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Despite significant progress in the treatment of cancer patients, modern oncological
therapy faces numerous challenges that are primarily related to the lack of response to
treatment caused by the resistance of cancer cells to chemotherapeutics. Another major
problem is the emerging toxicity of therapy and its associated side effects. Hence, new,
alternative treatments and compounds with anticancer potential are constantly sought.
Phytochemicals found in plants, for example, and are currently being studied for their
anticancer properties. The aim of this Special Issue was to present a range of compounds
with anticancer potential in various experimental approaches to show their possible use in
cancer treatments.

1. Introduction

According to statistics from the International Agency for Research on Cancer (IARC),
nearly 20 million new cancer cases and 9.7 million cancer-related deaths were reported
in 2022. It is estimated that about one in five people will develop cancer during their
lifetime, while about one in nine men and one in 12 women will die from it. According
to the forecast based on demographic data, the number of new cancer cases will reach
35 million by 2050 [1], which is a very serious social problem. The results of clinical
and epidemiological studies clearly indicate that the principal factor contributing to the
development and prevention of cancer is lifestyle. An incorrect diet, lack of physical
activity, alcohol consumption, and smoking are the main factors inducing an increase in
the incidence of various types of cancer [2].

The main methods to treat cancer are chemotherapy and radiotherapy supplemented
by surgery, which, despite their constant use, also cause numerous side effects [3]. The
main disadvantages of chemotherapy are possible cancer recurrences and toxic effects
on non-targeted tissues, which in turn may limit the use of anticancer drugs and worsen
the patient’s quality of life. Another significant cause of anticancer therapy failure is the
innate and acquired resistance of cancer cells regulated, among others, by genetic and
epigenetic factors that allow cancer cells to survive [4]. The basic feature of cancer cells
is their ability to avoid the process of apoptosis, which results from the deregulation of
molecular pathways contributing to the development of multidrug resistance. This applies
to Bcl-2 family proteins, the p53 tumor suppressor, the overexpression of IAP controlling
the activation of caspases, and the PI3K/AKT pathway, among others [5].

Therefore, new and alternative treatments and new groups of compounds with an-
ticancer potential are sought, an example of which are numerous phytochemicals. The
attempt to draw attention to the use of plant compounds in oncological therapy results from
the fact that numerous studies have highlighted their anticancer properties [3], and herbal
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medicine is one of the oldest forms of therapy that has developed all over the world [6,7].
An example is Traditional Chinese Medicine, the oldest field in which recognizing the use
of herbs for medicinal purposes is Materia Medica, which includes over 1800 entries with
over 11,000 formulas providing full information about their medicinal use [7].

Over the years, many compounds have been isolated from plants that have become
extremely important to medicine. Some key examples include taxoids and taxol, discovered
in the 1960s and 1970s, isolated from the bark of Taxus brevifolia, which remains one of the
most effective methods of treating breast and ovarian cancer [8]. Another example is the
alkaloid camptothecin, isolated from the bark of Camptotheca acuminata, whose anticancer
effect is based on the inhibition of topoisomerase I [9]. Another breakthrough was the
discovery of the Vinca alkaloids in the 1960s, i.e., vinblastine and vincristine, which have
made an equally substantial contribution to oncological therapy. Vincristine is a chemother-
apeutic drug used to treat acute lymphoblastic leukemia, Hodgkin’s and non-Hodgkin’s
lymphomas, Wilms’ tumor, rhabdomyosarcomas, retinoblastoma, neuroblastoma, and
various brain tumors. Its analog, vinblastine, is used in chemotherapy for Hodgkin’s
lymphoma, Langerhans cell histiocytosis, and brain gliomas [10].

According to Choudhari et al. (2020), clinical trials on the use of phytochemicals
in anticancer therapy are currently focusing on three aspects: improving the response
of cancer cells to standard chemo- and radiotherapy, reducing the serious side effects of
standard therapy, and looking for undesirable interactions with standard therapy [11].

2. Selected Phytochemicals with Anticancer Properties

In this summary, we focus on several groups of phytochemicals to highlight their po-
tential anticancer properties. An example of compounds whose anticancer properties have
been demonstrated in numerous literature reports are alkaloids, which are the main bioac-
tive chemical components of the Berberis species responsible for various pharmacological
effects of both the whole extract and isolated single compounds [12]. The most well-known
alkaloid with anticancer effects is berberine, the mechanism of which is based on scaveng-
ing free radicals, inducing apoptosis, blocking the cell cycle, or inhibiting angiogenesis,
among others [13].

In the study by Mitek et al. (2024), it was demonstrated that extracts from ornamental
barberry twigs, compared to pure berberine sulfate administered in an analogous dose,
present greater cytotoxicity towards HaCaT, A375, and Caco-2 cell lines. At the same
time, the team showed that ornamental barberry twigs, easier to obtain with the controlled
cultivation of this plant than common barberry roots, can be used as a raw material for the
isolation of berberine for the pharmaceutical industry [14].

Magnolia-derived lignans, such as honokiol and magnolol, may prove to be effective
compounds in treating patients with head and neck squamous cell carcinoma. A study
by Klesz et al. (2024) confirmed that these compounds can limit the viability of cancer
cells by regulating the cell cycle and apoptosis, which are probably related to changes
in the expression level of BIRC5 and CDKN1A. It is also interesting that the tested com-
pounds showed cytotoxicity in FaDu cisplatin persister cells, which is key to overcoming
chemoresistance [15].

Statistics show that cervical cancer accounts for 70% of all cancer cases. In 2018, more
than 560,000 new cases of cervical cancer were diagnosed worldwide, with more than
300,000 resulting in death. Of these, more than 80% occurred in low- and middle-income
countries, such as South Africa, India, China, and Brazil, with the main contributing factor
to the development of cervical cancer being infection with the sexually transmitted human
papillomavirus [16].
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Hence, it is important to pay attention to new methods of treatment, including the
use of compounds with significant anticancer activity in relation to this type of cancer. An
example is cacalol acetate, which is a derivative of cacalol, a sesquiterpene isolated from
Psacalium decompositum. Rostro-Alonso and colleagues (2024) were the first to prove that
this derivative has cytotoxic, antiproliferative, proapoptotic, and antimigratory effects in
relation to the HelLa cell line studied [17].

Alaouna et al. (2024) demonstrated the efficacy of the South African plant Tulbaghia
violacea in the treatment of metastatic triple-negative breast cancer (TNBC) [18]. This is an
interesting report since TNBC is most often an invasive high-grade ductal carcinoma, which
is characterized by an aggressive clinical phenotype and lack of estrogen and progesterone
receptor expression and human epidermal growth factor receptor 2 (HER2) expression.
It is also one of the most common subtypes of breast cancer in women with mutations
in the BRCA1 gene [19,20]. It was shown that an aqueous extract containing anticancer
compounds (DDMP, 1,2,4-triazine-3,5(2H,4H)-dione, vanillin, schizandrin, taurolidine and
a-pinene) affected the adhesion, invasion, and migration of MCF-10A and MDA-MB-231
cell lines. Alterations in genes related to angiogenesis, metastasis, and proliferation were
also demonstrated, with reduced activity in growth receptor signaling, angiogenesis, and
cancer-related pathways (Wnt, Notch and PI3K pathways), which is highly relevant in the
development of therapeutics targeting TNBC metastases [18].

Ashwagandha (Withania somnifera L. Dunal), in which withaferin A and withanolides
are considered promising anticancer compounds, also shows great promise in the treatment
of breast cancer, especially with estrogen receptor/progesterone receptor (ER/PR)-positive
and triple-negative breast cancer [21]. Numerous studies also indicate its anti-inflammatory,
antimicrobial, cardioprotective, and antidiabetic properties [22].

Anticancer therapy can also be supplemented by alternative medicinal compounds
obtained from marine flora, an example of which are micro- and macroalgae containing
various types of bioactive molecules, including carotenoids and various forms of polysac-
charides with anticancer activity, which act by inducing apoptosis and inhibiting the cell
cycle and proliferation [23]. The interest in microalgae stems from the fact that they are a
component of the daily diet and a food additive, mainly in East Asian countries. Active
metabolites of algae known for their anticancer and biocidal effects are also of great inter-
est [24]. Algae are also a source of antioxidant compounds, including carotenoids, vitamins,
and phenolics, used not only in medicine but also in other branches of the pharmaceutical
industry [25].

Compounds with high anticancer potential also include polysaccharides, which differ
from each other in both structure and toxicity profile [26]. An example is the extracellular
polysaccharides (EPS) studied by Toshkova-Yotova et al. (2024) isolated from a new
Bulgarian strain of the green microalga Coelastrella sp. BGV, which show anticancer activity
in cervical and breast cancer cells based on the induction of apoptosis, inhibition of the cell
cycle, and antiproliferative activity demonstrated in a wound healing test. Interestingly, the
authors did not demonstrate any cytotoxic effect on normal cells (BALB/3T3 and HaCaT
lines); hence, they conclude that this new microalgae strain, as a source of EPS with selective
anticancer activity, should be studied in terms of its pharmacological and biotechnological
potential [27].

Numerous studies have shown that polyphenols are also phytochemicals found in
many plant-based diets with chemopreventive effects on various cancers. Interest in
these compounds is constantly growing because studies indicate a link between a diet
rich in soy and cancer avoidance, which has been linked to the presence of genistein—a
phenolic component of soy [28]. Preclinical studies have shown multidirectional effects of
genistein based on antioxidant, anti-inflammatory, antibacterial, and antiviral properties,
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and its mechanism of anticancer action has been described on many cancer cell lines [29].
However, Banys et al. (2024) have shown that supplementation of animals with genistein
in macro, micro, and nano forms increases the intensity of the neoplastic process, the level
of metalloproteinase-9, and the expression of the MMP-9 gene, and significantly reduces
the level of eicosanoids (HETEs, HODE, and HEPE) [30]. Also, a study by Ju et al. suggests
that consuming genistein-containing products may be dangerous for postmenopausal
women with estrogen-dependent breast cancer. Genistein has been shown to act in an
additive manner at low levels of 173-estradiol, stimulating estrogen-dependent tumor
growth in vivo [31].

The use of an appropriate diet may also affect the activity of key multidrug resistance
transporters (MRP2, BCRP, and P-gp) influencing the effects of chemotherapy. According
to Brodzicka et al. (2024), such phytochemicals include catechins, flavonoids, resveratrol,
curcumin, terpenoids, sterols, and alkaloids, which, by modulating the activity of MDR
transporters, impact the effectiveness of chemotherapy. The authors conclude that, in the
context of improving treatment results and reducing side effects, attention should be paid
to the interaction between diet and the drugs used in cancer therapy [32].

Another group of biologically active compounds are ribosomally synthesized and
post-translationally modified peptides (RiPP) from plants. In their review, Hwang et al.
(2024) paid special attention to rubipodanin A and mallotumide A-C, which exhibit low
nanomolar IC50 values against many types of cancer cells and emphasize the importance
of plant RiPP in developing innovative methods of cancer treatment [33].

Rosmarinic acid, apigenin, and thymoquinone also have chemopreventive potential,
inhibiting the growth of cancer cells and modulating key signaling pathways involved in
cancer development [34].

Therefore, there is a constant need to study new groups of plant compounds for their
anticancer properties and analyze and discover their mechanisms of action in both in vitro
and in vivo systems to develop new drugs with anticancer properties.

When discovering drugs based on plant products, attention should be paid to many
important factors, including the availability and effectiveness of the plant material or the
compound being tested, the ability to modify the structure, the molecule size, the stability
of the compounds, and their toxicity [35]. Hence, molecular-level studies are important to
determining the chemical components of plants, their chemical configuration, the process
of biosynthesis and degradation, natural distribution, or bioactivity [36]. However, the
main problem in the research on phytochemicals at the molecular level is the lack of a
complete understanding of their interactions with various signaling molecules, which can
be overcome by using techniques such as molecular docking, QSAR modeling (Quantitative
structure—activity relationship model), or cross-linked pharmacology. Additionally, the
use of LC-MS and LC-NMR techniques can significantly contribute to accelerating the
identification of compounds [11], and thus the possibility of using phytochemicals as
new drugs.

3. Conclusions

In this Special Issue of the journal Current Issues in Molecular Biology, the latest research
on various phytochemicals with potential anticancer properties is collected and their
mechanism of action is presented both in vitro and in vivo. We hope that the presented
results and data included in the review articles will make a significant contribution to
the development of modern phytotherapy and will encourage further research on the
presented phytochemicals for their future use in oncology.
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Abstract: Berberine is a natural substance obtained from the roots of common barberry which,
due to its strong pharmacological activity, is a commonly tested ingredient of dietary supplements.
However, ornamental barberries, which are widely available, have not been considered as a source
of berberine so far. The research aimed to check whether the ornamental barberry leaves and twigs
could be used as an easily accessible raw material for obtaining natural berberine-rich extract with
biological activity. Twigs and leaves of seven cultivars of ornamental barberry extracts were assessed
for their polyphenol content, antioxidant potential (FRAP and DPPH), and berberine content using
high-performance thin layer chromatography (HPTLC). As a reference, commercially available roots
of Berberis vulgaris were used. For the next step, selected extracts (two with high and two with low
berberine content) were tested on three cell lines (HaCaT, A375, Caco-2) using neutral red assay, and
pure berberine sulfate (1-100 ug mL~!) was used as a control. Although the antioxidant potential
of aqueous—methanol extracts of tested barberry was higher for the leaves than for the twigs, the
berberine content was determined only in the twig extracts (from 42 to 676 mg 100 g~ 1). Studies on
cell lines have shown the general toxicity of barberry extracts, but the observed effect was not directly
correlated with the content of the alkaloid. However, the extract showed greater activity compared
to an analogous dose of pure berberine, suggesting a significant effect of the matrix composition.
For the first time, it was shown that the twigs of selected cultivars of ornamental barberry can be
considered as a promising berberine source for the pharmaceutical industry to develop new effective
formulations. However, these findings require further studies.

Keywords: berberine; ornamental barberry; twigs; polyphenols; HPTLC; anticancer

1. Introduction

A large genus of barberry (Berberis sp.) includes approximately 400-450 species of
deciduous and evergreen shrubs found in Europe, America, and Africa [1,2]. Only one
species—European (common) barberry (B. vulgaris L.) grows wild in Poland. It is also
common in Europe, North Africa, the Middle East, and Central Asia [2]. However, it is
of no great importance in horticulture (and as an alternative crop) as it is susceptible to
fungal diseases, including rust and powdery mildew. What is worse, it is the primary host
of Puccinia graminis Pers. which causes a cereal disease called stalk rust of cereals and
grasses [3,4]. Other species, among others Thunberg’s barberry (B. thunbergii DC.), are not
as susceptible to diseases and offered as ornamental plants in hundreds of cultivars with
varied shapes, growth strength, and colorful leaves (different shades and combinations of

Curr. Issues Mol. Biol. 2024, 46, 13193-13208 7 https:/ /www.mdpi.com/journal /cimb



Curr. Issues Mol. Biol. 2024, 46

yellow, green, and red). It is well known that the color of leaves is related to the presence
of various polyphenols and carotenoids. Flavonoids and phenolic acids are present in
leaves and flowers, while fruits are abundant in anthocyanins [5]. More than 20 alkaloids
(including berberine, palmatine, oxyberberine, isocoridine, lambertine, berbamine, jatr-
rorhizine) were found in the barberry plant [2,5]. Chemically, they belong to the groups
of protoberberine, isoquinoline, and bisbenzylisoquinoline alkaloids [5]. Both groups of
secondary metabolites have various properties beneficial for medicinal uses. The main
areas of ethnomedical applications were the territories of present-day China, India, Turkey,
and Iran [6]. The traditionally used effects of barberry preparations include cholagogue,
stomachic, laxative, diaphoretic, antipyretic, and antiseptic. They were also used for skin
problems, hemorrhoids, and varicose veins [1,5]. Modern pharmacological studies con-
firm the antidiabetic, anti-inflammatory, wound-healing, anti-allergic, immunomodulatory,
hepatoprotective, and anticancer effects of barberry. It also has strong antioxidant and
antimicrobial effects [5,7]. Barberry also plays a role in the food industry as a source of fruit
used to produce drinks, liqueurs, sauces, desserts, and jellies [6].

The main bioactive substance of barberry, named after this plant, is berberine (Figure 1).
It is classified as an isoquinoline alkaloid. In addition to the Berberis genus, it is also present
in other plants from the Annonaceae, Papaveraceae, Menispermaceae, Ranunculaceae,
and Rutaceae families [8]. The other genera and species of plants containing this alkaloid
include, among others, Annickia sp., Jeffersonia diphylla, Mahonia sp., Tinospora sinensis,
Agremone sp., Chelidonium majus, Corydalis sp., Papaver sp., Coptis sp., Hydrastis canadensis,
and Phyllodendron sp. [8]. Berberine can be extracted from plant material using various
techniques, most commonly using methanol, ethanol, chloroform, and other solvent mix-
tures [8]. Pure berberine can be obtained from extracts by lowering the pH through the
addition of concentrated acid (hydrochloric or sulfuric) and cooling to cause crystalliza-
tion [9]. In dietary supplements, it is most often used in the salt form as chloride or sulfate,
with better solubility in water [10]. Moreover, due to extremely low berberine bioavailabil-
ity, various nano-carriers and enhancers are applied [10,11]. Various analytical techniques
have been used to determine berberine in plant material or drug preparation (HPLC, TLC,
Capillary electrophoresis, GC-MS, colorimetry), among them TLC is distinguished by low
cost, ease of implementation, good accuracy and stability [10].

O/\O

X

0 &
CH: O
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Figure 1. Berberine structure.

In addition to berberine and other alkaloids, polyphenols constitute an important
group of barberry phytochemical components: flavonoids (luteolin, isorhamnetin and
quercetin derivatives) as well as anthocyanins (peonidin, cyanidin, petunidin, malvidin,
leonidin and their derivatives) [1]. Barberry fruits also contain carotenoids [1]. The HPTLC
technique, a more advanced version of thin layer chromatography, is increasingly used to
analyze phytochemical profiles of plant extracts, as it allows for direct comparison of up to
20 samples on one chromatographic plate [10,12,13].

Berberine, in addition to its antioxidant and antimicrobial effects, also exhibits im-
munomodulatory, cardioprotective, hepatoprotective, and renoprotective effects [8,14,15].
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It is used in cardiovascular and digestive diseases, diabetes, and skin problems. Several
possible mechanisms for lowering blood glucose levels have been identified [8]. Also,
several mechanisms of the anticancer action of this alkaloid have been identified, including
inducing cell cycle arrest, inhibition of telomerase, induction of apoptosis, induction of anti-
inflammatory cytokines, inhibition of angiogenesis, and ROS-mediated mechanisms [8,16].
Great hopes are attached to its use in the treatment of neurodegenerative diseases [17,18].
Due to this, new sources of berberine are being sought, and attempts are being made to
synthesize it and its analogs with potential pharmacological activity [19-23]. The bioac-
tivity of berberine is assessed primarily in vitro on cell lines, but many clinical trials have
already been conducted [24]. According to market reports, the global berberine market,
mainly for dietary supplements, pharmaceutical and cosmetic industry, was estimated at
USD 852.3 million in 2023 and is expected to grow to USD 1845.4 million in 2033, with a
CAGR of 8.9% during the forecast period from 2024 to 2033 [25]. Taking into account such
data, the search for new sources of this bioactive substance is economically justified.

The wealth of bioactive compounds is contained not only in easily accessible fruits
but also in the leaves, twigs, and roots of barberries. More and more often, the acquisition
of these raw materials is abandoned due to the significant reduction in the population of
wild barberry [26]. The question arises whether the leafy twigs of ornamental barberry
can be considered as good source of berberine as the roots of B. vulgaris. Thus, the work
aimed to select ornamental cultivars of barberry that would be a more efficient and cheaper
source of berberine, and at the same time, its cultivation would be safer for crops than
common barberry. To our knowledge, this is the first time that twigs and leaves of selected
ornamental barberry varieties have been studied. Initial studies have focused on assessing
the bioactivity of full extracts from the tested plant materials.

2. Materials and Methods
2.1. Plant Material

The plant samples (several-month-old twigs, of 10-50 cm length and max 8 mm
diameter) were manually collected from the central part of three healthy shrubs of each
clone at the end of September (before mass fruit ripening). The 7-year barberry (Berberis sp.)
shrubs were growing in the light shade in the private collection of Wiestaw Wiecek Nursery
of Ornamental Trees and Shrubs (Stobierna 38, 36-002 Jasionka, Poland; 50.143, 22.072).
Most of the clones belonged to the Berberis thunbergii, two to the Berberis koreana, and one
was an interspecific (B. thunbergii x B. vulgaris) hybrid (Table 1). They differed in shrub
growth intensity and shape, and mainly in the color of the leaves, from yellow through
green, red to purple. The color of the leaves may have changed during the growing season.

Table 1. Characterization of used Berberis spp. plants.

No. Cultivar Species Leaf Color
1 ‘Red Tears’ Berberis koreana Green leaves, turning red in autumn
Green leaves, turn purple in autumn.
2 ‘NN’ Berberis koreana Seedlings of unknown origin selected

and cloned in “Wiecek’ nursery
Berberis x ottawensis (B.

3 ‘Superba’ .. . Dark red leaves with a bluish tint
thunbergii x B. vulgaris)

The leaves are yellowish at the

4 Powwow’ Berberis thunbergii begmn.mg of the Vegetat{on Perlod, later

becoming green, some with lighter spots.
in autumn they turn orange-red
, , . .. Intense yellow leaves; in full sun the
5 Golden Carpet Berberis thunbergii

leaves may burn
6 ‘Red Pillar’ Berberis thunbergii Greenish-red leaves
Dark purple-red leaves with a

7 Golden Ring Berberis thunbergii greenish-yellow border
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The collected leafy twigs were dried for 10 days in the open air at room temperature.
Then, twigs and leaves were separated. The dry plant materials were stored in a dry
place closed in paper bags protected from light until the analyzes (up to six months) in a
controlled humidity (25-30%) and temperature (20-22 °C) chamber. Two samples of Berberis
vulgaris root bark (conventional and organic) were purchased from Nat Vita (Dlugoteka,
Poland) company as a control sample of a herbal source of berberine. Berberine sulfate
(99% purity) was purchased from Aliness (Ostrowiec, Poland).

2.2. Extracts Preparation

Extracts were prepared according to a modified procedure of Alam et al. [27]. Briefly,
5 g of ground, dried plant material was flooded with 25 mL of 70% ethanol. Extraction
was carried out in an ultrasonic bath (700 W; Sonic-10, Polsonic, Warsaw, Poland) twice
for 20 min at a temperature of about 50 °C. Then, the extracts were filtered through paper
and subjected to chemical analyses. For biological studies, they were concentrated to about
1/3 volume, removing ethanol in a vacuum rotary evaporator (RVC 2-18 CDPlus, Martin
Christ, Osterode am Harz, Germany) and lyophilized (Alpha 1-2 LD plus, Martin Christ,
Osterode am Harz, Germany) for 48 h to obtain a dry extract.

2.3. Total Phenolic Content

Total phenolic content in crude extracts was measured according to Dzugan et al. [27]
using the Folin—Ciocalteu method. The results were expressed in mg of gallic acid equiva-
lents per g of dry weight of raw material.

2.4. Antioxidant Potential

The antioxidant potential of crude extracts was assessed using FRAP and DPPH
methods according to Dzugan et al. [28]. The results were expressed in pmol of Trolox
equivalents per g of dry weight of raw material.

2.5. HPTLC Determination of Berberine

The berberine content in the extracts was assessed by HPTLC according to the modified
procedure of Alam et al. [26]. Extracts in a volume of 2 uL were applied to HPTLC Silica
Gel 60 F254 plates (20 cm x 10 cm) (Merck, Darmstadt, Germany) using a Linomat 5
automatic applicator (Camag, Muttenz, Switzerland). The chromatogram was developed
using a mobile phase composed of n-propanol, formic acid, and water (90:1:9, v/v/v) in
the automatic developing chamber (ADC2, Camag). After development, the plate was
visualized under 366 nm UV light using a TLC Visualizer (Camag). Quantitative analysis

was performed based on the standard curve for berberine sulfate (250 ug mL~! in methanol)

_ 2.812x10%x
5.958 10 7+x’

R? = 0.9906) was constructed based on the peak area of the chromatograms generated by the
software (Vision CATS, Camag). The analyses were conducted under constant conditions
of temperature (22 °C) and relative humidity (33%). For the method, repeatability and
accuracy were established by applying three selected standard concentrations on the same
day (3 repetitions) and on 3 different days; both parameters did not exceed 0.3% RSD. Based
on the signal-to-noise ratio (S/N), the limit of detection (LOD, S/N = 3) was established as
2.5 pg mL~! and the limit of quantitation (LOQ, S/N = 10) as 12.5 g mL~!.

applied in a volume of 2 to 8 uL (0.5 to 2 ug of standard). A standard curve (y

2.6. Cell Culture

Cytotoxicity was studied in three human cell lines—immortalized keratinocytes Ha-
CaT, human malignant melanoma A375, and human colorectal adenocarcinoma cells
Caco-2. All used cell lines were obtained from ATCC (American Type Culture Collection,
Manassas, VA, USA). Cells were cultured in DMEM /F-12 with 10% heat-inactivated FBS
(HaCaT and A-375) or 20% heat-inactivated FBS (Caco-2), 1% v/v penicillin-streptomycin
and incubated at 37 °C under conditions of 5% CO,, 95% humidity (Binder, Germany). The
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growth medium was changed twice a week, cells were passed at 80-90% confluence using
0.25% trypsin 0.03% EDTA in calcium and magnesium-free PBS.

2.7. Cytotoxicity Assay

Cells were seeded in a 96-well clear plate at a density of 7.5 x 10° cells/well (HaCaT)
and 1 x 10* (A-375 and Caco-2) in 100 uL culture medium and allowed to attach for 24 h at
37 °C. The cells were treated with tested sterile extracts or berberine for 24 h. Non-treated
cells were used as a control. After exposure, the cytotoxicity test—neutral red assay (NR)—
was performed according to Repetto et al. [29]. Briefly, the medium with the compound
tested was removed and replaced with a 2% neutral red solution in cell culture medium
(100 pL/well), the plate was incubated at 37 °C for 1 h. The cells were then rinsed with
warm PBS and a permeabilized solution (50% distilled water, 49% ethanol 96%, and 1%
glacial acetic acid) (100 pL/well).

The plate was shaken (800 rpm) at room temperature for 25 min (Heidolph Inkubator
1000, Germany). Absorbance was measured at 540 nm against 620 nm using the TECAN
Infinite 200 microplate reader (Tecan, Grodig, Austria). The results were presented as a
percentage of control counted from 9 replicates.

2.8. Statistical Analysis

The results were presented as mean values & SD (total phenolic content, antioxidant
potential and berberine content) or interquartile range (IQR; 25%-75%) (cytotxicity assay).
To evaluate the significance of differences between compared samples, one-way ANOVA
and Tukey’s test were performed after prior confirmation of the normality of the data
distribution. To evaluate the differences between the control and the treated cells, one-way
ANOVA and Dunnett’s post hoc tests were utilized. A p-value of less than 0.05 was deemed
to indicate statistical significance (for the confidence interval level of 95%). The statistical
evaluations were performed using the Statistica 13.3 (Statsoft, Tulsa, OK, USA) software.

3. Results and Discussion
3.1. Total Phenolic Content and Antioxidant Potential of Extracts

The total phenolic content and antioxidant potential of the tested barberry twigs are
summarized in Table 2.

Table 2. Total phenolic content and antioxidant potential of analyzed plant material.

FRAP

TPC [mg GAE g~ 1 d.m] [umol TE g1 d.m.]

DPPH
[umol TE g—1 d.m.]

Cultivar
Leaves Twigs Leaves Twigs Leaves Twigs
‘Red Tears’ 63.91+0.79"  19.19+£0302 29347 £ 12302 83.69 +13.202> 77154+ 11.882  39.38 4 0.46 2
NN’ 107.61 £1.30¢ 3217 £233°¢ 49452 4+ 13.05  152.87 + 18749  328.00 £42.14¢  98.02 £ 7.28°¢
‘Superba’ 9612+ 587 2563+ 124D  43408+997P 11293 +1220° 21636+ 44.63P  66.44 + 648
Powwow’ 492542702  151641.092 22383+ 12852 7186+ 1902  50.96 +4.882 3450 + 0.382
‘Golden Carpet’ 10424 +584¢ 2425+ 067 50022 +1869¢ 11635+ 635° 31458 £2222¢ 5677 +4.34P
‘Red Pillar’ 10335 +£329¢ 19764+ 12120 52891 +538° 9573 +635P¢ 21611 + 5420  43.76 + 4.29 b
‘Golden Ring’ 13664 £ 6.129  2582+149  686.82+£30.57¢ 113.09+£639¢ 301.17 £ 17.27¢  67.87 £ 7.75P
Berberis vulgaris 8.21 + 0.23 35.62 + 1.82 1411 + 0.17
root bark
Berberis vulgaris 5.81 + 0.65 25.84 + 0.77 9.50 =+ 0.29

(organic) root bark

abed__means marked with different letters are significantly different (p < 0.05).

Higher values of polyphenol content and correlated (Pearson’s coefficients above 0.9)
antioxidant capacity were found for barberry leaves (Table 3). The polyphenol content
ranged from 49.25 mg GAE g~! dry weight for B. thunbergii ‘Powwow’ to 136.64 for the
‘Golden Ring’ cultivars. This may be related to the leaf color; the ‘Golden Ring’ cultivar is
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characterized by dark red leaves, so the TPC index may also include anthocyanins present
in them. In the case of twigs, the polyphenol content was lower but more even, between 15
and 32 mg GAE g~ ! of raw material. Since barberry leaves and twigs, especially ornamental
varieties, are not typical herbal raw materials, it is difficult to find data on the content of
phenolic compounds and antioxidant potential. For B. vulgaris, the polyphenol content in
leaves was reported at 58.5 mg GAE g~ !, similar to the stems—57.7 mg g~ ! [14]. The bark
of barberry roots examined for comparative purposes was characterized by a much lower
content of phenolic compounds and antioxidant potential that was several times lower than
that of other plant raw materials. This suggests that above-ground parts of these plants
may be valuable sources of antioxidants. Previously, the roots, twigs, and leaves of two
species of barberry growing in different locations in Croatia were compared. The content of
phenolic compounds was of a similar order of magnitude as in our case; furthermore, the
IC50 value for the DPPH method increased in the order: of root, twigs, leaves, which means
that leaves have the highest antiradical potential [30]. This trend was observed for both
B. vulgaris and B. croatica. This confirms the observations described above, regardless of
the species and cultivar of the plant. Another study, for B. vulgaris, however, indicated that
the root extract was a more potent free radical scavenger (44.3% inhibition) than the leaf
extract (21.4%) [31]. A similar trend was described for other methods: ABTS scavenging
and [3-carotene bleaching. Some studies also indicate the antioxidant potential of berberine
in vitro [9,32], although our studies did not confirm this.

Table 3. Correlation matrix for the studied parameters of antioxidant activity, polyphenols, and
berberine content.

TPC FRAP DPPH Berberine Content
TPC 1.000 0.982 * 0.978 * —0.430
FRAP 0.982 * 1.000 0.970 * —0.321
DPPH 0.978 * 0.970 * 1.000 —0.446
Berberine content —0.430 —0.321 —0.446 1.000

*—marked correlation coefficients are significant (p < 0.05).

3.2. Berberine Content

Berberine is usually determined by HPLC or UHPLC, but an attempt is being made to
simplify the analysis by introducing the HPTLC method [13,33-35]. Figure 2 shows the
results of the separation of ornamental barberry twig extracts and B. vulgaris root bark
extract by the HPTLC method. The yellow band at Rf = 0.20 in UV 366 nm corresponds to
berberine. This alkaloid was not detected in leaf extracts. For all extracts, an additional
band at Rf = 0.12 was visible, which may be attributed to palmatine [35]. It is the second
most abundant alkaloid determined in barberry [36]. In the case of samples of ‘Powwow’,
‘Golden Carpet’, ‘Red Pilar’, ‘Golden Ring’, and common barberry roots, bands from
another alkaloid (Rf = 0.22) were visible above the berberine band.

Based on the fluorescence intensity of berberine bands in UV 366 nm, a standard curve
was constructed and the alkaloid content in the extracts tested was calculated. The results
for twigs of tested ornamental cultivars and B. vulgaris root bark are presented in Figure 3.

The lowest values for B. koreana species (0.042-0.067%) compared to B. thunbergii
varieties (0.364-0.676%) were obtained. The intermediate value for the ‘Superba’ hybrid
(0.103%) was also found. Compared to tested B. vulgaris root bark, the content found in
all B. thunbergii cultivars was on average 66% higher. Berberine content has previously
been studied mainly in the root bark, less frequently in the stem bark of various barberry
species. A similar value, determined using HPLC-DAD-MS, for the roots of B. vulgaris
was given by Vilinsky et al. [37] (0.426%); for B. thunbergii of an unspecified cultivar, these
authors offered an even higher value (1.377%). For B. lycium roots, values in a similar
range (0.203-1.134%) were reported by Chaudhary et al. [35] and even higher for B. Iycium
and B. aristata (2.6-3%) by Andola et al. [13]. For B. aristata stem bark, depending on the
geographical origin of the plant, Ahamad et al. [34] reported a berberine content of as

12



Curr. Issues Mol. Biol. 2024, 46

0.

W

0.

oo

0.

|

0.

(=2}

0.

Ln

0.

S

0.

o

0.

o

0.

=

09+

0.8+

07+

06+

05+

04+

UEE S

02+

a1+

much as 6.14-9.44%. In turn, the berberine content (LC-MS/MS quantitation) in cortex
from 0.058 mg g~ ! (B. gagnepainii) to 1.15 mg g~ (B. pruinosa) was reported by Tuzimski
et al. [36]. In some cases, quantification of berberine in extracts was also carried out by the
HPTLC technique [13,34,35]. The reported higher berberine contents in the roots and bark
of barberry species other than B. vulgaris may suggest their potential use as a source of
berberine, as well as the use of other parts of the plant.

2 3 4 5 6 7 8 9 10

Figure 2. HPTLC analysis of berberine content in twig extracts. Top visible in 366 nm UV light,
bottom in visible light. Tracks: 1—NN’, 2—'Superba’, 3—"Powwow’, 4—'Golden Carpet’, 5—'Red
Pillar’, 6—'Golden Ring’, 7—'Red Tears’, 8—root bark, 9—Berberis vulgaris (organic) root bark,
10—berberine standard.
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Figure 3. Berberine content in twigs of tested barberry cultivars compared to reference material
(B. vulgaris root bark). The bars represent standard deviation; a,b,c—means marked with different
letters are significantly different (p < 0.05).

3.3. Cytotoxic Effect of Ornamental Barberry Extracts

Discovering effective natural compounds with potent anticancer activity is a crucial
area of research. Natural products have long been a rich source of novel chemotherapeutic
agents, with many approved drugs and drug candidates originating from plant, marine,
or microbial sources [38,39]. Cytotoxicity assays are a fundamental tool in this process,
allowing researchers to assess the ability of natural extracts or purified compounds to
selectively kill cancer cells [40,41]. One of the key advantages of natural products as a source
of anticancer drugs is their diverse chemical structures and modes of action [42]. Many
natural compounds exhibit cytotoxicity through different mechanisms, inducing oxidative
stress, or modulating key signaling pathways in cancer cells [39]. Carefully designed
cytotoxicity assays can help elucidate these mechanisms and guide the development of
natural product-derived therapeutics.

Taking the above into account, selected extracts from ornamental barberry twigs were
subjected to cytotoxicity studies using three cell lines. Two extracts with high (‘Golden
Carpet” and ‘Golden Ring’) and two with low (‘Superba’ and ‘Red Tears’) berberine content
were tested with the use of three human cell lines—immortalized keratinocytes HaCaT,
human malignant melanoma A375 and human colorectal adenocarcinoma cells Caco-2. In
addition, based on cultivar differences an attempt was made to determine the mechanism
of the observed effect and to identify key components of extracts.

As shown in Figure 4, only the ‘Red Tears’ extract did not have a statistically significant
effect on HaCaT keratinocytes at concentrations up to 500 g mL~!. In contrast, the other
three extracts analyzed, namely ‘Superba’, ‘Golden Carpet’, and ‘Golden Ring’, exhibited
dose-dependent toxicity towards the treated keratinocyte cells. Interestingly, the absence
of berberine in ‘Red Tears’ correlates with its ineffectiveness, suggesting that berberine
is a key factor significantly limiting the viability of keratinocyte cells. Conversely, the
high berberine content in ‘Golden Carpet’ and ‘Golden Ring’” and the associated negative
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effects at higher doses (p < 0.001) indicate the potential cytotoxic properties of this alkaloid
at elevated concentrations. In addition to berberine, the extracts also contain numerous
polyphenolic compounds, which can also affect the bioactivity of the extracts in vitro. The
‘Red Tears’ cultivar was characterized by a significantly lower TPC value than the others
tested on the HaCaT line. The weaker effect of the extract of this variety, even at a high
concentration of the extract, may result from a lower content of polyphenols or matrix
effects, weaker synergy of this class of metabolites with berberine.

HaCaT

120
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Figure 4. Cultivar-dependent effect of selected barberry extracts ("Superba’, ‘Golden carpet’, ‘Red
Tears’, ‘Golden ring’) on the viability of human keratinocytes HaCaT cells estimated by the Neutral
Red assay. The cells were treated with extracts in concentrations of 62.5, 125, 250 and 500 ug mLL.
Non-treated cells were used as a control (C). Data are expressed as median from at least three
independent experiments. Error bars represent 25% and 75% percentiles. Statistical significance was
assessed using one-way ANOVA and Dunnett’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001).

Subsequently, the impact of the analyzed extracts on the viability of A375 melanoma
cancer cells was investigated. As shown in Figure 5, the ‘Superba’ extract exhibited the
strongest cytotoxic effect among the analyzed extracts. Even the lowest concentration of
the ‘Superba’ extract had a statistically significant impact on the cytotoxicity of A375 cells
(p < 0.001). At a concentration of 500 pg mL~1, cell viability decreased to 44%. Inter-
estingly, compared to HaCaT cells, A375 cells were sensitive to the ‘Red Tears” extract,
with viability dropping to 80% at concentrations of 250 and 500 ug mL~! (p < 0.001). The
extracts of ‘Golden Carpet’ and ‘Golden Ring” abundant in berberine had the least impact
on A375 cells, showing dose-dependent effects; at the highest concentrations analyzed,
the cytotoxic impact on viability was statistically significant. Therefore, our preliminary
research suggests that the use of barberry extracts in the treatment of melanoma may be
reasonable, however, the observed cytotoxic effect does not seem to be directly related to
the berberine content. However, a previous study reported the inhibitory effect of pure
berberine on the migration of melanoma cancer cells [43].
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Figure 5. Cultivar-dependent effect of selected barberry extracts ("Superba’, ‘Golden carpet’, ‘Red
Tears’, ‘Golden ring’) on the viability of human malignant melanoma A375 cells estimated by the
Neutral Red assay. The cells were treated with extracts in concentrations of 62.5, 125, 250, and
500 pg mL~1. Non-treated cells were used as a control (C). Data are expressed as median from at least
three independent experiments. Error bars represent 25% and 75% percentiles. Statistical significance
was assessed using one-way ANOVA and Dunnett’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001).

As Caco-2 colorectal cancer cells have been more frequently used in the examination
of the mechanism of berberine activity, we also investigated the impact of the analyzed
extracts on Caco-2 cells. As shown in Figure 6, the utilized concentration of 500 g mL~!
had a toxic effect on these cells in the case of all analyzed extracts. A particularly significant
impact was noted for berberine-rich ‘Golden Carpet” and ‘Golden Ring’ extracts but also
for ‘Red Tears’ extract. In conclusion, Caco-2 cells were sensitive to barberry twig extracts,
but it has not been confirmed that it is dependent on the berberine content.

To confirm the tendency observed for barberry extracts cytotoxicity we have under-
taken similar studies for pure berberine in the concentration range 0.001-0.25 mg mL !
with the use of previously analyzed human cells. Taking into account the concentration of
berberine in the extracts used (from 1 to 16 pg mL 1) Table 3 shows the effect for compa-
rable doses of pure berberine sulfate. The dose of 100 ug mL~! unequivocally exhibited
cytotoxic activity against keratinocytes and both cancer cells used in the study. Interestingly,
this cytotoxic effect was significant in the case of the HaCaT and A375 cell lines for 10-fold
lower dose.

No direct dependence of the polyphenols content in the extracts on the in vitro effects
has been observed, but they are important components of the extract matrix and may shape
the bioactivity of the entire extract through synergistic or antagonistic interactions.
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Figure 6. Cultivar-dependent effect of selected barberry extracts ("Superba’, ‘Golden carpet’, ‘Red
Tears’, ‘Golden ring’) on the viability of human colorectal adenocarcinoma cells Caco-2 estimated by
the Neutral Red assay. The cells were treated with extracts in concentrations of 62.5, 125, 250 and
500 pg mL~! Non-treated cells were used as a control (C). Data are expressed as median from at least
three independent experiments. Error bars represent 25% and 75% percentiles. Statistical significance
was assessed using one-way ANOVA and Dunnett’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001).

Subsequently, calculations were performed to compare cytotoxicity effects taking into
account the berberine content in the highest dose of extracts (500 mg mL~!) (Table 4).
The comparison carried out showed that tested extracts in general exhibited stronger
cytotoxicity than comparable doses of pure berberine. Thus, it could be concluded that
berberine in the composition of other phytochemicals that occurred in barberry extracts has
a different cytotoxic effect compared to pure berberine. In this respect, the results obtained
are promising and require continuation with higher doses of the extract in cytotoxicity
assays on cell lines. It should be mentioned, however, that berberine and its derivatives
can activate or enhance lysosomal activity in cells [44], hence the applied Neutral Red test
may have certain limitations and the results should be confirmed using other procedures.

Table 4. The comparison of the cytotoxic effect of pure berberine and ornamental barberry twig extracts.

Berberine Content Viability [%]
Tested Sample 1
[ug mL~1] HaCat A375 Caco-2
Ornamental barberry extracts
(500 pg mL ! dose)
‘Golden carpet’ 16.3 63.59 *** 85.87 *** 87.55 **
‘Golden Ring’ 11.83 72.89 *** 84.79 ** 82.20 **
‘Superba’ 3.9 85.24 *** 4427 *** 93.66 *
‘Red Tears’ 1.06 94.10 77 .93%** 76.42 ***
. 1 96.80 *** 95.89 ** 96.88
Pure berberine 10 82.80 *** 7970 *** 95.89
100 58.64 *** 40.32 *** 74.68 ***

Statistical significance according to control cells was assessed using one-way ANOVA and Dunnett’s post hoc test
(* p<0.05,** p <0.01, ** p <0.001).
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Recent studies have highlighted the potential of berberine as a promising anticancer
agent, with the ability to inhibit the proliferation and induce the death of cancer cells [45].
Berberine has been shown to exert antiproliferative effects on a variety of cancer cell
types, including hepatoma, colon, epithelial ovarian, and breast cancer cells [46,47]. In
addition to its antiproliferative effects, berberine has also demonstrated proapoptotic
properties [48-50]. Moreover, it has been reported to modulate the production of inflam-
matory mediators, such as tumor necrosis factor-«, in cancer cells [50]. In addition to its
direct antiproliferative effects, berberine has also been reported to exhibit other benefi-
cial properties that may contribute to its anticancer potential, like modulating epigenetic
mechanisms [45].

However, many studies on the pharmacological potential of berberine have been
performed for pure compound and do not take into account the influence of additional
components contained in the barberry extract. Meanwhile, the positive matrix effect on
phytochemical bioaccessibility can be considered as was shown in the case of organosulfur
components of garlic [51]. This is especially important due to the low solubility and the
low absorption of berberine itself which represent a limiting factor to its activity. The
majority of efforts were addressed to improve those liabilities to reduce the high dosages
that result in gastrointestinal adverse events [52,53]. The absorption of berberine from
extracts of ornamental barberry twigs may be better due to enhancing the impact of the
matrix, but this requires further research using in vitro digestion, analogously to the study
of Petrangolini et al. [54].

There are known examples of extracts having a stronger effect than individual metabo-
lites. In terms of antimicrobial properties, it has been previously found that the full plant
extract containing berberine was more active than the isolated alkaloid [55]. Similarly, a
stronger effect of crude barberry extract than berberine chloride was demonstrated in the
a-glucosidase inhibition test, whereas the effect on acetylcholinesterase was the same [56].
Some research suggests that barberry extracts can have beneficial effects on the cardiovas-
cular system. They may help in lowering blood pressure, reducing cholesterol levels, and
improving overall heart health [57]. One of the most frequently studied biological effects,
including clinical studies, is the antidiabetic effect of barberry extracts and berberine itself.
Promising results have been obtained for berberine as an active substance, and the proposed
mechanisms of action include increasing insulin sensitivity, modulating gut microbiota,
activating the adenosine AMPK pathway, promoting intestinal glucagon-like protein-1
secretion, stimulating glycolysis, inhibiting gluconeogenesis in liver, and upregulating
hepatic low-density lipoprotein receptor mRNA expression [58]. Moreover, extracts of
Berberis sp. and other plants containing these alkaloids have also been studied in this field.
However, the effects of the studies were not as directly promising as for pure berberine [58].
Numerous reports confirm the usefulness of both berberine and plant extracts rich in it
in the treatment of the metabolic syndrome [58]. As confirmation of the positive effect of
barberry extracts in the treatment of cancer in the studies by Rigillo et al., it was demon-
strated that B. aristata extracts containing berberine and other protoberberine-type alkaloids
inhibited the migration of cancer cells without any effect on healthy cells [59].

Overall, the available evidence suggests that ornamental barberry twig extract is a
promising natural source of active berberine. Moreover, the full extract of twigs of selected
ornamental barberry varieties seems to have greater activity compared to the analogous
dose of the reference berberine sulfate. This may indicate the occurrence of a beneficial
effect of the components of the complex matrix of the extract. The next step should be the
confirmation of the bioactivity of pure berberine isolated from the tested raw materials.
Well-evidenced ability of berberine to inhibit the proliferation of various cancer cell types, as
well as its potential to modulate key signaling pathways and epigenetic mechanisms, make
the studied raw material an intriguing target for further investigation and potential clinical
trial. Moreover, due to the widespread and greater safety of ornamental barberry cultivation
compared to B. vulgaris, the obtained results are promising and can be implemented.
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4. Conclusions

Using quantitative thin-layer chromatography, it was shown for the first time that
ornamental barberry twigs collected before fruit ripening contain berberine (from 0.042 to
0.676 g 100 g~ 1), but its content differed between species and cultivars. Meanwhile, this al-
kaloid was not found in leaf extracts, despite the fact that they exhibited higher antioxidant
potential compared to twig extracts. Particularly high berberine content was found for two
golden-leafed cultivars: ‘Golden carpet’ and ‘Golden Ring’ of the B. thunbergii species.

Preliminary in vitro studies showed that ornamental barberry twig extracts, compared
to pure berberine sulfate administered in an analogous dose, show greater cytotoxicity
towards studied HaCaT, A375, and Caco-2 cells. It was suggested that matrix effects related
to the presence of other phytochemical components may be responsible for the observed
greater bioactivity of berberine-rich extracts. These findings seem to be innovative due to
the health effects of berberine being well documented, whereas the effects of ornamental
barberry extracts with a more complex composition are less understood and pose a research
challenge. However, due to the fact that the composition of the extract complex mixture is
not fully established, conclusions about the bioactivity of the berberine-containing extract
should be treated with caution. They need confirmation in the future planned comparative
research of the cytotoxic effect against used cell lines between selected twig barberry
extracts and pure berberine isolated from them. Valuable clarifications could also be
obtained from future studies of the bioavailability of berberine from the barberry twig
extract using in vitro digestion.

Due to the fact that the use of the full barberry extract without the need for berberine
purification seems to be more economically advantageous, the next step of research will
be the scaling up of the extraction technology for industrial applications. However, since
ornamental barberry twigs are easier to obtain in controlled cultivation of this plant than
common barberry roots, promising results of preliminary studies may lead to the offer
of a new raw material for the isolation of berberine for the pharmaceutical industry as
well as the use of the full extract of ornamental barberry twigs as a new form of dietary
supplement. However, this requires deeper research on the mechanisms of berberine and
berberine-containing extract action using various biological models.
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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 «-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
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number of 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, ICsy 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 ICsj 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 pL. 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 ICsy values for the methanol extract (820 ng/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

MCEF-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#5711-001s), and incubated at 37 °C
without CO,.

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 MCEF-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 uL 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 ug/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 x 10° 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 MCEF-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 um pores (Sigma cat Cls3422). The
inserts were coated with neat Geltrex and allowed to set at 37 °C for 30 min. Approximately
1 x 10° cells/mL were suspended in medium containing the T. violacea water-soluble extract
at a concentration of 300 pg/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 IC5y (300 ng/mL) and half the ICsg
(200 pg/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 ug/mL. Various concentrations of the extracts were
prepared based on the ICsj 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:

Ab515 of tested compound — blank

100% — A515 initial DPPH methanol solution — blank x 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
(llumina, 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 Geltrex'™ 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 MCE-10A cells. Both cell lines were treated with concentra-
tions of the extract just below the ICsy, which was determined in a previous study. The ICs
value determined for MDA-MB-231 cells was approximately 395 ug/mL after 72 h, while
the ICs( value determined for MCF-10A cells was 537 pg/mL. The selected concentration
of 300 pg/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
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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 MCEF-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 ng/mL was
previously shown to kill approximately 20% of cells. The lowest concentration of the extract
(one-third of the ICs5( 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 um? 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 ICs; value for the water-soluble extract was calculated to be 393 ng/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 ICs Ref(s).
Ascorbic acid 3.8 ug/mL [34]
Astragalus Alopecurus var Maximus (Willd.) 115.5 pg/mL [35]
Avocado (Folium perseae Mill.) 601 pg/mL [36]
Caffeic acid 1.6 ug/mL [37]
Cinnamon (Cinnamomum verum J. Presl) 21.3 ug/mL [38]
Bindweed (Convulvulus betonicifolia Mill.) 346.5 ug/mL [39]
Fennel (Foeniculum vulgare Mill.) 263.2 pg/mL [40]

Tulbaghia violacea Harv. 393 pug/mL This study

Verbascum speciousum Schrad. 173.3 pg/mL [41]
Ginger (Zingiber officinale Roscoe) 16.2 ug/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 Ce¢HgOy4 [43]
1,2,4-Triazine-3,5(2H,4H)-dione 113.08 C3H3N30, [44]
d-Glycero-d-galacto-heptose 210.18 CyH1407 [45]
Benzaldehyde, 4-(1-methylethyl) 148.20 C10H120 [46]
Vanillin 152.15 CgHgO3 [47]
Methoxy-phenyl oxime 151.16 CgHygNO, [48]
Pyrrolidine 71.12 C4HgN [49]
Schizandrin 432.50 Cy4H3,05 [50]
Taurolidine 284.40 CyH16N4O4S, [51]
Alpha-pinene 136.23 Ci0Hys [52]
Terbutaline N-trifluoroacetyl-o,0,0-tris(trimethylsilyl) 537.80 Co3HyoF3NO4Sij [53]
Difenoxin 424.50 C28H28N202 [54]
Mephobarbital 246.26 C13H14N203 [55]
Benserazide 257.24 C10H15N305 [56]
Antipyrine 188.23 C11H12N,O [57]
Tricyclo [3.3.1.1(3,7)] decan-1-amine 151.25 CioH17N [58]
Thymol 150.22 C10H14O [59]
Cyclandelate 276.40 C17Hp403 [60]
Benzene propanoic acid 150.17 CoH;190, [61]
Ethchlorvynol 144.60 CyHyClO [62]
Cycloserine 102.09 C3HgN,O, [63]
Emylcamate 145.20 CyH15NO, [64]
2-Propen-1-amine 57.09 C3HyN [65]
Methyl formate 60.05 CoH40, [66]
Tetradecamethyl-cycloheptasiloxane 519.07 C14HypO5Siy [67]
Cyanogen chloride 61.47 CNCI [68]
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Figure 6. Compounds identified in the water-soluble extract with suspected antioxidant or anti-
metastatic activity. Of the 61 compounds identified using NMR, these 8 compounds were identified
as having either antioxidant activity or have published studies on their anti-metastatic activity.
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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 MCE-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, SDCCAGS, 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.
MAPKSs are known to play a role in cell migration [74]. The transcript levels of most of these
MAPKSs 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 MAPKSs, 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).
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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 ICsy at 300 pg/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 ICs5j 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/3-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 LDs 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-kB)
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 «-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 a-pinene to suppress tumor invasion was tested in a study employing highly metastatic
MDA-MB-231 human breast cancer cells [122]. TNFo-induced matrix metalloproteinase-9
gene promoter activation and mRNA synthesis have been demonstrated to be inhibited
by «-pinene in a dose-dependent manner [120]. NF-kB-dependent transcriptional activity
was reduced by o-pinene treatment [123]. It can also suppress TNFo-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.
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Abstract: The efficacy of treatment of head and neck squamous cell carcinoma (HNSCC) patients
is still unsatisfactory, and there is an ongoing search for novel therapies. Locoregionally advanced
HNSCC cases, which frequently require combined surgery and chemoradiotherapy, are especially
difficult to treat. Natural compounds, like Magnolia-derived lignans—honokiol (HON) and magnolol
(MAG)—can reduce cancer cell growth but retain a good safety profile and thus may show benefit as
adjuvant therapeutics. The aim of this study was to evaluate the anti-cancer effects of HON and MAG
in HNSCC cell lines and compare their effects between cisplatin-sensitive and cisplatin-tolerant cells.
Cell viability was evaluated in FaDu and SCC-040 cells growing as monolayers and as spheroids. The
effect of HON and MAG on the cell cycle, apoptosis, and gene expression was compared between
wild-type FaDu cells and cisplatin persister FaDu cells. We observed that HON and MAG were
more potent in reducing cell viability in cisplatin persister FaDu cells, although this effect was not
directly followed by increased rates of apoptosis. Thus, HON’s and MAG's capacity to affect cisplatin
persister cells needs further studies. In general, we observed that HON exerted stronger cytotoxic
effects than MAG in HNSCC cells, and the difference in their anti-cancer activity was especially
pronounced in cells cultured in 3D.

Keywords: honokiol; magnolol; cisplatin; head and neck cancer; cisplatin persister cells; spheroids

1. Introduction

Cancer is the second leading cause of death worldwide, and head and neck squamous
cell carcinoma (HNSCC) is fatal for more than 400,000 people per year [1]. Primary surgery
treatment turns out to be insufficient or even impossible in a considerable number of
patients; thus, it must be supported by chemo- and/or radiotherapy. Standard chemothera-
peutics used to treat HNSCC are represented by cisplatin, 5-fluorouracil, and docetaxel,
although currently targeted therapy regimens are also introduced, namely monoclonal
antibodies against epithelial growth factor receptor (EGFR)—cetuximab, or programmed
death receptor 1 (PD-1)—nivolumab and pembrolizumab [2]. For instance, to reach an over-
all survival rate above 50% for locally advanced HNSCC, concurrent chemoradiotherapy
should be combined with targeted therapy or induction chemotherapy [3]. Approximately
half of the patients recur and are single chemotherapy-resistant [4]. Thus, new concepts
of adjuvant therapy for HNSCC are necessary to achieve progress in the overall survival
time of HNSCC patients. Importantly, natural products are a rich source of biologically
active compounds with anti-cancer activities [5], and their use provides possible benefits
for patients, which requires further validation and confirmation.

Honokiol (HON), IUPAC Name 2-(4-hydroxy-3-prop-2-enylphenyl)-4-prop-2-
enylphenol [6], is a lignan isolated from the bark, seed cones, and leaves of the Mag-
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nolia officinalis tree, being a traditional Chinese bioactive compound [7,8]. HON presents
pleiotropic pharmacological activities, including antioxidant, anti-inflammatory, neuro-,
hepato-, and cardio-protective, or anti-microbial effects [7-13]. What is essential is that
the anti-cancer properties of HON against breast, colon, liver, lung, and ovarian cancer or
glioblastoma were also observed [7,8,13-15].

Magnolol (MAG), IUPAC Name 2-(2-hydroxy-5-prop-2-enylphenyl)-4-prop-2-
enylphenol [16], is a structural isomer of HON (Figure 1), also isolated from Magnolia
officinalis. Similarly to HON, MAG also exerts pleiotropic pharmacological effects, includ-
ing anti-cancer effects [17-19]. However, some slight activity disparity can be observed,
e.g., the difference in the position of one hydroxyl group is the cause of weaker antioxi-
dant properties of MAG due to the formation of intramolecular hydrogen bonds between
ortho-hydroxyl groups, which prevents the hydrogen atom from being abstracted by radi-
cals [20,21]. This small structural difference between HON and MAG results in variation in
their activities in various types of cancer cells [21].

Honokiol Magnolol

Figure 1. The chemical structure of honokiol and magnolol. Source: www.pol-aura.pl, accessed on 21
August 2024.

The induction of apoptosis is a frequent consequence of effective anti-cancer therapy.
HON and MAG were reported to activate the extrinsic (death receptor-mediated) and
intrinsic (mitochondria-mediated) pathways of apoptotic cell death via similar molecular
mechanisms [22]. However, comparable concentrations of HON and MAG provoke un-
equal effects on cancer cell viability and apoptosis. For instance, HON is a much stronger
viability reducer in glioblastoma [23] and bladder [24] cancer cells compared to MAG. In
turn, the pro-apoptotic effect of HON was more potent than MAG in glioblastoma cancer
cells, while both HON and MAG used alone were insufficient to induce apoptosis in the
second case [23,24].

The data describing the effects of HON and MAG in head and neck carcinoma cells are
limited. Most reports concern the anti-cancer properties of HON or the effect of Magnolia
extracts containing HON and MAG [25-27]. A direct comparison of these properties
between HON and MAG in HNSCC cells is lacking. In addition, resistance to standard
therapy represents a significant problem of HNSCC therapy. HON combined with 5-
fluorouracil (5-FU) synergistically improved the anti-cancer effect in HSC-3 and HSC-4
oral cancer cell lines [28]. Based on a model of acquired resistance to cetuximab, HON
also improved the efficacy of this EGFR receptor-targeted treatment [29]. MAG increased
chemosensitivity to cisplatin in oral cancer cells by affecting interleukin 6 (IL-6) and
STATS3 [30]. Thus, it is also interesting to evaluate the effect of HON and MAG in cisplatin-
resistant HNSCC cells.

To fill the information gap mentioned above, this study aimed to compare the effects
of HON and MAG on the viability of HNSCC cells grown as monolayer or 3D spheroids.
Moreover, in order to evaluate the possible effects of HON and MAG in resistant HNSCC
cells, we compared their effects in wild-type (wt) and cisplatin persister FaDu cells.

47



Curr. Issues Mol. Biol. 2024, 46

2. Materials and Methods
2.1. Chemicals and Cell Culture Conditions

Honokiol and magnolol were purchased from Pol-Aura (Olsztyn, Poland), and stock
solutions (20 mM) were prepared in DMSO and stored in aliquots at —20 °C. The ex-
periments were performed using two commercially available HNSCC cell lines: FaDu
hypopharyngeal cancer cells (American Type Culture Collection, ATCC, Manassas, VA,
USA) and SCC-040 tongue cancer cells (German Collection of Microorganisms and Cell
Cultures, DSMZ, Braunschweig, Germany). As previously described [31], the cells were
grown using high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Biowest, Nuaillé,
France) supplemented with 5% Fetal Bovine Serum (FBS, EURx, Gdansk, Poland), and 1%
antibiotic solution (penicillin and streptomycin; Biowest, Nuaillé, France) under standard
conditions (37 °C, 5% CO;, 90% humidity) in a Memmert CO, incubator (Schwabach, Ger-
many).

To generate cisplatin persister FaDu cells, a stepwise treatment regimen was applied.
Initially, the wt FaDu cells were exposed to three doses of cisplatin at the IC25 concentra-
tion (1.12 uM, established during our previous study [31]), with each dose administered
three days apart. Following this initial treatment phase, the cells underwent a one-week
recovery period in a drug-free medium to mitigate acute cytotoxic effects and enable cel-
lular recovery. After the recovery period, the cells were subjected to a second phase of
treatment, consisting of three doses of cisplatin at the IC50 concentration (2.89 uM), again
administered three days apart. Persister cells that survived the treatment were considered
cisplatin-tolerant and were subsequently cultured with a constant presence of cisplatin
at the IC25 concentration (IC25 of wt FaDu cells) for the entire experimental period to
maintain the tolerant phenotype.

2.2. Cell Viability Assay

To assess the impact of HON and MAG on cell viability, the resazurin assay was
performed. Cells (6 x 10%/well) were seeded onto black 96-well plates. The following
day, fresh medium containing HON or MAG (at the concentration range of 10-40 uM) was
added. The control cells were treated with the vehicle (DMSO). After 48 h of incubation,
cells were washed with pre-warmed PBS buffer. Subsequently, resazurin (Sigma-Aldrich, St.
Louis, MO, USA) solution was added to wells, and cells were incubated for an additional
90 min. Fluorescence (excitation A = 530 nm, emission A = 590 nm) was measured using the
Infinite M200 multiplate reader (Tecan, Grodig, Austria). Each experiment was conducted
independently at least three times, with at least six replicates per variant each time.

2.3. The Analysis of Cell Viability in 3D Culture

The cells (6 x 10%/well) were seeded into wells of ultra-low attachment 96-well plates
(Corning, NY, USA). After the initial four days necessary for spheroid formation and
growth, fresh medium containing the studied compounds was added into wells. Cell
viability and cell death were measured after 72 h using the Cyto3D Live-Dead Assay kit
(The Well Bioscience, North Brunswick, NJ, USA), according to the manufacturer’s protocol.
The assay was based on the use of two nucleus staining dyes—acridine orange (AO, leading
to green fluorescence reflecting the presence of live cells) and propidium iodide (PL, leading
to red fluorescence reflecting the presence of dead cells). Images of spheroids in the bright
field and stained with AO were taken using the JuliFL microscope (NanoEntek, Seoul,
Republic of Korea). The experiment was repeated twice, with five replicates each time.

2.4. The Analysis of the Cell Cycle

The analysis of the cell cycle was performed using Muse® Cell Cycle Kit (Luminex,
Austin, TX, USA) according to the manufacturer’s recommendations. Briefly, 1 x 10° /well
of cells were seeded in a 12-well plate and pre-incubated for 24 h in a complete culture
medium. Afterward, fresh medium containing the tested compounds was added, and cells
were incubated for an additional 48 h. Cells treated with topotecan were used as a positive
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control of cell cycle arrest. Then, cells were collected by trypsinization, washed with PBS
buffer, fixed in 70% ethanol, and stored at —20 °C overnight. For analysis, cells were
stained with propidium iodide solution in the presence of RNase A, and the fluorescence
of cells was analyzed with Muse Cell Analyzer (Merck, Darmstadt, Germany) after 30 min
incubation in the dark at room temperature. Data analysis was performed using Muse 1.5
Analysis software (Merck, Darmstadt, Germany). The experiment was repeated three times.

2.5. The Evaluation of Apoptosis

The induction of apoptosis was analyzed using Muse Annexin V & Dead Cell Kit
(Luminex, Austin, TX, USA) according to the manufacturer’s recommendations. Briefly,
1 x 10°/well of cells were seeded in a 12-well plate and pre-incubated for 24 h in a complete
culture medium. Afterward, fresh medium containing the tested compounds was added,
and cells were incubated for an additional 48 h. Cells treated with topotecan were used
as a positive control of apoptosis induction. Then, cells were collected by trypsinization,
and after centrifugation, the cell pellet was re-suspended in complete culture medium
containing Annexin V for phosphatidylserine staining and 7-amino actinomycin D (7-
AAD,) for the detection of dead cells, in order to discriminate early and late apoptotic cells.
After 20 min incubation in the dark at room temperature, flow cytometric assessment was
performed with the Muse Cell Analyzer (Merck, Darmstadt, Germany). Data analysis
was conducted using Muse 1.5 Analysis software (Merck, Darmstadt, Germany). The
experiment was repeated three times.

2.6. The Evaluation of Gene Expression

The effect of the compounds on the expression of genes associated with the regula-
tion of the cell cycle and apoptosis (BAX, BIRC5, CCND1, CDKN1A) was performed as
previously described [31]. Briefly, FaDu cells (wild-type and cisplatin persister cells) were
exposed to the compounds for 48 h, and RNA was extracted from cells using RNA Extracol
(EURx, Gdansk, Poland). The experiment was repeated twice. Reverse transcription was
performed using smART First Strand cDNA Synthesis Kit (EURx, Gdarisk, Poland), accord-
ing to the manufacturer’s protocol. Amplification was performed using SG qPCR Master
Mix (EURx, Gdansk, Poland) and the previously described gene-specific starters [31]. The
mean expression of two reference genes (PBGD, TBP) was used to calculate the relative
change in gene expression level (fold-change) in comparison to DMSO-treated cells.

2.7. Statistical Analysis

The statistically significant differences (p < 0.05) between experimental and control
groups were detected using Student’s t-test (GraphPad.com, accessed on 30 June 2024).

3. Results
3.1. FaDu Cisplatin Persister Cells Are More Sensitive to Viability Reduction by HON and MAG
than FaDu wt Cells

Initially, we performed cell viability analyses to assess the anti-cancer properties of
HON and MAG. In the 10-25 uM concentration range of HON, the SCC-040 cells were
more affected than FaDu wt cells (Figure 2A). However, the activity of HON was similar at
30 uM and 40 uM concentrations, where both cell lines were almost totally affected. In turn,
FaDu wt cells were more sensitive to MAG (Figure 2B). In this case, the viability curves
showed weaker effects than for HON in both cell lines and reached approximately 73% and
62% reduction at 40 pM in FaDu wt and SCC-040 cells, respectively.

In addition, we established FaDu cisplatin persister cells to evaluate the potential
activity of HON and MAG toward cisplatin-tolerant cells. HON and MAG reduced the
viability of FaDu cisplatin persister cells more remarkably compared to FaDu wt cells. At
the highest concentration used, the viability was close to 0%.
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Figure 2. The effect of (A) honokiol and (B) magnolol on SCC-040, FaDu wt, and FaDu cisplatin
persister cells viability based on the resazurin assay. Cells were treated with increasing concentrations
of the compounds for 48 h. The results represent mean values £ SD from at least three independent
experiments. Cells treated with the vehicle only were used as the control (100% viability).

3.2. HON Reduces the Viability of HNSCC Cells Growing in Spheroid Form

In the next step, we wanted to assess whether HON and MAG could induce anti-
cancer effects in the spheroids of FaDu and SCC-040 cells, which constitute a better model
for predicting in vivo activity. The results, which show the detection of both viable and
dead cells, confirmed the potency of HON against FaDu cells (Figure 3A). As presented
in the exemplary microscopic images, HON caused the collapse of the compact spheroid
structure at the highest concentration. In turn, MAG had no significant impact on FaDu cell
spheroids. In the 3D culture of SCC-040 cells, HON reduced the percentage of viable cells
at higher concentrations, but the effects did not reach statistical significance (Figure 3B).
Moreover, HON did not affect the proportion of dead cells. However, the destabilization
of spheroids structure was observed at higher concentrations. SCC-040 cell spheroids

were resistant to MAG, contrary to 2D results, where MAG at 40 uM reduced the viability
below 50%.
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Figure 3. The effect of honokiol and magnolol on the viability of (A) FaDu and (B) SCC-040 cells
grown in the form of spheroids. Cells were treated with increasing concentrations of the compounds
for 72 h. Exemplary bright field images and images of stained cells (green fluorescence reflecting
the presence of acridine orange in the nucleus of viable cells) are shown. The results in the graphs
represent mean values = SD from two experiments with five independent replicates each. The
asterisk (*) denotes statistically significant differences in comparison to DMSO control (ctrl), p < 0.05.

Based on 2D and 3D viability analyses, it was shown that the activity of HON and
MAG was more potent in FaDu cells. Moreover, FaDu cisplatin persister cells were more
affected by these natural compounds. Thus, we performed additional functional and mech-

anistic analyses using wild-type and cisplatin persister FaDu cells to further characterize
the action of HON and MAG.

3.3. HON and MAG Induce Cell Cycle Arrest in G1/G0 Phases in FaDu Cells

The cell cycle analysis was introduced to evaluate the possible differences in HON
and MAG activity between FaDu wt and FaDu cisplatin persister cells (Figure 4). In
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FaDu wt cells, the typical change observed was the cell cycle arrest in G1/G0 phases
with a concomitant reduction in cell percentage in the S phase. Only with MAG at 15 pM
concentration a slight enrichment of G2/M cell cycle phases was observed instead. In turn,
cisplatin, along with the positive control, topotecan, presented a potent cell cycle arrest in
the S and G2/M phases (Figure 4A).
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Figure 4. Cell cycle distribution analysis after propidium iodide (PI) staining in (A) FaDu wild-type
(wt) cells and (B) FaDu cisplatin persister cells. The cells were incubated with cisplatin, honokiol, or
magnolol for 48 h. Topotecan was used as the positive control of cell cycle arrest. Exemplary flow
cytometry plots are shown. The blue area denotes the G1/GO0 phases, the red area denotes the S
phase, and the green area denotes the G2/M phases of the cell cycle. The results represent mean
values + SD from three independent experiments. The asterisk (*) denotes statistically significant
differences in comparison to DMSO control (Ctrl) for each cell cycle phase, p < 0.05.

In FaDu cisplatin persister cells, due to the lengthy exposure of cells to cisplatin, the
cell cycle distribution was similar to the effect of cisplatin in wt FaDu cells, with an even
smaller percentage of cells in G1/GO0 phases (Figure 4B). HON and MAG were unable to
trigger additional effects. In these cells, only topotecan was able to change the proportion
between the G1/G0 and S phases.

3.4. HON and MAG Are Weaker Apoptosis Inducers than Cisplatin in FaDu Cells

Annexin V-based flow cytometry analysis revealed a concentration-dependent increase
in total apoptotic FaDu wt cells for topotecan (positive control) and cisplatin (Figure 5A).
The results for HON and MAG were similar, and an approximately 50% increase in total
apoptotic cell population was found for the chemicals at 20 uM concentration. In the case
of MAG, an increase in the rate of late apoptotic cells was also present.
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Figure 5. Apoptosis induction analysis after Annexin V and 7-amino actinomycin D staining in
(A) FaDu wild-type (wt) cells and (B) FaDu cisplatin persister cells. The cells were incubated with
cisplatin, honokiol, or magnolol for 48 h. Topotecan was used as the positive control. Exemplary
flow cytometry plots are shown. The results represent mean values + SD from three independent
experiments. Statistically significant differences in comparison to DMSO control (Ctrl) for early and
late apoptosis are represented by an asterisk (*), while for total apoptotic cells, the hash (#) was used,
p <0.05.

In FaDu cisplatin persister cells, an increase in total apoptotic cell population was
shown only in topotecan-treated cells (Figure 5B). The lack of effects after treatment of
cells with cisplatin confirmed their cisplatin persister status. Interestingly, although there
was no enrichment in total apoptotic rate after incubation of cells with HON or MAG, the
proportions between early and late apoptosis were modified with a doubled amount of
late apoptotic cells for the chemicals at 20 M concentration.

3.5. HON and MAG Act by Altering the Level of Expression of BIRC5 and CDKN1A Genes

In an attempt to explain the mechanism of action of HON and MAG in FaDu cells, we
evaluated their effect on the level of expression of genes associated with the regulation of
cell cycle and apoptosis, and we compared it to the effect exerted by cisplatin. In general,
the effect of cisplatin was related to the tendency to decrease the level of expression of
CCND1 (which encodes the cell cycle stimulatory cyclin D1) and to increase the expression
of CDKN1A (which encodes the cell cycle inhibitory p21 protein) in a dose-dependent
manner in both cell populations, although the change reached statistical significance only
in the case of CCND1 reduction in FaDu wt cells at 10 uM concentration (Figure 6). On the
other hand, HON and MAG acted by decreasing the level of expression of BIRC5 (which
encodes the pro-survival protein survivin) and by increasing the expression of CDKN1A,
which was more pronounced in FaDu wt cells.
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Figure 6. The results of the analysis of the changes in the level of expression of BIRC5, CDKN1A, BAX,
and CCND1 genes in (A) Fadu wt and (B) FaDu cisplatin persister cells. The cells were incubated
with cisplatin, honokiol, or magnolol for 48 h. The results represent fold—change mean values +
SD from two independent experiments. The asterisk (*) inside bars denotes statistically significant
differences in comparison to DMSO control, p < 0.05.

4. Discussion

Magnolia tree is a source of two compounds, honokiol, and magnolol, which have a
pleiotropic activity that supports human health. In this study, we particularly focused on
HON and MAG anti-cancer properties. Thus far, their potency against cancer cell growth
has been evaluated in many tumor types, including colon, breast, liver, lung, and brain
cancer, to name a few [21,32]. On the other hand, research on HNSCC has mainly concerned
HON, and the influence of MAG has been poorly described so far.

Initially, we analyzed the influence of HON and MAG on the viability of HNSCC cells.
It was shown that HON in concentrations reaching 40 uM demonstrated more substantial
effects against SCC-040, FaDu wt, and FaDu cisplatin persister cells than its structural
isomer MAG. A total of 30 uM HON reduced the viability below 10% of the control value,
and 40 uM HON was entirely toxic. Based on other studies, the activity of HON in HNSCC
is cell line-dependent. On the one hand, HON within the concentration range of 30-40 pM
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similarly affected OC2 and OCSL cell lines [25] or the HN-22 cell line at the concentration
of 10 ug/mL (approximately 38 uM) [33]. On the other hand, the viability of several
other HNSCC cells was significantly inhibited only at higher concentrations, e.g., HSC-3
and HSC-4 cell lines [28,34] or SCC-1 and SCC-5 cell lines [35]. Concerning MAG, our
results confirmed its dose-dependent potential to diminish the viability of FaDu cells, with
almost 75% reduction in the highest 40 uM concentration. In turn, SCC-040 cells were
not meaningfully affected within the range of 10-30 uM MAG, but at 40 uM, the viability
decreased below 50%. Other available data indicated even weaker activity of MAG in
HSC-3 and SCC-9 cell lines, where at least 75 uM concentration was needed to achieve a
decrease in cell viability below 50% [36].

In addition to 2D cell cultures, we also analyzed the influence of HON and MAG on
the viability of FaDu and SCC-040 cells grown in 3D in the form of spheroids. Fluorescence
analysis with concomitant microscopic observation of spheroids confirmed the anti-cancer
activity of HON. However, the activity of MAG in HNSCC cells grown in 3D form was
not potent enough. Therefore, based on viability analyses, HON presented more beneficial
anti-cancer effects. The reason could be related to the mechanism of action of HON. For
instance, Singh et al. (2015) [35] detected decreased EGFR, mTOR, and downstream targets
expression after the exposure of HNSCC cells and their xenografts in athymic nude mice
to HON. Moreover, molecular docking analysis proved the ability of HON to bind the
EGFR active site with greater potency than the commonly used EGFR tyrosine-kinase
(TK) domain inhibitor gefitinib. In our previous research, erlotinib, another EGFR TK
domain inhibitor, reduced the viability of CAL 27 and FaDu cell spheroids even better
than in 2D models or compounds with different mechanisms of action [37]. Therefore,
HNSCC cell spheroids are possibly a good model for detecting sensitivity to anti-EGFR
therapy, and from the two analyzed Magnolia-derived compounds, only HON affects EGFR
signaling. In xenografts of HNSCC cells, a combination of HON with erlotinib [38] and
HON with cetuximab (monoclonal antibody against the extracellular domain of EGFR) [29]
caused a more significant reduction in tumor volume in comparison to those chemicals
used individually. Thus, HON is promising as an adjuvant for treatments targeting EGFR
in HNSCC cells, but other HON modes of action should be taken into account as well.

In this study, we also compared the sensitivity of FaDu wt and FaDu cisplatin persister
cells to HON and MAG. Both compounds demonstrated a more pronounced decrease in
viability in cisplatin persister cells, which may suggest the appearance of sensitization of
FaDu cisplatin persister cells to HON and MAG. Therefore, in further experimental steps,
we used these two populations of FaDu cells to assess the influence of HON and MAG
on the cell cycle distribution and potential induction of apoptosis. We chose the same
concentrations for HON and MAG (15 uM and 20 pM) to compare their activity and keep
the concentration within values possible to reach in vivo [39]. In addition, cisplatin was
tested in parallel as the reference of cellular response to standard chemotherapy.

Changes in the percentage of cells in each cell cycle phase were observed in FaDu wt
cells. Cisplatin caused a typical increase in S and G2/M phases related to its mechanism
of action [40]. In turn, HON and MAG provoked an increase in the G1 phase. This result
is in line with the reports of other researchers and is related to decreased proliferation of
cancer cells. Particularly, G1 cell cycle arrest was observed in OC2 and OCSL cell lines for
HON [25] and HSC-3 and SCC-9 cell lines for MAG [36]. The flow cytometric analysis of
apoptosis revealed an approximately 50% increase in apoptotic cell population as compared
to control by HON and MAG in FaDu wt cells, while cisplatin doubled the apoptotic rate.
The results of our study suggest that FaDu wt cells can be considered sensitive to the pro-
apoptotic effect of HON and MAG applied at lower concentrations (<20 uM). In contrast,
the induction of apoptosis by HON was detected at significantly higher concentrations,
40 uM and 30 uM, in OC2 and OCSL cell lines, respectively [25]. For HSC-3 and HSC-4
cell lines, similar potency was shown for 10 ng/mL (ca. 38 uM) concentration of HON and
extensive apoptosis for 15 ug/mkL (ca. 56 uM) and 20 pg/mL (ca. 75 pM) [34]. Also, 75 uM
MAG was needed to induce apoptosis in HSC-3 and SCC-9 cell lines [36].
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FaDu cisplatin persister cells, due to lengthy exposure to cisplatin, were characterized
by changes in the cell cycle distribution, similar to the effect of 48 h incubation of FaDu wt
cells with cisplatin. Thus, the additional incubation of persister cells with cisplatin did not
further change the distribution of cells across phases. HON and MAG did not exert any
effects either. The basal apoptotic rate in FaDu cisplatin persister cells was higher than in
FaDu wt cells. Nevertheless, topotecan (positive control) could still lead to a significant
increase in the apoptotic cell population. Importantly, cisplatin had no significant impact
on apoptosis, confirming the resistance of these persister cells to cisplatin. In parallel, HON
and MAG lacked the potency to increase the rate of apoptotic cells. Nevertheless, HON and
MAG doubled the percentage of late apoptotic cells, which may suggest a partly different
mechanism of HON and MAG activity in FaDu cisplatin persister cells.

In order to assess the possible mechanisms responsible for the observed effects, we
evaluated the level of expression of genes related to cell cycle and apoptosis control. The
impact of HON and MAG on the expression of anti-apoptotic and pro-proliferative genes
supports the observations from cytometric analyses. Survivin (encoded by the BIRC5 gene)
is a member of the inhibitor of apoptosis (IAP) family but can also promote cell cycle
progression. Another protein, p21 (CDKN1A), is promoted by p53 to inhibit cell cycle
progression. In HN-22 and HSC-4 cell lines, HON decreased the expression of survivin and
increased the level of p21, which was related to the downregulation of the transcription
factor specificity protein 1 (Sp1) [33]. Our results for FaDu wt and FaDu cisplatin persister
cells confirm this observation. Another pro-apoptotic gene, BAX, was affected only by
MAG 15 uM in FaDu wt cells, while the expression of cyclin D1 (CCND1), which promotes
cell cycle progression, was slightly downregulated by MAG 20 uM in FaDu cisplatin
persister cells. Survivin is known as an adverse prognostic factor for HNSCC patients and
is involved in DNA damage repair induced by radiotherapy. HON improved the effects
of radiotherapy by targeting survivin, as shown in the in vitro and xenograft models of
HNSCC [41]. Therefore, the lowered expression of survivin upon treatment with HON and
MAG highlights their usefulness as anti-cancer compounds.

Our study confirmed the anti-cancer activity of HON and MAG in HNSCC cells. The
compounds reduced the viability of SCC-040, FaDu wt, and FaDu cisplatin persister cells.
Moreover, FaDu cisplatin persister cells were the most susceptible to the influence of HON
and MAG on viability. The potency of HON and MAG in assays evaluating their effect on
cell cycle and apoptosis was similar; however, slight differences in the ability to modulate
the expression of genes related to those processes were found. On the other hand, the
anti-cancer effects against HNSCC cells observed in this study appeared at relatively high
concentrations, which may limit the in vivo effectiveness of HON and MAG. Yet, while
this study was limited to in vitro experiments, reports from other researchers, including
in vivo xenograft studies [25,26,28,29,35,38], indirectly confirm the beneficial activity of
HON and MAG in treating HNSCC. Moreover, these natural-derived compounds can
also be valuable for the prevention of oral cancer development. In this regard, fibrotic
buccal mucosal fibroblasts (fBMF) were much more affected by HON than normal BMF,
and the progression of oral fibrogenesis into cancer was inhibited [42]. Interestingly, the
safety profile of HON is also beneficial. HON can even prevent cisplatin ototoxicity
without compromising its activity against tumor cells of different origins [43]. Yet, while
showing a generally favorable safety profile, HON and MAG may still cause significant side
effects, including hemorrhage due to the anti-thrombotic activity. In addition, they have
been shown to affect the activity of enzymatic systems responsible for glucuronidation or
sulfation reactions, which may lead to altered drug metabolism [44]. Thus, further research
on the anti-cancer properties of HON and MAG is necessary.

5. Conclusions

This study confirmed that honokiol and magnolol can limit head and neck cancer cell
viability. These effects are contributed to by the regulation of the cell cycle and apoptosis,
which may be mechanistically related to alterations in the level of expression of BIRC5
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(encoding survivin) and CDKN1A (encoding p21) induced by HON and MAG. Although
HON and MAG showed much higher potency against wild-type FaDu cells, the chemicals
were able to reduce the viability and increase the late apoptosis rate in FaDu cisplatin-
persister cells. This implies the potential applicability of HON and MAG in tackling
chemoresistance, although this requires further, more detailed studies.
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Abstract: Algal metabolites have been extensively studied as potential anticancer therapeutics. Among
them, polysaccharides have attracted much attention because of their beneficial biological effects and
safety. In the present research, the chemical characteristics, antitumor, and proapoptotic activities
of extracellular polysaccharides (EPS) isolated from a new Bulgarian strain of the green microalga
Coelastrella sp. BGV were investigated. A fast and convenient method of precipitation with cold
ethanol was used to isolate EPS from the culture medium. The chemical characteristics of the isolated
EPS were examined by colorimetric and spectrophotometric analyses, HPSEC-RID and HPLC-UV
chromatography, and FI-IR spectroscopy. The results showed that the isolated EPS sample consists
of three carbohydrate fractions with different molecular weights (11.5 x 10* Da, 30.7 x 10* Da, and
72.4 x 10* Da, respectively) and contains 7.14 (w/w%) protein. HPLC-UV analysis revealed the presence
of galactose and fucose. The total uronic acid content in the sample was 4.5 (w/w%). The IR-FT spectrum
of EPS revealed the presence of various functional groups typical of a polysaccharide (or proteoglycan)
composed primarily of neutral sugars. The anticancer potential of the obtained EPS was assessed using
cell lines with cancerous and non-cancerous origins as in vitro experimental models. The results of the
performed MTT assay showed that EPS reduced the viability of the cervical and mammary carcinoma
cell lines HeLa and MCF-7, while the control non-cancer cell lines BALB/3T3 and HaCaT were less
affected. The HeLa cell line showed the highest sensitivity to the effects of EPS and was therefore used
for further studies of its anticancer potential. The ability of EPS to inhibit cancer cell migration was
demonstrated by wound-healing (scratch) assay. The cell cycle FACS analysis indicated that the EPS
treatment induced significant increases in the sub G1 cell population and decreases of the percentages
of cells in the G1, S, and G2-M phases, compared to the control. The fluorescent microscopy studies
performed using three different staining methods in combination with Annexin V-FITC flow cytometric
analysis clearly demonstrate the ability of EPS to induce cancer cell death via the apoptosis pathway.
Moreover, an altered pattern and intensity of the immunocytochemical staining for the apoptosis- and
proliferation-related proteins p53, bcl2, and Ki67 was detected in EPS-treated HeLa cancer cells as
compared to the untreated controls. The obtained results characterize the new local strain of green
microalgae Coelastrella sp. BGV as a producer of EPS with selective antitumor activity and provide
an opportunity for further studies of its pharmacological and biotechnological potential.

Keywords: Coelastrella sp. BGV; antitumor activity; cell viability; proliferation; migration; apoptosis
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1. Introduction

Cancer is the second leading cause of mortality worldwide, and more effective thera-
pies to control these severe diseases are urgently needed. A distinctive feature of cancer is
the uncontrolled proliferation and spread of tumor cells and the loss of apoptosis. Com-
pounds that block or suppress the proliferation of tumor cells by inducing apoptosis are
considered to have potential as anticancer drugs [1]. The interest in algae as one of the
major natural sources of novel bioactive compounds with health-promoting immunostim-
ulating and anticancer properties has intensified in recent years. In general, microalgae
are rich in a spectrum of compounds including, high-quality proteins (phycobiliproteins,
enzymes and oligopeptides), polysaccharides (agar, carrageenan, alginates, fucoidan, etc.),
long-chain polyunsaturated fatty acids (especially w-3 and w-6 fatty acids), pigments
(carotenoids: 3-carotene, lutein, astaxanthin, fucoxanthin, etc. and phycocyanin), sterols
(sitosterol, fucosterol, etc.), polyphenols, vitamins B12, C, and E, biogenic elements (Ca, P,
Na, K, etc.), dietary fiber, etc. [2-4].

Among the high-value compounds from microalgae, EPS are very promising. Polysac-
charides are natural biopolymers, composed of monosaccharides (hexoses and pentoses)
covalently linked by glycosidic bonds in linear or branched chains with a great variety of
molecular weights, monosaccharide compositions, and structural conformations. Based on
their function, polysaccharides can be divided into three categories: (i) structural polysac-
charides that build cell walls, (ii) storage (reserve) polysaccharides that accumulate inside
the cell, and (iii) matrix (protective) polysaccharides released into the environment. The
latter are subdivided into two different classes—capsular, which remain attached to the
cell wall, and free, which are entirely released into the environment and are described as
extracellular polysaccharides [5,6]. The best producers of exopolysaccharides were found
in different species of microalgae from Cyanophyta and Rhodophyta, as well as in some
types from Chlorophyta and Dinophyta [7,8]. The polysaccharide content, composition, and
structure are highly variable depending on numerous influencing factors, such as algal
species and strain, the area of cultivation, seasonal, physiological, and environmental
variations, cultivation parameters, and culture age. Variations can even occur between
samples prepared in the same way from different batches of a given species of algae. The
type and conditions of extraction also have a very decisive influence on the polysaccharide
content [9-11].

The microalgae polysaccharides attract scientific attention due to their diverse biologi-
cal activities, including the anticoagulant, antithrombotic, immunomodulatory, antiviral,
antibacterial, hypoglycemic, antimutagenic, radioprotective, anti-oxidative, antiulcer, an-
ticancer, and anti-inflammatory effects, and find wide application in the pharmaceutical,
environmental, cosmetics, and food industries (including functional foods, feed, nutritional
supplements, colorants, and drinks) [6-8,11-16].

Numerous studies have indicated that polysaccharides from microalgae sources ex-
hibit antitumor efficacy by inducing apoptosis, inhibiting proliferation and angiogenesis,
and modulating the immune response in different cancer models [7,15,17-21].

At present, there are no reports about the pharmacological action of the extracellular
polysaccharides from Coelastarella species. As a part of our effort to explore the therapeutic
potential of the local microalgae strains, we undertook a study on the anticancer activity of the
metabolites isolated from the green microalga Coelastrella sp. BGV. Our previous studies have
shown that aqueous and oil extracts and fatty acids from this strain inhibited cell proliferation
and induced apoptotic changes in HeLa tumor cells [22-24]. In this study, we isolated extra-
cellular polysaccharides (EPS) from the green microalga Coelastrella sp. BGV, investigated its
chemical characteristics, and assessed the antitumor and proapoptotic effects on HeLa human
cervical cancer cells. The results obtained provide new data regarding the mechanism of action
of EPS against cervical cancer and demonstrate the potential for developing EPS as an agent for
cervical cancer prevention and/or therapy. However, more extensive studies are required to
better understand the biological mechanisms underlying the antitumor effect of Coelastrella EPS
and to validate its potential for applications in cancer therapy.
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2. Materials and Methods
2.1. Materials and Chemicals

Coelastrella sp. BGV was obtained from the Algae Culture Collection of the Institute of
Plant Physiology and Genetics at the Bulgarian Academy of Sciences.

Monosaccharides (L-rhamnose, D-arabinose, D-xylose, D-mannose, D-glucose, D-
galactose, and D-fructose) were purchased from the Sigma-Aldrich Chemical Company
(St. Louis, MO, US). Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum, an-
tibiotic solution (penicillin—streptomycin), phosphate-buffered solution (PBS) and trypsin-—-
EDTA solution (2.5 g/L trypsin and 0.2 g/L EDTA), 3-[4,5-dimethylthiazol-2-yl]-2,3-diphenyl
tetrazolium bromide (MTT), Acridine Orange (AO), and ethidium bromide (EtBr), were
purchased from Merck (Darmstadt, Germany). The Annexin V Apoptosis Detection Kit:
sc-4252 AK was the product of Santa Cruz Biotechnology, Inc., Dallas, TX, USA.

2.2. Cell Lines and Culture Conditions

The human cancer cell line HeLa (CCL-2); MCF-7 (HTB-22) and mouse fibroblast cell
line BALB/3T3 (CCL-163) were purchased from the American Type Culture Collection
(ATCC). The non-tumor human keratinocyte cell line HaCaT was obtained from the CLS
Cell Lines Service (Eppelheim, Germany). Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum,
2 mM L-glutamine, 50 U/mL penicillin, and 50 mg/mL streptomycin. Both cell lines
were cultivated at 37 °C in a humidified atmosphere with 5% CO,. After achieving
60-80% confluency, the cells were trypsinized with 0.25% trypsin (dissolved in PBS, pH 7.4),
counted, and placed at the necessary density for each experiment.

2.3. Algal Strain and Growth Conditions

The green microalga Coelastrella sp. strain BGV was isolated from stagnant water in
a metal trough near the village of Varvara, Bulgaria (N 42° 10’; E 24° 0-7’) [25]. The strain
is maintained in the algal culture collection of the Laboratory of Experimental Algology, at
the Institute of Plant Physiology and Genetics at the Bulgarian Academy of Sciences. Algae
were cultured as monospecific non-axenic cultures in glass bottles containing 200 mL of
autoclaved Setlik medium modified by Georgiev et al. [26] at 28 °C on a block for intense
cultivation. Other experimental conditions included continuous unilateral illumination
with cool-white fluorescent lamps at a photon flux density of 132 pmol m~2 s~ ! and
a carbon source provided by bubbling 2-3% CO; (v/v) in air through the suspensions. The
cultures were hand-shaken daily.

2.4. Extraction of Extracellular Polysaccharide

The extracellular polysaccharides from Coelastrella sp. BGV were isolated and purified
from the cell-free culture liquids using previously described methods [27]. In brief, cultures
grown for 20 days under the optimized conditions were subjected to centrifugation at
5000x g for 30 min to obtain culture filtrates containing both the released EPS and the
culture medium. The resulting supernatant (cell-free culture liquid) was precipitated with
cooled 99% ethanol in a ratio of 1:2 (v/v) and pelleted at 5000x g for 20 min at room
temperature. The precipitate was rewashed three times with 65% ethanol to remove any
contaminants (lipophilic substances, carotenoid and chlorophyll-related pigments, and
other low molecular weight compounds), and dried at 37 °C. The precipitated materials
were dissolved in sterile double distilled water (1%, w/v) on a magnetic stirrer and then
extensively dialyzed against distilled water using a cellulose membrane dialysis tubing
(Sigma, St. Louis, MO, USA) and finally, were freeze-dried and lyophilized. The EPS
was preserved at 4 °C. The obtained crude polysaccharide was used for chemical analysis
and bioassays.
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2.5. Characterization of Extracellular Polysaccharide (EPS)
2.5.1. Chemical Composition Analysis

The total amount of carbohydrates in EPS was estimated using the phenol-sulfuric
acid method of Dubois et al. [28], in which glucose was used as a standard. The protein
content of the polysaccharide sample was determined using the dye-binding method of
Bradford using bovine serum albumin as a standard [29]. The total uronic acid content
of the EPS was analyzed colorimetrically with 3-hydroxybiphenyl by the method of Blu-
menkrantz and Asboe-Hansen [30], using D-galacturonic acid (D-GalA) as a standard
(5.0-100.0 ng/mL) (Sigma-Aldrich Chemical Co., St. Louis, MO, USA). The acetyl content
was determined photometrically using the hydroxamic acid reaction method of McComb
and McCready [31], using (3-D-glucose-pentaacetate (24-120 ng/mL) as a standard. The
degree of esterification was measured as well. The polysaccharide sample was saponified
(0.5 M NaOH, 1 h) and after neutralization (1 M HCI), the amount of methanol released was
determined using a combined enzyme-colorimetric method, using 4-amino-5-hydrazino-
1,2 4-triazole-3-thiol (Purpald®) as a chromogen according to the previously reported
method [32]. The qualitative estimation of rare sugars was performed according to the
periodate-thiobarbituric acid colorimetric method of Karkhanis et al. [33] as described
exhaustively by Ognyanov et al. [34].

2.5.2. Determination of Molecular Weight

The determination of the average molecular weight of the EPS was performed using
an Agilent 1220 high-performance size-exclusion chromatography-refraction index detector
(HPSEC-RID) chromatography system, using pullulan standards with different molecular
weights (0.59 x 10*-78.8 x 10%), a mobile phase of 150 mM NaH,POy (pH 7.0), and
Agilent Bio SEC-3 column (300 A, 4.6 x 300 mm, 3 um). The sample solution was diluted
to a concentration of 1 mg/mL and filtered through a 0.45 um membrane filter before
analysis. Ten microliters of the sample were injected for analysis, and the retention time
was recorded.

2.5.3. Determination of Monosaccharide Composition

The monosaccharide composition of the EPS was determined using an HPLC-UV
chromatographic system Agilent 1220 (Agilent Technologies, Waldbronn, Germany) em-
ploying the method of Honda et al. [35], with a modification by Yang et al. [36]. For this
purpose, the EPS (1-5 mg) was hydrolyzed with 2.0 mL of 4M trifluoroacetic acid (TFA),
in a sealed tube for 8 h at 110 °C. The released monosaccharides were derivatized with
1-phenyl-3-methyl-5-pyrazolone (PMP) to UV-absorbent products. Separation was per-
formed using an Agilent TC-C18 column (5 um, 4.6 x 250 mm) with a mobile phase 50 mM
phosphate buffer (Na,HPO4-NaH,POy4, pH 6.9), with added acetonitrile, in gradient elu-
tion mode. Identification and quantification were based on response factors relative to
standards subjected to the same hydrolytic procedure.

2.5.4. FT-IR Spectroscopy

The Fourier transform infrared (FI-IR) spectra of EPS and its esterified derivatives
were recorded at the absorbance mode by a Bruker IR-FT Spectrophotometer in a KBr tablet
and analyzed in the wavelength range 500-4000 cm 1.

2.6. Anticancer Activity of Extracellular Polysaccharide/s
2.6.1. Cell Viability Assay

The antiproliferative activity of EPS on human cervical carcinoma cells HeLa, mam-
mary adenocarcinoma MCF-7, human keratinocyte HaCaT and mouse fibroblast BALB/3T3
cells was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay as previously described [37]. The assay detects the reduction of MTT by mito-
chondrial dehydrogenases to a blue formazan product, which reflects the normal function
of mitochondria and cell viability. Briefly, the cells in exponential growth were plated at
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a final concentration of 1 x 10* cells/well in a 96-well plate with 200 uL of growth medium.
After overnight incubation, the growth medium was removed from each well and the cells
were treated with rising concentrations of EPS (31.25 ug/mL, 62.5 ug/mL, 125 ng/mL,
250 ug/mL, 500 ug/mL, and 1000 pg/mL) and cultured in a humidified atmosphere with
5% CO, for 24 and 48 h. Untreated cells were used as a negative control while cells treated
with doxorubicin were used as a positive control. At the indicated times (24 and 48 h)
the media was replaced with 100 uL of MTT solution (0.5 mg/mL) into each well. Af-
ter incubation at 37 °C for 3 h, the medium was removed and 50 uL. of DMSO/Ethanol
(1:1 v:v) was added to each well to dissolve the purple crystals of formazan with shaking for
10 min. Absorbance was measured at 570 nm by a microplate reader (TECAN, SunriseTM,
Grodig/Salzburg, Austria). The absorbance value of the control group (without treatment)
was considered to be 100%. Relative cell viability was presented as a percentage relative
to the control group based on the following formula: Cell viability = [OD of drug-treated
sample/OD of non-treated sample] x 100. The 50% inhibitory concentration (ICsq) value
was determined as the concentration that caused 50% inhibition of cell proliferation. All
experiments were performed in triplicate.

2.6.2. Cell Migration Assay

The ability of EPS to inhibit the tumor cells’ migration was analyzed by performing
a wound-healing scratch assay on HeLa cervical carcinoma cells. Cells were plated in
24-well plates at a density of 2.5 x 10° cells/mL in DMEM containing 10% FBS, and they
were cultured in a CO; incubator at 37 °C, in an atmosphere with 95% humidity and 5%
CO,, until a monolayer formed. A vertical cut was then created in each well of the plate
using a sterile pipette tip with a 10 pL volume. The wells were washed twice with PBS
to remove cell debris and were treated with EPS at a concentration of 250 pg/mL. Cell
monolayers of untreated HeLa cells with the same vertical scratches served as a negative
control of the experiments. The plates were cultured for 72 h in a CO, incubator, and
images of the scratched area were taken at regular time intervals (0, 24, 48, and 72 h) using
an Olympus inverted light microscope with a digital camera to quantify the area of cell
migration. The wound area in the control and treated cell cultures was measured at each
time point using the Image] software package, Version 1.42.

2.6.3. Fluorescence Microscopy
AO/EtBr Staining

Cell morphology changes after treatment with EPS were studied by staining the
cells with a combination of the fluorescent DNA-binding dyes acridine orange (AO) and
ethidium bromide (EtBr). For this purpose, cancer cells (1 x 10° cells/well) were seeded on
a cover slip placed on the bottom of each well in a 24-well plate and incubated overnight
to form a monolayer on its surface. Then the cells were exposed for 24 h to the EPS at
a concentration of 500 pg/mL, equal to half the maximal inhibitory concentration (ICsg)
established by the MTT assay. After an additional 24 h of incubation, the cells were stained
with 10 pL of aqueous AO/EtBr solution (10 uL /mL of AO in PBS; 10 pL/mL of EtBr in
PBS) for 5 min. Tumor cells cultured only in the medium were used as a negative control,
and tumor cells cultured in the presence of doxorubicin were used as a positive control.
The morphology changes in the AO/EtBr stained cells were observed under a fluorescent
microscope (Leica DM 5000B, Wetzlar, Germany).

DAPI Staining

The nuclear morphology of EPS-treated HeLa tumor cells was also investigated by
staining with the fluorescent dye 4’, 6 diamino-2phenylindole (DAPI). DAPI has a strong
binding affinity for adenine-thymine-rich clusters. The DAPI molecule can pass through
an intact cytoplasmic membrane, making it a suitable agent for studying the nuclear
morphology of both live and fixed cells. Briefly, HeLa cells were seeded and treated with
EPS as described in the previous section. Upon completion of the incubation, the cells
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were fixed with 3% paraformaldehyde for 10 min, washed three times with PBS, and
stained with DAPI solution for 20 min at room temperature in the dark. Samples of treated
and untreated (control) tumor cells were coated with Mowiol®, mounted on slides, and
observed under a fluorescence microscope (Leica DM 5000B, Wetzlar, Germany).

Annexin V-FITC/PI Staining

Further, we assessed the apoptosis-inducing ability of EPS using an Annexin V-FITC
Apoptosis Detection Kit: sc-4252 AK (Santa Cruz Biotechnology, Inc., USA). The transloca-
tion of phosphatidylserine from the inner to the outer side of the dual protein-lipid layer of
the cell membrane is an early sign of apoptosis. HeLa cells were cultured on glass lamellae
and treated with EPS, as described in the previous paragraphs. After that, the culture fluid
was removed and the cells were coated with a solution of Annexin V-FITC and propidium
iodide (PI), following the manufacturer’s instructions. The samples were incubated for
15 min at room temperature, in the dark, and then analyzed on a fluorescence microscope
(Leica DM 5000B, Wetzlar, Germany) following a protocol specified by the manufacturer.

2.6.4. Flow Cytometry

The effects of EPS on the cell cycle progression and apoptosis of HeLa cancer cells
were analyzed by flow cytometry analysis. HeLa cells were grown to about 80% confluency
and were then treated with the EPS at concentrations of 500 ug/mL. Untreated HeLa cells
were used as controls. After 24 h of treatment, the medium was aspirated, the cells were
washed twice with cold phosphate-buffered saline (PBS), trypsinized with Trypsin-EDTA
(Sigma-Aldrich), and centrifuged at 1000 rpm for 10 min. Cell pellets were collected and
processed for cell cycle and apoptosis analyses as described below.

Cell Cycle Analysis

The cell pellets of the control and EPS-treated HeLa cell cultures were washed with
PBS, resuspended, and fixed with 70% ice-cold ethanol, which was added dropwise while
vortexing. Cells were stored at -20°C for at least 12 h. Before analysis, the fixed cells were
washed with PBS, treated with RNase A (Roche Diagnostics GmbH, Mannheim, Germany)
(20 pg/mL) for half an hour, and stained with propidium iodide (PI; 20 pg/mL). Cell
populations at different stages of the cell cycle were analyzed by flow cytometer (Becton
Dickinson, Mountain view, CA, USA). From each sample, 10,000 events were recorded,
and the percentage of cells in different cell cycle phases (G1, S, and G2-M) was determined
using Flow]Jo ™ v10.8 software (BD Biosciences, San Jose, CA, USA). Data are presented as
the mean =+ standard error of the mean of three replicates.

Annexin V/PI Analysis of Cancer Cell Apoptosis

Cells were stained using an Annexin V-FITC Apoptosis Detection Kit: sc-4252 AK
(Santa Cruz Biotechnology, Inc. USA) according to the manufacturer’s protocol. After
incubation for 15 min at room temperature, 10,000 cells from each sample were analyzed
with a flow cytometer (BD FACSCalibur™) using the Flow]o software (BD Biosciences,
San Jose, CA, USA).

2.6.5. Immunocytochemical Analysis

The potential alterations in the expression and intracellular localization of the prolifera-
tion marker protein Ki67 and the apoptosis-related proteins p53 and bcl2 were investigated
by immunocytochemical analysis of control untreated and EPS-treated HeLa cells. Cells
were seeded on clean, sterilized cover slides with a density of 1 x 10° cells/well in 24-well
plates. After culturing for 24 h, a negative control (untreated cells), a positive control (cells
treated with 2.25 pg/mL Dox), and cells treated with EPS at a concentration of 500 pg/mL
were incubated for 24 h under the same conditions. The cover glasses were then washed
with PBS, fixed with ice-cold methanol for 10 min, washed three times with PBS, and
incubated overnight at 4C with p53 (Monoclonal rabbit Ab-5, clone DO-7, Thermo Sci-
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entific, Waltham, MA, USA), Bcl2 (Monoclonal rabbit Ab, clone E17, Zytomed Systems
GmbH, Berlin, Germany), and Ki67 (Monoclonal rabbit Ab Clone SP148, Zytomed Sys-
tems GmbH, Berlin, Germany) antibodies. Visualization of the antigen-antibody reaction
was performed using an immunocytochemical peroxidase reaction with polymer labeling
and DAB chromogen (Novolink Polymer detection Systems RE7140-K, Leica Biosystems,
Newcastle, UK) according to the manufacturer’s recommendations. The procedure was
performed at room temperature and the slides were incubated in a humidity chamber.
After staining, the preparations were washed several times with distilled water, stained
with hematoxylin for 3 min, then dehydrated with an ascending series of alcohols and
placed on slides using Bio-Mount DPX synthetic resin (Biognost, Zgreb, Croatia). The
prepared immunocytochemical samples were observed with a Leica DM 5000B microscope,
Leica Microsystems, Wetzlar, Germany, and documented with a Leica DFC 420 C camera,
Wetzlar, Germany and Leica Suite 3.1.0 software.

2.7. Statistical Analysis

All experiments were performed in triplicate (n = 3) and the results were expressed as
the mean & SD (standard deviation). The significance of the differences between the control
and experimental groups was analyzed using one-way analysis of the variables (ANOVA)
followed by a post-hoc comparison test (Bonferroni) using GraphPAD PRISM software,
Version 5 (GraphPad Software Inc., San Diego, CA, USA). A difference was considered
statistically significant when the value of p < 0.05.

3. Results
3.1. Chemical Characterization of EPS Isolated from Coelastrella sp. BGV

In this study, we isolated and characterized a crude extracellular polysaccharide
(EPS) extract from the green microalga Coelastrella sp. BGV, which is endemic to Varvara,
Bulgaria. EPS was obtained through ethanol precipitation of a cell-free culture medium.
The EPS was washed 3 times with 65% ethanol by centrifugation, dialyzed against distilled
water, freeze-dried, and lyophilized. The freeze-dried EPS appeared as a pale yellow pliable
fibrous polymer. It was analyzed for carbohydrate and protein content as well as neutral
sugar and uronic acid content using colorimetric analyses. The chemical characteristics of
EPSs are presented in Table 1. The EPSs contained mainly carbohydrates (36.4%), protein
(7.14%), and small amounts of uronic acid (4.5%). The proteins detected in the EPSs
were considered to have bonded with the polysaccharide molecules via O-glycosidic or
N-glycosidic linkages.

Table 1. Chemical characteristics of exopolysaccharide isolated from Coelastrella sp. BGV.

Biochemical Composition Concentration, w/w%
Total protein content 7.1
Neutral sugars
Rhamnose (Rha) -
Arabinose (Ara) -
Galactose (Gal) 1.7
Glucose (Glc) -
Mannose (Man) -
Xylose (Xyl) -
Fucose (Fuc) 0.4
Total carbohydrates (Glc equivalent) 36.4
Total uronic acids content 4.5
Degree of methoxylation, mol% 0.74
Acetyl groups content 0.0
Rare sugars test (+ positive, — negative) +++

The monosaccharide composition of EPS obtained from Coelastrella sp. BGV was deter-
mined by an Agilent 1220 HPLC-UV chromatography system after hydrolysis of the EPS
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and derivatization of the released monosaccharides to UV-absorbing products (Figure 1). It
was established that EPS from Coelastrella sp. BGV is analyzed by employing seven different
types of monomer unit standards. Two monosaccharides, including galactose and fucose,
were identified, and five others could not be identified (Table 1). Interestingly, EPS tested
strongly positive for rare sugars (a pink color was observed), and a positive test result with
a 2-thiobarbituric acid reaction suggested the presence of not only 2-keto-3-deoxy-octonate,
3-deoxy-, and 3,6-dideoxy hexoses but also sialic acid and (N-acetyl)hexosamine. It is
interesting to note that acetyl groups were not found, which suggests that there were not
any acetylated sugar residues. Based on the analyses performed and the origin of the
sample, it can be assumed that some of the unidentified monosaccharides are unacetylated
galactosamine and/or glucosamine, or that the sample is a proteoglycan. The presence of
anhydrous sugars (e.g., 3,6-anhydro-D/L-galactose) cannot be ruled out.
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Figure 1. An HPLC-UV chromatogram of PMP (1-phenyl-3-methyl-5-pyrazolone)—monosaccharide

derivatives obtained from EPS from Coelastrella sp. BGV.

The molecular weight of the EPS obtained from Coelastrella sp. BGV was determined
using the Agilent 1220 HPSEC-RID chromatography system. The MW of the EPS was
calculated by the standard curve of the molecular weight (MW) over the retention time.
The elution profile of the EPS is presented in Figure 2.

The molecular weight distribution of EPS showed the presence of three polysaccharide
fractions (Figure 2A). The fraction with a molecular weight of 11.5 x 10* Da (marked in
the yellow zone of a pronounced peak) made up the largest amount (72.5% of total peak
area). In front of it, two fractions (two small peaks) with a higher molecular weight, but in
smaller quantities in the sample—72.4 x 10* (11.8%) and 30.7 x 10* (5.7%), respectively,
were eluted. The data obtained show that the isolated EPS from Coelastrella sp. BGV has a
medium molecular weight.

The IR-FT spectrum of the EPS on the IR-FT spectrophotometer in a KBr tablet was
taken (Figure 3) and analyzed according to an available database. The individual absorption
bands were compared with the presence of well-defined functional groups.

The IR spectrum showed a broad peak at 3400 cm ! that corresponded to the stretching
vibration of the hydroxyl groups (-OH), which were the characteristics of polysaccharides.
The absorption observed at 3383 cm ™! was attributed to the stretching vibration of NH>*
(amine group); at 2929 cm ™! to the stretching vibration of the methylene (CH,) group
(valence oscillations of the C~-H bond of the CH; group); at 1650-1550 cm ™! for the -NH,
group of the primary amine and the N-H group of the amide. The peak at 1409 cm ™!
resulted from the stretching vibrations of the C-N bonds of the amines and amides (in the
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range of 1400-1418 cm~!). Bands characteristic of polysaccharide sulfate esters were not
detected in the spectrum. The two bands noticed at 1542 and 1647 cm~! were assigned to
(N-H) and v(C-N) of the amide II region and the N-linked C=O of the amide I structure
vibrations. Bands pointed to the presence of amino sugars and/or protein components. The
peak at 1535 cm ™! also corresponded to the monosaccharides’ C~-OH bending vibration.
Not found were absorption bands for acetyl groups, which confirmed previous findings
made by spectrophotometric analysis. These findings demonstrated that the IR-FT spec-
trum of EPS from Coelastrella sp. BGV is typical of a polysaccharide (or proteoglycan)
composed predominantly of neutral sugars.
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Figure 2. HPSEC elution profile of EPS from Coelastrella sp. BGV. (A) exopolysaccharide; (B) pullulan
standards. Molecular weights of the standards used—from left to right: 78.8 x 10%, 40.4 x 10%,
21.2 x 10%,11.2 x 10%, 4.73 x 10%,2.28 x 10%,1.18 x 10%,0.59 x 10* Da.

3.2. Anticancer Activity of Extracellular Polysaccharide
3.2.1. Effects of EPS from Coelastrella sp. BGV on Cell Viability

An MTT assay was used to determine the viability of the cancer cell lines HeLa and
MCE-7 and the non-cancerous HaCaT and BALB/3T3 cells exposed to increasing concen-
trations (31.3, 62.5, 125, 250, 500, and 1000 pug/mL) of EPS for 24 and 48 h (Figure 4). The
antitumor antibiotic doxorubicin (Dox), widely used in clinical practice for the treatment of
human malignancies, was used as a positive control in the experiments. It was established
that Dox significantly reduced HeLa cell viability / proliferation, with values between 5%
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and 54% at the 24th hour and between 1.0% and 17.0% at the 48th hour of treatment. The
observed effect was concentration- and time-dependent. The ICs( values determined at the
24th and 48th hour were 2.254 pug/mL and 0.076 pg/mL, respectively.
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Figure 3. FT-IR absorption spectrum of the EPS from Coelastrella sp. BGV over the range of 4000400 cm™ 1.

As shown in Figure 4, EPS markedly inhibited the growth of tumor cells in a time-
and concentration-dependent manner. It showed a moderate antiproliferative effect on
HeLa cells; cell viability was between 45.77 £ 3.93% and 62.35 &+ 4.78% at 24h with
statistical significance compared to the control. At the high EPS concentrations—500 and
1000 pg/mL—cell viability was lower than that seen for the positive control (doxorubicin-
treated HelLa cells). The antiproliferative effect of EPS on mammary carcinoma cells of
the MCF-7 line was less pronounced, and the viability of the cells treated with the highest
concentration was 71.57%. At the 48th hour, EPS caused a significant decrease in HeLa
cell viability as compared to the control. Values were 3 to 10 times lower than those at 24
h and were 22.68 4 4.296%, 16.04 + 2.185%, and 11.15 &+ 2.690% at EPS concentrations
of 31.3 pg/mL, 62.5 ug/mL, and 125 ug/mL, respectively. The highest inhibitions of
proliferation reached up to 6.033 =+ 0.2418%, 4.878 £ 0.2218%, and 4.833 =+ 0.4446% when
EPS concentration increased to 250 ug/mL, 500 pg/mL, and 1000 pug/mL. The viability of
MCEF-7 cells also showed a marked time-dependent decrease, and values ranging between
96.4% and 38.6% were measured at the 48th h. Statistically significant reductions of cell
viability compared to the untreated controls were found in all concentrations higher than
31.3 ug/mL.

The control non-cancer cell lines used in the study showed lower sensitivity to the
cytotoxic effects of the EPS than the cancer cells. The viability of the human keratinocyte
cells HaCa showed a statistically significant increase compared to the untreated control at
the lowest tested concentrations of 31.3 pg/mL and 62.5 ug/mL. A decrease in cell viability
was established only at the highest tested concentrations of 500 and 1000 pg/mL, with
values of 91.17% and 73.96% for the 24th h and 86.77% and 51.75% for the 48th h.

The viability of the EPS-treated mouse fibroblasts BALB/3T3 was not decreased at
24 h and was equal to that of the control. At48 h, the viability of the EPS-treated fibroblasts
was between 76.74 £ 6.195% and 68.54 & 2.899%. These values were about 10-fold higher
than those of the EPS-treated tumor cells.

The inhibitory concentrations of EPS (ICsy) were calculated by curve fit analysis of the
obtained concentration-response curves for all cell lines tested. The results are presented in
Table 2.
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Figure 4. Effect of extracellular polysaccharide from Coelastrella sp. BGV on the viability of HeLa,
MCEF-7, HaCaT and BALB/3T3 cells assessed by an MTT test at 24 h and 48 h. Untreated cells and
cultivated cells treated with the antitumor drug Doxorubicin (Dox; 2.5 ng/mL) were used as negative
and positive controls, respectively. The data are expressed as the mean + SD of five samples from
each treatment group. * p < 0.05, ** p < 0.01, and *** p < 0.001 indicate significant differences compared
to the negative control.
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Table 2. Inhibitory concentrations (ICsp; pug/mL) of extracellular polysaccharides isolated from
Coelastrella sp. BGV, determined by MTT test after 24 h and 48 h treatment of cancer and non-cancer

cell lines.
Cell Line 24 h 48 h
HelLa 643.11 <31.3
MCEF-7 >1000 486.40
HaCaT >1000 >1000
BALB/3T3 >1000 >1000

The results presented in Table 2 demonstrate a higher toxicity of EPS (lower ICs
values) for the cervical and breast carcinoma cell lines as compared to the non-cancer
control cell lines. Based on the MTT results, the HeLa cell line was selected as the most
suitable model system for the subsequent analyses of EPS’s anticancer potential.

3.2.2. Effects of EPS on HeLa Cancer Cell Migration

The effect of EPS on the migration capacity of cervical carcinoma cells of the HeLa line
was examined by a wound-healing assay. The EPS-induced changes in the migration ability
of the cancer cells were followed in dynamics during the 72 h period, and measurements of
the wound area were performed at regular time intervals (Figure 5).
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Figure 5. Effect of Coelastrella sp. BGV EPS treatment on the migration of HeLa cervical carcinoma
cells evaluated by wound-healing assay. (Upper panel) Light microscopy images of untreated cell
cultures and cell cultures treated with EPS (250 pug/mL); (Lower panel) Quantification of the EPS
effect on the migration potential of the cancer cells. Data are presented as Mean + SD; *** p < 0.001
compared to the untreated control.

In the control cell cultures, about 80% reduction of the wound width was measured at
24 h, and complete monolayer healing was observed as early as 48 h. The EPS treatment
induced a statistically significant delay in the wound healing as compared to the control,
and the mean percentages of cancer cell migration at the three time points measured
(24, 48 and 72 h) were 42.3 £ 1.7%, 71.43 & 3.8% and 90.4 & 4.7%, respectively.
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3.2.3. Fluorescent Microscopy Analysis of EPS-Induced Apoptotic Alterations in HeLa
Cancer Cells

To determine whether the growth-inhibitory effect of EPS was related to the induction
of apoptosis, HeLa cells were treated with an ICsy concentration of EPS for 24 h, and then
their morphological changes were analyzed under a fluorescence microscope after double
intravital staining with AO and EtBr (Figure 6). Acridine orange is a vital dye that stains
both live and dead cells, whereas ethidium bromide stains only the cells that have lost their
membrane integrity.

Figure 6. Morphological changes of the HeLa tumor cells cultured in the presence of EPS (500 p1g/mL)
for 24 h followed by AO/EB (Upper row), DAPI (middle row), and Annexin V (Lower row) staining.
Fluorescence micrographs of: (a,d,g)—untreated HeLa cells; (b,e,h)—cells after incubation with
500 pg/mL of EPS; (c,f,i)—cells after incubation with 2.5 ug/mL Dox; Scale bar = 20 pm.

As shown in Figure 6, the HeLa control cells were morphologically normal, with
nuclei of similar sizes, regularly shaped, and evenly bright green stain color (Figure 6a).
The cells treated by EPS presented the typical morphological characteristics of early and
late apoptosis. Wrinkled cells showing chromatin condensation as a bright green area or
fragments (early apoptotic) and a significant number of cells with orange to red stained
nuclei and condensed or fragmented chromatin (late apoptotic) were observed (Figure 6b).
These alterations were accompanied by membrane blebbing and nuclear shrinkage. The
nuclear morphology of the cells treated with Dox (Figure 6c) was completely destroyed.
Late apoptotic cells with a bright red stained nucleus predominated. The majority of
the HeLa cells were detached from the surface of the coverslips and were floating in
the medium.

Further confirmation of the EPS-induced apoptosis of tumor cells was obtained by
staining with DAPI. The control, untreated HeLa tumor cells had intact nuclei, round
to slightly oval in shape and almost uniform in size, with smooth outlines and evenly
distributed chromatin. Cell nuclei in different phases of mitosis were observed (Figure 6d).
In contrast to the controls, the EPS-treated tumor cells showed significant morphological
changes in the nuclei typical of apoptosis, such as nuclear polymorphism, chromatin con-
densation and margination, nuclear fragmentation, and collapse of the cell into membrane-
bound apoptotic bodies (Figure 6e). The reduced number of nuclei with uneven outlines,
condensed chromatin, and fragmented nuclei with multiple apoptotic bodies was seen in
the samples treated with the anthracycline antitumor antibiotic doxorubicin (Figure 6f). The
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morphological studies showed that Coelastrella EPS was able to induce marked apoptotic
morphology in HeLa cells at the cellular and nucleus levels.

The EPS-induced apoptosis of HeLa cells was also studied using Annexin-V staining,
which permits the detection of phosphatidylserine exposure on the outer membrane surface
of the apoptotic cells [38,39]. The translocation of phosphatidylserine from the inner side
of the plasma membrane to the outer layer is one of the earliest steps in the initiation of
programmed cell death-apoptosis. In this initial process, chromatin condensation occurs,
but the cell membrane still retains its integrity. Annexin is a lipid-binding protein with an
affinity for phosphatidylserine. Cells stained only with Annexin V-FITC glow green on
the outside of the plasma membrane (early apoptotic). As cells move into late apoptosis,
the permeability of the cell membrane is disrupted and DAPI enters the cell and stains
the nuclei orange-red (late apoptotic). Late apoptotic cells were both Annexin V-FITC and
PI positive. After EPS treatment, HeLa cells in the early and late apoptotic stages were
observed under fluorescence microscopy, but those with late apoptosis (Annexin V-FITC
and PI positive) predominated (Figure 6h). By contrast, after treatment with Dox, most
cells were in the early apoptotic stage (Annexin V-FITC positive) (Figure 6i).

3.2.4. Flow Cytometry Analysis of the Effects of EPS on the Apoptosis and Cell Cycle
Progression in HeLa Cancer Cells

Apoptosis Assay

Quantification of the live, early and late apoptotic, and necrotic cells in the HeLa
cell cultures treated with 500 pug/mL EPS for 24 h was performed by FACS analysis after
Annexin V-FITC/PI fluorescent staining (Figure 7).

The performed Annexin V-FITC/PI flow cytometry demonstrated a statistically signif-
icant increase in the early and late apoptotic cells and a decrease of the percentage of live
cells in the EPS-treated cell cultures as compared to the untreated control.

Cell Cycle Analysis

The effect of EPS from Coelastrella sp. BGV on the cell cycle progression of HeLa
carcinoma cells was studied by FACS analysis based on the detection of cellular DNA
content after fluorescent staining with PI (Figure 8).

The results of flow cytometry analysis (presented in Figure 8) indicate that the EPS
treatment induces a significant increase in the Sub G1 cell population and decreases the
percentages of the G1, S, and G2-M cells.

3.2.5. Immunocytochemical Analysis of the EPS-Induced Alterations in the Expression and
Intracellular Localization of the p53, bcl2, and Ki67 Proteins

Immunocytochemical analysis of the HeLa cells treated with 500 png/mL EPS for 24 h
was performed to identify the potential alterations in the expression and intracellular local-
ization of the tumor suppressor protein p53, proapoptotic protein bcl2, and proliferation
marker protein Ki67. Untreated cells and cells treated with the standard cytostatic Dox
were used as negative and positive controls, respectively (Figure 9).

The results of the performed analysis revealed marked alterations in the pattern and
intensity of the immunochemical staining of the EPS-treated cancer cells. Nuclear p53
staining was not detected in the control and EPS-treated cells (Figure 9a,b). However, in
the cells exposed to EPS, a prominent increase in the cytoplasmic staining intensity was
observed (Figure 9b), suggesting the accumulation of p53 protein in the cellular cytoplasm.
In contrast, some of the nuclei in the Dox-treated cell cultures were p53 positive (Figure 9c).
The intensity of bcl2 cytoplasmic staining of both EPS- and Dox-treated cells (Figure 9e,f)
was significantly decreased in comparison to the control (Figure 9d). The effect of the
standard cytostatic Dox was more clearly expressed than those of the studied EPS. The
immunostaining of the nuclear proliferation marker Ki67 revealed a significant reduction in
the number of positive cells as well as a decrease in the staining intensity of the cancer cells
after treatment with the studied EPS (Figure 9g,h). A similar but much more pronounced
effect was detected in the cells treated with the anticancer drug Dox (Figure 9i).
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Figure 7. Proapoptotic effect of Coelastrella sp. BGV EPS on HeL a cervical carcinoma cells as evaluated
by FACS analysis. (Upper panel) Representative histogram of control untreated cells and cells treated
with 500 pg/mL EPS for 24 h. (Lower panel) Bar graph showing the percentages of the live, early
and late apoptotic, and necrotic cells. The data are expressed as mean + SD from three independent
experiments; *** p < 0.001 indicates significant difference as compared to the negative control.
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Figure 8. Effect of Coelastrella sp BGV EPS treatment on the cell cycle progression of HeLa cervical
carcinoma cells. (Upper panel) Representative histogram of control untreated cells and cells treated
with 500 pg/mL EPS for 24 h. (Lower panel) Bar graph representing the distribution of the cells
in the different cell cycle phases. The data are expressed as mean + SD from three independent
experiments; *** p < 0.001 indicate significant difference as compared to the negative control.
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Figure 9. Immunocytochemical analysis of the EPS effects on the expression and intracellular
localization of the p53, bcl2, and Ki67 proteins in HeLa carcinoma cells. (a,d,g) untreated control
cells; (b,eh) cells treated with EPS (500 ug/mL); (c,f,i) cells treated with Dox (2.5 pg/mL); (a—c) p53
immunostaining; (d—f) bcl2 immunostaining; (g—i) Ki67 immunostaining.

4. Discussion

Despite the progress in cancer therapy, a number of negative factors such as the
increasing incidence of the disease, limited efficacy, multidrug resistance, side effects, and
others, stimulate efforts to develop new and effective treatment approaches, as well as to
develop new drugs. Nowadays, medicinal substances from natural sources, which offer
new and alternative options for cancer treatment, are gaining more and more popularity,
compared to synthetic drugs [40]. The inhibition of cancer cell proliferation is a critical
effect of anticancer agents. Another major target for cancer therapy is the induction of
apoptosis, by which antitumor drugs kill cancer cells [41,42].

As a part of our efforts to explore the therapeutic potential of the local strains of
microalgae, we undertook a systematic study on the green microalga Coelastrella sp. BGV,
which is endemic to Varvara, Bulgaria. In this study, for the first time, we isolated EPS from
the Bulgarian strain of green microalga and assessed its antitumor and apoptosis-inducing
properties against cervical cancer cells of the HeLa line in vitro. The chemical composition
analysis of EPS collected by ethanol precipitation of a cell-free culture medium showed
that it was composed mainly of carbohydrates (36.4%) and contained small amounts of
proteins (7,14%). The uronic acid content was 4.5%. Moreover, the molecular weight and
monosaccharide composition of the isolated exopolysaccharide were also investigated.
The presence of three polysaccharide fractions with molecular weights 11.5 x 10* Da,
72.4 x 10* Da, and 30.7 x 10* Da were established by HPSEC-RID chromatography. HPLC-
UV chromatography indicated that the isolated extracellular polysaccharides contain seven
different types of monomeric units, two of which were identified as galactose and fucose.
FT-IR absorption spectra confirmed the existence of various polysaccharide-characteristic
substituent groups without establishing the presence of sulfate esters. The results showed
that Coelastrella EPS is a typical polysaccharide (or proteoglycan) composed mainly of
neutral sugars.

The different microalga and cyanobacteria species display significant variability in
their ability to produce EPS as well as in the amount, structure, and chemical composition of
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the secreted EPS. A recent study compared ten species of microalgae that are of commercial
interest as a functional food or nutritional supplement, in terms of biomass composition,
cell-associated polysaccharides, EPS, and their chemical composition (monosaccharide
profile, uronic acid content, and sulfates) [8]. EPSs were identified in only four species of mi-
croalgae (Porphyridium cruentum, Odontella aurita, Arthrospira platensis, and Chlorella vulgaris).
The highest content of EPS was found in P. cruentum, a red microalga known for its high
content of sulfated extracellular polysaccharides [43]. The most abundant monosaccharide
in microalgal EPS is glucose, while fructose predominates in cyanobacterial EPS. In the EPS
produced by Rhodophyta, xylose was found to predominate, followed by galactose, while in
Charophyta, mainly uronic acids and fucose were detected. Galactose is the most abundant
monosaccharide of EPS from Chlorophyta. Only a few studies reported EPS production and
partial characterization in green alga species, for example Dunaliella salina, Chlorella vulgaris,
Chlorella elipsoidea, and Chlorella pyrenoidosa [44—47]. Chemical composition analysis indi-
cated that these EPSs consisted of different types of monosaccharides and their derivatives.
The heteropolysaccharides identified in Chlorella pyrenoidosa were found to contain rham-
nose, glucosamine, glucose, glucuronic acid, mannose, fucose, galactose, and xylose, and
the EPSs from Spirulina platensis were composed mainly of glucose monosaccharides and
rhamnose and smaller amounts of glucuronic acid, mannose, glucosamine, fucose, and
xylose [48]. Spirulina sp. LEB 18 heteropolysaccharides were reported to contain glucose,
galactose, xylose, glucuronic acid, rhamnose, fucose, arabinose, and galacturonic acid [49].
Polysaccharides isolated from Chlorella pyrenoidosa consist of two low molecular weight
fractions (69,658 Da and 109,406 Da) that have the same qualitative and different quantita-
tive monosaccharide profile. Both fractions contained rhamnose, mannose, glucose, and
galactose and up to 10% unknown monosaccharides [50]. The dominant monosaccharide
in one fraction was galactose (46.5%), and in the second rhamnose predominated (37.8%).
From the extraction residue of D. salina, a crude polysaccharide extract (PD) containing
four fractions—PD1, PD2, PD3, and PD4— and the two subfractions PD4a and PD4b were
obtained [51]. The results of the monosaccharide analysis showed that PD1 and PD4a are
acidic heteropolysaccharides containing glucose and galactose, respectively, and PD4a con-
tains sulfated groups. PD2 and PD3 are glucans, while PD4b is a polysaccharide complex
linked to nucleic acids by covalent bonds.

The quantity of the produced extracellular polysaccharides shows significant vari-
ations between the different species and strains of green microalga and is substantially
impacted by cultivation conditions, the physiological state of the cells, culture age, and the
extraction techniques and procedures used. Even EPS obtained from the same algal species
by the same methods and conditions but from different lots can be distinguished [6,10,11,47].
The variations in the chemical structure, molecular weights, monosaccharide composi-
tion, and chain conformation determine the differences in the biological activities of the
microalga-derived EPS.

The anticancer activity of the polysaccharides isolated from different microalga species
has been frequently reported in recent years, and the potential mechanisms of action of polysac-
charides have been investigated. The EPS derived from the microalga Thraustochytriidae sp.
GA strain inhibited the proliferation of ovarian, breast, and colon cancer cell lines, altered
cell cycle-related protein expression, and displayed immunomodulatory activity by induc-
ing human B cell proliferation and altering T cell cytokine production [15]. The anticancer
activities of polysaccharides derived from various species of the Chlorella genus in cell culture
models have been reported. Polysaccharides from Chlorella pyrenoidosa inhibited the growth of
A549 human lung cancer cells in vitro, in a dose-dependent manner [50]. Purified EPS from
Chlorella zofingiensis and Chlorella vulgaris exhibited antitumor activities against human colon
cancer HCTS cells in vitro, with ICs values of 1.70 and 3.14 mg/mL, respectively [47]. In
another study, similar inhibitory effects of EPSs from Chlorella pyrenoidosa, Scenedesmus sp.,
and Chlorococcum sp. on the cell growth, proliferation, and colony formation of the human
colon cancer cell lines HCT116 and HCTS (with better inhibitory effects on HCT8 cells) were
reported [52]. Aqueous EPS from Graesiella sp. demonstrated a dose-dependent antiprolifera-
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tive effect on HepG2 (human hepatocellular carcinoma) and Caco-2 (human colon cancer) cell
lines, with higher sensitivity reported for Caco?2 cells [53].

Moreover, the anticancer efficacy of microalgal EPS has been confirmed by in vivo
experiments. The two low molecular weight polysaccharides from Pavlova viridis were
found to exert strong immunoenhancing activities (significantly increased lymphocyte and
macrophage proliferation, and phagocytosis of macrophages), and to inhibit the in vivo
growth of implanted 5180 tumors in mice after intragastric administration [54]. EPS from
P. cruentum increased the spreading and phagocytic ability of peritoneal macrophages, stim-
ulated the proliferation of bone marrow cells in a dose-dependent manner, retarded tumor
growth, and prolonged the survival time (by 10-16 days) of hamsters implanted with Graffi
myeloid tumors [55]. Extracellular polysaccharides from the microalga Crypthecodinium sp.
SUN suppressed the growth of lung adenocarcinoma tumors in nude mice without affecting
their body weight [56].

Despite the numerous studies indicating the cancer-suppressive effects of algal EPSs,
currently no data are available regarding the anticancer potential of EPSs isolated from
Coelastrella species. In this study, we examined the effect of EPS on cell proliferation and the
viability of HeLa and MCF-7 human cancer cells and the non-cancer control cell lines HaCaT
and BALB/3T3. The cell proliferation of the EPS-treated cells was tested using an MTT
assay after 24 and 48 h. The results showed that EPS decreased the proliferation of HeLa
at 24 and 48 h in a time- and dose-dependent manner. The results also showed that EPS
does not inhibit BALB/3T3 cell proliferation at 24 h, and even increases the proliferation of
the human keratinocyte cell line HaCaT at the lower tested concentrations. A significant
reduction in the cell viability of HaCaT cells was established only at a concentration of
1000 pg/mL at the 24 h and 500 ug/mL and 1000 pg/mL at the 48 h. The cell viability
of BALB/3T3 cells treated for 48 h with EPS was significantly decreased as compared to
untreated control. However, it was significantly higher compared to that measured for
the tumor cells, thus indicating the EPS’s ability to differentially regulate the proliferation
of tumor and normal cells. These results are consistent with the previously reported data
demonstrating the anticancer potential of algal EPSs.

Several studies have demonstrated that the anticancer effects of microalga-derived EPS
stem from their capacity to trigger apoptosis in cancer cells. A novel acid polysaccharide
designated as XQZ3, with a molecular weight of 29.13 kDa and mainly composed of galac-
tose and mannose extracted from Chlorella pyrenoidosa, led to the induction of mitochondrial
dysfunction, autophagy, and apoptosis of cancer cells [57]. The sulfated polysaccharides
obtained from Tribonema sp. and Phaeodactylum tricornutum significantly reduced the pro-
liferation of the liver cancer cell line HepG2 by inducing cell apoptosis without affecting
the cell cycle and mitosis of tumor cells, and it showed immune-modulatory activity by
stimulating macrophage cytokine production (such as IL-6, IL-10, and TNF-«) [58,59]. EPS
from Gymnodinium sp. A3 was cytotoxic against various human lymphoid cells, particu-
larly MT-4 cells, and induced apoptosis in the cells, as demonstrated by morphological,
flow cytometry, and DNA fragmentation investigations [60]. The same polysaccharide
exhibited significant cytotoxicity toward human myeloid leukemia K562 cells by inducing
apoptotic cell death through the inhibition of DNA topoisomerases I and II (two nuclear
enzymes regulating apoptotic cell death) [61,62]. EPS produced by Chlorella sp. inhibited
the proliferation and promoted the apoptosis of HeLa cervical cancer cells by activating the
MAPK, TNEF, and PI3K-Akt signaling pathways [63].

To obtain information about the processes and mechanisms underlying the cancer-
suppressive effects of the Coelastrella EPS detected in the present study, additional cytomor-
phological, flow cytometric, and immunocytochemical analyses were performed. Based
on the results obtained from the cell viability assays, the HeLa cell line was chosen as
a model system for the further analyses because it showed the highest sensitivity to the
EPS-induced antiproliferative and cytotoxic effects among the cell lines tested.

The effect of EPS on cancer cell migration was followed in dynamics for 72 h and
quantified by the wound-healing assay that analyzes the ability of the cells to fill a gap
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mechanically created by scratching a cell monolayer. The surface of the wound area
measured in the EPS-treated HeLa cells was notably larger and showed a statistically
significant difference from those measured in the untreated control at all three tested time
intervals, indicating the inhibitory action of EPS on cervical carcinoma cells” migration.

Fluorescence microscopy examination of HeLa cervical cells treated with Coelastrella
EPS and labeled with the fluorescent dyes AO/EB and DAPI was used to acquire informa-
tion about the processes that mediate anticancer action and identify the type of cell death.
Apoptotic cells are distinguished by the presence of specific cellular and nuclear morphol-
ogy changes, which allows for their identification using cytomorphological approaches [64].
The observed membrane blebbing, chromatin condensation, nuclear fragmentation, and
apoptotic body formation in the treated HeLa cells indicated the ability of the EPS to
trigger apoptosis. The proapoptotic activity of the EPS was also confirmed by fluorescent
microscopy after staining with Annexin V-FITC/PI. This method allows the detection of
the translocation of phosphatidylserine from the inner to the outer membrane surface,
which is an apoptosis-specific alteration in the lipid structure of the cytoplasmic membrane
occurring at the earliest stage of the apoptotic process. The cytomorphological analysis
performed by these three fluorescent methods showed consistent results and allowed the
establishment of typical apoptotic alterations in EPS-treated HelLa cervical carcinoma cells.

A fluorescence-activated cell sorting (FACS) analysis of Annexin V-FITC/Pl-stained
HeLa cells was used to quantify the proapoptotic effects of Coelastrella sp. BGV EPS. The
results of the investigation revealed a statistically significant increase in both early and late
apoptotic cell counts in EPS-treated cell cultures as compared to the untreated control. This
finding is in agreement with the results obtained by fluorescent microscopy analysis and
provides further confirmation of the detected apoptosis-inducing ability of EPS.

To analyze the effect of EPS from Coelastrella sp. BGV on cell cycle progression of
HeLa carcinoma cells, a FACS analysis of Pl-stained cells was performed to quantify the
cell populations in the different phases of the cell cycle based on the differences of their
DNA content. The obtained results were consistent with the data of Annexin V-FITC /PI
FACS analysis and indicated a significant increase of the cell population that had Sub G1
DNA content, which is an indication of the induction of apoptosis in EPS-treated cancer
cells. The percentages of G1, S, and G2-M cell populations in the cell cultures treated with
EPS were significantly decreased in comparison with the control, and this effect was most
pronounced for the G2-M cells. That is an indication of the ability of EPS to reduce the
mitotic activity of the cancer cell.

This finding is consistent with the results of the immunocytochemical analysis of the
control untreated and EPS-treated HeLa carcinoma cells, demonstrating a marked decrease
in the expression of the nuclear proliferation marker Ki67. Ki-67 is a nuclear protein highly
expressed in cycling cells but significantly down-regulated in resting Gy cells and rapidly
degraded upon cell cycle exit [65]. This feature has made Ki-67 a clinically important
diagnostic and prognostic marker for grading the primary tumor and metastases and
predicting the likelihood of relapses and survival rates [65]. The presented results clearly
demonstrate the antiproliferative activity of the studied Coelastrella sp. BGV EPS.

The potential involvement of the apoptosis-related proteins p53 and bcl2 in the molec-
ular mechanisms underlying the detected proapoptotic activity was also investigated by
immunocytochemical analyses of the control untreated and EPS-treated HeLa carcinoma
cells. The cellular protein p53 plays central roles in the regulation of cell cycle progres-
sion, DNA repair, and apoptosis [66]. Under normal conditions, the expression levels
of p53 are very low. However, the exposure of the cell to internal and external stresses
triggers a rapid increase in the intracellular p53 protein levels. Under stress conditions,
the p53 protein governs cellular fate decisions and restricts the propagation of damaged
cells. Functional loss of the p53 protein has been found in about half of human malignan-
cies, highlighting its key role in cancer suppression. In addition to its known function as
a nuclear transcription factor regulating the expression of a number of apoptosis-related
genes, more recent studies have discovered that p53 has additional activities in the cyto-
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plasm, where it triggers apoptosis through a transcription-independent mechanism by
directly binding and inactivating the anti-apoptotic protein bcl2 [67]. The stress-induced
accumulation of p53 in the cytosol is a hallmark of the transcription-independent pathway
of p53-mediated apoptosis [68]. The increased intensity of the cytoplasmic p53 staining
and the reduced bcl2 staining observed in the EPS-treated HeLa cells suggests that the
activation of the cytosolic transcription-independent p53 pathway is a possible mechanism
of the EPS-induced apoptosis.

5. Conclusions

The ability to distinguish cancer from non-cancerous cells, suppress tumor cell prolif-
eration, and induce apoptosis in treated tumor cells is an important property of candidate
anticancer drugs. The present study provided the first evidence that the EPS isolated from
the Coelastrella sp. BGV can selectively inhibit the growth of human cancer cell lines in
a dose-dependent and time-dependent manner. Moreover, the ability of the Coelastrella
EPS to inhibit cancer cell proliferation and migration and to induce apoptosis was clearly
demonstrated. The presented results reveal that the green microalga Coelastrella sp. BGV
is a promising source of valuable bioactive compounds and provides a foundation for
further investigations of the Coelastrella EPS as a potential anticancer drug in other cancer
model systems.
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Abstract: Cacalol (C), a sesquiterpene isolated from Psacalium decompositum, has demonstrated anti-
inflammatory and antioxidant activities. Its cytotoxic, antiproliferative, and pro-apoptotic effects have
been previously shown in an in vitro breast cancer model. A derivative, cacalol acetate (CA), shows
potential in regulating these processes, which has not been previously reported. This study focused
on an in vitro cervical cancer model, assessing CA’s antiproliferative, pro-apoptotic, cytostatic, and
anti-migratory activities using the HeLa cell line. The natural anticancer agent indole-3-carbinol (I3C)
was used as a control for comparison. CA demonstrated significant antitumor activities, including
inhibiting cell growth, inducing apoptosis, arresting cells in the G2 phase of the cell cycle, and
inhibiting cell migration. These effects were notably greater compared to I3C. I3C, while following a
similar trend, did not induce Cas-3 expression, suggesting a different apoptotic pathway. Neither
CA nor I3C increased p62 and LC3B levels, indicating they do not stimulate autophagy marker
expression. Both compounds inhibited HeLa cell migration and induced cell cycle arrest. Despite
both holding promise as anticancer agents for cervical cancer, CA’s lower cytotoxicity and stronger
regulation of tumor phenotypes make it a more promising agent compared to I3C.

Keywords: cacalol; cacalol acetate; antiproliferation; apoptotic effect; cervical cancer cells
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1. Introduction

According to the World Health Organization (WHO), cervical cancer (CC) is the fourth
most frequently occurring cancer worldwide [1] and is one of the leading causes of cancer
death among women [2]. CC is the leading cause of cancer-related deaths among women
in Eastern, Western, Middle, and Southern Africa. China and India together account for
over one-third of the global cervical cancer burden, with 106,000 cases and 48,000 deaths in
China and 97,000 cases and 60,000 deaths in India. Globally, the average age at diagnosis
for CC is 53 years, making it one of the top three cancers affecting women under 45 years
old [1].

CC remains a significant health burden among young women globally, especially in
low- and middle-income countries. Between 2014 and 2017, Paraguay and Venezuela re-
ported the highest cervical cancer mortality rates, while Puerto Rico had the lowest. Overall,
most Latin American and Caribbean countries, such as Chile, Colombia, Cuba, El Salvador,
Mexico, Nicaragua, Panama, and Peru, showed a decline in cervical cancer mortality during
this period. Conversely, Brazil and Paraguay exhibited significant increases [3].

Although CC is a preventable disease, many women present with invasive disease
requiring radical surgery (early-stage disease) and/or combined radiation therapy and
chemotherapy (locally advanced disease), radiosensitizing nanoparticles [4,5], and im-
munotherapies [6]; nevertheless, these strategies are not successful interventions. To
achieve CC elimination goals, there is a need for new programmatic approaches to intro-
duce emerging technologies and scale up the screening and treatment of cervical precancer.
Implementation research, which is underutilized, plays a crucial role in facilitating the
widespread adoption of evidence-based interventions [7]. Fortunately, a large amount of
information dealing with the clinical aspects of cancer chemotherapy has been generated,
including the finding and application of natural-origin drugs.

Against this background, there are two principal requirements of research on anti-
tumor chemotherapy that achieves an efficient antitumoral agent and satisfies a broad
population spectrum: to find a more efficient natural antitumoral agent without adverse ef-
fects and a more profitable source of this kind of agent. In this way, we previously reported
that indole-3-carbinol (I3C), a non-carcinogenic agonist compound of the aryl hydrocarbon
receptor (AhR), promotes the activation of AhR and decreases cell proliferation, possibly
through UBE2L3 (also known as UBCH7, UbcH?7, and E2 Ubiquitin-Conjugating Enzyme
L3) mRNA induction, which would result in the ubiquitination of HPV (Human Papilloma
Virus) E7 protein [8]. However, it is still unknown whether I3C affects other hallmarks
of cancer.

On the other hand, another bioactive molecule is cacalol (C), a phytochemical com-
pound with anti-inflammatory and antioxidant properties [9-11]. It has a strong antiprolif-
erative effect against breast cancer cells, inducing apoptosis by activating a pro-apoptotic
pathway. C inhibits tumor growth in vivo by blocking fatty acid synthase (FAS) gene ex-
pression through the modulation of the Akt-SREBP pathway [12]. Cacalol exhibits potential
anti-FAS activity and induces apoptosis in breast cancer cells, with possible synergistic ef-
fects when combined with cyclophosphamide [13]. Furthermore, its derivative compound,
cacalol acetate (CA) (see Scheme 1), has shown anti-inflammatory properties [9] and both
C and CA demonstrate potential as photoproducers of singlet oxygen and free radical
scavengers, making them promising candidates for new therapeutic applications in the
treatment of tumors and other diseases [14]. However, their antitumoral activity is not well
known yet.

Although there is no evidence of the antitumoral properties of cacalol acetate in CC,
this compound has shown potential utility as a chemopreventive and chemotherapeutic
agent against cancer biological models. Particularly, in this study, we investigated the
antiproliferative, pro-apoptotic, and anti-migratory properties of CA and I3C in a cervical
cancer cell line.
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Scheme 1. Structure of C and CA. Adapted from Gémez-Vidales and colleagues [14].

2. Materials and Methods
2.1. Cell Cultures

The cervical cancer cell line HeLa (positive to HPV-18) was obtained from the American
Type Culture Collection (ATCC, Rockville, MD, USA). For all assays, HeLa cells were
cultured in RPMI-1640 media (GIBCO, Carlsbad, CA, USA) and supplemented with 5%
newborn calf serum (NCS, GIBCO, USA), L-glutamine, red phenol, and benzylpenicillin.
Cultures were maintained in an incubator (Nauire, Plymouth, MN, USA) with a humidified
atmosphere at 5% CO, and 37 °C. All cell-based assays were performed using culture cells
in the exponential growth phase.

2.2. Tested Compounds

CA was solubilized in 100 pL dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis,
MO, USA) and 900 pL of RPMI-1640 medium, resulting in a final concentration of 1 pug/pL.
I3C (Sigma-Aldrich, St. Louis, MO, USA; purity >96%) was solubilized in DMSO and used
at a final concentration of 150 uM.

2.3. Cell Proliferation Assays

HelLa cells (6 x 103 cell/well) were cultivated in a 96-well tissue culture plate (Corning,
New York, NY, USA) with 100 puL of RPMI-1640 medium and growth for 24 h at 37 °C and
5% CO,. Then, CA was added at several concentrations (from 20 ug/mL to 29 pug/mL)
and incubated as mentioned above. I3C was added at a final concentration of 150 uM.
As controls, we added 5 pug/mL of DMSO (vehicle) in a cell culture sample and included
one cell culture without treatment (control). In addition, HeLa cells were treated with
1 uM of beta-naphthoflavone (BNF), an agonist synthetic ligand of AhR with anticancer
activity against mammary carcinoma cells [15] and cervical cancer cells [16] as a control.
After 24 h of incubation with CA, we determined the antiproliferative activity (ICsg) by
crystal violet staining as previously reported [17,18]. Finally, the cell count was performed
spectrophotometrically at 590 nm (Awareness Technology INC, Chromate 4300, Palm City,
FL, USA). Data were analyzed in a dose-response curve to estimate the concentration at
which 50% of the cell population decreases (ICsp).

2.4. Determination of Apoptosis by Evaluation of Active Caspase-3

HelLa cells (6 x 103 cell/well) were incubated for 24 h with 102.72 uM of CA and
I3C (150 uM). As controls, cells were incubated with 5 ug/mL DMSO (vehicle), 1 mg/mL
colchicine (positive apoptotic cell death control), and beta-naphthoflavone (BNF) (1 uM).
For the immunodetection of active caspase-3, we followed a reported protocol [18]. Briefly,
cells were permeabilized with Triton X-100 (1%) for 20 min, after which the cells were
washed with phosphate-buffered saline (PBS) pH 7.3. Then, the cells were incubated with
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rabbit anti-human active caspase-3 polyclonal antibody (Sigma-Aldrich, St. Louis, MO,
USA) diluted in PBS (1:1000) for 18 h at 4 °C. Following this, the cells were washed and incu-
bated with goat anti-rabbit IgG secondary antibody coupled to fluorescein-5-isothiocyanate
(FITC) diluted 1:1000 in PBS at room temperature for 2 h. Then, the samples were stained
with 4'6-diamidino-2-phenylindole (DAPI) and analyzed under epifluorescence microscopy
(Eclipse E600, Nikon, Melville, NY, USA) and phase-contrast microscopy (Eclipse TS2R-
FL, Nikon, Japan). We used a DXMI200F digital camera (Nikon, Melville, NY, USA) for
recorded images.

2.5. Determination of Autophagic (p62 and LC3B) Biomarkers by Western Blot Analysis

HeLa cells treated with CA (102.72 uM), I3C (150 uM), DMSO (5 pg/mL, vehicle),
and BNF (1 uM) and untreated cells (control) were grown for 24 h and were subjected
to lysis using RIPA buffer (Santa Cruz Biotechnology, Inc., Dallas, TX, USA, sc-24948)
supplemented with 0.1% protease inhibitors (Complete Protease Inhibitor Cocktail, Roche,
Kansas City, MO, USA, catalog number 11697498008). The lysates were then incubated at
4 °C for 30 min, followed by centrifugation at 13,000 x g at 4 °C for 25 min. The soluble
protein concentrations in the cell lysates were measured spectrophotometrically at 280 nm
using the EPOCH Microplate Spectrophotometer (Bio Tek, Winooski, VT, USA). Equal
amounts of protein from each sample were combined with 5X Laemmli sample buffer
(10% SDS, 50% glycerol, 0.02% bromophenol blue, and 0.3125 M Tris HCl, pH 6.8), supple-
mented with 3-mercaptoethanol, and boiled for 10 min. Subsequently, 50 pg of protein
from each sample was separated on 12% SDS-PAGE gels using a vertical electrophoresis
system (Mini Trans-Blot® Cell, Bio-Rad, Hercules, CA, USA, catalog number 1703810).
The separated proteins were then transferred onto 0.45 pm polyvinylidene difluoride
(PVDF) membranes (Thermo Scientific, Waltham, MA, USA, catalog number 88518) using
a Trans-Blot Turbo chamber (Bio-Rad) at 25 V and 1 mA for 30 min. The membranes were
subsequently blocked with 5% non-fat milk in TBS (pH 7.0) containing 1% Tween-20 for 2
h at room temperature, followed by incubation with primary antibodies against p62 Rabbit
pADb (1:3000 dilution, ABclonal, Woburn, MA, USA), LC3B Rabbit pAb (1:3000 dilution,
ABclonal), and p-actin mouse mAb (1:10,000 dilution, ABclonal, catalog number AC004)
overnight at 4 °C on a rocking platform. After washing the membranes five times with
TBS (pH 7.0) containing 0.1% Tween-20, the membranes were incubated for 1 h at 25 °C
with peroxidase-conjugated secondary antibodies anti-rabbit IgG (1:10,000 dilution, Cell
Signaling Biotechnology, Danvers, MA, USA, catalog number 7074s) or anti-mouse IgG
(1:10,000 dilution, Cell Signaling Biotechnology, catalog number 7076s) for 3-actin detection.
Finally, the membranes were washed with TBS (pH 7.0) containing 0.1% Tween-20 and
developed using chemiluminescence with Clarity MaxTM Western ECL (Bio-Rad, catalog
number 1705062) following the manufacturer’s instructions. Image analysis was performed
using the C-DiGit Blot (LI-COR, Lincoln, NE, USA). All experiments were conducted in
triplicate. 3-actin was consistently detected as a loading control and used for normalizing
the densitometry of the target proteins with Image] bundled with Java 8 software. Data
normalization was carried out by dividing the densitometry data of the target protein by
that of the loading control protein ([3-actin).

2.6. Determination of Cell Migration

To assess cell migration, a wound healing assay was conducted under sterile conditions.
In 96-well plates, adhesive tape (0.5 mm width) was carefully positioned, and a mark with a
2-mm division was applied at the center of each well to demarcate the area for subsequent
photographic analysis. Following this, HeLa cells were seeded at a density of 3 x 10* cells
per well in 100 uL of RPMI medium supplemented with 10% neonatal serum and incubated
for 24 h at 37 °C with 5% CO,. After the initial incubation period, 10 uM cytarabine (ara-C)
was added and cells were further incubated for 2 h under the same conditions. The adhesive
tape was then carefully removed to create a wound. The samples were gently washed
with PBS (pH 7.0), and HeLa cells were treated with CA (102.72 uM), I3C (150 uM), DMSO
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(5 ng/mL, vehicle), and BNF (1 uM). Negative controls (untreated cells) and cells treated
with 105 mM TGEF-3 were included in each experimental set. Cell migration was observed
at various time points (0, 24, 48, and 72 h) and documented using a Canon camera. Each
experiment was conducted in triplicate, with three biological replicates and technical triplicates
for each measurement. The thickness of the wound was analyzed using bioinformatics tools
(ImageJ bundled with Java 8) by assessing images captured at different time points within the
designated area and quantifying the migration rate of the cells.

2.7. Determination of Cell Cycle Arrest

Cells (3 x 10°) were seeded in a 6-well plate and incubated for 24 h at 37 °C with 5%
CO;. Subsequently, the cells were divided into untreated and treated groups. Treatment
involved the addition of 20 puL of colchicine (1 mg/mL, as a positive control), 102.72 uM
of CA, 150 uM of I3C, 5 pg/mL DMSO (vehicle), and 1 uM of BNFE. The cells were then
incubated for an additional 24 h at 37 °C with 5% CO;. Following the incubation period,
the cells were trypsinized and collected by centrifugation at 212x ¢ for 3 min at room
temperature. The collected cells were fixed in ice-cold methanol (500 p1L) with PBS (pH 7.0)
(500 puL) at 4 °C for 1 h. After fixation, the cells were washed three times with PBS (pH 7.0)
(1 mL each wash) and centrifuged as described above. Next, the cells were treated with
30 uL of RNase A (100 U/mL) and incubated for 30 min at 37 °C. After another round of
centrifugation, the cells were resuspended in 500 pL of PBS containing 5 uL of propidium
iodide (20 pg/mL) and analyzed using the Beckman-Coulter CytoFlex cytometer (Beckman
Coulter, Brea, CA, USA). The concentration of colchicine chosen for treatment was based
on reported values known to arrest the cell cycle at the G2 phase. Each measurement was
conducted with three biological replicates and technical duplicates.

2.8. Statistical Analysis

All data were reported in terms of means and standard errors (SEs). Statistical analyses
were performed by variance differences (ANOVA), followed by Holm-Sidak test and
Student’s t-test, using GraphPad Prism 9.0.2.

3. Results
3.1. Cytotoxicity Activity of Phytochemical Compounds on HeLa Cells

First, we determined cellular cytotoxicity by measuring lactate dehydrogenase (LDH),
an enzyme that catalyzes the conversion of lactate to pyruvate and is released from cells
after membrane dissolution by a toxic stimulus. We did not find cytotoxic activity on HeLa
cells from CA or I3C at concentrations of 102.72 uM or 150 uM, respectively, compared to
the untreated control or vehicle (Figure 1).
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Figure 1. Cytotoxicity effect of CA and I3C on HeLa cells. HeLa cells treated with CA (102.72 uM), I3C
(150 uM), DMSO (5 pg/mL, vehicle), BNF (1 uM), and Triton X-100 (positive control) and untreated
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cells (control) were analyzed by LDH assay. Bars indicate the percentage of LDH activity in the
presence of tested compounds. Experimental data show the means =+ standard errors (SEs) of three
independent assays performed in triplicate. Statistically significant differences were calculated
according to ANOVA test followed by Tukey’s test (p < 0.05 vs. control).

3.2. Antiproliferative Activity of CA and I3C in HeLa Cells

The antiproliferative effect of CA and I3C on HeLa cells was determined. Antiprolifera-
tive activity was measured by a decrease in cell growth 24 h after compound administration.
Both compounds had the ability to impair HeLa cell proliferation (Figure 2). A concentra-
tion of 150 uM of I3C resulted in 66% = 8.6% of cell growth. In contrast, CA (102.72 uM)
resulted in 43% = 8.5% of cell growth. Taken together, these results suggest that CA has
greater antiproliferative activity for HeLa cells than I3C.
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Figure 2. Effect of CA and I3C on cell growth. HeLa cells treated with CA (102.72 uM), I3C (150 uM),
DMSO (5 ug/mL, vehicle), BNF (1 uM), or colchicine (25.03 uM) and untreated cells (control) were
analyzed by crystal violet staining. Bars indicate the cell growth percentage in the presence of
tested compounds. Experimental data show the means + standard error (SE) of three independent
antiproliferative assays performed in triplicate. All groups showed a statistically significant difference
when compared with the control and vehicle groups (p < 0.001, Holm-Sidak test), as well as when
compared with colchicine (p < 0.002, Holm-Sidak test). We also observed a statistically significant
difference when comparing CA with BNF or I3C (* p < 0.001, Holm-Sidak test).

3.3. Caspase-3-Induced-Apoptosis in HeLa Cells by CA and 13C

The apoptotic pathway and its initiation may rely on the liberation of cytochrome c
and caspase-9 activation, resulting in caspase-3 cleavage [19]. To determine the correlation
between Cas-3-induced-apoptosis by CA or I3C, we treated HeLa cells with those com-
pounds (Figure 3). We observed that CA induces the expression of Cas-3, suggesting that
CA induces apoptosis via Cas-3. Moreover, after I3C and BNF treatments, the expression
of Cas-3 was not increased, suggesting that Cas-3-induced-apoptosis was not triggered by
I3C or BNF. The positive control (colchicine) induces Cas-3 expression, thereby activating
the Cas-3-induced-apoptosis.
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Figure 3. Confocal microscopy of pro-apoptotic Cas-3 protein in HeLa cells. HeLa cells treated with
CA (102.72 uM), I3C (150 uM), DMSO (5 pg/mL, vehicle), BNF (1 uM), and colchicine (25.03 pM)
or untreated cells (control) were used for immunodetection of caspase-3 (green fluorescence) with
DAPI-counterstained nuclei (blue fluorescence).

3.4. Determination of Autophagy Induced by CA and I3C Treatments in HeLa Cells

Autophagy biomarkers such as LC3B and p62 were detected by immunoblotting
(Figure 4a) and the expression levels of LC3B and p62 were normalized using the expression
of B-actin as a loading control (Figure 4b). In all treatments, the expression levels of LC3B
or p62 were not statistically significantly different. Neither CA, I13C, nor BEN induced
changes in the expression of LC3B or p62, suggesting that these compounds did not
induce autophagy.
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Figure 4. Western blot analysis to determine LC3B and p62 proteins in HeLa cells. (a) HeLa cells
treated with CA (102.72 uM), I13C (150 uM), DMSO (5 ug/mL, vehicle), BNF (1 uM), colchicine
(25.03 uM) and untreated cells (control) were used to detect p62 (62 kDa), LC3B (15 kDa), and {3-actin
(42 kDa). (b) Protein expression levels of p62 and LC3B were normalized using (3-actin expression
(loading control). Bars indicate the mean levels of protein expression + standard error (SE) of three
independent antiproliferative assays performed in triplicate.

3.5. Effect of CA and 13C on Cell Cycle Arrest of HeLa Cells

To explore the impact of CA and I3C on cell cycle progression, we examined the
distribution of HeLa cells treated with both compounds (Figure 5a). Approximately 28% of
HeLa cells treated with CA remained in the G2 phase. In contrast, 18% of cells treated with
I3C remained in this phase. Therefore, CA has a stronger effect on arresting the cell cycle of
HeLa cells in phase 2 than I3C. Additionally, HeLa cells treated with I3C predominantly
remained in the S phase (48%), while 58% of cells treated with BNF remained in the G1
phase. Approximately 95% of cells treated with colchicine (positive control) remained in
the G2 phase (Figure 5b).
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Figure 5. Effect of CA and I3C on cell cycle arrest of HeLa cells. (a) Flow cytometry graphs depicting
the cell cycle distribution of HeLa cells treated with CA (102.72 uM), I3C (150 uM), BNF (1 uM), and
colchicine (25.03 uM). (b) The percentages of cells in the G1, S, and G2 phases of the cell cycle for
treated HeLa cells.

3.6. Effect of CA and 13C on Cell Migration of HeLa Cells

Wound assays were conducted to assess whether CA or I3C could influence cell
migration in HelLa cells (Figure 6a,b). At 72 h, the cell migration of HeLa cells was
significantly enhanced following TGF-f3 treatment (positive control) compared to untreated
cells [negative control, C(-)] and vehicle. Conversely, the presence of CA significantly
reduced cell migration by 58% in HeLa cells at 72 h (p > 0.05) compared to the positive
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control. On the other hand, in HeL a cells, relative migration decreased by 40% after 72 h of
treatment with 150 uM I3C compared to the positive control. Additionally, BNF reduced
HeLa cell migration by 75%, while the negative control and vehicle reduced cell migration
by approximately 30% compared to the positive control. These results suggested that CA
(102.72 uM) reduced HeLa cell migration 1.45-fold more than I3C did. Therefore, CA has a
greater effect on reducing the cell migration of HeLa cells compared to I3C.
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Figure 6. Effect of CA and I3C on cell migration of HeLa cells. (a) HeLa cells were subjected to
treatment with CA (102.72 uM), I13C (150 pM), DMSO (5 ug/mL, vehicle), BNF (1 uM), TGF-$3
(105 mM), and colchicine (25.03 uM) and compared to untreated cells (control). Microscopic images
were captured at various time intervals, including 0 h, 24 h, 48 h, and 72 h, to visualize the wound
closure. The migrating cell edges were delineated by lines. (b) Relative wound closure percentage
was calculated for all experimental conditions. The lines represent the mean of three independent
measurements, with the standard deviation indicated on each bar. Statistical analysis was conducted
to compare the experimental conditions with the negative control (p < 0.05).
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4. Discussion

Sesquiterpenes present in several plant species induce apoptosis in cancer cells through
different mechanisms [20]. It has been reported that C has shown anticancer properties
inducing apoptosis in several cancer cells, particularly in breast cancer cells.

Our data showed that CA had no cytotoxic effects on HeLa cells and that this com-
pound exhibited antiproliferative activity in a dose-dependent manner. The ICsq value of
cacalol acetate for HeLa cells was 102.72 uM, whereas for 13C, it was 150 uM, suggesting
the strong potential of CA as an anticancer agent through cell growth inhibition. In breast
cancer cells (MCF7 and MDA-MD231) and in a xenograft mouse model, cacalol inhibits cell
growth without toxic effects and significantly suppresses tumor growth when administered
intraperitoneally or orally, suggesting its potential as a preventive and therapeutic agent
against cancer [12]. Cacalol and its derivative, CA, have antioxidant activity due to their
ability to act as potent free radical scavengers, contributing to their anticancer properties
by reducing oxidative stress in cancer cells [14]. Moreover, this phytochemical compound
inhibits the lipid peroxidation induced by free radicals [10].

HelLa cells treated with CA showed increased levels in the expression of caspase-3.
In contrast, when cells were treated with I3C, the expression of this apoptotic biomarker
was not observed, suggesting that CA induces apoptotic cell death via Cas-3, whereas I3C
does not. These results are consistent with our previous report, in which we measured
apoptosis in I3C-treated HeLa cells by cytometry and did not observe increased levels
of apoptosis [8]. Our evidence suggested that the induction of apoptosis by CA is inde-
pendent of Ahr. However, the molecular mechanism of CA is still unknown. Previous
reports suggest that cacalol has an anti-breast cancer effect by inhibiting fatty acid synthase
(FAS) at transcriptional and post-transcriptional levels and modulating the Akt-SREBP
(sterol regulatory element-binding protein) pathways. In this way, cacalol blocks P13K/Akt
signaling resulting in an inhibition of SREBP1, which is the main transcriptional regulator
of FAS [12]. Therefore, cacalol induces apoptosis in breast cancer cells by modulating the
Akt-SREBP-FAS signaling pathway, leading to the activation of pro-apoptotic proteins
DAPK?2 and caspase 3 [12]. Furthermore, cacalol inhibits the FAS gene, essential in fatty
acid biosynthesis and energy homeostasis, causing apoptosis through its antioxidant activ-
ity [13]. Intrinsic apoptosis is a cell death centered in the mitochondrion [21]. The activation
of Bax and Bak (BCL-2 family members) results in mitochondrial outer membrane perme-
abilization (MOMP) and the releasing of pro-apoptotic proteins and cytochrome c from the
inter-membrane mitochondrial space into the cytosol, where cytochrome c binds to Apaf-1,
forming an apoptosome and activating caspase-9, which cleaves and activates caspase-3
and -7 [22-26]. Therefore, CA induces apoptotic cell death through promoting more cervical
cancer cells expressing caspase-3. The biomarker of late stage of apoptosis (caspase-3) was
not significantly upregulated in HeLa cells treated with CA treatment. Previous reports
indicated that the treatment of tumor cells with cacalol promote the expression of DAPK2
and caspase-3 [12]. Our results agree, showing that CA induces the expression of caspase-3,
suggesting that the acetylation of cacalol might enhance the apoptotic induction mecha-
nism of this compound. Although some evidence suggests that cacalol induces apoptosis
through the mechanisms described above, the acetylated molecule (CA) might trigger
apoptosis through a different pathway, which we have elucidated.

Furthermore, cacalol has synergistic activity that enhances the apoptotic effect of
chemotherapeutic drugs such as taxol and cyclophosphamide, helping to overcome chemore-
sistance [12]. It is still unclear if CA might have synergistic activity.

In addition, neither CA nor I3C induce autophagic cell death. CA arrests the cell
cycle at G2 phase, while I3C also arrests the cell cycle at this phase, albeit to a lesser extent.
CA could inhibit cell migration and has a relatively low cytotoxicity, as it does not affect
HeLa cell morphology as does BNF (1uM). It is worth mentioning that CA does not cause a
morphological cytotoxic effect associated with its ability to inhibit cell migration (Figure 7).
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Figure 7. Summary of the anticancer activity of CA and I3C on HeLa cells. CA induces a substantial
decrease in cell growth in comparison to I3C and substantially inhibits cell migration in comparison
to I3C. CA induces apoptosis and arrests the cell cycle at a higher rate than I3C. CA and I3C do not
induce autophagy.

5. Conclusions

CA had a lower cytotoxic effect on HeLa cells than I3C. CA and I3C inhibited cell
growth, but CA is more effective in inhibiting cell proliferation than I3C. I3C did not affect
the expression of Cas-3, suggesting that this compound did not induce apoptosis via Cas-3.
In contrast, CA upregulated the expression of Cas-3, suggesting that CA induces apoptosis
via Cas-3. CA and I3C did not induce the expression of p62 and LC3B levels, suggesting
that these phytochemical compounds not induce autophagic cell death. CA arrests the
cell cycle and inhibits the cell migration of HeLa cells at a higher rate than I3C. Although
CA and I3C are promising anticancer agents for the treatment of cervical cancer, the low
cytotoxicity of CA compared to I3C and the fact that CA induces apoptosis via Cas-3 and
cell cycle arrest and inhibits cell proliferation and migration at a higher rate than I3C make
CA a more promising agent than I3C.

Author Contributions: Conceptualization, G.F.-G. and O.D.R.-H.; methodology, G.O.R.-A., ALC.-M.,
J.C.G.-A., EFA.-L.,, RG.-A,, and E.Y.V.-V,; validation, R.G.-A., E.X.V.-V,, H.C.,, M.G.-d.C., and
G.L.-G.; formal analysis, L.1.Q.-G. and O.D.R.-H.; investigation, S.A.P.-V,, LPB.-M., ] J.A.-S.,, M.].-E,,
and O.D.R.-H.; resources, M.].-E., G.E.-G., and O.D.R.-H.; data curation, L..Q.-G. and O.D.R.-H.;
writing—original draft preparation, L.1.Q.-G. and O.D.R.-H.; writing—review and editing, L.C.-C.,
M.G.-d.C,, L1Q.-G., G.F-G., and O.D.R.-H,; visualization, G.L.-G., H.C. and O.D.R.-H.; supervision
G.E-G. and O.D.R.-H.; project administration, G.F.-G. and O.D.R.-H.; funding acquisition, O.D.R.-H.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by PAPIIT (projects IA208422 and IA206724 awarded to G.F.-G.
and projects IN222321 and IN221824 awarded to O.D.R.-H.). E.Y.V.-V. is a recipient of a postdoctoral
fellowship from Direccion General de Asuntos del Personal Académico (DGAPA) from Universidad
Nacional Auténoma de Mexico (UNAM).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

94



Curr. Issues Mol. Biol. 2024, 46

Data Availability Statement: The original contributions presented in this study are included in the
article; further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to thank Nieves Herrera-Mundo for technical support.
We especially dedicate this work to Leonardo Gabriel Reyes Figueroa for pushing us forward. . . shine
on you crazy diamond!

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Arbyn, M.; Weiderpass, E.; Bruni, L.; de Sanjosé, S.; Saraiya, M.; Ferlay, ].; Bray, F. Estimates of incidence and mortality of cervical
cancer in 2018: A worldwide analysis. Lancet Glob. Health 2020, 8, e191-e203. [CrossRef]

Small, W, Jr.; Bacon, M.A; Bajaj, A.; Chuang, L.T.; Fisher, B.J.; Harkenrider, M.M.; Jhingran, A.; Kitchener, H.C.; Mileshkin, L.R.;
Viswanathan, A.N. Cervical cancer: A global health crisis. Cancer 2017, 123, 2404-2412. [CrossRef] [PubMed]

Torres-Roman, J.S.; Ronceros-Cardenas, L.; Valcarcel, B.; Bazalar-Palacios, J.; Ybaseta-Medina, J.; Carioli, G.; La Vecchia, C.;
Alvarez, C.S. Cervical cancer mortality among young women in Latin America and the Caribbean: Trend analysis from 1997 to
2030. BMC Public Health 2022, 22, 113. [CrossRef] [PubMed]

Lopez, M.S,; Baker, E.S.; Maza, M.; Fontes-Cintra, G.; Lopez, A.; Carvajal, ].M.; Nozar, F; Fiol, V.; Schmeler, K.M. Cervical cancer
prevention and treatment in Latin America. J. Surg. Oncol. 2017, 115, 615-618. [CrossRef]

Mayadev, J.S.; Ke, G.; Mahantshetty, U.; Pereira, M.D.; Tarnawski, R.; Toita, T. Global challenges of radiotherapy for the treatment
of locally advanced cervical cancer. Int. J. Gynecol. Cancer 2022, 32, 436—445. [CrossRef]

Monk, B.J.; Enomoto, T.; Kast, WM.; McCormack, M.; Tan, D.S.; Wu, X.; Gonzédlez-Martin, A. Integration of immunotherapy into
treatment of cervical cancer: Recent data and ongoing trials. Cancer Treat. Rev. 2022, 106, 102385. [CrossRef]

Broutet, N.; Jeronimo, J.; Kumar, S.; Almonte, M.; Murillo, R.; Huy, N.V.Q.; Denny, L.; Kapambwe, S.; Bhatla, N.; Sebitloane, M.
Implementation research to accelerate scale-up of national screen and treat strategies towards the elimination of cervical cancer.
Prev. Med. 2022, 155, 106906. [CrossRef]

Arellano-Gutiérrez, C.V.; Quintas-Granados, L.I.; Cortés, H.; Gonzalez del Carmen, M.; Leyva-Gomez, G.; Bustamante-Montes,
L.P,; Rodriguez-Morales, M.; Lépez-Reyes, I.; Padilla-Mendoza, ].R.; Rodriguez-Paez, L. Indole-3-Carbinol, a phytochemical aryl
hydrocarbon receptor-ligand, induces the mRNA overexpression of UBE2L3 and cell proliferation arrest. Curr. Issues Mol. Biol.
2022, 44, 2054-2068. [CrossRef]

Jimenez-Estrada, M.; Chilpa, R.R.; Apan, T.R,; Lledias, F.; Hansberg, W.; Arrieta, D.; Aguilar, EA. Anti-inflammatory activity
of cacalol and cacalone sesquiterpenes isolated from Psacalium decompositum. J. Ethnopharmacol. 2006, 105, 34-38. [CrossRef]
[PubMed]

Shindo, K.; Kimura, M.; Iga, M. Potent antioxidative activity of cacalol, a sesquiterpene contained in Cacalia delphiniifolia Sleb et
Zucc. Biosci. Biotechnol. Biochem. 2004, 68, 1393-1394. [CrossRef]

Mora-Ramiro, B.; Jiménez-Estrada, M.; Zentella-Dehesa, A.; Ventura-Gallegos, J.; Gomez-Quiroz, L.; Rosiles-Alanis, W.; Alarcon-
Aguilar, F; Almanza-Pérez, J. Cacalol acetate, a sesquiterpene from Psacalium decompositum, exerts an anti-inflammatory effect
through LPS/NF-KB signaling in Raw 264.7 macrophages. J. Nat. Prod. 2020, 83, 2447-2455. [CrossRef] [PubMed]

Liu, W.; Furuta, E.; Shindo, K.; Watabe, M.; Xing, F; Pandey, P.R.; Okuda, H.; Pai, S.K.; Murphy, L.L.; Cao, D. Cacalol, a natural
sesquiterpene, induces apoptosis in breast cancer cells by modulating Akt-SREBP-FAS signaling pathway. Breast Cancer Res. Treat.
2011, 128, 57-68. [CrossRef] [PubMed]

Liu, W,; Furuta, E.; Watabe, M.; Shindo, K.; liizumi, M.; Pai, S.; Watabe, K. Inhibition of Fatty acid synthase and induction of
apoptosis in human breast cancer cells by Cacalia deliphiniifolia. Cancer Res. 2008, 68, 629.

Gomez-Vidales, V.; Granados-Oliveros, G.; Nieto-Camacho, A.; Reyes-Solis, M.; Jiménez-Estrada, M. Cacalol and cacalol acetate
as photoproducers of singlet oxygen and as free radical scavengers, evaluated by EPR spectroscopy and TBARS. RSC Adv. 2014,
4,1371-1377. [CrossRef]

Wang, C.; Xu, C.-X,; Bu, Y.; Bottum, K.M.; Tischkau, S.A. Beta-naphthoflavone (DB06732) mediates estrogen receptor-positive
breast cancer cell cycle arrest through AhR-dependent regulation of PI3K/AKT and MAPK/ERK signaling. Carcinogenesis 2014,
35,703-713. [CrossRef]

Zidi, 1; Balaguer, P. Potential anti-cervical carcinoma drugs with agonist and antagonist AhR/PXR activities. Med. Res. Arch.
2016, 4, 1-16.

Kueng, W,; Silber, E.; Eppenberger, U. Quantification of cells cultured on 96-well plates. Anal. Biochem. 1989, 182, 16-19. [CrossRef]
Hernandez-Vazquez, ] M.V.; Lépez-Muioz, H.; Escobar-Sanchez, M.L.; Flores-Guzman, F.; Weiss-Steider, B.; Hilario-Martinez,
J.C.; Sandoval-Ramirez, J.; Fernandez-Herrera, M.A.; Sanchez, L.S. Apoptotic, necrotic, and antiproliferative activity of diosgenin
and diosgenin glycosides on cervical cancer cells. Eur. J. Pharmacol. 2020, 871, 172942. [CrossRef]

Eldeeb, M.A.; Fahlman, R.P,; Esmaili, M.; Ragheb, M. A. Regulating apoptosis by degradation: The N-end rule-mediated regulation
of apoptotic proteolytic fragments in mammalian cells. Int. . Mol. Sci. 2018, 19, 3414. [CrossRef]

Ebrahimi, S.M.; Jafari, S.M. A Review of Potential Anti-Cancer Effect of Sesquiterpene Lactones in Breast Cancer. Jorjani Biomed. ].
2022, 10, 47-59.

95



Curr. Issues Mol. Biol. 2024, 46

21.

22.

23.

24.

25.

26.

Brentnall, M.; Rodriguez-Menocal, L.; De Guevara, R.L.; Cepero, E.; Boise, L.H. Caspase-9, caspase-3 and caspase-7 have distinct
roles during intrinsic apoptosis. BMC Cell Biol. 2013, 14, 32. [CrossRef]

Wei, M.C.; Lindsten, T.; Mootha, V.K.; Weiler, S.; Gross, A.; Ashiya, M.; Thompson, C.B.; Korsmeyer, S.J. tBID, a membrane-targeted
death ligand, oligomerizes BAK to release cytochrome c. Genes Dev. 2000, 14, 2060-2071. [CrossRef]

Eskes, R.; Desagher, S.; Antonsson, B.; Martinou, J.-C. Bid induces the oligomerization and insertion of Bax into the outer
mitochondrial membrane. Mol. Cell. Biol. 2000, 20, 929-935. [CrossRef]

Wei, M.C.; Zong, W.-X.; Cheng, E.H.-Y,; Lindsten, T.; Panoutsakopoulou, V.; Ross, A J.; Roth, K.A.; MacGregor, G.R.; Thompson,
C.B.; Korsmeyer, S.J. Proapoptotic BAX and BAK: A requisite gateway to mitochondrial dysfunction and death. Science 2001, 292,
727-730. [CrossRef] [PubMed]

Li, P; Nijhawan, D.; Budihardjo, L; Srinivasula, S.M.; Ahmad, M.; Alnemri, E.S.; Wang, X. Cytochrome ¢ and dATP-dependent
formation of Apaf-1/caspase-9 complex initiates an apoptotic protease cascade. Cell 1997, 91, 479-489. [CrossRef] [PubMed]
Srinivasula, S.M.; Ahmad, M.; Fernandes-Alnemri, T.; Alnemri, E.S. Autoactivation of procaspase-9 by Apaf-1-mediated
oligomerization. Mol. Cell 1998, 1, 949-957. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

96



&

current issues in
molecular biology

Article

Inflammation Factors and Genistein Supplementation in
Cancer—Preliminary Research

Karolina Banys !, Malgorzata Jelifiska 1, Malgorzata Wrzosek 2, Dorota Skrajnowska !, Robert Wrzesien

Wojciech Bielecki # and Barbara Bobrowska-Korczak 1-*

Department of Toxicology and Food Science, Faculty of Pharmacy, Medical University of Warsaw, Poland,
Banacha 1, 02-097 Warsaw, Poland

Department of Biochemistry and Pharmacogenomics, Faculty of Pharmacy, Medical University of Warsaw,
Poland, Banacha 1, 02-097 Warsaw, Poland

Central Laboratory of Experimental Animals, Medical University of Warsaw, Poland, Banacha 1,

02-097 Warsaw, Poland

Department of Pathology and Veterinary Diagnostics, Institute of Veterinary Medicine, Warsaw University of
Live Sciences, Nowoursynowska 159c Street, 02-787 Warsaw, Poland

*  Correspondence: barbara.bobrowska@wum.edu.pl

Abstract: The purpose of this study was to evaluate the effect of genistein in nano, micro, and macro
forms on the intensity of the DMBA-induced tumor process in rats and to understand the mechanisms
of this action. The effect of genistein supplementation on the content of selected eicosanoids (HETEs,
HODE, and HEPE) in the serum of rats was evaluated. The levels and expression of genes encoding
various pro-inflammatory cytokines (IL-1, IL-6) and MMP-9 in the blood of rats were also investigated.
The biological material for the study was blood obtained from female rats of the Sprague Dawley
strain (n = 32). The animals were randomly divided into four groups: animals without supplemen-
tation, and animals supplemented at a dose of 0.2 mg/kg b.w. (0.1 mg/mL) with macro, micro
(587 £ 83 nm), or nano (92 £ 41 nm) genistein. To induce mammary neoplasia (adenocarcinoma),
rats were given 7,12-dimethyl-1,2-benz[a]anthracene (DMBA). The content of selected eicosanoids
was determined by liquid chromatography with UV detection. An immunoenzymatic method was
used to determine the content of cytokines and MMP-9. The expression of the IL-6, IL-1beta, and
MMP-9 genes was determined with quantitative real-time PCR (qRT-PCR) using TagMan probes.
Based on the study, it was shown that supplementation of animals with genistein in macro, micro,
and nano forms increased the intensity of the tumor process in rats. It was shown that the content
of 12-HEPE, HODE, and 12-HETE in the serum of genistein-supplemented rats was statistically
significantly lower with respect to the content of the aforementioned markers in the serum of rats
receiving only a standard diet, devoid of supplementation. It was found that animals supplemented
with nano-, micro-, and macrogenistein had higher levels of metalloproteinase-9, MMP-9, compared
to animals without supplementation. There was a significant increase in MMP-9 gene expression in
the blood of macrogenistein-supplemented animals, relative to the other groups of rats. On the basis
of the study, it was shown that supplementation of animals with nano-, micro-, and macrogenistein
had an effect on the development of the tumor process. Dietary supplementation with genistein
significantly decreased the level of selected eicosanoids, which may have significant impacts on
cancer development and progression.

Keywords: genistein; cancer; nanoparticles

1. Introduction

In the search for compounds with anticancer effects, research into the use of genistein
is receiving considerable attention. Genistein is included in the group of isoflavones. The
main dietary source of genistein is soybeans and soy products. It is also found in alfalfa
and lima sprouts, broccoli, cauliflower, and barley, among others [1,2]. It is worth noting
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that a number of preparations containing soy extracts and/or genistein itself are available
in pharmacies. Numerous studies have shown that genistein can exhibit anticancer effects
by, among other things, inducing apoptosis, affecting the cell cycle, inhibiting angiogenesis,
and antiproliferative activity [3]. On the other hand, there are data supporting the pro-
cancerous effects of genistein, especially in hormone-dependent cancer types [4-8]. One
of the best-known properties of genistein is its estrogenic activity. Phytoestrogens have
a chemical structure similar to 173-estradiol and show the ability to bind to the estrogen
receptor. Therefore, they can stimulate the process of carcinogenesis and increase the risk of
breast cancer. Estrogens can exert carcinogenic effects through estrogen-receptor-dependent
mechanisms, but also through the action of genotoxic products of estrogen metabolism [9].
The effect of genistein in the context of cancer therapy probably depends on the use of a
specific dose, the physiological state of the test organism, and diet. We still do not know to
whom, and in what doses, genistein should be administered to achieve the desired health
effect, the mechanism of its action at the stage of initiation and progression of the cancer
process is still unknown. It is also important to answer the question of whether it is safe
for women to use supplements containing genistein in the context of cancer risk. Another
important aspect is the answer to the question of how genistein in micro and nano forms might
work. The studies on nanosized forms of phenolic compounds have become particularly
important these days. The nano form changes their bioavailability. Bioavailability is defined
in three basic steps: absorption, penetration into systemic circulation, and use in the cells.
Reduction of materials at the nanoscale can lead to the development of new physical, chemical,
and biological activities compared to the macro compounds [10]. It should be noted that there
is still a lack of research in the literature in the field presented [10].

Therefore, the purpose of this study was to evaluate the effect of genistein in nano,
micro, and macro forms on the intensity of DMBA-induced tumorigenesis. The effect
of genistein supplementation on the content of selected eicosanoids (5-, 12-, and 15-
hydroxyeicosatetraenoic acids (HETEs), 12-hydroxyeicosapentaenoic acid (HEPE), and
the sum of hydroxyoctadecadienoic acids (HODE)) and levels and expression of genes
encoding various pro-inflammatory cytokines (interleukin-1 (IL-1), interleukin-6 (IL-6)) and
metalloproteinase-9 (MMP-9) in the blood of rats were also investigated. Despite numerous
studies, the influence of genistein on these issues in the early stages of carcinogenesis is
still not entirely clear.

2. Materials and Methods
2.1. Laboratory Animals

The biological material for the study was blood obtained from female rats of the
Sprague Dawley strain (n = 32). Approval for the study was obtained from the Bioethics
Committee at the Warsaw Medical University—document number 645/2018. During the
experiment, the animals were housed under controlled conditions and provided with
constant access to water and feed. They were fed Labofeed H standard diet (Labofeed H,
Zurawia 19, 89-240 Kcynia, Poland). The room temperature was kept at 22 °C, and a 12-h
day—night cycle was maintained.

The experiment lasted 100 days. After a 10-day period of adaptation to the experimen-
tal conditions, the animals were randomly divided into 4 groups:

Group 1—control group, rats without supplementation, which, in order to maintain
the experimental conditions, received 0.4 mL of water via an intragastric probe.

Group 2—animals supplemented with macrogenistein, suspended in 0.4 mL of water,
administered via an intragastric probe, at a dose of 0.2 mg/kg b.w.

Group 3—animals supplemented with microgenistein, in the form of particles of
587 £ 83 nm, suspended in 0.4 mL of water, administered via an intragastric probe, at a
dose of 0.2 mg/kg b.w.

Group 4—animals supplemented with nanogenistein, in the form of 92 £+ 41 nm
particles suspended in 0.4 mL of water, administered via an intragastric probe at a dose of
0.2 mg/kg b.w.
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The procedure for preparing and evaluating the sizes of the nano- and micro-particles
of genistein was presented in the work of Banys et al. [11]. The dose of genistein used was
based on the value of its average daily dietary intake by humans with extrapolation to
the body weight of rats [12]. Rats were supplemented from 40 days of age until 20 weeks
of age.

2.2. Tumor Formation

To induce mammary tumorigenesis (adenocarcinoma), rats were twice administered
7,12-dimethyl-1,2-benz[a]anthracene (DMBA) (from Sigma-Aldrich, St. Louis, MO, USA)
dissolved in rapeseed oil by intragastric probe. The first dose—80 mg/kg b.w.—was
administered at day 60 of each animal’s life, and the next dose—40 mg/kg b.w.—at day
90 of each animal’s life. Examining the development and expansion of tumor nodules was
carried out through manual examination. The rats were sacrificed at 150 days old, and an
assessment was made regarding the quantity of tumors per rat as well as the weight of
each tumor.

2.3. Histopathology

The tumors were placed in a buffered formalin solution, dehydrated, sealed in paraffin
and cut into 4 pm thick sections. Hematoxylin and eosin staining of tissue and cell sections
was applied. Evaluation of the stained sections was conducted using a BX43 Olympus
research microscope (Olympus Europa SE & Co., Hamburg, Germany). Mitoses were
quantified in slides sourced from randomly chosen tumors, examining 15 fields of view
under a 40 x objective magnification.

2.4. Determination of 5-, 12-, and 15-Hydroxyeicosatetraenoic Acids (5-, 12-, and 15-HETE),
12-Hydroxyeicosapentaenoic Acid (12-HEPE), and Hydroxyoctadecadienoic Acids (HODE) in
Rat Serum

Serum was obtained from fresh blood (collected when the animals were killed) by
centrifugation in a centrifuge at 3000 rpm at 4 °C. The biological material was stored in a
low-temperature refrigerator at —70 °C until proper analyses were performed.

The contents of 5-, 12-, and 15-hydroxyeicosatetraenoic acids (5-, 12-, and 15-HETE),
12-hydroxyeicosapentaenoic acid, and hydroxyoctadecadienoic acids (HODE) in the serum
of rats supplemented with nano-, micro-, and macrogenistein were determined using
high-performance liquid chromatography with UV detection (HPLC/UV) based on the
methodology developed by Frohberg et al. [13].

Bakerbond C18 500 mg/3 mL columns (from SPE, ].T. Baker, The Netherlands) were
used to extract the 5,12,15-HETE, 12-HEPE, and HODE acids. The column bed was pre-
conditioned with methanol, followed by water at 10 mL per column. A volume of 0.5 mL
of 10% methanol was added to the serum sample (0.4 mL) and then applied to the col-
umn. After washing with 2 mL of water and 2 mL of 10% methanol, the test compounds
were eluted with pure methanol (100%) (3 x 0.5 mL). The samples were evaporated to
dryness under a stream of nitrogen at 37 °C and dissolved in 100 uL of ethanol. Before
being applied to the chromatography column, each sample was cleaned using a 0.22 pm
pore-size filter (Ultrafree-MC, Durapore PVDEF, 0.22 um, from Millipore, Burlington, MA,
USA). The content of fatty acid metabolites was determined using a liquid chromatograph
with an LC-20AD-type pump, SPD-10AV UV /VIS, detector and CT0-10AS oven (from
Shimadzu Corporation, Kyoto, Japan). The tested compounds were separated on a 2.6 um,
100 mm x 4.6 mm C18 Kinetex-type chromatography column (from Phenomenex, Torrance,
CA, USA). The analysis was carried out using the following phase systems: A—methanol:
acetic acid (100:0.01); and B—0.01% acetic acid. The composition of the mobile phase (A:B)
changed over time as follows: 70:30 at 11 min; 73:27 at 18 min; 90:10 at 25 min, 70:30 at
5 min. The flow rate was 0.8 mL/min, and the column temperature was 35 °C. A 4 uL
sample was applied to the chromatography column. The content of fatty acid metabolites
was determined at 235 nm. Analysis of the tested compounds was carried out using stan-
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dard solutions of HODE, 12-HEPE, 5-, 12-, 15-HETE (from Cayman Chemicals, Ann Arbor,
MI, USA).

2.5. Determination of the Contents of Interleukin-1, Interleukin-6, and Metalloproteinase-9 in the
Serum of Rats

The contents of interleukin-1, interleukin-6, and metalloproteinase-9 in the serum of
rats supplemented with nano-, micro-, and macrogenistein were determined using ELISA.
Commercially available assays were used for the study: Rat Interleukin-6 (IL-6) ELISA
Kit (catalog number: orb219833) and Rat Interleukin-1 (IL-1) ELISA kit (catalog number:
219820) from Biorbyt (Biorbyt® Ltd., 5, Orwell Furlong, Cowley Road, Cambridge, Cam-
bridgeshire, CB4 OWY, UK); and Rat Matrix Metalloproteinase-9 ELISA Kit (catalog number:
E0553r) from Wuhan Eiaab Science Co., Ltd. (Wuhan Eiaab Science Co., Ltd., Beneficiary,
A1710 Guangguguoji, East Lake Hi-Tech Development Zone, Wuhan 430079, China). In
performing the test, the test procedure was followed in accordance with the manufacturer’s
instructions. A spectrophotometer from Bio-Tek Instruments (JNC, Highland Park, Box 998,
Winooski, VT 05404-0998, USA) was used for the determination of IL-6, IL-1, and MMP-9.

2.6. Determination of Gene Expression Activity of Interleukin-1, Interleukin-6, and
Metalloproteinase-9 in Rat Blood

The expression of IL-6, IL-1beta and MMP-9 genes was determined with quantitative
real-time PCR (qRT-PCR) using TagMan probes. RNA was extracted using a Total RNA
Mini kit (A&A Biotechnology, Gdynia, Poland) according to the manufacturer’s instruction.
The RNA concentration and the purity were evaluated with a micro-volume UV-vis spec-
trophotometer (Quawell Q3000, Quawell Technology Inc., San Jose, CA, USA). RNA was
reverse transcribed to cDNA with a High-Capacity RNA-to-cDNA Kit (Applied Biosystems,
Waltham, MA, USA). TagMan™ Gene Expression Master Mix was used in the research
(catalogue no.: 4369016; Thermo Fisher Scientific, Inc., Waltham, MA, USA).

The TagMan Gene Expression Assays (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) were performed with the use of a ViiA™?7 Real-Time PCR system (Applied Biosys-
tems; Thermo Fisher Scientific, Inc.) under the following thermocycling conditions: 48 °C
for 15 min, 95 °C for 10 min; and 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The
TagMan Probes used for qRT-PCR are presented in Table 1. The data were normalized
to the reference genes (GAPDH and ACTB, Table 1) and the relative expression level of
each target gene compared to the control group was expressed as 2~ 22Ct, All qRT-PCR
experiments were run in triplicate, and the mean value was used for the determination of
mRNA levels [14].

Table 1. TagMan probes used for gqRT-PCR in determination of the gene expression of selected
angiogenic factors.

Gene Name Gene Symbol Assay ID
Matrix metallopeptidase-9 MMP-9 Rn00579162_m1
Interleukin-1 beta IL-1b Rn00580432_m1
Interleukin-6 IL-6 Rn01410330_m1
dcgfy‘jfé‘;i‘;’::'?"phOSphate GAPDH Rn01775763_g1
Actin beta ACTB Rn00667869_m1

2.7. Statistical Analysis of the Obtained Research Results

Statistical analyses were performed using the statistical package PQStat, version
1.8.2.212.

The results of the study were compared using analysis of variance (ANOVA) and
Tukey’s post hoc test. A test probability of p < 0.05 was considered significant, and a test
probability of p < 0.01 was considered highly significant.
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3. Results
3.1. Effects of Nano-, Micro-, and Macrogenistein on the Development and Progression of
DMBA-Induced Tumorigenesis in Rats

The study showed that the incidence of tumors was 100% in all study groups except
for the microgenistein-supplemented animals (88%) (Table 2). The first palpable tumors ap-
peared in the group of nanogenistein-supplemented animals as early as 14 weeks of age. For
the unsupplemented animals, the first tumors in the group appeared at week 16 (2 weeks
later for nanogenistein-supplemented animals), and for the micro- and macrogenistein-
supplemented animals at week 17 (3 weeks later for nanogenistein-supplemented animals).
The numbers of tumors (assessed at week 20) per individual varied according to the sup-
plementation used, and were for micro: 0-3; nano: 2-5; macro: 1-6, and for the control
group: 2-9. Interestingly, the weight of tumors was significantly higher for rats supple-
mented with microgenistein (mean 4= SD: 1.99 &+ 1.75; range: 0.11-6.11) and nanogenistein
(mean =+ SD: 1.59 £ 2.64; range: 0.06-9.50), relative to animals without supplementation
(mean =+ SD: 0.93 + 1.34; range: 0.10-7.80).

Table 2. Cancer induction in 7,12-dimethylbenz[a]anthracene-treated rats in relation to supple-
mentation [11].

Incidence of Tumors

Supplementation Rat’s Number (M;r:r?lirs‘g?l(g‘b:éi)zo) Numll{):tr ((‘)/f,::flz(z)l;s per per Ratin Timte
(Weeks of Rats Life)
1 0.90 £+ 0.78 (0.1-2.7) 9 17
2 1.84 +3.35 (0.1-7.8) 5 16
3 0.43 + 0.30 (0.1-0.8) 4 19
4 0.45 + 0.40 (0.1-1.1) 6 18
Standard 5 1.02 + 1.03 (0.1-2.6) 6 16
6 0.60 = 0.00 (0.6) 2 19
7 1.36 + 0.92 (0.3-1.96) 3 17
8 0.61 £ 0.20 (0.47-0.75) 2 17
mean + SD 0.93 + 1.34 (0.10-7.80) 2
1 2.35 4+ 1.96 (0.9-5.14) 4 17
2 0.52 £ 0.47 (0.14-1.38) 6 17
3 0.70 + 0.52 (0.33-1.29) 3 19
Macrogenistein 4 1.83 + 2.48 (0.13-6.39) 6 18
5 1.74 + 1.79 (0.24-4.07) 4 17
6 0.34 1 19
7 1.58 4+ 1.14 (0.29-2.42) 3 17
8 1.13 £ 1.28 (0.25-3.03) 4 17
mean + SD 1.27 4+ 1.52 (0.14-6.39)
1 0.89 £ 0.40 (0.6-1.17) 2 20
2 - - -
3 6.11 1 18
Microgenistein 4 1.38 + 0.69 (0.89-1.86) 2 20
5 3.31 1 17
6 2.77 + 1.81 (0.69-3.89) 3 18
7 1.45 + 1.40 (0.19-2.96) 3 18
8 0.66 + 0.78 (0.11-1.21) 2 19
mean + SD 1.99 +1.75 (0.11-6.11) @
1 0.89 £ 0.40 (0.6-1.17) 2 20
2 - - -
3 6.11 1 18
Microgenistein 4 1.38 + 0.69 (0.89-1.86) 2 20
5 3.31 1 17
6 2.77 + 1.81 (0.69-3.89) 3 18
7 1.45 4 1.40 (0.19-2.96) 3 18
8 0.66 + 0.78 (0.11-1.21) 2 19
mean + SD 1.99 +1.75 (0.11-6.11) @
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Table 2. Cont.

Incidence of Tumors

Supplementation Rat’s Number (M;l:l:irs‘gfl(gvt\::fzo) Numlg:tr ((;f,glinz(:;s per per Rat in Tirnfe
(Weeks of Rats Life)
1 1.01 + 1.02 (0.1-2.43) 4 19
2 4.58 £ 2.12 (3.08-6.08) 2 17
3 0.28 £ 0.20 (0.09-0.48) 3 19
Nanogenistein 4 0.20 £ 0.07 (0.1-0.26) 4 20
5 1.92 +3.74 (0.11-8.61) 5 14
6 1.57 £ 1.94 (0.06-4.41) 4 18
7 5.03 % 6.32 (0.56-9.50) 2 18
8 0.30 £ 0.16 (0.18-0.41) 2 20

mean + SD 1.59 £ 2.64 (0.06-9.50)

SD—standard deviation; *—statistically significant differences between groups (p < 0.01).

Histopathological examination showed that all tumors examined had features of breast
cancer—adenocarcinoma (Figure 1, Table 3). A grade II adenocarcinoma was found in
animals without supplementation and in animals supplemented with macrogenistein. In
tumor samples obtained from microgenistein-supplemented and nanogenistein-supplemented
animals, the histopathological examination image indicated grade III malignancy. The groups
of animals that were supplemented with genistein showed an increase in the intensity of
tumor cell proliferation, as evidenced by the number of mitoses in the field of view of the
microscope (at 40 x objective magnification), with respect to animals without supplementation
(Table 3). The mean numbers of mitoses in genistein-supplemented animals was statistically
significantly higher compared to the control animals (mean 4 SD: 1.79 £ 1.25), and were
mean =+ SD: 7.33 & 1.57 (microgenistein), mean value £ SD: 5.82 £ 1.57 (nanogenistein), and
4.46 + 2.38 (macrogenistein) [11].

(A) Standard (B) Macrogenistein

(C) Microgenistein

Figure 1. Hematoxylin-and-eosin-stained sections of breast tumors. (A) rats fed with a standard
diet—no supplementation (black arrows show the tubular system of tumor cells); (B) rats fed with
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nanogenistein (red arrow indicates infiltrating tumor cell); (C) rats fed with a diet supplemented with
microgenistein (red arrows indicate mitosis and black bands indicate tumor cells); (D) rats fed with
a diet supplemented with macrogenistein (red arrows show mitosis and black arrows show cancer
cells forming vesicles) [11].

Table 3. Histopathological examination of rats” tumors.

The Mean Number of
Supplementation Tumor Grade Mitoses in the Field of View
Area *
Standard Adenocarcinoma 1.79 £ 1.25 abe
grade 2
L Adenocarcinoma ad
Macrogenistein 4.46 +2.38%
grade 2
. L Adenocarcinoma bd
Microgenistein 7.33 £1.57"
grade 3
L. Adenocarcinoma c
Nanogenistein 5.82 +1.57
grade 3

Data are expressed as mean + SD (standard deviation). Values sharing letters (*: standard, ®: macrogenistein,

°: microgenistein, ¢: nanogenistein) indicate statistically significant differences between groups (p < 0.01). * Mitoses
were counted in slides from randomly selected tumors in 15 fields of view with a 40 x objective magnification.

3.2. The Effect of Nano-, Micro-, and Macrogenistein Supplementation on the Body Weight of the
Test Animals and the Weight of Their Organs

The data on the kinetics of the changes (7—20 weeks of age of animals) in body weight
(g) of animals treated with DMBA and supplemented with genistein in macro, micro, and
nano forms and animals without supplementation are shown in Figure 2.
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Figure 2. Kinetics of changes (weeks 7-20) in body weight (g) of experimental animals. Standard:
animals receiving a standard diet only (no supplementation); macro: animals supplemented with
macrogenistein; micro: animals supplemented with microgenistein; nano: animals supplemented
with nanogenistein; g: grams; differences not statistically significant (« = 0.05).

The results of the statistical analysis of the body weight gain of rats (7—20 week old
rats) depending on the supplementation used are shown in Figure 3.
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Figure 3. Weight gain of rats (g). Standard: animals without supplementation; macro: animals sup-
plemented with macrogenistein; micro: animals supplemented with microgenistein; nano: animals
supplemented with nanogenistein; g: grams; differences not statistically significant (o« = 0.05).

Based on the results, there were no statistically significant differences in the weight
gain of animals (g) over a period of 13 weeks (from 7 to 20 weeks of age) depending on the
supplementation used (Figure 3).

The results of a statistical analysis of organ weights (g), liver and spleen of animals
supplemented with nano-, micro-, and macrogenistein in relation to animals without
supplementation, are shown in Figure 4. The material for the study was obtained at
20 weeks of age of the animals, during their decapitation.

Based on the study, it was shown that the weights of spleens and livers of rats sup-
plemented with macro-, micro-, and nanogenistein were higher with respect to animals
without supplementation (control group); however, due to the high values of the standard
deviation, these values were not statistically significant (Figure 4).

3.3. Effects of Nano-, Micro-, and Macrogenistein on the Content of Selected Fatty Acid
Metabolites in the Serum of Rats Treated with DMBA

The results of 5-, 12-, and 15-hydroxyyeicosatetraenoic acids and hydroxyoctadeca-
dienoic acids in the blood serum of rats treated with DM

standard macro micro nano

weight of rat liver (g)
o = N w E=Y (6] [e)} ~ o] [(e]

Figure 4. Cont.
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Figure 4. Weight of rats’ spleen and liver (g). Standard: rats without supplementation; macro: animals
supplemented with macrogenistein; micro: animals supplemented with microgenistein; nano: animals
supplemented with nanogenistein; g: grams; differences not statistically significant (« = 0.05).

BA and supplemented with nano-, micro-, and macrogenistein are shown in Table 4.

Table 4. The levels of 5-, 12-, and 15-hydroxyeicosatetraenoic acids, 12-hydroxyeicosapentaenoic acid,
and the sum of hydroxyoctadecadienoic acids (ng/mL) in the serum of rats treated with a carcinogen
and supplemented with macro-, micro-, or nanogenistein.

Group
Eicosanoids p-Value
Standard Macro Micro Nano

12-HEPE 458.19 + 208.09 P 69.45 + 36.422 61.07 +12.68 2 60.21 +14.18 2 0.0013
HODE 226.82 +33.67P 110.60 +48.132 130.52 +41.90° 116.13 +-32.58 @ 0.0001
15-HETE 4310 £ 7.58 29.06 & 6.49 2 36.82 + 14.09 2P 36.18 + 8.68 2P ns.
12-HETE 6446 + 15220 2414 £ 9172 1918 £2192 1897 £ 3192 0.0001
5-HETE 10.94 4+ 2.81 6.84 + 3.64 9.29 + 6.25 15.73 + 14.17 n.s.

Data are presented as mean values + standard deviation (SD); standard: animals without supplementation; macro:
animals supplemented with macrogenistein; micro: animals supplemented with microgenistein; nano: animals
supplemented with nanogenistein; p-value: test probability (statistical significance); **—homogeneous groups in
rows (o = 0.05); n.s.—differences not statistically significant (o« = 0.05); 12-HEPE—12-hydroxyyeicosapentaenoic
acid; HODE—sum of hydroxyoctadecadienoic acids; 15-HETE—15-hydroxyyeicosatetraenoic acid; 12-HETE—12-
hydroxyyeicosatetraenoic acid; 5-HETE—5-hydroxyyeicosatetraenoic acid; ng: nanogram; ml: milliliter.

Based on the study, there was a statistically significant lower content of 12-HEPE
(p =0.001); HODE (p = 0.0001), and 12-HETE (p = 0.0001) in the serum of rats supplemented
with genistein in the macro, micro, and nano forms, with respect to the content of the mark-
ers in the serum of rats without supplementation. There were no statistically significant
differences in the content of 5-HETE and 15-HETE acids in the serum of rats depending on
the supplementation used (Table 4).

3.4. Effects of Nano-, Micro-, and Macrogenistein on the Contents of Interleukin-1, Interleukin-6,
and Metalloproteinase-9 in the Serum of Rats Treated with DMBA

The results of the contents of interleukin-1, interleukin-6, and metalloproteinase-9
in the serum of animals treated with a carcinogenic agent and supplemented with nano-,
micro-, or macrogenistein are shown in Table 5.

Based on the results, there were no statistically significant differences in the levels of
IL-1, IL-6, and MMP-9 in the serum of genistein-supplemented rats, relative to animals
without supplementation.
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Table 5. Levels of interleukin-6 (IL-6) (pg/mL), interleukin-1 (IL-1) (pg/mL), and metalloproteinase-9
(MMP-9) (ng/mL) in serum of rats treated with DMBA and supplemented with macro-, micro-,
or nanogenistein.

Eicosanoids

Group
Standard Macro Micro Nano

p-Value

IL-6
IL-1
MMP-9

88.47 £ 40.39 109.97 £ 57.64 99.36 £+ 43.12 92.01 £+ 16.50
103.64 £ 69.86 86.05 £ 35.07 104.25 £+ 32.82 132.43 £ 65.78
0.64 £ 0.35 1.67 £ 1.10 1.80 +1.05 2.03 £2.68

n.s.
n.s.
n.s.

Data are presented as mean values + standard deviation (SD); standard: animals without supplementation;
macro: animals supplemented with macrogenistein; micro: animals supplemented with microgenistein; nano:
animals supplemented with nanogenistein; p-value: test probability (statistical significance); n.s.—differences not
statistically significant (« = 0.05); Il-6—interleukin-6; IL-1—interleukin-1; MMP-9—metalloproteinase-9.

3.5. Effects of Nano-, Micro-, and Macrogenistein on Gene Expression of Interleukin-1,
Interleukin-6, and Metalloproteinase-9 in the Blood Serum of Rats Treated with DMBA

The results of the gene expression of IL-1, IL-6, and MMP-9 in the blood of animals
treated with DMBA and supplemented with nano-, micro-, or macrogenistein are shown in
Figure 5.
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Figure 5. Results of gene expression of interleukin-1, interleukin-6 and metalloproteinase-9 in
blood of animals treated with (DMBA) and supplemented with nano-, micro-, or macrogenistein;
standard: animals without supplementation; macro: animals supplemented with macrogenistein;
micro: animals supplemented with microgenistein; nano: animals supplemented with nanogenistein.
The results were expressed as the relative quantification (the fold of standard group). * p < 0.05
compared to standard group.

On the basis of the study, we found a significant increase in the expression of the
MMP-9 gene in the blood of rats supplemented with macrogenistein (compared to animals
without supplementation or supplemented with micro- or nanogenistein). The expression
of the IL-1 gene in the blood of nano- and microgenistein-supplemented rats was shown
to be reduced, relative to animals without supplementation; however, this did not reach
statistical significance.

4. Discussion

Based on the study, it was shown that supplementation of animals with genistein
in macro, micro, and nano forms increased the intensity of the tumor process in rats.
Histopathological examination showed that all tumors examined had features of breast
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cancer—adenocarcinoma. A grade II adenocarcinoma was found in animals without
supplementation and in animals supplemented with macrogenistein. In tumor samples
obtained from microgenistein-supplemented and nanogenistein-supplemented animals,
the histopathological examination image indicated grade III malignancy. The groups of
animals that were supplemented with genistein showed an increase in the intensity of
tumor cell proliferation, as evidenced by the number of mitoses in the field of view of
the microscope (at 40x objective magnification), with respect to animals without sup-
plementation. Macro-, micro-, and nanogenistein caused an increase in the intensity of
tumor cell proliferation. Higher proliferative potential is associated with a poor prognosis
and indicates rapid proliferation of tumor cells [15]. Ju Y.H. et al. [7] showed that the
carcinogenic potential of genistein depended on the dose of genistein. The use of higher
concentrations of this compound was associated with breast tumor growth, increased cell
proliferation, and pS2 expression. Reducing materials to the nanoscale can sometimes lead
to the development of new structural, phytochemical, electronic, and magnetic properties
that are not present in larger particles containing the same material. Nanoparticles acquire
new physical properties by increasing the surface-to-volume ratio, and having different
reactive sites, charge, shape, mobility, and thermal properties. The form of the particles can
unambiguously change their properties, and thus, the effect of nanoparticles on biological
activity [16]. For this reason, these compounds are used in the diagnosis and treatment
of various diseases, allowing earlier detection of pathological changes and more effective
treatment of patients [17]. So far, clinical studies and observations indicate that the effect of
genistein is inconclusive—some show it to have a protective effect in cancer, while others
show it to be carcinogenic. However, given the structure of genistein and its proven poten-
tial to enhance the proliferation of some cancer cells, particularly in hormone-dependent
cancers, the use of particle size reduction in this study exacerbated cancer. The best known
property of genistein is its oestrogenic activity [7,8,18,19]. Genistein is a relatively strong
agonist of the oestrogen receptor beta isoform (ERp). Owing to its structural similarity to
oestrogen, genistein shows similar activity to oestrogen [20]. However, the role of genistein
in breast cancer can be determined by multiple factors, including age-dependent biological
effect, the ratio of alpha and beta oestrogen receptors, gene mutations, individual differ-
ences in metabolism, the possibility of action through various metabolic pathways, and
inflammation [8,21,22]. Considering that the role of genistein in breast cancer is ambiguous,
learning about the mechanisms of action of genistein based on the analysis of selected
biomarkers seems to be of great importance in assessing the safety of its use.
Inflammation is one of the factors in the initiation and progression of the cancer
process [23,24]. Fatty acids are subject to metabolic processes that produce substances
with the character of modulators of immune responses and inflammation, these include,
among others, derivatives of hydroxyeicosatetraenoic, hydroxyoctadecadienoic, and hy-
droxyeicosapentaenoic acids. Arachidonic acid, metabolized by the enzymes 5-, 12-, and
15-lipoxygenase (5-LOX, 12-LOX, 15-LOX), is converted into hydroxyeicosatetraenoic acids:
5-HETE, 12-HETE, and 15-HETE, respectively. HODE are formed by the metabolism of
linoleic acid. The oxidation of linoleic acid via 12-LOX and 15-LOX produces
9-hydroxyoctadecadienoic acid (9-HODE) and 13-hydroxyoctadecadienoic acid (13-HODE).
With the participation of 12-lipoxygenase, 12-hydroxyeicosapentaenoic acid (12-HEPE) is
formed from eicosapentaenoic acid [25,26]. The above-mentioned fatty acid metabolites,
even in very low concentrations, are characterized by high biological activity [24-27]. They
can play an important role in the development and course of a number of diseases, in-
cluding atherosclerosis, cardiovascular diseases, allergies, autoimmune diseases, or cancer.
The direction of this action depends on the type of compounds formed and the cascade
of reactions in which they are involved [25,26]. Based on our study, we found a statisti-
cally significantly lower content of 12-HEPE (p = 0.001), HODE (p = 0.0001), and 12-HETE
(p = 0.0001) in the blood serum of genistein-supplemented rats, with respect to the content
of the aforementioned markers in the serum of rats without supplementation. HEPE acids
are considered a possible modulator of the tumor process. Treatment of cancer cells with
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HEPE results in inhibition of their growth. 12-HEPE has been found to inhibit the uptake of
3H-thymidine (a marker of cell proliferation and growth) by cancer cells. It has been shown
to modulate cell proliferation and apoptosis [28]. 13-HODE acid can affect the develop-
ment and progression of cancer by regulating cancer cells’ motility and their adhesion and
migration through capillaries in the endothelium. If cancer cells are unable to adhere to the
endothelium and migrate across the barrier, it hinders the stabilization of metastatic foci. It
has been shown that tumor cells producing small amounts of 13-HODE are characterized
by easier adhesion to the endothelium. In a study by Tavakoli-Yaraki et al. [29], 13-HODE
was found to inhibit the growth of both MCF-7- and MDA-MB-231-type cancer cells. It
causes cell cycle arrest and induces apoptosis and decreases the level of PPAR-6 receptor ex-
pression. Both 15-LOX expression and HODE levels have been shown to be downregulated
in cancer cells [30]. Breast cancer patients have significantly reduced levels of 15-LOX in
tumor-transformed breast tissues, relative to levels in breast tissues obtained from healthy
women [31,32]. It is difficult to explain the decrease in serum levels of 12-HETE in the
rats studied, for it is a compound with inhibitory effects on apoptosis, promoting tumor
angiogenesis and adhesion of tumor cells to endothelial cells [33]. Perhaps this result is
due to the inhibitory effect of genistein on both 15- and 12-lipoxygenase activity [34].
Another objective of the current study was to evaluate the effects of nano-,
micro-, and macrogenistein on the content of interleukin-6 (IL-6), interleukin-1 (IL-1), and
metalloproteinase-9 (MMP-9) in the serum of DMBA-treated rats. The effect of genistein
supplementation on the expression of genes encoding selected compounds in the blood of
rats was also evaluated. Interleukins are proteins belonging to the cytokine group [35,36].
Cytokines are responsible for communication between cells. They condition the interac-
tion of cells. At physiological concentrations, interleukins play an important role in cell
proliferation, maturation, migration, and adhesion. They have been shown to influence
metabolic processes and the neuroendocrine system, thereby taking part in maintaining
homeostasis in the body [37]. However, interleukins may also play an important role in
tumorigenesis, including initiation of carcinogenesis, angiogenesis, and metastasis [38—40].
Elevated levels of IL-1 interleukins have been shown to occur in the body fluids of cancer
patients, relative to healthy individuals [41]. Local or systemic overexpression of the gene
encoding IL-6 has been found in cancer patients [40,41]. A study by Kozlowski et al. [40]
showed higher serum levels of IL-6 in patients with stage III disease, relative to patients
with stage II disease. Elevated serum levels of IL-1 and/or IL-6 in patients are usually
associated with poor prognosis and poor survival of breast cancer patients [41,42]. It
has been shown that the levels of interleukin family 1 and IL-6 are significantly higher
in tumor-lesioned tissue compared to healthy tissue [38]. However, based on this study,
there were no statistically significant differences in the content or expression of IL-1 and
IL-6 genes in the blood of DMBA-treated rats, depending on the supplementation used.
Tang et al. [43] showed that genistein inhibits gene expression and prevents IL-1 formation
in UVB-treated keratinocytes. Lee et al. [44] showed that genistein supplementation of
diethylnitrosamine (DEN)-treated mice results in decreased IL-6 and TNF gene expression
(relative to control animals). The anti-inflammatory effects of genistein have been demon-
strated in a number of studies [45]. Interestingly, it was found that animals supplemented
with nano-, micro-, and macrogenistein had higher levels of metalloproteinase-9, MMP-9,
compared to animals without supplementation. There was a significant increase in MMP-9
gene expression in the blood of macrogenistein-supplemented animals. Extracellular matrix
metalloproteinases are a group of metal-dependent proteolytic enzymes belonging to the
group of endopeptidases, involved in the degradation of basement membrane proteins
and extracellular matrix, which enables tissue remodeling and cell movement, both in the
course of physiological processes, inflammation, and cancer. MMP-9 regulates the activity
of growth factors, cytokines and especially chemokines [46]. Metalloproteinase-9 plays
an important role in tumorigenesis [47]. It is characterized by its ability to degrade type
IV collagen, and thus, participates in the mechanism of damage to the vascular basement
membrane. This feature determines the process of angiogenesis, local tumor growth, and
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the formation of metastases. Once the tumor crosses the basement membrane of blood
vessels, it gains the ability to form metastases in areas distant from the primary focus. In
breast cancer, metalloproteinases have been found to increase in concentration and activity
with tumor progression. Their increased expression in the tumor infiltrate is considered
a new prognostic factor, but also a factor monitoring the effectiveness of therapy in the
course of cancer [47].

5. Conclusions

In conclusion, it was shown that supplementation of animals with nano-, micro-, and
macrogenistein had an effect on both the development of the tumor process, as well as on
the concentrations of selected eicosanoids (HEPE, HODE, HETE) in the serum of rats treated
with 7,12-dimethylbenzanthracene. It was found that animals supplemented with nano-,
micro-, and macrogenistein had higher levels of metalloproteinase-9, compared to animals
without supplementation. There was a significant increase in MMP-9 gene expression in
the blood of macrogenistein-supplemented animals, relative to the other groups of rats.
Given the role that inflammation may play in the development and progression of the
cancer process, further research in this direction is needed, taking into account both a larger
number of rats and a broader panel of biomarkers to be studied.
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Abstract: Cancer remains a significant medical challenge, necessitating the discovery
of novel therapeutic agents. Ribosomally synthesized and post-translationally modified
peptides (RiPPs) from plants have emerged as a promising source of anticancer compounds,
offering unique structural diversity and potent biological activity. This review identifies
and discusses cytotoxic RiPPs across various plant families, focusing on their absolute
chemical structures and reported cytotoxic activities against cancer cell lines. Notably,
plant-derived RiPPs such as rubipodanin A and mallotumides A-C demonstrated low
nanomolar ICs, values against multiple cancer cell types, highlighting their therapeutic
potential. By integrating traditional ethnobotanical knowledge with modern genomic
and bioinformatic approaches, this study underscores the importance of plant RiPPs as
a resource for developing innovative cancer treatments. These findings pave the way
for further exploration of plant RiPPs, emphasizing their role in addressing the ongoing
challenges in oncology and enhancing the repertoire of effective anticancer therapies.

Keywords: phytochemicals; ribosomally synthesized and post-translationally modified
peptides; chemical structure; anticancer activity; biosynthesis

1. Introduction

Cancer remains a major global health challenge, ranking as the second leading cause
of death worldwide [1-3]. Despite significant advancements in early detection, diagnosis,
and treatment, cancer remains a challenging threat to human health due to its inherent
complexity [4,5]. The disease is marked by uncontrolled cell proliferation, the capacity
to invade surrounding tissues, and, in many cases, the potential to metastasize to distant
organs [6,7]. Furthermore, the development of drug resistance poses a significant challenge
in cancer therapy [8,9]. Cancer cells can adapt and evolve, ultimately diminishing the
efficacy of standard treatments over time. This resistance often results in relapse and
disease progression, underscoring the urgent need for new therapeutic compounds [10-13].

Given these challenges, there is an urgent need to discover and develop novel anti-
cancer drugs that are more effective, less toxic, and capable of overcoming drug resistance.
Phytochemicals have historically served as a valuable source of therapeutic agents [14-17].
Several drugs currently employed in cancer treatment, such as paclitaxel (Taxol) [18-22]
and vinblastine [23], originate from plant sources. This underscores the significant po-
tential of plant-derived compounds in contributing to the next generation of anticancer
therapies [24].
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Ribosomally synthesized and post-translationally modified peptides (RiPPs) represent
a diverse and rapidly growing class of natural products that have garnered significant
attention for their effective biological activities and therapeutic potential [25-27]. RiPPs
are unique in that they are initially synthesized as precursor peptides by the ribosome,
following the standard genetic code, and subsequently undergo extensive post-translational
modifications (PTMs) [28,29]. These modifications are catalyzed by specific enzymes and
are crucial for converting the linear precursor peptides into biologically active structures.
The structural diversity of RiPPs is driven by the wide array of potential PTMs, such as
cyclization, methylation, glycosylation, hydroxylation, and the formation of unusual amino
acids or cross-links [30,31]. These modifications significantly alter the chemical properties
of the peptides, enhancing their stability, specificity, and potency.

Plant-derived RiPPs have emerged as a particularly promising source of new bioac-
tive compounds. Plants have developed a diverse range of chemical defenses to combat
herbivores, pathogens, and environmental stressors, many of which are mediated by RiPPs.
These peptides frequently exhibit potent bioactivity while remaining minimally toxic to
the plants themselves, positioning them as ideal candidates for the development of new
therapeutic agents, particularly in oncology [32-37]. Plant-derived RiPPs exhibit a broad
spectrum of bioactivities, functioning as potent antimicrobials, insecticides, and vasore-
laxants, as well as demonstrating antiviral, immunomodulatory, and notable anticancer
properties. For instance, the cyclotide kalata B1, derived from Oldenlandia affinis, has
demonstrated antimicrobial activity against Escherichia coli and Staphylococcus aureus [38,39],
as well as insecticidal effects by targeting the disruption of insect gut epithelia [40]. Simi-
larly, the orbitide segetalin A, derived from Vaccaria hispanica, exhibits vasorelaxant activity,
making it beneficial for the treatment of cerebrovascular spasms and hypertension [41].
Another example is the burpitides lyciumin A and lyciumin B, derived from Lycium chi-
nense, which have been reported to inhibit angiotensin-converting enzyme (ACE) and renin,
highlighting their potential for hypertension management [42]. Additionally, RiPPs can
exhibit antiviral activity by interacting with viral proteins through their unique structure,
including disulfide bonds and other post-translational modifications, or by inhibiting the
entry of viruses into host cells [43,44]. RiPPs also possess immunomodulatory properties
that can regulate immune responses. Stimulated by cyclopeptides, RiPPs can enhance
the immune system’s ability to combat infections or cancer by modulating Caspase 3,
which promotes apoptosis in infected or cancerous cells [45]. These examples highlight
the diverse ecological and health-related roles of RiPPs, underscoring their potential as
valuable resources for the development of bioactive compounds. Thus, RiPPs often demon-
strate exceptional bioactivity, including exhibiting antimicrobial, antiviral, and anticancer
properties, making them highly promising candidates for drug development [25,26,32].

The study of RiPPs derived from plants is still in its early stages, but it holds great
potential. Conventional cancer treatments, such as chemotherapy and radiation, often face
significant challenges including drug resistance, off-target effects, and toxic side effects [9].
These limitations underscore the need for novel, targeted therapies. Unlike traditional
chemical drugs, some RiPPs exhibit high specificity and potent anticancer activity with
unique mechanisms of action, making them attractive candidates for overcoming some
of the limitations associated with current therapies [46—48]. RiPPs are naturally derived,
structurally diverse peptides that undergo PTMs, enabling them to target multiple cellular
pathways, such as inducing apoptosis, inhibiting angiogenesis, and modulating immune
responses [49]. Their selective action and ability to be engineered for specific therapeutic
purposes position them as an effective alternative to conventional anticancer drugs, offering
a targeted approach with potentially fewer side effects [50].
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Advances in genomics, bioinformatics, and synthetic biology are accelerating the dis-
covery and characterization of new RiPPs, while improved techniques in structural biology
are providing detailed insights into their mechanisms of action. As researchers continue
to explore the rich diversity of plant RiPPs, these peptides offer new solutions to some
of the most pressing challenges in cancer therapy, including the need for more effective
and selective anticancer phytochemicals. In this review, we first offer a comprehensive
overview of anticancer plant-derived RiPPs, emphasizing their chemistry, bioactivity, and
biosynthesis. This introduction highlights that plant-derived RiPPs are a fascinating and
versatile class of natural products, distinguished by their unique biosynthesis and struc-
tural complexity. The potential of RiPPs, particularly those derived from plants, represents
an exciting frontier in the search for novel anticancer phytochemicals [33,35,48,51-54].

2. Biosynthesis of Plant-Derived RiPPs

Plant-derived peptides exhibit a range of physiological activities, such as antibacterial,
anticancer, and antiviral properties, playing key roles in various beneficial biological
processes [55-57]. Most known plant-derived peptides to date are produced through a
biosynthetic process involving ribosomal synthesis followed by extensive post-translational
modifications, classifying them as RiPPs (Figure 1) [58]. These processes allow plant-
derived RiPPs to exhibit diverse structures and biological activities, such as anticancer
properties, and highlight the significance of the RiPPs in therapeutic applications [59,60].

Oak1 SgA1
A | reader Follower | | teader Follower |
kalata B1 segetalinA

TIPTOP2

signal [ [Coret (XY Core? G (core2 [ core2 EXY Core* EY oS

MCoTH MCoTHI MCoTHV MCoTHV
LbalycA

signal B Soet, B 502 B coret B coret B coret B core2 Y coret Y coret B coret B coret B coe2 B S, IEEA

Iyciumin B IyciuminD IyciuminA

Figure 1. Typical biosynthetic pathway of RiPPs. The RiPP-related gene in DNA is transcribed into
mRNA, and the mRNA is subsequently translated by ribosomes, resulting in the formation of a
precursor peptide. (A) In most cases, precursor peptides are single-core form, containing a leader
and core peptide, with the follower peptide being an optional component. (B) While less prevalent,
some precursor peptides are multi-core form, consisting of two or more core peptides linked by
recognition sequences. The precursor peptide undergoes post-translational modification by specific
enzymes, which introduce modifications such as cyclization, dehydration, and methylation to the
core peptide. Once these modifications are complete, proteases remove the leader and other peptides,
converting the modified core peptide into a mature RiPP. At this stage, a variety of mature RiPPs can
be produced from the multi-core precursor peptide.

2.1. Ribosomal Synthesis of Precursor Peptides

Plant-derived RiPPs initiate their biosynthesis within the cellular ribosomes as precur-
sor peptides. These precursor peptides are composed of distinct regions, which include the
leader peptide, core peptide, and follower peptide, commonly referred to as single-core
structures. The leader peptide is typically positioned at the N-terminus of the precursor
peptide and ranges in length from approximately 20 to 110 amino acid residues. This
peptide region plays a crucial role in the biosynthetic process, functioning primarily as a
signal for the activation of various biosynthetic enzymes [61,62]. Furthermore, it aids in the
recognition of the core peptide by these enzymes, ensuring the subsequent modifications
required for maturation. Central to the precursor peptide is the core peptide, which is
the key region responsible for the eventual formation of mature RiPPs through a series of
enzymatic modifications. This core peptide undergoes a variety of PTMs that enhance its
stability and biological activity, ultimately defining the characteristics of the final RiPPs [63].

114



Curr. Issues Mol. Biol. 2025,47, 6

At the C-terminus of the precursor peptide lies the follower peptide, which, while
not essential for the overall biosynthesis of the RiPPs, plays a supportive role in the
modification processes of the core peptide. The follower peptide assists in targeting precise
sites for enzymatic modifications, thus influencing the final structure and function of the
mature peptide [64]. O. affinis has been traditionally used in Africa to aid women during
childbirth. From this plant, a single-core precursor peptide, Oakl, is transformed into
kalata B1, a member of the cyclotide class of RiPPs (Figure 2) [40]. Similarly, the Chinese
herb Saponaria vaccaria (Caryophyllaceae), known for its effects in treating amenorrhea,
regulating blood flow, and promoting lactation, produces segetalin A, an orbitide-class
RiPP, from the precursor peptide SgA1l (Figure 2) [65].

Some precursor peptides of plant-derived RiPPs occur in a multi-core form, containing
more than two core peptides. These multi-core precursor peptides possess several distinct
recognition sequences that serve to differentiate between the multiple core peptides present
within the same precursor. This feature allows them to perform a function analogous to that
of follower peptides, effectively guiding the modification processes that ultimately leads to
the maturation of the individual core peptides into their respective RiPPs (Figure 1) [66].

transcription o
DNA > mRNA wﬂ

-
l translation

Precursor peptide

[ Single-core ] [ Multi -core ]
| Leader l Core I Follower | | Leader | Core I Recogniﬁonl Core | Recognitionl | Core I Follower |

Post-translational Post-translational
modifications modifications

v A 4

Modified Modified Modified Modified

Proteolysis/ export Proteolysis/ export

v

v
mature mature mature mature
RiPP RiPP RiPP RiPP

Figure 2. Precursor peptides of several plant-derived RiPPs. Single-core precursor peptides contain-
ing one core peptide. The core peptides of Oakl and SgA1 are subsequently processed into kalata
B1 and segetalin A, respectively. Multi-core precursor peptides containing multiple core peptides.
TIPTOP2 contains six core peptides, which correspond to four types of core peptides processed into
MCoTI-I, MCoTI-II, MCoTI-1V, and MCoTI-V. LbaLycA contains twelve core peptides, composed of
three types that will mature into lyciumin A, lyciumin B, and lyciumin D. RS: Recognition sequence.

The multi-core structure of these precursor peptides offers significant advantages
over traditional single-core forms, particularly in terms of biosynthetic efficiency. As they
possess the capacity to generate multiple plant RiPPs from a single gene cluster, multi-
core precursor peptides streamline the production process and enhance the diversity of
bioactive compounds that can be obtained from a limited genetic framework. This becomes
particularly beneficial in the context of plants with constrained genome sizes, where
maximizing the output of bioactive peptides from existing genetic resources is crucial [67].
For instance, the precursor peptide TIPTOP2 (two inhibitor peptide topologies 2), found in
the Cucurbitaceae family, contains six core peptides, from which four distinct knottin-class
RiPPs—MCoTI (Momordica cochinchinensis trypsin inhibitor)-I, MCoTI-II, MCoTI-1V, and
MCoTI-V—are produced (Figure 2) [68,69]. Similarly, in the Chinese herb Lycium barbarum
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(Solanaceae), known for its effectiveness in treating hypertension, the precursor peptide
LbaLycA contains twelve linked peptides, but only three core sequences—QPYGVGSW,
QPWGVGSW, and QPYGVGIW—Ileading to the production of the branched cyclic peptides
lyciumin A, lyciumin B, and lyciumin D (Figure 2) [70].

2.2. Post-Translational Modifications

The core peptide of plant precursor peptides undergoes a wide range of PTMs, in-
cluding but not limited to methylation, oxidation/reduction, dehydration, cross-linking
between amino acid residues, and macrocyclization [71-73]. These modifications are critical
as they enhance both the stability and biological activity of the resulting peptides, contribut-
ing to their functional roles in various physiological processes. For instance, methylation
influences the charge and hydrophobicity of the peptide [74], while macrocyclization often
results in a more stable structure that is less susceptible to enzymatic degradation [75].

The leader peptide plays a pivotal role in facilitating these PTMs, as it enhances
the binding affinity between the core peptide and the various enzymes responsible for
the modifications [61,76]. Its structural characteristics allow it to interact effectively with
these enzymes, thereby ensuring that the core peptide is modified in a precise and efficient
manner [77]. Moreover, the leader peptide often functions to maintain the precursor peptide
in an inactive state until the modifications of the core peptide are fully completed [78].
This regulation is crucial for ensuring that the peptide remains non-functional until it has
undergone the necessary alterations to become biologically active.

Follower peptides and specific recognition sequences also play a significant role in
assisting PTM enzymes [48]. They provide crucial information that helps these enzymes
accurately target specific sites on the core peptide for modification. For example, in the
case of the plant PTM enzyme known as PCY1, it recognizes the core peptide with the
assistance of a follower peptide called AYDG. This interaction is vital for catalyzing the
macrocyclization of the precursor peptide, leading to the formation of orbitides, structurally
characterized by their head-to-tail cyclic peptides with N-to-C amide bonds [79]. A detailed
understanding of PTMs not only provides insights into the molecular mechanisms behind
peptide maturation, but also opens avenues for exploring the therapeutic potentials of
these modified peptides in various biomedical applications.

The maturation of modified precursor peptides into RiPPs is a critical process that
occurs through the proteolytic cleavage of the leader peptide and any other accompanying
peptide sequences by specific enzymes known as proteases. This proteolytic removal is a
finely tuned mechanism that can occur in several distinct ways. One common method is a
one-step removal, where a single protease efficiently cleaves the leader peptide in one ac-
tion, resulting in the immediate release of the mature RiPPs (Figure 3A) [73]. Alternatively,
the process may involve a two-step removal, which can be executed either by two separate
proteases acting sequentially or by a single protease performing two distinct cleavages
at different sites (Figure 3B) [80]. The specificity of protease substrate recognition is a
significant aspect of this maturation process, ensuring that the correct peptide sequences
are cleaved at the appropriate points. For example, LahT150, a Cys protease, has been
reported to remove double Gly-type leader peptides during the proteolysis of lanthipeptide,
a microbial RiPP [81,82]. Currently, lantipeptides are classified as RiPPs produced by mi-
croorganisms, and the overall context of plant and microbial RiPP bio-synthesis pathways
is similar [83].
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Figure 3. Diagram of proteolysis mechanisms in the biosynthetic pathways of plant RiPPs. (A) One-
step removal of peptides. In this mechanism, the peptide sequence upstream or downstream of the
core peptide is removed in a single step by one enzyme during maturation into the final RiPP product.
(B) Two-step removal of peptides. In this mechanism, peptide sequences are removed through a
multi-step process, either by the sequential activity of different enzymes or by repeated actions of the
same enzyme.

2.3. Genetic and Biochemical Regulation of RiPP Biosynthesis

A key characteristic of plant RiPP biosynthesis is that RiPPs contain specific sequences
encoding distinct functional domains. These precursor peptides undergo PTMs facilitated
by various enzymes, leading to the formation of mature, functional RiPPs. While the exact
mechanisms and pathways of biosynthesis differ among plant RiPP classes, much remains
to be understood. Nonetheless, cyclotides and orbitides are among the most well-studied
classes of plant RiPPs, with their biosynthetic processes being more thoroughly elucidated.

Cyclotides, one of the most recognized classes of plant RiPPs, are head-to-tail macro-
cyclic peptides characterized by a “cyclic cystine knot” motif, which involves three disul-
fide bonds [84,85]. These bonds contribute to the remarkable structural stability of cy-
clotides [86]. The biosynthesis of cyclotides begins with a precursor peptide that typically
contains an N-terminal endoplasmic reticulum (ER)-targeting signal sequence, an optional
N-terminal leader peptide, one or more core peptide sequences, and a C-terminal fol-
lower peptide (Figure 4A). This precursor peptide is first directed to the ER via the signal
sequence [87]. In the ER, it undergoes structural stabilization through folding and the
formation of disulfide bonds, facilitated by disulfide isomerase [88]. This process estab-
lishes the distinct knot structure of the cyclotide, contributing to its stability and function.
After stabilization, all peptides upstream of the core peptide are removed by N-terminal
processing proteases, such as kalatase A, exposing the N-terminal amino acid (typically
glycine) of the core peptide [89]. The final and critical step in cyclotide biosynthesis involves
the head-to-tail cyclization of the peptide. This reaction is catalyzed by an asparaginyl
endopeptidase (AEP)-like ligase, such as butelase 1 [90,91]. The enzyme catalyzes the
formation of a bond between the N-terminal glycine and the C-terminal asparagine (or
aspartate), removing the C-terminal peptide and completing the cyclization process. This
step is particularly important as it contributes to the unique structural stability and bioac-
tivity of cyclotides, which are known for their resistance to proteolytic degradation and
their roles in plant defense [92,93].

Orbitides, another notable class of plant RiPPs, are smaller and simpler head-to-
tail macrocyclic peptides that lack disulfide bonds [94]. The precursor peptide of an
orbitide typically consists of a leader, one or more core peptides, and a follower peptide
(Figure 4B). Its regulation is similar to that of cyclotides, but is less complex due to the
absence of disulfide bonds [33,65,95]. The biosynthetic pathway of orbitides varies slightly
depending on the type of RiPP. In the biosynthesis of segetalin A in V. hispanica, the peptide
upstream of the core peptide in the segetalin A precursor peptide is first removed by an
unidentified oligopeptidase 1 (OLP1) [79]. The resulting presegetalin Al then undergoes
macrocyclization as the C-terminal peptide is cleaved by peptide cyclase 1 (PCY1).
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Figure 4. Scheme of biosynthetic pathways for a typical cyclotide (A) and the orbitide, segetalin A (B).
(A) Cyclotide biosynthesis. The cyclotide precursor peptide is transported to the ER via an N-terminal
signal sequence. Disulfide bonds are first formed by a disulfide isomerase. Subsequently, N-terminal
processing proteases remove all peptides upstream of the core peptide, including the leader peptide.
Finally, the head-to-tail cyclization of the core peptide is facilitated by an AEP-like ligase, which
also removes the downstream peptide sequences, yielding the mature cyclotide. (B) Segetalin A
biosynthesis. The precursor peptide for segetalin A first undergoes leader peptide removal by OLP1,
resulting in presegetalin Al. Subsequently, PCY1 catalyzes macrocylization to produce the mature
segetalin A.

Understanding the specific regulatory mechanisms of plant RiPP biosynthesis can
offer valuable insights into the production and discovery of promising compounds that
may be utilized in the development of new therapeutics [96,97]. However, many aspects of
the biosynthesis process remain to be explored, and further research appears necessary to
discover new RiPPs.

3. Discovery of Plant-Derived RiPPs
3.1. Ethnobotanical Approaches and Traditional Knowledge

The discovery and identification of plant-derived RiPPs often stems from the founda-
tional knowledge provided by ethnobotanical research, which focuses on the medicinal use
of plants in traditional cultures [98]. For centuries, plants have been employed in treating
various ailments, including cancer, and this historical context provides valuable insight into
identifying species with potential bioactive RiPPs [99-101]. Ethnobotanical data are instru-
mental in guiding the selection of specific plants for further investigation, particularly those
with documented therapeutic properties against cancer [102]. Once promising species are
identified, their compounds are isolated and subjected to biological activity screening. This
targeted approach, informed by traditional knowledge, enables researchers to prioritize
species and extracts with a higher probability of yielding biologically active RiPPs, thereby
enhancing the efficiency of discovering therapeutically relevant peptides [103,104].
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3.2. High-Throughput Screening and Bioassay-Guided Isolation

High-throughput screening (HTS) and bioassay-guided isolation are essential method-
ologies in uncovering plant-derived RiPPs with anticancer potential [105]. These techniques
enable efficient identification and isolation of bioactive phytochemicals from complex plant
extracts, significantly advancing the discovery of new phytochemicals. HTS serves as a
powerful tool, allowing researchers to rapidly evaluate the biological activity of large li-
braries of compounds, including plant extracts, fractions, or purified substances. The value
of HTS lies in its ability to simultaneously screen thousands to millions of samples against
a specific biological target, such as cancer cell lines, within a relatively short timeframe,
making it indispensable in the field of compound discovery [106].

HTS usually relies on automation to efficiently handle the vast number of samples
and assays involved. Robotic systems are employed for sample preparation, mixing, and
dispensing into microtiter plates, which typically contain 96, 384, or 1536 wells. Each well
contains a small volume of plant extract or fraction along with the designated biological
target, such as cancer cells or enzymes, for screening. Detection methods in HTS, including
fluorescence, luminescence, absorbance, and radioactivity, are selected based on the assay
type [107]. For instance, fluorescent markers are frequently used to measure cell viability,
where a reduction in fluorescence signifies cytotoxic effects on cancer cells. In cases where
specific plants are already known to produce RiPPs from prior phytochemical studies,
HTS can be applied to screen various plant extracts or purified fractions for their ability to
inhibit cancer cell proliferation, induce apoptosis, or target cancer-specific pathways. By
combining HTS with bioassay-guided isolation, researchers can adopt a comprehensive
approach to identify novel RiPPs, presenting promising leads for the development of new
anticancer therapies [108].

3.3. Genomic and Bioinformatic Approaches

Recent advancements in genomic and bioinformatic technologies have revolution-
ized the discovery of plant-derived RiPPs [109]. These cutting-edge approaches enable
researchers to investigate the genetic information of plants, uncovering the specific genes
and pathways involved in RiPP biosynthesis. Through comprehensive analysis of plant
genomes and transcriptomes, biosynthetic gene clusters (BGCs) responsible for RiPP pro-
duction can be identified, with predictions about the structure and function of the specific
RiPPs [110,111]. Genome sequencing across various plant species, particularly those used in
traditional medicine, has led to the discovery of novel RiPP BGCs that may have remained
unidentified through conventional bioassay-guided methods. This genomic approach is
especially valuable for finding RiPPs with anticancer potential, as each plant species har-
bors unique BGCs that produce structurally diverse and biologically potent peptides [112].
Advanced bioinformatics platforms, such as antiSMASH, PRISM, and RiPPER, further
enhance this process by predicting and annotating RiPP BGCs, significantly streamlining
the discovery of new bioactive peptides [113-115]. Moroidins, a newly characterized class
of plant RiPPs, exhibit a unique biosynthetic mechanism involving a copper-dependent
BURP domain, KjaBURP, which catalyzes their macrocyclization [35]. Notably, moroidin
peptides differ from other BURP-domain-derived RiPPs, as they feature a histidine at
the C-terminus instead of a tyrosine or tryptophan, resulting in distinct imidazole-indole
cross-links.

Genomic approaches not only help in identifying gene clusters but also provide in-
sights into the regulation and expression of specific RiPP BGCs [116]. Advanced techniques
like RNA sequencing allow researchers to examine gene expression profiles across different
plant tissues or under varying environmental conditions. By understanding the expression
of RiPP BGCs, researchers can optimize experimental conditions for RiPP production in
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heterologous systems [117]. This knowledge is crucial for scaling up the production of
RiPPs, facilitating further biological testing, and advancing their development as poten-
tial therapeutics.

4. Anticancer RiPPs from Plants
4.1. Anticancer RiPPs from the Caryophyllaceae Family

The Caryophyllaceae family, commonly referred to as the carnation or pink family,
encompasses around 90 genera and over 2000 species of flowering plants. Many species
within this family are widely cultivated as ornamental plants, some have also garnered
scientific attention for their bioactive properties. Among these, certain species produce
RiPPs, which have demonstrated significant therapeutic potential. Notably, these RiPPs
have been found to exhibit anticancer properties, with the ability to suppress cancer cell
growth and trigger apoptosis. This has positioned plants from the Caryophyllaceae family
as valuable natural sources in the discovery for physiologically active phytochemicals,
particularly in the development of novel anticancer lead compounds [118-120].

Dianthus superbus L. is a pinkish herbaceous perennial plant growing up to 80 cm in
height. It is distributed in Europe, northern Asia, France, and Japan. D. superbus, a plant
from the Caryophyllaceae family, is commonly utilized in traditional Chinese medicine,
particularly as a diuretic and anti-inflammatory agent. It is traditionally employed in
the treatment of urinary infections, carbuncles, and carcinoma of the esophagus [121,122].
Phytochemical investigation on the methanolic extract of the dried and powdered whole
plants of D. superbus led to the isolation of four phytochemicals (Figure 5). The cytotoxic
activities of all identified compounds (1-4) were evaluated against five cancer cell lines:
HepG2 (hepatocellular carcinoma), Hep3B (hepatocellular carcinoma), MCF-7 (breast
adenocarcinoma), A549 (lung cancer cell line), and MDA-MB-231 (breast cell line), with
doxorubicin serving as the positive control. The ICs) values (ug/mL) were used to evaluate
the cytotoxic efficacy of all isolated compounds. Among the compounds tested, dianthin
E (1) exhibited the highest cytotoxicity against the HepG2 cell line, with an ICs( value of
2.37 ug/mL, followed by 4-methoxydianthramide B (4), which showed moderate activity
against 4.08 pg/mL (HepG2) and 16.02 pg/mL (Hep3B). Dianthin C (2) displayed weak
cytotoxicity against 17.17 pg/mL (HepG2), while dianthin D (3) demonstrated no significant
cytotoxic effects, as its ICsy values were greater than 20 pug/mL for all cell lines tested [123].

Stellaria yunnanensis Franch. is native to the Yunnan and Sichuan regions of China,
flourishing in temperate environments. This perennial plant grows in shaded, moist areas,
featuring long stems that extend over significant distances. Previous phytochemical inves-
tigations from the plant have uncovered several bioactive compounds in its root extracts,
including cyclic peptides like yunnanin A, B, and C [124]. These peptides, particularly yun-
nanin C (5), have demonstrated potent cytotoxic activities. Yunnanin C (5) showed strong
inhibitory effects against murine leukemia cells (P-388), with an ICs( value of 2.2 pg/mL
(Figure 5). Additionally, it has shown antiproliferative activity against various cancer cell
lines, including J774.A1 and WEHI-164, with ICs values ranging from 2.1 to 7.5 ug/mL.
Interestingly, synthetic analogs of these peptides, which involve slight modifications, did
not exhibit the same level of cytotoxicity, potentially due to conformational changes in
proline residues during synthesis [125,126].

Dianthus chinensis L., commonly known as the China pink or rainbow pink, is an
herbaceous perennial plant and has been widely distributed to various regions of East Asia,
including northern China, Korea, Mongolia, and southeastern Russia. While D. chinensis has
not been extensively documented for medicinal use, related species in the Dianthus genus
have been used in traditional medicine for their potential anti-inflammatory, antioxidant,
and antimicrobial properties [127,128]. Phytochemical investigation on D. chinensis has led
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to the discovery of a class of proline-containing cyclic peptides, known as dianthiamides,
and commonly referred to as orbitides. The identification and structural elucidation of
dianthiamides A-E were achieved by the analysis of nuclear magnetic resonance (NMR)
and mass spectrometry (MS) data [129]. Notably, dianthiamide A (6) exhibited cytotoxic
effects against the A549 human lung cancer cell line, with an ICsy value of 47.9 uM,
signifying a moderate ability to inhibit the proliferation of these cancer cells (Figure 5) [129].
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Figure 5. Chemical structures of compounds 1-6.

4.2. Anticancer RiPPs from the Rubiaceae Family

Rubia cordifolia L. is a perennial climber native to tropical and subtropical regions of
Asia, including India, Nepal, and China. This plant has long been utilized in traditional
folk medicine for treating various ailments such as cough, bladder and kidney stones,
joint inflammation, uterine hemorrhage, and uteritis [130]. The plant is particularly rich
in anthraquinones like alizarin and purpurin, compounds that not only contribute to its
dyeing properties but also its medicinal effects [131-134]. Recent studies have shown
that methanol extract of the dried root of R. cordifolia contains the cyclic hexapeptides
RA-XXIII (7) and RA-XXIV (8) (Figure 6). These compounds have demonstrated notable
cytotoxic activity, particularly against leukemia cells. RA-XXIII exhibited an ICs, value of
0.16 pg/mL and RA-XXIV showed a value of 0.48 pg/mL against P-388 leukemia cells [135].
Notably, cyclic hexapeptide RA-V has shown potential to modulate cancer-related signaling
pathways, particularly targeting pathways like Wnt, Myc, and Notch [136].

Rubia podantha Diels is a perennial shrub native to Europe and North Africa, thriving in
various habitats such as grasslands, scrub forests, and rocky areas. The roots and rhizomes
of R. podantha have been traditionally employed in herbal medicine to address a range of
digestive disorders, attributed to the plant’s mild laxative properties that facilitate digestion
and alleviate constipation [137]. Additionally, phytochemical analyses suggested that
extracts from the plant possess significant anti-inflammatory effects, indicating its potential
utility in the management of conditions such as arthritis and muscle pain. Compounds
9-14 were isolated from the roots and rhizomes of R. podantha (Figure 6). The cytotoxic
effect of compounds 9-14 was assessed against cancer cell lines, including MDA-MB-231,
SW620 (human colon cancer cell line), and HepG2, with ICsy values ranging from 0.015
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to 10.27 uM. The cytotoxic effect of compounds 15 and 16 was also assessed against HeLa
(cervical cancer cell line), A549, and SGC-7901 (gastric cancer cell line). RA-X (15) showed
IC5¢ values of 3.80 4+ 0.17 uM for SGC-7901, 7.14 + 0.81 uM for A549, and 7.22 + 0.76 uM
for HeLa. Rubipodanin A (16) showed ICs values of 0.0058 £ 0.0016 uM for SGC-7901,
0.017 £ 0.0026 uM for A549, and 0.015 + 0.0014 M for HeLa [138,139].
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Figure 6. Chemical structures of cyclic peptides 7-21.

Rubia yunnanensis Diels. is a perennial herb native to Yunnan province in China. Tradi-
tionally, its roots have been employed in Chinese medicine to address various health issues,
including tuberculosis, and specifically to aid in treating respiratory conditions. It is also
utilized for reliving menoxenia and possesses anti-inflammatory properties beneficial for
rheumatism. Furthermore, R. yunnanensis is effective in treating contusions and hemateme-
sis, assisting with bruising and blood coughing, which are common in respiratory and
gastrointestinal disorders [140-143]. Additionally, it supports blood production in anemia
and is used to treat lipomas, benign fatty tumors, in traditional practices. Rubiyunnanins
(17-21) isolated from the plant exhibit significant bioactivity, including cytotoxic effects
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against various cancer cell lines and the ability to inhibit nitric oxide (NO) production,
which is associated with inflammation (Figure 6). They also suppress the NF-«kB signaling
pathway, a critical regulator of inflammation, immune responses, and cancer, positioning
them as promising candidates for anti-cancer and anti-inflammatory therapies. Among
the compounds, compound 10 showed exceptional cytotoxicity, with ICsy values as low
as 0.01 M against several cancer cell lines, including HepG2 (human hepatocellular car-
cinoma) and A549 (non-small cell lung carcinoma). This compound exhibits particularly
potent activity in MDA-MB-231 (human breast carcinoma) and B16 (murine melanoma)
cell lines, where it achieves ICs( values of 0.01 uM and 0.001 uM, respectively, highlighting
its broad-spectrum antitumor efficacy. The low ICsy values suggest that 17 may interact
effectively with critical cellular pathways, potentially leading to apoptosis in cancer cells
while sparing normal cells [144].

4.3. Anticancer RiPPs from the Euphorbiaceae Family

Mallotus spodocarpus Airy Shaw. is native to Southeast Asia, particularly Thailand.
Traditionally, the roots of the plant are often processed into a fine powder and applied
topically to the skin to lighten pigmentation, treat dark spots, and enhance overall skin
complexion. In addition to its cosmetic applications, M. spodocarpus has been employed
in traditional remedies for various ailments, such as wound healing and treating skin
conditions [145]. The plant’s extract is also believed to possess antioxidant properties, which
contribute to its effectiveness in promoting skin health and potentially preventing skin
damage. Recent studies have explored the phytochemical composition of M. spodocarpus,
revealing the presence of various bioactive compounds, including flavonoids and tannins,
which may enhance its medicinal properties. Mallotumides A—C (22-24) were isolated and
structurally characterized from the roots of M. spodocarpus (Figure 7). These compounds
demonstrate potent cytotoxic activity against various cancer cell lines, including KKU-
M213 (intrahepatic cholangiocarcinoma), FaDu (squamous cell carcinoma), HT-29 (colon
carcinoma), MDA-MB-231 (human breast adenocarcinoma), A549 (lung carcinoma), and
SH-SY5Y (neuroblastoma). The cytotoxic effects of mallotumides A-C were notably strong,
with ICsy values ranging from 0.60 to 4.80 nM across all tested cell lines, highlighting their
remarkable potential to inhibit cell proliferation [146].

22 R1 = R2 =Ac 25
23 R1 AC R2 =H
24R;=R,=H

Figure 7. Chemical structures of cyclic peptides 22-25.

Croton urucurana Baillon, native to the tropical and subtropical regions of South
America, is commonly found in Argentina, Paraguay, Bolivia, and Brazil. In traditional
medicine, C. urucurana has been used for its antimicrobial properties, often employed to
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treat infections due to its effectiveness against various pathogens. The plant’s extracts
have shown significant antimicrobial activity, supporting its historical use as a remedy for
infections [147-149]. Additionally, the leaves and bark of the plant have been utilized for
their anti-inflammatory effects. This characteristic makes the plant beneficial in treating
conditions such as arthritis and other inflammatory diseases. Its extracts are thought to
alleviate inflammation and associated discomfort. In a previous phytochemical study, [1-9-
NoC]J-crourorb Al (25) was isolated from a 95% ethanol extract of C. urucurana (Figure 7).
The compound was assessed for its cytotoxic activity against six human cancer cell lines:
786-0 (kidney carcinoma), HT-29 (colon carcinoma), MCF-7 (breast adenocarcinoma), NCI-
ADR/RES (ovarian adenocarcinoma with multidrug resistance), Hep-G2 (liver carcinoma),
and PC-03 (prostate carcinoma). The Gl5 values, indicating the concentration required
to inhibit 50% of cell growth, were as follows: Hep-G2 (41.31 £ 2.70 pug/mL), HT-29
(37.28 £ 0.57 ug/mL), MCF-7 (35.49 £ 2.59 ug/mL), PC-03 (29.80 + 0.34 ug/mL), 786-0
(18.69 £ 0.82 ug/mL), and NCI-ADR/RES (3.98 £ 0.20 ug/mL) [150].

4.4. Anticancer RiPPs from the Miscellaneous Families

Celosia cristata L. (Amaranthaceae) is a medicinal herb traditionally employed to
treat various ailments, including fatigue, atherosclerosis, leucorrhea, and osteoporosis.
This annual plant, originating from tropical regions, is characterized by its herbaceous
structure, which lacks a woody stem [151-154]. From the butanol-soluble fraction of a
70% ethanol extract of C. cristata seeds, the cytotoxic moroidin (26) was purified and
structurally characterized (Figure 8). The cytotoxic effects of compound 26 were tested
against six cancer cell lines: A549 (lung), H1299 (lung), U87 (human brain), U251 (human
brain), HCT116 (human colon), and MCEF-7 (breast). The results demonstrated that 26
displayed significant cytotoxicity against A549 lung cancer cells, with an IC5y value of
3.2 £ 0.5 uM. Additionally, it exhibited moderate cytotoxic effects against the H1299
(IC50 =8.3 £ 0.7 M), U87 (IC509 = 9.6 £ 1.8 uM), U251 (IC509 = 5.2 £ 0.8 uM), and HCT116
(IC50 =9.9 £ 1.7 uM) cell lines. However, it was less effective against MCF-7 breast cancer

cells [155].
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Figure 8. Chemical structures of cyclic peptides 26-30.
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Annona cherimola Miller. (Annonaceae), commonly known as cherimoya, is a species
of fruit-bearing tree native to the Andean valleys of Ecuador, Peru, and Colombia that is
now also cultivated in various tropical and subtropical regions. In traditional medicine,
A. cherimola has been used for various purposes. Indigenous peoples in South America have
utilized the leaves and bark for their potential therapeutic effects [156,157]. Traditionally,
the leaves have been employed to treat digestive issues and respiratory ailments, while the
seeds are known for their insecticidal properties. Moreover, the fruit is highly nutritious,
rich in vitamins, minerals, and antioxidants, which may contribute to overall health and
wellness. Cherimolacylopeptide C (27) was isolated from dried and ground seeds of
A. cherimola (Figure 8). The cytotoxic effect of compound 27 was evaluated against KB cells
(oral cancer cell line), with ICs( values of 0.072 uM [158].

Heisteria parvifolia Sm. (Olacaceae) is native to the Amazon rainforest, primarily
found in countries such as Brazil, Colombia, and Peru. The leaves and bark of the plant
have often been employed in folk remedies, believed to possess anti-inflammatory and
analgesic properties. Traditionally, preparations made from the plant have been used to
treat ailments such as fevers, gastrointestinal issues, and skin conditions. Cycloheisterin B
(28), cycloheisterin D (29), and anorldianine (30) were isolated from the chloroform fraction
of the leaves of H. parvifolia (Figure 8). The anti-proliferative activities of these cyclopeptide
alkaloids were evaluated against K562 cells, a human chronic myeloid leukemia cell line.
Compounds 28-30 exhibited significant anti-proliferative effects, with cell growth inhibition
rates of 46%, 44%, and 43%, respectively, at a concentration of 100 uM [159].

Thymus musilii Velen (Lamiaceae) is a rare plant species primarily found in the Ha’il
region of Saudi Arabia and is traditionally used in Mediterranean folk medicine. Local
populations utilize the leaves and flowers of T. musilii as garnishes, in teas, and for treating
various microbial diseases, particularly valuing its antimicrobial and anti-inflammatory
properties [160-162]. A tripeptide (31) isolated from the methanolic extract of T. musilii
exhibited significant cytotoxic effects, with IC5y values of 107.69 pg/mL against MCF-
7,153.54 pg/mL against HCT-116, and 194.70 ug/mL against A549 cell lines (Figure 9).
Additionally, its docking score of —8.983 kcal/mol indicates a strong binding affinity to the
MLK4 kinase domain (4UYA), suggesting its potential to disrupt critical cancer signaling
pathways such as JNK and ERK [161].
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Figure 9. Chemical structures of peptides 31-33.

Zanthoxylum riedelianum L. (Rutaceae) is widely distributed in South America, particu-
larly found in Brazil and surrounding regions. The barks, leaves, and fruits of Z. riedelianum
have been utilized for their potential medicinal properties, including anti-inflammatory,
analgesic, antifungal, and antimicrobial effects [148,163]. In some cultures, extracts from
the plant have been used to treat gastrointestinal disorders, respiratory issues, and skin
ailments. Additionally, its antiseptic properties make it valuable for wound healing and in
the preparation of traditional remedies against infections. Z. riedelianum yields a significant
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cyclic peptide known as [1-8-NaCJ-zanriorb A1l (32), which exhibits notable cytotoxic
activity against leukemia T cells (Jurkat) with an ICs, value of 218 nM (Figure 9) [164].

Colubrina asiatica L. (Rhamnaceae) is a climbing shrub native to Southeast Asia, north-
ern Australia, and the Pacific islands, reaching heights of up to 4 m and commonly found
in wetlands and coastal areas. This plant has traditional medicinal applications wherein its
leaves and bark are used to treat skin diseases, while the roots are utilized to alleviate fever
and thirst [165-167]. A derivative of N-benzoyl-D-phenylalanine (33) has been found to
possess weak cytotoxicity against various cancer cell lines, including HeLa cervical cancer
(KB), small cell lung carcinoma (NCI-H187), and human breast cancer (MCF-7). Specifically,
compound 33 exhibited notable cytotoxicity against the NCI-H187 cell line, with an ICs
value of 19.51 pg/mL, marking it as the only peptide in this study to demonstrate such
activity (Figure 9) [168].

5. Apoptotic Mechanisms Induced by Plant-Derived RiPPs in
Cancer Cells

Caspases, a family of cysteine proteases, are central to the initiation and execution
of apoptosis. Distinct caspases mediate either the intrinsic mitochondrial pathway or the
extrinsic death receptor pathway, which converge to break apart cellular components and
execute programmed cell death [169,170]. Identifying the specific caspases activated by
plant-derived RiPPs is crucial for the identification of their apoptotic mechanisms. By selec-
tively engaging caspase-3, caspase-8, caspase-3/7, or caspase-9, RiPPs effectively disrupt
cancer cell survival pathways, providing a mechanistic foundation for their therapeutic
potential [171,172]. Furthermore, understanding the link between the chemical structure
of RiPPs and their ability to activate caspases is crucial for designing and optimizing
RiPP-based anticancer agents (Table 1).

Vigno 5, a cyclotide isolated from Viola ignobilis, induced apoptosis in HeLa by activat-
ing caspase-3 and caspase-9 [173]. The apoptosis was mediated through the mitochondrial
pathway, characterized by the release of cytochrome C, upregulation of Bax, downregula-
tion of Bcl-2, and cleavage of PARP1, ultimately leading to DNA fragmentation. Similarly,
orbitides identified from Linum usitatissimum L. have been shown to activate caspase-3 and
caspase-9 in SGC-7901 via mitochondrial depolarization and Bax/Bcl-2 ratio modulation,
resulting in PARP cleavage and apoptosis [174].

[1-9-N«C]-crourorb A1, a orbitide identified from C. urucurana latex, activated caspase-
3/7 in Huh-7 (human hepatocarcinoma cell line) [175], inducing apoptosis through G2/M
cell cycle arrest and a JNK-mediated pathway. This process was accompanied by increased
expression of pro-apoptotic proteins, including Bak, Bax, and Puma, highlighting its
potential for targeting liver cancer.

Another orbitide, flaxseed-derived linusorbs, also exhibited significant caspase acti-
vation in various cancer cells. [1-9-N«C]-linusorb B2 activated caspase-3 and caspase-8
in HepG2 [176] and SGC-7901 [177]. In HepG2, the DR4 death receptor pathway was
involved, while in SGC-7901, the Fas/FasL signaling cascade triggered apoptosis, resulting
in mitochondrial dysfunction and PARP cleavage. [1-9-NaC]-linusorb B3 demonstrated a
broad apoptotic profile across multiple cancer cell lines. In HepG2, it activated caspase-3
and caspase-8 via DR4-mediated apoptosis, involving Bax upregulation, cytochrome C
release, and Bcl-2 downregulation [176]. In SGC-7901, it activated caspase-3, caspase-8,
and caspase-9, involving dual intrinsic and extrinsic pathways [177]. Furthermore, in C6
(glioblastoma cell line), it induced caspase-3 and caspase-9 activation via mitochondrial-
mediated apoptosis, characterized by mitochondrial membrane depolarization and p53
suppression [178].
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Moroidin, isolated from the seeds of C. cristata, activated caspase-3 and caspase-9
in A549 through the intrinsic mitochondrial pathway [155]. This involved cytochrome C
release, Bax upregulation, Bcl-2 downregulation, and PARP cleavage, resulting in apoptotic
cell death. Moroidin is categorized as a burpitide, a subclass of RiPPs derived from or
associated with the BURP domain, which plays a key role in plant development and
responses to environmental stress. [179].

RA-V, a cyclopeptide isolated from R. cordifolia, selectively activated caspase-3 in
Kras-dependent non-small-cell lung carcinoma (NSCLC) cell lines (H441 and H358) [180].
This apoptotic activity was mediated by TAK1 inhibition, leading to reduced expression of
anti-apoptotic proteins such as Bcl-2 and Bcl-XL. RA-V from R. yunnanensis also activated
caspase-3 and caspase-9 in breast cancer cell lines (MCF-7 and MDA-MB-231) [181], with
apoptosis mediated by mitochondrial dysfunction, cytochrome C release, and PARP cleav-
age. Additionally, RA-XII, another cyclopeptide from R. yunnanensis, induced caspase-3,
caspase-8, and caspase-9 activation in HepG2 through Bax upregulation, Bcl-2 downregu-
lation, and cytochrome C release, ultimately leading to mitochondrial-mediated apopto-
sis [182].

Table 1. Types of caspases activated by plant-derived RiPPs for cancer cells.

Compounds Type Source (Plant) Target Cell Line Ref.
Vigno 5 Cyclotide Viola ignobilis Caspase-3, -9 HelLa [173]
Flaxseed Linum
orbitides Orbitide o Caspase-3, -9 SGC-7901 [174]
usitatissimum L.
(extract)
[1-9-N«C]- "
crotrorb Al Orbitide Croton urucurana Caspase-3/7 Huh-7 [175]
Caspase-3, -8 HepG2 [176]
[1-9-N«C]- . o
Linusorb B2 Orbitide L. usitatissimum L. Caspase-3, -8 SGC-7901 [177]
Caspase-3, -8 HepG2 [176]
[1-9-NoCJ- Orbitide L. usitatissimum L.~ Caspase3,-8,-9  SGC-7901 [177]
Linusorb B3
Caspase-3, -9 Cé6 [178]
Moroidin Burpitide Celosia cristata Caspase-3, -9 A549 [155]
Caspase-3 H441 [180]
Rubia cordifolia
Caspase-3 H358 [180]
RA-V Undefined Caspase-3, -9 MCF-7 [181]
R. yunnanensis
Caspase-3, -9 MDA-MB-231 [181]
RA-XII Undefined R. yunnanensis Caspase-3, -8, -9 HepG2 [182]

6. Challenges in the Development of Plant-Derived RiPPs as
Anticancer Agents

6.1. Complexity of RiPP Biosynthesis

A significant challenge in developing plant-derived RiPPs lies in the complexity of
their biosynthetic processes. RiPPs are produced from precursor peptides through a series
of enzymatic modifications, which can differ greatly across plant species. This variability is
due to the diversity of BGCs in different plants, resulting in structural variations in RiPPs.
These variations are driven by evolutionary forces that adapt biosynthetic pathways for
advantages such as increased pathogen resistance or better ecological interactions. As a
result, discovering and characterizing these BGCs is a critical yet difficult task in the search
for novel anticancer RiPPs [54].

RiPPs undergo extensive post-translational modifications (PTMs) following their ini-
tial ribosomal synthesis, adding complexity to the identification and characterization of
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plant-derived RiPPs [48]. Although different plants may produce similar precursor pep-
tides, the modifications they undergo can vary significantly, leading to distinct biological
activities. Understanding these modifications is essential for harnessing the therapeutic
potential of plant-derived RiPPs. Many plant-derived RiPPs possess cyclic structures that
enhance their stability and resistance to enzymatic breakdown, contributing to stronger
interactions with biological targets. These PTMs, such as methylation, hydroxylation, and
phosphorylation, affect the peptide’s charge, hydrophobicity, and structure, ultimately
influencing its affinity and specificity for binding to cellular receptors or enzymes, and
improving its therapeutic efficacy [183,184].

The complexity of RiPP biosynthesis presents both challenges and opportunities for
the development of plant-derived RiPPs as anticancer agents [185]. While the diverse PTMs
and genetic variability complicate the identification and characterization of their chemical
structures, they also provide a rich source of novel compounds with unique structures
and mechanisms of action. By leveraging advanced genomic, proteomic, and metabolomic
approaches, researchers can unlock the potential of RiPPs, optimizing their biosynthesis
for therapeutic applications and ultimately paving the way for the development of new
cancer treatments [186].

6.2. Low Yield and Purification Challenges

Identification of plant-derived RiPPs as anticancer agents is significantly hindered
by the low yield and purification challenges. Many plant-derived RiPPs occur in minute
quantities within their natural plant hosts, which poses a considerable challenge for their
isolation and identification. RiPPs are classified as secondary metabolites, which are not
essential for the primary growth and reproduction of plants. Plants often produce them in
response to specific environmental stimuli, such as defense against pathogens, herbivores,
or stress [187]. Consequently, RiPP production tends to be inconsistent and varies depend-
ing on external factors. This makes it difficult to predict or control the amounts of RiPPs
that can be extracted from plants under natural conditions. The BGCs responsible for RiPP
biosynthesis in plants are often expressed at low levels or are activated only under specific
conditions. As a result, even though a plant may possess the genetic capacity to produce
a RiPP, the actual quantities synthesized may be insufficient for practical extraction and
subsequent chromatographic isolation. This variability further complicates the production
of RiPPs in quantities suitable for pharmaceutical research and development [188].

Plant tissues contain a wide array of biomolecules, including proteins, polysaccharides,
lipids, and secondary metabolites, which complicate the isolation of RiPPs [47,186]. These
compounds interfere with extraction and purification processes, making it challenging to
isolate RiPPs. Moreover, RiPPs are often chemically unstable and susceptible to degradation
when exposed to harsh extraction conditions, such as organic solvents, extreme pH, or
elevated temperatures [189]. This instability results in the breakdown or modification of
RiPPs, leading to diminished yields and loss of biological activity. Purification typically
involves multiple chromatography steps, which are labor-intensive and costly [190]. The
low yield of RiPPs from plants, combined with the complex purification protocols required,
leads to significant losses and further reduces the overall efficiency of RiPP production.

While D. chinensis has demonstrated promising anticancer activity due to its RiPP-
derived peptides, the yield of these compounds remains a challenge for large-scale produc-
tion [191]. Additionally, toxicity concerns associated with certain peptides may limit their
therapeutic application in clinical settings [192,193]. Similarly, R. cordifolia showed potential
in traditional medicine, but the complexities involved in extracting and optimizing RiPPs
for therapeutic use, alongside issues of limited yields and potential toxicity, need to be
carefully addressed for future drug development [194].
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Several strategies are being explored to overcome the low yield and extraction chal-
lenges associated with plant-derived RiPPs. Among the approaches, heterologous expres-
sion systems offer an alternative method for producing RiPPs in higher yields [195]. By
transferring the BGCs responsible for RiPP production into microbial hosts, such as bacteria
or yeast, researchers bypass the need for direct extraction from plants. These microbial
systems can be engineered to overproduce RiPPs in controlled conditions, thereby increas-
ing the yield and simplifying the purification process. Synthetic biology approaches that
optimize RiPP BGCs for expression in heterologous hosts are being actively explored to
address this challenge [196].

7. Conclusions

The exploration of plant RiPPs represents a significant advancement in the discovery
of novel anticancer agents. This innovative field of research merges centuries of traditional
ethnobotanical knowledge, derived from the medicinal use of plants, with cutting-edge
genomic and bioinformatic technologies. By harnessing insights from ethnobotanical
studies, researchers have identified plant species with documented therapeutic properties,
thereby guiding the selection of candidates for further phytochemical investigation. This
integrated approach markedly enhances the efficiency of discovering biologically active
RiPPs that hold great promise for cancer treatment.

In this review, we focus on the discovery of plant RiPPs as valuable candidates for
therapeutic applications in cancer treatment. While recent reviews have addressed various
aspects of plant RiPPs, our emphasis lies specifically on their chemical structures and
cytotoxic activities. The application of high-throughput screening (HTS) and bioassay-
guided isolation methodologies has revolutionized the identification of bioactive RiPPs
from complex plant extracts. These techniques facilitate the rapid evaluation of a wide
array of phytochemicals, including fractions and purified RiPPs, against specific biological
targets such as cancer cell lines.

Despite the promising advancements in the field of plant RiPPs as anticancer agents,
several challenges impede their effective utilization. One significant hurdle lies in the
inherent complexity of RiPP biosynthesis, as these peptides undergo a series of enzymatic
modifications that exhibit considerable variability among different plant species. This
variability in BGCs often leads to distinct structural variations among RiPPs, each associ-
ated with unique biological activities. A comprehensive understanding of these variations
is essential for fully harnessing the therapeutic potential of plant RiPPs; however, this
complexity complicates the identification and characterization processes. Additionally,
the low yields of RiPPs and the challenges associated with their purification further ex-
acerbate the difficulties faced in RiPP discovery. As secondary metabolites, RiPPs are
typically found in minute quantities within their natural plant hosts, necessitating the de-
velopment of sophisticated extraction and purification techniques to isolate these valuable
compounds effectively.

To overcome these significant challenges, researchers are actively investigating in-
novative strategies, including heterologous expression systems and synthetic biology
approaches. By transferring the BGCs responsible for RiPP production into microbial hosts
such as bacteria or yeast, scientists have been able to achieve higher yields and simplify
purification processes, thereby enabling more efficient production of these peptides.

Advances in synthetic biology and heterologous expression systems have significantly
enhanced the potential for RiPP-based drug development. Synthetic biology facilitates the
design and optimization of biosynthetic pathways, enabling the creation of novel RiPPs
with tailored properties. This addresses critical challenges such as low yields and structural
complexity. By manipulating BGCs, researchers can design peptides with enhanced bioac-
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tivity, stability, and specificity, thereby broadening their therapeutic applications. Moreover,
heterologous expression systems, particularly when applied to plant or microbial BGCs,
allow for the scalable production of RiPPs that are difficult to obtain from natural sources.
These systems enable the expression of complex RiPPs in high yields, overcoming limita-
tions associated with low natural production or host toxicity. This capability opens new
avenues for pharmaceutical development, accelerating the testing and commercialization of
novel RiPP-based therapeutics. As synthetic biology and heterologous expression technolo-
gies continue to evolve, the rapid and cost-effective development of RiPP-based drugs is
becoming increasingly feasible. These advancements are driving transformative changes in
drug discovery and biotechnology. Additionally, complementary technologies such as HTS,
bioassay-guided isolation, and genomic studies play pivotal roles in overcoming existing
barriers, enabling the discovery and production of more efficient RiPP-based treatments.

In conclusion, the future of plant RiPPs as anticancer agents is promising yet fraught
with challenges. The ongoing collaboration between ethnobotanists, molecular biologists,
and chemists is essential to navigate the complexities associated with RiPP biosynthesis
and to unlock their full therapeutic potential. By combining traditional knowledge with
modern scientific advancements, we may pave the way for innovative cancer treatments
that not only harness the rich biodiversity of various natural sources but also contribute to
the development of safer and more effective therapeutic options. Ultimately, this synergy
can unlock the full potential of plant-derived RiPPs, paving the way for advancements in
cancer treatment and contributing to the field of natural product research.
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Abstract: The aim of this review is to explore how diet and dietary supplements influence the
activity of key multidrug resistance (MDR) transporters—MRP2, BCRP, and P-gp. These transporters
play a crucial role in drug efflux from cancer cells and significantly affect chemotherapy outcomes.
This review focuses on how dietary phytochemicals, such as catechins and quercetin, impact the
expression and function of these transporters. Both in vitro and in vivo experiments were examined
to assess changes in drug bioavailability and intracellular drug accumulation. The findings show
that certain dietary components—such as catechins, flavonoids, resveratrol, curcumin, terpenoids,
sterols, and alkaloids—can either inhibit or induce MDR transporter activity, thus influencing the
effectiveness of chemotherapy. These results highlight the importance of understanding diet-drug
interactions in cancer therapy to improve treatment outcomes and reduce side effects. In conclusion,
dietary modifications and supplements should be carefully considered in cancer treatment plans to
optimize therapeutic efficacy.

Keywords: MRP2; BCRP; P-gp; natural products; dietary supplements; anticancer drugs; drugs

carriers

1. Introduction

The effectiveness and safety of anticancer therapy can be significantly influenced
by different active compounds not only included in the daily diet but also in dietary
supplements, which play crucial roles in modulating the activity of multidrug resistance
(MDR) transporters. These transporters, such as multidrug resistance protein 2 (MRP2),
breast cancer resistance protein (BCRP), and P-glycoprotein (P-gp), are pivotal in mediat-
ing drug efflux from cancer cells, thus contributing to the development of chemotherapy
resistance [1]. Dietary components and supplements can either inhibit or induce these
transporters, impacting drug bioavailability and therapeutic outcomes. The inhibition can
lead to increased intracellular concentrations of chemotherapeutic agents, enhancing their
cytotoxic effects on cancer cells [2,3]. Conversely, some dietary supplements may induce
the expression of MDR transporters, potentially reducing the effectiveness of chemotherapy.
Understanding the intricate interactions between diet, dietary supplements, and MDR
transporters is crucial for optimizing cancer therapy. This knowledge can help in the devel-
opment of dietary guidelines and supplement recommendations for patients undergoing
chemotherapy, ensuring enhanced efficacy and reduced adverse effects [4,5].

The primary aim of this study is to investigate the impact of diet and dietary supple-
ments on the function and expression of key MDR transporters, namely, MRP2, BCRP, and
P-gp. Specifically, this study seeks to achieve the following: (i) elucidate the mechanisms:
understand how various dietary components and supplements modulate the activity and
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expression of MRP2, BCRP, and P-gp in vitro and in vivo; (ii) evaluate the effects: assess
the impact of these dietary factors on drug bioavailability, intracellular drug accumula-
tion, and overall therapeutic outcomes in cancer treatment; and (iii) identify potential
interactions: investigate potential beneficial or adverse interactions between dietary sup-
plements and chemotherapeutic agents, with a focus on enhancing drug efficacy while
minimizing toxicity.

2. Methods

A review of publications was conducted based on the PubMed and Google Scholar
databases, together with reference lists of all chosen articles. The keywords used to search
for publications were combinations of the following words: “food-drug interactions”,

a7 Za7i a7

“inhibition”, “induction”, “natural compounds”, “drug transporters”, “P-gp”, “MRP2”,
“BCRP”, “multidrug resistance”, “cancer”. The selection was limited to in vitro and in vivo
studies using anticancer drugs and natural substances found in the daily diet, which
could reverse multidrug resistance in cancer. Particular attention was given to studies
describing the structure—-activity relationship. A time limit covering the period 2017-2024
was introduced. No language constraints were introduced. All figures were made using

ChemDraw 22.2.0 software.

3. Function of Selected Carriers Involved in Transport of Anticancer Drugs
3.1. Multidrug Resistance-Associated Protein 2—MRP?2

Multidrug resistance-associated protein 2 (MRP2) is a member of the C subfamily of
the superfamily of ATP-binding cassette (ABC), encoded by the ABCC2 gene. It consists of
1545 amino acids forming three transmembrane domains and two ATP-binding domains.
MRP2 is mostly expressed in the apical membrane of the tubular epithelial cells of the liver,
kidney, and small intestine (Figure 1A). It is one of the efflux transporters and its main role
is to pump out endogenous and exogenous substances from the cells. Its expression in the
intestine limits the absorption of xenobiotics from the gastrointestinal tract, while in the
liver, it facilitates the elimination of positively charged drugs and bilirubin glucuronate
into the bile. It reduces the bioavailability of the drugs that are its substrates, including
methotrexate, cisplatin, irinotecan, doxorubicin, ceftriaxone, ampicillin, and saquinavir. Its
expression is increased in tumor tissues (including lung cancer, liver cancer, gastric cancer,
squamous cell carcinoma of head and neck, and ovarian cancer), where it contributes to
multidrug resistance by reducing intracellular drug accumulation [6,7].

In recent years, in vitro and in vivo studies have been conducted to find dietary-
derived compounds that can affect the activity of the MRP2 transporter and help overcome
multidrug resistance in cancer, what is discussed below.

3.2. Breast Cancer Resistance Protein—BCRP

Breast cancer resistance protein (BCRP) belongs to the ABC superfamily of trans-
porters. It is encoded by the ABCG2 gene and consists of 655 amino acids forming
six «-helices. In the human body; it is localized on the apical side of enterocytes, hepato-
cytes, renal proximal tubule cells, and blood-brain barrier endothelial cells (Figure 1B). As
an efflux transporter, it plays an important role in protecting cells from toxic compounds.
In cancer cells, it is responsible for pumping drugs outside the cell, thereby contribut-
ing to multidrug resistance. Substrates of this transporter are endogenous compounds
including urea, estrone-3-sulfate, and dehydroepiandrosterone sulfate and drugs includ-
ing rosuvastatin, topotecan, sunitinib, grepafloxacin, acyclovir, cimetidine, methotrexate,
and sulfasalazine [8,9].
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Figure 1. Localization of the MRP2 (A) and BCRP (B) transporters and the transport direction of their
substrates in cells of the intestine, liver, kidney (A,B), and blood-brain barrier cells (B) according
to [7,9].

3.3. P-Glycoprotein—P-gp

One of the best-studied and described xenobiotic transporters is P-glycoprotein (P-gp,
ABCB1, MDR1), a member of the ABC family. P-gp is a glycosylated and phosphory-
lated protein composed of 1280 amino acids of 170 kDa occurring in several isoforms.
It consists of two units, each containing an intracellular hydrophilic nucleotide-binding
domain (NBD1 and NBD2) and a transmembrane domain (TMD1 and TMD2) composed of
six hydrophobic a-helices (TM1-12). Within the NBD domain, ATP is hydrolyzed to ADP
and Pi, used to translocate molecules across the cell membrane, while the TMD domains
are responsible for substrate recognition and transport pathway determination [10-12].
P-gp is thought to have at least three substrate-binding sites and one allosteric regulatory
site [10]. It is a transporter for many substrates that differ in molecular weight, structure,
and function. It transports both low-mass molecules, such as amino acids, carbohydrates,
and organic cations, and macromolecules, including proteins and polysaccharides [10,12].
Most substrates are lipid-soluble and have slightly amphipathic and hydrophobic proper-
ties. Often, substrates contain a positively charged nitrogen atom and aromatic rings [12].
P-gp substrates include digoxin, fexofenadine, loperamide, quinidine, or vinblastine [13],
and they are localized in many tissues; of particular importance are the barrier tissues.
Its presence has been found in the endothelium of cerebral vessels, kidneys, liver, lungs,
ovaries, stomach, enterocytes of intestinal villi, and intestinal mucosa, as well as in the
vascular endothelium of cancerous tumors [11]. P-gp is an efflux transporter and thus has
a primarily protective function of shedding endogenous and exogenous toxic compounds
outside the cell, thereby reducing the availability of xenobiotics. It also influences the
development of multidrug resistance in antineoplastic, anticancer, and antiepileptic drug
therapies. Its overexpression is associated with drug-resistant epilepsy and cancers of the
hematopoietic system, brain, intestine, and kidney [11,12].
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4. Influence of Polyphenolic Compounds on MDR Transporters
4.1. Catechins

Catechins are flavan derivatives, predominantly found in green tea (Camellia sinensis
L. (Kuntze)). The most abundant green tea catechin is epigallocatechin gallate (EGCG),
known for its antioxidant properties. Green tea is widely consumed both as a beverage and
in dietary supplement form, where it is marketed for its potential benefits in supporting
cardiovascular health, weight management, and antioxidant protection. The high con-
centration of catechins in green tea makes it a popular choice for people seeking natural
antioxidant supplements [14]. Additionally, cocoa and dark chocolate are rich sources of
catechins, particularly epicatechin (EC). These compounds contribute to the antioxidant
capacity of cocoa products and are linked to various health benefits, including improved
cardiovascular function and reduced risk of chronic diseases [15].

Some studies have highlighted the role of stereochemistry of green tea catechins in
regulating the efflux transport rather than the absorption transport in the Caco-2 monolay-
ers. Better transcellular permeability in the efflux transport was shown by trans catechins
when compared to the corresponding cis (epi) catechins. In addition, after incubation with
catechins, a significant increase in the expression of MRP2 and BCRP and decrease in the
expression of P-gp in Caco-2 cells was observed [16]. Another study showed the combined
effect of catechins and other phytochemicals present in green tea, namely, caffeine and
theanine but also serine and glycine, on Caco-2 monolayers. The cells were incubated with
EGCG, epicatechin gallate (ECG), or EC, which are substrates for MRP2, combined with caf-
feine, theanine, serine, or glycine. The MRP2 expression in the cells treated with EGCG and
EC was increased 1.58- and 2.98-fold, respectively, while no significant changes were seen
for ECG. The addition of caffeine, theanine, serine, and glycine caused a decrease in MRP2
expression, increased by EGCG. Only glycine caused a decrease in EC-enhanced MRP2
expression. The results of the study suggest that caffeine, theanine, glycine, and serine in
tea may increase catechin transport by decreasing the expression of the catechin-enhanced
efflux transporter MRP2 [17].

A study on Caco-2 cells was performed with BCRP substrate H33342 and BCRP
inhibitor Ko143 with sodium fluoride. The cells pretreated with a green tea infusion, ECG,
and EGCG, showed a significant increase in intracellular accumulation of the substrate,
while the increase for EC and epigallocatechin (EGC) was not statistically significant. An
analogous study was also conducted using aflatoxin B1 as a substrate of BCRP. The ejection
rate of the aflatoxin B1 after preincubation with a green tea infusion and ECG, EGC, and
EGCG was significantly reduced. The results suggest an inhibitory effect of the catechins
present in green tea on the activity of the BCRP transporter [18].

The effect of EGCG on pharmacokinetics of tacrolimus and cyclosporine A was in-
vestigated in an in vivo study. The compounds were administered to rats (n = 42), with
or without EGCG. Coadministration of EGCG caused a reduction in the C,,x and AUC
of tacrolimus, and distribution/elimination profiles were enhanced. The Cpax and AUC
of cyclosporine A were increased by ECGC at a dose of 3-30 mg/kg but decreased at a
dose of 100 mg/kg. To investigate the underlying mechanism, the rats were administered
EGCG (3, 10, 30, and 100 mg/kg for 7 days) or CYP3A (ketoconazole, 75 mg/kg) or P-gp
(verapamil, 24 mg/kg) inhibitors. The mRNA levels of the drug-metabolizing enzymes,
drug transporters (including MRP2), and nuclear receptors were then examined. Com-
pared to the control, untreated group, a reduction in the amount of mRNA of MRP2 was
observed in liver cells by 21.13, 47, 60, 40.41, and 25.22%, respectively. In the intestinal cells,
a reduction in the amount of mRNA of MRP2 was also noted by 13.89, 47.77, 36.11, and
13.50%, respectively. This suggests an inhibitory effect of EGCG on MRP2 expression [19].

4.2. Quercetin and Its Derivatives

Quercetin is one of the most widespread plant flavonoids. Itis found in vegetables such
as onions and tomatoes, in fruits such as berries, apples, and grapes, and medicinal plants
such as ginkgo biloba and St. John’s wort. Quercetin and its derivatives are available in

142



Curr. Issues Mol. Biol. 2024, 46

numerous dietary supplements designed to enhance immune function and reduce oxidative
stress. These supplements often combine quercetin with vitamin C or bromelain to improve
absorption and efficacy [20,21]. Quercetin exhibits many health-promoting properties,
such as cardioprotective, anti-inflammatory, antioxidant, and antianaphylactic, and these
make it a popular and widely available dietary supplement. These products typically
contain 200-1500 mg of quercetin aglycone per tablet or capsule, and the manufacturers’
recommended daily dose is 1504000 mg. Compared to supplementation, the average daily
intake of quercetin from food is 5-40 mg, which is up to 100 times lower than the value
recommended by manufacturers [22-24].

Mohos V. et al. [22] investigated the effects of quercetin and its metabolites, quercetin
3'-sulfate, quercetin 3-glucuronide, isorhamnetin, and isorhamnetin 3-glucuronide, on
the activity of the MRP2 transporter in an inverted insect cell membrane vesicles model,
and CDCF was used as the substrate for MRP2. A statistically significant decrease in the
transport of CDCF by MRP2 was observed when each flavonoid was administered at a
concentration of 20 pM. Isorhamnetin 3-glucuronide, quercetin 3’-sulfate, and quercetin 3-
glucuronide showed stronger impacts on the MRP2 activity (ICsp = 14.9, 19.6, and 24.2 uM,
respectively) than hydrophobic compounds—quercetin and isorhamnetin (IC5 > 30 pM).
In the same study, the effect of these flavonoids on the activity of BCRP was also exam-
ined. A statistically significant decrease in the transport of a specific fluorescent sub-
strate (lucifer yellow) was induced by 0.05 uM of quercetin, 0.2 uM of quercetin-3'-sulfate,
1.0 uM of quercetin-3-glucuronide, 0.05 uM of isorhamnetin, and 20 uM of isorhamnetin-3-
glucuronide. Quercetin and isorhamnetin were potent inhibitors of BCRP (ICsq = 0.13 and
0.06 uM, respectively); quercetin-3'-sulfate also showed strong inhibition (ICs = 3.20 uM),
whereas the glucuronides quercetin-3-glucuronide and isorhamnetin-3-glucuronide were
weak inhibitors (ICsy = 13.5 uM, ICsg > 30 uM, respectively).

MDCKII-MRP2 is a specialized cell line derived from Madin-Darby canine kidney
(MDCK) cells, which is a widely used model for studying epithelial cell functions. This
specific cell line has been genetically engineered to overexpress the human MRP2. The cells
were treated with phenolsulfonphtalein (MRP2 substrate), probenecid (MRP2 inhibitor), or
5 or 10 uM quercetin. Quercetin showed a statistically significant inhibitory effect on the
MRP2 transporter at the higher concentration tested. The human colon adenocarcinoma
cells (LS174T) were treated with vincristine (an MRP2 inducer) or quercetin. Quercetin at
a concentration of 50 uM increased MRP2 mRNA expression three-fold compared to the
control group and showed a stronger activating effect than vincristine [23].

In the in vivo study, the rats (n = 18) received the following: phosphate buffer (con-
trol group) or ketoconazole (CYP3A4 inhibitor) or verapamil (P-gp inhibitor) or a low
(2.5 mg/kg), medium (5 mg/kg), or high (10 mg/kg) dose of quercetin 3-O-p3-D-glucoside
for 7 days. The amount of MRP2 transporter mRNA was significantly reduced by quercetin
3-O-B-D-glucoside at low, medium, and high doses by 66.03, 34.53, and 28.66% in the
small intestine, respectively, and in the liver by 68.86, 32.70, and 20.44%, respectively,
compared to the control group. In the groups with low, middle, and high doses of quercetin
3-O-B-D-glucoside, the amount of BCRP mRNA was reduced by 63.83, 27.52, and 43.68%,
respectively, in the small intestine. However, in the liver, the middle- and high-dose
quercetin 3-O-3-D-glucoside groups decreased the BCRP mRNA expression levels by
29.23 and 29.23%, respectively, and only the low-dose quercetin 3-O-f3-D-glucoside group
showed a significant reduction (56.15%). The effect was not dose-dependent. A low dose of
quercetin 3-O-3-D-glucoside showed the strongest inhibitory effect on the MRP2 and BCRP
transporter. Similar results were obtained when MRP2 and BCRP protein expression was
examined. Quercetin 3-O-f3-D-glucoside at low, medium, and high doses reduced MRP2
protein expression by 75.95, 42.60, and 50.84%, respectively, in the intestine compared to the
control group, while in the liver, only the low dose of the substance showed a statistically
significant 70.70% reduction in expression. In the low-, middle-, and high-dose quercetin
3-O-B-D-glucoside groups, BCRP protein expression was decreased by 70.61, 32.93, and
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36.44%, respectively, in the small intestine and by 69.78, 27.73, and 30.86%, respectively, in
the liver. The effect was also not dose-dependent [24].

Oral administration of quercetin (50, 100, and 250 mg/kg) to rats for 7 days had no
effect on mRNA expression in the liver and kidney, while in the intestine, after adminis-
tration of 100 mg/kg quercetin, mRNA expression was 15.4 times higher compared to the
control group. The difference in MRP2 mRNA expression in different organs may have
been due to higher concentrations of quercetin in the intestine than in the liver and kidney
as a result of the first-pass effect. A further study using phenolsulfonphthalein and orally
administered quercetin once or for 7 days at doses of 50, 100, and 250 mg/kg showed
no significant changes in the pharmacokinetics of phenolsulfonphthalein [23]. In a recent
in vivo experiment, the control group was orally administered docetaxel, and the study
group was orally administered quercetin (100 mg/kg) and docetaxel. A significant increase
in AUCinf was observed in the study group from 141.35 £ 35 to 251 £ 65, suggesting an
inhibitory effect of quercetin on MRP2 transporter activity. The concentration of quercetin
in the intestine was 18.1 mM, which may be a concentration higher than the ICsy of P-gp
and CYP3A4 for quercetin. This suggests that the increased AUCinf may also have been
due to the inhibition of P-gp and CYP3A4 activity. The total plasma concentration of
quercetin was 78.1 uM, but its free plasma concentration was predicted to be much lower
than the IC5 value against MRP2 (higher than 50 uM). It is caused by quercetin binding
to plasma protein extensively. This might be the reason for incoherent results between
in vitro and in vivo studies. The authors suggest that quercetin modulates the function
and expression of MRP?2 in vitro, while under in vivo conditions, there is little likelihood of
the interaction [23].

4.3. Apigenin

Apigenin is a flavonoid predominantly found in parsley, celery, and chamomile tea.
It is also present in significant amounts in fruits like oranges and certain herbs such as
thyme and oregano. Apigenin is widely studied for its potential health benefits, including
anti-inflammatory, antioxidant, and anticancer effects. Dietary supplements containing
apigenin are marketed for their potential to support immune function, reduce inflammation,
and promote relaxation and sleep [25].

The inhibitory potential of apigenin was investigated in a sole study. Oral adminis-
tration of dasatinib after seven days’ pretreatment of apigenin (40 mg/kg) significantly
increased the plasma concentration of dasatinib compared to dasatinib alone. The signifi-
cant inhibition of the BCRP protein (66.77% inhibition in hepatic cells and 41.06% inhibition
in intestinal cells) was noted in the apigenin-pretreated rats compared to dasatinib alone.
The bioavailability of dasatinib was enhanced by the significant inhibition of CYP3A2, P-gp,
and BCRP1 expression and the suppression of its hepatic and intestinal metabolism [26].

4.4. Licochalcone A

Licochalcone A is a chalconoid predominantly found in the root of different licorice
species. This compound is noted for its anti-inflammatory, antioxidant, and antimicrobial
properties. It is used in various traditional medicines and is also being studied for its
potential therapeutic applications in modern medicine. Licochalcone A is present in
dietary supplements aimed at promoting skin health and reducing inflammation. These
supplements often source licochalcone A from licorice root extracts, taking advantage of its
potential benefits in managing skin conditions and enhancing overall wellness [27,28].

The effect of licochalcone A on the efflux transporters in the multidrug resistance
cancer cells was examined using R482-HEK293 cells—a genetically engineered cell line
derived from the human embryonic kidney 293 (HEK293) cells, overexpressing the R482
variant of the human BCRP. The cells were treated with different doses of mitoxantrone
or topotecan and with nontoxic concentrations of licochalcone A (0.5, 1, 2, and 3 uM).
Licochalcone A significantly restored the chemosensitivity of the cells to mitoxantrone and
topotecan in a concentration-dependent manner (mitoxantrone: ICsy = 18.75, 7.09, 7.83,
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and 6.22 nM, respectively; topotecan: ICsy = 90.05, 51.47, 44.11, and 42.41 nM, respectively).
It also significantly reversed BCRP-mediated mitoxantrone and topotecan resistance in a
concentration-dependent manner in S1-M1-80 (mitoxantrone: ICsy = 39.47, 6.80, 2.63, and
1.53 uM, respectively; topotecan: ICsy = 1.03, 0.61, 0.41, and 0.31 uM) and H460-MX20 cell
lines (mitoxantrone: ICsy = 441.96, 86.46, 74.77, and 69.86 nM, respectively; topotecan: ICs
=366.91, 143.89, 147.56, and 130.38 nM, respectively) [29].

4.5. Miscellaneous Flavonoids

Some studies have also focused on flavonoids, which are commonly found in plants
used for their beneficial effect on human health. These included ginkgo and St. John's
wort (e.g., amentoflavone, apigenin, sciadopitysin), red clover (biochanin A), Chinese
skullcap (e.g., oroxylin A), citrus fruits (e.g., diosmin, naringenin, isosinensetin, tangeretin,
and sinensetin), kale, spinach, and broccoli (e.g., kaempferol, kaempferide) or propolis
(e.g., chrysin, genkwanin). These compounds are incorporated into dietary supplements
for their antioxidant, anti-inflammatory, and potential therapeutic properties and for
metabolic health [30-33].

The effect of almost 100 flavonoids on BCRP transporter activity was investigated
using mitoxantrone as a substrate. The flavonoids at 50 uM or the highest nontoxic con-
centration applied to MDCKII-BCRP cells showed significant, over 50%, inhibition of
BCRP transporter activity. Next, the concentration—inhibitory effect relationship of the
flavonoids was studied. The strongest inhibitor was amentoflavone (ICsy =4 £ 1 pM),
followed by kaempferide (IC59 = 5 & 1 pM), kaempferol (IC5y = 15 £ 2 uM), diosmin
(ICsp =17 £ 3 uM), naringenin (ICsg = 19 & 2 uM), chrysin (ICsg = 20 £ 3 uM), apigenin
(IC50 =24 4+ 3 uM), biochanin A (IC5p = 24 + 4 uM), licochalcone A (ICsy = 33 + 8 uM), and
genkwanin (ICsy = 37 £ 5 pM). The study was further conducted on rats (n = 39), which
received a single dose of amentoflavone, licochalcone A, diosmin, chrysin, or naringenin at
30 mg/kg; genkwanin at 10 mg/kg; apigenin, biochanin A, kaempferol, or kaempferide
at 25 mg/kg; or Kol43 at 25 mg/kg (positive control group), followed by the adminis-
tration of mitoxantrone after 30 min. A 25.62% increase in the AUCO-t value of mitox-
antrone was observed in the positive control group. After the administration of apigenin,
naringenin, licochalcone A, kaempferol, and chrysin, an increase in AUCO-t values was
observed by 30.10-81.97%, which was higher than that of the positive control group. The
results indicate a significant inhibitory effect on the BCRP transporter activity of 11 of the
99 flavonoids tested [34]. A similar in vivo study on naringenin was also performed in
rats (n = 12), which were provided with a single oral dose of dasatinib, with or without
naringenin pretreatment (150 mg/kg daily for 7 days). The plasma mean concentration
of dasatinib was significantly enhanced in the pretreated group compared with the non-
pretreated animals [35].

A total of 75 flavonoids were examined towards their inhibitory effect on P-gp using
MDR1-MDCKII cells. The concentration range of flavonoids screened was 0-100 pM
except for tangeretin, isosinensetin, sciadopitysin, and oroxylin A, which were screened at
0-150 uM for further ICsy assay. Isosinensetin, tangeretin, sinensetin, sciadopitysin, and
oroxylin A showed significant inhibition with the following ICs, values: 4.2, 12.66, 18.9,
53.42, and 78.33 puM, respectively. The wild cancer cells MX-1 and taxol-resistant MX-1/T
cells were used to investigate the effect of P-gp inhibition by flavonoids (isosinensetin 8.4
uM, tangeretin 25.3 uM, sinensetin 37.8 uM, sciadopitysin 106.8 uM, oroxylin A 155.6 uM)
on taxol (75uM) cytotoxicity. All flavonoids mentioned before and verapamil increased
taxol toxicity in both cell lines, and tangeretin, oroxylin A, and sciadopitysin showed a
much stronger reduction in cell viability than verapamil. Tangeretin and sciadopitysin
significantly augmented taxol cytotoxicity in MX-1/T cells compared with MX-1 cells, and
these might be used to reverse multidrug resistance in cancer [36].

An interesting study compared the activity of a number of polyphenols present in
sour cherry (Prunus cerasus) fruits. The compounds were tested for their impact on the
P-gp activity on the NIH 3T3 mouse fibroblast cell line and its human P-gp-overexpressing
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analogue, NIH 3T3 MDR1. The results showed that quercetin, quercetin-3-glucoside,
narcissoside, and ellagic acid lowered the ATPase activity of P-gp and increased the
accumulation of calcein and daunorubicin by P-gp-positive cells. Cyanidin-30-sophoroside,
catechin, naringenin, kuromanin, and caffeic acid also augmented the ATPase activity of
P-gp, but they had a weaker impact on the intracellular accumulation of calcein and
daunorubicin. Polyphenols such as epicatechin, trans-ferulic acid, oenin, malvin, and
chlorogenic acid presented no effect. What is interesting is that two stereoisomers, catechin
and epicatechin, showed different effects. The application of quercetin, naringenin, or
ellagic acid with verapamil, a P-gp inhibitor, led to an additive or synergistic inhibitory
effect that might be used in further studies to reverse multidrug resistance [37].

4.6. Sinapic Acid

Sinapic acid is a phenolic compound found in various fruits, vegetables, and grains. It
is particularly abundant in canola (rapeseed) oil, mustard seeds, and certain berries like
blueberries and cranberries. Sinapic acid is known for its antioxidant and anti-inflammatory
properties, and it is increasingly incorporated into dietary supplements aimed at promoting
cardiovascular health and reducing oxidative stress [38].

A sole study examined the impact of sinapic acid on BCRP protein. A single dose of
dasatinib was given to rats (n = 6), with or without sinapic acid pretreatment (20 mg/kg per
day for 7 days). A significant inhibition of the BCRP protein (51.44% inhibition in hepatic
cells and 50.48% inhibition in intestinal cells) was observed in the pretreated rats compared
with the animals given dasatinib alone. An increase in the bioavailability of dasatinib was
found via modulation of CYP3A2, P-gp, and BCPR protein expression [39].

4.7. Resveratrol

Resveratrol is a stilbenoid found in a variety of foods, most notably in the peels
of red grapes, translating to its presence in red wine and contributing to its potential
health benefits. Additionally, resveratrol can be sourced from peanuts, dark chocolate,
and certain types of Japanese knotweed (Polygonum cuspidatum), which is often used in
supplements [40,41].

The effect of resveratrol on the expression of genes associated with multidrug re-
sistance and the proteins encoded by these genes, including the ABCB1 gene encod-
ing P-gp, was investigated. Human gastric cancer cell lines were used for the study:
two daunorubicin-resistant (EPG85-257RDB; RDB) and mitoxantrone-resistant (EPG85-
257RNOV; RNOV) and one cytostatic-sensitive (EPG85-257P, a control cell line). Cells were
treated with 30 or 50 uM resveratrol for 72 h. Resveratrol at both concentrations showed a
statistically significant reduction in the expression of the ABCB1 gene, among others. In the
RDB cell line, a reduction in the expression of all the genes tested and selected proteins,
including P-gp, was observed. Based on the results, it can be concluded that resveratrol,
after long exposure, can reduce multidrug resistance in cancer cells by decreasing gene and
protein expression [42]. Another study was conducted to evaluate the effects of resveratrol
on the expression and function of P-gp on Caco-2 in CEM/ADR5000 cell lines. Resveratrol
at concentrations of 10-100 uM inhibited P-gp efflux function by causing the accumulation
of rhodamine 123 with calcein in a dose-dependent manner. In the rhodamine 123 assay,
the potency of P-gp inhibition by resveratrol was 2.11-3.90 times higher than that caused by
verapamil, which served as a positive control. In a calcein assay, the inhibitory potency was
1.64—4.6 times stronger than that caused by verapamil. Administration of 20 UM resveratrol
also resulted in a significant increase in the cytotoxicity of doxorubicin, allowing the dose
of the drug to be reduced while maintaining the effect. The cytotoxicity of doxorubicin
combined with resveratrol was ICsp = 1.23 uM, compared to ICsy = 4.15 uM for doxorubicin
alone. A 48 h observation of the Caco-2 cell line also noted significantly lower P-gp mRNA
levels due to the presence of 20 uM resveratrol. The results of the study confirmed the
inhibitory effect of resveratrol on the efflux activity of ABC transporters, including P-gp, as
well as their expression [43].
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4.8. Curcumin

Curcumin is a bioactive compound predominantly found in turmeric, a spice derived
from the root of the Curcuma longa plant. It is widely used in traditional Indian and
Southeast Asian cuisines and is the primary ingredient in curry powder, contributing to
its distinctive yellow color and potential health benefits, such as anti-inflammatory and
antioxidant effects [44,45].

An in vitro study was performed to examine how natural compounds can control
BCRP expression in mixed conditions. Human oral squamous carcinoma OECM1 and
head /neck cancer SASLI0d cell lines were used in the experiment. Curcumin at the doses of
5,10, and 15 uM and EGCG at the doses of 20, 30, and 50 uM significantly decreased BCRP
levels and BCRP protein expression compared with the control group. The therapeutic
effect of the tested compounds was also examined. Protoporphyrin IX accumulation was
enhanced in EGCG- and curcumin-treated cells in a dose-dependent manner and was
inversely correlated with the cell viability [46].

The study conducted on Caco-2, CEM/ADRS5000, and CCRF-CEM cell lines was
to test whether the combination of polyphenols, including curcumin, with doxorubicin
showed synergistic effects in anticancer treatment. The results showed a beneficial effect of
combining polyphenols with doxorubicin on the sensitization of cancer cells. The ability
of the polyphenols used to inhibit P-gp activity was also investigated. The evaluation
was based on the concentration of doxorubicin inside the cell. All polyphenols showed
an increase in doxorubicin concentration. The results of the study presented evidence of
curcumin’s inhibitory effect on P-gp in the Caco-2 and CEM /ADR5000 cell lines. A study on
the CCRF-CEM cell line showing low expression of ABC transporters confirmed the absence
of P-gp transporter activity [47]. The ability of curcumin to reverse multidrug resistance
was also investigated on doxorubicin-resistant colon cancer cells of the SW620/Ad300 line.
Curcumin administration showed an increase in doxorubicin-induced cytotoxicity and cell
apoptosis, which was due to the reversal of resistance mediated by P-gp action. Further
studies indicated an increase in doxorubicin accumulation in resistant cells after curcumin
administration due to its inhibitory effect on P-gp activity. No changes were observed in
the doxorubicin-sensitive SW620 cell line. The above data suggest the ability of curcumin
to reverse multidrug resistance during anticancer treatment [48].

5. Effect of Terpenoids and Sterols on MDR Transporters

Menthol, geraniol, caryophyllene, and carnosol are naturally occurring terpenoid
compounds with notable health benefits. Menthol is a monoterpene primarily found in the
essential oils of different mint plants, such as peppermint (Mentha x piperita), and is widely
used in foods, beverages, and topical products for its cooling and soothing effects. Geraniol,
a monoterpene alcohol, is abundant in essential oils of roses, geraniums, and citronella
and contributes to their fragrance. Caryophyllene, a sesquiterpene, is present in black
peppet, cloves, and cinnamon, known for its spicy aroma and potential anti-inflammatory
properties. Carnosol is a diterpenoid, found in rosemary (Rosmarinus officinalis) and sage
(Salvia officinalis) and is noted for its antioxidant and cytotoxic activities [49,50].

5.1. Menthol

An in vitro study on HepG2 cells was conducted to evaluate the effect of menthol
on the expression of MRP2 and its impact on the cytotoxicity of epirubicin and cisplatin.
Exposure of the cells to menthol at concentrations of 50 and 100 uM increased the expression
of MRP2 mRNA and led to a decrease in the intracellular accumulation of epirubicin and
in the intracellular concentration of the epirubicin remaining. Menthol at a concentration
of 10 uM had no significant effect on the expression of MRP2. Treatment with MK-571
(MRP2 inhibitor), but not verapamil (P-gp inhibitor), significantly attenuated the reduced
intracellular accumulation of epirubicin. Both epirubicin and cisplatin had cytotoxic effects
on HepG2 cells, but the decline in cell viability was significantly suppressed by 24 h
exposure to menthol. These findings show that menthol leads hepatocellular carcinoma to
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develop resistance to anticancer treatments, such as epirubicin and cisplatin, through the
induction of MRP2 [51].

5.2. Geraniol

The potential effect of geraniol supplementation on restoring MRP2 activity inhibited
by fructose as an inductor of metabolic syndrome was examined. Wistar rats were used to
investigate the effects of geraniol on metabolic syndrome (MetS)-like conditions [52]. The
animals were fed a standard commercial diet and received plain tap water (control group)
or tap water with 10% fructose (FRU group) for 21 days to induce MetS-like conditions.
In the geraniol treatment protocol, both control and MetS rats were administered either
Tween 80 (control) or geraniol in Tween 80 (250 mg/kg/day). Supplementation with this
natural compound restored MRP2 activity in fructose-fed rats [14].

5.3. B-Caryophyllene Oxide

Interesting in vitro studies were performed to investigate the ability of 3-caryophyllene
oxide (CRYO) at nontoxic doses to suppress efflux transporters and augment the response
of hepatocellular carcinoma cells to sorafenib. Flow cytometry of fluorescent substrates’
export revealed that CRYO inhibited the efflux of rhodamine 123 (MDR1) and calcein
(MRP1 and MRP2) but did not inhibit fluorescein (MRP3, MRP4, MRP5). Treatment of
human liver Alexander cell sublines, both WT (wild-type) and R (with enhanced multidrug
resistance), with sorafenib caused cell death, which was more marked in WT cells than in R
cells. The ICgy value was lower in WT cells (1.2 £ 0.4 uM) than in R cells (3.3 + 0.3 uM). An
in vivo study in mice showed that CRYO inhibited sorafenib efflux, favored its intracellular
accumulation, and enhanced its cytotoxic response [53]. In the in vivo study, Hepal-6
wild-type (WT) and Hepal-6/R (resistant) liver cancer cells were implanted in mice to
evaluate the efficacy of sorafenib and its combination with CRYO. After 28 days, tumors
developed with a final volume (FTV) of 7.9 + 0.4 cm? in the WT group and 6.6 + 0.3 cm? in
the resistant group. Treatment with sorafenib alone reduced the tumor volume in WT cells
by 38% (to 4.9 + 0.5 cm®) and was less effective in resistant cells, showing a 20% reduction
(to 5.3 + 0.6 cm?), which was not statistically significant. However, the combination of
sorafenib with CRYO significantly enhanced the treatment’s efficacy, reducing tumor vol-
umes by approximately 65% and 58% in WT and in the resistant cells, respectively. Tumor
weights at the study’s conclusion corresponded with these volume measurements. Addi-
tionally, high-performance liquid chromatography-mass spectrometry (HPLC-MS/MS)
analysis revealed that coadministration of CRYO increased the intratumoral concentra-
tion of sorafenib. In WT tumors, sorafenib levels increased from 67 & 6 nmol/g tissue to
87 £ 5 nmol/g with CRYO. In resistant tumors, sorafenib accumulation was initially lower
(31 &£ 3 nmol/g) but increased significantly (to 94 £ 5 nmol/g) with the addition of CRYO,
suggesting CRYO enhances sorafenib’s accumulation and efficacy in tumor tissue.

In a study on human cholangiocarcinoma EGI-1 and TFK-1 cell lines, the loading value
of 25 M mitoxantrone was higher when it was administered with the BCRP inhibitor
fumitremorgin C compared to mitoxantrone alone. A similar effect was observed with
mitoxantrone and CRYO. The compound significantly increased the cytotoxicity caused by
cisplatin, mitoxantrone, sorafenib, and 7-ethyl-10-hydroxy-camptothecin in EGI-1 and TFK-
1 cell lines. It showed little or no effect with gemcitabine, 5-fluorouracil, and oxaliplatin.
A further in vivo study was performed in mice (n = 15) treated with 50 mg/kg CRYO,
cisplatin, or a combination of both substances. A significant inhibitory effect on the BCRP
transporter was observed only in the third group [54].

5.4. Carnosic Acid and Carnosol

Carnosic acid, carnosol, and rosemary extract (containing 23.2% carnosic acid and
12.4% carnosol) at concentrations up to 100 pg/mL were applied to a HepG2 cell line
model for 24 h. Carnosic acid significantly increased the expression of the MRP2 trans-
porter in contrast to rosemary extract and carnosol, which increased the expression only

148



Curr. Issues Mol. Biol. 2024, 46

slightly. Increasing the expression of the MRP2 transporter may be one of the methods used
in chemoprevention [55].

5.5. Beta-Sitosterol

Beta-sitosterol, a plant sterol with cholesterol-lowering properties, is naturally present
in a variety of foods including nuts, seeds, and plant-based oils. Significant sources
include peanuts, almonds, and avocados. It is also found in high amounts in wheat germ
and soy products. These dietary sources contribute to its potential benefits in managing
cholesterol levels and supporting heart health. In dietary supplements, beta-sitosterol is
often derived from plant sources such as soybeans, corn, and pine trees. These supplements
are commonly marketed for their benefits in reducing cholesterol levels and alleviating
symptoms of benign prostatic hyperplasia (BPH). They provide a concentrated source of
beta-sitosterol compared to typical dietary intake [56].

An in vitro study was conducted on HCT116/OXA cells, human colon cancer cells
resistant to oxaliplatin. A significant decrease in the ICs values of oxaliplatin was observed
after administration of 3-sitosterol at concentrations of 12.5, 25, and 50 uM, suggesting
the sensitization of cells to its effects, with ICs values of 222.74 + 9.53, 98.29 + 5.65, and
72.06 £ 4.52 uM, respectively, compared to 279.81 £ 11.69 uM in the control group. In
further studies to determine which transporter associated with multidrug resistance is
affected by (-sitosterol, the intracellular accumulations of mitoxantrone (BCRP substrate),
rhodamine 123 (P-gp substrate), and CDCF (MRP2 substrate) were evaluated. 3-sitosterol
did not affect the intracellular accumulation of rhodamine 123 and CDCF but significantly
dose-dependently increased the accumulation of mitoxantrone, indicating an inhibitory
effect of (3-sitosterol on BCRP transporter activity. BCRP expression in cells with oxali-
platin applied was not significantly reduced. The combination of oxaliplatin with 50 uM
(3-sitosterol showed significant inhibition of the expression of this transporter. The re-
searchers also conducted an in vivo study on mice (n = 24) inoculated with HCT116/0XA
cells to induce tumors and administered with (3-sitosterol at 10 mg/kg, oxaliplatin, or the
two substances combined. In the oxaliplatin group, a slight inhibition of tumor growth
was observed. No changes were observed in the (3-sitosterol-only group compared to
the control group. Significant inhibition from day 12 of therapy was noted in mice given
oxaliplatin combined with 3-sitosterol, with a tumor volume 87% smaller compared to the
control group. The results suggest that the combined use of oxaliplatin with 3-sitosterol
may have a beneficial effect on the treatment of colorectal cancer [57].

6. Effect of Alkaloids on MDR Transporters
6.1. Berberine

Berberine is an alkaloid predominantly found in several traditional medicinal plants,
including Berberis species (such as Berberis vulgaris), Coptis chinensis (golden thread), and
Phellodendron amurense (Amur cork tree). These plants are commonly used in traditional Chi-
nese medicine for their antimicrobial, anti-inflammatory, and blood-sugar-lowering effects.
Berberine is commonly present in dietary supplements recommended for hyperglycemia
and atherosclerosis [58].

An in vitro study on the MCF-7/DOXFluc breast cancer cell line showed that berber-
ine administered with doxorubicin in a 2:1 ratio optimally enhanced the antiproliferative
effects of doxorubicin by increasing its concentration and retention time in tumor cells
as a result of facilitating its uptake by inhibiting P-gp activity. The group treated with a
combination of berberine (Ber) and doxorubicin (DOX) showed a smaller tumor volume
compared to the other groups. While the group that received only Ber (10 mg/kg) or
only DOX displayed a slight decrease in tumor growth compared to the control group,
the combination treatment resulted in a significantly greater inhibition of tumor growth.
Notably, the body weight of the nude mice in the DOX-only group significantly decreased,
likely due to the toxicities and side effects associated with DOX. An in vivo study in mice
using D-luciferin sodium indicated that berberine could significantly reduce P-gp activity.
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Berberine use caused the down-regulation of P-gp, as determined by Western blot and im-
munohistochemical tests. Based on the results of high-performance liquid chromatography,
an increase in the distribution of doxorubicin into tumor tissues was observed after the
administration of berberine. The above data suggest that berberine is an inhibitor of P-gp
and causes a down-regulation of its expression [59]. Different results were observed by Yu
etal. [60], who performed a study with berberine-rich Coptidis rhizoma. The rats were admin-
istered cyclosporine, a known substrate for P-gp, and were pretreated with a decoction of
Coptidis rhizoma (1 g/2 mL/kg) 0.5 h before cyclosporine administration or the decoc-
tion twice a day, and the seventh dose was given 0.5 h before cyclosporine. The dose of
Coptidis rhizoma corresponded to the average daily dose of 10 g used in clinical practice in
humans. The results indicated that the administration of one and seven doses of Coptidis
rhizoma decoction significantly reduced the Cpax of cyclosporine by 56.9% and 70.4%, re-
spectively, and the AUCO-t by 56.4% and 68.7%, respectively. A study on LS 180 human
colon cancer cells showed a significant reduction in the intracellular accumulation of rho-
damine 123 after administration of 2.5, 5.0, and 10 uM berberine. The results described
indicate that P-gp is activated after oral ingestion of Coptidis rhizoma decoction.

6.2. Capsaicin

Capsaicin is the active compound responsible for the spicy heat in chili peppers
(Capsicum species). It is most abundantly found in varieties such as cayenne, jalapefio, and
habanero peppers. Capsaicin contributes to the characteristic pungency of these peppers
and is recognized for its potential health benefits, including analgesic, anti-inflammatory,
and metabolic effects. In dietary supplements, capsaicin is commonly included in formula-
tions designed to support weight loss, enhance metabolism, and relieve pain [61].

A sole study described the effect of capsaicin on MRP?2 transporter. The rats (n = 36)
were orally administered capsaicin (3.0 mg/kg), MRP2 transporter inhibitor—cyclosporine
A, or olive oil as the control group. On the last day of treatment, all individuals were given
vinblastine. The AUCO-t value of vinblastine in rats after capsaicin treatment was 1.3 times
higher and 1.7 times higher after cyclosporine A treatment compared to the control group.
A significant decrease in MRP2 expression (mnRNA analysis) was also observed. The study
suggests an inhibitory effect of capsaicin on the MRP2 transporter in rats [62].

6.3. Piperine

Piperine is an alkaloid found primarily in black (Piper nigrum) and long (Piper longum)
peppers. It is well-known for its role in enhancing the bioavailability of various nutrients
and drugs by inhibiting certain drug-metabolizing enzymes. Black pepper is the most
common dietary source of piperine, and it is often included in dietary supplements aimed
at improving nutrient absorption. Studies show that piperine can significantly increase
the absorption of curcumin, a compound found in turmeric, which highlights its role in
enhancing the effectiveness of dietary supplements [63].

The inhibitory effect of piperine on MRP2 transporter and/or BCRP transporter was
evaluated in vivo. The rats (n = 16) received a single oral dose of silybin (50 mg/kg) or
piperine (10 mg/kg) combined with silybin. The measured Cpax values of silybin were
1.49 times higher for silybin A and 1.39 times higher for silybin B in the piperine-treated
group. AUCO-t values were also higher by 146% and 181% for silybin A and silybin B,
respectively. To investigate the mechanism by which the bioavailability of silybin was
increased after piperine treatment, an in vitro study was conducted on models of the
Caco-2, MDCKII-BCRP, and MDCKII-MRP2 cell lines. Caco-2 cells were incubated with
silybin (10 uM) and piperine (up to 40 uM). The rate of silybin transport was higher in
the direction from the basolateral side to the apical side than in the opposite direction
and was 5.04 + 0.48, respectively, for silybin A and 4.61 % 0.39 for silybin B. A significant
increase in transport from the apical to the basolateral side and a decrease in the silybin
efflux ratio after piperine administration was observed. This suggests the inhibition of
MRP2 and/or BCRP transporter activity by piperine in Caco-2 cells. In a study on the
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MDCKII-MRP2 cell line, a concentration-dependent, significant reduction in the efflux
ratio of the CDCFDA compound (substrate for MRP2) was observed from 3.58 £ 0.52 to
1.40 +£ 0.02 after piperine administration. This suggests that piperine is an inhibitor of
the MRP2 transporter, which may have been the mechanism responsible for the increased
bioavailability of silybin in the Caco-2 cells. Piperine concentration-dependently decreased
the efflux ratio of silybin A from 2.34 & 0.17 to 1.55 £ 0.38 and silybin B from 2.05 £ 0.22 to
1.32 £ 1.32 in the MDCKII-BCRP cell line. This suggests the inhibition of BCRP transporter
activity by piperine, which may have been a mechanism for the increased bioavailability
of silybin [64].

In the study by Kim et al. [65], the mice received piperine (10 mg/kg), capsaicin
(6 mg/kg), and [6]-gingerol (5 mg/kg), a compound found in ginger. The substances were
administered in two subsequent doses every 60 min (piperine) or every 30 min (capsaicin
and [6]-gingerol), and then the animals received doxorubicin. None of the substances
significantly affected the plasma concentration of doxorubicin. Based on the calculated
tissue-to-plasma partition coefficients, it can be concluded that piperine significantly in-
creased the level of distribution of doxorubicin to the kidney and liver, and capsaicin to
the kidney, liver, and brain. [6]-gingerol did not affect the distribution of doxorubicin. The
inhibition of P-gp may have caused a decrease in the secretion of doxorubicin into the urine
and bile, which may have affected its accumulation in the previously mentioned organs.

7. Effect of Plant Juices on MDR Transporters
7.1. Rocket Juice

Diet-drug interactions with rocket (Eruca vesicaria) were explored. The rats (n = 64)
were given the juice of fresh rocket leaves at doses of 1.0, 1.4, and 2.0 g/kg for 14 days. On
the fifteenth day, half of each group was treated with cyclophosphamide or control saline
solution. No changes in MRP2 protein expression were observed 24 h after cyclophos-
phamide administration. However, a significant increase was observed in MRP2 expression
in liver cells after the administration of the highest dose of rocket leaf juice in both male and
female rats. It should be considered that the consumption of rocket might negatively affect
treatments with drugs whose pharmacokinetics depend on the action of ABC transporters
and drugs that induce DNA damage [66].

7.2. Cranberry Juice

An in vitro study examined the impact of cranberry juice on BCRP transporter, using
the MDCKII-BCRP cell line model, mitoxantrone as a substrate, and Ko143 (a BCRP
inhibitor) as a positive control group. Administration of cranberry juice at concentrations
of 5.0, 2.5, and 1.3 mg/mL resulted in a decrease in the intracellular accumulation of
mitoxantrone by 22, 17, and 15%, respectively. Quercetin, isorhamnetin, myricetin, cyanidin,
protocatechuic acid, and scopoletin were detected in this juice, and cyanidin was the major
constituent. Metabolites of these compounds, such as glucuronides and sulfates, showed
an increase in intracellular accumulation of mitoxantrone by 19%. The results suggest
that cranberry juice activates the BCRP transporter. The researchers also conducted an
in vivo study examining the interaction between warfarin and cranberry juice. They found
that consuming cranberry juice 0.5 h before taking racemic warfarin significantly lowered
the maximum concentration (Cpmax) and area under the curve (AUCy.) for S-warfarin by
48% and 34%, respectively. Similarly, the Cpax and AUCO-t for R-warfarin were reduced
by 51% and 52%. Moreover, the area under the curve from time 0 to 10 h (AUC_y¢) for
both S- and R-warfarin decreased by 52% and 54%, respectively. In a different part of the
study, administering cranberry juice 10 h after warfarin did not alter the Ciyax and AUCq_¢
of either enantiomer. However, the half-life (t1/2) and the AUC from 48 to 96 h (AUC4g_9¢)
for S-warfarin increased significantly, by 267% and 126%, respectively. The results suggest
that cranberry juice activated BCRP during absorption and inhibited the activity of this
transporter during the elimination process [67].
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Another study examined cranberry juice in rats. The animals (n = 12) were given
gefitinib alone, or combined with cranberry juice (5 g/kg of cranberry as juice). Coadminis-
tration of gefitinib and cranberry juice caused a significant increase in Cpax and AUCO-t
values (28 and 55%, respectively). LS 180 cell line (intestinal human cancer adenocarcinoma)
was used to evaluate the effect of cranberry juice on the activity of P-gp. Cranberry juice
significantly reduced the intracellular accumulation of the P-gp substrate rhodamine 123 by
27%. The protein level of P-gp in rat enterocytes was decreased by 28%, and in hepatocytes
it was increased by 39%. The protein levels of BCRP, CYP3A4, and CYP2D6 were decreased
in both enterocytes (by 22, 24, and 38%, respectively) and hepatocytes (by 40, 25, and 30%,
respectively). The authors suggest that the influence of cranberry juice on the absorption of
gefitinib by modulating P-gp is negligible because of the opposite effects of cranberry juice
on P-gp activity and its protein levels. Changes in the activities and protein levels of BCRP,
CYP3A4, and CYP2D6 might explain the effect of cranberry juice on the pharmacokinetics
of gefitinib [68].

8. Structure—Activity Relationship

Despite the importance of the interaction between the natural compounds and differ-
ent MDR transporters, only a few studies described the impact of the structural elements
of the studied compounds on their activity towards the transporters. As far as BCRP
transporter is concerned, a sole study was performed for flavonoids, based on the com-
putational docking model. The results indicated that the presence of an aromatic ring,
hydrophobic groups, and hydrogen bond acceptors was necessary for the inhibition of the
BCRP transporter. Compounds containing in their structure an aromatic ring B (marked in
orange in Figure 2A), a methoxyl group at the 4’ position (marked in blue in Figure 2A),
hydroxyl and/or hydrophobic substituents at positions 5 and 7 (marked in green in
Figure 2A) showed greater inhibitory activity. It was observed that the substitution at
these positions with large substituents such as glucose could reduce the inhibitory effect
or cause it to disappear [69]. Some more data exist on the effect observed towards P-gp
activity, including the compounds representing different chemical classes discussed within
this review.

It is believed that flavonoids can interact with different sites on P-gp (substrate-binding
site, other drug-binding sites, ATP-binding site, allosteric site, steroid-interacting region).
In cellular studies, most flavonoids affected P-gp activity at concentrations of at least
10 uM but usually at higher values. Such levels are only achievable in the gut, probably
after oral supplementation with these compounds. Flavonoid metabolites present in human
plasma, due to their hydrophilic properties, cannot interact with P-gp. Therefore, there is
little likelihood of the interaction between P-gp and flavonoids in other tissues. Thanks to
numerous studies on cells, it was possible to identify the elements of the flavonoid structure
responsible for inhibiting P-gp (Figure 2B). These include hydroxyl groups at the C3 and
C5 positions, a double bond between the carbons at C2 and C3, a phenyl substituent at C2,
a carbonyl group at C4, and hydrophobic groupings on the A or B ring. Hydrophobicity
is essential for P-gp inhibition [69], and the optimal number of hydroxyl groups is three.
However, flavonoids with four hydroxyl groups did not show as strong a P-gp inhibitory
activity as did the flavonoids with more groups [70].

The curcumin molecule is composed of two parts: a seven-atom linker with a
(-diketone in the middle and aromatic rings that are located at the ends of the chain. The
same main structures are found among two other P-gp inhibitors: tetrahydrocurcumin and
verapamil (Figure 2C). It is suggested that the diketone structure is not necessary to provide
multidrug resistance reversal activity in cancer treatment, and in addition, compounds
with stronger activity have shorter linkers [71,72].

In the case of alkaloids, in silico studies have shown that piperine can interact with
P-gp at both the drug-binding site and NBD, causing its inhibition [73]. Hydropho-
bic interactions with P-gp, specifically with Leu339, Met69, Met986, Phe72, Phe336,
Phe728, Phe983, Tyr953, Val982, and hydrogen bonds with Tyr307 are responsible for its
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inhibition [73,74]. A structural similarity has been noted between piperine’s 1,3-benzodioxol
ring system and 4-chloro-7-nitrobenzofurazan, which is an inhibitor of P-gp that forms
bonds with magnesium ions at the ATP-binding site (Figure 2D).

It has been shown that both structures having two electron acceptor groups can interact
with divalent cations. The alkenyl side chain of piperine may have some effect on reducing
the affinity compared to 4-chloro-7-nitrobenzofurazan, which has additional C=N and
NO, groups [75]. Some phytochemicals having a 1,3-benzodioxol ring, including piperine,
showed inhibitory effects on both P-gp and CYP3A4 [76].

Studies also have shown a high correlation between the amount of hydrogen bonds
formed by the structural elements of berberine and its metabolites (berberrubine, thalifen-
dine, demethyleneberberine, jatrorrhizine, columbamine) with P-gp and the affinity for
binding to the extracellular part of P-gp. During the early binding stage, hydrophobic
and electrostatic interactions are the main determinant, while during the late release stage,
electrostatic interactions are of primary importance. Potent substrates for P-gp that are its
competitive inhibitors should have high hydrophobicity to dissolve in the hydrophobic
medium of the membrane [77]. The structure of berberine, along with the labeled structures
responsible for forming each type of bond, is shown in Figure 2E [78].
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(E)

Figure 2. The structural requirements of natural compounds for inhibition of selected transporters.

(A) The chemical structure of kaempferide (BCRP inhibitor), with the hydroxyl groups at positions 5
and 7, being hydrogen bond acceptors, in green, the aromatic ring B in orange, and the methoxyl
hydrophobic group at the 4’ position in blue—prepared according to [34]. (B) Structural requirements
in flavonoids for P-gp inhibition—prepared according to [69]. (C) Similarity of chemical structures
of curcumin, tetrahydrocurcumin, and verapamil; the red color indicates the aromatic rings at the
ends of the chains, and the blue color indicates the linker—prepared according to [72]. (D) Similarity
of chemical structures of 1,3-benzodioxole and 4-chloro-7-nitrobenzofurazan—prepared according
to [75]. (E) Structure of berberine with labeled structures responsible for bond formation. Aromatic
rings are marked in orange, hydrophobic elements in blue, cations in red, hydrogen bond acceptors
in green—prepared according to [78].

9. The Study Limitations

Despite the comprehensive analysis provided, this study has several limitations that
must be acknowledged. Firstly, the in vitro and in vivo studies conducted on animal models
may not fully replicate the complexity of human physiology and cancer biology. While these
models provide valuable insights, the extrapolation of results to human subjects should
be approached with caution. Another limitation is the variability in the bioavailability
and metabolism of dietary compounds. Factors such as individual genetic differences, gut
microbiota composition, and overall health status can influence the absorption and efficacy
of these compounds. This variability can lead to inconsistent results and may affect the
generalizability of the findings. Furthermore, this study primarily focuses on a limited
range of dietary compounds and supplements. The vast diversity of phytochemicals
and their potential interactions with MDR transporters warrant further investigation.
Comprehensive studies encompassing a broader spectrum of dietary components are
needed to fully elucidate their roles in modulating drug resistance. Lastly, the potential
side effects and toxicity of combining dietary supplements with chemotherapeutic agents
were not extensively addressed. While certain supplements may enhance drug efficacy,
they may also pose the risks of adverse interactions and toxicity. Future research should
aim to establish safe and effective dosages and combinations for clinical use.

In summary, while this study provides significant insights into the influence of diet
and dietary supplements on MDR transporters and anticancer therapy, further research
is needed to validate these findings in clinical settings and expand the scope of dietary
compounds investigated and the wide range of used anticancer drugs.

10. Conclusions

The findings of this study underscore the critical role of dietary modifications in
enhancing the efficacy of chemotherapy (Figure 3). Our results indicate that specific
dietary interventions can significantly impact the outcomes of chemotherapy treatments,
suggesting that diet should be considered an integral component of cancer care.
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Modulation of Multidrug Resistance Transporters by Food Components and Dietary

Supplements: Implications for Cancer Therapy Efficacy and Safety
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Figure 3. The summary of potential effects of interactions between MDR transporters and selected

natural compounds on chemotherapy efficacy.

Key implications of our research include the following:

e Enhanced efficacy through targeted nutrients: Incorporating a diet rich in specific

nutrients, e.g., antioxidants, has been shown to improve specific aspects of chemother-
apy efficacy, e.g., tumor response in in vitro or animal studies. However, patients
undergoing chemotherapy should be careful in increasing the intake of these nutrients,
especially when taken as dietary supplements, and consult healthcare professionals.
Potential dietary modifications: Based on our findings, we recommend that patients
should discuss the possibility of dietary modifications with their oncologists with the
help of a clinical pharmacist and clinical dietician. These changes could potentially
optimize the effectiveness of chemotherapy and improve overall patient well-being.
Personalized dietary plans: It is essential for dietary recommendations to be tailored
to the individual patient, considering factors such as specific type of cancer, treatment
regimen, and personal health conditions. Personalized dietary plans should be devel-
oped in collaboration with nutritionists and healthcare providers to ensure the best
possible outcomes.

In conclusion, integrating targeted dietary modifications into chemotherapy regimens

holds promise for enhancing treatment efficacy and supporting patient health. Future
research should continue to explore these dietary interactions to further refine recommen-

dations and improve cancer treatment protocols.
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Abstract: The aim of this review is to provide experimental evidence for the programmed-death
activity of Ashwagandha (Withania somnifera) in the anti-cancer therapy of breast cancer. The literature
search was conducted using online electronic databases (Google Scholar, PubMed, Scopus). Collection
schedule data for the review article covered the years 2004-2024. Ashwagandha active substances,
especially Withaferin A (WA), are the most promising anti-cancer compounds. WS exerts its effect on
breast cancer cells by inducing programmed cell death, especially apoptosis, at the molecular level.
Ashwagandha has been found to possess a potential for treating breast cancer, especially estrogen
receptor/progesterone receptor (ER/PR)-positive and triple-negative breast cancer.

Keywords: Withania somnifera; Withaferin A; breast cancer; apoptosis; cell death

1. Introduction

Cancer affects both women and men and constitutes a serious clinical problem, as can-
cer incidence and mortality rates are increasing every year. According to the International
Agency for Research on Cancer (IARC), almost 20 million new cancer cases and 9.7 million
cancer-related deaths were reported in 2022. Estimates show that approximately 1 in 9 men
and 1 in 12 women die from cancer. In 2022, the most frequently diagnosed cancer was
lung cancer, corresponding to 12.4% of all cancers in the world, followed by breast cancer
in women (11.6%), colorectal cancer (9.6%), prostate cancer (7.3%), and stomach (4.9%) [1].

The 2024 Cancer Statistics Update from the American Cancer Society estimates that
2,001,140 new cases of cancer and 611,720 cancer deaths are projected to occur in the United
States. Incidence rates from 2015 to 2019 increased by 0.6-1% per year for breast, pancreatic,
and endometrial cancers and by 2-3% per year for papillomavirus-related prostate, liver,
kidney, and oral cancers and melanoma [2,3].

The main causes of cancer, apart from genetics, may be increasing environmental
pollution, improper diet, low physical activity, alcohol abuse or smoking. Exposure of
ancestors to toxic substances, stress, or improper nutrition may influence the occurrence of
epigenetic intergenerational inheritance of cancer and the emergence of a variable patient
phenotype. Breast cancer (BC) is the most common malignant tumor and the main cause
of death in women, and pathogenic variants in BC susceptibility genes constitute the
strongest hereditary risk factor for the development of the disease, especially in the context
of early-onset breast cancer (EOBC), which is inherited in approximately 10-20% [4,5]. BC
is a heterogeneous group of tumors that differ in their morphological appearance, clinical
course, and prognosis. The following molecular subtypes of breast cancer are distinguished:
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luminal A (60-70%), luminal B (10-20%), human epidermal growth factor (HER2) positive
(13-15%), and triple-negative breast cancer (TNBC; 10-15%). In routine practice, molecular
forms of breast cancer are defined on the basis of immunohistochemical examination,
assessing the expression of the following proteins: estrogen receptor (ER), progesterone
receptor (PR), and HER2 receptor [6,7].

There is a great need to develop effective and easily accessible methods for early de-
tection of this disease. The mammography examination (MMG) used so far is not sensitive
enough to detect all cases of breast cancer, although it is still a standard examination and
the most frequently used in diagnostics. In addition to MMG, other imaging methods are
used to diagnose breast cancer, ultrasound (USG), magnetic resonance imaging (MRI), and
positron emission tomography (PET) [8-10].

The treatment system is based on clinical and pathological assessment, taking into
account the histological type and degree of cancer malignancy, biomarker expression,
advancement of the primary tumor location, and the extent of metastases. Apart from inva-
sive treatment and chemotherapy, pharmacological treatment is used. The development
of personalized medicine and immunotherapy in recent years has resulted in significant
progress in breast cancer treatment [11].

Apart from conventional medicine, natural medicine is becoming more and more
popular due to its lower toxicity and selectivity compared to conventional therapies.
One of the medicinal plants used in traditional medicine is Withania somnifera (WS) [12].
Ashwagandha is mostly considered safe, but side effects are possible [13].

Preclinical experimental evidence shows that WS leaf and root extracts inhibit can-
cer [14-19]. Methanol and ethanol extracts of WS stems have been shown to be highly
cytotoxic and inhibit the growth of the human breast cancer cell line [20]. Experimental
studies on animals have proven that the use of WS root extract and intermittent fasting are
a promising solution in the treatment of breast cancer to overcome cisplatin resistance [21].
In turn, a standardized Ashwagandha extract (Oncowithanib) showed effective therapeutic
activity in MCF7 cells and is associated with suppression of the expression of key cellular
kinases, such as RSK1, AKT1, and mTOR [22].

It is known that WS has anticancer properties, but the mechanism of its action is
not fully understood. The inhibition of cancer cells by WA may be the result of the
following molecular mechanisms: induction of apoptosis; induction of oxidative stress;
reduction of NF-kB, STAT3, and estrogen receptor expression; inhibition of the cell cycle
in the G2-M phase, proteasomes, and processes important for the spread of cancer cell
metastases [16,23-51]. WA inhibits cancer metastasis by partially reversing the epithelial-
to-mesenchymal pathway, targeting the urokinase-type plasminogen activator (uPA) and
activating the transcription factors Notch2 and Notch4 and reducing Notch1 [39,41,43].

This review assessed the anti-tumor role of WS in breast cancer based on the available
scientific literature. We tried to determine the involvement of one of the most active
components of Ahwagandha, withaferin A (WA), in the induction of programmed cell
death, one of the mechanisms of inhibiting cancer cell proliferation and metastasis.

2. Data Collection Methodology

This review is narrative in nature and presents the collected literature on Ashwagan-
dha-induced programmed tumor-cell death in breast cancer. A comprehensive search
strategy was employed across international databases like Google Scholar, PubMed, and
Scopus using keywords and phrases, namely Withania somnifera L. Dunal in breast cancer;
Withaferin A, Ashwagandha, Ashwaganddha in breast cancer; apoptosis by Ashwagandha
in breast cancer; and programmatic death of breast cancer. The collection schedule data for
the review article covered the years 2004-2024, with a total of 242 articles. The publication
inclusion criteria were as follows: (1) articles on Ashwagandha in the treatment of breast
cancer, with particular emphasis on the mechanism of promoted cancer cell death; (2) only
article and review document types (preclinical and clinical research) and; and (3) only
English-language articles. The exclusion criteria were as follows: (1) articles that did not
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concern the use of Ashwagandha in the treatment of breast cancer; (2) articles that have not
been peer-reviewed.

3. Withania somnifera

Ashwagandha (Withania somnifera L. Dunal) is a species of plant from the Solanaceae
family. It naturally occurs in dry regions of tropical and subtropical climates, i.e., in Africa,
Asia, and southern Europe. The name “Ashwagandha” was derived from the Sanskrit
terms “ashva”, which means “horse,” and “gandha”, which means “smell”, and denotes
the root’s aroma, which is similar to that of a horse. Synonyms of the name Ashwagandha
are Indian winter cherry, Indian ginseng, and poison gooseberry. The plant has derived its
names due to its certain features. Because of its pronounced anti-stress effects, the plant
was ascribed its species name “somnifera”, meaning “sleep-inducer” in Latin [52]. The
roots, leaves, flowers, and fruits of this plant are used in Indian folk medicine (Ayurveda)
and as a dietary supplement [53,54].

WS and its roots have a wide range of pharmacological effects due to their medi-
cally useful chemical composition. It is active, among others, with the following prop-
erties: anti-inflammatory, anti-arthritic, anti-cancer, anti-epileptic, anti-depressant, anti-
Alzheimer’s disease, anti-Parkinson’s disease, analgesic, cardioprotective, neuroprotective,
anti-microbial, anti-fungal, anti-oxidant, anti-diabetic agent, etc. [44,55].

Various chemical components are found in the different parts of the plant. The roots
of WS contain alkaloids (withananine, withanine, somniferine, somnine, somniferinine),
amino acids (alanine, cysteine, glycine, tyrosine), steroidal lactones (withaferin A, with-
anolides A, B, D, E, F, G, H, I, ], K, L, M), steroids (sitoindosides VII, VIII, IX, X), volatile
oil, starch, reducing sugars, glycosides, hentriacontane, dulcitol, flavonoids, withaniol,
withanicil, iron, withasomnine, withanosides I-VII, and many others [52,56-59]. Typically,
WS roots are used for medicinal purposes in the form of root extract as well as powder.
Ashwagandha leaves contain withaferin A; 12 withanolides, including withanolide A, B, D,
and E; withanone, flavonoids; free amino acids; and also condensed tannins, chlorogenic
acid, N-heterocyclic compounds, and others [52,57,58]. Fruits, flowers, and seeds contain
compounds like withanolides, withanolide glycosides, withanone, amino acids, flavonoids,
condensed tannins, proteolytic eznyme, and psoralen [52,57,58,60].

The major chemical constituents of Ashwagandha are withanolides, C28-steroidal
lactones, having an ergostane skeleton, in which C-22 and C-26 are appropriately oxidized
to form five- or six-membered lactone rings [57]. Moreover, various compounds were
found in WS, which are the modifications or structural variants of withanolides such as
withaferin A, withanone, ashwagandhanolide, and sitoindosides. The main components of
Withania somnifera are shown in Figure 1.

OH “O OH “O

Withaferin A Withanone Withanolide A

Figure 1. Structures of key components present in Withania somnifera.

Withania somnifera extract has anti-oxidant and anti-microbial properties [61]. It has
been found that WS shows activity against a variety of bacteria, viruses, and fungi, mainly
due to the presence of withaferin A, withantolide A, and withanone [62-64]. Moreover, anti-
inflammatory activity against protein denaturation in vitro results from Ashwagandha’s
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alkaloids and withanolides [65]. Many studies have also confirmed that the main compo-
nents of Ashwagandha are responsible for the neuroprotective and anti-neurodegenerative
effects in diseases such as Alzheimer’s, Parkinson’s, Huntington’s, and epilepsy [66-72].
Withaferin A from WS has been shown to help treat diabetes [73,74]. In turn, the alkaloids
present in the WS plant have anti-stress activity [75,76]. Extensive research is also being
conducted on the anti-cancer properties of Ashwagandha extract, especially its phytochem-
icals withanolides and withaferin A [17]. Activity has been found against cancer of prostate,
kidney, bladder, gastric, colon, lung, breast, leukemia, and others [12,77,78].

4. Mechanism of Breast Cancer Cell Death by Ashwagandha

WS is involved in many biochemical processes, including apoptosis, which is a form
of cell suicide that occurs not only as a result of cell damage or external stress but also
during normal development and morphogenesis.

The mechanism of apoptosis mainly consists of two basic pathways involved in
inducing apoptosis, intracellular (intrinsic apoptosis) or extracellular (extrinsic apoptosis)
(Figure 2) [79].

In the intrinsic pathway, apoptosis occurs via mitochondrial mediation. Apoptotic
signaling in the extrinsic pathway involves extracellular ligands such as tumor necrosis
factor (TNF), Fas ligand (Fas-L), and TNF-related apoptosis-inducing ligand (TRAIL).
These ligands are attached to the extracellular domain of transmembrane receptors (DRs),
which include TNF type 1 receptor (TNFR1), Fas (also called CD95/Apo-1), and TRAIL
receptors [80].

The intrinsic, mitochondrial pathway of apoptosis is triggered by various intracellular
stressors. Proteins from the Bcl-2 family are responsible for regulating this pathway,
including pro-apoptotic proteins (Bax, Bak, Bok, Bim, Bid, Bik, Bad, Bmf, Hrk, Noxa,
Puma, Blk) and anti-apoptotic proteins (Bcl-2, Bcl-XL, Bel-w, A1, Mcl-1). Internal cellular
stress activates Bcl-2 proteins that have only one domain, the so-called BH3-only proteins
(Bcl-2 homology 3), containing Bid, Bim, Bad, Bik, Noxa, Puma, and Hrk. These proteins
neutralize the action of anti-apoptotic proteins or, acting directly, activate multi-domain
apoptosis-inducing proteins, i.e., Bax or Bak [81-85].

Oligomerizing Bax or Bak create pores in the outer mitochondrial membrane, which
results in its destabilization. Disruption of the integrity of mitochondrial potential results
in the release of pro-apoptotic proteins into the cytosol. Proteins that are generally involved
in intrinsic pathway include cytochrome C (called apoptotic protease-activating factor 1
(Apaf-2)), Smac/DIABLO, HtrA2/Omi and AIF, Endonuclease G and CAD. Cytochrome
C (CytC) combines with Apaf-1 and procaspase-9 to form an apoptosome that releases
caspase-9 (CASP9). In turn, the CASP9 initiator activates caspase-3 (CASP3) and caspase-7
(CASP?7). Smac/DIABLO and HtrA2/Omi indirectly promote apoptosis by affecting
caspase-3/7 activation through inhibition of inhibitor of apoptosis proteins (IAPs). Whereas,
AIF, Endonuclease G, and CAD proteins travel directly to the cell nucleus, cutting DNA
into short fragments [86].

In the intrinsic apoptosis pathway, the element of pro-apoptotic regulation is the p53
protein, the so-called guardian of the genome. Under stress conditions, the p53 protein
moves to the mitochondria, where it forms a complex with Bcl-2 and Bcl-XL, causing their
inactivation. As a result, the permeability of the mitochondrial membrane increases and
CytC is released [87].
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Figure 2. Internal and external pathways of apoptosis: the action of Ashwagandha. The effects

¥ action of Ashwagandha

of Ashwagandha on pathways of apoptosis are marked with a red asterisk. Active components
of Ashwagandha induce apoptosis in both the internal and external pathways by mediating the
production of reactive oxygen species and regulating the expression of Bcl-2 and IAP family proteins
and the heat shock protein HSP90, as well as activating Death Receptor 5 (DR5) and inhibiting the
IKK/NF-kB pathway. Abbreviations: Apaf-1—apoptotic protease activating factor 1; Bak, Bax, Bcl-1,
Bcl-XL, Bid, tBid—Bcl-2 family proteins; BH3-only proteins—Bcl-2 homology 3; CASP3/7/8/9—
caspase-3/7/8/9; CytC—cytochrome C; FADD—Fas-associated death domain; Fas-L—Fas ligand;
IAPs—inhibitors of apoptosis proteins; HSP90—heat shock protein 90; HtrA2/Omi—apoptosis
proteins; IkBa—nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha;
IKK—kinase complex; NF-kB—nuclear factor-«B; ProCASP9—procaspase-9; Fas (DR2) TRAILR1
(DR4), TRAILR2 (DR5), TNFR1 (DR1), TRAMP (DR3), DR6 and EDAR—tumor necrosis factor
receptor TNFR family; RIP—receptor-interacting protein kinase; ROS—reactive oxygen species;
Smac/DIABLO—apoptosis proteins; TRAF2—TNF receptor associated factor-2; TRAIL—TNF-related
apoptosis-inducing ligand; TNF—tumor necrosis factor; TRADD—TNF-related death domain. This
figure was created using Servier Medical Art (available at https://smart.servier.com/, accessed on
12 April 2024).

In the extrinsic apoptosis pathway, the pro-apoptotic signal is transmitted via receptors
from the tumor necrosis factor receptor TNFR family (Fas (DR2) TRAILR1 (DR4), TRAILR2
(DR5), TNFR1 (DR1), TRAMP (DR3), DR6 and EDAR). A feature of death receptors is
the presence of an intracellular domain called the death domain (DD). After attaching the
ligand to the receptor, it is activated through oligomerization and conformational changes,
which then attaches an adapter protein such as Fas-associated death domain (FADD), tumor
necrosis factor receptor-1-associated death domain (TRADD), or death domain-associated
protein (Daxx)-containing death domains. The adapter protein further combines with
procaspase-8 to form the death-inducing signaling complex (DISC). Attachment of an
appropriate ligand to the receptor induces signal transmission through the death domain
of the adapter protein to caspase-8 (CASP8). The consequence of this is the activation by
autoproteolysis of procaspase-8, which is a direct activator of caspase 3/7 [80,81,84,88].
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Fas (DR2), TRAILR1 (DR4), and TRAILR2 (DR5) receptors belong to the first group of
death receptors activated by FasL and TRAIL. Once activated, these receptors recruit the
DISC complex, which consists of FADD and CASP8. Due to the amount of activated CASPS,
we can divide this phase into two types. In the type of stage when the amount of active
CASPS is higher, direct activation of CASP3 occurs. However, in the second type, when
we are dealing with a low level of CASP3 activation via CASPS, caspase-8 activates the
pro-apoptotic Bid protein into the active form tBid, which interacts with Bax/Bak proteins,
and CytC is released [84,89,90].

The second group of death receptors includes the TNFR1 (DR1), TRAMP (DR3), DR6,
and EDAR receptors. The apoptosis-inducing ligand is TNF. Once activated, the receptors
recruit the TNF-related death domain (TRADD) as an adapter protein and bind to TNF
receptor-related factors-2.5 (TRAF2.5), receptor-interacting protein kinase (RIP1 or RIPK1),
and cellular inhibitors of apoptosis proteins (cIAP) [84].

Two distinct complexes may be formed for TNFR1. Complex I is the TNFR1 complex
consisting of proteins containing DD TRADD, TNEF-2 receptor-associated factor (TRAF2
(TNF)), cIAP1, and the receptor serine/threonine protein kinase 1 (RIP1). This com-
plex activates nuclear factor-«B (NF-«B) and the c-Jun NH2-terminalkinase/Jun proto-
oncogene/AP-1 transcription factor subunit (JNK/AP-1). NF-kB inhibits TNF-induced
apoptosis. Complex Il arises after the TRADD-based complex cleaves from the receptor and
recruits FADD and the initiator CASP8. The balance between these complexes is dependent
on the protein FLIP, a CASP8 inhibitor. Complex Il mediates apoptosis when activation of
the NF-kB pathway is inadequate [84].

In the classic way of NF-«kB activation, after the action of an appropriate stimulating
factor, e.g., pro-inflammatory cytokines (TNF), the IKK kinase complex is activated. The
active IKK complex catalyzes the phosphorylation of IkBa, which leads to its degradation
and the release of the NF-kB dimer. Then, the NF-kB dimer is translocated to the cell
nucleus and activates the transcription of appropriate genes, the end products of which
have the ability to inhibit apoptosis [91-93].

In addition to DR, apoptosis is influenced by growth factors through the phosphatidinositide-
3-kinase (PI3K) and murine thymus virus oncogene homolog v-AKT (AKT) pathways.
Growth factors bind to receptors and activate PI3K, which activates AKT. AKT is impor-
tant in the regulation of Bad. Moreover, protein kinase-C (PKC) influences apoptosis by
activating ribosomal S6 kinase (p90RSK) [94].

In healthy breast cells, a balance is maintained between cell proliferation and death.
Once a balance is disrupted, an activated anti-apoptotic signaling pathway or a deficiency
in the pro-apoptosis pathway can lead to uncontrolled cell proliferation [95,96].

Withaferin A and extracts from the Ayurvedic medicinal plant Withania somnifera can
inhibit the proliferation of breast cancer cells by inducing apoptosis in both the intrinsic
and extrinsic pathways. WA and/or WS root protein extract (WSPF) induces death in
cultured MDA-MB-231 and MCEF-7 cancer cells and MDA-MB-231 xenografts in vivo by
mediating the production of reactive oxygen species (ROS) in the intrinsic apoptosis
pathway (Figure 2) [28,97,98]. Selective killing of MCF-7 and MDA-MB-231 cancer cells by
WA and/or WSPF is mediated by the induction of oxidative stress via ROS levels, DNA
damage, mitochondrial structure, and membrane potential [97-99]. WA inhibits oxidative
phosphorylation (OXPHOS) in Complex III, accompanied by apoptotic release of DNA
fragments associated with histones in the cytosol [28,100,101]. However, the anti-cancer
effect of WA was significantly attenuated in the presence of anti-oxidants, as it has been
shown that ectopic expression of Cu and Zn-superoxide dismutase (SOD) significantly
weakens its apoptotic properties [28]. Moreover, WA shows high selectivity, causing ROS
production only in MDA-MB-231 and MCF-7 cells, but not in the normal human mammary
epithelial cell line (HMEC) [28].

WA is involved in the regulation of the expression of Bcl-2 proteins, which are crit-
ical regulators of cell death, acting either as inhibitors or facilitators of apoptosis. Both
Bax and Bak appear to contribute to the induction of apoptosis by WA (Figure 2). The
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active substance contained in Ashwagandha enhances the activation of these pro-apoptotic
proteins in MDA-MB-231 and MCEF-7 cells [28]. WA inhibits the survival of MCF-7 and
MDA-MB-231 breast cancer cell lines in culture and delays the growth of MDA-MB-231
xenografts in vivo due to reduced cell proliferation and increased apoptosis. According to
Stan et al., apoptosis by WA is probably mediated by forkhead box O3 (FOXO3a) and Bim
proteins in both cancer cell lines. WA-induced apoptosis was accompanied by the induction
of Bim-s and Bim-L in MCF-7 cells and the induction of Bim-s and Bim-EL isoforms in
MDA-MB-231 cells [25].

WA also results in suppression of these IAP family proteins: XIAP, cIAP-2, and survivin
in MDA-MB-231 and MCF-7 human breast cancer cells (Figure 2). IAP family proteins
(IAP, cIAP1, cIAP2, NAIP, livin, and survivin) act as endogenous inhibitors of apoptosis
and are involved in the cell’s adaptive response to stress, differentiation, motility, and
immune response. IAPs can inhibit both the intrinsic and extrinsic apoptosis pathways.
The overexpression of IAP family proteins is observed in breast cancer, which results in
improved survival of cancer cells, increased tumor growth and, consequently, metastases.
Therefore, it seems that the reduction in the expression of these proteins by WA indicates
its significant role in apoptosis [102].

In the extrinsic apoptosis pathway, the TRAIL pathway is considered the most attrac-
tive cancer therapy agent, which is non-toxic compared to the FasL and TNF-« pathways.
Its safety in cancer patients has been confirmed in phase I and II clinical trials [103-106].
TRAIL is expressed mainly on the surface of immune cells and induces apoptosis in var-
ious cancer cell lines. In a group of patients with triple-negative breast cancer (TNBC),
pre-clinical models have demonstrated the effectiveness of therapy targeting the TRAIL
DR pathway [107]. WA inhibits breast tumor growth by upregulation of death receptor
5 (DR5, also known as TRAIL-R2/TRICK-2/KILLER/TNFRSF10B) (Figure 2) [107]. WA
has been shown to activate phosphorylation of SORSK in breast cancer cells via activation
of cell signal-regulated kinase (ERK) [108]. Both RSK and ERK play a key role in breast
cancer progression and metastasis [109]. WA induced a feed-forward loop of ERK and
RSK, causing the simultaneous upregulation/activation of homology protein/C-EBP axis
(CHOP) and ETS-like transcription factor 1 (Elk1). The recruitment of CHOP and Elk1 to
the DR5 promoter leads to activation of the death receptor, DR5, which is responsible for
the aggregation of proteins promoting apoptotic signal transduction [108].

The heat shock protein (HSP) transcription factor may also play an important role
in apoptosis through WA by regulating survivin expression. In many types of cancer,
heat shock factor 1 (HSF1) is a transcription factor activated under environmental stress,
which leads to increased expression of HSP proteins. HSF1 is increased in expression and
facilitates cancer transformation by modulating signaling pathways related to growth and
proliferation, apoptosis, metabolism, and motility. WA induced HSF1 phosphorylation,
which is probably due to a transient cellular defense response to WA-induced stress [110].
The level of HSP expression determines the fate of cells, because these biomolecules can
direct them to the apoptosis or survival pathway. One of the HSP subfamily proteins,
heat shock chaperone 90 (HSP90), has become an exciting target for cancer therapy due
to its role in regulating cell proliferation, survival, and apoptosis. HSP90 can modulate
the activity and stability of many transcription factors and kinases related to apoptosis,
including NF-«B, p53, protein kinase B (PKB/AKT), Proto-Oncogene, Serine /Threonine
Kinase (Raf-1), and stress-activated protein/kinase/Jun N-terminal kinase (SAPK/JAK).
In the pathway involving NF-kB, cell survival is conditioned by the formation of an NF-
kB complex with the kinase of the kB inhibitor kinase complex (IKK). KK is composed
of IKKx and IKKf and NF-«B essential modulator (NEMO) or IKKy. IKKf IKK kinase
phosphorylates two specific serine residues in the N-terminal region of IkBx, causing
proteasomal degradation of IkBox and nuclear translocation of canonical NF-«B members,
mainly p50/RelA and p50/c-Rel dimers [111,112]. The active substances of Ashwagandha,
2,3-unsaturated double bond-containing withanolides, exhibit potent inhibitory effects on
the activity of the Hsp90 chaperone by depleting several important signaling molecules
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involved in cell survival (Figure 2). Withanolides inhibited the IKK/NF-«B pathway in
MDA-MB-23, an ER-negative human breast cancer cell line. They reduced the activity of
anti-apoptotic proteins (Bcl-2, Bel-xL, and c-FLIP) that are regulated by NF-«B [113].

Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling
also mediates apoptosis. STAT proteins (STAT 1A, 1B, 2, 3, 4, 5A, 5B, and 6) are a family
of transcription factors, each of which performs a unique function in the transmission of
extracellular and direct signals regulating the transcription of genes that are involved in
cell survival, proliferation, chemoresistance, and angiogenesis. Signal transducers and
activators of transcription proteins (STATs) are activated by binding to their receptors
on the cell membrane. The phosphorylated receptor-kinase complex is the site of STAT
attachment, which is then phosphorylated on tyrosine residues necessary for activation.
Then, after dimerization, STAT translocated to the nucleus can influence cell apoptosis by
regulating the transcription of target genes such as Bcl-xL, p21, and Myc [114-116].

In many human cancers, including breast cancer, STAT3 and STATS5 are persistently
phosphorylated and overactivated [117]. STAT3 increases the expression of c-Myc and
the metastasis regulator Twist genes and is, therefore, thought to induce breast can-
cer [118]. Aberrant STATS signaling promotes cyclin D, Bcl-2, and matrix metalloproteinase-
2 (MMP-2) gene expression, resulting in increased cell proliferation, survival, and metasta-
sis [119,120]. WA causes inactivation of STAT3 and STATS5 by inhibiting their recruitment to
growth factor and cytokine receptors as well as tyrosine phosphorylation, nuclear translo-
cation, and DNA binding. Furthermore, STAT3 inhibits Bcl-xL and Mcl-1. (Figure 3) [117].

Other studies have demonstrated the role of mitogen-activated protein kinases (MAPKSs)
in the regulation of apoptosis by WA (Figure 3). MCEF-7 cell death resulted from the
action of WA via pharmacological inhibition of ERK kinase and p38 MAPK [121]. The
MAPK pathway, often called the RAS-RAF-MEK-ERK signaling cascade, serves to transmit
upstream signals to downstream effectors to regulate physiological processes such as cell
proliferation, differentiation, survival, and death [122]. It is the most frequently mutated
signaling pathway in human cancers; therefore, this pathway may be a promising strategy
in cancer therapy [123,124].

The mitogen-activated protein kinase (MAPK) cascade consists of serine/threonine ki-
nases that convert extracellular molecules such as growth factors (EGF), insulin-like growth
factor I (IGF-I), hormones, and differentiation factors into intracellular signals [123,124].
There are four core protein kinases in the Ras/Raf/MEK/ERK-signaling pathway: Ras,
Raf, MEK, and ERK. Once the signaling molecules are attached, the receptors dimerize,
which activates RAS proteins. Activated RAS protein recruits RAF protein from the cytosol
to the cell membrane, leading to its activation. Active RAF kinase phosphorylates MEK1
and 2 proteins, which activate ERK1 and 2 proteins. After transmitting the signal to the cell
nucleus, ERK kinases phosphorylate and activate many target molecules responsible for
cell growth, migration, and survival [125,126].

WA also acts to reduce the level of estrogen receptor alpha (Erx), which consequently
affects the induction of apoptosis and inhibition of the growth of ER-o-positive MCF-7 and
T47D breast cancer cells [33].
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Figure 3. Mechanism of action of Ashwagandha. The effects of Ashwagandha on pathways of
apoptosis is marked with a red asterisk. Active components of Ashwagandha induce apoptosis
by inhibiting the recruitment of STAT3 and STATS5, regulating the MAPK pathway and the expres-
sion of p53 and p21 proteins and reducing the level of estrogen receptor alpha (Erx). Abbrevia-
tions: AKT—protein kinase B; Bcl-XL, BimEL, Myc-1—Bcl-2 family proteins; E2—17f3-estradiol;
ER—estrogen receptor; ERK—extracellular signal-regulated kinase; FOXO3a—forkhead transcrip-
tion factor; GDP—guanosine diphosphate; GTP—guanosine-5'-triphosphate; JAK—janus kinase;
MEK—mitogen-activated extracellular signal-regulated kinase; NF-kB—nuclear factor-«B; PI3-K—PI
3-kinase; p21 protein—Cyclin-dependent kinase inhibitor; p53 protein—transcription factor with
tumor suppressor properties; RAF—rapidly accelerated fibrosarcoma kinase; RAS—cellular signal
transduction protein; RTK—receptor tyrosine kinase; STAT—signal transducer and activator of tran-
scription. This figure was created using Servier Medical Art (available at https://smart.servier.com/,
accessed on 12 April 2024).

173-estradiol (E2) exerts its effects on proliferation mainly through rapid non-genomic
mechanisms derived from the binding of the hormone to Era. Non-genomic signals are
transmitted to the nucleus via various intracellular-signaling pathways such as MAPK/ERK
and PI3K/AKT [127-129]. E2 induces the association of ERx with Src and the PI 3-kinase
(PI3K) adapter subunit p85a. Estradiol-stimulated PI 3-kinase/PDK1 pathway activates
PKC( in MCF-7 cells, which controls Ras-dependent ERK activation. Furthermore, E2
phosphorylates STAT3 and STAT5 by an ER-dependent mechanism [130]. The ER{ isoform
has also been shown to play an important role in the proliferative action of E2, which can
act as a tumor suppressor by modulating the proliferative action of ERex [129]. The E2-ERf3
complex activates p38/MAPK leading to apoptosis while E2-ER« activates transduction
pathways involved in cell cycle progression. The E2-ER(3 complex activates p38/MAPK
leading to apoptosis while E2-ER« activates transduction pathways involved in cell cy-
cle progression [129,131,132]. WA reduces ER« levels post-translationally, inducing ERx
protein aggregation and degradation. The anti-cancer activity of WA is mediated by RET
tyrosine kinase (RET) and p53, which inhibits growth and apoptosis [110,133]. While RET is
overexpressed in ERx-positive breast cancer, its activation stimulates the proliferation, sur-
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vival, and dispersal of MCF-7 breast cancer cells [134]. WA had anti-tumor effects through
the downregulation of RET protein with parallel depletion of Erx coupled with increases
in the expression of phosphorylated mitogen-activated protein kinase p38 (phospho-p38
MAPK), p53, and p21 (Figure 3) [14,110].

In addition to apoptosis, there are also other non-apoptotic modes of cell death
including autophagy, necroptosis, paraptosis, and apoptosis-like programmed cell death.

Autophagy or autophagic cell death are referred to as type II cell death. This process
plays an important role in the degradation of cellular components inside the dying cell in
autophagic vacuoles. It helps maintain cellular energy supply and homeostasis in rapidly
proliferating cancer cells. Cancer cells use this process to respond to various environmental
stimuli and avoid anti-cancer therapy [135]. The anti-tumor effect of WA in many breast
cancer subtypes, including luminal A, luminal B, basal, claudin-low, and HER2W subtypes,
is related to impairment of lysosomal activity, causing blockage of autophagic flux, which
results in energy depletion leading to growth inhibition and induction of apoptosis. WA is
an activator of 5’ AMP-activated protein kinase AMP (AMPK), which works synergistically
with 2-deoxy-d-glucose (2-DG) to inhibit breast cancer growth and is also an inhibitor of
lactate dehydrogenase (LDHA), a key enzyme catalyzing the conversion of pyruvate to
lactate [136].

Inhibition of the WA-mediated proteasome degradation system and perturbation of
autophagy causes the accumulation of ubiquitinated proteins, which in turn results in
unfolded protein responses and ER stress-mediated proteotoxicity in the human breast
cancer cell lines MCF-7 and MDA-MB-231 [137].

Another process involved in programmed cell death that is morphologically different
from apoptosis and autophagy is paraptosis. WA acts on the mitochondrial membrane
potential, causing its hyperpolarization and the formation of many cytoplasmic vesicles. In
the human breast cancer cell lines MCF-7 and MDA-MB-231, mitochondrial swelling and
fusion occur, and the endoplasmic reticulum (ER) expands. WA reduces the level of the
native paraptosis inhibitor, actin-interacting protein-1 (Alix/AIP-1), indicating that WA
promotes death in both MCF-7 and MDA-MB-231 cell lines through paraptosis through the
action of ROS [138].

Summarizing pre-clinical studies, it can be concluded that Ashwagandha has anti-
cancer activity in various experimental models. WS acts at many stages, leading to apop-
tosis, both in the extrinsic and intrinsic pathways. WA and/or its extracts induce death
in cancer cell cultures in vivo by mediating ROS production [28,97-99]. WA regulates the
expression of Bcl-2 proteins, reduces the expression of IAP proteins XIAP, cIAP-2, and
survivin and apoptosis inhibitors [25,97,102]. It inhibits the growth of breast cancer cells
by activating DR5 [108]. It affects the activity of the Hsp90 protein, the recruitment of
STAT3 and STATS5, and the regulation of the MAPK pathway [107,117,121]. It influences
the reduction of the level of estrogen receptor alpha [33,110]. WA inhibits autophagic
flux and reduces the level of paraptosis inhibitor, inducing death in breast cancer cells via
ROS [137,138].

Information regarding the mechanism of action of Ashwagandha on various cell lines,
taking into account the concentrations of active components of the plant extract used, is
presented in Table 1.

There is little information about clinical trials confirming the use of WS in the treatment
of breast cancer, although they are crucial to confirm its effectiveness and safety. It has
only been shown that WS reduces chemotherapy-induced fatigue and improves the quality
of life after administering 2 g of WS root extract every 8 h, throughout the course of
chemotherapy. Similarly, survival analysis showed that patients in the WS treatment group
had a better 24-month survival rate of 76% compared to the control group, which had a
survival rate of 56% [47,139,140].
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Table 1. Effect of WA and Ashwagandha extract on various breast cancer cell lines.

Phytocheml.cals/ Cell Lines Mechanism of Action of Ashwagandha Reference
Concentration
MDA-MB-23 ROS-mediated apoptotic induction due to
WA /2.5 uM MCEF-7 inhibiti ¢ mitochondrial rati [28]
MDA-MB-231 inhibition of mitochondrial respiration.
ROS-mediated apoptotic induction.
MCE-7 Dysregulation of Bax/Bcl-2, loss of
WA/3.0 mg/mL MDA-MB-231 mitochondrial membrane potential and 971
caspase-3 activation.
. ROS-mediated apoptotic induction. DNA
Extra‘ct/6 ug/mL; WA/1 uM, MCE-7 damage, mitochondrial structure, and [98]
witanonem/25 pg/mL .
membrane potential.
. Changes the assembly of complex III.
WA/2uM MCF-71SUMI159 Inhibition of mitochondrial dynamics. [99]
Regulation of apoptosis involving FOXO3a
MCE-7 and Bim.
WA /IC50 < 2 uM MDA-MB-231 Induction of Bim-s and Bim-L in MCF-7 [25]
cells. Induction of Bim-s and Bim-EL
isoforms in MDA-MB-231 cells.
MDA-MB-231 Decrease in the expression of XIAP, cIAP-2
WA/25and 5 1M MCE-7 and survivin proteins, apoptosis inhibitors. [102]
MCE7 DR5 upregulation.
WFA /5 uM Increased nuclear accumulation of Elk1 [108]
MDA-MB-231
and CHOP.
WA/5 uM,
4p-Hydroxywithanolide (HW)/ vy
20 uM, MDQCI\SEZBJ Inhibition of Hsp90. [107]
Anomanolide A (AA)/20 uM,
Peruvianolide H (PH) /20 uM)
Inhibition of STAT3 and
WA/3 1M MDA-MB-468 STATS5 recruitment. (1171
WA/2.5 uM MCE-7 Inhibition of ERK and p38 MAPK. [121]
MCE-7 Inhibition of estrogen receptor [33]
T47D o ex ress%on P
WA/2.5,5 uM MCE-7 P : [110]
MCF7, MDA-MB-231, .
WA/5 uM MDA-MB-468, TA7D, SUM149, Blofi‘é‘i gzlﬂormgé la‘:fcogg‘j‘vgz and [136]
SUM159, SKBR3 Y proteoly Y
MCE-7 Inhibition of the proteasome degradation [137]
WA /4 uM MDA-MB-231 system and disruption of autophagy.
MCE-7 . .. .
MDA-MB-231 ROS-mediated paraptosis induction. [138]

Although Ashwagandha was considered safe in clinical trials, improper dosage or
failure to take into account individual contraindications may lead to a number of health
problems, ranging from nausea and vomiting to more serious complications, such as
hypertension, liver dysfunction, and hyperbilirubinemia [141,142].

Additionally, people taking anti-diabetic, anti-hypertensive, or central nervous system
medications should be careful, because WS may interact with these medications, enhancing
or changing their effects. Ashwagandha may also affect thyroid hormone and testosterone
levels [143-146].

There is also a lack of clear evidence on the safety of the long-term use of WS over
many months or years. Ashwagandha was well tolerated at a dose of 300 mg per day
in an eight-week study [147]. For insomnia, a dose of 600 milligrams per day has been
found to be safe and effective [148]. This dosage has also been associated with improved
memory [149].

170



Curr. Issues Mol. Biol. 2024, 46

The extensive exploratory studies demonstrate the potential of Ashwagandha in the
treatment of breast cancer through its anti-cancer activity, safety profile, and combination
therapy possibilities. However, due to inconsistent therapeutic results resulting from the
widely varying composition of active components in the plant extract, the actual use of WS
in the treatment of cancer is limited. Further research and standardization are needed to
harness its full therapeutic potential.

5. Conclusions

Withaferin A (WA) and withanolides are the most promising anti-cancer compounds
of Ashwagandha, which play a major role in the induction of the apoptosis of cancer cells.
This review attempts to confirm its therapeutic properties, with a particular emphasis
on its role in the treatment of breast cancer. The literature data indicate that compounds
isolated from various parts of this plant, such as the root, stem, and leaves, have significant
anti-cancer and immunomodulatory properties; therefore, they can be used alone or in
combination with other chemotherapy drugs in the treatment of breast cancer. Reaching
for natural medicine can complement the standard treatment of cancer patients without
undesirable side effects and may also have a positive impact on reducing the feeling of
fatigue and improving their quality of life [139].
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Abstract: Cancer, a major challenge to global health and healthcare systems, requires the study of
alternative and supportive treatments due to the limitations of conventional therapies. This review
examines the chemopreventive potential of three natural compounds: rosmarinic acid, apigenin,
and thymoquinone. Derived from various plants, these compounds have demonstrated promising
chemopreventive properties in in vitro, in vivo, and in silico studies. Specifically, they have been
shown to inhibit cancer cell growth, induce apoptosis, and modulate key signaling pathways involved
in cancer progression. The aim of this review is to provide a comprehensive overview of the current
research on these phytochemicals, elucidating their mechanisms of action, therapeutic efficacy, and
potential as adjuncts to traditional cancer therapies. This information serves as a valuable resource
for researchers and healthcare providers interested in expanding their knowledge within the field of
alternative cancer therapies.

Keywords: natural chemoprevention; anti-cancer phytochemicals; natural chemotherapy; apigenin;
rosmarinic acid; thymoquinone

1. Introduction

In both industrialized and developing countries, cancer is considered a high-profile dis-
ease that damages the body’s systems. Conventional treatments such as surgery, chemother-
apy, and radiotherapy are commonly employed but often come with severe side effects,
potential recurrence, and/or treatment failure. As a result, there is a growing interest
in complementary and alternative medicine (CAM) for cancer treatment and prevention.
Natural products, including herbal and phytochemical compounds, are the main biology-
based practices within CAM, and they have grown to be a multibillion-dollar industry
worldwide. Their long history of use supports their adoption in health promotion and
disease prevention and treatment [1].

Phytochemicals such as carotenoids, polyphenols, and flavonoids have been studied
for their potential in cancer prevention and treatment. These compounds are present in
plant-based foods, beverages, supplements, and traditional herbal remedies [1,2]. Scientists
have been particularly interested in phytochemicals because they target the biological
pathways in mammalian cells that are involved in inflammatory processes and cancer
development. These pathways include control of the cell cycle, apoptosis, angiogenesis,
and metastasis. Epidemiological studies suggest that regularly ingesting phytochemicals
can reduce the incidence of various cancers.

Many phytochemicals, including assorted polyphenols, are rapidly eliminated from
the human body. However, they remain promising chemopreventive and/or chemothera-
peutic agents due to their ability to target multiple cancer cell mechanisms with minimal
toxicity to normal cells. Phytochemicals can be administered alone or in combination
with conventional chemotherapeutic agents to explore synergistic or enhanced cytotoxic
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effects. Such combination treatments are also investigated for their potential to overcome
chemotherapy-induced resistance, reduce adverse effects, and improve the safety profile
for normal cells [2].

Cancer chemoprevention involves the use of natural, synthetic, or biological chemical
agents to reverse, inhibit, or prevent carcinogenic initiation or the progression of cancer.
This approach is considered one of the most effective strategies to reduce the risk of
cancer development and recurrence. Bioactive molecules used in chemoprevention can
target different stages of carcinogenesis, acting as inhibitors of carcinogen formation, and
interfering with the initiation or post-initiation steps to halt or reverse the development of
premalignant cells [3-5].

Several interconnected mechanisms of chemoprevention include the modulation of
phase I and phase II metabolic enzymes [6], oxidative stress, inflammatory pathways such
as the COX-2 pathway, signal transduction, and hormones [7].

In this review, we summarize the mechanisms of three natural phytochemicals—
rosmarinic acid, apigenin, and thymoquinone—with different chemical structures and
derived from commonly used plants. Although numerous in vivo and in vitro studies sup-
port their chemopreventive potential, further research is needed to fully understand their
mechanisms of action, to determine the most effective dosages and routes of administration,
and to confirm their safety and efficacy in a clinical setting.

Despite their distinct chemical structures and mechanisms of action, these compounds
share common bioactivities, such as antioxidant and anti-inflammatory properties, cancer
growth inhibition, apoptosis promotion, and the modulation of cell proliferation and
survival pathways [5-7].

2. Rosmarinic Acid (RA)

Rosmarinic acid (RA) is a polyphenolic acid found in various herbs and plants, includ-
ing rosemary, sage, lemon balm, marjoram, thyme, and oregano. The richest sources of
RA are members of the Lamiaceae family. RA exhibits antioxidant and anti-inflammatory
properties and can inhibit the growth of cancer cells in vitro. It has been shown to suppress
the expression of genes involved in cancer cell proliferation and metastasis, as well as
inducing apoptosis through the modulation of signaling pathways related to cell survival
and death. A summary of RA’s chemopreventive properties is shown in Figure 1.

Inhibition of
signaling pathways

on
H
HO (0]
T 0
HO HO
Apoptosis Induction Inhibits tumor
and Cell Cycle Arrest metastasis

Figure 1. Summary of RA’s chemopreventive properties.
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2.1. Source and Chemical Structure

RA (C18H;60g), an ester of caffeic acid and 3,4-dihydroxy phenyl lactic acid (Figure 2),
is considered one of the most important polyphenolic compounds present in nature [8,9].

OH
OH

HO O

OB

HO HO” O

Figure 2. Chemical structure of RA (ChemDraw Ultra 7.0).

Although RA is widespread throughout the plant kingdom, it was first isolated and
characterized in 1958 from rosemary (Rosmarinus officinalis, Family: Lamiaceae) and named
after it. However, rosemary is not considered the primary source or the richest source of
RA [9,10]. For example, a high-performance liquid chromatographic analysis of 29 plants
belonging to the Labiatae family revealed that Mentha species had the highest RA content,
with a considerable concentration ranging from 19.3 to 58.5 mg/g compared to that found
in rosemary (7.2 mg/g) [11].

2.2. In Vivo and In Vitro Studies of RA
2.2.1. In Vitro Studies of RA

Given its strong antioxidant properties, RA has been extensively investigated for its
chemopreventive potential, and consequently, additional mechanisms of action have been
proposed. Yang et al. (2021) reported that RA inhibited tumor metastasis in the human
colorectal cancer cell line HT-29, and its effect was mediated primarily by suppressing
epithelial-mesenchymal transition [12]. RA also restricted apoptosis and tumor growth in
hepatic cancer-induced nude mice in a dose-dependent manner. The inhibitory activity
of RA was further illustrated to take place via the PI3K/AKT/mTOR signaling pathway
in SMMC-7721 hepatocellular carcinoma cell lines [13]. Moreover, RA demonstrated
chemotherapeutic potential in OVCAR-3 ovarian cancer cells, causing cellular shrinkage,
apoptosis, and cell migration suppression in a time- and concentration-dependent manner
at 10, 40, and 160 uM concentrations after 48 and 72 h [14].

In triple-negative breast cancer cell lines (MDA-MB-231 and MDA-MB-468), RA in-
duced apoptosis and cell cycle arrest by altering the transcription of multiple apoptosis-
related genes in both cell lines [15]. RA also inhibited glucose uptake and lactate production
in human gastric cancer (MKN45) cell lines in vitro, demonstrating an anti-Warburg effect
at concentrations up to 600 uM, and suppressed gastric tumor growth in a mouse xenograft
model treated with 2 mg/kg of RA for 14 weeks [16].

2.2.2. In Vivo Studies of RA

Despite its notable cytotoxic effects in vitro, RA extracts have been less extensively
studied in vivo in animal cancer models. The available studies (shown in Table 1) have
not fully elucidated the mechanisms underlying RA’s chemopreventive effects. Furtado
et al. (2015) investigated RA’s anti-carcinogenic capability and showed that RA, orally
administered at doses up to 16 mg/kg/day, successfully reduced the extent and fre-
quency of DNA damage and tumor formation in rats treated with the colon carcinogen
1,2-dimethylhydrazine (DMH) at a dosage of 40 mg/kg [17]. Likewise, when RA was orally
administered at a dose of 5 mg/kg for 30 weeks, it prevented tumor formation and induced
apoptosis in DMH-induced rats. RA prevented colon cancer by inducing pro-apoptotic pro-
tein expression [18]. Additionally, an oral dose of 100 mg/kg/day of RA was administered
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to a skin cancer animal model for a week. RA prevented tumor formation and induced
apoptosis in Swiss albino mice treated with dimethylbenz(a)anthracene (DMBA) [19].

RA’s chemopreventive mechanism of action was further investigated using colorectal
cancer animal models. Colorectal cancer was induced in male BALB/c mice and then was
treated with a 30 mg/kg/day oral dose of RA for a week, and it was found to suppress
tumor progression in mice through the inhibition of TLR4-mediated NF-«B and STAT3
activation. This mechanism was also proven in vitro using the HCT116 colorectal carcinoma
cell line, where RA competitively inhibited the TLR4-MD-2 complex [20].

RA enhanced tumor sensitivity to several chemotherapeutic drugs, such as cisplatin
and doxorubicin, which are common chemotherapeutic agents capable of inducing multi-
drug-resistant (MDR) gene expression. When RA and doxorubicin were given in combina-
tion in a breast cancer mouse model, the combination exhibited better pharmacokinetics
and anti-cancer efficacy than doxorubicin alone [21]. Also, RA enhanced the apoptotic
effect of doxorubicin by activating the mitochondria-mediated signaling pathway in HepG2
and Bel-7402 cell lines [22]. In another study, the efficacy of RA was tested in cisplatin-
resistant NSCLC lung cancer cells both in vitro and in xenograft tumors in nude mice.
The combination therapy resulted in the significant downregulation of MDR1 mRNA and
P-GP expression in vitro and a marked inhibition of NSCLC xenograft tumor growth in
nude mice [23]. Similarly, the inhibition of renal cancer cell invasion and migration using
cisplatin was augmented when combined with RA [24].

Regarding RA’s apparent toxicity in vivo, Xue et al. (2021) reported that the body
weight of mice did not show obvious changes during RA treatment. Furthermore, no
systemic toxicity was observed in histopathological examination of the major organs,
including the heart, liver, spleen, lungs, and kidneys [21].

Table 1. Summary of in vivo studies of rosmarinic acid (RA).

RA Dose and Route of

Study Focus Animal Model Administration Findings Reference
ifr‘::er;t;ﬁgli)cfe?f; RA significantly reduced
1,2-dimethylhydrazine Rats Oral, up to 16 mg/kg/day DNA d?rr;?feﬁar;d tumor [17]
(DMH) ormato
Preventpn of colon Oral at 5 mg/kg/day for RA prever}ted tumor
cancer induced by Rats 30 weeks formation and [18]
DMH induced apoptosis
Prevention of skin .
cancer induced by Swiss Albino mice Oral at 102 r:vg /11(( g/day for Rilgrfglgztej zkln (:;anicer [19]
DMBA ee ced apoptosis
Nectaisms of s mer
anil(;iglfzccetg la;c;zéz in Male BALB/c mice 30 mg/kg/day for a week TLRA-mediated NF-«B and [20]
STAT3 activation
Combination showed better
Enhancement of IV 8 mg/kg combined with harmacokinetics and
doxorubicin’s efficacy =~ Female BALB/C mice 8/ combl P . [21]
. doxorubicin anti-cancer efficacy than
in breast cancer o
doxorubicin alone
Enhancement of . . Significant inhibition of
cisplatin’s efficacy in Xenograft in nude Intraperitoneal, combined tumor growth with cisplatin
P with cisplatinvolume of [23]

cisplatin-resistant
NSCLC lung cancer

female BALB mice

administration of 10 uL/g

combined with RA when
compared to cisplatin alone
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2.3. In Silico Studies of RA

The effect of RA on cell lines has been extensively studied, showing its ability to
induce apoptosis in cancer cells—a critical mechanism for cancer treatment. Although
many modeling studies are found for RA, they mainly address its activity in other fields of
pharmacological activities, such as its antiviral, antimicrobial, and anti-diabetic potential
activities, among others. Chemoprevention-related in silico studies remain limited. Anwar
et al. (2020) studied the activity of RA’s anti-cancer effect in relation to microtubule affinity
regulating kinase (MARK4) inhibition. RA demonstrated excellent binding affinity to the
active site and formed several hydrogen bonds with critical residues, which led to MARK4
inhibition and apoptosis induction [25]. Jeli¢ et al. (2007) studied the modes of RA binding
to the Fyn tyrosine kinase and concluded that it binds to the non-ATP binding site of the
kinase. The Fyn tyrosine kinase is an Src-family enzyme involved in T-cell receptor signal
transduction and was found to be inhibited experimentally by RA. This study combined
experimental and computational methods in order to understand the mechanism of RA
chemoprevention activity [26].

RA’s ability to induce apoptosis and inhibit cancer cell growth by regulating signaling
pathways makes it a promising candidate for further development as an anti-cancer drug.
However, more studies are needed to fully understand the mechanisms of its anti-cancer
effects and to optimize its therapeutic potential. In vitro and in vivo studies of RA used
various concentrations of RA and different cancer cell lines or animal models to investigate
the underlying mechanisms of RA’s chemoprevention effect.

3. Apigenin

Apigenin is a flavonoid that is found in a variety of plants, including parsley, celery,
and chamomile. It has been shown to have antioxidant, anti-inflammatory, and anti-cancer
properties. In vitro studies have demonstrated that apigenin inhibits the growth of cancer
cells, induces cell cycle arrest, and promotes apoptosis. Additionally, apigenin has been
shown to modulate signaling pathways involved in cell proliferation and survival and to
inhibit angiogenesis and metastasis. A summary of apigenin’s chemopreventive properties
is shown in Figure 3

Control of cell
cycle

Inhibiting Induction of
anglogenesis apoptosis

Stimulation of Diminishment
the immune of oxidative
system stress

Modulation of
detoxification
enzymes

Figure 3. Summary of apigenin’s chemopreventive properties.

3.1. Source and Chemical Structure

Apigenin (4, 5, 7-trihydroxyflavone; C15H;9Os) is a flavonoid with a molecular weight
of 270.24 g/mol. Its chemical structure is shown in Figure 4. Apigenin is mainly found in
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parsley, which is scientifically named Petroselinum crispum, from the family Umbelliferae
(also called Apiaceae) [27,28].

HO

0
OH
HO /
O

Figure 4. Chemical structure of apigenin (ChemDraw Ultra 7.0).

It is also found in different quantities in a variety of other plants, including celery,
basil, chamomile, and many others. Table 2 presents common sources of apigenin along
with the approximate quantities found in each.

Table 2. Sources and quantities of apigenin.

Source Quantity of Apigenin (mg/kg) Reference
Chinese cabbage 187.0 [29]
Bell pepper 272.0 [29]
Garlic 217.0 [29]
Bilimbi fruit 458.0 [29]
French peas 176.0 [29]
Guava 579.0 [29]
Wolfberry leaves 547.0 [29]
Daun turi 39.5 [29]
Kadok 34.5 [29]
Celery seeds 786.5 [30]
Spinach 620 [30]
Parsley 450.4 [30]
Marjoram 44.0 [30]
Oregano 35.0 [30]
Sage 24.0 [30]
Chamomile 30-50 [30]
Rosemary 5.5 [30]
Pistachio 0.3 [30]

3.2. In Vitro and In Vivo Studies of Apigenin
3.2.1. In Vitro Studies

In vitro studies have been pivotal in illuminating the mechanisms through which api-
genin exerts its anti-cancer effects. These studies have demonstrated that apigenin can in-
hibit the proliferation of various cancer cell lines, including prostate [31-36], breast [37-41],
colon [42,43], and lung cancers [44,45]. The mechanisms involved include the modulation
of cell cycle regulatory proteins [46,47], the inhibition of angiogenesis [48,49], and the mod-
ulation of key signaling pathways, such as the PI3K/AKT/mTOR [50] and PI3K/Akt/FoxO
3a pathways [35,51], which are crucial for cancer cell survival and proliferation.
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Apigenin reduces the viability of cancer cells in a dose-dependent manner, where in
an MTT assay, apigenin treatment significantly decreased the viability of human breast
cancer MCF-7 cells, indicating its potential to selectively target cancerous cells [52]. It
exerts its anti-cancer effects through the induction of apoptosis in various cancer cell
lines and through multiple pathways. It triggers the activation of caspases, which are
essential executors of apoptosis. Studies have demonstrated that it increases the activity of
caspase-3 and caspase-9, leading to the cleavage of poly (ADP-ribose) polymerase (PARP),
a hallmark of apoptosis. Moreover, it disrupts mitochondrial membrane potential, leading
to the release of cytochrome c into the cytosol, which subsequently activates the apoptotic
machinery. This mitochondrial pathway is crucial to the intrinsic apoptosis pathway [53].

Furthermore, apigenin alters the expression of the Bcl-2-family proteins, which are
key regulators of apoptosis. It downregulates anti-apoptotic proteins like Bcl-2 and Bel-xL
while upregulating pro-apoptotic proteins such as Bax, promoting apoptosis in cancer
cells [33].

Apigenin also induces DNA damage in cancer cells, leading to cell cycle arrest and
apoptosis. This is evidenced by the increased expression of y-H2AX, a marker of DNA
double-strand breaks, following apigenin treatment [54].

Overall, these in vitro studies underscore the potential of apigenin as a chemopre-
ventive agent by demonstrating its ability to reduce cell viability and induce apoptosis in
cancer cells through various molecular mechanisms, including the modulation of signaling
pathways, cell proliferation, apoptosis, inflammation, and angiogenesis.

3.2.2. In Vivo Studies

In vivo studies examined the effect of the dietary consumption of apigenin (0.1%) in
the prevention of cancer in azoxymethane-induced colon rat models. Apigenin triggered
the apoptosis of luminal surface colonocytes, reduced the incidence of aberrant crypt
foci, and decreased peritoneal metastasis incidence [55]. Additionally, dietary intake of
apigenin (0.2%) for six weeks in nude mice with A549 lung cancer xenografts reduced
tumor volume, attributed to the suppression of the HIF-1—vascular endothelial growth
factor pathway [56].

One notable in vivo study used a transgenic mouse prostate adenocarcinoma (TRAMP)
model, where TRAMP mice were given 20 and 50 pg/mouse of apigenin orally for 20 weeks.
This study revealed that apigenin reduced tumor volumes and distant organ metastasis,
attributed to the suppression of the PI3K/Akt/Forkhead box O-signaling pathway [35].

Furthermore, oral administration of apigenin (2.5 mg/kg) in hamsters with DMBA-
induced oral cancer for 15 weeks reduced tumor volume and incidence and modulated
markers of cell proliferation, apoptosis, inflammation, and angiogenesis [57,58].

Oral administration of apigenin (3 mg/kg) in nude mice bearing human lung cancer
xenografts decreased the tumor volume and wet weight, reduced serum IGF-I levels, and
induced apoptosis and cell cycle arrest [59]. Additionally, oral administration of apigenin
in ApcMin/+ mice contributed to a reduction in polyp numbers through the activation of
p53 [60].

Topical application of apigenin (5 and 20 umol) in murine skin tumorigenesis, initiated
by DMBA and promoted by TPA in SENCAR mice, resulted in a marked reduction in the
incidence and number of papillomas and carcinomas [61].

In UVB-induced skin inflammation in SKH-1 hairless mice, topical application of
apigenin (5 pM) prior to UVB exposure reduced UVB-induced ear edema and COX-2
expression, modulated HIF-1¢, and suppressed mTOR signaling [62].

As for its toxicity, apigenin was found to have no apparent in vivo toxicity in xenograft
tumor models, including regular mice [32], BALB/c mice [54], and athymic nude mice [44].
The safety of apigenin was demonstrated at doses of 30 mg/kg and 10 pg/mouse intraperi-
toneally for 21 days [44,54], as well as at doses of 20 and 50 pg/mouse/day for up to
56 days [32]. Its non-toxicity was assessed by monitoring body weight changes [32,44],
blood cell count differences [54], and liver mass and histological variations [44] compared
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to control groups, respectively. A summary of apigenin’s in vivo studies are shown in

Table 3.

Table 3. Summary of in vivo studies of apigenin as a chemopreventive agent.

Apigenin Dosage and SN
Study Model Administration Key Findings Reference
Triggered apoptosis of luminal
. .. . . o . . surface colonocytes, reduced
Colon carcinogenesis in rats Dietary intake of 0.1% apigenin aberrant crypt fodi, decreased [55]
peritoneal metastasis
. . Dietary intake of 0.2% apigenin for Reduced tumor volume,
Lung cancer xenografts in nude mice 6 weeks suppressed [56]
HIF-1o-VEGF pathway
Reduced tumor volumes and
Prostate cancer in TRAMP mice Oral admm.lstratlon of 20 and distant organ metastasis by [35]
50 png/mice for 20 weeks suppressing
PI3K/Akt/FoxO pathway
Reduced tumor volume and
DMBA-induced oral carcinogenesis Oral administration of 2.5 mg/kg for 1nc1dfence, .modulated c.ell
in hamsters 15 weeks proliferation, apoptosis, [57]
inflammation, and
angiogenesis markers
Decreased tumor volume and wet
. . .. . weight, reduced serum IGF-I
Lung cancer xenografts in nude mice Oral administration of 3 mg/kg levels, induced apoptosis and cell [59]
cycle arrest
APCMin/+ mice model Oral administration of apigenin Reductlon. m Polyp number by [60]
activation of p53
Murine skin tumorigenesis in Marked reduction in the
5 Topical application of 5 and 20 pmol incidence and number of [61]
SENCAR mice - .
papillomas and carcinomas
Reduced UVB-induced ear edema
UVB-induced skin inflammation in Topical application of 5 M prior to and COX-2 expression, [62]

SKH-1 mice

UVB exposure

modulated HIF-1x, and
suppressed mTOR signaling

3.3. In Silico Studies of Apigenin

Apigenin was effectively docked with the cellular tumor antigen p53, caspase-3, and
the mucosal addressin cell adhesion molecule 1, exhibiting significant interactions based on
their calculated binding energies [63]. Another in silico study using molecular dynamics
simulation evaluated apigenin’s binding propensity towards class I histone deacetylase
(HDAC) isoforms. The study found apigenin to have a high binding affinity for most
of the class I HDACSs, particularly demonstrating stability in the binding pocket of the
HDAC?2 isoform, with numerous contacts persisting for more than 30% of the simulation

duration [64].

4. Thymoquinone (TQ)

TQ has antioxidant, anti-inflammatory, immunomodulatory, anti-histaminic, anti-
microbial, and anti-tumor action, making it a promising natural chemopreventive agent [53—
56]. A summary of its chemopreventive properties are shown in Figure 5.
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Figure 5. Summary of TQ’s chemopreventive properties.

4.1. Source and Chemical Structure

Thymoquinone (TQ) is the main bioactive terpene constituent (Figure 6) found in the
volatile oil isolated from Nigella sativa (black cumin, black seed), which has been used as
a traditional medicine in many countries [52,53]. It can also be found in other plants, as
shown in Table 4.

Table 4. Common sources and quantities of TQ.

Source Quantity of TQ (mg/kg) Reference
Eupatorium cannabinum L. 8 [51]
Juniperus communis L. 6 free TQ, 15 glycosidically bound TQ [51]
Monarda didyma L. 3029 [51]
Monarda didyma L. 3425 [51]
Monarda media Willd. 2995 [51]
Monarda menthifolia Graham 1381 [51]
Satureja hortensis L. 217 [51]
Satureja montana L. 1052 [51]
Thymus pulegioides L. 233 [51]
Thymus serpyllum L. 233 [51]
Thymus vulgaris L. 300 [51]
Nigella sativa L. 1881 [51]
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O

Figure 6. Chemical structure of TQ (ChemDraw Ultra 7.0).

4.2. In Vivo and In Vitro Studies of TQ
4.2.1. In Vitro Studies of TQ

TQ has been shown to inhibit the proliferation of various cancer cell lines, including
those from colon and colorectal [65-67], breast [68-70], pancreatic [71], and other types
of cancer [72,73]. This inhibition is often mediated through the modulation of cell cycle
regulatory proteins. TQ can induce cell cycle arrest at different phases, primarily G1/S and
G2/M, by regulating cyclins and cyclin-dependent kinases (CDKs) [74].

In addition, TQ induces apoptosis by activating both intrinsic and extrinsic apoptotic
pathways, increasing the expression of pro-apoptotic proteins such as Bax and p53, while
decreasing the levels of anti-apoptotic proteins like Bcl-2 [75,76]. TQ also induces the
activation of caspases, which are crucial executors of apoptosis [77].

Furthermore, TQ exhibits potent anti-inflammatory effects by inhibiting the expression
of pro-inflammatory cytokines such as TNF-«, IL-1(3, and IL-6. It also suppresses the NF-«B
signaling pathway, which is often upregulated in cancer and associated with inflammation
and cell survival [78].

TQ has been shown to induce oxidative stress selectively in cancer cells, leading to cell
death. It increases reactive oxygen species (ROS) generation, which can damage cellular
components and induce apoptosis. Conversely, TQ enhances the antioxidant defense
mechanisms in normal cells, thereby protecting them from oxidative damage [79,80].

Moreover, TQ inhibits key processes involved in cancer metastasis and angiogenesis. It
downregulates the expression of matrix metalloproteinases (MMPs), enzymes that degrade
the extracellular matrix and facilitate metastasis. Additionally, TQ reduces the expression of
vascular endothelial growth factor (VEGF), thereby inhibiting angiogenesis and restricting
tumor growth [81,82].

In vitro studies utilizing MCF-7 breast cancer cells have shown that TQ induces cell
cycle arrest at the G1 phase and promotes apoptosis through the upregulation of p21
and p27 and the downregulation of cyclin D1 [66]. Likewise, studies on PC-3 prostate
cancer cells have demonstrated that TQ induces apoptosis through the mitochondrial
pathway and inhibits cell proliferation by suppressing the AKT signaling pathway [79,
82]. In addition, studies with HCT-116 colon cancer cells have found that TQ treatment
results in significant inhibition of cell proliferation and the induction of apoptosis via the
modulation of the Wnt/ 3-catenin signaling pathway [79,83]. TQ has also been shown to
sensitize pancreatic cancer cells to gemcitabine, a standard chemotherapeutic agent, by
enhancing ROS production and downregulating NF-«kB signaling, leading to increased
apoptosis [84,85].

These in vitro cytotoxicity studies and their findings highlight the potential of TQ as
a chemopreventive agent by demonstrating its ability to inhibit cell proliferation, induce
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apoptosis, exert anti-inflammatory effects, modulate oxidative stress, and inhibit metastasis
and angiogenesis.

4.2.2. In Vivo Studies of TQ

Numerous in vivo studies have examined TQ's potential therapeutic effects, particu-
larly in cancer treatment. A summary of in vivo studies of TQ are found in Table 5 These
studies have highlighted TQ’s ability to inhibit tumor growth, metastasis, and angiogenesis
across various cancer models, supporting further exploration of TQ as a therapeutic agent.

Several studies have investigated TQ's effects on different types of cancer in animal
models. In a study on Ehrlich acid solid tumors in mice, TQ was administered via in-
traperitoneal injection at a dose of 10 mg/kg for four weeks (five doses per week). The
results showed that TQ reduced oxidative stress, prevented necrosis, and enhanced tissue
regeneration [86].

In another study on thioacetamide-induced liver cancer in rats, TQ was given through
oral gavage at a dose of 20 mg/kg body weight for 16 weeks. The findings indicated that
TQ induced apoptosis by upregulating TRAIL and caspase-3, downregulated Bcl2 and
TGF-B1, improved liver function, and reduced hepatocellular carcinoma progression [87].

In a study on mouse epithelial breast cancer cell line (EMT6/P) xenografts in BALB/C
mice, the co-administration of TQ with piperine prevented tumor growth by decreasing
VEGEF expression and increasing serum INF-y levels, leading to apoptosis [88].

Similarly, in a study on breast cancer cell lines in BALB/C mice, the co-administration
of TQ with resveratrol induced apoptosis and decreased VEGF expression [89]. Further-
more, a study on breast cancer in mice, where TQ was administered orally at a dose of
65 mg/kg body weight, revealed that TQ reduced tumor markers, suppressed histopatho-
logical changes, and regulated the expression of Brcal, Brca2, P53, and Id-1 mutation [90].

Roepke et al. (2007) conducted a study on osteosarcoma (OS), using human osteosar-
coma cell lines MG63 and MNNG/HOS in a xenograft mouse model. TQ was administered
in vivo at a dose of 6 mg/kg/day, significantly reducing the expression of NF-«B protein
in OS tumors [75].

Another study on human pancreatic ductal adenocarcinoma (PDAC) cells showed
that TQ dose-dependently arrested the G2 cell cycle phase and reduced cell growth and
viability, increased p53 and p21 expression, and decreased Bcl-2 expression, leading to
tumor size reductions [91].

Additionally, Peng et al. (2013) studied SaOS-2 cells (human osteosarcoma) and found
that TQ exhibited pro-apoptotic effects in a concentration-dependent manner, reducing
cancer cell proliferation through various molecular pathways, including ROS generation
and MAPK signaling. TQ also reduced the DNA-binding activity of NF-«B in a dose-
dependent manner and significantly attenuated the expression of the NF-kB protein in
osteosarcoma tumors [92].

Table 5. Summary of in vivo studies of TQ as a chemopreventive agent.

Mechanism of

Cancer Type Cell Lines Animal Model TQ Dosage TQ Action Overall Outcome References
II]::I-—Cczfliieeirrl{ Augmentation of
T-24 and 253 ] cell vimentin, gernF 1Fa.b1ne anti-cancer
Bladder cancer lines Xenograft mouse 10 mg/kg/3 days Wt/ B-catenin activities through the [93]
MYC. axin-2 ’ upregulation of apoptosis
MMP7 ’cyclin ]’Dl and autophagy processes
Angiogenesis and
MDA-MB-231 1 miR-361, | Rac, metastasis suppression
Breast cancer and Xenograft mouse 5 mg/kg/day Rh ' [94]
MDA-MB-436 oA, VEGF-A and a decrease in tumor
weight
Cell cycle arrest at the
Cervical cancer SiHa cell lines - - 1 p53, | Bel-2 sub-G1 phase, induction [95]

of apoptosis and necrosis
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Table 5. Cont.

. . Mechanism of
Cancer Type Cell Lines Animal Model TQ Dosage TQ Action Overall Outcome References
Reduced cell survival,
. . } ERK, FAK, . . . ¢
Glioblastoma S6 cell lines - - MMP-2, MMP-9 migration, .adheswn, and [96]
metastasis processes
Li SNU-7721 and X ft rat 20 Jke/d 1 Bax, caspase-8, Ce}lll cycle zr.recslt a:_GZ/l;/I [97]
iver cancer HepG2 cell lines enograft rats mg/kg/day | Bcl-2, VEGF phase and induction o
apoptosis
1 E-cadherin, |
. g 5— Slug, TGF-f3, Reduced cell survival,
Prostate cancer DU-145, PC-3 Xenograft mouse 30 mg/kg/2days  Smad-2, Smad-3, migration, and invasion [98]
vimentin
10- T p21, p27, Induction of apoptosis,
Prostate cancer PC-3, LNCaP Xenograft mouse 20 me /ke/d caspases; | Bcl-2,  cell cycle arrest, inhibition [99]
§/xg/qay Cyclin D1, CDK4 of tumor growth
BGC-823, 1 Bax, caspase-3, Increased sensitivity to
. HGC-27, caspase-9, 5-FU, induction of
Gastric cancer MGC-803, Xenograft mouse 20 mg/kg/day cytochrome ¢, | apoptosis, decrease in [100]
SGC-7901 Bcl-2 tumor weight
1: Bax, caspase-3,
BGC-823, caspase-7, Inhibition o.f cell grgwth
Gastric cancer HGC-27, Xenograft mouse 10- caspa§e-9 +: Bel-2, and .an.glogen.esm, [72]
SGC-7901 30 mg/kg/2 days cyclin D, ¢-Sre, apoptosis induction, and
JAK2, STAT3, reduction in tumor weight
survivin, VEGF
1. AIF, Bax,
HGC-27, caspase-3, In.creasled §ensitiyity to
MGC-803, and Xenograft mouse 10 mg/kg/2 days casiase-9, c1splatm., uéductlon 9f [101]
SGC-7901 cytochrome c, apoptosis, decrease in
PTEN J: Bcl-2, tumor weight
cyclin D1, p-gp
Decreased cell viability,
HCT 116wt, J ERK1/2, MEK, induction of apoptosis
Colorectal cancer DLD-1, HT29 ) 25 mg/kg/day PAK1 and necrosis, decrease in (102]
tumor weight
1T p21, p53, Induction of apoptosis,
5FU-resistant vYH2AX, | CD44,  reduced cell invasion and
Colorectal cancer HCT116 Xenograft mouse 20 mg/kg/2 days EpCAM, ki67, migration, decrease in [103]
NF-«kB, MEK tumor weight
b IKKa/ 3, Increased cell rate,
Irinotecan (CPT- NF-kB, Snail, mitochondrial mem-
11)-resistant LoVo Twist, vimentin, brane permeability, [104]
cell lines MMP-2, MMP-9, induction of apoptosis
ERK1/2, PI3K and autophagy
1 Bax, caspase-3, Induction of apoptosis,
Pancreatic cancer =~ PANC-1, BxPC-3 ~ Xenograft mouse 5 mg/kg/day p53; | Bel-2, suppression of tumor [105]
NF-«B growth
Decreased rate of cancer
Loy el
Lung cancer A549 - - ERK1/2, MMP-2, gration, mvasion, a [106]
MMP-9 PCNA metastasis, cell
/ cycle arrest at the GO/
G1 phase
Decreased cell viability
and induction of
Apoptosis, as well as
necrosis
Depolymerization of
Lung cancer Ab49 - - 1: Bel-2 microtubules and [107,108]

disruption of mitotic
spindle organization,
promotion of apoptosis,

and decrease in
cell viability
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Table 5. Cont.

Cancer Type Cell Lines Animal Model

TQ Dosage

Mechanism of

Overall Outcome References

TQ Action

el el
Ovarian cancer NCI/ADR, and Xenograft mouse 20 mg/kg/2 days J: Bcl-2, PCNA cells to cisplatin, induced [109]

OVCAR-3 ;

apoptosis
Induced apoptosis, cell
cycle arrest at the

Ovarian cancer SK-OV-3 cell lines - - 1: Bel-2 S phase, and reduced

anti-cancer impact
of cisplatin

1 upregulate, | downregulate.

4.3. In Silico Studies of TQ

A reverse in silico study was applied to TQ against a variety of targets involved in
metastasis and apoptosis to search for potential targets involved in cancer therapy. The
results found that TQ successfully binds to apoptotic targets such as TRAIL-R, Bcl-2, MDM2,
Bak, Bax, and PARP [111]. TQ was docked to the active site of the target PTEN, which is
a negative regulator of the PI3K/AKT pathway. TQ illustrated a great binding affinity to
PTEN, with the potential to inhibit abnormal cell proliferation via modulating the activity
of PTEN [112]. Furthermore, TQ's position as a p53 activator and preventative anti-cancer
agent against lung cancer is implicated by the docking data [113].

5. Comparison of RA, Apigenin, and TQ: Chemopreventive Mechanisms and Extraction
Methods

In vitro studies have significantly advanced our understanding of the chemopreven-
tive mechanisms of RA, apigenin, and TQ, revealing both common pathways and unique
targets affected by each compound, as shown in Table 6. Apigenin inhibits cancer cell
proliferation by modulating cell cycle regulatory proteins, inducing cell cycle arrest [47],
and promoting apoptosis [37,114]. It affects key signaling pathways such as PI3K/AKT
and MAPK, inhibits angiogenesis, and disrupts the mitochondrial membrane, leading to
apoptosis [48]. TQ similarly induces cell cycle arrest and apoptosis but also prominently
activates both intrinsic and extrinsic apoptotic pathways and modulates oxidative stress
by increasing ROS generation selectively in cancer cells. Additionally, TQ has potent anti-
inflammatory effects, inhibiting pro-inflammatory cytokines and the NF-«B signaling path-
way, and suppresses metastasis and angiogenesis by downregulating MMPs and VEGF [85].
RA also shows potential in cancer prevention through its strong antioxidant properties
and modulation of several signaling pathways, including PI3K/AKT/mTOR [12]. It in-
duces apoptosis and cell cycle arrest in various cancer cells, suppresses metastasis, and
exhibits anti-Warburg effects by inhibiting glucose uptake and lactate production [16].
Collectively, these compounds target cell proliferation, apoptosis, angiogenesis, and inflam-
matory pathways but with unique aspects of their mechanisms, such as RA’s anti-Warburg
effect and TQ’s ROS-mediated cytotoxicity. Table 6 illustrates a concise comparison of the
chemopreventive mechanisms for RA, apigenin, and TQ.

The interest in the various bioactivities of RA, apigenin, and TQ has led to the devel-
opment of efficient methods of extraction from their natural sources. For RA, the methods
include vibration, maceration with stirring, heat reflux, Soxhlet solvent extraction, and
recent innovations like ultrasound-assisted, microwave-assisted, enzyme-assisted, and
pressurized-liquid extraction, with the solvent choice playing a crucial role in yield opti-
mization [115]. Apigenin extraction benefits from advanced techniques such as dynamic
maceration and the use of ionic liquid analogs, specifically deep eutectic solvents (DESs),
which offer efficient and environmentally friendly alternatives [116]. TQ extraction in-
volves hydrodistillation (HD) using a Clevenger-type apparatus, dry steam distillation
(SD), steam distillation of crude oils obtained by solvent extraction (SE-SD), and supercriti-
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cal fluid extraction (SFE-SD), with CO2 as the preferred solvent due to its cost-effectiveness
and safety [117]. These varied methods reflect ongoing efforts to optimize the extraction
processes for these valuable phytochemicals.

Table 6. Comparison of mechanisms and molecular targets of apigenin, RA, and TQ.

Compound Key Mechanisms Specific Targets References
Inhibits proliferation, induces %%@g%eﬁfgzyg?zgj
Apigenin apoptosis, modulates Bel-2 famiiy, mitoéhongrial / [33,53]
cell cycle membrane potential
N, PI3K/AKT/mTOR,
Induces apop tosis, inhibits epithelial-mesenchymal
Rosmarinic Acid (RA) metasta§1s, affec.t s glucose transition, apoptosis-related [13,16]
metabolism (anti-Warburg genes, glucose uptake, and
effect) [13,16] lactate production [13,16]
Induces cell cycle arrest and
apoptosis, modulates . )
Thymoquinone (TQ) oxidative stress, Cyclins, CDKs, p53, Bel-2, Bax, [69,75,77,78,89]

anti-inflammatory, inhibits NF-kB, ROS, MMPs, VEGF

metastasis and angiogenesis

6. Clinical Studies

Among the three natural compounds—rosmarinic acid (RA), apigenin, and thymo-
quinone (TQ)—there are no adequate clinical studies supporting their use as chemopreven-
tive agents, despite promising data from in vivo and in vitro studies [115-120].

One clinical study involving apigenin, titled “Dietary Bioflavonoid Supplementation
for the Prevention of Neoplasia Recurrence” (ClinicalTrials.gov Identifier: NCT00609310),
aimed to evaluate the efficacy of bioflavonoid supplementation in reducing the recur-
rence of colorectal neoplasia. Conducted by Technische Universitdt Dresden, this phase
2 interventional study involved 382 participants aged 50 to 75 years who had recently
undergone surgical resection for stage 2 or 3 colorectal cancer. It was designed as a double-
blind, randomized, placebo-controlled trial, with the participants divided into two groups.
The experimental group received a daily dietary supplement containing a mixture of
bioflavonoids, specifically 20 mg of apigenin and 20 mg of epigallocatechin gallate (EGCG)
from chamomile and green tea extracts, along with vitamins and folic acid. The primary
objective was to determine whether this supplementation could decrease the rate of neopla-
sia recurrence over a three-year period. The secondary outcomes included overall survival,
recurrence-free survival, and serum levels of the bioflavonoids. Despite its promising
design, the study’s recruitment status was listed as suspended as of the last update in
February 2012, with the reasons for suspension unspecified.

TQ was investigated for its long-term safety in healthy human subjects at a dosage
of 200 mg/day for 90 days. Hematological and biochemical parameters, including kid-
ney and liver function tests and lipid profiles, were examined alongside anthropometric
measurements to monitor safety. The study participants did not exhibit any side effects,
indicating that TQ was well tolerated over the studied period [119].

A recent clinical study involving TQ, titled “Clinical and Immunohistochemical Evalu-
ation of Chemopreventive Effect of Thymoquinone on Oral Potentially Malignant Lesions”
(ClinicalTrials.gov Identifier: NCT03208790), investigated the potential of TQ, derived from
Nigella sativa, as a chemopreventive agent for oral potentially malignant lesions (OPMLs).
Conducted by Cairo University, this randomized, controlled, parallel-group trial involved
48 participants aged 18 to 75 years with histologically and clinically confirmed OPMLs. The
participants were divided into three groups: Group A received Nigella sativa buccal tablets
containing 10 mg of TQ; Group B received Nigella sativa buccal tablets containing 5 mg of
TQ; Group C received placebo buccal tablets. The primary goal was to assess the clinical
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response by measuring the dimensions of the lesions at baseline and after three months
of treatment. The secondary outcomes included immunohistochemical evaluations for
markers of cell proliferation (Ki-67) and apoptosis (caspase-3). While specific results from
the study are not detailed in the available summaries, the trial aimed to determine whether
TQ could reduce lesion size and affect molecular markers indicative of malignant trans-
formation. The study concluded in March 2020, but detailed results have not been posted
publicly. This study represents a significant step in exploring natural compounds like TQ
for cancer chemoprevention, specifically in OPMLs, although further detailed results are
necessary to confirm its efficacy and potential for clinical use. According to the database,
the study completed phase 2, with the last update posted on 20 April 2021 [121-123].

7. Conclusions

In this review, we highlight the chemopreventive potential of rosmarinic acid (RA),
apigenin, and thymoquinone (TQ). These compounds, derived from widely used plants,
exhibit diverse chemical structures and functions, including their ability to act as antiox-
idants, cell signaling modulators, and inhibitors of cell proliferation. Extensive in vitro,
in vivo, and in silico studies provide a robust foundation for their chemopreventive prop-
erties. However, transitioning these agents into clinical use necessitates further clinical,
toxicological, and pharmacokinetic studies to confirm their safety and efficacy in humans.
Addressing pharmacokinetics and bioavailability challenges through advanced formu-
lations, drug delivery systems, and chemical optimization is essential. Computational
methods such as computer-aided drug design (CADD) and molecular dynamics simula-
tions can significantly reduce the research costs and expedite the development of more
potent and more selective chemopreventive derivatives.

Continuous investigation into these natural products could lead to complementary or
alternative cancer treatments with fewer adverse effects than conventional therapies. Thus,
future research should focus on the following: (1) conducting well-designed clinical trials
to establish effective dosages, formulations, and delivery methods; (2) investigating the
anti-metastatic potential and synergistic effects of RA, apigenin, and TQ in combination
with other chemotherapeutic agents; and (3) long-term safety and toxicology studies to
assess the potential adverse effects of their chronic use.

By addressing these research objectives, the potential of chemopreventive agents like
RA, apigenin, and TQ in cancer treatment can be fully realized, leading to improved patient
outcomes and innovative therapeutic options.
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