effects of chemicals [29]. The
Protox 3.0 is an in-silico online tool that makes use of advanced machine learning
algorithms to predict toxicity endpoints of a compound. We look for specific toxicity
parameters in our drug candidates such as hepatotoxicity, mutagenicity, carcinogenicity
and immunogenicity [22]. ProTox 3.0 models have demonstrated balanced ratio of
performance taking into account specificity and sensitivity of the model respectively.
Compared to commercial software, It provides better performance in all 61 models as
indicated in the ProTox 3.0 web server. The 30 selected phytochemicals were subjected
to toxicity analysis one by one using their Canonical smiles as input data on web page.
Only 3 phytochemicals came out to be non-toxic in four essential parameters
(Hepatotoxicity, Mutagenicity, Carcinogenicity, immunogenicity) [34].
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3.4 Prediction of target genes associated with colorectal cancer

The next step is to identify the possible targets for these three phytochemicals so that we
can treat colorectal cancer using them. The phytochemical targets of Salvia officinalis L.
were predicted by Swiss Target Prediction website. This webtool makes it easier to
estimate most probable targets of a phytochemical drugs and it contains over 3000 target
proteins from different species and have an internal library of 3,70,000 known active
compounds. Genecards and the OMIM (Online Mendelian Inheritance in Man) database
were searched to find genes associated with colorectal cancer. [22]. Genecard provide
extensive details about each gene that has been annotated and predicted, involving its
functions, diseases that they are linked to, pathways, and its associated literature. It is an
important tool for determining the no. of genes linked to particular illnesses, for eg:
colorectal cancer. OMIM is an extensive, reliable, and up-to-date research resource. It
provides carefully chosen descriptions of human genes, phenotypes, and their interactions.
In January 2011, OMIM.org (http://omim.org), the organization's new official website,
was launched. OMIM database is very useful database to interspersed and diverse
communities of scientists, clinicians, molecular biologists, and genome scientists, as well
as by students and educators in these fields [22]. It offers data that is derived from
published, peer-reviewed biomedical literature. Both OMIM and genecards database
display a list of genes associated with colorectal cancer. Comprehensive details about the
linked genes, their mutations, along with their functions in colorectal cancer are included
with each entry.

3.5 Establishment of Sage-CRC gene network

Venn diagram tools estimate common genes between disease and compound. It was used
to identify which targets overlapped between the two. [22] [29]. Two datasets are required
to generate vennplot: one dataset containing the genes associated with colorectal cancer
and other datasets that represents target genes of the bioactive substances extracted from
Salvia officinalis L. Vennplot showed 190 common genes indicating that these common
genes are associated with colorectal cancer and are mainly targeted by phytochemicals
obtained from Salvia officinalis L.

Using the STRING online tool, the protein-protein interaction network of 190 overlapped
genes with the highest confidence (0.900) was created. After adding 190 common target
genes to the DAVID database, the top five most likely pathways for colorectal cancer were
found.
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3.6 Biological functional analysis

Enrichr bioinformatics online tool, which analyze gene sets and perform functional enrichment
analysis were used to find intersection targets of genes related to colorectal cancer and active
phytochemicals were analyzed for enrichment analysis using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) [22]. Gene ontology data and KEGG
enrichment analysis analyze genes and genomic data (refer to Appendix 2). Their
examination helps in the identification and discovery of new biological roles, genotype-
phenotype correlations, and illness mechanisms.

e Gene ontology: Multiple genes associated with biological processes, molecular
functions, and cellular components are provided by GO. The hierarchical structure
and careful regulation of these terms enable accurate and methodical gene
annotation [35].

e KEGG pathway: KEGG (Kyoto Encyclopedia of Genes and Genomes) is an
attempt to standardize gene annotations and computerize current understanding of
cellular processes to establish a link between genomic data and higher order
functional data [36].

There are various webtools available for GO and KEGG enrichment analysis. In our study,
this enrichment analysis is done using Enrichr. This enrichment analysis tool, utilizing
Fisher's exact test, is tailored for gene lists without ranking. It encompasses over 100 gene
set databases, having a total of more than 180,000 gene sets across diverse categories that
are known for its user-friendly interface, this tool offers extensive interactive reporting
capabilities. [37].

3.7 Protein-Protein interaction network and critical subnetwork

Functional association between two proteins is the basic interaction unit displayed in
STRING database, that collectively plays an important function in specific biological
pathways. Protein interaction scores are represented as approximate confidence by
STRING [38], [39]. Common genes obtained were used as an input in string database for
homo sapiens. It predicts the interactions at different confidence level: 0.15 represents the
low confidence, 0.4 shows medium confidence and 0.9 shows highest confidence score.
We obtained our string interaction analysis at 0.9 (high confidence). Nodes represent
protein, connected to each other via string that represents physical interaction and it
provides result which is based on known and predicted protein-protein interaction. More
significant a node is in the PPI network, the higher its degree value. As a result, the degree
value of the network's nodes can be used to filter out hub genes. This database aims to set
itself apart primarily by (i) having a high coverage range, (ii) being user-friendly, and (iii)
having a uniform and accurate scoring system. Presently, it has largest collection of
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proteins (24.6 million) and organisms (5090), along with a diverse array of benchmarked
data sources, as well as intuitive online viewers for quick and easy access.

3.8 Construction of component target pathway network

We used this cytohubba plugin provided within Cytoscape to identify top hub genes in the
PPI network, which was made up of different phytochemicals and the anti-CRC targets
that went along with them. This cytohubba plugin identified the top 10 hub genes and
phytochemicals involved in CRC. Hub genes are the genes that show high degree of
interconnection between genes and other proteins present within the network. We can
orient and arrange the interaction network in different patterns. Its result is shown in
Cytoscape 1s a useful bioinformatics software platform available for free, which enables
the visualization and interpretation of intricate networks of molecular interaction. [40],
[41]. The main core of this software provide features to organize the data in different
layouts and analyzing the network, integrating it visually with phenotypes, expression
profiles, and other molecular states, and also connecting it to functional annotation
databases. CytoHubba is plugin within Cytoscape software. It is an effective tool for
locating hub genes, or important nodes within biological networks such as PPI networks
[42]. These networks are essential for understanding the underlying molecular
mechanisms of disease and locating its possible targets for treatment.

3.9 Molecular docking using Pyrx

Molecular docking was conducted to find out binding strength between the two top-
ranking phytochemicals (Hispidulin and 6-Epi-beta-bisabolol) according to hub genes
analysis and the most prominent target protein. PyRx software was utilized to determine
affinity of interaction between the target protein Src kinase and phytochemical ligands.
Protein-ligand binding mode and affinity between them is predicted by docking and drug
discovery relies heavily on it. Structure of Src kinase encoded by SRC gene is taken in
pdb format from RCSB Protein data bank. Removal of water molecules, ligands if present
and removal of side chains is done by selecting and deleting to prepare target protein using
Biovia Drug Discovery Studio Visualizer 2024...then target protein is saved in .pdb
format. Resolution of this Src kinase is 2.2 A resolution. The ligands (Hispidulin and 6-
Epi-beta-bisabolol) were sourced from the PubChem database in 3D conformer provided
in SDF format. These were then transformed into .pdbqt format using Open Babel, an
open-source chemical toolkit available within PyRx software. Open Babel is an open
source chemical toolbox that provides an easy interface to convert one chemical file
format to another chemical file format. Proteins were further analyzed and docked within
the PyRx software, here the energy of all ligands was minimized. The autogrid dimensions
in Autodock Vina between the ligands and receptor tyrosine kinase atoms are X- 64.315
A, Y- 68.403 A and Z- 58.514 A. To save computation time, a good scoring grid is
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computed from the structure of ligands. Through docking simulations, various ligand
binding affinities for the SRC gene are obtained, offering insights into their possible
interactions and affinities. Different binding affinities of ligands for its receptor is then
obtained. Subsequently, visual representations of the 2D and 3D interactions between
these entities were generated utilizing Discovery Studio Visualizer. Visualization of this
binding interaction helps to identify residues involved in bond formation, general
structural features of ligand protein complexes, and binding mechanism. It offers
prediction of significant affinity of phytochemicals against SRC gene.
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CHAPTER 4

RESULTS

4.1 Screening of active compounds and potential targets

As per IMMPAT and KNApSACk databases, total 749 phytochemicals were discovered
across different regions of Salvia officinalis L. After assessing the drug-likeness and
bioavailability scores of each phytochemical using the Molsoft webtool and their
canonical SMILES, we applied multiple filters to identify the most promising
phytochemicals. Among them, 22 phytochemicals passed the filters of drug likeness >0.18
and oral bioavailability score of >0.55 (see table 4.1). Hence, approximately 4% of
available phytochemicals qualified for toxicity analysis step. Oral Bioavailability depicts
the degree of absorption of drug compound by the body and Drug likeness compares the
bioactive compounds with known drugs and predicts the drug likeness of a compound. It
is very crucial to conduct toxicity analysis of compounds to analyze its safety profile.

Table 4.1: Name of compounds that offers suitable drug likeness above 0.18 and have
bioavailability score greater than 0.55. Name of molecule is provided with its Molecule
ID.

MOL ID Components lkenss | seore
12300148 6-Epi-beta-bisabolol 0.48 0.55
161271 Salvigenin 0.45 0.55
5281792 Rosmarinic acid 0.37 0.56
5280445 Luteolin 0.38 0.55
5317284 Nepetin 0.44 0.55
188323 Cirsimaritin 0.47 0.55
5281617 Genkwanin 0.37 0.55
5281628 Hispidulin 0.46 0.55
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Table 4.1 (continued)

6918774 Corosolic acid 0.6 0.56
10494 Oleanolic acid 0.37 0.85
64945 Ursolic acid 0.66 0.85

5280704 Cosmosiin 0.59 0.55

222284 beta-Sitosterol 0.29 0.55
494501 7alpha-Acetoxyroyleanone 0.39 0.56
160237 Cirsiliol 0.56 0.55

1507228 5, 7-Dimethoxy-1-naphthol 0.48 0.56

11172 Octadecamethylcyclononasiloxane 0.61 0.55
442664 Vicenin-2 0.2 0.55
179482 2alpha,3alphaélg)_l(l)liyéd;;)izyolean- 12-en- 0.55 055

11869658 3-Epioleanolic acid 0.37 0.56
5780489 beta-Carotene 0.29 0.55
5780637 Cynaroside 0.6 0.55

Web tool such as Protox 3.0 software predict compounds toxicity that may be hazardous
to humans, animals and plants. Comparing the ProTox 3.0 web server to current
computational models reveals a number of advantages. Adverse outcomes pathways
(AOPs), metabolism, and chemical and molecular target knowledge are all included in the
ProTox webserver. This software can conduct toxicity analysis at different levels such as
hepatotoxicity, carcinogenicity, mutagenicity, immunotoxicity. Out of 22
phytochemicals, Hispidulin, Cynaroside, 6-Epi-beta-bisabolol showed no toxicity in all
these four parameters (see table 4.2). For a specific phytochemical to be deemed suitable
for therapeutic purposes, it should show inactivity across all these parameters. This
signifies that these three compounds didn’t show any signs if inducing cancer, genetic
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mutations, liver cells damage and unfavorable immune response. Table is showing the
probability of inactivation of compounds in this four parameters.

Table 4.2: Only three phytochemicals out of 22 showed no toxicity in four essential
parameters such as Hepatotoxicity, Carcinogenicity, Immunotoxicity and Mutagenicity

Phytochemicals | Hepatotoxicity | Carcinogenicity | Immunotoxicity | Mutagenicity
(Inactive (Inactive (Inactive (Inactive
probability) probability) probability) probability)

6-Epi-beta- 0.81 0.70 0.86 0.75

bisabolol

Hispidulin 0.72 0.68 0.72 0.94

Cynaroside 0.82 0.85 0.74 0.76

Validation results of phytochemicals in the ProTox 3.0 (Toxicity prediction platform)
showing probability of inactivation in terms of Hepatotoxicity, Carcinogenecity,

Immunotoxicity and mutagenicity.

4.2 ADME analysis

Show Molecules Name

BBB

HIA
o PGP+
o PGP-

Molg?ule 3

None

Figure 4.1: BOILED Egg analysis representing whether the bioactive compound will get
absorbed effectively in GI tract and BBB. Molecule 1 is Hispidulin: it gets absorbed by
the GI tract and Molecule 3 is 6-Epi-beta-bisabolol: it gets absorbed effectively and can
even cross the BBB
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ADME analysis represents evaluation of absorption, distribution, metabolism, excretion
of drug compound that is crucial to evaluate during drug development process. It provides
details regarding pharmacokinetics property of a compound using SWISS ADME web
tool. The top scoring ligands Hispidulin, Cynaroside, 6-Epi-beta-bisabolol were subjected
to ADME analysis. Its graphical output is represented as BOILED egg analysis that
explains Hispidulin among the three absorbs effectively in gastrointestinal tract as shown
in white region and 6-Epi-beta-bisabolol have the potential to cross blood-brain barrier as
shown in yellow region of the egg (see fig 4.1). Cynaroside showed poor absorption that
can’t be absorbed in GI tract and it cannot cross BBB as shown as blue dot outside egg
region (see fig 4.2).

FLEX A Sl
FLEX SIZE /\ SIZE
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Figure 4.2: Pharmacokinetic profile of ADME calculated using SWISSADME tool a)
Cynaroside b) Hispidulin ¢) 6-Epi-beta-bisabolol

Hispidulin: The average lipophilicity (log po/w) of Hispidulin is 2.27 which indicates
that it is moderately soluble in water. Skin permeation (log Kp) value is -6.01cm/s. 0.55
is bioavailability score and its synthetic accessibility is 3.12 respectively. It reveals no
violation of lipinski’s rule, therefore categorized as drug likeness compound. Xenobiotics
and drugs are pumped back into the gastrointestinal lumen by P-gp, an efflux transporter.
Hence, it reduces the concentrations of drugs in plasma and tissue (see table 4.3).
Hispidulin is PGP- (shown as red color), means it has good bioavailability, gets absorbed
in the tissue and plasma effectively and is not pumped back by P-gp transporter and it
shows high absorption in the gastrointestinal tract.

6-Epi-beta-bisabolol: The average lipophilicity (log po/w) of 6-Epi-beta-bisabolol is
3.54 and it is moderately soluble in water. Its skin permeation (log Kp) is -4.08cm/s. The
bioavailability score is 0.55 and synthetic accessibility is 4.06 respectively. It reveals no
violation of lipinski’s rule, therefore categorized as drug likeness compound. 6-Epi-beta-
bisabolol is PGP- (shown as red color), means it has good bioavailability, gets absorbed
in the tissue and plasma effectively and is not pumped back by P-gp transporter and it can
cross blood brain barrier (BBB).

Cynaroside: Cynaroside does not qualify as viable drug delivery agent because it is
violating Lipinski rule of five. It exhibits more than five hydrogen donor, i.e., 7 and more
than 10 hydrogen acceptor, i.e., 11. Hence, it is violating more than one rule of Lipinski
and cannot qualify as oral drug agent.
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Table 4.3: ADME analysis

ADME analysis
Parameters Hispidulin 6-Epi-beta-bisabolol | Cynaroside
Molecular weight (<500 Da) 300.26 g/mol 222.37 g/mol 448.38 g/mol
LogP value (<5) 227 3.54 1.83
No. of H-bond donors (5) 3 1 7
No. of H-bond acceptor (<10) 6 1 11
No. of rotatable bonds (<10) 2 4 4

4.3 Target profiling of Salvia officinalis L. and CRC

Using the SwissTargetPrediction database, possible protein targets for Salvia officinalis
L. is identified. A sum of 226 distinct target genes was displayed and collected for three
bioactive phytochemicals derived from Salvia officinalis L., each with a probability score
greater than zero. An extensive search carried out using GeneCards, a database that offers
thorough information about genes, their functions, and related diseases, to find possible
therapeutic targets for Colorectal cancer. Vennplot showed the common targets for the
CRC (see fig 4.3). It predicts possible target genes by narrowing down the list and identify
genes that might be an important factor for a disease. 190 target genes in all were found
to be viable targets and were subsequently used in the research that followed (refer to
Appendix 1).

targets

~ genes
Figure 4.3: The overlapping targets were identified between the potential protein targets

of two active phytochemicals in Salvia officinalis L. and the genes associated with
Colorectal Cancer (CRC)
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4.4 Network of protein-protein interaction and core subnetwork

Figure 4.4: Network of Protein-Protein interaction of 190 intersecting gene target made
using STRING database

190 common genes obtained in venn plot were used as an input in string database search.
Homo sapiens were selected as an input so that it will show interactions which are specific
to human proteins. The "highest" (0.900) confidence cutoff has been set for visibility of
interaction link. With a list of the proteins as input, STRING can find the proteins that
directly interact with the inputted proteins via physical interactions, or their neighbor
interactors. From there, STRING can create a PPI network that includes every protein and
every interaction that occurs between 285 edges, as seen between protein nodes. In fig 4.4
nodes display proteins and edges display interactions, where the degree of strength
interactions or confidence can be indicated by thickness of the edges. The interactions
between the target protein comprises 190 nodes, 285 edges and 3.02 average node degree
see table 4.4. Degree is crucial in illustrating the interactions between proteins and
network nodes.

Table 4.4: Network statistics obtained from String database

Total number of nodes 190
Total number of edges 285
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Table 4.4 (continued)
Average degree of node 3.02
Mean local clustering coefficient 0.406
p value of PPI enrichment < 1.0e-16
PIKIRT. ALK
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Figure 4.5: Network of plants, its active phytochemicals and common gene targets
associated with in disease. Different categories are represented by different color of nodes.
Light green is used for active phytochemicals, Dark green for herb Salvia officinalis L.
Purple indicates common target and Colorectal cancer (disease) is represented by orange.

4.5 GO and KEGG enrichment analysis

To gain more knowledge about the biological activity and function of the targets which
are targeted by the phytochemical drugs, an analysis of gene function annotation was
done. KEGG and GO enrichment analysis was done using Enrichr online webtool. The
190 common genes obtained between the phytochemical and target disease were used as
an input to pinpoint all the critical pathways involved. The highest and topmost 10
enriched annotations were selected based on the targeted genes paired with their most
effective ligands, as they appeared within the top 10 enriched ontologies and the 10
pathways having the lowest p-value, which suggest a higher level of confidence within
the data. This p value represents the interaction strength between the phytochemicals and
the biological pathways.
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In KEGG pathway analysis showed pathways in cancer, Chemical carcinogenesis, insulin
resistance, proteoglycan, sphingolipid signaling pathway and so on as shown in fig 4.6

(a).

KEGG 2021 Human
Pathways in cancer *1.1e-20

Chemical carcinogenesis *3.40e-20

Insulin resistance *5.52e-15

Proteoglycans in cancer *9.54e-14

Sphingolipid signaling pathway *4.63e-13

Human cytomegalovirus infection *5.14e-13

AGE-RAGE signaling pathway in diabetic complications *6.51e-13
Ras signaling pathway *8.89e-13

Ovarian steroidogenesis *1.45e-12

PI3K-Akt signaling pathway *3.41e-12

0 3 6 9 12 15 18
—logio(p-value)
Figure 4.6 (a): A bar chart illustrating the top 10 enriched terms from the KEGG_2021
Human gene set library: The top 10 terms shows enriched pathways for the input gene set,
are presented based on the -log10(p-value), with the respective actual p-values displayed
alongside each term. The pathway ranking highest at the top shows the most substantial
overlap with the input query gene set.

Biological process (BP), cellular component (CC) and molecular function (MF) are three
categories described by GO enrichment analysis. According to output generated: In
biological process, potential targets were primarily focused on responding to protein
phosphorylation process, Negative regulation of apoptosis, protein modification process
and so on. In cellular components, potential targets were involved in membrane raft,
Neuron projection, Endoplasmic reticulum membrane, Intracellular membrane bound
organelle and many more. In case of molecular function, potential targets played
significant role in Protein tyrosine kinase, Protein serine/threonine kinase activity, Steroid
hydroxylase activity and so on.
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GO Biological Process 2023
Protein Phosphorylation (GO:0006468) *1.31e-24

Phosphorylation (GO:0016310) *1.12e-20

Negative Regulation Of Apoptotic Process (GO:0043066) *3.13e-17
Protein Modification Process (GO:0036211) *5.78e-15

Peptidyl-Serine Phosphorylation (GO:0018105) *1.19e-14

Peptidyl-Serine Modification (GO:0018209) *2.85e-14

Negative Regulation Of Programmed Cell Death (GO:0043069) *2.98e-14
Regulation Of Apoptotic Process (GO:0042981) *1.68e-13

Steroid Metabolic Process (GO:0008202) *1.98e-13

Protein Autophosphorylation (GO:0046777) *2.62e-13

0 3 6 9 12 15 18 21 24
—logio(p-value)

Fig 4.6 (b): A bar chart representing top enriched terms from the GO biological process
2023 gene set library: The topmost 10 terms were enriched for the input gene set which
are presented based on the -loglO(p-value), and its corresponding actual p-values
indicated next to each process. The process positioned at the top indicates the most

substantial overlap with the input query gene set.
GO Cellular Component 2023
Membrane Raft (GO:0045121) *6.67e-07

Neuron Projection (GO:0043005) *1.61e-06

Endoplasmic Reticulum Membrane (GO:0005789) *2.36e-06
Intracellular Membrane-Bounded Organelle (GO:0043231) *6.7e-06
Axon (GO:0030424) *2.76e-05

Dendrite (GO:0030425) *5.72e-05

Nucleus (GO:0005634) *4.31e-04

Golgi-associated Vesicle (GO:0005798) *1.02e-03

Cytoplasmic Side Of Plasma Membrane (GO:0009898) *1.20e-03

Phosphatidylinositol 3-Kinase Complex, Class | (GO:0097651) *2.42e-03

0 1 2 3 4 5 6
—log1o(p-value)
Fig 4.6 (c): A bar chart illustrating top 10 enriched cellular component from the GO
Cellular Component 2023 gene set library. The top 10 terms enriched for the input gene
set are presented based on their -loglO(p-value) along with respective actual p-values
provided after each component. The term positioned at the top indicates the most
substantial overlap with the input set of query gene.
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GO Molecular Function 2023
Protein Serine/Threonine Kinase Activity (GO:0004674) *2.11e-19

Protein Kinase C Activity (GO:0004697) *1.64e-13

Steroid Hydroxylase Activity (GO:0008395) *3.79e-13

Protein Tyrosine Kinase Activity (GO:0004713) *5.65e-13
Heme Binding (GO:0020037) *3.63e-11

Carbonate Dehydratase Activity (GO:0004089) *1.10e-09
Protein Kinase Binding (G0:0019901) *3.74e-09

Transition Metal lon Binding (GO:0046914) *1.47e-08
Estrogen Response Element Binding (GO:0034056) *1.78e-08

Transmembrane Receptor Protein Tyrosine Kinase Activity (GO:0004714) *2.18e-08

0 2 4 6 8 10 12 14 16 18
—logio(p-value)
Figure 4.6 (d): A bar chart showing the top 10 enriched functions from the GO Molecular
Function 2023 gene set library. The top 10 functions enriched for the input gene set are
presented according to their -loglO(p-value), with the corresponding actual p-values
displayed next to each term. The term positioned at the top reflects the most substantial
overlap with the input set of query gene.

The GO analysis results showed that the potential targets were predominantly enriched in
the biological process related to responding to protein phosphorylation., Membrane raft
in cellular function and protein tyrosine kinase activity in molecular function. Moreover,
the KEGG results were directly related to the pathways in cancer (see fig. 4.6 (b,c,d))

4.6 Component target pathway network construction

Lymphocyte differentiation antigen
CD38

Xanthine dehyd 0QBRase

erbB1

Figure 4.7: The interaction network of disease target and phytochemicals
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Interaction network between active phytochemicals in Salvia officinalis L. and anti-CRC
target genes was constructed and visualized by Cytoscape software, displaying the highest
ranking gene as shown in red color (see fig 4.7). CytoHubba is a plugin present within the
cytoscape software that provides the details on hub gene ranking and network. This was
accomplished by using sophisticated network analysis made possible by the CytoHubba
plugin, which is compatible with Cytoscape version 3.10.1.

Top ranking phytochemicals and target genes effective against a disease was determined
using this software. Degree method showed ranking of topmost 10 genes among all the
genes and top 9 phytochemicals. The Src gene which encodes for Src protein kinase ranked
highest among the top 10 genes, with a score of 121., followed by TNF, TP53, EGFR,
AKT]1 and other genes as shown in bar graph (see fig 4.8).

Gene Rank
S GSK3D
o MMP9
w PTGS2
= BCL2
% o ESR1
5, Al coerm———ee
< EGFR
gl voeem@ |
] TNF
— SRC
0 20 40 60 80 100 120 140

Figure 4.8: a) The top 10 target genes were selected based on their degree in the hub
network. SRC achieved the highest score of 121, making it the top-ranking gene among
all target genes.

4.7 Molecular Docking

Among all 749 phytochemicals in Sage plant, the top 2 selected phytochemicals
Hispidulin and 6-Epi-beta-bisabolol showed significant affinity of interaction between the
phytochemicals and Src kinase encode by SRC gene ranging between -7.9 to -9 kcal/mol
(see table 4.5).



Figure 4.9: 3D structure of Src kinase (non-receptor tyrosine kinase) visualized in Biovia
Discovery Studio Visualizer.

Hispidulin showed relatively highest binding affinity of -9 kcal/mol forming both 4 H-
bonds and other non-polar interactions as compared to 6-Epi-beta-bisabolol (see table
4.5). Residues involved in H-bond formation includes Ile294, Val337, Asp404, Lys295.
Nine residues are involved in making other non-covalent interactions including van der
Waals, Pi-sigma bonds, Pi-Pi stacked bonds, alkyl and Pi-alkyl bonds by residues Ala403,
Lys343, Ser342, Gly344, Tyr340, Ala293, Leu273, Val281, Leu393. 6-Epi-beta-bisabolol
has binding affinity of -7.9 kcal/mol with target Src protein kinase forming weak
interactions that includes van-der-waal interactions and other non-polar interactions.
Gly344, Thr388, Asp404, Leu325, Ile336, Lys295, Met341 forms van der Waal
interactions. Leu273, Tyr340, Ala293, Leu393, Val281, Val323 and Ala403 residues form
alkyl and Pi-Alkyl bonds. 2D and 3D structure is visualized in BIOVIA discovery studio
demonstrating interactions and amino acids taking part in interactions with
phytochemicals (see fig 11, 12).

Table 4.5: It shows hydrogen bonds and hydrophobic interactions between ligands
(Phytochemicals) and receptor (target protein).

Molecul | Ligand Molecula | Bindi | Drug H- Other non- | Van-der- Chai
elD (Phytochemi | r weight | n g | likenes | bon | polar waal n
cal) affinit | s d interaction | interaction
y s s
(Kcal/
mol)
5281628 | Hispidulin 448.38 -10 0.6 I- A-293, L-|K-343, S-| A

336, | 393, V-|342, G-
K- | 281,1-273, | 344, A-403
295, | Y-340
D-
404,
M-
341,
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1230014 | 6-Epi-beta- 222.37 -1.9 0.48 - L-273, L- | G-344, M- | A
8 bisabolol 393, Y- | 341, K-
340, A- | 295, 1-336,
293, V- | L-325, D-
281, V- | 404,T-338
323, A-403

Figure 4.10: Docked conformations of bioactive compounds obtained from Salvia
officinalis L a) Hispidulin b) 6-Epi-beta-bisabolol
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Figure 11: Visualization of molecular docking results in BIOVIA Discovery studio
visualizer a) 2D diagram displaying residues involved in making H-bonds and non-polar
interactions between Hispidulin and target protein Src kinase b) 3D structure displaying
the regions of H-bonds donor and acceptor regions
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Figure 12: Visualization of molecular docking results in BIOVIA Discovery studio
visualizer a) 2D diagram displaying residues involved in making H-bonds and non-polar
interactions between 6-Epi-beta-bisabolol and target protein Src kinase b) 3D structure
displaying the regions of H-bonds donor and acceptor regions

Docking results of Hispidulin and 6-Epi-beta-bisabolol against Src kinase revealed clearly
that among the two, Hispidulin exhibits highest binding affinity and docks well with target
protein. The results of this investigation suggested that phytochemicals obtained from
Salvia officinalis L. can be effective against Colorectal cancer. Hence, Network
pharmacology analysis combined with bioinformatics can be used as scientific evidence
for use of traditional medicines. It helps us to understand new therapeutic leads derived
from natural products and also reduces cost and time through in silico evaluation. We can
also identify novel drug targets, cellular pathways and signal transduction responsible for
causing a disease.
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CHAPTER 5

DISCUSSION

Investigations of phytochemicals obtained from plants have gained lot of interest in recent
years. doi.org/10.1016/j.biotechadv.2018.03.003 Network ph armacology is
computational research which is well suited to the “multicomponent, multitarget,
multipathway” characteristics of herbal medicine. This method integrates pharmacology,
systemic biology and bioinformatics to analyze and understand the complex interaction
network present between potential drugs and biological systems, providing a basic
understanding of how herbal medicine can have therapeutic effects against particular
disease.

This study investigated the principal active phytochemicals and molecular mechanisms of
Salvia officinalis L. implicated in the treatment of colorectal cancer (CRC). After
extensive screening out of the phytochemicals from this sage plant, hispidulin and 6-Epi-
beta-bisabolol came out to be most effective phytochemicals effective against CRC. These
two phytochemicals didn’t violate Lipinski rule of five and can bind to and inhibit
biological activity of Src kinase, thereby preventing its overexpression. Salvia officinalis
L. exhibits a significant medicinal value in boosting human health because extracts of this
plant have antioxidant, anti-inflammatory, anti-cancerous and antivenom properties, that
provide hope for the advancement of medicine. The potential active phytochemicals
present in Salvia officinalis L. have been identified as per their oral bioavailability value
(OB) and drug likeness metrics. 22 phytochemicals meeting the requirement of OB > 0.55
and DL >0.18 were considered biologically active. Multiple disease-related signaling
pathways have been mediated by a range of putative target genes. The progression of the
disease can be reduced by focusing on these genes that regulate pathways linked to the
disease. In our investigation, src gene which is a non-receptor tyrosine kinase came out to
be the key player in mediating CRC carcinogenesis. According to KEGG and GO
enrichment analysis, these target gene is a part of several pathways in the system. GO
enrichment analysis comprehend the intricate biological processes underlying the disease
like CRC. By classifying genes into molecular functions (MFs), cellular components
(CCs), and biological processes (BPs), researchers can gain crucial insights into the
pathogenesis of disease. Furthermore, the docking study results confirmed a significant
binding affinity between both bioactive compounds and the target protein. Molecular
docking is computational simulations technique to model interaction affinity between
ligand and the target at molecular level, giving details about its affinity of interaction,
orientation, binding site, and stability of ligands when complexed with target receptor
protein. This robust interaction suggests that the biological activity of the receptors may
be modulated with potential efficacy, which may lead to beneficial therapeutic effects.
The binding energies of Hispidulin and 6-Epi-beta-bisabolool were -7.9 and -10.0
kcal/mol respectively. These results highlight the efficacy of bioactive component as
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promising candidates for drugs, and they call for additional experimental validation and
investigation in preclinical and clinical settings.

Hispidulin is a naturally occurring flavone compound found in several species of salvia
and Artemisia. It shows potential anti-fungal, anti-inflammatory, anti-mutagenic and anti-
carcinogenic properties. This phytochemical inhibits the epithelial to mesenchymal cell
transition (EMT), thereby reducing the likelihood of cancer progression. [43]. 6-Epi-beta-
bisabolol is a secondary derivative, which belongs to the class of sesquiterpenes, a
terpenoid compound. It shows anti-cancerous, anti-inflammatory properties [44]. Due to
their various biological activities and possible health advantages, 6-Epi-beta-bisabolol and
hispidulin are both of great interest in pharmacological and therapeutic research.
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CHAPTER-6

CONCLUSION

This study presents a novel therapeutic target ‘SRC’ gene which encodes for Src protein
kinase that plays in important role in progression and development of CRC
carcinogenesis. Src protein kinase can be targeted by potential phytochemicals obtained
from Salvia officinalis L. named as Hispidulin and 6-Epi-beta-bisaabolol. Particularly
hispidulin stands out as a promising substance that needs more research. Targeting of
proposed gene can helps to reduce its over-expression in cell, thereby reducing overall
carcinogenic events. We can identify the potential phytochemicals from plants and its
target using network pharmacology approach. Then, the effectiveness and safety of
proposed drug can be predicted by their toxicity analysis using protox 3.0 software which
confirms that drug candidate is absent in four important toxicity parameters such as
hepatotoxicity, carcinogenicity, mutagenicity and immunotoxicity. ADME analysis of
drug candidate is crucial, it make sure that the drug does not exhibits any toxic effects
against humans. Affinity of interaction between phytochemicals and target Src protein
kinase is deremined by Molecular docking simulations. The integration of network
pharmacology, toxicity analysis, ADME, molecular docking simulations, and profiling in
this study has demonstrated a robust framework for the identification and validation of
novel drug candidates. This study created a dynamic environment to predict the most
likely drug-target protein interaction. With sufficient in vitro research, the proposed drug
candidates from sage plant may provide revolutionary in treatment of colorectal cancer.

Network pharmacology approach also faces some limitations such as reliability on the
usage of public databases. Investigating the effectiveness of phytochemicals of medicinal
herbs from the standpoint of network pharmacology approach seems overly biased. In
order to completely utilize the therapeutic effects of medicinal herbs, it is important to
consider the availability of the phytochemicals in appropriate concentration in plants.
Binding energy shown by the phytochemicals against the target will not necessarily be
same in in-vivo conditions [45]. Furthermore, this study does not take into account
chemical alterations that take place during different drug manufacturing processes. So,
further in vitro and in vivo analysis is needed to validate safety and effectiveness of
proposed drug against target gene. The results of this investigation supports the possible
anti-cancerous effect of Hispidulin and 6-Epi-beta-bisabolol against the target protein Src
kinase, thereby reducing the carcinogenesis of CRC.
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APPENDIX 1

targets

genes
Figure IILI: List of 190 common genes

MMP2, XDH, CD38. MAOA. CDKI1. CYPIAI, KISSIR, TNKS2, SQLE, ALOX12,
AXL, MDM2, EGFR, KCNA3, G6PD, F10, ODC1, PLG, ACPI1, PIK3R1, CHRM3,
BRD3, CSNK2A1, NEK2, SLC6A2, MMPI13, AKR1B10, EZH2, ABCBI1, TNKS,
ACHE, CA7, PRKCE, PTPN1, CCR1, PYGL, CYP11B1, KCNAS, PABPCI1, HSD11Bl1,
MPG, CBRI1, HSD17B1, CYP2C19, ALDH2, ESRRA, KDM5A, OPRKI1, NRI1I3,
AURKB, TNF, PTGS2, CYP2C9, ESR1, PGGT1B, MMP12, GLO1, MAPKS, GPR35,
AKRI1B1, SRC, CYP17A1, BRD2, PRKCH, PRKACA, ABCCI, PRCP, CA13, SLC6A4,
GRK6, PLA2G2A, ADORA2A, MAPT, PIM1, NR3C1, CDK6, LCK, NOX4, PFKFB3,
PER2, AVPR2, SLC10A2, EPHX2, PARP1, NPCILI1, FLT3, BCL2L1, CA2, CYP51AI,
OPRM1, SERPINEI, PRKCA, TOPI1, NOS2, PRKCG, MET, PRKCB, C5AR1, SHBG,
BCHE, BCL2, F7, TACRI1, NQO2, PTPN2, PTGER1, AHR, BRD4, CYP19A1, CA9,
GSK3B, CAl12, PPARD, IDOI1, PDESA, DRD4, PDE10A, TYR, ST6GAL1, TRPMS,
CCROY, LIPE, ALOX15, PRKCD, MPO, TNK2, MTNR1A, SIGMAR1, MCL1, ABCG2,
TTR, MAOB, CYP1A2, PIK3CG, SYK, GRMS5, TOP2A, IGFIR, CFTR, PKNI1, INSR,
AKTI, AR, DAPKI1, CYP3A4, APP, HSD17B2, MTNR1B, PTK2, NEK6, KIT, F2,
SREBF2, HMGCR, NR3C2, PRKCZ, AMY1A, CA4, PLA2GIB, PTPRF, ICMT,
MYLK, ADORA3, TERT, SLC29A1, TP53, RORC, CALM1, ESR2, CYP1B1, ALOXS,
FASN, NR1H3, PLK1, ALK, RHOA, DRD2, ARGI1, LIPA, KDR, PTPRS, PPARA,
RORA, BACEI, ADORAL, IL2, PTAFR, CAl, RPS6KA3, MMP
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Table IV.I Toxicity analysis

APPENDIX 2

Phytochemical Hepaftotoxi Cyt-otoxic Immqnotoxi Mut.agenic
city ity city ity
6-Epi-beta-bisabolol No No No No
Salvigenin No No Yes No
Rosmarinic acid No No Yes No
Luteolin No Yes No Yes
Nepetin No Yes Yes No
Cirsimaritin No No Yes No
Genkwanin No No No Yes
Hispidulin No No No No
Corosolic acid No Yes Yes No
Oleanolic acid Yes Yes Yes No
Ursolic acid Yes Yes Yes No
Cosmosiin No No No Yes
beta-Sitosterol No No Yes No
7alpha-Acetoxyroyleanone Yes No No Yes
beta-Sitosterol No No Yes No
Oleanolic acid Yes Yes Yes No
Cosmosiin No No No Yes
Cirsiliol No Yes Yes No
luteolin 7-O-beFa-d- No No No No
glucopyranoside
5, 7-Dimethoxy-1-naphthol No Yes Yes No
Octadecamethylcyclononasi No No No No
loxane
beta-Sitosterol No No Yes No
Vicenin-2 No No No Yes
2alpha,3alpha-
Dihydroxyolean-12-en-28- No Yes Yes No
oic acid
Ursolic acid Yes Yes Yes No
3-Epioleanolic acid Yes Yes Yes Yes
Oleanolic acid Yes Yes Yes No
beta-Carotene No No No Yes
Cynaroside No No No No
luteolin 7-O-beFa-d- No No No No
glucopyranoside
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GO biological process

Table IV.II significant p values: Top 3 notable p values and q values given for GO

biological process 2023

Biological process

P value

Q value

Overlapped genes

Protein
Phosphorylation
(GO:0006468

1.310345e-
24

2.914208e-
21

ALK, APP, GSK3B, TNKS,
SRC, FLT3, PRKCZ, EGFR,
AURKB, IGFIR, LIPE,
RPS6KA3, MAPKS, GRKS6,
KDR, PIM1,

AKTI1, NEK2, PRKACA,
PRKCG, BRD2, PRKCH,
CSNK2AL1, SYK, PRKCB,
DAPKI, INSR, NEKG6,
PRKCE, PRKCD,

PLK1, PRKCA, PTK2, CDKaS6,
LCK, KIT, CDKI1, TOPI,
PKNI]

Phosphorylation
(GO:0016310)

1.119443e-
20

1.244820e-
17

[ALK, APP, GSK3B, PRKCZ,
AURKB, PIK3CG, LIPE,
MAPKS, GRK6, PIM1, AKTI,
NEK2, PRKACA, PRKCG,
BRD?2,

PRKCH, CSNK2A1, SYK,
PRKCB, DAPKI1, INSR,
NEK6, PRKCE, TNK2,
PRKCD, PLK1, PRKCA,
PTK2, CDKe6, LCK,

CDK1, TOPI1, PKN1]

Negative
Regulation of
Apoptotic
Process
(GO:0043066)

3.126863e-
17

2.318048e-
14

[GSK3B, SRC, GLOI,
ALOX12, PIK3R1, TNF, MPO,
EGFR, IGFIR, RPS6KA3,
MAPKS, KDR, PIM1, AKT]I,
CD38,

MCLI1, PRKCG, PRKCH,
CSNK2A1, PRKCD, PLKI,
PRKCA, MMP9, PTK2, 1.2,
AXL, MDM2, CDK1, BCL2,
TP53,

BCL2L1]
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GO Cellular Process

Table IV.III: Topmost three p-values and g-values obtained for GO Cellular Component
2023

Cellular p-value q-value Overlapped genes

component

Membrane Raft 6.673594e- 0.000105 APP, LCK, SRC, KDR,
(GO:0045121) 07 KCNAS, MAPT, PRKACA,

TNF, EGFR, ABCG2, SLC6A4
Neuron Projection 1.614203e- | 0.000123 PRKCG, CHRM3, APP,
(GO:0043005) 06 GSK3B, PTPRS, INSR,
KCNA3, OPRK1, OPRMI,
PTGS2, SLC6A2, IGFIR,
SLC6A4, MAPKS, ADORA3,
ADORAI1, MAPT, DRD2,

DRD4
Endoplasmic 2.355861e- 0.000123 PTPNI1, ICMT, PLA2G2A,
Reticulum 06 CYP51A1, HMGCR,
Membrane CYP2C19, CYP3A4, PTGS2,
(G0O:0005789) CYPI19A1, SREBE2, RHOA,

CYP17A1, HSD11Bl1,

CYP2C9, SQLE, CYPIA2,
HSD17B2, CYP1Al, CDKI,
BCL2, CYP1B1, NOX4, CFTR
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GO Molecular Function

Table IV.IV: Topmost notable p-values and g-values for GO Molecular Function 2023

Molecular function | P value Q value Overlapped genes
Protein Tyrosine 5.647348e- 5.463809e- ALK, SYK, FLT3, SRC, INSR,
Kinase Activity 13 11 TNK2, PTK2, EGFR, IGFIR,
(GO:0004713) LCK, AXL, KIT, KDR, MET
Protein 2.107749¢- | 8.156988e- GSK3B, PRKCZ, EGFR,
Serine/Threonine 19 17 AURKB, MYLK, RPS6KA3,
Kinase Activity MAPKS, GRK6, PIM1, AKT1,
(GO:0004674) NEK?2, PRKACA, BRD4,
PRKCG, BRD2, PRKCH,
CSNK2A1, SYK, PRKCB,
DAPK1, NEK6, PRKCE,
PRKCD, PLK1, PRKCA,
CDKe6, CDK1,
TOP1, PKN1
Protein Tyrosine 5.647348e- 5.463809e- ALK, SYK, FLT3, SRC, INSR,
Kinase Activity 13 11 TNK2, PTK2, EGFR, IGF1R,
(GO:0004713) LCK, AXL, KIT, KDR, MET
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