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Abstract: Triple-negative breast cancer (TNBC) accounts for approximately 20% of all breast cancer
cases and is characterized by a lack of estrogen, progesterone, and human epidermal growth factor
2 receptors. Current targeted medicines have been unsuccessful due to this absence of hormone
receptors. This study explored the efficacy of Tulbaghia violacea, a South African medicinal plant,
for the treatment of TNBC metastasis. Extracts from T. violacea leaves were prepared using water
and methanol. However, only the water-soluble extract showed anti-cancer activity and the effects
of this water-soluble extract on cell adhesion, invasion, and migration, and its antioxidant activity
were assessed using MCF-10A and MDA-MB-231 cells. The T. violacea extract that was soluble
in water effectively decreased the movement and penetration of MDA-MB-231 cells through the
basement membrane in scratch and invasion tests, while enhancing their attachment to a substance
resembling an extracellular matrix. The sample showed mild-to-low antioxidant activity in the
antioxidant assy. Nuclear magnetic resonance spectroscopy revealed 61 chemical components in
the water-soluble extract, including DDMP, 1,2,4-triazine-3,5(2H,4H)-dione, vanillin, schisandrin,
taurolidine, and α-pinene, which are known to have anti-cancer properties. An in-depth examination
of the transcriptome showed alterations in genes linked to angiogenesis, metastasis, and proliferation
post-treatment, with reduced activity in growth receptor signaling, angiogenesis, and cancer-related
pathways, such as the Wnt, Notch, and PI3K pathways. These results indicate that T. violacea may
be a beneficial source of lead chemicals for the development of potential therapeutic medicines that
target TNBC metastasis. Additional studies are required to identify the precise bioactive chemical
components responsible for the observed anti-cancer effects.
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1. Introduction

The subtype of breast cancer with the highest risk of spreading and the lowest survival
rate is triple-negative breast cancer (TNBC) [1]. TNBC is the most aggressive form of breast
cancer. In most countries and populations, ten to twenty percent of all breast cancers are
TNBC cases [2] and as such, in the last 5 years, there has been an average of 170,000 TNBC
cases per year worldwide [3]. TNBC is characterized by cellular mutations that lead to
downregulated or absent expression of receptors for progesterone, estrogen, and human
epidermal growth factor receptor 2 [4]. The absence of these receptors makes TNBC difficult
to treat, since it is resistant to immune and hormone therapies [5]. Unlike other subtypes of
breast cancer, the risk factors for TNBC include lifelong sensitivity to testosterone, shorter
periods of breastfeeding, and giving birth to their first child at an older age [6]. TNBC
is also found in younger patients diagnosed before the age of 39 [7]. Ethnicity is also an
important risk factor for TNBC. People of African descent have a lower overall breast
cancer risk than women of European descent, but they have higher mortality rates [8], with
a higher incidence of TNBC. Additionally, black women tend to be diagnosed with TNBC
at a younger age [9].

Genetic alterations commonly associated with TNBC include mutations in the TP53
gene, which occurs in approximately 80–85% of patients [10]. TP53 mutations are commonly
associated with a lack of PR, ER, or HER2 expression [11]. Other genes that are commonly
mutated in TNBC include RB1, BRCA1 and 2, PTEN, PIK3CA, USH2A, and MCL1; MYC
expression is also increased in TNBC as is CCNE1 and FGFR2 expression [12].

Patients with TNBC are treated with non-specific cytotoxic multi-agent chemotherapy.
The effectiveness of these treatments has been clinically demonstrated [13]. Despite their
poor prognosis, TNBC tumors are particularly chemosensitive, albeit for a shorter duration
than other breast cancers. Polychemotherapy has been shown to be effective in several
trials; for example, taxane-containing regimens have demonstrated favorable effects on
various disease-associated factors such as risk of recurrence, disease-free survival (DFS),
and overall survival (OS) in TNBC [14].

Although antioxidant activity can prevent the development of cancer, antioxidants
can promote tumorigenesis. One of the characteristics of cancer is an imbalance between
ROS and antioxidants, which is normally defined as increased oxidative stress [15]. Cells
that detach from the extracellular matrix (ECM) undergo apoptosis [16]. Apoptosis occurs
through canonical apoptotic signaling and elevated ROS signaling pathways [17]. This
means that any antioxidant process or compound that protects cells from ROS could also
protect the cells from ROS-induced cell death. The survival of cells that detach from the
ECM is promoted by antioxidant activity. This antioxidant activity can also promote cellular
processes that promote tumor metastasis [18]. Small molecules that act as antioxidants,
such as NAC (N-acetyl cysteine) and vitamin E, can reduce ROS levels and accelerate tumor
metastasis [19].

Plants contain non-nutritive, bioactive, and diverse groups of organic chemicals known
as phytochemicals [20]. Recently, phytochemicals isolated from green plants that have
previously been used for medicinal purposes have become the focus of the search for new
cancer-preventative and cancer therapeutic compounds [21]. Surprisingly, plants are the
source of 47% of the FDA-approved drugs that can be used to treat cancer. Some of the
recently synthesized anti-cancer compounds based on compounds isolated from plants
include vinblastine and vincristine. These two anti-cancer drugs are derived from medicinal
herbs such as comfrey [22]. Although several of these plant extracts have been explored as
anti-cancer drugs in clinical trials, only a few affect the biochemical and molecular pathways
that are actively involved in cancer/tumor formation and regulation, including cell cycle
inhibitors, mitogenic signaling antagonists (to inhibit growth and proliferation), metastasis
inhibitors, and immune system receptors [23]. One of the most common modes of action of
phytochemicals in the treatment of cancer is the induction or modulation of autophagy and
apoptosis [24]. In addition, phytochemicals may have antioxidant or pro-oxidant properties.
Reactive oxygen species (ROS) are known to act as secondary messengers in a number of
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signaling cascades, including those directly related to cell proliferation. In this respect, ROS
can be considered an important factor involved in the maintenance of cellular homeostasis.
A mild increase in the generation of ROS, such as superoxide and hydrogen peroxide, has
been shown to stimulate cell proliferation in several different cell types and may play a
role in the carcinogenic process [25].

Tulbaghia violacea Harv. (Amaryllidaceae) is a small, 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 slender, fleshy stems [26]. T. violacea (wild garlic) infusions in water 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 has verifiable effects on tumor cells.

Although T. violacea has been used in traditional medicine to treat various ailments,
little scientific research has been conducted to validate its use. Previously T. violacea extracts
using organic solvents have been shown to induce apoptosis in various cancer cell lines
by inducing the overexpression of p53 [27–29]. It has also been shown that water-soluble
extracts also induced apoptosis in cancer cells through increased expression of caspase 3 as
well as through increased levels of ROS. 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 [30].

This study involved obtaining water- and methanol-soluble extracts from the leaves
of T. violacea and testing their ability to inhibit the metastatic ability of triple-negative
breast cancer cells by monitoring the effect of the extracts on cell adhesion, migration,
and invasion. The antioxidant activity of the extracts was also measured using a DPPH
antioxidant assay because of the link between antioxidant activity and the promotion of
metastasis. Previously, IC50 values for these crude extracts were established using various
cytotoxicity assays, which allowed us to test the effect of these extracts on the metastatic
ability of a TNBC and normal breast cell lines at concentrations just below the IC50 as
well at concentrations well below this value. In addition, the control breast cells were
treated with the same concentration of the extract as the TNBC cells in further tests of the
anti-cancer nature of these extracts.

2. Materials and Methods
2.1. Preparation of Plant Extracts

T. violacea plant extracts were prepared using aqueous extraction to obtain water-
soluble extracts and methanol-based extraction to obtain non-water-soluble extracts. The
species of the collected plants were confirmed by the staff at the C E Moss herbarium at the
University of the Witwatersrand. The leaves of the plant were collected, rinsed with water,
and cut into smaller pieces and dried for 120 h in a well-ventilated oven (Gallenkamp
Genlab prime, Cambridges, UK) at 40 ◦C to ensure successful extraction. Once dried, the
plant material was finely ground using an herb grinder (Fesh-Fesh) and passed through
an 850-micron sieve. To extract water-soluble compounds, the dry powder was dissolved
in 1 L of boiled water and allowed to cool for 24 h before filtering to obtain an aqueous
extract. The filtrate was freeze-dried (Virtis Wizard 2.0, Warminster, PA, USA) to yield a
dried aqueous plant extract, which was stored for 72 h.

In order to prepare a methanol extract containing compounds that are insoluble in
water, the dried powder was dissolved in 250 mL of pure methanol. The filtrate was then
placed in a Soxhlet extractor for 72 h. The crude methanol extract was then completely
evaporated. The resulting powder was freeze-dried to form a dry powder.

Fresh solutions were prepared every day. For the aqueous extract, this involved taking
10 mg of powdered extract and dissolving it in either physiological saline, deionized water,
or cell culture media, depending on the application. For the methanol extract, 10 mg of
dried powdered extract was dissolved in a small amount of physiological saline, deionized
water, or culture media; 25 µL of DMSO was added to all these solvents, giving a final
concentration of 2.5% DMSO. Once the powder was dissolved, the volume was increased
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by adding 5 mL of physiological saline. This resulted in a final DMSO concentration of 0.5%.
The diluted extract was applied to the cells for 24 h in fresh culture medium containing
10% FBS. Based on the high IC50 values for the methanol extract (820 µg/mL) and its
inconsistent performance due to poor solubility, it was excluded from many metastasis
assays and was only included in the antioxidant assay.

2.2. Cell Culture

MCF-10A (a non-tumorigenic breast epithelial cell line) and MDA-MB-231 (epithelial-
like cells from a triple-negative breast cancer tumor) cell lines were used in this study. The
cell lines were grown in culture flasks in DMEM media (Lonza, Basel, Switzerland, cat#
BE15-604K) with penicillin/streptomycin (10,000 IU/mL) (Lonza, Basel, Switzerland, cat#
17-602E) and 10% FCS (Lonza, Basel, Switzerland cat#S711-001s), and incubated at 37 ◦C
without CO2.

2.3. Measuring the Effect of Active Plant Extract on Cell Adhesion

To determine the effect of the water-soluble extract on the ability of MDA-MB-231
and MCF-10A cells to adhere to the ECM, Geltrex™ (Thermo Fisher, Waltham, MA, USA,
cat#A1413201, Invitrogen), an extracellular matrix (ECM) analog, was used to simulate
the ECM in the assays. The surface of 12-well plates (Corning cat#3460, Corning, NY,
USA) was coated with 250 µL of a neat Geltrex™ solution. The plate was incubated for
30 min at 37 ◦C. The wells were washed with blocking buffer (0.5% BSA in DMEM F12
(Lonza cat# 12719F)) for 30 min. The cells were treated with the water-soluble extract at a
concentration of 300 µg/mL, as previously described. After 24 h, the cells were washed
and suspended in serum-free medium, and were then added to the wells at a concentration
of 1 × 105 cells/mL. The cells were incubated for 2 h, and the attached cells were washed
and fixed for 10 min at room temperature. The cells were then washed and stained with
crystal violet (Sigma-Aldrich, Burlington, MA, USA, cat# NC1635572) for 10 min. The dye
was extracted from the stained cells using an SDS solution. Absorbance was measured at
550 nm (Spectramax multimodal plate reader). Control wells without cells were used as
references. The absorbance was used as an indication of the number of cells that adhered
to the ECM analogue.

2.4. Measuring the Effect the Active Plant Extract Had on Cell Invasion

A chemo-invasion assay was performed to determine the effect of the water-soluble
extract on the ability of MDA-MB-231 and MCF-10A cells to invade other body tissues by
penetrating an ECM analogue. Based on the original Boyden Assay [31], commercially
available plastic inserts for multi-well plates, which possess a cell permeable membrane,
as typified by Transwell® Permeable Supports (Corning cat#3460), were used to perform
accurate repeatable invasion assays. When placed in the well of a multi-well tissue culture
plate, these inserts create a two-chamber system separated by a cell-permeable membrane.
The cells were serum-starved for 24 h and then transferred to pre-prepared plates containing
transwell inserts. These plates contained media with FBS that served as a chemoattractant in
the well. The transwell inserts were 6.5 mm thick with 8 µm pores (Sigma cat Cls3422). The
inserts were coated with neat Geltrex and allowed to set at 37 ◦C for 30 min. Approximately
1 × 106 cells/mL were suspended in medium containing the T. violacea water-soluble extract
at a concentration of 300 µg/mL, which was added to each insert. The cells were incubated
at 37 ◦C for 24 h. The media was removed from the lower chamber, and the cells that had
invaded into the lower chamber were fixed and stained with toluidine blue (Sigma cat#314)
for 2 min. The dye was extracted from the cells using an SDS extraction solution for 1 h.
The absorbance of the extracted dye at 620 nm was then measured using a SpectraMax M3
reader spectrophotometer (Molecular diagnostics, Sunnyvale, CA, USA).
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2.5. Scratch Assay for Migration Analysis

A scratch/migration test was performed to investigate the effect of the plant extracts
on the migration and proliferation rates of breast cancer and normal breast cells. The cells
were grown in a cell culture plate until they formed a confluent cell monolayer. A cell-free
zone was created by scoring the line through a confluent monolayer using a sterile pipette
tip. The cells were then incubated with two concentrations of the T. violacea water-soluble
plant extract, which were slightly lower than the IC50 (300 µg/mL) and half the IC50
(200 µg/mL). Cells were treated with 5FU were used as a positive control, while the other
cells were left untreated. Cell migration and proliferation were monitored microscopically
over a 48 h period. Measurements were taken every 2 h for the first 6 h, and then at the 24
and 48 h marks. Changes in the width of the gap (which decreased as the cells proliferated
and migrated) indicated cell migration. The width of the scratch was plotted against time
to analyze the effect of the extracts on the cells.

2.6. Antioxidant Assay

To determine whether the plant extracts had antioxidant activity, the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay was performed. The assay was performed according to the
method described by Blois [32]. A standard solution of DPPH was prepared by dissolving
the DPPH powder (Sigma-Aldrich, Burlington, MA, USA, Cat# 044150.03) in methanol
to obtain a final concentration of 50 µg/mL. Various concentrations of the extracts were
prepared based on the IC50 values. A 96-well plate was prepared with a methanol-only
blank, a reference sample of the DPPH solution only, and then various concentrations of
the extracts in triplicate with the DPPH solution added. The plate was then incubated for
30 min in the dark. The absorbance of the wells was measured at 515 nm using a plate
reader to determine the number of neutralized radicals. The percentage of DPPH used was
calculated using the following formula:

A515 of tested compound − blank

100% − A515 initial DPPH methanol solution − blank × 100

The concentration required to neutralize 50% of the DPPH (EC50) was determined by
plotting the natural logarithm of the %DPPH remaining versus the concentration of the
sample.

2.7. Determining the Molecular Composition of the Water-Soluble Extract

An NMR analysis was performed on the water-soluble extract of T. violacea to identify
the chemical constituents of this crude extract. The NMR tube was cleaned, and approx-
imately 10 mg of the starting material was added. All substances were dissolved before
the samples were gently shaken. To ensure that all the samples were exposed to a uniform
magnetic field, the spinner was turned after it was placed in the magnet. To eliminate
fingerprints and grime, 2-propanol and laboratory tissues were used to wipe the exterior of
the NMR tube. The rotor of an autosampler-equipped Varian 600 MHz spectrometer was
employed. After the NMR test was completed, the spectra were analyzed, and peaks were
assigned. The NMR spectrum was interpreted using an appropriate application to analyze
the spectrum (MestReNova v14.3.3, from Mesytalab Research, Santiago de Compostela,
Spain).

2.8. Next-Generation Sequencing to Measure the Transcript Levels of Genes Involved in
Proliferation and Metastasis

Next-generation sequencing was performed by Inqaba Biotechnology Industries (Pre-
toria, South Africa). RNA fragments were analyzed using a bioanalyzer. A sequencing
library was prepared using the MiSeq RNA-0 rRNA reduction library kit (Illumina, San
Diego, CA, USA, cat# 20020492). Sequencing was performed using a NextSeq300 system
(Illumina, San Diego, CA, USA. Paired-end sequencing was performed at a depth of 10 mil-
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lion bases over 300 cycles. Following sequencing, the raw sequencing data were analyzed
using the Galaxy platform (Galaxy Europe ver 22.05 (galaxyproject.eu)) with a pipeline
consisting of the following tools: Trimmomatic, which was used to trim the reads, and
FastQC, which was used to generate the quality control reports. HiSAT2 was used to align
the reads. Differential gene expression was analyzed using the Limma package ver 3.52.4
(limma-voom). The HG38 human genome was used as the reference genome, and reference
mapping was performed using bowtie2. PANTHER was used to identify genes involved
in invasion, metastasis, and adhesion. The feature counts for the transcript levels were
compared between the treated and untreated cell extracts.

2.9. Statistical Analysis

When comparing the means for the data obtained from the adhesion, migration, and
invasion assays, one-way ANOVA with the Bonferroni post hoc multiple comparisons
test was performed. Tukey’s test was then used for pairwise mean comparisons. For
the migration assay, due to the inconsistent response of the normal cell line to the initial
scratching of the monolayer, we performed Levene’s test for homogeneity of variance.
The significant differences between the treated and untreated samples were tested using
one-way ANOVA with Bonferroni correction.

3. Results
3.1. Effect of the Extract on Cell Adhesion

To assess the effect of the T. violacea water-soluble leaf extract on cell adhesion in
the triple-negative breast cancer cell line MDA-MB-231 and the normal breast cell line
MCF-10, an adhesion assay was performed using GeltrexTM as an ECM analog and the
number of cells able to adhere to the surface before and after treatment was determined.
The number of cells was determined using a dye-absorption assay. As shown in Figure 1,
the extract increased the number of MDA-MB-231 cells that adhered to the ECM analog,
with greater numbers of these cells being found on the matrix compared to the treated and
untreated normal breast cells. At the same time, it was observed that the treatment had no
effect on the number of normal cells that adhered to the ECM. As expected, the untreated
MDA-MB-231 cells had fewer cells adhering to the synthetic ECM than the normal breast
cells. This indicates that the T. violacea crude water-soluble extract was able to increase cell
adhesion in a population of TNBC cells.
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Figure 1. Effect of the extract on cell adhesion of TNBC and normal breast cell lines. The control
MDA cells had the lowest number of cells that adhered to the surface of the matrix. This was
significantly increased following treatment with the water-soluble T. violacea extract. Significant
differences between the treated and untreated samples were found using one-way ANOVA with the
Bonferroni post hoc multiple comparisons test.
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3.2. Effect of the Extract on Cell Invasion

Since the ability of cells to penetrate and cross the ECM is vital for metastasis, an
invasion assay was performed to test the effects of the water-soluble extract on the invasive
properties of MDA-MB-231 and MCF-10A cells. Both cell lines were treated with concentra-
tions of the extract just below the IC50, which was determined in a previous study. The IC50
value determined for MDA-MB-231 cells was approximately 395 µg/mL after 72 h, while
the IC50 value determined for MCF-10A cells was 537 µg/mL. The selected concentration
of 300 µg/mL was predicted to kill approximately 40% of cells, and treatment of the TNBC
cell line, MDA-MB-231, with the T. violacea water-soluble extract significantly decreased
the ability of MDA-MB-231 cells to penetrate and cross the ECM analog (p = 0.001). This
implies that it was able to decrease the ability of these cells to invade other tissues. It had
no significant effect on the ability of MCF-10A cells to invade through an ECM analog,
as the treated and untreated cells showed no significant difference in the number of cells
that invaded through the ECM (Figure 2). The innate ability of MCF10A cells to invade
the ECM was significantly less than that of untreated MDA-MB-231 cells (p = 0.001). The
invasive ability of this TNBC cell line decreased below that of normal breast cells following
treatment.
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Figure 2. Effect of the extract on the invasive ability of TNBC and normal breast cell lines. The
high absorbance for the untreated MDA-MB-231 samples indicates that many of these cells invaded
through the ECM matrix, and so, the amount of dye absorbed was high. The treatment of these
cells led to a large decrease in the number of invading cells. The extract had very little effect on the
normal cells. The significant differences between the treated and untreated samples were tested using
one-way ANOVA with the Bonferroni post hoc multiple comparisons test.

3.3. Measuring the Effect of the Active Plant Extract on Cell Migration

The wound-healing or scratch assay was one of the earliest methods developed to
study cell migration in vitro [32]. This method is based on observations of cell migration
into a “wound” that is created in a cell monolayer and to some extent mimics cell migration.
This assay was performed to ascertain the potential effects of the crude extract on cell mi-
gration. Figure 3 displays the scratch area that was measured using Olympus EVOS M7000
imaging software version 1.0 and a light microscope (Olympus CKX41, Olympus, Hachioji,
Tokyo, Japan) It can be seen from these plots that there was no significant difference in the
area of the scratch between treated and untreated cells in either cell line (p = 0.9969 and
p = 0.9916) at 0 h, indicating that the scratch size was the same between the treated and
untreated cell lines. However, MCF10A cells showed large variances between replicates
with large error bars for the standard error. Levene’s test for variance of homogeneity
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showed that the MCF10A cells at 0 h did not meet the requirement for homogeneity (f-ratio
= 16.07997, p-value = 0.002478). This indicated that the normal cell line reacted differently
to the physical act of scratching the cell monolayer. Therefore, there does seem to be a
significant difference between the treated and untreated MCF-10 cells at 0 h. As such, a
logarithmic adjustment to the data was performed and the ANOVA was repeated
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Figure 3. Effect of the extract on the migratory abilities of TNBC and normal breast cell lines.
Changes in the scratch area following treatment with the extract were analyzed. Initially, there was
no significant difference at 0 h, and no statistically significant difference was observed between the
untreated and treated cells in either cell line. Treatment of either cell line with the extract for 12 h
inhibited cell migration. This effect persisted in the MDA-MB-231 cells. However, the MCF-10A cells
either recovered or were less affected by the extract. The significant differences between the treated
and untreated samples were tested using one-way ANOVA with the Bonferroni post hoc multiple
comparisons test. Due to the size of the error bars at 0 h, Levene’s test for homogeneity of variance
was performed. For the MCF-10A samples at 0 h, the homogeneity of variance assumption was not
met (F-ratio = 16.07997, p-value = 0.002478).

After 12 h, there was nearly complete closure of the scratch in the untreated MDA-MB-
231 cells, while the cells treated with T. violacea water-soluble extract showed a significantly
larger cleared area where cell migration had not occurred (p = 0.0132). This lack of closure
in the treated cells still persisted at the 24 h mark (p = 0.0006). A similar situation was
observed in the normal MCF-10A breast cells, where there was a significant difference in
the area of the scratch between treated and untreated cells at 12 h (p = 0.01953). However,
after 24 h, there was no significant difference between treated and untreated MCF-10A
cells (p = 0.5764). This indicates a weaker or shorter-lived effect of the extract on MCF-10A
normal breast cells.

The effect of the various concentrations of the extract on the narrowing of the scratch
in TNBC cell lines is shown in Figure 4. The untreated cells rapidly migrated to close
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the leading edges of the scratch after approximately 35 h. The highest concentration of
the extract was as effective as 5FU at inhibiting cell migration. This concentration was
previously established to kill 40% of MDA-MB-231 cells. A concentration of 200 µg/mL was
previously shown to kill approximately 20% of cells. The lowest concentration of the extract
(one-third of the IC50 value) was previously shown to kill less than 5% of MDA-MB-231
cells, and only delayed the closure of the scratch by approximately 25 h.
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Figure 4. Effects of different concentrations of the water-soluble extract on the migratory abilities of
TNBC cell lines. Changes in scratch width in µm3 over time following treatment with the extract. The
untreated cells migrated rapidly and by the 60th hour after treatment, the scratch was fully closed in
the untreated cell line. The scratch in cells treated with lower concentrations of the water-soluble
extract closed more rapidly and to a greater degree than the scratch in the positive control and cells
treated with higher concentrations of water.

3.4. Determination of Antioxidant Activity Using the 2,2-Diphenyl-1-picrylhydrazyl (DPPH)
Radical-Scavenging Method

Antioxidant activity was measured in terms of the hydrogen-donating ability or the
radical-scavenging ability of the extracts using the stable radical DPPH. The experiments
were performed according to the method described by Blois [33]. The amount of sample
necessary to decrease the absorbance of DPPH by 50% (IC50) was calculated graphically
for the water-soluble solutions of T. violacea at different concentrations. Figure 5 shows
the results of this assay. The water-soluble extract showed antioxidant activity with a
Y-intercept similar to that of the positive control, quercetin. However, as the concentration
of quercetin increased, the antioxidant activity increased rapidly, whereas an increase in
the concentration of the extract resulted in only a small increase in antioxidant activity.
The IC50 value for the water-soluble extract was calculated to be 393 µg/mL. This value is
much higher than that of classic antioxidants, as well as most of the many plant extracts, as
presented in Table 1, implying that the antioxidant activity of the extract is very low and,
as such, does not promote metastasis.
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Figure 5. Antioxidant assay. The ability of the extract to scavenge DPPH free radicals is a reflection of
its antioxidant activity. The activity of the water-soluble extract of T. violacea was similar to that of the
positive control, quercetin. This implies that the water-soluble extract has antioxidant activity. The
corresponding dotted trendlines give a clearer indication of the trend of antioxidant activity trend of
each sample.

Table 1. Some IC50 values for well-known antioxidants.

Compound IC50 Ref(s).

Ascorbic acid 3.8 µg/mL [34]
Astragalus Alopecurus var Maximus (Willd.) 115.5 µg/mL [35]

Avocado (Folium perseae Mill.) 601 µg/mL [36]
Caffeic acid 1.6 µg/mL [37]

Cinnamon (Cinnamomum verum J. Presl) 21.3 µg/mL [38]
Bindweed (Convulvulus betonicifolia Mill.) 346.5 µg/mL [39]

Fennel (Foeniculum vulgare Mill.) 263.2 µg/mL [40]
Tulbaghia violacea Harv. 393 µg/mL This study

Verbascum speciousum Schrad. 173.3 µg/mL [41]
Ginger (Zingiber officinale Roscoe) 16.2 µg/mL [42]

3.5. Identification of Compounds Using NMR

An NMR analysis of the water-soluble extract indicated the presence of 61 compounds.
A list of these compounds is provided in Table 2. The names of these compounds were
used as queries to search PubChem in order to identify compounds with known anti-cancer
activity. Eight compounds were identified that have known anti-cancer activity. These are
4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-(DDMP), 1,2,4-triazine-3,5(2H,4H)-
dione, benzaldehyde, 4-(1-methylethyl), vanillin, pyrrolidine, schizandrin, taurolidine,
and alpha-pinene. Some of these compounds have known medical uses and applications,
whereas others have known applications that are not related to medical applications.
Finally, some of the identified compounds have no known uses. The structures of the eight
compounds with known anti-cancer activity and their mass charge spectra are shown in
Figure 6.
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Table 2. Examples of compounds detected by NMR analysis of crude water-soluble T. violacea extracts.

Phytochemical Compound Exact Mass Formula Ref.

4H-Pyran-4-one,2,3-dihydro-3,5-dihydroxy-6-methyl-(DDMP) 144.12 C6H8O4 [43]
1,2,4-Triazine-3,5(2H,4H)-dione 113.08 C3H3N3O2 [44]

d-Glycero-d-galacto-heptose 210.18 C7H14O7 [45]
Benzaldehyde, 4-(1-methylethyl) 148.20 C10H12O [46]

Vanillin 152.15 C8H8O3 [47]
Methoxy-phenyl oxime 151.16 C8H9NO2 [48]

Pyrrolidine 71.12 C4H9N [49]
Schizandrin 432.50 C24H32O7 [50]
Taurolidine 284.40 C7H16N4O4S2 [51]

Alpha-pinene 136.23 C10H16 [52]
Terbutaline,N-trifluoroacetyl-o,o,o-tris(trimethylsilyl) 537.80 C23H42F3NO4Si3 [53]

Difenoxin 424.50 C28H28N2O2 [54]
Mephobarbital 246.26 C13H14N2O3 [55]

Benserazide 257.24 C10H15N3O5 [56]
Antipyrine 188.23 C11H12N2O [57]

Tricyclo [3.3.1.1(3,7)] decan-1-amine 151.25 C10H17N [58]
Thymol 150.22 C10H14O [59]

Cyclandelate 276.40 C17H24O3 [60]
Benzene propanoic acid 150.17 C9H10O2 [61]

Ethchlorvynol 144.60 C7H9ClO [62]
Cycloserine 102.09 C3H6N2O2 [63]
Emylcamate 145.20 C7H15NO2 [64]

2-Propen-1-amine 57.09 C3H7N [65]
Methyl formate 60.05 C2H4O2 [66]

Tetradecamethyl-cycloheptasiloxane 519.07 C14H42O7Si7 [67]
Cyanogen chloride 61.47 CNCl [68]
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3.6. Transcription Profiles of Genes Involved in Adhesion, Invasion, and Metastasis

Next-generation sequencing of RNA extracted from both MDA-MB231 and MCF-10A
cells before and after treatment with the water-soluble T. violacea extract allowed us to
establish the levels of transcripts (feature counts) in the transcriptomes of these cells. Using
PANTHER to classify all the genes identified in this analysis based on their biological roles,
all the genes that were involved in invasion, adhesion, and metastasis were identified and
their levels of transcription before and after treatment were compared. Figure 7 shows the
results of this analysis, with Figure 7A depicting the fold change in transcripts identified
in the MDA-MB-231 TNBC cell line, while 7B depicts the fold change observed for these
genes in MCF10A normal breast cells. Figure 7C shows the genes whose transcription
was detected only after treatment in TNBC cells (red circle) or normal cells (blue circle).
Additionally, the levels of the transcripts for some genes became undetectable in normal
cells after treatment (green circle).

SNAI1 and 3 negatively regulate cell adhesion [69]. The transcription levels of both
of these genes were increased in MDA-MB-231 cells following treatment. The same was
true for Gli2. The inhibition of Gli2 has been associated with decreased migration and inva-
sion [70]. DISP1, HHIPL1, SDCCAG8, and PTCH2 are components of the sonic hedgehog
pathway that plays a role in stimulating invasion and metastasis [71]. The transcription of
both of these genes increased following treatment with the water-soluble extract. CDON
mediates cell adhesion, and its transcription increased following treatment with the ex-
tract [72]. LRP2BP is involved in cell migration and metastasis and was downregulated
following treatment. The Ras signaling pathway is involved in cell migration and the
transcription of components of this pathway (Grb2, Ras, and Sos [73]) remained largely
unchanged. Several mitogen-activated protein kinase (MAPK) transcripts were detected.
MAPKs are known to play a role in cell migration [74]. The transcript levels of most of these
MAPKs remained unchanged following treatment, except for MAPK11, which increased
following treatment. Components of the AKT pathway also play a role in cell migration
and invasion [75]. The transcript levels of these genes remained largely unchanged. c-Fos
knockdown results in decreased migration, invasion, and metastasis [76]. The only genes
that showed major increases in transcription following treatment were c-fos, MAPK11,
SNAIL1, CDON, and DISP1. In the MCF10A cell line, the treatment resulted in the absence
of multiple transcripts, including those for multiple MAPKs, and AKT and Ras pathway
components.
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Figure 7. Levels of transcripts for genes involved in migration, invasion, and adhesion detected
by NGS analysis of treated and untreated TNBC and normal breast cell lines. (A) Fold change in
transcripts identified in MDA-MB-231 TNBC cells. The treatment resulted in an increase in the
transcription of MAPK11, c-Fos, DISP1, and CDON. The levels of LRP2BP decreased following
treatment. (B) The fold changes observed for these genes in MCF10A normal breast cells showed
an increase in the transcription of Sos, AKT2, Arf6, c-Fos, and ITGA1. In both (A,B), red signifies
the transcript level following treatment, while blue indicates the transcript level of untreated cells.
(C) Genes whose transcription level was only detected after treatment in TNBC cells (red circle) or
normal cells (blue circle). Additionally, the level of transcripts for some genes became undetectable in
normal cells after treatment (green circle).



Curr. Issues Mol. Biol. 2024, 46 10819

4. Discussion

The ability to invade tissues and penetrate the extracellular matrix of basement mem-
branes and stromal compartments is a major reason why metastasis is the principal cause
of cancer-related deaths [77,78]. Inhibition of cancer migration and invasion is an attractive
target for the development of new therapies. The ability of cancer cells to metastasize
depends on their adherence, ability to invade other tissues, and ability to move and migrate.
The effect of the water-soluble extract on the ability of MDA-MB-231 cells to metastasize
was assessed using various assays.

4.1. Cell Invasion, Migration, and Adhesion Assays

Cell differentiation, cell cycle, migration, and survival can all be stimulated by cell
adhesion [79]. It also plays an essential role in cell communication, regulation, develop-
ment, and the maintenance of tissues. Changes in cell adhesion can be a defining event in
cancer [79,80]. In cancer cells, adhesiveness is generally reduced due to lower intercellular
adhesion, allowing cancer cells to dissociate from other cells [80]. Tumor cells are charac-
terized by changes in their adhesion to the ECM, which may be related to their invasive
and metastatic potential. The ability of MDA-MB-231 cells to adhere to a synthetic analog
of laminin ECM components was evaluated following treatment with the water-soluble
extract and assessed using a toluene blue dye absorption assay. The water-soluble extract
decreased the migration ability of these cells by increasing their adhesion to the ECM. At
the same time, the extract had no effect on normal breast cell adherence to the ECM.

In vitro invasion assays were performed to better understand the effect of the T. violacea
crude extract on the metastasis process. Neoplastic cells require the ability to invade the
surrounding tissue or enter the blood or lymphatic system after adhering to cell membranes
in vivo. Once attached to a target basement membrane, they are enzymatically digested by
type IV collagenase, allowing for entry into the circulatory system, migration, and finally
the establishment of a metastatic (secondary) tumor by re-attachment of the migrating cells
to the blood vessel [81]. Invasion assays, which mimic this process, provide an indication of
the ability of cells to pass through an ECM (laminin-1)-coated membrane similar to the basal
lamina. Untreated MDA-MB-231 cells migrated through the matrix-coated membrane and
attached to the underside. In contrast, the inclusion of the T. violacea crude water extracts
in the assay significantly hampered cell invasion, resulting in far fewer cells traversing
the membrane. These findings are consistent with those of the adhesion assays, as cell
adhesion is required for invasion. Previous studies using breast, lung, cervical, prostate,
and colon cancer cell lines found a positive correlation between adhesion and invasion [82].

The effect of the extracts on the migration ability of MDA-MB-231 cells was assessed
using scratch or wound assays. The scratch assays showed that the scratch area decreased
rapidly when the cells were left untreated, which was also observed when the distance
between the two cell fronts was used as an indication of wound closure. The T. violacea
water-soluble extract showed consistent effects on the migration of MDA-MB-231 cells at a
concentration lower than the IC50 at 300 µg/mL, which was previously shown to kill less
than 40% of cells. This effect occurred in the first 12 h following treatment and persisted
for 24 h until approximately 35 h after treatment, when the effect began to decrease and
cell migration increased. Since no further extract was added, this time indicates the active
lifespan of the components within the extract or how long the cells take to recover. Using
half of the IC50 concentration of the extract, it was observed that the inhibitory effect on
cell migration ended after only 24 h. However, even at this lower concentration, the wound
reached full closure after 72 h. This seems to indicate that the cells took time (approximately
24 h) to recover from the inhibitory effects of the extract on cell migration and it was not
due to the continued activity of the extract. This effect of the T. violacea water-soluble extract
was not exclusively due to increased cell death and seems to be due to the effect of the
extract on the ability of cells to migrate by targeting the molecules or signaling pathways
involved in migration. The migration of normal MCF-10A breast cells was negatively
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affected by the extract. However, the effect was not as strong or as long-lasting as that on
TNBC cells. As expected, normal cells migrated at a slower rate than cancer cells.

4.2. Assay for Antioxidant Activity

Plants are rich in secondary metabolites that are natural antioxidants and their antiox-
idant activity is frequently linked to the presence of phenolic compounds. Polyphenolic
compounds are the most potent natural antioxidants among the various plant secondary
metabolites [83,84].

The water-soluble extract of T. violacea demonstrated weak-to-moderate antioxidant
activity, particularly in reducing DPPH radicals [85]. However, the role of antioxidants in
cancer progression and metastasis is intricate, as excessive antioxidant activity may poten-
tially protect cancer cells from oxidative stress-induced cell death, thereby promoting tumor
growth and metastasis [86]. Therefore, it is crucial to carefully evaluate the antioxidant
properties of the T. violacea extract in the context of its potential anti-metastatic effects [27].
A balanced approach is necessary to understand the interplay between the extract’s an-
tioxidant and anti-cancer activities, as well as the underlying mechanisms involved [87].
Further research is warranted to elucidate the specific compounds responsible for these
activities and their potential therapeutic applications [88] (Figure 5). The compounds that
scavenge DPPH radicals are expected to be hydrophilic radical scavengers because of
their presence in the water-soluble extract. One of the identified water-soluble radical
scavengers was H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl (DDMP). DDMP is a
strong antioxidant [89] that can be formed non-enzymatically from hexose [90], and thermal
degradation of D-glucose to form DDMP has been reported [91]. This study identified
DDMP as a major water-soluble radical scavenger present in the T. violacea water-soluble
extract. This may have contributed to the ability of the extract to act as a radical scavenger
of DPPH radicals in the antioxidant assay. DDMP is known for its potent antioxidant
properties [92]. The second relevant compound, pyrrolidine, is a nitroxide, a stable free
radical with an unpaired electron in its nitroxyl group and therefore has antioxidant activity.
Nitroxides can accept electrons from reactive oxygen species (ROS) and convert them into
stable, non-radical forms. This process helps neutralize ROS and reduce oxidative stress,
making nitroxides valuable as antioxidants and potentially useful in various medical and
biological applications [48].

4.3. Effect of the Identified Compounds on Metastasis and Invasion

To achieve successful motility, cellular signaling networks are activated, which re-
sults in morphological changes [93]: cells lose their epithelial characteristics and adopt
mesenchymal-like characteristics, such as E-cadherin expression. These signaling networks
include the Wnt/β-catenin and Hh pathways [94]. Based on our findings, the T. violacea
water crude extracts were able to disrupt the pathways involved in MDA-MB-231 migration
and their ability to populate a cell-free zone. This implies that the crude T. violacea extracts
are effective in promoting cell adhesion and impeding cell invasion and migration, thereby
decreasing their metastatic ability.

Triazine-3,5(2H,4H)-dione (6-azauracil) is a pyrimidine analog that has demonstrated
substantial antitumor effects against various transplantable mouse tumors [95]. The 1,2,4-
triazine ring is a prominent structural motif in many naturally occurring and synthetically
derived biologically active compounds. These include anti-cancer and anti-inflammatory
agents [96]. Cytosine arabinoside is one of the three most important pyrimidine antimetabo-
lites in cancer chemotherapy [97]. Well-established chemotherapeutic agents, such as 5-
fluorouracil (5FU), 6-mercaptopurine (6MP), 6-thioguanine (6-TG), cytosine arabinoside
(ARA-C), and methotrexate (MTX), inhibit cancer cell proliferation and survival by in-
hibiting DNA synthesis. These drugs target different aspects of cancer cell growth and
replication, making them valuable tools for cancer chemotherapy [98]. Research performed
on 6-azauridine (6AU) by the National Cancer Institute using animal models demonstrated
that this compound led to hematological enhancements and could be used to treat newly
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diagnosed cancers [99]. The biological activities of azanucleosides, nucleoside analogs with
a furanose ring replaced by a nitrogen-containing ring or chain, have been a subject of
research interest [100]. 6AU is known to inhibit transcription by depleting the intracellular
pool of guanosine monophosphate (GMP) and uridine monophosphate (UMP) [101].

Benzaldehyde, or 4-(1-methylethyl)-(cuminaldehyde), is known to cause lysosomal
vacuolation, acidic compartment enlargement, cytotoxicity, and inhibition of topoisomerase
I and II activities, thereby decreasing tumor size [102]. It is known as an agent capable of
inhibiting cell growth [103].

Vanillin, chemically known as 4-hydroxy-3-methoxybenzaldehyde, has shown anti-
cancer properties, mainly owing to its strong antimutagenic action [104]. The FDA considers
vanillin safe for use in food and pharmaceutical products, due to its oral LD50 in rats
ranging from 1.58 to 2.8 g/kg [105]. Vanillin has been demonstrated to decrease MMP-
9, an enzyme responsible for extracellular matrix disintegration, which aids cancer cell
invasion and metastasis. By inhibiting MMP-9, vanillin may further limit the invasive and
metastatic potential of cancer cells via the downregulation of the nuclear factor-B (NF-κB)
signaling pathway in human hepatocellular carcinoma cells [106]. The ability of vanillin to
prevent cancer cell invasion and migration at non-lethal dosages may be due to its ability
to inhibit DNA repair mechanisms. Vanillin also exhibits antioxidant activity. It inhibits
DNA-dependent protein kinases, enhancing cancer cell sensitivity to cisplatin [107].

The structural similarities between vanillin and acetyl salicylic acid and their potential
anti-invasive effects in different cancer cell lines call for further research into their therapeu-
tic capabilities in impeding cancer cell invasiveness [107]. Previous studies have confirmed
the anti-metastatic effectiveness of vanillin against breast cancer cells in laboratory and
animal models [108]. Vanillin obstructs cell migration and the breakdown of the extracel-
lular matrix (ECM), which is crucial for cancer invasion. This suggests that vanillin can
effectively prevent cancer invasion in experimental models and may help reduce metastasis
in living organisms. Furthermore, vanillin has been shown to decrease cell growth in vitro,
indicating its potential as an improved anti-metastatic drug. Notably, the anti-metastatic
effect of vanillin was evident in living organisms at a well-tolerated dosage in mice [104].

Another significant compound identified in the extract was schizandrin, which is
known for its anti-cancer properties, including its ability to operate as a dual inhibitor
of P-glycoprotein and multidrug resistance protein 1 (MRP1), contributing to its efficacy
against cancer cells [109]. Schizandrin also inhibits ATR protein kinase, specifically its
response to DNA damage [110]. Schizandrin has been shown to produce a remarkable
reduction in 4T1 lung metastasis and prolonged survival in mice. It largely inhibits 4T1
cell metastasis at the local invasion stage and reduces epithelial–mesenchymal transition
(EMT) in both 4T1 and primary human breast cancer cells, lowering their metastatic
potential [111]. The involvement of schizandrin in suppressing cancer cell metastasis, as
well as its advantages when combined with other anti-cancer medications, highlights its
diverse pharmacological effects, including antioxidant, anti-asthmatic, anti-inflammatory,
and anti-cancer properties [21].

Schisandrin inhibits glioma cell growth and invasion by modulating several signaling
pathways [112] and inhibits TGF-1-induced epithelial–mesenchymal transition (EMT) in
human A549 cells [113]. Cell migration, invasion, epithelial–mesenchymal transition (EMT),
and cancer stem cell (CSC) properties are inhibited by schisandrin. Furthermore, it may
regulate additional signaling pathways linked with EMT, including the SMAD, PI3K/AKT,
Wnt, and Notch pathways, indicating that schisandrin has a larger regulatory impact on
these cancer-related processes. Schisandrin causes cell cycle arrest in A549 cells by down-
regulating cyclin D1, cyclin-dependent kinase (CDK) 4, and CDK6 while simultaneously
upregulating p53 and p21 [114]. Schisandrin lowered SIRT1 protein expression, and there
was a negative association between SIRT1 and the stimulation of SMURF2, which inhibits
colon cancer cell proliferation and dissemination [115].

Taurolidine, another compound identified in the T. violacea extract, exhibits potent anti-
neoplastic and cytotoxic activities, suggesting its potential as a chemotherapeutic agent [50].
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Taurolidine exhibits anti-endotoxin, antimicrobial, anti-adhesive, and antifungal traits [116].
Taurolidine inhibited the growth of a rat metastatic colorectal tumor cell line in vitro and
in vivo, indicating that it may be useful in preventing peritoneal metastases [117]. Tau-
rolidine likely acts by directly diminishing IL-1 production in peritoneal macrophages,
thereby obstructing the response of tumor cells to growth signals [118]. Consequently,
taurolidine undergoes enzymatic hydrolysis and decomposes into methyloltaurultam and
taurultam, which further breaks down into methyloltaurinamid, ultimately producing
taurine and an active methylol group. However, the precise mechanism underlying the
suppression of tumor growth by taurolidine in various cancers remains unclear [119]. In
a Syrian hamster model of pancreatic adenocarcinoma, taurolidine effectively inhibited
primary tumor growth and reduced metastases at both the chemotherapy port site and
the liver [120]. The identification of a compound resembling the synthetic compound
taurolidine implies that the T. violacea extract may contain one or more compounds that
are natural product analogs with a similar anti-cancer activity. This possibility warrants
further research in order to confirm the presence of these compounds and isolate them.
Once isolated, their structural and functional similarity to taurolidine can be confirmed.
These taurolidine-like compounds can then serve as lead compounds for the development
of new therapeutic drugs to treat TNBC.

Alpha-pinene is a naturally occurring compound that exhibits anti-cancer characteris-
tics [58]. Alpha-pinene was isolated from the water-soluble extract of T. violacea. Studies on
human ovarian cancer cell lines and human hepatocellular liver carcinoma cell lines have
shown that α-pinene has anti-cancer effects [52]. It has also been shown in tests on N2A neu-
roblastoma cells to have antioxidant, anti-cancer, and genotoxic effects [121]. The capacity
of α-pinene to suppress tumor invasion was tested in a study employing highly metastatic
MDA-MB-231 human breast cancer cells [122]. TNFα-induced matrix metalloproteinase-9
gene promoter activation and mRNA synthesis have been demonstrated to be inhibited
by α-pinene in a dose-dependent manner [120]. NF-κB-dependent transcriptional activity
was reduced by α-pinene treatment [123]. It can also suppress TNFα-induced MMP-9 gene
expression and the invasive nature of MDA-MB-231 cells [124].

Finally, it is important to remember that when the extracts of T. violacea are used by
traditional healers, they are using the entire extract and do not perform any purification
methods that would isolate individual compounds. As such, the patient is treated with
the entire mixture of compounds. We do not know what effect the compounds within the
extract may have when working together as the complex mixture of compounds may result
in certain compounds behaving very differently from how a pure version of that compound
may behave. Perhaps it is the complex mixture of compounds which gives the extract its
full ability and any attempt to make a treatment based on the extract should study the
potential interactions between the compounds that make up the extract.

4.4. Transcript Analysis of Genes Involved in Migration, Invasion, and Adhesion

The analysis of the transcripts of genes involved in invasion, adhesion, and metastasis
showed no clear pattern of changes in the pathways controlling these processes following
treatment. Only a few genes in these pathways were altered after treatment with the water-
soluble extract. Many genes showed insignificant changes in expression. The normal breast
cell line had many genes whose transcripts were only detectable before or after treatment
with the extract, which seemed to indicate that the extract induced greater changes in the
normal cell line. The changes in the transcription levels of genes involved in migration,
invasion, and adhesion did not reflect the changes in these processes that were observed
following the treatment. Since the results of the assays seemed to indicate that the extract
was able to inhibit migration and invasion while stimulating adhesion, we expected to
observe a decrease in the level of transcription of genes involved in migration and invasion
and an increase in the transcription of genes involved in adhesion.

The majority of previous studies on T. violacea extracts found anti-cancer activities
in fractions obtained through the use of organic solvents. However, this study’s results
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agree with those of the study carried out by Saibu et al. [29], which showed activity for
the water-soluble extract. All the previous studies on T. violacea extracts focused on the
cytotoxic nature of the extract and showed that the extract could increase the levels of
apoptosis by increasing the expression of p53 and caspase 3 while increasing the levels of
ROS. The transcriptome data in this study showed similar increases in the expression of
pro-apoptotic genes; however, the focus of this study was on the ability of the extract to
prevent the spread of cancer cells by inhibiting cancer cell metastasis and invasion, as well
as increasing the cell adhesion to an ECM. The identification of different active compounds
in the water and organic solvent fractions is likely due to differences in the extraction
methods. This study could have been improved with the use of a “stronger” non-polar
solvent than methanol, as there may be many compounds with activity which remained
unextracted as they could not be dissolved in the methanol or water.

5. Conclusions

The ability of the water-soluble extract to inhibit cell invasion and metastasis and pro-
mote cell adhesion in a TNBC cell line implies that this extract can decrease the spread and
progression of triple-negative breast cancer. The water-soluble extract also has moderate
antioxidant activity and can prevent oxidative damage and protect tumor cells from death
induced by ROS. However, this is an effect of the extract as a whole, and future work should
involve activity studies to isolate individual compounds that give the extract its cytotoxic,
anti-metastatic, and antioxidative properties. This would identify the compounds that
give this extract its desirable cytotoxic and anti-metastatic activities that could be used for
TNBC treatment. Therefore, the extract has potential as a basis for the development of new
anti-cancer therapies for TNBC.

These results showed that in addition to the cytotoxic effects of the extract on cancer
cells, the water-soluble extract was able to prevent metastasis and invasion as well as
promote adhesion in a TNBC cell line.

Author Contributions: M.A.: investigation, formal analysis, and writing—original draft preparation.
R.H.: investigation, supervision, and writing—review and editing. T.M.: writing—review and editing
and validation. R.K.: writing—review and editing. L.M.: writing—review and editing. T.E.L.:
writing—original draft preparation and writing—review and editing. N.C.-M.: writing—review
and editing. B.P.: resources and writing—review and editing. C.P.: methodology, supervision, and
writing—review and editing. Z.D.: conceptualization, writing—review and editing, supervision, and
funding acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the South African Medical Research Council (SAMRC) (Grant
Number 23108) and the National Research Foundation (NRF) (Grant Number 138139).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Shin, V.Y.; Siu, J.M.; Cheuk, I.; Ng, E.K.; Kwong, A. Circulating cell-free miRNAs as biomarker for triple-negative breast cancer.

Br. J. Cancer 2015, 112, 1751–1759. [CrossRef] [PubMed]
2. Dent, R.; Hanna, W.M.; Trudeau, M.; Rawlinson, E.; Sun, P.; Narod, S.A. Pattern of metastatic spread in triple-negative breast

cancer. Breast Cancer Res. Treat. 2009, 115, 423–428. [CrossRef] [PubMed]
3. Foulkes, W.D.; Smith, I.E.; Reis-Filho, J.S. Triple-negative breast cancer. N. Engl. J. Med. 2010, 363, 1938–1948. [CrossRef]
4. Carey, L.A.; Dees, E.C.; Sawyer, L.; Gatti, L.; Moore, D.T.; Collichio, F.; Ollila, D.W.; Sartor, C.I.; Graham, M.L.; Perou, C.M. The

triple negative paradox: Primary tumor chemosensitivity of breast cancer subtypes. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res.
2007, 13, 2329–2334. [CrossRef] [PubMed]

5. Boyle, P. Triple-negative breast cancer: Epidemiological considerations and recommendations. Ann. Oncol. Off. J. Eur. Soc. Med.
Oncol. 2012, 23 (Suppl. S6), vi7–vi12. [CrossRef] [PubMed]

https://doi.org/10.1038/bjc.2015.143
https://www.ncbi.nlm.nih.gov/pubmed/25906045
https://doi.org/10.1007/s10549-008-0086-2
https://www.ncbi.nlm.nih.gov/pubmed/18543098
https://doi.org/10.1056/NEJMra1001389
https://doi.org/10.1158/1078-0432.CCR-06-1109
https://www.ncbi.nlm.nih.gov/pubmed/17438091
https://doi.org/10.1093/annonc/mds187
https://www.ncbi.nlm.nih.gov/pubmed/23012306


Curr. Issues Mol. Biol. 2024, 46 10824

6. Lara-Medina, F.; Pérez-Sánchez, V.; Saavedra-Pérez, D.; Blake-Cerda, M.; Arce, C.; Motola-Kuba, D.; Villarreal-Garza, C.; González-
Angulo, A.M.; Bargalló, E.; Aguilar, J.L.; et al. Triple-negative breast cancer in Hispanic patients: High prevalence, poor prognosis,
and association with menopausal status, body mass index, and parity. Cancer 2011, 117, 3658–3669. [CrossRef]

7. Fostira, F.; Tsitlaidou, M.; Papadimitriou, C.; Pertesi, M.; Timotheadou, E.; Stavropoulou, A.V.; Glentis, S.; Bournakis, E.; Bobos,
M.; Pectasides, D.; et al. Prevalence of BRCA1 mutations among 403 women with triple-negative breast cancer: Implications for
genetic screening selection criteria: A Hellenic Cooperative Oncology Group Study. Breast Cancer Res. Treat. 2012, 134, 353–362.
[CrossRef] [PubMed]

8. Bamidele, O.; Ali, N.; Papadopoulos, C.; Randhawa, G. Exploring factors contributing to low uptake of the NHS breast cancer
screening programme among Black African women in the UK. Divers. Equal. Health Care 2017, 14, 212–219. [CrossRef]

9. Newman, L.A.; Stark, A.; Chitale, D.; Pepe, M.; Longton, G.; Worsham, M.J.; Nathanson, S.D.; Miller, P.; Bensenhaver, J.M.;
Proctor, E.; et al. Association Between Benign Breast Disease in African American and White American Women and Subsequent
Triple-Negative Breast Cancer. JAMA Oncol. 2017, 3, 1102–1106. [CrossRef]

10. Shah, S.P.; Roth, A.; Goya, R.; Oloumi, A.; Ha, G.; Zhao, Y.; Turashvili, G.; Ding, J.; Tse, K.; Haffari, G.; et al. The clonal and
mutational evolution spectrum of primary triple-negative breast cancers. Nature 2012, 486, 395–399. [CrossRef]

11. Vagia, E.; Mahalingam, D.; Cristofanilli, M. The Landscape of Targeted Therapies in TNBC. Cancers 2020, 12, 916. [CrossRef]
[PubMed]

12. Lee, K.M.; Giltnane, J.M.; Balko, J.M.; Schwarz, L.J.; Guerrero-Zotano, A.L.; Hutchinson, K.E.; Nixon, M.J.; Estrada, M.V.; Sánchez,
V.; Sanders, M.E.; et al. MYC and MCL1 Cooperatively Promote Chemotherapy-Resistant Breast Cancer Stem Cells via Regulation
of Mitochondrial Oxidative Phosphorylation. Cell Metab. 2017, 26, 633–647.e7. [CrossRef] [PubMed]

13. André, F.; Zielinski, C.C. Optimal strategies for the treatment of metastatic triple-negative breast cancer with currently approved
agents. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2012, 23 (Suppl. S6), vi46–vi51. [CrossRef] [PubMed]

14. Hayes, D.F.; Thor, A.D.; Dressler, L.G.; Weaver, D.; Edgerton, S.; Cowan, D.; Broadwater, G.; Goldstein, L.J.; Martino, S.; Ingle,
J.N.; et al. HER2 and response to paclitaxel in node-positive breast cancer. N. Engl. J. Med. 2007, 357, 1496–1506. [CrossRef]

15. Luo, M.; Zhou, L.; Huang, Z.; Li, B.; Nice, E.C.; Xu, J.; Huang, C. Antioxidant Therapy in Cancer: Rationale and Progress.
Antioxidants 2022, 11, 1128. [CrossRef] [PubMed]

16. Buchheit, C.L.; Weigel, K.J.; Schafer, Z.T. Cancer cell survival during detachment from the ECM: Multiple barriers to tumour
progression. Nat. Rev. Cancer 2014, 14, 632–641. [CrossRef]

17. Schafer, Z.T.; Grassian, A.R.; Song, L.; Jiang, Z.; Gerhart-Hines, Z.; Irie, H.Y.; Gao, S.; Puigserver, P.; Brugge, J.S. Antioxidant and
oncogene rescue of metabolic defects caused by loss of matrix attachment. Nature 2009, 461, 109–113. [CrossRef]

18. DeNicola, G.M.; Karreth, F.A.; Humpton, T.J.; Gopinathan, A.; Wei, C.; Frese, K.; Mangal, D.; Yu, K.H.; Yeo, C.J.; Calhoun, E.S.;
et al. Oncogene-induced Nrf2 transcription promotes ROS detoxification and tumorigenesis. Nature 2011, 475, 106–109. [CrossRef]

19. Sayin, V.I.; Ibrahim, M.X.; Larsson, E.; Nilsson, J.A.; Lindahl, P.; Bergo, M.O. Antioxidants accelerate lung cancer progression in
mice. Sci. Transl. Med. 2014, 6, 221ra215. [CrossRef]

20. Liu, M.M.; Huang, Y.; Wang, J. Developing phytoestrogens for breast cancer prevention. Anti-Cancer Agents Med. Chem. 2012, 12,
1306–1313. [CrossRef]

21. Zhang, Y.; Liu, X.; Ruan, J.; Zhuang, X.; Zhang, X.; Li, Z. Phytochemicals of garlic: Promising candidates for cancer therapy.
Biomed. Pharmacother. = Biomed. Pharmacother. 2020, 123, 109730. [CrossRef] [PubMed]

22. Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the 30 years from 1981 to 2010. J. Nat. Prod. 2012, 75,
311–335. [CrossRef] [PubMed]

23. Mans, D.R.; da Rocha, A.B.; Schwartsmann, G. Anti-cancer drug discovery and development in Brazil: Targeted plant collection
as a rational strategy to acquire candidate anti-cancer compounds. Oncologist 2000, 5, 185–198. [CrossRef] [PubMed]

24. Yang, B.; Liu, Z.; Wang, Q.; Chai, Y.; Xia, P. Pharmacokinetic comparison of seven major bioactive components in normal and
depression model rats after oral administration of Baihe Zhimu decoction by liquid chromatography-tandem mass spectrometry.
J. Pharm. Biomed. Anal. 2018, 148, 119–127. [CrossRef]

25. Slika, H.; Mansour, H.; Wehbe, N.; Nasser, S.A.; Iratni, R.; Nasrallah, G.; Shaito, A.; Ghaddar, T.; Kobeissy, F.; Eid, A.H. Therapeutic
potential of flavonoids in cancer: ROS-mediated mechanisms. Biomed. Pharmacother. = Biomed. Pharmacother. 2022, 146, 112442.
[CrossRef]

26. Van Wyk, B.-E.; Oudtshoorn, B.v.; Gericke, N. Medicinal Plants of South Africa; Briza: Pretoria, South Africa, 1997.
27. Motadi, L.R.; Choene, M.S.; Mthembu, N.N. Anticancer properties of Tulbaghia violacea regulate the expression of p53-dependent

mechanisms in cancer cell lines. Sci. Rep. 2020, 10, 12924. [CrossRef]
28. Takaidza, S.; Kumar, A.M.; Ssemakalu, C.C.; Natesh, N.S.; Karanam, G.; Pillay, M. Anticancer activity of crude acetone and water

extracts of Tulbaghia violacea on human oral cancer cells. Asian Pac. J. Trop. Biomed. 2018, 8, 456–462.
29. Saibu, G.M.; Katerere, D.; Rees, J.; Meyer, M. Evaluation of the anti-cancer phytotherapeutic potential of Tulbaghia violacea plant.

FASEB J. 2011, 25, 962.4. [CrossRef]
30. Saibu, G.M.; Katerere, D.R.; Rees, D.J.; Meyer, M. In vitro cytotoxic and pro-apoptotic effects of water extracts of Tulbaghia violacea

leaves and bulbs. J. Ethnopharmacol. 2015, 164, 203–209. [CrossRef] [PubMed]
31. Boyden, S. The chemotactic effect of mixtures of antibody and antigen on polymorphonuclear leucocytes. J. Exp. Med. 1962, 115,

453–466. [CrossRef]

https://doi.org/10.1002/cncr.25961
https://doi.org/10.1007/s10549-012-2021-9
https://www.ncbi.nlm.nih.gov/pubmed/22434525
https://doi.org/10.21767/2049-5471.1000113
https://doi.org/10.1001/jamaoncol.2016.5598
https://doi.org/10.1038/nature10933
https://doi.org/10.3390/cancers12040916
https://www.ncbi.nlm.nih.gov/pubmed/32276534
https://doi.org/10.1016/j.cmet.2017.09.009
https://www.ncbi.nlm.nih.gov/pubmed/28978427
https://doi.org/10.1093/annonc/mds195
https://www.ncbi.nlm.nih.gov/pubmed/23012302
https://doi.org/10.1056/NEJMoa071167
https://doi.org/10.3390/antiox11061128
https://www.ncbi.nlm.nih.gov/pubmed/35740025
https://doi.org/10.1038/nrc3789
https://doi.org/10.1038/nature08268
https://doi.org/10.1038/nature10189
https://doi.org/10.1126/scitranslmed.3007653
https://doi.org/10.2174/187152012803833062
https://doi.org/10.1016/j.biopha.2019.109730
https://www.ncbi.nlm.nih.gov/pubmed/31877551
https://doi.org/10.1021/np200906s
https://www.ncbi.nlm.nih.gov/pubmed/22316239
https://doi.org/10.1634/theoncologist.5-3-185
https://www.ncbi.nlm.nih.gov/pubmed/10884497
https://doi.org/10.1016/j.jpba.2017.09.031
https://doi.org/10.1016/j.biopha.2021.112442
https://doi.org/10.1038/s41598-020-69722-4
https://doi.org/10.1096/fasebj.25.1_supplement.962.4
https://doi.org/10.1016/j.jep.2015.01.040
https://www.ncbi.nlm.nih.gov/pubmed/25683299
https://doi.org/10.1084/jem.115.3.453


Curr. Issues Mol. Biol. 2024, 46 10825

32. Todaro, G.J.; Lazar, G.K.; Green, H. The initiation of cell division in a contact-inhibited mammalian cell line. J. Cell. Physiol. 1965,
66, 325–333. [CrossRef] [PubMed]

33. Blois, M. Antioxidant determinations by the use of a stable free radical. Nature 1958, 181, 1199–1200. [CrossRef]
34. Sharma, G.; Sapkota, B.; Lamichhane, G.; Adhikari, M.; Kunwar, P. Antioxidant Activity of Selected Medicinal Plants of Nepal.

Int. J. Med. Biomed. Sci. 2017, 2, 1–9. [CrossRef]
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