UniversiTA pecL STupt bt NAroL

Feperico Il

PHD IN CHEMICAL SCIENCES

XXXVI Cycle (2020 - 2024)

Coordinator: Prof. Angelina Lombardi

Synthesis and characterization of new drugs
inspired by natural products.

Rita Pagano

Tutor Examiner

Prof. Giovanni Di Fabio Prof. Emiliano Bedini
Prof. Armando Zarrelli



Index
Abstract

Abbreviations
Natural Products in Drug Discovery
1. Introduction
1.1 Polyphenols
1.2 Natural Products in Cancer Therapy
1.3 Natural Products in Neurodegenerative Diseases
1.4  Silibinin
1.5 Curcumin
Bibliography

Silybin Derivatives
2. Silybins Prodrugs
2.1  Aim of Research Work
2.2 Results and Discussion

2.2.1 Stability in Biological Media

2.2.2 Stability in presence of RNase A

2.2.3 Evaluation of Cell Toxicity
2.3 Conclusions
2.4 Experimental Session

2.4.1 General Methods

14

18

24

32

33

34

36

37

39

40

41

41



2.4.2 Functionalization of the
NovaSyn® TG support with Nucleotide units

2.4.3 Synthesis and Purification of 12ab, 12a, 12b,
13ab, 13a and 13b

2.4.4 Simulated Biological Fluid assays
2.4.5 Alkaline Phosphatase assay

2.4.6 RNase assay

2.4.7 MTT assay

3. Silybins Dimers

3.1 Aim of Research Work

3.2 Results and Discussion
3.2.1 Radical Scavenger Activities (OH")
3.2.2 In Vitro Antiproliferative Activity

3.3 Conclusions

3.4  Experimental session
3.4.1 General Methods
3.4.2 Synthesis of Silybins Building Blocks
3.4.3 Synthesis of Phosphoramidite Silybins

3.4.4 General Procedure for the Synthesis of
Phosphotriester Dimers 6aa, 6bb and 6ab

3.4.5 General Procedure for the Synthesis
of Dimers 7aa, 7bb and 7ab

3.4.6 Hydroxyl Radical (HO-) Generation
and Reactivity Estimation

41

43

47

47

48

48

50

50

52

54

55

59

61

61

61

64

65

67

69



3.4.7 Culture Conditions pag. 70

3.4.8 Antiproliferative Activity " 70
3.4.9 Apoptosis assay " 72
4. Silybins 7-0-Alkyl Derivatives " 73
4.1  Aim of Research Work " 74
4.2 Results and Discussion " 75
4.2.1 In medium and Chemical Stability " 77
4.2.2 Antioxidant Activity " 78
4.2.3 Anti-proliferative effects towards Prostate Cancer cell lines " 81

4.2.4 Effects of Silybin Derivatives on PC-3 Apoptosis

and Cell Cycle Progression " 84
4.3  Conclusions " 88
4.4  Experimental Session " 89
4.4.1 General Methods " 89
4.4.2 Synthesis of Tyrosol-based Building Blocks " 90
4.4.3 Synthesis of Silybins Building Blocks " 92
4.4.4 Alkylation by Mitsunobu reaction:
General procedure for the synthesis of 10a — 12a " 93
4.4.5 Synthesis of 7-O-tyrosyl-2,3-dehydro silybin
derivatives (13a — 15a): General procedure " 98
4.4.6 In medium and Chemical Stability (10a, 11a and 12a) " 101
4.4.7 DPPH assay " 102

4.4.8 ORAC assay " 103



4.4.9 Cell culture, Reagents, and treatments
4.4.10 Cell growth and death assay
4.4.11 Flow cytometry for apoptosis and cell cycle determination
4.4.12 Lysate preparation and immunoblot analysis
Bibliography
Curcumin Mimics
5. Phosphodiester Curcumin Mimics
5.1  Aim of the Research Work
5.2 Results and Discussion
5.2.1 Stability in Biological Media
5.2.2 Anticancer Activity
5.3 Conclusions
5.4  Experimental Session
5.4.1 General Methods
5.4.2 General procedure for the preparation of the support 1
5.4.3 Synthesis of tyrosol phosphoramidites 2 — 4
5.4.4 General procedure for the synthesis of dimers 8 — 13
5.4.5 Simulated Gastric and Intestinal Fluid (sGF and sIF) assays
5.4.6 Alkaline Phosphatase assay
5.4.7 Serum Stability assay

5.4.8 Anticancer Activity

n

103

104

104

105

105

110

111

111

112

115

116

117

117

118

119

120

123

123

124

124



6 Ethyl Phosphonates Curcumin Mimics

6.1 Aim of Research Work
6.2 Results and Discussion
6.2.1 Antioxidant Activity

6.2.2 Investigation of Antitumor Activity on
different human cancer cells

6.2.2.1 Cell viability on MDA-MB-231 breast cancer cells

6.2.2.2 Antiproliferative Effect on different
human tumor cell lines

6.2.2.3 Investigation of EP4 on the Metastatic cell migration
6.2.2.4 Inhibition of RSL3-induced ferroptotic cell death
6.3  Conclusions
6.4  Experimental Session
6.4.1 General Methods
6.4.2 General Procedure for the Synthesis of EP1 — EP4
6.4.3 DPPH assay
6.4.4 ORAC assay
6.4.5 Biological assays on human cancer cells
6.4.5.1 MDA-MB-231 cell line
6.4.5.2 Hela, A375, WM266 and HDF cell lines
6.4.6 Wound Healing assay

6.4.7 Inhibition of RSL3-induced ferroptotic cell death

126

126

127

128

129

129

131

133

134

135

135

135

136

138

138

139

139

140

141

141



Bibliography " 141

Appendix: PhD Course Activity Summary " 144



A549
AAPH
AChE
ACN
AcOH

AKT
ALP
API

APP

ATP
AUC
AP
BACE
BChE
Bcl-2
Bz

CE
ChT-L
COX-2
CP
DCA

Abbreviations

Human Lung Carcinoma
2,2'-Azobis(2-methylpropionamidine) dihydrochloride
Acetylcholinesterase
Acetonitrile

Acetic acid

Alzheimer’s Disease

Protein kinase 3

alkaline phosphatase

Active Pharmaceutical Ingredient
Amyloid Precursor Protein
Adenosine

Adenosine triphosphate

Area Under the kinetic Curve
Amyloid

[B-secretase
Butyrylcholinesterase

B-cell lymphoma 2

Benzoyl

2-Cyanoethyl
Chymotrypsin-like
Cyclooxygenase-2

Core particle

Dichloroacetic acid



DCI
DCM
DHS
DHSA
DHSB
DIAD
DIC
DIEA
DMF
DMSO
DMT
DNA
DPPH
EMT
EtOAc
FBS
FDA
Fer-1
GABA
GPX4
GPX4
HDFs
HeLa
HI

4,5-Dicyanoimidazole
Dichloromethane
2,3-dehydro-silybin
2,3-dehydro-silybin A
2,3-dehydro-silybin B
Diisopropy! azodicarboxylate
N,N'-Diisopropylcarbodiimide
N,N-Diisopropylethylamine
Dimethylformamide

Dimethyl sulfoxide
4,4'-dimethoxytrityl
Deoxyribonucleic Acid
2,2-diphenyl-1-picrylhydrazyl
Epithelial-to-mesenchymal transition
Ethyl acetate

fetal bovine serum

Food and Drug Administration
Ferroptosis inhibitors
Gamma-aminobutyric acid
Glutathione peroxidase 4
Glutathione peroxidase 4
Human dermal fibroblasts
Human Cervix Adenocarcinoma

heat-inactivated



HPLC
HTS

ibu

ICso

Im
KOAc
Lys
MDA-MB-231
MeOH
MS
MSNT
NADPH
NF-kB
NFTs
NH4OAc
NMR
NPs
ORAC
p53
PANC
PANCI1
PBS
PC-3
PCDs

High Performance Liquid Chromatography
High Throughput screening

isobutyryl

half maximal inhibitory concentration
Imidazole

Potassium acetate

Lysine

breast cancer cells

Methanol

Mass spectrometry
I-mesitylenesulfonyl-3-nitro-1,2,4-triazole
Nicotinamide adenine dinucleotide phosphate
Nuclear Factor kB

Neurofibrillary tangles

Ammonium acetate

Nuclear Magnetic Resonance

Natural products

Oxygen Radical Absorption Capacity
Tumor protein 53

Human Pancreatic Cancer

human pancreatic cancer cells

Phosphate Buffered Saline

Prostate cancer cells

Protein Conformational Diseases



PD Parkinson Disease

PGPH Peptidylglutamyl-peptide hydrolyzing
PI propidium iodide

PI3Ks Phosphoinositide 3-kinase

Py Pyridine

Q-VD Apoptosis inhibitors

RA trans-retinoic acid

RNA Ribonucleic acid

RNase 1 Human pancreatic ribonuclease
RNase A Bovine pancreatic ribonuclease
RNS Reactive nitrogen species

ROS Reactive oxygen species

RP Reverse Phase

RT Room temperature

SA Systemic amyloidosis

SAR structure-activity relationships
SE Standard error

SEM Standard error of the mean

sGF simulated Gastric Fluid

SH-SY5Y Human Neuroblastoma Cell Line

sIF simulated Intestinal Fluid
Sil Silibinin
SilA Silybin A

SilB Silybin B



SW480
T2DM
TBDMS
ButOOH
TE

TEA
TFA
THF
T-L
TLC
TPP
ug7

Ur
uv

colorectal cancer cells
Type Il diabetes mellitus
tert-butyldimethylsilyl
tert-butyl hydroperoxide
Trolox equivalents
triethylamine
Trifluoroacetic acid
Tetrahydrofuran
Trypsin-like

Thin layer chromatography
Triphenylphosphine
Human Glioblastoma
Ubiquitin
Ubiquitin-Proteasome System
Uridine

Ultra Violet



Abstract

Natural products (NPs) have always been a source of lead compounds that promote
pharmacological advances to treat different health problems, mainly related to cancer,
infectious diseases, inflammation, neurodegeneration and cardiovascular disorders.'

Among NPs, plant polyphenols are gaining increasing recognition thanks to their
potent antioxidant properties, and their therapeutic advantages in the modulation of
cell signaling, anti-inflammatory effects and neuroprotection.” Despite their
widespread distribution and different benefits, the poor bioavailability of flavonoids
may significantly impact their therapeutic effects. For these reasons, the research is
active in identifying more common or easily synthetic flavonoids with enhanced
absorption, better therapeutic efficacy and fewer side effects.’

During my PhD I focused my attention on two natural products, silibinin and
curcumin, both of plant origin which simultaneously suffer from very low solubility
in water and poor bioavailability.

Silibinin is the main component of the silymarin extracted from milk thistle seeds
and consists of an approximately equimolar mixture of two diastereoisomers: silybin
A (Sil A) and silybin B (Sil B) (Figure 1).* Silibinin, known above all for its
hepatoprotective activity, has a wide range of biological and pharmacological
activities, but it’s limited by its low solubility in water and bioavailability.” In many
cases the optical pure aspect of this two diastereoisomers has been largely neglected,
but some studies have demonstrated that stereochemistry matters when describing
their biological effects.’® A recent study, indeed, investigated the silybins ability to
inhibit AP amyloid growth and toxicity, and demonstrated that only Sil B was able to
significantly inhibit AP aggregation in aqueous solutions and counteract A
proteotoxicity in worms (Caenorhabditis elegans) expressing human APB.
Conversely, in the case of human 20S proteasome (h20S) Sil A demonstrated a higher

affinity and more efficient activation than Sil B.®
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Figure 1 Silibinin and its diastereoisomers, Silybin A and Silybin B

Curcumin is the bioactive compound of Curcuma longa (Figure 2).° Its
pharmacological action has been mainly attributed to its antioxidant and anticancer
activities, ability to chelate bio-metals and to inhibit the aggregation of the A
peptide.'® Despite such potential, curcumin suffer of low bioavailability and poor
chemical stability that limit its pharmacological applications.'' Several strategies were
developed to overcome these disadvantages, such as nanoparticle and formulations in
liposomal complex.'? One of the most common strategies is the design and synthesis

of new curcumin mimics with better therapeutic properties and bioavailability. ?

HO OH
,.|BCO:‘\/5(\'(\H/\GOCH3
O O =
Curcumin '- ﬁk

Figure 2  Curcumin: bioactive compound of Curcuma longa

In this frame, during my PhD I was involved in the synthesis, characterization and
evaluation of different biological activities of new silybin derivatives and curcumin

mimics.
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Silybin derivatives

To increase water solubility of silybins, new prodrugs were designed (Figure 3)."
A mini-library of 9"-silybins conjugated with 3’-ribonucleotide units through
phosphodiester junctions was synthesized with an efficient regioselective solid-phase
synthetic approach.

The new prodrugs showed greater solubility in water (3.7 mM and 6 mM for
uridine and adenosine conjugates, respectively) compared to silybins (1 pM)’.

Investigations performed to validate the effective timed-release of new prodrugs
have revealed that uridine-silybin derivatives were quickly cleaved by RNase A,
releasing the active silybin drugs even at low RNase concentrations. MTT assays

confirmed the lack of toxicity of the new compounds on neuronal cancer cells.
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Figure 3 Silybins prodrugs

A recent study reported the synthesis and antioxidant activity of bi-flavonoids
based on silibinin.'> The new dimers, linked through a phosphodiester bond in position
3-3, 3-9" and 9"-9", have displayed high ability to scavenge ROS, comparable to the
value reported for known potent antioxidants such as quercetin.

In this regard, during my PhD I investigate the structure—activity relationships of
dimer 9"-9", which turned out to be the best one (Figure 4).'® Starting from
diastereoisomerically pure silybin monomers (Sil A and Sil B), employing orthogonal

protection of various hydroxyl groups and the phosphoramidite chemistry, novel 9"-
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9" dimers of silybin A and silybin B (7aa, 7ab, and 7bb) were successfully
synthesized.

They showed a higher ability to scavenge reactive oxygen species (ROS),
specifically the hydroxyl radical (HO¢), comparable to quercetin. Investigations on
the anticancer activity of new dimers, reveal that both monomers and dimers display
selective anti-proliferative activity against leukemia cells at the concentrations
employed, and low activity on normal cells. However, the cytotoxic mechanisms is

not apoptosis for everyone, underlighting the pivotal role of stereochemistry.
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Figure 4 New silybins dimers
Considering the inhibitory effects on various cancer cells of silibinin and its
oxidation product 2,3-dehydrosilybin (DHS), '"'* chemical modification studies could
enhance their bioavailability and antiproliferative activity against prostate cancer cell

lines.'® For this reason, it was developed a regioselective synthesis of new 7-O-alkyl

v



derivatives aims to combine the pharmacological properties of silybins and DHS with
tyrosol-based metabolites, potentially yielding compounds with improved antioxidant
and anticancer activities (Figure 5). While in the ORAC assay there was no significant
variation in antioxidant activity, in the DPPH assays, the new derivatives exhibited
pronounced activity due to the role of tyrosolic counterpart.

From the study on PC-3 prostate cancer cells emerged that the compounds DHS-
HTYR, DHSA-HTYR and DHSB-HTYR inhibit cell proliferation and induce cell
death in PC-3 cells.

OH

HOL__ A~ OCH;
1
HO OH

OH O
DHS-HTYR, DHSA-HTYR or DHSB-HTYR

Prostate Cancer Cells Apoptosis Cell Death

Figure 5 New 7-O-alkyl derivatives: inhibitors of prostate cancer.




Curcumin mimics

With the aim of synthesizing curcumin mimics with broad molecular diversity, it
has been carried out a rapid solid-phase synthetic strategy to obtain tyrosol-based
phosphodiester mimics which retain the two aromatic rings with distinct hydroxyl
substituents and a distance between them comparable to that of curcumin (Figure 6).%
The phosphodiester linker was chosen with the aim of increasing the water solubility
and the stability of the new mimics.

From the study emerged that all new mimics exhibited high stability in simulated
intestinal fluid, simulated gastric fluid, alkaline phosphatase, and serum buffers. The
phosphodiester dimers potent growth inhibition and cell death efficacy in PC-3
prostate cancer cells for the compound tyrosol with a homovanillil substitution,
demonstrating a substantial effectiveness in cell growth inhibition and in inducing

significant cell death.

HO OH

Curcumin , HO 00 OH
HyCO # N ocH, [, D\/N 4
: 1 s S g 0-P*o R,

mimics of Curcumin
R;=H or OCH3 or OH

Curcuma lon

Figure 6 Phosphodiester curcumin mimics

To expand this first library, new tyrosol-based ethyl phosphonates curcumin
mimics were synthesized (Figure 7). The new mimics retain the phenolic moieties
based on tyrosol, homovanillil and hydroxytyrosol alcohols, in addition to the 5-
methoxy tryptophol. The linker was replaced with an uncharged ethyl phosphonate
with a length of seven atoms. The mimics EP2 and EP4 resulted the most interesting.
EP2 displayed strong antioxidant activity and potent inhibitory effect on ferroptosis,
representing a potential candidate for neurodegenerative disorders. Conversely, EP4

is a very potent anticancer agent against different human cancer cell lines (HeLa,

Vi



A375, WM266, MDA-MB-231) and no cytotoxic on normal cell (HDF). Mechanistic

investigation suggested that EP4-induced cell death occurs primarily by apoptosis.

HO . OH
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Figure 7 New curcumin mimics: EP2 potential neuroprotective candidate, EP4 anticancer agent
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Natural Products in Drug Discovery

1 Introduction

Natural products (NPs) represent a large family of different chemical entities
originated from bacterial, fungal, plant, and marine animal sources, with a wide
variety of biological activities that have found multiple uses, notably in human and

veterinary medicine and in agriculture.’

The first written documents on the use of NPs in medicinal applications date back
to 2600 BC and report the existence of a sophisticated medicinal system in
Mesopotamia, including about 1000 plant-derived medicines.? The knowledge of the
medicinal application of plants in the Western world is mainly based on the Greek and
Roman culture. In particular, there are the compendia written by the Greek physician
Dioscorides (1st century AD), and by the Romans Pliny the Elder (1st century AD)
and Galen (2nd century AD). During all that time, medicinal plants were only applied
on an empirical basis, without mechanistic knowledge of their pharmacological
activities or active constituents. Rational drug discovery from plants started at the
beginning of the 19th century, when the German apothecary assistant Friedrich
Sertiirner succeeded in isolating the analgesic and sleep-inducing agent from opium
which he named morphium (morphine) in honor of the Greek god of dreams,
Morpheus. He published a comprehensive paper on its isolation, crystallization,
crystal structure, and pharmacological properties, which he studied first in stray dogs
and then in self-experiments. This triggered the examination of other medicinal herbs,
and during the following decades of the 19th century, many bioactive natural products,

primarily alkaloids (e.g., quinine, caffeine, nicotine, codeine, atropine, colchicine,




cocaine, capsaicin) could be isolated from their natural sources.®* Subsequently,
efforts were undertaken to produce natural products by chemical synthesis in order to
facilitate production at higher quality and lower costs. Salicylic acid was the first
natural compound produced by chemical synthesis in 1853. After the discovery of
penicillin (1928), an era of drug discovery from microbial sources was initiated in the
1930s, that laid the scientific and financial foundation of the modern pharmaceutical
industry after World War II. At that time, the therapeutic use of extracts and partly
purified natural products was increasingly replaced by the use of pure compounds.®
Despite the advent of combinatorial chemistry and HTS campaigns during the last

decades, the impact of NPs for drug discovery is still very high.®

Of the 1394 new chemical entities belonging to the group of small molecules that
had been approved between 1981 and 2019, only 33.3% were purely synthetic, while
more than half were derived or inspired by nature.® NPs hold out the best options for
finding novel agents/active templates, which when worked on in conjunction with
synthetic chemists and biologists, offer the potential to discover novel structures that
can lead to effective agents in a variety of human diseases for which no effective
treatment exists or available yet. Due to their vast natural chemodiversity and
structural complexity, research into NPs has uncovered bioactive agents, hits, and lead
compounds which promote pharmacological advances to treat different health
problems, mainly related to cancer, infectious diseases, inflammation, pain, and
metabolic and cardiovascular disorders.” In recent decades, NP-inspired drug
discovery has experienced a leap in progress due to several innovations overcoming
crucial barriers and limitations to developing NP-derived drugs. In addition, the
innovations are also oriented toward expanding NP chemical space by identifying
more NPs and derivatives, designing and optimizing bioactive NP-based libraries to
find novel therapeutic agents with low toxicity and improved physicochemical,

pharmacokinetic, and pharmacodynamics properties.®




1.1 Polyphenols

One of the most studied class of NPs derived from plants are polyphenols.® They
vary from simple, low molecular weight molecules to large complex tannins and

derived.

According to a common classification, the polyphenols are divided into several
sub-classes, based on the number of phenolic rings present in their structure, the
structural elements that bind these rings between them and to the substituents bound
on the rings. On this basis, they can be identified two major groups: flavonoids and

non-flavonoids polyphenols (Figure 1.1).%°

Flavones

—_— 7 2 .
Isoflavones c 2
6 3

—

Flavanols

E—

Polypheols

Flavonones

Diferuloylmethane H Curcumin

Stilbenes
Phenolic Acids

The flavonoids, share a structure formed by two aromatic rings, indicated as A and

Resveratrol

No Flavonoids

Figure 1.1 Subclasses of polyphenols.

B, linked together by three carbon atoms that form oxygenated heterocycle, the ring




C (Figure 1.1). They can be further divided into several subclasses, depending on the
type of involved heterocycle: flavones, flavonols, isoflavones, flavanols, and
flavonones. Among the non-flavonoid polyphenols are identified: diferuloylmethane,

stilbenes, and phenolic acids..

Nowadays, plant polyphenols enjoy an ever-increasing recognition not only by the
scientific community but also, and most remarkably, by the general public because of
their presence and abundance in fruits, seeds, vegetables, and derived foodstuffs and
beverages, whose regular consumption has been claimed to be beneficial for human
health.>! It has been demonstrated that polyphenolic compounds exert a strong
antioxidant activity, and therapeutic benefits also derive from their modulatory role in
cell signaling and anti-inflammatory activity. In addition, it is thought that
polyphenols may be important in the prevention of multiple diseases, i.e.
cardiovascular and neurodegenerative diseases, atherosclerosis, type II diabetes, and
cancer.’>®® Although wide distribution and broad benefits, bioavailability of
flavonoids is poor which may significantly influence the impact of nutritional effects.
Pharmacokinetic profile of flavonoids with certain functional groups remains
systematically elusive, which is important for screening out more common/easily
synthetic flavonoids with better absorption and higher nutritional/ therapeutic or less

side effects.'°

1.2 Natural Products in Cancer Therapy

A cancerous tumor refers to a colony of cells proliferating more frequently than
normal tissue, with invasive and metastatic properties.** According to the newest
information, although the mortality caused by cancer has decreased over the past
decade in both males and females, it is still the second most common cause of
mortality in the United States following cardiovascular disease.'® Generally, the cause

of cancer development is a genetic defect in one or more proteins that regulate the cell




cycle. In some cases, the defective gene is inherited, in some other cases mutations
occur in response to environmental carcinogens. Generally, both hereditary and
environmental factors coexist, and for the development of cancer an accumulation of
mutations is required.’® When affected by environmental factors such as oxidative
stress or UV radiation, the DNA of the cell is damaged and repair mechanisms are
activated. If they are not able to adequately repair the damage, cell death signals are
activated.’” However, if these mechanisms are disrupted, the mutated cells can
proliferate and, even over time and with accumulation of mutations, form a cancerous

tumor (Figure 1.2).
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Resistance to the effects of cell death signals and immortality is one of the major
characteristics of cancerous cells. There are four main categories of programmed cell
death: apoptosis, autophagic cell death, necrosis, and ferroptosis; they may jointly
determine the fate of the cancer cell.'® Apoptosis has a particular importance, and
studies on cancer treatment have focused on ways to induce apoptosis in cancer cells.
In terms of function, the genes involved in the development and progression of cancer
can be categorized into oncogenes and tumor suppressor genes. Oncogenes encode
proteins that stimulate tumorigenesis. On the other hand, tumor suppressor genes
inhibit the development of tumors. p53 is among the most important tumor suppressor
genes involved in controlling the cell cycle and induction of apoptosis.*® Ferroptosis
is an iron-dependent, novel cell death mode, which is significantly different from
apoptosis, cell necrosis, and autophagy.’® The main mechanism is that, under the
action of ferrous iron or lipoxygenase, iron catalyzes liposomal peroxidation of highly
expressed unsaturated fatty acids on cell membranes, thereby inducing cell death.
Numerous studies have shown that ferroptosis is also related to a reduction in the
expression of glutathione and glutathione peroxidase 4 (GPX4) in the antioxidant
system of cells.?>?? Lipid peroxides cannot be metabolized by the reduction reaction
catalyzed by GPX4, and lipids are oxidized by ferrous iron in Fenton reaction to
generate a large amount of reactive oxygen species (ROS) that promote ferroptosis.??
Ferroptosis is considered a key mechanism in the development of various diseases
such as atherosclerosis, Alzheimer, diabetes, cancer, and renal failure. The redox
status of cells, such as the balance between intracellular oxidants (lipid peroxides,
reactive oxygen species, free iron ions) and antioxidants (glutathione, GPX4), plays a

major role in ferroptosis regulation and constitutes its principal biomarkers.?*

Various signaling pathways are involved in tumorigenesis, one of these is oxidative
stress. Oxidative stress refers to conditions when the balance between the production

of oxidizing species and the ability of antioxidant system for clearing them is




impaired. Oxidizing species are compounds that are highly reactive. These
compounds are produced both in normal and pathological conditions in cells, the main
source of production is the respiratory chain of the mitochondria. NADPH oxidases
are other source of oxidizing species production.”® These compounds are involved in
the pathogenesis of many diseases including cancer, diabetes, cardiovascular disease,
inflammatory bowel disease, etc. Furthermore, some therapeutic approaches have
focused on neutralizing these harmful compounds by antioxidants.?® Usage of some
antioxidant compounds has been proposed as a therapeutic approach for the treatment
of some types of cancer.?’ In addition, some antioxidant compounds appear to have

beneficial effects in preventing cancer and reducing cancer mortality.?®

Nowadays, the most effective treatment for cancer is chemotherapy.
Chemotherapeutic drugs kill rapidly proliferating cancer cells, but these drugs also
damage normal cells and result in a high incidence of complications.?® Despite
significant advancements, the survival rates remain unsatisfactory mainly because of
drug resistance, which impedes the progress of patient prognosis. Therefore, in the
last years, phytochemicals were considered suitable candidates for anti-cancer drug
development, due to their multiple actions on several targets with different
mechanisms of action.?® Several NPs derived from plant, such as alkaloids,
flavonoids, lignans, saponins, terpenes and other primary and secondary metabolites,
play significant roles in either inhibiting cancer cell activating proteins, enzymes and
signaling pathways (Figure 1.3). For instance, terpenoids exert their anti-cancer
activity by activating proapoptotic members Bax and Bak, activating p53 and causing
a down-regulation of signaling transduction of antiapoptotic protein Bcl-2. By far,
different mechanisms have highlighted the role of flavonoids in cancer-therapy,
including induction of apoptosis, proteasome inhibition, nuclear factor signaling
inhibition, differentiation induction, cell cycle arrest induction, receptor interaction,

or interaction with carcinogenic associated enzymes.'* Notably, many reports have




provided evidences about influences of hydroxylation on tumor modulation. Specific
hydroxylated flavonoids possess stronger inhibitory activity on cancer cells than
permethoxylated counterparts. Ring B substitution such as a catechol moiety with
vital influences has been proposed, and additional hydroxyl group substitution in ring
B does not alter the activity. In the case of ring C, 3-hydroxylation has been considered

as a highly decisive moiety for improving biological effects.
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Figure 1.3 Natural products and their anticancer activities.

For example, flavonoids like quercetin, kaempferol, Iuteolin, epi-catechin,
catechin, cyanidin exert their anti-cancer activity on several cancer cell lines with
different mechanisms of actions: decreasing phosphorylation of epidermal growth
factor receptor; increasing DNA fragmentation; counteracting angiogenesis in cancer
cells; inhibiting enzymes such as xanthine oxidase, COX-2, lipo-oxygenases, and
ornithine decarboxylase; inhibiting signal transduction enzymes such protein kinase

C, PI3K, AKT.




1.3 Natural Products in Neurodegenerative Diseases

In the last two decades, a large number of evidences points to the misfolding,
aggregation and accumulation of structurally abnormal proteins, termed amyloids, as
a common pathogenic mechanism of several diseases known as Protein
Conformational Diseases (PCDs) and including Alzheimer’s Disease (AD), Parkinson

Disease (PD), type II diabetes mellitus (T2DM) and systemic amyloidosis (SA).3*

Alzheimer’s disease is one of the most common neurodegenerative disorders and
accounts for more than 80% of dementia cases worldwide in elderly people. It leads
to the progressive loss of mental, behavioral, functional decline and ability to learn.3?
Pharmacologic treatments employ medication to slow or stop an illness or treat its
symptoms. Five drugs have been approved by the U.S. Food and Drug Administration
(FDA) that temporarily improve symptoms of Alzheimer’s disease by increasing the

amount of chemicals called neurotransmitters in the brain (Figure 1.4).33
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Figure 1.4 Drugs approved by FDA for the treatment of AD.




The effectiveness of these drugs varies from person to person. However, none of
the treatments available today for Alzheimer’s disease slows or stops the damage to
neurons that causes Alzheimer’s symptoms and eventually makes the disease fatal.®*
Accumulation of misfolded protein deposits as amyloid  (AP) plaques and tau-
dependent neurofibrillary tangles represents the hallmarks of AD, but recent results
have demonstrated that drugs designed to inhibit protein aggregation are mostly
ineffective; therefore, the development of successful AD therapies needs a more

comprehensive understanding of the biochemical pathways supervising excess protein

clearance.

AP peptide is originated by the cleavage of a transmembrane protein called
amyloid precursor protein (APP) by - and y-secretases. Different isoforms can be
found, from 36 to 43 amino acids, but APi4 and AP;.4> are the most common
isoforms; the first of them is the most abundant while the second is the most
fibrillogenic. These insoluble aggregates were initially considered as the real cause of
those disorders but, in the last years, the scientific community agrees that the real
neurotoxic species are not amyloid aggregates but, rather, small-sized oligomeric
species.® In the early steps of aggregation, amyloidogenic peptides form clusters that
retain the structure of the monomeric state. These clusters are unstable, and an internal
reorganization undergoes to form stable species having a B-sheet rich structure. The
oligomers can aggregate by self-association to form well structurally defined fibrils
with cross-f structure, the mature fibrils, that are inert species. Amyloid oligomers are
thought to be toxic to the cell because they can interact and damage cell membranes
causing disturbances in the homeostasis of small molecules and ions. Furthermore,
the surface of the lipidic bilayer can act as nucleation site catalyzing amyloid growth.®
AP is a cationic peptide and interacts through electrostatic interactions with the
anionic head-groups of the lipidic bilayer, enhancing the local protein concentration

in the membrane surface and fostering protein aggregation. The most important
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mechanisms of membrane disruption are the pore formation, where amyloids are
inserted into the membrane forming ion-channel structures, and the detergent-like
mechanisms where amyloid fibrils interact with the lipid bilayer surface via non-
specific bindings, induces membrane thinning and disruption (Figure 1.5). Both

mechanisms are possible to occur in vivo and are not mutually exclusive.
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Figure 1.5 Amyloid formation and membrane disruption process.

Furthermore, amyloid aggregates can impair and ultimately block the protein
degradation machinery, resulting in the collapse of protein quality control,
compromising cellular function and survival. It is reported that aggregated p-sheet-
rich proteins inhibit the ubiquitin-proteasome system (UPS) by jamming the entry site

of the catalytic core.

The UPS is the main cytosolic proteolytic pathway responsible for the hydrolysis
of misfolded or damaged proteins (Figure 1.6).” The UPS is ignited by a sequential
process controlled by three enzymes, E1, E2 and E3 which couple ubiquitin (Ub)
polymers to a protein substrate. In the first step, an ATP-dependent E1 ubiquitin-

activating enzyme forms a high-energy thioester bond with Ub. Next, activated Ub is
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moved to the E2 ubiquitin-conjugating enzymes which promote the growth of Lys-
linked poly-ubiquitin chains that are, eventually, conjugated to the substrate by an E3-
ligase. The endpoint of the UPS is the proteasome, a 2.5 MDa multimeric assembly
that degrades the Ub-tagged proteins. The proteasome is composed by a catalytic unit
termed core particle (CP) or 20S, coupled with one (26S) or two (30S) 19S regulatory
particles (RPs).?® The 20S unit has a barrel-like shape, made of 28 subunits arranged
in four heptameric rings, stacked in an a-B-p-o form. The two inner B-rings include
six proteolytic sites endowed with peptidylglutamyl-peptide hydrolyzing (PGPH),
trypsin-like (T-L), and chymotrypsin-like (ChT-L) activities and located in the 1, B2,

and 5 subunits, respectively.
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Figure 1.6 Ubiquitin-proteasome system: mechanism of action.

Another important target of neurodegeneration is oxidative stress.3® Experimental
evidence indicates that a dysregulation of the redox state strongly participates in an
early stage of AD, inducing and activating multiple cell signaling pathways that

contribute to the initial progression of the neurodegenerative process. Indeed, constant
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evidence of reactive oxygen species (ROS) and reactive nitrogen species (RNS)
mediated injury is observed in AD brain. Oxidative stress can influence AP formation
by increasing APP levels or, indirectly, AP processing by modulating the activity and
levels of key enzymes such as B-secretase (BACE) and y-secretase. AP itself has
oxidant ability by inducing more oxidative stress, sustained inflammatory responses,
which ultimately will translate into irreversible cell damage, slow degeneration and

eventual cell death.*°

In the last decade, many investigations have focused on small natural molecules,
rich in aromatic groups for the treatment of AD. The attractiveness of these
compounds resides in the fact that they are normal biological molecules found in food
or herbal extracts, and thus usually exhibit high availability, stability, low side effects,
and convenience. Historically bioactivity of flavonoids against neurodegeneration is
attributed to classical antioxidant effects, however, emerging evidences now have
been attaching importance to interactions on acetylcholinesterase (AChE)/
butyrylcholinesterase (BChE), GABA-receptor, mitochondrial dysfunction, or
through chelation of transition metal ions.'® Furthermore, recent studies indicate that
natural phenolic compounds, especially polyphenols, are potent inhibitors of
amyloidogenesis. Some polyphenols have been shown to directly target the process
of protein misfolding and aggregation of various amyloidogenic proteins.** Others
have shown to act downstream of protein aggregation to prevent the toxic
consequences of the accumulation of misfolded proteins. Interestingly, many
polyphenols have been shown to have simultaneously two or more beneficial activities
in combating AD.* However, despite extensive testing in vitro and in vivo models,
polyphenols are yet to be used as a treatment for AD, a reluctance attributed to their
poor metabolic stability and low bioavailability at the needed pharmacological

concentrations.
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1.4 Silibinin

Silibinin is the main component of the silymarin extracted from milk thistle seeds
(Silybum marianum L. Gaernt.) and consists of an approximately equimolar mixture

of two diastereoisomers: silybin A (Sil A) and silybin B (Sil B) (Figure 1.7).%3
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Figure 1.7 Chemical structure of silibinin and the two diastereoisomers silybin A and silybin B.

Silymarin has a long history of use in folk medicine and is now frequently
employed for the prevention and/or treatment of liver disorders including viral
hepatitis, liver cirrhosis associated with alcohol abuse, liver damage from drugs and
industrial toxins. Silibinin is also considered an effective antidote against poisoning
by death cap mushroom (4dmanita phalloides). In the past two decades, in addition to
hepatoprotective, silybin has demonstrated remarkable anticancer as well as cancer
chemopreventive efficacy in preclinical cell culture and animal models of several

epithelial cancers including skin, bladder, colon, prostate, lung, etc (Figure 1.8).

Silibinin has effects on multiple cancer cell signaling pathways, including growth
inhibition, inhibition of angiogenesis, regulation of epithelial-to-mesenchymal

transition (EMT), adhesion, and motility invasiveness, thereby inhibiting metastasis.**
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It is also likely that the hepatoprotective and anticancer effects of silibinin are largely
due to inhibition of abnormal cell proliferation and apoptosis induction through cell

cycle arrest and interference of intrinsic and extrinsic mitochondrial pathways.
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Figure 1.8 Biological activities of silibinin.

For a long time silibinin was studied and tested only as a mixture of the two
diastereoisomers, but in the last decade many reports underline that the chirality is a
very important feature to be not underestimate, indeed Sil A and Sil B possess different
biological activities.*® This aspect is highlighted regarding to the neuroprotective

activities of silibinin.
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Considering the interaction with AP peptide, Sil A slow down the aggregation
process of A4, whereas Sil B fully abolished amyloid aggregation.*® Also in vivo
Sil B significantly protects transgenic C. elegans from the toxicity induced by A
suggesting that it is able to interact with toxic oligomers. Sil B has a specific affinity
to the C-terminal domain of the peptide which, in the presence of the compound,
remains unstructured throughout the entire simulation. By contrast, Sil A binds
preferentially the aromatic residues and has a lower affinity with the C-terminal
residues of the peptide. This different behavior has to be mainly ascribed to the
methoxyphenol group which, in Sil A is free to rotate around the C—C bond linking it

with the dioxane moiety, whereas in Sil B is blocked because of steric hindrance.

Conversely, in the case of human 20S proteasome (h20S), a higher affinity and
more efficient activation is observed for Sil A.*” The taxifolin group of both
diastereoisomers plays a crucial role in their anchoring to the a5/a6 groove of the
outer a-ring. However, due to the different stereochemistry at C-7" and C-8" of ring
D, only Sil A was able to reproduce the interactions responsible for h20S proteasome
activation induced by their cognate regulatory particles. Sil A is a more effective h20S
enhancer than Sil B, and, accordingly, it showed a more favorable binding energy for
the open than the closed h20S conformation, while the opposite result has been

obtained in the case of Sil B.

Due to its highly hydrophobic and non-ionizable chemical structure, silibinin
displays poor water solubility of less than 0.4 mg/L, and this has a great influence on
its bioavailability.** After oral administration, silibinin is rapidly absorbed in the
stomach (with a ti» of about 6 — 8 h). However, the absorption efficiency is rather low:
studies performed on rat models have shown that the absolute oral bioavailability of
the pure form of silibinin is at a level of 0.95%. It has been established that 3 — 8% of
orally administrated silibinin is excreted in an unchanged form in the urine. About

80% of silibinin is excreted as glucuronide and sulfate conjugates with bile (silibinin
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concentration in bile is 60 — 100 times higher than in serum and attains a level of even
0.1 mM). It is assumed that 20 — 40% of bile silibinin is recovered, whereas the
remaining part is excreted via feces. Silibinin monoglucuronides and diglucuronides,
as well as silibinin monosulfates and silibinin diglucuronides sulfate, are all formed

during phase II of silibinin’s biotransformation.*’

To overcome these limits, synthetic efforts have been aimed to derivatize silibinin
to discover new biological activities of the derivatives and to make its biological

activities more pronounced and selective.>®
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1.5 Curcumin

Curcumin, is a polyphenolic compound derived from dietary spice turmeric.>*
Chemically, curcumin is a bis-a,p-unsaturated B-diketone of two ferulic acid units,
connected through a methylene group. Curcumin exists mostly in a hydrogen-bond-
stabilized keto—enol state. Tautomeric equilibrium is partly dependent upon the
polarity and the pH value of the solvent. In non-polar solvents, curcumin exists in the
enol form, because of intramolecular hydrogen bond formation, whereas in polar
solvents it exists in the diketo form. In acidic and neutral media, the keto form of
curcumin dominates and acts as a proton donor, whereas at pH values above 8§ the enol

form predominates and serves as an electron donor (Figure 1.9).
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Figure 1.9 Keto and enol form of curcumin depending on pH.

Curcumin is a powerful antioxidant, and it has been found that curcumin can
directly scavenge various free radicals, ROS and RNS, inhibit ROS-generating
enzymes such as lipoxygenase/cyclooxygenase and xanthine dehydrogenase/oxidase,
and upregulate antioxidant defense enzymes such as superoxide dismutase and
glutathione peroxidase.®> Curcumin can be metabolized through both conjugation and
reduction pathways in humans and rodents. Curcumin given orally undergoes

conjugation, resulting in curcumin glucuronide and sulfates.

Several studies have highlighted the role of the thiol-reactive o,B unsaturated
carbonyl groups of curcumin paying attention to the structure activity relationships.>?
A key role for the methoxy group has also been proposed. Curcumin has been

considered as modulators of apoptosis.>® Recent evidence supports that other less-
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investigated pathways of cell death, i.e., necroptosis and ferroptosis may play a role
in cellular response to curcumin and related compound action. Curcumin has been
proposed as potential therapeutic agents in selected cancer types such as prostate,
colon, breast and thyroid cancer and its anticancer effects have been tested in vitro
and in vivo in combination with chemotherapeutic agents and radiotherapy.
Curcumin has shown to amplify the anticancer effects of drugs (e.g., doxorubicin,
cisplatin, gefitinib) and radiotherapy.>> For instance, curcumin displays a synergistic
effect with some chemotherapeutic agents such as 5-fluorouracil and oxaliplatin while
protecting normal tissues from cell death, and therefore without side effects.
Curcumin inhibits the pathway of Nuclear Factor kB (NF-kB), a transcription factor
that besides being involved in immune responses and inflammation, acts in regulating
genes implicated in cancer development and progression. Inhibition of cell
proliferation by curcumin has been reported in a variety of cancer cell lines, including
non-small cell lung cancer cells, in which curcumin-induced ferroptosis was
observed.*® In gastric carcinoma cells, curcumin-induced proliferation inhibition was

associated with the inhibition of the Wnt/B-catenin signaling pathway.

In the context of neurodegenerative diseases, in vitro studies have shown that
curcumin can bind AP, thus influencing the peptide aggregation and inhibiting fibrils
formation and elongation.®” Moreover, curcumin can enhance AP cellular uptake
avoiding plaques deposition and preventing cellular insults induced by the peptide and
it can also downregulate AP production through BACE-1 (beta-site APP-cleaving
enzyme) expression. /n vivo, curcumin is able to rescue the distorted neuritic
morphology near AP plaques, to decrease AP serum level as well as AP burden in the
brain, especially in the neocortex and in the hippocampus, and to attenuate
inflammation and microglia activation in AD mouse models.>® Furthermore, curcumin

can modulate tau protein processing and phosphorylation avoiding NFTs formation.
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Phase I clinical trials have shown that curcumin is safe even at high doses (12
g/day) in humans but exhibit poor bioavailability. Major reasons contributing to the
low plasma and tissue levels of curcumin appear to be due to poor absorption, rapid
metabolism, and rapid systemic elimination. Furthermore, the stability of curcumin in
aqueous solution is pH dependent. Curcumin is most stable at pH 1 — 6, for example,
in the stomach or small intestine, where its degradation is very slow. However, its
solubility in aqueous solution is poor in this pH range. Curcumin becomes unstable at
pH >7 and, as such, 90% of curcumin is degraded within 30 min in in vitro
preparations under physiological pH conditions (0.1 mM phosphate buffer solution,
37 °C, pH 7.2) (Figure 1.10).>
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Figure 1.10 Chemical structures of degradation products of curcumin.
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Curcumin degrades by two main pathways: solvolysis and oxidative degradation.
The solvolysis (nucleophilic substitution or elimination by solvent molecules) of the
heptadienedione chain in aqueous alkaline buffer results in 90% compound
degradation leading to vanillin, ferulic acid, and feruloylmethane.®® The major
chemical degradation product is a bicyclopentadione that is produced by autoxidation.
The spontaneous, free-radical-driven incorporation of O, leads to oxygenation and
double cyclization of the heptadienedione chain connecting the two methoxyphenol
rings. Crystalline curcumin is degraded by exposure to sunlight to give primarily
vanillin, ferulic acid, ferulic aldehyde, and vanillic acid. The same degradation pattern
is observed in organic solvents when it is exposed to light. Several solvent-dependent
products are also formed. Isopropanol can also behave as a reactive substrate, leading

to the formation of a guaiacol derivative.

To improve the bioavailability and stability of curcumin, numerous approaches
have been undertaken. These approaches involve the use of adjuvant like piperine that
interferes with glucuronidation; the use of liposomal curcumin, curcumin
nanoparticles, curcumin phospholipid complex; and the use of structural analogues of
curcumin.®® Research is active in the design and synthesis of new curcumin-based
mimics which allow to overcome the biological problems, intensifying the
antioxidant, anticancer and anti-aggregating properties of curcumin and focusing on

the cellular target of the drug.?

Various structural parameters need to be taken into account in the design of new
molecules to derive a structure-activity relationships (SAR): the modification of each
structural feature can vary one or more effects brought by the molecule (antioxidant

power, anti-aggregating power, chelating capacity, solubility, etc.).®
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It is believed that four structural parameters come into play in determining the
effectiveness of the bond with B-amyloids and therefore the anti-aggregating
properties (Figure 1.11).%

These parameters are:
e the number of aromatic rings at the ends of the chain (called linker);
e the substituents on the aromatic rings;
e the length of the linker;

e the conformational mobility of the linker.
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Figure 1.11. The structural elements common to curcumin-like amyloid ligands.

Molecules containing only one aromatic ring have demonstrated significantly
lower anti-aggregating activity than molecules with both aromatic rings at the ends.
The presence of a substituent on the aromatic rings capable of establishing hydrogen
bonds (hydroxyl, carboxylic acid, sulfonic acid) is essential to preserve the anti-
aggregating activity of the molecule; replacing this group with a methoxy makes the
derivative less active. The active molecule, however, will also interact through
hydrophobic interactions with the pocket of the amyloid fibril, exploiting the two
aromatic rings. The absence of double bonds conjugated to the aromatic rings does

not appear to affect the neuroprotective activity.®
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The linker must have a length that falls within a well-defined range of values for
which the derivatives have been found to be effective: it is believed that the length of
the chain should not fall below 8 A nor exceed 16 A (from approximately 4 to 10

atoms).

The number of curcumin derivatives and analogues synthesized to date is very high
and the pool of molecules is extremely heterogeneous. In some cases the curcumin
analogues were obtained by combining portions of two already existing natural
molecules, such as curcumin and melatonin (a, Figure 1.12), in other cases, however,
a functionalization of curcumin with other bioactive molecules such as thalidomide
(b, Figure 1.12) was carried out, obtaining actual conjugates of curcumin, in still
others the linker between the two aromatic rings (c, Figure 1.12) was modified, using,

for example, an isosteric pyrazole ring.®?

HO

Figure 1.12 Synthetic hybrid molecules that reproduce the structure of curcumin.

The effects obtained (or intensified) through the production of curcumin
derivatives are of different types, for example the hybrid compound (a) was

synthesized with the aim of combining a notable neuroprotective action against A3 to
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the regulation of circadian rhythms, which appear to be altered in patients suffering
from AD, the latter presenting low levels of melatonin. Compound (c) has an activity
accentuated antioxidant, both due to the lack of double bonds on the linker and the
presence of a pyrazole heterocycle. It is interesting to specify how the study of
curcumin derivatives is not limited only to AD, but they also find a potential
application as anticancer, an example is the compound (b), which was produced based
on the logic that curcumin makes myeloma cells more sensitive to thalidomide; in this
case the effect obtained is exactly the opposite of anti-Alzheimer drugs, in fact the
curcumin-thalidomide hybrid generates a high quantity of ROS which will induce

cellular apoptosis.
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Silybin Derivatives

2 Silybins Prodrugs

When using a drug, it is necessary for the Active Pharmaceutical Ingredient (API),
to reach its target site to perform its functions.! Furthermore, the active ingredient
must reach the target within a specific time and be available for a defined duration.
After parenteral administration of a drug, there is a peak in plasma concentration,
followed by a slow decline as the drug is eliminated or metabolized, complicating

maintenance of it in useful concentrations.

Timed-release prodrug technology provides a potential means to overcome this
problem. Ideally, the timed release modulates near-toxic peaks or near-ineffective
doses in the active plasma concentration. Developing prodrugs is now a well-
established strategy to improve the chemical-physical and biological properties of
pharmacologically active compounds. Prodrugs are bioreversible derivatives of the
corresponding drugs, capable of undergoing an enzymatic and/or chemical
transformation in vivo, to then release the drug, which can exert the desired
pharmacological effect. The prodrug is composed by a pro-moiety linked to the drug

and this complex is generally pharmacologically non-active.

Prodrugs offer the possibility of overcoming various problems in drug formulation
and administration, such as poor aqueous solubility, chemical instability, insufficient
oral absorption, rapid metabolism, and inadequate brain penetration. Some of the most
common functional groups that are amenable to prodrug design include carboxyl,

hydroxyl, amine, phosphate/phosphonate, and carbonyl groups. Prodrugs typically
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produced through modification of these groups include esters, carbonates, carbamates,

amides, phosphates, and oximes.

Meet criteria of inactivation of a parent drug but also of timed-release during
catalysis by an endogenous plasma enzyme is difficult since few enzymes have
adequate plasma concentrations and many of them have high specificity for a native
substrate. Human pancreatic ribonuclease (RNase 1) is an exception. Contrary to its
name, RNase 1 is expressed in pancreatic juice at a concentration of 6.4 mg/mL, in
saliva (0.2 mg/mL) and circulates in human plasma at a concentration of 0.4 mg/L.
Furthermore, like its homologue bovine pancreatic ribonuclease (RNase A), RNase 1
catalyzes RNA cleavage by a transphosphorylation reaction with little specificity for
its leaving group. Timed-release prodrugs, such as drugs conjugated with 3'-
ribonucleotides, are reported as good prodrugs for oral and parenteral

administration.??

2.1 Aim of Research Work

In this context, to improve the low bioavailability mainly due to the poor solubility

in water, it was designed the synthesis of silibinin, silybin A and B conjugates.

Here it’s reported an efficient and regioselective solid phase approach for obtaining
new prodrugs of 9"-silybins conjugated with 3'-ribonucleotide units (uridine and

adenosine) as pro-moieties through a phosphodiester bond (Figure 2.1).

The ribonucleotide unit as a pro-moiety has two advantages: first, its conjugation
increases the water solubility of the drug thanks to the phosphodiester group; second,
it can be specifically recognized by human pancreatic ribonuclease (RNase 1),
allowing an in vivo drug release over time and ensuring maintenance of the drug at a
beneficial concentration.* The stability of new prodrugs in different biological media

and their cytotoxicity on neuronal-derived cell line were evaluated.
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Figure 2.1. Synthesis of silybins prodrugs and evaluation of RNase A timed-release of silibinin (1ab),
silybin A (1a) and silybin B (1b).

2.2 Results and Discussion

Silibinin (1ab) and silybins (1a, and 1b) possess five hydroxyl functions that can
be distinguished into three phenolic groups on C-5, C—7, and C—4", one secondary
group on C-3 and one primary alcoholic group on C-9". Exploiting the greater
nucleophilicity of 9”-OH, it’s possible to obtain new silybins 9"”-conjugates with

natural 3'-ribonucleotide units without using protecting groups.

Initially, a NovaSyn® TG amino solid support (0.78 meq/g) was pre-derivatized
with 4-hydroxy-3-nitrophenylacetic acid, resulting in the formation of a new support
(2, Scheme 2.1). Subsequently, functionalization with 3’-phosphoramidite
ribonucleotides 3 and 4 occurred using a classical phosphoramidite chemistry (step 7).
The conversion of phosphite to phosphate triester was accomplished by treatment with
a widely used oxidizing reagent (0.02 M I, in a THF/H,O/pyridine 66/12/22, v/v/v)
and monitored by *'P NMR spectroscopic analysis of the support suspended in CDCls.
Two diagnostic signals of the phosphotriester group, centered at approximately —7.7

ppm, were observed. After capping with Ac,O in pyridine 1:1 (v/v) (step ii) and
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cyanoethyl removal through TEA/pyridine 1:1 (v/v), 50 °C, 1 h (step iii), the
ribonucleotide loading was determined by quantifying the 4,4’-dimethoxytrityl
(DMT) cation released from weighed amounts of supports 7 or 8 upon acidic

treatment. The loading was found to be approximately 0.39 — 0.55 meq/g.

A classic phosphotriester chemistry was exploited to evaluate the efficiency of this
support in the synthesis of 9"-silybin phosphodiesters. Hence, the functionalized
supports 7 and 8 were reacted with 1-mesitylenesulfonyl-3-nitro-1,2,4-triazole
(MSNT) for 30 min. Subsequently, flavonolignan (1ab, 1a or 1b) was added to the

mixture at room temperature for 6 h (step iv).
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Scheme 2.1. Synthesis of prodrug 12 — 13: reagents and conditions: ) 3 or 4, DCI (10 eq.),
ACN/DCM (1:1, v/v), RT., 15 min.; 0.02 M L. THF/H20O/pyridine 66/12/22 (v/v/v); ii) Ac2O/pyridine 1:1
(v/v), RT., 1 h; iii) TEA/pyridine 1:1 (v/v), 50 °C, 1 h; iv) MSNT (5 eq.), pyridine, RT. and then 1ab or
1a or 1b (10 eq.), 6 h (2 times); v) 1% TFA in DCM; NH4OH, 50 °C, 1 h; TEA-3HF (15 eq.), THE, rt.,
2 h
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The supports underwent capping iterating the procedure twice, and the resin’s *'P
NMR spectrum revealed only one peak centered at —7.1 ppm, confirming the complete
conversion of the phosphodiester to a phosphotriester function. After washes with
DMF, pyridine, DCM and Et,O, the supports, dried under reduced pressure, were
treated with concentrated aqueous ammonia (50 °C, 1 h). The resulting crude materials
were then dried under reduced pressure and subjected to treatment at room
temperature for 2 h with TEA-3HF in THF to remove the TBDMS group in the 2’
position. Final products were obtained through purification using RP-18 and Sep-Pak,
to provide 12ab, 12a, 12b, 13ab, 13a, and 13b (Scheme 2.1) in overall good yields
(41 — 50%). As expected, the HPLC profiles exhibited a single peak, typically
constituting over 95% of the total integrated area. High purity was achieved as only
the ribonucleotide conjugates linked to the support through a phosphodiester bond
were easily detached. In contrast, the ribonucleotide anchored through a
phosphodiester bond, representing the unreacted material, remained firmly attached
to the resin after treatment with ammonia. The structures (12ab, 12a, 12b, 13ab, 13a,

and 13b) were confirmed by 1D/2D NMR as well as a MALDI-TOF-MS analysis.

The new conjugates were much more water soluble than silibinin, whose water
solubility is approximately 1 uM, and concentrations of 3.7 mM and 6 mM could be

achieved for uridine and adenosine conjugates, respectively.

2.2.1 Stability in Biological Media

To explore the potential for oral administration of the new conjugates, their
stability was initially tested in simulated intestinal fluid (sIF) and simulated gastric
fluid (sGF) (pH = 6.8 and pH = 1.1, respectively), as well as in the presence of alkaline
phosphatase (ALP, pH = 7.4). Both uridine and adenosine conjugates exhibited robust
stability in sIF (ti» > 24 h).
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The uridine derivatives exhibited slightly lower stability than the adenosine
derivatives in the more acidic pH media of sGF. Specifically, the adenosine derivatives
(13ab, 13a, and 13b) showed degradation to the parent drugs of less than 5% after 24
h at 37 °C. In contrast, the uridine derivatives (12ab, 12a, and 12b) degraded by
approximately 27% under the same conditions (Figure 2.2). All compounds
demonstrated high stability in presence of ALP, with degradation of less than 2% after
48 h.
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Figure 2.2. Profile of silybin conjugates remaining (%) over time in sGF (pH = 1.1); comparison

of uridine and adenosine conjugates (12 and 13 series).

2.2.2 Stability in presence of RNase A

For the development of an effective timed-release prodrug, it is essential for the
pro-moiety to be recognized by the specific enzyme that releases the drug within a
defined timeframe. Assuming pancreatic juice dilution in the intestine, RNase A was
used at a concentration of 1.8 mg/L, a concentration quite close to that found in plasma
(~0.4 mg/L). To evaluate the release rate of Sil (1ab), SilA (1a), and SilB (1b), the
experiments were monitored by RP-HPLC analysis. The assays were performed with

RNase A (final concentration: 1.8 mg/L) in a 50 mM imidazole (Im) buffer at pH 6.0,
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containing NaCl (100 mM) and prodrugs (1 mM). The reaction mixture was incubated

at 37 °C, and samples were collected at fixed intervals for the analysis.

The obtained data underline a rapid release of the drugs when modified with a
uridine moiety, even at low RNase A concentrations (Table 2.1), affirming the high
efficiency of uridine prodrugs (12ab, 12a, and 12b) and making them suitable for

intravenous administration.

Table 2.1. Yields and RNase A stability of new ribonucleotide-silybin conjugates.

. . ti2 RNase A ti2 RNase A
Compounds yield (%) 12 12

in Im buffer inslF
Sil-p-U, (12ab) 41 100 min 20 h
SilA-p-U: (12a) 45 87 min 13 h
SilB-p-U; (12b) 46 50 min 11h
Sil-p-Aq4 (13ab) 50 >48 h >48 h
SilA-p-Aq (13a) 48 >48 h >48 h
SilB-p-Aq (13b) 48 >48 h >48 h
Sil (1ab) — — —
SilA (1a) — — —
SilB (1b) — — —

As expected, uridine derivatives undergo cleavage much faster than compounds
derivatized with adenosine due to the selectivity of RNase for pyrimidine
nucleobases.® Consequently, the half-lives of compounds 13ab, 13a, and 13b exceed
48 h. The cleavage of the 12b derivative (SilB-p-Ur) is slightly faster than 12ab and
12a, with half-lives of 50 min compared to 87 and 100 min, respectively (Table 2.1),
suggesting slightly better accessibility of the silybin B prodrug by RNase. RNase

stability was also examined in simulated intestinal fluid (sIF), revealing slower
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kinetics of prodrug cleavage compared to the imidazole buffer, with a highly efficient

sustained release of the drug (approximately 13 h).

2.2.3 Evaluation of Cell Toxicity

The potential toxic effects of silybin ribonucleotide conjugates were assessed on
fully differentiated neuroblastoma SH-SY5Y cells to obtain a neuronal-like phenotype
(Figure 2.3). Cell viability was monitored after 48 h of treatment with increasing
concentrations of 1ab, 1a and 1b, with or without modifications. Toxic effects of the
silibinin conjugates (12ab and 13ab) were also evaluated. It was determined that not
all the new compounds exhibited toxicity, and no significant difference was observed

between the uridine and adenosine conjugates.
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Figure 2.3. MTT assay of human differentiated SH-SY5Y after 48 h treatment with 2, 10, 20 and

50 uM of SilA, SilB, SilA-p-Ad/-pUr or SilB-p-Ad/-pUr. Bars represent the mean £ SEM of three
independent experiments (n = 4). Values are expressed as percentage of viable cells, considering the

untreated control cells as 100%. **P < 0.05 by One-way ANOVA + Tukey’s Test.
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2.3 Conclusions

Silibinin (Sil) is the main component of the silymarin extracted from milk thistle
seeds and consists of an approximately equimolar mixture of two diastereoismers:
silybin A (SilA) and silybin B (SilB). Silibinin has a wide range of biological and
pharmacological activities, but it’s limited by its low solubility in water and

bioavailability.

To increase water solubility, in this study a versatile and efficient regioselective
solid-phase synthetic approach was presented, obtaining new prodrugs with a 3'-

ribonucleotide unit as a pro-moiety.

NovaSyn® TG support pre-derivatized with an appropriate linker, was anchored to
the ribonucleotide units through the phosphate group, and using silybins (1ab, 1a and
1b), it was synthesized a mini-library of 9"-silybins conjugated with 3'-ribonucleotide
units through phosphodiester bond in good yields. The new conjugates underwent
comprehensive characterization through NMR and MALDI-TOF MS analyses. All
new prodrugs exhibited a higher solubility in water compared to silibinin, with a
solubility of approximately 3.7 mM and 6 mM for uridine and adenosine conjugates,
respectively. They demonstrated stability in simulated intestinal fluid (sIF) and
alkaline phosphatase (ALP), whereas the uridine conjugates (12ab, 12a, and 12b)
displayed slightly reduced stability in simulated gastric fluid (sGF).

Further investigations into the efficacy of these compounds as timed-release
prodrugs revealed that uridine-silybin prodrugs were rapidly cleaved by RNase A,
releasing the active silybin drugs even at low RNase concentrations. Additionally, a
small difference was observed between SilB and SilA uridine derivatives in RNase
cleavage: SilB-p-Ur seemed to undergo hydrolysis faster than SilA-p-Ur, suggesting
better accessibility of RNase to the SilB derivative. The cell viability assays confirmed

the lack of toxicity of the new compounds. The found results encourage further
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investigations of silybin-ribonucleotide conjugates as timed-release prodrugs for oral

or parenteral administration.

2.4 Experimental Session

2.4.1 General Methods
NovaSyn® TG-NH, resin was purchased from Merck Milano-Italy. The

functionalization of the solid support was performed in a short glass column (5 cm
length, 1 cm i.d.) equipped with a sintered glass filter, a stopcock, and a cap. The
coupling reaction to obtain supports 5 and 6 was performed using DMT-2'0O-TBDMS-
rU phosphoramidite (3) or DMT-2'O-TBDMS-rA(Bz) phosphoramidite (4) as the
building blocks. The ribonucleotide, the activator solution (0.45 M tetrazole in ACN)
and the oxidizer solution (0.02 M I, in THF/H,O/pyridine 66/12/22, v/v/v) were all
purchased from Merck Milano-Italy. The HPLC analyses were performed on a
Shimadzu LC — 9A HPLC system equipped with a Shimadzu SPD — 6A VP UV — Vis
detector, using a Phenomenex Luna RP18 column (5 um particle size, 4.6 mm x 150
mm i.d.). HPLC purifications were performed on a Shimadzu LC — 8 A HPLC system
equipped with a Shimadzu SCL — 10A VP System control and a Shimadzu SPD — 10A
VP UV — Vis detector on a Phenomenex RP Luna C18(2) semipreparative column (5
pum particle size, 250 mm % 10 mm i.d.). Mass spectrometric analyses were performed
on AB SCIEX TOF/TOF 5800 in negative mode. The NMR spectra were recorded at
25 °C on an NMR spectrometer operating at 400 MHz (Bruker DRX, Bruker Advance,
MA, USA).

2.4.2  Functionalization of the NovaSyn® T'G support

with Nucleotide units

500.0 mg of Aminomethyl NovaSyn® (0.78 meq/g, 0.39 mmol) underwent reaction
at room temperature overnight with a mixture of 745.0 mg (3.78 mmol) of 4-hydroxy-

3-nitrophenylacetic acid, 618 pL (3.9 mmol) of DIC, 690 pL (3.9 mmol) of DIEA,
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and 611.5 mg (3.9 mmol) of N-hydroxybenzotriazole (HOBt-H,0O) dissolved in 10 mL
of anhydrous pyridine, pre-stirred for 30 min at room temperature. Following
exhaustive washings with DMF, pyridine, DCM, and Et,O, the support was dried
under reduced pressure. The Kaiser test, performed on weighed samples of the dried
support, estimated almost quantitative incorporation of the linker. After capping
unreacted amino groups with AcoO/Py (1:1, v/v) for 1 h at room temperature, the

support was treated with concentrated aqueous ammonia (28%) at 50 °C for 1 h.

Subsequently, 100.0 mg (0.78 meg/g, 0.078 mmol) of this support was suspended
in 2.0 mL (0.9 mmol) of a commonly used "activator solution" (0.45 M tetrazole in
ACN) and then added to a solution of 101 mg (0.12 mmol) of DMT-2'O-TBDMS-rU
phosphoramidite (3) or 116 mg (0.12 mmol) DMT-2'O-TBDMS-rA (Bz)
phosphoramidite (4). After 30 min, the support was thoroughly washed with ACN and
treated (three times for 5 min) with 5 mL of a commonly used "oxidizer solution"
(0.02 M I, in THF/H,O/pyridine 66/12/22, v/v/v). After exhaustive washings with
ACN, DCM, and Et,0, the resulting supports were dried under reduced pressure.
Complete oxidation of the phosphite triester to phosphate triester was monitored via
3P NMR of the resin suspended in CDCl;. Typically, a notable upfield shift was
observed from 130 ppm to two signals centered at ca. —7.0 ppm. Ribonucleotide 3 or
4 incorporation yields onto resin 2 were consistently in the range of 50 —70% (0.47 —
0.55 meq/g), as determined via quantitative DMT tests on dried and weighed samples
of the supports. DMT removal was achieved through treatment with a 1% DCA
solution in DCM. Following a standard capping procedure with Ac,O/py 1:1 (v/v),
phosphate deprotection from the 2-cyanoethyl group was conducted via treatment
with a TEA/py solution (1:1, v/v) for 1 h at 50 °C, yielding supports 7 or 8. Total
deprotection was confirmed by a characteristic shift in the signal of the *'P NMR

spectrum of the solid support suspended in CDCl3, from ca. 6 =-7.7 ppm to 8 = -5.8
ppm.
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2.4.3 Synthesis and Purification of 12ab, 12a, 12b,
13ab, 13a and 13b

30 mg (0.39 meq/g, 0.012 mmol) of the dried support 7 or 8 underwent washing
and swelling in anhydrous pyridine. Subsequently, it was reacted with 18 mg (0.06
mmol) of 1-mesitylenesulfonyl-3-nitro-1,2,4-triazole (MSNT) in 500 uL of anhydrous
pyridine for 30 min at room temperature. 58 mg (0.12 mmol) of the selected silybins
(1ab or 1a or 1b) was added, and the mixture was stirred for 6 h at room temperature.
After thorough washing with pyridine, THF, and DCM, the capping procedure was
conducted by treatment with Ac,O/pyridine 1:1 (v/v) for 1 h. This procedure (coupling
and capping) was repeated two times under the same conditions and for the same
duration. After exhaustive washings with pyridine, THF, and DCM, the target
prodrugs were detached from the support through treatment with concentrated

aqueous ammonia at 50 °C for 1 h.

The crude released materials were analyzed using RP-HPLC on a Phenomenex
Luna RP18 column (5 pm particle size, 4.6 mm x 150 mm i.d.) with a linear gradient
of ACN in 0.1 M NH4OAc in H,O (pH 7.0) from 5% to 100% over 30 min with
detection at 288 nm. The HPLC profiles of the detached prodrugs exhibited a single
peak, typically constituting more than 85% of the total integrated area. The released
material was then dried under reduced pressure and suspended in 300 mL of THF.
Subsequently, 10 pL (0.06 mmol) of TEA-3HF in THF was added, and deprotection
was completed in 2 h at room temperature. The crude materials were purified on a
Sep-Pak RP-18 cartridge, resulting in products with a purity exceeding 95%, as
confirmed by RP-HPLC analysis. In a typical experiment, starting from 30 mg of
resins 7 or 8, 5 — 7 mg of the pure compounds were obtained in good yields (41 —
50%). Finally, all compounds were converted into the corresponding sodium salts via

cation exchange on a DOWEX (Na' form) resin.
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To assess the effect of the prodrug moiety on the solubility of silybins, water
solutions of prodrugs were prepared at different concentrations. The maximum
concentration achieved for uridine and adenosine conjugates was 3.7 mM and 6 mM,
respectively. All water solutions appeared clear and devoid of any solid particles. The

absence of aggregation was confirmed through 'H NMR experiments.

12ab 'H NMR (400 MHz, DMSO, 25 °C, & ppm, J Hz): 7.77 (1H, m, H-5
U)); 7.15-6.75 (6H, overlapped signals, H-6', H-2", H-2', H-5', H-6" and H-5"); 5.95
(1H, s, H-6); 5.92 (1H, s, H-8); 5.85-5.75 (2H, overlapped signals, H-1' U,, 3-OH);
5.70 (1H, d, J = 8.0, H-6 U,); 5.11 (1H, d, J = 11.4, H-2); 4.92 (1H, m, H-7"); 4.64
(1H, m, H-3); 4.46-4.27 (2H, overlapped signals, H-3' U;, H-8"); 4.11 (1H, m, H-2'
U)); 3.94 (1H, m, H-4' U)); 3.83 (3H, s, OCH3); 3.76-3.52 (4H, overlapped signals, H-
9" and H-5' Uy) ppm. *C NMR (100 MHz, DMSO, 25 °C, & ppm): 198.2; 167.3;
163.7; 162.9; 151.2; 148.1; 147.5; 143.5; 140.8; 130.6; 127.5; 120.7; 117.1; 115.7;
112.0; 102.4; 100.9; 96.5; 95.5; 87.8; 84.4, 83.0; 77.0; 76.0; 73.8; 71.9; 63.8; 61.4
ppm. 3P NMR (161.98 MHz, D,0, 25 °C, § ppm): 0.22 and 0.13 ppm. MALDI-MS
(negative ions): m/z calculated for CsaH32N2O1gP~ = 787.1393; found: 787.6533 [M-
H]".

12a 'H NMR (400 MHz, DMSO, 25 °C, § ppm, J Hz): 7.86 (1H, d, J = 8.2, H-5
U); 7.10 (1H, d, J = 1.7, H-2"); 7.03-6.99 (2H, overlapped signals, H-2" and H-6");
6.95 (1H, d, J = 8.2, H-5"; 6.86 (1H, dd, J = 8.2, 1.6, H-6"); 6.79 (1H, d, J = 8.0, H-
5"); 5.90 (1H, d, J = 2.0, H-6); 5.87 (1H, d, J = 2.0, H-8); 5.80-5.74 (2H, overlapped
signals, H-1' Ur, 3-OH); 5.66 (1H, d, J = 8.1, H-6 U,); 5.07 (1H, d, J = 11.3, H-2);
4.88 (1H, d, J = 7.5, H-7"); 4.60 (1H, m, H-3); 4.43-4.32 (2H, overlapped signals, H-
2'Ur, H-8"); 4.10 (1H, t, J=5.5, H-3" Ur); 3.94 (1H, m, H-4" Ur); 3.78 (3H, s, OCHj3);
3.71-3.52 ppm(4H, overlapped signals, H-9" and H-5' Ur). *C NMR (100 MHz,
DMSO, 25 °C, é ppm): 198.2; 167.3; 163.7; 163.4; 162.9; 151.2; 148.1; 147.5; 143.7;
143.5; 140.8; 130.6; 127.6; 121.9; 120.8; 117.1; 116.7; 115.8; 112.1; 102.4; 100.9;
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96.5; 95.5; 88.0; 84.4; 83.0; 77.0; 76.0; 73.8; 73.8; 71.8; 64.1; 61.4; 56.1 ppm. *P
NMR (161.98 MHz, DMSO, 25 °C, é ppm): 0.02 ppm. MALDI-MS (negative ions):
m/z calculated for CasH32N2O1sP~ = 787.1393; found: 787.2769 [M-H] .

12b *H NMR (D;0, 400 MHz, 25 °C, & ppm, J Hz): § = 7.77 (1H, d, J = 8.0, H-5
U,), 7.00-6.75 (6H, overlapped signals, H-6', H-2", H-2', H-5', H-6" and H-5"), 5.95
(1H, s, H-6), 5.83-5.73 (3H, overlapped signals, H-8 SilB, H-1'and H-6 U,), 4.87 (1H,
m, H-2), 4.47-4.37 (2H, overlapped signals, H-7" and H-3), 4.22-4.08 (3H, overlapped
signals, H-2" and H-3' U, H-8"), 3.94 (1H, m, H-4' U,), 3.75 (3H, s, OCH3), 3.72-3.60
(4H, overlapped signals, H-9" and H-5' U). *C NMR (D0, 100 MHz, 25 °C, § ppm):
0=196.7;167.2; 165.8; 162.6; 162.5; 151.4; 147.7; 145.9; 143.5; 143.3; 141.6; 129.5;
127.7;121.7; 120.8; 117.2; 116.7; 115.6; 111.5; 102.4; 101.0; 96.8; 95.6; 88.7; 83.6;
82.6; 76.5; 75.9; 73.3; 73.1; 71.8; 64.5; 60.6; 55.9 ppm. *'P NMR (D0, 161.98 MHz,
25 °C, 6 ppm): & = — 0.93 ppm. MALDI-MS (negative ions): m/z calculated for
Cs4H32N2015P~ = 787.1393; found: 787.3258 [M-H]".

13ab 'H NMR (DMSO, 400 MHz, 25 °C, & ppm, J Hz): § = 8.33 (1H, s, H-2 Ay),
8.17 (1H, s, H-8 Ag), 7.13 (1H, bs, H-2"), 7.08 (1H, bs, H-2"), 7.04 (1H, complex
signal, H-6"), 6.98 (1H, complex signal, H-5", 6.90 (1H, complex signal, H-6"), 6.84
(1H, complex signal, H-5"), 5.95-5.89 (3H, overlapped signals, H-6 and H-8, H-1'
Aq), 5.11 (1H, d, J = 11.6, H-2), 4.93 (1H, m, H-7"), 4.73-4.58 (3H, complex signals,
H-2', H-3' Aq, H-3), 4.42 (1H, m, H-8"), 4.11 (1H, m, H-4' A4), 3.80 (3H, s, OCH3),
3.79-3.53 (4H, complex signals, H-9" and H-5' Ag). *C NMR (DMSO, 100 MHz, 25
°C, d ppm): & = 198.3; 198.2; 167.2; 163.7; 162.9; 156.5; 152.7; 149.4; 148.1; 147.6;
147.5; 143.7; 143.6; 143.5; 130.7; 127.4; 122.0; 121.7; 120.8; 119.9; 117.1; 116.8;
115.8; 112.0; 100.9; 96.5; 95.5; 88.7; 88.5; 85.5; 82.9; 76.9; 76.0; 75.1; 73.5; 71.9;
64.3; 61.1; 56.0 ppm. 3P NMR (DMSO, 161.98 MHz, 25 °C, § ppm): & = —0.29 ppm.
MALDI-MS (negative ions): m/z calculated for CssH33NsO16P~ = 810.1665; found:
809.7322 [M-H]".
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13a *H NMR (DMSO, 400 MHz, 25 °C, § ppm, J Hz): § = 8.33 (1H, s, H-2 Ay),
8.13 (1H, s, H-8 Ay), 7.06 (1H, d, J = 1.9, H-2"), 7.04 (1H, d, J = 1.7, H-2"), 6.98 (1H,
dd, J=8.5, 1.9, H-6", 6.87 (1H, bs, H-6"), 6.85 (1H, bs, H-5"), 6.80 (1H, d, J = 8.1,
H-5"), 5.84 (1H, d, J = 6.5, H-1' Aq), 5.77 (1H, d, J = 1.9, H-6), 5.74 (1H, d, J = 1.9,
H-8), 5.02 (1H, d, J = 11.2, H-2), 4.88 (1H, d, J = 7.9, H-7"), 4.66-4.56 (2H,
overlapped signals, H-2' and H-3' Aq), 4.52 (1H, d, J = 11.2, H-3),4.30 (1H, m, H-8"),
4.06 (1H, m, H-4' Ag), 3.78 (3H, s, OCHpg), 3.75-3.53 (4H, overlapped signals, H-9"
and H-5' Ag). °C NMR (DMSO, 100 MHz, 25 °C, & ppm): & = 196.8; 167.4; 163.7;
163.0; 156.1; 152.5; 149.0; 148.0; 147.2; 143.6; 143.5; 140.3; 130.7; 127.6; 121.7;
120.8; 119.6; 116.9; 116.7; 115.7; 112.0; 100.0; 96.9; 95.1; 88.7; 85.3; 82.8; 76.8;
76.0; 73.4; 72. 2; 71.7; 64.1; 61.8; 56.1 ppm. 3P NMR (DMSO, 161.98 MHz, 25 °C,
d ppm): 6 = 0.14 ppm. MALDI-MS (negative ions): m/z calculated for C3sHz3NsO16P~
= 810.1665; found: 809.3420 [M-H] .

13b *H NMR (DMSO, 400 MHz, 25 °C, § ppm, J Hz): 5 = 8.36 (1H, s, H-2 Ay),
8.15 (1H, s, H-8 Ay), 7.11 (1H, d, J = 1.8, H-2"), 7.06 (1H, d, J = 1.7, H-2"), 7.03 (1H,
dd, J = 8.6, 1.9, H-6"), 6.96 (1H, d, J = 8.4, H-5"), 6.89 (1H, dd, J = 8.3, 1.7, H-6"),
6.82 (1H, d, J=8.1, H-5"), 5.91 (1H, d, J= 2.1, H-6), 5.88 (1H, d, J = 2.0, H-8), 5.87
(1H, d,J=6.9, H-1' Ag), 5.07 (1H, d, J = 11.0, H-2), 4.91 (1H, d, J = 7.7, H-7"), 4.68
(1H, m, H-2" A4), 4.63-4.57 (2H, overlapped signals, H-3 and H-3' Ag), 4.39 (1H, m,
H-8"), 4.05 (1H, m, H-4' Ay), 3.78 (3H, s, OCHj3), 3.76-3.51 (4H, overlapped signals,
H-9" and H-5' Ag). *C NMR (DMSO, 100 MHz, 25 °C, § ppm): & = 198.2; 167.2;
163.7; 162.9; 156.5; 152.4; 149.4; 148.1; 147.5; 143.7; 143.5; 139.4; 130.7; 127.4;
121.7; 120.8; 119.8; 117.1; 116.8; 115.8; 112.0; 100.9; 96.5; 95.5; 88.4; 85.4; 82.9;
76.8; 76.0; 73.4; 72. 2; 71.9; 64.3; 62.1; 56.0 ppm. **PNMR (DMSO, 161.98 MHz,
25 °C, 6 ppm): & = — 0.29 ppm. MALDI-MS (negative ions): m/z calculated for
CssHa3NsO16P~ = 810.1665; found: 809.5477 [M-H]".
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2.4.4 Simulated Biological Fluid assays

For the preparation of simulated gastric fluid (sGF), sodium chloride was dissolved
in bidistilled water, and the pH was adjusted to 1.2 by adding 37% aqueous HCI.
Regarding simulated intestinal fluid (sIF), monopotassium phosphate was dissolved
in bidistilled water, and the pH was adjusted to 6.8 by adding 0.2 M NaOH. The
stability of each compound was assessed at 37 °C in both simulated fluids and

monitored by RP-HPLC over time.

Each compound was dissolved to a final concentration of 1 mM in the sGF and sIF
solutions. Stability was determined at 37 °C, with an aliquot of the reaction injected
into the HPLC system for analysis. HPLC analyses were carried out on a Phenomenex
Luna RP18 column (5 pm particle size, 4.6 mm X 150 mm i.d.), with elution in a
gradient of B (ACN/A 95:5) in A (0.10 M NH4OAc) from 20% to 100% over 10 min

on a Phenomenex Luna RP18 column at a flow rate of 0.8 mL/min (A = 288 nm).

2.4.5  Alkaline Phosphatase assay

All compounds were dissolved to a final concentration of 1 mM in 20 mM Tris-
HCI (pH 7.4). The rate of hydrolysis in ALP solution was determined at 37 °C with
the addition of 40 U of ALP (from bovine intestinal mucosa, 2.745 u/mg protein) to a
prodrug solution (0.5 umol) in 500 pL of the buffer solution. At each timepoint, an
aliquot of the reaction (30 pL) was withdrawn, and 120 pL of MeOH was added to
halt the enzymatic hydrolysis. After centrifugation (13000 rpm, 15 min), the samples
(70 uL) were analyzed on a Shimadzu LC-9A HPLC system equipped with a
Shimadzu SPD-6A UV/Vis detector. HPLC analyses were carried out on a
Phenomenex Luna RP18 column (5 pm particle size, 4.6 mm x 150 mm i.d.) eluted
in a gradient of solvent B (ACN/A 95:5) in solvent A (0.10 M NH4OAc) from 20% to
100% over 15 min on a Phenomenex Luna RP18 column at 0.8 mL/min (A = 288 nm).
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2.4.6 RNase assay

All compounds were dissolved to a final concentration of 1 mM in a 50 mM
imidazole (Im) buffer at pH 6.0, containing NaCl (0.10 M). RNase A was dissolved in
Im buffer or simulated intestinal fluid (sIF) buffer to a final concentration of 1.3 x
107 mM (~2 mg/L) and added to a solution of samples (final concentration 1 mM) at
37 °C with a total volume of 500 uL. All samples were eluted in a gradient of solvent
B in solvent A from 5% to 100% over 10 min on a Phenomenex Luna RP18 column
(5 wm particle size, 4.6 mm x 150 mm i.d.) at 0.8 mL/min (A = 288 nm) to record the
retention time course of each prodrug before hydrolysis. Buffer A was 0.10 M
NH4OAc in H,O, and buffer B was 0.10 M NH4OAc in ACN/ NH4OAc 95:5. At each
timepoint, an aliquot of the reaction (30 pL) was withdrawn, and 120 uL of MeOH
was added to stop enzymatic hydrolysis. After centrifugation (13000 rpm, 15 min),
the samples (70 uL) were analyzed on a Shimadzu LC-9A HPLC system equipped
with a Shimadzu SPD-6A UV/Vis detector. HPLC analyses were carried out on a
Phenomenex Luna RP18 column (5 um particle size, 4.6 mm % 150 mm i.d.). These
experiments were repeated to analyze the stability of the prodrugs (1 mM) in the
absence of RNase A in a 50 mM Im buffer, pH = 6.0.

2.4.7 MTT assay

Neuroblastoma cells, SH-SY5Y, were cultured in DMEM-FI12 (Gibco,
Thermofisher), supplemented with 10% heat-inactivated (HI) fetal calf serum (Gibco,
Thermofisher), 100 mg/mL penicillin and streptomycin (Gibco, Thermofisher), and 2
mM L-glutamine at 37 °C and 5% CO,. Two weeks before the experiments, 5 x 10°
cells were seeded on 96-well plates in DMEM-F12 with 5% HI fetal calf serum. The
percentage of serum gradually decreased until it reached 1% of the total. To induce
neuronal differentiation, 5 uM all-trans-retinoic acid (RA) was used, and the medium
containing RA was changed every 3 days. Treatments with Sil (1ab), SilA (1a), SilB
(1b), and their ribonucleotide conjugates (12ab, 12a, 12b, 13ab, 13a, and 13b) were
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performed on fully differentiated cells at different concentrations. All compounds
were dissolved in DMSO, maintaining the final DMSO concentration under 0.4%.
After 48 h of treatment, the cell cultures were incubated with MTT (0.5 mg/mL) for
2 h at 37°C and then lysed with DMSO, and the formazan production was evaluated

in a plate reader through absorbance at 570 nm.
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3 Silybins Dimers

The main characteristic of flavonoids is the acclaimed ability to "capture" Reactive
Oxygen Species (ROS), known to have deleterious effects on human health. Their
antioxidant activity is frequently cited to be the key property underlying the
prevention and/or reduction of oxidative stress-related chronic diseases and age-
related disorders such as cardiovascular diseases, carcinogenesis, neurodegeneration,
and many others. Today, however, there are many studies that suggest the implication
of other properties in addition to the antioxidant capacity in their therapeutic activity.®
In particular, the high structural diversity of polyphenols, as well as their different
stereochemistry, can affect the binding mode with various target proteins.” In this
frame, there has been an increasing interest in dimeric flavonoids (bi-flavonoids),
characterized by the presence of two linked flavonoid units from an alkyl or alkoxy
linker.® Bi-flavonoids of natural origin, present in many fruits, vegetables and plants,
are associated with a multitude of biological properties (anti-cancer, anti-
inflammatory, anti-microbial, anti-viral, anti- coagulants, anti-bacterial, anti-fungal
and anti-oxidants) and in several cases their bioactivity is greater than their respective
monomers.® Furthermore, it has been reported that bi-flavonoids of synthetic origin

possess interesting biological activities, similar to those of products of natural origin.

3.1 Aim of Research Work

Recently, it was reported the synthesis and antioxidant activity of bi-flavonoids
based on silibinin.'® The new dimers, linked through a phosphodiester bond in position
3-3,3-9"and 9" - 9", have displayed high ability to scavenge ROS, such as singlet
oxygen ('0») and hydroxyl radical (HO+), comparable to the value reported for known
potent antioxidants such as quercetin. Given these results, it seemed interesting to

investigate the structure—activity relationships of dimer 9" — 9", which turned out to
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be the best one, starting from diastereoisomerically pure silybin monomers (SilA 1a

and SilB 1b, Figure 3.1)

In this regard, this study reports the synthesis of new 9" — 9" phosphodiester
dimers, obtained from pure silybins, and the investigation of their radical scavenger

ability and the antiproliferative activity on different cell lines.
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HO. o \"©:o HO ©[
OH OH OH
OH O OCH; OH OCHj
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HO OH
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HO i - \ OH
O OH o HO ©
OCH;

9"-9"SilA-p-SilB (7ab)

Figure 3.1. Synthesis of new silybins dimers.
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3.2 Results and Discussion

Silybin (1a or 1b) was initially converted into the corresponding 9"-
dimethoxytriphenylmethylether (2a or 2b, Scheme 3.1) by reaction with DMT-CI, in
dry pyridine, at room temperature, obtaining, after chromatographic purification, a

yield of 88-94% (for 2a and 2b, respectively).

ODMT

OH
0 e
HO O OCH; HO o @[ OCH
\Q;‘l o i) DMT-CI, Py 0 3
OH OH won > OH OH

OH O HO O

1aor 1b 2aor2b

ii) i-Bu-Cl, TEA, Py,

DCM, 0°C, 20'
OH oDMT
0. 0. 9"
5 r - L
BuO o_. o OCHs ) o MeOH 0.7 ~__O_. o OCHs
0iBu 0iBu , 1h 5 T0iBu “0iBu
BUO O BUO O 4
4a or 4b 3aor3b

DMT= Dimethoxytrityl; iBu= isobutyryl

Scheme 3.1. Synthesis of silybins building blocks 4a and 4b.

Subsequently the remaining OH functions were protected with isobutyryl (iBu)
groups, orthogonal to DMT, using isobutyryl chloride, triethylamine (TEA) and
pyridine, in dry dichloromethane (DCM) at 0 °C obtaining, after appropriate
chromatographic purification, 3,5,7,4"-tetra-O-isobutyryl-9"-O-(4,4'-
dimethoxytriphenyl)-silybin (3a or 3b), in a yield of 92-86%, respectively. Compound
3a (or 3b) was therefore treated with a 1% (w/v) mixture of I, in MeOH in order to
selectively remove the temporary DMT protecting group. The compound 4a (or 4b)
was obtained with a yield of 78% (84% for 4b) and the structures were confirmed by
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'H and "C NMR analysis. The 3,5,7,4"-tetra-O-isobutyryl-silybin-9"-
phosphoramidite (5a or 5b) (Scheme 3.2), a key intermediate for the synthesis of the
new derivatives, was obtained starting from silybin building block 4a or 4b which
was reacted, in an anhydrous conditions, with 2-cyanoethyl-N,N-diisopropylamino-

chlorophosphoramidite and diisopropylethylamine (DIEA) in DCM, at room

temperature.
CN"_o_ N
H Cl\ﬁ’/och \f/ Y
o}
i) \(Nj/ | TEA, DCM O O
iBuO O o OCH3 iBuO O .
) o]
0iBu OiBu 0iBu 0iBu
O/BUO 42 0rdb 0iBuO OCH;
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N
iBuO C\AO OiBu ii) 4a or 4b, 0.25M DCI in ACN, r.t.
O iii) tBUOOH in decane
> & < o
iBuO OiBu
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B o
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Scheme 3.2. Synthesis of 9"-9" linked-phosphate silybin dimers 7aa, 7bb and 7ab.
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The products were purified on silica gel, obtained with a yield of 86% (5b, 80%)
and the structures were confirmed by 'H and *C NMR analysis. These were then
coupled with building blocks 4a and 4b in the presence of 4,5- dicyanoimidazole
(DCI) in ACN. For the synthesis of the heterodimer SilA-p-SilB, the best yield was
observed by coupling silybin A phosphoramidite 5a and the protected silybin B (4b).
After one-pot oxidation of the triester phosphite to phosphate with ButOOH in
decane, the phosphotriester dimers were purified and obtained in good yields (6aa
83%, 6bb 80% and 6ab 77%). Treatment with NH4OH finally led to complete
deprotection, and after RP-HPLC purification, dimers 7aa, 7bb and 7ab were
obtained in 77%, 82% and 80% yield, respectively.

3.2.1 Radical Scavenger Activities (OH")
Biologically, the hydroxyl radical (HO¢) is widely believed to be generated when

hydrogen peroxide reacts with Fe(Il) (Fenton reaction). The putative HO-<-is an
extremely reactive and short-lived species that can damage DNA, proteins, and lipids.
However, the Fe(II)/H>O, mixture has disadvantages in a scavenging assay because
many flavonoids as well as flavonolignans are also metal chelators. When the sample
is mixed with Fe(Il), it may alter the activity of Fe(Il) by chelation. As a result, it is
impossible to distinguish if the antioxidants are simply good metal chelators or HO+

scavengers.

In this study, the second-order rate constants for HO* reactions with silybin dimers
(7aa, 7bb, and 7ab) have been determined by pulse photolysis method using hydrogen
peroxide (H,0,) as ROS sources.!! The reactivity towards HO+ was determined to be
in the same order of magnitude for dimers 7aa, 7bb, and 7ab (Table 3.1), always
remaining significantly greater than dimers 3-3 and 3-9". This could be explained
considering that in dimers 9"-9" the 3, 5, and 4" OH functions, responsible for the
radical scavenger activity, are not involved in any bond. In fact, the influence of the

individual hydroxy groups of silibinin (1ab) on its antioxidant and radical scavenging
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properties were studied in detail and the findings led to the conclusion that the 3, 5,

and 4" phenolic moieties as well as the 3-OH group are essential for the compounds'

radical-scavenging properties.*?*?

Table 3.1. Second order rate constant kgo-’x of silybin phosphodiester dimers 7aa,
7bb and 7ab.

Compound kijor x (M1s7)?
7aa 8.63 +1.35 x 10°
7bb 1.01 £0.16 x 10%°
7ab 1.48 £0.09 x 10°

2 calculated in H.O

3.2.2 In Vitro Antiproliferative Activity

The anti-cancer effectiveness of silibinin, primarily attributed to its impact on
proliferation, apoptosis, inflammation, angiogenesis, and other cancer-modulating
mechanisms, is evident from recent publications. Despite the considerable interest in
the properties of this flavonolignan, notable for its non-toxic nature, there remains a
need for pharmacological investigations on the two diastereoisomers, silybins A and

B, to establish a comprehensive structure-activity profile.

To address this, the anti-proliferative effects of silibinin compounds were
evaluated on various human tumor cell lines with distinct histological origins and
metastatic potentials. Human dermal fibroblasts (HDFs) are used as healthy cells for
assessing the compounds' selectivity towards tumor cells. Preliminary screening
involved treating cells with concentrations of 10 and 50 uM for 48 h to identify the

most responsive cell lines.
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Results indicate that the dimers exhibited activity against Jurkat, A375, WM266,
and HeLa cells, while showing no interference with the growth of PANC, MCF-7,
HDF, or U87 at the tested concentrations (Figure 3.2). This highlights a noteworthy
tumor cell selectivity, a critical aspect for therapeutic compound optimization. Jurkat
cells, derived from leukemia, displayed significant activity even at the lowest
concentration (10 pM), with a proliferation reduction of approximately 20%,
escalating to over 40% at 50 uM. Interestingly, dimers exhibited greater activity than
monomers on melanoma cell lines (WM266 and A375) (Figure 3.2).

Subsequent dose-response curves and ICso values calculation focused on the
leukemia cell line Jurkat, which was more sensitive to compound treatment. Despite
the similarity in ICso values for all tested molecules (Table 3.2), SilB emerged as the
most active compound with an ICso of 36 puM. Importantly, all molecules
demonstrated low activity on HDFs, pointing out their selectivity towards tumor cells.
Monomers displayed an ICso of approximately 200 uM, while dimers exhibited even
greater selectivity with higher 1Csy values (Figure 3.3).

These findings are notable considering that in analogous experiments, silibinin
compounds are typically employed at concentrations up to 300 pM.** Significantly,

the identification of a low toxicity molecule in healthy cells is a valuable outcome.

Given that silibinin's cytotoxic effect is known to activate the apoptotic pathway,
further investigation was conducted to ascertain whether dimers induce apoptosis to a
similar extent as their corresponding monomers. To investigate this further, Jurkat
cells were exposed to the molecules at a concentration of 200 uM, and flow cytometric
analysis using annexin V/propidium iodide (PI) double staining was conducted. The
findings reveal that 7aa and 7ab could induce apoptosis comparably to the monomers,

albeit with a lower percentage of apoptotic cells.
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Figure 3.2. Effect of compounds on tumor and healthy cell proliferation. The cells were incubated in the
presence of the compounds at 10 uM or 50 pM for 48 h at 37 °C. The results are presented as the
percentage of proliferating cells with respect to the control (vehicle-treated cells) and are expressed as
means + SE, * p <0.05.
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Figure 3.3. Dose—response curves obtained using the indicated concentrations of compounds on

responsive cells. The proliferation was determined by CCK8 assay. The results are presented as the
percentage of proliferating cells compared to the control (vehicle-treated cells) and are expressed as
means + SE of two independent experiments performed in triplicate.

Table 3.2. ICso values of compounds after 48 h incubation.

ICs0+ DS (UM)

1a 1b 7aa 7bb 7ab

Jurkat 46.7 £ 14.1 36+14.3 71+15.5 59 +19.9 64 +10.8
HDF 199 +£34.5 172 +39.0 >200 >200 >200

Specifically, 20% of cells treated with 7aa exhibited apoptosis (both early and
advanced stages) compared to the control, and 7ab showed approximately 25%
apoptotic cells (early and advanced). In contrast, 70% of cells treated with 1a or 1b
underwent apoptosis (Figure 3.4). Intriguingly, 7bb did not induce apoptosis, with
only 4% of treated cells displaying apoptotic features compared to the control (Figure
3.4). These results suggest not only a probable difference in the mechanism of action
between the dimers and monomers but also variability among the dimers themselves.

This unerlines the significance of molecules’ stereochemistry, implying that it could
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influence the activity of silibinin compounds through specific and selective

interactions with protein partners.

Control 1a 1b
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FITC Fluorescence
Figure 3.4. Apoptosis analysis with annexin V-FITC/PI double-staining method on Jurkat cells.

The cells were treated with the indicated compounds at a concentration of 200 uM at 37 °C for 48 h. The
control is the vehicle-treated sample. Lower left quadrant: viable cells; upper left: necrotic cells; upper
right: advanced apoptotic cells; lower right: early apoptotic cells. This picture is representative of two

independent experiments.

3.3 Conclusions

This study presents the synthesis of optically pure phosphodiester dimers of
silybins using a highly efficient synthetic approach, employing orthogonal protection
of various hydroxyl groups. Through the use of phosphoramidite chemistry and
starting from the two distinct diastereoisomers, the novel 9"-9" dimers of silybin A
and silybin B (7aa, 7ab, and 7bb) were successfully synthesized, demonstrating high
purity and good yields. Their notable capability to scavenge reactive oxygen species
(ROS), specifically the hydroxyl radical (HOe), highlights the substantial
antioxidative activity of all three dimers, comparable to the potency exhibited by the
well-known antioxidant quercetin. Despite being diastereomers, 7aa, 7ab, and 7bb

exhibit remarkably similar radical scavenger activity.
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To elucidate a structure-activity relationship, a preliminary screening involving
treatment of cells with concentrations of 10 and 50 uM for 48 h was conducted for
both monomers (1a and 1b) and dimers (7aa, 7ab, and 7bb). The results reveal that
both monomers and dimers display selective anti-proliferative activity against
leukemia cells at the concentrations employed, with all silybin compounds exhibiting
comparable ICsy values in the mid-micromolar range. Importantly, these compounds

demonstrated low activity on normal cells.

However, the cytotoxic mechanisms employed by the various silybin compounds
appear to differ. Cells treated with monomers undergo complete apoptosis, whereas
only a portion of cells treated with 7aa and 7ab were found to be in the apoptotic
stage. In contrast, treatment with the 7bb dimer did not lead to a significant number
of cells in the apoptotic stage. These results underscore the pivotal role of
stereochemistry in the activation of the apoptotic mechanism for these flavonolignans,
offering a new avenue for in-depth investigations into the interactions of such

compounds with proteins involved in cancer metabolic pathways.
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3.4 Experimental Session

3.4.1 General Methods

All chemicals were purchased from Sigma—Aldrich (Milano, Italy). HPLC—grade
ACN and MeOH were purchased from Carlo Erba Reagents and Sigma-Aldrich,
respec- tively. Reactions were monitored by TLC (F254 precoated silica gel plates,
Merck) and column chromatography (Merck Kieselgel 60, 70230 mesh, Milano,
Italy). HPLC analysis of dimers 6aa, 6bb and 6ab, was performed with a Shimadzu
LC—8A PLC system (Shi- madzu Analytical and Measuring Instruments, Milano,
Italy) equipped with a Shimadzu SCL—10A VP System control and a Shimadzu SPD—
10A VP UV-Vis detector. Mass spectrometric analyses were performed on AB SCIEX
TOF/TOF 5800 in positive or negative mode and Waters Micromass ZQ Instrument
(Waters, Milano, Italy) equipped with an electrospray source in positive mode. The
NMR spectra were recorded at 25 °C on an NMR spectrometer Bruker DRX, Bruker
Advance (Bruker Italia Srl, Milano, Italy).

3.4.2  Synthesis of Silybins Building Blocks

9'"-0-(4,4'-dimethoxytrityl) silybin (2a or 2b). Silybin A 1a (or silybin B, 1b)
(1.075 g, 2.228 mmol), previously dried by repeated coevaporation with anhydrous
THF, was dissolved in 10 mL of anhydrous pyridine and 4,4'-
dimethoxytriphenylmethylchloride (906 mg, 2.674 mmol) was added to the solution.
The mixture was kept under stirring at room temperature and the reaction was
monitored by TLC using DCM/MeOH 98:2 (v/v) as eluent system. After 3 h, with the
disappearance of the initial substrate (1a or 1b), the reaction was stopped by adding 2
mL of MeOH. The crude was extracted three times with water and DCM. The organic
phase was dried with anhydrous sodium sulphate, filtered, concentrated by rotavapor
evaporation at reduced pressure and dried in vacuo. Subsequently the crude was

purified by silica gel column chromatography (DCM/MeOH 98:2, v/v, with increasing
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methanol gradient, with 0.5% pyridine ), obtaining product 2a or 2b (1.54g, 88% and
1.64 g, 94%, respectively).

3,5,7,4"-tetra-O-isobutyryl-9'"-0-(4,4'-dimethoxytrityl) silybin (3a or 3b). The
9"-O-dimethoxytrityl silybin (2a or 2b) (419 mg, 0.534 mmol) was dried by repeated
coevaporation with dry DCM and solubilized in 15 mL of dry DCM. Subsequently, it
was added pyridine (0.432 mL, 5.34 mmol) and TEA (0.311 mL, 2.24 mmol) at 0 °C,
and after a few min, isobutyryl chloride (0.236 mL, 2.24 mmol). The reaction mixture
was kept under stirring for 1 h, at 0 °C. After control by TLC, using hexane/EtOAc
7:3 (v/v) as the eluent system, the reaction was stopped by the addition of 2 mL of
MeOH at 0 °C. The mixture was transferred into a separating funnel and extracted for
3 times with water and DCM. The organic phase was dried with anhydrous sodium
sulfate, filtered, concentrated by rotavapor evaporation at reduced pressure and dried
in vacuo, subsequently the crude was purified by silica gel column chromatography
(hexane/EtOAc 7:3, v/v, with 0.5% pyridine), obtaining product 3a or 3b (524 mg,
92% and 489 mg, 86% respectively).

3,5,7,4" -tetra-O-isobutyryl silybin (4a or 4b). 3,5,7,4"-tetra-O-isobutyryl-9"-O-
(4,4'-dimethoxytrityl) silybin (3a or 3b) (481 mg, 0.451 mmol) was treated by
repeated coevaporation with toluene and solubilized in 0.750 mL of DCM.
Subsequently, I (45 mg, 0.177 mmol) previously dissolved in MeOH (4.5 mL, 0.451
mmol) was added. The reaction mixture was kept under stirring for 1 h. After control
by TLC, using hexane/EtOAc 6:4 (v/v) as the eluent system, having verified the
disappearance of 3a or 3b, the reaction was stopped by adding Na;S,O; until the
mixture was discolored. The crude was transferred into a separating funnel and
extracted three times with water and DCM. The organic phase was dried with
anhydrous sodium sulfate, filtered, concentrated by evaporation in the rotavapor at

reduced pressure and dried in vacuo. and subsequently purified by silica gel column
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chromatography (hexane/EtOAc 7:3, v/v, with increasing gradient of EtOAc),
recovering product 4a or 4b (268 mg, 78%, and 289 mg, 84%, respectively).

4a 'H-NMR (400 MHz, CDCl;, 25 °C, & ppm, J Hz): § = 7.13-6.96 (complex
signals, 6H, H-2', H-5', H-6', H-2", H-5", H-6"); 6.74 (d, J=2.2, 1H, H-6); 6.55 (d, J
= 2.2, 1H, H-8); 5.66 (d, J=12.2, 1H, H-3); 5.35 (d, /= 12.2, 1H, H-2); 5.02 (d, J =
8.0, 1H, H-7"); 4.02-3.97 (m, 1H, H8"); 3.87-3.82 (overlapped signals, 4H, OCH3
and H-9"a); 3.57 (dd, J = 12.5, 3.6, 1H, H-9"b); 2.97-2.71 (m, 3H, CH of isobutyryl
groups in 5, 7 and 4"); 2.59-2.49 (m, 1H, CH of isobutyryl group in 3); 1.37-1.22 (m,
18H, CH3 of isobutyryl groups in 5, 7 and 4"); 1.12-0.97 (m, 6H, CHj3 of isobutyryl
group in 3). *C NMR (100 MHz, CDCl;, 25 °C, § ppm): & = 185.0; 175.3; 175.0 (x2);
174.1; 162.4; 156.5; 151.7; 151.6; 144.1; 143.6; 140.5; 134.5; 128.6; 123.0; 120.8;
119.8; 117.0, 116.5, 111.1 (x2); 110.7; 108.7; 81.1; 78.3; 76.0; 72.9; 61.4; 56.1; 34.2;
34.0; 33.9; 33.6; 19.0; 18.8; 18.7; 18.5. MS (MALDI-TOF, positive ions): m/z
calculated for CqH46O14 = 762.289; found: 763.996 [M+H]', 785.229 [M+Na]",
801.652 [M+K]".

4b 'H NMR (400 MHz, CDCl;, 25 °C, § ppm, J Hz): 6 = 7.11-6.96 (complex
signals, 6H, H-2', H-5', H-6', H-2", H-5", H-6"); 6.75 (d, J=2.2, 1H, H-6); 6.55 (d, J
=2.2, 1H, H-8); 5.67 (d, J=12.1, 1H, H-3); 5.36 (d, /= 12.2, 1H, H-2); 5.04 (d, J =
8.0, 1H, H-7"); 4.02-3.97 (m, 1H, H8"); 3.86-3.80 (overlapped signals, 4H, OCH3
and H-9"a); 3.56 (dd, J = 12.4, 3.6, 1H, H-9"b); 2.96-2.73 (m, 3H, CH of isobutyryl
groups in 5, 7 and 4"); 2.60-2.50 (m, 1H, CH of isobutyryl group in 3); 1.35-1.26 (m,
18H, CH3 of isobutyryl groups in 5, 7 and 4"); 1.02-0.92 (m, 6H, CHj3 of isobutyryl
group in 3) ppm. *C NMR (100 MHz, CDCls, 25 °C, & ppm): & = 185.0; 175.1; 175.0
(2C); 174.1; 162.4; 156.5; 151.7; 151.6; 144.1; 143.6; 140.6; 134.5; 128.5; 123.1;
120.9; 119.7; 117.1, 116.4, 111.3; 111.1; 110.8; 108.7; 81.0; 78.3; 75.9; 72.8; 61.4;
56.0; 34.2; 34.0; 33.9; 33.6; 19.0; 18.8; 18.7; 18.5 ppm. MS (MALDI-TOF, positive
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ions): m/z calculated for C41HsO1s = 762.289; found: 763.425 [M+H]", 785.784
[M+Na]", 801.358 [M+K]".

3.4.3. Synthesis of Phosphoramidite Silybins

To 3,5,7,4"-tetra-O-iBu-silybin (4a or 4b) (0.26 mmol; 200 mg) dissolved in
anhydrous DCM (4.5 mL), DIEA (181 pL, 1.05 mmol), and 2-cyanoethyl-N,N-
diisopropylamino- chlorophosphoramidite (73 pL, 0.31 mmol) were mixed. After 20
min the solution was concentrated and silica gel chromatography of the residue (eluent
n-hexane/EtOAc 6:4, v/v, with 3% v/v of TEA), afforded desired compound 5a or 5b
in yields of 86% and 80% respectively.

5a 'H NMR (400 MHz, CDCl;, 25 °C, & ppm, J Hz): § = 7.11-6.94 (complex
signals, 6H, H-2', H-5', H-6', H-2", H-5", H-6"); 6.74 (d, J=2.2, 1H, H-6); 6.55 (d, J
=2.2, 1H, H-8); 5.66 (d, J=12.2, 1H, H-3); 5.65 (d, /= 12.2, 1H, H-3); 5.35 (d, J=
12.2, 1H, H-2); 5.34 (d, J=12.2, 1H, H-2); 5.02 (d, /= 7.8, 1H, H-7"); 4.14-4.06 (mm,
1H, H-8"); 3.97-3.49 (m, 9H, OCH3, 2H-9", OCH,CH>CN, N[CH(CH3),]2; 2.97-2.48
(m, 6H, CH of isobutyryl groups, OCH,CH,CN ); 1.36-1.26 (m, 18H, CH; of
isobutyryl groups in 5, 7 and 4"); 1.20-1.07 (m, 15H, CH3; of isobutyryl groups in 3,
N[CH(CH:),]>) ppm. *C NMR (100 MHz, CDCl;, 25 °C, & ppm): & = 185.0 (x2);
175.2 (x2); 175.0 (x2); 174.1; 162.5; 156.5; 151.7; 151.5 (x2); 144.2; 143.5; 143.4;
140.5(x2); 134.6; 128.3; 128.2; 123.0; 122.9; 120.9; 120.8; 119.9; 119.8; 117.6; 117.5;
117.1; 116.9; 116.5; 116.4; 111.4; 111.2; 111.1; 110.7, 108.7; 81.2; 81.1; 76.2; 75.8;
72.9 (x2); 62.5; 62.2; 62.0; 58.7; 58.6; 58.5; 58.3; 56.0 (x2); 43.3; 43.2; 34.2; 34.0;
33.9; 33.6; 24.6; 24.5; 20.4; 20.3 (x3); 19.0; 18.8; 18.7; 18.5 ppm. *'P NMR (CDCls,
161.98 MHz, 25 °C, & ppm): 6 = 150.3; 149.9 ppm. MS (MALDI-TOF, positive ions):
m/z calculated for CsoHeN2OisP = 962.397; found: 964.229 [M+H]", 986.033
[M+Na]’, 1002.553 [M+K]".
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5b 'H NMR (400 MHz, CDCls, 25 °C, § ppm, J Hz): § = 7.11-6.94 (complex
signals, 6H, H-2', H-5', H-6', H-2", H-5", H-6"); 6.75 (d, J=2.2, 1H, H-6); 6.55 (d, J
=2.2, 1H, H-8); 5.67 (d, J=12.1, 1H, H-3); 5.35 (d, J= 12.1, 1H, H-2); 5.34 (d, /=
12.1, 1H, H-2); 5.02 (d, /= 7.8, 1H, H-7"); 4.14-4.05 (m, 1H, H-8"); 3.97-3.50 (m,
9H, OCH3, 2H-9", OCH,CH,CN, N[CH(CH3):]2; 2.96-2.49 (m, 6H, CH of isobutyryl
groups, OCH>CH,CN ); 1.36-1.26 (m, 18H, CHj3 of isobutyryl groups in 5, 7 and 4");
1.20-1.07 (m, 15H, CHj; of isobutyryl groups in 3, N[CH(CH3),]) ppm. *C NMR
(100 MHz, CDCl;, 25 °C, 6 ppm): 6 = 185.0; 175.1 (x2); 175.0; 174.9; 174.1; 162.4;
156.5; 151.7; 144.3; 144.2; 143.5 (x2); 140.5 (x2); 134.7; 128.2; 128.1; 123.0; 122.9;
121.0; 119.9; 119.8; 117.6; 117.5; 117.1; 116.5; 116.3; 111.1; 110.8, 108.7; 81.1; 81.0;
76.1; 75.8; 72.8; 62.7; 62.5; 62.2; 62.1; 58.7; 58.5 (x2); 58.3; 56.0 (x2); 43.3; 43.2;
34.2;34.0; 33.9; 33.6; 24.6 (x2); 24.5 (x2); 20.3 (x3); 19.0; 18.8; 18.7 (x3); 18.5 ppm.
3P NMR (CDCl;, 161.98 MHz, 25 °C, § ppm): & = 150.2; 149.8 ppm. MS (MALDI-
TOF, positive ions): m/z calculated for CsoHgsN2O1sP = 962.397; found: 964.215
[M+H]", 986,212 [M+Na]", 1002.322 [M+K]".

3.4.4 General Procedure for the Synthesis of

Phosphotriester Dimers 6aa, 6bb and 6ab

For the synthesis of 6aa, 219 mg (0.22 mmol) of phosphoramidites Sa and the
building block 4a 155 mg (0.20 mmol) previously dried and kept under reduced
pressure, were reacted with a 0.25 M DCI solution in anhydrous ACN (1.5 mL, 0.37
mmol). To obtain the 6bb dimer, the phosphoramidite Sb and the derivative 4b were
coupled under the same conditions as previously reported. For the 6ab dimer, the best
yields were obtained by coupling the phosphoramidite Sa and the derivative 4b. The
reaction was left under stirring at RT and monitored by TLC with an eluent system
hexane/EtOAc (6:4, v/v). After 30 min, the reaction was over, and then a 5.5 M tert-
Butyl hydroperoxide (tButOOH) solution in decane (150 pL) was added and left

stirring at RT. After 30 min the reaction mixture was concentrated under reduced
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pressure, and purified by flash chromatography, eluting with hexane/EtOAc (7:3, v/v),
to afford pure 6 (6aa, 6bb and 6ab) yellow-brown amorphous powder in 83%, 80%
and 77% yields, respectively.

6aa 'H-NMR (400 MHz, CDCl;, 25 °C, & ppm, J Hz): § = 7.11-6.91 (complex
signals, 12H, H-2', H-5', H-6', H-2", H-5", H-6"); 6.76 (s, 2H, H-6); 6.55 (s, 2H, H-
8); 5.66 (d, J=12.1,2H, H-3); 5.36 (d, J=12.1, 2H, H-2); 4.93 (t, J= 8.0, 2H, H-7");
4.32-3.95 (m, 8H, H8", 2H9", OCH,CH,CN); 3.86-3.80 (overlapped signals, 6H,
OCH3); 2.95-2.49 (m, 10H, CH of isobutyryl groups, OCH>CH,CN); 1.39-1.25 (m,
18H, CH3 of isobutyryl groups in 5, 7 and 4"); 1.14—1.08 (m, 6H, CHj3 of isobutyryl
groups in 3); 1.01-0.96 (m, 6H, CH; of isobutyryl groups in 3) ppm. >C NMR (100
MHz, CDCls, 25 °C, 6 ppm): 6 = 184.9; 175.1; 175.0; 174.1; 162.4; 156.5; 151.7;
143.6; 143.4; 143.3; 140.8; 133.7; 128.9; 123.3; 123.2; 121.3; 121.1; 119.8 (x2);
117.2; 117.1; 116.6; 116.5; 116.4; 111.5, 111.4; 111.1; 110.7, 108.7; 80.9; 76.0; 75.9;
75.7; 72.8; 72.7; 66.5; 62.3; 56.0; 34.2; 34.0; 33.9; 33.6; 19.0; 18.8; 18.7 (x2); 18.5.
*'PNMR (161 MHz, CDCl;, 25 °C, § ppm): § = -2.4 ppm. MS (MALDI-TOF, positive
ions): m/z calculated for CgsHosNO3P = 1639.560; found: 1641.838 [M+H]",
1663.652 [M+Na]", 1679.154 [M+K]".

6bb 'H NMR (400 MHz, CDCl;, 25 °C, & ppm, J Hz): § = 7.11-6.91 (complex
signals, 12H, H-2', H-5', H-6', H-2", H-5", H-6"); 6.76 (s, 2H, H-6); 6.55 (s, 2H, H-
8); 5.66 (d, J=12.1,2H, H-3); 5.36 (d, J=12.1, 2H, H-2); 4.93 (t, J= 8.0, 2H, H-7");
4.32-3.95 (m, 8H, H8", 2H9", OCH,CH,CN); 3.86-3.80 (overlapped signals, 6H,
OCHs); 2.95-2.49 (m, 10H, CH of isobutyryl groups, OCH>CH,CN); 1.36-1.24 (m,
18H, CH3 of isobutyryl groups in 5, 7 and 4"); 1.13-1.09 (m, 6H, CHj3 of isobutyryl
groups in 3); 1.02-0.98 (m, 6H, CH; of isobutyryl groups in 3) ppm. *C NMR (125
MHz, CDCls, 25 °C, & ppm, J Hz): 6 = 184.9; 175.1; 175.0 (x2); 174.1; 162.4; 156.5;
151.7 (x2); 143.6; 143.4; 143.3; 140.8; 133.7; 128.9; 123.3 (x2); 121.2; 121.1; 119.8
(x2); 117.2; 117.1; 116.6 (x2); 116.4; 111.5, 111.4; 111.1; 110.7, 108.7; 80.9; 75.9;
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75.7; 72.8; 66.5 (x2); 62.3; 62.2; 56.0; 34.2; 34.0; 33.9; 33.6; 19.0; 18.8; 18.7; 18.5
ppm. *'P NMR (161 MHz, CDCl;, 25 °C, & ppm): & = -2.4 ppm. MS (MALDI-TOF,
positive ions): m/z calculated for CssHoaNO3P = 1639.560; found: 1641.554 [M+H]",
1663,159 [M+Na]", 1679.555 [M+K]".

6ab 'H NMR (400 MHz, CDCl;, 25 °C, & ppm, J Hz): § = 7.12-6.88 (complex
signals, 12H, H-2', H-5', H-6', H-2", H-5", H-6"); 6.76—6.73 (m, 2H, H-6); 6.56-6.54
(m, 2H, H-8); 5.69-5.61 (m, 2H, H-3); 5.38-5.32 (m, 2H, H-2); 4.99-5.90 (m, 2H, H-
7M); 4.35-3.97 (m, 8H, H8", 2H9", OCH,CH,CN); 3.88-3.79 (overlapped signals, 6H,
OCH3); 2.96-2.48 (m, 10H, CH of isobutyryl groups, OCH>CH,CN); 1.36—1.24 (m,
18H, CH3 of isobutyryl groups in 5, 7 and 4"); 1.13—-1.08 (m, 6H, CHj3 of isobutyryl
groups in 3); 1.02-0.96 (m, 6H, CH; of isobutyryl groups in 3) ppm. >C NMR (100
MHz, CDCls, 25 °C, 6 ppm): 6 = 184.9; 175.1; 175.0 (x2); 174.1; 162.4; 156.5; 151.7
(x2); 143.6; 143.4; 143.3; 140.8; 133.7; 128.9; 123.3 (x2); 121.2; 121.1; 119.8 (x2);
117.2; 117.1; 116.6 (x2); 116.4; 111.5, 111.4; 111.1; 110.7, 108.7; 80.9; 76.1; 76.0;
75.9; 75.7; 72.8; 66.5 (x2); 62.3; 62.2; 56.0; 34.2; 34.0; 33.9; 33.6; 19.0; 18.8; 18.7
(x2); 18.5 ppm. *'P NMR (161 MHz, CDCls, 25 °C, § ppm): § = -2.3; -2.6 ppm. MS
(MALDI-TOF, positive ions): m/z calculated for CssHosNO3oP = 1639.560; found:
1641.497 [M+H]", 1663.132 [M+Na]", 1679.115 [M+K]".

3.4.5 General Procedure for the Synthesis of Dimers

Taa, 7Tbb and 7ab

200 mg (0.12 mmol) of dimer 6aa (or 6ab or 6bb) were treated with 7 mL of a
mixture conc. aq NH3/MeOH (1:1, v/v) for 5 h at 50 °C, leading to full removal of the
ibu and 2-cyanoethyl (CE) groups. The mixture was dried under reduced pressure,
suspended in a buffer solution and then purified on RP-HPLC carried out on
Phenomenex Kromasil® C18 column (10 um particle size, 10.0 mm x 250 mm i.d.)

using a linear gradient of ACN in 0.1 M NH4OAc in H2O (pH 7.0) from 5% to 95%
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over 20 min at a flow rate of 6 mL/min with detection at 288, 260 nm. Compounds
thus obtained were converted into the corresponding sodium salts by cation exchange
on a DOWEX (Na" form) resin to obtain homogeneous samples. RP-HPLC analysis
was carried out on Luna C18 (2) (5 um particle size, 150 mm % 4.6 mm i.d.) using a
linear gradient of ACN in in 0.1 M NH4OAc in H>O (pH 7.0) from 5% to 95% over
20 min at a flow rate of 0.8 mL/min with detection at 288 nm. The three dimers

presented a purity > 99%.

7aa '"H NMR (400 MHz, DMSO-d6 + 5% D0, 25 °C, § ppm, J Hz): § = 7.11—
6.74 (complex signals, 12H, H-2', H-5', H-6', H-2", H-5", H-6") 5.85 (s, 4H, H-6 and
H-8); 5.05 (d, J = 11.0, 2H, H-2); 4.82 (d, J = 7.6, 2H, H-7"); 4.57 (d, J=11.0, 1H,
H-3); 4.35-4.27 (m, 2H, H8"); 3.80-3.65 (overlapped signals, 8H, OCH3, H-9"a);
3.58—3.47 (m, 2H, H-9"b) ppm. *C NMR (100 MHz, DMSO-d6 + 5% D0, 25 °C,
o ppm): 0 = 197.8; 168.2; 163.7; 162.8; 148.0; 147.5; 143.8; 143.6; 130.5; 127.6;
121.8; 120.8; 116.8; 116.7; 115.7; 112.1, 100.6; 96.7; 95.7; 82.9; 77.1; 76.2; 71.8;
63.6; 56.0 ppm. *'P NMR (161 MHz, DMSO-d6 + 5% D0, 25 °C, § ppm): & =-1.6
ppm. MS (MALDI-TOF, negative ions): m/z calculated for CsoH4302,P = 1026.198;
found: 1025.355 [M-H].

7bb 'H NMR (400 MHz, DMSO-d6, 25 °C, & ppm, J Hz): § = 11.90 (s, 2H, OH-
5); 11.08 (s, 2H, OH-7); 9.19 (s, 2H, OH-4"); 7.10-6.73 (complex signals, 12H, H-2',
H-5', H-6', H-2", H-5", H-6") 5.91 (s, 4H, H-6 and H-8); 5.85-5.79 (m, 2H, OH-3);
5.05(d, J=11.1, 2H, H-2); 4.83 (d, /= 7.8, 2H, H-7"); 4.60 (d, J= 11.1, 1H, H-3);
4.58 (d, J=11.1, 1H, H-3); 4.34-4.26 (m, 2H, H8"); 3.79-3.65 (overlapped signals,
8H, OCH3, H-9"a); 3.58— 3.48 (m, 2H, H-9"b) ppm. *C NMR (100 MHz, DMSO-d6,
25°C, 6 ppm, JHz): 6 =198.2; 167.4; 163.7; 162.9; 148.0; 147.5; 143.8; 143.5; 130.5;
127.6; 121.6; 120.8; 117.0; 116.8; 115.7; 112.1, 100.8; 96.5; 95.5; 83.0; 77.1; 76.2;
71.9; 63.6; 56.0 ppm. *'P NMR (161 MHz, DMSO0-d6, 25 °C, § ppm): 5 = -1.7 ppm.
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MS (MALDI-TOF, negative ions): m/z calculated for CsoH4302,P = 1026.198; found:
1025.196 [M-HJ.

7ab 'H NMR (400 MHz, MeOD-d4, 25 °C, § ppm, J Hz): 7.15-6.79 (complex
signals, 12H, H-2', H-5', H-6', H-2", H-5", H-6") 5.92 (s, 4H, H-6 and H-8); 5.02-4.94
(m, 4H, H-2 and H7"); 4.53 (d, 11.5, 1H, H-3); 4.26-4.20 (m, 2H, H8"); 3.91-3.80
(overlapped signals, 8H, OCH;, H-9"a); 3.79— 3.75 (m, 2H, H-9"b) ppm. *C NMR
(100 MHz, MeOD-d4, 25 °C, & ppm): 196.9; 167.3; 163.9; 162.9; 147.7; 146.9; 143.9;
143.8; 143.6; 130.0; 127.8; 120.6; 120.3; 116.5; 116.3; 116.1; 114.9; 110.9, 100.4;
96.9; 94.9; 83.3 (2C); 77.0; 76.1; 76.0; 72.2; 64.0; 55.1. *'P NMR (161 MHz, MeOD-
d4, 25 °C, & ppm, J Hz): -0.2. MS (MALDI-TOF, negative ions): m/z calculated for
CsoH43022P = 1026.198; found: 1025.144 [M-H]".

3.4.6 Hydroxyl Radical (HO') Generation and

Reactivity Estimation

The reactivity constants between the newly synthesized silybin dimers and
hydroxyl radicals were assessed using a Laser Flash Photolysis system. The
methodology involves the generation of di-thiocyanate radical anion (SCN»+") through
the reactivity of photo-generated hydroxyl radicals (HO-) with thiocyanate (SCN") in
the presence of hydrogen peroxide. The second-order rate constants between HO- and

the silybin dimers were achieved using the following equation:

1l .
Absy _ N Ki0" pimer[Dimer]
Abs Kizor son[SCN']
where Abso and Abs represent the absorption of SCNy*™ at 475 nm in the absence and

. 1l 11
presence of dimers. Kyo* sen- and Kyo® pimer are the second-order rate constants of

hydroxyl radicals (HO-) with thiocyanate and dimers at varying concentrations.
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. . Ab . . .
A linear correlation plot of A—bsso against the concentration of dimers (7aa, 7bb, or

7ab) is generated. The slope of this plot is used to determine the value of kgo-,Dimer.

The reported results represent the mean values obtained from three replicates.

Statistical analysis was performed using one-way analysis of variance (ANOVA), and

post hoc tests of least significance were applied to assess significant differences.

Differences with a p-value < 0.05 were considered statistically significant.

3.4.7 Culture Conditions

The cell culture conditions for various human cell lines were as follows:

Jurkat (Human T Ilymphoblastoid) and WM266 (Human Metastatic
Melanoma):

- Medium: RPMI medium

- Supplements: 10% heat-inactivated fetal bovine serum (FBS), 2.5 mM
glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin (Euroclone).
HeLa (Human Cervix Adenocarcinoma), A549 (Human Lung Carcinoma),
PANC (Human Pancreatic Cancer), U87 (Human Glioblastoma), and HDF
(Normal Human Fibroblasts):

- Medium: DMEM

- Supplements: 10% fetal bovine serum (FBS), 1% glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin (Euroclone, Milano, Italy).

All cell lines were cultured in a humidified environment with 5% CO; at a

temperature of 37°C.

3.4.8  Antiproliferative Activity

The experimental setup for cell proliferation assays involved the following steps:

Cell Plating:

- Jurkat cells were plated at a density of 10,000 cells/well.
- WM266 and HDF cells were plated at 2,000 cells/well.
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- HeLa cells were plated at 1,200 cells/well.

- PANC, U87, and A375 cells were plated at 1,000 cells/well.

- 96-well microplates (Thermofisher, Waltham, MA, USA) were used for cell

plating.

e Incubation:

- After 24 h of incubation, cells were treated with increasing concentrations of
synthetized compounds. These compounds were previously solubilized in
DMSO at a concentration of 50 mM.

e Cell Proliferation Assay:

- For Jurkat cells, cell proliferation was determined using the CCK-8 assay (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt).

- For HeLa, WM266, PANC, U87, and HDF cells, the MTT assay (3-(4,5-
dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide) was used.

- The assays were performed after a 48 h treatment period.

e Analysis:

- Plates were analyzed using a microplate reader (Enspire, Perkin Elmer Italia
Spa, Milano, Italy) at 450 nm (CCK-8) or 570 nm (MTT).

- Results were presented as the percentage of proliferating cells relative to the
control (vehicle-treated cells).

- Data are expressed as means = SE of at least three independent experiments
conducted in triplicate.

e Statistical Analysis:

- Statistical analysis was performed using Student’s t-test (unpaired, two-sided),
and significance was considered at p < 0.05.
e ICso Calculation:

- ICso values were calculated using GraphPad Prism software.
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3.4.9. Apoptosis assay

The apoptosis analysis was conducted on Jurkat cells, initially seeded at a density
of 2.5 x 10’ cells/mL in a 6-well plate. Following the seeding, cells were incubated at
37 °C in the absence or presence of a 200 uM concentration of the tested compounds.
After 48 h of incubation, apoptosis induction was assessed through double staining
with annexin V/FITC and propidium iodide (PI), utilizing the eBioscience kit from
Affimetrix (Santa Clara, CA, USA).

The quantification of cells undergoing apoptosis was performed using a flow
cytometer equipped with a 488 nm argon laser (Becton Dickinson, Franklin Lakes,
NJ, USA). Analysis was carried out using Cell Quest software. The entire apoptosis
analysis was replicated at least two times to ensure consistency and reliability of the

results.
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4 Silybins 7- O-Alkyl Derivatives

Polyphenols are a family of compounds attractive due to their ability to scavenge
radical species, crucial for normal cell function. Imbalances in pro- and antioxidant

species leading to oxidative stress are implicated in different diseases.’

Even if the antioxidant activity is not the crucial role for drug design, it often serves
as a starting point. Many natural products with potent radical scavenging properties
provide diverse structures useful as lead compounds for drug development. However,
challenges like low bioavailability and rapid metabolism limit their pharmacological
use. To overcome these limitations, hybrid molecules, combining features of different

compounds, have shown promise in drug development.*

One focus of recent research is on silibinin, a metabolite with diverse
pharmacological properties but low bioavailability.*® Although silibinin itself does not
exhibit significant antioxidant activity, studies on its hydroxyl groups have revealed
both pro-oxidant and antioxidant characteristics.’” Furthermore, silibinin has
demonstrated inhibitory effects on various cancer cells, making it a lead compound

for prostate cancer treatment.*®

2,3-dehydro-silybin (DHS), an oxidation product of silibinin, has shown better
antitumor activity on certain cells compared to silibinin. Chemical modification
studies indicate that the in vitro antiproliferative activity of silibinin and DHS against
different prostate cancer cell lines can be further improved.**?° However, many
studies overlook the structure-activity relationship of isomers, using silibinin as a
natural mixture. Understanding the influence of the flavonolignan structural core and
functional properties on pharmacological activity is crucial for more effective drug

development.
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4.1 Aim of Research Work

In this context, a regioselective synthesis of new 7-O-alkyl derivatives of Sil and
DHS has been presented (Scheme 4.1). The aim is to combine the pharmacological
properties of silybins with those of tyrosol-based metabolites, potentially leading to

new molecules with improved antioxidant and anticancer activities.

R:©/\/OH
TBDMSO

R =H or OCH; or OTBDMS

OTBDMS

Og"
HO 0 ﬂ[::j: :Tw OCH
OH OH

OH O

7-O-tyrosyl silybins
Mltsunobu alkylation

\\[ I OCH
| (¢) 8

7 O-tyrosyl 2,3-dehydro sHybmsj

R =H or OCH3 or OH [OX]

QN O ' “@E

R =H or OCH;3 or OH
Scheme 4.1. Retrosynthetic route for new 7-O-tyrosyl silybins and 2,3-dehydro-silybins derivatives
starting from 9"-protected silybins
The synthesis involved alkylation of the 7-OH of silybins with tyrosol-based
moieties, specifically 3-methoxytyrosol (MTYR) and 3-hydroxytyrosol (HTYR),

known for their antioxidant and pharmacological properties.?*?




The introduction of a weak antioxidant, tyrosol (TYR), was also considered to
contribute to the structure-activity relationship. The synthesized derivatives, obtained
with satisfactory yields, were fully characterized using various analytical techniques.
The radical scavenger activity of these derivatives was evaluated through DPPH and
ORAC assays. Subsequently, it was investigated the anticancer activity of the new
derivatives in prostate cancer cell line (PC-3).

4.2 Results and Discussion

The synthesis of selectively alkylated silibinin derivatives has been a subject of
extensive investigation, involving variations in different parameters such as bases,
solvents, and reagent equivalents.?®?*?> However, when these methods were applied
to generate alkylated derivatives of silibinin, they often resulted in low or no yields,
primarily due to the complete oxidation of silibinin into 2,3-dehydro silybin

derivatives.?%?7

The synthetic strategy proposed aim to develop a mild and regioselective
alkylation method that prevents the oxidation of silybin into 2,3-dehydro-silybin
derivatives. To achieve this goal, it was opted for alkylation via the Mitsunobu
reaction®®, that exploit the higher acidity of the OH in position 7 of silybins and the
increased nucleophilicity of the primary OH of tyrosol-based derivatives. Considering
the presence of different OH groups (one primary, one secondary, and three phenolic
OH) on silybins, it was chosen to conduct a Mitsunobu alkylation starting from
suitably protected building blocks. To optimize selectivity and avoid self-alkylation
by-products of silybins, the process started with 9"-O-protected silybins and protected
tyrosols at the phenolic OHs. The tert-butyldimethylsilyl (TBDMS) group was
selected as the protecting group due to its selective insertion and removability under
mild conditions for both starting metabolites. Starting from the tyrosol-based

metabolites 3 — 5 (Scheme 4.2), a refined protection method was applied to
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exclusively protect the phenolic functions. In summary, all hydroxyl (OH) groups
were protected with an excess of tert-butyldimethylsilyl chloride (TBDMSCI) in
ACN/DMF (3/1 v/v) in the presence of tricthylamine (TEA). Following regioselective
deprotection of the aliphatic OH group using 1% weight iodine (I») in methanol
(MeOH), building blocks 6 — 8 were obtained in good yields (83 — 86%).

R1]©/\/OH ab R1I>/\/OH
2>
HO TBDMSO

3R;=H;4R; = OCHy; 5R, = OH 6 Ry =H; 7 R; = OCHg; 8 R; = OTBDMS

OR2
O
@: jCEOCHa R1j©/\/0 o) ,o\@EOjCEOCHa
R0 mw OH
OH O
|:1a R,=H R
9a R, = TBDMS d.

10a Ry = R, = H; 11a Ry = OCHg; R, = H; 12a Ry = OH; R, = H

OH O

13a R = R, = H; 14a R; = OCH3; R, = H; 15a Ry = OH; R, = H

Scheme 4.2. Reagents and conditions: a) TBDMSCI, TEA, ACN/DMF (3:1, v/v), t, 3h; b) 1%
wt I/MeOH, rt, 3h; c) TBDMSC], Pyridine, ACN/DMF (3:1, v/v), 0 °C, 2h; d) tyrosol-based alcohol (6
or 7 or 8), TPP/DIAD, THF 0 °C, 2h; e) TEA-3HF, THF, rt; f) KOAc, DMF, 50 °C, 45 min.

For the synthesis of the 9"-OTBDMS silybins building blocks, silibinin (1ab),
silybin A or B (1a or 1b) were treated with TBDMSCI in ACN/DMF (3/1 v/v) in the
presence of pyridine (Scheme 4.2). This resulted in the formation of 9ab, 9a, and 9b
in 75%, 74%, and 79% yields, respectively. To proceed with the 7-O-alkylation, using
tyrosol-based building blocks 6 — 8 and 9"-O-protected silybins 9a, 9b, and silibinin

9ab, a Mitsunobu reaction was established. In a typical Mitsunobu reaction, the
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protected tyrosols (6 — 8) were reacted with 9"-OTBDMS silybins (9a, 9b, and 9ab)
in the presence of triphenylphosphine (TPP) and diisopropyl azodicarboxylate
(DIAD) in anhydrous tetrahydrofuran (THF) at 0 °C. The crude reaction mixtures
were challenging to purify, and after a simple chromatographic purification, they were
treated with triethylamine trihydrofluoride (TEA-3HF) in THF at room temperature.
Following RP-HPLC purification, the identity and complete signal assignment of
compounds 10 — 12 were confirmed by 1D and 2D-NMR analysis in combination with
mass spectrometry (MS) data. All the obtained compounds exhibited good yields
(Table 4.1). Subsequent treatment of derivatives 10 — 12 with KOAc in DMF at 50 °C
(Scheme 4.2) leads to DHS derivatives 13 — 15 obtained in good yields (Table 4.1).
Following HPLC purifications, the identity of structures 13 — 15 was confirmed by
1D and 2D-NMR analysis.

4.2.1 In medium and Chemical Stability
The stability of 7-O-tyrosylsilybin derivatives (10a, 1la, and 12a), as

representative compounds, was investigated to ensure that the observed effects are
attributed to the compounds themselves rather than to other byproducts formed. HPLC
experiments were conducted at different time points. Derivatives 10a — 12a were
dissolved in assay medium and incubated for 48 h. Samples were collected at various

intervals (0, 1, 3, 7, 24 and 48 h), and the areas under curves were determined.

The results indicate a relatively slow alteration of 10a and 11a, with 87% and 93%
of the products still present after 48 h, respectively (Figure 4.1). However, for the
conjugate with hydroxytyrosol (HTYR), 12a, a less pronounced stability was
observed, with 33% of the product remaining after 48 h. This lower stability is likely
attributed to the presence of the catechol function in HTYR, which is known to be
more sensitive to auto-oxidation compared to phenolic functions. The ability of the

catechol function to auto-oxidize is a known aspect of its reactivity toward protein
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targets, and it is considered crucial in the design of neuroprotective drugs. It's

important to note that this specific aspect was not investigated in the current study.

——SilA-TYR (10a)  —m—SilA-MTYR (11a) SIA-HTYR (12a)
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Figure 4.1 Percentage of SilA—TYR (10a), SilA-MTYR (11a) and SilA-HTYR (12a) remaining over
time in medium, calculated by the change in the integration of the corresponding HPLC peak.

The stability over time in phosphate buffer at pH 7.4 appears to be relatively
consistent with that observed in the medium. We noted a sustained presence ( > 88%)
of products 10a and 11a even after a 48 h duration. As seen before, product 12a, which
contains the HTYR moiety, demonstrates a higher susceptibility to alteration but still
maintains a persistence of over 50% at 48 h. It's noteworthy that, for derivative 10a,
appreciable percentages (approximately 50%) of silybin oxidation product in 2,3-

dehydrosilybin were observed only after a 5-day interval.

4.2.2 Antioxidant Activity
Recent investigations into the redox properties and chelating capabilities of
silibinin have shed light on the distinct roles of its various hydroxyl functions,

particularly highlighting the pro-oxidant nature of the 7-OH function.”® Notably,
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derivatizing this function with an antioxidant moiety has been proposed as a strategy

to generate silybin derivatives with enhanced antioxidant activity.

To preliminarily assess the antioxidant properties of the novel compounds, we
conducted ORAC (Oxygen Radical Absorption Capacity) and DPPH (2,2-diphenyl-
1-picrylhydrazyl) assays. The antioxidant activities are presented in Table 4.1 together
with three well-known phenols based on tyrosol, TYR, MTYR, and HTYR (3, 4, and

5), as well as silybins (1ab, 1a, and 1b), the reference flavonolignans.

According to ORAC results, comparable antioxidant capacity was observed for
compounds 10 — 12 and their counterparts (1a, 1b, and 1ab), with compounds 12
remaining the most active. Conversely, derivatives 13 — 15 exhibited a decrease in
activity compared to their progenitors (2ab, 2a, and 2b). In the DPPH assay, a
significant contribution of the tyrosol moieties in position 7 was evident. All
derivatives (10 — 15) displayed greater activity than their progenitors, with a notably
enhanced free radical scavenging ability of 2,3-dehydro derivatives (13 — 15)
compared to silybin derivatives (10 — 12). These results should be interpreted
considering the role of position 7-OH in the antioxidant activity of the starting
compounds, silybins, and 2,3-dehydrosilybins. As reported in the literature®®, the 7-
OH function in silibinin is a pro-oxidant position; therefore, its masking led to an
increase in the antioxidant activity in the new derivatives, even when linked to a non-
antioxidant compound (TYR). A further increase is observed for derivatives 11 — 12
where MTYR and HTYR are known antioxidants by themselves. In DHS, position 7-
OH was found to be an important prerequisite for decreasing the 3-OH bond
dissociation enthalpy.’®> Consequently, for the DPPH assay, with an electron transfer
mechanism, a synergic contribution of the activity of DHS and the tyrosol moiety is
observed. Conversely, for the ORAC assay, where the bond dissociation enthalpy
plays a crucial role, the new derivatives exhibit an impairment of resonance

stabilization of 3-OH, leading to a decrease in antioxidant activity.
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Table 4.1. Yields and antioxidant activity (ORAC and DPPH) for
derivatives 10 — 15

Compound  Yield (%)*  ORAC (TE)® DPPH (ECso, UM)
Sil (1ab) - 476 £0.20 620 £ 0.2
SilA (1a) - 421 +£0.16 360 £0.2
SilB (1b) - 4.36 £0.15 580+ 0.5

DHS (2ab) - 3.57+£0.23 29.6+0.18

DHSA (2a) - 3.88 +0.20 15.5+0.3

DHSB (2b) - 3.86 £0.13 11.6+0.4

TYR — 2.18 £0.12 >1000
MTYR - 2.90+£0.21 31.0£26
HTYR — 7.40 £0.17 12.3+£1.0

10a 35 4.81 +£0.45 290 £0.2
1lla 28 2.50+£0.29 13.5+£0.6
12a 26 5,57 £0.17 6.53+0.6
13a 95 1.16 £ 0.05 17.1+£0.1
1l4a 78 1.25 +0.02 9.01+£0.5
15a 95 1.28 £0.02 498 +0.4
10b 83 4.89 £0.22 220.0+£0.1
11b 21 3.22 £0.52 17.8£0.6
12b 65 5.38 £ 0.17 5.65+0.5
13b 72 1.15+£0.02 19.3x£0.1
14b 82 1.32 £0.04 9.10+0.6
15b 81 1.25+0.04 476 £0.4

10ab 51 4.88 £0.09 200 £ 0.2

1lab 33 491 +£0.17 9405

12ab 40 5.45+0.54 49+0.6
13ab 90 1.47 £ 0.05 26.9+0.2
14ab 76 1.01+0.12 9.27+£0.6

15ab 74 144 +0.14 6.19 £ 0.7

a For the silybin derivatives (10 — 12) yields refer to intermediates (9), while for DHS

derivatives (13 — 15) yields refer only to the oxidation step of 10 — 12; b Trolox

equivalent
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4.2.3 Anti-proliferative effects towards Prostate Cancer

cell lines

The Trypan blue assay demonstrated that various silybin derivatives, when
administered at concentrations of 5 and 10 uM for 48 and 72 h, led to a decrease in
live cell numbers and induced cell death in PC-3 prostate cancer cells. Of all silybin
derivatives tested, compounds 15ab, 15a, and 15b exhibited the highest potency in
restricting cell growth and inducing cell death in PC-3 cells at both 48 and 72 h of
treatment. Specifically, these compounds resulted in a significant reduction in the
percentage of live PC-3 cells by approximately 5% to 41% (at 5 uM) and around 72%
to 78% (at 10 uM) after 48 h (P < 0.001 for all, Figure 4.2A). Similarly, at 72 h, the
reduction was 33% to 62% (at 5 uM) and approximately 79% to 86% (at 10 uM)
compared to the control (P < 0.001 for all, Figure 4.3A).

Furthermore, treatment with compounds 15ab, 15a, and 15b significantly
increased the percentage of dead cells by 1.6 to 2.5-fold (at 5 uM) and 3.2 to 4.4-fold
(at 10 uM) after 48 h (P <0.01 — 0.001, Figure 4.2B) and by 1.6 to 2.6-fold (at 5 pM)
and 1.8 to 2.8-fold (at 10 uM) after 72 h (P < 0.05 — 0.001, Figure 4.3B) compared to
the control. Results also showed that compounds 14ab, 14a, and 14b exhibited
somewhat similar effects as compounds 15ab, 15a, and 15b, but the effects were more
prominent at a higher concentration of 10 uM and at 72 h (Figure 4.2A and B and
Figure 4.3A and B). Therefore, for further studies, only compounds 15ab, 15a, and
15b were chosen. Compound lab was used as parent control in subsequent

experiments.
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Figure 4.2 PC-3 prostate cancer cells were treated with different silybin derivatives for 48 h and

a trypan blue assay was performed. Bar graphs depict (A) percent live cells and (B) percent dead cells.
Each bar represents the mean + SEM. of three experiments. P < 0.001 ($), P < 0.01 (#), P < 0.05 (*)

compared to control scores.
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Figure 4.3 PC-3 prostate cancer cells were treated with different silybin derivatives for 72 h and

a trypan blue assay was performed. Bar graphs depict (A) percent live cells and (B) percent dead cells.
Each bar represents the mean + SEM of three experiments. P < 0.001 (8$), P < 0.01 (#), P < 0.05 (*)

compared to control scores.
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4.2.4 Effects of Silybin Derivatives on PC-3 Apoptosis and
Cell Cycle Progression

Prostate cancer PC-3 cells were seeded in 35-mm culture plates at a density of
5x10* cells/plate. Following a 24 h incubation period, the cells underwent treatment
with various concentrations (5 or 10 uM) of compound 15ab, 15a, 15b and 1ab for
24 and 48h. Subsequently, the cells were harvested with trypsinization and then
subjected to centrifugation (at 2500 rpm for 5 min), followed by staining with Annexin
V and PI as per manufacturer’s instructions. Results revealed that compounds 15ab
and 15b were able to induce a significant increase in the late apoptotic cell population
in PC-3 cells, which is positive for both annexin V and PI staining. Specifically, a 10
uM concentration of compound 15ab increased the late apoptotic cell population by
4 fold (P < 0.05, Figure 4.4B) and compound 15b increased the late apoptotic cell
population by 4.7 fold (P < 0.001, Figure 4.4B) at 24 h. Similarly, at 48 h, 10 uM of
compound 15ab increased the late apoptotic cell population by 3 fold (P < 0.001,
Figure 4.4C), and 10 uM concentration of compound 15b increased the late apoptotic
cell population by 3.5 fold (P <0.001, Figure 4.4C) when compared to control. Results
from western blotting for cleaved caspase-3 also confirmed that compounds 15ab and
15b induce apoptosis in PC-3 cells. The expression for cleaved caspase 3 was
significantly upregulated in 10 uM dose groups of compounds 15ab and 15b (Figure

4.5), thus confirming apoptosis induction by these specific silybin derivatives.

Flow cytometric analysis for cell cycle progression revealed that compounds 15ab,
15a, and 15b induced G1 phase arrest in PC-3 prostate cancer cells. Specifically, a 10
UM concentration of compounds 15ab, 15a, and 15b increased the cells in G1 phase
by 1.4 fold, 1.2 fold, and 1.4 fold at 24 h respectively (P < 0.01-0.001, Figure 4.6B).
Similarly, a 10 uM concentration of compounds 15ab, 15a, and 15b increased the
cells in G1 phase by 1.12 fold, 1.13 fold, and 1.14 fold at 48 h respectively (P <0.01-
0.001, Figure 4.6C).
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Figure 4.4 (A) Representative flow cytometry images for apoptosis assay in PC-3 cells after

treatment with different silybin derivatives after 48 h (B) Bar graph of % apoptotic cells in PC-3 cells
after 24 h treatment with different silybin derivatives treatment. (C) Bar graph of % apoptotic cells in
PC-3 cells after 48 h treatment with different silybin derivatives. Each bar represents the mean = SEM.
of three experiments. P < 0.001 ($), P < 0.01 (#), P <0.05 (*) compared to control scores.
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4.3 Conclusions

The synthesis of new 7-O-alkyl conjugates of the flavonolignan silibinin and
tyrosol-based polyphenols (TYR, 3; MTYR, 4; HTYR, 5) was successfully achieved
through regioselective alkylation with high yields. The derivatives of silybin A (SilA,
1a), silybin B (SilB, 1b), and silibinin (Sil, 1ab) were prepared starting from silibinin
(9ab), silybins (9a and 9b), and tyrosol-based phenols (6, 7, and 8) suitably protected,
using a Mitsunobu reaction. Subsequently, all silybin conjugates (10 — 12 series a, b,
and ab) underwent a well-optimized one-step oxidation, leading to the 2,3-

dehydrosilybin derivatives (13 — 15 series a, b, and ab).

The 7-O-alkyl derivatives (10 — 15, a, b, and ab series) exhibited good stability in
both PBS and medium over 24-48 h. The HTYR derivatives (12 and 15) showed lower
stability due to the high susceptibility to autoxidation of the catechol moiety of HTYR,
observed after 48 h. However, this degradation was not attributed to the stability of
the new 7-0O alkyl bond.

In the ORAC assay, there was no significant variation in antioxidant activity, while
in the DPPH assay the tyrosolic counterpart plays a crucial role, obtaining new
derivatives with pronounced activity (10 << 11 < 12, of a, b, and ab series). Notably,
the HTYR moiety significantly contributed to the antioxidant activity of 12b (5.65 £
0.50 uM), slightly exceeding that of 12a (6.53 + 0.60 uM). These values were much
higher than those of the corresponding silybins (360 + 02, 580 + 0.5, and 620 + 0.2
uM for 1a, 1b, and 1lab, respectively). The same trend was observed for the 2,3-
dehydrosilybin-based derivatives, with a smaller difference (13 << 14 <15, of a, b,

and ab series).

The study on silybin derivatives in PC-3 prostate cancer cells aligns with previous
research on silybin's anticancer effects, attributing them to the inhibition of

proliferation, induction of cell cycle arrest, and apoptosis. The present study, focusing
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on silybin derivatives, particularly highlights the potency of compounds 15ab, 15a,
and 15b in inhibiting cell proliferation and inducing cell death in PC-3 cells.

The observed effects include G1 cell cycle arrest, a substantial increase in the late
apoptotic population, and a marked elevation in the expression of cleaved caspase 3.
These results underscore the anticancer efficacy of these silybin derivatives.
Importantly, the fact that silibinin has already undergone clinical evaluation for safety
and anticancer properties adds significance to these findings. The three identified
potent silybin derivatives (15ab, 15a, and 15b) emerge as promising candidates for

further investigation in pre-clinical models and, potentially, clinical trials.

As the research progresses, the focus will be extended to evaluating the in vivo
anticancer efficacy of these promising silybin derivatives. Additionally, the
assessment of their potential toxicity and bioavailability will contribute valuable

insights for their potential use in clinical applications.

4.4 Experimental Session

4.4.1 General Methods
Silibinin 1 was purchased from Sigma-Aldrich. HPLC grade ACN, MeOH were

purchased from Carlo Erba Reagents and Sigma-Aldrich. Other chemicals were

obtained from Sigma Aldrich.

The experimental procedures to the synthesis of compounds 10 — 12 and 13 — 15
are described in detail only for the stereoisomer of silybin A (SilA): the same reaction
conditions (temperature, stoichiometric ratios, time of reaction) were used for silybin

B (SilB) and silibinin (Sil) as natural mixture.

Reactions were monitored by TLC (precoated silica gel plate F254, Merck) and
Column chromatography: Merck Kieselgel 60 (70-230 mesh). The analysis was
performed with a Shimadzu LC-8 A PLC system equipped with a Shimadzu SCL-10A
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VP System control and Shimadzu SPD-10A VP UV-VIS Detector. HPLC purifications
were carried out on Phenomenex Gemini RP18 column (10-pum particle size, 21.20
mm x 250 mm i.d.) using a linear gradient of ACN in 0.1 M NH4Ac in H,O, pH 7.0
from 20% to 100% over 30 min at a flow rate of 8§ mL/min with detection at 288 and
260 nm.

MALDI spectral data was acquired on a MALDI TOF AB Sciex 5800 mass
spectrometer. For ESI-MS analysis, a Waters Micromass ZQ Instrument equipped
with an electrospray source was used. The NMR spectra were recorded at 25 °C on an
NMR spectrometer Bruker DRX, Bruker Advance (Bruker Italia Srl, Milano, Italy)
and INOVA-500 NMR instrument (Varian, Milan, Italy).

4.4.2 Synthesis of Tyrosol-based Building Blocks

To a solution of the compound 3 (4 or 5; 7.2 mmol) in 15 mL of ACN/DMF 3/1
(v/v), 4.0 mL TEA (32.0 mmol; 2.2 equiv. for each OH group) and 3.57 g of
TBDMSCI (23.7 mmol; 1.1 equiv. for each OH group) were added and stirred at RT
for 3 h. The reaction was quenched adding MeOH and extracted with H,O/EtOAc.
The combined organic phases were washed with sat. NaHCO; and brine, dried over
anhydrous Na>SQs, and evaporated under reduced pressure. The residue was purified
by flash column chromatography on silica gel (hexane/EtOAc 80:20, v/v) to give the

total protected compounds (3.1-5.1) in quantitative yield as a colorless oil.

3.1 'HNMR (400 MHz, CDCl;, 25 °C, & ppm, J Hz): 5 = 7.08 (2H, d, /= 8.5, H-
2 and H-6), 6.78 (2H, d, J = 8.5, H-3 and H-5), 3.80 (2H, t, J = 6.8, H-8), 2.78 (2H, t,
J=6.8,H-7), 1.01 (9H, s, (CH3); CSiOAr), 0.90 (9H, s, (CH3); CSiOCH>), 0.21 (6H,
s, (CH3), SiOAr), 0.005 (6H, s, (CH3 SiOCH,) ppm. *C NMR (100 MHz, CDCls, 25
°C, & ppm): & = 153.9, 131.9, 130.0, 119.8, 64.8, 38.8, 25.9, 25.7, 18.4, 18.2, -4.4, -
5.4. MS (ESI+): caled. for CaH390:Si> 367.25, found 367.48 [M+H]".
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4.1 '"HNMR (400 MHz, CDCls, 25 °C, 8 ppm, J Hz): = 6.77 (1H, d, J = 8.4, H-
5), 6.73 (1H, d, J= 2.2, H-2), 6.65 (1H, dd, J = 8.4, 2.2 Hz, H-6), 3.81 (3H, s, OCHs)
3.80 (2H, t, J= 6.7 Hz, H-8), 2.76 (2H, t, J=6.9 Hz, H-7), 1.01 (9H, s, (CH;):CSiOAr),
0.89 (9H, s, (CH3):CSiOCH,), 0.16 (6H, s, (CHs SiOAr), 0.005 (6H, s, (CH;SiOCH,)
ppm. 3C NMR (100 MHz, CDCL;, 25 °C, § ppm): & = 150.9, 143.6, 131.8, 121.1,
120.9, 113.0, 63.7, 55.5, 38.9, 25.7, 18.4, 18.2, -4.6, -5.5 ppm. MS (ESI+): caled. for
C21H4105Si, 397.26, found 397.55 [M+H]".

5.1 '"HNMR (400 MHz, CDCl;, 25 °C, § ppm, J Hz): = 6.75 (1H, d, J = 8.3, H-
5), 6.70 (1H, d, J= 2.1, H-2), 6.65 (1H, dd, J = 8.3, 2.2, H-6), 3.78 (2H, t, J= 7.1, H-
8), 2.72 (2H, t, J=7.1 Hz, H-7), 1.01 (9H, s, (CH;);CSiOAr), 1.00 (9H, s,
(CH;):CSiOAr), 0.90 (9H, s, (CH3); CSiOCH3>), 0.21 (6H, s, (CH3),SiOAr), 0.20 (6H,
s, (CH3),SiOAr), 0.02 (6H, s,(CH3SiOCH,) ppm. *C NMR (100 MHz, CDCl;, 25 °C,
5 ppm): 5 = 146.4, 145.1, 132.3, 122.1, 122.0, 120.8, 64.8, 39.0, 26.0, 18.4, 18.4, 18.3,
-4.0,-4.1,-5.3 ppm. MS (ESI+): caled. for C26Hs305S13 497.33, found 497.39 [M+H]".

Subsequently, 2.20 mmol TBDMS ether 3.1 (4.1 or 5.1) were added to a round
bottomed flask and diluted to 0.1 M concentration in MeOH. Once the substrate
dissolved, 1 wt% (10 mg/mL) of I, was added. Reaction progress was monitored by
TLC (DCM/MeOH 90:10, v/v). Upon consumption of the alcoholic silyl ether, solid
NayS,03 was added, and the heterogeneous mixture stirred until the I, color had
dissipated. The methanolic solution was then diluted with DCM and washed with
saturated aqueous NaHCOs;. Drying over anhydrous Na,SOs, filtering, and
evaporation to dryness give material that was then purified by flash column
chromatography on silica gel (DCM /MeOH 90:10, v/v) to give compound 6 (7 or 8)
in good yield (82 - 86%).

6 'HNMR (400 MHz, CDCls, 25 °C, § ppm, J Hz): 8 = 7.10 (2H, d, J = 8.6, H-
2 and H-6), 6.81 (2H, d, J= 8.5, H-3 and H-5), 3.84 (2H, t, J = 6.7, H-8), 2.82 (2H, t,
J=6.6, H-7), 1.00 (9H, s, (CHs); CSiOAr), 0.21 (6H, s, (CH3),SiOAr) ppm.'*C NMR
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(100 MHz, CDCl3, 25 °C, 6 ppm): 6 = 154.3, 130.9, 130.0, 120.2, 63.8, 38.4, 25.7,
18.2 -4.4 ppm. MS (ESI+): caled. for C14H»50,Si 253.16, found 253.86 [M+H]".

7  'HNMR (400 MHz, CDCl;, 25 °C, § ppm, J Hz): § = 6.81 (1H, d, J = 8.0, H-
5), 6.74 (1H, d, J= 1.9, H-2), 6.69 (1H, dd, J = 8.0, 2.1, H-6), 3.84 (2H, t, J = 6.5, H-
8), 3.82 (3H, s, OCH3), 2.81 (2H, t, J = 6.6, H-7), 1.02 (9H, s, (CH3);CSiOAr), 0.17
(6H, s, (CH3):SiOAr) ppm. *C NMR (100 MHz, CDCl;, 25 °C, & ppm): & = 150.9,
143.7,131.8, 121.1, 120.9, 113.0, 63.7, 55.5, 38.9, 25.7, 18.4, -4.6 ppm. MS (ESI+):
calcd. for C1sH2705Si 283.17, found 283.11 [M+H]".

8 'HNMR (400 MHz, CDCl;, 25 °C, § ppm, J Hz): § =6.79 (1H, d, J= 8.1, H-
5), 6.73 (1H, d, J= 2.1, H-2), 6.68 (1H, dd, J = 8.0, 2.1, H-6), 3.80 (2H, t, J = 6.8, H-
8), 2.76 (2H, t, J = 6.7, H-7), 1.02 and 1.01 (18H, s, (CH;);CSiOAr), 0.23 and 0.22
(12H, s, (CH3):SiOAr) ppm. *C NMR (100 MHz, CDCls, 25 °C, § ppm): & = 146.8,
145.5,131.3, 121.9, 121.8, 121.0, 63.8, 38.5, 25.9, 18.4, -4.0, -4.1 ppm. MS (ESI+):
caled. for C2oH3005Sis 383.24, found 383.55 [M+H]".

4.4.3 Synthesis of Silybins Building Blocks

SilA 1 (1.0 g, 2.0 mmol) previously co-evaporated with anhydrous THF (3 times),
was dissolved in 12 mL of anhydrous ACN/DMF 3:1 (v/v) and 760 pL (7.0 mmol) of
dry pyridine were added. The mixture was cooled to 0 °C and then TBDMSCI (630
mg, 4.2 mmol) was added and stirred. After 1 h (always at 0 °C) the disappearance of
SilA by TLC control was observed, and about 1 mL MeOH was added and kept under
stirring for a further 30 min. The mixture was diluted with DCM (100 mL) and was
washed three times with saturated NaHCOs3 solution. The organic phase was dried
over anhydrous Na,SO, and concentrated under reduced pressure. The crude material
was purified by column chromatography eluted with DCM/MeOH 97:3 (v/v) and the
derivative 9"-OTBDMS (9a) was obtained in good yield (1.1 g, 18.8 mmol, 74%).
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9a 'H NMR (400 MHz, CDCls, 25 °C, § ppm, J Hz): § = 7.20 (d, J = 1.45 Hz,
1H, H-2"); 7.07 (dd, J = 8.44, 1.71 Hz, 1H, H-6"); 7.02 (d, J = 8.26 Hz, 1H, H-5");
6.96 (s, 3H, H-2", H-5" and H-6"); 6.09 (s, 1H, H-8); 6.02 (s, 1H, H-6); 5.01-4.97
(overlapped signals, 2H, H-2 and H-7"); 4.55 (d, J= 11.8 Hz, 1H, H-3); 3.97 (m, 1H,
H-8"); 3.91 (s, 3H, OCHa); 3.87 (dd, J=11.9, 1.87 Hz, 1H, H-9"a); 3.57 (dd, J=11.9,
2.84 Hz, 1H, H-9"b); 0.92 (s, 9H, (CH3);CSiOCH>); 0.08 (d, J =4.79 Hz, 6H, (CH3)»
SiOCH») ppm. *C NMR (CDCls, 125 MHz, 25 °C, & ppm): § = 195.5; 167.5; 163.7;
163.1; 146.7; 146.1; 144.7; 143.9; 129.0; 128.4; 121.2; 120.8; 117.1; 116.3; 114.5;
109.8; 100.2; 97.2; 96.1; 83.0; 78.6; 76.2; 72.2; 62.3; 56.0; 25.8; 18.3; -5.12; -5.42
ppm. MALDI-HRMS (positive ions): m/z calculated for ([C31H36010Si + Na]")
619.1970; found 619.1977.

9b 'H NMR (400 MHz, CDCls, 25 °C, § ppm, J Hz): § = 7.17 (d, J = 1.84 Hz,
1H, H-2); 7.08 (dd, J = 8.43, 1.90 Hz, 1H, H-6"); 7.01 (d, J = 8.23 Hz, 1H, H-5");
6.96-6.94 (overlapped signals, 3H, H-2", H-5" and H-6"); 6.08 (d, /=2.0 Hz, 1H, H-
8); 6.03 (d, J=2.0 Hz, 1H, H-6); 5.01-4.98 (overlapped signals, 2H, H-2 and H-7");
4.55(d,J=11.8 Hz, 1H, H-3); 3.96 (m, 1H, H-8"); 3.88-3.85 (overlapped signals, 4H,
OCHs and H-9"a); 3.56 (dd, J = 11.8, 2.84 Hz, 1H, H-9"b); 0.91 (s, 9H,
(CH3);CSiOCHa); 0.07 (d, J = 4.98 Hz, 6H, (CH3), SiOCH,) ppm. *C NMR (CDCls,
125 MHz, 25 °C, 6 ppm): 0 = 195.7; 168.3; 163.8; 163.0; 147.2; 146.6; 144.5; 143.9;
129.2; 128.1; 120.8; 120.7; 117.2; 116.5; 114.9; 110.1; 100.2; 97.2; 96.1; 83.1; 78.6;
76.2; 72.3; 62.3; 55.9; 25.8; 18.3; -5.14; -5.44 ppm. MALDI-HRMS (positive ions):
m/z calculated for ([C31H36010Si + Na]") 619.1970; found 619.1977.

4.4.4 Alkylation by Mitsunobu reaction: General

procedure for the synthesis of 10a — 12a

To a solution of TPP and DIAD (0.50 mmol of each) dissolved in 2 mL of
anhydrous THF and kept at 0 °C for 20 min, a mixture of 9"-O-protect silybin A 9a
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(200 mg, 0.33 mmol) and tyrosyl building block (5 or 6 or 7, 0.33 mmol), were
sequentially added and the resulting mixture was left stirring at 0 °C for 2 h. The
reaction was monitored by TLC (hexane/EtOAc 85:15, v/v) and the crude reaction
mixtures were found to be complex to purify and after several attempts at
simplification by crystallization, it was decided to carry out a coarse chromatography
on silica gel column eluted with hexane/EtOAc (80:20, v/v) and then to treat the crude
fractions, previously dried under reduced pressure, with TEA-3HF (65 pL, 0.40
mmol) in 500 pL THF at rt. After silica gel chromatography eluted with DCM/MeOH
(95:5, v/v), all compounds 10a — 12a, obtained in good yields (26 — 35%, see Table
1), were purified by RP-HPLC using a Phenomenex Gemini RP18 column (10-um
particle size, 21.20 mm x 250 mm i.d.) with a linear gradient of ACN in 0.1 M
NH4OAc in H>O, pH 7.0 from 20% to 100% over 30 min at a flow rate of 8 mL/min
with detection at 288 and 260 nm. The identity of compounds 10a — 12a, with a final
purity > 95%, were confirmed by 1D and 2D NMR and MALDI-TOF analyses.

10a 'H NMR (500 MHz, CD;0D, 25 °C, § ppm, J Hz); 7.13 (s, 1H, H2"); 7.10 (d,
J=28.1,2H, H2", H6"); 7.06 (dd, /= 8.3, 1.8, 1H, H6");7.04 -7.00 (overlapped signals,
2H, H5', H2"), 6.92 (dd, /= 8.2, 1.4, 1H, H6"); 6.86 (d, /= 8.2, 1H, H5"); 6.73 (d, J
= 8.1, 2H, H5", H3™); 6.08 (d, /= 1.8, 1H, H6); 6.04 (d, /= 1.8, 1H, H8); 5.02 (d, J
=11.4, 1H, H2); 4.94 (d, /=8.0, 1H, H7"); 4.56 (d, J=11.4, 1H, H3); 4.16 (t, J= 6.7,
2H, H8™); 4.12-4.06 (m, 1H, H8"); 3.89 (s, 1H, OCHz3); 3.74 (dd, J=12.4, 2.2, 1H,
H9"a); 3.51 (dd, J = 12.3, J = 4.4, 1H, H9"b); 2.96 (t, J = 6.7, 2H, H7") ppm. “C
NMR (125 MHz, CDsOD, 25 °C, ¢ ppm): 197.4; 167.6; 163.6; 162.8; 155.7; 148.0;
147.8; 146.9; 143.7; 130.0; 129.5 (x3); 128.6; 128.0; 120.8; 120.3; 116.4; 116.1; 114.8
(x2); 110.6; 101.1; 95.2; 94.1; 83.4; 78.6; 78.3; 72.3; 69.3; 60.6; 55.0; 34.1 ppm. MS
(MALDI-TOF) ( +): m/z calculated for C33:H3001; = 602.18; found 603.26 [M + H]"

10b 'H-NMR (CD;0D, 500 MHz, 25 °C, § ppm, J Hz); 7.13 (s, 1H, H2"); 7.10 (d,
J=28.1, 2H, H2", H6"); 7.06 (dd, J = 8.3, J = 1.8, 1H, H6');7.04 -7.00 (overlapped
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signals, 2H, HS', H2", 6.92 (dd, J = 8.2, J= 1.4, 1H, H6"; 6.86 (d, J= 8.2, 1H, H5";
6.73 (d, J= 8.1, 2H, H5"™, H2"™); 6.08 (d, /= 1.8, 1H, H6); 6.04 (d, /= 1.8, 1H, HS);
5.02 (d,J=11.4, 1H, H2); 4.94 (d, J= 8.0, 1H, H7"; 4.56 (d, /= 11.4, 1H, H3); 4.16
(t, J=6.7,2H, H8"); 4.12-4.06 (m, 1H, H8"; 3.89 (s, 1H, OCH3); 3.74 (dd, J=12.4,
J=22,1H, H9"a); 3.51 (dd, J = 12.3, J=4.4, 1H, H9"b); 2.96 (t, J = 6.7, 2H, H7")
ppm. C-NMR (CD;0D, 125 MHz, 25 °C, § ppm): 197.4; 167.6; 163.6; 162.8; 155.7;
148.0; 147.8; 146.9; 143.7; 130.0; 129.5 (x3); 128.6; 128.0; 120.8; 120.3; 116.4;
116.1; 114.8 (x2); 110.6; 101.1; 95.2; 94.1; 83.4; 78.6; 78.3; 72.3; 69.3; 60.6; 55.0;
34.1 ppm. MS (MALDI-TOF) (+): calculated for [M] (Cs3H30O11) 602.18; found
603.25 [M + H]', 625.84 [M + Na]".

10ab 'H-NMR (400 MHz, CD;OD, 25 °C, § ppm, J Hz); 7.15-7.07
(overlapped signals, 3H, H2', H2", H6"); 7.07-6.99 (overlapped signals, 3H, H6', HS',
H2"; 6.92 (dd, /= 8.1, J= 1.7, 1H, H6"; 6.85 (d, J = 8.0, 1H, H5"; 6.73 (d, J= 8.1,
2H, H5™, H2"); 6.07 (d, J = 2.0, 1H, H6); 6.03 (d, /=2.0, 1H, HY); 5.01 (d, /= 11.5,
1H, H2); 4.93 (d, J= 8.1, 1H, H7"; 4.55 (d, J = 11.5, 1H, H3); 4.15 (t, /= 6.4, 2H,
H8™); 4.11-4.05 (m, 1H, H8"; 3.88 (s, 1H, OCH3); 3.72 (dd, J = 12.4, J=2.4, 1H,
H9"a); 3.50 (dd, J = 12.4, J = 4.5, 1H, H9"b); 2.95 (t, J = 6.4, 2H, H7") ppm. “C
NMR (100 MHz, DMSO-d6, 25 °C, 6 ppm): 197.3; 167.6; 163.6; 162.8; 155.7; 148.0);
147.8; 144.1; 143.7; 130.1; 129.6 (x2); 129.0; 127.9; 121.6; 120.8; 120.3; 116.2;
116.3; 114.8 (x2); 110.6; 101.1; 95.1; 94.0; 83.3; 78.2; 76.2; 72.3; 69.3; 60.6; 54.9;
34.1 ppm. MS (MALDI-TOF) (+): calculated for [M] (C33H30011) 602.18; found
603.66 [M +H]', 625.48 [M + Na]".

11a 'H-NMR (400 MHz, CD;OD, 25 °C, & ppm, J Hz); 7.11 (d, J= 1.5, 1H, H2");
7.03 (dd, J=8.2,J= 1.8, 1H, H6"); 7.02-6.96 (overlapped signals, 2H, H5', H2"), 6.91
(dd, /=8.0,J=1.7, 1H, H6"); 6.87-6.83 (overlapped signals, 2H, H5", H2"); 6.72 (d,
J=28.0, 1H, H5"); 6.69 (dd, /= 8.0,J= 1.6, 1H, H6™); 6.06 (d, J=2.1, 1H, H6); 6.01
(d, J=2.1, 1H, HS8); 4.99 (d, J = 11.3, 1H, H2); 4.95-4.89 (overlapped signals with
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H,O, 1H, H7"); 4.52 (d, J = 11.3, 1H, H3); 4.15-4.03 (overlapped signals, 3H, H8",
H8™); 3.87 (s, 1H, OCH3); 3.82 (s, 1H, OCH3); 3.71 (dd, J=12.4, J=2.4, 1H, H9"a);
3.49 (dd, J=12.3,J=4.3, 1H, H9"b); 2.95 (t, J= 6.8, 2H, H7") ppm. *C-NMR (125
MHz, CD;OD, 25 °C, 6 ppm): 197.3; 167.6; 163.6; 162.8; 147.8; 147.5; 147.0; 144.8;
144.1; 143.7; 130.0; 129.3; 128.0; 121.1; 120.9; 120.3; 116.4 ; 116.2; 114.9, 114.8;
112.3; 110.7; 101.1; 95.2; 94.1; 83.4; 78.6; 76.3; 72.3; 69.3; 60.7; 55.0; 54.9; 34.6
ppm. MS (MALDI-TOF) (+): calculated for [M] (C34H3.012) 632.19; found 633.68
[M + HJ", 655.56 [M + Na]".

11b 'H-NMR (400 MHz, DMSO-d6, 25 °C, § ppm, J Hz); 7.07 (s, 1H, H2"); 7.05-
6.96 (overlapped signals, 3H, H5', H6', H2"), 6.90-6.83 (overlapped signals, 2H, H6",
H2"); 6.81 (d,J=8.2, 1H, HS") 6.71-6.64 (overlapped signals, 2H, H-6", H5"); 6.13-
6.063 (overlapped signals, 2H, H6, H8); 5.11 (d, J=11.1, 1H, H2); 4.90 (d, J="7.8,
1H, H7"); 4.62 (d, J= 11.1, 1H, H3); 4.24-4.12 (overlapped signals, 3H, H8", H8");
3.77 (s, 1H, OCH3); 3.73 (s, 1H, OCHs); 3.66-3.43 (overlapped signals with H,O, 1H,
H9"a); 3.34 (dd, J = 12.5, J = 4.9, 1H, H9"b); 2.89 (t, J = 6.4, 2H, H7") ppm. “*C-
NMR (125 MHz, CD3OD, 25 °C, ¢ ppm): 197.3; 167.6; 163.5; 162.8; 147.8; 147.5;
146.9; 144.7; 144.1; 143.7; 130.0; 129.3; 128.0; 121.1; 120.8; 120.2; 116.4 ; 116.1;
114.8, 114.7; 112.3; 110.6; 101.1; 95.2; 94.1; 83.4; 78.6; 76.2; 72.3; 69.3; 60.6; 55.0;
54.9; 34.5 ppm. MS (MALDI-TOF) (+): calculated for [M] (C34H32012) 632.19; found
633.68 [M +H]', 655.56 [M + Na]".

11ab 'H-NMR (400 MHz, CD;OD, 25 °C, & ppm, J Hz, mixture of
diastereoisomers); 7.10 (m, 1H, H6"); 7.07-6.98 (complex signals, 3H, H2', H5™, H2"),
6.90 (dd, J = 8.2, J = 1.6, 1H, H6"); 6.87-6.74 (complex signals, 2H, H-6T, H5");
6.76-6.65 (complex signals, 2H, H5", H2"); 6.06 (dd, J= 1.8, 1H, H6); 6.01 (dd, J =
1.8, 1H, HS8); 4.98 (d, /= 11.6, 1H, H2); 4.90 (overlapped signal with H,O, 1H, H7");
4.51(d,J=11.5,1H, H3); 4.14 (t, J=6.9, 2H, H8"); 4.06 (m, 1H, H8"); 3.87 (s, 1H,
OCH3); 3.82 (s, 1H, OCH3); 3.71 (dd, J=12.3,J=2.3, 1H, -9"a); 3.49 (dd, /= 12.3,
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J=4.6, 1H, H9"b); 2.95 (t, J= 6.2, 2H, H7") ppm. *C-NMR (125 MHz, CD;0D, 25
°C, 0 ppm): 197.3; 167.6; 163.5; 162.7; 147.8; 147.5; 146.9; 144.7; 144.1; 143.7;
130.0; 129.3; 128.0; 121.1; 120.8; 120.7; 120.2; 116.4 (x2); 116.2; 116.1; 114.8 (x2),
112.3; 110.6 (x2); 101.1; 95.2; 94.1; 83.3 (x2); 78.6; 76.2; 72.3; 69.3; 60.6; 55.0 (x2);
34.5 ppm. MS (MALDI-TOF) (+): calculated for [M] (CsH3,012) 632.19; found
633.25 [M +H]", 655.56 [M +Na]", 671.56 [M + K]".

12a 'H NMR (500 MHz, CD;0OD, 25 °C, § ppm, J Hz); 7.11 (s, 1H, H2); 7.06-
6.95 (overlapped signals, 3H, H6’, H5, H2"), 6.90 (complex signal, 1H, H6"); 6.85
(d, J= 8.2, 1H, H5"); 6.73-6.67 (overlapped signals, 2H, H5’, H2"”"); 6.57 (d, J =
8.0, 1H, H6™); 6.05 (s, 1H, H6); 6.00 (s, 1H, H8); 4.98 (complex signal, 1H, H2);
4.90 (overlapped signal with H>O, 1H, H7"); 4.50 (complex signal, 1H, H3); 4.16-
4.00 ( overlapped signals, 3H, H8*”’, H8"); 3.87 (s, 1H, OCH3); 3.71 (d, J=11.8, 1H,
H9"a); 3.49 (dd, J=12.3,J=4.2, 1H, H9"b); 2.87 (s, 2H, H7*”’) ppm. °*C NMR (125
MHz, CDs;0D, 25 °C, é ppm): 197.3; 167.6; 163.5; 162.7; 147.8; 146.9; 144.8; 144.1;
143.7; 143.5; 130.0; 129.3; 128.0; 120.8; 120.3; 119.9; 116.4; 116.2 (x2); 115.7;
115.0; 114.9; 110.6; 101.1; 95.2; 94.1; 83.3; 78.6; 76.2; 72.3; 69.3; 60.6; 55.0; 34.3
ppm. (MALDI-TOF) (+): m/z calculated for C33H30012 = 618.17; found 618.69 [M +
H]", 641.77 [M + Na]"

12b 'H-NMR (500 MHz, CD;0D, 25 °C, & ppm, J Hz); 7.11 (s, 1H, H2"); 7.06-
6.95 (overlapped signals, 3H, H6', H5', H2"), 6.90 (complex signal, 1H, H6"); 6.85 (d,
J=28.2, 1H, H5"); 6.73-6.67 (overlapped signals, 2H, H5", H2"™); 6.57 (d, /= 8.0, 1H,
H6™); 6.05 (s, 1H, H6); 6.00 (s, 1H, H8); 4.98 (complex signal, 1H, H2); 4.90
(overlapped signal with H,O, 1H, H7"); 4.50 (complex signal, 1H, H3); 4.16-4.00 (
overlapped signals, 3H, H8", H8"); 3.87 (s, 1H, OCH3); 3.71 (d, J=11.8, 1H, H9"a);
3.49 (dd, J=12.3,J=4.2, 1H, H9"b); 2.87 (s, 2H, H7") ppm. *C-NMR (125 MHz,
CDs0D, 25 °C, d ppm): 197.3; 167.6; 163.5; 162.7; 147.8; 146.9; 144.8; 144.1; 143.7;
143.5; 130.0; 129.3; 128.0; 120.8; 120.3; 119.9; 116.4; 116.2 (x2); 115.7; 115.0;
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114.9; 110.6; 101.1; 95.2; 94.1; 83.3; 78.6; 76.2; 72.3; 69.3; 60.6; 55.0; 34.3 ppm. MS
(MALDI-TOF) (+): calculated for [M] (C33H30012) 618.17; found 618.69 [M + H]",
641.77 [M + Na]", 657.87 [M + K]".

12ab 'H-NMR (500 MHz, CD;0D, 25 °C, § ppm, J Hz); 7.10 (d, 1H, H2");
7.05-6.96 (overlapped signals, 3H, H6', HS', H2"), 6.89 (d, J= 7.7, 1H, H6"); 6.84 (d,
J=7.7, 1H, H5"); 6.75-6.67 (overlapped signals, 2H, H5™, H2"™); 6.57 (d, J=7.7, 1H,
H6™); 6.05 (s, 1H, H6); 6.00 (s, 1H, H8); 4.98 (dd, J = 11.5, J= 2.1, 1H, H2); 4.90
(overlapped signal with H,O, 1H, H7"); 4.50 (dd, J=11.5, J=2.1, 1H, H3); 4.15-4.01
(overlapped signals, 3H, H-8T, H8"); 3.86 (s, 1H, OCHs); 3.70(d, /= 12.3, 1H, H9"a);
3.49 (dd, J = 11.4,J=4.3, 1H, H9"b); 2.87 (t, J= 6.0, 2H, H7") ppm. *C-NMR (125
MHz, CDsOD, 25 °C, 6 ppm): 197.2; 167.6; 163.5; 162.7; 147.7; 146.9; 144.7; 144.0;
143.7; 143.5; 129.9; 129.3; 128.0; 120.8 (x2); 120.3; 119.9; 116.4 (x2); 116.2 (x2);
115.7; 115.0; 114.9; 110.6 (x2); 101.1; 95.2; 94.1; 83.3; 78.6; 76.3; 72.3; 69.3; 60.6;
55.0; 34.3 ppm. MS (MALDI-TOF) (+): calculated for [M] (C33H30012) 618.17; found
618.55 [M +H]", 641.67 [M + Na]", 657.88 [M +K]".

4.4.5 Synthesis of 7-Otyrosyl-2,3-dehydro silybin

derivatives (13a - 15a): General procedure

7-O-tyrosyl SilA derivatives 10a — 12a (0.08 mmol), was dissolved in 500 pL of
DMF and 24 mg of KOAc (0.24 mmol) were added. The mixture was kept at 50 °C
and after 45 min the disappearance of SilA derivative followed by TLC
(DCM/MeOH/AcOH, 90:10:0.01, v/v/v) control, was observed. The crude material
was purified by column chromatography eluted with DCM/MeOH 90:10 (v/v) and the
derivative 7-O-tyrosyl-2,3-dehydro silybin (13a — 15a) were obtained in good yield
(78 — 85%, see Table 1). RP-HPLC purification was carried out on Phenomenex
Gemini RP18 column (10-um particle size, 21.20 mm x 250 mm i.d.) using a linear

gradient of ACN in 0.1 M NH4OAc in H2O, pH 7.0 from 20% to 100% over 30 min
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at a flow rate of 8 mL/min with detection at 288 and 260 nm. The purity of final

products (13a — 15a) was on average 99.0%.

13a 'H-NMR (500 MHz, DMSO-d6, 25 °C, & ppm, J Hz); 7.82-7.81 (overlapped
signals, 2H, H2', H6'); 7.12-7.09 (overlapped signals, 3H, H5', H3™, H5™), 7.04 (s,
1H, H2"); 6.88 (d, J = 7.7, 1H, H6"); 6.82—6.80 (overlapped signals, 2H, H8, H5");
6.69 (d, J=17.9,2H, H2", H6"); 6.31 (s, 1H, H6); 4.96 (d, J= 8.3, 1H, H7"); 4.27 (m,
1H, H8"); 4.22 (t,J= 6.6, 2H, H8"); 3.78 (s, 3H, OMe); 3.56 (d, /= 11.7, 1H, H9"a);
3.36 (overlapped signal with H,O , 1H, H9"b) 2.93 (t, J = 6.6, 2H, H-7") ppm. "*C-
NMR (125 MHz, DMSO-d6, 25 °C, & ppm): 176.6; 164.7; 160.8; 156.6; 156.4; 148.1;
147.5; 146.5; 145.6; 143.9; 137.2; 130.4; 128.3 (x2); 127.7; 124.2; 121.9; 121.0;
117.3; 116.7; 115.8; 115.6 (x2); 112.1; 104.5; 98.3; 93.1; 79.0; 76.3; 69.8; 60.6; 56.2;
34.3 ppm. MS (MALDI-TOF) (+): calculated for [M] (Cs3H25011) 600.16; found
600.38 [M +H]", 623.44 [M + Na]", 639.49 [M +K]".

13ab 'H-(500 MHz, CD;OD, 25 °C, § ppm, J Hz); 7.79-7.73 (overlapped
signals, 2H, H2', H6"); 7.12 (d, J = 8.35, 2H, H3™, H5"), 7.05-7.02 (overlapped
signals, 2H, H5', H2"); 6.93 (d, J=7.71, 1H, H6"); 6.87 (d, J = 8.35, 1H, H5"); 6.74
(d, J=17.71, 2H, H2", H6"); 6.45 (s, 1H, H8); 6.21 (s, 1H, H6); 4.92 (overlapped
signal with H,O, 1H, H7"); 4.15-4.11 (complex signal, 3H, H8", H8"); 3.90 (s, 3H,
OMe); 3.73 (d, J=11.3, 1H, H9"a); 3.50 (dd, J=12.4,J=4.19, 1H, H9"b) 2.96 (t, J
= 6.6, 2H, H-7") ppm. *C-NMR (125 MHz, CD;OD, 25 °C, § ppm): 176.0; 164.8;
160.7; 156.6; 155.7; 147.9; 147.0; 145.8; 145.2; 143.6; 137.2; 129.6 (x2); 128.7;
127.8; 124.2; 121.2; 120.4; 116.5; 116.3; 114.9; 114.8 (x2); 110.7; 104.0; 97.5; 91.9;
79.0; 76.3; 69.4; 60.6; 55.1; 34.2 ppm. MS (MALDI-TOF) (+): calculated for [M]
(C33H25011) 600.16; found 600.56 [M + H]', 623.63 [M + Na]’, 639.89 [M + K]".

14a 'H-NMR (500 MHz, DMSO-d6, 25 °C, & ppm, J Hz); 7.82-7.81 (overlapped
signals, 2H, H2', H6'); 7.12 (d, J = 9.8, 1H, HS'"), 7.04 (s, 1H, H2"); 6.89-6.87
(overlapped signals, 2H, H6", H2"); 6.83-6.80 (overlapped signals, 2H, H8, H5");

99



6.69 (overlapped signals, 2H, H5", H6™); 6.33 (s, 1H, H6); 4.96 (d, /J=7.91, 1H, H7");
4.28 (complex signal, 1H, H8"); 4.25 (t, J= 6.8, 2H, H8"); 3.78 (s, 3H, OMe); 3.75
(s, 3H, OMe); 3.56 (d, J = 12.2, 1H, H9"a); 3.36 (overlapped signal with H,O , 1H,
H9"b) 2.94 (t,J= 6.8, 2H, H7") ppm. ?C-NMR (125 MHz, DMSO-d6, 25 °C, § ppm):
176.6; 164.7; 160.7; 156.6; 148.1; 147.9; 147.5; 146.5; 145.6; 145.5; 143.9; 137.1;
129.0; 127.7; 124.2; 121.9; 121.6; 121.0; 117.3; 116.7; 115.8 (x2); 113.6; 112.1;
104.5; 98.3; 93.1; 79.0; 76.3; 69.8; 60.5; 56.1; 56.0; 34.7 ppm. MS (MALDI-TOF)
(+): calculated for [M] (C34H30012) 630.17; found 631.66 [M + H]", 653.56 [M + Na]",
669.47 [M +K]".

14ab 'H-NMR (500 MHz, CD;OD, 25 °C, § ppm, J Hz); 7.70-7.66
(overlapped signals, 2H, H2', H6"); 7.02-7.95 (overlapped signals, 2H, H5', H2"), 6.90-
6.84 (overlapped signals, 3H, H5", H6", H2"); 6.74-6.68 (overlapped signals, 2H,
H5™, H6™); 6.32 (s, 1H, H8); 6.13 (s, 1H, H6); 4.87 (overlapped signal with H20, 1H,
H7"); 4.06 (overlapped signal, 3H, H8", H8"); 3.78 (s, 3H, OMe); 3.82 (s, 3H, OMe);
3.70 (d, /= 11.7, 1H, H9"a); 3.48 (dd, /= 12.5,J= 3.9, 1H, H9"b) 2.92 (s, 2H, H7™)
ppm. “C-NMR (125 MHz, CD;0D, 25 °C, § ppm): 175.7; 164.6; 160.5; 156.4; 147.8;
147.5; 147.0; 145.5; 145.2; 144.7; 143.6; 136.5; 129.4; 127.8; 124.0; 121.1 (x2);
120.4; 116.5; 116.2; 114.9; 114.8; 112.3; 110.7; 103.9; 97.4; 91.8; 79.0; 76.2; 69.2;
60.6; 55.1; 56.0; 34.6 ppm. MS (MALDI-TOF) (+): calculated for [M] (C34H30O12)
630.17; found 631.28 [M + H]", 653.24 [M + Na]", 669.49 [M + K]".

15a '"H-NMR (500 MHz, Acetone-d6, 25 °C, & ppm, J Hz); 7.90 (overlapped
signals, 2H, H2', H6"); 7.12 (s, 1H, H2"), 7.08 (d, /= 8.07, 1H, HS"); 6.97 (d, J=7.26,
1H, H6"); 6.88 (d, J = 7.66, 1H, H5"); 6.78 (s, 2H, H8, H2™); 6.72 (d, J = 7.26, 1H,
H5™); 6.61 (d, J="7.66, 1H, H6") 6.30 (s, 1H, H6); 5.03 (d, J=7.92, 1H, H7"); 4.29-
4.20 (overlapped signals, 3H, H8", H8"); 3.86 (s, 3H, OMe); 3.73 (d, J=11.6, 1H,
H9"a); 3.49 (dd, J = 12.3, J = 3.6, 1H, H9"b); 2.94 (t, J = 6.3, 2H, H7") ppm. "C-
NMR (125 MHz, DMSO-d6, 25 °C, & ppm): 176.6; 164.9; 161.1; 156.7; 148.0; 147.7,
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146.1; 145.6; 145.5; 144.2; 143.9; 137.4; 129.0; 127.8; 124.3; 121.5; 120.8; 119.9;
116.9; 116.5; 116.4; 115.5; 115.4; 111.16; 104.3; 97.9; 92.4; 79.3; 76.4; 69.7; 60.7,
55.6; 34.5 ppm. MS (MALDI-TOF) (+): calculated for [M] (C33H23012) 616.16; found
617.88 [M +H]", 639.63 [M + Na]", 655.46 [M +K]".

15ab 'H-NMR (400 MHz, DMSO-d6 +H,0, 25 °C, § ppm, J Hz); 7.75-
7.73 (overlapped signals, 2H, H2', H6”); 7.06 (d, J = 8.55, 1H, H5'); 6.97 (d, J=0.94,
1H, H2"); 6.83 (dd, J = 8.20, J= 1.41, 1H, H6"); 6.78-6.72 (overlapped signals, 2H,
H5", H); 6.64 (d, J=1.41, 1H, H2"); 6.60 (d, J=7.97, 1H, H5"); 6.49 (dd, J = 8.03,
J =172, 1H, H6"); 6.24 (s, 1H, H6); 4.89 (d, J = 7.98, 1H, H7"); 4.21 (complex
signal, 1H, H8") 4.14 (t, J= 6.27, 2H, H8"); 3.72 (s, 3H, OMe); 3.50 (d, J=11.4, 1H,
H9"a); 3.30 (dd, J = 12.6, J = 4.6, 1H, H9"b); 2.80 (t, J = 6.48, 2H, H7™) ppm. "*C-
NMR (100 MHz, CDsOD, 25 °C, ¢ ppm): 176.1; 164.8; 160.7; 156.6; 147.9; 147.0;
145.8; 145.2; 144.8; 143.6; 143.5; 136.8; 129.5; 127.8; 124.2; 121.2; 120.3; 119.9;
116.5; 116.3; 115.8; 115.0; 114.9; 110.6; 104.0; 97.5; 91.9; 79.0; 76.3; 69.4; 60.6;
55.1; 34.4 ppm. MS (MALDI-TOF) (+): calculated for [M] (C33H23012) 616.16; found
617.35 [M +H]", 639.66 [M + Na]", 655.87 [M +K]".

4.4.6 In medium and Chemical Stability (10a, 11a and
12a)

The sample solutions were prepared by dissolving the accurately weighed
compounds (10a, 11a and 12a) in DMSO and diluted with either RPMI1640 media
supplemented with 100 U/mL penicillin, 100mg/mL streptomycin and 10% FBS or
PBS at pH 7.4 to reach a final concentration of 100 uM (1% DMSO). The solutions
were placed at 37 °C in a heater. Samples of 0.2 mL were taken after t = 0, 0.5, 1h,
3h, 7h, 24h and 48h. The samples were treated with 0.2 mL of ice-cold ACN.
Precipitated proteins were removed by centrifugation (SIGMA 1-14, SIGMA
Laborzentrifugen GmbH, An der Unteren Sose 50, Germany) with 10000 g for 15 min
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and filtered. 80 puL of the solutions were directly analysed by HPLC system (Shimadzu
LC-9A, equipped with a Shimadzu SPD-6A Detector A=288nm) using a RP18 column
Phenomenex LUNA (5-um particle size, 4.6 mm x 150 mm i.d.) eluted with NH4OAc
0.1 M with a linear gradient 5-100% ACN in 20 min (flow = 0.8 mL/min).

4.4.7 DPPH assay

The free radical scavenging activity of different concentrations of the test
compounds were evaluated by their abilities to quench the stable 1,1-diphenyl-2-
picrylhydrazyl radical (DPPH) in vitro. The DPPH solution (200 uM) was prepared
in methanol and placed in the dark for 30 min before the analyses. The compounds
were dissolved in methanol to prepare the stock solutions (1 mM — 100 uM). DPPH
solution was placed in test tubes (final concentration 50 uM), and the solutions of
each compound (final concentration range 1 — 1000 uM) were rapidly added and
mixed into every test tube to reach a final volume of 2 mL. The reaction was followed
by a spectrophotometric analysis continuously measuring the absorbance at A = 517

nm for 30 min.

The percentage of inhibition (% inhibition) was calculated following the equation:

Acontrol - Asample

% inhibition = x 100

Acontrol

The ECso value (the inhibition concentration of a sample at 50% fall in absorbance

of DPPH) was used to compare the DPPH scavenging activities.
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4.4.8 ORAC assay

The ORAC assay relies on free radical damage to a fluorescent probe, most
commonly fluorescein, caused by an oxidizing reagent resulting in a loss of
fluorescent intensity over time. Antioxidant protection can then be quantified by
subtraction of AUC (Area Under the kinetic Curve) of the blank reaction from those
reactions containing antioxidant. The resultant difference is considered to be the
antioxidant protection conferred by the sample compound. ORAC results are
commonly referred to as Trolox equivalents (TE) as calculated from comparison to a
Trolox calibration curve. Briefly 150 pL of the fluorescein solution (11.12 x 107 uM
in phosphate buffer 0.75 mM, pH 7.4) was added into each well of a 96-well plate.
Subsequently, 23 pL of buffer and 2 uL of stock solutions in DMSO of tested
compounds were added to the wells to reach the final concentration range 1.25-20
UM. The plate was incubated for 30 min at 37 °C and then 25 pL of AAPH (2,2'-
Azobis(2-methylpropionamidine) dihydrochloride) (152.6 mM) was added to each
well. Immediately, the fluorescence was recorded by a microplate reader for 2 h in 1

min steps at 37 °C (Aecc = 485 nm, Aem= 528 nm).

4.4.9 Cell culture, Reagents, and treatments

Prostate carcinoma PC-3 cells were purchased from the American Type Culture
Collection (Manassas, VA, USA). PC-3 cells were maintained in RPMI-1640 medium,
supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin G,
and 100 pg/ml streptomycin sulfate from Thermo Fisher Scientific (Waltham, MA,
USA). Cells were cultured at 37 °C in a humidified incubator with 5% CO». Cells
were initially plated and treated when they reached a confluency level of 70% to 80%.
Cells exposed to varying doses of silybin or its derivatives (5 or 10 uM) dissolved
initially in DMSO. These treatments were administered for specific time intervals as
described for each experiment. The concentration of DMSO in all treatments did not

exceed 0.1% (v/v) in the medium.
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The antibodies for cleaved caspase 3 (Aspl75) (#9661) and B-Actin (#3700) were
from Cell Signaling Technology (Beverly, MA, USA). Dimethyl sulfoxide (DMSO)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Amersham™ ECL™

western blotting detection reagents were from Fisher Scientific (Hampton, NH, USA).

4.4.10 Cell growth and death assay

PC-3 cells were seeded in 35 mm plates at a density of 5x10* cells per plate
following the culture conditions described earlier. After a 24 h incubation period, cells
were exposed to different treatments, including DMSO alone as a control or different
silybin derivatives at (5 or 10 uM concentration) dissolved initially in DMSO for 48
and 72 h. Three separate plates were used for each treatment and time point. At 48 and
72 h post-treatment, adherent and suspended cells were harvested through
trypsinization, centrifuged at 1200 rpm, washed with 1X phosphate-buffered saline
(PBS), and placed into separate tubes. Each sample was counted in duplicate using a
hemocytometer and an inverted microscope to ascertain the total cell count. The
distinction between live and deceased cells was established by applying the previously

described trypan blue dye exclusion method.

4.4.11 Flow cytometry for apoptosis and cell cycle

determination

It was used an Alexa Fluor 488 Annexin V/PI kit from Invitrogen,
ThermoScientific Scientific (Waltham, MA, USA) to assess cell death. Cells were
seeded at a density of 5x10” cells per well in a 35 mm plate and treated with different
derivatives of silybin, following the same protocol as in the cell growth assay, after a
24 and 48 h incubation period. The cell processing method described earlier was used
to determine apoptotic cell death through flow cytometry.*® Flow cytometric analysis

was conducted using a flow cytometer (NovoCyte Penteon Flow Cytometer, Agilent
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Technologies, Santa Clara, CA, USA) within 30 min to quantify cells exhibiting

annexin V and/or PI positivity.

4.4.12 Lysate preparation and immunoblot analysis

Cell lysates were prepared using a non-denaturing lysis buffer. To ensure uniform
protein loading in each well, we employed the BCA method Bio-Rad (Hercules, CA,
USA) to measure protein concentrations in the lysates. Samples containing 30 — 50
ug of protein per sample were then subjected to electrophoresis and transferred onto
a nitrocellulose membrane. After blocking with a suitable blocking buffer, the
membranes were exposed to a specific primary antibody for overnight incubation at 4
°C, followed by incubation with the appropriate peroxidase-linked secondary
antibody and using ECL detection for visualization as described previously.?°

Membranes were re-probed with an anti-B-actin antibody as a loading control.
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Curcumin Mimics

5 Phosphodiester Curcumin Mimics

Cardiovascular disorders and cancer collectively account for a significant number
of deaths in Western countries, with pancreatic, prostate, and colorectal cancers
ranking among the top five most lethal malignancies when considering data from both
men and women. Consequently, researchers are actively looking for improved

methods for controlling, preventing, managing, and treating these cancers.

Curcumin has demonstrated efficacy not only in preventing carcinogenesis but also
in providing direct therapeutic benefits in various types of cancer.™> Unfortunately,
curcumin's potential utility is limited by its poor bioavailability and stability in
physiological media. It has been demonstrated that the active methylene group and f3-
diketone moiety contribute to its instability, poor absorption and rapid metabolism.>
So the research is active to the design of synthetic analogues aimed to replace the
central diketone structure with a moiety that enhances the chemical stability, water
solubility and improves bioavailability while preserving the methoxy—tyrosol
portion.® Recent approaches have been explored combining two polyphenolic
fragments to create libraries of polyphenol dimers.> Dimerization or linking of these
moieties has the potential to enhance or change their biological activity, and the
incorporation of lipophilic or hydrophilic moieties into each scaffold can significantly
modulate their behavior in lipidic or aqueous cell compartments, resulting in novel

hybrid compounds with enhanced efficacies.®
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5.1 Aim of Research Work

With the aim of synthesizing curcumin mimics with broad molecular diversity, a
rapid solid-phase synthetic strategy has been carried out to obtain tyrosol-based
phosphodiester dimers which retain the two aromatic rings with distinct hydroxyl
substituents and a distance between them comparable to that of curcumin. The
phosphodiester linker was chosen with the aim of increasing the water solubility and
the stability of the new mimics For the new compounds it was evaluated the stability
in biological media and the anticancer activity against human pancreatic (PANC1),

prostate (PC-3), and colorectal (SW480) cancer cell lines by cell growth assay.
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mimics of Curcumin

Curcuma longa R;=H or OCH3 or OH

Figure 5.1 Tyrosol-based phosphodiester dimers as curcumin mimics

5.2 Results and Discussion

The NovaSyn® support was pre-derivatized with 4-hydroxy-3-nitrophenyl-acetic
acid and functionalized with a series of suitable tyrosol-based phosphoramidite
derivatives (2-4, Scheme 5.1) using standard phosphoramidite protocols
(phosphoramidite chemistry). Following phosphate deprotection from the CE group,
the supports were coupled with TYR, HVA, and HDT using MSNT as the activator
reagent in pyridine (phosphotriester chemistry) and left overnight. Monitoring the
esterification reaction through diagnostic *'P NMR peaks, centred at approximately
—=7.0 ppm, facilitated the evaluation of phosphodiester—triester conversion yields.
Post-treatment with TEA-3HF in THF, detachment from the supports was achieved by
treatment with NaOH/MeOH, and the crude released material underwent analysis
through RP-HPLC. The HPLC profiles of the detached materials exhibited a major
peak, typically constituting over 95% of the total integrated area. High purity was

111



attained since only the phosphotriester linkage was readily hydrolyzed, and the
phosphodiester tyrosols, i.e., the unreacted material, remained attached to the resin
after alkaline treatment. The identities of dimers 8—13 were confirmed through a
comparison of 'H and *C NMR spectra conducted directly on the crude material with
recently reported data. Following HPLC purification, dimers 813 were recovered in

yields ranging from 48 to 55% (Scheme 5.1).
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Scheme 5.1 Solid phase synthesis of curcumin mimics (8—13).

5.2.1 Stability in Biological Media

Any therapeutic small molecule or formulation intended for oral administration
should undergo early-stage in vitro testing to assess its stability in the gastric and
intestinal media. The phosphodiester dimers (8 — 13) demonstrated high chemical
stability under various pH conditions in simulated gastric and intestinal fluids, as well
as resistance to degradation by alkaline phosphatase (ALP) and in human serum

(Figure 5.2 and Figure 5.3). Notably, at pH 1.2, all phosphodiesters (8 — 13) remained
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stable, with less than 5% degradation observed even after 48 h. Dimers 8—13 exhibited
exceptional stability at pH 6.8, in human serum, and in the presence of ALP, where no

noticeable alteration was observed even after an extended duration.
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Figure 5.2 Percentage of compound 8 (A), 9 (B), and 10 (C) remaining over time in sGF, sIF, human
serum and in ALP calculated by the change in the integration of the corresponding HPLC peaks.

113



=
E) 100,0 l;%\.i = = -
= N = & =
D) ¢ - S—
) E e e .
©
E 90,0 -
=
-+-sGF -=&slF -4-H. serum -=-ALP
80,0 T . . . : . : \
0 10 20 30 40 50 60 70 80
time (h)
S
= 100,0
(= L] L
g x A
E) o
Q
E 900 -
=
--sGF #-slF -+ H. serum =-ALP
80,0 T T T T T T T )
0 10 20 30 40 50 60 70 80
time (h)
9
o 100,0
E= A — Ly
F) .g e - e — 4
£
g
L
£ 900
=
--sGF =slF -+ H. serum -=-ALP
80,0 T . . : : T . )
0 10 20 30 40 50 60 70 80
time (h)

Figure 5.3 Percentage of compound 11 (D), 12 (E) and 13 (E) remaining over time in sGF, sIF, human
serum and in ALP calculated by the change in the integration of the corresponding HPLC peaks.
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5.2.2 Anticancer Activity

For the human pancreatic cancer cell line PANC1 (Figure 5.4A), the parent
compound HDT caused a statistically significant decrease (15%, p <0.05) in live cells
compared to the DMSO vehicle controls. Substitution of the parent HDT with
derivatives 8 — 13 did not enhance this activity, and compounds HVA and TYR, along
with their derivatives, did not exhibit better activity than HDT. An increase of % cell
death was observed for all parent compounds and their derivatives, although not
statistically significant. Total cell number results were consistent with the live cell
data, suggesting marginal growth inhibitory and cell death activities in PANC1 cells
for HDT, HVA, TYR, and their derivatives.

In the human prostate cancer cell line PC-3 (Figure 5.4B), HDT demonstrated a
strong and statistically significant decrease (33%, p < 0.001) in live cells compared to
DMSO controls. HVA and TYR were less effective, and a para-HVA substitution to
TYR (compound 9) resulted in a 28% (p < 0.001) decrease in live PC-3 cell numbers.
Interestingly, para substitutions of HDT with HVA or TYR decreased cell growth
inhibitory activity. % cell death data showed a strong increase, statistically significant
in most cases, indicating promising results for PC-3 cells. The most significant finding
was a23% (p <0.001) cell death by compound 9 compared to its parent structure TYR

with 7% (p <0.05) cell death. Total cell number results were in line with live cell data.

In the human colorectal carcinoma cell line SW480 (Figure 5.4C), HDT
significantly reduced cell growth by 38% (p < 0.001) compared to DMSO controls.
HVA and TYR were marginally effective, and para-HDT or HVA substitutions to HDT
reduced the cell growth inhibitory activity of the parent HDT. Derivatization of HVA
and TYR resulted in the loss of marginal cell growth inhibitory effects. Cell death
effects were remarkable, similar to those observed in PANCI cells. Total cell number

results were consistent with live cell data. Overall, HDT showed promising activity in
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PC-3 and SW480 cells, suggesting potential as an effective agent in pancreatic and

colorectal cancers.
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Figure 5.4 Cell growth inhibition by curcumin mimics 8-13 on pancreatic (A), prostate (B), and
colorectal (C) cancer cell lines

5.3 Conclusions

In conclusion, a series of curcumin mimics (8 — 13), maintaining the seven-atoms
distance between two phenylethanoid moieties, were efficiently obtained using a
combinatorial synthetic approach. The phosphodiester dimers exhibited high stability
in simulated intestinal fluid (sIF), simulated gastric fluid (sGF), alkaline phosphatase,
and serum buffers, making them ideal curcumin mimics. Subsequent evaluation of

these mimics, along with parent tyrosol-based compounds (HDT, HVA, and TYR),
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revealed marginal growth inhibitory and cell death activities in PANC1 human

pancreatic cancer cells under the examined conditions.

Remarkably, these non-effective findings in pancreatic cancer cells transitioned to
potent growth inhibition and cell death efficacy in PC-3 prostate cancer cells.
Compound TYR with a para-HVA substitution (9) demonstrated substantial
effectiveness not only in cell growth inhibition but also in inducing significant cell
death, contrasting with its limited effectiveness in PANCI cells (Figure 5.4A, B, and
O).

Furthermore, the findings in SW480 human colorectal carcinoma cells mirrored
those in PC-3 cells concerning growth inhibitory effects, but the lack of cell death
effect was more consistent with PANC1 cells. These results suggest that genetic
differences and the cells' origin may contribute to the observed variations in biological
activities. Additional studies with parent compound HDT and HVA -substituted TYR
(9) across various concentrations and time points, particularly in a panel of prostate
and colorectal cancer cell lines, are warranted to further explore their efficacy against

these malignancies.

5.4 Experimental Session

5.4.1 General Methods

NovaSyn®-NH: (0.77 meg/g) resin was purchased from Novabiochem. The
functionalization of the solid support was carried out in a short glass column (5 cm
length, 1 cm i.d.) equipped with a sintered glass filter, a stopcock, and a cap. The
activator solution (0.45 M tetrazole in ACN) and oxidizer solution (tButOOH 5.5M
in decane) were purchased from Sigma—Aldrich (ltaly). HPLC-grade ACN and
MeOH were purchased from Carlo Erba Reagents. Reactions were monitored by thin-

layer chromatography (TLC) (precoated silica gel plates F254, Merck) and column
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chromatography (Merck Kieselgel 60, 70—230 mesh). HPLC analysis was performed
using a Shimadzu LC—8A HPLC system equipped with a Shimadzu SCL-10A VP
System control and a Shimadzu SPD-10A VP UV-Vis detector. HPLC analysis was
carried out on a Phenomenex Luna RP18 column (5 pm particle size, 4.6 mm x 150
mm i.d.) using a gradient that started at 5% ACN in 0.1 M NH4OAc in H20 (pH 7.0)
for 5 min and increased to 100% ACN over 30 min at a flow rate of 0.8 mL/min with
detection at 260 nm. For ESI-MS analysis, a Waters Micromass ZQ instrument
equipped with an electrospray source was used. *'P NMR spectra were recorded at
161.98 MHz on a Bruker AWM-400 spectrometer using 85% H3POs as an external

standard.

5.4.2  General procedure for the preparation of the

support 1

500 mg of NovaSyn®-NH: (0.77 meq/g, 0.38 mmol), swelled in anhydrous
pyridine, was reacted overnight at room temperature with a mixture of 380 mg (1.9
mmol) of 4-hydrox-3-nitroyphenylacetic acid, 450 uL (2.9 mmol) of DIC, 490 uL (2.9
mmol) of DIEA dissolved in 8 mL of anhydrous pyridine. After exhaustive washing
with pyridine, DCM, and Et:0, the support was dried under reduced pressure. After
capping the unreacted amino functions with 10 mL of Ac2O/Py (1:1, v/v) for 1 h at
room temperature, the support was treated with concentrated aqueous ammonia (28%)
at 50 °C for 1 h. Using the Kaiser test, the incorporation of the linker was almost
quantitative. After exhaustive washing with MeOH, DCM, and Et20, support 1 was

dried under reduced pressure.

118



5.4.3  Synthesis of tyrosol phosphoramidites 2—4

0.93 mmol of TBDMS ether of TYR (or HVA, or HDT) (for details see paragraph
4.4.2) were dissolved in anhydrous DCM (7 mL), DIEA (516 pL, 3.70 mmol) and
then 2—cyanoethyl-N,N—diisopropylamino—chlorophosphoramidite (250 pL, 0.39
mmol) were added. Reaction progress was monitored by TLC (Hexane/EtOAc 80:20
v/v). After 1 h, the solution was diluted with EtOAc, and the organic phase was
washed twice with brine and then concentrated. Column chromatography of the
residue (hexane/EtOAc 80:20, v/v with 1% TEA) afforded desired compound 2 (3 or
4) in good yields.

2 'H NMR (400 MHz, CDCl;, 25 °C, & ppm, J Hz): & = 7.09 (2H, d, J = 8.5,
H-2 and H-6), 6.78 (2H, d, /=8.5, H-3 and H-5), 3.91-3.76 (4H, m, CNCH.CH-OP
and H-8), 3.65-3.56 (2H, m, [(CH3).CH]:N), 2.87 (2H, t, J = 7.0, H-7), 2.60 (2H, ¢,
J = 6.6, CNCH:CH:0P), 1.20 (6H, d, J = 6.7, [(CH3).CH]:N), 1.17 (6H, d, J = 6.7,
[(CH3):CHLN), 1.00 (9H, s, (CH3):CSiOAr), 0.20 (6H, s, (CH3):SiOAr) ppm. "*C
NMR (100 MHz, CDCl3, 25 °C, § ppm): 8 = 154.1, 131.3, 129.9, 119.9, 117.6, 64.6,
64.5,58.4,58.2,43.1,43.0,37.1,37.0, 25.7, 24.8, 24.7, 24.6, 24.5, 20.4, 20.3, 18.2,
—4.4 ppm. *'P NMR (161.98 MHz, CDCls, 25 °C, § ppm): & = 147.3 ppm. MS (ESI'):
caled. for C2sHa2N203PSi 453.27, found 453.39 [M+H]".

3 "H NMR (400 MHz, CDCLs, 25 °C, § ppm, J Hz): 6 = 6.78 (1H, d, J = 8.1,
H-5), 6.74 (1H, d, J = 1.8, H-2), 6.68 (LH, dd, J = 8.0, 1.9, H-6), 3.92-3.72 (4H, m,
CNCH.CHOP and H-8), 3.81 (3H, s, OCH), 3.65-3.56 (2H, m, [(CH3):CH]:N),
2.87 2H, t,J=7.0, H-7), 2.60 (2H, t, J = 6.6, CNCH:CH:OP), 1.19 (6H, d, J= 6.7,
[(CH3):CHL:N), 1.16 (6H, d, J = 6.7, [(CH3):CH]:N), 1.01 (OH, s, (CH3):CSiOAT),
0.16 (6H, s, (CH;):SiOAr) ppm. *C NMR (100 MHz, CDCls, 25 °C, § ppm): & =
150.7, 143.4,132.0, 121.2, 120.7, 117.7, 113.1,64.7, 64.5, 58.4, 58.2, 5.5, 43.1,43.0,
37.5,37.4,25.7,24.7,24.6,24.5,20.4,20.3, 18.4, —4.6 ppm. *'P NMR (161.98 MHz,
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CDCls, 25 °C, 8 ppm): & = 147.3 ppm. MS (ESI"): calcd. for MS (EST"): caled. for
Ca4HuN>04PSi 483.28, found 483.37 [M+H]".

4 'H NMR (400 MHz, CDCl;, 25 °C, & ppm, J Hz): 6 = 6.76 (1H, d, J = 8.1,
H-5), 6.70 (1H, d, /= 1.9, H-2), 6.67 (1H, dd, J = 8.0, 2.1, H-6), 3.88-3.70 (4H, m,
CNCH:CH:OP and H-8), 3.66-3.56 (2H, m, [(CH3).CH]:N), 2.82 2H, t, J = 7.3,
H-7),2.62 and 2.61 (2H, ¢, J 6.6 and 6.4 Hz, CNCH-CH:0P), 1.20 (6H, d, J 6.8 Hz,
[(CH3)2CH]2N), 1.17 (6H, d, J= 6.8 Hz, [(CH3):CH]:N), 1.01 (9H, s, (CH;3);CSiOAr),
1.00 (9H, s, (CH;);CSiOAr), 0.21 (6H, s, (CH3):SiOAr), 0.20 (6H, s, (CH3)2SiOAr)
ppm. °C NMR (100 MHz, CDCls, 25 °C, & ppm): & = 146.5, 145.3, 131.5, 121.9,
121.8, 120.8, 117.6, 64.6, 64.4, 58.5, 58.3, 43.1, 43.0, 37.2, 37.1, 26.0, 24.7, 24.6,
24.5,24.4,20.4,20.3, 18.5, 18.4, —4.1 ppm. *'P NMR (161.98 MHz, CDCl3, 25 °C, §
ppm): & = 147.2 ppm. MS (ESI"): calcd. for C20Hs6N204PSi» 583.35, found 583.43
[M+H]".

5.4.4  General procedure for the synthesis of dimers

8-13

30 mg of dried support 5 (6 or 7) (loading 0.77 mmol/g, 0.023 mmol) was swelled
in anhydrous pyridine and then reacted with 70 mg (0.23 mmol) of MSNT in 500 uL
of anhydrous pyridine. After 30 min at room temperature, 0.23 mmol of TYR (HVA
or HDT) was added to the mixture and maintained for 12 h at room temperature. After
exhaustive washing with pyridine, DMF, DCM, and Et20, the resulting supports were
dried under reduced pressure and then treated using 180 puL of TEA-3HF (1.5 mmol)
complex in 1 mL of THF, and the mixture was stirred at room temperature for 2 h.
After exhaustive washing with THF, DCM, and Et2O, the target compounds were
detached from the support using NaOHa/MeOH (1:1, v/v) treatment at room

temperature for 1 h. The final crude detachment was neutralized with a diluted AcOH
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solution and then analyzed by HPLC on an analytical RP18 column, showing, in all

cases, one main peak with a purity of over 95%.

8 'H NMR (400 MHz, CDCl;, 25 °C, & ppm, J Hz): 8 = 7.03 (4H, d, J = 8.4,
H-2, H-2',H-6 and H-6"), 6.72 (4H, d, J = 8.4, H-3, H-3', H-5 and H-5"), 3.90 (4H,
q,J=6.9, H-8 and H-8", 2.77 (4H, t, J = 7.1, H-7 and H-7") ppm. *C NMR (100
MHz, CDCls, 25 °C, § ppm, J Hz): § = 155.4, 129.6, 129.2, 114.7, 66.2, 66.1, 36.1,
36.0 ppm. *'P NMR (161.98 MHz, CDCls, 25 °C, § ppm): & = 0.56 ppm. MS (ESI"):
caled. for C1sH2006P 339.10, found 339.22 [M+H]", 361.22 [M+Na]", 377.59 [M+K]".

9 'H NMR (400 MHz, CDCls, 25 °C, & ppm, J Hz): 5 = 7.01 (2H, d, J = 8.5,
H-2' and H-6"), 6.82 (1H, d, J = 1.8, H-2), 6.73 (1H, d, /= 8.5, H-5), 6.71 (2H, d, J
= 8.5, H-3'and H-5"), 6.66 (1H, dd, J = 8.1, 1.8, H-6), 3.93 (4H, m, H-8 and H-8),
3.83 (3H, s, OCH3), 2.76 (4H, q, J = 7.1 Hz, H-7 and H-7") ppm. *C NMR (100
MHz, CDCls, 25 °C, 6 ppm): & = 155.5, 147.3, 144.5, 130.1, 129.6, 129.1, 121.2,
114.8,114.7,112.4,66.3,66.2, 55.0, 36.4, 36.0 ppm. *'P NMR (161.98 MHz, CDCl5):
8 =0.30 ppm. MS (ESI"): calcd. for C17H2207P 369.11, found 369.55 [M+H]", 391.88
[M+Na]", 407.65 [M+K]".

10 'H NMR (400 MHz, CDCl;, 25 °C, § ppm, J Hz): § = 6.83 (2H, d, J=1.9,
H-2 and H-2"), 6.72 (2H, d, J = 8.0, H-5 and H-5'), 6.64 (2H, dd, J = 8.0, 1.9, H-6
and H-6") 3.95 (4H, q, /= 6.9, H-8 and H-8"), 3.80 (6H, s, OCH3), 2.78 (4H, t, J =
7.0, H-7 and H-7") ppm. *C NMR (100 MHz, CDCls, 25 °C, § ppm): & = 147.3,
144.5,130.0, 121.2,114.7,112.4, 66.3, 66.2, 55.0, 36.4, 36.3 ppm. >'P NMR (161.98
MHz, CDCls, 25 °C, § ppm): & = 0.36 ppm. MS (ESI"): calcd. for Ci1sH2405P 399.12,
found 399.23 [M+H]", 421.68 [M+Na]", 438.21 [M+K]".

11 'H NMR (400 MHz, CDCls, 25 °C, § ppm, J Hz): & = 7.03 (2H, d, J = 8.3,
H-2'and H-6"), 6.71 (2H, d, J = 8.3, H-3' and H-5"), 6.69 (2H, d, J= 8.2, H-5), 6.67
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(1H, m, H-2), 6.53 (LH, dd, /= 7.8, 1.8, H-6), 3.93 (4H, q, J = 6.3, H-8 and H-8),
278 (2H, t, J = 6.8, H-7), 2.73 (2H, t, J = 6.7, H-7") ppm. *C NMR (100 MHz,
CDCls, 25 °C, 8 ppm): 6 = 1554, 144.7, 143.3, 129.9, 129.6, 129.1, 119.9, 115.8,
114.8, 114.7, 66.3, 66.2, 36.0, 35.9 ppm. *'P NMR (161.98 MHz, CDCl;, 25 °C, §
ppm): & =—2.3 ppm. MS (ESI"): calcd. for CisH2007P 355.09, found 355.38 [M+H]",
377.12 [M+Nal’, 393.08 [M+K]".

12 'HNMR (400 MHz, CD;0D, 25 °C, & ppm, J Hz): § = 6.69 (2H, d, J=8.3,
H-5 and H-5"), 6.68 2H, d, J=2.2, H-2 and H-2'), 6.54 (2H, dd, /=7.9, 1.8, H-6
and H-6"), 3.96 (4H, q, J = 6.6, H-8 and H-8"), 2.74 (4H, t, J = 6.8, H-7 and H-7")
ppm. °C NMR (100 MHz, CDsOD, 25 °C, & ppm): § = 144.7, 143.4, 129.7, 120.0,
115.8, 114.9, 66.8, 66,7, 36.0, 35.9 ppm. *'P NMR (161.98 MHz, CD;OD, 25 °C, §
ppm): & =—2.1 ppm. MS (ESI'): calcd. for CisH200sP 371.09, found 371.38 [M+H]",
393.46 [M+Na]", 409.38 [M+K]".

13 'HNMR (400 MHz, CD:OD, 25 °C, & ppm, J Hz): 5 = 6.79 (1H, d, J =1.9,
H-2), 6.72 (1H, d, J = 7.8, H-5), 6.69 (1H, d, J = 7.6, H-5'), 6.68 (1H, br s, H~2),
6.65 (1H,dd, J=17.8, 2.0, H-6), 6.53 (1H, dd, J=17.6, 1.9, H-6"), 3.94 (4H, m, H-8
and H-8"), 3.82 (3H, s, OCH3), 2.80 (2H, t, J = 6.8, H-7), 2.73 (2H, t, J = 6.9, H-7")
ppm. *C NMR (100 MHz, CD:OD, 25 °C, § ppm): & = 147.4, 144.6, 144.5, 143.3,
130.0, 129.9, 121.1, 120.0, 115.8, 114.9, 114.7, 112.3, 66.4, 66.3, 55.0, 36.2, 36.0
ppm. *'P NMR (161.98 MHz, CDsOD, 25 °C, § ppm): § = -3.0 ppm. MS (ESI"): calcd.
for C17H220sP 385.10, found 385.38 [M+H]", 407.36 [M+Na]", 423.57 [M+K]".
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5.4.5 Simulated Gastric and Intestinal Fluid (sGF

and sIF) assays

The procedure for preparing simulated gastric fluid (sGF) involved dissolving
sodium chloride in bidistilled water, and the pH was then adjusted to 1.2 by adding
37% aqueous hydrochloric acid (HCI). Simulated intestinal fluid (sIF) was prepared
by dissolving monopotassium phosphate in bidistilled water, and the pH was adjusted
to 6.8 by adding 0.2 M sodium hydroxide (NaOH). The stability of each compound
was assessed at 37 °C in both simulated fluids, monitored using high-performance
liquid chromatography (HPLC) over time. Each compound was dissolved to a final
concentration of 1 mM in sGF and sIF solutions. Stability assessments were conducted
at 37°C, with aliquots of the reaction injected into the HPLC system for analysis.
HPLC analyses were performed using a Phenomenex Luna RP18 column (5 pm
particle size, 4.6 mm x 150 mm i.d.), employing a gradient of solvent B (ACN) in
solvent A (0.10 NHsOAc) from 20% to 100% over 15 minutes at a flow rate of 0.8
mL/min, with detection at 260 nm.

5.4.6  Alkaline Phosphatase assay

All compounds were dissolved to a final concentration of 1 mM in Tris-HCI (20
mM, pH 7.4). The hydrolysis rate in an alkaline phosphatase (ALP) solution was
determined at 37°C by adding 40 U of ALP (from bovine intestinal mucosa, 2.745
U/mg protein) to a dimer solution (0.5 umol) in a 500 pL buffer solution. At each time
point, a 30 pL aliquot of the reaction was withdrawn, and 120 pL of methanol was
added to halt enzymatic hydrolysis. After centrifugation (13000 rpm, 15 min), the
samples (70 pL) were analyzed using a Shimadzu LC-9A HPLC system equipped
with a Shimadzu SPD-6A UV/Vis detector. HPLC analyses were performed on a

Phenomenex Luna RP18 column (5 pm particle size, 4.6 mm x 150 mm i.d.), eluted
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in a gradient of solvent B (ACN) in solvent A (0.10 M NH4OAc) from 20% to 100%

over 15 minutes at a flow rate of 0.8 mL/min, with detection at 260 nm.

5.4.7 Serum Stability assay

A suitable amount of the compound was dissolved in one volume (e.g., 100 uL) of
Tris-HCI buffer (50 mM, pH 7.4) at 37°C. Subsequently, high volumes (e.g., 800 uL)
of preheated human serum were added, and the solutions were maintained in a water
bath at 37°C (initial concentrations were 0.6—0.7 mM). At appropriate intervals (ti, 1 =
0,1,3,5,24, 48,72, and 96 h), 100 pL samples were withdrawn and "deproteinized"
by adding 500 pL of MeOH. After mixing and centrifugation, the supernatants were
filtered using a syringe filter with a regenerated cellulose membrane (diameter 4 mm,
pore size 0.2 pm). Subsequently, 100 pL of the filtered solution was injected into the
HPLC. HPLC analyses were performed on a Phenomenex Luna RP18 column (5 pm
particle size, 4.6 mm x 150 mm i.d.), eluted in a gradient of solvent B (ACN /A 95:5)
in solvent A (0.10 M NH4OAc) from 20% to 100% over 15 minutes at a flow rate of
0.8 mL/min, with detection at 260 nm.

5.4.8  Anticancer Activity

The human pancreatic cancer cell line PANCI, prostate cancer cell line PC-3, and
colorectal cancer cell line SW480 were procured from the American Type Culture

Collection (Manassas, VA) and cultured under standard conditions.’

For biological activity assays, each compound was dissolved in DMSO at a 100
mM stock concentration and then diluted 1000 times directly in a culture medium,
resulting in a final concentration of 100 pM for the test compound. In the cell growth
assay, cells were trypsinized from 100 mm plates, collected, spun down, and counted.

After counting, the cells were plated at a density of 5000 cells/cm? in 60 mm dishes
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to achieve a confluency of approximately 30%—-40%, which typically took ~24 h from

the initial cell seeding.

After 24 h of cell plating, the cells were treated with different compounds at a final
concentration of 100 uM in triplicate, while controls were treated with DMSO, the
solvent for the compounds. Unless specified otherwise, the final concentration of
DMSO in the culture medium during different treatments did not exceed 0.1% (v/v).
After 72 h of treatment, cells were collected by trypsinization, washed with cold
phosphate-buffered saline (PBS), and counted using a hemocytometer. The trypan
blue dye method was employed to count live and dead cells, as previously described.
The statistical significance of differences between the control and treated samples was
calculated by one-way analysis of variance (ANOVA) using Sigma Stat version 2.03

software (Jandel Scientific, San Rafael, CA).

125



6 Ethyl Phosphonates Curcumin Mimics

Several studies demonstrated that many natural compounds could regulate
ferroptosis and could be promising drugs for targeting ferroptosis-related pathologies.
Among them, curcumin has stimulated cell death by ferroptosis via accumulating iron
ions in breast cancer cells and sabotaging GPX4 activity in glioblastoma cells.®® On
the contrary, curcumin triggered the antioxidant defense mechanism against induced
ferroptosis in renal tubular cells and thus decreased lipid peroxidation.®® This
controversiality requires more studies that underline the biochemical and/or cellular

conditions that regulate these compounds’ mode of action.

6.1 Aim of Research Work

In order to expand the library of curcumin mimics, new tyrosol-based ethyl
phosphonates were synthesized. The new mimics retain the phenolic moieties based
on TYR HVA and HDT alcohols discussed before in addition to the 5-methoxy
tryptophol (MEL). The linker was replaced with an uncharged ethyl phosphonate with

a length of seven atoms.
R o f 0 R
o T
HO 0 OH
HO c OH
O P urcumln R =H or OH or CH;
HiCO oCHs  p—

(0] EthylPhosphonates (EP)

I
aromatic spacer aromatic

moiety moiety 0
g\ ~ / %

Scheme 6.1 Ethyl Phosphonate: new curcumin mimics
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The antioxidant activity of the new mimics was estimated using DPPH and ORAC
assays and their ability to inhibit or induce different cell death ferroptosis and

apoptosis was evaluated.

6.2 Results and Discussion
The selected tyrosols are identified as TYR (1), HDT (2), HVA (3), which differ

for the substituent on the aromatic ring, and MEL (4), which possess an indole ring
(Scheme 6.2).

i) TBDMSCI /TEA in ACN/DMF (5:1, viv)

RD/\/OH 0°C-» rt. 2h RD/\/OH
HO ii) Iy in MeOH 1% (wiv), rt,2h TBDMSO

1TYRR=H, 11R=H, 2.1 R=0OTBDMS, 3.1 R = OCH,
2 HDT R = OH,
3 HVA R = OCH3 o
1]
iii) CI—P=Cl /TEA in DCM
CH,CH;

0°C - rt., 2h

iv) TEA x 3HF in DCM
r.t. 2h

\j
R o-"o R

EP1R=H, EP2R=0OH, EP3 R =0CH;

HaCO 9
c|_Et-c| /TEA in DCM, HN H3CH2C\P,/O N
I
HN 0°C *rt., 2h H,CO OCH;
4MEL ’ -

Scheme 6.2 Synthesis of Ethyl Phosphonates (EP).
The TBDMS group was chosen to protect the phenolic functionalities due to the

easy installation procedure and the mild regioselective removal conditions with Iz in
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MeOH to obtain the building blocks, with free primary hydroxyl function, in excellent
yields (82-86%). 4 was used without protections. These scaffolds were reacted with a
bidentate phosphorylating agent, and after the treatment with the complex TEA-3HF
in THEF, to remove TBDMS groups, the new mimics were obtained with about 34-
75% overall yields (Scheme 6.2). All new compounds were purified by RP-HPLC and
full characterized by 'H, "*C and *'P NMR.

6.2.1 Antioxidant Activity

To evaluate the antioxidant activity of new mimics DPPH and ORAC assays were
performed. The antioxidant activities are presented in Table 6.1 together with the four

starting compounds, TYR, HVA, HDT and MEL (1, 2, 3 and 4), and curcumin as

reference.

All the new mimics (EP1-EP4) showed a greater antioxidant activity than the
starting products. For both experiments, the compound EP2 emerges, resulting in a
clear increase in antioxidant power compared to curcumin. Once again, the role of the

catechol moiety is crucialappearing to be essential for a strong antioxidant activity.

Table 6.1 Yields and antioxidant activity (ORAC and DPPH) for EP1-EP4

Compound  Yield (%) ORAC (TE) DPPH (ECso, uM)

Curcumin - 5.03+0.14 13.5+0.50
TYR - 218 +0.12 >1000
HVA - 290021 31.0+26
HDT - 7.40 +£0.17 123+1.0
EP1 60 5.12 + 0.56 >1000
EP2 75 8.84 +0.45 6.00 £ 0.43
EP3 48 414 +0.29 17.22 +0.08
EP4 34 7.24 +0.46 >1000
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6.2.2 Investigation of Antitumor Activity on different
human cancer cells
6.2.2.1 Cell viability on MDA-MB-231 breast cancer
cells
Curcumin and the curcumin mimics were evaluated for their cytotoxic properties

in human triple negative MDA-MB-231 breast cancer cells.

Interestingly, only curcumin and EP4 suppressed metabolic activity (measured by
MTT assay), in metastatic triple-negative MDA-MB-231 breast cancer cells with a
mesenchymal-like phenotype (Figure 6.1).

The high activity of EP4 (ECso value of 4 uM in both cell lines) exceeds the
potency of curcumin, which had ECso values of 20 uM in MDA-MB-231. The other

mimics investigated did not show any cytotoxic effects.

To determine the specific cell death pathway responsible for the observed
cytotoxicity of EP4, curcumin and EP4 were tested in combination with inhibitors of
ferroptosis (Fer-1) and apoptosis (Q-VD). Consistent with the literature, the results
showed that curcumin-induced cell death was partially attenuated by both Fer-1 and
Q-VD, suggesting a mixed type of cell death (Figure 6.2). Meanwhile, the cytotoxic
effects of EP4 were mitigated by Q-VD and remained unaffected by Fer-1 (Figure
6.2). This suggests that EP4-induced cell death occurs primarily by apoptosis and is

not mediated by ferroptosis.
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Figure 6.1 Cytotoxic effects of curcumin and curcumin mimics in human MDA-MB-231 breast cancer
cells.
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Figure 6.2 Curcumin induces both ferroptosis and apoptosis, whereas EP4 only induces apoptosis.

6.2.2.2 Antiproliferative Effect on different human

tumor cell lines
The antiproliferative effect of Ethyl Phosphonates (EP) were screened on different

human tumor cell lines of unrelated histological origin. As healthy cell model human
dermal fibroblasts (HDF) were chosen to determine the selectivity of action of the
tested compounds towards cancer cells. The preliminary screening, performed by
treating cells with 10 and 50 pM concentrations for 48 h, demonstrated that, all
compounds have a relevant cytotoxic activity on the analysed cell lines except for
EP3 resulting inactive. The most potent effect is valuable on A375 cell line (Figure
6.3).

According to the data found on MDA-MB-231, EP4 results the more selective
compound. For this reason, it was considered for further deeply analyses dose—
response curves were obtained and the corresponding ICso values were calculated on
all the cell lines tested. EP4 showed a good activity with ICso value in the range of
15- 35 uM and excellent selectivity with ICso of 175 uM on HDF cells (Figure 6.4).
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Figure 6.3 Effect of compounds on tumor and healthy cell proliferation. The cells were incubated in the
presence of the compounds at 10 uM or 50 uM for 48 h at 37 °C. The proliferation was determined by
MTT assay. The results are presented as the percentage of proliferating cells with respect to the control
(vehicle-treated cells) and are expressed as means + DS, * p <0.05. **p <0.01.
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Figure 6.4 Dose-response curves obtained using the indicated concentrations of EP4 on

different cell lines. The results are presented as the percentage of proliferating cells compared to the
control (vehicle-treated cells) and are expressed as means = SD of two independent experiments

performed in triplicate, ICso (UM) values (+ SD) obtained after 48 h of incubation.
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6.2.3 Investigation of EP4 on the Metastatic cell
migration

Furthermore, it was also studied the ability of the most active compound EP4 in
inhibition of metastatic cell migration. Therefore, WM266 monolayers were scratched
linearly and incubated with EP4 at a concentration corresponding to half of its ICso
values. This choice was dictated by the need to avoid a high mortality of the cells
assayed at 48 h, the end point of this assay. The concentrations chosen were 15 pM.
The results obtained show that in the presence of compound, the wound healing was
strongly delayed compared to the control (Figure 6.5), demonstrating that EP4 is the
effective substance on the inhibition of WM266 migration.

w
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o
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o

m24h
m48h

m' wml
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5 &

)
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Figure 6.5 Cell wound healing assay. Effect of EP4 on wound healing activity. WM266 cells were
scratched and treated with EP4 at the indicated concentrations. Each scratch area on the monolayer was
photographed at 0, 24 and 48 h. Bars depict mean + SE of three independent experiments.
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6.2.4 Inhibition of RSL3-induced ferroptotic cell death

To assess the potential cytoprotective properties of curcumin derivatives against
ferroptosis, all compounds were tested at concentrations of 3 and 30 uM, either alone
or in combination with the glutathione peroxidase 4 (GPX4) inhibitor such as RSL3
(Figure 6.6). Of the mimics tested, EP2 showed the most potent protective effects
against RSL3-induced ferroptosis. It significantly inhibited ferroptotic cell death at a
concentration of 3 uM and completely prevented ferroptosis at 30 uM. The curcumin
derivatives EP1 and EP3 also showed small but significant protective effects at 30
uM, leading to an increase in cell viability of about 20%. Conversely, the two
cytotoxic compounds, curcumin and EP4, did not exhibit cytoprotective effects at

either 3 or 30 uM.
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Figure 6.6 Protective effects of curcumin mimics against RSL3-induced ferroptosis.
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6.3 Conclusions

This study reported the synthesis and an extensive biological investigation of new
curcumin mimics named ethyl phosphonates (EP1-EP4). The synthetic approach was

highly efficient employing orthogonal protection of hydroxyl groups.

In the light of reported apoptotic and ferroptotic activity of curcumin, we have
explored both anticancer activities of new EP mimics. The mimics EP2 and EP4
resulted to be very interesting in different manners. EP2 displayed strong antioxidant
activity (DPPH assay) and potent inhibitory activity of ferroptosis as non-apoptotic
cellular death."* Differently, EP4 showed a very potent anticancer activity against
different human cancer cell lines (HelLa, A375, WM266, MDA-MB-231) and no
cytotoxicity on normal cells (HDF). Mechanistic investigation suggested that EP4-

induced cell death occurs primarily by apoptosis.

In conclusion, EP4 is the most effective against different type of cancers and EP2

represents a potential candidate for neurodegenerative disorders.

6.4 Experimental Session
6.4.1 General Methods

All chemicals were purchased from Sigma—Aldrich (Milano, Italy). HPLC—grade
ACN and MeOH were purchased from Carlo Erba Reagents and Sigma-Aldrich,
respectively. Reactions were monitored by TLC (F254 precoated silica gel plates,
Merck) and column chromatography (Merck Kieselgel 60, 70-230 mesh, Milano,
Italy). HPLC analysis was performed with a Shimadzu LC-8A PLC system
(Shimadzu Analytical and Measuring Instruments, Milano, Italy) equipped with a
Shimadzu SCL-10A VP System control and a Shimadzu SPD-10A VP UV-Vis
detector. Mass spectrometric analyses were performed on AB SCIEX TOF/TOF 5800

in positive or negative mode and Waters Micromass ZQ Instrument (Waters, Milano,
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Italy) equipped with an electrospray source in positive mode. The NMR spectra were
recorded at 25 °C on an NMR spectrometer Bruker DRX, Bruker Advance (Bruker
Italia Srl, Milano, Italy) and INOVA-500 NMR instrument (Varian, Milan, Italy).

6.4.2  General Procedure for the Synthesis of EP1-
EP4

For the synthesis of building blocks (1.1-3.1) see paragraph 4.4.2

1 mmol of compound 1.1 (2.1, 3.1 or 4) was dissolved in 1.5 mL of DCM dry in
presence of 2 mmol of TEA at 0 °C. Subsequentially 0.5 mmol of ethyl
dichlorophosphate was added and the reaction was stirred at room temperature for 2
h, monitoring by TLC (hexane/EtOAc 60:40, v/v). The reaction was quenched with
H20 and extracted using H2O/DCM. The combined organic phases were dried over
anhydrous Na>SO4 and evaporated under reduced pressure. and then coarse purified

by column chromatography eluted with EtOAc/hexane 80:20 (v/v).

0.24 mmol of protected compounds were then dissolved in 1 mL of THF and
reacted with the complex TEA-3HF (2.5 equiv. for each TBDMS group) at room
temperature for 2 h. The reaction was dried under reduced pressure and purified by
column chromatography eluted with DCM/MeOH 95:5 (v/v) obtaining the final
compounds EP1-EP4 with yields 34 - 75%.

All compounds EP1-EP4 were purified by RP-HPLC using a Phenomenex Gemini
RP18 column (10-pm particle size, 21.20 mm % 250 mm i.d.) with a linear gradient
of ACN in H:O, from 20% to 100% over 30 minutes at a flow rate of 7 mL/min with
detection at 280 and 260 nm. The identity of compounds EP1-EP4, with a final purity
>95%., were confirmed by 1D and 2D NMR and MALDI-TOF analyses.
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EP1'H NMR (400 MHz, CDsOD, 25 °C, § ppm, J Hz): § = 7.04 (4H, d, J = 8.36,
H-3, H-3', H-5, H-5"); 6.73 (4H, d, J = 8.34, H-2, H-2'; H-6, H-6"); 4.06 (4H, m, H-8,
H-8"); 2.82 (4H, t, J = 6.62, H-7, H-7"); 1.64 (2H, m, P(CH.CH3)); 1.01 (3H, m,
P(CH:>CH3)) ppm. *C NMR (100 MHz, CDsOD, 25 °C, § ppm): § = 155.8; 129.7
(x2); 128.1; 114.9 (x2); 66.5 (d, Jc.r =7.47 Hz); 35.6 (d, Jcr=6.27 Hz); 17.4 (d, Jcr
=143.9 Hz); 5.10 (d, Jer=6.64 Hz) ppm. *'P NMR (161.98 MHz, CD;OD, 25 °C, §
ppm): & = 33.8 ppm. MALDI-MS (positive ions): m/z calculated for CisH230sP=
350.13; found: 351. 23 [M+H]", 373.24 [M+Na]’, 389.21 [M+K]".

EP2 'H NMR (400 MHz, CDs0D, 25 °C, § ppm, J Hz): 6 =6.70 (2H, d, J = 7.95,
H-5, H-5"); 6.67 2H, d, J = 1.81, H-2, H-2'); 6.54 (2H, dd, J = 7.98, 1.60, H-6, H-6");
4.06 (4H, m, H-8, H-8"); 2.77 (4H, t, J = 6.47, H-7, H-7"); 1.64 (2H, m, P(CH-CH3));
1.02 (3H, m, P(CH.CH3)) ppm. “C NMR (100 MHz, CDsOD, 25 °C, § ppm): & =
144.8; 143.6; 128.9; 120.0; 115.8; 115.0; 66.5 (d, Jer= 6.71 Hz); 35.9 (d, Jer=6.59
Hz); 17.4 (d, Jer = 142.4 Hz); 5.1 (d, Je.r = 6.50 Hz) ppm. *'P NMR (161.98 MHz,
CDsOD, 25 °C, 6 ppm): 6 = 34.7 ppm. MALDI-MS (negative ions): m/z calculated
for C1sH2307P = 382.12; found: 381. 13 [M-H].

EP3 'H NMR (500 MHz, CD:0D, 25 °C, § ppm, J Hz): § = 6.81 (2H, s, H-2, H-
2"; 6.74 (2H, d, J = 8.23, H-5, H-5"); 6.65 (2H, d, J = 8.23, H-6, H-6"); 4.09 (4H, m,
H-8, H-8'); 3.83 (6H, s, -OCHs); 2.83 (4H, t, J= 6.85, H-7, H-7"); 1.65 (2H, m,
P(CH,CHj3)); 1.02 (3H, m, P(CH>CHz3)) ppm. '*C NMR (100 MHz, CD;OD, 25 °C, §
ppm): & =147.5; 144.9; 128.9; 121.2; 114.8; 112.3; 66.5 (d, Jer="7.12 Hz); 55.0; 36.0
(d, Jer=6.41 Hz); 17.4 (d, Jer= 142.6 Hz); 5.1 (d, Jer= 6.27 Hz) ppm. *'P NMR
(161.98 MHz, CDs0D, 25 °C, d ppm): 6 =34.3 ppm. MALDI-MS (positive ions): m/z
calculated for C20H2707P= 410.15; found: 433.28 [M+Na]", 449.25 [M+K]".

EP4'H NMR (500 MHz, DMSO-d6, 25 °C, § ppm, J Hz): 8 = 10.7 (2H, s, NH);
7.23 2H, d, J = 8.88, H-7, H-7"); 7.14 (2H, s, H-2, H-2"); 7.02 2H, d, J = 1.63, H4,
H-4"); 6.72 (2H, dd, J = 8.76, 2.09, H-6, H-6"); 4.13 (4H, m, H-9, H-9"); 3.74 (6H, s, -
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OCH:); 2.99 (4H, t, J = 6.77, H-8, H-8"); 1.67 (2H, m, P(CH2CH3)); 0.96 (3H, m,
P(CH:CH3)) ppm. *C NMR (100 MHz, CD:OD, 25 °C, & ppm): & = 153.5; 131.2;
127.9; 124.3; 112.5; 111.6; 110.0; 100.5; 65.4 (d, Jc.r= 6.71 Hz); 55.8;26.9 (d, Jcr=
5.52 Hz); 18.2 (d, Jer= 142.0 Hz); 6.8 (d, Jer= 7.23 Hz) ppm. *'P NMR (161.98
MHz, CD;OD, 25 °C, 6 ppm): 6 = 33.4 ppm. MALDI-MS (negative ions): m/z
calculated for C24sH29N20sP=456.18; found: 455. 17 [M-H]J.

6.4.3 DPPH assay

The DPPH solution (200 pM) was prepared in methanol and placed in the dark for
30 min before the analyses. The compounds were dissolved in MeOH to prepare the
stock solutions 100 uM. DPPH solution was placed in cuvette (final concentration 50
puM), and the solutions of each compound (final concentration range 1 — 75 pM) were
rapidly added and mixed into every test tube to reach a final volume of 500 pL. The
reaction was followed by a spectrophotometric analysis continuously measuring the

absorbance at A =517 nm for 30 min.

The percentage of inhibition (% inhibition) was calculated following the equation:

Acontrol Asample

% inhibition = x 100

Acontrol

The ECso value (the inhibition concentration of a sample at 50% fall in absorbance

of DPPH) was used to compare the DPPH scavenging activities.

6.4.4 ORAC assay

150 uL of the fluorescein solution (11.12 x 10 uM in phosphate buffer 0.75 mM,
pH 7.4) was added into each well of a 96-well plate. Subsequently, 23 uL of buffer
and 2 pL of stock solutions in DMSO of tested compounds were added to the wells to

reach the final concentration range 1.25-20 uM. The plate was incubated for 30 min
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at 37 °C and then 25 pL of AAPH (152.6 mM) was added to each well. Immediately,
the fluorescence was recorded by a microplate reader for 2 h in 1 min steps at 37 °C

()\ECC: 485 nm, Aem= 528 nrn).

6.4.5  Biological assays on human cancer cells

6.4.5.1 MDA-MB-231 cell line

Human triple negative MDA-MB-231 breast cancer cells and were obtained from
the American Type Culture Collection (ATCC, Manassas, VA). MDA-MB-231 cells
(2x10* cells/cm?) were cultured in DMEM (glucose 4.5 g/L, Thermo Fisher Scientific,
Waltham, MA) supplemented with 10% heat-inactivated fetal calf serum (Merck) and
1% penicillin-streptomycin solution (Thermo Fisher Scientific) at 37°C in a 5% CO:2
atmosphere. Cells were routinely tested for mycoplasma contamination using the
MycoAlert™ PLUS Mycoplasma Detection Kit from Lonza (Basel, Switzerland). In
addition, their morphology was examined regularly. MDA-MB-231 cells were seeded
in triplicate in 96-well plates at a density of 20,000 cells per well in 100 puL of medium
and allowed to attach for 24 h. Compounds were added with a final DMSO
concentration of 0.5% and cells were incubated for a further 48 h. The pan-kinase
inhibitor staurosporine (1 uM, Merck) was used as a reference compound. To identify
the cell death programme, the apoptosis inhibitor Q-VD-Oph (50 uM, Merck) and the
ferroptosis inhibitor ferrostatin-1 (10 pM, Cayman Chemicals, Ann Arbor, MI) were
added to the medium 2 h before treatment with the cytotoxic compounds. For the MTT
assay, 20 pul of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
5 mg/ml in PBS pH 7.4, sterile filtered, Merck) solution was added to each well and
the cells were incubated for 1.5 h. The final vehicle (DMSOQO) concentration was
adjusted to 0.5%. Then, 100 pl SDS solution (10% in 20 mM HCI, pH 4.5) was added
and the plates were shaken at 130 rpm in the dark for 18-20 h. Absorbance was

measured at 570 nm using a SpectraMax iD3 plate reader (Molecular Devices).
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Absorbance values from ethanol-treated cells were used for background substraction,
and cell viability was expressed as percentage relative to the DMSO control.An
asymmetric sigmoidal (5 PL) curve fit was performed using GraphPad Prism 9.
Microscopic images were captured just prior to the addition of MTT using a Motic
AE31E microscope equipped with a Motic 10+ camera and Motic Image Plus 3.0 ML

software with a 10x objective (Motic, Barcelona, Spain).

6.4.5.2 HeLa, A375, WM266 and HDF cell lines

Human adenocarcinoma (HeLa), Human melanoma (A375) and human normal
dermal fibroblasts (HDF) were grown in DMEM with 10% fetal bovine serum (FBS),
1% glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin (Euroclone, Italy).
Human metastatic melanoma cell line (WM266) was grown in RPMI with 10% fetal
bovine serum (FBS), 1% glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin. The cells were maintained in humidified air containing 5% CO2 at 37
°C. Cell Proliferation Assay. HeLa, A375, WM266 and HDF cells were seeded at a
density of 1.2*103 cells/100pL, WM266 and HDF at density of 2* 103 cells/100puL,
on 96-well plates. Each molecule (10 or 50 pM) or DMSO as vehicle, were added to
the cells. After 48 h incubation at 37 °C, cell viability was assessed by performing the
3-(4,5-dimethylthiazol-2-y1)-2,5- diphenyltetrazolium bromide (MTT, Sigma Aldrich,
Italy) reduction inhibition assay. Cytotoxicity experiments were independently
performed at least three times. Statistical significance was obtained by Student’s t-test
paired, two-sided. Data are expressed as means standard error (S.E.). P values<0.05
were statistically significant. All the experiments were performed at least in triplicate
and repeated at least 3 times. The IC50 values were obtained by the Prism 6.01
software (GraphPad San Diego, CA, U.S.) by extrapolating them from the dose—

response curves data.
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6.4.6 Wound Healing assay

In vitro cell migration has been evaluated using the wound healing scratch assay.
6 x 10° WM266 cells were plated and grown to the confluence. Successively, the cells
were linearly scratched with a pipette tip to generate the wound. Once the detached
cells were removed, the molecule at indicated concentrations was added and the cells
were incubated at 37 °C. After the scratch area was photographed at 0, 24, and 48 h'?
using a phase optical microscope at 10X magnification (Zeiss) and the distance
between the edges of the incisions was measured. Its mean value was determined as
follows: wound closure (%) = 1x (wound width tx/wound width t0) X100. Bars depict

mean + SE of three independent experiments.

6.4.7 Inhibition of RSL3-induced ferroptotic cell
death

The anti-ferroptotic properties of the compounds were evaluated in MDA-MB-231
cells. Cells were seeded in 96-well plates at a density of 20,000 cells per well in 100
uL medium. After incubation for . Cells were treated with vehicle (0.5% DMSO) or
the compounds at 3 uM and 30 uM alone or in combination with RSL3 (0.3 uM,

Cayman Chemicals).
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Synthetic Glycochemistry, Prof. Emiliano Bedini and Prof Alfonso ladonisi

Protein Engineering, Prof. Angela Duilio
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I mondo del lavoro oggi, 17/05/2021, Dott. Lorenza Moscarella

| 5 errori del CV, 24/05/2021, Dott. Lorenza Moscarella

Functional and Pathological Interactions of a-synuclein, 21/06/2021, Dott.

Giuliana Fusco
Il chimico: un'esperienza nell'industria, 10/01/2022, Dr. Vito Savino
R&D in a big company, 21/01/2022, Dr. Andrea Di Matteo

Protezioni dei contenitori metallici destinati ad uso alimentare, 14/04/2022,

Dr. Biagio Leone

A through the looking glass view of voltage-gated ion channel structure,
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research, 17/10/2022, Prof. Cristina De Castro and Dr. Inez van Korlaar.
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IV International Summer School of Natural Products, 06-08 July 2021.

Oral communication: Combinatorial solid phase synthesis of new curcumin
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Oral communication: Phosphate-linked Silybin dimers: synthesis and
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Oral communication: Silybin-tyrosol conjugates as promising Multitarget

Ligands (MTLs) to contrast neurodegenerative diseases.

International Symposium on Pathomechanisms of Amyloid Diseases” 25-27
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Poster communication: Silybin-Hydroxytyrosol Hybrids as MultiTarget

Directed Ligands (MTDLs) to Contrast Alzheimer’s Disease
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