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CHAPTER I - Breast cancer: epidemiology and status quo in the
current clinical practice

Breast cancer represents the most common malignant tumor among
women, with over 2 million people being diagnosed with this pathology in
2018. Regarding its mortality rates, breast cancer caused 626,000 deaths
globally that year, representing 24.2% of the total cancer deaths among the
female population (Bray et al., 2018).

In the current clinical approach, the diagnosis and prognosis of breast
cancer mainly involve the determination of the tumor stage, the tumor grade
and the status of some biomarkers known for their prognostic value or as
therapeutic targets. Based on these clinical parameters, the therapeutic
strategy will be established, being specific for each patient. Breast cancer is
generally classified as carcinoma in situ and invasive carcinoma, depending
on the infiltration of the tumor cells into the adjacent tissues, classes which
in turn can be divided into ductal carcinoma and lobular carcinoma,
depending on the location of the primary tumor (Mastropasqua and Viale,
2017).

The tumor stage is most often determined using the TNM staging
system, depending on the size of the tumor (T), the number of invaded
axillary lymph nodes (N) and the presence of metastases in other organs (M)
(Koh and Kim, 2019). The TNM system indicates the stage in which a tumor
is at the time of diagnosis, but fails to establish the aggressiveness of the
tumor cells, an extremely important factor in terms of the evolution of the
disease. The histological grade of the tumor represents the degree of
differentiation of the tumor cells as compared to the normal cells of the same
tissue and is most often established using the Nottingham grading system.
The Nottingham grade is determined according to three histological
parameters: nuclear polymorphism (indicator of the cell structure), mitotic
index (indicator of the proliferation capacity) and presence of tubular
epithelial formations (indicator of the tissue architecture) in the tumor tissue
(Dalle and et al., 2008).

Although the tumor stage and grade are important elements of breast
cancer diagnosis that influence the therapeutic strategy (especially from the
point of view of surgery and radiotherapy), the decision regarding the
chemotherapeutic adjuvant/ neoadjuvant treatment is based mainly on the
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status of some biomarkers with prognostic value and therapeutic target
potential. Of these, the most commonly used tumor markers are the hormone
receptors for estrogen (ER) and progesterone (PR), the tyrosine kinase
receptor Her2/ Neu (ERBB2) and the proliferation marker Ki67 (Nounou et
al., 2015). Based on the expression level of these four categories of
molecules, breast cancer was divided into four general molecular subtypes:
luminal A, luminal B, Her2 positive (Her2 +) and triple negative (Onitilo et
al., 2009). The classification of a tumor in one of these molecular subtypes
provides information regarding the evolution and progression of the disease
in the body on one hand, and regarding the tumor response to therapy, on the
other. Thus, based on the classification of breast cancer into molecular
subtypes, the patient-specific treatment regimen will be established.

The conventional treatment of breast cancer consists of surgery to
remove the tumor, doubled by radiotherapy on the one hand and systemic
therapy (chemotherapy, hormonal therapy and targeted therapy) on the other,
depending on the clinical characteristics of the patient (Dhankhar et al.,
2010). In the case of localized mammary tumors, surgical intervention is
performed, most often by lumpectomy (breast conservation operation)
(Matsen and Neumayer, 2013). Surgery may be preceded by neoadjuvant
treatment to reduce tumor size. Subsequent to tumor extirpation, adjuvant
therapy is most often used, in order to minimize the chances of cancer
metastasis and relapse (Matsen and Neumayer, 2013). The therapeutic
decision regarding the systemic therapies to be administered to breast cancer
patients is made based on the tumor's molecular subtype.

The clinical responses of breast cancer patients are largely dependent on
the molecular subtype of the tumor, both due to the characteristic phenotype
of each of them and due to the more or less limited therapeutic options
available (Fig. 1). Thus, the luminal A subtype, with a less aggressive
phenotype, a reduced proliferation capacity and with hormone therapy
available in the clinic, has the best clinical response, with 5-year survival
rates over 90%. At the opposite end are the triple negative breast cancers,
which belong to the most aggressive molecular subtype, in which there is no
targeted therapy in current clinical practice.
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Fig. 1 Therapeutic options in breast cancer, depending on the molecular
subtype (adapted from Nounou et al., 2015).

Corroborating all these data, it is evident that conventional breast cancer
treatment is far from being effective. Even though there are a several targeted
therapeutic options in the current clinical practice, they are limited to certain
molecular subtypes, whereas tumor resistance to these treatments is still a
common phenomenon (Chun et al., 2017). At the same time, the lack of
targeted therapies in triple negative breast cancer, as well as the treatment
inefficiency in the case of advanced stage mammary tumors, increase the
chances of therapeutic failure (Ismail-Khan and Bui, 2010). Thus, metastatic
breast cancer is almost universally fatal in first 5-10 years from the time of
diagnosis, a fact that has remained valid for the last 30 years (Tevaarwerk et
al., 2013).

In this context, an important part of the efforts of the scientific
community is focused on identifying new compounds with anti-tumor action,
in order to improve the treatment effectiveness and to reduce the side effects
of the conventional therapy. One of the most important sources of such
bioactive compounds with anti-cancer potential is represented by plants.



CHAPTER Il — Plant-derived compounds in breast cancer
management

1. Plant-derived compounds in the convetional therapy of breast
cancer

Plants are a primary source of natural compounds, especially secondary
metabolites for modern oncology. Over 3000 plant species have been
identified over time with anti-tumor properties (Tariq et al., 2017), the
mechanisms of induction of cell death caused by natural compounds being
extremely diverse (Gali-Muhtasib et al., 2015). Between 1940 and 2014, 49%
of the oncological drugs approved for use as part of the chemotherapy grids
were naturally occurring compounds (Newman and Cragg, 2016), proving
the impact of these plant constituents in the conventional therapy of cancer.
However, of the total 250,000 existing plant species, only 10% have been
tested for their pharmacological proprieties so far (Igbal et al., 2017).

The interest in integrating plant compounds into the conventional cancer
therapy emerged after the 1950s, when vinca alkaloids and podophyllotoxins
were discovered. These compounds represent two categories of secondary
metabolites isolated from plants, that are characterized by strong anti-tumor
activity (Cragg and Newman, 2005). Subsequently, many other compounds
of plant origin with anti-tumor potential have been identified, the most
important classes being taxanes and camptothecins, compounds that have
been included in conventional chemotherapy grids since the 1990s
(Safarzadeh et al., 2014). Thus, an overwhelming proportion of the
oncological drugs used today are naturally occurring. Of the total of 65 such
drugs approved between 1981-2002 for cancer treatment, 48 are from natural
sources (Wang et al., 2012). Furthermore, out of the 121 oncological drugs
approved by the Food and Drug Administration (FDA) used in the U.S. in
2013, 90 were initially isolated from plant organisms (Safarzadeh et al.,
2014). Of these, two classes of plant-derived compounds are generally used
in the treatment of breast cancer: vinca alkaloids and taxanes (Igbal et al.,
2017)

All these data demonstrate the major impact of plant compounds in the
treatment of breast cancer, as part of the conventional therapy in current
clinical settings. At the same time, it is underlined the potential of the plant
constituents in the development of new effective therapies, considering that
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only 10% of all plant species have been tested for their pharmacological
properties so far (Igbal et al., 2017).

2. Plant-derived compounds in the complementary and alternative
medicine in breast cancer

Complementary and Alternative Medicine (CAM) includes all human
health practices that are not an integral part of the conventional health system,
but are used by many patients for the purpose of completing their care
(Eisenberg et al. 1998). Over 49% of the patients diagnosed with cancer after
the year 2000 use at least one such CAM-associated product during or after
completion of their conventional treatment (Horneber et al., 2012). The most
commonly used form of CAM among cancer patients is the use of different
extracts, formulas or supplements of plant origin, grouped under the generic
name of herbal preparations (Molassiotis et al., 2006).

Herbal preparations have the potential to increase both the lifespan and
the quality of life of oncological patients, with multiple studies suggesting
the adjuvant and palliative role they may play (Efferth et al., 2007; Seely and
Oneschuk, 2008). These complementary medicine methods based on plant
compounds would control the symptoms associated with the conventional
treatment, increase the sensitivity of tumor cells to the action of
chemotherapy, decrease the cytotoxicity of conventional compounds on
normal cells, and improve the body's immune responses (Helyer et al. 2006;
Navo et al., 2004). However, the vast majority of data supporting the benefits
of herbal preparations come from preclinical, in vitro and in vivo studies,
which cannot be transposed automatically to patients. For human subjects,
the efficacy of these complementary therapies is most often based on
empirical evidence and particular case studies, whereas large-scale clinical
trials are very few (Liao et al., 2013).

Both the beneficial and harmful effects of herbal preparations consumed
concomitantly with conventional cancer treatment are largely due to the
pharmacodynamic interactions between the compounds involved (Cheng et
al., 2010). Thus, even though the plant-derived compounds can potentiate the
effects of the chemotherapy, they can also interfere with the anti-tumor
activity of oncological drugs (Aung et al., 2017). This phenomenon appears
because the additional compounds alter the pathways responsible for the
metabolization of the chemotherapies, and thus decrease the tumor exposure

7



to their action (Enioutina et al., 2017). Therefore, the use of herbal
preparations by oncological patients is not always effective (Saxe et al., 2008)
and / or safe (Hu et al., 2005).

In view of all these data, herbal preparations seem increasingly used by
breast cancer patients, although their efficacy and safety are not always
proven. The dual potential of herbal preparations in breast cancer therapy,
doubled by the increased confidence in their efficiency among patients,
demonstrates the need for the in-depth study of the pharmacodynamic
interactions between them and conventional chemotherapeutic compounds.
At the same time, the lack of clear scientific evidence on the efficiency and
safety of using such herbal preparations, independently or in combination
with a specific conventional regimen, makes the subject to be without a
consensus in the scientific community.

3. Plant-derived compounds in breast cancer prevention: concepts of
nutrigenomics

More and more recent studies demonstrate the important role played by
plant bioactive compounds in the prevention of cancer, the plant nutrients
being able to modulate the expression of some essential genes in
tumorigenesis and in cancer progression (Braicu et al., 2017; Kotecha et al.,
2016). Thus, dietary habits influence the risk of cancer, many components of
the diet modifying cellular processes relevant to the initiation, promotion and
progression of the tumor in the human body (Nicastro et al., 2012; Turati et
al., 2015). Breast cancer is one of the types of cancer whose incidence is
influenced by environmental factors, including nutrition and diet (Davis,
2007).

The study of cancer prevention revolves around identifying compounds
that could have a positive impact against cell transformation in the early
stages of oncogenesis (Sapienza and Issa, 2016). A number of plant-derived
compounds have the potential to oppose the initiation and promotion of
cancer, affecting the initiated cells or triggering other anti-cancer
physiological responses of the organism. Thus, various phytoconstituents
may induce the detoxification of carcinogens by activating specific metabolic
pathways (Royston and Tollefsbol, 2015), but also by enhancing immune
surveillance leading to the elimination of the transformed cells (Luis
Espinoza et al., 2013). In initiated cells, plant-derived compounds can
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increase DNA stability, both by preventing degradation and by inducing the
repair of the genetic material (Ferguson et al., 2004). At the same time, many
plant constituents are capable of inducing substantial epigenetic changes in
transformed cells, which will oppose tumor initiation and promotion
(Kotecha et al., 2016).

However, the beneficial effects of nutrients in cancer prevention depend
not only on the bioactive compounds themselves, but also on the genetic
predisposition of each individual. Thus, the variation in the incidence of
cancer in human populations with similar eating habits can be explained from
the point of view of the genetic and epigenetic particularities of each
individual, which influence the susceptibility to the beneficial action of the
diet (Ardekani and Jabbari, 2009). In this context, nutrigenomics in cancer, a
science that studies the impact of nutrients on the cellular genome, has
developed in recent years, emphasizing how diet-induced epigenetic changes
influence tumorigenesis by modulating the expression of genes relevant to
cancer initiation and promotion.

In this context, it is emphasized the need to test the plant-derived
nutrients from the perspective of the epigenetic effects induced in the initiated
cells and to identify those components of the diet that would have a potential
protective role against the initiation, promotion and progression of cancer. At
the same time, biological barriers that oppose the anti-tumor effects, such as
the reduced bioavailability of some nutrients, their low absorption level or
the too low concentrations of the active compounds in foods will require
increased attention in order to overcome them.



CHAPTER II1 - Calendula officinalis: a medicinal herb with anti-
tumor proprieties
[Chapter 111, in an adapted form, was published as: Cruceriu D, Balacescu
O, Rakosy-Tican E, 2018. Calendula officinalis: potential roles in cancer
treatment and palliative care. Integrative Cancer Therapy 17(4):1068-
1078]

Calendula officinalis (Asteraceae family), popularly called the pot
marigold, is a species commonly used in traditional medicine. Various herbal
preparations obtained from flowers and leaves of this species are popularly
used as anti-spasmodic and anti-inflammatory remedies, in the treatment of
wounds, minor burns, irritations and other rashes (Mehta et al., 2012). The
extracts of C. officinalis are characterized by various pharmacological
activities, the most important medicinal properties reported in the literature
being the anti-inflammatory, antioxidant (Frankic et al., 2009), antibacterial
(Goyal and Mathur, 2011), antifungal (Gazim et al., 2008), and
immunostimulatory (Varlijen, 1989) activities. The biological activity of the
extracts is due to the biochemical profile, especially the secondary
metabolites.

1. The phytochemical profile of C. officinalis

The most important classes of compounds found in the organs of C.
officinalis are polyphenols, terpenes, coumarins and quinones (Ashwlayan et
al., 2018; Khalid and Da Silva, 2012). Phenolic compounds, including
phenolic acids and flavonoids, are found in large quantities in all above-the-
ground organs of this species. Terpenoids are found both in extracts obtained
with less polar solvents and in the fraction of volatile compounds of C.
officinalis preparations, terpenes representing an important part of the plant-
derived essential oils.

Given the diversity of constituents in the plant preparations obtained
from C. officinalis, the premise that this species could have potential in cancer
management is also outlined. Polyphenols and volatile terpenes are classes of
compounds known for their anti-tumor activity, being phytoconstituents
capable of inhibiting cell proliferation and inducing apoptosis (Fantini et al.,
2015; Nichenametla et al., 2006). Moreover, three compounds directly
isolated from C. officinalis, lutein and two glycosylated triterpenes, were
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tested for anti-tumor effects and have been shown to be cytotoxic in various
tumor pathologies.

2. C. officinalis in cancer management

The anti-tumor effects of C. officinalis extracts both in vitro and in vivo
in animal models have been demonstrated for the first time more than 25
years ago (Boucaud-Maitre et al., 1988). Numerous other studies have
subsequently succeeded in completing these data, various plant preparations
obtained from the leaves, flowers and roots of this species being characterized
by anti-tumor action. The current state of knowledge regarding C. officinalis
preparations in terms of their anti-tumor effects in vitro and in vivo, and also
of their potential in palliative care of oncological patients is presented in
figure 2.

In wFro actuv_lt_y — o Y / In vivo act_u{ny
Selective cytotoxicity General toxicity
1C50: 50 pg/ml = 2300 pg/ml No acute/ subacute, local/ systemic toxicity
« Celllines: melanoma, leukemia,
breast/ cervix/ colon/ gastric/
lung/ pancreaticcancer.

Chemo-preventive effect
Number of tumors and tumor size
decreased

Antitumoral effect
In vitro activity — P Tumor growth inhibition
Cytotoxicity
1C50: 50 pg/mi mep 410 pg/ml
+ Celllines: melanoma, leukemia,
breast/ colon cancer

Anti-metastaticeffect
Inhibition of metastasis

Palliative care

Treatment of radio-dermatitis
* Patients: breast /head/ neck cancer

In vitro activity —

Cytotoxicity P A
1C50: 230 pg/ml {

* Celllines: leukemia Treatment of radiation induced

I oropharyngeal mucositis
* Patients: head/ neck cancer

Fig. 2 General aspects of the anti-tumor activity of C. officinalis extracts.
Flower extracts: activity in vitro, in vivo and in palliative care; leaf extracts:
in vitro activity; root extracts: in vitro activity (Cruceriu et al., 2018).

Herbal extracts of C. officinalis have been shown to be characterized by
anti-tumor activity in in vitro systems on numerous cancer cell lines.
Moreover, in specific cases, these preparations were also selective in the anti-
tumor action. The vast majority of studies were performed on extracts
obtained from flowers of this species, although a 2012 study suggests that the
root preparation would be superior (Wegiera et al., 2012). The preparations
obtained in distilled water by infusion or maceration are characterized by

reduced cytotoxic action, even if Jimenez-Medina et al. (2006) manage to
11



increase the performance of this type of extract by laser activation. The
extracts obtained in methanol are superior to those in water from the
perspective of the anti-tumor action exerted on the cell lines (Miguel et al.,
2016). From the point of view of the mechanisms of action, C. officinalis
extracts appear to have both cytotoxic and cytostatic effects in tumor cells.
The decrease in the levels of cyclin expression following treatment suggests
that the cell cycle is hampered, whereas the activation of caspases underlines
the likelihood of apoptosis induction (Jimenez-Medina et al., 2006).

The in vivo activity of C. officinalis extracts obtained from flowers has
been investigated over the last 20 years from the perspective of their general
toxicity, anti-genotoxic/ chemo-preventive effects, anti-tumor action and
anti-metastatic capacity in different animal models. Herbal preparations
obtained from C. officinalis flowers do not induce acute and subacute (Silva
et al., 2007) and neither systemic nor local (Jimenez-Medina et al., 2006)
toxicity, at the doses needed to treat cancer. Both ethanolic (Barajas-Farias et
al., 2006) and methanolic extracts (Ali et al., 2014) obtained from Calendula
flowers have chemo-preventive effects on chemically induced carcinogenesis
in model animals. In addition to the ability to prevent cancer, C. officinalis
extracts also possess anti-tumor actions (Jimenez-Medina et al, 2006).
Another ethanolic extract from the flowers of the same species increased the
lifespan by 43% and inhibited the lung metastasis of melanoma in Calendula-
treated mice (Preethi et al., 2010).

In addition to the anti-tumor action of C. officinalis extracts, several
recent clinical studies suggest that herbal preparations obtained from the
flowers of this species could become relevant resources in the palliative care
of oncological patients with breast, head or neck cancer, whose therapeutic
regimen include radiotherapy (Pommier et al., 2004; Sharp et al., 2013).

Therefore, herbal preparations obtained from the organs of Calendula
officinalis, have potential in cancer management, both in prevention and
therapy, as well as in palliative care. The diversity of secondary metabolites,
especially polyphenols and terpenes that are characterized by cytotoxic and
cytostatic action on cancer cells, makes Calendula extracts to have anti-tumor
activity, in vitro. At the same time, the fact that the biological activity is
maintained in animal models, as anti-genotoxic, anti-tumor and anti-
metastatic action, increases the potential of using this species in the
prevention and treatment of cancer.
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CHAPTER 1V - Solanum spp.: wild species with nutrigenomic potential
in cancer

Potato (Solanum tuberosum), as a cultivated species, is one of the most
important vegetable sources of food for the world's population, being ranked
4th in terms of consumption, after wheat, rice and corn (FAO - Food and
Agriculture Organization of the United Nations, 2018). Thus, S. tuberosum
plays an essential role in ensuring access to food for the world's population,
especially in underdeveloped countries, taking into consideration the rapid
growth of the global birth rates (International Potato Center, 2018).

However, Solanum tuberosum is susceptible to attack by various
consumers/ parasites/ pathogens (insects, nematodes, fungi, bacteria, viruses)
and has low resistance to abiotic environmental factors, which cause serious
crop losses (Haldar et al., 2006). The main cause for which the cultivated
potato species has lost its resistance characteristics is human intervention,
through monoculture, artificial selection to increase productivity and asexual
propagation through tubers. In this context, the scientific community has
proposed the reintegration of those important features, which are involved in
the response to various environmental factors, in the potato genome. Thus,
wild potato species, such as S. chacoense and S. bulbocastanum, have been
used as genetic resources in potato breeding programs (De Haan and
Rodriguez, 2016; Rakosy-Tican et al., 2019).

S. bulbocastanum is used in potato breeding due to its resistance to
Phytophthora infestans (Lokossou, 2010; Rakosy-Tican et al., 2015),
whereas S. chacoense due to its resistance to the Colorado beetle and bacterial
attacks (Chen et al., 2013; Molnar et al., 2017; Rakosy-Tican et al., 2019).
The resistance of these wild potato species to various pathogens is largely
based on phytochemical constituents, secondary metabolites present in
different organs, such as glycoalkaloids, having repellent and/ or toxic effects
on pests (Mweetwa et al., 2012). Not coincidentally, such compounds that are
part of the phytochemical profile of different wild potato species, such as
solamargine (Liu et al., 2004; Shiu et al., 2007), a-chaconine or a-solanine
(Friedman, 2015), also have anti-tumor properties.
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1. The phytochemical profile of S. chacoense and S. bulbocastanum

Data related to the biochemical profile of the wild Solanum species are
extremely scarce in the literature and are far from exhaustive. The two classes
of secondary metabolites that characterize the Solanaceae species are
polyphenols, especially phenolic acids and alkaloids. Regarding the
glycoalkaloid content, S. bulbocastanum and S. chacoense show elevated
levels of a-solanine and a-chaconine in the leaves, and high amounts of
solamargine and solasonine in the tubers (Distl and Wink, 2009). Regarding
their polyphenolic content, chlorogenic acid is the compound that is found in
the highest abundance in the organs of these two species (Hale et al., 2008;
Navarre et al., 2011).

2. The anti-tumor activity of Solanum spp.

The plant extracts obtained from the wild species S. chacoense and S.
bulbocastanum have been little investigated in terms of their anti-tumor
properties. Only two plant extracts obtained from S. chacoense (Mamone et
al., 2011; Mongelli et al., 1999) were tested for their anti-tumor activity, both
preparations being characterized by cytotoxic activity. No study investigated
the anti-tumor properties of extracts obtained from S. bulbocastanum. Even
though the complete extracts of these two species of interest have not been
intensively studied, the alkaloids specific to the Solanaceae family, o-
solanine, a-chaconine or solamargine have been extensively analyzed in
terms of their anti-tumor effects. All of these compounds are proven to be
cytotoxic and/ or cytostatic in various tumor pathologies, including breast
cancer (Friedman, 2015).

In this context, the plant extracts obtained from the wild Solanum
species could be relevant sources of bioactive constituents with anti-tumor
activity that could be included in the conventional therapeutic grids.
Moreover, due to the intense use of these species in breeding programs, the
new varieties obtained could be characterized by high contents of such
nutrients with anti-tumor activity. Thus, these newly cultivated plants could
play arole in preventing cancers through nutrition and diet. At the same time,
given the importance of the potato as a plant food source for the human
population, the impact of these new varieties with high contents of
compounds with nutrigenomic properties in cancer would be significant.
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Aim and objectives of the thesis

Aim of the thesis

Evaluation of the anti-tumor potential of five plant extracts obtained from
flowers and leaves of C. officinalis, leaves of S. bulbocastanum and leaves
and tubers of S. chacoense, against three cell lines belonging to the luminal
and triple negative subtypes of breast cancer.

Objectives of the thesis

Objective 1. Biochemical characterization of the methanolic extracts of C.
officinalis and S. chacoense obtained by ultrasound-assisted extraction
(UAE), regarding their content of polyphenols, volatile compounds and
alkaloids by spectrophotometric methods, HPLC and MS.

Objective 2. Assessment of the biological activity of the extracts obtained
from C. officinalis, S. chacoense and S. bulbocastanum in terms of
antioxidant activity by the ABTS, FRAP and CUPRAC methods, and of the
selective anti-tumor activity on the breast cancer cell lines MCF7, MDA-MB-
231 and HS578T compared to the healthy HUVEC cell line, by the MTT
method.

Objective 3. ldentification of some molecular mechanisms of action of the
extracts from C. officinalis, S. chacoense and S. bulbocastanum in MCF7 cell
line, based on the gene expression evaluation of 14 genes involved in
apoptosis and cell proliferation, by RT-qPCR.
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CHAPTER V - Materials and methods

1. Preparation of the plant extracts
2.1. Plant material and culture conditions

C. officinalis plants were obtained from seeds germinated in soil, and
subsequent cultivation ex vitro, under controlled laboratory conditions. The
species authentication was carried out in the Herbarium of the “Babes-
Bolyai” University, Romania (CL Herbarium; specimen authentication
voucher 668431). The leaves and flowers were dried in the dark and further
powdered.

The seeds of Solanum chacoense Bitt., Accession Pl 458310 were
obtained from the National Plant Germplasm System of the United States of
America (NPGS, Sturgeon Bay, WI, USA), whereas S. bulbocastanum
Accession GLKS-31741 were provided by the Institute of Plant Genetics and
Crop Plant Research, Germany [Gross Lisewitz Potato Collections (GLKS)
of the IPK Gene Bank, Leibniz, Germany]. The two species were grown in
vitro, under laboratory conditions, optimized for potato species.
Subsequently, the explants were acclimatized ex vitro in soil, being cultivated
under controlled laboratory conditions. The plant material, consisting of
leaves from both species and tubers harvested from S. chacoense, was dried
in the dark and further powdered.

2.2. Extract preparation by the ultrasound-assisted extraction technique
Starting from the plant material collected from the three species included
in the study, five plant extracts were prepared: C. officinalis - flowers; C.
officinalis - leaves; S. bulbocastanum - leaves; S. chacoense - leaves; S.
chacoense - tubers. Regardless of the plant material used, the protocol for
obtaining the extracts was the same, being based on the ultrasonication
technique, in 70% methanol. The dried plant material (5 g) harvested from
each of the three species was macerated in 70% methanol (50 mL) and
ultrasonicated in three successive cycles, with a Sonics Vibra-cell sonicator
(VCT750, Sonics). The obtained suspension was left to macerate for another
24h, at room temperature, in the dark. Subsequently, the homogenate was
centrifuged, and the supernatant containing the dissolved vegetable
compounds was collected and filtered. The solvent from this crude
methanolic extract was evaporated under reduced pressure, at 40°C, in a
rotary vacuum evaporator (Laborota 4000 Efficient, Heidolph Instruments
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GmbH), until a powder was obtained. Half of the powder obtained for each
extract was homogenized in 100% dimethyl sulfoxide (DMSO) to be used in
in vitro cell culture assays, and the other half was redissolved in 70%
methanol to be used in the determination of the biochemical profile of the
extracts.

3. Analysis of the biochemical profile of the extracts

3.1. Identification and quantification of phenolic compounds and alkaloids,
by HPLC-PDA/ESI-MS

The HPLC-PDA analysis of the four extracts of interest was performed
on an Agilent 1200 device, coupled with an SPD-M20 UV-VIS PDA (DAD)
detector. The mobile phase consisted of: solvent A - bidistilled water and
0.1% acetic acid/ acetonitrile (99/1) v/v; Solvent B - acetonitrile and 0.1%
acetic acid. Chromatograms were monitored at 340 nm.

For the mass spectrometric analysis, a type 6110, quadruple mass
spectrometer (Agilent Technologies), coupled with an ESI ionizer was used.
The experimental data were acquired in full scan mode, between 280-1000
m/z. The identification of the compounds and the assignment of the
corresponding peaks on chromatograms was performed based on the
retention time (Rt), the UV-VIS absorption spectrum and the mass spectrum
specific to each compound of the analyzed plant extracts, in comparison with
a series of commercial standards.

3.2. ldentification and relative quantification of the volatile compounds, by

ITEX/GC-MS

The volatile compounds were extracted from the gaseous (evaporated)
phase of the extracts using an AOC-5000 Combi PAL autosampler (CTC
Analytics) equipped with an ITEX-II syringe (ITEX-2TrapTXTA, Tenax TA
80/100 mesh) and directly desorbed in the GC. GC-MS analysis was
performed on a GCMS QP-2010 mass spectrometer coupled with gas
chromatography (Shimadzu Sci. Instruments). The gas used to create the gas
stream with a role in the transport of volatile compounds was helium, with a
flow rate of 1 mL/ min, at a ratio of 1:20. Detection in the MS was performed
on a quadruple spectrometer. The experimental data were acquired in full
scan mode, in the range 40-450 m/ z.
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The identification of the volatile compounds was performed by
comparing the results obtained for each compound with the mass spectra
contained by the libraries available online (NIST27 and NIST147), taking
into account a similarity of at least 85%. At the same time, the retention times
obtained for each compound were compared with the retention times
available in two online databases, www.pherobase.com and
www.flavornet.org. The relative quantification of each volatile compound
identified was estimated as a fraction of its integrated ion area from the total
ion chromatograms (TIC) area (100%).

4. Assessment of the biological activities of the extracts

4.1. Cell lines and culture conditions

Four human cell lines were used in this study: MCF7, MDA-MB-231,
HS578T and HUVEC. All cell lines were obtained from the European
Collection of Authenticated Cell Cultures. MCF7 cells were grown in MEM
medium, MDA-MB-231 cell line in RPMI-1640 medium, HS578T line in
DMEM medium, and HUVEC cells in EGM medium. All cell lines were
maintained at 37 °C, in a humidified atmosphere (90%) containing 5% CO?2,
in the incubator.

4.2. Assessment of the anti-tumor activity of the extracts by the MTT assay

The anti-tumor activity of the five extracts was determined by the MTT
assay (Sigma-Aldrich) on MCF7, MDA-MB-231 and HS578T breast cancer
cell lines and on the HUVEC line of normal endothelial cells, according to
the manufacturer's protocol. In short, 2 x 104 cells/ well were seeded into 96-
well plates. The treatment was added after 24 hours, in nine successive
concentrations (50-1000 pg/ ml). After 48h of incubation of the cells with the
plant extracts under normal cell culture conditions, the supernatant was
removed and 100 pL/ well of MTT solution was added. After an additional
1h incubation in the dark at 37 °C, the MTT solution was replaced with 150
pL of 100% DMSO (Carl Roth GmbH), and the samples’ absorbance was
measured at 570 nm (Synergy HTX, BioTek).

Cell viability was calculated as the fraction of viable cells in the treated
samples compared to the untreated control cells, based on the obtained
absorbances. The 1Csp values for each extract on each cell line were
calculated in GraphPad Prism Version 5 software (GraphPad Software). The
selectivity of the extracts in the anti-tumor activity was determined by
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calculating the specific selectivity coefficients for each cell line, by
comparing the ICso values of each extract on the normal HUVEC line to the
ICso values of each extract on each breast cancer cell line.

4.3. Assessment of the molecular effects triggered by the extracts, by RT-
gPCR

The molecular effects of the five extracts obtained starting from the plant
material harvested from C. officinalis, S. chacoense and S. bulbocastanum
were determined on the MCF7 cell line by quantifying the relative expression
levels of 14 genes considered of interest, by RT-gPCR. The 14 genes
evaluated (BCL2, BAX, BID, BBC3, PMAIP, TP53, TP53INP1, CASP3,
CASP7, CCND1, NFkB, STAT3, ZMAT3 and DRAM1) encode proteins that
are highly relevant in cell proliferation or apoptosis, most of them being
considered molecular markers of these processes in cancer.

Regarding the experimental design, cells belonging to the MCF7 cell
line were seeded in 12-well plates, at a density of 2 x 10° cells/ well. After
24h from seeding, the cells were treated with each of the five extracts at the
concentration corresponding to ICsg, in technical duplicates. After an
additional 48h, the cells were lysed with TriReagent lysate solution (Sigma-
Aldrich), and total RNA was extracted by the classical technique with phenol-
chloroform. RNA quantity and quality were evaluated using the nanodrop
(NanoDrop 1000, ThermoScientific) and the bioanalyzer (Agilent
Technologies). Complementary DNA (cDNA) synthesis, starting from 500
ng of total RNA from each sample, was performed using the RevertAid First
Strand cDNA Synthesis Kit (# 1622, ThermoScientific). Evaluation of the
relative expression levels of the genes of interest was carried out by RT-gPCR
in the TagMan system, using the TagMan Master LightCycler kit (Roche),
on a LightClycler 480 type gPCR apparatus (Roche). The relative expression
level of the genes of interest was calculated according to the AACt method
(Livak and Schmittgen, 2001).
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CHAPTER VI - Results

[Parts of Chapters V, VI and VII, in an adapted form, were published as: 1.
Cruceriu D, Diaconeasa Z, Socaci S, Socaciu C, Rakosy-Tican E, Balacescu
0, 2020. Biochemical profile, selective cytotoxicity and molecular effects of
Calendula officinalis extracts on breast cancer cell lines. Notulae Botanicae
Horti Agrobotanici 48(1):24-39; 2. Cruceriu D, Diaconeasa Z, Socaci S,
Socaciu C, Balacescu O, Rakosy-Tican E, 2020. Extracts of the wild potato
species Solanum chacoense on breast cancer cells: biochemical
characterization, in vitro selective cytotoxicity and molecular effects.
Nutrition and Cancer, online first: https://doi.org/10.1080/01635581.
2020.1761407]

1. The phytochemical profile of the extracts
The phytochemical profiles of the extracts of C. officinalis and S.
chacoense were evaluated in terms of their content of polyphenols and
volatile compounds, the data in the scientific literature suggesting their
presence in the biochemical composition of these species (Ashwlayan et al.,
2018; Caruso et al., 2018; ., 2013), and the anti-tumor potential of such
constituents (Dhifi et al., 2016). At the same time, the presence of alkaloids,
compounds with recognized cytotoxic activity, was evaluated in S. chacoense

extracts (Friedman, 2015).

1.1. The phytochemical profile of the C. officinalis extracts

1.1.1.  The polyphenolic content of the C. officinalis extracts

Among the phenolic constituents, 14 compounds were individually
identified in the extract obtained from C. officinalis flowers, whereas in the
leaf extract only 12 such compounds were present (Table 1). Both extracts
were dominated by flavonols, including multiple derivatives of quercetin and
isorhamnetin. In addition to flavonols, both extracts were characterized by
the presence of phenolic acids, including hydroxybenzoic and
hydroxycinnamic acids and coumarins (Table 1).

The major constituents identified in the extract obtained from C.
officinalis flowers were chlorogenic acid, among phenolic acids, and
quercetin-3-O-glucosyl-rhamnosyl-glucoside, isorhamnetin-3-O-galactoside
isorhamnetin-3-O-glucosyl-rhamnoside and isorhamnetin-7-O-rhamnoside
from the flavonol fraction. The most important polyphenolic constituents
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identified in the extract obtained from the leaves of this species were
dihydroxybenzoic acid, isoquercetin and isorhamnetin-3-O-glucosyl-
rhamnoside (Table 1).

Comparing the polyphenalic profile of the two C. officinalis extracts,
several relevant differences should be emphasized. The extract obtained from
C. officinalis flowers is characterized by higher amounts of polyphenols
compared to the one obtained from leaves. The only class of phenolic
compounds that is present in greater quantity in the leaf extract is the class of
hydroxybenzoic acids, their concentration being 57% higher in this extract.
In contrast, hydroxycinnamic acids have a twice higher concentration in the
flower extracts. In terms of the flavonol content, the flower extract proved to
be superior again, containing 188% more compounds belonging to this
subclass. Moreover, two flavonols, isorhamnetin and isorhamnetin-3-O-
glucoside were identified only in the extract obtained from C. officinalis
flowers. Last but not least, scopoletin-7-O-glucoside, a compound that is part
of the class of coumarins, had a concentration more than three times higher
in the flower extract compared to the one obtained from C. officinalis leaves
(244% difference).

1.1.2  The volatile compounds content of the C. officinalis extracts

A total of 24 volatile compounds were identified in the extract obtained
from C. officinalis flowers, while the extract from the leaves of the same
species contained only 16 such compounds (Table 2). The volatile
constituents identified in the extracts belong to several important classes of
secondary metabolites, such as monoterpenes, sesquiterpenes, ketones or
volatile aldehydes.

Comparing the volatile biochemical profile of the two extracts from C.
officinalis, several relevant differences are highlighted. The relative
abundance of sesquiterpenes in the flower extract (38.07%) is much higher
than in the leaf extract (4.65%). Several compounds belonging to the class of
volatile aldehydes were identified only in the flower extract (Table 2).
Corroborating these data, the extract from C. officinalis flowers may be
considered superior in terms of the volatile compound diversity, as compared
to that obtained from the leaves.
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Table 1. Identification and quantification of phenolic compounds in the extracts of C. officinalis leaves and flowers. Rt— retention

time; [M+H]*- molecular ion; UV Amax - wavelengths of maximum absorption in the visible region.

Quantification (ug/mL extract)

cocr:T:?)Zsu(r)]fds P,\?g'k R¢ (min) ['\(/Ir;/?)] U(\r]"i‘]m)ax Tentative identified compound C. ]E)Iﬁ‘icinalis C. officinalis
owers leaves
Hygg?é‘sy?é%o'c 1 3.05 156,139 240 Dihydroxybenzoic acid 366.89 576.00
TOTAL BA! 366.89 576.00
2 987 355 320 3-Caffeoylquinic acid 458.61 32111
(Neochlorogenic acid)
Hydroxycinnamic 5-Caffeoylquinic acid
acids (HBA) 3 11.85 355 320 (Chlorogenic acid) 1261.26 386.57
11 1700 517 330 3,5 Dicaffeoylquinic acid 842.42 365.29
(Isochlorogenic acid A)
TOTAL HBA? 2562.29 1072.97
4 13.93 757,303 360, 260 Q-3-O-rhamnosyl-rhamnosyl-glucoside 401.66 103.05
5 14.68 773,303 355, 255 Q-3-0O-glucosyl-rhamnosyl-glucoside 1165.46 423.18
6 15.34 611,303 360,250  Q-3-O-rutinoside (Rutin) 374.52 402.98
Flavonols 7 15.77 478,317 350, 250 I-3-O-galactos_,ide _ 1273.79 106.05
L) 8 16.00 465,303 361, 251 Q—3—O—g|uco_5|de (Isoquercetin) 243.65 591.78
9 16.15 478,317 350, 250 1-3-O-glucoside 634.70 nd
10 16.53 624, 317 350, 260 1-3-O-glucosyl-rhamnoside 1866.82 767.72
12 17.31 479,317 362, 352 1-7-O-rhamnoside 1727.26 375.56
14 22.92 317 Isorhamnetin 300.53 nd
TOTAL FL® 8728.98 2985.54
Coumarins (CM) 13 18.07 355,193 358,261  S-7-O-glucoside 740.59 215.22
TOTAL CM® 740.59 215.22
Texpressed as pg gallic acid /mL Q-Quercetin

2expressed as pg chlorogenic acid /mL
3 expressed as pg rutin /mL

I-1sorhamnetin

S-Scopoletin

nd-not detected
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Table 2. Identification and relative quantification of volatile compounds in
the extracts of C. officinalis flowers and leaves. R; — retention time; Relative
abundance - relative percentage (%) of total peaks area.

Relative abundance (%)

Class of Peak. Rt Tentative identified o S
compounds No. (min) compound C. officinalis ~ C. officinalis
flowers leaves
8 14.30 p-Cymene 0.35 0.96
T('g’:g’;zgs 9 1445  Limonene 0.32 0.38
(MT) 15 17.80 Cosmene nd 0.64
16 18.20  Alloocimene 0.8 2.6
TOTAL MT 1.47 4.58
23 24.60  Alpha-Cubebene 0.59 nd
(Sesqui-) 24 25.60  Copaene 1.01 nd
Terpenes 25 29.50 Gamma-Muurolene 3.15 0.73
(ST) 26 30.40  Alpha-Muurolene 8.81 3.92
27 31.10  Delta-Cadinene 24.51 nd
TOTAL ST 38.07 4.65
5 12.15 Benzaldehyde 3.37 1.6
10 15.00 Benzeneacetaldehyde 0.62 0.26
Aldehydes 7 13.60  Octanal 0.28 nd
14 17.10 Nonanal 0.42 nd
20 20.30  Decanal 0.22 nd
TOTAL 491 1.86
11 15.70  Acetophenone 8.89 7.08
Ketones 18 19.00  Propiophenone nd 0.2
21 22.70  2-Chloroacetophenone 0.87 nd
TOTAL KT 9.76 7.28
2 5.90 Methy! isovalerate 0.33 nd
3 7.05 Butyl acetate 30.45 69.91
4 10.80  Methyl hexanoate 0.1 nd
Esters 13 16.70  Methyl benzoate 4.64 3.6
19 19.90 Methyl Salicylate 0.31 nd
Benzeneacetic
22 23.00  acid, .alpha.-oxo-, 1.12 nd
methyl ester
TOTAL 36.95 73.51
Isobutylaldehyde
1 4.80 dimethyl acetal 0.37 0.67
6 12.70  1,1-Dimethoxyhexane 7.24 6.08
others 12 1650 2Methyl-l- nd 0.56
' phenylpropene '
17 18.70 Benzoic Acid 1.22 0.83
TOTAL 8.83 8.14

nd — not detected
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1.2 The phytochemical profile of the S. chacoense extracts

2.1.1. The polyphenolic content of the S. chacoense extracts

Regarding the polyphenol classes identified in the extracts of S.
chacoense, the phenolic acids proved to be the majority of the constituents.
The phenolic acids identified in the two extracts of S. chacoense belong to
the classes of hydroxybenzoic and hydroxycinnamic acids. Four phenolic
acids were identified in the leaf extract, whereas two additional phenolic
acids (caffeic and ferulic acid) were found in the tuber extract (Table 3).

Phenolic acids were found in higher quantities in the tuber extract in
comparison to the one obtained from S. chacoense leaves, with 67% for
hydroxybenzoic acids and 77% for hydroxycinnamic acids (Table 3). Thus,
the extract obtained from S. chacoense tubers might be considered superior
to the one from the leaves of the same species, both in terms of phenolic
compound diversity and concentration.

2.1.2. The alkaloid content of the S. chacoense extracts

Four alkaloids specific to the Solanaceae family were identified in high
concentrations in the extract obtained from the leaves of S. chacoense (Table
4). These compounds were not present in significant quantities in the extract
from the tubers of the same species. Regarding the classes of compounds to
which they belong, the identified alkaloids are both solasodines (solasodine
derivatives) and solanidanes (solanidine derivatives).

2.1.3. The volatile compounds content of the S. chacoense extracts

A number of 18 volatile compounds were identified in the leaf extract,
while the extract from tubers contained 21 such compounds. These
constituents belong to the classes of terpenes, aldehydes, fatty alcohols, esters
and ketones (Table 5). The terpenes, aldehydes and ketones identified had
higher relative abundances in the tuber extract (5.15%, 20.79% and 21.47%),
in comparison to the leaves extract (2.01%, 6.06% and 12.35%). Compounds
such as limonene, octane, nonanal, and several acetophenones had much
higher relative abundances in the tuber extract, and constituents such as
decanal, dodecanal and fatty alcohols were present only in this extract. The
only class of compounds whose relative abundance was higher in the leaf
extract was the class of esters, butyl acetate accounting for 53.7% of the total
volatile compounds identified in this extract.
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Table 3. Identification and quantification of phenolic acids in the extracts of S. chacoense leaves and tubers. R; — retention time; [M+H]*- molecular
ion; UV Amax - Wavelengths of maximum absorption in the visible region.

Quantification (ug/mL extract)

Class of Peak Rt [M+H]* UV hmax Tentative identified
- S. chacoense S. chacoense
compounds No. (min) (m/z) (nm) compound
leaves tubers
Hydroxybenzoic . Lo
acids (BA) 1 3.05 156, 139 240 Dihydroxybenzoic acid 91.20 152.48
TOTAL BA! 91.20 152.48
2 10.66 355 320 3-Caffeoylquinic acid 183.74 69.06
(Neochlorogenic acid)
4-Caffeoylquinic acid
Hydroxycinnamic 3 11.35 355 320 (Cryptochlorogenic acid) 214.60 7756
acids (HBA) 4 11.85 355 320 5-Caffeoy|qum|_c acid 271.10 24232
(Chlorogenic acid)
5 13.57 181 320 Caffeic acid nd 431.25
8 16.88 195 322 Ferulic acid nd 364.92
TOTAL HBA! 669.43 1185.11
! expressed as g chlorogenic acid /mL nd-not detected

Table 4 Identification and quantification of alkaloids in the extracts of S. chacoense leaves and tubers. R, — retention time; [M+H]* - molecular ion; UV
Amax - Wavelengths of maximum absorption in the visible region.

Quantification (ug/mL extract)

Class of Peak R. (min) [M+H]* UV Amax Tentative identified S, chacoense S. chacoense
compounds No. t (m/z) (nm) compound ' | '
eaves tubers
Solasodines 6 14.77 414 350, 290 Solasodin.e 331.403 nd
7 16.02 868 370,320,230 Solamargine 451.394 nd
Solanidanes 9 17.29 868 370,320,230 a—SoIanin«_s 573.333 nd
10 19.56 852 420,310,240 a-Chaconine 657.238 nd
TOTAL Alkaloids* 2013.37 -
Lexpressed as g chlorogenic acid /mL nd-not detected
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Table 5 Identification and relative quantification of volatile compounds in
the extracts of S. chacoense leaves and tubers. R; — retention time; Relative
abundance - relative percentage (%) of total peaks area.

Relative abundance (%)

Class of Peak Re(min) Tentative identified S chacoense  S. chacoense
compounds no. ! compound ’ '
leaves tubers
11 14.486 Limonene 1.13 4.09
Terpenoids 12 14.591 Eucalyptol** nd 1.06
25 31.087  delta-cadinene 0.88 nd
TOTAL 2.01 5.15
4 11.997 2-Heptenal, (E)- nd 2.26
5 12.150 Benzaldehyde 4.67 9.39
10 13.639  Octanal 0.35 1.52
Aldehydes 13 15.029 Benzeneacetaldehyde 0.58 1.19
14 15.510 2-Octenal, (E)- nd 1.73
18 17.082  Nonanal 0.46 15
20 20.336 Decanal nd 11
23 26.713 Dodecanal nd 21
TOTAL 6.06 20.79
Fatty 16 15940  1-Octanol nd 2.28
alcohols 24 29.460  1-Dodecanol nd 1.73
TOTAL - 4.01
2 7.048 Butyl acetate 53.7 8.04
3 10.830 Methyl hexanoate 0.25 nd
17 16.727 Methyl benzoate 6.89 9.08
Esters Benzeneacetic acid,
22 23.002  .alpha.-oxo-, methyl 1.06 3.59
ester
26 31.216 Methy| laurate** 0.49 nd
TOTAL 62.39 20.71
Ketones 15 15.743  Acetophenone 10.91 17.01
21 22.692  2-Chloroacetophenone 1.44 4.46
TOTAL 12.35 21.47
1 4796  \sobutylaldehyde 145 nd
dimethyl acetal
6 12.291 N-Methylaniline 0.71 nd
7 12.700 Hexanal dimethyl 955 112
Others acetal
8 12.754  Phenol nd 5.38
9 13.120 2-pentylfuran nd 6.49
19 18.864 Benzoic Acid 3.24 11.9
27 31304  Phenylmaleic 223 nd
anhydride
TOTAL 17.18 27.89
**  similarity lower than 85% in comparison with nd — not
NIST27 and NIST147 mass spectra libraries detected
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3. The anti-tumor activity of the extracts on breast cancer

3.1. The anti-tumor activity of the C. officinalis extracts

Both extracts obtained from the flowers and leaves of C. officinalis were
characterized by dose-dependent anti-tumor activity (Fig. 3). By comparing
the 1Cso values obtained for the breast cancer cell lines with those
characteristics for the healthy HUVEC cell line, both extracts were found to
be selective in their anti-tumor activity (Table 6).

Both extracts had the strongest anti-tumor effect on the luminal breast
cancer cell line MCF7. However, the extracts can be considered generally
selective in their anti-tumor activity, even if the selectivity coefficient of the
leaf extract on the HS578T line is below 1. Comparing the results for the two
extracts obtained from C. officinalis, the flower extract was characterized by
stronger anti-tumor activity on all three breast cancer cell lines, compared to
that of the leaves.

Calendula officinalis - flowers Calendula officinalis - leaves

-+ MCF7 - MCF7

0 -= MDA-MB-231 1004 -= MDA-MB-231
- Hs578T > - Hs578T

754 - HUVEC 75 -+ HUVEC

i = &

....................

Viability (%)
Viability (%)

[2]

Concentration (jg/ml) oncentration (ug/mi)

Fig. 3 The anti-tumor activity of the extracts obtained from C. officinalis
flowers and leaves, at 48h after administration.

Table 6 The ICso concentration ant the selectivity coefficient in the anti-
tumor action of the extracts obtained from C. officinalis flowers and leaves,
at 48h after administration.

Cell line
Plant extract MCF7 MDg:"B' HS578T HUVEC
C. 1Cso (Ug/mL) 213,4*** 386,9*** 520,5*** 651,4%***
officinalis L
flowers SEIeC.tIYIty 31 1,7 1,3 -
coefficient
C. 1Cs0 (Mg/mL) 252 ,4%** 519,7* 749 ,4%** 631,0%**
officinalis e
leaves Selec_tlylty 2,4 1,2 0,9
coefficient
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3.2. The anti-tumor activity of the Solanum spp. extracts

Extracts obtained from S. bulbocastanum and S. chacoense were
characterized by dose-dependent anti-tumor activity (Fig. 4).

The MCF7 luminal breast cancer cell line was found to be most sensitive
to the anti-tumor action of these three extracts (Table 7). This cell line was
more than twice as sensitive to the extracts obtained from S. chacoense and
five times more sensitive to the plant preparation from the leaves of S.
bulbocastanum, as compared to the HUVEC cell line. The lines belonging to
the triple negative molecular subtype of breast cancer were more resistant to
the action of the extracts obtained from the Solanum species.

Solanum bulbocastanum - leaves

- MCFT

- MDA-MB-231
-+ HS578T

- HUVEC

Solanum chacoense - leaves

-
-
-
-

MCF7
MDA-MB-231
HS578T
HUVEC

Solanum chacoense - tubers

- MCF7
= MDAMB-231
& HS578T
- HUVEC

Viability (%)
3

Viability (%]

D—
S AP
M R SLEL L LSS

& CSSSFHSSOS

Concentration (pg/mL) Concentration (pg/mL) Concentration (pg/mL)

Fig. 4 The anti-tumor activity of the extracts obtained from S. bulbocastanum
leaves and S. chacoense leaves and tubers, at 48h after administration.

Table 7 The ICso concentration ant the selectivity coefficient in the anti-
tumor action of the extracts obtained from S. bulbocastanum leaves and S.
chacoense leaves and tubers, at 48h after administration.

Cell line
MDA-
Plant extract MCF7 MB-231 HS578T HUVEC
S. ICs (Mg/mL)  139,1*%** 273,2%** 351,6*** 689,9***
bulb?castanum Selectivity 50 . 20 )
runze coefficient ' ' ’
*kk *k dkk Fekk
S, chacoense 1Cso (Ug/mL) 132,9 310,4 390,7 328,8
frunze Selec_tlylty 25 11 0.9 )
coefficient
*x *kk *kk *kk
S. chacoense 1Cs (Mg/mL) 143,2 203,1 350,0 335,9
tuberculi Selec_tlylty 24 17 10 )
coefficient
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Of the three extracts tested, the one produced from the leaves of S.
bulbocastanum was the most effective in terms of anti-tumor action.
Although empirically, the 1Cso concentrations of the three extracts for each
of the three cancer cell lines are relatively equal, the S. bulbocastanum extract
differs by much lower toxicity on healthy HUVEC cells (Table 7). Between
the two S. chacoense extracts, the one obtained from the tubers was superior
to the extract obtained from the leaves, with selectivity coefficients over 1.5
in the case of two cell lines (MCF7 and MDA-MB-231).

4. Molecular effects triggered by the extracts in breast cancer cells

4.1. Molecular effects triggered by C. officinalis extracts

The two extracts obtained from the leaves and flowers of C. officinalis
induced similar molecular effects (Fig. 5). CCND1, NFkB and STAT3 genes,
which encode proteins that stimulate cell cycle progression and proliferation,
were significantly downregulated in cells treated with both extracts from C.
officinalis. Also, the gene expression of BCL2, one of the most relevant anti-
apoptotic genes involved in the intrinsic mechanism of apoptosis induction,
was downregulated in the samples treated with both extracts. On the other
hand, BAX and BBC3, pro-apoptotic genes involved in the same intrinsic
mechanism of apoptosis induction as BCL2, were overexpressed in response
to the administration of the two extracts. At the same time, the expression of
the ZMAT3 gene involved in several mechanisms that promote programmed
cell death, was increased in MCF7 cells treated with C. officinalis extracts.

4.2. Molecular effects triggered by Solanum spp. extracts

The extract obtained from the leaves of S. bulbocastanum induced the
modulation of six genes among the 14 considered of interest. Thus, both the
anti-apoptotic gene BCL2 and STAT3 and CCND1 genes involved in cell
proliferation were downregulated in cells treated with this extract. On the
other hand, the pro-apoptotic genes BAX and BBC3, and also ZMAT3 had
increased expression levels in response to the administration of the S.
bulbocastanum leaves extract (Fig. 6).

In the case of the extracts obtained from the leaves and tubers of S.
chacoense, the genes BCL2, BAX, ZMAT3, STAT3 and CCND1 are modulated
in the same sense as in the treatment with the S. bulbocastanum leaves extract.
In addition to these gene expression changes, both extracts obtained from the
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S. chacoense species induce the overexpression of the NFKB transcription
factor (Fig. 6).
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CHAPTER VII — Discussion

1. C. officinalis: species with potential in breast cancer management

1.1. The phytochemical profile of the C. officinalis extracts

In the extract obtained from the flowers of C. officinalis 14 phenolic
compounds were identified, while the diversity of this class of compounds in
the preparation from the leaves of the same species was lower, only 12
phenolic compounds being quantified. Of all these biochemical constituents,
10 have been previously reported in different preparations obtained from the
organs of this species (Mehta et al., 2012; Miguel et al., 2016; Olennikov et
al., 2017; Rigane et al., 2013). However, four of these, namely
dihydroxybenzoic  acid,  quercetin-3-O-glucosyl-rhamnosyl-glucoside,
isorhamnetin-3-O-galactoside and isorhamnetin-7-O-rhamnoside, are
reported for the first time as part of the biochemical profile of C. officinalis.

Phenolic compounds are among the most important classes of secondary
metabolites that are characterized by anti-tumor activity, being able to inhibit
cell proliferation and induce apoptosis (Fantini et al., 2015; Nichenametla et
al., 2006). Numerous phenolic compounds identified in the C. officinalis
extracts used in this study, such as chlorogenic acid (Yamagata et al., 2018),
quercetin derivatives (Kashyap et al., 2016), isorhamnetin derivatives (Wu et
al., 2018) and scopoletin derivatives (Li et al., 2015) are recognized for their
anti-tumor properties in the literature.

A total of 28 volatile compounds were identified in the C. officinalis
extracts, 24 of which were present in the flower preparation and only 16 in
the leaves extract. The results regarding the volatile biochemical profile of C.
officinalis are consistent with previous data, different studies reporting the
presence of cymene, limonene, cubebene, copaene, muurolene, cadinene and
nonanal in various plant preparations obtained from C. officinalis (Gazim et
al., 2008; Kaskonien, 2008; Kaskoniené; et al., 2011; Okoh et al., 2007,
Petrovi¢ et al., 2010). However, this study identifies for the first time the
compounds octanal, nonanal, cosmene, alloocimene, propiophenone and
chloroacetophenone as part of the biochemical profile of this species.

Volatile compounds, such as monoterpenes and sesquiterpenes, are
recognized for their anti-tumor activity, both individually and as mixtures of
plant constituents (Dhifi et al., 2016; Greay and Hammer, 2015). Anti-tumor
activity was previously reported for several individual volatile compounds
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that were identified in the C. officinalis extracts used in this study. Such
compounds are cadinene (Hui et al., 2015), copaene (Turkez et al., 2014),
methyl benzoate and multiple acetophenones (Nakamura et al., 2002).

1.2. The selective anti-tumor activity of the C. officinalis extracts

The methanolic extracts from C. officinalis flowers and leaves obtained
by UAE vyielded better results in terms of anti-tumor activity compared to
extracts of the same species prepared by classical methods (Wegiera et al.,
2013; Matic et al., 2013; Miguel et al., 2016).

The highest cytotoxicity for both extracts was observed against the
MCEF7 cell line. MCF7 is a luminal A breast cancer cell line, a less aggressive
molecular subtype, which is also often responsive to chemotherapy. On the
other hand, MDA-MB-231 and Hs578T are triple-negative, claudin-low
breast cancer cell lines, with a phenotype characterized by intermediate to
low chemotherapy responsiveness (Holliday and Speirs, 2011). In this
context, the differences regarding the specific IC50 values between the MCF7
cell line and MDA-MB-231/ Hs578T were expected.

The selectivity in the anti-tumor action of C. officinalis flower extracts
has been reported previously, by comparing their cytotoxicity on cancer cell
lines with that on immunocompetent mononuclear cells (PBMC - Matic et
al., 2013), on swine liver cells (PLP2 - Miguel et al., 2016) and on healthy
colon cells (CCD18 - Mouhid et al., 2018). However, no selectivity was
found for a methanol extract obtained from C. officinalis flowers, by
comparing its action on breast cancer cells (T47D) and normal human skin
fibroblasts (Matysik et al., 2005). The toxicity of C. officinalis extracts on a
healthy endothelial cell line (HUVEC) was first evaluated in this study,
demonstrating, once again, the selective cytotoxicity of C. officinalis flower
extract. Moreover, the selectivity of the extract from the leaves of C.
officinalis in terms of its anti-tumor activity is proven for the first time in the
present work.

Comparing the two plant preparations obtained from C. officinalis, the
flower extract yielded superior results in terms of anti-tumor activity on all
three breast cancer cell lines. These results are in agreement with the only
other study that compared the cytotoxicity of extracts from C. officinalis
flowers and leaves on tumor cell lines (Wegiera et al., 2012), which
demonstrated lower anti-tumor activity of the leaf extract, with 1Cso values
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within the same range as in the present study. These differences in the anti-
tumor activity exerted on the breast cancer cell lines can be explained, at least
in part, by the distinct biochemical profile of the two extracts of interest. The
flower extract was superior in terms of the total amount of polyphenols, these
compounds being known for their anti-tumor activity (Fantini et al., 2015).
Furthermore, the diversity of the phenolic compounds from the extract
obtained from C. officinalis flowers was also richer. Moreover, several
volatile compounds recognized for their anti-tumor activity, such as delta-
cadinene (Hui et al., 2015) and copaene (Turkez et al., 2014), were identified
only in the flower preparation.

1.3. The mechanisms of action of the C. officinalis extracts

C. officinalis extracts exert their cytotoxic activity on cancer cells by
induction of apoptosis (Jimenez-Medina et al., 2006; Mouhid et al., 2018;
Wegiera et al., 2012) and cell cycle arrest in the GO/G1 phase (Jimenez-
Medinaetal., 2006). It has been demonstrated that both caspase 3 and caspase
7 are activated (cleaved) at the protein level in response to C. officinalis
extracts administration, and thus apoptosis is induced in a caspase3/7-
dependent manner (Jimenez-Medina et al., 2006; Mouhid et al., 2018). On
the other hand, the cell cycle arrest effect of C. officinalis extracts on cancer
cells is induced by the down-regulation of cyclin D1, D3, A, E and several
cyclin-dependent kinases (CDKs) (Jimenez-Medina et al., 2006). In this
context, in this study, seven genes involved in the modulation of cell cycle
progression and apoptosis were found deregulated in MCF7 cells treated with
C. officinalis extracts. underlining new molecular effects triggered by these
herbal preparations in breast cancer.

BCL2, BAX and BBC3 genes encode proteins in the BCL2 family
capable of homo- and heterodimerization, which function as regulators of
apoptosis (Cory and Adams, 2002). According to the data obtained, BCL2,
one of the most important anti-apoptotic genes in this family, was
overexpressed in breast cancer cells treated with C. officinalis extracts. On
the other hand, pro-apoptotic genes BAX and BBC3 were overexpressed in
MCF7 cells in response to the administration of the extracts at concentrations
equal to ICsp values. Therefore, cytochrome c release from the mitochondria
could be stimulated by both tested extracts, and thus apoptosis is most
probably implemented through caspase activation, as was shown by previous

34



reports (Jimenez-Medina et al., 2006; Mouhid et al., 2018). Expression levels
of ZMAT3, a gene involved in both cell growth and apoptosis signaling
(Bersani et al., 2014) were also increased in cells treated with both plant
extracts. All of these data suggest the induction of apoptosis by extracts from
C. officinalis.

Cell proliferation is controlled by multiple signaling networks, several
regulatory proteins as cyclins and transcription factors like NFkB or STAT3
being crucial for cell cycle progression. The CCND1 gene encodes cyclin D1,
the regulatory component of cyclin D-CDK4/6 complexes that are
responsible for inducing the G1/S transition during the cell cycle, by passing
through the R point (Musgrove, 2006). In this study, cyclin D1 was
downregulated in MCF7 cells following administration of both extracts
obtained from C. officinalis. These data are consistent with the results
obtained by Jimenez-Medina et al. (2006), who demonstrated the
downregulation of cyclin D1 at the protein level after treatment with a laser-
activated aqueous extract obtained from the flowers of this species. NFKB is
a transcription factor that is activated by a large panel of extra- and
intracellular stimuli, whose activation is associated with cell proliferation
(Serasanambati and Chilakapati, 2016). STAT3 is a transcription factor that
mediates cellular responses to cytokines and growth factors, being involved
in the G1-S transition (Levy and Lee, 2002). Its activation induces the
expression of key genes in proliferation, such as CCND1. The results
obtained here demonstrate the downregulation of the transcription factors
NFkB and STAT3. All these data highlight important molecular changes in
mammary tumor cells induced by C. officinalis extracts, which could underlie
the cytostatic effects of these plant preparations.

2. S. chacoense and S. bulbocastanum: species with potential in breast
cancer prevention

2.1. The phytochemical profile of S. chacoense extracts
Hydroxycinnamic acids, including derivatives of caffeic and chlorogenic
acids, are known to be the main phenolic compounds present in the organs of
S. chacoense (Hale et al., 2008; Navarre et al., 2011). On the other hand,
ferulic acid and hydroxybenzoic acid were first identified in the biochemical
composition of this species in this study. Phenolic acids are characterized by
substantial anti-tumor activity, with potential in both cancer prevention and
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treatment (Saibabu et al., 2015). Individual phenolic acids identified in S.
chacoense methanolic preparations, such as chlorogenic acid (Yamagata et
al., 2018), caffeic acid (Rosendahl et al., 2015) or ferulic acid (Gao et al.,
2018) have been identified in previous studies as anti-cancer agents. In this
context, the phenolic profile of the extracts from S. chacoense contributed
substantially to the anti-tumor activity observed on breast cancer cell lines.

Previous studies have quantified high amounts of a-solanine and a-
chaconine in tubers and leaves of different wild potato species (Distl and
Wink, 2009), including S. chacoense (Mweetwa et al., 2012). However, in
the tuber extract obtained from 12-weeks old plants of S. chacoense accession
PI 458310 used in this study, a-solanine and a-chaconine were not present.
Besides these two solanidanes, solasodine and its derivate, solamargine were
identified in the leaf preparation. These compounds have been previously
identified in the organs of some wild Solanum species (Distl and Wink,
2009), but never in the leaves of S. chacoense. All these alkaloids are
recognized in the literature for their anti-tumor activity, being able to induce
both cell death and cell cycle arrest (Milner, et al., 2011; Friedman, 2015),
thus contributing to the anti-tumor activity of leaf extract.

This study presents for the first time the characterization of the volatile
biochemical profile of the extracts obtained from the tubers and leaves of S.
chacoense. The volatile biochemical profile of the S. chacoense species
overlaps, as expected, with the volatile composition of the cultivated species
S. tuberosum (Morris et al., 2010; Mosneaguta et al., 2012), with compounds
belonging to the classes of aldehydes, esters, fatty alcohols and ketones being
present in both species. However, constituents such as cadinene, 2-
chloroacetophenone, isobutylaldehyde dimethyl acetal or phenylmaleic
anhydride appear to be specific to this wild species. The individual volatile
compounds identified in S. chacoense extracts, such as cadinene (Hui et al.,
2015), methyl benzoate or acetophenone (Nakamura et al., 2002), are known
for their anti-tumor activity.

2.2. The selective anti-tumor activity of the Solanum spp. extracts

The lowest ICsp values corresponding to the three extracts from Solanum
species were obtained on the MCF7 line. Similar to the data obtained for
extracts from C. officinalis, the best results obtained on this luminal breast
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cancer cell line were expected, given that it is less aggressive (Holliday and
Speirs, 2011).

Both extracts obtained from S. chacoense were selective in the anti-
tumor action against the MCF7 cell line with high selectivity coefficients, but
only the tuber preparation maintained the selectivity against the MDA-MB-
231 line. This study is the first to evaluate the selective anti-tumor action of
the extracts obtained from this species. The extract obtained from the leaves
of S. bulbocastanum yielded the best results in terms of selectivity in anti-
tumor activity, with selectivity coefficients up to 5.0 (MCF7 cell line). This
study is the first to evaluate the anti-tumor activity in general and selectivity
in the anti-cancer action in particular of phytoconstituents of S.
bulbocastanum.

Comparing the two herbal preparations obtained from the S. chacoense
species, the extract from the tubers was superior regarding the cytotoxic/
cytostatic effects observed in all three breast cancer cell lines. This was
observed although it did not contain glycoalkaloids, compounds thought to
be responsible for the anti-tumor activity of extracts from different Solanum
species (Freidman, 2015). However, the tuber extract was richer in terms of
the phenolic compounds content. At the same time, caffeic and ferulic acids,
known for their anti-tumor activity (Rosendhl et al., 2015, Gao et al., 2018),
were identified only in this preparation. Moreover, the increased diversity of
volatile compounds known for their anti-tumor activity (ketones and
aldehydes), doubled by their higher relative abundances, were also noted in
the biochemical profile of the extract from the tubers, compared to that of the
leaves of S. chacoense.

2.3. The mechanisms of action of Solanum spp. extracts

Out of the BCL2 family of apoptosis regulatory proteins, three genes
were modulated by the extracts obtained from the Solanum species included
in the study. The BCL2 gene, one of the most important anti-apoptotic
proteins in this family, was downregulated, and BAX, a pro-apoptotic gene
with multiple BH domains, was overexpressed following administration of
all three extracts. The pro-apoptotic gene BBC3 was also overexpressed in
MCEF7 cells treated with the extract obtained from S. bulbocastanum leaves.
These data suggest that apoptosis induction might be a relevant mechanism
by which S. chacoense and S. bulbocastanum extracts affect breast cancer
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tumor cells. The statistically significant overexpression of ZMAT3 also
supports the hypothesis of apoptosis induction by these extracts.

Cyclin D1, a protein involved in cell cycle progression through the R
point from phase G1 to phase S, was substantially downregulated following
treatment with all three extracts obtained from Solanum species. Similarly,
STAT3, a transcription factor relevant in the transcription of multiple genes
involved in proliferation, had low levels of expression following the
administration of the three extracts of interest. NFkB expression was
significantly modulated in the sense of inhibiting cell proliferation only by
the extracts from the S. chacoense species. Thus, the premise that the extracts
obtained from Solanum species could hamper the cell cycle progress and cell
proliferation is emphasized, underlining the extract’s cytostatic potential.

Considering all these data, the molecular basis of the cytotoxic and
cytostatic effects of the bioactive compounds from S. chacoense and S.
bulbocastanum is highlighted for the first time.
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Conclusions

The methanolic extracts obtained from the flowers and leaves of C.
officinalis by the UAE technique were rich in polyphenols and volatile
compounds, constituents known for their anti-tumor activity. Both leaf and
flower extracts from C. officinalis were characterized by in vitro anti-tumor
activity against all three breast cancer lines. Moreover, they were also
selective in terms of cytotoxicity against tumor cell lines compared to healthy
endothelial cells. Both extracts modulated the expression of several relevant
genes involved in cell proliferation and apoptosis, suggesting the extracts’
ability to induce cell death and to hamper the cell cycle in tumor cells. These
data demonstrate, at least in part, the molecular basis of the previously
observed cellular effects, according to which extracts from C. officinalis
would have both cytotoxic and cytostatic effects. Thus, C. officinalis can be
considered a relevant source of bioactive compounds with anti-cancer
properties, and herbal preparations of this species could be included as
products associated with complementary medicine in the treatment and the
palliative care of breast cancer patients.

The extracts obtained from the leaves and tubers of S. chacoense were
rich in phenolic acids and volatile compounds. Additionally, the leaf extract
contained four alkaloids specific to the Solanaceae family. The two extracts
obtained from S. chacoense were characterized by anti-tumor activity on all
three breast cancer cell lines and were selective against the MCF7 breast
cancer cell line. In contrast, the extract obtained from the leaves harvested
from S. bulbocastanum had significantly lower toxicity on HUVEC healthy
cell line and thus much increased selectivity in the anti-tumor action. All three
extracts obtained from wild Solanum species modulated the expression of
genes involved in apoptosis and cell proliferation, suggesting the cytotoxic
and also cytostatic activity that would characterize these plant preparations.
Therefore, wild Solanum species, being intensively used in potato breeding
programs, could significantly improve the biochemical profile responsible for
the anti-tumor activity of the new potato cultivated varieties, thus
participating in the prevention of breast cancer through nutrition, worldwide.
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