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Exploration of efficacy, cellular responses, and safety profile of novel 
9-(3-Pyridyl) noscapine derivatives as promising anticancer candidates

Shruti Gamya Dasha , Srinivas Kantevarib and Pradeep Kumar Naika 

aCentre of Excellence in Natural Products and Therapeutics, Department of Biotechnology and Bioinformatics, Sambalpur University, 
Sambalpur, India; bFluoro and agrochemicals Division, CSIR-Indian Institute of Chemical Technology, Hyderabad, India 

Communicated by Ramaswamy H. Sarma

ABSTRACT 
This study presented a novel derivative of the antitussive compound noscapine, named 9-3-Pyridyl 
noscapine (PYNos), to enhance its anticancer potential. Through in silico investigations, PYNos exhib
ited strong interactions with microtubules, inhibiting cancer cell proliferation both alone and in com
bination with docetaxel. Docking scores highlighted the affinity of PYNos −5.67 kcal/mol and 
docetaxel −4.94 kcal/mol to microtubules. When docked with tubulin-DOX co-complex, PYNos dis
played a synergistic score of −8.99 kcal/mol. MTT assays on MCF-7 breast cancer cells showed PYNos 
IC50 values of 11.0 mM (48 h) and 8.4 mM (72 h), while docetaxel had three orders of magnitude lower 
IC50 values: 0.028 mM (48 h) and 0.015 mM (72 h). Combining PYNos (25 mM) and docetaxel (0.01 mM) 
reduced proliferation by 50% at both time points. Isobologram analysis confirmed strong antiprolifera
tive synergy (sum FIC <1) at 48 and 72 h. Our comprehensive evaluation encompassing apoptosis and 
cell cycle arrest patterns further validated the synergistic advantages of this combination. In a xeno
graft mice model using MCF-7 cells, the PYNos-docetaxel co-treatment resulted in significant tumor 
regression, showcasing promising induction of apoptosis while mitigating docetaxel-associated toxicity. 
In summary, our findings underscore the substantial microtubule interactions facilitated by 9-3-Pyridyl 
noscapine, revealing its synergistic potential with docetaxel and establishing a solid foundation for 
advancing cancer therapeutic strategies.
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Introduction

Breast cancer treatment options for both locally advanced 
and metastatic stages encompass medications that target 
microtubules, such as taxanes (e.g. taxol), vincas, estramus
tine, halaven, and ixempra. However, the utilization of these 
drugs has been hindered by considerable adverse effects, 
including leukocytopenia, diarrhea, alopecia, and peripheral 
neuropathies, which have led to suboptimal treatment out
comes (Kavanagh & Kudelka, 1993; Rowinsky & Donehower, 
1991). This has spurred an ongoing quest to develop innova
tive mitotic inhibitors with reduced side effects and 
improved administration convenience. Furthermore, doce
taxel, belonging to the taxane class of microtubule-targeting 
drugs, has demonstrated pronounced efficacy in inhibiting 
cancer cell proliferation by hindering microtubule dynamics.

Setting itself apart from the current chemotherapeutic 
agents like taxanes and vincas, noscapine and its derivatives 
offer a distinctive mechanism. They maintain the structural 
integrity of microtubule clusters while notably decelerating 
their dynamic behavior to activate mitotic checkpoints (Ye 
et al., 1998). Extensive in vitro studies, focused on specific 
microtubules with polymerizing tendencies, along with the 
monitoring of steady growth at the positive ends, have dem
onstrated that noscapine primarily influences microtubule 

dynamics by extending the time microtubules spend in a less 
active state, as opposed to inducing vigorous depolymerization 
and repolymerization (Dash & Naik, 2022; Zhou et al., 2003). 
Encouragingly, both in vitro experiments and studies involving 
mouse xenografts have underscored the effectiveness of nosca
pine and its synthetic analogs in preventing cancer across 
diverse tissue origins (Ke et al., 2000; Ye et al., 1998). The note
worthy oral bioavailability of noscapine provides significant 
backing to its clinical potential as a promising novel chemother
apeutic agent (Aneja et al., 2007; Dahlstr€om et al., 1982), posi
tioning it as a prospective avenue for anticancer treatment with 
minimal undesirable effects.

Delving into our systematic approach of scaffold structure 
modification, we have methodically designed and synthe
sized a range of derivatives (Dash et al., 2023). Prior investi
gations have illuminated that these compounds exhibit a 
heightened affinity for tubulin without disrupting the equilib
rium between tubulin monomers and polymers. Furthermore, 
these derivatives have demonstrated the capacity to hinder 
cell proliferation and induce G2/M cell cycle arrest across a 
diverse spectrum of human cancer cells (Mahaddalkar et al., 
2017; Manchukonda et al., 2013, 2014; Naik et al., 2011; 
Santoshi et al., 2015). However, despite the development of 
multiple generations of noscapine derivatives, achieving 
complete cancer remission has remained elusive. We 
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introduce a novel derivative of noscapine, namely 9-(3- 
Pyridyl) noscapine (PYNos), and explore its potential when 
combined with docetaxel (DOX) in the context of anticancer 
activity.

In summary, the landscape of breast cancer treatment 
employing microtubule-targeting drugs has been influenced by 
notable side effects, sparking the search for more effective and 
better-tolerated alternatives. Noscapine and its derivatives pre
sent a unique avenue by preserving microtubule structural 
integrity while slowing their dynamics. Through meticulous 
modification of the noscapine molecular scaffold, a variety of 
derivatives have been crafted, displaying enhanced tubulin 
affinity, growth inhibition, and cell cycle arrest properties. This 
study introduces a novel derivative, PYNos, and investigates its 
synergy with docetaxel for potential anticancer effects.

Materials and methods

Protein preparation

In this phase, we initiated the protein preparation by sourcing 
the crystal structure of the amino noscapine-tubulin complex 
(PDB ID: 6Y6D) with a resolution of 2.20 Å (Oliva et al., 2020) 
from the Protein Data Bank (PDB). Through a meticulous man
ual examination and refinement of the structure, we obtained a 
complex comprising both the ‘a’ and ‘b’ chains of the protein. 
Our approach to protein preparation was executed systematic
ally, incorporating the following steps to ensure the integrity of 
the structure. Firstly, any absent hydrogen atoms were added 
to the complex. Subsequently, we undertook a multi-step pro
tein preparation process utilizing the Schrodinger software’s 
protein preparation wizard. As a part of this process, water mol
ecules present in the complex were excluded.

To maintain the stability and balance of the structure, 
side chains that did not play a role in the binding cavity and 
lacked participation in salt bridges were neutralized. To fur
ther refine the energy state of the obtained complex, we 
employed the OPLS 2005 force field coupled with the PRCG 
(Polak & Ribiere, 1969) algorithm. This strategic combination 
facilitated the reduction of energy within the complex, ultim
ately enhancing its overall stability and suitability for subse
quent analyses. Protein preparation strategy involved a 
meticulous series of steps to optimize the structure’s quality. 
This approach not only ensured the presence of critical com
ponents but also optimized the energy balance, thus estab
lishing a solid foundation for our subsequent investigations.

Ligand refinement
Crystal structure of PYNos and DOX was initially created in 
ChemDraw and then imported to Maestro (Schrodinger) for 
subsequent refinement. Energy minimization was carried out 
using Schrodinger’s macro model, employing the PRCG algo
rithm (Polak & Ribiere, 1969) in conjunction with the OPLS 
2005 force field. Further refinement involved geometric opti
mization through Jaguar (Schrodinger) utilizing the B3LYP 
method (Becke, 1993; Binkley et al., 1980; Gordon et al., 
1982; Lee et al., 1988). The generation of distinct molecular 
isoforms was accomplished using Ligprep (Schrodinger).

Analysis of PYNos through molecular modelling as a 
tubulin-binding agent and its interaction with docetaxel
Employing the Glide XP (Extra Precision) docking algorithm 
by Schr€odinger (Halgren et al., 2004), both PYNos and DOX 
were subjected to docking with the ab-tubulin dimer. The 
docking process positioned them at the centroid of their 
respective binding sites. For the molecular dynamics (MD) 
simulation, the Amber 16 simulation package was employed. 
The simulation encompassed four scenarios: (a) PYNos 
docked with tubulin, (b) DOX docked with tubulin, (c) the 
combined presence of PYNos and DOX with tubulin, and (d) 
tubulin alone. Prior to the simulation, the protein and ligand 
structures were optimized. Missing hydrogen atoms were 
added, and the respective parameters for molecules were 
allocated using the FF14SB and GAFF force fields, as outlined 
by Jordan and Wilson (2004). The methodologies outlined in 
earlier work (Dash, Kantevari, et al., 2021) were followed for 
these procedures.

Biology

Cell lines and chemicals
The lead compounds noscapine and docetaxel were pro
vided by Sigma. To synthesize the potent derivatives of 
PYNos, chemical synthesis was employed followed by refine
ment and purification using HPLC. Additional chemicals and 
culture media essential for cell culture were procured from 
Mediatech and Cellgro. The MCF-7 breast cancer cell line was 
obtained from NCCS in Pune, Maharashtra, India. For prepar
ing a stock solution (100 lM) of PYNos, dimethyl sulfoxide 
(DMSO) was utilized and stored at 4 �C. The cells were culti
vated in Dulbecco’s modified Eagle medium (DMEM), con
tained antibiotics and 10% fetal bovine serum (FBS), and 
were kept at 37 �C with 5% CO2 and 95% humidity.

In vitro cytotoxicity assay using MCF-7
In this experiment, we conducted an in vitro cytotoxicity 
assay using the MCF-7 human breast cancer cell line to 
assess the antiproliferation activity of test compounds. The 
cells were cultured in 96-well plates at a density of 3� 103 

cells per well. The test compounds used were PYNos and 
DOX. For the assessment of PYNos, the cells were treated 
with various concentrations: 0, 5, 10, 25, and 50 mM. Similarly, 
for DOX, the cells were treated with varying concentrations: 
0 mM, 0.001 mM, 0.01 mM, 0.1 mM, and 1 mM. To study the com
bined effect of PYNos and DOX, the cells were treated with 
different concentrations: 5 mM PYNos þ 1 mM DOX, 10 mM 
PYNos þ 0.1 mM DOX, 25 mM PYNos þ 0.01 mM DOX, and 
50 mM PYNos þ 0.001 mM DOX. These treatments were 
administered directly to the medium after allowing the cells 
to adhere for 12 h. Cell viability was assessed through the 
implementation of the 3-(4,5-dimethylthiazol-2-yl)-2,5-ditetra
zolium bromide (MTT) assay. This assay allowed us to assess 
cell viability after a specific duration of time. (Dash et al., 
2020, 2021, 2021).
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Isobologram analysis was used to determine the drug 
interaction
Isobologram analysis, a more traditional method, is used to 
evaluate the additive, synergistic, or antagonistic effects of 
the compounds PYNos and DOX. This approach has been 
discovered and mathematically verified effectively. Since the 
combination of PYNos and DOX has been utilized in a vari
able dose ratio, a standardized isobologram for the two 
drugs at their IC50 was automatically created by CompuSyn 
software (ComboSyn Inc., Paramus, NJ) (Dash et al., 2021). It 
was accomplished using Chou-Talalay’s combination index 
(CI) method. The positioning of combined data points on the 
normalized isobologram indicates an additive effect (when 
points align with the hypotenuse), synergism (if points clus
ter in the lower-left quadrant), or antagonism (if points clus
ter in the upper-right quadrant). Logit regression analysis 
was used to determine the IC50. In order to interpret the 
fractional inhibitory concentration (FIC), the formula shown 
below was utilized:

FIC ¼
Conc:of drug in combination to produce IC50

Conc: of drug alone require to produce IC50 

The drug-drug interaction was categorized based on the 
cumulative FIC value for every compound as calculated using 
the formula below.

Sum FIC ¼
IC50 of drug A in combination

IC50 of drug A alone

þ
IC50 drug B in combination

IC50 of drug B alone 

Cell cycle analysis
We explored the influence of PYNos and DOX treatments on 
cell cycle regulation in MCF-7 cells, aiming to understand 
their effects on both inhibiting cell proliferation and inducing 
apoptosis. To achieve this, we employed PYNos and DOX as 
interventions to impede the progression of the cell cycle. 
Assessment of cell cycle alterations was conducted using a 
methodology detailed in the work of Dash et al. (2021). We 
employed a flow cytometer, specifically the FACS Calibur sys
tem, to perform cell cycle analysis. This approach allowed us 
to quantify the distribution of cells across distinct phases of 
the cell cycle, providing insights into potential mechanisms 
by which PYNos and DOX influence cell cycle dynamics.

Apoptosis assay by flow cytometry
MCF-7 cells at a density of 5� 104 were cultured in 12-well 
culture plates. The cells were treated with three different 
conditions: PYNos (20 lM), DOX (0.1 lM), or a combination of 
both (25 lM PYNos þ 0.01 lM DOX). The cells were incu
bated for 24 h, following the established protocol outlined in 
a previous study by Dash et al. (2021). The primary focus of 
this study was to observe the movement of phosphatidylser
ine (PS) from the inner to the outer side of the plasma mem
brane, a common hallmark of apoptosis. This process was 
assessed using flow cytometry, specifically the BD FACS 

Calibur instrument, in accordance with the manufacturer’s 
provided instructions.

Tryptophan-quenching assay
In the tryptophan-quenching assay, tubulin at a concentra
tion of 2 lM was obtained through the extraction and isola
tion process from goat brain tissue. This isolation involved 
multiple rounds of GTP-induced assembly and temperature- 
dependent disassembly. The tubulin samples were then sub
jected to incubation with a PEM buffer, PYNos at 20 lM, and 
DOX at 0.1 lM. Additionally, combinations of these com
pounds were tested, specifically a combination of DOX at 
0.01 lM and PYNos at 25 lM. To assess the interactions and 
effects of these compounds on tubulin’s tryptophan fluores
cence, spectrofluorometric titrations were performed. The 
instrument employed for these measurements was the 
FlouroMaxVR 4 spectrofluorometer, manufactured by Horiba 
Scientific located in Edison, NJ. The Fluor Essence 3.5 soft
ware, as detailed in Dash et al. (2020), was utilized to control 
and acquire the spectrofluorometric data.

ANS binding assay
The effects of concentrations of PYNos and DOX, both indi
vidually and in combination, on tubulin were investigated. 
Tubulin (2 lM) was subjected to incubation with PYNos con
centrations (20 lM), along with a consistent DOX concentra
tion (0.1 lM), and with reduced DOX concentrations 
(0.01 lM) in conjunction with either 25 lM of PYNos. 
Subsequently, the samples were treated with ANS (50 lM) 
and kept in the dark at 25 �C for 15 min. This process follows 
established methods outlined in previous studies (Chougule 
et al., 2011; Mahaddalkar et al., 2017). The goal of this pro
cedure was to assess potential changes in tubulin structure 
and behavior in response to the different compound 
concentrations.

Breast cancer xenograft models
The experimental procedures concerning animal subjects 
underwent ethical evaluation and received approval from the 
Institutional Animal Ethics Committee at the National 
Institute of Pharmaceutical Education and Research (NIPER) 
in Hyderabad. The approval reference number was 1548/PO/ 
Re/2011/CPCSEA. The procedures adhered to the established 
standards set by the Indian government for animal experi
mentation. Female BALB/c immunodeficient nude mice, aged 
8–10 weeks, were housed in sterilized cages. To initiate the 
experiments, a suspension of 1� 106 MCF-7 cells in 0.2 mL of 
phosphate-buffered saline (PBS) was subcutaneously 
implanted in the anterior flank of the mice. Once the tumors 
became visible, which typically took 7–10 days, administra
tion of the test drugs began. The mice were categorized into 
four distinct groups:

1. Group 1 (Control): Comprising five animals, this group 
was subjected to a daily oral dosing of a vehicle solu
tion—acidified water at pH 4.0.
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2. Group 2: In this group, five animals were administered 
PYNos at a dose of 150 mg/kg/day.

3. Group 3: five animals in this group were treated with 
DOX at a dose of 1.5 mg/kg/week, administered 
intravenously.

4. Group 4: This group comprised five animals that 
received a combined treatment of PYNos and DOX. The 
doses were PYNos at 300 mg/kg/day and DOX at 1.0 mg/ 
kg/week, both administered intravenously. This strategy 

was devised to attenuate the dosage of docetaxel while 
concurrently augmenting the PYNos dosage, thereby 
mitigating concentration-dependent docetaxel-associ
ated toxicities.

Tumor volume measurements were conducted on alter
nate days using vernier calipers in three transverse orienta
tions. The tumor volume was calculated using the formula 
V¼ p/6 � (length�breadth� height), as described by 

Table 1. The results of the docking score (Glide XPscore) and the exposure energy parameters.

Ligands Glide XPscore (kcal/mol) Glide Evdw (kcal/mol) Glide Ecoul (kcal/mol) Glide Energy (kcal/mol)

PYNos −5.67 −28.76 −9.01 −37.78
DOX −4.94 −37.80 −8.24 −38.35
PYNos docked with Tubulin_DOX complex −8.99 −40.99 −10.19 −51.19
DOX docked with PYNos complex −5.88 −38.26 −11.96 −50.22

Figure 1. MD simulation at 100 ns were analysed using the root mean square deviations (Ca-RMSD).

Figure 2. The root mean square fluctuation (RMSF) of the docked ligands’ tubulin residues in the bound and unbound tubulin heterodimer shape.

4 S. G. DASH ET AL.



Figure 3. Overview of the binding mode of both the ligands and their ligplot analysis. The ligplot analysis showing the binding mode of (a) PYNos in single and 
(b) DOX in single. The binding site residues involved in the interaction of PYNos are slightly different in combination with DOX. Similarly, the ligplot analysis show
ing the binding mode of (c) PYNos when it is docked into the co-complex of tubulin and DOX (d) DOX when it is docked into the co-complex of tubulin and 
PYNos. The binding site residues involved in the interaction of DOX are slightly different in combination with PYNos. The hydrogen bonds formed (if any) are repre
sented as dotted lines.
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Tomayko and Reynolds in 1989. At the end of the experi
mental period, on day 30, the mice in Group 1 (control) were 
euthanized due to extensive tumor growth. This time point 
served as a terminal endpoint for the control group. This 
endpoint was chosen to compare tumor growth among the 
untreated, PYNos-treated, and DOX-treated mice.

Histologic and hematologic analyses
On the 40th day of the experiment, tumor-bearing mice that 
had undergone treatment with PYNos and DOX, both separ
ately and in combination, along with untreated tumor-bear
ing mice, were anesthetized using an overdose of 3.5% 
chloral hydrate (0.2 mL). Hematological samples were 
obtained directly from the heart and analyzed using a CBC 
analyzer from CDC Technologies located in Oxford, CT. 
Subsequently, specific sections of interest and the tumors 
themselves were extracted. To prepare for histological exam
ination, the animals were perfused with a solution containing 
3% paraformaldehyde and 2% glutaraldehyde in phosphate- 
buffered saline (PBS) at a pH of 7.4. The extracted sections 
and tumors were then embedded in paraffin. Tumor viability 
was assessed by examining sections of tumors stained with 
hematoxylin and eosin. This approach allowed for a compre
hensive evaluation of the effects of the different treatments 
on tumor-bearing mice, including those adminstred with 
PYNos and DOX either separately or in combination, as well 
as untreated mice with tumors.

Results and discussion

Molecular modeling

There is a strong probability that both noscapinoids and 
docetaxel will have an additive impact because they are 
both known to bind to tubulin at distinct binding sites (Dash 
et al., 2021; Naik et al., 2011). To evaluate the predicted bind
ing affinities of ligands separately and in combo, we molecu
larly docked them twice to their binding pockets. DOX and 
PYNos docked separately to their appropriate binding sites 
in the first cycle, with docking scores of −5.67 kcal/mol and 
−4.94 kcal/mol, accordingly (Table 1). The tubulin-PYNos co- 
complex was taken in the second cycle and DOX was docked 
at its binding site to evaluate the change in DOX binding 
affinity in single and combination modalities with PYNos. 
Correspondingly, the DOX-tubulin co-complex was chosen 
and PYNos was docked to its binding site to evaluate the 

difference in binding affinity of PYNos in the single and in a 
combined regimen with DOX.

The docking score of PYNos (−5.67 kcal/mol) was decreased 
to −8.99 kcal/mol due to the docking of DOX. Similarly, the 
docking score of DOX (−4.94 kcal/mol) was further decreased to 
−5.88 kcal/mol when PYNos was docked. Compared to single 
binding, the significant reduction in the docking score when 
both the ligands were bound together may be due to the alter
ation in tubulin conformation (Najmanovich et al., 2000).

MD simulation
Tubulin-PYNos and Tub-DOX complexes, as well as Tub- 
DOXþ PYNos, were used in MD simulations of 100 ns to study 
the binding of both PYNos and DOX. In order to track the sta
bility of the process, root mean square deviations (RMSD) of C 
a-atoms were calculated for each frame (Figure 1).

Residue numbers were displayed against the RMSF values 
depending on the 100 ns trajectory (Figure 2). More versatil
ity seems to be demonstrated by residues with significantly 
larger RMSF. Both PYNos and DOX were well positioned 
within the binding cavity. PYNos demonstrated effective 
docking at the a and b-tubulin interface, whereas DOX 
exhibited a binding preference primarily towards b-tubulin 
(Figure 3(a,b)).

Chemistry

Synthesizing various noscapine derivatives poses a challenge 
due to the inherent instability of the C–C bond within the 
isoquinoline and isobenzofuranone ring elements, rendering 
them susceptible to strong acids and bases. Additionally, 
achieving a standardized approach for fusing PYNos without 
disrupting this responsive C-C bond remains complex. In this 
context, the reaction between 9-bromonoscapine and 3-pyr
idyl boronic acid was executed under nitrogen using Pd 
(PPh3)4 (0.049 lmol) and sodium bicarbonate (0.82 lmol). 
Thorough characterization of both 9-Br-Noscapine and PYNos 
was conducted through 1H, 13 C NMR, mass (ESI and HRMS), 
and IR spectral data (Scheme 1).

Biology

Novel PYNos prevents the growth of MCF-7 cancer cells
The potential of PYNos to inhibit the proliferation of MCF-7 
in single-agent and combined regimens with DOX was 

Scheme 1. Synthesis of 9-(3-Pyridyl) noscapine (PYNos): reaction conditions. (i) 48% HBr, Br2-water, rt, 2h, 90% (ii) 3-Pyridyl boronic acid, Pd(TPP)4, NaHCO3, EtOH/ 
Toluene, 120 

�

C, 48 h, 62%.
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analyzed. Elevated concentrations of PYNos and DOX, 
whether administered individually or in combined formula
tions, exhibited heightened anti-proliferative efficacy (Figure 
4). PYNos displayed IC50 values of 11.0 lM (48 h) and 8.4 lM 

(72 h), while DOX exhibited IC50 values of 0.028 lM (48 h) 
and 0.015 lM (72 h). After 48 and 72 h of treatment, the com
bined regimen of PYNos (25 lM) and DOX (0.01 lM) reduced 
cellular growth by substantially 50% (Figure 4(c)). Findings 
showed that PYNos and DOX significantly decreased the dos
age and time-dependent viability of MCF-7 cells compared 
to control with treated.

Interaction between the two agents has also been eval
uated (Figure 5) using their sum FICs and isobologram repre
sentation. The cumulative FICs value was determined to be 
0.8 and 0.76 both at 48 and 72 h. The combined regimen dis
plays synergistic antiproliferative efficacy at both 48 and 72 h 
of exposure, according to the isobologram of PYNos with 
DOX (sum FIC <1).

Cell cycle analysis
To verify the induction of apoptosis, FACS was used to inves
tigate the effect of PYNos and DOX on the cell cycle profile 
of MCF-7. The results are shown in Figure 6. A reliable indica
tor of cell cycle profile and cell death is fluorescently labeled 
DNA deposition. The G1 stage is represented by the cells 
with 2 N DNA. In contrast, cells with duplicated 4 N DNA indi
cate G2/M phases. Cells in the DNA replication process with 
peaks of 2 N and 4 N reflect the S phase as DNA is being syn
thesized, whereas less is shown in populations of dying cells 
that reduce their DNA to different extents. Substantial cell 
cycle profiling alterations were seen after test substances 
were administered to MCF-7 cells for 48 h. The FACS data 
indicates high cell accumulation in the G2/M phase following 
48 h of treatment with PYNos (20 lM) and DOX alone 
(0.1 lM) and in combined regimens (25 lM PYNos þ 0.01 lM 
DOX), relative to untreated cells.

Apoptosis assay
We investigated whether PYNos, alone or in combination 
with DOX, caused apoptotic cell death in breast cancer cells. 
The translocation of phosphatidylserine, which is typically on 
the inner leaflet of the cell membrane, to the outer leaflet 

Figure 4. The bar chart depicts the impact of treatment with PYNos and DOX 
administered individually and in combination on the percentage of cell viability 
in MCF-7 cancer cells. The results indicate a significant reduction in cell viability 
following treatment with both PYNos and DOX, either as single agents or in 
combination. This decrease in cell viability suggests the potential cytotoxic 
effect of the treatments on MCF-7 cancer cells. The experiments were per
formed in triplicate, and the data shown are representative of these replicates.

Figure 5. The interactions between PYNos and DOX in vitro are shown by 
isobolograms.
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can be detected fluorescently by annexin V binding. The 
apoptotic mechanism is biochemically linked to changes in 
the lipid composition of the cell membrane. Apoptotic cells 
can be measured to a substantial extent using FACS analysis. 
Figure 7 demonstrates the density plots procured from con
trol and treated MCF-7 cells. As expected, the amount of 
PYNos (25 lM) þ DOX (0.01 lM) treated apoptotic cells was 
26.1% (early apoptotic cells) and 19.9% (late apoptotic cells). 
In contrast, treatment with a single regimen of PYNos 
(20 lM) leads to 13.0% early apoptotic cells and 8.56% late 
apoptotic cells and DOX (0.1 lM) leads to 11.0% early apop
totic cells and 3.99% late apoptotic cells. This finding 
revealed that the possible combined effect of PYNos and 
DOX would efficiently induce apoptosis in cancer cells and 
represent a promising potential of reducing DOX toxicity

Tryptophan quenching Assessment
Tubulin’s autofluorescence originates from its tryptophan con
tent. The diminishing fluorescence intensity at rising PYNos and 
DOX concentrations, whether separately or combined, implies 
their binding to tubulin. Comparable differences in fluorescence 

intensity were observed as 34.03% (20 lM PYNos), 30.51% 
(0.1 lM DOX), and 68.72% (combined 0.01 lM DOX and 25 lM 
PYNos) (Figure 8). In the combined PYNos and DOX treatment, 
the notable decline in tubulin’s fluorescence intensity under
scores the concurrent binding of both ligands with tubulin.

PYNos and DOX altered the morphological features of tubulin
PYNos tubulin treatment significantly improved tubulin-ANS 
fluorescence intensity in a concentration-dependent manner 
(Figure 9). At 20 lM of PYNos, the fluorescence intensity was 
found to be improved by 25%, whereas DOX (0.1 lM) was 
higher than unbound tubulin by 42.9%. Corresponding to this, 
when PYNos (25 lM) and DOX (0.01 lM) were administered 
synergistically, the fluorescence intensity of the tubulin-ANS 
fluorescence increased to 59% suggesting that the structural 
integrity of tubulin is being gradually compromised.

Antitumor activity
Administred with PYNos (150 mg/kg/day), DOX (1.5 mg/kg/ 
week, i.v), or in combination (PYNos 300 mg/kg/dayþDOX 

Figure 6. Panels (A) to (D) illustrate the cell cycle distribution of MCF-7 cells in a two-dimensional arrangement after 48 h of treatment with a single regimen of 
20 mM of PYNos and 0.1 mM of DOX or a combined regimen of 25 mM of PYNos and 0.01 mM of DOX. The outcomes demonstrate progression through the mitotic 
cell cycle followed by the appearance of a prominent hypodiploid (Sub-G1) DNA peak, which is a hallmark of apoptosis.
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1.0 mg/kg/week, i.v,) significantly reduced tumour volume as 
compared to control (p< 0.001) (Figure 10(A)). By the 40th 
day post tumor implantation, the tumor volume exhibited 

reductions to 620 mm3 through combination treatment, 
946 mm3 with DOX, and 1122 mm3 with PYNos, compared to 
the initial 1630 mm3 in the untreated control group. Solid 

Figure 7. Flow cytometric investigation of the induction of apoptotic cell death by PYNos alone and in combination with DOX.

Figure 8. PYNos and DOX, when proposed either individually or in combin
ation, significantly decrease the fluorescence intensity of tubulin and the emis
sion spectra were obtained (320 nm–400 nm). the graph demonstrates the 
outcomes of three independent observations.

Figure 9. PYNos and DOX, both alone and in combination, increase the fluores
cence of the tubulin-ANS protein. Tubulin (2.0 lM) was incubated alone (control), 
with PYNos (20 mM), DOX (0.1 mM), or in combination (PYNos 25 mMþDOX 
0.01 mM). the graph is representative of three independent experiments.
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Figure 10. (A) On a human MCF-7 tumour xenograft model, the development profile of tumour growth kinetics of in-vivo anticancer effect of treatment dosages 
of PYNos and DOX alone and in combination regimen (tumor volumes, mm3 ± SEM), (B) and body weight measurements after PYNos alone, DOX alone, and in 
combination regimens. Female nude mice with xenograft MCF-7 tumours underwent various treatments for 30 days starting on day 7 post-tumor implantation. 
PYNos (150 mg/kg/day), DOX (1.5 mg/kg intravenously), and PYNos 300 mg/kg/dayþDOX 1.0 mg/kg/week were administered to the mice. The group under control 
only received a vehicle. The significant difference in tumour volume between the treatment groups and the control group is statistically significant. p< 0.01(��, 
significantly different from PYNos and DOX single treatments; �, substantially different from untreated controls). This experiment was conducted twice.
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tumors in untreated mice ranged in size from 5.6 g to 10.5 g 
(mean 7.8 ± 2.0 g) in weight. The significant administered 
groups had only modest palpable tumours and a consider
able regression in tumour growth. The average tumor weight 
with standard error for both control and experimental mice 
is illustrated in Figure 10(B). In comparison to untreated con
trol mice, PYNos and DOX administered individually and in 
combination protocols reduced tumor growth found to be 
significantly (p< 0.001). These results demonstrate that when 
PYNos and DOX are administered together, the tumor size is 
significantly reduced compared to when PYNos and DOX are 
administered separately. Additionally, we found no obvious 
weight reduction following the drug treated as compared 
with the untreated group mice (Figure 10(C)).

Toxicity analysis
The severe adverse reactions to chemotherapy are one of 
the biggest challenges in the context of cancer therapy. 
While tubulin-binding drugs such as vinca alkaloids and taxanes 
have been received clinical approval, they are known to induce 
undesirable complications (Rowinsky, 1997). Developing a treat
ment regimen that is stable and well-tolerated would therefore 
be essential. In order to determine whether PYNos and DOX 
had any harmful effects on healthy tissues when used alone or 
in combination, we looked at the liver, kidney, lung, and heart 
of tumor-bearing mice. Figure 11 illustrates the hematoxylin 
and eosin (H&E) staining performed on 5.0-micron thick sec
tions of paraffin-embedded liver, kidney, lung, and heart tissues, 
captured at a magnification of 200�. Moreover, we identified 

Figure 11. Represent H&E staining of paraffin-embedded 5.0 micron-thick sections of (a)Vehicle, (b) PYNos (150 mg/kg body weight/day), (c) DOX (1.5 mg/kg body 
weight/ week), (d) (PYNos 300 mg/kg body weight/dayþDOX 1.0 mg/kg body weight/week, the heart, lung, kidney and liver at a magnification of 200�.

Table 2. Treated animals with (a) Vehicle, (b) PYNos (150 mg/kg body weight/day), (c) DOX (1.5 mg/kg body weight/ week), (d) (PYNos 300 mg/kg body weight/ 
dayþDOX 1.0 mg/kg body weight/week showed no difference in different blood parameters indicating lack of toxicity.

Parameter Vehicle
PYNos (150 mg/kg  
body weight/day)

DOX (1.5 mg/kg  
body weight/ week)

PYNos (300 mg/kg  
body weight/day) þ DOX (1.0 mg/kg  

body weight/week)

WBC count (103/mL) 3.6 ± 1.5 3.8 ± 1.7 3.9 ± 1.4 3.8 ± 1.2
Monocytes (%) 0.5 ± 0.03 0.4 ± 0.03 0.6 ± 0.02 0.5 ± 0.04
Eosinophils (%) 0.8 ± 0.02 0.7 ± 0.03 0.6 ± 0.04 0.7 ± 0.06
RBC count (106/mL) 4.9 ± 0.08 5.2 ± 0.2 5.9 ± 0.3 5.8 ± 0.6
Haemoglobin (g/dL) 14.2 ± 2.6 15.8 ± 1.5 16.2 ± 1.9 14.9 ± 2.1
Hematocrit (%) 42.4 ± 1.8 45.2 ± 1.8 47.2 ± 2.4 44.7 ± 2.7
Mean corpuscular volume (fL) 63.4 ± 1.7 65.5 ± 3.6 68.9 ± 1.6 64.8 ± 3.5
Mean corpuscular hemoglobin (pg/cell) 28.2 ± 1.5 27.8 ± 1.4 30.4 ± 1.5 29.4 ± 1.7
Mean corpuscular hemoglobin concentration (g/dL) 28.4 ± 1.6 32.1 ± 2.3 33.9 ± 1.8 29.7 ± 1.3
Platelet (103/mL) 93.5 ± 2.4 99.2 ± 4.6 98.6 ± 5.7 95.7 ± 3.6
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no differences in hematological and biochemical parameters 
between treated and control animals (Table 2).

Discussion

The presented study investigated the potential synergistic 
effects of the combination of PYNos (a novel noscapinoid 
derivative) and DOX (docetaxel) that impair the proliferation 
of MCF-7 breast cancer cells. The research encompassed sev
eral key aspects, including molecular modeling, molecular 
dynamics (MD) simulations, chemical synthesis, biological 
assays, and toxicity analysis. Molecular modeling and MD 
simulations were utilized to explore the binding affinities 
and stability of PYNos and DOX individually and in combin
ation with tubulin, the target protein. The results indicated 
that both ligands bind to distinct sites on tubulin. Both 
ligands proved to have a stable affinity with tubulin, as evi
denced by the molecular dynamic simulation for 100 ns. As a 
comparison to their individual treatment regimens, the 
reduction of proliferative activity was improved dramatically 
when both treatments were administered simultaneously. 
The docking scores revealed strong binding affinities, which 
were further reduced when the ligands were docked 
together. The combination of PYNos and DOX demonstrated 
synergistic antiproliferative efficacy, as evidenced by the sum 
of FICs and isobologram analysis. The treatment with PYNos 
and DOX, both separately and in combination, led to signifi
cant cell cycle profile alterations, with a pronounced impact 
on the G2/M phase, indicating potential disruption of cell 
cycle progression. Fluorescence quenching assay and mor
phological analysis of tubulin indicated that both PYNos and 
DOX bind to tubulin, affecting its structural integrity. The 
toxicity analysis indicated that the combination treatment 
did not induce adverse effects on healthy tissues, as 
observed in histological and biochemical assessments.

Conclusion

Intensive molecular modeling, cellular and biochemical data 
analysis, and in vivo animal experimental tests have all dem
onstrated the importance of synergistic effects of the 
recently discovered noscapine derivative (PYNos) and doce
taxel. The overall results of the study collectively suggest 
that the combination of PYNos and DOX exhibits promising 
antitumor effects on breast cancer cells. The synergy 
between these agents was evident in multiple aspects, 
including antiproliferative effects, apoptosis induction, cell 
cycle alterations, and tumor growth reduction. Additionally, 
the combination treatment demonstrated a lack of significant 
toxicity to healthy tissues. The concurrent utilization of 
PYNos and DOX has the potential to introduce an innovative 
approach towards the treatment of breast cancer.
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