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ARTICLE INFO ABSTRACT

Breast cancer (BC) remains the most commonly diagnosed cancer in women worldwide, with its
incidence continuing to rise and often experiences resistance to anticancer drugs. Sanguinarine, a
prominent benzophenanthridine alkaloid found in many plants, has garnered attention for its
multifaceted antitumor activities, through different mechanisms. This study aims to explore the
potential inhibitory effect of Sanguinarine alkaloid (SG) and its proposed structurally modified
derivative (SGD), using in silico methods, against the PI3K catalytic subunits (p110a, p110p,
p110y, p1103). Molecular docking was performed to assess the binding affinities of the studied
drugs with various PI3K isoforms, while their drug-likeness and pharmacokinetic (ADMET)
properties were predicted using in silico approaches. All analyses were performed in silico, and
no laboratory synthesis or biological assays were conducted. Preliminary in silico analyses
indicated non-significant interactions between the Sanguinarine alkaloid and all PI3K isoforms,
accompanied by unfavorable pharmacokinetic and toxicity predictions in comparison with the
reference drug, Alpelisib. However, the derived compound exhibited a pan PI3K inhibitory
activity with highly significant (p < 0.05) binding affinities with all PI3K isoforms (p110a, p110p,
p110y, p1103) and possessed an acceptable pharmacokinetic and toxicity profile compared to the
parent alkaloid. These findings concluded that the proposed derivative (SGD) could be a potential
candidate for the development of a novel antibreast cancer drug, obtained by targeting PI3K
catalytic subunits. Our future objectives include synthesizing the new molecule, characterizing it
by NMR, MS, and IR, and conducting in vitro and in vivo investigations
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Although these advances are clinically meaningful, important
challenges persist, such as: Dose-limiting toxicities (notably
hyperglycemia), variable durability of response due to pathway cross-
talk, and adaptive or compensatory signaling across PI3K isoforms,
which can limit long-term effectiveness.** For example, real-world and
modeling analyses confirm that clinically significant Alpelisib-related
hyperglycemia remains frequent and requires proactive mitigation
strategies that may constrain dose intensity and adherence.*

Mechanistically, compensatory activation of alternative class | PI3K
isoforms and tumor—-immune ecosystem effects are increasingly

Introduction

Breast cancer (BC) remains the most commonly diagnosed
cancer in women worldwide, with its incidence continuing to rise —
particularly in localized hormone receptor-positive (HR+) disease —
despite improvements in mortality from earlier detection and systemic
therapy.t Within the HR+/HER2- tumors, activating mutations in
PIK3CA (encoding the «class 1 catalytic subunit pll0o of
phosphoinositide  3-kinases, PI3Ks) drive the oncogenic
Phosphoinositide 3-kinase/Protein Kinase B/Mammalian Target of

Rapamycin (PISK/AKT/mTOR) signaling, and contribute to the
resistance to endocrine therapy.2 Targeted inhibition of this pathway has
therefore become a cornerstone of precision oncology in HR+ advanced
BC.23 The clinical advancements of PI3K inhibitors has progressed
rapidly in recent years. In 2024, inavolisib a next-generation mutant-
selective PI3Ka inhibitor, showed significantly improved progression-
free survival in the phase 3 INAVO-120 trial and subsequently gained
FDA approval in combination with palbociclib and fulvestrant for
treating endocrine-resistant, PIK3CA-mutant HR+/HER2- advanced
breast cancer.23
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recognized as resistance mechanisms to isoform-selective PI3Ka
blockade.> Recent preclinical studies show that PI3KP mediates
immune evasion in PTEN-deficient breast tumors, providing a rationale
for broader or combinatorial isoform targeting to counteract immune-
suppressive rewiring.® These insights have renewed interest in pan-
P13K inhibition — that is, simultaneous inhibition of p110a/B/y/d — to
suppress tumor-intrinsic signaling, while modulating the tumor
microenvironment and enhancing antitumor immunity.® Early
exemplars, such as KTC1101, demonstrate that rationally designed pan-
PI3K inhibitors can inhibit tumor growth and synergize with
Programmed cell death protein 1 (PD-1) blockade in multiple models,
supporting this therapeutic concept.® Yet, achieving pan-isoform
potency together with acceptable pharmacokinetics and safety, has
proven to be difficult, underscoring the need for new chemical matter
that balances the breadth of target engagement with drug-likeness.

Natural products remain a fertile source of anticancer scaffolds due to
privileged chemotypes that engage in diverse biological targets.
Sanguinarine (SG), a benzophenanthridine alkaloid derived from plants
in the Papaveraceae family, has shown multi-modal antitumor activity
—including apoptosis induction, ferroptosis, and invasion/angiogenesis
suppression— across several tumor types.” Notably, recent mechanistic
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studies in breast cancer cells have identified the PI3BK/AKT axis as one
of Sanguinarine’s key targets, suggesting that this scaffold may interact
with and modulate this signaling pathway.® However, native SG is
limited by suboptimal selectivity, potential off-target toxicity, and
pharmacokinetic liabilities that complicate development.” This
motivates targeted derivatization to enhance polarity, hydrogen-
bonding capacity, and oral drug-likeness, while preserving or
amplifying the PI3K-pathway engagement.

Modern in silico pipelines enable a rapid triage of such derivatives by
integrating structure-based docking with predictive absorption—
distribution—metabolism—excretion—toxicity =~ (ADMET)  profiling,
thereby reducing the cost and de-risking early discovery.”'®
Contemporary online platforms (e.g., SwissADME and pkCSM ) and
curated evaluations of free academic tools have markedly improved
accuracy and coverage of key developability parameters (e.g.,
solubility, permeability, metabolic liabilities, cardiotoxicity),
facilitating medicinal chemistry iteration prior to synthesis.!®! In
parallel, contextual clinical literature on PI3K-pathway therapeutics
continues to refine the target product profiles for next-generation
inhibitors, including the need to mitigate on-target metabolic toxicities
and to blunt compensatory isoform signaling.2+

Given the clinical impact and limitations of the current isoform-
selective PI3Ka inhibitors, 2* evidence that other isoforms (e.g.,
PI3Kp) sustain immune evasion and adaptive signaling,® and given the
multifaceted antitumor potential of SG with putative PI3K/AKT
involvement,”® we posited that a rational modification of the SG
scaffold could yield a derivative with pan-PI3K engagement and a more
favorable ADMET profile. Conceptually, introducing a cysteine-like
thioether or analogous polar functionality could strengthen H-bonding
within ATP-site pockets across isoforms, improve aqueous solubility,
and reduce lipophilicity-driven toxicity features consistent with oral
drug-likeness and broader therapeutic index.%1

This study compares the docking-predicted binding affinities and
interaction networks of SG with a designed derivative across p110a,
pl110B, p110y, p1103; evaluates drug-likeness and ADMET properties
using validated, up-to-date web platforms; and contextualizes whether
a pan-isoform profile can mitigate compensatory signaling and
immune-evasion mechanisms, relative to isoform-selective inhibition.

To our knowledge, this is the first integrated in silico investigation that
has designed a cysteine-adduct-inspired Sanguinarine derivative
(SGD), explicitly optimized for pan-PI3K binding, and benchmarks its
predicted pharmacology and developability against contemporary
clinical standards in the PI3K space (e.g., Alpelisib). By uniting
pathway biology, natural-product derivatization, and modern ADMET
analytics, we aim to nominate a tractable lead for subsequent synthesis
and biological validation in PI3K-driven breast cancer.

Materials and Methods

Docking Procedure

The in silico docking process predicts the binding interaction between
the protein targets and the drug.  For this prediction, the GOLD
(Genetic Optimization for Ligand Docking) Suite Version (2024.3.0)
software (Cambridge Crystallographic Data Centre, UK, 2024) was
employed. The X-ray Crystallographic structure of the PI3K lipid
kinase isoforms p110a (PDB: 4JPS — alpha), p1103 (PDB: 2Y3A —
beta), p1103 (PDB: 4XEOQ - delta), and p110y (PDB: 5G2N — gamma)
proteins were downloaded from the Protein Data Bank (PDB). The
water molecules involved in binding site interaction were conserved,
and those that were not involved in the binding interaction with the
reference drug were removed. Also hydrogen atoms were added to the
amino acid residues, to achieve proper ionization and tautomeric states,
which were downloaded from the PDB. Chem 3D (v. 23.1.1) was
utilized to apply the Molecular Mechanics (MM2) force field to
decrease the energy of the ligands. Hermes visualizer (v. 2024.3.0
CCDC) program in the GOLD Suite was used to set up the PI3K
isoform-binding sites for the docking process. The downloaded
proteins were docked to SG, SGD, and reference drug Alpelisib. All
parameters utilized in the docking procedure were left at their default
levels, and all the solutions were assessed using the Piecewise Linear
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Potential (CHEMPLP) fitness function. The interaction between the
amino acid residues of the active sites of PI3K isoforms with SG, SGD,
and Alpelisib, were evaluated using the docking data, which included
the binding mode, docked position, and binding-free energy.*?

The proposed Structural Modification of the Sanguinarine Alkaloid

It was reported that L-Cysteine served as a nucleophile that could be
reacted with an electrophile (SG) to form a Sanguinarine-Cysteine
thioether adduct.’® The structural modification of SG was proposed
theoretically and no chemical synthesis or experimental procedures
were performed. No laboratory reagents, solvents, or biological assays
were involved at this stage of the study. All analyses in this study were
carried out in silico.

Pharmacokinetic and Toxicity Evaluation

An important step in the drug discovery process is the assessment of
drug-likeness, pharmacokinetics, and toxicity profile of the drug
suitability. SwissADME online platform
(https://www.swissadme.ch/index.ph p)!* from Swiss Institute of
Bioinformatics was wused for the preliminary study of the
physicochemical properties, such as, lipophilicity, water solubility,
pharmacokinetic parameters, bioavailability score, and drug likeness
characteristics of the studied compounds and the reference drug. In
addition, pkCSM-pharmacokinetic online web-based tools,'> by the
Biosig Lab, were employed for the comparison of the toxicity profiles
between the studied drugs.

Statistical analysis

One way analysis of variance (ANOVA) statistical analysis was used to
determine the significance between the interactions of the studied drugs,
with different PI3K isoforms. A p-value less than 0.05 was regarded as
statistically significant. Graph Pad prism 8 was employed for this
purpose.

Results and Discussion

Molecular Docking of the Studied Compounds with PI3K isoforms

In silico programs are beneficial in drug development, as they support
the identification of new drug candidates through screening, designing,
and prediction of their therapeutic potential.*® The in-silico method is
also being used in the prediction of drug toxicity, allowing researchers
to identify possible unfavorable effects at the start of the process of
development, thus saving time and money.” Docking was used to
determine the best fit of SG and SGD to the binding site of the PI3K
catalytic isoforms (p110a, p110B, p110y, p1103), as compared to the
reference drug Alpelisib. The current study revealed non-significant
interactions (PLP fitness score) of the SG alkaloid with all isoforms,
when compared to the reference drug (Table 1).

The proposed Structural Modification of the Sanguinarine Alkaloid
Studies show that PI3Ka is frequently mutated in cancers,*¥and in order
to increase the binding affinity of SG to this isoform and optimize the
binding affinities to the other isoforms, as well as enhance its ADMET
profile, a structural modification of the alkaloid has been proposed.
The L-Cysteine amino acid was proposed to modify the SG alkaloid.
Here, the iminium bond of the charged SG was considered to be the
point of chemical reaction with the nucleophilic sulfur of the thiol group
of L-Cysteine.!® The end product of this reaction yields Sanguinarine-
Cysteine thioether Adduct (13-((2-amino-2-carboxyethyl)thio)
[1,3]dioxolo[4',5":4,5]benzo[1,2-c][1,3]dioxolo[4,5-i]phenanthridin-
13-ium), as illustrated in Figure 1. Additionally, the L-Cysteine was
proposed as a proper additive, as it is derived from an organic natural
origin, non-toxic, available, and stable.?’ The significant (p < 0.05)
increase in the binding affinities to all PI3K isoforms and the
improvement in the ADMET profile of the SGD compared to SG, were
attributed to the added cysteine moiety (Table 1). The Ser919 and
Tyr836 residues of the ATP-binding pocket of the p110a formed
hydrogen bonds with the OH and NH2 of the added
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Table 1: The structures of studied drugs and their average PLP fitness score on PI3K isoforms

Ligand Chemical Structure PLP Fitness Score
4JPS - Alpha 2Y3A -Beta 5G2N-Gamma 4XEOQ -Delta
Alpelisib 76.21664 61.57642 59.57179 62.63305
SG! 68.36205 62.50813 72.86986 62.97549
SGD? 77.32569 79.03689 86.68814 83.36378

cysteine

13-methvl-[1.3]dioxole[4' 534 5Tbenzo[1,2-c][1.3]dioxolo[4 5-

flphenanthridin-13-inm

HO O

13-((2-amino-2-carboxyethvithio)-[1.3]diexeola[4.5"4.5]benzo[1.2-][1.3]dioxolo]4.5-
iJphenanthridin-13-inum

Figure 1: Proposed chemical reaction between Sanguinarine(SG) and L-Cysteine amino acid to produce Sanguinarine Derivative(SGD)

cysteine moiety and with the oxygen of the dioxymethylene bridge of
the parent molecule, respectively. In addition, SGD formed
hydrophobic interactions with Tyr836, Asp933, Ser919, Thr856,
GIn859, Ser854, Trp780, and the Val851 residues, to strengthen its
inhibitory mechanism (Figure 2A). The OH and NH2 of SGD formed
three hydrogen bonds with the Asp917 and Thr853 residues of the
p110p isoform; as also one H-bond was formed between the oxygen of

the dioxymethylene bridge and Tyr833. Other hydrophobic interactions
involved Ser851, Thr853, Asp917, Tyr833, 11930, Asp807, 11e845,
Glu846, and Asp931 (Figure 2B). In the case of the p110y isoform, SGD
interacted with Asp950, Tyr867, Asp951, Thr887, and Asp964 through
hydrogen bonding and with Asn951, Asp950, Asp964, Tyr867, 11963,
11e879, Glu880, Trp812, Ala885, and Met953 through hydrophobic
interactions (Figure 2C).
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Figure 2:The Docking interaction between p110a (A), p110B (B), p110y (C), p1105 (D) isoform and Alpelisib (Left), Sanguinarine
(Middle), Sanguinarine Derivative (Right)
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It was observed that the PLP score of the Alpelisib interaction with the
p110y isoform was the lowest among the isoforms. This was due to the
formation of an unfavorable bump caused by the MET953 residue of
the protein that could hinder proper binding.?! However, the SGD
showed significant binding on the Gamma isoform and overcame the
steric hindrance caused by MET953 residue (Figure 2C). The
interactions between p110d isoform and SGD formed hydrogen bonds
with Val723 and Glu721, besides forming hydrophobic bonds with
Val723, Met795, 11e805, Tyr708, Asp806, 11e720, Thr645, Trp655,
Val722, and Glu721 (Figure 2D). The differences noticed in the
binding affinities between the SG and the four PI3K isoforms compared
to its derivative (SGD) may be due to several factors like unsuitable
conformation?? and molecular size,®® steric hindarnce® of SG, or
improper hydrogen and hydrophobic bond formation,?* which have
resulted in relatively poor fitting into the binding cavities of proteins.
The docking results showed that SGD bound non-selectively to all
isoforms, which indicated a pan-PI3K inhibitory activity. Typically,
flat inhibitors were non-selective and this was the case with SG and
eventually SGD.% Pan inhibitors could be more advantageous than
selective inhibitors in several aspects

In general, pan-PI3K inhibitors impede PI3Ko and PI3Kp directly, to
hamper the growth of tumors, and they attack PI3K3§ and PI3Ky, to
improve tumor immunity by immune cell function modulation?®?’and
reshape the tumor microenvironment (TME).? It has been reported by
Peng et. al.,® that synthesized novel pan-PI3K inhibitor (KTC1101),
significantly hindered cancer cell growth and hampered tumor
progression in vitro and in vivo, respectively. Additionally, TME was
modulated due to increase in CD8+ T cells and innate immune cell
infiltration. Other studies have shown that p110a and p110f isoforms
possessed overlapping roles, so a simultaneous inhibition of these
isoforms may be required for optimal antitumor activity.?® Also, Zhou
et.al.,**who designed B591, a pan-PI3K inhibitor, showed a decrease in
cancer stem cells (CSCs) and successfully impeded BC metastasis and
retarded tumor relapse after treatment with paclitaxel.

It has been observed that the available PI3K inhibitors often
encountered resistance, inadequate bioavailability, possibility of
adverse effects due to off-target interactions, narrow therapeutic
indices, and acquired resistance.3! Acquired resistance may develop
from a compensatory mechanism that is commonly observed in
selective types of PI3K inhibitors.® An effective approach applied to
get over those compensatory mechanisms is by blocking all isoforms
belonging to class | PI3K by pan-PI3K inhibitors. Also, combining of
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PI3K inhibitors with other BC therapies may overcome resistance. It
has been reported that PI3K inhibitors play a role in restoring sensitivity
to other therapies when included in combination regimens.3 Effective
combinations with PI3K inhibitors may include receptor tyrosine kinase
inhibitors (RTK),* endocrine therapy,® poly-ADP-ribose polymerase
(PARP) inhibitors,*® and immune checkpoint targeting agents.’
Another concerning issue is the adverse effects associated with pan
P13K inhibitors. Mitigating some of the adverse effects and enhancing
the anticancer activity of the pan PI3K inhibitors, several therapeutic
approaches and strategies have been suggested. These dosing regimens
or approaches have been explored to increase the tolerability to PI3K
inhibitors, even as they achieve sufficient PI3K pathway inhibition.
These include the use of dietary and pharmaceutical strategies,® the
lowest effective dose,® intermittent dosing,® pulsatile dosing,* and a
combination of PI3K inhibitors with other BC therapies.*® As a result,
there is an increasing demand for an upcoming generation of pan-PI3K
inhibitors, providing suitable pharmacological and safety profiles.

Pharmacokinetic and Toxicity Evaluation

A preluding study of the ADMET profiles of the investigated
compounds was essential to save time, efforts, and cost in drug
development using online in silico tools.** The drug properties are
illustrated according to different categories like physicochemical
properties, lipophilicity, water solubility, pharmacokinetics, drug-
likeness, and medicinal chemistry. The predicted pharmacokinetic
profile of the proposed SGD showed optimal physicochemical
characteristics and fulfilled the requirements of the Lipniski’s rule®>4
(Table 2). The molar refractivity parameter showed that SGD was
within the optimal range,*® whereas, SG showed a relatively lower value
(Table 2). This parameter influences molecular interactions, solubility,
absorption properties, and eventually bioavailability.* In the current
study, the reference compound and SGD showed almost similar
Topological Polar Surface Area (TPSA) values, while the SG alkaloid
showed lower polarity with TPSA 40.80 A2 (Table 2). The high TPSA
of SGD made it difficult to penetrate the blood brain barrier (BBB) and
were unlikely to cause harm to the CNS. On the contrary, the SG with
lower TPSA may be harmful to CNS, owing to its potential ability to
penetrate the BBB.* The lipophilicity prediction of all the studied
compounds were within the optimal range, however, the logarithm of
the n-octanol/water partition coefficient (Log Po/w) values of the
reference drug and SG, favored lipophilicity (Table 2).

Table 2: The Physicochemical properties of the Sanguinarine(SG), Sanguinarine Derivative(SGD) compared to Alpelisib obtained by

SwissADME
Physicochemical Properties
Parameter Optimal Values Alpelisib SG SGD
Formula C19H22F3Ns02S C20H14aNO4* C22H17N206S*
Mwit. (g / mol) < 500 Dalton 441.47 332.3 437.45
Fraction Csp 30.25-1 0.15 0.18
Number of rotatable bonds 0-9 0 4
Number of H-bond acceptors<10 4 7
Number of H-bond donors<5 0 2
Molar Refractivity 40-130 m®\ mol 111.31 94.68 116.36
TPSA! (A2)20-130 A2 129.45 40.80 129.42
Consensus Log Pow?1-3 2.95 2.88 1.12
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ESOL (Log S)> -4 -4.42 -5.24 -3.60

Pharmacokinetics

Parameters Alpelisib SG SGD

Gl absorption Low High High

Glycoprotein Pump (P-gp) substrate Yes Yes Yes

(BBB)? permeation Yes No

Lipinski’s rule of five Yes Yes Yes

Lead-likeness NA* 1 violation; NA*
XLOGP3>3.5

Topological Polar Surface Area; 2logarithm of the n-octanol/water partition coefficient; *Blood Brain Barrier; “Not applicable

These compounds might show an expanded volume of distribution,
longer half-life, and longer duration of drug / target interaction that
might result in toxic or adverse effects, compared to SGD.*” The Log S
(water solubility) of SGD was consistent with the study of Paul et.al.,*®
who showed that a Log S value higher than - 4 ensured good solubility
in water, which was important for the solubilization and absorption
processes in the Gl tract (Table 2). The BOILED-EGG model
demonstrated potential passive Gl absorption of SGD, as it was located
in the white region, while SG was located in the yellow region,
indicating CNS permeation, as shown in Table 2 and Figure 3.

The SwissADME tool generated a bioavailability radar having a chart
figure that showed six physicochemical properties (Mwt., Log Po/w,
Csp3, TPSA, Log S, and a number of rotatable bonds) related to oral
bioavailability. This chart gave us a prompt idea of whether the studied
drug was within the optimal range for oral bioavailability or not, and if
it could undergo drug design and development processes.*

Almost all the parameters possessed by the SGD were within the
optimal range of the bioavailability radar, compared to the SG alkaloid,
as shown in Table 2 and Figure 4.

The SG alkaloid was evaluated for its potential lead-likeness, the
predicted results completely aligned with the optimal criteria,* as
mentioned in Table 3. These properties encouraged the structural
modification of SG to obtain SGD, a prospective therapeutic candidate.
The predicted outcome of metabolic enzyme inhibition revealed that
SGD perfectly matched the reference anticancer drug-enzyme
inhibitory profile, in contrast to SG (Table 4). Thus, SGD could display
a lower possibility of interaction with other drugs or food that was
simultaneously administered.

Moreover, the predicted SGD toxicity profile was relatively acceptable
compared to the reference drug and SG, as shown in Table 5. These
findings made SGD a suitable candidate for oral dosage forms that
could be convenient for patients with breast cancer, due to its decreased
lipophilicity, increased water solubility, and oral bioavailability.

0
Molecule 1

o
Molecule 2

Nnk\gnn 3

Show Molecules Name

BBB
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Figure 3: BOILED Egg model of Molecule 1 (Alpesilib), Molecule 2 (Sanguinarine), and Molecule 3 (Sanguinarine Derivative),
generated by SwissADME tool
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Figure 4: Bioavailability Radar of Molecule 1 (Alpelisib), Molecule 2 (Sanguinarine), and Molecule 3 (Sanguinarine Derivative),
obtained by Swiss ADME

Table 3: Potential Lead-likeness values of Sanguinarine (SG) compared to optimal values*

Values Mwt.! Log P HBA? HBD? RB* TPSA?
Optimal 250-350 Da® 1-3 <6 <3 <7 <90 A
SG 332.33 Da 2.88 4 0 0 40.80 A’

Molecular weight; 2Hydrogen Bond Acceptor; *Hydrogen Bond Donor; “Rotatable Bond; *Topological Polar Surface Area; dalton

Table 4: The potential inhibition of enzymes by the Sanguinarine (SG) and Sanguinarine derivative (SGD) compared to Alpelisib

Enzymes Alpelisib SG SGD
CYP 1A2 No Yes No
CYP 2C19 Yes Yes Yes
CYP 2C9 No No No
CYP 2D6 No No No
CYP 3A4 Yes No Yes

Table 5: The Studied Compounds’ Toxicity Analysis by the pkCSM pharmacokinetics platform

Parameters Alpelisib SG SGD
AMES!' Toxicity No No No
MTD? (log mg/kg/day) 0.022 0.503 0.675
hERG? Inhibition I/ II No /No No / Yes No /No
LDso 2.563 (mol/kg) 2.685 (mol/ Kg) 2.739 (mol/kg)
Hepatotoxicity Yes No No
Carcinogenicity No No No
Skin Sensitization No No No
'Reverse mutation bacterial assay; 2Maximum Tolerated Dose; *Human Ether-a-go-go-Related Gene
Conclusion preliminary  pharmacodynamic  study showed non-significant

Resistance to current PI3K therapies in breast cancer patients
necessitates the continuous development of safe and effective PI3K
inhibitors. In silico procedures play an important role in the preliminary
assessment of drug discovery, thus saving time and money. Natural
compounds have distinctive structures and biological activities that
could be utilized as a starting point for the development of novel
therapeutic agents. In the current study, SG, a naturally derived
compound was investigated for its potential as a PI3K inhibitor. The

interactions with all isoforms, compared to the reference drug. The
proposed structurally modified compound (SGD) showed a highly
significant (p < 0.05), enhanced interaction with all isoforms, and
hence, could be used as a potential pan-PI3K inhibitor in breast cancer.
The improvement in the PLP score can be attributed to the incorporation
of L-cysteine, which engaged in hydrogen bonding and hydrophobic
interactions with the PI3K isoform residues, thereby stabilizing the SG
derivative within the receptor binding site and enhancing its ADME and
toxicity profiles. Such inhibitors may overcome the resistance observed
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with selective PI13K inhibitors and their possible adverse effects may be
reduced by different therapeutic strategies or approaches. The obtained
data were encouraging, which made the proposed SGD a lead candidate
for future synthesis, characterization, and in vitro and in vivo
investigations to combat breast cancer resistance and metastasis, and to
improve immunomodulation of the tumor microenvironment.
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