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Premise

Among the human cancers, the number of breast and uterine cancer cases are
alarming. In fact, they represent the almost death cause in 26% and 7% of women,
respectively [1]. For these reasons, research is essential for discovering new life-saving
drugs. In the past decade, numerous molecules have been designed, synthesized and
successfully studied for their promising anticancer activity. In particular, considerable
development in oncology has been reached with the use of numerous effective drugs,
Ellipticine (XII1), Vinblastine (X1V), Cisplatin (I1), Thalidomide (XV) and Quercetin
(XVI). Nevertheless, the main limitation in therapy is often due to numerous side effects or
their poor bioavailability.

In addition, another important limit is the frequent onset of resistance, sometimes the low
solubility and high instability in physiological systems.

Most of the new anticancer agents demonstrate a single cellular target activity. Considering
that cancer is a multifactorial disease and its development involves more signaling pathways,
a single targeted therapy might not be efficient to block tumor progression. Additionally,
single target agents do not produce always the desired effect, primarily because of the ability
of the organism to activate compensatory ways. This single target therapy could lead to the
onset of resistance and dramatic side effects. In this context, the multi-target drug design
concept represents the current trend for future drug research and development.

Thus, new and effective pharmaceutical strategies with a synergistic mechanism, able to
overcome these limitations, are urgently needed.

Considering this scenario, my PhD was focused on the design and biological evaluation of
various synthetic analogues of some known anticancer drugs, in order to obtain molecules
with improved pharmaceutical profiles.

Considering that the development of new drugs is expensive is taking a long time, the
improvement of the safety and efficacy of old active molecules has become a very attractive
and smart alternative in oncology, showing a significantly higher benefit/risk ratio when
compared to the development of a new drug. Thus, the attention was also focused on the
realization and the study of appropriate vehicles for the development of new formulations
for anticancer compounds, using innovative pharmaceutical matrices, in order to obtain
molecules with enhanced physical-chemical and pharmacokinetic/pharmacodynamics

properties.



Chapter 1: Breast and uterine cancers

The term cancer or tumor refers to a disease characterized by uncontrolled cell
growth, no longer regulated by the organism's control processes. Most of the time, our body
is able to manage this through reparative processes involving the immune system. When this
control fails, normal cells can turn into cancer cells. While cancer cells have common
characteristics, there are about 200 different types of tumors. In Italy, cancers affecting the
reproductive organs and the breasts are alarming for their number of cases incidences. More
than 40,000 women die from breast cancer every year, while over 13,000 are diagnosed with
uterine cancer. Mammograms and other preventions can save lives. Even today, too many
women have no access to lifesaving breast and uterine cancer screenings, and there is a need
to increase efforts for breast and uterine cancer research that could lead to new life-saving
drugs.

1.1 BREAST CANCER

1.1.1 Breast anatomy
The breast is an equal and symmetrical organ, positioned inside the chest between
the third and sixth intercostal space (Figure 1). The breast tissue is formed by:
o A glandular component that consists of 15-20 lobes, that lead to the nipple through a
lactiferous duct;
o A component of adipose tissue, in which these glandular structures are dipped;
o A fibrous supporting component that divides the glandular parenchyma into lobes

and lobules.

https://www.mayoclinic.org/healthy-lifestyle/womens-health/multimedia/breast-cancer-early-stage/sls-20076628?s=2

Figure 1. Female breast anatomy.



In the top of the breast there is the nipple, an external cone-shaped protrusion, in whose
apical region it has about 15-20 milk pores that constitute the outlet of the lactiferous ducts.
The nipple is in turn surrounded by the areola, a pigmented circular region having an average
diameter ranging from 3 to 8 cm. Small protrusions, called Montgomery’s tubercles, due to
the underlying presence of sebaceous and areolar glands, characterize the areola. The fibrous
bundles of the breast, sometimes called retinacula, extend in depth and divide the glandular
parenchyma into lobes and lobules. Each lobule includes the alveoli that act as secreting
units. The alveoli are covered by a simple epithelium that rests on a basement membrane in
which myoepithelial cells are interleaved which favor the progression of the secretion
through ducts of progressively increasing caliber. Each lobule presents a lactiferous duct,
which opens laterally to the nipple in an ampoule, dedicated to the accumulation of the
secretion. The simple cubic epithelium, in the alveolar ducts, becomes non-keratinized
multilayered in the lactiferous ducts. The mammary gland represents the target of different
hormones, which allow the normal physiology of the organ, such as female sex hormones.
Some hormones are responsible, both directly and through the mediation of hormones
produced by other organs, of different alterations to take place in the various forms of benign
breast pathologies and can assume the role of precancerous lesions. For example, the
pituitary gland is able to interact with the mammary gland directly by prolactin (PRL) and
by growth hormone (GH) secretion, and indirectly by other hormones:

o The folliculo-stimulating (FSH) and luteinized (LH) hormones stimulate the ovary,
that acts on the breast through estrogens and progesterone and also through some
androgens;

o The thyroid stimulating hormone (TSH) affects thyroid function, releasing its two
hormones triiodothyronine (T3) and thyroxine (T4), able to interfere with the breast;

o The adrenocorticotropic hormone (ACTH) exerts its action on the adrenal glands,
which then determine their action on the breast not only through androgens, but also
with cortisol and aldosterone.

o During the pregnancy, the placenta, through the release of chorionic mammotropin,
estrogen and progesterone, promotes structural changes of the mammary gland;

o Anotstill clear role seems to be played by the pancreas using insulin.

All of these hormones are able to interact with the mammary gland thanks to specific
receptors, that are basically divided into two types:

o Cytoplasmic receptors for steroid hormones (estrogens, progesterone, androgens);

o Membrane receptors for other hormones (PRL, GH, T3, T4, insulin).
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Female puberty is characterized by a growth of the mammary gland due to a hormonal
stimulation. Simultaneously, the quantity of adipose tissue of the subcutaneous tissue and of
the connective tissue increases with a proliferation of ductal elements. The gland undergoes
changes even after the pubertal development phase, for example, during the menstrual cycle,

pregnancy, lactation and menopause [2].

1.1.2 Pathophysiology of breast cancer
1.1.2.1 Epidemiology

Breast cancers represent, overall, the most frequently diagnosed type of cancer
among women of all ages: 0-49 years (41%), 50-69 years (35%), >70 years (21%) (Table 1)
[3]. The pathology has great geographical variability and is more widespread in economically

most advanced countries.

0-49 50-69 70+
Breast Breast Breast
(40%) (35%) (22%)

Thyroid Colorectal Colorectal
(16%) (11%) (16%)
Skin (melanome) Uterus body Lung
(7%) (7%) (7%)

Colorectal Lung Pancreas
(4%) (7%) (6%)

Uterine cervix Thyroid Stomach

(4%) (5%) (5%)

Table 1. Cancer incidence related to the women age [3].

Breast cancer is the most diagnosed women malignancy in Italy (29% of all
diagnosed cancers) and it represents the first cause of oncological death. In fact, it ranks first
in all age groups considering oncological deaths: it represents 28% of deaths among young
people, 21% among adults and finally 14% among women over 70 years. In 2016,
approximately 12,616 deaths were recorded (according to ISTAT data). However, since the

beginning of the 20" century a moderate but continuous decrease in breast cancer mortality



has been detected (-1.6% per year) due to increased awareness, prevention, and to

therapeutic progress [3].

1.1.2.2 Risk factor

Age is a recognized risk factor. The risk of contracting breast cancer increases with
age, with a chance to develop breast cancer of 2.3% up to 49 years (1 woman in 43), 5.4%
between 50 and 69 years (1 woman in 18) and 4.5% between 70 and 84 (1 woman in 22).
This correlation with age could be related to the continuous and progressive endocrine
proliferative stimulus that the mammary epithelium undergoes over the years, combined
with the progressive damage to DNA and the accumulation of epigenetic alterations and with
alteration of the balance between oncogenes and suppressor genes expression. The incidence
rate increases exponentially up to the menopausal age (around 50-55 years), then slows down
with a plateau after menopause and, at the end, starts to rise again after the age of 60. This
specific trend is linked both to the woman's endocrinological history and to the presence and
coverage of mammography screening programs.
New risk factors have been identified:

e Reproductive factors: a long exposure of the glandular epithelium to proliferative
stimuli of ovarian estrogens due to a long duration of the fertile period and a late
menopause; a first pregnancy after the age of 30 and no breastfeeding.

e Hormonal factors: increased risk in women who use hormone replacement therapy
during menopause, especially if based on synthetic estrogen-progestin with
androgenic activity and in women taking oral contraceptives. Estrogens have an
important role in breast cancer development: estrogen metabolites can cause
mutations or generate free radicals that damage DNA [4]. However, other
mechanisms also play a fundamental role, and some breast cancer are estrogen-
negative or occur in women without increased exposure to these hormones.

e Dietary and metabolic factors: a low vegetable fibers intake seems to be associated
with an increased risk of breast cancer. Diet and behaviors leading to the onset of
obesity and metabolic syndrome are also becoming important. This is probably
related to the excess of adipose tissue that in post-menopause represents the main
source of estrogen synthesis, thus stimulating the mammary gland. The metabolic

syndrome has certainly a genetic component, but lifestyles with low physical activity



and high-calorie, fat-rich, simple carbohydrate diets, clearly contribute to
development.

e Previous radiotherapy or breast dysplasia and cancers.

e Familiarity and inheritance: although most breast cancer are sporadic, 5-7% are
related to hereditary factors, 1/4 of which are determined by the mutation of two
genes, BRCA-1 and BRCA-2. Women carrying mutation of the BRCA-1 and BRCA-
2 genes, exhibit a 65% and 40% risk of getting breast cancer over the course of life,
respectively [5]. These two dominant autosomal genes act as oncosuppressors and
have several key functions, including transcription regulation, cell cycle control,
ubiquitin-mediated protein degradation and DNA damage prevention. The loss of
these functions leads to the risk of developing a malignant tumor, mainly breast, but

also ovarian cancer [6].

1.1.3 Breast cancer classification

Breast cancer develops from the epithelial cells of the breast glandular tree and can
give rise to various "isotypes"”, among which the most frequent are represented by "ductal
carcinoma” and "lobular carcinoma”. The first form derives from the main ducts and the
second from the lobules. However, most of the breast cancer arise at the level of the terminal
ductal lobular unit (TDLU) and subsequently, as a result of several mechanisms not known
yet, give rise to several kinds of tumors, differing in morphological and biological behavior.
For both types, two forms are recognized: in situ and invasive form. The in situ form refers
to the proliferation of epithelial cells without infiltrating capacity; its proliferation is limited
to ducts and lobules of the basement membrane, causing the carcinoma ductal in situ (CDIS)
and carcinoma lobular in situ (CLIS), respectively. Instead, invasive or infiltrating
carcinoma passes the basement membrane, invading the stroma and the blood vessels. This
ability is due to a reduced production of E-cadherin, a protein responsible of the intercellular
junction. A decrease in E-cadherin expression leads to the disintegration of the neoplastic
mass, making its cells able, individually or in small clusters, to infiltrate the surrounding
tissues. Other, but less common, forms are the tubular, papillary, mucinous and cribriform
carcinoma, generally associated with a favorable prognosis [7].
Figure 2 outlines the main development stages of ductal breast cancer: first, it is possible to

recognize the reversible phases that evolve from the presence of normal ducts to hyperplasia



and atypical hyperplasia; then there are the irreversible phases characterized

carcinoma in situ and invasive ductal carcinoma.
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Figure 2. Development stages of ductal breast cancer.

by ductal

A further classification has been found thanks to the application of molecular biology

methods. This classification divides breast cancers into five different cellular subtypes based

on the specific receptors expression:

e Luminal carcinoma A: neoplasia characterized by the expression of estrogen (ER)

and progesterone (PR) receptors, absence of HER2/neu receptor over-expression and

low proliferative index (reduced expression of the Ki67 antigen).

e Luminal carcinomas B (HER2 negative): neoplasia characterized by the expression

of hormone receptors, absence of HER2/neu receptor over-expression and intense

proliferative activity (high expression of the Ki67 antigen).

e Luminal carcinomas B (HER2 positive): neoplasia characterized by the expression

of hormone receptors and the HER2/neu receptor over-expression

e HER2 positive (non-luminal) carcinomas: neoplasia characterized by the

HER2/neu receptor over-expression that do not express hormone receptors.



e Basal-like carcinomas: neoplasia characterized by lack of hormone receptor

expression and absence of HER2 / neu receptors over-expression.

Estrogen (ER) and progestin (PR) receptors belong to the nuclear receptor family and
are able to regulate gene expression by interacting with specific DNA sequences located on
target genes. The activation of these intracellular receptors occurs through different
mechanisms:

e Ligand-dependent path: In the absence of the ligand, the receptor is sequestered in
the target cell’s nucleus where it is complexed with the heat shock proteins (Hsp)
which keeps it in an inactive conformation. Following the binding to the specific
ligand, the receptor undergoes a conformational change that determines the
detachment of Hsp and facilitates the dimerization and the binding of the receptor to
DNA responsive elements located on target genes.

e Ligand-independent path: Receptor activation can occur in the absence of a ligand,
following receptor phosphorylation by kinases involved in different signal
transduction pathways, whose activity is in turn stimulated by substrates of various

nature [8].

1.1.4 Breast cancer therapy

Considering the different forms of breast cancer, the personalized therapy represents
the most important and demanding challenge. In fact, the choice of treatment must consider
several factors that greatly influence the therapy response, such as histological features,
molecular characteristics and tumor staging. However, the main therapeutic strategies
consist in loco-regional treatments, such as surgery and radiotherapy, and in systemic
pharmacological treatments, such as chemotherapy, hormone therapy and monoclonal
antibody therapy (immunotherapy). In the surgical field, demolytic surgery (radical
mastectomy, simple and subcutaneous mastectomy) and conservative surgery
(tumorectomy, quadrantectomy) can be distinguished [9]. Radiation therapy is a therapeutic
strategy that consists of using high-energy radiation to destroy neoplastic cells and prevent
their growth. The main purpose of preoperative radiotherapy is to reduce the volume of the
tumor and to prevent it from infiltrating the surrounding structures. In this way, radiotherapy

can make operable lesions otherwise unresectable or can allow the surgeon to perform less



destructive interventions. The pharmacological treatments consist of different chemotherapy

drugs used alone or in combination. Among these are (see Figure 3):

Nitrogen mustards, such as cyclophosphamide (1) whose activity depends on the
alkylating capacity of its active metabolite against the nitrogenous bases of DNA,
and in particular guanine;

Platinum coordination complexes, such as Cisplatin (I11) which is able to bind to
the nitrogenous bases of DNA forming cross-link bonds;

Taxanes how among these Paclitaxel (111) and Docetaxel (1V);

Anthracycline: such as Doxorubicin (V) and Epirubicin (V1);

Folic acid analogues: such as Methotrexate (VII) which reversibly and
competitively inhibits the dihydrofolate reductase (DHFR);

Pyrimidine analogues how among these 5 —fluorouracile (\V111) [10].

05 » H;N, NH;
4 » -
0~ "NH Pt.

v ct

1 II

III R= Ac; R'=Ph
IV R= OH; R'= -O-t-But

H,N
Y
N

N.__N
X F
PN , GooH | /&
I /K/\ N7 o
NH, _N C-N COOH H

v VIII

V R=H; R'=0H
VIR=OH; R'=H

Figure 3. Chemical structures of the principal drugs used in pharmacological treatment of breast
cancer (I-VIII).

1.2 UTERINE CANCER

Uterine cancers (cervix and endometrium) take the second place, after breast cancer,

among the tumors that affect women.



1.2.1 Uterus anatomy

The uterus is a hollow organ placed in the pelvis, in the lower part of the abdomen,
between the bladder, with which it makes contact anteriorly, and rectum, located posteriorly.
It has the shape of a truncated cone with its apex pointing downwards. It measures about 8-
10 cm in length [11]. The uterus is formed by two main parts: the body that represents the

upper part; the cervix, which is the lower extremity and extends into the vagina (Figure 4).

fundus

body,

isthmus

Internal

orifice L
Myometrium

-
T
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https://www.slideshare.net/doctorbobm/uterus-video

Figure 4. Uterus anatomy

The body of the uterus is in turn composed of two structures: an internal lining called
endometrium (tissue directly involved in the various phases of the menstrual cycle following
the activity of female hormones) and an external one, known as myometrium (fundamental
muscle during the childbirth). The cervix can be divided into two parts: the endocervix (the
one closest to the body of the uterus) and the exocervix (the one closest to the vagina). At
the microscopic level the endocervix is covered by glandular cells, while the exocervix is
lined with squamous cells. These two cell types make contact in the so-called transition zone,
the area where most of the cervical tumors originate. The lining tissue outside the uterus is
called serous.

1.2.2 Cervix cancer

The presence of two cellular subtypes in the uterine cervix lead to development of
two types of carcinoma: squamous cell carcinoma (or epidermoid) which represents about
80% of tumors and adenocarcinoma (formed by cells in the glandular structure) which
constitutes about 15%. There are 3-5% of tumors called adenosquamosis which are formed

by both cellular components. As in other cancers, even in cervical cancer the risk factors can
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be genetic but also linked to life styles (nutrition, cigarette smoking, hygiene and use of oral
contraceptives). In the 1980s it has been demonstrated that this type of cancer has also an
infectious viral origin and can derive from a persistent human papillomavirus (HPV)

infection [12].

1.2.2.1 Human papillomavirus (HPV)

Papillomaviruses (PVs) belong to the Papillomaviridae family [13]. They are small,
icosahedral symmetry-naked viruses with double-stranded circular DNA of about 8
kilobases. They contain an icosahedral capsid of 55 nm in diameter without a shell and
possess a specific tropism for cutaneous and mucous epithelia (Figure 5). Their replication
Is restricted to this type of cell and is conditioned by the cell differentiation stage. About 200
types of HPV have been identified. Today the genomes of 100 viral types have been

sequenced and characterized.

https://talk.ictvonline.org/ictv-reports/ictv_online_report/dsdna-viruses/w/papillomaviridae

Figure 5. Rendering of a papillomavirus capsid.

The genome of these viruses is divided into three regions:

o A non-coding region called “Long Control Region” (LCR), whose dimensions are
significantly different between the genomes of the different types of HPV. The LCR
has a molecular weight ranging from 400 to 1000 base pairs and contain sequences
that regulate viral replication and transcription.

o An Early (E) region encoding early viral proteins, that contains six genes expressed
in the initial phase of the replicative cycle, which encode non-structural proteins,

named from E1 to E8, involved in viral replication and oncogenesis.
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o A Late (L) region encoding late viral proteins, coding for capsidic structural proteins,
named L1 and L2 [14].

1.2.2.1.1 HPV viral cycle and infection

The infection begins when the viral particles enter inside the basal layer cells (see
Figure 6). The virus adheres to the host cell, thanks to the presence of specific receptors.
There are strong controversies about the nature of cell surface receptors that allow the initial
adhesion of the virus to the host cell. Several studies have shown some dependence on the
presence of heparin sulfate [15]. Other studies, carried out with the use of VLP (Virus like
particles), report that integrin a6 is responsible for the entry of the virus into the infected cell
[16]. VLPs bind to integrin and the antibodies directed against a6 block the binding of the
virus to the cell. However, the expression of these integrin is not necessary: in fact, some
HPV are able to enter in the cells without these receptors.
The infection of basal cells leads to the activation of the viral gene expression cascade, which
allows the production of 20-100 copies per cell of viral DNA in episomal form together with
the cellular DNA. At the basal level, the expression of viral genes is limited to specific early
genes. Some of these, such as E5, E6, E7 stimulate the infected cell to proliferate and expand
laterally. In particular, E5 stimulates EGF receptor activation and therefore cell proliferation,
E6 is able to induce p53 protein degradation and E7 promotes DNA replication interacting
with pRb. A group of daughter cells leaves the basement membrane to stratify and
differentiate, making it possible for the virus to enter in the upper layers of the epidermis.
Thus, the late phase of the HPV replication cycle begins - in absence of viral DNA
replication - with the expression of late viral genes and the translation of structural proteins.
Subsequently, the control of the number of genomic copies is completely lost in the
differentiated cells, and DNA is amplified and there will be thousands of copies per cell.
Finally, assembly and release of mature viral particles into the extracellular environment
occurs in the upper layers of the epithelium [17]. Obviously, the proliferative phase is
accompanied by structural modifications of the infected cells. These changes affect the
keratin filaments and the lipid secretion process that allows the creation of a physical barrier
against the surrounding environment in the surface epithelium [18]. The consequence of this
infection is the loss of cell cycle control, DNA repair and the slowdown of the cell
differentiation process at the epithelial level. Therefore, HPV infection is strongly
conditioned by the balance between host and infecting agent. In most cases, the virus is

eliminated by the host's immune response before developing a pathogenic effect. In other

12



cases, it can remain latent or undergo replication causing a lesion at the genital level that can
manifest different clinical forms, if it does not regress spontaneously. About 80% of
infections are transient, asymptomatic and heal spontaneously due to the cell-mediated
immune response. The persistence of the infection represent the necessary condition for the

development of the carcinoma [19].
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Figure 6. Viral and infectious cycle of Human papilloma virus
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1.2.2.2 Cervix cancer treatment
The treatment depends on several factors, including age and health conditions, but
primarily on the types of the neoplasm. The therapeutic approaches are surgery, radiotherapy
and chemotherapy. The most important surgical interventions consist in:
o Conization, in which a "cone™ of tissue is taken in order to analyze it under a
microscope;
o Hysterectomy, the total removal of the uterus;
o Radical trachelectomy, the removal of the cervix, surrounding tissue, a part of the
vagina but not of the uterus to allow a possible pregnancy [20].
The main therapeutic regime consists in the use of Platin and Taxane-based drugs (see Figure
7). Among them, Carboplatin (1X) and Paclitaxel (111) are usually employed. Recent studies
have shown that the addition of Bevacizumab to the chemotherapy with Carboplatin-
Paclitaxel (I11) increases progression-free survival by about 3 months and overall survival

by about 4 months compared to chemotherapy alone. Antiangiogenic drugs, such as PARP-
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1 inhibitors (Olaparib (X), Rucaparib (X1I) and Niraparib (XI1)), in combination with first-
line chemotherapy are often used. While this strategy leads to an increased efficacy and
costs, the use of antiangiogenic drugs is accompanied by an increased risk of arterial
hypertension (25%), fistulas (6%) and thromboembolic events (8%). For this reason, the
above mentioned combined therapy has been validated only for the treatment of advanced

and recurrent diseases [21].
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Figure 7. Chemical structures of the principal drugs used in pharmacological treatment of cervix
cancer (IX-XI1).

1.2.3 Endometrial cancer

Endometrial carcinoma (EC) is one of the most frequent tumors occurring in women.
In about 80% of these lesions, an overexpression of estrogen plays a fundamental role and
characterizes endometrioid neoplasms, which tend to be well or moderately differentiated.
They arise at the end of a carcinogenic pathway comprising a series of precancerous lesions
(complex hyperplasia, possibly with atypia) [3].
Although it is the fourth most common cancer in women, EC has been little investigated and
remains a not well-funded research area.
Endometrial cancer is a tumor that originates from "cancerous” cells that belong to the inner
lining of the uterus, the endometrium. Most of these cells are glandular and the resulting

tumor is called adenocarcinoma. It represents the most common type of endometrial cancer.
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In over 80% of endometrial tumors, the glandular cells look very similar to those of normal

uterine lining (endometrium). This kind of tumors are defined as typical or endometrioid

adenocarcinomas. Other less frequent histotypes are:

©)

O

O

©)

©)

Squamous cell carcinoma (<1%);
Serum-capillary adenocarcinoma (<10%);
Clear cell adenocarcinoma (2-4%);
Mucinous adenocarcinoma (<1%);

Undifferentiated adenocarcinoma (<1%) [22].

1.2.3.1 Staging of endometrial cancer

The FIGO (International Federation of Gynecology and Obstetrics) classifies the

endometrial cancer in 4 stages:

o Stage I: the tumor is limited to the body of the uterus. It is divided into stages 1A

and IB according to the depth of infiltration of the muscular part (Figure 8). Stage
IA: cancer is in the endometrium only or less than halfway through the myometrium
(muscle layer of the uterus). Stage IB: Cancer has spread halfway or more into the

myometrium;
Stage IA Endometrial Cancer Stage IB Endometrial Cancer
Fallopian tube
"'\/Ovary

Uterus

—Endometrium
—Cancer
Myometrium

Cervix

https://www.oncolink.org/healthcare-professionals/nci/pgid-CDR00000629642

Figure 8. Stages IA and IB of endometrial cancer by International Federation of Gynecology and
Obstetrics (FIGO)
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o Stage Il : cancer has spread into connective tissue of the cervix, but has not spread
outside the uterus (Figure 9);

Stage Il Endometrial Cancer

FaIJ!opian tube

“J “Ovary
f“‘ Endometrium
—/,'/—Myometrium

Uterus— \

/

+—Cancer

Cervix—|

https://www.oncolink.org/healthcare-professionals/nci/pgid-CDR00000629642
Figure 9. Stage Il of endometrial cancer by International Federation of Gynecology and Obstetrics

(FIGO)

o Stage I11: cancer has spread beyond the uterus and cervix, but has remained within
the pelvis. It is divided into stages 1A, I1IB, and I1IC, based on where the cancer

has spread (ovaries, vagina or lymphonodes) (Figure 10);
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Figure 10. Stages IlIA, 11IB and I1IC of endometrial cancer by International Federation of

Gynecology and Obstetrics (FIGO)

o Stage IV: cancer has spread beyond the pelvis. It is divided into stages IVA and

IVB, based on where the cancer has spread (bladder or abdomen) (Figure 11).
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Figure 11. Stages IVA and 1VB of endometrial cancer by International Federation of Gynecology

and Obstetrics (FIGO)

1.2.3.2 Risk factors of EC

EC risk factors are similar to those found in breast cancer. Hormonal (which play a
crucial role in tumor development) and heredofamilial factors are particularly important.
Furthermore, a recent study indicates exposure to endogenous and exogenous estrogens as
an important risk factor for the development of EC. Rising rates of obesity worldwide have
altered the endogenous hormonal environment of perimenopause and postmenopausal
women. As a result, the rise in global obesity is one of the causes of the increasing EC cases
[23].
Phosphoinositide 3 kinase (PI3K) plays an important role in the development of obesity.
This protein is often not well regulated in the EC [24]. Recently, improved survival has been
also associated with loss of PTEN (Phosphatase and Tensin homologue) in obese women
compared to non-obese women with EC [25]. Also an increase in the expression of STMN1
and KRAS in women who have atypical hyperplasia with a body mass index > 30 kg/m?
compared to non-obese women has been found. Obesity can limit surgical options, increase

the toxicity of radiotherapy because of the need for higher doses of chemotherapy.

1.2.3.3 Screening for EC
Cervical cancer screening in Italy, according to the National Screening Observatory,
involves the execution of a Pap test every three years in women aged between 25 and 64

years. Pap testing is well-established and has been used since the 1950"™. It provides
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important information about the tumor. However, this type of test in not useful before the
age of 25 because infections with the Papilloma virus, while more frequent in the younger
age groups, regress in almost all cases spontaneously. Due to the slow development of EC,
women aged 64 and tested negative the Pap test, are excluded from further tests. The Pap
test is carried out in a normal gynecological examination, during which the speculum, a
special instrument that slightly dilates the vagina, is applied in order to facilitate the access.
The operator then gently inserts a special spatula and a cotton bud to collect small amounts
of mucus from the cervix and cervical canal. In the laboratory, the exfoliated cells have been
studied thorough computerized examination and using special coloring methods.

Association of cervical cancer with Papilloma virus infection, and improvements in
diagnostic techniques (in particular the development of genetic tests e.g. the HPVV-DNA test),
have provided new strategies to prevent this disease. The HPV-DNA test is able to detect
the genome of the Papilloma virus present on the cervix, and allows the detection of viral
strains that possess a greater carcinogenic activity. HPV test should be performed at longer

intervals (at least five years) and should not be used before the age of 30-35 [12].

1.2.3.4 EC treatment

EC therapy is based primarily on a surgical treatment followed, in cases of
intermediate and high risk, by a complementary or adjuvant treatment. The intervention of
choice is represented by the total extra-fascial hysterectomy (uterus export) performed by
laparoscopy in the initial stage. In the advanced stage, the hysterectomy is performed by
abdominal way together with bilateral antrectomy (export of ovaries) and colpectomy of the
upper third of the vagina (removal of a part of the vaginal collar). It is important to
understand the right staging when to perform lymphadenectomy in EC and its therapeutic
role is controversial. Recent evidence suggests a therapeutic role in high-risk stages but not
in the low-intermediate [26].
Cisplatin (11), Doxorubicin (V) and Paclitaxel (I11) represent the most successful drugs in
the treatment of EC (Figure 3), with percentages of responses to treatment higher than 20%.
Cisplatin (I1) is a platinum-based drug able to crosslink with the purine bases on the DNA,
interfering with DNA repair mechanisms, causing DNA damage, and subsequently inducing
apoptosis in cancer cells [27]. Doxorubicin (V) is an antibiotic of natural origin belonging to
the anthracycline class. It forms a complex with topoisomerase 1l and DNA, inhibiting the
re-joining of DNA fragments during the replication process and inducing apoptosis [28].
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Paclitaxel (I111) is a chemotherapeutic agent belonging to the group of taxanes and can be
administered by injection into a vein or drop-infusion [29].

The main limitation in the use of these drugs in EC is represented b the presence of
same severe side effects due to their ability to damage normal cells together with tumoral
cells. These toxic effects vary in intensity and type, depending on the drugs used during
chemotherapy, their dose and duration of treatment. The most common side effects are:

o Muyelotoxicity: This term indicates the toxicity of chemotherapy on bone marrow
cells, resulting in the abnormal production of white and red blood cells. The
reduction of corpuscular elements in the blood has a significant impact on the
patient, with a major risk to develop infections and anemia.

o Gastrointestinal toxicity includes loss of appetite, taste alteration (dysgeusia),
nausea, vomiting and diarrhea and depends on the drugs and doses used.
Administration of anti-emetics helps to reduce the same of the side effects.

o Mucositis (inflammation of the oral mucosa) usually manifests itself with the
appearance of aphthae (small ulcers).

o Transient alopecia is not associated with all chemotherapy schemes but typical for
treatments with Paclitaxel (111). Usually, this event occurs during the first cycle of
the treatment and the duration is parallel to that of chemotherapy, independently
from the intensity.

o Asthenia is the tiredness often described in the patients during chemotherapy.
Most of the drugs used on chemotherapeutics are also nephrotoxic, ototoxic. They can cause
a peripheral neuropathy that manifests itself with extremities numbness and sometimes
tingling. Side effects vary from person to person both in the intensity and in the type of the
disorders themselves, and supportive therapy should be adjusted to the individuals.
Another limitation of the known anticancer drugs are development of resistance and their

sometimes low solubility and high instability in physiological systems.
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Chapter 2: Biological evaluation of new synthetic analogues of

known anticancer agents

Recently, considerable development in anticancer therapies has been achieved with the use
of numerous effective drugs (Figure 12), such as Ellipticine (XI11), Vinblastine (XIV),
Cisplatin (1), Thalidomide (XV) and Quercetin (XV1). However, the main limitation in their
use in therapy is often represented by the presence of numerous side effects and/or their poor

bioavailability.

XVI

Figure 12. Chemical structures of several anticancer agents; XIII) Ellipticine; XI1V) Vinblastine;
I1) Cisplatin; XV) Thalidomide; XVI) Quercetin.

The focus during my PhD was on the study of various synthetic analogues of these

known anticancer drugs in order to obtain molecules with improved pharmaceutical profiles.
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21 CARBAZOLIC TOOLS: ELLIPTICINE (XIIlI) AND
VINBLASTINE (XIV) DERIVATIVES

Carbazoles are an important class of indole-containing heterocycles with antitumor
as well as antibacterial [30], anti-inflammatory, psychotropic, and anti-histamine properties
[31]. Ellipticine (XIII) is a representative compound of this class and was used in the
treatment of metastatic breast cancer [31-34], but got dismissed because of its poor solubility
in water and dramatic side effects [28,35]. Carbazolic compounds can also be structurally
considered as molecular simplifications of Vinblastine (X1V), a Vinca alkaloid used for the
treatment of different tumors, but with several toxic effects (leukopenia, neurotoxicity and

gastrolesivity) [36].

XI1v

Figure 13. Carbazole as Ellipticine (XI11) derivative and as Vinblastine (XI1V) molecular

simplifications analogue.

Some carbazolic derivatives showed interesting pharmaceutical properties interacting both
with DNA-dependent enzymes, as topoisomerases I/11 and telomerase, and other targets such
as cyclin-dependent kinases and estrogen receptors. These properties made them important
tools in preclinical and clinical trials [37-48].

Nowadays one of the principal targets of the pharmaceutical research is the design of new
antitumor drugs with higher selectivity on neoplastic cells, fewer side effects, reduced risk
of resistance development. In this contest, carbazole derivatives have received particular
attention.

Thus, we studied different series of new carbazole derivatives. In particular:

e N-alkylcarbazole derivatives and their quaternary ammonium iodide salts;
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e N-thioalkylcarbazoles differently substituted at the 1,4,6 and 9 positions of the
carbazole core;

e 3-(alkyl(dialkyl)amino)benzothieno[2,3-f]quinazolin-1(2H)-ones.
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2.1.1 N-alkylcarbazole derivatives and their quaternary ammonium iodide

salts
The design, the synthesis and the biological evaluation of a new serie of N-
alkylcarbazole derivatives and their quaternary ammonium iodide salts (Figure 14) have

been published including all experimental details [49].
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R=H; n=3,4,56,7
R=Cl;n=5,6

Figure 14. General structure of N-alkylcarbazole derivatives and their quaternary ammonium

iodide salts.

These compounds hav exhibit an appreciable cytotoxic activity against two breast
cancer cells (MCF-7 and MDA-MB-231) by inhibiting human Topoisomerase Il and
triggering the programmed cell death. Therefore, they may be considered as promising tools
for the evaluation of the signaling pathways involved in breast cancer growth and

progression.

2.1.1.1 Chemistry

The N-alkylcarbazole derivatives (3a-g and 4a-g, Scheme 1) were obtained from the
carbazole (1a) for 3a-e and 4a-e. 3-Chloro-9H-carbazole (1b), commercially available, was
the starting material for 3f-g and 4f-g. Compounds 3a-g and 4a-g were obtained in two or

three steps, respectively (Scheme 1).
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T

n=3,4,56,7
1a R=H
1b R=CI Br 2a-g
ii
/ /
N\) N\)
H,C
H3C\N - H3C\N
CHs 4a-g CH3 3a-g
2a,3a,4a R=H;n=3
2b,3b,4b R=H;n=4
2c¢,3c,4c R=H;n=5
2d,3d,4d R=H;n=6
2e,3e,4e R=H;n=7
2f,3f,4f R= CI n=5
29,39,4g R=Cl;n=6

Compounds  Yields (%) | Compounds Yields (%)
3a 68 4a 70
3b 20 4b 75
3c 33 4c 55
3d 60 4d 78
3e 24 de 68
3f 66 4f 56
3g 33 4g 78

Scheme 1. Synthetic route for the preparation of compounds 3a-g and 4a-g. i) Dibromoalkane,
NaOH/TBEA,; ii) 1-[2-(Dimethylamino)ethyl]piperazine, Na,COs/DMF; iii) Methyl iodide, Acetone.

Yields of all compounds are also shown in the table.

First the carbazole 1a or 1b was N-alkylated with 1,3-dibromopropane or 1,4-dibromobutane

or 1,5-dibromopentane or 1,6-dibromohexane or 1,7-dibromoheptane to obtain the
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intermediates 2a-g, respectively. In the second step, these N-alkylated derivatives were
reacted with 1-[2-(dimethylamino) ethyl]piperazine to give the (9H-carbazol-9-yl)piperazin-
1-yD)-N,N-dimethylethanamine derivatives (3a-g). Compounds 3a-g were reacted with an
excess of methyl iodide in acetone to give the quaternary ammonium iodide derivatives 4a-
g (mass spectrometry and NMR analysis were used to characterize all the synthesized

compounds as reported by Saturnino et al. [49]).

2.1.1.2 Docking studies

Several studies report that many carbazole derivatives are good inhibitors of human
Topoisomerase Il (hTopo I1) [27,33,50]. Thus, we studied the binding modes and affinities
between our compounds, as ligands, and hTopo Ilo. by molecular docking simulations
(Figure 15). All compounds bind the ATPase domain, near the ATP binding site.
Particularly, compounds bind the residues lle 125, Val 132, Leu 140, lle 141, Thr 147 in a
hydrophobic pocket and form a n-stacking with the aromatic ring of Tyr 151. Moreover, they
establish some hydrogen bonds with Ser 149, Asp 152, Asp 154 and Glu 155. Through “in
silico” screening, we demonstrate that compounds 3c, 4c, 3d, 4d, 3f, 4f, 3g and 49 present
good binding energies. In vitro studies highlighted a lack of inhibitory activity for
compounds 3c, 4c, 3d and 4d, probably related to the absence of the chlorine atom, useful
in stabilizing the interaction between the compounds and the protein. Interestingly, the
chlorinated carbazole moiety of 3f and 4f is positioned within the hydrophobic cleft (see
described above), in different orientations with the two rings rotated of about 180 degrees
(Figure 15, Panels H and I). In this way, the chlorine atom in 4f points towards the ATP
binding cleft in hydrophobic contact with protein residues lle 125, His 130, Val 137, Leu
140 and lle 141, maintaining the polar bonds with Ser 149, Asp 152 and Glu 155. For 3f, the
chlorine is pointing outside the protein, towards the solvent, where the carbazole is in
stacking with Tyr 151 and forms hydrophobic contacts with Val 132, Leu 140 and Thr 147.
Compound 4f, therefore, is supposed to have a better inhibitory activity than 3f on hTopo

Il in vitro due to its minor exposition to the solvent molecules (Figure 15, Panels H and I).
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Figure 15. Panel A) The three dimensional structure of the dimeric human Topoisomerase lla is
reported. Subunit A, drawn in green, adopt a different C-terminal conformation according to the
presence (or absence) of the ligand in its binding site. When in the dimeric conformation, the C-
terminal alpha-helix (light blue) is positioned inside a cleft of the b subunit, close to the ATP binding
site, interacting with different residues, thus conferring stability to the dimeric structure. When the
ligand is bound, the C-term helix is pointing out (green helix) and the formation of the oligomer is
prevented. Panel B) represents a model of the human Topoisomerase lla, bound to a DNA fragment.

On the left of the figure, the ATP binding domain. Panel C) different molecules of this series in their
binding mode as forecasted by docking simulations. The crystallographic position of an ADP
molecule is reported as reference. Panel D-K binding modes of the N-alkylcarbazole derivatives as
determined by docking simulations. Panel D) molecule 3c, Panel E) 4c, Panel F) 3d, Panel G) 4d,
Panel H) 3f, Panel 1) 4f, Panel J) 3g, Panel K) 4g, Panel L) 3g, Panel M) 4g (with the carbazole
occupying the Adenine binding site).
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2.1.1.3 Biology

The new series of N-alkyl carbazoles was tested to evaluate the antitumor properties
towards two models of breast cancer, the human ERa positive MCF-7 and the triple negative
MDA-MB-231 cell lines. Table 2 reports the ICso values calculated for all compounds.
Among them, compounds 3a, 4a, 3b, 4b, 3e and 4e did not exert any inhibitory effects, while
compounds 3c, 4c, 3d and 4d exhibited a very poor antitumor activity on the two breast
cancer cell lines. A marked improvement has been reached using the chlorinated derivatives
3f, 4f, 3g and 4g. Particularly, the ammonium salts 4f and 4qg displayed the best antitumor
activity, also the highly aggressive and metastatic MDA-MB-231 cells resulted more
sensitive to treatment. In particular, 4f having an alkylic chain with 5 atoms showed a better
activity than its analogues 4g (with an alkyl chain with 6 atoms). Because of their higher
duplication rate, MDA-MB-231 cells need a faster DNA synthesis to proceed through
mitosis. Thus, they must possess an operative duplication apparatus, including high levels
of topoisomerases. Therefore 4f being the best hTopo Il inhibitor (see Figure 16 discussed
below), it is not surprising that it exerts the best antitumor activity against these cells. At the
end, it should be pointed out that the active compounds did not elicit the viability of the
normal breast cells (MCF-10A), while Ellipticine (XII1), used as reference compound,
exhibited high toxicity towards the healthy breast cells.
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1Cs0 (nM)

MCF-7 MDA-MB-231 MCF-10A

Ellipticine (XI11) 1.35+£0.30 1.75+0.15 1.50+0.15
3a >500 >500 >500
4a >500 >500 >500
3b >500 >500 >500
4b >500 >500 >500
3c 357.0£1.20 296.5+1.10 > 500
4c 314.2+£0.90 270.3+1.25 > 500
3d 381.0+1.12 257.2+1.35 > 500
4d 388.8+1.27 221.9+0.95 > 500
3e >500 >500 >500
4e >500 >500 >500
3f 35.9+0.55 12.4+0.75 > 500
4f 10.2£0.45 4.4+0.20 > 500
39 77.4+0.35 17.2+0.25 >500
49 20.4+0.22 5.8+0.28 > 500

Table 2. ICso values of carbazole derivatives (3a-g, 4a-g) and Ellipticine (XIII), expressed in

micromolar (uM) against breast cell lines used.

Considering that the in silico studies results indicated potential important interactions
with the carbazole derivatives and hTopoll, we performed, in parallel, a direct enzymatic
assay using all the derivatives. Human Topoll is a nuclear enzyme indispensable to remofor
the removal of topological complications that occur during DNA replication, transcription
and chromosome segregation through a DNA breaking/reunion mechanism [52]. Thus, this
enzyme has become one of the most promising target in the anticancer drugs discovery field.
The obtained data from the enzyme assays (Figure 16, panels A and B), indicated that
compounds 3a, 4a, 3b, 4b, 3c, 4c, 3d, 4d, 3e and 4e at a dose of 10uM, did not block hTopo
Il enzymatic activity. The enzyme bound its substrate (kDNA) and released the decatenation
products appreciable as two bands at the bottom of gel, representing the nicked open circular
minicircles and fully closed circular rings. The same reaction happened in the control
experiment where only the vehicle (DMSO) was added (Figure 16, panel A, lane C). On the
contrary, the halogenated compounds 3g, 4g and 3f (10uM, Figure 16, panel B) were able
to partially inhibit hTopo Il activity. In addition to the two DNA bands visible at the bottom
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of the gel, one band appeared at the top of agarose gel, corresponding to the not-cleaved
KDNA, unable to migrate on agarose gel. Finally, a total blockade of hTopo Il activity was
reached with the chlorinated ammonium salt 4f (10uM, Figure 16, panel B). This was
evidenced by the presence of a marked kDNA band at the top of the gel and by the absence
of the bottom DNA bands. Ellipticine (XIII), used as reference molecule, was able to
completely block hTopoll activity (Figure 16, panel C, lane E), at a concentration five-fold
higher with respect to the most active compound 4f, as already evidenced by several

literature works for Ellipticine (XI11) [45,51-54].

D K C 3a 4a 3b 4b 3c 4c 3d

D K C 4d 3e 4e 3f 4f 3g 4g D K CE

e NS Y > T — N V) —

Figure 16. Human topoisomerase Il decatenation assay. hTopo Il has been incubated in absence
(control) or presence of the compounds to test at 10uM for 1 h at 37 °C. The image is representative
of three separated experiments. Panels A, B and C= D: decatenated DNA marker; K: Kinetoplast
DNA; C: Control (DMSO); 3a-g and 4a-g: assayed compounds, E: Ellipticine (XII1) at 50uM.

The biological functions of human topoisomerases are fundamental to ensure
genomic integrity, thus a blockage of their activity causes DNA damage and, consequently,
cell death by apoptosis [55].

Thus, in order to demonstrate if the observed hTopo Il inhibition induced by 4f could trigger
apoptosis in MDA-MB-231 cells, we performed a TUNEL assay (as described in the
experimental section). Figure 17 highlighted that the treatment of cancer cells for 24 h with
4f at a dose of 10 uM caused genomic DNA fragmentation, as evidenced by the presence

of a green fluorescence (Figure 17, panel B, 4f) that perfectly overlaps with the blue
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fluorescence corresponding to cell nuclei DAPI-stained (Figure 17, panel C, 4f). In the
control, performed in the same conditions with the vehicle alone (DMSO), no green
fluorescence was visible (Figure 17, panel B, CTRL), confirming that no DNA damage has

occurred.
B C

A
B ---
4f ---

Figure 17. TUNEL assay. Apoptotic effect of 4f used at 10 uM or vehicle (CTRL) on MDA-MB-231
cells determined after 24 hours of treatment. Panels A: DAPI (excitation/emission wavelength 350

nm/460 nm), used to locate the nuclei of the cells; Panels B: CF™488A (excitation/emission
wavelength 490 nm/515 nm), the green fluorescence indicates nuclei of cells undergoing apoptosis;

Panels C: Shows the overlay channel.

Subsequently, we carried out a luminescent assay in order to establish the
involvement of caspases activity in apoptotic pathways. In particular, we treated MDA-MB-
231 cells for 24 hours with 4f (or vehicle) at a concentration of 10 pM and measured the
variation of caspases levels. We evaluated the activity levels of the initiator caspases 8 and
9, involved in the extrinsic and intrinsic pathway respectively, and of the effectors caspases
3 and 7. Effectively, we noticed an increase of caspases 9 and 3/7 activity under 4f treatment
(Figure 18) with respect to the control reaction, where cancer cells were exposed to the
vehicle only (DMSO).
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Figure 18. Caspases activity assay. The treatment of MDA-MB-231 cells with 4f at the concentration

of 10 uM for 24h caused the activation of caspases 3/7 and 9 (% over the CTRL, vehicle-treated

cells). Columns mean, bars SD, *p<0.001.
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2.1.2 Differently substituted N-thioalkylcarbazoles

In a second paper, we have published a new library of N-thioalkylcarbazoles, as
Ellipticine (X111) analogues or as molecular simplifications of Vinblastine (XIV). They bear
several substituents at the 1, 4, 6 and 9 positions of the carbazolic moiety and the carbazole
nitrogen is substituted with alkyl chains with seven, eight and nine methylene groups, linked
to a terminal thiol group (all experimental details are described by Sinicropi et al.) [45]. Two
of these molecules have exerted an interesting anti-proliferative activity, mostly against
cervical HeLa cells, triggering the apoptotic intrinsic pathway and inhibiting the hTopo Il
activity. These results make the most active brominated compound 9c valid lead compound

for the development of new agents for cancer treatment.

2.1.2.1 Chemistry

The N-thioalkylcarbazole derivatives (9-11a-c) were synthesized as reported in
Sinicropi et al. [45]. The intermediates 9-(bromoalkyl)-9H-carbazoles (6-8a-c) were
prepared following general synthetic methods [56]. In particular, carbazole derivatives (5a-
c¢) and dry DMF were stirred at room temperature until became clear. Then, NaH 60% oil
dispersion and, successively, the appropriate dibromoalkane at 0°C were added. After 5
hours, water was added and the resulting mixture was extracted with EtOAc. The obtained
residue was purified by silica gel column chromatography (Et-O/hexane, 2/3 as eluent) to
give the pure compounds. After alkylation, the 9-(bromoalkyl)-9H-carbazoles (6-8a-c) were
reacted with thiourea in i-PrOH. The crude products were purified by PTLC (Preparative
Thin Layer Chromatography) to give the pure compounds (9-11a-c) (Scheme 2).
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Sac LM;\Br LM;\SH
aR; R, Ry=H 6a-c n=>5 9a-¢ n=5
bR, R, R;=CH, 7a-c n=6 10a-c n=6
¢R; R,=CH; R;=Br 8a-c n=7 11a-c n=7

Compounds Yields (%) | Compounds Yields (%) | Compounds Yields (%0)
9a 25 10a 23 1la 40
9b 52 10b 31 11b 51
9c 48 10c 31 11c 29

Scheme 2. Synthesis of N-9H-alkyltiocarbazoles 9-11a—c. i) 1, N-dibromoalkane, NaH 60%, DMF,
rt; ii) 1. Thiourea, i-PrOH, reflux, 12h; 2. NaOH 6N, reflux, 5h; 3. HCI 3N, rt, 10 min. Yields of all

compounds are also shown in the table.

2.1.2.2 Biology

The anti-proliferative activity of the synthesized carbazolic compounds (9a—c, 10a—
¢, 11a-c) was evaluated towards two human breast cancer cell lines, the estrogen receptor a
positive (ERo+) MCF-7 cells and the triple negative (ER-, PR- and HER-2/Neu not
overexpressed) MDA-MB-231 cells. In addition, we tested their anti-proliferative activity
against two uterine cancer cell lines, Hela cells, from uterine cervix epithelium (ERa-), and
endometrial ISHIKAWA cells (ERa+). A natural molecule containing the carbazolic core,
Ellipticine (XI11), was used as reference molecule. The obtained data (Table 3) shows that
only the derivatives 9a and 9c, carrying a seven methylene chain terminated by a thiol,
exhibited antitumor activity. The best antitumor activity was exerted against HeLa and
ISHIKAWA cells, where compound 9a showed ICsp values of 12.8 + 0.62 uM and 19.2 +
1.13 uM, respectively. Compound 9c showed ICso values of 11.3 £ 0.63 uM (HeLa) and 15.7
+0.95 uM (ISHIKAWA).
These compounds possessed also a minor antitumor activity in both breast cancer cells, with
ICso values for compound 9a and 9c¢ in MCF-7 cells amounting of 50.4 £ 0.96 uM and 54.9
+ 1.00 uM, respectively. In MDA-MB-231 cells, the 1Cso values were lower than those
calculated for the MCF-7 cells (39.9 £ 0.52 uM and 27.2 + 0.75 uM, respectively for 9a and
9c).
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Finally, Ellipticine (XI11) showed a higher antitumor activity in all cell lines used in these
assays compared to both our compounds, but with a serious cytotoxicity on non-tumoral
cells MCF-10A and 3T3-L1 (Table 3). In contrast, our compounds did not elicit the
proliferation of these normal cell lines, up to a concentration of 100 uM. These results
demonstrated that compound 9c possessed a high selectivity for uterine cancer cells, and that
both the bromine in position 6 and length of the alkyl chain is of importance. The
replacement of bromine at position 6 with a methyl group (9b) [32,56,57] and the elongation

of the chain caused a loss of the antitumor activity (10c and 11c).

I1Cs0 (UM)

MCF-7  MDA-MB-231 ISHIKAWA HelLa MCF-10A 3T3-L1

Ellipticine (X111)  1.25+0.30 1.85+0.15 1.70£0.80  1.05+0.50 1.20+0.20 0.98+0.7
9a 50.4+0.96 39.940.52 19.2+1.13  12.8+0.62 >100 >100
9b >100 >100 >100 >100 >100 >100
9c 54.9+1.00 27.2+0.75 15.70+0.95 11.3+0.63 >100 >100
10a >100 >100 >100 >100 >100 >100

10b >100 >100 >100 >100 >100 >100
10c >100 >100 >100 >100 >100 >100
1la >100 >100 >100 >100 >100 >100
11b >100 >100 >100 >100 >100 >100
1lc >100 >100 >100 >100 >100 >100

Table 3. ICso values of carbazole derivatives (9a-c, 10a-c and 1la-c) and Ellipticine (XI11),

expressed in micromolar (uM).

Literature data highlights that carbazolic compounds are inhibitors of human
Topoisomerases | and 11 [51]. With this in mind, the most active compound 9c was assessed
for its capability to inhibit both isoforms of these metabolizing enzymes, using an in vitro
assays. Under the experimental conditions, compound 9c did not interfere with the hTopol
activity (data not shown). Instead, in hTopo Il decatenation assays, our compound was able

to inhibit activity of this enzyme at 10 uM concentration (Figure 19, lane 9c), as shown by
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the absence of two DNA bands at the bottom of gel, corresponding to the decatenation
products of the KDNA. Contrarily, these two DNA bands are visible in the experimental
control (Figure 19, lane C). Ellipticine (XII1), used as reference molecule (Figure 19, lane
E), was also able to totally inhibit the activity oh hTopoll, but at the concentration of 50 uM
[52].

Figure 19. hTopoll inhibition assay. KDNA was incubated with human Topoisomerase Il in the
absence (lane C, vehicle DMSO) or presence of compound 9c (lane 9c) or Ellipticine (XI11) (lane E)
at 10 and 50 uM, respectively. Lane K, kinetoplast DNA (kDNA).

The inhibition of hTopoll causes genotoxic and mutagenic effects because of the

involvement of this enzyme in DNA replication, transcription, recombination, triggering the
programmed cell death. In response to DNA damage, cells may utilize the poly-(ADP) ribose
polymerase (PARP-1), a protein playing a crucial role in many processes, including DNA
repair and cell death [58,59].
The cleavage of this protein PARP-1 induces apoptosis by avoiding DNA repair-promoted
survival [60]. With this in mind, HelLa cells were exposed to compound 9c at concentration
of 10 uM at three different times (24, 48 and 72 h). Then, the protein content was extracted
and used for western blot analyses. The data (Figure 20) showed that in HeLa cells treated
with compound 9c it was possible to observe the cleaved form of PARP-1 (about 89 KDa),
in appreciable quantities after 24 h and increased quantities after 48 h, together with a
decrease of the native protein. After 72 h, a complete conversion to the cleaved PARP-1 was
achieved, while the control cells treated with DMSO stayed intact.
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Ctrl  24h  48h  72h
116 KDa s ~ PARP-1
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Figure 20. PARP-1 cleavage: Time course of PARP-1 cleavage in uterine cancer Hela cells treated
with 9c, used at a concentration equal to its 1Csq value. The control shown is referred to 72 hours of
vehicle exposure, but same results was obtained for 24 and 48 hours (data not shown). GAPDH was

used as loading normalization.

We performed a TUNEL assay in order to verify the triggering of the apoptosis,
exposing Hela cells to compound 9c at its ICso value for 24 h. Figure 21 demonstrates a
green nuclear fluorescence in the cells treated with our compound (9c, panel B), indicating
the presence of DNA damage. On the contrary, in the control cells no fluorescence was
observed (Figure 21, CTRL, panel B). These results confirm that the carbazole 9c was able

to cause DNA damage and led to cell death by apoptosis.
A B C

- - - -

| - - -

Figure 21. TUNEL assay of HelLa cells. Cells were treated for 24 h with compound 9c (at the

concentration equal to its 1Csg) or with vehicle (CTRL). Then they were fixed, subjected to TdT
reaction, washed, dyed with DAPI and imaged under a fluorescence microscope (20X magnification,
excitation/emission wavelength 490 nm/515 nm for CF™488A, panels B, and 350 nm/460nm for
DAPI, panels A). Panels C show the merge.
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The apoptotic pathway is a complex process involving many biochemical events [61],
including the activation of caspases, proteolytic protein, that initiate the proteolytic cascade
[62], in which one caspase may activate other caspases or cleave cell proteins, included
PARP-1, amplifying the apoptotic cell death [61]. Thus, we have established, using a cell-
based luminescent assay, if our compound 9c was able to interfere with the activity of the
initiator’s caspases (caspases 8 and 9), involved, respectively, in the extrinsic and intrinsic
pathway, and with the effectors caspases (caspases 3 and 7). The obtained results (Figure
22) demonstrated a slight increase of caspase-9 activity in HeLa cells treated with compound
9c for 24 h, but no change in caspase-8 activity was detectable. In addition, we noticed a
clear increase of caspase 3 and 7 activity (Figure 22). These are cleaved by the initiator
caspase-9, and this in turn, may activate other pro-apoptotic proteins and cleave PARP-1, as
we already demonstrated (Figure 21). Summarizing, compound 9c was able to activate the

intrinsic apoptotic pathway, increasing the activity of caspases 9, 3 and 7.
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Figure 22. Caspases activity. Activation of caspases 3/7 and 9 following to the treatment of HelLa
cells with the compound 9c at a concentration equal to its 1Cso value for 24 hours. Columns mean,
bars SD, *p<0.001

In the intrinsic apoptotic pathway it is possible to notice a decreased mitochondrial
permeability, with a subsequent release of Cytochrome ¢ from mitochondria to the cytosol
[63]. Thus, in order to study the localization of Cytochrome c, we performed
immunofluorescence assays using HeL a cells exposed to 9c at a concentration corresponding

to its 1Cso value.
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In cells treated with 9c, the red fluorescence corresponding to Cytocrome c, was diffused
and delocalized throughout the cell cytoplasm (Figure 23, 9c). In the control cells (exposed
only to the vehicle), the red fluorescence was strictly localized in well-defined areas of the
cell, corresponding to the mitochondrial compartment (Figure 23, CTRL). In Figure 23 the
different stages of mitochondria disruption during apoptosis are highlighted [64]. The white
arrow 1 indicates the early stages of apoptosis, in which a punctiform fluorescence in the
cytosol demonstrates mitochondria disruption and partial release of Cytochrome c into the
cytosol. In the late stage, the release of Cytochrome ¢ was complete and the red fluorescence

was greatly increased and diffused throughout the cytosol, as indicated by the white arrow

2.
A B C
B - -
Figure 23. Cytochrome c release during apoptosis in Hela cells. In vehicle-treated cells Cytochrome

| -

c is localized within the mitochondria (panel B, CTRL). During the early stages of apoptosis, induced
by compound 9c treatment at the concentration equal to its 1Cso for 24h, mitochondria fragmentation
occurs (as shown by the red dots indicated by arrow 1 in panel B, 9¢) and Cytochrome c is partially
released. In the last apoptotic cell stage, a full release of Cytochrome c is observed (diffused red
fluorescence, indicated by the white arrow 2). Panel A, DAPI (excitation/emission wavelength 350
nm/460 nm), panel B, Alexa Fluor® 568 (excitation/emission wavelength 578nm/603 nm), panel C,
overlay. Images were acquired at 63x magnification and are representative of three separated

experiments.
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2.1.2.3 Docking studies
Docking studies highlighted that compound 9c located at one of the AMP-PNPs (a
non-hydrolysable ATP analogue) of the the hTopoll ATP-binding site (Figure 24, panel A).
AMP-PNP forms some hydrogen bonds that contribute to binding stability (Figure 24, Panel
B):
e Between the adenine moiety and the residues Asn 67, Asn 92 and Thr 187,
e Between the ribose ring and the residues Ser 120 and Ser 121;
e Between the phosphates tail and the peptidic nitrogen of Gly 138 and the side chains
of Asn 63 Ser 120, Asn 122, Lys 140, GIn 348 and Lys 350.
Our simulation demonstrated that 9c forms halogen bonds through the interaction of bromine
with Asn 92 and Thr 187, and the SH group creates a weak hydrogen bond to Asn 122.
Finally, we found some hydrophobic interactions with residues Asp 66, lle 97, lle 113, Phe
114, and Ala 139 that stabilize the 9c binding mode to hTopoll (Figure 24, Panel C).

A
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Figure 24. Panel A) Ribbon representation of a dimeric hTopoll (chains A and B coloured in pink
and olive green respectively) in complex with DNA (yellow ribbon and blue lego). The area within
the orange rectangle highlights ATP binding site. Panel B) A close up of the ATP binding site
showing the different binding modes of AMP-PNP, a non-hydrolizable ATP analogue, (orange) and
9c¢ (black sticks) as suggested by docking simulations. Panel C) shows the protein residues involved

in 9c¢ binding.
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2.1.3 Benzothienoquinazolinones

Considering that benzofuran was a promising scaffold for the synthesis of anticancer
agents [65], in a previous paper an efficient and simple synthesis of a series of 3-
(alkyl(dialkyl)amino)benzofuro[2,3-f]quinazolin-1(2H)-ones was described and also their
biological activities on two models of breast cancer was evaluated [52].

The encouraging results obtained, together with other data previously reported
[66,67], prompted us to extend the synthetic methodology to the synthesis of their thiophenic
isosteres. For this reason, the synthesis of a series of planar fused tetracyclic heterocyclic
compounds (3-(alkyl(dialkyl)amino) benzothieno[2,3-f]quinazolin-1(2H)-ones, 15a-f), as
new  Ellipticine  (XIIlI) analogues and  structurally  correlated to  3-
(alkyl(dialkyl)amino)benzofuro [2,3-flquinazolin-1(2H)-ones [52], has been published
including all experimental details [68].

The compounds have been tested for their antitumor activity against two human breast
cancer cell lines: ERa-positive MCF-7 and triple negative MDA-MB-231. The most active
compound could be considered a promising tool for the development of new multi-target
agent due to its capability to inhibit human Topoisomerases | and Tubulin. It could also
overcome some of the issue, as undesired side effects and drug-resistance, associated with

anticancer agents currently used in oncology.

2.1.3.1 Chemistry

The new series of new 3-(alkyl(dialkyl)amino)benzothieno[2,3-flquinazolin-1(2H)-
ones 15a-f was obtained using a one-pot three-component reaction with 3-
aminodibenzothiophene 12 as starting material (Scheme 3, Table 4) [52,57,69,70]. Compound
12 was obtained following a previously described synthetic route [71]. The thiourea
intermediate 13 was formed by reacting the amino derivative 12 with
ethoxycarbonylisothiocyanate. Intermediate 13 was in situ converted into the
ethoxycarbonylguanidine intermediates 14a-f by reaction with the appropriate alkyl- or
dialkylamine in presence of HgCl>. Cyclization at 160 °C in the same reaction vessel gave
the 3-(alkyl(dialkyl)amino)benzothieno[2,3-f]quinazolin-1(2H)-ones 15a-f after removal of
the by-product HgS by filtration.

43



H
NH, O N H N H N R
i N " NN N\ /
S% o] M e il
S S s R—N, s NH
12 13

14a-f 15a-f

Compounds  Yields (%) | Compounds Yields (%)
15a 41 15d 40
15b 35 15e 44
15¢c 40 15f 50

Scheme 3. Synthetic route for the preparation of benzothienoquinazolinones 15a-f. (i) EEOCONCS
(1 eq.), DMF, 4h, rt; (ii) alkylamines or dialkylamines (3 eq.), HgCl. (1 eq.), 10 min, 0 °C, then 18
h, rt; (iii) 2h, 160 °C. R and R’ see Table 4.

Compounds R R!
15a H n-propyl
15b H n-butyl
15¢ H cyclopentyl
15d n-propyl n-propyl
15e n-pentyl n-pentyl
15f morpholin-1-yl _

Table 4. 3-(Alkyl(dialkyl)amino)benzothieno[2,3-f]quinazolin-1(2H)-ones 15a-f.

2.1.3.2 Biology

The ability of the synthetized compounds to inhibit the cells growth was
evaluated towards two breast cancer cell lines, the ER-a positive MCF-7 and triple negative
MDA-MB-231 cells. As shown in Table 5, the most active compounds were the N-
propylamine derivative 15a and the N-butylamine derivative 15d, mostly toward the highly
aggressive MDA-MB-231 cell line (1Cs0=3.88 £ 0.81 uM and 4.69 £ 1.00 pM, respectively).
Extention of the alkyl chain, e.g. the N-butyl derivatives 15b and 15e, decreased the activity
substantially (ICso= 38.90 + 1.22 uM and 42.35 £ 1.63 puM, respectively). Introducing a
cyclic amine (cyclopentyl amine) was well accepted. Cyclopentylamine 15¢ exerted a good
antitumor activity towards MDA-MB-231 with an ICsg value of 5.59 + 0.90 uM. The
presence of a morpholinic group at C-3 in 15f gave a slightly lower activity (ICso= 9.43 £
1.44 uM). MCF-7 cell line was a less sensitive towards all compounds tested. All the tested
derivatives did not show any cytotoxicity on normal mammary epithelial MCF-10A cells.
The reference molecules used in this assay, Ellipticine (X111) and Vinblastine (XIV), exerted
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a scarce selectivity between the tumoral and non-tumoral cells, thus, causing a strong

cytotoxicity.
ICs0 (UM)

Compound MDA-MB-231 MCF-7 MCF-10A
15a 3.88+0.81 40.70 +0.23 >100
15b 38.90 + 1.22 74.46 + 1.52 >100
15¢ 5.59 +0.90 45,61 +0.23 >100
15d 4.69 + 1.00 41.99 +0.51 >100
15e 42.35+ 1.63 75.23+0.93 >100
15f 9.43+1.44 2117+ 1.18 >100

Ellipticine (X111) 1.85+0.28 1.25+0.35 1.20+0.26
Vinblastine (X1V) 31.64+0.86 15.00 + 1.41 25.86 +1.33

Table 5. 1Cs values of carbazole derivatives (15a-f), Ellipticine (XI11) and Vinblastine (XI1V),
expressed in micromolar (uM).

Bibliographic data report that Ellipticine (XI11) and Vinblastine (XIV) represent
promising lead compounds for the development of new agents against cancer. Ellipticine
(XI1) is promising due to its capacity to interfere with different proteins involved in DNA
replication and cellular growth such as Telomerases, Topoisomerases | and 11, Tubulin and
Kinases [51,72], while Vinblastine (XIV) is able to interact with microtubules’ dynamics
[73,74].

Considering the importance of cytoskeleton dynamics in the main cell functions, such as
mitosis, maintaining of cell shape, cell division, intracellular transport and chromosome
segregation [75-77] and in apoptosis induction [78], we performed an in vitro tubulin-
polymerization inhibition assay to assess if the most active compounds, 15a and 15d, could
be inhibitors of the tubulin polymerization. In this assay, we measured the tubulin
polymerization through turbidity variation at 350 nm, using a vehicle (DMSQO) control,
compounds 15a and 15d and Paclitaxel (I11) and Vinblastine (XIV), as controls, at 10 uM
concentration.

Figure 25 shows, that in the control experiment (DMSO) tubulin heterodimers self-assemble,
as indicated by the turbidity increase in a time-dependent manner, reaching the steady state
after about 15 minutes and with a final optical density value at 350 nm (ODzso) of about
0.47. The microtubule-stabilizing agent Paclitaxel (I11) provoked a similar pattern but with

a higher rate and amount of tubulin heterodimers assembly (ODzso of about 0.52), reaching
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the plateau after about 10 minutes. The microtubule-destabilizing agent Vinblastine (XIV)
was able to block strongly the tubulin polymerization, as indicated by the lower final
turbidity value less than the half of the control reaction (ODsso of about 0.2) and by the
reaching of the steady state only after about 40 minutes. Compounds 15a and 15d influenced
tubulin polymerization reaction but less compared to Vinblastine (X1V). Compound 15a and
15d presented a similar behaviour as Vinblastine (X1V). The steady state was reached at 15
minutes for 15a and 30 minutes for 15d. Even though Vinblastine (XIV) is a faster inhibitor
with respect to compounds 15a and 15d, it should be noticed that the final OD3so values for
compounds 15a and 15d (ODzso of about 0.24 and 0.26, respectively) are similar to that of
Vinblastine (XIV). Thus, our outcomes demonstrate that compounds 15a and 15d are valid
tubulin polymerization inhibitors, with the important advantage lacking cytotoxicity on non-
tumoral cell line (Table 5, comparing 1Cso values of compounds 15a, 15d and Vinblastine
(X1V) for MCF-10A cells).
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Figure 25. Tubulin polymerization assay. Tubulin heterodimers polymerization into microtubules
was determined by measuring the turbidity at 350 nm for 3600 seconds at 37 °C. The effect of
compounds 15a and 15d (10 uM) on tubulin polymerization in vitro was examined. DMSO was used
as a negative control. Tubulin-targeting agent Paclitaxel (111, 10 uM) and Vinblastine (X1V, 10 uM)

were used as tubulin-stabilizing and tubulin-destabilizing reference agents, respectively.

Since topoisomerases are often over-expressed in cancer cells, allowing an
uncontrolled proliferation, we evaluated if our compounds would be able to inhibit the

human topoisomerases | (hTopo I) and Il (hTopo II).
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Compound 15a (Figure 26) was able to inhibit hTopo I, as evidenced by the presence of a
single band at the bottom of the gel (lane 4) corresponding to the not-cleaved plasmid
pHOT1. In contrast, compound 15d did not exert any inhibitory activity, under the
conditions and concentration used in this assay, and multiple bands due to pHOT1 DNA
cleavage were visible (lane 5), as in the control (lane 2), where the enzyme was exposed only
to the vehicle (DMSO). The reference Ellipticine (XI11) was, as expected, able to inhibit
hTopo | enzyme and capable to shift the super coiled plasmid DNA electrophoretic migration
[33,52] (Figure 26, lane 3).

= o

Figure 26. hTopol assay. Supercoiled DNA was incubated without or with human topo | in the
absence or presence of the test compounds at 50 uM : lane 1, super coiled DNA, lane 2, vehicle

(DMSO), lane 3, Ellipticine (XI11), lane 4, compound 15a, lane 5, compound 15d.

Neither, compound 15a and 15d was not able to inhibit hTopo Il, at concentration up
to 100 uM (data not shown).
These data demonstrate that compounds 15a represent a good lead for the development of

multi-targeting agents toward different cellular proteins/enzymes.
2.1.3.3 Molecular docking

In order to predict the molecular mechanism that could be responsible for the

antitumor activity, molecular docking of compounds 15a and 15d was performed on the
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crystallographic structures of Tubulin, Topoisomerase | and Topoisomerase 1, obtained
from the Protein Data Bank (PDB).

As shown in Figure 27 the two benzothienoquinazolinone derivatives 15a and 15d interact
with the catalytic residue in the Tubulin active site, particularly:

» 15a forms a hydrogen bond having the N atoms of the appended aliphatic chain as a
donor and the backbone of Asn349 as acceptor (binding energy = -7.3 kcal/mol).

» 15d binds with its pentacyclic moiety to the side chain of the protein residue Leu248
through a n-hydrogen interaction (binding energy = -8.1 kcal/mol);

In the case of Topoisomerase | (Figure 28), derivatives 15a and 15d bind the same binding
site of the crystallographic ligand Topotecan, forming:

» several aromatic n-m interactions with two bases (G11 and A113);

» arelatively weak hydrogen bond with one of the terminal N atoms in the side chain
of Arg364 acting as donor, and the N at position 4 of the quinazolinone moiety of
the ligands as acceptor.

The binding energies of the two ligands are highly favourable: 10.3 kcal/mol for 15a and -
10.2 kcal/mol for 15d.

In Figure 29, we report docking experiments of both benzothienoquinazolinone derivatives
15a and 15d on the Topoisomerase Il active site, forming:

» several aromatic w-x interactions with the DNA;

* hydrogen-x interaction between the S atom of pentacyclic moiety of the ligand and
the 5-membered ring of an adenine base (A12).

The binding energy obtained for 15a and 15d are, respectively, -7.9 and -7.3 kcal/mol.
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Leu248 60248
Cys241 Cys241
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Figure 27. Ligand-binding pocket of the active site of Tubulin. Protein backbone is represented in
background as ribbons, and key protein residues are in blue. (A) Superimposed binding modes of the
Colchine (red), 15a (cyan) and 15d (magenta). The ligands are also shown separately: (B)
Colchicine, (C) compound 15a, and (D) compound 15d.
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Arg364 Asp533

Asn722 Asn722

Asn722 Asn722

15a 15d

Figure 28. Ligand-binding pocket of the active site of Topoisomerase I-DNA complex. Protein
backbone is represented in background as ribbons, and key protein residues are in blue. (A)
Superimposed binding modes of the Topotecan (green), 15a (cyan) and 15d (magenta). The ligands
are also shown separately: (B) Topotecan, (C) compound 15a, and (D) compound 15d.
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D
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Figure 29. Ligand-binding pocket of the active site of Topoisomerase II-DNA complex. Protein
backbone is represented in background as ribbons, and key protein residues are in blue. (A)
Superimposed binding modes of Etoplatin N2f3 (vellow), 15a (cyan) and 15d (magenta). The ligands
are also shown separately: (B) Etoplatin N2§ (yellow), (C) compound 15a, and (D) compound 15d.

Among the human cancers, Breast and uterine cancers caused the death of almost the
26% and 7% of women, respectively [1]. The availability of new and improved
chemotherapies with few side effects and less risk of development of resistance is still a
major challenge. The carbazolic compounds 4f, 9c, 15a and 15d, structurally correlated to
the most known Ellipticine (XI11) and Vinblastine (XI1V) (see Figure 12), could represent
new potential anticancer molecules. These compounds were able to exert good

antiproliferative effects on in vitro models of the most common cancer types in women.
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Considering the biological features of these new carbazolic compounds, they could be new
lead compounds and new tools for the treatment of women’s cancers. Particularly,
compound 15a may represent a good tool for the development of new multi-target agents, a

current trend in drug research in oncology.
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2.2 NEW GOLD AND SILVER CARBENE METAL COMPLEXES:
CISPLATIN (I1) ANALOGUES

Cisplatin (I1) and other platinum-based drugs (carboplatin, oxaliplatin, nedaplatin
and lobaplatin) are still in use for their antitumor properties. Their clinical use is often limited
because of severe toxicity and the onset of frequent resistance phenomena [79-83]. In order
to overcome these limitations, many research groups have developed new metal complexes
[84-93].

Among the numerous synthesized complexes, significant anti-proliferative effects have been
obtained using silver or gold based compounds [94,95]. Silver salts are known since ancient
time for their antimicrobial properties [96,97]. Nowadays, in addition to their antibacterial
activity, these complexes have shown promising antitumor activities in vitro and in vivo [98-
101].The Ag cation is the responsible for the activity and it is able to interact with the cell
membrane or the thiol groups of bacterial enzymes and interfere with the mitochondrial
electron-transport system [102].

Gold complexes been used for a long time. They are employed in arthritis and cancer
treatment [103-105], exerting multiple mechanisms of action. They induce cellular apoptosis
that could result from mitochondrial or DNA damage, can act as enzyme inhibitor
(thioredoxin reductase) and modulate some kinases and phosphatases [52,95,106-108].
N-heterocyclic carbenes (NHCs) represent promising ligands for both silver and gold
complexes because of their o-donor properties, & backbonding and transition-metal-binding
abilities [109,110]. They are also easily accessible in a few steps and they can bind large and
various classes of substituents [111-113]. This make them suitable ligands for fast and
efficient drug design and for the stabilization of biologically active metal complexes [114].
Recently, promising results have been obtained by Saturnino et al. in 2016 [115], concerning
the anticancer properties of some silver and gold NHC complexes (Figure 30).

The antitumor activity of these metal complexes, containing the ligands L1, L2 and L3, was
evaluated toward the breast carcinoma cell line MCF-7. The obtained results showed that
AgL3 and AuL.3 possessed a good cytotoxic activity on this line (ICso = 4.0 + 0.2 uM and
1.0 + 0.2 uM, respectively), while the gold and silver complexes containing the ligands L1
and L2 did not produce any anti-proliferative activity [115].
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Figure 30. Silver and gold complexes (L1-L3) [115].

These interesting data pushed us to design and study two new series of metal complexes,

showed in Figure 31 (L4-L38).
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Figure 31. New silver and gold complexes (L4-L8).

2.2.1 Novel Au and Ag carbene complexes

In order to deepen the results obtained by Saturnino et al. [115], in a first work [116]
we made some structural modifications on the L1 complexes, introducing two chlorine
atoms or two phenyl groups on the NHC fragment, obtaining four new metal complexes

(AgL4, AuL4, AgL5 and AuL5) (Figure 32).
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Figure 32. New synthesized silver and gold complexes (AgL4, AuL4, AgL5 and AuLb5)

The new synthesized complexes exerted a promising antitumor effect on two breast
cancer cell lines (MCF-7 and MDA-MB-231), and mostly toward two uterine cancer cell
lines (HeLa and ISHIKAWA). In particular, the most active gold complex AuL4 was able
to induce the intrinsic (or mitochondrial) apoptotic pathway increasing ROS production in
HelLa cells. Cisplatin (1), used as a reference molecule, exhibited a lower cytotoxicity than

our compounds.

2.2.1.1 Chemistry

The ligand 4,5-dichloro-imidazolium-N-methyl-N’-cyclopentan-2-ol iodide (L4)
was obtained over two steps previously reported [117]. First, 4,5-dichloroimidazole was
transformed into the monoalkylated product (Scheme 4), via epoxide opening of
cyclopentene oxide. The second nitrogen atom was methylated using CHsl (Scheme 4). The

salt L4 was obtained as a racemic mixture (74% vyield) [116].

Cl Cl
; ( —_— ; ( * ———> _ NI N
H
a b L4

Scheme 4. Synthesis of 4,5-dichloroimidazolium N-methyl-N’-cyclopentan-2-ol iodide (L4). i)
cyclopentene oxide, 60 °C 12h; ii) methyliodide, acetonitrile, reflux, 12 h, 74% yield.

4,5-Diphenylimidazolium-N-methyl-N’-cyclopentan-2-ol iodide (L5) was obtained
as previously reported [118], with some modifications. First small pieces of potassium were
added to a solution of 4,5-diphenylimidazole in dimethylformamide. Then, after dissolution
of the alkaline metal, cyclopentene oxide was added to a warm (100 °C) solution (Scheme
5), obtaining 4,5-diphenylimidazolium-N-cyclopentan-2-ol as a white solid (60% vyield).
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This product was dissolved in acetonitrile and after the addition of methyl iodide we obtained
salt L5 in 52% yield (Scheme 5, second step) [116].

Ph Ph
Ph Ph Ph Ph OH
>:< i ?—< OH ii - *
— . — % _ = N + N *
— S—
M ST 0
c d L5

Scheme 5. Synthesis of 4,5-diphenylimidazolium-N-methyl-N"-cyclopentan-2-ol iodide (L5). i)
cyclopentene oxide, DMF, potassium 100 °C, 17 h, 60 % yield; ii), methyl iodide, acetonitrile, 80°C,
2h, 52% yield.

Reactions of the salts with silver oxide (Ag20), under an inert nitrogen atmosphere,
as reported earlier [97,119], produced corresponding Ag—NHC complexes AgL4 and AgL5
(see Scheme 6). They were characterized by 'HNMR and *CNMR spectroscopy, mass

spectrometry and elemental analysis [116].

Y. Y
V(¢ OH
/N\*\_FN\*@ _ ' . [Ag(NHC),] AT
H

AgL4 Y=Cl
L4 Y=Cl AgL5 Y= Ph
L5 Y=Ph

Scheme 6. Scheme for the preparation of Ag-NHC complexes AgL4 and AgL5. i) Ag.0O, CHCl,
reflux, 4h, 25 % yield.

AuL4 and AuL5 were synthesized by transmetalation in dichloromethane between
the corresponding Ag-NHC complexes and the chloro(dimethylsulfide)gold(l)
[(Me2S)AuCI] complex, according to the procedure already reported [120] (see Scheme 7).
(Me2S)AuCI was added to a solution of the silver complex in CH2Cl, (molar ratio of 1:1),
and after purification, a yellow powder in good yield (77%) was obtained for both gold
complexes. The products were analyzed by NMR spectroscopy, mass spectrometry and

elemental analysis [116].
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Scheme 7. Scheme for the preparation of Au-NHC complexes AuL4 and AuLb5. i) (MesS)AuCI,
dichloromethane, rt, 4h, 77% yield.

2.2.1.2 Biology

The antitumor properties of the new series of Au and Ag complexes were evaluated
towards two breast cancer cells (MCF-7 and MDA-MB-231) and two ovarian cancer cells
(HeLa and ISHIKAWA). Gold complex AuL4 resulted the most active complex and all the
other metal complexes exerted good inhibitory effects on the proliferation of the cells used
in these assay (Table 6). AuL4 drastically reduced the growth of HeLa cells (ICso value
amounting to 1.63+0.5 uM. It also exhibited good antiproliferative activity on breast cancer
cells, MCF-7 and MDA-MB-231 with ICso values of 3.98+0.4 and 6.02+0.7 pM,
respectively. AgL4 possessed a lower activity than AuL4 towards all cancer cells used, but
it exhibited a better inhibitory activity than Cisplatin (11) on breast cancer cells proliferation.
In contrast, both silver and gold L5 complexes exerted a lower, although still good, antitumor
activity than the corresponding L4 complexes. This characteristic could due to the different
lipophilicities and in the steric and electronic properties of the two ligands. We evaluated if
the ligands L4 and L5 by themselves could possess any cytotoxic activity. Data showed in
Table 6 demonstrate that both ligands did not exert any antitumor effect up to a concentration
of 200 uM. The cytotoxicity of all complexes towards two non-tumoral cell lines, human
nonmalignant breast epithelial MCF-10A cells and human embryonic kidney HEK-293 cells
was also evaluated. They did not show any cytotoxic up to 200 uM. These outcomes
highlight that these complexes are more effective towards uterine tumor cells and still

maintain good antiproliferative effects towards breast cancer cells. The lack of cytotoxicity
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against normal cells pushed us to study the mechanism of action of the lead compound
AulL4.

I1Cs0 (UM)

MCF-7 MDA-MB-231 HelLa ISHIKAWA MCF-10A HEK-293

AulL4 3.98+0.4 6.02+0.7 1.63+0.5 4.81+0.9 >200 >200
AgL4 16.5+0.8 20.8x1.2 15.6+0.6 15.0£0.9 >200 >200
AuL5 21.2+0.6 20.2+0.9 15.2+0.8 16.7+1.2 >200 >200
AgL5 51.7+1.1 35.8+0.7 24.4+0.9 24.7+0.8 >200 >200
L4 >200 >200 >200 >200 >200 >200
L5 >200 >200 >200 >200 >200 >200

Cisplatin (II) 35.8+1.3 28.7+1.0 15.7+1.1 15.1+0.8 81.3+x1.2  16.8+0.7

Table 6. ICso values of Au- and Ag-NHC complexes and Cisplatin (11), expressed in micromolar

(uM).

In order to study the molecular mechanism underlying the antitumor properties of
most active complex AulL4, we exposed HelLa to it. AuL4 was able to cause dramatic
morphological changes (Figure 33): at 24 h cells possessed a dissimilar form compared to

the control cells, with elongated and threadlike cytoplasm. At 48 h cells appeared to be round

and small (cell shrinkage).

Figure 33. Morphological changes after the exposure of HeLa cells to AuL4. a) Vehicle-treated cells
with normal morphology; b, ¢) Cell morphology changes after 24 and 72 h, respectively; cells

appeared filiform and then round and small (20x magnification).
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TUNEL assay was used for the evaluation of AuL4-inducted apoptosis in HeLa cells.
The presence of a green fluorescence in cells treated with AuL4 (Figure 34, panel B, AuL4),
absent in the CTRL cells (Figure 34, panel B, CTRL), indicated that nuclear DNA is

damaged and fragmented, leading to cell death by apoptosis.
- - -

Figure 34. Apoptosis detection by TUNEL assay on HelLa cells. Cells were treated for 24 h with
AulL4 and then cold-methanol fixed and subjected to the TUNEL procedure and to DAPI

CTRL

AulL4

counterstain, as reported in Material and methods section. Fixed cells were observed and imaged
under an inverted fluorescence microscope at 20X magnification. A) DAPI (excitation/emission
wavelength 350 nm/460 nm), B) CF™4884 (excitation/emission wavelength 490 nm/515 nm), C)

overlay channel; representative fields are shown.

Generally, cells develop several strategies in order to identify and repair DNA
damage. Amongst them, poly-(ADP-ribose) polymerase-1 (PARP-1) play a major role in
repairing DNA lesions, thanks to its poly(ADP-ribosyl)ation that induces chromatin
decondensation around the damage site, allowing the recruitment of DNA-repair
apparatuses. If PARP-1 cannot exert this action, DNA damage cannot be repaired and the
cell dies. Thus, we performed Western blot analyses in order to study the status of PARP-1
in HeLa cells treated with AuL 4. Figure 35 demonstrates that this complex induced PARP-
1 cleavage in a time-dependent manner, preventing genomic DNA reparation.
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Ctrl 24h 48h 72h

116 KDa PARP-1

89 KDa cleaved PARP-1

Figure 35. Time course of PARP-1 cleavage. Uterine cancer Hela cells were treated with AuL4 at
1 uM concentration, then the total protein content was extracted and processed as reported in
Material and methods. Ctrl: protein extract from vehicle-treated cells (only at 72h is visible); 24h,
48h and 72h: protein extract of AuL4-treated cells at the indicated time point. GAPDH: loading

normalization.

PARP-1 appears to be a substrate of 3/7 effector caspases in the cascade of
biochemical events that occur during the sophisticated and well-regulated apoptotic process
[121]. We measured the activity of the activating caspases 8 and 9 and of the executing
caspases 3/7: the fluorescence assay underlined a significant increase in caspases 3/7 and 9
in the HelLa cells exposed to AuL4, while the levels of activity of caspase 8 remained
unchanged compared to the control cells (vehicle-treated) (Figure 36). These data
demonstrate that AuL4 treatment promoted the activation of caspase 9 that in turn activated

caspases 3/7, which leads to the above-mentioned PARP-1 cleavage.
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Figure 36. Caspases activity. Activation of caspases 3/7 and 9 (percentage over the vehicle-treated
cells used as control) following to the treatment of HeLa cells with the AuL4 at 1 uM for 24 hours.
Columns mean, bars SD, *p<0.001.

Considering that the exposure of HeLa cells to the AuL4 complex appears to trigger
the intrinsic apoptotic process and that many metal complexes accumulate in the
mitochondrial network [115,122], we carried out a fluorescence assay. We used a specific
mitochondrial probe, the MitoTracker Deep Red FM, together with an anti-cytochrome ¢
antibody to follow the eventual release of this protein from mitochondria to the cell
cytoplasm (Figure 37). In the control cells, mitochondria are integral and cytochrome c is
located within them (panel D, merge). The green fluorescence corresponding to the
cytochrome c (panel B, CTRL) is well defined and localized in the perinuclear area and is
perfectly co-localize with red fluorescence (panel C, CTRL), associated with the
mitochondrial probe (MitoTracker Deep Red FM). In AuL4-treated HeLa cells, cytochrome
c is released into the cell cytoplasm because of mitochondria fragmentation. Indeed, green
fluorescence (panel F) is higher and clearly diffused into the cell cytoplasm, and red
fluorescence (panel G) is punctiform and diffused in the cytoplasm, due to the mitochondria
fragmentation. The perfect overlay between the green and red fluorescence is not noticeable

after AuL4 treatment (panel H).
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Figure 37. Mitochondria disruption and cytochrome c release in Hela cells. In vehicle-treated cells
cytochrome c (panel B) is localized within intact mitochondria (panel C), as noticeable in panel D
where the merge is shown. The treatment of Hela cells with AuL4 1 uM for 24h induce cytochrome
c release in the cytosol (panel F, white arrows) and mitochondria fragmentation (panel G, white
arrows). Panels A and E, nuclear stain with DAPI (excitation/emission wavelength 350 nm/460 nm);
Panels B and F, Alexa Fluor® CF™488 (excitation/emission wavelength 490 nm/515 nm); Panels
C and G, MitoTracker® Deep Red FM probe (Fluorescence excitation= 644 nm, Fluorescence
emission= 665 nm); Panels D and H, merge. Images were acquired at 63x magnification and

representative fields were shown.

Mitochondrial dysfunction usually induces intracellular oxidative stress and both
phenomena are involved in the induction of cell death by apoptosis [123-126]. With this in
mind, we studied also the ability of AuL4 to produce cellular ROS in HelLa cells, using as
positive control Menadione (Men) because of its known ability to cause ROS production and

cell death due to oxidative stress [127]. After treatment of HeLa cells with AuL4, 1 uM for
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24 h with or with Men 10 uM for 1 h, cells were incubated with 2°-7’-dichlorofluorescein
diacetate (DCF-DA), a non-fluorescent compound that in the presence of intracellular ROS
is oxidized to DCF, which produces green fluorescence. Figure 38a underlines the presence
of a similar green fluorescence in the cytoplasm of cells treated with AuL4 and Men (panel
B, Men and AuL4, white arrows), which is indicative of increased ROS production. In the
control cells (treated with the only vehicle) this green fluorescence was absent. Cell nuclei
were dyed with DAPI (panel A), and the overlay is shown in panel C. The fluorescence
quantification, performed using ImageJ (Figure 38b) confirmed the capacity of AulL4 to

induce ROS production in HelLa cancer cells similarly to that of Menadione.
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Figure 38. ROS induction by AuL4 treatment in Hela cells. (A) ROS production was evaluated using
DCF-DA in HelLa cells treated with Menadione (Men, used as positive control), AuL4 or vehicle.
Images were acquired at 20x magnification. Panels A, nuclear stain with DAPI (excitation/emission
wavelength 350 nm/460 nm) in treated (Men or AuL4) and untreated cells (vehicle, CTRL). Panels
B, DCF (490 nm/515 nm for CF™4884) in treated (Men or AuL4) and untreated cells (vehicle,

CTRL). Panels C show the merge channel. (B) Fluorescence quantification. *p<0.001, AuL4 vs Men.



2.2.2 New multi-target Au an Ag metal complexes

With the aim to improve these results, our research also concerned the structural
modification of the complexes containing the L3 ligand (Figure 30), in order to improve its
antitumoral properties. In particular, the new synthesized L3 analogues (Figure 39) contain
two chlorine atoms on the carbene unit (L6). This substitution would further increase their
lipophilicity and therefore could increase their biological activity. Considering that the 2-
hydroxy-2-phenylethyl substituent on the nitrogen could represent an important portion for
biological activity, the other methyl group of the imidazole ring was also replaced with a 2-
hydroxy-2-phenylethyl group (L7) or with a 4-(hydroxymethyl)phenyl (L8). These
substituents could represent a good compromise between solubility and lipophilicity.
Another alcoholic function would make the complexes more soluble in a physiological

environment and the aryl substituent could increase their lipophilicity.
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Figure 39: New synthetized Ag and Au complexes.

The anti-tumor activity of these new complexes was evaluated on two breast and on
two uterine carcinoma lines. The obtained results showed, in particular on the highly
aggressive and metastatic MDA-MB-231 cell lines, an interesting anti-tumor activity of the
compound AuL6 that was also able to interfere with two important targets involved in

carcinogenesis. It acts as valid tubulin polymerization inhibitor and it was a potent hTopo |
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and Il inhibitor. AuL6 can be considered a promising lead complex for the development of
multi-targets agents in cancer therapy.

2.2.2.1 Chemistry

All compounds were synthetized according to literature procedures with small
modification [128-132].
The synthesis of the carbene complexes 4,5-dichloroimidazole N-methyl-N-[(2-hydroxy-2-
phenyl)ethyl]-2-ylidene silver (1) iodide (AgL6) and 4,5-dichloroimidazole N-methyl-N -
[(2-hydroxy-2-phenyl)ethyl]-2-ylidene gold (I) chloride (AuL6) (see Figure 39), has been
recently reported [133],

For the synthesis of the pro-ligand salt L7, having on both nitrogen of the heterocycle
nucleus the same substituent (2-hydroxy-2-phenyl-ethyl) (Scheme 8), imidazole was reacted
with styrene oxide. In this reaction the opening of the epoxy ring occured with formation of
the dialkylated product. To unify the counter ion, the crude salt was heated with HI. The salt
L7 was characterized by H- and 3C-NMR spectroscopy, mass spectrometry and elemental

analysis.
—_ i O /= OH
— NN
N _NH Y
N
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Scheme 8: Synthesis of N,N-bis-[(2-hydroxy-2-phenyl)ethyl]-imidazolium iodide (L7). i) 1. styrene
oxide, THF, 60°C, 24h, 2. HI, DMC, 43% yield.

The salt L7 was reacted in CH3CN with silver oxide (Ag20) in nitrogen atmosphere
and in the presence of molecular sieves. In these conditions, as earlier reported [115], the
silver oxide deprotonates at carbon-2 giving the corresponding Ag—-NHC complex (AgL7)
(Scheme 9). The molecular sieves are used to capture the water, which is a byproduct of the
reaction, and to shift the equilibrium. The complex was characterized by NMR, elemental

analysis and mass spectroscopy.
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Scheme 9: Synthesis of bis-N,N’-[(2-hydroxy-2-phenyl)ethyl]-imidazole-[2-ylidine]
[silver(]"[diiodide-silver(1)] (AgL7). i) Ag.O, CHsCN, 50% yield.

The salt L7 was reacted in DMF (dimethylformamide) with the base KHMDS
(potassium-bis-(trimethylsilyl)-amide) and  with  chloro-(dimethylsulfide)-gold(l)
[(CH3)2SAUCI] (see Scheme 10). The obtained complex AuL7 was characterized by *H- and
13C-NMR and mass spectrometry.

W=
NN i
-

AuL7
L7

Schema  10:  Synthesis  of  bis-N,N'-[(2-hydroxy-2-phenyl)ethyl]-imidazole-[2-ylidine]-
[gold(1)]*[dichloride-gold(1)]” (AuL7). i) (CHs).AuSCl, DMF, 56% yield.

N-[4-(hydroxymethyl)phenyl]-N-[(2-hydroxy-2-phenyl)ethyl]-imidazolium
bromide (L8) was prepared in tetrahydrofuran by reaction of imidazole and 1,2-
epoxyethylbenzene to obtain, after the opening of epoxy-ring, the monoalkylated product.
Arylation of the second nitrogen atom was performed using 4-bromo-benzylalchol to
produce the racemic mixture of the salts L8 (Scheme 11) and characterized by H- and *C-

NMR spectroscopy, mass spectrometry and elemental analysis (38% yield).
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Scheme 11: Synthesis of N-[4-(hydroxymethyl)phenyl]-N -[(2-hydroxy-2-phenyl)ethyl]-imidazolium
bromide (L8). i) styrene oxide, THF, 60 °C; ii) 4-bromo-benzylalchol, THF, reflux 24h, 38% yield.
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As before, the salt L8 was reacted in CH2Cl2 with silver oxide in nitrogen atmosphere
and in the presence of molecular sieves. In these conditions [115], the silver oxide
deprotonates carbon-2 giving the corresponding Ag—NHC complex (AgL8) (Scheme 12).

—\ — OH
— O*H ; =\ I
N+ N N. N
HO Y —— = HO Y
H - AgBr
Br
L8 Agl8

Schema 12: Synthesis of N-[4-(hydroxymethyl)phenyl]-N-[(2-hydroxy-2-phenyl)ethyl]-imidazole-
[2-ylidene]silver(l)bromide (AgL8). i) Ag-0, CH:Cly, rt, 1h, 50% yield.

The gold complex AuL8 was obtained by trans-metallation from the corresponding
silver complex (Scheme 13).
Thus, the silver complex AgL8 was reacted with chloro-(dimethylsulfide)-gold(l)
[(CH3)2SAUCI] in dichloromethane to give AuL8 in 15% yield. The obtained solid was
characterized by 'H-NMR and *C-NMR, mass spectrometry and elemental analysis.

/ - \ Oﬂl:l /:\ OH
HO N_ N i N N *
Y e e Y
AgBr AuBr

Agl8 AuL8

Scheme 13: Synthesis of N-[4-(hydroxymethyl)phenyl]-N’-[(2-hydroxy-2-phenyl)ethyl]-imidazole-
[2-ylidine]-gold(l)bromide (AuL8). i) (CHs)2AuSCI, CH:Clz, rt, 1h, 15% yield.

2.2.2.2 Biology

The antitumor activity of these complexes was evaluated on two breast carcinoma
lines, MCF-7 and MDA-MB-231, and on two uterine carcinoma lines (HeLa and Ishikawa).
The obtained results (Table 7) established an interesting anti-tumor activity of the compound
AuL6 (ICsp = 2.10 £0.7 uM), in particular on the highly aggressive and metastatic MDA-
MB-231 cell line. The silver complex containing the L6 ligand (AgL6) also exhibited a good
anti-tumor activity, mostly toward the uterine cell lines (ICso values=9.76+0.6 and 6.55+0.9
uM on HelLa and ISHIKAWA, respectively). Silver and gold complexes containing the L7

and L8 ligands possessed no one or a lesser anti-tumor activity if compared with complexes
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of L6 series and also with Cisplatin (I1), used as reference molecule. Moreover, all the new
synthesized complexes were found to be not cytotoxic on the proliferation of normal cell
lines MCF-10A (see Table 7), if compared with Cisplatin (11).

I1Cs0 (UM)

MCF-7 MDA-MB-231 HeLa ISHIKAWA MCF-10A
L6 >200 >200 >200 >200 >200
AgL6 10.5+0.8 3.2+1.2 9.8+£0.6 6.6+0.9 >200
AuL6 5.2+0.4 2.1+0.7 31.9+0.5  29.9+0.9 >200
L7 >200 >200 >200 >200 >200

AgL7 29.7£0.3 57.9+0.5 477404  26.7+0.5  143.4+0.8

AuL7 9.38+0.2 53.7+0.7 98.6+1.2  12.6+0.3 158.8+1.0
L8 >200 >200 >200 >200 >200
AgL8 >200 >200 >200 >200 >200
AuL8 18.2+0.5 31.7+0.8 44509 54910 >200

Cisplatin (1) 35.8+1.3  28.7#1.0  157+1.1 151+0.8  81.3+1.2

Table 7. ICsp values of Au and Ag complexes and Cisplatin (11), expressed in micromolar (uM).

Considering the promising effect of AuL6 on the breast cancer proliferation, we have
deepened its molecular mechanism. Nowadays, there is a general agreement that compounds
able to interact simultaneously with different targets might be more active than single target
agents. Because of the involvement of more signaling pathway in cancer development, a
single targeted therapy might not be efficient to block tumor progression. Single target
agents could also lead to the onset of frequent resistance phenomena and dramatic side effect.
Thus, the discovering of new anticancer agents able to overcome these limitations is urgently
needed. In this context, topoisomerases and microtubules represent important anticancer
targets and the combination of inhibitors of both targets should enhance the final therapeutic
outcome [134-136].

DNA topoisomerases are essential for DNA replication because of their ability to cause
temporary DNA strand breakage in order to remove the supercoiled DNA. Anticancer agents
targeting both isoform of Topoisomerases are widely used in cancer fighting [137].

Microtubules have also a crucial role in a large number of cellular functions and, for this
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reason, their damage lead to perturbation of tubulin polymerization and of the function of
the spindle apparatus, triggering apoptosis in cancer cells [138].

In order to assess the capability of AuL6 to inhibit both forms of DNA topoisomerases, we
performed an in vitro assay for topoisomerase | activity based on relaxation of supercoiled
DNA and an assay for topoisomerase 11 based on the decatenation of double-stranded DNA.
A principal function of topoisomerase | is the relaxation of supercoiled DNA. In this assay
we exploited the different electrophoretic mobility on agarose gel of supercoiled and relaxed
DNA in order to establish the ability of our compound to inhibit the activity of this enzyme.
The total inhibition of the hTopo I supercoil relaxing activity in the presence of compound
AuULG6 at the concentration of 1 uM was evidenced by a clear band of not-relaxed plasmid
pHOT1 DNA in the bottom of the gel (Figure 40, lane 3). The only use of the vehicle DMSO
did not exhibit any noticeable inhibition on the DNA topo | activity, under the identical
experimental conditions (Figure 40, lane 2). It is possible to observe the presence of more
band corresponding to the relaxed plasmid DNA. Figure 40, lane 1 shows the plasmid
pHOT1 DNA, used as marker.

—
— s

Figure 40. hTopol assay. Supercoiled DNA was incubated without or with human topo | in the
absence or presence of the test compounds at 1 uM: lane 1, plasmid pHOT1, lane 2, vehicle (DMSO),
lane 3, AuL6 1 uM.

Topoisomerase Il possesses the ability to catalyze the decatenation of a double-
stranded DNA. Thus, in this assay, interlocked kinetoplast DNA (kDNA) was used as
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substrate and decatenated and linear KDNA (Figure 41, lane 1 and 2) were used as markers.
Compound AuLS6, already at the concentration of 1 uM, totally inhibited the hTopo Il
activity. It is possible to notice the presence of a remarkable band in the upper of the gel
corresponding to the catenated circles of KDNA, which is unable to enter on agarose gel
(Figure 41, lane 4). In the control reaction (with DMSO only) two band related to the
decatenation products were detected (Figure 41, lane 3).
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Figure 41. hTopo Il inhibition assay. KDNA was incubated with human Topoisomerase Il in the
absence (lane 3, vehicle DMSO) or in presence of compound AuL6 at 1 uM (lane 4). Lane 1 and 2,
decatenated and linear kinetoplast DNA (KDNA), respectively.

At the end, we performed an in vitro tubulin-polymerization inhibition assay to assess
whether the complex AuL6 could be inhibitor of the tubulin polymerization.
In this assay, the tubulin polymerization through turbidity variation at 350 nm was measured,
using a vehicle (DMSO) control, compound AuL6 and two well-known microtubules
targeting agents, Paclitaxel (I111) and Vinblastine (X1V), as reference molecules, at the 10
KM concentration.
In the control experiment (vehicle, DMSO) tubulin heterodimers self-assemble, as indicated
by the increase of the turbidity in a time-dependent manner (Figure 42). The microtubule-
stabilizing agent Paclitaxel (I111) caused a similar pattern but with a higher rate and amount
of tubulin heterodimers assembly. Instead, the microtubule-destabilizing agent Vinblastine
(X1V) was able to block strongly the tubulin polymerization, as indicated by the lower final

turbidity value less than the half of the control reaction and by the reaching of the steady
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state, only after a long time of about 40 minutes compared to 15 and 10 minutes, for control
and Paclitaxel (I11) respectively. Compound AuL6 is also a valid tubulin polymerization
inhibitor at 10 uM, influencing tubulin polymerization reaction as well, even if in a less rate
compared to Vinblastine (XIV). However, when the curves reached the steady state the

turbidity of tubulin is similar for Vinblastine (XI1V) and AuLS6.
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Figure 42. Tubulin polymerization assay. The effect of compound AuL6 on in vitro tubulin
polymerization was evaluated. Two positive control molecules, Paclitaxel (111) and Vinblastine
(X1V), were used as tubulin-stabilizing and tubulin-destabilizing agents, respectively. DMSO was
used as a negative control. Assembly of tubulin into microtubules was determined by measuring the
turbidity at 350 nm for 3600 seconds at 37 °C. All the compounds were used at a concentration of
10 uM.

In conclusion, the results obtained are very interesting considering that metal ions
are exploited in many scientific fields thanks to their wide spectrum of reactivity. Cisplatin
(11) is one of the most-effective chemotherapeutic agents in clinical therapy, but its clinical
use is limited because of severe dose-dependent side effects and the onset of inherent or
acquired resistance [139]. In this context, the important results in terms of antiproliferative
activity and of important targets involved, together with the absence of cytotoxic effects on
different non-tumor cells, make our new complexes AuL4 and AuL6 very promising and
valid candidates for the development of improved metal-based compounds and for further

preclinical investigations.
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2.3 NEW ALTERNATIVES TO TRADITIONAL
CHEMOTHERAPY

2.3.1 Thalidomide (XV) analogues: old drug repurposing as new

anticancer agent

Drug repurposing has become popular because discovering and bringing new drugs
to the market takes too long and costs too much. An existing drug has already been approved
by the Food and Drug Administration. Thus, repurposing and screening of new targets can
reduce economic and practical research efforts.
In this context, Thalidomide (XV) was first used for alleviation of morning illness in
pregnant women [140] and then withdrawn from the market because of its dramatic effects
on fetal development [141]. Recently, interest in this old drug has been renovated, due to its
effectiveness in several important pathologies, such as erythema nodosum leprosum [142],
multiple myeloma [143], breast cancer [144], refractory Crohn’s disease [145] and HIV-related
diseases [146]. Its multiple mechanism of action interested many research groups to design
new derivatives and to evaluate their biological properties, particularly in oncology.
Here, we studied the antitumor activity of several Thalidomide (XV) derivatives (Figure 43)
in two breast cancer cell lines. These compounds possessed better activity than Thalidomide
(XV), inducing TNFa-mediated apoptosis, without any cytotoxicity on non-tumoral cells.
Some of these analogues interfere also with cancer cell migration, through the regulation of
the expression of two important proteins involved in epithelial-mesenchymal transition
(EMT), E-cadherin and vimentin.
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Figure 43. Chemical structure of Thalidomide (XV) and its correlated compounds (16a-h)

2.3.1.1 Chemistry

Compounds 16a [147], 16b [148], 16c [149], 16f [149] and 16g [147] (Figure 43) were
synthetized as reported. All the synthesis details were described in our work [150]. The chiral
compounds (16c¢, 16d, 16f, 16h) were prepared in their racemic forms.
Compound 16d was obtained as shown in Scheme 14. The selective protection with Boc-
group of piperazine-2-carboxylic acid (i) at the 4-position, and the further Cbz-group
protection at the 1-position [151] permitted to obtain compound I. It was then treated with
2,6-dimethylaniline  in  the presence of 2-isobutoxy-1-isobutoxycarbonyl-1,2-
diihydroquinoline (1IDQ) to give the corresponding carboxamide m [152]. Selective Chz
deprotection of C with triethylsilane and palladium chloride [153] produced n. It was reacted

with benzyl bromide, obtaining the N-benzylderivative o [154]. Boc deprotection of o and
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conversion of the resulting amine into the corresponding hydrochloride salt was performed

with gaseous HCI as previously described [155].
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Scheme 14. Synthesis of compound 16d. Reagents and conditions: (i) Boc-ON, benzyl chloroformate,
dioxane/water, rt, 24 h; (ii) 2,6-dimethylaniline, 11DQ, EtsN, CHCIs, reflux, 6 h, 25% yield; (iii)
EtsSiH, PdCl,, EtsN, CH2Cly, reflux, 3 h, 79% yield; (iv) BnBr, K.COs, dioxane/water, 70 °C, 45 min,
47% yield; (v) g. HCI, anhyd Et,0O, rt, 15 min, 67%.

Compound 16e was obtained through the reaction between methyl imidazole-4-

carboxylate (p) and 2,6-dimethylaniline (Scheme 15), as already reported [156].

O
/N OMe . H , I\{>
¢ LA N N
HN o H

P 16e
Scheme 15. Synthesis of compound 16e. Reagents and conditions: (i) 2,6-dimethylaniline, NaH,
dry dioxane/dry DMF, reflux, 5 h, 53% yield.

Compound 16h was prepared as showed in Scheme 16. The protection of amino

alcohol g with phthalic anhydride [157] gave the phthalimido alcohol r, which was converted

into the corresponding bromo derivative 16h by treatment with PBrs.
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Scheme 16. Synthesis of compound 16h. Reagents and conditions: (i) phthalic anhydride, Et:N,
toluene, reflux, 3 h, 48% yield; (ii) PBr3, 0°C, 2 h, then RT, 6 h, 66% yield.

2.3.1.2 Biology

Thalidomide (XV) analogues were studied to test their antiproliferative effect
towards two human breast cancer cell lines, namely estrogen receptor (ER)-positive (ER+)
MCF-7 and triple-negative (ERa, PRa and HER-2/Neu unamplified) MDA-MB-231 cells
[158], using MTT assay. Table 8, in which the ICso values are reported, highlights a very
interesting effect of all the synthetized compounds if compare with a low antitumor activity
of Thalidomide (XV) (it exerted a weak activity only at a concentration higher than 300 uM).
In particular, compound 16c and 16h possessed the best antitumor activity, with ICso values
of 47+1 and 40.3+0.8 uM toward MCF-7 cells and 56.5£1.3 and 37.2+1.0 uM toward MDA-
MB-213 cells, respectively. The other derivatives also exhibited good antiproliferative
effects, but they were a bit less powerful than 16¢ and 16h (Table 8). We also demonstrated
that our compounds did not produce toxic effects on the viability of normal breast epithelial

cells MCF-10A, at least at a concentration of 500 puM.
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1Cs0 (nM)

MCF-7 MDA-MB-231 MCF-10A

Thalidomide (XV) 36022 uM  413+1.8uM  >500 pM

16a 293,8+1.0 uM >500 >500 uM
16b 99.59+1.2 uM  165.5x1.8 yM  >500 pM
16¢ 47.07£0.98 pM  56.48+1.3 uM  >500 uM
16d 204.8£0.68 uM  119.3+1.8 uM  >500 pM
16e >500 uM >500 uM >500 uM
16f 302.6x2.1 uM 151916 uyM  >500 pM
169 57.29+22uM  80.89+x2.2 uyM  >500 uM
16h 40.28+0.8 uyM  37.16x1.0uM  >500 pM

Table 8. 1Cso values of Thalidomide (XV) and its analogues (16a-h), expressed in micromolar («M).

The promising antitumor effects of our compounds pushed us to explore the
biological mechanism of the most active Thalidomide (XV) derivatives.
Literature data report that Thalidomide (XV) is able to interfere with the expression of TNFa
mRNA [159], triggering the mitochondrial apoptotic pathway. Thus, the capability of
compound 16¢ and 16h to modulate TNFa cell levels was evaluated by immunofluorescence
analysis. MCF-7 cells were treated for 24 h with these Thalidomide (XV) analogues at
concentrations corresponding to their respective 1Cso values. Cells were then subjected to
immunofluorescence assays with an anti-TNFa antibody. 16¢ and 16h were able to increase
three- and two-fold TNFa expression, respectively, when compared to control cells (treated

with the only vehicle) (Figure 44).
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Figure 44. Immunofluorescence analysis of TNFa levels in MCF-7 cells. Cells were treated for 24 h
with compounds 16¢ and 16h or vehicle (CTRL), then processed as described in Experimental
section. Images were acquired at 20X magnification. Panel A: DAPI; Panel B: Alexa Fluor 568;
Panel C: Overlay. Images are representative of three separate experiments. Fluorescence

guantification was shown. *** P<0.001



The triggering of the mitochondrial apoptotic pathway leads to increased
mitochondrial permeability with consequent release in the cytosol of cytochrome c, a small
protein that may act as apoptogenic factor, located in the internal membrane of intact
mitochondria [160]. Thus, in order to determinate the localization of cytochrome ¢ in MCF-
7 cells treated with compound 16c¢ or 16h, we used an immunofluorescence assay with an
anti-cytochrome c¢ antibody (Figure 45). The obtained results clearly demonstrated the
presence of an increased and diffused red fluorescence in cells treated with our compounds,
indicating the release of cytochrome c in the cytosol (Figure 45). In the vehicle-treated cells

the fluorescence associated with this protein is still placed in the mitochondrial network.
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Figure 45. Immunofluorescence analysis of cytochrome c. MCF-7 cells were treated for 24 h with
compounds 16c¢ or 16h, or with vehicle (CTRL). Images were acquired at 63X magnification. Panel
A: DAPI; Panel B: Alexa Fluor 568; Panel C: Overlay. Images are representative of three separate

experiments. Fluorescence quantification was shown. *** P<0.001
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With the aim to verify if compound 16¢ and 16h were able to induce programmed
cell death, a TUNEL assay was carried out using MCF-7 cells. The green fluorescence in the
cell nuclei, present in the cells treated with both compounds and absent in the veichle-treated

cells, confirmed the DNA fragmentation correlated with the apoptotic process (Figure 46).
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Figure 46. Apoptosis detection by TUNEL assay on MCF-7 breast cancer cells. Cells were treated
for 24 h with compounds 16¢ and 16h, then cold methanol fixed and subjected to TUNEL procedure.
Then, cells have been washed, dyed with DAPI and observed and imaged under an inverted
fluorescence microscope (20x magnification). Panels A: CF™488A; Panels B: DAPI; Panels C:

Overlay. Representative fields were shown.

Considering the importance of the metastatization in carcinogenesis, we evaluated
the effect of our molecules on it, using a simple, low-cost and well-developed in vitro
method: the wound-healing assay. The experiment was performed causing a scratch (wound)
on a cells monolayer of breast cancer cells (both types). Then cells were treated with
compounds 16a-16h at concentrations corresponding to their respective 1Cso values (Table
8) for 48 and 72 h, for MDA-MB-231 and MCF-7 cells, respectively. These different
endpoint times are related to the higher growth rate and capability to give metastases of
MDA-MB-231 compared to MCF-7 cells [52]. In both breast cancer cell lines, compound
16b demonstrated the best ability in cell migration inhibition (Figures 47 and 48) with
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respect to the other active compounds, even if it possesses a lower antiproliferative activity
(see Table 8). Compounds 16c¢, 16g and 16h resulted also capable to prevent the MCF-7 and
MDA-MB-231 wound closure with good percentages (Figures 47 A and B, respectively). In
addition, compound 16f exerted an impressive effect in preventing wound closure only in
MDA-MB-231 (Figure 47B). The other compounds had no significant effects in such
experiments. Considering the promising results in terms of antiproliferative activity (see
Table 8) and cell migration inhibition (see Figures 47 and 48), we have choose compounds

16¢ and 16h in order to deepen their biological properties.
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Figure 47. Wound-healing assay conducted on A) MCF-7 and B) MDA-MB-231 cells treated with
compounds 16a-h. Wound closure was monitored by recording the area of the cell-free wound at 0
and 72 h for MCF-7 and at 0 and 48 h for MDA-MB-231, by the use of an inverted microscope. The
wound-healing effect was estimated as the percentage of wound closure calculated as reported in

the Experimental Section. Vehicle-treated (CTRL) cells were used as a control; ***p<0.001.
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Figure 48. Wound-healing assay conducted on A) MCF-7 and B) MDA-MB-231 cells plated on six-
well plates and treated with compounds 16c¢ or 16h and vehicle (CTRL). Wound closure was
monitored at 0 and 72 h for MCF-7 and at 0 and 48 h for MDA-MB-231, by the use of an inverted
microscope (5X magnification). Dotted red lines define the areas that lack cells.

Several proteins are involved in the cell migration, including those that mediate cell
adhesion and some cytoskeletal proteins, such as E-cadherin and vimentin. The first one is
a transmembrane protein whose expression changes in the transition from epithelial to
mesenchymal cells (ETM) and a decrease in its expression is implicated in the metastatic
process. Vimentin is a mesenchymal marker that increases during ETM [161]. With this in
mind, their expression levels after exposure of MCF-7 cells to compounds 16¢ and 16h, were
evaluated using the immunofluorescence analysis. The obtained results showed a decrease
in vimentin expression (Figure 49) and at the same time a significant increase of expression,
together with a localization at the level of the cytoplasmic membrane and in the cell-cell
contact regions, of E-cadherin (Figure 50). These outcomes indicate that the tumor cells

remain more adherent to each other, decreasing the ability to give rise to micrometastases.
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Figure 49. Immunofluorescence analysis of vimentin. a) MCF-7 cells were treated for 24 h with
compounds 16¢, 16h, or vehicle (Ctrl). Images were acquired at 20x magnification. A) DAPI, B)
Alexa Fluor® 488, C) overlay; images are representative of three separate experiments. b)

Fluorescence quantification, ***p<0.001.
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Figure 50. Immunofluorescence analysis of E-cadherin. a) MCF-7 cells were treated for 24 h with
compounds 16c, 16h, or vehicle (Ctrl). Images were acquired at 20X magnification. A) DAPI, B)
Alexa Fluor® 488, C) overlay; images are representative of three separate experiments. b)

Fluorescence quantification, ***p<0.001.



Considering the important role played by the angiogenic process in the development
of tumours, we evaluated the expression in MCF-7 cells of vascular endothelial growth
factor (VEGF), a pro-angiogenic cytokine that mediates the formation of new blood vessels,
thus promoting tumour growth [162]. The cells treated with compound 16¢ and 16h showed
lower expression levels of VEGF than the cells treated with the vehicle (DMSQO) (Figure
51), indicating interference with VEGF biosynthesis. The cells exposed to compound 16h
also exhibited an evident change in subcellular localization of VEGF, which is evidently no
longer localized in the perinuclear area, as in the vehicle-treated cells, but was also diffused
in the nuclei (Figure 51A, white arrows). This difference could indicate a decreased

biosynthesis at the endoplasmic reticulum network and an interaction with nuclear receptors.
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Figure 51. Immunofluorescence analysis of VEGF. a) MCF-7 cells were treated for 24 h with
compounds 16¢, 16h, or vehicle (CTRL). White arrows indicate the different subcellular localization
of VEGF in MCF-7 cells treated with compound 16h, with respect to the vehicle-treated cells. Images
were acquired at 20X magnification. A) DAPI, B) Alexa Fluor® 488, C) overlay; images are

representative of three separate experiments. b) Fluorescence quantification, ***p<0.001.
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2.3.2 Structural modifications of natural compounds: Quercetin (XVI)

derivatives as new anticancer agents

Traditional chemotherapy is responsible of high systemic toxicity and for this reason
its therapeutic use is often limited. Currently natural-based alternatives with less toxicity
have become more important. Among the natural compounds, Quercetin (XV1) shows very
limited toxicity on healthy cells; but despite this, its therapeutic use is limited due to its low
water solubility, its instability in physiological systems and its reduced bioavailability (only
30-50% of ingested Quercetin (XVI) is absorbed and this amount is then reduced,
metabolized by the intestine and liver) [163].
In order to overcome these limitations, we studied the anticancer profile of a small library
of Quercetin (XVI) analogs in which the hydrophilic hydroxyl groups have been replaced,
totally or partially, with different hydrophobic groups easily removable in in vivo conditions
(acetyl, ethyl or benzyl ethers, or diphenyl ketal of the catechol system) (Figure 52).
These chemical structurally substitutions permitted to obtain compounds with improved
anticancer activity, with respect to Quercetin (XV1). In addition, using in silico and in vitro
assays, we demonstrated that our derivatives were able to inhibit human Topoisomerases |

and Il and the capability of lead compounds 17a and 17d to interfere with ROS productions.

88



Figure 52. Chemical structure of Quercetin (XVI) and its derivatives (17a-h).

2.3.2.1 Chemistry

A small series of Quercetin (XVI) derivatives (17a-h) has been prepared with the
aim to improve its pharmacokinetic profile, using chemical procedures already described. In
particular, compounds 17a—e have been obtained following the procedures previously
reported [164-168], while 17f and 17g have been recovered during purification procedures of

17d and, equally, 17h has been isolated from 17e purification [169].
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2.3.2.2 Biology

The antiproliferative activity of all Quercetin (XVI) derivatives was evaluated
towards two breast cancer cell lines (ER-a positive MCF-7 cells and triple negative MDA-
MB-231 cells) by using MTT assay.
The resulting cell viability percentage enabled us to calculate the 1Cso values for each
derivative, showed in Table 9. Quercetin (XVI) and its analogs exhibited a remarkable
anticancer activity, particularly in the highly metastatic and invasive triple negative MDA-
MB-231 cells. The most active compounds on both breast cancer cell lines resulted 17b and
17¢, maybe because of the presence of the bulky cyclic ketal, but they possessed also a high
cytotoxicity toward non-tumoral cells used in this assay (MCF-10A and HEK-293). For this
reason, they have not been used for additional examination.
Compound 17a and 17d also exerted a good antitumor activity toward both tumor cell lines
without any toxic effect on healthy cells (MCF-10A and HEK-293).
The other derivatives, 17e-17h, exhibited a minimal or neither effect on MCF-7 cells
viability, although they conserved an evident antitumor activity in MDA-MB-231 cells,
probably related to the higher metabolic and cell division rate possessed by MDA-MB-231
cells. Similarly, we evaluated the cytotoxic activity of these compounds toward the normal
counterpart and they showed little (in the case of 17g) or no effect, at least at concentrations
amounting to 200 uM. In conclusion, compound 17a and 17d resulted the derivatives with
the best anticancer effect against both the breast cancer cell lines without affecting the

viability of the healthy cells.

1Cso
MCF-7 MDA-MB-231 MCF-10A HEK-293
Quercetin (XVI) 137+0.9 40.3+0.9 >200 >200
17a 14.6+0.6 10.9+0.9 >200 >200
17b 9.2+0.7 7.620.8 41.4+0.9 4.2+0.3
17c 10.3+0.3 0.8+0.2 27.6+0.4 0.6+0.7
17d 41.9+0.6 16.6+0.4 >200 >200
17e >200 50.0+1.0 >200 >200
17f >200 75.9+0.8 >200 >200
179 157.8+0.3 19.6+0.4 174.7+0.5 164.5+0.3
17h >200 >200 >200 >200

Table 9. ICsp values of Quercetin (XV1) and its analogues (17a-h), expressed in micromolar («M).
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Quercetin (XVI) is able to induce DNA damages through different pathways, such
as DNA intercalation, DNA metabolizing enzymes inhibition and radical oxygen species
regulation. Considering these literature data, we analyzed the ability of Quercetin (XVI)
derivatives to regulate two important DNA metabolizing enzyme, human Topoisomerases |
and Il. These nuclear enzymes play a fundamental role in the supercoiling and in the
replication of DNA, introducing some temporarily break in the single or double strand of
DNA. Thus, their inhibitors are considered promising lead in antitumor therapy [170].

We carried out an in vitro inhibition assay using the human Topoisomerase | (hTopo 1),
Quercetin (XVI) and its derivatives at a concentration amounting to 25 uM.

Figure 53 shows that Quercetin (XV1) and its analogues 17a-17d caused the inhibition of
hTopo | activity, as evidenced by the band at the bottom of the gel, representing the
uncleaved plasmid pHOT1 used as hTopo | substrate. It should be underlined that
compounds 17d and 17b induced a partial inhibition of this enzyme: in fact, in addition to
the uncleaved form, it is possible to appreciate the presence of some light bands related to
the cleaved forms of the plasmid. Contrarily, derivatives 17e-h did not exert any activity on
hTopo I, as demonstrate by multiple bands due to plasmidic DNA cleavage at the bottom of
the gel. The same profile was recovered in the control (CTRL) lane, where enzyme was
exposed only to vehicle (DMSO).

Figure 53. hTopo | relaxation assay. hTopo I has been incubated in the absence (CTRL) or presence
of the compounds to test (25 um) for 1 h at 37°C, then the activity of hTopo I has been estimated and
visualized on agarose gel. Quercetin (XVI) and 17a-h, assayed compounds. The image is
representative of three separated experiments. CTRL: Control (DMSO); SCDNA: Supercoiled DNA.
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We also evaluated the inhibitory effect of Quercetin (XV1) and its derivatives (used
at 25 uM) against human Topoisomerase Il (hTopoll). The obtained results reported in
Figure 54, suggested a total inhibition of hTopo Il by compounds 17a and 17d due to the
presence of a band in the top of the gel corresponding to the catenated DNA (KDNA).
Instead, Quercetin (XV1) and compound 17b and 17c seem able to induce a partial inhibition
of hTopo Il. These compounds caused the formation of two bands at the bottom of the gel
(decatenation products of KDNA) and also a single band at the top of the gel (catenated
DNA). At the end, a decatenated DNA bands are visible at the bottom of the gel for
compounds 17e-h and for the control reaction, indicating a total absence of inhibitory
activity toward hTopo I1.

Table 10 reports a schematic summary related to the inhibitory activity of Quercetin (XVI)

and its analogs on hTopo I and II.
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Figure 54. hTopo Il decatenation assay. hTopo Il has been incubated in absence (control) or
presence of the compounds to test (25 um) for 1 h at 37°C. The activity of hTopo II has been evaluated
by loading the reaction products, after purification, on agarose gel. Quercetin (XVI) and 17a-h,
assayed compounds. The image is representative of three separated experiments. CTRL: Control
(DMSO); KDNA: Kinetoplast DNA.

92



hTopo | hTopo 11

Quercetin (XVI) +++ +
17a +++ +++
17b ++ ++
17¢c +++ +
17d + +++
17e
17f
179
17h

Table 10. Inhibitory activity of Quercetin (XVI) and its analogs (17a-h) on hTopo | and Il. The
increasing number of + indicates an increased inhibition, determined by gel bands observation and

quantification using Image J software.+: Indicates the inhibitory effect; —: The absence of inhibition.

The inhibition of both isoform of the human Topoisomerases could cause DNA
damage and cell death by apoptosis [171]. With this in mind, a TUNEL assay on MDA-MB-
231 cells treated with the most active compounds 17a and 17d was carried out, in order to
establish if they were able to induce apoptosis. Figure 55 shows a green nuclear fluorescence
appreciable only in MDA-MB-231 cells exposed to our compounds (Figure 55, 17aand 17d,
panel B) and not in the control cells (Figure 55, CTRL, panel B,). These outcomes indicate

that our derivatives caused DNA fragmentation in MDA-MB-31 cells, leading to apoptosis.
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Figure 55. TUNEL assay. MDA-MB-231 cells were treated with compounds 17a and 17d or with
vehicle (CTRL) for 24 h. After treatment, cells were methanol fixed and subjected to TdT reaction.
Then, cells were washed, dyed with DAPI and observed and imaged under an inverted fluorescence
microscope (20x magnification). The green fluorescence indicate nuclei of cells undergoing
apoptosis. Panel A: DAPI (CTRL, 17a and 17d) excitation/emission wavelength 350 nm/460 nm.
Panel B: CF™488A (CTRL, 17a and 17d) excitation/emission wavelength 490 nm/515. Panel C
(CTRL, 17a and 17d) show the overlay channel.

New research fields highlight the double valence of the induction of oxidative stress
in cancer cells, in association with the consequent increased metabolic activity and ROS
production. In fact, ROS production seems to play an important role in maintaining cancer
phenotype due to their stimulating effects on cell growth and proliferation [172]. At the same
time, increased ROS levels in cancer cells are often considered as an adverse factor, because
several studies reported that they cause cytotoxicity, oxidative mitochondrial damage and
massive cell death [123]. Thus, we studied the ability of our Quercetin (XV1) analogues, 17a
and 17d, to interfere with intracellular ROS production using a fluorescence assays, in a
breast cancer model (MDA-MB-231 cell lines). We exposed these cells with each compound

for 24 h; then cells were incubated with DCF-DA and examined under an inverted
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fluorescence microscope. Figure 56 shows the presence of a green fluorescence produced by
the intracellular oxidation of DCFH-DA in cells treated with compounds 17a and 17d.
Quercetin (XV1) was also able to induce ROS production, even though in a lower manner.
These effects, together with the ability of 17a and 17d to inhibit both isoform of human

Topoisomerases, caused the triggering of the programmed cell death.
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Figure 56. ROS production evaluation. (a) Evaluation of ROS production, using DCF-DA
(CF™488A), in MDA-MB-231 treated with Quercetin (XVI), 17a and 17d or vehicle. Images were
acquired at 20x magnification. White arrows indicate examples of cells with increased ROS
production (green fluorescence). Panel A: DAPI (CTRL, Quercetin (XVI), 17a and 17d)
excitation/emission wavelength 350 nm/460 nm. Panel B: CF™488A (CTRL, Quercetin (XVI), 17a
and 17d) 490 nm/515 nm. Panel C (CTRL, Quercetin (XVI), 17a and 17d) show the overlay channel.

(b) Fluorescence quantification; ***p < 0.001, 17a and 17d versus Quercetin (XVI).
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The interesting ability of Quercetin (XV1) to protect from oxidative stress is well-
know. Considering this property and the lack of any cytotoxic effect toward non-tumoral
cells of compound 17a and 17d, we evaluated their capability to interfere with ROS
production in non-tumoral human embryonal kidney HEK-293 cells, carrying out ROS
scavenging assays. After a pre-treatment of 24 h with our compounds (Quercetin (XV1), 17a
and 17d), we exposed cells to menadione (Men), used as ROS inducer. Figure 57 shows that
the pre-treatment with our compounds caused, in a different manner, a reduction of the green
fluorescence, related to ROS intracellular levels with respect to HEK-293 cells treated only
with Men. In particular, the data relative to the fluorescence quantification demonstrate that
Quercetin (XVI1) and compound 17a exhibited a similar scavenger activity; compound 17d

showed a lesser, but still significant, effect (Figure 57b).
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Figure 57. ROS scavenging activity. (a) Evaluation of ROS scavenging activity using DCF-DA
(CF™488A), in HEK-293 treated with Quercetin (XVI), 17a, 17d and Men (used as positive
control). Images were acquired at 20x magnification. White arrows indicate examples of cells
producing ROS (green fluorescence). Panel A: DAPI (CTRL, Men, Quercetin (XVI) + Men, 17a +
Men and 17d + Men) excitation/emission wavelength 350 nm/460 nm. Panel B: CF™488A (CTRL,
Men, Quercetin (XVI) + Men, 17a + Men and 17d + Men) excitation/emission wavelength 490
nm/515 nm. Panel C (CTRL, Men, Quercetin (XVI) + Men, 17a + Men and 17d + Men) show the
overlay channel. (b) Fluorescence guantification; *** p < 0.001, Quercetin (XVI) + Men, 17a +

Men and 17d + Men versus Men. Men: Menadione; ROS: Reactive oxygen species.

2.3.2.3 Docking studies

With the aim to study the binding modes and the affinities between Quercetin (XVI)
derivatives and both hTopo I and hTopo Il, we carried out in silico molecular docking
simulations. The fitness scores of compounds 17a-17d were reported in Table 11.
Figure 58 (Panels A—F) explains the binding modes of selected ligands on the targets.
Ligands binding with both hTopo I and Il happens in a region in which normally DNA is
located [173]. Therefore, all the ligands binding modes may interfere with the regular activity

of both the proteins, even if with a different affinity.
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Figure 58. Docking studies: binding mode of selected ligands to hTopo | (sandy ribbons, panel A)
and hTopo Il (pink ribbons, panel B). (A) Binding mode of 17¢ (yellow) to hTopo I. The position of
a DNA filament is reported in cyan. (B) Binding mode of 17a (blue sticks). (C) Insight on the binding
mode of 17c to hTopo I. (D) Representation of the crystallographic structure of hTopo Il (pink
ribbons) bound to a DNA fragment (cyan ribbons). The position of 17a binding mode is evidenced

by green spheres. (E) Details of 17a binding mode to hTopo II. (F) Binding mode of 17d to hTopo Il

(cont.).

Compound name  Fitness score on hTopo |

Fitness score on hTopo 11

Quercetin (XVI) 66.63
17a 70.46
17b 62.18
17c 74.07
17d 60.14

47.14

63.85

57.08

55.16

60.23

Tabella 11. Gold Fitness for the ligands tested.
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Chapter 3: Development of new formulations for anticancer drug

delivery

Considering that the development of new drugs is expensive and takes long time and that
too much old drugs show some limitations (low solubility, low bioavailability, instability,
etc), the improvement of their safety and efficacy through the design of drug delivery
systems has become a very attractive and smart alternative, mostly in oncology [174].

We focused the attention on the preparation and the biological evaluation of appropriate
vehicles for the development of new formulations. For this purpose, innovative
pharmaceutical matrices were used to obtain molecules with improved pharmaceutical
profile, thanks to the adjustment of physical-chemical and
pharmacokinetic/pharmacodynamics drugs properties, such as solubility, chemical and / or
metabolic stability, bioavailability, release, etc. This strategy shows a significantly higher

benefit/risk ratio when compared to the development of a new drug.

3.1 MOLECULARLY IMPRINTED HYDROGELS FOR THE
CONTROLLED DELIVERY OF SUNITINIB (XVII)

In this scenario, Molecularly Imprinted Polymers (MIPs) are smart materials that can be
applied as drug delivery hydrogel systems, endowed of the ability to selectively recognize a
specific molecule [175]. Recognition is based on the interactions between functional chemical
groups exposed on the internal surface of the polymer cavities and the drug substance. The
creation of complementary cavities is possible thanks to the presence of the drug molecule
that acts as template during polymerization process [175]. For these reasons, we studied a
MIP based on methacrylic acid and ethylene glycol dimethacrylate for the administration of
Sunitinib (XVI1) (Figure 59) [176]. Sunitinib (XVII) is a tyrosine kinase inhibitor used to
treat various forms of cancer. It suffers of low bioavailability and, at the same time, it is

characterized by a slight therapeutic window [177].
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Figure 59. Chemical structure of Sunitinib (XVI11)

MIP was obtained with irregular shape in the range of 20-63 um by bulk polymerization

according to the non-covalent approach and using:

* Sunitinib (XV1I), as template;

* Methacrylic acid (MAA), as functional monomer;

* Ethylene glycol dimethacrylate (EGDMA), as cross-linker;

* Chloroform, as porogenic organic solvent;

* Azobisisobutyrronitrile (AIBN), as initiator.

Based on the obtained results, the optimal Sunitinib: MAA: EGDMA molar ratio for

Sunitinib (XV11) imprinted polymer was 0.5: 16: 25.

In the aim to evaluate the success of the imprinting process and the selective binding between

MIP and Sunitinib, rebinding assays were performed. The obtained data demonstrated that

the Sunitinib (XVII) imprinted material and the corresponding Non-Imprinted Polymer

(NIP) showed a percentage of rebinding of 70% and 46%, respectively. In these conditions,

it was possible to obtain a valid value of molecular imprinting efficiency (a), which is

defined as the ratio between the MIP and the NIP rebinding percentage (o = MIP rebinding

% / NIP rebinding %), amounting to 1.52 [178].

Furthermore, the drug release profiles were studied for both MIP and NIP. MIP loaded with

Sunitinib (XVII) exhibited a prolonged release during the 24 hours, reaching 58% after 6

hours and 76% at the final step. Instead, NIP released almost 90% of the loaded drug within

6 hours.

In order to test the controlled release of this drug, we exposed MCF-7 cells to MIP- Sunitinib

and NIP-Sunitinib, using a concentration of Sunitinib able to induce a total inhibition of cell

growth after 24 hours of treatment (70 uM). In fact, the obtained results (see Figure 60, panel

A) demonstrated that MCF-7 cells treated with the Sunitinib (XVI1) after 16 hours showed

a 30% of residual cell viability compared to CTRL and it reached the 0% after 24 hours. In

contrast, MIP-Sunitinib and NIP-Sunitinib did not influence cell proliferation after 16 hours,
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but they caused a reduction in cell viability of about 38% and 27%, respectively after 24
hours.

NIP-Sunitinib produced the death of almost MCF-7 all the cells after 48 h, while a residual
vitality of about 45% was recovered in the cells exposed to MIP-Sunitinib. Finally, after 72
hours the inhibitory effects on the cell viability of MIP-Sunitinib were total. The polymer
alone did not affect cell growth in any way. Furthermore, the treatment of Sunitinib, MIP-
Sunitinib and NIP-Sunitinib did not cause any cytotoxicity toward non-tumoral MCF-10A
cells (Figure 60, panel B). These results clearly demonstrate that molecularly imprinted
polymers are suitable systems for Sunitinib (XV11) release. The cytotoxic effect of Sunitinib
(XVII) released from MIP, indeed, reached the maximum after 72 hours, while NIP

completed its effect within 48 hours.
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Figure 60. Viability evaluation of MCF-7 (A) or MCF-10A (B) cells treated with Sunitinib (XVII)
alone or loaded in MIP and NIP polymers. Figure shows also the vehicle-treated cells and the

polymer by itself activity on cell proliferation.
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3.2 DEVELOPMENT OF NANOEMULSIONS FOR QUERCETIN
(XV1) AND CISPLATIN (11)

During my study and research period at the “Centre d'Etudes et de Recherche sur le
Médicament de Normandie” (CERMN - Caen, France) | worked on the preparation of
nanoemulsions for Quercetin (XV1) and Cisplatin (I1).

Cisplatin (II) is a powerful antitumor agent, widely used in clinical, especially for the
treatment of solid tumors (uterine, testicular, bladder, lung, head and neck tumors). It
interacts with cellular proteins and lipids, forms DNA adducts that cause cell cycle arrest in
the G2 / M phase [179-182] and can also interfere with cytoskeletal organization [183].
However, the development of resistance and its adverse effects, including nephrotoxicity,
intestinal toxicity and myelosuppression, impair its effectiveness and use in clinical [184-
187]. The mechanism underlying Cisplatin (I1)-induced nephrotoxicity is not yet known, but
recent in vitro and in vivo studies indicate that this toxicity is closely associated with an
increase in lipid peroxidation [185,188]. Thus, oxygen free radicals (ROS) play a central role
in renal injury induced by such chemotherapy [185,189]. The oxidative stress responsible for
Cisplatin (11)-induced nephrotoxicity can be reduced by using different antioxidants, such
as flavonoids. Among these, Quercetin (XV1) is one of the most abundant flavonoids in the
human diet and it is commonly found in most edible fruits and vegetables [190]. Quercetin
(XV1) is a powerful scavenger of oxygen free radicals, a metal chelator and it is capable of
inhibiting lipid peroxidation, blocking the enzyme xanthine oxidase in in vitro and in vivo
systems.

Among the flavonoids, Quercetin (XV1) shows a high radical scavenging activity already at
low concentrations and it showed the highest antioxidant potential compared to the standard
antioxidants (vitamin C and trolox) and to other powerful antioxidants (Resveratrol, Ferulic
Acid, Gallic Acid, Kampferol, etc.) [191,192].

Several literature works report that a pre-treatment with Quercetin (XVI) has a protective
role against Cisplatin (I11)-induced nephrotoxicity [182,185,193].

In addition to a powerful antioxidant effect, Quercetin (XVI) also exhibits excellent anti-
proliferative activity, particularly on highly aggressive and metastatic breast cancer cells
(MDA-MB-231) [169]. Thus, the pre-incubation of the cells with the flavonoid also possesses
the ability to make tumor cells more vulnerable to apoptosis induced by treatment with

Cisplatin (I1). The combination of Quercetin (XVI1) and Cisplatin (I1) showed a synergistic
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effect, resulting more effective in the induce growth suppression and apoptosis compared to
treatment with a single agent [185,187].

However, such as Cisplatin (I1), also for this nutraceutical the clinical use is very limited
due to its poor solubility in water and its poor bioavailability [194].

Recent studies have shown that the administration of drugs encapsulated in nanoparticles
shows greater efficacy associated with a reduction in side effects [195].

For these reasons, we have decided to prepare different formulations (hanoemulsions) for
these two drugs, in order to:

« increase the water solubility and the bioavailability of Quercetin (XVI), with consequent
increase of its antioxidant and antitumor activity and in order to obtain an optimal and
controlled drug release profile [196,197].

« improve the therapeutic profile and reduce the toxicity of Cisplatin (11) [198,199].

3.2.1 Formulation of nanoemulsions

The formulation of the anhydrous mixture (2.42 g in total) was prepared mixing surfactants
(Kolliphor HS15, 50% (w/w) and Transcutol, 10%, (w/w)) and oil (Labrafac, 20% (w/w))
(see Table 12). The drugs were added to the anhydrous mixture. The obtained mix was
heated under gentle magnetic stirring (250 rpm) from room temperature to 85 °C, and then
cooled down to 25 °C. The mixture was then subjected to sonication for 5 minutes and to a
subsequent heating-cooling cycle. At 25 °C, the aqueous phase (10 mM phosphate buffer
pH 7.4, 25 °C) was suddenly poured into the anhydrous mixture, leading to spontaneous
emulsification. The sample was further magnetically stirred (750 rpm) for 10 min before

characterization (Figure 61).

NE composition Quantity
Kolliphor HS15 133.1 mg
Labrafac 84.7 mg
Transcutol-HP 24.2 mg
Drugs % wiw
Buffer phosphate with NaCl 2 mL

Table 12. Nanoemulsions composition.
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Figure 61: Formulation of nanoemulsions

In the adopted experimental conditions, whatever the heating temperature, nanoemulsions
were obtained with comparable monodisperse droplet diameters.

Moreover, all nanoemulsions present physico-chemical properties compatible with
parenteral administration. Furthermore, nanoemulsions can be extemporaneously
reconstituted before use from drug-loaded anhydrous mixtures stored in ambient conditions,
thanks to a very simple spontaneous emulsification process. In these conditions, any source
of instability, even nearly negligible as Ostwald ripening, can be discarded. Thus, in drug
discovery, nanoemulsion provides a valuable option as formulation strategy to improve

properties of known drugs or those of promising leads.

3.2.1.1 Quercetin (XVI) nanoemulsions

Quercetin (XVI) nanoemulsions (NEs) at 2, 2.5 and 4 % w/w were formulated using the
above-mentioned spontaneous process, without adding any organic solvent (Figure 61).
The best results in terms of size, polyspersity index (PDI), encapsulation efficiency (EE) and
stability were obtained for Quercetin (XVI) NEs at 2 % w/w. In these conditions, the drug
was well-encapsulated with a mean Z-average of 55.51 nm, PDI of 0.231 and a high
encapsulation efficiency amounting to 85.95 %. In Table 13, the characteristics of
nanoemulsions, determined directly at the end of the formulation process (after filtration),
or after storage for 1 or 2 days at 4 °C, are reported. Quercetin (XVI) dosage was performed

by using HPLC (see Experimental section for more details).
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Z-average C-Potential [Q] exp Encapsulation
NE Q 2% (w/w) PDI o
(nm) (mV) (mg/mL) efficiency (%0)
NE 1 Day 0 60.31 0.6 0.246 = 0.004 -9.67 £0.2 1.868 + 0.06 86.5+3.0
Day 0 67.65+1.6 0.365 +0.008 -11.8+0.6 1.597 +0.04 73.1+1.8
NE 2
Day 0+1 54.74 £0.5 0.193 £ 0.006 -11.9+1.2 1.780 £ 0.06 815+29
Day 0 56.48 £ 0.8 0.244 £0.01 -205+0.8 2.023+0.0 91.4+0.2
NE 3
Day 0+1 53.62+0.7 0.214 £ 0.001 -18.3+0.6 2.082£0.06 94.0+2.6
Day 0 61.34+0.4 0.317 £0.002 -17.2+0.2 2.035+0.03 928+1.3
NE 4 Day 0+1 5336 £1.1 0.206 +0.01 -153+0.3 2.088 £0.06 952+1.3
Day 0+2 53.31+0.6 0.192 + 0.008 -13.7+0.7 2.096 £ 0.02 955+1.0
Day 0 51.88+0.2 0.193 £ 0.003 -11.6+0.2 / /
NE 5 Day 0+1 53.51+0.4 0.213 £ 0.005 -144+19 / /
Day 0+2 53.01+0.4 0.211 + 0.006 -16.0+2.1 / /
Mean Average Day 0 55.51 0.231 -17.3 1.881 85.95
Standard deviation 2.7 0.01 6.2 0.2 9.0

Table 13. Characteristics of Quercetin (XVI) nanoemulsions (n = 3) determined directly at the end

of the formulation process (after filtration), or after storage for 1 or 2 days at 4 °C.

Moreover, the obtained NEs exhibited good values of pH and osmolarity, amounting to 7.34
and 281 mosm, respectively.

An in vitro stability study following hydrodynamic diameter, PDI, (-potential, drug
concentrations and EE was performed after storage of the native nanoemulsions for 14 days

at 4 °C (see Figure 62). In these conditions, NEs were stable.
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Figure 62. Stability of Quercetin (XVI) nanoemulsions by measuring of their characteristics (Size,
PDI, {-potential, Quercetin (XVI) concentration and EE) for 14 days at 4 °C.

In addition, the stability of Quercetin (XVI) NEs at 2% wi/w diluted in PBS at 37 °C (1/20

and 1/100) was tested, miming the condition used for cancer cells treatment. Surprising, size,
PDI and (—potential of NEs resulted stable for at least 48 h (see Figure 63).
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Figure 63. Stability of Quercetin (XVI) nanoemulsions by measuring of their characteristics (Size,

PDI, {-potential) for 48 h diluted in PBS at 37 °C (1/20 and 1/100).

The stability of Quercetin (XVI) NEs 2%, in terms of drug concentration encapsulated in
NE, diluted in PBS at 37°C (1/20 and 1/100) was evaluated, comparing it with the stability
of Quercetin (XVI) in DMSO at the same conditions. Quercetin (XVI1) nanoemulsions
permitted to increase Quercetin (XV1) stability and solubility in PBS at 37 °C until 48 h at

the above-mentioned dilutions, miming the conditions used for cancer cells treatment (see

Figure 64).
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Figure 64. Stability of Quercetin (XVI) nanoemulsions by measuring of drug concentration
encapsulated in NE for 48 h diluted in PBS at 37 °C (1/20 and 1/100).

The release of Quercetin (XVI) from nanoemulsions at 2% w/w was evaluated by the
dialysis bag method (see experimental section for details). For this purpose, 250 pL of
Quercetin (XVI)-loaded nanoemulsions were instilled into a cellulose ester dialysis bag and
incubated in 100 mL of PBS pH 7.4. At appropriate times (from 0 minutes to 48 hours), 500
pL of PBS + 1% of Tween 80 were withdrawn and replaced with 500 pL of fresh PBS. Then,
the samples were diluted in 500 puL of methanol and analyzed using UHPLC. Quercetin
(XVI) was not detected neither in the bag dialysis solution neither in the PBS. Thus, the
obtained results showed that Quercetin (XV1) was released from the membrane and probably
it was degraded, because in the PBS solution some peaks, characterized by different retention
times compared to Quercetin (XVI), have been detected.

Finally, in order to evaluate the oxygen radical antioxidant capacity of Quercetin (XVI) NE
the ORAC assay was carried out and this activity was compared with those of Quercetin
(XV1) itself (in a DMSO solution). The obtained data (see Table 14) showed a better
antioxidant activity of Quercetin (XVI) NE than Quercetin (XVI) in DMSO (9.27 and 7.23
uM compound/puM Trolox, respectively). Thus, the use of nanoemulsions permitted also to

improve the antioxidant activity of this drug.
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ORAC

Compound
(UM compound/uM Trolox)
Quercetin (XVI) DMSO 7.23+0.03
NE Q 2% 9.70 £0.02
Trolox 1.00 +0.01

Table 14. Oxygen radical antioxidant capacity of Quercetin (XVI) and Quercetin (XVI)
nanoemulsion by using ORAC assay.

In conclusion, the outcomes demonstrate that Quercetin (XV1) nanoemulsions (Q NES) can
be formulated using a simple and spontaneous process, with a high encapsulation efficiency.
The obtained Q NEs 2% were stable for 14 days at 4 °C and for at least 48 h in PBS at 37
°C. These formulations permit to increase the Quercetin (XVI1) stability and solubility in
PBS at 37 °C up to 48 h in the conditions used for cancer cell treatment. Q NEs improved
also the antioxidant effect of this drug. Thus, the use of nanoemulsions could increase the
therapeutic efficiency of Quercetin (XVI) in cancer treatment by improving its physical-

chemical properties (solubility and bioavailability).

3.2.1.2 Cisplatin (I1) nanoemulsions

Cisplatin (I1) nanoemulsions (CisPt NE) 1% w/w were formulated using the same simple
and spontaneous process, without adding any organic solvent (see Figure 61). Because of
the high toxicity of Cisplatin (1), we used a glove box to weight this drug and all
manipulations were carried out under a laminar flow hood with a protective mask, taking all
the necessary precautions.

Cisplatin (1) was well-encapsulated in the obtained NEs, with an encapsulation efficiency
of 56.1 %, Z-average of 49,81 nm and PDI of 0.180. Table 15 reports the characteristics of
nanoemulsions determined directly at the end of the formulation process (after filtration), or
after storage for 1 day at 4 °C. These NEs resulted stable for at least 1 day at 4°C, we could
not follow the stability of Cisplatin (I1) NEs for a more long period because of the high
toxicity of the drug. Cisplatin (I1) dosage was performed by using a mass spectrometer
Element 2 (HR ICP-MS; Thermo) at “Plateau d’Isotopie de Normandie” (Caen, France) after

mineralization of the samples.

110



NE Z-average C-Potential [CisPt] exp Encapsulation

PDI
CisPt 1% (nm) (mV) (mg/mL) efficiency (%0)
Day 0 49.81£0.5 0.180 £ 0.02 -217+0.3 0.499 £ 0.01 56.1+1.3
Day 0+1 51.47+0.3 0.170 £0.01 -3.52 £0.2 0.482 £ 0.001 559+0.1

Table 15. Characteristics of Cisplatin (1) nanoemulsion (n = 3) determined directly at the end of
the formulation process (after filtration), or after storage for 1 day at 4 °C.

An in vitro stability study following hydrodynamic diameter, PDI and (-potential, was
performed after storage of the native nanoemulsions for 7 days at 4 °C (see Figure 65). In

these conditions, NEs remained stable.

ep==NE CisPt 1% e NE CisPt 1%
60 - 04 -
50 ‘,_—-O—O\Aﬁ —
S 0,3
£ 40 A
® —
2 30 1 T SS— —
S 20 1 - >
N 10 - ]
0+ 0,0 +—r—r—"m—"m—mr—mm—"—"—"F—"F+—"+—"T"T—""
0 1 2 3 4 5 6 7 8 0 2 4 6 8
Days Days

ap=m NE CisPt 1%

C-potential (mV)

Figure 65. Stability of Cisplatin (1) nanoemulsions by measuring of their characteristics (Size, PDI

and ¢-potential) for 7 days at 4 °C.

In conclusion, Cisplatin (I1) nanoemulsions can be formulated using a simple and
spontaneous process, with a good encapsulation efficiency and a stability for at least of 7
day at 4 °C. This formulation could improve the therapeutic efficiency and reduce the

toxicity of Cisplatin (11) in cancer treatment by improving its bioavailability and solubility.
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3.2.1.3 Quercetin (XVI) and Cisplatin (I1) nanoemulsions

Formulation of nanoemulsions containing both Quercetin (XV1) 2% w/w and Cisplatin (1)
1% wi/w were obtained using the same simple and spontaneous process (see Figure 61).
Because of the high toxicity of Cisplatin (I1), we took the same necessary precautions seen
before.

Both drugs were well-encapsulated in the NE, with an encapsulation efficiency of 69.6 %
and 100% for Cisplatin (11) and Quercetin (XV1), respectively.

Table 16 reports the characteristics of nanoemulsions determined directly at the end of the
formulation process (after filtration), or after storage for 1 day at 4 °C, with Z-average of
49,81 nm and PDI of 0.180. These NEs resulted stable for at least 1 day at 4°C, we could
not follow the stability of NE for a more long period because of the high toxicity of the
Cisplatin (I1). Quercetin (XVI) dosage was performed by using HPLC (see Experimental
section for more details); Cisplatin (11) dosage was performed by using a mass spectrometer
Element 2 (HR ICP-MS; Thermo) at “Plateau d’Isotopie de Normandie” (Caen, France) after

mineralization of the samples.

NE
. . . Encapsulation Encapsulation
CisPt Z-average C-Potential [CisPt] exp = [Q] exp o
PDI efficiency (%0) efficiency (%)
1% +Q (nm) (mV) (mg/mL) . (mg/mL)
CisPt Q
2%
Day 0 48.41+0.4 0.189+ 0.007 -4.03+£2.2 0.717£0.01 69.6+1.3 2.191+£0.0 100.5+0.2
Day 0+1 49,74+ 0,5 0,189+ 0,01 -6.14 £ 0.5 0.625 £ 0.02 60.7+15 2.058 £0.04 94.4+2.6

Table 16. Characteristics of Quercetin (XVI1) + Cisplatin (I1) nanoemulsion (n = 3) determined

directly at the end of the formulation process (after filtration), or after storage for 1 day at 4 °C.
An in vitro stability study following hydrodynamic diameter, PDI and (-potential, was

performed after storage of the native nanoemulsion for 7 days at 4 °C (see Figure 66). In

these conditions, NEs remained stable, even if a slight variation in -potential was observed.
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Figure 66. Stability of Cisplatin (1) nanoemulsions by measuring of their characteristics (Size, PDI

and ¢-potential) for 7 days at 4 °C.

In conclusion, co-formulation of Cisplatin (11) and Quercetin (XVI) in nanoemulsions can
be obtained using the same simple process, with a good encapsulation efficiency and stability
for at least 1 days at 4 °C. These NEs could be used as a promising formulation strategy for
the improvement of some drug properties, such as bioavailability and solubility. Moreover,
the developed NEs could be used to evaluate the possible synergistic action of these two
drugs in different cancer cells and the protective effect of Quercetin (XV1) against Cisplatin

(11)-induced nephrotoxicity.

3.2.1.4 Acetylated Quercetin (17a) nanoemulsions

The preparation of suitable formulations also for Quercetin (XVI) derivatives, structurally
modified in order to increase its lipophilicity, could be very interesting. In particular, the
derivative in which all the hydroxyl groups were acetylated, was chosen in this study due to

its better cytotoxic activity compared to Quercetin (XV1) itself (Figure 67) [169].
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Figure 67. Chemical structure of Acetylated Quercetin (17a)

This formulation could be used in co-treatment with Cisplatin (I1) in order to compare its
activity with that obtained using Quercetin (XV1) itself.

Unfortunately, because of its low solubility in all the used excipients and solvents and the
high instability and sensibility (at light and oxidation), it was not possible to obtain a
nanoemulsions for compound 17a. Table 17 reports the characteristics of nanoemulsions
determined directly at the end of the formulation process (after filtration). Even though the

size and PDI seems good, it was not possible to encapsulate the acetylated Quercetin at 2, 4

and 6% w/w in this kind of NE.

17a

NE AcQ 2%

Z-average

C-Potential

Encapsulation

(wiw) (nm) PDI (mV) [Qlexp (ma/mb)  ctficiency (%)
Day 0 51.41+0.3 0.204 £ 0.005 -5.49+0.3 0 0

NE AcQ 4% Z-average C-Potential Encapsulation
wiw) (nm) PDI (mV) [Qlexp (ma/mb)  ctficiency (%)
Day 0 5154 +£0.5 0.199 + 0.008 -9.72+0.3 0 0

NE AcQ 6% Z-average C-Potential Encapsulation
wiw) (nm) PDI (mV) [Qlexp (ma/mb)  ctficiency (%)
Day 0 52.55+0.3 0.204 + 0.005 -5.56 +0.3 0 0

Table 17. Characteristics of Acetylated Quercetin nanoemulsion (n = 3) determined directly at the

end of the formulation process (after filtration)..

Other nanoemulsions obtained using different temperatures and excipients or adding

antioxidant molecules (like vitamin E) were prepared, but the result did not change (data not

showed).
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Moreover, the solubility at 40 °C of acetylated Quercetin in the different excipients used to
prepare nanoemulsions was tested. Effectively, the obtained results demonstrated that this
compound possessed a very low solubility and stability in these excipients: 17a was soluble
only in transcutol for 3.4%; in the other two excipients (labrafac and kolliphor) it was
insoluble and it was degraded (see Table 18). At the end, nanoemulsions containing
acetylated Quercetin were prepared after its preventive dissolving in the minimum quantity
of some solvents (acetone, DMSO and ethyl acetate). Unfortunately, the use of these solvents

did not improve 17a solubility and encapsulation (data not showed).

NE 17a 2% (W)  C teo (Mg/ML)  Ce (Mg/mL)  Solubility (%)

AcQ + Kaolliphor 36.9 / /
AcQ + Transcutol 205.5 6.955 3.4
AcQ + Labrafac 58.5 / /

Table 18. Solubility of Acetylated Quercetin (17a) in excipients used for nanoemulsions formulation.

3.2.2 Biological evaluation of nanoemulsions

The possible Quercetin (XV1) protective action, due to its antioxidant activity, was evaluated
against the Cisplatin (I1)-induced nephrotoxicity, which is one of the causes that limits the
use of this chemotherapy in clinical, using the HEK-293 embryonic kidney cell line as
model.

Particularly, an MTT assay using the nanoemulsion containing 1% Cisplatin (I1) (range of
concentration from 3,5 to 52 uM) and the nanoemulsion with both drugs (Cisplatin (1) at
the same range of concentrations + Quercetin (XV1) from 10 to 100 uM) was performed.
Even though we noticed a kind of cytotoxicity, that is under investigation, it was possible to
note a clear improvement in the viability of HEK-293 co-treated with Cisplatin
(I)+Quercetin  (XVI) compared to those treated with Cisplatin (Il) alone at all
concentrations (see Figure 68).
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Figure 68. HEK-293 cell viability after exposure at NE Cisplatin (I1) and NE Quercetin (XVI)
+Cisplatin (1) for 72h.

The same experiment was performed on MDA-MB-231 breast cancer cell line, on which
Quercetin (XVI) was found to be particularly active, in order to verify whether the co-
treatment could have a synergistic effect, leading to greater cytotoxicity on tumor cells
compared to single drugs.

Quercetin (XV1)-Cisplatin (1) co-treatment led to a marked improvement in the antitumor
activity when compared to that of Cisplatin (I1), even though the same high toxicity was
observed (data not showed). Considering the high toxicity of Cisplatin (11) at high doses, if
it is associated with Quercetin (XV1) it can be used at lower doses showing a better cytotoxic
profile, without the occurrence of side effects.

Because of the noticed toxicity on the used cell lines, we are currently working on
investigating the reason of the NE toxicity, whether it is cell-specific or due to the NE
formulation.

Future studies will be aimed at the design of different formulations that will lead to obtain

better results, without any kind of toxicity.
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Chapter 4. Experimental Section

4.1 CHEMISTRY

All of the reactions were carried out under nitrogen, using standard Schlenk or glovebox
techniques. All of the reagents were purchased from TCI Europe N.V. All commercially
available chemicals in the experiments were of reagent grade and used as received. The
solvents were purified according to the standard procedures. Deuterated solvents (Euriso-
Top products) were degassed under a nitrogen flow and stored in the dark over activated 4A
molecular sieves. NMR spectra were recorded on a Bruker AM300 or a Bruker AVANCE
400 operating at 300 and 400 MHz for H and at 75 and 100 MHz for 13C, respectively. The
'H NMR and 3C NMR chemical shifts are referred to SiMe4 (§=0 ppm) by using the residual
proton impurities of the deuterated solvents as internal standards. Chemical shifts, 3, were
reported in parts per million (ppm) for both *H and 3C NMR. Multiplicities are abbreviated
as follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br). Mass
spectra (ESI) were obtained by a Waters Quattro Micro triple quadrupole mass spectrometer
equipped with an electrospray ion source. Elemental analyses for C, H, and N were recorded
with a Thermo-Finnigan Flash EA 1112 and were performed according to standard
microanalytical procedures.

4.1.1 Synthesis of N-substitued bis-imidazolium salts (L7, L8)

4.1.1.1 Synthesis of N,N -bis-[(2-hydroxy-2-phenyl)ethyl]-imidazolium iodide (L7)
Imidazole (1.0 g, 15 mmol) and styrene oxide (3.35 ml, 30 mmol, d = 1.054 ¢/l) in
tetrahydrofuran (THF) (45 mL) were stirred for 24 h at 60 °C. The obtained dialkylated
product was purified by dissolution in acetone and recovered at low temperature (-20 °C) by
precipitation. The intermediate was dissolved in CH2Cl; (70 ml) and HI (55%)
(stoichiometric amounts) was added to obtain white solid (43 % yield).

'H-NMR (300 MHz, DMSO): 9.03 (s, 1H), 7.67 (s, 1H), 7.63 (s, 1H), 7.37 (m, 10H,
unsaturated protons), 5.93 (br, 2H), 4.96 (m, 2H), 4.44 (dd, 2H) 4.28 (dd, 2H). 3C-NMR (75
MHz, DMSO): 141.21, 137.58, 127.94, 127.62, 127.20, 125.90, 119.89, 71.98, 53.43.
Elemental analysis calcd (%) for C19H21N2O2l: C, 52.31, H, 4.85, N, 6.42%); found: C, 52.68,
H, 4.82, N, 6.38%. ESI-MS (CH3sCN, m/z): 309.1 Dalton attributable to [C1oH21N202]".
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4.1.1.2 Synthesis of N-[4-(hydroxymethyl)phenyl]-N-[(2-hydroxy-2-phenyl)ethyl]-
imidazolium bromide (L8)

Imidazole (2.10 g, 29 mmol) and styrene oxide (3.35 ml, 29 mmol, d = 1.054 g/l) in
tetrahydrofuran (90 mL) were stirred for 12 h at 60 °C. The monoalkylated product obtained
was not isolated. Then, 4-bromo-benzylalcohol (5.44 g, 29 mmol) was added. The solution
was warmed to reflux for 24 h. The reaction mixture was cooled to room temperature and
the solvent was removed in vacuo. Diethyl ether (20 mL) was added to the crude product
and filtered. The solution was washed with water (2x50 ml). The solvent was dried with
Na>SO4 and then removed by evaporation in vacuo. The resulting residue was purified on a
silica gel column chromatography in ethyl acetate/methanol (1/1) to give a yellow solid (38
% vyield).

'H-NMR (300 MHz, CDCls): 8.70 (s, 1H), 7.27 (m, 11H, unsaturated protons), 5.24 (m, 2H),
4.88 (dd, 1H), 4.14 (m, 1H), 4.07 (m, 1H). *C-NMR (75 MHz, CDCls): 141.62, 137.55,
136.71,135.08, 128.86, 128.48, 127.98, 126.86, 125.95, 120.18, 118.84, 72.68, 63.78, 54.78.
Elemental analysis calcd (%) for C1gH19N202Br: C, 57.61, H, 5.10, N, 7.47; found: C, 57.29,
H, 5.62, N, 7.59. ESI-MS (CHsCN, m/z): 188.1 Dalton attributable to [C11H12N2O]".

4.1.2 Synthesis of complexes AgL7, AuL7, AgL8, AuL38

Silver and gold complexes were prepared by using a slightly modified literature procedure
[115,116].

4.1.2.1 Synthesis of bis-N,N’-[(2-hydroxy-2-phenyl)ethyl]-imidazole-[2-ylidine]-
[silver()]*[diiodide-silver()]" (AgL7)

L7 (0.20 g, 0.65 mmol) and Ag20 (0.09 g, 0.37 mmol) in 41 mL acetonitrile were kept at
reflux for 12 h. Then, the mixture was filtered over Celite® and the solvent was dried with
Na>SO4 and removed in vacuo. The residue was washed with hexane, dried over Na,SO4
and evaporated under high vacuum to give compound AgL7 as a yellow powder (50 %,
yield).

'H-NMR (300 MHz, DMSO): 7.40 (m, 5H, aromatic protons), 7.09 (s, 1H), 6.80 (s, 1H),
5.70 (br, 1H, OH), 4.80 (m, 1H), 4.10 (dd, 1H), 4.01 (dd, 1H). *C-NMR (75 MHz, DMSO):
143.1, 138.1, 1285, 128.1, 127.9, 127.7, 126.5, 126.2, 120.4, 72.56, 54.0. Elemental
analysis calcd (%) for C19H20N202Agl: C, 42.02, H, 3.71, N, 5.16; found: C, 42.05, H, 3.79,
N, 5.07. ESI-MS (CH3CN, m/z): 482.8 and 485.3 Dalton attributable to [C22H23AgN4O2]".
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4.1.2.2 Synthesis of bis-N,N’-[(2-hydroxy-2-phenyl)ethyl]-imidazole-[2-ylidene]-
[gold()]*[dichloride-gold(l)]” (AuL7)

KHMDS [potassium-bis-(trimethylsilyl)-amide] (0.097 g, 0.48 mmol) was added to a
solution of L7 (0.15 g, 0.48 mmol) in DMF (7 mL). The resulting orange solution was stirred
for 15 min. Then, a solution of (CH3)SAuCI (0.12 g, 0.38 mmol) in DMF (2 mL) was added
dropwise. The mixture was stirred at room temperature for 3 h. The solvent was removed
under vacuum. The resulting dark yellow solid was washed with CH2Cl, (3 x 10 mL),
essiccated with Na2SO4 and dried under vacuum to give compound AuL7 (56 % yield).
'H-NMR (300 MHz, DMSO): 7.48 (m, 7H, aromatic protons), 5.84 (br, 1H), 4.90 (m, 1H),
4.29 (dd, 1H), 4.16 (dd, 1H). *C-NMR (75 MHz, DMSO0): 162.2, 142.1, 128.2, 127.53,
126.0, 71.5, 54.9. Elemental analysis calcd (%) for C19H20N202AuCl: C, 42.20, H, 3.73, N,
5.18; found: C, 42.01, H, 3.62, N, 5.28. ESI-MS (CH3CN, m/z): 669.0 Dalton attributable to
[Ca2H32AUN4]".

4.1.2.3 Synthesis of N-[4-benzylalcohol]-N"-[(2-hydroxy-2-phenyl)ethyl]-imidazole-
[2-ylidene]-silver(l)bromide (AgL8)

Ligand L8 (0.250 g, 0.66 mmol) was added to a suspension of silver oxide (0.308 g, 1.33
mmol) in CH2Cl, (15 mL) containing molecular sieves (4 A). The reaction was carried out
with the exclusion of light. The mixture was heated at reflux for 1.5 h. Then, the mixture
was filtered on Celite® and solvent was removed under high vacuum, the residue washed
with hexane and dried in vacuo to give compound AgL8 as a light brown powder (50 %
yield).

!H-NMR (400 MHz, CDCl,): 7.22 (m, 11H, unsaturated carbons), 5.29 (m, 2H), 4.92 (dd,
1H), 4.20 (m, 1H), 4.10 (m, 1H). ®*C-NMR (100 MHz, CDCls): 137.96, 137.36, 137.01,
129.30, 127.09, 126.07, 120.05, 118.78, 73.71, 64.87, 63.73, 54.90. Elemental analysis calcd
(%) for C1sH18N202AgBr: C, 44.84, H, 3.76, N, 5.81; found: C, 44.28, H, 4.07, N, 5.89. ESI-
MS (CHsCN, m/z): 485.8 - 483.0 Dalton are attributable to [C1sH1d6AgBIrN202]".

4.1.2.4 Synthesis of N-[4-benzylalcohol]-N-[(2-hydroxy-2-phenyl)ethyl]-imidazole-
[2-ylidene]-gold(l)bromide (AuL8)
N-[4-benzylalcohol]-N’-[(2-hydroxy-2-phenyl)ethyl]-imidazole-[2-ylidene]-

gold(l)bromide (AuL8) was prepared by trans-metalation from AgL8. The silver complex
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(0.150 g, 0.031 mmol) and (CH3).SAuUCI (0.091 g, 0.031 mmol) were suspended in 23 mL
of dichloromethane and allowed to stir at room temperature for 12 h in the absence of light.
The resulting suspension was then passed through a Celite pad. The solvent was concentrated
and then treated with an excess of hexane to precipitate as a violet powder (15 % yield).
'H-NMR (400 MHz, DMSO): 8.03 (s, 1H), 7.72 (s,1H), 7.24 (m, 9H, aromatic protons), 5.60
(br, 2H), 4.91 (br, 1H), 4.10 (br, 2H). *C-NMR (100 MHz, DMSO): 161.2 (NCN), 141.8,
141.7, 140.9, 140.4, 140.2, 139.6, 139.0, 137.1, 136.9 137.96, 137.36, 137.01, 128.8, 128.5,
128.4, 128.2, 127.6, 127.0, 128.9, 122.0, 121.7, 120.7, 120.4, 71.1, 64.0, 62.3, 54.7.
Elemental analysis calcd (%) for C1sH1sN2O2AUCI: C, 41.04, H, 3.44, N, 5.32; found: C,
41.14, H, 3.65, N, 5.41. ESI-MS (CH3CN, m/z): 571.3 and 573.0 Dalton attributable to
[C18H19AUBIN202]".

4.2 BIOLOGY
4.2.1 Cell culture

The seven cell lines used in this work were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). MCF-7 human breast cancer cells, estrogen
receptor (ER)-positive, were maintained in Dulbecco’s modified Eagle’s medium/nutrient
mixture Ham F-12 (DMEM/F12), supplemented with 10% fetal bovine serum (FBS) and
100 UmL? penicillin/streptomycin, as previously described [90]. MDA-MB-231 human
breast cancer cells, known as triple-negative cells (i.e., not overexpressing human epidermal
growth factor receptor 2 (HER2), estrogen and progesterone receptors), were cultured in
DMEM/F12 supplemented with 5% FBS, 1% L-glutamine and 100 U mL*
penicillin/streptomycin. HeLa human epithelial cervix carcinoma cells, estrogen receptor
(ER)-negative, Ishikawa human endometrial adenocarcinoma cells, and estrogen receptor
(ER)-positive were maintained in minimum essential Eagle’s Medium (MEM),
supplemented with 10% FBS, 1% I-glutamine, 100 UmL™ penicillin/streptomycin, and 1%
nonessential amino acids (NEAA). MCF-10A human mammary epithelial cells, were
cultured in DMEM/F12 medium, supplemented with 5% horse serum (HS; Eurobio, Les
Ullis, Cedex, France), 100 UmL* penicillin/streptomycin, 0.5 mg mL™ hydrocortisone, 20
ng mL* human epidermal growth factor (hEGF), 10 mg mL™ insulin, and 0.1 mg mL*
cholera enterotoxin (Sigma—Aldrich, Milan, Italy). 3T3-L1 cells line of murine fibroblasts
of embryonic type, were maintained in DMEM, supplemented with 10% NCS and 100 U/ml
penicillin/ streptomycin. HEK-293 human embryo kidney cells were cultured in DMEM,
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supplemented with 10% FBS, 1% l-glutamine, and 100 U mL™ penicillin/streptomycin.
Cells were maintained at 37 °C in a humidified atmosphere of 95% air and 5% CO and
periodically screened for contamination [89]. All compounds were dissolved in dimethyl
sulfoxide (DMSO; Sigma, St. Louis, MO, USA) and opportunely diluted in cultured medium

to obtain working concentrations.

4.2.2 Cell viability

Cells were grown in complete medium, and before being treated, they were starved in serum-
free medium for 24 h, to allow cell-cycle synchronization. Cells were then grown in phenol-
red-free medium supplemented with 1% dextran-coated charcoal (DCC)-treated FBS. Cells
were treated with increasing concentrations of each compound for 72 h. Untreated cells were
supplemented with DMSO (final concentration 0.1 %) and used as a control [200]. Cell
viability was assessed using the 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium
bromide reagent (MTT), according to the manufacturer’s protocol (Sigma—Aldrich, Milan,
Italy), as previously described [115]. For each sample, mean absorbance, measured at 570
nm, was expressed as a percentage of the control and plotted versus drug concentration to
determine the ICso values (i.e., drug concentrations able to decrease cell viability by 50 %
with respect to control) for each cell line, using GraphPad Prism 6 software (GraphPad Inc.,
San Diego, CA, USA). Mean values and standard deviations (SD) of three independent

experiments carried out in triplicate and are shown.

4.2.3 Human topoisomerase | relaxation assay

hTopo | relaxation assays have been performed in a final volume of 20 pL as follows. 0.25
pg of supercoiled pHOT1 in TE buffer [TE: 10 mM Tris-HCI (pH 7.5), 1 mM EDTA]
(TopoGEN, Port Orange, FL, USA) has been added to a solution containing water (variable
volume) and 1x assay buffer (10 mM Tris-HCI (pH 7.9), 1 mM EDTA, 0.5 mM NaCl, 0.1%
bovine serum albumin, 0.1mMspermidine and 5% glycerol). Compounds have been added
and the reaction initiated by addition of recombinant hTopo I (2 U) (TopoGEN, Port Orange,
FL, USA), incubated at 37 °C for 30 min and terminated by the addition of 5x stop buffer
(5% sarkosyl, 25% glycerol, 0.125% bromophenol blue). After Proteinase K digestion (50
pg/mL) at 37 °C for 30 min, samples have been extracted with an equal volume of

chloroform:isoamylic alcohol (24:1), vortexed and centrifuged for 30 s. The upper aqueous
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phase has been loaded onto a 1% agarose gel containing 1x TAE buffer (diluted from50x
buffer containing 242 g Tris base, 57.1 mL glacial acetic acid and 100 mL of 0.5 M

EDTA) without ethidium bromide (EB). At the end, 1x TAE buffer containing EB (0.5
ug/mL) has been used to stain agarose gel for 30 min and after wash with distilled water for

15 min, it has been visualized using a UV transilluminator.

4.2.4 Human topoisomerase Il decatenation assay

hTopo Il decatenation assays have been performed in a final volume of 20 uL using 0.3 pg
of kinetoplast DNA (kDNA) (topoGEN, Port Orange, FL, USA), 1x assay buffer [50 mM
Tris-HCI, pH of 8, 150 mM NaCl, 10 mM MgCl2, 0.5 mM Dithiothreitol (DTT), 30 ug/mL
bovine serum albumin (BSA)], and 1 mM ATP. The compounds have been added and the
reaction started by adding 3 U of hTopo Il (topoGEN, Port Orange, FL, USA) and incubating
at 37 °C for 30 min. Then, 5x stop buffer has been added and the samples treated as described
in the previous paragraph. The aqueous phase has been loaded on a 1% agarose gel
containing 1x TAE buffer with EB (0.5 pg/mL) and visualized using an UV transilluminator.

4.2.5 TUNEL assay

Apoptosis was detected by the TUNEL assay, according to the guidelines of the
manufacturer (CFQ488A TUNEL Assay Apoptosis Detection Kit, Biotium, Hayward, CA,
USA), with some modifications [51]. In brief, cells were grown on glass coverslips. After
treatment, they were washed three times with PBS, then methanol-fixed at -20 °C for 15
min. Fixed cells were washed three times with 0.01 %(v/v) Triton X-100 in PBS and
incubated with 100 uL TUNEL equilibration buffer for 5min; this was then removed and 50
pL of TUNEL reaction mixture containing 1 pL terminal deoxynucleotidyl transferase (TdT)
was added to each sample and incubated in a dark and humidified chamber for 2h at 37 °C.
Samples were washed three times with ice-cold PBS containing 0.1 % Triton X-100 and 5
mg mL bovine serum albumin (BSA). DAPI (0.2 ug mL™?) counterstain was performed for
10 min at 37 °C under dark and humidified conditions. Cells were then washed three times
with cold PBS, adding one drop of mounting solution, then they were observed and imaged
under a fluorescence microscope (Leica DM 6000; 20x magnification) with
excitation/emission wavelength maxima of 490 nm/515 nm (CF™488A) or 350 nm/460 nm

(DAPI). Images are representative of three independent experiments.
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4.2.6 Caspases assay

The activities of caspases 3/7, 8 and 9 were measured by using the Caspase-Glo Assay
according to the manufacturer’s guidelines (Caspase-Glo 3/7, 8, and 9 Assay Systems,
Promega Corporation, Madison, W1, USA). Cells were grown in white walled 96-well plates.
After treatment, the Caspase-Glo reagent and the 96-well plates containing cells were
equilibrated to room temperature. Then, a different caspase (100 mL) was added to each well
of a white-walled 96-well plate containing blank, negative control cells and treated cells in
culture medium (100 mL) (ratio 1:1). Contents of wells were gently mixed using a plate
shaker at 300-500 rpm for a few minutes and were then incubated at room temperature. The
luminescence of each samples was measured in a plate-reading luminometer (Synergy H1
Hybrid Reader, BioTek) for 30 min to 3 h (Aex= 490 nm, Aem= 510-570 nm), depending on
the cell-culture system. Results were plotted as signal-to-noise ratios, and background

readings were determined from wells containing culture medium without cells.

4.2.7 Detection of intracellular H20:

Cells were grown in 48-well plates and then treated with the compound to test or menadione
(Sigma-Aldrich), which causes ROS production, or co-treated for ROS scavenging assays.
After treatment, cells were washed with PBS and 10 uM 2-7"-dichlorofluorescein diacetate
(Sigma-Aldrich) was added for 40 min, and then they were incubated at 37°C, 5% CO.. In
presence of intracellular H202, non-fluorescent 2"-7"-dichlorofluorescein diacetate (DCF-
DA) is oxidized and converted to green fluorescent 2°,7"-dichlorofluorescein (DCF). Then,
cells were washed with PBS and methanol-fixed at -20°C for 15 min. After three washes
with ice-cold PBS, 2-(4-amidinophenyl)-6- indolecarbamidine dihydrochloride (DAPI; 0.2
ug mL1) counterstain was performed for 10 min at 37°C under dark conditions. Cells were
then washed three-times with cold PBS, one drop of mounting solution was added, and then
they were observed and imaged under a fluorescence microscope (Leica DM6000; 20x
magnification) with excitation/emission wavelength maxima of 490 nm/515 nm (DCF) or
350 nm/460 nm (DAPI). Images are representative of three independent experiments. The
increase or the decrease of ROS generation in treated cells, shown as green fluorescence,

was quantified using ImageJ.
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4.2.8 Protein lysate and immunoblot analysis

Cells were grown in 6-well plates in complete medium, and before being treated, they were
starved in serum-free medium for 24 h. Then cells were treated for 2448 h with different
compounds.

Then cells were rinsed twice with ice cold phosphate-buffered saline (PBS) and were then
lysed immediately with 200 uL of cell lysis buffer (20 mM Tris—HCI, pH 7.4, 15 mM NacCl,
1 mM bglycerophosphate, 1 mM sodium orthovanadate, and 10 % glycerol). Cell lysates
were cleared by centrifugation at 10,000 rpm for 2 min at 4 °C. Protein concentrations were
determined using Bradford BIO-RAD protein assay. Equal amounts of lysates were resolved
on a 7.5% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane, and probed
with antibodies directed against PARP-1 and GAPDH (Santa Cruz Biotechnology, TX,
USA). The antigen—antibody complex was detected by incubation of the membranes for 1 h
at room temperature with peroxidase coupled goat anti-rabbit 1IgG and was revealed using
the ECL western blotting detection system (Amersham Pharmacia Biotech, Piscataway, NJ).

Immunoblots show one representative image of three separate experiments.

4.2.9 Mitochondrial staining

For mitochondrial staining, cells were grown on coverslips in full media and were then
serum-starved for 24 h for the indicated time with examined compounds. Then, they were
incubated with pre-warmed (37 °C) staining solution containing MitoTracker Deep Red FM
probe (MitoTracker Mitochondrion-Selective Probes, Invitrogen European Headquarters,
Paisley PA4 9RF, UK) for 20 min (fluorescence excitation= 644 nm, fluorescence emission=
665 nm). Then, the cells, after PBS washes, were fixed with cold methanol. Coverslips were
then washed three times with PBS. Nuclei were stained using DAPI (Sigma) for 10 min at a
concentration of 0.2 ug mL* then washed three times with PBS. Fluorescence was detected
by fluorescence microscopy (Leica DM 6000). LAS-X software was used to acquire and

process all images.

4.2.10 Immunofluorescence

For immunocytochemistry, cells were grown on coverslips in full media, then serum-starved
for 24 h and treated for the indicated time with examined compounds. Then they were PBS-
washed and fixed with cold methanol (15 min/-20 °C) and washed three times (10 min/room

temperature) with cold PBS containing 0.01% Triton X-100. After incubation (30 min/room
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temperature) with blocking solution (PBS, 2% BSA), they were incubated with primary
antibodies diluted in blocking solution (4 °C/overnight).
The primary antibody were raised against the following proteins:

e Cytochrome c¢ (556433) was purchased from BD Biosciences (Franklin Lakes, NJ)
and used at 1:100 dilution.

e E-cadherin (4065) and vimentin (3932) were purchased from Cell Signaling (Cell
Signaling technology, Milan, Italy) and both used at 1:100 dilution;

e TNF-a (52B83), VEGF (A-20) and B-tubulin (9104) were acquired from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA), were used at 1:50 (TNF- a), 1:100
(VEGF) and 1:200 (B-actin and B-tubulin) dilutions.

Coverslips were then washed three times with PBS, then fixed cells were incubated with the
secondary antibodies Alexa Fluor® 568 conjugate goat-anti-mouse or Alexa Fluor® 488
conjugate goat-anti-rabbit (both used at 1:500 dilution and acquired from Thermo Fisher
Scientific, MA, USA). Nuclei were stained using DAPI (Sigma) for 10 min at a
concentration of 0.2 ug mL* then washed three times with PBS. Fluorescence was detected
by fluorescence microscopy (Leica DM 6000). LAS-X software was used to acquire and

process all images.

4.2.11 In vitro tubulin polymerization assay

Tubulin polymerization inhibition was measured using an in vitro tubulin polymerization
assay kit purchased from EMD Millipore Corporation using the manufacturer’s instructions.
The polymerization reaction occurs in a 70 pL final volume, with 60 uM tubulin in 1x PB-
GTP and the assayed at a concentration of 10 uM. Both Paclitaxel (I111) and Vinblastine
(X1V) (used as a control) were dissolved in DMSO and used at a final concentration of 10
uM. The mixtures were combined in a 96-well plate and readings were obtained using a
Tecan microplate reader (37 °C, 10 second shaking before each reading) and the turbidity

variation was measured every 30 seconds at 350 nm for 90 minutes.

4.2.12 Wound-healing assay

Cells were plated on six-well plates and cultured in full medium to produce confluent
monolayers. They were wounded in a line using a standard 200-uL sterile pipette tip, then
washed with phosphate buffered saline (PBS) to remove cell debris before incubation with

various concentrations of each compound at its ICso value. Images at time zero (t =0 h) were
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acquired to record the initial area of the wound, and the recovery of the wounded monolayer
due to cell migration toward the scratched area was estimated at 48 and 72 h (t =Ah). Images
were captured using an inverted microscope equipped with digital camera (Leica DM 6000).

The migration of cells toward the wounds was expressed as percentage of wound closure

[Eq. (D]:

wound closure [%] = [(Ato - Atan) X (Ato)™*] x 100 1)

for which Aty is the area of wound measured immediately after scratching, and Atan is the
area of wound measured 48 or 72 h after scratching. Vehicle-treated cells were used as a
control. The collected images were analyzed with Leica Application Suite X (LAS X)
software. Each experiment was performed three times, and each treatment was conducted in

three replicates. Representative images are shown.

4.3 NANOEMULSIONS

4.3.1 Materials

Kolliphor® HS15 (macrogol 15 hydroxystearate: 70% PEG 660 hydroxystearate and 30%
free PEG 660), was kindly provided by BASF (Ludwigshafen, Germany). Labrafac® WL
1349 (triglycerides medium chain) and Transcutol® HP (diethylene glycol monoethyl ehter)
were gifts from Gattefossé S.A. (Saint-Priest, France). Due to the complex composition of
the excipients, the brand names are used throughout the text. KH2PO4, Na;HPO4-12 H-0,
NaH2PO4-H20, Dulbecco’s phosphate buffered saline (DPBS), Quercetin (XVI) and
Cisplatin (11) were obtained from Sigma-Aldrich (Steinheim, Germany). NaCl was provided
by Acros Organics (Geel, Belgium). Water, methanol and acetonitrile of HPLC analytical
grade were obtained from Fisher Scientific (Loughborough, United Kingdom). The used
demineralized water was obtained using a mixed bed ion exchange resin Distiplus DS450

(Grosseron, Couéron, France).

4.3.2 Formulation of nanoemulsions

Nanoemulsion formulation was adapted from spontaneous nano-emulsification method
previously described by Gué E. et al. in 2016 [201]. The organic phase, composed of oil
(Labrafac® WL 1349), surfactant (Kolliphor® HS 15) and cosurfactant (Transcutol® HP),

was heated at 85 °C under gentle magnetic stirring (250 rpm) and cooled down at 25°C.
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When the anhydrous mixture reached this temperature, the magnetic stirring was increased
from 250 rpm to 750 rpm and the aqueous phase (10 mM or 65 mM phosphate buffer, 25
°C) was suddenly poured in, leading to spontaneous emulsification. After the addition of
water, the stirring was maintained for 15 minutes at room temperature. In case of drugs-
loaded nanoemulsions, the drugs were weighed with the organic phase, heated at 85 °C under
gentle magnetic stirring (250 rpm) and mixed for 5 minutes by ultrasonic treatment at room

temperature. Then, NEs were prepared as previously described.

4.3.3 Physicochemical characterization of the nanoemulsions

Dynamic light scattering was used to determine the average hydrodynamic diameter in
volume, the polydispersity index (PDI) and the diameter distribution by volume of the
nanoemulsions using a NanoZS® apparatus (Malvern Instruments, Worcestershire, UK)
equipped with a 633 nm laser at a fixed scattering angle of 173°. The temperature of the cell
was kept constant at 25°C. The nanoemulsions were filtrated through 0.2 um regenerated
cellulose syringe filters (Minisart® Syringe Filter, Sartorius, Goettingen, Germany) and
diluted 1/100 (v/v) in NaCl 1 mM in order to assure an appropriate scattered intensity on the

detector before measurements. Measurements were taken in triplicate.

4.3.4 Zeta potential measurement

Zeta potential analyses were made, after filtration and 1/100 dilution in NaCl 1 mM, using a
NanoZS® apparatus equipped with DTS 1070 cell. All measurements were performed in
triplicate at 25°C, with a dielectric constant of 78.5, a refractive index of 1.33, a viscosity of
0.8872 cP and a cell voltage of 150 V. The zeta potential was calculated from the
electrophoretic mobility using the Smoluchowski equation.

4.3.5 pH and osmolarity measurements

The pH of nanoemulsions was measured using a pH-meter (Eutech instrument, Landsmeer,
Netherlands) equipped with a microprobe (Fisherbrand, Fisher Scientific, Ilikirch, France).
The osmolarity of nanoemulsions was measured using a micro-osmometer autocal type
15/15M (Lo6ser Messtechnik, Berlin, Germany) via freezing-point method. Typically, 100uL

of nanoemulsions were introduced in microtube and measurements were performed.
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4.3.6 Determination of the encapsulation efficiency and the drug loading
The encapsulation efficiency (EE) for Quercetin (XVI) was determined after filtration
through 0.2 um syringe filters (Minisart® Syringe Filter, Sartorius, Goettingen, Germany)
to remove unentrapped drugs. Then, these samples were diluted in methanol (1/500) and the
concentration of Quercetin (XVI) was determined by ultra-high-performance liquid
chromatography (UHPLC) as described in 5.3.9 paragraph. The EE was determined in
triplicate and calculated as follows:

Quantity of drug entrapped

EE (%) = 100 X
(%) Total quantity of drug added

The drug loading (DL) was defined as:

uantity of drug entrapped
DL (%) = 100 x & y of drug ad

Total quantity of excipients

4.3.7 Stability studies

The short-term stability of the native nanoemulsions was investigated over a storage period
of 14 days (for Quercetin (XVI1)) and 7 days for Cisplatin (I1) and for co-formulation at 4°C.
The stock formulations (without dilution to mimic storage conditions) were stored at 4°C
and diluted at regular intervals with a 1/100 dilution in NaCl 1 mM for evaluating the size
distribution and zeta potential. A stability study at 37°C for 48 hours was also accomplished
for Quercetin (XVI) nanoemulsions to mimic operating conditions for future in vitro and in
vivo studies. Nanoemulsions were diluted at 1/20 and 1/100 in phosphate buffered saline
(PBS) pH 7.4 (European pharmacopeia, 9th ed.) and were then placed in tubes in a water
bath WNB-22 (Memmert, Schwabach, Germany) at 37°C under gentle horizontal shaking.
The size measurements and distribution, the drugs concentration and the EE (%) were
performed just after dilution and incubation. All assays and measurements were performed

in triplicate.

4.3.8 In vitro drug release Kinetics studies

Quercetin (XVI) release from nanoemulsions was studied by the dialysis bag method. For
this purpose, 250 pL of Quercetin-loaded nanoemulsions were instilled into a cellulose ester
dialysis bag (Spectra/Por® Biotech membranes, molecular weight cut-off: 100kDa,
Spectrum Laboratories, Rancho Dominguez, California, United States) and incubated in 100
mL of PBS pH 7.4 in a water bath WNB-22 at 37°C and under gentle horizontal shaking.
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Samples of 500 pL of PBS were withdrawn at appropriate intervals and the same volume
was replaced with fresh PBS. In the case of Quercetin (XV1), Tween 80 (1%, v/v) was added
to the acceptor compartment to respect sink conditions. The percentage of released drug was
measured by UHPLC taking into account the cumulative removed quantity. All

measurements were performed in triplicate.

4.3.9 UHPLC methods

Quercetin (XVI1) concentration was determined by UHPLC. The UHPLC methods were
based on those previously described by Gué E. et al. in 2016 (30). The UHPLC system
comprised an Agilent® 1290 Infinity binary pump, an Agilent 1290 Infinity autosampler
and an Agilent 1260 Infinity diode-array detector (Agilent technologies, Santa Clara, CA,
USA). A reversed phase column C18 (5 um, 2.1 x 50 mm, Restek® Ultra, Lisses France)
was used as analytical column. Mobile phase was composed of a mixture of acetonitrile (A)
and water containing 0.1 % (v/v) formic acid (B). Detection wavelength (1), flow rate, total
run time (T), gradient, injection volume, concentration range and retention time (Rt) used to
analyze Quercetin (XVI1) are listed in Table 19. The column temperature was 35 °C. In
presence of nanoemulsions, no interaction with the tested drugs was highlighted. Linearity
was good within the concentration range studied with a correlation coefficient higher than
0.99.

Drugs 2 (am) Flow T(min)  Gradient Vi (1) Concentration
(mL/min) range (ug/mL)
t (min) A (%)
Quercetin
370 0.6 3.20 0 20 3.0 05-10
(XVI)
2.70 60
2.71 90
3.20 90

Table 19. UHPLC methods used for the quantification of Quercetin (XVI) concentration.

4.3.10 ORAC assay
The ORAC assay is based on the scavenging of peroxyl radicals generated by AAPH, which

prevent the degradation of the fluorescein probe and, consequently, prevent the loss of
fluorescence of the probe. The reaction was carried out in a final volume of 200 pL in
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Costar® 96 well black opaque plate (Corning Costar). 25 uL of samples (Quercetin (XV1)
in DMSO and Quercetin (XV1) in nanoemulsion at 2% w/w) at different concentrations
(range of 1-250 uM) and 150 pL of fluorescein 8 nM were mixed in the wells and pre-
incubated for 30 min at 37 °C. Then, 25 uL of AAPH solution 75 mM was then added in
each well, and the fluorescence was recorded each minute for 60 min at excitation and
emission wavelengths of 485 and 530 nm, respectively using Synergy™ 2 Multi-Detection
Microplate Reader (BioTek Instruments, Inc.). A blank sample containing 200 uL of
phosphate buffer in the reaction mix was prepared and used as control. Four calibration
solutions of Trolox (6.25, 12.5, 25, 50 and 100 uM final concentration) was also tested to
establish a standard curve. All samples were analyzed in triplicate. The area under the curve
(AUC) was calculated for each sample by integrating the relative fluorescence curve. The
net AUC of the sample was calculated by subtracting the AUC of the blank. The regression
equation between net AUC and Trolox concentration was determined, and ORAC values
were expressed as uM compounds/ uM Trolox using the standard curve established

previously.
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Future perspectives

Among the human cancers, breast and uterine types represent the death cause of
almost the 26% and 7% of women, respectively. The availability of new and improved
chemotherapies facing the resistance occurrence and the toxic side effects is still a major
challenge.

In this context, the studies carried out during my PhD have brought to light the
interesting anticancer activities of new synthetized molecules.

In particular, the reported results have demonstrated that carbazolic compounds 4f,
9c, 15a and 15d, structurally correlated to the most known anticancer agents Ellipticine
(XI) and Vinblastine (X1V), could represent new potential molecules useful as valid
alternative to the classic therapies. These compounds are able to exert interesting
antiproliferative effects on in vitro models of the most common cancer types in women.

| also reported interesting results about new gold complexes AuL4 and AuL6 that
could represent very promising and valid candidates for the development of improved metal-
based compounds and for further preclinical investigations. The use of these complexes, in
fact, could overcome the limitations in the clinical use of Cisplatin (11) (dramatic side effects
and the onset of resistance phenomena).

Other interesting compounds studied are represented by Thalidomide (XV)
analogues 16¢ and 16h. In fact, repurposing of old drugs and screening toward new targets
can reduce economic and practical research efforts. In this context, these molecules possess
a marked anti-tumor activity, mostly against the highly metastatic MDA-MB-231, inducing
cell death by apoptosis and interfering with metastatic and angiogenic processes.

Moreover, considering that natural-based alternatives with less toxicity have become
recently more important, also Quercetin (XV1) derivatives were studied. The most active
compounds 17a and 17d demonstrated their double value in cancer fighting: they were
capable to protect healthy cells from oxidative stress and to induce cancer cells death by
apoptosis.

Ultimately, it is well known that the development of new drugs is expensive and takes long
time and that old drugs show some limitations (low solubility, low bioavailability, instability,
etc). For these reasons, the improvement of their safety and efficacy through the design of
drugs delivery system have become a very attractive and smart alternative, mostly in
oncology. In this context, new formulations for Sunitinib (XVI1), Quercetin (XVI) and

Cisplatin (11) permitted to obtain molecules with improved pharmaceutical profile, thanks
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to the adjustment of physical-chemical and pharmacokinetic/pharmacodynamics drugs
properties (solubility, chemical and / or metabolic stability, bioavailability, release and so
on). This strategy shows a significantly higher benefit/risk ratio when comparing to the

development of a new drug.

Since the promising results obtained for the different active molecules studied in
terms of simple synthetic routes, good anti-proliferative activity, absence of toxicity and
important biological targets, future studies will focus on the formulation of suitable vehicles
that will allow to improve their physical-chemical properties and further in vivo studies that
will allow to deepen pharmacokinetic/pharmacodynamics properties. These studies will
open new perspectives for the development and the employment of these new tools in

oncology.
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Carbazolic compounds: Ellipticine (XI11) and Vinblastine (XIV) analogues

Compounds I1Cs0 (uM) Targets
:N: I\ 4.4+0.20
WN\ /L' | (MDA-MB-231)
| hTopoll inhibition,
4f ability to induce
N-Alkylcarbazoles = L
apoptosis (increase of
584028 caspases activity)
WN/ \ ¢ | (MDA-MB-231)
AN T_:_
49

ey
L,

hTopoll inhibition,
ability to induce

) 11.3+0.63 apoptosis (increase of
N-thioalkylcarbazoles o
(HeLa) caspases activity,
L<\%;\SH release of cytocrom ¢
9c and PARP-1 cleavage).
C )N,
O N 3.88+0.81
S NH
0 (MDA-MB-231)
Multi-target agents:
15a .
hTopol and Tubulin
Benzothienoquinazolinones o
/\/ polimerization
O N inhibition
O SN 4.69+1.00 '
S NH (MDA-MB-231)
O
15d

Table 20. Summary of the biological properties of the most active carbazolic compounds studied
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New Au complexes: Cisplatin (I1) analogues

Compounds I1Cs0 (uM) Targets
Cl o
H oH Ability to induce apoptosis (increase of
_—N N 1,63+ 0.5 caspases activity, release of cytochrome ¢
Y (MDA-MB-231) and PARP-1 cleavage and ROS
production in cancer cells).
Aul
AulL4
Cl Cl
> ( OH
N 210207 Multi-target tool: hTopol, hTopo 11 and
N ulti-target tool: hTopol, hTopo Il an
- (MDA-MB-231) JE OO RTORO R OP
Tubulin polimerization inhibition.
ClAu
AuL6

Table 21. Summary of the biological properties of the most active Au complexes studied

Thalidomide (XV) analogues

Compounds I1Cs0 (M) Targets
Cl o)
cl o\)\
N
56.48+1.3
(MDA-MB-231)
o
16¢ Ability to induce apoptosis,
Br inhibition of cell migration and
o angiogenesis.
37.16x1.0
N
(MDA-MB-231)
(0]
16h

Table 22. Summary of the biological properties of the most active Thalidomide (XV) analogues

studied
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Quercetin (XVI) analogues

Compounds I1Cs0 (uM) Targets
YO
0
2
0] 0
0 | O bl 10.9+0.9
o o (MDA-MB-231)

Ability to induce apoptosis, hTopol
and Il inhibition, ROS production

in cancer cells and ROS scavenging

in non-tumoral cells.

16.620.4
(MDA-MB-231)

17d

Table 23. Summary of the biological properties of the most active Quercetin (XVI) derivatives
studied.
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Abbreviations

13C-NMR = carbon-13 nuclear magnetic resonance
'H-NMR = proton-1 nuclear magnetic resonance
A = adenine

ACTH = adenocorticotropic hormone

AIBN = azobisisobutyrronitrile

Ala = alanine

AMP-PNP = adenylyl-imidodiphosphate

APPH = 2,2'-azobis(2-amidinopropane) dihydrochloride
Asn = asparagine

Asp = aspartate

ATCC = American type culture collection

ATP = adenosine triphosphate

AUC = area under the curve

Boc = tert-butoxycarbonyl

BRCA-1 = breast cancer gene 1

BRCA-2 = breast cancer gene 2

BSA = bovine serum albumine

Cbz = carboxybenzyl

CDIS = carcinoma lobular in situ

CLIS = carcinoma ductal in situ

CTRL = control

DAPI = 4',6-diamidino-2-phenylindole

DCC = dextran-coated charcoal

DCF-DA = 2’,7'-dichlorofluorescin diacetate
DHFR = dihydrofolate reductase

DL = drug loading

DMEM = dulbecco’s modified eagle’s medium
DMEM-F12 = dulbecco’s modified eagle’s medium/nutrient mixture ham F-12
DMF = dimethylformamide

DMSO = dimethyl sulfoxide

DNA = deoxyribonucleic acid

DPBS = dulbecco’s phosphate-buffered saline
DTT = dithiothreitol

E =earl

EB = ethidium bromide

EC = endometrial carcinoma

ECL = enhanced chemiluminescent

EDTA = ethylenediamine tetraacetic acid

EE = encapsulation efficiency

EGDMA = ethylene glycol dimethacrylate

EMT = epithelial-mesenchymal transition

ER = estrogenic

ESI = electrospray ionization

ESI-MS = electrospray ionization mass spectrometry
Et = ethyl

FBS = fetal bovine serum

FIGO = international federation of gynecology and obstetrics
FSH = folliculo-stimulating hormone
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G = guanine

GADPH = gliceraldeide-3-fosfato deidrogenasi
GH = growth hormone

GIn = glutamine

Glu = glutamate

hEGF = human epidermal growth factor
HER2 = epidermal growth factor

HIV = human immunodeficiency virus

HPLC = high performance liquid chromatography
HPV = human papillomavirus

HS = horse serum

Hsp =heat shock protein

hTopo = human topoisomerase

ICso = half maximal inhibitory concentration
Ile = isoleucine

k-DNA = kinetoplastic-deoxyribonucleic acid
L = late

LAS X = leica application suite X

LCR = long control region

Leu = leucine
LH = luteinized hormone
Lys = lysine

MAA = methacrylic acid

MEM = minimum essential eagle’s medium
Men = menadione

MIP = molecularly imprinted polymer

MTT = 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide
NCS = newborn calf serum

NE = nanoemulsion

NEAA =non-essential amino acids

NHC = N-heteroclycic carbene

NIP = non-imprinted polymer

NMR = nuclear magnetic resonance

OD = optical density

ORAC = oxygen radical absorbance capacity
PARP-1 = poly(ADP-ribose) polymerase 1
PBS = phosphate-buffered saline

PDB = protein data bank

PDI =polydispersity index

PEG = polyethylene glycol

Phe = phenylalanine

pHOTL1 = supercoiled plasmid

P13K = phosphoinositide 3 kinase

PR = progesterone

Pr = propyl

PRL = prolactin

PTEN = phosphatase and tensin homologue
PTLC = preparative thin layer chromatography
PV = papillomavirus

RNA = ribonucleic acid

137



ROS = reactive oxygen species

Rt = retention time

SD = standard deviation

Ser = serine

T3 = triiodothyronine hormone

T4 = triiodothyroxine hormone

TAE = tris-acetate-EDTA buffer

TDLU = terminal ductal lobular unit

TdT = terminal deoxynucleotidyl transferase

TE = tris-EDTA buffer

THF = tetrahydrofuran

Thr = threonine

TNF-a = tumor necrosis factor alpha

TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling
Tyr = tyrosine

UHPLC = ultra high performance liquid chromatography
UV = ultra-violet

Val = valine

VEGF = vascular endothelial growth factot

VLP = virus like particles
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