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ARTICLE INFO ABSTRACT

Keywords: Breast cancer is the most prevalent form of cancer in women and a major contributor to cancer-
Human breast cancer related fatalities worldwide. Several factors play a role in the development of breast cancer,
Taxodone

encompassing age, hormone levels, etc. Taxodone has shown significant anti-tumor properties in

Efgz:;:zzcjde both laboratory experiments and living organisms. However, its impact on the human MCF-7
Oxidative stress breast cancer cell line has not been researched. This investigation explores the chemo-
Apoptosis preventive potential of taxodone in the MCF-7 breast cancer cells. The anticancer potential of

taxodone against MCF-7 cells was determined by MTT assay. Further, the induction of apoptosis
in MCF-7 breast cancer cells was confirmed via ELISA, which indicated the increased incidences
of chromatin condensation and ssDNA breakage in the MCF-7 apoptotic cells upon 24 h of tax-
odone treatment. The intracellular reactive oxygen species (ROS) level was evaluated using
HoDCFDA fluorescent dye to elucidate the mechanism of action triggered upon taxodone treat-
ment. The increasing intercellular ROS level sequentially activated the caspase-mediated
apoptosis pathway. Consequently, the outcomes revealed that taxodone decreased the cell
viability of MCF-7 dose-dependently. Taxodone triggers apoptosis in MCF-7 cells by increasing
intracellular ROS levels and activating the caspase cascade through the mitochondrial apoptosis-
induced channel, an early marker of apoptosis onset. Our results indicate that taxodone exhibits
anti-proliferative and apoptotic properties against human MCF-7 breast cancer cells, suggesting it
to be a natural anticancer agent.

1. Introduction

Among various types of cancers, breast cancer associated with women’s health is known to be the most common type of cancer. It is
one of the prominent reasons for cancer-related casualties among women worldwide [1]. Breast cancer is a cancer of tissue involving
the inner layers of milk glands, lobules, and ducts (a form of tiny tubes involved in carrying the milk) [2]. Numerous factors are
implicated in causing breast cancer, which include the age of the patient [3], high levels of hormones [4], iodine deficiency in their
diets [5], economic status, and race, etc [6]. The other factors involved in increasing the risk of breast cancers include aging, gene
mutations, history of long menstrual cycle, conceiving problems or mature age first pregnancy, drug practices such as a replacement of
postmenopausal hormone therapy, climacteric overweight, lethargy and use of alcohol [7]. Currently, 21 distinct types of breast

* Corresponding author. Sheikh Hassan bin Abdullah Al Sheikh, King Saud University, Riyadh, 12372, Saudi Arabia.
E-mail addresses: tabakhsh@uj.edu.sa (T. Bakhsh), nalyami@ksu.edu.sa (N.M. Alyami).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.heliyon.2024.e34044

Received 24 February 2024; Received in revised form 19 June 2024; Accepted 2 July 2024

Available online 4 July 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:tabakhsh@uj.edu.sa
mailto:nalyami@ksu.edu.sa
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e34044
https://doi.org/10.1016/j.heliyon.2024.e34044
https://doi.org/10.1016/j.heliyon.2024.e34044
http://creativecommons.org/licenses/by-nc-nd/4.0/

T. Bakhsh and N.M. Alyami Heliyon 10 (2024) e34044

cancers are determined histologically, and there are four variations; each subtype differs [8]. As per the statistics, most of the women
are at a high alarming risk of developing breast cancer, and only 5-10 % of women with breast cancer have genetic mutations in the
breast cancer genes such as BRCA1 and BRCA2. Around 90 % of the breast cancer occurring in the general women population does not
involve these hereditary mutations of breast cancer genes [9].

According to the National Breast Cancer Coalition statistics for Breast Cancer 2020, there have been an estimated 276,480 new
cases of invasive breast cancer diagnosis in women, out of which only 2620 cases were diagnosed in men. Additionally, 1 in 8 women
has breast cancer, and there is a reported death of a woman every 13 min suffering from breast cancer worldwide [10]. Around 20-30
% of women diagnosed with breast cancer were well treated employing anticancer therapies with no further symptoms of cancer.
Later, these patients were found to have frequent recurrence rates [11].

Taxodone is an abietane-type diterpenoid found in plants such as Metasequoia glyptostroboides [12] and S. chorassanica [13].
Taxodone has been shown to possess numerous multi-therapeutic properties such as antibacterial [12], antifungal [13], and anticancer
[14] activities. Previously, some researchers have isolated an abietane-type diterpenoid taxodone from the cone of Metasequoia
glyptostroboides, which showed a potential effect on inhibiting a panel of foodborne pathogenic bacteria [15]. Also, the taxodone
exhibited an antifungal effect against two wood decay fungi, Trametes versicolor and Fomitopsis palustris [16]. Taxodone has been
demonstrated to possess significant anti-tumor properties in vitro and in vivo. However, its role in the human MCF-7 breast cancer cell
line has not been studied. In this study, we present the evaluation of taxodone against the human MCF-7 breast cancer cell lines and
explore the mechanistic pathway through which it induces cell death.

2. Materials and methods
2.1. Chemicals and reagents

Taxodone of highly pure quality, penicillin-streptomycin, fetal bovine serum (Gibco, USA), trypsin, dimethyl sulfoxide (DMSO),
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide regent (MTT) were purchased from Sigma-Aldrich. Eagle’s Mini-

mum Essential Medium (EMEM) cell culture medium was also purchased from Sigma-Aldrich. Except for those listed above, the
chemicals used in this study for molecular studies were of the highest quality. The chemical structure of taxodone is shown in Fig. 1.
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Fig. 1. The effect of taxodone treatment against the human breast cancer cells. (a) The 2D chemical structure of taxodone. (b) The percentage of cell
viability was determined using MTT assay. The experiments were performed in triplicate and results are presented as mean + SD values; the p-values
are represented as follows: * <0.05, ** <0.01, *** <0.001 in comparison with the control untreated group. (c) Clonogenic assay, MCF-7 cells were
cultured in the presence and absence of taxodone over 7 days, followed by crystal violet staining. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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2.2. Cell culture and maintenance

The MCEF-7 cell line (human breast cancer cells) was obtained from American Type Culture Collection (ATCC) and allowed to grow
in EMEM medium supplied with 10 % heat-inactivated fetal bovine serum and stocked under 5 % CO, at 37 °C.

2.3. Cell viability analysis

To evaluate the anticancer potential of taxodone, we treated taxodone to MCF-7 cells for 24 h (h) dose-dependently. In brief, MCF-7
breast cancer cells were seeded at a density of 2 x 10* in a 96-well plate and granted proliferation until reaching their confluence of 80
%. Once the cells had 80 % confluent, they were treated with different concentrations (0, 2, 4, 6, 8, 10, uM) of taxodone for evaluating
its anticancer study against breast cancer cells MCF-7. The cell culture medium was separated from the wells after 24 h, and the fresh
EMEM culture medium (100 pL) was added into each well supplemented with 10 pL of MTT (5 mg/mL) per well, followed by further
incubation of plates at 37 °C for 4 h. After that, the cell culture medium was re-aspirated followed by formation of insoluble formazan
crystals which were then dissolved in DMSO (50 pL) followed by incubation of plates in a plate shaker (Tecan, LabTech, Sorisole, Italy)
for 30 min. A TECAN Infinite-PRO microplate reader was then employed to measure the absorbance at 540 nm, as previously
mentioned [15]. The viable cells produced a dark blue formazan product, whereas no such staining was formed in the dead cells. The
percentage calculation of viable cells was estimated using the following equation: (%) = [100 x (sample absorbance)/(control
absorbance)].

As a confirmation of dead cell counts, a Clonogenic assay was also performed [38]. The MCF-7 cells were seeded in a 12-well culture
plate at a density of 5 x 10* cells/well. The cells were then allowed to attach for 24 h, followed by treatment of cells with taxodone (0,
2,4, 6,10, uM), and the plate containing the treatment cells was incubated at 37 °C for seven days under a CO, atmosphere. Eventually,
the cells were subjected to PBS washing and stained with 0.5 % crystal violet.

Scanning electron microscopy (SEM) studies observing conformational morphological changes, in brief, MCF-7 cells were grown on
coated thin glass slides; after cell growth, all the slides were treated with different concentrations of taxodone (0, 2, 6, and 10 pM)
followed by incubation of 24 h. After which, all treated and control slides were washed with PBS and fixed with 1 % glutaraldehyde,
followed by dehydration using gradient ethanol. The glass slides were then dried in a desiccator, placed on the SEM stage, super-coated
with gold, and visualized under SEM.

2.4. H>DCHFDA staining

For the staying analysis of MCF-7 breast cancer cells, the cells were cultured in EMEM culture medium and enriched with a mixture
of penicillin-streptomycin (1 %) and heat-inactivated fetal bovine serum (10 %) followed by incubation under 5 % CO, environment at
37 °C. For endogenous ROS generation, we treated the human MCF-7 breast cancer cells with varied concentrations of taxodone (0, 2,
6, 10 uM) for 24 h. After the treatment, cells were then utilized for the study of fluorescence analysis according to the protocol of Lee
et al. [16]. In brief, after treatment with taxodone for 24 h, the cells were subjected to phosphate-buffered saline (PBS) washing and
were ice-fixed on 4 % paraformaldehyde for 10 min. Further, the ice-fixed cells were subjected to re-wash with PBS followed by
treatment with 2',7"-dichlorodihydrofluorescein diacetate (H,DCFDA) (20 pM) and further incubated at 37 °C for 30 min. The cells
were then re-washed with PBS, and the cell fluorescence intensity was measured using a fluorescence microscope (Olympus BX50,
Tokyo, Japan).

2.5. Caspase-3 activity

A colorimetric kit caspase-3 assay was used to determine the events of early apoptosis as per the instructions of the kit manual [17].
To this aim, a 96-well plate was used to seed the MCF-7 breast cancer cells (1 x 10° cells/mL), followed by CO3 (5 %) incubation at
37 °C. Cells were treated with taxodone for 24 h while reaching the confluency of 70 %, as reported by Dey and Kang (2020) [17].
Treated cells were washed with 1x ice-cold PBS followed by lysis with cell lysis buffer and then centrifuged (16,000xg for 15 min at
4 °C) to get the cell lysate. Then, the cell lysate was mixed with reaction buffer (85 pL) and Caspase-3 substrate (Ac-DEVD-pNA (10 pL)
as per the information provided in the kit manual (Sigma, MO, USA). Following the protocol of the kit manual, plates containing the
reaction mixture were incubated at 37 °C overnight. After that, the absorbance of treated and untreated reaction mixtures was
measured at 405 nm using an ELISA microplate reader (TECAN 200 infinite PRO).

2.6. Quantitative reveres transcription polymerase chain reaction (RT-PCR)

For quantitative polymerase chain reaction (PCR), total Ribonucleic acid (RNA) was isolated from the MCF-7 breast cancer cells
using the Tri-Reagent as per the published paper [18]. Briefly, 2 Units of Deoxyribonuclease (DNAse) (Invitrogen, USA) were used to
treat 2 pg of total RNA to initiate the RT-PCR reaction. A synthesis complementary DNA (cDNA) kit (Bio-Rad, USA) was employed to
perform the RT-PCR following the instructions of the kit manual. The Go Taq qPCR Mastermix (Promega, USA) was used while
performing the q-PCR using a Real-Time PCR thermocycler (Model: CFX96 - Bio-Rad, USA). A housekeeping gene, -actin, was used to
compare the fold-change mRNA expression levels. The 2722t method was used to analyze the experimental data; the heat-map
approach was used to visualize expression data. Table 1 provides information on the primers used in this study.
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2.7. Apoptosis assay

To confirm the apoptosis activation upon taxodone treatment against breast cancer cells MCF-7, we carried out the apoptosis
analysis as previously described by Dey et al. [19]. Briefly, after the denaturation process, a monoclonal antibody against
single-stranded (ss) DNA was used to detect the denatured DNA using the Apo-Strand (Plymouth Meeting, PA, USA). Experiments were
performed following the instructions in the kit manual and according to the standard protocol.

2.8. Statistical analysis

All the experiments in this study were performed to determine the quantitative data, and the expression of experimental data values
was plotted as a mean + standard deviation (SD). For calculating the significance of statistical analysis and group experimental dif-
ferences, one-way analysis of variance (ANOVA) coupled with Tukey’s test and Dunnett’s post-comparison test (multiple groups) were
employed (p < 0.05, **p < 0.01, *** and p < 0.001).

3. Results
3.1. Taxodone exhibits potent anticancer activity against human breast cancer cells

We performed a preliminary evaluation of diterpenoid taxodone’s anticancer role (Fig. 1A) in inhibiting the cell proliferation of this
primary tumor, which has invasive breast ductal carcinoma characteristics. After the MCF-7 cells had reached 70 % confluence, we
treated the MCF-7 breast cell line with taxodone at varying concentrations of (2-10 pM) for 24 h. To evaluate the inhibition of cell
proliferation and cell death by the compound, we performed an MTT cell viability assay, which measures the cell metabolic activity
and is the basis of evaluating live and dead cells [20]. As observed from the results shown in Fig. 1B, the cell viability of MCF-7 cells at
2, 4, 6, 8, and 10 pM of taxodone was found to be 95.08 + 4.61, 84.5 + 6.24, 73.46 + 2.6, 64.78 + 3.2, and 51.69 + 2.24 %,
respectively. Taxodone treatment for 24 h in MCF-7 cells indicated decreased cell viability, with an ICsg value of 6 pM (Fig. 1C). The
ICs of taxodone against the MCF-7 cell line was identified as ~6 puM, indicating a potent dose-dependent inhibition of cell proliferation
at a lower concentration than other anticancer compounds and similar to FDA-approved chemotherapeutic drugs [21]. Collectively,
from the results obtained, we selected a taxodone concentration dose of 2, 6, and 10 pM for the rest of our study, which also showed us
a direction that taxodone treatment has the potential to inhibit the growth of human breast cancer cells.

3.2. Treatment with taxodone elevates the production of intracellular generation of ROS

Natural compound-induced generation of intracellular ROS has been extensively studied and reported [22]. To illustrate and
substantiate the mechanistic role of taxodone, we performed a commonly used HoDCFDA staining technique to analyze the production
of intracellular ROS in MCF-7 breast cancer cells. HoDCFDA is a fluorogenic dye that measures ROS, hydroxyl, peroxyl, and other free
radical activity within cells or tissue. Reports from researchers have shown an imbalance in the redox reaction arising from excessive
amounts of intracellular ROS, which directly damages important biomolecules, DNA, RNA, proteins, and lipids [23]. Concisely,
H,;DCFDA staining was used to treat MCF-7 cells after 24 h of taxodone treatment. The observation from our staining images revealed
that cells had high expression green fluorescence, which was increased in a dose-dependent manner in taxodone-treated groups of 2, 6,
and 10 pM in comparison to a control group that showed fewer green fluorescent intensity in MCF-7 breast cancer cells (Fig. 2A). We
also quantified the green fluorescence intensity in MCF-7 cells, which was calculated through the images from ImageJ software. The
percentage of ROS production for 2, 6, and 10 pM of taxodone was found to be 18.56 + 2.41, 39.52 + 1.64 and 56.46 + 2.66 %,
respectively (Fig. 2B). These results confirmed our assumption that taxodone is directly involved in the generation of ROS in MCF-7
cancer cells, a preceding event that introduced us to the next step of our molecular study in exploring the apoptotic pathway as it was
inconsistent with the studies performed by other researchers for the induction of ROS mediated apoptosis [23].

Table 1
List of primers used in the study.
Gene name Sequence
B-cell lymphoma 2 (Bcl-2) Forward, 5-CTCGTCGCTACCGTCGTGACTTGG-3'
Reverse, 5-CAGATGCCGGTTCAGGTACTCAGTC-3'
BCL2 associated X (BAX) Forward, 5-AAGCTGAGCGAGTGTCTCCGGCG-3'
Reverse, 5-CAGATGCCGGTTCAGGTACTCAGTC-3'
Caspase-9 Forward, 5-GGCCCTTCCTCGCTTCATCTC-3'
Reverse, 5-GGTCCTTGGGCCTTCCTGGTAT-3'
Caspase-3 Forward, 5-CAAACTTTTTCAGAGGGGATCG-3'
Reverse, 5-GCATACTGTTTCAGCATGGCA-3'
p-actin Forward, 5-GAG CTA CGA GCT GCC TGA CG-3'

Reverse, 5-GTA GTT TCG TGG ATG CCA CAG-3'
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Fig. 2. The effect of taxodone treatment on ROS generation was estimated. (a) The representative fluorescent images indicating the effect of
taxodone treatment against the human breast MCF-7 cancer cells (i): Control; (ii): treated with 2 pM; (iii): treated with 6 pM; (iv) treated with 10 pM
taxodone. The scale bar of the images is 100 pm. (b) The fluorescent intensity was represented, and the significance was estimated when compared
to control untreated group. The experiments were performed in triplicate and results are presented as mean + SD values; the p-values are repre-
sented as follows: * <0.05, ** <0.01, *** <0.001.

3.3. Taxodone treatment vehemently activates caspase-dependent execution of MCF-7 breast cancer cells

As discussed in the previous section, taxodone treatment maneuvered the generation of ROS, which aggravated DNA damage in the
cells, spurring necrotic and apoptotic events of either caspase-independent or caspase-dependent pathways to initiate the cell death
machinery [24]. Therefore, we evaluated the activity of caspase-3, the chief executioner of apoptotic cell death, by transforming the
intact cells into a remnant to ingest cells through phagocytosis. This process happens through the caspases known as
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Fig. 3. Effect of taxodone treatment was estimated against caspase 3 activity. The representative graph indicates the statistical significance when
compared to control untreated group. The experiments were performed in triplicate and results are presented as mean =+ SD values; the p-values are
represented as follows: * <0.05, ** <0.01, *** <0.001.
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cysteine-dependent aspartate-directed proteases [25]. Accordingly, we evaluated the activity of caspase-3 through ELISA to determine
whether treatment with taxodone could induce similar apoptotic events in MCF-7 cells by activating the caspases. The results depicted
in Fig. 3 show MCF-7 cells with or without treatment of taxodone. As a result, we observed a significant induction and upregulation of
caspase-3 activity in a dose-dependent manner at a dose of 2, 6, and 10 pM of taxodone. In contrast, the activity of caspase-3 in control
cells was relatively lower compared to the drug treatment groups. This finding substantiated our claim to activate the
caspase-mediated apoptotic pathway after 24 h of treatment with taxodone in human breast cancer cells.

3.4. Taxodone treatment triggers intrinsic apoptosis in MCF-7 human breast cancer cells

Since the activity of caspase-3 was found to be significantly upregulated in taxodone-treated MCF-7 cells, we confirmed the final
execution of cell death by evaluating the activation of apoptosis. To this aim, we performed an ELISA assay for apoptosis detection
using an ApoStrand™ ELISA apoptosis detection kit. This experiment identifies the specifically denatured DNA by formamide and the
detection of denatured DNA with the use of a monoclonal antibody binding to the single-stranded DNA (ssDNA), specific to apoptotic
cells and not for necrotic cells or cells undergoing DNA breakage in the absence of apoptosis [25,26]. The results depicted in Fig. 4
clearly showed apoptosis in MCF-7 cells treated with taxodone for 24 h. The percentage of apoptotic cells significantly increased with
an increase in the concentration of taxodone in comparison to cells that were not treated with taxodone, which exhibited relatively
lower apoptotic cells. In summary, from the obtained results, we confirmed the occurrence of taxodone-induced apoptosis in MCF-7
human breast cancer cells dose-dependently.

3.5. Taxodone treatment alters the mRNA level of apoptosis-associated genes in HCT-116 cells

After confirming apoptotic events to be highly upregulated in taxodone-treated MCF-7 cells, we further targeted to evaluate the
expression of genes involved in regulating the intrinsic mediated apoptosis. To this aim, we treated MCF-7 cells with varying con-
centrations of taxodone (2, 6, 10 pM) for 24 h and extracted total RNA from the MCF-7 cells using the Tri-Reagent. Next, we carried out
the experiment using quantitative PCR analysis. Our study showed differential expression in the mRNA level of the key genes involved
in the intrinsic apoptosis pathway compared with the control cells not treated with taxodone. The relative gene expression was
normalized using a housekeeping p-actin gene and using the specific primers of the target genes involved in the study.

The gene expression of Bcl-2 was higher in control groups than in taxodone-treated groups, which showed a relatively significant
downregulation (Fig. 5A). Higher expression of the genes such as BAX, Caspase 3, and Caspase 9 was observed in all the concentrations
of taxodone treatment groups when compared with the control groups, as shown in Fig. 5B, C, and D. These findings were consistent
with the results of other research reports regarding intrinsic apoptotosis [27]. Similar results confirmed intrinsic cell death via
scanning electron microscopy (SEM) analysis for deep morphological death and leakage (Fig. 6). The images were captured for MCF-7
cancer cells and used as a control for their interactions with different concentrations of taxodone, respectively, as illustrated in Fig. 6.
The images obtained show that there was not much noticeable difference at the initial concentration of 2 pM. However, when the
concentration of taxodone was increased to 6-10 pM, it significantly impacted the growth of cells, and this effect was dose-dependent.
These results substantiated and confirmed the mechanistic role of taxodone in triggering the intrinsic apoptosis signaling pathway
against human breast cancer cells and inhibiting cancer cell proliferation.
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Fig. 4. Taxodone treatment activated apoptosis pathway. The representative graph indicates the statistical significance between the treated and
untreated groups, indicating the increasing percentage of apoptotic cell population upon taxodone treatment in a dose-dependent manner. The
experiments were performed in triplicate and results are presented as mean + SD values; the p-values are represented as follows: * <0.05, ** <0.01,
*+k <0.001.
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Fig. 5. The effect of taxodone treatment was analysis against the apoptosis signaling pathway. The representative graph indicates the statistical
differences in terms of mRNA level between the treated and untreated groups against (a) Bcl2; (b) Caspase-9; (c) BAX; and (d) Caspase-3 gene. The
experiments were performed in triplicate and results are presented as mean =+ SD values; the p-values are represented as follows: * <0.05, ** <0.01,

*** <0.001.

Fig. 6. Confirmation of breast cancer cell death via scanning electron microscopic analysis. Microscopic images obtained through scanning electron
microscopy (SEM) from JEOL Inc. (Tokyo, Japan) show that taxodone causes damage to cells. At a low concentration of 2 pM, there is no visible
change in cell morphology, but at concentrations of 6 and 10 pM, the cells are destroyed by forming apoptotic bodies.



T. Bakhsh and N.M. Alyami Heliyon 10 (2024) e34044

4. Discussion

In this study, we have elucidated the intricate molecular mechanism underlying the apoptotic induction exerted by taxodone in
breast cancer cells (MCF-7). Our findings demonstrate that the taxodone treatment effectively suppressed the growth of cancer cells
and their colony-forming capability in a dose-dependent manner.

An in-silico study has confirmed that taxodone can bind at the isopentenyl diphosphate site of farnesyl diphosphate synthase
(FDPS), which possibly inhibits its activity and could be an interesting target to explore its anticancer activity [28]. FDPS is a key
enzyme that plays an important role in maintaining cancer stemness [29]. Additionally, taxodone treatment induced a significant
generation of reactive oxygen species (ROS), stimulating the activation of caspase-mediated cell death pathways and controlling
cellular proliferation and associated signaling pathways. Consistent with these observations, similar results have been reported in
BCR-ABL-positive myelogenous leukemia cells [30]. Conversely, research has indicated the potential of taxodone to inhibit ROS levels
in serum/glucose-deprived neuronal cells, consequently regulating apoptosis rates [31]. This effect is postulated to be attributable to
the antioxidant properties of taxodone [32]. ROS is well-known to serve as a pivotal signaling bio-molecule implicated in diverse
cellular activities, including cell proliferation, DNA damage, and apoptosis activation. The interplay of ROS levels often serves as a
determinant factor governing the balance between cell survival and death [33]. Recent studies have revealed the significant modu-
lation in ROS levels, potentially inducing DNA mutations and activating distinct pro-oncogenic signaling pathways, which further
fosters cancer progression and angiogenesis [34-36]. Our results and a comprehensive literature review suggest that taxodone
treatment modulates its activity based on cell line specificity and diverse genetic backgrounds. This selective and specific activity of
taxodone makes it a unique and interesting candidate for studying its anti-cancerous activity in detail. Moreover, an abnormal
accumulation of intercellular ROS levels in a cellular environment induces cytotoxic effects, making it an interesting target for
stimulating various signaling pathways in cancer cells compared to normal healthy cells.

The data obtained from this study will help us better understand how taxodone regulates miRNAs, determines therapeutic targets,
and thus potentially consider taxodone as a promising alternative anticancer compound for breast cancer treatment. Based on the
results mentioned here in Fig. 5, the effect of taxodone treatment was analyzed against the apoptosis signaling pathway, supporting the
fact that taxodone has been reported to increase the activation of proapoptotic proteins, such as caspase-9, caspase-3, and Bax, and
inhibited Bcl-2 expression, suggesting that taxodone could induce apoptosis in MCF-7 cells via the caspase-dependent pathway. Similar
findings have also been observed for cordycepin, a major compound of Cordyceps sinensis (Wang et al., 2016) [37].

These findings strongly follow a recent study in which a plant-derived secondary metabolite has been shown to induce cell cycle
assay and consequent apoptosis in various cells [38]. Similarly, taxanes, such as paclitaxel and docetaxel, are widely prescribed
chemotherapeutic drugs. They have been used to treat many forms of cancer, including breast, ovarian, and lung cancers [39,40]. In
recent times, it has been noted that a few plant-originated bioactive compounds have limitations in clinical evaluations. Therefore, an
approach of combined effects with usually utilized chemotherapeutics is knocking on the door to get synergistic outcomes with
increased toxicity levels in cancer cells to the particular drug, thereby reducing the drug dose and toxicity of bioavailability concerns.
Along these lines, several types of research have been carried out for these combinational effects evaluations [41]. For example,
resveratrol has been used as an adjuvant of several existing chemotherapeutic drugs, such as temozolomide, doxorubicin, and
paclitaxel on in-vitro assays and mice models [42]. A few other compounds commonly used as a chemosensitizing agent is curcumin.
When curcumin is combined with docetaxel, a decrease in drug resistance is observed in breast cancer cells [43]. Similar results were
also observed when combined with vincristine, paclitaxel, irinotecan, and cisplatin, enhancing the efficacy of these drugs, compared to
a single treatment [44-47]. As a detailed survey, we have observed that Olga et al. (2013) also reported the cytotoxicity of diterpenoids
containing an abietane skeleton, including taxodone and taxodione, which were found to be the most cytotoxic compounds for human
leukemia cells16. Overexpression of the protective mitochondrial proteins Bcl-2 and Bel-xL did not confer resistance to abietane
diterpene-Taxodone-induced cytotoxicity. Similarly, the earlier findings of Kupchan et al. (1968) were also in the same coordination
with the anticancer effects of texadone [48]. Furthermore, Ahmed and Emary also isolated four diterpenes, taxodone, taxodione,
11-11-hydroxymontbretol, and ferruginol, from Taxodium distichum (L.) rich seeds. Importantly, taxodone and taxodione have been
reported to possess antitumor activity [49].

5. Conclusion

Studies from different researchers have shown the anticancer activity of taxodone through cell death pathways. However, cell
death can be activated through various pathways, such as necrosis, intrinsic and extrinsic apoptosis, caspase-independent apoptosis,
and autophagic cell death. Our findings from this study elucidate the role of taxodone in inducing the excessive generation of
endogenous ROS at a relatively low concentration of taxodone (2-10 pM). The result obtained was the execution of human breast
cancer cell death through ROS-mediated apoptosis. Taxodone significantly inhibited the proliferation of the cancer cells, elevated the
oxidative stress, and avoided the neutralization of the ROS through the antioxidant enzymes in these cancer cells, subsequently
triggering the caspase-mediated intrinsic apoptotic cell death of MCF-7 cells. In summary, our study paves the way for the role of
taxodone as a potential anticancer drug development. Conclusively, our study provides new insights into the mechanical action of
taxodone in human breast cancer cells. The major limiting point of this study might be in large-scale clinical trials and standardization
procedures due to lesser hydrophilic nature and less bioavailability or absorption. However, there is a necessity for more studies to be
conducted using taxodone before approving it for clinical trials by utilizing the strategies of nano-based formulations to improve
solubility or chemical modification to reduce toxicity. Therefore, all limitations of this study could be coordinated with work of
interdisciplinary areas like medicinal chemistry, pharmacology, biochemistry and biology to deeply understand the availability,
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efficacy, safety, mechanism of action and synergistic effects of these new drugs.
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