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Preface to ”Anticancer Properties of Natural and

Derivative Products”

Many natural products consist of bioactive compounds synthesized by terrestrial and marine

plants, microorganisms and animals, whose main objective is to prevent them from attacks by

predators and/or pathogens. Traditionally, since ancient times, different cultures have used these

compounds for the prevention and treatment of various human diseases. During the last few years

especially, it has been reported that most of these phytochemicals possess a variety of interesting

and significant biological properties, such as analgesic, antiallodynic, antidiabetic, antioxidant,

antiparasitic, antimicrobial, antiviral, antiatherogenic, anti-inflammatory, antitumor, antiproliferative

and normal growth stimulants, as well as significant cardioprotective and neuroprotective activity.

This thematic book aims to collect and disseminate some of the most significant and recent

contributions concerning the use of the natural compounds called phytochemicals, as well

as some of their chemical derivatives for the prevention and treatment of cancer and other

accompanying diseases.

On the other hand, in recent years, the synthesis of numerous chemical derivatives of these

natural compounds has also intensified with the aim of enhancing their bioactive capacities.

Among all these bioactivities, special attention has been paid to its antitumor capacity through the

potential modulation of cancer initiation and growth, cell differentiation, apoptosis and autophagy,

angiogenesis, and metastatic dissemination. In addition, a considerable number of studies have

linked their anticancer effects to their anti-inflammatory and antioxidant activities. Reports on the

biological activity of natural extracts will only be considered if accompanied by adequate chemical

characterization.

The editors of this book wish to dedicate it in memoriam to our beloved teacher, colleague and

friend, Professor Eduardo Garcı́a Peregrı́n (1942–2021), teacher of more than forty promotions of

biologists and pharmacists, an authentic example and reference to the Biochemistry of our University.

In addition to his numerous scientific achievements, including being the first researcher to introduce

the use of radioactive isotopes at our university in the 1960s, Eduardo was a professional who was

highly valued by his colleagues, and a great mentor for many generations of students.

A good number of us had the opportunity not long ago to meet Eduardo and commemorate

his retirement from the University of Granada. Many good stories were told, reminding us of his

penchant for starting his talks with a wide smile, his love of music, being a staunch defender of the

Mediterranean diet, a lover of good food and good wine, his qualities as a family man and his ability

to find solutions to difficult personal problems. Although he had previously made forays into the

world of scientific ethics, it was from 2011, once retired, that he directed all his intellectual efforts

to the study of ethical problems in science, contributing to numerous press articles and scientific

writings and attending a large number of meetings and thematic meetings. His ethical-theological

vision of science was always accurate and well received by the scientific world.

All of us who had the pleasure of his time and company will greatly miss Eduardo. He leaves

behind a fantastic legacy and an excellent example of how to live life, something that we must try to

emulate and pass on to future generations.
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Our cells and organs are threatened and, in most cases, constantly subjected to the ag-
gression of numerous situations, both endogenous, characterized by unfavorable genetics,
and exogenous, by deficient or inadequate nutrition, and even by a hostile environment; in
most cases, they ultimately cause a cascade of degenerative and cardiovascular diseases,
cancer, and infections, as well as those related to the metabolic syndrome, all of which
eventually generate irreversible damage to the organism and, consequently, a significant
deterioration in its survival. In many of these cases, exogenous treatment with essential
biocomponents present in numerous species, mainly plants, can reverse this deterioration
and, therefore, increase survival.

The year 2020 marked a millennium since the publication of the two books that laid the
foundations of modern and current medicine—the volumes entitled, The Book of Healing
and The Canon of Medicine, the latter commonly known as the “Avicenna Codex.” Both
books were published between 1014 and 1020 by the Persian Muslim physician, polymath,
philosopher, scientist, and astronomer Abū ‘Alı̄ al-Husayn ibn’ Abd Allāh ibn Sĩnã, better
known as Ibn Sina and westernized as Avicenna, as well as the “Prince of the Sages,” the
greatest of physicians, the Master par excellence, or the Third Master (after Aristotle and
Al-Farabi). Although it is evident that Avicenna put into practice the first principles of
surgery, his greatest contribution was the use of the main natural chemical components,
derived from the plant and animal (kingdoms?) world, to achieve the cure of the most
important diseases of the time as described in the second book of the Avicenna Codex,
entitled De Medicinis Simplicibus: Pharmacologicae de Herbis Medicinalibus, which deals
with the pharmacology of medicinal herbs and is intended for the study and use of natural
medicines [1]. However, we must recognize that numerous types of plasters formed
from plant extracts have been mainly used by humankind practically from the Metal Age
(6000 BC–3300 BC) until almost the end of the Modern Age (1492 AD–1789 AD) and have
been especially important in the development of the different traditional medicines of
different cultures, both for Western and, especially, for Oriental medicines.

At present, and especially since the last 20 years, there is a real explosion in the
search for natural chemical compounds, generally known as “phytochemicals,” from the
plant (kingdom?) world, both terrestrial and aquatic, capable of presenting important and
abundant biological properties. The so-called phytochemicals are chemical compounds
produced by many botanical species and which play an important role in the growth of
the plant species themselves and also as participants in the defense against competitors,
pathogens, or predators. The word “phytochemical” has been generally used to describe a
number of botanical compounds that are being investigated for their effects on health, and
many of them are being used both as drugs, in different traditional medicines, and also as
poisons [2].

Molecules 2021, 26, 4701. https://doi.org/10.3390/molecules26154701 https://www.mdpi.com/journal/molecules
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Among the enormous variety of phytochemicals currently characterized, we can find
flavonoids, such as anthocyanins, flavones, flavanones, and flavanols (catechins, epicate-
chins, etc.), phytosterols, terpenoids, lignans, and stilbenes, the last two being considered
an excellent source of polyphenols such as resveratrol [3]. All of them have been recognized
with a large number of bioactive effects as nutraceuticals, essential nutrients, and even
allelopathic, thus influencing the growth, survival, or reproduction of other organisms [4].
Among all these phytochemicals, several should be highlighted, namely, terpenoids and
polyphenols, of which consequential research related to their bioactive capacities both
in vitro and in vivo is being carried out [5]. Many of these compounds have properties
such as anticancer, using different cancer lines, both solid and liquid [6–11], antiangio-
genic [7,12–15], antioxidant [16–18], anti-inflammatory [19,20], cardio- and neuroprotec-
tive [21,22], antidiabetogenic [23,24], antifungal [25], antimicrobial and antiviral [26,27],
antiparasitic [28], growth inducing [29–31], and enzyme inhibitory or activating [32,33],
as well as modulators in the production of reducing equivalents whose role is essential
to explain most of the processes of metabolic biosynthesis [34], of cellular and organic
growth, nutrition and differentiation processes [35–38] as well as, of cellular detoxification
processes [39] and oxygen-free radical scavenging [18,40].

Currently, special emphasis is put on the search for a great variety of chemical deriva-
tives of all these phytochemicals, finding in many cases a significant increase in the different
bioactive capacities with respect to those of the original compound [5]. Numerous chemical
groups are being used in the synthesis of chemical derivatives of the most important triter-
penoids in order to select derivatives that present a significant increase in efficiency in their
bioactivity. Among them, acyl, aminoacyl, and dipeptidyl groups [26,27,41,42], pegylated
and pegylated diamine derivatives [43–46], and even coumarin conjugates [47] stand out.
In all cases, the anticancer, anti-inflammatory, antioxidant, or antiviral effects originally
present in the molecules from which they are obtained are significantly increased.

This Special Issue entitled Anticancer properties of natural products and derivatives,
(https://www.mdpi.com/journal/molecules/special_issues/anticancer_np, accessed on
30 November 2020), has tried to expose part of the works currently carried out in the field of
natural products and their bioactivities, mainly anticancer, to the scientific world. It consists
of a total of 15 publications, of which 11 are original articles and 4 are bibliographic reviews.
All of them cover very different topics, both in terms of the type of active components or
nutraceuticals and the organic source that provides them.

Propolis is a resinous mixture collected opportunistically by honeybees from various
plant sources, such as tree buds, sap exudates, or other sources, which is then processed
within the hive for use as a sealant for small holes to prevent infection. Although it has been
used as a traditional and folk medicine for several millennia, numerous biological proper-
ties of propolis have recently been described, including cytotoxic, antiviral, antimicrobial,
and antioxidant activities that promote the scavenging of oxygen free radicals (ROS) [48].
In this regard, Wezgowiec et al. [49] have studied the chemical composition and anticancer
and anti-inflammatory activities, in vitro, of ethanolic and ethanol–hexane extracts of
propolis from different Polish regions on tongue cancer cells (SCC-25). High concentrations
of polyphenols and flavonoids seem to be responsible for these biological activities and for
the differences between the activities of propolis from different locations. Administration of
these extracts produced, among other effects, a significant reduction in mitochondrial and
proliferative activity, together with a clear modification of oxygen-free radical scavenging
activity. All these effects indicate a selective anticancer and anti-inflammatory potential,
although, as the authors indicate, further study of the molecular mechanisms that explain
this is necessary to obtain promising health benefits.

Adenosma bracteosum (Bonati) is a plant belonging to the group of tracheophytes,
mainly present in the Southeast Asian region and whose extracts have been used in
traditional Vietnamese medicine to cure liver diseases. The main active groups present are
polyphenols, terpenoids, and flavonoids. Recently, ethanolic extracts have been shown
to have significant antidiabetogenic activity [50]. In this context, Nguyen et al. [51] have
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analyzed the anticancer capacity of the different fractions derived from the ethanolic
extract of this tracheophyte, using two cancer cell lines, one for lung carcinoma (NCI-H460)
and the other for liver carcinoma (HepG2). Of all the fractions, the chloroform-derived
one seems to be the most active being the active principles that provide this bioactivity
are flavonoids, xantomicrol, and its oxygenated derivative, together with the triterpene,
ursolic acid. Its most significant activities focus on modulating free radical levels and
mitochondrial membrane potential. All these activities, together with potent cytotoxic
activity, seem to be responsible for an increase in the levels and therefore the activity of
caspase-3, which is ultimately responsible for the increase in cell apoptosis, suggesting that
this plant offers a good opportunity to develop new anticancer drugs.

On many occasions, continuous treatment with radioactivity and chemotherapy to
different types of cancer, in certain patients, can cause adverse side effects that, on too
many occasions, generate great resistance to specific drugs in these tumors; therefore, it
is necessary to find more effective and, mainly, less invasive pharmacological treatments.
Moringa oleifera is a tree native to northern India for which important nutritional and
pharmacological functions have been described, such as anti-inflammatory, antihyper-
tensive, diuretic, hepatoprotective, hypocholesterolemic, antispasmodic, antiulcer, and
antibacterial [52]. In this context, Luetragoon et al. [53] have investigated the anticancer
effects of an active principle, 3-hydroxy-β-ionone, a sesquiterpenoid present in extracts of
Moringa oleifera leaves. These authors have demonstrated the in vitro anticancer capacity
of this compound in epidermoid carcinoma of the head and neck (SCC-15), by detecting
cell cycle arrest in the G2/M phase and a significant increase in cell apoptosis, thanks to
an increase in caspase-3 levels, together with a decrease in the anti-apoptotic protein Bcl-2
and profound inhibition of cell migration after 6 h of treatment.

Among the active compounds present in the fruit and leaf of the olive tree (Olea
europaea L.), the pentacyclic triterpenes stand out, along with, mainly due to their content,
maslinic acid, of which a large number of beneficial health effects have been demonstrated
on many occasions [5,8–10,16,29–32]. One of the most controversial functions of maslinic
acid is its antioxidant capacity; thus, Mokhtari et al. [18] investigated this property in
murine cutaneous melanoma cells (B16F10). In addition to the known selective cytotoxic
effects of maslinic acid on cancer cells, it was also demonstrated that after provoking an
oxidative stress situation by the addition of hydrogen peroxide (H2O2), the triterpene
isolated from the olive tree protected tumor cells from concomitant oxidative damage
by decreasing ROS levels and modifying the activities of different antioxidant enzymes
such as superoxide dismutase (SOD), glutathione S-transferase (GST), and glutathione
peroxidase (GPX), thus demonstrating a high antioxidant capacity of this triterpene and
therefore its beneficial effects on health.

Elaeagnus angustifolia, commonly called paradise tree or Bohemian olive, is a shrub
native to the Middle East whose floral extracts have been traditionally used to treat many
diseases in that area. In their article, Jabeen et al. [54] reveal that flower extracts from
the paradise tree were able to inhibit in vitro cell proliferation and modify cell cycle pro-
gression in two breast cancer lines (SKBR3 and ZR75-1) positive for the human epidermal
growth factor receptor 2 (HER2) protein; furthermore, these extracts inhibited epithelial-
mesenchymal transition (EMT), an important event for cancer invasion and metastasis,
by increasing the levels of E-cadherin and β-catenin and inhibiting those of vimentin
and fascin, as main marker molecules of cell invasiveness. Furthermore, these authors
demonstrate the chemopreventive effects of these extracts by blocking HER2 activities and
inactivating the JNK/1/2/3 signaling pathway.

As we have stated in this article, natural products play an important role in the
development of new nutraceuticals that help to prevent and cure diseases, and in this
sense, the triterpenes present in the olive tree (Olea europaea L.) are very relevant. An
example of these compounds is uvaol, and a practically innovative study of this active
principle was carried out by Bonel-Pérez et al. [15], in which they analyzed its anticancer
and antimetastatic effects in vitro in a hepatocarcinoma cell line (HepG2). These authors
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show the main molecular responsible for these activities, focusing their study on the levels
of the heat shock protein HSP60, on the levels of ROS, as well as those of the antiapoptotic
Bcl2 and proapoptotic Bax proteins, together with a cellular arrest in the G0/G1 phase and
downregulation of the AKT/PI3K and MAPK signaling pathway. These results constitute
an interesting challenge in the treatment of this type of cancer.

Another important source of active ingredients, which are increasingly used in con-
ventional oncology, are the so-called medicinal mushrooms, and although they act by
interfering with tumor cells, disrupting both the development and progression of the
disease, the mechanisms of action that cause this have yet to be elucidated. Roda et al. [55],
using triple negative 4T1 mice administered in vivo with a mixture of these medicinal
mushrooms, observed a significant reduction in both tumor density and the number of
metastatic bodies, showing at the same time a decrease in inflammation and oxidative
stress, both in the primary tumor and in metastases. These extraordinary effects molecu-
larly implicate the p53/Bax versus Bcl2/PARP1/PCNA axis, forcing triple-negative breast
cancer cells into apoptosis.

Pogostemon cablin, commonly known as patchouli, is a plant from which essential oil
is extracted from the leaves, rich in sesquiterpenes, which has been used as an antiseptic
since ancient times in Asia; in addition, its use as a pharmaceutical product prevents or
cures various side effects such as fever, headache, pain, and inflammation. Other studies
have revealed different bioactivities, such as antimicrobial and antiviral, anti-inflammatory,
anti-aging, and antitumor. Therefore, Huang et al. [56] have investigated the in vitro and
in vivo response of human hepatoma cells (HepG2 and MAHLAVU) to treatment with
the essential oils of this plant. The in vitro antiproliferative effects are explained by the
existence of high cytotoxicity, a cell arrest in G0/G1, together with an increase of apoptosis,
both extrinsic and intrinsic, a decrease of the mitochondrial membrane potential, and a
modulation of the Akt/mTOR pathway. In in vivo studies, they used BALB/c nude mice as
a xenograft model, demonstrating that the administration of these essential oils suppressed
tumor growth, owing to a significant reduction of the VEGF/VEGFR axis and an induction
of apoptosis in tumor cells, prolonging the life of the mice.

Lactucoprim is a sesquiterpene lactone, a component of lactucarium, a milky liquid
extracted from the wild lettuce, Lactuca virosa. It is also used as a sedative and analgesic.
Its antiproliferative activity on U87Mg glioblastoma cells in vitro has been analyzed by
Rotondo et al. [57]. In addition to a potent cytotoxic effect and cell cycle arrest in G2/M,
lactucoprim administration showed a significant reduction in cell growth and migration,
as well as activation of autophagy. All these findings, together with an increase in apop-
tosis, owing to a decrease in procaspase-6 levels, an increase in PARP, and its positive
participation in oxidative stress, allow us to affirm that lactucoprim can be considered as a
promising adjuvant therapy in the treatment of this disease.

In the wild jungles of Costa Rica grow a large number of fungi that contain a large
number of molecules with antitumor capacity. One of them, Macrocybe titans, contains a
triacylglyceride called macrocybin, (which?) whose structure includes oleic acid, palmitic
acid, and a more complex fatty acid with two double bonds. Using this active principle,
Vilariño et al. [58] studied its anticancer activity in a xenograft with A549 tumors, achieving
a significant reduction in tumor growth and a positive regulation of caveolin-1 expression,
which explains the disassembly of the actin cytoskeleton in tumor cells.

The following article presents an example of how many of the chemical derivatives of
a natural compound could increase both the ability to move specifically to their target and
their biological activity. Grymel et al. [59] have synthesized, through the copper-catalyzed
1,3-dipolar azide-alkyne (CuAAC) cycloaddition reaction, new betulin derivatives with
monosaccharides via a linker containing a heteroaromatic 1,2,3-triazole ring. These authors
tested the in vitro cytotoxicity of all these derivatives using two cancer cell lines, one for
human breast carcinoma (MCF-7) and the other for colorectal carcinoma (HCT-116). The
main finding of this work is that the idea of adding sugar units to the betulin structure
allows an optimized specific transfer of the glycoconjugate to the tumor cells.
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Although, for now, we cannot consider phytochemicals and their metabolites as
essential nutrients in humans, the fact is that more and more research, and a good example
is this Special Issue, strongly links the fact that their intake leads to greater prevention of
many diseases, including cancer. In this sense, in their article, Ferraz da Costa et al. [60]
review both the molecular mechanisms of grape and red wine bioactive compounds and
their metabolites in breast cancer, as well as chemoprevention and its treatment. It is very
interesting to note the approach taken, relating the structure of the different compounds,
flavonoids, monomeric catechins, proanthocyanidins, anthocyanins, anthocyanidins, and
non-flavonoid phenolic compounds, such as resveratrol, to their metabolism and especially
to their bioavailability. The review also includes an excellent discussion of in vitro, in vivo,
and clinical trials on chemoprevention and therapy with these molecules.

Traditionally, chemotherapy and radiotherapy have been used in the treatment of
cancer; however, it is necessary to discover new treatments that, on the one hand, are less
aggressive for the organism and, on the other hand, more specific in order to recognize and
differentiate tumor cells from those that are not. Possibly one of these novel treatments to
eliminate different types of cancer is photodynamic therapy (PDT). The main requirement
of this type of therapy is the use of photosensitizers (PS) and photoactivation using a specific
wavelength of light in the presence of molecular oxygen. The combined action of these
two elements is capable of exerting a cascade of molecular actions that end up modulating
processes such as apoptosis, necrosis, and autophagy in tumor cells. Photoactive substances
derived from medicinal plants have been shown to be safe in comparison with synthetic
compounds, and although more and more natural compounds are being discovered that
exhibit photosensitizing potential, it is necessary to continue along this path to find new,
more active molecules that cover a broader spectrum. In this regard, Muniyandi et al. [61],
in their review, put special emphasis on the importance of common photoactive groups
(furanocoumarins, polyacetylenes, thiophenes, curcumin, alkaloids, and anthraquinones),
their phototoxic effects, their anticancer activity, and their use as a potent PS to achieve an
effective PDT result in the treatment of various types of cancers. Another review related
to the use of photosensitizing compounds is presented by Verebová et al. [62]. These
authors provide a comprehensive summary of the physical and chemical properties of
photosensitizers of the hypericin type and their model composed of emodin, quinizarin,
and danthron, and show us important antiviral, antifungal, antineoplastic and antitumor
effects. They conclude their work by stating that these compounds can be used as potential
agents in photodynamic therapy, especially in cancer therapy.

Following the common pattern of synthesizing chemical derivatives of natural
molecules in the search for more biologically effective compounds, Professor Csuk’s
group [63] has screened and reviewed several triterpenoid derivatives of rhodamine.
This compound belongs to a group of fluorescents, xanthene-based, fluorescein-derived,
heterocyclic organic molecules that have traditionally been used as dyes and amplifying
substances in dye lasers. In their study, these authors reveal the degree of cytotoxicity
of these derivatives, all of which exhibit a low nanomolar range, combined with good
tumor/non-tumor selectivity. The studies indicate that the homopiperazinyl spacer is
more effective than the piperazinyl spacer, which allows them to state that the use of a
homopiperazinyl spacer can be considered a promising candidate in biological studies.

As mentioned in this article, more and more new natural compounds with greater
efficacy and biological selectivity are being sought, and all of us who form part of the
medical–scientific community hope that some can be incorporated into the list of effective
drugs that serve to save lives, especially at this time, when a pandemic such as COVID-19
is seriously affecting humanity, although much more severely in those countries with
crucial problems in obtaining vaccines, but which, possibly, may have greater possibilities
of obtaining these types of drugs. For all the contributions, we are deeply grateful for the
effort and collaboration of all the authors who have made it possible, with their articles, to
make this Special Issue a reality.

5



Molecules 2021, 26, 4701

Author Contributions: Writing—original draft preparation, J.A.L.; Writing—review and editing.
J.A.L., E.E.R.-P., and A.P.-J. All authors have agreed to the last version. All authors have read and
agreed to the published version of the manuscript.

Funding: This work did not receive external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Alejandro L. Lupiáñez for the critical revision of the English
version of the text.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Al-Husayn, I.A.I.S. De Pharmacologicae de Herbis Medicinalibus. In Avicenna Canon Medicinae, (Manuscript ms 2197), 2nd ed.;
University Library of Bologna: Bologna, Italy, 1988; Volume 1020, pp. 156–416.

2. Molyneux, R.J.; Lee, S.T.; Gardner, D.R.; Panter, K.E.; James, L.F. Phytochemicals: The good, the bad and the ugly? Phytochemistry
2007, 68, 2973–2985. [CrossRef]

3. Dinkova-Kostova, A. Phytochemicals as Protectors against Ultraviolet Radiation: Versatility of Effects and Mechanisms. Planta
Medica 2008, 74, 1548–1559. [CrossRef] [PubMed]

4. Gill, A.S.; Prasad, J.V.N.S. Allelopathic interactions in agroforestry systems. Allelopath. Ecol. Agric. For. 2000, 13, 195–207.
[CrossRef]

5. Rufino-Palomares, E.E.; Pérez-Jiménez, A.; Reyes-Zurita, F.J.; García-Salguero, L.; Mokhtari, K.; Herrera-Merchán, A.; Medina,
P.P.; Peragón, J.; Lupiáñez, J.A. Anti-cancer and Anti-angiogenic Properties of Various Natural Pentacyclic Tri-terpenoids and
Some of their Chemical Derivatives. Curr. Org. Chem. 2015, 19, 919–947. [CrossRef]

6. Reyes-Zurita, F.J.; Centelles, J.J.; Lupiáñez, J.A.; Cascante, M. (2α,3β)-2,3-Dihydroxyolean-12-en-28-oic acid, a new natural
triterpene from Olea europea, induces caspase dependent apoptosis selectively in colon adenocarcinoma cells. FEBS Lett. 2006, 580,
6302–6310. [CrossRef]

7. Laszczyk, M.N. Pentacyclic Triterpenes of the Lupane, Oleanane and Ursane Group as Tools in Cancer Therapy. Planta Medica
2009, 75, 1549–1560. [CrossRef]

8. Rufino-Palomares, E.E.; Reyes-Zurita, F.J.; García-Salguero, L.; Mokhtari, K.; Medina, P.P.; Lupiáñez, J.A.; Peragón, J. Maslinic
acid, a triterpenic anti-tumoural agent, interferes with cytoskeleton protein expression in HT29 human colon-cancer cells. J.
Proteom. 2013, 83, 15–25. [CrossRef]

9. Sánchez-Tena, S.; Reyes-Zurita, F.J.; Diaz-Moralli, S.; Vinardell, M.P.; Reed, M.; Garcia-Garcia, F.; Dopazo, J.; Lupiáñez, J.A.; Gün-
ther, U.; Cascante, M. Maslinic Acid-Enriched Diet Decreases Intestinal Tumorigenesis in ApcMin/+ Mice through Transcriptomic
and Metabolomic Reprogramming. PLoS ONE 2013, 8, e59392. [CrossRef]

10. Reyes-Zurita, F.J.; Rufino-Palomares, E.E.; Medina, P.P.; García-Salguero, L.; Peragón, J.; Cascante, M.; Lupiáñez, J.A. Antitumour
activity on extrinsic apoptotic targets of the triterpenoid maslinic acid in p53-deficient Caco-2 adenocarcinoma cells. Biochimie
2013, 95, 2157–2167. [CrossRef]

11. Reyes-Zurita, F.J.; Rufino-Palomares, E.E.; García-Salguero, L.; Peragón, J.; Medina, P.P.; Parra, A.; Cascante, M.; Lupiáñez, J.A.
Maslinic Acid, a Natural Triterpene, Induces a Death Receptor-Mediated Apoptotic Mechanism in Caco-2 p53-Deficient Colon
Adenocarcinoma Cells. PLoS ONE 2016, 11, e0146178. [CrossRef]

12. Chintharlapalli, S.; Papineni, S.; Ramaiah, S.K.; Safe, S. Betulinic Acid Inhibits Prostate Cancer Growth through Inhibition of
Specificity Protein Transcription Factors. Cancer Res. 2007, 67, 2816–2823. [CrossRef] [PubMed]

13. Lin, C.-C.; Huang, C.-Y.; Mong, M.-C.; Chan, C.-Y.; Yin, M.-C. Antiangiogenic Potential of Three Triterpenic Acids in Human
Liver Cancer Cells. J. Agric. Food Chem. 2011, 59, 755–762. [CrossRef]

14. Shanmugam, M.K.; Dai, X.; Kumar, A.P.; Tan, B.K.; Sethi, G.; Bishayee, A. Oleanolic acid and its synthetic derivatives for the
prevention and therapy of cancer: Preclinical and clinical evidence. Cancer Lett. 2014, 346, 206–216. [CrossRef] [PubMed]

15. Bonel-Pérez, G.C.; Pérez-Jiménez, A.; Gris-Cárdenas, I.; Parra-Pérez, A.; Lupiáñez, J.; Reyes-Zurita, F.J.; Siles, E.; Csuk, R.; Peragón,
J.; Rufino-Palomares, E.E. Antiproliferative and Pro-Apoptotic Effect of Uvaol in Human Hepatocarcinoma HepG2 Cells by
Affecting G0/G1 Cell Cycle Arrest, ROS Production and AKT/PI3K Signaling Pathway. Molecules 2020, 25, 4254. [CrossRef]
[PubMed]

16. Montilla, M.P.; Agil, A.; Navarro, M.C.; Jiménez, M.I.; García-Granados, A.; Parra, A.; Cabo, M.M. Antioxidant Activity of
Maslinic Acid, a Triterpene Derivative Obtained from Olea europaea. Planta Medica 2003, 69, 472–474. [CrossRef]

17. Mokhtari, K.; Rufino-Palomares, E.E.; Pérez-Jiménez, A.; Reyes-Zurita, F.J.; Figuera, C.; García-Salguero, L.; Medina, P.P.; Peragón,
J.; Lupiáñez, J.A. Maslinic Acid, a Triterpene from Olive, Affects the Antioxidant and Mitochondrial Status of B16F10 Melanoma
Cells Grown under Stressful Conditions. Evid. Based Complement. Altern. Med. 2015, 2015, 1–11. [CrossRef]

6



Molecules 2021, 26, 4701

18. Mokhtari, K.; Pérez-Jiménez, A.; García-Salguero, L.; Lupiáñez, J.A.; Rufino-Palomares, E.E. Unveiling the Differential Antioxidant
Activity of Maslinic Acid in Murine Melanoma Cells and in Rat Embryonic Healthy Cells Following Treatment with Hydrogen
Peroxide. Molecules 2020, 25, 4020. [CrossRef] [PubMed]

19. Marquez-Martin, A.; De La Puerta, R.; Fernandez-Arche, A.; Ruiz-Gutierrez, V.; Yaqoob, P. Modulation of cytokine secretion by
pentacyclic triterpenes from olive pomace oil in human mononuclear cells. Cytokine 2006, 36, 211–217. [CrossRef] [PubMed]

20. Zhang, X.; Cao, J.; Zhong, L. Hydroxytyrosol inhibits pro-inflammatory cytokines, iNOS, and COX-2 expression in human
monocytic cells. Naunyn Schmiedeberg’s Arch. Pharmacol. 2009, 379, 581–586. [CrossRef]

21. Qian, Y.; Guan, T.; Tang, X.; Huang, L.; Huang, M.; Li, Y.; Sun, H. Maslinic acid, a natural triterpenoid compound from Olea
europaea, protects cortical neurons against oxygen–glucose deprivation-induced injury. Eur. J. Pharmacol. 2011, 670, 148–153.
[CrossRef]

22. Shaik, A.H.; Rasool, S.; Kareem, M.A.; Krushna, G.S.; Akhtar, P.M.; Devi, K.L. Maslinic Acid Protects Against Isoproterenol-
Induced Cardiotoxicity in Albino Wistar Rats. J. Med. Food 2012, 15, 741–746. [CrossRef]

23. Khathi, A.; Serumula, M.R.; Myburg, R.B.; Van Heerden, F.; Musabayane, C.T. Effects of Syzygium aromaticum-Derived
Triterpenes on Postprandial Blood Glucose in Streptozotocin-Induced Diabetic Rats Following Carbohydrate Challenge. PLoS
ONE 2013, 8, e81632. [CrossRef] [PubMed]

24. Pérez-Jiménez, A.; Rufino-Palomares, E.E.; Fernández-Gallego, N.; Ortuño-Costela, M.C.; Reyes-Zurita, F.J.; Peragón, J.; García-
Salguero, L.; Mokhtari, K.; Medina, P.P.; Lupiáñez, J.A. Target molecules in 3T3-L1 adipocytes differentiation are regulated by
maslinic acid, a natural triterpene from Olea europaea. Phytomedicine 2016, 23, 1301–1311. [CrossRef] [PubMed]

25. Sultana, N.; Ata, A. Oleanolic acid and related derivatives as medicinally important compounds. J. Enzym. Inhib. Med. Chem.
2008, 23, 739–756. [CrossRef]

26. Parra, A.; Martin-Fonseca, S.; Rivas, F.; Reyes-Zurita, F.J.; Medina-O’Donnell, M.; Martinez, A.; García-Granados, A.; Lupiáñez,
J.A.; Albericio, F. Semi-synthesis of acylated triterpenes from olive-oil industry wastes for the development of anticancer and
anti-HIV agents. Eur. J. Med. Chem. 2014, 74, 278–301. [CrossRef]

27. Medina-O’Donnell, M.; Rivas, F.; Reyes-Zurita, F.J.; Cano-Muñoz, M.; Martinez, A.; Lupiáñez, J.A.; Parra, A. Oleanolic Acid
Derivatives as Potential Inhibitors of HIV-1 Protease. J. Nat. Prod. 2019, 82, 2886–2896. [CrossRef] [PubMed]

28. Moneriz, C.; Mestres, J.; Bautista, J.M.; Diez, A.; Puyet, A. Multi-targeted activity of maslinic acid as an antimalarial natural
compound. FEBS J. 2011, 278, 2951–2961. [CrossRef] [PubMed]

29. Fernández-Navarro, M.; Peragón, J.; Amores, V.; De La Higuera, M.; Lupiáñez, J.A. Maslinic acid added to the diet increases
growth and protein-turnover rates in the white muscle of rainbow trout (Oncorhynchus mykiss). Comp. Biochem. Physiol. Part. C
Toxicol. Pharmacol. 2008, 147, 158–167. [CrossRef]

30. Rufino-Palomares, E.E.; Reyes-Zurita, F.J.; Fuentes-Almagro, C.; De La Higuera, M.; Lupiáñez, J.A.; Peragón, J. Proteomics in the
liver of gilthead sea bream (Sparus aurata) to elucidate the cellular response induced by the intake of maslinic acid. Proteomics
2011, 11, 3312–3325. [CrossRef]

31. Rufino-Palomares, E.; Reyes-Zurita, F.; García-Salguero, L.; Peragón, J.; De La Higuera, M.; Lupiáñez, J.A. Maslinic acid, a natural
triterpene, and ration size increased growth and protein turnover of white muscle in gilthead sea bream (Sparus aurata). Aquac.
Nutr. 2012, 18, 568–580. [CrossRef]

32. Reyes-Zurita, F.J.; Rufino-Palomares, E.E.; Lupiáñez, J.A.; Cascante, M. Maslinic acid, a natural triterpene from Olea europaea
L., induces apoptosis in HT29 human colon-cancer cells via the mitochondrial apoptotic pathway. Cancer Lett. 2009, 273, 44–54.
[CrossRef]

33. Reyes-Zurita, F.J.; Pachón-Peña, G.; Lizárraga, D.; Rufino-Palomares, E.E.; Cascante, M.; Lupiáñez, J.A. The natural triterpene
maslinic acid induces apoptosis in HT29 colon cancer cells by a JNK-p53-dependent mechanism. BMC Cancer 2011, 11, 154.
[CrossRef]

34. Barroso, J.B.; García-Salguero, L.; Peragón, J.; De la Higuera, M.; Lupiáñez, J.A. The influence of dietary protein on the kinetics of
NADPH production systems in various tissues of rainbow trout (Oncorhynchus mykiss). Aquaculture 1994, 124, 47–59. [CrossRef]

35. Lupiáñez, J.A.; Adroher, F.J.; Vargas, A.M.; Osuna, A. Differential behaviour of glucose 6-phosphate dehydrogenase in two
morphological forms of Trypanosoma cruzi. Int. J. Biochem. 1987, 19, 1085–1089. [CrossRef]

36. Adroher, F.J.; Osuna, A.; Lupiáñez, J.A. Differential energetic metabolism during Trypanosoma cruzi differentiation. II. Hexoki-
nase, phosphofructokinase and pyruvate kinase. Mol. Cell. Biochem. 1990, 94, 71–82. [CrossRef]

37. Sánchez-Muros, M.J.; García-Rejón, L.; Lupiáñez, J.A.; De la Higuera, M. Long-term nutritional effects on the primary liver and
kidney metabolism in rainbow trout (Oncorhynchus mykiss). II. Adaptive response of glucose 6-phosphate dehydrogenase activity
to high-carbohydrate/low-protein and high-fat/non-carbohydrate diets. Aquac. Nutr. 1996, 2, 193–200. [CrossRef]

38. Barroso, J.B.; Peragón, J.; García-Salguero, L.; De la Higuera, M.; Lupiáñez, J.A. Carbohydrate deprivation reduces NADPH-
production in fish liver but not in adipose tissue. Int. J. Biochem. Cell Biol. 2001, 33, 785–796. [CrossRef]

39. Sheehan, D.; Meade, G.; Foley, V.M.; Dowd, C.A. Structure, function and evolution of glutathione transferases: Implications for
classification of non-mammalian members of an ancient enzyme superfamily. Biochem. J. 2001, 360, 1–16. [CrossRef] [PubMed]

40. Corpas, F.J.; Barroso, J.B.; Sandalio, L.M.; Palma, J.M.; Lupiáñez, J.A.; del Río, L.A. Peroxisomal NADP-Dependent Isocitrate
Dehydrogenase. Characterization and Activity Regulation during Natural Senescence. Plant. Physiol. 1999, 121, 921–928.
[CrossRef]

7



Molecules 2021, 26, 4701

41. Parra, A.; Martin-Fonseca, S.; Rivas, F.; Reyes-Zurita, F.J.; Medina-O’Donnell, M.; Rufino-Palomares, E.E.; Martínez, A.; Garcia-
Granados, A.; Lupiáñez, J.A.; Albericio, F. Solid-Phase Library Synthesis of Bi-Functional Derivatives of Oleanolic and Maslinic
Acids and Their Cytotoxicity on Three Cancer Cell Lines. ACS Comb. Sci. 2014, 16, 428–447. [CrossRef]

42. Reyes-Zurita, F.J.; Medina-O’Donnell, M.; Ferrer-Martin, R.M.; Rufino-Palomares, E.E.; Martin-Fonseca, S.; Rivas, F.; Martínez,
A.; García-Granados, A.; Pérez-Jiménez, A.; García-Salguero, L.; et al. The oleanolic acid derivative, 3-O-succinyl-28-O-benzyl
oleanolate, induces apoptosis in B16–F10 melanoma cells via the mitochondrial apoptotic pathway. RSC Adv. 2016, 6, 93590–93601.
[CrossRef]

43. Medina-O’Donnell, M.; Rivas, F.; Reyes-Zurita, F.J.; Martinez, A.; Martin-Fonseca, S.; Garcia-Granados, A.; Ferrer-Martín, R.M.;
Lupiáñez, J.A.; Parra, A. Semi-synthesis and antiproliferative evaluation of PEGylated pentacyclic triterpenes. Eur. J. Med. Chem.
2016, 118, 64–78. [CrossRef] [PubMed]

44. Medina-O’Donnell, M.; Rivas, F.; Reyes-Zurita, F.J.; Martinez, A.; Galisteo-González, F.; Lupiáñez, J.A.; Parra, A. Synthesis and
in vitro antiproliferative evaluation of PEGylated triterpene acids. Fitoterapia 2017, 120, 25–40. [CrossRef] [PubMed]

45. Medina-O’Donnell, M.; Rivas, F.; Reyes-Zurita, F.J.; Martinez, A.; Lupiáñez, J.A.; Parra, A. Diamine and PEGylated-diamine
conjugates of triterpenic acids as potential anticancer agents. Eur. J. Med. Chem. 2018, 148, 325–336. [CrossRef]

46. Jannus, F.; Medina-O’Donnell, M.; Rivas, F.; Díaz-Ruiz, L.; Rufino-Palomares, E.E.; Lupiáñez, J.A.; Parra, A.; Reyes-Zurita, F.J.
A Diamine-PEGylated Oleanolic Acid Derivative Induced Efficient Apoptosis through a Death Receptor and Mitochondrial
Apoptotic Pathway in HepG2 Human Hepatoma Cells. Biomolecules 2020, 10, 1375. [CrossRef] [PubMed]

47. Vega-Granados, K.; Medina-O’Donnell, M.; Rivas, F.; Reyes-Zurita, F.J.; Martinez, A.; Álvarez de Cienfuegos, L.; Lupiáñez, J.A.;
Parra, A. Synthesis and Biological Activity of Triterpene–Coumarin Conjugates. J. Nat. Prod. 2021, 84, 1587–1597. [CrossRef]

48. Toreti, V.C.; Sato, H.H.; Pastore, G.M.; Park, Y.K. Recent Progress of Propolis for Its Biological and Chemical Compositions and Its
Botanical Origin. Evid. Based Complement. Altern. Med. 2013, 2013, 1–13. [CrossRef]

49. Wezgowiec, J.; Wieczynska, A.; Wieckiewicz, W.; Kulbacka, J.; Saczko, J.; Pachura, N.; Wieckiewicz, M.; Gancarz, R.; Wilk, K.A.
Polish Propolis—Chemical Composition and Biological Effects in Tongue Cancer Cells and Macrophages. Molecules 2020, 25,
2426. [CrossRef]

50. Nguyen, N.H.; Pham, Q.T.; Luong, T.N.H.; Le, H.K.; Vo, V.G. Potential Antidiabetic Activity of Extracts and Isolated Compound
from Adenosma bracteosum (Bonati). Biomolecules 2020, 10, 201. [CrossRef]

51. Nguyen, N.H.; Ta, Q.T.H.; Pham, Q.T.; Luong, T.N.H.; Phung, V.T.; Duong, T.H.; Vo, V.G. Anticancer Activity of Novel Plant
Extracts and Compounds from Adenosma bracteosum (Bonati) in Human Lung and Liver Cancer Cells. Molecules 2020, 25, 2912.
[CrossRef]

52. Anwar, F.; Latif, S.; Ashraf, M.; Gilani, A. Moringa oleifera: A food plant with multiple medicinal uses. Phytother. Res. 2006, 21,
17–25. [CrossRef]

53. Luetragoon, T.; Sranujit, R.P.; Noysang, C.; Thongsri, Y.; Potup, P.; Suphrom, N.; Nuengchamnong, N.; Usuwanthim, K. Anti-
Cancer Effect of 3-Hydroxy-β-Ionone Identified from Moringa oleifera Lam. Leaf on Human Squamous Cell Carcinoma 15 Cell
Line. Molecules 2020, 25, 3563. [CrossRef]

54. Jabeen, A.; Sharma, A.; Gupta, I.; Kheraldine, H.; Vranic, S.; Al Moustafa, A.-E.; Al Farsi, H.F. Elaeagnus angustifolia Plant Extract
Inhibits Epithelial-Mesenchymal Transition and Induces Apoptosis via HER2 Inactivation and JNK Pathway in HER2-Positive
Breast Cancer Cells. Molecules 2020, 25, 4240. [CrossRef] [PubMed]

55. Roda, E.; De Luca, F.; Locatelli, C.A.; Ratto, D.; Di Iorio, C.; Savino, E.; Bottone, M.G.; Rossi, P. From a Medicinal Mushroom
Blend a Direct Anticancer Effect on Triple-Negative Breast Cancer: A Preclinical Study on Lung Metastases. Molecules 2020, 25,
5400. [CrossRef] [PubMed]

56. Huang, X.F.; Sheu, G.T.; Chang, K.F.; Huang, Y.C.; Hung, P.H.; Tsai, N.M. Pogostemon cablin Triggered ROS-Induced DNA Damage
to Arrest Cell Cycle Progression and Induce Apoptosis on Human Hepatocellular Carcinoma In Vitro and In Vivo. Molecules 2020,
25, 5639. [CrossRef] [PubMed]

57. Rotondo, R.; Oliva, M.A.; Staffieri, S.; Castaldo, S.; Giangaspero, F.; Arcella, A. Implication of Lactucopicrin in Autophagy, Cell
Cycle Arrest and Oxidative Stress to Inhibit U87Mg Glioblastoma Cell Growth. Molecules 2020, 25, 5843. [CrossRef] [PubMed]

58. Vilariño, M.; García-Sanmartín, J.; Ochoa-Callejero, L.; López-Rodríguez, A.; Blanco-Urgoiti, J.; Martínez, A. Macrocybin, a
Natural Mushroom Triglyceride, Reduces Tumor Growth In Vitro and In Vivo Through Caveolin-Mediated Interference with the
Actin Cytoskeleton. Molecules 2020, 25, 6010. [CrossRef]

59. Grymel, M.; Pastuch-Gawołek, G.; Lalik, A.; Zawojak, M.; Boczek, S.; Krawczyk, M.; Erfurt, K. Glycoconjugation of Betulin
Derivatives Using Copper-Catalyzed 1,3-Dipolar Azido-Alkyne Cycloaddition Reaction and a Preliminary Assay of Cytotoxicity
of the Obtained Compounds. Molecules 2020, 25, 6019. [CrossRef] [PubMed]

60. Ferraz da Costa, D.C.; Rangel, L.P.; Quarti, J.; Santos, R.A.; Silva, J.L.; Fialho, E. Bioactive Compounds and Metabolites from
Grapes and Red Wine in Breast Cancer Chemoprevention and Therapy. Molecules 2020, 25, 3531. [CrossRef] [PubMed]

61. Muniyandi, K.; George, B.; Parimelazhagan, T.; Abrahamse, H. Role of Photoactive Phytocompounds in Photodynamic Therapy
of Cancer. Molecules 2020, 25, 4102. [CrossRef] [PubMed]
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Abstract: The purpose of this study was to compare the chemical composition and biological properties
of Polish propolis. Ethanol, ethanol-hexane, hexane and hexane-ethanol extracts of propolis from three
different regions of Poland were prepared. On the basis of the evaluation of their chemical composition
as well as the extraction yield and free radical scavenging activity, the ethanol and hexane-ethanol
extractions were proposed as the most effective methods. Subsequently, the biological properties
of the extracts were evaluated to investigate the selectivity of an anticancer effect on tongue cancer
cells in comparison to normal gingival fibroblasts. The obtained products demonstrated anticancer
activity against tongue cancer cells. Additionally, when the lowest extract concentration (100 μg/mL)
was applied, they were not cytotoxic to gingival fibroblasts. Finally, a possible anti-inflammatory
potential of the prepared products was revealed, as reduced mitochondrial activity and proliferation
of macrophages exposed to the extracts were observed. The results obtained indicate a potential
of Polish propolis as a natural product with cancer-selective toxicity and anti-inflammatory effect.
However, further studies are still needed to thoroughly explain the molecular mechanisms of its
action and to obtain the promising health benefits of this versatile natural product.

Keywords: total phenolic content; total flavonoid content; GC-MS; DPPH; antioxidant; anticancer
agent; anti-inflammatory agent; gingival fibroblasts; oral cancer; natural extract

1. Introduction

Nature, as an immemorial source of diverse active molecules, continues to serve as a major
inspiration for drug development. Therapeutic applications of natural products offer great opportunities for
modern medicine, while being simultaneously a huge challenge due to the problem of standardization
procedures and the chemical complexity of these substances. On the other hand, such complexity is
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inevitable and a final therapeutic effect of a whole extract in general is better than effects of individual
compounds since it results from the synergistic activity of the extract components [1].

One of the most attractive natural products is propolis—the resinous substance collected by bees
from plants and mixed with wax and enzymes. It is then used to strengthen and protect their hives
as well as to prevent decomposition of intruders’ carcasses. People have also widely used propolis
in folk medicine, as it is known for a broad spectrum of biological properties including antibacterial,
antifungal, antiviral, anti-inflammatory, antioxidant and anticancer activity [2]. Nowadays, it is used
in the cosmetics industry, i.e., as a component of anti-acne creams and products for oral hygiene [3].
However, the therapeutic potential of propolis is still untapped and many research groups continue
investigation of a chemical composition and biological properties of this material. The studies revealed
a variability in propolis composition depending on the geographical region of collection and the plant
sources. For instance, bud exudates of different poplar buds are the main source of propolis collected
in the temperate zone, including Europe [4]. Silva-Carvalho et al. reported that poplar propolis is
mainly composed of flavonoids, phenolic acids and its esters [3].

In particular, contemporary oral medicine may benefit from the wide spectrum of propolis
activities. Many dental specialties which make use of this natural product have been reported [5].
Research on Polish propolis is mainly focused on its antimicrobial properties [6–11]. Interestingly,
no research on the use of Polish propolis against oral cancer has been published so far. There is
little research concerning the antiproliferative effect of Polish propolis on glioblastoma cells [12],
colon, lung and breast cancer cells [13], as well as prostate cancer cells [14]. On the other hand,
taking into account global data, the problem of oral cancer treatment is still unsolved. In 2018,
new cases of oral cancer occurred globally in approximately 355,000 people and caused 177,000 deaths.
The most common oral cancer type is tongue squamous cell carcinoma (TSCC), characterized by high
lymphatic metastasis, recurrence and drug resistance. The current treatment approaches include
surgery, which may be followed by radiotherapy and/or chemotherapy. However, there is still no
effective therapeutic strategy and the death toll linked to this disease is still increasing [15].

The purpose of this study was to evaluate the anticancer properties of three different types
of propolis from different regions of Poland on the in vitro model of tongue cancer cells. For this
reason, ethanol, ethanol-hexane, hexane and hexane-ethanol extracts of Polish propolis were prepared.
Normal human gingival fibroblasts were used as a control group of non-cancer cells and a murine
macrophage-like cell line was used to evaluate anti-inflammatory potential of the prepared products.
Additionally, chemical composition and antioxidant activity of the prepared extracts were compared.

2. Results

2.1. Extraction Yield

The extraction yields of the propolis extracts were calculated and are presented in Table 1.
The extraction yield values of the ethanol extracts of propolis (EEP) were higher than the hexane
extracts of propolis (HEP) and the highest values of extraction yield were obtained for propolis from
Masovia (P2) and West Pomerania Province (P3). Therefore, the results indicated that ethanol was
a better solvent than n-hexane. In addition, the hexane-ethanol extracts of propolis (HEEP) had the
second highest extraction yields among all the propolis extracts analyzed.

2.2. Total Polyphenol Content

The total polyphenol content (TPC) was determined with the Folin–Ciocalteu method (Table 2).
The statistical analysis revealed that there was not strong variation between the TPC of all propolis
harvested in different provinces of Poland (F(2, 109) = 0.86794; p = 0.42270). However, regardless of a
type of propolis, there were statistically significant differences of TPC (F(3, 108) = 1178.4; p = 0.0000)
between different extracts, such as ethanol extract of propolis (EEP), ethanol-hexane extract of propolis
(EHEP), hexane extract of propolis (HEP) and hexane-ethanol extract of propolis (HEEP). The TPC for
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EEP and HEEP was above 220 mg GAE (gallic acid equivalent)/g of the propolis extract, while the
TPC for EHEP and HEP was below 50 mg GAE/g. Tukey’s post-hoc test revealed that all differences of
TPC between each type of propolis extract tested were statistically significant at p < 0.05. Interestingly,
when only EEP and HEEP were considered, the strong differences among TPC of the propolis harvested
in different provinces were observed (F(2, 51) = 31.058; p = 0.00000). Thus, the propolis extracts from
West Pomerania Province (P3) had the highest TPC, while the lowest TPC was obtained for propolis
extracts from Podlasie (P1).

Table 1. Extraction yields of the prepared extracts; P1—propolis from Podlasie, P2—propolis from
Masovia, P3—propolis from West Pomerania Province, EEP—ethanol extract of propolis, EHEP—
ethanol-hexane extracts of propolis, HEP—hexane extract of propolis, HEEP—hexane-ethanol extracts
of propolis.

Symbol Sequence of Solvents
Extraction Yield [%]

P1 P2 P3

EEP ethanol 33.4 57.5 63.7
EHEP ethanol–hexane 24.2 8.4 13.3
HEP hexane 28.2 17.5 14.5

HEEP hexane–ethanol 32.9 42.7 47.9

Table 2. Total polyphenol content and total flavonoid content of the prepared extracts; the results
are expressed as mean ± SD; P1—propolis from Podlasie, P2—propolis from Masovia, P3—propolis
from West Pomerania Province, EEP—ethanol extract of propolis, EHEP—ethanol-hexane extracts of
propolis, HEP—hexane extract of propolis, HEEP—hexane-ethanol extracts of propolis, GAE—gallic
acid equivalent, QE—quercetin equivalent.

Propolis Extract P1 P2 P3

Total Polyphenol Content [mg GAE/g]
EEP 222.05 ± 14.29 259.63 ± 11.73 275.79 ± 13.42

EHEP 16.36 ± 1.12 19.60 ± 1.07 18.02 ± 1.09
HEP 20.45 ± 4.08 45.02 ± 7.22 38.84 ± 6.40

HEEP 249.92 ± 8.64 277.19 ± 14.28 308.92 ± 15.85

Total Flavonoid Content [mg QE/g]
EEP 18.76 ± 0.66 22.19 ± 0.44 19.79 ± 0.19

EHEP 11.10 ± 0.06 10.87 ± 0.03 12.99 ± 0.07
HEP 12.23 ± 0.21 13.49 ± 0.13 14.45 ± 0.19

HEEP 19.00 ± 0.57 22.46 ± 0.40 21.63 ± 0.25

2.3. Total Flavonoid Content

The total flavonoid content (TFC), evaluated via aluminum chloride method, was presented
in Table 2. Similarly to the measurement results of TPC, this analysis also revealed no statistically
significant differences among propolis of different origin (F(2, 133) = 3.3270; p = 0.03891). On the other
hand, differences among various extracts—EEP, EHEP, HEP and HEEP—were statistically significant
(F(3, 132) = 360.77; p = 0.0000). Tukey’s post-hoc test revealed that all differences of TFC between each
extract type tested were statistically significant at p < 0.05, except for the differences between EEP and
HEEP samples (p= 0.122385). For all the ethanol and hexane-ethanol extracts (EEP and HEEP) analyzed,
TFC was above 18.76 mg QE (quercetin equivalent)/g of the propolis extract, while ethanol-hexane
and hexane extracts (EHEP and HEP) were characterized by significantly lower TFC. The highest TFC
among all samples tested was found for propolis extracts from Masovia (EEP_P2 and HEEP_P2).

2.4. GC-MS Analysis

The chemical composition of EEP from different regions of Poland (Podlasie, Masovia and West
Pomerania Province) was determined using gas chromatography–mass spectrometry (GC-MS) and is
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presented in Appendix A, Table A1. Briefly, the analysis of EEP revealed the presence of seventy-two
components, out of which sixty-two were identified. The main components of the material analyses
were TMS derivatives of 4-coumaric acid, d-fructose, d-glucose, d-mannopyranose, benzoic acid,
lignoceric acid, ferulic acid and naringenin. GC-MS analysis of the ethanol extracts of propolis from
Podlasie (EEP_P1) and Masovia (EEP_P2) showed a higher concentration of aromatic acids than
the ethanol extract of propolis from West Pomerania Province (EEP_P3). The concentration of the
compounds selected is presented in Table A1. The results indicate that the highest concentration of
4-coumaric acid and caffeic acid was measured in EEP_P2, while the lowest one was found in EEP_P3.
Furthermore, the highest concentration of ferulic acid and benzoic acid was measured in EEP_P1,
while the lowest one was found in EEP_P3.

The chemical composition of HEP from different regions of Poland is presented in Appendix A,
Table A2. The profile of the compounds of the n-hexane extracts of propolis, determined by GC-MS,
contains forty-one compounds (out of which forty were identified). The results showed domination of
waxes and fatty acids derivatives of TMS. The main compounds of HEP_P1 and HEP_P2 were methyl
triacontyl ether, heptacosane, pentacosane and lignoceric acid. The main compounds of HEP_P3
were heptacosane, lignoceric acid, 13-octadecanoic acid and methyl triacontyl ether. In addition,
HEPs contained around two times more (HEP_P1: 8.10%, HEP_P2: 8.47%) or four times more (HEP_P3:
13.19%) benzoic acid than EEP.

The chemical composition of HEEP harvested from different regions of Poland is presented in
Appendix A, Table A3. The profile of the compounds of the hexane-ethanol extracts of propolis
contained sixty-five compounds (out of which sixty-two were identified). High similarity of the content
of EEP and HEEP was observed. The dominant compounds in HEEP were 4-coumaric acid, d-fructose,
d-glucose, d-mannopyranose and ferulic acid.

Fatty Acids Composition

The complete chemical composition of fatty acids in HEP from different regions of Poland is
presented in Appendix A, Table A4. Fourteen compounds were identified when analyzing fatty
acids contained in propolis of different origins. The main components found in the HEP fraction
are: hexadecanoic acid methyl ester, heptadecanoic acid methyl ester, oleic acid methyl ester and
tetracosanoic acid methyl ester.

2.5. DPPH Free Radical Scavenging Activity

A 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was used to measure antioxidant activity of the
propolis extracts, with the results presented in Figure 1.

As shown in the Figure 1a–c, all the tested ethanol-hexane and hexane extracts (EHEP and HEP)
obtained from propolis harvested in different regions of Poland (P1, P2, P3) had only minimal DPPH
free radical scavenging activity compared to the standard. Therefore, they were assumed as having
no effect at all. In contrast, for EEP and HEEP, the free radical scavenging activity increased with the
increase of the extracts’ concentration from 0 to 200 μg/mL. For these active extracts their IC50 were
calculated (the concentration of extracts that inhibits the formation of DPPH free radicals by 50%) and
showed in Table 3. Statistically significant differences among IC50 of propolis from different regions
of Poland were demonstrated (F(2, 55) = 43.365; p = 0.00000). Tukey’s post-hoc test revealed that all
differences of IC50 between each type of propolis tested (P1, P2, P3) were statistically significant at
p < 0.05. Regardless of the type of propolis studied, the type of extract did not significantly influence
the obtained values of IC50 (F(1, 56) = 0.09896; p = 0.75425). The lowest IC50 values were calculated for
propolis extracts from West Pomerania Province (P3), indicating the highest antioxidant potential of
these preparations among all the extracts tested.
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Figure 1. DPPH free radical scavenging activity of the prepared propolis extracts from: (a) Podlasie
(P1); (b) Masovia (P2); (c) West Pomerania Province (P3); EEP— ethanol extract of propolis,
EHEP—ethanol-hexane extracts of propolis, HEP—hexane extract of propolis, HEEP—hexane-ethanol
extracts of propolis.
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Table 3. The concentration of extracts that inhibits the formation of DPPH free radicals by 50% (IC50);
P1—propolis from Podlasie, P2—propolis from Masovia, P3—propolis from West Pomerania Province,
EEP—ethanol extract of propolis, HEEP—hexane-ethanol extracts of propolis.

Propolis Extract
IC50 [μg/mL]

P1 P2 P3

EEP 78.02 ± 4.86 55.07 ± 7.39 33.01 ± 2.73
HEEP 62.84 ± 14.59 60.72 ± 2.89 40.92 ± 7.55

2.6. Anticancer Activity

The anticancer activity of the selected Polish propolis extracts was evaluated on human
squamous cell carcinoma derived from tongue (SCC-25) after incubation for 5 min and 24 h.
For this purpose, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay (MTT assay)
and sulforhodamine B assay (SRB assay) were performed. In addition, for both methods, 24 h
incubation with human gingival fibroblasts (HGFs) was used as a control model to investigate the
effects of propolis in normal, i.e., non-cancer cells. The cytotoxicity values of EEP and HEEP harvested
from three different regions in Poland and applied at three concentrations (100, 500 and 1000 μg/mL)
are presented in Figure 2 (MTT assay results) and in Figure 3 (SRB assay results).

2.6.1. MTT Assay

When 5 min of incubation with the propolis extracts was applied, mitochondrial activity of SCC-25
cells was only slightly reduced (Figure 2a). Moreover, when concentrations of all the extracts tested
were increased, the mitochondrial activity was still above 80% compared to the control. However,
the prolonged 24 h incubation period affected the cell viability significantly (Figure 2b). Three-way
ANOVA revealed that for all tested extracts of Polish propolis the differences between groups based on
the propolis type or extraction type were not statistically significant (p = 0.093920 and p = 0.493920,
respectively). The only factor determining significant differences between groups was the extract
concentration (p = 0.000000). For tongue cancer cells, incubation with each of the tested propolis extract
at a concentration of 500 and 1000 μg/mL resulted in a decrease of mitochondrial activity to ca. 20% of
the control. When the concentration of the propolis extracts applied was 100 μg/mL, the mitochondrial
activity was most reduced for EEP_P3 (33% of the control) and least reduced for EEP_P1 (59% of
the control), therefore, EEP_P1 was less active. The results obtained for HGFs treated with propolis
indicated that the tested propolis extracts impaired also the viability of normal cells (Figure 2c).
Incubation of HGFs with each tested propolis extract at a concentration of 500 and 1000 μg/mL reduced
the mitochondrial activity to ca. 40% compared to the control. In addition, when the propolis extract
concentration of 100 μg/mL was applied, EEP_P3 was the most active propolis extract, which reduced
the mitochondrial activity to 52% of the control. Furthermore, HEEP_P2 reduced the mitochondrial
activity to 76% compared to the control and therefore it was the least active propolis extract. Three-way
ANOVA results for HGFs revealed that all the factors studied (type of propolis, type of extract and
extract concentration) were source of significant variation at p < 0.05.

2.6.2. SRB Assay

When SCC-25 cells were incubated with Polish propolis for 5 min, for all the concentrations
of all the extracts tested the total protein content of cells was above 93% compared to the control
(Figure 3a). Therefore, no cytotoxic effect of propolis extracts after a short-time incubation was revealed.
However, the prolonged incubation, i.e., 24 h, affected the cellular proliferation significantly (Figure 3b).
The results showed that 24 h incubation of tongue cancer cells with increasing concentration of propolis
extract resulted in a decrease of total protein content. For example, when the concentrations of 100
and 500 μg/mL of all Polish propolis extracts were applied, cellular protein content was reduced to ca.
55% of the control. Notably, the least activity was observed at 100 μg/mL of EEP_P1, that reduced

14



Molecules 2020, 25, 2426

the cellular protein content to 72% compared to the control. However, for 500 μg/mL of HEEP_P1
the cellular protein content was reduced to 45% of the control. Finally, when tongue cancer cells
were incubated with each of the Polish propolis extracts tested at a concentration of 1000 μg/mL,
it resulted in a decrease in total protein content to ca. 45% compared to the control. The results for
HGFs indicated that the analyzed propolis extracts at concentrations of 500 and 1000 μg/mL impaired
the proliferation of normal cells (Figure 3c). Incubation of HGFs with 1000 μg/mL propolis extracts
reduced total protein content to ca. 30% compared to the control. Incubation of HGFs with 1000 μg/mL
of HEEP_P2 resulted in the lowest level of protein content, reduced to 20% of the control. On the other
hand, incubation of HGFs with 1000 μg/mL of EEP_P1 resulted in the highest level of total protein
content, i.e., 40% of the control. Additionally, incubation of HGFs with 500 μg/mL propolis extracts
also induced a significant cytotoxicity. In contrast, for the concentration of 100 μg/mL, the lowest
level of total protein content, i.e., 79% of the control, was observed when HGFs were incubated with
EEP_P3 and HEEP_P3. The three-way ANOVA of results both for SCC-25 and HGFs revealed that
all the factors studied (type of propolis, type of extract and extract concentration) were sources of
significant variation at p < 0.05.

Figure 2. MTT assay results for: (a) tongue cancer cells (SCC-25) incubated for 5 min with propolis
extracts; (b) tongue cancer cells (SCC-25) incubated for 24 h with propolis extracts; (c) human gingival
fibroblasts (HGFs) incubated for 24 h with propolis extracts; * p < 0.05, ** p < 0.005; P1—propolis from
Podlasie, P2—propolis from Masovia, P3—propolis from West Pomerania Province, EEP—ethanol
extract of propolis, HEEP—hexane-ethanol extracts of propolis.

Figure 3. Sulforhodamine B (SRB) assay results for: (a) tongue cancer cells (SCC-25) incubated for
5 min with propolis extracts; (b) tongue cancer cells (SCC-25) incubated for 24 h with propolis extracts;
(c) human gingival fibroblasts (HGFs) incubated for 24 h with propolis extracts; * p < 0.05, ** p < 0.005;
P1—propolis from Podlasie, P2—propolis from Masovia, P3—propolis from West Pomerania Province,
EEP—ethanol extract of propolis, HEEP—hexane-ethanol extracts of propolis.

2.7. Anti-Inflammatory Potential

Anti-inflammatory potential of the propolis extracts selected was evaluated on murine
macrophage-like cell line (P388-D1) via MTT assay (Figure 4a) and SRB assay (Figure 4b) after 24 h
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of incubation. For all the analyzed concentrations of all the extracts tested it was observed that
the prolonged 24 h incubation period affected the cellular mitochondrial activity and proliferation
significantly. Incubation with each tested propolis extract at a concentration of 1000 μg/mL resulted
in a decrease in mitochondrial activity of P388-D1 cells to ca. 19% of the control (Figure 4a) and a
decrease in total protein content to ca. 38% of the control (Figure 4b). When the lowest concentration
of extracts (100 μg/mL) was applied, the cellular mitochondrial activity was reduced to 48% and the
cellular protein content to ca. 55% of the control.

Figure 4. Results for murine macrophage cells (P388-D1) incubated for 24 h with propolis extracts;
(a) MTT assay; (b) SRB assay; ** p < 0.005; P1—propolis from Podlasie, P2—propolis from Masovia,
P3—propolis from West Pomerania Province, EEP—ethanol extract of propolis, HEEP—hexane-ethanol
extracts of propolis.

3. Discussion

Propolis demonstrated antiproliferative activity on various cancer cell lines. It was reported that
this natural product can block specific oncogene signaling pathways, leading to a decrease in cell
proliferation. It can also increase apoptosis, exert antiangiogenic effects, and modulate the tumor
microenvironment [3,16].

In spite of these beneficial properties, research on the anticancer activity of propolis on human
tongue cancer cells is very limited. Antiproliferative activity of the ethanol extract of Chilean propolis
on human mouth epidermoid carcinoma cells (KB) was demonstrated by Russo et al. [17]. Furthermore,
Yen et al. and Chiu et al. showed an anti-inflammatory effect of various propolis extracts by inhibiting
one of the inflammatory markers—COX-2—in KB cell line [18]. The study of Salehi et al. determined
the chemopreventive effect of Iranian propolis on dysplastic changes in the rats’ tongue epithelium
after administration of carcinogens (DMBA). The results have showed that propolis can prevent
DMBA-induced dysplasia of the oral mucosa in animal model [19]. A similar effect was obtained for
hydroalcoholic extract of Brazilian red propolis (HERP) on oral squamous cell carcinoma (OSCC) in
rodents. The research revealed that HERP inhibited tumor growth and progression [20].

The anticancer effect of propolis is often attributed to one of its active components—caffeic acid
phenethyl ester (CAPE). It can be considered as a potential support for therapy of patients with oral
squamous cell carcinoma due to the ability to inhibit cellular proliferation and to prevent cancer
metastasis [21–23]. On the other hand, the other approach to the clarification of the natural drug’s
mechanisms of action is more comprehensive and takes into account a complexity of the product
rather than the effect of its individual components. The study of Czyżewska et al. suggested that the
synergistic effect of different polyphenols (chrysin, galangin, pinocembrin, caffeic acid, p-coumaric acid
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and ferulic acid) is responsible for the propolis’ ability to inhibit the growth of human tongue cancer
cells through apoptosis [24]. Another study indicated the synergistic effect of the main components
of Iranian propolis on mouth epidermoid carcinoma (KB) cells. MTT assay revealed that IC50 values
of EEP and its main component, quercetin (Q) were 40 μg/mL and 195 μg/mL respectively after 48 h
of incubation [25].

In this study, the whole extracts of Polish propolis were evaluated in terms of the selectivity of
their anticancer effect on the tongue cancer cells in comparison to the normal gingival fibroblasts.
Chemical analyses revealed that ethanolic and hexane-ethanol extraction were the most effective
methods of raw propolis extraction to receive the most chemically complex product. This conclusion
confirms the findings of the other studies indicating ethanol extraction as the most common method of
raw propolis processing [26–28]. The second proposed method—ethanol–hexane extraction—may be an
interesting alternative allowing the wax content removal [29]. Both spectroscopic and chromatographic
methods enabled determination of a chemical character of the extracts obtained. The chemical
compounds identified in the prepared propolis extracts are analogous to the results described by
Sahinler and Kaftanogl [30] as well as by Anjum et al. [31], showing high concentration of the aromatic
acids, hydrocarbons, alcohols, polyphenols and fatty acids. The presence of phenolic compounds in
the propolis extracts is particularly promising when its anticancer activity is considered [32].

The biological analysis of the selected systems showed that the prolonged 24 h incubation
of cells with propolis significantly affected the cell viability measured via MTT and SRB assays.
Differences between groups, based on the propolis type or extraction type, were not statistically
significant. This may confirm the hypothesis that differences in the chemical composition of the extracts
obtained did not influence the general biological effect induced by them. It should be emphasized
that higher concentrations of the propolis extracts (500 and 1000 μg/mL) significantly affected the
viability of normal HGFs as well. For this reason, only the extract concentration of 100 μg/mL could be
considered as effective selectively in cancer cells. Similar results demonstrating the cytotoxic effect of
propolis on normal human fibroblasts were obtained by Tyszka-Czochara et al. [33], Popova et al. [13]
and in our previous study [10]. Moreover, the study presented by Popova et al. revealed the similar
chemical profile of the propolis sample (mainly flavanones and dihydroflavonols, as well as a series
of esters of p-coumaric acid, ferulic acid, benzoic acid and fatty acids (palmitic acid, linoleic acid,
oleic acid) compared to the extracts analyzed in our study [13]).

Additionally, due to the polyphenolic content of propolis, the anti-inflammatory activity of the
extracts prepared was verified on macrophage models commonly used in case of natural compounds [34,35].
Szliszka et al. suggested that phenolic compounds may be responsible for a crucial contribution of
Brazilian green propolis in the modulation of chemokine-mediated inflammation [34]. In our study,
the impairment of the cellular proliferation and mitochondrial activity observed in macrophage-like
cell line (P388-D1) suggested a possible anti-inflammatory activity of the prepared extracts. Here we
have observed that the effect was dependent on the cytotoxic effect of propolis extracts applied.

In the future, the preliminary results reported in this research should be used to select the ethanol
and hexane-ethanol extraction as the most effective methods of propolis extraction to obtain chemically
complex and biologically active products. The prepared extracts should become a subject of an
in-depth analysis aimed at the identification of the most active components and at the investigation
of a precise molecular mechanism of their anticancer and anti-inflammatory action. In addition,
the selected natural extracts could be combined with conventional chemotherapeutic regimens in order
to propose safer and more effective treatment of cancer [36]. Finally, functional polymer microparticles
for encapsulation of biologically active compounds could be designed and manufactured [37].
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4. Materials and Methods

4.1. Material

The research materials were propolis samples originating from three different regions in Poland
(Table 4). Raw propolis was collected from beehives manually. Before processing it was stored at room
temperature under dark conditions.

Table 4. Geographical origin of the Polish propolis examined.

Symbol Region of Origin The Most Abundant Plants in the Region Bee Species

P1 Podlasie (Hajnowka)

spruce (Picea abies L.)—30%, pine (Pinus
sylvestris L.)—27%, alder (Alnus glutinosa L.)—20%,
sessile oak (Quercus petraea L.)—10%, silver birch

(Betula pendula L.)—7%

Apis mellifera carnica x
Apis mellifera caucasica

P2 Mazovia (Ciechanow)

pine (Pinus sylvestris L.)—70%, alder (Alnus
glutinosa L.)—10%, sessile oak (Quercus

petraea L.)—10%, silver birch (Betula pendula L.)—7%

Apis mellifera carnica

P3
West Pomerania
(Miedzyzdroje)

pine (Pinus sylvestris L.)—75%, alder (Alnus
glutinosa L.)—5%, beech (Fagus sylvatica L.)—5%,
sessile oak (Quercus petraea L.)—5%, silver birch

(Betula pendula L.)—4%

Apis mellifera mellifera

4.2. Extraction

Ethanol, ethanol-hexane, hexane and hexane-ethanol extracts of Polish propolis were prepared
according to the procedure illustrated in Figure 5. For this purpose, 5 g of raw propolis was cut
into small pieces, dissolved in 50 mL of 70% ethanol (POCH, Poland) or 50 mL of hexane (POCH,
Poland) and stirred for 48 h at room temperature under dark conditions, using a magnetic stirrer
(Big-squid, IKA, Germany). Subsequently, the samples were centrifuged at 10,500 rpm for 10 min at
room temperature, using a 5804 centrifuge (Eppendorf, Germany). The supernatant obtained was
named ethanol extract of propolis (EEP) and hexane extract of propolis (HEP). Then, the residue was
extracted one more time with ethanol or hexane to obtain EEP_II or HEP_II, respectively. Subsequently,
the residue left after ethanol extraction was treated twice with hexane to obtain ethanol-hexane extracts
(EHEP and EHEP_II). The residue left after hexane extraction was dissolved twice with 70% ethanol to
obtain hexane-ethanol extracts (HEEP and HEEP_II). Non-dissolved residues were discarded.

Figure 5. Schematic illustration of procedure for propolis extract preparation; EEP—ethanol extract
of propolis, EHEP—ethanol-hexane extracts of propolis, HEP—hexane extract of propolis, HEEP—
hexane-ethanol extracts of propolis, RE—residue after extraction with ethanol, RH—residue after
extraction with hexane.
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The extracts were evaporated to dryness at 40 ◦C using a RV 10 rotary vacuum evaporator (IKA,
Germany) and stored at 4 ◦C under dark conditions. After evaporation, the samples obtained were
weighted using an analytical balance: WPS 510/C/2 (Radwag, Poland); extraction yields were expressed
in percentage as a ratio of the mass of the sample after evaporation to the mass of the propolis material
before extraction. The samples obtained after second extraction with the same solvent (EEP_II, HEP_II,
EHEP_II, HEEP_II) were not subjected to further analysis due to their small quantity. Then, the samples
were dissolved in methanol (POCH, Poland) at a concentration of 1 mg/mL (for chemical studies) or in
DMSO (POCH, Poland) at a concentration of 100 mg/mL (for biological studies).

4.3. Total Polyphenol Content

The total soluble phenolic compounds in the samples were determined using the Folin–Ciocalteu
colorimetric method [38]. For this purpose, 100 μL of analyzed propolis extract was dissolved in
methanol (1 mg/mL) and then mixed with 900 μL of distilled water and 100 μL of Folin and Ciocalteu’s
phenol reagent (Sigma-Aldrich, Poland). After 5 min of incubation, 1 mL of 7% Na2CO3 (POCH,
Poland) and 400 μL of distilled water were added. Subsequently, the mixture was incubated for 2 h
and the absorbance was measured at 765 nm using a UV-Vis spectrophotometer: SP 8001 (Metertech,
Norway). Gallic acid (Sigma-Aldrich, Poland) was used as a standard. The results were expressed
in mg of gallic acid equivalent per g of propolis extract (mg GAE/g). The minimum number of
measurements for each extract was n = 9.

4.4. Total Flavonoid Content

The total flavonoid contents in the samples were determined using an aluminum chloride
method [39]. Briefly, 100 μL of propolis extract dissolved in methanol (1 mg/mL) was mixed with
100 μL of 2% AlCl3 (Sigma-Aldrich, Poland). After 15 min of incubation, the absorbance was measured
at 435 nm using a UV-Vis spectrophotometer: SP 8001 (Metertech, Norway). Quercetin (Sigma-Aldrich,
Poland) was used as a standard. The results were expressed in mg of quercetin equivalent per g of
propolis extract (mg QE/g). The minimum number of measurements for each extract was n = 9.

4.5. GC-MS Analysis

The propolis extracts obtained (EEP, HEP and HEEP) were evaluated in terms of a
low-molecular-weight compound content by means of derivatization with N,O-bis (trimethylsilyl)
trifluoroacetamide (BSTFA) silylation approach on gas chromatography, coupled with mass
spectrometry (Shimadzu GC-MS QP 2020, Shimadzu, Kyoto, Japan). Each of the extracts was
evaporated under reduced pressure. Then, 500 μL of pyridine and 50 μL of BSTFA were added to all
samples. The mixture was placed in a vial and heated for 15 min at 70 ◦C. Separation was achieved
using Zebron ZB-5 capillary column with a length of 30 m, inner diameter of 0.25 mm, and film
thickness of 0.25 μm (Phenomenex, Torrance, CA, USA). The GC-MS analysis was performed according
to the following parameters: scan mode with mass range from 40 to 1050 m/z in electronic impact (EI)
mode at 70 eV; mode at 10 scan s−1 mode. Analyses were conducted using helium as a carrier gas at
a flow rate of 1.0 mL min−1 in a split ratio of 1:20 and the following program: (a) 100 ◦C for 1 min;
(b) rate of 2.0 ◦C min−1 from 100 to 190 ◦C; (c) rate of 5 ◦C min−1 from 190 to 300 ◦C. An injector was
held at 280 ◦C, respectively. Compounds were identified by using two different analytical methods
that compare: retention times with authentic chemicals (Supelco C7-C40 Saturated Alkanes Standard),
and obtained mass spectra with available library data (Willey NIST 17, match index >90%).

Fatty Acids Composition

The lipid fraction was obtained according to the previously described method [40]. In the next step,
the extracted nonpolar fraction, approx. 30 mg, was saponified (10 min at 75 ◦C) with 2 mL of 0.5 M
KOH/MeOH solution and subjected to methylation (10 min at 75 ◦C) using 2 mL of 14% (v/v) BF3/MeOH
(Sigma-Aldrich, St. Louis, MO, USA). Subsequently, water was added to reaction mixture and methyl
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esters of fatty acids were extracted with 10 mL of hexane (UQF Wroclaw, Poland), then washed with
10 mL 10% sodium bicarbonate (UQF Wroclaw, Poland) and desiccated with anhydrous sodium
sulphate. The organic phase was evaporated under reduced pressure and stored at −27 ◦C until
chromatographical analysis. The FAME profile was assessed using gas chromatograph coupled with a
mass spectrometer (Shimadzu GCMS QP 2020, Shimadzu, Kyoto, Japan). Separation was achieved
using Zebron ZB-FAME capillary column with a length of 60 m, inner diameter of 0.20 mm, and film
thickness of 0.20 μm (Phenomenex, Torrance, CA, USA). The GC-MS analysis was according to the
following parameters: scan mode with mass range from 40 to 400 m/z in electronic impact (EI) mode
at 70 eV; mode at 3 scan s−1 mode. Analyses were conducted using helium as a carrier gas at a flow
rate of 1.8 mL min−1 in a split ratio of 1:10 and the following program: (a) 80 ◦C for 2 min; (b) rate
of 3.0 ◦C min−1 from 80 to 180 ◦C; (c) rate of 8 ◦C min−1 from 180 to 240 ◦C. An injector was held
at 280 ◦C, respectively. Compounds were identified by using two different analytical methods that
compare: retention times with authentic chemicals (Supelco 37 Component FAME Mix), and obtained
mass spectra with available library data (Willey NIST 17, match index >90%).

4.6. DPPH Free Radical Scavenging Activity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity was determined using
a method described by Yang et al. [39]. For this purpose, 100 μL of propolis extract dissolved in
methanol (10, 20, 50, 100, 150, 200μg/mL) was placed into a 96 well plate (Nunc, Denmark) and 100μL of
0.2 mM DPPH solution (Sigma-Aldrich, Poland) was added. After 15 min of incubation, the absorbance
was measured at 517 nm using a multiwell-plate reader (EnSpire Multimode Reader, Perkin Elmer,
USA). Ascorbic acid (P.P.H. STANLAB Sp.J., Poland) was used as a standard. The percentage inhibition
capacity was calculated from the following equation:

percentage inhibition = (A0 − A1)/(A0 × 100),

where A0 is the absorbance of the control group and A1 is the absorbance of the extracts.

4.7. Biological Characterisation

Taking into account the results of the chemical analyses, hexane extracts (HEP) and ethanol-hexane
extracts (EHEP) were excluded from further studies. Biological analyses were conducted only for
ethanol extracts (EEP) and hexane-ethanol extracts (HEEP), which were characterized by the highest
TPC, TFC and DPPH free radical scavenging activity.

4.7.1. Cell Culture

Human squamous cell carcinomas derived from tongue (SCC-25 cell line, ATCC CRL-1628, ATCC,
USA) were cultured in a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s
F12 medium (Lonza, Switzerland) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich,
Poland), and antibiotics: penicillin/streptomycin (Sigma-Aldrich, Poland), as recommended by ATCC.

Human gingival fibroblasts (HGFs) were mechanically isolated from a fragment of gingival tissue
(1–2 mm) in healthy patients, according to the procedure described by Dominiak and Saczko [41].
The biopsies were provided by the Department of Dental Surgery at the Wroclaw Medical University
in accordance with the requirements of the Bioethics Commission of Wroclaw Medical University
(Bioethical Committee approval, No.: KB-8/2010). The fragment of tissue was taken by a scalpel
and immediately placed on Petri dishes (60 mm, Nunc, Denmark) with DMEM (Sigma-Aldrich,
Poland) containing 10% FBS (Sigma-Aldrich, Poland) and antibiotics: penicillin/streptomycin
(Sigma-Aldrich, Poland).

Murine macrophage-like cells (P388-D1 cell line, ATCC CCL-46, ATCC, USA) were cultured in
a 1:1 mixture of DMEM and RPMI 1640 medium (Lonza, Switzerland) supplemented with 10% FBS
(Sigma-Aldrich, Poland) and antibiotics: penicillin/streptomycin (Sigma-Aldrich, Poland).
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All cell lines were incubated in a humidified atmosphere at 37 ◦C and 5% CO2. After trypsinization
with 0.25% trypsin-EDTA (Sigma-Aldrich, Poland), the cells were passaged and grown in 25 cm2 flasks
(Equimed, Poland). In order to evaluate cytotoxicity of the extracts tested, cells were seeded into
a 96-well plate (Nunc, Denmark). After 24 h, the culture medium was removed and then propolis
extracts, diluted with an appropriate culture medium (100, 500 and 1000 μg/mL), were added for 5 min
or 24 h. MTT and SRB assays were performed 24 h later. All results were referred to the untreated
control cells.

4.7.2. MTT Assay

To evaluate cytotoxicity of propolis extracts (EEP and HEEP) on the basis of differences in
mitochondrial function, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay was performed. Cells were incubated for 90 min with 100 μL of the MTT reagent (Sigma-Aldrich,
Poland) at 37 ◦C. Then, formazan crystals were dissolved by addition of 100 μL of acidic isopropanol
and by mixing. The absorbance was measured at 570 nm using a multiwell plate reader (EnSpire
Multimode Reader, Perkin Elmer, USA). The results were expressed as the percentage of treated cells
with altered mitochondrial function in relation to untreated control cells with normal mitochondrial
activity, considered as 100%.

4.7.3. SRB Assay

To evaluate cytotoxicity of propolis extracts on the basis of differences in total protein content
in cells, sulforhodamine B (SRB) assay was performed. The protocol was based on the procedure
described in [42]. Cell monolayers were fixed with 10% (vol/vol) trichloroacetic acid (Roth, Poland) for
1 h at 4 ◦C, subsequently washed (five times) in cold water and desiccated. Cell staining was performed
for 30 min using 0.4% SRB (Sigma-Aldrich, Poland) in 1% acetic acid (Sigma-Aldrich, Poland) at room
temperature. After incubation, the excess of dye was removed by means of washing with 1% (v/v)
acetic acid (four times). Plates were desiccated and the protein-bound dye was dissolved in 10 mM Tris
base solution (pH 10.5) (BioShop, Canada). The absorbance was measured at 490 nm using a multiwell
plate reader (GloMax Discover, Promega, USA). The results were expressed as the percentage of total
protein content in treated cells in relation to untreated control cells.

4.8. Statistical Analysis

The results are presented as means ± standard deviation (SD) values for minimum n = 9 repeats.
The results were analyzed by one-way ANOVA and α = 0.05 using Statistica ver. 13.3 software (StatSoft,
Poland). F-values and p-values were determined, the values p ≤ 0.05 were considered as statistically
significant. Tukey’s HSD test was performed when ANOVA indicated statistically significant results.
Additionally, for the MTT and SRB assays, the statistical significance of the differences between mean
values of different groups and the untreated control group was evaluated by Student’s t-test. The values
p ≤ 0.05 were marked with an asterisk and considered as statistically significant. Finally, for MTT and
SRB assay results, three–way ANOVA test was performed to indicate, which factor (type of propolis,
type of extract, extract concentration) determines significant differences between groups, p ≤ 0.05 were
considered as statistically significant.

5. Conclusions

This study has revealed differences in chemical composition and antioxidant activity of the
extracts of three different types of Polish propolis obtained after extraction with ethanol, hexane and
combinations of both. The products selected (EEP and HEEP) demonstrated anticancer activity in the
tongue cancer cells and cytotoxicity towards murine macrophages. In addition, EEP and HEEP did not
have any cytotoxic effect in the normal gingival fibroblasts when the lowest concentration was applied.

The following conclusions can be drawn on the basis of the results obtained:
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• The highest total extraction yields were obtained for ethanol and hexane-ethanol extracts (EEP and
HEEP);

• Total polyphenol content (TPC) and total flavonoid content (TFC) of ethanol and hexane-ethanol
extracts (EEP and HEEP) were much higher than TPC and TFC of ethanol-hexane and hexane
extracts (EHEP and HEP);

• Antioxidant potential of ethanol and hexane-ethanol extracts (EEP and HEEP) was much higher
than that of ethanol-hexane and hexane extracts (EHEP and HEP);

• The extracts selected (EEP and HEEP) demonstrated anticancer activity in the tongue cancer cells;
24 h incubation affected cell viability and cellular proliferation significantly;

• The propolis extracts tested at higher concentrations (500 and 1000 μg/mL) impaired the
proliferation of normal cells as well;

• The observed cytotoxicity of the extracts prepared towards murine macrophages requires further
investigation to evaluate their possible anti-inflammatory potential.

As a final conclusion, we can select the minimal dose of 100 μg/mL of the extracts applied,
which caused anticancer effect on human tongue cancer cells with limited cytotoxic effect on normal
mucosal cells and simultaneous anti-inflammatory potential. However, further studies on Polish
propolis are still necessary in order to thoroughly explain the molecular mechanisms of its action and
to obtain promising health benefits of this versatile natural product.
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Appendix A

Table A1. GC-MS profile of ethanol extracts of propolis (EEP) from different regions of Poland:
EEP_P1—Podlasie (Hajnowka), EEP_P2—Masovia (Ciechanow), EEP_P3—West Pomerania Province
(Miedzyzdroje).

Substances RT RI exp RI lit EEP_P1[%] EEP_P2[%] EEP_P3[%]

1 Benzyl alcohol, TMS derivative 6.110 1155 1152 0.12 0.15 0.1
2 Benzoic Acid, TMS derivative 8.795 1246 1249 4.35 3.8 3.15
3 Glycerol, TMS 10.162 1287 1289 0.78 0.99 1.55
4 Butanedioic acid, 2TMS derivative 11.445 1320 1321 0.12 0.04 0.13
5 1-Monoacetin, 2O-TMS 11.740 1326 1324 0.13 0.07 0.08
6 4-Hydroxybenzaldehyde, TMS derivative 13.737 1373 1383 0.22 0.16 0.08
7 Hydroquinone, 2TMS derivative 15.308 1409 1408 0.24 0.2 0.08
8 Malic acid, 3TMS derivative 20.278 1511 1497 0.09 0.06 1.1
9 5-Oxoproline, TMS derivative 20.680 1521 1527 0.1 0.09 -
10 Vanillin, TMS derivative 21.622 1536 1530 1.48 0.5 0.37
11 Cinnamic acid, TMS derivative 22.048 1545 1542 0.12 0.14 0.25
12 4-Hydroxybenzoic acid, 2TMS derivative 26.623 1634 1635 0.27 0.22 0.08
13 Dodecanoic acid, TMS 27.858 1658 1655 0.13 0.09 -
14 β-D-Xylopyranose, 4TMS derivative 34.330 1784 1777 0.17 - -
15 o-Coumaric acid, 2TMS derivative 34.975 1797 1815 0.26 0.26 0.09
16 D-Psicofuranose 37.465 1848 1837 1.28 1.2 0.76
17 D-Fructose, 5TMS derivative 37.855 1856 1867 7.4 9.55 8.51
18 D-Sorbitol, 6TMS derivative 41.075 1922 1920 0.22 0.09 7.15
19 D-Glucose, 5TMS derivative 41.635 1934 1928 4.82 8.5 -
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Table A1. Cont.

Substances RT RI exp RI lit EEP_P1[%] EEP_P2[%] EEP_P3[%]

20 4-Coumaric acid, 2TMS derivative 42.223 1947 1949 10.74 13.68 1.34
21 D-Glucitol, 6TMS derivative 43.902 1982 1980 0.44 0.34 0.18
22 Gallic acid, 4TMS derivative 44.118 1986 1987 0.39 0.1 0.21
23 Salicylic acid, trimethylsilyl ether, benzyl ester 45.910 2028 2025 0.55 0.49 0.11
24 D-Mannopyranose, 5TMS derivative 46.347 2038 2037 4.87 8.84 7.8
25 D-Gluconic acid, 6TMS derivative 46.875 2052 2043 0.16 0.16 0.09
26 Palmitic Acid, TMS derivative 47.070 2057 2050 0.85 0.7 0.69
27 Isoferulic acid, 2TMS derivative 48.435 2090 2081 0.17 0.67 2.7
28 Ferulic acid, 2TMS derivative 48.950 2103 2103 4.79 2.95 2.69
29 Myo-Inositol, 6TMS derivative 49.822 2132 2129 0.18 0.1 1.17
30 Phtalic acid derivative* 50.387 2150 - 1.07 1.19 4.02
31 Caffeic acid, 3TMS derivative 50.548 2157 2155 1.06 2.15 -
32 Unknown 51.908 2202 - 1.54 2.48 0.19
33 13-Octadecenoic acid, (E)-, TMS derivative 52.383 2222 2228 0.59 0.72 0.88

34 3,7,11,15-Tetramethyl-2,6,10,14-hexadecatetraene-1-ol
trimethylsilyl ether 52.697 2236 2234 1.65 2.7 0.25

35 Tricosane 54.272 2300 2300 1.14 0.42 0.08
36 Unknown 55.733 2370 - - - 1.21
37 Unknown 56.810 2424 - - - 2.4
38 Pterostilbene, trimethylsilyl ether 57.507 2462 - 0.39 0.48 0.82
39 Pentacosane 58.223 2501 2506 0.83 0.26 0.64
40 Unknown 58.548 2519 - 4.41 4.32 1.5
41 Ethyl trans-caffeate, bis(tert-butyldimethylsilyl) ether 58.675 2527 2547 0.11 0.08 0.16
42 Bisphenol C* 59.085 2551 - 1.47 3.58 5.2
43 1-Docosanol, TMS derivative 59.220 2558 2557 0.25 0.48 0.67
44 Unknown 59.577 2579 - 0.3 0.19 0.45

45 Butanoic acid, 4-methoxy-2-nitro-,
2,6-bis(1,1-dimethylethyl)-4-methoxyphenyl ester 59.990 2604 2595 0.6 0.25 3.25

46 Unknown 60.465 2635 - 0.45 0.71 0.56
47 Behenic acid, TMS derivative 60.650 2645 2644 1.05 0.37 -
48 Unknown 60.938 2664 - 0.82 1.22 2.59
49 Unknown 61.132 2675 - 0.27 0.59 1.51
50 Unknown 61.280 2685 - 2.12 0.96 0.9
51 Maltose, 8TMS derivative, isomer 2 61.415 2693 2693 1.56 2.96 5.33
52 n-Heptacosane 61.527 2700 2700 0.82 0.2 -
53 Sucrose, 8TMS derivative 61.700 2712 2712 2.38 0.43 0.23

54 D-(+)-Turanose, octakis(trimethylsilyl) ether, methyloxime
(isomer 1) 61.925 2727 2724 0.53 1.96 4.92

55 Maltose, OTMS 62.035 2735 2733 0.38 0.18 0.11
56 D-Cellobiose, (isomer 2), 8TMS derivative 62.258 2749 2762 1.7 2.64 0.43
57 Naringenin, O,O’-bis(trimethylsilyl)- 62.612 2772 2778 1.07 3.48 6.06
58 Unknown 63.180 2813 - - - 2.08
59 Isosakuranetin, TMS derivative 63.345 2821 2818 0.74 1.43 0.2
60 Lignoceric acid, TMS derivative 63.648 2842 2838 7.82 3.45 0.35
61 Sakuranetin, TMS derivative 64.200 2882 2877 0.96 0.58 0.26
62 Catechine, 5TMS derivative 64.872 2932 2938 0.17 0.13 -
63 Gettibiose, TMS derivative 65.712 2991 2989 0.39 0.38 0.29
64 Triacontane 65.933 3009 3003 0.44 0.36 0.27
65 Pectolinaringenin, TMS derivative 66.108 3021 3037 0.54 0.41 0.38
66 Hexacosanoic acid, TMS derivative 66.367 3041 3039 0.7 0.18 1.84
67 Nonacosan-10-ol, O-TMS 66.840 3078 3048 2.59 0.64 -
68 Nonacosan-9-ol, O-TMS 66.925 3085 3053 2.13 1.06 0.91
69 Hentriacontane 67.132 3100 3103 0.36 0.2 0.83
70 Kaempferol, 4TMS 67.298 3114 3112 0.29 0.86 0.77
71 Trimethylsilyl octacosanoate, TMS derivative 69.220 3256 3229 0.52 0.2 0.52
72 Methyl triacontyl ether 69.512 3275 3233 8.38 0.97 0.44

RI (retention time); RIexp. and RIlit. indicate retention indices based on experiments and literature, respectively.
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Table A2. GC-MS profile of hexane extracts of propolis (HEP) from different regions of Poland:
HEP_P1—Podlasie (Hajnowka), HEP_P2—Masovia (Ciechanow), HEP_P3—West Pomerania Province
(Miedzyzdroje).

Substances RT RI exp RI lit HEP_P1[%] HEP_P2[%] HEP_P3[%]

1 Benzoic Acid, TMS derivative 8.765 1246 1249 8.1 8.47 13.19
2 Glycerol, TMS 10.137 1287 1289 0.82 0.47 0.6
3 Decanoic acid, TMS derivative 17.830 1460 1450 0.15 1.5 0.14
4 Vanillin, TMS derivative 21.590 1536 1530 0.79 0.36 0.27
5 Cinnamic acid, TMS derivative 21.998 1545 1542 0.17 0.26 0.87
6 Dodecanoic acid, TMS 27.828 1658 1655 0.31 0.37 0.36
7 β-D-Xylopyranose, 4TMS derivative 34.300 1784 1777 0.25 1.36 -
8 D-Fructose, 5TMS derivative 37.770 1856 1867 0.36 0.36 0.38
9 4,7,10-Hexadecatrienoic acid, methyl ester 40.008 1899 1902 0.36 0.13 -
10 D-Sorbitol, 6TMS derivative 41.032 1922 1920 0.2 - -
11 4-Coumaric acid, 2TMS derivative 42.122 1947 1949 0.33 0.19 0.21
12 Salicylic acid, trimethylsilyl ether, benzyl ester 45.865 2028 2025 0.87 1.84 0.63
13 Palmitic Acid, TMS derivative 47.035 2057 2050 2.48 3.06 2.96
14 Ferulic acid, 2TMS derivative 48.887 2103 2103 1.2 0.76 3.01
15 Phtalic acid derivative* 50.357 2150 1.04 1.31 0.21
16 Methyl caffeate, 2TMS derivative 51.882 2201 1997 1.02 1.67 0.07
17 13-Octadecenoic acid, (E)-, TMS derivative 52.365 2222 2228 1.7 4.3 8.05

18 3,7,11,15-Tetramethyl-2,6,10,14-hexadecatetraene-1-ol
trimethylsilyl ether 52.677 2236 2234 0.77 1.21 -

19 Stearic acid, TMS derivative 53.047 2249 2246 0.55 0.89 1.15
20 Tricosane 54.255 2300 2300 3.55 2.67 3.05
21 Arachidic acid, TMS derivative 57.212 2446 2447 0.43 0.4 0.63
22 Pterostilbene, trimethylsilyl ether 57.723 2462 - 0.34 0.28 0.13
23 Pentacosane 58.200 2501 2506 5.24 4.6 4.00

24 Ethyl trans-caffeate, bis(tert-butyldimethylsilyl)
ether 58.518 2527 2547 0.84 1.54 1.2

25 Bisphenol C* 59.043 2551 0.3 0.52 1.28
26 Behenic acid, TMS derivative 60.617 2643 2644 2.11 1.42 2.19
27 Unknown 61.255 2683 - 2.02 1.56 1.77
28 n-Heptacosane 61.512 2700 2700 14.11 14.31 12.45
29 Maltose, OTMS 62.007 2735 2733 0.38 0.19 0.1
30 D-Cellobiose, (isomer 2), 8TMS derivative 62.290 2749 2762 0.37 1.16 0.55
31 Octacosane 63.003 2798 2800 0.56 1.09 0.68
32 Lignoceric acid, TMS derivative 63.620 2842 2838 7.72 5.88 12.02
33 Sakuranetin, TMS derivative 64.170 2882 2877 0.53 - 0.23
34 Nonacosane 64.438 2899 2900 7.15 9.24 7.34
35 Hexacosanoic acid, TMS derivative 66.345 3041 3039 0.63 0.67 2.21
36 Nonacosan-10-ol, O-TMS 66.817 3078 3048 5.01 3.31 3.27
37 Nonacosan-9-ol, O-TMS 66.907 3085 3053 4.36 3.24 2.7
38 Hentriacontane 67.115 3100 3103 4.25 6.66 4.62
39 Myristic acid, 9-hexadecenyl ester, (Z)- 68.128 3177 3130 0.6 0.34 0.17
40 Trimethylsilyl octacosanoate, TMS derivative 69.188 3256 3229 1.21 1.01 0.5
41 Methyl triacontyl ether 69.493 3276 3233 16.8 11.36 6.82

RI (retention time); RIexp. and RIlit. indicate retention indices based on experiments and literature, respectively.

Table A3. GC-MS profile of hexane-ethanol extracts of propolis (HEEP) from different regions of Poland:
HEEP_P1—Podlasie (Hajnowka), HEEP_P2—Masovia (Ciechanow), HEEP_P3—West Pomerania
Province (Miedzyzdroje).

Substances RT RI exp RI lit HEEP_P1[%] HEEP_P2[%] HEEP_P3[%]

1 Benzyl alcohol, TMS derivative 6.112 1155 1152 0.09 0.04 0.08
2 Benzoic Acid, TMS derivative 8.797 1246 1249 3.16 1.24 1.27
3 Cinnamaldehyde 9.905 1272 1274 0.04 0.08 0.06
4 Glycerol, TMS 10.170 1287 1289 0.87 1.05 1.8
5 Butanedioic acid, 2TMS derivative 11.465 1320 1321 0.12 0.05 0.18
6 1-Monoacetin, 2O-TMS 11.748 1326 1324 0.14 0.06 0.09
7 4-Hydroxybenzaldehyde, TMS derivative 13.748 1373 1383 0.26 0.19 0.14
8 Hydroquinone, 2TMS derivative 15.325 1409 1408 0.4 0.22 0.13
9 Cinnamyl alcohol, trimethylsilyl ether 16.273 1422 1428 - 0.02 0.03
10 Malic acid, 3TMS derivative 20.282 1511 1497 0.12 0.12 0.81
11 5-Oxoproline, TMS derivative 20.693 1521 1527 0.12 0.06 0.05
12 Vanillin, TMS derivative 21.640 1537 1530 1.82 0.46 0.27
13 Cinnamic acid, TMS derivative 22.043 1545 1542 0.07 0.05 0.15
14 3,4-Dihydroxybenzaldehyde, 26.045 1622 1612 - 0.13 0.27
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Table A3. Cont.

Substances RT RI exp RI lit HEEP_P1[%] HEEP_P2[%] HEEP_P3[%]

15 4-Hydroxybenzoic acid, 2TMS derivative 26.638 1634 1635 0.48 0.22 0.18
16 Dodecanoic acid, TMS 27.668 1658 1655 0.14 0.02 0.08
17 β-D-Xylopyranose, 4TMS derivative 34.563 1784 1777 0.13 0.03 0.03
18 o-Coumaric acid, 2TMS derivative 34.968 1797 1815 0.28 0.25 0.09
19 4-Methoxycinnamic acid, TMS derivative 36.602 1830 1833 - 0.08 0.26
20 D-Psicofuranose 37.475 1848 1837 1.46 1.59 2.24
21 D-Fructose, 5TMS derivative 37.865 1856 1866 12.58 11.92 2.03
22 D-Sorbitol, 6TMS derivative 41.092 1922 1920 0.16 0.1 -
23 D-Glucose, 5TMS derivative 41.658 1934 1928 7.14 11.9 8.27
24 4-Coumaric acid, 2TMS derivative 42.252 1947 1949 16.74 13.52 10.74
25 D-Glucitol, 6TMS derivative 43.917 1982 1980 0.43 0.25 0.44
26 Gallic acid, 4TMS derivative 44.125 1987 1987 0.68 0.13 -
27 Salicylic acid, trimethylsilyl ether, benzyl ester 45.932 2028 2025 0.1 0.08 0.2
28 D-Mannopyranose, 5TMS derivative 46.353 2038 2037 6.33 13.13 9.13
29 D-Gluconic acid, 6TMS derivative 46.885 2052 2043 0.15 0.2 0.08
30 Palmitic Acid, TMS derivative 47.083 2057 2050 0.49 0.18 0.09
31 Isoferulic acid, 2TMS derivative 48.453 2090 2081 0.09 0.78 2.95
32 Ferulic acid, 2TMS derivative 48.965 2103 2103 7.93 3.02 3.86
33 Myo-Inositol, 6TMS derivative 49.845 2132 2129 0.09 0.13 1.3
34 Phtalic acid derivative* 50.403 2150 - 0.7 0.24 0.03
35 Caffeic acid, 3TMS derivative 50.565 2157 2155 0.89 0.83 0.03
36 Linoleic acid, TMS 51.922 2203 2212 1.31 2.48 4.6
37 13-Octadecenoic acid, (E)-, TMS derivative 52.392 2222 2228 0.17 1.77 0.06

38 3,7,11,15-Tetramethyl-2,6,10,14-hexadecatetraene-1-ol
trimethylsilyl ether 52.703 2236 2234 1.01 0.07 0.07

39 2’,6’-Dihydroxy 4’-methoxydihydrochalcone,
trimethylsilyl ether 52.717 2418 2405 - 1.99 0.1

40 Pterostilbene, trimethylsilyl ether 57.520 2462 - 0.43 0.77 2.58
41 Pentacosane 58.563 2501 2506 5.85 0.44 0.87

42 Ethyl trans-caffeate, bis(tert-butyldimethylsilyl)
ether 58.560 2527 2547 - 3.55 2.22

43 Bisphenol* 59.088 2551 1.65 0.13 0.12
44 1-Docosanol, TMS derivative 59.223 2558 2557 0.19 4.51 4.76

45 Butanoic acid, 4-methoxy-2-nitro-,
2,6-bis(1,1-dimethylethyl)-4-methoxyphenyl ester 59.998 2604 2595 0.72 0.32 0.67

46 Unknown 60.475 2635 0.99 0.84 3.44
47 Behenic acid, TMS derivative 60.550 2645 2644 0.31 0.94 0.83
48 Unknown 60.947 2664 0.95 1.73 2.77
49 Unknown 61.285 2685 3.22 0.69 1.67
50 Maltose, 8TMS derivative, isomer 2 61.422 2693 2693 1.83 3.42 5.26
51 n-Heptacosane 61.537 2700 2700 0.21 0.11 0.31
52 Sucrose, 8TMS derivative 61.705 2712 2712 5.88 0.52 2.61

53 D-(+)-Turanose, octakis(trimethylsilyl) ether,
methyloxime (isomer 1) 61.937 2727 2724 0.71 2.66 4.98

54 Maltose, OTMS 62.040 2735 2733 0.29 0.13 0.12
55 D-Cellobiose, (isomer 2), 8TMS derivative 62.262 2749 2762 1.51 0.32 1.3
56 Naringenin, O,O’-bis(trimethylsilyl)- 62.617 2772 2778 1.14 4.1 5.95
57 Isosakuranetin, TMS derivative 63.352 2821 2818 0.94 1.37 2.13
58 Lignoceric acid, TMS derivative 63.650 2842 2838 1.22 1.68 0.44
59 Sakuranetin, TMS derivative 64.215 2882 2877 1.75 0.64 0.11
60 Catechine, 5TMS derivative 64.880 2932 2938 0.33 0.11 0.07
61 Gettibiose, TMS derivative 65.720 2991 2989 0.76 0.36 0.66
62 Triacontane 65.948 3009 3003 0.78 0.4 0.35
63 Hexacosanoic acid, TMS derivative 66.375 3041 3039 0.5 0.69 2.04
64 Unknown 66.975 3085 - 0.66 0.61 0.74
65 Hentriacontane 67.137 3100 3103 0.49 0.23 0.77

RI (retention time); RIexp. and RIlit. indicate retention indices based on experiments and literature, respectively.
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Table A4. Percentage of fatty acids in hexane extracts of propolis (HEP) from different regions of
Poland: HEP_P1—Podlasie (Hajnowka), HEP_P2—Masovia (Ciechanow), HEP_P3—West Pomerania
Province (Miedzyzdroje).

Substances RT RI exp RI lit HEP_P1[%] HEP_P2[%] HEP_P3[%]

1 Benzoic acid, methyl ester 15.055 1623 1612 0.69 2.73 0.92
2 Lauric acid, methyl ester 18.820 1877 1804 1.85 2.32 1.28
3 cis-9-Tetradecenoic acid, methyl ester 25.410 2116 2026 5.16 1.94 2.30
4 Pentadecanoic acid, methyl ester 27.530 2194 2108 1.75 0.79 0.70
5 Hexadecanoic acid, methyl ester 29.590 2271 2208 31.17 27.63 20.54
6 Heptadecanoic acid, methyl ester 32.790 2666 2309 9.68 7.67 6.34
7 Octadecanoic acid, methyl ester 34.345 2394 2418 6.40 5.28 4.23
8 Oleic acid, methyl ester 35.050 2488 2434 18.18 25.30 25.90
9 cis-11-Octadecenoic acid, methyl ester 35.565 2512 2468 1.19 0.48 0.81
10 Linolenic acid, methyl ester 37.775 2625 2571 0.95 2.38 5.86
11 Eicosanoic acid, methyl ester 38.180 2651 2639 1.02 1.86 1.89
12 Docosanoic acid, methyl ester 40.790 2844 2835 4.70 5.71 5.00

13 Me. C20:4n3; Eicosa-(8,11,14,17)-tetraenoate
<methyl> 41.060 2866 2865 2.48 2.37 2.75

14 Tetracosanoic acid, methyl ester 42.805 3067 3039 14.79 13.91 21.49

RI (retention time); RIexp. and RIlit. indicate retention indices based on experiments and literature, respectively.
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6. Przybyłek, I.; Karpiński, T.M. Antibacterial Properties of Propolis. Molecules 2019, 24, 2047. [CrossRef]
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Abstract: Cancer is the second leading cause of death globally, and despite the advances in drug
development, it is still necessary to develop new plant-derived medicines. Compared with using
conventional chemical drugs to decrease the side effects induced by chemotherapy, natural herbal
medicines have many advantages. The present study aimed to discover the potential cytotoxicity
of ethanol extract and its derived fractions (chloroform, ethyl acetate, butanol, and aqueous) of
Adenosma bracteosum Bonati. (A. bracteosum) on human large cell lung carcinoma (NCI-H460) and
hepatocellular carcinoma (HepG2). Among these fractions, the chloroform showed significant activity
in the inhibition of proliferation of both cancerous cells because of the presence of bioactive compounds
including xanthomicrol, 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone, and ursolic acid which were
clearly revealed by nuclear magnetic resonance spectroscopy (1H-NMR, 13C-NMR, Heteronuclear
Multiple Bond Coherence, and Heteronuclear Single Quantum Coherence Spectroscopy) analyses.
According to the radical scavenging capacity, the 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone
compound (AB2) exhibited the highest anticancer activity on both NCI-H460 and HepG2 with
IC50 values of 4.57 ± 0.32 and 5.67 ± 0.09 μg/mL respectively, followed by the ursolic acid with the
lower percent inhibition at 13.05 ± 0.55 and 10.00 ± 0.16 μg/mL, respectively (p < 0.05). Remarkably,
the AB2 compound induced to significant increase in the production of reactive oxygen species
accompanied by attenuation of mitochondrial membrane potential, thus inducing the activation of
caspase-3 activity in both human lung and liver cancer cells. These results suggest that A. bracteosum
is a promising source of useful natural products and AB2 offers opportunities to develop the novel
anticancer drugs.

Keywords: Adenosma bracteosum; extract; anti-cancer; cell line; isolated compounds; caspase-3
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1. Introduction

A major problem of public health, cancer is one of the main causes of death globally. The prevalence
of this disease is rising, however, more rapidly in Africa, Asia, and Central and South America that make
up about 70% of cancer deaths in the world [1]. Many studies have been focusing on the development
of agent for cancer therapies [2–4]. The chemotherapy is one of the ways to treat this disease and the
advances in anticancer drugs have improved patient care. Unfortunately, the conventional chemical
drugs also cause adverse side effects on normal cells/tissue, such as bone marrow function inhibition,
nausea, vomiting, and alopecia [5,6]. On the other hand, natural antioxidants and many phytochemicals
have been recently suggested as anti-cancer adjuvant therapies because of their anti-proliferative and
pro-apoptotic properties [3,4]. Hence, the continuing search for anticancer agents/compounds from
plants played a critical role to find the possible ways to have safe and to decrease the side effects
induced by chemotherapy since natural herbal medicines have many advantages [7–10].

Over several decades, around 200 new chemical compounds have been approved to fight cancer,
50% of that come from structurally originally natural products and their modifications to be safe
and have many advantages [11,12]. Owing to their structural diversity, organic molecules (e.g.,
terpenes, flavonoids, alkaloids, lignans, saponins, vitamins, glycosides, oils, and other secondary
metabolites) play a vital role in selective inhibition of proliferation and induction of cancerous cell
death [13,14]. Among methoxylated flavones, xanthomicrol was first identified [15] and isolated from
Dracocephalum kotschyii Boiss [16] which was able to inhibit proliferation of a number of malignant
cells [16,17] because of its inhibition of endothelial cell proliferation via decreased vascular endothelial
growth factor activity [18]. In terms of ursolic acid’s anti-cancer effect, many studies reported that the
underlying mechanisms were the inhibition of tumorigenesis and cancer cell proliferation, as well as
apoptosis modulation, cell cycle arrest prevention, and autophagy promotion through in vitro and
in vivo models [19–23]. As part of the continuing investigation on natural antitumor from herbs, Bai et
al. 2010 first isolated 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone from the aerial parts of Rabdosia
rubescens, which was able to exhibit cytotoxicity in a various of cancer cell lines, however, the exact
mechanisms of its health benefits are unclear [24].

Adenosma bracteosum Bonati (A. bracteosum) belongs to the family Scrophulariaceae, and is used
in the treatment of liver diseases because it contains around twelve compounds of essential oil such
as thymol (25.6%), linalool (13.1%), and (E)-β-farnesene (9.5%), etc., [25,26]. Although this plant is
reported as an efficient medicinal plant, the cytotoxicity against lung and liver cancers and the response
of cell lines to the plant extract have not been described. The present study aimed to discover cytotoxic
and apoptotic potential of ethanol extract and its derived fractions (chloroform, ethyl acetate, butanol,
and aqueous) as well as isolated compounds of A. bracteosum on human large cell lung carcinoma
(NCI-H460) and hepatocellular carcinoma (HepG2).

2. Materials and Methods

2.1. Chemicals and Reagents

Camptothecin, DMSO (dimethyl sulfoxide), ethanol, FBS (Fetal bovine serum), HEPES, glucose,
L-glutamine, phenol red, sodium bicarbonate, sulforhodamine-B, streptomycin were purchased
from Sigma-Aldrich (St. Louis, MO, USA). n-hexane, ethyl acetate, chloroform, silicagel, methanol,
trichloroacetic acid, and TLC were purchased from Merck (Darmstadt, Germany).

2.2. Plant Material, Extraction, and Isolation

The aerial part of A. bracteosum was collected in December 2018 from Ba Den Mountain, Tay Ninh
province, Vietnam. A voucher specimen (No. UH-B02) was deposited in the herbarium of the CirTech
Institute, Ho Chi Minh City University of Technology (Vietnam). Total of 7 kg of the shade-dried and
powdered aerial part of A. bracteosum (7 kg) was mashed in ethanol 70% for 2 days. To obtain 800 g
of crude ethanol extract, the solution was filtered, followed by removing of solvent under reduced
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pressure. To obtain aqueous, n-hexane, chloroform (CHCl3), ethyl acetate (EtOAc), and n-butanol
fractions, these extracts were then suspended in DW and successively partitioned with the solvents,
respectively. The chloroform extract (104.6 g) was applied to normal phase silica gel CC, and eluted
with a gradient of n-hexane-EtOAc (2:8 to 0:10, v/v) then eluted with EtOAc-CH3OH (1:1, v/v) to give 10
fractions (A1–10). Fraction A7 (35.5 g) was fractionated in the same manner as mentioned previously to
afford eight subfractions A7.1-8. Purifying the subfraction A7.4 (5.5 g) by CC provided seven fractions
(A7.4.1-7). Fraction A7.4.1.4 was rechromatographed by CC using the mixture of n-hexane-CHCl3 (2:8,
v/v) as mobile phase to afford compound AB1 (135 mg). Likewise, multiple purification of fraction
A7.4.1.5 by CC yielded compound AB2 (172 mg) and AB3 (127 mg).

2.3. Free Radical Scavenging Activity Assay

The samples were measured using the stated method for the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay [27]. A total of 50 μL of sample solutions were used to react with 2 mL of
DPPH• of 6–5 M in 80% methanol. All samples were scanned at the absorbance wavelength
(515 nm) after 16 min. The % of DPPH• radical inhibition was calculated using the following
equation: % Inhibition = [(AC(0) – AS(t)) / AC(0))] × 100, where AC(0) and AC(t) observed at t = 0 and
16 min, respectively.

2.4. Assessment of ABTS Radical Scavenging Activity

A previous procedure [28] was used to test the radical scavenging activity of the samples. Briefly,
ABTS—2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) was dissolved in water, reacted with
potassium persulfate (2.45 mM) to obtain the working solution. A 1.0 mL of the working solution
was mixed with 10 mL samples and measured at 734 nm after 6 min. Ascorbic acid was used as
positive control.

2.5. Brine Shrimp Lethality Bioassay

The cytotoxic activity of the samples (the ethanol and aqueous crude extracts, chloroform, ethyl
acetate, n-butanol, and aqueous fractions and the isolated compound) was determined using the Brine
shrimp lethality bioassay [29,30]. Briefly, brine shrimp eggs (Artemia salina) were incubated in a vessel
containing sterile artificial seawater produced by dissolving 38 g of table salt in 1 L of distilled water at
28–30 ◦C with good aeration (using air pump), under a continuous light condition (60 W lamp) for
48 h. After hatching, nauplii were collected with a Pasteur pipette, ten brine shrimps were moved into
each well containing the seawater.

Sample stock solutions were made by dissolving 5 mg of each sample in 1 mL of DMSO.
Test solutions of different concentrations (1000, 800, 400, 200, 100, 50, 25, 12.5, and 6.25 μg/mL) were
collected using the serial dilution technique with seawater. The solutions were transferred to individual
vials and 5 mL of the seawater including 10 nauplii shrimp were taken into each vial. A control group
comprising same volumes of DMSO (as in the sample vials) and 10 nauplii in 5 mL of artificial seawater
was used. After 24 h, the vials were examined with a magnifying glass and the amount of nauplii
survived in each vial was counted. The percent mortality of the brine shrimp nauplii was determined
for control and increasing concentration from the data and the values of the LC50 were determined.
Potassium dichromate was used as a reference standard.

2.6. Cell Culture and Sulforhodamine B Assay

The NCI-H460 and HepG2 were grown in Dulbecco’s Modified Eagle Medium (DMEM) containing
(1% penicillin/streptomycin, 1% L-glutamine, and 10% FBS) and were incubated consecutively in
culture flasks (37 ◦C and 5% CO2). The sulforhodamine B (SRB) assay was performed to determine
the cytotoxicity effect of the extract, fractions and compounds as previously described [31,32]. Briefly,
the cells at 7.5 × 103 cells/mL were seeded in a transparent 96-well plate (Falcon, Franklin, NJ, USA)
and incubated (37 ◦C and 5% CO2) for 24 h. Then, the old DMEM medium was replaced by 100 μL
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of the crude extract and its fractions or camptothecin at different concentrations (100, 75, 50, 30, 20,
10, 5, 2.5, 1.0, and 0.5 μg/mL), followed by incubation at 37 ◦C for 48 h. Subsequently, the treated
and non-treated cells were fixed by adding 50 μL of cold trichloroacetic acid 50% and incubated
for 1 h at 4 ◦C. The plates were washed with distilled water, air dried, and stained with 0.2% SRB
(20–30 min, room temperature). The plates were then washed with 1% acetic acid to remove unbound
dye. After air-drying, 200 μL Tris-base 10 mM was added to each well. The plates were shaken in
ELISA photometer for 20 min and absorbance was measured at wavelength of 492 nm and a reference
wavelength of 620 nm. The effect on the cell growth was calculated as:

I% = 1 − [OD (492 − 620) sample / OD (492 − 620) blank]) × 100%

where I% = % growth inhibition; OD = optical density. In addition, the IC50 values (the
concentration corresponding to 50% cell-growth-inhibition rate) were also determined on the basis of
linear-regression analyses.

2.7. DNA Fragmentation and Apoptosis Induced by AB2

In order to analyze DNA fragmentation, NCI-H460 and HepG2 cells were induced apoptosis by
treating with AB2 at IC50 and 2 × IC50. DNA purification kit was applied to extract DNA, according to
the manufacturer’s instructions (Thermo Fisher Scientific, CA, USA). Passing quantification, 2 μg of
each DNA sample was loaded to electrophoresis on a 1.5% agarose gel, then the gel was photographed
under ultraviolet illumination after staining with ethidium bromide (10 μg/mL).

The effect of AB2 on cell apoptosis was evaluated by flow cytometer with Annexin V-FITC/PI
staining kit (Thermo Fisher Scientific, CA, USA), according to the manufacturer’s instructions. Briefly,
the cells were treated with AB2 compound at IC50 and 2 × IC50 concentrations for 24 h. After
harvesting, cells were suspended in 300 μL binding buffer, and then stained with Annexin-FITC and/or
propium iodide. Positive controls for apoptosis were stained with only Annexin-FITC. Positive controls
for necrosis were stained with only propium iodide. At least 104 cells were analyzed by flow cytometer
(BD, Biosciences, San Jose, CA, USA) and data were analyzed using FlowJo vX.0.7 (Tree Star, Inc.,
Ashland, OR, USA).

2.8. Detection of Mitochondrial Membrane Potential

The changes in mitochondrial membrane potential were determined using TMRE
(tetramethylrhodamine, ethyl ester) mitochondrial membrane potential assay kit (Abcam, Cambridge,
UK), according to the manufacturer’s instructions. Briefly, NCI-H460 and HepG2 cells in 96-well plate
at 1 × 104 cells per well were incubated for 24 h. Cells were treated with AB2 compound at IC50 and
2 × IC50 concentrations for 24 h. After incubation time periods, the cells were harvested, washed twice
in PBS, re-suspended in media supplemented with TMRE (200 nM), incubated at 37 ◦C for 20 min in
the dark. Then, the media was replaced once with 100 μL of PBS/0.2% BSA, and then the fluorescence
of TMRE was measured at an excitation wavelength of 549 nm by using a microplate reader (Perkin
Elmer, Victor X5, Norwalk, CT, USA). The carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP)-treated cells were used as a positive control.

2.9. Fluorescent Assays for Measuring Caspase-3 Activity and Intracellular Reactive Oxygen Species
(ROS) Generation

Caspase activity assays in multi-well plate formats represent powerful tools for understanding
experimental modulation of the apoptotic response. Caspase-3, -8, -9 activities were measured using the
activity assay kit (Abcam, Cambridge, UK)) were purchased by Abcam according to the manufacturer’s
guidelines. Briefly, NCI-H460 and HepG2 cells were cultured into 96-well plates at a density of
2 × 104 cells/well. Then, old media were replaced by fresh ones having the AB2 compound at IC50

and 2 × IC50 concentrations, and cells were further incubated for 6 h. Total of 100 μL of Caspase
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reagent was added to each well. The fluorescence of each well was measured at excitation/emission
(Ex/Em) = 535/620 nm, Ex/Em = 490/525 nm, and Ex/Em = 370/450 nm for Caspase 3, Caspase 8,
and Caspase 9 respectively for detecting fluorescence intensity using a plate-reading fluorescence
reader (Perkin Elmer, Victor X5, Norwalk, CT, USA).

ROS generation was tested by using the ROS assay kit (ab113851, Abcam) according to the
manufacturer’s instructions. Briefly, the cells (5 × 104 cells/well) were cultured in 96-well plates.
DCFH-DA was added to the cells at 37 ◦C for 1 h in the dark. After incubation with AB2 compound
at IC50 and 2 × IC50 concentrations for 0, 4, 8, 16, 20, and 24 h, cells were rinsed with PBS.
Cells were measured on a fluorescent plate reader (Perkin Elmer, Victor X5, Norwalk, CT, USA),
and mean± standard deviation was plotted for three replicates from each condition. Tert-butyl
hydrogen peroxide (TBHP), which mimics ROS activity to oxidize DCFDA to fluorescent DCF,
was used as positive control.

2.10. Western Blot Analysis

NCI-H460 and HepG2 cells were treated with AB2 compound at IC50 and 2 × IC50 concentrations
and Camptothecin (4 μg/mL), then total protein was extracted using radioimmunoprecipitation
assay buffer. Following by centrifuging at 14,000 rpm for 20 min at 4 ◦C, total proteins were
obtained, measured, and subjected onto 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), separated and transferred onto a nitrocellulose membrane. Then, 5% bovine serum
albumin (BSA) was applied to block the membranes, followed by probing with anti-active caspase-3 and
anti-β-actin primary antibodies with gentle agitation overnight at 4 ◦C. Afterward, the corresponding
HRP-conjugated secondary antibody was applied and incubated for 1 h at room temperature after
washing three times with TBST buffer (Tris-buffered saline, 0.1% Tween 20). The blots were visualized
with enhanced chemiluminescence detection and quantified by densitometry using Image J version 1.47.

2.11. Statistical Analysis

The experiments were performed in triplicate. The data are expressed as mean ± standard
deviation. Significant differences between groups were determined by using Student t-test. p value of
less than 0.05 was considered significant.

3. Results and Discussion

3.1. Brine Shrimp Lethality Test

The brine shrimp assay is significantly associated with in vitro growth inhibition of human solid
tumor cell lines which was demonstrated by the National Cancer Institute (NCI, USA) and it can
show the value of this bioassay as a pre-screening tool for antitumor drug research [33]. This test
is well correlated with antitumor activity (cytotoxicity) and can be used to monitor the activity of
bioactive natural products [34]. As shown in Figure 1, the cytotoxicity demonstrates a relationship
between the concentration of the samples and the degree of lethality, suggesting that the samples are
biologically active. LC50 values were calculated using graph extrapolation as are shown in Table 1.
Comparison to aqueous extract, the LC50 values for the ethanol extract at 24 h were 647.64 μg/mL,
has revealed that it more exhibited toxic expressions (LC50 was less than 1.0 mg/mL) against the
brine shrimp [35]. The ethanol extract was then used to guide the fractionation process of the plant
extract to isolate potential anti-cancer compounds. The chloroform fraction from ethanol extract was
the most active among all fraction. Ethyl acetate fraction, n-butanol fraction, and aqueous fraction
gave LC50 > 1000 μg/mL, that are considered to be inactive. The variation in their results is possibly
because of the different polarities of the solvents, the ethanol solvent is less polar than aqueous one and
the phytochemicals of the ethanol extract contain specific molecules that have provided its cytotoxic
activity against brine shrimp. As a result, the chloroform fraction of ethanol extract exhibited more

33



Molecules 2020, 25, 2912

toxicity against the brine shrimp at 205.58 μg/mL compared to that of other fractions, which was further
used to isolate compounds.

Figure 1. Brine shrimp lethality of extracts, fractions (A), and isolated compounds (B) at 24 h, * mean
significant difference (p < 0.05) compared to control.

Table 1. Brine shrimp toxicity expressed as LC50 value.

Sample Ethanol
Extract

Aqueous
Extract

Chloroform
Fraction

Ethyl Acetate
Fraction

n-Butanol
Fraction

Aqueous
Fraction

Compound Potassium
DichromateAB1 AB2 AB3

LC50 (μg/mL) 647.64 >1000 205.58 >1000 >1000 >1000 202.8 20.34 65.71 27.75

3.2. In Vitro Screening for Cytotoxic Activity of Extracts and Fractions

The cytotoxic effect of extracts and fractions from A. bracteosum on the growth of NCI-H460 and
HepG2 cancer cell lines were investigated by SRB assay. The cell inhibition activity of ethanol and
aqueous extracts, chloroform, ethyl acetate, n-butanol, and aqueous fractions of A. bracteosum showed
in Figure 2. The ethanol extract had high activities on the human non-small cell lung cancer carcinoma
NCI-H460 (90.46 ± 1.61%) and HepG2 (69.23 ± 4.71%) cell lines but at the same concentration of
100 μg/mL, aqueous had low activities (<25%). The chloroform fraction from ethanol extract had the
highest activity as compared to other fractions that percentage of cytotoxicity on cell line NCI-H460 and
HepG2 was 89.29 ± 0.63% and 76.40 ± 3.62%, respectively. As revealed in Figure 2, ethanol extract and
chloroform fraction had significant cytotoxic activity against the cells in increasing dose concentration.
The death of 50% of the tumor cells of ethanol extract on HepG2 and NCI-H460 was 39.15 ± 0.61 and
30.31 ± 1.60 μg/mL while IC50 of chloroform fraction was 36.34 ± 0.48 and 38.35 ± 2.04, respectively.
HepG2 cell was more sensitive to chloroform fraction than ethanol extract. The chloroform fraction
was therefore further studied for the isolation of pure compounds.
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Figure 2. Cytotoxicity of extract, fraction, and compounds on NCI-H460 (A) and HepG2 (B) cells at
different concentration, * mean significant difference (p < 0.05) compared to control.

3.3. Spectroscopic Data of Isolated Compounds

The NMR spectra were measured on Bruker 500 Avance spectrometer (Karlsruhe, Germany)
(500 MHz for 1H NMR and 125 MHz for 13C NMR) spectrometers with tetramethylsilane (TMS) as
internal standard. Chemical shifts are expressed in ppm with reference to the residual protonated
solvent signals (DMSO-d6 with δH 2.50 and δC 39.52, acetone- d6 with δH 2.05 and δC 29.840). The EIMS
were recorded on a HRESIMS Bruker MicroTOF (Billerica, MA, USA). TLC was carried out on precoated
silica gel 60 F254 and spots were visualized by UV254nm, UV365nm lamp (Spectroline, Westbury, NY,
USA). Gravity column chromatography was performed with silica gel 60 (0.040–0.063 mm).

Compound AB1: Yellow amorphous powder. ESI-MS m/z: 343.08 [M −H]−. 1H-NMR (500 MHz,
CD3OD): δ 7.85 (1H, d, J = 8.0 Hz, H-2′/H-6′), 6.94 (1H, d, J = 8.0 Hz, H-3′/H-5′), 6.60 (1H, s, H-3), 4.09
(3H, s, OCH3), 3,97 (3H, s, OCH3), 3.90 (3H, s, OCH3). 13C-NMR (125 MHz, Acetone–d6): δ 183.1 (C-4),
152.0 (C-5), 164.3 (C-2), 161.3 (C-4′), 149.0 (C-8a), 136.0 (C-8), 133.0 (C-6), 128.5 (C-2′), 128.5 (C-6′), 122.3
(C-1′), 116.1 (C-3′), 116.1 (C-5′), 106.7 (C-4a), 102.8 (C-3), 61.4 (-OCH3), 61.0 (-OCH3), 60.1 (-OCH3).
These spectroscopic data were consistent with those of xanthomicrol [16] (Figure 3). 1D and 2D NMR
spectra of AB1 were also provided in Supplementary Materials file.

Compound AB2: Yellow amorphous powder. ESI-MS m/z: 373.10 [M-H]-. 1H-NMR (500 MHz,
Acetone–d6): δ 7.66 (1H, dd, J = 1.5, 8.0 Hz, H-2′), 7.65 (1H, brs, H-6′), 7.04 (1H, d, J = 8.0 Hz, H-3′), 6.75
(1H, s, H-3), 4.09 (3H, s, OCH3), 3.97 (3H, s, OCH3), 3.90 (3H, s, OCH3), 3.88 (3H, s, OCH3). 13C-NMR
(125 MHz, Acetone–d6): 183.0 (C-4), 164.4 (C-2), 152.0 (C-7), 151.0 (C-4′), 148.0 (C-8a), 145.7 (C-5′),
136.0 (C-8), 133.0 (C-6), 122.4 (C-1′), 120.6 (C-2′), 115.6 (C-3′), 109.6 (C-6′) 106.7 (C-4a), 103.0 (C-3),
61.4 (-OCH3), 61.0 (-OCH3), 60.1 (-OCH3), 55.6 (-OCH3). These results were consistent with those of
5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone [24,36,37] (Figure 3). 1D and 2D NMR spectra of AB2

were also provided in Supporting Materials file. NMR data assignments were completed through
detailed analysis of HMBC experimental data (Figure 4).

Figure 3. Chemical structures of AB1, AB2 and AB3.
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Compound AB3: White amorphous powder. ESI-MS m/z: 455.37 [M-H]- 1H-NMR (500 MHz,
DMSO–d6): δ 0.66 ppm (1H, d, J = 11.3 Hz, H-5), 0.77 ppm (3H, s, 24-CH3), 0.81 ppm (3H, s, 26-CH3),
0.85 (3H, d, J = 6.4 Hz, 29-CH3), 0.90 ppm (3H, d, J = 4.2 Hz, 25-CH3), 0.92 (3H, s, 30-CH3), 0.94
(3H, d, J = 6.2 Hz, 23-CH3), 1.08 (3H, s, 27-CH3), 1.99 ppm (1H, dd, J = 4.1, 13.4 Hz, H-6), 2.11 ppm
(1H, d, J = 13.1 Hz, H-18), 3.00 ppm (1H, dd, J = 6.8, 9.9 Hz, H-3), 5.14 ppm (1H, dd, J = 3.4, 6.8 Hz,
H-12). 13C-NMR (125 MHz, DMSO–d6): δ 178.0 (C-28), 138.4 (C-13), 124.4 (C-12), 76.9 (C-3), 54.8
(C-5), 52.4 (C-18), 47.0 (C-17), 46.8 (C-9), 41.6 (C-14), 39.1 (C-8), 38.5 (C-4), 38.5 (C-19), 38.4 (C-20), 38.3
(C-1), 36.5 (C-10), 36.3 (C-22), 27.0 (C-2), 18.0 (C-6), 32.7 (C-7), 30.2 (C-21), 28.3 (C-23), 27.6 (C-15),
23.8 (C-16), 23.3 (C-27), 22.9 (C-11), 21.1 (C-30), 17.0 (C-26), 16.9 (C-29), 16.1 (C-24), 15.2 (C-25). This
compound was identified as ursolic acid [19] (Figure 3) and also demonstrated to be effective for
the treatment of a wide spectrum of diseases [38] including antioxidant [39], anti-inflammatory [40],
antibacterial [41], antiviral [41], antifungal [41], antipyretic [38], anticancer [42], antitumor [42],
antiwrinkle [43], anti-hypertension [44], and hepatoprotective activities [45].

Indeed, LC50 values of AB1, AB2, and AB3 were observed to be 202.80, 20.34, and 65.71 μg/mL,
respectively, whereas this figure was revealed for the positive control (potassium dichromate) at
24 h was 27.75 μg/mL, indicating these toxic compounds expressions well against the brine shrimp.
Hence, further investigation of these compounds to their toxic expressions on cancer cell lines should
be pursued.

Figure 4. Selected heteronuclear multiple bond correlation (HMBC) correlations from AB1 and AB2.

3.4. Bioactivity of Isolated Compounds

3.4.1. Antioxidant Activity Assessments

ABTS+ and 2,2-diphenyl-1-picrylhydrazile (DPPH) assays are widely used to evaluate compounds’
ability to determine their antioxidant potential. The free radical inhibition of three compounds and
reference antioxidant (ascorbic acid) at concentrations was shown in Figure 5A, the DPPH scavenging
activity of AB1, AB2, and AB3 increased progressively with the concentration. AB2 was the most active
radical scavenging which showed an IC50 of 4.04 μg/mL and was 1.37 fold lower than that of ascorbic
acid (IC50 = 2.95 μg/mL), followed by AB1 and AB3 with the IC50 values were 4.45 and 11.93 μg/mL,
respectively (p < 0.05).

The ABTS+ assay is additionally an important method for quantifying radical scavenging activity,
which can provide comparable results to those obtained in the DPPH assay. As indicated in Figure 5B,
three compounds significantly exhibited ABTS-free radical scavenging activity. Three compounds had
an antioxidant activity comparable to that of ascorbic acid. AB2 was a strong active radical scavenger,
showing an IC50 of 6.53 ± 0.16 μg/mL and 1.24 times lower than that of ascorbic acid, followed by AB1
and AB3 with the IC50 values of 7.09 and 11.41 μg/mL, respectively (p < 0.05). In both the assays, AB2
exhibited the highest ABTS and DPPH radical scavenging activities. The correlation between DPPH
and ABTS methods used to measure the antioxidant activity of the compounds has been examined.
The DPPH radical activity also showed a strong correlation with ABTS (R2 = 97.56%).
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Reactive oxygen species (ROS) cause a variety of cancers in humans [46]. ROS can damage
macro biomolecules such as proteins, lipids, and DNA and reduce the DNA repair capability that can
result in normal cells being transformed into cancer cells by mutating key genes [47]. Research on
potent antioxidants or scavengers thus contributes to the prevention of cancer. Some previous studies
have shown that phenols and flavonoids have strong antioxidants and are effective anticancer agents
through anti-angiogenic and apoptosis activities [48,49]. In fact, in this study, A2, a flavonoid showed
good antioxidant and cytotoxic effects.

Figure 5. (A) 2,2-diphenyl-1-picrylhydrazyl (DPPH) and (B) ABTS+ radical scavenging activities.
AB1: Xanthomicrol, AB2: 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone, AB3: Ursolic acid, ABTS:
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid Values are given as mean ± standard deviation,
* mean significant difference (p < 0.05) compared to control.

3.4.2. Brine Shrimp Bioassay

AB1, AB2, and AB3 were identified as confirmed by their cytotoxic effects through brine shrimp
bioassay (Figure 1). LC50 values of AB1, AB2, and AB3 were 202.80, 20.34, and 65.71 μg/mL, respectively,
which demonstrated (possessed) significant activity against the brine shrimp. The positive control
LC50 values were 27.75 μg/mL, indicating toxic expressions against the brine shrimp. AB2 had a higher
LC50 than the positive control, highlighting the cytotoxic effect.

3.5. In Vitro Screening for Cytotoxic Activity of Compounds

The cell inhibition activity of compounds including AB1, AB2, and AB3 is presented in Figure 2.
Calculation of the dose of AB1, AB2, and AB3 revealed the following IC50 values for NCI-H460
and HepG2 cells: 32.5 ± 0.41 and 49.2 ± 0.81 μg/mL; 4.57 ± 0.32 and 5.67 ± 0.09 μg/mL; 13.05 ± 0.55
and 10.00 ± 0.16 μg/mL, respectively. According to the criteria of the National Cancer Institute
and Geran protocol, extracts with IC50 ≤ 20 μg/mL = highly cytotoxic, IC50 ranged between 21 and
200 μg/mL =moderately cytotoxic, IC50 ranged between 201 and 500 μg/mL =weakly cytotoxic, and
IC50 > 501 μg/mL = no cytotoxicity [50–52]. These results clearly reveal that test of the ethanol extract,
chloroform fraction and AB1 on the two cell lines revealed less cytotoxicity. Interestingly, the compound
AB2 (5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone) and AB3 (ursolic acid) have excellent cytotoxic
activity for two types of cancer cells, in which the highest percent anticancer activity was observed
in AB2, followed by the ursolic acid with the lower percent inhibition at the same concentration.
These compounds AB2 and AB3 are greatly considered to have in vitro cytotoxic activity with an IC50

value ≤10 μg/mL for the cells.
Among the isolated compounds, ursolic acid (AB3) has been well documented as a naturally

synthesized pentacyclic triterpenoid, widely distributed in different fruits and vegetables [53–55]
and has been known as an excellent anticancer agent [8,11] by inducing apoptosis in several human
cancer cells [56,57]. Remarkably, the compound 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone (AB2) was
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isolated for the first time in the A. bracteosum. Further research investigating the cellular and molecular
mechanisms underlying the effects of 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone is required for the
development of new therapeutic agents.

3.6. DNA Fragmentation and Apoptosis Induced by 5,4’-Dihydroxy-6,7,8,3’-Tetramethoxyflavone

To seek the mechanism of cell death mediated by 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone
(AB2), we first performed DNA fragmentation assay, which is characteristic for apoptosis. We treated
the cells with 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone at its IC50 for 24 h, and DNA was then isolated
and separated by agarose gel electrophoresis. As shown in Figure 6A, the HepG2 cells treated with
5 μg/mL of AB2 showed significant fragmentation after 24 h of AB2 treatment compared to the treatment
of camptothecin at 4 μg/mL. Also, an oligo nucleosomal ladder of fragmented DNA was obtained
after the treatment in NCI-H460 cells (Figure 6B), whereas no DNA fragments were observed when
untreated in both cells. These data strongly suggest that 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone is
a potent inducer of apoptosis in the cells.

Figure 6. Apoptosis induced by 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone at its IC50 in HepG2
(A) and NCI-H460 (B) cells.

In addition, to further evaluate the potential mechanism of the compound 5,4’-dihydroxy-
6,7,8,3’-tetramethoxyflavone-induced inhibition of human lung and hepatocyte carcinoma cell
proliferation, we continuously examined the mode of cell death on NCI-H460 and HepG2 cells
Annexin V-FITC/propidium iodide (PI) staining caused by the compound. Meanwhile, PI was used
to only stain necrotic cells because of its increased membrane permeability and eventual propidium
uptake in the cells [58]. In this study, Figure 7 reveals total apoptosis percent from treated and
untreated NCI-H460 and HepG2 cells which were determined through the flow-cytometric outcomes.
As shown in Figure 7A, NCI-H460 cells were treated with AB2 at 4 μg/mL (~IC50) caused the lowest
apoptosis (42.1%) within 24 h of treatment, relative to the control cells (~5.1%), whereas the figures
seemed to be similar for HepG2 cells (Figure 7B). Remarkably, AB2 exposure, (8 μg/mL~2 × IC50) and
(10 μg/mL~2 × IC50), caused a significant increase in apoptosis and necrosis in both NCI-H460 and
HepG2 cells, which were about 2.3-fold and 2.2-fold higher than that of at IC50 doses, respectively.
With respect to the cytotoxicity effect, AB2 could lead to DNA damage, apoptosis in terms of the
number of cell death events, because it contains a number ROS radicals [59].
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Figure 7. The total percentages of AB2-induced apoptosis in NCI-H460 (A) and HepG2 (B) cells, * mean
significant difference (p < 0.05) compared to control.

3.7. 5,4’-Dihydroxy-6,7,8,3’-Tetramethoxyflavone Triggers Apoptosis Sensitivity by ROS- Caspase-3 Mediated
in Human Hepatocyte Carcinoma Cell

The disruption of mitochondrial membrane potential may result in apoptosis [60]; thus, we next
evaluated, by TMRE assay, whether AB2 mediated the cells. FCCP treatment as in the positive control
group caused a significant loss of mitochondrial membrane potentials in comparison to the control
group (p < 0.05). Interestingly, the same figure was observed following the treatment (IC50 and 2 × IC50)
with AB2 (p < 0.05), strongly revealing the presence of AB2-mediated perturbation of mitochondrial
metabolic activity in NCI-H460 and HepG2 cells (Figure 8A).

ROS is known to play a dual role; either that may be harmful depending on their accumulation
levels, generally contributing to cell death either by apoptosis or necrosis at the levels beyond the
cellular antioxidant defense mechanisms [60–62]. Generally, higher mitochondrial membrane potential
results in greater adenosine triphosphate (ATP) production and greater ROS production [63]. Thus,
the intracellular ROS levels were determined by measuring the intensity of a highly fluorescent
derivative 2′,7′-dichlorofluorescein (DCF) which is generated from an externally applied non-fluorescent
substance, DCFH-DA by the cellular redox reactions. As shown in Figure 8B–C, AB2 dose-dependently
increased the ratio of green fluorescence in NCI-H460 and HepG2 cells suggesting that AB2 excitants
production of intracellular ROS in the cells compared to the control group, camptothecin (p < 0.05).
The antioxidant from AB2 succeeded in inverting the cytotoxic effect of both cells. These figures strongly
indicate that AB2 treatment in a concentration- and time- dependent manner led to ROS-dependent
and independent cell death in human lung and hepatocellular carcinoma cells.

During apoptosis, the permeabilization of the mitochondrial outer membrane caused the release
of cytochrome c [64], which induces caspase activation to orchestrate the death of the cell due to its loss
of mitochondrial function and generation of ROS [65]. Overproduction of ROS could be associated
with cell homeostasis imbalance, mitochondrial damage, and apoptosis [60,66]. Activation of apoptosis
pathways through the mitochondrial pathway could be is one of the key steps in apoptosis [67,68], which
is generally related to recruitment of caspase family proteins including caspase-8 and/or caspase-3 [69].
Thus, the caspase activities pathway is checked to evaluate whether or not AB2 affects the induction of
apoptosis. As shown in Figure 8D–E, the cells treated with AB2 resulted in increased percentage of
caspase-3, -8, -9 activities compared to the negative control. However, AB2 did not affect much the
caspase-8 and -9 activities and resulted in slightly increased expression in the cells in comparison to
caspase-3 outcomes. Indeed, there was a significantly increased apoptotic cell frequency in the cells by
~4.5 and ~7.2-fold by treatment with 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone at IC50 and 2 × IC50

respectively, as compared with the untreated groups, suggesting that AB2 stimulates caspase-3 in
human lung and hepatocellular carcinoma cells.
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Figure 8. Potential mechanism of action of 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone on human liver
and lung cancer cells. (A) Mitochondrial membrane potential; ROS production in NCI-H460 (B) and
HepG2 (C) cells by DCFH-DA essay. The caspase activity in the NCI-H460 (D) and HepG2 (E) cells
treated with AB2. Expression of active caspase-3 protein on NCI-H460 (F) and HepG2 (G) cells was
confirmed by Western blot analysis, * mean significant difference (p < 0.05) compared to control.

Finally, the expression level of apoptosis-related active protein (cleaved) caspase-3 was confirmed
by Western blot assay. The expression of active caspase-3 protein was clearly revealed by only IC50 and
2xIC50 of AB2 treatment compared to the positive control group (Figure 8F–G). This figure is consistent
in comparison with the significantly increased levels of active caspase-3 from fluorescence assay.
Our results revealed that the role of 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone-induced apoptosis in
both human lung and hepatocellular carcinoma cells was dependent on the activation caspase-3.

These findings revealed that these extracts and compounds are very potent antioxidants because of
their radical scavenging capacity and their capacity to stimulate ROS-mediated mitochondrial pathway
because of the activation of caspase-3. The interactions may result from new anticancer molecules
in which antioxidants can also be enhanced to eliminate cancer cells through the apoptosis pathway,
where antioxidants from medicinal plants have shown a great cytotoxic potential [70,71]. This has
been demonstrated through caspase-independent cell death from H. speciosa [72] and J. Decurrens [73],
whereas others such as C. adamantium [74], S. velutina [72], and S. Adstringens [75] destroyed malignant
haematologic cells or melanoma cells through apoptosis. The search for new antioxidants containing
toxicity profile is desirable, and the A. bracteosum (Bonati) demonstrated here may represent interesting
targets for this purpose.

4. Conclusions

The current investigation strongly demonstrate that A. bracteosum could significantly inhibit
the growth of human NCI-H460 and HepG2 cells as well as the brine shrimp. Importantly, a new
compound, 5,4’-dihydroxy-6,7,8,3’-tetramethoxyflavone was investigated, and demonstrated to be
probably by ROS-mediated mitochondrial pathway, followed by activated caspase-3, associated with
the apoptosis cells death. These results suggest that A. bracteosum is a promising source of useful
natural products and the new compound offers opportunities to develop novel anticancer drug after
its full apoptosis activity has been clinically addressed.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/12/2912/s1.
Figure S1: ESI mass spectrum of AB1. Figure S2: The 1H NMR spectrum of AB1 in methanol-d4. Figure S3: The
13C NMR spectrum of AB1 in acetone-d6. Figure S4: HSQC spectrum of AB1 in acetone-d6. Figure S5: HMBC
spectrum of AB1 in Acetone-d6. Figure S6: EI mass spectrum of AB2. Figure S7: The 1H NMR spectrum of AB2
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in acetone-d6. Figure S8: The 13C NMR spectrum of AB2 in acetone-d6. Figure S9: HSQC spectrum of AB2 in
acetone-d6. Figure S10: HMBC spectrum of AB2 in Acetone-d6. Figure S11: The 1H NMR spectrum of AB3 in
DMSO-d6. Figure S12: The 13C NMR spectrum of AB3 in DMSO-d6. Table S1: NMR spectral data of AB1 and AB2
compounds. Table S2: Compare AB3 compound spectral data and reference.
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Abstract: Squamous cell carcinoma is the most common type of head and neck cancer worldwide.
Radiation and chemotherapy are general treatments for patients; however, these remedies can
have adverse side effects and tumours develop drug resistance. Effective treatments still require
improvement for cancer patients. Here, we investigated the anti-cancer effect of Moringa oleifera (MO)
Lam. leaf extracts and their fractions, 3-hydroxy-β-ionone on SCC15 cell line. SCC15 were treated
with and without MO leaf extracts and their fractions. MTT assay was used to determine cell viability
on SCC15. Cell cycle and apoptosis were evaluated by the Muse™ Cell Analyser. Colony formation
and wound closure analysis of SCC15 were performed in 6-well plates. Apoptosis markers were
evaluated by immunoblotting. We found that Moringa extracts and 3-HBI significantly inhibited
proliferation of SCC15. Moreover, they induced apoptosis and cell cycle arrest at G2/M phase in
SCC15 compared to the untreated control. MO extracts and 3-HBI also inhibited colony formation and
cell migration of SCC15. Furthermore, we observed the upregulation of cleaved caspase-3 and Bax
with downregulation of anti-apoptotic Bcl-2, indicating the induction of cancer cell apoptosis. Our
results revealed that MO extracts and 3-HBI provided anti-cancer properties by inhibiting progression
and inducing apoptosis of SCC15.

Keywords: squamous cell carcinoma; Moringa oleifera; anti-cancer; 3-hydroxy-β-ionone

1. Introduction

Cancer is a noncommunicable disease and the leading cause of death worldwide. Around
18.1 million new cases of cancer and 9.6 million deaths from the disease were reported in 2018 [1].
Global incidences of head and neck squamous cell carcinoma (HNSCC) were reported at more than
830,000 cases with 430,000 deaths each year [2]. Major risk factors of HNSCC are high smoking levels and
alcohol consumption [3]. HNSCC arises from the mucosal surfaces at various sites including skin, nasal
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cavity, paranasal sinuses, oral cavity, salivary glands, pharynx and larynx [4]. Treatment for HNSCC
usually involves therapy with surgery, radiation, chemotherapy, targeted therapy, immunotherapy
and combination therapy [2]. Nevertheless, these treatments result in adverse effects including
nausea, vomiting, fatigue, mucositis, dysphagia and dermatitis [5]. Major hallmarks during cancer
development include the ability to proliferate, evade apoptosis, uncontrolled replicative potential,
induction of angiogenesis and tissue invasion and metastasis to other organs. Hence, many drugs and
treatment methods have been developed to interfere with each step and impede tumour growth and
progression [6]. The goal of medical scientists and researchers is to improve the best treatment for good
quality of life for cancer patients. Therefore, targeted therapy and alternative low toxic treatments have
received intense focus. Several studies have examined the effects of natural products against tumours
by inducing apoptosis via the P53 tumour suppressor and reactive oxygen species production [7–9].

Moringa oleifera Lam. (MO) is known as the miracle tree and is widely cultivated in Asia and
Africa. All the different parts of MO have been reported to have medicinal use [10]. The leaves of this
plant have been intensively studied and contain high amounts of vitamins, carotenoids, polyphenols,
phenolic acids, flavonoids, alkaloids, glucosinolates, isothiocyanates, tannins and saponins [11].
Many studies have reported on the biological activities of Moringa leaf such as antidiabetic [12],
antioxidant [13], antibacterial [14] and kidney and hepatic protective effect [15,16]. Our previous study
demonstrated that MO leaf extract provides anti-inflammatory potential by reducing the production of
pro-inflammatory mediators such as interleukin-6, tumour necrosis factor-α and cyclooxygenase-2
via inactivation of NF-κB, inhibiting both IκB-α degradation and nuclear translocation of p65 [17,18].
3-hydroxy-β-ionone (3-HBI) derived from MO leaf extract (Figure 1) had potent anti-inflammatory
effects [17], while in vitro studies showed that soluble extract from MO leaf induced apoptosis and
inhibited tumour cell growth in human non-small cell lung cancer A549 and human hepatocellular
carcinoma HepG2 cells [19,20]. Another in vitro study reported that MO leaf extract and its compounds
including eugenol, isopropyl isothiocyanate, D-allose and hexadeconoic acid ethyl ester decreased
cell motility and colony formation, inhibited cell growth and triggered cell apoptosis against breast
cancer and colorectal cancer cell lines [21]. Astragalin and isoquercetin from bioactive fractions of M.
oleifera leaf extract suppressed proliferation of HCT116 colon cancer cells by downregulation of ERK1/2
phosphorylation [22]. In addition, glucomoringin from Moringa oleifera induced oxidative stress and
apoptosis via p53 and Bax activation and Bcl-2 inhibition in human astrocytoma grade IV CCF-STTG1
cells [23], and also promoted apoptosis of SH-SY5Y human neuroblastoma cells through the modulation
of NF-κB and apoptotic factors [24]. However, the effect of MO leaf extract on squamous cell carcinoma
(SCC) 15 cell line remains unknown.

Figure 1. Structure of 3-hydroxy-β-ionone.

In this study, crude EtOAc extracts and MO-derived fractions were tested for anti-SCC15
activities. Active MO-derived fractions were fraction no. 6, sub-fraction no. 6.17.2, LC-MS base peak
chromatogram no. 6 identified as 3-HBI (BPC6) and 3-HBI. Our findings revealed that MO leaf extract
and its active compound, 3-HBI strongly inhibited tumour cell growth and triggered apoptosis via
over-expression of cleaved caspase-3 and Bax, while down-regulating the anti-apoptotic Bcl-2.
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2. Results

2.1. Cellular Cytotoxicity of MO Extract, Fraction, and Sub-Fraction on Human Monocyte-Derived
Macrophages and SCC15

MTT was developed to evaluate the optimal concentration of antiproliferative effect of Moringa
extracts, compound, and drugs. Human monocyte-derived macrophages (MDMs) and SCC15 were
treated with different concentrations of extracts, compound, and cisplatin for 24 h. The half maximal
inhibitory concentrations (IC50) values of Moringa extracts, compound and drug are shown in
Figure 2A,B. A five percent inhibitory concentration (IC5) results of 3-HBI and cisplatin on MDMs were
18.46 μg/mL and 5.32 μg/mL, respectively (Figure 2A). While IC5 of crude ethyl acetate (EtOAc) and
fraction no. 6 were 26.84 μg/mL and 84.89 μg/mL [17]. These concentrations were used as the non-toxic
optimal concentration for cell culture treatment. IC50 values of 3-HBI and cisplatin were 487.53 μg/mL
and 21.33 μg/mL, respectively (Figure 2A). The IC50 values of crude EtOAc, fraction no. 6, 3-HBI
and cisplatin on SCC15 cell line were 214.28, 114.55, 243.22 and 28.44 μg/mL, respectively (Figure 2B).
Crude EtOAc, fraction no. 6 and 3-HBI showed a strong effect in inhibiting the proliferation of SCC15
cancer cells with lower IC50 values compared to primary MDM.

Figure 2. Investigation of the effect of MO crude extracts, fraction no. 6, 3-HBI and cisplatin on cell
viability of MDMs and SCC15 cell lines. MTT assay was performed after cell treatment for 24 h. (A) IC5

and IC50 results of MDMs after treatment with different concentrations of crude extract, fraction no. 6,
3-HBI and cisplatin. (B) IC50 results for antiproliferative effect of crude extract, fraction no.6, 3-HBI and
cisplatin on SCC15. IC: inhibitory concentration; 3-HBI: 3-hydroxy-β-ionone.

2.2. Effect of MO Extract, Fraction, and Sub-Fraction on Cell Cycle of SCC15

Cell cycle assay was assessed using Muse™ Cell Cycle Kit. The nuclear DNA of the cell line
was intercalated with propidium iodide (PI). Cells were discriminated at different phases of the cell
cycle based on differential DNA content including G0/G1, S and G2/M phase. To investigate the
effect of cisplatin, crude MO extract, fraction no. 6, sub-fraction no. 6.17.2, BPC6 (LC-MS base peak
chromatogram no. 6 identified as 3-HBI), and 3-HBI on cell cycle progression, both untreated and
treated SCC15 were investigated by Muse™ Cell Analyser. Figure 3A shows the DNA content index
histogram of the control and treated cells in each cell cycle phase (G0/G1, S and G2/M). The bar graphs
demonstrate that the percentage of cells in G2/M stages. After treatment with cisplatin, crude EtOAc,
fraction no. 6, sub-fraction no. 6.17.2, BPC6, and 3-HBI, the G2/M enrichment phase significantly
increased in SCC15 compared to the untreated control (Figure 3B). This result indicates that crude
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EtOAc, fraction no. 6, sub-fraction no. 6.17.2, BPC6, and 3-HBI significantly increased cell cycle arrest
at G2/M phase in SCC15.

Figure 3. Efficacy of MO extract, fraction no. 6, sub-fraction no. 6.17.2, BPC6, and 3-HBI on distribution
of SCC15 in the cell cycle analysed by Muse™ Cell Analyser. (A) DNA content index histogram of
cell populations in each phase of the cell cycle in SCC15 cell line after treatment with cisplatin, crude
EtOAc, Fr.6, Fr.6.17.2, BPC6, and 3-HBI for 24 h. (B) Bar graphs of percentage of cell in G2/M phase for
SCC15 cell line. Data are presented as means ± SEM. * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001 compared
to control. Control: untreated SCC15; crude EtOAc: crude ethyl acetate; Fr.6: fraction no. 6; Fr.6.17.2:
sub-fraction no. 6.17.2; BPC6: base peak chromatogram no. 6; 3-HBI: 3-hydroxy-β-ionone.

2.3. MO Extract, Fraction, and Sub-Fraction Induce Apoptosis in SCC15

We next evaluated the induction of apoptosis in SCC15 cell line after 24 h of treatment with MO
extract, fraction no. 6, sub-fraction no. 6.17.2, BPC6, and 3-HBI. Apoptosis assay was performed by
Muse™ Cell Analyser using the Muse™ Annexin V & Dead Cell Kit procedure with dot plots of SCC15
cell line stained with annexin V and 7-AAD (7-amino-actinomycin D). The first and second quadrants
represent dead cells and late apoptotic cells, respectively, while the third and fourth quadrants represent
live cells and early apoptotic cells, respectively, as shown in Figure 4A. These dot plots reveal that
crude EtOAc, fraction no. 6 and sub-fraction no. 6.17.2 triggered late apoptosis and cell death in SCC15
cell line. Interestingly, BPC6 and 3-HBI induced early and late apoptotic cells similar to cisplatin.
Figure 4B shows the statistical analysis of total apoptotic cells represented in the form of bar graphs.
We observed a significantly increased percentage of total apoptotic cells (early and late apoptosis) after
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treatment with crude EtOAc, fraction no. 6, sub-fraction no. 6.17.2, BPC6, and 3-HBI compared to the
untreated control (p < 0.001). The average percentage of total apoptotic cells increased from 4.41% in
the control to 31.62% in cisplatin treatment. Moreover, treatment with crude EtOAc, fraction no. 6,
sub-fraction no. 6.17.2, BPC6, 3-HBI (50 μg/mL), and 3-HBI (100 μg/mL) enhanced apoptotic cells to
17.85, 26.69, 21.08, 27.60, 14.76 and 17.0%, respectively. Our findings suggested that treatment with
crude EtOAc, fraction no. 6, sub-fraction no. 6.17.2, BPC6, and 3-HBI strongly enhanced apoptosis in
SCC15 cell line.

Figure 4. Determination of apoptosis in SCC15 cell line after treatment with MO extract, fraction no. 6,
sub-fraction no. 6.17.2 BPC6, and 3-HBI for 24 h. (A) Dot plots of annexin V and 7-AAD dual staining
showing the percentage of cell populations in each of the four quadrants. (B) Bar graphs showing
quantitative data of percentage of total apoptotic cells. Results are presented as means ± SEM. * p ≤ 0.05,
** p ≤ 0.01, and *** p ≤ 0.001 compared to control. Control: untreated SCC15; crude EtOAc: crude ethyl
acetate; Fr.6: fraction no. 6; Fr.6.17.2: sub-fraction no. 6.17.2; BPC6: base peak chromatogram no. 6;
3-HBI: 3-hydroxy-β-ionone.
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2.4. MO Extract and 3-HBI Inhibit Colony Formation of SCC15

The ability of SCC15 cell line to form colonies in the presence or absence of MO extract, fraction
no. 6, sub-fraction no. 6.17.2, BPC 6 and 3-HBI for 24 h was studied. SCC15 cell lines were seeded into
6-well plates and incubated for one week. Cells were fixed and stained with 0.5% crystal violet. We
found that MO extract, fraction no. 6 and sub-fraction no. 6.17.2 strongly inhibited colony formation of
SCC15, similar to cisplatin treatment (Figure 5A,B). Furthermore, colony formation was significantly
reduced in a concentration-dependent manner by 3-HBI compared to the control, as shown in Figure 5B.
A similar result was observed in SCC15 treated with BPC6. These data confirmed that MO extract,
fraction no. 6, sub-fraction no. 6.17.2, BPC6 and 3-HBI showed potential to inhibit the formation of
colonies in SCC15 cell lines as an important factor in cancer survival and progression.

Figure 5. Colony formation of SCC15 cell line performed in 6-well plates with cells stained by crystal
violet. (A) Untreated control and cells treated with MO extract, fraction no. 6, sub-fraction no. 6.17.2,
BPC 6 and 3-HBI for 24 h. (B) Colony quantification measured by a microplate reader at OD 570 nm.
Data are presented as means ± SEM. *** p ≤ 0.001, compared to control. Control: untreated SCC15;
crude EtOAc: crude ethyl acetate; Fr.6: fraction no. 6; Fr.6.17.2: sub-fraction no. 6.17.2; BPC6: base
peak chromatogram no. 6; 3-HBI: 3-hydroxy-β-ionone.

2.5. MO Extract and 3-HBI Inhibit Migration of SCC15

Wound closure assay is a method of in vitro study for analysing the migration of cell populations.
We evaluated the migrative ability of SCC15 cell line after treatment with and without MO extract,
fraction no. 6, sub-fraction no. 6.17.2, BPC6 and 3-HBI for 36 h. Cell monolayers were scratched
with a similar size at baseline. We observed a significant inhibition of cell migration after treatment
for 6 h. The percentage of wound area for cells treated with cisplatin, crude extract, fraction no. 6,
sub-fraction no. 6.17.2, BPC6 and 3-HBI was significantly higher when compared to the control. At 36
h after wound induction, the wound area of the untreated control was almost closed. On the other
hand, for the wound areas of cells treated with drugs, all extracts and compounds were still widely
open (Figure 6A,B).
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Figure 6. Wound closure analysis of SCC15 cell line for untreated control and cells treated with MO
extract, fraction no. 6, sub-fraction no. 6.17.2, BPC 6 and 3-HBI for 36 h. (A) Pictures of wound area were
taken at 0, 6, 12, 24 and 36 h with an inverted microscope. (B) Size of wound area was measured using
ImageJ system software. Percentage of wound area was calculated, and bar graphs were represented
as means ± SEM. ns = not significant, * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001 compared to control.
Control: untreated SCC15; crude EtOAc: crude ethyl acetate; Fr.6: fraction no. 6; Fr.6.17.2: sub-fraction
no. 6.17.2; BPC6: base peak chromatogram no. 6; 3-HBI: 3-hydroxy-β-ionone.

2.6. Effect of MO Extracts and Their Fractions on Apoptosis Signaling Pathway in SCC15 Cell Line

Western blotting was performed to evaluate apoptosis in SCC15 cells after treatment with MO
extract and its fractions. The expression of housekeeping protein β-actin was considered as an equal
amount of protein was loaded. The pro-apoptotic Bax was significantly upregulated by treatment
with cisplatin, MO crude extract, fraction no. 6, sub-fraction no. 6.17.2, BPC6 and 3-HBI. Moreover,
they significantly decreased anti-apoptotic Bcl-2 compared to the control (p ≤ 0.001). Interestingly,
MO extracts and their fractions reduced pro-caspase-3 expression, as well as significantly inducing
the activation of cleaved caspase-3 (Figure 7A–E). Our results demonstrated that MO extracts and
their fractions showed the potential to induce apoptosis of SCC15 cell line by inducing the activation
of cleaved caspase-3 and Bax. Furthermore, these extracts and compound significantly decreased
anti-apoptotic Bcl-2, which showed strong efficacy similar to the positive drug control.
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Figure 7. The inhibitory effect of MO extract, fraction no. 6, sub-fraction no. 6.17.2, BPC 6 and 3-HBI
on the protein expressions of SCC15 cell line. Cells were treated under different conditions for 24 h.
Total proteins were extracted and determined by Western blot analysis. (A) Band intensity of total
protein levels of pro-caspase-3, cleaved caspase-3, Bax and Bcl-2. β-actin was used as a loading control.
(B) Relative intensity of pro-caspase-3, (C) cleaved caspase-3, (D) Bax and (E) Bcl-2 were quantified
by scanning densitometry and normalised to control. Data are shown as mean ± SEM. * p ≤ 0.05,
** p ≤ 0.01, and *** p ≤ 0.001 compared to control. Control: untreated SCC15; Crude EtOAc: crude ethyl
acetate; Fr.6: fraction no. 6; Fr.6.17.2: sub-fraction no. 6.17.2; BPC6: base peak chromatogram no. 6;
3-HBI: 3-hydroxy-β-ionone.

3. Discussion

Cancer cells lack a regulatory system that prevents cell overgrowth. Cancer progression
involves a multi-step process including self-sufficiency in proliferative signalling, uncontrolled growth,
evading programmed cell death, induction of angiogenesis and inducing invasion and metastasis [6].
Several studies have examined the effects of natural compounds against tumours by inhibiting
cancer proliferation and inducing apoptosis. Chikusetsu isolated from Aralia taibaiensis induced
apoptosis in human prostate cancer [7]. Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide) is a
derivative from chili peppers inhibited the migration of cholangiocarcinoma cells by downregulating
metalloproteinase-9 expression [25] and promoting apoptosis by stimulated p53 and Bax expression in
HCT116 human colon carcinomas [26]. Arabinogalactan and curcumin have been extensively studied
for their anti-cancer properties and both natural products decreased cell growth and significantly
increased Bax/Bcl2 ratio as well as cleaved-caspase3 level in MDA-MB-231 human breast cancer cells [8].
Aloe-emodin derived from Rheum undulatum L. inhibited proliferation and induced apoptosis via
activation of caspase-9 and caspase-3 in SCC15 cells [27]. Our results showed that 3-HBI derived from
MO leaf extract inhibited SCC15 cell growth and triggered apoptosis via over-expression of cleaved
caspase-3 and Bax, which down-regulated the anti-apoptotic Bcl-2. Additionally, our previous finding
indicated that 3-HBI of MO leaf had potent biological anti-inflammatory effects by inhibiting NF-κB
translocation in LPS-treated MDMs, leading to down-regulation of pro-inflammatory mediators [17,18].
Thus, 3-HBI exhibited both anti-cancer and anti-inflammatory activities and might be a novel effective
therapeutic drug for head and neck cancer since NF-κB signalling pathways are targeted for therapeutic
applications in many cancers including HNSCC. Accordingly, the major class of cellular targets
controlling NF-κB consists of chemokines, regulators of apoptosis, cell proliferation and cell cycle
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regulators [28–30]. Curcumin has also been shown to inhibit NF-κB. This regulates several cellular
processes including cell growth and survival by suppressing Bcl-2 and cyclin D1, IL-6, COX-2, and
MMP-9 protein expression in HNSCC [31]. Erlotinib and EGCG of green tea extract synergistically
inhibited HNSCC growth via inhibiting NF-κB in a p53-dependent manner [32].

MO leaf has various medicinal properties including antioxidant, anti-inflammatory, antiulcer,
hepatoprotective activities, antibacterial and antifungal activities [33]. Cancer research involving
Moringa leaf has been conducted in both in vitro and in vivo such as Moringa in MDA-MB-231 breast
cancer cells, human HCT8 colon cancer cells and mouse melanoma [19,21,34]. This study evaluated the
anti-cancer properties of Moringa leaf extract and 3-HBI bioactive compound including cell viability,
cell cycle, apoptosis, migration, and colony formation of SCC15 cell line. The MTT assay was performed
to evaluate cell viability of human MDMs and SCC15 cell line in the presence of MO leaf extract and its
fractions. Our results showed that concentrations of the extract and compound caused cytotoxicity of
SCC15 but non-toxicity in normal cells. Interestingly, this result concurred with our findings, indicating
cell cycle arrest and an increase in cell apoptosis. We found that MO extracts and fractions caused a
significant increase in cell population at the G2/M phase compared to the untreated control (p ≤ 0.001).
A previous study by Al-Asmari et al. (2015), showed similar findings with cell cycle arrest at the G2/M
phase in MDA-MB-231 and HCT-8 cancer cell lines after treatment with Moringa leaf extract [21]. Cell
migration and colony formation are hallmarks of tumour progression. Wound closure assays allow the
observation of cell migration in confluent monolayer cell cultures, while colony formation assay is
an in vitro technique for studying the survival and proliferation of cancer cells based on the ability of
single cells to grow into colonies [35]. In this study, MO leaf fractions were able to significantly inhibit
colony formation and cell migration of SCC15 cell line.

Apoptosis is programmed cell death that generally occurs in tissue during development as a
homeostatic mechanism. Apoptosis is activated via two pathways, commonly known as intrinsic and
extrinsic. The intrinsic pathway is initiated by pro-apoptotic proteins such as Bax and Bad that damage
the mitochondrial membrane, leading to release of cytochrome C. Then, the formation of apoptosome
complex activates procaspase-9 and stimulates caspase 3-6-7, resulting in apoptosis. The extrinsic
pathway is initiated by death receptors at the cell surface to the intracellular signalling pathways.
Then, caspase 8 is activated leading to stimulate downstream caspase 3-6-7 [36,37]. In various tumours,
pro-apoptotic members are normally downregulated while anti-apoptotic factors are upregulated [6].
Our study showed that cell apoptosis in SCC15 cell line was strongly induced by MO leaf extracts
and their fractions. Our results were further confirmed through activating the apoptosis signalling
pathway by significantly increasing pro-apoptotic (BAX) and cleaved caspase-3 while suppressing the
expression of anti-apoptotic protein Bcl-2 compared to the untreated control. These results indicated
that 3-HBI bioactive compound of MO leaf showed strong anti-cancer activity by inducing apoptosis
in SCC15 cell line via a caspase-dependent mechanism.

4. Materials and Methods

4.1. Preparation of Moringa Oleifera Leaf Extracts and Compound Identification

Moringa leaves were ground to a powder and extracted at room temperature with EtOAc as
described in our previous study [17]. Then, 128 g of crude EtOAc extract was obtained after evaporation
of the solvent. Fractions and sub-fractions were separated from the crude extract using flash column
chromatography (Merck, Darmstadt, Germany). Gradient elution was performed by solvent system
with increasing the polarity gradually including hexane, hexane-EtOAc and EtOAc-Methanol (MeOH).
Apocarotenoid monoterpene namely 3-hydroxy-β-ionone, an active compound was identified from
the Moringa sub-fraction by LC-ESI-QTOF-MS/MS (Agilent Technologies, Inc., Singapore). The crude
EtOAc extracts and MO-derived fractions (fraction no.6, sub-fraction no. 6.17.2, BPC6 and 3-HBI) were
tested for anti-cancer activities.
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4.2. Monocyte Isolation

Human MDMs were used as a primary normal cell control. Buffy coat was obtained from the
Blood Bank, Naresuan University Hospital, Phitsanulok, Thailand. Ethics approval was obtained from
the Human Ethics Committee of Naresuan University (IRB no. 1013/60). Buffy coat was diluted with
Hank’s balanced salt solution (HBSS) and then overlaid on 5 mL Lymphoprep (Stemcell Technologies,
Singapore) and centrifuged at 2000 rpm for 30 min. The mononuclear cell layer was collected and
washed twice with HBSS buffer. Peripheral blood mononuclear cells (PBMCs) were collected and
suspended in 5 mL of RPMI medium. Then, the monocytes were separated by size sedimentation
centrifugation using Percoll (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The PBMC suspension
was carefully overlaid on 10 mL of 46% Percoll solution and centrifuged for 30 min at 2000 rpm.
Monocytes between Percoll were collected and washed with HBSS, followed by centrifugation for
10 min at 1300 rpm. Isolated monocytes were cultured in RPMI 1640 and supplemented with 10%
fetal bovine serum (FBS) and 1% Antibiotic-Antimycotic purchased from GibcoTM (Thermo Fisher
Scientific, Inc., New York, NY, USA). Cells were incubated at 37 ◦C with 5% CO2 for 2 weeks with
media replacement every 3 days.

4.3. Cell Line and Culture Conditions

Squamous cell carcinoma 15 (ATCC® CRL-1623™) was purchased from ATCC. Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F12 medium (Caisson Labs Inc., Smithfield,
UT, USA) containing 10% FBS. Cells were incubated at 37 ◦C with 5% CO2 with medium renewal
every 2–3 days. SCC15 cells were seeded in 24-well plates at a density of 5 × 104 cells/well and
incubated for 24 h. The cells were treated with MO crude extracts, their fractions and 3-HBI (Santa
Cruz Biotechnology, Inc., Dallas, TX, USA) for 24 h. Untreated and Cisplatin (Sigma-Aldrich, St. Louis,
MO, USA) treated SCC15 cells were used as control conditions.

4.4. Cell Viability Assay

MTT assay was used to determine the growth inhibitory role of MO leaf extract. MDMs and SCC15
were seeded in a 96-well plate at a density of 1 × 104 cells/well and treated with various concentrations
of extract, compound, and cisplatin. Cells were incubated at 37 ◦C for 24 h. Then, 50 μL of MTT
(0.5 mg/mL) (Invitrogen, Carlsbad, CA, USA) in medium-free serum was added in all samples and they
were incubated at 37 ◦C for 3 h. MTT reagent was removed and formazan crystals were dissolved in
100 μL of DMSO. The absorbance of formazan solution was measured at 590 nm by a microplate reader
(PerkinElmer, Inc., Waltham, MA, USA). This method followed previous protocol [38]. IC50 of cisplatin,
crude EtOAc extract and 3-HBI were calculated by concentration response relationships/sigmoidal
curve fitting analysis. IC5 was selected as non-toxic for cellular experiments.

4.5. Cell Cycle Analysis

To confirm the growth inhibitory role of MO extracts and derivative compounds, cell cycle assay
was analysed using Muse™ Cell Cycle Kit (Merck, Darmstadt, Germany) following the manufacturer’s
protocol. Experimental conditions of SCC15 were harvested using trypsin/EDTA solution (Thermo
Fisher Scientific) and incubated at 37 ◦C for 5 min. Then, 200 μL of completed DMEM HamF12 were
added to stop the reaction of trypsin. Cells were aspirated and centrifuged at 1500 rpm for 5 min, then
fixed with 70% ethanol and incubated for at least 3 h at −20 ◦C. Cells were washed twice with cold
PBS (phosphate buffer saline), resuspended in 200 μL of Muse™ Cell cycle reagent, mixed gently and
incubated for 30 min at room temperature in the dark. Cell cycle stage was then analysed by Muse™
Cell Analyser.
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4.6. Cell Apoptosis Analysis

Muse™ Annexin V & Dead Cell Kit (Merck, Darmstadt, Germany) was used for the apoptosis
study. SCC15 cells from all experimental conditions were harvested by trypsin/EDTA solution as
described in cell cycle assay. Cells were washed in PBS and resuspended in medium with 1% FBS.
Then, 100 μL of Muse™ Annexin V & Dead Cell Reagent were added, mixed gently, and incubated for
20 min at room temperature in the dark. Cell apoptosis was measured using Muse™ Cell Analyser
following the manufacturer’s protocol.

4.7. Colony Formation Assay

Colony formation assay was used to study the potentiality of a single cell forming colonies. This
assay followed the previous description [35]. SCC15 cell line was seeded into 6-well plates at a density
of 500 cells/well and incubated for 24 h in standard culture conditions at 37 ◦C. Cells were then treated
with drugs and Moringa extracts including crude EtOAc, fraction no. 6, sub-fraction no. 6.17.2, BPC6
and 3-HBI for 24 h. Cells were incubated for 1 week with media replacement every 3 days and then
fixed with 10% neutral buffer formalin solution for 30 min. The fixative reagent was removed, and the
cells were stained with 2 mL of 0.5% crystal violet and incubated for 60 min at room temperature on a
rotator. Cells were washed 4 times in a stream of tap water and the plate was air dried for at least 2 h
at room temperature. Then, 2 mL of methanol were added to each well and the plate was incubated for
20 min at room temperature on a rotator. Optical density of each well was measured at 570 nm with a
microplate reader (PerkinElmer, Inc.).

4.8. Wound Closure Assay

Cell migration of SCC15 cell line was evaluated by wound closure assay modified from a previous
method [39]. SCC15 cells were seeded into 6-well plates at a density of 1 × 106 cells/mL and incubated
at 37 ◦C until reaching 80% confluence as a monolayer. The cell monolayer was scraped in a straight
line with a SPLScar Scratcher (SPL Life Sciences, Gyeonggi-do, Korea). Detached cells were removed
and washed twice with 1 mL of medium. Cells were treated as described in the colony formation
assay and incubated for 36 h. Snapshots were taken of the experimental cell plates at several time
points including 6, 12, 24 and 36 h using an inverted microscope (Carl Zeiss Microscopy GmbH, Jena,
Germany). The distance of the wound area was analysed by ImageJ system software.

4.9. SDS-PAGE and WESTERN BLOT ANALYSIS

Total proteins of SCC15 cell line from each condition were extracted by ice-cold RIPA lysis buffer
(Bio Basic Inc., New York, NY, USA) in the presence of Halt Protease/Phosphatase Inhibitor Cocktails
(Thermo Fisher Scientific) and centrifuged at 12,000 rpm for 15 min at 4 ◦C. Quantification of total
protein concentration was performed by Bradford Coomassie-binding, colourimetric method. Protein
extract was mixed with an equal volume of 4X Laemmli loading buffer and heated to denature at
95 ◦C for 5 min. Samples were loaded into wells of 12% SDS-polyacrylamide gel electrophoresis
(PAGE) with proteins separated according to molecular weight and transferred to a polyvinylidene
fluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). For Western blot analysis, the
membrane was blocked for 2 h at room temperature with blocking buffer containing 5% bovine serum
albumin (Capricorn Scientific GmbH, Ebsdorfergrund, Germany) in Tris-buffered saline with Tween
20 (TBST) buffer. The membrane was blotted using primary antibodies specific to cleaved-caspase
3 (Asp175, p17) (Affinity Biosciences, Cincinnati, OH, USA), β-actin, pro-caspase 3, Bax and Bcl-2
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 4 ◦C on a rotator. The membrane was
washed with TBST and incubated with horseradish peroxidase-conjugated goat anti-mouse IgG (H +
L) secondary antibody (Thermo Fisher Scientific) for one hour at room temperature. The membrane
was observed by soaking in chemiluminescence substrate for 5 min and placed in a ChemiDoc XRS+
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Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The chemiluminescence signal of the
blotted membrane was detected by Image Studio Lite software (LI-COR Corporate, Lincoln, NE, USA).

4.10. Statistical Analysis

All experiments were performed in three independent batches of experiments to provide accurate
results. One-way ANOVA and the Bonferroni multiple comparisons test were used for data analysis with
GraphPad Prism software. A confidence interval of 95% (p = 0.05) was used in all statistical analyses.

5. Conclusions

Moringa extract and its compound, 3-HBI suppressed cell proliferation and induced apoptosis in
SCC15 cell line through the activation of cleaved caspase-3 and Bax as well as suppressing anti-apoptotic
factor, Bcl-2. Moreover, treatment with MO extract and 3-HBI significantly increased the G2/M phase
arrest of cell cycle progression in SCC15 (Figure 8). We observed a significant inhibition of cell migration
as well as colony formation in SCC15 cells after treatment with crude extract and 3-HBI. Our findings
suggest that MO extract and 3-HBI have potential as an anti-cancer treatment. This is the first report
concerning MO extract and 3-HBI activity against SCC15 cell line.

 

Figure 8. Apoptosis signalling pathway and cell cycle arrest in response to Moringa extract and
3-HBI. MO crude extract and 3-HBI induced G2/M cell cycle arrest and apoptosis in SCC15 cell line by
increasing the Bax and cleaved caspase-3 expression and downregulating the levels of Bcl-2.
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Abstract: Maslinic acid (MA) is a natural triterpene from Olea europaea L. with multiple biological
properties. The aim of the present study was to examine MA’s effect on cell viability (by the MTT
assay), reactive oxygen species (ROS levels, by flow cytometry) and key antioxidant enzyme activities
(by spectrophotometry) in murine skin melanoma (B16F10) cells compared to those on healthy cells
(A10). MA induced cytotoxic effects in cancer cells (IC50 42 μM), whereas no effect was found in A10
cells treated with MA (up to 210 μM). In order to produce a stress situation in cells, 0.15 mM H2O2 was
added. Under stressful conditions, MA protected both cell lines against oxidative damage, decreasing
intracellular ROS, which were higher in B16F10 than in A10 cells. The treatment with H2O2 and
without MA produced different responses in antioxidant enzyme activities depending on the cell
line. In A10 cells, all the enzymes were up-regulated, but in B16F10 cells, only superoxide dismutase,
glutathione S-transferase and glutathione peroxidase increased their activities. MA restored the
enzyme activities to levels similar to those in the control group in both cell lines, highlighting that
in A10 cells, the highest MA doses induced values lower than control. Overall, these findings
demonstrate the great antioxidant capacity of MA.

Keywords: antioxidant activity; antioxidant enzymes; anti-proliferative activity; maslinic acid;
melanoma; Olea europaea L.; ROS levels

1. Introduction

An imbalance between pro-oxidant and antioxidant molecules can lead to an oxidative stress
situation that modifies normal cell physiology due to protein, lipid, carbohydrate and nucleic acid
damage [1]. Many cellular processes depend on the variations in the levels of ROS and NADPH that take
place during their development and that, fundamentally, are determined by the activity of the different
production systems for this reduced coenzyme, especially those belonging to the pentose phosphate
pathway (PPP), glucose-6-phosphate dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase
(6PGDH) and, also, NADP-dependent isocitrate dehydrogenase (ICDH-NADP). The cellular redox
state is key to interpreting the behavior of most of these key cellular processes for the vital development
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of organisms, such as cell differentiation [2–4], cellular growth [5–8], cell nutrition [6,9–11] and cell
aging [12].

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are the most important
endogenous pro-oxidants produced by normal cellular metabolism [13]. Under a normal physiological
situation, an antioxidant defense system neutralizes ROS. This antioxidant system involves
enzymes such as catalase (CAT), which reduces hydrogen peroxide; superoxide dismutase (SOD),
which detoxifies the superoxide radical; glutathione peroxidase (GPX), which reduces hydrogen
peroxide and other organic peroxides; S-transferase glutathione (GST), which detoxifies harmful
molecules; glutathione reductase (GR), which regenerates glutathione (GSH) from its oxidized form
(GSSG) by an NADPH-dependent pathway; and G6PDH, which produces NADPH for GR’s mechanism.
Beside enzymes, other molecules can also act as antioxidants, such as NADPH, GSH and different
vitamins, among other molecules [14–16]. Despite this antioxidant system, an excessive production
of ROS can lead to an oxidative stress situation inducing several types of damage to different
biomolecules [17]. In cancer processes, an excessive production of ROS has been related to genomic
instability due to the induction of DNA damage and to the alterations in signaling pathways involved
in survival, proliferation and apoptosis resistance. Moreover, it has been demonstrated that ROS
induce vascular endothelial growth factor (VEGF) expression, producing neovascularization and fast
expansion of the cancer, modifying angiogenesis and metastasis, which induce the malignancy of
cancer cells [17]. The use of natural compounds with antioxidant capacity that reduce ROS levels could
decrease metastatic progression [15,17]. Furthermore, the immune defense system can be altered by
ROS, since high levels of these molecules produced by NADPH oxidase can inhibit monocytes and
macrophages and weaken the response of T-cells due to the down-regulation of several cytokines [17].

Hydrogen peroxide (H2O2) is originated from O2 by SOD. It is not a free radical as such, but it
is a reactive molecule, since it has the capacity to generate the hydroxyl radical in the presence of
metals such as iron [1]. H2O2 is an important metabolite that arises mainly during aerobic metabolism,
although it can derive from other sources [18]. H2O2 is a messenger molecule that diffuses through
cells and tissues, inducing different effects that include deformations of the shapes of cells, the initiation
of proliferation and the recruitment of immune cells. If not controlled, an excess of H2O2 can cause
uncontrolled oxidative stress in cells, producing irreparable damage [19]. Therefore, cell death and
survival processes can be modulated by controlling intracellular H2O2 levels by the use of antioxidants.
Natural products are gaining interest due to their cost-effectiveness, few side effects and high availability.
As such, products such as maslinic acid (MA) have received heightened interest.

MA, C30H48O4 (2α,3β-dihydroxyolean-12-en-28-oic acid) is a natural pentacyclic triterpene, also
known as crataegolic acid and derived from its structural analogue, oleanolic acid (Figure 1). It is
formed by 30 carbon atoms grouped into five cycles that, as substituents, have two methyl groups each
on the C-4 and C-21 carbons; single methyl groups on the C-8, C-10 and C-15 carbons; two hydroxyl
groups each on the C-2 and C-3 carbons; one carboxyl group on the C-28 carbon; and a double bond on
the C-12 and C-13 [20–23].

Maslinic acid is present in various plants, many of them common in the Mediterranean diet,
such as eggplants, spinach, lentils, chickpeas, and even different aromatic herbs [24]. Moreover, it is
especially abundant in Crataegus oxyacantha, in the surface wax of the fruits and leaves of Olea europaea L.
and in the solid waste from olive oil extraction [25]. Furthermore, MA is among the main triterpenes
present in olives and olive oil. Its concentration in the oil depends on the type of olive oil and the
variety of olive tree [23].
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Figure 1. Schedule chemical structure of maslinic acid from pomace olive (Olea europaea L.) (PubChem).

MA enjoys high pharmacological interest, owing to its anti-tumor effect in certain types of
cancer besides its anti-inflammatory, antioxidant, anti-diabetogenic, anti-hypertensive, anti-viral and
cardioprotective effects, among others [1,23]. Among the bioactivities attributed to MA, its antioxidant
effect is the most contradictory. It has been observed that the oxidative status induced by CCl4 was
decreased by MA treatment, which reduced lipid peroxides in the plasma and the susceptibility of
lipids to peroxidation [26]. In the same way, the LDL oxidation in the plasma of rabbits produced by
CuSO4- was decreased by MA obtained from Punica granatum [27]. In human plasma, MA showed
peroxyl-radical scavenging and chelating capacities for copper but did not show a positive effect for
the prevention of LDL oxidation [28]. Research in macrophages revealed that MA can act in a similar
way to catalase, decreasing the generation of H2O2, but does not produce any direct inhibitory effects
on NO and superoxide formation [29]. In a previous study, we concluded that MA produced an
increase in the ROS level under stress conditions caused by the absence of FBS in melanoma cells [15].
Furthermore, in this same study, MA had an antioxidant effect at lower assayed levels; however, at
higher dosages, MA induced cellular damage by apoptosis.

The aim of the present study was to evaluate MA’s antioxidant effects in murine skin melanoma
(B16F10) cells and in a healthy cell line derived from the thoracic aorta of an embryonic rat (A10),
by analyzing the proliferation, ROS production and the activity of the main antioxidant enzymes under
cellular stress conditions induced by H2O2.

2. Results

2.1. MA Decreases Proliferation of B16F10 Cells by a Dose-Dependent Mechanism

We evaluated MA’s effect on B16F10 melanoma and A10 cell line proliferation using the MTT
assay (Figure 2A,B). B16F10 and A10 cells were exposed to different doses of MA (0 to 212 μM) for 24 h.
Then, cell survival was compared with that of untreated control cells. The percentage of living cells
decreased as the dose of MA increased in cancer cells (B16F10), while in healthy cells (A10), MA did
not produce any cytotoxic effect, even at the highest doses used (210 μM). In B16F10 cells, the growth
inhibition values (IC50) in response to MA were 42 μM after 24 h of addition of this compound.
Based on this value, the rest of studies were performed with an exposure of cells to 10.6 μM (IC50/4),
21.2 μM (IC50/2), 42.3 μM (IC50) and 84.6 μM (2·IC50) of MA for 24 h.
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Figure 2. Cytotoxicity curves of maslinic acid (MA) for B16F10 murine melanoma cells (A) and A10 rat
embryonic healthy cells (B) and of hydrogen peroxide (H2O2) for B16F10 murine melanoma cells (C)
and A10 rat embryonic healthy cells (D). Cell proliferation was determined by the MTT assay. Values
are expressed as means ± SEM (n = 9).

2.2. H2O2 Modifies Cell Viability

We examined H2O2’s effects (0 to 3 mM of H2O2 for 24 h) on the cell viability of B16F10 and
A10 cells to determine the optimal dose capable of producing stress without inducing cell death
(Figure 2C,D). Cell survival was compared with that of untreated controls. The percentage of living
cells decreased as the dose of H2O2 increased in both cell lines up to the concentration of 1.5 mM,
beyoond which H2O2 had no cell viability effect. In both cell lines, we noticed an IC50 of 0.2 mM.
In no case, with the doses used and the incubation time employed, was any mortality higher than 80%
reached. Based on these results, the concentration of 0.15 mM of H2O2 was used to perform the rest of
the studies.

2.3. Maslinic Acid’s Influence on Mitochondrial-Membrane Potential

An assay of ROS production was performed to test the ROS levels that occurred over time in the
presence of 0.150 mM H2O2 and different MA levels (IC50/4, IC50/2, IC50 and 2·IC50). The results are
shown in Figure 3. After 24 h of H2O2 treatment, ROS levels increased significantly in both cell lines,
compared to those in the controls. The increment observed upon H2O2 addition was offset by MA
supplementation, which resulted in decreased intracellular ROS levels at any MA level used (IC50/4,
IC50/2, IC50 and 2·IC50) in B16F10 and A10 cells. Moreover, in A10, ROS levels decreased below the
value of control cells for all concentrations of MA tested.
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Figure 3. Positive fluorescent Rh123 on B16F10 cells (A) and A10 cells (B) with (+) or without (−)
H2O2 and MA treatment at different doses: IC50/4, IC50/2, IC50 and 2·IC50 (10.6, 21.6, 42.3 and 84.6 μM,
respectively). Values are expressed as means ± SEM (n = 9). Different letters indicate significant
differences (p < 0.05).

2.4. MA Exerts Antioxidant Activity, Modulating Enzymatic Defense System

The results obtained for SOD in B16F10 cells showed that H2O2 increased its activity and MA
(at any level) decreased it, but without significant differences induced by different MA concentrations.
In A10, H2O2 increased the SOD activity, an increment that was mitigated with MA addition. Moreover,
42.3 and 84.6 μM MA (IC50 and 2·IC50, respectively) resulted in SOD activity levels lower than those
found in the absence of H2O2 and MA (Figure 4A,B).

Figure 4. Effect of different maslinic acid doses—IC50/4, IC50/2, IC50 and 2·IC50 (10.6, 21.6, 42.3 and
84.6 μM, respectively)—on the specific activity of superoxide dismutase (SOD) in cancer cells, B16F10
(A), and normal cells, A10 (B), and glutathione S-transferase (GST) in cancer cells, B16F10 (C), and
normal cells, A10 (D), subjected to the presence of hydrogen peroxide. Symbols (+) and (−) indicate the
presence or absence of incubation with H2O2, respectively. Enzyme activities (U or mU ×mg protein−1)
are expressed as means ± SEM (n = 9). Different letters indicate significant differences (p < 0.05).

In B16F10 cells, GST activity increased in the presence of H2O2, whereas the incubation with the
IC50/4 and IC50/2 of MA decreased the levels, making them equal to those in the control without H2O2

and MA. The use of the IC50 and 2·IC50 MA concentrations induced GST activities lower than those in
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the control. Similar results were found in A10 for GST activity, with the exception of MA at IC50/2,
which also induced lower levels than control (Figure 4C,D).

In B16F10 cells, CAT activity decreased in the presence of H2O2 compared to that in the control,
whereas MA increased the activity, inducing values higher than or similar to control when IC50/4 or
IC50/2 were used. In A10 cells, H2O2 produced an increase in CAT activity, and its activity was not
recovered until the highest doses of MA were used (IC50 and 2·IC50) (Figure 5A,B).

Figure 5. Effect of different maslinic acid doses—IC50/4, IC50/2, IC50 and 2·IC50 (10.6, 21.6, 42.3 and
84.6 μM, respectively)—on the specific activity of catalase (CAT) in cancer cells, B16F10 (A), and normal
cells, A10 (B), and glucose 6-phosphate dehydrogenase (G6PDH) in cancer cells, B16F10 (C), and normal
cells, A10 (D), subjected to the presence of hydrogen peroxide. Symbols (+) and (−) indicate the
presence or absence of incubation with H2O2, respectively. Enzyme activities (U or mU ×mg protein−1)
are expressed as means ± SEM (n = 9). Different letters indicate significant differences (p < 0.05).

Regarding G6PDH, the results indicated its activity decreased in the presence of H2O2 in B16F10
and MA at all the concentrations tested, with similar values to the control without H2O2 and MA.
In A10 cells, no changes were induced by H2O2 in G6PDH, whereas MA decreased its activity at any
tested level (Figure 5C,D).

GPX increased in the presence of H2O2 but no change was observed when MA was administrated
in B16F10. In A10 cells, all concentrations of MA decreased the GPX activity increased by the H2O2,
even below that in the control without H2O2 and MA (Figure 6A,B).

In B16F10, GR activity was decreased by H2O2 and no changes were observed at any MA level,
with lower levels of activity maintained compared to the control. In A10, H2O2 increased GR activity,
an increment that was mitigated with MA addition. Moreover, 42.3 and 84.6 μM MA induced values
of GR activity lower than those found in the absence of H2O2 and MA (Figure 6C,D).
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Figure 6. Effect of different maslinic acid doses—IC50/4, IC50/2, IC50 and 2·IC50 (10.6, 21.6, 42.3 and
84.6 μM, respectively)—on the specific activity of glutathione peroxidase (GPX) in cancer cells, B16F10
(A), and normal cells, A10 (B), and glutathione reductase (GR) in cancer cells, B16F10 (C), and normal
cells, A10 (D), subjected to the presence of hydrogen peroxide. Symbols (+) and (−) indicate the
presence or absence of incubation with H2O2, respectively. Enzyme activity (mU ×mg protein−1) is
expressed as means ± SEM (n = 9). Different letters indicate significant differences (p < 0.05)

3. Discussion

Maslinic acid (MA) is a pentacyclic triterpene abundant in the surface wax of fruits and leaves
of Olea europaea L. with many demonstrated biological activities [23,30,31]. For this reason, MA is
appreciated as a chemopreventive agent in different diseases such as cancer [23,28], cardiovascular
and neurodegenerative pathologies, etc. [26].

In different cell lines, MA’s cytotoxic effect has been studied, including in both cancer and healthy
cells. In this sense, it has been shown that this triterpene affects cells in different ways depending on
the kind of cells and the conditions of the experiment. In the present study, MA showed cytotoxic
effects only in B16F10 cells, and this effect was important, as the IC50 of MA was 42 μM. In another
study performed in melanoma cells by Kim et al. [32], the authors observed a lower MA cytotoxicity
effect. Thus, they concluded that the IC50 for MA in SK-MEL-3 was also 42 μM, but in their study,
the incubation period was 48 h versus the 24 h used in the present study. Other results obtained
in our research group showed that in colon cancer cells, the IC50 value for MA was 30 μM in HT29
cells after 72 h of incubation [31,33,34], showing a higher cytotoxic effect in Caco-2 cells, in which the
IC50 of MA was 10.82 μM, also after 72 h [35]. Other authors observed IC50 values for MA ranging
between 32 and 64 μM in different cancer cells such as lung (A549), ovary (SK-OV-3), colon (HCT15)
and glioma (XF498) cells after 48 h of incubation [32]. In several bladder cancer cell lines incubated
with MA for 48 h, other authors found IC50 values between 20 and 300 μM [36]. Notwithstanding this,
compared to in melanoma cells, a non-cytotoxic effect was found in A10 healthy cells in the present
study. These results are relevant since they demonstrate the selective cytotoxic effect of this compound.
Studies focused on the selective effect of MA are scarce. Reyes et al. [22] observed that epithelial
intestinal cells incubated with 30 μM MA for 72 h (IC50 value for HT29) exhibited a survival rate of
78% for IEC-6 cells and 68% for IEC-18.

An intracellular redox balance is crucial to ensure viability, growth and the diversity of cell
functions [15]. An excess of ROS is related to pathological processes producing oxidative damage
when the antioxidant defense system is not able to counteract it. Hence, there is a growing interest of
the scientific community and industry in obtaining substances of natural origin aimed at preventing
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these pathologies and alterations caused by ROS. In this context, it is important to characterize the
protective biochemical functions of natural antioxidants and to study their intracellular pathway
signaling. A large number of plant constituents, such as MA, have antioxidant properties [37].

The present study examined the antioxidant effects of MA in skin melanoma cancer cells (B16F10)
and thoracic aorta of embryonic rat cells (A10). The major findings were that MA improves the oxidative
stress caused by a H2O2 excess, decreasing the intracellular ROS levels in both cell lines. H2O2 was
used in this study because it is known that when present in excess, it is one of the major compounds
that can damage cells [38]. Other authors have clearly shown the effects of H2O2 on the viability
and ROS production of different cell types that were subsequently treated with other antioxidant
natural compounds that reversed the oxidative damage caused by the H2O2 [39,40]. Furthermore,
studies similar to ours with other ROS-producing molecules (i.e., CCl4) observed that MA counteracted
the lipid peroxidation generated in the nucleus [26]. Similarly, MA prevented the CuSO4

−-induced
oxidation of rabbit plasma LDL [41]. Moreover, Yang et al. [42] evaluated the antioxidant effects of
MA derivatives that showed radical-scavenging activity and inhibition of NO production in RAW
264.7 cells.

Regarding MA’s effect on antioxidant enzymes in the B16F10 cell line, as expected, SOD, GST
and GPX activities were increased in response to the H2O2 addition. However, H2O2 decreased
CAT, G6PDH and GR activities. A H2O2 excess is responsible for cellular damage that includes an
imbalance in membranes and biomolecule alterations. This fact supposes an extra energetic cost for
the maintenance of cellular homeostasis in order to repair the damage produced. Both cellular damage
and energy requirements could affect G6PDH activity, by either the impaired glucose transporters or
enhanced glycolysis pathway, decreasing the glucose available for the pentose phosphate pathway.
The regulation of NADPH levels is essential for understanding the behavior of numerous physiological
processes, being especially important for growth and cell differentiation [2] but also for antioxidant
processes, among others. NAPDH is mainly generated by the G6PDH enzyme and is required for the
GPX and CAT activity involved in the H2O2 removal pathway. Thus, CAT is protected from inactivation
by NADPH. Moreover, this reduction equivalent is used by GR to regenerate the oxidized glutathione
to its reduced form required for GPX activity [43,44]. The lower G6PDH activity observed when H2O2

was added could result in a decrease in available NADPH levels, which might justify the reduction in
CAT and GR activities. Similar results have been observed in previous studies in B16F10 cells subjected
to stress conditions induced by FBS absence [15]. Mokhtari et al. [15] reported low activity levels for
CAT that were produced by low NADPH levels due to an imbalance in cellular homeostasis.

It has been established that MA is a compound with antioxidant capacity [15,26,28]. When MA
was added to the B16F10 cells, the changes induced by H2O2 excess in SOD and GST activities were
counteracted. In this sense, the scavenger MA’s effects reduced ROS levels and, subsequently, the need
for the action of these antioxidant defenses. Moreover, the observed decrease in ROS levels due to MA
would result in less cellular damage, which would reverse the possible mechanisms responsible for the
decrease in G6PDH when H2O2 is added, raising its activity up to the control values. This recovered
G6PDH activity would produce the NADPH level required to prevent and reverse the down-regulation
of CAT [43]. Finally, a dose-response effect was observed for both GPX and CAT, highlighting the
antioxidant behavior of MA in these cells.

The results found in this work, in A10 healthy cells, revealed that all the enzyme activities increased
in the stressful conditions originated by the H2O2 addition, except for G6PDH, whose activity was
slightly higher. MA, in these cells, restored the antioxidant enzyme activities, inducing values similar
to those in the control group in cells treated with the lowest MA levels (IC50/4). Furthermore, when
cells were treated with the two highest doses of MA (IC50 and 2·IC50), the activity of all antioxidant
enzymes, with the exception of CAT, decreased below control levels. This fact confirms the relevant
antioxidant effect of MA [15,28,43].

66



Molecules 2020, 25, 4020

4. Materials and Methods

4.1. Compounds

Maslinic acid was obtained from olive pomace and kindly donated by Biomaslinic S.A., Granada,
Spain. The extract is a chemically pure white powder composed of 98% maslinic acid and stable when
stored at 4 ◦C. It was dissolved before use at 10 mg/mL in 50% dimethyl sulfoxide (DMSO) and 50%
phosphate buffer solution (PBS). This solution was diluted in cell culture medium for assay purposes.

4.2. Cell Lines and Cultures

The mouse melanoma cell line B16F10 is a variant of the murine melanoma cell line B16. These cells
show a higher metastatic potential than B16 cells [45]. A10 is a cell line derived from the thoracic aorta of
an embryonic mouse, and it is used as a study model of smooth muscle cells (SMC). This cell type shows
a great proliferative capacity and may be subcultured several times, allowing the rapid attainment
of cell mass [46]. Both cell lines used were provided by the cell bank of the University of Granada
(Spain). The cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing
glucose (4.5 g/L) and L-glutamine (2 mM) from the commercial PAA brand, 10% heat-inactivated fetal
bovine serum (FBS), and 0.5% gentamicin for B16F10 cells and 10,000 units/mL penicillin and 10 mg/mL
streptomycin for A10 cells. The cell lines were maintained in a humidified atmosphere with 5% CO2

at 37 ◦C. The cells were passaged at preconfluent densities by the use of a solution containing 0.05%
trypsin and 0.5 mM EDTA. The cells were seeded in the culture dishes at the desired density. After 24 h,
when the cells were attached to the dish, the cells were incubated with 0.15 mM hydrogen peroxide
(H2O2), in order to produce a stress situation in the cells. Following that, the cells were incubated with
several concentrations of MA as indicated below.

4.3. MTT Assay

The MTT assay was performed as described by Mokhtari et al. [15]. Briefly, a 200μL cell suspension
of B16F10 or A10 (1.5 × 103 cells/well) was cultured in 96-well plates. Subsequent to the adherence of
the cells, different MA dilutions on a scale of 10 to 210 μM were added separately. The incubation
times were 24 h for all cases. MTT was dissolved in the medium and added to the wells at a final
concentration of 0.5 mg/mL. Following 2 h of incubation, the generated formazan was dissolved in
DMSO. Absorbance was measured at 570 nm in a multiplate reader (Bio-tek®). The absorbance was
proportional to the number of viable cells. The MA concentration leading to 50% inhibition of cell
proliferation (IC50) was determined. The results are expressed as the percentage of live cells compared
with the control considered as 100% cell viability. Cell viability in B16F10 and A10 cells was also
studied in the presence of H2O2 by the MTT assay. H2O2 was dissolved in the culture medium of the
cell lines. The concentrations used were made extemporaneously and protected from light before use
to prevent degradation of the compounds. After 24 h of incubation, the medium was removed; fresh
medium was added with different concentrations of H2O2 per well—0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.1,
1.5, 2.0, 2.6 and 3 mM—to a final volume of 200 μL for 24 h.

4.4. Flow-Cytometry Analysis of the Mitochondrial-Membrane Potential

Changes in the mitochondrial-membrane potential can be examined by monitoring the cell
fluorescence after double staining with rhodamine 123 (Rh123) and propidium iodide (PI). Rh123
is a membrane-permeable fluorescent cationic dye that is selectively taken up by mitochondria in
direct proportion to the MMP (mitochondrial-membrane permeabilization) [47]. B16F10 and A10 cells
(4 × 105 cells/well) were seeded on 12-well plates with 2 mL of medium and treated with 0.15 mM
H2O2 for 24 h and MA at IC50/4, IC50/2, IC50 and 2·IC50 (10.6, 21.6, 42.3 and 84.6 μM, respectively)
concentrations for 24 h more. Following the treatment, the medium was removed and fresh medium
with dihydrorhodamine (DHR), at a final concentration of 5 μg/mL, was added. After 30 min of
incubation, the medium was removed and the cells were washed and resuspended in PBS with 5 μg/mL
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of PI. The intensity of fluorescence from Rh123 and PI was determined using an ACS flow cytometer
(Coulter Corporation, Hialeah, FL, USA), at the excitation and emission wavelengths of 500 and 536 nm,
respectively. The experiments were performed three times with two replicates per assay.

4.5. Antioxidant Enzyme Assays

In order to prepare the samples for analytic procedures, cells were homogenized in RIPA buffer.
Immediately, the cells were sonicated on ice for 5 min and maintained under moderate shaking at
4 ◦C for 1 h. Every 15 min, the samples were moderately shaken in a vortex. The lysates were spun
in a centrifuge at 10,000× g at 4 ◦C for 15 min. All the enzyme assays were carried out at 37 ◦C
using a Power Wave X microplate scanning spectrophotometer (Bio-Tek Instruments, Winooski, VT,
USA) and run in duplicate in 96-well microplates. The optimal substrate and protein concentrations
for the measurement of maximal activity for each enzyme were established by preliminary assays.
The enzymatic reactions were initiated by the addition of the cell extract, except for SOD, where xanthine
oxidase was used. The millimolar extinction coefficients used for H2O2, NADH/NADPH and DTNB
(5,5-dithiobis (2-nitrobenzoic acid)) were 0.039, 6.22 and 13.6, respectively. The assay conditions were
as follows:

Superoxide dismutase (SOD; EC 1.15.1.1) activity was measured by the ferricytochrome c method
using xanthine/xanthine oxidase as the source of superoxide radicals. The reaction mixture consisted of
50 mM potassium phosphate buffer (pH 7.8), 0.1 mM EDTA, 0.1 mM xanthine, 0.013 mM cytochrome
c and 0.024 IU/mL xanthine oxidase. Activity is reported in units of SOD per milligram of protein.
One unit of activity was defined as the amount of enzyme necessary to produce a 50% inhibition of the
ferricytochrome c reduction rate [48].

Catalase (CAT; EC 1.11.1.6) activity was determined by measuring the decrease in hydrogen
peroxide concentration at 240 nm according to Aebi [49]. The reaction mixture contained 50 mm
potassium phosphate buffer (pH 7.0) and 10.6 mM freshly prepared H2O2.

Glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49) activity was determined at pH 7.6 in a
medium containing 50 mM HEPES buffer, 2 mM MgCl2, 0.8 mM NADP+ and glucose 6-phosphate
used as substrate. The enzyme activity was determined by measuring the reduction of NADP+ at 340
nm as previously described by Lupiáñez et al. [2] and Peragón et al. [50]. The change in absorbance
at 340 nm was recorded and, after confirmation of no exogenous activity, the reaction started by the
addition of substrate.

Glutathione S-transferase (GST; EC 2.5.1.18) activity was measured according to the method
described by Habig et al. [51], using 1-chloro-2,4-dinitrobenzene as a substrate.

Glutathione peroxidase (GPX, EC 1.11.1.9) activity was determined using the method described
by Flohe and Günzler [52], based on the oxidation of NADPH, which is used to regenerate the reduced
glutathione (GSH) from oxidized glutathione (GS-SG) obtained by the action of glutathione peroxidase.

Glutathione reductase (GR, EC 1.8.1.7) was determined by the modified method of Carlberg and
Mannervik [53]. We measured the decrease in absorbance produced by the oxidation of NADPH used
by GR in the passage of oxidized glutathione (GS-SG) to reduced glutathione (GSH).

All enzyme activities (except for SOD) are expressed as units or milliunits per milligram of soluble
protein (specific activity). One unit of enzyme activity was defined as the amount of enzyme required
to transform 1 μmol of substrate per min under the above assay conditions.

Soluble protein concentrations were determined using the method of Bradford, with bovine serum
albumin used as a standard.

4.6. Statistical Analysis

Data are shown as mean ± standard error mean (SEM). The statistical significance among different
experimental groups was determined by one-way analysis of variance (ANOVA) tests. When F values
(p < 0.05) were significant, means were compared using Tukey’s HSD test. The SPSS version 15.0 for
Windows software package was used for statistical analysis.
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5. Conclusions

In conclusion, the results obtained in the present study demonstrate that MA exerts a selective
anti-proliferative effect against the B16F10 cell line, whereas in A10 healthy cells, MA did not present a
cytotoxic effect. This natural compound prevents the oxidative stress caused by H2O2 excess, decreasing
the ROS production levels. Moreover, depending on the cell line, the antioxidant enzymatic responses
were different in the presence of H2O2 and without MA. Thus, in healthy A10 cells, all enzymes
up-regulated their activity, but in B16F10 cells, only SOD, GST and GPX increased it. In most cases, MA
treatment restored the activities of enzymes to levels similar to those in the control group, highlighting
that in A10 cells, the highest doses of MA (IC50 and 2·IC50) resulted in values below control. Overall,
these findings demonstrate the great antioxidant capacity of maslinic acid.
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Abstract: Elaeagnus angustifolia (EA) is a medicinal plant used for treating several human diseases
in the Middle East. Meanwhile, the outcome of EA extract on HER2-positive breast cancer remains
nascent. Thus, we herein investigated the effects of the aqueous EA extract obtained from the
flowers of EA on two HER2-positive breast cancer cell lines, SKBR3 and ZR75-1. Our data revealed
that EA extract inhibits cell proliferation and deregulates cell-cycle progression of these two cancer
cell lines. EA extract also prevents the progression of epithelial-mesenchymal transition (EMT),
an important event for cancer invasion and metastasis; this is accompanied by upregulations of
E-cadherin and β-catenin, in addition to downregulations of vimentin and fascin, which are major
markers of EMT. Thus, EA extract causes a drastic decrease in cell invasion ability of SKBR3 and
ZR75-1 cancer cells. Additionally, we found that EA extract inhibits colony formation of both cell lines
in comparison with their matched control. The molecular pathway analysis of HER2 and JNK1/2/3 of
EA extract exposed cells revealed that it can block HER2 and JNK1/2/3 activities, which could be the
major molecular pathway behind these events. Our findings implicate that EA extract may possess
chemo-preventive effects against HER2-positive breast cancer via HER2 inactivation and specifically
JNK1/2/3 signaling pathways.

Keywords: Elaeagnus angustifolia; breast cancer; EMT; chemoprevention; apoptosis

1. Introduction

Breast cancer (BC) commonly affects women worldwide, comprising 25% of cancer cases [1].
There are several risk factors, both environmental and genetic, associated with the onset of breast
cancer [2]. Gene-expression-profiling studies classified breast cancer into five molecular subtypes:
Luminal (A and B), HER2, basal-like, and normal-like, using hierarchical cluster analysis [3]. Among all
subtypes, HER2-positive breast cancer accounts for 20–25% and is associated with aggressive phenotype,
poor prognosis, and survival rate, in addition to increased recurrence [4]. Systemic management
modalities for HER2-positive breast cancer include chemotherapy, radiation, and targeted anti-HER2
treatment modalities [4–7]. Although the treatment is generally effective in the early stages of therapy,
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nevertheless, ~90% of primary and half of metastatic breast cancer cases resistance to therapy leads to
treatment failure and mortality [8]. Thus, it is important to identify novel potent therapeutic agents
that can inhibit cell proliferation of HER2+ breast cancer with minimal side-effects. An alternate to
conventional therapy can be found in naturally present phytochemicals in foods such as vegetables,
fruits, spices, and plant roots [9,10]. Traditionally, Elaeagnus angustifolia (EA) plant has been used
extensively for centuries in the treatment of various diseases due to its antioxidant, anti-inflammatory,
and antimicrobial properties [11], along with bioactive compounds (flavonoids and coumarins) [12] that
regulate key events associated with cancer development, such as cell-signaling pathways, including
Wnt-signaling, cell proliferation, cell-cycle progression, apoptosis, and epithelial-to-mesenchymal
transition (EMT) [13,14].

Elaeagnus angustifolia (EA), commonly known as wild olive, oleaster, silver berry, or Russian
olive [11,15], is a deciduous tree belonging to the family of Elaeagnacea (Araliaceae) widely distributed
in the Middle East, as well as Mediterranean regions [12,16]. EA fruit is highly nutritious and
contains vitamins (vitamin C, tocopherol, thiamine B1, and carotene), sugar, proteins, and several
minerals, like potassium, iron, magnesium, and calcium [17–19]; the leaves and flower extract are
rich in secondary metabolites such as coumarins, phenolcarboxylic acids, flavonoids, saponins,
and tannins [16,20,21]. Previous studies have shown that EA exhibits anticancer effects as a result of its
essential oils (ethyl cinnamate, 2-phenyl-ethyl benzoate, 2-phenyl-ethyl isovalerate, nerolidole, squalene,
and acetaphenone), flavonoids (quercetin), and pro anthocyanosides [22,23]. In cancer, flavonoids are
shown to enhance p53 expression and cause cell-cycle arrest in the G2/M phase [24]. Moreover, they are
known to inhibit Ras protein expression and regulate heat-shock proteins in various cancers, mainly in
leukemia and colorectal cancer [24]. One of the key flavonoid components of EA is Quercetin, which is
an anti-proliferative agent [24]. Furthermore, quercetin also promotes TRAIL-induced apoptosis by
enhancing the expression of Bax and inhibiting Bcl-2 protein [25–27]. Additionally, ethyl acetate has
been shown to significantly reduce proliferation of Hela cells in vitro [22]. Apart from this, volatile
oils present in the plant have medicinal properties and are also used in perfume industries [23,28].
EA possesses numerous therapeutic and pharmacological properties, including antifungal, antibacterial,
antimutagenic, anti-inflammation, antioxidant, and gastroprotective effects [11,29–32]. Traditionally,
EA is also used to cure other diseases, including osteoporosis, amoebic dysentery, jaundice, asthma,
flu, cough, cold, nausea, diarrhea, sore throat, fever, tetanus, and female aphrodisiac [12,15,33,34].
However, there are limited studies regarding the role of EA extract on cancer. In this context, our group
recently demonstrated that EA extract can reduce the progression of human oral cancer by the inhibition
of angiogenesis and cell invasion via Erk1/Erk2 signaling pathways [12].

A previous study showed that hydroalcoholic extracts of EA flower significantly inhibit
angiogenesis, one of the known hallmarks of cancer [35]. Nevertheless, there are no studies reported
on the anticancer activity of EA in breast cancer, especially in HER2-positive type, and its mechanism
of cancer inhibition. To investigate the potent therapeutic and antitumor properties of EA extract
in human breast cancer and its underlying mechanism, we explored the effect of aqueous extract of
EA flower on cell proliferation and cell-cycle progression, cell invasion, and colony formation in two
HER2-positive human breast cancer cell lines (SKBR3 and ZR75-1).

2. Results

In order to determine the effects of EA extract on HER2-positive cell lines SKBR3 and ZR75-1, cells
were treated with varying concentrations of EA extract (25, 50, 75, 100, 150, and 200 μL/mL) for 48 h.
Treatment with EA extract reduced the number of proliferating HER2-positive breast cancer cells in a
dose-dependent manner (Figure 1); notably, concentrations of 100 and 200 μL/mL showed a substantial
decrease in cell viability of SKBR3 and ZR75-1 by 50% and 75%, respectively.
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Figure 1. (a,b) The effects of different concentrations of Elaeagnus angustifolia (EA) plant extract on cell
proliferation of HER2-positive breast cancer cell lines SKBR3 (a) and ZR75-1 (b) at 48 h. Data indicate
an inverse relation between concentrations of EA extract and cell proliferation in both SKBR3 and
ZR75-1 cell lines. Data are expressed as percent of growth ± SEM.

Meanwhile, and to examine whether the antiproliferative effect of the EA flower extract on SKBR3
and ZR75-1 cells is associated with cell-cycle deregulation, we analyzed cell-cycle phase distributions
of EA-treated cells, using flow cytometric analysis. Our results showed that exposure to EA extract
(100 and 200 μL/mL) for 48 h enhanced the G0/G1 phase, with a simultaneous decrease in S and G2/M
phases of both the breast cancer cell lines, thus indicating EA-induced cell-cycle inhibition (Figure 2).
Furthermore, we observed a significant increase in the sub/G1 phase of both cell lines, indicating that
cells undergo apoptosis when treated with EA extract (Figure 2).

To confirm EA-induced apoptosis, Annexin V-FITC and 7-AAD staining by flow cytometry were
performed. Therefore, the presence of apoptosis is clearly demonstrated in both cell lines (Figure 3).

Next, we examined the cell morphology of SKBR3 and ZR75-1 in addition to HNME-E6/E7 cell
lines, using phase-contrast microscopy, under the effect of 100 and 200 μL/mL of EA extract. In the
absence of treatment, SKBR3 and ZR75-1 cells displayed a round morphology and disorganized
multilayered cells. In contrast, and as indicated in Figure 4a, treatment for 48 h with 100 and 200 μL/mL
of EA plant extract led to a phenotypic conversion from round cells to epithelial-like phenotype.
Clearly, cells became more flattened in appearance and showed an increase in cell-cell adhesion,
in comparison with untreated cells (Figure 4a). However, at three days of treatment with 200 μL/mL
of EA plant extract, cells started detaching from the surface of the tissue culture dish, indicating cell
death in SKBR3 and ZR75-1 cells; however, this was not observed in the human normal immortalized
mammary epithelial cell line (HNME-E6/E7), as shown in Figure 4b. Nevertheless, it is evident that EA
extract inhibits cell proliferation HNME-E6/E7 cells, with a slight effect on their epithelial morphology
(Figure 4b).

These results imply that moderate concentrations of 100 μL/mL of EA plant extract induce cell
differentiation after 24 and/or 48 h, while higher concentrations (200 μL/mL of EA plant extract) can
provoke apoptosis after 48 h of exposure.

Subsequently, and to analyze the anti-invasion effects of EA on HER2-positive breast cancer cells,
Matrigel invasion assay was performed, using SKBR3 and ZR75-1 cells, upon EA treatment with 100
and 200 μL/mL concentrations; our data revealed that EA extract significantly inhibits cell invasion
ability of both cell lines by ~70% to 88%, respectively, in comparison with control cells (Figure 5,
p < 0.05). This suggests that EA plant extract can considerably downgrade cell invasion and metastasis
of HER2-positive breast cancer.

On the other hand, we assessed the colony formation of SKBR3 and ZR75-1 cells, in soft agar,
under the effect of EA plant extract at 100 and 200 μL/mL, for two weeks; we observed a significant
decrease in the number of colonies for both cell lines treated with EA plant extract, compared with their
matched control, as shown in Figure 6. SKBR3 sustained significant inhibition of colony formation by
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60% (p < 0.01) and 80% (p < 0.05) when exposed to 100 and 200 μL/mL EA plant extract, in comparison
to the control, respectively (Figure 6a). In parallel, ZR75-1 cell line also displayed a similar pattern
after two weeks of treatment; the number of colonies decreased by 70% (p < 0.05) and 85% (p < 0.01)
at 100 and 200 μL/mL concentrations, respectively (Figure 6b). This indicates that EA plant extract
suppresses colony formation and probably tumor growth in vivo.

 

Figure 2. (a,b) Flow cytometry data analysis of SKBR3 and ZR75 cells after EA-treatment. Data demonstrate
an increase in G0/G1 phase with simultaneous reduction in S and G2/M phases in both cell lines. Meanwhile,
there is a significant increase in cell apoptosis (Sub/G1 phase) of SKBR3 cells treated with EA, and a small
increase in cell apoptosis of treated ZR75 cells.
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Figure 3. (a,b) Induction of apoptosis by EA extract in SKBR3 (a, b) and ZR75 (c, d) cells, as determined
by Annexin V-FITC and 7-AAD apoptosis assay.

Figure 4. (a,b) EA plant extract induces morphological changes in HER2-positive cell lines, SKBR3
and ZR75-1. (a) We observe that treatment for 48 h with 100 and 200 μL/mL of EA extract induces
epithelial transition and the formation of a monolayer of cells in both cell lines, in comparison with
untreated (control) cells which display a round phenotype and form multilayers; arrows indicate
epithelial morphology with clear cell-cell adhesion. (b) At three days of treatment of SKBR3, ZR75-1,
and HNME-E6/E7 cell lines with 200 μL/mL of EA plant extract, the two cancer cell lines start detaching
from the surface of the tissue culture dish, indicating cell death; this observation was not noted in the
HNME-E6/E7 cells (images a and b at ×20 magnification).
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Figure 5. (a,b): The effects of EA flower extract on cell invasion of human HER2-positive breast cancer
cells. EA extract inhibits cell invasion ability of SKBR3 (a) and ZR75-1 (b) cell lines by approximately 70% in
comparison with their matched control cells (unexposed) (p < 0.05). Boyden chambers were used to assess
cell-invasion ability of SKBR3 and ZR75-1 cell lines. Cancer cells treated for 24 h with 100 and 200 μL/mL
EA plant extract showed a significant inhibition of cell invasion in both cell lines, when compared with
their matched control (p < 0.05). Data are quantified by normalizing the number of invasive cells by their
total number.

 

Figure 6. (a,b) Effect of EA flower extract on colony formation, in soft agar, in human HER2-positive
cancer cell lines, SKBR3 (a) and ZR75-1 (b). EA extract inhibits colony formation of SKBR3 and ZR75-1,
in comparison with their matched control cells (images of figure a,b at×10 magnification). Colony formation
in soft agar is a solid indicator of tumor formation in vivo. The colonies were counted manually and
expressed as percentage of treatment relative to the control (mean ± SEM).

Based on the above data, we explored the expression patterns of key markers of EMT and cancer
progression: E-cadherin, β-catenin, vimentin, and fascin; our data pointed out that EA extract enhances
the expression of E-cadherin and β-catenin in SKBR3 and ZR75-1 cell lines, while the expression of
vimentin and fascin are decreased in comparison to their control cells (Figures 7 and 8). In parallel,
we examined the outcome of EA on pro-apoptotic proteins (caspase-3 and Bax) and anti-apoptotic
protein (Bcl-2) with 100 and 200 μL/mL of EA plant extract after 24 and 48 h of exposure. We found
enhanced expression of both pro-apoptotic proteins (Bax and caspase-3) in SKBR3 and ZR75-1 in
EA-treated cells, compared to their control (Figures 7 and 8). In contrast, the expression of Bcl-2
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was lost in SKBR3 and ZR75-1 (Figures 7 and 8). Our data suggest that high concentrations of EA
induce apoptosis in HER2-positive cancer cells, which might be associated with the Bcl-2/Bax/caspase-3
signaling pathway.

 

Figure 7. (a,b) Protein expression and molecular mechanisms of EA inhibitory actions in SKBR3 cell line.
This plant extract induces an overexpression of E-cadherin, β-catenin, and downregulation of vimentin and
fascin, while upregulating pro-apoptotic markers (Bax and Caspase-3), in comparison with their control
and inhibiting anti-apoptotic markers (Bcl-2). Furthermore, EA plant extract inhibits the phosphorylation of
ErbB2 and β-catenin, as well as the expression of JNK1/2/3. β-actin was used as a control for the proteins
amount in this assay. Cells were treated with 100 and 200 μL/mL of EA extract for 48 h, as explained in the
materials and methods and the results sections. (a) Blot image and (b) quantification of bands.

Figure 8. (a,b) Protein expression and molecular mechanisms of EA inhibitory actions in ZR75 cell line.
This plant extract induces an overexpression of E-cadherin, β-catenin, and downregulation of vimentin
and fascin; in addition, pro-apoptotic markers Bax and Caspase-3 are upregulated in comparison with
their control, while anti-apoptotic marker Bcl-2 is inhibited. Furthermore, EA plant extract inhibits the
phosphorylation of ErbB2 and β-catenin, as well as JNK1/2/3 expression. β-actin served as a control
in this assay. Cells were treated with 100 and 200 μL/mL of EA extract for 48 h, as explained in the
materials and Methods section. (a) Blot image and (b) quantification of bands.
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Vis-à-vis the underlying molecular pathways of EA extract on cell proliferation, EMT progression,
cell invasion, and colony formation of HER2-positive breast cancer cells, we assumed that HER2
activation, as well as c-Jun N-terminal kinase (JNK), could have major roles in regulating these
events [36–39]; therefore, the expression patterns of HER2 and JNK1/2 were explored. We found
that EA extract inhibits the phosphorylation of HER2 (with slight change in its expression level) and
β-catenin, while it provokes a downregulation of JNK1/2 in SKBR3 and ZR75-1 upon treatment with
EA plant extract after 24 and 48 h of exposure (Figures 7 and 8).

3. Discussion

In this study, we investigated the effect of EA extract in HER2-positive human breast cancer cell
lines (SKBR3 and ZR75-1) with regard to certain parameters related to cell proliferation, cell cycle,
morphological changes (round to epithelial-like transition: RELT), cell invasion, and colony formation.
Additionally, we explored the molecular pathways behind these events. We report that EA plant extract
can suppress cell proliferation, as well as dysregulate cell-cycle progression of SKBR3 and ZR75-1
cells, along with induction of RELT and inhibition of colony formation in both cell lines. EA plant is
known for its antioxidant characteristics and has been used conventionally for the treatment of several
diseases and inflammation [16,20,21]. Moreover, EA consists of bioactive compounds (flavonoids and
neoclerodane diterpenoids), which can play a role in promoting apoptosis and cell-cycle progression,
as well as inhibiting angiogenesis and EMT events, thus potentially preventing cancer development
and progression [12,13,16,40]. Meanwhile, we herein demonstrate that EA plant extract inhibits cell
proliferation and dysregulate cell-cycle and EMT progression of HER2-positive breast cancer cells.

Indeed, EMT is a crucial phenomenon in cancer progression, characterized by disruption of
intracellular tight junctions and the loss of cell-cell contact and epithelial cell features, along with the
gain of mesenchymal morphology [41]. On the other hand, it is well-known that cancer progression
is characterized by loss of differentiation in human carcinomas, together with downregulation of
E-cadherin, which is associated with the degree of tumor malignancy [33]. Moreover, previous studies
on different types of human carcinomas have shown that loss of E-cadherin and β-catenin, in addition
to enhanced expression of vimentin and fascin, can promote EMT, which is associated with cancer
progression [41–44]. In this investigation, we analyzed the effect of EA on E-cadherin, β-catenin,
vimentin, and fascin expression patterns in HER2-positive breast cancer cell lines. We observed
two different major events that are provoked by EA treatment, namely induction of RELT “MET”
and apoptosis. More specifically, we found that, upon EA-treatment for 24 and 48 h at both low
and high concentrations (100 and 200 μL/mL), E-cadherin and β-catenin are upregulated, while
vimentin, p-β-catenin, and fascin expressions are downregulated, which are important elements of
mesenchymal-epithelial transition (MET), the opposite event of EMT, and RELT. Thus, EA plant extract
can induce differentiation to an epithelial phenotype and consequently block cell invasion of the
two HER2-positive human breast cancer cell lines. On the other hand, we found that EA extract
inhibits colony formation of SKBR3 and ZR75-1 cell lines, which could be considered as an in vivo
tumor formation.

On the other hand, regarding the molecular pathways of EA extract on our cell line models,
we herein reported that, upon EA-treatment after 24 h at both low and high concentration, EA extract
can inactivate HER2 receptor, as well as deregulate the expression patterns of JNK1/2, which can lead
to increased expression of E-cadherin and β-catenin and decreased expression of vimentin and fascin,
thus indicating restoration of cell-cell adhesion, especially E-cadherin/catenins complex. Furthermore,
in accordance with our data, a study by Wang et al. showed overexpression of JNK to be linked with
breast cancer cell migration and invasion, as well as EMT [45]. Therefore, in this present investigation,
we show that EA plant extract can regulate the RELT/EMT event and inhibit cell invasion of the two
human HER2-positive breast cancer cell lines. Moreover, these present data are concurrent with
our recently published work regarding the outcome of EA plant extract on human oral cancer cells,
where we have demonstrated that EA induces differentiation to an epithelial phenotype; and therefore,
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it causes a dramatic decrease in cell invasion and motility of human oral cancer cells, along with an
upregulation of E-cadherin expression [12]. Additionally, our study of EA extract on oral cancer cells
revealed that EA can inhibit the phosphorylation of Erk1/Erk2 and β-catenin, which could be behind
the initiation of RELT/MET event and the overexpression of E-cadherin [12]. In the present work,
we demonstrated that JNK1/2 pathway is one of the main molecular pathways of EA in HER2-positive
human breast cancer cells.

JNK substrate proteins encompass several nuclear proteins, including transcription factors, as
well as nuclear hormone receptors involved in maintaining various cellular activities comprising cell
proliferation, differentiation, cell death, and cell survival [46]. JNKs phosphorylate and stimulate
both, nuclear and non-nuclear proteins and form the transcription factor activator protein-1 (AP-1)
by dimerization of the Jun proteins (c-Jun, JunB, and JunD) with the Fos proteins (c-Fos, FosB, Fra-1,
and Fra-2); other downstream molecules include activating transcription factor 2 (ATF-2), c-Myc, p53,
STAT1/3, Pax family of proteins, Elk1, NFAT, and Bcl-2 family (Bcl-2, Bcl-xl, Bad, Bim, and Bax) [47].
Of these nuclear substrates, c-jun is the most vital nuclear substrate; JNKs enhance c-jun transcription
by binding and phosphorylating c-jun at Ser73 and Ser63 via Ha-Ras, c-Raf, and v-Src [48–50]. c-Jun,
the downstream target of the JNK pathway, is necessary for Ras-induced carcinogenesis [51,52]. In vivo
studies have indicated an oncogenic role of c-Jun in the liver [53–55], as well as intestinal cancers [54],
thus indicating a pro-oncogenic role for the JNK/c-Jun axis. The activity of c-jun is essential for the
Ha-Ras mediating carcinogenesis transformation. Our data indicate that EA-treatment reduced p-c-Jun
expression, indicating an EA-tumor-suppressive role in cancer.

In parallel, it is evident that β-catenin signaling pathways are also involved in these events;
this is based on the fact that β-catenin acts as a transcription regulator, as well as cell-cell adhesion
molecule, which was elegantly reported by Kandouz et al., under the effect Teucrium polium on human
prostate cancer cells [12,56]. Thus, it is possible that EA plant extract can have a similar effect on
β-catenin pathways, especially since our data showed that EA extract inhibit β-catenin phosphorylation,
consequently allowing it to translocate from the nucleus to undercoat membrane to act as a cell-cell
adhesion protein leading to the inhibition of cell-invasion ability of SKBR3 and ZR75-1 cell lines.
We surmise that EA exhibits anticancer activity due to the high levels of flavonoids, coumarins,
and antioxidants [12,14,57].

Vis-à-vis the interaction between the activation of HER2 receptor and its downstream pathways,
including JNK, it is well-established that HER2 overexpression causes homo- or heterodimerization,
leading to phosphorylation of this receptor, which in turn triggers downstream signaling pathways
responsible for important cellular functions, including cell proliferation, invasion, migration,
angiogenesis, chemoresistance, and apoptosis [38,39]. We investigated the downstream target of HER2
stimuli, JNK, as JNK-dependent gene regulatory circuitry underlying cell-fate changes from epithelial
to mesenchymal state. Our study demonstrates that EA slightly suppresses the expression of HER2
receptor, while mostly affecting its phosphorylation, as well as one of its main downstream targets JNK.
More specifically, HER2 downregulation is associated with inhibition of proliferation and invasion of
HER2-positive human breast cancer cells [58]; this correlates with our results of EA-induced decreased
cell proliferation, cell invasion, and colony formation.

Regarding the outcome of high-concentration treatment of EA (200 μL/mL) after 48 h, we observed
induction of apoptosis in EA-treated cells by analyzing the mitochondrial apoptosis regulators of
Bcl-2 family (Bcl-2 and Bax), as well as Caspase-3 [59]. Bcl-2 homodimers have been shown to inhibit
apoptosis; however, Bax homodimers initiates cell death [60]. Heterodimerization between Bax and
Bcl-2 and its ratio of Bax to Bcl-2 determine the susceptibility of cells to apoptosis, whereas caspase-3
is known to act as a downstream target of Bax/Bcl-2 control and play a key role in the execution of
apoptosis [60]. We herein report that EA can reduce the growth and provoke apoptosis of human
HER2-positive breast cancer cells. This effect is associated with caspase-3 activation and reduced Bcl-2
expression. Moreover, mitochondrial Bax translocation and the expression of Bcl-2 slightly decreased
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upon EA-extract treatment, indicating that caspase-dependent pathways are involved in EA-induced
apoptosis and Bcl2/Bax/Caspase-3-regulated cell death through JNK inactivation.

The JNK pathway is predominantly involved in the stimulation of the intrinsic apoptotic pathway
facilitated by mitochondria [61]. However, the JNK pathway is also involved in TRAIL-induced
apoptosis, autophagy, mitotic catastrophe, and immunogenic cell death [62–66]. Our data show
upregulation of Bax and capsase-3 expression and downregulation of Bcl-2, indicating that apoptosis
occurs via the extrinsic pathway as well [65]; a loss of JNK could primarily trigger extrinsic apoptosis.
Moreover, Bax/Bcl-2/caspase-3 is also involved in other types of regulated cell death, including
immunogenic cell death, mitotic catastrophe, and mitochondrial permeability transition (MPT)-driven
necrosis [67], thus suggesting JNK inhibition to mediate Bax/Bcl-2/caspase-3 apoptosis. We herein
showed loss of JNK, which is in concordance with a study by Wang et al., in breast cancer where
overexpression of JNK did not cause apoptosis and correlated with poor prognosis [45]. Moreover,
while activation of JNK results in loss of Bcl-2 expression [68–70], the mechanism is controversial
as Bcl-2 phosphorylation enhances cell survival signaling [68,71–74], thus making the role of Bcl-2
phosphorylation in JNK-stimulated apoptosis nascent. Moreover, studies have demonstrated that JNK
activation does not result in Bcl-2 phosphorylation [59,75], thus indicating that JNK might regulate
another kinase or phosphatase resulting in Bcl-2 phosphorylation.

Although the roles of the Bcl-2 family of proteins in JNK-dependent apoptosis remain nascent,
the results of the current study indicate that the proapoptotic Bax subfamily of Bcl-2-related proteins is
not essential for JNK-dependent apoptosis. These data demonstrate a dual role of JNK in carcinogenesis
which can be both oncogenic and tumor suppressive, as indicated previously. Alternatively, JNK activity
can be tissue-specific and cell-type-dependent, differing based on tumor stage and status, as well as the
presence of activated upstream and downstream molecules and stress signals [76–80]. Nevertheless,
further work is needed to unravel the complexity of the interaction of JNK pathway and its molecules,
to help pave the way for the development of anticancer therapeutic strategies. Moreover, in our
laboratory, we are aiming to derive the active compounds of EA that can plausibly be involved in the
inhibition of cancer progression.

4. Materials and Methods

4.1. Plant Collection and Extract Preparation

EA flowers were obtained during the second week of June, from Montreal, Quebec, Canada,
and were dried and stored in a dark place, at room temperature, as previously described [12]. The extract
was prepared by boiling 3 g of finely grounded dry EA flowers per 100 mL of autoclaved distilled
water, at 150 ◦C, on a hot plate, for 20 min, with continuous stirring. The flower extract solution was
then filtered, using a 0.45 μm filter unit, and stored at 4 ◦C until use. Dilutions were prepared in cell
culture media for various applications. For each experiment, the extract was freshly prepared.

4.2. Cell Culture

Two different human HER2-positive breast cancer cell lines (SKBR3 and ZR75-1) derived from
females were obtained from American Type Culture Collection (ATCC) (Rockville, MD, USA). Cell lines
were grown and expanded in RPMI-1640 (Gibco, Life Technologies) supplemented with 10% fetal bovine
serum (Gibco, Life Technologies, Massachusetts, MA, USA), 2 mm l-glutamine, 1% PenStrep antibiotic
(Invitrogen, Life Technologies, Carlsbad, CA, USA) at 37 ◦C, and 5% CO2 humidified atmosphere.
Human normal mammary epithelial cells immortalized by E6/E7 of HPV type 16 (HNME-E6/E7) were
used to assess plant extract toxicity [81]. Cells were maintained in Gibco® Keratinocyte-SFM (1X) media
(Gibco, Life Technologies). All the experiments were carried out when cells were ~70–80% confluent.
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4.3. Cell Viability Assay

HER-2-positive breast cancer cell lines, SKBR3 and ZR75-1, were seeded on clear bottom 96-well
plates (10,000 cells/well) and cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin and streptomycin (100 μL/well).

Elaeagnus angustifolia (EA) solution was used to treat cells at different concentrations (25, 50,
75, 100, 150, and 200 μL/mL) for a period of 48 h. Control wells received 100 μL of media (control).
The inhibition of cell viability was determined, using Alamar Blue Cell viability reagent (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s protocol. The shift in
fluorescence was measured at 570 nm (excitation) and 600 nm (emission), in a fluorescent plate reader
(Infinite M200, Tecan, Grödig, Austria), after 4 h of incubation with the dye. Relative cell proliferation
was determined based on the fluorescence of EA-treated cells relative to that of control cells.

4.4. Cell Cycle and Apoptosis Assay

SKBR3 and ZR75-1 cells (1 × 106 cells/dish) were plated in 100 mm Petri dishes, with overnight
incubation. The cells were then starved with serum-free RPMI-1640 medium for a period of 6–12 h to
synchronize the cells into the G0 phase of the cell cycle. Synchronized cells were then treated with EA
extract (100 and 200 μL/mL) for 48 h. Cells were harvested, washed twice with PBS, fixed overnight in
70% ice-cold ethanol, and, subsequently, their DNA was stained with 50 μg/mL FXCycle PI/RNase
staining solution (Invitrogen, Thermo Fisher Scientific) after RNase A treatment (50 μg/mL) (Thermo
Fisher Scientific), at 37 ◦C, for 30 min, according to standard protocol [12]. Cell-cycle analysis was
performed by flow-cytometry (BD Accuri C6, BD Biosciences, USA), and cells in G0/G1, S, G2/M and
the sub-G0/G1 (apoptotic) phases were quantified by using FlowJo software.

Furthermore, for apoptosis assay, the Annexin V-fluorescein isothiocyanate (FITC)/7-amino-actinomycin
D (7-AAD) Apoptosis Kit-559763 (BD Biosciences, USA) was used as per the manufacturer’s instructions.
Briefly, cells (1 × 106 cells/dish) were seeded into 100 mm culture dishes and were maintained overnight
in a medium containing 10% fetal bovine serum. The cells were collected by trypsinization and washed
with phosphate buffered saline (PBS). Then, cells were resuspended in 200 μL of binding buffer. Annexin V
staining was accomplished following product instructions (Clontech, Palo Alto, CA). In brief, 5 μL Annexin
V-FITC and 5 μL 7-AAD were added to the samples for 15 min in the dark. However, for controls (unstained
cells), they were stained with PE Annexin V (no 7-AAD) as well as with 7-AAD (no PE Annexin V). The cells
were analyzed by flow cytometry (BD Accuri C6, BD Biosciences, San Jose, CA, USA). Data were presented
as density plots of Annexin V-FITC and 7-AAD staining.

4.5. Cell Invasion Assay

Cell invasion assay was carried out in 24-well Biocoat Matrigel invasion chambers (pore size of
8 μm, Corning, USA) as per manufacturer’s protocol. In brief, the bottom chamber was filled with
RPMI-1640 medium, and the upper chamber was seeded with untreated, as well as treated, cells
(5 × 104 cells), and then incubated at 37 ◦C. After 24 h incubation, non-invasive cells were scraped
with a cotton swab, and cells that migrated to the lower surface of the membrane were fixed with
methanol and stained with 0.4% crystal violet. For quantification, cells were counted under the Leica
DMi1 inverted microscope (Leica Microsystems, Wetzlar, Germany) in five predetermined fields,
as previously described [81]. Percentage inhibition of invasive cells was calculated with respect to
untreated cells. Each experiment was carried out in triplicates.

4.6. Soft Agar Colony Formation Assay

Next, we determined the number of colonies formed prior and post-treatment, using soft agar
growth assay. A total of 2 × 103 cells of SKBR3 and ZR75-1 were placed in their medium containing
0.2% agar with/without 100 and 200 μL/mL of EA extract (treated and control cells, respectively) and
plated in a 6-well plate covered with a layer of 0.4% agar prepared in RPMI-1640 medium. Colony
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formation was examined every 2 days for a period of 2 weeks. Colonies in each well were counted,
using the Leica SP8 UV/Visible Laser confocal microscope (Leica Microsystems, Wetzlar, Germany).

4.7. Western Blot Analysis

We analyzed the expression levels of proteins involved in the molecular pathways, such as
apoptosis by Western blot analysis, as previously described by our group [81]. Briefly, SKBR3
and ZR75-1 cells (1 × 106 cells) were seeded and treated with EA extract (100 and 200 μL/mL) for
48 h. Cell lysates were collected, and equal amounts of protein (30 μg) were resolved on 10%
polyacrylamide gels and electroblotted onto PVDF membranes. The PVDF membranes were probed
with the following primary antibodies: anti-mouse E-cadherin (AbcamID#: ab1416), anti-rabbit
β-catenin (CST 9562), anti-rabbit phosphorylated β-catenin (CST 4176), anti-rabbit Vimentin (Abcam:
abID# 92547), anti-rabbit Fascin (AbcamID#: ab183891), anti-mouse Bax (ThermoFisher Scientific:
MA5-14003), anti-mouse Bcl-2 (Abcam: abID# 692), anti-rabbit Caspase-3 (Abcam: abID# 13847),
anti-mouse ErbB2 (Abcam: abID# 16901), anti-rabbit phosphorylated ErbB2 (Abcam: abID# 47262),
anti-rabbit JNK1/JNK2/JNK3 (Abcam: abID# 179461), and anti-rabbit phosphorylated-c-Jun (Ser73)
(Cell Signal Technologies, ID# 9164). To ensure equal loading of protein samples, the membranes were
re-probed with anti-mouse β-actin (Abcam: abID# 6276).

Immunoreactivity was detected by using ECL Western blotting substrate (Pierce Biotechnology,
Rockford, IL, USA), as described by the manufacturer.

In order to obtain a relative quantification of protein expressions, images acquired from Western
blotting were analyzed, using ImageJ software. The intensity of the bands relative to the β-actin bands
was used to calculate a relative expression of proteins in each cell line.

4.8. Statistical Analysis

The data were presented as mean ± SEM from three independent experiments performed in
triplicates, and a t-test was used to compare the difference between treated and untreated cells.
To evaluate significance for cell cycle, a Chi-square test was performed to compare significance
between the different phases. Data were analyzed by using GraphPad Prism software (version 8.4.3),
and differences with p < 0.05 were considered significant.

5. Conclusions

To the best of our knowledge, this is the first report, on the effect of EA in HER2-positive breast
cancer and its underlying mechanism. Furthermore, this study brings about novel therapeutic potential
by demonstrating the induced inhibition of HER2 and JNK activation by EA plant extract in human
breast cancer cells. Our study points out that the downregulation of JNK can be one of the molecular
pathways responsible of increasing E-cadherin and β-catenin and decreasing the expressions of
vimentin and fascin. This is an interesting finding, since it can be potentially used as a target to inhibit
cell invasion of HER2-positive breast cancer cells by reversing EMT or inducing RELT. In parallel,
our data also demonstrate that high consecrations of EA trigger apoptosis, particularly in breast cancer
cells, which is associated with Bcl-2/Bax/caspase-3 signaling pathway in HER2-positive cancer cells.
We believe that EA might act as a candidate therapeutic agent based on its anticancer activity which
can pave the way for potential more advanced therapeutic approaches in breast cancer management,
especially HER2-positive cases.
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Abstract: Natural products have a significant role in the development of new drugs, being relevant the
pentacyclic triterpenes extracted from Olea europaea L. Anticancer effect of uvaol, a natural triterpene,
has been scarcely studied. The aim of this study was to understand the anticancer mechanism of uvaol
in the HepG2 cell line. Cytotoxicity results showed a selectivity effect of uvaol with higher influence
in HepG2 than WRL68 cells used as control. Our results show that uvaol has a clear and selective
anticancer activity in HepG2 cells supported by a significant anti-migratory capacity and a significant
increase in the expression of HSP-60. Furthermore, the administration of this triterpene induces cell
arrest in the G0/G1 phase, as well as an increase in the rate of cell apoptosis. These results are supported
by a decrease in the expression of the anti-apoptotic protein Bcl2, an increase in the expression of
the pro-apoptotic protein Bax, together with a down-regulation of the AKT/PI3K signaling pathway.
A reduction in reactive oxygen species (ROS) levels in HepG2 cells was also observed. Altogether,
results showed anti-proliferative and pro-apoptotic effect of uvaol on hepatocellular carcinoma,
constituting an interesting challenge in the development of new treatments against this type of cancer.

Keywords: AKT/PI3K signaling pathway; apoptosis; human hepatocarcinoma HepG2 cells; migration
activity; proliferation; oxidative stress; ROS level; uvaol

1. Introduction

Cancer is one of the leading causes of mortality worldwide, especially in developed countries,
on account of the aging of the population [1]. Liver cancer is the fifth most common type, as well as the
second type of tumor that causes more deaths globally. Specifically, hepatocellular carcinoma (HCC)
accounts for 90% of primary liver neoplasms, whose incidence increases progressively with ageing,
according to the EASL (European Association for the Study of the Liver) [2].
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Hepatocarcinogenesis is a process initiated by different external stimuli that induce genetic changes
in hepatocytes or hepatic stem cells, which can cause alterations in the processes of proliferation
and apoptosis, by dysfunctions in the cell cycle and its regulation, which eventually lead to tissue
dysplasia and can cause a neoplasm [3]. In response to this DNA damage, different control points
can be activated throughout the cell cycle phases. Among all the proteins that regulate this process,
p53 stands out [4]. The activity blockage of protein kinases regulated by p53 produces an inhibition of
cell cycle progression, due to an arrest in G1 phase [5]. It is known that p53 is frequently mutated in
HCC, disrupting the correct role of this protein [6].

Another important pathway involved in hepatocarcinogenesis is the one controlled by c-Myc
proto-oncogene. The elements of the Myc proto-oncogenes family have a role as strong transcription
factors of other proteins that take part in the control of cell differentiation and proliferation, oncogenesis
and apoptosis [7]. Studies show that c-Myc is overexpressed in HCC, in comparison with healthy
patients [8].

One of the main characteristics of tumor cells is their resistance to cell death, so the apoptosis
process is one of the most studied pathways. This programmed cell death can occur through two
pathways: the mitochondrial or intrinsic and the one that involves death receptors, also named extrinsic.
In response to various external stimuli, the mitochondria increases its permeability, releasing apoptotic
mediators, among which proteins from the Bcl-2 family and cytochrome c stand out [9].

It is well established that NADPH molecules are essential in anabolic processes related to
membranogenesis, as well as in nucleotide metabolism through ribose phosphate formation [10],
and also plays a decisive role as a modulator of protein synthesis [11]. Therefore, the participation of
NADPH in both metabolic aspects makes it especially important for growth and cell differentiation [12].
For these reasons, the regulation of NADPH levels is essential to understand the behavior of numerous
physiological processes and, in this sense, nutritional conditions [13–16]; the presence of triterpenes [17,18];
and the redox state [19] modify significantly the levels of those reduction equivalents.

Reactive oxygen species (ROS) in non-pathological concentrations act as second messengers
involved in several signal transduction pathways that regulate processes such as cell growth,
proliferation and differentiation [20]. Therefore, cells have detoxification mechanisms that maintain a
redox balance since, if they are altered, excessive production of ROS can lead to a situation of oxidative
stress, which plays an important role in apoptosis and in the beginning of neoplasia development.
Within these detoxification mechanisms, several enzymes stand out, such as superoxide dismutase
(SOD), catalase (CAT) or glutathione peroxidase (GPX) [21].

Some pharmacological compounds used as HCC treatments, such as Sorafenib, inhibit VEGF
angiogenic factor and MAPK pathway [22]. Since the efficacy of current therapies is low when advanced
stages of HCC are considered, it is necessary to seek alternative treatments that could offer a better
prognosis for patients [23]. Traditional medicine occupies an important place in the development of
new drugs, since natural compounds are a recurrent source of molecules with bioactive properties [24].

The Mediterranean diet presents olive oil as its main exponent, which is obtained from the fruit of
the Olea europaea L.. Its consumption is associated with various health benefits [24], among which there
are a lower incidence of cardiovascular diseases, a lower production of ROS and even a reduction in
the risk of cancer [25–27]. These properties are associated with their high content of monounsaturated
fatty acids, with oleic acid being the most abundant, in addition to other minor compounds, such as
tocopherols, polyphenols, triterpenes and squalene [28].

Uvaol (urs-12-ene-3,28-diol) is a natural alcohol pentacyclic triterpene whose formula and
molecular weight is C30H50O2 and 442.73 g/mol, respectively. It has a structural isomer, erythrodiol,
from which it only differs in the position of a methyl group, since it is located in carbon 19, while uvaol
presents it in carbon 20. The most notable feature of this compound is that it exhibits two hydroxyl
groups in remote positions, specifically in carbons 3 and 28 (Figure 1A) [29]. Among the described set
of triterpenes present in olive oil, uvaol has the lowest characterization of its bioactive properties [30].
Martín et al. [31] studied the effect of uvaol on the 1321N1 cell line and found that uvaol increased the
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rate of apoptotic cells, as well as producing an activation of the JNK. Allouche et al. [32] studied the
effects of uvaol on MCF-7 cells observing a decrease in ROS production and cell viability.

 

Figure 1. Chemical structure of uvaol (PubChem) (A). Morphological changes in response to uvaol
treatment incubated at IC50 after 24 h in the WRL68 (IC50: 54.3 μg/mL) and HepG2 (IC50: 25.2 μg/mL)
cell lines (B).

Due to the promising results shown by the few studies carried out to date on the anticancer
potential of uvaol, the aim of the present work was to evaluate its cytotoxic capacity, as well as its
effect on proliferation, migration, morphology, cell cycle, apoptosis, oxidative stress, dual PI3K/MAPK
signaling pathway and expression of protein markers involved in the processes described on the
human control liver cell line WRL68 and the human hepatocellular carcinoma line HepG2.

2. Results

2.1. Uvaol Produces Morphological Changes in HepG2 Cells

Uvaol effect on cell morphology was analyzed using the IC50 concentration of each cell line for
24 h. The images taken at 10 and 40 magnifications of the four experimental conditions described
are shown in Figure 1B. Referring to the WRL68 line, we can observe that its growth on the support
is homogeneous, with the cells being initially separated from each other and presenting a fusiform
morphology at 10 magnifications. When the treatment described is applied, the cells undergo a structure
change, since they become rounded and have cytoplasmic projections towards the environment, due
to cell death induced by the administration of uvaol. In addition, this causes them to rise from the
support on which they grow.

The morphology of HepG2 cells in a control situation is triangular and shows an islet-shaped
growth, each of them being well delimited with respect to the rest of the surrounding islets. Additionally,
its cytoplasm is much more irregular than the presented by WRL68 cells. After the compound’s
administration, as in the previous case, its characteristic morphology is blurred, becoming slightly
more rounded, with very sharp projections and a loss of adhesion to the support.
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2.2. Uvaol Has a Selectivity Cytotoxic Effect on the HepG2 Cell Lines

Uvaol effect was evaluated by the MTT assay on the WRL68 and HepG2 cell lines. The viability
results obtained were represented in percentage (%) with respect to the different concentrations of
compound administered (in μg/mL) for each cell line at 24, 48 and 72 h of exposure, showed using a
sigmoidal adjustment (Figure 2A,B). Similarly, the IC20, IC50 and IC80 values were calculated in the
three times lapses described (Figure 2C). Figure 2A shows that, for the WRL68 line, uvaol reduced cell
viability in a dose and time-dependent way, since the IC20, IC50 and IC80 values decreased with this
treatment in a progressive form for the three studied time lapses.

Figure 2. Cytotoxicity curves of uvaol during 24, 48 and 72 h in WRL68 (A) and HepG2 cells (B). IC20,
IC50 and IC80 values for the WRL68 and HepG2 lines after 24, 48 and 72 h of incubation with uvaol (C).
These values are represented by mean ± SEM (n = 9).

In the HepG2 line there is also a progressive decrease in cell viability according to concentration
and exposure time (Figure 2B). The IC50 value obtained was 54.3 μg/mL (12.3 μM) for the WRL68
line and 25.2 μg/mL (5.7 μM) for the HepG2 line after 24 h of uvaol exposure (Figure 2C). Therefore,
the concentration needed to inhibit cell proliferation in tumor cells was half that the needed for the same
purpose on the control line. Following tests were carried out using the mentioned IC50 concentrations
and a period of 24 h uvaol incubation. Differences between the IC50 values of both cell lines at later
time points (48 h and 72 h) were diminished, but still statistically significant.

2.3. Anti-Migratory Activity of Uvaol in HepG2 Cells

The wound healing assay (or scratch assay) aims to assess the ability of cancer cells to migrate
in vitro. Figure 3 collects the several images taken and quantified in each experimental condition
at 10 magnifications for 0, 6, 18, 30 and 42 h after the wound was made. Data in quantification for
the WRL68 cell line (Figure 3) showed a progressive wound healing, occurring at 18 h, in the control
situation, the junction of the separated areas. The complete closure occurred at 42 h. In the treated
populations, the behavior of cells was different, since wound healing was maintained during more
hours than the control group.
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Figure 3. Representative image from wound healing assay of cells treated and no treated with uvaol at
IC50 concentration (0, 6, 18, 30 and 42 h) in WRL68 and HepG2 cells. In the graph, quantification of the
cell-free region is showed during the time of wound healing assay (AU: arbitrary units).

For the HepG2 line (Figure 3), in the control populations the wound was not totally closed at
the end, although the values of the quantification showed a progressive closure of the wound. In the
treated populations, the wound remains until the end of the trial.

2.4. Uvaol Induces G0/G1 Arrest in HepG2 Cells

In order to analyze the possible effect of uvaol in the cell cycle for each line studied, the proportion
of cells that were in each phase of the cycle (G0/G1, S and G2/M) were measured in control and
uvaol-incubation conditions. Figure 4 shows the images and quantifications of the cell cycle assay
generated by the flow cytometer during its analysis for each experimental condition.

Uvaol produced a significant decrease in the percentage of cells in phase G0/G1 and phase S, while,
on the contrary, induced an increase in the G2/M phase for the WRL68 line (Figure 4A). In the case of
the HepG2 cell line (Figure 4B), treatment with uvaol resulted in a statistically significant increase in
the percentage of cells that were in the G0/G1 phase, while causing an equally significant reduction
of cells in G2/M phase. No differences were found in the S phase. When statistically comparing the
results obtained between both lines, significant differences were observed in the behavior shown in
each phase of the cell cycle after treatment with uvaol.

2.5. Apoptosis Is Enhanced in HepG2 Cells by Uvaol

Apoptosis assay provides information about the type of cell death that occurs in each line and for
each situation studied: negative control, positive control (treatment with staurosporine with a 1 μg/mL
concentration for 2 h) and treatment with uvaol. Figure 5 includes the images of each experimental
condition generated by the flow cytometer during its analysis. The data obtained reflect the percentage
of viable cells, those that suffer apoptosis and those presenting necrosis (Figure 5).
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Figure 4. Cell cycle analysis obtained according to the Muse™ cell cycle kit. Panel (A) correspond
to WRL68 cells and panel (B) to HepG2 cells. The cells were treated with IC50 of uvaol for 24 h.
Top: histograms from a representative experiment show the effect of uvaol on cell cycle profile.
Bottom: percentage of cells in each cellular cycle phase. Values are expressed as mean ± SEM (n = 12).
Different letters indicate significant differences (p < 0.05) between control and uvaol treatment within
each phases of the cell cycle for WRL168 or HepG2 cells. The inclusion of asterisks indicates significant
differences (p < 0.05) between the different cells lines (WRL168 vs. HepG2), under the same treatment
(control or uvaol) and phase of cell cycle.

Figure 5. Apoptosis analysis obtained according to the Muse™ apoptosis kit. Panel (A) corresponds
to the WRL68 cells and panel (B) to the HepG2 cells. Treatments included cells not treated (negative
control) and cells incubated with staurosporine (1 μg/mL, positive control) or IC50 of uvaol for 24 h.
Top: dot plots show a representative experiment of the different treatments. Bottom: percentage of
lived, apoptotic and necrotic cells for each treatment. Values are expressed as mean ± SEM (n = 12).
Different letters indicate significant differences (p < 0.05) between control and uvaol treatment within
apoptosis stage (viable, apoptosis or necrosis) for WRL168 or HepG2 cells. The inclusion of asterisks
indicates significant differences (p < 0.05) between different cells lines (WRL168 vs. HepG2), under the
same treatment (control or uvaol) and apoptosis stage.
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Figure 5A shows how both the addition of staurosporine (control +) and uvaol produced a
significant decrease in the number of viable cells in the WRL68 line, which was accompanied by an
equally significant increase in the number of apoptotic and necrotic cells in each situation with respect
to control. In HepG2 cells (Figure 5B), treatment with staurosporine did not lead to an increase in
apoptotic cells, while uvaol did induce a significant reduction in the percentage of viable cells, therefore,
increasing the proportion of apoptotic cells. In none of the situations studied, changes in the rate of
necrotic cells were generated.

When statistically comparing the results in both cell lines, significant differences were found in
the death rate generated by uvaol in each case. The percentage of cells in apoptosis is higher in the
HepG2 line, while, on the contrary, a higher rate of necrosis occurred in the WRL68 line, although
significantly lower than the number of cells in apoptosis. Therefore, uvaol exerts a pro-apoptotic effect
on both lines.

2.6. Uvaol Decreases ROS Production in HepG2 Cells

Intracellular ROS levels were measured by FACS under the four generic test conditions described
above. Figure 6 includes the images of each experimental condition generated by the flow cytometer
during its analysis. The results show the percentage of cells in each situation studied that express ROS
(ROS+) and those that do not express them (ROS−).

Figure 6. Reactive oxygen species (ROS) quantification was performed according to the Muse™
Oxidative stress kit. Panel (A) corresponds to the WRL68 cells and panel (B) to the HepG2 cells.
Treatments included cells not treated and cells incubated with IC50 of uvaol for 24 h. Top: dot plots show
a representative experiment of the different treatments. Bottom: percentage of ROS negative (ROS−)
and ROS positive (ROS+) values observed for each treatment. Values are expressed as mean ± SEM
(n = 12). Different letters indicate significant differences between ROS levels for each treatment and an
asterisk indicates significant differences between cell lines for each treatment and ROS levels (p < 0.05).

Uvaol treatment maintained the ROS levels produced by the WRL68 cell line without significant
differences with respect to the control situation (Figure 6A). The highest levels of ROS were produced in
the control situation in the HepG2 cell line (Figure 6B). When treated with uvaol, a significant decrease
in the percentage of cells expressing this type of reactive species was observed. When statistically
comparing the results in both cell lines, no significant differences in ROS levels between the WRL68
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and HepG2 lines after treatment were found. In control situation, significant differences were observed
in ROS production levels, since HepG2 express higher levels of radicals.

2.7. Uvaol Produces Up and Down-Regulation of Target Proteins in HepG2 Cells

The expression of p53, c-Myc, Bcl-2, SOD, HSP-60 and Bax proteins for the WRL68 and HepG2
cell lines, in control situation and after treatment with the corresponding IC50 concentration of uvaol
for 24 h, was measured through the Western blot technique. The level of expression obtained in each
case was normalized with respect to the expression of actin (constitutive protein) and subsequently
referred to that obtained in the control situation for the WRL68 line (Figure 7).

Figure 7. Western-blot analysis of p53, c-Myc, Bcl-2, SOD, HSP-60 and Bax protein levels in WRL68
and HepG2 cells, untreated (WC and HC) and exposed to IC50 of uvaol for 24 h (WT and HT).
The quantification of protein levels by densitometric analysis is shown in bar graphs. The results are
the means ± SEM (n = 9) and are expressed as percentage of expression compared to actin. WRL68
values were used as 100% of expression and the rest of treatments were referred to them. Different
letters indicate significant differences between treatments for each cell line and an asterisk indicates
significant differences between cell lines for each treatment (p < 0.05).

The expression of p53 increased in the WRL68 line after treatment with uvaol regarding control, but
remained unchanged in HepG2 cells, a situation that is repeated for SOD. In both cases, the percentage
of control expression and after treatment for the HepG2 line was higher, with respect to expression after
treatment in WRL68. In the case of c-Myc, an increase in its expression was observed in WRL68 with
respect to the control, while it was maintained in HepG2. C-Myc levels in the control situation in HepG2
cells were higher than its expression after treatment in WRL68. The expression of HSP-60 increased in
both lines when applying the treatment, being the percentage of expression after the addition of uvaol
in WRL68 equal to the control situation in HepG2. Finally, the treatment did not produce changes in
the expression of Bcl-2 either Bax in WRL68 cells, while their expression levels decreased and increased
in HepG2 cells, respectively. In all the cases, the protein expressions were higher in the HepG2 cells
than in the WRL68 cells when compared under the same experimental conditions.

2.8. Uvaol Modulate Dual PI3K/MAPK Signaling Pathway in HepG2 Cells

To analyze the mechanism by which uvaol exerts its anticancer activity, we studied whether such
effect could be produced through the dual PI3K/MAPK signaling pathway. The results are shown in
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Figure 8. Uvaol treatment produced a 22% decrease in cells that only activated the AKT/PI3K pathway,
whereas the percentage of cells in which only ERK1/2/MAPK was activated, besides being too low,
was not altered in the WRL68 cells. However, an increase of 25% was observed in cells that activated
the dual pathway (MAPK and PI3K) (Figure 8A). When a net balance of activated signaling pathways
is considered, no modification of the PI3K pathway was observed, but an activation of 25% took place
in the ERK1/2/MAPK signaling pathway.

Figure 8. AKT/PI3K and ERK/1/2/MAPK dual pathway determination was performed according to
the Muse™ PI3K/MAPK Dual Pathway activation kit. Panel (A) correspond to WRL68 cells and panel
(B) to HepG2 cells. Treatments included cells not treated and cells incubated with IC50 of uvaol for
24 h. Top: dot plots show a representative experiment of the different treatments. Bottom: percentage
of non-activated cells and cells with PI3K, MAPK and Dual pathway activated for each treatment.
Values are expressed as mean ± SEM (n = 12). Different letters indicate significant differences between
treatments for each activated pathway and an asterisk indicates significant differences between cell
lines for each treatment and activated pathway (p < 0.05).

In HepG2 cells, uvaol effect on the percentage of cells that only activated AKT/PI3K induced a
decrease of 25%. Similar to WRL68 cells, the percentage of cells that only activated ERK1/2/MAPK,
besides being too low, was not altered in HepG2 cells. Regarding the activated dual pathway (MAPK
and PI3K), uvaol only produced a 9% increase (Figure 8B). The net balance, in HepG2 cells, resulted in
an inhibition of 16% in AKT/PI3K signaling pathway, whereas ERK1/2/MAPK signaling pathway was
only increased in 9%.

3. Discussion

The Mediterranean diet is mainly characterized by the regular intake of olive oil, which presents
in its composition different molecules with beneficial properties for health. Among them, pentacyclic
triterpenes, such as uvaol, have been shown to have an anti-parasitic, anti-oxidant, anti-inflammatory
and hepatoprotective activity, especially highlighting their potential as anticancer molecules [18].
Due to the lack of effective treatments against cellular hepatocarcinoma in advanced stages [33], and the
fact that no researches about effect of uvaol have been performed in these type of cancer, this study was
intended to characterize the anticancer activity of uvaol in the human cell lines WRL68 (hepatic control)
and HepG2 (cellular hepatocarcinoma). For this purpose, its effect on the proliferation, migration,
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morphology, cell cycle, apoptosis, oxidative stress levels and protein markers of the processes described
on the liver lines mentioned were determined.

The cytotoxicity assay is a useful test to preliminarily detect compounds that can affect the
number of healthy cells in a total population. This trial showed that uvaol exerts an inhibition of cell
proliferation in a dose and time dependent manner. Especially noteworthy is the result obtained for
the 24 h IC50 concentration in both cell lines, being 25.2 μg/mL and 54.3 μg/mL for the HepG2 and
WRL68 lines, respectively. As it can be seen, the concentration required to inhibit 50% of proliferation
in control cells was more than twice the one used to inhibit the proliferation of tumor cells at the same
rate, indicating greater susceptibility and specificity to the compound by hepatocarcinoma cells. To our
knowledge, studies of the uvaol in cancer cells are limited. In this sense, similar results were observed
in the human mammary tumor line MCF-7 in which uvaol produced anti-proliferative effects in a dose
and time-dependent manner with values IC5011.06 μg/mL and 44.27 μg/mL [32]. Other triterpenes
olive derived, such as maslinic acid, have been tested in HepG2 cells, in which the cytotoxic effect was
lower to that observed in this study, with a IC50 of 47 μg/mL at 72 h [34]. These values demonstrate a
greater cytotoxic effect of uvaol than maslinic acid. Moreover, oleanolic-type saponins lowered the
growth and proliferation of HepG2 in transplanted tumor in mice [35].

Triterpenes present in olive oil, such as ursolic acid or oleanolic acid have demonstrated
anti-migratory and anti-angiogenic activities on several tumor lines [18]. To study if uvaol also
had this effect, a wound healing assay was performed in the HepG2 cell line, confirming that this
compound has an anti-migratory effect. Moreover, this effect was corroborated by a simultaneous
morphological characterization, since it was observed that, after the addition of the compound, cells
presented alterations in their structure and adhesion ability. Uvaol induced these same changes
on the human astrocytoma line 1321N1, making cells show a loss of adhesion [31]. Furthermore,
the administration of oleanolic acid in HepG2 caused a cellular retraction and the appearance of
cytoplasmic extensions characteristic of the apoptosis process [36].

Some natural triterpenes exert anti-proliferative effects, due to their interference with the
progression of the cell cycle or by the induction of cell death through apoptosis [30]. The arrest
of the cycle in some of its phases constitutes a defense mechanism that allows damage repair in DNA,
characteristic of tumoral cells [4]. Likewise, apoptosis is an essential process in organisms, since it
allows for the elimination of cells, in a controlled manner, whose behavior or characteristics are away
from homeostasis [5]. For this reason, flow cytometry studies were conducted to determine the process
involved in the cytotoxic effect of uvaol on the cell lines under study. The results obtained showed
that this triterpene was capable of inducing cell death through apoptosis with the corresponding
concentration of IC50 in both cell lines. Similar results were found in lymphoma cells (U937), in which 10
and 100μM of uvaol induced apoptosis [32]. Notwithstanding, the same concentrations of uvaol did not
show this effect in MDA-MB-231 (triple negative breast cancer) or in MCF-7 cells [32]. Uvaol-induced
cell cycle arrest occurred in the G0/G1 phase for HepG2 cells, while in WRL68 it was in the G2/M
phase. The use of uvaol on the MDA-MB-231 line did not produce changes in the progression of the
cycle [29], while a concentration of 44.27 μg/mL of uvaol on the MCF-7 line and of 22.11 μg/mL of
oleanolic acid on the HepG2 line resulted in an arrest in the same phase of the cycle [32,36], results that
match with those obtained. Therefore, the anti-proliferative effect of uvaol on HepG2 cells is due to,
simultaneously, the induction of apoptosis and an arrest in the G0/G1 phase of the cell cycle.

In cancer initiation, ROS levels are usually increased, due to the generation of a pro-oxidant
environment maintained over time. This situation of oxidative stress, generally induced by an
exacerbated production of free radicals, or by an imbalance in endogenous cellular antioxidant systems,
can lead to the production of DNA damage, an initial step in neoplastic development [21]. For this
reason, controlling ROS levels inside a cancer cell could be a good strategy to mitigate the genetic
material damage, or even prevent to it. Triterpenes are characterized by having an antioxidant
activity [18], a quality manifested in the HepG2 results obtained in the present study. Similar results
were obtained in the MCF-7 and MDA-MB-231 lines for uvaol and erythrodiol [29,32]. However,
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these compounds produced an increase in the intracellular levels of ROS in 1321N1 cells, which also
resulted in the reduction of mitochondrial potential and in an induction of apoptosis via the JNK kinase
pathway [31]. Therefore, the action of uvaol on the oxidative state of cells is specific to each tumor
cell line. Nevertheless, during normal detoxification process of any foreign compound, such as uvaol
inside the cell, ROS can be also produced [37]. An augmentation of ROS levels in response to uvaol
treatment did not occur in WRL68 cells, probably due to the increase of SOD expression found in the
present study.

p53 and c-Myc proteins are directly involved in the regulation of cell proliferation, as well as in
the succession of the different phases of the cell cycle and in the apoptosis process [5,7]. For this reason,
the expression profile of the mentioned proteins was characterized in the WRL68 and HepG2 cell lines.
Contrary to expectations, p53 levels were higher in the HepG2 than in WRL68 cells. This may be due
to the fact that, despite being described a decrease in p53 expression in patients with HCC, due to
mutations at different points of the gene that encodes it (TP53) [8], the HepG2 line has this gene intact,
being probably induced its expression by situations far from homeostasis in cancer cells, such as an
increase in ROS intracellular levels, appreciated in our results. Due to the cellular arrest observed in the
G0/G1 phase and the maintenance of p53 expression levels after treatment with uvaol in HepG2 cells,
it is possible that the inhibition of cell cycle progression is on account of the alteration of the expression
of other proteins involved in this process, such as the family of Cdks or their inhibitors, among which
are p15, p16, p21 or p27 [5]. Similarly, the increase in c-Myc expression caused by treatment in the
WRL68 line may be related to the higher rate of cells found in the G2/M phase, since c-Myc presents an
important proliferative function. One of the main activities of c-Myc is cell cycle control, since it has
been descripted that c-Myc expression levels tightly correlate to cell proliferation. Indeed, c-Myc is in
charge of inducing the expression of several positive regulators of the cell cycle, such as Cdk4/6, E2F,
Cyclin E, Cyclin A, Cdk1/2, among other factors. C-Myc also represses several cell cycle inhibitors,
such as p15, p16, p21 or p27 [38]. Overall, it can be stated that an overexpression of c-Myc correlates
with an increase percentage of proliferating cells, that is, cells in G2/M phase, as observed in treated
WRL68 cells. In the case of the HepG2 line, the increase found in the control situation for c-Myc
falls within the expected range, since it is a cancer cell with a high proliferation capacity. This same
expression profile was found by Koutb et al. [7] when analyzing the gene expression of the c-Myc gene
in blood samples obtained from HCC patients.

The family of proteins that share BH domains contribute to the progression of the cell cycle and the
induction of apoptosis, since they are involved in survival mechanisms and in pathways that prevent
cell proliferation. The most important member of this family is Bcl-2, a protein with anti-apoptotic
effects that is generally increased in certain types of neoplasms, among which is HCC, giving them
greater invasive ability and a lower response to treatments [39]. In our study, we observed how Bcl-2
levels remained unchanged after treatment with uvaol in the WRL68 line. As expected, its expression
was increased in untreated HepG2 cells with respect to the control line. The administration of uvaol
produced a decrease in the levels of this anti-apoptotic protein in the cancer line, a result that is
consistent with the induction of cell death due to apoptosis, and the arrest in the G0/G1 phase obtained
in our findings. Other triterpenes have been reported to also induce apoptosis in HepG2 cells through
a down-regulation in Bcl-2 [40]. Similar results have been also found in other cancer cell lines, such as
HT29 [41]. Moreover, these authors also observed that Bax pro-apoptotic protein expression increased
in response to treatment with maslinic acid [41]. These results are in concordance to the results observed
in the present study in which uvaol treatment increased Bax in HepG2 cells.

Heat shock proteins (HSP) form a family with a fundamental role in the correct folding and
functionalization of proteins synthesized inside the cell. Clinical studies in patients with HCC show
that the expression of HSP-60 is diminished in tumor cells with respect to healthy livers. This finding
is related to a greater invasive ability of this neoplasm and a lower survival rate in patients. The lower
differentiation gives these cells greater mobility, resulting in a high rate of invasion and subsequent
metastasis [42]. Our results show that uvaol treatment induces an increase in the expression of HSP-60
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in the WRL68 control line, being this rise more acute for the HepG2 line. This effect of uvaol in the HCC
lines is a promising result, since it is related to the results obtained by Zhang et al. [42]. These authors
observed that after inducing an overexpression of the gene that codes for the HSP-60 in HepG2 cells,
these cells developed a phenotype with lower migratory capacity and greater cell differentiation, thus,
decreasing their metastatic ability [42]. Together with HSP-60 overexpression, wound healing results
obtained in this study confirm the effect of uvaol as a potential anti-migratory compound.

The AKT/PI3K pathway is known to be one of the most important signaling routes,
which participates in cell growth, proliferation, cellular apoptosis and cytoskeletal rearrangement [43,44].
AKT is the major downstream target of the AKT/PI3K pathway. In addition to its interaction with
Bcl-2 family effectors, the survival signal to cells is transferred by phospho-AKT [45]. Many studies
have demonstrated that this pathway is activated in several types of cancer [46]. The results of the
present study showed that uvaol significantly decreased AKT/PI3K pathway in HepG2 cells, whereas
no changes were observed in the WRL68 line. On the contrary, levels of ERK1/2/MAPK were increased
in both lines, although this increment was significantly lower in hepatoma cells. This up-regulation
on MAPK pathway was consequence of the down-regulation on PI3K, since PI3K and Ras pathways
can intersect by cross-talk among their downstream effectors [47]. In other HCC studies (HepG2,
Huh-7, Hep3B, and Sk-Hep-1 cell lines) using triterpenoids, such as ursolic acid or platycodin D,
the results also showed an inhibition of AKT/PI3K signaling pathway [48–50]. These results support the
hypothesis that apoptosis induced by uvaol is mediated by the modulation of the AKT/PI3K signaling
pathway in HepG2 cells.

Considering the promising in vitro preliminary results of uvaol usage as an anticancer compound
(anti-proliferative, pro-apoptotic and antioxidant) drawn from the present work, our future research
will be focused on testing these same bioactive properties of uvaol in additional HCC cell lines, with the
aim to finally move into in vivo preclinical models. Our next objective is to create HCC cell line-derived
xenografts (CDX) and patient derived xenografts (PDX), to see if the observed antitumor properties of
uvaol are maintained in vivo. These observations could provide enough evidence for considering a
future usage of uvaol in humans as a nutraceutical compound in the food industry or even a therapeutic
drug in the clinic; current milestones in cancer research.

4. Materials and Methods

4.1. Cell Cultures

The cell lines used were WRL68 (model liver cells) and HepG2 (hepatocellular carcinoma),
provided by “Centro de Instrumentación Científica” (CIC) of the University of Granada. The cells were
grown in Dulbecco′s modified Eagle medium (DMEM) and minimum essential medium (MEM),
respectively. In both cases, they were supplemented with 10% heat-inactivated foetal bovine serum
(FBS) and 1% streptomycin/penicillin antibiotics. They were kept in a CO2 incubator at 37 ◦C, 95%
relative humidity and 5% CO2. Cells were passaged at preconfluent densities by the use of a solution
containing 0.05% trypsin and 0.5 mM EDTA. The cells were seeded in the culture dishes at the desired
density with the appropriate culture medium.

4.2. Uvaol Solution

The compound tested in the experiments performed was uvaol, provided by Sigma® (St. Louis,
MO, USA), with a purity greater than 95%. A stock solution of uvaol with a concentration of 1 mg/mL
(in 40 μL of DMSO + 960 μL culture medium) was prepared and subsequently diluted in culture
medium until reaching the concentrations required for each test.

4.3. Morphological Changes

A morphological characterization of both cell lines in triplicate was carried out in a control
situation (cells growing attached in culture medium) and after uvaol treatment corresponding to the
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IC50 calculated for 24 h. Optical microscopy (Olympus® model CX22LED, Tokyo, Japan) images of the
cultures were obtained in the mentioned conditions at 10 and 40 magnifications for the cell line each
after 24 h of the treatment’s application.

4.4. MTT Assay

MTT assay was performed as described by Pérez-Jiménez et al. [51]. Briefly, samples containing
200 μL cell suspension (1 × 104 cells/well) were cultured in 96 well plates, in triplicate of three
populations of the both cell lines. Subsequent to adherence of the cells within 12 h of incubation,
Uvaol was added to the wells at a concentration between 0–140 μg/mL and maintained during 24,
48 and 72 h. MTT was dissolved in the medium and added to the wells at a final concentration of
0.5 mg/mL. Following 2 h of incubation, the generated formazan was dissolved in DMSO. Absorbance
was measured at 570 nm in a multiplate reader (Bio-tek®, Winooski, VT, USA). The concentrations
that caused 20%, 50% and 80% of inhibition of cell viability (IC20, IC50 and IC80) were calculated
following the formula: % cell viability = (A0 − AT)/A0·100, where A0 is the control absorbance (100%
of cell viability) and AT is de absorbance of the incubated cells with the different concentrations of
uvaol. OriginPro 8 (OriginLab Corporation, Northampton, MA, USA) was used to performance a
dose-response analysis by the following formula:

y = A1 +
A2 − A1

1 + 10(Log x0−x)p

In which Logx0 is the center of the curve, p the slope, A1 the lower asymptote and A2 the upper
asymptote in the adjustment model described.

4.5. Scratch Assay

The wound healing or scratch assay was used to assess the migration capacity of the WRL68 and
HepG2 cell lines. With this objective, 3 × 105 cells were seeded per well in a 6-well plate in triplicate
for each cell line. When the populations reached a confluence of 80–90%, a sterile pipette tip was
used to disrupt in a straight line (make a wound) the layer of cells attached to the culture surface.
Subsequently, it was washed with PBS to prevent the cells that had been lifted from being able to rejoin.
The control and monitoring of cell migration was carried out by imaging with optical microscopy
the culture at different times (0 h, 6 h, 18 h, 30 h and 42 h) at 10 magnifications from the realization
of the wound, to be able to identify the possible differences between the control cases (growing cells
attached in culture medium) and after the addition of the IC50 concentration for 24 h in both lines.
Quantification of wound healing was performed by using the MRI-Wound Healing Tool for ImageJ
software (ImageJ 1.53a version).

4.6. Cell Sorting by Flow Cytometry

A total of 1.5 × 105 cells were seeded per well in 24-well plates for each cell line (quadruplicates
for three different populations of each cell line). After 24 hallowing the cells to adhere, they were
separated into four different groups: negative control WRL68 and HepG2 populations and WRL68
and HepG2 populations treated with the concentration corresponding to their uvaol IC50 for 24 h
(in addition to other specific conditions of each test described in the corresponding section). Negative
control populations were incubated only with the appropriate culture medium. The samples were
analyzed in the MuseTM Cell Analyzer (Merck-Millipore®, Burlington, MA, USA).

4.6.1. Cell Cycle Assay

The method is based on the analysis of the cell cycle through the discrimination of three populations:
cells in phase G0/G1, S or G2/M. For this, the MuseTM Cell Cycle Kit purchased from Millipore (Billerica,
MA, USA) was used following the specification of manufacturer.
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4.6.2. Apoptosis Assay

Phosphatidylserine (PS) is a phospholipid that is usually found in the inner half of the cytoplasmic
membrane, but is outsourced when loss of integrity occurs in the apoptosis process. The method is
based on the recognition and binding to the PS exposed by annexin V protein, labeled with a fluorescent
substance to detect the interaction and quantify it. We used the MuseTM Annexin V & Dead Cell kit
purchased from Millipore (Billerica, MA, USA), which provides the percentage of viable cells, apoptotic
and affected by necrosis. A positive control was carried out, incubating cells with staurosporine
(1 μg/mL), a nonspecific inhibitor of kinase proteins isolated from the Streptomyces staurosporeus species,
which shows the ability to induce the apoptotic pathway in a large number of tumor lines, being
especially characterized this effect on the HepG2 cell line [35].

4.6.3. Measurement of ROS Production

The method is based on the use of dihydroetide (DHE), a reagent capable of crossing the cell
membrane and interacting with superoxide anions, a type of ROS. In this process, DHE oxidizes
and forms the DNA intercalating agent ethidium bromide, detectable by its fluorescence emission.
This allows two cell populations to be distinguished, those that express remarkable levels of ROS
(ROS+) and those that do not (ROS−). The MuseTM Oxidative Stress kit purchased from Millipore
(Billerica, MA, USA) was used for this purpose.

4.7. Protein Extraction and Western Blot Analysis

Triplicates of three different populations of each cell line, WRL68 and HepG2, were seeded in
6-well plates with a density of 2.5 × 105 cells per well. The corresponding IC50 concentration for 24 h
was added in the treated populations. For protein extraction, each sample was resuspended in 20 μL
of RIPA buffer (150 mM NaCl, 1% Igepal, 0.5% deoxycholic acid, 0.1% SDS, 50 mM Tris HCl pH 7.5,
0.2 M PMSF, 700 mM OV4 and Thermo Scientific® PierceTM inhibitor cocktail, Waltham, MA, USA),
and held on ice for 15 min. They were centrifuged at 15,000× g for 10 min at 4 ◦C, the supernatant was
collected and stored at −80 ◦C for further analysis. The quantification of the protein concentration was
carried out through the Bradford method.

The methodology used for Western blot analysis is described by Mokhtari et al. [19]. Brie fly, the
initial separation of the extracts was performed by a 12% polyacrylamide gel electrophoresis under
denaturing conditions (SDS-PAGE). A standardized load of 30 μg of protein per well was used after
denaturing the samples at 95 ◦C for 5 min and adding the loading buffer (0.25 mM Tris-HCl pH 6.8,
10% SDS, 1 M DTT and glycerol). The proteins were transferred, by the semi-dry transfer method,
(60 mA per gel, 1 h) using the TransBlot Turbo system (BioRad®, Berkeley, CA, USA), to a PVDF
membrane. The membranes were blocked with blocking buffer (TBS, 0.1% Tween-20 and 3% skimmed
milk) for 1 h at room temperature, incubating with the specific primary antibodies against the proteins
studied at 4 ◦C overnight. The primary antibodies (from Santa Cruz Biotechnology®, Dallas, TX, USA)
were diluted in blocking buffer. The membranes were washed with TBS-T (TBS, 0.1% Tween-20) for
5 min three times under stirring, and incubated with the corresponding secondary antibody (from
Sigma®, St. Louis, MO, USA) (Table 1) for 1 h at room temperature, repeating the previous washing
process later. These secondary antibodies have the enzyme horseradish peroxidase (HRP) coupled,
which allows chemiluminescence to be detected in the presence of the protein band due to its ability to
oxidize the luminol solution (ECL-plus Western-blot detection system, GE Healthcare, Chicago, IL,
USA). The reaction produced was captured inside a ChemiDoc Imaging System (Bio-Rad®, Berkely,
CA, USA). The program used to analyze the images obtained was Image Lab Software (Bio-Rad®,
for PC 6.1 version). The expression of each protein was normalized referring to actin levels and were
represented based on the results obtained for the control situation (WRL68 line without treatment)
as percentage of expression (%). The expression obtained in each protein was analyzed through the
mentioned program in triplicate.
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Table 1. Description of the polyclonal antibodies (IgG) used in the Western blot technique.

Protein Primary Antibody Secondary Antibody

p53 Rabbit anti-p53 antibody (1:500) Anti-mouse IgG antibody (1:5000)

SOD Rabbit anti-SOD antibody (1:250) Anti-rabbit IgG antibody (1:5000)

c-Myc Goat anti-c-Myc antibody (1:500) Anti-goat IgG antibody (1:5000)

HSP-60 Mouse anti-HSP-60 antibody (1:250) Anti-mouse IgG antibody (1:5000)

Bcl-2 Rabbit anti-Bcl-2 antibody (1:500) Anti-rabbit IgG antibody (1:5000)

Bax Mouse anti-Bax antibody (1:500) Anti-mouse IgG antibody (1:5000)

Actin Mouse anti-actin antibody (1:1.000) Anti-mouse IgG antibody (1:5000)

4.8. PI3K/MAPK Dual Pathway Activation Assay

The Muse® PI3K/MAPK Dual Pathway activation kit purchased from Millipore (Billerica, MA,
USA) was employed to examine both the PI3K and MAPK signaling pathways simultaneously using the
Muse Cell Analyzer (Merck-Millipore®, Burlington, MA, USA). The protocol followed was performed
as the manufacturer instructions. The samples (quadruplicates for three different populations of each
cell line) were analyzed in the MuseTM Cell Analyzer.

4.9. Statistical Analysis

The results were expressed as mean ± standard error of the mean (SEM). Likewise, the study of
the statistical difference between the data groups was carried out through the analysis of the two-way
variance (two-way ANOVA). When interactions between the analyzed factors were present, the one-way
analysis of the variance (one-way ANOVA) was used followed by the Tukey test. The differences were
considered significant for p values < 0.05. Statistical analyses were performed using the IBM SPSS
Statistics (IBM®, 22.0 version) software.

5. Conclusions

In conclusion, taken together, the results of this study suggest that uvaol exhibits a potential
anti-proliferative effect through G0/G1 cell cycle arrest, apoptosis, by inhibition of AKT/PI3K signaling
pathway, and decreased ROS levels on the HepG2 human hepatocarcinoma cell line.
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Abstract: Bioactive metabolites isolated from medicinal mushrooms (MM) used as supportive
treatment in conventional oncology have recently gained interest. Acting as anticancer
agents, they interfere with tumor cells and microenvironment (TME), disturbing cancer
development/progression. Nonetheless, their action mechanisms still need to be elucidated.
Recently, using a 4T1 triple-negative mouse BC model, we demonstrated that supplementation
with Micotherapy U-Care, a MM blend, produced a striking reduction of lung metastases
density/number, paralleled by decreased inflammation and oxidative stress both in TME and
metastases, together with QoL amelioration. We hypothesized that these effects could be due to
either a direct anticancer effect and/or to a secondary/indirect impact of Micotherapy U-Care on
systemic inflammation/immunomodulation. To address this question, we presently focused on
apoptosis/proliferation, investigating specific molecules, i.e., PARP1, p53, BAX, Bcl2, and PCNA,
whose critical role in BC is well recognized. We revealed that Micotherapy U-Care is effective to
influence balance between cell death and proliferation, which appeared strictly interconnected and
inversely related (p53/Bax vs. Bcl2/PARP1/PCNA expression trends). MM blend displayed a direct
effect, with different efficacy extent on cancer cells and TME, forcing tumor cells to apoptosis. Yet again,
this study supports the potential of MM extracts, as adjuvant supplement in the TNBC management.

Keywords: breast cancer; lung metastases; in vivo; apoptosis; complementary medicine;
medicinal mushrooms

1. Introduction

Breast cancer (BC) is the most frequently diagnosed malignant neoplasm in women [1]. Due to
the progress achieved both in early diagnosis and in novel therapeutic treatments, the death rate of BC
is progressively decreasing, but BC still remains one of the leading causes of morbidity and mortality
in females worldwide [2]. In particular, in Western countries BC metastases are the second cause of
mortality among tumor patients [3,4].
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Triple-negative breast cancer (TNBC) is characterized by the lack of expression of specific receptors,
i.e., estrogens, progesterone, and epidermal growth factor 2, and represents about 15–20% of all BC
diagnoses. Indeed, TNBC differs from other subgroups of BC for its increased growth and fast spreading,
with reduced treatment possibilities (due to the absence of the three above reported receptors) and
a worse outcome [5,6]. Actually, TNBC patients are extremely prone to metastasis and relapse [7]
which mainly affect brain, liver, and, in particular, lungs [8]. Tumor progression to metastasis is a
complex and many-sided process, affected by both intrinsic cellular mutational burden and several
interactions between malignant and non-malignant cell types, and also constantly regulated by the
various extrinsic microenvironmental niches [9].

The tumor microenvironment (TME), consisting of immune cells, fibroblasts, satellite cells, as well
as blood and lymphatic vessels, plays a fundamental role in the tumor biology, i.e., the behavior
of a bulk tumor, co-evolving in a delicate ecosystem with the tumor niche. This never-ending
evolving process is governed by local and distant microenvironments, being also regulated by systemic
inflammation. In fact, under cytokines, growth factors, and chemotactic stimuli induction, cancer
cells recruit and transform stromal fibroblasts into malignant cells, which alter the extracellular
matrix by secreting tumor-stimulating factors to facilitate tumor invasion and metastasis. Thus,
based on the strict interaction between tumor cells and multicellular proinflammatory TME, cancer
typical features also include the evasion of immune destruction, tumor promoting inflammation,
and angiogenesis induction. Indeed, nowadays it is well-known that TME plays a crucial role in
cancer progression, therapeutic response, and patient outcome [9–11]. Immunotherapy is a recent
approach in cancer therapy, specifically addressed on TME [12]. Currently, the elite therapy for
treating TNBC is the cytotoxic chemotherapy, characterized by several side effects [13,14]. A bulk of
literature demonstrated that chemotherapy induces apoptosis and cancer is a pathology characterized
by a dysregulation in cell cycle/death, in which the disruption of the apoptotic pathway leads to
uncontrolled cell proliferation [15]. Anomalies in the apoptotic pathway are crucial for cancer genesis,
evolution, and regression after treatment [16]. Indeed, the apoptosis rate is crucial in determining the
fate between cancer progression and regression as well as in response to current available treatments,
i.e., chemotherapy, radiotherapy, surgery, and hormonal therapies.

As a matter of fact, cells undergo apoptosis by changing the balance of proapoptotic and
antiapoptotic genes [17]. The main actors involved in apoptosis pathway can be reduced to a few
crucial proteins largely preserved through species [18]. In humans and mice, these key proteins
belong to the Bcl-2 family [18], Poly (ADP-ribose) polymerase (PARP) [19], and p53 [20]. Bcl-2 family
contains both inhibitors and promoters of apoptosis [18]. Acting as proapoptotic protein, Bax is an
important tumor suppressor factor, and its reduced levels provide tumor cells with a selective survival
advantage, contributing to their expansion [21]. Contrarily, acting as antiapoptotic protein, Bcl-2 plays
an essential role as a cell survivor enhancer, and its increased expression level gives cancer cells with a
selective survival gain [22]. Concerning PARPs, PARP1 is a nuclear protein which contributes in DNA
single-strand break repair, and its dysregulation is involved in tumorigenesis phenomena to such a
degree that PARP1 inhibitors have been authorized for the treatment of some types of BC, stimulating
both apoptosis induction and synthetic lethality mechanism/DNA repair [23–27]. p53 protein is a
nuclear protein known as tumor suppression factor, which plays a critical role deciding whether DNA
would be repaired or the damaged cell will self-destruct, inducing programmed cell death [20,28].
Dysregulation of these mentioned proteins is a frequent feature of human malignant diseases and causal
for therapy resistance. Tumor cells usually escape from apoptosis by downregulation of proapoptotic
genes and/or hyperactivation of antiapoptotic genes. Therefore, apoptosis induction in cancer cells is
considered an excellent approach for treating tumors [29].

It has also to be mentioned the PCNA pivotal role in cancer, owing to its function in cell
proliferation. Since cancer is caused by and manifest through multiple mechanisms, many of which
converging to deregulated proliferation at primary and metastatic sites, and PCNA is an indispensable
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factor for cell cycle control, DNA replication, DNA nucleotide excision repair, and chromatin assembly,
PCNA inhibition is considered to be another viable anticancer strategy [30,31].

In the last decades, considerable attention has been focused on developing/identifying new
compounds for TNBC treatment with absent/minimal side adverse effects. Interestingly, in recent years
the importance of naturally derived compounds has been highlighted as a source of anticancer and
proapoptotic drugs [32]. One of the most promising sources for drug discovery in integrative oncology
are medicinal mushrooms (MM), which have an established story of use in traditional oriental medicine
and as nutritionally functional foods. MM display antitumor, proapoptotic, onco-immunological,
and immunomodulatory effects in vitro and improve the quality of life in cancer patients during
conventional anticancer treatments [33,34]. Indeed, in the last years, the use of several MM has been
approved as adjuvant supplements in antitumor therapy in different countries.

Different MM produce hundreds of bioactive compounds which are able to influence, often in a
synergistic way, numerous cancer-related pathways, also modulating cellular targets typically involved
in cell proliferation, survival, and angiogenesis [33,35].

Several studies showed that the use of MM extracts or their compounds, alone or combined with
conventional anticancer treatments, is safe and beneficial [33,35].

The present investigation is strictly linked to a previous study employing a 4T1 triple-negative
mouse BC model to explore the effects of an oral supplementation with “Micotherapy U-care”
(M. U-care), a medicinal mushroom blend, consisting of a mixture of 20% extracts of mycelia and
sporophores of five MM, i.e., Agaricus blazei, Ophiocordyceps sinensis, Ganoderma lucidum, Grifola
frondosa, and Lentinula edodes [36]. Each of these MM have been shown displays anticancer and
immunomodulatory effects, both in vitro and in vivo, and in preclinical and clinical studies [34,37].

Using a syngeneic tumor-bearing mouse model of TNBC, we demonstrated that M. U-Care
supplementation, starting before 4T1 cells injection and lasting throughout the whole experimental
time (about 3 months), elicited (i) an increase in the quality of life, (ii) a dramatic decrease of
lung metastases density and nodules number, and (iii) a substantial decrease of inflammatory and
oxidative stress pathways, characterized by a similar protein expression trend in both lung TME and
metastases [36]. Based on these results, we hypothesized that the supplement effects could have been
ascribable either to a direct M. U-care anticancer effect on lung cells and/or to secondary/indirect impacts
of the MM blend on systemic inflammation and immunomodulation. To punctually address this
question, in the present study, we focused on the programmed cell death pathway, namely, apoptosis,
by investigating specific molecules whose critical role in human BC is well known. With this aim,
using immunohistochemistry, we evaluated the expression, localization and changes of the following
proteins, i.e., PARP1, p53, Bax, and Bcl2, performing a comparative assessment on lung metastases and
pulmonary parenchyma, namely, TME. For the sake of clarity, we focused on the pathological outcomes
in the murine pulmonary tissue, as the lung is the one of the distant organs recurrently implicated
in typical metastatic pattern of primary TNBC [7]. The apoptotic cell death was also examined by in
situ detection of DNA fragmentation using the terminal deoxynucleotidyl-transferase (TUNEL) assay.
In addition, based on the notion that proliferative activity of cancer cells is also a crucial prognostic
marker in the tumor diagnosis, we investigated the role of Proliferating Cell Nuclear Antigen (PCNA),
being a pivotal protein directly related to the degrees of tumor malignancy and diagnosis [38,39].

2. Results

Figure 1 emphasizes the key outcomes of the present investigation and also summarizes some
major results of our previous study (for details see the work in [36]).
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Figure 1. Graphic illustration underlining the main results.

2.1. Raw Materials, Extract Procedure, and Main Active Metabolites of Micotherapy U-Care Blend

The MM blend Micotherapy U-care was produced and supplied by A.V.D. Reform s.r.l. (Noceto,
Parma, Italy) and it consists of a mixture of five fungal species, as reported in Table 1.

Table 1. Details on Micotherapy U-care supplement composition.

Medicinal Mushroom
Fungal Part Used in
Micotherapy U-Care

% Contained in
Micotherapy U-Care

ID Code

Agaricus blazei Fruiting body 20% 7700

Ophiocordyceps sinensin Fruiting body and
mycelium 20% Cm2

Ganoderma lucidum Fruiting body 20% Gač

Grifola frondosa Fruiting body 20% Gf3

Lentinula edodes Fruiting body 20% Le.ed.1

The specific MM species strains were established by genetic analyses, sequencing ITS regions
and confirming the ID code. Each MM was ground, and total genomic DNA was extracted through
the DNeasy mini plant kit (Qiagen NV, Venlo, Netherlands). The Internal Transcribed Spacer
(ITS) regions of nuclear DNA were amplified by using PCR, applying two set of primers: ITS F
5′-AGAAAGTCGTAACAAGGTTTCCGTAG-3′, ITS R 5′-TTTTCCTCCGCTCATTGATATGCTT-3′,
ITS-g F 5′-TCCGTAGGTGAACCTGCGG-3′, and ITS-g R 5′-TCCTCCGCTTATTGATATGC-3′. Next,
the PCR products were purified, sequenced by Eurofins Genomics (Konstanz, Germany), and identified
by using NCBI Nucleotide Blast software, version 2.9.0 (Table 1, ID code).

Next, the sporophores and/or mycelia were cultivated, harvested, and the fresh material was
extracted for 3 h at 95 ◦C in distilled water with ethanol 10% (for 1 kg of raw material, 15 L of
water-ethanol solution was used). After water-ethanol extraction, solid and liquid components
were divided, and the fluid part was dehydrated until the humidity amount was smaller than 7%.
Dry extracts were ground and blended to have the 20% of each selected mushroom in the MM blend
Micotheraphy U-care (Table 1).
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Finally, the polysaccharide content of Micotherapy U-care was determined by using a β-Glucan
Assay Kit, and the polysaccharide content was more than 30%. Of this 30%, more than 15% of the
polysaccharides were 1,3-1,6 β-glucans, the main active metabolites in Micotherapy U-care.

2.2. TUNEL Assay

TUNEL staining, as a typical marker of apoptotic events [40], revealed an extensive spreading
in alveolar pneumocytes (both type I and II) and bronchiolar epithelial cells as well as in metastatic
nodules (Figure 2).

Figure 2. Terminal deoxynucleotidyl-transferase (TUNEL) immunostaining in healthy control (a), 4T1
M. U-care (b,c) and 4T1 (d–g) mice. Light microscopy magnification: 40× (a–c,f,g); 100× (d,e, insert
in panels (b,c,g)). Panel (A) and (B): Histograms presenting immunopositive cell density and OD,
respectively. p values calculated by unpaired Student’s t-test: (***) < 0.001.

In particular, concerning the TME, TUNEL-immunoreactivity significantly increased in both 4T1
and 4T1 M. U-care mice (Figure 2b,d,f, respectively) compared to controls (Figure 2a).

The quantitative analysis showed an extremely significant increase of TUNEL-immunopositive
cell density and OD comparing 4T1 animals to controls (0.63 ± 0.02 vs. 0.07 ± 0.01 and 0.06 ± 0.00
vs. 0.01 ± 0.00, for cell density and OD, respectively) (Figure 2, Panels (A,B)). In a similar manner,
an extremely significant immunoreactivity enhancement was detected when comparing 4T1 M. U-care
mice to controls (0.56 ± 0.02 vs. 0.07 ± 0.01 and 0.06 ± 0.00 vs. 0.01 ± 0.00, for cell density and
OD, respectively). Diversely, a slight decrease of TUNEL-immunopositive cell density and OD was
revealed in 4T1 M. U-care animals compared to 4T1 mice (0.56 ± 0.02 vs. 0.63 ± 0.02 and 0.06 ± 0.00 vs.
0.06 ± 0.00, for cell density and OD, respectively) (Figure 2, Panels (A,B)).

Regarding metastases, an extremely significant increase of TUNEL-immunopositive cell density
and OD was detected in 4T1 M. U-care mice compared to 4T1 animals (Figure 2c,e,g, respectively):
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0.72 ± 0.02 vs. 0.11 ± 0.01 and 0.10 ± 0.00 vs. 0.02 ± 0.00, for density and OD, respectively (Figure 2,
Panels (A,B)). Notably, in 4T1 mice several mitoses were also observable (Figure 2, insert in Figure 2g).

2.3. PARP1, p53, Bax, Bcl2, and PCNA Immunohistochemical Assessment

The cellular expression, localization, and distribution of PARP1, p53, Bax, Bcl2, and PCNA,
all involved in cell death and proliferation pathways, were explored.

The immunohistochemical evaluation of all these molecules revealed a widespread labeling in the
metastatic nodules and/or in TME, at bronchiolar and alveolar level, evidencing a different efficacy of
the MM blend, with the more marked effect on tumor cells.

2.3.1. PARP1

A very significant increase of PARP1-immunoreactive cell density was measured in the TME of
4T1 animals (Figure 3d,f) compared to controls (Figure 2a): 7.46 ± 0.83 vs. 1.85 ± 0.14, respectively
(Figure 3, Panel (A)); similarly, a significant increase was detected when comparing 4T1 M. U-care
mice (Figure 3b) to controls (6.14 ± 0.87 vs. 1.85 ± 0.14, respectively). Notably, any difference was
determined evaluating PARP1-immunopositive cell density in 4T1 animals and 4T1 M. U-care mice
(7.46 ± 0.83 vs. 6.14 ± 0.87, respectively) (Figure 3, Panel (A)).

Figure 3. Immunostaining reaction for PARP1 in healthy control (a), 4T1 M. U-care (b,c) and 4T1 (d–g)
mice. Light microscopy magnification: 40× (a–c,f,g); 100× (d,e, insert in panel (b)). Panels (A) and
(B): Histograms displaying immunopositive cell density and OD, respectively. p values calculated by
Unpaired Student’s t-test: (*) < 0.05 and (**) < 0.01.

Likewise, a significant increase of PARP1-immunoreactive OD was measured in 4T1 animals
compared to controls (1.19 ± 0.14 vs. 0.32 ± 0.02, respectively) (Figure 3, Panel (B)), while, differently,
any difference was revealed evaluating PARP1-immunopositive OD in 4T1 animals compared to 4T1
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M. U-care mice (1.19 ± 0.14 vs. 0.95 ± 0.14, respectively), or even between 4T1 M. U-care and controls
(0.95 ± 0.14 vs. 0.32 ± 0.02, respectively) (Figure 3, Panel (B)).

Concerning the metastatic tissue, a significant increase of PARP1-immunopositive cell density
and OD was determined in 4T1 mice compared to 4T1 M. U-care animals (5.85 ± 1.16 vs. 2.57 ± 0.57
and 0.85 ± 0.21 vs. 0.34 ± 0.07, for cell density and OD, respectively) (Figure 3, Panels (A,B)).

2.3.2. p53

Comparably to the above reported TUNEL immunostaining trend, p53 immunoreactivity was
significantly increased in 4T1 M. U-care mice (Figure 4b,c) compared to both 4T1 animals (Figure 4d–g)
and controls (Figure 4a). Specifically, a very significant increase of p53-immunopositive cell density
and OD was determined in 4T1 M. U-care animals compared to 4T1 mice (6.42 ± 0.78 vs. 3.09 ± 0.65
and 1.11 ± 0.14 vs. 0.53 ± 0.12, for cell density and OD, respectively). A significant increase of
p53-immunopositive cell density and OD was also observed when comparing 4T1 M. U-care animals
to control (6.42 ± 0.78 vs. 2.93 ± 0.59 and 1.11 ± 0.14 vs. 0.49 ± 0.11, for cell density and OD,
respectively). Differently, any significant difference was calculated when comparing 4T1 mice to
controls (3.09 ± 0.65 vs. 2.93 ± 0.59 and 0.53 ± 0.12 vs. 0.49 ± 0.11, for cell density and OD, respectively)
(Figure 4, Panel (A,B)).

Figure 4. p53-immunostaining reaction in healthy control (a), 4T1 M. U-care (b,c) and 4T1 (d–g)
mice. Light microscopy magnification: 40× (a–c,f,g); 100× (d,e, insert in panels (b,c)). Panels (A) and
(B): Histograms showing immunopositive cell density and OD, respectively. p values calculated by
Unpaired Student’s t-test: (*) < 0.05 and (**) < 0.01.
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With regard to metastatic tissue, a very significant increase of both p53-immunoreactive cell
density and OD was determined in 4T1 M. U-care mice compared to 4T1 animals (4.38 ± 0.63 vs.
2.29 ± 0.39 and 0.64 ± 0.10 vs. 0.32 ± 0.06, for density and OD, respectively) (Figure 4, Panels (A,B)).

2.3.3. Bax

Similarly to p53, a significant increase in Bax immunopositivity was observed in the TME of 4T1 M.
U-care mice at alveolar and stromal level, with several immunopositive endothelial cells in bronchiolar
areas (Figure 5b), compared to both 4T1 mice (Figure 5d,f) and controls (Figure 5a). In the same
manner, Bax resulted overexpressed in metastatic nodules 4T1 M. U-care mice (Figure 5c), compared
to 4T1 animals (Figure 5e,g). Notably, a significant increase of Bax-immunoreactive cell density was
measured in 4T1 M. U-care animals compared to 4T1 mice (4.75 ± 0.48 vs. 3.13 ± 0.40, respectively).
Likewise, a significant increase was observed in 4T1 M. U-care mice compared to control (4.75 ± 0.48
vs. 2.47 ± 0.28, respectively), while any difference was determined when comparing 4T1 animals
and controls (3.13 ± 0.4 and 2.47 ± 0.28, respectively) (Figure 5, Panel (A)). Moreover, a significant
increase of Bax-immunostaining OD was evidenced in 4T1 M. U-care mice, compared to both 4T1
and controls (0.76 ± 0.09 vs. 0.48 ± 0.07 and 0.76 ± 0.09 vs. 0.37 ± 0.04, respectively). Any significant
difference was measured when comparing 4T1 mice to controls (0.48 ± 0.07 vs. 0.37 ± 0.04, respectively)
(Figure 5, Panel (B)).

Concerning the metastases, an extremely significant increase of both Bax-immunopositive cell
density and OD was determined in 4T1 M. U-care mice compared to 4T1 animals (4.47 ± 0.40 vs.
1.59 ± 0.31, and 0.58 ± 0.07 vs. 0.24 ± 0.06, respectively) (Figure 5, Panels (A,B)).

Figure 5. Immunohistochemical staining for Bax in healthy control (a), 4T1 M. U-care (b,c) and 4T1
(d–g) mice. Light microscopy magnification: 40× (a–c,f,g); 100× (d,e, insert in panels (b,c)). Panels (A)
and (B): Histograms showing immunopositive cell density and OD, respectively. p values calculated by
Unpaired Student’s t-test: (*) < 0.05 and (***) < 0.001.
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2.3.4. Bcl2

Concerning the TME, Bcl2-immunoreactivity appeared slightly enhanced in both 4T1 and 4T1
M. U-care mice (Figure 6b,d,f, respectively) compared to controls (Figure 6a). Notably, a slight
non-significant increase of Bcl2-immunoreactive cell density and OD was measured both in 4T1 and
4T1 M. U-care animals compared to controls (4.88 ± 0.69 vs. 4.89 ± 0.68 vs. 1.74 ± 0.15 and 0.86 ± 0.12 vs.
0.89 ± 0.13 vs. 0.32 ± 0.03, for density and OD, respectively). Any difference was evidenced evaluating
Bcl2-immunopositive cell density and OD in 4T1 animals and 4T1 M. U-care mice (4.88 ± 0.69 vs.
4.89 ± 0.68 and 0.86 ± 0.12 vs. 0.89 ± 0.13, for density and OD, respectively) (Figure 6, Panels (A,B)).

Regarding the metastatic nodules (Figure 6c,e,g), contrarily to Bax, a very significant decrease
of Bcl2-immunopositive cell density and OD was detected in 4T1 M. U-care mice compared to 4T1
(1.77 ± 0.32 vs. 3.29 ± 0.34 and 0.24 ± 0.04 vs. 0.52 ± 0.06, for density and OD, respectively) (Figure 6,
Panels (A,B)).

Figure 6. Bcl2-immunostaining reaction in healthy control (a), 4T1 M. U-care (b,c) and 4T1 (d–g) mice.
Light microscopy magnification: 40× (a–c,f,g); 100× (d,e). Panels (A) and (B): Histograms showing
immunopositive cell density and OD, respectively. p values calculated by Unpaired Student’s t-test:
(**) < 0.01.

2.3.5. PCNA

PCNA-immunopositivity was extremely enhanced in TME of 4T1 mice (Figure 7d,f) compared
to both 4T1 M. U-care (Figure 7b) and controls (Figure 7a). In particular, the quantitative analysis
highlighted an extremely significant increase in PCNA-immunoreactive cell density and OD when
comparing 4T1 animals to controls (0.40 ± 0.03 vs. 0.06 ± 0.01 and 0.93 ± 0.01 vs. 0.01 ± 0.00, for cell
density and OD, respectively). In a similar manner, an extremely significant enhancement was detected
when comparing 4T1 mice to 4T1 M. U-care animals (0.40 ± 0.03 vs. 0.17 ± 0.02 and 0.93 ± 0.01 vs.
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0.02 ± 0.00, for cell density and OD, respectively). No significant differences were revealed in 4T1 M.
U-care animals compared to control (0.17 ± 0.02 vs. 0.06 ± 0.01 and 0.02 ± 0.00 vs. 0.01 ± 0.00, for cell
density and OD, respectively) (Figure 7, Panels (A,B)).

Concerning the metastatic tissue, an extremely significant decrease of PCNA-immunopositive cell
density and OD was detected in 4T1 M. U-care mice (Figure 7c) compared to 4T1 animals (Figure 7e,g):
4.74 ± 0.28 vs. 9.57 ± 0.44 and 0.64 ± 0.04 vs. 1.77 ± 0.08, for density and OD, respectively (Figure 7,
Panels (A,B)).

Figure 7. DAB-immunostaining reaction for PCNA in healthy control (a) 4T1 M. U-care (b,c), and 4T1
(d–g) mice. Light microscopy magnification: 40× (a–c,f,g); 100× (d,e, insert in panel (f)). Panels (A)
and (B): Histograms showing immunopositive cell density. Panels (C) and (D): histograms exhibiting
immunoreactive OD. p values calculated by Unpaired Student’s t-test: (***) < 0.001.

3. Discussion

Tumor development and progression are influenced by rearrangement of TME components,
e.g., immune cells, fibroblasts, satellite cells, blood, and lymphatic vessels. Tumor cells are known
to manipulate the function of cellular and non-cellular components through a complex signaling
network to gain tumorigenesis, tumor maintenance, and drug resistance (MDR), taking advantage
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of the non-malignant cells. Experimental and clinical data evidence that an in-depth analysis of the
bidirectional communications and interactions between tumor cells and their surrounding dynamic
TME is essential to identify the existing mechanisms of tumor expansion and invasion [41]. This complex
network moreover involved apoptosis, also engaged to efficiently eliminate dysfunctional cells, plays
an important role in both carcinogenesis and cancer treatment [42]. In particular, to guarantee its
nourished growth, cancer is able to provide both endurance signals as well as mechanisms saving
malignant cells from apoptosis. It is well known that an imbalance between cell proliferation and
cell death typically characterizes cancer condition, in which several genetic aberrations may drive
malignant cells to an uncontrolled progression and survival [43,44].

In our previous paper using the same preclinical model, i.e., 4T1 triple-negative mouse BC,
we demonstrated that M. U-Care supplementation, starting 2 months before 4T1 injection and lasting
throughout the whole experimental time (including tumor development and metastatization), produced
a dramatic reduction of both lung metastases density and number. These effects were accompanied by
a substantial decrease of inflammation and oxidative stress both in lung TME and metastases, together
with a bettering of the QoL [36]. Therefore, we hypothesized that the supplement effects could have
been ascribable either to a direct anticancer effect and/or to the secondary/indirect impacts of the MM
blend on systemic inflammation and immunomodulation. Therefore, aiming at addressing this crucial
question, in the present investigation, we focused on the programmed cell death, investigating specific
molecules, i.e., PARP1, p53, BAX, and Bcl2, pivotally involved in apoptotic pathway, whose critical
role in human BC is well known. Further, in parallel we investigated PCNA expression pathway,
based on the great interest on the pivotal role of PCNA in cancer cells proliferation, also taking into
consideration that PCNA modifications may determine both tumor progression as well as the outcome
of anticancer treatment.

Firstly, it has to be highlighted that performing a comparative assessment on cancer tissue,
i.e., lung metastases, and surrounding TME by TUNEL assay, we revealed the existence of a different
expression trend in 4T1 animals compared to 4T1 M. U-care mice. In detail, in these latter animals,
an extremely intense immunopositivity was observed in the metastases, indicating an evident activation
of the apoptotic pathway in cancer cells after the oral supplementation with the MM blend. Interestingly,
this effect was definitely weaker in 4T1 animals, in which several mitoses were clearly observed in
the tumor nodules, thus demonstrating the occurrence of an already active proliferation process.
Concerning the TME, any statistical difference was measured comparing 4T1 M. U-care animals and
4T1 mice. These data corroborate the action of the MM blend, who display a powerful action able to
drive metastatic cells to apoptosis, whereas was less effective with regards to the surrounding TME.

Concerning all evaluated apoptotic and proliferation markers, the comparative assessment of
TME and metastases revealed diverse trends of protein expression, with the metastatic nodules being
the most affected.

With regards to PARP1 levels, crucially implicated in tumorigenesis phenomena [24,26,27],
the significant reduction observed in metastatic nodules of 4T1 M. U-care mice compared to 4T1
animals seemed to demonstrate a valuable action of the adjuvant micotherapic supplementation,
suggesting a direct influence of the blend on tumor cells.

Our putative idea of a direct MM blend action able to determine an imbalance between proliferation
and apoptosis, driving to a significant increase in apoptotic events, was further supported by p53 and
Bax high expression levels measured in 4T1 M. U-care mice, showing the most striking effect in the
metastatic nodules. By contrast, concerning both Bax and p53, an almost complete lack of effect was
determined in 4T1 animals, in which the protein expression levels were similar to that observed in
controls. Acting as proapoptotic protein, Bax should essentially play as a tumor suppressor factor.
Consequently, reductions in its expression levels would provide tumor cells with a selective survival
advantage, contributing to their expansion and invasion [21]. In particular, the reduced Bax expression
levels can be traced back to an alteration of the p53 function which, by itself, is able to alter the levels
of this proapoptotic protein [21]. Certainly, TP53 mutations are the most common genetic alterations in
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breast cancer [28]. Notably, the increased immunopositivity for the wild type p53 isoform detected
in 4T1 M. U-care mice could indicate a possible attempt to cell cycle arrest, in order to allow cellular
repair processes and inhibit the proliferation of damaged cells.

Based on the notion that (i) several apoptotic stimuli induce cell death through a Bcl-2-regulated
pathway and (ii) proteins belonging to Bcl2 family can play a dichotomous role, acting both as promoters
as well as inhibitors of apoptotic events [21,45,46], we may suppose that the lower expression of
Bcl-2 determined in metastatic tissue of 4T1 M. U-care mice could be related to a decrease in cancer
cell proliferation, evidencing an alteration of the proliferation/apoptosis balance. This effect could
also counteract the capacity of Bcl2 to trigger drug resistance at high expression [21,47]. Moreover,
the overexpression of p53 in 4T1 M. U-Care mice may support a possible role of p53 in downregulating
Bcl-2, feasibly explaining the apoptosis induction by wild type p53. Notably, it has to be underlined
that, differently to all other evaluated markers, but similarly to TUNEL staining, we determined any
difference in the Bcl-2 expression trend comparing metastases and TME in 4T1 M. U-care mice and
4T1 animals. Specifically, TME appeared to be unaffected by the mycotherapic oral supplementation,
whereas the MM blend display a specific and selective effect restricted to the metastatic area.

In addition, concerning the proliferation marker PCNA, we evidenced a reduced expression in
metastatic nodules in 4T1 M. U-care mice, thus highlighting an evident inhibitory effect of the MM
blend on proliferation activity in tumor cells. Notably, a strong positive correlation between the
expression of PCNA and COX2 in breast cancer has been recently highlighted [48], also in accordance
with our previous findings [36].

Taken together the present data supported that the oral supplementation is effective to induce a
peculiar swinging balance of cell death and proliferation, in which these two essential mechanisms
appeared strictly interconnected and inversely related (see p53 and Bax vs. Bcl2 and PCNA expression
trends). Notably, the MM blend bettered the cancer state with a direct effect, able to force tumor
metastatic cells to an apoptotic fate.

In summary, all the present findings confirmed the protective role played by Micotherapy
U-care blend in the lung metastases and surrounding TME. Our data further suggest that both an
immunomodulatory anti-inflammatory systemic effect and a direct, selective anticancer effect act in a
positive pleiotropic way. This double action mechanism, which (i) disturbs the TME signaling and
(ii) targets the complex apoptotic pathway, could represent a promising approach for patient’s treatment.
In fact, in the search for novel therapeutic agents targeting tumor development and progression,
MM-derived natural bioactive compounds, displaying multi-targeting potential, can overcome the
disadvantages of monotherapy such as side effects and drug resistance. In particular, TNBC is the
most aggressive malignant BC, difficult to treat due to its unresponsiveness to current clinical targeted
treatments (e.g., hormonal therapy protocols or chemotherapeutics targeting HER2 protein receptors)
and high rate of recurrence. In this scenario, the biological effects of combining M. U-care supplement
with conventional therapies to target crucial cancer signaling pathways, i.e., proliferation and apoptosis,
may interfere with cellular and molecular processes fueling TNBC growth, trying to create a new
joint medical protocol able to hinder the typical TNBC metastatic pattern, i.e., frequent occurrence of
distant metastases, mainly localized in lung, central nervous system, and bones, often associated with
poor prognosis.

4. Materials and Methods

4.1. Cell Culture

The mice breast cancer cell line, 4T1, was acquired from American Type Culture Collection (ATCC)
and maintained at 37 ◦C in a humidified atmosphere (95% air/5% CO2) [36].

120



Molecules 2020, 25, 5400

4.2. Animals and Experimental Plan

The detailed experimental design was previously describe in Roda et al. [36]. Briefly, 34 two-month-old
wild type female BALB/c mice were obtained from Charles River Italia (Calco, Italy) and acclimatized for
at least 3 weeks before the experiments.

All experiments were achieved in agreement with the European Council Directive 2010/63/EU and
the Ethics Committee of Pavia University guidelines (Ministry of Health, License number 364/2018-PR).
Therefore, all mice have been treated humanely, with due consideration for the reduction of pain
and distress.

For execution of experiments and subsequent analyses, researchers were blinded to the
designed group.

Sixteen (4T1 M. U-care mice) out of thirty-four mice were supplemented until sacrifice with a
medicinal mushroom blend, namely, Micotherapy U-care (provided by A.V.D. Reform s.r.l., Noceto,
Parma, Italy) consisting of a mixture of 20% extracts of sporophores and mycelia of five fungal species:
Agaricus blazei, Cordyceps sinensis, Ganoderma lucidum, Grifola frondosa, and Lentinula edodes (see Table 1
and Results section). The mycotherapic blend was solubilized in water, selecting a dose of 4 mg
supplement/mice per day to mimic the oral supplementation in humans (about 1.5 g/day). Otherwise,
control (n = 4) and non-treated (4T1, n = 14) mice did not received any diet supplementation.

For the syngeneic tumor-bearing mice (4T1 and 4T1 M. U-care) generation see the work in [36].
The syngeneic tumor-bearing mice (4T1 and 4T1 M. U-care) were generated by injecting 1 × 106 of

the 4T1 cells into the nape of the neck of the female Balb/C mice. Control animals were injected with
phosphate-buffer saline (PBS). A survival rate of 100% was kept in all experimental groups, throughout
the whole experimental time course.

Lung preparation was done by vascular perfusion of fixative [49]. Then, lungs were accurately
removed, sectioned and then processed for immunohistochemistry.

4.3. Tissue Sampling and Immunohistochemistry

4.3.1. Lung Specimens Preparation

The lung specimens preparation was previously described in detail [36]. Briefly, the top and
the bottom regions of the right lungs of mice from each experimental group were dissected. Tissue
samples were obtained according to a stratified random sampling scheme, fixed and processed as
previously described [36]. Eight micrometer thick sections were cut in transversal plane and placed on
silane-coated slides.

4.3.2. TUNEL Staining

The reaction was performed using the terminal deoxynucleotidyl-transferase (TUNEL) assay
(Oncogene Res. Prod., Boston, MA, USA). The lung sections were incubated for 5 min with 20 μg mL−1

proteinase-K solution at room temperature, followed by treatment with 3% H2O2 to quench endogenous
peroxidase activity. After incubation with the TUNEL solution (90 min with TdT/biotinylated dNTP
and 30 min with HRP-conjugate streptavidin) in a humidified chamber at 37 ◦C, the reaction was
developed using a 0.1% DAB solution. After nuclear counterstaining employing Carazzi’s Hematoxylin,
the sections were dehydrated in ethanol, cleared in xylene, and finally mounted in Eukitt (Kindler,
Freiburg, Germany).

As a negative control, the TdT incubation was omitted; no staining was observed in
these conditions.

4.3.3. Immunohistochemistry: Apoptotic Pathway Assessment

Commercial antibodies were employed on murine lung specimens to investigate the expression
of different specific apoptotic markers: (i) Poly (AD-ribose) polymerase 1(PARP1), (ii) p53, (iii) Bcl2
associated X-protein (Bax), (iv) B-cell lymphoma/leukemia protein (Bcl2), and (v) the proliferating cell
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nuclear antigen (PCNA). Table 2 shows both primary and secondary antibodies as well as respective
dilutions used for immunohistochemical experiments.

Immunohistochemical procedures have been conducted exactly as previously described [36].

Table 2. Primary/secondary antibodies and respective dilution used for immunohistochemical
experimental procedures.

Antigen Immunogen
Manufacturer, Species,

Mono-Polyclonal, Cat./Lot.
No., RRID

Dilution

Primary
Antibodies

Anti-poly
(ADP-ribose)
polymerase

(46D11)

Purified antibody raised
against the residues

surrounding Gly623 of
human PARP-1

Cell Signaling Technology
(Danvers, MA, USA), Rabbit
monoclonal IgG, Cat# 9532,

RRID:AB_659884

1:100

Anti-p53 (Ab-5)

Purified antibody raised
against the ~53 kDa wild

type p53 protein of
mouse origin

Sigma-Aldrich (St. Louis, MO,
USA), Mouse monoclonal
IgG2a, Cat# OP33-100UG,

RRID:AB_564977

1:100

Anti-Bcl-2-associated
X protein (P-19)

Purified antibody Raised
against a peptide

mapping at the amino
terminus of Bax of

mouse origin

Santa Cruz Biotechnology
(Santa Cruz, CA, USA), Rabbit

polyclonal IgG, Cat# sc-526,
RRID:AB_2064668

1:100

Anti-B-Cell
Leukemia/Lymphoma

2 protein (N-19)

Purified antibody raised
against a peptide
mapping at the

N-terminus of Bcl-2 of
human origin

Santa Cruz Biotechnology
(Santa Cruz, CA, USA), Rabbit

polyclonal IgG, Cat# sc-492,
RRID:AB_2064290

1:100

Anti-Proliferating
Cell Nuclear

Antigen (Ab-1)

Purified antibody raised
against the ~37 kDa

PCNA protein of
mouse origin

Sigma-Aldrich (St. Louis, MO,
USA), Mouse monoclonal
IgG2a, Cat# NA03-200UG,

RRID:AB_213111

2:1000

Secondary
Antibodies

Biotinylated horse
anti-mouse IgG

Gamma
immunoglobulin

Vector Laboratories
(Burlingame, CA, USA),

Horse, Cat# PK-6102,
RRID:AB_2336821

1:200

Biotinylated goat
anti-rabbit IgG

Gamma
immunoglobulin

Vector Laboratories
(Burlingame, CA, USA), Goat,

lot# PK-6101, RRID:
AB_2336820

1:200

4.3.4. Immunohistochemical Evaluations

To prevent differences due to small procedural changes, immunohistochemical reactions were
performed simultaneously on samples from different experimental groups. The expression of
each selected marker was examined in six slides (about 30 sections) per mouse. The shown
micrographs display the most representative pulmonary conditions and modifications for each
immunohistochemical reaction.

Immunohistochemical labeling extent evaluation was previously described in detail [36].
The optical density (OD), intended as immunohistochemical intensity, was assessed in

30 cells/section per six slides/mouse. OD was related to the immunopositive cell density. In addition,
immunopositive cells density count was evaluated, intended as number of immunopositive cells/area
in mm2.
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4.4. Statistics

Data were expressed as mean± standard error of the mean (SEM). Regarding the TME, the statistical
differences among the three experimental groups were calculated by using one-way ANOVA followed
by Bonferroni’s post hoc test. Otherwise, for metastases, the statistical differences between 4T1 and
4T1 M. U-care mice were evaluated by using unpaired Student’s t-test.

The differences were considered statistically significant for p < 0.05 (*), p < 0.01 (**), and p < 0.001
(***). Statistical analyses were performed by using GraphPad Prism 7.0 (GraphPad Software Inc.,
La Jolla, CA, USA).

5. Conclusions

Overall, these results support the use of oral supplementation with Micotherapy U-care blend
as a new effective strategy to be used in the field of integrative oncology to decrease adverse side
effects caused by conventional cancer therapies. All obtained results corroborated the Micotherapy
U-care protective role in metastases and TME, in which an immunomodulatory anti-inflammatory
systemic action together with a direct, selective anticancer mechanism exerted a positive pleiotropic
effect. The Micotherapy U-care preventive and protective effect could affect the TME signaling and,
at the same time, target the multifaceted apoptotic pathway. Once again, the present investigation
highlights the importance of translational research in the development of clinically relevant therapeutic
strategies. In particular, the growing use of translational research “from bench to bedside” in cancer
medicine, could allow to overcome challenges which everlastingly hinder medicinal advancements,
yielding significant advances in cancer therapeutics and also improvements in the ability to predict
clinical course of patient’s disease based on individual tumor characteristics. In this view, medicinal
mushrooms extracts, being natural sources of novel drugs, could be used as effective adjuvant therapy
in the critical management of TNBC.
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Abstract: The purpose of the study was to elucidate the anti-hepatoma effects and mechanisms of
Pogostemon cablin essential oils (PPa extract) in vitro and in vivo. PPa extract exhibited an inhibitory
effect on hepatocellular carcinoma (HCC) cells and was less cytotoxic to normal cells, especially normal
liver cells, than it was to HCC cells, exerting a good selective index. Additionally, PPa extract
inhibited HCC cell growth by blocking the cell cycle at the G0/G1 phase via p53 dependent or
independent pathway to down regulated cell cycle regulators. Moreover, PPa extract induced
the FAS-FASL-caspase-8 system to activate the extrinsic apoptosis pathway, and it increased the
bax/bcl-2 ratio and reduced ΔΨm to activate the intrinsic apoptosis pathway that might be due to
lots of reactive oxygen species (ROS) production which was induced by PPa extract. In addition,
PPa extract presented to the potential to act synergistically with sorafenib to effectively inhibit HCC cell
proliferation through the Akt/mTOR pathway and reduce regrowth of HCC cells. In an animal model,
PPa extract suppressed HCC tumor growth and prolonged lifespan by reducing the VEGF/VEGFR
axis and inducing tumor cell apoptosis in vivo. Ultimately, PPa extract demonstrated nearly no or
low system-wide, physiological, or pathological toxicity in vivo. In conclusion, PPa extract effectively
inhibited HCC cell growth through inducing cell cycle arrest and activating apoptosis in vitro and
in vivo. Furthermore, PPa extract exhibits less toxicity toward normal cells and organs than it does
toward HCC cells, which might lead to fewer side effects in clinical applications. PPa extract may be
developed into a clinical drug to suppress tumor growth or functional food to prevent HCC initiation
or chemoprotection of HCC recurrence.

Keywords: hepatocellular carcinoma (HCC); Pogostemon cablin (PPa extract); cell cycle; apoptosis;
synergism; chemoprevention
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1. Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of cancer death worldwide [1].
In addition, HCC has a poor prognosis because of chronic hepatitis, with cirrhosis leading to the
deterioration of liver function. Moreover, intrahepatic metastasis result in highly recurrence [2].
Sorafenib is generally acknowledged as the standard of care to improve the overall survival (OS) of
patients with advanced HCC. Though sorafenib improves the OS of patients with HCC, the clinical
benefit is transient, and the toxicity as well as poor antitumor effects of sorafenib remain unsolved
issues. With increasing advances in medicine, the combination of chemotherapy agents remains a
promising therapeutic strategy for increasing the response rate of advanced HCC patients, for instance,
regorafenib and bevacizumab and so on. Another type of agent that is attracting considerable interest
is immune checkpoint inhibitors, such as anti-PD-1/PD-L1 (Nivolumab, Pembrolizumab) or CTLA-4
antibodies, and phase III studies of such inhibitors are currently under investigation [3]. Thus, there is
obviously a need for effective therapeutic options for HCC patients. Furthermore, new strategies are
needed not only to prevent the development or posttreatment recurrence of HCC but also to enhance
survival or quality of life [4,5].

Herbal medicine is considered a great way to improve therapeutic efficacy and reduce toxic
effects. In the past, many chemotherapeutic agents have been derived from natural products with
effective therapeutic effects or low toxicity in treating various illnesses [6,7]. A large number of herbal
products have been used worldwide to manage many kinds of liver diseases because of their safety,
curative effects and minimal adverse effects. In addition, a number of studies have shown that medicinal
herbs function via several mechanisms, such as suppressing carcinogenesis, inhibiting oxidative injury,
and reducing inflammation, which protect the normal function of the liver [8]. Hence, the development
of new pharmacologically effective chemotherapeutic agents from natural plants that can trigger cancer
cell death would be a significant clinical benefit.

Pogostemon cablin has been orally and topically administered in Asia for centuries as a
pharmaceutical product for curing exogenous fever, headache, hypotension, allergy, thirst, ache,
dysentery, diarrhea, and inflammation [9]. Scientific studies have revealed that Pogostemon cablin
has the following biological activities: antidepressant [10,11], antimicrobial [12,13], antiviral [14],
anti-inflammatory [15], gastroprotective [16,17], antiaging [18], and antitumor activities [19,20].
Moreover, Pogostemon cablin has been found to inhibit colon cancer proliferation through the induction
of cell cycle arrest at the G0/G1 phase. However, it is still unknown what the role of Pogostemon cablin
is in hepatocellular carcinoma, and the molecular mechanisms behind its anti-hepatoma activity are
also unclear.

Our group has demonstrated that Pogostemon cablin essential oils which abbreviated form of
PPa extract in this study induced apoptosis in human hepatocellular carcinoma HepG2 cells through
oxidative stress-regulated mitochondrial dysfunction involving the p53/p21 and apoptotic pathways.
Based on the findings of previous work, we investigated the role of apoptosis in the anticancer effect
of PPa extract in HepG2 cells in vitro and the underlying mechanisms of apoptosis-related signaling
pathways. These findings demonstrated for the first time that PPa extract induced apoptosis by
activating the caspase cascade, and we revealed the underlying antitumor effects of PPa extract plus
sorafenib in vitro. These results could provide novel insights into the mechanisms underlying the
anticancer effects of PPa on human hepatoma cells.

2. Results

2.1. PPa Extract Inhibited HCC Cell Growth

To address the effect of PPa extract on cell proliferation in human hepatoma cells, cells were
treated with PPa extract at increasing doses over various periods of time. As shown in Figure 1A,
treatments with increasing concentrations of PPa extract over increasing periods of time decreased
the cell viability from 100% to 5%, showing that PPa extract inhibited HCC cell proliferation in a
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dose-dependent manner. The PPa extract showed a 50% inhibition at concentrations ranging from
7.34 ± 3.09 to 33.29 ± 2.72 μg/mL in hepatoma cells. Moreover, 5-FU, VP-16 and sorafenib are known
for their inhibitory effects on hepatoma cells, and the IC50 of those drugs ranged from 1.77 ± 4.31 to
18.79 ± 0.91 μg/mL in hepatoma cells (Table 1). To further determine the effects of PPa extract on the
growth of normal cells which were in a non-proliferative state, the results showed that PPa extract
possessed less inhibitory ability than normal cells (Figure 1B). The IC50 of PPa extract on SVEC and
MDCK cells was 69.68 ± 4.63 and 73.61 ± 0.16 μg/mL, respectively. Interestingly, the IC50 of PPa
extract in a normal liver cell type, BNL CL.2 cells, was 147.24 ± 7.71 μg/mL, indicating that PPa extract
apparently exhibited a smaller inhibitory effect on normal cells. After that, to explore the selective
index (SI), which is defined greater than 2 presenting good selectivity [21], Table 2 shows that the PPa
extract exhibited better SI values (2.1–20.1) than sorafenib (1.4–6.1) and VP-16 (0.4–2.1). Consequently,
PPa extract demonstrated inhibitory effects on hepatoma cells but exerted less cytotoxic effects on
normal cells. In addition, the PPa extract exhibited a good selective index, suggesting that the PPa
extract might possess fewer side effects than other agents.

Figure 1. PPa extract inhibited HCC cell growth with less toxicity to normal cells. (A) Cell viability of
HCC cells after PPa extract treatment (0–200 μg/mL), as assessed by MTT assay. (B) The viability of
normal cells treated with PPa extract (0–200 μg/mL). The results are presented as the mean ± SD.

Table 1. The IC50 of PPa extract and clinical drugs in HCC and normal cells.

Cell Line Tumor Type PPa Extract SOR VP-16 5-FU

Hepatocellular Carcinoma Cells

HepG2 Human HCC cell 20.09 ± 2.21 a,b 3.52 ± 1.97 4.73 ± 3.57 2.09 ± 1.63
Mahlavu Human HCC cell 33.29 ± 2.72 a,b 6.07 ± 1.06 4.54 ± 2.17 14.97 ± 3.71

J5 Human HCC cell 29.87 ± 3.62 a,b 2.39 ± 1.91 3.01 ± 2.75 18.79 ± 0.91
Huh7 Human HCC cell 7.34 ± 3.09 a,b 1.77 ± 4.31 5.11 ± 2.08 4.88 ± 3.37

Normal cells

SVEC Mouse vascular endothelial cell 69.68 ± 4.63 c 8.55 ± 2.73 1.85 ± 0.49 1.69 ± 2.8
MDCK Canine epithelial kidney cell 73.61 ± 0.16 c 6.95 ± 1.45 3.38 ± 0.43 8.74 ± 0.53

BNL CL.2 Mouse liver embryonic cell 147.24 ± 7.71 c 10.75 ± 5.17 6.43 ± 3.02 >20

Note: Values are the mean ± SD (μg/mL) at 48 hr. a: HCC cells were significantly different from normal cells in the
PPa extract treatment group (p < 0.05). b and c: PPa extract treatment was significantly different from SOR treatment
in both HCC and normal cells (p < 0.05). SOR: sorafenib. VP-16: Etoposide. 5-FU: 5- Fluorouracil.
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Table 2. Comparison of Selectivity index (SI) on drugs.

Normal Cells /Tumor Cells PPa Extract SOR VP-16

SVEC

/HepG 3.5 2.4 0.4
/Mahlavu 2.1 1.4 0.4
/J5 2.3 3.6 0.6
/Huh7 9.5 4.8 0.4

MDCK

/HepG2 3.7 2.0 0.7
/Mahlavu 2.2 1.1 0.8
/J5 2.5 2.9 1.1
/Huh7 10 3.9 0.7

BNL CL.2

/HepG2 7.4 3.1 1.4
/Mahlavu 4.4 1.8 1.4
/J5 4.9 4.5 2.1
/Huh7 20.1 6.1 1.3

Note: Selectivity index (SI) = IC50 of normal cells/IC50 of HCC cells. SI > 2: indicated that drugs have high
selectivity for tumor cells; SI < 2: indicated that drugs have poor selectivity for tumor cells [21]. SOR: sorafenib.
VP-16: Etoposide.

2.2. PPa extract Altered the Cell Cycle Distribution in HCC cells

PPa extract was next studied to determine if it altered the cell cycle distribution to exert its
inhibitory effect on hepatoma cells. The results indicated that while PPa extract treatment of HepG2

cells did increase the number of cells in G0/G1 phase (from 57% to 71%), it also decreased the number of
cells in S and G2/M phase (from 16% to 3%; from 26% to 17%) (Figure 2A). Similar results were observed
in Mahlavu cells, and the cell population in the G0/G1 phase increased from 45% to 62%; however,
it decreased the cell population of the S and G2/M phase (from 29% to 15%; from 26% to 22%) (Figure 2B).
The results showed that both cell lines induced cell cycle arrest at the G0/G1 phase. Hence, we aimed to
gain insight into the changes in tumor suppressors and cell cycle regulators. After PPa extract treatment
in HepG2 cells, PPa extract induced the expression of p53 and p-p53 proteins, and it increased the
expression of p21 protein, resulting in decreased levels of the following downstream proteins: PCNA,
cdk4, cdk2, cyclin D1, cyclin A, and cyclin B1. Mahlavu cells with a p53 mutant were exposed to PPa
extract treatment, and the results showed that the expression of p-p53 was not obviously changed;
however, the expression of p21 was modest increased, and the expression of downstream proteins
decreased, suggesting that PPa extract also induced a p53-independent pathway and subsequently
upregulated the expression of p21 (Figure 2C). Moreover, PPa extract also decreased the expression of
total Rb and p-Rb in both cell lines. Taken together, the data revealed that PPa extract induced cell
cycle arrest at the G0/G1 phase through induction of p53-dependent and p53-independent pathways to
increase the expression level of p21, leading to the decreased expression of cell cycle regulators.
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Figure 2. PPa extract blocked the cell cycle at G0/G1 phase in HCC cells. (A,B) HepG2 and Mahlavu
cells were treated with PPa extract for the indicated time intervals, and the cell cycle distribution was
analyzed by flow cytometry. (C) After PPa extract treatment, cell lysates were collected and analyzed
for cell cycle regulators by Western blotting with the indicated antibodies. *, †: Significant difference
between the control group and experimental group, p < 0.05.

2.3. Ppa Extract Stimulated ROS Production and Imbalanced Mitochondrial Membrane Potential in HCC Cells

Former results revealed that p53/p21 pathway was activated to arrest cell cycle at G0/G1 phase.
The high concentration of ROS production can damage DNA, causing activation of p53 (Ser392),
which is phosphorylated by DNA damage signaling [22], and consequently increases p21 expression.
Then, ultimately, cell cycle arrest will occur to repair damaged DNA for subsequent cell cycle proceed.
Moreover, cells exposure to high dose of ROS may cause severe damage to DNA, proteins and
lipids, and cells will arrest in all phases of the cell cycle and will undergo apoptosis. Consequently,
we wondered whether PPa extract induced ROS production in PPa extract-treated HepG2 and Mahlavu
cells and the results found that PPa extract rapidly increased the ROS level within 3 h in both
HCC cell lines (Figure 3). Further, ROS can also induce mitochondrial dysfunction resulting in
mitochondrial membrane potential (MMPs, ΔΨm) imbalance that can activate intrinsic apoptosis
pathway. Further, ΔΨm was evaluated, and the results showed significantly increased ΔΨm (by 30–40%)
within 12 h of treatment in HepG2 and Mahlavu cells (Figure 4A). Moreover, after PPa extract treatment,
JC-1 fluorescence was observed, and the results showed that green fluorescence was increased,
suggesting that PPa extract induced mitochondrial membrane potential (ΔΨm) loss (Figure 4B).
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Figure 3. PPa extract induced ROS generation. HepG2 and Mahlavu cells were treated with PPa extract
(20 μg/mL) for time intervals and analyzed by flow cytometry at FL1-H to detect ROS production.
*: Significant difference between the control group and experimental group; p < 0.05.

Figure 4. PPa extract stimulated mitochondrial membrane potential loss. (A) Mitochondrial membrane
potentials (MMPs) were measured at FL2-H and FL1-H channels after PPa extract treatment in HCC
cells. (B) After PPa extract treatment, JC-1 fluorescence was detected. *: Significant difference between
the control group and experimental group; p < 0.05.

2.4. PPa Extract Induced Extrinsic and Intrinsic Apoptosis in HCC Cells

Subsequently, the percentage of PPa extract-treated HCC cells that died was detected by flow
cytometry. HepG2 and Mahlavu cells were exposed to serial doses PPa extract for 24 h, and the data
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showed that in both cell types PPa extract increased the number of cells in the sub-G1 phase in a
dose-dependent pattern (Figure 5A). Then, TUNEL assays were used to determine whether PPa extract
induced apoptosis. As shown in Figure 5B, after PPa extract treatment, the two cell lines exhibited
cell shrinkage under light field microscopy, and the number of TUNEL-positive cells increased,
as indicated by anoikis, DNA fragmentation, chromatin condensation and apoptotic body formation.
To further elucidate the PPa extract-induced apoptosis pathway in HCC cells, Western blotting was
utilized. After exposure to PPa extract, the expression of FAS and FASL increased, the expression
of procaspase-8 decreased, and cleaved caspase-8 increased, indicating that the extrinsic apoptotic
pathway might be activated (Figure 5C). Furthermore, detecting Bax/Bcl2 ration was increased,
resulting in the downregulation of procaspase-9 and cleaved caspase-9 increasing, suggesting that
the intrinsic apoptosis pathway might be activated. Additionally, the expression of AIF increased
after PPa extract treatment, suggesting that PPa extract might also induce the caspase-independent
apoptosis pathway to cause cell death. And then, the expression of procaspase-3 was decreased and
cleaved caspase-3 was increased, revealing that the caspase cascade might be involved. After that,
to confirm that PPa extract activated the caspase cascade, HepG2 and Mahlavu cells were pretreated
with caspase-3, -8, or -9 inhibitors (1 μM) for 2 h. Then, the cells were treated with PPa extract
(20 μg/mL) for 24 h and were analyzed by Western blot. The results revealed that PPa extract indeed
induced extrinsic as well as intrinsic apoptosis pathway activation, which activated the caspase cascade
(Figure 5D). These results validated that PPa extract activates the caspase cascade via extrinsic and
intrinsic apoptosis pathways, leading to HCC cell death. Taken together, our data showed that PPa
extract contributed to the production of ROS and triggered p53/p21 expression to affect mitochondrial
membrane potential (ΔΨm), resulting in the activation of the apoptosis pathway.

 

Figure 5. PPa extract induced HCC cell apoptosis by activating both the extrinsic and intrinsic apoptotic
pathways. (A) After PPa treatment, the sub-G1 phase of the cell population was analyzed by flow
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cytometry; (i): HepG2 cells; (ii): Mahlavu cells. (B) HepG2 and Mahlavu cells were incubated with PPa
extract for 24 h and analyzed by TUNEL assay. TUNEL positive (green); PI: propidium iodide (red);
red arrow: chromatin condensation; yellow arrow: DNA fragments; blue arrow: anoikis; and white
arrow: apoptotic bodies. (C) Western blots for pro-apoptotic and anti-apoptotic proteins in PPa
extract-treated HCC cells; (i): indicated protein expressions; (ii): the quantitative data of protein
expressions. (D) Western blots for caspase-3, -8 and -9 proteins in HepG2 and Mahlavu cells which
pretreated with caspase-3, -8 or -9 inhibitors (1 μM) for 2 h and then treated with PPa extract (20 or
30 μg/mL). *: Significant difference between the control group and experimental group; p < 0.05.

2.5. Synergistic Inhibitory Effects Induced by PPa Extract Plus Sorafenib in Hepatoma Cells

To examine synergism between PPa extract and sorafenib, HepG2 and Mahlavu cells were
treated in combination with indicated concentrations of drugs to calculate the combination index (CI).
As shown in Figure 6, the results revealed that the combination of the PPa extract plus sorafenib exerted
a synergistic effect in HepG2 cells at 48 h, and significant synergy was observed in Mahlavu cells at 24
and 48 h. Both cell lines showed CI values of less than 1 at 48 h, and Mahlavu cells with the p53 mutant
were more sensitive to PPa extract plus sorafenib. Next, we addressed the effects of the two drugs in
combination on the induction of cell death by observing the sub-G1 cell population. Indeed, HepG2 and
Mahlavu cells appeared to be sensitive to PPa extract plus sorafenib, resulting in a marked increase in
the sub-G1 cell population (Figure 7A). In addition, to assess the ability of PPa extract plus sorafenib to
inhibit cell regrowth at day 4 and day 8. The results showed sorafenib no inhibitory effect at 0.2 μg/mL
concentration on day 4 and PPa extract continuedly showed antiproliferation effects on both of cells.
PPa extract combined with sorafenib showed inhibitory effects in both cell lines, indicating that the
two-agent combination could prevent HCC cell regrowth (Figure 7B). Furthermore, to elucidate the
antiproliferation mechanism of the two drugs, the AKT/mTOR, ERK and caspase cascades signaling
pathway was examined. First, PPa extract used in combination with sorafenib reduced AKT, pAKT
(Ser473), mTOR, p-mTOR (Ser2448), P70S6K, and p-P70S6K (Ser411) expression, suggesting that
the combination might inhibit HCC cell growth by suppressing the AKT/mTOR signaling pathway.
Second, ERK/pERK expression was also detected, and the results revealed that PPa extract plus
sorafenib resulted in a more dramatic reduction in p-ERK (Tyr204) protein expression than what was
observed in controls. These results revealed PPa extract plus sorafenib suppressed the expression of
AKT/mTOR and ERK signaling in HepG2 and Mahlavu cells. Then, to test the combination of PPa
extract and sorafenib on induction of apoptosis, the results showed the combination of PPa extract and
sorafenib was found to strongly reduce the protein expression of pro-caspase-8, -9, and -3. In converse,
cleaved caspase-8, -9, and-3 protein expressions and Bax/Bcl2 ratio were significantly increasing.,
revealing that the combination of these two drugs enhanced the induction of cell apoptosis in HepG2

and Mahlavu cells (Figure 7C). These results suggested that PPa extract in combination with sorafenib
exhibited a synergistic effect that reduced HepG2 and Mahlavu cell proliferation and regrowth via the
induction of cell death and inhibition of the AKT/mTOR and ERK pathway.
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Figure 6. PPa extract synergized with sorafenib to enhance the inhibitory ability of PPa extract on HCC
cell growth. (A), (B) HepG2 and Mahlavu cells were treated with one drug or a combination of drugs
and then were evaluated by the combination index. SOR: sorafenib. *: Significant difference between
the control group and experimental group; p < 0.05.

 

Figure 7. PPa extract plus sorafenib reinforced the suppression of cell proliferation and induction of
cell apoptosis in HCC cells. (A) HepG2 cells were treated with 2 μg/mL sorafenib plus 15 μg/mL PPa
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extract, and Mahlavu cells were treated with 3 μg/mL sorafenib plus 25 μg/mL PPa extract for 24 and
48 h. After combined treatment, both cell lines were analyzed for the percentage of sub-G1 phase by
flow cytometry. (B) HepG2 and Mahlavu cells were treated with PPa extract (15 μg/mL) and sorafenib
(0.2 μg/mL) for 4 and 8 days. After treatment, cells were stained with crystal violet and absorbance
was measured at 550 nm to calculate cell viability. (C) HepG2 and Mahlavu cells were treated with
combined treatment for 48 h. Cell extracts were prepared and analyzed by Western blotting with the
indicated antibody. CON: control; SOR: sorafenib. *: Significant difference between the control group
and experimental group; p < 0.05.

2.6. PPa Extract Suppressed Hepg2 Tumor Growth and Exhibited Less Toxicity in HCC Xenograft Model

To further assess the inhibitory effect of PPa extract on growth was evaluated in HCC xenografts in
nude mice. As shown in Figure 6, Balb/c nude mice bearing xenograft tumors were administered PPa
extract (200 mg/kg, subcutaneous injection once every two days). Volumes of tumors and body weights
of mice were measured every two days during the experimental period. The results revealed that PPa
extract exerted greater antitumor effects than vehicle treatment (Figure 8A). In addition, we found that
PPa extract prolonged the lifespan of mice by a range of 31 days to 51 days (Figure 8B). As shown in
Figure 8C, we found no significant differences in body weight between vehicle- and PPa extract-treated
mice. These results revealed that PPa extract exerted an antihepatoma capacity to suppress HCC tumor
growth and extended survival time with no remarkability changes of body weight in vivo. As we
had monitored the body weights throughout the study, PPa extract did not dramatically decrease the
body weight, revealing that PPa extract might not cause severe systemic toxicity in vivo. Subsequently,
we further assess the pathology of the following organs: heart, liver, spleen, lung, kidney, stomach,
and intestine, after PPa extract treatment. Notably, the cell morphology of these organs did not appear
obviously change and remained the integral structure of organs (Figure 9A). Further, no significant
the blood and immune cell infiltration were observed after PPa extract administration. These results
revealed that PPa extract might not cause severe organ damage to recruit immune cells and activate
inflammation. Moreover, we found no significant differences in the WBC, RBC, and platelet counts
(Figure 9B). Importantly, the values of AST and ALT showed no significant differences when comparing
the control with PPa extract treatment groups, revealing that PPa extract might not further cause severe
liver cell damage and toxicity, which lead to liver dysfunction. The data demonstrated that PPa extract
presented a lower physiological and pathological toxicity in vivo.

Figure 8. PPa extract suppressed HCC cell proliferation in the xenograft model. Balb/c nude mice
were injected with HepG2 cells on day 0 of the experiment, started treatment after five days and
then were treated with PPa extract (200 mg/kg) every two days. When the tumor volume reached
1500 mm3, the mice were sacrificed. (A) Tumor volume. (B) Survival rates. The data are expressed as
the mean ± SEM. *: Significant difference between the control group and experimental group, p < 0.05.
(C) Balb/c nude mice were injected with HepG2 cells, which was followed by administration of PPa
extract (200 mg/kg) and measurement of body weight.

136



Molecules 2020, 25, 5639

Figure 9. PPa extract displayed low pathological and physiological toxicity in vivo. (A) After sacrificing
the animals, organs were collected and analyzed by HE staining. (B) After PPa treatment, blood was
collected at the 0, 3, 6, 12, and 24 h for analysis of blood cells (white blood cell, red blood cell and
platelet) and serum biochemistry (ALT, and AST).

2.7. PPa Extract Induced Apoptosis and Reduced Autocrine Proliferation in Xenograft Model

Next, we addressed the inhibitory effect of PPa extract in vivo with H&E and IHC staining.
The results showed that PPa extract caused HCC tumor cell death due to the induction of ROS
production and causing DNA damage in tumor cells, leading to an increase in 8-oxo-dG expression,
which is the commonly used marker of oxidative stress-derived DNA damage [23,24]. (Figure 10A).
Additionally, PPa extract increased the expression of cleaved caspase-3 and TUNEL positive (green)
lead to apoptosis in vivo. These results indicated that PPa extract induced ROS production to damage
tumor cells causing activation of apoptosis in vivo that was consistent with the funding in vitro.
As shown in Figure 10B, PPa extract also suppressed the expression of PCNA, VEGF, VEGFR1 and
VEGFR2, resulting in inhibition of HCC growth. In conclusion, PPa extract exhibited inhibitory effects
on HCC through ROS production, induction of apoptosis, and suppression of autocrine proliferation.
Ultimately, to elucidate the components of PPa extract, we utilized GC/MS analysis. The data revealed
that patchouli alcohol (RT: 14.78; 32.12%), α-gurjunene (RT: 12.83; 21.67%) and α-guaiene (RT: 11.97;
17.98%) were three major components in the PPa extract and there were other components, including
seychellene, α-patchoulene, caryophyllene, azulene, α-elemene, 2-butenal, caryophyllene oxide,
globulol, α-humulene, longifolenaldehyde, longiborneol, and azulenone (Figure 11). Among these
components, the content of patchouli alcohol was highest, and this indicated that patchouli alcohol
might be the active ingredients to exert antihepatoma capacity.
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Figure 10. PPa extract affected ROS generation, cell apoptosis and proliferation. After the mice were
sacrificed, the tumor mass was collected for HE and IHC analysis. (A) After PPa extract treatment,
tumor cell damage, 8-oxo-dG, as well as cleaved caspase-3 were observed and TUNEL assay was
performed to detect apoptosis in HCC tissue. PI: propidium iodide (red); TUNEL: green. (B) Autocrine
proliferative proteins were examined by IHC staining. *: Significant difference between the control
group and experimental group; p < 0.05.
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Figure 11. GC/MS analysis of PPa extract. Gas chromatography-mass spectrometry (GC-MS) analyses
were performed by the National Central Taiwan University Office of Research and Development’s
Center for Advanced Instrumentation (Hsinchu, Taiwan). Components were identified by comparing
their mass spectra with those obtained from authentic samples or spectra of the Wiley/Nist libraries.
RT: Retention time.

3. Discussion

Hepatocellular carcinoma (HCC) is the most frequent tumor and the third most common
malignancy, and it causes high mortality worldwide; in addition, the incidence of HCC has been
increasing. Although many treatment approaches have been used to treat advanced HCC, for now,
only transarterial chemoembolization (TACE) and sorafenib have been shown to provide survival
benefit [2]. As a result, better options for the prevention of HCC development might be a good
approach. Here, we used Pogostemon cablin, a plant of the Lamiaceae family that is native to
tropical regions of Asia, and studies have demonstrated many biofunction activities of Pogostemon
cablin, including antidepressant [10,11], antimicrobial [12,13], antiviral [14], anti-inflammatory [15],
gastroprotective [16,17], antiaging [18], and antitumor activities [19,20]. Among these, our previous
study has demonstrated the anticancer activity of Pogostemon cablin extract on colon cancer in vitro and
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in vivo. In the study, Pogostemon cablin extract induces apoptosis and cell cycle arrest and presented
no obvious pathological toxicity in vivo [20]. These results indicate that Pogostemon cablin extract is
a potential anticancer agent for cancer treatment. As a result, our study explored the potential role
of PPa extract in inhibiting human hepatocellular carcinoma. Here, we first demonstrated that PPa
extract inhibited HCC cell proliferation, which was shown in the following cells: HepG2 cells—a cell
line with WT p53 derived from a patient from the United States [25]; Mahlavu cells—a cell line with
mutated p53 with poor differentiation derived from a patient from Africa; Huh7 cells—a cell line
with mutated p53 derived from a Japanese patient [26]; and J5 cells—a cell line derived from Taiwan
patients. The p53 gene is the most commonly mutated tumor suppressor gene in various human
cancers, and hepatocellular carcinoma is no exception [27,28]. Moreover, mutations in p53 are a
poor prognostic indicator for survival, suggesting that patients with p53 mutations have a worse
prognosis than those with WT p53 [29]. Therefore, PPa extract effectively repressed HCC cell growth
and might provide an option for increasing patient benefit. Moreover, the IC50 values of Pogostemon
cablin extract were variety on different types of colon cancer cells and HCC cells, revealed that its’
anticancer potential on these two cancers. On the other hand, HCC patients are common to have
a different level of liver dysfunction that restricts the use of chemodrugs result in the limitation of
therapeutic efficacy. Herein, present study had to assess inhibitory effect of PPa extract in normal cells
including SVEC, MDCK and BNL CL.2 cells and the results revealed that the IC50 values of tumor
cells compared with normal cells were ranged from 2.1 to 20.1 in PPa extract treatment. These results
demonstrated that PPa extract might have less cytotoxicity to normal cells, including epithelial cells,
kidney cells and liver cells; moreover, the AST as well ALT values remained in normal range after PPa
extract treatment. These results revealing that PPa extract might not induce severe side effects and
adverse liver dysfunction.

Subsequently, we further examined the inhibitory effects of PPa extract on alteration of cell cycle
distribution because of the cell cycle as an important mechanism for controlling cell growth. The results
showed that PPa extract induced cell cycle arrest at the G0/G1 phase in both HepG2 and Mahlavu
cells in a dose- and time-dependent manner. After that, the regulation of cell cycle progression was
explored. p53 as well as Rb is a tumor suppressor and plays a crucial role in governing the cell cycle
and apoptosis [30]. The p21 is a downstream protein of p53 and a CKI that can block the cell cycle at
the G0/G1 phase and G2/M transitions by inhibiting cdk4,6/cyclin D and cdk2/cyclin E, respectively.
Our results showed that PPa extract induced p53 and p-p53 protein expression to increase downstream
proteins p21 expression and reduced the level of cdk2, ckd4, and cyclin D1, A, and B1, resulting in cell
cycle arrest at the G0/G1 phase in WT p53 cells (HepG2) and mutant p53 cells (Mahlavu). Moreover,
p21 can bind to PCNA to inhibit DNA replication [31], and the data revealed that the expression of
PCNA was decreased after PPa extract. The Rb promotes E2F-dependent gene expression to stimulate
DNA replication and proceed G1/S phase transition [32]. Our results showed that PPa extract reduced
Rb and p-Rb expression, which decreased DNA replication to block the G1/S transition lead to cell
cycle arrest in HepG2 and Mahlavu cells.

Exogenous or endogenous ROS can activate p53 phosphorylation at Ser392 by directly damaging
of nuclear and mitochondrial DNA [22] and stimulate transcription of proapoptotic genes that
including intrinsic and extrinsic apoptosis pathway, such as Bax, Fas, and FasL [33,34]. Moreover,
cytosolic p53 enhances mitochondrial membrane depolarization by causing rearrangement of Bax/Bak
on outer mitochondrial membrane and subsequent release apoptotic factors, such as AIF which is
involved in DNA fragmentation and activate caspase independent apoptosis. Then, apoptosome
complex is formed to activated caspase-9 and effector caspases such as caspase-3 leading to intrinsic
apoptosis [35,36]. ROS can directly activate extrinsic apoptosis pathway and recruits cleaved caspase-8
and -3 to trigger apoptosis [37]. As a result, we next to detect the ROS generation of PPa extract-induced
in both HepG2 and Mahlavu cells and the results indicated that PPa extract induced abundant ROS
production contributing to mitochondrial membrane potential imbalance. Meanwhile, sub-G1 phase
was observed to increase after PPa extract treatment, and TUNEL positive data revealed that PPa
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extract induced cell apoptosis with classical cell death morphology, including anoikis, DNA fragments,
chromatin condensation and apoptotic bodies. To gain insight into the mechanisms of the PPa
extract-induced apoptosis pathway, extrinsic, intrinsic, and caspase-independent associated proteins
were detected. Fas and FasL are recognized as major pathways involved in the cleavage of caspase-8,
which induces extrinsic apoptosis. Moreover, some studies have revealed that HCC cells show
resistance to apoptosis because of their suppression of FAS expression [38], and serum levels of soluble
FASL in patients with hepatocellular carcinoma show potential as a clinical parameter to evaluate
prognosis [39]. Our results showed that PPa extract enhanced FAS and FASL protein expression to
induce HepG2 and Mahlavu cell apoptosis via extrinsic apoptosis. On the other hand, p53 can directly
activate several genes, including Bax, Bcl-2 and AIF. Increasing the Bax/Bcl-2 ratio and AIF expression
participate in the regulation of apoptotic mitochondrial membrane permeabilization, resulting in the
induction of caspase-9 cleavage and activation of the intrinsic apoptosis pathway. Therefore, PPa extract
induced mitochondrial membrane potential loss via both the intrinsic apoptosis pathway and AIF
regulation. AIF also plays an important role in inducing caspase-independent chromatin condensation
and DNA fragmentation [40]. Consequently, our results found that PPa extract stimulated lots of ROS
generation and activated p-p53 (Ser392) expression, which is correlated with DNA damage, leading to
caspase dependent apoptosis (extrinsic and intrinsic) and caspase independent apoptosis pathway.
Furthermore, these results showed that PPa extract exerted a similar anticancer activity on colon cancer
cells and HCC [20].

Drug resistance and hepatotoxicity are important considerations during HCC treatment. Moreover,
some clinical studies assessed the combination of standard therapies with traditional herbal medicine
and observed significant survival benefits, such as a reduction in recurrence and prolonged survival
time [41,42]. Hence, we found that PPa extract seemed to be a good adjuvant for sorafenib, which worked
synergistically in both HepG2 and Mahlavu cells by enhancement of inhibition cell viability, significantly.
Moreover, previous statistical reports indicate that the HCC recurrence rate accounted for 20–25% per
year after therapeutic procedure [43]. Our results demonstrated that PPa extract plus sorafenib also
diminished the regrowth of HepG2 and Mahlavu cells, suggesting that PPa extract combined with
sorafenib might provide new approaches for posttreatment chemoprevention regimes. Furthermore,
our former data showed that PPa extract stimulated abundant ROS production to repress HCC cell
growth and contribute to cell death. Further, sorafenib is reported that it can lead to HCC cell death
by inducing of ROS production in vitro and in vivo [44]. ROS can activate PI3K, inactivate PTEN
that negatively regulates the synthesis of PIP3 and inhibits the activation of AKT [45]. Moreover,
deregulation of the AKT/mTOR pathway has increasingly been implicated in HCC [46], and activation
of AKT is thought to mediate the resistance of sorafenib [47]. Additionally, the ERK pathway may also
be involved in chemodrugs-induced drug resistance in HCC [48]. Then, to examine the synergistic
mechanisms of PPa extract plus sorafenib and the results revealed that the combinational treatment
reinforced to reduce the AKT/mTOR pathway and level of ERK, indicated that PPa extract plus sorafenib
might be induce more ROS production than drug alone to repress HCC cell growth and reduce the
potential of sorafenib-resistant development on AKT/mTOR and ERK pathway. Furthermore, abundant
ROS that generated by PPa extract plus sorafenib caused more cell death through induction of caspase
dependent pathway. Therefore, the results showed a lower concentration of drugs was needed to
induce more cell death and enhance the inhibitory ability by blocking the AKT/mTOR pathway.
These results provided a new therapeutic approach for clinical utilization of PPa extract. Moreover,
our previous data regarding the anticancer activity of Pogostemon cablin extract on colon cancer cells
have also shown its capacity for combination with 5-FU [20], and these results might indicate that
Pogostemon cablin extract probably would be good adjuvant for cancer treatment.

PPa extract induced ROS generation to affect p53/p21 expression, cell cycle-associated regulators,
downstream death ligands/receptors and mitochondrial-mediated apoptosis pathways in vitro. Then,
we had PPa extract administration in animal model and PPa extract effectively suppressed HCC
tumor growth and prolonged the lifespan of mice. Subsequently, considering system toxicity and
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more specific toxicity, such as hepatoxicity or nephrotoxicity, is extremely important. Additionally,
advanced hepatocellular carcinoma is commonly characterized by liver dysfunction attributable to the
presence of chronic liver disease and cirrhosis. During PPa extract administration, we measured body
weight every two days, and the differences in body weight between the groups appeared to be not
statistically significant, suggesting that PPa extract might exhibit few systemic toxic effects in vivo.
After two months of treatment, organ toxicity was evaluated, and no obvious pathological damage was
observed, suggesting that PPa extract might not have no obviously accumulated toxicity to normal
organs. Moreover, the numbers of WBCs, RBCs and platelets were not distinctly different from those
in the vehicle group, suggesting that PPa extract might not be induce strong inflammation and blood
lysis. In addition, ALT and AST were in normal ranges in both vehicle and PPa treatments, revealing
that PPa extract presented little or low liver toxicity in vivo. Taken together, PPa extract might not
be induce strong adverse effects in vivo and could be developed as an adjuvant or chemodrug on
HCC treatment.

Subsequently, in HCC xenograft, PPa extract demonstrated that it stimulated ROS production,
triggered level of cleaved caspase-3 and lead to HCC cell apoptosis that was consistent with the results
we observed in vitro. On the other hand, many studies have revealed that HCC cells produce and secrete
VEGF and express VEGFR to promote tumor proliferation, indicating the activity of VEGF/VEGFR
autocrine and paracrine signaling pathways in HCC cells [49,50]. Moreover, VEGF/VEGFR signaling
is positively correlated with tumor size, intrahepatic metastasis, vascular invasion, and TNM stage,
which affect prognosis and survival time [51]. Hence, the VEGF/VEGFR signaling axis is an ideal
target for treating HCC. After PPa extract administration, VEGF, VEGFR1 and VEGFR2 expression
was reduced in HCC tumor tissue, suggesting that PPa extract effectively decreased the VEGF/VEGFR
signaling axis to mitigate the autocrine and paracrine signaling pathways. Consequently, PPa extract
induced p53-dependent or p53-independent signaling activation to trigger p21 protein expression
and block cell cycle progression via downregulation of cell cycle regulators and reduction of DNA
replication by inhibition of PCNA and Rb expression in vitro. In addition, PPa extract modulated the
VEGF/VEGFR signaling axis to inhibit HCC tumorigenesis in vivo. Ultimately, the ingredient of PPa
extract was analyzed by GC/MS and patchouli alcohol, α-gurjunene, and α-guaiene were three major
components in PPa extract. However, our previous study showed that Pogostemon cablin extract from
Republik Indonesia contained several compounds, including azulene, α-guaiene, patchouli alcohol,
α-patchoulene, and γ-gurjunene [20]. We assumed that Pogostemon cablin from different origin might
be the reason why it had different chemical composition. Among these, patchouli alcohol has been
reported the anticancer activity on lung and colon cancer [52,53]. Patchouli alcohol presented anticancer
effect by inhibiting of histone deacetylases (HDAC) activity and c-myc expression to activate p21 and
downregulate cyclin D1 and cdk4, resulting in cell growth arrest and apoptosis on colon cancer [52];
it induced apoptosis and cell cycle arrest by blocking phosphorylation of EGFR pathways, activating
JNK pathways and activating p53/p21 pathway to affect cyclin E and cdk2 complex in A549 cancer
cells in vitro and in vivo [53]. Azulene have been found the antiproliferation activity on MCF7 breast
cancer cells and DU145 prostate cancer cells [54]. As a result, we guessed that patchouli alcohol or
azulene might be the major anticancer compound in PPa extract.

In conclusion, PPa extract seems to be a good herbal agent with higher safety margins and effectively
suppresses hepatoma by reducing tumor cell growth and inducing tumor cell apoptosis. Moreover,
PPa extract plus sorafenib yielded synergistic effects on the AKT/mTOR pathway, reducing cell
proliferation and activating the caspase cascade. Thus, in vitro and in vivo data suggest that PPa
extract might be an effective anti-hepatoma agent for HCC treatment (Figure 12).
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Figure 12. Overview of the mechanisms underlying the anti-hepatoma effects of PPa extract in vitro
and in vivo.

4. Materials and Methods

4.1. Extration Essential Oils of Pogostemon Cablin (PPa Extract)

Pogostemon cablin plant had confirmation of identification by Professor Han-Ching Lin (Department
& Graduate Institute of Pharmacology, National Defense Medical Center, Taiwan). The fresh leaves
of Pogostemon cablin, which was origin from England (2.0 kg) were dried at temperature of 30 ◦C for
7 h/day for 3 days. After that, Pogostemon cablin essential oils was produced by using steam distillation.
The dried leaves of Pogostemon cablin (500 g) was placed in a 2-L steam distillation steel apparatus
unit with a flow rate of generated steam approximately 7.2 mL/min at 100 °C for 100 min and the
yields were about 2.32% [20]. Pogostemon cablin extract (PPa extract) was commissioned to Phoenix
(Red Bank, NJ, USA) for large scale extraction. After extraction, the PPa extract was sealed in a black
glass bottle and stored at 4 ◦C. For long-term preservation, avoiding moisture and light was necessary.
Before experiments conducting, the concentration of PPa extract was calculated as the equation: the
weight of 20 μL PPa extract (g)/ (the weight of 180 μL DMSO + the weight of 20 μL PPa extract) (g) and
the final concentration of DMSO in cells was less than 1%.

4.2. Cell Culture

HepG2, Mahlavu, J5, Huh-7, SVEC, MDCK and BNL CL.2 cell lines were purchased from American
Type Culture Collection (Manassas, VA, USA) or Bioresource Collection and Research Center (Hsinchu,
Taiwan). The cells were cultured in DMEM or RPMI-1640 supplemented with 10% FBS (Gibco, Mexico),
1% sodium pyruvate, 1% HEPES and 1% penicillin/streptomycin at 37 ◦C in a humidified incubator
supplemented with 5% carbon dioxide. All cell culture reagents were purchased from Gibco/Thermo
Fisher Scientific (Waltham, MA, USA). HepG2 and Mahlavu cells were analyzed with a Femtopath
TP53 Exon8 Primer Set (HongJing Biotech., New Taipei City, Taiwan) to confirm their TP53 levels.
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4.3. Cell Viability

HCC cells (5 × 103/100 μL), SVEC, MDCK (1 × 104/100 μL), and BNL CL.2 cells (4 × 104/100 μL)
were seeded in a 96-well plate. After incubating overnight at 37 °C, the cells were treated with serially
diluted drug concentrations for 24, 48, and 72 h. The cell viability was measured using an MTT assay [20].

4.4. Cell Cycle Analysis

Cells (2 × 106) were seeded in 10 cm dishes and were treated with indicated concentration of PPa
extract for the indicated time points, and then incubated with PI stain (40 μg/mL) after harvesting the
cells. Fluorescence was detected by a FACScan flow cytometer (FASCS Calibur, Franklin Lakes, NJ,
USA) and the cell cycle distribution was analyzed by FlowJo 7.6.1 (Ashland, OR, USA) [20].

4.5. TUNEL Assay

A TUNEL in situ cell death detection kit (Roche Applied Science, ON, Canada) was used according
to the manufacturer’s instructions. Cells (2 × 105) were seeded in 6-well and were treated with PPa
extract (20 or 30 μg/mL) for 24 h. After treatment, cells were harvested by 0.05% trypsin, fixed with
10% buffered formalin for 10 min, and smeared on the slides to incubate with 3% H2O2 for 5 min
and 0.1% Triton X-100 for 1 min. Then, TUNEL reaction solution was added to incubate for 2 h and
stained with 10 μg/mL propidium iodide (PI, red) for 10 min as counterstain. The average number of
TUNEL-positive cells (green) was determined from ten fields under 400×magnification by microscope
(ZEISS Axio Imager A2, Bremen, Germany).

4.6. Western Blot Analysis

Cells (2 × 106) were seeded in 10 cm dishes and treated with PPa extract (20 or 30 μg/mL) for 0, 6,
12, 24, and 48 h to detect cell proliferative, cell cycle related and apoptotic protein expressions. To verify
whether PPa extract activated the caspase cascade, cells (2 × 106) were seeded in 10 cm dishes overnight
and pretreated with caspase-3 inhibitor (CPI-370, Z-DEVD-FMK, 1 μM), capase-8 inhibitor (CPI-008,
Z-LETD-FMK, 1 μM) or caspase-9 inhibitor (CPI-009, Z-LEHD-FMK 1 μM), which were purchased
from G-Biosciences (Louis, MO, USA), for 1 h. After removing caspase inhibitors, PPa extract (20 or
30 μg/mL) were added and incubated for 24 h to detect indicated protein expressions. After getting
end points of experiment, the cells were harvested and had cell lysate by RIPA buffer. After cell
lysate colleting, protein concentration was quantified using the BCA Protein Assay Reagent (Thermo
Fisher Scientific, Waltham, MA USA). Whole cell lysates were fractionated via 8–12% SDS-PAGE
and transferred to PVDF membranes by electroblotting. The membranes were blocked with skim
milk and were incubated at 4 ◦C overnight with each primary antibody. The membranes were
then incubated with the appropriate secondary antibody and horseradish peroxidase, which were
purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Detection was carried out using a
T-Pro LumiFast plus Chemiluminescence Detection Kit (T-Pro Biotechnology, New Taipei County,
Taiwan). Bands were detected and photographed by a fluorescence imaging analyzer (GE LAS-4000,
Little Chalfont, United Kingdom) and were quantified using ImageJ software (NIH, Bethesda, MD,
USA). These experiments were independently achieved duplicated. Primary antibodies, including
p53 (SC-6243), p-p53 (Ser392; SC-7997), Rb (SC-7905), p-Rb (Ser24/Thr252; SC-16671), p21 (SC-397),
PCNA (SC-7907), CDK2 (SC-163), CDK4 (SC-260), cyclin A (SC-751), FAS (SC-715), FASL (SC-834),
caspase-8 (SC-5263), caspase-9 (SC-7885), AIF (SC-9416), caspase-3 (SC-98785), AKT (SC-8312), p-AKT
(Ser473; SC-7985-R), mTOR (SC-8319), p-mTOR (Ser2448; SC-101738), P70S6K (SC-8418), p-P70S6K
(Ser411; SC-8416), ERK (SC-154), p-ERK (Tyr204; SC-7383), and Actin (SC-47778), were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). The primary antibodies of bcl2 (IR94-392), bax (IR93-390),
cyclin D1 (IR117-294) and cyclin B1 (IR116-289) were purchased from iReal Biotechnology Co., Ltd.
(Hsinchu, Taiwan).
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4.7. Detection of Reactive Oxygen Species (ROS)

HCC cells were subcultured in a 6-well plate at a density of 1 × 105 cells/mL and were treated with
PPa extract (20 μg/mL) at different time points. After collecting cells, ROS generation was assessed
using DCFH-DA staining according to the manufacturer’s instructions. FACScan flow cytometry was
performed and the data were analyzed by FlowJo 7.6.1.

4.8. Mitochondrial Membrane Potential (MMPs, ΔΨm) Assay

Cells were subcultured in a 6-well plate at a density of 1 × 105 cells/mL and then were treated with
PPa extract (20 μg/mL) for the indicated times. After the cells harvesting, cells stained with JC-1 probe
(AAT Bioquest, Inc., Sunnyvale, CA, USA) according to the manufacturer’s instructions. FACScan flow
cytometer was performed and the data were analyzed by FlowJo 7.6.1. The ΔΨm fluorescence was
observed and photographed under a microscope at a magnification of ×400 (ZEISS Axio Imager A2,
Bremen, Germany).

4.9. Synergistic Effect of Ppa Extract Plus Sorafenib on Cell Proliferation and Regrowth

For combined treatment with PPa extract and sorafenib, MTT assay was performed and the data
were converted to a readout of fraction of inhibition affected by the individual drug or the combination
and analyzed using the combination index method [51,52]. Cells (5 × 103/100 μL) grown in 96-well
overnight and treated with as the following for 24 and 48 h: PPa extract (0, 1.9, 3.8, 7.5, 15 and 30 μg/mL)
plus sorafenib (2 μg/mL), or sorafenib (0, 0.16, 0.32, 0.64, 1.25 and 2.5 μg/mL) plus PPa extract (15 μg/mL)
for HepG2 cells; PPa extract (0, 3.2, 6.4, 12.5, 25 and 50 μg/mL) plus sorafenib (3 μg/mL), or sorafenib
(0, 0.64, 1.25, 2.5, 5 and 10 μg/mL) plus PPa extract (25 μg/mL) for Mahlavu cells. After end points,
the combination index (CI), which was calculated as the equation: CI = IC50 of synergistic treatment
I/IC50 of PPa extract + IC50 of synergistic treatment II/IC50 of sorafenib. CI values significantly less
than 1.0 indicated synergy. For analysis of sub-G1 phase, cells (2 × 106) seeded at 10 cm dishes and
treated with as following for 24 and 48 h: 2 μg/mL sorafenib plus 15 μg/mL PPa extract for HepG2

cells; 3 μg/mL sorafenib plus 25 μg/mL PPa extract for Mahlavu cells. After that, both cell lines were
analyzed for flow cytometry. For regrowth assay, cells (5 × 102) seeded at 96-well overnight and treated
with PPa extract (15 μg/mL) and sorafenib (0.2 μg/mL) for 4 and 8 days. During treatments, fresh drugs
were changed every two days and harvested the data at 4 and 8 days. After treatment, cells were
stained with 0.1% crystal violet and absorbance was measured at 550 nm after dissolving in 0.5% acetic
acid. For detection of indicated protein expressions, cells (2 × 106) seeded at 10 cm dishes. And then,
HepG2 cells were treated with 2 μg/mL sorafenib plus 15 μg/mL PPa extract and Mahlavu cells were
treated with 3 μg/mL sorafenib plus 25 μg/mL PPa extract for 48 h. Cell lysates were collected for
western blot.

4.10. Xenograft Animal Study

Balb/c nude mice (8–12 weeks, female) purchased from National Laboratory Animal Center (Taipei,
Taiwan) were housed in a pathogen-free environment. All procedures of the liver cancer cell xenograft
animal model were performed in the Laboratory Animal Center of Chung Shan Medical University
(CSMU) following the Guide for the Care and Use of Laboratory Animals and were approved by
the IACUC of CSMU (CSMU-IACUC-1662). To establish a subcutaneous liver cancer model in mice,
HepG2 cells (1 × 106 cells/100 μL/mouse) were injected into the right flank of mice. After 5 days,
mice were randomly divided into two groups (n = 5 for each): vehicle treated with mineral oil or
subcutaneously treated with PPa extract (200 mg/kg) on left flank of mice once every two days. All mice
were observed until the tumor volume was greater than 1500 mm3 (L × H×W mm3), which was noted
as the last survival day. The following analysis was performed by IHC and H&E staining. The slides
were assessed by light microscopy at a magnification of ×400. For serum biochemical estimation,
blood was collected from the tail vein at 0, 3, 6, 12, and 24 h for analysis of acute toxicity which is
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determining the short-term adverse effects of a drug when administered in a single dose, or in multiple
doses during a period of 24 h [55], after PPa extract (200 mg/kg) treatment. Serum was separated via
centrifugation at 3000 rpm for 10 min for examination of blood cells (white blood cell, red blood cell
and platelet) and serum biochemistry (ALT, and AST).

4.11. H&E and Immunohistochemistry Staining

The colleting tissues were fixed in 10% buffered formalin, embedded in paraffin wax, cut into
4 μm thick sections. These sections were then stained with Mayer’s hematoxylin and eosin Y solution
and were observed under a light microscope after staining at ×200 magnification. Indicated protein
detection was performed by immunohistochemical analysis. After antigen retrieval, the sections were
treated with 10% BSA solution for blocking and 3% H2O2 for removing of the activity of endogenous
enzymes. The primary antibodies, including 8-oxo-dG (bs-1278R, Bioss Antibodies Inc., Woburn,
MA, USA.), caspase-3 (SC-98785), PCNA (SC-7907), VEGF (SC-152), VEGFR1 (SC-9029) and VEGFR2
(SC-6251), which were purchased from Santa Cruz Biotechnology (Dallas, TX, USA) were added and
incubated at 4 °C overnight. Positive cells were detected with HRP-conjugated secondary antibody
and visualized using 3,30-diaminobenzidine (DAB) staining. After immunostaining, sections were
counterstained with hematoxylin. The experiment was randomly selected and counted ten ×200
field to achieve IHC score, which was evaluated by three experienced pathologists, independently,
using quick score = intensity score × positive area score. The intensity scoring criteria: 0, any tumor
cells with membrane staining at intensity of no staining; 1, weak staining; 2, moderate staining; 3,
strong staining and 4, strongest staining. The percentage of positive area at the ×200 field are scored as
0 = 0%, 1 = 1–20%, 2 = 21–40%, 3 = 41–60%, 4 = 61–80% and 5 = 81–100%. Scoring of PCNA protein
expressions were randomly counted the number of positive cells at ten fields under ×400 magnification
and the results were presented as a percentage of the number of positive cells. The data were observed
and photographed at ×400 magnification by microscope (ZEISS Axio Imager A2, Bremen, Germany).

4.12. Gas Chromatography-Mass Spectrometry Analysis

Gas chromatography-mass spectrometry (GC-MS) analyses were performed using an Agilent
7890CB gas chromatograph (AccuTOF-GCx, Jeol, MA, USA) with an Rxi-5MS capillary column
(film thickness: 30 m × 0.25 mm × 0.25 μm) that was commissioned to the National Central Taiwan
University Office of Research and Development’s Center for Advanced Instrumentation (Hsinchu,
Taiwan). The sample was diluted using hexane (1/500), the carrier gas was helium (1 mL/min),
and the injector temperature was 300 ◦C with an injection flow rate of 1 mL/min. Components were
identified by comparing their mass spectra with those obtained from authentic samples or spectra of
the Wiley/Nist libraries.

4.13. Statistical Analysis

All data are presented as the mean ± SD. Statistical significance between groups was determined
by Student’s t-test. The evaluation of survival rate utilized Kaplan–Meier software. A p value < 0.05
was considered statistically significant.
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Abstract: In this study, we propose lactucopicrin (LCTP), a natural sesquiterpene lactone from
Lactucavirosa, as a molecule able to control the growth of glioblastoma continuous cell line U87Mg.
The IC50 of U87Mg against LCTP revealed a strong cytotoxic effect. Daily administration of LCTP
showed a dose and time-dependent reduction of GBM cell growth and viability, also confirmed
by inhibition of clonogenic potential and mobility of U87Mg cells. LCTP activated autophagy in
U87Mg cells and decreased the phosphorylation of proliferative signals pAKT and pERK. LCTP also
induced the cell cycle arrest in G2/M phase, confirmed by decrease of CDK2 protein and increase
of p53 and p21. LCTP stimulated apoptosis as evidenced by reduction of procaspase 6 and the
increase of the cleaved/full-length PARP ratio. The pre-treatment of U87Mg cells with ROS scavenger
N-acetylcysteine (NAC), which reversed its cytotoxic effect, showed the involvement of LCTP in
oxidative stress. Finally, LCTP strongly enhanced the sensitivity of U87Mg cells to canonical therapy
Temozolomide (TMZ) and synergized with this drug. Altogether, the growth inhibition of U87Mg
GBM cells induced by LCTP is the result of several synergic mechanisms, which makes LCTP a
promising adjuvant therapy for this complex pathology.

Keywords: glioblastoma (GBM); lactucopicrin (LCTP); temozolomide (TMZ); autophagy; oxidative
stress; NF-κB; p62/SQSM1

1. Introduction

Glioblastoma (GBM) is one of the most lethal brain tumors in adults, with survival rates which have
remained substantially unchanged for 30 years. Common histological features of GBM comprise marked
mitotic activity, high angiogenesis, cellular heterogeneity, necrosis, and pronounced proliferative
rates [1]. Furthermore, the presence of cancer stem cells, able to proliferate and generate glial neoplastic
cells [2,3], contributes to the unfavorable prognosis of GBM patients, whose median survival is
approximately 14 months [4]. Gross-total resection of tumor tissue, followed by adjuvant chemo-
and radiotherapy, remains the standard of care [5]. Numerous efforts have been made to identify the
molecular pathways and potential “druggable” targets involved in gliomagenesis [6].

Temozolomide (TMZ) is a first-line chemotherapy that has significantly improved the prognosis
of GBM patients [7]. However, development of TMZ resistance in some GBM patients during the
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therapeutic program limits the treatment of this brain tumor. The main mechanism of GBM resistance
involves O6-methylguanine-DNA methyltransferase (MGMT) enzyme repair. MGMT acts by removing
the methyl group attached to the O6 position in guanine from DNA of cancer cells, favoring a resistant
phenotype [8]. However, other mechanisms contribute significantly to TMZ resistance [9]. Several
molecules have been developed to overcome TMZ resistance, such as O6-benzyl-guanine which
inhibits MGMT, tyrosine kinase inhibitors which modulate the epidermal growth factor receptor
(EGFR) commonly overexpressed in GBMs, and nutlin-3 which inhibits murine double minute 2
(Mdm2), that in turn leads to restoration of p53 activity.

Due to the failure of classical chemotherapies and targeted drugs, research efforts are focusing
on natural compounds that can overcome BBB, inhibit tumor growth and are able to promote the
activity involving multiple pathways [10]. In fact, since multiple pathways are associated with TMZ
resistance in GBM [11], the treatment of GMB with a selective target drug that blocks the activation of
a single pathway could result in a compensatory mechanism that leads to the restoration of signals,
conferring a TMZ resistance [12]. Interestingly, multiple natural compounds have already shown
antitumor and apoptotic effects in TMZ resistant GBM cell lines and also displayed synergistic affects
with TMZ [10,13,14]. Sesquiterpene lactones are a large and different group of biologically active plant
compounds with anti-inflammatory and anti-tumor activity. Sesquiterpene lactones are secondary
metabolites of the Asteraceae family, which exhibits great structural diversity and a broad range of
biological activities [15,16]. As a member of the sesquiterpene superfamily, they are composed by
15-carbon skeletons, consisting of colorless, crisp and dry lipophilic compounds made up of three
isopropyl units [17,18]. The biological activities of sesquiterpene lactones are due to the presence of
α-methylene-γ-lactone, which reacts with nucleophilic structure of multiple targets through Michael’s
reaction, such as the thiol group of cysteinyl residues [17]. Therefore, they can exert their effects
through the alkylation of transcription factors and various enzymes, interfering with several molecular
pathways [19]. In the last few years, extensive research has confirmed the anticancer activity of
different compounds within the sesquiterpene lactones and much effort has been undertaken to clarify
the molecular mechanism and chemotherapeutic potential of some of these compounds in GMB
treatment [20–22]. Very recently, Zhang et al. reported that lactucopicrin (or intybin), a secondary
metabolite of lactucarium, derived from the plant Lactuca virosa (wild lettuce) and found in some
related plants, such as Cichorium intybus, exhibits its anticancer activity in SKMEL-5 human skin
cancer cells [23] and growth inhibition of Saos-2 osteosarcoma cells [24].

For a long time, lactucarium, a milky and bitter juice secreted by stem secretion of these plants,
once dried, has been used as an opium substitute for its analgesic and sedative properties. Therefore,
considering the ability of lactucopicrin to act on central nervous system, it can be speculated that this
molecule can cross the BBB acting as multi-target molecule, potentially interfering with GMB cell
growth. Therefore, we studied the effect of this natural substance to exploit the novel vulnerabilities of
human glioblastoma cell line U87Mg.

2. Results

2.1. Dose-Response and Time-Course of LCTP Effects on Glioblastoma U87Mg Cells

The cytotoxic effects of LCTP on glioblastoma were investigated using continuous glioblastoma
cell line U87Mg and estimating the IC50 of LCTP at 24, 48, and 72 h. As it is evident in Figure 1B,
the IC50 of LCTP against U87Mg cells decreased from 12.5 ± 1.1 μM (5.1 ± 0.5 μg/mL) at 24 h to
3.6 ± 1.1 μM (1.5 ± 0.5 μg/mL) at 72 h. Considering the strong cytotoxicity of this molecule, LCTP was
daily administered at concentrations of 7.5 and 10 μM at various time intervals (24, 48 and 72 h).
We found that LCTP exhibited a statistically significant time- and dose-dependent growth inhibition
of U87Mg, as measured by direct cell count (Figure 1D), which resulted in a growth rate inhibition
that increased from 60% and 82% at 48 h, respectively, with LCTP 7.5 and 10 μM to 85% and 94% of
inhibition at 72 h of treatment. Cell viability assay and morphological changes were also reported
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in Figure 1C,E. According to the growth rate inhibition, LCTP inhibited the viability of U87Mg in a
time and dose-dependent manner, with about 50% of reduction at 72 h of treatment with LCTP 10 μM.
LCTP induced dramatic morphological changes of U87Mg, visible at microscopically observation as
rounded-shaped with a loss of filaments and cell shrinkage (Figure 1C).

Figure 1. (A) Chemical structure of LCTP. (B) IC50-values of U87Mg cells after 24, 48 and 72 h of
incubation with LCTP. (C) Morphological changes of U87Mg glioblastoma cells treated every 24 h
with LCTP 7.5 and 10 μM for 24, 48 and 72 h. Magnification 20×. (D) Time and dose-dependent
growth inhibition of LCTP-treated U87Mg cells. (E) Cytotoxic effect of various concentrations of LCTP
(7.5 and 10 μM) at 24, 48 and 72 h post-treatment on U87Mg cell line. (F) Quantification of the cell-free
area in wound healing assay at T0 and 24 h post-scratch in control and LCTP-treated U87Mg cells.
(G) Colony-forming assay of U87Mg treated 24 h with LCTP 7.5. μM. For all the experiments, values are
the means ± SEM of 3 individual determinations. Unpaired t-test, p-value < 0.05. According to
GraphPad Prism, * p-value 0.01 to 0.05 (significant), ** p-value 0.001 to 0.01 (very significant), *** p-value
0.0001 to 0.001 (Extremely significant), **** p-value < 0.0001 (Extremely significant).

2.2. LCTP Interferes with Clonogenic Survival and Motility Capacity of GBM Cells

To further investigate the growth inhibition effects of LCTP, a colony assay of U87Mg treated
with LCTP and control vehicle (DMSO) was performed. LCTP dramatically reduced the colony
forming of U87Mg; at the lowest concentration used (7.5 μM), this natural molecule completely
suppressed clonogenic growth (Figure 1G). LCTP also affected the cell motility of U87Mg, as it was
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demonstrated by the wound healing assay. The plot in Figure 1F showed that the percentage of
wound closure significantly decreased with the increase of LCTP concentrations at 24 h post-scratch
(Supplementary Figure S1).

2.3. Rapid Autophagy Response of U87Mg to LCTP Treatment Potentially Remodels the Cytoskeleton Proteins

The molecular mechanisms underlying LCTP-induced cytotoxicity were investigated exposing
U87Mg cells to short-term treatment with LCTP 10 μM. In the Western blot analysis, in Figure 2A,
the strong reduction of autophagic substrate p62/SQSM1 appears evident, already being visible after
30 min of induction followed by the increased of cleaved LC3BII, clearly indicating the activation of
autophagy in GBM cells treated with LCTP, with respect to control cells. Autophagy activation may be
sustained by a deep dephosphorylation of Ser473pAKT and pERK1/2 proteins in a LCTP- short-term
treatment of U87Mg cells (Figure 2B). Interestingly, LCTP induced a strong cytoskeleton rearrangement
in U87Mg cells, as it can be appreciated by immunofluorescence staining for intermediated filament
Vimentin and the α-tubulin subunit of microtubules (Figure 2C).

Figure 2. (A) Western blot analysis of autophagy-associated proteins p62 and LC3BII in short-termtreated-
U87Mg cells with LCTP 10 μM. Densitometric analysis of protein levels represent the means ± SEM
of 3 individual determinations. Data were normalized to GAPDH and are expressed as fold change
over control-treated cells. * Unpaired t-test, p-value < 0.05. (B) Western blot analysis of proliferative
signals pERK/ERK/GAPDH and pAKT/AKT/GAPDH in short-termtreated-U87Mg cells with LCTP 10 μM.
Densitometric analysis of protein levels represent the means ± SEM of 3 individual determinations
and are expressed as fold change over control-treated cells, normalized to GAPDH. * Unpaired t-test,
p-value < 0.05. According to GraphPad Prism, * p-value 0.01 to 0.05 (significant), ** p-value 0.001 to 0.01
(very significant), *** p-value 0.0001 to 0.001 (Extremely significant), **** p-value < 0.0001 (Extremely
significant). (C) Immunofluorescence analysis of cytoskeleton proteins α-tubulin and Vimentin in
U87Mgcells treated with LCTP 10 μM and vehicle control (DMSO 0.08%) for 20 min. Magnification 20×
and 60×.
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2.4. Cell Cycle Arrest in G2/M Phase and Apoptosis Induction by LCTP in U87Mg Cells

To clarify the mechanism that regulates GBM cell growth inhibition, the long-term effects of LCTP
on cell cycle distribution were investigated by flow cytometry. The analysis revealed that the cell
cycle arrest in G2/M phase in LCTP-induced U87Mg cells was already visible at 24 h post-treatment
(Figure 3A). The cell cycle distribution showed that the arrest in the G2/M phase—and concomitant
decrease of cell percentage at the G0/G1 phase—is time-dependent (Figure 3B). In order to clarify the
molecular mechanism underlying the growth inhibition of the U87Mg cells, the expression levels of key
proteins which regulate the cell cycle were determined by Western blot analysis. As shown in Figure 3C,
the long-term treatment of U87Mg cells with LCTP 7.5 μM induced the activation of CDK inhibitor
p21, which was already up-regulated after 24 h of treatment. The tumor suppressor p53 was strongly
activated at 72 h post-treatment in accordance, with the pronounced accumulation of cell population in
the G2/M phase at the same time point (Figure 3B,C). The up-regulation of p21 and p53, after 72 h,
is correlated to CDK2 inhibition in LCTP-treated cells, confirming the cytostatic activity of LCTP in
U87Mg cells (Figure 3D). In the same conditions, to further investigate whether the anti-proliferative
effect of LCTP was accompanied by the induction of cell death, Western blot analysis of apoptotic
proteins was performed. In U87Mg-treated cells at 48 and 72 h post-treatment, procaspase 6 decreased,
while cleaved/full-length ratio of Poly(ADP)ribose polymerase (PARP) significantly increased, clearly
indicating the activation of programmed cell death by LCTP (Figure 3E,F). Loss of repair activity of
cleaved PARP was also confirmed by the appearance of DNA fragments, as shown on 2% agarose gel
electrophoresis at 72 h of LCTP-treatment (Figure 3G).

2.5. Involvement of Oxidative Stress in LCTP-Mediated Cytotoxicity in U87Mg Cells

The involvement of oxidative stress in LCTP-induced cytotoxicity is due to the presence of
highly reactive α-methylene-γ-lactone group. This group is able to react with nucleophilic structure
of multiple targets through Michael’s reaction, such as the thiol group of cysteinyl residues [17].
The oxidative stress LCTP-induced cytotoxicity was demonstrated by pre-incubating U87Mg with
N-acetylcysteine. Pre-treatment with ROS scavenger NAC reverted the LCTP effects on U87Mg cell
viability and preserved cell morphology (Figure 4A,B). These results suggest that LCTP induces a
redox imbalance that potentially mediates its anti-proliferative activity. ROS can influence tumor cell
malignancy via the redox-regulated transcription factor NF-κB [25]. Therefore, Western blot analysis of
short-term LCTP-treated GBM cells was performed to assess the expression levels of NF-κB p65 subunit.
The down-regulation of NF-κB p65 expression upon LCTP treatment was already visible after 30 min of
incubation with the drug and persisted throughout all of the time tested (1 h, 2 h, and 4 h) (Figure 4C).
The expression of NF-κb p65 at long-term treatment was also tested (Supplementary Figure S2).

2.6. LCTP Enhances the Sensitivity of U87Mg to Canonical Therapy Temozolomide

To assess whether the effects of LCTP can influence the response to TMZ, U87Mg cells were
pre-treated with LCTP 7.5 μM and 10 μM for 24 h and IC50 for TMZ at 24 h, which was determined to
be compared with the standard IC50. As shown in Figure 5A,B, the IC50 of TMZ at 24 h was about
18 and 32 times higher compared to IC50 for TMZ at 24 h when U87Mg cells were pre-treated with
LCTP (7.5 μM and 10 μM). It is worth noting that the lower IC50 of U87Mg to LCTP if compared with
TMZ at 24 and 48 h, indicating a strong effect of LCTP in a short-term period, which could explain the
rapid activation of autophagic pathway. At 72 h, the IC50 for TMZ and LCTP of U87Mg cells became
comparable (Figures 1B and 5A).
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Figure 3. (A) Representative flow cytometry analysis of cell cycle arrest in G2/M and (B) plot of cell
cycle distribution of propidium iodide (PI) staining in U87Mg, vehicle (left panel) and LCTP (7.5 μM)
treated cells (right panel) for 24, 48 and 72 h. Values are the means ± SEM of 3 individual determinations.
* Unpaired t-test, p-value < 0.05. (C) Western blot analysis of p53 and p21 in long-term LCTP–treated
U87Mg cells. Data were normalized toβ-actin and are expressed as fold change over control-treated cells
of 3 individual determinations. * Unpaired t-test, p-value < 0.05. (D) Western blot analysis of CDK2:
the figure shows CDK2 analysis of U87Mg cells treated with LCTP 7.5 μM at different time (24, 48,
and 72 h). Data were normalized to β-actin and are expressed as fold change over control-treated cells
of 3 individual determinations. * Unpaired t-test, p-value < 0.05. (E) Western blot and densitometric
analysis of procaspase 6 of LCTP-treated U87Mg cells at different time (24, 48 and 72 h). Values are
the means ± SEM of 3 individual determinations and protein expression levels, normalized to β-actin,
are expressed as fold change over control-treated cells. * Unpaired t-test, p-value < 0.05. (F) Western
blot analysis of PARP in LCTP-treated U87Mg cells at different time (24, 48 and 72 h). Values as ratio of
cleaved PARP to full-length PARP represent the means ± SEM of 3 individual determinations and are
expressed as fold change over control-treated cells. * Unpaired t-test, p-value < 0.05. According to
GraphPad Prism, * p-value 0.01 to 0.05 (significant), ** p-value 0.001 to 0.01 (very significant), *** p-value
0.0001 to 0.001 (Extremely significant), **** p-value < 0.0001 (Extremely significant). (G) DNA laddering
of long-term treatment of U87Mg cells with LCTP 7.5 with respect to untreated cells.
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Figure 4. (A) Effect of pre-treatment with ROS scavenger NAC 3 mM for 4 h on morphological changes
and (B) cell viability (%) induced by different concentrations of LCTP (7.5, 10, 15 and 30 μM) on U87Mg
cells at 24 h from treatment. Magnification 20×. (C) Western blot analysis of NF-κB p65 subunit of
short-term treated U87Mg cells with LCTP 7.5 μM (30 min, 1 h, 2 h and 4 h). Data were normalized to
GAPDH and are expressed as fold change over control-treated cells of 3 individual determinations.
According to GraphPad Prism, ** p-value 0.001 to 0.01 (very significant), *** p-value 0.0001 to 0.001
(Extremely significant), **** p-value < 0.0001 (Extremely significant).

2.7. Synergist Effect of LCTP and TMZ Affects the Cell Growth and Viability

In order to propose LCTP as an adjuvant therapy for GBM, in combination with conventional
chemotherapy TMZ, U87Mg cells were treated every 24 h with LCTP 7.5 μM and 10 μM in combination
with TMZ 1 μM for 24, 48. and 72 h. The effects of the combined therapy were assessed on cell growth
and viability. Concomitant treatment with the two drugs significantly increased the effect of TMZ alone,
inhibiting the replicative potential of U87Mg cells already from 24 h post-treatment (Figure 5C,D).
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Figure 5. (A) IC50-values of U87Mg cells after 24, 48 and 72 h of incubation with TMZ. (B) IC50-values
of TMZ at 24 h of U87Mg cells pre-treated with LCTP 7.5 and 10 μM for 24 h. (C) Synergistic effect of
LCTP and conventional chemotherapy TMZ ongrowth of U87Mg cells. Values are the means ± SEM
of 3 individual determinations. # p-value compared to cells treated with TMZ alone. (D) Synergistic
effect of LCTP and conventional chemotherapy TMZ oncell viability of U87Mg cells. Values are the
means ± SEM of 3 individual determinations. # p-value < 0.05 compared to cells treated with TMZ
alone. According to GraphPad Prism, # p-value 0.01 to 0.05 (significant), ## p-value 0.001 to 0.01
(very significant), *** or ### p-value 0.0001 to 0.001 (Extremely significant), **** or #### p-value < 0.0001
(Extremely significant).

3. Discussion

The current oncology protocol for glioblastoma patients provides, after surgery, treatment with
chemotherapeutic agents, such as TMZ, associated with radiotherapy (Stupp protocol) [5]. Over the
past 10 years, however, therapeutic agents have not significantly increased the median survival rate of
patients with glioblastoma. The 5-year survival rate for patients with the same disease, after treatment
including surgical resection, radiotherapy, and chemotherapy, remains less than 9.8% [26].

Therapeutic approaches used against glioblastoma are associated with the development of
resistance and with important side effects, which can very often represent a real obstacle for the patient
in completing chemotherapy, and this can lead to therapeutic failure. For this reason, the current
research is moving towards using natural substances as adjuvants to a traditional therapy that can,
on the one hand, have an antitumor action (synergistic with temozolomide) and, on the other, soothe the
side effects. A large number of clinical studies have demonstrated the benefits derived from the use of
herbal medicines in combination with conventional therapies on the survival, immune modulation,
and quality of life of cancer patients [27]. Here, we examined the anti-proliferative effects of a natural
compound, Lactucopicrin, commonly found in Lactuca virosa, on human glioblastoma cells U87Mg.
The effects of LCTP on the proliferation of GBM continuous cell line U87Mg were evaluated by setting
up growth curves. To study the effect of LCTP on the growth rate of human glioma cells U87Mg,
we applied the drug at chosen concentration (7.5 and 10 μM) to the growing medium once daily for
three days, starting one day after plating. These applications had already reduced the growth in culture
after only 24 h post-treatment. A time- and dose-dependent growth rate inhibition was observed in
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U87Mg upon LCTP treatment. This trend was also confirmed by results obtained for cell viability
assay. In accordance with results from cell count and MTT assay, the growth inhibitory effect of LCTP
on U87Mg cell was also confirmed by clonogenic assay. In fact, at the lower concentration chosen
(7.5 μM), LCTP completely suppressed the potential clonogenicity of U87Mg cells. Migration is a
peculiar aspect which favors the aggressiveness and poor prognosis glioblastoma [28]; in this regard,
our results evidence a dose-dependent, anti-migratory effect of LCTP on U87Mg cells, since the ability
of cells to close the scratch decreased with LCTP concentrations.

The half-maximal inhibitory concentration of LCTP against U87Mg was determined at different
time points, revealing a strong cytotoxic effect of LCTP. The IC50 for LCTP in the micromolar range
is in line with the previously reported data in human SKMEL-5 [23]. Interestingly, compared with
conventional chemotherapy TMZ, the IC50 of LCTP at 24 and 48 h resulted in being more than 10 times
lower, becoming comparable only at 72 h of treatment.

In order to evaluate the potential synergism of TMZ with LCTP, the preliminary ability of this
natural molecule to arrest the cell proliferation of U87Mg cells was investigated by comparing the
IC50-values for TMZ before and after treatment with LCTP. LCTP strongly increased the sensitivity of
U87Mg to TMZ. Finally, to test the synergism with TMZ (canonical drug for GBM) and to propose
LCTP as adjuvant therapy, the GBM cell growth and viability were analyzed upon combined treatment
which demonstrated a synergistic effect. We considered that it would be interesting to investigate
the mechanisms involved in inhibiting cell growth after LCTP administration. Since members of the
sesquiterpene lactone family have been reported to induce S and G2/M cell cycle arrest and cell death
inducing apoptosis through PARP cleavage [20,23,29], the ability of LCTP to induce the cell cycle arrest
in GBM U87Mg cells was evaluated by flow cytometry analysis. The results demonstrated a block of
the cell cycle in the G2/M phase, especially 72 h after treatment with LCTP. The cell cycle arrest was
supported by the increased expression of the CDK inhibitor p21 and oncosuppressor p53, while CDK2
protein decreased. The cell cycle blockage is not to be considered as the only mechanism that determines
the growth inhibition of U87Mg cells after treatment with LCTP. In this order, the molecular activation
of the apoptotic and autophagic responses, as well as the key pathways of proliferation U87Mg
continuous cell line, were assessed by Western blot analysis of GBM cell extracts after treatments.
Long-term exposure to LCTP 7.5 μM revealed an increase cleaved/full-length PARP ratio, confirming
an involvement of the apoptotic pathway which is already visible by procaspase 6 decrease at 48 and
72 h of induction with LCTP.

The pro-apoptotic and cytostatic effects of LCTP may be the results of a rapid activation of
autophagic pathway. The autophagy adaptor p62/SQSM1 has been reported to act as an oncogene
in glioma and has been proposed as a novel therapeutic target for this pathology [30]. Moreover,
a decreased expression of p62/SQSM1 induced a significant decrease of ERK phosphorylation [31].
According to previous literature, in our study, Western blot analysis revealed a strong and
rapid reduction of p62/SQSM1 accompanied by the increase of cleaved LC3BII and a remarkable
dephosphorylation of ERK1/2 kinases in LCTP–treated cells. The presence of α-methylene-γ-lactone
promotes the nucleophilic attack of sesquiterpene lactones to multiple targets through Michael’s
reaction, such as the redox regulator NF-κB [17]. The constitutive activation of this transcription factor
has been shown to stimulate the growth and survival of GBM [32]. Several natural sesquiterpene
lactones act as NF-kB inhibitors [33], such as parthenolide and artemisinin, which enhance the
sensitivity of cancer cells to chemotherapy [34,35]. In this regard, the effect of LCTP on the NF-kB
p65 subunit was investigated by Western blot analysis, that revealed a significant reduction of p65
expression levels already appreciable at 30 min from induction. According to Jing et al., the autophagic
degradation of p62/SQSM1 can lead the inhibition of NF-kB pathway and thus inhibit the proliferation
of U87Mg glioblastoma cells [36]. The high nucleophilic reactivity of LCTP against cysteine-reactive
electrophiles and the involvement of oxidative stress in LCTP-induced cytotoxicity was investigated
pre-incubating U87Mg cells with NAC, a cysteine precursor acting as ROS scavenger. NAC completely
reversed the cytotoxic effects of LCTP and protected cells from morphological changes.

159



Molecules 2020, 25, 5843

AKT represents a central point of the RTK/PTEN/PI3K pathway. High levels of AKT and
phospho-AKT have been detected in the majority of GBM tumor samples and cell lines, where it
supports uncontrolled glioma cells growth, apoptotic blockage, and tumor invasion, thus representing
an attractive pathway for GBM targeting therapy [37]. Western blot analysis displayed, in cells treated
with LCTP for 30 min,1 h, 2 h, and 4 h, a decrease in AKT phosphorylation, implying a strong reduction
of the proliferation signaling pathway.

Finally, our study evidenced that treatment of U87Mg cells with LCTP induced—already in the
first 30 min of treatment—a profound reshape of the glioblastoma cells’ cytoskeleton, leading to the
development of autophagic structures [38,39]. Immunofluorescence analysis revealed a profound
change in α-tubulin distribution, that appeared clearly distributed in the cytoskeletal structures
of the microtubules in the control glioblastoma cells, while α-tubulin is very concentrated in the
cytoplasm after treatment with LCTP. On this side, LCTP treatment also remodeled the intermediate
filament Vimentin, which appeared normally distributed in the cytoplasmic long stress fibers in control
cells while accumulating near the nucleolemma, conferring a cell rounded-shaped morphology in
LCTP-treated cells.

Concluding, the LCTP can be considered an excellent adjuvant substance for the treatment of
glioblastoma, as it is involved in a series of mechanisms that control the growth of glioblastoma cells:
autophagy, cell cycle arrest, and oxidative stress. Furthermore, the reduction of transcription factor
NF-κB p65—a critical regulator of immune and inflammatory responses—showed a potential role
of LCTP into reducing chronic inflammation. This natural substance—which potentially can pass
through the BBB—used in combination with the canonical chemotherapy Temodal, opens the door to
a multimodal therapy which could prove to be the most effective weapon against complex diseases,
such as glioblastoma.

4. Materials and Methods

4.1. Cell Culture

The continuous human glioblastoma cell line U87Mgwas obtained from Sigma Aldrich Collection
(LGCPromochem, Teddington, UK). U87Mg cells were growth in Dulbecco’s Modified Eagle’s Medium
supplemented with 10% fetal bovine serum, 2 mmol/L-glutamine, 100IU/mL penicillin, 100 μg
streptomycin at 37 ◦C, 5% CO2, and 95% of humidity. For in vitro treatment, the pure molecule LCTP
(Extrasynthase, Genay, France) and Temozolomide (Sigma Aldrich, St. Louis, MO, USA) were used.

4.2. Estimation of Half—Maximal Inhibitory Concentration (IC50) of LCTP and TMZ in U87Mg Cells

To estimate the IC50-values of LCTP and TMZ at 24, 48, and 72 h, U87Mg cells were plated in
96-well plates at density of 5 × 103 cells/well. The IC50-values for the selected drugs were determined
by using, respectively, the concentrations of 7.5, 10, 15, and 30 μM for LCTP and 10, 50, 100, 150,
and 200 μM for TMZ. The IC50-values for LCTP and TMZ in U87Mg cells were calculated using
GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA).

4.3. Proliferation Assay

The in vitro response of U87Mg cells to LCTP were evaluated by plating human GBM cell line in
48-well plates at 1 × 104 cells/well in DMEM supplemented with 10% FBS, incubating them at 37 ◦C in
an atmosphere containing 5% CO2. The following day, the cells were treated every 24 h with LCTP at
concentrations of 7.5 μM and 10 μM for 24, 48, and 72 h. DMSO 0.08% was used as vehicle control.
At the selected time point, cell count was performed using a Burker chamber.

4.4. Cell Viability Assay

U87Mg cells were seeded at density of 5 × 103 cells in 96-well plates. The cultures were treated
every 24 h with concentrations of LCTP 7.5 μM and 10 μM for 24, 48, and 72 h, followed by MTT
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(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma–Aldrich) assay. DMSO 0.08%
was used as vehicle control. Briefly, 5 mg/mL MTT was added in 100 μL of cultured cells in DMEM
medium. Formazan crystals were dissolved in isopropanol/HCl 0.4% and the absorbance measured at
570 nm with a plate reading spectrophotometer.

LCTP-induced oxidative stress in U87Mg cells was investigated pre-treating starved cells with
N-acetylcysteine (NAC) 3 mM for 4 h at 37 ◦C in DMEM with FBS 10%. After 4 h, the medium was
replaced and GBM cells treated with different concentrations of LCTP (7.5, 10, 15, and 30 μM) for 24 h.
DMSO 0.2% was used as vehicle control.

4.5. Microscopic Observation of Cell Morphology

U87Mg cells were seeded in 96-well plates and incubated with LCTP 7.5 μM every 24 h in DMEM
with FBS 10% for 24, 48, and 72 h in the presence or absence of N-acetylcysteine 3 mM. After treatment,
morphological changes of U87Mg were observed and imaged by a phase contrast microscope (Evos,
Life technologies, Carlsbad, CA, USA).

4.6. Combined Treatment of TMZ and LCTP in Human GBM Cell Line

The in vitro response of U87Mg cells to combined LCTPand TMZ treatment was assessed seeding
GBM cells in 48-well plates (10,000 cells/well) and treating the cells every 24 h with TMZ 1 μM alone
or in combination with LCTP 7.5 μM and 10 μM for 24, 48, and 72 h. At the end of each treatment,
cells were counted using a Burker chamber. The combined cytotoxic effects of LCTP and TMZ were
evaluated by MTT assay as above described: U87Mg cells were plated at density of 5 × 103 cells in
96-well plates and treated with the same combination of drugs (LCTP 7.5 μM and 10 μM in combination
with TMZ 1 μM) for 24, 48, and 72 h.

4.7. Estimation of IC50 of TMZ after Pre-Treatment with LCTP

To test the ability of LCTP to enhance the sensitivity of U87Mg cells to TMZ, cells were plated in
96-well plates at density of 5 × 103 cells/well and pre-treated for 24 h with LCTP 7.5 μM and 10 μM,
before the estimation of IC50-values for TMZ. Cells were incubated with concentrations of TMZ 10,
50, 100, 150, and 200 μM and IC50-values for TMZ at 24 h determined by using GraphPad Prism
(GraphPad Software Inc., San Diego, CA, USA).

4.8. Wound Healing Assay

To evaluate cell motility, GBM cells were seeded into 6-well culture plates. When the cells reached
90% confluence, a scratch was gently made through the cell monolayer by sterile 100 μL pipette tips,
and the detached cells were washed away. The cell migration was observed and imaged under an
Evos FL microscope (Life Technologies) for each condition (LCTP 7.5 μM and 10 μM) and timepoint
(T0 and T24 h).

4.9. Clonogenic Assay

The clonogenic assay was performed seeding 103 U87Mg cells/well in triplicate in 6-well plates
for 48 h. Cells were treated with LCTP 7.5 μM and control vehicle (0.08% DMSO) for 24 h and the
medium was replaced every 3 days for 14 days. The colonies were fixed with 4% paraformaldehyde
solution for 5 min, washed with PBS, and stained with crystal violet 0.05% for 30 min.

4.10. Western Blot Analysis of LCTP-Treated U87Mg Cells

Protein extraction from LCTP-treated U87MG cells was performed with Triton X-100 lysis buffer
(Tris-HCL 10 mM, EDTA 1 mM, NaCl 150 mM, Triton X-100 1%, NaF 1 mM, Na4P2O7 1 mM, Na3VO4

1 mM, and protease inhibitors 1×). Protein lysates (15 μg) were resolved on a 12.5% SDS-PAGE
transferred to PVDF membranes by electroblotting. The membranes were incubated for 1 h at room
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temperature in 5% not-fat dry milk or bovine serum albumin (BSA) diluted in 1× Tris-buffered
saline containing Tween-20 (TBST) and then incubated overnight at 4 ◦C with primary selected
antibodies. For protein normalization, each membrane was then incubated with mouse monoclonal
anti–β-actin (1:10,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or anti-GAPDH (1:1000,
Santa Cruz Biotechnology). The membranes were incubated with the specific HRP-conjugated
secondary antibodies (Calbiochem). The protein bands were detected by chemiluminescence using
ECL Western blotting (Amersham) and the digital signals were quantified by densitometric analysis
using Image Lab Software (Bio-Rad Laboratories, Hercules, CA, USA). For cell cycle proteins CDK2,
p21, and p53 analysis, the cells were plated at a density of 5 × 105 cells in60 mm plates in DMEM
without FBS for 48 h. After re-adding 10% FBS, inductions were performed every 24 h with LCTP7.5
μM and the cells collected after 24, 48, and 72 h of treatment. Anti-CDK2, anti-p21 antibody (1:1000,
Cell Signaling) and anti-p53 (1:1000, Roche) were used.

Changes in the phosphorylation status of ERK1/2 and AKT, in the expression level of
autophagy-associated proteins p62 and LC3B and NF-κB-p65 subunit were evaluated by treating
U87Mg cells with LCTP 10 μM for 30 min, 1 h, 2 h, and 4 h. The membranes were incubated overnight
with anti-pERK1/2 and anti-pAKT antibody (1:1000, Cell Signaling) in 2.5% bovine serum albumin (BSA)
in TBST. The membranes were stripped to be re-probed with non-phosphorylated forms of anti-ERK1/2
and anti-AKT (1:1000, Cell Signaling). For autophagic proteins, anti-p62 (1:1000, Cell Signaling) in
2.5% milk in TBST and LC3B (1:1000, Cell Signaling) in BSA 2.5% in TBST were used. For NF-κB –p65
(1:1000, Santa Cruz) subunit in milk 2.5% in TBST were used.

4.11. Western Blot of Apoptosis-Associated Proteins

LCTP-induced apoptosis in U87Mg cells was assessed by Western blot analysis of caspases 6 and
Poly (ADP-ribose) polimesare (PARP). The samples were prepared as previously reported for cell cycle
proteins analysis and the PVDF membranes were incubated with caspase 6 (Cell Signaling, 1:1000),
and PARP (Cell Signaling 1.100) in 2.5% milk in TBST overnight at 4 ◦C. The incubation with secondary
antibodies and detection of proteins were performed as above described.

4.12. Immunofluorescence

U87Mg cells (5 × 103) were plated in 8-well chamber slides in DMEM with 2% serum for 48
h. Cells were treated with LCTP 10 μM in DMEM with 10% FBS for 20 min and the morphological
change induced by LCTP treatment assessed by immunofluorescence staining for cytoskeleton proteins,
α-tubulin, and Vimentin. In detail, at the end of treatment, U87Mg cells were fixed in 4% formalin
(Diapath) for 20 min and permeabilized with 0.1% Triton (Invitrogen, Carlsbad, CA, USA) for 30 min.
After blocking with 10% specific serum, the cells were incubated with anti-Vimentin (prediluted;
Roche diagnostic) and anti-α-tubulin (1:200, Abcam, Cambridge, MA, USA) overnight at 4 ◦C.
After washing with 0.025% PBS-Tween-20, cells were incubated with secondary antibody anti-mouse
fluorescein (1:100; Vector, Stuttgart, Germany) in 2% serum for 1 h at room temperature. The slides
were counterstained with DAPI Mounting Medium (Vectashield) for nuclei detection and analyzed
with a fluorescence microscope at 20× and 40×magnification.

4.13. Cell Cycle Analysis by Flow Cytometry

U87MG human GBM cells were plated (25 × 104) in DMEM with 2% serum for 48 h and treated
with LCTP 7.5 μM every 24 h in DMEM with FBS 10% for 24, 48, and 72 h. After treatment, cells were
trypsinized, washed in sample buffer (glucose 0.1% in HBSS), fixed in 70% ethanol, and stored at
4 ◦C overnight until the day of analysis. Before analysis, Propidium iodide (50 μg/mL) was added for
30 min at room temperature. Flow cytometry analysis of the cell cycle was performed with a Gallios
instrument (Beckman Coulter, Brea, CA, USA).
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4.14. DNA Laddering

U87Mg cells were plated (4.5 × 104) in DMEM with 2% FBS for 48 h and induction performed
every 24 h with LCTP: 7.5 μM and DMSO 0.08% as vehicle control for 72 h. At the end of treatment,
the cells were collected, and the pellets were washed with phosphate buffer saline. DNA was extracted
with QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany) and the DNA fragments were separated
by 2% agarose gel electrophoresis and visualized by an SYBR Safe DNA Gel Stain (Invitrogen).

4.15. Statistical Analysis

Experiments were performed in triplicate and data were expressed as mean ± SEM. Statistical
significance was determined by Student’s t-test, considering a p-value of < 0.05 statistically significant.

Supplementary Materials: The following are available online. Figure S1(A) Representative images of wound
healing assay of U87Mg cells treated with vehicle (DMSO 0.08%) and LCTP 7.5 and 10 μM at T0 and 24 h
post-scratch (T24). Figure S2 Western blot analysis of NF-κB p65 subunit of long-term treated U87Mg cells with
LCTP 7.5 μM for 24, 48, and 72 h. Data were normalized to β-actin and are expressed as fold change over
control-treated cells of 3 individual determinations. * Unpaired t-test, p-value < 0.05.
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Abstract: Mushrooms have been used for millennia as cancer remedies. Our goal was to screen
several mushroom species from the rainforests of Costa Rica, looking for new antitumor molecules.
Mushroom extracts were screened using two human cell lines: A549 (lung adenocarcinoma) and NL20
(immortalized normal lung epithelium). Extracts able to kill tumor cells while preserving non-tumor
cells were considered “anticancer”. The mushroom with better properties was Macrocybe titans.
Positive extracts were fractionated further and tested for biological activity on the cell lines.
The chemical structure of the active compound was partially elucidated through nuclear magnetic
resonance, mass spectrometry, and other ancillary techniques. Chemical analysis showed that
the active molecule was a triglyceride containing oleic acid, palmitic acid, and a more complex
fatty acid with two double bonds. The synthesis of all possible triglycerides and biological testing
identified the natural compound, which was named Macrocybin. A xenograft study showed that
Macrocybin significantly reduces A549 tumor growth. In addition, Macrocybin treatment resulted in
the upregulation of Caveolin-1 expression and the disassembly of the actin cytoskeleton in tumor
cells (but not in normal cells). In conclusion, we have shown that Macrocybin constitutes a new
biologically active compound that may be taken into consideration for cancer treatment.

Keywords: natural product; therapeutic triglyceride; xenograft study; Caveolin-1; actin cytoskeleton

1. Introduction

The discovery of new anticancer drugs can be accomplished through different approaches,
including the screening of natural products, and the testing of synthetic compound libraries,
computer-assisted design, and machine learning, among others [1]. Living organisms constitute
an almost unlimited source of compounds with potential biological activity and, so far, have provided
the majority of currently approved therapies for the treatment of cancer [2,3]. A few examples include
taxol, which was obtained from the bark of the Pacific Yew tree [4,5], vinblastine and related alkaloids
from Vinca [6], camptothecin from the bark of a Chinese tree [7], or trabectedin and other drugs which
were purified from marine organisms [8]. In addition, many natural products are the basis for further
chemical development and the rational design of synthetic drugs [9].

The mechanisms of action by which natural products reduce cancer cell growth are diverse.
In the case of taxanes, direct interaction with tubulin results in cytoskeleton hyperpolymerization and
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mitosis arrest [10]; vinblastine has the reverse effect, depolymerizing the cytoskeleton, but achieves
the same final outcome, stopping cell division [10]; others, such as some mushroom extracts, induce
immunomodulation [11,12], or affect other cancer hallmarks [13].

Mushrooms have been used for millennia in Eastern traditional medicine as cancer remedies [13,14]
and recent scientific publications have corroborated the presence of anticancer molecules in mushroom
extracts. For instance, some polysaccharides from Ganoderma possess anticancer activity through
immunomodulatory, anti-proliferative, pro-apoptotic, anti-metastatic, and anti-angiogenic effects [15];
lentinan, a β-glucan from Lentinus is licensed as a drug for treating gastric cancer where it activates the
complement system [16]; other β-glucans from Ganoderma and Grifola [17] also show great potential
as modulators of the immune system; lectins from Clitocybe provide distinct carbohydrate-binding
specificities, showing immunostimulatory and adhesion-/phagocytosis-promoting properties [18];
furthermore, triterpenoids from Inonotus have been shown to induce apoptosis in lung cancer cell
lines [19]. In addition, the immense number of mushroom species around the world [20], and their
sessile nature, suggests that many fungal natural products may still be waiting for discovery.

Our goal in this study was to screen a number of scarcely known mushroom species collected in
the rain forest of Costa Rica looking for new antitumor molecules. The most potent extract was found
in specimens of Macrocybe titans, a local mushroom of very large proportions which usually grows in
the anthills of leaf cutter ants [21]. The molecule responsible for the anticancer activity was isolated,
characterized, and synthesized, and its “anticancer” properties were demonstrated both in vitro and
in vivo.

2. Results

Several mushroom species were collected in the rainforests of Costa Rica, classified by expert
botanists, and brought to the laboratory for extract preparation. Each specimen was subjected to several
extraction procedures, including water- and ethanol-based techniques. All extracts were freeze-dried
and sent to the Center for Biomedical Research of La Rioja (CIBIR) for anticancer activity testing in
cell lines. Several extracts from different species showed some “anticancer” properties, defined as the
ability to destroy cancer cells while being innocuous to nontumoral cells (Figure 1).

Figure 1. Toxicity of different mushroom extracts on cell lines A549 (A) and NL20 (B). All extracts were
added at 0.3 mg/mL in a growth medium containing 1% FBS and incubated for 5 days. Comparing
extract effects in both cell lines, three behaviors can be identified: (i) no effect on either cell line (extract
4.1, for example), (ii) toxic for both cell lines (extract 4.3), and (iii) “antitumoral” effect (toxic for A549
and nontoxic for NL20, extracts 4.2 and 6.3). Bars represent the mean ± SD of 8 independent measures.
***: p < 0.001 vs. control.
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The most promising sample was the precipitated phase of a 95% ethanol extract from the mushroom
Macrocybe titans. Specifically, we began with 3.5 Kg of fresh mushroom specimens. These were dried to
obtain 367.2 g of dry mushroom powder, which was extracted with two washes, 30 min each, in 500 mL
95% ethanol at room temperature, with ultrasounds. The ethanol extracts were kept at −20 ◦C for
24 h and, then, the soluble phase was separated from the precipitate. This species was chosen for
further analysis.

The initial extract was fractionated following different techniques and the resulting fractions were
tested again in the cell lines to follow the anticancer activity. The finally successful strategy consisted of
an initial alkaloidal separation, followed by column chromatography with polymeric resin (HP20-SS)
using different mobile phases. The best ratio of selectivity was obtained with an IPA:CH2Cl2 8:2 mobile
phase at pH 12.0 (Figure 2).

Figure 2. Toxicity of several fractions obtained by chromatography of the initial M. titans extract on cell
lines A549 (blue bars) and NL20 (red bars). All extracts were added at 0.3 mg/mL in a growth medium
containing 1% FBS and incubated for 5 days. Fraction 21 (F21) presents the desired characteristics of
destroying the cancer cells while preserving the nontumoral cells. Bars represent the mean ± SD of
8 independent measures. ***: p < 0.001 between cell lines.

Once the molecule responsible for the differential growth inhibitory activity was pure enough,
the final fraction was subjected to nuclear magnetic resonance (NMR), mass spectrometry, and 2D-COSY
(Supplementary Materials, Natural extract characterization) to determine its chemical structure.

Data analysis identified our molecule as a triglyceride containing palmitic acid, oleic acid, and a
more complex fatty acid of 18–20 carbons containing two double bonds. Since the final structure was
impossible to determine, we decided to synthesize all compatible triglycerides (Table 1) and test them
for biological activity with the cell lines. The presence of the two double bonds provides the molecule
with optical activity. Some molecules were synthesized as racemic mixtures. For other molecules,
both enantiomers were synthesized and tested. From the 10 triglycerides that were synthesized (Table 1)
only one exerted differential growth inhibitory activity, specifically the R enantiomer of TG (C18:2, 9z,12z;
C16:0; C18:1, 9z) (Supplementary Materials, Growth modulatory activity of synthetic triglycerides).
A search of the Chemical Abstract database came out negative, indicating that this is a new structure.
This triglyceride was named Macrocybin because of its origin from the Macrocybe titans mushroom.

169



Molecules 2020, 25, 6010

Table 1. Triglycerides synthesized for this study and the chemical structure of Macrocybin. The structure
of the other triglycerides is shown in Supplementary Materials (Triglyceride synthesis).

 
Internal Code Chemical Formula

TG1 TG (C16:0; C18:1, 9z; C20:2, 11z,14z)
TG2 TG (C16:0; C20:2, 11z,14z; C18:1, 9z)
TG3 TG (C16:0; C18:1, 9z; C18:1, 9z)
TG4 TG (C18:0; C18:1, 9z; C18:2, 9z,12z)
TG5 2S-TG (C20:2, 11z,14z; C18:1, 9z; C16:0)
TG6 2R-TG (C20:2, 11z,14z; C18:1, 9z; C16:0)
TG7 2S-TG (C20:2, 11z,14z; C16:0; C18:1, 9z)
TG8 2R-TG (C20:2, 11z,14z; C16:0; C18:1, 9z)
TG9 2S-TG (C18:2, 9z,12z; C16:0; C18:1, 9z)

TG10 (Macrocybin) 2R-TG (C18:2, 9z,12z; C16:0; C18:1, 9z)

To determine the similarities between the synthetic molecule and the mushroom fraction,
their NMR spectra were compared (Figure 3) and they were very similar.

 

Figure 3. Comparison of 13C-NMR spectra of olefinic carbons of the synthetic triglyceride TG10
(red) and the natural extract (green). Spectra comparing the aliphatic carbons are shown in
Supplementary Materials.

Toxicity assays for TG10 demonstrated a wide ratio of selectivity between A549 and NL20,
with IC50 values of 13.4 and 50.1 μg/mL, respectively (Figure 4), thus confirming the in vitro anticancer
activity of the synthetic triglyceride, Macrocybin.
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Figure 4. Concentration-dependent toxicity of synthetic Macrocybin on cell lines A549 (blue triangles)
and NL20 (red circles). The synthetic triglyceride is more toxic for tumor cells than for nontumoral
cells. Error bars represent the SD of 8 independent measures.

To determine whether this new molecule had antitumor properties in vivo, a xenograft study was
performed, using A549 as the tumor-initiating cell. Tumors of mice receiving vehicle injections grew
progressively until they reached the maximum volume allowed for humane reasons and the mice had
to be sacrificed. On the other hand, tumors injected with Macrocybin grew somewhat more slowly
(p < 0.05 after 40 days of treatment), indicating a therapeutic function for the triglyceride (Figure 5).

Figure 5. Xenograft experiment. Evolution of tumor volume in control (blue diamonds) and Macrocybin
treated (red squares) A549 tumors grown in the flank of experimental mice. Cell injection was performed
on day 0, and intratumoral injection began on day 15. There was a significant difference between
treatments (ANOVA, p < 0.05). Each point represents the mean ± SD for 10 mice. *: p < 0.05 between
treatments. Raw data values are shown in the Supplementary Materials.

To investigate the potential mechanism of action driving this antitumor activity, A549 and NL20
cells were stained with cytoskeleton-labeling moieties after exposure to Macrocybin. No differences
were found in the tubulin cytoskeleton (results not shown) but the actin cytoskeleton, as stained with
phallacidin, was dismantled in A549 tumor cells by the triglyceride, whereas it was unaffected in NL20
cells. The actin molecules of A549 translocated to the cell membrane forming filopodia (Figure 6).
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Figure 6. Representative confocal microscopy images of A549 and NL20 cells treated, or not (control),
with 37 μg/mL Macrocybin for 24 h. The actin cytoskeleton was stained with Bodipy-phallacidin (green)
and the nuclei with DAPI (blue). Following treatment, A549 cells lose their stress fibers and actin
migrates to the cell membrane to produce small filopodia. Scale bar = 5 μm.

Macrocybin is a complex lipid and, as such, could be internalized into the cell through a number
of lipid transport mechanisms [22]. To investigate whether a preferential transport into tumoral cells
takes place, we analyzed Macrocybin-induced changes in lipid transport molecules (Table 2) through
qRT-PCR. A549 and NL20 cells were seeded in 6-well plates and Macrocybin (or PBS as the vehicle)
was added at 37 μg/mL for 6 h. The only significant differences were found for Caveolin-1 whose
expression increased significantly (p < 0.05) in Macrocybin-treated A549 cells over the untreated
controls. In contrast, Macrocybin did not affect Caveolin-1 expression in NL20 cells (Figure 7).

Figure 7. Gene expression for A549 and NL20 cells that were treated with 37μg/mL Macrocybin (or control)
for 6 h. Several lipid membrane transport proteins were analyzed by qRT-PCR. The only changes were
observed in the expression of Caveolin-1 (Cav1) on treated A549 cells. Caveolin expression values were
relativized to the housekeeping gene GAPDH. *: p< 0.05 vs. control (CTL). This is a representative example
of 3 independent experiments. Raw data values are provided in the Supplementary Materials.
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3. Discussion

We have shown that the Costa Rican mushroom Macrocybe titans has “anticancer” properties.
The molecule responsible for this activity was isolated to purity and identified as a complex triglyceride
with formula 2R-TG (C18:2, 9z,12z; C16:0; C18:1, 9z). This molecule was named Macrocybin and was
synthesized in the laboratory. The synthetic molecule retained the “anticancer” properties both in vitro
and in a xenograft model in vivo. The mechanism of action of the new molecule involves Caveolin-1
overexpression and actin cytoskeleton disorganization in the cancer cells.

The mushroom M. titans is a species that inhabits the tropical and subtropical regions of America
and has been found between Florida and Argentina [23]. Other species of the same genus are found in
tropical regions around the world, and include M. gigantea (India), M. crassa (Sri Lanka), M. lobayensis
(Ghana), and M. spectabilis (Mauritius), among others [21]. Macrocybe titans arguably produces the
largest carpophores in the world of fungi, with some specimens reaching 100 cm in diameter and
weighing up to 20 Kg [21]. Interestingly, the specimens found in Costa Rica appear predominantly in
the vicinity of the nests of gardening ants (Atta cephalotes) suggesting a potential symbiotic relationship
between these two species [21]. All members of the Macrocybe genus are considered edible [24].
Although these mushrooms have not been reported as medicinal remedies in traditional pharmacopeia,
recent studies have found that some polysaccharides of M. titans inhibit melanoma cell migration [25]
and that the fruiting body of M. gigantea contains antimicrobial compounds [26]. These discoveries
underscore the need for preserving biodiversity as a source for novel drugs and drug precursors [27].

The idea of a triglyceride acting as a therapy against cancer may seem rather counterintuitive.
High levels of triglycerides in the blood constitute a clear risk for cancer initiation and progression
since they provide a rich source of energy for developing tumors [28] and may increase metastatic
potential [29]. Nevertheless, there are some specific types of cancer, such as breast [30] or prostate [28],
where high levels of circulating triglycerides correlate with a better prognosis. In addition, a few
studies have identified specific lipids with therapeutic functions. For instance, conjugated linoleic acid
has been described as a natural anticarcinogenic compound [31].

Our studies testing the anticancer efficacy of different synthetic candidates indicate a high level of
specificity in the anticancer actions of Macrocybin. Even the S enantiomer of Macrocybin was devoid
of physiological activity. This indicates that the anticancer activity is dependent on a very specific
interaction of Macrocybin with biological components (receptors and/or membrane transporters) of
the tumor cells, rather than a bulk role, such as energy provider (a role that generic blood triglycerides
may play).

Macrocybin was able to reduce tumor growth in a xenograft model of human lung cancer. As a
triglyceride, Macrocybin has a modest solubility in water-based vehicles. Perhaps future formulations
using micelles [32] or nanoparticles [33] may increase Macrocybin biodisponibility and antitumor
efficacy. Furthermore, combinations of Macrocybin with other chemotherapeutic or immunotherapeutic
drugs may represent promising avenues to reduce tumor burden [34].

Our results show that Macrocybin differentially affects the actin cytoskeleton of tumor vs.
nontumor cells and that this mechanism is mediated by changes in the expression of Caveolin-1.
Caveolin-1 has been shown as a lipid transporter in a variety of cell types [35–37]. Changes in the
expression of this protein have been related to lung cancer prognosis [38], although some studies
suggest that this relationship may be context-dependent [39]. This protein may constitute the entry
point for Macrocybin into the cell and the fact that its expression is affected in tumor cells but not in
nontumor cells may partially explain the preferential toxicity of the triglyceride for cancer cells.

Disruption of the actin cytoskeleton is a common mechanism of action for many natural products
with antitumor properties. For instance, proteoglucans extracted from Grifola mushrooms affect
actin cytoskeleton rearrangements, thus decreasing breast cancer cell motility [40]. Cucurbitacin I
disrupts actin filaments in A549 cells, resulting in a reduction in lung cancer cell growth [41].
Enterolactone, a flaxseed-derived lignan, alters Focal Adhesion Kinase-Sarcoma Protein (FAK-Src)
signaling and disorganizes the actin cytoskeleton, suppressing the migration and invasion of lung
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cancer cells [42]. Another example is narciclasine, an isocarbostyril alkaloid isolated from Amaryllidaceae
plants, which impairs actin cytoskeleton organization and induces apoptosis in brain cancers [43].
All these studies suggest that interfering with the actin cytoskeleton of tumor cells provides a useful
approach to induce tumor cell death and to prevent metastasis by reducing tumor cell motility.

Given the ubiquity among cancer cells of Caveolin-1 and the actin cytoskeleton, Macrocybin
may constitute a common therapeutic agent for a variety of cancers. Many further investigations
will be necessary to evaluate, in more detail, the usefulness of Macrocybin as an antitumoral drug or
lead structure. These studies must include, among others, studies on the systemic applicability of
Macrocybin. Future studies would also have to investigate whether other tumors are also susceptible
to this new antitumor compound.

4. Materials and Methods

4.1. Mushroom Collection and Extract Preparation

Several mushroom specimens belonging to different species were collected in the rainforests
of Costa Rica by expert personnel of the Instituto Nacional de Biodiversidad de Costa Rica (INBio,
Santo Domingo, Costa Rica), under a specific permit issued by the Costa Rican Government (Oficina
Técnica de la Comisión Nacional de la Gestión de la Biodiversidad, CONAGEBIO, San José, Costa Rica).
Mushroom fragments were subjected to different extraction procedures, including crude extracts,
extraction in hot water (80 ◦C) for several 30 min incubations, or in 95% ethanol at 50 ◦C for several
30 min incubations, with different exposures to ultrasound treatments. Final fractions, including the
pellet and supernatant of each extraction, were freeze-dried and sent to CIBIR for screening. Voucher
samples (FRS 01) of the fungal collection are kept at INBio (Santo Domingo, Costa Rica).

4.2. Anticancer Screening Strategy (Toxicity Assays)

Two human cell lines were used to screen the “anticancer” properties of the mushroom extracts:
lung adenocarcinoma A549, and non-tumoral immortalized bronchiolar epithelial cell line NL20
(ATCC). Both cell lines were exposed in parallel to different concentrations of particular extracts for
5 days, and cytotoxicity was measured by the MTS method (Cell Titer, Promega, Madison, WI, USA),
as reported in [44]. To identify a sample as having “anticancer” properties, it had to destroy cancer
cells while preserving non-tumoral cells (or at least showing a wide therapeutic window between both
lines). This strategy was used iteratively to guide extract purification until the final molecule could
be identified.

Following ATCC’s protocols, A549 cells were maintained in Ham’s F12 medium containing 10%
fetal bovine serum (FBS) and NL20 cells in complete medium (Ham’s F12 with 2 mM L-glutamine,
1.5 g/L sodium bicarbonate, 2.7 g/L D-glucose, 0.1 mM NEAA, 0.005 mg/mL insulin, 10 ng/mL EGF,
0.001 mg/mL transferrin, 500 ng/mL hydrocortisone, and 4% FBS).

Before starting the project, optimization of the toxicity assay was performed, testing different
numbers of cells per well, days of incubation with the extracts, and FBS contents. We wanted all
cells to receive the same number of extracts in the same medium. We, therefore, chose the NL20
medium, which is the most complex and restrictive. FBS concentration was reduced to 1% to allow
for a 5-day incubation period. Specifically, A549 and NL20 were seeded in 96-well plates at different
densities (2000 and 10,000 cells/well, respectively) in a complete NL20 medium containing 1% FBS, in a
final volume of 50 μL/well, and incubated at 37 ◦C in a humidified atmosphere, containing 5% CO2.
The next day, extracts were added at the indicated concentrations, in another 50 μL/well, in the same
medium, and incubated for 5 days. At the end of this period, 15 μL of Cell Titer were added per well
and, after an additional incubation of 4 h, color intensity was assessed in a plate reader (POLARstar
Omega, BMG Labtech, Ortenberg, Germany) at 490 nm.

To determine IC50 values, treatments were diluted at 0.6 mg/mL in test medium and 8 serial
double dilutions were prepared. These solutions were added to cells and incubated as above. For each
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concentration point, 8 independent repeats were performed. Graphs and IC50 values were obtained
with GraphPad Prism 8.3.0 software.

Cell lines were authenticated by STR profiling (IDEXX BioAnalytics, Westbroock, ME, USA).

4.3. Fractionation Strategies

The mushroom with the highest anticancer activity was chosen for further analysis. The initial
extract was subjected to different fractionation protocols, which included different chromatographic
techniques. Each time new fractions were separated, they were analyzed for their “anticancer”
properties through cell line screening (as above) and the positive fractions were subjected to further
fractionation until a pure enough compound, that could be identified through analytical chemistry
methods, was obtained.

Many combinations were tested, but the one that resulted in final successful purification
included alkaloidal separation, followed by column chromatography with polymeric resin HP20-SS,
using different mobile phases.

4.4. Elucidation of the Compound’s Chemical Structure

The final extract was subjected to analytical techniques, including 1H-nuclear magnetic
resonance (NMR), 13C-NMR, DEPT-135-NMR, mass spectroscopy (Q-TOF), and bidimensional
experiments heteronuclear multiplke-quantum correlation (HMQC) and correlation spectroscopy
(COSY). Interpretation of the data indicated that the new compound was a triglyceride and the
component fatty acids were identified to a certain degree of confidence, but the exact location of the
fatty acids in the triglyceride, and the position of the two double bonds in the more complex fatty acid,
could not be completely determined. Therefore, we synthesized the most probable molecules (Table 1)
and tested them with our cell line screening strategy. Given the presence of two double bonds in one
of the fatty acids, the triglyceride demonstrated optical activity. Therefore, both enantiomers were
synthesized (Table 1) and tested.

4.5. Triglyceride Synthesis

The molecules in Table 1 were synthesized following standard techniques. The details are shown
in the Supplementary Materials (Triglyceride synthesis).

4.6. Anticancer Activity in a Xenograft Model

Once the active synthetic molecule (Macrocybin) was available, it was tested in vivo following
standard protocols [45]. Briefly, 10 × 106 A549 cells were injected in the flank of twenty 8-week-old
non-obese diabetic (NOD) scid gamma mice (NSG, Stock No. 005557, The Jackson Laboratory). Animals
were randomly divided into 2 experimental groups and when tumors became palpable, they were
injected intratumorally with 100 μL of the vehicle (PBS) in the control group (n = 10), or with 0.1 mg/mL
Macrocybin in 100 μL of PBS in the treatment group (n = 10), three times a week. Just before injection,
tumor volume was estimated with a caliper by measuring the maximum length and width of the tumor
and by applying the following formula: Volume = (width)2 × length/2 [46]. When tumor volume
reached 2000 mm3, mice were sacrificed for ethical consideration.

All procedures involving animals were carried out in accordance with the European Communities
Council Directive (2010/63/UE), and Spanish legislation (RD53/2013) on animal experiments, and with
approval from CIBIR’s committee on the ethical use of animals (Órgano Encargado del Bienestar
Animal del Centro de Investigación Biomédica de La Rioja, OEBA-CIBIR).

4.7. Cytoskeleton Staining and Confocal Microscopy

To test whether Macrocybin, like other natural products, acts through cytoskeleton interactions,
A549 and NL20 cells were seeded in 8-well chamber slides (Lab-Tek II), treated with different
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concentrations of Macrocybin (or the vehicle) for 24 h, washed, fixed with 10% formalin,
and permeabilized for 10 min with 0.1% Triton X-100. For cytoskeleton imaging, cells were exposed
to 1:1000 mouse anti-tubulin antibody (T6074, Sigma-Aldrich, Sant Louis, MI, USA) overnight at
4 ◦C, washed with PBS, incubated with a mixture of 1:200 Bodipy-phallacidin (Molecular Probes) and
1:400 goat-anti mouse IgG labeled with Alexa Fluor 633 (A-21052, Invitrogen, Waltham, MA, USA),
and washed again. Nuclear staining was achieved with DAPI (ProLong Gold Antifade Mountant,
Invitrogen). Slides were observed with a confocal microscope (TCS SP5, Leica, Badalona, Spain).

4.8. Gene Expression

To identify the cellular pathways potentially involved in Macrocybin action, mRNA was extracted
from treated and untreated A549 and NL20 cells using the RNeasy MiniKit (Qiagen, Hilden, Germany).
Total RNA (1 μg) was reverse transcribed using the SuperScriptR III Reverse Transcriptase Kit (Thermo
Fisher Scientific, Waltham, MA, USA), and quantitative real-time PCR was performed as described [47].
Specific primers are shown in Table 2. GAPDH was used as a housekeeping gene.

Table 2. Primers used for qRT-PCR in this study. Annealing temperature was 60 ◦C for all primers.
GAPDH was used as a housekeeping gene.

Target Gene Forward Primer Reverse Primer Amplicon Size

CAV1 GCGACCCTAAACACCTCAAC CAGCAAGCGGTAAAACCAGT 149
hGOT2_F (=FABPpm) TGGTGCCTACCGGGATGATA GGCAGAAAGACATCTCGGCT 153
hSLC27A1_F (=FATP1) GCCAAATCGGGGAGTTCTAC TTGAAACCACAGGAGCCGA 85
hSLC27A4_F (=FATP4) CAAGACCATCAGGCGCGATA CCGAACGGTAGAGGCAAACA 118

GAPDH AAATCCCATCACCATCTTCC GACTCCACGACGTACTCAGC 81

4.9. Statistical Analysis

All datasets were tested for normalcy and homoscedasticity. Normally distributed data were
evaluated by Student’s t test or by ANOVA followed by the Dunnet’s post hoc test while data
not following a normal distribution were analyzed with the Kruskal–Wallis test followed by the
Mann–Whitney U test. All data were analyzed with GraphPad Prism 8.3.0 software and were
considered statistically significant when p < 0.05.

5. Conclusions

In conclusion, we have shown that the natural mushroom product, Macrocybin, is a new,
biologically active compound that reduces tumor growth by disassembling the actin cytoskeleton,
providing a potential new strategy to fight cancer.

Supplementary Materials: The following are available online: Natural extract characterization, triglyceride
synthesis, growth modulatory activity of synthetic triglycerides, spectral comparison of aliphatic components,
and actual values for xenograft and qRT-PCR studies.
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Abstract: Pentacyclic lupane-type triterpenoids, such as betulin and its synthetic derivatives, display
a broad spectrum of biological activity. However, one of the major drawbacks of these compounds
as potential therapeutic agents is their high hydrophobicity and low bioavailability. On the other
hand, the presence of easily transformable functional groups in the parent structure makes betulin
have a high synthetic potential and the ability to form different derivatives. In this context,
research on the synthesis of new betulin derivatives as conjugates of naturally occurring triterpenoid
with a monosaccharide via a linker containing a heteroaromatic 1,2,3-triazole ring was presented.
It has been shown that copper-catalyzed 1,3-dipolar azide-alkyne cycloaddition reaction (CuAAC)
provides an easy and effective way to synthesize new molecular hybrids based on natural products.
The chemical structures of the obtained betulin glycoconjugates were confirmed by spectroscopic
analysis. Cytotoxicity of the obtained compounds was evaluated on a human breast adenocarcinoma
cell line (MCF-7) and colorectal carcinoma cell line (HCT 116). The obtained results show that despite
the fact that the obtained betulin glycoconjugates do not show interesting antitumor activity, the idea
of adding a sugar unit to the betulin backbone may, after some modifications, turn out to be correct
and allow for the targeted transport of betulin glycoconjugates into the tumor cells.

Keywords: betulin glycoconjugates; click chemistry; 1,3-dipolar cycloaddition; anticancer activity

1. Introduction

For several decades, natural products (NPs) have been widely researched in terms of searching
for potential therapeutic agents. One important class of natural plant products is pentacyclic
lupane-type triterpenoids, among them betulin (BN). In recent years, due to a strong biological
activity and low toxicity, the great interest of scientists has been focused on its naturally occurring
bioactive skeleton, as evidenced by numerous new semi-synthetic derivatives reported every year.
Betulin (BN, 3-lup-20(29)-ene-3,28-diol) is cheap, easily accessible from natural resources, and can
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be readily extracted from the bark of several species of trees, especially from the white birch
(Betula pubescens) [1,2]. BN possesses a broad spectrum of biological activity confirmed by its
anticancer [3–13], antibacterial [14,15], anti-HIV [14,16], anti-inflammatory [17–19], antiviral [20,21],
antimalarial activity [17,19], and hepatoprotective properties [9,22,23].

One of the major drawbacks of betulin and analogs as potential therapeutic agents is its poor
hydrophilicity, poor solubility in aqueous media like blood serum and polar solvents used for bioassays,
and low bioavailability. However, due to the presence of easily transformable functional groups
(including C3OH, C28OH) in the parent structure, betulin has a high synthetic potential and the
ability to form numerous semisynthetic derivatives. Thus, the parent structure of betulin, being a
biologically attractive scaffold with a high safety profile, makes it possible to carry out a variety of
structural modifications to improve its pharmacokinetic properties. In some cases [5,6,9,12,24–26], the
transformations gave compounds with a higher bioavailability and higher biological activity than the
parent compound (Figure 1).

Figure 1. Antitumor activities of betulin derivatives against human breast carcinoma (MCF-7 and
Bcap-37), human gastric carcinoma (MGC-803), human prostate carcinoma (PC-3), and human skin
fibroblast (HSF) cell lines [12,27].

One of the strategies to improve the pharmacokinetic properties of betulin is its link to the
1,2,3-triazole ring, which is an important five-membered heterocyclic scaffold due to the extensive
biological activities. This framework can be obtained through the copper-catalyzed azide-alkyne
cycloaddition (CuAAC). In addition, the 1,2,3-triazole ring can be successfully used for conjugation in
mild conditions and with high yields, with two or more molecules of interest. Due to the stability of
triazoles in typical physiological conditions, they act as ideal linkers and could improve the hydrophilic
property of the parent skeleton of NPs via the ability to create hydrogen bonding. The 1,2,3-triazole
moiety mimics the naturally occurring amide bonds, and at the same time, it is more stable [28–31].
This methodology allows the functionalization of BN at position C3, C28, and C30, with different
substrate (Scheme 1). Although the triazole derivatives of betulin have been widely researched, no
structures have been found so far that would demonstrate cytotoxicity at a level that would allow them
to be used as drugs [32].
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Scheme 1. Functionalization of betulin at the C3, C28, and C30 position via CuAAC [33–35].

The motivation for our research was the successes in the synthesis of molecular hybrids presented
in Figure 2, obtained with the use of a natural biologically active compound, where the introduction of
a triazole ring and a sugar unit into the parent structure of quinoline resulted in the improvement of
pharmacological properties of the obtained glycoconjugates [36–39].

 
Figure 2. Selected quinoline glycoconjugates with anticancer activity.

The presence of a sugar unit in the hybrid molecules improves their pharmacokinetic properties,
including solubility and intermembrane transport, as well as the selectivity in targeting drugs for
a specific purpose. Sugar moieties are known to influence the pharmacokinetic properties of the
respective compounds, such as absorption, distribution, and metabolism [40]. Since it is generally
accepted that glycosides are more water soluble than the respective aglycones, glycosidation of
triterpenes should increase hydrosolubility and improve the pharmacological properties. Furthermore,
it is known that cancerous cells need a more significant sugar contribution than normal cells [41].
It is related to the specific metabolism of glucose by cancer cells as well as with their often-increased
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proliferation compared to healthy cells. This phenomenon is known as the Warburg effect and arises
from mitochondrial metabolic changes. It consists in the fact that cancer cells produce their energy
through glycolysis followed by lactic acid fermentation, characteristic of hypoxic conditions, and its
level is much higher (more than 100 times) than in healthy cells, for which the main source of energy
is mitochondrial oxidative phosphorylation [42]. An increased glycolysis process in cancer cells is
associated with overexpression of GLUT transporters (special transmembrane proteins that facilitate
concentration-dependent glucose uptake inside the cell) [43]. Consequently, this difference could be
exploited to support the absorption of the therapeutic agent by the tumoral site, which allows for
controlled drug delivery.

Our research group decided to focus on the synthesis of the new betulin glycoconjugates
via click chemistry reaction. We designed semi-synthetic betulin derivatives as a combination of
naturally occurring triterpenoid (BN) with proven broad biological activity, with a monosaccharide
through a linker containing a heteroaromatic 1,2,3-triazole ring. The choice of the sugar unit for
glycoconjugation was determined by the willingness to increase the selectivity of potential drugs
by using the overexpression of GLUT transporters in some types of cancers. These transporters
also recognize other sugars, such as galactose, mannose, and glucosamine [44]. It was decided to
attach either D-glucose or D-galactose units due to the common occurrence of these sugars in nature.
These sugars were supposed to perform the function of a drug carrier across the cell membrane by
adapting to the structure of the GLUT transporter [43]. The configuration at the anomeric center of
the sugar also seems important from the point of view of matching with the transporter. The results
of research on the structural requirements for binding variously substituted sugars to the sugar
transporters indicate that the β-configuration is preferred for binding to the GLUT transporters [45,46].
In order to obtain a library of compounds intended for the initial assessment of biological cytotoxicity,
we tested two strategies for conjugating the sugar unit with the parent skeleton of betulin, both based
on the 1,3-dipolar azido-alkyne cycloaddition reaction (Scheme 2).

 
Scheme 2. Strategies for the synthesis of betulin glycoconjugates.

Strategy I involves the introduction of a propargyl moiety into the betulin structure at position
C28 (monosubstituted betulin analogs) or C3 and C28 (disubstituted betulin analogs), followed by the
synthesis of glycoconjugates containing the 1,2,3-triazole ring, resulting from combining propargyl
betulin derivatives and appropriate sugar derivatives containing an azide moiety. Strategy II, on the
other hand, consists of adding an appropriate linker (O(CO)CH2N3) to the betulin backbone one at
position C28 or at two positions, C3 and C28, and the synthesis of glycoconjugates via click chemistry
with the use of betulin azides and propargyl sugar derivatives. The linker that connects the betulin
scaffold to the sugar unit is an important element that may influence the potential biological activity of
the discussed betulin glycoconjugates. In this study, we report the synthesis of several glycoconjugates,
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having a linker containing a 1,2,3-triazole moiety and an additional ether (O-glycosidic bond), ester, or
amide moiety (Figure 3). The triazole ring seems to be an ideal linker component as it improves water
solubility, thus allowing in vivo administration; it is analogous to an amide function for its electronic
properties but simultaneously is resistant to hydrolysis, it is sufficiently stable in biological systems,
and finally, it is rigid enough, which allows avoidance of internal interaction between the two linked
moieties. On the other hand, the presence of a glycosidic, amide, or ester linkage gives a chance for the
hydrolysis of the glycoconjugate into its biologically active components after the compound enters
the cell under the action of hydrolytic enzymes. The cytotoxicity of the obtained compounds was
evaluated on a human breast adenocarcinoma cell line (MCF-7) and colorectal carcinoma cell line
(HCT 116).

 
Figure 3. General structure of the betulin glycoconjugates.

2. Results and Discussion

2.1. Synthesis of Betulin Analogs

The introduction of a propargyl moiety into the betulin molecule was based on the procedure
described by Khan et al. for betulinic acid [47]. It was assumed that both mono- and dipropargyl
derivatives of betulin could be formed due to the presence in the substrate of the primary OH group
at the C28 position and the secondary OH group at the C3 position. The propargylated betulin was
prepared as shown in Scheme 3. Crystalline betulin was reacted with propargyl bromide in alkaline
medium (NaH) in tetrahydrofuran. In the search for the optimal procedure, a number of modifications
were made, by selecting the proportions of reagents, reaction time, and temperature. It was found
that it is advantageous to use the reagents in a molar ratio (BN/NaH/HC≡CCH2Br, 1:4:3.2) at ambient
temperature for 24 h.

 
Scheme 3. Synthesis of propargyl derivatives of betulin 2 and 3. Reagents and Conditions: (i) propargyl
bromide, NaH, THF, r.t., 24 h.
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The synthesis of 28-O-chloroacetylbetulin 4 and 3,28-O,O’-di(chloroacetyl)betulin 5 was performed
by modifying the procedure described by Komissarova et al. in 2017 [48]. Chloroacetic chloride
was added dropwise to the betulin solution in THF, while triethylamine (Et3N) was replaced with
N,N-diisopropylethylamine (DIPEA) and 4-(dimethylamino)pyridine (DMAP). We found that the
application of twice the excess of chloroacetic chloride to BN results in the formation of only
3,28-O,O’-di(chloroacetyl)betulin 5 with a high yield (95%, Scheme 4). On the other hand, when the
reagents were used in a molar ratio (Cl(CO)CH2Cl/DIPEA/DMAP, 1.2:1.5:0.1), a modification of the
betulin skeleton was observed at both the C28 and C3 positions. The maximum yield with which
a monosubstituted product 4 can be obtained is 34%. Replacement of the chlorine anion in betulin
analogs 4 and 5 by azide moiety was performed at an elevated temperature (90 ◦C) using NaN3 and
DMF as a solvent. 28-O-Azidoacetylbetulin 6 and 3,28-O,O’-di(azidoacetyl)betulin 7 were purified by
column chromatography to give pure compounds with 64% and 72% yields, respectively (Scheme 4,
Table 1).

 
Scheme 4. Synthesis of betulin derivatives 4–7. Reagents and Conditions: (i) Cl(CO)CH2Cl, DIPEA,
DMAP, THF, r.t., 24 h; (ii) NaN3, DMF, 90 ◦C, 3 h.

Table 1. Synthesis of betulin derivatives 2–7.

Entry
Substrate Product

No. Solvent Temp., ◦C Time, h No. R (C3) R1 (C28) Yield, %

1 1 THF r.t. 24
2 OH OCH2C≡CH 54
3 OCH2C≡CH OCH2C≡CH 31

2 1 THF r.t. 24 4 OH O(CO)CH2Cl 34
3 1 THF r.t. 24 5 O(CO)CH2Cl O(CO)CH2Cl 95
4 4 DMF 90 3 6 OH O(CO)CH2N3 64
5 5 DMF 90 3 7 O(CO)CH2N3 O(CO)CH2N3 72

2.2. Synthesis of Sugar Derivatives

Sugar derivatives substituted at the anomeric position were the second necessary structural
element for the synthesis of betulin glycoconjugates. The synthetic route to the corresponding
derivatives of D-glucose and D-galactose 9–14 is shown in Scheme 5. As mentioned before, the
choice of such sugar moieties is dictated by the frequency of their natural occurrence as well as their
importance for cell metabolism. All sugar derivatives were prepared according to known procedures
involving the acetylation of free sugars 8a or 8b and conversion of per-O-acetylated derivatives 9a or
9b into the corresponding glycosyl bromides 11a or 11b [49,50]. The glycosyl bromides were used for
further reactions leading to obtain 2,3,4,6-tetra-O-acetyl-β-glycosyl azides 12a and 12b [36]. D-Glucose
derivative 10a, in which the alkynyl moiety was introduced by the formation of an O-glycosidic linkage,
was prepared by reacting per-O-acetylated D-glucose 9a with propargyl alcohol in the presence of
BF3·Et2O as a Lewis acid catalyst [51]. Sugar derivatives 13a and 13b containing an amide moiety
at the sugar anomeric position were obtained in a two-step procedure. First, glycosyl azides 12a

and 12b were converted to the corresponding 1-aminosugars through a hydrogenation reaction in a
Parr apparatus using palladium hydroxide deposited on activated charcoal and then such obtained
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intermediates were reacted with chloroacetyl chloride in the presence of TEA, which neutralized
the formed hydrogen chloride. Finally, the terminal chlorine atom in compounds 13a and 13b was
exchanged with an azide group, which made it possible to obtain sugar derivatives 14a and 14b as a
result of the reaction with sodium azide in anhydrous DMF [37].

 
Scheme 5. Synthesis of sugar derivatives 9–14. Reagents and Conditions: (i) CH3COONa, Ac2O, b.p.,
1 h; (ii) propargyl alcohol, BF3·Et2O, DCM, 0 ◦C→r.t, 2 h; (iii) CH3COOH, 33% HBr/AcOH, r.t., 1 h;
(iv) NaN3, TBASH, CHCl3/NaHCO3, r.t., 2 h; (v) 20% Pd(OH)2/C, THF:EtOH (2:1, v/v), H2, 1.5 bar, 2 h;
(vi) chloroacetyl chloride, TEA, DCM, r.t., 1 h; (vii) NaN3, DMF, r.t., 24 h.

2.3. Modifications of the Natural Betulin Skeleton via Click Chemistry

The copper-catalyzed azide-alkyne cycloaddition reaction (CuAAC) is widely used to modify
natural bioactive compounds, and its main advantage is the ability to synthesize new molecular
hybrids with high yields under mild conditions. In the course of our research, we developed a
methodology for the synthesis of new previously unknown betulin derivatives, consisting of joining the
triterpenoid skeleton with a monosaccharide through an appropriate linker containing a heteroaromatic
1,2,3-triazole ring. Glycoconjugation of betulin derivatives was based on the click chemistry reaction
(CuAAC) using propargylbetulin derivatives 2, 3 and protected D-glucose 12a, 14a or D-galactose
12b, 14b derivatives containing an azide group (Strategy I, Schemes 6 and 7) or propargyl O-glycoside
derivative of per-O-acetylated-D-glucose 10a with appropriate betulin azides 6, 7 (Strategy II, Scheme 8).
Building blocks designed in this way make it possible to obtain a whole range of betulin glycoconjugates,
containing in the linker structure different combinations of an O-glycosidic linkage, an ester bond, an
O-methylene 1,2,3-triazole linker, and an amide moiety.

 
Scheme 6. Synthesis of glycoconjugates type I and II according to Strategy I. Reagents and Conditions:
(i) CuSO4·5H2O, NaAsc, i-PrOH/H2O (1:1, v/v), r.t., 24 h; (ii) 1. NaOMe, MeOH, r.t., 0.5 h; 2. Amberlyst-15.
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Scheme 7. Synthesis of glycoconjugates type III and IV according to Strategy I. Reagents and
Conditions: (i) CuSO4·5H2O, NaAsc, i-PrOH/H2O (1:1, v/v), r.t., 24 h; (ii) 1. NaOMe, MeOH, r.t., 0.5 h:
2. Amberlyst-15.

Scheme 8. Synthesis of glycoconjugates type V–VII according to Strategy II. Reagents and Conditions:
(i) CuSO4·5H2O, NaAsc, i-PrOH/THF/H2O, r.t., 24 h, mol. ratio 6/10a/CuSO4·5H2O/NaAsc, 1:1:0.5:1.1;
7/10a/CuSO4·5H2O/NaAsc, 1:2:1.1:0.6; (ii) propargyl alcohol, CuSO4·5H2O, NaAsc, i-PrOH/THF/H2O
(1.6:1:1.1, v/v/v), r.t., 24 h, mol ratio 7/C3H4O /CuSO4·5H2O/NaAsc, 1:3:1.2:2.2.

The general procedure of glycoconjugation of betulin derivatives involves mixing of
28-O-propargylbetulin 2 or 3,28-O,O’-di(propargyl)betulin 3 with the appropriate monosugar derivative
(D-glucose or D-galactose) in the water-alcohol solvent system (i-PrOH/H2O). In the case of
28-O-azidoacetylbetulin 6 and 3,28-O,O’-di(azidoacetyl)betulin 7, due to the too low solubility of the
substrates in the i-PrOH/H2O solvent system, it was necessary to use an additional solvent (THF). In
each case, the reaction was carried out under an argon atmosphere at room temperature for 24 h, using
CuSO4·5H2O as a catalyst and sodium ascorbate (NaAsc) as an agent reducing Cu(II) to Cu(I).

As a result of the described reactions, five new monosubstituted betulin derivatives (15a, 15b, 16a,
16b, and 19a) modified at position C28, as well as four new disubstituted betulin derivatives (17a, 17b,
18b, and 20a), modified at positions C3 and C28 were isolated by column chromatography in very
good yields (97–99% and 82–99%, respectively, Table 2).
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Table 2. Summary synthesis of betulin glycoconjugates 15–24.

Entry
Substrate Product

Analog BN No. Sugar R1, R2, R3 No. Linker Yield, %

STRATEGY I
1 2 12a Glc OAc 15a 28-OCH2Triaz 99
2 2 12b Gal OAc 15b 28-OCH2Triaz 97
3 2 14a Glc OAc 16a 28-OCH2TriazCH2(CO)NH 98
4 2 14b Gal OAc 16b 28-OCH2TriazCH2(CO)NH 97
5 3 12a Glc OAc 17a 3,28-di-OCH2Triaz 99
6 3 12b Gal OAc 17b 3,28-di-OCH2Triaz 99
7 3 14b Gal OAc 18b 3,28-di-OCH2TriazCH2(CO)NH 82

STRATEGY II
8 6 10a Glc OAc 19a 28-O(CO)CH2TriazCH2O 97
9 7 10a Glc OAc 20a 3,28-di-O(CO)CH2TriazCH2O 87
10 7 − − − 21 3,28-di-O(CO)CH2TriazOH 77
DEPROTECTION

11 15a − Glc OH 22a 28-OCH2Triaz 87
12 15b − Gal OH 22b 28-OCH2Triaz 99
13 16b − Gal OH 23b 28-OCH2TriazCH2(CO)NH 96
14 17a − Glc OH 24a 3,28-di-OCH2Triaz 87
15 17b − Gal OH 24b 3,28-di-OCH2Triaz 69

It has been considered that the use of an acyl protected sugar moiety may not be sufficient to achieve
the desired hydrophilicity of the novel BN analogs. In order to compare the properties of glycoconjugates
and assess the effect of acyl group presence, for the five per-O-acetylated glycoconjugates BN (15a,

15b, 16a, 16b, 17b), the deprotection of the sugar unit was performed by applying a standard Zemplén
procedure [52], under mild conditions using 1 M methanolic solution of sodium methoxide in methanol.
The reaction was carried out at room temperature for 120 min. The final step was to neutralize the
reaction mixture with the use of Amberlyst-15 ion exchange resin, after which the mixture was filtered
to give betulin glycoconjugates (22a, 22b, 23b, 24a) in high yield (87-99%), except compound 24b (69%),
as shown in Table 2.

Our proposed concept of adding a linker to the scaffold of betulin is based on introducing a
chloroacetyl moiety into its structure and then converting the obtained analogs into azidoacetyl
derivatives. In the case of the analog 21, in the final stage, the azide moiety was coupled with
propargyl alcohol using the click chemistry reaction. As a result, a 3,28-disubstituted betulin
21 modified with a linker containing a 1,2,3-triazole ring substituted in the C4 position with a
hydroxymethyl group was obtained in a yield of 77% (Scheme 8). The motivation to obtain
a 3,28-O,O’-di(2-(4-(hydroxymethyl-1H-1,2,3-triazol-1-yl)acetyl)betulin 21 was the desire to check
whether the addition of a sugar unit is necessary to improve the biological properties of BN or whether
the introduction of the linker containing the 1,2,3-triazole ring alone would be sufficient. The structures
of all synthesized compounds were confirmed by nuclear magnetic resonance (1H-, 13C-NMR, gHSQC),
infrared spectroscopy (FT-IR), and high-resolution mass spectrometry (HRMS).

2.4. Cytotoxicity Studies

The obtained betulin glycoconjugates were screened to determine their cytotoxicity. The research
was conducted on two cell lines: HCT 116 (colorectal carcinoma cell line) and MCF-7 (human breast
adenocarcinoma cell line). In these lines, overexpression of the glucose and galactose transporters was
observed [53–55]. The aim of the research was to initially estimate the influence of the modifications of
the parent betulin backbone by adding a sugar unit/units, as well as to examine the influence of the
structure of linker connecting betulin with sugar on the cytotoxicity of the tested compounds.

In the first stage, betulin glycoconjugates in which the hydroxyl groups of the sugar unit were
protected with acetyl groups were selected for research. The choice of the type of hydroxyl group
protection was dictated by the sensitivity of acetyl groups to the action of hydrolytic enzymes and the
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fact that these groups provide glycoconjugates with increased hydrophobicity, which should facilitate
passive transport into the cell. The proliferation of tumor cells (HCT 116, MCF-7) treated with tested
compounds (15a, 15b, 16a, 17a, 17b, 19a) at 50- and 25-μM concentrations were determined after 24
and 48 h of incubation with the Cell Counting Kit-8 (CCK-8) based on the water-soluble tetrazole salt
of WST-8. The CCK-8 kit, selected for the determination of viability and cytotoxicity, is less toxic and
has higher sensitivity than other tetrazole salt-based tests, such as MTT or MTS [56]. The effect of these
compounds was compared with the effect of betulin 1 doses, as shown in Figure 4.
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Figure 4. The dependence of HCT 116 and MCF-7 cell proliferation on the concentration of the betulin
glycoconjugates, after 24 (A,C) or 48 h (B,D) of incubation.

Unfortunately, in the case of the HCT 116 cell line, it was found that the designed betulin
glycoconjugates, both at 24 and 48 h, did not inhibit the proliferation of tumor cells. Additionally, it
was observed that in some cases, the tested compounds even stimulate tumor cells to grow faster. It
is especially visible after 24 h for analogs 15b, 17a, and 17b (Figure 4A). Our hypothesis explaining
this fact is based on the assumption that these derivatives are able to enter cancer cells, where they
are degraded by hydrolytic enzymes with the release of sugar molecules, which is an additional
source of energy allowing the proliferation growth. In the case of the MCF-7 cell line, after 24 h of
incubation with the tested glycoconjugates, a similar effect was observed as for the HCT 116 cell
line. However, after 48 h, a concentration-dependent cytotoxic effect of the glycoconjugates 15a, 15b,
and 16a was observed (Figure 4D). These glycoconjugates, given to cells at the 50-μM concentration,
showed cytotoxicity comparable to that of betulin. In glycoconjugates 15a, 15b, and 16a, the betulin
skeleton was modified at position C28 by adding a sugar unit via an O-methylene-1,2,3-triazole linker
or the same linker extended with an N-methyleneamide group. Presumably, the protection of the sugar
hydroxyl groups improved the passive transport of the glycoconjugates inside the cell, where they
released betulin under the action of hydrolytic enzymes. In the case of the disubstituted analogs BN
17a and 17b, modified at both the C3 and C28 positions, such a beneficial effect was not observed,
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which may be related to the prolonged effect of the release of as many as two glucose molecules (per
each unit of betulin), which are the source of energy for increased proliferation. Quite unexpectedly,
for the monosubstituted glycoconjugate 19a, no significant cytotoxic activity was observed on tumor
cells. Perhaps, the ester bond connecting the betulin backbone with the sugar unit is too labile and
some part of the compound undergoes hydrolysis even before it penetrates the cell.

In order to check whether the introduction of the sugar unit increases the affinity of the obtained
molecules for GLUT transporters, the acetyl protections in the sugar fragment of the obtained
glycoconjugates were removed, and then cytotoxicity tests of the obtained compounds were carried
out on the same cell lines (HCT 116, MCF-7). The cytotoxicity of the disubstituted BN derivative 21,
in which a linker contains only the 1,2,3-triazole system, without a sugar unit, was also tested. This
study was designed to check the influence of the presence of the 1,2,3-triazole ring on the activity of
the betulin derivative.

When the research was carried out on the HCT 116 cell line, both after 24 h and after 48 h, no
significant effect of inhibition of tumor cell proliferation by the tested glycoconjugates was observed
(22a, 22b, 23b, 24a, 24b). Interestingly, derivative 21 after 48 h shows slightly higher cytotoxicity
compared to the activity of the parent BN backbone (Figure 5B). In the case of the MCF-7 cell line,
after 24 h of incubation, the effect caused by the glycoconjugates (22a, 22b, 23b, 24a) is only slightly
better than that observed with BN. However, already after 48 h of incubation, the significantly higher
cytotoxic activity of BN was observed compared to glycoconjugates. Surprisingly, as was in the case
with the HCT 116 cell line, BN derivative 21 without a sugar unit, but only with an attached linker
with the 1,2,3-triazole system, proved to be the most active. After 48 h of incubation, only 20% cell
proliferation for this compound was observed as shown in Figure 5D.
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Figure 5. The dependence of HCT 116 and MCF-7 cell proliferation on the concentration of the betulin
glycoconjugates, after 24 (A,C) or 48 h (B,D) of incubation.
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In the course of further studies, for betulin 1 and its derivatives 15a, 15b, 16a, and 21, the ability to
inhibit the proliferation of MCF-7 cells in a wider spectrum of concentrations was carried out in order
to determine their IC50 value. The same compounds were also tested against NHDF cell line (normal
human dermal fibroblast-neonatal cells), to assess the safety of their uses. Assays were performed
in the concentration range of 50–6.25 μM for both tested cell lines. Unfortunately, it turned out that
glycoconjugates 15a, 15b, and 16a are equally cytotoxic in relation to healthy cells and to the tested
tumor lines (Table 3). Additionally, the most active of betulin derivative 21, even at the lowest tested
dose, is extremely cytotoxic and allows the proliferation of both cell lines to be kept at only 20%. The
cytotoxicity of compound 21 significantly exceeds that of betulin, which may suggest that further
modification of this compound is necessary to improve its selectivity.

Table 3. Summary of cytotoxicity of BN and the betulin glycoconjugates.

Compound
Activity IC50 [μM] a,b

MCF-7 NHDF

1 12.40 ± 0.14 11.60 ± 0.22
15a 65.28 ± 0.68 60.62 ± 0. 64
15b 47.70 ± 0.72 47.61 ± 0.86
16a 29.77 ± 0.52 29.82 ± 0.45

a Cytotoxicity was evaluated using the CCK-8 assay; b Incubation time 48 h.

2.5. Cytotoxic Activity Predicted Lipophilicity

In medicinal chemistry, the aqueous solubility and lipophilicity of a drug are important molecular
parameters determining the absorption and the bioavailability. The lipophilicity is indicated by
the logarithm of a partition coefficient (logP), which reflects the concentration ratio of the drug at
equilibrium partitioning between octanol and water phases [57,58].

Betulin 1, which is the subject of our research, is characterized by a highly limited solubility in
polar solvents. This property may result from the complex structure, the presence of five fused aliphatic
rings, and the isopropenyl moiety. The only polar fragments of the molecule are the two hydroxyl
groups at C3 and C28. In this study, in order to determine the effect of various substituents on the
value of the logP coefficient for several betulin derivatives, we used the prediction base MolInspirations
to evaluate in silico the parameter (Table 4).

As we expected, adding a sugar moiety decreases the lipophilicity (<logP) of betulin analogs.
Moreover, in the case of triazole derivatives of betulin modified with a sugar unit, the difference was
revealed when the structures containing a per-O-acetylated sugar unit 15–20 and an unprotected sugar
unit 22–24 were compared. The linker type is also crucial. For compounds bearing a substituent of
the OCH2TriazGlc/Gal type at C3 and C28 position, the logP values are higher than for compounds
bearing substituents with an ester moiety in the same position. On the other hand, the lowest values
of the coefficient have derivatives in which an amide group is present in the linker structure. Only
betulin glycoconjugates 23 and 24 have logP values smaller than 5 (Figure 6).
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Table 4. LogP of BN and betulin analogs 2–24.

No. R (C3) R1 (C28) logP

1 OH OH 7.16
2 OH OCH2C≡CH 7.94
3 OCH2C≡CH OCH2C≡CH 8.54
4 OH O(CO)CH2Cl 8.23
5 O(CO)CH2Cl O(CO)CH2Cl 8.86
6 OH O(CO)CH2N3 8.31
7 O(CO)CH2N3 O(CO)CH2N3 8.94

15a OH OCH2TriazGlc(OAc) 7.59
16a OH OCH2TriazCH2(CO)NHGlc(OAc) 6.69
17a OCH2TriazGlc(OAc) OCH2TriazGlc(OAc) 8.01
18b OCH2TriazCH2(CO)NHGal(OAc) OCH2TriazCH2(CO)NHGal(OAc) 6.22
19a OH O(CO)CH2TriazCH2OGlc(OAc) 7.45
20a O(CO)CH2TriazCH2OGlc(OAc) O(CO)CH2TriazCH2OGlc(OAc) 7.74
21 O(CO)CH2TriazOH O(CO)CH2TriazOH 6.38

22a OH OCH2TriazGlc(OH) 5.21
23b OH OCH2TriazCH2(CO)NHGal(OH) 4.31
24a OCH2TriazGlc(OH) OCH2TriazGlc(OH) 3.25
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Figure 6. LogP of BN and betulin analogs 2–24.

3. Materials and Methods

3.1. General Information

NMR spectra were recorded on a Varian spectrometer at operating frequencies of 600 or 400 and
150 or 100 MHz, respectively, using TMS as the resonance shift standard and NMR solvents (CDCl3,
CD3OD or DMSO-d6), which was purchased from ACROS Organics (Geel, Belgium). All chemical
shifts (δ) are reported in ppm and coupling constants (J) in Hz. The following abbreviations were used
to explain the observed multiplicities: s: singlet, d: doublet, dd: doublet of doublets, ddd: doublet of
doublet of doublets, t: triplet, dd~t: doublet of doublets resembling a triplet (with similar values of
coupling constants), m: multiplet, br: broad. IR-spectra were measured on an FTIR spectrophotometer
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(ATR method). High-resolution mass spectrometry (HRMS) analyses were performed on a Waters LCT
Premier XE system using the electrospray-ionization (ESI) technique. Optical rotations were measured
with a JASCO P-2000 polarimeter using a sodium lamp (589.3 nm) at room temperature. Melting points
were determined using a Boethius M HMK hot-stage apparatus. Reactions were monitored by TLC on
precoated plates of silica gel 60 F254 (Merck Millipore). TLC plates were inspected under UV light
(λ = 254 nm) or charring after spraying with 10% solution of sulfuric acid in ethanol. Crude products
were purified using column chromatography performed on Silica Gel 60 (70–230 mesh, Fluka).

Cell viability was measured using a Cell Counting Kit-8 (Bimake) according to the manufacturer’s
protocol. The absorbance on the CKK-8 assay was measured spectrophotometrically at the 450-nm
wavelength using a plate reader (Epoch, BioTek, USA).

28-O-Chloroacetylbetulin 4 and 3,28-O,O’-di(2-chloroacetyl)betulin 5 [48], 1,2,3,4,6-penta-O-
acetyl-β-D-glucopyranose 9a, 1,2,3,4,6-penta-O-acetyl-β-D-galactopyranose 9b [53], propargyl
2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 10a [55], 2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl
bromide 11a, 2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl bromide 11b [54], 2,3,4,6-tetra-O-
acetyl-β-D-glucopyranosyl azide 12a, 2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl azide 12b [36],
2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)chloroacetamide 13a, 2,3,4,6-tetra-O-acetyl-N-(β-D-
galacto-pyranosyl)chloroacetamide 13b, 2,3,4,6-tetra-O-acetyl-N-(β-D-glucopyranosyl)azidoacetamide
14a, and 2,3,4,6-tetra-O-acetyl-N-(β-D-galactopyranosyl)azidoacetamide 14b [37] were prepared
according to the respective published procedures. All used chemicals were purchased from
Sigma-Aldrich, Fluka, Avantor, and ACROS Organics and were used without purification.

3.2. Chemistry

3.2.1. Procedure for the Synthesis of Betulin Analogs

Procedure for the Synthesis of 28-O-propargylbetulin 2 and 3,28-O,O’-di(propargyl)betulin 3

Betulin 1 (0.226 mmol, 100.0 mg) and sodium hydride (NaH, 0.904 mmol, 21.7 mg) were dissolved in
dry THF (1.3 mL) followed by addition of propargyl bromide (0.723 mmol, 0.062 mL). The heterogenous
reaction mixture was left on the magnetic stirrer for 24 h at room temperature. The reaction progress
was monitored on TLC in an eluents system DCM:AcOEt (10:1). Then, NH4Cl (0.411 mmol, 22.0 mg,
5 mL H2O) was added, extracted with Et2O (5 × 4 mL), brine (5 mL) added, and dried over MgSO4.
After, this was followed by filtration and evaporation in vacuo. The crude products were purified
using column chromatography (DCM:AcOEt, gradient: 50:1 to 10:1).

28-O-Propargylbetulin 2 was obtained as a white solid (58.8 mg, 54% yield); m.p.: 81—85 ◦C; [α]25
D

= +11.3 (c 0.5, CHCl3); HRMS (ESI+): calcd for C33H53O2 ([M +H]+): m/z 481.4046; found: m/z 481.4050;
1H NMR (400 MHz, CDCl3): δH 4.68 (s, br, 1H, H-29a), 4.58 (s, br, 1H, H-29b), 4.18 (dd, 1H, J1 2.4 Hz, J2
16.0 Hz, OCHaC≡), 4.11 (dd, 1H, J1 2.4 Hz, J2 16.0 Hz, OCHbC≡), 3.70 (d, 1H, J 9.2 Hz, H-28a), 3.21-3.15
(m, 2H, H-28b, H-3), 2.45-2.38 (m, 1H, H-19), 2.42 (dd~t, 1H, J 2.4 Hz, ≡CH), 2.1-0.60 (m, 25H, CH,
CH2), 1.68 (s, 3H, H-30), 1.05, 0.97 br, 0.83, 0.76 (all s, 3H each, H-23—H-27) ppm; 13C NMR (150 MHz,
CDCl3) δC 150.64, 109.56, 80.51, 78.97, 74.01, 68.27, 58.61, 55.28, 50.42, 48.91, 47.99, 42.66, 40.98, 38.86,
38.69, 37.17, 34.69, 34.22, 29.90, 29.79, 27.99, 27.39, 27.14, 25.22, 20.87, 19.09, 18.29, 16.11, 15.98, 15.37,
14.83 ppm (Supplementary Materials, Table S1); IR (ATR) ν: 3350-3200, 2940, 2871, 1640, 1457, 1092,
882 cm−1.

3,28-O,O’-Di(propargyl)betulin 3 was obtained as a yellow resin (36.5 mg, 31% yield); m.p.: resin;
[α]25

D = +31.9 (c 0.5, CHCl3); HRMS (ESI+): calcd for C36H55O2 ([M + H]+): m/z 519.4202; found: m/z
519.4202; 1H NMR (600 MHz, CDCl3): δH 4.68 (d, 1H, J 2.4 Hz, H-29a), 4.58 (dd, 1H, J1 1.8 Hz, J2 2.4 Hz,
H-29b), 4.21-4.12 (m, 4H, 2x CH2C≡), 3.70 (dd, 1H, J1 1.2 Hz, J2 8.4 Hz, H-28a), 3.16 (d, 1H, J 9.0 Hz,
H-28b), 3.00 (dd, 1H, J1 4.2 Hz, J2 11.4 Hz, H-3), 2.44-2.39 (m, 1H, H-19), 2.41 i 2.36 (all dd~t, 1H each, J
2.4 Hz, ≡CH), 2.10-0.60 (m, 24H, CH, CH2), 1.68 (s, 3H, H-30), 1.04, 0.98, 0.97, 0.83, 0.76 (all s, 3H each,
H-23—H-27) ppm; 13C NMR (150 MHz, CDCl3) δC 150.64, 109.56, 85.86, 80.96, 80.50, 74.01, 73.41, 68.25,
58.62, 56.42, 55.87, 50.41, 48.92, 48.00, 47.02, 42.65, 41.03, 38.55, 37.12, 34.69, 34.24, 29.91, 29.71, 27.99,
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27.12, 25.24, 20.91, 18.25, 19.11, 16.10, 16.00, 15.99, 14.79 ppm (Supplementary Materials, Table S1); IR
(ATR) ν: 3314, 3261, 2952, 1610, 1453, 1377, 1085, 1068, 881 cm−1.

Procedure for the Synthesis of 28-O-(2-azidoacetyl)betulin 6

28-O-(2-Chloroacetyl)betulin 4 (0.193 mmol, 100.0 mg) was dissolved in DMF (1.93 mL) and
sodium azide (0.963 mmol, 62.6 mg) was added. The heterogenous reaction mixture was stirred at 90 ◦C
for 3 h. Then, H2O (1 mL) and saturated NaHCO3 solution (4 mL) was added. It was extracted with
DCM (5 × 4 mL) and dried over MgSO4. After that, this was followed by filtration and evaporation in
vacuo. The crude product was purified using column chromatography (DCM:MeOH, gradient: 100:1
to 10:1).

28-O-(2-Azidoacetyl)betulin 6 was obtained as a white solid (65.0 mg, 64% yield); 1H NMR (600 MHz,
CDCl3): δH 4.70 (d, 1H, J 1.8 Hz, H-29a), 4.60 (d, 1H, J 1.2 Hz, H-29b), 4.41 (dd, 1H, J1 1.2 Hz, J2 10.8 Hz,
H-28a), 3.99 (d, 1H, J 11.4 Hz, H-28b), 3.89 (s, 2H, CH2N3), 3.18 (dd, 1H, J1 4.8 Hz, J2 11.4 Hz, H-3),
2.44 (td, 1H, J1 5.8 Hz, J2 10.9 Hz, H-19), 2.10–0.60 (m, 25H, CH, CH2), 1.68 (s, 3H, H-30), 1.04, 0.98,
0.97, 0.83, 0.76 (all s, 3H each, H-23–H-27) ppm; 13C NMR (150 MHz, CDCl3) δC 168.65, 149.76, 109.92,
78.84, 64.31, 55.21, 50.41, 50.26, 48.72, 47.57, 46.33, 42.62, 40.79, 38.77, 38.62, 37.06, 34.39, 34.09, 29.59,
27.89, 27.30, 26.92, 25.09, 20.67, 19.04, 18.19, 16.00, 15.94, 15.27, 14.69 ppm (Supplementary Materials,
Table S1).

Procedure for the Synthesis of 3,28-O,O’-di(2-azidoacetyl)betulin 7

3,28-O,O’-Di(2-chloroacetyl)betulin 5 (0.168 mmol, 100.0 mg) was dissolved in 0.71 mL DMF and
sodium azide (0.897 mmol, 58.3 mg) was added. The heterogenous reaction mixture was stirred at
90 ◦C for 3 h. Then, H2O and saturated NaHCO3 solution (4 mL) was added. It was extracted with
DCM (4 × 4 mL) and dried over MgSO4. After that, this was followed by filtration and evaporation in
vacuo. The crude product was purified using column chromatography (DCM:MeOH, gradient: 100:1
to 10:1).

3,28-O,O’-Di(2-azidoacetyl)betulin 7 was obtained as a white solid (73.6 mg, 72% yield); 1H NMR
(600 MHz, CDCl3): δH 4.70 (d, 1H, J 1.2 Hz, H-29a), 4.61–4.58 (m, 2H, H-29b, H-3), 4.42 (d, 1H, J 11.4 Hz,
H-28a), 3.98 (d, 1H, J 10.8 Hz, H-28b), 3.89 and 3.85 (all s, 2H each, 2x CH2N3), 2.44 (td, 1H, J1 5.7 Hz,
J2 10.8 Hz, H-19), 2.10–0.60 (m, 24H, CH, CH2), 1.69 (s, 3H, H-30), 1.04, 0.98, 0.87, 0.866, 0.862 (all s,
3H each, H-23–H-27) ppm; 13C NMR (150 MHz, CDCl3) δC 168.75, 168.15, 149.84, 110.07, 83.21, 64.40,
55.36, 50.67, 50.52, 50.25, 48.80, 47.69, 46.43, 42.67, 40.91, 38.34, 37.89, 37.06, 34.49, 34.08, 29.67, 27.94,
27.00, 25.06, 23.68, 20.74, 19.05, 18.15, 16.54, 16.15, 16.04, 14.75 ppm (Supplementary Materials, Table
S1); IR (ATR) ν: 2942, 2867, 1728, 1243, 1181, 1017, 979, 754 cm−1.

3.2.2. General Procedure for the Synthesis of Betulin Glycoconjugates 15–16 according to Strategy I
(Modification C28)

To a well-stirred 28-O-propargylbetulin 2 (0.208 mmol, 100.0 mg) and
2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl or 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl azide
12a–b (0.208 mmol, 77.7 mg) or 14a–b (0.208 mmol, 89.5 mg) in i-PrOH (2 mL) were added CuSO4·5H2O
(0.125 mmol, 31.2 mg) dissolved in H2O (1 mL) and sodium ascorbate (0.229 mmol, 45.3 mg) dissolved
in H2O (1 mL) succesively. The reaction mixture was stirred under argon atmosphere for 24 h at room
temperature. After completion of the reaction (was monitored by TLC), the reaction mixture was
extracted with DCM (15a–b: 5 × 5 mL) or AcOEt (16a–b: 5 × 5 mL), then the mixture was dried over
MgSO4 and was concentrated in vacuo. The crude residue was separated/purified using column
chromatography (15a–b: DCM:AcOEt, gradient: 20:1 to 1:1; 16a–b: DCM:MeOH, gradient: 50:1 to
10:1).

Product 15a (28-OCH2TriazGlcBN) was obtained as a white solid (175.1 mg, 99% yield); m.p.:
108–109 ◦C; [α]25

D = −21.8 (c 0.5, CHCl3); HRMS (ESI+): calcd for C47H72N3O11 ([M + H]+): m/z
854.5167; found: m/z 854.5165; 1H NMR (600 MHz, CDCl3): δH 7.75 (s, br, 1H, H-5triaz.), 5.89 (d, 1H, J
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9.0 Hz, H-1Glc), 5.46 (dd~t, 1H, J1 9.1 Hz, J2 9.5 Hz, H-3Glc), 5.42 (dd~t, 1H, J1 9.0 Hz, J2 9.5 Hz, H-2Glc),
5.25 (dd~t, 1H, J1 9.1 Hz, J2 10.2 Hz, H-4Glc), 4.67 (d, 1H, J 13.2 Hz, OCHa), 4.66 (s, br, 1H, H-29a),
4.60 (d, 1H, J 12.6 Hz, OCHb), 4.55 (dd, 1H, J1 1.2 Hz, J2 2.4 Hz, H-29b), 4.30 (dd, 1H, J1 5.0 Hz, J2
12.6 Hz, H-6aGlc), 4.14 (dd, 1H, J1 2.1 Hz, J2 12.6 Hz, H-6bGlc), 4.00 (ddd, 1H, J1 2.1 Hz, J2 5.0 Hz, J3
10.2 Hz, H-5Glc), 3.63 (d, 1H, J 8.4 Hz, H-28a), 3.19–3.17 (m, 2H, H-28a, H-3), 2.38 (td, 1H, J1 5.8 Hz, J2
11.1 Hz, H-19), 2.10–0.60 (m, 25H, CH, CH2), 2.08, 2.07, 2.03, 1.88 (all s, 3H each, 4x CH3CO), 1.66 (s,
3H, H-30), 1.02, 0.97, 0.96, 0.83, 0.76 (all s, 3H each, H-23–H-27) ppm; 13C NMR (150 MHz, CDCl3) δC

170.45, 169.90, 169.32, 168.87, 150.57, 146.62, 120.58, 109.60, 85.73, 78.95, 75.12, 72.73, 70.32, 68.94, 67.72,
64.95, 61.58, 55.31, 50.42, 48.85, 47.88, 47.26, 42.68, 40.92, 38.88, 38.73, 37.51, 37.17, 34.77, 34.26, 29.91,
29.85, 28.00, 27.42, 25.22, 20.85, 20.66, 20.53, 20.51, 20.20, 19.06, 18.32, 16.11, 16.03, 15.37, 14.79 ppm
(Supplementary Materials, Table S2); IR (ATR) ν: 3400–3500, 2941, 1751, 1650, 1455, 1367, 1216, 1038,
731 cm−1.

Product 15b (28-OCH2TriazGalBN) was obtained as a white solid (201.7 mg, 97% yield); m.p.:
117–118 ◦C; [α]25

D = −9.4 (c 0.5, CHCl3); HRMS (ESI+): calcd for C47H71N3O11Na ([M + Na]+): m/z
876.4986; found: m/z 876.4989; 1H NMR (600 MHz, CDCl3): δH 7.80 (s, br, 1H, H-5triaz.), 5.84 (d, 1H, J
9.3 Hz, H-1Gal), 5.58 (dd, 1H, J1 9.3 Hz, J2 10.2 Hz, H-2Gal), 5.55 (dd, 1H, J1 0.8 Hz, J2 3.4 Hz, H-4Gal),
5.25 (dd, 1H, J1 3.4 Hz, J2 10.2 Hz, H-3Gal), 4.69–4.57 (m, 4H, OCH2, H-29a, H-29b), 4.24–4.18 (m, 2H,
H-6aGal, H-5Gal), 4.13 (d, 1H, J1 6.3 Hz, J2 10.9 Hz, H-6bGal), 3.63 (d, 1H, J 8.2 Hz, H-28a), 3.21–3.17 (m,
2H, H-28a, H-3), 2.40 (td, 1H, J1 6.0 Hz, J2 11.1 Hz, H-19), 2.30–0.60 (m, 25H, CH, CH2), 2.22, 2.04, 2.01,
1.90 (all s, 3H each, 4x CH3CO), 1.66 (s, 3H, H-30), 1.02, 0.97, 0.96, 0.83, 0.76 (all s, 3H each, H-23–H-27).
ppm; 13C NMR (150 MHz, CDCl3) δC 170.28, 169.95, 169.80, 169.04, 150.61, 146.46, 120.76, 109.60, 86.27,
78.96, 74.02, 70.89, 68.94, 67.85, 66.87, 64.91, 61.15, 55.30, 50.41, 48.84, 47.87, 47.26, 42.69, 40.93, 38.88,
38.72, 37.50, 37.17, 34.79, 34.25, 29.95, 29.86, 28.00, 27.42, 27.23, 25.22, 20.84, 20.66, 20.62, 20.49, 20.30,
19.06, 18.33, 16.11, 16.00, 15.37, 14.80 ppm (Supplementary Materials, Table S2); IR (ATR) ν: 3600–3200,
2930, 2868, 1749, 1650, 1456, 1370, 1214, 1042, 731 cm−1.

Product 16a (28-OCH2TriazCH2(CO)NHGlcBN) was obtained as a white solid (190.0 mg, 99% yield);
m.p.: 127-129 ◦C; [α]25

D = +11.4 (c 0.5, CHCl3); HRMS (ESI+): calcd for C49H74N4O12Na ([M + Na]+):
m/z 933.5201; found: m/z 933.5202; 1H NMR (600 MHz, CDCl3): δH 7.66 (s, br, 1H, H-5triaz.), 6.99 (d, 1H,
J 8.8 Hz, NH), 5.29 (dd~t, 1H, J 9.5 Hz, H-1Glc), 5.21 (dd, 1H, J1 8.9 Hz, J2 9.4 Hz, H-3Glc

a), 5.12 (d, 1H,
J 16.6 Hz, OCHa

b), 5.05 (dd, 1H, J1 9.4 Hz, J2 10.1 Hz, H-4Glc
a), 5.04 (d, 1H, J 16.5 Hz, OCHb

b), 4.90
(dd~t, 1H, J 9.6 Hz, H-2Glc

a), 4.67 (s, br, 3H, H-29a, CH2COb), 4.57 (dd, 1H, J1 1.4 Hz, J2 2.1 Hz, H-29b),
4.28 (dd, 1H, J1 4.4 Hz, J2 12.5 Hz, H-6aGlc), 4.09 (dd, 1H, J1 2.2 Hz, J2 12.5 Hz, H-6bGlc), 3.81 (ddd, 1H,
J1 2.2 Hz, J2 4.4 Hz, J3 10.1 Hz, H-5Glc), 3.63 (d, 1H, J 9.1 Hz, H-28a), 3.22-2.18 (m, 2H, H-28b, H-3), 2.39
(td, 1H, J1 5.8 Hz, J2 10.8 Hz, H-19), 2.15–0.60 (m, 25H, CH, CH2), 2.08, 2.03, 2.02, 2.01 (all s, 3H each, 4x
CH3CO), 1.67 (s, 3H, H-30), 0.97, 0.96, 0.956, 0.82, 0.77 (all s, 3H each, H-23–H-27) ppm; 13C NMR (150
MHz, CDCl3) δC 170.86, 170.57, 169.84, 169.49, 165.68, 150.53, 146.71, 123.76, 109.64, 78.99, 78.41, 73.80,
72.51, 70.32, 68.95, 68.01, 65.14, 61.56, 55.28, 52.59, 50.38, 48.83, 47.88, 47.23, 42.64, 40.88, 38.86 38.70,
37.49, 37.15, 34.73, 34.23, 29.86, 29.69, 28.01, 27.40, 27.16, 25.18, 20.83, 20.73, 20.56, 20.54, 19.08, 18.33,
16.12, 15.93, 15.41, 14.79 ppm (Supplementary Materials, Table S2); IR (ATR) ν: 3200–3400, 2937, 1749,
1650, 1450, 1367, 1223, 1037, 993, 907, 882, 753 cm−1. a,b Reverse signal assignment is possible.

Product 16b (28-OCH2TriazCH2(CO)NHGalBN) was obtained as a white solid (184.0 mg, 97% yield);
m.p.: 117-120 ◦C; [α]25

D = +14.3 (c 0.5, CHCl3); HRMS (ESI+): calcd for C49H74N4O12Na ([M + Na]+):
m/z 933.5201; found: m/z 933.5202; 1H NMR (600 MHz, CDCl3): δH 7.66 (s, br, 1H, H-5triaz.), 6.93 (d,
1H, J 8.9 Hz, NH), 5.43 (dd, 1H, J1 0.9 Hz, J2 3.3 Hz, H-4Gal), 5.19 (dd, 1H, J1 8.9 Hz, J2 9.2 Hz, H-1Gal),
5.12 and 4.99 (qAB, 2H, J 3.3 Hz, CH2CO), 5.11 (dd, 1H, J1 3.3 Hz, J2 10.3 Hz, H-3Gal), 5.06 (dd, 1H, J1
9.2 Hz, J2 10.3 Hz, H-2Gal), 4.68 (s, 2H, OCH2), 4.67 and 4.57 (s, br, 1H each, H-29a, H-29b), 4.11 (dd,
1H, J1 6.9 Hz, J2 11.3 Hz, H-6aGal), 4.07 (dd, 1H, J1 6.2 Hz, J2 11.23 Hz, H-6bGal), 4.02 (m, 1H, H-5Gal),
3.63 (d, 1H, J 8.9 Hz, H-28a), 3.22–3.18 (m, 2H, H-28b, H-3), 2.39 (td, 1H, J1 5.9 Hz, J2 10.8 Hz, H-19),
2.30–0.60 (m, 25H, CH, CH2), 2.15, 2.04, 2.03, 1.98 (all s, 3H each, 4x CH3CO), 1.67 (s, 3H, H-30), 0.97,
0.96, 0.957, 0.82, 0.77 (all s, 3H each, H-23–H-27) ppm; 13C NMR (150 MHz, CDCl3) δC 171.00, 170.37,
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169.98, 169.73, 165.67, 150.53, 146.60, 123.86, 109.63, 78.98, 78.61, 72.56, 70.71, 68.98, 68.06, 67.08, 65.13,
61.08, 55.29, 52.55, 50.39, 48.84, 47.89, 47.24, 42.65, 40.89, 38.87, 38.71, 37.50, 37.16, 34.74, 34.24, 29.88,
29.86, 28.01, 27.39, 27.17, 25.19, 20.84, 20.67, 20.64, 20.60, 20.50, 19.08, 18.33, 16.12, 15.94, 15.40, 14.79
ppm (Supplementary Materials, Table S2); IR (ATR) ν: 3100–2800, 1749, 1650, 1368, 1222, 1084, 1046,
752 cm−1.

3.2.3. General Procedure for the Synthesis of Betulin Glycoconjugates 17–18 according to Strategy I
(Modification C3 and C28)

To a well-stirred 3,28-O,O’-di(2-propargyl)betulin 3 (0.193 mmol, 100.0 mg) and per-O-acetylated
glucopyranosyl or galactopyranosyl azides 12a–b (0.385 mmol, 143.9 mg) or 14a–b (0.385 mmol, 165.9
mg) in i-PrOH (6.6 mL), CuSO4·5H2O (0.231 mmol, 57.8 mg) dissolved in H2O (3.3 mL) and sodium
ascorbate (0.424 mmol, 84.0 mg) dissolved in H2O (3.3 mL) were added successively. The reaction
mixture was stirred under argon atmosphere for 24 h at room temperature. After completion of the
reaction (was monitored by TLC), the reaction mixture was extracted with (17a–b: DCM 5 × 5 mL; 18b:
AcOEt 5 × 5 mL), then the mixture was dried over MgSO4 and was concentrated in vacuo. The crude
residue was separated/purified using column chromatography (17a–b: DCM:AcOEt, gradient: 15:1 to
1:1; 18b: DCM:MeOH, gradient: 40:1 to 10:1).

Product 17a (3,28-di(OCH2TriazGlc)BN) was obtained as a white solid (242.0 mg, 99% yield); m.p.:
126–127 ◦C; [α]25

D = −6.1 (c 0.5, CHCl3); HRMS (ESI+): calcd for C64H93N6O20 ([M + H]+): m/z
1265.6445; found: m/z 1265.6426; 1H NMR (600 MHz, CDCl3): δH 7.75 and 7.74 (all s, 1H each, 2x
H-5triaz.), 5.90 and 5.89 (all d, 1H each, J1 9.0 Hz and J2 9.4 Hz, 2x H-1Glc), 5.50-5.40 (m, 4H, 2x H-2Glc,
2x H-3Glc)), 5.24 and 5.25 19 (all dd, 1H each, J1 9.4 Hz, J2 10.1 Hz and J1 9.2 Hz, J2 10.1 Hz, 2x H-4Glc),
4.78–4.54 (m, 3H, OCH2, H-29b), 4.32–4.28 (m, 2H, 2x H-6aGlc), 4.36-4.13 (m, 2H, 2x H-6bGlc), 4.03-4.00
(m, 2H, 2x H-5Glc), 3.62 (d, 1H, J 8.4 Hz, H-28a), 3.18 (d, 1H, J 9.0 Hz, H-28b), 2.95 (dd, 1H, J1 4.2 Hz, J2
12.0 Hz, H-3), 2.38 (td, 1H, J1 5.7 Hz, J2 11.0 Hz, H-19), 2.20-0.60 (m, 24H, CH, CH2), 2.08, 2.07, 2.069,
2.031, 2.029, 1.88, 1.87 (all s, 3H each, 8x CH3CO), 1.66 (s, 3H, H-30), 1.01, 0.95, 0.89, 0.84, 0.78 (all s, 3H
each, H-23–H-27) ppm; 13C NMR (150 MHz, CDCl3) δC 170.46, 170.44, 169.91, 169.89, 169.32, 168.86,
168.79, 150.57, 147.26, 146.59, 120.58, 120.50, 109.61, 86.65, 85.69, 85.62, 75.08 75.04, 72.81 72.71, 70.31
70.18, 68.92, 67.71 67.70, 64.93, 62.88, 61.57, 55.68, 50.36, 48.82, 47.84, 47.25, 42.65, 40.94, 38.81, 38.52,
37.48, 37.11, 34.76, 34.24, 29.89, 29.83, 27.97, 27.18, 25.20, 22.83, 20.85, 20.66, 20.53, 20.51, 20.17, 19.05,
18.24, 16.25, 16.12, 16.02, 14.73 ppm (Supplementary Materials, Table S2); IR (ATR) ν: 2942, 1750, 1457,
1368, 1216, 1091, 1055, 1036, 913, 732 cm−1.

Product 17b (3,28-di(OCH2TriazGal)BN) was obtained as a white solid (242.0 mg, 99% yield); m.p.:
122-123 ◦C; [α]25

D = +4.9 (c 0.5, CHCl3); HRMS (ESI + ): calcd for C64H92N6O20Na ([M +Na]+): m/z
1287.6264; found: m/z 1287.6206; 1H NMR (600 MHz, CDCl3): δH 7.80 and 7.79 (all s, br, 1H each, 2x
H-5triaz.), 5.86 and 5.856 (all d, 1H each, J 9.4 Hz, 2x H-1Gal), 5.61 and 5.58 (all dd, 1H each, J1 9.4 Hz, J2
10.2 Hz, 2x H-2Gal), 5.56–5.54 (m, 2H, 2x H-4Gal), 5.25 and 5.26 (all dd, 1H each, J1 5.4 Hz, J2 10.2 Hz, 2x
H-3Gal), 4.78–4.56 (m, 6H, 2x OCH2, H-29a, H-29b), 4.26–4.23 (m, 2H, 2x H-5Gal), 4.22–4.10 (m, 4H, 2x
H-6aGal, 2x H-6bGal), 3.62 (d, 1H, J 8.8 Hz, H-28a), 3.20 (d, 1H, J 9.1 Hz, H-28b), 2.97 (dd, 1H, J1 4.3 Hz,
J2 11.7 Hz, H-3), 2.40 (td, 1H, J1 5.7 Hz, J2 11.1 Hz, H-19), 2.23, 2.22, 2.044, 2.04, 2.013, 2.01, 1.90, 1.88 (all
s, 3H each, 8x CH3CO), 2.30–0.60 (m, 24H, CH, CH2), 1.67 (s, 3H, H-30), 1.01, 0.95, 0.90, 0.84, 0.78 (all s,
3H each, H-23–H-27) ppm; 13C NMR (150 MHz, CDCl3) δC 170.31, 170.28, 169.95, 169.79, 169.03, 168.93,
150.59, 147.06, 146.42, 120.77, 120.66, 109.62, 86.63, 86.22, 86.17, 73.98, 70.94, 70.86, 68.91, 67.86, 67.74,
66.91, 64.88, 61.18, 55.68, 52.88, 50.36, 48.83, 47.86, 47.25, 42.66, 40.95, 38.82, 38.53, 37.48, 37.12, 34.78,
34.24, 29.94, 29.84, 27.96, 27.20, 22.87, 25.20, 20.86, 20.66, 20.63, 20.49, 20.29, 20.27, 19.05, 18.26, 16.26,
16.13, 16.00, 14.74 ppm (Supplementary Materials, Table S2); IR (ATR) ν: 2942, 1748, 1457, 1368, 1213,
1089, 1043, 921, 730 cm−1.

Product 18b (3,28-di(OCH2TriazCH2(CO)NHGal)BN) was obtained as a white solid (216.9 mg, 82%
yield); m.p.: 142–145 ◦C; [α]25

D = +4.9 (c 0.5, CHCl3); HRMS (ESI+): calcd for C68H99N8O22 ([M +
H]+): m/z 1379.6900; found: m/z 1379.6533; 1H NMR (600 MHz, CDCl3): δH 7.66 and 7.64 (all s, 1H
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each, 2x H-5triaz.), 6.86 and 6.85 (all d, 1H each, J 8.8 Hz, 2x NH), 5.45-5.40 (m, 2H, 2x H-4Gal), 5.22-5.18
(m, 2H, 2x H-1Gal), 5.14–4.98 (m, 8H, 2x H-2Gal, 2x H-3Gal, 2x CH2), 4.84–4.57 (m, 6H, H-29a, H-29b,
2x CH2), 4.14-4.07 (m, 4H, 2x H-6aGal, 2x H-6bGal), 4.06–4.01 (m, 2H, 2x H-5Gal), 3.63 (d, 1H, J 8.9 Hz,
H-28a), 3.22 (d, 1H, J 9.0 Hz, H-28b), 2.97 (dd, 1H, J1 4.2 Hz, J2 11.7 Hz, H-3), 2.39 (td, 1H, J1 5.9 Hz, J2
10.6 Hz, H-19), 2.30–0.60 (m, 24H, CH, CH2), 2.15, 2.14, 2.04, 2.03, 2.02, 1.98, 1.977, 1.96 (all s, 3H each,
8x CH3CO), 1.67 (s, 3H, H-30), 0.96, 0.95, 0.92, 0.83, 0.77 (all s, 3H each, H-23–H-27) ppm; 13C NMR
(150 MHz, CDCl3) δC 171.03, 170.92, 170.34, 169.98, 169.71, 165.68, 165.55, 150.54, 147.49, 146.77, 123.75,
123.61, 109.65, 86.89, 78.75, 78.72, 72.59, 72.57, 70.67, 70.64, 69.01, 68.06, 68.00, 67.06, 65.21, 63.20, 61.11,
61.00, 55.69, 52.71, 52.65, 50.36, 48.85, 47.90, 47.25, 42.65, 40.93, 38.85, 38.52, 37.50, 37.14, 34.75, 34.24,
29.88, 29.69, 28.10, 27.17, 25.20, 22.86, 20.87, 20.67, 20.62, 20.60, 20.59, 20.50, 19.09, 18.26, 16.30, 16.15,
15.96, 14.76, ppm (Supplementary Materials, Table S2); IR (ATR) ν: 2950, 1748, 1620, 1510, 1450, 1368,
1218, 1084, 1045, 970, 890, 720 cm−1.

3.2.4. Procedure for the Synthesis of Betulin Glycoconjugates 19a according to Strategy II
(Modification C28)

To a well-stirred 28-O-(2-azidoacetyl)betulin 6 (0.190 mmol, 100.0 mg) and per-O-acetylated
glucopyranosyl propargyl 10a (0.190 mmol, 73.5 mg) in i-PrOH (2 mL) and THF (1 mL), CuSO4·5H2O
(0.114 mmol, 22.6 mg) dissolved in H2O (1 mL) and sodium ascorbate (0.209 mmol, 52.2 mg) dissolved
in H2O (1 mL) were added successively. The reaction mixture was stirred under argon atmosphere
for 24 h at room temperature. After completion of the reaction (was monitored by TLC), the reaction
mixture was extracted with DCM (5 × 5 mL), then the mixture was dried over MgSO4 and was
concentrated in vacuo. The crude residue was separated/purified using column chromatography
(DCM:MeOH, gradient: 50:1 to 10:1).

Product 19a (28-O(CO)CH2TriazCH2OGlcBN) was obtained as a white solid (168.3 mg, 97% yield);
m.p.: 99–101 ◦C; [α]25

D = −15.6 (c 0.5, CHCl3); HRMS (ESI+): calcd for C49H73N3O13Na ([M +Na]+):
m/z 934.5041; found: m/z 934.5045; 1H NMR (600 MHz, CDCl3): δH 7.69 (s, br, 1H, H-5triaz.), 5.22-5.17
(m, 2H, H-1Glc, H-3Glc), 5.10 (dd~t, 1H, J1 9.6 Hz, J2 9.8 Hz, H-2Glc), 5.02 (ddt, 1H, J1 8.0 Hz, J2 9.5 Hz,
H-4Glc), 4.97 and 4.86 (qAB, 2H, CH2), 4.68 (s, br, 2H, CH2), 4.68 and 4.60 (all s, br, 1H each, H-29a,
H-29b), 4.43 (d, 1H, J 10.9 Hz, H-28a), 4.26 (dd, 1H, J1 4.7 Hz, J2 12.3 Hz,H-6aGlc), 4.17 (dd, 1H, J1 2.1 Hz,
J2 12.3 Hz, H-6bGlc), 3.97 (d, 1H, J 11.0 Hz, H-28b), 3.73 (ddd, 1H, J1 2.1 Hz, J2 4.7 Hz, J3 9.5 Hz, H-5Glc),
3.18 (dd, 1H, J1 4.7 Hz, J2 11.5 Hz, H-3), 2.41 (td, 1H, J1 5.7 Hz, J2 10.7 Hz, H-19), 2.20-0.60 (m, 25H, CH,
CH2), 2.10, 2.03, 2.004, 2.00 (all s, 3H each, 4x CH3CO), 1.68 (s, 3H, H-30), 1.01, 0.98, 0.97, 0.82, 0.76
(all s, 3H each, H-23–H-27) ppm; 13C NMR (150 MHz, CDCl3) δC 170.65, 170.18, 169.45, 169.42, 166.55,
149.73, 124.28, 110.10, 78.94, 72.79, 71.94, 71.21, 68.36, 61.80, 50.86, 64.96, 62.93, 55.29, 50.85, 50.33, 48.80,
47.64, 46.45, 42.71, 40.88, 38.87, 38.71, 37.68, 37.15, 34.39, 34.18, 29.60, 29.44, 27.99, 27.01, 27.39, 25.16,
20.78, 20.74, 20.67, 20.60, 19.11, 18.28, 16.10, 16.01, 15.36, 14.78 ppm (Supplementary Materials, Table
S2); IR (ATR) ν: 3400–3200, 2942, 1747, 1640, 1456, 1366, 1218, 1037, 982, 883, 769 cm−1.

3.2.5. Procedure for the Synthesis of Betulin Glycoconjugates 20a according to Strategy II (Modification
C3 and C28)

To a well-stirred 3,28-O,O’-di(2-azidoacetyl)betulin 7 (0.164 mmol, 100.0 mg) and per-O-acetylated
glucopyranosyl propargyl 10a (0.329 mmol, 126.9 mg) in i-PrOH (4.2 mL) and THF (1.8 mL),
CuSO4·5H2O (0.181 mmol, 45.1 mg) dissolved in H2O (2.1 mL) and sodium ascorbate (0.099 mmol,
19.5 mg) dissolved in H2O (2.1 mL) were added successively. The reaction mixture was stirred under
argon atmosphere for 24 h at room temperature. After completion of the reaction (was monitored
by TLC), the reaction mixture was extracted with DCM (5 × 5 mL), then the mixture was dried over
MgSO4 and was concentrated in vacuo. The crude residue was separated/purified using column
chromatography (DCM:MeOH, gradient: 30:1 to 10:1).

Product 20a (3,28-di(O(CO)CH2TriazCH2OGlc)BN) was obtained as a white solid (198.0 mg, 87%
yield); m.p.: 109–112 ◦C; [α]25

D = −19.0 (c 0.5, CHCl3); HRMS (ESI+): calcd for C68H97N6O24 ([M +
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H]+): m/z 1381.6554; found: m/z 1381.6218; 1H NMR (600 MHz, CDCl3): δH 7.68 and 7.66 (all s, 1H
each, 2x H-5triaz.), 5.23-5.13 (m, 4H, 2x (H-1Glc H-3Glc)), 5.12–5.06 (m, 2H, 2x H-2Glc), 5.05-4.99 (m, 2H,
2x H-4Glc), 4.99-4.83 (m, 4H, 2x CH2), 4.69–4.66 (m, 5H, H-29a, 2x CH2), 4.60 (s, br, 1H, H-29b), 4.43 (d,
1H, J 10.6 Hz, H-28a), 4.26 and 4.27 (all dd, 1H each, J1 1.0 Hz, J2 12.4 Hz, 2x H-6aGlc), 4.19–4.14 (m,
2H, 2x H-6bGlc), 3.96 (d, 1H, J 11.0 Hz, H-28b), 3.75–3.70 (m, 2H, 2x H-5Glc), 4.56 (dd, 1H, J1 5.2 Hz, J2
10.1 Hz, H-3), 2.41 (td, 1H, J1 5.7 Hz, J2 10.7 Hz, H-19), 2.20–0.60 (m, 24H, CH, CH2), 2.093, 2.09, 2.028,
2.025, 2.03, 2.00, 1.998, 1.994 (all s, 3H each, 8x CH3CO), 1.68 (s, 3H, H-30), 1.01, 0.98, 0.97, 0.84, 0.77
(all s, 3H each, H-23–H-27) ppm; 13C NMR (150 MHz, CDCl3) δC 170.64, 170.16, 169.43, 166.56, 165.90,
160.42, 149.68, 144.65, 144.55, 124.25, 124.24, 110.16, 83.86, 68.37, 72.80, 71.94, 71.22, 68.37, 62.94, 61.81,
61.80, 55.30, 51.05, 50.83, 50.21, 48.77, 47.65, 46.45, 42.73, 40.89, 38.27, 37.90, 37.65, 37.03, 34.38, 34.05,
29.57, 29.43, 28.01, 27.00, 25.08, 23.61, 21.96, 20.77, 20.66, 20.65, 20.60, 19.10, 18.11, 16.39, 16.12, 16.00,
14.75 ppm (Supplementary Materials, Table S2); IR (ATR) ν: 2930, 1744, 1620, 1367, 1216, 1037, 979, 880,
752 cm−1.

3.2.6. Procedure for the Synthesis of 3,28-O,O’-di(2-(4-(hydroxymethyl-1H-1,2,3-triazol-1-
yl)acetyl)betulin 21

To a well-stirred 3,28-O,O’-di(2-azidoacetyl)betulin 7 (0.663 mmol, 403.6 mg) in i-PrOH (7.6 mL)
and THF (4.8 mL), propargyl alcohol (1.989 mmol, 111.5 mg, 0.116 mL) and CuSO4·5H2O (0.796 mmol,
198.6 mg) dissolved in H2O (2.7 mL) and sodium ascorbate (1.458 mmol, 288.9 mg) dissolved in H2O
(2.7 mL) were added successively. The reaction mixture was stirred under argon atmosphere for 24 h at
room temperature. After completion of the reaction (was monitored by TLC), the reaction mixture was
extracted with DCM (9 × 30 mL), then mixture was dried over MgSO4 and was concentrated in vacuo.
The crude residue was separated/purified using column chromatography (DCM:MeOH, gradient: 20:1
to 5:1).

Product 21 (3,28-di(O(CO)CH2TriazCH2OH)BN) was obtained as a white solid (367.2 mg, 77%
yield); m.p.: 105–108 ◦C; [α]25

D = +4.7 (c 0.5, CHCl3); HRMS (ESI+): calcd for C40H61N6O6 ([M +
H]+): m/z 721.4653; found: m/z 721.4650; 1H NMR (600 MHz, CDCl3): δH 7.68 and 7.66 (all s, 1H each,
2x H-5triaz.), 5.19 (d, 2H, J 1.0 Hz, O(CO)CH2), 5.15 (d, 2H, J 0.6 Hz, O(CO)CH2), 4.82 (br s, 4H, 2x
CH2OH), 4.69 (d, 1H, J 1.6 Hz, H-29a), 4.60 (s, 1H, H-29b), 4.57–4.54 (m, 1H, H-3),4.42 (d, 1H, J 10.9 Hz,
H-28a), 3.96 (d, 1H, J 10.9 Hz, H-28b), 2.41 (m, 3H, H-19, 2x CH2OH), 2.10–0.60 (m, 24H, CH, CH2),
1.67 (s, 3H, H-30), 1.00, 0.96, 0.83, 0.828, 0.75 (all s, 3H each, H-23–H-27) ppm; 13C NMR (150 MHz,
CDCl3) δC 165.97, 165.61, 149.96, 149.66, 148.09, 123.08 110.12, 83.85, 64.92, 56.50; 55.28, 55.23, 51.08;
50.86, 50.20, 48.75, 47.65, 46.43, 42.71, 40.88, 38.26, 37.88, 37.64, 37.02, 34.37, 34.04, 29.56, 29.43, 28.00,
26.98, 25.07, 23.58, 20.73, 19.09, 18.10, 16.36, 16.11, 16.00, 14.75 ppm (Supplementary Materials, Table
S3); IR (ATR) ν: 3500–300, 2927, 2871, 1743, 1456, 1376, 1266, 1219, 1040, 1006, 977, 882, 805 cm−1.

3.2.7. Procedure for the Deprotection of Betulin Glycoconjugates 15–17

Glycoconjugates 15–17 (1.0 mmol) were dissolved in MeOH (15a–b: 16 mL, 16a–b: 35 mL, 17a–b:
30 mL). Then, 1M solution of MeONa in MeOH (15a–b: 0.2 mmol, 0.2 mL, 16a–b: 0.4 mmol, 0.4 mL,
17a–b: 0.15 mmol, 0.15 mL) was added. Reaction was carried out for 120 min at room temperature.
The reaction progress was monitored on TLC. After the reaction was complete, the mixture was
neutralized with Amberlyst-15, filtered, and the filtrate was evaporated in vacuo. The crude products
were crystallized from methanol.

Product 22a (28-OCH2TriazGlcBN) was obtained as a white solid (69.9 mg, 87% yield); m.p.:
174–175 ◦C; [α]25

D = +4.1 (c 0.5, MeOH); HRMS (ESI+): calcd for C39H63N3O7Na ([M +Na] + ): m/z
708.4564; found: m/z 708.4555; 1H NMR (400 MHz, MeOD): δH 8.19 (s, br, 1H, H-5triaz.), 5.62 (d, 1H, J 9.2
Hz, H-1Glc), 4.68–4.55 (m, 4H, H-29a, H-29b, OCH2), 3.91–3.86 (m, 2H, H-6aGlc, H-5Glc), 3.73 (dd, 1H, J1
5.2 Hz, J2 12.1 Hz, H-6bGlc), 3.65 (d, 1H, J 8.9 Hz, H-28a), 3.61–3.49 (m, 3H, H-4Glc, H-3Glc, H-2Glc), 3.23
(d, 1H, J 9.0 Hz, H-28b), 3.12 (dd, 1H, J1 4.9 Hz, J2 11.2 Hz, H-3), 2.43 (td, 1H, J1 5.2 Hz, J2 10.9 Hz, H-19),
2.05-0.60 (m, 25H, CH, CH2), 1.67 (s, 3H, H-30), 1.00, 0.98, 0.95, 0.86, 0.76 (all s, 3H each, H-23–H-27)
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ppm; 13C NMR (150 MHz, MeOD) δC 151.86, 146.36, 124.41, 110.25, 89.70, 81.18, 79.75, 78.60, 74.10,
71.00, 69.88, 65.31, 62.47, 56.90, 51.94, 50.24, 43.82, 42.21, 40.14, 38.99, 38.35, 35.83, 35.53, 31.05, 30.75,
28.68, 28.39, 28.12, 26.71, 22.06, 19.52, 18.40, 16.76, 16.68, 16.15, 15.33 ppm (Supplementary Materials,
Table S3); IR (ATR) ν: 3600-3100, 2941, 2871, 1620, 1450, 1390, 1100, 1043, 1013, 880 cm−1.

Product 22b (28-OCH2TriazGalBN) was obtained as a white solid (79.5 mg, 99% yield); m.p.:
218–220 ◦C; [α]25

D = +9.1 (c 0.5, MeOH); HRMS (ESI + ): calcd for C39H63N3O7Na ([M +Na]+): m/z
708.4564; found: m/z 708.4553; 1H NMR (400 MHz, MeOD): δH 8.21 (s, br, 1H, H-5triaz.), 5.57 (d, 1H,
J 9.2 Hz, H-1Glc), 4.68-4.56 (m, 4H, OCH2, H-29a, H-29b), 4.15 (dd~t, 1H, J 9.3 Hz, H-2Gal), 4.00 (dd,
1H, J1 0.9 Hz, J2 3.3 Hz, H-4Gal), 3.85–3.69 (m, 3H, 2H-6Gal, H-5Gal), 3.70 (dd, 1H, J1 3.3 Hz, J2 9.5 Hz,
H-3Gal), 3.64 (d, 1H, J 8.6 Hz, H-28a), 3.23 (d, 1H, J 8.8 Hz, H-28b), 3.12 (dd, 1H, J1 5.0 Hz, J2 11.1 Hz,
H-3), 2.43 (td, 1H, J1 5.9 Hz, J2 10.9 Hz, H-19), 2.01-0.60 (m, 25H, CH, CH2), 1.67 (s, 3H, H-30), 0.99, 0.98,
0.95, 0.86, 0.76 (all s, 3H each, H-23–H-27) ppm; 13C NMR (150 MHz, MeOD) δC 151.87, 146.54, 123.87,
110.28, 90.28, 79.90, 79.71, 75.40, 71.50, 70.32, 69.67, 65.33, 62.30, 56.86, 51.90, 50.17, 43.79, 42.15, 39.99,
40.09, 38.95, 38.32, 35.82, 35.46, 30.99, 30.79, 28.65, 28.34, 28.09, 26.64, 22.02, 19.41, 19.50, 16.76, 16.62,
16.16, 15.28 ppm (Supplementary Materials, Table S3); IR (ATR) ν: 3600–3100, 2932, 2869, 1630, 1456,
1374, 1093, 1044, 880 cm−1.

Product 23b (28-OCH2TriazCH2(CO)NHGalBN) was obtained as a white solid (78.3 mg, 96% yield);
m.p.: 187-190 ◦C; [α]25

D = +6.9 (c 0.5, CHCl3); HRMS (ESI + ): calcd for C41H67N4O8 ([M +H]+): m/z
743.4959; found: m/z 743.4962; 1H NMR (400 MHz, MeOD): 7.96 (s, br, 1H, H-5triaz.), 7.46 (s, 1H, NH),
5.22 (q, 2H, J 16.4 Hz, CH2N), 4.90 (d, 1H, J 8.8 Hz, H-1Gal), 4.68 and 4.57 (s, br, 1H, H-29a, H-29b),
4.65 (s, 2H, OCH2), 3.94 (d, 1H, J 2.8 Hz, H-4Gal), 3.83–3.54 (m, 5H, H-28a, H-2Gal, H-3Gal, H-5Gal,
H-6aGal, H-6bGal), 3.39 (s, 2H, CH2CO), 3.24 (d, 1H, J 9.2 Hz, H-28b), 3.18–3.14 (m, 1H, H-3), 2.39 (td,
1H, J1 5.9 Hz, J2 10.8 Hz, H-19), 2.05–0.60 (m, 25H, CH, CH2), 1.68 (s, 3H, H-30), 0.99, 0.98, 0.96, 0.84,
0.76 (all s, 3H each, H-23–H-27) ppm; 13C NMR (150 MHz, MeOD) δC 168.57, 151.91, 146.42, 126.86,
110.24, 81.77, 79.75, 78.48, 75.82, 71.51, 70.49, 69.49, 65.15, 56.90, 51.92, 50.23, 43.80, 42.18, 40.12, 40.01,
38.98, 38.35, 35.86, 35.52, 31.04, 30.78, 28.67, 28.36, 28.12, 26.67, 22.05, 19.53, 19.44, 16.77, 16.59, 16.17,
15.30 ppm (Supplementary Materials, Table S3); IR (ATR) ν: 3600–3000, 2942, 1698, 1374, 1228, 1083,
1045, 879 cm−1.

Product 24a (3,28-di(OCH2TriazGlc)BN) was obtained as a white solid (63.9 mg, 87% yield); m.p.:
176–178 ◦C; [α]25

D = +16.4 (c 0.5, MeOH); HRMS (ESI + ): calcd for C48H76N6O12Na ([M + Na]+):
m/z 951.5419; found: m/z 951.5441; 1H NMR (600 MHz, MeOD): δH 8.18 i 8.14 (all s, br, 1H each, 2x
H-5triaz.), 5.61 and 5.59 (all d, 1H each, J 8.7 Hz, 2x H-1Glc), 4.74–4.50 (m, 6H, H-29a, H-29b, 2x OCH2),
3.90–3.87 (m, 4H, 2x H-6aGlc, 2x H-5Glc), 3.74–3.48 (m, 9H, H-28a, 2x H-2Glc, 2x H-3Glc, 2x H-4Glc, 2x
H-6bGlc), 3.23 (d, 1H, J 9.0 Hz, H-28b), 2.98 (dd, 1H, J1 4.2 Hz, J2 11.4 Hz, H-3), 2.43 (td, 1H, J1 5.9 Hz, J2
11.0 Hz, H-19), 2.00–0.65 (m, 25H, CH, CH2), 1.68 (s, 3H, H-30), 0.99, 0.98, 0.92, 0.87, 0.75 (all s, 3H each,
H-23–H-27) ppm; 13C NMR (150 MHz, MeOD) δC 151.89, 146.99, 146.42, 124.33, 124.18, 110.24, 88.07,
89.65, 81.20, 78.64, 74.11, 71.00, 69.82, 65.36, 63.50, 62.49, 57.23, 51.93, 50.25, 43.85, 42.25, 39.85, 39.96,
39.00, 38.37, 35.84, 35.52, 31.07, 30.76, 28.67, 28.41, 28.40, 26.71, 22.10, 19.43, 18.40, 16.82, 16.79, 16.70,
15.32 ppm (Supplementary Materials, Table S3); IR (ATR) ν: 3600–3100, 2936, 1620, 1460, 1374, 1093,
1042, 896 cm−1.

Product 24b (3,28-di(OCH2TriazGal)BN) was obtained as a white solid (50.7 mg, 69% yield); m.p.:
178–179 ◦C; [α]25

D = +22.4 (c 0.5, MeOH); HRMS (ESI+): calcd for C48H77N6O12 ([M + H]+): m/z
929.5599; found: m/z 929.5621; 1H NMR (600 MHz, MeOD): δH 8.21 and 8.18 (all s, br, 1H each, 2x
H-5triaz.), 5.57 and 5.56 (all d, 1H each, J 9.0 Hz, 2x H-1Gal), 4.74-4.51 (m, 6H, 2x OCH2, H-29a, H-29b),
4.15 and 4.14 (all dd~t, 2H each, J 9.4 Hz, 2x H-2Gal), 3.99 (m, 2H, 2x H-4Gal), 3.85-3.69 (m, 8H, 2x
H-3Gal, 2x H-5Gal, 2x H-6aGal, 2x H-6bGal), 3.64 (d, 1H, J 9.4 Hz, H-28a), 3.23 (d, 1H, J 9.0 Hz, H-28b),
2.98 (dd, 1H, J1 4.3 Hz, J2 11.8 Hz, H-3), 2.43 (td, 1H, J1 5.9 Hz, J2 10.7 Hz, H-19), 2.00–0.70 (m, 25H, CH,
CH2), 1.68 (s, 3H, H-30), 0.99, 0.98, 0.92, 0.87, 0.76 (all s, 3H each, H-23–H-27)ppm; 13C NMR (150 MHz,
MeOD) δC 151.89, 147.19, 146.56, 123.89, 123.64, 110.27, 90.27, 88.04, 80.04, 79.02, 75.44, 71.56, 71.55,
69.77, 65.38; 63.56, 62.50, 62.34, 57.22, 51.91, 50.22, 43.83, 42.22, 39.83, 39.97, 39.96, 38.34, 35.84, 35.48,
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31.05, 30.78, 28.66, 28.37, 28.42, 26.68, 22.08, 19.42, 18.41, 16.83, 16.80, 16.66, 15.30 ppm (Supplementary
Materials, Table S3); IR (ATR) ν: 3600–3100, 2925, 2869, 1650, 1456, 1374, 1219, 1090, 1045, 879 cm−1.

3.3. Biological Assays

3.3.1. Cell Lines

HCT 116 and MCF-7 cells were purchased from the American Type Culture Collection. NHDF
cells were purchased from Lonza. All cells were cultured under standard conditions at 37 ◦C in a
humidified atmosphere at 5% CO2 in DMEM/F12 medium (PAA) supplemented with 10% FBS (EURx).

3.3.2. CCK-8 Assay

A Cell Counting Kit-8 (CCK-8) from Bimake was used to assess cell viability. Briefly, cells were
seeded in 96-well plates, with three duplicate wells in each group. Cells were treated with betulin or
its derivatives and incubated for 24 or 48 h. Then, CCK-8 solution was added to each well and the
plate was incubated for 2 h at 37 ◦C. Subsequently, the absorbance at 450 nm was measured using a
microplate reader (Epoch, BioTek). Cell viability rate was calculated using CalcuSyn software (version
2.0, Biosoft, Cambridge, UK).

4. Conclusions

In conclusion, we designed and synthesized a library of novel glycoconjugates of natural
pentacyclic triterpenoid (BN) by employing click chemistry. The CuAAC reactions are extensively
employed in the conjugate synthesis of various organic compounds, owing to their versatility,
high chemoselectivity, and mild conditions. In this study, we successfully prepared new mono-
and disubstituted betulin derivatives containing a sugar unit attached via a linker inclusive of the
1,2,3-triazole ring at the C3 and C28 position of the parent skeleton of BN. We confirmed that the click
chemistry approach in a simple, easy and inexpensive way leads to a wide range of products with high
yield, purity, and selectivity.

The methodology developed by us extends the synthetic possibilities of modifying the betulin
skeleton. Importantly, it enables the simple preparation of both mono-(modification C28) and
disubstituted betulin derivatives (modification C3 and C28) with high yields. The construction of the
linker connecting betulin to the sugar unit depends on the type of building blocks used. According to
Strategy I, synthesis starts with the preparation of an alkyne betulin derivative, which is then clicked
with a 1-azido sugar. The second option is to modify the betulin with an azide moiety and click it with
propargyl O-glucoside.

Unfortunately, a preliminary cytotoxicity assay of the obtained betulin glycoconjugates showed
that the addition of a sugar unit to the native betulin structure via a few selected linkers containing
a 1,2,3-triazole ring is not a significant way for biological activity. Monosubstituted betulin
glycoconjugates show comparable or slightly lower activity than that of betulin alone while betulin
derivatives containing two sugar units protected with acetyl groups increase cell viability, which may
result from the release of glucose from the tested glycoconjugates under physiological conditions. In
turn, the observed lack of biological activity of deprotected betulin glycoconjugates may be due to the
insufficient affinity of these compounds for glucose transporters.

3,28-O,O’-Di(2-(4-(hydroxymethyl-1H-1,2,3-triazol-1-yl)acetyl)betulin 21, modified only by
introducing a fragment containing the 1,2,3-triazole system without the sugar unit, turned out to be
surprisingly active. Unfortunately, it also turned out to be very toxic. This indicates that modifying the
betulin backbone by introducing a 1,2,3-triazole ring significantly improves its cytotoxicity. However,
further work should be done on increasing the selectivity of the obtained connections.

The obtained results show that despite the fact that the obtained betulin glycoconjugates do not
show interesting antitumor activity, the idea of adding a sugar unit to the betulin backbone may,
after some modifications, turn out to be correct and allow for the targeted transport of biologically
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active compounds into the tumor cells. The position used in the sugar unit for conjugation with the
betulin derivative appears to be crucial for maintaining its affinity for GLUT transporters. Based
on literature reports [59,60], it can be assumed that the 6-OH group (the group least involved in
binding to the GLUT transporter) is the most neutral position that can be modified in sugar, so as
not to reduce its affinity to the transport protein on the surface of cancer cells. Due to the above, it
seems advisable to undertake further research on the chemical modifications of betulin by attaching
sugar through the functionalization of this position. Glycoconjugation of betulin with the use of sugar
derivatives modified in the C-6 position will be carried out both with the use of 1,3-dipolar azide-alkyne
cycloaddition, as well as by creating bonds that can be broken under the action of intracellular enzymes
(ester, amide, or carbamate).

Supplementary Materials: The following are available online. Supporting information includes experimental
procedures and spectroscopic properties of synthesized compounds (4, 5, 9–14), 1H NMR, 13C NMR spectra of all
synthesized compounds (1–24) and gHSQC and FT-IR for selected compounds.
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Abstract: Phytochemicals and their metabolites are not considered essential nutrients in humans,
although an increasing number of well-conducted studies are linking their higher intake with
a lower incidence of non-communicable diseases, including cancer. This review summarizes
the current findings concerning the molecular mechanisms of bioactive compounds from grapes
and red wine and their metabolites on breast cancer—the most commonly occurring cancer
in women—chemoprevention and treatment. Flavonoid compounds like flavonols, monomeric
catechins, proanthocyanidins, anthocyanins, anthocyanidins and non-flavonoid phenolic compounds,
such as resveratrol, as well as their metabolites, are discussed with respect to structure
and metabolism/bioavailability. In addition, a broad discussion regarding in vitro, in vivo and clinical
trials about the chemoprevention and therapy using these molecules is presented.

Keywords: bioactive compounds; metabolites; wine; grapes; breast cancer; chemoprevention; chemotherapy

1. Introduction

Breast cancer was ranked as the fifth leading cause of death (627,000 deaths, 6.6%) worldwide in
2018 [1]. During the last decade, new strategies based on the use of dietary chemopreventive agents for
breast cancer management have been developed. Several in vitro and in vivo studies have reported
the beneficial effects promoted by bioactive compounds from grapes and its derivative products [2].
The positive impact on health has been attributed to its phenolic compounds, such as flavonoids,
stilbenes, anthocyanins and other molecules. This review aims to summarize the current findings
regarding the role of bioactive compounds from grapes and red wine and their metabolites on breast
cancer chemoprevention and treatment by exploring its molecular targets and mechanisms of action [3].

In cancer research, a wide variety of established breast cancer cell lines are used as experimental
models. Most of them resemble the different subtypes of breast cancer seen in the clinic. These cell lines
offer an infinite supply of a relatively homogeneous cell population that is capable of self-replication in
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standard cell culture medium and are available through commercial cell banks. The most commonly
used breast cancer cell line in the world, MCF-7, was established in 1973 at the Michigan Cancer
Foundation. With different molecular characteristics, MDA-MB-231, MDA-MB-453, MDA-MB-468,
TD47D, among others, are frequently used in studies, as will be described below [4].

2. Anticancer Effects Produced by Grapes and Seed Extracts

Grapes and their derivative products are a rich source of bioactive molecules, including flavonoid
compounds (flavonols, monomeric catechins, proanthocyanidins, anthocyanins, anthocyanidins)
and non-flavonoid phenolic compounds (resveratrol), as well as their metabolites. Several molecular
pathways involved in breast cancer cell signaling and differentiation, cell cycle arrest, apoptosis,
and metastasis can be modulated by these compounds, as described below (Figure 1).

Figure 1. Anticancer activities promoted by phenolic compounds from grapes and red wine
and their metabolites.

A polyphenolic fraction isolated from grape seeds (GSP) containing 50% of procyanidins,
5% of catechin and 6% of epicatechin that has been described to cause irreversible inhibition growth of
MDA-MB-468, a metastatic breast cancer cell line, by a mechanism involving activation of MAPK/ERK1/2
and MAPK/p38, the two MAPK pathways associated with cell growth and differentiation. GSP also
promoted the induction of CDKI Cip1/p21 and a decrease in CDK4, resulting in G1 arrest [5].
Polyphenols obtained by hydroalcoholic extraction from grape seeds promoted a selective inhibition
of cell viability and induction of apoptotic cell death on MCF-7 cells. The authors hypothesize
that this effect is mediated by gap-junction-mediated cell-cell communications improvement via
re-localization of Cx43 proteins and up-regulation of CX43 gene, since gap junctions have been
associated with the apoptotic process [6].

Extracellular matrix remodeling, which is influenced by urokinase-type plasminogen activator
(uPA) and matrix metalloproteinases (MMPs), is a critical event in the metastasizing process.
Dinicola et al. [7] have studied the effect of grape seed extract (GSE) containing 6.2 mg/g of catechins
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and 5,6 mg/g of procyanidins on metastatic human breast carcinoma cell line focusing on migration
and invasion processes. Low GSE concentrations (25 μg/mL) were reported to strongly inhibit
MDA-MB-231 cell migration and invasion by decreasing uPA, MMP-2 and MMP-9 activity, as well as
down-regulating β-catenin, fascin and NF-κB expression. On the other hand, high GSE concentration
(50 and 100 μg/mL) triggered proliferation arrest and apoptosis.

Another target in the treatment of several cancers is the inhibition of angiogenesis, which is
supported by vascular endothelial growth factor (VEGF). A study by Lu et al. [8] showed that GSE
(85% procyanidins) reduced VEGF expression in both U251 human glioma cells and MDA-MB-231
human breast cancer cells, supporting the hypothesis that GSE may be a natural anti-angiogenesis
source of compounds.

Previous studies described many phytochemicals found in grapes and wine as aromatase
inhibitors [9]. Polyphenols were demonstrated to modulate estrogen signaling and to compete for
steroid-binding sites. Kijima et al. [10] reported that GSP (74–78% proanthocyanidins and <6% catechin,
epicatechin, and their gallic acid esters) suppressed aromatase expression and activity on MCF-7aro
(aromatase transfected MCF-7 cells) and SK-BR-3 cells. Aromatase catalyzes critical reactions of
estrogen synthesis, converting androgen to estrogen, which is known to stimulate breast cancer
cell growth by binding to the estrogen receptor (ER). Another approach includes the combination
of therapeutic compounds, like doxorubicin (Dox), and phytochemicals for cancer management.
GSE (95% procyanidins) increases the efficacy of Dox in human breast cancer MCF-7, MDA-MB468,
and MDA-MB231 cells suggesting a strong possibility of a synergistic effect of GSE and Dox combination,
independent of the estrogen receptor status of cells [11].

Grape seed proanthocyanidin extract (GSPE) showed also a promising therapeutic role against
adverse effects of the chemotherapeutic agents carboplatin and thalidomide. Administration of these
agents in rats led to an enhancement in the TNF-α and IL-6 cytokine levels, which could be partially
reversed by administration of GSPE. In addition, GSPE reduced free radicals like thiobarbituric
acid-reactive substances and nitric oxide and increased glutathione and antioxidant enzymes in liver
and heart [12].

3. Flavonoid Compounds

3.1. Flavonols

Flavonols are a subgroup of the flavonoids group, structurally resembling flavones, with
the presence of an additional hydroxyl in position 3 of the A ring of the flavones general backbone
(3-hidroxyflavone) (Figure 2). The most abundant flavonols present in wine are quercetin, a majoritary
compound in this beverage, kaempferol, myricetin, isorhamnetin (quercetin 3′-methylether), and rutin,
a glucoside derivative of quercetin [13].

Figure 2. (a) Basic structure of flavonols. (b) Kaempferol. (c) Quercetin.

In red wine, flavonol (aglycones and glycosides) concentration ranges from around 3 to 50 mg/L [14,15],
while quercetin varies from around 1 to 10 mg/L in different wines from different regions of the world [16,17].
Flavonol concentration appears to be related to the degree of sun exposure of the grapes while cultivated
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and the degradation is both related to UV exposure and temperature [13,18]. Moreover, flavonol content
is dramatically altered during the processing of grapes, wine production, and storage [13,19,20].

Flavonol bioavailability may vary according to the substitutions found in the molecule, e.g., sugars
(mostly glycosides). A relevant example is rutin, a glycosidic disaccharide conjugate of quercetin [13].
The glycosylated forms are the most frequently found in wine and these compounds appear to be more
resistant to degradation than their correspondent aglycones [21].

We discuss below the particular effects of quercetin and kaempferol, the most abundant flavonols
in wine, on breast cancer. Their effects encompass both chemoprevention and therapy. Although their
aglycone forms share a high structural resemblance, the targets, mechanisms of action and bioavailability
of these compounds may vary according to the metabolites produced and substitutions found [22,23].

The anticancer effects of kaempferol and quercetin have been described in several different
cancer types, such as bladder, breast, prostate, ovarian, liver, and colon. A special feature is given
to breast cancer due to a superior number of published works. The few epidemiological studies
available using flavonoids such as quercetin or kaempferol on breast cancer involve the observation
of their dietary contribution. However, their findings vary from null to positive effects in cancer
prevention [24–26]. It is important to mention that, in spite of the larger number of basic research
papers published so far, there is a small number of pre-clinical and clinical studies using kaempferol or
quercetin as anticancer agents [27,28]. This is due to their low bioavailability, which is around 2% for
kaempferol [29,30] and 20% for quercetin, while only 1% was found in the free form in serum [31,32].
This has inspired several works describing drug delivery systems including quercetin and other drugs,
such as doxorubicin [33–35]. Likewise, the blending of kaempferol and other flavonoids, either in a
complex mixture [36] or simply in combination with quercetin, has been described to increase their
anticancer properties [37].

In a general way, the anticancer activities of these two flavonols in breast cancer can be organized in
three groups: apoptosis induction, growth inhibition (cell cycle arrest), and inhibition of the metastatic
behavior: invasion, migration and epithelial-mesenchymal transition (EMT). Several different papers
describe the effects of kaempferol and quercetin in the induction of apoptosis in breast cancer cells,
such as MCF-7, MDA-MB-453, SK-BR-3, and MDA-MB-231 [38–40]. Kaempferol and quercetin decrease
the growth of MCF-7 and MDA-MB-231 cells with micromolar concentrations. However, the MCF-7 cell
line appeared to be more sensitive to quercetin than MDA-MB-231 [41–44]. The same was observed for
kaempferol in an MCF-7 3-D model, with ERK signaling being responsible for the apoptotic death [45]
and cell cycle arrest at the sub-G1 phase [40].

Kaempferol was found to inhibit the RhoA and RacA signaling pathways, leading to cell migration
and invasion inhibition in MDA-MB-231 and MDA-MB-453, triple negative breast cancer (TNBC)
cells [41]. This compound was also found to promote PARP cleavage for apoptosis induction through
the downregulation of Bcl-2 and BAX induction [38]. On the other hand, kaempferol demonstrated
a strong antioxidant activity that was able to attenuate ROS-induced hemolysis and to promote an
antiproliferative effect on different tumor cell lines, including MCF-7 cells [46].

Quercetin has been widely reported for its activity against breast cancer cell lines such as MCF-7
and MDA-MB-231 [47–49]. The mechanisms of action involved apoptosis induction through different
pathways, such as caspase activation through the mitochondrial pathway [50,51], inhibition of the Akt
signaling pathways [52,53], and cell cycle arrest in the G2/M phase [39,44,50,54]. These effects have
been shown in vitro, but also in vivo [22]. Quercetin induces necroptosis, with an increase in BAX
expression and Bcl-2 inhibition [55]. In combination with chloramphenicol, isorhamnetin, the main
metabolite of quercetin in mammals, was shown to induce mitochondrial fission through CaMKII/Drp1,
leading to apoptosis [56]. Also, quercetin-3-O-d-galactopyranoside induced apoptosis via ROS
through the inhibition of NFκβ signaling pathway and activation of the BAX-caspase 3 axis [57].
Dietary quercetin has demonstrated an inverted “U”-shaped dose-dependent curve on the C3(1)/SV40
Tag breast cancer mouse model [58].
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The antimetastatic potential of these compounds involves their ability to inhibit the expression of
metalloproteinases such as MMP-3 and MMP-9 [53,59,60]. EMT and angiogenesis in breast cancer cells
are also inhibited by quercetin [61,62].

Fatty acid synthase inhibition by flavonoids has been reported and associated with modulation of
cell growth and promotion of apoptosis [63]. Quercetin led MDA-MB-231 and MCF-7 cells to EGFR
reduction and this signaling promoted fatty acid alterations, including fatty acid isomerization and free
radicals production [64].

The structure similarity of estradiol and flavones confers on them a potential to interfere in tumor
growth and development through the interaction with ERs [65–68] and aromatase [69,70]. Preliminary
reports show an anti-estrogenic activity for quercetin [71,72], but kaempferol stood out in a panel
of phytoestrogens as the one with the most affinity with ERα, which enhances estrogen-dependent
cell proliferation [68], displaying estrogenic affinity at 5 μM in a luciferase model in MCF-7 cells.
Also, in this cell line, kaempferol revealed a dual effect, according to the concentration used: at
the 10 μM range, it was described as an ER competitor with estrogen, since the increase in estrogen
concentration was able to impair its functions. On the other hand, at a higher concentration of
kaempferol, 100 μM, increments in estrogen concentration were unable to block the kaempferol effect,
suggesting different pathways for activation by this compound [73].

In this sense, kaempferol is able to overcome the effects produced by triclosan and bisphenol
A, exogenous xenoestrogenic compounds considered endocrine-disrupting chemicals (EDCs) with
anti-apoptosis effects [74]. Kaempferol was shown to reverse these effects, increasing BAX levels
and reducing Bcl-2 levels, leading VM7Luc4E2 cells to apoptosis [75]. Kaempferol was also able to
suppress the EMT and metastatic-related behaviors of MCF-7 cells induced by triclosan [76] and to
reverse triclosan-induced phosphorylation of IRS-1, AKT, MEK1/2 and ERK. In a 17β-estradiol (E2)
or triclosan tumor growth-induced in vivo xenograft mouse model, co-treatment with kaempferol
inhibited tumor growth [74].

Quercetin has been described as a multidrug resistance (MDR) inhibitor in several different
works. It is defined as an inhibitor of p-glycoprotein by direct binding to this efflux pump,
but also through the downregulation of p-gp expression [77–79]. Furthermore, quercetin was
shown to potentiate the doxorubicin effect and to reduce its toxicity and side effects, both in vitro
and in vivo [33,80]. Similar effects were seen with other drugs such as docetaxel [81], tamoxifen [82],
paclitaxel and vincristine [79] using different drug delivery systems. Kaempferol is able to reverse drug
resistance promoted by ABCG2 [83,84] and to inhibit quercetin efflux by this transporter [85].

Multidrug transporters are also acknowledged in the metabolization/elimination of quercetin
and kaempferol. ABCG2 and ABCC2 participate in kaempferol-3-glucuronide (the major metabolite
of kaempferol) elimination in vivo [86]. Finally, the cooperation between ABC transporters
and UDP-glucuronosyltransferases appears to regulate kaempferol glucuronidation, thus regulating
its accumulation in cells (in comparison to the glucuronide forms) with effects on the pharmacological
properties of this compound [87].

3.2. Monomeric Catechins and Proanthocyanidins

Catechins, epicatechins, and proanthocyanidins are naturally occurring flavan-3-ols, typically
found in tea, cocoa, grape, and wine [88]. Proanthocyanidins are the major phenolic compounds in
grape seed and skin [89] and catechins are present in large amounts in green and black teas [90] and in
red wine [91]. Proantocyanidins, also known as condensed tannins, are phenolic compounds that take
the form of dimers, trimers, and highly polymerized oligomers of flavan-3-ol units [92,93]. Therefore,
proanthocyanidins are metabolized to catechins and catechin derivatives [94].

Previous studies indicated that (+)-catechin and (−)-epicatechin (Figure 3) are rapidly absorbed
from the upper portion of the small intestine in both human and animal organisms [95].
Catechin bioavailability is inversely proportional to its molecular masses. For example, although
the (−)-epigallocatechin-3-gallate (EGCG) content in tea is much higher than other catechins, the peak
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plasma levels for EGCG (458 Da), (−)-epigallocatechin (306 Da), and (−)-epicatechin (290 Da) are
0.26, 0.48, and 0.19 μM, respectively. Plasma (+)-catechin concentrations increased in response to
the ingestion of a single serving of reconstituted red wine. A maximum level of (+)-catechin at
76.7 nmol/L was detected in humans at 1.4 h after intake of both dealcoholized and reconstituted
wine [91]. The bioavailability of procyanidins closely resembles that of flavan-3-ol monomers. Different
studies, following the ingestion of GSE and GSPE, have shown that during digestion, the oligomers
are fragmented into monomeric units of (+)-catechin and (−)-epicatechin and free forms of dimers
and trimers have been detected in rat plasma [96,97]. Procyanidin B1 was also detected in human
serum 2 h after intake of GSE [98]. Biotransformation of catechins directly undergoes phase II of
metabolism, where they can be methylated by catechol-O-methyltransferase (COMT), glucuronidated
by UDP-glucuronosyltransferase (UGT) or sulfated by sulfotransferase (SULT) [99]. Catechins can also
be degraded in the intestinal tract by microorganisms to ring fission metabolites M4, M6, and M6′ [100].

Figure 3. Structures of (a) (+)-catechin and (b) (−)-epicatechin.

The biological activities of these polyphenols that exert an effect on breast cancer were obtained
from a variety of studies, including in vitro and in vivo data. Isolated catechin decreased cell viability
and proliferation of MCF-7 human breast cancer cells at 30 and 60 μg/mL [101]. Alshatwi et al. [102]
demonstrated that catechin hydrate (150 μg/mL and 300 μg/mL) effectively induced apoptosis in MCF-7
cells through increased expression levels of caspases -3, -8, -9 and p53.

Interestingly, inhibition of cell proliferation by purified (+)-catechin and (−)-epicatechin was more
effective in hormone-sensitive breast cancer cells (MCF-7 and T47D), also demonstrating a possible
implication of steroid hormone receptors in the action of polyphenols, and in fact, a competition of
epicatechin for ER was reported [103].

The anti-carcinogenic activity of wine polyphenols is related to the protection of DNA damages
by chemically reactive molecules, such as ROS (reactive oxygen species). The antioxidant effect of
purified polyphenols was investigated in three types of breast cancer cells. The treatment with catechin
and epicatechin decreased about 80% of ROS production on T47D cells, while no effect was noticed
on MDA-MB-231 and MCF-7 cells. The authors attributed the results to different constitutive ROS
production between cell lines, hormone receptor spectrum (considering interaction of ROS and these
molecules) and limitations of the method [103].

The chemopreventive activity of GSP was demonstrated in an established carcinogen-induced
animal model of breast cancer. Adult rats that received 5% GSE (86% proanthocyanidins) showed 44%
reduction in the number of DMBA (7,12-dimethylbenz(a)anthracene)-induced mammary tumors [94].
The same effect was observed on a xenograft model using BALB/c nu/nu, athymic, ovariectomized mice
carrying MCF-7aro tumors. Mice gavaged with GSE (74–78% proanthocyanidins and <6% catechin,
epicatechin and their gallic acid esters) had a 70% reduction in tumor growth, indicating that GSE
could suppress aromatase-positive tumors in vivo [10]. On the other hand, diets supplemented with
0.1%, 0.5% and 1.0% of grape seed proanthocyanidins (3.8% of catechin and epicatechin, 96.2% of
oligomers and polymers) were not effective in reducing DMBA-induced rat mammary carcinogenesis.
The authors attributed the results to the poor absorption of the components and, thus, insufficient
amounts being available in the mammary gland to modulate tumorigenesis [104].
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In humans, a pilot study with daily doses of grape GSPE failed to decrease plasma estrogens in
postmenopausal women [105], despite the same extract exhibit inhibition in cell growth on MCF-7 cells
in culture [106]. A double-blind placebo-controlled randomized phase II trial investigated the efficacy of
IH636 GSPE in patients with tissue induration, considered a late adverse effect of curative radiotherapy
for early breast cancer. In this study, 44 volunteers were given 100 mg of GSPE three times a day
orally for six months. The authors considered that the study failed to demonstrate the efficacy of
orally-administered GSPE, since there was no significant difference between the groups in terms of
external assessments (tissue hardness, breast appearance) or patient self-assessments (breast hardness,
pain or tenderness), 12 months post-randomization [107], although the same extract exhibited inhibition
in cell growth of MCF-7 cells in culture at 25 mg/L [106].

Additionally, other health effects attributed to GSE and GSPE demonstrated potential to improve
antioxidant cell defenses and modulate proinflammatory cytokines, which possibly complement
the antitumoral functions of these matrices [108].

3.3. Anthocyanins and Anthocyanidins

Anthocyanins are the most abundant flavonoid pigments in young red wines, being responsible
for their intense red color [109]. To date, the number of reported types of anthocyanins exceeds
600 [110], but the most common anthocyanidins, aglycone forms of anthocyanins, are cyanidin,
pelargonidin, delphinidin, peonidin, petunidin, and malvidin [111] (Figure 4). Anthocyanidins
could be immediately metabolized after ingestion of anthocyanins since the β-glucosidase found
in intestinal bacteria can easily hydrolyze respective anthocyanins (glycosides) to anthocyanidins
(aglycones) [112]. Anthocyanins are known for their apparent poor bioavailability (less to 1–2%).
However, presystemic metabolism of these compounds may underestimate their bioavailability if only
parent compounds and/or phenolic acid breakdown products are targeted in bioassays. Taking into
account the original parent compounds, generated metabolites (from phase I and phase II metabolism
and from microbiota-generated) and conjugated products, total bioavailability is much higher than
previously credited, after all, anthocyanins are very influential to health [113].

Figure 4. The most frequent anthocyanidins. (a) cyanidin, (b) pelargonidin, (c) delphinidin, (d) peonidin,
(e) petunidin, (f) malvidin.

Anthocyanins show a range of antitumor activity in vitro and in vivo, from chemoprevention
to chemotherapy. Their potential antitumor effects include antioxidant activities, anti-inflammatory
effects, anti-mutagenesis, induction of differentiation and cell cycle arrest, stimulation of apoptosis,
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autophagy modulation, anti-metastasis, reversion of drug resistance and increasing the sensitivity of
cancer cells to chemotherapy [114].

The effects of anthocyanins on breast cancer are some of the most studied, both concerning
prevention and treatment of this disease. One of the proposed mechanisms of carcinogenesis is
the formation of carcinogen-DNA adducts in target tissues, which is essential to the initiation of
chemically induced breast cancer [115]. Singletary et al. [116] evaluated an anthocyanin-rich extract
from Concord grapes and the major anthocyanins detected in this extract, delphinidin aglycone
and its glucoside, for their capacity to inhibit DNA adduct formation due to the environmental
carcinogen benzo[a]pyrene (BP) in a noncancerous, immortalized human breast epithelial cell line
(MCF-10F). These authors observed that both grape extract (10 and 20 μg/mL) and isolated compounds
(0.6 μM) inhibited BP–DNA adduct formation, through enhancing phase II metabolizing enzymes
(GST and NQO1) activities, and suppressed reactive metabolites such as ROS.

Syed et al. [117] also showed that delphinidin, the most common anthocyanidin monomer,
could prevent tumor development and malignant progression through inhibition of breast oncogenesis.
These authors also assessed experiments with the MCF-10A cell line, a non-tumorigenic mammary
epithelial cell line for studying normal breast cell function and transformation, and demonstrated
that delphinidin (5 to 40 μM) inhibited HGF-induced early biochemical effects, blocking proliferation
and migration of this cell line.

Hepatocyte growth factor (HGF) is produced mainly by mesenchymal cells and acts primarily
through its only receptor, c-Met [118]. A variety of cellular responses are activated by c-Met/HGF
signaling and mediate critical physiological processes for tumor growth and metastasis in human
cancers, including angiogenesis [119], cellular invasion [120–122], and morphogenic differentiation [123].
In addition to observing effects on non-tumor breast cells, Syed et al. [117] showed that delphinidin
treatment caused growth inhibition of breast cancer cells that express HGF, suggesting that
this compound could prevent HGF-mediated activation of signaling pathways implicated in
breast cancer.

The chemopreventive effects of delphinidin-3-glucoside were also evaluated on breast
carcinogenesis [124]. Yang et al. [124] described that this phytochemical effectively suppressed
carcinogenic transformation of MCF-10A cells induced by carcinogen treatment (NNK and BP).
After that, these authors investigated the molecular mechanism related to lncRNA HOX transcript
antisense RNA (HOTAIR) modulation. Long non-coding RNAs (lncRNA) are usually related to a group
of RNAs with more than 200 nucleotides and are not involved in protein generation, despite being
involved in different regulatory processes, such as modulation of gene expression [125]. HOTAIR, which
is over-expressed in different types of cancers, is a lncRNA that plays a role in carcinogenesis and cancer
progression by promoting cancer cell viability, growth, and metastasis [126]. In its turn, HOTAIR is
regulated by the interferon regulatory factor-1 (IRF1) protein, which decreases HOTAIR expression.
On the other hand, Akt activation decreases IRF1 expression and, consequently, elevates HOTAIR
levels [127,128]. Yang et al. [124] observed that delphinidin-3-glucoside treatment (40 μM) inhibited
HOTAIR expression in breast carcinogenesis and breast cancer cells. Besides that, these researchers also
found the same results in xenografted breast tumors in athymic mice. Mechanistically, in this study
delphinidin-3-glucoside down-regulates HOTAIR by inhibiting Akt activation and promoting IRF1.

The first report of tumor cell proliferation inhibitory activity of anthocyanidins from grape
skin was published by Zhang et al. [129]. These authors tested the cell proliferation inhibitory
activity of five anthocyanidins (cyanidin, delphinidin, pelargonidin, petunidin, and malvidin)
and four anthocyanins (cyanidin-3-glucoside, cyanidin-3-galactoside, delphinidin-3-galactoside,
and pelargonidin-3-galactoside) against diverse human cancer cell lines. Although anthocyanins
did not inhibit proliferation of any cell line tested, even at the highest concentration (200 μg/mL),
anthocyanidins inhibited cancer cell proliferation, with malvidin and pelargonidin being the most
promising compounds, since they affected many different cancer cells at the same time.
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Afaq et al. [130] evaluated the effect of delphinidin (5–40 μM) on epidermal growth factor
receptor (EGFR)-positive breast cancer AU-565 cells and non-tumorigenic MCF-10A cells. EGFR is
overexpressed in about 20% of invasive breast carcinoma [131] and has been implicated in tumor
progression since it promotes a loss of balance between proliferation and apoptosis. The authors
showed that this compound is an inhibitor of EGFR and its downstream signaling, the PI3K/AKT
and MAPK pathways, both of which play a significant role in the mitogenic and cell survival responses
mediated by EGFR. This same study also demonstrated that delphinidin treatment caused more
dramatic inhibition of growth of AU-565 cells than MCF-10A cells and had minimal effect on normal
mammary epithelial 184A1 cells, which express very low levels of EGFR, suggesting an important
contribution of EGFR in delphinidin action. Moreover, delphinidin treatment of AU-565 cells resulted
in induction of caspase 3-dependent apoptosis.

Delphinidin has also been shown to induce apoptosis and autophagy in MDA-MB-453
(concentrations of 20, 40 and 80 μM) and BT474 (concentrations of 60, 100 and 140 μM) cell lines [132].
In this study, the autophagy inhibitors, 3-methyladenine (3-MA) or bafilomycin A1 (BA1), enhanced
the delphinidin-induced apoptosis in both breast cancer cell lines, suggesting that autophagy might
exert a protective effect in this experimental model. In addition, these authors showed that delphinidin
induced autophagy via the mTOR and AMPK signaling pathways.

The effect of cyanidin-3-glucoside, the main anthocyanin studied in breast cancer cells,
was evaluated on breast cancer-induced angiogenesis [133]. This anthocyanin attenuated breast
cancer-induced angiogenesis via inhibiting the expression and secretion of VEGF, the most important
angiogenic cytokine, in a dose-dependent manner (concentrations up to 20 μM). The mechanism
proposed by these authors involves the downregulation of STAT3, at both mRNA and protein level,
via inducing miR-124, resulting in VEGF inhibition. Thus, the inhibitory effect of cyanidin-3-glucoside
on the endogenous STAT3 may occur in a non-canonical way, via miRNAs, which could downregulate
target gene expression with mRNA degradation.

Recently, Liang et al. [134] reported that cyanidin-3-glucoside (20 μM) decreased the migratory
and invasive nature of triple-negative breast cancer cell lines through reversion of the EMT, which
is highly associated with cancer metastasis. Cyanidin-3-glucoside increased epithelial markers
(E-cadherin and zonula occludens-1), decreased mesenchymal markers (vimentin and N-cadherin)
and EMT-associated transcription factors (Snail1, Snail2). Mechanistically, this phytochemical also
attenuated the pivotal factor for EMT, NF-κB, and induced the inhibitor Sirt1 in triple-negative breast
cancer cell lines.

There is currently available evidence that endogenous estrogens play a critical role in
the development of breast cancer [135]. Despite the fact that triple-negative breast cancer is characterized
by a lack of ERα expression [136], data suggest that estrogen still plays a critical role in the etiology of
this type of cancer since a 36-kDa variant of ERα, known as ER alpha 36 (ERα36), is highly expressed
in triple-negative breast cancer [137] and is involved in rapid estrogen signaling [138]. Studies also
emphasize the causal link between ERα36 and EGFR, since this receptor is one of the most critical
downstream targets of activated ERα36 signaling [138].

Wang et al. [139] found that cyanidin-3-glucoside (150 μM) preferentially promotes cell death,
by the extrinsic apoptosis pathway of triple-negative breast cancer cells (MDA-MB-231) that co-express
ERα36 and EGFR. Cyanidin-3-glucoside directly binds to the ERα36 receptor, which in turn inhibits its
downstream signaling, the EGFR/AKT pathway leading to EGFR degradation through the proteasome
system. A xenograft mouse model also confirmed these properties of cyanidin-3-glucoside.

Fernandes et al. [140] evaluated the effect of cyanidin-3-glucoside, delphinidin-3-glucoside,
and vinylpyranoanthocyanin-catechins (portisins) on MCF-7 cells. Overall, the studied compounds
inhibited, in a dose-dependent manner (12.5–100 μM), the growth of MCF-7 cells, however,
delphinidin-3-glucoside and its respective portisin presented the highest cytotoxic effect. This same
study also highlighted a structural requirement for a more potent cytotoxicity effect on MCF-7 cells,
characterized by an ortho- trihydroxylated substituent attached to the phenolic ring. Nevertheless,
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this study was unable to elucidate whether anthocyanins antiproliferative effect could be dependent or
independent of ERs or other molecular pathways involved.

Although the monoclonal antibody trastuzumab improves survival of patients with HER2-positive
breast cancers [141], the majority of patients who initially respond to this therapy demonstrate
disease progression within 12–24 months [142]. Thereby, identifying alternative strategies to
overcome trastuzumab resistance targeting HER2 may improve treatment response in breast
cancer. Li et al. [143] investigated the antitumor properties of anthocyanins, peonidin-3-glucoside,
and cyanidin-3-glucoside, on parental HER2-positive cells and their trastuzumab-resistant cell lines.
Treatment with cyanidin-3-glucoside and peonidin-3-glucoside significantly inhibited cell growth
in the parental and trastuzumab-resistant cells in a dose-dependent manner. The authors also
observed that the mechanisms of action of cyanidin-3-glucoside (5 μg/mL) and peonidin-3-glucoside
(5 μg/mL) involve the inhibition of HER2 phosphorylation, the induction of apoptosis in both sensitive
and trastuzumab-resistant cell lines, and in a higher anthocyanins concentration (1 mg/mL), an inhibition
of trastuzumab-resistant cells migration and invasion was also observed. Besides that, treatment with
both anthocyanins (6 mg/Kg/twice weekly, intraperitoneal) reduced trastuzumab-resistant cell-mediated
tumor growth in vivo.

As described above, cyanidin-3-glucoside can act alone against breast cancer. However, it has also
been shown to be effective in combination with trastuzumab in three representative HER2-positive breast
cancer cell lines [144]. These researchers demonstrated that HER2 inactivation seems to represent a
central role in the synergistic effect between cyanidin-3-glucoside and trastuzumab in all HER2-positive
breast cancer cells tested. Moreover, cyanidin-3-glucoside (5 μg/mL) alone and in combination with
trastuzumab (5 μg/mL) induced cell apoptosis in HER2-positive cell lines. These authors also evaluated,
in an in vivo xenograft model in mice, the effect of 6 mg/mL cyanidin-3-glucoside in association with
6 mg/mL trastuzumab intraperitoneally twice a week for 25 days. These results demonstrated that
anthocyanins were able to significantly enhance trastuzumab-induced tumor growth inhibition.

4. Non-Flavonoid Phenolic Compounds

Resveratrol

Natural stilbenes are an important group of non-flavonoid polyphenols characterized by
the presence of a 1,2-diphenylethylene nucleus in their structure [145]. Among them, resveratrol
(3,4′,5-trihydroxy-trans-stilbene) is a phenolic compound derived from grapes, berries, peanuts,
and other plant sources. The molecule consists of two aromatic rings that are connected through a
methylenic bridge and exists as cis- and trans-resveratrol isomers (Figure 5), and their glucosides,
cis- and trans-piceid [146]. Resveratrol was originally identified as a phytoalexin by Langcake
and Pryce [147] and is produced by a wide range of plant species under stressful environmental
conditions, such as pathogen infection and ultraviolet radiation. Grapes and their derivative products,
particularly red wine, are the most important natural sources of resveratrol. The resveratrol composition
of wines depends on the grape varieties used, as well as the growing conditions and the wine-making
methods, which may vary. In fresh grape skin, the concentration of this compound is in the range of
50–100 μg per gram, and red wine contains about 1.9 ± 1.7 mg/L of trans-resveratrol [148–152].

In humans, resveratrol is extensively metabolized and rapidly eliminated. When consumed orally,
the molecule is absorbed via passive diffusion or by membrane transporters in the intestine, and then
conjugated into glucuronides and sulfates. Although oral absorption is around 75%, only a small
fraction of resveratrol ingested from dietary sources reaches the bloodstream and body tissues. It was
previously described that metabolism in the liver and intestine results in oral bioavailability of about
1–2% of trans-resveratrol [153–155]. Rapid conjugation and low bioavailability are some of the major
limitations and challenges of the in vivo use of this compound. Different methodological approaches,
such as encapsulation in liposomes, emulsions, micelles, insertion into polymeric nanoparticles,
solid dispersions, and nanocrystals, have been developed to improve the low aqueous solubility
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and the poor bioavailability of resveratrol [156]. Furthermore, the use of naturally occurring or
synthetic resveratrol derivatives, with a better pharmacokinetic profile, low toxicity, less side effects,
and improved biological activities, are promising strategies for clinical applications of stilbene
compounds [157].

Figure 5. Structures of stilbenes. (a) Trans- resveratrol and (b) cis-resveratrol.

Resveratrol exhibits multiple bioactivities, including anti-oxidative, anti-inflammatory,
cardioprotective, neuroprotective, anti-aging and anticancer properties. Accumulated experimental
and clinical evidence clearly shows the chemopreventive and chemotherapeutic potential of resveratrol,
as reviewed in our recent publication [158]. Scientific interest in this molecule has grown considerably
during the last 23 years, since Jang and colleagues first demonstrated the ability of resveratrol to
inhibit in vivo carcinogenesis in a mouse skin cancer model [159,160]. Resveratrol is reported to act as
a multi-target suppressor of all three carcinogenesis stages (initiation, promotion, and progression),
by regulating signal transduction pathways that control cell division and growth, apoptosis,
inflammation, angiogenesis, and metastasis. Furthermore, resveratrol increases the efficacy of
traditional chemotherapy and radiotherapy by reducing drug resistance and sensitizing tumor cells to
a chemotherapeutic agent [160–163].

A plethora of studies, including in vitro and in vivo investigations, have suggested that resveratrol
triggers chemopreventive and therapeutic responses against several tumor types, such as skin, breast,
prostate, lung, colon, and liver cancer [163,164]. As indicated by a recent search on PubMed (accessed in
April 2020), most of these studies (570 of 3524 hits) have been reported in breast cancer models. In 2005,
it was shown for the first time that resveratrol from grape consumption is inversely related to breast
cancer risk, as reported in a case-control study conducted between 1993 and 2003 in the Swiss Canton
of Vaud on 369 cases and 602 controls [165]. Among its wide range of biological properties, resveratrol
has attracted considerable attention in breast carcinogenesis because of its role as a phytoestrogen.
This compound can compete with natural estrogens for binding to ERs, thus modulating its biological
responses [146,155,166,167].

Hormone-dependent tumors may be prevented by regular exposition to selective estrogen receptor
modulators (SERMs). These compounds exhibit different levels of estrogen agonism or antagonism,
depending on the cell type and gene expression targeted by ERs [168]. Gehm and colleagues
were the first to investigate whether resveratrol would have estrogenic activity due to its structural
similarity to the synthetic estrogen diethylstilbestrol (DES; 4,4’-dihydroxy-trans-α, β-diethylstilbene).
Based on its ability to compete with E2 for binding to and modulating the activity of ERα, resveratrol
was characterized as a phytoestrogen [169]. It binds to ER at a low micromolar range (3–10μM) and with
lower affinity than estradiol. Despite this, resveratrol may act as a superagonist in activating hormone
receptor-mediated gene transcription in MCF-7 cells [169,170]. In contrast, the antiestrogenic activity of
resveratrol in breast cancer was also reported, being related to pathways that inhibit estrogen-induced
cellular outcomes, such as proliferation, tumoral transformation, and progression [146]. Lu and Serrero
reported ER antagonism of resveratrol (5 μM) in the presence of E2 and partial agonism in its
absence [171]. It was also demonstrated that resveratrol exerted a mixed agonist/antagonist action
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in cells transiently transfected with ER, and mediated higher transcriptional activity when bound to
ERβ than to ERα. Moreover, resveratrol showed antagonist activity with ERα, but not with ERβ [172].
Based on these reports, resveratrol may be categorized as a natural SERM, since it behaves as both
agonist and antagonist of ERs. These opposite responses vary according to cell type, resveratrol
concentration, hormone competition and ERs expression [155,173]. Resveratrol also modulates
the expression of the progesterone receptor (PR). It was previously reported that resveratrol produces
greater transcriptional activation of PR than estradiol. In MCF-7 cells, resveratrol was as effective as a
maximal dose of estradiol in activating PR gene expression [169].

In tumors, expression of aromatase is upregulated compared to that of surrounding noncancerous
tissue. The suppression of in situ estrogen formation by using aromatase inhibitors is a promising
route for chemoprevention against breast cancer. In SK-BR-3 cells, resveratrol significantly reduced
aromatase mRNA and protein expression in a dose-dependent manner [174]. Resveratrol also inhibits
the expression and enzyme activity of aromatase, thus reducing localized estrogen production in breast
cancer cells [175]. When tested in a co-culture system of T47D breast cancer cells with human breast
adipose fibroblasts (BAFs), resveratrol (20 μM) promoted an aromatase inhibitory effect as potent as
20 nM of letrozole, which is a clinically used anti-aromatase drug in breast cancer treatment [176].

As reviewed by different authors, several experimental approaches have been used to describe
the molecular mechanisms of resveratrol in breast carcinogenesis [155,158,162,177]. In addition
to the phytoestrogenic action, resveratrol modulates xenobiotic metabolism by altering ABCG2
and CYP1A1 activities [178]; decreases the production of prostaglandins by inhibiting COX-2
expression and activity at multiple levels [177]; suppresses the growth of different breast cancer
cell lines and induces a number of biological pathways, thus leading to cell growth arrest
and apoptosis [155,165,177,179,180]; modulates the p53 tumor suppressor protein by inducing
post-translational modifications [158,180]; prevents mutant p53 aggregation in breast cancer cells and in
breast tumor xenografts [181]; regulates extracellular growth factors and receptor tyrosine kinases [162];
induces epigenetic mechanisms by modulation of histone acetylation/methylation [182]; inhibits
angiogenesis, EMT, and metastasis [155]; acts as an MDR reversion molecule [183] and sensitizes breast
cancer cells toward chemotherapy [161]. In animal studies, resveratrol inhibits chemically-induced
breast carcinogenesis; it reduces tumor growth, decreases angiogenesis and increases the apoptotic index
in xenograft breast cancer models; delays the tumor development, reduces the mean number and size
of tumors and diminished the number of lung metastases in spontaneous breast tumor models [155].
In recent years, accumulating evidence also suggests that resveratrol may be effective in breast cancer
management when given in combination with other naturally occurring and chemotherapeutic agents,
thus suggesting that resveratrol can enhance the efficacy of other compounds [184].

Although the antitumor activity of resveratrol in in vitro and animal breast cancer models is well
established, the clinical evidence regarding its therapeutic effect against breast cancer is still limited.
Considering that preclinical and clinical studies suggested that resveratrol may modulate several
hormone-related factors involved in breast cancer risk, a pilot phase I clinical study was conducted in
a group of forty postmenopausal women with high body mass index, to determine the clinical effect of
resveratrol on systemic sex steroid hormones. The resveratrol intervention (1 g daily, for 12 weeks) did
not result in significant changes in serum concentrations of estradiol, estrone, or testosterone, but had
favorable effects on estrogen metabolism and steroid hormone-binding globulin (SHBG) [185]. Further
clinical trials are required to ascertain and validate the efficacy of resveratrol on breast cancer.

5. Grape and Wine Metabolites and Breast Cancer (In Vitro and In Vivo Studies)

The health-promoting effect of wine can be focused on consumption, bioavailability, metabolism
and microbiota influence on bioactive compounds. There is now strong evidence that the molecules
responsible for those effects are probably not the ingested ones but rather their metabolites that occur
after the action of microbiota and absorption process. The identification and quantification of these
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metabolites has not been an easy task, but improvement of analytical methods and sensitivity has
allowed some advances in metabolomics area [186].

The WinMet database contains 2030 putative compounds present in oenological matrices covering
10 different families, such as phenols, organic acids, biogenic amines, sugars, polyols, fatty acids,
higher alcohols, aldehydes, lignans, and ketones [187]. These molecules can be divided into primary
metabolites (e.g., sugars, amino acids, and short chain organic acids) and secondary metabolites
(flavonoids and phenol compounds) and are well documented in the literature about wines [188].

Wine is a complex mixture of many different molecules and several factors interfere in its
composition, such as grape type, fermentation process, aging, among others. For example, catechin
and epicatechin decrease during aging in all wines, while gallic acid increases in almost all red
wines [189]. Thus, the purpose of this section will be to discuss in vitro and in vivo studies related
to the metabolites of the flavonoid and non-flavonoid compounds present in red wine described
previously in this review, and the relationship between these molecules and breast cancer.

The majority of phenolic compounds from grapes and wine are metabolized in the gastrointestinal
tract, where they are broken down by gut microbiota and typically involve deglycosylation, followed
by breakdown of ring structures to produce phenolic acids and aldehydes. These metabolites can be
detected in bloodstream, urine, and fecal samples by using sophisticated instrumentation methods for
quantitation and identification at low concentrations [190].

An intervention study with red wine offered to eight healthy adults for 20 days revealed significant
changes in eight metabolites: 3,5-dihydroxybenzoic acid, 3-O-methylgallic acid, p-coumaric acid,
phenylpropionic acid, protocatechuic acid, vanillic acid, syringic acid and 4-hydroxy-5-(phenyl)valeric
acid without any influence of ethanol on the microbial action [191]. The same research group
characterized the metabolome of human feces after moderate consumption of red wine by healthy
subjects during four weeks and showed 37 metabolites related to wine intake, from which 20 could
be tentatively or completely identified, including the following: wine compounds, microbial-derived
metabolites of wine polyphenols and endogenous metabolites and/or others derived from different
nutrient pathways. After wine consumption, fecal metabolome is usually enriched in flavan-3-ols
metabolites [192].

To determine which compounds in grapes and wine are the most bioactive, their
effects in disease models must be known, including absorption and metabolism. Rats that
consume a red wine extract have elevated levels of the microbial phenolic acid metabolites
3-hydroxyphenylpropionic, 3-hydroxybenzoic, 3-hydroxyhippuric, hippuric, p-coumaric, vanillic,
4-hydroxybenzoic, and 3-hydroxyphenylacetic acids in urine. These urine metabolites account for
roughly 10% of the administered red wine polyphenols [193]. Most grape and wine flavonoids
and others are rapidly metabolized in the human body, making it difficult to determine whether these
compounds are effective against disease.

Based on these metabolites, the combination of hippuric acid (HA) nanocomposite (intercalation
of hippuric acid into a zinc-layered hydroxide) with doxorubicin and oxaliplatin induced cytotoxicity
in MDA-MB-231 and MCF-7 cell lines [194]. 4-Hydroxybenzoic acid (4-HBA) and a histone deacetylase
6 (HDAC6) inhibitor could successfully reverse adryamicin (ADM) resistance in human breast cancer
cells. 4-HBA significantly promoted the anticancer effect of ADM on apoptosis induction, as evidenced
by the increased expressions of caspase-3 and PARP cleavage, which were associated with the promotion
of p53 and homeodomain interacting protein kinase-2 (HIPK2) expressions in ADM-resistant breast
cancer cells. Therefore, 4-HBA could be applied as an effective HDAC6 inhibitor to reverse human
breast cancer resistance. Herein, the 4-HBA and ADM combination might represent a useful therapeutic
strategy to prevent human breast cancer [195].

Apoptotic effects of protocatechuic acid (PCA), another metabolite of wine, were examined
on MCF-7 cells. Results showed that PCA concentration-dependently decreased cell viability,
increased lactate dehydrogenase leakage, enhanced DNA fragmentation, reduced mitochondrial
membrane potential and lowered Na+-K+-ATPase activity. PCA also concentration-dependently
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elevated caspases-3 and -8 activities and significantly inhibited cell adhesion. These findings suggest
that PCA is a potent anticancer agent to cause apoptosis or retard invasion and metastasis in breast
cancer and other cells [196].

The metabolites gallic acid, 4-O-methylgallic acid and 3-O-methylgallic acid are detected in
the plasma of humans who consume 300 mL of red wine [197]. In fact, the metabolites gallic acid
and 4-O-methylgallic acid are well correlated with wine consumption and may be used as urinary
biomarkers for wine intake in health-related studies [198]. Phenolic acid metabolites are mainly formed
from gut microbiota metabolism and could be responsible for much of the disease reduction associated
with consuming wine and grape phenolics.

Gallic acid (GA) possesses potential for antitumoral activity on different types of malignancies.
GA treatment significantly decreased the cell viability of MDA-MB-231 and HS578T cells in a
dose-dependent manner. In addition, GA exerted relatively lower cytotoxicity on non-cancer breast
fibroblast MCF-10F. The changes in cell cycle distribution in response to GA treatment led to an
increase of G0/G1 and sub-G1 phase ratio in MDA-MB-231 cells. GA also downregulated cyclin
D1/CDK4 and cyclin E/CDK2, upregulated p21Cip1 and p27Kip1 and induced activation of caspase-9
and caspase-3. In addition, it modulated p38 mitogen-activated protein kinase that was involved
in the GA-mediated cell-cycle arrest and apoptosis. GA inhibited the cell viability of TNBC cells,
which may be related to the G1 phase arrest and cellular apoptosis via p38 mitogen-activated protein
kinase/p21/p27 axis. Thus, GA could be beneficial for TNBC treatment [199]. GA also promoted
inhibition of proliferation and induction of apoptosis in MCF-7 cells. The results revealed that
GA induced apoptosis by triggering the extrinsic or Fas/FasL pathway as well as the intrinsic or
mitochondrial pathway. Furthermore, the apoptotic signaling induced by GA was amplified by a
cross-link between the two pathways. Taken together, these findings may be useful for understanding
the mechanism of action of GA on breast cancer cells and provide new insights into the possible
application of such a compound and its derivatives in breast cancer therapy [200].

5.1. Resveratrol Metabolites

Resveratrol is a minor component of red wines and, following its ingestion, it is converted
to glucuronide and sulfate metabolites, which are present in the circulatory system in nanomolar
concentrations [201]. Nevertheless, the by far most commonly studied form of resveratrol is the aglycone,
often at concentrations largely exceeding those attainable in vivo. By contrast, very little is known
about the biological activity of the resveratrol metabolites formed upon intestinal absorption, which
represent the major circulating forms of resveratrol; in particular, the glucuronic acid and the sulfate
conjugates of trans-resveratrol, which are produced at the enterocyte and hepatocyte level [202]. Besides
dihydroresveratrol, Bode et al. [203] found, in vivo and in vitro, bacterial trans-resveratrol metabolites:
3′,4-dihydroxy-trans-stilbene and 3′,4′-dihydroxybibenzyl (lunularin). In estrogen-sensitive cancer
cells, like MCF-7, 3′,4-dihydroxy-trans-stilbene showed agonist properties [204].

Resveratrol-3-O-sulfate (R3S), but no other resveratrol derivative, exerted a pronounced
antiestrogenic activity on both receptors (α and β), with a marked preference for ER. R3S, the main
resveratrol metabolite accumulating in human plasma after ingestion of dietary amounts of resveratrol,
is an effective ER-preferential anti-estrogen in both yeast and mammalian cells [205]. A significant
increase in MCF-7 cancer cells growth rates was shown in the presence of picomolar concentrations
of dihydroresveratrol (DH-RSV) because this polyphenol has a profound proliferative effect on
hormone-sensitive tumor cell lines such as MCF-7.

The proliferative effect of DH-RSV was not observed in cell lines that do not express
hormone receptors (MDA-MB-231, BT-474 and K-562) [206]. Human MCF-7 (wild-type p53),
MDA-MB-231 (mutant p53) and nontumorigenic MCF-10A cells are treated with resveratrol
and physiological-derived metabolites (RSV-3-O-glucuronide, RSV-3-O-sulfate, RSV-4′-O-sulfate,
DH-RSV and DH-RSV-3-O-glucuronide). Cellular senescence is measured by SA-β-gal activity
and senescence-associated markers (p53, p21Cip1/Waf1, p16INK4a and phosphorylation status
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of retinoblastoma (pRb/tRb). While no effect is observed in MDA-MB-231 and normal cells,
resveratrol metabolites induce cellular senescence in MCF-7 cells by reducing their clonogenic capacity
and arresting cell cycle at the G2M/S phase, but do not induce apoptosis. Senescence is induced
through the p53/p21Cip1/Waf1 and p16INK4a/Rb pathways, depending on the resveratrol metabolite,
and requires ABC transporters, but not ERs. Recent evidence demonstrates that resveratrol metabolites,
but not free resveratrol, reach malignant tumors (MT) in breast cancer (BC) patients. Since these
metabolites, as detected in MT, do not exert short-term antiproliferative or estrogenic/antiestrogenic
activities, long-term tumor senescent chemoprevention has been hypothesized. These data suggest
that resveratrol metabolites, as found in MT from BC patients, are not deconjugated to release free
resveratrol, but enter the cells and may exert long-term tumor-senescent chemoprevention [207].

5.2. Catechins Metabolites

Catechin appears to be metabolized only if absorbed from the small intestinal lumen.
Both 3′-O-methylcatechin-glucuronide and catechin-glucuronide are produced in intestinal cells
and methylation and sulfation of catechin metabolites occur in the liver [208]. Catechin glucuronide
and 3′-O-methylcatechin glucuronide are mainly found in plasma of rats after ingestion of
catechins [208,209]. Large amounts of the 3′-O-methyl metabolite are also found to be glucuronidated
and sulfated on the same compound, presumably produced in the liver, and are only detected in
the bile [208]. In humans, between 3.0 and 10.3% of ingested catechins from red wine are accounted for
in urine, mostly as catechin and its 39-O-methyl-glucuronide and sulfate metabolites [210].

Aside from metabolism that occurs in intestinal cells and liver, catechins can also be metabolized
by gut microbiota to produce phenolic acid metabolites. In rats, these metabolites can be found
in urine, being 3-hydroxyphenylpropionic acid, 3-hydroxybenzoic acid and 3-hydroxyhippuric
acid present in the highest concentrations [193]. When catechin is incubated with human gut
microbiota, it is metabolized to 4-hydroxybenzoic acid, 2,4,6-trihydroxybenzaldehyde, phloroglucinol
and 4-methoxysalicylic acid [211], again emphasizing the effects of individual microbiota profiles on
gut metabolism. We have not found much research showing the association of catechin metabolites
with breast cancer, only with the use of phloroglucinol, as can be seen above.

Metastasis is a challenging clinical problem and the primary cause of death in breast cancer
patients. Treatment with phloroglucinol (PG) effectively inhibited mesenchymal phenotypes of
basal type breast cancer cells through downregulation of SLUG without causing a cytotoxic effect.
Importantly, PG decreased SLUG through inhibition of PI3K⁄AKT and RAS⁄RAF-1⁄ERK signaling.
Treatment with PG sensitized breast cancer cells to anticancer drugs such as cisplatin, etoposide,
and taxol, as well as to ionizing radiation. Taken together, these data indicate PG to be a good candidate
to target breast cancer stem-like cells (BCSCs) and to prevent disease relapse [212,213].

5.3. Anthocyanins Metabolites

In humans, nanomolar plasma concentrations of anthocyanins are found after they are consumed.
Anthocyanins such as cyanidin-3-glucoside and pelargonidin-3-glucoside could be absorbed in
their intact form into the gastrointestinal wall, undergo extensive first-pass metabolism, and enter
the systemic circulation as metabolites. Phenolic acid metabolites were found in the bloodstream in
much higher concentrations than their parent compounds. These metabolites could be responsible for
the health benefits associated with anthocyanins [214].

After rats ate cyanidin-3-glucoside, the aglycone was only found in the small intestine,
cyanidin-3-glucoside was found in the plasma, and methylated cyanidin-3-glucoside was found
in the liver and kidney [215]. Cyanidin-3-glucoside attenuates the angiogenesis of breast cancer via
inhibiting STAT3/VEGF pathway [133].

In humans and Caco-2 cells, cyanidin-3-O-glucoside’s major metabolites are protocatechuic acid
(PCA) and phloroglucinaldehyde which are also subjected to entero-hepatic recycling, although caffeic
acid and peonidin-3-glucoside seem to be strictly produced in the large bowel and renal tissues [216].
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Previous studies evaluated the bioavailability of anthocyanins using red wine and dealcoholized
red wine [217,218]. One of the first studies is the work of Bub and co-workers who only detected
the main native anthocyanin in plasma and urine with no effect of ethanol on the amount quantified [217].
Ethanol enhances cyanidin-3-O-glucoside’s metabolism potentiating its conversion into methylated
and glucuronidated derivatives, showing an increase in the two main anthocyanin conjugates,
methyl-cyanidin-glucuronide and 3′-methyl-cyanidin-3-O-glucoside, of 59% and 57%, respectively.
But in this case, the food matrix used was blackberry puree with or without ethanol, and not wine or
grapes [219].

The accumulation of multiple phenolic metabolites might ultimately be responsible for
reported anthocyanin bioactivity, with the gut microbiota apparently playing an important role
in the biotransformation process. Nevertheless, phase II conjugates of cyanidin-3-O-glucoside
and cyanidin (cyanidin-glucuronide, methyl cyanidin and methyl-cyanidin-glucuronide) were also
detected in plasma and urine [186]. The most important metabolites corresponded to products of
anthocyanin degradation (i.e., benzoic, phenylacetic and phenylpropenoic acids, phenolic aldehydes
and hippuric acid) and their phase II conjugates, which were found at 60- and 45-fold higher
concentrations than their parent compounds in urine and plasma, respectively [220].

Delphinidin-3-glucoside, cyanidin-3-glucoside and petunidin-3-glucoside methylated metabolites
were obtained by enzymatic hemi-synthesis and decreased or did not alter the antiproliferative effect of
the original anthocyanin in MCF-7 cells [221]. The methylation reaction alters the number of hydroxyl
and methoxyl groups in ring B, so these metabolites are likely to have different antioxidant activities
in comparison with the original anthocyanins. Generally, the health effects of anthocyanins are
associated with an increase in the endogenous antioxidant defenses. In a paper by Fernandes et al. [221]
the synthetized methylated metabolites still displayed some antiproliferative activities for the three
cell lines although not as intense as parental anthocyanin. The biological studies conducted with
the metabolites in comparison with the native compounds allow understanding of the real contribution
of methylation towards the antioxidant and antiproliferative effects of anthocyanins. However,
this subject is new and needs more publications for a good discussion, especially from methylated
anthocyanin-derived metabolites.

5.4. Quercetin Metabolites

Quercetin or its metabolites may have cytotoxic activities [222]. Studies on the metabolism of
quercetin suggest degradation by intestinal microbiota and relatively low absorption [223], limiting its
use as a biomarker. Metabolism of quercetin includes 3,4-dihydroxyphenylacetic acid (DHPAA) as
homoprotocatechuic acid, m-hydroxyphenylacetic acid (mHPAA), and 3-methoxy-4-hydroxyphenylacetic
acid as homovanillic acid (HVA) [224]. These three metabolites are excreted in the urine of rats, rabbits,
and humans [224,225].

Recently, Yamazaki et al. [226,227] investigated the effects of quercetin and its main circulating
metabolite quercetin-3-O-glucuronide on MCF-10A and MDA-MB-231 cells and suggested that these
flavonoids may suppress invasion of these cells by controlling β2-adrenergic signaling, and may be a
dietary chemopreventive factor for stress-related breast cancer.

5.5. Metabolites and Breast Cancer Patients

In relation to breast cancer patients, previous reports have shown that glycolysis, lipogenesis
and the production of volatile organic metabolites were increased in the serum of these patients
compared to healthy women [228]. The serum levels of choline, tyrosine, valine, lactate, isoleucine are
up-regulated, and glutamate levels are downregulated in patients with early-stage breast cancer [229].
These studies reveal that metabolic alterations are important indications for breast cancer. There is
evidence that metabolic changes are correlated with metastasis and metabolism of tumors [230–232].
Metabolism changes are often associated with resistance to chemotherapy and therapeutic sensitivity in
clinical chemotherapy. Breast cancer cells not only show significant differences in metabolism compared
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with healthy breast cells, but also show differences in drug resistance [233,234]. Cancer and metabolism
are deeply interconnected, studies indicate that cancer evolution is associated with abnormal glucose
metabolism that is related to high proliferation, metastasis and clinical characteristics and is allied
to the action of a particular drug. In this context, chemoresistance enables cancer cells to survive
drug action and proliferate uncontrollably, which may lead to strong metastatic potential and cancer
progression [230–234].

A recent clinical trial has reported resveratrol accumulation, mainly as sulfates and glucuronides,
in normal and malignant human breast tissues. Although phase-II conjugation might hamper a
direct anticancer activity, long-term tumor-senescent chemoprevention cannot be discarded [235].
Metabolites of wine bioactive compounds have been positively related to in vitro and in vivo breast
anticancer properties and this evidence was associated with the ingestion of several flavonoids present
in large amounts in red wine. However, the concentration required to trigger a biological event is
dependent not only on the amount ingested, but also on critical variables that include bioaccessibility,
bioavailability, stability under in vivo conditions, and so on. Many studies are still required to clarify
the role of many of these metabolites with regard to the health-promoting properties of wine.

Table 1 summarizes the data collected from the literature about the metabolite dosage used or
found in the different in vitro and in vivo models mentioned in this review.
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6. Conclusions

As can be seen in this compilation, grapes and wines are rich and complex sources of bioactive
molecules with multiple targets and effects. The natural polyphenols from these dietary products belong
to different classes of compounds, both flavonoid and non-flavonoid, and have been studied in different
models of breast cancer, both in vivo and in vitro. The major anticancer activities promoted by these
compounds are summarized in Figure 1 and include modulation of estrogen cell signaling, cancer cell
differentiation, cell growth inhibition, apoptosis induction and suppression of the metastatic behavior.

Based on dietary source, bioactive compounds or their metabolites used in different in vitro
and in vivo studies for breast cancer, we conclude that there is a great variation of doses utilized
or found. When the studies utilize wine or grape as a bioactive compound source, it is possible to
observe a great variation on metabolite quality and quantity. On the other hand, when the isolated
metabolite or its precursor were used, mainly in cancer cell lines, variations from 1 nM until 100 μM
were used, and some authors justify the use of these concentrations to approximate the physiological
concentrations. It is also important to point out that the effects produced by the glycosidic forms
and the aglycones might lead to different routes of absorption and/or metabolization, leading to
important variations in bioavailability and global effects produced.

The bioavailability of these compounds is another important issue that must be circumvented to
improve local biological effects. In this way, grape and wine have long been used as sources of lead
compounds in the search for breast cancer chemotherapy candidates and should be further explored in
clinical studies, along with the biotechnological improvements necessary for their application.
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Abstract: Cancer is one of the greatest life-threatening diseases conventionally treated using chemo-
and radio-therapy. Photodynamic therapy (PDT) is a promising approach to eradicate different types
of cancers. PDT requires the administration of photosensitisers (PSs) and photoactivation using a
specific wavelength of light in the presence of molecular oxygen. This photoactivation exerts an
anticancer effect via apoptosis, necrosis, and autophagy of cancer cells. Recently, various natural
compounds that exhibit photosensitising potentials have been identified. Photoactive substances
derived from medicinal plants have been found to be safe in comparison with synthetic compounds.
Many articles have focused on PDT mechanisms and types of PSs, but limited attention has been
paid to the phototoxic activities of phytocompounds. The reduced toxicity and side effects of natural
compounds inspire the researchers to identify and use plant extracts or phytocompounds as a potent
natural PS candidate for PDT. This review focusses on the importance of common photoactive groups
(furanocoumarins, polyacetylenes, thiophenes, curcumins, alkaloids, and anthraquinones), their
phototoxic effects, anticancer activity and use as a potent PS for an effective PDT outcome in the
treatment of various cancers.

Keywords: photodynamic therapy; cancer; photosensitiser; natural compounds

1. Introduction

Cancer is one of the deadliest diseases reported in developed as well as developing countries [1].
It is mainly characterised by the uncontrolled cell growth and development of normal cells due to
genetic alterations or exposure to the carcinogenic substances. The mutation of normal cells leads to
abnormal cellular proliferation and develops into tumour [2]; this can be either benign, premalignant
(non-cancerous) or malignant (cancerous) [3,4]. Presently surgery, radiotherapy, and chemotherapy
either as monotherapy or as combined treatments are used in the treatment of cancer. However, these
treatments frequently stimulate redundant side effects [2]. Many of the current chemotherapeutic
drugs are of low molecular weight with high pharmacokinetic profiles [4]. Hence, in order to achieve
the bioavailability and cytotoxicity induction, the drugs are administrated in high concentrations.
In photodynamic therapy (PDT), photoactive drugs are generally administered systemically, but because
of the precise application of light from the laser source, the cytotoxicity is attained in the tumour
location. Due to the lesser drug specificity and toxicity to healthy cells, the chemotherapeutic drugs
used in cancer treatments need to be improved.

Photodynamic therapy (PDT) is a promising minimally invasive therapy for the treatment of
cancer. This involves the administration of photosensitiser (PS) and subsequent excitation of PS
by light irradiation at a specific wavelength. The excited PS then reacts with cellular oxygen and
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produces reactive oxygen species (ROS). This reaction results in oxidising the cellular macromolecules
surrounding tumour cells [5]. This remedial method has been developed over the last few years [6,7],
and has not only been utilised in cancer treatment, but also in dermatological [8] and ophthalmic [9]
conditions, including psoriasis and age-related diseases [10–12]. The use of photodynamic therapy
to treat cancers has gained attention around the world [13,14]. The mechanism of PDT is based on
various photocatalytic reactions that induce the destruction of cancer cells, and it has been clinically
used for the treatment of cancer for over a decade [5]. In the first clinical PDT study reported by
Granelli et al. [15], hematoporphyrin was used as a potent photosensitiser (PS) against glioma cancer
cells. PDT destroys cancer cells through three fundamentally different pathways, namely, by damaging
cancer cells over time, damaging vascular tissues that supply oxygen to cells, and finally by activating
host immune response systems [13,16]. Combining PDT with chemotherapy, radiotherapy, and herbal
therapy could be an emerging future methodology in cancer treatment. The combination therapy
has more of a tendency to reduce the side effects when compared to monotherapy regimes and can
significantly lower cancer cell proliferation by improving the drug uptake [17].

Since ancient times, herbal medicine from natural products has been utilised for treating various
human ailments [18]. Most current medicines are derived from various medicinal plants, and it
is evident that herbal extracts and their compounds should be examined as possible active lead
components in cancer drug discoveries [19,20]. Nature is a valuable reserve for medicinal plants,
and many of the pharmaceutically active compounds isolated from medicinal plants have not been
tested for photoactive properties. There have been few studies attempting to identify new chemical
compounds with photoactivity from plant extracts that can be used as potent natural PSs [21–25].
Hypericin (isolated from Hypericum perforatum) is a recognised plant-based PS used in PDT. The in vitro
and in vivo studies reported that hypericin PS activated at 594 nm could destroy cancer cell proliferation
effectively. The researchers already demonstrated that the effect of herbal extracts combined with
illumination could significantly reduce cancer development by prohibiting metabolic viability and
proliferation cancer cells [26–29].

Due to the low or no adverse side effects, herbal products have been used for the treatment of
many more ailments than synthetic drugs. Studies have shown that plant-based compounds could
be used in the treatment of various cancers [30]. Many phototoxic substances were subsequently
reported in various plant species that are equally efficient as of conventional PSs [31]. These studies
recommend that natural compounds with photosensitising abilities can be isolated from plants and
used as alternatives for conventional PSs used in PDT. In this review, the underlying principles of
PDT, PSs and plant-based photoactive compounds were addressed. This review mainly focused on
the anticancer activity of furanocoumarins, polyacetylenes, thiophenes, curcumins, alkaloids and
anthraquinones in relation to the light-absorbing properties.

2. Basic Principles of Photodynamic Therapy

Photodynamic therapy involves coordination with three individual factors, namely, the photosensitiser,
oxygen, and light [7]. These components are not toxic to cells individually, but when irradiated, these can
initiate a photochemical reaction that generates highly reactive singlet oxygen (1O2) and cause significant
toxicity, leading to cell death. PDT is normally described in two stages, the first is administration of the
PS and the second stage is the irradiation. Generally, the effect of PDT is affected by the PS type, dosage,
light fluence, as well as exposure time. PDT can be used either before or after chemotherapy, radiotherapy,
or surgery without compromise. The clinically approved PS should not accumulate in the body and does
not develop resistant cancer cells. Pain during administration and continuous photosensitisation are the
major drawbacks of PDT treatment. There are three types of lights ranges from 600 to 800 nm that are
commonly used in PDT, namely, blue, red, and infrared lights. Among them, blue light penetrates the tissue
the least when compared to red and infrared lights. The wavelengths below 800 nm are mostly used in PDT
than higher wavelengths (above 800 nm) due to their lack of photodynamic reactions. The choice of light
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source is commonly based on PS nature, absorption spectra of PS, location, and size and characteristics of
the infected tissue [7,32].

More than 300 chemical compounds have already been identified as potential candidates to be
used as PSs. Amongst these, a few were authorised for clinical application in PDT, and others were
medically evaluated, whereas some are still under examination [33,34]. We have tabulated some PSs
which are used in various cancer treatments in Table 1. Photosensitisers are naturally or chemically
produced compound conjugated with a visible light-absorbing chromophore group with a strong
chemical absorbance. Choosing the correct PS is the most important phase in PDT for a successful
outcome [33,34]. The purity and the presence of a tetrapyrrole structure with good storage stability are
the preferable properties of most PSs used in PDT. The potent and effective PS should have the ability
to initiate a photodynamic reaction after irradiation with 600–800 nm lights and should not cause any
toxicity under dark conditions. It should be easily distinguishable from the body with no or minimum
phototoxic side effects [35]. The better diffusion of PS through the cells after long administration
might contribute to the effectiveness of PDT [36]. The production of a significant amount of ROS after
irradiation that induces apoptosis with less inflammation is most likely to be a suitable PS for PDT
application [37,38].

When a PS is subjected to a particular wavelength light, the electron of the outermost orbital will
be shifted from the ground state (S0) to the first excited state (S1). Subsequently, the electromagnetic
propulsion switches the molecule to an excited triplet state (T1) with a longer life span (Figure 1).
In each of these excited states, PSs are quite unstable and lose their energy in the form of fluorescence,
phosphorescence, and internal heat conversion. PSs in the T1 state may react photochemically in any
of the two pathways. In the type 1 pathway, the excited PS reacts through an electron transfer process
with the surrounding oxygen, which ultimately leads to generation of reactive oxygen species (ROS).
Such free radicals communicate readily with the biomolecules (lipids, peptides, proteins, and nucleic
acids) and destroy them [39,40]. In contrast, in the type 2 pathway, the energy is directly transferred
from the T1 state of the PS to the S0-state oxygen. This results in the ground-state PS transformation
and excited-state singlet reactive oxygen. The disruption caused by PDT is local because both singlet
oxygen as well as free radicals have a short half-life between 10–300 nanoseconds and a small diffusion
distance of 10–55 nm [41].

Figure 1. The general mechanism of photodynamic therapy.
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3. PDT’s Cancer Cell Death Mechanism

PDT’s cancer cell death mechanism starts after the activation of administrated PS by a specific
wavelength of light. The PS’s hydrophilic, hydrophobic, and ionic charge-related interaction nature
plays an important role in the targeting of particular cancer cell receptor (globulins and Low-Density
Lipoprotein (LDL) receptors) [34]. After the activation of PSs, the cancer cell death mechanism
might occur in three main pathways (Figure 1), namely, apoptosis, necrosis, and autophagy [33,65,66].
However, the level of cell death induced by PDT may be affected by various aspects, including
subcellular localisation, bioavailability, the physicochemical nature of the PS, the cellular oxygen
concentration, as well as the applied light intensity and wavelength [67]. In general, the light-absorbed
PS interacts with cellular oxygen and highly produce ROS (hydroperoxides, superoxide, or hydroxyl
radicals) as well as singlet oxygen (1O2). These produced ROS can induce cancerous cell death via the
above-mentioned mechanisms. Both type 1 and 2 reactions may occur separately or in combination,
but type 1 (generation of ROS followed by the apoptotic cell death mechanism) is commonly exhibited
by most approved PSs [67].

4. PS from Natural Resources

The effectiveness of PDT is mainly based on the PS; it should possess all the properties of the PS as
previously explained. The PS can be divided into first- and second-generation types. Hematoporphyrin
and its derivative Photofrin®® were classified as first-generation PSs. After extensive studies, new and
improved second-generation PSs, such as Levulan®®, Alasens®®, and Foscan have been introduced
for PDT application (Table 1). Although these are widely used for various cancer treatments, their
clinical usage is limited by various drawbacks such as lack of chemical purity, a longer half-life,
accumulation in tissues and poor ability in relation to depth of tissue penetration [31–39].

Subsequently, there are some research reports on PSs with potent pharmaceutical properties
to overcome the shortcomings of first- (Porphyrin based sensitisers) and second-generation
(non-porphyrin derivatives) PSs [35–37]. These drawbacks of current PSs specifically imply the
need for new PSs as anticancer agents from natural resources. The discovery of new PS compounds
with anticipated pharmacological properties and clinical application is an inspiring task. Recently,
a greater number of plant-based compounds have been reported for their anticancer activity, and these
compounds are pharmaceutically very important for the development of potent drugs. The use of light
to activate the bioactivities of natural products is generally called photopharmacology (a combination
of photophysics and photochemistry). The absorption of lights (λ < 350 nm) by a molecule mainly
depends on the chromophore compound attached (Figure 2) [36,37]. This review presents an overview
of natural photoactive compounds as potent third-generation photosensitisers in the improvement of
PSs in relation to their prospective application in cancer treatments.

Figure 2. Phototherapeutic window of natural compounds.
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5. Natural Photoactive Compounds from Plants

The search for the natural compounds as efficient PSs has been progressively moving forward
because of the side effects caused by current synthetic drugs. The advanced isolation, identification
and characterisation techniques improved the extraction of desirable compounds from plants. Recently,
using these advanced techniques, the isolation of natural photoactive compounds has become
easy. Although there have been few studies attempting to identify new chemical compounds with
photoactivity from plant extracts, this review discusses the photoactivity as well as the anticancer activity
of some plant-based compounds such as furanocoumarins, polyacetylenes, thiophenes, curcumins,
alkaloids and anthraquinones (Table 2).
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5.1. Furanocoumarins

The secondary metabolites, furanocoumarins (FC; Figure 3), are mostly present in higher plants.
The photoactive furanocoumarins were mainly composed of a linear core, and the biological distribution,
photochemistry and phototoxicity mechanisms of FC after PUVA (psoralen and long-wave ultraviolet
radiation) irradiation were reported in previous study [92]. In terms of phototherapy, psoralen is
activated in the wavelength range of 300–400 nm ultraviolet radiation to treat psoriasis, dermatitis,
eczema, and other skin problems [92]. Over a few years, many researchers reported anticancer activity
of FCs against various types of cancer such as breast, skin, and leukaemia. FCs modulate several
pathways inducing cancer cell death by inhibiting signal transducer and activator of transcription
3 (STAT3), nuclear factor-κB (NF-κB), phosphatidylinositol-3-kinase and AKT protein expression
(Figure 4). These pathways play a key role in tumour development through regular activation of
several inflammatory genes. Studies show that FC displayed potent activity against breast cancer
development by inhibiting STAT3 protein expression [93]. Panno et al. [92,93], demonstrated inhibition
of breast cancer cell growth in a dose-dependent manner through activation of p53 and Bax, leading to
the cleavage of caspase 9. In contrast, in leukaemia cells, FC inactivated the JAK (Janus-activated
kinase), protein c-Src, and STAT3, and downregulated Bcl-xl and Bcl-2 proteins which are responsible
for apoptosis [93–96]. The enhanced activity against the malignant melanoma cell line (A375) after
UV irradiation of plant extracts containing FC also supported the possible photoactive nature of
FCs [93–96]. The linear forms of furanocoumarins like psoralen and its derivatives 5-methoxypsoralen
(5-MOP) and 8-methoxypsoralen (8-MOP) are reported to increase the cytotoxicity after irradiation
by ultraviolet light in the 320–400 nm wavelength range against cutaneous T-cell lymphoma [97,98],
and photoactivated psoralens induce apoptosis by forming adducts with DNA. This leads to the
activation of p21waf/Cip and p53 and subsequently leads to cell death by the release of mitochondrial
cytochrome c. The photoactivation of psoralen can also cause cell death by blocking oncogenic receptor
tyrosine kinase signalling and the PI3K pathway by interfering with efficient recruitment of effector
Akt kinase to the activated plasma membrane [92–104]. PUVA treatment was found effectively against
B16F10 murine melanoma cells by cell cycle arrest in G2/M phases [93–96].
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Figure 3. Natural photoactive compounds presented in this review.
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Figure 4. Common molecular targets of major photoactive compounds.

5.2. Polyacetylene and Thiophenes

These group compounds are characterised by a triple bond carbon–carbon molecule [75] and
thiophenes compounds. Generally, the aliphatic compounds conjugated with three or more acetylenic
bonds are considered phototoxic in nature. Among these, polyacetylenes compounds can produce
1O2 under irradiation and thiophenes can provide high photo yield, leading to type 2 PDT reaction
yields [105]. The polyacetylene and thiophenes compounds were reported to be activated or excited at
a wavelength range of 314–350 nm absorbance maximum for the relevant photobiological effects [75].
The derivatives of these compounds were reported with a variety of potent biological activities,
including analgesic, anti-inflammatory, antitumour, and antimicrobial activities. Some of the derivatives
substituted by pyrimidines show antimicrobial, anti-inflammatory, and antitumour activities. A few
numbers of thiophenes were reported for their cytotoxic effects against human cancer cell lines. Echinops
grijisii root-derived thiophenes exhibited cytotoxicity against HL-60, K562 and MCF-7 cells [106].
Notably, derivatives such as thioxopyrimidine and thiazolopyrimidine were reported to possess
anticancer activities against MCF-7 (breast adenocarcinoma), NCI-H460 (non-small cell lung cancer),
and SF-268 (CNS cancer) cells. These acetylenic compounds and derivatives when combined with
PDT might improve the efficacy of various cancer treatments [107–112]. The UV irradiation of some
thiophenes also showed increased cytotoxic activities [113]; this might be due to their instable nature
under UV radiation. Hence, the UV irradiation of polyacetylene and thiophene compounds can form
free radicals that would induce cell death. Due to the ability to produce ROS after irradiation, these
compounds can be used as an alternative PS from natural sources.
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5.3. Curcumins

Curcumin (CU) is a plant-based therapeutic compound isolated from rhizome of Curcuma longa of
the Zingiberaceae family. Curcuminoid is one of the most extensively studied plant-derived bioactive
compounds [114]. Since the 1980s, the photobiological potential of CU was of great interest [115,116],
and studies described CU as a desirable, highly promising photosensitiser [115,117–121]. The foremost
property of CU is that it is biologically safe even at higher doses, and it can be easily produced on
a large scale [117,122]. The photobleaching analysis reported the degradation profile of curcumin
derivatives and its ability to produce singlet oxygen species [123]. CU was characterised by an
absorption spectrum of 300–500 nm with a high extinction coefficient. This suggests that CU can
induce a strong phototoxic reaction even at lower concentrations [124–126]. Curcumin is considered
as a potential anticancer agent and inhibits cancer cell proliferation in breast, lung, colon, kidney,
ovary, and liver cancers [114]. The in vitro and in vivo anticancer activity of curcumin has been
proved by inhibition of various transcription factors such as NF-κB, AP-1, VEGF, iNOS, COX-2, 5-LOX,
MMP-2, MMP-9 and IL-8, which are mainly responsible for angiogenesis and tumour growth [127,128].
The administration of curcumin significantly reduced the expression of the CDK4/cylin D1 complex by
inhibiting p53 expression and causing the apoptotic process by inducing ROS generation. Furthermore,
the enhanced antitumour activity was noted after UVB irradiation of curcumin by caspase activation
on HaCaT (human keratinocyte cell) cells. It was also efficient against MCF-7 breast cancer cells at
30 J/cm2 [77,78]. These data suggested that curcumin may act as a potent anticancer agent by preventing
cancer progression, migration and invasion [129–131]. Dovigo et al. [132] found the light absorption
ability of CU in the range of 300 and 500 nm with a maximum absorption at 430 nm, which might
support its usage as a PS. The ROS-inducing and anticancer ability of CU makes it a potent candidate
as a natural PS [133]. Nevertheless, Chan and Wu [134] observed that the photoactive nature of CU
on human epidermal A431 carcinoma cells and the higher amount of CU also affect the irradiation
penetration [132,134,135]. The irradiation of CU under a 290–320 nm UVB light source with the fluence
of 100 mJ/cm2 induced apoptosis in HaCaT keratinocyte cells [78]. Based on the above reports, CU can
be used as a natural PS, and it can achieve high efficacy at a low concentration when combined with
PDT. The existing PDT and photoactive reports on CU suggest that CU can be used as a potential and
promising natural PS in PDT. In conclusion, CU can be a potent photosensitiser in the treatment of
cancer and skin infections. Therefore, investigating the photodynamic potential of CU derivatives
in terms of higher absorption and extinction coefficient will contribute to the increased efficacy of
photodynamic toxicity.

5.4. Alkaloids

Alkaloids, a diverse secondary metabolites group from higher plants, contain a heterocyclic
structure with a nitrogen atom in the ring [136]. Nitrogen-containing alkaloids are normally photoactive
in nature, e.g., quinine and cinchonamine. The alkaloids were reported for many significant properties,
such as analgesic and anticancer activity [136–139]. The alkaloids camptothecin and vinblastine
are few alkaloids were successfully utilised as chemotherapeutic drugs [138,140]. The anticancer
activity of alkaloids was proved by different studies by means of disturbing tumour progression by
induction of cell cycle arrest at the G1 or G2/M phases, regulating cyclin-dependent kinase (CDK) and
promoting apoptosis as well as autophagy in tumour cells. Furthermore, these compounds induce
apoptosis by regulating Bax, Bcl-2, Bcl-xL, NF-κB and various caspase proteins [140–143]. In addition,
the combination of alkaloids with chemotherapeutic drugs and irradiation also enhanced the biological
activities [144,145]. Furthermore, alkaloids induce the formation of intracellular ROS in cancer cells,
which leads to the destruction of cancer cell metabolism [140–143]. The photochemically best-known
alkaloid is berberine; Luiza Andreazza et al. [146], Bhattacharyya et al. [147] and Inbaraj et al. [81]
reported the antitumour activity of berberine upon UV and blue light irradiation. The irradiation of
berberine at 410 nm proved to be effective in controlling brain cancer cell growth [146]. Beta-carboline
and harmine are also a noticeable alkaloid with a photoactive nature and are reported to produce a
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significant amount of ROS after irradiation [148], which is considered an important feature of potent
PSs. The photoactivity of harmine was proved by the UVA (long-wave ultraviolet radiation) irradiation
against tumour cell lines [148]. Berberine was extensively investigated as a potential photosensitising
agent for PDT [149–151]. The fluorescent active nature of berberine is indicated for its efficiency in
PDT [149]; thus, berberine and its associated alkaloids can be used as a new candidate for photodynamic
therapy [150]. Different studies have proved the photosensitising as well as ROS generation ability
of alkaloids in the presence of a light source [151]. Therefore, berberine can be studied as a natural
photosensitiser in PDT applications with minimal side effects.

5.5. Anthraquinones (AQ)

Anthraquinone are the largest group among natural quinones from higher plants, which, including
naphthoquinones and benzoquinones, includes over 700 compounds, including emodin, physcion,
catenarin and rhein [152,153]. The hydroxylation pattern, however, dictates the possibility of AQs’
photopharmacological properties. Notably, AQs’ aminoanthraquinone derivatives were studied
extensively for their photoactive properties among the plant compounds due to their UV/vis absorption
and photosensitising nature [154,155]. The AQs were reported as kinase and tyrosinase inhibitors
as well as cytotoxicity agents. The M. elliptica AQs such as morindone, soranjidiol and rubiadin
were also reported for their antitumour activity against lymphocytic leukaemia (P-388) cells [156].
The anthraquinones isolated from H. pustulata leaves and stem exhibited photosensitising properties
by generation of singlet oxygen and/or superoxide anion radicals [157]. Comini et al. [158] reported
that irradiation of AQs (soranjidiol and rubiadin) under visible radiation of 380–480 nm can promote
the anti-proliferative effect on MCF-7 breast cancer cells. In addition, Montoya et al. [157] and Vittar et
al. [159] also reported photosensitisation effects of AQs in Balb/c mice and their leukocyte-inhibiting
ability in a dose-dependent manner by inducing apoptosis, necrosis, or autophagy. These study
results show the photoactive nature of AQs to inhibit the proliferation of cancerous cells. Based on the
previous studies and the above data, molecular targets responsible for the anticancer activity of AQs
and major phytocompounds are summarised in Figure 4.

6. Theorical Studies for Assessing the Photoactivity of Natural Compounds

The development of various antitumor compounds with different molecular targets initiated an
exciting field of investigation with recently developed theoretical studies. The theoretical studies
including density functional theory (DFT) and time-dependent density functional theory (TD-DFT)
were used to assess a series of photophysical properties, including absorption spectra, excitation
energies (singlet and triplet) and spin–orbit matrix elements. All the reported compounds are potential
UVA chemotherapeutic agents which require the lowest triplet-state energy for producing highly
cytotoxic ROS [160,161].

7. Advantages and Scope of Natural PSs

The anticancer property of many plant extracts and bioactive compounds have been analysed,
but not so much in terms of as sources of photosensitisers. Selecting proper PSs is the first step in
PDT, and, to date, only a few PSs are clinically approved, such as Photofrin, Foscan and Levulan.
The present study explored the common photoactive nature of various phytocompounds. Many of the
natural photoactive compounds were reported for their non-toxicity against normal cells and toxicity
towards cancer cells. The important property of a PS is the nontoxic nature during the absence of
light. The increasing activity of extracts or phytocompounds after irradiation by light makes them
good photosensitising candidates for PDT. Another important feature that makes photoactive plant
compounds suitable photosensitisers is their absorption maxima at 400–700 nm, which is biologically
compatible. The selective nature of these compounds is important in clinical PDT to overcome side
effects. Future studies are warranted to isolate and evaluate these specific photoactive compounds
from plants to be used as a potent PSs for PDT for cancer and related disorders [162,163].
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8. Conclusions and Future Perspectives

As discussed in this review, plant-based photoactive compounds can be used as a natural PSs in
PDT application. There are wide range of unknown natural compounds with different photoactive and
phototoxic properties. This review summarises and encourages researchers to identify and elucidate
natural photoactive plant-based compounds and to use them as alternatives for the synthesis PSs for a
better PDT outcome. Furthermore, discovering natural phototoxic agents as PSs will be helpful to
reduce toxicity and side effects and improve selectivity. In conclusion, use the plant-based PSs in PDT
typically causes less and minimal adverse effects than other treatments that are commonly used in
cancer therapies.
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Abstract: The combination of the “correct” triterpenoid, the “correct” spacer and rhodamine B (RhoB)
seems to be decisive for the ability of the conjugate to accumulate in mitochondria. So far, several
triterpenoid rhodamine B conjugates have been prepared and screened for their cytotoxic activity.
To obtain cytotoxic compounds with EC50 values in a low nano-molar range combined with good
tumor/non-tumor selectivity, the Rho B unit has to be attached via an amine spacer to the terpenoid
skeleton. To avoid spirolactamization, secondary amines have to be used. First results indicate that a
homopiperazinyl spacer is superior to a piperazinyl spacer. Hybrids derived from maslinic acid or
tormentic acid are superior to those from oleanolic, ursolic, glycyrrhetinic or euscaphic acid. Thus,
a tormentic acid-derived RhoB conjugate 32, holding a homopiperazinyl spacer can be regarded,
at present, as the most promising candidate for further biological studies.

Keywords: triterpenoic acid; maslinic acid; tormentic acid; betulinic acid; oleanolic acid; rhodamine
B; cytotoxicity

1. Introduction

Cancer remains one of the leading causes of death worldwide, and the incidence is increasing.
Cancer is the second-leading cause of death globally, accounting for 9.6 million deaths in 2018 [1].
It is expected that in 2030, 21 million people worldwide will suffer from cancer [2]. Tremendous
progress, however, has been made in the treatment of individual cancers [3–6]. This is due, on one
hand, to improved early detection and prophylaxis and, on the other, to the development of highly
efficient drugs in a wide range of different substance classes. Thus, the probability of premature death
from cancer per year decreased from 8.3% in the year 2000 to 6.9% in 2015. It is expected to be as low
as 5.3% in 2030, saving approximately 1.1 million lives per year [7].

Both proteins and small molecules have proven their worth in therapy and are in use in the
clinic. However, low-molecular-weight drugs often bear the stigma of reduced selectivity in which the
cytotoxic drug not only targets cancerous cells, but it also damages healthy tissue. This increases serious
side effects and stress symptoms in patients, including nausea, heart or brain damage, impairments to
the central nervous system and damage to cells of the inner ear; losses of fertility, hearing and hair
have also been noted [8].

These serious side effects and impairments limit the use and acceptance of a drug, as they reduce
patient compliance due to a significantly reduced quality of life. This not only endangers the chances
of successful therapy, but it often also leads to discontinuation of the therapy [9,10].

Since the problems of reconversion of cancer cells into normal cells (“reprogramming”, for example,
of terminally differentiated cancer cells into cancer cells of benign phenotypes) [11] have only remotely
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been solved today, cancer cells have to be removed either by surgery or destroyed by radiation
or chemotherapy. Cell death by chemotherapy can be induced in many different ways [12–17],
but the mitochondria play a major role in the life or death of a cell. Thus, agents that target
mitochondria and induce a controlled cell death, so called “mitocans”, have received increased
attention in recent years [17–38]. This seems even more significant inasmuch as cancer cells are closely
linked to dysregulated apoptosis of the cells; as a consequence, drug resistance of the cancer cells can
develop [39].

Mitocans (as well as other cytotoxic agents) are often able to induce apoptosis; however, the death
of a cell, irrespective of whether this cell is malignant, is not random at all. Triggering of controlled
cell death is always preferable to an unselective rupture of membranes following the application of
extreme but locally applied heat, freeze–thaw cycles or steep osmotic gradients. Controlled cell death
can be triggered on a cellular level from nuclear, reticular, cytoskeletal, lysosomal, membrane or, most
important, mitochondrial origins [16].

Usually, the cells in a living organism closely cooperate, and cells are constantly in an equilibrium
between life and death. Triggering programmed cell death routines removes damaged, infected and
out-of-control cells from the organism. The problem arises from the latter cells, since most cancer cells
do not respond to extrinsic apoptotic triggers. Thus, mitochondria present a target of emerging interest
for cancer therapy as they can trigger apoptosis through an intrinsic pathway. Apoptosis usually
starts with loss of mitochondrial membrane potential, followed by the release of cytochrome c and
activation of caspase 3 [40]. Furthermore, permeabilization of the outer mitochondrial membrane and
the release of cytochrome c are required in many cell death stimuli [41]. This release of cytochrome
c can be regarded as a “point of no return” finally leading to the death of the cell. This highlights
the importance of mitochondrial compartmentation and explains the devastating effect following
permeabilization of the mitochondrial membrane [42–44]. In addition to membrane permeabilization,
the opening of the mitochondrial permeability transition pore is also considered an important event
resulting in mitochondrial depolarization and the release of apoptotic factors [29].

In recent years, triterpenes have repeatedly and increasingly entered the focus of scientific interest.
Extensive studies on their apoptotic and cytotoxic properties have been performed. A major concern
in dealing with cancer is the MDR (multiple drug resistance) phenotype [39]. These cancer cells
overexpress ATP-dependent transporters that eject toxic compounds from the cell before they cause
harm to the cell. Some triterpenes are known inhibitors of the efflux pump MDR1, but they are also
known to downregulate the transcription factor NF-κB. For cancer, it is widely accepted [45] that
NF-κB promotes tumor migration and tumor proliferation.

2. Results

Mitochondrial membranes of malignant cells hold an increased membrane potential compared
to non–malignant cells [46]. This effect fosters the accumulation of cationic molecules [17,47,48],
hence inducing high selectivity for mitocans holding a (more or less) lipophilic cation such as a
rhodamine scaffold. The same effect applies for triphenylphosphonium cations [49–57] and to a small
extent for quaternary ammonium ions [58–60], zwitterionic N-oxides [60,61] and triterpenes substituted
with BODIPYs [62–66] or a safirinium moiety [67]. However, the presence of a cationic center is not
alone decisive for achieving high cytotoxic effects [60].

Rhodamine B (RhoB) seems to be a privileged scaffold. This fluorescent dye, also known as
rhodamine 610, C.I. Pigment violet 1, basic violet 10, and C.I. 45170 [68], was invented in 1888
(“Tetraethyl-rhodamine”) by M. Cérésole [69,70], and since then it has been widely used in biology,
biotechnology and as a biosensor [71,72]. RhoB exists in an equilibrium [73–77] between an “open”
positively charged form A (Figure 1) that is fluorescent and a “closed”, non–fluorescent form B. Under
acidic conditions, pink-colored A dominates, while colorless B dominates under basic conditions.
Further, in less polar organic solvents, the zwitterionic form C undergoes a rapid reversible conversion
to B [78–81].
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Figure 1. Structure of Rhodamine B (RhoB) in its “open” form A, “closed” lactone form B and the
zwitterion C.

RhoB is suspected to be carcinogenic [82–85]. The LD50 value for orally administered RhoB in
rats is >500 mg/kg, and an older report classified RhoB (as well as Rho6G) as possibly carcinogenic in
rats [85]. RhoB, however, seems not to be mutagenic in Chinese hamster ovary cells [86], but it presents
a genotoxic hazard for mammalian organisms [87]. As far as the RhoB–triterpene conjugates are
concerned, two types of compounds have been accessed so far: triterpenes with a RhoB moiety directly
attached to the skeleton of the triterpene, and compounds wherein these two units are separated by a
suitable spacer.

To date, hybrid molecules have been prepared from oleanolic acid (OA, Figure 2), ursolic
acid (UA), glycyrrhetinic acid (GA), betulinic acid (BA), maslinic acid (MA), augustic acid (AU),
11-keto-β-boswellic acid (KBA), asiatic acid (AA), tormentic acid (TA) and euscaphic acid (EA).

By means of suitable double-staining experiments, it could be shown that these hybrids are actually
effective as mitocans [88], and preliminary molecular modeling studies suggest these compounds might
target the mitochondrial NADH dehydrogenase and mitochondrial succinate dehydrogenase [89].
Both enzymes are part of the mitochondrial electron transport chain; this also suggests an increased
production of reactive oxygen species (ROS). An increased production of ROS would lead to an
oxidative damage of the cell and trigger apoptosis through an intrinsic pathway. Therefore, the integrity
of the RhoB basic structure seems to be of crucial importance. It has been shown that derivatives
from the triphenylmethane dye malachite green still exhibit increased cytotoxicity as compared to
their parent compounds [90]. The cytotoxicity, however, of these hybrids was much lower than those
observed for the RhoB derivatives (vide infra).
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Figure 2. Structure of some important pentacyclic triterpenoic acids.

The triterpenoid skeleton is equally important. Here, too, it was shown that “simple” RhoB
conjugates 1–9 (Figure 3) also had lower cytotoxicity than the corresponding triterpenoid analogs,
but their tumor cell/non-tumor cell selectivity was also diminished (Table 1) [91].

Figure 3. Structures of “simple” RhoB conjugates 1–9.
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Table 1. Cytotoxicity of selected “simple” RhoB conjugates.

Compound A375 HT29 MCF-7 A2780 FaDu NIH 3T3

RhoB >30 >30 >30 >30 >30 >30
1 0.38 0.41 0.23 0.21 0.30 0.96
2 0.19 0.19 0.14 0.17 0.15 0.32
3 >30 >30 >30 >30 >30 >30
4 7.09 5.46 1.54 1.66 4.53 >30
5 1.79 1.54 0.44 0.52 1.12 5.09
6 3.05 1.74 0.49 0.70 1.52 7.92
7 16.05 17.34 3.74 3.62 11.78 >30
8 1.03 0.54 0.32 0.27 0.64 3.27
9 >30 >30 17.80 26.40 >30 >30

EC50 in μM from SRB assays; cut-off 30 μM.

Of special interest seems the morpholinyl derivative 4 inasmuch as this compound held the
highest selectivity of this series with respect to MCF-7 carcinoma cells (S = (EC50, NIH 3T3 / EC50, MCF-7)
> 19.5) and A2780 ovarian cancer cells (S = (EC50, NIH 3T3 / EC50, A27807) > 18.1) [90].

The highest cytotoxicity was observed for the hexyl ester 2 (EC50 = 0.15–0.19 μM) for the different
tumor cell lines. Interestingly, an eicosyl ester 3 with a lipophilicity similar to that of triterpenoids
did not show even moderate cytotoxicity [90], while hydroxycinnamic acid rhodamine B conjugates
displayed good cytotoxicity in the low μM range [92].

The importance of the presence of a triterpenoid backbone is also evident from studies concerning
RhoB steroid conjugates (Figure 4) [93]. In these studies, the reaction of the steroids cholesterol,
testosterone, prednisone and abiraterone with an activated RhoB chloride furnished ester conjugates
holding low EC50 values (SRB assays with several human tumor cell lines, Table 2). Thus, a testosterone
conjugate 10 held EC50 = 60 nm for MCF-7 cells, but acted by necrosis (20%, A2780 cells). A prednisone
conjugate 11 was less cytotoxic (0.2 μM for MCF-7 cells) but acted in A2780 cells mainly by apoptosis
(48%) and late apoptosis (14%). In addition, this compound showed a higher selectivity for the A2780
tumor cells (S = 73) than for NIH 3T3 fibroblasts. For comparison, an abiratone conjugate 12 was less
cytotoxic and also less selective [93].

Figure 4. RhoB steroid conjugates from the esterification of RhoB with testosterone (→ 10), prednisone
(→ 11) or abiratone (→ 12), respectively.

Table 2. Cytotoxicity of selected steroidal RhoB conjugates.

Compound A375 HT29 MCF-7 A2780 FaDu NIH 3T3

10 0.16 0.12 0.06 0.08 0.26 0.25
11 0.11 0.64 0.21 0.31 0.40 1.81
12 0.22 0.21 0.23 0.13 0.24 0.37

EC50 in μM from SRB assays.

A closer look at the cell cycle by FACS (with A2780 cells) showed a decrease of the G1 and G2/M
peak with an increase of cells in the S phase. For cells treated with 11, the S phase peak and the
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subG1/apoptosis peak increased significantly. However, for all compounds the selectivity between
tumor cells and non-malignant fibroblasts NIH 3T3 was small and never exceeded 7.3 (11, for MCF-7
cells) [93].

A similar behavior was observed for dehydroabietylamine (DHAA) derivatives 13–16 (Figure 5,
Table 3). These products were easily obtained from dehydroabietylamine by the microwave-assisted
multicomponent Ugi reaction using paraformaldehyde, an isocyanide and RhoB with yields between
47 and 50% [94].

Table 3. Cytotoxicity of selected DHAA-derived RhoB conjugates.

Compound A375 HT29 MCF-7 A2780 FaDu NIH 3T3

13 3.2 0.18 0.10 0.37 0.23 0.28
14 0.23 0.32 0.16 0.57 0.35 0.41
15 0.20 0.28 0.12 0.66 0.32 0.44

16a/16b >30 >30 >30 >30 >30 >30

EC50 in μM from SRB assays.

Figure 5. Dehydroabiethylamine (DHAA)-derived RhoB conjugates 13–15 obtained by Ugi-multi
component reactions.

Although the cytotoxicity of these compounds was good, their pharmacological potential was
restricted by low selectivity values. Interestingly enough, products 16a/16b (Figure 6), having been
obtained from a simple Schotten–Baumann reaction with DHAA and RhoB, were not cytotoxic
at all [94]. As mentioned above, RhoB conjugates derived from primary amines are able to form
intramolecular non-fluorescent spirolactams (here 16a). From a photo-induced ring opening reaction,
16b was obtained from 16a very quickly within 10 s of irradiation either with visible light or with UV
light (λ = 254 or 366 nm). This equilibrium is also strongly influenced by changes in temperature, and
at room temperature 16a dominates the equilibrium [94].
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Figure 6. Synthesis of DHAA-derived RhoB conjugates 16a/16b and their equilibrium.

As far as the triterpene RhoB conjugates are concerned, the RhoB moiety can be attached to the
triterpenoid scaffold either directly (e.g., in form of a triterpene RhoB ester) or with the aid of a suitable
spacer. Pentacyclic triterpenoic acids (Figure 2) holding an RhoB moiety without an extra spacer have
been prepared by esterification of UA, OA, GA and BA with RhoB, respectively, (Figure 7) [95].

Figure 7. Un-spacered UA-, OA-, GA- and BA-derived esters 17–24 and amides 25–28.

All of these compounds had EC50 values between 0.02 and 15.8 μM (Table 4); thereby,
the cytotoxicity of benzyl esters 21–24 was lower than the cytotoxicity of the methyl esters 17–20,
while the benzyl amides 25–28 were the most cytotoxic compounds of this series. The presence of a
benzyl ester group as in 21–24 seems to be disadvantageous, while the opposite is true for the benzyl
amides 25–28. Compound 27 was the most cytotoxic compound (EC50 = 0.02–0.08 μM), but it was not
selective for human tumor cells. Extra staining experiments showed this compound to be accumulated
in the mitochondria of A2780 cells and to act mainly by apoptosis [95].

269



Molecules 2020, 25, 5443

Table 4. Cytotoxicity of un-spacered esters UA-, OA-, GA- and BA-derived esters 17–24 and amides
25–28.

Compound TP R FaDu A2780 HT29 MCF-7 SW1736 NIH 3T3

17 UA OMe 1.96 1.75 1.85 1.83 1.72 1.84
18 OA OMe 1.99 1.14 2.75 2.31 1.76 2.63
19 GA OMe 0.19 0.08 0.15 0.18 0.15 0.20
20 BA OMe 1.29 0.42 0.61 0.81 0.74 1.77
21 UA OBn 15.79 10.10 11.41 13.75 12.66 15.42
22 OA OBn 9.12 3.35 8.90 9.40 9.05 11.25
23 GA OBn 1.54 0.90 1.42 1.47 1.13 1.28
24 BA OBn 7.59 3.36 5.33 5.05 6.43 8.04
25 UA NBn 0.44 0.34 0.45 0.30 0.24 0.37
26 OA NBn 0.50 0.32 0.46 0.36 0.27 0.40
27 GA NBn 0.06 0.02 0.06 0.04 0.04 0.08
28 BA NBn 0.54 0.31 0.53 0.47 0.45 0.54

EC50 in μM from SRB assays.

Noteworthy in this context is the higher cytotoxicity of the glycyrrhetinic acid derivatives as
compared to analogs derived from OA, UA or BA. Extensions in the design of these compounds led to
the synthesis of triterpene conjugates with further modifications in the backbone (→ tormentic acid
(TA) and euscaphic acid (EA)) as well as to changes in the ring size of the heterocyclic spacer between
the backbone of the triterpene and the RhoB moiety (Figure 8).

Figure 8. Synthesis of euscaphic (EA)- or tormentic acid (TA)-derived RhoB conjugates 29–32.

The significantly higher cytotoxicity (Table 5) of TA-derived 32 seems particularly noteworthy
when comparing the different spacers: Thereby, the presence of a homopiperazinyl spacer [96] (as in
32) proved to be clearly superior to the piperazinyl moiety (as in 31). A similar trend was also noted for
EA-derived compounds 29 and 30. On the other hand, TA-derived compounds were more cytotoxic
than the corresponding EA derivatives. Interestingly, the absolute configuration at C–2 and C–3 in TA

corresponds exactly to the configuration found in maslinic acid (MA). Several MA derivatives (for
example [97,98], a diacetylated benzylamide EM2, Figure 9) were of higher cytotoxicity and better
selectivity than their corresponding OA or UA derivatives.
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Table 5. Cytotoxicity of euscaphic (EA)- or tormentic acid (TA)-derived RhoB conjugates 29–32, asiatic
acid (AA)-derived 33 and maslinic acid (MA)-derived amide EM2.

Compound A375 HT29 MCF-7 A2780 FaDu NIH 3T3

29 0.19 0,19 0.094 0.066 0.074 0.21
30 0.012 0.012 0.022 0.004 0.004 0.164
31 0.14 0.16 0.0084 0.037 0.041 0.25
32 0.06 0.005 0.008 0.001 0.001 0.19
33 n.d. 0.017 0.012 0.008 n.d. 0.178

EM2 n.d. 4.70 7.70 0.50 n.d. 33.8

EC50 in μM from SRB assays.

Figure 9. Synthesis of maslinic acid (MA)-derived EM2 holding the same absolute configuration of
hydroxyl groups in ring A as asiatic acid (AA)-derived conjugate 33.

The same configuration is found in asiatic acid (AA). Again, its acetylated piperazinyl-rhodamine
B conjugate 33 was most cytotoxic to many human tumor cell lines, being accumulated in the
mitochondria, and it also acted as a mitocan [99]. However, for this compound an unusual non-linear
rate of growth was detected for some human tumor cell lines (e.g., colorectal carcinoma HT29
and melanoma 518A2). In a bimodal manner at two different concentrations the tumor cells were
killed, a phenomenon that might be due to an accelerated recovery of the mitochondrial membrane
potential or due to a modulation of the mitochondrial permeability pores. However, at present a
concentration-triggered activation of a metabolizing enzyme cannot completely be ruled out [99].

A graphical comparison of all derivatives (using the target line A2780 as an example) is given
in Figure 10 including a comparison of tumor cell/non-tumor cell selectivity (A2780 vs. NIH 3T3) of
all compounds.

From Figure 10 the high potential of compound 32 (selectivity for A2780 or FaDu cells, ca. 190)
becomes clearly visible, making this compound an interesting drug for advanced testing and
biological screening.
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Figure 10. Graphical representation of the cytotoxicity of all compounds (EC50 in μM) for the cell line
A2780 (A) combined with a comparison of tumor cell/non-tumor cell selectivity (A2780 vs. NIH 3T3,
selectivity = (EC50, NIH3T3/EC50, A2780)) of all compounds (B).

3. Conclusions

OA-derived RhoB conjugates appear to be superior to analog UA-derived compounds in the
majority of cases with respect to their cytotoxicity. Although AKBA-derived derivatives have good
cytotoxicity properties, they were found to be less cytotoxic compared to other triterpene carboxylic
acid derivatives, but they often showed better tumor cell/non-tumor cell selectivity. So far, the best
cytotoxicity properties have been found for MA-, EA- and TA-derived derivatives. These allowed
the transition to compounds of nano-molar activity, while many other triterpene carboxylic acid
derivatives were cytotoxic only on a micro-molar concentration range. MA- derived derivatives seem
to be approximately equivalent to EA-derived compounds. They are currently only surpassed in many
tumor cell lines only by the analogous derivatives from TA. From results available so far, it can be
concluded that compounds holding a homopiperazinyl spacer are superior to those with a piperazinyl
spacer. This underlines the importance of the spacer for obtaining good cytotoxicity properties.
Replacement of the secondary amide derived spacer by a primary amine like ethylenediamine has
invariably led to RhoB conjugates of insignificant cytotoxicity (EC50 > 30 μM) due to the formation of
a spirolactam holding no positive charge in the RhoB part.

However, the presence of a distal cation is not sufficient to obtain compounds with excellent
cytotoxicity, as has been shown for several quaternary ammonium compounds or compounds where
the RhoB part has been replaced by, for example, malachite green, a BODIPY residue or a safirinium
group. In addition, the latter compounds do not act as mitocans, since their primary target is the
endoplasmic reticulum.

A statement on the extent to which the replacement of the RhoB group with another rhodamine
has a positive effect on biological activity cannot be made at present. The cytotoxic properties of these
compounds, other spacers and other triterpene carboxylic acids are currently the subject of further
investigation. The combination of the “correct” parent structure, the “correct” spacer and the “correct”
RhoB seems to be decisive for the ability of the conjugate to accumulate in mitochondria. So far, a
tormentic acid acid-derived RhoB conjugate 32 holding a homopiperazinyl spacer can be regarded as
the most promising candidate for further biological studies. At present, no extended investigations
have been carried out on the precise mode of action of these molecules.
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Abstract: Photosensitive compounds found in herbs have been reported in recent years as having a
variety of interesting medicinal and biological activities. In this review, we focus on photosensitizers
such as hypericin and its model compounds emodin, quinizarin, and danthron, which have
antiviral, antifungal, antineoplastic, and antitumor effects. They can be utilized as potential
agents in photodynamic therapy, especially in photodynamic therapy (PDT) for cancer. We aimed
to give a comprehensive summary of the physical and chemical properties of these interesting
molecules, emphasizing their mechanism of action in relation to their different interactions with
biomacromolecules, specifically with DNA.

Keywords: natural photosensitive compounds; anticancer activity; hypericin; emodin; quinizarin;
danthron; interaction; DNA

1. Photodynamic Therapy

Photodynamic therapy (PDT) is part of photochemotherapy and requires the presence of a
photosensitive substance (drug, PS), oxygen, and a powerful light source in the area of absorption of
the PS used. The main requirements for activating the properties of a PS are its selective accumulation
in tumor tissue, high intensity of absorption in the visible and near-infrared region of the spectrum,
low level of dark toxicity, and absence of side-effects [1,2]. Selective accumulation and retention of PS
in tumor tissues rather than in the surrounding healthy tissue lead to selective destruction of the tumor
in PDT, while the surrounding healthy tissue remains intact. Such selectivity is one of the biggest
advantages of this method, which may be substituted in some cases for chemotherapy, radiotherapy,
or surgery in the treatment of cancer. Due to drug excretion [3] and redistribution, the effective
therapeutic dose entering tumor cells is only a fraction of the administered PS. Administration of
increased amounts of therapeutics is not possible because they have cytotoxic effects, which could
cause significant toxicity in healthy cells. It is very important therefore to find alternative approaches,
which increase the efficacy of the drug dose in the tumor and decrease the dose in healthy tissue [4].
Higher selectivity of PSs for tumor cells can be achieved by combining them with transport agents,
which preferentially interact with tumor cells, ensure the selective accumulation of the drug within
the diseased tissue, and deliver the desired therapeutic drug concentration to a targeted site in the
patient’s body. Transport systems commonly used for photosensitizers are polymers, liposomes,
oil emulsions, certain metals, some proteins, and carbon-based nanoparticles [5–10]. Stable and
biocompatible transport systems with a long half-life in the blood are ideal. Selective drug delivery
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to tumor tissue, transport of nanoparticles containing a PS, and a tumor cell with a receptor is the
objectives for achieving high selectivity and low drug concentration [11]. Several research groups have
confirmed the hypothesis that one possible approach to achieving these goals is to prepare low-density
lipoprotein (LDL)-based particles [12–17].

1.1. PDT in Cancer Therapy

PDT has been a promising, non-invasive method for the treatment of certain types of cancer for more
than 25 years [18–23]; in addition, PDT has also been studied in various non-oncological applications;
leishmaniasis [24], psoriasis [25,26], age-related macular degeneration [27,28], hyperplasia [27],
restenosis [25], and in cardiology [29], urology [30], immunology [31], ophthalmology [28,32],
dental medicine [33,34], and dermatology [35,36]. The combination of light and PS also shows
promising results in the treatment of bacterial, fungal, parasitic, and viral infections [37–40].

The basic process in tumor PDT is shown in the diagram in Figure 1. The photosensitizer is
usually administered intravenously (systematically) or topically, and the administration of PS has also
been studied orally, mostly in patients with extensive damage (not always caused by cancer) [1,41].

Figure 1. Scheme of photodynamic therapy (PDT; edited by [42,43]).

PS accumulates in the tumor tissue, which is subsequently irradiated with a light source of
suitable wavelength, leading, in the presence of oxygen, to the formation of reactive oxygen species
(ROS) and destruction of tissue and whole cells [1,41], while deactivation of important enzymes
occurs and changes in the properties of biomacromolecules [44]. After activation of the photoactive
substance by light and its interaction with molecular oxygen, singlet oxygen is formed. The singlet
oxygen released in this photochemical reaction is highly toxic and can directly cause the death of
tumor cells, through apoptosis, necrosis, or autophagy mechanism [45]. The release of singlet oxygen
evokes oxidative stress, increases cytotoxicity, and DNA damage in cancer cells, modifies cellular
metabolism, alters cancer cell death signaling pathways [46]. It also damages the blood vessels in tumor
cells, resulting in indirect cell death through hypoxia (deficiency of oxygen) or aging (cell starvation).
Diffuse distance of singlet oxygen obtained from photobleaching experiments has been appointed
as 10–20 nm [47]. More recent time-resolved phosphorescence measurements show higher diffuse
distance corresponding to 100 nm [48]. An explanation of this discrepancy was given by Hatz et al. [48]
considering a fact that singlet oxygen behaves as a selective rather than reactive intermediate upon
encountering other molecules in the cell.

Tissue damage depends on the depth of light penetration used to activate the PS. Membranes are
damaged by cell death, triggering a number of inflammatory and immune processes, which cascade
and cause the death of other tumor cells [49]. However, it was found out that singlet oxygen might
cause membrane destruction directly. The cell membrane can be the main target of the singlet oxygen
reaction for the bacterial membrane [50] and eukaryotic plasma membrane [51].
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After surface irradiation PDT, the deeper connective tissues are only slightly damaged, so the
patient’s body can begin to restore the structure and flexibility of the damaged cells, and subsequently
the tissues [52,53].

1.2. Physicochemical Mechanism of PDT

The photodynamic effect can be induced by two mechanisms called Type I and Type II (Figure 1—Step 4).
After photon absorption, the PS molecule goes from the ground state (S0) to the singlet excited state (S1).
From this excited state, the PS can be returned to the ground state by energy emission through non-radiative
and/or radiant processes (fluorescence). In its excited state, the PS can also spontaneously move from the
singlet state S1 to the excited triplet state (T1) by means of the intersystem conversion process. In this state,
the transition to the ground state through a phosphorescence process can occur [54].

The type I mechanism involves electron transfer reactions between the PS molecule in the excited
states of S1 and T1 and the substrate. This process results in the formation of ionic radicals, which tend
to react immediately with oxygen to form a mixture of highly reactive oxygen radicals, such as
superoxide radical (·O2), hydrogen peroxide (H2O2), and hydroxyl radical (·OH), which oxidize a wide
range of biomacromolecules [2,55].

The type II mechanism is characterized by energy transfer reactions between PS in the excited
triplet state T1 and molecular oxygen, which is also in the triplet ground state (T0). These reactions
cause the formation of singlet oxygen (1O2), which is able to rapidly oxidize cellular structures such
as proteins, lipids, nucleic acids [56,57], and organelles leading to tumor cell death [58,59]. This also
means that PDT may be a useful alternative treatment for cancer cells resistant to chemotherapy [60,61].

The reaction mechanism depends on the following conditions. First, the location of the PS is
crucial because most of the ROS are highly reactive and cannot move far from the point of origin before
disappearing. Second, the relative number of target biomolecules is important [43]. Davies (2003)
calculated the percentage of 1O2 responses in leukocytes: protein 68.5%, ascorbate 16.5%, RNA 6.9%,
DNA 5.5%, beta-carotene 0.9%, NADH/NADPH 0.69%, tocopherols 0.5%, reduced glutathione 0.4%,
lipids 0.2%, and cholesterol 0.1% [62]. This means that the distribution of 1O2 may vary in different
cell targets.

Both mechanisms can occur simultaneously. Their proportional representation is significantly
influenced by the PS, the substrate, the oxygen concentration, and the binding of PS to the substrate.
In addition, the type II mechanism appears to be more efficient as it has a higher rate constant than
electron transfer reactions (type I mechanism). As a result, energy transfer to other compounds that
can compete with oxygen is less important, so type II is more often dominant [58,63].

1.3. PDT Applications

PDT currently occupies an increasingly important place in clinical medicine. Its most promising
application is the treatment of small and superficial tumors, e.g., some types of skin, neck, stomach [64],
lung [65–67], bronchial [68] or oral cancer [69], esophagus [70,71], bladder [71,72], brain [73], prostate and
pleura [74] tumors, breast [75] but also skin disease [76], atherosclerosis, and viral diseases therapy [77],
including AIDS [78].

The future of PDT lies in efforts to find or synthesize new photosensitizers with properties allowing
their greater selectivity for tumor tissues, and to find new approaches for the specific localization of
already-known PS in tumor cells. This should contribute to the wider and more effective application of
PDT in clinical practice. Targeted PDT has several advantages they are important in participation in the
treatment of oncological diseases. Some of them are listed below: high selectivity, negligible side effects,
low level of complications during and after treatment, high quality of life for patients, diagnostics and
therapy in one step, and lower financial costs [79]. It can be a convenient complementary therapeutic
method to classical surgery, chemotherapy, radiotherapy, and independent limited diagnosis.
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2. Plant-Derived Photosensitive Substances

Photoactive compounds occurring in medicinal plants with potential utilization in PDT have been
found to be less toxic than synthetic agents. The reduction of side effects using natural PSs in cancer
treatment is another advantage of this therapeutic approach. However, their clinical applications have
been limited by several imperfections such as accumulation in tissues, a lack of chemical purity, or low
penetration [80]. Muniyandi et al. [81] have published a comprehensive review article about the role of
photoactive phytocompounds in PDT. Phototoxic effects, potential applications in the PDT of cancer
of the main natural PSs groups (furanocoumarins, thiophenes, alkaloids, curcumins, polyacetylenes,
and anthraquinones) have been described [81]. Our paper focuses on the four anthraquinones, of which
hypericin is the most promising PS in the PDT of cancer. With regard to the hydrophobicity of studied
anthraquinones, which is important for their penetration through membranes, the following types of
PSs have been distinguished.

Types of Photosensitive Substances by Hydrophobicity

PDT either uses chemotherapeutics commonly applied in chemotherapy, which must also be
photosensitive, or new PSs are proposed. All photosensitizers (except uroporphyrin and photophrin),
which have been proposed as drugs for use in PDT, interact more or less with serum proteins after
intravenous administration. From the point of view of PDT, however, the interaction of the drugs with
DNA is also quite important, as it is necessary to disrupt and stop the division of tumor cells, and this
can be achieved only through their interaction with DNA [62,82]. In some cases, this interaction
is not very significant (as these drugs have a greater affinity for proteins), so it is necessary to find
a transporter that will help deliver the drug to the cell nucleus, thereby mediating the drug–DNA
interaction [83,84]. Success in the treatment of cancer requires sufficiently hydrophobic drugs to cross
the lipid membrane. For this reason, the hydrophobicity of drugs plays an important role in their
distribution, metabolism, and excretion from the patient´s body. Due to these facts, we distinguish
four groups of drugs with the ability to localize and accumulate in the tumor. Moreover, there are
no rigid boundaries between these groups of drugs, and there is some overlapping between them,
in some cases a continuous transition.

1. Hydrophobic PSs—compounds requiring the presence of transporters, such as liposomes or
Cremophor EL, or Tween 80. They have the ability to localize in the inner lipid part of lipoproteins,
mainly in LDL and high-density lipoproteins (HDLs), but also in very-low-density lipoproteins
(VLDLs). This group includes phthalocyanines (ZnPC, C1A1PC), naphthalocyanines (isoBOSINC),
tin-etiopurpurine (SnET2) [84], and hypericin [85].

2. Amphiphilic PSs—asymmetric compounds, which can be incorporated into the outer
phospholipid and apoprotein layer of lipoprotein particles, e.g., disulfonates (TPPS2a, C1A1PCS2a),
lutetium teraphyrin (LuTex), and monoaspartyl chlorine (MACE), which forms a barrier between
albumin and HDL [84]. Emodin can be included in this group [86].

3. Hydrophilic PSs—drugs that predominantly bind to albumins and globulins, e.g.,
tetra-sulfone derivates of tetraphenylporfin (TPPS3 and TPPS4) and chloroaluminum phthalocyanine
(C1A1PCS3 and C1A1PCS4) [84].

4. Intercalators—drugs that are used mainly in chemotherapy, which intercalate into DNA and
are also photoactive, e.g., doxorubicin [87], daunorubicin [88], adriamycin [89], quinizarin [90],
and danthron [91].

In this work, we focused in more detail on a very prospective PS in PDT of cancer hypericin.
During a study of hypericin molecule incorporation into biomacromolecules (we focused on DNA)
model compounds are using for simplification of the problem. Anthraquinones emodin, quinizarin,
and danthron represent a significantly smaller part of the larger hypericin molecule with the same
chemical groups. This fact facilitates the creation of a proper model for interaction between hypericin
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and biomacromolecules. Moreover, chosen hypericin derivatives themselves originate from medicinal
plants, as the PS can be utilized in PDT and their anticancer effects are known. With respect to
the above-mentioned sorting of PSs into groups, they can be representatives of highly hydrophobic
(hypericin), mildly hydrophobic (emodin), and intercalating molecules (quinizarin and danthron).

Scientists and physicians are currently working on how to increase the effectiveness of cancer
treatment. One option that has been shown to be very effective is a combination of therapies (PDT and
chemotherapy), which involve the direct or mediated interaction of anticancer drugs with DNA and
other bioactive macromolecules (serum albumins, lipoproteins) [92–94]. Hypericin, emodin, quinizarin,
and danthron are examples of anticancer drugs which are chemotherapeutics synthesized by medicinal
plants and PSs, and which can be used, in PDT. The discovery of new natural drugs is very important
because they have many benefits for the patients. Drugs derived from medicinal plants are less toxic
to the body, their use poses less risk of adverse side effects, does not depends on them, they are
suitable for all age groups of patients, and can be easily combined with conventional drugs, i.e., do not
show contraindications.

3. Hypericin

Hypericin, a naturally occurring pigment, is found in certain plant species of the genus
Hypericum. The most important representative is Saint John´s Wort (Hypericum perforatum) from
the family Hypericaceae, a plant with golden-yellow flowers that grows to a height of 30–90 cm [95].
Hypericin has also been reported as occurring in some species of Australian insects [96]. Hypericin,
7,14 dione-1,3,4,6,8,12-hexahydroxy 10,11 dimethyl-phenanthrol [1,10,9,8-opgra] perylene (Figure 2) is
an aromatic polycyclic dione, which exhibits a wide range of biological activities.

(a) (b) 

Figure 2. Two-dimensional (a) and three-dimensional (b) structure of hypericin [97].

It has long been used to treat depression caused by a disorder of the brain neurotransmitters
responsible for human moods [98,99]. Hypericin has antiviral [100,101] and antitumor activity [102–105]
and is used to heal wounds, neuralgic sites, and hypertrophic scar [106–108]. Hypericin has been
demonstrated to be very effective on bacteria [109–114]. Studies of hypericin´s antiviral activity confirm
that it is known to effectively deactivate enveloped viruses, but it is ineffective against non-enveloped
viruses. The antiviral activity of hypericin has been demonstrated against several types of viruses:
herpes simplex virus, murine cytomegalovirus, sindbis virus [115,116], hepatitis B [117], anemia,
some types of leukemic viruses [118], and HIV [119–121], so it has also been used in the clinical
treatment of AIDS patients [122]. Hypericin activity depends to a large extent on the presence of light
and oxygen. These two factors determine the extent of its antiviral activity and both antiviral and
antitumor activities increase significantly after visible light irradiation [123].

Hypericin, together with two other hydroxyquinones, hypocrellin A and calphostin, is characterized by
negligible dark toxicity, significant photocytotoxicity to tumor cells, intense absorption at higher wavelengths
(>550 nm), higher selectivity for tumor tissues, and faster leaching than hematoporphyrins [124]. Hypericin is
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soluble in most solvents. In organic solvents (DMSO, ethanol) its solution is red; in basic media, it is green;
and in aqueous solutions, it forms purple dispersed particles [125]. The absorption spectrum of hypericin
in neutral organic solvents has two main transitions in the visible region, S0→ S1 (500–600 nm) and S0→ S2

(425–485 nm), and two intense absorption bands. Hypericin forms non-fluorescent aggregates in aqueous
solutions. The absorption and fluorescence spectra of hypericin in hexane, chloroform, and toluene are
similar to those in water, so it can be assumed that hypericin molecules also form aggregates in these
solvents. An indicator of the formation of aggregates in solution is the absence of fluorescence [126].
Several physical and chemical properties of hypericin are shown in Table 1.

Table 1. Physical and chemical properties of selected photosensitizers (hypericin, emodin, quinizarin,
and danthron).

Photosensitizer Hypericin Emodin Quinizarin Danthron

Hydrophobicity high
amphiphilic
with mild

hydrophobicity
low Low

AlogP 5.040 2.568 2.324 2.324

Absorption maximum
in DMSO λmax (nm)

560
600 440 475 430

Fluorescence maximum
λexc. (nm)

603 520 540 575
560 440 475 430

Dissociated form (nm)

PS0 560 440 475 430
PS1− 600 [127] 480 560 475
PS2− 650 [127] 525 595 500
PS4− 630 [127]
PS6− 640 [127]

Dissociated constant

pKa1 2 [127] 7.2 11.3 10.5
pKa2 7.8 [127] 10.6 12.7 12.9
pKa3 11.5 [127]
pKa4 13 [127]

The photophysics of hypericin is very complicated, and some effort to interpret its photophysical and
photochemical properties is necessary to elucidate its pharmacological and biological activities. Phenols are
known to be good electron donors, while quinones act as electron acceptors. Hypericin contains both
phenolic and quinone moieties. This structural characteristic places it in the group of amphi-electron
compounds. The results of experiments suggest that hypericin has the potential to be a good oxidizing and
reducing agent [128]. At present, the mechanisms leading to the selective accumulation of hypericin in
tumor tissue compared to normal tissue are not known, nor the mechanism of its antiviral and antitumor
action has been clearly determined. Thomas et al. proposed a mechanism of hypericin activity that depends
on the presence of molecular oxygen, consisting of transferring energy from the excited triplet state of
hypericin to the ground state of molecular oxygen, thereby generating oxygen in the singlet state, which is
a highly-reactive molecule [129]. Singlet oxygen production has been theoretically confirmed [118] and
experimentally demonstrated in organic solvents and lipid media [130–132]. Other studies suggest that
although oxygen may play an important role in some cases, it is not always necessary for the antiviral
activity of hypericin [133]. According to the work of the J.W. Petrich group, the origin of the photoinduced
antiviral activity of hypericin may lie in its ability to produce a local pH drop in cells after irradiation [134].
The close relationship between the mechanism of hypericin antitumor activity and photoactivated local
acidification in cells has been confirmed in experiments on tumor cell membrane experiments [102].

Hypericin is currently considered as a potential antitumor drug in PDT. It belongs in the group of highly
hydrophobic PSs (AlogP = 5.04) [135]. Its cytotoxic and antitumor activity has been demonstrated, and its
inhibitory effects on epidermal growth factor-R and a wide range of protein kinases (protein tyrosine kinase,
MAP-kinase, and protein kinase C) [136]. The significant photosensitivity properties of hypericin together
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with its selective uptake in tumor tissues, especially in bladder cancer cells and its minimal cytotoxicity
in the dark, are major positive indications for the clinical use of hypericin in the photodynamic cancer
treatment [137]. Hypericin is a photosensitizer found in the endoplasmic reticulum, which, when activated
by light, mediates the rapid emptying of calcium Ca2+ from the endoplasmic reticulum, which is linked to
programmed cell death [138]. Although hypericin has been shown to be a potent inducer of cell death in
PDT, some in vivo studies suggest that cells treated with PDT may activate rescue-signaling pathways,
which may ultimately lead to tumor survival and recurrence [18,139].

Hypericin is a very good fluorescent probe for super-resolution microscopy [140]. Knowledge of
the distribution of this molecule in the individual components of a living system is essential in detecting
the modes of action of hypericin in biological organisms. The accumulation of hypericin in cells is
determined by the diffuse and soluble properties of the molecule. It is known that after the initial
accumulation in the cell membranes (20 min), an increased concentration of hypericin in the cell nucleus
is observed with increasing time [141]. This indicates the possible interaction of hypericin with nucleic
acids, the most essential component of the cell nucleus. Ultraviolet resonance Raman spectroscopy
with 257 nm excitation was used to study nucleic acid-hypericin complexes. The excitation used
amplifies the vibrational modes of nucleic acid bases. Resonance Raman spectra for complexes of
polynucleotides with hypericin showed that hypericin preferentially interacts with purines at the N7
position, and this interaction is stronger in guanine than in adenine [142]. In addition, the spectra
of the complex of hypericin with polyrG and calf thymus DNA, which were studied by means of
surface-enhanced Raman spectroscopy, are dominated by bands corresponding to hypericin vibrations.
Based on the spectra obtained, the importance of the guanine base in the interaction of hypericin with
nucleic acid was confirmed. The spectrum of the polyrG complex contains changes similar to those
in the spectrum of the DNA complex. Based on these results, it can be assumed that DNA induces
changes in the stretching vibrations of the hypericin skeleton associated with the vibrations of the
hydroxyl groups, suggesting that the hydroxyl groups of hypericin participate in the interaction with
nucleic acid [143].

The mechanism of hypericin distribution in tissues, cells, and cellular organelles is also thought
to be a relatively complex process, which is affected by hypericin concentration, incubation time,
and properties of biological units. The bio distribution of hypericin in human organisms also depends
on the mode of transport in the bloodstream. Hypericin binds to serum proteins, where lipoprotein
particles appear to be a more efficient transporter than albumin. The interaction of hypericin with
albumin is specific [144], while its interaction with lipoproteins is non-specific [145]. After binding
with macromolecules (lipid structures, serum proteins, and sugars), hypericin forms biologically active
monomers with an emission band around 600 nm, thus overcoming problems with its solubility in
physiological solutions, which is very important in terms of its activity [97,137].

4. Emodin

Emodin, (1,3,8-trihydroxy-6-methylanthraquinone, Figure 3) is an anthraquinone derivate,
a naturally-occurring pigment isolated from the underground part of the traditional Chinese medicinal
plant Rheum palmatum, which is used mainly for its antitumor, immunosuppressive, antiinflammatory [146],
antibacterial, diuretic, laxative [147], antiulcerogenic (antiulcer) [148], and vasorelaxant effects [149]. It is
also found in other plant species, such as Cassia, Aloe, and Rhamnus [150–154]. In practice, it is available
in the form of an orange crystalline substance. It is insoluble in aqueous media, and it forms aggregates
(mostly in the acidic pH range). Emodin shows poor solubility in chloroform, ether, and benzene, but is
highly soluble in DMSO and ethanol.

The antiviral properties of emodin have also been confirmed, mainly on enveloped viruses.
This property of emodin is related to its high affinity for the phospholipid membrane, in which it
inhibits hydrophobic interactions between individual hydrocarbon chains [155]. Emodin has been
proposed as a major precursor of the microbial metabolic pathway in the isolation of hypericin [156,157].
It is a redox catalyst and plays an important role in many processes, such as electron transport,
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photosynthesis, or cellular respiration [158]. Its effect on cell death has been widely studied both in the
dark and after light activation [155,159]. The stimulatory effects and the prokinetic effect of emodin
on gastrointestinal smooth muscle have been described in several studies [147,160]. In recent years,
its effect on the contractility of smooth muscle cells has been studied [161,162].

 

Figure 3. Structural formula of emodin.

In addition to the pharmacological properties mentioned above, emodin also has toxicological
effects. Under aerobic conditions, it is photolabile in visible light and phototoxic in vitro and it can
cause testicular toxicity in mice leading to hypospermatogenesis [163,164]. It inhibits protein kinase
casein kinase II (CK2). Genetic disorder of the catalytic subunits of CK2 protein kinase leads to changes
in sperm shape in mice during spermatogenesis and is also responsible for male infertility [165,166].
Several authors have studied the interaction of emodin with DNA [167–169]; for example, it causes the
formation of DNA double-strand breaks by stabilizing topoisomerase II-DNA cleavage complexes
and inhibiting ATP hydrolysis by topoisomerase II [170]. Emodin has a high binding affinity for
serum proteins and is known to bind non-covalently to DNA in intact cells in the presence of serum
proteins [159]. The interaction of emodin with proteins has been studied using several techniques
surface-enhanced Raman spectroscopy, NMR, fluorescence spectroscopy, circular dichroism, and the
stopped-flow method [171–174]. The formation of emodin–protein complexes is very important with
regard to understanding the mode of drug delivery and transport in tumor cells [174]. Emodin belongs
in the drug of amphiphilic PSs with mild hydrophobic properties (Alog P = 2.568) [135]. It has an
anticancer effect on some types of human liver and lung tumors. However, the molecular mechanisms
of emodin-mediated tumor regression have not been precisely defined [150]. Emodin has specific
antineuroectodermal tumor activity in vitro and in vivo [175]. It suppresses tyrosine kinase activity on
HER-2 breast cancer cells, inhibits the transformation of the phenotype of these cells, and can affect
androgen receptors directly by inhibiting cell growth in prostate cancer cells [146]. The antitumor
activity of emodin on the human chronic myeloid leukemia cell line K562 has also been demonstrated
in vitro and in vivo [176]. Emodin is toxic for glioma cells by inhibiting their proliferation and inducing
apoptosis of C6 cells [177]. It is known to increase the sensitivity of tumor cells to chemotherapeutics,
but the mechanism of the emodin-mediated chemotherapeutic effect on cancer cells has been the
subject of intense study for many years [150,178]. Important physical properties of emodin are listed
in Table 1.

5. Quinizarin

Quinizarin (1,4-dihydroxyanthraquinone, Figure 4) is a polycyclic aromatic hydrocarbon containing
two opposite carboxyl groups (C=O) at positions 9,10. It takes the form of a yellow crystalline substance and
occurs in nature in plants (Aloe, Cascara Sagrada, Senna, and rhubarb), fungi, some lichens, and insects [179].
Quinizarin is soluble in basic solutions, acetone, chloroform, and DMSO. It is almost insoluble in aqueous
solutions, but its solubility increases with increasing temperature. It is used as a pesticide as a fungicide
and as an additive in lubricants [180]. In addition, it is used as a colorant in the food, textile, dyeing,
and photographic industries [181]. Quinizarin inhibits HIV proteinase [182] and acts as a mutagenic agent
on some mammalian bacteria [183]. Immunological analysis studies have shown that it stimulates the P450
enzyme in rat epithelial and liver cells [184].
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Figure 4. Structural formula of quinizarin.

The structure of quinizarin has been studied using several spectroscopic methods, such as fluorescence
measurements [185], resonance Raman and infrared spectroscopy [186], and X-ray structural analysis [187].
It has planar C2v molecular symmetry and crystallizes in a monoclonal system. Quinizarin is a highly
fluorescent substance. The fact that it is almost insoluble in water significantly complicates the application of
Raman spectroscopy in its study. However, infrared FT Raman and surface-enhanced Raman spectroscopy
can also be used to characterize it in aqueous media [188].

Quinizarin is the simplest model molecule of a chromophore typical of some biologically and
pharmaceutically significant compounds, including the antitumor anthracycline antibiotics doxorubicin,
daunorubicin, and adriamycin, which are used in antineoplastic therapy. The quinizarin-like quinoid moiety
is probably responsible for the cytotoxicity and cardiotoxicity of anthracycline drugs [180]. It is thought to
be able to intercalate into DNA [189,190]. We can classify it among the photosensitive intercalators with
low hydrophobicity (AlogP = 2.324), which could be applied in PDT [135]. The physical properties of
quinizarin are shown in Table 1.

6. Danthron

Danthron (1,8-dihydroxyanthraquinone or chrysazine, Figure 5) is a hydroxyanthraquinone that
occurs wild in nature found in many plants but also in some insect species (e.g., Pyrrhalta luteola larvae). It is
very often isolated from dry leaves and stems of the plant Xyris semifuscata growing in Madagascar [191].
It is commercially available in the form of an orange, red, or red-yellow crystalline powder. Like quinizarin,
it is soluble in basic solutions, chloroform, and DMSO. It is practically insoluble in water. Danthron and
quinizarin are derivatives of emodin and hypericin. Danthron is part of the anticancer drug aclacinomycin.
It is thought to intercalate into DNA and therefore can be used as an example of a low hydrophobicity
intercalator (AlogP = 2.324) in PDT. However, it can also be a carcinogen, causing the development of
adenoma or adenocarcinoma of the colon and increased incidence of liver cancer cells [191,192]. Danthron is
one of the hydroxyanthraquinone derivatives causing topoisomerase II inhibition [193], which is involved
in various cellular processes, including chromosome segregation [194], and it is essential for maintaining
genome stability [195].

Figure 5. Structural formula of danthron.

Danthron is used as a laxative [159,196]. It is currently applied as an antioxidant, a fungicide
to control powdery mildew, and has an irreplaceable role in the research into anticancer agents.
Together with emodin, it is the basic structure of aglycones, which are naturally occurring laxative
glycosides [191]. Danthron shows mutagenic activity [197] and indicates mutations in cells of the
lymphatic system [192].
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Its structure has been studied using fluorescence, resonance Raman and infrared spectroscopy.
The danthron crystal is tetragonal and its planar molecule has an asymmetric structure with two
different intramolecular O . . . ..O distances. The optical properties of danthron can be discussed in
terms of C2v pseudosymmetry [188]. Danthron and quinizarin form two intramolecular hydrogen
bonds, which cause small changes in the structure of anthraquinone molecules. The presence of
two hydrogen bonds in quinizarin allows for double proton transfer, which can take place in two
steps or a one-step process. Conversely, the geometry of the danthron molecule allows only single
proton transmission. The structure of danthron and quinizarin has been intensively studied and
experimentally determined. For quinizarin, X-ray structural analysis identified the values of the
distance O . . . ..O and O . . . ..H bounds, which are 2.57 and 1.77–1.79 Å respectively. This technique
helped to define the O . . . ..O distance for danthron and setting its value at 2.49 Å, but it did not provide
any information about proton binding [198]. Table 1 shows characteristic physical properties.

7. Hypericin and Its Derivatives Interaction with DNA

In recent years the interaction of hypericin, emodin, quinizarin, and danthron with biomacromolecules
has been studied, especially with DNA, LDL, and human serum albumin (HSA) has been investigated
[199–202]. The results of our studies in this area supplement the scientific knowledge on this subject.
The measurements indicate that PSs incorporate into DNA, LDL, and HSA, but interact most easily with
LDL particles. Distribution of molecules has been studied at two different conditions: (i) DNA–ligand
complexes were exposed to the presence of free LDL particles or HSA molecules, respectively and (ii) LDL-
or HSA-ligand, respectively, complexes were in the presence of free DNA molecules. From measurements
at the first conditions, it is clear that while the fluorescence intensity for the DNA-hypericin complex
increases with the addition of LDL to the solution, a less pronounced effect can be observed for the
other PSs, DNA–emodin, DNA–quinizarin, and DNA–danthron. Similarly, HSA molecules added to
the solution slightly increase the fluorescence intensity in the DNA–hypericin complex. In a competitive
environment, they redistribute and rebind from DNA macromolecule to LDL (hypericin) or HSA (emodin,
quinizarin, and danthron). In contrast, the fluorescence intensity did not change for the DNA–emodin
complex, and a slight decrease in fluorescence has been observed in the DNA–quinizarin and DNA–dantron
complexes. The presence of free DNA leads to a decrease in the fluorescence intensity of the LDL–emodin,
LDL–quinizarin, and LDL–danthron/HSA–quinizarin and HSA–danthron complexes. For LDL–hypericin
and HSA–hypericin complexes, an increase in fluorescence with the addition of DNA was recorded.
The fluorescence intensity of the HSA–emodin complex remains unchanged [135]. It is noteworthy that the
quenching of fluorescence in the presence of DNA has been observed for intercalating molecules [190].
These results allowed us to state that the molecules of the studied PSs can be extracted from DNA by HSA
molecules rather than LDL particles, with the exception of hypericin, where there is a more significant
binding from DNA in the presence of LDL particles. Experiments in fluorescence analysis of native and
denatured DNA were designed to determine if and how the interaction of hypericin, emodin, quinizarin,
and danthron with native and denatured DNA differed. Significant changes were detected for quinizarin
and danthron, where fluorescence increased significantly in the presence of denatured DNA. It can be
assumed that DNA denaturation increased the distances between the individual quinizarin and danthron
molecules (there is a decrease in fluorescence quenching) and helped to better visualize the molecules inside
the DNA. This applies in particular to molecules that intercalate into the DNA structure, i.e., quinizarin and
danthron. For hypericin and emodin, it has been noted only a slight change in the intensity of fluorescence
in the presence of denatured DNA, respectively from which it can again predict a different interaction
mode of these PSs with DNA [135].

As a representative of highly hydrophobic PSs, hypericin binds to DNA by means of a large
groove [203,204]. A binding constant, whose value was also determined, is 4.0 × 104 L/mol [204].
Emodin, with mild hydrophobic properties, interacts with DNA by binding into a small groove.
This interaction is characterized by binding constant 8.1 × 104 L/mol. These ligands are incorporated
into the DNA groove with hydrophobic or hydrogen bounds [204]. An intercalating mode of interaction
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with DNA has been confirmed for quinizarin and danthron, which is very clearly supported by atomic
force microscopy measurements. Quinizarin and dathron cause DNA to unwind due to intercalation,
increasing the contour length of linear DNA by 10%. By the action of natural photosensitizers studied
by us, more rigid molecules of linear DNA have been detected. It is known that this is not only the
type of reaction they are involved in. Quinizarin and danthron can also bind to the surface of DNA
molecules by means of electrostatic forces. The size of the binding constant of this interaction type for
both PSs is 1.1 × 104 L/mol [190].

Cell experiments have been performed with the aim of better understanding the mechanisms of
the interaction of hypericin, emodin, quinizarin, and danthron with DNA. Success in the treatment
of cancer requires sufficient hydrophobic drugs to cross the lipid membrane. The hydrophobicity
of drugs therefore plays an important role in their distribution, metabolism, and excretion from the
patient´s body. The main barrier preventing the interaction of nuclear DNA with anticancer drugs
is the nuclear envelope. On the other hand, the detoxification process is accompanied by a decrease
in drug concentration during the active outflow of these drugs. P-glycoprotein, a member of the
transport protein family, is involved in this process [205]. The function of these proteins is to remove
toxins from cells [206], so it is possible to regulate drug resistance by manipulating P-glycoprotein
activity [207,208]. Another approach to preventing cancer cell resistance to drugs could be based on
photochemical activation at a well-defined site/organelle [209]. With this in mind, the intracellular
interaction of the drugs discussed here with DNA directly in the nucleus was studied using selective
photoactivation and regulation of P-glycoprotein function. Selective photoactivation facilitates entry
of emodin, quinizarin, and danthron molecules into the nucleus of tumor cells by means of passive
diffusion (this phenomenon has not been observed in the case of hypericin). Inhibition of P-glycoprotein
may increase the intracellular concentration of the molecules studied and aid their interaction with
DNA. Inhibition of P-glycoprotein stimulates the passive transport of these molecules to the nucleus of
tumor cells. In addition, emodin is known to significantly promote the entry of other drugs into the
nucleus of tumor cells, with the exception of strongly hydrophobic ones (hypericin-like), which are
characterized by a high binding affinity for P-glycoprotein [135].

The treatment of tumor cells with natural photosensitive drugs significantly depends on the
degree of hydrophobicity, lipophilicity, and DNA intercalation properties of the drugs used.

8. Conclusions

Cancer is a group of diseases characterized by abnormal and uncontrolled cell growth, which can
affect a particular tissue or organ in a very aggressive manner and are able to spread to other parts of
the body, they can metastasize. Cancer can be treated by classical therapeutic procedures (surgery,
chemotherapy, and radiotherapy) and modern, very promising therapeutic methods. These include
PDT. These studies show that the most effective way to treat cancer is to combine PDT with traditional
therapies, respectively in some cases, PDT can even replace conventional treatment. It is very likely
that PDT will be used in the future as the therapeutic approach in the treatment of specific cancers and
non-cancerous diseases. This method minimizes the side effects of traditional therapeutic methods,
is less invasive, more effective, and affordable. The condition for the successful treatment of cancer with
PDT is the disruption of DNA macromolecule, which stops the division of tumor cells. Therefore, it is
necessary to find suitable drugs that interact with DNA directly, respectively mediated by transporters
that transport them to the nucleus of the tumor cell. A great advantage of newly discovered drugs is
that they are natural, easier to prepare, and do not burden the patient´s body as much as synthetically
produced drugs. The success of cancer treatment is highly dependent on the application of hydrophobic
drugs, which can more easily cross the lipid membrane of tumor cells. Therefore, the interaction of
drugs with different hydrophobicity with DNA macromolecule is the subject of many studies.
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