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Abstract

Breast cancer is among the most commonly diagnosed malignancies and remains
a major cause of cancer-related mortality among women worldwide. Despite ad-
vances in therapeutic interventions, challenges such as treatment resistance, dis-
ease recurrence, and treatment-related adverse effects continue to limit clinical
outcomes. Consequently, the exploration of bioactive compounds from natural

sources has gained considerable attention in anticancer drug discovery.

The present study investigated the anticancer potential of selected phytochem-
icals from Helianthus tuberosus L. (Jerusalem artichoke) against breast cancer-
associated target proteins using in silico approaches. The androgen receptor
(AR), estrogen receptor alpha (ERa), and human epidermal growth factor re-
ceptor 2 (HER2) were selected as molecular targets. The selected phytochemicals
were evaluated for their drug-likeness and pharmacokinetic properties using Lip-
inski’s Rule of Five and ADMET analysis. Molecular docking was subsequently
performed to investigate the binding affinities of the compounds toward the target
proteins, followed by protein—ligand interaction analysis to examine their bind-
ing patterns. Lead compound selection was based on the overall evaluation of
physicochemical properties, drug-likeness, pharmacokinetic characteristics, molec-
ular docking, and protein-ligand interaction profiles. The selected lead compound

was subsequently compared with the reference drug, Tamoxifen.

The findings identified L-tryptophan as the most promising bioactive compound
because of its favorable drug-like characteristics, acceptable predicted pharma-
cokinetic profile, lower predicted toxicity, and favorable protein—ligand interac-
tions with the selected target proteins. Collectively, these findings suggest the
therapeutic potential of Helianthus tuberosus phytochemicals and provide a com-
putational foundation for the future development of natural product-based lead

compounds for breast cancer treatment.

Keywords: Breast cancer, Helianthus tuberosus, Jerusalem artichoke, L-tryptop—
han, Molecular docking, ADMET analysis, Drug-likeness, Protein—ligand interac-

tion, In silico drug discovery.
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Chapter 1

Introduction

Jerusalem artichoke (JA) or artichoke, scientifically known as Helianthus tuberosus
L., is a perennial tuberous plant belonging to the Asteraceae family, one of the
largest families of flowering plants with more than 25,000 species. The species
originated in North America, where it was first cultivated by Native Americans
for its edible tubers before being introduced to Europe and Asia. The plant can
reach a height of approximately 3m and develops underground tubers that differ

in shape and color.

These tubers are particularly rich in inulin and other nutrients, making them
valuable for food, pharmaceutical, and industrial applications. In addition, its
shoots and leaves serve as nutritious livestock feed, while its ability to tolerate
drought, salinity, and other environmental stresses allows successful cultivation
even on marginal lands. Plant growth and tuber formation are strongly influenced

by environmental conditions, particularly temperature and photoperiod [1, 2].

Closely related to the common sunflower (Helianthus annuus), Jerusalem arti-
choke is capable of hybridizing with several other Helianthus species, enabling the
transfer of desirable traits such as disease resistance and stress tolerance. Cyto-
genetically, it is a perennial hexaploid species (2n = 6z = 102) and is classified
as an autoallopolyploid. Current evidence suggests that it originated through hy-

bridization between the autotetraploid hairy sunflower and the diploid sawtooth

1
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sunflower. Although these species have evolved over millions of years, many mem-
bers of the Helianthus genus still hybridize naturally, indicating relatively weak
reproductive barriers. The genus is estimated to have originated nearly 3 million
years ago, while earlier whole-genome duplication and triplication events played

an important role in shaping its complex genome [1, 3.

Artichoke is widely recognized as a model crop for fructan metabolism because
its tubers accumulate inulin, the principal storage carbohydrate, constituting as
much as 80% of the tuber dry matter. The key enzymes involved in inulin synthesis
(1-SST and 1-FFT) and degradation (1-FEHI and 1-FEHII) have been identified,
and their corresponding genes have been cloned and functionally characterized

1, 3].

Owing to its hexaploid genome, artichoke is likely to contain additional unex-
plored gene copies. Recent genomic studies have generated a 21-Gb chromosome-
level genome assembly, providing insights into its polyploid origin, chromosome
synteny with common sunflower, and the evolution of genes associated with in-
ulin metabolism, thereby supporting future genetic improvement and industrial

applications of this crop [1, 4].

Artichoke, also known as sunroot, earth apple, topinambur, or sunchoke, has been
cultivated for over 2000 years. It was domesticated in India during the first mil-
lennium B.C. and later introduced to Europe in the 16th century, where it spread
rapidly before its cultivation declined with the widespread adoption of potato.
Owing to its nutritional and medicinal value, interest in the crop was revived
during the 19th century. Today, artichoke is cultivated worldwide, particularly
in France, the United States, Canada, Germany, Poland, Hungary, China, Japan,
and Russia [3, 4].

The species comprises more than 300 cultivars and hybrids that differ in tuber
yield, biomass production, and ornamental characteristics. The plant grows up
to 3m tall and produces underground tubers of varying shapes, sizes, and colors
that serve as storage organs for inulin, a fructan with important nutritional and

industrial value. Tuber development occurs over approximately 24 weeks and
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involves four stages: creeping stem formation, tuber initiation, tuber swelling,

and tuber maturation [4].

Above-ground structures consist of erect, branched stems and alternately arranged
leaves that can be harvested several times annually for high-protein forage or silage.
The leaves are rich in essential amino acids, particularly methionine and lysine, and
contain higher calcium levels than the tubers, whereas magnesium is moderate and
potassium and phosphorus are comparatively lower [4]. The plant bears composite
inflorescences typical of the Asteraceae family, contributing to both reproduction
and ornamental value. Specialized anatomical features, including stomata and
trichomes, enhance tolerance to various abiotic and biotic stresses, enabling the

plant to thrive in saline, waterlogged, marginal, and coastal environments [5].

Artichoke is a high-biomass forage crop widely used as fresh fodder, hay, and silage
for livestock. Both its herbage and tubers are rich in carbohydrates and contain
up to 17% protein with a balanced amino acid composition, making it a nutritious
feed resource. Its high nutritional and bioactive value contributes to improved
livestock health and productivity [6, 7]. Artichoke is recognized as a valuable
forage crop due to its high nutritional value and biomass productivity, contributing
to improved livestock performance, including enhanced milk production, weight
gain, and egg yield [6]. The crop is widely cultivated in temperate regions and
exhibits remarkable adaptability to diverse soils and environmental stresses, such

as drought and frost.

In addition, endophytic bacterial inoculation has been reported to improve drought
tolerance and tuber yield under water-limited conditions [8]. Owing to its high
carbohydrate and inulin content, artichoke is also considered a promising bioenergy

crop for bioethanol production and other sustainable industrial applications [9].

Medicinal plants have played an essential role in healthcare for centuries and con-
tinue to provide a rich source of biologically active molecules for pharmaceutical
research. A considerable number of modern therapeutic agents have been devel-
oped from naturally occurring plant metabolites, and herbal medicines remain an

important component of primary healthcare in many regions of the world. Owing
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to their diverse phytochemical composition, medicinal plants exhibit numerous
pharmacological effects, including antioxidant, anti-inflammatory, antimicrobial,
antidiabetic, and anticancer activities. These biological properties have encour-
aged extensive research into their potential for the management and prevention of

chronic diseases [10].

Among these, Helianthus tuberosus L. has attracted considerable attention owing
to its adaptability to diverse environmental conditions and its potential applica-
tions in food, feed, bioenergy, and pharmaceuticals. Its tubers are rich in inulin,
fructose, vitamins, and minerals, contributing to their nutritional and functional
value [11]. Helianthus tuberosus is characterized by a diverse phytochemical com-

position comprising both primary and secondary metabolites.

The primary metabolites predominantly include carbohydrates, amino acids, or-
ganic acids, and quaternary ammonium compounds such as betaine, whereas sec-
ondary metabolites comprise phenolic acids, flavonoids, sesquiterpene lactones,
chlorophylls, and carotenoids. These phytochemicals are associated with diverse
pharmacological activities and contribute significantly to the plant’s therapeutic
potential [10, 11]. Hydroxycinnamic acids, including chlorogenic, caffeic, and fer-
ulic acids, are abundant in the tubers, leaves, stems, and flowers of artichoke and
contribute significantly to its antioxidant activity by scavenging reactive oxygen
species. Multiple caffeoylquinic acid isomers have also been identified, particularly

in the leaves, indicating considerable phytochemical diversity [12].

The diverse phytochemicals present in Helianthus tuberosus confer multiple bi-
ological activities, such as antioxidant, anti-inflammatory, antifungal, and cyto-
toxic effects. These beneficial properties suggest that the plant may serve as a
promising natural source of therapeutic agents for combating oxidative stress-
related diseases, including diabetes, cardiovascular disorders, and various forms
of cancer. Consequently, its rich phytochemical profile has attracted considerable
interest for applications in nutraceuticals, functional foods, and pharmaceutical
development [13]. Despite the extensive nutritional and industrial importance of
Helianthus tuberosus, its therapeutic potential against breast cancer remains in-

sufficiently explored. The present study selected this plant because of its diverse
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phytochemical composition, particularly its abundance of biologically important
primary metabolites that participate in essential metabolic processes and have

been reported to possess antioxidant and cytoprotective properties.

Since oxidative stress and abnormal cellular signaling contribute significantly to
breast cancer progression, these metabolites may offer promising therapeutic value.
Moreover, compared with many extensively investigated medicinal plants, H. tubero-
sus has received relatively limited attention in computational anticancer drug dis-
covery. This knowledge gap provided a strong scientific basis for investigating its
metabolites as potential inhibitors of key proteins involved in metastatic breast

cancer through molecular docking and ADMET analysis.

Breast cancer develops when genetic and cellular alterations in breast tissue lead
to the uncontrolled proliferation of abnormal cells, resulting in tumor formation,
local invasion, and metastasis to distant organs [14]. Globally, more than two
million new cases are diagnosed each year, with approximately 670,000 deaths
annually. Although it predominantly affects women, nearly 1% of cases occur in
men. Considerable disparities in incidence, mortality, and survival exist between
developed and developing countries. Early screening, greater public awareness,
and improved access to treatment have enhanced survival in developed regions,
whereas delayed diagnosis and limited healthcare resources continue to adversely

affect outcomes in developing countries [15, 16].

Breast cancer typically develops from epithelial cells located within the mammary
ducts or the milk-producing lobules, giving rise to ductal and lobular carcino-
mas, respectively. Tumors may remain confined to their site of origin (in situ) or
progress to invasive disease capable of spreading through the lymphatic and cir-
culatory systems. Its development is multifactorial, involving genetic, hormonal,

environmental, and lifestyle-related factors [14, 17].

Inherited genetic mutations make up to 5-10% of cases, whereas 20-30% are linked
to modifiable risk factors such as obesity, tobacco use, alcohol consumption, un-
healthy lifestyle habits, and exposure to environmental pollutants or ionizing radi-

ation. Prolonged exposure to estrogen and progesterone further promotes cellular
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proliferation and increases the risk of malignant transformation [14]. Breast cancer
is categorized into four principal molecular subtypes which are luminal A, luminal
B, HER2-enriched, and basal-like, according to the expression of estrogen recep-
tor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2
(HER?2), and the proliferation marker Ki-67. Among these, triple-positive breast
cancer (TPBC), which expresses ER, PR, and HER2 simultaneously, represents
approximately 10-15% of all breast cancer cases. This subtype is driven by es-
trogen receptor signaling together with HER2-mediated pathways, which promote
tumor growth, progression, and therapeutic resistance [15]. Owing to its molec-
ular heterogeneity, TPBC presents significant clinical challenges, with differences
in tumor genetics, the tumor microenvironment, and patient-specific factors con-

tributing to variable treatment responses.

Moreover, variation in tumor-infiltrating lymphocyte levels further influences prog-
nosis and therapeutic outcomes [15, 18]. Consequently, effective treatment requires
personalized strategies that integrate endocrine therapy with targeted molecular
approaches. A comprehensive understanding of the molecular mechanisms and
signaling pathways involved in breast cancer progression is therefore essential for

developing precision therapies and improving clinical outcomes.

Triple-positive breast cancer (TPBC) is defined by the simultaneous expression of
ER, PR, and HERZ2, all of which contribute to tumor growth and survival. ER
and PR regulate hormone-dependent growth, whereas HER2 enhances proliferative
and survival signaling. Crosstalk among these receptors further influences tumor
progression and therapeutic response [15]. Therefore, understanding the biological
roles of these receptors is fundamental for the developing the targeted therapies
for breast cancer. Estrogen regulates cellular proliferation, differentiation, and
survival through genomic and non-genomic signaling pathways. In the genomic
signaling pathway, estrogen activates ERa and ERS by binding to these receptors,
leading to receptor dimerization and regulation of genes associated with cell-cycle

progression, cellular proliferation, and apoptosis.

Activated estrogen receptors further modulate gene expression through interac-

tions with transcription factors, including AP-1 and SP-1, while also stimulating
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the PI3K/AKT and MAPK signaling cascades. Conversely, the non-genomic path-
way is mediated by membrane-associated estrogen receptors, which rapidly initi-
ate intracellular signaling events that regulate cellular proliferation, survival, and
metabolic processes [15, 19]. The androgen receptor (AR) is a steroid hormone-
activated nuclear receptor that is expressed in a significant proportion of breast

cancer cases.

Following androgen binding, the receptor undergoes conformational activation,
forms dimers, and translocates to the nucleus, where it binds to androgen re-
sponse elements (AREs) to regulate the expression of genes associated with cel-
lular proliferation, differentiation, apoptosis, and survival. In addition to this
classical genomic mechanism, AR modulates several intracellular signaling path-
ways, including PI3K/AKT, mTOR, ERK, and Wnt/S-catenin. The functional
role of AR depends on the molecular subtype of breast cancer, where it may either
suppress tumor growth or promote disease progression. Consequently, AR has

emerged as an important molecular target for breast cancer therapy [20].

Aromatase, encoded by the C'YP19A1 gene on chromosome 15, is the principal
enzyme responsible for estrogen biosynthesis through the conversion of androgens
into estrogens. Elevated aromatase activity enhances local estrogen production,
thereby promoting ER-dependent tumor growth. Although aromatase inhibitors
are widely used to suppress estrogen synthesis, prolonged therapy may cause ad-
verse effects, including bone loss, cognitive impairment, skeletal fragility, and ther-

apeutic resistance.

Therefore, the development of improved aromatase inhibitors and alternative ther-

apeutic strategies remains an important area of breast cancer research [21].

1.1 Problem Statement

Breast cancer, particularly hormone-dependent types like triple-positive breast
cancer, is a major global health issue with increasing incidence and therapy re-

sistance. Current treatments targeting pathways are effective but limited by side
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effects and resistance. Hence, there is a need to identify novel natural compounds

targeting key molecular pathways.

1.2 Hypothesis

Jerusalem artichoke (Helianthus tuberosus L.) contains numerous bioactive com-
pounds which may have anticancer potential. However, its role in breast cancer

mechanisms remains underexplored and requires further investigation.

1.3 Aims

To explore bioactive phytochemicals in Jerusalem artichoke (Helianthus tuberosus
L.) and evaluate its potential therapeutic association with breast cancer through

molecular docking.

1.4 Objectives

i. To identify the bioactive compounds of Helianthus tuberosus L. through phy-

tochemical database screening.

ii. To select the identified compounds based on their reported medicinal prop-

erties.

iii. To characterize the interactions and binding affinities of the selected phyto-

chemicals against breast cancer target proteins through molecular docking.



Chapter 2

Literature Review

2.1 Jerusalem Artichoke

Helianthus tuberosus L., commonly known as Jerusalem artichoke, is well known
for its adaptability to diverse environmental conditions. Owing to its rich chemical
composition and diverse biological properties, Jerusalem artichoke has attracted
increasing scientific interest in recent years [22]. The whole plant of Jerusalem

artichoke, including its tubers, leaves, and flowers, is shown in Figure 2.1.

2.2 Taxonomy

This species is characterized by its tuber-forming ability and remarkable tolerance
to both biotic and abiotic stresses, enabling its widespread cultivation across di-
verse geographical regions. As a member of the Helianthus genus, it is closely
related to several economically important species, highlighting its taxonomic and

agricultural significance [22].

In addition, Helianthus tuberosus crop also has applications in the food, pharma-

ceutical, and industrial sectors.
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FIGURE 2.1: Morphology of Helianthus tuberosus L., illustrating (A) the whole
plant, (B) underground tubers, (C) leaves, and (D) flowers [7].

Its taxonomic classification is based on morphological and physiological charac-
teristics, while its ability to synthesize bioactive compounds, particularly inulin,
enhances its nutritional, functional, and economic value [22]. The taxonomic clas-
sification of Helianthus tuberosus L., obtained from the PubChem database, is

presented in Table 2.1 [23].

TABLE 2.1: Taxonomic classification of Helianthus tuberosus L.

Taxonomic Rank Classification

Kingdom Plantae

Order Asterales

Family Asteraceae (Compositae)
Subfamily Asteroideae

Tribe Heliantheae

Genus Helianthus L. (sunflower)

Species Helianthus tuberosus L.
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2.3 Genomic and Phylogenetic Evidence

Recent genomic studies have provided valuable insights into the taxonomy and
evolution of Helianthus tuberosus. Genome-level analyses revealed that the species
possesses a large, highly heterozygous genome with considerable variation among
different accessions, reflecting substantial intraspecific genetic diversity and sup-
porting its taxonomic classification [24]. Furthermore, chloroplast genome analy-
ses have clarified the phylogenetic position of Helianthus tuberosus. Its complete
chloroplast genome exhibits a typical quadripartite structure and indicates a close
evolutionary relationship with Helianthus petiolaris, providing additional molecu-

lar evidence for its evolutionary lineage and taxonomic placement [25].

2.4 Medicinal Properties

Helianthus tuberosus is a perennial medicinal plant recognized for its broad range
of biological activities, including antioxidant, anti-inflammatory, antidiabetic, and
anticancer effects. Different plant parts, such as the tubers, leaves, and aerial
tissues, have shown promising pharmacological potential. Among these, the an-
tidiabetic activity is primarily associated with the presence of inulin and its related
compounds. In addition, Helianthus tuberosus exhibits antimicrobial and wound-
healing properties and has been reported to improve blood pressure regulation,
lipid metabolism, body weight management, and immune function. These bio-
logical activities highlight its potential as a functional food and a valuable source
of bioactive compounds for pharmaceutical applications [10, 22, 26]. The major

medicinal properties of H. tuberosus are discussed in the following sections.

2.4.1 Antioxidant

The antioxidant activity of Helianthus tuberosus is principally related to its high
content of phenolic compounds, flavonoids, and inulin [27]. Both fresh extracts

and processed products derived from JA tubers exhibit considerable antioxidant
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potential, while freeze-dried tubers retain substantial amounts of phenolic com-
pounds, indicating that appropriate processing preserves their antioxidant con-
stituents and functional value [28]. Leaf-derived flavonoids also exhibit strong
radical-scavenging activity in in vitro assays, whereas inulin contributes to antiox-

idant defence by maintaining catalase and peroxidase activities during post-harvest

storage [29, 30].

Furthermore, incorporation of JA tuber powder into functional foods, such as
healthy crackers, enhances in vitro antioxidant activity owing to its high phenolic
and flavonoid contents [31]. Overall, these findings emphasize the importance
of Helianthus tuberosus as a rich source of natural antioxidants and a promising

functional food ingredient.

2.4.2 Anti-Inflammatory

Helianthus tuberosus possesses notable anti-inflammatory properties that are larg-
ely linked to its polysaccharides, phenolic compounds, and flavonoids, which sup-
press pro-inflammatory mediators and regulate inflammatory signaling pathwa-
ys [32]. Among these, polysaccharides play a major role by reducing the expression
of inflammatory cytokines, particularly tumor necrosis factor-alpha (TNF-«) and
interleukin-6 (IL-6) [33]. They also exhibit antiviral activity against respiratory
syncytial virus while reducing virus-induced inflammation and have demonstrated
in viwo therapeutic effects by accelerating wound healing and promoting tissue re-
generation. Furthermore, incorporation of JA tuber powder into functional foods
enhances in wvitro anti-inflammatory activity because of its high polysaccharide
and phenolic content [34, 35]. These findings indicate that Helianthus tuberosus

exhibits natural anti-inflammatory activity.

2.4.3 Antidiabetic

Artichoke has been widely investigated for its antidiabetic properties, which are

mainly attributed to inulin and related polysaccharides. Experimental studies
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in streptozotocin-induced diabetic mice demonstrated that artichoke extracts re-
duced blood glucose levels, enhanced insulin secretion, improved pancreatic §-cell

function, and promoted glycemic control [36].

In type 2 diabetes mellitus (T2DM) models, inulin supplementation beneficially
modulated gut microbiota and metabolic profiles, leading to improved glucose
tolerance, reduced hepatic lipid accumulation, and lower insulin resistance [37].
Clinical studies further reported reductions in postprandial blood glucose and
glucose-dependent insulinotropic polypeptide (GIP) concentrations following ar-
tichoke consumption, supporting its potential as a functional food for glycemic

control [38].

2.4.4 Anticancer

Helianthus tuberosus L. has emerged aas a rich source of bioactive phytochem-
icals with potential anticancer activity, owing to its cytotoxic, antimetastatic,
and pro-apoptotic properties. In wvitro studies using MCF-7 breast cancer cells
demonstrated that tuber and shell extracts induce dose- and time-dependent cell
death while exhibiting minimal toxicity toward normal mammary epithelial cells
(MCF-12A). These extracts inhibited tumor cell adhesion and invasion and in-
duced apoptosis, as confirmed by TMRE and AnnexinV/7AAD staining, providing

mechanistic evidence for their selective anticancer activity [39].

The anticancer potential of artichoke has also been demonstrated in other epithe-
lial cancer models. Combined extracts of artichoke and fennel seeds significantly
reduced the viability of oral squamous carcinoma cells by activating apoptotic
pathways and suppressing cell proliferation [40]. Similarly, studies in melanoma
cell lines reported reduced cell proliferation, induction of apoptosis, and cell-cycle
arrest following treatment with artichoke extracts, further supporting the ability of
artichoke-derived phytochemicals to disrupt tumor progression [41]. Furthermore,
these findings highlight the broad-spectrum anticancer potential of Helianthus
tuberosus and support its further investigation as a natural source of therapeutic

agents.
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2.5 Phytochemical and Nutritional Composition

Helianthus tuberosus L. contains high level bioactive phytochemicals, including
phenolic acids, flavonoids, and sesquiterpene lactones, which are responsible for
its diverse pharmacological activities. Phenolic acids, such as chlorogenic, caf-
feic, and ferulic acids, exhibit strong antioxidant activity by scavenging reactive
oxygen species and reducing oxidative stress. Flavonoids possess antioxidant,
anti-inflammatory, and antimicrobial properties while regulating cellular signal-

ing pathways.

Sesquiterpene lactones have also demonstrated cytotoxic and anticancer activities
by inducing apoptosis and suppressing tumor growth. Together, these phyto-
chemicals led to the antioxidant, anti-inflammatory, antidiabetic, and anticancer
potential of H. tuberosus through the modulation of molecular pathways involved

in cell proliferation, apoptosis, and immune regulation [10, 11].

2.5.1 Primary Metabolites and Tuber Constituents

In addition to secondary metabolites, Helianthus tuberosus tubers contain a di-
verse range of primary metabolites that contribute to their nutritional and func-
tional value. Carbohydrates are the major constituents, with inulin serving as the
principal storage polysaccharide, accompanied by fructose, glucose, sucrose, and
fructooligosaccharides. These carbohydrates are largely responsible for the pre-
biotic and health-promoting properties of Jerusalem artichoke. The tubers also
provide proteins, essential amino acids, vitamins, and minerals, further enhancing
their nutritional importance [7, 22]. Among the naturally occurring amino acids
are lysine, isoleucine, glutamic acid, aspartic acid, and tryptophan, together with
biologically important compounds such as betaine. These metabolites participate
in various physiological processes and have attracted increasing interest because
of their nutritional value, favorable safety profile, and therapeutic potential in
computational and experimental drug discovery studies [42]. The major primary

metabolites reported in artichoke tubers are listed in Table 2.2.



Literature Review 15

TABLE 2.2: Major primary metabolites reported in Helianthus tuberosus tubers.

Class Representative Biological Signifi- Ref

Compounds cance

Carbohydrates ~ Hexose, [3-D-Glucose, Primary energy source [42]
Fructose, Sucrose and essential compo-

nents of carbohydrate

metabolism.
Fructans Inulin, Fructooligosac- Storage carbohydrates — [22]
charides with prebiotic proper-

ties that support gut
health and glucose

metabolism.

Amino acids L-Tryptophan, L- Essential for protein [42]
Isoleucine, L-Glutamic synthesis, cellular
acid, L-Lysine, L- metabolism, and
Aspartic acid various physiological

processes.

Other metabo- Betaine Functions as an osmo-  [42]

lites protectant and methyl

donor, contributing to
cellular ~ homeostasis
and metabolic regula-

tion.

2.5.2 Phenolic Compounds

Phenolic compounds in Helianthus tuberosus L. exhibit considerable variation in
response to environmental conditions, particularly drought stress. Water defi-
ciency has been reported to increase total phenolic content (TPC) in leaves and
stems, while tubers show comparatively smaller changes. In addition, the accumu-

lation of individual phenolics, such as p-coumaric acid, varies among genotypes,
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indicating that both genetic and environmental factors influence phenolic biosyn-

thesis and antioxidant capacity [43].

Comparative analyses of different plant organs revealed that leaves possess the
highest total phenolic content and antioxidant activity, with chlorogenic acid and
dicaffeoylquinic acids identified as the major phenolic constituents contributing to
these properties [12]. Furthermore, optimization of microwave-assisted extraction
(MAE) significantly improved the recovery of phenolic compounds from artichoke
tubers, supporting their potential application in nutraceutical and functional food

development [44].

2.5.3 Flavonoids

Flavonoids in Helianthus tuberosus contribute significantly to its antioxidant prop-
erties. Optimized ultrasound-assisted extraction (UAE) has been shown to im-
prove flavonoid recovery from tubers, resulting in enhanced antioxidant activity,
highlighting the importance of extraction conditions in maximizing flavonoid yield
and bioactivity [45]. Flavonoid content is also influenced by environmental and
post-harvest conditions. Moderate doses of gamma irradiation have been reported
to increase flavonoid accumulation, indicating that controlled stress can stimulate
secondary metabolite biosynthesis and enhance the nutritional and therapeutic
value of artichoke tubers [46]. The aerial parts of H. tuberosus, particularly the
leaves, contain a diverse range of flavonoids, including quercetin, kaempferol, and
isorhamnetin derivatives. These compounds contribute to the antioxidant po-

tential of the plant and support its applications in nutraceuticals and functional

foods [47].

2.5.4 Sesquiterpene Lactones

Sesquiterpene lactones are important bioactive constituents of Helianthus tubero-

sus that have attracted considerable attention because of their pharmacological
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potential. These compounds exhibit diverse biological activities, including antitry-
panosomal effects, which are largely attributed to their reactive chemical structures
and interactions with biological targets [48]. In addition, sesquiterpene lactones
have been identified in processed artichoke-derived products, indicating their sta-
bility during food processing and potential contribution to the functional proper-
ties of these products [49]. Quantitative analysis using UHPLC identified multiple
sesquiterpene lactones in H. tuberosus leaves, with their abundance varying accord-
ing to geographical location and harvesting time, suggesting that environmental

conditions influence their biosynthesis and accumulation [50].

2.5.5 Carotenoids and Chlorophylls

Carotenoids and chlorophylls are key bioactive pigments in Helianthus tuberosus,
playing essential roles in the plant’s functional properties and antioxidant po-
tential. Studies indicate that both aerial tissues and tubers contain a range of
carotenoids, including a-carotene, [-carotene, y-carotene, lutein, lycopene, and
zeaxanthin, which contribute to photoprotection and free radical scavenging ac-
tivity. These pigments are present alongside chlorophyll species in green tissues,
emphasizing their significance in photosynthesis and mitigation of oxidative stress.
The distribution and relative abundance of these pigments have been shown to vary
according to plant organ and developmental stage, reflecting dynamic regulation
of pigment biosynthesis in H. tuberosus. Furthermore, biochemical profiling of leaf
protein concentrates confirms that aerial tissues are particularly rich in phyto-
chemicals, highlighting the nutritional and functional value of these pigments for

potential applications in functional foods and nutraceuticals [2, 47].

2.5.6 Minerals and Vitamins

The nutritional composition of Helianthus tuberosus has been widely investigated,

establishing its importance as a functional food with significant health benefits.
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Previous studies have demonstrated that artichoke is a rich source of essential min-
erals, particularly potassium, along with appreciable amounts of calcium, magne-
sium, and iron, all of which contribute to its physiological and dietary value. In
addition to its mineral richness, the plant is notably abundant in inulin, a storage
polysaccharide recognized for its well-documented prebiotic effects. The presence
of these nutrients, together with trace levels of vitamins, highlights the therapeutic
and nutritional potential of H. tuberosus and supports its utilization in the formu-
lation of health-promoting food products [51]. Further research has explored the
biochemical variability of artichoke in response to agronomic practices. Studies
assessing the impact of fertilization and irrigation regimes have revealed significant
variations in nutrient accumulation, particularly in mineral content such as potas-
sium, indicating that environmental and cultivation factors substantially influence

the plant’s nutritional profile.

Moreover, the detection of amino acids within plant tissues suggests that artichoke
also contributes protein-related nutritional components. Collectively, these find-
ings demonstrate that both inherent plant characteristics and external agronomic
conditions play a critical role in shaping the compositional and nutritional at-
tributes of artichoke [52]. Numerous bioactive compounds derived from H. tubero-
sus have been investigated in various experimental models and reported to possess
diverse pharmacological properties [10]. A summary of representative compounds,
their plant source, experimental models, and associated pharmacological activities

is presented in Table 2.3.

2.6 Inulin and Fructan

The inulin content in artichoke typically ranges from 15-20%, depending on culti-
var and processing conditions. Partial hydrolysis of inulin produces fructooligosac-
charides (FOS), which improve the textural properties, water-binding capacity,
and stability of food products, making artichoke inulin valuable for bakery, dairy,
and gluten-free formulations [53]. The biosynthesis of inulin in H. tuberosus is

regulated by enzymes involved in fructan formation and chain elongation.
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TABLE 2.3: Representative bioactive compounds identified in H. tuberosus and
their reported pharmacological activities [10].

Bioactive Plant Experimental Reported Pharma-
Compound Part Model cological Activity
Chlorogenic acid Tuber In wvitro (Inflamma- Antioxidant and anti-
tory cell models) inflammatory
Ferulic acid Tuber In wvitro (Cancer and Antioxidant and an-
metabolic cell models) tidiabetic
Kaempferol-3- Leaves In wvitro (Microbial Antioxidant and an-
O-glucoside and oxidative stress timicrobial
assays)
Butein Leaves In witro (Cancer cell Anticancer  through
lines) apoptosis induction
Heliangin Aerial In wvitro (RAW 264.7 Anti-inflammatory ac-
parts macrophages) tivity
Kaurenoic acid ~ Flowers In vitro (Bacterial and  Antibacterial and
immune cell models)  anti-inflammatory
Vanillin Whole In witro (Cell-based Antidiabetic and anti-
plant assays) inflammatory
Ethyl acetate Tuber In wvitro (HepG2 and Enhanced glucose
fraction NIH 3T3 cells) metabolism and
wound healing
Phenolic-rich Tuber In vitro (HaCaT and Antioxidant activity
and BJ fibroblasts) with minimal cytotox-
leaves icity
Inulin-rich Tuber Human (Older adults) Improved postpran-
dial glucose regulation
and gut microbiota
4,15- Whole In wvitro (Cancer cell Anticancer activity
[soatriplicolide  plant lines)

Its 5-(2—1) glycosidic linkages and degree of polymerization determine its physic-
ochemical and biological properties, supporting its applications as a soluble dietary

fiber in nutraceutical and functional food products [54].

As a non-digestible carbohydrate, inulin resists digestion in the upper gastroin-
testinal tract and is fermented by beneficial gut microbiota selectively, including

Bifidobacterium and Lactobacillus species.

This fermentation promotes gut health, improves mineral bioavailability, regulates
glycemic and lipid metabolism, and reduces inflammatory responses, highlighting
its potential in managing metabolic and gastrointestinal disorders [55]. Endo-

phytic microorganisms also influence inulin metabolism by participating in fructan
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synthesis and hydrolysis, thereby affecting inulin accumulation and fructooligosac-

charide production.

These interactions offer opportunities to improve inulin yield and functionality

through targeted agronomic and microbial management strategies [56].

2.7 Breast Cancer

Breast cancer develops due to the uncontrolled growth of epithelial cells in breast

tissue, most commonly originating from the ducts or lobules.

It spread to nearby tissues and distant organs such as the bone, liver, and lungs.
Globally, breast cancer is the most commonly diagnosed cancer in women and

remains a major health concern.

Around 2.3 million new cases occur each year worldwide. Although advances in
diagnosis and treatment have improved patient outcomes, the disease burden is
still higher in low- and middle-income countries, mainly due to late diagnosis and

limited access to healthcare facilities [57].

Breast cancer is now understood as a complex disease caused by the interaction of
genetic, hormonal, and environmental factors. Its development involves different
molecular changes, including mutations in oncogenes, loss of tumor suppressor
gene function, and abnormal activation of signaling pathways that control cell

growth and survival.

The increasing number of cases worldwide is also linked to lifestyle changes, repro-
ductive factors, and an aging population. Despite improvements in early detection
and targeted therapies, differences in survival rates still exist between developed
and developing countries, showing the need for better screening methods and more

effective treatment strategies [58].
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2.8 Types of Breast Cancer

2.8.1 Ductal Carcinoma

Ductal carcinoma is the most common histological type of breast cancer, orig-
inating from the epithelial lining of the breast ducts. It includes both ductal
carcinoma in situ (DCIS), which remains confined within the ductal system, and
invasive ductal carcinoma (IDC), which has the ability to breach the basement

membrane and invade surrounding breast tissue.

DCIS is considered a non-invasive precursor lesion with the potential to progress
into invasive disease if left untreated. Histologically, ductal carcinoma is charac-
terized by abnormal cellular proliferation, varying nuclear grades, and the presence
of microcalcifications in many cases. Its progression from in situ to invasive form
involves disruption of normal epithelial architecture and accumulation of genetic

and molecular alterations that enhance tumor aggressiveness [59)].

2.8.2 Lobular Carcinoma

Lobular carcinoma is the second most common type of breast cancer and arises
from the milk-producing lobules of the breast. The invasive form, invasive lobular
carcinoma (ILC), is characterized by a distinct single-file pattern of tumor cell in-
filtration due to loss of cell adhesion, most commonly associated with inactivation

of the CDH1 gene encoding E-cadherin.

This loss of cellular cohesion contributes to its diffuse growth pattern, making it
more difficult to detect clinically and radiologically compared to ductal carcinoma.
ILC is frequently hormone receptor-positive and often lacks HER2 overexpression,
typically aligning with luminal molecular subtypes. Although it tends to grow
more slowly than ductal carcinoma, it is often diagnosed at a more advanced

stage due to its subtle clinical presentation and infiltrative nature [60].
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2.8.3 Molecular Subtypes of Breast Cancer

Breast cancer is also classified into molecular subtypes based on the expression of
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER2). This classification includes Luminal A, Luminal B,
HER2-enriched, and triple-negative breast cancer (TNBC), each exhibiting dis-

tinct biological behavior and clinical outcomes.

Luminal A tumors are typically ER-positive, PR-positive, and HER2-negative,
with low proliferation rates and favorable prognosis. Luminal B tumors show
higher proliferation rates, expressing HER2 which has outcome in a more aggres-

sive course.

HER2-enriched tumors are characterized by overexpression of HER2 and are as-
sociated with rapid tumor growth but respond well to targeted therapies. TNBC
lacks expression of ER, PR, and HER2 and is considered the most aggressive
subtype with limited targeted treatment options [61].

A comparison of the molecular characteristics and corresponding therapeutic ap-

proaches of the major breast cancer subtypes is presented in Table 2.4.

TABLE 2.4: Molecular characteristics and therapeutic approaches of the sub-
types of breast cancer [19].

Characteristic Luminal Luminal B HER2- Triple-
A enriched negative

ERa Status +ve +ve -ve -ve

PR Status +ve +ve/Low -ve -ve

HER2 Status -ve +ve/-ve +ve -ve

Ki-67 Expression Low High High High

Prognosis Good Intermediate Intermediate Poor

Primary Treatment Endocrine Endocrine Anti-HER2  Chemo—
therapy therapy + targeted therapy

chemother-  therapy

apy
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2.9 Mechanism

Breast cancer develops through complex molecular and cellular alterations that
disrupt the normal regulation of cell growth and differentiation, leading to ma-
lignant transformation. One of the major mechanisms involves hormone receptor
signaling. In hormone receptor-positive breast cancer, estrogen binds to the es-
trogen receptor (ER) and regulates genes associated with cell proliferation and
survival, while progesterone receptor (PR) expression serves as a marker of active
estrogen signaling. Dysregulation of this pathway promotes sustained proliferative

signaling and tumor progression [62].

Another key mechanism involves the overexpression of human epidermal growth
factor receptor 2 (HER2), which activates downstream signaling pathways that
enhance cell proliferation, survival, and therapeutic resistance, resulting in a more
aggressive tumor phenotype [63, 64]. Cell cycle dysregulation also plays a critical
role in breast cancer progression. Aberrant activation of the Cyclin D1-CDK4/6
complex promotes uncontrolled cell proliferation, while resistance to CDK4/6 in-
hibitors may arise through retinoblastoma (RB) loss or activation of compensatory

signaling pathways [65].

Epithelial-mesenchymal transition (EMT) is another important process that en-
hances tumor cell migration, invasion, and metastasis through the loss of epithelial
characteristics and acquisition of mesenchymal traits. The molecular mechanism
of EMT regulation by non-coding RNAs and nanocarriers is illustrated in Fig-
ure 2.2. Metastatic spread to distant organs, including the bone, lung, liver, and
brain, is the primary cause of poor clinical outcomes in breast cancer [63, 64].
Drug resistance remains a major challenge in breast cancer treatment. It devel-
ops through activation of alternative signaling pathways, genetic and epigenetic
alterations, and suppression of apoptosis, reducing the effectiveness of endocrine
therapy, chemotherapy, and targeted treatments and contributing to disease re-

currence [62].
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FIGURE 2.2: Regulation of Epithelial-Mesenchymal Transition (EMT) by non-
coding RNAs and nanocarriers, leading to the metastasis of breast cancer cells
into the circulatory system [63].

2.10 Pathways

The PI3K/AKT/mTOR signaling pathway is a central regulatory cascade involved
in breast cancer progression and is frequently altered in malignant cells. Activation
of this pathway occurs through receptor tyrosine kinases, leading to PI3K acti-
vation, AKT phosphorylation, and subsequent mTOR signaling, which regulates

protein synthesis, metabolism, proliferation, and survival.

Dysregulation of this pathway promotes tumor growth and contributes to resis-
tance against targeted therapies [66]. In addition to its role in development of
breast cancer, the PI3K/AKT/mTOR pathway is an important therapeutic tar-
get. Plant-derived bioactive compounds have been shown to suppress this signaling

cascade and reactivate apoptotic pathways, highlighting their potential as adjunct
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therapeutic agents for breast cancer treatment [67]. Several receptor proteins, in-
cluding Androgen Receptor (AR), Estrogen Receptor Alpha (ER«), and Human
Epidermal Growth Factor Receptor 2 (HER2), play pivotal roles in regulating
hormone signaling, cellular proliferation, and tumor survival, making them im-
portant molecular targets for breast cancer therapy [19, 20]. The major signaling
events associated with estrogen receptor-mediated activation of the PI3SK/AKT

and MAPK pathways are illustrated in Figure 2.3.
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FIGURE 2.3: Overview of estrogen receptor signaling mechanisms involved in
breast cancer [19].

Human Epidermal Growth Factor Receptor 2 (HER2), encoded by the ERBB2
gene on chromosome 17q21, is a transmembrane receptor tyrosine kinase that reg-
ulates cell proliferation and survival. HER2 activation stimulates the PI3K/AKT
and MAPK signaling mechanisms, promoting tumor growth and progression. Con-
sequently, HER2 overexpression or amplification is associated with aggressive

breast cancer, making HER2 an important therapeutic target [68].

DNA repair pathways are essential for maintaining genomic stability in breast
cancer cells. The tumor suppressor genes BRCA1 and BRCA2 are key components
of the homologous recombination pathway responsible for repairing DNA double-
strand breaks. Germline mutations in these genes impair DNA repair, resulting in

genomic instability and an increased risk of hereditary breast and ovarian cancers.
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These defects also increase the sensitivity of BRCA-mutated tumors to poly (ADP-
ribose) polymerase (PARP) inhibitors through synthetic lethality, making PARP

inhibition an important strategy in personalized breast cancer treatment [69, 70].

2.11 Treatment

The treatment of breast cancer has advanced considerably with the emergence of
precision medicine, which tailors therapeutic strategies according to the molecu-
lar and genetic profile of individual tumors. This approach utilizes biomarkers,
including hormone receptor status and HER2 expression, to guide treatment se-
lection, improve therapeutic efficacy, and reduce unnecessary toxicity, thereby en-
abling personalized disease management [71]. Conventional treatment modalities,
including chemotherapy, hormonal therapy, and targeted therapy, remain central
to breast cancer management and are increasingly combined to improve clinical

outcomes.

Chemotherapeutic agents disrupt DNA synthesis and cell division, whereas hor-
monal therapies inhibit estrogen-mediated signaling in hormone receptor-positive
tumors. Targeted therapies, particularly those directed against HER2, selectively
inhibit oncogenic signaling pathways. Combination therapies further improve
treatment response and help overcome therapeutic resistance by targeting multiple
molecular pathways simultaneously [72]. The major conventional and combination
treatment strategies for breast cancer based on tumor type and disease stage are

illustrated in Figure 2.4.

Recent advances have also focused on phytochemical-based nanocarrier systems
for breast cancer therapy. These systems encapsulate plant-derived bioactive com-
pounds to improve targeted drug delivery, bioavailability, and stability while reduc-
ing systemic toxicity. By overcoming limitations such as poor solubility and rapid
degradation of phytochemicals, nanocarrier-based delivery represents a promising

strategy for improving anticancer efficacy [73].
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FIGURE 2.4: Illustrates the major conventional and combination treatment
strategies for breast cancer based on tumor type and stage [72].

2.12 Phytochemicals and Breast Cancer

Phytochemicals are plant-derived bioactive compounds that play important roles
in the prevention and treatment of breast cancer. They exert chemopreventive
effects by suppressing cell proliferation, inducing apoptosis, regulating oxidative
stress, and exhibiting antioxidant and anti-inflammatory activities [74]. In addi-
tion, phytochemicals regulate cell cycle progression, inhibit metastasis, modulate
intracellular signaling pathways, and may enhance the efficacy of conventional

therapies while helping to overcome drug resistance [75].

Among these compounds, inulin-type fructans exert indirect anticancer effects by
modulating the gut microbiota and influencing host metabolic and immune re-
sponses. Moreover, the combined administration of inulin and sulforaphane has
been shown to suppress estrogen receptor-negative breast cancer through inhibi-

tion of the PI3K/AKT/mTOR signaling pathway [76, 77].

Flavonoids also exhibit potent anticancer activity by modulating the mTOR sig-
naling pathway, promoting apoptosis, and suppressing abnormal cell prolifera-
tion [78]. Similarly, Helianthus tuberosus extracts have demonstrated selective

cytotoxicity against MCF-7 breast cancer cells by reducing cell viability, inducing
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apoptosis, and inhibiting metastatic behavior, highlighting their potential as

a natural source of anticancer agents [79].

2.13 Other Plants in Breast Cancer Progression

Medicinal plant-derived nutraceuticals are increasingly recognized as complemen-
tary agents in breast cancer management because of their diverse biological activ-

ities.

These bioactive compounds exhibit anticancer effects by regulating signaling path-
ways, suppressing abnormal cell proliferation, and inducing programmed cell death.
Their ability to target multiple molecular mechanisms simultaneously proves as

supportive therapeutic agents for treating breast cancer [80].

2.13.1 Curcuma longa in Breast Cancer

Curcuma longa has been widely investigated for its anticancer potential against
breast cancer, particularly triple-negative breast cancer. Experimental studies
have shown that its extract modulates key regulators of apoptosis, including p53
and survivin, leading to activation of caspase-3-dependent pathways, enhanced

programmed cell death, and reduced cancer cell viability [81].

In combination with Phyllanthus niruri, Curcuma longa exhibits enhanced an-
tiproliferative activity against MDA-MB-231 breast cancer cells, suggesting that

plant-based combination therapies may improve treatment efficacy [82].

In addition, Curcuma longa possesses anti-metastatic properties by downregulat-
ing metastasis-related proteins, including MMP-9 and Rac-1, thereby reducing the

migration and invasive potential of highly metastatic breast cancer cells [83].
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2.13.2 Camellia sinensts in Breast Cancer

Camellia sinensis (green tea) has been extensively investigated for its anticancer
activity against breast cancer. Its extracts exhibit cytotoxic and antiproliferative

effects by reducing the viability of breast cancer cells [84].

Recent studies have further enhanced its therapeutic potential through the biosyn-
thesis of silver nanoparticles using Camellia sinensis (CsAgNPs). These nanopar-
ticles induce oxidative stress, disrupt cellular homeostasis, activate apoptotic path-
ways, and inhibit breast cancer cell proliferation, highlighting their potential as

plant-based nanotherapeutic agents [85].

In addition, Camellia sinensis has been reported to inhibit the STAT signaling
pathway, thereby suppressing oncogenic signaling, cell proliferation, and tumor

progression, supporting its potential in breast cancer prevention and targeted ther-

apy [86].

2.13.3 Vitis vinifera in Breast Cancer

The antioxidant and anticancer potential of Vitis species has been widely inves-
tigated in breast cancer. An optimized extract of Vitis labrusca (Isabella grape)
demonstrated significant antioxidant activity and cytotoxic effects against breast
cancer cells, suggesting that grape-derived phytoconstituents reduce tumor cell

viability through oxidative stress modulation [87].

Network pharmacology studies have shown that Vitis vinifera phytochemicals in-
teract with multiple molecular targets involved in cell proliferation, survival, and

apoptosis, highlighting their potential as multi-target therapeutic agents [88].

Molecular docking and network-based analyses further demonstrated their abil-
ity to modulate key proteins associated with breast cancer signaling pathways,

supporting their role in inhibiting oncogenic signaling [89].
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In addition, exosome-like nanoparticles derived from Vitis vinifera (Kyoho grapes)
have shown promise as drug delivery systems by improving targeted delivery,

bioavailability, and therapeutic efficacy in breast cancer treatment [90].

2.13.4 Nigella sativa in Breast Cancer

Nigella sativa has been investigated for its anticancer potential in breast cancer
through computational and experimental studies. Bioactive compounds derived
from Nigella sativa target neuropilins, key regulators of tumor growth and angio-
genesis, suggesting their potential to inhibit breast cancer progression [91]. Net-
work pharmacology and experimental studies further demonstrated that Nigella
sativa bioactive compounds interact with multiple signaling pathways involved
in tumor cell proliferation, survival, and apoptosis, highlighting their multi-target
mechanism of action [92]. In addition, Nigella sativa seed oil has shown synergistic
anticancer effects when combined with conventional cytotoxic agents, enhancing
therapeutic efficacy and supporting its potential as an adjuvant in breast cancer

chemotherapy [93].

2.13.5 Zingiber officinale in Breast Cancer

Zingiber officinale (ginger) has been extensively investigated for its anticancer
activity against breast cancer. Its bioactive constituents inhibit breast cancer
development by suppressing malignant cell proliferation and survival, supporting
its potential as a natural therapeutic agent [94]. In combination with Termi-
nalia chebula, Zingiber officinale has demonstrated enhanced anticancer activity
in DMBA-induced breast cancer models through inhibition of the mTOR signal-
ing pathway, highlighting its role in regulating tumor growth and survival [95].
Recent studies have also explored ginger-mediated green-synthesized zinc oxide
(ZnO) nanoparticles, which exhibit enhanced cytotoxicity and tumor-targeting
potential in three-dimensional breast cancer models, demonstrating their promise

as nanotherapeutic agents [96].
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2.14 Molecular Docking

Molecular docking is a computational, structure-based approach used to inves-
tigate the interactions between small molecules and biological macromolecules,
particularly proteins. In drug discovery, it is widely applied to predict the most
favorable binding pose of a ligand within the active site of a target protein and to
estimate the strength of the interaction. This technique relies on molecular recog-
nition, where the structural and physicochemical compatibility between a ligand
and its receptor determines the stability of the protein—-ligand complex, making
molecular docking a fundamental tool for virtual screening and structure-based

drug design [97].

Depending on the degree of ligand and receptor flexibility, docking approaches
are classified as rigid, semi-flexible, or flexible. Among these, flexible docking
is considered more biologically relevant because it accounts for conformational
changes during ligand binding, thereby improving the physiological accuracy of
predicted interactions. Docking algorithms use scoring functions to assess protein—
ligand interactions, including hydrogen bonding, hydrophobic contacts, van der
Waals forces, and electrostatic interactions, in order to predict binding affinity

and the stability of the resulting complex [97].

To supplement the static predictions obtained from molecular docking, molecu-
lar dynamics (MD) simulations are widely used to examine the dynamic behavior
and stability of protein—ligand complexes under physiological conditions. Whereas
molecular docking identifies the most favorable binding orientation, MD simula-
tions provide additional insights into conformational flexibility, interaction persis-
tence, and structural stability over time, thereby improving the biological relevance

and predictive reliability of computational drug discovery studies [98].

In addition, molecular docking serves as an essential tool for virtual screening and
lead identification by rapidly assessing large chemical libraries against disease-
related molecular targets. This strategy accelerates the discovery of promising
lead compounds while reducing the time, cost, and experimental resources re-

quired for conventional drug development, and also supports the identification of
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molecules with potential multi-target activity. Recent advances in computational
pharmacology and structure-based drug design have further enhanced docking ac-
curacy and expanded its applications in the discovery of novel therapeutic agents,

particularly for complex diseases such as cancer [99].

Beyond its computational applications, molecular docking is regarded as both an
analytical and interpretative approach, integrating concepts from structural biol-
ogy, physical chemistry, and computational modeling. Therefore, reliable docking
outcomes depend not only on computational algorithms but also on the critical

interpretation of binding poses, scoring functions, and docking parameters [100].

2.15 Molecular Docking Studies in Breast Can-

cer

Molecular docking has become an important computational approach in breast
cancer drug discovery for identifying and evaluating bioactive compounds targeting
cancer-associated proteins. In early-stage drug design, docking is often combined
with quantitative structure activity relationship (QSAR) analysis to assess the
binding potential of synthetic compounds. For example, pyrimidine—coumarin—
triazole conjugates have demonstrated favorable interactions with breast cancer-
related targets, highlighting the value of in silico screening in the rational design
of anticancer agents [101]. Natural product-derived hybrid molecules have also
been extensively investigated using molecular docking. Curcumin-derived hybrid
conjugates exhibited strong binding affinity toward breast cancer-associated pro-
teins, suggesting that structural modification of natural compounds can enhance

their therapeutic potential [102].

Molecular dynamics (MD) simulation is frequently combined with molecular dock-
ing to validate docking results and evaluate the stability of ligand—protein com-
plexes under physiological conditions. Studies involving natural compounds tar-
geting overexpressed breast cancer receptors have demonstrated stable docked

complexes, improving the reliability of computational predictions [103].
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The integration of molecular docking with experimental validation has further
strengthened confidence in in silico findings. Flavonoids such as naringin have
shown strong binding affinity toward breast cancer-related targets, supported by
experimental evidence of anticancer activity [104]. In addition, network toxicol-
ogy combined with molecular docking has been used to investigate the interac-
tions of environmental chemicals with breast cancer-related targets, expanding
the application of docking to disease mechanism studies and environmental risk

assessment [105].
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Methodology

Figure 3.1 illustrates the overall workflow followed in this study to evaluate the
anticancer potential of bioactive compounds isolated from Helianthus tuberosus

using in silico approaches.
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3.1 Disease Selection

Breast cancer was selected as the target disease in the present study because it
remains one of the most significant health challenges affecting women worldwide.
It is the most frequently diagnosed malignancy among women and continues to be
a major contributor to cancer-related mortality. The disease is characterized by
uncontrolled proliferation of abnormal cells within breast tissue, with the potential
to invade surrounding tissues and metastasize to distant organs. Its development is
multifactorial, involving genetic susceptibility, hormonal imbalance, environmental

factors, and lifestyle-related influences [106].

Among the different types, hormone-dependent breast cancer is mainly regulated
by estrogen-driven signaling pathways that significantly contribute to tumor de-
velopment. The binding of estrogen to its receptors initiates signaling events that
regulate genes controlling cellular proliferation, division, and survival. Although
various treatments such as hormone therapy, chemotherapy, and targeted thera-
pies are available, their success is often limited due to resistance, side effects, and
recurrence [107]. Therefore, breast cancer was selected in this study to investi-
gate alternative therapeutic options, particularly natural plant-based compounds,
which may provide safer and more effective approaches for inhibiting cancer pro-

gression.

3.2 Protein Selection and Preparation

The preparation and characterization of the selected target proteins for molecular

docking are presented in this section.

3.2.1 Selection of Target Proteins

Target proteins associated with breast cancer progression were selected for molec-

ular docking based on their documented biological significance. AR, ERa, and
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HER2 were selected for this study because of their critical involvement in the

molecular mechanisms underlying breast cancer.

Their regulatory roles in hormone signaling, cellular proliferation, and tumor sur-
vival have established them as important therapeutic targets for breast cancer

drug discovery [108, 109].

3.2.2 Retrieval of Protein Structures

The required 3D structures of the selected breast cancer target proteins were re-
trieved from the RCSB Protein Data Bank (RCSB PDB) (https://www.rcsb.org/)

and saved in PDB format for subsequent analyses.

3.2.3 Physicochemical Characterization of Target Proteins

The ProtParam tool available on the ExPASy server was used to characterize the
physicochemical properties (https://web.expasy.org/protparam/) of the selected
proteins. Their FASTA sequences were retrieved from the Protein Data Bank
and analyzed using ProtParam. The calculated parameters included mw, pl, in-
stability index, aliphatic index, and grand average of hydropathicity (GRAVY),
which provided information on the physicochemical characteristics and predicted

stability of the target proteins [110].

3.2.4 Functional Domain Characterization

The InterPro database (https://www.ebi.ac.uk/interpro/) was used to identify the
conserved functional domains present in the selected proteins. Protein sequences
were analyzed to identify conserved domains, families, and functional regions.
Pfam annotations integrated within InterPro were used to determine biologically

important domains associated with ligand binding and protein activity.



Methodology 37

3.2.5 Protein Preparation

The retrieved protein structures were prepared using PyMOL (https://pymol.org/).
Before molecular docking, the retrieved protein structures were cleaned by elim-
inating water molecules, heteroatoms, and co-crystallized ligands that could in-
terfere with ligand binding. Hydrogen atoms were then added to obtain stable
protein structures, and the prepared files were stored in PDB format for subse-

quent computational analyses.

3.3 Selection of Target Plant

Jerusalem artichoke (Helianthus tuberosus) was selected because of its reported
medicinal value and diverse phytochemical composition. Evidence from previous
studies indicates that Helianthus tuberosus contains a variety of bioactive com-
pounds with antioxidant, anti-inflammatory, and anticancer activities. Owing to
these pharmacological properties, it was considered a suitable source for identify-

ing potential therapeutic compounds against breast cancer [2, 4].

3.4 Ligand Identification and Preparation

The selection and preparation of phytochemical ligands obtained from Helianthus
tuberosus are described in this section, including the steps followed before compu-

tational evaluation.

3.4.1 Selection of Ligands

The phytochemical ligands were selected from Helianthus tuberosus using the Pub-
Chem Taxonomy database. Within the Chemicals and Bioactivities section, the

Food Compounds category was examined, and only compounds reported to be
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present in the tubers with available chemical structures suitable for computa-
tional analysis were included. Accordingly, ten phytochemicals were selected for
further investigation: Hexose, Betaine, §-D-Glucose, Inulin, L-Tryptophan, PNPP
disodium hexahydrate, L-Isoleucine, L-Glutamic acid, L-Lysine, and L-Aspartic
acid [22].

3.4.2 Retrieval of Ligand Structures

The three-dimensional chemical structures of the selected phytochemical com-
pounds were obtained from the PubChem database in Structure Data File (SDF)
format (https://pubchem.ncbi.nlm.nih.gov/). PubChem is a publicly accessible
chemical repository that offers comprehensive information on molecular struc-
tures, chemical properties, and related physicochemical characteristics, making

it a reliable source for computational studies.

3.4.3 Ligand Refinement

The retrieved ligand structures were energy-minimized using BIOVIA Discovery
Studio Visualizer:

(https://discover.3ds.com/discovery-studio-visualizer-download) to improve their
structural stability before molecular docking. Energy minimization was performed
to eliminate unfavorable molecular conformations and reduce steric strain, re-
sulting in geometrically optimized structures. The optimized ligands were then
exported in the required file formats for subsequent docking and computational

analyses.

3.5 Virtual Screening

A virtual screening approach was performed before molecular docking to examine
the drug-like properties and pharmacokinetic behavior of the selected phytochem-

icals.
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3.5.1 Lipinski’s Rule of Five

The drug-likeness of the selected phytochemicals was evaluated using the Swis-
sADME web server (https://www.swissadme.ch/) according to Lipinski’s ROb5.
Parameters including mol-weight, LogP, HBD, HBA, and rotatable-bonds were an-

alyzed to assess the compounds’ suitability as potential oral drug candidates [111].

i. Mol. Weight < 500 Da

ii. HB donors (HBD) < 5
iii. HB Acceptors (HBA) < 10
iv. (LogP) <5

v. No. of RB <« 10

Compounds satisfying these criteria are regarded as promising candidates for fur-

ther drug development studies.

3.5.2 ADMET Property Prediction

The pharmacokinetic and toxicity profiles of the selected phytochemicals were
predicted using the pkCSM web server (https://biosig.lab.uq.edu.au/pkesm/). Pa-
rameters related to absorption, distribution, metabolism, excretion, and toxicity
(ADMET) were evaluated to assess the compounds’ drug-like behavior and safety

for subsequent analyses [112].

3.6 Molecular Docking

Molecular docking was conducted using the CB-Dock2 server (https://cadd.labsha
re.cn/cb-dock2/) to evaluate the binding interactions between the selected phy-

tochemicals and the target proteins. The prepared protein and ligand structures
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were submitted to the server, which automatically detected binding cavities and

predicted ligand binding poses.

The resulting complexes were ranked according to their binding affinity, and the

top-scoring docked conformations were selected for subsequent analysis [113].

3.7 Protein—Ligand Interaction Analysis

The protein—ligand interactions of the docked complexes were examined using
BIOVIA Discovery Studio Visualizer. Binding interactions, including H-bonds,
hydrophobic- contacts, electrostatic-interactions, salt-bridges, and pi-mediated in-
teractions, were analyzed to evaluate the binding mode and stability of the com-

plexes.

3.8 Lead Compound Identification

Lead compound identification was carried out by considering the collective results
of drug-likeness screening, ADMET analysis, molecular docking, and interaction
studies. Compounds exhibiting favorable physicochemical and pharmacokinetic
properties, minimal predicted toxicity, high binding affinity, and stable protein—
ligand interactions were regarded as potential lead compounds for further investi-

gation.

3.9 Drug Selection and Screening

This section presents the process of identifying, selecting, and evaluating a refer-

ence drug for comparison with the selected lead compound.
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3.9.1 Identification of Reference Drug

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was utilized
to select an appropriate reference drug for this study. Approved breast cancer
therapeutics and their associated hormone signaling pathways were identified from

the database to support comparative evaluation.

3.9.2 Drug Selection

The identified drugs were screened based on their mechanism of action, physico-
chemical properties, pharmacokinetic profiles, and therapeutic significance. Infor-
mation related to physicochemical characteristics and mechanisms of action was
retrieved from the PubChem and KEGG databases, respectively, whereas ADMET

properties were evaluated using the pkCSM web server.

3.9.3 Reference Drug Docking

The reference drug was docked with the target proteins using the CB-Dock2 server
under the same conditions applied to the phytochemicals. The resulting binding
affinities and protein—ligand interaction patterns were evaluated and compared to

determine the relative binding performance of the selected compounds.

3.10 Comparative Analysis of the Lead Compo-
und and the Reference Drug

The lead phytochemical and the reference drug were comparatively evaluated
based on their physicochemical properties, drug-likeness, ADMET profiles, molec-
ular docking performance, and protein-ligand interaction patterns. This analysis
was carried out to determine the therapeutic potential of the lead phytochemical

relative to the reference drug.
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Results

4.1 Selection, Retrieval, and Preparation of Tar-

get Proteins

The results associated with the selection, extraction, and preparation of selected
breast cancer target proteins are described in this section. Selected proteins were
processed and prepared for further computational studies such as molecular dock-

ing and interactions analysis.

4.1.1 Three-Dimensional Structure of Proteins

Three-dimensional (3D) protein structures provide essential insights into the bio-
logical functions and molecular mechanisms of proteins. The spatial conformation
of a protein is determined by its amino acid sequence and stabilized through hy-
drogen bonding, electrostatic interactions, hydrophobic effects, and van der Waals

forces.

Protein organization comprises four structural levels: primary, secondary, ter-
tiary, and quaternary, with the tertiary structure representing the overall three-
dimensional folding of a polypeptide chain. Knowledge of protein structures is

fundamental to bioinformatics, structural biology, and drug discovery because it

42
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enables the identification of functional domains, active sites, and protein—ligand

binding regions.

Protein structures are determined experimentally using X-ray crystallography,
nuclear magnetic resonance (NMR) spectroscopy, and cryo-electron microscopy
(cryo-EM), whereas computational prediction methods provide reliable alterna-

tives when experimental structures are unavailable [114].

The three-dimensional structures of the selected breast cancer-associated target
proteins, namely the androgen receptor (AR), estrogen receptor alpha (ERa), and
human epidermal growth factor receptor 2(HER2), corresponding to PDB IDs
3RLL, 3ERT, and 8U8X, respectively, were retrieved from the RCSB Protein Data
Bank (PDB) in PDB format for subsequent protein preparation, molecular dock-
ing, and protein-ligand interaction analyses. The three-dimensional structures of

AR, ERa, and HER2 are shown in Figures 4.1, 4.2, and 4.3, respectively.

FI1GURE 4.1: 3D Structure of the Androgen Receptor Protein.
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FIGURE 4.2: 3D Structure of the Estrogen receptor Alpha Protein.

FIGURE 4.3: Three-dimensional structure of the HER2 protein receptor.
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4.1.2 Physicochemical Characteristics

The physicochemical characteristics of proteins are fundamental determinants of
their structural organization, functional behavior, and potential applications in
therapeutic and computational research. These properties influence how proteins
fold into their native three-dimensional conformations, maintain structural sta-
bility under physiological conditions, and interact with surrounding biomolecules.
Key characteristics, including hydrophobicity, charge distribution, hydrogen-bond-
ing capacity, molecular size, and surface properties, collectively govern protein fold-
ing, conformational stability, and biological function [115]. Disruptions in these
physicochemical interactions may result in protein misfolding, loss of biological

activity, or aggregation.

Furthermore, protein solubility is strongly influenced by the balance between hy-
drophilic and hydrophobic regions as well as the overall electrostatic profile. Re-
duced solubility can promote protein aggregation, thereby affecting structural sta-
bility and biological function. In addition, physicochemical properties influence
protein distribution, membrane interactions, formulation stability, purification ef-
ficiency, and storage conditions. They may also affect immunogenicity, as unsta-
ble conformations or exposed hydrophobic regions can increase immune recogni-

tion [115].

Therefore, comprehensive physicochemical characterization is essential for under-
standing protein behavior and is widely employed in bioinformatics, structural
biology, and structure-based drug discovery. Although molecular docking can be
performed without prior physicochemical characterization of the receptor proteins,
this analysis was included in the present study to obtain a better understanding
of their fundamental biochemical properties before docking. Parameters such as
mol. weight, theoretical isoelectric point (pI), stability, and hydropathicity pro-
vide useful information about the overall characteristics of the selected proteins

and help describe their structural and biochemical nature.

While these properties do not directly influence docking scores or binding affinity

calculations, they provide supporting information that aids in the characterization
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of the receptor proteins and facilitates the interpretation of protein—ligand interac-

tion results. Therefore, physicochemical analysis served as a complementary step

to molecular docking rather than a mandatory requirement.

TABLE 4.1: Predicted physicochemical characteristics of the androgen receptor
(AR) obtained using the ExPASy ProtParam server.

Sr. No. Properties Results
1 Amino acid residues 247
2 Predicted isoelectric point (pl) 8.97
3 Molecular weight 28750.79 Da
4 Negatively charged residues (Asp + 23
Glu)
5 Positively charged residues (Arg + 28
Lys)
6 Total atoms 4059
7 Extinction coefficient (cystine bonds 32680 M~tcm™!
assumed)
8 Extinction coefficient (reduced cys- 32430 M~'em™!
teines)
9 Predicted half-life >20h (mammalian), >20h
(yeast)
10 Protein instability index 41.83 (Unstable protein)
11 Aliphatic index 95.87
12 GRAVY score 0.017
13 Formula C1309H2039N3470346 518

The physicochemical properties of the selected target proteins were predicted us-

ing the ExPASy ProtParam server. The theoretical isoelectric point (pl) values

indicated that the androgen receptor (AR) is basic, whereas ERa and HER2 are

acidic proteins [116]. Protein stability was evaluated using the instability index,
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where values greater than 40 indicate unstable proteins and values below 40 indi-

cate stable proteins

TABLE 4.2: Predicted physicochemical characteristics of the estrogen receptor
alpha (ERa) obtained using the ExPASy ProtParam server.

Sr. No. Properties Results
1 Amino acid residues 261
2 Predicted isoelectric point (pl) 6.49
3 Molecular weight 29811.16 Da

4 Negatively charged residues (Asp + 29

Glu)
5 Positively charged residues (Arg + 26
Lys)
6 Total atoms 4235
7 Extinction coefficient (cystine bonds 24200 M~!em™!
assumed )
8 Extinction coefficient (reduced cys- 23950 M~tcm™!
teines)
9 Predicted half-life 30 h (mammalian), >20 h
(yeast), >10 h (E. coli)
10 Protein instability index 40.41 (Unstable protein)
11 Aliphatic index 111.34
12 GRAVY score 0.067
13 Formula C1331H2152N355 0373501

According to this criterion, all three target proteins were predicted to be unstable.
The aliphatic index values suggested relatively high thermostability for all selected
proteins. Analysis of the grand average of hydropathicity (GRAVY) indicated
that AR and ER« are slightly hydrophobic, whereas HER2 is slightly hydrophilic,
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suggesting differences in their surface characteristics and interactions with aqueous

environments [117].

Collectively, these physicochemical parameters describe the structural character-
istics of the selected proteins and provide a basis for their application in molecular

docking and subsequent computational analyses. The physicochemical properties

of AR, ERa, and HER2 are listed in Tables 4.1, 4.2, and 4.3, respectively.

TABLE 4.3: Predicted physicochemical characteristics of the HER2 receptor
obtained using the ExPASy ProtParam server.

Sr. No. Properties Results
1 Amino acid residues 348
2 Predicted isoelectric point (pl) 5.80
3 Molecular weight 39473.59 Da

4 Negatively charged residues (Asp + 47

Glu)
5 Positively charged residues (Arg + 39
Lys)
6 Total atoms 5549
7 Extinction coefficient (cystine bonds 51255 M~tem™!
assumed)
8 Extinction coefficient (reduced cys- 50880 M~tem™!
teines)
9 Predicted half-life 30 h (mammalian), >20 h
(yeast), >10 h (E. coli)
10 Protein instability index 47.70 (Unstable protein)
11 Aliphatic index 93.22
12 GRAVY score —0.218

13 Formula C1757H2780N 1820509521
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4.1.3 Functional Domain Analysis

Proteins consist of one or more functional domains that are responsible for their
biological activities and molecular interactions [118]. Although the identification
of functional domains is not essential for performing molecular docking, it was
included in this study to better understand the biological characteristics of the

selected target proteins.

The identification of conserved domains confirms the functional identity of the
proteins and supports their selection as biologically relevant receptors for docking
analysis. This information also provides a clearer biological context for interpreting

the predicted protein—ligand interactions.

Functional domains were identified using the InterPro database based on Pfam
annotations. The FASTA sequences of the selected proteins were retrieved from the
RCSB Protein Data Bank (PDB) and submitted to InterPro for domain prediction

and functional characterization that can be shown in Figures 4.4, 4.6, and 4.7.
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FIGURE 4.4: Functional domains, conserved residues, and ligand-binding re-
gions of the androgen receptor (3RLL) identified using the InterPro database
based on Pfam domain annotations.
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4.1.4 Protein Refinement

Protein refinement was carried out before docking using PyMOL software.

In

this process, ligands, heteroatoms, and water molecules were eliminated to obtain

a clean and prepared protein structure for molecular docking studies. Refined

structures of AR, ERa, and HER2 is shown in Figure 4.5, 4.8, and 4.9.

FIGURE 4.5: Refined 3D Structure of the AR Protein.
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gions of estrogen receptor alpha (3ERT) identified using the InterPro database

based on Pfam domain annotations.



Results

51

T
100

g

Families

200

Domain:

Phosphorylase Kinase; domain 1 ‘Transferase(Phosphotransferase) domain 1

S

Phosphorylase Kinase; domain 1

Protein kinase-like (PK-like)

Prot_kinase_dom

Tyr kinase cat dom

PK_Tyr_Ser-Thr
TYR...

‘Transferase(Phosphotransferase) domain 1

Conserved Residues

Active Si

Binding

FunFam

ite

Site

PROTEL..

Ser-Thi/Tyr | cat_dom

Representative fam

IE RTK - Receptor Tyrosine Kinase
PANTHER: TYROSINE-PROTEIN KINASE RECEPTOF

Representative domains

Unintegrated
(CATHGENE3D: Phosphorylase Kinase; domain 1 -

Unintegrated
CDD: PTKc_HER2 - PTKc_HER2

L Kinase-like_dom _sf - Protein kinase-like d
SSF: Protein kinase-like (PK-like) - Protein kinase-|

L1 prot_kinase_dom - Protein kinase domain
PROFILE: PROTEIN_KINASE_DOM - Protein kinase

I Tyr_kinase_cat_dom - Tyrosine-protein kin
SMART: tyrkin_6 - tyrkin_6

L Ser-Thr/Tyr_kinase_cat_dom - Serine-threc
PFAM: PK_Tyr_Ser-Thr - Protein tyrosine and serin
PRINTS: TYRKINASE - Tyrosine kinase catalytic dot

Unintegrated
CAl D:

d05109

ATP binding site

Polypeptide substrate binding site
Active site

Activation loop (A-loop)

PIRSR

ACT_SITE: Proton acceptor
BINDING: ATP.

BINDING: ATP.

ACT_SITE: Proton acceptor.
ACT_SITE: Proton acceptor.
BINDING: ATP.

ACT_SITE: Proton acceptor.
ACT_SITE: Proton acceptor.
BINDING: ATP.

BINDING: ATP

ACT_SITE: Proton acceptor.
ACT_SITE: Proton acceptor.
BINDING: ATP.

BINDING: ATP

ACT_SITE: Proton acceptor.
ACT_SITE: Proton acceptor.
BINDING: ATP.

ACT_SITE: Proton acceptor.
ACT_SITE: Proton acceptor.
BINDING: ATP

ACT_SITE: Proton acceptor.
BINDING: ATP.

ACT_SITE: Proton acceptor.
ACT_SITE: Proton acceptor.
BINDING: ATP.

ACT_SITE: Proton acceptor.
ACT_SITE: Proton acceptor.
ACT_SITE: Proton acceptor.
ACT_SITE: Proton acceptor.
ACT_SITE: Proton acceptor.
BINDING: ATP.

ACT_SITE: Proton acceptor.
BINDING: ATP.

ACT_SITE: Proton acceptor.
BINDING: ATP.

METAL: Magnesium.

ACT _SITE: Proton acceptor.
BINDING: ATP.

BINDING: ATP.

BINDING: ATP.

BINDING: ATP

ACT _SITE: Proton acceptor.
ACT_SITE: Proton acceptor.

H Tyr_kinase_AS - Tyrosine-protein kinase, a
PROSITE: PROTEIN_KINASE_TYR - Tyrosine proteir

Hl Protein_kinase_ATP_BS - Protein kinase, A’
PROSITE: PROTEIN_KINASE_ATP - Protein kinases

Receptor protein-tyrosine kinase

Receptor tyrosine-protein kinase erbB-2

FIGURE 4.7: Functional domains, conserved residues, and ligand-binding re-
gions of HER2 (8U8X) identified using the InterPro database based on Pfam
domain annotations.
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FIGURE 4.9: Refined 3D Structure of the HER2 Protein.

4.2 Selection, Retrieval, and Preparation of Lig-

ands

The selection of phytochemicals was performed using the PubChem Taxonomy
database for Helianthus tuberosus (Jerusalem artichoke). Initially, a targeted
search was conducted using the plant name ‘Jerusalem artichoke.” The corre-
sponding database entry contained several sections, including Names and Identi-
fiers, Related Records, Chemicals and Bioactivities, BioAssays, Proteins, Litera-

ture, Patents, Classification, and Information Sources.

Within the Chemicals and Bioactivities section, four categories were available:
Tested Compounds, Metabolites, Natural Products, and Food Compounds. For
this study, the Food Compounds category was selected because it provided com-
pounds specifically reported for Helianthus tuberosus tubers. The remaining cate-
gories were not considered, as the objective of this study was to investigate tuber-
derived compounds suitable for molecular docking analysis. A total of ten ligands

were retrieved from the Food Compounds section.
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Their chemical structures were downloaded from PubChem in a suitable structural
format for subsequent physicochemical characterization, ADMET evaluation, and

molecular docking analyses.

TABLE 4.4: Physicochemical properties and chemical structures of the selected
tuber-derived ligands (PubChem) (Part I).

PubChem Mol.
Ligand CID MF Weight Structure
»
Hexose 206 CeH120¢ 180.16 g/mol { |
)
Betaine 247 CsH,NO,  117.15 g/mol 4}%{
3¢
B-D-Glucose 64689 CeH120¢ 180.16 g/mol P
[ 5,90"3
v
et
Inulin 5045177 C18H32016 504.40 g/mol DO\J\?\: ! \o
. _g:fs}ﬂb
L- 6923516 CllHIQNQOQ 204.22 g/mol .pcr b

Tryptophan

This selection strategy ensured the use of tuber-derived compounds with available
structural information for computational investigation against breast cancer target

proteins.

The corresponding PubChem compound names of the selected ligands were Hex-
ose, Betaine, Beta-D-Glucopyranose, GlyTouCan:G19464BO, (2S)-2-ammonio-3-
(1H-indol-3-yl)propanoate, PNPP disodium hexahydrate, 2-Azaniumyl-3-methylp-
entanoate, CID 88747398, (2S)-2-amino-6-azaniumylhexanoate, and (2S)-2-amino-
butanedioate. Their chemical structures were retrieved from the PubChem data-

base for subsequent computational analyses.
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4.2.1 Physicochemical Properties and Structural Analysis

of Ligands

The molecular properties, chemical structures, and PubChem information of the

chosen tuber-derived phytochemicals are presented in Tables 4.4 and 4.5.

TABLE 4.5: Physicochemical properties and chemical structures of the selected
tuber-derived ligands (PubChem) (Part II).

PubChem Mol.
Ligand CID MF Weight Structure
PNPP 24802402  CgH16NNayOpoP 371.14 g/mol o
%

L-Isoleucine 57397079  CgHysNO, 131.17 g/mol }-g <
L-Glutamic 88747398  CsHyNO, 147.13 g/mol :s-@”%
acid |
L-Lysine 168007633  CeHyNoO,  146.19 g/mol Oy
L-Aspartic 173074227  C4H;NO, 133.10 g/mol .&w%
acid

4.2.2 Ligand Refinement

Prior to docking, ligand structures were energy minimized using Discovery Studio
to achieve stable conformations. This optimization improved their suitability for

subsequent molecular docking studies.
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4.3 Screening of Bioactive Compounds for Lead

Compound Selection

4.3.1 Virtual Screening Based on Lipinski’s Rule of Five

The drug-likeness of the selected phytochemicals was evaluated using physico-
chemical parameters obtained from the SWISS ADME web server and assessed
according to Lipinski’s RO5. According to this guideline, compounds are consid-
ered more likely to possess favorable oral bioavailability when they have a molecu-
lar weight < 500 Da, LogP < 5, no more than 10 H-bond acceptors, and no more
than 5 H-bond donors [119].

As shown in Table 4.6, eight of the ten evaluated compounds fulfilled all Lipinski
criteria, suggesting good oral drug potential. In contrast, Inulin and the PNPP
compound showed multiple rule violations and were therefore considered less fa-
vorable for oral administration. Based on these findings, only compounds meeting

the Lipinski requirements were advanced for molecular docking studies.

TABLE 4.6: Evaluation of the selected compounds according to Lipinski’s RO5

SwissADME.
Compound MW LogP HBA HBD RB Lipinski
Hexose 180.16 -3.24 6 ) 1 Yes
Betaine 117.15  0.76 2 0 2 Yes
B-D-Glucose 180.16 -3.24 6 5 1 Yes
Inulin 504.44  -5.54 16 11 9 No
L-Tryptophan 204.23  0.92 2 2 3 Yes
PNPP 371.14 -1.88 12 6 3 No
L-Isoleucine 131.17  -0.02 2 1 3 Yes
L-Glutamic acid 147.13 -1.19 ) 2 4 Yes
L-Lysine 146.19  -0.59 3 2 ) Yes
L-Aspartic acid  133.10 -1.49 5 1 3 Yes




Results 56

4.4 ADMET Properties

Evaluation of absorption, distribution, metabolism, excretion, and toxicity (AD-

MET) properties is an important component of the drug development process.

As it helps predict the pharmacokinetic characteristics and safety of potential

therapeutic compounds [120].

4.4.1 Absorption

The absorption properties of the selected phytochemicals were predicted using the
pkCSM web server, and the corresponding results are summarized in Tables 4.7
and 4.8. The compounds exhibited a broad range of water solubility values, from

0.723 to —3.455 log mol/L.

Among them, Betaine showed the greatest aqueous solubility, whereas the PNPP
compound displayed the lowest solubility. Predicted Caco-2 permeability values
varied considerably across the compounds. Betaine demonstrated the highest per-
meability, followed by the L-tryptophan and L-isoleucine compound, indicating a
greater ability to cross intestinal epithelial membranes. In contrast, Inulin and

PNPP compound exhibited comparatively lower permeability values.

Human intestinal absorption predictions revealed notable differences among the se-
lected phytochemicals. Betaine showed the highest absorption rate (100%), while
L-isoleucine and L-tryptophan compounds also exhibited favorable absorption pro-
files. Conversely, Inulin and PNPP compound displayed poor intestinal absorption,

suggesting limited oral uptake.

All compounds showed low skin permeability values, indicating weak transder-
mal absorption potential. In addition, none of the selected phytochemicals were
predicted to inhibit P-glycoprotein I or II. However, Betaine, Inulin, and the L-
tryptophan were identified as P-glycoprotein substrates. Overall, the absorption
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analysis indicated that Betaine, L-isoleucine, and L-tryptophan compounds pos-

sess the most promising absorption properties among the evaluated phytochemi-

cals.

TABLE 4.7: Absorption properties of ligands (Hexose to L-tryptophan).

Sr. No. Characteristic

Hexose Betaine 3-D-Glucose

Inulin L-tryptophan

1 Water solubility (log mol/L)
2 Caco-2 permeability

3 Intestinal absorption (%)

4 Skin permeability

5 P-gp substrate

6 P-gp I inhibitor

7 P-gp II inhibitor

-1.377 0.723

-0.249 1.440

21.51 100.00

-3.041 -2.780
No Yes
No No
No No

-1.377

-0.249

21.51

-3.041

-1.111

-0.490

0.00

-2.735

Yes

-2.891

0.800

75.06

-2.735

Yes

TABLE 4.8: Absorption properties of ligands (PNPP disodium hexahydrate to

L-aspartic acid).

Sr. No. Characteristic

PNPP L-Isoleucine L-Glutamic acid L-Lysine L-Aspartic acid

1 Water solubility (log mol/L) -3.455
2 Caco-2 permeability -0.367
3 Intestinal absorption (%) 13.82
4 Skin permeability -2.735
5 P-gp substrate No
6 P-gp I inhibitor No
7 P-gp II inhibitor No

-2.887

0.742

84.69

-2.752

No

No

No

-2.892

-0.219

23.47

-2.735

No

No

No

-2.887

-0.208

41.95

-2.735

No

No

No

-2.890

-0.197

21.07

-2.735

No

No

No

4.4.2 Distribution

The pkCSM web server was used to predict the distribution properties of the

selected phytochemicals, and the corresponding parameters are presented in Ta-

ble 4.9. The VDss values varied from -1.015 to 0.148 log L/kg.

Among the analyzed compounds, Hexose and 5-D-Glucose showed the highest dis-

tribution volumes, indicating a greater tendency to partition into tissues, whereas
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PNPP exhibited the lowest VDss value, suggesting more limited tissue distribu-

tion.

The fraction unbound (Fu) values varied between 0.404 and 0.875, reflecting dif-
ferences in plasma protein binding. Betaine displayed the highest unbound frac-
tion, indicating increased availability in systemic circulation, while Glutamic acid

showed the lowest value.

Blood-brain barrier permeability (log BB) values ranged from -2.086 to 0.099. L-
Isoleucine and L-tryptophan compounds exhibited comparatively higher log BB
values, whereas PNPP and Inulin demonstrated the lowest values, indicating min-

imal ability to cross the blood-brain barrier.

A similar trend was observed for CNS permeability (log PS), with values ranging
from -5.536 to -2.804. Betaine showed the highest CNS permeability, while PNPP

and Inulin displayed the lowest permeability values.

Collectively, these findings indicate moderate distribution profiles for most com-

pounds with generally limited penetration into the central nervous system.

TABLE 4.9: Distribution properties of ligands.

Compound VDss (log L/kg) Fu BBB (log BB) CNS (log PS)
Hexose 0.148 0.820 -0.943 -3.636
Betaine -0.304 0.875 -0.214 -2.804
B-D-Glucose 0.148 0.820 -0.943 -3.636
Inulin -0.248 0.538 -1.469 -5.113
L-tryptophan -0.140 0.555 0.016 -2.909
PNPP disodium hexahydrate -1.015 0.511 -2.086 -5.536
L-Isoleucine -0.559 0.448 0.099 -3.009
L-Glutamic acid -0.317 0.404 -0.282 -3.176
L-Lysine -0.519 0.461 -0.121 -3.141

L-Aspartic acid -0.508 0.445 -0.309 -3.172
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4.4.3 Metabolism

Metabolism-related parameters of the selected phytochemicals were predicted us-
ing the pkCSM web server, and the corresponding results are presented in Ta-
bles 4.10 and 4.11. None of the compounds were predicted to act as substrates of
CYP2D6 or inhibitors of CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4.
The PNPP compound was the only phytochemical identified as a CYP3A4 sub-
strate, whereas all other compounds were predicted to be non-substrates. Overall,
the results suggest a low likelihood of cytochrome P450-associated drug-drug in-

teractions.

TABLE 4.10: Metabolism properties of ligands (Hexose to L-tryptophan).

Sr. No. Characteristic Hexose Betaine (-D-Glucose Inulin L-tryptophan
1 CYP2D6 Substrate No No No No No
2 CYP3A4 Substrate No No No No No
3 CYP1A2 Inhibitor No No No No No
4 CYP2C19 Inhibitor No No No No No
5 CYP2C9 Inhibitor No No No No No
6 CYP2D6 Inhibitor No No No No No
7 CYP3A4 Inhibitor No No No No No

TABLE 4.11: Metabolism properties of ligands (PNPP disodium hexahydrate
to L-aspartic acid).

Sr. No. Characteristic PNPP L-Isoleucine L-Glutamic acid L-Lysine L-Aspartic acid

1 CYP2D6 Substrate No No No No No
2 CYP3A4 Substrate Yes No No No No
3 CYP1A2 Inhibitor No No No No No
4 CYP2C19 Inhibitor No No No No No
5 CYP2C9 Inhibitor No No No No No
6 CYP2D6 Inhibitor No No No No No

7 CYP3A4 Inhibitor No No No No No
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4.4.4 Excretion

Excretion-related parameters of the selected phytochemicals were predicted using

the pkCSM web server, and the corresponding results are presented in Table 4.12.

Total clearance values varied between -2.262 and 1.562 log mL/min/kg. Among
the evaluated compounds, Inulin demonstrated the highest clearance rate, with
the L-tryptophan also showing comparatively high clearance, indicating efficient

elimination.

Conversely, the PNPP compound exhibited the lowest clearance value, suggesting
prolonged retention in the body. The remaining phytochemicals showed interme-

diate clearance values.

Furthermore, none of the compounds were predicted to be substrates of the organic
cation transporter 2 (OCT?2), indicating that OCT2-mediated renal excretion is

unlikely to play a significant role in their elimination.

TABLE 4.12: Predicted excretion properties of the selected ligands obtained
using the pkCSM web server.

No. Compound Total Clearance (log mL/min/kg) OCT2 Substrate
1 Hexose 0.626 No
2 DBetaine 0.326 No
3 B-D-Glucose 0.626 No
4 Inulin 1.562 No
5  L-tryptophan 0.840 No
6  PNPP disodium hexahydrate -2.262 No
7  L-Isoleucine 0.544 No
8  L-Glutamic acid 0.801 No
9  L-Lysine 0.785 No

10  L-Aspartic acid 0.593 No




Results 61

4.4.5 Toxicity

Toxicity-related parameters of the selected phytochemicals were predicted using
the pkCSM web server, and the corresponding results are presented in Tables 4.13
and 4.14. AMES toxicity predictions indicated that all compounds were non-
mutagenic except the PNPP compound, which showed potential mutagenic activ-
ity. None of the phytochemicals were predicted to inhibit hERG I channels, while
only Inulin was identified as a hERG II inhibitor, suggesting an overall low risk of

cardiotoxic effects.

The maximum tolerated dose (MTD) values ranged from 0.280 to 1.896 log mg/kg/-
day. The predicted acute oral toxicity (LDso) values varied between 1.214 and
2.800 mol/kg, with Inulin exhibiting the highest LD5o value, indicating compara-
tively lower acute toxicity. Skin sensitization potential was observed for Betaine
and the PNPP compound, whereas the remaining phytochemicals were predicted

to be non-sensitizers.

Overall, the toxicity analysis demonstrated favorable safety profiles for the major-

ity of the selected phytochemicals.

TABLE 4.13: Toxicity properties of ligands (Hexose to L-tryptophan).

No. Characteristic Hexose Betaine [-D-Glucose Inulin L-tryptophan
1 AMES No No No No No

2 Max tolerated dose 1.896 0.838 1.896 0.733 0.764

3 hERG I No No No No No

4 hERG II No No No Yes No

5 LD50 (mol/kg) 1.214 1.654 1.214 2.800 2.338

6 LOAEL (log mg/kg/day)  3.897 0.254 3.897 4.162 0.791

7 Hepatotoxicity No No No No No

8 Skin sensitisation No Yes No No No

9 T. pyriformis toxicity 0.285 -0.057 0.285 0.285 0.283

10 Minnow toxicity 5.083 2.970 5.083 15.565 2.297
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TABLE 4.14: Toxicity properties of ligands (PNPP disodium hexahydrate to
L-aspartic acid).

No. Characteristic PNPP L-Isoleucine L-Glutamic acid L-Lysine L-Aspartic acid
1 AMES Yes No No No No
2 Max tolerated dose 0.280 1.069 0.893 1.163 1.164
3 hERG I No No No No No
4 hERG II No No No No No
5 LD50 (mol/kg) 1.331 2.029 2.442 2.059 2.354
6 LOAEL (log mg/kg/day)  2.104 0.220 1.962 -0.263 0.750
7 Hepatotoxicity No No No No No
8 Skin sensitisation Yes No No No No
9 T. pyriformis toxicity 0.309 -0.202 0.281 0.246 0.273
10 Minnow toxicity 3.204 2.883 3.191 3.004 3.626

Following the evaluation of drug-likeness and ADMET properties, Inulin and
PNPP disodium hexahydrate were not considered for molecular docking studies.
Inulin was excluded because of multiple violations of Lipinski’s RO5 and its lack
of predicted intestinal absorption, whereas PNPP disodium hexahydrate was ex-
cluded because of its poor absorption characteristics and positive AMES toxicity.
Consequently, only phytochemicals demonstrating favorable pharmacokinetic and

safety profiles were advanced for molecular docking analysis.

4.5 Molecular Docking

Molecular docking is a widely applied computational method in drug discovery
that facilitates the prediction of binding modes and interaction strengths between
ligands and target proteins [121]. In this study, the docking potential of selected
phytochemicals from Helianthus tuberosus (Jerusalem artichoke) against breast
cancer-associated target proteins was investigated using the CB-Dock2 server. The
molecular docking results of the selected phytochemicals against the androgen

receptor (AR) are presented in Tables 4.15 and 4.16.
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The binding affinities ranged from —3.9 to —7.6 kcal /mol.

Among the evaluated compounds, L-tryptophan exhibited the most favorable
docking score (—7.6 kcal/mol), whereas Betaine showed the lowest binding affinity

(—3.9 kcal/mol).

TABLE 4.15: Molecular docking results of selected phytochemicals against the
androgen receptor (AR) (Hexose to L-Tryptophan).

Cavity
Volume

(kcal/mol) (A3)

Ligand Docking Score Structure

Hexose -5.6 2398
Betaine -3.9 2398
B-D-Glucose -5.6 2398
L-Tryptophan -7.6 2398

These findings indicate that L-tryptophan possesses a stronger binding affinity
toward the AR than the other selected phytochemicals.
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TABLE 4.16: Molecular docking results of selected phytochemicals against the
Androgen Receptor (AR) (L-Isoleucine to L-Aspartic acid).

Cavity
Volume

(kcal/mol) (A?%)

Ligand Docking Score Structure

L-Isoleucine -4.7 2398
L-Glutamic acid -5.0 2398
L-Lysine -4.5 2398

L-Aspartic acid -4.2 2398
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The molecular docking results of the selected phytochemicals against the estrogen

receptor alpha (ER«) are presented in Tables 4.17 and 4.18.

TABLE 4.17: Molecular docking results of selected phytochemicals against the
estrogen receptor alpha (ER«) (Hexose to L-Tryptophan).

Cavity
Volume

(kcal /mol) (A?%)

Ligand Docking Score Structure

Hexose -5.6 1983
Betaine -3.9 1983
B-D-Glucose -5.7 1983
L-Tryptophan -7.0 1983

The docking scores spanned from —3.9 to —7.0 kcal/mol. Among the evaluated
compounds, L-tryptophan exhibited the strongest binding affinity with a docking
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score of —7.0 kcal/mol, indicating the most favorable interaction with the ERa.

TABLE 4.18: Molecular docking results of selected phytochemicals against the
estrogen receptor alpha (ERa) (L-Isoleucine to L-Aspartic acid).

Cavity
Volume

(kcal /mol) (A?)

Ligand Docking Score Structure

L-Isoleucine -5.1 1983
L-Glutamic acid -4.6 1983
L-Lysine -4.8 1983
L-Aspartic acid -4.5 1983

The molecular docking results of the selected phytochemicals against the HER2
are presented in Tables 4.19 and 4.20.
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The docking scores ranged from —3.9 to —7.4 kcal/mol.

TABLE 4.19: Molecular docking results of selected phytochemicals against the
HER2 (Hexose to L-Tryptophan).

Cavity
Ligand Docking Score Structure
Volume

(kcal /mol) (A?%)

Hexose -54 1099
Betaine -3.9 1099
B-D-Glucose -5.5 1099

L-Tryptophan -7.4 1099
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Among the evaluated compounds, L-tryptophan exhibited the most favorable

docking score (—7.4 kcal/mol), indicating the strongest interaction with the HER2

receptor.

TABLE 4.20: Molecular docking results of selected phytochemicals against the

HER2 (L-Isoleucine to L-Aspartic Acid)

Ligand

Cavity
Volume

(kcal /mol) (A?%)

Docking Score Structure

L-Isoleucine

L-Glutamic
acid

L-Lysine

L-Aspartic
acid

-5.1 1099
-5.0 1099
-5.0 1099
-4.5 1099




Results 69

4.5.1 Ligand and Protein Interaction Analysis

The interactions between the selected target proteins and their corresponding
ligands were further examined using Discovery Studio Visualizer. The docked
protein—ligand complexes generated by the CB-Dock2 server were analyzed to
identify the key binding residues and characterize the intermolecular interactions
involved, including hydrogen bonding, hydrophobic contacts, electrostatic interac-

tions, and van der Waals forces.

4.5.1.1 Interaction Analysis Hexose with the Androgen Receptor

The molecular interaction analysis of Hexose with the androgen receptor (AR)
is shown in Figure 4.10. Hexose formed four conventional hydrogen bonds with
Lys808 (2.89 A), Glu681 (2.66 A), GIn711 (2.30 A), and Arg752 (3.10 A), sta-
bilizing the protein-ligand complex through its multiple hydroxyl groups on the

non-aromatic pyranose ring.
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FIGURE 4.10: Molecular interaction analysis of Hexose with the androgen re-
ceptor (AR).
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4.5.1.2 Betaine-AR Interaction Analysis

The molecular interaction analysis of Betaine with the androgen receptor (AR) is
shown in Figure 4.11. The ligand established two conventional hydrogen bonds
with GIn711 (3.09 A) and Trp741 (3.13 A). In addition, two carbon hydrogen
bonds were formed with Gly708 (3.30 A) and Leu704 (3.66 A). These interactions
were primarily mediated by the ligand’s carbonyl and tertiary amine functional
groups, thereby contributing to the stability of the protein—-ligand complex within

the receptor binding site.
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FIGURE 4.11: Molecular interaction analysis of Betaine with the androgen
receptor (AR).

4.5.1.3 [-D-Glucose—AR Interaction Analysis

The molecular interaction analysis of [-D-Glucose with the androgen receptor
(AR) is shown in Figure 4.12. The ligand formed three conventional hydrogen
bonds with Glu681 (2.57 A), Lys808 (2.95 A), and Arg752 (3.11 A), establishing
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favorable interactions within the receptor binding pocket. The presence of multi-
ple hydroxyl groups in the non-aromatic pyranose ring facilitated hydrogen-bond

formation, thereby contributing to the stability of the protein—ligand complex.
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FIGURE 4.12: Molecular interaction analysis of S-D-Glucose with the androgen
receptor (AR).

4.5.1.4 L-Tryptophan—AR Interaction Analysis

The molecular interaction analysis of L-tryptophan with the androgen receptor
(AR) is shown in Figure 4.13. The ligand formed four conventional hydrogen bonds
with Gly683 (1.93 A), Pro682 (2.30 A), Val685 (2.98 A), and GIn711 (2.72 A), es-
tablishing favorable interactions within the receptor binding pocket. In addition,
an attractive charge interaction with Glu681 (2.68 A) and a salt bridge interaction
with Arg752 (3.76 A) were observed. The indole ring of L-tryptophan participated
in multiple m-mediated interactions, including one 7o interaction with Met745,
one m—m T-shaped interaction with Trp718, and three m—alkyl interactions involv-
ing Ala748, Pro682, and Met745. An unfavorable donor—donor interaction was
also detected with Val715. Overall, the predominance of favorable interactions

contributed to the stabilization of the protein—ligand complex.
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FIGURE 4.13: Molecular interaction analysis of L-tryptophan with the androgen
receptor (AR).

4.5.1.5 L-Isoleucine—AR Interaction Analysis

The molecular interaction analysis of L-isoleucine with the androgen receptor (AR)
is shown in Figure 4.14. The ligand formed three conventional hydrogen bonds
with Pro682 (2.90 A), Gly683 (2.06 A), and Val685 (2.96 A), establishing favorable

interactions within the receptor binding pocket.

In addition, two attractive charge interactions were observed with Glu681 and
Arg752, whereas one unfavorable positive—positive interaction was detected with
Arg752. The branched aliphatic side chain of L-isoleucine further established two
alkyl interactions with Val715 and Met745, thereby enhancing the stability of the

protein—ligand complex.
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FIGURE 4.14: Molecular interaction analysis of L-isoleucine with the androgen
receptor (AR).

4.5.1.6 L-Glutamic Acid—AR Interaction Analysis

The molecular interaction analysis of L-glutamic acid with the androgen receptor
(AR) is shown in Figure 4.15. The ligand established three conventional hydrogen
bonds with GIn711 (1.95 A), Phe764 (2.39 A), and Arg752 (3.00 A), establishing

favorable interactions within the receptor binding pocket.

The amino and carboxyl groups of L-glutamic acid played a key role in hydrogen-

bond formation, thereby enhancing the stability of the protein—ligand complex.
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Furthermore, a single unfavorable donor—donor interaction was detected with
Arg752; however, the overall binding pattern remained favorable because of the

presence of multiple stabilizing interactions.
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FIGURE 4.15: Molecular interaction analysis of L-glutamic acid with the an-
drogen receptor (AR).

4.5.1.7 L-Lysine—AR Interaction Analysis

The molecular interaction analysis of L-lysine with the androgen receptor (AR) is
shown in Figure 4.16. The ligand established one conventional hydrogen bond with
CIn711 (2.94 A) and one salt bridge interaction with Arg752 (3.23 A), establishing

favorable interactions within the receptor binding pocket.

In addition, a m—cation interaction was observed with Trp718, whereas an unfa-

vorable positive—positive interaction was detected with Lys808.

The amino and carboxyl functional groups of L-lysine contributed to electrostatic
and hydrogen-bond interactions, thereby enhancing the stability of the protein—

ligand complex.
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FIGURE 4.16: Molecular interaction analysis of L-lysine with the androgen
receptor (AR).

4.5.1.8 L-Aspartic Acid—AR Interaction Analysis

The molecular interaction analysis of L-aspartic acid with the androgen receptor
(AR) is shown in Figure 4.17. The ligand established two conventional hydro-
gen bonds with GIn711 (3.05 A) and Trp741, together with one carbon hydrogen
bond with Gly708 (3.01 A), establishing favorable interactions within the receptor
binding pocket.

Furthermore, a m—anion interaction involving Trp741 was observed, contribut-
ing to the stabilization of the protein—-ligand complex. The amino and carboxyl
functional groups of L-aspartic acid facilitated hydrogen-bonding and electrostatic

interactions, thereby supporting stable binding within the receptor binding pocket.
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FIGURE 4.17: Molecular interaction analysis of L-aspartic acid with the andro-
gen receptor (AR).

4.5.1.9 Hexose-ERa Interaction Analysis

The molecular interaction analysis of Hexose with the estrogen receptor alpha
(ERa) is shown in Figure 4.18. The ligand established two conventional hydrogen
bonds with Lys449 (3.03 A) and Glu353 (2.60 A), establishing favorable interac-

tions within the receptor binding pocket.

The presence of multiple hydroxyl groups on the non-aromatic pyranose ring
promoted hydrogen-bond formation, thereby contributing to the stability of the

protein—ligand complex and facilitating effective binding within the active site.
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FIGURE 4.18: Molecular interaction analysis of Hexose with the Estrogen re-
ceptor Alpha (ERa).

4.5.1.10 Betaine—ER«a Interaction Analysis

The molecular interaction analysis of Betaine with the estrogen receptor alpha
(ERa) is shown in Figure 4.19. The ligand formed one conventional hydrogen bond
with Arg394 and three attractive charge interactions involving Arg394, Lys449,
and Glu353.

In addition, salt bridge interactions were established with Lys449 and Glu353. T'wo
carbon hydrogen bonds involving 11e386 (2.96 A) and Glu353 were also observed.

The quaternary ammonium and carboxyl functional groups of Betaine facilitated
these electrostatic and hydrogen-bond interactions, thereby contributing to the

stabilization of the protein—ligand complex within the receptor binding pocket.
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FIGURE 4.19: Molecular interaction analysis of Betaine with the estrogen re-
ceptor alpha (ERa).

4.5.1.11 [(-D-Glucose—ERa Interaction Analysis

The molecular interaction analysis of 5-D-Glucose with the estrogen receptor alpha
(ERa) is shown in Figure 4.20. The ligand formed one conventional hydrogen
bond with Glu353 (2.44 A), establishing favorable interactions within the receptor
binding pocket. The non-aromatic pyranose ring and its multiple hydroxyl groups
facilitated hydrogen-bond formation, thereby contributing to the stabilization of

the protein—ligand complex.

In addition, one unfavorable donor—donor interaction was observed with Arg394
(2.23 A); however, the overall interaction profile remained favorable because of the

predominance of stabilizing interactions.
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FIGURE 4.20: Molecular interaction analysis of S-D-Glucose with the estrogen

receptor alpha (ERa).

4.5.1.12 L-Tryptophan—ER« Interaction Analysis

The molecular interaction analysis of L-tryptophan with the estrogen receptor

alpha (ER«) is shown in Figure 4.21. The ligand established three conventional

hydrogen bonds with Glu323, Arg394 (3.25 A), and Pro325 (2.68 A), together with

one attractive charge interaction with Glu323 (2.23 A).

In addition, one carbon hydrogen bond was observed with Trp393. The indole ring

of L-tryptophan further participated in one m—sulfur interaction with Met357 and

two m—alkyl interactions with Pro324, thereby contributing to the stabilization of

the protein-ligand complex within the receptor binding pocket.
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FIGURE 4.21: Molecular interaction analysis of L-tryptophan with the estrogen
receptor alpha (ERa).

4.5.1.13 L-Isoleucine—ER«a Interaction Analysis

The molecular interaction analysis of L-isoleucine with the estrogen receptor al-
pha (ERa) is shown in Figure 4.22. The ligand formed three conventional hy-
drogen bonds, including two interactions with I11e386 (2.75 A) and one interac-
tion with Arg394 (3.00 A), establishing favorable interactions within the receptor
binding pocket. In addition, two attractive charge interactions were observed with
Arg394 and Glu353, while salt bridge interactions were established with Lys449
and Glu353. A carbon hydrogen bond was also formed with Gly390 (2.72 A). Al-
though the ligand lacks an aromatic ring, its branched aliphatic side chain partici-
pated in one alkyl interaction with Met357 and three m—alkyl interactions involving
Pro324 and Trp360. Overall, these interactions contributed to the stabilization of

the protein-ligand complex within the receptor binding pocket.
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FIGURE 4.22: Molecular interaction analysis of L-isoleucine with the estrogen
receptor alpha (ERa).

4.5.1.14 L-Glutamic Acid—ERa Interaction Analysis

The molecular interaction analysis of L-glutamic acid with the estrogen receptor
alpha (ER«) is shown in Figure 4.23. The ligand formed one conventional hydrogen
bond with Lys449 (2.99 A) and one attractive charge interaction with Arg394

(3.04 A), establishing favorable interactions within the receptor binding pocket.

Furthermore, a salt bridge interaction with Lys449 was identified, further strength-
ening ligand binding. The amino and carboxyl functional groups of L-glutamic acid
facilitated hydrogen-bonding and electrostatic interactions, thereby contributing

to the stability of the protein—ligand complex.
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FIGURE 4.23: Molecular interaction analysis of L-glutamic acid with (ERa).

4.5.1.15 L-Lysine-ERa« Interaction Analysis

The molecular interaction analysis of L-lysine with the estrogen receptor alpha
(ERa) is shown in Figure 4.24. The ligand formed four conventional hydro-
gen bonds, including two interactions with I1e386, one interaction with Arg394
(3.22 A), and one interaction with Pro325 (2.46 A), establishing favorable inter-

actions within the receptor binding pocket.

In addition, two attractive charge interactions were observed with Lys449 and

Glu3b3, while a salt bridge interaction was established with Lys449.

The amino and carboxyl functional groups of L-lysine facilitated these hydrogen-
bonding and electrostatic interactions, thereby contributing to the stabilization of

the protein-ligand complex within the receptor binding pocket.
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FIGURE 4.24: Molecular interaction analysis of L-lysine with (ER«).

4.5.1.16 L-Aspartic Acid-ERa Interaction Analysis

The molecular interaction analysis of L-aspartic acid with the estrogen receptor
alpha (ER«) is shown in Figure 4.25. The ligand formed one conventional hydrogen
bond and one attractive charge interaction with Arg394 (3.02 A), establishing
favorable interactions within the receptor binding pocket. In addition, one carbon
hydrogen bond was observed with Gly390 (5.35 A), while a salt bridge interaction
was established with Lys449.

A m—anion interaction involving Trp360 further contributed to the stabilization
of the protein-ligand complex. The amino and carboxyl functional groups of L-

aspartic acid facilitated hydrogen-bonding and electrostatic interactions, thereby
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contributing to stable binding within the receptor binding pocket.
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FIGURE 4.25: Molecular interaction analysis of L-aspartic acid with the estro-
gen receptor alpha (ERa).

4.5.1.17 Hexose-HER?2 Interaction Analysis

The molecular interaction analysis of Hexose with the HER2 is shown in Fig-
ure 4.26. The ligand established three conventional hydrogen bonds with Val777
(2.07 A), Ser787 (3.01 A), and Thr866 (2.77 A), establishing favorable interactions
within the receptor binding pocket. In addition, two unfavorable donor-donor in-

teractions were observed with PheS868 at distances of 2.49 A and 2.71 A.

The multiple hydroxyl groups present on the pyranose ring of Hexose promoted

hydrogen-bond formation with key active-site residues, thereby contributing to
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the stabilization of the protein—ligand complex despite the presence of unfavorable

donor—donor interactions.
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FIGURE 4.26: Molecular interaction analysis of Hexose with the HER2.

4.5.1.18 Betaine-HER?2 Interaction Analysis

The molecular interaction analysis of Betaine with the HER2 is shown in Fig-
ure 4.27. The ligand formed three conventional hydrogen bonds with Ser787
(3.08 A), Asp867 (3.15 A), and Phe868 (2.96 A), establishing favorable interactions
within the receptor binding pocket.

In addition, attractive charge and m—anion interactions were observed with Asp867,

while carbon hydrogen bonds were established with Phe868, further strengthening
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the protein-ligand interactions. The quaternary ammonium and carboxyl func-
tional groups of Betaine facilitated these electrostatic and hydrogen-bond interac-

tions, thereby enhancing the stability of the protein-ligand complex.
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FIGURE 4.27: Molecular interaction analysis of Betaine with the HER2.

4.5.1.19 [-D-Glucose-HER2 Interaction Analysis

The molecular interaction analysis of S-D-Glucose with the HER2 is shown in Fig-
ure 4.28. The ligand formed four conventional hydrogen bonds involving Thr866
(2.74 A), two interactions with Ser787 (2.44 A), and Asp867 (2.59 A), establishing
favorable interactions within the receptor binding pocket. In addition, one carbon
hydrogen bond was established with Arg788 (2.66 A), further contributing to the
stability of the ligand-protein complex. The multiple hydroxyl groups present

on the non-aromatic pyranose ring promoted hydrogen-bond formation, thereby
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facilitating stable binding within the receptor binding pocket. Nevertheless, one

unfavorable donor—donor interaction involving Asp867 was also observed.
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FIGURE 4.28: Molecular interaction analysis of 8-D-Glucose with the HER2.

4.5.1.20 L-Tryptophan—HER2 Interaction Analysis

The molecular interaction analysis of L-tryptophan with the HER2 is shown in
Figure 4.29. The ligand established five conventional hydrogen bonds with Ser787
(2.37 A), Lys753 (2.54 A and 2.58 A), and Ala751 (3.17 A), establishing favorable
interactions within the receptor binding pocket. In addition, one carbon hydro-
gen bond was formed with Thr866. The indole ring of L-tryptophan participated
in one pi-sigma interaction with Leu789 and three pi-alkyl interactions involv-
ing Val777, Leu800, and Leu870, further contributing to the stabilization of the
protein-ligand complex. Overall, the predominance of hydrogen-bonding and hy-
drophobic interactions indicates stable binding of L-tryptophan within the HER2
receptor binding pocket.
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F1GURE 4.29: Molecular interaction analysis of L-tryptophan with the HER2.

4.5.1.21 L-Isoleucine-HER2 Interaction Analysis

The molecular interaction analysis of L-isoleucine with the HER2 is shown in Fig-
ure 4.30. The ligand formed six conventional hydrogen bonds with Ser787 (3.13 A),
Thr866 (2.90 A), Asp867 (2.98 A), and three interactions with Phe868 (2.17 A),
establishing favorable interactions within the receptor binding pocket. In addi-
tion, alkyl interactions were observed with Lys753, Leu800, and Leu870, further
contributing to the stabilization of the ligand—protein complex. The amino and
carboxyl functional groups of L-isoleucine facilitated hydrogen-bond formation,
while its branched aliphatic side chain contributed to hydrophobic interactions,
thereby promoting stable binding within the receptor binding pocket. Neverthe-

less, an unfavorable negative—negative interaction was also observed; however, the
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overall interaction profile remained favorable because of the predominance of sta-

bilizing interactions.
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F1GURE 4.30: Molecular interaction analysis of L-isoleucine with the HER2.

4.5.1.22 L-Glutamic Acid—-HER2 Interaction Analysis

The molecular interaction analysis of L-glutamic acid with the HER2 is shown
in Figure 4.31. The ligand formed five conventional hydrogen bonds with Lys753
(3.16 A and 2.14 A), Leu800, Thr866, Ser787, and Phe868, establishing favor-
able interactions within the receptor binding pocket. The amino and carboxyl
functional groups of L-glutamic acid facilitated hydrogen-bond formation, thereby

enhancing the stability of the protein—ligand complex.
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Nevertheless, one unfavorable negative-negative interaction involving Asp867 was
also observed; however, the overall interaction profile remained favorable because

of the predominance of stabilizing interactions.
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FIGURE 4.31: Molecular interaction analysis of L-glutamic acid with the HER2.

4.5.1.23 L-Lysine-HER2 Interaction Analysis

The molecular interaction analysis of L-lysine with the HER2 is shown in Fig-
ure 4.32. The ligand formed four conventional hydrogen bonds, including two inter-
actions with Thr866 (2.27 A and 2.88 A), one interaction with Ser787 (2.94 A), and

one interaction with Phe868 (2.89 A), establishing favorable interactions within
the receptor binding pocket.
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In addition, one attractive charge interaction was observed with Asp867. The
amino and carboxyl functional groups of L-lysine facilitated hydrogen-bonding

and electrostatic interactions, thereby enhancing the stability of the protein-ligand

complex.
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FIGURE 4.32: Molecular interaction analysis of L-lysine with the HER2.

4.5.1.24 L-Aspartic Acid—-HER2 Interaction Analysis

The molecular interaction analysis of L-aspartic acid with the HER2 is shown in
Figure 4.33. The ligand formed five conventional hydrogen bonds with Ser787
(2.97 A), Thr866 (2.20 A, 2.76 A, and 2.78 A), and Phe868 (2.95 A), establishing
favorable interactions within the receptor binding pocket. In addition, attractive
charge and m—anion interactions were observed with Lys753, while a further 7—

anion interaction was established with Phe868.

The amino and carboxyl functional groups of L-aspartic acid facilitated hydrogen-
bonding and electrostatic interactions, thereby enhancing the stability of the

protein-ligand complex.
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FIGURE 4.33: Molecular interaction analysis of L-aspartic acid with the HER2.

Collectively, the interaction analysis demonstrated that the selected phytochemi-
cals established multiple favorable interactions within the binding pockets of the
target proteins, including conventional hydrogen-bonds, salt-bridges, attractive-

charge interactions, and 7m-mediated interactions.

These molecular contacts contributed to the stability of the ligand—protein com-
plexes and were consistent with the molecular docking results. Among the inves-
tigated compounds, L-tryptophan exhibited a diverse interaction profile with key

active-site residues across the selected target proteins.

It indicates stable binding within the receptor binding pockets and supporting its

potential as a promising lead compound for further investigation.
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4.6 Lead Compound Selection

Among the ten selected phytochemicals, eight compounds complied with Lipin-
ski’s RO5, exhibiting acceptable molecular weight (<500 Da), suitable lipophilicity
(logP), and permissible numbers of hydrogen bond donors and acceptors. In con-
trast, Inulin and PNPP disodium hexahydrate exhibited multiple violations of
the drug-likeness criteria and were therefore excluded from subsequent molecular

docking studies.

Following the comprehensive evaluation of physicochemical properties, ADMET
profiles, molecular docking, and protein—ligand interaction analyses, L-tryptophan
[(2S)-2-ammonio-3-(1H-indol-3-yl)propanoate] emerged as the most promising lead
compound. It demonstrated a balanced pharmacokinetic and safety profile, com-
plete compliance with Lipinski’s ROb5, favorable predicted toxicity, and stable in-
teractions with all selected breast cancer-associated target proteins. Although Ta-
moxifen exhibited stronger docking scores against the selected targets, L-tryptoph-
an displayed favorable drug-likeness, stable binding interactions, and a superior
predicted safety profile, supporting its potential as a promising natural lead com-

pound for further investigation.

4.6.1 ADMET Analysis
4.6.1.1 Absorption

L-tryptophan exhibited relatively high predicted human intestinal absorption
(75.06%) together with good Caco-2 permeability, indicating efficient gastroin-

testinal uptake compared with the other selected phytochemicals.

4.6.1.2 Distribution

The compound showed moderate plasma protein binding and limited penetration

across the blood-brain barrier and central nervous system. This characteristic is
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advantageous for minimizing potential CNS-related adverse effects in non-CNS-

targeted cancer therapy.

4.6.1.3 Metabolism

L-tryptophan did not exhibit inhibitory effects toward the major CYP enzymes,
suggesting a low potential for drug-drug interactions and predictable metabolic

behavior.

4.6.1.4 Excretion

The compound demonstrated moderate predicted total clearance and was not
predicted to be a substrate of the renal OCT2 transporter, indicating that renal

OCT2-mediated elimination is unlikely to play a major role in its excretion.

4.6.1.5 Toxicity

L-tryptophan was predicted to be non-mutagenic, non-hepatotoxic, and non car-
diotoxic, with no evidence of skin sensitization, indicating a favorable safety pro-
file. Based on the comprehensive evaluation of physicochemical properties, AD-
MET characteristics, molecular docking, and protein—ligand interaction analyses,
L-tryptophan was identified as the most promising lead compound among the
selected phytochemicals. It exhibited the most favorable overall docking perfor-
mance against the selected target proteins, with docking scores of —7.6 kcal/-
mol against AR, —7.0 kcal/mol against ER«, and —7.4 kcal/mol against HER2.
Furthermore, interaction analysis revealed multiple conventional hydrogen bonds,
attractive charge interactions, and m-mediated interactions with key active-site

residues, supporting the formation of stable protein—ligand complexes.

Together with its favorable ADMET profile, including efficient intestinal absorp-
tion, predictable metabolic behavior, moderate clearance, and low predicted tox-
icity, these findings support the selection of L-tryptophan as the lead compound

for subsequent comparison with the reference drug, Tamoxifen.
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4.7 Drug Selection

The KEGG database identified several therapeutic agents associated with breast
cancer treatment, including Tamoxifen, Fulvestrant, Raloxifene, Toremifene, Letro-
zole, Anastrozole, Exemestane, Lapatinib, Alpelisib, and Capecitabine. Mono-
clonal antibody therapies were not included in this study due to their high molec-
ular weight and their limited compatibility with conventional molecular docking
and ADMET prediction methods. In addition, cytotoxic chemotherapeutic agents
were not selected as reference compounds because their mechanisms of action are
not directly associated with the receptor-mediated signaling pathways investigated

in the present study.

Among the remaining small-molecule therapeutic agents, Tamoxifen was selected
as the reference drug because of its widespread clinical use, well-established ef-
ficacy in breast cancer treatment, and extensively characterized pharmacokinetic
profile. Moreover, Tamoxifen has been widely employed as a reference compound
in computational studies involving breast cancer-associated targets. Therefore,
it was used as the benchmark drug for comparative molecular docking, protein—
ligand interaction, and pharmacokinetic analyses against the androgen receptor
(AR), ERa, and HER2. The selected phytochemicals derived from Helianthus
tuberosus were subsequently compared with Tamoxifen to evaluate their thera-

peutic potential.

4.7.1 Tamoxifen

Tamoxifen is a selective estrogen receptor modulator (SERM) that is widely used
for the treatment and prevention of hormone receptor-positive breast cancer [122].
Its therapeutic activity is primarily attributed to its ability to competitively bind
to estrogen receptors in breast tissue, thereby blocking estrogen-dependent sig-
naling pathways involved in tumor initiation and progression [122]. Owing to
its proven clinical efficacy and long-established therapeutic use, Tamoxifen has

become one of the most widely prescribed endocrine therapies for breast cancer
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management [123]. Consequently, it was selected as the reference drug for compar-
ative molecular docking, protein—ligand interaction, and pharmacokinetic analyses

in the present study.

Figure 4.34 illustrates the molecular mechanism through which Tamoxifen exerts
its therapeutic effects in ER-positive breast cancer. By competitively binding to
estrogen receptors (ER), Tamoxifen prevents the interaction of estrogen (E2) with
its receptor, thereby inhibiting receptor activation. This suppresses the activation
of estrogen response elements (EREs) and limits the recruitment of transcriptional

coactivators, resulting in reduced expression of estrogen-responsive genes.

Furthermore, Tamoxifen suppresses the PI3K/AKT/mTOR signaling pathway,
leading to decreased transcription of genes associated with cell proliferation, sur-
vival, and tumor progression. Collectively, these mechanisms inhibit breast cancer

cell proliferation and slow disease progression [124].
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FIGURE 4.34: Mechanism of action of Tamoxifen in estrogen receptor-positive
(ER-positive) breast cancer cells [124].
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4.7.2 Physicochemical Properties

The physicochemical properties of Tamoxifen obtained from the PubChem database
are summarized in Table 4.21. Tamoxifen has a molec. formula of Cy6Ho9NO and a
molec. weight of 371.52 g/mol. These physicochemical characteristics support its
suitability as an orally active therapeutic agent and contribute to its pharmacoki-

netic behavior. Three dimensional structure of tamoxifen is shown in Figure 4.35.

TABLE 4.21: Physicochemical characteristics of Tamoxifen (PubChem).

Property Value
Compound Name Tamoxifen
PubChem CID 2733526
Molecular Formula CogHagNO
Molecular Weight 371.52 g/mol

FIGURE 4.35: Three-dimensional (3D) structure of Tamoxifen retrieved from
PubChem.
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4.7.3 Lipinski’s Rule of Five

The Lipinski’s RO5 assessment for Tamoxifen, obtained using the SwissADME
web server, is summarized in Table 4.22. Tamoxifen exhibited a molecular weight
of 371.51 g/mol, two hydrogen bond acceptors, no hydrogen bond donors, and
eight rotatable bonds. Although the compound showed one Lipinski violation due
to its consensus LogP value of 6.06, which exceeds the recommended threshold of 5,
it satisfied the overall drug-likeness criteria. Therefore, Tamoxifen was considered

a suitable candidate for oral administration.

TABLE 4.22: Lipinski’s Rule of Five properties of Tamoxifen (SwissADME).

Property Value
Compound Tamoxifen
Molecular Weight (MW) 371.51 g/mol
Consensus LogP 6.06

Hydrogen Bond Acceptors (HBA) 2
Hydrogen Bond Donors (HBD) 0
Rotatable Bonds (RB) 8

Lipinski’s Rule Yes (1 violation: LogP > 5)

4.7.4 ADMET Analysis of Tamoxifen

The pharmacokinetic and toxicity characteristics of Tamoxifen were evaluated
through ADMET analysis to assess its suitability as a therapeutic agent. Pre-
dictions related to absorption, distribution, metabolism, excretion, and toxicity
were generated using the pkCSM web server, providing valuable insights into the

compound’s pharmacokinetic behavior and safety profile.
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4.7.4.1 Absorption Profile

The absorption characteristics of Tamoxifen predicted by the pkCSM web server
are summarized in Table 4.23. Tamoxifen exhibited low water solubility (—5.929
log mol/L) and favorable Caco-2 permeability (1.065), indicating good membrane
permeability. A high predicted human intestinal absorption value of 96.885%

suggests efficient uptake following oral administration.

In addition, Tamoxifen showed low skin permeability, indicating limited potential
for transdermal absorption. The compound was also predicted to act as both a
substrate and an inhibitor of P-glycoprotein, suggesting that eflux transporters

may influence its absorption and overall pharmacokinetic behavior.

TABLE 4.23: Absorption properties of Tamoxifen predicted using pkCSM.

Property Value

Water solubility (log mol/L) —5.929

Caco-2 permeability (log Papp in 107% 1.065

cm/s)

Human intestinal absorption (%) 96.885
Skin permeability (log Kp) —2.737
P-glycoprotein substrate Yes
P-glycoprotein I inhibitor Yes
P-glycoprotein II inhibitor Yes

4.7.4.2 Distribution Profile
The pkCSM web server was used to predict the distribution properties of Tamox-
ifen, and the corresponding results are presented in Table 4.24.

The predicted volume of distribution at steady state (VDg) of 0.83 log L/kg

suggests that Tamoxifen is distributed beyond the bloodstream into body tissues.
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The low fraction unbound (Fu) value of 0.093 indicates extensive plasma protein

binding.

Furthermore, a blood-brain barrier (BBB) permeability value of 1.329 suggests
that Tamoxifen readily crosses the BBB. The predicted central nervous system
(CNS) permeability value of —1.473 indicates moderate penetration into the cen-

tral nervous system.

TABLE 4.24: Distribution properties of Tamoxifen predicted using pkCSM.

Property Value
VDg (human) (log L/kg) 0.83
Fraction unbound (Fu) 0.093
BBB permeability (log BB) 1.329
CNS permeability (log PS) —1.473

4.7.4.3 Metabolism Profile

The metabolism-related properties of Tamoxifen are given in Table 4.25. The
results indicate that Tamoxifen is predicted to be a substrate of CYP3A4 but not
CYP2D6, suggesting that CYP3A4 plays a major role in its metabolism.

In addition, Tamoxifen was predicted to inhibit CYP1A2 and CYP2D6, indicating
the potential for drug—drug interactions involving compounds metabolized by these

enzymes.

No inhibitory activity was predicted against CYP2C19, CYP2C9, or CYP3A4,

suggesting a lower likelihood of interactions involving these metabolic pathways.
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TABLE 4.25: Metabolism properties of Tamoxifen predicted using pkCSM.

Property Predicted Value
CYP2D6 substrate No
CYP3A4 substrate Yes
CYP1A2 inhibitor Yes
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor Yes
CYP3A4 inhibitor No

4.7.4.4 Excretion Profile

The excretion profile of Tamoxifen is presented in Table 4.26. The predicted total
clearance value of 0.556 indicates moderate elimination of the compound from
the body. In addition, Tamoxifen was not predicted to be a substrate of the
renal organic cation transporter 2 (OCT2), suggesting that OCT2-mediated renal

excretion is unlikely to contribute significantly to its overall clearance.

TABLE 4.26: Excretion properties of Tamoxifen predicted using pkCSM.

Property Value
Total clearance 0.556
Renal OCT?2 substrate No

4.7.4.5 Toxicity Profile

The toxicity analysis of Tamoxifen is provided in Table 4.27. The results pre-
dicted positive AMES toxicity and inhibitory activity against both hERG I and

hERG II channels. The predicted maximum tolerated dose in humans was 0.313
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TABLE 4.27: Toxicity properties of Tamoxifen predicted using pkCSM.

Property Value
AMES toxicity Yes
Maximum tolerated dose (human) (log 0.313
mg/kg/day)

hERG I inhibitor Yes
hERG 1T inhibitor Yes
LDs5q (oral rat acute) (mol/kg) 2.285
LOAEL (oral rat chronic) (log mg/kg/- 0.41
day)

Hepatotoxicity No
Skin sensitization No
Tetrahymena pyriformis toxicity 0.316
Minnow toxicity 0.6

log mg/kg/day, whereas the oral rat acute toxicity (LDjsg) and chronic toxicity

(LOAEL) values were estimated to be 2.285 mol/kg and 0.41 log mg/kg/day,

respectively. In contrast, no hepatotoxicity or skin sensitization potential was pre-

dicted. Furthermore, the predicted Tetrahymena pyriformis toxicity and minnow

toxicity values were 0.316 and 0.6, respectively, providing additional insight into

the environmental and biological toxicity profile of Tamoxifen.

4.7.5 Molecular Docking of Tamoxifen with Target Pro-

teins

The molecular docking results of Tamoxifen against the selected breast cancer-

associated target proteins are summarized in Table 4.28. Among the evaluated
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targets, Tamoxifen exhibited the strongest binding affinity toward the androgen
receptor (AR), with a docking score of —9.2 kcal/mol, followed by the HER2 (—8.6
kcal/mol) ERa (—7.8 kcal/mol).

These docking scores indicate favorable interactions between Tamoxifen and the se-
lected target proteins, supporting the formation of stable protein-ligand complexes
and confirming its suitability as a reference compound for subsequent comparative

analyses.

TABLE 4.28: Molecular docking results of Tamoxifen against breast cancer-
associated target proteins.

Docking
Score
. . 3
Protein Cavity Volume (A?) (kcal /- Structure
mol)
AR 2398 -9.2
ERa 1983 —7.8

HER2 1099 —8.6
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4.7.5.1 Tamoxifen—AR Interaction Analysis

The molecular interaction analysis of Tamoxifen with the androgen receptor (AR)
is shown in Figure 4.36. The reference drug established one m—donor hydrogen
bond with Gln711 (3.97 A) and two pi-pi T-shaped interactions with Trp741
(5.06 A) and Phe764 (5.48 A). In addition, two 7o interactions involving Met742
and Met780 (4.42 A) were identified.

The aromatic phenyl rings of Tamoxifen also participated in multiple hydrophobic
alkyl and m—alkyl interactions with Met745, Met749, Leu704, Leu873, Ala877, and
Met895, thereby contributing to the stabilization of the protein-ligand complex
within the receptor binding pocket.

MET
AT42 GLMN
A711

™~ /H‘H‘//O\‘H\‘/'I{:T?;‘;., /:{:fl-?‘\l ~
. L . H
L ::;;:;;_ﬁh.\“/ﬁ:‘:;;.'--f

TRP ‘)J - PHE
2741 P g #7564
MWIET ““ ;}’ IMIET
., 2
A:805 “ :
. = B TAE
. AET3
WET
AL S 2798
RETT 1
LEU
5704

Interactions

D Pi-Donor Hydrogen Bond D Pi-Pi T-shaped
- Pi-Sigma |:| Alkoyl
|:| Pi-Sulfur |:| Pi-Alkyl

FIGURE 4.36: Interaction profile of Tamoxifen with the androgen receptor
(AR).
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4.7.5.2 Tamoxifen—-ER«a Interaction Analysis

The molecular interaction analysis of Tamoxifen with ER« is shown in Figure 4.37.
The reference drug exhibited one 7o interaction with Ile424 (4.10 A) and estab-
lished several hydrophobic alkyl and w—alkyl interactions with Met421, Met388,
Leub25, Ala350, Leu346, and Leu387.

The three aromatic phenyl rings of Tamoxifen facilitated these hydrophobic in-
teractions, thereby contributing to the stabilization of the protein—ligand complex

and promoting favorable binding within the receptor binding pocket.
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FIGURE 4.37: Interaction profile of Tamoxifen with (ERa).

4.7.5.3 Tamoxifen—-HER2 Interaction Analysis

The molecular interaction analysis of Tamoxifen with the HER2 is shown in Fig-
ure 4.38. The ligand established one 7—donor hydrogen bond with Thr866 (4.15 A),
establishing favorable interactions within the receptor binding pocket. In addition,

one m-sulfur interaction was observed with Cys809 (5.10 A). The aromatic phenyl
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rings of Tamoxifen further participated in one alkyl interaction with Ala751 and
four m—alkyl interactions involving Leu726, Leu856, Leul012, and Val734, thereby
contributing to the stabilization of the protein—ligand complex through hydropho-

bic contacts.

Overall, the predominance of hydrophobic interactions together with the 7—donor
hydrogen bond suggests stable binding of Tamoxifen within the HER2 receptor
binding pocket.
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FIGURE 4.38: Interaction profile of Tamoxifen with HER2.

4.8 Comparison of Lead Compound and Drug

L-tryptophan and Tamoxifen were comparatively evaluated based on their physic-
ochemical properties, ADMET profiles, molecular docking results, and protein—

ligand interaction patterns. This comprehensive comparison was performed to
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assess the therapeutic potential of L-tryptophan relative to the reference drug

against the selected breast cancer-associated target proteins.

4.8.1 Comparison of Physicochemical Properties

The physicochemical properties of L-tryptophan and Tamoxifen are compared in
Table 4.29. L-tryptophan possesses a lower molec. weight (204.22 g/mol) than Ta-
moxifen (371.52 g/mol), which is generally considered favorable for drug-likeness
and oral bioavailability. In addition, the lower lipophilicity of L-tryptophan com-
pared with Tamoxifen further supports its favorable physicochemical profile. Over-
all, these characteristics suggest that L-tryptophan possesses desirable physico-
chemical properties.

TABLE 4.29: Comparative physicochemical characteristics of the lead com-
pound and the reference drug.

Property Lead Compound Reference Drug
Compound Name L-Tryptophan Tamoxifen
PubChem CID 6923516 2733526
Molecular Formula Ci11H1aN2Os CaogHagNO
Molecular Weight 204.22 g/mol 371.52 g/mol

4.8.2 Comparative Evaluation of Lipinski’s RO5 (Lead

Compound vs. Tamoxifen)

The comparison of the Lipinski’s RO5 parameters for L-tryptophan and Tamoxifen
is presented in Table 4.30. L-tryptophan exhibited a lower molecular weight, lower
lipophilicity (LogP = 0.92), and fewer rotatable bonds than Tamoxifen, indicating
favorable physicochemical characteristics for oral drug development. Although
Tamoxifen satisfied most of Lipinski’s criteria, it exhibited one violation because

its LogP value (6.06) exceeded the recommended threshold of 5. In contrast,
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L-tryptophan complied with all Lipinski’s RO5 criteria, demonstrating favorable

drug-like characteristics.

Furthermore, both compounds possessed acceptable numbers of H-bond donors
and acceptors, supporting their potential to interact effectively with biological
targets. Overall, these findings suggest that L-tryptophan exhibits a more favor-

able drug-likeness profile than Tamoxifen.

TABLE 4.30: Comparative evaluation of Lipinski’s RO5 parameters for L-
tryptophan and Tamoxifen.

Property L-Tryptophan Tamoxifen

Molecular Weight (MW) 204.22 g/mol 371.51 g/mol

LogP (Consensus) 0.92 6.06

Hydrogen Bond Acceptors (HBA) 2 2

Hydrogen Bond Donors (HBD) 2 0

Rotatable Bonds (RB) 3 8

Lipinski’s Rule Compliance Yes Yes (1 violation: LogP
> 5)

4.8.3 ADMET Properties Comparison

A comparative ADMET analysis of L-tryptophan and Tamoxifen was performed
to evaluate their pharmacokinetic characteristics and predicted toxicity profiles.
Key parameters related to absorption, distribution, metabolism, excretion, and
toxicity were compared to assess their suitability as potential therapeutic agents

for breast cancer treatment.

4.8.3.1 Comparative Assessment of Absorption

The comparative absorption properties of L-tryptophan and Tamoxifen are pre-

sented in Table 4.31.
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L-tryptophan showed higher aqueous solubility (—2.891 log mol/L) than Tamox-
ifen (—5.929 log mol/L), indicating improved dissolution potential in biological
fluids. Conversely, Tamoxifen exhibited greater Caco-2 permeability (1.065) and
predicted human intestinal absorption (96.885%) than L-tryptophan (0.800 and

75.06%, respectively), suggesting more efficient intestinal uptake.

Both compounds displayed comparable skin permeability and were identified as P-
glycoprotein substrates. However, only Tamoxifen was predicted to inhibit both P-
glycoprotein I and II, whereas L-tryptophan showed no inhibitory activity toward

either transporter.

Overall, despite the superior intestinal absorption predicted for Tamoxifen, L-
tryptophan demonstrated a favorable absorption profile owing to its higher aque-

ous solubility and lack of predicted P-glycoprotein inhibitory activity.

TABLE 4.31: Comparative analysis of the predicted absorption properties of
L-tryptophan and Tamoxifen.

Property L-Tryptophan Tamoxifen
Water solubility (log mol/L) —2.891 —5.929
Caco-2 permeability (log Papp in 107% 0.800 1.065

cm/s)

Human intestinal absorption (%) 75.06 96.885

Skin permeability (log Kp) —2.735 —2.737
P-glycoprotein substrate Yes Yes
P-glycoprotein I inhibitor No Yes
P-glycoprotein II inhibitor No Yes

4.8.3.2 Comparative Assessment of Distribution

The comparative distribution profiles of L-tryptophan and Tamoxifen are pre-
sented in Table 4.32. The results demonstrated clear differences in the predicted

distribution behavior of the two compounds.
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Tamoxifen showed a higher volume of distribution (VDy = 0.83 log L/kg), together
with increased blood-brain barrier permeability (log BB = 1.329) and central
nervous system permeability (log PS = —1.473), indicating more extensive tissue

distribution and enhanced penetration into the brain and central nervous system.

Conversely, L-tryptophan exhibited a higher fraction unbound (Fu = 0.555), sug-
gesting that a larger proportion of the compound remains freely available in the

systemic circulation for pharmacological activity.

Overall, these findings indicate that Tamoxifen is more widely distributed through-
out body tissues, whereas L-tryptophan may provide greater systemic availability
because of its higher unbound fraction while exhibiting limited penetration into
the central nervous system.

TABLE 4.32: Comparative analysis of the predicted distribution properties of
L-tryptophan and Tamoxifen.

Property L-Tryptophan Tamoxifen
VD (Human) (log L/kg) —0.14 0.83
Fraction unbound (Fu) 0.555 0.093

BBB permeability (log BB) 0.016 1.329

CNS permeability (log PS) —2.909 —1.473

4.8.3.3 Comparative Assessment of Metabolism

The comparative metabolism properties of L-tryptophan and Tamoxifen are pre-

sented in Table 4.33.

L-tryptophan demonstrated a favorable predicted metabolic profile, as it was not
identified as either a substrate or an inhibitor of the evaluated cytochrome P450

(CYP450) enzymes.

In contrast, Tamoxifen was predicted to be a substrate of CYP3A4 and an inhibitor

of CYP1A2 and CYP2D6.
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The absence of predicted CYP450 substrate and inhibitory activity for L-tryptophan
suggests a lower likelihood of CYP450-mediated drug—drug interactions and more

predictable metabolic behavior.

Overall, these findings indicate that L-tryptophan possesses favorable metabolic
characteristics that may contribute to improved safety and reduced variability in

drug metabolism.

TABLE 4.33: Comparative analysis of the predicted metabolism-related prop-
erties of L-tryptophan and Tamoxifen.

Property L-Tryptophan Tamoxifen
CYP2D6 substrate No No
CYP3A4 substrate No Yes
CYP1A2 inhibitor No Yes
CYP2C19 inhibitor No No
CYP2C9 inhibitor No No
CYP2D6 inhibitor No Yes
CYP3A4 inhibitor No No

4.8.3.4 Comparative Assessment of Excretion

The comparative excretion parameters of L-tryptophan and Tamoxifen are pre-

sented in Table 4.34.

L-tryptophan showed a higher predicted total clearance value (0.84) than Tamox-

ifen (0.556), indicating a greater rate of elimination from the body.

Furthermore, both compounds were predicted to be non-substrates of the renal
organic cation transporter 2 (OCT2), suggesting that this transporter is unlikely

to play a significant role in their renal excretion.

Overall, these findings indicate that L-tryptophan possesses favorable predicted
excretion characteristics that may reduce systemic accumulation and support its

potential as a therapeutic candidate.
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TABLE 4.34: Comparative analysis of the predicted excretion properties of L-
tryptophan and Tamoxifen.

Property L-Tryptophan Tamoxifen
Total clearance 0.84 0.556
Renal OCT2 substrate No No

4.8.3.5 Comparative Assessment of Toxicity Profiles

The comparative assessment of the toxicity profiles of L-tryptophan and Tamoxifen
is presented in Table 4.35. The results indicate that L-tryptophan exhibited a more

favorable predicted safety profile than Tamoxifen.

L-tryptophan was predicted to be non-mutagenic (AMES negative) and showed
no inhibitory activity toward hERG I or hERG II channels, whereas Tamoxifen
demonstrated positive AMES toxicity and potential inhibition of both hERG chan-

nels.

In addition, L-tryptophan exhibited a higher predicted maximum tolerated dose
and lower predicted chronic toxicity than Tamoxifen, further supporting its favor-
able toxicological profile. Both compounds were predicted to be non-hepatotoxic

and non-sensitizing to the skin.

Overall, these findings suggest that L-tryptophan possesses a more favorable pre-

dicted toxicity profile while maintaining desirable pharmacological characteristics.

These in silico toxicity predictions indicate that L-tryptophan may have a lower

risk of adverse effects during therapeutic use.
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TABLE 4.35: Comparative analysis of the predicted toxicity profiles of L-
tryptophan and Tamoxifen.

Property L-Tryptophan Tamoxifen
AMES toxicity No Yes
Maximum tolerated dose (human) (log 0.764 0.313
mg/kg/day)

hERG I inhibitor No Yes
hERG II inhibitor No Yes
Oral rat acute toxicity (LDj5g) (mol/kg) 2.338 2.285
Oral rat chronic toxicity (LOAEL) (log 0.791 0.41
mg/kg/day)

Hepatotoxicity No No
Skin sensitization No No
Tetrahymena pyriformis toxicity 0.283 0.316
Minnow toxicity 2.297 0.6

4.8.4 Docking Results Comparison

Molecular docking analysis was performed to compare the binding affinities of
L-tryptophan and Tamoxifen toward the selected breast cancer-associated tar-
get proteins. The docking scores provided insight into the predicted strength of

protein—ligand interactions and the relative binding potential of each compound.

4.8.4.1 Comparative Molecular Docking Evaluation of AR

The comparative assessment of the molecular docking results of L-tryptophan
and Tamoxifen against the androgen receptor (AR) is presented in Table 4.36.
Tamoxifen exhibited a stronger predicted binding affinity, with a docking score

of —9.2 keal/mol, compared with L-tryptophan (—7.6 kcal/mol). These results
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indicate that Tamoxifen has a greater predicted binding affinity toward the AR
binding pocket than L-tryptophan.

TABLE 4.36: Comparative molecular docking evaluation of the androgen recep-

tor (AR).
Compound Best Docking Score Binding Strength
(kcal/mol)
Tamoxifen —9.2 Strong
L-Tryptophan —7.6 Moderate

4.8.4.2 Comparative Molecular Docking Evaluation of ER«

The comparison of the molecular docking results of L-tryptophan and Tamoxifen
against the estrogen receptor alpha (ER«) is presented in Table 4.37. Tamoxifen
exhibited a slightly stronger predicted binding affinity, with a docking score of —7.8
kcal/mol, compared with L-tryptophan (—7.0 kcal/mol). Although Tamoxifen
demonstrated greater predicted binding affinity toward ER«, L-tryptophan also
exhibited favorable binding to the receptor, supporting its selection as the lead

compound for subsequent comparative analyses.

TABLE 4.37: Comparative molecular docking evaluation of (ERa).

Compound Best Docking Score Binding Strength
(kcal/mol)

Tamoxifen —7.8 Strong

L-Tryptophan —7.0 Moderate

4.8.4.3 Comparative Molecular Docking Evaluation of HER?2

The comparative assessment of the molecular docking results of L-tryptophan
and Tamoxifen against HER2 is presented in Table 4.38. Tamoxifen exhibited a

stronger predicted binding affinity, with a docking score of —8.6 kcal/mol, whereas
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L-tryptophan showed a docking score of —7.4 kcal/mol. The lower docking score
of Tamoxifen indicates greater predicted binding affinity toward the HER2 recep-
tor. Although L-tryptophan demonstrated comparatively lower predicted binding
affinity, its favorable drug-likeness, pharmacokinetic characteristics, and predicted
safety profile suggest that it remains a promising natural lead compound for fur-

ther investigation against HER2.

TABLE 4.38: Comparative molecular docking evaluation of (HER2).

Compound Best Docking Score Binding Strength
(kcal/mol)

Tamoxifen —8.6 Strong

L-Tryptophan 74 Moderate

4.8.5 Interaction Analysis Comparison

The interaction analysis demonstrated that both L-tryptophan and Tamoxifen es-
tablished favorable interactions with the selected target proteins through hydrogen-
bonding, hydrophobic interactions, electrostatic interactions, and van der Waals
contacts. However, differences were observed in the interacting amino acid residues
and binding patterns, reflecting variations in their predicted binding modes and

affinities toward the receptor proteins.

4.8.5.1 Interaction Analysis Comparison of L-Tryptophan and Tamox-
ifen with AR

The interaction analysis comparison of L-tryptophan and Tamoxifen with the an-
drogen receptor (AR) is presented in Figure 4.39. L-tryptophan established multi-
ple conventional hydrogen bonds with key amino acid residues, including Pro682,
Gly683, Val685, and GIn711. In addition, attractive charge interactions, a salt
bridge, and several m-mediated interactions contributed to its favorable binding

within the receptor binding pocket.
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FIGURE 4.39: Interaction analysis comparison of L-Tryptophan and Tamoxifen
with the androgen receptor (AR).
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The indole ring of L-tryptophan further participated in 7—sigma, pi—pi T-shaped,
and pi—alkyl interactions with active-site residues. In contrast, Tamoxifen inter-
acted predominantly through hydrophobic alkyl and m—alkyl interactions, together
with pi-—pi T-shaped, pi-sigma, and pi-donor hydrogen bond interactions. The
three aromatic phenyl rings of Tamoxifen played a major role in mediating these

hydrophobic interactions.

Although Tamoxifen exhibited a stronger predicted binding affinity (—9.2 kcal/-
mol) than L-tryptophan (—7.6 kcal/mol), L-tryptophan formed a greater number
of conventional hydrogen bonds and electrostatic interactions, indicating a favor-

able and complementary binding mode within the AR binding pocket.

4.8.5.2 Interaction Analysis Comparison of L-Tryptophan and Tamox-
ifen with ER«

The comparative interaction analysis of L-tryptophan and Tamoxifen with the es-
trogen receptor alpha (ER«) is presented in Figure 4.40. L-tryptophan established
several conventional hydrogen bonds with Glu323, Arg394, and Pro325, together
with attractive charge, carbon hydrogen bond, and hydrophobic interactions, con-
tributing to favorable binding within the receptor binding pocket. The indole ring
of L-tryptophan further participated in m—sulfur and 7—alkyl interactions with key

active-site residues.

In contrast, Tamoxifen interacted predominantly through n—o, alkyl, and 7—
alkyl interactions involving Ile424, Met421, Met388, Leub25, Ala350, Leu346, and
Leu387. The three aromatic phenyl rings of Tamoxifen played a major role in me-
diating these hydrophobic interactions. Although Tamoxifen exhibited a stronger
predicted binding affinity (—7.8 kcal/mol) than L-tryptophan (—7.0 kcal/mol),
L-tryptophan established a broader range of conventional hydrogen-bonding and
electrostatic interactions, indicating a favorable binding mode within the ERa

binding pocket.
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4.8.5.3 Interaction Analysis Comparison of L-Tryptophan and Tamox-
ifen with HER2

The comparative interaction analysis of L-tryptophan and Tamoxifen with HER2 is
presented in Figure 4.41. L-tryptophan established multiple conventional hydrogen
bonds with key amino acid residues, including Ser787, Lys753, Ala751, and Leu800,
together with carbon hydrogen, m—o, and mw—alkyl interactions, contributing to

favorable binding within the receptor binding pocket.

In contrast, Tamoxifen interacted predominantly through hydrophobic interac-
tions, including alkyl, m—alkyl, and 7w—sulfur interactions, together with one m—
donor hydrogen bond involving Thr866. The extensive hydrophobic interactions
of Tamoxifen were consistent with its stronger predicted binding affinity (—8.6

kcal/mol) compared with L-Tryptophan (—7.4 kcal/mol).

Although Tamoxifen exhibited greater predicted binding affinity toward HER2,
L-Tryptophan formed multiple conventional hydrogen bonds together with hy-
drophobic interactions and demonstrated superior drug-likeness, pharmacokinetic
characteristics, and predicted safety profile, supporting its potential as a promising

natural lead compound for further investigation.

Overall, the comparative analysis demonstrated that L-tryptophan possesses fa-
vorable physicochemical, pharmacokinetic, and predicted safety characteristics
relative to Tamoxifen. Although Tamoxifen exhibited stronger predicted bind-
ing affinities toward the androgen receptor (AR), ERa, and HER2, L-tryptophan
established favorable protein—ligand interactions with all selected target proteins

and exhibited a favorable overall drug-like profile.

Furthermore, L-tryptophan fully satisfied with Lipinski’s RO5 and demonstrated
favorable predicted pharmacokinetic and toxicity characteristics compared with
the reference drug. Collectively, these findings suggest that L-tryptophan is a
promising bioactive compound and may represent as a potential lead compound for
the development of novel breast cancer therapeutics. Its favorable ADMET profile,

combined with its ability to interact with multiple breast cancer-related targets,
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highlights its potential for further investigation. Nevertheless, these computational
findings should be assessed through in vitro and in vivo investigations to establish

its efficacy, safety and therapeutic potential before clinical application.



Chapter 5

Discussions

The present investigation evaluated the anticancer potential of L-tryptophan de-
rived from Helianthus tuberosus was investigated against selected breast can-
cer target proteins using an in silico workflow. The computational analyses in-
cluded physicochemical characterization, prediction of ADMET properties, molec-
ular docking, and protein—ligand interaction assessment. The results demonstrated
that L-tryptophan exhibits physicochemical properties consistent with a promising
drug candidate. Its relatively low molecular weight, low lipophilicity, and fulfill-
ment of Lipinski’s ROb5 criteria indicate favorable drug-like characteristics for oral
administration [125]. Additionally, L-tryptophan showed greater aqueous solubil-
ity than Tamoxifen, suggesting improved dissolution in physiological fluids, which

may contribute to better oral bioavailability.

The ADMET properties analysis further supported the appropriateness of L-
tryptophan as a potential lead compound. The compound exhibited a balanced
predicted pharmacokinetic profile, good aqueous solubility, absence of predicted
cytochrome P450 inhibitory activity, and a more favorable predicted toxicity pro-
file than Tamoxifen. In addition, the absence of predicted AMES toxicity and
hERG channel inhibition suggests a lower potential risk of mutagenicity and car-
diotoxicity. Computational evaluation of pharmacokinetic behavior and drug-

likeness has become an important component of pharmaceutical research,
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facilitating the early identification of promising therapeutic candidates and en-

hancing the efficiency of the medicine development process [126].

The desirable ADMET profile of L-tryptophan indicates that the compound pos-
sesses characteristics important for early-stage drug development. The successful
progression of potential therapeutic agents into preclinical studies largely depends
on achieving an appropriate balance of ADMET properties. Therefore, the en-
couraging pharmacokinetic predictions observed in the present study support the
continued investigation of L-tryptophan as a potential therapeutic candidate for

breast cancer.

Although numerous metabolites have been identified in Helianthus tuberosus, only
selected compounds were considered during the preliminary screening process.
Their selection was based on published phytochemical evidence, the availability
of reliable three-dimensional structures in the PubChem database, and their re-
ported biological significance. Among the screened metabolites, L-tryptophan
demonstrated the most favorable overall profile by combining acceptable physico-
chemical characteristics, promising ADMET properties, and comparatively better
interactions with the selected breast cancer target proteins. Consequently, L-

tryptophan was chosen for detailed analysis and discussion in the present study.

Comparison of the docking outcomes revealed that Tamoxifen bound more strongly
than L-tryptophan to AR, ERa, and HER2, as reflected by its more favorable
predicted binding affinity values. Although L-tryptophan showed lower binding
affinity than Tamoxifen, it formed stable interactions with all selected target pro-
teins through hydrogen bonds, electrostatic contacts, and m-mediated interactions.
It also adopted favorable binding conformations within the receptor active sites.
The stronger binding of Tamoxifen was expected because it is an approved breast
cancer drug, whereas L-tryptophan was evaluated as a potential lead phytochem-

ical.

The proteins selected for molecular docking represent key therapeutic targets in-

volved in different molecular subtypes of breast cancer. Estrogen receptor alpha
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(ERa) plays a central role in the development and treatment of hormone receptor-
positive breast cancer, whereas HER2 is frequently overexpressed in HER2-positive
tumors and is associated with increased tumor aggressiveness and poor prognosis.
In addition, the androgen receptor (AR) is expressed in various breast cancer sub-
types, including a subset of triple-negative breast cancers. Therefore, assessing the
interaction of L-tryptophan with ERa, HER2, and AR enabled a comprehensive
evaluation of its potential therapeutic relevance across multiple forms of breast

cancer rather than restricting the analysis to a single subtype [127].

While molecular docking offers valuable insights into protein-ligand binding, it
provides only a static representation of molecular interactions. Important factors
such as protein flexibility, solvent effects, and the cellular environment are not
fully captured by this approach.Therefore, molecular dynamics simulations and
experimental validation are required to assess the binding behavior and biological

relevance of the protein-ligand systems obtained through molecular docking.

In addition to the molecular docking, quantitative structure activity relationship
(QSAR) analysis is a valuable computational technique used to estimate the bio-
logical activity of compounds based on their structural characteristics. However,
QSAR modelling was not performed in the present study because the primary
objective was to evaluate the selected metabolite using molecular docking and
ADMET analysis, and the available dataset was not sufficient for developing a re-
liable predictive model. Future investigations integrating QSAR analysis, molec-
ular dynamics simulations, and experimental validation would provide a more
detailed understanding of the structure—activity relationships, binding stability,
and therapeutic potential of L-tryptophan against breast cancer-associated tar-

gets [128, 129].

Previous studies have demonstrated that indole-containing compounds possess
significant anticancer potential through modulation of estrogen receptor signal-
ing, downregulation of the PI3K/AKT/mTOR signaling pathway, stimulation of
apoptotic cell death, and inhibition of cancer cell proliferation [127, 130]. As L-
tryptophan contains an indole ring, the interaction patterns observed in the present

study are consistent with the reported biological activities of indole-containing
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compounds. However, the present computational findings alone do not confirm
these mechanisms, and experimental validation is required to establish the under-

lying molecular pathways.

While Helianthus tuberosus has been extensively studied for its nutritional value
and various pharmacological properties, including antioxidant and antidiabetic
activities, its potential against breast cancer has received comparatively limited
attention. Furthermore, the computational assessment of L-tryptophan derived
from H. tuberosus against androgen receptor (AR), estrogen receptor alpha (ER«),

and HER2 has not been comprehensively investigated in the available literature.

By integrating molecular docking with ADMET prediction, the present study pro-
vides preliminary evidence supporting the potential of this naturally occurring
metabolite as a lead candidate for breast cancer research. These findings con-
tribute additional knowledge to the existing literature and provide a basis for

future experimental validation.

The identification of L-tryptophan as a bioactive constituent of Helianthus tubero-
sus further highlights the therapeutic potential of naturally occurring phytochem-
icals in cancer research. Natural compounds remain an important source of poten-
tial therapeutic agents due to their remarkable structural diversity, biological com-
patibility, and capacity to interact with multiple molecular targets. These proper-
ties highlight the potential of L-tryptophan as a promising scaffold for structural
modification and the development of new anticancer therapeutics. The outcomes
of this study establish a scientific foundation for future experimental research to

validate the anticancer efficacy of L-tryptophan against breast cancer.

Overall, the findings indicate that L-tryptophan possesses desirable physicochem-
ical, pharmacokinetic, and predicted safety characteristics together with stable in-
teractions against breast cancer-associated target proteins. Although Tamoxifen
demonstrated stronger predicted binding affinities toward AR, ER«, and HER2, L-
tryptophan exhibited superior drug-likeness, an acceptable predicted pharmacoki-
netic profile, lower predicted toxicity, and favorable protein—ligand interactions,

highlighting its potential as a natural lead phytochemical for future research.
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Since the present findings are based entirely on computational analyses, addi-
tional in witro and in vivo studies are required to validate the biological activity,
safety, pharmacokinetic behavior, and therapeutic efficacy of L-tryptophan before

its potential clinical application can be established.



Chapter 6

Conclusion and Future

Recommendations

6.1 Conclusion

The present study conducted a comprehensive in silico evaluation of bioactive
phytochemicals obtained from Helianthus tuberosus (Jerusalem artichoke) to as-
sess their anticancer potential against three key molecular targets associated with
breast cancer: the androgen receptor (AR), estrogen receptor alpha (ERa), and
human epidermal growth factor receptor 2 (HER2).Based on physicochemical char-
acterization, Lipinski’s RO5 evaluation, ADMET prediction, molecular docking,
and protein—ligand interaction analysis, L-tryptophan emerged as the most promis-
ing phytochemical among the selected bioactive compounds. L-tryptophan was
characterized by favorable physicochemical and drug-like properties, meeting all
Lipinski’s RO5 requirements while exhibiting a promising predicted pharmacoki-

netic profile and lower predicted toxicity relative to Tamoxifen.

Although Tamoxifen achieved more favorable predicted binding affinity scores
against AR, ER«, and HER2, L-tryptophan formed stable interactions with each
of the selected target proteins through hydrogen bonds, electrostatic contacts, hy-

drophobic interactions, and m-mediated interactions, indicating its promise as a

127
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natural lead phytochemical. Collectively, these findings suggest that L-tryptophan
represents a promising candidate for continued investigation as a natural lead phy-
tochemical in breast cancer drug development while also demonstrating the po-
tential of Helianthus tuberosus as a rich source of bioactive compounds. However,
further experimental validation through in vitro and in vivo studies is required to
verify the biological activity, pharmacokinetic properties, safety, and therapeutic

efficacy of L-tryptophan before its clinical potential can be fully established.

6.2 Future Recommendations

The findings of this computational investigation provide a basis for several direc-
tions of future research. Experimental studies, including in vitro and in vivo inves-
tigations, should be conducted to confirm the anticancer activity of L-tryptophan
and to further evaluate its pharmacokinetic properties, toxicity profile, and ther-
apeutic efficacy against breast cancer. In addition, molecular dynamics simu-
lations are recommended to examine the stability and dynamic behavior of the
ligand—protein complexes under physiological conditions, thereby complementing
the molecular docking results. Structural modification of L-tryptophan may also
be considered to enhance its binding affinity, target selectivity, and pharmacoki-
netic performance while preserving its favorable predicted safety profile. More-
over, future investigations should assess the therapeutic potential of combining
L-tryptophan with established anticancer drugs, such as Tamoxifen, to determine
possible synergistic effects. Further research should also examine the activity of L-
tryptophan against additional breast cancer-related molecular targets and signal-
ing pathways, including the PI3K/AKT/mTOR pathway. Finally, other bioactive
phytochemicals from Helianthus tuberosus should be systematically evaluated to
identify additional natural compounds with potential applications in breast cancer

therapy.
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