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Triple-negative breast cancer (TNBC) is difficult to treat and has a low five-year survival rate. In

South Africa, a large percentage of the population still relies on traditional plant-based medicine. To
establish the utility of both methanol and water-soluble extracts from the leaves of Tulbaghia violacea,
cytotoxicity assays were carried out to establish the IC,, values against a TNBC cell line. Cell cycle and
apoptosis assays were carried out using the extracts. To identify the molecular compounds, present

in water-soluble leaf extracts, NMR spectroscopy was performed. Compounds of interest were then
used in computational docking studies with the anti-apoptotic protein COX-2. The IC,, values for the
water- and methanol-soluble extracts were determined to be 400 and 820 pg/mL, respectively. The
water-soluble extract induced apoptosis in the TNBC cell line to a greater extent than in the normal
cell line. RNAseq indicated that there was an increase in the transcription of pro-apoptotic genes in the
TNBC cell line. The crude extract also caused these cells to stall in the S phase. Of the 61 compounds
identified in this extract, five demonstrated a high binding affinity for COX-2. Based on these findings,
the compounds within the extract show significant potential for further investigation as candidates for
the development of cancer therapeutics, particularly for TNBC.
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AB Alamar Blue

Aas Amaryllidaceae alkaloids

CDKs Cyclins and cyclin-dependent kinases
COX-2 Cyclooxygenase 2 protein

DDMP 3-dihydro-3,5-dihydroxy-6-methyl
DFS Disease-free survival

DMSO Dimethyl sulfoxide
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5FU 5-fluorouracil

GMP Guanosine monophosphate

NMR Nuclear Magnetic Resonance

(6N Overall survival

PANTHER  Protein Analysis THrough Evolutionary Relationships
PI Propidium iodide

ROS Reactive oxygen species

RTCA Real-Time Cell Analysis

TNBC Triple -negative breast cancer

UMP Uridine monophosphate

Triple-negative breast cancer (TNBC) is an aggressive form of breast cancer that has a high risk of spreading.
A tenth to a twentieth of all incidences of breast cancer are caused by the faulty cellular mutations that give rise
to TNBC!. These mutations result in downregulated or absent expression of the receptors for progesterone,
estrogen, and human epidermal growth factor receptor 2 on the surface of breast cancer cells?. As a result,
TNBC is difficult to treat, being immune to hormone therapy. The disease also has a high recurrence rate, and
these factors contribute to TNBC patients having a poor overall survival rate®*. Since TNBC subtypes account
for 15-20% of all breast cancers, the number of cases is around 170,000 worldwide*”. TNBC risk factors differ
slightly from those for many other subtypes of breast cancer. Decreased lifelong sensitivity to testosterone,
long periods of breastfeeding, and being younger when giving birth to their first child will generally provide
protection against hormone-positive breast cancer. In contrast to this, the prevalence of TNBC has been found
to be negatively associated with a longer period of breastfeeding®-!!. TNBC has an earlier onset age, with the
majority of TNBC cases being diagnosed and treated by the age of thirty-nine!?. Another important risk factor
that is of particular importance in Africa is the role played by ethnicity in TNBC. Despite the fact that they have
a lower overall breast cancer risk than white women, African American women die at a higher rate!? and have a
higher incidence of TNBC than white women. Additionally, black women tend to be diagnosed with TNBC at
a younger age®'4,

Patients with TNBC are treated with non-specific cytotoxic multi-agent chemotherapy. The effectiveness
of these treatments have been clinically demonstrated'®. Despite their dismal prognosis, TNBC tumors are
particularly chemo sensitive, albeit for a shorter duration than other breast cancers. Polychemotherapy, including
the favorable effect of taxane-containing regimens on various disease-associated factors such as the risk of
recurrence, disease-free survival (DFS), and overall survival (OS) in TNBC, has been shown to be effective in
several trials'®-18,

Plants contain non-nutritive bioactives, a diverse group of organic chemicals known as phytochemicals®.
Recently, phytochemicals isolated from green plants that have previously been used for medicinal purposes have
become the focus of the hunt for new cancer-preventative and cancer-therapeutic compounds®’. Surprisingly,
plants are the source of 47% of FDA-approved medications that may be used to treat cancer. The Madagascar
periwinkle (Catharanthus roseus) is a crucial source of the anti-cancer drugs vinblastine and vincristine,
which are extracted in very low concentrations, approximately 0.0002-0.0005% by weight?!. These alkaloids
are significant due to their potent anti-cancer properties, particularly in treating various malignancies,
including lymphomas and solid tumors®?. Recent research has focused on enhancing the yield and efficacy of
these compounds through synthetic modifications and biotechnological approaches, aiming to overcome the
limitations associated with their low natural abundance?*,

While several of these plant extracts have been explored as anti-cancer drugs in clinical trials, only a few affect
biochemical or molecular pathways that are actively involved in cancer and tumor formation and regulation,
including cell cycle inhibitors, mitogenic signaling antagonists (growth and proliferation), metastasis inhibitors,
and immune system receptors®. One of the most common modes of action for phytochemicals in the treatment
of cancer is through the induction or modulation of autophagy and apoptosis?®~2,

Tulbaghia violacea (T. violacea) Harv. (Amaryllidaceae) is a tiny bulbous plant native to South Africa. The
plant is exclusively found in South Africa, namely in the provinces of Natal, Gauteng, Northwest, Limpopo,
Mpumalanga, and the Eastern Cape. The leaves are hairless and grow on a slender, fleshy stem®. Infusions in
water using Tulbaghia violacea(wild garlic) have been used in traditional medicine in Southern Africa to cure a
variety of ailments, including treating the symptoms associated with a variety of cancers. Many previous studies
using this plant have indicated that it may have verifiable effects on tumor cells. In these studies it was shown that
organic solvent extracts of T. violacea been shown to induce apoptosis in various cancer cell lines accompanied
by the overexpression of p53%°-32}. Other studies have indicated that water-soluble extracts induce apoptosis
through increased caspase expression. The extracts were also shown to be selective for cancer cells, inducing cell
death in these cells at a higher rate than in normal cells®2.

Although T. violacea has been used in traditional medicine to treat various ailments, very little scientific
research has been done to validate these uses. This study involved creating water- and methanol-soluble extracts
from the leaves of T. violacea and testing their ability to kill cancer cells, specifically TNBC cells. This also involved
establishing IC, values for these crude extracts, which would allow for the use of relevant concentrations in
further tests of the anti-cancer nature of these extracts.

Materials and methods

Preparation of plant extracts

Plant extracts of T. violacea were prepared using aqueous and methanol based extractions to obtain a water-
soluble and a non-water-soluble extract. The species of the collected plant material used in this study was
collected from Garden Goods CC, located in Johannesburg, South Africa (PO Box 68859, Bryanston, 2021).
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The collection was conducted in February during the summer season, as seasonal variations can influence
the phytochemical composition of Tulbaghia violacea. plants were confirmed by the staff at the C. E. Moss
Herbarium at the University of the Witwatersrand, and the specimen was cataloged under the reference number
CEM-TULB-2019-215, ensuring the authenticity of the plant material used in the study. The leaves of the plant
were collected, rinsed with water, and, cut and dried for 120 h at 40 °C, a process that is critical for preserving the
integrity of the bioactive compounds??. The plant material was finely ground and passed through an 850-micron
sieve. The extraction of the water-soluble compounds was performed by dissolving 100 g of dry powder in 1 L
of boiled water and allowed to cool for 24 h before filtering. This method is consistent with traditional aqueous
extraction techniques that maximize the yield of hydrophilic compounds®’. The methanol extraction was
performed by dissolving 100 g of dried powder in 250 mL of pure methanol. The filtrate was placed in a Soxhlet
extractor for 72 h. This technique is well-documented for its efficiency in extracting a wide range of bioactive
compounds from plant materials®*. Both extracts were freeze dried to obtain a dry powder, a process that helps
in preserving the bioactive properties of the extracts*. Aqueous extracts were created by dissolving the powder
in a sufficient quantity of either physiological saline, deionized water, or cell culture media. Methanol extracts
were created by dissolving powder in either physiological saline, de-ionized water, or culture media containing
less than 0.5% of DMSO to enhance solubility*”. The stock was then dissolved to the final test concentrations by
dissolving the stock in serum-free culture media. The diluted extract was applied to cells for 24 h in fresh culture
medium containing 10% FBS.

Cell culture

This study utilized MCF-10 A (normal human mammary gland epithelial cells) and MDA-MB-231 (human
mammary cancer cells) cell lines. The MCF-10 A cell line was donated by Professor Raquel Duarte (University
of the Witwatersrand, Department of Internal medicine). The MCF-10 A cell line was cultured in DMEM/F12
media with 5% horse serum, 20 ng/mL EGE, 0.5 pg/mL hydrocortisone, 100 ng/mL cholera toxin, 10 ug/mL
insulin, and 1% penicillin/streptomycin®®. The MDA-MB-231 cell line was revived from frozen stocks (stored
in liquid Nitrogen) and initially purchased from ATCC (HTB-26). The MDA-MB-231 cell line was cultured
in DMEM high glucose media with 10% FBS and 1% penicillin/streptomycin. The MDA-MB-231 cell line is
cultured in DMEM high glucose media with 10% FBS and 1% penicillin/streptomycin.

Cytotoxicity assays

Assay for cell viability with Alamar Blue (AB)

Alamar blue, also known as resazurin, is widely used to determine cell viability due to its non-toxic nature and
effectiveness in various biological applications®**C. Cells were cultured as previously described in a 96-well plate.
The cells were serum-starved for 24 h to synchronize the cell cycle. Different concentrations of plant extracts
were used to treat the cultured cells (100, 200, 300, 400, 500, and 600 ug/mL), with a 0.2% DMSO control.
Untreated controls consisted of cells grown in regular tissue culture media. Cells incubated with 5FU served as
a positive control. Cells were left for 48 h to grow in the presence of the treatments. Following this, the media
was removed and replaced with fresh media with a 10% concentration of Alamar Blue. The cells were incubated
for 4 h. The absorbance of the plates was then read on a Spectromax ABS + plate reader (molecular devices). The
percentage of viable cells expressed as a percentage of AB reduction as a function of dye strength was calculated
using the formula.

(Eoxi600 x A570) — (Eoxi570 x A600) x 100

% Reduction of Alamar Blue Reagent = (Ered570 x C600) — (Ered600 x C570)

Where:

A600 =absorbance of test wells at 600 nm.

Eoxi570=molar extinction coefficient (E) of oxidized Alamar Blue Reagent at 570 nm = 80,586.

Eoxi600 =E of oxidized Alamar Blue Reagent at 600 nm =117,216.

A570=absorbance of test wells at 570 nm*..

The Alamar Blue assay is recognized for its versatility and reliability in various biological applications,
including cytotoxicity testing and cell viability assessments*2. It operates on the principle of cellular reduction of
resazurin to resorufin, which can be quantitatively measured, thus providing a clear indication of cell metabolic
activity®®. Moreover, the assay’s non-toxic nature allows for continued experimentation with the same cell
population after viability assessment, which is a significant advantage in experimental design*®. Recent studies
have optimized the Alamar Blue assay to enhance its replicability and reproducibility, further solidifying its role

in cancer drug sensitivity screens®.

Determination of IC50 values using real-time cell analysis
The xCELLigence Real-Time Cell Analysis (RTCA) system was used to establish the IC, .

Value of both extracts. Varying concentrations of the plant extracts (0, 50, 150, and 350 ug/mL) were used to
treat the cells. In addition to this, a vehicle control for the methanol extracts was added to two wells. The cells
were grown on the e-16 plate while being monitored by the RTCA device for 24 h before treatment. The extracts,
DMSO, or drug were added to each appropriate well at a final volume of 200 uL of media per well. A kinetic
record of the cells was generated after treating them with different amounts of plant extract, offering essential
insights about the cells’ biological condition, particularly cell viability. A figure correlating cell viability with the
logarithm of chemical concentration was created using data obtained from cell impedance. The IC, values for
each crude extract were determined using the RTCA program.

Scientific Reports |

(2025) 15:5737 | https://doi.org/10.1038/s41598-025-88417-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The RTCA system’s ability to continuously monitor cell viability and proliferation makes it an invaluable tool
for determining cytotoxicity, as it eliminates the need for cell termination and labeling, which are common in
other assays*~*’. This method has been shown to provide dynamic intermediary cytotoxicity data that cannot be
delivered in endpoint assays, thereby enhancing the accuracy of IC50 determinations (Ulker et al., 2021). Studies
indicate that DMSO can have varying effects on different cell types, and it is essential to include appropriate

controls to assess its cytotoxicity*$%.

Analyzing the ability of the active plant extract to induce apoptosis in TNBC and normal
breast cells

In order to determine if the active plant extract is able to induce apoptosis, the percentage of treated cells
undergoing apoptosis was determined using the Muse™ Annexin V & Dead Cell Kit (Merck (MCH100105)%.
Five different populations of cells were cultured separately. One population served as the untreated control,
while one served as a positive control for cell death. The remaining three populations were treated with the IC,
concentration of T. violacea water extract, a concentration of water extract slightly lower than the IC,, and a
final concentration of plant extract higher than the IC,,. Cultured cells were serum-starved for 24 h and then
treated with the relevant compounds for 48 h. The plant extracts were dissolved in standard culture medium.
Both the untreated control and the positive control were not treated. After 48 h, the positive control cells were
removed, centrifuged, and the cell pellet was immersed in boiling water to eliminate the cells. The other cell
samples were also detached, and all pellets were resuspended in 1% FBS in 1X Assay Buffer HSC (CatLog No.
4700-325). The cell suspension and the annexin V and dead cell reagent were mixed in a 1:1 ratio (100 uL of
each). This cell mixture was incubated for 20 min before analyzing the Annexin V and dead cell programs
on the Muse instrument. The analysis was calibrated using a positive control consisting of heat-killed cells.
The percentage of live, early apoptotic cells and the percentage of late apoptotic and dead cells for each cell
population were recorded and plotted as a bar graph of the percentage of cells in each population.

Analyzing the effect of the active plant extract on the progression of the cells through the
cell cycle

In order to determine the effects of active plant extracts on the ability of treated cells to progress through the
cell cycle, the DNA content was determined using flow cytometry and propidium iodide (PI) staining®!. Cyclins
and cyclin-dependent kinases (CDKs) regulate cell cycle progression, while checkpoints regulate the cell’s entry
into each phase®2. The cells were treated as before with three different concentrations of T. violacea water-soluble
extract. One concentration below the IC, one above the IC . After 48 h, the cells were harvested and fixed in
ice-cold absolute ethanol. The fixed cells were then rehydrated and treated with RNAse at 37 °C to remove the
RNA?>. The cells were then stained with a 1 mg/mL solution of PI (1 mg/mL) and incubated at 4 °C overnight
in the dark. The labelled cells were subsequently examined using the cell cycle analysis feature on the Muse flow
cytometer.

The use of flow cytometry in this context is well-established, as it allows for the precise measurement of
cellular DNA content, which is essential for assessing cell cycle progression®!. The regulation of the cell cycle by
cyclins and CDKs is a fundamental concept in cell biology, where specific cyclins activate corresponding CDKs
to facilitate transitions between different phases of the cell cycle®’. Moreover, the treatment with T. violacea
extract at varying concentrations provides insight into its potential cytotoxic effects, which can be evaluated
by analyzing the changes in DNA content and cell cycle distribution®*. Recent studies have highlighted the
importance of understanding how plant extracts can influence cell cycle dynamics, particularly in the context
of stress responses and disease resistance in plants®. The methodology involving PI staining is particularly
effective for distinguishing between viable and non-viable cells, as PI penetrates only cells with compromised
membranes, thus allowing for the assessment of cell viability and apoptosis®®.

In summary, the analysis of the effects of T. violacea water-soluble extract on cell cycle progression involves
a systematic approach utilizing flow cytometry and PI staining to evaluate DNA content and cell viability. This
methodology is supported by a robust understanding of cell cycle regulation mechanisms and the implications
of extract concentration on cellular responses. Furthermore, the exploration of phytochemicals in plant extracts
has been shown to induce cell cycle arrest and apoptosis in various cancer cell lines, emphasizing their potential
as therapeutic agents®”%.

Determining the molecular composition of the water-soluble extract

NMR spectroscopy

The NMR tube was cleaned using a method described by Zhang et al.**., and about 10 mg the freeze-dried water-
soluble extract of Tulbaghia violacea leaves was added. All of the substance was dissolved before the sample
was gently shaken. To guarantee that all of the sample was exposed to a uniform magnetic field, the spinner
was turned after it was placed in the magnet. In order to get rid of fingerprints and grime, 2-propanol and lab
tissues were used to wipe the exterior of the NMR tube. The rotor, an autosampler-equipped Varian 600 MHz
spectrometer, was employed. After the NMR test was completed, the spectrum was analyzed, and the peaks were
assigned. An NMR spectrum’s interpretation was performed using an appropriate application to analyze the
spectrum (MestReNova)®.

Computational modelling of the interaction of COX —2 and components of the T. violacea water soluble extract

T. violacea bioactive compounds identified by NMR analysis were chosen and used to search for protein docking
targets using the High-Throughput Docking website. The protein most commonly found in all searches with the
highest average docking score was the Cyclooxygenase 2 protein (COX-2). The 3D X-ray crystal structure of the
protein was retrieved from the Protein Data Bank, we opted to focus on chain A only for both COX-1 (6Y3C)
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and COX-2 (5IKT), because it represents the functional monomer most commonly used in drug discovery and
docking studies. (Fig. 1A,B). The proteins and ligands were prepared using the Protein Preparation Wizard
(Schrédinger, Inc) and LigPrep processing in the Schrédinger Suite. The initial nine compounds derived from
Tulbaghia violacea water extracts was expanded to sixteen due to the generation of chemically plausible variations

A) COX-1 (6Y3C)-Chain A B) COX-2 (SIKT)-Chain A

C) Compounds and their derivatives after ligand preparation
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Fig. 1. The molecules used in the docking analysis. (A) The protein target COX-1 and (B) COX-2. (Protein
Databank, www.rcsb.org). (C) Structure of compounds identified from T. violacea and used for the molecular
docking.
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through tautomerization, protonation state adjustments, and stereoisomer enumeration. Sitemap analysis was
performed to identify notable differences in the binding site characteristics of COX-1 and COX-2.

Sitemap_Cox1_site_5 and sitemap_Cox2_site_2 were selected for the docking comparison. Docking analysis
was performed using Maestro Schrodinger Suite 2024-3. Standard Precision (SP) docking was performed to
rapidly screen plant-derived compounds for their binding potential against COX-1 and COX-2. MM-GBSA
post-docking was performed to provide a more accurate estimation of ligand binding free energy (AGbind),
incorporating solvation effects, protein flexibility, and detailed energetic contributions, offering a comprehensive
evaluation of ligand-protein interactions. Extra Precision (XP) generates more accurate binding poses and
detailed interaction profiles. In the docking procedure, the various conformations for the ligand were generated,
and the final energy refinement of the ligand pose was performed®!. For each tested bioactive compound, the
docking score of the best pose interacting with the target proteins was calculated®.

Next generation sequencing

The next-generation sequencing was performed by Inqaba Biotec Industries (South Africa). The RNA fragments
were analyzed on a bioanalyzer. The sequencing library was prepared using the MiSeq RNA-0 rRNA reduction
library kit from Illumina. Sequencing was performed on a NextSeq550 system®. Paired-end sequencing was
carried out at a depth of 10 million bases for 300 cycles. Following sequencing, the raw sequencing data was
analyzed using the Galaxy platform (Galaxy Europe) (galaxyproject.eu) with a pipeline consisting of the
following tools: Trimmomatic was used to trim the reads, and FastQC was used to generate the quality control
reports®. HiSAT2 was used to align the read. Differential gene expression was then analyzed using the Limma
package (limma-voom). The HG38 human genome was used as the reference genome, and reference mapping
was performed using Bowtie 2. Volcano plots were created using GraphPad Prism, and PANTHER was used
to perform gene ontogeny analysis®. Pathway analysis was performed using PANTHER, Ingenuity Pathway
Analysis, and Reactome®. Finally, the transcript levels of genes involved in apoptosis and the cell cycle were
obtained from the data and plotted in order to identify apoptosis- and cell cycle-related genes whose transcription
levels were altered by treatment with the water-soluble extract.

Statistical analysis

In our project, a one-way ANOVA was performed followed by Tukey’s test for pairwise mean comparison to
analyze the data obtained from apoptosis and cell cycle assays. This statistical approach is crucial for identifying
significant differences among multiple treatment groups, particularly in studies examining the role of COX-2
in apoptosis. The application of one-way ANOVA is well-established in the analysis of variance among different
treatment groups, allowing researchers to determine if there are statistically significant differences in the means
of the groups being compared®”~%°.

Results

The cytotoxic effects of T. violacea leaf extract on normal and TNBC cancer cell | lines

The IC,, values were determined using both real-time cell analysis and the reduction of Alamar Blue. The
xCELLigence system can produce time dependent physiological IC, values, which can be more revealing than
single EC,, endpoints used in traditional toxicity testing. Figure 2A shows the growth curve for MDA-MB231
(parental breast adenocarcinoma cell line, TNBC cell line) cells treated with various concentrations of both the
water and methanol-soluble T, violacea extracts, and the positive control (25uM 5-fluorouracil (5FU)), as well
as a growth control containing media alone and another continuing media with DMSO at a final concentration
of 0.2%. The intermediate concentration of the water-soluble extract was observed to have similar effects to the
positive 5FU control. The highest concentration of the extract completely prevents growth and proliferation after
a small initial increase. It then appears to kill the cells rapidly. This information was used to plot the logarithmic
concentration function (Fig. 2B). This was used to determine the IC, value for the T. violacea water-soluble
extract to be ~ 395 ug/ml against MDA-MN231 cells and 537 pg/mL for the MCF10A cells (Fig. 2B). This means
that a greater concentration of the extract is required to inhibit the growth of 50% of the MCF-10 A cells.
This indicates that the T. violacea extract may exhibit preferential cytotoxicity towards TNBC cells compared to
normal breast cells, a desired trait for prospective anticancer treatments.

DMSO is observed to have an initial inhibitory effect on cell growth, however, the cells seem to recover
from this. The lowest and intermediate concentrations of the extract have similar effects on the cells both of
which are much lower than the effect observed from treatment with 5FU. The highest concentration of extract
decreased growth and proliferation of the cells but only appeared to have cytotoxic effects 40 h after treatment.
This information was used to plot the logarithmic concentration function (Fig. 2A). This was used to determine
the IC, value for the T. violacea methanol soluble extract to be ~ 687 ug/mlL (Fig. 2B).

Dimethyl sulfoxide (DMSO) was employed as a multifunctional solvent as described in”. In this study
DMSO was used to dissolve non-polar compounds extracted using methanol extraction. Although DMSO has
positive uses, there have been reports of significant toxicity towards human cell lines”!’2, Research has pointed
out the possible dangers of DMSO, such as its toxicity and negative impact on human health”’. Concerns of
neurotoxicity linked to DMSO have been highlighted in the cryopreservation of hematopoietic cells’>. Research
has investigated the disintegration of DMSO, uncovering the creation of several decomposition products under
particular circumstances’. Research has been conducted on the autocatalytic breakdown of DMSO because
of safety issues associated with its usage as a solvent’!’%. Research has also examined the heat degradation of
DMSO and its significance in chemical processes”. As a result of this in our study DMSO was initially limited
to a final concentration of 0,5%. However, this failed to dissolve the powdered methanol soluble extract. As such
the DMSO concentration increased until the extract was dissolved. This only occurred at a concentration of 2%
DMSO.

Scientific Reports |

(2025) 15:5737 | https://doi.org/10.1038/s41598-025-88417-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

) B

SN
=]
|

Cell Impedance (CI
- N &)
i

-0.5

[l Media control

|:|5FU (positive control
IDMSO + Media control

Ll’O 3I0
Tim e after treatment (hours)
.T. violacea water extract (300 pg/ml)
.T. violacea water extract (200 pg/ml)
.T . violacea methanol extract (200 pg/ml)
.ZT violacea methanol extract (300 pg/ml) .Z violacea water extract (100 pg/ml)
T. violacea methanol extract (100 pg/ml)

B
160
150
L
1l
< 100
g
=
L%
S
50
0
-4
C
120

Percentage of viable cells
(=
o

.6 -3.4 -3.

Log Concentration

w
L)
o
'
w
'
o
o0

W MDA-MB231 M MCF10-A

y =-2.72x + 99.873
R2=0.9821

\‘L\\I

y =-6.6168x +99.941
R2=0.9821

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

Concentration of extract (ng/mL)

——Water soluble extract Methanol soluble extract

Fig. 2. 1C, determination for the T. violacea water and methanol-soluble extract on MDA MB231 TNBC cells
(A and B) using RTCA analysis. (A) The growth curves for both extracts at various concentrations, including a
media-only and a medium-vehicle control as well as a positive control, which consisted of 5FU at a sub-lethal
level. (B) Determination of the IC, by the RTCA software based on CI being plotted as a function of cell
viability using the controls and the log of the extract concentration. This method gave IC, values of 395 pg/
mL for the MDA-MB231 cells and 537 pg/mL for the MCF-10 A cells (C) Determination of the IC, value for
the extracts using Alamar Blue assays. These assays indicated that the water-soluble extract had much higher
activity than the methanol-soluble extract. Despite this, the RTCA and Alamar Blue assays gave similar results
for both the water-soluble extract (395 and 359 pg/mL) and the methanol-soluble extract (820 and 863 pug/mL).
All experiments were performed with three technical replicates of three biological replicates. A sample of the
data from the RTCA assay is given in Appendix 1 Table S1. A sample of the Alamar Blue assay data is given in

Appendix 1 Table S2.
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In order to perform the Alamar Blue cytotoxicity assay, the cells were treated with various concentrations
of extract before being exposed to Alamar Blue for two hours. Living cells are able to reduce the dye through
metabolic reactions, leading to changes in the color and fluorescence of the dye. These changes can be measured
on a plate reader, and the percentage of viable cells can be calculated by comparing them to an untreated control.
In Fig. 2C, it can be seen that the IC, value for the T. violacea water-soluble extract was 350 pg/mlL, with the
linear relationship between concentration and viability represented by an R squared value of 0/9572. The activity
of this T. violacea water extract isolated from leaves showed the strongest cytotoxicity against the TNBC cancer
cell lines. Much stronger than the activity observed for the T. violacea methanol-soluble extract represented in
Fig. 2C (820 pg/mL). This extract still demonstrated a linear relationship between concentration and viability,
implying that despite its poor activity, it still had a concentration-dependent effect on cell viability. T. violacea
water-soluble extract and T. violacea methanol-soluble extract have similar IC,, values in the Resazurin/Alamar
Blue cell viability assays and the xCELLigence real-time cell analysis (RTCA) system. Due to the high IC,;
values determined for the methanol-soluble extract and the difficulties associated with dissolving this extract
in a non-lethal concentration of DMSO, the majority of further experiments focused solely on the T. violacea
water-soluble extract.

Pro-apoptotic and anti-proliferative activities of T.violacea water soluble extracts

As a consequence of the anticancer activity observed in the cytotoxicity assays, further investigations were made
into the possible pro-apoptotic activity of these plant extracts. An apoptosis detection assay was performed
to determine if the anti-proliferative impact of T. violacea crude extracts was caused by apoptosis or necrosis.
Cells were treated with T. violacea crude extracts for 75 h with a concentration lower than the IC,, the IC,,
concentration, and a concentration higher than the IC,, before being stained with Annexin-V/propidium iodide
(PI) dyes to identify living cells from apoptotic and necrotic cells. Because of their potential to die via necrosis,
heat-killed cells were included as a positive control.

The positive control cells were used to calibrate the Luminex Guava Muse’ cell analyzer, as most of the cells
could be gated as dead cells (Fig. 3A, B). The untreated control for both cell lines showed most of the cells
gathered in the live quadrant, with 86.5% alive for the MCF10A (normal breast epithelial cell line) cells (Fig. 3A)
and 79.2% for the MDA-MB 231 cells (Fig. 3B). Here, less than 10% of either cell line stained for signs of
apoptosis, and only 4.75% of the MCF10A cells were dead. A much larger percentage of the MDA-MB 231 cells
(19%) were dead, but the majority of the cells were alive. Following treatment, the vast majority of the MDA-
MB-231 cells were dead or dying, with 82% in the late stages of apoptosis (Fig. 3B). In contrast to this, while the
extract did induce apoptosis in the MCF10A cells, over 58% of these cells were still alive 72 h after treatment
(Fig. 3A), compared to only 4.7% of the MDA-MB231 cells. The therapy induced greater levels of apoptosis in
the TNBC cell line compared to normal breast cells. IC,, values are determined by nonlinear regression analysis
to properly predict the IC value by fitting the dose-response curve.

Further experiments using various concentrations of this extract revealed that this increase in the apoptosis
levels in the TNBC cells was concentration-dependent, with concentrations half that of the IC, causing little to
no apoptosis. Here, the number of viable cells was similar to that of the untreated cells (Fig. 3C). Interestingly,
treatment did result in a higher number of cells dying due to necrosis, while most of the untreated cells died
due to apoptosis. Treatment with concentrations at or higher than the IC, led to higher levels of apoptosis and
a massive decrease in cell viability. Treatment of the normal MCF10A breast cells clearly led to a significant
increase in cell death. However, this was to a lesser extent than the apoptotic effects observed in the TNBC cells
treated with the same concentration of water-soluble extract.

In order to determine the effects of active plant extracts on the ability of treated cells to progress through
the cell cycle, the DNA content was determined using flow cytometry and propidium iodide (PI) staining. The
cells were treated as before with three different concentrations of Tulbaghia violacea water-soluble extract. One
concentration below the IC,, one above the IC, for 48 h. Figure 4 depicts the results of the cell cycle assay
performed on the TNBC and normal cell lines. The higher concentration was also used to treat the normal breast
cells. The results show that in either the TNBC or normal breast cells, treatment of the cells led to an increase
in the number of cells in the s phase. Cell cycle analysis (Fig. 4) indicated that treatment with the water-soluble
extract of Tulbaghia violacea resulted in a reduction in the proportion of TNBC cells in the GO/G1 phase. This
trend was consistent across concentrations and in both TNBC and normal breast cancer cell lines. This may be
due to the activation of the intra-S-phase checkpoint and a decrease in the number of cells in the G0/G1 phase.
This checkpoint is known to be activated in response to stalled replication forks following DNA damage’s. It is
possible that a component of the crude water-soluble extract is able to inhibit to stall replication leading to the S
phase checkpoint arrest. This observed increase in the S-phase does not conclusively support the activation of an
S-phase checkpoint. The observed shift in cell populations could be due to alterations in cell cycle progression
rather than true checkpoint activation. The extent of the shift toward the S-phase was modest. As such the extract
may not robustly stall cells in the S-phase but could instead influence the balance of progression between G0/G1
and S-phase. This effect could be attributed to potential cytotoxic stress.

Determining the composition of the extract
Figure 5 shows the NMR spectrum obtained from the analysis of the water-soluble T. violacea extract. This
analysis identified approximately 51 separate compounds. These compounds seemed to be more easily identified
by the NMR analysis. A list of some of the compounds studied by these analyses is given in Table 1. The number
of each class of compound is depicted in Fig. 6.

These compounds were detected and quantified, presenting a variety of structures and molecular weights.
The specific biological activities and potential therapeutic applications of these compounds have been noted,
and they range from anti-cancer activity to apoptosis induction and other biological activities. The detailed
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Fig. 3. Apoptosis (Annexin V Assay). The figure displays the findings of an Annexin V experiment comparing
apoptosis in two cell lines: MCF10A (normal breast cells) and MDA-MB231 (triple-negative breast cancer
cells). Panel A shows the MCF10A cell line under three conditions: a positive control with high late apoptosis/
dead cells, untreated cells mostly containing living cells, and cells treated with a water-soluble extract
displaying higher early apoptosis. Panel B displays the MDA-MB231 cell line under three identical settings,
where treatment with the water-soluble extract led to a notable rise in both early and late apoptosis. Panel C
displays a bar graph showing the proportion of viable, dead, early-stage apoptotic, and late-stage apoptotic
cells under various treatments and concentrations for both cell lines. The flow cytometry gating approach was
standardized by employing heat-killed cells to establish the dead cell quadrant, guaranteeing uniform analysis
among samples. Cells were categorized according to their staining with Annexin V and a dead cell stain. Viable
cells were negative for both stains, early-stage apoptotic cells were positive for Annexin V alone, and late-stage
apoptotic or dead cells were positive for both stains. The graph displays p-values above the bars.
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Fig. 4. Cell cycle assay. The Cell cycle analysis indicated that treatment resulted in a reduction in the
proportion of TNBC cells in the GO/G1 phase. This trend was observed in both TNBC and normal breast
cancer cell lines. The observed increase in the S-phase does not conclusively support the activation of an
S-phase checkpoint. The observed shift in cell populations could be due to alterations in cell cycle progression
rather than true checkpoint activation. The extent of the shift toward the S-phase was modest. As such the
extract may not robustly stall cells in the S-phase but could instead influence the balance of progression
between GO/G1 and S-phase. This effect could be attributed to potential cytotoxic stress.
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Fig. 5. Determination of the molecular composition of the T. violacea water-soluble extract. The figure
represents an NMR spectrum of T violacea water-soluble extract.
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Phytochemical compound Exact mass | Formula Refs

Anti-cancer

4 H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-(DDMP) | 144.12 C6H804 86-89
1,2,4-Triazine-3,5(2 H,4 H)-dione 113.08 C3H3N302 90-92
d-Glycero-d-galacto-heptose 210.18 C7H1407 %3
Benzaldehyde, 4-(1-methylethyl) 148.20 CI0H120 o4
Vanillin 152.15 C8H803 9
Oxime-, methoxy-phenyl 151.16 C8H9NO2 9%
Pyrrolidine 71.12 C4HON 7
Schizandrin 4325 C24H3207 98.99
Taurolidine 284.4 C7H16N404S2
alpha.-Pinene 136.23 C10H16

Neurotransmitter inhibitors

Terbutaline, N-trifluoroacetyl-o, 0,0-tris(trimethylsilyl)deriv. 537.8 C23H42F3N048i3 | 100-102
Benserazide 257.24 CI0H15N305 103-105
Antidiarrheal

Difenoxin 4245 [CasH2sN202 [ 1
Anticonvulsant

Mephobarbital (24626 [CI3HI4N203 [
Analgesic, anti-inflammatory

Antipyrine (18823 | CIIHI2N20 [ 1os-10
Antibiologicals (antibiotic. antivirals, antiseptics and antifungals)

Tricyclo [3.3.1.1(3,7)] decan-1-amine 151.25 C10H17N 11,12
Thymol 150.22 C10H140 13
Benzenepropanoic acid 150.17 C9H1002 114-118 ‘
Cycloserine 102.09 C3H6N202 115120
2-Propen-1-amine 57.09 C3H7N 121-125 ‘
Vasodilator

Cyclandelate ‘ 276.4 ‘ C17H2403 ‘ 126-134
Sedative

Ethchlorvynol (14460 | C7HICIO [ 13536
Ancxiolytic and muscle relaxant

Emylcamate (14520 | C7HISNO2 [ 7

Fumigant and larvicide

Methyl formate [ 6005 [ c2H402 [

Marine xenobiotic metabolite

Cycloheptasiloxane, tetradecamethyl- ‘ 519.07 ‘ C14H42078i7 ‘ 140,141

Highly toxic lachrymator
Cyanogen chloride ‘ 61.47 ‘ CNCl ‘ 142142, ‘

Table 1. The chemical composition of crude water-soluble T. violacea extract.

mechanisms of action and potential therapeutic implications are subjects for further research. The therapeutic
potential of these compounds, particularly those with anti-cancer properties, is of significant interest and
warrants additional investigation. Previous research has revealed that T. violacea contains anticancer chemicals
such as flavonoids, polyphenols, and saponins*'’” see Table 23177, Flavonoids have the capacity to trigger
apoptosis, prevent angiogenesis, and disrupt the cell cycle by breaking down the structure of the spindle fiber”s.
Polyphenols have been shown to inhibit cancer cell proliferation by triggering cell cycle arrest, apoptosis, and
cell signaling”®.

The Amaryllidaceae family has over 900 species clustered into 75 genera. The family contains a unique
class of specialized metabolites known as Amaryllidaceae alkaloids (AAs). They are made up of heterocyclic
nitrogen bridges. Over 650 AAs have been isolated thus far and has the isoquinoline nucleus as the basis for their
structure®®. Amaryllidaceae alkaloids are of main interest because of their cholinesterase inhibition potential®!:32,
. In our study we identified various alkaloids although these were not the majority of the compounds isolated.
Another member of the family, the perennial herb Hymenocallis littoralis (Amaryllidaceae) contains many non-
alkaloid components in the extract. These include compounds such as undulatoside A, 8-methylnaringenin and
syzalterin®®. As well as compounds with a similar structure to each other which have structures similar to many
of the compounds we isolated. These include compounds such as 6-methylapigenin, 6-methyl-aromadendrin,
5,7-dihydroxy-6,8-dimethoxy-2-hydroxymethyl-4 H-chromoen-4-one, 4,5,7-trihydroxy-8-methylflavanone,
4,7-hydroxy-8-methylflavanone, isoliquiritigenin, 7,4’-dihydroxyflavane, naringenin and 8-demethylfarrerol®.
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Fig. 6. The number of different types of compounds identified in the T. violacea water soluble extract. The
majority of the identified compounds are Amines, Esters and carboxylic acids. In addition to these there are a
relatively high number of phenols.

4 H-Pyran-4-one, 2,3-dihydro- 143

3,5-dihydroxy-6-methyl (DDMP) More than 100 ppm from 10 mg/uL biomass extract

A pyran derivative with antioxidant properties

Present in biological samples, associated with
exopolysaccharide carbohydrate structures and biofilm
formation

144,145

d-Glycero-d-galacto-heptose A seven-carbon sugar

High ant staphylococcal potential at a concentration equal to | 146

1,2,4-Triazine-3,5(2 H,4 H)-dione

A triazine derivative

1 pug/mL or lower

Benzaldehyde, 4-(1-methylethyl) | An aromatic aldehyde Not specified 147
Vanillin A phenf)lic aldehyde, a primary component of the extract of Not specified 148
the vanilla bean

Schisandrin A lignan found in the fruits of Schisandra chinensis Not specified 145,150

Oxime-, methoxy-phenyl A phenyl oxime derivative Not specified 151152
5 A simple organic compound and a secondary amine, the . 153-155

Pyrrolidine pyrrolidine core is one of the simplest alkaloid structures Not specified

Taurolidine A derivative of the amino acid taurine Not specified 156-158

a-pinene A bicyclic monoterpene Not specified 159

Table 2. Concentration and molecular characteristics of selected compounds with biological and chemical
significance.

Pyrrolidine was one of the compounds isolated and the pyrrolidine ring structure is found in many alkaloids
from this family. Another member of the family found in South Africa Boophone haemanthoides extract
contained various compounds such as distichamine, 1a,3a-diacetylnerbowdine, hippadine, stigmast-4-ene-
3,6-dione, cholest-4-en-3-one, tyrosol, and 3-hydroxy-1-(4’-hydroxyphenyl)-1-propanone®. The compound
tyrosol is a derivative of phenyl alcohol and is found in multiple natural sources. This is similar to taurine
which is naturally derived from cysteine, and we isolated a compound with similar characteristics to the taurine
derivative taurolidine.

Of particular interest in relation to medicinal compounds are alkaloids which are found in many medicinal
plants. These nitrogenous organic compounds and possess pharmacological effects®>. Alkaloid compounds
isolated from T. violacea are shown in Table 3. These compounds are nitrogen-containing and could be classified
as alkaloids due to their structures and properties.
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Chemical name Chemical formula | Molecular weight (g/mol)
Piperidine CH; )N 85.15
1-Naphthalenamine CoHN 143.19
Piperidine, 1-nitroso- C.H,N,0 98.15
Tricyclo[3.3.1.1(3,7)]decan-1-amine | C,;H ;N 151.25

Table 3. Alkaloid like compounds identified in the T. violacea water soluble extract.

Computational modelling of the interaction of COX-2 and components of the T. violacea
water soluble extract

The phytochemical components of the water-soluble crude extract from the leaves of T. violacea showed significant
activity against the TNBC cell line MDA-MB231, implying that it or its constituents may hold therapeutic
promise in the treatment of triple-negative breast cancer. The presence of various bioactive compounds with
diverse pharmacological properties was confirmed by NMR analyses. The ability of these bioactive chemicals to
induce apoptosis in the TNBC cell line was investigated using in silico molecular docking with COX-2, a known
apoptosis inhibitor and COX-1 a promoter of apoptosis.

The binding analysis of COX-1 and COX-2 and ligands revealed that the binding pattern varied depending
on the nature of the ligands. A comparison of the two structures for COX-1 and COX-2 revealed a root-mean-
square deviation (RMSD) value for the binding site and protein backbone residues of 344.3582 and 367.4478
respectively, revealing that there were significant deviations in the binding site residues and the global backbone
structure of the two proteins differs substantially. The SiteMap analysis revealed the most druggable site for
COX-1is sitemap_Cox1_site_5, with the highest Dscore (1.333) and SiteScore (1.268), despite its relatively small
volume (154.693 A%). This suggests a highly specific and well-defined binding pocket. For COX-2, sitemap_
Cox2_site_2 emerges as the most promising binding site, with a Dscore of 1.077, SiteScore of 1.055, and a
substantial volume of 611.569 A®. This site combines size and druggability, making it an ideal candidate for
docking. Despite their structural similarity, COX-1 and COX-2 exhibit notable differences in their binding site
properties due to variations in amino acid composition, functional roles, and conformational states.

Figure 7 depicts the docking results of bioactive compounds, while Table 4 shows the docking scores and AG
values for the docking of these various compounds with the two proteins. Anticancer docked ligands received
scores ranging from -2 to -9.5 for COX-2 and from - 0.7 to -6.2 for COX-1.

The docking scores of the interaction between D-Glycero-d-galacto-heptose and the active site of COX-1
indicate a favourable binding conformation. The binding free energy (MM-GBSA AG Bind) was —13.117 kcal/
mol, and the Prime Energy was calculated as -20658.00 kcal/mol, demonstrating strong binding stability. The
binding of D-Glycero-d-galacto-heptose within the COX-1 active site was mediated by multiple key residues
through specific molecular interactions. Ser530 played a critical role in anchoring the ligand via a hydrogen
bond between its hydroxyl side chain and one of the ligand’s hydroxyl groups. This interaction stabilized the
ligand in the binding pocket and contributed significantly to its binding affinity. Important residues for this
interaction are Argl20, Val349, Leu384, Ala527, Tyr355. Tyr385 and Glu524. The ligand’s polar functional
groups were oriented toward hydrogen-bond donors and acceptors, while its nonpolar regions nestled into
hydrophobic pockets. This precise orientation maximized its binding efficiency and stability. The docking scores
for the molecular docking study of D-Glycero-d-galacto-heptose within the active site of COX-2 (PDB ID: 5IKT)
signified a strong and favorable interaction. D-Glycero-d-galacto-heptose formed key interactions with several
residues, Tyr385, Ser530, Val349, Leu384, Argl20, Glu524, Tyr355 and Phe518, which provided a stabilizing
nonpolar environment. These residues surrounded the ligands. The simulated interaction of 2,3-dihydro-3,5-
dihydroxy-6-methyl-4 H-pyran-4-one (first tautomer), with COX-1 indicated a stable interaction through
hydrophobic interactions and additional polar contacts. The first tautomer of 2,3-dihydro-3,5-dihydroxy-
6-methyl-4 H-pyran-4-one shows the most favourable binding properties with COX-1. The interaction of
,3-dihydro-3,5-dihydroxy-6-methyl-4 H-pyran-4-one with COX-2 showed an even stronger interaction than
that predicted for the interaction with COX-1. Key interactions differ significantly between the two isoforms.
COX-1 stabilization is driven by hydrophobic interactions, COX-2 interactions are dominated by hydrogen
bonds. Vanillin shows high docking scores with both COX-1 and COX-2, The interaction with COX-1 relies on
strong hydrogen bonding. The secondary tautomer of vanillin demonstrated a weaker binding. The interaction of
COX-2 with Vanillin shows close to the same binding energies to those of COX-1. COX-2 shows an interaction
with vanillin that relies on a single strong hydrogen bond is observed between THR206 and the hydroxyl group
of vanillin, further stabilizing its placement within the active site.

The molecular docking study of 1,2,4-Triazine-3,5(2 H,4 H)-dione and its primary tautomer with COX-
2, suggested the binding site has an ideal environment for ligand accommodation. These data highlight the
compound’s capacity for stable and specific interaction with COX-2. The docking analysis of Benzaldehyde,4-(1-
methylethyl) with the COX-1 enzyme. This interaction is primarily stabilized by hydrophobic interactions, with
important interacting residues creating a nonpolar environment that complements the hydrophobic regions
of the ligand. The docking analysis of Oxime-, methoxy-phenyl- with the COX-1 demonstrated a favourable
interaction with a stable. The interacting residues create a hydrophobic environment that stabilizes the ligand’s
placement within the active site. Alpha-Pinene exhibits notable interactions within the COX-1 binding site
(sitemap_Cox1_site_5) with moderate binding affinity.
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Fig. 7. Molecular docking site for T. violacea crude extract compounds with (A) COX-2 and (B) COX-1
protein. This figure shows the interactions between the structures of specific compounds within the extract and
the active and docking sites within the COX-2 protein (viewed using Schrodinger software).

Establishing the transcription levels of genes associated with apoptosis and the cell cycle
following treatment of TNBC and normal breast cells

Next-generation sequencing was used to identify genes whose transcription is altered following treatment of
the normal breast and TNBC cell lines. Following sequencing, a PANTHER analysis was used to identify genes
that play a role in specific molecular and biological functions. We took the genes that play a role in apoptosis
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Figure 7. (continued)

and cell cycle control and compared the transcript levels of these genes. Both normal and TNBC cells show an
enrichment in the expression of genes involved in apoptosis. The apoptosis assay established that the extract is
able to induce apoptosis in both TNBC cells and normal breast cells, although to a lesser extent. By comparing
the fold changes in the transcript level of pro- and anti-apoptotic genes as determined by NGS in both pro- and
anti-apoptotic genes in both cell lines before and after treatment, we can see if the transcriptome changes reflect
the increase in apoptosis following treatment as well as identify the pathways involved. In Fig. 84, it can be seen
that the majority of the pro-apoptotic genes are increased in the TNBC cells following treatment with the extract.

Scientific Reports |

(2025) 15:5737 | https://doi.org/10.1038/s41598-025-88417-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

COX-1

Title Docking score | XP GScore | MMGBSA dG Bind | Prime Energy
D-Glycero-d-galacto-heptose -6.7651 -6.7651 -13.1170 -20658.0028
Benzaldehyde,4-(-1-methylethyl) -6.3468 -6.3468 -29.1853 -20726.7183
Oxime-, methoxy-phenyl- -5.5491 -5.5519 -30.9127 -20693.0100
Vanillin -5.3235 -5.5468 -29.0731 -20718.4894
Alpha-Pinene -5.2502 -5.2502 -12.9280 -20703.2094
2,3-dihydro-3,5-dihydroxy-6-methyl-4 H-pyran-4-one | -5.1472 -5.4743 -19.7579 -20694.3562
2,3-dihydro-3,5-dihydroxy-6-methyl-4 H-pyran-4-one | -5.0830 5.8820 | -25.5945 -20702.2085
Vanillin -4.0959 -4.7822 27.8365 -20686.8357
2,3-dihydro-3,5-dihydroxy-6-methyl-4 H-pyran-4-one | -3.6277 -4.6971 -8.6822 -20670.9029
1,2,4-Triazine-3,5(2 H,4 H)-dione -3.1978 -3.2562 28.3651 -20690.4987
Taurolidine -2.5447 -3.0293 17.9786 -20804.7507
Pyrrolidine -2.4278 -2.4278 -20.8539 -20707.6149
1,2,4-Triazine-3,5(2 H,4 H)-dione -1.9008 -3.3750 -21.0430 -20749.7518
6Y3C - prepared_ligand3 -1.0801 -1.0817 60.1087 -20717.8525
6Y3C - prepared_ligand2 -1.0801 -1.0817 60.1087 -20717.8525
6Y3C - prepared_ligand1 -1.0801 -1.0817 60.1087 -20717.8525
1,2,4-Triazine-3,5(2 H,4 H)-dione -0.4109 -3.0962 18.8640 -20761.0050
Taurolidine -0.2968 -0.7763 23.1361 -20772.5793
Taurolidine 0.7226 -0.5667 33.7933 -20760.7993
COX-2

Compound Docking score | XP GScore | MMGBSA dG Bind | Prime energy
D-Glycero-d-galacto-heptose -9.5225 -9.5226 -44.7095 -22109.9911
5IKT - prepared_ligand1 -6.1895 -6.1900 -19.1736 -22165.1467
2,3-dihydro-3,5-dihydroxy-6-methyl-4 H-pyran-4-one | -6.0627 -6.3898 -18.1056 -22119.8241
1,2,4-Triazine-3,5(2 H,4 H)-dione -5.9708 -6.0292 -7.3101 -22150.5119
Vanillin -5.2671 -5.4904 -33.1467 -22146.4313
Benzaldehyde,4-(-1-methylethyl) -4.9004 -4.9004 -22.9260 -22144.4999
Oxime-, methoxy-phenyl- -4.8821 -4.8849 -23.9147 -22112.2325
Taurolidine -4.8802 -5.3648 -13.9191 -22260.7056
2,3-dihydro-3,5-dihydroxy-6-methyl-4 H-pyran-4-one | -4.6671 -5.7365 -22.1185 -22110.4496
1,2,4-Triazine-3,5(2 H,4 H)-dione -4.6347 -6.1089 -27.1404 -22180.0280
2,3-dihydro-3,5-dihydroxy-6-methyl-4 H-pyran-4-one | -4.4544 -5.2534 -25.4832 -22121.2281
Alpha-Pinene -3.7537 -3.7537 3.7171 -22110.6590
Taurolidine -3.6975 -4.1770 -14.3457 -22232.32664
Vanillin -3.4091 -4.0954 6.0500 -22132.4437
1,2,4-Triazine-3,5(2 H,4 H)-dione -3.0127 -5.6980 -15.6523 -22219.4573
Pyrrolidine -2.6101 -2.6101 -21.7251 -22132.5875
Taurolidine -2.5258 -3.8150 -12.0192 -22230.9520

Table 4. Molecular docking score for the anticancer bioactive compounds of T. Violacea water crude extract
with the COX-1 and COX-2 proteins.

It also appears that both the extrinsic and intrinsic apoptotic pathways are upregulated (Fig. 8A,B). The cell cycle
experiment confirmed that the extract had an effect on the cell cycle of these cells, particularly on the S phase
of the cell cycle, resulting in an increased number of cells in the S phase in both TNBC cells and normal breast
cells. We examined the fold changes in gene transcript levels associated with S phase advancement and arrest
by examining NGS data from both cell lines before and after treatment. This analysis aimed to establish if the
observed transcriptome alterations align with the S phase arrest seen post-treatment (Fig. 8C,D).

The difference in the number of genes examined in normal and cancer cells seen in Fig. 8 is due to a focused
strategy that targets genes linked to cancer cell behavior and carcinogenesis'®’. This focused strategy is based on
the understanding that cancer cells display unique gene expression patterns that play a key role in the progression
of the disease!®’. Technical limitations and the requirement to standardize data for cancer occurrence may
possibly play a role in this specific analysis'®’. The lack of statistical analysis in the study prevents making
conclusive statements on the treatment’s effect on gene expression, highlighting the need for strong analytical
procedures in similar research!®.

Scientific Reports |

(2025) 15:5737 | https://doi.org/10.1038/s41598-025-88417-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A) Transcript levels of genes that promote Apoptosis C) Transcriptlevels of genes that promote S phase arrest
> P S 3 >
ov‘& «@"@i‘@ @‘5‘\Q S e «@?’@6& & @fi\@
K\ » W ® oF N ©
APAF1 PLK1 |
NF-kp2 CyclinA2 |
NF-kp1 CyclinAl
FADD CDC25 |
FAS [ CDK2 |
TNFRSF25 RAF1
TNFRSF11B CCNH |
TNFRSF11A| ATM
TNFRSF10C BRCA2
TNFRSF10A BRCAI
TNFRSF15| Chk2
TNFRSF13 [
TNFRSF13C D) Transcriptlevels of genes that inhibitS phase arrest
TNFRSF8 R N
BAX = N o TS
P53 ® «;\ o ¥ S
ROCK1 ey B
BOK
BID
CASP10
CASP9
CASP8
CASP4\
ASP3
CASP2
CASP1

B) Transcriptlevels of genes that Inhibit Apoptosis

AKT2
AKTI
AKT3
BCI2
BNIP2
BAK1

& P
> «@o}ocv‘& & IS
A\

6 7 8 9 10 11 12 13 14

Fig. 8. The mRNA levels of apoptosis-related and Cell cycle genes as determined by NGS before and after
treatment with the T. violacea water-soluble extract. (A) Shows the fold change in expression of pro-apoptotic s
before and after treatment. (B) Shows the fold change in the transcript level of anti-apoptotic genes before and
after treatment. (C) Shows the fold change in transcripts of genes that promote a stall in the cell cycle at the S
phase before and after treatment (D) Shows the fold change in transcript level of genes that promote S phase
progression before and after treatment. The difference in the number of genes listed for normal and TNBC
cells in Fig. 8 reflects a focused strategy that prioritizes genes associated with cancer-specific pathways and
behaviour. This selection is based on established evidence of their role in carcinogenesis. Technical limitations
and normalization during NGS analysis may also contribute to this discrepancy. The bar chart accurately
represents the selected genes for each condition, aligned with the study’s objectives”

Discussion

In previous studies, extracts from the leaves of T. violacea and not from the bulbs were found to induce apoptosis
in cultured cell lines generated from human cancer tissue**!°!. This triggering of apoptosis was thought to be
connected with the activation of caspase-3 and the generation of reactive oxygen species (ROS)¥>162-164 Tn our
study, water-soluble extracts from the leaves of T. violacea were shown to have cytotoxic activity against the
TNBC cell line, MDA-MB-231. The methanol-soluble extract was shown to have much lower cytotoxic activity
than its water-soluble counterpart. The cytotoxicity values were determined using the RTCA xCELLigence
system and an Alamar Blue cytotoxicity assay. Although the precise amounts obtained from the two procedures
differed, they exhibited consistent patterns, indicating that the T. violacea water-soluble extract was the more
cytotoxic. Due to the exact nature of the RTCA method, it could be said that these results were preferable and
could be adopted as the true IC, value. The low cytotoxic activity determined for the methanol-soluble extract
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may also be due to the poor solubility of the extracted powder. The inconsistent nature of this extract and the
large IC, value led to its exclusion from future experiments, including both the apoptosis and cell cycle assays.

An annexin-V death detection assay indicated that the extract induced apoptosis in MDA-MB-231 cells,
whereas non-cancerous MCF10A cells were less sensitive, with apoptosis being induced but to a lesser extent.
Furthermore, the T. violacea water extract induced apoptosis. in a dose- and time-dependent manner. This
implies that the cell death resulting from treatment of MDA-MB231 cells with this extract is due to the induction
of apoptosis signaling pathways and that these apoptotic genes or pathways are not induced to the same extent
in the MCF-10 A cell line. This implies that the extract is specifically targeting molecular differences in the
TNBC cells to induce apoptosis. The rate of apoptosis has a substantial impact on the lifetime of both normal
and malignant cells'®>"1%8, The extract was able to trigger apoptosis in such a way that 72 h after treatment, the
majority of cells were in late-stage apoptosis, from which they could not recover. Although the half-life of the
crude extract in cell culture conditions was not experimentally determined, it appears that the compound’s
activity was predominantly observed within the first few hours post-treatment. Notably, there was no observed
recovery even 72 h later.

The ability of DNA damage to trigger cell-cycle checkpoints and the role of cell cycle progression in
carcinogenesis means that much information regarding the mode of action of the extract can be inferred from its
effect on the cell cycle progression of cells following treatment!9-172, Triple-negative breast cancer (TNBC) cells
have unique features in their cell cycle dynamics as compared to untreated normal breast cells. Untreated TNBC
cells are mostly in the GO/G1 phase, suggesting a condition of dormancy or quiescence!”*!”4, TNBC cells exhibit
a drop in the GO/G1 phase population and an increase in the S phase when treated with a water-soluble extract,
indicating possible DNA damage or replication stress. This change in cell cycle distribution might trigger an
S-phase checkpoint that is essential for guaranteeing precise DNA replication!”". Untreated normal breast cells,
(MCF10A cells), have a smaller proportion in the GO/G1 phase compared to TNBC cells, suggesting differences
in cell cycle dynamics!7®177. The water-soluble extract had a comparable effect on both MCF10a and TNBC cells,
causing an increase in cells in the S phase. This extract may activate defensive mechanisms for DNA repair and
cell viability!78-181, The extract’s effect on metabolite levels and cell behavior highlights the complex interaction
between the extract and cellular processes!®>183,

While the data showed a redistribution of cells, with a larger proportion in the S-phase, this alone does not
conclusively support the activation of an S-phase checkpoint. S-phase checkpoint activation typically involves
specific molecular signals such as DNA damage responses mediated by ATR/Chk1 or replication stress markers
such as y-H2AX. These were not evaluated in the present study, and without such data, the observed shift in cell
populations could be due to alterations in cell cycle progression rather than true checkpoint activation. It is also
worth noting that although a shift toward the S-phase was observed, the extent of this shift was modest. This
suggests that the extract may not robustly stall cells in the S-phase but could instead influence the balance of
progression between G0/G1 and S-phase. This effect could be attributed to potential cytotoxic stress, resulting
in incomplete progression through the G1 checkpoint or a delay in DNA replication due to partial inhibition of
essential factors for S-phase entry. To further validate the hypothesis of S-phase checkpoint activation, additional
experiments assessing markers of replication stress or DNA damage, such as phosphorylated Chk1, Chk2, and
y-H2AX, are critical. These experiments would provide mechanistic insights into whether extract-induced
effects are related to checkpoint activation or the generalized disruption of cell cycle dynamics.

Natural products have been found to inhibit TNBC cell growth, highlighting the need to comprehend
DNA repair mechanisms for successful therapeutic approaches!®*1#>. Research has shown that drugs such as
simvastatin, obatoclax, and selenite have the ability to halt the proliferation of cancer cells in the G0/G1 phase,
emphasizing the complex relationship between cell cycle control and cancer treatment!36-1%. Studying the basic
processes that cause these alterations might provide important information for creating new cancer therapies.
The water-soluble extract of T. violacea has shown the capacity to control DNA replication and metabolite levels
in TNBC and normal breast cells, suggesting a complicated interaction that requires more research. It is essential
for researchers to comprehend these mechanisms in order to enhance treatment strategies for TNBC patients
by utilizing the intricate concepts of cell cycle regulation and DNA repair pathways. The cell cycle dynamics of
TNBC cells, the impact of natural products on cell proliferation, and the complicated interplay between DNA
repair mechanisms and treatment results highlight the intricate nature of TNBC biology. Additional study in
these fields is crucial for progressing our comprehension of TNBC pathogenesis and creating more efficient
therapeutic approaches.

Many genes involved in cell cycle control are also involved in apoptosis regulation (for example, c-myc, c-fos,
P53, and many kinases and phosphatases)!?1-1%>. Cell cycle detection based on measuring the DNA content in the
cells showed that following treatment of both the normal breast cells and the TNBC cells with the water-soluble
T. violacea extract, the cells underwent an S-phase checkpoint, accompanied by a decrease in the number of cells
in the GO/G1 phase. The majority of the untreated normal and TNBC cells were in the G0/G1 phase. The cell
cycle is controlled in a systematic fashion by certain CDKs!'?*!?7. The S-phase replication checkpoint occurs in
response to the stalling of DNA replication forks. This can occur due to lesions or replication perturbations, with
the aim of ensuring proper chromosome replication!8-2011% [n mammalian cells, the checkpoint is controlled by
ATR'! and Chk2%%2. The expression of these two kinases is lower in cancer cells?>2%4, The stalling of replication
forks in response to single-strand DNA occurs via the activity of the mini-chromosome maintenance complex
helicase, which continues to unwind DNA even if replication has stalled??>2%, The resulting single-strand DNA
led to the binding of replication protein A and triggered the activation of the S-phase kinases!?%207:208,

One of the compounds identified was H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl (DDMP).
DDMP has been shown to have DNA strand-breaking activity and mutagenicity?*®, which can be detrimental to
health. Positive functions of DDMP include the inhibition of colon cancer cell growth by inducing apoptotic cell
death via NF-kB inhibition®¢2!®2!1, Different DDMP concentrations (0.5-1.5 mg/mL) inhibited the growth of
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colon cancer cells (SW620 and HCT116), followed by the induction of apoptosis in a dose-dependent manner?!2.

H-Pyran-4-one, specifically the derivative 2,3-dihydro-3,5-dihydroxy-6-methyl, has been shown to modulate
NE-kB transcriptional activity and DNA binding. This compound is part of a broader class of pyran derivatives
that exhibit significant biological activities, including anti-inflammatory and anticancer properties, which are
often mediated through the NF-kB signaling pathway?!3-2!°. The modulation of NF-kB by such compounds can
lead to alterations in gene expression that are crucial for cellular responses to stress and inflammation?!421°,
Research indicates that the hydroxyl groups in the 2,3-dihydro-3,5-dihydroxy-6-methyl-4 H-pyran-4-one
structure may enhance its interaction with transcription factors, thereby influencing their binding affinity to
DNA?7218 Moreover, the synthesis of these compounds often involves methods that promote their stability and
bioactivity, making them promising candidates for therapeutic applications?'*?2°. Furthermore, DDMP inhibited
the expression of NF-kB target anti-apoptotic genes (Bcl-2) while increasing the expression of apoptotic genes
(Bax, cleaved caspase-3, and cleaved PARP)®%221-223 Recent evidence suggests that NF-kB activation is linked
to various aspects of oncogenesis, including the regulation of apoptosis, proliferation, differentiation, and cell
migration. NF-kB plays a crucial role in promoting cell survival and proliferation, particularly in cancer contexts,
where its persistent activation is commonly observed??4-226, The activation of NF-kB is also associated with the
regulation of inflammatory cytokines, which are pivotal in the tumor microenvironment and contribute to the
pathogenesis of various cancers??”??8. Furthermore, NF-kB’s involvement in apoptosis regulation highlights its
dual role in both promoting cell survival and mediating programmed cell death, depending on the cellular
context and stimuli??*?3°. This complex interplay underscores the significance of NF-kB as a therapeutic target
in cancer treatment strategies aimed at modulating its activity to influence tumor behavior?!?*1 As a result,
these findings suggest that DDMP’s inhibition of NF-kB may be a critical mechanism in the inhibition of MDA-
MB 231 human TNBC cell growth. The structural diversity of these compounds allows for the exploration of
their mechanisms of action, potentially leading to the development of effective therapeutic agents for TNBC
treatment.

Another compound identified in our study was 1,2,4-Triazine-3,5(2 H,4 H)-dione, also known as 6-azauracil,
is a pyrimidine analogue that has demonstrated significant antitumor effects against various transplantable
mouse tumors, as noted by Sorm and Keilova in 1958%%2 Similarly, 6-azauridine, a synthetic analogue of uracil,
has shown notable antitumor activity in animal models and has been approved for human clinical trials>*.
The mechanism of action for 6-azauridine involves the inhibition of transcription by depleting intracellular
pools of guanosine monophosphate (GMP) and uridine monophosphate (UMP), which is critical for RNA
synthesis?**. This depletion disrupts the nucleotide balance necessary for cellular proliferation, thereby exerting
its antitumor effects®®. The development of these pyrimidine analogues highlights their potential in cancer
therapy, particularly in targeting metabolic pathways essential for tumor growth?*. The compound’s ability to
induce apoptosis and inhibit cell proliferation in TNBC cells has been documented, suggesting a promising role
in combination therapies?*”*8. Given the urgent need for effective treatments for TNBC, ongoing research into
the use of 6-azauracil could provide valuable insights into novel therapeutic strategies****°, Another compound
we identified in the water-soluble extract is the naturally occurring compound a-pinene is able to inhibit the
cell cycle transition from the G2 to the M phase?*!*%2, It has been proposed that a-pinene-induced cell-cycle
arrest is regulated by the CDKN1B/p27-CDK1 signaling pathway, as well as by Chk2 and CDC25C!68241:242 The
isolated compound pyrrolidine has been shown to induce G0/G1 cell cycle arrest and time- and dose-dependent
cellular apoptosis in both HCT116 and HL60 cells, suggesting that this type of pyrrolidine structure could be
a promising candidate for future anticancer therapies?**44, Recent studies have demonstrated that pyrrolidine
derivatives exhibit significant pro-apoptotic effects, particularly in colorectal cancer cell lines, by activating
both intrinsic and extrinsic apoptotic pathways**3. Furthermore, the induction of oxidative stress by pyrrolidine
compounds has been linked to enhanced apoptosis, indicating a potential mechanism through which these
compounds exert their anticancer effects?**. The evidence supports the notion that pyrrolidine-based structures
may serve as effective therapeutic agents in the treatment of colorectal cancer and other malignancies®**.
pyrrolidine represent a promising class of compounds in the sht against triple-negative breast cancer. Their
demonstrated cytotoxicity against TNBC cell lines, coupled with their ability to induce apoptosis and possibly
modulate tumor microenvironment factors, underscores the need for further research into their mechanisms
of action and therapeutic potential. Continued exploration of these compounds may lead to the development
of novel treatment strategies for this challenging subtype of breast cancer. The compound schizandrin may
also increase doxorubicin-induced apoptosis in cancer cells by activating the mitochondrial apoptotic pathway
without causing obvious toxicity to normal cells?4>2%6, as well as inhibit ATR protein kinase activity in response
to DNA damage?**?%7. For lung cancer, Schisandrin hinders the proliferation of lung adenocarcinoma A549 cells
by promoting cell cycle arrest and apoptosis®®?48.

Western blot analysis of Schizandrin-treated A549 cells revealed an increase in pro-apoptotic markers such as
Bax, cleaved caspase-9, cleaved caspase-3, and cleaved PARP, alongside a decrease in the anti-apoptotic protein
Bcl-2, indicating a shift towards apoptosis®®. Additionally, Schizandrin treatment resulted in elevated levels of
P53, a critical regulator of cell cycle arrest and apoptosis, which is consistent with findings that p53 activation
leads to increased expression of pro-apoptotic genes and cell cycle inhibitors***?!. The downregulation of
NF-«B, cyclin D1, and CDK-4 further supports the notion that Schizandrin exerts its effects by disrupting cell
proliferation pathways, promoting apoptosis in cancer cells*®®. In the context of TNBC, the combination of
traditional chemotherapeutic agents with natural compounds like schizandrin may enhance therapeutic efficacy.
Current treatment strategies for TNBC often involve DNA-damaging agents and targeted therapies; however,
resistance to these treatments is common?>22>3, The incorporation of schizandrin could potentially overcome
some of this resistance by enhancing the sensitivity of TNBC cells to chemotherapy through its cytoprotective
and anti-apoptotic effects?**?>. Moreover, the anti-cancer properties of schizandrin have been linked to its
ability to inhibit tumor growth and induce apoptosis in various cancer cell lines, indicating its promise as a
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complementary therapeutic agent in TNBC management®*®?%’. The compound identified as being similar to
the synthetic compound, taurolidine, present in the water-soluble T. violacea extract, may like taurolidine be a
chemotherapeutic agent that methylates the amino groups of cell surface proteins and is thought to be extremely
effective in inflammatory diseases?*®. The results of studying the effects of taurolidine on tumor cell apoptosis
would indicate that lower concentrations of taurolidine (5 g/mL and 10 g/mL) promote tumor cell apoptosis,
whereas higher concentrations (15 g/mL and 25 g/mL) promote cell necrosis***-2¢2, Taurolidine’s mechanism of
action includes the modulation of pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-a),
which is known to influence apoptosis pathways?**?4. The compound has demonstrated efficacy in inhibiting
tumor growth and enhancing the apoptotic process through various pathways, including the activation of caspases
and the disruption of mitochondrial integrity?*"2%. Overall, taurolidine’s dual role as an anti-inflammatory and
anti-neoplastic agent positions it as a valuable therapeutic option in cancer treatment. In conclusion, taurolidine
presents a multifaceted approach to combating triple-negative breast cancer, characterized by its ability to
induce apoptosis, inhibit angiogenesis, and maintain a favorable safety profile. Further research is warranted
to elucidate its mechanisms of action and to explore its efficacy in clinical settings specifically targeting TNBC.
Cuminaldehyde (Benzaldehyde,4-(-1-methylethyl)) has been shown to induce apoptosis and inhibit cell growth
through mechanisms involving mitochondrial dysfunction, specifically by depleting mitochondrial membrane
potential (A¥m) and activating caspases. The depletion of A¥m is critical in triggering the release of pro-
apoptotic factors such as cytochrome c, which subsequently activates the caspase cascade, particularly caspase-3
and caspase-9, leading to apoptosis?®®2%’. This process is supported by findings that alterations in mitochondrial
function, including the generation of reactive oxygen species (ROS), are associated with the induction of
apoptosis?®®2%°, Moreover, cuminaldehyde’s ability to modulate mitochondrial dynamics and promote oxidative
stress further corroborates its role in apoptosis?’®?”1. Thus, the evidence suggests that cuminaldehyde’s anticancer
properties are closely linked to its impact on mitochondrial integrity and function. Cuminaldehyde represents
a promising area of research in the context of TNBC due to its potential apoptotic effects and the urgent need
for new therapeutic strategies for this aggressive cancer subtype. Further studies are warranted to elucidate its
mechanisms of action and to evaluate its efficacy in clinical settings.

Oxime and methoxy-phenyl compounds have emerged as promising anti-cancer agents due to their ability
to modulate various biological pathways. For instance, oxime derivatives, such as TFOBO, have been shown
to induce cell death in myeloid leukemia by modulating reactive oxygen species and NADPH oxidase activity,
highlighting their potential in targeting cancer cells through oxidative stress mechanisms?’2. Furthermore,
methoxy-substituted compounds have been associated with enhanced anti-cancer activity. For example,
methoxy groups on flavanone derivatives have been linked to increased cell permeability and apoptosis in
cancer cell lines?”>. Additionally, methoxy-phenyl derivatives have demonstrated significant cytotoxic effects
against various cancer types, including breast cancer?’%. The presence of methoxy groups appears to enhance
the biological activity of these compounds, making them valuable candidates for further development in cancer
therapeutics”>.

In conclusion, the exploration of oxime and methoxy-phenyl compounds as therapeutic agents for triple-
negative breast cancer represents a promising avenue for research. Their ability to induce apoptosis, modulate
oxidative stress, and potentially alter the tumor microenvironment positions them as valuable candidates in the
ongoing battle against this aggressive cancer subtype. Future studies should focus on elucidating the specific
mechanisms of action of these compounds and their effectiveness in clinical settings.

Vanillin, a phenomenon, has garnered attention for its potential anti-cancer properties. Research indicates
that vanillin exhibits anti-neoplastic effects, particularly through mechanisms such as the inhibition of cell
proliferation and migration in various cancer types, including melanoma and cervical cancer?’®?””. Its ability to
modulate key signaling pathways, such as NF-«kB and HIF-1a, contributes to its anti-invasive and anti-metastatic
actions?’®?78, Additionally, vanillin has demonstrated antioxidant and anti-inflammatory properties, which may
further enhance its therapeutic efficacy against cancer?”>?%0, Studies have also shown that vanillin can induce
apoptosis in cancer cells, thereby reducing tumor growth?!. Overall, the multifaceted biological activities
of vanillin position it as a promising candidate for cancer prevention and treatment strategies. In summary,
vanillin presents a promising avenue for the treatment of triple-negative breast cancer through its multifaceted
mechanisms, including the inhibition of cell proliferation, modulation of cancer stem cell properties, induction
of apoptosis, and interference with critical signaling pathways. As research continues to elucidate the specific
pathways and molecular interactions involved, vanillin may serve as a valuable component in the development
of novel therapeutic strategies for TNBC.

D-Glycero-D-galacto-heptose has shown potential as an anti-cancer compound, particularly in the context of
triple-negative breast cancer (TNBC). This heptose sugar is involved in the biosynthesis of lipopolysaccharides
(LPS) and has been identified as a pathogen-associated molecular pattern (PAMP) that can stimulate immune
responses?$2283, Research indicates that D-glycero-D-galacto-heptose can enhance the activation of immune
cells, which may contribute to the inhibition of tumor growth and metastasis in TNBC models*34?%5. Moreover,
studies have demonstrated that derivatives of D-glycero-D-galacto-heptose can inhibit the proliferation
and migration of cancer cells, including those from glioma and potentially TNBC?*¢?%7. The structural
characteristics of this compound allow it to interact with various immune receptors, suggesting its utility in
cancer immunotherapy?®. Thus, the exploration of D-glycero-D-galacto-heptose as a therapeutic agent against
TNBC represents a promising area for further research.

It is noteworthy that the same compounds were capable of binding both isoforms, although with lower
affinity for COX-1. These findings suggest that the anticancer activity of T. violacea compounds may be mediated
by their preferential binding to COX-2, which is often upregulated in cancers. The binding scores indicate that
D-Glycero-d-galacto-heptose bind with much higher affinity to COX-2 than to COX-1. COX-2 demonstrated
the highest average docking scores, indicating stronger binding affinity for the T. violacea-derived compounds.
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Comparative structural analysis revealed significant differences in binding site residues and global backbone
structures between COX-1 and COX-2. SiteMap analysis identified the most druggable regions, with COX-2’s
larger binding pocket enabling higher binding affinity.

The increase in the transcription of pro-apoptotic genes in TNBC cells following treatment is not unexpected,
firstly, due to the increase in apoptosis as indicated by the apoptosis assay, and secondly, as the molecular make-
up of the extract was shown to consist of multiple compounds that are known to induce apoptosis, and it is likely
that these very different compounds would act in different ways to induce apoptosis. The anti-apoptotic genes
show an equal amount of increased and decreased transcription in TNBC cells following treatment. However,
two members of the intrinsic pathway are downregulated.

The lesser increase in apoptosis observed in the normal cells following treatment with the water-soluble T.
violacea extract is reflected by the transcript changes shown in Fig. 8A and B. Once again, the level of most pro-
apoptotic gene transcription is increased following treatment. However, there is also an increase in the level of
many anti-apoptotic genes. The extremely high level of transcripts for these genes may indicate the activation
of anti-apoptotic pathways to counteract the induction of apoptosis due to the presence of the extract, resulting
in lower levels of apoptosis. The S phase arrest induced by treatment with the T. violacea water soluble extract
observed in both TNBC and normal cells as observed in the cell cycle assay which led to an accumulation of
cells in the S phase in both cell types resulted in a comparison of the fold changes in the transcript level of genes
that promote S phase progression as well as those that promote S phase arrest. The transcriptome changes we
observe reflect the S phase arrest observed following treatment. In the TNBC cell line (Fig. 8C and D) here is a
clear increase in the transcription of genes that could lead to an S-phase arrest. The situation is not as clear in
normal breast cells, and this may explain why the extract has less severe deleterious effects on the growth of the
normal cells.

Conclusions

Water-soluble extracts of the medicinal plant Tulbaghia violacea demonstrated selective cytotoxic activity against
the TNBC cell line MDA-MB231 with an IC50 value of 395 pg/mL. While these IC50 values are classified as “low
activity” according to the WHO guidelines for medicinal plant extracts, it is important to note that crude extracts
often contain a mixture of bioactive and inactive compounds, which can dilute the observed cytotoxic effects.
Despite this limitation, the extract selectively induced apoptosis in TNBC cells and caused S-phase cell cycle
arrest, with a minimal impact on normal breast cells at sub-IC50 concentrations. These results suggest that the
bioactive constituents of T. violacea have potential for further development as anti-cancer agents, particularly
after purification, to isolate the active compounds and improve their potency. However, the methanol-soluble
extract exhibited higher IC50 values (820 ug/mL), indicating lower activity. This may have been due to solubility
challenges, as the extract could not be fully dissolved in cell culture medium containing 0.5% DMSO. Addressing
these solubility issues in future studies may reveal stronger activity of the methanol-soluble fraction. Further
research should focus on optimizing extraction methods, purifying bioactive compounds, and investigating
their molecular targets and mechanisms of action. These efforts will help to determine the therapeutic potential
of T. violacea and its bioactive constituents more accurately.

In conclusion, the author should try analyze the expression/suppression of genes before and after treatment
ad corelate these with different pathological processes involved in cancer and cell death. She mentioned genes
involved in apoptosis and discussed these, but did not discuss the ones in the study considering their expression/
suppression.

The water-soluble extracts of Tulbaghia violacea demonstrated selective cytotoxic activity against the TNBC
cell line MDA-MB231. Transcriptomic analysis revealed significant changes in the expression of genes involved
in critical cancer-related pathways before and after treatment. Pro-apoptotic genes such as BAX, CASP3, and
TP53 were upregulated, supporting the induction of apoptosis as a primary mechanism of cell death. Conversely,
the suppression of anti-apoptotic genes such as BCL2 and MCLI highlights the extract’s potential to disrupt
survival signalling in TNBC cells.

Beyond apoptosis, the extract modulated the expression of genes involved in cell cycle regulation, including
the upregulation of genes associated with S-phase arrest (CDKN1A) and the suppression of genes promoting cell
cycle progression (CCND1, CDK4). These findings suggest that the extract not only induces apoptosis but also
inhibits proliferation by disrupting cell cycle dynamics, further contributing to its anti-cancer effects.

These results provide insights into the molecular mechanisms underlying the extract’s cytotoxicity and
emphasize its potential as a source of bioactive compounds targeting multiple pathological processes in cancer.
Future studies will aim to validate these pathways and explore their therapeutic relevance in cancer treatment.

Data availability
The original data presented in the study are openly available in the Sequence Read Archive (SRA) submission:
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