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Abstract

Cancer is a worldwide disease, causing numerous deaths every year. The
metabolism of cancer cells is altered compared to the normal ones, leading to an abnormal
cellular growth, which enables them to metastasize to other organs. Currently, several
strategies are used to help fight cancer among them the use of antitumour chemotherapy,
however, this type of treatment bears several side effects. Steroidal compounds were
proven to be efficient against several types of cancer. Epoxides and oximes are two
structural features frequently associated with anticancer activity. In this manner, the main
goal of this dissertation was to combine these features with the steroidal backbone by
synthesizing steroidal epoxides and oximes and evaluating them in several cancer cell lines,

ultimately to contribute to finding new anticancer agents with fewer side effects.

The compounds 5a-androst-3-en-17-one oxime (3,4 — OLOX), 3a,4a-epoxy-5a-
androstan-17-one oxime (3,4 — EPOX), androst-4-en-17-one oxime (4,5 — OLOX) and
4a,5a-epoxyandrostan-17-one oxime (4,5 — EPOX) were synthesized and their cytotoxicity
evaluated in four human cancer cell lines, namely, colorectal adenocarcinoma (WiDr), non-
small cell lung cancer (H1299), prostate cancer (PC3) and hepato carcinoma (HepG2) with
concentrations ranging from 1-75 uM. We used the MTT assay to assess cell proliferation,
flow cytometry to evaluate viability and types of cell death and fluorescence to measure
ROS (reactive oxygen species) production, after treatment of cancer cells with the
synthesized compounds. Two non-tumour cell lines were also used, namely MRC5, a
normal lung cell line and CCD841 CoN, a normal colon cell line. Hemocompatibility was

also assessed by haemoglobin release measurement.

The most effective compound in inhibiting tumour cell proliferation in all cell lines
was 3,4 — OLOX. Furthermore, this compound demonstrated the lower ICs values for WiDr
and PC3 cells (9.1 yM and 13.8 uM, respectively). 4,5 — OLOX also showed promising
results in the same cell lines with an 1Csp of 14.5 pM in PC3 and 16.1 yM in WiDr cell lines.
Moreover, 3,4 — OLOX and 4,5 — OLOX revealed to be selective towards WiDr cells as
demonstrated by the proliferation assays performed in the non-tumour CCD841 CoN cells.
The compounds with an olefin group in the steroidal A-ring showed remarkable
antiproliferative activity. On the other hand, compounds with an epoxide function instead of
an olefin presented poorly antiproliferative activity. Furthermore, the oxime presented in C-
17 position seemed to increase cytotoxicity. Further studies also revealed that 3,4 — OLOX
and 4,5 — OLOX induced a decrease in cell viability accompanied by an increase in cell
death, mainly by apoptosis/necroptosis for 3,4 — OLOX in both cell lines and for 4,5 - OLOX

in WiDr cells, and by necrosis for 4,5 — OLOX in PC3 cells. Moreover, the increase



production of ROS levels (intracellular peroxides and superoxide anion) in both PC3 and
WiDr cells, treated with 3,4 — OLOX and 4,5 — OLOX compared to non-treated cells,
indicated that the compounds might exert their cytotoxicity by ROS production. Additionally,
both compounds did not induce haemoglobin release at a concentration of 10 and 75 pM in

the hemocompatibility assay.

Preliminary results suggest that 3,4 — OLOX and 4,5 — OLOX might have an
antitumoural effect, mediated by apoptosis/necroptosis and R.O.S. production, which

encourages further studies. Compounds were proved to be safe for .V. administration.

Keywords: Steroids, epoxides, oximes, synthesis, antitumour activity
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Resumo

O cancro é uma doenca a escala mundial que causa inUmeras mortes todos 0s
anos. Em relacdo as células normais, o0 metabolismo das células tumorais encontra-se
alterado, o que conduz a um crescimento celular anormal que lhes permite metastizar para
outros 6rgdos. Atualmente, inUmeras estratégias sao usadas no tratamento do cancro entre
elas, a quimioterapia. No entanto, este tipo de tratamento comporta inumeros efeitos
secundarios. Os esterbides tém sido amplamente estudados e tem-se provado a sua
eficiéncia em diferentes tipos de cancro. Epdxidos e oximas sdo duas caracteristicas
estruturais frequentemente associadas a atividade antitumoral. Desta forma, o objetivo
principal desta dissertacdo foi o de combinar estas mesmas caracteristicas com o
esqueleto dos esterdides através da sintese de epdxidos e oximas esteroidais, com
posterior avaliacdo da sua atividade bioldgica em diversas linhas celulares tumorais para,
em Ultima analise, contribuir para encontrar novos farmacos antitumorais com menos

efeitos adversos.

Os compostos 5a-androsta-3-eno-17-ona oxima (3,4 — OLOX), 3a,4a-epoxi-5a-
androstano-17-ona oxima (3,4 — EPOX), androsta-4-eno-17-ona oxima (4,5 — OLOX) e
4a,50-epoxiandrostano-17-ona oxima (4,5 — EPOX) foram sintetizados e foi avaliada a sua
citotoxicidade em quatro linhas celulares tumorais, adenocarcinoma colorretal (WiDr),
cancro do pulmao de ndo-pequenas células (H1299), cancro da préstata (PC3) e carcinoma
hepatocelular (HepG2) com concentragdes que variaram entre 1 e 75 pM. Foi usado o teste
MTT para avaliar a proliferacéo celular apds o tratamento, citometria de fluxo para avaliar
a viabilidade e morte celular e fluorescéncia para medir a producéo intracelular de ROS
(espécies reativas de oxigénio) apés o tratamento das células com os compostos. Foram
utilizadas, também, duas linhas celulares normais, uma de pulmao, a linha MRC5, e uma
de colon, a linha CCD841 CoN. A hemocompatibilidade foi também avaliada através da

medicao da hemoglobina libertada.

O composto que inibiu mais eficazmente a proliferacdo das células tumorais, facto
observado em todas as linhas celulares, foi o 3,4 — OLOX. Para além disso, nas células
WiDr e PC3 demonstrou os melhores valores de I1Cs (9.1 UM e 13.8 uM, respetivamente).
0O 4,5 - OLOX também demonstrou resultados promissores nas mesmas linhas celulares
com valores de ICso de 14.5 uM nas PC3 e 16.1 uM nas WiDr. Estudos adicionais de
proliferacéo celular utilizando a linha celular CCD841 CoN, revelaram a seletividade do 3,4
— OLOX e do 4,5 — OLOX face as células tumorais WiDr. Os compostos que apresentam
uma dupla ligagéo (olefina) no anel A demonstraram uma forte atividade antiproliferativa.

Por sua vez, os compostos que apresentam um grupo epoxido em vez de uma dupla
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ligagéo, demonstraram fraca atividade antiproliferativa. Além disso, a oxima presente na
posicdo C-17 do esqueleto do esterdide parece influenciar positivamente a atividade
citotéxica dos compostos. O 3,4 — OLOX e 0 4,5 — OLOX induziram uma diminuicdo na
viabilidade celular acompanhada de um aumento de morte celular, principalmente por
apoptose/necroptose para 0 3,4 — OLOX nas duas linhas celulares e para 0 4,5 — OLOX
na linha celular WiDr, e por apoptose para 0 4,5 — OLOX nas células PC3. Além disso, o
aumento da producdo de ROS (peroxidos e do anido superéxido intracelulares), tanto nas
células PC3 como nas WiDr, tratadas com o 3,4 — OLOX e com 0 4,5 - OLOX, comparando
com as células ndo tratadas, pode indicar que estes compostos exercem a sua
citotoxicidade através da producédo de ROS. O ensaio de hemocompatibilidade realizado
revelou que ambos os compostos ndo induzem libertacdo de hemoglobina nas duas

concentracoes testadas, 10 uM e 75 uM.

Resultados preliminares sugerem que o0 3,4 — OLOX e 0 4,5 - OLOX podem ter um
efeito antitumoral mediado por apoptose/necroptose e pela producdo de ROS, o que
encoraja estudos futuros. Os compostos provaram também ser seguros para serem

administrados intravenosamente.

Palavras-chave: Esterdides, epoxidos, oximas, sintese, atividade antitumoral
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ACRONYMS, ABBREVIATIONS AND FORMULAS

List of acronyms, abbreviations and formulas

A549

AIDS

Als

ALK

APC

AR

ATP

AV

BAX

BCL-2

BCLC

BGC-823

BRAF

BRCA1l

BRCA2

CaSki

CacClz

CCD841 CoN

CH3COONa.3H20

CIMP

CIN

CMSs

CRC

Human lung cancer cell line
Acquired immune deficiency syndrome
Aromatase inhibitors

Anaplastic lymphoma kinase
Adenomatous polyposis coli gene
Androgen receptor

Adenosine triphosphate

Annexin V

BCL-2 associated X protein

B-cell ymphoma-2

Barcelona Clinic Liver Cancer
Human stomach cancer cell line
V-raf murine sarcoma viral oncogene homolog B1
Breast cancer type 1 gene

Breast cancer type 2 gene
Human cervical cancer cell line
Calcium chloride

Human non-tumour colon cell line
Sodium acetate trihydrate

CpG island methylator phenotype
Chromosomal Instability
Consensus molecular subtypes

Colorectal carcinoma

15



ANTITUMOUR ACTIVITY EVALUATION OF SYNTHETIC STEROIDAL OXIMES AND EPOXIDES

CRPC
CYP17
DCFH2-DA
DHE
DMEM
DMSO
DNA
DNAse
DU-145
EGFR
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3,4 - EPOX
4,5-EP
4,5 - EPOX
FAP

FBS

FDA

FITC
5-FU

Glso

GSH

GPx
H1299
HBV

HCC

Castration-resistant prostate cancer
Steroid 17a-monooxygenase

2’,7- Dichlorodihydrofluorescein diacetate
Dihydroethidium

Dulbecco’s Modified Eagle Medium
Dimethyl sulfoxide

Deoxyribonucleic acid
Deoxyribonuclease

Human prostate cancer cell line
Epidermal growth factor receptor
3a,4a-Epoxy-5a-androstan-17-one
3a,4a-Epoxy-5a-androstan-17-one oxime
4a,5a-Epoxyandrostan-17-one
4a,5a-Epoxyandrostan-17-one oxime
Familial adenomatous polyposis

Fetal bovine serum

Food and Drug Administration
Fluorescein isothiocyanate fluorochrome
5-Fluorouracil

Half growth inhibition concentration
Reduced glutathione

Glutathione peroxidase

Human lung cancer cell line

Hepatitis B virus

Hepatocellular carcinoma
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HCV
HelLa
HepG2
HER-2
HGPIN
HOXB13
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ICso
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KB

KCI
KH2PO4
KRAS
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M/A

MAPK
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Human colon cancer cell line

Hydrogen peroxide

Formic acid

Hepatitis C virus

Human cervical cancer cell line

Human liver cancer cell line

Human Epidermal growth factor Receptor 2
High-grade intraepithelial neoplasia
Homeobox protein Hox-B13

Hydroxy steroid dehydrogenase inhibitors
Human colorectal cancer cells

Intravenous administration

Half maximal inhibitory concentration

5,5’ 6,6-Tetrachloro-1,1’,3,3"-
tetraethylbenzimidazolocarbocyanine iodide
Nasopharyngeal cancer cell line

Potassium chloride

Monopotassium phosphate

Kristen rat sarcoma viral oncogene homolog
Half lethal concentration

Low-grade form of prostatic intraepithelial neoplasia
Human prostate cancer cell line

Partition coefficient

Monomers/Aggregates ratio

Mitogen-activated protein kinase
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Mp

MRC5

MSI

MTT

NaCl
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NRAS
NSCLC

Oy

OH*
3,4-0L
3,4 - 0OLOX
45-0L
4,5 - 0OLOX
PBS

PC3

PCa

Pl

PI3K

PIK3CA

ER*human breast cancer cell line

ER* human breast cancer cell line overexpressing aromatase
Human triple negative breast cancer cell line
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Melting point

Human non-tumour lung cell line

Microsatellite instability
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Sodium chloride
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5a-Androst-3-en-17-one
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Phosphate buffer saline

Human prostate cancer cell line

Prostate cancer
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SOD
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Prostate-specific antigen
Phosphatase and tensin homolog
Ribonucleic acid

Ribonuclease
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Reactive oxygen species
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Thin layer chromatography
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INTRODUCTION

Cancer

Cancer is a worldwide disease that causes high death rates, not only because of the
ageing and growth of the world population but also due to an increase of cancer-causing
behaviours. In fact, cancer is the main cause of death in economically developed countries

and the second leading cause of death in developing countries (Bray et al., 2018).

The development of cancer involves the hallmarks of cancer, which include
sustaining proliferative signalling, evading growth suppressors, resisting cell death,
enabling replicative immortality, inducing angiogenesis, and activating invasion and
metastasis (Hanahan and Weinberg, 2000). Overall, normal cells have mechanisms to
control the production and release of growth-promoting signals that are responsible for
telling the cells if they should undergo division or not. Cancer cells can overcome these
mechanisms by deregulating these signals allowing the uptake and metabolism of nutrients
that are able to promote cell survival and are the fuel for cell growth resulting in the formation
of a tumour (Hanahan and Weinberg, 2011; Courtnay et al., 2015). More recent studies
added four new hallmarks as a complement: avoid immune destruction, tumour-promoting
inflammation, genome instability and mutation and deregulating cellular energetics
(Hanahan and Weinberg, 2011). Altogether, they account for the ten hallmarks of cancer
(Figure 1).

Sustaining Evading
proliferative growth
signaling suppressors

Resisting Enabling
cell replicative
death immortality
Genome Tumo_r
instability & promoting

mutation inflammation

Inducing Activating
angiogenesis invasion &
metastasis

Figure 1 — Hallmarks of cancer. Printed from (Hanahan and Weinberg, 2011).
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Epidemiology

The World Health Organization estimated the occurrence of 18.1 million new cases
and 9.6 million cancer deaths worldwide in 2018 (Bray et al.,, 2018). Moreover,
epidemiologic studies estimated that, for both sexes, lung cancer was the most commonly
diagnosed cancer (11.6% of the total cases) and the one with the highest mortality rate
(18.4% of the total cancer deaths), closely followed by female breast cancer (11.6%),
colorectal cancer (10.2%), and prostate cancer (7.1%) for incidence and colorectal cancer
(9.2%), stomach cancer (8.2%), and liver cancer (8.2%) for mortality (Bray et al., 2018)
(Figure 2). In Portugal, prostate cancer was the most incident type of cancer and lung
cancer was the one with a higher mortality rate, in males. In females, for incidence is breast

cancer and for mortality is colorectal cancer (Figure 3 and Figure 4).

Both sexes
Incidence Mortality

Other

Breast
116%
36.6% |

Colgrg%um
Colorectum ’

10.2%
Leukaemia,
3.2%
Cervix uteri
3.3%

Bladder. - B.2%
3.0% y

“Thyroid_s .
3% Pancreas —
Cervix uteri Liver 4.5% Breast
2% 4.7% 6.6%
Esophagus Esophagus
3.2% 5.3%
18.1 million 9.6 million
new cases deaths

Figure 2 — Estimated incidence and mortality of the 10 Most Common Cancers in 2018 for both sexes. Printed
from (Bray et al., 2018).
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Figure 3 — Estimated most common type of cancer incidence in 2018 in each country among (A)
males and (B) females with especial attention for Portugal. Adapted from (Bray et al., 2018).

mwm forde

e
e
i

vy

Bvon sy

Figure 4 — Estimated most common type of cancer mortality in 2018 in each country among (A)
males and (B) females with especial attention for Portugal. Adapted from (Bray et al., 2018).
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Colorectal cancer

Colorectal cancer (CRC) is a heterogeneous disease that occurs in the colon and
the rectum, parts of the gastrointestinal system. CRC was the third most common cancer
and the second in terms of mortality worldwide in 2018 (Figure 2). In Portugal, colorectal
cancer is the cancer with the highest incidence in both sexes (World Health Organization,
2019) and with the highest mortality in women (Bray et al., 2018).

Unlike most malignancies, CRC is highly preventable and even potentially curable,
if high-risk adenomas and early stage tumours are removed. Survival of CRC patients
during the first 5 years is approximately 65% and highly dependent on the tumour stage
when it is diagnosed. Survival rate five years after the diagnosis is 90% for patients with
localized disease, 70% for patients with regional disease and 13% for the ones with distant
stages. As colorectal cancer is typically an asymptomatic cancer until it progresses to
advanced stages, implementation of screening programs is essential to detect this type of

cancer in an early stage (Gonzalez-Pons and Cruz-Correa, 2015).

The risk of developing this type of cancer is associated with age, family history,
occurrence of inflammatory bowel diseases (i.e., ulcerative colitis and Chron disease),
lifestyle, genetic and environmental factors (i.e., diet, alcohol and tobacco abuse) (Brenner,
Kloor and Pox, 2014; Aran et al., 2016) (Figure 5). It is well known that CRC is mainly
caused by environmental and/or acquired stimuli (Vieira, Tramonte and Lopes, 2015).
Genetic factors only account for 5% of the different types of cancer, whereas environmental

factors represent 95% (Encarnagao et al., 2015).
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Figure 5 - Most frequent risk factors associated with colorectal cancer. Printed from (Aran et al., 2016).

26



INTRODUCTION

Understanding the molecular mechanisms underlying the development of colorectal
cancer is clinically important because they are related to the prognosis and treatment
response of the patient. It has been widely known that most colorectal adenocarcinomas
derive from precursor lesions such as adenomas, serrated polyps or hereditary syndromes
such as Lynch syndrome and familial adenomatous polyposis (FAP) (Fleming et al., 2012;
Pires, 2016). Generally, it can be stated that most colorectal cancers are sporadic, with no

family history or genetic predisposition (Fearon, 2016).

The first model of colorectal tumourigenesis (the adenoma-carcinoma sequence
represented in Figure 6) outlined four steps of the development of cancer (Fearon and
Vogelstein, 1990). The first one, involves the adenoma development through inactivation of
APC (adenomatous polyposis coli) gene, followed by mutations in KRAS (Kristen rat
sarcoma viral oncogene homolog), genetic alterations in chromosome 18 and inactivation
of P53. This model enlightened the alterations in the main oncogenes such as KRAS, NRAS
(neuroblastoma RAS viral oncogene homolog), BRAF (v-raf murine sarcoma viral oncogene
homolog B1) and PIK3CA (phosphatidylinositol-4,5-biphosphate 3-kinase catalytic subunit
alpha) and in the major tumour suppressor genes such as APC, TP53 and PTEN
(phosphatase and tensin homolog) (Fearon and Vogelstein, 1990; Pires, 2016). More
recently, other signalling pathways have been implicated in the development of CRC, such
as WNT/B-catenin, TGF- (transforming growth factor beta), EGFR (epidermal growth
factor receptor), MAPK and PI3K (Armaghany et al., 2012; Dienstmann, Salazar and
Tabernero, 2014; Pires, 2016).
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Figure 6 — The adenoma-carcinoma sequence. Adapted from (Armaghany et al., 2012).
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Nowadays, we can distinguish four molecular mechanisms responsible for genetic
and epigenetic instability in CRC such as chromosomal instability (CIN), microsatellite
instability (MSI), CpG island methylator phenotype (CIMP) and global DNA’s
hypomethylation (Armaghany et al., 2012; Gonzalez-Pons and Cruz-Correa, 2015; Pires,
2016; Yiu and Yiu, 2016). Advances at the level of genetic expression allowed the
classification of CRC in four consensus molecular subtypes (CMSs) with different molecular
features namely, CMS1, CMS2, CMS3 and CMS4 (Yiu and Yiu, 2016).

Due to the slow growth rate of CRC, screening is essential in order to reduce
mortality rates, since it increases the diagnosis in early stages of the tumour and ultimately
increases the probability of survival (Siegel and Jemal, 2016).

The decision of the therapeutic approaches for each patient is taken considering the
best options according to the staging of CRC and the risks and benefits associated with
each approach. Approximately 80% of the newly diagnosed cases require surgery since it
is considered the best healing approach. Surgical treatment can be preceded by a
neoadjuvant treatment and/or complemented by an adjuvant treatment (Young, Hobbs and
Kerr, 2011; Pires, 2016). In terms of chemotherapeutic treatment, the protocol depends not
only on the CRC’s staging but also on other factors, such as age and other diseases
suffered by the patient (Brenner, Kloor and Pox, 2014). Conventional chemotherapeutic
options include mostly fluoropyrimidines, oxaliplatin and irinotecan. First-line of treatment
consists of intravenous administration of a fluoropyrimidine such as 5-fluorouracil (5-FU) or
other oral fluoropyrimidines in several combinations and therapeutic approaches (Labianca
et al., 2010; Pires, 2016).

Liver cancer

Primary liver cancer is an extremely heterogenous malignant disease among the
tumours that have been so far identified. Hepatocellular carcinoma (HCC) is the most
prevalent malignant neoplasm of the liver, accounting for about 70-85% of the total primary
liver cancer (Bosetti, Turati and La Vecchia, 2014). Other forms less predominant include
adult cholangiocarcinoma originated from the intrahepatic biliary ducts, angiosarcoma from
the intrahepatic blood vessels and childhood hepatoblastoma (Schottenfeld and Fraumeni,
2006; Bosetti, Turati and La Vecchia, 2014).

HCC emerges most commonly in the setting of chronic liver inflammation and

fibrosis as a consequence of viral infections, metabolic injuries, toxic insults, or autoimmune
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reactions (Li and Wang, 2016). Chronic Hepatitis B virus (HBV) and Hepatitis C virus (HCV)
infections are the major recognized risk factors for HCC worldwide, additionally to other
causes such as aflatoxins, alcohol abuse, metabolic syndrome, obesity and diabetes. These
are intimately related to the environmental and genetic susceptibilities to HCC, leading to
alterations on signal transduction pathways. Hepatocarcinogenesis is then a complex
multistep process in which different signalling cascades can be altered leading, ultimately,
to the heterogeneity of liver cancer disease (Figure 7) (Forner, Reig and Bruix, 2012;
Bosetti, Turati and La Vecchia, 2014; Li and Wang, 2016). Several genetic events have
been related with the development of HCC, such as inactivation of the tumour suppressor
gene, TP53 (present in 25-40% of cancers, depending on tumour stage), mutations in 3-
catenin (about 25% predominantly in HCV-related HCC), overexpression of numerous ErbB
receptor family members and overexpression of MET receptor. Furthermore, many cancer-
relevant genes seem to be targeted on the epigenetic level (methylation) (Farazi and
DePinho, 2006; Forner, Reig and Bruix, 2012). Genomic instability is also very common in
HCC, in which several mechanisms might contribute, such as telomere erosion,
chromosome segregation defects and alterations in the DNA-damage response pathways
(Farazi and DePinho, 2006).
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Figure 7 - A multi-step process of liver carcinogenesis emerging from the accumulation of genetic and
epigenetic changes, microenvironment and signal network alterations with different risk factors leading to
heterogeneity of cancer. Adapted from (Li and Wang, 2016).

Treatment of HCC depends on assessment of the tumour stage using the Barcelona
Clinic Liver Cancer (BCLC) stratification, an algorithm that classifies HCC into five stages:
0, A, B, C and D (Attwa and El-Etreby, 2015). Patients with early-stage HCC (0, A and B)
are treated by partial liver resection (removal of a portion of the liver), liver transplantation

or ablation which induces tumour necrosis by injection of chemicals (e.g., ethanol, acetic
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acid) or temperature modification (microwave, laser or cryoablation) (Forner, Reig and
Bruix, 2012; Li and Wang, 2016). For more advanced stages (C and D), radiation therapy
and systemic chemotherapy are the most common treatments. In systemic therapy,
sorafenib, a kinase inhibitor, is currently considered as the first drug and the only approved
therapy that might improve survival in patients with advanced HCC (Attwa and El-Etreby,
2015).

Lung cancer

Lung cancer was estimated to be most incident and the deadliest cancer for both

men and women worldwide in 2018 (Bray et al., 2018).

There are two major subtypes of lung cancer: small cell lung carcinoma (SCLC) and
non-small cell lung carcinoma (NSCLC), accounting for 15% and 85% of all lung cancers,
respectively. NSCLC can be classified into three histologic subtypes: squamous-cell
carcinoma, adenocarcinoma and large-cell carcinoma (Herbst, Heymach and Lippman,
2008; Zappa and Mousa, 2016). Squamous-cell carcinoma (25-30% of all lung cancer
cases) starts from precursors of squamous cells, localized in the airway epithelial cells from
the bronchial tubes, in the centre of the lungs. Smoking is highly related to the presence of
this subtype of NSCLC (Zappa and Mousa, 2016). Adenocarcinoma is the most common
type in smokers and non-smokers, accounting for 40% of all lung cancers. Its origin is in
type Il alveolar cells that secret mucus and other substances. Compared to other types of
lung cancer, adenocarcinoma has a tendency to grow slower, thus having a better chance
of being discovered at earlier stages (Masayuki et al., 1995; Zappa and Mousa, 2016).
Finally, large-cell carcinoma (5-10% of all lung cancers) is a very heterogeneous group and
presents no evidence of squamous or glandular maturations, so is commonly diagnosed by
exclusion of other possibilities (Zappa and Mousa, 2016). This type of lung cancer can occur
in any part of the lung and tends to grow and spread quickly (Mansinhos, 2017) and is highly
correlated with smoking (Zappa and Mousa, 2016).

Lung cancer is highly correlated with smoking since 85-90% of patients with this type
of cancer have a history of smoking (Vineis, 2005). Besides smoking, there are other risk
factors, such as passive smoking, radon exposure, occupational exposure to asbestos,
silica or uranium, previous radiotherapy to the lungs, decreased fruit and vegetable
consumption, extreme air pollution and genetic and family factors (Teh and Belcher, 2014).
There are several mechanisms that might be involved in the development of lung

tumourigenesis, such as activation of growth factor signalling proteins (e.g. EGFR, KRAS,
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BRAF, MEK-1, HER2, MET, ALK and RET), as well as inactivation of tumour suppressor
genes (e.g. TP53, PTEN) (Larsen and Minna, 2011). Activation of growth factor signalling
proteins can occur by gene amplification or other genetic alterations, including point
mutations and structural rearrangements, leading to uncontrolled signalling of oncogenic

pathways (Larsen and Minna, 2011).

The most frequent treatments for lung cancer are surgery, laser ablation of
malignant lesions, chemotherapy, radiation therapy and photodynamic therapy, according
to cancer stage (Larsen and Minna, 2011). However, there is still a noticeable need to try

to discover more cost-effective and minimally invasive therapies.

Prostate cancer

Prostate cancer (PCa) is the second most frequently diagnosed type of cancer in
men worldwide, with 1.3 million new cases and 362 thousand deaths predicted for 2018
(Bray et al., 2018). In Portugal, PCa is the most incident type of cancer and the third cause
of death by cancer, since of the 6609 new cases diagnosed in 2018, 1879 resulted in death
(World Health Organization, 2019).

Prostate diseases are chronic and progressive, needing years to develop. The most
frequent lesion associated with the development of PCa is the high-grade prostatic
intraepithelial neoplasia (HGPIN), which according to the previously postulated arises from
the low-grade form of prostatic intraepithelial neoplasia (LGPIN). Evidence shows that most
genes expression alterations involved in the PCa occur from the normal epithelium to
HGPIN and not from HGPIN to carcinoma. Figure 8 represents a proposed model for the
progression from normal epithelium to PCa. The development of PCa is long and followed
by several molecular processes and alterations in important pathways, specific for each
stage (Joshua et al., 2008; Sciarra et al., 2008; Shen and Abate-Shen, 2010).
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Figure 8 — Evolution from normal epithelium to carcinoma. Adapted from (Sciarra et al., 2008).
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PCa is a very heterogeneous and multifocal type of cancer and the most frequent

type is adenocarcinoma accounting for 95% of all cases (Shen and Abate-Shen, 2010).

The risk factors associated with PCa, contrary to other types of cancer, remain
mostly unknown (Grénberg, 2003). However, the development of PCa is associated with
three main risk factors which are age, race/ethnics, and family predisposition (Gann, 2002),
being age the most ruling factor. With aging, the incidence rate drastically increases until it
reaches its maximum peak around 80 years. Although, the relationship between aging and
increase PCa incidence is not completely understood, it might be due to genes expression
alterations occurring in the prostate with aging, mostly genes associated with inflammation,
senescence and oxidative stress (Shen and Abate-Shen, 2010; Cardoso, 2013).

Another determinant factor is family predisposition, which is responsible for 5-10%
of all cases of this pathology. Men whose first-degree relatives have been diagnosed with
PCa, before 60 years-old, have a four-fold increase risk of developing the disease when
compared to the population in general (Adjakly et al., 2015). Hereditary conditions are
associated with Lynch Syndrome and with mutations in BRCA1, BRCA2 and HOXB13
genes. Mutations in BRCA1 and BRCA2 have been associated with more aggressive
prostatic carcinomas in younger individuals, which are characterized by a high rate of
ganglionic metastasis and high mortality rates (Attard et al., 2015; Hussein, Satturwar and
Van Der Kwast, 2015). HOXB13 mutations are also associated with PCa, however, the
exact mechanism in which they interfere is not well established, knowing only that this gene
interacts with androgen receptor (AR), promoting the development and differentiation of
normal prostate tissue into carcinoma (Attard et al., 2015; Hussein, Satturwar and Van Der
Kwast, 2015).

Incidence of PCa has increased in the last decade, however, mortality rate
decreased. This is due not only to the early detection and diagnose, but also to the arising
of more effective therapeutic strategies. Early PCa diagnosis increases the number of
therapeutic options available (Marques Figueira, 2016). The most common early diagnostic
tests are prostate-specific antigen (PSA) screening and rectal examination (Attard et al.,
2015). Transrectal ultrasound imaging (TRUS) is also used enabling visualization of
prostate size and anatomy, allowing to detect PCa lesions, which usually appear denser

relative to normal tissue.

In terms of treatment, there are many options available (Siegel et al., 2012). Figure
9 highlights the most common treatment approaches for PCa, used depending on age.
Hormonal therapy (androgen-deprivation) and chemotherapy are used in more advance

PCa cases, being chemotherapy used as last resource when all the other therapies fail
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(Cardoso, 2013). The use of docetaxel in combination with prednisone appears to be the
most suitable treatment (Heidenreich et al., 2014). More recently, a vaccine, Sipuleucel-T
(Sip-T) was approved, only in the United States, by the FDA (Food and Drug Administration)
for the treatment of asymptomatic or minimally symptomatic advanced, relapsing, and
castration-resistant prostate cancer (CRPC). This vaccine contains an autologous cellular
immunotherapy, with autologous CD54+ cells, which stimulates the immune system. Sip-T
has proven to increase the overall survival in 4.1 months, however, its concomitant use with
chemotherapy and immunosuppressive drugs has not been studied yet (Kantoff et al., 2010;
Heidenreich et al., 2014).
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Radical prostatectomy = removal of the prostate along with nearby tissues;
RT = radiation therapy.

Figure 9 - Primary treatments for PCa, according to age in 2016. Printed from (Miller, Siegel and Jemal, 2016).
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Steroids and their derivatives

Steroids belong to a class of natural or synthetic organic compounds, whose basic
molecular structure consists of 17 carbon atoms arranged in four rings (A, B, C and D)
bonded to 28 hydrogen atoms (Figure 10). Steroidogenesis is a multistep process for the
biochemical synthesis of more complex steroid molecules involving conversion of
cholesterol (C27) into progestins (C21) followed by androgens (C19) and finally into
estrogens (C18) recurring to various enzymes (Miller and Auchus, 2011; Gupta, Kumar and
Negi, 2013). In fact, steroids are very important in our organism since they regulate series
of biological processes. They can easily penetrate cell membranes and bind to the nuclear
and membrane receptors. Considering this, steroidal molecules are attracting a lot of
attention among researchers not only due to their fascinating structure but also due to their
wide range of pharmacological properties, since a small change in the steroid skeleton can

prompt an extensive biological response (Gupta, Kumar and Negi, 2013).

Figure 10 — General structure of a steroid.

Biomedical applications

Since their discovery in 1935, steroids have played a significant role in the treatment
of several diseases in the most variable areas of medicine (Ericson-Neilsen and Kaye,
2014). There are several types of steroids, however, the ones used in clinical practice are
steroid hormones (sex hormones) such as progesterone and estradiol both used in birth
control pills, anabolic steroids used to help fighting the effects of chronic wasting disease,
late stages of AIDS and to help with the symptoms of osteoporosis (Rasheed and Qasim,
2013). They are also used to increase muscle mass. Lastly, the most prescribed class of
steroids in medicine is corticosteroids, which include glucocorticoids and
mineralocorticoids. Glucocorticoids regulate metabolism and supress inflammation, being
used as a treatment for a variety of inflammatory and autoimmune diseases.
Mineralocorticoids regulate sodium and water levels by maintaining blood volume and

controlling renal excretion of electrolytes (Shaikh et al., 2012; Rasheed and Qasim, 2013).
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Steroids are widely used as anti-inflammatory agents to treat several conditions
such as arthritis, psoriasis and asthma (Rasheed and Qasim, 2013). Their anti-inflammatory
properties have been associated with their inhibitory effects on phospholipase A2, an
enzyme responsible for producing inflammatory molecules (Ericson-Neilsen and Kaye,
2014). Prednisone, prednisolone and methylprednisolone are examples of steroids
currently used as anti-inflammatory agents in clinics (Rasheed and Qasim, 2013).
Additionally, steroids also present remarkable antitumour activity in several types of cancer

which will be addressed in the section below.

Steroids as antitumour agents

Cancer development related to steroid hormones is mainly due to rapid cell
proliferation where metabolizing enzymes and steroidal receptors play major roles (Gupta,
Kumar and Negi, 2013). It is commonly known that estrogens play an essential role in cell
proliferation, however, over-expression of this molecule leads to an excessive proliferation
of hormone-sensitive cells, which ultimately leads to several types of hormone-dependent
cancers such as breast, uterine, ovarian, prostate and endometrial cancers (Chen, Zeng
and Tse, 2008). Notwithstanding, steroids have also been investigated as anti-hormonal
drugs. For example, some studies reported that changing the hormonal balance of the body
by administering sex hormones produces useful remission from cancer (Biglia et al., 2005;
Drudge-Coates, 2005).

To reduce the hormonal response of cancer cells, steroids can act as cytotoxic and
as cytostatic (antiproliferative) antitumour agents against several types of cancers. A brief
description of some steroidal anticancer agents is presented in Figure 11. Among cytostatic
steroids, there are the ones that inhibit the biosynthesis of hormones through enzyme
inhibition, such as steroid sulfatase inhibitors (STSI), aromatase inhibitors (Als) and
hydroxy-steroid dehydrogenase inhibitors (173-HSDI); and the ones that inhibit the
hormone function, such as antiestrogens and antiprogestins. Although cytotoxic steroids
may or may not have anti-hormonal effects, naturally occurring and semisynthetic steroids
belong to the cytotoxic steroids category and usually follow different modes of action
through non-hormonal targets (Gupta, Kumar and Negi, 2013). Semi-synthesized steroidal

molecules are the main topic of this study.
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‘ Steroids as anticancer agents
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Figure 11 - Classification of steroids as anticancer agents. Adapted from (Gupta, Kumar and Negi, 2013).

As it was mentioned before, currently, steroidal derivatives are one of the most
diversified therapeutic group of compounds. Most of the steroidal anticancer drugs have
been developed as enzyme inhibitors and cytotoxic drugs. There are several steroidal
compounds being used as adjuvants in cancer chemotherapy, such as prednisone, useful
in the treatment of malignant lymphoma and acute leukemia in children (Toks6z et al.,
2004), cyproterone acetate for PCa (Berrevoets, Umar and Brinkmann, 2002) and Al’s, such
as exemestane used in the treatment of postmenopausal breast cancer (Amaral et al.,
2015), among others (Bansal and Acharya, 2014). More recently, some steroidal molecules
have been investigated as potential anticancer agents, such as the novel steroidal
imidazole, a dual inhibitor of AR/CYP17 that showed promising antiproliferative effects in
LNCap cells (half maximal inhibitory concentration, 1Cs=23 yM) (Hou et al., 2019). Two
steroids icogenin aglycone analogs were also synthesized and evaluated in several cell
lines presenting ICsp ranging from 2.40 to 9.05 uM in HelLa (cervical cancer), KB
(nasopharyngeal carcinoma), BGC-823 (stomach cancer), A549 (lung cancer) and HCT-8

(colon cancer) cell lines (Guan, Li and Lei, 2017).

To conclude, a reasonable number of steroidal compounds are being used in the
medicine field and a lot more are being evaluated and shown to display interesting
chemotherapeutic activities including tissue-selective cytotoxicity to achieve reduced
peripheral toxicities, target specificity to produce cytotoxicity in the tumour cells, and
implication in the treatment of inoperable malignancies (Bansal and Acharya, 2014).
Therefore, the development of steroidal derivatives as safer and target specific antitumoural

agents seems to be an excellent and promising future approach.
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Steroid derivative compounds: oximes and
epoxides

The relationship between chemical structure and biological function is of great
interest when it comes to trying to discover new pharmaceutical compounds. Some steroid
molecules have shown antitumour properties and chemical modifications of the steroid
skeleton have been implemented to synthesize new potent anticancer agents. Epoxides

and oximes are also two structural features frequently associated with anticancer activity.

Structure and general properties

Epoxides are ubiquitous and occur in a significant variety of natural products, in the
environment, in industry and in vivo arising from biochemical transformations (Manson,
1980; Marco-Contelles, Molina and Anjum, 2004; Thibodeaux, Chang and Liu, 2012). They
are cyclic ethers with an oxygen atom in a saturated three-membered ring. Epoxides can
be formed through the oxidation of alkenes with a peroxycarboxylic acid. Peroxycarboxylic
acids contain an electrophilic oxygen that is added to the double bond (epoxidation of the
double bond). An example of a peroxycarboxylic acid used in laboratory is performic acid,
which is obtained by mixing formic acid (HCO2H) with hydrogen peroxide (H20;). For the
reaction to proceed, the use of an inert solvent such as chloroform, dichloromethane or
benzene is required (Cepa et al., 2008; Vollhardt and Schore, 2011). Steroidal epoxides are
steroid molecules containing an epoxide group and an example of a steroidal epoxide

formation is presented in Figure 12.
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Figure 12 - Schematic representation of a steroidal epoxide formation using H202, HCO2H.

Oximes are a chemical group with the general formula R'IR?C=N-OH and they exist
as colorless crystals and are poorly soluble in water (Aakerdy et al., 2013; Canario et al.,
2018). Aldehydes and ketones condense with various amine derivatives to form imine

products that are very crystalline and have sharp melting points which means these
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molecules are easily obtained in the laboratory (Vollhardt and Schore, 2011). Steroidal
oximes can be formed through the reaction of a steroid, containing a ketone or an aldehyde
group, with a particular amine derivative such as hydroxylamine (NH>.OH) (Cepa et al.,
2008; Vollhardt and Schore, 2011). An example of the formation of a steroidal oxime is

presented in Figure 13.
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Figure 13 - Schematic representation of a steroidal oxime formation using NH2OH.HCI.

Antitumour activity of steroidal oximes and epoxides

In 1997, scientists discovered several steroidal molecules with very interesting and
unusual structures isolated from Cinachyrella marine sponges such as (6E)-
hydroximinocholest-4-en-3-one (1) and its 24-ethyl analogue (2) (Rodriguez et al., 1997).
Both of these molecules represented in Figure 14, have the particularity of having an oxime
group and have shown relevant antiproliferative activity against several types of cancer cells

(Deive, Rodriguez and Jiménez, 2001; Canario et al., 2018).
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Figure 14 - Structure of steroidal oximes (6E)-hydroxyiminocholest-4-en-3-one (1) and (6E)-hydroxyimino-24-
ethylcholestan-4-en-3-one (2) isolated from marine sponges. Adapted from (Rodriguez et al., 1997).

After this, a lot of steroidal oximes have been designed and proved to have
antitumoural activity. For example, the compound in Figure 15 showed cytotoxicity against
PC3 cancer cells (ICs0=49.8 nmol) (Cui et al., 2009) and the one in Figure 16 demonstrated
apoptotic effects on cervicouterine cancer cell line but not in normal cells (Sanchez-

Sanchez et al., 2016). Dhingra and collaborators (Dhingra et al., 2011) developed a series
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of 17-oximino-5-androsten-33-yl esters and evaluated their antiproliferative activities
against a PCa cell line (DU-145). The compounds revealed to have good antiproliferative
activity presenting ICso ranging from 2.3 to 6.5 yM. In a study by Dimas and collaborators
(Dimas et al., 2014) several steroidal cardiac inhibitors were synthesized and their
anticancer activity in vitro and in vivo was explored, with the compounds showing potent
antitumour activity in multiple cell lines from different tumours. The most promising
compound, presented in Figure 17, demonstrated remarkable potencies (as measured by
half growth inhibition - Glse, total growth inhibition concentration - TGI and half lethal
concentration - LCsp values) in most cells in vitro (Dimas et al., 2014). Furthermore, other
studies about the same compound and also about istaroxime (Figure 18) reported promising
results, mostly, in PCa cells (Honisch et al., 2014; Alevizopoulos et al., 2016; Stagno et al.,
2017).
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Figure 15 - Structure of (6E)-
Hydroximinocholestan-3(3-ol. Adapted
from (Cui et al., 2009).

Figure 16 - Structure of the steroidal oxime (23R)-
acetyldiosgenin acetate. Adapted from (Sanchez-
Sanchez et al., 2016).
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Figure 17 — Structure of the 3-[(R)-3- Figure 18 — Structure of istaroxime.
pyrrolidinyl] oxime derivative. Adapted Adapted from Gobbini et al., 2008.

from (Dimas et al., 2014).

Steroidal oximes are not the only interesting molecules when it comes to antitumour
compounds. In fact, it has also been proven that the introduction of an epoxide group in a
steroid skeleton, can originate compounds with anticancer properties. Given this, a lot of
steroidal epoxides have been synthesized. For example, in a study made with breast cancer
cells, it was shown that the steroidal epoxide molecule, shown in Figure 19, exerted

antiproliferative and cytotoxicity activities in the referred cells (Cepa et al., 2008). When
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assessing cell cycle, an increase in Go/G:1 and a decrease in S and G2/M phases was found.
Moreover, thymidine incorporation results together with the fraction of cells in S phase
suggested that cell proliferation may continue, however, with a reduction in growth rate
(Cepa et al., 2008).
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Figure 19 - Structure of the steroidal epoxide 3a ,4a-epoxy-5a-androstan-17-one. Adapted from
(Cepa et al., 2008).

Moreover, epoxide derivatives of exemestane were synthesized, namely 6f3-
spirooxiranandrosta-1,4-diene-3,17-dione (Figure 20, compound 3) and 1a,2a-epoxy-6
methylenandrost-4-ene-3,17-dione (Figure 20, compound 4) (Varela et al., 2014). The
substitution of the C-6 exocyclic and the C-1 double bonds, respectively, by epoxide groups,
led to very potent derivatives in MCF-7aro cells. Compound 3 presented an ICsp of 0.73 pM
in MCF-7aro cells, and compound 4 presented an ICsp of 1.18 uM and in the same cells.
Both compounds induced a decrease in cell viability mainly in an aromatase dependent

manner. (Varela et al., 2014).
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Figure 20 - Structure of 6B-spirooxiranandrosta-1,4-diene-3,17-dione (3) and 1a,2a-epoxy-6-
methylenandrost-4-ene-3,17-dione (4). Adapted from (Varela et al., 2014).

5a,6a-Epoxides presented in Figure 21, were synthesized and evaluated by Santafé
and collaborators (Santafé et al., 2002). Both compounds demonstrated a pronounced

cytotoxicity against PC3 tumour cells (ICs0=1-5 pg/mL for 5 and 1 pg/mL for 6).
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Figure 21 - Structure of 5a,6a-epoxy-24R*-ethylcholest-8(14)-en-33,7a-diol (5) and 5a,6a-epoxy-24R*-
ethylcholest-8-en-33,7a-diol (6). Adapted from (Santafé et al., 2002).

Finally, 6a,7a-Epoxy-17-oxa-D-homoandrosta-1,4-diene-3,16-dione (Figure 22)
demonstrated a very strong cytotoxic activity against PC3 cells (ICso= 2.2+0.04 uM) and
lower cytotoxicity in other two cell lines, MCF-7 and MDA-MB-231 (IC50>100 uM for both
cancer cell lines) (Djurendi¢ et al., 2008). In parallel, this steroid lacked cytotoxicity against
the MRC5 (normal fetal lung fibroblasts) (Djurendi¢ et al., 2008). This study enlightened,
once again, that the introduction of an epoxide function in the androstane derivatives had

tremendous effects on the cytotoxic activity of these compounds.
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Figure 22 - Structure of 6a,7a-epoxy-17-oxa-D-homoandrosta-1,4-diene-3,16-dione. Adapted from
(Djurendi¢ et al., 2008).

Mechanisms of action

One of the mechanisms described for the antitumour activity of the steroidal oximes
is enzyme inhibition. This is the case of the 17a-hydroxylase/C17-20-lyase (P450 17, CYP
17) and 5a-reductase, which are two enzymes involved in androgen biosynthesis and are
targets for the treatment of prostatic diseases (Hartmann et al., 2000). The steroidal oximes
have the capacity of forming a coordinate bond with the heme iron group of 5a-reductase
(Aggarwal et al., 2010). Steroidal oximes have also been associated with inhibition of steroid
sulfatase (STS) (Hejaz et al., 1999). High activity of this enzyme is highly associated with

the progression of several hormone-dependent cancers (e.g. breast and endometrium),
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therefore its inhibition might be a useful strategy to stop the proliferation of cancer cells with
increase STS activity (Gupta, Kumar and Negi, 2013). Furthermore, aromatase (Holland et
al., 1992; Cepa et al., 2008; Bansal et al., 2010) and 17B-hydroxysteroid dehydrogenase
(Fischer et al., 2005; Allan et al., 2006) are other enzymes that can be inhibited by some

steroidal oximes.

Another possible mechanism of action of steroidal oximes responsible for their
antitumour activity was demonstrated by Sanchez-Sanchez et al., 2016 in which the
steroidal oximes synthesized interfered with the cell cycle, ultimately, causing cell death,
which was demonstrated by morphological changes, such as DNA contraction, cell
shrinking and apoptotic bodies formation. This apoptosis might be triggered through a
caspase-dependent process, since their findings revealed the presence of active caspase-
3 in the two cell lines studied, HeLa and CaSki, meaning that both compounds activated
caspase-3 which, ultimately, resulted in activation of cytoplasmic DNAse which, in turn, is

responsible for DNA fragmentation (Sanchez-Sanchez et al., 2016).

Steroidal oximes have been associated with Na*/K*-ATPase inhibition. The sodium
potassium pump (Na*K* ATPase) is a transmembrane protein complex composed by
multiple isoform combinations of catalytic a, regulatory 3 and modulatory y subunits, acting
as a key energy driver maintaining ionic and osmotic balance (Dimas et al., 2014). It has
been implicated in several signalling pathways but most recently, Na*/K* ATPase has been
also investigated as a possible target in a number of cancers such as prostate, lung,
colorectal and others (Sakai et al., 2004; Mijatovic et al., 2007; Dimas et al., 2014). In fact,
aberrant expression of some subunits of the Na*/K* ATPase has been reported in cancer
cells (Newman et al., 2008). Following this line, a promising class of novel, non-sugar
containing, steroidal compounds emerged and among them are some steroidal oximes
(Micheletti et al., 2002; Gobbini et al., 2008; Shah et al., 2009; Dimas et al., 2014; Honisch
et al., 2014; Alevizopoulos et al., 2016; Stagno et al., 2017).

Relatively to steroidal epoxides and like steroidal oximes, one of the mechanisms
described for their antitumour activity is enzyme inhibition, namely, aromatase inhibition as
it was described in several studies (Cepa et al., 2005; Cepa et al., 2008; Varela et al., 2012;
Amaral et al., 2013a; Varela et al., 2014; Roleira et al., 2019)

Moreover, other mechanisms by which steroidal epoxides can act include cell cycle
arrest at Go/G;1 phase (Cepa et al., 2008; Amaral et al., 2015) or at G2/M phase (Choi et al.,
2006; Amaral et al., 2017) accompanied by induction of apoptosis through different
pathways (Qietal., 2011; Rah et al., 2012; Peng et al., 2017). Steroidal epoxides were also

associated with a decrease in the mitochondrial transmembrane potential (A¥m) (Qi et al.,
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2011; Amaral et al., 2015; Amaral et al., 2017) and an increase in ROS production (Amaral
et al., 2015; Peng et al., 2017; Han et al., 2018).

Some steroidal epoxides have also been described as Na*-K*-ATPase inhibitors
(Yeh et al., 2003; Qi et al., 2011; Lu et al., 2017; Peng et al., 2017; Dai et al., 2018), which
as it was referred earlier in this dissertation, is being investigated as a promising anticancer

feature

Although there are already some studies, reported to date, about the anticancer
properties of steroidal oximes and epoxides, there is still a lot to learn about these group of
compounds. This is proven by the fact that, currently, many of the synthesized compounds
do not reach pharmaceutical market, due to several factors such as lack of selectivity
towards the desired target, the target might not have been well-identified or there might be
more than one target, among others. So, in line with this, it is essential to continue to explore
this type of compounds to try to design new drugs with fewer side effects and higher
cytotoxicity towards cancer cells. Moreover, performing more in vitro and in vivo studies is
crucial, not only to better explore the mechanisms of action of steroidal oximes and epoxides

but also to confirm the efficiency of both families of compounds in clinical practice.
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Objectives

The previous revision of the literature highlights the fact that steroidal oximes and
epoxides deserve to be deeply studied as potential anticancer agents. In line with this, the
main purpose of this work was to synthesize steroidal oximes and epoxides, combining in
the same structure steroids with epoxides, steroids with oximes and finally, steroids with an
epoxide and an oxime group and then evaluate their biological activity and antitumour
capacities. The synthesized steroidal epoxides and oximes were evaluated in a set of
several types of cancer cell lines, which include PCa cells (PC3), CRC cells (WiDr), NSCLC
cells (H1299) and HCC cells (HepG2) for their antiproliferative activity. For the most
promising compounds (3,4 — OLOX and 4,5 — OLOX), additional studies were performed in
PC3 and WiDr cells, in order to understand their mechanisms of action. The assays
performed included analysis of cell cycle, cell viability and cell death mechanisms
(BAX/BCL-2 expression and mitochondrial membrane potential analysis), oxidative stress

and haemolysis quantification.
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MATERIALS AND METHODS

Synthesis of steroidal epoxides and oximes

Chemistry

Melting points (Mp) were determined on a Reichert Thermopan hot block apparatus.
The *H NMR and 3C NMR spectra were recorded on a Varian Unity 400 operating at 400
MHz (*H) and at 100 MHz (*3C). Chemical shifts were recorded in & values expressed in
parts per million (ppm) downfield from tetramethylsilane as an internal standard. All J-values
are expressed in Hz. Analytical samples for physicochemical and biological assays were
obtained by crystallization using methanol as solvent (5a-androst-3-en-17-one oxime) and
by column chromatography in the case of androst-4-en-17-one oxime (silica gel 60 with
petroleum ether 60-80°C and ethyl acetate mixtures). Compound 3a,4a-epoxy-5a-
androstan-17-one oxime and compound 4a,5a-epoxyandrostan-17-one oxime were
obtained immediately after filtration without further purification. Reagents and solvents were
used as purchased from the manufacturers without further purification. All the precursor
compounds were obtained from testosterone by the routes previously reported (Cepa et al.,
2008; Varela et al., 2012).

5a-Androst-3-en-17-one oxime (3,4 — OLOX)

To a solution of 5a-androst-3-en-17-one (3,4 — OL) (31.7 mg; 0.12 mmol) in
methanol (2 mL), hydroxylamine hydrochloride (10.54 mg; 0.153 mmol) and
CH3;COONa.3H20 (19.6 mg; 0.144 mmol) were added. The reaction was stirred at 40°C for
2 h and 25 min until all the starting material has been consumed. In order to control the
reaction, thin-layer chromatography in silica gel TLC plates was performed (hexane:ethyl
acetate, 8:2). After water addition, the precipitated formed was removed from suspension
by filtration under reduced pressure. The resulting steroidal oxime was purified by
crystallization from methanol. The crystals were then washed with hexane and dried yielding
the pure compound 5a-androst-3-en-17-one oxime (3,4 — OLOX) (10 mg, 30%). Melting
point, *H NMR and 3C NMR were previously described (Cepa et al., 2008).
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3a,4a-Epoxy-5a-androstan-17-one oxime (3,4 — EPOX)

To a solution of 3a,4a-epoxy-5a-androstane-17-one (3,4 — EP) (29.7 mg;
0.104 mmol) in methanol (2 mL), hydroxylamine hydrochloride (10.8 mg; 0.157 mmol) and
CH3;COONa.3H-0 (0.136 mmol) were added. The reaction was stirred at 40°C for 4 h until
all the starting material has been consumed. In order to control the reaction, thin-layer
chromatography in silica gel TLC plates was performed (hexane:ethyl acetate, 7:3). After
water addition, the precipitated formed was removed from suspension by filtration under
reduced pressure and dried yielding the pure compound 3a,4a-epoxy-5a-androstan-17-one
oxime (3,4 — EPOX) (17.9 mg, 57%). Melting point, *H NMR and *C NMR were previously
described (Cepa et al., 2008).

Androst-4-en-17-one oxime (4,5 — OLOX)

To a solution of androst-4-en-17-one (4,5 — OL) (30.0 mg; 0.11 mmol) in methanol
(2 mL), hydroxylamine hydrochloride (11.4 mg; 0.162 mmol) and CHsCOONa.3H.0O
(21.4 mg; 0.157 mmol) were added. The reaction was stirred at 40°C for 4 h until all the
starting material has been consumed. In order to control the reaction, thin-layer
chromatography in silica gel TLC plates was performed (hexane:ethyl acetate, 8:2). After
water addition, the precipitated formed was removed from suspension by filtration under
reduced pressure. The residue was then purified by column chromatography (petroleum
ether 60-80°C:ethyl acetate, 95:5) affording the pure compound androst-4-en-17-one oxime
(4,5 - OLOX) (26.3 mg, 64%). MPpetroleum ether 60-80°Clethyl acetate): 151-153°C; *H NMR (400 MHz,
DMSO-ds) 6: 0.84 (3H, s, 19-Hs), 0.99 (3H, s, 18-H3), 5.26 (1H, t, J43=3.81), 10.04 (1H, s,
NOH); 13C NMR (100 MHz, DMSO-d6) &: 17.1 (C-19), 18.7 (C-18), 19.0, 20.5, 22.7, 24.7,
25.1,31.8,32.2,34.1, 34.8,36.7, 37.1, 43.0, 53.1, 54.0, 118.9 (C-4), 143.9 (C-5), 167.8 (C-
17).

4a,50-Epoxyandrostan-17-one oxime (4,5 — EPOX)

To a solution of 4a,5a-epoxyandrostan-17-one (4,5 — EP) (60.5 mg; 0.14 mmol) in
methanol (4 mL), hydroxylamine hydrochloride (22.6 mg; 0.322 mmol) and
CH3;COONa.3H,0 (42.8 mg; 0.314 mmol) were added. The reaction was stirred at 40°C
overnight until all the starting material has been consumed. In order to control the reaction,
thin-layer chromatography in silica gel TLC plates was performed (hexane:ethyl acetate,
7:3). After water addition, the precipitated formed was removed from suspension by filtration

under reduced pressure and dried yielding the pure compound 4a,5a-epoxyandrostan-17-
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one oxime (4,5 — EPOX) (37.8 mg, 90%). Mp(methano): 204-206°C. *H NMR (400 MHz,
DMSO-d6) &6: 0.832 (3H, s, 19-Hs), 0.949 (3H, s, 18-H3), 2.87 (1H, d, J4g3n =3.96), 10.06
(1H, s, NOH); *C NMR (100 MHz, DMSO-d6) &: 14.8 (C-19), 17.1 (C-18), 19.0, 20.4, 22.8,
23.1,24.7,29.4, 29.5, 30.8, 33.89, 33.92, 35.9, 43.0, 46.00, 53.0, 60.1, 64.6, 167.8 (C-17).

Evaluation of the synthesized compounds in vitro

Cell culture

In this study four cancer cell lines namely, WiDr (ATCC® CCL-218™), H1299
(ATCC® CRL-5803™), HepG2 (ATCC® HB-8065™) and PC3 (ATCC® CRL-1435™) cancer
cells and two normal cell lines, namely normal human colon epithelial cell line, CCD841
CoN (ATCC® CRL1790™) and normal human lung cell line, MRC5 (ATCC® CCL-171™)
were used. All cell lines, excepted for CCD841 CoN, were acquired from American Type
Collection Culture (ATCC, USA) and were maintained in optimal conditions at 37°C in 5%
CO; atmosphere following the repository instructions (ATCC). CCD-841 CoN cells were
kindly provided by Instituto de Investigacién Sanitaria de la Fundacion Jiménez Diaz
(Madrid, Spain). The cell lines WiDr, H1299, HepG2, CCD841 CoN and MRC5 were
cultured in Dulbecco’s Modified Eagle Medium, DMEM (Sigma, D5648) and PC3 cell line
was cultured in Roswell Park Memorial Institute Medium, RPMI-1640 (Sigma, R4130). Both
mediums were supplemented with 5% heat-inactivated fetal bovine serum, FBS (Sigma,
F7524, except for CCD841 CoN and MRC5 that were supplemented with 15% FBS),
antibiotics (100 U/mL of penicillin and 10 pg/mL streptomycin; Sigma, A5955) and 0.25 mM
sodium pyruvate (Gibco, 11360) for DMEM and 1 mM for RPMI.

Given that all cell lines used in this study were maintained in adherent culture, it was
necessary to detach the cells from the flasks. For that, a solution of TrypLE™ Express
(Gibco, 12605-028) was used to dissociate the cellular monolayer. After adding the reagent,
cells were incubated for 5 to 10 min at 37°C in 5% CO-, followed by inactivation with the
appropriated culture medium for each cell line. Afterwards, a suspension of each cell line
stained with trypan blue (Sigma, 302643) was counted with the aid of a Neubauer chamber

and an inverted microscope (Nikon, Eclipse TS 100) with a 100x amplification.
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Treatment with the compounds synthesized

Initially, solutions of 15 mM of each compound dissolved in dimethylsulfoxide
(DMSO, Sigma, D4540) were prepared. Before treatment of each cell line, solutions of each
compound were prepared by diluting the original solution so that the volume to be added to

the cultures was up to 1% of the culture medium volume in each well or flask.

To start, the cytotoxic effect of each compound was evaluated in the four cancer cell
lines previously described (WiDr, H1299, HepG2 and PC3). The cells were seeded in 48
well-plates (Sarstedt, Germany) at a density of 100.000 cells/mL in a volume of 500 pL per
well. After incubation overnight, cells were treated with steroids 3,4 — OL; 3,4 — EP; 4,5 -
OL; 4,5 - EP and 3,4 — OLOX; 3,4 — EPOX; 4,5 — OLOX and 4,5 - EPOX at different

concentrations ranging from 1 to 75 uM for 72 h.

For further studies, WiDr and PC3 cells and compound 3,4 - OLOX and 4,5 - OLOX

were selected since they were the ones with better results.

To test the selectivity of 3,4 — OLOX and 4,5 — OLOX, CCD841 CoN and MRC5
non-tumour cell lines were seeded in 48-well plates (Sarstedt, Germany) at a density of
100.000 cells/mL in a volume of 500 pL per well. After incubation overnight, cells were
treated with steroids 3,4 — OLOX and 4,5 — OLOX at different concentrations ranging from
1to 75 uM for 72 h.

WiDr and PC3 cells were seeded in 75 cm? flasks (SPL Life Sciences, Korea) at a
density of 4x10° cells/flask. After overnight incubation, cells were treated with compounds
3,4 — OLOX and 4,5 — OLOX at a concentration corresponding to the ICs and a
concentration higher than the 1Cso values obtained for both compounds, as represented in
Table 1 and 2. The following assays were then performed by flow cytometry: detection of
different types of cell death, analysis of cell cycle, analysis of the expression of intracellular

proteins BAX and BCL-2 and evaluation of the mitochondrial membrane potential.

For the reactive oxygen species assay measured by fluorimetry, WiDr and PC3 cells
were plated at a density of 5x10° cells/flaks and, after incubation overnight, they were
treated with the two compounds at a concentration corresponding to the ICso and a

concentration higher than the 1Cso value, which are represented in Table 1 and 2.

Lastly, haemolytic activity of 3,4 — OLOX and 4,5 — OLOX was evaluated. The
concentrations used were the same for both compounds (10 yM and 75 uM). Two controls
were used: a positive control, triton X-100, which promotes cellular lysis and a negative

control, DMSO corresponding to the solvent.
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The selection of the concentrations used in all the studies relies on the results

obtained from the cytotoxicity assay.

Controls of untreated cells were performed, and results are expressed as a
percentage of the cells treated with the solvent (DMSO) for the cytotoxicity assay and as a

percentage of the control cells for the other studies.

Table 1 - Concentrations of 3,4 — OLOX and 4,5 — OLOX tested in WiDr for each assay.

ICs0 >|Cso
Cell line Assay
3,4-0LOX 4,5-0OLOX 3,4-OLOX 4,5-0LOX
DHE
=
2 DCF 9.1 uM 16.1 pM 15 uM 30 UM
E GSH
L
WiDr AN/IP
=
e Jc-1 50 yM 50 pM
o 9.1 uM 16.1 uM
sy BAX/BCL2
2
2 Cell cycle 40 uM 40 pM
Table 2 - Concentrations of 3,4 — OLOX and 4,5 — OLOX tested in PC3 for each assay.
1Cs0 >|Cso
Cell line Assay
3,4-0OLOX 4,5-0OLOX 3,4-0OLOX 4,5-0LOX
DHE
=
z DCF 13.8 UM 14.5 M 20 UM 25 uM
S GSH
[
PC3 AN/IP
-
e Jc-1 50 uM 50 uM
o] 13.8 uM 14.5 yM
s} BAX/BCL2
2
2 Cell cycle 40 uM 40 uM
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Antiproliferative effect

In order to understand the antiproliferative effects of the steroidal derivatives
previously synthesized, the MTT assay was used to evaluate cell metabolic activity and flow

cytometry was used to assess cell cycle alterations.

Assessment of metabolic activity by the MTT assay

Evaluation of metabolic activity was performed by the colorimetric assay MTT, 3-
(4,5-dimethylthiazolyl-2)2,5-diphenyltetrazolium bromide. MTT, a yellow tetrazole reagent,
is reduced forming purple formazan crystals in the presence of dehydrogenase enzymes
located mainly in the viable mitochondria, i.e., in metabolically active cells (Mosmann,

1983). Metabolic activity was evaluated as a measure of cell proliferation.

After an incubation time of 72 h, the medium was removed and the cells were
washed with phosphate buffer saline, (PBS, 137 mM NaCl [S7653, Sigma, USA], 2.7 mM
KCI[P9333, Sigma, USA], 10 mM Na;HPO4.2H,0 [S5011, Sigma, USA]) and 2 mM KH,PO4
[P0662, Sigma, USA], pH=7.4). Then, 150 uL of an MTT solution (Sigma, USA) at
0.5 mg/mL and pH=7.4 was added to each well and cells were incubated for about 3 h in
the dark at 37°C. Next, 150 pL of isopropanol (Sigma, USA) at 0.04 M was added and the
plates were agitated to dissolve the purple formazan crystals. Absorbance values were

measure at 570 and 620 nm in an ELISA spectrophotometer (Synergy HT, Biotek, USA).

The percentual data obtained allowed to establish dose-response curves and to
determine the half maximal inhibitory concentration of the compounds, used in this study

(ICs0), using the GraphPad software 6.0.

Cell cycle analysis by flow cytometry

The effect of the two compounds in cell cycle progression (Go/G1 phase, G2/M phase
and S phase) was evaluated through flow cytometry by staining with a solution of propidium
iodide (PI) with RNase, 72 h after treatment with 3,4 — OLOX and 4,5 — OLOX. As it was
mentioned above, PI can intercalate with DNA and RNA bases. Therefore, this experiment
requires incubation with RNase to obtain a specific staining only for DNA. The dye binds
stoichiometrically to the cells’ DNA allowing to obtain an histogram of the distribution of the
different cell populations in each of the cell cycle phases (Deitch, Law and White, 1982).

This is possible due to the fact that S phase cells present more DNA content than the cells
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in Go/G1 phase and the cells in G2/M phase present twice the amount of DNA than cells in

Go/G1 phase. It is also possible to identify an apoptotic peak, with less DNA amount.

To each assay, 1x10° cells were detached from the flasks and centrifuged at 1300xG
for 5 min in a Heraeus centrifuge (Multifuge 1L-R, Kendro Laboratory Products, Germany).
To fix the cells, 200 yL of ethanol at 70% was added to the sediments in agitation and then
the samples were incubated for 30 min in the dark at 4°C. After incubation time, the samples
were centrifuged at 1300xG for 5 min, washed with 2 mL of PBS and to the resulting pellet,
200 uL of a PI/RNase solution (Immunostep, PI/RNase) was added and incubated for 15
min in the dark at room temperature. The analysis was performed in a FACSCalibur flow
cytometer with excitation and emission wavelengths of 488 and 640 nm, respectively.
Results were expressed as a percentage of the cell in each subpopulation: pre-Go/Ga,
Go/G1, S and G2/M.

Analysis of cell viability and cell death mechanisms

To assess if the cytotoxic effect of 3,4 — OLOX and 4,5 — OLOX is mediated by cell
death pathways, cell viability and cellular death mechanisms were evaluated. Posteriorly,
in order to characterize cell death pathways induced by both compounds, several
parameters were evaluated such as BAX and BCL-2 expression and changes in

mitochondrial membrane potential (A%¥m).

Analysis of viability and cell death by flow cytometry

Cell viability and the different induced types of cell death were assessed by flow
cytometry, 72 h after treatment with 3,4 — OLOX and 4,5 — OLOX, by double staining the
cells with annexin V (AV) stained with the fluorescein isothiocyanate fluorochrome, FITC,
and PI.

Alteration of the plasmatic membranes’ architecture in which there is a redistribution
of several phospholipids species is one of the modifications associated with apoptosis. One
of these species is phosphatidylserine that suffers a translocation from the inner to the outer
layer of the plasmatic membrane at the beginning of apoptosis process (Vermes et al.,
1995). Therefore, the high affinity of AV to phosphatidylserine allows discriminating between
viable and apoptotic cells (Vermes, Haanen and Reutelingsperger, 2000). On the other
hand, the plasmatic membranes’ rupture which indicates late apoptosis/necrosis, allows the

entry of Pl to the intercellular space where Pl intercalates with DNA and emits fluorescence
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(Abrantes et al., 2010). Thereby, the double staining provides a way to distinguish four
populations of cells: the population of live cells, negative for both staining; the population of
early apoptotic cells, positive for staining with AV-FITC and negative for staining with Pl; the
population of late/necrotic cells, positive for both AV-FITC and Pl and the population of
necrotic cells, negative for the AV-FITIC staining and positive for the PI staining (Vermes,
Haanen and Reutelingsperger, 2000).

To carry out this evaluation, 1x10° cells per assay were detached from the flasks.
Cell suspensions were, then, centrifuged at 1300xG for 5 min and the obtained pellets were
resuspended in 1 mL of PBS and centrifuged again in the same conditions. Cells were
incubated with 100 uL of binding buffer (0.01 M Hepes [H7523, Sigma, USA], 0.14 M NacCl
and 0.25 mM of CaCl, [C4901, Sigma, USA]), 2.5 uL of AV-FITC (ANXVKF, Immunostep)
and 1 pL of PI (ANXVKF, Immunostep) during 15 min at room temperature in the dark. After
incubation time, 400 uL of binding buffer was added. Analysis was performed in a cytometer
(FACSCalibur, Becton Dickinson, USA) using excitation wave lengths of 488 nm and
emission wave lengths of 530 nm for AV-FITC and 640 nm for PI. Results are expressed

as the percentage of identified cells in each subpopulation.

Analysis of intracellular proteins BAX and BCL-2

Intracellular proteins BCL-2 (B-cell lymphoma-2) and BAX (BCL-2 associated X
protein) play a major role in the cellular balance between survival and mitochondrial
apoptosis (Edlich, 2018). Evaluation of these two proteins was fulfilled 72 h after treatment
with 3,4 — OLOX and 4,5 — OLOX by flow cytometry.

For each assay, 1x10° cells were detached from the flasks and centrifuged at
1300xG for 5 min. After washing with PBS, cells were centrifuged at the same conditions
and the pellet was fixed with 100 uL of fixation solution (Immunostep, Intracell Kit, Spain)
for 15 min in the dark and at room temperature. After the incubation, cells were washed with
2 mL of PBS and centrifuged at 1300xG for 5 min. The pellet was incubated with 100 pL of
a permeabilization solution (Intracell Kit, Immunostep, Spain) and then, 2.5 uL of anti-BAX-
PE antibody (sc-20067 PE, Santa Cruz Biotechnology) and 2.5 yL of anti-BCL-2-FITC
antibody (sc-509 FITC, Santa Cruz Biotechnology) were added and the samples were
incubated for 15 min in the dark at room temperature. After incubation time, 2 mL of PBS
was added, and the cell suspension was centrifuged at 1300xG for 5 min. Finally, the pellet
was resuspended in 400 uL of PBS. The analysis was performed in a FACSCalibur
cytometer with excitation and emission wavelengths of 585 nm for BAX and 530 nm for
BCL-2.
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Evaluation of the mitochondrial membrane potential

The AWn is a crucial event in terms of progression of apoptosis. It is measured using
the fluorescence dye JC-1 (5,5,6,6’-tetrachloro-1,1’,3,3’-
tetraethylbenzimidazolocarbocyanine iodide). JC-1 is a lipophilic and cationic dye that
enters in the mitochondria in the form of monomers (M) and under mitochondria polarization
conditions forms aggregates (A) that emit fluorescence in the red zone. With the decrease
of the AW, JC-1 is excluded from the mitochondria and is dispersed in the cytoplasm in the
form of monomers that emit fluorescence in the green zone. The ratio between green
fluorescence and red fluorescence (M/A) gives us an estimation of the AWy, regardless of
mitochondrial mass (Cossarizza et al., 1993). Analysis of mitochondrial membrane potential

was performed 72 h after treatment.

To carry out this assay, 1x10° cells were detached from the flasks, centrifuged at
1300xG for 5 min and then 1 mL of PBS was added. The samples were centrifuged again
at the same conditions and incubated with JC-1 (Sigma, T4069) at a concentration of
5 mg/mL for 15 min at 37°C. Then, 2 mL of PBS was added to each sample and centrifuged
once again at 1300xG for 5 min. Finally, 400 pyL of PBS was added and the detection was
performed in a FACSCalibur cytometer with excitation wavelengths of 530 nm for the
monomers and 590 nm for the aggregates. Results are expressed as the ratio variation of

the fluorescence intensities of monomers/aggregates (M/A), regarding the control.

Reactive oxygen species (ROS)

ROS are generated not only during oxidative metabolism but also in response to
foreign agents to the cellular microenvironment which ultimately, induces protein
modifications (Moldogazieva, Lutsenko and Terentiev, 2018). The assays to measure ROS
production were performed 24 h after treatment with 3,4 — OLOX and 4,5 — OLOX by
fluorimetry. After treatment, 1x10° cells were detached from the flasks and centrifuged for
5 min at 1300xG. After washing the cells with PBS, they were centrifuged again at the same

conditions and 1 mL of PBS was added to each sample.

Analysis of intracellular content of peroxides

Cells were incubated with 5 uM of DCFH2-DA dye (2’,7’- dichlorodihydrofluorescein
diacetate, [Invitrogen, USA]) for 45 min at 37°C in the dark. Next, cells were centrifuged for
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5 min at 1300xG and the analysis was performed in a spectrophotometer (Synergy HT,

Biotek, USA) with excitation and emission wavelengths of 485 and 528 nm, respectively.

Analysis of intracellular content of the superoxide anion

Cell suspension was incubated with 2 uM of DHE dye (dihydroethidium, [D7008,
Sigma, USA]) for 15 min at 37°C, in the dark. Then, the cells were centrifuged for 5 min at
1300xG and the reading was performed in a spectrophotometer (Synergy HT, Biotek, USA)

with excitation and emission wavelengths of 530 and 645 nm, respectively.

Antioxidant defences

The cellular antioxidant defence system is fundamental to maintain the cellular redox
balance when in the presence of oxidant agents. In particular, reduced glutathione (GSH)
acts in the detoxification of hydrogen peroxides. The assays to measure GSH were

performed 24 h after treatment and evaluated by fluorometry.

Analysis of intracellular levels of reduced glutathione

After treatment, 1x10° cells were detached from the flasks and centrifuged for 5 min
at 1300xG. After washing with PBS, cells were centrifuged once again at the same
conditions and 1 mL of PBS was added. Each cell suspension was incubated with 1 uM of
orange mercury (M7750, Sigma, USA) for 15 min at 37°C, in the dark. Cells were, then,
washed with PBS and centrifuged at 1300xG. The analysis was conducted using a
spectrophotometer (Synergy HT, Biotek, USA) with excitation and emission wavelengths of
485 and 590 nm, respectively.

Haemolysis evaluation

Erythrocytes are very abundant cells present in the blood and its mechanical stability
represents a very good parameter for in vitro assessment of hemocompatibility, since the
membrane of erythrocytes can undergo remarkable changes in its structural properties
upon drug treatment (Chazin et al., 2018). Therefore, in vitro screening of hemocompatibility

represents a very important parameter of pre-clinical studies for a new compound to assess
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if it can induce lesions in the erythrocytes’ membrane or even to evaluate if the compound

can be administered intravenously (Naahidi et al., 2014).

The assay performed relies on the measurement of haemoglobin release and was
based on a study by Oliveira and collaborators (De Oliveira et al., 2011). The greater
amount of haemoglobin release, the greater the lesion in the erythrocytes’ membrane and,

consequently, the minor the probability of its administration intravenously.

Initially, 1 mL of human blood was collected and diluted in 30 volumes of NaCl 0.85%
containing CaCl, 10 mM. After washing 3 times by centrifugation (1300xG/3 min) a pellet of
erythrocytes was obtained. This pellet was resuspended in 2% NaCl 0.85% containing
CaCl; 10 mM and the resultant cell suspension was distributed in 96 well-plates. 3,4 —
OLOX and 4,5 — OLOX were added to the wells at a concentration of 10 uM and 75 uM.
Triton X-100 (1%) was used as a positive control and DMSO was used as a hegative control.
Cells were incubated for 1 h under constant agitation at room temperature. The samples
were, then, centrifuged at 4000 xG for 5 min and the supernatant was transferred to a new
96-well plate. The absorbance was read using a spectrophotometer (Synergy HT, Biotek,
USA) at a wavelength of 540 nm. Haemolysis was estimated by quantifying the

haemoglobin released according to the following equation:

Abs (compound) 100

%h lysis = X
fohaemolysts Abs (positive control) — Abs (negative control)

Statistical analysis

Statistical analysis was performed using the IBM® SPSS® Statistics software,
version 24.0 (IBM Corporation, Armonk, USA). For all comparisons, a significance level of
5% was used and normal distribution was assessed using Shapiro-Wilk test and variance

of the quantitative variables using Levene test.

By default, non-parametric tests were used when n<10. For comparisons with
control conditions, one-sample T test or Wilcoxon test were used, for parametric or non-
parametric analysis, respectively. For comparisons of two conditions, Mann-Whitney test
was used or T student test in case of parametric analysis. In case of normal distribution,
differences between more than two conditions were performed using the parametric one-

factor analysis of variance (ANOVA) or the non-parametric Kruskal-Wallis otherwise,
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followed by pos-hoc analysis using Tukey correction (for equal variances assumed) or

Games-Howel (for equal variances not assumed).

In the cell proliferation analysis by the MTT assay, the experimental values obtained
were adjusted, using the GraphPad software 6.0., to a dose-response sigmoidal model
represented in the following equation:

A2 — Al

. oy —
Proliferation (%) = A1 + 1T 100og%0-07

where Al and A2 correspond to the plateaus and x, corresponds to the half maximal
inhibitory concentration (ICso). Significant differences were accounted for when the 95%

confident intervals of the compounds did not intersect.
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Chemistry

Reaction of compound 3,4 — OL and 3,4 — EP with hydroxylamine hydrochloride and
sodium acetate in methanol gave the steroidal oxime derivatives 3,4 — OLOX and 3,4 —
EPOX with 30% and 57% yield, respectively (Scheme 1). Treatment of compound 4,5 — OL
and 4,5 — EP in methanol with hydroxylamine hydrochloride and sodium acetate yielded the
steroidal oximes 4,5 — OLOX and 4,5 — EPOX in 64% and 90%, respectively (Scheme 2).
NMR studies revealed, unequivocally, that the products of the reactions represented in
Scheme 2 were indeed, the planned compounds 4,5 — OLOX and 4,5 — EPOX. 'H NMR
and 3C NMR spectra for the products of the reactions represented in Scheme 1 had already
been reported as it was mentioned before. Chemical properties such as the LogP theoretical
values were assessed and are represented in Table 3. These values were obtained by the

ChemDraw software.

) N-OH

—_— =

T
T

3,4-0L 3,4 - OLOX

N-OH

é\\

T

3,4 - EPOX

Scheme 1 - Synthesis of steroidal oximes. Reagents and conditions (i) NH2OH.HCI, CH3COONa.3H:0,
methanol, 40°C, 2h and 25 min (30%); (ii)) NH2OH.HCI, CH3COONa.3H:20, methanol, 40°C, 4 h (57%).
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0 N-OH
| QE@
 ——
4,5-0L 4,5 - OLOX
) N-OH
- ii -
:/8 — > ¢/8
4,5-EP 4,5 - EPOX

Scheme 2 - Synthesis of steroidal oximes. Reagents and conditions (i) NH2OH.HCI, CH3COONa.3H-0,
methanol, 40°C, 4 h (64%); (ii) NH2OH.HCI, CH3COONa.3H-0, methanol, 40°C, Overnight (90%).

Table 3 —LogP theoretical values obtained by the ChemDraw software.

‘ 3,4-0LOX 3,4 - EPOX 4,5-0LOX 4,5 - EPOX

LogP ‘ 5.48 4.32 5.33 4.35



RESULTS

Antiproliferative effect assessment

The first cytotoxicity study performed in this work allowed to evaluate the effect of
increasing concentrations of the synthesized compounds on the metabolic activity of four
tumour cell lines previously described. To evaluate the selectivity of the compounds, the
metabolic activity of two normal cell lines previously described (CCD841 CoN and MRC5)

was also assessed.

Metabolic activity

Metabolic activity after treatment with compounds 3,4 — OLOX, 3,4 — EPOX, 4,5 —
OLOX and 4,5 — EPOX, assessed through the MTT assay, 72 h after treatment at
concentrations ranging from 1 to 75 M, was determined relatively to cell cultures treated
with DMSO, to which was assigned a metabolic activity of 100%. Analysis of the results
allowed the establishment of the best fit sigmoid curves for each cell line, represented in
Figures 23, 24, 25 and 26. Dose-response curves allowed determining ICso values, which

are shown in Table 4.

Figure 23 shows the dose-response curves of WiDr cell line treated with all
compounds synthesised. In general, there was a dose-dependent decrease in cell
proliferation for all compounds with the exception of 3,4 — OL. However, 3,4 — OLOX and
4,5 - OLOX showed a more pronounced decrease. Furthermore, the ICso values calculated
(Table 4) demonstrated that, in fact, 3,4 — OLOX (IC5=9.1 uM) and 4,5 — OLOX
(IC50=16.1 uM) were the ones with better antiproliferative activity, showing significant
differences compared to the other compounds [3,4 — EPOX (ICs0=75 pM) and 4,5 — EPOX
(IC50=53.4 pM)].
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Figure 23 - Dose response curves of WiDr cell line after treatment with compounds 3,4 — OL; 3,4 —
EP; 45-0L and 4,5 - EP and 3,4 - OLOX; 3,4 - EPOX; 4,5 - OLOX and 4,5 — EPOX for 72 h.
Results are presented as the percentage of cell proliferation as a function of compounds’
concentration (Logio(concentration)) and express the mean and standard deviation of, at least, four
independent experiments, in triplicate.

The effect of all compounds in H1299 cell proliferation is represented in Figure 24.
The compounds induced different responses in H1299 cell proliferation being that 3,4 —
OLOX, 4,5 — OLOX and 4,5 - OL induced a significant dose-dependent decrease cell
proliferation, comparing to 3,4 — EPOX, 3,4 — EP, 4,5 — EPOX and 4,5 — EP that failed to
decrease cell proliferation. Moreover, the ICs, values (Table 4) of 3,4 — OLOX
(IC50=18.6 uM), 4,5 — OLOX (IC50=19.2 uM) and 4,5 — OL (ICsp=21.5 pM) were significant
different when comparing to 3,4 — EPOX, 3,4 - EP, 4,5 - EPOX and 4,5 - EP.
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Figure 24 - Dose response curves of H1299 cell line after treatment with compounds 3,4 - OL; 3,4 —
EP; 4,5 - 0L and 4,5 -EP and 3,4 - OLOX; 3,4 - EPOX; 4,5 - OLOX and 4,5 — EPOX for 72 h
Results are presented as the percentage of cell proliferation as a function of compounds’
concentration (Logio(concentration)) and express the mean and standard deviation of, at least, four

independent experiments, in triplicate.

In general, all compounds induced a dose-dependent decrease in PC3 cell

proliferation as it can be observed in Figure 25. However, 3,4 — OLOX and 4,5 — OLOX

demonstrated a more accentuated decrease when comparing to the other compounds.

Moreover, the compound with the best antiproliferative activity was 3,4 — OLOX, which is
demonstrated by its ICso value (IC50,=13.8 uM) (Table 4) that was significantly lower when
comparing to all compounds, except 4,5 — OLOX (ICs0= 14.5 uM), the second compound

with better antiproliferative activity.
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Figure 25 - Dose response curves of PC3 cell line after treatment with compounds 3,4 — OL; 3,4 —
EP; 45-0L and 4,5 - EP and 3,4 - OLOX; 3,4 — EPOX; 4,5 - OLOX and 4,5 — EPOX for 72 h.
Results are presented as the percentage of cell proliferation as a function of compounds’
concentration (Logio(concentration)) and express the mean and standard deviation of, at least, four
independent experiments, in triplicate.

Figure 26 represents the dose-response curves of HepG2 cell line treated with all
compounds. Generally, all compounds caused a dose-dependent decrease in HepG2 cell
proliferation. ICso values presented in Table 4, were very similar between the two oximes,
3,4 — OLOX (IC50=23.9 uM) and 4,5 — OLOX (IC50,=18.2 uM) and their parent compounds,
34 — OL (IC50=15.0 uM) and 4,5 — OL (ICs0=17.7 uM), respectively. 3,4 — EPOX
(IC50=64.3 uM) and 4,5 — EPOX (IC50=52.7 uM) and their parent compounds, 3,4 — EP
(IC50=32.6 uM) and 4,5 — EP (IC50=42.4 uM), respectively also showed similar ICso values
among them.
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Figure 26 - Dose response curves of HepG2 cell line after treatment with compounds 3,4 — OL; 3,4
—EP; 45-0L and 4,5-EP and 3,4 -0LOX; 3,4 - EPOX; 4,5-0LOX and 4,5 - EPOX for 72 h.
Results are presented as the percentage of cell proliferation as a function of compounds’
concentration (Logio(concentration)) and express the mean and standard deviation of, at least, four
independent experiments, in triplicate.

The most active compound in all cell lines was 3,4 — OLOX, evidenced by the
decrease of metabolic activity with the increase of its concentration. WiDr was the most
sensitive cell line to compound 3,4 — OLOX presenting an ICso value of 9.1 uM, significantly
lower than in PC3 (IC5=13.8 pM), H1299 (IC5,=18.6 uM) and HepG2 (IC50=23.9 uM).
Compound 4,5 — OLOX also exhibited an interesting antiproliferative effect as we can see
by the decrease of metabolic activity with the increase in concentration. In this case, PC3

was the most sensitive cell line with an ICso value of 14.5 uM however, the differences were
not significant.

Compounds 3,4 — EPOX and 4,5 — EPOX did not show good antiproliferative activity
as, in general, the metabolic activity does not decrease with the increase of concentration
and the differences between ICso in each cell line were not significant. In fact, in H1299,

compounds 3,4 — EPOX and 4,5 — EPOX totally failed to decrease metabolic activity as it
can be seen in Figure 24.

Moreover, compounds 3,4 — OL, 3,4 - EP, 45 - OL and 4,5 — EP were also
evaluated, in order to trying to understand if the introduction of an oxime group influenced

or not their activity. Results demonstrate that for compound 3,4 — OLOX and 4,5 — OLOX
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the introduction of an oxime group in their precursors seems to increase their cytotoxic
activity as it can be seen by comparing the ICso values of each compound (Table 4). In WiDr
and H1299 cancer cell lines, this effect is more pronounced with a significant difference
between the ICso values of 3,4 — OL and 3,4 — OLOX. Relatively to compounds 4,5 — OL
and 4,5 - OLOX, although the differences are not significant, ICso values of all cell lines with

the exception of HepG2, are lower for compound 4,5 — OLOX.

Table 4 — ICso values obtained after incubation of WiDr, PC3, H1299 and HepG2 cell lines with compounds
3,4-0L; 34-EP; 45-0L and 4,5-EP and 3,4 - OLOX; 3,4 - EPOX; 4,5 - 0OLOX and 4,5 - EPOX for
72 h. R2values and the 95% confidence intervals (95% CI) are also presented.

WiDr H1299 PC3 HepG2

Compound ICs0 R2 95% ClI ICso R2 95% ClI ICso R2 95% Cl ICso R2? 95% ClI
(HM) (M) (HM) (HM)

3,4 - OLOX 9.1 0.99 [8.8;9.4] 186 098 [15.6;22.0] 13.8 0.97 [11.4;16.8] 239 0.96 [18.6;30.9]

3,4-0L - = = = 5 = 231 097 [18.628.7] 150 089  [9.2;24.4]
34-EPOX | 750 0.75 - - - - 779 0.83 - 643 094 [48.6:85.1]
34-EP 609 0.85 = - 5 - 468 098 [40554.1] 326 079 [18.6;56.9]

4,5-0LOX 16.1 0.97 [13.6;19.1] 19.2 0.72 [9.8;37.7] 145 0.81 [9.0;23.2] 18.2 0.94 [13.0;25.4]
4,5-0L 28.0 0.78 [15.6;,50.2] 215 0.77 [11.4;40.6] 215 0.98 [17.9;25.9] 17.7 0.96 [13.4;23.5]
4,5 - EPOX 534 0.73 [29.1;98.2] - - - - - - 52.7 0.95 [41.9;66.3]

4,5-EP 59.1 0.77 - - - - 62.1 0.90 [45.0;85.8] 42.4 0.84 [27.0;66.8]

Finally, as compound 3,4 — OLOX and 4,5 — OLOX revealed better antiproliferative
effect, their selectivity towards cancer cell lines was evaluated by analysing its effects in
two normal cell lines, CCD841 CoN and MRC5. As so, metabolic activity was assessed
through the MTT assay 72 h after treatment with compounds 3,4 — OLOX and 4,5 — OLOX,
with different concentrations of each compound ranging from 1 to 75 puM. Metabolic activity
was determined exactly the same as for the tumour cells and is represented in Figure 27.
ICso values of the two normal cells lines and the respective tumour cells, for terms of

comparison, are presented in Table 5.

Results demonstrate that there was a decrease in the metabolic activity of both non-
tumour cell lines with the increase of compounds concentration. However, this decrease

was less pronounced compared to the results obtained for cancer cell lines.

Compound 3,4 — OLOX in CCD841 CoN cell line presents an ICso of 31.7 uM which
is significantly higher than the ICso value presented by WiDr cell line (IC5=9.1 uM).
Moreover, ICso value obtained for the same cell line treated with 4,5 — OLOX (Table 5) was

higher than the maximum concentration used in the study and so, significantly different from
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those obtained in WiDr cell line. Relatively to MRC5 cell line, the ICso of 3,4 — OLOX
(IC50=29.5 uM) was higher comparatively to the 1Cso in H1299 (IC5,=18.6 uM) however, this

difference was not significant. ICso values of 4,5 — OLOX were very similar for MRC5

(IC50=19.8 pM) and H1299 (IC5p=19.2 pM).
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Figure 27 - Dose response curves of CCD841 and MRCS5 cell lines after treatment with compounds
3,4 - OLOX and 4,5 - OLOX for 72 h. Results are presented as the percentage of cell proliferation
as a function of compounds’ concentration (Logio(concentration)) and express the mean and
standard deviation of, at least, three independent experiments, in triplicate.

Table 5 - ICso values obtained after incubation of CCD841 CoN and MRCS5 cell lines
with compounds 3,4 — OLOX and 4,5 — OLOX for 72 h. R2values and the 95%
confidence intervals (95% CI) are also represented.

3,4 - OLOX 4,5 - OLOX
Cell line ICs0 (UM) R? 95% ClI 1Cs0 (UM) R? 95% ClI
CCD841 31.7 0.74 [14.8;67.7] >75 0.76
WiDr 9.1 0.99 [8.8;9.4] 16.1 0.97 [13.6;19.1]
MRC5 295 0.88 [18.1:48.1] 19.8 0.79 [8.8;44.1]
H1299 18.6 0.98 [15.6;22.0] 19.2 0.72 [9.8;37.7]

73



ANTITUMOUR ACTIVITY EVALUATION OF SYNTHETIC STEROIDAL OXIMES AND EPOXIDES

Cell cycle

Analysis of DNA content of cellular populations allows to distribute them by the
different cell cycle phases. Thereby, the effects induced by the treatment with 3,4 — OLOX
and 4,5 - OLOX, at the level of cell cycle of PC3 and WiDr cell lines are presented in Figure
28.

In PC3 cell line, 3,4 — OLOX at a concentration correspondent to the I1Cso, induced
a cell cycle arrest in Go/G1 phase which resulted in a significant increase of 74.67+1.05% to
84.33+2.49% cells (p=0.003) comparatively to the control. It is also important to highlight
the presence of an apoptotic peak in the highest concentration of 3,4 — OLOX used, with a
significant 10-fold increase (p=0.006) in the percentage of cells, in relation to the control.
Regarding the 4,5 — OLOX, it is evident the presence of an apoptotic peak shown by the
significant 26-fold increase (p=0.02) in the percentage of cells comparatively to the control,
in the highest concentration. There was also a significant increase of the apoptotic peak

between the two concentrations (p=0.010) of this compound.

In WiDr cells, 3,4 — OLOX induced a cell cycle arrest in G2/M phase for the highest
concentration analysed, noted by a significant increase in the percentage of cells in the
G2/M (p=0.016) phases comparatively to the control. There was also an apoptotic peak in
the highest concentration, which can be seen by a 21-fold significant increase (p=0.002)
comparing to the control. A significant increase can also be seen between the two
concentrations used (p=0.002). Compound 4,5 — OLOX led to a significant increase of the
apoptotic peak, comparing to the control, of 1.17+0.31% to 16.33+£2.88% (p<0.001) in the
highest concentration. Furthermore, between the two concentrations studied there was a
significant increase in the percentage of cells in Go/G1 phase (p=0.001) and in the apoptotic
peak (p<0.001).
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Figure 28 — Cell cycle analysis of PC3 and WiDr cell lines 72 h after treatment with 3,4 — OLOX and
4,5 — OLOX. Results are presented as a percentage (%) of cells in apoptotic peak (Pre-Go/G1 peak)
and in phase Go/Gi, S and G2/M and express the meantSEM of, at least, three independent
experiments, in duplicate. Significant differences are denoted by *p<0.05, ** p<0.01 and *** p<0.001.

Cell viability and cell death mechanisms

To assess if the decrease of cell proliferation after the treatment with 3,4 — OLOX
and 4,5 — OLOX was accompanied by an increase of cell death, cell viability and the types
of cell death induced were analysed by flow cytometry using the double staining with AV
and IP. In order to study the active cell death pathways, the expression of BAX and BCL-2
and the alterations of the mitochondrial membrane potential (Awm) were evaluated by flow
cytometry. All these experiments were performed 72 h after treatment with 3,4 — OLOX and
4,5 — OLOX and the concentrations used correspond to the ICs value of each compound
for each cell line and to a concentration higher than the ICsovalue (>1Cso) that was the same
for both compounds and cell lines, according to the Materials and Methods section (Table
1 and 2).
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Viability and cell death

The different cell populations identified in each studied condition is presented in
Figure 29. Cell viability was influenced by the presence of both compounds in a
concentration-dependent manner given that with the increase of 3,4 — OLOX and 4,5 —

OLOX concentration, cell viability decreases in both cell lines.

In detail, the most sensitive cell line to both compounds was PC3 with a significant
decrease in cell viability, compared to the control. The decrease was from 84.88+1.92% to
12.14+2.19% with 3,4 — OLOX and from 87.13+0.55% to 11.67+2.42% with 4,5 — OLOX, in
the highest concentration (p<0.001 for both compounds). Furthermore, there were also
significant differences between the two concentrations used for both compounds in the

percentage of viable cells (p<0.001 for both compounds).

In WiDr cells, there was also a significant decrease in cell viability, however, these
cells were more resistant to the two compounds than PC3. When compared to the control,
the highest concentration induced a significant decrease from 81.50+2.20% to 33.83+5.79%
for 3,4 — OLOX and from 78.67+1.38% to 40.00£4.29% for 4,5 — OLOX (p<0.001 for both
compounds). In this cell line, it was also noteworthy the significant difference in the

percentage of viable cells (p<0.001), between the two concentrations of 3,4 — OLOX used.

The reduction in cell viability after treatment with the highest concentration of 3,4 —
OLOX in PC3 was accompanied by a significant increase in late apoptotic/necrotic cells
from 1.13+0.13% to 19.14+2.77% (p=0.002) and in necrotic cells from 9.631£2.12% to
59.57+2.08% (p<0.001). Between the two concentrations studied there were also significant
differences in the same conditions mentioned above (p=0.002 for the late apoptotic/necrotic
cells and p<0.001 for the necrotic cells). In relation to 4,5 — OLOX, the reduction in cell
viability after treatment with both concentrations of these compound was accompanied by
a significant increase in apoptotic cells from 3.63+0.53% to 9.88+0.85% (ICso, p<0.001) and
from 3.63+0.53% to 36.00+8.62% (>1Cso, p=0.03) compared to control. Moreover, there was
a significant increase in late apoptotic/necrotic cells from 1.38+0.18% to 21.33+1.73%
relatively to control, in the highest concentration (p<0.001). There is also a tendency to an
increase of necrotic cells, in the highest concentration; however, it does not reach

significance.

In WiDr there was a significant predominance of necrotic cells (49.67+7.71%,
p=0.012) with the highest concentration of 3,4 — OLOX when comparing to the control.
Moreover, there was also a significant difference between the two concentrations used of

3,4 — OLOX in the percentage of necrotic cells (p=0.002). 4,5 — OLOX induced a significant
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predominance of late apoptotic/necrotic cells (10.83+0.75%, p<0.001) and of necrotic cells

(44.17+3.24%, p=0.001) in the highest concentration compared to the control.
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Figure 29 — Cell viability and types of cell death induced in PC3 and WiDr cell lines 72 h after
treatment with 3,4 — OLOX and 4,5 — OLOX. Results are presented as a percentage (%) of viable
cells (V), in early apoptosis (Al), in late apoptosis/necrosis (LT/N) and necrosis (N) and express the
meantSEM of, at least, three independent experiments, in duplicate. Significant differences are
denoted by *p<0.05, ** p<0.01 and *** p<0.001.

Expression of intracellular proteins BAX and BCL-2

Figure 30 presents the levels of basal protein expression of BAX and BCL-2 in PC3
and WiDr cell lines. In both cell lines treated with both compounds, there was a

concentration-dependent increase of BAX/BCL-2 ratio.

In PC3 cell line, there was a significant increase of the BAX/BCL-2 ratio, for both
compounds (165.70+13.14%, p=0.018 for 3,4 — OLOX and 150.81+12.77%, p=0.017 for
4,5 — OLOX), in the highest concentration compared to control. Significant differences
between the two concentrations used for both compounds were also noted (p=0.008 for 3,4
— OLOX and p=0.041 for 4,5 — OLOX).
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For the WiDr cell line, there was a significant increase of the BAX/BCL-2 ratio, in the
highest concentration used of 3,4 — OLOX (267.74+35.76%, p=0.008) and a significant
decrease in the ICs concentration used of 4,5 — OLOX (81.88+1.88%, p=0.027) when
comparing to the control. Between the two concentrations used for both compounds, there
were also significant differences (p<0.001 for 3,4 — OLOX and p=0.013 for 4,5 — OLOX).
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Figure 30 — Protein expression of BAX and BCL2 in PC3 and WiDr cell lines 72 h after treatment with
3,4 — OLOX and 4,5 — OLOX. Expression levels are presented as a ratio between BAX/BCL2 in
relation to control. Results express the mean+SEM of, at least, three independent experiments, in
duplicate. Significant differences are denoted by *p<0.05, ** p<0.01 and *** p<0.001.

Mitochondrial membrane potential (AWn)

To assess the role of mitochondria in cell death induced by 3,4 — OLOX and 4,5 —
OLOX, the changes in the Ayn of PC3 and WiDr cell lines 72 h after treatment were
evaluated (Figure 31). It is important to point out that the higher the M/A ratio, the lower the

mitochondrial membrane potential, which indicates mitochondrial dysfunction.

The exposure of PC3 cells to the ICso concentration of 3,4 — OLOX induced a
significant decrease in the M/A ratio comparing to the control (p=0.02). With the highest

concentration, there is a tendency to an increase in the M/A ratio, however, it does not reach
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significance. Relatively to the effect of 4,5 — OLOX in the same cell line there was a
significant increase from 100 to 365.84+46.13%, in the M/A ratio, in the highest
concentration (p=0.028) comparing to the control, meaning that there was a significant
decrease of the Aym. Furthermore, there was also a significant difference between the two

concentrations studied (p=0.001).

In WiDr cell line, the ICso of 3,4 — OLOX induced a significant increase from 100 to
126.63+7.41% in the M/A ratio, comparatively to the control (p=0.028). The highest
concentration used shows, clearly, a tendency to an increase in the M/A ratio despite this
increase not being significant. Significant differences (p=0.004) were also appointed
between the two concentrations of this compound, which means that the Ay, decreased
significantly from the 1Cso concentration to the higher one. Finally, the ICso of 4,5 — OLOX
induced a significant decrease in the M/A ratio, when comparing to the control. However,
comparing both treatments, there was a significant increase (p=0.025), in the highest

concentration, showing a decrease of the Aym.
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Figure 31 — Mitochondrial membrane potential (Aym) of PC3 and WiDr cell lines 72 h after treatment
with 3,4 — OLOX and 4,5 — OLOX. Results are presented as a ratio of monomers/aggregates (M/A)
for each condition relatively to control. The increase of M/A ratio is directly correlated with the
decrease of Aym. Results express the mean+SEM of, at least, three independent experiments, in
duplicate. Significant differences are denoted by *p<0.05 and ** p<0.01.
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Reactive oxygen species

The influence of 3,4 — OLOX and 4,5 — OLOX was assessed in the cell redox
environment by quantifying the intracellular production of ROS, namely the superoxide
anion (using DHE probe) and peroxides (using DCF probe), 24 h after treatment with the
referred compounds. The concentrations used correspond to the ICso value of each
compound obtained for each cell line and to a concentration higher than the ICs value
(>I1Csp) that was the same for all compounds and cell lines, which were previously described

in the Materials and Methods section (Table 1 and 2).

Intracellular production of peroxides and superoxide anion

Figure 32 shows the effects of 3,4 — OLOX and 4,5 — OLOX in the intracellular
production of peroxides (R-O-O-R) and of the superoxide anion (O2). As it can be seen, the
effects of both compounds in the production of the two ROS were concentration-dependent

for both cell lines, inducing, in general, an increase in ROS comparatively to the control.

In PC3 cell line, the I1Cso concentration of 3,4 — OLOX induced a 1.24-fold significant
increase in the intracellular production of the superoxide anion (p=0.018) and 1.14-fold for
the peroxides (p=0.008), both relatively to the control. The highest concentration used also
reported a 1.49-fold significant increase for superoxide anion (p=0.012) and 1.35-fold for
peroxides (p=0.008), relative to the control. Significant differences between the two
concentrations for both ROS were also appointed (p=0.008 for superoxide anion and
p=0.004 for peroxides). Both 4,5 — OLOX concentrations tested induced a significant
increase in the intracellular production of peroxides and superoxide anion comparatively to
the control. In detail, the 1Cso concentration increased significantly 1.22 times the production
of superoxide anion (p=0.005) and 1.85 times the production of peroxides (p=0.012) in
relation to the control. The highest concentration increased significantly 1.17 times the
production of superoxide anion (p=0.005) and 1.31 times the production of peroxides
(p=0.008) when compared to the control. Furthermore, there was also denoted significant
differences between the two concentrations studied (p=0.001) in the intracellular production

of peroxides.

Regarding the WiDr cell line, it is possible to observe that 3,4 — OLOX increased
significantly the production of both ROS, being this increase 1.53 times higher than the
control for superoxide anion (p=0.002) and 1.23 times higher than the control for peroxides
(p=0.002), in the ICso concentration. The highest concentration also reported a 1.79-fold

significant increase for superoxide anion (p=0.002) and 1.41-fold (p<0.001) for peroxides
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comparatively to the control. There was also a significant increase in the highest
concentration (p=0.005) when compared to the ICso concentration. The ICso concentration
of 4,5 — OLOX induced a significant increase of 1.09 times for superoxide anion (p=0.043)
and 1.23 times for peroxides (p=0.018) relatively to control. The same was observed for the
highest concentration, with a significant increase of 1.27 times comparatively to the control
(p=0.028). Moreover, between the two concentrations regarding the production of

peroxides, a significant decrease can be observed (p<0.001).
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Figure 32 — Intracellular production of ROS, superoxide anion and peroxides, by PC3 and WiDr cell
lines 24 h after treatment with 3,4 — OLOX and 4,5 — OLOX. Results are normalized to control and
express the mean+SEM of, at least, four independent experiments, in quadruplicate. Significant
differences are denoted by *p<0.05, ** p<0.01 and *** p<0.001.

Antioxidant defences

Intracellular levels of reduced glutathione

The influence of 3,4 — OLOX and 4,5 — OLOX in the cell antioxidant activity was
assessed by quantifying the intracellular production of GSH, as presented in Figure 33. For

that, two different concentrations were used: the 1Cso concentration of each compound for
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each cell line and a concentration higher than the 1Cso value (>ICso) that was the same for

all compounds and cell lines.

In general, both compounds did not induce any notorious differences in the
intracellular expression of GSH in PC3 and WiDr cell lines, except for the ICso concentration
of 3,4 — OLOX in PC3 cells. In this case, there was a significant decrease from 100 to
92.74+1.85% (p=0.018) in the GSH intracellular levels comparing to the control. For the
highest concentration of the same compound in WiDr cells, there was a significant increase
from 100 to 108.07+4.54% (p=0.009) comparatively to the control. Moreover, there was also
a significant increase in the highest concentration when compared to the ICso concentration
(p=0.002).
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Figure 33 — Intracellular expression of GSH by PC3 and WiDr cell lines 24 h after treatment with 3,4
— OLOX and 4,5 — OLOX. Results are normalized to control and express the meantSEM of, at least,
four independent experiments, in quadruplicate. Significant differences are denoted by *p<0.05 and
**

p<0.01.

Hemocompatibility

The alterations in the erythrocytes’ membrane integrity induced by 3,4 — OLOX and
45 — OLOX were evaluated by assessing haemoglobin release. If the compounds
compromise the integrity of the cells’ membrane, the haemoglobin is released to the

medium and then is easily quantified.

For this study, there were tested two concentrations of both compounds (10 pM and
75 pM). Different samples of erythrocytes derived from human blood were also used. Figure
34 represents the percentage values of haemoglobin release after treatment with 3,4 —
OLOX and 4,5 - OLOX.
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Results demonstrated that both 3,4 — OLOX and 4,5 — OLOX did not induce
significant haemolysis in the erythrocytes. More specifically, the percentage of haemoglobin
released by the positive control (94.32+3.92%) was significantly higher compared to the
compounds-treated cells. This percentage was about 18 times higher (p<0.001) than the
obtained with the two concentrations of 3,4 — OLOX and 18 and 9 times higher than the
obtained with 10 uM and 75 uM of 4,5 — OLOX (p<0.001), respectively.
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Figure 34 — Quantification of haemoglobin release expressed in percentage in relation to the positive
control lesser the negative control after the incubation of erythrocytes with two concentrations of 3,4
— OLOX and 4,5 — OLOX. Results express the meantSEM of, at least, three independent
experiments, in triplicate. Significant differences are denoted by *** p<0.001.

83






DISCUSSION






DISCUSSION

Tumour cells are well known for their abnormal proliferation and for their ability to
overcome the usual control mechanisms, which distinguish them from the normal cells
(Knowles and Selby, 2005). Cancer cells can overcome the referred mechanisms by
deregulating the production and release of growth-promoting signals that are responsible
for telling the cells if they should undergo division or not. This allows the uptake and
metabolism of nutrients that are able to promote cell survival and growth, resulting in the

formation of a tumour (Hanahan and Weinberg, 2011; Courtnay et al., 2015).

The main goal of this dissertation was to synthesize steroidal epoxides and oximes
(compounds 3,4 — OLOX, 3,4 — EPOX, 4,5 — OLOX and 4,5 - EPOX) and then evaluate
them in several cancer cells lines (WiDr, H1299, PC3 and HepGZ2), due to the interesting
anticancer properties demonstrated by some steroidal epoxides (Amaral et al., 2013b; Peng
et al., 2017) and oximes (Dhingra et al., 2011; Canario et al., 2018) in previous studies.
Since very few is known about these compounds, and some, are even new, which is the
case of compound 4,5 — OLOX and 4,5 — EPOX, the decision was to do a screening in
different types of cancer. The precursors of each synthesized compound were also
evaluated in the same cell lines to assess the influence of the oxime group in the
compounds’ activity. The most active compounds (3,4 — OLOX and 4,5 — OLOX) were,

then, selected for further studies in two cell lines, PC3 and WiDr.

The steroidal epoxides and oximes (four compounds) were successfully synthesized
according to the following rational: the precursor compounds 3,4 — OL and 3,4 — EP which
contain an olefin and an epoxide group at position 3,4, respectively, originated 3,4 — OLOX
and 3,4 — EPOX both with an oxime group at position 17 as it is exemplified in Figure 10;
the synthesis of these two compounds was already reported in a previous study (Cepa et
al., 2008); the precursor compounds 4,5 — OL (olefin at position 4,5) and 4,5 — EP (epoxide
at position 4,5) originated two compounds, 4,5 — OLOX and 4,5 — EPOX, both bearing an
oxime at C-17 position, which synthesis has never been reported before. All precursor
compounds had already been synthesized prior to the beginning of this dissertation. As it
was mentioned above, epoxides and oximes were chosen based on their previously
demonstrated anticancer properties. Interestingly, epoxides have been identified for many
years as biologically harmful compounds due to their toxicity, and for that reason have not
been considered a good approach when designing new drugs (Manson, 1980; Besse and
Veschambre, 1994; Hughes, Miller and Swamidass, 2015). However, their cytotoxicity is
useful when talking about anticancer drugs being that several epoxides have been tested
for their anticancer activities. The steroidal epoxides synthesized in this dissertation,
surprisingly, did not show significant cytotoxicity in any of the cell lines studied,

demonstrating poor antiproliferative activity, in general. On the other hand, compounds
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bearing an olefin group at position 3,4 (3,4 — OLOX) and 4,5 (4,5 — OLOX) presented good
antiproliferative activity against all types of cancer cell studied with ICso values ranging from
9.1 uM to 19.2 uM. Given these results, it is possible to infer that the studied olefins are
more prompt to cell proliferation inhibition than the studied epoxides in the considered cell

lines.

One of the main objectives of this dissertation was to assess if the introduction of an
oxime group in the steroidal scaffold influenced the cytotoxic activity of the molecule.
Results demonstrated that the compounds bearing an epoxide moiety in 3,4 and 4,5
position, 3,4 — EPOX and 4,5 — EPOX, respectively, and an oxime at position C-17, were
not good antiproliferative agents against the four cancer cell lines studied. The anticancer
activity of compounds 3,4 — EP and 4,5 — EP was also evaluated, and results showed that
activity has remained very similar between compounds in all cell lines, demonstrating that
the oxime did not interfere with it. These results seem to be contradictory with the current
literature that points out the anticancer activity of steroidal epoxides. In fact, in a study by
Amaral and co-authors the parent compound of 4,5 — EPOX, compound 4,5 — EP showed
good antiproliferative activity against MCF-7aro, a breast cancer cell line (IC5=8.5 uM)
(Amaral et al., 2013a). The parent compound of 3,4 — EPOX, compound 3,4 — EP also
inhibited breast cancer cells proliferation (Cepa et al., 2008). The differences accounted
might be due to the type of cell lines used since both compounds are good aromatase
inhibitors as it was reported by (Varela et al., 2012), and breast cancer cells are rich in

aromatase.

On the other hand, compounds presenting an olefin group at the same positions
mentioned before (3,4 — OLOX and 4,5 — OLOX) demonstrated good antiproliferative
activity in the four cancer cell lines studied (Figure 23, 24, 25 e 26), being that WiDr and
PC3 were the ones with the lower ICso values (Table 4). 3,4 — OLOX had an ICs value of
9.1 uM in WiDr and 13.8 uM in PC3. On the other hand, the ICs values of 4,5 — OLOX were
16.1 uM in WiDr and 14.5 uM in PC3. The two parent compounds of 3,4 — OLOX, compound
3,4 - OL, and 4,5 — OLOX, compound 4,5 — OL, were tested to assess the effect of the
introduction of an oxime group in the compounds’ activity. As we can see in Figures 23, 24,
25 and 26 the compounds bearing an oxime in the C-17 position were, generally, more
active in all cell lines, except for HepG2, compared to their parent compounds, especially
for compound 3,4 — OLOX where the differences were more evident. It was clear for 3,4 —
OLOX and 4,5 — OLOX that the introduction of an oxime moiety in the compounds’
backbone had a tremendous effect in their activity by enhancing it. Several studies reported
similar results with different steroidal compounds, where the presence of an oxime group

improves their antitumour activity against several cancer cell lines (Berényi et al., 2013;
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Sanchez-Sanchez et al., 2016; Bu et al., 2017). For example, a steroidal oxime previously
synthesized (Carvalho et al., 2011) showed promising activities against colorectal HT-29
cancer cells (ICs=11.9 uM), HepG2 cancer cells (ICs5=13.2 uM) and PC3 cancer cells
(IC50=15.0 uM). All these values are very similar to the ones obtained in this study, which
are presented in Table 4. Another study of (Dubey, Jindal and Piplani, 2005) showed that
C-17 oximes synthesized had relevant activity (there was no cell growth) in a lung cancer
cell line. A C-17 oxime very similar to 3,4 — OLOX and 4,5 — OLOX was previously
synthesized (Merlani, Amiranashvili and Mulkidzhanyan, 2006). This compound exhibited a
relevant antiproliferative activity on melanoma and kidney cancer cells (concentration of the
compound causing 50% suppression of cell growth, TGls0=0.2 and 0.1 uM, respectively).
All these results obtained by other researchers, together with the I1Cso values obtained in
this study, bespeak the potential antiproliferative effect of 3,4 — OLOX and 4,5 - OLOX.

The comparison between the ICsq values obtained with the conventional cytostatic
drugs used in clinical practice with the ones obtained with the two oximes (3,4 — OLOX and
4,5 - OLOX), for the same incubation time and cell lines, points out the promising anticancer
activity of these two compounds (Table 6). In detail, the ICso values of 5-FU (IC50=10.5 uM),
oxaliplatin (IC50=10.9 uM) and irinotecan (ICs,=13.9 uM) in WiDr cells (Pires et al., 2018)
are all higher or similar to the ones obtained for 3,4 — OLOX and 4,5 — OLOX. Regarding
the PC3 cell line, the I1Cso values of cisplatin (IC5,=18.35 pM) and flutamide (IC50=57.99 uM)
(Mamede et al., 2013), two drugs used in the treatment of PCa, are higher than the ICso
values of 3,4 — OLOX and 4,5 — OLOX. Carboplatin (IC5,>500 uM) and etoposide
(IC50=229.27 uM) (Ribeiro da Silva, 2012) drugs used in the treatment of lung cancer,
present ICs values higher than the ones obtained for 3,4 — OLOX (IC5,=18.6 uM) and 4,5
— OLOX (IC50=19.2 pM) in H1299 cell line. Finally, the I1Cso values obtained for 3,4 — OLOX
(ICs0= 23.9 uM) and 4,5 — OLOX (ICso= 18.2 uM) were similar to the one of 5-FU
(IC50=18.98 uM) (Brito et al., 2013), one of the drugs used in the treatment of HCC.
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Table 6 — ICso values of some chemotherapeutic drugs used for the treatment of different types of cancer.
Adapted from (Ribeiro da Silva, 2012; Brito et al., 2013; Mamede et al., 2013; Pires et al., 2018).

Cell line Drug/Compound ICs0 (M)
3,4 - OLOX 9.1
4,5 - 0OLOX 16.1
WiDr 5-FU 10.50
Oxaliplatin 10.90
Irinotecan 13.90
3,4-0LOX 13.8
4,5 - OLOX 14.5
PC3
Cisplatin 18.35
Flutamide 57.99
3,4 - OLOX 18.6
4,5 - OLOX 19.2
H1299 Cisplatin 14.54
Carboplatin >500
Etoposide 229.7
3,4-0LOX 23.9
HepG2 4,5 -0LOX 18.2
5-FU 18.98

Olefins revealed to be better at inhibiting proliferation comparing to epoxides in all
cell lines, regardless of their position. Moreover, position 3,4 is more suitable for olefins than
position 4,5 for all cell lines, except for HepG2, as it can be seen by the ICsy values
presented in Table 4. As for epoxides, it seems that there is no difference regardless of the
position, except for WiDr and HepG2 cell lines, where it seems that position 4,5 makes the
compound more prone to inhibition (Table 4). The different chemical properties of olefins
and epoxides might be the explanation for the different activity of both types of compounds.
Despite having similar LogP values (Table 3), which indicates identical lipophilicity and
passage through the cellular membrane (Waring, 2010), olefins and epoxides have different
chemical functions and different reactivities (Vollhardt and Schore, 2011). Moreover, the

target-interaction, which is still unknown for these types of molecules, might be more
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effective for the compounds presenting an olefin instead of an epoxide. More studies are

required in order to unravel the action mechanisms behind this type of compounds.

Achieving selectivity is one of the main goals in the discovery and optimization of a
compound on the path towards developing a drug. In drug design, the proper balance of
escaping undesirable targets and covering one or more targets of interest is a continual
drug development challenge (Huggins, Sherman and Tidor, 2012). In line with this,
selectivity of the two best compounds, 3,4 — OLOX and 4,5 — OLOX, was assessed. For
that, two normal cell lines were used, namely CCD841 CoN, a normal colon cell line and
MRCS5, a normal lung cell line. Results point out to a selectivity towards WiDr cancer cell
line compared to CCD841 CoN, for both compounds. This is evidenced by the differences
encountered in the ICso values of CCD841 CoN (31.7 uM for 3,4 — OLOX and IC50>75 pM
for 4,5 - OLOX) and WiDr (9.1 uM for 3,4 — OLOX and 16.1 uM for 4,5 — OLOX) (Table 5).
This was, indeed, a very interesting outcome and another step towards the discovery of a
good anticancer agent, in this case, for colorectal cancer. In relation to the MRC5 cell line,
the compounds induced a more pronounced cytotoxicity with ICs values similar to the ones
obtained for H1299 (Table 5). Similar results were previously stated (Berényi et al., 2013)
where one of the oximes synthesized influenced the viability of the MRC5 cell line
(IC50=6.94 uM). It would also be interesting to analyse 3,4 — OLOX and 4,5 — OLOX in a
normal prostate cell line given the good results obtained for PC3 cell line.

Cell cycle inhibition is a known target for the treatment of cancer (McDonald and EI-
Deiry, 2000; Buolamwini, 2005). Proliferation and cell death must be regulated aiming to
maintain the tissues’ homeostasis. This regulation is achieved by the coupling between the
cell cycle progression and controlled cell death (Hughes and Mehmet, 2003). Accordingly,
the effect of 3,4 — OLOX and 4,5 — OLOX in WiDr and PC3 cell lines, the two selected cell
lines where the referred compounds showed better ICsq values, was studied in the above-
mentioned processes. Different concentrations of 3,4 — OLOX induce different responses
in the cell cycle of PC3 cells. As it can be observed, there was a cell cycle arrest in Go/G;
phase in the ICso concentration and an apoptotic peak in the highest concentration. The
Go/G1 phase corresponds to the phase where the cells are preparing to replicate the genetic
material, where there is protein and RNA synthesis and, consequently, an increase in
cellular size (Funk, 1999). What might happen in this case is that the stimuli can be so
exaggerated that there is a blockage before the cells can synthesize their DNA, probably
due to the G1 checkpoint, responsible for detecting DNA damage and for verifying if the cell
is in condition of undergoing division. If lesions are repaired, cell cycle progresses until
division, but if these lesions persist, programmed cell death is induced. This clearly happens

when PC3 cells are treated with the highest concentration of 3,4 — OLOX, fact proved by
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the presence of the apoptotic peak. For WiDr cell line, we can also detect a cell cycle arrest
in G2/M for the highest concentration. Blocking in this phase might be related with G-
checkpoint, which prevents cells from entering phase M when DNA is damaged, providing
an opportunity for repair and stopping proliferation of damaged cells. In these situations,
cell cycle stops and there is lesion repair or, in case, of irreparable damage, cell undergoes
apoptosis (Stark and Taylor, 2004). Therefore, blockade in G2/M phase is related to death
by apoptosis and with an increase in the apoptotic peak which is observed in WiDr cells in
the highest concentration. Similar results were reported by (Berényi et al., 2013) in HelLa
cells where some steroidal oximes induced a cell cycle arrest in G»/M accompanied by an
apoptotic peak with a concentration of 30 uM which was very similar to the highest
concentration used in this study (40 uM). On the other hand, 4,5 — OLOX induced an

apoptotic peak in both cell lines for the highest concentration.

Apoptosis is a programmed cell death mechanism, extremely ordained and
regulated that occurs to eliminate damaged cells (Grivicich, Regner and Rocha, 2007). On
the other hand, necrosis is a type of cell death associated with inflammatory reactions which
occurs, normally, when the cells are damaged by external factors which cause irreparable
lesions (Syntichaki and Tavernarakis, 2002). Apoptosis is regarded as “programmed cell
death” while necrosis is considered as “unprogrammed” due to deregulated activity (Dhuriya
and Sharma, 2018). More recently, a new type of cell death has been discussed where an
apoptotic pathway was inhibited, exhibiting morphological features of both apoptosis and
necrosis, namely necroptosis (Degterev et al., 2005; Dhuriya and Sharma, 2018). The final
mode of cell death will depend on the cell type, cell microenvironment, and initial inducers
(Chen, Kang and Fu, 2018).

In line with this, the type of cell death induced by 3,4 — OLOX and 4,5 - OLOX was
evaluated using the AV/IP double staining. Results obtained in this dissertation
demonstrated that both 3,4 — OLOX and 4,5 — OLOX induced a dose-dependent decrease
in cell viability, which was accompanied by a dose-dependent increase in cell death in both
PC3 and WiDr cell lines. However, the type of death induced was different. In PC3 cells
there was an apoptotic peak with both concentrations used of 3,4 — OLOX. Moreover, for
the highest concentration used, this was accompanied by an increase in the number of cells
in late apoptosis/necrosis and an even higher increase in the number of cells in necrosis,
which might indicate cell death by necrosis. Furthermore, for the lowest concentration used
(ICs0) in the same cell line, there was a tendency to an occurrence of cellular death by
apoptosis, which is demonstrated by an increase in the number of cells in apoptosis.
Although this increase was not significant, it might have biological value. Both

concentrations of 3,4 — OLOX also induced an apoptotic peak in WiDr cell line, which was
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accompanied by a significant increase of necrotic cells only for the highest concentration
used, which might indicate cell death by necrosis. Similar to what happened in PC3 cell line,
in WiDr the ICso concentration of 3,4 — OLOX also demonstrated a tendency to an increase
in the number of cells in apoptosis. Several studies reported that other steroidal oximes
induced apoptosis in PC3 cells (Huang et al., 2012), in MCF-7 cells (Ajdukovic¢ et al., 2015)
and in HeLa and CasSki cells, two cervicouterine cell lines (Sanchez-Sanchez et al., 2016),
all studies using concentrations lower than 20 uM, which is similar to the ones used in this
study for PC3 (13.8 uM) and WiDr (9.1 uM). Based on these results, it is possible to assess
that the type of death induced by 3,4 — OLOX is dose-dependent since for lower
concentrations this compound induced apoptosis (mainly in PC3 cells) and with higher
concentrations the type of death induced is necrosis. Clearly, higher concentrations of this

oxime induced more severe lesions which is a determinant factor in the type of cell death.

On the other hand, 4,5 — OLOX, induced different responses depending on the cell
line studied. In PC3, this compound induced cell death, probably, by apoptosis, which is
proven by an increase in the percentage of apoptotic and late apoptotic/necrotic cells and
with the apoptotic peak verified. This process is more notorious in the highest concentration,
however, in the ICso concentration, we can also observe an increase in apoptotic cells. In
WiDr cell line, 4,5 — OLOX mostly likely induced cell death by necrosis. In this cell line,
these alterations only occurred for the highest concentration used.

Maintaining homeostasis is crucial and for that, there is a delicate balance between
cell death and survival. Uncontrolled cell proliferation and escape from cell death have been
recognized as hallmarks of cancer cells (Hanahan and Weinberg, 2011). Several strategies
have been studied in order to stop or limit cancer spreading among them inducing cells to
cell-cycle arrest (McLaughlin, Finn and La Thangue, 2003), target apoptosis-related
proteins and more recently, necroptosis-associated proteins and ROS-based therapies
(Chen, Kang and Fu, 2018). Therefore, the mechanisms of cell death were studied in more
detail through the analysis of BAX and BCL-2 expression, mitochondrial membrane

potential (Aywm) and oxidative stress.

A dysregulation between the expression of pro- and anti-apoptotic proteins might
keep the cells from correctly respond to apoptotic stimuli (Petros, Olejniczak and Fesik,
2004). The BCL-2 family plays a crucial role in regulating apoptosis, necrosis and
autophagy, in such a way that alterations in its expression and function contribute to the
pathogenesis and progression of numerous types of cancer (Reed, 2006, 2008). BAX, a
pro-apoptotic protein and BCL-2, an anti-apoptotic protein, belong to this cell death
regulatory protein family. Over-expression of anti-apoptotic proteins induce resistance to

anti-tumoural therapies insofar as they act as apoptosis repressors, blocking the release of

93



ANTITUMOUR ACTIVITY EVALUATION OF SYNTHETIC STEROIDAL OXIMES AND EPOXIDES

cytochrome C while pro-apoptotic members act like apoptosis promoters. These effects can
be quantified though the balance between BAX and BCL-2 expression (Petros, Olejniczak
and Fesik, 2004; Gogvadze, Orrenius and Zhivotovsky, 2008).

The effect of 3,4 — OLOX and 4,5 — OLOX in the BAX and BCL-2 expression was
analysed through the BAX/BCL-2 ratio presented in Figure 30 where we can see a dose-
dependent increase for both compounds in both cell lines. The most evident increase was
in WiDr cells treated with 3,4 — OLOX. In light with these results, we can infer that apoptosis
and necroptosis might be the types of cell death responsible for decreasing cell viability and
for inducing cellular death. These two cellular death types may occur simultaneously (Zhang
et al., 2015) or mutually transform because of the interconnection of the downstream death
signalling pathways (Chen, Kang and Fu, 2018). More specifically, cells can commit to
necrotic cell death when apoptosis is blocked (Leist and Jaattela, 2001) and oxidative
stress-induced necrotic cell death involves the activation of an apoptosis-associated
pathway (Chen, Kang and Fu, 2018). Another study (Mandal et al., 2014) also reported this
relationship between apoptosis and necroptosis.

Control of mitochondrial membrane permeabilization is a critical event positive and
negatively regulated by specific proteins in the intracellular matrix (Knowles and Selby,
2005; Lopez and Tait, 2015). Although several molecular mechanisms are not well known
yet, it has been described that BAX mediates the inner mitochondrial membrane
permeabilization which results in the dissipation of the Aym. The Aym can be assessed as
the charge difference between the mitochondrial matrix and cytoplasm which has
implications in the induction of apoptosis (Ly, Grubb and Lawen, 2003). The energy
potential associated with the Aym is used by the complex V of the respiratory chain to
synthesize ATP (Pires, 2016). Therefore, the collapse of the Aym results in surcease of
ATP synthesis, release of cytochrome C and, consequently, in cell death (Knowles and
Selby, 2005).

In this study, both compounds in both cell lines induced a dose-dependent increase
in the percentage of the monomers/aggregates ratio, which means a decrease in the Ay,
consistent with apoptosis induction. In both cell lines treated with 3,4 — OLOX there was a
dose-dependent decrease of the Ay, evidenced by the increase in the percentage of the
monomers/aggregates ratio. This is another evidence of cell death by necroptosis. As it was
mentioned before, a decrease in the Aymand an increase in the BAX/BCL2 ratio are both
related to apoptosis induction. This means that cells are activating apoptosis-related
signalling pathways, which culminate in necrosis. Apoptosis is a regulated process,
genetically programmed and dependent on the availability of ATP and, consequently, of

mitochondrial function (Pires, 2016). High levels of intracellular ATP often favours
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apoptosis, whereas a low level often promotes necrosis (Leist et al., 1997; Chen, Kang and
Fu, 2018). In this way, extreme consumption of intracellular ATP or the inhibition of ATP
synthesis may cause a switch from apoptosis to necrosis (Eguchi and Shimizu, 1997). The
mitochondria is the major site that generates ATP, thus, mitochondria dysfunction can
trigger necrosis by ATP depletion. Moreover, excessive mitochondrial ROS formation and
the onset of the mitochondrial permeability transition are also causally linked to the shift
from apoptosis to necroptosis (Denecker et al., 2001; Chen, Kang and Fu, 2018). In relation
to 4,5 — OLOX there was also a dose-dependent decrease in the Aym, seen by the dose-
dependent increase in the monomers/aggregates ratio in both cell lines. In PC3 cells, the
Ayn suffered a much more accentuated decrease, evidenced by a significant increase in
the monomers/aggregates ratio. This is consistent with an occurrence of cell death by
apoptosis, seen by the percentage of cells in apoptosis in the cell viability studies and with
the apoptotic peak verified in the cell cycle analysis. WiDr cells showed a tendency to a
decrease in the Aym, however, this was not significant and goes accordingly to the

predominance of cell death by necroptosis/necrosis.

Physiologically, the main ROS include the anion superoxide (O2™), hydroxyl radical
(OH") and hydrogen peroxide (H202). Physiologic concentrations of these radical species
are maintained in a very narrow range, due to the existing balance between the production
and removal rate by enzymatic antioxidants like SOD, GPx or catalase or by non-enzymatic
antioxidants like GSH (Koskenkorva-Frank et al., 2013).

As previously discussed, hecroptosis is probably, the main type of cell death induced
by 3,4 — OLOX (in both cell lines) and 4,5 — OLOX (in WiDr cell line) and ROS production
is proposed to be an executioner of necroptosis (Christofferson and Yuan, 2010). Thence,
the production of ROS and the antioxidant defence, GSH, were evaluated. Fluorescence
analysis with DHE dye allowed to quantify the intracellular production of superoxide anion,
and DCF dye allowed to quantify the intracellular content of peroxides, after PC3 and WiDr
cells exposure to both compounds. 3,4 — OLOX induced a dose-dependent increase in both
peroxides and in superoxide in both cell lines. For 4,5 — OLOX, there was an increase
relatively to the control of both ROS in both cell lines, however, non-dependent on the
concentration of compounds. In fact, peroxides levels after treatment with 4,5 — OLOX
decreased between both concentrations used. This might be due to the conversion of these
species in other ROS (Gaspar, 2011). Olefins, as it was mentioned earlier, are a very
reactive group, thus, the olefin moiety present in 3,4 — OLOX and 4,5 — OLOX might be
reacting with the peroxides, generating radical species. Finally, the antioxidant defence
GSH did not show relevant differences except the increase observed for 3,4 — OLOX in

WiDr cell lines. The absence of a relationship between the intracellular levels of GSH and
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the intracellular levels of peroxides might be justified by the involvement of other reactive
species reacting with the DCF dye, such as the nitric oxide, the peroxynitrite, hypochlorite
and other reactive nitrogen species (RNS) (Rhee et al., 2010). On the other hand, it can
also reveal that the intracellular peroxides converted in other species and were not
detoxified by GSH (Nechifor, Neagu and Manda, 2012).

Haemolysis is a term used to designate destruction of red blood cells by lysis. The
phenomenon is caused by intrinsic abnormalities of the red blood cells or by the external
environment. Haemolysis in cancer has been observed in association with disseminated
malignancies treated with a variety of chemotherapeutic agents (Rytting, Worth and Jaffe,
1996). For example, tamoxifen, one of the most prescribed anti-estrogen drugs in
chemotherapy for breast cancer, induces changes in the framework of the erythrocyte
membrane and its cytoskeleton, which results in haemolysis and, consequently, in

hemolytic anemia (Cruz Silva et al., 2000; De Oliveira et al., 2011).

In view of that, a hemocompatibility study was performed to assess if 3,4 — OLOX
and 4,5 — OLOX induced lysis in the red blood cells which, ultimately allows predicting
whether an IV administration of the compounds is possible or not, or if anemia can be a
preventable side effect with these new compounds. Both compounds did not induce
haemoglobin release, i.e., the erythrocytes membrane did not suffer alterations allowing the
haemoglobin to stay inside them. In line with this, it is possible to infer that IV administration
of both compounds might be possible. Also, and bearing in mind that anemia is usually a
well-known side effect of some anticancer drugs, the non-induction of haemoglobin release
by 3,4 — OLOX and 4,5 — OLOX constitutes an advantage towards the conventional

chemotherapy drugs.
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CONCLUSIONS AND FUTURE PERSPECTIVES

Nowadays and despite the numerous therapeutic approaches for the treatment of
cancer, the medical need remains still largely unmet. Hence, the design and development

of safer, target specific, and effective anticancer agents is crucial.

In this work, four steroidal oximes were synthesized being that two of them (4,5 —
OLOX and 4,5 - EPOX) were synthesized for the first time. Cytotoxicity studies
demonstrated that among the four oxime compounds only the ones bearing an olefin group
(3,4 - 0OLOX and 4,5 - OLOX) showed good antiproliferative activity in all cell lines. General
SARs analysis points out that the presence of an olefin group either at position 3,4 or 4,5 is
important for the cytotoxicity of the compounds being that position 3,4 seems to be more
favourable in all cell lines, except for HepG2 cell line. The presence of an epoxide group
does not influence the cytotoxicity of the compounds since 3,4 — EPOX and 4,5 — EPOX
showed poor antiproliferative activity. Moreover, the presence of an oxime group also
seems to be important for the cytotoxicity of 3,4 — OLOX and 4,5 — OLOX since the
compounds without this group (3,4 — OL and 4,5 — OL), in general, presented higher ICso

values.

So, in line with this, it was possible to infer that 3,4 — OLOX and 4,5 - OLOX showed
very promising anticancer properties such as cell cycle arrest, induction of cell death by
apoptosis/necroptosis and increased ROS production in PC3 and WiDr cell lines.
Furthermore, the hemocompatibility assay reinforced the previous conclusions, since both
compounds did not induce release of haemoglobin meaning that 3,4 — OLOX and 4,5 —
OLOX did not damage the erythrocytes’ membrane which makes it possible for them to be

administered intravenously.

The high cytotoxicity against prostate and colorectal cancer cells and selectivity
towards colorectal cancer cells shown by 3,4 — OLOX and 4,5 - OLOX, in an early stage of
in vitro evaluation, allowed to conclude that these compounds might serve as a possible
approach as anticancer drugs for PCa and CRC cancer. These results encourage future
studies in order to discover the right mechanisms behind the action of these steroidal
oximes. In fact, very little is known about how this type of molecules act and exactly which
is/are their target/targets. Further studies might include assessment of several parameters
such as DNA damage through the comet assay, protein expression of proteins associated
with cell death by western blot and most importantly approaches for discovering the protein
target of these molecules, which include direct biochemical methods, genetic interaction
methods and computational inference methods. Moreover, in vivo studies are also an
important step towards showing the efficacy of 3,4 — OLOX and 4,5 — OLOX as promising

anticancer drugs.
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