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Abstract:

Breast cancer is the most frequently diagnosed malignancy and the second leading cause of cancer mortality among
women worldwide, despite advances in screening, surgery, radiotherapy, endocrine therapy and targeted biological
agents. PARC) continued to seek new, safer and multitargeted therapeutics, driven by resistance to existing drugs,
toxicity, tumor heterogeneity and the high cost of treatment. Medicinal plants are a valuable source of natural
products with bioactive scaffolds that can be rationally optimized through modern computational and structure-
based design methodologies. Withania somnifera (L.) Dunal, widely known as Ashwagandha, is a primary
ingredient of the Ayurvedic system of medication and has been shown to be a key source of steroidal lactones
aknown as withanolidesdand other active ingredients such as withanosides, sitoindosides and alkaloids that possess
various pharmacological effects and influence anticancer activity. In cellular and animal models, before clinical
studies or in vitro work of withaferin A, withanolide A, withanone (withania withanolides), ashwagandhanolide
and other constituents have demonstrated inhibition of proliferation; induction of apoptosis; suppression of
metastasis; and sensitization to chemotherapeutics through the modulation of multiple signaling pathways
including NF-«kB, STAT3, Notch, PI3K/Akt/mTOR and ER signaling.

Furthermore, recent advances in molecular docking, molecular dynamics (MD) simulations, quantitative structure
activity relationship (QSAR) modeling and network pharmacology have facilitated systematic screening of W.
somnifera bioactives against a multitude of protein targets implicated in breast cancer pathogenesis such as ERa,
HER2, EGFR, phosphatidylinositol-3-kinase o (PI3Ka), topoisomerase Ila(TOP2A), 17p-hydroxysteroid
dehydrogenase-1(17p-HSD1), tumor protein p73 as well as Bel-2 family members and others. A recent work stands
out in this context, where ashwagandhanolide and withanolide sulfoxide were found to be multitarget inhibitors
of ERa, 17B-HSD1, TOP2A and p73 in a PLOS ONE study performed by Lamminga et al., which used docking,
MD simulation and ADMET prediction. An article in Drug Design, Development and Therapy (2017), performed
docking, QSAR, and ADMET analyses on withanolide analogs for breast cancer targets and outlined structural
features associated with activity. This review collates and summarizes the recent bioinformatics data for molecular
docking and target-based drug discovery using bioactive compounds of W. somnifera, against various breast cancer
targets. It outlines breast cancer molecular subtypes and therapeutic targets, W. somnifera phytochemistry and
anticancer pharmacology, big docking, and modeling studies on ER, HER2/EGFR, PI3K/Akt, topoisomerases,
apoptotic regulators such as caspase 8/9 (CASP8/CASP9), BCL-2-associated agonist of cell death (BAD),
apoptosis-regulating protein PRAP4P and others. It provides a detailed analysis of the alignment between in silico
predictions and experimental data, considers ADMET and drug-likeness factors, and emphasizes future strategies
to bridge docking with network pharmacology-based approaches, multi-omics frameworks, as well as by utilizing
cutting-edge drug-delivery systems to translate W. somnifera phytochemicals into clinically relevant breast cancer
therapeutics.
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1. Introduction

1.1 Breast cancer burden and therapeutic challenges

Breast cancer is responsible for around one in eight diagnoses of cancer globally and is the
leading cause of cancer death among women, with increasing incidence in many low- and
middle-income countries. Molecular profiling also highlights significant heterogeneity of
tumors that are routinely classified into intrinsic subtypes including luminal A and B (ER/PR
positive, HER2 negative or low), HER2 enriched, and triple-negative breast cancer (TNBC,
(absence of expression for ER, PR and HER2). Each subtype shows unique molecular drivers,
clinical behavior, and therapeutic responses'.

Treatments include surgery, radiotherapy, chemotherapy, endocrine therapy (e.g., tamoxifen,
aromatase inhibitors), HER2-targeted agents (trastuzumab, pertuzumab, lapatinib), cyclin-
dependent kinase 4/6 inhibitors, PARP inhibitors and immunotherapy. Despite these advances
in therapy generating tremendous improvements in patient outcomes, many will ultimately
develop resistance, suffer serious toxicity or lack a good pathway for effective targeted
therapies including TNBC. Therefore, there is an unmet need for new agents that target multiple
pathways, are less toxic and may circumvent or delay resistance®>.

1.2 Natural products and Withania somnifera as anticancer leads

Natural products have played an important role in oncology drug discovery, with many of the
known chemotherapeutics derived from plants, microbes, and marine organisms. Traditional
systems of medicine like Ayurveda offer a rational basis for screening plants that have a history
of use against tumor or similar diseases. W. somnifera, commonly known as Ashwagandha or
Indian ginseng, throughout the ages has remained one of the most popular herbs administered
in traditional Indian systems of medicine (Ayurveda) and is a Rasayana (rejuvenative) herb
considered beneficial for increasing vitality levels, inducing stress resistance and promoting
general health*>. W. somnifera could also be used to treat tumors, inflammatory conditions and
neurological disorders.

In the last few decades, phytochemical and pharmacological studies have demonstrated that W.
somnifera is a rich source of active principles with an array of bioactive compounds that include
withanolides (steroidal lactones), withanosides (glycosylated withanolides), sitoindosides, as
well as alkaloids; many of these compounds possess significant anticancer activity both in vitro
and in vivo . The most characterized derive compound of Withania, withaferin A exhibits
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widespread anti-tumor activity against breast, prostate, colon, lung and other neoplasms
through modification of various signaling nodes. Withanolides have the potential to take aim
at multiple cancer hallmarks, making them appealing candidates for investigation using

molecular docking and target-based drug design®”’.

Figure 1. Multi-target anticancer mechanisms of Withania somnifera phytochemicals in breast
cancer. Major withanolides of Withania somnifera, including withaferin A, withanolide A,
withanone, and ashwagandhanolide, interact with multiple molecular targets such as ERa,
HER2, EGFR, PI3Ka, TOP2A, p73, STAT3, and NF-kB. These interactions regulate key
signaling pathways including PI3K/Akt/mTOR, MAPK, NF-kB, and apoptosis pathways,
leading to inhibition of tumor growth, induction of apoptosis, suppression of metastasis, and
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Table 1. Major Phytoconstituents of Withania somnifera and Their Anticancer Activities in

Breast Cancer

Phytochemical Kev Compounds Chemical Reported Biological | Relevance to
Class y P Nature Activities Breast Cancer
Inhibits tumor
Withanolides Withaferin A Steroidal Antiproliferat.ive, cell growth and
lactone pro-apoptotic induces
apoptosis
. . Suppresses
. . . ) Steroidal Anti-infl tory,
Withanolides Withanolide A erotda A arnn.la oy tumor
lactone cytotoxic .
progression
Selective
. . . Steroidal ROS tion, .
Withanolides Withanone eroida g‘en'era 10r'1 toxicity toward
lactone apoptosis induction
cancer cells
. Interacts with
. . . Steroidal . e
Withanolides | Ashwagandhanolide lactone Multitarget inhibition | ERa, TOP2A,
and p73
Inhibits
. . . . Steroidal Cytotoxic, anti- o
Withanolides Withanolide D eroida yrotoxic ?n ' migration and
lactone metastatic . .
invasion
Supports
) . ) Gl lated ti
Glycosides Withanosides 'ycosy .a © Immunomodulatory a‘n feaneet
withanolides immune
responses
. : . . . Antioxidant, Protects against
Sitoindosides Sitoindoside VII-X Glycosides . o
adaptogenic oxidative stress
. Nitrogen- Enhances
) Anaferine, o ) .
Alkaloids . containing Cytotoxic anticancer
Cuscohygrine
compounds effects

1.3 Role of molecular docking and target-based design

Molecular docking and related structure-based design methods have become central to early-
stage drug discovery. Docking mimics small molecule binding onto the active or allosteric sites
of target proteins and provides predicted poses and binding affinities that drive hit identification
and optimization. For complex herbal mixtures involving herbs such as W. somnifera, docking
is a powerful approach to provide systematic screening of hundreds of phytoconstituents
against multiple breast cancer targets, both identifying promising ligands (small molecules) and
informing structure—activity relationships and chemical modifications®?.

Recent studies have integrated docking with molecular dynamics simulations '°, QSAR

(Quantitative Structure—activity relationship), pharmacophore modeling, ADMET prediction
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and network pharmacology approaches to generate a more comprehensive picture of W.
somniferous — breast cancer interactions. These integrative approaches enable rational design
of withanolide-derived analogs and formulations that amplify multi-target mechanism(s) while
optimizing the pharmacokinetic and safety profiles'®.

2. Phytochemistry and Anticancer Pharmacology of Withania somnifera

2.1 Phytochemical profile

W. somnifera, part of the Solanaceae family, contains a variety of withanolides a group of over
300 naturally occurring C-28 steroidal lactones that have an ergostane-based skeleton with a
O-lactone in its side chain. Important withanolides include withaferin A, withanolide A,
withanolide D, withanone, 12-deoxywithastramonolide and newer compounds like
ashwagandhanolide and withanolide sulfoxide; many of these have been isolated from roots,
leaves and berries'!.

Withanosides and sitoindosides are glycosidic forms of various withanolides and sterols,
whereas minor components comprise alkaloids (anaferine, cuscohygrine), flavonoids and other
phenolics. Depending on the plant part, cultivar, geographic origin and extraction method used,
the relative abundance of these phytochemicals can vary widely; hence it becomes imperative
to standardize pharmacological studies'?.

2.2 General anticancer mechanisms

Multiple reviews describe the anticancer activity of W. somnifera and its constituents across
various cancer types. Common mechanisms include induction of apoptosis through both
intrinsic (mitochondrial) and extrinsic pathways, cell cycle arrest, inhibition of angiogenesis
and metastasis, suppression of pro-survival signaling (NF-kB, STAT3, Akt), generation of
reactive oxygen species (ROS), modulation of the heat shock protein (Hsp90) chaperone
system, and enhancement of tumor immunogenicity'3.

In breast cancer, withaferin A has been shown to inhibit NF-kB activation, downregulate anti-
apoptotic proteins (Bcl-2, Bel-xL, XIAP), upregulate pro-apoptotic factors (Bax, Bak), and
activate Notch2/4, leading to reduced proliferation and increased apoptosis in human breast
cancer cells. Withanone selectively kills cancer cells by inducing ROS and DNA damage,
inhibiting oncogenic transcription factors, and interfering with protein quality control
mechanisms. These diverse actions provide multiple entry points for docking-directed target
interrogation'.

2.3 Evidence in breast cancer models

A 2025 in vitro study on MCF-7 breast cancer cells demonstrated that ethanolic W. somnifera
extract exerts potent cytotoxicity, induces apoptosis via upregulation of p53 and Bax and
downregulation of Bcl-2, and enhances the efficacy of doxorubicin in combination regimens,
with combination index analysis indicating synergism at specific dose ratios. The extract also
elevated caspase-3 activity and increased sub-G1 cell population, supporting apoptosis as the
main mode of cell death."
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Earlier work reports that withaferin A suppresses breast cancer cell proliferation, inhibits
migration and invasion by modulating vimentin and filamin, and sensitizes cells to radiation
and chemotherapeutics. In xenograft models, withaferin A reduces tumor growth and
angiogenesis, partly through inhibition of VEGF-induced endothelial cell functions and
disruption of actin cytoskeleton. Together, these findings establish a robust pharmacological
foundation for target-based docking investigations'¢.

3. Breast Cancer Molecular Targets Relevant to W. somnifera Docking

3.1 Hormone receptors: ERa and progesterone receptor

ERa is a nuclear hormone receptor that drives proliferation in approximately 70% of breast
cancers. Endocrine therapies such as tamoxifen and aromatase inhibitors target ER signaling
but are limited by resistance and side effects. ERa’s ligand-binding domain (LBD) and
coactivator binding interface are common docking targets for natural and synthetic ligands'”.
17B-HSD1, an enzyme that converts estrone (E1) to the more potent estradiol (E2), indirectly
enhances ER signaling and is another relevant target for hormone-dependent breast cancer.
Docking W. somnifera phytochemicals against ERa and 17B-HSD1 helps identify compounds
that may function as selective estrogen receptor modulators (SERMs) or inhibitors of local
estrogen biosynthesis'®.

Table 2. Breast Cancer Molecular Targets and Docking Interactions of Withania somnifera

Phytochemicals
Targc?t Biolog?cal Docked Compounds Associated T‘herzapeutic
Protein Function Pathway Significance
ERa
Inhibits h -
(Estrogen Hormone Ashwagandhanolide, Estrogen HADILS hofmone
. . . . ) . dependent tumor
receptor receptor signaling Withaferin A signaling pathway
growth
alpha)
HER? Receptf)r tyrosine Withanolide A HER?2 signaling Suppre'sses ‘fumor
kinase pathway proliferation
EGFR Growth factor Withaferin A MAPK signaling Redl‘lCCS (?ell
receptor pathway proliferation
PI3Ka Cell survival Withanolide A, PI3K/Akt Inhibits survival
signaling Withanone pathway pathways
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TOP2A DNA replication Ashwagandhanolide DNA replication Preven‘Fs .tu.rnor cell
enzyme pathway division
Tumor suppressor Apoptosis Enhances
u u ) ) )
p73 P p Withanolide sulfoxide POp programmed cell
protein pathway
death
) ) Mitochondrial
Bcl-2 family Apoptosis . ) frochon ‘rla .
i : Withaferin A apoptosis Promotes apoptosis
proteins regulation
pathway
. . . Suppresses
T t STAT |
STAT3 ranseription Withanolide A Signatiilg inflammatory
factor pathway ) .
signaling
Inflammatory
.. ) . Red t
NF-xB transcription Withaferin A NF-«B pathway .e 1ees u@or
factor inflammation

3.2 Receptor tyrosine kinases: EGFR and HER2

HER2 and EGFR are overexpressed or amplified in subsets of breast cancer and drive
aggressive phenotypes via downstream MAPK and PI3K/Akt pathways. Tyrosine kinase
inhibitors (TKIs) targeting these receptors have been developed, but resistance and toxicity
remain significant issues. Docking W. somnifera compounds into the ATP-binding site or
allosteric pockets of HER2 and EGFR can identify candidate TKIs or dual inhibitors!®.

3.3 PI3K/Akt/mTOR pathway

PI3Ka is frequently mutated or activated in breast cancer, particularly HR-positive tumors,
leading to aberrant cell survival and therapy resistance. The catalytic subunit p110a offers a
binding site for ATP-competitive inhibitors, and docking withanolides against PI3Ka can
reveal potential modulators of this pathway?’.

3.4 Topoisomerase Ila and DNA repair proteins

TOP2A is essential for DNA replication and chromosome segregation and is a target of
chemotherapeutics such as doxorubicin and etoposide. Overexpression of TOP2A is associated
with high-risk breast tumors. Docking W. somnifera compounds to TOP2A provides insights
into potential topoisomerase poisons or catalytic inhibitors?!.

Other DNA damage response targets include PARP1, BRCA1/2 complexes, and p73, a p53
family member involved in apoptosis and genomic stability. Ashwagandhanolide and related
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withanolides have been docked to the tetramerization domain of p73, suggesting possible
modulation of its transcriptional activity?2.

3.5 Apoptotic and survival regulators

Bcl-2 family proteins, including anti-apoptotic Bcl-2, Bel-xL, and Mcl-1 and pro-apoptotic Bax
and Bak, regulate mitochondrial apoptosis. Withanolides have been proposed to bind Bcl-2-
like proteins, shifting the balance toward apoptosis. Heat shock protein Hsp90, NF-kB
transcription factors, and STAT3 are additional survival nodes that have been targeted in
docking and modeling studies involving withaferin A and analogs?’.

4. Molecular Docking Studies of Withania Phytochemicals Against Breast Cancer Targets
4.1 Docking and MD simulation of ashwagandhanolide and withanolide sulfoxide

A landmark 2022 PLOS ONE study systematically docked 44 phytochemicals from W.
somnifera against four breast cancer-related proteins: ERa (PDB: 6CBZ), 178-HSD1 (1IFDW),
TOP2A (5GWK), and the p73 tetramerization domain (2WTT). Using AutoDock and other
tools, the authors found that ashwagandhanolide and withanolide sulfoxide exhibited the most
favorable binding energies and interaction profiles across all four targets>*.
Ashwagandhanolide formed stable hydrogen bonds and hydrophobic interactions with key
residues in the ERa LBD, overlapping with known ligand-binding sites and suggesting SERM-
like potential. Against 178-HSDI, it engaged catalytic residues involved in estrone reduction,
indicating possible inhibition of local estrogen synthesis. Binding to TOP2A involved
intercalation-like positioning in the DNA-binding region, whereas docking to p73’s
tetramerization domain suggested allosteric modulation?’.

MD simulations over 100 ns showed that ashwagandhanolide remained stably bound within
the binding cavities of all four proteins, with low RMSD values and favorable binding free
energies, especially for ERa and TOP2A complexes. ADMET predictions indicated moderate
intestinal absorption, low volume of distribution, ability to interact with ABC transporters,
limited BBB penetration, and absence of mutagenicity, hepatotoxicity, or skin sensitization,
supporting its drug-likeness for peripheral cancers such as breast cancer?.

4.2 Docking and QSAR of withanolide analogs

A 2017 study by Yadav and collaborators performed docking, QSAR, and ADMET analyses
on a panel of withanolide analogs against breast cancer targets, focusing particularly on
withaferin A derivatives. Docking indicated strong binding of withaferin A and selected analogs
to the ATP-binding pocket of HER2, the hormone-binding pocket of ERa, and the BH3-binding
groove of Bel-xL, with binding energies comparable to or better than reference ligands?’.
QSAR modeling correlated structural features such as the presence of specific hydroxyl and
epoxy groups, lactone ring configurations, and side-chain modifications with docking scores
and known biological activities, identifying pharmacophoric elements critical for target
engagement. ADMET predictions suggested reasonable oral bioavailability and acceptable
toxicity profiles for optimized analogs, supporting their further development?®,
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4.3 Systems-level docking and network pharmacology

A 2026 Computational Biology and Medicine article employed a network pharmacology and
molecular modeling approach to explore W. somnifera-derived phytochemicals against breast
cancer at a systems level. The authors compiled bioactive compounds from literature and
databases, predicted their targets, and intersected these with breast cancer-associated genes,
constructing a compound-target—pathway network?’.

Topological analyses identified key targets including ERa, HER2, PI3K, Bcl-B (a Bel-2 family
member), NF-kB subunits, and cell cycle regulators. Docking and MD simulations confirmed
strong and stable binding of selected withanolides, especially withaferin A and withanolide A,
to Bcl-B and other hubs, suggesting a role in shifting the apoptosis-survival balance. This
network-driven docking strategy helps prioritize high-value targets beyond classic hormone
receptors>’.

4.4 Docking of withaferin A and withanone to known breast cancer targets

Multiple independent docking studies, summarized in broader reviews, evaluate withaferin A
against NF-xB p65, IKKf, STAT3 SH2 domain, Hsp90, and vimentin. These analyses reveal
that withaferin A can covalently or non-covalently bind to cysteine residues in IKKf and
vimentin, disrupt Hsp90—client interactions, and block STAT3 dimerization interfaces, thereby
inhibiting pro-survival signaling®!.

In the context of breast cancer, withaferin A has been docked to Notch receptors and y-secretase
components, consistent with experimental observations that it activates Notch2/4-mediated
apoptosis in breast cancer cells. Withanone docking studies suggest interactions with DNA-
binding domains of oncogenic transcription factors and components of the ubiquitin-
proteasome system, supporting its selective toxicity toward cancer cells*.

5. Correlation Between Docking Predictions and Experimental Breast Cancer Data

5.1 ER-related mechanisms

Docking results indicating strong binding of ashwagandhanolide and other withanolides to ERa
and 17B-HSDI1 align with experimental data showing anti-estrogenic and antiproliferative
effects of W. somnifera constituents in hormone-dependent breast cancer cells. For instance, W.
somnifera extracts reduce ERa expression and estrogen-induced proliferation in MCF-7 cells,
and withaferin A downregulates estrogen-responsive genes and synergizes with tamoxifen in
vitro®?,

The potential for withanolides to act as SERMs or estrogen biosynthesis inhibitors suggests
application in luminal breast cancers, possibly in combination with standard endocrine therapy
to mitigate resistance.

5.2 HER2/EGFR and PI3K/Akt pathways

Docking and QSAR work supports the ability of withaferin A and analogs to bind HER2 and
PI3Ka. Experimental evidence indicates that withaferin A inhibits Akt phosphorylation,
reduces mTOR signaling, and decreases HER2 expression in breast cancer models, resulting in
decreased proliferation and survival®*.
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These findings support a multi-target blockade of HER2-PI3K—Akt axes by W. somnifera
compounds, which could be valuable in HER2-positive and PI3K-mutant tumors, potentially
enhancing sensitivity to TKIs or mTOR inhibitors.

5.3 Apoptosis and Bcl-2 family targets

Docking of withanolides to Bcl-B and Bcl-xL in network pharmacology studies is consistent
with numerous experiments demonstrating modulation of Bcl-2 family proteins by withaferin
A, withanolide A, and withanone. Treatment with these compounds increases Bax/Bcl-2 ratios,
triggers mitochondrial membrane depolarization, releases cytochrome c, and activates caspases
in breast cancer cells®”.

The structural basis for these effects may involve disruption of anti-apoptotic—pro-apoptotic
protein interactions or allosteric changes in Bcl-2-like proteins, as suggested by docking
models.

5.4 DNA damage and topoisomerase inhibition

Ashwagandhanolide’s predicted binding to TOP2A and p73 correlates with observations that
withanolides induce DNA damage (e.g., y-H2AX foci), cause G2/M arrest, and activate
p53/p73-driven apoptosis in cancer cells. While direct biochemical evidence of TOP2A
inhibition by withanolides is limited, the docking and MD data suggest that ashwagandhanolide
may act similarly to topoisomerase poisons or catalytic inhibitors at clinically relevant
concentrations®.

6. ADMET, Drug-Likeness, and Scaffold Optimization

6.1 ADMET characteristics of withanolides

Withanolides are relatively lipophilic steroidal lactones, which may aid membrane
permeability but raise concerns about solubility and off-target interactions. ADMET analyses
in docking studies indicate that many withanolides, including ashwagandhanolide, have
moderate intestinal absorption, reasonable oral bioavailability, and limited penetration across
the BBB, desirable for breast cancer therapies that do not necessarily require CNS access®’.

In silico toxicity predictions generally flag low risks of mutagenicity, cardiotoxicity, and
hepatotoxicity, although empirical data remain limited. Metabolic predictions suggest potential
interactions with CYP3A4 and other enzymes, underscoring the need for careful drug—drug
interaction assessment, particularly when combined with standard chemotherapeutics®®.

6.2 Scaffold optimization and analog design

QSAR models from Yadav et al. highlight key structural determinants of activity: the epoxide
group at C-5,6, hydroxyl substitutions at specific positions, intact o-lactone ring, and
unsaturation at C-2,3 and C-24,25 correlate with higher docking scores and cytotoxicity.
Modifying side chains to fine-tune polarity and reduce metabolic liability has been proposed
as a strategy to improve pharmacokinetic properties while preserving target binding*°.
Semi-synthetic derivatives that introduce bioisosteric replacements, heterocycles, or
conjugation with known pharmacophores (e.g., TKIs) may yield hybrid molecules with
enhanced potency or selectivity, guided by docking to multiple targets simultaneously*’.
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7. Methodological Considerations and Limitations of Current Docking Studies

7.1 Protein structures and docking protocols

Many docking studies rely on crystal structures of breast cancer targets complexed with
synthetic ligands, such as ERa bound to estradiol or tamoxifen and HER2 bound to TKIs. While
these provide high-resolution templates, they may not capture conformational diversity
relevant to binding of bulky natural products like withanolides. Ensemble docking using
multiple protein conformations and induced-fit protocols could improve accuracy™'.

Details of docking protocols choice of software (AutoDock, Glide, GOLD), grid size, scoring
functions, treatment of solvation and protonation vary across studies, complicating direct
comparison of binding energies. Validation steps, such as re-docking of co-crystallized ligands
and correlation with known ICso values, are sometimes insufficiently reported*.

7.2 Correlation with experimental potency

Docking scores provide relative estimates of binding but do not always correlate linearly with
experimental affinity or cellular potency, especially for covalent or allosteric ligands and highly
flexible molecules. Withanolides like withaferin A may form covalent adducts with cysteine
residues, a mechanism that standard non-covalent docking does not capture accurately. Thus,
docking results must be interpreted cautiously and supplemented with MD, free-energy
calculations, and experimental binding and functional assays*.

7.3 Complexity of herbal matrices

Most docking studies consider isolated compounds, whereas clinical and traditional usage often
involves complex extracts containing multiple phytochemicals. Synergistic or antagonistic
interactions between constituents can modulate overall efficacy and toxicity in ways that are
not readily predictable from single-compound docking. Systems pharmacology and mixture
modeling efforts are needed to capture these emergent properties*.

8. Future Directions and Biotechnological Opportunities

8.1 Integrated network pharmacology and multi-omics

Combining docking with network pharmacology, transcriptomics, proteomics, and
metabolomics in breast cancer models treated with W. somnifera extracts can validate predicted
targets, uncover novel mechanisms, and prioritize clinically relevant pathways. Gene
expression signatures and pathway activation profiles following withanolide treatment can be
mapped onto compound—target networks to distinguish primary from secondary effects*.

8.2 Advanced docking and simulation techniques

Future studies should employ ensemble docking, explicit-solvent MD, and free-energy
perturbation calculations to refine predictions of ligand—protein binding for withanolides and
their analogs. Covalent docking approaches are particularly relevant for electrophilic
compounds such as withaferin A, which can form Michael adducts with cysteine residues in
IKKB, vimentin, and other proteins*.
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Machine-learning-based scoring functions and quantum mechanics/molecular mechanics
(QM/MM) methods could further improve accuracy when dealing with large, flexible steroidal
scaffolds?’.

8.3 Formulation and targeted delivery

Withanolides are relatively hydrophobic and can be critical for encapsulating into nano-,
liposome-, or polymeric micelles. These systems have been proposed for withaferin A and W.
somnifera extracts to improve solubility, stability, and tumor accumulation, resulting in
enhanced anticancer activity at lower doses. The receptor profile obtained by computational
docking of ligands that selectively and specifically target overexpressed receptors (such as
HER2, integrins) on the breast cancer cells can be useful in designing targeted delivery systems
to achieve localised accumulation of withanolide payloads in tumours*.

8.4 Rational combination therapy

The docking and modeling outcomes may help in rational combinations of W. somnifera
compounds with standard breast cancer drugs. Docking may reveal non-overlapping binding
sites or complementary target spectra between withanolides and agents like doxorubicin,
trastuzumab or CDK4/6 inhibitors to inform these studies. Eventually, early in vitro studies
already indicated synergistic effects between W. somnifera extract and doxorubicin in MCF-7
cells that could be tailored through target-based design®.

8.5 Clinical translation and regulatory aspects

For the potential of W. somnifera phytochemicals to be realized in reducing breast cancer risk
or burden, standardized extracts and purified compounds require detailed pharmacokinetic,
toxicological and efficacy characterization in appropriate animal models and early-phase
human trials. Mechanism-based effects will be demonstrated through biomarker-driven trial
designs with molecular stratification (e.g., ER/HER2/PI3K status) and pharmacodynamic
readouts (e.g., NF-«xB activity, Bcl-2/Bax ratios).

Regulatory pathways for botanical drugs (for example, the U.S. FDA’s Botanical Drug
Guidance) demand well-characterized formulations and strong safety and efficacy evidence.
Docking and network pharmacology can provide mechanistic insights that boost regulatory
dossiers by elucidating target engagement and supporting dose selection®.

9. Conclusion

Molecular docking and target-based drug design have led to a significant progress regarding
the understanding of interaction between bioactive components of Withania somnifera with
breast cancer targets. The docking results of withanolides like withaferin A, withanolide A,
withanone and ashwagandhanolide showed a correct static binding information into ERa,
HER2, EGFR, PI3Ka, TOP2A, p73 and other signal proteins like the members of Bcl-2 family
that is similar to their antiproliferative pro-apoptotic or chemo sensitizing activities previously
found through experiment in breast cancer setting.

Geared towards rational optimization of withanolide scaffolds and the development of novel
analogs with improved potency and selectivity, results from docking studies, MD simulations,
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QSAR analysis and ADMET predictions underline structural characteristics as well as
pharmacokinetic properties that can be exploited for this purpose. Network pharmacology
methods further elucidate that phytochemicals from W. somnifera alter interwoven pathway
controlling hormone signaling, cell survival, apoptosis and DNA repair in support of a poly-
targeting therapeutic paradigm aptly suited for the heterogeneous and adaptive characteristics
of breast cancer.

However, computational results need to be interpreted with caution considering
methodological caveat and inherent complexity of herbal mixtures pharmacology.
Comprehensive and empirical validation of putative therapeutic targets; PK/PD & toxicity
assessment; as well as carefully designed human clinical studies will be required to convert the
promise of W. somnifera bioactive compounds into safe and effective therapies for breast
cancer. The marriage of advanced in silico modeling with experimental and clinical studies
makes it possible to transform the traditional glory of Ashwagandha into modern, evidence-
based, multi-target agents for personalized breast cancer care.
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