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ABSTRACT

Cancer is a major public health problem and, one of the leading causes of
morbidity and mortality worldwide. Cancer treatments, including chemotherapy,
are crucial to the clinical management of the disease. However, conventional
cancer therapies often cause serious side effects and in the majority of advanced
cases, offer only modest improvement in survival rates. Therefore, there is an

urgent therapeutic need for the development of new active agents against cancer.

Plants are a key source of pharmaceuticals and serve as the basis for
numerous medicines, including anticancer agents. Pentacyclic triterpenoids are a
group of promising secondary plant metabolites that, present a broad range of
biological activity, including antitumour activity. They are often used in traditional
medicine and are an important source of hits in drug discovery. Celastrol is one of
the most active antitumour compounds among the natural triterpenoids. It has
been reported to be highly active against a wide variety of tumours and to affect
multiple cellular pathways. Considering its biological potential, some semisynthetic
derivatives of celastrol have been previously prepared. These studies suggest that
structural modification of celastrol may be important to improve its anticancer

activity.

In the present work, the design and synthesise of new semisynthetic
derivatives of celastrol with improved selectivity and enhanced anticancer activity
was intended. For that purpose, different synthetic strategies were exploited and
new series of celastrol derivatives, including compounds bearing a urea and a
carbamate group at C(29), were prepared and their anticancer activity was

evaluated.

The chemical structures and high purity of the new celastrol derivatives
were corroborated by melting point determination, infrared spectroscopy, nuclear
magnetic resonance spectroscopy (‘*H NMR, *C NMR and DEPT-135), mass
spectrometry and elemental analyses. To determine their anticancer potential, the
activity of all synthesised analogues over the viability of cancer cells was

evaluated against several human tumour cell lines, including lung carcinoma



(A549) and pancreatic carcinoma (MIA PaCa-2) cell lines, using the MTT assay.
Furthermore, preliminary studies of the mechanism of action of the most promising
derivatives were performed in ovarian carcinoma cells (SKOV-3) using techniques,

such as flow cytometry, fluorescence microscopy and western blotting.

Several of these new celastrol derivatives exhibited an improved growth-
inhibition effect on human cancer cells compared with the parent compound, with
ICso values around or below 1 puM. Additionally, to assess selectivity, the best
compounds of each series were further tested against a human non-tumour
fibroblast cell line (BJ) and showed lower toxicity, which indicated a selective

cytotoxic activity for malignant cells.

Compound 3.21 — a quinonemethide urea derivative — and compound
411 — a dihydrocelastrol diacetate carbamate derivative — were the most
promising synthesised compounds. Preliminary studies of the mechanism
underlying their anticancer effect showed that both might induce apoptosis through
the activation of the extrinsic death receptor pathway. Additionally, a synergistic
anticancer effect was evidenced when SKOV-3 cells were simultaneously treated
with compound 3.21 and cisplatin and a similar effect was observed when SKOV-3

cells were treated concomitantly with compound 4.11 and carboplatin.

Taken together, these results provided a deeper understanding of the
structure-activity relationship, chemical reactivity and stability of celastrol
derivatives. Moreover, these results demonstrated the remarkable potential of
celastrol derivatives, such as compounds 3.21 and 4.11, as promising leads for
the development of new cancer therapies.

Keywords: Celastrol, triterpenoids, semisynthetic derivatives, ureas, carbamates,

anticancer, apoptosis, drug synergy.



RESUMO

O cancro representa um importante problema de saude publica, sendo uma
das principais causas de morbilidade e mortalidade a nivel mundial. Os
tratamentos utilizados atualmente em clinica, incluindo a quimioterapia, s&o
essenciais para o controlo clinico da doenca. No entanto, os tratamentos
antineoplasicos convencionais causam frequentemente efeitos secundarios
graves e, nas fases mais avancados do cancro, apenas aumentam ligeiramente a
taxa de sobrevivéncia. Isto indica que ha uma necessidade emergente de
desenvolvimento terapéutico de novas substancias ativas anticancerigenas mais

eficazes e menos toxicas.

As plantas sdo uma fonte fundamental de produtos farmacéuticos, sendo a
base de inumeros farmacos, entre eles medicamentos de quimioterapia. Os
triterpendides pentaciclicos sdo um grupo promissor de metabolitos secundarios
das plantas e apresentam uma atividade bioldégica muito diversificada, entre elas a
atividade antitumoral. Estes compostos sdo frequentemente utilizados na
medicina tradicional e sdo uma fonte importante de novas moléculas para a
industria farmacéutica. O celastrol € dos compostos antitumorais mais activos
entre os triterpendides, demonstrando elevada atividade em diferentes tipo de
tumores e afetando diversos mecanismos celulares. Considerando o seu elevado
potencial biolégico, foram realizados alguns estudos com derivados
semissintéticos do mesmo, 0s quais sugeriram que modificacbes estruturais da
molécula do celastrol poderiam ser vantajosas para otimizarem a sua atividade

antitumoral.

Assim, neste presente trabalho pretendeu-se preparar novos derivados
semissintéticos do celastrol com melhor atividade antitumoral e melhor
seletividade. Para tal, explorou-se diferentes estratégias sintéticas de forma a
preparem-se novos painéis de derivados do celastrol, entre eles ureias e

carbamatos na posigéo C(29).

As estruturas quimicas e elevada pureza dos novos derivados do celastrol

foram confirmadas por determinacdo do ponto de fusdo, espectroscopia de



infravermelho, ressonancia magnética nuclear (*H RMN and *C RMN),
espectrometria de massa e analise elemental. De forma a determinar-se o
potencial anticancerigeno dos novos compostos, avaliou-se a sua atividade na
viabilidade celular de varias linhas celulares tumorais humanas, tais como células
do carcinoma de pulméao (A549) e do carcinoma de pancreas (MIA PaCa-2),
através de ensaios de MTT. Foram ainda feitos estudos preliminares do
mecanismo de acao dos derivados mais promissores em células do carcinoma do
ovario (SKOV-3), utilizando técnicas diversas, tais como, citometria de fluxo,

microscopia de fluorescéncia e western blotting.

Muitos dos novos derivados do celastrol apresentaram melhores efeitos de
inibicio do crescimento celular das células tumorais, comparativamente ao
celastrol, apresentando valores de ICsy proximos ou inferiores a 1 pM. Os
melhores compostos de cada painel foram também avaliados em relacdo a sua
seletividade, utilizando células humanas ndo tumorais (fibroblastros BJ). Estes
compostos revelaram ser menos toxicos para este tipo de células, o que indica

uma seletividade citotoxica para células malignas.

O composto 3.21 — um derivado ureia quinonametideo — e o composto
4.11 — um derivado carbamato diacetato dihidrocelastrol — demonstraram ser os
mais promissores entre todos os compostos sintetizados. Os estudos preliminares
do mecanismo de acdo indicaram que ambos os compostos induzem a morte
celular através da ativagdo da via extrinseca da apoptose. Demonstrou-se ainda
uma sinergia antitumoral nas células SKOV-3 quando estas foram tratadas
concomitantemente com o composto 3.21 e cisplatina, assim como quando

tratadas com o composto 4.11 e carboplatina.

Em concluséo, estes resultados permitiram obter uma compreensdo mais
detalhada da relacdo estrutura-atividade, reatividade quimica e estabilidade dos
derivados do celastrol. Além disso, demonstrou-se o potencial notavel dos
derivados do celastrol, tais como os compostos 3.21 e 4.11, como moléculas

promissoras para o desenvolvimento de terapias antineoplasicas.



Palavras-chave: Celastrol, triterpendides, derivados semissintéticos, ureias,

carbamatos, antitumorais, apoptose, sinergia.
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THESIS ORGANIZATION

This thesis is structured as follows:

Chapter 1 gives a general introduction to cancer by taking a brief look at its
pathophysiology, statistics and anticancer treatments. Additionally, the importance
of natural products and their semisynthetic derivatives in drug discovery is
discussed, focusing mainly on the anticancer activity of pentacyclic triterpenoids.
In the last part of this chapter the antitumour activity of celastrol in particular is
highlighted, and a description of the current status of research on the anticancer

activity of its semisynthetic analogues is also provided.
Chapter 2 presents the aim of the work described in this thesis.

In the subsequent chapters, Chapters 3 and 4, the design, synthesis and
biological evaluation on human cancer cell lines of new celastrol derivatives,
including urea (Chapter 3) and carbamate (Chapter 4) derivatives, are described.
In both chapters, further studies of the best compounds were performed, such as
preliminary mechanistic studies of the antitumour activity, studies of selectivity and

synergistic determinations.

Chapter 5 includes an additional structural diversification of celastrol
derivatives and new insights into celastrol analogues previously prepared,
including their effects on cell viability and analysis of structure-activity relationship
(SAR).

Chapters 3-5 are similarly structured: a brief introduction is followed by the
main results and discussion outlining the synthetic strategies that were used for
the preparation of the new derivatives and the biological studies that were
performed using them. Each chapter closes with a conclusion and an experimental
section describing the biological and chemical procedures used in this work, as

well as the structural elucidation of the new derivatives.

Finally, Chapter 6 includes a summary of the main outcomes of this study

and suggestions for future work.
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The closing chapter, Chapter 7 presents the bibliographical references
used in this thesis, which were cited accordingly to the American Chemical Society

style guide.
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1. CHAPTER |

Introduction

1.1. CANCER

1.1.1. Understanding cancer

Cancer is a complex and heterogeneous disease that presents many
subtypes and affects, various tissues in different ways. The uncontrolled, abnormal
growth of cells is the defining characteristic of cancer, among several common
biological properties that identify this condition [1].

With the development of cancer, the atypical cells may proliferate without
stopping and create tumours, which can spread into nearby tissues or invade other
parts of the body, via the bloodstream and lymphatic system. Tumour growth can

disrupt the normal function of tissues and vital organs, which can lead to death [2].
1.1.2. Cancer statistics

Cancer is a major public health problem, and is one of the leading causes of
morbidity and mortality worldwide [3]. In fact, cancer was the second cause of
death in 2015, which indicates that nearly one in six deaths were related to cancer
[4]. Moreover, cancer is the leading cause of death among specific age groups,
namely women aged 40 to 79 and men aged 45 to 79 years [5]. Around 30% of
cancer deaths are linked to one of these five behavioural and dietary risks: low
fruit and vegetable consumption, insufficient physical activity, high body mass
index and, alcohol and tobacco use. Unfortunately, the number of new cancer
cases is expected to increase by about 70% in the next 20 years [4]. Therefore, it
is not surprising that the economic impact of cancer is massive and keeps
increasing: in 2010 the total annual economic cost associated with this condition
was estimated at around US$ 1.16 trillion [6].
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1.1.3. Anticancer drugs

Cancer treatments include different therapeutic modalities, such as surgery,
radiotherapy and systemic therapy. Although chemotherapy is central to the
clinical management of cancer, it remains among the life-threatening diseases that
are the most difficult to treat. In the majority of advanced cases of cancer,
chemotherapy only offers a modest increase in the survival rate. This is in part due
to tumour diversity, drug resistance, dose-limiting toxicities and limitations of the
animal models available [7]. Even after over half a century of chemotherapy

research, it remains one of the most crucial fields of medicinal chemistry.

1.1.3.1. Strategies of anticancer drug development: targeted

drugs

Targeted therapy is a specific type of chemotherapy that targets different
characteristics between cancer cells and non-tumour cells. This type of therapy is
expected to be more effective and safer as it interferes with specific target
molecules that are involved in carcinogenesis, rather than interfering with all —

healthy or abnormal — rapidly proliferating cells [8][9].

Advances in this field of genetics and molecular biology provide an
essential understanding of the regulatory and signalling networks that act in cells
that control critical cellular processes, such as growth, differentiation, proliferation
and vascularisation. As pointed out by Douglas Hanahan and Robert Weinberg,
tumour cells present further enhancements of some of these biological
capabilities, the so-called hallmarks categories of cancer [1, 10]. These hallmarks
comprise resisting cell death, sustaining proliferative signalling, evading growth
suppressors, enabling replicative immortality, inducing angiogenesis, and
activating invasion and metastasis [10]. Additionally, two emerging hallmarks were
added to this list: reprogramming of the energy metabolism and evading immune
destruction [1]. Each of these hallmarks of cancer represents an opportunity for
seeking molecular targets that are critical to the malignant tumour phenotype but

not essential for normal tissues and organs [11].
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Researchers and the pharmaceutical industry have been exploring this
approach and, since the mid-1990s, several new targeted drugs have been

approved (Table 1.1).

Table 1.1 Examples of approved targeted cancer drugs

Drug Classification Clinical uses i\él\fé&;(;:lar Ref.

Cervical cancer, colorectal cancer,
fallopian tube cancer,

Bevacizumab g/lnotrb%cdlonal glioblastoma, non-small cell lung VEGF ligand [12]
y cancer, ovarian cancer, peritoneal
cancer, renal cell carcinoma.
Bortezomib Small Multiple myeloma, mantle cell Proteasome [13]
molecule lymphoma.
Colorectal cancer (KRAS wild
. Monoclonal EGFR
Cetuximab . type), squamous cell cancer of the [14]
antibody head and neck. (HER1/ERBB1)
CML, gastrointestinal stromal
Imatinib Small tumour, dermatofi_brosarcoma _ KIT, PDGFR, [15]
molecule protuberans, multiple hematologic  Bcr-Abl
malignancies.
Monoclonal Non-Hodgkin’s lymphoma, CLL,
Rituximab . rheumatoid arthritis, CD20 [16]
antibody

granulomatosis with polyangiitis.

The more rational approach that leads to these treatment advances is
based on not only the increasing knowledge on the biology of the targets, but also
on developments in this field of screening technology and chemical synthesis. In
fact, medicinal chemistry plays a key role in anticancer drug development, with an
emphasis on finding and optimizing chemical leads with activity against specific
targets [17].

The discovery of the Bcr-Abl tyrosine kinase inhibitor, imatinib 1.3, which is
a drug that has been approved for the treatment of chronic myelogenous
leukaemia (CML), is a good illustration of the optimization of a lead compound
(Table 1.1, Figure 1.1). First, the molecular target was chosen, i.e., the oncogene
tyrosine kinase Bcr-Abl, which is found only in CML cells [18]. Then, a chemical
lead (compound 1.1) was identified in a screen and chosen as the starting point.
Introduction of an amide group in the phenyl ring added potency, while substitution
of a methyl group added selectivity (compound 1.2). Finally, addition of a polar

piperazinylmethyl group improved water solubility and oral bioavailability, resulting
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in the compound imatinib 1.3 [19]. Furthermore, an X-ray structural analysis of
imatinib 1.3 bound to Bcr-Abl revealed that the piperazine ring not only improved
the physical properties of the molecule, but also promoted significant contacts with
the enzyme [20]. This knowledge unlocked the potential for designing new drugs

to overcome the drug-resistance developed by mutations in the Bcr-Abl gene [21].

1.1

Figure 1.1 Discovery of imatinib 1.3.

Targeted cancer therapy can be categorised by the underlying mechanism
of action: for instance, signal transduction inhibitors, gene expression modulators,
hormone therapies, angiogenesis inhibitors, immunotherapies, toxin delivery
molecules and apoptosis inducers [22]. In the next subsection, we will focus on the

latter mechanism.

1.1.3.2. Targeting apoptosis

Apoptosis is a process of programmed cell death that involves several
biochemical and genetic pathways via which the proper survival/death balance is
maintained in normal tissues [23]. Apoptosis is essential in normal organisms: it
regulates embryonic development; controls cell number and proliferation; controls
the immune function and infection resistance; and eliminates useless,
degenerative, damaged and stressed cells, among several other functions [24,
25].

Apoptosis causes minor damage and inflammation in the surrounding
tissues [26]. This is reflected in the typical morphological features of apoptosis,
such as cell shrinkage, dilatation of the endoplasmic reticulum, fragmentation into
membrane-bound apoptotic bodies (membrane blebbing) and rapid phagocytosis

by nearby cells [27].
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The malfunction of apoptosis is central to cancer development. In fact,
resistance against cell death is one of the prominent hallmarks of cancer, as it
allows cells an accumulation of mutations in the cell that is sufficient for them to
become malignant and continue their uncontrolled proliferation [10]. Additionally,
evasion of apoptosis is a major contributor to treatment resistance, as most of the

current approved cytotoxic drugs induce apoptosis in cancer cells [28].

Thus, targeting apoptosis is an obvious strategy for cancer therapy, and
several molecules involved in this process have been listed as potential targets to
stimulate apoptosis in different types of cancer [29]. Although apoptotic
mechanisms are often described as separated mechanisms, they are interwoven
with many other cellular pathways: e.g., cell-cycle, metabolism and receptor
transduction pathways [30]. Conventionally, the complex mechanisms of apoptosis
involve an energy-dependent cascade of molecular events and are divided in two
main pathways: the intrinsic, stress or mitochondrial pathway and the extrinsic or
death receptor-mediated pathway. However, the two pathways are linked and their
molecules converge on downstream effector caspases that lead to the execution
of the death signal [31]. Caspases are synthesised as inactive enzymes —
procaspases — that require cleavage at aspartate residues for their activation. As
procaspases are cleaved, the released caspases participate in a cascade of
activation whereby one caspase can activate another one in a chain reaction that
leads to the amplification of the apoptotic signal [9].

Intrinsic pathway

The intrinsic pathway (Figure 1.2) is induced by stimuli stemming from
inside the cell and is chiefly controlled by the Bcl-2 protein family. These proteins
share at least one Bcl-2 homology (BH) domain which mediates protein-protein
interactions. Regarding their function, Bcl-2 family proteins are classified into two
groups: antiapoptotic proteins that promote cell survival, and proapoptotic proteins
that mediate receptor-, mitochondria- or endoplasmic reticulum (ER) stress-
dependent apoptosis (Table 1.2) [29].
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Figure 1.2 Apoptotic pathways.

The apoptosis process progresses essentially through three stages. First,
during the initiation phase, cytotoxic stimuli inside the cell (e.g., oxidative stress
and DNA damage, activation of oncogenes, overload of Ca*" and deprivation of
growth factors) lead to an increase in mitochondrial permeability and the release of
molecular apoptotic mediators from mitochondria [29]. The intermembrane space
(between the inner and outer mitochondrial membranes) works as a supply of
apoptotic mediators [32]. Second, during the regulatory phase, BH3-only family
proteins (e.g., the Bcl-2-associated death promoter protein (Bad) and the Bcl-2

interacting killer (Bik)) act as sensitizers by activating proapoptotic effectors (Bcl-2-
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associated X (Bax) and Bcl-2 homologous antagonist/killer (Bak)) (Table 1.2).
Thus, the mitochondrial membrane is disrupted and leaks cytochrome c (an
apoptosis-inducing factor) into the cytosol. The released cytochrome c forms a
multi-protein caspase-activating structure called “apoptosome”. This complex
consists of caspase-9, the apoptotic protease activating factor 1 (Apaf-1) and
cytochrome c, and is responsible for activating effector caspases (downstream
caspase-3, caspase-6, and caspase-7) [33]. This is the third and final phase, the
execution phase, during which caspases are cleaved and cells are further

engulfed by neighbouring phagocytic cells [34].

Table 1.2 Members of the Bcl-2 family and respective function.

Bcl-2 family protein Apoptotic function BH domain
Bcl-2 Antiapoptotic BH 1-4
Bcl-xL Antiapoptotic BH 1-4
Bcl-w Antiapoptotic BH 1-4
Bfl-1 Antiapoptotic BH 1-4
Mcl-1 Antiapoptotic BH 1-4
Bax Proapoptotic — effector BH 1-3
Bak Proapoptotic — effector BH 1-3
Bim Proapoptotic — sensitizer BH3-only
Bid Proapoptotic — sensitizer BH3-only
Bad Proapoptotic — sensitizer BH3-only
Bik Proapoptotic — sensitizer BH3-only
Noxa Proapoptotic — sensitizer BH3-only
Puma Proapoptotic — sensitizer BH3-only

This complex process is modulated by multiple additional proteins, such as
inhibitors of apoptosis proteins (IAPs) and second mitochondria derived activator
of caspase/direct inhibitor of apoptosis-binding protein with low isoeletric point
(Smac/DIABLO). Smac has a proapoptotic function by blocking the X-linked
inhibitor of apoptosis protein (XIAP), which is a pro-survival protein that binds to

and inhibits caspase-3, caspase-7 and caspase-9 [35].
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Because of their ability to control cell death, as well as the elevated
expression of its member proteins in a variety of cancer cell types, the intrinsic

apoptotic pathway holds promising potential for cancer therapeutic strategies.

Moreover, several tumours develop resistance to chemotherapy and
radiotherapy because of aberrant expression of Bcl-2 family proteins, which allows
them to evade apoptosis. Therefore, treating cells with drugs that modulate the
Bcl-2 pathway might be useful for achieving an efficient cancer therapy. Some
advances have been made toward this achievement, such as the development of
antisense-mediated inhibitors, peptide inhibitors and small molecule inhibitors [36].
The first Bcl-2 inhibitor, venetoclax, was recently approved by the FDA (2016).
Venetoclax is indicated for the treatment of an aggressive form of chronic
lymphocytic leukaemia (CLL). The approval of venetoclax constitutes a milestone
in cancer treatment, as it represents the first apoptosis-targeting drug available in
a clinical setting, and the first drug that addresses the “resisting cell death”

hallmark of cancer [37].

Extrinsic pathway

Conversely, the extrinsic pathway (Figure 1.2) is triggered by extracellular
signals — death ligands or death factor — that couple to a death receptor (DR) at
the cellular surface. The first apoptosis signal (Fas) ligand (FasL) is an example of
a death factor that is bound to the plasma membrane of neighbouring cells and
binds to a Fas receptor (FasR), a transmembrane death receptor, to induce
apoptosis. Another example of a death factor is the tumour necrosis factor (TNF),
which is a soluble factor that binds to another transmembrane death receptor, the
TNF receptor (TNF-R) [29]. After the ligands bind to the DRs, the receptors
undergo a conformational change and oligomerize, which enable the exposure of
the death domains — located on the cytoplasmic tail of the receptors. Therefore,
the death signal can be transduced into the cell by intracellular adaptor proteins,
such as the Fas-associated death domain (FADD) and the TNF-R-associated
death domain (TRADD). The adaptor proteins recruit several molecules of

procaspase-8, which is an initiator caspase that links the receptor to the apoptotic
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proteases. Thus, the death inducing signalling complex (DISC) is formed, which is
composed of death ligands, receptors, adaptors and caspase-8. DISC transduces
a downstream signal cascade: cascape-8 initiates a caspase cascade by
activating the executioner caspases (caspase-3, caspase-6, and caspase-7). The
caspase cascade induces the cleavage of specific protein targets, such as nuclear
lamins, cytoskeletal proteins (e.g., actin and intermediate filaments), specific
kinases and other enzymes (e.g., caspase-activated deoxyribonuclease (DNase).
The proteolysis of these target proteins leads to nuclear shrinkage, rearrangement
of cell structure, cell signalling and cleavage of chromatin, ultimately resulting in
apoptosis [38, 39].

The extrinsic pathway encloses promising targets for cancer therapy, as
cytotoxic drugs and X-irradiation rely on the mitochondrial pathway for cell death,
leading to the frequent development of chemorefractory cells [40].

Common mutations that affect the extrinsic pathway of apoptosis and result
in cancer are those that occur in the genes that encode the FasR and the TNF-
related apoptosis-inducing ligand (TRAIL) receptor (TRAIL-R) [9]. TRAIL is a
member of the TNF family that induces a differential sensitivity to apoptosis
between non-tumour and tumour cells. TRAIL-R1 and TRAIL-R2, — also called
DR4 and DR5 — are expressed at higher levels in solid tumours [41]. The
differential activity of TRAIL and its receptors in non-tumour cells vs cancer cells
creates an opportunity for designing safer drugs that target this pathway. In fact, a
recombinant human TRAIL ligand has been developed, and to date, two
therapeutic strategies have been enrolled in clinical trials: recombinant human
TRAIL and antibodies directed against TRAIL-R1 or TRAIL-R2. Despite promising
initial results, these agonists have not been successful because of resistance to
apoptosis induction. However, novel agents targeting TRAIL-R are currently being

developed, to overcome this limitation [42].

Cross-talk between the intrinsic and extrinsic pathways

The intrinsic and extrinsic pathways converge on downstream effector

caspases (Figure 1.2). The following is an illustration of the cross-talk between the
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two pathways: caspase-8 — a key regulator of the extrinsic pathway — can cleave
Bid into the active form, truncated Bid (tBid). Bid is a proapoptotic member of the
Bcl-2 family of proteins that regulates mitochondria-mediated apoptosis by directly
activating Bax and Bak, thus inducing mitochondrial outer-membrane
permeabilization, facilitating the release of cytochrome c from the mitochondria,

and inducing the subsequent activation of downstream caspases [43].

Both the extrinsic and intrinsic apoptotic pathways are regulated by several
other agents, including the p53 protein, the phosphatidylinositol 3-kinase (PI3K)
pathway and heat-shock proteins (Hsps) [29].

p53

The p53 protein is a tumour suppressor protein that is often called the
guardian of the genome because of its important role in several cellular
mechanisms, such as cell-cycle arrest, DNA repair and apoptosis [44]. In the face
of stress signals, such as DNA damage, p53 becomes functionally active and can
either trigger a transient or permanent cell-cycle arrest; alternatively it can trigger
apoptosis-mediated cell death to prevent the development of the damaged cell into
a tumour [45]. It does this by using both transcription-dependent and transcription-
independent pathways [9].

Through the transcription-dependent pathway, p53 acts as a transcription
factor that regulates the expression of apoptosis-related genes that affect the
intrinsic or extrinsic pathways. Essentially, p53 induces the expression of
proapoptotic factors (e.g., NOXA, Bax, Bak, FasR and PUMA) and represses the
expression of antiapoptotic factors (e.g., Bcl-2, Bcl-x and IAPS) [46]. Conversely,
the transcription-independent mechanism involves the p53-mediated activation of
Bax in the cytoplasm, followed by the release of cytochrome ¢ and the activation of
the caspase cascade [47].

The critical role of p53 is evidenced by the fact that more than 50% of
tumours bear a mutation in this gene. p53 mutations offer cancer cells a survival

advantage by disrupting apoptosis and, therefore, contributing to drug resistance
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[48]. It has recently been demonstrated that mutant p53 proteins do not only lead
to the loss of wild-type p53 tumour-suppressor functions, but may also be
responsible for an oncogenic gain-of-function. These newly described oncogenic
properties of mutant p53 proteins can favour the maintenance, expansion,
spreading and resistance of tumour cells, thus promoting the proliferation of cells
bearing mutant p53 [49, 50].

Consequently, the tumour suppressor gene p53 is an attractive therapeutic
target. Although several clinical trials using gene-therapy-based approaches for
restoring the wild-type p53 function in tumours have been conducted, this therapy

is not widely used at the moment [51].

PISK/Akt/mTOR pathway

The PI3K/Akt/mTOR is a complex pathway that plays a central role in
several cellular mechanisms, such as cell survival, proliferation, motility and tissue
neovascularization [52]. This pathway is initiated by several mechanisms, and its
upregulation is associated with several types of cancer [53]. Initial signalling
activation of the PI3K/Ak/mTOR pathway occurs at the cell membrane;
subsequently, the signal is propagated via the activation of PI3K class la. In turn,
activation of PI3K leads to the phosphorylation of inositol lipids in the plasma
membrane that attract protein kinase B (PKB/Akt). Subsequently, Akt — the
primary mediator of PI3K-initiated signalling — is phosphorylated and activated.
Fully activated Akt translocates to the cytosol and the nucleus, where it can
phosphorylate its substrates. Akt can regulate various target proteins related to the
control of apoptosis and cell proliferation, such as Bad, caspase-9, IkB kinase
(IKK) and the cAMP response element binding protein (CREB). The mammalian
target of rapamycin (MTOR), which is a key regulator of protein translation and cell
growth, is an additional substrate of Akt [54, 55].

The PI3K/Akt/mTOR pathway regulates numerous non-tumour cellular
mechanisms that are also critical for carcinogenesis. In addition, in some cancers,
this pathway can be aberrantly activated. Therefore, its components constitute

attractive therapeutic targets in cancer [54]. Currently, some compounds targeting
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the PI3K/AK/mTOR pathway are being tested in clinical trials for the treatment of
solid tumours. Compared with the mTOR inhibitors, PI3K and Akt inhibitors are still
at an early phase of development [55].

Hsp90

Hsps are a family of proteins that are produced in response to different
types of stressful conditions, such as heat shock, pH shift or hypoxia. They
function as molecular chaperones that enable the synthesis and folding of other
proteins, termed clients [56]. Under normal conditions, Hsps play several roles in
cells, including protein assembly, protein degradation within the proteasome
pathway and modulation of protein activity by changing their conformation. Under
stressful conditions, cells increase the production of Hsps to stabilize unfolded
proteins, thus giving the cells more time to repair or re-synthesize the damaged
proteins. In addition to affording resistance to stress-induced cell damage, Hsps

have been reported to regulate apoptosis and cell death [57].

Hsp90s are the most common and widely studied Hsps. Hsp90s are
commonly associated with cancer development and malignant phenotypes, such
as drug resistance, invasion, angiogenesis, and metastasis [58]. In fact, Hsp90 is
upregulated to 10-fold in tumour cells, and its client proteins include several
oncogenic proteins, such as Bcr-Abl, Raf-1, p53, ErbB2, NF-kB and HIF-1a
(hypoxia-inducible factor 1a) [29, 59]. Hsp90s also play a role in modulating the
Akt pathway: the interruption of the interaction between Hsp90 and Akt leads to
the dephosphorylation of Akt and increases the likelihood of apoptosis [60]. Hsp90
requires molecular co-chaperone proteins (e.g., Cdc37, Hop, p23, Hspl11l0 and
Ahal) for the assembly and activity of client proteins. The complex between
Hsp90 and its co-chaperone proteins allows the interaction between client proteins

in an ATP-dependent way [59].

Several molecular studies have suggested that small molecule inhibitors
that act on Hsp90 directly or that interfere with its molecular co-chaperones may

be a promising strategy to enhance apoptosis and treat a vast range of tumours
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[57]. Tanespimycin, a geldanamycin derivative, is one of those compounds, and

has yielded some promising results in clinical trials [61].

1.1.3.3. Combination chemotherapy

Despite numerous reports of development in cancer therapies of targeted
drugs, some important limitations remain, such as incomplete remission, high
toxicity and development of drug resistance [62]. This is mainly caused by the
complexity and high heterogeneity of tumour cells and the genomic instability of

cancer [63].

As targeting a single protein does not necessarily eliminate the tumour, the
use of multi-targeting therapies might offer advantageous in this context. The
combination of cytotoxic agents that co-inhibit more than one target in a single
pathway or in compensatory pathways may be more effective and safer by
decreasing drug doses and non-overlapping toxicities, preventing drug resistance

and promoting a synergistic effect between two or more drugs [64].

1.2. NATURAL PRODUCTS

1.2.1. Natural products in drug discovery

Currently, it is estimated that 391,000 vascular plant species are known to
science [65]. Plants have always been essential for the survival and well-being of
mankind and other animals. Plants not only provide oxygen and food, they also
have been the main source of therapeutic products for the prevention and
treatment of several diseases [66]. In fact, one of the first references of medicinal
plants, written on Sumerian clay slabs, dates back to around 5,000 years ago and
presents recipes for drug preparations for over 200 different plants [67].

Often, one single plant species contains approximately 1000 different
chemical compounds. This results in a huge number of different chemical
structures that could hardly be synthesised in the laboratory [68]. About 50,000
metabolites have already been identified in plants, and this number is predicted to
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increase to over 200,000. A large portion of these natural compounds are still
available to be studied and exploited for their potential therapeutic activities [69].
Although plants provide a very rich, variable and complex set of chemical
structures, many of them are currently threatened with extinction because of
environmental changes and unsustainable agricultural practices [70]. This renders

the advancement of research in the area of botany even more imperative.

Despite recent enormous technological advances in the pharmaceutical
industry, plants continue to be a key source of pharmaceuticals and serve as the
basis for the majority of medicines and cosmetics [71]. According to data from the
World Health Organization (WHO), primary health care for 80% of the population
is still based on natural sources, the so-called traditional medicine [72, 73]. As for
conventional medicine, 4% of the drugs that were approved worldwide between
1981 and 2014 were unaltered natural products. Moreover, 21% were natural
product derivatives, as natural products have been a precious source for organic
chemists to synthesise novel drug candidates. In total, only 27% of the new

chemical entities approved can be classified as being truly synthetic [74].

The reason why so many compounds in nature have biological effects in
humans and other species is not fully understood. One hypothesis is that these
compounds are produced by living organisms and aim to interact with receptors
and enzymes in those organisms, thus mimicking endogenous metabolites that
are involved in signalling pathways. In general, drugs also aim to interact with this
type of biomolecules in the human body, which is a huge structural advantage.
The fact that plants and humans share a common evolutionary origin is also
related with this explanation. Thus, the common ancestor had molecules,
receptors and enzymes that interacted with each other, and although the
organisms evolved differently, these molecules retained common features that
keep them somehow compatible [75]. A third theory is related to the long-term co-
evolution within biological communities: organisms that live in the same
environment evolved to interact actively with each other, so they can influence

them (e.g., defence and chemical communication functions) [76].
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1.2.2. Semisynthetic derivatives

Despite the enormous potential of natural products as therapeutic agents,
their use in clinical settings is not always straightforward. This is because natural
compounds often show pharmacokinetics limitations, such as low solubility in
water, which can lead to poor systemic absorption. In addition, natural compounds
can cause undesirable side effects in humans and/or present insufficient biological
activity [77]. The optimization of natural products through semisynthesis is a
convenient way of overcoming these limitations [78]. Analytical and structural
chemistry approaches provide the perfect tools to modify natural compounds in
order to enhance their activity and other characteristics, such as solubility and
stability [76].

The natural cyclolignan podophyllotoxin 1.4 (Figure 1.3) is an excellent
example of a natural product that was used as a lead in medicinal chemistry, the
structural modification of which has afforded compounds with extraordinary
pharmacological activity [79]. Podophyllotoxin 1.4, isolated from species of the
genus Podophyllum (Berberidaceae), has been used for medicinal purposes since
ancient times, and its current most relevant biological activities are cytotoxicity and
antiviral activity [80]. Podophyllotoxin 1.4 itself is effective in the treatment of
Wilms’ tumours, different types of genital tumours, lung cancer and, non-Hodgkin
and other lymphomas [81]. However, its clinical results were disappointing
because of the severe gastrointestinal side effects associated with this drug. To
optimize its activity and develop new compounds with better antitumour activity,
many structural modifications have been performed on the cyclolignan skeleton
[82]. Three semisynthetic podophyllotoxin derivatives — etoposide 1.5, teniposide
1.6 and etopophos 1.7 (Figure 1.3) — are widely used anticancer drugs that
display good clinical activity against several types of tumour, including lung
cancer, acute leukaemia, lymphoma, testicular carcinoma and Kaposi’'s sarcoma
[83]. Other new cyclolignans have been prepared by modification of nearly all the
rings of the basic skeleton of the molecule in the search for more potent, less toxic
and more selective analogues. GL-331 1.8 and TOP-53 1.9 (Figure 1.3) are

among the derived compounds that have reached clinical trials [79].
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Figure 1.3 Chemical structures of podophyllotoxin 1.4 and its derivatives.

Other examples of natural lead anticancer compounds are vinblastine 1.10
and vincristine 1.11 (Figure 1.4), which are vinca alkaloids isolated from the pink
periwinkle plant Catharantus rosea. By simple structural modification of these
natural leads, other indole compounds were obtained, such as vinorelbine 1.12
and vindesine 1.13 (Figure 1.4) [84]. These natural products and their derivatives
show extraordinary antineoplastic properties, and, despite their similar chemical
structures, they show differences both in their activity spectrum and toxicity. For
example, vinblastine 1.10 is used in the treatment of testicular cancer, non-
Hodgkin lymphoma, breast cancer, head and neck cancer, cervico-uterine cancer
and bladder cancer, while vincristine 1.11 is more effective against non-Hodgkin
lymphoma, Hodgkin’s disease and paediatric solid tumours than it is against adult
solid tumours. Vinorelbine 1.12, in turn, is more effective against breast and lung

cancer, whereas vindesine 1.13 is used in the treatment of acute leukaemia,
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malignant lymphoma, Hodgkin’s disease, acute erythraemia and acute
panmyelosis [85-87].

Podophyllotoxin 1.4, vinblastine 1.10 and vincristine 1.11 are only some
examples of lead natural anticancer drugs within the wide arsenal of natural
products for which structural modification has led to more potent and less toxic

analogues compared with the parent compound.

Vinblastine 1.10 Vincristine 1.11

Vinorelbine 1.12 Vindesine 1.13

Figure 1.4 Chemical structures of vinblastine 1.10, vincristine 1.11 and its derivatives.

1.2.3. Terpenes

Terpenes and terpenoids are the largest class of natural products [88]. The
difference between them is that terpenes are hydrocarbons, while terpenoids

contain additional functional groups. These compounds come mainly from plants,
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in which they play important biological functions. Structurally, these molecules
consist of isoprene units (CsHg), which can be conjugated in different ways,
resulting in a huge diversity of different structures. These compounds constitute
the most functionalised and structurally diversified group of secondary plant
metabolites, and are also essential components of the human diet [88].
Triterpenoids are widely used in traditional medicine and are an important source
of hits in drug discovery [89]. As detailed in Table 1.3, the main classification of

these structures is based on the number of isoprene units [90].

Table 1.3 Classification of terpenoids based on the number of isoprene units.

Number of isoprene units Number of carbons  Classification

1 C5 Hemiterpenoids
2 C10 Monoterpenoids
3 C15 Sesquiterpenoids
4 Cc20 Diterpenoids

6 C30 Triterpenoids

8 C40 Tetraterpenoids
Other structures Polyterpenoids

1.2.3.1. Pentacyclic triterpenoids

According to the aforementioned classification (Table 1.3), triterpenoids
contain six isoprene units and their basic molecular formula is CsoHasg. These
compounds are ubiquitously distributed in nature and include different groups,
such as squalene, lanostane, dammarane, friedelane, lupane, oleanane and
ursane, among others [91]. Triterpenoids show a great biological activity, and their
application as bioactive components has grown exponentially. This is reflected in
the increasing number of recent publications that associate triterpenoids with

treatments for a wide variety of pathologies [92—-94].

The pentacyclic triterpenoids (PTs) are triterpenoids in which the carbon
structure is organised in five rings. PTs are widely distributed in many medicinal
plants and are often found in their bark, stem and leaves. They are generally
described as ideal drug candidates with a great versatility [95—-97]. The biological

activities attributed to PTs are very broad and include antitumour, antiviral,
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antidiabetic, anti-inflammatory, antimicrobial, antiparasitic, analgesic, and cardio-,
hepato-, gastro-, and neuro-protective activities [93, 95, 98]. Additionally, PTs are
important components of the natural extracts used in traditional Chinese medicine,
in which they have demonstrated their efficacy in tandem with low toxicity and few
side effects [99].

1.2.3.2. Biosynthesis of pentacyclic triterpenoids

Although the structures of the PTs varies, they all share common patterns
of biosynthesis in several species of higher plants (Figure 1.5). PTs are derived
from squalene 1.14, which is oxidised biosynthetically into 2,3-oxidosqualene 1.15
by the squalene epoxidase enzyme [100]. Oxidosqualene cyclase catalyses 2,3-
oxidosqualene 1.15 to produce the intermediate dammarenyl cation 1.16 [101].
Subsequently, the increasing diversification of the dammarenyl cation 1.16
produces the lupenyl cation 1.17, and the 1,2-methyl rearrangement of the lupenyl
cation 1.17 leads to the oleanyl cation 1.18 [90]. The other enzymes involved in
this process are lupeol synthase and the a/B-amyrin synthases, which convert
lupenyl 1.17 and oleanyl 1.18 cations to lupeol 1.19 and a/B-amyrin 1.20/1.21,
respectively [102]. These triterpenoid alcohols are further modified by other
enzymes (e.g., cytochrome P450s, dehydrogenases and reductases) to produce
PTs with great therapeutic interest, such as betulinic 1.22, ursolic 1.23 and
oleanolic 1.24 acids [100]. Another PT group with significant biological importance
is the quinonemethide (QM) triterpenoids (QT), also known as celastroloids. QTs
are derived from the precursor oleanyl cation 1.18, which is converted to friedelin
1.25 [103]. Then via sequential oxidation reactions, most likely by cytochrome
P450 enzymes, friedelin 1.25 is converted to different intermediates, for example
celastrol 1.26 (Figure 1.5) [104].
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Oleanolic acid
1.24

Figure 1.5 Schematic overview of triterpenoid biosynthesis.

1.2.3.3. Natural quinonemethide triterpenoids

QTs belong to a specific PT group called friedelanes, which are
characterised by the presence of eight methyl groups at C(4), C(5), C(9), C(13),
C(14), C(17) and C(20) (geminal-dimethyl) (Figure 1.6). Friedelane-type
triterpenoids are considered as oleanane-type triterpenoids with migrated methyl
groups, and for this reason they are also termed D:A-friedo-oleananes [105].

20



Chapter |

Figure 1.6 Basic skeleton and numbering of the friedelane-type triterpenoids.

Accordingly, QTs, as a subgroup of friedelanes, are also referred as 24-nor-
friedelanes or D:A-friedo-nor-oleananes [106]. Structurally, the common feature of
QTs is the presence of a para-quinonemethide (p-QM) group in their skeleton with
a specific oxygenation pattern and variable type of unsaturation. The QM group of
QTs renders the molecules polarised, and, thus extremely reactive. A Michael
acceptor is incorporated when the C(6) position is free, making it highly prone to
nucleophilic addition [107, 108]. Therefore, these compounds have the ability to
form covalent Michael adducts by reacting with the nucleophilic thiol groups of the
cysteine residues of biomolecules, such as DNA and proteins [109-111]. This
seems to be consistent with the wide range of observed biological activities of QTs
[112-116].

Celastrol 1.26 is reportedly the first QT to be isolated from the root of
Tripterygium wilfordii (in 1936) [117]. Since then, celastrol 1.26 and several other
QTs — around 90 different structures — have been isolated from plants of the
Celastraceae and Hippocrateaceae families, and are considered as

chemotaxonomic indicators for those specific families [106].

Typically, these QTs have a highly conserved core structure that includes a
hydroxyl group at C(3) ortho to a ketone group, and an extended conjugated
system that involves A/B-rings. The chromophore that extends over the A/B-rings
is responsible for the red-orange colour characteristic of many of these
compounds [118, 119]. Moreover, this conjugated system can hold an extra
carbonyl group in the B-ring, and the extension of the conjugations can also
involve C/D-rings [105]. As a result, QTs can be classified into three different

subgroups (Figure 1.7, Table 1.4): QTs with an extended conjugation with a C=C
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bond in the B-ring (1.26-1.36); QTs with an extended conjugation with a C=0
group in the B-ring (1.37-1.40); and QTs with non-extended conjugation (1.41-
1.44) [106].

QTs with an extended conjugation with a C=C bond in B-ring

1.26 R;=CH;, R,=COOH 1.30 R=H 1.34 Ry=OH R,=CH,

1.27 R1=CH3, R2=COOCH3 1.31 R=CHO 1.35 R»] CH3 R2—OH

1.28 Ry=H , R,=CH,OH 1.32 R=COOCH; 1.36 R,=CH; R,=COOCH,
1.29 R;=CH,OH, R,=COOCH; 1.33 R=CH,OH

QTs with an extended conjugation with a C=0 group in B-ring

OH 1.39 1.40
H

QTs with non-extended conjugation

1.41 1.42 R=OH 1.44
1.43 R=H

Figure 1.7 QTs found in nature and their classification.
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Classification

. Comp. Common name Natural source Ref.
(B-ring)
1.26 Celastrol Tripterygium wilfordii [117]
1.27 Pristimerin Pristimera indica [118]
1.28 Isoiguesterinol S.aIaC|a reticulata var. b- [120]
diandra
C Salacia reticulata var. b-
_ o 1.29 30-Hydroxy pristimerin diandra [120]
xtende . . Salacia
conjugation witha 130 Isoiguesterin madagascariensis [121]
C=C bond 1.31- . -
133 Salacia kraussii [114]
1.34 A2t Euonymus tingens [122]
epitingenone
1.35 . Glyptopetalum [123]
sclerocarpum
1.36 21-Oxopristimerine Maytenus retusa [124]
1.37 7,8-Dihydro-228-hydroxy-7- Maytenus amazonica [125]
oxotingenone
Extended 1.38 Amazoquinone Maytenus amazonica [125]
conjugation with a ' q y
C=0 group 1.39 Salaciquinone Salacia reticulata [126]
1.40 Dispermoquinone Maytenus dispermus [127]
1.41 /-Hydroxy-7,8-dihydro- Maytenus amazonica [125]
tingenone
Non-extended 1.42 Macrocarpin D Maytenus macrocarpa [128]
conjugation 1.43 ;,B—Dlhy(_jro—% Maytenus amazonica [125]
ydroxytingenone
1.44 — Maytenus blepharodes  [129]

In addition to these natural compounds, other natural derivatives of QTs

bearing a diphenol system in the A-ring have been described (Figure 1.8, Table

1.5). Wilforol A 1.45 is one of those phenolic triterpenoids. It was isolated from

Tripterygium regelii, and is classified as a 6-oxo-diphenol derivative of celastrol

[115, 130].

1.47

1.48

Figure 1.8 Natural phenolic triterpenoids.
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Table 1.5 Natural phenolic triterpenoids.

Classification Comp. Common name Natural source Ref.

1.45 Wilforol A Tripterygium regelii [130]

o . 1.46 Regeol C Tripterygium regelii [131]
Phenolic triterpenoids ; ; -

1.47 Demethylzeylasteral Tripterygium regelii [130]

1.48 Wilforic acid A Salacia chinensis [132]

1.2.4. Anticancer activity of pentacyclic triterpenoids

As mentioned previously, PTs have been associated with a wide range of
pharmacological activities coupled with a low toxicity profile [133]. Among these
activities, their anticancer effects have attracted great attention. In fact, an
increasing number of PTs have been shown to exhibit cytotoxic activity against a
variety of tumour cells, without manifesting important toxicity in non-tumour cells
[97, 134-137]. Evidence from in vivo experiments also supports this antitumour
effect [133, 138]. Such properties, in particular their selectivity, indicate them as
useful alternatives in cancer prevention and treatment. Hence, it is essential to
evaluate the cytotoxic properties and understand the underlying molecular
mechanisms of these compounds. Table 1.6 lists several signal transduction
pathways that are associated with the anticancer activity of various naturally
occurring PTs, including betulinic 1.22, ursolic 1.23 and oleanolic 1.24 acids, as
well as celastrol 1.26. The main mechanisms via which those PTs act in cancer
cells are: cell-cycle arrest, induction of apoptosis and inhibition of angiogenesis
and metastasis [138-140].

Despite the enormous potential of PTs, many of these molecules are
relatively less potent if administrated orally or present other pharmacokinetics
limitations [134, 141, 142]. To overcome these problems and to increase their
efficacy, many semisynthetic analogues have been prepared. These often exhibit
a significant improvement in bioavailability and therapeutic efficacy over their
natural precursors [135, 138, 143].
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Table 1.6 Anticancer activity of some PTs: examples of mechanisms of action and molecular

pathways.
Anticancer PTs Signal transduction pathways Ref.
mechanism
Betulinic acid 1.22  p53/p21 pathway [144]
Cell-cycle arrest Oleanolic acid 1.24 miR-122/Cyclin G1/MEF2D pathway [145]
Celastrol 1.26 mMiR-21-mTOR pathway [146]
Betulinic acid 1.22  Bax/Bcl-2 pathway [144]
. . pERK1/2 pathway and mitochondrial
Induction of apoptosis  Ursolic acid 1.23 membrane depolarization ]
Celastrol 1.26 microRNA-21 and PI3K/Akt/NF-kB [148]
pathway
Ursolic acid 1.23 VEGF pathway [149]
Inhibition of . :
) : Oleanolic acid 1.24 STAT3 and SHH pathways [150]
angiogenesis
Celastrol 1.26 IKK/NF-kB pathway [151]
. . Focal adhesion pathway (e.g., ICAM1,
Ursolic acid 1.23 . d [152]
Inhibition of . _ VCAML1, E-selectin, P-selectin)
Celastrol 1.26 PI3K/Akt/NF-kB pathway [153]
1.3. CELASTROL

1.3.1. Physico-chemical properties of celastrol

COOH

14 16
874 15
I Al Bl 26
HO/3%4/4\\6/
|
23

Figure 1.9 Chemical structure and numbering of celastrol 1.26.

The IUPAC name of celastrol 1.26 is (2R,4aS,6aR,6aS,14aS,14bR)-10-
hydroxy-2,4a,6a,6a,9,14a-hexamethyl-11-oxo-1,3,4,5,6,13,14,14b-octahydropicen

e-2-carboxylic acid, and it is also commonly known as tripterin. Its molecular

formula

is Co9H3504 and

its molecular weight is 450.62 g/mol. At room

temperature, celastrol 1.26 is a bright orange solid and its melting point is around

204 °C [154]. Celastrol 1.26 shows a maximum ultraviolet (UV)/visible absorption

at 253 and 424 nm [155]. Celastrol 1.26 is soluble in organic solvents, e.g.,
ethanol, dimethyl sulfoxide (DMSO) and dimethylformamide (DMF) (solubility of
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approximately 10 mg/mL in ethanol and DMSO and 20 mg/mL in DMF), and is

sparingly soluble in water.

As mentioned above, celastrol 1.26 has the core structure of the QTs: a
hydroxyl group at C(3) ortho to a ketone group and extended conjugated system
that involves A/B-rings. Additionally, it possesses an acidic group at C(29) (Figure
1.9). These structural characteristics, together with steric effects and its
conformation, should influence its reactivity and stability. Celastrol 1.26 is an
electrophilic compound and incorporates three potentially electrophilic positions at
its QM substructure: C(2), C(4) and C(6). However, the C(4) position seems to be
too hindered to be susceptible to nucleophilic addition, and attack at the C(6)
position is expected to be favoured over the C(2) position because of the
increased thermodynamic stability achieved by aromatization of the A-ring [119].
Therefore, the pharmacological effects of celastrol 1.26 seem to rely on its QM
moiety, which binds to several functional proteins and disrupts their functions.
Apparently, this is one of the mechanisms via which celastrol 1.26 affects the

biological functions of proteins.
1.3.2. General pharmacological properties of celastrol

In recent years, the pharmacological activities of celastrol 1.26 have been
extensively investigated in diverse clinical areas. Considering its prominent anti-
inflammatory activities, celastrol 1.26 has been regarded as a potential therapeutic
candidate for rheumatoid arthritis [156, 157], asthma [158, 159], systemic lupus
erythematosus [160], ulcerative colitis [161], multiple sclerosis [162], psoriasis
[163], osteoarthritis [164] and hypertension [165].

The potent antioxidant and anti-inflammatory effects of celastrol 1.26 in
neurodegenerative diseases (e.g., Alzheimer's [166, 167], Huntington’s [168, 169]
and Parkinson's [170] diseases) have also attracted great attention. Accumulating
evidence has identified several major cell signalling pathways and molecular
targets of celastrol 1.26 that are strategic checkpoints for its anti-inflammatory and

neuroprotective properties, such as the NF-kB, PI3K/Akt/mTOR, mitogen-activated
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protein kinase (MAPK), JAK/STAT pathways, Hsp response, as well as pathways
that regulate ROS homeostasis [157, 171] (Figure 1.10).

Moreover, celastrol 1.26 may be useful in the treatment of other diseases,
namely diabetes [172], obesity [173, 174], cardiovascular disease [175] and
malaria [176] and dengue [177] infections.

Furthermore, a recent report of a clinical trial that combined the use of
celastrol 1.26 with nifedipine assessed the outcome of this treatment against
preeclampsia. The results showed the potential of celastrol 1.26 as an effective
and safe adjuvant to oral nifedipine to treat hypertension in patients with
preeclampsia [178].

1.3.3. Anticancer activities of celastrol

Among all the pharmacological activities of celastrol 1.26, its remarkable
anticancer activities are the most reported, especially in recent years. Celastrol
1.26, presents a high cytotoxicity against a wide variety of human cancer cell lines,
including bladder [179], breast [180-186], cervical [180, 187], colorectal [188—
190], gastric [146, 186, 191], head and neck [186], liver [186, 192—-195], lung [186,
194, 196-199], ovarian [148, 154, 189], pancreatic [188, 200], prostate [186, 197,
201, 202], renal [186, 188, 203] and thyroid [204] cancers, as well as gliomas
[186], leukaemia [205—-207], melanoma [186, 208], multiple myeloma [186, 209—
211] and sarcoma [212, 213]. The effectiveness of celastrol 1.26 in inhibiting the
growth of cancer cells was assessed in the majority of these studies based on ICs
value, which is the concentration of a compound that is required for 50% inhibition
in vitro. The ICsp values determined — around or below 1 pM — denote the
potential of this compound as an anticancer agent (Table 1.7). Additionally,
several in vivo studies of celastrol 1.26 have demonstrated its therapeutic efficacy
in several animal models [183, 189, 206, 208, 213-219].
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Figure 1.10 Anti-inflammatory activities and cell signalling pathways modulated by celastrol 1.26
for the control of various diseases (adapted from [220]).

1.3.3.1. Molecular targets and cell signalling pathways of celastrol

These marked anticancer properties of celastrol 1.26 have been attributed
to the modulation of multiple molecular targets and cell signalling pathways

involved in tumorigenesis (Figure 1.11), which is briefly discussed below.
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Table 1.7 Inhibitory effects of celastrol 1.26 on the proliferation of several human cancer cell lines.

Histological ICso
cancer Organ/Tissue Cell line values Time (h) Assay Ref.
classification (UM)
Breast MCF-7 1.58 72 MTT [186]
Breast g"ﬁA'MB' 0.67 72 MTT [186]
Head and neck UM-SCC1 0.76 72 MTT [186]
Liver Bel-7402 1.12 48 MTT [192]
Lung H1650 0.79 72 MTT [196]
Carcinoma Lung H1975 0.60 72 MTT [196]
Prostate PC3 2.00 24 FCM [202]
Prostate DuU145 2.35 24 MTT [201]
Thyroid 8505C 0.94 48 CCK-8 [204]
Thyroid SW1736 1.08 48 CCK-8 [204]
Stomach KATOIII 0.54 72 MTT [186]
Breast W256 0.43 48 Alamar 151 o1
Sarcoma Blue
Bone U-20S 2.50 48 MTT [213]
Peripheral RPMI 8226  0.52 72 MTT  [186]
blood
Peripheral
Myeloma blood LP-1 0.88 72 WST-8  [209]
Peripheral U266 0.47 24 MTS [210]
blood
, et HL-60 0.48 24 CCK-8  [205]
Leukaemia blood
Bone-marrow K562 041 72 MTS [206]

Induction of cell-cycle arrest and cell death

The antitumour effects of celastrol 1.26 can be achieved by the inhibition of
cell proliferation and induction of cell death via several mechanisms (Figure 1.12).
For example, an increase in the levels of the p27 protein via the inhibition of the
miR-21-mTOR signalling pathway was observed, which caused a G2/M cell-cycle
arrest in gastric cancer cells treated with celastrol 1.26 [146]. A previous study had
shown the role of the miR-21 and PI3K/Akt/NF-kB pathways in the induction of
apoptosis and inhibition of the growth of gastric cancer cells treated with celastrol
1.26 [191]. Jian et al. also demonstrated that celastrol 1.26 induced a G1 cell-cycle
arrest and apoptosis via p27 upregulation and NF-kB modulation in LP-1 myeloma
cells [209]. In addition, the effects of celastrol 1.26 of growth inhibition with GO/G1
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cell-cycle arrest and apoptosis induction in DU145 prostate cancer cells was
attributed to the regulation of the expression of the hERG potassium channel
protein [201]. Conversely, the effect of celastrol 1.26 of inhibiting cell proliferation
through G1 cell-cycle arrest and apoptosis induction in human bladder cancer
5637 cells was attributed to the blockage of the JAK2/STAT3 signalling pathway
[179].

* miR-21-mTOR-mediated inhibition of p27
* Regulation of cyclin B(1), p21 and p27
* Regulation of cyclin D1and E

* Inhibition of HSP90 and HIF-1a
* Targeting VEGF/VEGFR2
* mTOR/p70S6K/elF4E pathway

Cell cycle * Upregulation of DR
arrest * STAT3/JIAK2 pathway
* ROS accumulation

Angiogenesis

inhibition Apoptosis

Metastasis

suppression Autophagy

* CXCR4 expression * Activation of AMPK
* NF-kBinhibition o * ROS/INK pathway
* Activation of p38 MAPK Inhibition of * Degradation of EGFR

HSP

* Activation of HSF-1

* |nteraction with the co-chaperone
Cdc37

* PI3K/Akt/mTOR pathway

Figure 1.11 Overview of the anticancer mechanism of action of celastrol 1.26.

Moreover, in numerous studies these effects were accompanied by
changes in the expression of several proteins, which is consistent with the
multitarget anticancer response induced by celastrol 1.26, for instance: (1)
activation of caspase expression [209, 221, 222]; (2) downregulation of
antiapoptotic proteins (e.g., clAP1 and clAP2, FLIP, Bcl-2 and survivin) [179, 209,
223]; (3) upregulation of proapototic proteins (e.g., Bax and Bak) [179, 209, 224];

and (4) regulation of the expression of cyclins and cyclin-dependent kinases
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(CDKs) [185, 186, 225]. Table 1.8 lists other mechanisms via which celastrol 1.26

kills cancer cells by apoptosis in different types of cancer.

Table 1.8 Apoptotic pathways via which celastrol 1.26 Kills cancer cells.

Cancer type Molecular pathways Ref.

Chondrosarcoma Suppression of CIP2A/c-Myc signalling pathway [226]

Liver cancer and Inhibition of MRC complex I, with subsequent ROS [194, 227,

osteosarcoma accumulation inside cancer cells 228]

S;ﬁiztr U] Gl Upregulation of DR, enhancing TRAIL-induced apoptosis  [189, 229]

Non-small cell lung A ctivation of Fas/FasL pathway [230]

cancer

Breast cancer Destabilization of the ErbB2 and estrogen receptors [185, 224]

Leukaemia Inhibition of topoisomerase Il [231]

Acute mveloid Downregulation of AML1-ETO fusion protein, with

Ieukaem)i/a subsequent downregulation of C-KIT kinases and [232]
inhibition of Akt, STAT3 and Erk1/2

Hepgtocellular Inhibition of STAT3/JAK2 signalling cascade [233]

carcinoma

Acute myeloid - . .

leukaemia Inhibition of the Myb/p300 interaction [234]

Oral squamous cell  Induction of the UPR-dependent cell death, ER stress, [235]

carcinoma and PERK/elF2a/ATF4/CHOP signalling

Prostate cancer Modulation of AR, ERG, and NF-kB signalling pathways [201, 236]

In addition to cell-cycle arrest and apoptosis, celastrol 1.26 also induces
autophagy, which is a caspase-independent cell-death pathway, in several types
of cancer cells (Figure 1.12). Celastrol 1.26 induced cell-cycle arrest, apoptosis
and autophagy in gastric cancer cells, and the activation of the AMP-activated
protein kinase (AMPK) seemed to play an important role in this process [237]; in
human osteosarcoma cells, these effects were attributed to the modulation of the
ROS/INK signalling pathway [213]. Gefitinib-resistant lung cancer cells treated
with celastrol 1.26 exhibited induction of EGFR degradation via induction of
autophagy in an intracellular calcium-dependent manner [238]. This induction of
autophagy in response to celastrol 1.26 treatment was also described in prostate

cancer cells, via the downregulation of the miR-17-92a cluster [239].
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Figure 1.12 Antitumour effects of celastrol 1.26 via the inhibition of cell proliferation and induction
of cell death.

Inhibition of molecular chaperones

As mentioned previously, Hsps are molecular chaperones that are essential
for cell viability in eukaryotes. They assist the correct folding and assembly of
other proteins, stabilize defective proteins, and protect them against denaturation.
Hsp90, which is a ubiquitously expressed protein that is highly active in the

cytoplasm, is involved in signal transduction and apoptosis, making it a notably
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interesting therapeutic target for cancer. Hsp90 and its client proteins interact in a
multiprotein complex in association with co-chaperone proteins that are dependent
on ATP binding to its intrinsic ATPase domain. The Inhibition of the intrinsic
ATPase activity of Hsp90 locks the complex in an open, non-functional state that
generally results in the degradation of client proteins via the ubiquitin-proteasome
pathway (Figure 1.13) [59].

Co-chaperones

*  (Cdc37
. p23

Client proteins
Kinases (ex: Akt, cdk4, EGFR, mTOR) |
Transcription factors (ex: p53)
Enzymes
Steroid hormone receptors /

ey

Conformational Degradation
regulation

HSP90 binds to client Celastrol 1.26 prevents HSP90 binding to client

Cell survival; Proliferation Degradation of client proteins via the ubiquitin—
proteasome pathway

Figure 1.13 Antitumour effect of celastrol 1.26 via the inhibition of Hsp90.

Celastrol 1.26 has been identified as a novel class of Hsp90 inhibitor with
unique antitumour properties. It was initially suggested that celastrol 1.26 was an
Hsp90 inhibitor, because it was able to induce the heat shock response by
activating HSF-1 [240]. Subsequently, a gene expression-based strategy was
used to demonstrate that celastrol 1.26 inhibited Hsp90 activity by binding to a
pocket other than the known ATP-binding site. Hieronymus et al. also
demonstrated that celastrol 1.26 inhibited Hsp90 client proteins and attenuated the
interaction of Hsp90 with the co-chaperone p23 [241]. Later, it was demonstrated
by molecular docking studies that celastrol 1.26 disrupted the interaction of Hsp90
with another co-chaperone, Cdc37 [200]. NMR studies attributed the ability of
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celastrol 1.26 to disrupt the Hsp90-Ccd37 interaction to its ability to modify
cysteine free thiols and form Michael adducts with Cdc37 [119, 242]. Although
other studies confirmed that celastrol 1.26 targets the Hsp90/Cdc37 complex
[243—-245], the exact chemical basis for the interaction of celastrol with Hsp90 is

not completely understood.

Effect on the PI3BK/Akt/mTOR signalling cascade

The Akt protein is one of the most important proteins that are regulated by
Hsp90 [246], and Hsp90 has been proven to be responsible for the stabilization of
its active form, phospho-Akt (pAkt) [60]. As discussed above, the disruption of the
PI3K/Akt/mTOR pathway plays an important role in the oncogenic process, as it is
one of the most important intracellular signalling pathways in cancer cells [247].
Activated PI3K recruits phosphoinositide-dependent protein kinase 1 (PDK1) and
Akt at the plasma membrane, leading to Akt activation. This triggers the activation
of the downstream effector mTOR, which is another conserved serine/threonine
kinase [246, 248]. The potent growth-inhibitory and apoptosis-inducing effects of
celastrol 1.26 in cancer cells have been attributed to the following processes:
inhibition of Akt/mTOR/p70S6 kinase signalling [186, 217]; downregulation of Akt
leading to suppression of the phosphorylation of glycogen synthase kinase 3
(GSK3), which is a substrate of Akt [186]; reduction of phosphorylated Akt, mTOR
and S6 kinase (S6K) and increase in AMPK phosphorylation in gastric cancer cell
lines and xenografts [249]; and mitochondrial dysfunction and PI3K/Akt/mTOR
pathway inhibition in triple-negative breast cancer [180] and melanoma cells [250],

as well as several other types of cancer [186].

Suppression of invasion and metastasis

Metastases are normally related to a poor prognosis and rapid progression
of cancers. Celastrol 1.26 has the potential to inhibit metastases through the
modulation of multiple pro-inflammatory cytokines, chemokines, enzymes and
transcription factors. Recent results demonstrated that celastrol 1.26 suppressed

metastasis-related processes, such as proliferation, invasion and migration of
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prostate cancer cells, as well as tumorigenicity and progression in bone tissue in
mice [251]. The downregulation of C-X-C chemokine receptor type 4 (CXCR4),
which is a target that is closely linked with tumour metastasis, was further
described in colon and pancreatic cancer cells [188]. In melanoma cancer cells,
the role of integrin inhibition in this process was also discussed: the inhibition of
migration and invasion by celastrol 1.26 was attributed to the regulation of integrin
function and cell adhesion, partly via p38 MAPK activation [208].

Matrix metalloproteinases (MMPs) are a family of highly homologous
protein-degrading zinc-dependent endopeptidases. Among them, MMP-2 and -9
have been closely correlated with tumour invasion and metastasis [252]. Several
studies revealed that the NF-kB gene is an upstream regulator of MMPs and is
closely associated with tumour invasion and migration [253]. In lung
adenocarcinoma cells, it has been shown that celastrol 1.26 inhibits TNF-induced
invasive activity, which was correlated with the inhibition of NF-kB-mediated MMP-
9 expression [254]. Similar results were described for breast cancer cells [184,
223]. Furthermore, it has been shown that, in addition to NF-kB inhibition, celastrol
1.26 also inhibits invasion of hepatocellular carcinoma cells through the reduction
of miR-224 expression, by decreasing MMP-2 and -9 protein levels [255]. More
recently, it was demonstrated that celastrol 1.26 inhibits migration and invasion
through the blocking of the NF-kB pathway by inhibiting IkBa phosphorylation and
preventing IkBa degradation and p65 accumulation in ovarian cancer cells.
Moreover, the expression and activity of the NF-kB target protein MMP-9, but not
those of MMP-2, were inhibited by celastrol 1.26 in these cells [256]. In addition,
the PI3K/Akt pathway is considered to be a significant regulatory factor in NF-kB
activation. The activation of Akt has been revealed to be critical for the
degradation of the inhibitor of NF-kB and kB (IkB) [257]. Notably, celastrol 1.26
negatively regulated the cell invasion and migration ability of human osteosarcoma
cells via the downregulation of the PI3K/Akt/NF-kB signalling pathway in vitro
[153].
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Inhibition of tumour angiogenesis

Angiogenesis, the formation of new blood vessels, has a crucial function in
tumour progression, in which the vascular endothelial growth factor (VEGF) and
respective receptors (VEGFR-1 and -2) play an important role as angiogenic
regulators [1]. Some studies have shown that celastrol 1.26 has antiangiogenic
effects both in vitro and in vivo [179, 217, 258, 259]. The inhibitory effect of
celastrol 1.26 on angiogenesis seems to be mediated by the suppression of HIF-
la via Hsp90 [195] and mTOR/p70S6K/elF4e pathway inhibition and extracellular
signal-regulated kinase 1/2 (ERK1/2) phosphorylation [217, 219]. This inhibition of
HIF-1a led to the decrease of its target genes, such as VEGF. In another study,
celastrol 1.26 was shown to inhibit vasculogenesis by targeting the
VEGF/VEGFR2 and Akt/eNOS signalling axes [260]. Celastrol 1.26 has also been
reported to inhibit LPS-induced angiogenesis, which is involved in the regulation of
the toll-like receptor 4 (TLR-4)-mediated NF-kB signalling pathway [151].

1.3.3.2. Synergistic anticancer activity of celastrol

Overcoming the inevitable emergence of chemo-resistance to standard
anticancer therapies would be crucial to improve the efficacy of the current cancer
treatment. Considering the important side effects, the recurrence and the
resistance associated with currently approved drugs, a combination therapy of
antineoplastic compounds is one of the most rational strategies to achieve
improved results [261]. Important synergistic anticancer effects of celastrol 1.26
and chemotherapeutics used in clinical settings [183, 204, 214, 262, 263] and in
pre-clinical studies [206, 215, 264—-266] have been documented. Celastrol 1.26
acts in concert with other chemotherapeutic agents to exert synergistic effects
against a broad range of human cell lines and in vivo models (Table 1.9). The
observed improved pharmacological effects favour the combination of celastrol
1.26 with these anticancer agents as promising therapeutic strategies for
potentially overcoming the limitations of the clinical use of each one of them

seprerately. Additionally, celastrol 1.26 induced cisplatin resensitization via the
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inhibition of the JNK/ATF2 pathway [267], and might be useful to overcome
treatment resistance in different types of cancer [196, 206, 238, 266, 268].

Table 1.9 Synergistic anticancer effects of celastrol 1.26 and other anticancer agents.

Agent Mechanism of action In vitro cell lines In vivo Ref.
models
Paclitaxel Growth inhibition Thyroid — [204]
carcinoma
Growth inhibition; apoptosis Hepatocellular
Lapatinib induction; downregulation of Pe — [262]
carcinoma
EGFR
NF-kB inhibition; apoptosis . ) .
SAHA induction; regulation of E- O, [Ling) ensl - 25D eelE i [214]
X prostate cancers  xenografts
cadherin
17-AAG Hsp90 inhibition; proteotoxic Glioblastoma . [264]
stress
17-AAG Growth inhibition L BRI _ [206]
leukaemia
Growth inhibition; cell-cycle Lung carcinoma H1299 and
Triptolide arrest; apoptosis induction; and others H157 cellsin  [215]
ROS accumulation cancers xenograft
Embelin XIAP and NF-kB inhibition Acute myeloid — [265]
leukaemia
Inhibiting of Hsp90, )
I;azttliﬁilémab’ proteasome and NF-kB; Breast cancer i?]Tx:rzg (izlflts [183]
P induction of ROS 9
i Apoptosis; upregulation of Hepatocellular .
Qe NOXA by ER stress carcinoma [55]
Temozolomide Regulation of MAPK and NF- Melanoma — [263]

KB signalling pathway

1.3.3.3. Limitations of celastrol

Despite the huge therapeutic potential of celastrol 1.26, further clinical
application is still limited by its reduced oral bioavailability, narrow therapeutic
index and side effects. The low bioavailability of celastrol 1.26 is derived mainly
from its poor water solubility. Although it has been used in a clinical trial [178], the
oral administration of celastrol 1.26 to rats resulted in ineffective absorption into
the systemic circulation, with an absolute bioavailability of 17.06% [269]. In vivo
metabolism and/or tissue distribution can also be responsible for the poor
bioavailability of celastrol 1.26 [270]. Although celastrol 1.26 has demonstrated
efficacy in various types of cancer, adverse effects have been reported. The toxic
effects of celastrol 1.26 were investigated in zebrafish embryos, a valuable model

for toxicity assessment in drug toxicology. These results indicated that celastrol
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1.26 affected the normal development of zebrafish embryos in micromoalar
concentrations [271]. Kusy et al. investigated the effects of celastrol 1.26 on the
adult murine hematopoietic system. It was demonstrated that celastrol 1.26
treatment resulted in multiple defects in mature lineages and in bone-marrow
progenitors [272]. Another side effect of celastrol 1.26 might be male infertility.
One study indicated that inhibition of Ca®* currents could be responsible for the
antifertility activity of this compound [273]. Depending on the desired therapeutic

effect, the concentration range of celastrol 1.26 is also highly variable.

To overcome these physicochemical and pharmacokinetics limitations of
celastrol, 1.26 and to reduce its effective dose, several drug-delivery systems of
celastrol 1.26 have been prepared and tested; namely, liposomes [274-276],
exosomes [277], nanoencapsulation [278], polymeric micelles [159, 279], cell-
penetrating peptides-coated nanostructured lipid carriers [280], and self-
microemulsifying drug-delivery systems [281].

1.3.4. Semisynthetic derivatives of celastrol with anticancer activity

Considering the anticancer potential of celastrol 1.26, some semisynthetic
derivatives have been synthesised with the aim of studying its mechanism of
action, improve its therapeutic activity and pharmacokinetics properties and
decrease its toxicity. Some of these new semisynthetic analogues exhibited
improved anticancer activity in several cancer cell lines and animal models

compared with the parent compound, as described below.

C(29)-substituted celastrol derivatives

Modifications at the C(29) position of the celastrol 1.26 core are the most
commonly reported, namely simple esterification or amidification of the C(29)-
carboxyl functional group, while maintaining the QM functional structure intact
[193, 282-285].

Despite the various molecular targets attributed to celastrol 1.26, its

mechanism of action remains only partially understood. Therefore, Morimoto and
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coworkers designed a family of celastrol analogues to understand its targets.
Those authors determined that the conversion of the carboxyl functional group to
amides produces bioactive compounds with improved potency (1.49-1.58, Figure
1.14). These compounds induced the heat shock response and antioxidant
response, and inhibited Hsp90 activity. Subsequently, active biotinylated
conjugates of celastrol (1.59 and 1.60, Figure 1.14) were synthesised and used as
affinity reagents in Panc-1 cell lysates, and identified Annexin Il, eEF1A, and [3-
tubulin as potential cellular targets of celastrol 1.26. It was also suggested that
celastrol 1.26 targets Hsp90 indirectly via a redox imbalance [107].

1.49 R;=H; R,=H

1.50 R1 =H; R2 =CH3

1.51 R;=CHg; R,=CHj

1.52 Ry =H; R, =OH

1.53 R1 =H, R2 =CH2CH20H

1.54 R;=CHs;; Rj;=(CHj){,CHj3

1.55 R1 =H; R2 =(CH20H20)2CH2000CH3

1.56 R’l =H1 Rz =(CH20H20)2CHchchOtBU

1.57 R, =H; R, =(CH,CH,0)3CH,CH,0H
1.58 R, =H; Rz =CH,CH;N;

H
O
1.59 R1 =H; Rz = \/\H s
H
1.60 R, =H;
Ry = S

Figure 1.14 Celastrol derivatives 1.49-1.60.

More recently, other series of celastrol analogues with modifications at the
C(29)-carboxyl functional group were synthesised and tested as potential
anticancer compounds (1.61-1.65, Table 1.10, entries 2—6) [108, 286, 287].

In this context, Wei et al. evaluated the anticancer effect of celastrol 1.26
and two novel derivatives (1.61 and 1.62) on hepatocellular carcinoma cells
(HepG2, Huh7 and Hep3B) in vitro, and on orthotopic xenograft models in vivo
(Table 1.10, entries 2—3). The results of this study suggest that celastrol 1.26 may
be too toxic for clinical use, while celastrol derivatives 1.61 and 1.62 showed lower

toxicity. These compounds demonstrated to be valid candidates as Hsp90/Cdc37
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antagonists for the treatment of heterogeneous subtypes of hepatocellular

carcinoma, either as monotherapy or adjuvant therapy [286].

Table 1.10 ICso (uM) values of celastrol 1.26 and derivatives 1.61-1.65 in tumour cell lines.

Os..R
N

Cell line/ICso (HM)

Entry Comp R; SGC- SMMC- Ref.
HepG2 Huh7 Hep3B Panc-1 7001 7791
Celastrol

1 126 —OH 1.22°  1.07® 030%® 1.49° 015" 058"

2 1.61 HN/\/© 3.58 1.04 1.06 - - - [286]°
3 1.62 oJ@ 4.26 215  2.77 - - - [286]%
~

N
4 1.63 N - - - 112 - . [ogpP
5 1.64 NHCH,CH,0H 0.61 - 5 - 016 030 [287
6 1.65 NHCH,CHOHCHs —; g - - - 0.10 0.61 [287]°

& Cells were treated with different concentrations of the indicated compounds for 72 h, and the cell viability was
determined using the CellTiter-Glo®. ® Cells were treated with different concentrations of the indicated
compounds for 48 h, and the cell viability was determined by the MTT assay.

Jiang et al. also synthesised amide celastrol derivatives and investigated
their SAR as Hsp90-Cdc37 disruptors. Among the 23 celastrol analogues
synthesised, compound 1.63 (Table 1.10, entry 4), with a much more polar group
bound to C(29), had improved Hsp90-Cdc37 disruption (ICso = 4.71 pM) and anti-
proliferative activities, as well as solubility and permeability, showing better
druglikeness properties than celastrol 1.26. Moreover, compound 1.63 induced the
degradation of Hsp90 client proteins (Akt and CDK4), GO/G1 cell-cycle arrest and
apoptosis in Panc-1 cells. These results support further studies of celastrol
derivatives as Hsp90-Cdc37 disruptors [108].
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Compounds 1.64 and 1.65, which carry a B-hydroxyl-alkylamide substituent,
exhibited a significant anticancer activity against all the cell lines tested (SGC-
7901, SMMC-7721 and HepG2) (Table 1.10, entries 5-6). The best results were
achieved for the SGC-7901 cell line and compounds 1.64 and 1.65 (ICso = 0.16
MM and 0.10 uM, respectively). Preliminary studies of their mechanisms of action
showed that derivative 1.64 induces apoptosis in SMMC-7721 cells. The
telomerase activity assay indicated that telomerase and anti-proliferative
inhibitions were directly correlated with this effect; again, compounds 1.64 and
1.65 exhibited the best inhibitory activity (ICso = 0.11 and 0.34 pM, respectively).
Furthermore, molecular docking studies revealed that compound 1.64 bound
nicely to telomerase hTERT via both hydrogen and van der Waals interactions.
These results suggest that optimised celastrol derivatives may be potent

anticancer agents that act as telomerase inhibitors [287].

C(3)-substituted celastrol derivatives

The structure of the A-ring of celastrol 1.26 comprises a C(3)-hydroxyl
group that forms a hydrogen bond with the neighbouring carbonyl group and
conjugates with the QM moiety. Therefore, modification at this position may
change the activity of the molecule.

In fact, the synthesis of the C(3)-substituted celastrol derivatives 1.66-1.71
(Table 1.11, entries 2—7) generally resulted in an important decrease in cytotoxic
activity in rat PC-12 adrenal gland phaeochromocytoma and C-6 glioma cell lines
compared with celastrol 1.26. This suggests that the intact core structure of
celastrol 1.26, including the hydroxyl group at C(3) ortho to the ketone group, is

crucial for its cytotoxic activity [285].
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Table 1.11 1Cs, (M) values of celastrol 1.26 and derivatives 1.66—1.71 in rat cell lines [285].

Cell line/ICsq (MM)?

Entry Comp. R PC-12 c6
1 Celastrol 1.26 -H 3.15 1.48
2 1.66 -COCH;,3 5.31 2.66
3 1.67 -COCH,CH3 >50 >50
4 1.68 -COCH,CH,CH3 >50 >50
5 1.69 -COCH(CHg3)CHj3 >50 >50

(0]

6 1.70 M >50 >50
S-S
o)
N
7 1.71 )t[ ji 2.37 2.82
N/

& Cells were treated with different concentrations of the indicated compounds for 48 h, and the cell viability was

determined by the MTT assay.

More recently, Zhan et al. synthesised a series of celastrol derivatives,
including C(3)-derivatives and evaluated their growth-inhibition activities against
several tumour cell lines (1.72-1.80, Table 1.12, entries 2-10). Their results
revealed that the properties of substituents, as well as the substitution position,
had an important impact on the cytotoxic activity. The conversion of the hydroxyl
group at the C(3) position into a carbamate introduced nitrogen and oxygen atoms
as new hydrogen-bond acceptors, which benefited the solubility and bioavailability
of the molecule. The type and size of the carbamate substituents at this position
were also important factors for cytotoxic activity in vitro: the activity decreased in
the case of larger substituents (Table 1.12, entries 2—10). Additionally, preliminary
in vivo antitumour studies of compound 1.77 — celastrol derivative modified at

positions C(3) and C(29) — showed higher inhibition rates and a better safety
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profile compared with celastrol 1.26, suggesting that it might be a promising

candidate for the development of new antitumour agents [288].

Table 1.12 ICso (UM) values of celastrol 1.26 and derivatives 1.72-1.80 in tumour cell lines [288].

Cell line/ICsp (HM)?

Entr Comp. R
y P ! A549  Bel 7402 SGC7901 HeLa  HepG2
g Celesiel _ 212 044 0.87 084 058
1.26

2 1.72 -H 233 020 0.31 046  0.80

7 1.73 jiN@ 14.85  4.07 4.31 6.36  4.25
|

4 1.74 /EI\O 1207 3.22 3.04 282 743

5 1.75 %\1\/) 15.03  5.05 4.73 427 819

6 1.76 /ﬁNﬁ 935 156 1.78 155  1.36
L_o

7 1.77 /ENﬁ 518  1.02 1.28 21310 561
LN

8 1.78 /ENﬂ 501  2.44 2.88 159 461
RN\/

9 1.79 /E@ Q 885  5.17 11.72 18.01  9.90

N
pit
10 1.80 N 720 423 3.64 135  5.79

-

P4

R

& Cells were treated with different concentrations of the indicated compounds for 48 h, and the cell viability was

determined by the MTT assay.
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Celastrol derivatives with modified A/B-rings

Celastrol 1.26 reduction generates dihydrocelastrol 1.81, a compound that
retains the carboxyl group at the C(29) position but exhibits a different topology of
the A/B-rings (Figure 1.15). As mentioned above, the intracellular activity of
celastrol 1.26 and its analogues has been attributed to the electrophilicity of the
QM substructure extending over the A/B-rings. Therefore, this simple
rearrangement is very useful to explore the importance of the QM structure of

celastrol 1.26 for its biological activity.

Celastrol 1.26 1.81

Figure 1.15 Conversion of celastrol 1.26 (para-quinonemethide structure indicated in orange) to
dihydrocelastrol 1.81.

It has been shown that this relatively small change in structure has a large
impact on the activity of the compound. However, it is not still fully understood
whether the differences in activity are caused by changes in the binding to the
protein targets, or by differences in stability, absorption, distribution, or metabolism
(i.e., pharmacokinetics) [240]. In fact, some studies have suggested that reactivity
toward thiols is the predominant mode of action of celastrol 1.26; therefore,
dihydrocelastrol 1.81, which lacks the QM substructure and is not electrophilic, is
inactive or much less potent than celastrol 1.26 [107, 198, 282]. However, a more
recent study demonstrated the antitumour potential of dihydrocelastrol 1.81, in
vitro and in vivo, to inhibit multiple myeloma cell proliferation, and induce apoptosis
through different mechanisms, possibly via the IL-6/STAT3 and ERK1/2 pathways
[289].

Dihydrocelastrol 1.81 is easily converted to dihydrocelastrol diacetate 1.82,
which is another celastrol derivative that lacks the QM substructure (Figure 1.16).
The results of studies that compared the activity of celastrol 1.26 with that of

dihydrocelastrol diacetate 1.82 are also inconsistent; thus, the importance of the
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QM moiety in the cellular mechanism of action of this molecule remains unclear.
On the one hand, this structure seems to be important for celastrol 1.26 activity,
because dihydrocelastrol diacetate 1.82 showed a significantly weaker effect as a
Hsp90 inhibitor [245, 290] and failed to inhibit melanoma cell viability [282]. On the
other hand, dihydrocelastrol diacetate 1.82 exhibited a similar potency as a heat
shock activator [240]. However, the activity of both dihydrocelastrol 1.81 and
dihydrocelastrol diacetate 1.82 could be related to the instability of these
compounds and their propensity to hydrolase and be converted back to parent

celastrol 1.26 rather than to the structure of the ring system itself [107].

COOH

1.82

Figure 1.16 Conversion of dihydrocelastrol 1.81 to dihydrocelastrol diacetate 1.82.

C(6)-substituted celastrol derivatives with modified A/B-rings

The C(6) position is highly susceptible to nucleophilic addition, thus
enabling the formation of Michael adducts, namely via reaction with the thiol
groups of biomolecules [110]. Substitutions at the C(6) position imply the
rearrangement of the A/B-rings, thus generating celastrol derivatives that lack the

QM moiety.

The activity of these C(6)-celastrol derivatives was explored, and analogues
with improved potency were synthesised. Compound 1.83 (Figure 1.17, Table
1.13, entry 2), which is a C(6)-sulfonated analogue, was selected for animal
testing. In PC-3 tumour-bearing nude mice, the intraperitoneal administration of 3
mg/kg of compound 1.83 led to good activity and decreased toxicity, compared
with celastrol 1.26 [291]. These results encouraged Lu and coworkers to explore

further the chemical space of this modification site [292, 293].
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Initially, three types of C6-modified celastrol derivatives were designed and
synthesised: C6-sulfonated (1.84), C6-carbonated (1.85) and C6-sulfided (1.86
and 1.87) derivatives, and their anticancer activity was evaluated against human
cancer cell lines (Figure 1.17, Table 1.13, entries 3-6). Most of the derivatives
exhibited higher cytotoxicity than did celastrol 1.26 against the cell lines tested
with the exception of compound 1.85, the cytotoxicity potency of which dropped
drastically (ICso > 150 uM) (Table 1.13, entry 4). The compound with the best
results in in vitro studies (1.84, Table 1.13, entry 3), was also evaluated in in vivo
studies, using nude mice bearing Colo 205 xenografts, and showed significant
inhibition of tumour growth at low-range concentrations. Therefore, this study
suggests that modifications at the C(6) position of celastrol 1.26 might be useful

for improving its anticancer activity [292].

1.83 R, = SO;Na; R, =H
1.84 R, = SO,Na; R, = COCHj
1.85 R1 = CHzoOCH3, R2 = COCH3

1.86 R; = S(p-CgH4)CHy; R, = COCH,
1.87 R; = S(p-CgHg)NHCOCH;; Ry = COCH;

Figure 1.17 Celastrol derivatives 1.83-1.87.

Subsequently, a new series of C(6)-modified celastrol analogues was
prepared. Compounds 1.88-1.93 (Figure 1.18, Table 1.13, entries 7-12), bearing
an indole group at C(6), were tested for their cytotoxicity against the human
glioblastoma H4 and human hepatocellular carcinoma Bel7402 cell lines.
Compounds 1.88, 1.90 and 1.92 did not show any improvement in the cytotoxic
activity against these cell lines (Table 1.13, entries 7, 9 and 11) compared with
celastrol 1.26 (IC5o = 1.55-2.09 uM). Interestingly, the analogous compounds that
were methylated at the phenolic hydroxyl and carboxyl functional groups, 1.89
(ICs0 = 4.59-0.51 uM), 1.91 (ICso = 7.88—0.02 uM) and 1.93 (ICso = 2.03—-0.01 uM)
(Table 1.13, entries 8, 10 and 12, respectively), showed good in vitro anticancer
activity against H4 and Bel7402 cells. These results confirm the previous findings,
suggesting that the Michael acceptor system of celastrol 1.26 is not essential for

its anticancer activity [293]. Subsequently, a new method for the synthesis of these
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C(6)-indole celastrol derivatives was developed, affording an experimentally
simple, highly efficient Michael-type Friedel-Crafts addition of indoles to the p-QM
of celastrol 1.26 [294].

1.88 R1 = 5-OCH3, R2 =H
1.89 R1 = 5-OCH3, R2 = CH3
1.90 R1 = 6-CH3, R2 =H
1.91 R, = 6-CHy; Ry = CHy
1.92 R, = 6-Cl; Ry =H

1.93 R; =6-Cl, N-CH;; Ry =CHj

Figure 1.18 Celastrol derivatives 1.88-1.93.

Table 1.13 ICso (UM) values of celastrol 1.26 and derivatives 1.83-1.93 in tumour cell lines.

Cell line/ICso (uM) ®

Entry Comp. MDA- Ref.
H4 Bel7402 BGC923 H522 Colo205 HepG2 MB468 BGC82:

1 Cf';gtro' 209 155 373 - i - ; - [292]
2 1.83 091 117 077 047 051 068 089 077 [292]
3 1.84 137 173 049 039 006 029 033 153 [292]
4 1.85 >150 >150 >150 - - - - - [292]
5 1.86 037 045 047 - i - ; - [292]
6 1.87 035 046 042 - i : i - [292]
7 1.88 2439 4542 - - i - ; - [293]
8 1.89 459 051 : : : : i - [293]
9 1.90 6.66 552 - - i - ; - [293]
10 1.91 788 0.02 : : i : i - [293]
11 1.92 783  6.53 ; ; i ; ; . 293
12 1.93 203 001 : : i : i . 293

& Cells were treated with different concentrations of the indicated compounds for 72 h, and the cell viability was

determined by the MTT assay

As discussed herein, celastrol 1.26 is a promising hit-compound in drug
discovery. Moreover, the semisynthesis of celastrol derivatives has proved to be
fairly useful in producing novel compounds with improved anticancer activity
compared with the parent compound. However, the effects of specific structural

modifications of its basic scaffold and the extension by which they can be
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optimised are not fully understood. In addition, it should be emphasised that a
limited number of synthetic analogues of celastrol 1.26 are reported in the
literature, mainly because of its short supply and complex chemical structure.
Consequently, further research is warranted to explore additional structural
modifications of celastrol 1.26 and to synthesise novel, more effective and
selective celastrol derivatives as potential anticancer agents.
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2. CHAPTER Il

General objectives

Given the high prevalence of cancer and its profound impact on society, as

well as the anticancer potential of natural products, such as celastrol 1.26, the aim

of this thesis is to explore structural modifications of celastrol 1.26 to prepare more

effective and safer anticancer agents.

The proposed aim will be accomplished by fulfilling the following general

objectives:

Preparation of new semisynthetic derivatives of celastrol 1.26

The preparation of the new celastrol derivatives will be based on one or
more of the following synthetic strategies: modification of the QM structure
of celastrol 1.26; additional A/B-ring modifications, such as the introduction
of an a,B-unsaturated carbonyl group at C(6); and conversion of the C(29)-
carboxylic acid into nitrogen-containing groups or others groups.
Elucidation of the chemical structure of all new semisynthetic
derivatives

The structures and high purity of the new celastrol derivatives will be
elucidated via numerous analytical techniques, such as melting point
determination, IR spectroscopy, NMR spectroscopy (*H NMR, **C NMR and
DEPT-135 NMR) and, MS and elemental analyses.

Evaluation of the biological activity of new compounds in human
cancer cell lines

The effect of celastrol 1.26 and its analogues on cancer cell viability will be
tested against several human cancer cell lines, and the I1Csq values will be
determined using the MTT assay. The ICsp values will be used to establish
a SAR study.

Assessment of the selectivity of the antiproliferative activity of some
relevant compounds

The most relevant derivatives of each series will be further tested against

the human non-tumour fibroblast cell line BJ.

51



Chapter lI

e Evaluation of the synergism between some celastrol derivatives and
chemotherapeutic agents currently used in the clinic
Possible synergistic anticancer effects of the most relevant compounds and
approved drugs will be evaluated in cancer cell lines using the Chou and
Talalay method.

e Study of the mechanism underlying the anticancer activity of the most
promising analogues
Several assays will be used to investigate the anticancer mechanisms of
action of these compounds, namely: flow cytometry, to investigate cell-cycle
arrest and apoptosis induction; fluorescence microscopy, for morphological
analysis; clonogenic assay to assess antiproliferative activity; and western
blotting, to detect target proteins and investigate specific cell signalling

pathways.

Taken together, the results of these experiments will be used to propose

new leads for cancer drug development.
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Cancer cell

(SKOV-3) wcm: 0.56 uM

Compound 3.21

Highlights

¢ New celastrol derivatives with improved anticancer activity were synthesised.

¢ Among all the tested derivatives, compound 3.21 was the most active and selective.

e Compound 3.21 induced apoptosis and decrease of dysfunctional p53 in SKOV-3
cells.

e Compound 3.21 may act as an Hsp90 inhibitor and affect the Akt/mTOR pathway.
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3. CHAPTER Ill

Novel celastrol derivatives with improved selectivity and enhanced

antitumour activity: design, synthesis and biological evaluation

3.1. INTRODUCTION

The rational drug design for the discovery of new potent anticancer agents
with minimal side effects is a major goal of modern medicinal chemistry [17]. The
development of new chemotherapy options is often aimed at finding new
compounds for combination therapies, due to the drug resistance and
considerable side effects usually related with monotherapy in cancer [295].

Natural products are a unique source for the development of novel effective
cytotoxic agents [296—299]. Celastrol 1.26 is one of the most active antitumour
compounds among the natural triterpenoids [113]. It is a chemical substance
isolated from the root bark of the Chinese medicinal plant Tripterygium wilfordii
Hook F., which belongs to the Celastracea family, an important source of bioactive
secondary metabolites [117].

Structurally, celastrol 1.26 is a triterpenoid QM that, as implied in its name,
bears a structure that is analogous to a quinone with one of the carbonyl oxygens
replaced by a methylene group [106]. Moreover, it has a hydroxyl group ortho to
the quinone carbonyl group and extended conjugation at the exocyclic methylene
group. The stability of the chemical structure is further influenced by the steric and
conformational features of the 5-ring triterpene [300, 301]. The A/B-rings of
celastrol 1.26 make the molecule polarised and, thus, extremely reactive. It
incorporates a Michael acceptor in which the C(6) position is highly prone to
nucleophilic addition [107, 108]. Therefore, celastrol 1.26 has the ability to form
covalent Michael adducts by reacting with the nucleophilic thiol groups of the
cysteine residues of biomolecules, such as DNA and proteins [110]. This seems to
be the chief mechanism responsible for the wide range of biological activities
associated with celastrol 1.26 [106, 110, 112, 117]. Among these pharmacological
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activities, its potent antitumour effect has been the most widely investigated [108,
185, 186, 268, 302].

Celastrol 1.26 has been reported to be highly active against a wide variety
of human tumour cell lines [185, 189, 197, 199, 218]. Its potential mechanisms of
action have also been studied, and it has been revealed that celastrol 1.26 can
regulate the survival [254], proliferation [182], invasion [195], angiogenesis [260]
and metastasis [251] of tumour cells via several pathways. Despite the huge
potential of celastrol 1.26 as an anticancer agent, it presents some important
limitations for clinical application, such as systemic toxicity, poor agueous solubility
and low bioavailability [269, 278]. For this reason, in recent years, an effort has

been made to develop and optimise new celastrol derivatives [108, 287, 292].

Urea-containing derivatives of some chemical products have been recently
synthesised, resulting in enhanced compounds with versatile properties that
helped to improve their pharmacological and pharmacokinetics profile [303—-305].
In this article, we report a rational approach to the synthesis and characterization
of several new urea-containing derivatives of celastrol 1.26, resulting in antitumour
compounds that are even more effective and less toxic. The most active
compound, compound 3.21, was selected for additional studies aimed at gaining
insight into the mechanism of action via which this derivative causes a decrease in

the viability of cancer cells.
3.2. RESULTS AND DISCUSSION

3.2.1. Chemistry

The synthetic routes used here for the novel celastrol derivatives are
outlined in Scheme 3.1-3.3. The structures and high purity of all compounds were
corroborated by melting point (Mp) determination, infrared spectroscopy (IR),
nuclear magnetic resonance spectroscopy (*H NMR, *C NMR and DEPT-135

NMR), mass spectrometry (MS) and elemental analyses.
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Celastrol 1.26 contains a hydroxyquinonemethide moiety which can be
easily reduced with sodium borohydride to the dihydro derivative 1.81 (Scheme
3.1) [119]. This derivative is readily converted back to its parent celastrol 1.26 by
aerial oxidation [306]. Interestingly, the progress of these reactions can be
monitored visually by following changes in the colour of the reaction mixture. The
disappearance of the orange-red colour that is characteristic of celastrol 1.26 is
linked to the loss of the ortho-quinonoid structure [155]. Phenolic hydroxyl groups
are highly reactive; in order to avoid the formation of multiple derivatives, the
protection of these groups was carried out by preparing the respective diacetate
1.82 using acetic anhydride (Scheme 3.1) [107, 240, 306, 307].

Celastrol 1.26

) .
—NCO

3.3

Scheme 3.1 Synthesis of celastrol derivatives 1.81, 1.82 and 3.1-3.3. Reagents and conditions: a)
NaBH,, MeOH, R.T., 10 min; b) (CH3CO),0, DMAP, THF, R.T., N5, 4 h; c) (COCI),, CH,Cl,, R.T.,
N,, 4 h; d) NaNs;, H,O, acetone, 0 °C, 1 h; e) in toluene, reflux, 2 h.

Compound 1.82 was treated with oxalyl chloride in dichloromethane to give
directly the acid chloride of dihydrocelastrol diacetate 3.1, which was further
converted to the acid azide 3.2 using sodium azide in aqueous acetone; Curtius
rearrangement in toluene after 2 h of reflux gave isocyanate 3.3 (Scheme 3.1)
[304, 308], a central intermediate to obtain urea-type compounds. The introduction
of an isocyanate function in compound 3.3 was confirmed by the specific IR

observation at 2253 cm™ (Figure 3.1), in combination with the observation of a
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signal for the quaternary carbon attached to the nitrogen at 120.77 ppm in the *C
NMR spectrum (Figure 3.2).
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Figure 3.2 3¢ NMR spectrum of compound 3.3

To verify the importance of the QM moiety for the anticancer activity in the
urea derivatives of celastrol, some ureas 6-oxo derivatives (Scheme 3.2) were
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also synthesised. We adapted a previously described procedure [309] for the
allylic oxidation of compound 1.82 using tert-butyl hydroperoxide in the presence
of sodium chlorite in aqueous acetonitrile at room temperature, to give 6-o0xo
celastrol diacetate 3.4 in good yield (Scheme 3.2). Successful allylic oxidation was
confirmed by the observation of an IR band at 1715 cm™, corresponding to the
C=0 stretching vibration (Figure 3.3) and of a *C NMR signal for the a,p-
unsaturated carbonyl C(6) at 187.13 ppm (Figure 3.4).
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Figure 3.3 IR spectrum of compound 3.4.
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Figure 3.4 *C NMR spectrum of compound 3.4.
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The treatment of compound 3.4 with ammonium acetate catalysed
efficiently the deprotection of the aromatic acetates in aqueous methanol at room
temperature, to yield the corresponding diphenol 1.45 (Scheme 3.2) [310]. This
spectroscopic evidence was consistent with the data reported in the literature, thus
confirming that the structure of compound 1.45 corresponds to the natural
triterpenoid Wilforol A [130]. Compound 3.4 was converted to the corresponding
isocyanate 3.5 in a manner similar to that described previously. For the synthesis
of urea 3.7 and 3.8, intermediate isocyanate 3.5 was treated with ammonium
acetate and methylamine, respectively. Because of the basic character of these
reactions, the deprotection of the aromatic acetates was spontaneous, directly
affording the corresponding urea 6-oxo-diphenol derivatives of celastrol. The
presence of a urea moiety on the new derivatives 3.7 and 3.8 was supported by
the characteristic *C NMR signal observed at 161.08 and 161.43 ppm,
respectively. Furthermore, these compounds did not present any signal relative to
the acetates, unlike compound 3.5, which showed two & signals on the H
spectrum, around 2.35 and 2.55 ppm (corresponding to three protons each). Urea
3.8 was structurally diversified using anhydrous potassium carbonate (K,CO3) and
methyl iodide in dimethylformamide, to give the methyl derivative 3.9 (Scheme
3.2).

For the synthesis of C(29) urea derivatives of celastrol 1.26 with preserved
hydroxyquinonemethide moiety 3.11-3.22, the intermediate 3.3 was used as a

starting point (Scheme 3.3).

In the first step, 3.3 was hydrolysed by K,COs; in methanol, to give
compound 3.10 with a free QM moiety (Scheme 3.3). Treatment with N-methyl-
hydroxylamine hydrochloride in the presence of sodium bicarbonate gave urea
3.11, while treatment with ammonium acetate in the presence of triethylamine
(EtsN) gave urea 3.13. Similarly, substituted urea compounds 3.12, 3.14-3.22
were prepared via parallel reactions of isocyanate 3.10 with the respective amines
in dichloromethane, in good yields (Scheme 3.3) [308]. The successful preparation
of compounds 3.11-3.22 was confirmed by the characteristic IR spectra, which

showed absorption bands corresponding to the hydroxyl and carbonyl groups of A-
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ring and absorption bands corresponding to the amino and carbonyl groups of
C(29) urea (Figure 3.5). In the *3C NMR spectra, the signal for the urea carbonyl

carbon was observed between 155 and 160 ppm (Figure 3.8).

1.45 Wilforol A

R4 Ry
37 -H  -H
38 -H  -CHg
9( 39 -CH; -CH,

Scheme 3.2 Synthesis of celastrol derivatives 1.45 and 3.4-3.9. Reagents and conditions: a) t-
BuOOH, NaClO,, ag. CHsCN 1:3, R.T., 1 h; b) NH,OAc, Et3N, aq. MeOH (1:4), R.T., 2 h; ¢)
(COCl),, CH,CI,, R.T., N, 4 h; d) NaN3, H,O, acetone, 0 °C, 1 h; e) in toluene, reflux, 2 h; f)
MeNH,, THF, R.T., N,, 12 h; g) CH3l, K,CO3, DMF, R.T., Ny, 6 h.
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Scheme 3.3 Synthesis of celastrol derivatives 3.10-3.11. Reagents and conditions: a) K,COs,
MeOH, 0 °C, N,, 15 min; b) NaHCO3;, CH3NHOH.HCI in acetone, CH,Cl,, R.T., 0.5 h; ¢) RNH,,
CH,Cl,, R.T., Ny, 4 h; d) NH40Ac, Et3N, ag. MeOH (1:4), R.T., 2 h.
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Figure 3.5 IR spectrum of compound 3.14.
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Figure 3.8 DEPT-135 NMR spectrum of compound 3.14.

3.2.2. Biological activities

3.2.2.1. Evaluation of antiproliferative activity and selectivity

The effect of celastrol 1.26 and its derivatives on tumour cell viability was
firstly screened against human lung carcinoma A549 cell line and the human
pancreatic carcinoma MIA PaCa-2 cell line. The results, summarised in Table 3.1,
are expressed as ICsy values (concentration of compound required to reduce 50%

of cell viability) and were determined by MTT assay.

As shown in Table 3.1, celastrol 1.26 itself exhibited a potent cytotoxic
effect on these cell lines. Intermediates 1.81, 1.82 and 3.3, which differ from
celastrol 1.26 on their QM moiety, presented less potent antitumour activities,
suggesting that these modifications of the A-ring are not favourable to the
improvement of cytotoxic activity. To further explore if the intracellular activity of
celastrol 1.26 and analogues is dependent on the electrophilicity of the
hydroxyquinonemethide substructure extending over the A/B-rings, the activity of
the derivatives of celastrol 1.26 bearing a carbonyl group at the C(6) position was

assessed. Interestingly, the antiproliferative activity of compounds with this feature
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(3.4-3.9) in these cell lines dropped drastically — more than 10-fold increase in
their IC5p values compared with celastrol 1.26.

Table 3.1 Cell viability (ICsq values) of celastrol 1.26 and its derivatives against A549 and MIA
PaCa-2 tumour cell lines.

Cell line/ICs,® (UM + SEM)

Compound
A549 MIA PaCa-2
Celastrol 1.26 1.56+0.08 0.46+0.03
1.81 3.151+0.07 0.7240.06
1.82 2.214+0.17 0.56+0.02
3.3 2.891+0.14 1.41+0.09
3.4 >15 >5
1.45 >15 >5
3.5 >15 >5
3.7 >15 >5
3.8 >15 >5
3.9 >15 >5
3.10 2.474+0.05 0.531+0.03
3.11 3.5040.13 0.8540.03
3.12 1.44+0.07 0.314+0.01
3.13 2.48+0.08 0.631+0.02
3.14 1.45+0.06 0.41+0.12
3.15 1.4140.18 0.5540.03
3.16 1.26+0.08 0.6610.03
3.17 2.271£0.05 0.4040.02
3.18 2.9940.08 0.5610.03
3.19 2.45+0.10 0.4540.03
3.20 1.66+0.09 0.41+0.02
3.21 1.2740.05 0.351+0.02
3.22 4.34+0.24 0.56+0.02

ICs0 values were determined by MTT assay after 72 h-long incubations with different concentrations of each
compound, and are expressed as the mean + SEM of three independent experiments.

®ICso is the concentration of compound required to reduce 50% of cell viability.

This loss of activity was independent of modifications in A-ring, as all
diacetate compounds (3.4 and 3.5), diphenol compounds (1.45, 3.7 and 3.8), and
dimethoxyphenyl compounds (3.9) exhibited ICsy values >15 pyM and >5 pM for the
A549 and MIA PaCa-2 cell lines, respectively (Table 3.1). Although some recent
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studies [108, 287, 292] reported that C(6)-derivatives of celastrol 1.26 are potential
drug candidates for treating cancer, our results did not lead us to reach the same
conclusions. In fact, the loss of antitumour effect observed here is consistent with
other observations [107, 119, 242, 311], which suggest that the reactivity toward
thiols is the main mode of action of celastrol 1.26. This hypothesis is further
supported by the direct comparison of the highly active C(29) urea derivatives of
celastrol 1.26 bearing the intact QM group (compounds 3.13 and 3.14) with their
low-activity analogues bearing the C(6)-carbonyl group (compounds 3.7 and 3.8,

respectively).

The introduction of a urea group at C(29) of celastrol 1.26 afforded
compounds (3.11-3.22) that strongly inhibited the growth of the cell lines studied
and that exhibited an activity that was dependent on the nature of the urea
nitrogen. Compared with the hit compound 1.26, the majority of these derivatives
resulted in an improvement of antiproliferative activity against one (18, 20, 22 and
23) or even both (3.12, 3.14 and 3.21) of the A549 and MIA PaCa-2 cell lines
(Table 3.1). As compounds 3.12, 3.14 and 3.21 were the most active celastrol
derivatives against these cancer cell lines, the selectivity of their antiproliferative
activity was assessed using the human non-tumour fibroblast cell line BJ (Table
3.2).

Table 3.2 Cell viability (ICsq values) of celastrol 1.26 and its derivatives against non-tumour
fibroblast cell line BJ and tumour cell lines (SKOV-3, SKBR-3 and MDAMB-231).

Cell line/ICsy® (UM + SEM)

Compound
BJ SKOV-3 SKBR-3 MDAMB-231
Celastrol 1.26 2.7440.14 1.16+0.03 0.724+0.02 1.32+0.11
3.12 2.124+0.09 ND ND ND
3.14 1.9640.05 ND ND ND
3.21 3.294+0.11 0.56+0.01 0.7840.03 1.154+0.04

ICs0 values were determined by MTT assay after 72 h-long incubations with different concentrations of each
compound, and are expressed as the mean + SEM of three independent experiments.
ND: Not determined.
% Cxo is the concentration of compound required to reduce 50% of cell viability.
As depicted in Table 3.3, all of the compounds tested presented a

selectivity index (ICso BJ cell line/lICso tumour cell line) superior to 1, which
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indicates a selective cytotoxic activity for malignant cells. Moreover, compound
3.21 was 3 to 9 times more active in tumour cell lines than in the non-tumour BJ
cell line, which represents an important improvement in selectivity compared with
the hit compound 1.26. These results clearly suggest that structural modifications
of the parent structure 1.26 can produce more potent and more selective new
derivatives.

Table 3.3 Selectivity index against non-tumour BJ cells of celastrol 1.26 and its derivatives 15, 17
and 3.21.

Selectivity Index (ICso BJ cell line/ICsq tumour cell line)

Compounds
A549 MIA PaCa-2 SKOV-3
Celastrol 1.26 1.75 5.97 2.34
3.12 1.48 6.94 ND
3.14 1.36 4.72 ND
3.21 2.59 9.31 5.81

ND: Not determined.

To confirm its activity in a wider variety of tumours, the antiproliferative
activity of compound 3.21, the derivative with the most promising results, was
further tested in ovarian (SKOV-3) and breast (SKBR-3 and MDAMB-231) cancer
cell lines. Compared with celastrol 1.26, the greatest improvement in the
antitumour effect of compound 3.21 was observed for the SKOV-3 cell line (2-fold
activity increase) (Table 3.2). Furthermore, the analysis of the selectivity index
values (Table 3.3) indicated that compound 3.21 was 6 times more active in
SKOV-3 cells than in non-tumour BJ cells, which represents the largest
improvement in selectivity (2.5-fold) compared with celastrol 1.26. Therefore,
compound 3.21 was selected for further studies in the SKOV-3 cell line, with the

purpose of studying its selective antiproliferative mechanism.

3.2.2.2. Effects on cell-cycle distribution

Failure of the cell-cycle arrest responses is a common trait in tumour cells
[312]. Thus, the effect of compound 3.21 on the cell-cycle distribution of SKOV-3

cells was analysed. The cell-cycle analysis was performed by fluorescence-
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activated cell sorting (FACS) after labelling the cells with propidium iodide (PI), a
DNA-binding dye. SKOV-3 cells were treated with the ICsy concentration of
compound 3.21 for 24, 48 and 72 h, and untreated cells were used as the control.
As shown in Figure 3.9, the effect of compound 3.21 on the distribution of SKOV-3
cells throughout the different phases of the cell-cycle was minimal, suggesting that
cell-cycle arrest does not play a crucial role in the antiproliferative mechanism of
the compound.
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Figure 3.9 Representative histograms and plots showing the proportion of cells in each phase of
the cell-cycle. SKOV-3 cells untreated (control condition) or SKOV-3 cells treated with compound
3.21 at its I1Cso concentration for 24 (A), 48 (B) and 72 (C) hours. Values represent the means + SD
of three independent experiments. * indicates p < 0.05 with respect to untreated cells.

70



Chapter Il

3.2.2.3. Annexin V-FTIC/PI flow cytometry assay

Because the effect of compound 3.21 on cell-cycle regulation was shown to
be mild at best, it was speculated that the main mechanism underlying the
cytotoxic activity of this compound might be the induction of apoptosis. Apoptosis,
also known as noninflammatory, programmed cell death, is a continuous
physiological process that plays a critical role in the control of cell proliferation [38].
The dysregulation of apoptosis can lead to tumorigenesis by disrupting the
equilibrium between cell proliferation and death; therefore, compounds that can
specifically regulate molecules that are involved in apoptosis are recognised
strategies for the development of more effective and less toxic anticancer drugs [1,
29, 313]. The early stage of apoptosis is characterised by the loss of membrane
asymmetry and the translocation of phosphatidylserine (PS) from the inner to the
outer cell membrane. The externalised PS can be detected using annexin V-FITC
(fluorescein isothiocyanate), a fluorescent active dye that selectively binds with
high affinity to PS [314]. During the late stage of apoptosis, cell membranes lose
their integrity and Pl can penetrate cells and bind to DNA. Thus, FACS analysis of
annexin V-FITC/PI double-stained cell allows the differentiation of live cells
(annexin V-/PI-), early apoptotic cells (annexin V+/Pl-) and late apoptotic/necrotic
cells (PI+) [314]. SKOV-3 cells were incubated with compound 3.21 at the ICs
concentration for 24, 48 and 72 h, followed by double staining with annexin V-
FITC/PI prior to analysis by FACS. As shown in Figure 3.10, the effect observed
after 24 h of treatment with 3.21 was not significant. However, at 48 h, the
percentage of cells in early apoptosis increased from 4.5% to 15.0% compared
with the control condition. After an even longer incubation time, 72 h, the apoptotic
effect was greatly enhanced (from 4.7% in the control condition to 31.8% in treated
cells). These results suggest that compound 3.21 induces apoptosis in SKOV-3

cells in a time-dependent manner.
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Figure 3.10 Representative histograms and plots showing the proportion of apoptotic/non-
apoptotic SKOV-3 cells untreated (control condition) or treated with compound 3.21 at its ICsg
concentration for 24 (A), 48 (B) and 72 (C) hours. Histograms depict the variation of the percentage
of cells which are non-apoptotic (lower left quadrant), early apoptotic (lower right quadrant) and late
apoptotic/necrotic (upper left and right quadrants). Graph bar summarises the variation of the
percentage of early apoptotic cells and late apoptotic/necrotic cells. Values represent the mean *
SD of three independent experiments. After a Student’s t-test, differences between treated and
control groups were considered significant when p < 0.05 (*), p<0.01(**) or p<0.001(***), with
respect to untreated cells.

3.2.2.4. Morphological analysis by Hoechst 33342 staining

Cells undergoing apoptotic cell death acquire characteristic morphological

features, such as cell shrinkage, nuclear fragmentation, chromatin condensation,
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zeiosis and apoptotic bodies formation [27, 315]. The morphological changes in
SKOV-3 cells after treatment for 48 h with compound 3.21 were assessed. To
achieve this, cells were stained with Hoechst 33342, a cell-permeant nuclear
fluorescent dye that binds to DNA, and were then observed by fluorescence

microscopy.

As depicted in Figure 3.11, the nuclei of control cells were uniformly stained
with Hoechst 33342 and did not exhibit morphological changes. In contrast, after
48 h of incubation with compound 3.21 at its ICsy concentration, SKOV-3 cells
showed typical apoptotic features, such as cell shrinkage, chromatin condensation
and formation of apoptotic bodies, together with a reduction in cell density. These
morphological changes further support our hypothesis that compound 3.21
induces apoptosis in SKOV-3 cells.

A. Control B. Compound 3.21[IC5]

Figure 3.11 Representative fluorescence microscopic images of SKOV-3 cells (A) untreated
(control) and (B) treated with compound 3.21 at its 1Cso concentration for 48 h. Arrows represent
apoptotic cells, whose morphological changes — cell shrinkage, chromatin condensation, formation
of apoptotic bodies — can be observed after Hoechst 33342 staining.

3.2.2.5. Effects on apoptosis-related proteins

To elucidate the mechanism via which compound 3.21 induces apoptosis in
SKOV-3 cells, we investigated its effect on the levels of apoptosis-related proteins
via immunoblot analysis. Apoptosis is a highly complex process that involves an
intricate cascade of molecular events, among which the activation of caspases is
one of the key events in its execution [27]. There are two main apoptotic pathways
via which caspases can be activated: the extrinsic pathway (death receptor
pathway) and the intrinsic pathway (mitochondrial pathway) [316].
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Stimulation of death receptors can result in the activation of the initiator
caspase-8, which can directly cleave downstream effector caspases, such as
caspase-3. This effector caspase in turn cleaves several substrates, including Poly
(ADP-ribose) polymerase (PARP), generating an 89 KDa fragment that is
considered a biomarker of apoptosis [27]. As observed in Figure 3.12A, SKOV-3
cells treated with compound 3.21 at its ICsp concentration for 72 h simultaneously
exhibited lower levels of inactive procaspase-8 and higher levels of active cleaved
caspase-8. The levels of procaspase-3 were also decreased and, accordingly, an
increase in the cleavage of PARP (as demonstrated by a decrease in the levels of
full-length PARP and the concurrent increase in the levels of cleaved PARP) was
observed. These results strongly suggest that compound 3.21 induces apoptosis

via the extrinsic pathway.

Procaspase-8

Cleaved
caspase-8

Procaspase-3

Cleaved
caspase-3

Procaspase-9
PARP
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PARP
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Figure 3.12 Western blot results indicating the levels of apoptosis-related proteins associated with
the extrinsic (A) and the intrinsic (B) pathways on SKOV-3 cells untreated (control) and treated with
compound 3.21 at its ICsq concentration for 72 h. a-actin was used as loading control.

The extrinsic pathway and the mitochondrial pathway are linked at different
molecular levels. Active caspase-8 may result in cleavage of Bid, affording
proapoptotic truncated tBid, which can in turn interact with Bcl-2 (an antiapoptotic
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protein) and Bax (a proapoptotic protein), thus leading to the activation of the
mitochondrial pathway [316]. Therefore, the effect of compound 3.21 on the levels
of these proteins from the Bcl-2 family (Bid, tBid, Bax and Bcl-2) was also
investigated. However, the differences in the levels of Bid, tBid, Bcl-2 and Bax
proteins were not clear (Figure 3.12B). Moreover, the effect of 3.21 on the
mitochondrial-pathway-initiator caspase-9 was examined and, again, the
differences between the treated and the control cells were not relevant. Taken
together, these findings suggest that compound 3.21 induces apoptosis in SKOV-3
cells through the activation of the extrinsic death receptor pathway, without any
concomitant activation of the intrinsic mitochondrial pathway.

The tumour suppressor p53 is a key mediator of apoptosis, which regulates
several physiological mechanisms by preventing the accumulation of genomic
damage. Mutations in the p53 gene are very common in human cancers and allow
the uncontrolled replication of DNA leading to increased cell proliferation and
genomic instability and consequently to tumour progression [317]. With this in
mind, we tested the expression of p53 in SKOV-3 cells, which possess an
established mutation in the p53 gene [318, 319]. Surprisingly, the levels of the
mutant p53 protein in SKOV-3 cells after 72 h of treatment with compound 3.21 at
its ICsp concentration were decreased, as shown in Figure 3.13A. It has recently
been demonstrated that mutant p53 proteins do not only lead to the loss of wild-
type p53 tumour-suppressor functions, but can also be responsible for an
oncogenic gain-of-function. These newly described oncogenic properties of mutant
p53 proteins can favour the maintenance, expansion, spread and resistance of
tumour cells, thus promoting proliferation of mutant p53-expressing cells [49, 50].
To confirm if the effect of compound 3.21 on the levels of the p53 protein was
dependent on whether p53 was mutated, we tested the effect of 3.21 on the p53
wild-type lung cancer cell line A549 [320] (this cell line was chosen because, as
seen in Table 3.1, compound 3.21 also showed a high antiproliferative activity in
A549 cells). In contrast to our findings in SKOV-3 cells, the treatment with 3.21 in
A549 cells did not seem to change the levels of the p53 expression (Figure 3.13B).
Interestingly, our results indicate not only that the cell growth inhibition effect of
3.21 is observed independently of the p53 status of the cells, but also that the
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compound is able both to decrease the protein levels of dysfunctional p53 (which
has been described to have an oncogenic effect) and to maintain the levels of

wild-type p53 (which acts as a tumour suppressor).
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Figure 3.13 Western blot results indicating the levels of p53 protein in p53 mutant SKOV-3 (A) and
p53 wild-type A549 (B) cells, untreated (control) and treated with compound 3.21 at its ICs
concentration for 72 h. a-actin was used as loading control.

3.2.2.6. Inhibition of Hsp90 and subsequent inhibition of the
AKT/mTOR pathway

Hsp90, a member of the heat-shock protein family, acts as a regulator of
apoptosis and is an attractive molecular target for developing new anticancer
drugs [57, 321, 322]. Celastrol 1.26 has been heavily studied as an interesting
potential Hsp90 inhibitor [119, 243, 290, 323]. For these reasons, we investigated
the effect of compound 3.21 on the levels of this protein after incubation of SKOV-
3 cells with its 1Cso concentration for 72 h. A clear decrease in the protein levels of
Hsp90 was observed in treated cells (Figure 3.14). One of the most important
proteins that are regulated by Hsp90 is the protein Akt [246], and Hsp90 has been
proven to be responsible for the stabilization of its active form, pAkt [60]. Akt
triggers the downstream mTOR, and the disruption of these pathways plays an
important role in the oncogenic process [246, 248]. As depicted in Figure 3.14, the
treatment of SKOV-3 cells with compound 3.21 resulted in an appreciable
downregulation of the protein levels of pAkt, without an effect on total Akt
expression. Similarly, the levels of phosphorylated-mTOR (its active form) were
lower in compound 3.21-treated cells, while no relevant effects on the levels of the

total mMTOR protein were observed. These results suggest that compound 3.21 is
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an Hsp90 inhibitor, and that the Akt/mTOR pathway might be involved in the
downstream regulation that leads to the antiproliferative response of SKOV-3.

mTOR

-
-

a-actin

Figure 3.14 Western blot results indicating the levels of Hsp90 and Akt/mTOR pathway proteins on
SKOV-3 cells untreated (control) and treated with compound 3.21 at its ICsq concentration for 72
hours. a-actin was used as loading control.

3.2.2.7. Evaluation of synergism

Overcoming the inevitable emergence of chemo-resistance to standard
platinum-based therapy could be crucial to improve current cancer treatment
efficacy [324, 325]. Cisplatin is a platinum-based antineoplastic drug that is used
as a chemotherapy medication to treat different types of cancer, including ovarian
cancer [326, 327]. Considering the important side effects and the recurrence of
resistance associated with this drug, a combination therapy of cisplatin with other
antineoplastic compounds is the most rational strategy to achieve improved results
[328]. To evaluate quantitatively the combination effect of cisplatin and compound
3.21 on the growth rates of SKOV-3 cells, the combination index (CI) values
between those two compounds were calculated based on the equation of Chou
and Talalay [261, 329]. SKOV-3 cells were treated for 72 h with both compounds
(3.21 or cisplatin) at different concentrations, separately and in combination. The

combined experiments were carried out at a constant equipotency combination
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ratio of [ICso]3.21:[ICso]cisplatin (1:6.7) (data not shown). Although a slight synergistic
effect was observed under these conditions, extended studies at different
combination ratios were performed in order to find out which ratio improved
synergy the most, as proposed by Chou [261]. The equipotent 3.21:cisplatin 1:3
dose ratio yielded clear synergistic effects, as seen in Table 3.4 (Cl values lower
than 1 indicate a synergistic effect, which is stronger the closer the value is to 0).
When considering this synergistic effect between compound 3.21 and cisplatin in
the inhibition of SKOV-3 proliferation, we may infer that the combination of
compound 3.21 and cisplatin may be a valid strategy to increase the therapeutic
efficacy of the latter.

Table 3.4 Cl values for combinations of compound 3.21 and cisplatin, at a constant ratio of 1:3, in
SKOV-3 cells after 72 h incubation. Cl values were calculated using CompuSyn software.

3.21 (uM) Cisplatin (uM) 1-Viability Cl
0.15 0.45 0.108 1.04695
0.3 0.9 0.166 1.37381
0.6 1.8 0.307 1.44019
1.2 3.6 0.756 0.68548
24 7.2 0.918 0.57503
4.8 14.4 0.959 0.71023
3.3. CONCLUSIONS

Celastrol 1.26 was used as a hit compound and a starting point for the
synthesis of new celastrol derivatives. Some compounds, mainly urea derivatives,
were more cytotoxic than celastrol 1.26 against tumour cell lines. Compound 3.21
proved to be a derivative with both improved antiproliferative activity and improved
selectivity compared with celastrol 1.26, and its mechanism of action was further
investigated in the SKOV-3 cell line. The preliminary studies of its mechanism of
action showed that compound 3.21 induced apoptosis via the extrinsic pathway,
which involves the activation of caspase-8 and caspase-3 and the cleavage of
PARP. Compound 3.21 also induced the downregulation of p53 in the SKOV-3 cell
line, a p53-mutant cell line. The results also suggest that compound 3.21 may be
an Hsp90 inhibitor and that the Akt/mTOR pathway might be involved in the
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downstream signalling that leads to a decrease in SKOV-3 cell viability.
Furthermore, a synergistic inhibitory effect on the proliferation of SKOV-3 cells was
observed between compound 3.21 and cisplatin. Taken together, these results
indicate that compound 3.21 might be a promising lead compound for anticancer

drug development.
3.4. EXPERIMENTAL SECTION

3.4.1. Chemistry

3.41.1. General

Celastrol 1.26 and all reagents were purchased from Sigma-Aldrich. The
solvents were obtained from VWR Portugal and were dried according to usual
procedures. Thin layer chromatography (TLC) analyses were performed on
aluminium TLC plate, silica gel coated with fluorescent indicator F,s4 (Merck,
detection by UV absorption). For preparative TLC was used preparative layer
plates silica gel 60 F2s4, 1 mm (Merck, detection by UV absorption). Melting points
are uncorrected and were determined on a Bichi® melting point apparatus (Model
B-540). IR spectra were determined on a Fourier transform IR spectrometer.
Nuclear magnetic resonance (NMR) spectra were recorded using the Bruker
digital FT-NMR-Avance 400 MHz spectrometer in CDCl; or CD3OD with
tetramethylsilane (TMS) as the internal standard. Elucidation of the chemical
structures was based on *H, **C and DEPT-135 NMR experiments. The chemical
shifts values (8) are given in parts per million (ppm) and the coupling constants (J)
are presented in hertz (Hz). MS were taken on a Thermo Scientific Finnigan LXQ
Mass Spectrometer, with a direct insertion probe using electrospray ionisation
mass spectrometry. Elemental analysis was performed by chromatographic
combustion using the Carlo Erba EA 1108 Elemental Analyser.

79



Chapter Il

Derivative 1.81 — 2,3-Dihydroxy-24-nor-friedela-1,3,5(10),7-tetraen-29-oic
acid

Figure 3.15 Chemical structure of compound 1.81.

Compound 1.81 was prepared according to the literature [119] from
celastrol 1.26 to give a white solid (91%). Mp: 267.3-269.7 °C. IR (neat) ymax :
3426, 2924, 1695, 1451, 1376, 1283 cm™. *H NMR (400 MHz, CDCls): 5 6.72 (s,
1H, H-1), 5.68 (d, J = 4.9 Hz, 1H, H-7), 3.27 (dd, J = 20.5, 5.9 Hz, 1H, H-6b), 2.98
(d, J = 20.6 Hz, 1H, H-6a), 2.40 (d, J = 15.7 Hz, 1H), 2.16 (s, 3H, H-23), 1.27 (s,
3H), 1.18 (s, 3H), 1.14 (s, 3H), 1.04 (s, 3H), 0.60 (s, 3H) ppm; *C NMR (100 MHz,
CDCls): 5 184.64 (C29), 149.98 (ArC bridge), 141.70 (ArC-OH), 141.52 (ArC-OH),
139.82 (ArC bridge), 125.87 (C4), 120.58 (C8), 117.79 (C7), 108.79 (C1), 44.27,
43.77, 40.44, 37.55, 36.81, 34.58, 34.50, 34.00, 32.91, 31.68, 30.76, 30.64, 30.22,
29.65, 28.89, 27.92, 23.03, 19.10, 11.66 ppm.
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Derivative 1.82 — 2,3-Diacetoxy-24-nor-friedela-1,3,5(10),7-tetraen-29-oic
acid

Figure 3.16 Chemical structure of compound 1.82.

To a stirred solution of 1.81 (300.0 mg, 0.66 mmol) in dry THF (20 mL) in
the presence of 4-dimethylaminopyridine (DMAP) was added acetic anhydride (0.3
mL, 3.3 mmol). The mixture was stirred for 4 h at room temperature and N
atmosphere. The reaction mixture was evaporated under reduced pressure to
remove THF. The obtained crude was diluted with EtOAc (100 mL) and washed
with water (3 x 50 mL) and brine (50 mL). The obtained organic phase was dried
over anhydrous Na,SO,. Filtration and evaporation of solvent at reduced pressure
gave a whitish solid, which was purified by preparative TLC (CH,Cl,/MeOH 20:1),
to yield 1.82 (257.3 mg, 72%) as a white solid. Mp: 221.3-224.2 °C. IR (neat) ymax :
3314, 2942, 1770, 1742, 1696, 1462, 1370 cm™. *H NMR (400 MHz, CDCls): &
6.99 (s, 1H, H-1), 5.72 (d, J = 4.6 Hz, 1H, H-7), 3.32 (dd, J = 20.9, 5.9 Hz, 1H, H-
6b), 3.05 (d, J = 20.9 Hz, 1H, H-6a), 2.38 (d, J = 15.6 Hz, 1H, H-19), 2.30 (s, 3H,
CH3CO), 2.27 (s, 3H, CH3CO), 2.05 (s, 3H, H-23), 1.33 (s, 3H), 1.20 (s, 3H), 1.11
(s, 3H), 1.05 (s, 3H), 0.67 (s, 3H) ppm; *C NMR (100 MHz, CDCls): & 184.20
(C29), 168.84 (CH3COO), 168.51 (CH;COO), 149.48, 147.65, 140.71, 138.17,
131.64, 127.91, 117.11, 116.69, 44.33, 43.87, 40.35, 37.63, 37.34, 36.84, 34.72,
34.51, 34.26, 32.80, 31.69, 30.69, 30.62, 30.21, 29.65, 28.98, 28.24, 23.06, 20.83,
20.56, 18.83, 12.72 ppm. MS (DI-ESI) (m/z): 559.5 [M+Na]*. Anal. Calcd. for
C33H4406: C, 73.85; H, 8.26. Found: C, 73.69; H, 8.00.
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Derivative 3.3 — 20a-Isocyanato-24-nor-friedela-1,3,5(10),7-tetraen-2,3-di-yl
diacetate

Figure 3.17 Chemical structure of compound 3.3.

To a solution of 1.82 (200.0 mg, 0.37 mmol) in dry CH,Cl, (20 mL) was
added oxalyl chloride (0.19 mL, 2.24 mmol) and stirred for 4 h at room
temperature and N, atmosphere. The mixture was concentrated to dryness under
reduced pressure to yield crude 3.1. The resulting residue 3.1 was taken up in
acetone (20 mL) and transferred dropwise to a stirring aqueous solution (0.4 M) of
sodium azide (60.6 mg, 0.93 mmol) for 1 h at 0 °C. The mixture was concentrated
to remove the organic solvent under reduced pressure to yield crude 3.2. The
resulting residue 3.2 was re-dissolved in toluene (10 mL) and refluxed for 2 h. The
solvent was evaporated under reduced pressure to obtain the crude product that
was purified by preparative TLC (PE/EtOAc 2:1), to yield 3.3 (148.4 mg, 75%) as a
pale yellow solid. Mp: 191.6-193.8 °C. IR (neat) ymax : 2930, 2253, 1769, 1459,
1368, 1209 cm™. 'H NMR (400 MHz, CDCls): & 7.01 (s, 1H, H-1), 5.77 (d, J = 4.8
Hz, 1H, H-7), 3.34 (dd, J = 20.9, 6.0 Hz, 1H, H-6b), 3.08 (d, J = 20.9 Hz, 1H H-6a),
2.31 (s, 3H, CH3CO), 2.27 (s, 3H, CH3CO), 2.07 (s, 3H, H-23), 1.41 (s, 3H), 1.36
(s, 3H), 1.23 (s, 3H), 1.05 (s, 3H), 0.99 (s, 3H) ppm; *C NMR (100 MHz, CDCl5): &
168.87 (CH3COO), 168.55 (CH3COO), 149.34, 147.56, 140.74, 138.21, 131.65,
127.99, 120.77 (NCO), 117.07, 116.73, 55.63, 44.33, 43.84, 37.60, 37.38, 36.95,
36.90, 35.47, 34.49, 34.36, 33.41, 31.82, 30.60, 30.40, 29.00, 28.26, 23.04, 20.86,
20.84, 20.56, 12.72 ppm. MS (DI-ESI) (m/z): 556.4 [M+H]". Anal. Calcd. for
Cs3H43NOs: C, 74.27; H, 8.12; N, 2.62. Found: C, 74.05; H, 7.73; N, 2.27.
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Derivative 3.4 — 2,3-Diacetoxy-6-o0x0-24-nor-friedela-1,3,5(10),7-tetraen-29-
oic acid

Figure 3.18 Chemical structure of compound 3.4.

To a solution of 1.82 (550.0 mg, 1.0 mmol) in aqueous acetonitrile (1:3) (20
mL), was added NaClO; (222.6 mg, 2.0 mmol, technical grade, 80%) and tert-butyl
hydroperoxide (0.9 mL, 5 mmol, 5.0-6.0 M solution in decane). After 1 h under
stirring at room temperature, the solution was poured into sulphite solution (10%
agueous) and extracted with EtOAc (3 x 100 mL). The extract was washed with
aqueous saturated solution of NaHCO3 (50 mL), water (50 mL) and brine (50 mL).
The obtained organic phase was dried over anhydrous Na,SO,, filtrated and
evaporated at reduced pressure to give a yellow solid, which was purified by
preparative TLC (CH,Cl,/MeOH 15:1), to yield 3.4 (460.7 mg, 82%) as a pale
yellow solid. Mp: 275.7-277.5 °C. IR (neat) ymax : 3210, 2943, 1778, 1715, 1647,
1456, 1370 cm™. *H NMR (400 MHz, CDCl): & 7.21 (s, 1H, H-1), 6.28 (s, 1H, H-
7), 2.54 (s, 3H, CH3CO), 2.34 (s, 3H, CH3CO), 2.30 (s, 3H, H-23), 1.55 (s, 3H),
1.28 (s, 3H), 1.12 (s, 3H), 1.07 (s, 3H), 0.67 (s, 3H) ppm; *C NMR (100 MHz,
CDClg): & 187.13 (C6), 183.61 (C29), 172.28, 168.19 (CH3COO), 168.04
(CH3COO), 155.11, 145.27 (ArC-Ac), 139.74 (ArC-Ac), 134.07, 127.81, 126.11,
117.52, 45.03, 44.26, 40.61, 40.35, 39.06, 37.66, 36.37, 34.77, 33.98, 32.68,
31.71, 30.72, 30.58, 29.78, 29.59, 28.66, 21.01, 20.92, 20.46, 19.05, 14.68 ppm.
MS (DI-ESI) (m/z): 573.4 [M+Na]*. Anal. Calcd. for C33H,07: C, 71.98; H, 7.69.
Found: C, 71.83; H, 7.36.
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Derivative 1.45 — 2,3-Dihydroxy-6-oxo0-24-nor-friedela-1,3,5(10),7-tetraen-29-
oic acid

Figure 3.19 Chemical structure of compound 1.45.

To a solution of 3.4 (55.0 mg, 0.1 mmol) in agueous MeOH (1:4, 3 mL) and
EtsN (0.3 mL), NH4OAc (38.5 mg, 0.5 mmol) was added. The resulting mixture
was stirred at room temperature. After 2 h the mixture was concentrated and the
residue was extracted with AcOEt (3 x 40 mL). The extract was washed with HCI
5% (20 mL), aqueous saturated solution of NaHCO3; (20 mL), water (20 mL) and
brine (20 mL). The obtained organic phase was dried over anhydrous Na;SOy,
filtrated and evaporated at reduced pressure to give a yellow solid, which was
purified by preparative TLC (CH,CIl,/MeOH 7:1), to yield 1.45 (23.2 mg, 50%) as a
yellow solid. Mp: 332.1-333.7 °C. IR (neat) ymax : 3181, 2941, 1697, 1633, 1571,
1455, 1378 cm™. *H NMR (400 MHz, CDCls, CD30D):  6.72 (s, 1H, H-1), 6.10 (s,
1H, H-7), 2.49 (s, 3H, H-23), 1.41 (s, 3H), 1.19 (s, 3H), 1.09 (s, 3H), 1.00 (s, 3H),
0.60 (s, 3H) ppm; *C NMR (100 MHz, CDCls;, CD;OD): 5 188.37 (C6), 181.46
(C29), 172.49, 151.24, 148.77 (ArC-OH), 141.41 (ArC-OH), 125.85, 125.68,
121.94, 108.27, 48.88, 44.63, 44.22, 40.10, 39.07, 37.47, 36.32, 34.76, 33.95,
32.67, 31.46, 30.68, 30.46, 29.75, 29.69, 28.49, 20.77, 18.38, 13.48 ppm. MS (DI-
ESI) (m/z): 467.4 [M+H]". Anal. Calcd. for C,gH3s0s: C, 74.65; H, 8.21. Found: C,
74.4; H, 8.00.
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Derivative 3.5 — 20a-isocyanato-6-oxo-24-nor-friedela-1,3,5(10),7-tetraen-2,3-

di-yl diacetate

Figure 3.20 Chemical structure of compound 3.5

Compound 3.5 was prepared from 3.4 (400.0 mg, 0.72 mmol) according to
the method previously described to prepare compound 3.3 from 1.82. The
obtained residue was purified by preparative TLC (CH,Cl,/MeOH 10:1), to yield
3.5 (215.3 mg, 54%) as a yellow solid. Mp: 350.2-352.2 °C. IR (neat) ymax : 2929,
2260, 1771, 1647, 1454, 1370 cm™. *H NMR (400 MHz, CDCls): & 7.23 (s, 1H, H-
1), 6.32 (s, 1H, H-7), 2.55 (s, 3H, CH3CO), 2.35 (s, 3H, CH3CO), 2.30 (s, 3H, H-
23), 1.58 (s, 3H), 1.42 (s, 3H), 1.32 (s, 3H), 1.07 (s, 3H), 1.00 (s, 3H) ppm; **C
NMR (100 MHz, CDClg): & 187.13 (C6), 172.02, 168.22 (CH3COO), 168.07
(CH3COO0), 154.98, 145.28 (ArC-Ac), 139.76 (ArC-Ac), 134.06, 127.91, 126.05,
121.04 (NCO), 117.52, 55.56, 44.95, 44.25, 40.61, 38.99, 37.77, 36.86, 36.41,
35.40, 34.37, 33.96, 33.55, 31.84, 30.37, 30.17, 28.67, 21.06, 20.99, 20.93, 20.45,
14.66 ppm. MS (DI-ESI) (m/z): 570.4 [M+Na]". Anal. Calcd. for C33Hs;NOg: C,
72.37; H, 7.55; N, 2.56. Found: C, 72.63; H, 7.38; N, 2.31.
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Derivative 3.7 — N-[2,3-Dihydroxy-6-oxo0-24-nor-friedela-1,3,5(10),7-tetraen-
20-yl] urea

Figure 3.21 Chemical structure of compound 3.7

Compound 3.7 was prepared from 3.5 (100.0 mg, 0.18 mmol) according to
the method previously described to prepare compound 1.45 from 3.4. The
obtained residue was purified by preparative TLC (CH»Cl,/MeOH 10:1), to yield
3.7 (73.2 mg, 83%) as a yellow solid. Mp: 321.7-324.0 °C. IR (neat) ymax : 3484,
3356, 3190, 2942, 1635, 1569, 1454, 1312 cm™. *H NMR (400 MHz, CD30D): &
6.84 (s, 1H, H-1), 6.18 (s, 1H, H-7), 2.56 (s, 3H, H-23), 1.52 (s, 3H), 1.36 (s, 3H),
1.33 (s, 3H), 1.14 (s, 3H), 0.85 (s, 3H) ppm; *C NMR (100 MHz, CDsOD):
189.81 (C6), 174.96, 161.43 (NHCONH,), 152.65, 151.50 (ArC-OH), 143.51 (ArC-
OH), 126.80, 126.33, 122.33, 109.55, 50.63, 45.90, 45.67, 41.54, 40.19, 38.34,
37.66, 37.11, 35.36, 35.04, 32.20, 31.69, 31.45, 31.00, 29.97, 29.58, 21.65, 20.69,
14.08 ppm. MS (DI-ESI) (m/z): 481.4 [M+H]®. Anal. Calcd. for Cy9HioN20O4: C,
72.47; H, 8.39; N, 5.83. Found: C, 72.75; H, 8.49; N, 6.01.
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Derivative 3.8 — N’-(Methyl)-N-[2,3-dihydroxy-6-0x0-24-nor-friedela-
1,3,5(10),7-tetraen-20-yl] urea

Figure 3.22 Chemical structure of compound 3.8.

To a solution of 3.5 (100.0 mg, 0.18 mmol) in dry THF (10 mL),
methylamine solution 2.0 M in THF (0.36 mL, 0.73 mmol) was added and the
reaction mixture was stirred at room temperature, under an inert atmosphere. After
12 h the mixture was concentrated and the residue was extracted with AcOEt (3 x
50 mL). The extract was washed with HCI 5% (25 mL), water (25 mL) and brine
(25 mL). The obtained organic phase was dried over anhydrous Na,SO,, filtrated
and evaporated at reduced pressure to give a yellow solid, which was purified by
preparative TLC (CH,Cl,/MeOH 10:1), to yield 3.8 (67.2 mg, 74%) as a light yellow
solid. Mp: 318.2-319.6 °C. IR (neat) ymax : 3332, 2931, 1637, 1567, 1452, 1312 cm’
! 'H NMR (400 MHz, CD30D): & 6.81 (s, 1H, H-1), 6.16 (s, 1H, H-7), 2.56 (s, 6H,
H-23, CH3N), 1.51 (s, 3H), 1.35 (s, 3H), 1.32 (s, 3H), 1.14 (s, 3H), 0.80 (s, 3H)
ppm; *C NMR (100 MHz, CDsOD): & 189.67 (C6), 174.68, 161.06 (NHCONH),
153.36, 153.00 (ArC-OH), 144.07 (ArC-OH), 126.35, 125.99, 121.46, 108.89,
50.68, 45.85, 45.70, 41.53, 40.19, 38.32, 37.69, 37.12, 35.41, 35.13, 32.22, 31.91,
31.45, 31.03, 30.00, 29.85, 26.57, 21.69, 20.78, 14.16 ppm. MS (DI-ESI) (m/z):
495.4 [M+H]". Anal. Calcd. for CagH42N>O4: C, 72.84; H, 8.56; N, 5.66. Found: C,
72.99; H, 8.79; N, 5.84.
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Derivative 3.9 — N’-(Methyl)-N-[2,3-dimethoxy-6-0x0-24-nor-friedela-
1,3,5(10),7-tetraen-20-yl] urea

Figure 3.23 Chemical structure of compound 3.9.

Compound 3.9 was prepared according to the literature [330] from 3.8 (50
mg, 0,1 mmol). The obtained crude was purified by preparative TLC
(CH.CIl,/MeOH 20:1), to yield 3.9 (31.6 mg, 60%) as a yellow solid. Mp: 254.0-
256.1 °C. IR (neat) ymax : 3374, 2937, 1640, 1579, 1449, 1294, 1089 cm™. 'H NMR
(400 MHz, CDCly): & 6.82 (s, 1H, H-1), 6.21 (s, 1H, H-7), 3.90 (s, 3H, CH30), 3.74
(s, 3H, CH30), 2.62 (s, 3H, H-23), 2.60 (d, J = 4.8 Hz, 3H, CHsN), 1.49 (s, 3H),
1.40 (s, 3H), 1.27 (s, 3H), 1.11 (s, 3H), 0.78 (s, 3H) ppm; **C NMR (100 MHz,
CDCl3): & 187.47 (C6), 172.07, 158.53 (NHCONH), 155.88, 154.74, 145.94,
133.68, 125.99, 123.04, 105.67, 60.45 (CH30), 55.73 (CH30), 50.10, 44.89, 44.32,
40.81, 39.05, 37.51, 36.69, 36.62, 34.67, 34.31, 31.85, 31.69, 30.57, 30.08, 28.92,
28.73, 27.08, 21.03, 20.11, 14.18 ppm. MS (DI-ESI) (m/z): 523.5 [M+H]". Anal.
Calcd. for C3HaeN2O4: C, 75.53; H, 8.87; N, 5.36. Found: C, 75.36; H, 8.70; N,
5.44,
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Derivative 3.10 — 3-Hydroxy-2-oxo-24-nor-friedela-1(10),3,5,7-tetraen-20-
isocyanate

Figure 3.24 Chemical structure of compound 3.10.

To a stirred solution of 3.3 (1.0 g, 1.9 mmol) in MeOH (100 mL) was added
potassium carbonate (259.1 mg, 1.9 mmol). The mixture was stirred for 15 min in
ice and N, atmosphere. The reaction mixture was evaporated under reduced
pressure to remove MeOH. The obtained crude was diluted with AcOEt (500 mL)
and washed with HCI 5% (250 mL), water (250 mL) and brine (250 mL). The
obtained organic phase was dried over anhydrous Na,SO,. Filtration and
evaporation of solvent at reduced pressure gave a dark orange solid, which was
purified by preparative TLC (CH,CIl,/MeOH 30:1), to yield 3.10 (587.8 mg, 70%) as
an orange solid. Mp: 187.5-189.2 °C. IR (neat) ymax : 3316, 2924, 2252, 1593, 1436
cm™. *H NMR (400 MHz, CDCls): & 7.03 (d, J = 6.3 Hz, 1H, H-6), 6.54 (s, 1H, H-1),
6.37 (d, J = 7.2 Hz, 1H, H-7), 2.22 (s, 3H, H-23), 1.45 (s, 3H), 1.42 (s, 3H), 1.27 (s,
3H), 1.07 (s, 3H), 0.95 (s, 3H) ppm; **C NMR (100 MHz, CDCls): d 178.53 (C2),
169.98, 164.85, 146.12 (C3), 134.20 (C6), 127.59 (C5), 120.88 (NCO), 119.69
(Cl), 118.18 (C7), 117.24 (C4), 55.63, 45.12, 44.27, 43.10, 39.45, 38.45, 36.97,
36.46, 35.33, 34.40, 33.60, 33.51, 31.86, 30.37, 30.05, 28.73, 21.84, 20.98, 10.43
ppm. MS (DI-ESI) (m/z): 448.3 [M+H]". Anal. Calcd. for Co9H37NO3: C, 77.82; H,
8.33; N, 3.13. Found: C, 77.99; H, 8.53; N, 3.38.
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Derivative 3.11 — N’-Hydroxy-N’-methyl-N-[3-hydroxy-2-oxo0-24-nor-friedela-
1(10),3,5,7-tetraen-20-yl] urea

Figure 3.25 Chemical structure of compound 3.11.

To a suspension of NaHCO3; (15.0 mg, 0.18 mmol) in 5 mL acetone was
added N-methyl-hydroxylamine hydrochloride (11.2 mg, 0.13 mmol). The reaction
mixture was stirred at room temperature and a solution of compound 3.10 (40.0
mg, 0.09 mmol) in 5 mL of CH,Cl, was added drop by drop. The reaction mixture
was stirred for 0.5 h at room temperature diluted with water and extracted with
CH.CI, (3 x 40 mL). The combined organic layer was washed with HCI 5% (20
mL), water (20 mL) and brine (20 mL). The separated organic layer was dried over
anhydrous Na,SOy,, filtered and evaporated at reduced pressure to give an orange
solid. Purification of the residue on preparative TLC (CH,Cl,/MeOH 20:1) yielded
3.11 (37.2 mg, 84%) as an orange solid. Mp: 295.7-297.0 °C. IR (neat) ymax : 3407,
2921, 1646, 1588, 1512, 1436 cm™. *H NMR (400 MHz, CDCls): 5 7.00 (d, J = 5.8
Hz, 1H, H-6), 6.48 (s, 1H, H-1), 6.33 (d, J = 6.1 Hz, 1H, H-7), 5.82 (s, 1H, NH),
3.01 (s, 3H, CH3N), 2.19 (s, 3H, H-23), 1.41 (s, 3H), 1.38 (s, 3H), 1.25 (s, 3H),
1.11 (s, 3H), 0.69 (s, 3H) ppm; *C NMR (100 MHz, CDCls): 5 178.38 (C2),
171.53, 165.23, 161.06 (NHCO), 146.13 (C3), 134.85 (C6), 127.31 (C5), 119.45
(C1), 118.10 (C7), 117.59 (C4), 50.21, 45.34, 44.21, 43.39, 39.50, 39.42, 38.33,
36.54, 35.53, 34.33, 33.59, 31.95, 31.17, 30.48, 29.85, 29.19, 28.91, 22.02, 20.46,
10.41 ppm. MS (DI-ESI) (m/z): 495.3 [M+H]". Anal. Calcd. for C3oH42N,O4: C,
72.84; H, 8.56; N, 5.66. Found: C, 72.61; H, 8.42; N, 5.89.
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Synthesis of urea (3.12, 3.14-3.22) — general procedure

To a solution of 3.10 (40.0 mg, 0.09 mmol) in 5 mL of CH,Cl, was added the
respective amine and the reaction mixture was stirred for 4 h at room temperature
and N, atmosphere. Water (20 mL) was added to the reaction mixture and the
layers were separated. The aqueous layer was extracted with CH,Cl, (3 x 40 mL),
the combined CH,Cl, layers were washed with water (30 mL), dried over
anhydrous Na,SOy,, filtered and the solvent was removed under vacuum to get the
crude product that was purified by preparative TLC (CH.Cl,/MeOH 20:1) to give
the urea product.

Derivative 3.12 — N’-Butyl-N’-methyl-N-[3-hydroxy-2-0x0-24-nor-friedela-
1(10),3,5,7-tetraen-20-yl] urea

Figure 3.26 Chemical structure of compound 3.12

Prepared according to general procedure from 3.10 (40.0 mg, 0.09 mmol)
and N-butylmethylamine (0.02 mL, 0.18 mmol) to yield 3.12 (37.5 mg, 78%) as a
dark orange powder. Mp: 267.5-269.3 °C. IR (neat) ymax : 3351, 2926, 1639, 1591,
1514, 1436 cm™. *H NMR (400 MHz, CDCls): & 7.01 (d, J = 7.0 Hz, 1H, H-6), 6.52
(s, 1H, H-1), 6.35 (d, J = 7.1 Hz, 1H, H-7), 3.93 (s, 1H, NH), 2.69 (s, 3H, CH3N),
2.20 (s, 3H, H-23), 1.43 (s, 3H), 1.40 (s, 3H), 1.26 (s, 3H), 1.11 (s, 3H), 0.85 (t, J =
7.3 Hz, 3H), 0.72 (s, 3H) ppm; **C NMR (100 MHz, CDCls): & 178.46 (C2), 170.88,
164.92, 157.13 (NHCO), 146.15 (C3), 134.09 (C6), 127.49 (C5), 119.69 (C1),
117.97 (C7), 117.08 (C4), 50.39, 48.46, 45.18, 44.17, 43.23, 39.45, 38.32, 36.82,
36.52, 34.42, 34.37, 33.59, 31.89, 31.70, 30.64, 30.46, 29.68, 28.99, 28.50, 22.10,
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20.15, 14.08, 10.41 ppm. MS (DI-ESI) (m/z): 535.3 [M+H]". Anal. Calcd. for
C34H50N203: C, 76.36; H, 9.42; N, 5.24. Found: C, 75.99; H, 9.28; N, 5.01.

Derivative 3.13 — N-[3-Hydroxy-2-oxo0-24-nor-friedela-1(10),3,5,7-tetraen-20-

yl] urea

Figure 3.27 Chemical structure of compound 3.13

Compound 3.13 was prepared from 3.10 (40.0 mg, 0.09 mmol) according to
the method previously described to prepare compound 1.45 from 3.4. The
obtained residue was purified by preparative TLC (CH,Cl,/MeOH 20:1), to yield
3.13 (31.2 mg, 75%) as an orange solid. Mp: 246.8-248.8 °C. IR (neat) ymax : 3478,
3335, 2922, 1654, 1578, 1433 cm™. *H NMR (400 MHz, CDCl5): 5 7.01 (d, J = 4.8
Hz, 1H, H-6), 6.61 (s, 1H, H-1), 6.18 (d, J = 5.0 Hz, 1H, H-7), 5.06 (s, 2H, NH,),
4.93 (s, 1H, NH), 2.26 (s, 3H, H-23), 1.33 (s, 3H), 1.30 (s, 3H), 1.15 (s, 3H), 1.03
(s, 3H), 0.51 (s, 3H) ppm; *C NMR (100 MHz, CDCls): d 178.54 (C2), 172.15,
165.38, 159.35 (NHCO), 146.42 (C3), 134.78 (C6), 127.13 (C5), 119.33 (C1),
117.64 (C7), 117.57 (C4), 49.94, 45.35, 44.26, 43.42, 39.28, 38.16, 36.37, 36.16,
34.23, 33.44, 31.93, 31.34, 30.31, 29.53, 28.84, 28.71, 21.87, 20.43, 10.52 ppm.
MS (DI-ESI) (m/z): 465.3 [M+H]". Anal. Calcd. for CogHsoN>O3: C, 74.96; H, 8.68;
N, 6.03. Found: C, 75.19; H, 8.52; N, 6.27.
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Derivative 3.14 — N’-Methyl-N-[3-hydroxy-2-0x0-24-nor-friedela-1(10),3,5,7-
tetraen-20-yl] urea

Figure 3.28 Chemical structure of compound 3.14

Prepared according to general procedure from 3.10 (40.0 mg, 0.09 mmol)
and methylamine 2 M in THF (0.18 mL, 0.36 mmol) to yield 3.14 (36.9 mg, 86%)
as a dark orange powder. Mp: 256.9-260.1 °C. IR (neat) ymax : 3367, 2950, 1628,
1595, 1558, 1438 cm™. 'H NMR (400 MHz, CDCls): & 7.01 (d, J = 6.3 Hz, 1H, H-
6), 6.48 (s, 1H, H-1), 6.32 (d, J = 6.5 Hz, 1H, H-7), 4.48 (s, 1H, NH), 4.15 (s, 1H,
NH), 2.61 (s, 3H, CH3sNH), 2.21 (s, 3H, H-23), 1.40 (s, 3H), 1.38 (s, 3H), 1.24 (s,
3H), 1.10 (s, 3H), 0.68 (s, 3H) ppm; **C NMR (100 MHz, CDCls): 5 178.42 (C2),
171.25, 165.14, 158.40 (NHCO), 146.17 (C3), 134.44 (C6), 127.37 (C5), 119.50
(C1), 117.93 (C7), 117.30 (C4), 50.11, 45.28, 44.30, 43.31, 39.36, 38.27, 36.56,
36.28, 34.34, 33.66, 31.91, 31.60, 30.52, 29.76, 29.16, 28.91, 27.14, 22.03, 20.20,
10.41 ppm. MS (DI-ESI) (m/z): 479.3 [M+H]". Anal. Calcd. for C3oHs2N,O3: C,
75.28; H, 8.84; N, 5.85. Found: C, 75.15; H, 8.50; N, 5.68.
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Derivative 3.15 — N’-Ethyl-N-[3-hydroxy-2-ox0-24-nor-friedela-1(10),3,5,7-
tetraen-20-yl] urea

Figure 3.29 Chemical structure of compound 3.15

Prepared according to general procedure from 3.10 (40.0 mg, 0.09 mmol)
and ethylamine 2 M in THF (0.18 mL, 0.36 mmol) to yield 3.15 (33.1 mg, 75%) as
a brownish powder. Mp: 209.7-212.1 °C. IR (neat) ymax : 3356, 2946, 1642, 1587,
1547, 1512, 1436 cm™. *H NMR (400 MHz, CDCls): & 7.02 (d, J = 6.6 Hz, 1H, H-
6), 6.49 (s, 1H, H-1), 6.34 (d, J = 7.0 Hz, 1H, H-7), 4.31 (s, 1H, NH), 4.08 (s, 1H,
NH), 2.20 (s, 3H, H-23), 1.41 (s, 3H), 1.39 (s, 3H), 1.25 (s, 3H), 1.10 (s, 3H), 1.02-
0.97 (m, 3H, NHCH,CHs), 0.72 (s, 3H) ppm; **C NMR (100 MHz, CDCls): 5 178.47
(C2), 171.12, 165.11, 157.53 (NHCO), 146.16 (C3), 134.38 (C6), 127.43 (C5),
119.52 (C1), 117.94 (C7), 117.29 (C4), 50.11, 45.29, 44.29, 43.33, 39.40, 38.27,
36.56, 36.37, 35.18, 34.34, 33.57, 31.90, 31.60, 30.56, 29.76, 29.14, 28.95, 22.10,
20.24, 15.76, 10.42 ppm. MS (DI-ESI) (m/z): 493.33 [M+H]". Anal. Calcd. for
C31H44N203: C, 75.57; H, 9.00; N, 5.69. Found: C, 75.39; H, 8.89; N, 5.91.
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Derivative 3.16 — N’-Propyl-N-[3-hydroxy-2-oxo-24-nor-friedela-1(10),3,5,7-
tetraen-20-yl] urea

Figure 3.30 Chemical structure of compound 3.16

Prepared according to general procedure from 3.10 (40.0 mg, 0.09 mmol)
and propylamine (0.03 mL, 0.36 mmol) to yield 3.16 (18.6 mg, 41%) as an orange
powder. Mp: 216.4-217.9 °C. IR (neat) ymax : 3315, 2922, 1639, 1589, 1549, 1512,
1436 cm™. *H NMR (400 MHz, CDCls): & 7.02 (d, J = 7.0 Hz, 1H, H-6), 6.52 (s, 1H,
H-1), 6.35 (d, J = 7.2 Hz, 1H, H-7), 4.10 (s, 1H, NH), 3.91 (s, 1H, NH), 2.21 (s, 3H,
H-23), 1.43 (s, 3H), 1.40 (s, 3H), 1.26 (s, 3H), 1.11 (s, 3H), 0.83 (t, J = 7.2 Hz, 3H,
NHCH,CH,CHs), 0.77 (s, 3H) ppm; **C NMR (100 MHz, CDCls): 5 178.45 (C2),
171.07, 165.10, 157.64 (NHCO), 146.14 (C3), 134.37 (C6), 127.46 (C5), 119.53
(C1), 118.00 (C7), 117.29 (C4), 50.19, 45.28, 44.27, 43.32, 42.26, 39.41, 38.30,
36.56, 36.35, 34.34, 33.58, 31.91, 31.63, 30.58, 29.77, 29.19, 28.98, 23.60, 22.14,
20.31, 11.53, 10.41 ppm. MS (DI-ESI) (m/z): 507.3 [M+H]". Anal. Calcd. for
Ca2H46N203: C, 75.85; H, 9.15; N, 5.53. Found: C, 75.66; H, 8.99; N, 5.84.
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Derivative 3.17 — N’-Phenyl-N-[3-hydroxy-2-ox0-24-nor-friedela-1(10),3,5,7-
tetraen-20-yl] urea

Figure 3.31 Chemical structure of compound 3.17

Prepared according to general procedure from 3.10 (40.0 mg, 0.09 mmol)
and aniline (0.02 mL, 0.22 mmol) to yield 3.17 (35.1 mg, 73%) as an orange
powder. Mp: 288.0-291.2 °C. IR (neat) ymax: 3344, 2942, 1653, 1595, 1542, 1499,
1441 cm™. *H NMR (400 MHz, CDCl3): 5 7.30 (t, J = 7.0 Hz, 2H, Ar-H), 7.23 (d, J =
7.2 Hz, 2H, Ar-H), 7.01 (t-like, 2H, H-6, Ar-H), 6.33 (s, 1H, H-1), 6.26 (d, J = 7.0
Hz, 1H, H-7), 4.69 (s, 1H, NH), 2.22 (s, 3H, H-23), 1.42 (s, 3H), 1.29 (s, 3H), 1.17
(s, 3H), 1.09 (s, 3H), 0.46 (s, 3H) ppm; *C NMR (100 MHz, CDCl5): 8 178.61 (C2),
171.84, 165.24, 155.01 (NHCO), 146.20 (C3), 139.14 (NHArC), 134.99 (C6),
129.48 (2 x ArC), 127.15 (C5), 123.39 (ArC), 120.60 (2 x ArC), 119.59 (C1),
117.73 (C7), 117.39 (C4), 50.38, 45.33, 44.43, 43.50, 39.66, 37.93, 36.58, 36.16,
34.50, 33.06, 32.01, 31.19, 30.27, 29.88, 29.08, 28.69, 21.93, 20.01, 10.46 ppm.
MS (DI-ESI) (m/z): 541.3 [M+H]*. Anal. Calcd. for C3sHauN,O3: C, 77.74; H, 8.20;
N, 5.18. Found: C, 77.48; H, 8.33; N, 5.41.
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Derivative 3.18 — N’-(2-Amino-phenyl)-N-[3-hydroxy-2-oxo0-24-nor-friedela-
1(10),3,5,7-tetraen-20-yl] urea

Figure 3.32 Chemical structure of compound 3.18

Prepared according to general procedure from 3.10 (40.0 mg, 0.09 mmol)
and o-phenylenediamine (19.3 mg, 0.18 mmol) to yield 3.18 (34.4 mg, 69%) as a
dark orange powder. Mp: 302.6-303.9 °C. IR (neat) ymax : 3341, 2920, 1646, 1581,
1542, 1502, 1437 cm™. *H NMR (400 MHz, CDCls): 5 7.02 (d, J = 6.9 Hz, 1H, Ar-
H), 6.96 (d, J = 7.8 Hz, 1H, Ar-H), 6.73-6.64 (m, 3H, H-6, 2 x Ar-H), 6.48 (s, 1H,
H-1), 6.33 (d, J = 7.1 Hz, 1H, H-7), 4.50 (s, 1H, NH), 3.86 (s, 2H, NH,), 3.39 (s,
1H, NH), 2.21 (s, 3H, H-23), 1.41 (s, 3H), 1.40 (s, 3H), 1.23 (s, 3H), 1.08 (s, 3H),
0.67 (s, 3H) ppm; *C NMR (100 MHz, CDCls): & 178.53 (C2), 170.74, 164.98,
156.55 (NHCO), 146.22 (C3), 134.86 (NHArC), 134.30 (C6), 123.42 (C5), 120.41
(2 x ArC), 119.65, 119.26, 118.02, 117.33 (C4), 116.89, 116.72, 50.57, 45.22,
44.27, 43.24, 39.37, 38.24, 36.51, 35.64, 34.31, 33.40, 31.90, 31.21, 30.44, 29.87,
29.58, 28.89, 22.07, 20.38, 10.43 ppm. MS (DI-ESI) (m/z): 556.3 [M+H]". Anal.
Calcd. for C35H45N303: C, 75.64; H, 8.16; N, 7.56. Found: C, 75.78; H, 8.37; N,
7.65.
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Derivative 3.19 — N’-(4-Methyl-benzyl)-N-[3-hydroxy-2-o0x0-24-nor-friedela-
1(10),3,5,7-tetraen-20-yl] urea

Figure 3.33 Chemical structure of compound 3.19

Prepared according to general procedure from 3.10 (40.0 mg, 0.09 mmol)
and 4-methylbenzylamine (0.05 mL, 0.36 mmol) to yield 3.19 (19.2 mg, 38%) as a
brownish powder. 296.8-298.7 °C. IR (neat) ymax : 3377, 2920, 1636, 1592, 1550,
1513, 1437 cm™. 'H NMR (400 MHz, CDCls): & 7.07-6.94 (m, 5H, 4 x Ar-H, H-6),
6.53 (s, 1H, H-1), 6.33 (d, J = 7.2 Hz, 1H, H-7), 4.62 (s, 1H, NH), 2.21 (s, 3H, Ar-
CHs), 2.20 (s, 3H, H-23), 1.42 (s, 3H), 1.39 (s, 3H), 1.25, (s, 3H), 1.09 (s, 3H), 0.71
(s, 3H) ppm; *C NMR (100 MHz, CDCls): & 178.43 (C2), 170.99, 165.07, 157.51
(NHCO), 146.16 (C3), 136.95 (ArC), 136.64 (ArC), 134.32 (C6), 129.33 (2 x ArC),
127.46 (2 x ArC), 127.42 (C5), 119.64 (C1), 117.99 (C7), 117.15 (C4), 50.27,
45.20, 44.26, 44.03, 43.27, 39.47, 38.30, 36.57, 36.37, 34.24, 33.74, 31.88, 31.62,
30.56, 29.81, 29.15, 28.93, 22.02, 21.04, 20.48, 10.41 ppm. MS (DI-ESI) (m/z):
569.3 [M+H]". Anal. Calcd. for C37H4sN»O3: C, 78.13; H, 8.51; N, 4.93. Found: C,
78.40; H, 8.32; N, 4.78.
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Derivative 3.20 — N’-(2-Phenylethyl)-N-[3-hydroxy-2-ox0-24-nor-friedela-
1(10),3,5,7-tetraen-20-yl] urea

Figure 3.34 Chemical structure of compound 3.20.

Prepared according to general procedure from 3.10 (40.0 mg, 0.09 mmol)
and phenethylamine (0.05 mL, 0.36 mmol) to yield 3.20 (29.7 mg, 58%) as a
brownish powder. Mp: 276.8-280.1 °C. IR (neat) ymax : 3367, 2922, 1638, 1590,
1550, 1512, 1433 cm™. *H NMR (400 MHz, CDCls): & 7.21-7.07 (m, 5H, Ar-H),
7.03 (d, J = 7.0 Hz, 1H, H-6), 6.52 (s, 1H, H-1), 6.35 (d, J = 7.2 Hz, 1H, H-7), 4.10
(s, 1H, NH), 2.22 (s, 3H, H-23), 1.43 (s, 3H), 1.37 (s, 3H), 1.26 (s, 3H), 1.10 (s,
3H), 0.70 (s, 3H) ppm; *C NMR (100 MHz, CDCls): & 178.47 (C2), 170.85,
164.97, 157.32 (NHCO), 146.16 (C3), 139.25 (ArC), 134.24 (C6), 128.85 (2 x
ArC), 128.65 (2 x ArC), 127.49 (C5), 126.46 (ArC), 119.69 (C1), 118.03 (C7),
117.15 (C4), 50.29, 45.24, 44.25, 43.27, 41.51, 39.42, 38.29, 36.54, 36.47, 36.18,
34.33, 33.69, 31.92, 31.52, 30.54, 29.80, 29.30, 28.99, 22.12, 20.32, 10.41 ppm.
MS (DI-ESI) (m/z): 569.4 [M+H]". Anal. Calcd. for Cs;H4sN.O3: C, 78.13; H, 8.51;
N, 4.93. Found: C, 78.39; H, 8.12; N, 4.80.
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Derivative 3.21 — N’-[2-(3-Chlorophenyl)-ethyl]-N-[3-hydroxy-2-0x0-24-nor-
friedela-1(10),3,5,7-tetraen-20-yl] urea

Figure 3.35 Chemical structure of compound 3.21.

Prepared according to general procedure from 3.10 (40.0 mg, 0.09 mmol)
and 2-(3-chlorophenyl)ethylamine (0.05 mL, 0.36 mmol) to yield 3.21 (21.2 mg,
40%) as a dark orange powder. Mp: 201.6-203.0 °C. IR (neat) ymax : 3355, 2923,
1640, 1588, 1549, 1513, 1436 cm™. *H NMR (400 MHz, CDCls): & 7.14-7.00 (m,
4H, Ar-H), 6.98 (d, J = 6.4 Hz, 1H, H-6), 6.50 (s, 1H, H-1), 6.35 (d, J = 6.9 Hz, 1H,
H-7), 4.14 (s, 1H, NH), 2.21 (s, 3H, H-23), 1.43 (s, 3H), 1.37 (s, 3H), 1.25 (s, 3H),
1.10 (s, 3H), 0.69 (s, 3H) ppm; **C NMR (100 MHz, CDCls): & 178.47 (C2),
170.84, 165.02, 157.23 (NHCO), 146.15 (C3), 141.45 (ArC), 134.38 (C6), 134.28
(ArC-ClI), 129.93 (ArC), 128.99 (ArC), 127.50 (C5), 127.10 (ArC), 126.62 (ArC),
119.63 (C1), 118.08 (C7), 117.23 (C4), 50.34, 45.25, 44.26, 43.27, 41.21, 39.44,
38.26, 36.54, 36.22, 36.14, 34.34, 33.72, 31.92, 31.50, 30.52, 29.83, 29.33, 28.97,
22.09, 20.32, 10.42 ppm. MS (DI-ESI) (m/z): 603.3 [M+H]". Anal. Calcd. for
Cs7H47CIN2O3: C, 73.67; H, 7.85; N, 4.64. Found: C, 73.53; H, 7.68; N, 4.53.
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Derivative 3.22 — N’-(4-Fluoro-benzyl)-N-[3-hydroxy-2-o0x0-24-nor-friedela-
1(10),3,5,7-tetraen-20-yl] urea

Figure 3.36 Chemical structure of compound 3.22

Prepared according to general procedure from 3.10 (40.0 mg, 0.09 mmol)
and 4-fluorobenzylamine (0.04 mL, 0.36 mmol) to yield 3.22 (42.0 mg, 82%) as an
orange powder. Mp: 217.6-219.7 °C. IR (neat) ymax : 3366, 2922, 1639, 1588, 1550,
1437, 1437 cm™. *H NMR (400 MHz, CDCls): 8 7.17-7.10 (m, 2H, Ar-H), 7.02 (d, J
= 6.8 Hz, 1H, H-6), 6.87 (t, J = 8.3 Hz, 2H, Ar-H), 6.48 (s, 1H, H-1), 6.33 (d,J=7.0
Hz, 1H, H-7), 4.72 (s, 1H, NH), 4.21-4.12 (m, 3H, NH, NHCH,), 2.21 (s, 3H, H-23),
1.41 (s, 3H), 1.38 (s, 3H), 1.24 (s, 3H), 1.09 (s, 3H), 0.68 (s, 3H) ppm, *C NMR
(100 MHz, CDClg): 6 178.44 (C2), 170.86, 165.03, 163.27 (ArC-F), 160.83 (ArC-F),
157.39 (NHCO), 146.17 (C3), 135.41 (ArC), 134.36 (C6), 129.16 (ArC), 129.08
(ArC), 127.45 (C5), 119.57 (C1), 118.04 (C7), 117.28 (C4), 115.56 (ArC), 115.34
(ArC), 50.38, 45.21, 44.24, 43.64, 43.24, 39.41, 38.29, 36.54, 36.25, 34.29, 33.66,
31.89, 31.54, 30.53, 29.78, 29.24, 28.92, 22.05, 20.40, 10.42 ppm. MS (DI-ESI)
(m/z): 573.3 [M+H]". Anal. Calcd. for CzsHssFNoO3: C, 75.49; H, 7.92; N, 4.89.
Found: C, 75.81; H, 8.01; N, 5.06.
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3.4.2. Biology

3.4.2.1. Reagents and cells

All cell lines were obtained from the American Type Culture Collection
(ATCC, USA). Dulbecco’s Modified Eagle’s Medium (DMEM) High Glucose with L-
Glutamine, Phosphate buffered saline (PBS) and L-glutamine were purchased
from Biowest. DMEM, no glucose, no glutamine, no phenol red; Penicillin (10.000
units/mL)/Streptomycin  (10.000 pg/mL) (P/S) Solution, MEM-EAGLE Non
Essential Aminoacids 100 x, Fetal bovine serum (FBS), protease inhibitor cocktail,
phosphatase inhibitor cocktail and Pierce™ BCA Protein Assay Kit were obtained
from Thermo Fisher Scientific. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) powder was obtained from Applichem Panreac. DMSO, Hoechst
33342, Propidium lodide (PI), sodium bicarbonate solution 7.5%, glucose solution
45%, Igepal® CA-630, Trizma Base, Ethylenediaminetetraacetic acid (EDTA),
Triton X-100, Sodium Deoxycholate and Tween-20® were purchased from Sigma-
Aldrich Co. Human insulin solution 10 mg/mL was obtained from SantaCruz
Biotechnology. Sodium pyruvate solution 100 mM, ECL Western Blotting Detection
Kit Reagent and Trypsin/EDTA (0.05%/0.02%) were obtained from Biological
Industries. Annexin V-FITC was purchased from Bender MedSystems.
Hydrophobic Polyvinylidene Fluoride (PVDF) and Western Blotting Detection Kit

Reagent (Millipore) were purchased from Merck Millipore.

Primary antibody against a-actin was purchased from MP Biomedicals.
Primary antibodies against caspase-3, cleaved caspase-3, caspase-8, caspase-9,
Hsp90, mTOR, p-mTOR, Akt and pAkt were obtained from Cell Signalling
Technology. Primary antibodies against Bax, Bcl-2, p-JNK, p-JNK, were
purchased from SantaCruz Biotechnology. Primary antibodies against PARP, Bid
and cytochrome c were obtained from BD Pharmingen, and primary antibody
against p53 was obtained from Merck Millipore. Secondary antibody HRP-
conjugated anti-mouse was obtained from Dako and secondary antibody HRP-

conjugated anti-rabbit were obtained from Amersham Biosciences.
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3.4.2.2. Compounds

Celastrol 1.26 and its derivatives were stored at -20 °C as stock solutions of
10 mM in DMSO. The stock solutions were diluted in culture medium just before
the start of each experiment in order to obtain the working solutions with the final
concentrations of the compounds. Final concentration of DMSO was lower than
0.5% in all conditions assayed. Cisplatin was obtained from Sigma Aldrich.

3.4.2.3. Cell culture

A549, MDAMB-231, MIA PaCa-2, SKBR-3 and SKOV-3 cells were grown in
DMEM High Glucose with L-Glutamine supplemented with 10% (V/V) FBS and 1%
(VIV) PIS solution. MCF-7 cells were maintained in DMEM without phenol red
supplemented with 10% (V/V) FBS, 0.1% (V/V) P/S solution, 2 mM L-glutamine, 1
mM sodium pyruvate, 10 mM glucose, MEM-EAGLE Non Essential Aminoacids 1
x and 0.01 mg/mL Human Insulin. BJ cells were cultured in DMEM High Glucose
supplemented with 10% (V/V) FBS, 1% (V/V) P/S solution, 2 mM L-Glutamine and
1 mM Sodium Pyruvate. All cells were routinely maintained as a monolayer culture
and incubated under standard culture conditions (humidified atmosphere with 5%
CO; at 37 °C).

3.4.2.4. Cell viability assay

The viability of all cell lines in the presence of different concentrations of the
compounds was determined by the MTT assay. For this assay, 2 x 10° A549, MIA
PaCa-2, SKOV-3 cells or 10 x 10° BJ, SKBR-3, MDAMB-231 cells per well were
seeded in 96 well plates and allowed to attach for 24 h. Then, growth medium was
changed in every well and the compounds were added at increasing
concentrations in triplicate. After 72 h of incubation, the supernatant in each well
was replaced by 100 pL of filtered MTT solution (0.5 mg/mL of growth medium),
and the plates were incubated again for 1 h at 37 °C. The MTT solution was then
removed, and the formazan crystals formed were dissolved in 100 pL of DMSO.

The absorbance at 550 nm in all wells was immediately read on an ELISA plate
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reader (Tecan Sunrise MR20-301, TECAN) as an indicator of the cell viability.
Subsequently, the ICso values were calculated by non-linear regression using
Graphpad Prism 5 software. To obtain the mean + standard error of mean (SEM)

values of ICsp, three independent experiments were performed.

3.4.2.5. Cell-cycle assay

SKOV-3 cells were seeded with 2 mL of medium at a density of 4 x 10*
cells per well in 6 well plates, and incubated at 37 °C for 24 h. Cells were then
treated with compound 3.21 at the specified concentrations for 24, 48 and 72 h.
Following the respective period of incubation, cells were harvested by mild
trypsinization, washed twice with PBS, collected by centrifugation and
resuspended with Tris-Buffered Saline (TBS) containing 50 mg/mL PI, 10 mg/mL
DNase-free RNase and 0.1% Igepal® CA-630. In order to stain the cells with the
Pl, this suspension was incubated for 1 h at 4 °C and protected from the light.
Subsequently the Pl content in each cell was assessed by flow cytometry using a
Fluorescence-Activated Cell Sorter (FACS). FACS analysis was carried out at 488
nm in an Epics XL flow cytometer (Coulter Corporation, Hialeah, FL). Data from 1
x 10* cells were collected and analysed using the multicycle software (Phoenix
Flow Systems, San Diego, CA). Experiments were repeated three times with two
replicates per experiment.

3.4.2.6. Apoptosis assay

SKOV-3 cells were seeded, treated, incubated and harvested as described
above for the cell-cycle analysis assay. After centrifugation, the cells were
resuspended in 95uL of binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM
NaCl, 2.5 mM CaCl,). 3 uL of Annexin-V FITC conjugate (1 mg/mL) was then
added to the cell suspension, which was then incubated for 30 min protected from
the light. Shortly before FACS analysis, 500 uL more of binding buffer and 20 pL
of PI solution (1 mg/mL) were added to each cell suspension. FACS analysis was
performed at 488 nm in an Epics XL flow cytometer (coulter Corporation, Hialeah,

FL). Data from 1 x 10* cells were collected and analysed using the multicycle
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software (Phoenix Flow Systems, San Diego, CA). Experiments were repeated

three times with two replicates per experiment.

3.4.2.7. Hoechst 33342 staining

SKOV3 cells were seeded at a density of 4 x 10* cells per well in 6-well
plates, and incubated at 37 °C for 24 h. Cells were then treated with compound
3.21 at its ICsg concentration for 48 h. The culture medium was removed and cells
were washed twice with PBS. The cells were then stained with 500 L of Hoechst
33342 solution (1 pg/mL in PBS) for 10 min at 37 °C and protected from light. The
morphological modifications were analysed by fluorescence microscopy using a
fluorescence microscope (DMRB Leica Microssystems, Weltzar Germany) with a
DAPI filter.

3.4.2.8. Preparation of total protein extract

SKOV-3 cells (4 x 10* cells/well) were seed in 6-well plates with 2 mL of
medium, and incubated at 37 °C for 24 h prior to the addition of the compound
3.21 at its ICso concentration. After 72 h of incubation, the cell monolayer was
washed twice with ice-cold PBS. The cells were then incubated for 30 min in ice-
cold lysis buffer (20 mM Trizma Base pH 7.5, 1 mM dithriothreitol, 1 mM EDTA,
0.0002% Triton X-100, 0.5 mM sodium deoxycholate, 0.4 mM PMSF, 1% protease
inhibitor cocktail and 1% phosphatase inhibitor cocktail). Subsequently, the cells
were scraped, and the resulting cell extracts were sonicated and centrifuged at
16000 g for 10 min at 4 °C. Supernatants were kept and their protein content was

quantified by the BCA assay Kkit.

3.4.2.9. Western blot analysis

A volume of protein extract corresponding to 30 ug of protein was loaded on
8% or 15% sodium dodecyl sulfate (SDS)-polyacrylamide gels. The proteins were
then separated through electrophoresis, transferred to PVDF membranes and
blocked with PBS containing 0.1% Tween-20® (PBST 0.1%) and 5% non-fat milk
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during 1 h at room temperature. Afterwards, the membranes were blotted with
primary specific antibodies for 1 h at room temperature (a-actin) or overnight at 4
°C (all the remaining primary antibodies). Then, the membranes were washed with
PBST 0.1% and incubated with the appropriate secondary antibody (anti-mouse or
anti-rabbit) for 1 h at room temperature. Following this incubation, the membranes
were washed again with PBST 0.1%. Blots were developed using a

chemiluminescence Western Blotting Detection Kit and autoradiography film.

3.4.2.10. Synergy study

SKOV-3 cells were seeded in 96-well plates as described above for cell
viability assays. After 24 h, the cells were treated with 3.21, cisplatin, or both
compounds at the same time at different concentrations with a constant ratio
between them. After 72 h of incubation the cell viability was assessed using the
MTT assay following the above-mentioned procedure. The CompuSyn software
(ComboSyn, Inc., Paramus, NJ, USA) was used to analyse the effect of compound
3.21, cisplatin and a combination of both. The synergy between both compounds
was quantified by determining the Combination Index (Cl). Cl values below 1,
equal to 1 and above 1 represent synergism, additivity and antagonism,
respectively.

3.4.2.11. Data analysis and statistical methods

All conditions were performed at least in triplicate. Statistical analyses were
performed using Graphpad Prism 5 software. Control and treated conditions were
compared using two-tailed independent sample Student’s t-tests. Results were
considered statistically significant if p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***).
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para-quinone methide
Celastrol

Compound 4.11

IC5¢ (SKOV-3 cancer cell line) = 0.54 uM
IC5¢ (Non-tumour BJ cell line) = 3.68 uM

Highlights

e A series of novel C(29) carbamate celastrol derivatives was designed and
synthesised.

e Some of the carbamate derivatives showed potent anticancer activity against tumour
cell lines.

e A carbamate diacetate derivative, compound 4.11, was the most active and selective.

e Compound 4.11 induced apoptosis via the extrinsic pathway in ovarian cancer cells.

o Derivative 4.11 is a potential new agent for combinatorial drug therapy for ovarian

cancer.
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4. CHAPTER IV

Design, synthesis and biological evaluation of novel C(29) carbamate

celastrol derivatives as potent and selective cytotoxic compounds

4.1. INTRODUCTION

Triterpenoids comprise a large and structurally diverse class of secondary
metabolites that are distributed ubiquitously in plants [331, 332]. The success of
these natural products in cancer drug discovery is increasing continuously, as
reflected by the exponential growth of scientific publications and patents in this
field [297-299, 333-338]. Celastrol 1.26 is a natural QM triterpenoid that was
isolated from the traditional Chinese medicinal plant Tripterygium wilfordii Hook F.,
the extracts of which have been used in the treatment of autoimmune,
inflammatory and neurodegenerative diseases, as well as in the treatment of many
types of cancer [339-341]. Although celastrol 1.26 itself has a remarkable
anticancer activity on various cancer cells [235, 239, 342], its pharmacological
properties can be further optimised through the generation of more potent

derivatives, as demonstrated in other studies [113, 287].

Recently, we synthesised a C(29) urea derivative of celastrol with an intact
QM moiety that displayed both increased cytotoxicity and improved selectivity in a
variety of human tumour cell lines [343]. Thus, modifications of celastrol at C(29)
seem to be a valid strategy for obtaining highly active and tumour-cell-selective
derivatives. However, while some of the articles on this subject reported to date
consider the reactive QM group of celastrol 1.26 as the active moiety [107, 119,
242], others consider that modifications on the A/B-rings produce celastrol
derivatives that are better candidate drugs for treating cancer [108, 287, 292, 294].
Therefore, further research on the role of the QM group in the anticancer activity of
the derivatives is warranted. Moreover, there is a growing interest in carbamate
derivatives because of their application in medicinal chemistry. The carbamate
functionality is normally associated with chemical stability and increased

permeability across cellular membranes [344]. These properties have been
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exploited in drug design, which made the carbamate group the key structural
element of several approved drugs (e.g., entinostat [345], mitomycin C [346],

irinotecan [347] and capecitabine [348]).

In this study, we designed, synthesised and evaluated a series of novel
carbamate derivatives of celastrol as part of our continued effort to identify natural
product derivatives with more potent anticancer activities and higher selectivity. In
addition, we established a more consistent SAR study on the effect of the A/B-ring
modifications of celastrol derivatives on anticancer activity. The most active
compound according to viability assays was further evaluated to study its effect on
colony formation capacity, cell-cycle progression, induction of apoptosis and the
expression levels of apoptosis-related proteins. Possible synergistic antitumour
effects of the compound and carboplatin were also evaluated in ovarian cancer

cells.
4.2, RESULTS AND DISCUSSION

4.2.1. Chemistry

The synthetic routes of celastrol derivatives are outlined in Scheme 4.1-4.3.
Nuclear magnetic resonance (NMR) was used to elucidate the chemical structures
based on *H, *3C and DEPT-135 NMR experiments. The structures and high purity
of all compounds were confirmed by determination of the melting point (Mp),

infrared spectroscopy (IR), mass spectrometry (MS) and elemental analyses.

In a previous work, we described an efficient method for the synthesis of the
isocyanate compounds 3.3, 3.10 and 3.5 [343]. In the present study, to improve
the activity of celastrol 1.26, we synthesised new carbamate derivatives from
isocyanates. The carbamate group is also a key structural motif because of its
ability to form hydrogen bonds as both a hydrogen bond donor and acceptor with
water, thus contributing to the overall water solubility and bioavailability. Therefore,
the novel C(29) carbamate celastrol derivatives 4.1-4.6 (Scheme 4.1), 4.7, 4.8
(Scheme 4.2) and 4.11 (Scheme 4.3) were prepared by nucleophilic addition of
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alcohols to isocyanates catalysed by a base (trimethylamine), in good vyields
(77%—-88%).

Celastrol 1.26

4.1-CH,

4.2 - CH,CH,

4.3 - CH,CH,CHj
4.4 - (CH,),CH,

o

4.6 -

M on

Scheme 4.1 Synthesis of celastrol derivatives 4.1-4.6. Reagents and conditions: a) NaBH,,
MeOH, R.T., 10 min; b) (CH3CO),0, DMAP, THF, R.T., Ny, 4 h; c) (COCI),, CH,Cl,, R.T., Ny, 4 h;

NaNs, H,O, acetone, 0 °C, 1 h; in toluene, reflux, 2 h; d) K,CO3z, MeOH, 0 °C, N,, 15 min; ) ROH,
Et;N, R.T., Ny, 12 h.
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The introduction of the carbamate function in compounds 4.1-4.11 was
confirmed by the specific signal for the proton on nitrogen, a singlet around 4.40
ppm observed in the *H NMR spectra (Figure 4.1), and for the carbamate carbonyl
carbon around 155 ppm observed in the *C NMR spectra (Figure 4.2). The
remaining spectra signals for the series of carbamate derivatives 4.1-4.6 (Scheme

4.1 and Figure 4.2) were similar to those of the parent celastrol 1.26 [154].
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Figure 4.3 DEPT-135 NMR spectrum of compound 4.1.
Compounds 4.7 and 4.8 (Scheme 4.2) were structurally diversified by
methylation in the presence of anhydrous potassium carbonate and methyl iodide,

and afforded celastrol analogues 4.9 and 4.10.

47- CH; -H  -H

48- CH,CH; -H  -H
d Ri Ry Rs3

49- CH;  -CHs -H

410 - CH,CH; - CH; - CHj,

Scheme 4.2 Synthesis of celastrol derivatives 4.7-4.10. Reagents and conditions: a) t-BuOOH,
NaClO,, ag. CHsCN 1:3, R.T., 1 h; b) (COCI),, CH,Cl,, R.T., N5, 4 h; NaNs, H,O, acetone, 0 °C, 1 h;
in toluene, reflux, 2 h; c) ROH, Et;N, R.T., N,, 12 h; d) CHsl, K,CO3;, DMF, R.T., N,, 6 h.

115



Chapter IV

The spectra signals for the triterpenoic skeleton in the series of compounds
4.7-4.10 were similar to those of the 6-oxo derivatives (Figure 4.4 and Figure 4.5)
[343].
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Additionally, a carbamate diacetate celastrol derivative was synthesised

(derivative 4.11, Scheme 4.3).
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Scheme 4.3 Synthesis of celastrol derivatives 4.11-4.14. Reagents and conditions: a) MeOH,
Et;N, R.T., N,, 12 h; b) (COCI),, CH,Cl,, R.T., N,, 4 h; ¢) conc. ammonia, toluene, 0 °C, 1 h; d)
LTBA, THF, 0 °C, 1h; e) NaBH,4, EtOH, R.T., 1 h.

To confirm the role of the carbamate function at C(29) in the biological
activity of the diacetate celastrol derivatives, we synthesised other diacetate
derivatives with different functional groups at C(29) (Scheme 4.3), namely a

primary amide (derivative 4.12), an aldehyde (derivative 4.13) and a primary
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alcohol (derivative 4.14). The spectra signals for the triterpenoic skeleton in the
series of compounds 4.11-4.14 were similar to those of the diacetate celastrol

derivatives (Figure 4.6 and Figure 4.7) [343].
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In addition, the successful synthesis of compounds 4.12-4.14 was
confirmed by the characteristic *H NMR spectra, which showed specific chemical
shifts influenced by: the primary amide (singlet at 5.67 ppm, for derivative 4.12),
the aldehyde (doublet ranging from 9.29 to 9.31 ppm, with a coupling constant of
1.3 Hz, for derivative 4.13) and the primary alcohol (two doublets ranging from
3.43 to 3.39 ppm and from 3.24 to 3.19 ppm, with a coupling constant of around
10.5 Hz, for derivative 4.14) (Figure 4.8); in combination with the observation of

13C NMR signals at 181.48 ppm, 205.28 ppm and 71.86 ppm, respectively.
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Figure 4.8 Portions of "H NMR spectra of compound 4.12-4.14.

4.2.2. Biological evaluation

4.2.2.1. Cytotoxic activity and selectivity of celastrol derivatives

The activity of the celastrol 1.26 and its derivatives (1.81-4.1) on the
viability of cancer cells was initially evaluated in two human tumour cell lines (lung
carcinoma A549 and pancreatic carcinoma MIA PaCa-2 cells) using the well-
established 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
colorimetric assay [349]. The results of these assays, expressed as ICsy values
(the concentration needed to inhibit 50% of cell viability compared with the control

condition), are summarised in Table 4.1.
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Table 4.1 ICs, values of celastrol 1.26 and its derivatives against lung carcinoma A549 and
pancreatic carcinoma MIA PaCa-2 cell lines.

Cell line/ICso® (UM + SEM)

Compound

Ab549 MIA PaCa-2
Celastrol 1.26 1.56+0.08 0.46+0.03
181 3.15+0.07 0.72+0.06
1.82 2.21+0.17 0.56+0.02
3.3 2.89+0.14 1.4140.09
3.10 2.4740.05 0.53+0.03
4.1 1.7440.05 0.58+0.05
4.2 1.931+0.04 0.78+0.03
4.3 1.001+0.02 0.40+0.01
4.4 1.05+0.02 0.32+0.01
4.5 2.2340.02 0.80+0.08
4.6 1.5840.08 1.004+0.04
3.4 >10 >10
3.5 >10 >10
4.7 6.53+0.43 6.50+0.49
4.8 >10 >10
49 >10 >10
4.10 >10 >10
4.11 0.88+0.04 0.33+£0.02
4.12 1.27+0.06 0.36+0.01
4.13 2.7740.22 0.38+0.03
4.14 1.874+0.13 0.48+0.02

& Cells were treated with increasing concentrations of the indicated compounds for 72 h. Their effect on cell
viability was determined by MTT assay and the ICso values are expressed as the mean + SEM of three

independent experiments.

The conversion of parent celastrol 1.26 into C(29) carbamate derivatives
(4.1-4.6, Scheme 4.1) resulted in some potent anticancer compounds against the
tested tumour cell lines. The ICsq values were in the low micromolar range, which
was comparable to the values obtained for celastrol 1.26 (Table 4.1). In particular,
compound 4.4, the hydroxyquinonemethide carbamate bearing the longer
saturated linear chain (n-pentyl), showed the best cytotoxic activity in this series,
which might be related with the improvement in membrane permeability caused by

the side chain.
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To better understand the potential of the C(29) carbamate derivatives, we
also tested the cytotoxic activity of analogues with further modifications in the A/B-
rings (compounds 4.7-4.10, Scheme 4.2). Although it has been recently reported
that some C(6) functionalised celastrol derivatives displayed increased in vitro
cytotoxic activities against the tumour cell lines tested [108, 287, 292], the results
obtained here for compounds 4.7-4.10 demonstrated a considerable decrease in
their activities (Table 4.1). This seems to confirm that the improvements in the
anticancer activity of celastrol derivatives associated with modifications at the C(6)

position are highly dependent on the nature of the substituent group.

Considering that substitutions of positions C(2) and C(3) in the A-ring have
been reported without entailing loss of activity — as shown for the diacetate
compounds 1.82 and 3.3 — we synthesised compound 4.11, a carbamate
diacetate celastrol derivative (Scheme 4.3), and evaluated its effect on the viability
of cancer cells (Table 4.1). The anticancer activity of other diacetate celastrol
derivatives (compounds 4.12-4.14, Scheme 4.3) was also assessed and
compared with that of compound 4.11 (Table 4.1). Once more, the results
confirmed that the remarkable anticancer activity of celastrol 1.26 and its
derivatives was not exclusively caused by the electrophilicity of the integral
hydroxyquinonemethide substructure of the A/B-rings. In fact, with the exception of
compound 4.14, all the diacetate derivatives exhibited a higher cytotoxic activity
against the MIA PaCa-2 cell line compared with the parent compound celastrol
1.26, and the carbamate derivative 4.11 was the most active among them.
Furthermore, the most active of all tested compounds against the cell lines studied
were two C(29) carbamates (compounds 4.4 and 4.11) bearing different

substructures of the A/B-rings.

According to these results, derivatives 4.4 and 4.11 were selected to study
the selectivity of their effect on cancer cell lines. Thus, additional viability assays
were performed on different malignant cells (colorectal adenocarcinoma HT-29,
ovarian carcinoma SKOV-3 and breast cancer MCF-7 and MDAMB-231 cells) and
on non-malignant human cells (BJ fibroblasts). As observed in Table 4.2, both

compounds 4.4 and 4.11 proved to be very potent against all the tumour cell lines,
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but only compound 4.11 exhibited an interesting increase in selectivity between
tumour cells and non-tumour human BJ cells. Moreover, SKOV-3 cells were more
sensitive to compound 4.11 than the other tested cancer cell lines and showed a
seven-fold increase in tumour-to-non-tumour sensitivity, which was an important
improvement in selectivity compared with the parent compound celastrol 1.26
(Figure 4.9).

Table 4.2 I1C5, values of celastrol 1.26 and its derivatives against non-tumour fibroblast cell line BJ
and tumour cell lines HT-29, SKOV-3, MCF-7 and MDAMB-231.

Cell line/ICs® (UM + SEM)

Compound -
P BJ HT-29 SKOV-3 MCF-7 MDQI\IIB
Celastrol 1.26 2.74+0.14 1.284+0.05 1.16+0.03 1.351+0.05 1.32+0.11
4.4 0.88+0.03 1.02+0.02 0.45+40.02 0.59+40.04 0.52+0.04
4.7 > 30 ND 7.98+0.39 ND ND
4.11 3.68+0.20 1.54+40.05 0.54+0.02 1.68+0.13 1.35+0.06

& Cells were treated with increasing concentrations of the indicated compounds for 72 h. Their effect on cell
viability was determined by MTT assay and the ICso values are expressed as the mean + SEM of three
independent experiments. ND: not determined.

Celastrol 1.26 Compound 4.11
1501 150+
—e— SKOV-3 —e— SKOV-3
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Figure 4.9 Dose-dependent effect of celastrol 1.26 and derivative 4.11 on SKOV-3 and BJ cells
viability. The activity on cell viability was determined by MTT assay and the graphs were obtained
based on three independent experiments using Graphpad Prism 5 software and expressed as
mean * SEM.

The results of a preliminary SAR study of compounds 4.1, 4.7, 4.9 and 4.11
against the A549, MIA PaCa-2 and BJ cell lines, based on their IC5 values, are

summarised in Table 4.3.
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Table 4.3 Schematic representation of the SAR study for the cytotoxic activity of some derivatives
of celastrol 1.26 against A549, MIA PaCa-2 and BJ cell lines, based on the ICs, values.

Celastrol 1.26

SAR for the activity over cell viability and
tumour-to-non-tumour selectivity

O
4.1 S | | Antitumour activity
HO
HO
47 | || Antitumour activity
' HO 111 Tumour-to-non-tumour selectivity
(0]
HO
4.9 S | 11| Antitumour activity
O
0.0
411 Y | 111 Antitumour activity
' 0] 111 Tumour-to-non-tumour selectivity
o)\

The conversion of the carboxylic acid to a methyl carbamate at the C(29)

Compound A/B-rings

position (compound 4.1) had only a minor impact on the anticancer activity. Allylic
oxidation at the C(6) position and consequent rearrangement in the A/B-rings
(compound 4.7), on the other hand, appeared to decrease the activity of the
compounds (ICsp values of 6.5 uM for both A549 and MIA PaCa-2 cell lines), while
simultaneously increasing the tumour-to-non-tumour selectivity dramatically (ICso
value for BJ cells > 30 uM) (Table 4.2). Methylation of the C(2) hydroxyl group
(compound 4.9) led to an even greater drop in the activity on cell viability. Finally,
compound 4.11 — a C(2), C(3) diacetate compound obtained from 4.1 —
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simultaneously showed the best cytotoxicity combined with the best selectivity

between malignant cells and non-malignant fibroblasts.

4.2.2.1. Antiproliferative activity of derivative 4.11

Based on the ICgg values at 72 h shown in Table 4.2, it was found that the
SKOV-3 cell line was especially sensitive to derivative 4.11. These results
obtained using short-term MTT assays were complemented with a longer-term in
vitro cell survival assay — the colony formation assay. This assay determined the
ability of single cells to survive and grow into cell colonies after treatment with
compound 4.11. As shown in Figure 4.10, compound 4.11 weakened the colony-
formation capacity of SKOV-3 cells in a dose-dependent manner compared with
the untreated cells (control). In fact, after exposing the SKOV-3 cells to compound
4.11 at twice its ICsg concentration for 24 h, only an insignificant fraction of seeded
cells retained the ability to produce colonies. These observations suggest that
derivative 4.11 has not only a cytotoxic effect, but also an antiproliferative effect on
SKOV-3 cells.

Compound Compound
411[ICs] | 411[2XICs]

Control :

P 6 well plates

Phase Contrast
Images

Figure 4.10 Images from the clonogenic assay of SKOV-3 cells untreated (control) and after being
exposed to compound 4.11 at concentrations of [ICsg] and 2 x [ICs] for 24 h and then allowed to
grow in drug-free medium in 6-well plates for another 12 days. (A) Images of P6 plates after
staining with 1% crystal violet (in methanol) for 4 h. (B) Phase contrast images of SKOV-3 cells
forming colonies.
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4.2.2.1. Effects of derivative 4.11 on cell-cycle distribution and

apoptosis

It has been reported that celastrol 1.26 induces cell-cycle arrest and
apoptosis in different cancer cell lines [146, 201, 205]. Therefore, compound 4.11
was also selected for the characterisation of its effect on cell-cycle distribution and
apoptosis. SKOV-3 cells were treated with compound 4.11 at its ICso concentration
for 24, 48 and 72 h and were analysed by flow cytometry using a Fluorescence-
Activated Cell Sorter (FACS). To evaluate the possible role of cell-cycle arrest in
the anticancer effect of compound 4.11, SKOV-3 cells were labelled with
propidium iodide (PI), a red-fluorescent DNA-binding counter-stain, after treatment
with compound 4.11. This analysis indicated that compound 4.11 had a negligible
effect on the cell-cycle distribution of SKOV-3 cells compared with the control

conditions (Figure 4.11).
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Figure 4.11 Cell-cycle analysis of compound 4.11 in SKOV-3 cells. Cells were treated with
compound 4.11 at its ICsy concentration for 24, 48 and 72 h and analysed by flow cytometry. The
figures are representative of three independent experiments and the values are expressed as
means = SD.
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An apoptosis analysis was subsequently performed to examine whether
compound 4.11 was able to induce physiological apoptosis in cancer cells. SKOV-
3 cells treated with compound 4.11 were analysed after annexin V-FITC/PI double-
staining. This analysis distinguishes and quantifies viable cells (annexin V-, PI-),
early apoptotic cells (annexin V+, Pl-) and late apoptotic/necrotic cells (PI1+) [11].
We observed that compound 4.11 significantly induced apoptosis against SKOV-3
cells in a time-dependent manner (Figure 4.12). The greatest effect was registered
at 72 h of incubation with an increase from 4.5% (control condition) to 29.9%
(treated cells) in early apoptotic cells. In general, these results suggest that the
potent antitumour activity of compound 4.11 in SKOV-3 cells is mainly mediated by

induction of apoptosis.
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Figure 4.12 Apoptosis analysis of compound 4.11 in SKOV-3 cells. Cells were treated with
compound 4.11 at its ICsq concentration for 24, 48 and 72 h and analysed by flow cytometry. The
figures are representative of three independent experiments and the values are expressed as
means + SD.
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4.2.2.1. Morphological characteristics of SKOV-3 cells treated

with derivative 4.11

To confirm that apoptosis induction was the main mechanism underlying the
biological activity of compound 4.11, a morphological analysis of cell death by
apoptosis was performed using fluorescence microscopy after staining nuclear
DNA with the Hoechst 33342 fluorescent dye. As shown in Figure 4.13, SKOV-3
cells treated for 48 h with compound 4.11 at its ICsy concentration exhibited
nuclear condensation and fragmentation, cell shrinkage and fragmentation into
apoptotic bodies, which are all typical morphological characteristics of apoptotic
cells. These cytological observations further corroborated the apoptosis-induced
effect of compound 4.11 on SKOV-3 cells.

A. Control B. Compound 4.11[IC,,)]

Figure 4.13 Representative fluorescence microscopy images after staining nuclear DNA with
Hoechst 33342 fluorescent dye. (A) Control — untreated SKOV-3 cells. (B) SKOV-3 cells treated
with compound 4.11 at its ICso concentration for 48 h. Arrows indicate morphological characteristics
of apoptotic cells.

4.2.2.2. Effects of derivative 4.11 on the expression levels of

apoptosis-related proteins

To further explore the mechanism of action via which compound 4.11
induces apoptosis, its effects on the expression levels of apoptosis-related
proteins were also analysed. It is widely known that apoptosis is mediated by a
group of cysteine proteases called caspases, whose inactive form (procaspase) is
activated by proteolytic cleavage. The numerous mechanisms for activating
procaspases can be grouped into two main signalling pathways: the extrinsic and

the intrinsic pathway [53].
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Caspase-8 and caspase-9 are key initiators in the extrinsic and intrinsic
apoptotic pathways, respectively. While caspase-8 is activated in response to
extracellular apoptosis-inducing ligands, caspase-9 is activated in response to
several intrinsic stimuli. Caspase-3, a downstream effector caspase, amplifies the
initiation signals of both caspase-8 and caspase-9, and, therefore, plays a key role
in both pathways [350]. In this study, we showed that SKOV-3 cells treated for 72
h with compound 4.11 at its ICsp concentration exhibited a great decrease in the
expression levels of procaspase-8 and procaspase-3, with a concomitant increase
in the levels of the corresponding cleaved (activated) caspases. Differences in the
expression levels of caspase-9, in contrast, were not so apparent (Figure 4.14A).

A. B.
Compound 4.11 - + Compound 4.11 - +

Procaspase-8 Bid
Cleaved caspase-8 t-Bid -
Procaspase-3 Bax -
Cleaved caspase-3 Bel-2 -
Procaspase-9 PARP -
Cleaved caspase-9 Cleaved PARP _
a-actin a-actin -

Figure 4.14 Western blot analysis showing the expression levels of apoptosis-related proteins in
SKOV-3 ovarian cancer cells after 72 h treatment with compound 4.11 at its ICsq concentration. a-
actin was used as loading control.

The caspase cascade induces the cleavage of other specific protein targets,
such as PARP, the cleaved form of which is considered to be a hallmark of
apoptosis [351]. Moreover, caspase-8 can cleave Bid into its truncated active form,

tBid, a proapoptotic protein that regulates mitochondria-mediated (intrinsic)
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apoptosis by activating Bax directly. Consequently, we sought to explore the effect
of compound 4.11 on the levels of these proteins [352]. As shown in Figure 4.14B,
treatment of SKOV-3 cells with compound 4.11 induced a simultaneous decrease
in the levels of full-length PARP and an increase in the expression levels of
cleaved PARP, while no pronounced effect was observed on the expression of
Bcl-2-family proteins (Bid, Bax and Bcl-2 proteins).

These findings further suggest that compound 4.11 is able to activate the
extrinsic apoptotic pathway in SKOV-3 cells, with the intrinsic apoptotic pathway

not playing a relevant role in its cytotoxic effect.

4.2.2.3. Synergistic effect of carboplatin and derivative 4.11

Ovarian cancer is the most common cause of death from gynaecological
malignancy [353] and is the seventh most common type of cancer in women [354].
The therapeutic management of ovarian cancer normally involves the use of
platinum-based antineoplastic drugs (carboplatin or cisplatin) and, in the case of
more aggressive tumours, combinations of chemotherapy regimens (e.g.,
paclitaxel [355], docetaxel [356] and doxorubicin [357]) are generally preferred
[276]. Therefore, the synergistic combinatorial effect of carboplatin and celastrol
derivatives with improved antitumour activity may provide an interesting novel
alternative for the treatment of ovarian cancer. Consequently, we tested the effects
of a combined treatment using compound 4.11 and carboplatin, which was chosen
over cisplatin because of its lower renal toxicity [358]. The combination effect of
carboplatin and compound 4.11 on SKOV-3 cells was determined using the Chou
and Talalay method. The combination index (CI) values indicate whether the
combination effect of the two compounds is greater (Cl < 1), lesser (Cl > 1) or
equal (Cl = 1) to the expected additive effect [261, 329]. As seen in Table 4.4,
combined incubation of SKOV-3 cells for 72 h with different concentrations of
carboplatin and compound 4.11 at a constant equipotency ratio of 1:64
([ICs0)4.11:[ICs0]carbopiatin) resulted in a synergistic effect between them (CI < 1,
indicated in bold). These data demonstrate the potential of derivative 4.11 as a

new agent for combined treatment with carboplatin in ovarian cancer therapy.

129



Chapter IV

Table 4.4 Results of the synergistic study of compound 4.11 and carboplatin at a constant
equipotency ratio of 1:64 ([ICsqls.11:[ICsolcarboplatin) IN SKOV-3 cells.

Compound 4.11 (uM)  Carboplatin (uM) 1-Viability Cl

0.125 8 0.26832 1.11196
0.25 16 0.55877 0.92853
0.5 32 0.85743 0.62735
1 64 0.92209 0.78627
2 128 0.95362 1.07597

Cl values were calculated using CompuSyn software.
Bold rows show CI values below 1, which are indicative of a synergic effect.

4.3. CONCLUSIONS

In this work, we reported the design and synthesis of a novel series of C(29)
carbamate celastrol derivatives. Some of these compounds showed improved
anticancer activity against the tested cancer cell lines compared with celastrol
1.26. The SAR was discussed and the preliminary results showed the effect of
A/B-ring modifications of celastrol analogues on anticancer activity. Among all the
synthesised derivatives, compound 4.11 was the most potent, being highly active
on all tested tumour cell lines. Mechanistic studies showed that compound 4.11
exerts an antiproliferative effect on SKOV-3 human ovarian cancer cells via
extrinsic apoptotic pathway. Simultaneously, compound 4.11 demonstrated an
important increase in tumour selectivity compared with the parent compound
celastrol 1.26. Furthermore, our results established the potential of compound 4.11
for use in combination therapy with carboplatin in ovarian cancer. Taken together,
our results suggest that compound 4.11 may be used as a promising lead

candidate for cancer treatment.
4.4, EXPERIMENTAL SECTION

4.4.1. Chemistry
General

All the reagents and celastrol 1.26 were obtained from Sigma-Aldrich.

Derivatives 1.81, 1.82, 3.3-3.5 and 3.10 were prepared according as described in
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Chapter 3 [343]. The solvents were purchased from VWR Portugal and were dried
according to usual procedures. Thin layer chromatography (TLC) analyses were
performed on aluminium TLC plate, silica gel coated with fluorescent indicator Fosy
(Merck, detection by UV absorption). Preparative TLCs were performed on layer
plates of silica gel 60 Fzs4, 1 mm (Merck, detection by UV absorption). General
melting points are uncorrected (Blchi® melting point apparatus — Model B-540).
IR spectra were determined on a Fourier transform IR spectrometer. NMR was
used to elucidate the chemical structures based on *H, **C and DEPT-135 NMR
experiments. NMR spectra were recorded using the Bruker digital FT-NMR-
Avance 400 MHz spectrometer in CDCl3 or CD3;0D, with tetramethylsilane (TMS)
as the internal standard. MS were performed on a Thermo Scientific Finnigan LXQ
Mass Spectrometer with a direct insertion probe, using electrospray ionisation
mass spectrometry. Elemental analysis was performed by chromatographic
combustion using the Carlo Erba EA 1108 Elemental Analyser.

General procedure for the synthesis of carbamates (4.1-4.5, 4.7, 4.8 and
4.11)

Isocyanates 3.3, 3.5 and 3.10 (40.0 mg) were dissolved in a mixture of the
respective alcohol (4 mL) and triethylamine (0.1 mL, 0.90 mmol). The mixture was
stirred for 12 h at room temperature under nitrogen atmosphere. The resulting
mixture was then concentrated in vacuo and purified by preparative TLC
(CH.Cl,/MeOH 20:1) to give the carbamate product.
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Derivative 4.1 — Methyl N-[3-hydroxy-2-ox0-24-nor-friedela-1(10),3,5,7-
tetraen-20a-yl] carbamate

Figure 4.15 Chemical structure of compound 4.1.

Starting from compound 3.10 (40.0 mg, 0.09 mmol) in dry methanol (4 mL),
compound 4.1 (36.1 mg, 84%) was obtained as an orange solid according to the
above-mentioned procedure. Mp: 241.7-244.6 °C. IR (neat) ymax: 3344, 2943,
2869, 1721, 1589, 1514, 1437, 1222 cm™. *H NMR (400 MHz, CDCl3) & 7.01 (d, J
= 6.9 Hz, 1H, H-6), 6.53 (s, 1H, H-1), 6.35 (d, J = 7.1 Hz, 1H, H-7), 4.46 (s, 1H,
NH), 3.53 (s, 3H, OCHa), 2.21 (s, 3H, H-23), 1.44 (s, 3H), 1.35 (s, 3H), 1.26 (s,
3H), 1.11 (s, 3H), 0.71 (s, 3H) ppm.**C NMR (100 MHz, CDCls) & 178.51 (C2),
170.48, 164.88, 155.42 (NHCOO), 146.17 (C3), 134.16 (C6), 127.54 (C5), 119.74
(C1), 118.10 (C7), 117.17 (C4), 51.63, 50.06, 45.27, 44.13, 43.18, 39.26, 38.26,
36.47, 35.40, 34.08, 33.62, 31.87, 30.88, 30.49, 29.87, 28.90, 28.78, 22.02, 20.49,
10.38 ppm. MS (DI-ESI) (m/z): 480.2 [M+H]". Anal. Calcd for C3gH41NO4: C, 75.12;
H, 8.62; N, 2.92; Found: C, 75.05; H, 8.94; N, 2.96.
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Derivative 4.2 — Ethyl N-[3-hydroxy-2-oxo0-24-nor-friedela-1(10),3,5,7-tetraen-
20a-yl] carbamate

Figure 4.16 Chemical structure of compound 4.2.

Starting from compound 3.10 (40.0 mg, 0.09 mmol) in dry ethanol (4 mL),
compound 4.2 (39.6 mg, 80%) was obtained as an orange solid according to the
above-mentioned procedure. Mp: 261.8-264.1 °C. IR (neat) ymax: 3341, 2928,
2866, 1715, 1589, 1514, 1437, 1221 cm™. *H NMR (400 MHz, CDCls) & 7.02 (d, J
= 6.8 Hz, 1H, H-6), 6.52 (s, 1H, H-1), 6.36 (d, J = 7.0 Hz, 1H, H-7), 4.40 (s, 1H,
NH), 4.06-3.90 (m, 2H, OCH,CHj3), 2.20 (s, 3H, H-23), 1.44 (s, 3H), 1.36 (s, 3H),
1.26 (s, 3H), 1.13 (m, 3H, OCH,CHz), 1.11 (s, 3H), 0.74 (s, 3H) ppm. *C NMR
(100 MHz, CDCl5) & 178.52 (C2), 170.51, 164.89, 155.02 (NHCOO), 146.17 (C3),
134.21 (C6), 127.55 (C5), 119.68 (C1), 118.10 (C7), 117.21 (C4), 60.17
(NHCOOCH,), 49.98, 45.28, 44.11, 43.20, 39.28, 38.25, 36.46, 35.55, 34.07,
33.57, 31.88, 30.89, 30.52, 29.83, 28.93, 28.69, 22.07, 20.44, 14.90, 10.39 ppm.
MS (DI-ESI) (m/z): 494.3 [M+H]". Anal. Calcd for C31H43NO4: C, 75.42; H, 8.78; N,
2.84; Found: C, 75.13; H, 9.01; N, 3.25.
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Derivative 4.3 — Propyl N-[3-hydroxy-2-oxo0-24-nor-friedela-1(10),3,5,7-
tetraen-20a-yl] carbamate

Figure 4.17 Chemical structure of compound 4.3.

Starting from compound 3.10 (40.0 mg, 0.09 mmol) in 1-propanol (4 mL),
compound 4.3 (35.0 mg, 77%) was obtained as a red-orange solid according to
the above-mentioned procedure. Mp: 252.2-253.5 °C. IR (neat) ymax: 3334, 2936,
2871, 1715, 1589, 1514, 1434, 1221 cm™. *H NMR (400 MHz, CDCl3) 5 7.01 (d, J
= 7.0 Hz, 1H, H-6), 6.52 (s, 1H, H-1), 6.35 (d, J = 7.1 Hz, 1H, H-7), 4.40 (s, 1H,
NH), 3.92-3.85 (m, 2H, OCH,CH,), 2.21 (s, 3H, H-23), 1.44 (s, 3H), 1.36 (s, 3H),
1.27 (s, 3H), 1.11 (s, 3H), 0.87—0.82 (m, 3H, OCH,CH,CHs), 0.75 (s, 3H) ppm. **C
NMR (100 MHz, CDCls) 5 178.52 (C2), 170.46, 164.89, 155.14 (NHCOO), 146.16
(C3), 134.16 (C6), 127.56 (C5), 119.65 (C1), 118.10 (C7), 117.19 (C4), 65.91
(NHCOOCH,), 49.97, 45.27, 44.11, 43.19, 39.26, 38.26, 36.47, 35.52, 34.09,
33.53, 31.88, 30.90, 30.53, 29.83, 28.94, 28.72, 22.53, 22.10, 20.44, 10.46, 10.39
ppm. MS (DI-ESI) (m/z): 508.3 [M+H]*. Anal. Calcd for CaH4sNO4: C, 75.70; H,
8.93; N, 2.76; Found: C, 75.63; H, 8.87; N, 2.51.
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Derivative 4.4 — Pentyl N-[3-hydroxy-2-oxo0-24-nor-friedela-1(10),3,5,7-
tetraen-20a-yl] carbamate

Figure 4.18 Chemical structure of compound 4.4.

Starting from compound 3.10 (40.0 mg, 0.09 mmol) in 1-pentanol (4 mL),
compound 4.4 (40.8 mg, 85%) was obtained as an orange solid according to the
above-mentioned procedure. Mp: 225.6-228.7 °C. IR (neat) ymax: 3282, 2947,
2870, 1699, 1579, 1508, 1433, 1223 cm™. *H NMR (400 MHz, CDCl3) & 7.01 (d, J
= 6.9 Hz, 1H, H-6), 6.52 (s, 1H, H-1), 6.36 (d, J = 7.0 Hz, 1H, H-7), 4.39 (s, 1H,
NH), 4.01-3.81 (m, 2H, OCH,CH,), 2.20 (s, 3H, H-23), 1.44 (s, 3H), 1.36 (s, 3H),
1.27 (s, 3H), 1.11 (s, 3H), 1.24-1.19 (m, 3H, O(CH,)4CHa), 0.74 (s, 3H) ppm. *C
NMR (100 MHz, CDCI3) 6 178.49 (C2), 170.45, 164.83, 155.14 (NHCOO), 146.15
(C3), 134.11 (C6), 127.55 (C5), 119.71 (C1), 118.11 (C7), 117.14 (C4), 64.43
(NHCOOCH,;), 49.98, 45.26, 44.12, 43.18, 39.29, 38.29, 36.49, 35.62, 34.06,
33.63, 31.88, 30.91, 30.54, 29.85, 28.95, 28.67, 28.11, 22.49, 22.05, 20.50, 14.03,
10.39 ppm. MS (DI-ESI) (m/z): 536.3 [M+H]". Anal. Calcd for C34H49NO4: C, 76.22;
H, 9.22; N, 2.61; Found: C, 75.88; H, 8.97; N, 2.41.
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Derivative 4.5 — 2-Methyl-propyl N-[3-hydroxy-2-ox0-24-nor-friedela-
1(10),3,5,7-tetraen-20a-yl] carbamate

Figure 4.19 Chemical structure of compound 4.5.

Starting from compound 3.10 (40.0 mg, 0.09 mmol) in 2-methylpropan-1-ol
(4 mL), compound 4.5 (37.7 mg, 81%) was obtained as a dark orange solid
according to the above-mentioned procedure. Mp: 255.3-257.3 °C. IR (neat) ymax:
3339, 2928, 2870, 1715, 1590, 1513, 1437, 1220 cm™. *H NMR (400 MHz, CDCls)
5 7.01 (d, J = 6.9 Hz, 1H, H-6), 6.52 (s, 1H, H-1), 6.35 (d, J = 7.1 Hz, 1H, H-7),
4.41 (s, 1H, NH), 3.71 (d, J = 5.0 Hz, 2H, OCHy,), 2.21 (s, 3H, H-23), 1.44 (s, 3H),
1.36 (s, 3H), 1.27 (s, 3H), 1.11 (s, 3H), 0.83 (d, J = 4.5 Hz, 6H, OCH,(CHjs),), 0.75
(s, 3H) ppm. *C NMR (100 MHz, CDCl;) 5 178.54 (C2), 170.42, 164.90, 155.17
(NHCOO), 146.16 (C3), 134.16 (C6), 127.58 (C5), 119.64 (C1), 118.11 (C7),
117.21 (C4), 70.50 (NHCOOCH,), 49.98, 45.27, 44.12, 43.20, 39.26, 38.28, 36.48,
35.50, 34.12, 33.50, 31.89, 30.90, 30.54, 29.84, 28.95, 28.79, 28.15, 22.15, 20.46,
19.57, 19.19, 10.40 ppm. MS (DI-ESI) (m/z): 522.3 [M+H]’. Anal. Calcd for
Ca3H47NO4: C, 75.97; H, 9.08; N, 2.68; Found: C, 75.84; H, 8.86; N, 2.52.
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Derivative 4.6 — 3-Hydroxy-2,2-dimethyl-propyl N-[3-hydroxy-2-0x0-24-nor-
friedela-1(10),3,5,7-tetraen-20a-yl] carbamate

O

Figure 4.20 Chemical structure of compound 4.6.

Isocyanate 3.10 (40.0 mg, 0.09 mmol) was dissolved in a mixture of toluene
(4 mL), neopentyl glycol (37.3 mg, 0.36 mmol) and triethylamine (0.1 mL, 0.90
mmol). The mixture was stirred for 12 h at room temperature under nitrogen
atmosphere. The resulting mixture was then concentrated in vacuo and purified by
preparative TLC (CH,Cl,/MeOH 20:1) to give compound 4.6 (39.4 mg, 80%). Mp:
272.9-275.5 °C. IR (neat) ymax: 3433, 3343, 2942, 2871, 1695, 1588, 1512, 1437,
1221 cm™. *H NMR (400 MHz, CDCl3) 8 7.01 (d, J = 6.6 Hz, 1H, H-6), 6.53 (s, 1H,
H-1), 6.35 (d, J = 6.9 Hz, 1H, H-7), 4.55 (s, 1H, NH), 3.78 (dd, J = 80.8, 11.2 Hz,
2H, OCHy), 3.17 (s, 2H, CH,0OH), 2.21 (s, 3H, H-23), 1.44 (s, 3H), 1.37 (s, 3H),
1.27 (s, 3H), 1.11 (s, 3H), 0.81 (d, J = 4.5 Hz, 6H, OCH2C(CHs),), 0.75 (s, 3H)
ppm. C NMR (100 MHz, CDCl;) & 178.53 (C2), 170.14, 164.83, 155.93
(NHCOO), 146.17 (C3), 134.07 (C6), 127.63 (C5), 119.67 (Cl1), 118.14 (C7),
117.20 (C4), 69.08 (OCH,), 67.88 (OCH,), 50.26, 45.23, 44.05, 43.16, 39.26,
38.26, 36.97, 36.43, 35.23, 34.04, 33.45, 31.84, 30.76, 30.53, 29.87, 28.92, 22.14,
21.68, 21.54, 20.56, 10.40 ppm. MS (DI-ESI) (m/z): 552.3 [M+H]". Anal. Calcd for
C34H49NOs: C, 74.01; H, 8.95; N, 2.54; Found: C, 73.98; H, 9.09; N, 2.64.
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Derivative 4.7 — Methyl N-[2,3-dihydroxy-6-o0x0-24-nor-friedela-1,3,5(10),7-
tetraen-20a-yl] carbamate

Figure 4.21 Chemical structure of compound 4.7.

Starting from compound 3.5 (40.0 mg, 0.07 mmol) in dry methanol (4 mL),
compound 4.7 (31.2 mg, 86%) was obtained as an orange solid according to the
above-mentioned procedure. Mp: 280.7-282.4 °C. IR (neat) ymax: 3306, 2943,
2871, 1696, 1637, 1578, 1506, 1452, 1312 cm™. 'H NMR (400 MHz, CDCl3) &
6.96 (s, 1H, H-1), 6.25 (s, 1H, H-7), 4.63 (s, 1H, NH), 3.51 (s, 3H, COOCHz), 2.68
(s, 3H, H-23), 1.47 (s, 3H), 1.35 (s, 3H), 1.26 (s, 3H), 1.10 (s, 3H), 0.70 (s, 3H)
ppm. *C NMR (100 MHz, CDCl;) & 188.47 (C6), 172.50, 156.11 (NHCOO),
151.34, 148.57 (ArC-OH), 141.68 (ArC-OH), 125.94, 125.59, 122.23, 108.82,
51.96, 50.26, 44.86, 44.12, 40.42, 38.99, 37.41, 36.40, 35.87, 34.31, 33.96, 31.87,
30.81, 30.38, 28.71, 28.21, 21.01, 20.42, 14.06 ppm. MS (DI-ESI) (m/z): 496.5
[M+H]". Anal. Calcd for C3oH4:NOs: C, 72.70; H, 8.34; N, 2.83; Found: C, 72.41; H,
7.98; N, 2.48.
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Derivative 4.8 — Ethyl N-[2,3-dihydroxy-6-0x0-24-nor-friedela-1,3,5(10),7-

tetraen-20a-yl] carbamate

Figure 4.22 Chemical structure of compound 4.8.

Starting from compound 3.5 (40.0 mg, 0.07 mmol) in dry ethanol (4 mL),
compound 4.8 (32.7 mg, 88%) was obtained as an orange solid according to the
above-mentioned procedure. Mp: 258.9-261.0 °C. IR (neat) ymax. 3322, 2936,
2866, 1694, 1636, 1582, 1507, 1452, 1309 cm™. *H NMR (400 MHz, CDsOD) &
6.82 (s, 1H, H-1), 6.18 (s, 1H, H-7), 3.94 (dd, J = 17.5, 7.1 Hz, 2H, OCH,CHj3),
2.57 (s, 3H, H-23), 1.53 (s, 3H), 1.34 (s, 3H), 1.32 (s, 3H), 1.14 (s, 3H, OCH,CHs),
1.11 (s, 3H), 0.80 (s, 3H) ppm. *C NMR (100 MHz, CDs;OD) & 189.66 (C6),
174.48, 157.47 (NHCOO), 157.47, 152.79 (ArC-OH), 143.91 (ArC-OH), 126.43,
126.33, 121.76, 109.76, 60.79 (NHCOOCH,), 50.73, 45.91, 45.54, 41.52, 40.12,
38.19, 37.60, 36.01, 35.34, 35.05, 32.19, 31.40, 31.23, 31.10, 29.99, 29.04, 21.71,
20.90, 15.19, 14.13 ppm. MS (DI-ESI) (m/z): 510.5 [M+H]*. Anal. Calcd for
Cs1H43NOs: C, 73.05; H, 8.50; N, 2.75; Found: C, 72.93; H, 8.22; N, 2.65.

139



Chapter IV

Derivative 4.9 — Methyl N-[2-hydroxy-3-methoxy-6-0x0-24-nor-friedela-
1,3,5(10),7-tetraen-20a-yl] carbamate

Figure 4.23 Chemical structure of compound 4.9.

Compound 4.9 was prepared according to the literature [330] from
compound 4.7 (25.0 mg, 0.05 mmol). The obtained crude was purified by
preparative TLC (CH,CIl,/MeOH 20:1), to yield compound 4.9 (16.7 mg, 65%) as a
yellowish solid. Mp: 251.8-255.0 °C. IR (neat) ymax: 3342, 2942, 2870, 1714, 1641,
1595, 1489, 1447, 1307 cm™. *H NMR (400 MHz, CDCls) 8 6.81 (s, 1H, H-1), 6.26
(s, 1H, H-7), 4.45 (s, 1H, NH), 3.96 (s, 3H, ArOCHjs) 3.50 (s, 3H, COOCHs), 2.64
(s, 3H, H-23), 1.54 (s, 3H), 1.36 (s, 3H), 1.30 (s, 3H), 1.11 (s, 3H), 0.75 (s, 3H)
ppm. C NMR (100 MHz, CDCl;) & 187.73 (C6), 171.33, 155.54 (NHCOO),
150.11, 149.33 (ArC-OH), 142.37 (ArC-OH), 126.29, 124.70, 123.55, 103.89,
56.01, 51.53, 50.08, 44.85, 44.15, 40.46, 38.89, 37.60, 36.50, 35.75, 34.57, 34.04,
31.89, 30.88, 30.46, 30.17, 28.77, 28.46, 21.09, 20.34, 13.46 ppm. MS (DI-ESI)
(m/z): 510.5 [M+H]". Anal. Calcd for C3;H43NOs: C, 73.05; H, 8.50; N, 2.75; Found:
C, 73.25; H, 8.48; N, 2.56.
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Derivative 4.10 — Ethyl N-[2,3-dimethoxy-6-0x0-24-nor-friedela-1,3,5(10),7-
tetraen-20a-yl] carbamate

Figure 4.24 Chemical structure of compound 4.10.

Compound 4.10 was prepared according to the literature [330] from
compound 4.8 (25.0 mg, 0.05 mmol). The obtained crude was purified by
preparative TLC (CH,Cl,/MeOH 20:1), to yield compound 4.10 (17.1 mg, 67%) as
a yellowish solid. Mp: 220.4-221.9 °C. IR (neat) ymax. 3340, 2936, 2869, 1715,
1644, 1584, 1483, 1449, 1294 cm™. *H NMR (400 MHz, CDCl;, CDs0D) & 6.83 (s,
1H, H-1), 6.26 (s, 1H, H-7), 4.41 (s, 1H, NH), 3.92 (s, 3H, ArOCHs), 3.77 (s, 3H,
ArOCHj), 2.65 (s, 3H, H-23), 1.55 (s, 3H), 1.36 (s, 3H), 1.31 (s, 3H), 1.11 (s, 6H,
OCH,CHs), 0.78 (s, 3H) ppm. **C NMR (100 MHz, CD;0D) & 187.42 (C6), 171.21,
155.81 (NHCOO), 155.17, 154.27 (ArC-OH), 146.03 (ArC-OH), 133.81, 126.26,
123.36, 105.57, 60.47, 30.11, 28.80, 28.46, 21.25, 20.30, 14.81, 14.14 ppm. MS
(DI-ESI) (m/z): 538.5 [M+H]". Anal. Calcd for Ca3sH47NOs: C, 73.71; H, 8.81; N,
2.60; Found: C, 73.62; H, 8.59; N, 2.43.

141



Chapter IV

Derivative 4.11 — Methyl N-[2,3-Diacetoxy-24-nor-friedela-1,3,5(10),7-tetraen-
20a-yl] carbamate

Figure 4.25 Chemical structure of compound 4.11.

Starting from compound 3.3 (40.0 mg, 0.08 mmol) in dry methanol (4 mL),
compound 4.11 was obtained as a white solid according to the above-mentioned
general procedure for the synthesis of carbamates. Compound 4.11 was purified
by flash column chromatography (PE/AcOEt, 6:1—5:1), to yield compound 4.11
(33.1 mg, 78%) as a white solid. Mp: 231.3-233.5 °C. IR (neat) ymax: 3357, 2942,
2865, 1768, 1724, 1452, 1369, 1215 cm™. *H NMR (400 MHz, CDCls) & 7.00 (s,
1H, H-1), 5.75 (d, J = 4.5 Hz, 1H, H-7), 4.46 (s, 1H, NH), 3.53 (s, 3H, OCHj3), 3.32
(dd, J = 21.0, 5.9 Hz, 1H, H-6b), 3.07 (d, J = 21.0 Hz, 1H, H-6a), 2.31 (s, 3H,
CH3CO), 2.27 (s, 3H, CH3CO), 2.06 (s, 3H, H-23), 1.36 (s, 3H), 1.35 (s, 3H), 1.23
(s, 3H), 1.09 (s, 3H), 0.78 (s, 3H) ppm. **C NMR (100 MHz, CDCl;) & 168.93
(CH3CO00), 168.63 (CH3C00), 155.38 (NHCOO), 149.40, 147.69, 140.70, 138.18,
131.63, 127.97, 116.94, 116.92, 51.60, 50.10, 44.17, 43.96, 37.42, 36.94, 35.38,
34.56, 34.38, 34.07, 31.87, 31.73, 30.93, 30.51, 29.13, 28.73, 28.29, 23.09, 22.79,
20.82, 20.57, 14.26, 12.71 ppm. MS (DI-ESI) (m/z): 588.5 [M+Na]". Anal. Calcd for
Cs4H47NOg: C, 72.18; H, 8.37; N, 2.48; Found: C, 72.57; H, 8.15; N, 2.32.
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Derivative 4.12 — 20a-Amido-24-nor-friedela-1,3,5(10),7-tetraen-2,3-di-yl
diacetate

Figure 4.26 Chemical structure of compound 4.12.

Oxalyl chloride (0.04 mL, 0.45 mmol) was added to a solution of compound
1.82 (40.0 mg, 0.07 mmol) in dry dichloromethane (4 mL), and the resulting
mixture was stirred for 4 h at room temperature and N, atmosphere. The mixture
was concentrated to dryness under reduced pressure and the residue was
dissolved in dry toluene (4 mL). A concentrated solution of ammonia (0.5 mL) was
added at 0 °C, and the mixture was stirred for 1 h. The mixture was then extracted
with dichloromethane (3 x 20 mL), the combined extracts were washed with an
aqueous saturated solution of NaHCO3; (20mL), water (20 mL), and brine (20 mL),
and dried over anhydrous Na,SO,. Finally, it was filtered and concentrated under
vacuo to afford a yellowish powder, which was purified by preparative TLC
(PE/ACOEt 1:1) to yield compound 4.12 (25.7 mg, 64%) as a white solid. Mp:
221.0-222.8°C. IR (neat) ymax: 3483, 3372, 3183, 2926, 2865, 1769, 1663, 1460,
1369, 1221 cm™. *H NMR (400 MHz, CDCl3) 8 6.98 (s, 1H, H-1), 5.74 (dd, J = 6.0,
1.7 Hz, 1H, H-7), 5.67 (s, 2H, NH,), 3.32 (dd, J = 20.9, 6.1 Hz, 1H, H-6b), 3.06 (d,
J =20.9 Hz, 1H, H-6a), 2.30 (s, 3H, CH3CO), 2.26 (s, 3H, CH;CO), 2.06 (s, 3H, H-
23), 1.32 (s, 3H), 1.22 (s, 3H), 1.18 (s, 3H), 1.09 (s, 3H), 0.75 (s, 3H) ppm. *C
NMR (100 MHz, CDCl3;) & 181.48 (CONH,), 168.86 (CH3COO), 168.55
(CH3;C00),149.69, 147.65, 140.69, 138.17, 131.70, 127.90, 117.08, 116.71,
77.16, 44.42, 43.83, 40.57, 37.61, 37.35, 36.86, 34.94, 34.44, 34.15, 33.94, 31.67,
30.99, 30.93, 30.57, 30.13, 29.06, 28.27, 23.21, 20.84, 20.56, 18.80, 12.73 ppm.
MS (DI-ESI) (m/z): 558.5 [M+Na]*. Anal. Calcd for C33HssNOs: C, 73.99; H, 8.47;
N, 2.61; Found: C, 74.31; H, 8.38; N, 2.31.
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Derivative 4.13 — 20a-Formyl-24-nor-friedela-1,3,5(10),7-tetraen-2,3-di-yl
diacetate

Figure 4.27 Chemical structure of compound 4.13.

Oxalyl chloride (0.04 mL, 0.45 mmol) was added to a solution of compound
1.82 (40.0 mg, 0.07 mmol) in dry dichloromethane (4 mL), and the resulting
mixture was stirred for 4 h at room temperature and N, atmosphere. The mixture
was concentrated to dryness under reduced pressure and the residue was
dissolved in dry tetrahydrofuran (4 mL). Lithium tri-tert-butoxyaluminum hydride
(LTBA) (22.8 mg, 0.09 mmol) was added at 0 °C, and the mixture was stirred for 1
h. The reaction mixture was evaporated under reduced pressure to remove
tetrahydrofuran. The obtained crude was then diluted with ethyl acetate (3 x 20
mL), and the combined extracts were washed with a sulfite solution (10% aq)
(20mL), water (20 mL), and brine (20 mL), and dried over anhydrous Na,SO,.
Finally, it was filtered and concentrated under vacuo to afford a whitish powder,
which was purified by preparative TLC (PE/AcOEt 4:1) to yield compound 4.13
(24.3 mg, 63%) as a white solid. Mp: 257.7-260.1 °C. IR (neat) ymax: 3544, 2941,
2865, 1778, 1479, 1456, 1369, 1211 cm™. *H NMR (400 MHz, CDCl3) 5 9.30 (d, J
= 1.3 Hz, 1H, COH), 6.99 (s, 1H, H-1), 5.74 (dd, J = 6.0, 1.8 Hz, 1H, H-7), 3.32
(dd, J = 20.9, 6.1 Hz, 1H, H-6b), 3.05 (d, J = 21.0 Hz, 1H, H-6a), 2.30 (s, 3H,
CHsCO), 2.26 (s, 3H, CH3CO), 2.06 (s, 3H, H-23), 1.35 (s, 3H), 1.22 (s, 3H), 1.09
(s, 3H), 0.93 (s, 3H), 0.58 (s, 3H) ppm. **C NMR (100 MHz, CDCls) & 205.28
(C=0), 168.86 (CH3COO0), 168.54 (CH3COO), 148.91, 147.50, 140.72, 138.18,
131.62, 128.01, 117.38, 116.67, 44.64, 43.97, 43.85, 37.88, 37.31, 36.90, 34.62,
34.52, 34.38, 31.61, 30.88, 30.62, 29.38, 28.83, 28.22, 27.68, 26.49, 22.92, 20.84,
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20.54, 20.16, 12.71 ppm. MS (DI-ESI) (m/z): 543.5 [M+Na]®. Anal. Calcd for
C33H440s5: C, 76.12; H, 8.52; Found: C, 75.71; H, 8.15.

Derivative 4.14 — 20a-Hydroxy-24-nor-friedela-1,3,5(10),7-tetraen-2,3-di-yl

diacetate

Figure 4.28 Chemical structure of compound 4.14.

Compound 4.13 (20.0 mg, 0.04 mmol) was dissolved in ethanol (2 mL) and
was treated with sodium borohydride (2.2 mg, 0.06 mmol), and the resulting
mixture was stirred for 1 h at 0 °C. Excess reagent sodium borohydride was
decomposed with acetone (2 mL) at 0 °C. The resulting mixture was evaporated
under reduced pressure to dryness, to afford a white residue. The residue was
subjected to preparative TLC (PE/AcOEt 3:1) to afford compound 4.14 (13.7 mg,
68%) as a white solid. Mp: 214.3-215.9 °C. IR (neat) ymax: 3565, 2941, 2869,
1586, 1438, 1456, 1375, 1286 cm™. *H NMR (400 MHz, CDCls) 5 6.99 (s, 1H, H-
1), 5.78 (dd, J = 6.1, 1.7 Hz, 1H, H-7), 3.41 (d, J = 10.4 Hz, 1H, CH,OH), 3.35 (dd,
J =20.9, 6.2 Hz, 1H, H-6b), 3.22 (d, J = 10.5 Hz, 1H, CH,OH), 3.08 (d, J = 20.0
Hz, 1H, H-6a), 2.31 (s, 3H, CH3CO), 2.27 (s, 3H, CH3CO), 2.07 (s, 3H, H-23), 1.33
(s, 3H), 1.32 (s, 3H), 1.17 (s, 3H), 0.99 (s, 3H), 0.82 (s, 3H) ppm. *C NMR (100
MHz, CDCI3) & 168.92 (CH3COO), 168.59 (CH3;COO), 150.97, 147.65, 140.68,
138.18, 132.01, 127.99, 117.54, 116.52, 71.86 (CH,OH), 43.31, 43.16, 37.80,
37.48, 37.12, 36.67, 34.26, 33.72, 33.04, 32.30, 30.61, 30.56, 30.46, 29.47, 28.89,
28.28, 28.24, 25.85, 20.83, 20.56, 19.47, 12.74 ppm. MS (DI-ESI) (m/z): 545.5
[M+Na]". Anal. Calcd for C33H460s: C, 75.83; H, 8.87; Found: C, 75.87; H, 8.99.
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4.4.2. Biological activity assays

4.4.2.1. Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM) — no glucose, no glutamine,
no phenol red, Penicillin-Streptomycin (100 x) (P/S) solution, MEM-Eagle non-
essential aminoacids (100 x), and Fetal Bovine Serum (FBS) were purchased from
Thermo Fisher Scientific. DMEM — high glucose with L-glutamine, Phosphate
Buffered Saline (PBS), and L-glutamine were obtained from Biowest. MTT powder
was purchased from Applichem. DMSO, Hoechst 33342, and PI were purchased
from Sigma-Aldrich. Hydrophobic Polyvinylidene Fluoride (PVDF) and western

blotting detection kit reagent were purchased from Merck Millipore.

Primary antibodies against caspase-3, cleaved caspase-3, caspase-8,
caspase-9, Hsp90, mTOR, p-mTOR, Akt, and pAkt were purchased from Cell
Signalling Technology. Primary antibodies against PARP, Bid, and cytochrome ¢
were obtained from BD Pharmingen. Primary antibodies against Bax, Bcl-2, p-
JNK, and p-JNK were obtained from SantaCruz Biotechnology. Primary antibody
against p53 was purchased from Merck Millipore and the antibody against a-actin
was purchased from MP Biomedicals. Secondary antibody HRP-conjugated anti-
mouse was obtained from Dako, and the anti-rabbit antibody was obtained from

Amersham Biosciences.

4.4.2.2. Compounds

Stock solutions were prepared at a concentration of 10 mM by dissolving
celastrol 1.26 and its derivatives in DMSO, and subsequently stored at -20 °C. To
obtain the working solutions at the final desired concentration, the stock solutions
were further diluted in culture medium just before each experiment. The final

concentration of DMSO was always lower than 0.5% for all working solutions.
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4.42.3. Cellculture

A549, HT-29, MCF-7, MDAMB-231, MIA PaCa-2, SKOV-3, and BJ cell lines
were obtained from American Type Culture Collection (ATCC). A549, MDAMB-
231, MIA PaCa-2, SKBR-3, and SKOV-3 cells were routinely maintained in DMEM
— high glucose with L-glutamine, supplemented with 10% (V/V) FBS and P/S
solution (1 x). BJ cells were cultured in DMEM — high glucose, supplemented with
10% (V/V) FBS and P/S solution (1 x), 2 mM L-glutamine, and 1 mM sodium
pyruvate. MCF-7 cells were grown in DMEM — no phenol red, supplemented with
10% (V/IV) FBS, P/S solution (1 x), MEM-Eagle non-essential aminoacids (1 x), 2
mM L-glutamine, 10 mM glucose, 1 mM sodium pyruvate, and 0.01 mg/mL human

insulin. All cells were incubated in a humidified incubator at 37°C in 5% CO..

4.4.2.4. MTT assay

The effect of the compounds at different concentrations on the viability of
the cell lines was determined using the MTT assay. A549, MIA PaCa-2, SKOV-3
(2 x 10° cells/well), and HT-29 cells (4 x 103 cells/well), and BJ, MDAMB-231 and
MCF-7 cells (10 x 10° cells/well) were seeded in 96-well plates and pre-incubated
for 24 h. Cells were then treated with increasing concentrations of each
compound, in triplicate. After 72 h of incubation at 37 °C, the supernatant was
removed and replaced by 100 pL of filtered MTT solution (0.5 mg/mL in growth
medium) in each well, and the plates were incubated for an additional 1 h. Then
the MTT solution was removed and 100 pL of DMSO was added in each well to
dissolve the formazan crystals formed. The absorbance values were immediately
measured using an ELISA plate reader (Tecan Sunrise MR20-301) at 550 nm. The
ICso values were calculated based on three independent experiments using
Graphpad Prism 5 software and expressed as mean * standard error of mean
(SEM).
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4.4.2.5. Cell-cycle and apoptosis assay

Cell-cycle distribution and apoptosis were measured by flow cytometry
using a Fluorescence-Activated Cell Sorter (FACS). SKOV-3 cells (4 x 10*
cells/well) were seeded in 6-well plates, and pre-incubated at 37 °C for 24 h. Then
cells were further incubated with fresh growth medium (control) or compound 4.11
at its 1Cso concentration for 24, 48 or 72 h. After the respective period of
incubation, cells were harvested by mild trypsinization, washed with PBS, and
collected by centrifugation. For cell-cycle analysis, the cells were resuspended in
Tris-Buffered Saline (TBS) containing 50 mg/mL PI, 10 mg/mL DNase-free RNase,
and 0.1% Igepal CA-630, incubated at 4 °C for 1h, and protected from the light.
For apoptosis analysis, after centrifugation, the cells were resuspended in 95 uL of
binding buffer and 3 pL of Annexin-V FITC conjugate (1 mg/mL), incubated for 30
min, and protected from the light, and 500 pL of binding buffer and 20 uL of PI
solution (1 mg/mL) were added to the cell suspension just before FACS analysis.
FACS analysis was performed using an Epics XL flow cytometer at 488 nm. The
data was collected from 1 x 10* cells and analysed using the multicycle software
(Phoenix Flow Systems). Each condition had two replicates and the experiments

were repeated three times.

4.4.2.6. Fluorescence microscopy imaging

SKOV-3 cells (4 x 10* cells/well) were seeded in 6-well plates, and pre-
incubated at 37 °C for 24 h. Then cells were incubated with fresh culture medium
(control) or compound 4.11 at its IC5p concentration for 48 h. After removing the
culture medium and washing with PBS 500 pL of Hoechst 33342 solution (1 pg/mL
in PBS) was added to each well, and the plates were incubated for 10 min at 37 °C
protected from the light. The cells were then imaged on a fluorescence microscope
(DMRB Leica Microsystems) with a DAPI filter to detect the differences on the

morphological features of SKOV-3 cells.
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4.4.2.7. Western blot analysis

Protein extracts of SKOV-3 cells untreated (control) and treated with
compound 4.11 at its ICso concentration for 72 h were prepared with lysis buffer
(20 mM trizma base pH 7.5, 1 mM dithriothreitol, 1 mM EDTA, 0.0002% triton X-
100, 0.5 mM sodium deoxycholate, 0.4 mM PMSF, 1% protease inhibitor cocktail,
and 1% phosphatase inhibitor cocktail), and the protein concentration was
subsequently quantified by the BCA assay kit. The extracted proteins were
separated on 8% or 15% sodium dodecyl sulphate (SDS)-polyacrylamide gels by
electrophoresis and transferred to PVDF membranes. After blocking the
membranes with PBS containing 0.1% Tween-20® (PBST 0.1%) and 5% non-fat
milk for 1 h, the membranes were incubated with the primary specific antibodies
overnight at 4 °C, with the exception of a-actin (incubated only for 1 h at room
temperature). The membranes were then washed with PBST 0.1% and incubated
for 1 h with the appropriate secondary antibody (anti-mouse or anti-rabbit). After
incubation, the membranes were washed again with PBST 0.1%, and the
immunocomplexes were visualised using a chemiluminescence western blotting

detection kit and autoradiography film.

4.4.2.8. Clonogenic assay

Briefly, 1000 SKOV-3 cells per well were seeded in 6-well plates and
incubated for 24 h. Then the cells were treated with compound 4.11 at its ICsg
concentration or twice its ICso concentration for 24 h. The cells were then allowed
to grow in drug-free medium in 6-well plates for an additional 12 days. Afterwards,
the medium was removed and the resulting colonies were fixed and stained with
1% crystal violet in methanol for 4 h. After washing with PBS, the colonies were
observed under an inverted phase contrast microscope (Olympus IMT-2) with an

objective of 40 x, and photographed with a digital camera Fuijifilm A205S.
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4.4.2.9. Synergy study

SKOV-3 cells were incubated in 96-well plates following the above-
mentioned procedure for the MTT assay. After 24 h, the cells were treated with
increasing concentrations of compound 4.11, carboplatin, or the combination of
both with a constant ratio of concentrations. After 72 h of incubation, the relative
cell viability was analysed as described above for the MTT assay. The effect of
compound 4.11, carboplatin or the combination of both was analysed using the
CompuSyn software, which determined the Combination Index (Cl) values. CI
values below 1, equal to 1, and above 1 indicate synergy, additivity, and

antagonism, respectively.
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5. CHAPTER V

Structural diversification of the celastrol derivatives and their impact on

antitumour activity

5.1. INTRODUCTION

Our previous results (Chapter 3 and 4) showed that some celastrol
derivatives, such as ureas and carbamates at the C(29) position, presented a
remarkable activity against tumour cell lines, while closely related structures
turned out to be almost inactive. Given the biological importance of celastrol 1.26,
any additional structural modifications to its backbone would be most informative.
Thus, this analysis enables the determination of the chemical groups responsible

for its activity, especially for the anticancer activity studied here.

Therefore, in this chapter we describe further structural diversification
through new chemical modification, as well as structural elucidation of celastrol
derivatives and new insight of previous prepared celastrol analogues. This allowed
us a deeper understanding of structure-activity relationship, chemical reactivity
and stability. To determine their anticancer potential, the activity of all synthesised
analogues on the viability of cancer cells was evaluated against two human
tumour cell lines (lung carcinoma A549 and pancreatic carcinoma MIA PaCa-2),

using the MTT assay.

5.2. RESULTS AND DISCUSSION

5.2.1. Protecting groups

As indicated previously, celastrol 1.26 is a natural QT, whose p-QM
substructure consists of a cyclohexadiene moiety in para-conjugation with a
carbonyl group and an exo-methylene component. p-QMs are formally neutral
molecules, which zwitterionic aromatic valence bond resonance structures make

an important contribution to their structure (Figure 5.1) [359].
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Figure 5.1 Zwitterionic structure of p-quinonemethide.

Unlike simple p-QM, the terpenoid structure of celastrol 1.26 has a hydroxyl
group in the ortho position relative to the carbonyl oxygen, which enhances its
reactivity through an intramolecular hydrogen bond, and an extended conjugation
at the exocyclic methylene group that counteracts this activation (Figure 5.2). This
combination of neutral and zwitterionic valence bond structures confers a
distinctive chemical reactivity to celastrol 1.26, which makes it a highly reactive
chemical molecule [360]. Therefore, in order to carry out selective reactions and
have greater control over the chemistry used, these reactive sites should be

temporarily protected.

Celastrol 1.26 I

Figure 5.2 Zwitterionic form of celastrol 1.26.

The strategy used to protect the p-QM structure, has been shown
previously and, consisted in firstly reducing celastrol 1.26 to dihydrocelastrol 1.81
using NaBH, in ethanol (Scheme 5.1). p-QMs triterpenoids are readily reduced by
a variety of reagents (e.g., NaBH, and LiAlH,), resulting in a simple nucleophilic
addition of a hydride to the C(6) position of B-ring, leading to aromatization of A-
ring. Notably, this quick reaction is accompanied by complete discoloration of the
reaction solution, which is characteristic of the reduction of the chromophore that
extends over the A/B-rings responsible for the red-orange colour. After isolation,
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the dihydrocelastrol 1.81 product is very unstable and undergoes rapid reoxidation
back to starting compound 1.26. Therefore we did not isolate it and proceeded to
direct acetylation after quenching and evaporating the solvent [119]. The method
of choice for protection was the conversion to dihydrocelastrol diacetate 1.82,
since the formation and subsequent cleavage can be achieved under mild
conditions. The reaction was performed by using acetic anhydride in the presence
of the base triethylamine and DMAP as cocatalyst (Scheme 5.1). Besides the
protecting function, it should be reemphasised that the compound dihydrocelastrol
diacetate 1.82 was found to have potency comparable to the parent compound
1.26 [240].

Scheme 5.1 Synthesis of dihydrocelastrol diacetate 1.82. Reagents and conditions: a) NaBHy,,
MeOH, R.T., 10 min; b) (CH5CO),0, DMAP, THF, R.T., N,, 4 h.

Deprotection of aromatic acetates can classically be carried out under
acidic or basic conditions. However, these deprotection methods may affect the
sensitive functional groups present in the molecules [361]. Therefore, we used a
simple, green, mild and highly efficient protocol with remarkable selectivity for
deprotection of aromatic acetates. This method uses ammonium acetate as a
neutral catalyst in aqueous methanol under neutral conditions at room temperature
[310]. Thus, the deprotection of the acetyl protecting groups of compound 1.82 led
to the formation of dihydrocelastrol 1.81 and further aerial oxidation back to the
parent compound 1.26 (Scheme 5.2). Afterwards we verified that a small amount
of triethylamine, a weak base, accelerated considerably the reaction without

influencing the chemical stability of these molecules.
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Scheme 5.2 Deprotection of dihydrocelastrol diacetate 1.82. Reagents and conditions: a) NH,OAc,
Et:N, ag. MeOH (1:4), R.T., 1 h; b) atmospheric air

The modifications in the A/B-rings from p-QM (e.g., compound 1.26) to
aromatic substructures (e.g., compound 1.81 and 1.82) were confirmed by NMR.
In celastrol 1.26 *H NMR spectrum, it was observed two doublets at 7.06 ppm with
a coupling constant of 6.9 Hz and at 6.32 ppm with a coupling constant of 7.2 Hz,
typical of the conjugated dienes (H-6 and H-7, respectively) (Figure 5.3). After
protection, the high H-6 signal disappeared, and the chemical shift of alkene H-7
was observed as a doublet at 5.72 ppm with a coupling constant of 4.6 Hz in
derivative 1.82; additionally, it was observed two singlets at 2.30 and 2.27 ppm
corresponded to the acetate protons (Figure 5.4). Moreover, in the *C NMR
spectrum of diacetate celastrol 1.82, the signals for quaternary carbonyl carbons
were observed at 168.84 and 168.51 ppm. These data were constant for all the

diacetate derivatives of celastrol.
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Figure 5.4 'H NMR spectrum of diacetate celastrol 1.82.

5.2.2. C(29)-derivatives

Modifications at the C(29) position are the most common among the
literature of celastrol derivatives. Simple modifications, such as esterification and
amidification, afforded compound with similar or better anticancer activity than the
parent compound 1.26 [107, 108, 286, 287]. However, far more strategies can be
applied to obtain new compounds with improved biological and pharmacokinetics

properties.
5.2.2.1. Reduction reactions

Herein, we investigated the importance of the carboxylic functionality of
celastrol 1.26 with simultaneous retention of hydrogen donor properties, affording
aldehyde 5.1 and alcohol 5.2. Since the direct attempts to selectively reduce the
carboxylic group of celastrol 1.26 resulted in complete recovery of the starting
material, we used the strategy of protection/deprotection of the A/B-rings as
described in the previous subsection. Then, we treated dihydrocelastrol diacetate
1.82 with oxalyl chloride in dichloromethane to give the acid chloride of

dihydrocelastrol diacetate 3.1 (Scheme 5.3).

159



Chapter V

4.14 /OQ_E ) )

Scheme 5.3 Synthesis of aldehyde 5.1 and alcohol 5.2. Reagents and conditions: a) (COCI),,
CH,Cl,, R.T., Ny, 4 h; b) LTBA, THF, 0°C, 1h; ¢) NaBH,4, EtOH, R.T., 1 h; d) NH;OAc, Et;N, ag.
MeOH (1:4), R.T., 1 h.

Acid chlorides can be selectively converted to aldehydes using lithium tri-
tert-butoxyaluminum hydride (LTBA). LTBA has a unique reactivity profile and
reduces aldehydes and ketones selectively in the presence of esters, with which it
reacts extremely slowly (Figure 5.5) [362]. Acid chloride 3.1 is highly activated, so
it still reacts with LTBA, the hydride source, at 0 °C, yielding compound 5.1; the
formed aldehyde will react slowly, allowing its isolation. Additional reduction of
aldehyde 5.1 with sodium tetrahydroborate afforded primary alcohol 5.2 (Scheme
5.3) [363].

© 5217 o

RJECI o% —’R(‘)Q:I - R)LH + LiCl + A[OCH,(CH,)sls

® / H
L —AI\—O%
o)

Figure 5.5 Reduction of acyl chloride to give aldehyde with LTBA.

The presence of the aldehyde functional group in compound 5.1 was

confirmed by the presence in the *H NMR spectrum of a signal at 9.32 ppm,
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corresponding to the CHO proton. The signal corresponding to the tertiary carbons
CHO was found at 205.24 ppm in the **C NMR spectrum. The presence of the
primary alcohol of compound 5.2 was also confirmed by the two doublets in the *H
NMR spectrum at 3.42 ppm and 3.21 ppm, with a coupling constant of J = 10.5 Hz.
The *3C NMR signal observed at 71.48 ppm corresponded to a secondary carbon,
as this signal was inverted in the DEPT spectrum, and was attributed to the carbon
CH,OH.

Both aldehyde 5.1 and alcohol 5.2 exhibited high anticancer activity on
human lung carcinoma A549 and the human pancreatic carcinoma MIA PaCa-2
cell lines; however, the activity slightly decreased with the decreasing of oxidation
state of the derivatives (Table 5.1).

Table 5.1 ICso (MM) values of celastrol 1.26 and derivatives 5.1 and 5.2 in tumour cell lines and
respective oxidation state.

Oxidation ICso (LM + SEM)
Compounds R1
state A549 MIA PaCa-2
(@]
Celastrol 1.26 1.56+0.08 0.46+0.03
%~ “OH
(0]
5.1 E)LH 1.83+0.04 0.57+0.03
OH,
5.2 o< 2.17+0.04 0.68+0.02

5.2.2.2. Nitrogen compounds

Nitrogen is one of the most interesting elements in medicinal chemistry, as
numerous nitrogen-containing molecules are found in natural and/or biologically
active products. Carbon-nitrogen bonds are polarised towards nitrogen and are

involved in many organic functions groups, such as amides (RCONR)), acyl azides

161



Chapter V

(RCON3), isocyanates (RNCO), nitriles (RCN), carbamates (RNCOOR’) and ureas
(RNCONR’) [364]. A wide variety of nitrogen-containing quinones and QM have
been reported to show anticancer effect [365-369]. The versatility of these
compounds and their potential to be selectively toxic to cancer cells offer a great
opportunity to antitumour therapy [370]. Taking this into account, we investigated
the effect of different nitrogen functional groups at the C(29) position on the

antitumour activity of celastrol 1.26.

Curtius rearrangement is a synthetic strategy that has been developed to
address the preparation of nitrogen-containing molecules. This rearrangement
involves the thermal decomposition of an acyl azide into an isocyanate with loss of
a nitrogen gas (Figure 5.6) [371]. The synthesis of a variety of carbamates and
ureas using such strategy is possible by the subsequent nucleophilic attack of
alcohols and amines, respectively [372].

o H
Q C ) Ny NuH __N_ __Nu
P > R"Cs. —» R™C
R™ N RGNy 0 I
3 gz -N; o)

Figure 5.6 Curtius rearrangement.

To prepare these type of derivatives, we firstly treated the dihydrocelastrol
diacetate 1.82 with oxalyl chloride in dichloromethane. Compound 3.1 was further
converted to the acyl azide 3.2 using sodium azide in aqueous acetone; Curtius
rearrangement in toluene after 2 h of reflux gave isocyanate 3.3, in excellent
overall yield (Scheme 5.4) [304, 308]. Compound 3.3 was the central intermediate

to obtain carbamate- and urea-type compounds.

162



Chapter V

Scheme 5.4 Synthesis of nitrogen-containing derivatives of celastrol 1.26. Reagents and
conditions: a) (COCI),, CH,Cl,, R.T., Ny, 4 h; b) NaN3, H,O, acetone, 0 °C, 1 h; c) in toluene, reflux,
2 h, d) ROH, Et;N, R.T., N,, 12 h or RNH,, CH,Cl,, R.T., Ny, 4 h ; e) NH;OAc, Et;N, ag. MeOH
(1:4), R.T., 1 h.

Other interesting compounds with carbon-nitrogen bonds are the nitrile-
containing derivatives. The over 30 nitrile-containing approved pharmaceuticals
and additional leads in clinical development, attest to the biocompatibility of these
functionality [373]. Therefore, we reasoned the synthesis of nitrile celastrol
derivatives, as part of our investigation. To prepare derivatives with the nitrile
group at the C(29) position we started with the synthesis of compound 3.1 followed
by the addition of a solution of concentrated ammonia that gave the amide 4.12.
Refluxing of compound 4.12 in thionyl chloride yielded the diacetate nitrile 5.4 that
after deprotection gave the p-QM nitrile 5.5 (Scheme 5.5).
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Scheme 5.5 Synthesis of nitrile-containing derivatives of celastrol 1.26. Reagents and conditions:
a) (COCI),, CH,CI,, R.T., Ny, 4 h; b) conc. ammonia, toluene, 0 °C, 1 h; c) SOCI,, CHCl;, reflux, 3
h; e) NH4OAc, Et3N, aq. MeOH (1:4), R.T., 1 h.

The conversion of primary amide into nitrile was confirmed by the IR
absorption band for C=N stretching vibration observed at 2228 cm™. In the *C
NMR spectrum, the signal for the CN carbon appeared at around 127 ppm (Figure
5.7). These structural data were consistent for both nitrile containing derivatives
5.4 and 5.5.

T T T
200 190 180 170 160 150 140 130 120 110 }0(% 90 80 70 60 50 40 30 20 10 0
1 (ppm)

Figure 5.7 *C NMR spectrum of compound 5.5.
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As we can observe from the Table 5.2, all the nitrogen-containing
derivatives from celastrol 1.26 bearing intact p-QM structure presented a
significant decrease of viability of the studied cancer cells; however, only the urea
celastrol derivative 3.14 showed improved anticancer activity on these cell lines

compared with celastrol 1.26.

Table 5.2 ICs (UM) values of celastrol 1.26 and nitrogen-containing derivatives in tumour cell lines.

Comp Nitrogen group at R1 IC50 (UM + SEM)

' C(29) A549 MIA PaCa-2
Celastrol 1.26 — — 1.56+0.08 0.46+0.03
3.10 Isocyanate 5 N=C=0 2.47+0.05  0.53+0.03

O
4.1 Carbamate ‘?YLHNJ\O/ 1.74+0.05 0.58+0.05
O
3.14 Urea P 1.45:0.06  0.41%0.12
kg H
5.5 Nitrile 3 O 3.15:0.10  0.84+0.09

Carbamates and ureas could be further optimised through modifications of
the side chain, as seen in Chapter 3 and 4.

5.2.3. A/B-ring modifications

QM, in general, are much more reactive than simple enones (e.g., a, B-
unsaturated ketones) since nucleophilc attack on a QM produces an aromatic
alcohol, with aromatization of the ring being a major driving force (Figure 5.1)
[374]. As a result of the intrinsic electrophilic reactivity of QMs, highly reactive
transient p-QM species generated in situ are implicated in many chemical,
medicinal and biological processes, such as enzyme inhibition and DNA alkylation
and cross-linking [360]. The reactivity and selectivity of QM with biological
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nucleophiles are highly sensitive to structural modifications and to the protonation
of the carbonyl moiety [375]. Herein, we explored this reactivity, using different
celastrol derivatives with the same substituents at the C(29) position and different

A/B-rings structures.

5.2.3.1. Aldehyde

Aldehydes are common among natural isolates and very versatile as a
functional intermediate because of the high reactivity of the formyl group. Thus, we
synthesised different C(29)-aldehydes celastrol derivatives and compared their

activity.

After preparing the diacetate aldehyde celastrol 4.13 the acetoxy groups
were successfully converted to the corresponding enol-hydroxyl group 5.1 as
described above (Scheme 5.3). The possibility of masking the interfering enol by
converting the hydroxyl group into methyl ether was explored, and compound 5.6
was successfully prepared using anhydrous potassium carbonate and methyl
iodide in DMF (Scheme 5.6).

Scheme 5.6 Synthesis of aldehydes derivatives of celastrol 1.26. Reagents and conditions: a)
NH4OAc, Et3N, aq. MeOH (1:4), R.T., 1 h; atmospheric air; b) CH3l, K,CO3, DMF, R.T., Ny, 6 h.

The preparation of the derivative 5.6 was confirmed by a signal at 3.54 ppm
in the *H NMR spectrum, corresponding to the methyl protons of the methoxy
group (Figure 5.8). In the *C NMR spectrum of compound 5.6, the signal of
methoxy carbon was observed at 51.7, a tertiary carbon, as this signal appeared in
the DEPT-135 spectrum (Figure 5.9).
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Figure 5.9 **C and DEPT-135 NMR spectrum of compound 5.6.
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The aldehyde derivatives of celastrol (compounds 4.13, 5.1 and 5.6)
retained a high level of activity in tumour cells despite A/B-ring modifications. The
p-QOM 5.1 was the most active against the lung cancer cell line A549, while the
diacetate 4.13 was the most active against pancreas cancer cell line MIA PaCa-2
(Table 5.3).

Table 5.3 IC5o (UM) values of aldehyde derivatives in tumour cell lines.

ICso (LM + SEM)

Compounds A/B-rings
A549 MIA PaCa-2
OYO
4.13 o l 2.77+0.22 0.38+0.03
o)\
o
5.1 U 1.83:0.04  0.57+0.03
HO
0
5.6 “ 1.99+0.14  0.78+0.03
0

These data demonstrate (in addition to our findings described in Chapter 4)
that acetylated celastrol derivatives are not only useful to protect functional groups
but also to provide active compounds. Moreover, these data suggest that it is not
just the topology of the ring that is responsible for the observed activity, but also
the electronic properties of the A/B-rings system that are important for the

anticancer activity.
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5.2.3.2. C(6)-derivatives

Celastrol 1.26 and p-QM celastrol derivatives contain electrophilic sites
within the A/B-rings of QM structure in positions C(2) and C(6) and they can react
with the nucleophilic thiol groups of cysteine residues and form covalent Michael
adducts (Figure 5.10A). On the other hand, enone celastrol derivatives (6-oxo-
celastrol derivatives) kept the elecrophilic centre at C(6) blocked, as shown in
Figure 5.10B.

A

A?‘;\;
v Cysaa

Protein

Enone derivatives

Protein

Figure 5.10 Molecular mechanism for (A) the addition of p-QM celastrol derivatives to the thiol
group of proteins and (B) the blockage of elecrophilic centre at C(6) of enone celastrol derivatives.
Adapted from [242].

Despite their lack of anticancer activity, in Chapter 3 and 4 these a,f3-
unsaturated carbonyl derivatives have proved to be useful for directly compare the
importance of the p-QM functionality on the observed biological properties of
different celastrol derivatives. Thus, we decided to further explore these
compounds, preparing enone celastrol derivatives with similar nitrogen-containing

groups at C(29) — methyl ureas and ethyl ureas — methylated or not on A-ring.
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Firstly we prepared the 6-oxo celastrol derivatives by allylic oxidation, which
consists of a direct insertion of oxygen into an allylic carbon—-hydrogen bond. For
that purpose, we used tert-butyl hydroperoxide in combination with sodium
chlorite, under mild, transition-metal free conditions (Scheme 5.7) [376].

tBuOOH

—_—

NaC|02

Scheme 5.7 Allylic oxidation reaction with tert-butyl hydroperoxide and sodium chlorite.

To synthesise methyl amide 5.7 we added methylamine to the previews
prepared acid chloride of 6-oxo dihydrocelastrol. Because of the basic character of
these reactions, the deprotection of the aromatic acetates was spontaneous,
directly affording the corresponding amide 6-oxo-diphenol derivative 5.7. Then,
compound 5.7 was structurally diversified using anhydrous potassium carbonate
and methyl iodide in DMF, to give the methyl derivative 5.8 (Scheme 5.8). Methyl

ureas 3.8 and 3.9 were prepared as mentioned in Chapter 3.
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-H
-CH,

R
38  -H
b 39 -CH,

Scheme 5.8 Synthesis of methyl amides and methyl ureas derivatives of 6-oxo-celastrol 1.26.
Reagents and conditions: a) (COCI),, CH,Cl,, R.T., N, 4 h; CH3NH, Et;N, CH,Cl,, R.T., N,, 10h; b)
CHjsl, K,COg3, DMF, R.T., Ny, 6 h; c) (COCI),, CH,Cl,, R.T., Ny, 4 h; NaN3, H,O, acetone, 0 °C, 1 h;
in toluene, reflux, 2 h; d) CH3NH,, THF, R.T., Ny, 12 h.

In the IR spectrum, the secondary amide derivatives 5.7 and 5.8 presented
a band corresponding to the carbonyl stretching vibration of the amide at around
1635 cm™ and a N-H stretching band at around 3360 cm™ (Figure 5.11).

In the *H NMR spectrum of compound 5.7 and 5.8, the signals for the
NHCH; protons were found at 2.57 and 2.64 ppm, respectively (Figure 5.12). The
13C NMR signal for the C(29) carbonyl carbon of the amide in compounds 5.7 and

5.8 was observed at 181.41 and 178.65 ppm, respectively (Figure 5.13).

171



Chapter V

1038
100
95
90 J
33659113
1 ¢
N—H
804
2941 5564
<. 75
0]
6s ]
) fci CH3
Y \N’ c=° 1298 8291
55 ' L:m,&m
H
50'0 T T T T T T T T 1 5 T 1
4000,0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0
cm-1
Figure 5.11 IR spectrum of compound 5.8.
3 3
2
£ ;
> b3
3 2 ® ® ] HeIS ]
© 0] < ™ oo . S S| o
z ; l | v IS |
/ / ’ I ” [
L JL
by e Y Yy oA )
8 8 5 8550 =)
B - (0o} mmmm ™
7.5 7.0 6.5 6.0 55 5.0 4.5 3.0 25 2.0 1.5 1.0 0.5

4.0
f1 (ppm)
Figure 5.12 'H NMR spectrum of compound 5.7.
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Figure 5.13 **C NMR spectrum of compound 5.7.

As shown in Table 5.4, enone celastrol derivatives reduced drastically the

ability to decrease the tumour cell viability in approximately tenfold the 1Cso values

of celastrol 1.26. Moreover, this lack of activity occurred independently of the

nitrogen-containing group at C(29), which is in accordance with the results

obtained previously.

Table 5.4 1C5 (UM) values of enone celastrol derivatives (methyl amides and methyl ureas) in
tumour cell lines.

(e}
r, - %)k”/
IC M
Compounds R; R, Rs 50 (HM)
A549 MIA PaCa-2
5.7 -H -H =Ry >15 >5
5.8 - CH4 -H =R, >15 >5
"Ry
3.8 -H -H ” >15 >5
Ry
3.9 - CH4 - CHsy ” >15 >5
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5.3. CONCLUSIONS

In this chapter, we successfully synthesised new celastrol derivatives and
explored their potential by comparing their anticancer activity with other celastrol
analogues prepared in the previews chapters. Modifications at the C(29) position
can be favourable, namely the insertion of some nitrogen-containing groups, while
reductions at this position seemed to be unfavourable for the anticancer activity.
Moreover, A/B-ring modifications can be crucial for the anticancer activity of
celastrol derivatives, because they influence the topology, electronic properties
and reactivity of these molecules. In general, this study allowed us a deeper
understanding of structure-activity relationship and chemical reactivity of celastrol

derivatives.

5.4. EXPERIMENTAL SECTION

5.4.1. Chemistry

54.1.1. General

Celastrol 1 and all reagents were purchased from Sigma-Aldrich.
Derivatives 1.45, 1.81, 1.82, 3.1-3.10, 3.14, 4.1, 4.11-4.14 were prepared
according to Chapter 3 and 4. The solvents were obtained from VWR Portugal
and were dried according to usual procedures. TLC analyses were performed on
aluminium TLC plate, silica gel coated with fluorescent indicator Fys4 (Merck,
detection by UV absorption). For preparative TLC was used preparative layer
plates silica gel 60 F,s54, 1 mm (Merck, detection by UV absorption). NMR spectra
were recorded using the Bruker digital FT-NMR-Avance 400 MHz spectrometer in
CDCI; or CD3;OD with TMS as the internal standard. Elucidation of the chemical
structures was based on *H, **C and DEPT-135 NMR experiments. The chemical
shifts values (d) are given in parts per million (ppm) and the coupling constants (J)

are presented in hertz (Hz).
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Derivative 5.1 — 3-Hydroxy-2-ox0-24-nor-friedela-1(10),3,5,7-tetraen-20a-
carbaldehyde

Figure 5.14 Chemical structure of compound 5.1.

To a solution of 4.13 (55.0 mg, 0.1 mmol) in aqueous MeOH (1:4, 3 mL)
and Et3N (0.3 mL), NH4OAc (38.5 mg, 0.5 mmol) was added. The resulting mixture
was stirred at room temperature. After 2 h the mixture was concentrated and the
residue was extracted with AcOEt (3 x 40 mL). The extract was washed with HCI
5% (20 mL), aqueous saturated solution of NaHCO3; (20 mL), water (20 mL) and
brine (20 mL). The obtained organic phase was dried over anhydrous Na,SOy,,
filtrated and evaporated at reduced pressure to give a dark orange solid, which
was purified by preparative TLC (CH,Cl,/MeOH 20:1), to yield 5.1 (35.8 mg, 78%)
as an orange solid. Mp: 243.1-244.9 °C. IR (neat) ymax: 3306, 2925, 2866, 2689,
1720, 1592, 1515, 1436 cm™. 'H NMR (400 MHz, CDCls) & 9.32 (d, J = 1.3 Hz,
1H, COH), 7.00 (d, J = 6.1 Hz, 1H, H-6), 6.51 (s, 1H, H-1), 6.33 (d, J = 7.1 Hz, 1H,
H-7), 2.20 (s, 3H, H-23), 1.45 (s, 3H), 1.27 (s, 3H), 1.11 (s, 3H), 0.95 (s, 3H), 0.52
(s, 3H) ppm; *C NMR (100 MHz, CDCls) & 205.24 (C=0), 178.55 (C2), 169.28,
164.79, 146.18 (C3), 133.99 (C6), 127.70 (C5), 119.73 (C1), 118.37 (C7), 117.25
(C4), 45.13, 44.69, 43.98, 42.98, 39.73, 38.68, 36.52, 34.70, 33.60, 31.64, 30.62,
30.38, 29.51, 28.60, 27.56, 26.42, 21.74, 20.31, 10.40 ppm.
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Derivative 5.2 — 3,29-Dihydroxy -24-nor-friedela-1(10),3,5,7-tetraen-2-anone

Figure 5.15 Chemical structure of compound 5.2.

To a solution of 4.14 (55.0 mg, 0.1 mmol) in agueous MeOH (1:4, 3 mL)
and Et3N (0.3 mL), NH4OAc (38.5 mg, 0.5 mmol) was added. The resulting mixture
was stirred at room temperature. After 2 h the mixture was concentrated and the
residue was extracted with ACOEt (3 x 40 mL). The extract was washed with HCI
5% (20 mL), aqueous saturated solution of NaHCO3; (20 mL), water (20 mL) and
brine (20 mL). The obtained organic phase was dried over anhydrous Na,SOy,
filtrated and evaporated at reduced pressure to give an orange solid, which was
purified by preparative TLC (CH,Cl,/MeOH 20:1), to yield 5.2 (28.1 mg, 61%) as
an orange solid. Mp: 266.8-269.0 °C. IR (neat) ymax. 3366, 2941, 2870, 1586,
1511, 1437 cm™. *H NMR (400 MHz, CDCls) & 7.02 (d, J = 7.0 Hz, 1H H-6), 6.52
(s, 1H, H-1), 6.37 (d, J = 7.2 Hz, 1H, H-7), 3.42 (d, J = 10.5 Hz, 1H, CH,OH), 3.21
(d, J=10.5Hz, 1H, CH,0H), 2.21 (s, 3H, H-23), 1.44 (s, 3H), 1.35 (s, 3H), 1.18 (s,
3H), 0.99 (s, 3H), 0.79 (s, 3H) ppm; **C NMR (100 MHz, CDCls) & 178.50 (C2),
171.55, 164.75, 146.18 (C3), 134.23 (C6), 127.49 (C5), 119.50 (C1), 118.48 (C7),
117.34 (C4), 71.48 (CH,OH), 44.55, 43.43, 43.41, 39.50, 38.46, 36.97, 36.44,
33.23, 32.98, 32.41, 30.56, 30.04, 29.99, 29.54, 29.14, 28.18, 24.34, 19.41, 10.41

ppm.
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Derivative 5.4 — 20a-Nitrile-24-nor-friedela-1,3,5(10),7-tetraen-2,3-di-yl
diacetate

Figure 5.16 Chemical structure of compound 5.4.

Compound 4.12 (55 mg, 0.1 mmol) was dissolved in chloroform (4 mL) and
thionyl chloride (1.3 mL) and the solution was heated under reflux for 3 h. The
solvents were removed under reduced pressure; the residue was extracted with
AcOEt (3 x 40 mL). The extract was washed with water (20 mL) and brine (20 mL).
The obtained organic phase was dried over anhydrous Na,SO,, filtrated and
evaporated at reduced pressure to give a yellowish solid, which was purified by
preparative TLC (PE/AcCOEt 2:1), to yield 5.4 (42.7 mg, 80%) as a white solid. Mp:
225.4-227.7 °C. *H NMR (400 MHz, CDCls) & 7.00 (s, 1H, H-1), 5.78 (d, J = 4.3
Hz, 1H, H-7), 3.35 (dd, J = 20.9, 6.0 Hz, 1H, H-6b), 3.08 (d, J = 20.7 Hz, 1H, H-
6a), 2.30 (s, 3H, CH3CO), 2.27 (s, 3H, CH3CO), 2.07 (s, 3H, H-23), 1.43 (s, 3H),
1.36 (s, 3H), 1.24 (s, 3H), 1.07 (s, 3H), 0.85 (s, 3H) ppm. *C NMR (100 MHz,
CDCl3) 6 168.84 (CH3COO0), 168.53 (CH3COO), 148.98, 147.45, 140.76, 138.24,
131.59, 128.00, 127.07 (C=N), 117.39, 116.69, 44.12, 43.61, 37.91, 37.35, 36.81,
35.12, 34.45, 34.37, 33.57, 32.57, 31.74, 31.02, 30.88, 30.62, 30.22, 28.85, 28.26,
23.09, 21.37, 20.84, 20.55, 12.73 ppm.
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Derivative 5.5 — 3-Hydroxy-2-oxo-24-nor-friedela-1(10),3,5,7-tetraen-20 a —

nitrile

Figure 5.17 Chemical structure of compound 5.5.

To a solution of 5.4 (52.0 mg, 0.1 mmol) in agueous MeOH (1:4, 3 mL) and
EtsN (0.3 mL), NH,OAc (38.5 mg, 0.5 mmol) was added. The resulting mixture
was stirred at room temperature. After 2 h the mixture was concentrated and the
residue was extracted with AcOEt (3 x 40 mL). The extract was washed with HCI
5% (20 mL), aqueous saturated solution of NaHCO3; (20 mL), water (20 mL) and
brine (20 mL). The obtained organic phase was dried over anhydrous Na;SOy,
filtrated and evaporated at reduced pressure to give a dark orange solid, which
was purified by preparative TLC (CH,Cl,/MeOH 20:1), to yield 5.5 (36.2 mg, 84%)
as an orange solid. Mp: 231.1-234.0 °C. IR (neat) ymax: 3312, 2945, 2876, 2228,
1583, 1520, 1439 cm™. *H NMR (400 MHz, CDCl3) 8 7.02 (d, J = 7.0 Hz, 1H, H-6),
6.53 (s, 1H, H-1), 6.37 (d, J = 7.1 Hz, 1H, H-7), 2.21 (s, 3H, H-23), 1.46 (s, 3H),
1.44 (s, 3H), 1.28 (s, 3H), 1.08 (s, 3H), 1.03 (s, 3H) ppm; *C NMR (100 MHz,
CDCl3) 6 178.56 (C2), 169.19, 164.76, 146.16 (C3), 134.00 (C6), 127.74 (C5),
126.96 (C=N), 119.72 (C1), 118.34 (C7), 117.27 (C4), 44.87, 44.11, 43.02, 39.70,
38.55, 36.40, 35.21, 33.50, 32.34, 31.79, 31.21, 30.91, 30.19, 30.09, 28.61, 21.86,
21.46, 10.40 ppm.
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Derivative 5.6 — 3-Methoxy-2-0x0-24-nor-friedela-1(10),3,5,7-tetraen-20a-
carbaldehyde

Figure 5.18 Chemical structure of compound 5.6.

Compound 5.6 was prepared according to the literature [330] from 5.1 (45
mg, 0,1 mmol). The obtained crude was purified by preparative TLC
(CH.Cl,/MeOH 20:1), to yield 5.6 (28.7 mg, 64%) as an orange solid. Mp: 244.7—
246.8 °C. *H NMR (400 MHz, CDCl3) 8 9.32 (s, 1H, COH), 7.00 (d, J = 6.7 Hz, 1H,
H-6), 6.52 (s, 1H, H-1), 6.34 (d, J = 7.1 Hz, 1H, H-7), 3.54 (s, 3H, OCHa), 2.20 (s,
3H, H-23), 1.44 (s, 3H), 1.25 (s, 3H), 1.17 (s, 3H), 1.09 (s, 3H), 0.52 (s, 3H) ppm;
13C NMR (100 MHz, CDCls) 5 205.28 (C=0), 178.89 (C2), 170.20, 164.88, 146.22
(C3), 134.21 (C6), 127.54 (C5), 119.71 (C1), 118.27 (C7), 117.26 (C4), 51.71
(OCHs3), 45.16, 44.40, 43.05, 40.53, 39.52, 38.41, 36.49, 34.91, 33.67, 32.82,
31.72, 31.02, 30.66, 30.00, 29.77, 28.75, 21.74, 18.46, 10.42 ppm.
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Derivative 5.7 — N-Methyl 2,3-dihydroxy-6-oxo-24-nor-friedela-1,3,5(10),7-
tetraen-29-amide

Figure 5.19 Chemical structure of compound 5.7.

To a solution of 3.4 (55.0 mg, 0.1 mmol) in dry CH,Cl, (5 mL) was added
oxalyl chloride (0.04 mL, 1 mmol) and stirred for 4 h at room temperature and N
atmosphere. The mixture was concentrated to dryness under reduced pressure.
The resulting residue was taken up in dry CH,Cl, (5 mL) and was added
triethylamine (0.1 mL, 0.90 mmol) and methylamine solution 2.0 M in THF (0.1 mL,
0.02 mmol). The reaction mixture was stirred at room temperature, under an inert
atmosphere. After 10 h the mixture was concentrated and the residue was
extracted with AcCOEt (3 x 40 mL). The extract was washed with HCI 5% (20 mL),
aqueous saturated solution of NaHCO3; (20 mL), water (20 mL) and brine (20 mL).
The obtained organic phase was dried over anhydrous Na,SO,, filtrated and
evaporated at reduced pressure to give a yellow solid, which was purified by
preparative TLC (CH,Cl,/MeOH 20:1), to yield 5.7 (41.1 mg, 86%) as an yellow
solid. Mp: 290.5-292.2 °C. IR (neat) ymax: 3357, 2942, 2866, 1722, 1635, 1577,
1456, 1312 cm™. *H NMR (400 MHz, CD;0D) 5 6.84 (s, 1H, H-1), 6.16 (s, 1H, H-
7), 2.57 (s, 3H, NHCHj3) 2.56 (s, 3H, H-23), 1.52 (s, 3H), 1.32 (s, 3H), 1.14 (s, 3H),
1.12 (s, 3H), 0.65 (s, 3H) ppm; *C NMR (100 MHz, CDs;OD) & 189.70 (C6),
181.41 (CONH), 174.47, 152.58, 151.80 (ArC-OH), 143.62 (ArC-OH), 126.73,
126.50, 122.22, 109.64, 45.83, 41.45, 41.35, 40.31, 38.27, 37.57, 36.08, 35.32,
33.95, 32.06, 32.02, 31.81, 30.72, 30.67, 29.84, 26.75, 21.50, 18.72, 14.09 ppm.
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Derivative 5.8 — N-Methyl 3-hydroxy-2-metoxy-6-0x0-24-nor-friedela-
1,3,5(10),7-tetraen-29-amide

Figure 5.20 Chemical structure of compound 5.8.

Compound 5.8 was prepared according to the literature [330] from 5.7 (50
mg, 0,1 mmol). The obtained crude was purified by preparative TLC
(CH.Cl,/MeOH 20:1), to yield 5.8 (33.5 mg, 65%) as a yellow solid. Mp: 281.8—
283.1 °C. IR (neat) ymax: 3366, 2942, 2866, 1737, 1638, 1594, 1487, 1448, 1299
cm™. 'H NMR (400 MHz, CDCls) 5 6.80 (s, 1H, H-1), 6.23 (s, 1H, H-7), 5.84 (d, J =
3.7 Hz, 1H, NHCHS,), 3.95 (s, 3H, ArOCHs), 2.64 (s, 3H, NHCHj3), 2.63 (s, 3H, H-
23), 1.52 (s, 3H), 1.28 (s, 3H), 1.14 (s, 3H), 1.12 (s, 3H), 0.64 (s, 3H) ppm. *C
NMR (100 MHz, CDCl3) 6 187.85 (C6), 178.65 (CONH), 171.71, 150.16, 149.31
(ArC-OH), 142.34 (ArC-OH), 126.24, 124.65, 123.55, 103.86, 56.01 (NHCH5),
44,77, 44.38, 40.56, 40.37, 39.01, 37.98, 36.49, 34.99, 34.45, 33.82, 31.64, 31.11,
30.94, 30.33, 29.63, 28.67, 26.57, 21.01, 18.19, 13.45 ppm.
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5.4.2. Biology

5.4.2.1. Reagents and cells

DMEM — no glucose, no glutamine, no phenol red, Penicillin-Streptomycin
(100 x) (P/S) solution and FBS were purchased from Thermo Fisher Scientific.
PBS was obtained from Biowest. MTT powder was obtained from Applichem.

5.4.2.2. Compounds

Stock solutions were prepared at a concentration of 10 mM by dissolving
celastrol 1 and its derivatives in DMSO, and subsequently stored at -20 °C. To
obtain the working solutions at the final desired concentration, the stock solutions
were further diluted in culture medium just before each experiment. The final

concentration of DMSO was always lower than 0.5% for all working solutions.

5.4.2.3. Cell culture

A549 and MIA PaCa-2 cell lines were obtained from ATCC and were
routinely maintained in DMEM — high glucose with L-glutamine, supplemented
with 10% (V/V) FBS and P/S solution (1 x). All cells were incubated in a humidified
incubator at 37°C in 5% CO..

5.4.2.4. Cell viability assay

The viability of all cell lines in the presence of different concentrations of the
compounds was determined by the MTT assay. For this assay, 2 x 10° A549 and
MIA PaCa-2 cells per well were seeded in 96 well plates and allowed to attach for
24 h. Then, growth medium was changed in every well and the compounds were
added at increasing concentrations in triplicate. After 72 h of incubation, the
supernatant in each well was replaced by 100 pL of filtered MTT solution (0.5
mg/mL of growth medium), and the plates were incubated again for 1 h at 37 °C.
The MTT solution was then removed, and the formazan crystals formed were

dissolved in 100 pL of DMSO. The absorbance at 550 nm in all wells was
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immediately read on an ELISA plate reader (Tecan Sunrise MR20-301, TECAN)
as an indicator of the cell viability. Subsequently, the 1Cso values were calculated
by non-linear regression using Graphpad Prism 5 software. To obtain the mean +

SEM values of ICsg, three independent experiments were performed.
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6. CHAPTER VI

Concluding remarks

Cancer is a highly complex disease with a poor prognosis and a massive
impact on society. Although chemotherapy is crucial to the clinical management of
cancer, in many cases it only offers a modest therapeutic benefit because of its
lack of selectivity for cancer cells. For these reasons, the development of
optimised anticancer drugs remains one of the most important fields of medicinal

chemistry.

There is an increasing interest in natural products, particularly in PTs, for
the development of new antineoplastic drugs. Among them, celastrol 1.26 is one of
the most active antitumour natural compounds. Despite its outstanding anticancer
activity, the pharmacological properties of celastrol 1.26 can be further optimised

through the generation of more potent and safer derivatives.

In this work, we successfully designed and synthesised several new
celastrol derivatives. First, selective protection by acetylation and deprotection with
ammonium acetate of the QM structure of celastrol 1.26 was explored, to carry out
selective reactions and achieve greater control over the chemical reactions
(Chapters 3-5). Additionally, tert-butyl hydroperoxide was used under mild,
transition-metal free conditions to synthesise C(6)-substituted celastrol derivatives
bearing an a,B-unsaturated carbonyl group (6-oxo-celastrol derivatives) by allylic
oxidation (Chapters 3-5). Moreover, we synthesised several C(29)-derivatives: for
instance, urea (Chapter 3) and carbamate (Chapter 4) derivatives were prepared
in good vyields from key isocyanate intermediates. Some of these compounds
exhibited a remarkable anticancer activity. Other C(29)-derivatives were also
synthesised, namely primary amide, aldehyde, primary alcohol (Chapter 4) and
nitrile (Chapter 5) derivatives. Other strategies of semisynthesis allowed the
preparation of further diversified celastrol derivatives, by converting the hydroxyl
groups into methyl ether, and subsequently masking the interfering enols by
methylation with methyl iodide (Chapters 3-5).
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The structures of all new celastrol derivatives were elucidated by numerous
analytical techniques, including IR spectroscopy, NMR spectroscopy (*H NMR, **C
NMR and DEPT-135 NMR) and MS and elemental analyses.

These new celastrol derivatives were tested for their cytotoxicity against
human cell lines, and some of them showed an improved antiproliferative profile
compared with the parent compound. The ICsy values determined using the MTT
assay were used to establish a preliminary SAR study. Modifications at the C(29)
position were shown to be favourable, namely by inserting some nitrogen-
containing groups (e.g., urea and carbamate). Furthermore, A/B-ring modifications
can be crucial for the anticancer activity of celastrol derivatives, because they
influence the topology, electronic properties and reactivity of these molecules. In
particular, allylic oxidation, which blocked the electrophilic centre at the C(6)
position, and the consequent rearrangement in the A/B-rings appeared to

decrease the anticancer activity of these compounds drastically.

The most relevant derivatives of each panel were further tested against the
human non-tumour fibroblast cell line BJ, to assess the selectivity of their
antiproliferative activities. Compounds 3.29 and 4.11 exhibited a lower toxicity
toward non-tumour BJ cells than they did toward cancer cells, and an improved
selectivity compared with celastrol 1.26. The synergistic anticancer effects of these
compounds together with approved anticancer drugs were evaluated using an
ovarian cancer cell line (SKOV-3). An evident synergistic anticancer effect of
compound 3.29 combined with cisplatin was observed, as well as for compound
4.11 combined with carboplatin. Finally, the mechanism underlying the anticancer
activity of the most promising derivatives was studied in SKOV-3 cells. It was
shown that compound 3.21 induced apoptosis via the extrinsic pathway, which
involved the activation of caspase-8 and caspase-3 and the cleavage of PARP.
Compound 3.21 also induced the downregulation of p53 in a p53-mutant cell line.
Moreover, the results suggested that compound 3.21 might be an Hsp90 inhibitor
and that the Akt/mTOR pathway might be involved in the downstream signalling
that leads to a decrease in SKOV-3 cell viability. Similarly, preliminary mechanistic
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studies showed that compound 4.11 exerted an antiproliferative effect on SKOV-3

cells via the extrinsic apoptotic pathway.

Although this work provides valuable insights into the mechanism of action
of the most relevant derivatives of celastrol 3.29 and 4.11, additional studies of
their anticancer molecular pathways are needed. It would also be important to
explore further the potential effects and mechanisms of the anticancer synergy of
derivatives 3.29 and 4.11, with the tested drugs (cisplatin and carboplatin), as well
as other chemotherapeutic agents. Additionally, pharmacogenomics and
pharmacokinetics studies are warranted to demonstrate fully their potential

effectiveness.

In conclusion, this thesis demonstrates the remarkable anticancer potential
of celastrol derivatives as promising lead candidates for anticancer drug

development.
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