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Abstract

The PI3K/AKT/mTOR signaling pathway plays a central role in breast cancer development, as it governs crucial cellular activities such
as growth, proliferation, and survival. This pathway is frequently disrupted in hormone receptor-positive breast cancers. Though
mTOR inhibitors, such as rapamycin and its analog (rapalog), have shown promise in treatment, their clinical use is often hindered by
undesirable side effects. Therefore, the development of novel inhibitors targeting the mTOR pathway is crucial. This study
investigates the binding efficiency and molecular interactions of several anti-carcinogenic bioactive compounds namely Vindoline,
Vincristine, Vinblastine, Picroside, and And Cucurbitacin B against the mTOR complex using the Schrodinger Suite for molecular
docking analysis. These compounds, derived from medicinal plants traditionally used in cancer therapies, including those in Siddha
and other traditional medicine systems, have demonstrated therapeutic promise. Among the evaluated compounds, Picroside Il,
isolated from Picrorhiza kurroa, a medicinal herb extensively used in traditional Chinese medicine, showed the highest binding affinity
(-12.134 kecal/mol) for mTOR, surpassing that of the reference inhibitor rapamycin. These results indicate that Picroside Il could be a
promising lead compound for further research in breast cancer therapy, with the potential to offer benefits over current mTOR
inhibitors. These results indicate that Picroside Il could be a promising lead compound for further research in the treatment of
cancer, with the potential to provide improved efficacy compared to existing mTOR inhibitors.
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independently of estrogen [7]. Therefore, mTOR
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Asnet Mary | inhibitors are often used in combination with
endocrine therapy to improve therapeutic outcomes
DOI: https://doi.org/10.22376/ijpbs.v16i3.83 [8, 91
The mechanistic target of rapamycin (mTOR), also
known as FRAPI, is a serine/threonine kinase
INTRODUCTION

belonging to the phosphoinositide 3-kinase-related
kinase (PIKK) family [10]. It is a large protein consisting
of 2,549 amino acids (~289 kDa), comprising five
distinct functional domains: i) HEAT (Huntington,
elongation factor 3, PR65 /A, TOR), ii) FAT (FRAP,
ATM, TRRAP), iii) FRB (the binding site for FKBPI2-
rapamycin complex), iv) the kinase domain, and v) the
FATC domain (FRAP, ATM, TRRAP carboxy terminus)
[I1]. mTOR functions as a catalytic subunit in two
distinct complexes: mTORCI and mTORC2 [I2].
While both share catalytic subunits, they differ in
specific accessory proteins: raptor and rictor in
mTORCI and mTORC2 respectively. mTORCI is

Breast cancer is a heterogeneous disease with several
subtypes, typically classified based on the status of the
hormone receptor and the human epidermal growth
factor receptor 2 (HER2) expression [I, 2]. Luminal A
is the most common breast cancer subtype,
representing almost 50-60% of all cases [3]. It is
characterized by the presence of estrogen and/or
progesterone receptors and the absence of HER2
expression [4].

The PIBK/AKT/mTOR (PAM) pathway is a conserved
eukaryotic signaling cascade that regulates cell growth,
survival, and proliferation. Its dysregulation, often

through crosstalk with other pathways, contributes to
oncogenesis [5]. Around one-quarter of breast cancer
cases show abnormalities in this pathway, which is
strongly associated with resistance to endocrine
therapy [6]. This resistance is partly due to AKT's
ability to activate estrogen receptor (ER) signaling

responsive to nutrient signals and regulates various
metabolic processes, whereas mTORC2 mainly
controls cytoskeletal organization and is nutrient-
insensitive [13].
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There are three major strategies to inhibit mTOR: (i)
ATP-competitive inhibitors targeting the kinase domain
[14]; (i) inhibitors targeting DFG-out conformation;
and (iii) allosteric inhibitors, such as rapamycin, which
bind to the FRB domain. While ATP-competitive
inhibitors affect both mTORCI and mTORC2 and
induce apoptosis, they often lack specificity due to the
conserved nature of ATP-binding sites and high
intracellular ATP concentrations. DFG-out targeting is
challenging due to limited structural data. Allosteric
inhibitors like rapamycin, and its analogs (rapalogs)
such as everolimus [16], bind the FKBPI2-rapamycin
complex to the FRB domain [|7], blocking kinase
activity of mTORCI [I5,18]. Though effective,
mTORC2 remains largely resistant to these drugs,
although prolonged exposure may eventually inhibit it
as well.

Despite therapeutic benefits, rapamycin and rapalogs
are associated with adverse effects due to their
immunosuppressive properties, including stomatitis
[19], hyperglycemia [20], fatigue, hyperlipidemia [21]
and non-infectious pneumonitis [22]. They also activate
feedback loops that upregulate PI3K/AKT signaling,
potentially enhancing cancer cell survival [23].
Therefore, identifying novel compounds with better
pharmacological profiles is crucial for the effective
treatment of ER-positive breast cancer.

Medicinal plants have long been explored for their
anti-cancer properties [24], and bioactive compounds
from traditional Chinese medicine (TCM) have shown
promise as potential anti-cancer agents [25]. This study
investigates the potential of selected plant-derived
bioactive compounds-Picroside Il, Cucurbitacin B,
Vindoline, Vincristine, and Vinblastine-as mTOR
inhibitors for the treatment of endocrine receptor-
positive breast cancer. Given the limitations and
adverse effects associated with existing mTOR
inhibitors, this study aims to identify alternative natural
compounds with improved pharmacological profiles
and fewer side effects. Using molecular docking and
computational analysis via the Schrodinger Suite, the
binding efficiency and molecular interactions of these
compounds with the mTOR complex, particularly
targeting the FRB domain, was assessed. The findings
contribute to the ongoing search for safer and more
effective plant-based mTOR inhibitors to overcome
the resistance in breast cancer treatment.

MATERIALS AND METHODS

Protein Preparation

The crystal structure of human FKBPI2, rapamycin,
and the FKBPI2-rapamycin-binding (FRB) domain of
the Human FRAP/mTOR protein (PDB ID -I1FAP) was
retrieved from the Protein Data Bank (PDB) ata 2.7 A
resolution. To ensure structural accuracy for docking
simulations, the protein was pre-processed using the
Protein Preparation Wizard tool available in Maestro
V9.3.5 (Schrodinger Suite). The preprocessing involved
addition of hydrogen atoms, assignment of bond
orders, correction of bond lengths, and removal of
crystallographic water molecules beyond 5 A from the

binding site. Protonation states of residues were
optimized at pH 7.0. Finally, the structure was then
energy-minimized using the OPLS 2005 force field with
default parameters to eliminate steric clashes and
reduce geometric strain

Ligand Preparation

The 3D structures of the five selected bioactive
phytochemicals: Picroside Il (PubChem CID: 9849283),
Cucurbitacin B (CID: 5281316), Vinblastine (CID:
13342), Vindoline (CID: 260535), and Vincristine (CID:
5978) were retrieved from the NCBI PubChem
Compound Database in SD Format. These ligands
were processed using the LigPrep module in
Schrodinger Suite 2012, which optimizes geometry and
generates low-energy 3D conformers suitable for
molecular docking. Table | summarizes the chemical
structures and the key physicochemical properties of
the selected compounds, while their 3D conformations
are depicted in Figure |.

Table | List of the selected bioactive compounds along

with their corresponding PubChem Compound IDs

S. No Compound Name PubChem ID
| Picroside Il 9849283
2 Cucurbitacin B 5281316
3 Vinblastine 13342
4 Vindoline 260535
5 Vincristine 5978

Figure |: Chemical structures of bio-active compounds
selected for this study. (A) Picroside Il (B)
Cucurbitacin B (C) Vinblastine (D) Vindoline (E)
Vincristine.

Receptor Grid Generation

A receptor grid was constructed centered on the
native ligand rapamycin, which remained in the
processed protein structure to define the active
binding pocket for molecular docking. The grid
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generation step in Schrodinger allows precise mapping
of the binding site and defines the spatial coordinates
where ligands will be evaluated during docking. This
ensures that the docked ligands are assessed in a
biologically relevant pocket, maximizing docking
accuracy.

Molecular Docking

The ligands were docked into the generated receptor
grid using the Glide XP module (extra-precision) in the
Schrodinger Suite. This extra precision algorithm
evaluates binding affinity based on hydrophobic,
hydrogen bonding, electrostatic,c and desolvation
interactions. The software generated multiple binding
poses for each compound and ranked them based on
Glide Score. The lowest energy pose for each
compound was selected for further analysis to evaluate
binding efficiency and molecular interactions with the
FRB domain of mTOR.

RESULTS
Molecular Docking Studies and Ligand Binding
Affinities
Molecular docking was conducted using Schrodinger
Maestro V9.3, a robust computational platform, to
investigate the interaction profiles and binding affinities
of selected plant-derived bioactive compounds with
the FRB domain of the mTOR protein. The potential
inhibitors were identified based on their low docking
scores indicating their stronger binding affinity and
favorable binding energies for stable the ligand-protein
complex. The docking results, including scoring
parameters and specific molecular interactions, are
presented in Table 2 and presented in Figure 02.
Table 02 Molecular docking results of selected
bioactive compounds against FKBP12 domain of
mTOR

Di‘;d‘ Glide | XP | Glide | Hydr
S. | Comp g Scor | Scor | Ener | ogen
Scor
N | ound o e e gy bond
o | Name (kcal/ | (kecal/ | (kcal/ | intera
(keal/ .
mol) | mol) | mol) | ction
mol)
Picrosi - - - -
| den | 1213|1213 | 1213 | 6159 | S22
4 4 4 5 |
Cucur - - - - Tyr26
2 bltaécm |0é42 |0é42 |0é42 47é63 Arg42
, lle56
Vinblas i i i - Arg42
3| tne 17384 | 8918|8918 42569 Asp3
7
Vindoli | ) ] .| Aeh2
Y1ome e7is | 6771 | 6771 47é25 Asp3
7
Vincris i i i ) Tyr82
| e | 6287 | 6473 | 6473 | 6325 ’S“

Figure 2: (A) Docking pose of Picroside Il (B)
Interaction of Picroside Il with mTOR (C) Molecular
representation of mTOR complexed with Picroside II.

Compound A: Picroside Il (PubChem ID:
9849283)

Among the five compounds tested, Picroside Il showed
the highest binding affinity, achieving a docking score of
—12.134 kcal/mol and a binding energy of -61.595
kcal/mol. This compound established hydrogen bonds
with Glu52 and lle56 within the FKBPI2-rapamycin
binding interface. = Additionally, T  stacking
interactions with Phe2106 in the FRB domain of
mTOR contributed to a stable binding conformation,
suggesting its high potential as a strong mTOR
inhibitor.

Compound B: Cucurbitacin B (PubChem ID:
5281316)

Cucurbitacin B demonstrated the second strongest
binding affinity, with a docking score of -10.426
kcal/mol and a binding energy of -47.639 kcal/mol. It
formed three hydrogen bonds with Tyr26, Arg42, and
lle56 at the FKBPI2-rapamycin binding site. These
strong interactions highlight its potential as an effective
modulator of the mTOR signaling pathway.
Compound C: Vinblastine (PubChem ID:
13342)

Vinblastine exhibited a moderate binding affinity,
showing a docking score of -7.384 kcal/mol and a
binding energy of -42.695 kcal/mol. It formed hydrogen
bonds with the Arg42 and Asp37 residues and engaged
in T interactions with Phe2039 within the FRB
domain, supporting a stable but less potent interaction
compared to compounds A and B.

Compound D: Vindoline (PubChem ID: 260535)
Vindoline demonstrated a comparable binding affinity
to vinblastine, with a docking score of —6.715 kcal/mol
and a binding energy of -47.253 kcal/mol. It formed
hydrogen bonds with the residues Arg42 and Asp37
along with -1 stacking interactions with Phe2039.
Despite a slightly lower docking score, its favorable
binding energy suggests a thermodynamically stable
complex.

[12]
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Compound E: Vincristine (PubChem ID: 5978)
Vincristine exhibited the lowest binding affinity among
the tested compounds, with a docking score of -6.287
kcal/mol and a binding energy of -6.325 kcal/mol. The
hydrogen bonds were formed with Tyr82 and Glu54
within the FKBP12-rapamycin interface. The relatively
low interaction strength indicates limited potential for
effective inhibition of the mTOR FRB domain.

DISCUSSION

The molecular docking analysis results highlighted the
efficacy of various phytochemical compounds including
Cucurbitacin B, Picroside, Vinblastine, Vindoline, And
Vincristine - against mTOR in breast cancer. Among all
the compounds studied Picroside [ll], a compound
derived from Picrorhiza kurroa, demonstrated greater
efficacy than the aforementioned commercial drug
targets. Picroside Il exhibited the highest affinity for
FKBP [12] among all the phytochemicals analyzed.
Given its safety for oral administration, Picroside Il
could serve as a promising candidate for the
development of breast cancer therapy.

Approximately one in every eight women is at risk of
developing breast cancer at some stage in her life [26].
Although  recent advancements in  cytotoxic
chemotherapy and targeted therapies have improved
survival rates, breast cancer still causes over 40,000
deaths annually in the United States, according to the
American Cancer Society's 2017 report [27]. Key risk
factors for breast cancer include age [28], family
history [29], alcohol consumption [30], obesity [31],
and physical inactivity 32. Breast cancer can be
hereditary or sporadic. Hereditary factors account for
5%—10% of breast cancer cases, primarily due to
germline mutations in the BRCAI and BRCA2
genes33. In contrast, sporadic breast cancer,
accounting for approximately 85% of cases, is often
associated with alterations in MYC, CCNDI (Cyclin
D1), and ERBB2 (HER2/neu) genes [34].

Breast cancer is a complex and heterogeneous disease.
About 75% of breast cancers are ER and/or PR
positive, with premenopausal women comprising at
least half of these cases [20]. The luminal A subtype is
the most prevalent, representing 50-60% of all breast
cancer cases [35]. Sub types are categorized according
to the expression status of the HER2 receptor,
progesterone receptor (PR), and estrogen receptor
(ER) [36]. Accordingly, breast cancers are categorized
into three major subtypes: triple-negative or basal-like
(TNBC), HER2-positive, and luminal (ER/PR-positive).
Luminal subtypes are further divided into luminal A
(ER/PR+, HER2—, low Ki67 expression) and luminal B
(ER/PR+, HER2+, high Ki67 expression). HER2-positive
tumors are ER/PR—, while triple-negative tumors lack
all three receptors [37].

The Cancer Genome Atlas Network identified key
genetic mutations in breast cancer subtypes.
Luminal/ER-positive tumors, particularly luminal A,
show a high frequency of PIK3CA mutations, also
common in HER2-positive tumors. Although less
frequent, PTEN loss remains significant. Mutations in

PIK3CA, PTEN, and AKTI are generally mutually
exclusive, though co-mutations of PIK3CA and PTEN
occur in other cancers [38]. Recent studies show that
the PI3K pathway can be activated independently of
Akt, and PIK3CA mutations may cause tumorigenesis
through Akt-independent ways [39,40].

The PI3K /Akt /mTOR pathway plays a vital role in
cellular metabolism and regulates various events like
cell growth, cell proliferation, cell survival, adhesion,
motility and differentiation [6]. Dysregulation of this
pathway is associated with various cancer hallmarks,
including uncontrolled cell proliferation, genomic
instability, and metabolic reprogramming [41,42]. The
loss of PTEN function, a tumor suppressor gene, leads
to mTOR hyperactivation which in turn promotes
carcinogenesis through increased expression of
mRNAs that code for growth factors, angiogenic
factors, and inhibitors of apoptosis [43]. As a result,
mTOR has become a key therapeutic target in the
treatment of cancer.

Given the frequent dysregulation of the
PI3K/Akt/mTOR pathway in breast cancer and its
critical role in promoting tumor growth and survival,
therapeutic strategies have increasingly focused on
targeting this signaling cascade. One such approach
involves the use of mTOR inhibitors like rapamycin
and its analogs. Rapamycin, a potent
immunosuppressive agent isolated from Streptomyces
hygroscopicus, binds to FKBPI2 and FRAP protein.
Rapamycin's structure allows it to occupy two distinct
hydrophobic  binding pockets, enabling strong
interactions with both proteins, though the inter-
protein interactions are less robust [44]. Due to issues
with solubility and stability, analogs of rapamycin,
known as rapalogs, have been developed. Everolimus
an mTOR inhibitor currently approved by the FDA for
breast cancer therapy [45]. While its side effects are
generally manageable, it has been associated with
adverse events in clinical trials. This study aimed to
identify phytochemicals from medicinal plants that
could serve as effective alternatives with fewer side
effects.

Historically, medicinal plants have been used to treat a
wide range of diseases [46]. Herbs and dietary
supplements are gaining attention in cancer therapy
[47]. Picrorhiza kurroa, a traditional Chinese herb, has
been employed for treating liver [48] and respiratory
disorders [49], chronic fever, and asthma [50]. The
iridoid glycoside Picroside Il (Pll) is considered one of
its active constituents, known for its hepatoprotective
[51], anti-inflammatory [52] and neuroprotective
properties [53]. Likewise, cucurbitacin B, extracted
from various plant families, has shown strong cytotoxic
effects against HER2—/ER+ breast cancer cells, RCC,
HCC, and NSCLC [54]. Vinblastine and vincristine,
derived from Catharanthus roseus (Vinca rosea), are
potent cytotoxic agents. These vinca alkaloids are
asymmetric dimers composed of vindoline and
catharanthine. While vinblastine and vincristine are
effective anti-cancer agents that interfere with cell

[13]
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cycle progression, vindoline alone lacks anticancer
properties.

The selected plant compounds-Cucurbitacin B,
Picroside, Vinblastine, Vindoline, And Vincristine-were
evaluated using in silico docking analysis alongside two
reference drugs, rapamycin and everolimus. The
reference drug rapamycin interacts with FKBPI2
through three van der Waals contacts (Trp59, Phe46,
Ser38), three electrostatic interactions (Vall55, lle56,
Asp37), and one hydrogen bond at lle56. At the
mTOR-FRB domain, rapamycin forms four van der
Waals contacts (Serl24, Tyrl27, Tyr26, GInl88) and
two electrostatic interactions (Aspl91, Thri87).
Everolimus, on the other hand, binds FKBPI|2 via five
van der Waals contacts (Phe46, Phe36, 1190, lle9l,
Gly129), five electrostatic contacts (Lys|84, Aspl9l,
Tyr26, Arg42, Tyr82), and one hydrogen bond with
Serl24. At the mTOR-FRB domain, everolimus
engages in four van der Waals contacts (Glyl29,
Tyr193, Trpl190, Tyrl193), three electrostatic contacts
(Lys184, Serl24, Aspl94), and one hydrogen bond
with Tyr [26].

Among the phytochemicals studied, Picroside |l
demonstrated the highest affinity for FKBP [12], with a
score of —12.134 kcal/Mol, compared to the
rapamycin’s -9.673 kcal/Mol. Additionally, Picroside Il
exhibited a lower binding energy (-61.595 kcal/mol)
than rapamycin (-12.943 kcal/mol), indicating stronger
binding affinity. At the FKBPI2 domain, the protonated
carboxyl group of Glu54 accepts a hydrogen bond,
while lle [56] donates one, despite isoleucine being a
non-polar, hydrophobic residue, its backbone amino
group serves as a hydrogen bond donor. Moreover, -
T interactions were observed between the aromatic
rings of the ligand and Phe2108 within the mTOR-FRB
domain.

These docking results are further supported by in vitro
studies showing that Picroside Il possess anti-
metastatic and  anti-angiogenic  properties by
suppressing the movement and invasion of breast
cancer cells in humans. It also inhibited matrix
metalloproteinase-9 (MMP-9) and downregulated gene
expression in breast cancer cells [55]. Furthermore,
compound's ability to mitigate cerebral ischemia -
reperfusion injury through the downregulation of NF-
kB and TLR4 may be integral to its anti-cancer effects
[56].

Given its antioxidant, hepatoprotective, anti-allergic,
anti-asthmatic, and anticancer activities, Picroside Il
derived from P. kurroa has great potential as a lead
compound in drug development. It is also considered
safe for oral consumption. However, additional in silico
analyses including drug-likeness assessment, ADMET
profiling, and pharmacophore studies along with in
vitro and in vivo experiments, are essential to support
and elaborate these findings.

CONCLUSION

This study emphasizes the potential of naturally
derived phytochemicals as mTOR inhibitors for breast
cancer therapy, with Picroside Il from Picrorhiza kurroa

emerging as the most promising candidate. It exhibited
superior binding affinity and stability to the FRB
domain of mTOR, outperforming FDA-approved drug
“rapamycin” in docking scores and binding energy. In
vitro evidence supports its ability to inhibit cancer cell
migration, invasion, and angiogenesis by
downregulating MMP-9 and NF-kB pathways. Its
established safety and traditional medicinal use further
support its drug potential. With antioxidant,
hepatoprotective, anti-inflammatory, and anticancer
properties, Picroside Il is a strong lead compound for
targeted breast cancer treatment. However, further
validation through in silico drug-likeness, ADMET
profiling, pharmacophore modeling, and in vitro/in vivo
studies is essential before clinical development.
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