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ABSTRACT

Nature is an important source of bioactive molecules with favorable biological properties.
Resveratrol is a natural compound found in grapes and berries and is among other constituents of
red wine. This polyphenol has been studied and extensively reported in the literature. Resveratrol
exerts a wide range of activities including but are not limited to anti-inflammatory, cardio-
protective, antioxidant, chemopreventive and anticancer. It is considered a “multi-target” agent
that modulates many cellular signaling pathways. However, its poor pharmacokinetic profile and
a track record of contradicting evidence have slowed down (or even precluded) its clinical use.
Furthermore, the observed biphasic effects produced by this stilbene in which
desirable/undesirable effects are concentration-dependent have raised many questions about its
efficacy. Consequently, there are many reports in the scientific literature describing different
approaches aimed at improving resveratrol’s pharmacological profile by medicinal chemistry

concepts.

Acetylsalicylic acid (aspirin) has been used for more than a century and it represents one of the
most successful analgesic and anti-inflammatory agents. Despite its notoriously simple chemical
formula, aspirin has proven high efficacy not only as an anti-inflammatory agent, but most

recently as a potential chemopreventive agent in human cancers, particularly in colon cancer.

Resveratrol and aspirin target similar (complementary) enzymes and receptors involved in the
inflammation-to-cancer process. Therefore, we hypothesized that the chemical combination of
resveratrol with a salicylate moiety would provide a new ‘“hybrid” scaffold combining the
biological properties of both parent compounds, and possibly, a novel series of resveratrol-
salicylate derivatives with synergistic effects. The design of the new resveratrol-salicylate

hybrids was based on the addition of a carboxylic acid (or carboxylate) group at position 3’- in



resveratrol’s chemical structure. The biological evaluation (target selection) was based on
literature reports describing (a) the role of these targets (COX-2, NF-kB, NO and ROS) in the

inflammation-to-cancer process and (b) the effect of the parent resveratrol and/or aspirin.

I conducted the synthesis of ten resveratrol-salicylate derivatives by three different chemical
reactions, namely the Wittig reaction, the Horner-Wadsworth-Emmons reaction, and the Heck
coupling. The Heck coupling produced the desired trans isomer as a major product (55% yield)

while the Wittig reaction produced a mixture of both cis and frans isomers.

The biological evaluation of the resveratrol-salicylate analogues started with an in vitro enzyme
inhibition screening on the CYP1A1 enzyme. We observed a modulatory effect exerted by the
test drugs in which some of them were inactive, some produced the desired CYP1A1 inhibition,
but others seemed to increase CYP1A1’s enzymatic activity, which was somewhat unexpected.
In this regard, compound 3 was the most potent derivative decreasing the activity and the
expression (MRNA) of CYP1A1l. Using the EROD assay in HT-29 cells, resveratrol at SuM
enhanced TCDD-induced CYP1A activity (unfavorable), showing a clear difference between the

hybrid and the parent molecule, resveratrol.

In the second study, we evaluated the activity of hybrid drugs to inhibit the catalytic activity of
the DNA-methyltransferase (DNMT) enzymes DNMT-1 and DNMT3. Compounds 10 and 9
showed a selective inhibition of the DNMT-3 isoform. In this regard, resveratrol was weaker
than the hybrids and it was non-selective. Compounds 3, 4 and 10 showed an in vitro cancer cell
proliferation inhibition on three human cancer cells. However, 3 showed a significant
cytotoxicity on the non-cancerous MCF 10A which is considered a serious side effect. To

support the enzymatic inhibition of CYP1A1l and DNMT by hybrid resveratrol-salicylate



molecules, we conducted series of molecular modeling (docking) studies. We observed key
binding interactions within the active sites of these two enzymes, correlating the in vitro activity

with computer-assisted drug simulations.

Finally, we carried out screening assays using compound 10 to evaluate its ability to suppress
inflammation both in vitro and in vivo. In these studies, compound 10 exhibited an in vitro
inhibition of COX-2 and NF-kB and a significant decrease in ROS production. Furthermore,
compound 10 induced cell apoptosis in Jurkat cells. When tested in vivo, compound 10 reduced
carrageenan-induced peritonitis and carrageenan-induced paw edema in mice, which were higher
than that exerted by resveratrol and its natural analogue, TMS. Compound10 reduced the
myeloperoxidase (MPO) activity in the inflamed tissue, particularly at a low dose (10mg/kg).
Despite its relatively low stability profile, compound 10 is a promising candidate for future
experiments. The favorable activities produced by compound 10 support the overall design of the

hybrid resveratrol-salicylate analogues.
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Chapter 1: Introduction



1.1 Cancer as a complex disease

According to experimental studies in animals, cancer is traditionally divided into three stages:
initiation, promotion, and progression. These stages are controlled by genetic and epigenetic
mechanisms [1]. Initiation involves biological changes such as DNA damage and/or mutations,
inactivation of tumor suppressor genes, and activation of oncogenes [1]. The promotion step
comprises the expansion of initiated stem cells as well as benign tumor development [1]. In the
progression stage, proteolysis starts in parallel to adhesion, migration, and metastasis [1]. During
the different carcinogenesis stages, normal biological anticancer mechanisms use several
approaches to try to inactivate or remove the origin of the tumor. These mechanisms include but
are not limited to enhancement of antioxidant protein functions (e.g. CAT, SOD, GSSG), DNA
damage repair mechanisms (e.g. base excision repair (BER) and homologous recombination
(HR)), tumor suppressor gene activation, activation of natural inhibitors of angiogenesis (e.g.
interferon-o and IL-12) and tumor immunesurveillance [1]. In addition to the normal
physiological anti-tumor mechanisms, anti-carcinogenic molecules present in the human diet
demonstrate beneficial roles not only in interfering with cancer progression but also in cancer

prevention.
1.2 Interplay between inflammation and cancer

Clinical and epidemiological studies have showed that chronic unresolved inflammation can
promote and exacerbate numerous types of cancers [2]. Statistics have shown an association
between inflammation and cancers. For example, colorectal cancer risk is found to be ten-fold
greater in inflammatory disorders such as Crohn’s disease and ulcerative colitis [2]. Furthermore,
the risk of respiratory system cancers is directly proportional to the severity and duration of the
associated inflammation [2]. Importantly, chronic inflammation is involved in multiple stages of
carcinogenesis such as proliferation, transformation, apoptosis, survival, angiogenesis, and
metastasis [2]. Additionally, inflammation contributes to the process of tumorigenesis through
the generation of reactive oxygen and nitrogen species which can damage DNA [2]. To that end,
inflammation produces numerous pro-carcinogen products such as TNF-a, cytokines,

interleukins, iINOS, COX-2, 5-LOX, MMPs, and NF-xB [2].



1.3 Cancer chemoprevention

Cancer chemoprevention can be defined as the inhibition, reversal, or prevention of
carcinogenesis [3]. This intervention is achieved by the intake of one or more non-toxic chemical
entities such as synthetic agents or medicinal agents present in the human diet [3]. There are no
accurate classifications for chemopreventive agents due to the lack of precise mechanisms by
which these agents alter tumorigenesis [3]. Furthermore, many chemopreventive molecules
interfere with numerous targets (multi-target) and exert more than one mechanism of action [3].
Nevertheless, chemopreventive agents can be classified into three categories, depending on the
interference of tumor stage (initiation, progression and metastasis). These categories are [1]
inhibitors of carcinogen formation; [2] inhibitors that block tumor initiation; and [3] inhibitors

that suppress tumor promotion/progression [3].

1.4 Phytochemicals in cancer treatment and prevention

According to www.clinicaltrials.gov (accessed Sept. 15™ 2015), there are about 778 registered
clinical studies involving the use of dietary supplements in patients already diagnosed with
cancer, as well as in patients at high risk of developing cancer. It is estimated that about 50-60%
of patients diagnosed with cancer in the US use drugs that originate from plants or nutrients,
either exclusively or in addition to another therapeutic regimen such as radiation and/or
chemotherapy [4]. Interestingly, it is estimated that about 7-31% of worldwide cancers can be
potentially reduced by the intake of diets enriched with fruits and vegetables [5]. These active
dietary ingredients include but are not limited to curcumin from turmeric, tea polyphenols such
as epigallocatechin gallate (EGCG) from green tea, genistein from soybeans, sulforaphane from
broccoli, resveratrol from grapes, isothiocyanates from cruciferous vegetables, diallyl disulfide
from garlic, silymarin from milk thistle, lycopene from tomatoes, gingerol from gingers,

hydroxytyrosol from olive oil, and rosmarinic acid from rosemary [4].
1.5 Targets for chemoprevention

Experimental studies of synthetic and natural molecules revealed numerous proteins that are
considered potential targets for chemoprevention. These include but are not limited to apoptotic
mediators (e.g. bcl-2, bax, c-myc, caspases, cytochrome C and TRAIL), cell cycle targets (e.g.
Cdk4, cyclins), inflammatory mediators (COXs, NF-kB, cytokines, PGE,, LOXs and NO),

3
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epigenetic enzymes (DNMTs, HDAC), metabolizing enzymes (CYPs, NQO1), antioxidant
proteins (GSH, SOD and Nrf-2), kinases (Akt, PKC, PI3k, MAPK, STAT, JNK), and
migration/invasion targets (ICAM, VCAM, VEGF and MMPs) [6, 7].

1.6 Selected targets for chemoprevention

1.6.1 CYP1Al

CYPIAL1 is a member of the CYP1 subfamily of CYP450 enzymes (phase I metabolizing
enzymes). CYP1AL1 is predominantly expressed in the extra-hepatic tissues [8]. CYP1Al plays a
crucial role in the metabolism of endogenous (e.g. 17B-estradiol) as well as exogenous (e.g.
environmental carcinogens) substrates [8]. The confirmed high expression of CYP1Al in some
cancers (compared to normal tissues) is linked to tumor resistance, as demonstrated by the
CYPI1AIl rapid metabolism of certain chemotherapeutic drugs [8]. Additionally, CYPIA1
biotransformation of environmental polyaromatic hydrocarbons (PAHs) can generate reactive
intermediates that damage the DNA and may ultimately initiate tumors [8]. The co-
administration of CYP1A1 inhibitors (either natural or synthetic) is capable of improving cancer
drugs’ efficacy as well as interfering with tumor initiation [8]. For that reason, CYP1A1 is

considered a promising chemopreventive target [8].

Mechanistically, CYP1A1 is transcriptionally regulated by the aryl hydrocarbon receptor (AhR)
[8]. During its inactive state, AhR exists in the cytosol where it associates with a homodimer of
heat shock protein 90 (HSP-90), a p53 chaperone, and an immunophilin-related protein XAP-2
[8]. After substrate (e.g., PAHs) binding, the coupled proteins dissociate and the remaining AhR-
substrate complex is then translocated to the nucleus [8]. In the nucleus, the complex binds to an
AhR nuclear translocator (ARNT) which then binds to the xenobiotic response element (XRE),

which subsequently initiates the expression of the corresponding genes (such as CYP1A1) [8].

Numerous plant extracts as well as isolated phytochemicals have been experimentally proven to
inhibit CYP1A1 [8]. These “chemoprotectants” showed different mechanisms in vitro and in
vivo by using several models of pro-carcinogens and carcinogens [8]. Clinical studies (even
though limited) have also investigated the beneficial effects of natural agents to protect against

inducers (e.g., smoking) of the AhR signaling pathway [8, 9].



1.6.2 DNMT

“Epigenetics” refers to the study of heritable modifications to gene expression, without altering
the DNA nucleotide sequence [10]. These modifications include DNA methylation; alterations of
chromatin structure (by methylation or histone acetylation); and the small, non-coding micro-
RNAs that can degrade mRNA and/or inhibit its translation [11]. Epigenetic regulations are
essential for normal biological functions and can be adjusted to adapt to changes in the
environment (e.g., chemical exposure, radiation, smoking, diet) [11]. Unlike genetic
modifications that are challenging to reverse, epigenetic changes are reversible, and this

advantage opens an opportunity for interventions [10].

In addition to the physiological role of epigenetic mechanisms, the aberrant methylation of
certain genes or so-called “gene silencing” is associated with multiple diseases such as
Alzheimer’s disease, schizophrenia, autoimmune diseases, Crohn’s disease, atherosclerosis, and
cancers [12]. Silencing of genes (including tumor suppressor genes) caused by epigenetic
modifications is experimentally evident in all three stages of cancer (initiation, promotion and
progression). This silencing of genes occurs parallel to the overexpression of some methylation
enzymes such as DNA methyltransferase (DNMTs) [10, 13]. Consequently, targeting otherwise

overexpressed DNMTs is considered a potential strategy for cancer prevention.

DNMTs are a group of enzymes that catalyze the transfer of the methyl group from the methyl
donor S-adenosyl-L-methionine (abbreviated as SAM or AdoMet) to the cytosines, particularly at
the 5’-position [11]. This reaction mostly takes place at the cytosine adjacent to a guanine (CpG
sites) and produces 5-methylcytosine and S-adenosyl-L-homocysteine (SAH or AdoHcy) [11].
Three active DNMTs (DNMT1, DNMT3a, and DNMT3b) have been identified so far, along
with one regulatory domain (DNMT3L), which lacks the catalytic activity [14]. DNMT]1 is
considered a “maintenance methyltransferase” that preserves methylation patterns during DNA
replication, while DNMT3a/3b are “de novo” enzymes that catalyze methylation of previously
unmethylated DNAs [11].

1.6.3 COX

Cyclooxygenases (COXs) are a group of enzymes that modulate inflammation by catalyzing

prostaglandins’ (PGs) synthesis from the substrate, arachidonic acid [15]. There are three COX



isoforms, among which two enzymes are extensively studied, and their roles are well-established
(COX-1 and COX-2). Additionally, there is a third enzyme (COX-3) which is expressed in only
specific tissues such as the brain and spinal cord. Its functions have yet to be explored [15].
Although both COX-1 and COX-2 produce the same PGs (such as PGE,, PGF2,, PGD,, PGI,
and thromboxane A, (TxA;)), they control very distinct biological processes [15]. COX-1 is
constitutively expressed in numerous tissues to ensure normal physiological functions such as
hemostasis regulation, gastric mucosal protection, and renal-water balance [15]. COX-2 is
commonly silent but expressed in response to stimuli such as pathogens, cytokines, growth
factors, cellular mitogens, and cellular stress [16], and is predominantly involved in

inflammation [15].

In addition to inflammation-mediated COX-2 expression, COX-2 induction may exceed
physiological control, resulting in pathological conditions such as autoimmune disorders (e.g.,
systemic lupus erythematosus and rheumatoid arthritis), diabetes, and cancers [15]. In the
previous examples, the observed over-expression of COX-2 has been associated with poor
prognosis in these diseases [15]. Particularly in cancer, a frequent incidence of chemotherapeutic
failure was associated with cases of colon, breast, and prostate cancers in which elevated

expression of COX-2 is reported [15].

Experimental models for carcinogenesis have suggested that COX-2 plays a crucial role in early
tumor promotion, chemoresistance development, and metastasis [15]. Epidemiological studies
have shown a two- to 50-fold increase in COX-2 expression in about 40% of colorectal adenoma
patients and 80-90% of colorectal cancer patients [16]. Consequently, multiple efforts have been

made to design novel agents that modulate COX-2 functions [15].

1.6.4 NF-xB

The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) is a transcription
factor that has conserved, very crucial roles in the immune system [17]. Besides these functions,
NF-kB influences the gene expression of modulators of cell survival, cell differentiation, and cell
proliferation [17, 18]. Consequently, the dysregulation of NF-kB can lead to severe
pathophysiological disorders [17]. As a universal regulator of essential elements of cell survival,

and by functioning through multiple signaling, NF-xB can link physiology to pathology [17].



Indeed, NF-kB has been proven to form an etiological link between obesity and inflammation

[19] and between inflammation and malignancy [17, 20].

NF-«B presents in numerous different cells and represents a group of structurally related proteins
(called Rel family) [18]. In mammals, there are five members of the Rel family: p65 (Rel A),
p50/p105 (NF-kB1), RelB, c-Rel, and p52/p100 (NF-kB2), which exist as homo- or heterodimers
bound to the inhibitory protein (IxB) [18]. NF-kB activation is controlled by several positive and
negative regulatory elements. In the inactive state, the NF-xB dimer is held in the cytoplasm via
the association with IkB proteins to form a complex [18]. Upon stimulation, a complex termed as
IxB kinase complex (IKK) is activated, which phosphorylates IkB, after which the IkB proteins
are ubiquitinated and degraded [17, 18]. Then, the released NF-kB dimer translocates to the

nucleus, binds to a specific DNA sequence, and initiates the transcription of target genes [17].

NF-kB can be activated by multiple agents (e.g., cytokines, UV and vy-radiations, hypoxia, or
bacterial infections). This induced NF-kB is implicated in the regulation of more than 400
different genes [21]. Following the findings that many human disorders are associated with
abnormal NF-kB expression, numerous research projects focused on the quest for NF-«B
inhibitors. It is estimated that more than 700 NF-kB inhibitors have been developed by research
groups and pharmaceutical companies [21]. Among the United States Food and Drug
Administration (FDA) approved drugs, aspirin (NSAID), simvastatin (lipid lowering agent),
docetaxel (anti-mitotic agent), and raloxifene (estrogen receptor modulator) were shown to
inhibit the NF-kB signaling pathway [21]. To that end, the proteasome inhibitor bortezomib
which is clinically approved to treat multiple myeloma modulates the NF-kB pathway via the

reversible regulation of 26S proteasome activity [21].

1.6.5 ROS/RNS

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are involved in cellular
defense against the invasion by foreign bodies. They participate in crucial biological processes
such as cell proliferation, cell-cell adhesion, transcription, signal transduction, inflammation, and
apoptosis [5]. However, their accumulation beyond physiological needs leads to damage to
macromolecules as well as modifications in cell signaling, resulting in multiple disorders [22,

23].



ROS (e.g., superoxide anion, hydrogen peroxide, and hydroxyl radicals) are considered
“unavoidable” by-products generated at low levels by normal cellular functions [5]. Uncontrolled
ROS production can trigger DNA damage by initiating a series of metabolic reactions inside the
cell that can cleave the DNA backbone and cause DNA base modifications or replication errors
that may lead to tumor initiation [24, 25]. Additionally, ROS production is a common
characteristic feature of tumor promoters (e.g., TPA, TCDD, phenobarbital, and UV) and it is
implicated in the multistep processes of carcinogenesis [5]. Furthermore, ROS can contribute to
carcinogenesis by modulating numerous signaling pathways that include but are not limited to
AP-1, MAPK cascades, PI3K /Akt pathway, NF-«B, p53, Jak/Stat pathway, and heat shock
proteins (HSP) [26]. To that end, the biological system counteracts the harmful effects of
ROS/NOS through a dynamic system of enzymatic antioxidants (e.g., superoxide dismutase
(SOD), catalase, glutathione reductase, glutathione peroxidase), and non-enzymatic antioxidants

(e.g. vitamins C and D, glutathione) [23, 25].
1.7 Combination chemoprevention approach

In recent years, research has focused on the use of two more chemopreventive agents to reduce
cancer incidence/progression, particularly for colorectal cancers (CRC) [27]. This approach
seems attractive because it produces fewer side effects, which is especially useful as
chemoprevention is a long-term intervention [27]. The ornithine decarboxylase inhibitor
difluoromethylornithine (DFMO) in combination with sulindac (NSAID), has shown an
improved reduction in CRC occurrence compared to each agent alone [27]. A clinical
combination of statins and aspirin reduced the risk of CRC by 37%, again, a percentage that was
higher than each agent alone [27]. Recently, the use of two or more “multi-target” natural

chemopreventive agents to alleviate tumor-promoting inflammation has been highlighted [2].

In complex disorders such as inflammation and cancer, it is increasingly evident that when it
comes to efficacy and side effects, interfering with multiple targets is more beneficial than
focusing on a single target [28]. Additionally, these complex disorders are regulated by
numerous signaling cascades that require interaction between a wide range of cellular responses
[28]. Currently, combination therapy is emerging as one way to improve clinical efficacy in
inflammation and cancer [28]. However, there are three main disadvantages to this approach

[28]. First, patient compliance is reduced, particularly in the elderly population, in which
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multiple disorders are often common [28]. Second, combination therapy addresses only a limited
number of targets but not the overall disease-associated signalling pathways [28]. Third,
clinicians may deal with complex pharmacokinetics in the combination therapy. Such
pharmacokinetics require extensive trials to assess side effects and possible drug-drug

interactions [28].
1.8 Multi-target approach

The concept that one drug acts through a single receptor is not as effective as predicted from the
reductionism theory of the lock and key model [29]. There is increasing evidence supporting the
move towards computational and experimental multi-target approaches [29]. Polypharmacology
is relatively a new term that emphasizes designing a single molecule that can interact with
multiple targets simultaneously [30]. Ideally, the multi-target agent may enhance the efficacy
(either synergically or additively) while being less susceptible to drug resistance [30]. Nowadays,
it is recognized that several clinically used drugs demonstrate their therapeutic response via
complex polypharmacology, an observation that was identified retrospectively [30].
Identification of the most suitable combination of targets is critical and challenging, and requires

taking into consideration the homology of certain proteins [30].
1.9 Whatis resveratrol? A definition, and background on its natural occurrence

Polyphenols comprise a wide class of natural antioxidants which include but are not limited to
flavonoids, phenolic acids, lignans, anthocyanins, and stilbenes [31]. Resveratrol (3,4°,5-trans-
trihydroxystilbene) is among the stilbenes produced by many plant species under stress
conditions such as UV radiation and fungi attacks [31]. It is classified as a defense molecule,
“phytoalexin,” that protects plants from insults [31]. In plants, resveratrol presents in forms of
conjugates (to mask phenol groups) such as glucosides, sulphate, or methyl conjugates [31].
Plants synthesize resveratrol by the condensation of p-coumaroyl residue with three units of
malonyl-CoA, with the aid of stilbene synthase (Figure 1-1) [31]. Resveratrol is found in many
edible natural products, mainly as 3-O-B-D-glucosides (called piceids), which include but are not
limited to grapes, peanuts, berries, and rhubarb (Table 1-1) [31]. It is also present in non-edible

plants such as wild berries, mulberry and red sandalwood [31].
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Figure 1-1: Plant’s biosynthesis of resveratrol. Adapted from [32], STS: stilbene synthase.
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Dietary sources trans-resveratrol concentrations
Grapes 0.16-3.54 pg/g
Red wine 0.1-14.3 mg/L
Peanut butter 0.3-0.4 pg/g
Cranberry 0.2 mg/L
Pistachio 0.09-1.67 pg/g
Blueberries 32 ng/g
Hops 0.5-1 pg/g

Table 1-1: Examples of some dietary sources of resveratrol [33]

1.10 Resveratrol isolation and the first therapeutic evidence

Resveratrol was isolated for the first time from hellebore roots (Veratrum grandiflorum Loes.
fil.) in 1940, by Takaoka [34]. More than 20 years later, in 1963, it was isolated from the
Japanese knotweed Polygonum cuspidatum [35]. In the 1970s, in what was called the “French
Paradox,” epidemiological studies showed an inverse correlation between cardiovascular
disorders and red wine consumption in France [31]. Later on, resveratrol was identified among
the antioxidant constituents of red wine and showed favorable cardioprotective actions. These
activities demonstrated by the inhibition of low-density lipoprotein (LDL) oxidation, platelet
aggregation inhibition, thrombogenic potential reduction, and thus resveratrol was thought to be
the missing link in the French paradox. In 1997, Jang et al. reported the first in vivo study
showing that resveratrol could reduce tumor mass in rodents. [31]. Authors showed that
resveratrol is effective in inhibiting tumor initiation, promotion, and progression [31]. Since
then, several studies have showed that resveratrol has a wide spectrum of biological activities
which include but are not limited to anti-inflammatory [36], antidiabetic [37], antibacterial [38],
antihypertensive [39], estrogen receptor modulation [40], chemopreventive [41] and antioxidant

[42] properties.
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1.11 Pharmacokinetics of resveratrol

Initial human pharmacokinetic studies of resveratrol after a single dose of 25 mg failed to detect
the parent polyphenol in plasma [43]. However, higher doses (25-5000 mg) revealed that the
maximum plasma concentration reached around 500 ng/mL, which clearly shows the limited
pharmacokinetic profile of this polyphenol [43]. Furthermore, the chemopreventive properties of
resveratrol in experimental animals were demonstrated after long exposure to this stilbene (as
long as 15-20 weeks of treatment) [43]. Resveratrol has a low water solubility (< 0.05 mg/mL),
which may alter its tissue distribution [44]. After resveratrol is absorbed, it rapidly conjugates
(particularly at position 3- and 4’-) to glucuronides as main conjugates [43]. The phase II
metabolizing enzyme SULT1A1 has shown sulfates conjugates of resveratrol, particularly at 4°-

position [43].

Resveratrol uptake into cells was demonstrated to be occurred through a carrier-mediated process
and passive diffusion in HepG2 cells [44]. Additionally, studies have shown that resveratrol
accumulates significantly in rat livers after being administered orally, a phenomenon that was

thought to be correlated with specific toxicity in malignant hepatocytes [44].

Due to its low hydrophilic nature, resveratrol binds to serum proteins and remains at
considerably high concentrations in the circulation [44]. Indeed, resveratrol has demonstrated a
slower passive transport in serum-containing cultures compared to its transport in serum-free
HepG2 cells [44]. Adding resveratrol to bovine serum albumin (BSA) decreased resveratrol
uptake by cells, suggesting that albumin can be considered ““a natural polyphenol reservoir” [44].
To this end, in addition to BSA, resveratrol has demonstrated binding properties to human serum

albumin (HSA) but only at high concentrations [44].

Studies have shown that resveratrol’s bioavailability is independent of the dose in rats [45]. A
single oral dose (50 mg/kg) showed an elimination half-life (t ,,, h) and bioavailability (F%) of
11.8 and 29.8% respectively, while a (150 mg/kg) dose exhibited 3.6 and 19%, for t ,, and F%
respectively [45]. The same observation was found after continuous administration (14
consecutive days) [45]. In humans, a 25 mg oral resveratrol dose revealed rapid absorption

(about 70%) but with negligible oral bioavailability due to its extensive metabolism (t i, of
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resveratrol metabolites of 9-10 hours) [32]. Resveratrol bioavailability has showed high inter-

individual variability, even though gender and age were found to have no direct effects [46].
1.12 Isomers of resveratrol and derivatives

In plants, resveratrol exists as both frans- and cis- isomers. However, the trans one is the major
and most stable isomer compared to the corresponding cis-isomer [44]. A trans-isomer can be
converted to a cis-isomer upon exposure to sunlight or UV radiation [44]. The majority of studies
have used trans isomers of resveratrol and its analogues due to their enhanced stability compared
to their cis-counterparts. However, recent reports have showed that cis-isomers for some
resveratrol analogues demonstrate enhanced anticancer effects compared to the corresponding
trans isomers, specifically when resveratrol derivatives are tested against human HT-29 [47] and

mouse metastatic B16 F10 cells [48].
1.13 Recent controversy about resveratrol

After nearly two decades of in vitro and in vivo research, many questions and concerns have
emerged about the efficacy of resveratrol. For example, in vitro effects of free resveratrol might
be irrelevant as this polyphenol is absorbed as conjugates [46]. Additionally, resveratrol doses
used in clinical trials as well as in the in vitro studies were far higher than resveratrol amounts
consumed in diets [46]. There is one factor that might add complexity to these controversial
results of resveratrol: the “hormetic-like” properties of this stilbene. Hormesis is a term used by
scientists to describe a U-shaped dose-response curve characterized by beneficial effects at low
doses, and toxic or inhibitory actions at high doses [49]. Resveratrol at low concentrations has
demonstrated an enhancement of tumor cell proliferation while at high concentrations it has
showed an inhibition of tumor growth [49]. This biphasic effect has led some authors to call
resveratrol a “two-edged sword” indicating that resveratrol concentration (or dose) will

determine its specific effects [49].

1.13.1 Resveratrol is active over a broad range of doses

In the literature, resveratrol has been used at low doses (which correspond to its dietary
constituents) and high doses (either isolated from plants or chemically synthesized) [50]. Of

note, resveratrol’s efficacy in rodents has been proven with both low and high doses [50].
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Human clinical trials conducted to determine a safely tolerated dose have used as low as 25 mg
and as high as 5 g in either capsule or caplet forms [51]. Resveratrol was reported to be safe due
to the absence of serious side effects detected by hematological, clinical, and biochemical tests
during the intervention and follow-up periods [51]. Additionally, gastrointestinal side effects
(mainly diarrhea, nausea, and abdominal pain) were observed with doses exceeding 1 g [51]. The
resveratrol content after moderate consumption of red wine is estimated to be around 1.25 mg/kg

[50].

The human-equivalent corresponding dose used in preclinical carcinogenesis models in rodents
has ranged from 2.5 mg to 1520 mg. The available literature reports utilized rodents suggest that
resveratrol is active over a wide range of doses [50]. This suggests that the inhibition of
carcinogenesis in different tissues could be influenced by the underlying mechanism of action as

well as concentrations of resveratrol in the given organ [28].

1.13.2 Low dose resveratrol is better than high dose for chemoprevention

A recent study found that a low dose of resveratrol (representing its dietary content) is more
efficacious than a high dose [52]. The chemopreventive effects of low doses were confirmed in
vivo (using ApcMin mice as a colorectal cancer model) as well as ex vivo (using human colorectal
tissues). Specifically, a 0.07 mg/kg/day dose reduced the tumor burden more significantly than
did a 200-fold higher dose (14 mg/kg/day) [52]. In parallel with these findings, the same group
reported that colorectal patients undergoing surgery who took a low dose of resveratrol (S5mg
daily for one week) had a greater increase in their cytoprotective enzyme NQOI1 levels than did
patients who received a 1g dose [52]. The authors warn that the idea “more is better” is not likely

the case for resveratrol [52].
1.14 Resveratrol and chemoprevention

The evidence of resveratrol in cancer chemoprevention has been explicitly studied in vitro as
well as in vivo. In cultured cells, resveratrol inhibited the proliferation of a wide range of tumor
cell lines such as A549, SW480, HepG2, HeLa, HL-60, LNCaP, HT-29 and MDA-MB-231 [53],
to name a few. In vivo, oral resveratrol in rats and mice decreased DMBA-induced and 12-O-

tetradecanoylphorbol-13-acetate-(TPA)-promoted skin tumors, suppressed 1,2-
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dimethylhydrazine-induced colon cancers, inhibited DMBA-triggered mammary carcinogenesis,

and reduced N-nitrosomethylbenzylamine-induced esophageal cancers [54].
1.15 Aspirin and chemoprevention

Colorectal cancer (CRC) is, perhaps, the most studied cancer in which aspirin has showed
positive chemoprevention actions. Epidemiological studies that included both men and women
revealed that aspirin reduced the incidence of CRC by about 70%. This percentage increases
with prolonged duration of aspirin intake [55]. Additionally, clinical studies have demonstrated a
decrease in the mortality rate by up to 48% after continuous aspirin intake in already diagnosed
CRC patients [55]. It is believed that aspirin, as well as other NSAIDs, exerts its
anticancer/chemopreventive  actions through COX-dependent and COX-independent
mechanisms. COX-independent mechanisms include but are not limited to apoptosis induction,

angiogenesis inhibition, NF-kB modulation and polyamine synthesis alterations [55].
1.16 Both aspirin and resveratrol eliminate tetraploid cells

Tetraploid cells represent genomically stable cells that are often found in pre-neoplastic lesions
as a result of the inactivation of tumor suppressors [56]. These types of cells contain twice as
many chromosomes as their normal, diploid counterparts [56]. Normally, once such variations in
diploid cells occur, apoptosis becomes activated to eliminate these abnormal cells [56].
Tetraploid cells have been detected in early stages of multiple human cancers that include but are
not limited to prostate, ovarian, colorectal, mammary, and gastric cancers [56]. In a recent
screening of potential compounds capable of eliminating these tetraploid cells, both resveratrol
and aspirin (and its metabolite, salicylate) showed interesting results [56]. Specifically,
resveratrol and salicylates selectively killed tetraploid cells while sparing their parental diploid
counterparts [56]. These chemopreventive actions of resveratrol and salicylates were confirmed
in vitro (in p53'/ "HCT116 cells), ex vivo (primary cells from p53'/' mice), and in vivo using an

Min’* mice model to represent human familial adenomatous polyposis (FAP) patients [56].

Apc
1.17 Resveratrol analogues

Resveratrol’s wide range of therapeutic properties and its poor pharmacokinetic profile prompted

research for new resveratrol analogues with improved pharmacokinetic and/or biological effects.
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Using a simple search in the “PubMed” database, and typing “resveratrol derivatives synthesis”
between 2006 and 2015 revealed 469 publications, which translates to an average of 47
publications annually. These analogues of resveratrol are varied in their chemical structure
nature as well as their targets. Examples include methoxylated and hydroxylated resveratrol
analogues that inhibited ribonucleotide activity in HT-29 cells [57], resveratrol imine derivatives
as potential agents to alleviate Alzheimer’s disease [58], 4’-methylthio-resveratrol analogues as

CYP1 inhibitors [59], and fluorinated resveratrol analogues as anti-proliferative agents [60].

An interesting approach to designing resveratrol analogues was to hybridize the resveratrol
structure (or stilbenes in general) with another active moiety to enhance the desired activity.
Examples of this hybridization strategy are resveratrol-avobenzone [61], resveratrol-nitroxide
[62], resveratrol-vitamin E [26], resveratrol-diclofenac conjugates [24], and resveratrol-coumarin

analogues [22] (Figure 1-2).

Loy

QQ

- f y

Figure 1-2 : Chemical structures of representative examples for the reported hybrid
resveratrol analogues. A: resveratrol-avobenzone, B: resveratrol-nitroxide, C:
resveratrol-vitamin E, D: resveratrol-coumarin, and E: resveratrol-diclofenac derivatives.
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1.18 Resveratrol-aspirin prodrugs

The attractive cancer chemoprevention properties of aspirin and resveratrol led to a recent work
by Zhu, Yingdong et al. [63] in which novel resveratrol-aspirin prodrugs have been synthesized
and evaluated as safe anticancer agents. These agents were in vivo metabolized to release the
parent molecules, aspirin (or salicylic acid) and resveratrol, in addition to other metabolites [63].
Some of these resveratrol-aspirin prodrugs showed an interesting chemopreventive profile
demonstrated by their inhibition of colony formation in HCT-116 and HT-29 cells, and their

induction of cell cycle arrest and apoptosis [63].

1.19 Molecular targets of resveratrol and aspirin

The broad spectrum of the biological activities of resveratrol requires this molecule to interact
with dozens of molecular targets. There are numerous validated targets for resveratrol actions. A
few examples of these target proteins are illustrated in (Figure 1-3). Of note, Figure 1-3 shows
that resveratrol interferes with key biological processes such as cell cycle, apoptosis, and cell
invasion. Aspirin exhibits cancer prevention by modulating certain proteins (via COX-dependent
and COX-independent mechanisms). Table 1-2 shows proteins modulated by aspirin (or
salicylates). Interestingly, there are shared proteins that are targeted by both aspirin and

resveratrol, and hence some of these targets were included in this study.
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Figure 1-3: Some of the important target proteins modulated by resveratrol.

Molecular targets Reference
COX-1 and COX-2 [64], [65]
NF-kB [65-68]
c-Jun-N-terminal Kinase [69]
(JNK)
P38 [70]
Wnt/B-catenin [71]
CYP1A1 [72]
DNA methylation [73]

Table 1-2: Molecular targets involved in carcinogenesis that are altered by aspirin and

salicylates.
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1.20 Drug design

Inspired by the multi-target properties of resveratrol, and the shared chemopreventive targets
between resveratrol and aspirin (or salicylates), we aimed to design hybrid molecules containing
resveratrol and salicylate scaffolds. We designed these hybrid molecules based on the addition of
a single carboxylic acid group at the position of 3’- in resveratrol’s chemical structure

(Figure 1-4).

Furthermore, we hypothesized that protecting phenol groups might enhance the biological
activities of these new derivatives, according to recent observations that methylated [74] and
acetylated [75] resveratrol analogues demonstrated improved anticancer potencies. Accordingly,
we designed and synthesized ten resveratrol-salicylate analogues that include hydroxylated,
methoxylated, and acetylated derivatives. Additionally, we included in this small library set one
derivative that is void of the carboxylic group at position 3’- for the purpose of structure-activity
relationships. We predicted that the new hybrid resveratrol derivatives would demonstrate

improved biological activities compared to the parent, resveratrol.
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3,4',5-trans-trihydroxystilbene (resveratrol) R;= OH

3,4',5-trans-trimethoxystilbene (TMS) R;= OCHj;

OR,

OH

Salicylic acid R,=H

Acetylsalicylic acid (aspirin) R,= Ac

Compound R, R, R; Ry Rs
3 H OCH; H CH; COOCH;5;
4 H OCHj3; H Ac COOCH;3
5 OCH3 H OCH3 Ac OCH3
6 OCH3; H OCH; Ac COOCH;3
7 OCHj3; H OCH; CH; COOCH;5;
8 H OH H H COOH
9 OH H OH H COOH
10 OH H OH H COOCH;5;
11 H OAc H Ac COOH
12 OAc H OAc Ac COOH

Figure 1-4: The design and chemical structures of resveratrol-salicylate derivatives.
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1.21 Aims and objectives

This study aims to develop and evaluate a new group of resveratrol derivatives which possess
improved chemopreventive and anti-inflammatory properties. The new derivatives will be
evaluated against CYP1A1 and DNMTs enzyme inhibition. Modulations of these analogues will
be assessed against selected inflammatory mediators (COXs, NF-kB and ROS).

Activities in this research project include designing, chemically synthesizing, and in vitro testing
of these derivatives in cultured cells and experimental animals to evaluate the potential

therapeutic effects of these analogues.

1.21.1 Hypothesis

Adding the carboxylic group at position 3’- in the resveratrol structure will produce a series of
hybrid resveratrol-salicylate analogues with enhanced anti-inflammatory and chemopreventive
properties compared to those of resveratrol. The main therapeutic target of this study is
colorectal cancer chemoprevention however, the current resveratrol-salicylate derivatives could

be also applicable in the chemoprevention of other cancers.

1.21.2 Research objectives

Objective one: to chemically synthesize resveratrol-salicylate analogues by exploring

Wittig, Horner-Wadsworth-Emmons (HWE), and Heck reactions.

Objective two: to test the potential of these resveratrol analogues to modulate the enzyme

CYPI1AL.
Objective three: to test the potential of these new derivatives to inhibit DNMT enzymes.

Objective four: to test the anti-inflammatory and antioxidant properties of these

analogues.

21



1.22 References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Jakobisiak M, Lasek W, Golab J. Natural mechanisms protecting against cancer. Immunol
Lett 2003, 90(2-3):103-22.

Samadi AK, Bilsland A, Georgakilas AG, Amedei A, Amin A, Bishayee A, et al. A multi-
targeted approach to suppress tumor-promoting inflammation. Semin Cancer Biol 2015.
Namasivayam N. Chemoprevention in experimental animals. Ann N Y Acad Sci 2011,
1215:60-71.

Wang H, Khor TO, Shu L, Su ZY, Fuentes F, Lee JH, et al. Plants vs. cancer: a review on
natural phytochemicals in preventing and treating cancers and their druggability.
Anticancer Agents Med Chem 2012, 12(10):1281-305.

Soobrattee MA, Bahorun T, Aruoma OI. Chemopreventive actions of polyphenolic
compounds in cancer. Biofactors 2006, 27(1-4):19-35.

Shu L, Cheung KL, Khor TO, Chen C, Kong AN. Phytochemicals: cancer
chemoprevention and suppression of tumor onset and metastasis. Cancer Metastasis Rev
2010, 29(3):483-502.

Lee KW, Bode AM, Dong Z. Molecular targets of phytochemicals for cancer prevention.
Nat Rev Cancer 2011, 11(3):211-8.

Badal S, Delgoda R. Role of the modulation of CYP1A1 expression and activity in
chemoprevention. J Appl Toxicol 2014, 34(7):743-53.

Guarrera S, Sacerdote C, Fiorini L, Marsala R, Polidoro S, Gamberini S, et al. Expression
of DNA repair and metabolic genes in response to a flavonoid-rich diet. Br J Nutr 2007,
98(3):525-33.

Huang YW, Kuo CT, Stoner K, Huang TH, Wang LS. An overview of epigenetics and
chemoprevention. FEBS Lett 2011, 585(13):2129-36.

Gerhauser C. Cancer chemoprevention and nutriepigenetics: state of the art and future
challenges. Top Curr Chem 2013, 329:73-132.

Gros C, Fahy J, Halby L, Dufau I, Erdmann A, Gregoire JM, et al. DNA methylation
inhibitors in cancer: recent and future approaches. Biochimie 2012, 94(11):2280-96.

22



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Shukla S, Meeran SM, Katiyar SK. Epigenetic regulation by selected dietary
phytochemicals in cancer chemoprevention. Cancer Lett 2014, 355(1):9-17.

Denis H, Ndlovu MN, Fuks F. Regulation of mammalian DNA methyltransferases: a route
to new mechanisms. EMBO Rep 2011, 12(7):647-56.

Cerella C, Sobolewski C, Dicato M, Diederich M. Targeting COX-2 expression by natural
compounds: a promising alternative strategy to synthetic COX-2 inhibitors for cancer
chemoprevention and therapy. Biochem Pharmacol 2010, 80(12):1801-15.

Bertagnolli M. Cyclooxygenase-2 and Chronic Inflammation: Drivers of Colorectal
Tumorigenesis. In: Markowitz SD, Berger NA, editors. Energy Balance and
Gastrointestinal Cancer: Springer US; 2012. p. 157-82.

Hayden MS, Ghosh S. NF-kappaB, the first quarter-century: remarkable progress and
outstanding questions. Genes Dev 2012, 26(3):203-34.

Lugman S, Pezzuto JM. NFkappaB: a promising target for natural products in cancer
chemoprevention. Phytother Res 2010, 24(7):949-63.

Baker RG, Hayden MS, Ghosh S. NF-kappaB, inflammation, and metabolic disease. Cell
Metab 2011, 13(1):11-22.

Ben-Neriah Y, Karin M. Inflammation meets cancer, with NF-kappaB as the matchmaker.
Nat Immunol 2011, 12(8):715-23.

Kwak JH, Jung JK, Lee H. Nuclear factor-kappa B inhibitors; a patent review (2006-
2010). Expert Opin Ther Pat 2011, 21(12):1897-910.

Belluti F, Fontana G, Dal Bo L, Carenini N, Giommarelli C, Zunino F. Design, synthesis
and anticancer activities of stilbene-coumarin hybrid compounds: Identification of novel
proapoptotic agents. Bioorg Med Chem 2010, 18(10):3543-50.

Kundu JK, Surh YJ. Inflammation: gearing the journey to cancer. Mutat Res 2008, 659(1-
2):15-30.

Xu Z, WuJ, Zheng J, Ma H, Zhang H, Zhen X, et al. Design, synthesis and evaluation of a
series of non-steroidal anti-inflammatory drug conjugates as novel neuroinflammatory
inhibitors. Int Immunopharmacol 2015, 25(2):528-37.

Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB. Oxidative stress, inflammation, and
cancer: how are they linked? Free Radic Biol Med 2010, 49(11):1603-16.

23



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Yang J, Liu GY, Lu DL, Dai F, Qian YP, Jin XL, et al. Hybrid-increased radical-
scavenging activity of resveratrol derivatives by incorporating a chroman moiety of
vitamin E. Chemistry 2010, 16(43):12808-13.

Zhou P, Cheng SW, Yang R, Wang B, Liu J. Combination chemoprevention: future
direction of colorectal cancer prevention. Eur J Cancer Prev 2012, 21(3):231-40.

Koeberle A, Werz O. Multi-target approach for natural products in inflammation. Drug
Discov Today 2014, 19(12):1871-82.

Medina-Franco JL, Giulianotti MA, Welmaker GS, Houghten RA. Shifting from the
single to the multitarget paradigm in drug discovery. Drug Discov Today 2013, 18(9-
10):495-501.

Anighoro A, Bajorath J, Rastelli G. Polypharmacology: challenges and opportunities in
drug discovery. J Med Chem 2014, 57(19):7874-87.

Signorelli P, Ghidoni R. Resveratrol as an anticancer nutrient: molecular basis, open
questions and promises. J Nutr Biochem 2005, 16(8):449-66.

Neves AR, Lucio M, Lima JL, Reis S. Resveratrol in medicinal chemistry: a critical
review of its pharmacokinetics, drug-delivery, and membrane interactions. Curr Med Chem
2012, 19(11):1663-81.

Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in vivo evidence. Nat Rev
Drug Discov 2006, 5(6):493-506.

Takaoka MJ. Of the Phenolic Substances of White Hellebore (Veratrum grandiflorum
Loes . fil.). Jour Fac Sci Hokkaido Univ 1940, 3:1-16.

Nonomura S KH, and Makimoto A. [Chemical ConstituConstituents of Polygonaceous
Plants. 1. Studies on the Components of Ko-J O-Kon. (Polygonum Cuspidatum Sieb. et
Zucc.)]. Yakugaku zasshi : Journal of the Pharmaceutical Society of Japan 1963, 83:988-
90.

Bisht K, Wagner KH, Bulmer AC. Curcumin, resveratrol and flavonoids as anti-
inflammatory, cyto- and DNA-protective dietary compounds. Toxicology 2010, 278(1):88-
100.

Gwak H, Haegeman G, Tsang BK, Song YS. Cancer-specific interruption of glucose
metabolism by resveratrol is mediated through inhibition of Akt/GLUTI! axis in ovarian

cancer cells. Mol Carcinog 2015, 54:1529-40

24



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Sun D, Hurdle JG, Lee R, Lee R, Cushman M, Pezzuto JM. Evaluation of flavonoid and
resveratrol chemical libraries reveals abyssinone II as a promising antibacterial lead.
ChemMedChem 2012, 7(9):1541-5.

Rodrigo R, Gil D, Miranda-Merchak A, Kalantzidis G. Antihypertensive role of
polyphenols. Adv Clin Chem 2012, 58:225-54.
Gehm BD, Levenson AS, Liu H, Lee E-J, Amundsen BM, Cushman M, et al. Estrogenic
effects of resveratrol in breast cancer cells expressing mutant and wild-type estrogen
receptors: role of AF-1 and AF-2. J Steroid Biochem Mol Biol 2004, 88(3):223-34.

Juan ME, Alfaras I, Planas JM. Colorectal cancer chemoprevention by trans-resveratrol.
Pharmacol Res 2012, 65(6):584-91.

Frombaum M, Le Clanche S, Bonnefont-Rousselot D, Borderie D. Antioxidant effects of
resveratrol and other stilbene derivatives on oxidative stress and NO bioavailability:
Potential benefits to cardiovascular diseases. Biochimie 2012, 94(2):269-76.

Walle T. Bioavailability of resveratrol. Ann N'Y Acad Sci 2011, 1215(1):9-15.

Delmas D, Aires V, Limagne E, Dutartre P, Mazue F, Ghiringhelli F, et al. Transport,
stability, and biological activity of resveratrol. Ann N'Y Acad Sci 2011, 1215(1):48-59.

Kapetanovic IM, Muzzio M, Huang Z, Thompson TN, McCormick DL.

Pharmacokinetics, oral bioavailability, and metabolic profile of resveratrol and its
dimethylether analog, pterostilbene, in rats. Cancer Chemother Pharmacol 2011,
68(3):593-601.

Tome-Carneiro J, Larrosa M, Gonzalez-Sarrias A, Tomas-Barberan FA, Garcia-Conesa
MT, Espin JC. Resveratrol and clinical trials: the crossroad from in vitro studies to human
evidence. Curr Pharm Des 2013, 19(34):6064-93.

Paul S, Mizuno CS, Lee HJ, Zheng X, Chajkowisk S, Rimoldi JM, et al. In vitro and in
vivo studies on stilbene analogs as potential treatment agents for colon cancer. Eur J Med
Chem 2010, 45(9):3702-8.

Morris VL, Toseef T, Nazumudeen FB, Rivoira C, Spatafora C, Tringali C, et al. Anti-
tumor properties of cis-resveratrol methylated analogs in metastatic mouse melanoma cells.

Mol Cell Biochem 2015, 402(1-2):83-91.

25



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Borriello A, Bencivenga D, Caldarelli I, Tramontano A, Borgia A, Pirozzi AV, et al.
Resveratrol and cancer treatment: is hormesis a yet unsolved matter? Curr Pharm Des
2013, 19(30):5384-93.

Scott E, Steward WP, Gescher AJ, Brown K. Resveratrol in human cancer
chemoprevention--choosing the 'right' dose. Mol Nutr Food Res 2012, 56(1):7-13.

Patel KR, Scott E, Brown VA, Gescher Al, Steward WP, Brown K. Clinical trials of
resveratrol. Ann N Y Acad Sci 2011, 1215(1):161-9.

Cai H, Scott E, Kholghi A, Andreadi C, Rufini A, Karmokar A, et al. Cancer
chemoprevention: Evidence of a nonlinear dose response for the protective effects of
resveratrol in humans and mice. Sci Transl Med 2015, 7(298): 298ral17.

Aldawsari FS, Velazquez-Martinez CA. 3.,4',5-trans-Trimethoxystilbene; a natural
analogue of resveratrol with enhanced anticancer potency. Invest New Drugs 2015,
33(3):775-86.

Wang J, Jiang YF. Natural compounds as anticancer agents: Experimental evidence.
World J Exp Med 2012, 2(3):45-57.

Avivi D, Moshkowitz M, Detering E, Arber N. The role of low-dose aspirin in the
prevention of colorectal cancer. Expert Opin Ther Targets 2012, 16 Suppl 1:S51-62.

Lissa D, Senovilla L, Rello-Varona S, Vitale I, Michaud M, Pietrocola F, et al.
Resveratrol and aspirin eliminate tetraploid cells for anticancer chemoprevention. Proc
Natl Acad Sci U.S.A 2014, 111(8):3020-5.

Saiko P, Pemberger M, Horvath Z, Savinc I, Grusch M, Handler N, et al. Novel
resveratrol analogs induce apoptosis and cause cell cycle arrest in HT29 human colon
cancer cells: inhibition of ribonucleotide reductase activity. Oncol Rep 2008, 19(6):1621-6.

Li SY, Wang XB, Kong LY. Design, synthesis and biological evaluation of imine
resveratrol derivatives as multi-targeted agents against Alzheimer's disease. Eur J Med
Chem 2014, 71:36-45.

Mikstacka R, Rimando AM, Dutkiewicz Z, Stefanski T, Sobiak S. Design, synthesis and
evaluation of the inhibitory selectivity of novel trans-resveratrol analogues on human

recombinant CYP1A1, CYP1A2 and CYP1BI1. Bioorg Med Chem 2012, 20(17):5117-26.

26



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Moran BW, Anderson FP, Devery A, Cloonan S, Butler WE, Varughese S, et al.
Synthesis, structural characterisation and biological evaluation of fluorinated analogues of
resveratrol. Bioorg Med Chem 2009, 17(13):4510-22.

Reis JS, Corréa MA, Chung MC, dos Santos JL. Synthesis, antioxidant and
photoprotection activities of hybrid derivatives useful to prevent skin cancer. Bioorg Med
Chem 2014, 22(9):2733-8.

Kalai T, Borza E, Antus C, Radnai B, Gulyas-Fekete G, Fehér A, et al. Synthesis and
study of new paramagnetic resveratrol analogues. Bioorg Med Chem 2011, 19(24):7311-7.
Zhu Y, Fu J, Shurlknight KL, Soroka DN, Hu Y, Chen X, et al. Novel Resveratrol-Based
Aspirin Prodrugs: Synthesis, Metabolism, and Anticancer Activity. ] Med Chem 2015,
58(16):6494-506.

Vane JR, Botting RM. The mechanism of action of aspirin. Thromb Res 2003, 110(5-
6):255-8.

Zhang T, Sun L, Liu R, Zhang D, Lan X, Huang C, et al. A novel naturally occurring
salicylic acid analogue acts as an anti-inflammatory agent by inhibiting nuclear factor-
kappaB activity in RAW264.7 macrophages. Mol Pharm 2012, 9(3):671-7.

Yin MJ, Yamamoto Y, Gaynor RB. The anti-inflammatory agents aspirin and salicylate
inhibit the activity of I(kappa)B kinase-beta. Nature 1998, 396(6706):77-80.

Alpert D. Inhibition of Ikappa B Kinase Activity by Sodium Salicylate in Vitro Does Not
Reflect Its Inhibitory Mechanism in Intact Cells. J Biol Chem 2000, 275(15):10925-9.

Stark LA, Din FV, Zwacka RM, Dunlop MG. Aspirin-induced activation of the NF-
kappaB signaling pathway: a novel mechanism for aspirin-mediated apoptosis in colon
cancer cells. FASEB J 2001, 15(7):1273-5.

Schwenger P, Alpert D, Skolnik EY, Vilcek J. Cell-type-specific activation of c-Jun N-
terminal kinase by salicylates. J Cell Physiol 1999, 179(1):109-14.

Schwenger P, Bellosta P, Vietor I, Basilico C, Skolnik EY, Vilcek J. Sodium salicylate
induces apoptosis via p38 mitogen-activated protein kinase but inhibits tumor necrosis
factor-induced c-Jun N-terminal kinase/stress-activated protein kinase activation. Proc Natl

Acad Sci U S A 1997, 94(7):2869-73.

27



[71]

[72]

[73]

[74]

[75]

Bos CL, Kodach LL, van den Brink GR, Diks SH, van Santen MM, Richel DIJ, et al.
Effect of aspirin on the Wnt/B-catenin pathway is mediated via protein phosphatase 2A.
Oncogene 2006, 25(49):6447-56.

Abbadessa G, Spaccamiglio A, Sartori ML, Nebbia C, Dacasto M, Di Carlo F, et al. The
aspirin metabolite, salicylate, inhibits 7,12-dimethylbenz[a]anthracene-DNA adduct
formation in breast cancer cells. Int J Oncol 2006, 28(5):1131-40.

Yiannakopoulou E. Targeting epigenetic mechanisms and microRNAs by aspirin and
other non steroidal anti-inflammatory agents - implications for cancer treatment and
chemoprevention. Cell Oncol 2014, 37(3):167-78.

Chen Y, Hu F, Gao Y, Jia S, Ji N, Hua E. Design, synthesis, and evaluation of
methoxylated resveratrol derivatives as potential antitumor agents. Res Chem Intermediat
2013:1-14.

Sassi N, Mattarei A, Azzolini M, Bernardi P, Szabo I, Paradisi C, et al. Mitochondria-
targeted resveratrol derivatives act as cytotoxic pro-oxidants. Curr Pharm Des 2014,

20(2):172-9.

28



Chapter 2: Literature Review

This chapter is published as Fahad S. Aldawsari, Carlos A. Velazquez-Martinez. “3,4’,5-trans-
Trimethoxystilbene; a natural analogue of resveratrol with enhanced anticancer potency”. Invest.
New Drugs, 2015, 33(3):775-786. I performed the literature search and prepared the manuscript.
Velazquez-Martinez, CA was the supervisory author and was involved in the manuscript
organization.
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2.1 Introduction

Resveratrol (3,4’,5-trans-trihydroxystilbene, Figure 2-1) is a natural polyphenol which has
shown a plethora of biological activities. These activities are attributed to its interference with
multiple signalling pathways which include but are not limited to inflammatory mediators (e.g.
COX-1/2,iINOS, TNF), transcription factors (e.g. NF-xB, B-catenin, STAT3, PPAR-y), cell cycle
regulatory genes (e.g., cyclins, CDKs, p53), angiogenic genes (e.g., VEGF, MMPs, ICAM-1),
apoptotic genes (e.g., survivin, Bel-2, Bel-X;), antioxidant enzymes (e.g., SOD, CAT, HO-1),
and protein kinases (e.g., AKT, PI3K, JNK) [1]. Most of these targets are associated with
different stages of carcinogenesis, which is why resveratrol has been recognized as an inhibitor

of cancer initiation, progression, and metastasis.

In 1997, Jang et al. documented the first cancer-preventive properties of resveratrol [2]. Since
then, a considerable amount of work has been conducted to elucidate resveratrol’s mechanism of
action. There are several reviews describing the in vivo and in vitro biological effects exerted by
resveratrol [3-6], but despite about 18 years of continuous research into its chemopreventive
effects, there are still many questions and concerns about its potency, efficacy, and safety [7-9].
Furthermore, despite the relatively high commercial success of several “alternative” products
containing resveratrol, its low chemical stability [10], low bioavailability [10], high metabolic
rate [10], and the lack of properly controlled clinical studies, make the use of this polyphenol
controversial, to say the least, as an effective chemopreventive, adjuvant, or chemotherapeutic
agent [7, 11]. Moreover, questions have been raised about whether the dose of resveratrol that
has been proven to be somewhat promising in animal models can be reliably extrapolated to
humans [7, 8]. All these issues have prompted searches for improved resveratrol analogues in

addition to establishing efficient delivery systems for resveratrol itself [12, 13].

3,4’ ,5-trans-Trimethoxystilbene (TMS) (Figure 2-1), is a natural analogue of resveratrol which
has been found to exhibit antitumor activities, superior to those of resveratrol, on multiple targets
involved in carcinogenesis. TMS has been identified in the literature by different names,
including “resveratrol trimethyl ether” (RTE) [14, 15], MR-3 [16, 17], M-5 [18], BTM-0521
[19], trimethoxy resveratrol [20], trimethylated resveratrol [21], and, as noted at the beginning of

this paragraph, TMS [22-24].
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Comparatively speaking, TMS has been under the scientific community’s radar for many years.
In this literature review, we report the findings of a comprehensive literature search in which we
compiled publications from 2002-2015 (Figure 2-1) describing potential anticancer properties of
TMS. These publications were considerably lower than those of TMS’s hydroxylated analogue,
resveratrol. Consequently, we considered it is essential to carry out a comprehensive literature
search to collect available (and applicable) information to address the question of whether or not
this methoxylated derivative could constitute a suitable alternative to resveratrol. In the current
review, we discuss available reports in which TMS has been studied (screened) as an anticancer
or chemopreventive agent, regardless of whether or not it was compared to resveratrol. At the
end of this review, we submit two key findings. First, the more lipophilic and cell membrane-
permeable TMS is not sufficiently studied, considering that its chemical structure only differs
from that of resveratrol for having three methyl groups (small, lipophilic, and naturally
occurring). Second, the potential anticancer profile of TMS is promising enough (despite the low
number of publications) to merit additional studies, opening the door for future research projects

in which this compound can be used and compared to resveratrol.
2.2 Materials and methods

A literature search was conducted in PubMed and Web of Science databases by searching
keywords such as “TMS,” “trimethoxy resveratrol,” and “trimethoxy stilbene.” Then, results
were filtered to make sure they were specific for the compound 3,4°,5-trans-trimethoxystilbene,
and not for other related stilbenes. A chemical structural search was also performed using the
“SciFinder” database. Only articles in English were retrieved from all databases. The first study
to describe the anticancer effects of TMS was published in 2002. For comparative purposes, we
searched for “resveratrol anticancer” in PubMed between 2002 and 2015. The search revealed
445 papers. The total number of TMS anticancer publications in this review was 58 articles. The

individual number of publications per year can be found in Figure 2-1.
2.3 TMS sources

The first documented natural source of TMS was reported in 1969 by Blair, G.E. and coworkers
[25]. A petroleum ether extract of the plant Virola cuspidate (species from this plant genus were

used by South American Indians to prepare narcotic snuffs and as an arrow poison [25, 26]), was
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used to isolate TMS [25]. TMS was subsequently isolated from different plant genera [27-33].
Recent analytical studies of dietary sources such as grape berries [34], grapevine [35], almonds
[36] and peanuts [37, 38] have revealed that they all contain resveratrol but not TMS. The
majority if not all of the TMS used in literature studies was chemically synthesized in
laboratories. The common synthetic procedures employed to obtain TMS involve chemical
reactions such as a Wittig reaction [39], Heck coupling [40], a Horner-Wadsworth-Emmons
(HWE) reaction [41] and a Perkin reaction [42], all of which produced TMS in moderate to good

yields.
OH OCH,3

O X ‘ OH ‘ A ‘ OCH,
HO Hy,CO

34" 5-rrans-trihyvdroxystilbene 34" 5-trans-trimethoxystilbene
(Resveratrol) (TMS)
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- a0
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m TMS | 40

- 30
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Figure 2-1 : Comparison between anticancer publications of resveratrol and TMS.
The graph shows the number of publications describing the potential anticancer
properties of both TMS (black) and resveratrol (grey), between 2002-2015.
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2.4 Invitro anti-proliferative effects

Even though resveratrol and TMS have very similar chemical structures, TMS has showed a
higher cell proliferation inhibition than resveratrol against numerous cancer cell lines using in
vitro cytotoxic assays (Table 2-1). As shown in Table 2-1, TMS’s potency to inhibit cancer cell
proliferation varies according to the literature source, ranging from nearly equipotent efficacy
compared to resveratrol [20], to up to seven-fold higher than resveratrol [18]. Perhaps the only
exceptions are the SW480 [43] and PC-3 cells [44], in which resveratrol was more potent than
TMS. TMS’s enhanced in vitro anticancer effect can be partially attributed to two main reported
features. First, the three methoxy groups in the TMS structure enhance the lipophilic character of
this molecule (calculated LogP values: TMS = 3.85 while resveratrol = 3.06) [44], increasing its
cell membrane permeability, and ultimately its intracellular concentration [14, 20, 45]. Second,
TMS had been reported to destabilize microtubule formation in cancer cells when administered
at concentrations as low as 1.0 uM, whereas resveratrol did not exert this effect to a significant

extent [46].

In regard to the conformational structure of TMS, it is a fact that the corresponding cis isomer of
TMS has shown higher cancer cell proliferation inhibition than the frans-isomer. This is
particularly true for human colon cancer cells (HT-29 and Caco-2 [47, 48]) and mouse
melanoma B16 F10 cells [49]. However, it is important to point out that even though the trans-
resveratrol has been, by far, the preferred isomer cited in anticancer studies, the trans-TMS
isomer has followed a similar pattern (most studies in the literature were carried out with the

trans-isomer of TMS).

An interesting observation related to the effects produced by resveratrol against cancer cell lines
in vitro is illustrated by a concentration-dependent biphasic effect. This phenomenon has been
reported in several tumor cell lines including breast, colon, lung, prostate, and liver [51], as well
as in leukemia [50]. This biphasic (“hermetic-like”) action exerted by resveratrol is characterized
by the inhibition of cancer cell proliferation at high concentrations, whereas at low
concentrations, resveratrol seems to enhance cancer cell proliferation [50]. To the best of our
knowledge, this hermetic effect has not been reported for TMS, and it constitutes a highly
promising research area, considering that it could be one essential area in which TMS could

potentially have an advantage over resveratrol.
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Cell line Origin Species | Resveratrol ICsy | TMS ICs Ref.
(uM) (uM)
DU-145 Prostate Human 42.3 9.7 [20]
LNCaP Prostate Human 12.7 2.5 [20]
PC-3M Prostate Human 31.5 23.3 [20]
PC-3 Prostate Human 0.6+ 0.01 3.6+0.9 [44]
22Rv1 Prostate Human 149.92 9.45 [52]
M-14 Skin Human 31.0+3.1° 121+1.7° [53]
WI38VA Skin fibroblast | Human 50 25-50 [54]
KB Nasopharyngeal | Human >80 10.2+0.5 [55]
A549 Lung Human 6.9° 0.8° [56]
CH27 Lung Human Not reported 92 [16]
HT-29 Colon Human 453+44 16.1+5 [47]
Caco-2 Colon Human 24.35+0.2 11.95+£2.9 [47]
SW480 Colon Human 20+3 54+ 8 [43]
MCF-7 Breast Human 47.7 6.6 [18]
(RE.M
[erbB2])
MDA-MB- Breast Human 20.5+2.6 1.2+0.2 [57]
231
Hepalclc7 Liver Mouse >25 5.2 [58]
HepG2 Liver Human 389+6 11.99+£1.9 | [59], [60]
Vero Kidney Monke 73.6 26.7 [33]
y
HeLa Cervical Human No activity at 13.3 [33]
100 uM
SK-OV-3 Ovarian Human 113 55.5 [33]
BXPC-3 Pancreas Human 33°¢ 0.35°¢ [61]
HL-60 Blood Human 5+2 25+0.6 [62], [63]

Table 2-1: In vitro cytotoxic potencies of TMS versus resveratrol against several tumor
cells; * Reported as Glso (uM). ® The ICso was reported as (g/mL). ¢ Reported as Glso (ug/mL).

2.5 Invivo anti-proliferative effects (xenograft models)

The in vivo anticancer effects exerted by resveratrol have been studied in xenograft models using

a wide range of cancer cells; a comprehensive summary is shown in Table 2-2.
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Resveratrol Route of Cell line Tissue origin Ref.
(dose, mg/kg) administration

100 1.v. SUM159 Breast [64]

40 Oral gavage MCF-10A-Tr Breast [65]

50 Oral gavage MDA-MB-231 Breast [66]

50, 100, 200 1.p. SKOV3 Ovary [67]

50, 100 1.p. PA-1 Ovary [68]

30 Oral gavage PC-3 Prostate [69]

20 Oral gavage PC-3M-MM?2 Prostate [70]

50 Oral gavage LNCaP-Luc Prostate [20]

40 Oral gavage MIA-PaCa2 Pancreas [71]

10, 50 Oral gavage MIA-PaCa2 Pancreas [72]

15, 30, 60 1.v. A549 Lung [73]

20 1.p. A549/VC Lung [74]

20 1.p. CNE-27 Nasopharynx [75]

10, 50 Oral gavage FaDu Pharynx [76]

40 Oral gavage BGC-823 Stomach [77]

20, 40 Oral gavage HNC-TIC Head-neck [78]

20 L.p. Mz-ChA-1 Bile duct [79]

20 L.p. T24 Bladder [80]

150 Oral gavage HCT-116 Colon [81]

10, 20, 30 Not specified A431 Skin [82]

Table 2-2: Xenograft models used to confirm the in vivo anticancer properties of
resveratrol. In these studies, resveratrol significantly reduced tumor cell growth compared to the
control.

Out of twenty in vivo studies, eight used injections (i.v. or ip.) as the main route of
administration, as this method assures complete absorption. These studies reported a significant
anticancer profile as determined by a decrease in tumor size and weight [64, 67, 68, 73-75, 79,
80]. However, when resveratrol is administered orally, it seems that the preferred method of
study is to pre-treat the animals with resveratrol (chemopreventive approach) before the
subcutaneous injection of cancer cells [20, 70, 72]. One study that followed this protocol used as
high as 150 mg/kg of resveratrol (oral dose) [81] to achieve the significant antiproliferative
effect, which highlights that bioavailability of this polyphenol represents a critical issue in these

models.

It has been difficult to reconcile the different results reported in the literature on the efficacy and

potency of resveratrol in prostate cancer, since there is conflicting evidence showing that
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resveratrol in some cases is an effective inhibitor of cancer cell proliferation [20, 69, 70],
whereas in other studies it shows negligible activity compared to the control group [83, 84].
These discrepancies could be attributed to differences in cell type, dose, route of administration,
or the different treatment protocols (chemopreventive vs. chemotherapeutic). In addition to these
discrepancies, resveratrol has also been associated with a decrease (“worsening”) in the survival

rate of SCID mice in which prostate cancer cells (LAPC-4) were injected [85].

In agreement with the experiments conducted using prostate cancer cells, similar findings have
been reported for other cancer cells such as melanoma cells [DM738 ([84], and DM443 [86]]. In
these studies, authors showed that resveratrol had weak anticancer activity compared to the
control group. Furthermore, resveratrol enhanced tumor cell proliferation in xenograft models
using melanoma MDA-MB-435 cells, relative to the effect observed in the control [87]. This
lack of significant activity was also reported in xenograft models using acute lymphoblastic
leukemia (SEM cells), in which detailed analysis showed no significant difference between
control- and resveratrol-fed mice [88]. Possible explanations for these variations among the in
vivo anticancer effects of resveratrol are the resveratrol dose (considering the “hermetic-like”
characteristic mentioned earlier in this review), the integrity and identity of the resveratrol-mixed
diet, or the sex of the experimental animals (taking into consideration that resveratrol is a

phytoestrogen).

TMS has been much less studied in xenograft experiments. Therefore, an objective comparison
between TMS and resveratrol is difficult at this point. Nevertheless, one of the few reports
describing the in vivo anticancer profile of TMS involved prostate cancer cells (LNCaP-Luc)
injected into nude mice [20]. In this study, the authors report that the oral administration of TMS
(50 mg/kg) led to a significant decrease in tumor formation and tumor progression compared to
the control group [20]. In a different study, TMS (50 mg/kg, i.p.) produced a significant
anticancer effect on colon cancer cells (COLO 205) when injected three times per week for 23
days into nude mice [89]. TMS showed an evident reduction of tumor growth accompanied by a
significant inhibition of tumor/body weight ratio [89]. In a complementary study, TMS (10
mg/kg, i.p.) led to a significant reduction of both tumor weight (21% decrease) and tumor

volume (45% decrease) of colon cancer cells (HT-29) in mice [47].
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These results suggest that TMS has a higher anticancer profile than that exerted by resveratrol.
However, it is also evident that to date, the literature data is limited and merits further

investigation.
2.6 TMS and apoptosis

An early study by Weng et al. [16] proposed similar apoptotic effects exerted by resveratrol and
TMS. The authors reported that human lung carcinoma cells (A549 and CH27) experienced a
significant degree of apoptosis when incubated in the presence of these stilbenes at
concentrations ranging from 10 to 100 uM [16]. Using flow cytometry and staining (Annexin V-
FITC and PI), TMS and resveratrol increased the number of cells undergoing apoptosis in a
dose-dependent fashion. However, the increasing inhibition of cell proliferation exerted by TMS
in CH27 cells was not correlated with the extent of apoptosis [16]. Therefore, the authors
suggested that additional mechanisms other than apoptosis could be involved in the anticancer
effects exerted by TMS in these cells [16]. This study is one of the early distinguishing features

of TMS compared to resveratrol.

In another study, both TMS and resveratrol induced apoptosis in a clone of the MCF-7 breast
cancer cell line into which a mutant p53 gene had been inserted [18]. According to this report,
the “I,Cso” values (expressed as the concentration of a compound needed to inhibit cell
proliferation by 50%), for TMS and resveratrol were 6.9 uM and 27 uM respectively [18]. This
indicates a four-fold enhanced activity of TMS compared to resveratrol. However, in the wild-
type MCF-7 cells, TMS and resveratrol showed more or less the same potency with I,Cs values
of 7.5 and 9.2 uM respectively. The authors suggested that the increased antiproliferative effect
exerted by TMS might be p53-independent [18]. In the same report, the authors provided
additional evidence to suggest a significant difference in the mechanism of antiproliferative
activity between TMS and resveratrol; they used other two variants of the cloned MCF-7 cell
line possessing the mutant p53 protein. Those variants had been modified to be resistant to 2'-
deoxy-5-fluorouridine and arabinosylcytosine. In this model, TMS showed a 2.5-fold higher

potency than resveratrol [18].

The hypothesis that TMS could terminate cancer cell proliferation through a p53-independent

mechanism is supported by two studies of Hsieh et al. In the first paper, the authors explained
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that TMS and resveratrol did not change p53 mRNA levels in LNCaP cells [90]. However, in the
second study, in which the authors used MCF-7 cells, TMS decreased the expression of a
downstream target of p53, namely the transcription factor pS3R2, whereas resveratrol had the
opposite effect [91]. Of note, resveratrol upregulation of p53 has been previously reported in
mouse skin exposed to the carcinogen DMBA [92] as well as in the MTA1-silenced human
prostate cancer DU145 and LNCaP cells [93]. These differences in p53 regulation by resveratrol
and TMS further confirm the different mechanisms by which these natural agents alter tumor cell

proliferation.

Additional evidence supporting a significant difference between TMS and resveratrol is seen in
the work published by Daniele et al., in which they tested the in vitro apoptotic effects of several
stilbenes (including resveratrol and TMS) on myeloblastic acute leukemia cells (HL-60), using
the Annexin V test and morphological examination. They observed that the apoptotic effect
(expressed as ACs) induced by TMS was found to be 10-12 times higher than that of resveratrol
(4.0 = 2.1 uM and 50 £+ 6 uM respectively) [63]. Additionally, TMS (at 10 pM) showed a higher

pro-apoptotic potential than resveratrol in human neutrophils stimulated with TPA [24].

The human androgen-responsive prostate cancer cell (LNCaP) has been used to evaluate the
effects of several resveratrol analogues on cell cycles and apoptosis [94]. Using flow cytometry,
Wang et al. reported that resveratrol induced cell cycle arrest (at G1/S) after 72 hours post-
treatment, whereas TMS produced a significant effect at the G2/M phase much sooner than
resveratrol (as early as 24 hours post-treatment) [94]. In the same study, cell cycle arrest was also
assessed by measuring the expression of the cyclin inhibitors CDKN1A and CDKN1B (mRNA
level). In this regard, resveratrol showed a significant upregulation of both cyclin inhibitors at 25
uM. Of note, TMS upregulated both CDKN1A and CDKNI1B at much lower concentrations (1
UM and 5 uM respectively) [94]. Additionally, it was observed that resveratrol exhibited weak
apoptotic effects while TMS showed a significant dose-dependent action at concentrations as low
as 5 uM [94]. Importantly, during the evaluation of apoptosis-associated caspase 3/7 activation,
TMS (but not resveratrol) led to about a six-fold induction in caspase activity compared to the
control [94]. The authors commented that despite the similarity in chemical structures between
resveratrol and TMS, each stilbene exerts different effects on LNCaP cells [94]. TMS did not

induce ceramide accumulation (as a pro-apoptotic marker) in MDA-MB-231 cells, despite
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showing a high antiproliferative effect [57], whereas resveratrol showed a significant ceramide

accumulation [57].
2.7 TMS and angiogenesis

Alex D. et al. [95] studied the anti-angiogenic properties of TMS and resveratrol in two models:
an in vitro model using HUVEC cells, and an in vivo model of blood vessel formation in
transgenic Zebrafish embryos [95]. The results of the in vivo experiment showed that resveratrol
had a negligible effect on blood vessel formation at the highest tested concentration (100 pM)
[95]. In contrast, TMS exhibited a significant inhibition of angiogenesis at 10 and 30 uM,
compared to the control (untreated) group [95]. The authors suggested that TMS might target
EGFR, which could explain the reduction in neovascularization [95]. Indeed, they found that
TMS (at 100 uM) caused about a four-fold downregulation of VEGFR-2 mRNA compared to the
control [95]. In a similar study, Belleri M. et al. [46] studied the anti-angiogenic properties of
TMS and resveratrol using different endothelial cells originated from murine, bovine, and
humans [46]. TMS was at least 30 times more potent than resveratrol in the all tested assays
(type-1 collagen gel invasion, morphogenesis on Matrigel, sprouting within fibrin gel, and

endothelial cell proliferation) [46].
2.8 TMS and autophagy

Autophagy (self-eating) is a conserved cellular process initiated under certain conditions such as
stress and starvation. As a biological process, it results in the sequestration of cellular organelles
such as proteins and membranes [96]. Autophagy plays a crucial role in cell differentiation,
growth and death. The dysregulation of this process has been associated with many disorders
such as cardiovascular diseases and cancers [96]. Resveratrol has been known to modulate
autophagy through multiple mechanisms such as mTOR, Akt, and AMPK [97, 98]. Perhaps the
only study describing TMS’s potential to induce autophagy is the one recently published by Lu
et al. [96]. In this study, using HUVEC cells and in the presence of serum, TMS was observed to
induce significant autophagy in an mTOR-dependent mechanism. Furthermore, a transient
receptor potential canonical channel 4 (TRPC4) was found to be an important gene that is

upregulated after TMS treatment [96]. Due to the lack of additional studies related to TMS
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potential in autophagy, further investigations are needed to augment the beneficial therapeutic

properties of this stilbene.
2.9 TMS and cancer metastasis

In a recent study, Yang et al. reported the anti-metastatic properties of TMS using a human lung
cancer cell line (A549), by measuring the effects of this compound on MMP, MAPK, NF-«B,
and AP-1 [17]. In this regard, TMS (at 5 uM) significantly decreased the migratory, adhesive,
and invasive properties of the A549 cells by 39%, 34%, and 22 % respectively. TMS also
decreased both the activity and mRNA levels of the MMP-2 protein in a time-dependent manner
[17]. A possible mechanism for TMS’s downregulation of MMP-2 was studied by assessing the
phosphorylation pattern of JNK and p38 proteins; TMS reduced the phosphorylation levels in
both JNK and p38 [17]. In the same study, the authors also reported the effects of TMS on the
transcriptional factors NF-kB and AP-1, which are two of the major proteins associated with
multiple pathophysiological disorders such as inflammation, angiogenesis, cancer cell migration,
invasion, and metastases. Treating human lung cancer cells (A549) with TMS led to a time-
dependent reduction in the protein levels of NF-kB (p65 subunit), as well as AP-1 in the nucleus

[17].

Consistent with the Yang et. al study, TMS’s ability to downregulate the AP-1 protein in cancer
cells was further confirmed by Deck et al. in a report using human embryonic kidney cells
(293T/AP-1-luc) [99]. The incubation of these cells with TMS (at 15 uM) resulted in a
significant reduction in AP-1 activation (calculated ICsy = 3.8 pM) [99]. In contrast, resveratrol
(at 15 uM) and under the same experimental conditions has showed more than a one-fold

induction of AP-1 compared to TPA-treated cells [99].

In another study, Weng et al. investigated the anti-invasive properties exerted by both TMS and
resveratrol on hepatocarcinoma HepG2 and Hep3B cells [100]. The authors found that TMS and
resveratrol decreased the activities of MMP-9 and MMP-2 in Hep3B cells in a dose-dependent
manner [100]. Also, incubating HepG2 cells with TMS and resveratrol led to a marked decrease
in the invasion of these cells by about 60% and 80% respectively [100]. Similar results were

obtained with Hep3B cells [100]. It is noteworthy that the reported anti-invasive potency
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determined for TMS in Hep3B cells (ICso = 1 uM) was significantly higher than that determined
in HepG2 cells (ICsp = 50 uM) [100].

The epithelial-mesenchymal transition (EMT) is an important mechanism by which primary
cancer cells can invade (metastasize) other tissues and organs [101]. E-Cadherin is a receptor
which plays a critical role in cell adhesion. The decreased expression of this protein is a
characteristic feature of a tumor cell undergoing EMT [101]. In this regard, it has been observed
that EMT-associated transcriptional factors such as snail and slug reduce the expression of E-
cadherin. Tsai et al. studied the modulations in EMT-related markers in MCF-7 cells incubated
with resveratrol and TMS [101]. They observed that both stilbenes were able to significantly
increase the level of E-cadherin in MCF-7 cells treated with these compounds. The
concentrations used in this experiment were relatively not toxic to the cells (20 uM) [101]. TMS
and resveratrol decreased the levels of the EMT-related protein snail [101]. Interestingly, after
the MCF-7 cells were transfected with an E-cadherin promoter gene, TMS (but not resveratrol)

showed a significant effect reinstating the epithelial marker E-cadherin activity [101].

Another interesting example of how the naturally occurring stilbenes resveratrol and TMS can
inhibit cancer metastasis is the study of the B-catenin protein. This protein, along with E-
cadherin, works to maintain proper cell-to-cell adhesion and epithelial integrity [101]. The
elevation of free B-catenin in cytoplasm activates the Wnt/B-catenin signalling pathway, and
ultimately, initiates EMT in certain cancers [101]. Moreover, the Wnt/B-catenin signalling
pathway modulates several other genes including c-myc and cyclin D1 [101]. In this regard, and
as a regulatory mechanism, the protein GSK-3B is one of the main components that
proteolytically degrades B-catenin and helps to maintain its normal levels [101]. Tasi et al.
observed that the incubation of MCF-7 cells with TMS significantly decreased GSK-3f
phosphorylation, resulting in a significant accumulation of free (active) GSK-3f [101]. The
authors also reported that TMS displayed three key changes in the B-catenin signalling pathway
in MCF-7 cells. First, TMS decreased the level of B-catenin in a dose-dependent manner, along
with a marked decrease in its nuclear translocation [101]. Second, TMS triggered B-catenin
ubiquitination, and consequently, it promoted significant f-catenin degradation [101]; and third,

TMS exerted a substantial reduction in the mRNA levels of the B-catenin target genes c-myc and
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cyclin D1 [101]. Taken together, these results provide a strong case to suggest that TMS could

have an important function in restoring normal epithelial characteristics in cancer cells [101].

Metastasis-associated protein 1 (MTA1) is one member of the nucleosome remodeling and
deacetylating co-repressor complex (NuRD) which is involved in protein deacetylation and
transcriptional regulations [102]. Recently, MTA1 was found to be upregulated in numerous
cancers such as breast, head and neck, ovarian, gastrointestinal, and lung [103]. Elevated MTAI
expression is associated with angiogenesis, poor prognosis, and high tumor grade [103].
Resveratrol has showed a dose-dependent reduction in MTA1 protein level in both DU145 and
LNCaP cells [93]. Perhaps the only report to investigate the effects of TMS on MTAL is the
study by Kun Li and coworkers [102]. In this report, TMS significantly downregulated the
MTAL1 protein level in PC-3M cells (EDso= 55.1 uM) while TMS effects were less pronounced
in LNCaP cells (EDsp >100 uM) [102]. Under the same experimental conditions, resveratrol was
active in reducing the MTA1 level in PC-3M and LNCaP cells with EDs, of 74.5 and 35.1 uM
respectively [102].

2.10 TMS and radical scavenging/antioxidant findings

The anticancer/chemopreventive actions of natural antioxidants are partially attributed to their
ability to scavenge reactive oxygen species (ROS) [104]. This scavenging mechanism is
catalyzed by antioxidant proteins such as CAT, SOD, HO-1 and peroxidase enzymes. In this
particular case, the evidence for a difference in the antioxidant mechanisms exerted by
resveratrol, and its methylated analogue, TMS, requires detailed analysis. There are literature
reports describing the failure of TMS to induce these antioxidant enzymes. For example, Basini
et al. reported that TMS, at concentrations of up to 100 uM, did not increase the activity of the
free radical-scavenging enzymes peroxidase, catalase, or SOD in swine granulosa cells [105]. In
another study, Li et al. reported that TMS showed only “weak” antioxidant activity by limited
scavenging effects on the superoxide anion (O;"), and the hydroxyl radical (OH), as evaluated by

an ethanol-induced gastric mucosal injury assay in rats [19].

In accordance with the reports mentioned in the previous paragraph, Kim et al. reported a time-

and concentration-dependent increase in the expression of the antioxidant enzyme HO-I1, in
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murine neuronal HT22 cells, when incubated in the presence of resveratrol [23]. In contrast,
TMS did not increase the expression (or the activity) of HO-1 [23]. Son et al. found similar
results, and also observed a similar effect in a different setting, in this case using RAW264.7
cells; they reported that resveratrol increased the expression and the activity of HO-1, but not

TMS [106].

Another variable adding to the complexity of the role of antioxidant compounds on cancer
treatment/prevention, is the observation that resveratrol has been reported to exert pro-oxidant
effects which could lead to DNA damage [104, 107]. In this regard, Rossi et al. found that TMS
exerted an improved protective profile compared to resveratrol, as determined by the ability of
these compounds to prevent H,O,-induced DNA damage in CHO cells (comet assay) [107]. In a
different paper, using an ethidium bromide binding assay, Zheng et al. demonstrated that TMS
did not induce oxidative DNA damage in calf DNA when incubated in the presence of Cu (II),

whereas resveratrol exerted “minor” DNA damage [104].

In a study published in 2014, Liu and coworkers reported the effects of resveratrol and TMS on
the reduction of H,O; levels in a hypoxia-induced pulmonary artery hypertension (PAH) rat
model [22]. In this study, resveratrol and TMS showed a nearly equipotent effect, by causing a
significant decrease in hydrogen peroxide levels as measured both in plasma and in lung tissue.
Liu et al. suggested that TMS’s ability to decrease H,O, levels confirms its antioxidant
properties, despite not having the characteristic free phenol groups of resveratrol and other
antioxidant phenolic compounds [22]. Studies have shown that polyphenols’ antioxidant
scavenging ability is associated with the presence of free hydroxyl groups in the aromatic rings
of stilbenes [107]. It has also been hypothesized that the hydroxyl groups present in resveratrol
are an essential structural feature to (1) induce HO-1 expression [23, 106], and (2) scavenge free

radicals through a hydrogen transfer mechanism [108].

This leads to questions about why and how TMS exerts an antioxidant profile comparable to that
of resveratrol. The answer has been partially described in three different papers published by
Zheng et al. [104], Malgorzata et al. [24] and Rossi et al. [107]. In these papers, the authors
proposed that TMS might scavenge hydroxyl radicals via an electron transfer process rather than
a hydrogen transfer mechanism seen in resveratrol [104, 107]. Furthermore, it was found that

TMS (at 100 pM) increased GSH levels in human TPA-stimulated neutrophils [24]. However, at
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this point it is evident that TMS’s radical scavenging/antioxidant profile needs the support of
complementary studies, specifically a side-by-side comparison between TMS and its

hydroxylated analogue resveratrol.

2.11 Pharmacokinetics of TMS

It has been well established that resveratrol undergoes extensive phase Il metabolism after it is
absorbed, yielding both sulfate and glucuronide conjugates as major metabolites [11]. In addition
to these conjugates, resveratrol is metabolized by phase I (CYP450 enzymes) as well, producing
piceatannol, which has an additional phenol group adjacent to the 4-hydroxyl group of the parent
compound [109, 110]. It is noteworthy that piceatannol is also produced by some plants. In one
study, Rivera et al. suggested that TMS could be a resveratrol prodrug [21]. However, this

assumption needs further testing and many more supporting studies.

There have been a few complementary pharmacokinetic studies, in which several research
groups have tried to correlate anticancer effects observed with stilbenes and their plasma
concentrations. In one study, the injection of resveratrol into nude mice using an osmotic mini
pump (adjusted to administer about 50 mg over 14 days), was followed by measurements of
resveratrol serum concentration in 10 different tumor samples [84]. In this study, the authors
found that only two out of 10 samples had a “detectable” level of free resveratrol, whereas

resveratrol sulfate and resveratrol glucuronide metabolites were detected in all samples [84].

In another study, Dias et al. reported that oral administration of resveratrol or TMS into nude
mice (50 mg/kg dose, administered every-other-day, for 52 days), resulted in an average serum
concentration of resveratrol and TMS around 0.02 + 0.01 pg/mL and 0.94 + 0.55 pg/mL
respectively [20]. This data clearly shows a greater extent of metabolic degradation experienced

by resveratrol, compared to TMS [20].

Finally, in a recent study, Lin et al. assessed the pharmacokinetic profile of TMS in rats. In this
report, it was found that after a single i.v. dose (5 mg/kg) of TMS, this compound displayed a
half-life of 8.5 + 2.2 h [14]. In agreement with the study by Dias (previous paragraph), the

calculated clearance for resveratrol was eight- to nine-fold higher (faster elimination) than that
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calculated for TMS [14]. In this regard, the authors also made an interesting observation; TMS
had a negligible bioavailability (<1.5%) when it was administered orally in a suitable vehicle,
whereas its bioavailability was significantly increased (up to 46.5 £ 4.8 %) when it was

administered using a solution of methylated-p-cyclodextrin [14].

These observations suggest that for any subsequent studies carried out with TMS, it will be
essential to consider not only the intrinsic physicochemical and pharmacological properties, but
also the use of suitable excipients that modulate and increase the oral bioavailability of this

promising, and so far, understudied stilbene.
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Figure 2-2: Summary of carcinogenesis targets that are modulated by TMS.

2.12 Conclusion

TMS, the naturally occurring methoxylated analogue of resveratrol, is a promising natural
candidate displaying enhanced anticancer properties. It inhibits cancer cell proliferation in
numerous in vitro assays to a greater extent compared to resveratrol. Furthermore, TMS showed
a unique and different anticancer profile, distinguishing it from the parent polyphenol; in vitro

screening assays demonstrate that TMS is capable of inducing cycle arrest and apoptosis by
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different mechanisms of action compared to those observed for resveratrol, and in some cases,
with an improved potency and efficacy. The overall targets through which TMS interferes with

carcinogenesis are summarized in (Figure 2-2).

However, due to the limited number of studies on the anticancer properties of TMS, the
pharmacological potential of this compound is still somewhat limited. We realize that this is not
at all a disadvantage, but a window of opportunity in which many potential research projects
could address the ultimate question of whether or not TMS represents a better candidate than

resveratrol. The evidence so far seems to suggest this premise.

46



2.13 References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Harikumar KB, Aggarwal BB. Resveratrol: A multitargeted agent for age-associated
chronic diseases. Cell Cycle 2008, 7(8):1020-35.
Jang M, Cai L, Udeani GO, Slowing KV, Thomas CF, Beecher CWW, et al. Cancer
Chemopreventive Activity of Resveratrol, a Natural Product Derived from Grapes. Science
1997, 275(5297):218-20.
Koeberle A, Werz O. Multi-target approach for natural products in inflammation. Drug
Discov Today 2014, 19(12):1871-82.
Tang PC, Ng YF, Ho S, Gyda M, Chan SW. Resveratrol and cardiovascular health--
promising therapeutic or hopeless illusion? Pharmacol Res 2014, 90(0):88-115.
Farris P, Krutmann J, Li YH, McDaniel D, Krol Y. Resveratrol: a unique antioxidant
offering a multi-mechanistic approach for treating aging skin. J Drugs Dermatol 2013,
12(12):1389-94.
Kasiotis KM, Pratsinis H, Kletsas D, Haroutounian SA. Resveratrol and related stilbenes:
Their anti-aging and anti-angiogenic properties. Food Chem Toxicol 2013, 61(0):112-20.
Tome-Carneiro J, Larrosa M, Gonzalez-Sarrias A, Tomas-Barberan FA, Garcia-Conesa MT,
Espin JC. Resveratrol and clinical trials: the crossroad from in vitro studies to human
evidence. Curr Pharm Des 2013, 19(34):6064-93.

Scott E, Steward WP, Gescher AJ, Brown K. Resveratrol in human cancer
chemoprevention — Choosing the ‘right’ dose. Mol Nutr Food Res 2012, 56(1):7-13.
Signorelli P, Ghidoni R. Resveratrol as an anticancer nutrient: molecular basis, open
questions and promises. J Nutr Biochem 2005, 16(8):449-66.

Delmas D, Aires V, Limagne E, Dutartre P, Mazué F, Ghiringhelli F, et al. Transport,
stability, and biological activity of resveratrol. Ann N Y Acad Sci 2011, 1215(1):48-59.

Cottart CH, Nivet-Antoine V, Beaudeux JL. Review of recent data on the metabolism,
biological effects, and toxicity of resveratrol in humans. Mol Nutr Food Res 2014, 58(1):7-
21.

Smoliga J, Blanchard O. Enhancing the Delivery of Resveratrol in Humans: If Low

Bioavailability is the Problem, What is the Solution? Molecules 2014, 19(11):17154-72.

47



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Pangeni R, Sahni JK, Ali J, Sharma S, Baboota S. Resveratrol: review on therapeutic
potential and recent advances in drug delivery. Expert Opin Drug Deliv 2014, 11(8):1285-
98.

Lin H-s, Ho PC. Preclinical pharmacokinetic evaluation of resveratrol trimethyl ether in
sprague-dawley rats: the impacts of aqueous solubility, dose escalation, food and repeated
dosing on oral bioavailability. J Pharm Sci 2011, 100(10):4491-500.

Wang TT, Schoene NW, Kim YS, Mizuno CS, Rimando AM. Differential effects of
resveratrol and its naturally occurring methylether analogs on cell cycle and apoptosis in
human androgen-responsive LNCaP cancer cells. Mol Nutr Food Res 2010, 54(3):335-44.

Weng CJ, Yang YT, Ho CT, Yen GC. Mechanisms of apoptotic effects induced by
resveratrol, dibenzoylmethane, and their analogues on human lung carcinoma cells. J Agric
Food Chem 2009, 57(12):5235-43.

Yang Y-T, Weng C-J, Ho C-T, Yen G-C. Resveratrol analog-3,5,4'-trimethoxy-trans-
stilbene inhibits invasion of human lung adenocarcinoma cells by suppressing the MAPK
pathway and decreasing matrix metalloproteinase-2 expression. Mol Nutr Food Res 2009,
53(3):407-16.

Bader Y, Madlener S, Strasser S, Maier S, Saiko P, Stark N, et al. Stilbene analogues
affect cell cycle progression and apoptosis independently of each other in an MCF-7 array
of clones with distinct genetic and chemoresistant backgrounds. Oncol Rep 2008,
19(3):801-10.

Li L, Xiu-Ju L, Ying-Zi L, Yi-Shuai Z, Qiong Y, Na T, et al. The role of the DDAH-
ADMA pathway in the protective effect of resveratrol analog BTM-0512 on gastric
mucosal injury. Can J Physiol Pharmacol 2010, 88(5):562-7.

Dias SJ, Li K, Rimando AM, Dhar S, Mizuno CS, Penman AD, et al. Trimethoxy-
resveratrol and piceatannol administered orally suppress and inhibit tumor formation and
growth in prostate cancer xenografts. Prostate 2013, 73(11):1135-46.

Rivera H, Shibayama M, Tsutsumi V, Perez-Alvarez V, Muriel P. Resveratrol and
trimethylated resveratrol protect from acute liver damage induced by CCl4 in the rat. J
Appl Toxicol 2008, 28(2):147-55.

Liu B, Luo XJ, Yang ZB, Zhang JJ, Li TB, Zhang XJ, et al. Inhibition of NOX/VPO1

pathway and inflammatory reaction by trimethoxystilbene in prevention of cardiovascular

48



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

remodeling in hypoxia-induced pulmonary hypertensive rats. J Cardiovasc Pharmacol
2014, 63(6):567-76.

Kim DW, Kim YM, Kang SD, Han YM, Pae HO. Effects of Resveratrol and trans-3,5,4'-
Trimethoxystilbene on Glutamate-Induced Cytotoxicity, Heme Oxygenase-1, and Sirtuin 1
in HT22 Neuronal Cells. Biomol Ther (Seoul) 2012, 20(3):306-12.

Zielinska-Przyjemska M, Ignatowicz E, Krajka-Kuzniak V, Baer-Dubowska W. Effect of
tannic acid, resveratrol and its derivatives, on oxidative damage and apoptosis in human
neutrophils. Food Chem Toxicol 2015, 84:37-46.

Blair GE, Cassady JM, Robbers JE, Tyler VE, Raffauf RF. Isolation of 3,4’,5-trimethoxy-
trans-stilbene, otobaene and hydroxyotobain from Virola cuspidata. Phytochemistry 1969,
8(2):497-500.

MacRae WD, Towers GHN. Non-alkaloidal constituents of Virola elongata bark.
Phytochemistry 1985, 24(3):561-6.

Abdel-Mogib M, Basaif SA, Sobahi TR. Stilbenes and a new acetophenone derivative
from Scirpus holoschoenus. Molecules 2001, 6(8):663-7.

Kumar RJ, Jyostna D, Krupadanam GLD, Srimannarayana G. Phenanthrene and Stilbenes
from Pterolobium-Hexapetallum. Phytochemistry 1988, 27(11):3625-6.

Anjaneyulu ASR, Reddy AVR, Reddy DSK, Ward RS, Adhikesavalu D, Cameron TS.
Pacharin - a New Dibenzo(2,3-6,7)Oxepin Derivative from Bauhinia-Racemosa Lamk.
Tetrahedron 1984, 40(21):4245-52.

Coulerie P, Eydoux C, Hnawia E, Stuhl L, Maciuk A, Lebouvier N, et al. Biflavonoids of
Dacrydium balansae with Potent Inhibitory Activity on Dengue 2 NS5 Polymerase. Planta
Medica 2012, 78(7):672-7.

Kim DH, Kim JH, Baek SH, Seo JH, Kho YH, Oh TK, et al. Enhancement of tyrosinase
inhibition of the extract of Veratrum patulum using cellulase. Biotechnol and Bioeng 2004,
87(7):849-54.

Belofsky G, Percivill D, Lewis K, Tegos GP, Ekart J. Phenolic metabolites of Dalea
versicolor that enhance antibiotic activity against model pathogenic bacteria. J Nat Prod

2004, 67(3):481-4.

49



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Zaki MA, Balachandran P, Khan S, Wang M, Mohammed R, Hetta MH, et al.
Cytotoxicity and modulation of cancer-related signaling by (Z)- and (E)-3,4,3'.5'-
tetramethoxystilbene isolated from Eugenia rigida. J Nat Prod 2013, 76(4):679-84.

Ehrhardt C, Arapitsas P, Stefanini M, Flick G, Mattivi F. Analysis of the phenolic

composition of fungus-resistant grape varieties cultivated in Italy and Germany using
UHPLC-MS/MS. J Mass Spectrom 2014, 49(9):860-9.
Chaher N, Arraki K, Dillinseger E, Temsamani H, Bernillon S, Pedrot E, et al. Bioactive
stilbenes from Vitis vinifera grapevine shoots extracts. J Sci Food Agric 2014, 94(5):951-4.
Xie L, Bolling BW. Characterisation of stilbenes in California almonds (Prunus dulcis) by
UHPLC-MS. Food Chem 2014, 148:300-6.

Sales JM, Resurreccion AVA. Resveratrol in Peanuts. Crit Rev Food Sci Nutr 2013,
54(6):734-70.

Lopes RM, Agostini-Costa TndS, Gimenes MA, Silveira Dm. Chemical Composition and
Biological Activities of Arachis Species. J Agric Food Chem 2011, 59(9):4321-30.

Alonso F, Riente P, Yus M. Synthesis of resveratrol, DMU-212 and analogues through a
novel Wittig-type olefination promoted by nickel nanoparticles. Tetrahedron Lett 2009,
50(25):3070-3.

Farina A, Ferranti C, Marra C, Guiso M, Norcia G. Synthesis of hydroxystilbenes and
their derivatives via Heck reaction. Nat Prod Res 2007, 21(6):564-73.

Das J, Pany S, Majhi A. Chemical modifications of resveratrol for improved protein
kinase C alpha activity. Bioorg Med Chem 2011, 19(18):5321-33.

Solladié¢ G, Pasturel-Jacopé Y, Maignan J. A re-investigation of resveratrol synthesis by
Perkins reaction. Application to the synthesis of aryl cinnamic acids. Tetrahedron 2003,
59(18):3315-21.

Mazue F, Colin D, Gobbo J, Wegner M, Rescifina A, Spatafora C, et al. Structural
determinants of resveratrol for cell proliferation inhibition potency: experimental and
docking studies of new analogs. Eur J] Med Chem 2010, 45(7):2972-80.

Yoo KM, Kim S, Moon BK, Kim SS, Kim KT, Kim SY, et al. Potent inhibitory effects of
resveratrol derivatives on progression of prostate cancer cells. Archiv der Pharmazie 2006,

339(5):238-41.

50



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Deng Y-H, Alex D, Huang H-Q, Wang N, Yu N, Wang Y-T, et al. Inhibition of TNF-a-
mediated endothelial cell-monocyte cell adhesion and adhesion molecules expression by
the resveratrol derivative, trans-3,5,4'-trimethoxystilbene. Phytotherapy Res 2011,
25(3):451-7.

Belleri M, Ribatti D, Nicoli S, Cotelli F, Forti L, Vannini V, et al. Antiangiogenic and
Vascular-Targeting Activity of the Microtubule-Destabilizing trans-Resveratrol Derivative
3,5,4"-Trimethoxystilbene. Mol Pharmacol 2005, 67(5):1451-9.

Paul S, Mizuno CS, Lee HJ, Zheng X, Chajkowisk S, Rimoldi JM, et al. In vitro and in
vivo studies on stilbene analogs as potential treatment agents for colon cancer. Eur J Med
Chem 2010, 45(9):3702-8.

Scherzberg MC, Kiehl A, Zivkovic A, Stark H, Stein J, Furst R, et al. Structural
modification of resveratrol leads to increased anti-tumor activity, but causes profound
changes in the mode of action. Toxicol Appl Pharmacol 2015, 287(1):67-76.

Morris V, Toseef T, Nazumudeen F, Rivoira C, Spatafora C, Tringali C, et al. Anti-tumor
properties of cis-resveratrol methylated analogs in metastatic mouse melanoma cells. Mol
Cell Biochem 2015:1-9.

Calabrese EJ, Mattson MP, Calabrese V. Resveratrol commonly displays hormesis:
Occurrence and biomedical significance. Hum Exper Toxicol 2010, 29(12):980-1015.

Su D, Cheng Y, Liu M, Liu D, Cui H, Zhang B, et al. Comparision of piceid and
resveratrol in antioxidation and antiproliferation activities in vitro. PLoS One 2013,
8(1):e54505.

Kumar A, Lin S-Y, Dhar S, Rimando AM, Levenson AS. Stilbenes Inhibit Androgen
Receptor Expression in 22Rv1 Castrate-resistant Prostate Cancer Cells. J Medicinally
Active Plants 2014, 3(1):1-8.

Cardile V, Chillemi R, Lombardo L, Sciuto S, Spatafora C, Tringali C. Antiproliferative
activity of methylated analognes of E- and Z-resveratrol. Zeitschrift Fur Naturforschung C-
a Journal of Biosciences 2007, 62(3-4):189-95.

Gosslau A, Pabbaraja S, Knapp S, Chen KY. Trans- and cis-stilbene polyphenols induced
rapid perinuclear mitochondrial clustering and p53-independent apoptosis in cancer cells

but not normal cells. Eur J Pharmacol 2008, 587(1-3):25-34.

51



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Shi L, Huang XF, Zhu ZW, Li HQ, Xue JY, Zhu HL, et al. Synthesis of alpha-aminoalkyl
phosphonate derivatives of resveratrol as potential antitumour agents. Aust J Chem 2008,
61(6):472-5.

Lee S, Nam K, Hoe Y, Min H-Y, Kim E-Y, Ko H, et al. Synthesis and evaluation of
cytotoxicity of stilbene analogues. Arch Pharm Res 2003, 26(4):253-7.

Minutolo F, Sala G, Bagnacani A, Bertini S, Carboni I, Placanica G, et al. Synthesis of a
resveratrol analogue with high ceramide-mediated proapoptotic activity on human breast
cancer cells. J] Med Chem 2005, 48(22):6783-6.

Zhang W, Go ML. Methoxylation of resveratrol: Effects on induction of NAD(P)H
Quinone-oxidoreductase 1 (NQO1) activity and growth inhibitory properties. Bioorg Med
Chem Lett 2011, 21(3):1032-5.

Ruan B-F, Lu X, Tang J-F, Wei Y, Wang X-L, Zhang Y-B, et al. Synthesis, biological
evaluation, and molecular docking studies of resveratrol derivatives possessing chalcone
moiety as potential antitubulin agents. Bioorg Med Chem 2011, 19(8):2688-95.

Chen Y, Hu F, Gao Y, Jia S, Ji N, Hua E. Design, synthesis, and evaluation of
methoxylated resveratrol derivatives as potential antitumor agents. Res Chem Intermediat
2013:1-14.

Pettit GR, Grealish MP, Jung MK, Hamel E, Pettit RK, Chapuis JC, et al. Antineoplastic
Agents. 465. Structural Modification of Resveratrol: Sodium Resverastatin Phosphatel. J
Med Chem 2002, 45(12):2534-42.

Tolomeo M, Grimaudo S, Di Cristina A, Roberti M, Pizzirani D, Meli M, et al.
Pterostilbene and 3'-hydroxypterostilbene are effective apoptosis-inducing agents in MDR
and BCR-ABL-expressing leukemia cells. Int J Biochem Cell Biol 2005, 37(8):1709-26.
Simoni D, Roberti M, Invidiata FP, Aiello E, Aiello S, Marchetti P, et al. Stilbene-based
anticancer agents: resveratrol analogues active toward HL60 leukemic cells with a non-
specific phase mechanism. Bioorg Med Chem Lett 2006, 16(12):3245-8.

Fu Y, Chang H, Peng X, Bai Q, Yi L, Zhou Y, et al. Resveratrol inhibits breast cancer
stem-like cells and induces autophagy via suppressing Wnt/beta-catenin signaling pathway.
PLoS One 2014, 9(7):e102535.

Mohapatra P, Satapathy SR, Das D, Siddharth S, Choudhuri T, Kundu CN. Resveratrol

mediated cell death in cigarette smoke transformed breast epithelial cells is through

52



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

induction of p21Wafl/Cipl and inhibition of long patch base excision repair pathway.
Toxicol Appl Pharmacol 2014, 275(3):221-31.

Sareen D, Darjatmoko SR, Albert DM, Polans AS. Mitochondria, Calcium, and Calpain
are Key Mediators of Resveratrol-Induced Apoptosis in Breast Cancer. Mol Pharmacol
2007, 72(6):1466-75.

Guo L, Peng Y, Yao J, Sui L, Gu A, Wang J. Anticancer activity and molecular
mechanism of resveratrol-bovine serum albumin nanoparticles on subcutaneously
implanted human primary ovarian carcinoma cells in nude mice. Cancer Biother
Radiopharm 2010, 25(4):471-7.

Lee M-H, Choi BY, Kundu JK, Shin YK, Na H-K, Surh Y-J. Resveratrol Suppresses
Growth of Human Ovarian Cancer Cells in Culture and in a Murine Xenograft Model:
Eukaryotic Elongation Factor 1A2 as a Potential Target. Cancer Res 2009, 69(18):7449-58.

Ganapathy S, Chen QH, Singh KP, Shankar S, Srivastava RK. Resveratrol Enhances
Antitumor Activity of TRAIL in Prostate Cancer Xenografts through Activation of FOXO
Transcription Factor. PLoS One 2010, 5(12).

Sheth S, Jajoo S, Kaur T, Mukherjea D, Sheehan K, Rybak LP, et al. Resveratrol Reduces
Prostate Cancer Growth and Metastasis by Inhibiting the Akt/MicroRNA-21 Pathway.
PLoS One 2012, 7(12):e51655.

Harikumar KB, Kunnumakkara AB, Sethi G, Diagaradjane P, Anand P, Pandey MK, et al.
Resveratrol, a multitargeted agent, can enhance antitumor activity of gemcitabine in vitro
and in orthotopic mouse model of human pancreatic cancer. Int J Cancer 2010, 127(2):257-
68.

O1 N, Jeong C-H, Nadas J, Cho Y-Y, Pugliese A, Bode AM, et al. Resveratrol, a Red
Wine Polyphenol, Suppresses Pancreatic Cancer by Inhibiting Leukotriene A4 Hydrolase.
Cancer Res 2010, 70(23):9755-64.

Yin HT, Tian QZ, Guan L, Zhou Y, Huang XE, Zhang H. In vitro and in vivo evaluation
of the antitumor efficiency of resveratrol against lung cancer. Asian Pac J Cancer Prev
2013, 14(3):1703-6.

Yu YH, Chen HA, Chen PS, Cheng YJ, Hsu WH, Chang YW, et al. MiR-520h-mediated
FOXC2 regulation is critical for inhibition of lung cancer progression by resveratrol.

Oncogene 2013, 32(4):431-43.

53



[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Zhang M, Zhou X, Zhou K. Resveratrol inhibits human nasopharyngeal carcinoma cell
growth via blocking pAkt/p70S6K signaling pathways. Int J Mol Med 2013, 31(3):621-7.

Tyagi A, Gu M, Takahata T, Frederick B, Agarwal C, Siriwardana S, et al. Resveratrol
Selectively Induces DNA Damage, Independent of Smad4 Expression, in Its Efficacy
against Human Head and Neck Squamous Cell Carcinoma. Clin Cancer Res 2011,
17(16):5402-11.

Yang Q, Wang B, Zang W, Wang X, Liu Z, Li W, et al. Resveratrol Inhibits the Growth
of Gastric Cancer by Inducing G1 Phase Arrest and Senescence in a Sirtl-Dependent
Manner. PLoS One 2013, 8(11):¢70627.

Hu F-W, Tsai L-L, Yu C-H, Chen P-N, Chou M-Y, Yu C-C. Impairment of tumor-
initiating stem-like property and reversal of epithelial-mesenchymal transdifferentiation in
head and neck cancer by resveratrol treatment. Mol Nutr Food Res 2012, 56(8):1247-58.

Frampton GA, Lazcano EA, Li H, Mohamad A, DeMorrow S. Resveratrol enhances the
sensitivity of cholangiocarcinoma to chemotherapeutic agents. Lab Invest 2010,
90(9):1325-38.

Bai Y, Mao Q-Q, Qin J, Zheng X-Y, Wang Y-B, Yang K, et al. Resveratrol induces
apoptosis and cell cycle arrest of human T24 bladder cancer cells in vitro and inhibits
tumor growth in vivo. Cancer Sci 2010, 101(2):488-93.

Majumdar APN, Banerjee S, Nautiyal J, Patel BB, Patel V, Du J, et al. Curcumin
Synergizes With Resveratrol to Inhibit Colon Cancer. Nutr and Cancer 2009, 61(4):544-53.
Hao Y, Huang W, Liao M, Zhu Y, Liu H, Hao C, et al. The inhibition of resveratrol to
human skin squamous cell carcinoma A431 xenografts in nude mice. Fitoterapia 2013,
86(0):84-91.

Wang TT, Hudson TS, Wang TC, Remsberg CM, Davies NM, Takahashi Y, et al.
Differential effects of resveratrol on androgen-responsive LNCaP human prostate cancer
cells in vitro and in vivo. Carcinogenesis 2008, 29(10):2001-10.

Osmond GW, Masko EM, Tyler DS, Freedland SJ, Pizzo S. In vitro and in vivo evaluation
of resveratrol and 3,5-dihydroxy-4'-acetoxy-trans-stilbene in the treatment of human
prostate carcinoma and melanoma. J Surg Res 2013, 179(1):e141-e8.

Klink JC, Tewari AK, Masko EM, Antonelli J, Febbo PG, Cohen P, et al. Resveratrol

worsens survival in SCID mice with prostate cancer xenografts in a cell-line specific

54



[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

manner, through paradoxical effects on oncogenic pathways. The Prostate 2013, 73(7):754-
62.

Osmond GW, Augustine CK, Zipfel PA, Padussis J, Tyler DS. Enhancing Melanoma
Treatment with Resveratrol. J Surg Res 2012, 172(1):109-15.

Fukui M, Yamabe N, Kang KS, Zhu BT. Growth-stimulatory effect of resveratrol in
human cancer cells. Mol Carcinog 2010, 49(8):750-9.

Zunino SJ, Storms DH, Newman JW, Pedersen TL, Keen CL, Ducore JM. Dietary
resveratrol does not delay engraftment, sensitize to vincristine or inhibit growth of high-
risk acute lymphoblastic leukemia cells in NOD/SCID mice. Int J Oncol 2012, 41(6):2207-
12.

Pan MH, Gao JH, Lai CS, Wang YJ, Chen WM, Lo CY, et al. Antitumor activity of
3,5,4"-trimethoxystilbene in COLO 205 cells and xenografts in SCID mice. Mol Carcinog
2008, 47(3):184-96.

Hsieh TC, Huang YC, Wu JM. Control of prostate cell growth, DNA damage and repair
and gene expression by resveratrol analogues, in vitro. Carcinogenesis 2011, 32(1):93-101.
Hsieh TC, Wong C, John Bennett D, Wu JM. Regulation of p53 and cell proliferation by
resveratrol and its derivatives in breast cancer cells: an in silico and biochemical approach
targeting integrin alphavbeta3. Int J Cancer 2011, 129(11):2732-43.

Roy P, Kalra N, Prasad S, George J, Shukla Y. Chemopreventive Potential of Resveratrol
in Mouse Skin Tumors Through Regulation of Mitochondrial and PI3K/AKT Signaling
Pathways. Pharm Res 2009, 26(1):211-7.

Kai L, Samuel SK, Levenson AS. Resveratrol enhances p53 acetylation and apoptosis in
prostate cancer by inhibiting MTA1/NuRD complex. Int J Cancer 2010, 126(7):1538-48.

Wang TTY, Schoene NW, Kim YS, Mizuno CS, Rimando AM. Differential effects of
resveratrol and its naturally occurring methylether analogs on cell cycle and apoptosis in
human androgen-responsive LNCaP cancer cells. Mol Nutr Food Res 2010, 54(3):335-44.

Alex D, Leong EC, Zhang Z-J, Yan GTH, Cheng S-H, Leong C-W, et al. Resveratrol
derivative, trans-3,5,4'-trimethoxystilbene, exerts antiangiogenic and vascular-disrupting
effects in zebrafish through the downregulation of VEGFR2 and cell-cycle modulation. J
Cell Biochem 2010, 109(2):339-46.

55



[96] Zhang L, Dai F, Cui L, Jing H, Fan P, Tan X, et al. Novel role for TRPC4 in regulation of
macroautophagy by a small molecule in vascular endothelial cells. Biochim Biophys Acta
2015, 1853(2):377-87.

[97] Hasima N, Ozpolat B. Regulation of autophagy by polyphenolic compounds as a potential
therapeutic strategy for cancer. Cell Death Dis 2014, 5:¢1509.

[98] Zhang X, Chen LX, Ouyang L, Cheng Y, Liu B. Plant natural compounds: targeting
pathways of autophagy as anti-cancer therapeutic agents. Cell Prolif 2012, 45(5):466-76.

[99] Deck LM, Hunsaker LA, Gonzales AM, Orlando RA, Vander Jagt DL. Substituted trans-
stilbenes can inhibit or enhance the TPA-induced up-regulation of activator protein-1.
BMC Pharmacol 2008, 8:19.

[100] Weng C-J, Wu C-F, Huang H-W, Wu C-H, Ho C-T, Yen G-C. Evaluation of Anti-
invasion Effect of Resveratrol and Related Methoxy Analogues on Human
Hepatocarcinoma Cells. J Agric Food Chem 2010, 58(5):2886-94.

[101] Tsai J-H, Hsu L-S, Lin C-L, Hong H-M, Pan M-H, Way T-D, et al. 3,54'-
Trimethoxystilbene, a natural methoxylated analog of resveratrol, inhibits breast cancer
cell invasiveness by downregulation of PI3K/Akt and Wnt/B-catenin signaling cascades
and reversal of epithelial-mesenchymal transition. Toxicol Appl Pharmacol 2013,
272(3):746-56.

[102] LiK, Dias SJ, Rimando AM, Dhar S, Mizuno CS, Penman AD, et al. Pterostilbene Acts
through Metastasis-Associated Protein 1 to Inhibit Tumor Growth, Progression and
Metastasis in Prostate Cancer. PLoS ONE 2013, 8(3):e57542.

[103] Kai L, Wang J, Ivanovic M, Chung Y-T, Laskin WB, Schulze-Hoepfner F, et al.
Targeting prostate cancer angiogenesis through metastasis-associated protein 1 (MTA1).
The Prostate 2011, 71(3):268-80.

[104] Zheng LF, Wei QY, Cai YJ, Fang JG, Zhou B, Yang L, et al. DNA damage induced by
resveratrol and its synthetic analogues in the presence of Cu (II) ions: mechanism and
structure-activity relationship. Free Radic Biol Med 2006, 41(12):1807-16.

[105] Basini G, Tringali C, Baioni L, Bussolati S, Spatafora C, Grasselli F. Biological effects
on granulosa cells of hydroxylated and methylated resveratrol analogues. Mol Nutr Food

Res 2010, 54(S2):S236-S43.

56



[106] Son Y, Chung H-T, Paec H-O. Differential effects of resveratrol and its natural analogs,
piceatannol and 3,5,4'-trans-trimethoxystilbene, on anti-inflammatory heme oxigenase-1
expression in RAW264.7 macrophages. Biofactors 2014, 40(1):138-45.

[107] Rossi M, Caruso F, Antonioletti R, Viglianti A, Traversi G, Leone S, et al. Scavenging of
hydroxyl radical by resveratrol and related natural stilbenes after hydrogen peroxide attack
on DNA. Chem Biol Interact 2013, 206(2):175-85.

[108] Caruso F, Tanski J, Villegas-Estrada A, Rossi M. Structural basis for antioxidant activity
of trans-resveratrol: ab initio calculations and crystal and molecular structure. J Agric Food
Chem 2004, 52(24):7279-85.

[109] Potter GA, Patterson LH, Wanogho E, Perry PJ, Butler PC, [jaz T, et al. The cancer
preventative agent resveratrol is converted to the anticancer agent piceatannol by the
cytochrome P450 enzyme CYPIBI. Br J Cancer 2002, 86(5):774-8.

[110] Piver B, Fer M, Vitrac X, Merillon J-M, Dreano Y, Berthou F, et al. Involvement of
cytochrome P450 1A2 in the biotransformation of trans-resveratrol in human liver

microsomes. Biochem Pharmacol 2004, 68(4):773-82.

57



Chapter 3: Chemical Synthesis

58



3.1 Introduction

The literature describes several synthetic pathways by which resveratrol derivatives are
synthesized and ultimately characterized. Examples of organic reactions used to prepare stilbenes
include but are not limited to Wittig [1], Heck [2], Horner-Wadsworth-Emmons (HWE) [3],
Perkin [4], and McMurry [5] reactions. These chemical reactions produce either a single or
mixed ratio of isomers (trans and cis) depending on the type of reaction and/or conditions used.
We performed a simple search for the frequent and the most used pathway to synthesize
resveratrol analogues (Figure 3-1). We found that the most common synthetic approaches were
Wittig, Heck, and HWE reactions. Additionally, the Wittig reaction provides access to both cis
and trans isomers [6] while the HWE reaction [7] and Heck coupling [2] are known for their

greater trans selectivity.
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Figure 3-1: Number of publications describing resveratrol derivatives and the utilized
synthetic approaches. The number of studies was obtained from the “ScienceDirect” database
using keywords "resveratrol derivatives synthesis Wittig." The same keywords were used for the

Heck and the HWE searches.

The Wittig reaction is the reaction between an aldehyde (or ketone) and triphenylphosphonium
ylide to produce an alkene product and phosphine oxide as a by-product (Figure 3-2) [8, 9]. The
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Wittig reaction ylide is typically formed by having phosphonium salts react with a suitable base
[9]. The ylides can be classified into three categories: non-stabilized (or reactive), semi-
stabilized, and stabilized ylides [10]. Mechanistically, the Wittig reaction involves two
intermediate species: betaine and oxaphosphetane (Figure 3-2) [9], although recent observations

suggest that oxaphosphetane is the only intermediate in certain Wittig reactions [10].

) © base S
Ph;P—CH; I ——> Ph3P®—CH2 ~—> Ph;P—CH,
phosphonium salt ylide
aldehyde R,
or (6]
ketone R,
H Rl Ph3P— Ph3P(-D_
_ < R, =——> R
Ph;PO  + >—< (|) Ry LR
H R2 Rz R2
phosphine oxide alkene oxaphosphetane betaine

Figure 3-2: Wittig reaction. The scheme was adapted from [9].

The stereoselectivity of the Wittig reaction is controlled by various factors, particularly the
intermediate oxaphosphetane (exists in cis and trans configurations) that is eliminated to produce
Z- and E-alkenes respectively [9]. The Z-alkene appears to predominate under kinetic conditions
while the FE-alkene is produced under thermodynamic conditions in which the two
oxaphosphetane configurations equilibrate with reactants to generate the most stable E-alkene
[9]. Other factors that influence the E/Z isomer ratio are the type of ylide, lithium salts, reaction

temperature, substituents on the aldehyde or ketone and aprotic conditions [9].

The Horner-Wadsworth-Emmons (HWE) reaction is a modified version of the Wittig reaction in
which a phosphonate-stabilized carbanion reacts with a carbonyl substrate to generate alkenes [9,
11]. The phosphonate used in the HWE reaction can be readily prepared using a Michaelis-
Arbuzov reaction of the desired phosphite compound with an organic halide [9]. The mechanism

of the HWE reaction involves the formation of an oxyanion intermediate under reversible
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conditions. The oxyanion ultimately decomposes through a four-centred intermediate to produce

alkenes (Figure 3-3) [9, 11].

H H
0 R0>ﬂ : R RO | £ _R R1 0
RO || RO — RO ] ‘ + (RO ll’l—oe
RO/P\@/Rl __— o — (I) : — (RO),
0" 2 'R : R R2
+ H H Z-alkene
H R,
T \ - ﬁ H © &
o RO>P : R RO\IL : R R1 (|)|
— [r0” | — - ‘ + (RO)P—O°
o_4 0—
0" = 'H :H R2
R, R, E-alkene

Figure 3-3: HWE reaction. Scheme was adapted from reference [9].

The stereoselectivity in the first carbon-carbon bond formation step along with the reversibility
of the intermediates determines the stereochemistry of the HWE alkene product [11]. The last

step, that is intermediate decomposition, is irreversible and leads to either an E-alkene from a

threo diastereomer collapse or a Z alkene from an erythro counterpart [12].

The Heck reaction (also called the Mizoroki-Heck reaction) is a palladium (Pd)-catalyzed

coupling between alkenes and halides that produces substituted alkenes by forming a new

carbon-carbon bond [13].
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Figure 3-4: catalytic

R—Pd—X
cycle for Heck reaction. o
The scheme was adapted oxidative
W P addition

from [14].
L,Pd(0) R
L | —L
X
H—Pd—X
| B -hydride
L elimination

The Heck coupling starts with the oxidative addition of the halide to Pd(0) with the cleavage of a
halide covalent bond and the formation of two new bonds (Figure 3-4) [13, 14]. The next step is
the insertion (also called carbometallation) of the alkene to the Pd-complex, which requires cis
coordination [13, 14]. This step is thought to be reversible [13, 14]. After insertion, there is a “B-
hydride elimination” in which hydrogen is eliminated from the carbon at the B-position and
transferred to the Palladium in the Pd-complex, generating a Pd hydride (H-Pd-X) and an alkene
[13]. Finally, H-Pd-X produces Pd(0) and HX by reductive elimination with the aid of a suitable
base [13]. The E-isomer is predominant in the Heck reaction, which gives this reaction a

stereospecific advantage over the Wittig reaction [15].
3.2  Objectives

The aim of this study is to synthesize resveratrol and its derivatives (3-12). Particular focus will
be to investigate the possibilities of the Wittig reaction, HWE reaction and Heck coupling to

produce reasonable yields of the desired trans isomers of resveratrol-salicylate derivatives.
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3.3 Materials and methods

3.3.1 Chemistry

All melting points were determined with an Electrothermal Mel-Temp® melting point apparatus
(Dubuque, IA, USA), and are uncorrected. 'H-NMR and C-NMR spectra were recorded on
either a Bruker AVANCE 600, or a Bruker AM-300 NMR spectrophotometer; coupling
constants (J) are reported in Hertz (Hz), and the corresponding chemical shifts are represented as
O units (ppm), using tetramethylsilane (TMS) as an internal standard. ESI-MS spectra were
recorded using a Water’s micromass ZQ-4000 single quadruple mass spectrometer. Final
compounds (3-12) showed a single spot on RediSep” silica gel glass plates (UV3s4, 0.2 mm)
using high, medium, and low polarity solvent mixtures. No residue remained after combustion,
indicating a purity higher than 95%. Column chromatography was performed on a CombiFlash
Retrieve®, or CombiFlash Rf® system using RediSep Rf silica gel® (40-60 um) cartridges, or
pre-packed RediSep Gold® columns. Microwave-assisted reactions were performed using a
Biotage Initiator (Biotage, Charlotte, NC, USA) with (0.5-2.0 mL) and (2-5.0 mL) reaction
vessels. All reagents were purchased from either Sigma-Aldrich (Milwaukee, IN) or TCI

America (Portland, OR) and were used without further purification.

3.3.1.1 General procedure for the synthesis of compounds 1a, 2a, and 2h

In a round-bottom flask equipped with a magnetic stirrer, benzoic acid derivative (1.5-32 mmol)
was dissolved in methanol (20-100 mL) with a catalytic amount of sulfuric acid. Then, the
reaction flask was refluxed for 15-19 hours. After that, the reaction mixture was evaporated
under a vacuum to provide a solid residue that was dissolved in EtOAc (20 mL) and extracted
with a saturated NaHCOj3 aqueous solution (3 X 60 mL). Then, the organic layer was dried over
Na,SO4 and evaporation of solvent furnished the ester product. In case of 2h, column
chromatography using hexane/EtOAc (95:5) was performed to isolate the 2h from the unreacted

starting material.

3.3.1.1.1 Methyl 3,5-dihydroxybenzoate (1a)
3,5-Dihydroxybenzoic acid (1.0 g, 6.5 mmol) was used as a starting material following the

procedure described above. 1a (1.05 g, 96%) was obtained as a white solid, m.p. (163-164°C).
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'H-NMR (300 MHz, DMSO-dg): § 9.34 (s, 2H, OH), 6.85 (d, J = 1.83 Hz, 2H, H-2 & H-6), 6.45
(t, J=1.83 Hz, 1H, H-4), 3.81 (s, 3H, CH;).

3.3.1.1.2 Methyl 5-formyl-2-hydroxybenzoate (2a)

5-Formylsalicylic acid (0.50 g, 3.0 mmol) was used as a starting material following the
procedure described above. 2a (0.29 g, 54%) was obtained as yellow crystals, m.p. (77-79°C).
"H-NMR (300 MHz, CDCl5): 6 11.37 (s, 1H, CHO), 9.89 (s, 1H, OH), 8.39 (d, /= 1.83 Hz, 1H,
H-6), 8.01 (dd, J = 8.52 & 1.83 Hz, 1H, H-4), 7.11 (d, J = 8.52 Hz, 1H, H-3), 4.02 (s, 3H,
CH;0).

3.3.1.1.3 Methyl 5-iodo-2-hydroxybenzoate (2h)

5-lodosalicylic acid (3.2 g, 12 mmol) was used as a starting material following the procedure
described above. 2h (1.4 g, 42%) was obtained after chromatography as a pale yellow solid, m.p.
(69-72°C). '"H-NMR (300 MHz, CDCl3): & 10.72 (s, 1H, OH), 8.13 (d, J= 2.4 Hz, 1H, H-6), 7.69
(dd, J=8.5 & 2.4 Hz, 1H, H-4), 6.78 (d, J= 8.5 Hz, 1H, H-3), 3.96 (s, 3H, CH3).

3.3.1.2 General procedure for the synthesis of compounds 1b, 1g, 1j, 2b, 2f, and 2g

In a round-bottom flask equipped with a magnetic stirrer, an aromatic compound bearing either
free phenol group(s) and/or free carboxylic acid (1.7-31 mmol) was stirred with potassium
carbonate (1.5 Eq.) at room temperature in acetone (15-200 mL) for 1 hour before the addition of
dimethylsulfate (1.5 Eq. per each OH). The reaction flask was then refluxed for 1-3 hours and
the reaction progress was monitored by TLC. After the reaction was complete, the solvent was
evaporated and the resulting liquid was mixed with water (60 mL) and extracted with EtOAc (3
X 20 mL). In the case of 1g, acidic water (pH = 3) was mixed with the residue after evaporation,
followed by extraction with EtOAc. The combined organic layers were dried over Na,SO4 and

the evaporation of the solvent afforded the target solid products.

3.3.1.2.1 Methyl 3,5-dimethoxybenzoate (1b)

1a (5.2 g, 31 mmol) was used as a starting material following the procedure described above. 1b
(5.9 g, 98%) was obtained as a white solid, m.p. (40-42°C). "H-NMR (300 MHz, CDCl;):  7.18
(d, J=2.43 Hz, 2H, H-2 & H-6), 6.64 (t, J = 2.43 Hz, 1H, H-4), 3.91 (s, 3H, CH30CO), 3.82 (s,
6H, CH;0).
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3.3.1.2.2 4-Methoxybenzyl alcohol (1g)

4-Hydroxybenzylalcohol (1.0 g, 8 mmol) was used as a starting material following the procedure
described above. 1g (1.05 g, 94%) was obtained as a golden liquid. "H-NMR (300 MHz, CDCl;):
0 7.30 (d, J = 8.5 Hz, 2H, H-2 & H-6), 6.90 (d, J=9.15 Hz, 2H, H-3 & H-5), 4.62 (s, 2H, CH»),
3.81 (s, 3H, CHj3).

3.3.1.2.3 4-Methoxybenzaldehyde (1j):

4-Hydroxybenzaldehyde (0.30 g, 2.5 mmol) was used as a starting material following the
procedure described above. 1j (0.32 g, 95%) was obtained as a pale yellow oil. '"H-NMR (300
MHz, CDCl3): 6 9.89 (s, 1H, CHO), 7.84 (d, J = 9.15 Hz, 2H, H-2 & H-6), 7.01 (d, J = 8.55 Hz,
2H, H-3 & H-5), 3.90 (s, 3H, CHj3).

3.3.1.2.4 Methyl 5-formyl-2-methoxybenzoate (2b)

2a (0.31 g, 1.7 mmol) was used as a starting material following the procedure described above.
2b (0.3 g, 90%) was obtained as a white solid, m.p. (88-90°C). 'H-NMR (300 MHz, CDCls): &
9.93 (s, IH, CHO), 8.34 (d, J = 1.83 Hz, 1H, H-6), 8.03 (dd, J/=9.15 Hz & 1.83 Hz, 1H, H-4),
7.12 (d, J=9.15 Hz, 1H, H-3), 4.01 (s, 3H, OCH3), 3.93 (s, 3H, CO,CHs).

3.3.1.2.5 4-Methoxyiodobenzene (2f)

4-Hydroxyiodobenzene (0.6 g, 2.7 mmol) was used as a starting material following the procedure
described above. 2f (0.61, 95%) was obtained as a light brown solid, m.p. (49-51°C). 'H-NMR
(600 MHz, CDCls): 6 7.55 (d, J = 8.4 Hz, 2H, H-2 & H-6), 6.68 (d, J= 9.0 Hz, 2H, H-3 & H-5),
3.96 (s, 3H, CHj3).

3.3.1.2.6 Methyl 5-iodo-2-methoxybenzoate (2g)

5-lIodosalicylic acid (1.56 g, 5.9 mmol) was used as a starting material following the procedure
described above. 2g (1.62 g, 94%) was obtained as colorless needles, m.p. (49-51°C). 'H-NMR
(600 MHz, CDCl5): ¢ 8.07 (d, J = 2.4 Hz, 1H, H-6), 7.73 (dd, J = 8.4 & 2.4 Hz, 1H, H-4), 6.75
(d, J = 8.4 Hz, 1H, H-3), 3.88 (s, 6H). C-NMR (600 MHz, CDCls): 165.15, 158.97, 142.0,
140.02, 122.15, 114.33, 81.71, 56.15, 52.26.

3.3.1.3 Procedure for the synthesis of 3,5-dimethoxybenzyl alcohol (1¢)
In a round-bottom flask equipped with a magnetic stirrer, 1b (0.7 g, 3.6 mmol) was added, and

the flask was flushed several times with nitrogen gas. Then, lithium aluminum hydride (LAH)
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(0.14 g, 3.7 mmol) was added, followed by addition of dry THF (10 mL) while keeping the
reaction flask under N, gas. After that, the reaction was stirred at room temperature for two hours
and the reaction progress was monitored by TLC. After the reaction was complete, it was
quenched by the careful addition of water (60 mL). The reaction mixture was then acidified
(Conc. HCI) to pH=3. Then, the mixture was extracted with EtOAc (3 X 20 mL), and the
combined organic layer was dried over Na,SO4. The evaporation of EtOAc afforded the title
compound (0.54 g, 90%) as a light brown solid, m.p. (45-47°C). '"H-NMR (300 MHz, CDCl3): &
6.53 (d, /= 1.83 Hz, 2H, H-2 & H-6), 6.39 (t,J = 2.43 Hz, 1H, H-4), 4.64 (s, 2H, CH>), 3.79 (s,
6H, 2 X CH3).

3.3.1.4 Procedure for the synthesis of 3,5-dimethoxybenzaldehyde (1d)

For the synthesis of 1d, we reproduced the method reported by Varssev, G.N. [16]. Briefly, 1c
(0.46 g, 2.7 mmol) was dissolved in CH,Cl, (8 mL) in a round-bottom flask equipped with a
magnetic stirrer. Then, pyridinium dichromate (1.2 g, 3.2 mmol) was added to the reaction flask,
and the reaction was allowed to stir at room temperature for 18 hours. After the reaction was
completed (determined by TLC), the mixture was filtered out and the solid residue was trapped
after the filtration was washed with CH,Cl, (20 mL). Then, this organic layer was washed three
times, first with 5% NaOH (10 mL), then with 5% HCI (10 mL), and finally with an NaHCO;
saturated aqueous solution. After that, the organic layer was dried over Na,SO4 and the
evaporation of solvent produced 1d (0.38 g, 84%) as a white solid, m.p. (48-50°C). 'H-NMR
(300 MHz, CDCls): 6 9.91 (s, 1H, CHO), 7.01 (d, J = 2.43 Hz, 2H, H-2 & H-6), 6.71 (t,J=2.43
Hz, 1H, H-4), 3.85 (s, 6H, 2 X CH3).

3.3.1.5 General procedure for the synthesis of compounds 1h and 1e

The benzylic alcohol derivative 1g or 1c¢ (1.6-6.5 mmol) was placed in a dry round-bottom flask
equipped with a magnetic stirrer before the addition of dry CH,Cl, (7-25 mL). Then, the reaction
flask was kept under N, gas and placed in an ice-bath before the addition of PBr; (1.2 Eq.)
dropwise over 5-9 minutes. After the complete addition of PBrs, the reaction was allowed to stir
in the ice-bath for 2 hours and at room temperature for one hour. Meanwhile, the reaction
progress was monitored by TLC. After the reaction was complete, it was quenched by cold water
(100 mL) and extracted with CH,Cl, (2 X 20 mL). The organic layer was then filtered off, and

the clear filtrate was evaporated to produce the target compounds.
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3.3.1.5.1 4-Methoxybenzyl bromide (1h)

1g (0.2 g, 1.6 mmol) was used as a starting material following the procedure described above. 1h
(0.29 g, 90%) was obtained as a light brown liquid. "H-NMR (300 MHz, CDCl;): & 7.32 (d, J =
8.52 Hz, 2H, H-2 & H-6), 6.86 (d, J = 8.52 Hz, 2H, H-3 & H-5), 4.50 (s, 2H, CH,), 3.80 (s, 3H,
CHj;).

3.3.1.5.2 3,5-Dimethoxybenzyl bromide (1e)

lc (1.1 g, 6.5 mmol) was used as a starting material following the procedure described above. 1e
(1.27 g, 84%) was obtained as a brown solid, m.p. (69-71°C). 'H-NMR (300 MHz, CDCl;): &
6.54 (d, J=2.46 Hz, 2H, H-2 & H-6), 6.39 (t, J = 2.43 Hz, 1H, H-4), 4.42 (s, 2H, CH>), 3.79 (s,
6H, 2 X CH3).

3.3.1.6 General procedure for the synthesis of compounds 1i and 1f

The benzyl bromide derivative 1h or 1e was placed in a round-bottom flask equipped with a
magnetic stirrer before the addition of toluene (4-50 mL). Then, PPh; was added (1.2 Eq.), and
the reaction flask was refluxed for 18 hours. The completion of the reaction was confirmed by
the disappearance of the starting material using TLC. After that, the white solid produced from
this reaction was filtered off and washed with toluene two times (15 mL). The white solid
obtained was dried in a vacuum-oven, and the title compounds were later confirmed by

measuring their melting point.

3.3.1.6.1 4-Methoxybenzyltriphenylphosphonium bromide (1i)
1h (0.18 g, 0.9 mmol) was used as a starting material following the procedure described above.

1i (0.33 g, 80%) was obtained as an off-white solid, m.p. 229-231°C (reported 235-237°C [17]).

3.3.1.6.2 3,5-Dimethoxybenzyltriphenylphosphonium bromide (1f)
le (1.13 g, 4.9 mmol) was used as a starting material following the procedure described above.

1f (2.18 g, 90%) was obtained as an off-white solid, m.p. 269-272°C (reported 275°C [17]).

3.3.1.7 General procedure for the synthesis of compounds 2¢, 2d and 2i

In a round-bottom flask equipped with a magnetic stirrer, the compounds bearing the hydroxyl
group (0.9-3.3 mmol) and Et;N (1.2 Eq.) were mixed into dry THF (8-50 mL). Then, CH;COCI
(1.2 Eq.) was added dropwise to the reaction flask over 2-4 minutes. After that, the reaction was

allowed to stir at room temperature for 1-2 hours. Upon reaction completion (by TLC), the solid
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produced from this reaction was filtered out, and the clear organic filtrate was dried over Na,SO;4
before evaporation of the solvent. After the evaporation, we obtained the target solid products.
They showed high purity and we used them without further purification in the subsequent

reactions.

3.3.1.7.1 Methyl 2-acetoxy-5-formylbenzoate (2¢)

2a (0.16 g, 0.90 mmol) was used as a starting material following the procedure described above.
2¢ (0.18 g, 93%) was produced as yellow crystals, m.p.(34-36 °C). '"H-NMR (300 MHz, CDCl5)
0 10.03 (s, 1H, CHO), 8.53 (d, J = 1.83 Hz, 1H, H-6), 8.09 (dd, J = 8.52 Hz &1.83, Hz, 1H, H-
4),7.29 (d, J = 8.55 Hz, 1H, H-3), 3.92 (s, 3H, CH;0CO), 2.38 (s, 3H, CH;CO). *C-NMR (600
MHz, CDCl3) 6 190.09, 169.02, 163.80, 155.09, 134.01, 133.94, 133.85, 124.99, 124.05, 52.49,
20.89. ESI-MS m/z; 245.0 [M+Na]".

3.3.1.7.2 4-Acetoxy-3-methoxybenzaldehyde (2d)

3-Methoxy-4-hydroxybenzaldehyde (vanillin) (0.5 g, 3.3 mmol) was used as a starting material
using the procedure described above. 2d (0.58 g, 91%) was produced as pale yellow crystals,
m.p. (77-79°C). '"H-NMR (300 MHz, CDCls) & 9.95 (s, 1H, CHO), 7.50 (d, J = 1.83 Hz, 1H, H-
2), 7.48 (dd, J = 7.32 Hz & 1.83 Hz, 1H, H-6), 7.22 (d, J = 7.32 Hz, 1H, H-5), 3.91 (s, 3H,
CH;0), 2.35 (s, 3H, CH3CO).

3.3.1.7.3 2-Acetoxy-5-formylbenzoic acid (2i)

5-Formylsalicylic acid (0.5 g, 3.0 mmol) was used as a starting material following the procedure
described above. 2i (0.52 g, 83%) was produced as a pale yellow liquid. The product is unstable
and decomposes at room temperature (as we observed impurities in 'H-NMR upon leaving it on
the bench). "H-NMR (300 MHz, DMSO-dg): & 9.96 (s, 1H, CHO), 8.50 (d, J = 1.83 Hz, 1H, H-
6), 8.01 (dd, /=7.92 & 1.83 Hz, 1H, H-4), 7.19 (d, J=7.95 Hz, 1H, H-3), 2.29 (s, 3H, CH3CO).

3.3.1.8 Wittig reaction for the synthesis of cis/trans isomers of TMS and resveratrol
derivatives 3-7

In a heat-dried three-neck round bottom flask, the corresponding phosphonium bromide (1i or 1f,

1.1 Eq.) was added, and the flask was immediately flushed with nitrogen gas to remove oxygen

and moisture. Using a bath of dry ice and acetone, the flask was cooled down to about -60 °C, at

which time (15-50 mL) of dry THF was added. After a few minutes of stirring, n-butyllithium
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(1.1 Eq.) was added. The resulting red suspension was stirred for 30-45 minutes before a solution
of the corresponding aldehyde (1d, 1j or 2b-2d, 0.6-2.5 mmol) was added in (2-10 mL) of dry
THF, dropwise, over 20 to 30 minutes. After that, the dry ice bath was removed to allow the
reaction mixture to reach room temperature. The mixture was then stirred for about 15-18 hours
(until the aldehyde was completely consumed, as monitored by TLC). After the reaction was
complete, it was quenched by adding water (90 mL). It was then extracted with EtOAc (3 X 30
mL). The combined organic layers were dried using Na;SOy4, and the solvent was evaporated
under a vacuum to obtain the crude liquid product, which was then purified by silica gel column
chromatography, using a solvent mixture of hexane/ethyl acetate (60:40) to afford the E/Z

mixture of stilbenes as an oily liquid.

3.3.1.9 General procedure for frans-isomerization

To obtain the pure E-isomer from the purified isomeric mixtures obtained above, the stilbene
(0.1-6.3 mmol) was dissolved in dry THF (50 mL/1.46 mmol stilbene), and diphenyl disulfide
(0.2-0.7 Eq.) was added as previously described [18]. This reaction mixture was stirred under a
nitrogen atmosphere until all the Z stilbene re-isomerized to the £ isomer (on average, the Z
isomer Ry value was 0.64, while that of the E isomer was 0.51). Finally, the solvent was
evaporated under a vacuum, and the product was purified by column chromatography using a

mixture of petroleum ether/ethyl acetate (70:30) to afford the pure E-isomer.

3.3.1.9.1 (E)-3.4’,5-Trimethoxystilbene (TMS)

This compound was obtained from the reaction between aldehyde 1d (0.64 g, 3.9 mmol) and the
salt 1i (1.85 g, 4.0 mmol) using the procedure described above. Trans-TMS (0.61 g, 61%) was
produced after reaction with Ph,S, as colorless needles, m.p. 55-56 °C (reported 55-57 °C [19]).
'H-NMR (600 MHz, CDCl3) J 7.44 (d, J = 8.4 Hz, 2H, H-2> & H-6"), 7.04 (d, /= 16.2 Hz, 1H,
alkene), 6.90 (d, J=16.8 Hz, 1H, alkene), 6.89 (d, /= 8.4 Hz, 2H, H-3* & H-5’), 6.65 (d,J=2.4
Hz, 2H, H-2 & H-6), 6.37 (t, J = 2.4 Hz, 1H, H-4), 3.83 (s, 9H, 3 X CH;0). *C-NMR (300
MHz, CDCl3) 6 160.98, 159.42, 139.72, 129.97, 128.76, 127.77, 126.62, 114.16, 104.39, 99.68,
55.36.

3.3.1.9.2 (E)-4,4’-Dimethoxy-3-(methoxycarbonyl)stilbene (3)
This compound was obtained from the reaction between aldehyde 2b (0.12 g, 0.64 mmol) and
the salt 1i (0.31 g, 0.65 mmol) using the procedure described above. 3 (0.68 g, 68%) was
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produced after the Ph,S, reaction as a white solid, m.p.133-134 °C. "H-NMR (600 MHz, CDCls)
0793 (d,J=2.4Hz, 1H, H-2"), 7.58 (dd, /= 8.4, 2.4 Hz, 1H, H-6), 7.43 (d, /= 9.0 Hz, 2H, H-
2 and H-6), 6.98 (d, J = 16.2 Hz, 1H, alkene), 6.97 (d, J = 8.4 Hz, 1H, H-5"), 6.91 (d, J = 18.3
Hz, 1H, alkene), 6.89 (d, J = 9 Hz, 2H, H-3 and H-5), 3.92 (s, 3H, CH30), 3.92 (s, 3H,
CH;0CO), 3.83 (s, 3H, CH;0). "C-NMR (300 MHz, CDCl;) § 166.61, 159.20, 158.25, 131.03,
130.07, 130.04, 129.36, 129.20, 127.52, 127.38, 125.01, 120.16, 114.13, 112.30, 56.16, 55.32,
52.09. Exact mass (298.12), found mass using ESI-MS m/z = 321.0 [M+Na]". Anal. calcd for
Ci3H1304: C 72.47, H 6.08, found: C 72.49, H 6.19.

3.3.1.9.3 (E)-4-Acetoxy-4’-methoxy-3-(methoxycarbonyl)stilbene (4):

This compound was obtained from the reaction between aldehyde 2¢ (0.42 g, 1.9 mmol) and the
salt 1i (1.02 g, 2.2 mmol) using the procedure described above. 4 (0.59 g, 59%) was produced
after the Ph,S, reaction as a white solid, m.p. 123-125 °C. '"H-NMR (300 MHz, CDCl3) ¢ 8.11
(d, J=2.43 Hz, 1H, H-2’), 7.62 (dd, J = 8.55, 2.43 Hz, 1H, H-6’), 7.44 (d, J=9.15 Hz, 2H, H-2
and H-6), 7.07 (d, J=7.95 Hz, 1H, H-5"), 7.06 (d, J = 15.87 Hz, 1H, alkene), 6.93 (d, J = 16.47
Hz, 1H, alkene), 6.90 (d, J = 9.15 Hz, 2H, H-3 and H-5), 3.90 (s, 3H, CH;0CO), 3.81 (s, 3H,
CH;0), 2.36 (s, 3H, CH;CO). "C-NMR (300 MHz, CDCls): d 169.55, 164.72, 159.43, 149.24,
135.71, 130.87, 129.47, 129.39, 129.14, 127.74, 124.29, 123.88, 123.05, 114.03, 55.13, 52.06,
20.83. Exact mass (326.12), found mass using ESI-MS m/z = 348.9 [M+Na]".

3.3.1.94 (E)-4’-Acetoxy-3,3’,5-trimethoxystilbene (5)

This compound was obtained from the reaction between aldehyde 2d (0.48 g, 2.5 mmol) and the
salt 1f (1.28 g, 2.6 mmol) using the procedure described above. 5 (0.76 g, 76%) was produced
after the Ph,S, reaction as white crystals, m.p. = 118-120 °C (reported 120-122 °C [20]). 'H-
NMR (300 MHz, CDCls) ¢ 7.09 (dd, J=9.15 & 1.83 Hz, 1H, H-6"), 7.06 (d, J = 15.84 Hz, 1H,
alkene), 7.03 (d, J = 1.83 Hz, 1H, H-2"), 7.02 (d, J = 8.55 Hz, 1H, H-5"), 6.97 (d, /= 15.87 Hz,
1H, alkene), 6.67 (d, J = 2.4 Hz, 2H, H-2 & H-6), 6.41 (t,J=2.4 Hz, 1H, H-4), 3.89 (s, 6H, 2 X
CH;0), 3.83 (s, 3H, CH;0), 2.32 (s, 3H, CH;CO). “C-NMR (300 MHz, CDCl3) J 169.00,
160.96, 151.17, 139.36, 139.07, 136.20, 128.95, 128.53, 122.91, 119.30, 110.11, 104.58, 100.11,
55.89, 55.38, 20.70. Exact mass (328.12), found mass using ESI-MS m/z = 351.0 [M+Na]".
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3.3.1.9.5 (E)-4’-Acetoxy-3,5-dimethoxy-3’-(methoxycarbonyl)stilbene (6)

This compound was obtained from the reaction between aldehyde 2¢ (0.39 g, 1.8 mmol) and the
salt 1f (0.94 g, 1.9 mmol) using the procedure described above. 6 (0.67 g, 67%) was produced
after the Ph,S, reaction as colorless needles, m.p. 97-99 °C. "H-NMR (300 MHz, CDCls) ¢ 8.12
(d, J=1.83 Hz, 1H, H-2"), 7.80 (dd, J = 8.55, 1.83 Hz, 1H, H-6), 7.19 (d, J = 16.47 Hz, 1H,
alkene), 7.13 (d, J = 8.55 Hz, 1H, H-5"), 7.12 (d, J = 16.47 Hz, 1H, alkene), 6.73 (d, J = 2.46 Hz,
2H, H-2 and H-6), 6.41 (t, J = 2.40 Hz, 1H, H-4), 3.87 (s, 3H, CH;0CO), 3.80 (s, 6H, 2 X
CH;0), 2.30 (s, 3H,CH3CO0). *C-NMR (300 MHz, CDCl3) d 169.67, 164.75, 160.96, 149.77,
138.70, 135.30, 131.32, 130.10, 129.66, 127.06, 124.09, 123.26, 104.65, 100.36, 55.36, 52.25,
20.96. Exact mass (356.13), found mass using ESI-MS m/z = 378.9 [M+Na]".

3.3.1.9.6 (E)-3.4’,5-Trimethoxy-3’-(methoxycarbonyl)stilbene (7)

This compound was obtained from the reaction between aldehyde 2b (0.33 g, 1.7 mmol) and the
salt 1f (0.88 g, 1.8 mmol) using the procedure described above. 7 (0.59 g, 59%) was produced
after the Ph,S, reaction as a white solid, m.p. = 102-103 °C. 'H-NMR (300 MHz, CD;OD) ¢
7.92 (d,J=1.83 Hz, 1H, H-2"), 7.72 (dd, J = 8.55, 2.46 Hz, 1H, H-6"), 7.12 (d, /= 9.15 Hz, 1H,
H-5’), 7.11 (d, J = 16.29 Hz, 1H, alkene), 7.00 (d, J = 16.47 Hz, 1H, alkene), 6.70 (d, J = 2.43
Hz, 2H, H-2 and H-6), 6.38 (t, J = 2.46 Hz, 1H, H-4), 3.89 (s, 3H, CH30CO), 3.87 (s, 3H,
CH;0), 3.80 (s, 6H, 2 X CH30). C-NMR (300MHz, CDCl3) 6 166.32, 160.80, 158.46, 139.08,
131.21, 129.58, 129.31, 127.58, 127.41, 120.03, 112.15, 104.26, 99.76, 99.65, 55.96, 55.16,
51.91, 29.57. Exact mass (328.13), found mass using ESI-MS m/z = 351.0 [M+Na]".

3.3.1.10 Procedure for the synthesis of diethyl (3,5-dimethoxybenzyl) phosphonate
(1k)

le (0.5 g, 2.2 mmol) and triethyl phosphite (2.0 Eq.) were mixed in a round-bottom flask
equipped with magnetic stirrer before heating the reaction flask at 130°C for 2 hours. Then, the
reaction mixture underwent column chromatography using hexane/EtOAc (30:70) to remove the
unreacted triethyl phosphite. 1k (0.44 g, 70%) was obtained as a colorless liquid. "H-NMR (300
MHz, CDCl;): 6 6.46 (t, J = 2.43 Hz, 2H, H-2 & H-6), 6.35 (d, J = 2.43 Hz, 1H, H-4), 4.03
(quint, J = 7.32 Hz, 4H, OCH,CH3), 3.77 (s, 6H, OCH3), 3.09 (d, J = 21.99 Hz, 2H, CH,P), 1.26
(t,J=7.32 Hz, 6H, OCH,CH3).
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3.3.1.11 Wittig reaction for the synthesis of intermediates 11 and 1m to be used in the
Heck coupling

1d or 4-hydroxybenzaldehyde, methyltriphenylphosphonium bromide (4.0 Eq.), and sodium
hydride (4.5 Eq.) were added to a dry round-bottom flask equipped with a magnetic stirrer. Then,
the flask was flushed with N, gas and kept under an inert atmosphere. After that, dry THF (5-25
mL) was added and the flask was stirred at room temperature for 6 tol7 hours. Upon reaction
completion (monitored by TLC), cold water (50 mL) was added, followed by extraction with
EtOAc (3 X 15 mL). In the case of 1m, mixture acidification (pH = 3) was performed before
extraction. Then, the combined organic layer was dried over Na,SO4s. When the solvent
evaporated, it produced a liquid mixture which was purified by silica gel column

chromatography using an eluent mixture of hexane/EtOAc (80:20).

3.3.1.11.1 3,5-Dimethoxystyrene (11)

1d (0.8 g, 4.8 mmol) was used to prepare 11 using the procedure described above. 11 (0.73 g,
93%) was obtained as colorless oil. 'H-NMR (600 MHz, CDCl;): 6 6.64 (dd, J=17.4 & 10.8 Hz,
1H, alkene), 6.56 (d, J = 1.8 Hz, 2H, H-2 & H-6), 6.38 (t, /=1.8 Hz, 1H, H-4), 5.73 (d, J=17.4
Hz, 1H, alkene), 5.25 (d, J = 10.8 Hz, 1H, alkene), 3.80 (s, 6H, 2 X CH3).

3.3.1.11.2 4-Hydroxystyrene (1m):

4-Hydroxybenzaldehyde (1.0 g, 8.2 mmol) was used to prepare 1m using the procedure
described above. 1m (0.77 g, 78%) was obtained as colorless oil. 'H-NMR (300 MHz, CDCls):
0 7.29 (d, J=8.55 Hz, 2H, H-2 & H-6), 6.80 (d, J = 8.52 Hz, 2H, H-3 & H-5), 6.65 (dd, J=17.70
& 10.98 Hz, 1H, alkene), 5.73 (broad s, 1H, OH), 5.59 (d, /= 17.70 Hz, 1H, alkene), 5.11 (d, J =
10.38 Hz, 1H, alkene).

3.3.1.12 General procedure for the HWE reaction

In a round-bottom flask equipped with a magnetic stirrer, a phosphonate derivative (1k) (1.0 Eq.)
was added to the aldehyde (1j or 2b) or aldehyde-devoid (2e) (1.3 mmol) solution in DMF (10-
30 mL). The base was either added completely or gradually to the reaction mixture (according to
each specified reaction). Then, the reaction was allowed to stir at room temperature while the

reaction process was monitored by TLC. Using sodium methoxide as a base, 1k was first added
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with the base in DMF, after which the aldehyde was gradually added, and the reaction was then
heated at reflux. When the reaction was completed (or as per the specified time), it was quenched
by the addition of an aqueous ammonium chloride solution (60 mL), followed by extraction with
EtOAc (3 X 20 mL). The combined organic layer was dried over Na,SO4. When the solvent
evaporated, it produced a liquid that was purified by silica gel chromatography using

hexane/EtOAc (80:20).

3.3.1.13 General procedure for the Heck coupling

Styrene 1m or 11 (0.1-4.5 mmol), iodo-derivative 2f, 2g or 2h (0.1-4.5 mmol), palladium acetate
(1% mmol), triethyl amine (0.2-1.5 mL), and triphenyl phosphine (4.5% mmol) were added in
either a dry microwave vial or in a round-bottom flask equipped with a magnetic stirrer (to be
used for traditional reflux). Then, acetonitrile (0.5-6.0 mL) was added, and the reaction vessel
was sealed and was either refluxed or heated in the microwave for the specified temperatures and
time. After the reaction was completed, (TLC monitored), it was quenched by the addition of
cold water (70 mL) and extracted with EtOAc (3 X 20 mL). The combined organic layer was
dried over Na,SO4. When the solvent evaporated, it produced a solid mixture that was purified
by silica gel chromatography using petroleum ether:EtOAc (80:20). After chromatography, the

trans 1somer was recrystallized from a mixture of hexane and EtOAc.

3.3.1.13.1 3,3’-dicarbomethoxy-4,4’-dimethoxybiphenyl (13)

This compound was identified as a by-product during Heck coupling to produce resveratrol
derivative 7. Compound 13 was obtained as colorless crystals, m.p. 110-112°C (reported 115-
117°C [21]). "H-NMR (600 MHz, CDCl3): 6 7.99 (d, J = 2.4 Hz, 2H, H-2 & H-2"), 7.66 (dd, J =
8.4 Hz & 2.4 Hz, 2H, H-6 & H-6’), 7.04 (d, J = 8.4 Hz, 2H, H-5 & H-5"), 3.94 (s, 6H, 2 X
OCH3), 3.92 (s, 6H, 2 X COOCH3). *C-NMR (600 MHz, CDCls): 50.26, 54.31, 54.42, 110.62,
118.43, 127.93, 129.61, 130.00, 156.50, 164.73. ESI-MS m/z; 331.0 [M+H]" (reported m/z = 330
by EI-MS [21]).

3.3.1.14 General procedure for the synthesis of resveratrol, 8, 9, and 10
The corresponding E-stilbene (TMS, 3 or 7) was dissolved in dry dichloromethane using a heat-

dried three-neck round-bottom flask equipped with a magnetic stirrer. Using dry ice and acetone,
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the solution was cooled to about -60°C. Then a solution of boron tribromide (1 M in CH,Cl,)
was added dropwise over 1-3 minutes. After adding BBr3, the ice bath was removed to allow the
reaction mixture to warm up to room temperature, and it was stirred for 1- 4 hours. The reaction
was quenched by adding water (60 mL; very slowly), and the product mixture was extracted with
dichloromethane (3 X 20 mL). The combined organic phases were dried using Na,;SOs, and the
solvent was evaporated under vacuum. Finally, the product was purified by silica gel column
chromatography using a mixture of EtOAc/methanol (80:20) to afford the corresponding
hydroxylated stilbenes.

3.3.1.14.1 (E)-3,4’,5-Trihydroxystilbene (resveratrol)

Trans-TMS (0.053 g, 0.19 mmol) was used to prepare resveratrol using the procedure described
above. Resveratrol (0.03 g, 67%) was obtained as a light red solid, m.p. 168-171°C (reported
172-174°C [17]). '"H-NMR (300 MHz, CD;OD): 6 7.34 (d, J = 8.55 Hz, 2H, H-2’ & H-6"), 6.95
(d, J=15.87 Hz, 1H, alkene), 6.79 (d, J = 16.47 Hz, 1H, alkene), 6.76 (d, J = 8.55 Hz, 2H, H-3’
& H-5"), 6.44 (d, J=2.43 Hz, 2H, H-2 & H-6), 6.15 (t, J=2.43 Hz, 1H, H-4).

3.3.1.14.2 (E)-4,4’-Dihydroxy-3’-(hydroxycarbonyl)stilbene (8)

3 (0.26 g, 0.87 mmol) was used to prepare derivative 8 utilizing 6.0 Eq. of BBr3; and following
the procedure described above. 8 (0.13 g, 60%) was obtained as an off-white solid, m.p. = 237-
240 °C (reported 241-243 °C [22]). "H-NMR (300 MHz, CD;0D) § 7.94 (d, J = 2.46 Hz, 1H, H-
2%),7.66 (dd, J=8.55 Hz & 2.43 Hz, 1H, H-6"), 7.35 (d, J = 8.55 Hz, 2H, H-2 & H-6), 6.96 (d, J
=16.4 Hz, 1H, alkene), 6.90 (d, J = 8.52 Hz, 1H, H-5"), 6.89 (d, J = 15.87 Hz, 1H, alkene), 6.75
(d, J=8.55 Hz, 2H, H-3 & H-5). Exact mass (256.07), found mass using ESI-MS m/z = 256.8
[M+H]".

3.3.1.14.3 (E)-3,4’,5-Trihydroxy-3’-(hydroxycarbonyl)stilbene (9)

7 (0.61 g, 1.9 mmol) was used to prepare derivative 9 utilizing 8.0 Eq. of BBr; and following the
procedure described above. 9 (0.25 g, 50%) was obtained as a pale yellow solid, m.p. = 213-215
°C. '"H-NMR (300 MHz, CD;0D) 6 7.95 (d, J = 2.46 Hz, 1H, H-2"), 7.68 (dd, J = 8.55 Hz &
2.43 Hz, 1H, H-6"), 6.98 (d, J = 16.47 Hz, 1H, alkene), 6.91 (d, J = 8.52 Hz, 1H, H-5"), 6.86 (d,
J=16.47 Hz, 1H, alkene), 6.46 (d, J = 1.83 Hz, 2H, H-2 & H-6), 6.16 (t, J = 2.46 Hz, 1H, H-4).
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BC-NMR (300 MHz, CD;OD) ¢ 173.34, 162.65, 159.69, 140.78, 134.07, 130.24, 129.60,
128.62, 128.17, 118.62, 113.96, 105.93, 103.02. Exact mass (272.07), found mass using ESI-MS
m/z=271.2 [M-H]".

3.3.1.144 (E)-3,4,5-Trihydroxy-3’-methoxycarbonylstilbene (10)

7 (0.50 g, 1.5 mmol) was used to prepare derivative 10 utilizing 4.50 Eq. of BBr; and following
the procedure described above. 10 (0.33 g, 76%) was obtained as a pale yellow solid, mp = 80-84
°C. 'TH-NMR (300 MHz, CDs;OD) ¢ 7.93 (d, J = 2.43 Hz, 1H, H-2"), 7.70 (dd, J = 8.55 Hz &
2.43 Hz, 1H, H-6’), 6.97 (d, J = 16.47 Hz, 1H, alkene), 6.94 (d, J = 8.55 Hz, 1H, H-5"), 6.86 (d,
J=15.84 Hz, 1H, alkene), 6.46 (d, J = 1.83 Hz, 2H, H-2 & H-6), 6.17 (t, J = 1.83 Hz, 1H, H-4),
3.97 (s, 3H, CH;0CO). *C-NMR (300 MHz, CD;0D) § 171.60, 162.08, 159.69, 140.69, 134.29,
130.50, 129.05, 128.89, 127.98, 118.83, 113.63, 105.96, 103.09, 52.93. Exact mass (286.08),
found mass using ESI-MS m/z = 285.3 [M-H]".

3.3.1.15 General procedure for the synthesis of analogues 11 and 12

In a round-bottom flask, compound 8 or 9 was dissolved at room temperature in pyridine (0.5-1.0
mL). Acetic anhydride (13 Eq.) was then added drop-wise to the reaction flask. The reaction
mixture was stirred until the stilbene starting material was consumed as tested by TLC (about 3-4
h). Then, the reaction was quenched by adding water (25 mL) and the mixture was acidified to
pH =3 using conc. HCI. After that, the product was extracted by adding EtOAc (8 mL) two
times; then the combined organic layer was dried with Na,SO4. Evaporation of the solvent under
vacuum provided the crude product, which was purified by crystallization from a mixture of

petroleum ether/EtOAc.

3.3.1.15.1 (E£)-4,4’-Diacetoxy-3’-(hydroxycarbonyl)stilbene (11)

8 (0.061 g, 0.24 mmol) was used to prepare derivative 11 using the procedure described above.
11 (0.062 g, 76%) was obtained as a white solid, m.p. = 193-196°C. '"H NMR (600 MHz,
CD;0D) ¢ 8.16 (d, J= 2.4 Hz, 1H, H-2’), 7.79 (dd, J = 8.4 Hz & 2.4 Hz, 1H, H-6"), 7.61 (d, J =
8.4 Hz, 2H, H-2 & H-6), 7.22 (d, J = 16.2 Hz, 1H, alkene), 7.19 (d, J = 16.2 Hz, 1H, alkene),
7.12 (d, J= 8.4 Hz, 1H, H-5"), 7.10 (d, J = 8.4 Hz, 2H, H-3 & H-5), 2.28 (s, 3H, CH;CO), 2.27
(s, 3H, CH3CO).>C-NMR (600 MHz, DMSO-d¢) 6 169.72, 169.66, 166.06, 150.56, 149.77,
135.52, 134.95, 131.44, 129.73, 129.10, 128.10, 128.03, 127.28, 124.69, 122.62, 21.36, 21.34.
Exact mass (340.09), found mass using ESI-MS m/z = 363.1 [M+Na]".
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3.3.1.15.2 (E)-3,4’,5-Triacetoxy-3’-(hydroxycarbonyl)stilbene (12)

9 (0.166 g, 0.61 mmol) was used to prepare derivative 12 using the procedure described above.
12 (0.075 g, 31%) was obtained as a pale yellow solid, m.p. = 160-165 °C. "H-NMR (600 MHz,
CD;0D) ¢ 8.16 (d, J= 1.8 Hz, 1H, H-2’), 7.80 (dd, J = 8.4 Hz & 2.4 Hz, 1H, H-6"), 7.25 (d, J =
17.4 Hz, 1H, alkene), 7.24 (d, J = 1.8 Hz, 2H, H-2 & H-6), 7.19 (d, J = 16.8 Hz, 1H, alkene),
7.13 (d, J=8.4 Hz, 1H, H-5"), 6.84 (t, /= 1.8 Hz, 1H, H-4), 2.29 (s, 3H, CH3CO), 2.28 (s, 6H, 2
X CH3CO). “C-NMR (600 MHz, DMSO-ds) 6 169.71, 169.48, 165.98, 151.65, 150.08, 139.64,
135.08, 131.73, 130.02, 129.18, 128.27, 124.93, 124.79, 117.83, 115.70, 21.33, 21.29. Exact
mass (398.10), found mass using ESI-MS m/z = 421.1 [M+Na]".
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3.4 Results and discussion

3.4.1 Wittig reaction

3.4.1.1 Preparation of 3,4°,5-trans-trimethoxystilbene (TMS)

At the beginning of the Wittig reaction, we tried to reproduce the reported procedure to
synthesize the resveratrol analogue 3,4°,5-trans-trimethoxystilbene (TMS) [17]. This reaction
utilizes the two Wittig starting materials: 3,5-dimethoxybenzaldehyde and 4-
methoxybenzyltriphenylphosphonium bromide. Accordingly, we initiated the synthesis of 3,5-
dimethoxybenzaldehyde from the commercially available 3,5-dihydroxybenzoic acid
(Figure 3-5). First, we esterified the carboxylic acid group using Fischer esterification by
methanol and conc. sulphuric acid. Then, we wanted to mask the two phenol groups before the
following step (reduction). We tried iodomethane and sodium hydroxide in water [23],
iodomethane and potassium carbonate in acetonitrile [24], iodomethane and sodium hydroxide in
DMSO [24], iodomethane and cesium carbonate in acetonitrile [24], and, finally, dimethylsulfate
and potassium carbonate in acetone [25]. We found that the last two reactions were efficient to
produce our desired methyl-protected product in good yields while the first reactions produced
by-products. In an attempt to do esterification and methyl protection of the phenol group in one
reaction (i.e., obtaining 1b directly from 3,5-dihydroxybenzoic acid), we set up a reaction
between 3,5-dihydroxybenzoic acid and potassium carbonate and dimethylsulfate in acetone
according to previous methods [16, 26]. We noticed that these concentrated solutions (0.65 mmol
reactant/mL acetone) produced a mixture of spots on TLC, which correspond to partially
protected products. In contrast, as reported by others [25], diluted solutions (0.07 mmol
reactant/mL acetone) produced only one spot that corresponds to the desired product, methyl-

3,5-dimethoxybenzoate (1b).

The next step involved the reduction of 1b to form a 3,5-dimethoxybenzyl alcohol (1c)
(Figure 3-5). For that purpose, we used lithium aluminum hydride (LAH) in dry THF as
previously reported [27]. This reaction produced the desired product in a good yield (90%). After
that, 1c was successfully oxidized to 3,5-dimethoxybenzaldehyde (1d) using pyridinium
dichromate according to previous work [16]. It was reported that in a one-pot reaction,
carboxylic acids can be reduced and subsequently oxidized to the corresponding aldehyde

derivative using LAH and pyridinium chlorochromate [28]. We tried this approach by reacting
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3,5-dimethoxybenzoic acid with LAH and pyridinium chlorochromate. However, this reaction

did not proceed and we only obtained unreacted starting material (tested by TLC).

0 OH OCH; OCH;
CH3OH H,S0, (CH3)ZSO4, K,CO;
reflux overnlght Acetone, reflux 3h
96% 98%
H,CO OCH;

HO OH

dry THF, r.t., 2h | LiAIH,
90%

\

f
OH
/
Pyridinum
dlchromate -
(,Hzclz, r.t., \ |
OCH overmght 84% H3C0 0CH3
1c

Figure 3-5: Synthesis of 3,5-dimethoxybenzaldehyde starting from commercially available

3,5-dihydroxybenzoic acid.

The other substrate for a Wittig reaction is the phosphonium salt. In the case of TMS synthesis,
the salt is 4-methoxybenzyltriphenylphosphonium bromide (1i). The synthesis of this salt started
from the commercially available 4-hydroxybenzyl alcohol that was protected using (CH3),SO4
and K,COj; in acetone to produce 4-methoxybenzyl alcohol (1g), which was then brominated
using phosphorus tribromide in CH,Cl, to afford 4-methoxybenzylbromide (1h) (Figure 3-6)
[23]. The latter was refluxed in toluene with triphenylphosphine to produce 1i in an 80% yield.

A
OH OH Br PPh; Br
~ ~
(CH;3),804, K;,CO3 = PBr; = PPh;
_ _ —_—
Acetone, reflux 2h | CH,Cl,, r.t., 2h | Toluene, reflux
94% NN 90% N overnight
80%
OH OCH; OCH;, OCH;
1g 1h 1i

Figure 3-6: Synthesis of 4-methoxybenzyltriphenylphosphonium bromide from 4-
hydroxybenzyl alcohol.
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In the first attempt to obtain 3,4’,5-trans-trimethoxystilbene (TMS), we reacted 1d with 1i using
n-butyllithium in dry THF (Figure 3-7) [17]. This reaction produced cis/trans mixtures of TMS
in about a (40:60) ratio (determined by "H NMR of the crude product). As a general trend in the
literature, usually cis isomers of stilbenes elute first from column chromatography, followed by
trans isomers [17]. We tried to purify the trans isomer using silica gel chromatography but these
attempts were unsuccessful because the cis isomer impurity co-eluted with the trans isomer. We

varied column sizes, decreased the flow rate and/or reduced the polarity of solvents, but the issue

persisted.
OCH;

1d + 1 ' H;CO N

N, n-BuLi, THF Ph,S,, THF piire
. —_—>
dry ice then reflux 2h. 70%, fransisomer
i + 13 rtforls-18h :
. 69%

OCH;

Figure 3-7: Synthesis of frans-TMS using either (1d and 1i) or (1f and 1j).

In addition to obtaining a mixture of isomers of TMS by reacting 1d and 1i using the Wittig
reaction, we also changed the substitution on both substrates of the Wittig so that the aldehyde
was mono-methoxylated and phosphonium salt was dimethoxylated. Accordingly, we prepared
4-methoxybenzaldehyde (1j) from the commercially available 4-hydroxybenzaldehyde by
protecting the phenol group using (CH3),SO,4 and K,COs in acetone (Figure 3-8). Furthermore,
3,5-dimethoxybenzyltriphenylphosphonium bromide (1f) was prepared by brominating l¢ to
produce 3,5-dimethoxybenzyl bromide (1e), which was subsequently refluxed with

triphenylphosphine in toluene to produce 1f in 90% yield (Figure 3-8).
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(CH3),504, K,CO;
%
Acetone, reflux 1h
95%
OH OCH;
1j
& —
Br PPh;Br
PBr; PPh;
lc —_—— e
CH,Cl,, r.t., 2h Toluene, r;e(f)'l';x overnight
84% ’
H;CO OCH; H;CO OCH;
1e 1f

Figure 3-8: Preparation of 1j and 1f as an alternative approach for the synthesis of the

isomer mixture of TMS.

We looked in the literature for possible reactions by which we could react the mixture of isomers
(cis and trans) so that we would end up with only the trans isomer. We found that iodine in
hexane [29], All; in acetonitrile [30], and diphenyl disulfide in dry THF [18] were documented
methods. First, we tried iodine in hexane [29] to trans isomerize TMS. However, when we used
this approach, the isomer ratio did not change, even after 72 hours of refluxing. Next, we tried
All; in acetonitrile and this reaction produced many products (observed by TLC), but none
corresponded to the frans isomer of TMS. We decided to move to the diphenyl disulfide
approach [18]. When we performed this reaction, we were successfully able to convert the
cis/trans mixture of TMS to only a frans isomer with about a 70% yield (Figure 3-7). It should
be noted that this reaction has two main limitations. First, it has been reported to proceed under
diluted conditions (e.g., 50 mL THF per 1.46 mmol stilbene) [18] and consequently a large
quantity of stilbenes would require a high THF volume while maintaining inert/dry conditions.
The second limitation is the reflux time: this reaction can take as long as 22 hours under reflux
[31]. To that end, we tried to conduct the reaction using a smaller volume of THF for large

quantities of stilbene mixtures. However, these isomerization attempts were unsuccessful.
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3.4.1.2 Preparation of hybrid salicylate-resveratrol derivatives

After we investigated the Wittig reaction for the synthesis of trans-TMS, we moved to the
synthesis of salicylate-resveratrol analogues. To synthesize the compounds (3-7), we utilized the
previous two phosphonium salts (1i and 1f) described in TMS synthesis as one substrate for the
Wittig reaction. In the case of compounds (3, 4, 6, 7), the aldehyde substrates were either
methyl-5-formyl-2-methoxybenzoate  (2b) or methyl-5-formyl-2-acetoxybenzoate (2¢)
(Figure 3-9). The synthesis of 2b and 2¢ started from the 5-formylsalicylic acid that was
esterified to produce methyl-5-formyl-2-hydroxybenzoate (2a). Then, 2a was either
methoxylated using (CH3),SO4 and K,COs in acetone to produce 2b or acetylated using acetyl

chloride in the presence of triethylamine to produce 2¢ (Figure 3-9).

O, H O, H O, H

CH;O0H, H,S0, i) or ii)

_——
HO reflux 15h, 54% H;CO H;CO
OH o OH 0
2a 2b, R=0CH;4
i) (CH3),S04, K,CO;, acetone, reflux 3h, 90% 2¢, R=0Ac

ii) (CH;CH,);N, CH;COCI, dry THF, r.t., 1h, 93%

Figure 3-9: Preparation of 2b and 2c.

We used 4-hydroxy-3-methoxybenzaldehyde (vanillin) as a starting aldehyde to synthesize the
aldehyde substrate for the synthesis of compound 5 (a compound that lacks carboxylic acid
group at position 3’). Vanillin was acetylated using acetyl chloride and triethylamine in THF to
produce 4-acetoxy-3-methoxybenzaldehyde (2d) (Figure 3-10).

(0] H (0) H

(CH;CH,);N, CH;COCI
_—
THF, r.t., 2h

91%
H,;CO H,CO

OH OAc
2d

Figure 3-10: Preparation of 2d from vanillin.
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As observed in the trans-TMS synthesis, the Wittig reactions used to produce compounds (3-7)
yielded isomer mixtures of the corresponding hybrid derivatives of resveratrol (Figure 3-11).
Our observation that a mixture of £/Z isomers was produced after using the phosphonium salts 1i
and 1f is in agreement with reported observations, in which semi-stabilized ylides produced low
selectivity for E isomers [10]. Likewise with TMS, we had to isomerize every Wittig reaction

product to generate only an E isomer of the corresponding stilbenes.

1i + 2b ‘
n-BuLi, THF X PhZSZ, dry THF

R
1i + 2¢ ' Rs pure
—>
1f + 2d ;i:yfl(f: ;lsleils . reﬂux 2-6h, frans isomer
1f + 2¢ o 66-81% R; 59-76%
1f +2b R
3

1i +2b — Z/E (3), R;=R;=H, R,=OCH;, R,=CH;, R=CO,CH,
1i + 2¢ —3 Z/E (4), R;=R;=H, R,=OCH;, R,=Ac¢, R=CO,CH;,
1If + 2d — Z/E (5), R;=R;=0CHj;, R,=H, R;=Ac, R==OCH,

If +2¢ — Z/E (6), R,=R;=0CH;, R,=H, R;=Ac, R=CO,CH;,
1f +2b —3 Z/E (7), R;=R;=0CHj;, R,=H, R,=CH;, R=CO,CH;,

Figure 3-11: Wittig reaction and subsequent isomerization to obtain compounds 3-7.

Among our proposed list of salicylate-resveratrol derivatives are compounds that possess a free
carboxylic acid group (8, 9, 11 and 12). We thought of performing a Wittig reaction with a
standard phosphonium bromide. However, instead of using ester aldehydes (2b or 2¢), we used
aldehyde bearing a free carboxylic acid (2-acetoxy-5-formyl benzoic acid, 2i) (Figure 3-12).
When we conducted this reaction, we ended up with many products (tested by TLC) which were
difficult to purify and identify. It is noteworthy that one report documented a low yield (17%) of
stilbenes with free carboxylic acid after a Wittig reaction was performed between aldehyde

bearing a free carboxylic acid and a phosphonium salt [32].
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n-BuLi, THF

+ 1i — The reaction is not
dry ice then selective for the target
HOOC r.t. for 15-18 h molecule

OAc
2i

(CH;CH,);N,| THF, r.t., 1h
CH,COCI 83%

(0] H

HOOC

OH

Figure 3-12: An attempt to synthesize stilbenes having a free carboxylic acid using the
Wittig reaction.

3.4.2 Horner-Wadsworth-Emmons (HWE) reaction

As the HWE reaction is known for its trans selectivity [7], we tried this reaction for TMS as well
as for salicylate-resveratrol analogues. First, we aimed to reproduce the reported work [3, 33] to
synthesize a frans-TMS using the HWE approach. We used le to prepare diethyl [3,5-
di(methoxy)benzyl|phosphonate (1k) according to Figure 3-13. Then, 1k and 1j were reacted in
the presence of fert-BuOK and THF at room temperature (Figure 3-13). We successfully

obtained a trans isomer of TMS in a 75% yield.
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OCH;

H;CO OCH,
tert-BuOK  H;CO NN
+ 1j —
DMF, r.t.
1.5 h, 75%
N TMS
P\
| ~och,cH; OCH;
OCH,CH,
1k

(CHsCHzO)sP heat at 1300, 2h
70%

le

Figure 3-13: HWE reaction to obtain trans-TMS.

The good trans selectivity of TMS using the HWE reaction prompted us to use this reaction for
the synthesis of resveratrol derivatives. Consequently, the phosphonate 1k was reacted with the
aldehyde 2b. However, this reaction yielded many products (tested by TLC) in addition to the
desired stilbene product, compound 7. We were able to obtain 7 in only a 25% yield by

crystallization from hexane/petroleum ether (Figure 3-14).

1 + tert-BuOK or NaOCH;
R OCH; DMTF, r.t., 16-24h
1k + 2b produced Compound 7 in only
2b, R = CHO

25% yield
2¢, R=H
1k + 2e did not react

Figure 3-14: An attempt to synthesize compound 7 using HWE reaction.
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The low yield of 7 using the HWE reaction, in addition to the formation of other impurities, led
us to search for underlying explanations. It was observed that phosphonates can react not only
with aldehydes and ketones, but also with carbonyl groups such as esters [34]. The fact that the
aldehyde that we used in the HWE (2b in Figure 3-14) contains an ester group led us to suspect
that the phosphonate 1k may react at the ester group in 2b in addition to the aldehyde
functionality. To address this concern, in a different reaction, 1k was reacted with methyl-2-
methoxybenoate (2e in Figure 3-14) (a molecule which mimic 2b but lacks the aldehyde group).
When we performed this reaction, we found that the phosphonate did not react with 2e (2e was
intact as observed by TLC) even after being stirred for 16 hours at room temperature. Next, we
changed the base from -BuOK to a milder base (sodium methoxide) according to the method of
Roman, BI et al. [35], which involved refluxing the reaction mixture. Using this modified

approach, the same issue persisted because we obtained 7 in an even lower yield (20%).

Finally, we went back to our initial reaction (using -BuOK) and re-investigated the progress of
the reaction (by TLC) while adding the base gradually. The reference we followed [3] had used
2.5 Eq. of the base for the synthesis of stilbenes, and we successfully reproduced this reaction to
synthesize trans-TMS (Figure 3-13). We repeated the reaction in Figure 3-13 but by slowly
adding the base (--BuOK) to monitor the changes in product formation (by TLC). We started by
adding only one equivalent of the base that produced a minor product of our trans isomer while
we noticed a major unreacted starting material (tested by TLC). Adding 0.5 Eq. also increased
the intensity of our product while the starting material was getting consumed. Up to 1.5 Eq., we
observed that this reaction was clean and produced only our #rans isomer of 7. After we added
another 0.25 Eq. of the base, we started to see new unknown impurities even though the starting
material (aldehyde) was still not fully consumed. This observation suggests that 7 was being
degraded and other new products were formed. As a result, we decided to stop using this

approach and moved to the Heck coupling.

85



3.4.3 Heck coupling

3.4.3.1 Synthesis of trans-TMS

Organic chemists are increasingly looking to Heck coupling, especially to prepare resveratrol

derivatives [2, 36-38]. Recent applications involved performing a Heck reaction in microwave

vessels [39, 40]. We tried to explore obtaining resveratrol derivatives using this approach. First,

we aimed to reproduce the reported synthesis of trans-TMS using Heck coupling [2].

Accordingly, we synthesized the substrates for Heck coupling, 3,5-diemthoxystyrene (11) and 4-

methoxyiodobenzene (2f), as illustrated in Figure 3-15.

=z

® ©

i CH,PPh;Br, NaH
—_——

dry THF, r.t., 6h
93%
H;CO OCH;

11

(CH3),804, K,CO,

—_—
Acetone, reflux 2h

95%

OH OCH,
2f

Figure 3-15: Preparation of 11 and 2f for the synthesis of frans-TMS using Heck coupling.

When we used the reported reagents (PPhs, Pd(OAc), and Et;N in acetonitrile) of this Heck

coupling [2], we were able to produce trans-TMS in a 48% yield after column chromatography

(Figure 3-16).
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Pd(OAc)Z N PPh3
_—
Et;N, CH;CN,

H;CO OCH; reflux 35h, 48%

OCH,
11 2f

Figure 3-16: Preparation of trans-TMS using Heck coupling.

3.4.3.2 Synthesis of resveratrol derivative 7

In light of the reported lengthy time for a Heck reaction (it took 34 hours under traditional reflux
to produce the trans-TMS [17]), and the advantage of a microwave instrument to proceed
reactions at high temperatures (and in less time), we decided to explore the possibility of
attaining resveratrol-derivative 7 using this technique. We prepared the methyl-5-iodo-2-

methoxybenzoate (2g) from the commercially available 5-iodosalicylaic acid (Figure 3-17).

OH OCH;
(CH3),804, K,CO;
%
OH Acetone, reflux 3h OCH;
I 94% I

Figure 3-17: Preparation of 2g from S-iodosalicylic acid for use in Heck coupling to
produce 7.

Then, we conducted pilot experiments to optimize the microwave conditions to be used to
synthesize 7. As a general trend, we observed that a long reaction time at a lower temperature

improves product formation (tested by TLC). We also found that acetonitrile is better than THF

87



in terms of reactant homogeneity in the reaction vessel. Based on that, we performed a set of
microwave reactions based on decreasing the reaction temperature and increasing the reaction

time using acetonitrile, starting at 150°C for one hour (Figure 3-18).

Pd(OAc), , PPh;
—_—

1+ 2g
Et;N, CH;CN
microwave
OCH;, o
Temprature (°C) Time (h) Product yield! (%) | Isomer ratio? (E/2)

150 1 23 69:31
140 4 27 ND?
130 8 30 ND3
120 12 37 70:30
110 16 46 ND?
105 20 50 ND?
90 24 55 71:29

Figure 3-18: Synthesis of compound 7 using Heck coupling. 'The yield of the E isomer
after chromatography and crystallization from petroleum ether/ethyl acetate. “Determined by

'H-NMR of the crude product. *Not determined.

For the synthesis of 7 using a Heck reaction under microwave heating, we could see that the
isomer ratio did not change significantly at high, medium or low temperatures because the
selectivity for the E isomer remains favorable over that of the Z isomer (about 70:30). This
finding is in agreement with the stereoselectivity of the Heck reaction [15]. However, regarding
the frans isomer yield at these various temperatures/times we noticed that lower yields were
obtained at high temperatures while the yield increased when the temperature decreased and the
reaction time increased (Figure 3-18). We tried to find an explanation, and we noticed that along
with stilbene 7, a by-product was formed that was enhanced at high temperatures (TLC tested).
After comparing the melting point, 'H NMR, mass spectra, and °C NMR with a reference [21],
we identified that by-product as 3,3’-dicarbomethoxy-4,4’-dimethoxybiphenyl (13).

88



Our Heck reactions in the microwave to obtain 7 revealed that the maximum yield we could
obtain was about 55% when we conducted the reaction at 90°C for 24 hours (Figure 3-18). We
decided to repeat the reaction again but using traditional reflux instead of the microwave system
(so the reaction temperature would decrease and hence the yield might be increased). Similarly,
when we performed a Heck coupling under regular reflux for 24 hours, we produced 7 with a
54% yield. Additionally, the by-product (13) was produced by Heck coupling using conventional
reflux. Synthesizing 7 using a Heck coupling improved the yield in only a one-step reaction. This
contrasted with the Wittig reaction, which generated a 41 % yield for 7 in a two-step reaction

(Wittig followed by trans-isomerization).

3.4.3.3 Attempts to produce resveratrol derivative 8 using a Heck reaction

Resveratrol-salicylate analogue 8 contains free phenol groups. Since the Heck coupling was
previously utilized to produce stilbenes with free phenols [2] even at low yields, we investigated
using this reaction to generate our resveratrol analogues possessing free phenols. Consequently,
we prepared 4-hydroxystyrene (1m) and methyl-2-hydroxy-5-iodobenzoate (2h) according to
Figure 3-19. We then conducted a Heck reaction as we had for compound 7. We obtained E/Z
isomer mixtures of 8 in an 18 % yield. We tried to purify the trans isomer from the cis isomer,
but our attempt was unsuccessful. Next, we tried frans-isomerization using Ph,S, as we had in
the case of the Wittig reaction products. However, we were unable to convert the isomer
mixtures completely to only trans isomers. We observed a slight change in the isomer ratio upon
refluxing with Ph,S; (tested by TLC), but no complete frans-isomerization occurred. It was
proposed that electron withdrawing groups on stilbenes reduce the trans-isomerization process
using Ph,S; and often need prolonged heating (for example 10 hours) [41]. In such cases, 4,4’-
dimethoxydiphenyldisulfide has been proven to accelerate and favors frans-isomerization in a
shorter time (for example 4 hours) [41]. Consequently, we used 4,4’-dimethoxydiphenyldisulfide
instead of Ph,S, for the trans-isomerization of E/Z mixtures of stilbene 8. However, we noted a
minimal change in the E/Z isomer ratio after this reaction, but no complete trans-isomerization

occurred.
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Figure 3-19: An attempt to synthesize 8 using Heck coupling.

3.4.4 Demethylation reactions to produce resveratrol and derivatives 8-10

After we obtained compounds 3-7 (which are protected by either methyl or acetyl groups), we
moved to the deprotection step to produce stilbenes with free phenol groups. In particular, the
Heck reaction to produce pure trans-stilbenes with free phenols did not work according to our
settings. We looked into the literature for methyl deprotection strategies, and found that boron
tribromide (BBr3) is a common reagent [17-19]. We started the demethylation reaction by trying
to reproduce the reported deprotection reactions of trans-TMS to produce resveratrol [17, 19].
Using a BBrj3 solution in CH,Cl,, the demethylation of TMS afforded a 67% yield of trans-
resveratrol (Figure 3-20). We noticed that resveratrol is very unstable: discoloration of this
product appears instantly, even when it is stored at -20°C covered with foil. Resveratrol’s low
stability has already been reported [42-44]. For that reason, we purchased resveratrol from

commercial sources, and used it in the biological studies discussed in this project.
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Demethylation reactions to obtain resveratrol derivatives 8-10 were conducted using compounds
3 and 7 as starting materials. We used the reported standard conditions for performing such
reactions [17, 19], which involved cooling the reaction down to about -60°C while adding BBr;
to the reaction flask, followed by warming the reaction to room temperature (Figure 3-20). We
used around 2.0 Eq. of BBr; per each OCHj; group and we obtained compounds 8 and 9 from 3
and 7 respectively. Our lab and others have found that masking carboxylic acid functionality in
some NSAIDs decreases ulcer side effects while maintaining the drugs’ anti-inflammatory
properties [45, 46]. Accordingly, we aimed to reduce the equivalence of BBr; during derivative 7
demethylation so that the carboxylate methyl ester group would be intact in the produced free
phenol-containing stilbene. Indeed, using about 4.5 Eq. of BBr; produced derivative 10, which
retained the methyl ester moiety. During the demethylation reaction using BBr3;, we did not
observe any transformation in the starting tranms-isomer (i.e. no trans—cis isomerization

observed by TLC).

OR, O OR,
R, NN O BBr;, dry CH,Cl, Ry X R;
R; _—
-60°C, then r.t., 2-5h
50-76% Ry
R

7
R;

(TMS), RI,R3=OCH3, R2=H, R4=CH3, R5=H
(3), R] ,R3=H, R2=OCH3, R4=CH3, R5=C02CH3
(7), R;,R;=0CH;, R,=H, R,=CH;, Rs=CO,CHj,

(Resveratrol), R;,R;=OH, R,=H, R,=H, Rs=H
(8), R,R3=H, R,=OH, R;=H, R;=COOH

9), R{,R3=0H, R,=H, R;=H, Rs=COOH

(10), R{,R3;=0H, R,=H, R;=H, Rs=COOCH;

Figure 3-20: Demethylation reactions to produce free phenol derivatives including
resveratrol.

3.4.5 Acetylation reactions to produce derivatives 11 and 12

The final reaction pathway involved the acetylation of derivatives 8 and 9 to produce compounds
11 and 12 respectively. These acetylated derivatives are thought to possess an aspirin-like
scaffold, as they both have an acetylsalicylic acid structure on one stilbene ring (Figure 1-4). To

prepare these acetylated derivatives, we initially tried the acetylation of 8 using acetyl chloride
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and triethylamine in dry THF. In addition to some impurities, this reaction produced major
product(s) which showed isomers trend (two closely separated spots on TLC where they were
not well-separated using low, medium or high polar solvent systems). After we noted these
products, we predicted that this reaction likely alters the trams-isomer configuration of the
products and/or the starting materials. Then, we tried the acetylation using the reported method
for resveratrol acetylation [47] which utilized acetic anhydride and pyridine. We used this

approach for acetylating 8 and 9 to produce compounds 11 and 12 respectively (Figure 3-21).

OR, OR,
R, e O R, AN ‘
Rs (Ac),0, pyridine Rs
R
r.t., 2-4h
R R

2 31-76% 2
R; R;
(8), R;,R;=H, R,=OH, R,=H, R=COOH (11), R{,R3=H, R,=0Ac, R4=Ac¢, R=COOH
9), R;,R;=0H, R,=H, R,=H, R=COOH (12), R{,R3=0A¢, Ry=H, R4=Ac, R==COOH

Figure 3-21: Acetylation reaction of 8 and 9 to obtain compounds 11 and 12.

3.5 Summary and conclusions

A new class of resveratrol derivatives possessing a carboxylic acid group was synthesized based
on Wittig, HWE and Heck reactions. For methoxylated stilbenes, the Heck and Wittig reactions
produced the desired analogues but in different trans/cis isomer ratios: the Wittig produced
mixtures of isomers and the Heck produced mainly #rans isomers. Diphenyl disulfide emerged as
an efficient catalyst to transform isomer mixtures to only E-isomers, a phenomenon that was true
for methoxylated analogues but not for their hydroxylated counterparts. The Heck coupling
under microwave irradiation appeared to be not the ideal choice for the synthesis of these
resveratrol-salicylate derivatives because it produced by-products at high temperatures.
However, the Heck coupling using microwaves at low temperatures, as well as under regular
reflux, produced both methoxylated and hydroxylated isomers of target stilbenes. The Heck

reaction also produced an enhanced yield compared to the Wittig for the synthesis of derivative 7
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(55% versus 41% respectively). Despite being effective at synthesizing trans-TMS, the HWE
reaction appeared problematic and/or resulted in low yields for the synthesis of methoxylated
resveratrol derivatives possessing a carboxylate function group. Further modifications to this
synthetic approach may provide a greater understanding and help to solve the selectivity, making
it possible to produce target molecules. Of note, demethylation (using BBr;) and acetylation
(using (Ac),0) reactions appeared to produce the lowest yield (average of 58%) among all the
reactions for the synthesis of resveratrol-salicylate analogues. Further development of these

reaction pathways may improve the overall yield of these analogues.
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Chapter 4: Inhibition of CYP1A1 enzyme

This chapter is published as Fahad S. Aldawsari, Osama H. Elshenawy, Mohamed A. M. El
Gendy, Rodrigo Aguayo-Ortiz, Shairaz Baksh, Ayman O. S. El-Kadi, and Carlos A. Velazquez-
Martinez. “Design and Synthesis of Resveratrol-Salicylate Hybrid Derivatives as CYP1A1
Inhibitors”. J. Enzyme Inhib. Med. Chem. 2015, 30(6): 884-895. I performed the cell culture
treatment and I wrote the manuscript. Elshenawy, OH performed the mRNA experiment, El
Gendy, MA conducted the EROD assay, and Aguayo-Ortiz, R conducted the docking study
inside the CYP1AL1 active site. All of the co-authors contributed to manuscript edits. Veldzquez-
Martinez, CA was the supervisory author and was involved in the manuscript organization.
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4.1 Introduction

Cytochrome P450 (CYP) is a large family of constitutive and inducible enzymes associated with
the metabolic transformation of endogenous molecules, as well as external xenobiotic substrates
[1]. CYP450 plays a significant role in carrying out phase I metabolism reactions, which include
(but are not limited to) oxidative dehalogenation, oxidative cleavage, hydroxylation, epoxidation,
dealkylation, and alcohol/aldehyde oxidation [2]. However, aside from the physiological
detoxification mechanism assisted by CYP enzymes, CYPs are also involved in activating
procarcinogenic compounds into carcinogenic agents [1]. The overexpression of different CYP

enzymes in cancer tissues has been found to be a crucial step in cancer progression [3].

The CYP1A1 enzyme is a member of the CYP1 family, which is mainly expressed in extra
hepatic tissues such as the lung, skeletal muscle, and thyroid gland [4]. CYP1A1 is one of the
main CYP enzymes involved in the metabolic activation of several environmental contaminants,
such as polycyclic aromatic hydrocarbons (PAH) [5]. CYP1AL is primarily regulated by the aryl
hydrocarbon receptor (AhR) pathway. Its carcinogenic potential involving the bio-activation of
several polyaromatic hydrocarbons (PAH) has been well documented [6]. Furthermore, CYP1A1
expression (transcriptional level) is significantly higher in cancer than in normal tissues [3],
which makes the CYP1A1 isozyme a potential drug target. In this regard, numerous efforts have
been made to develop novel CYP1AT inhibitors [7].

There is a significant body of evidence supporting the potential chemopreventive properties of
natural polyphenols and NSAIDs, both in vitro and in vivo. This favorable chemopreventive
profile is attributed to the ability of these two classes of compounds to modulate, simultaneously,
several cell targets linked to cancer initiation and cancer progression, such as cyclooxygenase
(COX)-2, NF-kB, iNOS, 5-LOX, VEGF, and CYP450 enzymes, among many others [8]. Some
of these proteins are targeted by both NSAIDs (particularly aspirin) and polyphenols
(specifically resveratrol), and some proteins are targeted by only one type of drug. Consequently,
the idea of forming a hybrid molecule combining the pharmacological profiles of aspirin and
resveratrol is promising. It is clear that resveratrol (3,4’,5-trihydroxystilbene) is a naturally
occurring polyphenol capable of exerting significant in vitro inhibition of the CYP1A1 enzyme
[9, 10], but the data on aspirin (and salicylates in general) is still controversial. For example,

salicylic acid only shows CYP1A1 inhibition at relatively high concentrations (= 2.5 mM) when
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tested in MCF-7 cells [11], while other reports have shown that neither aspirin nor salicylic acid
significantly inhibit CYP1A1 activity [12]. Adding a salicylate moiety to resveratrol’s chemical
structure would suggest a significant decrease in this polyphenol’s ability to inhibit CYP1A1’s
enzymatic activity. Nevertheless, preliminary results that our group generated with a molecular
modeling (docking) study using the recently reported crystal structure of human CYPIAI
(described in the experimental section), seem to suggest that it might be possible for the new
hybrid molecules to inhibit this enzyme. Encouraged by these in silico (preliminary) results, we
decided to assess the ability of hybrid resveratrol-salicylate derivatives (synthesized in Chapter

3) to inhibit CYP1AI catalytic activity.

As part of interdisciplinary research work aimed at developing new anticancer/chemopreventive
agents, we report in this chapter the effects of adding a salicylate (or an acetylsalicylate) moiety
on resveratrol’s ability to modulate CYP1A1’s activity and expression. We tested hybrid
resveratrol derivatives using the 7-ethoxyresorufin-O-deethylation (EROD) assay to measure the
catalytic activity of CYP1A1 in the presence of each test drug. The results obtained in this
experiment showed different degrees of in vifro modulation of enzyme activity: some
compounds inhibited CYP1A1, while others increased it. Among the group of inhibitors, we
identified compound 3 as the most promising resveratrol analogue, as it showed a suitable
inhibitory profile by reducing 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-mediated induction
of CYPIAI catalytic activity in HepG2 cells. We also observed that this effect was associated
with a reduction of TCDD-mediated induction of CYPIA1l mRNA levels. We submit that
compound 3 is a novel hybrid resveratrol-salicylate derivative with promising modulatory effects

on CYP1ALl, and that it could protect against CYP1A1 activation of environmental carcinogens.

4.2 Materials and methods

4.2.1 Cell culture

Human hepatoma HepG2 cells (ATCC HB-8065, Manassas, VA) and human colon
adenocarcinoma HT-29 cells (ATCC HTB-38, Manassas, VA) were maintained in Dulbecco's

modified Eagle's medium, supplemented with 10% heat-inactivated fetal bovine serum, 2 mM /-
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glutamine, 100 IU/mL penicillin and 100 pg/mL streptomycin. Cells were grown in 75-cm’

tissue culture flasks at 37°C in a 5% CO, humidified incubator.

4.2.2 Determination of CYP1A1 enzymatic activity (24 h incubation)

The CYP1Al-dependent 7-ethoxyresorufin O-deethylase (EROD) activity was performed on
intact living cells, using 7-ethoxyresorufin (7ER) as a substrate, following a previously reported
procedure [13]. Briefly, cells (10* cells per well) were seeded onto 96-well microtiter cell culture
plates until they reached 70-80% confluency. Resveratrol (or its analogues) dissolved in DMSO
was added to the cells (5 uM final concentration) before TCDD addition (1 nM final
concentration) and the cells were incubated for 24 h. After that, the cells were washed with PBS,
and 200 pL of 7ER solution (2 uM) were added to each well. The amount of resorufin formed in
each well at each time-point (every 5 min) was detected by fluorescence spectroscopy for each
treatment per minute by comparison with a standard curve of known concentrations (excitation,
545 nm; emission, 575 nm; Baxter 96-well fluorometer) [14]. The CYP1A1 enzymatic activity
was normalized to cellular protein content using a modified fluorescence method [15]. Results
are presented as the mean £ SEM, and statistical differences between treatment groups were
determined using one-way ANOVA followed by a Student-Newman-Keuls post-hoc test, using
the SigmaStat 3.5 program for Windows, Systat Software Inc. (San Jose, CA).

4.2.3 Determination of CYP1A1 enzymatic activity (1 h incubation)

To test the direct inhibitory effect of resveratrol and its analogues on the CYP1Al enzyme, a
method similar to an EROD assay was performed, with a slight modification as described
previously [16, 17]. Briefly, HepG2 cells were incubated with TCDD (1 nM) for 24 h. The media
was then removed, and the cells were washed three times with PBS. One mM of resveratrol or its
analogues in an assay buffer [Tris (0.05 M), NaCl (0.1 M), pH 7.8] was added to the cells for 60
min before 7ER (2 uM final concentration) was added as a substrate for the EROD measurement.
The CYPIAI1 enzymatic activity was normalized to cellular protein content using a modified
fluorescence method [15]. Results are presented as mean + SEM. Statistical differences between
treatment groups were determined using one-way ANOVA, followed by a Student-Newman-
Keuls post-hoc test using the SigmaStat 3.5 program for Windows, Systat Software Inc. (San
Jose, CA).

101



4.2.4 CYP1A1 mRNA expressions

4.2.4.1 RNA extraction and cDNA synthesis

Six hours after being incubated with the test compounds, cells were collected and total RNA was
isolated using a TRIzol reagent (Invitrogen) according to the manufacturer's instructions, and
quantified by measuring the absorbance at 260nm. After that, first-strand cDNA synthesis was
performed using the High-Capacity cDNA reverse transcription kit (Applied Biosystems)
according to the manufacturer's instructions. Briefly, 1.5 pg of total RNA from each sample were
added to a mix of a 2.0 pl of 10 x reverse transcription (RT) buffer, 0.8 pl of 25 x ANTP mix
(100mM), 2.0 ul of 10 x RT random primers, 1.0 pl of MultiScribe reverse transcriptase, and 4.2
ul of nuclease-free water. The final reaction mix was kept at 25 °C for 10 min, heated to 37 °C

for 120 min, heated to 85 °C for 5 min, and finally cooled to 4 °C.

4.2.4.2 Quantification by real-time PCR

Quantitative analysis of CYPIA1 mRNA expression was performed by real time PCR by
subjecting the resulting cDNA to PCR amplification using 96-well optical reaction plates in the
ABI Prism 7500 system (Applied Biosystems). Twenty-five-microliter reactions contained 0.1 pl
of 10 uM forward primer and 0.1 pl of 10 uM reverse primer (40nM final concentration of each
primer), 12.5 pl of SYBR Green Universal Master mix, 11.05 pl of nuclease-free water, and 1.25
ul of a cDNA sample (equivalent to 0.20 ng/mL). The primers used in the current study were
chosen from a previous study [18]; human CYPIAI: forward primer 5’-
CTATCTGGGCTGTGGGCAA-3’, reverse primer 5’-CTGGCTCAAGCACAACTTGG-3’ and
human f-actin: forward primer 5’-CTGGCACCCAGCACAATG-3’, reverse primer 5’-
GCCGATCCACACGGAGTACT-3’. Assay controls were incorporated into the same plate:
namely, no-template controls to test for the contamination of any assay reagents. After the plate
was sealed with an optical adhesive cover, the thermocycling conditions were initiated at 95 °C
for 10 min, followed by 40 PCR cycles of denaturation at 95 °C for 15 s and annealing/extension
at 60 °C for 1 min. A melting curve (dissociation stage) was performed by the end of each cycle

to ascertain the specificity of the primers and the purity of the final PCR product.
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4.2.4.3 Real-time PCR data analysis

The real-time PCR data were analyzed using relative gene expression, i.e., the AACt method, as
described in Applied Biosystems User Bulletin No.2 and explained further by Livak and
Schmittgen [19]. In brief, the primers used in this study were tested to avoid primer dimers, self-
priming formation, or non-specific amplification. To ensure the quality of the measurements,
each plate included, for each gene, a negative control and a positive control. For each sample, a
threshold cycle (CT) was calculated based on the time (measured by the number of PCR cycles)
at which the reporter fluorescence emission increased beyond a threshold level (based on the
background fluorescence of the system). The triplicate measurements for each sample were
averaged to give an average Cr value for each group, after removing the outliers [20]. The
samples were diluted in such a manner that the Cr value was observed between 15 and 30 cycles.
Results were expressed using the comparative Ct method as described in User Bulletin No.2
(Applied Biosystems). Briefly, the ACy values were calculated in every sample for each gene of
interest as Ct gene of interest = CT reporter genes With PB-actin as the reporter gene. The calculation of
relative changes in the expression level of one specific gene (AACt) was performed by
subtracting the ACr of the control (untreated cells) from the ACrt of the corresponding treatment

2 AACT With

groups. The values and ranges given in the Figure 4-3 were determined as follows:
AACt + SE and AACt - SE, where SE is the standard error of the mean of the AACt value (User
BulletinNo.2; Applied Biosystems).

Data are presented as the mean + SEM. Control and treatment measurements were compared
using a one-way ANOVA followed by a Student-Newman-Keuls post-hoc test, using the

SigmaStat 3.5 program for Windows, Systat Software Inc. (San Jose, CA).

4.2.5 Molecular Modeling

Protein. The crystal structure of the human CYP1A1 (PDB ID: 4I8V) [21] was downloaded from
the Protein Data Bank (PDB) [22]. The chains B and C, crystallographic water molecules, and 2-
phenyl-4 H-benzo[ H]chromen-4-one (inhibitor co-crystalized with the protein) were removed
manually. Subsequently, all hydrogens and electrostatic charges were added, and protonation
sites were corrected. The atomic partial charges of the heme group were computed using the

Gasteiger charge method [23]. Finally, the structure was submitted to a geometry optimization
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with 500 steepest descent steps, and 100 conjugate gradient steps, using the AMBER99SB force
field implemented in UCSF Chimera 1.9 [24].

Ligands. The compounds 3 to 12, TMS and resveratrol were constructed and submitted to a
geometry optimization using the AMBER99SB force field in UCSF Chimera 1.9.

Docking. Docking calculations were carried out using AutoDock 4.2 software [25]. A grid box
of 70 x 70 x 70 points with a grid spacing of 0.375 A, and centered on the heme group was used
to calculate the atom types needed for the calculation. The Lamarckian genetic algorithm was
used as a search method with a total of 30 runs (maximum of 20,000,000 energy evaluations;
27,000 generations; initial populations of 150 conformers). The best binding mode of each

molecule was selected based on both the lowest binding free energy, and the largest cluster size.

4.3 Results and discussion

4.3.1 Determination of CYP1A1 enzymatic activity

We measured the induction of the CYPIA1 enzyme by TCDD using HepG2 and HT-29 cells;
this model has been extensively used to study the effects of resveratrol on CYP1AT1 activity and
expression [26]. In this regard, Beedanagari et al. reported that TCDD induced the expression of
CYPIA1 mRNA in HepG?2 cells, but not CYP1B1 [26]. We selected the EROD assay to test the
ability of compounds 3-12 to inhibit the catalytic activity of the CYP1A1 enzyme, but first, we
conducted a concentration-dependent cell viability assay (MTT assay) to determine the
maximum concentration at which enzymatic inhibition occurred without causing significant cell
death. Based on this assay, we determined that the final concentration for subsequent screening
assays with compounds 3-12 was 5 uM, at which we consistently observed cell viabilities higher

than 80% (data not shown).
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Figure 4-1: Effect of resveratrol analogues on TCDD-mediated induction of CYP1A1 catalytic
activity in HepG2 cells. (A) Cells were pre-incubated with 5 pM of resveratrol (Res) or its
analogues for 30 min before TCDD (InM) was added for an additional 24 h. The CYP1A1 activity
level was determined using a CYP1A1-dependent EROD assay. Values represent mean activity +
SEM. (n = 8). (+) P < 0.05 compared to the control (C), (*) P< 0.05 compared to TCDD. (B) The
direct inhibitory effects of resveratrol and its analogues on the CYP1A1 enzyme. HepG2 cells were
pre-treated with TCDD (InM) for 24 h, thereafter, media were removed, washed three times with
PBS, and 5 uM of the tested compounds in an assay buffer [Tris (0.05 M), NaCl (0.1 M), pH 7.8]
were added for 60 min before of 7ER (2 uM final concentration) was added for the the EROD
measurement. Results are expressed as a percentage of the remaining EROD activity (mean + SEM,
n = 8). (*) P<0.05 compared with the control (C). ND: not detected.
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4.3.2 CYP1A1 catalytic inhibition (24 h incubation) in HepG2 cells

As expected, we did not observe any CYP1A1 activity in DMSO-treated cells (negative control),
whereas cells treated with TCDD (positive control) showed a significantly higher enzyme
activity, which was about 700 pmol/min/mg protein, indicating TCDD’s ability to induce the
expression and activity of this enzyme in HepG2 cells (Figure 4-1, A). In the same experiment,
resveratrol and its methylated derivative, trimethoxystilbene (TMS), inhibited TCDD-mediated
induction of CYP1A1 by 15% and 98%, respectively. This dramatic difference between the
hydroxylated and methoxylated stilbenes is likely due to TMS’s enhanced lipophilicity and
improved cell membrane permeability. This is consistent with previous reports which have
demonstrated that replacing hydroxyl groups with methoxy groups in resveratrol’s structure
increased inhibitory potency on CYP1A1 catalytic activity, as well as on other CYP450 enzymes
[27, 28].

Figure 4-1, A also shows that there are four hybrid resveratrol-salicylate compounds that
significantly decreased TCDD-induced CYP1A1 activity, namely, compounds 3, 4, 6, and 7
which inhibited CYP1A1 activity by 84%, 29%, 20%, and 43% respectively. These derivatives
share two common structural features: first, they possess a methyl ester at the carboxyl group at
position 3’- ; second, they have either a methoxy group at position 4-, or two methoxy groups at
positions 3- and 5-. These observations are consistent with previous reports in which it was
observed that methoxylation of the stilbene scaffold resulted in an enhanced CYP1A1 inhibition
[27, 29]. Additional structure-activity relationship (SAR) analysis shows that hybrid compounds
with an acetoxy group at position 4’- (compounds 4 and 6), are weaker CYP1A1 inhibitors than
those with methoxy groups (compounds 3 and 7) at the same position. Apparently, the acetyl

group decreases the ability of these stilbenes to inhibit CYP1A1’s catalytic activity.

Additional data about the effect of acetylation on the inhibitory activity exerted by stilbenes is
provided by the results obtained with derivative 5, which is structurally similar to 3,3°,4,5’-
tetramethoxystilbene, a synthetic analogue of piceatannol (CYP1A1l ICso = 750 nM [30]).
Compound 5 showed about a 60% inhibition of CYP1A1 (Figure 4-1, A). The structural
difference between this molecule and 3,3°,4,5’-tetramethoxystilbene (not tested) is the presence
of an acetoxy group at position 4’- instead of a methoxy group. This supports the observation

that acetoxy groups decrease the CYP1AT1 inhibitory activity exerted by methoxystilbenes.
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Compounds with a free carboxylic acid (8, 9, 11 and 12) did not inhibit CYP1A1 activity at all
(Figure 4-1, A). These compounds possess either a salicylic acid or an acetylsalicylic acid
(aspirin) moiety. In fact, we observed that compounds 8 and 9 produced a slight increase in
CYPI1ALI activity as measured by the EROD assay. These findings seem to be consistent with
previous reports showing that both aspirin and salicylic acid failed to decrease EROD levels even
when tested at concentrations as high as 1 mM in HepG2 cells [31]. Consequently, we observed
that stilbenes acted as modulators of CYP1Al activity; in other words, depending on the
chemical structure, some of the stilbenes inhibited CYP1A1 activity while others increased it.
From a therapeutic point of view, an increased CYP1A1 activity in cells with significantly
increased metabolic rates (such as cancer cells) might be regarded as an unwanted side effect,
because an increased CYP1AI activity would potentially increase the rate and the extent at

which some pro-carcinogens can be converted to carcinogens.

When we analysed the structure-activity relationship for derivatives 3, 4, 6, and 7, we observed
that compounds with a single methoxy group at position 4- are better CYP1A1 inhibitors than
those with a 3,5-dimethoxy moiety. This observation is not consistent with the findings of
Mikstacka et al., who reported the synthesis and biological evaluation of a series of
methylthiostilbenes as CYP1A1, CYP1A2, and CYPIBI1 inhibitors [32]. Mikstacka et al.
observed that 3,5-disubstituted compounds were more potent than those with only a 4-methoxy
group [32]. Nevertheless, we realize that our observation requires further validation by testing a

more expanded library of compounds using the same assay conditions.

4.3.3 CYP1Al1 catalytic inhibition after (1 h incubation) in HepG2 cells

The main mechanism of TCDD-mediated carcinogenicity involves activating AhR and
subsequently inducing CYP1A1 through transcriptional and translational mechanisms [33].
Resveratrol is a reported AhR antagonist [34], which has the ability to inhibit CYP1A1 activity
by directly inhibiting CYP1A1 activity [7]. To investigate whether our hybrid resveratrol-
salicylate analogues exhibit “direct” CYP1A1 inhibition, we tested the inhibitory effects of the
most active compounds (TMS, 3 and 5) by incubating HepG2 cells in the presence of these
compounds for lh. Briefly, first we treated cells with TCDD for 24 hours to induce the
expression of the CYPIA1l enzyme (as described in materials and methods). Then, after

changing the medium, we incubated the cells with the corresponding test compound for 1 h
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(before adding the substrate for CYP1AIl). Finally, we measured the catalytic activity of

CYPIALI as described in the experimental section.

Our results (Figure 4-1, B) demonstrate that, unlike the 24 h incubation experiment described
previously, resveratrol did not significantly inhibit CYP1A1 activity. Resveratrol concentrations
previously used to illustrate resveratrol antagonism on AhR were higher than 10 pM [35-37].
This may explain why we did not observe any significant effect of resveratrol using this
experiment (at 5 uM resveratrol). Similarly, compound 5 had no direct inhibitory effect on the
CYPIA1 enzyme, even though this compound exerted about 60% enzyme inhibition when tested
over a 24 h-incubation period (Figure 4-1, A). In contrast, the new compound 3 showed a
moderate inhibitory effect on CYP1A1 enzyme activity (about 38% inhibition), which was very
similar to that obtained with TMS (42%, Figure 4-1, B). We also observed that compound 3 was
a more potent CYP1A1 inhibitor than the parent compound resveratrol, which suggests that the
hybrid resveratrol-salicylate derivative 3 can significantly inhibit the carcinogen-activating

enzyme CYP1ALI after 1 and 24 hours incubation.

The significance of the 1 h incubation, compared to the 24 h incubation experiment, is the fact
that the assay carried out by incubating cells for 1 h shows how the drug affected CYP1A1 at the
post-translational level (direct inhibition), rather than (or in addition to) showing the potential

effects at the transcriptional level (modulation of CYP1A1 mRNA expression).

4.3.4 CYP1Al1 catalytic inhibition after (24 h incubation) in HT-29 cells

To further confirm our finding in cultured HepG2 cells, we repeated the EROD experiment using
HT-29 cells. The result of this experiment is presented in (Figure 4-2). We used the most potent
compounds observed in HepG2 cells (TMS, 3 and the parent molecule, resveratrol). In the
absence of TCDD, none of the compounds (including resveratrol) significantly altered the EROD
activity compared to DMSO-treated cells (data not shown). Figure 4-2 shows that EROD was
detected in these cells without TCDD induction, an observation which is consistent with the
literature showing that HT-29 cells constitutively express CYPIA that can be detected by an
EROD assay [38]. The main finding in HT-29 cells is that instead of decreasing EROD activity,
resveratrol enhanced the toxicity of TCDD as it caused about a two-fold induction in EROD
activity compared to TCDD-treated cells (Figure 4-2). The elevation in EROD activity
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attenuated as the resveratrol concentration increased (data not shown). This finding can be
explained by three recent literature observations. The first is that resveratrol was observed to be a
partial agonist of AhR, as it induced CYP1A1 and CYP1A2 mRNA in HepG2 cells [39, 40]. The
second is that resveratrol stimulated CYP1AL1 activity (by EROD assay) in Caco-2 cells after 24
hours incubation [41]. The third is that resveratrol increased the CYP1A1 activity in HaCaT cells
along with reducing the clearance of the endogenous AhR ligand FICZ, which prolonged the
activation of CYP1A1 [42]. Unlike resveratrol, TMS and compound 3 did not enhance TCDD-
induced EROD activity, which may suggest different modulations of CYP1A1 exerted by these

stilbenes compared to resveratrol.
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Figure 4-2: Effect of resveratrol, TMS, and compound 3 on TCDD-mediated CYP1A1
catalytic activity in HT-29 cells. Cells were pre-incubated with 5 uM of resveratrol (Res)
or its analogues for 30 min before TCDD (InM) was added for an additional 24 h. The
CYPIAT activity level was determined using a CYPIA1-dependent EROD assay. Values
represent mean activity + SEM. (n = 8). (*) P<0.05 compared with TCDD.
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4.3.5 Effects on the expression of CYP1A1 mRNA

To investigate if the decrease in enzyme activity exerted by the test compounds was due to a
classical inhibition of the CYP1A1 active site, or to a decrease in CYP1AT transcription, we also
measured CYP1A1 mRNA levels in HepG2 cells in the presence of the test compounds (5 pM),
for six hours as described previously [16]. We selected compound 3 (the most promising hybrid
stilbene-salicylate analogue), and compared it to TMS under the same experimental conditions.
The results of this experiment are shown in Figure 4-3. DMSO-treated cells (control) showed a
negligible induction of CYP1A1l mRNA, whereas TCDD-treated cells exhibited a significant
increase in CYP1A1 mRNA levels (about a 295-fold increase compared to the control cells).
Cells co-treated with both TCDD and TMS showed a dramatic decrease of CYPIA1 mRNA
expression compared to those treated with TCDD alone, which is consistent with the results
observed after both (1 and 24 h incubation) EROD assays in HepG2 cells. Similarly, cells co-
incubated with TCDD and compound 3 also showed a significant decrease in the expression of
CYPIA1 mRNA levels, although this effect was not as strong as that obtained with TMS. This
suggests that compound 3 exerts its modulatory effect on CYP1A1 by both inhibiting CYP1A1’s

catalytic activity and decreasing its mRNA levels.
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Figure 4-3: Effects of stilbenes on CYP1A1 mRNA level in HepG2. Cells were co-treated
with 1 nM TCDD plus compound 3 or TMS at 5 uM for 6 hours. First-strand cDNA was
synthesized from total RNA (1.5 pg) extracted from HepG2 cells. cDNA fragments were
amplified and quantitated using the ABI 7500 real-time PCR system as described in the material
and methods section. Duplicate reactions were performed for each experiment, and the values
presented as the mean = SEM. (n= 6). (*) P < 0.05 compared to DMSO-control (C). (+) P <
0.05 compared to TCDD alone.
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4.3.6 Molecular Modeling

To evaluate the ability of the test compounds to interact with the catalytic site of human

CYP1AI, we carried out a molecular modeling (docking) experiment, in which we assessed the

ability of all compounds to exert binding interactions with key amino acid residues in the

CYPI1ALI active site. Similar studies have been reported previously, but these had used the

CYPI1A2 template (PDB code: 2HI4) instead, and from these predictions the authors assumed

potential binding interactions between experimental drugs, and the CYP1Al active site

(homology models) [7]. Nevertheless, considering that the crystal structure of human CYP1A1

was recently reported (PDB code: 4I8V [21]), we decided to use this template in our docking

study. To the best of our knowledge, our work is the first to correlate in vitro CYP1AL1 activity

data with docking studies using the recent crystal structure of human CYP1ALI.
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Figure 4-4: Binding mode for TMS in the active site of CYP1Al. The 3D figure was

generated using a PyMOL Molecular Graphics System (DeLano Scientific LLC, Palo Alto,

CA, 2007); the 2D figure was generated according to a procedure described in the literature

[43].

112



Figure 4-4 shows the binding mode for TMS within the active site of human CYP1A1. This
molecule exerts a m-w interaction with Phe224, which has been reported by others in the in silico
studies with resveratrol analogues [44]. Figure 4-5 shows the binding modes calculated for all
the test compounds (3-12); it is interesting to note that compounds 3, 4, 5, and 6 exert a similar
binding profile (Figure 4-5) to that observed for TMS, which may account for their in vitro
inhibitory activity. On the other hand, compound 7 showed a slight shift within the active site of
CYPI1AL1, which allows its carbonyl group to interact with the iron atom within the heme group,

and at the same time, to produce a -7 interaction with both Phe224 and Phe258.

Compounds 3-7 showed low free energy values and at the same time, showed high cluster size
values (Table 4-1). These data suggest a high probability of exerting binding interactions with
the CYP1ALI active site, having the actual conformation calculated and reported for these drugs.
However, compounds 8 and 9 showed a significant binding interaction between their
corresponding carboxylate groups and the iron atom present in the heme group of human

CYP1AI1, which resulted in a loss of the binding interaction with Phe224 (Figure 4-5).

Despite the low free binding energy values calculated for compounds 8 and 9, their low cluster
size values suggest that these two hybrid salicylate-resveratrol derivatives would likely adopt a
slightly different conformation than that determined by our molecular modeling protocol. In
other words, there is a significant probability that these compounds will bind with the CYP1A1
active site by a different conformation than that predicted theoretically. Compound 10 showed
the highest free binding energy and the lowest cluster size among the tested compounds. The
predicted binding mode for this particular molecule does not show the m-m interaction with
Phe224 observed for some of its analogues (Figure 4-6). This would explain why this compound
was practically inactive in vitro. Finally, compounds 11 and 12 showed the lowest free binding
energies and the highest cluster size values, which would account for their inability to in vitro
inhibit the CYP1A1 enzyme. However, the observed interaction of the carboxylic acid group
present in these molecules with the iron atom in the heme group of CYP1A1 (Figure 4-5) could
be related to the observed slight increase (even though not significant) in enzymatic activity
(activation), rather than enzyme inhibition. This observation could also be linked to the increased

enzymatic activity of CYP1Al in the case of compounds 8 and 9 (Figure 4-1).
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Compound AGbinding Cluster Compound AGbinding Cluster
(kcal/mol) size (kcal/mol) size

TMS -8.97 30/30 8 -12.07 18/30
3 -9.42 30/30 9 -11.74 16/30
4 -10.67 27/30 10 -8.17 10/30
5 -10.57 29/30 11 -15.01 30/30
6 -10.06 23/30 12 -14.70 27/30
7 -9.71 22/30 - - -

Table 4-1:
site.

Calculated binding energies for resveratrol derivatives inside CYP1A1 active
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Figure 4-5: Comparison of different binding modes inside human CYP1A1 exerted by
resveratrol derivatives. TMS (shown in grey) is compared to that of compounds (A) 3 (cyan),
4 (purple), 5 (orange), 6 (yellow); (B) 7; (C) 8 (purple), 9 (orange); (D) 10 (purple), 11 (blue)
and 12 (yellow) in the active site of human CYP1A1. The 3D figures were generated using a
PyMOL Molecular Graphics System (DeLano Scientific LLC, Palo Alto, CA, 2007).
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Figure 4-6: 2-D representation of binding interactions inside CYP1A1. Compounds
(A) 3; (B) 7, (C) 8 and (D) 12 are displayed. The 2D figures were generated according to

a procedure described in the literature [43].

It is noteworthy that the vast majority of previous literature reports have described only the
inhibitory profile of trans-stilbenes on CYP1A1, and not much attention has been paid to the
corresponding cis-isomers. One of the future directions in this regard could involve the
biological evaluation of hybrid resveratrol-salicylate derivatives possessing the cis configuration,
especially because cis-isomers have been shown to exert significant anticancer activity [45],
even though this therapeutic profile has not been correlated with in vitro CYP1A1 inhibition
studies. We have identified (by molecular modeling) at least one hybrid derivative that could
exert potent CYP1AT1 inhibition (results not shown), and which constitutes the focus of one of

our future research projects.
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4.4 Conclusion

The addition of a carboxylate group at position 3’- in the resveratrol structure yielded a new
series of aspirin-resveratrol analogues, which modulated the in vitro activity of the carcinogen-
activating CYP1A1 enzyme. Compounds with methyl esters showed a moderate inhibitory
profile of CYPIAL activity, compared to the parent resveratrol; however, compounds with a free
carboxylic acid group (including those with an acetylsalicylic acid group) increased the
enzyme’s catalytic activity. The potential chemopreventive effect exerted by compound 3 (the
most active compound) obtained in this series is supported by the observation that it also exerts a
decrease in the expression of CYP1A1 mRNA in HepG2 cells at concentrations as low as 5 pM.
Importantly, 3 (in addition to TMS) did not potentiate TCDD-mediated CYP1A in HT-29 cells.
The implications of these results are significant, considering the potential synergistic profile of
the new hybrid resveratrol-salicylate analogue(s) on many other targets relevant to
chemoprevention. This study also showed that differences in the chemical structure of different
stilbene derivatives may potentially switch CYP1A1 inhibition to CYPIA1 induction, which
may not be useful in a long-term chemopreventive setting, but it might find potential applications

in short-term states where CYP1A1 activity is required but compromised.

The results of this study provide preliminary evidence supporting the design of hybrid molecules
combining the chemical features of two well-known chemopreventive agents, resveratrol and
aspirin (salicylates). According to our findings, the previously reported unfavorable effects of a
salicylate moiety did not void the ability of some hybrid resveratrol analoguess to inhibit the
catalytic activity of CYP1Al, or its effects on CYPIA1 mRNA in vitro. Finally, compound 3
represents a new potential hybrid chemopreventive agent which combines the structural features

of two well-known chemopreventive compounds.
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Chapter 5: DNMT enzymes inhibition, cell proliferation, and stability studies.

This chapter is published as Fahad S. Aldawsari, Rodrigo Aguayo-Ortiz, Kanishk
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Martinez. “Resveratrol-salicylate derivatives as selective DNMT3 inhibitors and anticancer
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proliferation inhibition experiment (MTT assay) and I wrote the manuscript. Aguayo-Ortiz, R
conducted the DNMT docking study and Kapilashrami, K performed the in vitro DNMT enzyme
inhibition. All of the co-authors participated in manuscript edits and provided feedback on
manuscript structure. Velazquez-Martinez, CA was the supervisory author and was involved in
the manuscript organization.

122



5.1 Introduction

Resveratrol (Figure 5-1) is a naturally occurring polyphenol with a wide variety of biological
properties. It has been regarded as a phytoalexin (plant antibiotic), and is produced at low
concentrations by several plant species [1]. The biological effects of resveratrol have been
extensively studied in vitro and in vivo [2-6]; some of its reported effects include but are not
limited to anti-inflammatory [7], anticancer [8], antioxidant [9], cardio-protective [10],
modulation of the estrogen receptor [11], and chemopreventive activity [12]. In this regard,
resveratrol possesses an attractive chemopreventive profile, because it inhibits the proliferation
of cancer cells in vitro without exerting significant cytotoxicity to normal cells [13]; it induces
cancer cell apoptosis in several cell lines from different tissue types [14-16], and it significantly
decreases tumor size in vivo using different cancer cells in xenograft models of rodents [17, 18].
The mechanisms of action associated with the chemopreventive profile of resveratrol are varied
and rather complex. In accordance with the current paradigm involving the design of “multi-
target” drugs, and the relatively new concept known as polypharmacology [19], there is evidence
supporting the multi-target profile of resveratrol. In this regard, resveratrol downregulates the
expression and/or inhibits the activity of key enzymes and transcription factors involved in
carcinogenesis, including (but are not limited to) cyclooxygenase (COX) enzymes, inducible
nitric oxide synthase (iINOS), lipoxygenase (LOX), PI3-kinases, NF-xB, PPARy, Sirtl, and
DNA-methyltransferases (DNMTs) [20].

DNMTs are a group of enzymes expressed by mammals in three active isoforms: DNMTI,
DNMT3A, and DNMT3B (and one more regulatory enzyme identified as DNMT3L) [21]. Under
normal physiological conditions, DNMTs are crucial for DNA methylation at cytosine residues
[21]; specifically, DNMT3 functions as an initial (de novo) methylator, while DNMT1 is
responsible for “maintenance” of the methylation during cell division [21]. However, aberrant
methylation patterns (referred as “epigenetic”) affecting certain genes and/or overexpression of
DNMTs have been associated with many cancer types including lung, colorectal, prostate, breast,

endometrial, gastric, hepatocellular, cervical, and pancreatic [22, 23].

Experimentally, the selective inhibition of different DNMT enzymes has provided important

clues to determine their role in physiology and pathophysiology. For example, it has been
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observed that DNMT inhibition reactivates “silenced” or hypermethylated genes, particularly
tumor suppressor genes (genes associated with the expression of proteins that prevent tumor
formation) [24, 25]. Another important observation is that the concomitant incubation of DNMT
inhibitors with chemotherapeutic agents [26, 27], as well as radiotherapy [28], have showed
significant synergistic effects of both of these therapeutic strategies. Finally, the inhibition of
DNMTI1 and DNMT3B has been shown to abrogate hepatitis C infection in hepatocellular
carcinoma cells [29]. Consequently, it has been proposed that targeting the aberrant enzymatic
activity of DNMTs could restore otherwise hypermethylated tumor suppressor genes, which is

considered a promising strategy to prevent cancer initiation and cancer development [30, 31].

The chemical structure features required for a given molecule to display DNMT inhibition are
described in the literature. According to the chemical structure, DNMT inhibitors can be
classified into two main groups: the nucleos(t)ide and the non-nucleos(t)ide DNMT inhibitors
[32-34]. Azacitidine (Vidaza®, Celgene) and Decitabine (Dacogen®, Astex) are two US FDA
clinically-approved nucleoside DNMT inhibitors [34], whereas the compound MG98 represents
an oligonucleotide. Representative examples of the non-nucleos(t)ide class of DNMT inhibitors
are a tryptophan derivative (RG108), quinoline derivatives (SGI-1027), alkyne derivatives,
cyclopenta- and cyclohexathiophene derivatives, procainamide derivatives, genistein (natural
flavonoid), curcumin, Psammaplin A (a marine natural compound), and hydralazine (see

Figure 5-2 for chemical structures) [34].

Based on the observation that DNA methylation can be reversed by specific DNA repair
mechanisms, the inhibition of hypermethylation of tumor suppressor genes is a promising
strategy to prevent cancer initiation and development. This inhibition may take place over a long
period of time after administering either synthetic [35] or naturally occurring chemopreventive
drugs [36]. Computational approaches have demonstrated the ability to identify DNMT
inhibitors or compounds with demethylating properties that have novel scaffolds [33, 37]. A
recent work published by Kuck et al. [38] reported the docking-based, virtual screening, and in
vitro evaluation of more than 26,000 compounds from the National Cancer Institute (NCI)
database on DNMT enzymes. In that paper, authors reported a series of small molecules with

relatively high biochemical selectivity towards individual human DNMT enzymes. Using a
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multistep docking approach of lead-like compounds with a homology model of the catalytic site
of DNMT1, followed by experimental testing, Kuck et al. identified seven new molecules with
detectable DNMT1 inhibitory activity. The molecules identified in the study had diverse
scaffolds, some were not previously reported as DNMT inhibitors. These included a series of
methylenedisalicylic acids, among which the compound NSC 14778 (Figure 5-1) was one of the
most potent compounds tested on DNMT1 and DNMT3B enzymes [38]. We analyzed the
chemical structure of the new scaffold present in methylenedisalicylic acids, and compared it to
that of our recently reported resveratrol-salicylate analogues (Table 5-1). After adding a
carboxylic acid group to one of the aromatic rings present in the polyphenol [39], we
hypothesized that, in addition to the CYP1A1 inhibitory activity reported previously, these
hybrid drugs could also inhibit the enzymatic activity of DNMT enzymes.

To the best of our knowledge, there are no reports in the literature describing the direct inhibitory
effect of resveratrol on DNMT enzymes. The only paper we could find with a similar focus, by
Qin et al., looked at the effects of resveratrol on the expression of DNMT enzymes [40]. As part
of ongoing research aimed at developing new cancer chemopreventive agents, we are reporting
in this chapter the in vitro biological evaluation and molecular modeling (docking) studies of
new resveratrol-salicylate derivatives against DNMT enzymes. Our hypothesis is based on the
idea that adding a carboxylic acid or its methyl ester attached ortho to one of the phenol groups
present in hydroxystilbenes might confer resveratrol with a novel DNMT inhibitory profile,
similar to that exerted by methylenedisalicylic acids described above. In this chapter, we
identified compound 10 as the most active analogue which showed greater than four-fold
potency compared to resveratrol in inhibiting the DNMT3A enzyme. Additionally, compound 10
exerted cell proliferation inhibition on three different human cancer cell lines (HT-29, HepG2,
and SK-BR-3), suggesting that this chemical compound is more effective than the parent
resveratrol under the same experimental conditions. Finally, stability studies of this molecule
showed that this stilbene is being hydrolyzed in plasma to produce compound 9, a molecule that

also exhibited significant DNMT3 inhibitory activities.
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Hybrid resveratrol-salicylate derivatives

Figure 5-1: Chemical structures of resveratrol, NSC 14778, and aspirin. The hybrid
resveratrol-salicylate derivatives have the combined chemical features of these three different

types of agents.

R, R; R; R4 Rs
Resveratrol OH H OH H H
TMS OCHj3; H OCH; CH; H
3 H OCH; H CH; COOCHj3;
4 H OCHj3; H Ac COOCH;3;
5 OCHj3; H OCH; Ac OCHj3;
6 OCHj3; H OCH; Ac COOCH;3;
7 OCHj3; H OCH; CH; COOCHj3;
8 H OH H H COOH
9 OH H OH H COOH
10 OH H OH H COOCH;3;
11 H OAc H Ac COOH
12 OAc H OAc Ac COOH

Table 5-1: Different substitutions on the hybrid resveratrol-salicylate derivatives.
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Figure 5-2: Chemical structures of representative examples of (A) nucleoside and (B)
non-nucleoside DNMT inhibitors.
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5.2 Materials and methods

5.2.1 Chemistry

We carried out the synthesis of hybrid resveratrol-salicylate derivatives 3-12 as described in

Chapter 3.

5.2.2 Inhibition of DNMT enzymes

The catalytic domains of DNMT3A/3B and full-length DNMT 3L were purified as previously
described [41]. Full-length DNMT1 was purified as previously described [42]. The dose-
response experiments were performed against DNMT1 and DNMT3A/3B using the radiometric
assay described by Hemeon et al. [41]. Briefly, the assay was conducted in the buffer containing
50 mM HEPES, 50 mM KClI, 5% glycerol and 1 mM DTT, pH = 8.0. The inhibitors were
preincubated in the buffer containing 1 uM of the corresponding enzyme or enzyme complex for
30 min, and the reaction was initiated by the addition of the substrate mix (1 pg dIdC substrate
and 1.83 uM “H-S-adenosyl-L-methionine). The methylation reactions were allowed to proceed
at an ambient room temperature of 22 °C for 4 h (DNMT3B/3L) and overnight (DNMT3A/3L).
Subsequently, 6 pL of the reaction were spotted on 1.2 cm x 1.2 cm DE81 Anion Exchanger
exchange filter paper squares. Each reaction was spotted three times. The filter paper was
allowed to dry for 15 minutes, and washed twice with 0.2 M ammonium bicarbonate, followed
by deionized double distilled water and ethanol. The filter paper was then put in scintillation
vials, to which was added 0.5 mL of deionized double distilled water followed by 5 mL of
scintillation fluid. The signal was monitored using a Liquid Scintillation Analyzer (Perkin Elmer

Tri-Carb 2910 TR) and the percent of inhibition was calculated as previously described [43].

5.2.3 Molecular Modeling

Proteins. The crystal structures of human DNMT1 (PDB ID: 3SWR) and DNMT3A (PDB ID:
2QRYV) were retrieved from the Protein Data Bank (PDB). For the DNMT3B structure, we used
the homology model that we had previously published for this isozyme [38]. The structures were
prepared and submitted to a geometry optimization protocol (OPLS force field) using the default

settings on the Protein Preparation Wizard protocol of Schrodinger software [44].
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Ligands. Compounds 3 to 12, 3,4°,5-trans-trimethoxystilbene (TMS) as well as resveratrol were
built and submitted to a geometry optimization protocol using the AMBER99SB force field in
UCSF Chimera 1.9 [45].

Docking. Molecular docking studies were performed using AutoDock 4.2 software [46]. In these
studies, we evaluated the compounds in the DNMT catalytic site in the presence and absence of
the co-factor. We used a grid box of 80 x 80 x 80 points with a grid spacing of 0.375 A that
covers the catalytic pocket and the co-factor binding site. The Lamarckian genetic algorithm was
used as a search method. Twenty runs were carried out with a maximal number of 5,000,000
energy evaluations and an initial population of 150 conformers. The best binding modes for each
molecule were selected for the analysis. We had previously used AutoDock to model DNMT
inhibitors [38].

5.2.4 Cell proliferation inhibition (MTT assay)

Human colorectal adenocarcinoma HT-29 cells (ATCC HTB-38, Manassas, VA), human
hepatoma HepG2 cells (ATCC HB-8065, Manassas, VA), and human mammary gland/breast
SK-BR-3 cells (ATCC HTB-30, Manassas, VA) were maintained in Dulbecco's modified Eagle's
medium, supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100
[U/mL penicillin, and 100 pg/mL streptomycin. Human mammary gland MCF 10A (ATCC
CRL-10317) and human umbilical vein endothelial HUVEC cells (kindly provided by the
Davidge Lab., Department of Obstetrics/Gynecology and Physiology, University of Alberta)
were used as non-cancerous cell line models. MCF 10A cells were maintained in MEGM media
(Lonza, MD, USA) while HUVEC cells were maintained in EGM media (Lonza, MD, USA).
Cells were grown in 75-cm” tissue culture flasks at 37°C in a 5% CO, humidified incubator. To
evaluate the antiproliferative effects of resveratrol analogues, we carried out a series of MTT
assays using a published procedure [47] with minor modifications. All test compounds were
dissolved in DMSO and tested at a final concentration range of 0.03 to 125 uM, over a 24-hour
incubation period. The final concentration of DMSO in culture media was fixed at 0.5% (v/v).
The corresponding ICs, values were calculated from the cell proliferation inhibition curves using
GraphPad Prism software (ICsy values represent the mean = S.D. of three different experiments,

in triplicate).
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5.2.5 Stability study

5.2.5.1 Mass spectroscopy

Electrospray ionisation (ESI) mass spectroscopy (negative mode) was used to qualitatively study
the stability of compound 10 in the same media used in the above cell proliferation inhibition
studies. A stock solution of 10 in DMSO (100 mM) was diluted into culture media to a final
concentration of 500uM and was incubated in the dark at 37°C. Samples were taken at 0, 1, 6,

and 24 hours and were diluted in acetonitrile for mass analysis.
5.2.5.2 HPLC analysis

5.2.5.2.1 Sample preparation

Stock solutions of compound 10 were prepared at 15 mM in DMSO and diluted in either culture
media or rat plasma (Innovative Research Inc., MI, USA) to a final concentration of 125 uM.
Samples were incubated in the dark at 37°C for 0, 1, 3, 6, 12, and 24 hours. Samples of 10 in
culture media were diluted in HPLC-grade acetonitrile/water (50:50) in a ratio of 1:2. The
volume of the sample injected into the HPLC column was 100ul. For compound 10 samples in
plasma, three volumes of acetonitrile were added to one volume of the plasma sample. The
mixture was then vortexed and centrifuged at 5000 x g for 5 min at 4°C. Finally, 200ul of the

supernatant was added to the auto-sampler vial, and only 100ul was injected into the column.

5.2.5.2.2 HPLC conditions

An HPLC system (Shimadzu Prominence, Mandel Scientific, Guelph, ON, Canada) was used in
this study. The system consists of an LC-20AT dual pump, SIL-20A auto-sampler, DGU-20A5
degasser, CTO-20AC column oven, UV-vis dual wavelength detector, and a system controller.
The system was controlled by a personal computer using Shimadzu Class VP 7.4 version

software.

Method A: We used the chromatographic conditions reported by Lin H-S et al. [48], but with a
minor modification. Briefly, the separation was performed using a reversed-phase HPLC column
(Agilent Zorbax Eclipse Plus C18: 250 x 4.6 mm 1.d., 5uM), protected by a guard column
(Agilent Zorbax Eclipse Plus C18: 12.5 x 4.6 mm 1.d., SuM). Separation time was 12.5 min
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using a gradient solvent mixture of acetonitrile/water at a flow rate of 1.5 mL/min with the
column temperature set at 50 °C. The gradient schedule was as follows: (i) 0-4.5 min, acetonitrile
65%,; (ii) 4.6-5.5 min, acetonitrile 65—90%; (iii) 5.6-9.0 min, acetonitrile 90%; (iv) 9.1-12.5
acetonitrile 65%. Ultraviolet (UV) absorbance was recorded at 305 nm (maximum UV

absorption for compound 10).

Method B: We used the HPLC method reported by Omar J.M. et al. [49] with some
modifications. We used the same C18 and guard columns described in Method A. The column
temperature was set at 35°C. The chromatographic run time was 22 min with a flow rate of 1.0
mL/min. The mobile phase consisted of HPLC-grade water (containing 0.1% formic acid) and
HPLC-grade methanol (containing 0.1% formic acid) as follows: (i) 0-10.0 min starting with
water/methanol (50:50), linearly changed to 100% methanol; (ii) 10.1-15.0 min held at 100%
methanol; (iii) 15.1-22.0 min water/methanol (50:50). UV absorbance was recorded at 305 nm,

and the auto-sampler was operated at room temperature.

5.3 Results and discussion

During the last decade, the evolution of epigenetics and its validated association with many
disorders such as cancer [50], Alzheimer’s disease [51], cardiovascular diseases [52], and
diabetes [53] have been the subject of scientific research. These epigenetic mechanisms are
regulated by multiple proteins including DNA methyltransferase enzymes (DNMTs) [54].
DNMTs catalyze the transfer of a methyl group from the substrate S-adenosylmethionine (SAM)
to DNA cytosine residues (called “CG sites”) [21]. DNMT1 specifically methylates hemi-
methylated DNA, while DNMT3A and DNMT3B bind to unmethylated DNA to carry out de
novo methylation [21]. It has been proposed that small molecule inhibitors of DNMT enzymes
can bind either at the catalytic binding pocket binding site of (DNA) or at the binding site of the
cofactor S-adenosylhomocysteine (SAH) [55], or both, depending on the inhibitor’s structure.
The latter is particularly applicable if the inhibitor’s structure has a “long” scaffold, as does SGI-
1027 [56].

Compound NSC14778, a methylenedisalicylic acid, was reported by Kuck et al., who had

implemented a virtual screening protocol on more than 26,000 compounds from the NCI
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database, and found that NSC14778 provided a useful lead scaffold to design new molecules
with potential DNMT inhibitory activity [38]. Along the same lines, we recently reported the
chemical synthesis and CYP1Al inhibitory profile of a new series of hybrid resveratrol-
salicylate analogues with promising chemopreventive activity [39]. We identified some
structural similarities between NSC14778 and our recently reported salicylate-resveratrol
analogues, so it was reasonable to predict a certain degree of DNMT inhibition by our molecules
(however, please note that we did not start the design of our salicylate-resveratrol derivatives
based on the docking pose of NSC14778). We recognized a potentially useful pattern by
replacing the central methylene group in NSC14778 for the ethylene (CH=CH) moiety present in
stilbenes. Consequently, we hypothesized that these compounds could exert significant inhibition

of DNMT enzymes, for two reasons.

First, the new salicylate moiety on resveratrol would resemble the salicylate group in NSC14778,
which has been reported as “essential” for DNMT inhibition [38]; second, the literature has
showed that resveratrol is capable of reducing the expression of DNMT enzymes, reactivating

previously hypermethylated tumor-suppressor genes [24, 25, 35].
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1Cs (uM)
Compounds DNMT3A/3L DNMT3B/3L DNMT1
3 282 >300 NI'
4 >300 >300 NI'
5 >300 >300 NI'
6 >300 >300 NI'
7 >300 >300 NI'
8 281 156 NI'
9 40 52 NI'
10 25 62 NI'
11 186.6 190 NI'
12 100 215 NI'
TMS >300 >300 NI'
Resveratrol 105 65 >300
SAH ND* 0.25° 2

Table 5-2: Concentration (uM) of test compounds required to inhibit by 50% the
enzymatic activity of DNMT1, DNMT3A, and DNMT3B. Results are expressed as 1Cs
values using a cell-free biochemical assay. To generate the enzyme inhibition curves,
duplicate reactions were performed for each concentration; ICsy values were calculated using
the GraphPad Prism v6 software. ' NI = no inhibition at the maximum test compound

concentration (300 pM). 2ND = not determined. * Taken from reference [38].

5.3.1 In vitro DNMT inhibition

To study the in vitro DNMT inhibition exerted by the salicylate-resveratrol analogues reported
previously [39], we used a filter-paper-based Scintillation Proximity Assay (SPA) [43] with the
well-known DNMT inhibitor (although structurally unrelated) S-adenosyl-L-homocysteine
(SAH) [57, 58] as the standard which showed ICsp = 2 uM on DNMTI. For comparison
purposes, we also used the parent stilbene resveratrol, which showed inhibition on DNMT3B
(ICsp = 65 uM) and DNMT3A (ICsp = 105 uM), but no activity on DNMT1 (ICsy higher than
300 uM, Table 5-2). These results suggest that the parent polyphenol shows selective inhibition
of the DNMT3B isozyme. This observation is somewhat related to a recent study reported by
Qin et al. [40] in which his group reported a significant reduction in the expression of DNMT3B

after a 21-week treatment period with resveratrol into rats. Interestingly, this treatment did not
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significantly reduce the expression of the DNMT1 enzyme [40]. It is important to distinguish

that our study measured enzyme activity, whereas that of Qin et al. measured protein expression.

Another compound that could be a potential DNMT inhibitor is the methylated version of
resveratrol, or 3,4’,5-trans-trimethoxystilbene (TMS), which has displayed an enhanced
anticancer profile compared to resveratrol [47, 59]. We observed no significant inhibition of
DNMT enzymes at the highest test compound concentration (300 uM). This suggests that the
free hydroxyl groups present in resveratrol are essential to exert inhibition of the DNMT
enzymatic activity. As far as we are concerned, our study is the first to report TMS’s apparent
lack of activity on DNMT1, DNMT3A, and DNMT3B enzymes. A similar effect (i.e., loss of
enzymatic inhibitory activity with DNMT1 upon methylation of a hydroxyl group), was noted
for a sulfonamide DNMT inhibitor recently identified by high-throughput screening [60, 61].

Once we analyzed the inhibitory profile of the compounds described above, we started the
screening evaluation of the new hybrid salicylate-resveratrol derivatives. According to our
results, derivatives possessing methoxy groups (3-7) at any position on the stilbene structure
were practically inactive at the highest test compound concentration (300 uM), which is
consistent with the results obtained for TMS. However, we also observed that derivatives
possessing free hydroxyl groups (8-10) were significantly more potent than their methoxylated
counterparts, but their inhibitory profile was significant only on the DNMT3A and DNMT3B
enzymes, not on DNMT1. The most active compounds in the series were compounds 9 and 10,
which significantly inhibited both DNMT3A (ICso = 40 uM and 25 pM respectively), and
DNMT3B (ICs values = 52 uM and 62 uM respectively) (Table 5-2).

Compounds possessing an acetyl group (mimicking an acetylsalicylic acid moiety), either on a
4’- or a 3,5- pattern, are not as potent as those with free hydroxyl groups. Interestingly, the
negative effect of adding acetyl groups on DNMT3 inhibition is milder than that of adding
methoxy groups, given that compounds 11 and 12 still showed some degree of inhibition on both
DNMT3A and DNMT3B enzymes (ICsy’s in the 100-215 pM range). The observation that
methoxy groups reduce DNMT inhibition seems to be consistent with a recent report by Rilova
et al., which reported that dimethoxytriazine groups decreased the DNMT3A inhibitory activity
of quinolone-based DNMT inhibitors [62].
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A detailed comparison of molecules 8 and 9, both possessing free hydroxyl groups, suggests that
two phenol groups at positions 3- and 5- (compound 9 ICsy values =40 uM —on DNMT3A—, and
52 uM —on DNMT3B-) exert a better enzyme inhibitory profile than having only one at the 4-
position (compound 8 ICs, values = 281 uM —on DNMT3A—, and 156 uM —on DNMT3B-).

To complement the structural analysis of compounds 3-12, we studied the effects of the
carboxylic acid group on the stilbene scaffold which, according to previous reports, seems to be
an essential requirement for DNMT 1 inhibition. This requirement has been described in different
molecules. Analogue series of drugs with a carboxyl group are, in general, more potent DNMT1
inhibitors than those not having it [35, 63]. This observation has been studied using molecular
modeling (docking) studies. It has been predicted that carboxylate anions can form hydrogen
bonds with important amino acid residues in the active site of DNMT1 [35, 63]. Nevertheless,
according to our results and experimental conditions we used for DNMT3A and DNMT3B, the
presence of the carboxylic acid group on the stilbene scaffold seems to be significant only when
the phenol groups are free. As can be observed with our small library of hybrid salicylate-
resveratrol derivatives, compounds with a free carboxylic acid (8, 9, 11 and 12), a carboxylate
methyl ester (3, 4, 6, 7 and 10), or no carboxylic acid at all (compound 5) did not show any
inhibition on DNMT]1, even at concentrations as high as 1 mM (results not shown). A recent
study by Asgatay et al. showed that a N-phthaloyl-L-tryptophan derivative, in which a
carboxylate group was replaced by an amide function, could still display some activity towards
DNMT1. Therefore, the authors proposed that the essential role of the carboxyl group is still

“inconclusive” [64].

As far as DNMT3A/3B inhibition is concerned, it is still not clear if the presence of a carboxyl
group is required for a drug to exert binding interactions in the active site of DNMT3 enzymes.
Nevertheless, recent developments with small molecule inhibitors have showed that in vitro
DNMTS3A inhibition is possible without the presence of carboxylate groups [62]. Results of this
study showed that, against both DNMT3 enzymes, compounds bearing either a free carboxylic
acid (9) or a carboxylate methyl ester (10) exerted a better inhibitory profile than resveratrol

(Table 5-2).
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5.3.2 Molecular Modeling

To test in silico the ability of the test compounds to interact with the catalytic site of DNMT
enzymes, we carried out molecular modeling (docking) simulations, in which we assessed the
ability of hybrid salicylate-resveratrol derivatives to exert binding interactions with key amino
acid residues in the enzyme’s active site. We did these experiments in the presence and absence

of the co-factor SAH, according to a previously reported protocol [55].

Figure 5-3 shows the binding mode for the parent compound (resveratrol), and the active
compounds 9 and 10 within the human DNMT enzyme binding sites, in the presence and
absence of the co-factor. The table below Figure 5-3 summarizes the calculated binding free
energies for each binding mode. The binding free energies as calculated by Autodock, and the
binding modes of the remaining compounds, are reported in Table 5-3 and Figure 5-4,
respectively. According to our molecular modeling results, the docking scores calculated for
resveratrol, compound 9, and compound 10 in the active sites of both DNMT3A and DNMT3B
(in the presence and absence of the co-factor) are, overall, more favorable (more negative), than
those values obtained with DNMT1 (Figure 5-3). Despite the well-known number of
approximations considered in calculating docking scores [65], this is in good qualitative
agreement with the trend observed experimentally. In the docking study performed in the
absence of the co-factor, the presence of a n-m interaction with Trp889 and Trp834 was observed
in the DNMT3A and DNMT3B structures, respectively. It is noteworthy that the tryptophan is
absent in the structure of the DNMT1, which may explain the differences in binding energies and

the lack of activity on the DNMT]1 isoform.
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DNMT1 DNMT3A DNMT3B
Compound Without With Without With Without With
co-factor cofactor co-factor cofactor co-factor cofactor
9 -8.13 -7.67 -9.66 -8.17 -8.85 -7.54
10 -7.43 -6.42 -9.27 -7.01 -8.99 -8.82
Resveratrol -7.74 -5.83 -9.03 -6.57 -7.95 -6.22

Figure 5-3: Comparison of the binding modes calculated inside the active site of DNMT]1,
DNMT3A, and DNMT3B enzymes. Compounds 9 (blue), 10 (purple), and resveratrol (orange)
in the DNMTs active site in the presence and absence of the co-factor SAH (yellow), as

predicted by AutoDock 4.2.
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In the study carried out in the presence of the co-factor, we observed interactions of the ligands
with the catalytic cysteine, glutamic acid, and arginine in both DNMT3A (Cys706, Glu752, and
Arg788) and DNMT3B (Cys651, Glu697, and Arg733) active sites, which in previous studies
have been proven to be a primary interaction for enzyme inhibition. In this regard, Cys651 has
previously shown to be a key site for binding interactions between the antibiotic Nanaomycin
and the DNMT3B enzyme [66]. These docking results allowed us to hypothesize that regardless
of the operating inhibition mechanism (with or without the co-factor), these binding interactions
may offer a plausible explanation for the observed selectivity toward DNMT3 enzymes by the
test compounds, including the parent resveratrol. It is noteworthy that the presence of the 3,5-
dihydroxyphenyl group (also called resorcinol) is important for the interaction of the ligands in
both studies, suggesting that the test compounds should have this group to inhibit DNMT3

isoforms.

DNMT3A DNMT3B

Without co-factor

With co-factor

Figure 5-4: Comparison of the different binding modes in the presence and absence of co-
factor SAH of DNMT1, DNMT3A, and DNMT3B. Compounds 3 (magenta), 4 (yellow), 5
(pink), 6 (gray), 7 (violet), 8 (green), 9 (blue), 10 (purple), 11 (pink), 12 (cyan), TMS (brown),
and resveratrol (orange) as predicted by AutoDock 4.2.
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DNMT1 DNMT3A DNMT3B

Compound Without With Without With Without With
cofactor  cofactor cofactor cofactor cofactor  cofactor

3 -7.52 -6.58 -8.11 -7.08 -7.32 -7.16

4 -8.47 -5.83 -8.99 -5.84 -8.02 -6.78

5 -8.26 -6.26 -8.52 -6.27 -8.76 -6.17

6 -7.05 -6.39 -5.06 -6.29 -8.28 -7.02

7 -7.44 -6.14 -8.40 -5.76 -7.82 -7.85

8 -8.37 -6.91 -9.41 -7.84 -9.05 -8.54

9 -8.13 -7.67 -9.66 -8.17 -8.85 -7.54

10 -7.43 -6.42 -9.27 -7.01 -8.99 -8.82

11 -8.94 -7.21 -7.65 -7.72 -9.33 -8.23

12 -7.95 -8.96 -8.42 -7.50 -7.88 -8.44
TMS -7.36 -6.02 -7.95 -5.67 -8.23 -7.53
Resveratrol -1.74 -5.83 -9.03 -6.57 -7.95 -6.22

Table 5-3: Calculated free binding energies of resveratrol-salicylate analogues in human

DNMTs.

In a previous study [38], NSC14778 was predicted to form multiple hydrogen bonds with key
amino acids, particularly Argl74 and Cys88, inside the active site of DNMT]1. These residues
have played an essential role in explaining the mechanism of DNA methylation [38].
Additionally, NSC14778 was thought to block the active site of DNMT1 by non-covalent
interactions [38]. The fact that our resveratrol-salicylate analogues showed less favorable binding
energies on DNMT1 (Table 5-3) and inactivity against DNMT1 in vitro (Table 5-2) might
suggest that the mechanism of action of resveratrol-salicylate derivatives is different from that of

methylenedisalicylic acid NSC14778.
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1Cso (uM)'
Compounds HT-29 HepG2 SK-BR-3 | MCF10A | HUVEC
3 33.1+40.3 >100 6.4+2.1 1.6+046 | 30.3+92
4 40.1+24.0 | 522+11.9 | 64.3+35.1 ND* ND*
5 289+ 15.4 >100 ND* ND* ND?
6 >100 >100 ND- ND- ND*
7 >100 >100 ND* ND* ND*
8 >100 >100 ND* ND* ND*
9 >100 >100 ND* ND* ND?
10 448 +158 | 19.1+6.1 | 11.3+25 | 27.5+16.3 >100
11 >100 >100 ND* ND* ND?
12 >100 >100 ND* ND? ND?
Resveratrol >100 549 +3.3 >100 >100 >100
TMS 16.6 + 12.6 >100 >100 83.5+75.4 | 80.0+50.4

Table 5-4: 'Concentration (uM) of the test compounds required to inhibit cell
proliferation by 50 % (ICs¢) using the MTT assay. Each ICs value represents the mean +
S.D. of three different experiments in triplicate. To generate the cell proliferation inhibition
curves, six concentrations (in the 0.03 to 125 uM range) were used for each compound. ICs,

values were generated using GraphPad v6 Prism software. °ND = not determined.

5.3.3 Cell proliferation inhibition in culture cells

The promising DNMT inhibitory profile observed for these resveratrol-salicylate analogues,
along with our previous finding on their abilities to inhibit the CYP1A1 enzyme [39], and the
observation that epigenetic modifications in cancer cells are essential for cell proliferation led us
to evaluate the effects of these compounds on in vitro cell proliferation. We used three different
human cancer cell lines: HT-29 cells (colorectal), HepG2 cells (liver), and SK-BR-3 cells
(breast). DNMT-mediated epigenetic regulations have been recently confirmed in these cell lines
[26, 67, 68]; the results are summarized in (Table 5-4). Interestingly, compound 10 exerted a
stronger cell proliferation inhibition than that demonstrated by the parent resveratrol in all three
cancer cells, and it was more active than TMS on HepG2 and SK-BR-3 cells. In this regard, it
has been reported that TMS, being a more lipophilic stilbene than resveratrol (and consequently,

more likely to cross cell membranes), demonstrated a higher cell proliferation inhibition than
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resveratrol in cancer cells [47, 59]. In non-cancerous cultured cells, 10 showed considerable
toxicity in MCF 10A (ICso = 27.5 uM, which is considered a side effect) and showed an ICsg
higher than 100 uM in HUVEC cells. This difference in the way in which compound 10 affects
primary cells might indicate that it exerts a certain tissue-specific toxicity. However, additional

studies are needed to further establish its safety profile.

Resveratrol’s ability (as well as the ability of compound 10) to inhibit DNMT3 activity does not
exclude other mechanisms by which it could decrease cell proliferation. In fact, there is a
considerable evidence backing up the multi-target profile exerted by resveratrol. This may be
applicable to its salicylate hybrid 10; nevertheless, further studies are required to illustrate other

potential anti-proliferative mechanisms modulated by this compound.

In Chapter Four, we discussed the CYPIAI1l inhibitory profile of compounds 3-12, and
elaborated on the chemical features required for hybrid molecules to exert inhibitory activity on
CYPIA1. Compound 10 was not as effective as other molecules in inhibiting the CYP isoform;
however, the binding interactions make this molecule an effective DNMT3 inhibitor, despite its
lack of activity on CYP enzymes. These observations suggest that the overall design of hybrid
salicylate-resveratrol analogues is flexible enough to offer preferential inhibition against at least

these two proteins (CYP1A1 and DNMT?3).

5.3.4 Stability studies

5.3.4.1 Mass analysis

After we had observed the significant cancer cell proliferation inhibition exerted by the DNMT3
inhibitor (compound 10), we aimed to qualitatively study the stability of this stilbene in the
culture media with the aid of mass spectroscopy. Initially, the same maximum concentration
used in the cell proliferations assays (125 uM) was used in this stability study. However, using
this concentration, and after 24 hours incubation, we observed that only media masses were
detected with no signs of stilbene mass (data not shown). This could be attributed to the

technique’s sensitivity, particularly since the sample is routinely diluted before mass detection
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(so that the final concentration before detection would be less than the typical mass sample
concentration (1pug/mL)). After this observation, we increased the concentration in the media to
500 uM instead of 125 uM. The results from this assay can be seen in (Figure 5-5). At time
zero, a mass of m/z = 284.9 was detectable, which corresponds to compound 10 [M-H]". After
one hour of incubation in the media, another signal was observed at a mass of m/z = 270.8 in
addition to the initial mass of stilbene 10. After four hours (the spectrum after four hours is not
shown), we observed that the compound 10 mass was undetectable. However, the mass at m/z =
270.8 was detected and it was visible even after 24 hours incubation (see spectra after 6 and 24
hours in Figure 5-5). It should be noted that the masses of m/z = 284.9 and 270.8 [M-H]
correspond to compounds 10 and 9 respectively, which we identified previously [39]. After this
stability assay, we suspected that compound 10 was likely unstable and is probably being
hydrolyzed to produce compound 9. However, the extent of hydrolysis and the exact hydrolyzed
products were not precisely identified, and this is the reason for moving to the quantitative

technique, HPLC.
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Figure 5-5: Mass spectra of compound 10 incubated in culture media at 37°C after time
zero (A), 1 hour (B), 6 hours (C) and 24 hours (D). Compound 10 (dissolved in DMSO) was
added into the culture media at a final concentration of 500 uM. Mass (1) is for compound 10 at
m/z = 284.9 [M-H] and mass (2) is for compound 9 at m/z = 270.8 [M-H]". The masses for the

two molecules were identified previously.

5.3.4.2 HPLC analysis
To quantitatively evaluate the stability of compound 10, we initially used the reported HPLC
method for TMS [48, 69]. We reproduced these chromatographic conditions (method A) to study
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the stability of compound 10 in culture media. To make sure that this method is reproducible, we
first used it for TMS. Using method A, we found that TMS had a retention time of 7.4 min,
similar to what had already been reported (7.0 min [48]) (data not shown). After that, we tested
the stability of compound 10 in culture media using the same conditions. The results are shown
in Figure 5-6. This method was developed for relatively lipophilic molecules such as TMS [48,
69], and for polar molecules such as 10, we suspected that this stilbene might elute sooner than
TMS under these conditions. Indeed, compound 10 (dissolved in acetonitrile) showed a retention

time of 2.3 min when it was injected into the HPLC column.

After we had identified the compound 10 peak, we incubated 10 in a culture media at 37°C and
tested the remaining percentage after 0, 1, 3, 6, and 12 hours. We observed that 10 seems to
decompose after as soon as one hour because the percentage of the stilbene remaining after one
hour of incubation was 73%. These results are consistent with the above mass analysis study.
After six hours, only 11% of this compound remained. By 12 hours, the peak had completely
disappeared. We tried to investigate the product(s) of 10’s decomposition. By analyzing the
chromatogram after 12 hours, we could see only the signals of the media with no additional

peaks.

We suspected that the product(s) of 10 degradation could be hidden under the media peaks. For
that reason we decreased the polarity of the solvent mixture and increased the separation time.
Unfortunately, these changes in chromatographic conditions did not sufficiently separate the
media peaks or even delay molecule 10’s retention time (data not shown). We concluded that this
method is likely not ideal to analyze such molecules. Our reasons are as follows: First, our
ultimate goal is to investigate the stability of 10 in plasma. However, plasma peaks have been
reported to be around 1.8 to 2.5 min using this method [48], which would likely interfere with
10’s peak and/or its degradation products. Second, 10 is a relatively polar and from a structural
perspective, it is similar to resveratrol. Based on that information, we knew that the HPLC
methods described in the literature for resveratrol could be applied to 10. Therefore, we moved

to method B.
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(A) (B)

(©) R

Figure 5-6: chromatograms of compound 10 (125 pnM) after incubation in culture media at
37°C. (A) is blank media with only the vehicle (DMSO); (B), (C), (D), (E) are compound 10

samples at 0, 1, 6, and 12 hours respectively. Peak (1) is compound 10.
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Method B has been recently developed and applied for resveratrol analysis in commercial
sources [49]. It uses methanol and water (containing 0.1% formic acid) as a mobile phase and the
chromatography is performed at 35°C (see method B in material and methods). Using this
method, we obtained a resveratrol peak at 5.3 min (reported 5.8 min [49]) (data not shown).
Next, we injected a pure sample of 10, which showed a retention time of 10.8 min (Figure 5-7).
After that, we incubated 10 in rat plasma at 37°C and measured the percentage of compound
remaining after 0, 1, 3, 6, 12, and 24 hours. The percentages of stilbene remaining after 1, 3, 6,
12, and 24 hours were 88, 60, 32, 9 and 0.8% respectively. Additionally, we observed a new
peak (at around 8.1 min), which was detectable after one hour of incubation (Figure 5-7). This
peak increased in intensity within time, and was visible even after 24 hours of incubation.
Compound 10 is a methyl ester and because of our previous results using mass spectroscopy
suggested the hydrolysis of compound 10 to produce 9, we suspected that this new peak might
corresponds to the stilbene bearing free carboxylic acid (compound 9). Indeed, when we injected
an authentic sample of stilbene 9 in acetonitrile (as well as in rat plasma), it showed the same
retention time observed for the new peak (8.1 min). This suggests that compound 10 has a
relatively low stability profile in plasma. However, despite its low stability, it still produced

compound 9 (which also exhibited DNMT3 inhibitory activity) after hydrolysis in rat plasma.
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Figure 5-7: chromatograms of compound 10 (125 nM) after incubation in rat plasma

at 37°C. (A) Blank plasma sample spiked with only the vehicle (DMSO) while (B), (C),
(D), (E), (F), and (G) are plasma samples of 10 after 0, 1, 3, 6, 12, and 24 hours
respectively. (H) Fresh plasma sample spiked with 50 uM of pure compound 9. Peak (1) is
compound 10 and peak (2) is the degradation product which, after being compared to a pure

sample of compound 9 in plasma (chromatogram (H), is identified as compound 9.
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5.4 Conclusion

We showed that the hybrid salicylate-resveratrol scaffold is a promising alternative to the parent
stilbene resveratrol and its methylated analogue TMS as a DNMT inhibitor. Derivatives 9 and 10
showed a significant and selective inhibitory profile on DNMT3A and DNMT3B enzymes,
which is 2-4 times more potent than that exerted by resveratrol under the same experimental
conditions. Structure-activity relationships showed that free hydroxyl groups are required to
exert DNMT3 inhibition. This pattern is better in analogues with phenols in positions 3- and 5-
of a stilbene. The salicylate group in resveratrol’s structure produced an enhanced inhibitory
profile only when free phenol groups were on the stilbene. The stability of 10 in rat plasma
seems to be limited, but this stilbene is hydrolyzed to compound 9, which has DNMT inhibitory
properties. Compound 10 showed an improved in vitro cell proliferation inhibition compared to
resveratrol and TMS on at least two human cancer cells, suggesting that compound 10, and
possibly compound 9, are promising candidates worth evaluating in vivo, to further elucidate

their potential anticancer/chemopreventive properties.
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6.1 Introduction

Chronic inflammation and deregulated cellular oxidative stress are two of the conditions
commonly associated with the pathophysiology of cancer, atherosclerosis, diabetes, Alzheimer’s
disease, obesity, pulmonary disease, and many others [1]. Additionally, prolonged exposure to
reactive oxygen species (ROS) can trigger the overexpression of numerous transcription factors
that in turn activate many genes involved in cell cycle regulation, inflammation, and chemotaxis
[1]. Polyphenols and other natural agents can counteract stress-induced tissue injury by acting as

antioxidant and anti-inflammatory agents [2].

Resveratrol is a natural phytoalexin produced by many plant species as a defensive agent against
insults such as fungi and UV radiation. The effects of resveratrol in mammalian cells also exert a
protective role. Resveratrol exerts its pharmacological actions through several mechanisms
regulating many biological processes, including but are not limited to hemostasis [3], glucose
metabolism [4], cell division [5], neuroprotection [6], free radical scavenging [7], and
inflammation [2]. The scientific literature describes resveratrol as a “multi-target” compound [8].
There is a significant amount of research establishing the anti-inflammatory activity of
resveratrol, both in vitro and in vivo [2]. Moreover, resveratrol can modulate inflammatory
mediators such as NF-kB, TNFa, nitric oxide (NO) production, COX-2, IL-1, PGE,, MPO, ROS,
and HO-1 [9].

Nevertheless, despite the considerable number of research studies published over the last two
decades, the therapeutic potential of resveratrol remains elusive, at least in part due to its low
oral bioavailability and significant metabolic decomposition [10]. In recent years there has been
a debate about the efficacy of resveratrol [11, 12], limiting its clinical application. Consequently,
most of the medicinal chemistry projects in this field have concentrated on developing
resveratrol derivatives with better pharmacokinetic profiles and enhanced potencies. In this
regard, cancer i1s a common target for these newly designed resveratrol derivatives. There are
only a few reports describing concerted efforts in medicinal chemistry aimed at improving
resveratrol’s anti-inflammatory profile. However, due to the proven association between cancer
and inflammation [1], the development of new resveratrol derivatives could very well have
implications for both areas of research. Some representative resveratrol derivatives with potential

anti-inflammatory activity are triple-bond resveratrol derivatives [13], the resveratrol-related
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stilbenes piceatannol and triacetoxystilbene [14], synthetic analogues RSVA405 and RSVA314

[15], and the resveratrol trimer oa-Viniferin [16].

Another important group of drugs that has been used to target the inflammation-to-cancer
process is non-steroidal anti-inflammatory drugs (NSAIDs) [17]. Because of the observation that
key inflammatory mediators are overexpressed in cancer tissues [18], the use of NSAIDs was a
logical step forward. The prototypical example that illustrates this approach is the use of aspirin
to prevent or delay the prevalence and severity of colorectal cancer [17]. Aspirin targets similar
pathways to those modulated by resveratrol, for example, the inhibition of the cyclooxygenase-1
(COX-1) and COX-2 enzymes, and modulation of the NF-kB pathway. Nevertheless, it should
be noted that those targets modulated by both aspirin and resveratrol respond to the

pharmacological effects of these drugs but at different concentrations.

In two of our recent publications, we described the synthesis and biological evaluation of a new
series of hybrid salicylate-resveratrol derivatives, designed to combine the chemical and
pharmacological features of the parent counterparts. This “multi-target” approach is described in
the literature [8] and is based on the premise that modulating several pathways underlying a
disease state is better than targeting a single receptor or enzyme. In one of our previous
publications, we described the inhibitory profile of ten different salicylate-resveratrol derivatives
on the enzymatic activity of two distinct proteins, CYP1A1 [19] and DNMT [20]. As part of
interdisciplinary research aimed to develop multi-target agents with potential anti-cancer
activity, we report in this chapter the anti-inflammatory and antioxidant properties of these

salicylate-resveratrol hybrids.

In this chapter, we evaluated whether these compounds can reduce the concentration of free
radicals (using the DPPH assay) and intracellular reactive oxygen species (ROS). Furthermore,
we assessed the in vitro inhibitory profile of hybrid molecules on both COX-1 and COX-2
enzymes, as well as their ability to downregulate NF-kB activity. Then, we studied the potential
of these compounds to reduce the carrageenan-induced inflammatory response in two mouse
models. The most active compound, compound 10, was compared to resveratrol and the methyl

analogue 3.,4’,5-trans-trimethoxystilbene (TMS) that previousely demonstrated improved
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anticancer potency compared to resveratrol [21]. Our results demonstrated that compound 10 is a
promising analogue of resveratrol that possesses significant anti-inflammatory and antioxidant

properties.

6.2 Materials and methods

6.2.1 Chemistry

The chemical synthesis of resveratrol-salicylate analogues was conducted as described in

Chapter 3.

6.2.2 Cell culture

HepG2 (Human hepatoma cells (ATCC HB-8065), VA, USA), HCT-116 (human colorectal
carcinoma cells (ATCC CCL-247), VA, USA) and HT-29 (human colorectal adenocarcinoma
cells (ATCC HTB-38), VA, USA) were maintained in Dulbecco's modified Eagle's medium
(DMEM), supplemented with 10% heat-inactivated fetal bovine serum, 100 IU/mL penicillin,
and 100 pg/mL streptomycin. Jurkat cells were kindly provided by K Schmetterer (Medical
University, Vienna, Austria) and were cultured in a RPMI-1640 medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin (Life Technologies, MA,
USA). Cells were grown in 75-cm’ tissue culture flasks at 37°C and under 5% CO, in a

humidified incubator.

6.2.3 Radical scavenging using DPPH method

We used the colorimetric method of DPPH (2,2-diphenyl-1-picrylhydrazyl), as this technique is
routinely used to study radical scavenging properties of potential molecules [22]. DPPH is a
mixture of commercially stable nitrogen radicals which have UV-vis absorption at 517 nm. Upon
reduction, the solution color fades. This change can be monitored using a spectrophotometer
[22]. Twenty pl of resveratrol or its analogues in methanol were added to 180 pl of DPPH (400
uM) in a 96-well microtitre plate (final concentrations ranged from 0.06 to 200 uM). The plate
was then incubated in the dark at 37 °C for 30 minutes, and the absorbance change at 517 nm
was measured. Methanol was used as a negative control and the percent of radical scavenging

was calculated as follows:
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Percent of radical scavenging activity (%) = (Avlank-A sample)/Ablank X 100

Where Apjank and Agampie are the absorbances of the reaction mixture without and with resveratrol
analogues respectively. The percent of scavenging is expressed as the mean = S.D. of three

different experiments, in triplicate.

6.2.4 Measurement of intracellular ROS

The intracellular ROS scavenging properties of resveratrol analogues was evaluated using the
oxidant-sensitive fluorescent probe 2’°,7’-dichlorofluorescein diacetate (DCF-DA), using a
recently reported method [23] with minor modifications. Briefly, HepG2 cells (about 4 x 10*
cells/well) were seeded into a 96-well plate and allowed to attach overnight. Then, resveratrol
analogues dissolved in DMSO were added to the cells at final concentrations of 2.5, 5 and 10 uM
and incubated for 20 hours (DMSO concentrations were adjusted to be < 0.5% v:v). After that,
cells were washed with PBS before stimulation with H,O, (I mM final concentration) and
incubated for 30 minutes at 37 °C. Then, cells were washed two times with PBS followed by
treatment with DCF-DA (20 uM final concentration) and incubated for another 30 minutes.
Finally, the fluorescence change was measured at excitation and emission wavelengths of 485
and 528 nm respectively. In a different experiment, the effect of resveratrol analogues on HepG2
cells without H,O, stimulation was performed. The above procedure of cell treatment was
followed by direct DCF-DA (20 uM) treatment. Then, fluorescence was measured after 30
minutes of incubation. The data are expressed as the percentage of the ROS level relative to
H,0;- and vehicle-treated cells for the first and second experiment respectively. The results are

expressed as the mean + SEM (n = 8).

6.2.5 COX screening assay

Resveratrol-salicylate derivatives were evaluated for their ability to inhibit COX-1/COX-2
enzymes in vitro using the COX Inhibitor Screening Kit provided by Cayman Chemicals
(Catalog No.560131) according to the manufacturer’s instructions. Briefly, 10 puL of resveratrol
derivatives dissolved in DMSO (final concentrations range of 0.02 to 100 uM) were incubated
with 10 pL of either ovine COX-1 or human recombinant COX-2 in a reaction buffer (0.1 M
Tris—HCI, pH = 8.0) and 10 puL of heme for 10 minutes at 37 °C. The reaction was initiated by
the addition of 10 pL of arachidonic acid and incubated for 2 minutes to produce PGE,. Then, the
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reaction was quenched by the addition of 10 uL of 1 M HCI followed by the addition of 20 pL of
saturated stannous chloride to reduce the PGE, to the most stable PGF,,. This was quantified
using an ELISA assay, which was compared to a standard curve of PG performed on the same
plate. ICsy values were calculated from the mean of two determinations, and the dose-response

curve was analyzed using GraphPad Prism software.

6.2.6 Docking study

Homology modeling: Several three-dimensional structures homologous to the Homo sapiens
COX isoforms are deposited in the Protein Data Bank (PDB) [24]. In this study, we carried out
the homology modeling process with a Swiss-Model server [25], using the amino acid sequence
of H. sapiens COX-1 (UniProt: P23219) and COX-2 (UniProt: P35354) and employing the Ovies
aries COX-1 (PDB: 401Z7) [26] and Mus musculus COX-2 (PDB: 4FM5) [27] crystallographic
structures as templates, respectively. The final models were evaluated by the QMEAN4 and
GMQE scores [28] to obtain an estimation of the global and local quality of the model, whereas
the quality of the protein geometry was assessed using MolProbity [29]. Finally, the models were
prepared and submitted to a geometry optimization with 1000 steepest descent steps, and 100
conjugate gradient steps, using the AMBER99SB force field implemented in the UCSF Chimera
1.9 [30].

Ligands: Compound 10 and resveratrol were built and submitted to a geometry optimization

protocol employing the AMBER99SB force field in UCSF Chimera 1.9.

Docking: Molecular docking studies were performed using AutoDock 4.2 software [31]. In these
studies, we evaluated the compounds in the COXs’ catalytic domains. We used a grid box of 65
X 65 x 65 points with a grid spacing of 0.375 A that covers the catalytic pocket. The Lamarckian
genetic algorithm was used as a search method. Thirty runs were carried out with a maximal
number of 50,000,000 energy evaluations and an initial population of 150 conformers. The best
binding modes with the lowest binding free energy values for each molecule were selected for

the analysis.
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6.2.7 NF-kB inhibition

6.2.7.1 In HCT-116 cells

HCT-116 cells were transfected with an NF-xB plasmid for 48 hours before the treatment with
resveratrol analogues (20uM) for 24 hours. After that, cells were stimulated with LPS for 4 hours
and then the luciferase activities were measured using a dual luciferase reporter assay Kkit
(Promega, WI, USA) according to the manufacturer’s instructions. The NF-kB luciferase-
construct used was pGL3-3X (Promega) while the normalization plasmid was pRnull-Renilla

(Promega). Results are expressed as mean £ SEM of triplicate experiments.

6.2.7.2 In HT-29 cells

HT-29 cells (5x10° cells/well) were seeded overnight in 10 cm dishes followed by incubation
with various concentrations of compound 10 for 24 hours. Then, the nuclear protein was
extracted using an extraction kit (Cayman Chemical Co, MI, USA) followed by protein
concentration determination using a Bio-Rad reagent (Bio-Rad Laboratories). The nuclear
extracts were stored at -80°C until use. NF-kB p65-DNA binding activity was determined using
an NF-kB (p65) transcription factor assay kit (Cayman Chemical Co.) in which a specific
double-strand DNA sequence containing an NF-kB response element was immobilized in a 96-
well plate. Briefly, fifty pg of nuclear proteins were added to wells prefilled with a transcription
factor buffer and were incubated overnight at 4°C. NF-xB binding was detected by adding an
NF-kB primary antibody followed by incubation at room temperature for one hour. After that,
wells were washed and the secondary antibody (conjugated to horseradish peroxidase) was
added, followed by incubation at room temperature for another hour. Finally, 100uL of
developing solution was added followed by incubation for 45 minutes with gentle shaking, after
which a “stop” solution was added and the absorbance was recorded at 450 nm. The change in
the percentage of activity of NF-kB p65-DNA was calculated in each sample relative to the

untreated sample. Results are expressed as mean + SEM of two determinations.

Antibodies against NF-kB p65 (catalogue number D14E12) were purchased from Cell Signalling
Technology (MA, USA) and used to immunodetect the NF-xB p65 protein in the nuclear extract.
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6.2.8 Cytotoxicity in Jurkat cells

A CellTox " Green Cytotoxicity Assay (Promega, WI, USA) was used in this experiment. Cells
(1x10° cells/well) were cultured in a media containing 0.2% CellTox green dye in a 96-well
plate. Resveratrol, TMS, or compound 10 was incubated with cells at different concentrations for
24 hours before the fluorescence was measured at excitation and emission wavelengths of 485
and 520 nm respectively, using GloMax (Promega, USA). The results are expressed as mean =+

SEM of triplicate experiments.

6.2.9 Apoptosis in Jurkat cells

Apoptosis was assessed in Jurkat cells using Annexin-V/7-amino-actinomycin D (7-AAD)
staining. Briefly, Jurkat cells (1x10° cells/well) were grown for 24 hours in the presence or
absence of different concentrations of resveratrol, TMS, or compound 10. Then, the cells were
harvested and 100 pL of cell suspension were labelled in the dark for 20 minutes with a Muse'
Annexin-V and Dead cell reagent (Merck Millipore, Germany). Subsequently, detection of
Annexin-V/7-AAD positive cells was performed using a Muse Cell Analysis (Merck
Millipore). Cells stained with Annexin-V only were identified as early apoptotic while double-
stained (Annexin-V and 7-AAD) cells were identified as late apoptotic. Results are expressed as

mean + SEM of duplicate experiments.

6.2.10 Animals

Swiss or BALB/c mice (weighing 20-25 g) were provided by the Central Animal House of the
State University of Maringd, Brazil. The animals were housed at 22 + 2 °C under a 12h/12h
light/dark cycle. Prior to the experiments, the animals were fasted overnight, with water provided
ad libitum. The experimental protocols were approved by the Ethical Committee in Animal

Experimentation at the State University of Maringé, Brazil (CEAE/UEM 017/2013).

6.2.11 MTT assay to determine cytotoxicity on leukocytes

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-2H-tetrazolium bromide) assay is based on
the mitochondrial enzymatic reduction of tetrazolium dye by viable cells. This assay is
frequently used to measure cell viability. Leukocytes were obtained from the peritoneal cavity of

male Swiss mice, 4 h after being injected with zymosan (1 mg/cavity, i.p.). Briefly, leukocytes (5
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x 10° cells/well) were treated with resveratrol, TMS, and compound 10 at different
concentrations (10, 30, 60, and 90 ug/mL), dissolved in DMSO for 90 min at 37 °C in 5% COs,.
Then, 10 uL of MTT (5 mg/mL) were added to each well. After 2 h, 150 uL of the supernatant
were removed, and 100 xL. DMSO were added to each well. The cells were incubated at 25°C for
an additional 10 minutes, and absorbance was measured using a Biochrom Asys Expert plus
microplate reader (Asys) at a wavelength of 540 nm. The percentage of viable cells was

determined using the following formula:
% Viable Cells (CV%) = (Atreatment' Ablank)/ (Acontrol - Ablank) x 100

Where Ageamment 1S the absorbance of treated cells, Apanc 1S the absorbance of blank wells and
Acontrol 18 the absorbance of control cells (vehicle treated). The data are expressed as mean +

SEM of triplicate experiments.

6.2.12 Carrageenan-Induced Peritonitis

BALB/c mice, in a group of four animals each, were treated with the experimental compounds
using two doses (10 and 20 mg/kg). Resveratrol, TMS, and compound 10 were dissolved in a
mixture of DMSO:water in a ratio of (10:90) and orally gavaged into mice 30 min before the
intraperitoneal injection of the carrageenan solution (500pug/mice). The animals were euthanized
4 h later and the peritoneal cavity was washed with 2 mL of phosphate-buffered saline (PBS)
containing ethylenediaminetetraacetic acid (EDTA). The leukocyte count was determined in the

fluid recovered from the peritoneal cavity. The results are expressed as mean + SEM for each

group.
6.2.13 Carrageenan-induced paw edema

We used the original method of Winter, C.A. et al. [32] with minor modifications. BALB-c mice,
in a group of four animals each, were orally treated with resveratrol, TMS, and compound 10 at
10 and 20 mg/kg doses. The derivatives were dissolved in a mixture of DMSO and
methylcellulose (MC) [4 mL of DMSO + 0.5 mL of MC] and administered 30 min before the
induction by intraplantar injection (intradermally) of carrageenan solution (500 pg/paw),
dissolved in 0.9% saline into the left hind paw and the same volume of the vehicle (0.9% saline)
into the right hind paw. The volume of both paws was measured using a plethysmometer (Ugo

Basile 7140, CA, USA) 1, 2, 4, and 6 hours after the irritant agent was injected. The increase in
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the volume of the paw was calculated by subtracting the volume of the paw injected with saline
(control paw) from that of the paw injected with the phlogistic agent. The data are expressed as

mean = SEM for each group.

6.2.14 Measurement of Nitric Oxide (NO)

The level of NO production was monitored by measuring the nitrite level in the culture medium
or paw tissues using a Griess reaction. The supernatant of homogenate (50 pL) was incubated
with equal volumes of Griess reagent mixtures (1% sulfanilamide in phosphoric acid (5%) and
N-I1-naphthylethylenediamine dihydrochloride (0.1%) in water) at room temperature for 10 min.
The absorbance was measured at 550 nm using a microplate reader. NO concentrations were
calculated from the sodium nitrite standard curve performed on the same day. Data are expressed

as the pM concentration of NO*" and presented as mean + SEM for each group.

6.2.15 Measurement of Myeloperoxidase (MPQO) Activity

The MPO activity was assessed in the supernatant of tissue homogenates, obtained from the
plantar tissue of mice paws (control and treated), according to the technique described by
Bradley et al. [33]. The tissues were placed in a 50 mM potassium phosphate buffer (pH 6.0)
containing 0.5% hexadecyltrimethyl-ammonium bromide (1 mL per 50 mg of tissue) in a Potter
homogenizer. The homogenate was vortexed and then centrifuged for 20 minutes at 6000 g at 4
°C. Ten microliters of the supernatant obtained were placed in a 96-well plate ( in duplicate) and
added to a 200 pL of buffer containing o-dianisidine dihydrochloride (16.7 mg), double distilled
water (90 mL), a potassium phosphate buffer (10 mL) and H,O, 1% (50 uL). The enzyme
activity was determined using an end-point technique by measuring the absorbance at 460 nm in
a microplate reader (ASYS - Biochrom Expert Plus - G020150). Data is expressed as mean +
SEM for each group.

6.2.16 Statistical analysis

The analysis of results was performed using GraphPad Prism software (GraphPad Software Inc.,
CA, USA). A one-way analysis of variance (ANOVA) followed by Tukey’s post-test was used to
determine the significance between treated and untreated (control) groups. The difference was

considered significant when p < 0.05.
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6.3 Results and discussion

Nature is an important reservoir for bioactive molecules. Resveratrol is one of the many different
polyphenols targeting many cellular pathways and, therefore, an important lead molecule with
potential therapeutic applications. One of the main drawbacks of resveratrol is its unfavorable
pharmacokinetic profile [10], which has prompted significant research efforts to develop drug
candidates with similar structures. One of the many different approaches described in the
literature is to chemically modify resveratrol to produce “hybrid” molecules harnessing the
bioactive scaffold of the polyphenol with that of another drug with a synergistic profile. Some
examples are the resveratrol-octyl methoxycinnamate [34], resveratrol-nitroxide derivatives [35],

a combination of resveratrol with vitamin E [36], and resveratrol-coumarin hybrids [37].

Our group has recently designed a new class of resveratrol hybrids based on adding a carboxylic
acid group (-COOH) adjacent to one of the phenol groups present in resveratrol, to obtain
salicylate-like chemical structures. We also proposed an additional acetylation of the phenol
group in the newly formed salicylate moiety, to produce aspirin-like resveratrol derivatives.
Some of these molecules exert a potential chemopreventive activity by inhibiting the activity of
CYP1ALI (a carcinogen-activating CYP450 protein), and the DNA methyltransferase (DNMT)
enzyme, the latter of which is responsible for inactivating tumor suppressor proteins [38, 39]. In
this chapter, we evaluated the anti-inflammatory profile of these resveratrol-salicylate hybrids, as

well as their ability to decrease intracellular oxidative stress [1].
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Figure 6-1: DPPH radical scavenging activities of resveratrol-salicylate analogues. The
above indicated concentrations of resveratrol analogues in methanol were incubated with
DPPH (400 uM) for 30 minutes at 37 °C before the absorbance was read at 517 nm. Results
are expressed as mean + S.D. of three different experiments, in triplicate. TP < 0.05 compared
to compound 8 at the same concentration. *P < 0.05 compared to resveratrol at the same

concentration.

6.3.1 Antioxidant activity

6.3.1.1 DPPH assay

The mechanism by which resveratrol reduces intracellular ROS is associated with the expression
and activation of antioxidant proteins, and, to a lesser extent, to the direct quenching
(scavenging) of free radicals [40]. The compound 2,2-diphenyl-1-picrylhydrazyl (DPPH) is a
relatively stable nitrogen radical that is frequently used in free radical scavenging assays, to
determine the ability of test drugs to exert a potential antioxidant activity [22]. We used this in
vitro assay to investigate whether resveratrol-salicylate analogues could quench free radicals
using a previously reported procedure [22]. Figure 6-1shows the results of the DPPH assay. We
screened all the ten resveratrol-salicylate derivatives. Figure 6-1 displays the only ones that

showed activity.
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Figure 6-2: Effects of resveratrol
analogues on intracellular ROS
levels in HepG2 cells stimulated
with A) H;0, and B) non-

stimulated cells.

HepG2 cells were seeded in a 96-
well plate before treatment with
non-toxic concentrations of
resveratrol analogues (2.5, 5 and
10 uM) for 20 hours. Then, the
cells were stimulated with H,O; (1
mM) and incubated at 37° C for 30
minutes followed by incubation
with DCF-DA (20 uM) for 30
minutes at 37°. Fluorescence was
then measured at Ao, and Ao, of
485 and 528nm respectively. For
graph (B), the same procedure was
followed but without H,O, Results
are expressed as mean + SEM. (n =
8). *P < 0.05 compared to H,O,-
only cells in (A) and vehicle-only
cells in (B).



Compound 8 demonstrated the highest free radical scavenging activity, which was higher than
that of resveratrol only at the maximum tested compound concentration (200 uM). Analogue 8 is
a resveratrol-salicylate hybrid that has a 4,4’-dihydroxy substitution pattern, as opposed to the
parent compound resveratrol, which has a 3,4’ 5-trihydroxy substitution pattern. This observation
is consistent with a previous report by Fan et al. in which they reported that 4,4°-
dihydroxystilbene scavenged galvinoxyl radicals to a greater extent than resveratrol [7].
Compounds 9 and 10 showed moderate free radical-scavenging properties, a bit lower than those
obtained for resveratrol (Figure 6-1). Finally, 3,4’ ,5-trans-trimethoxystilbene (TMS, a natural

resveratrol derivative) did not show significant free radical-scavenging properties (not shown).

6.3.1.2 Intracellular ROS

Oxidative stress is a broad term describing the imbalance between the production of ROS or
radicals in general, and their removal by endogenous antioxidant proteins [1]. The continuous
exposure to ROS is associated with many disorders including cancers, obesity, cardiovascular

diseases, and inflammation [1].

Ladurner et al. showed that resveratrol exerts a dual concentration-dependent antioxidant/pro-
oxidant profile that also depends on the “oxidative status” of cells and tissues [40]. For example,
resveratrol at a concentration of 50 uM enhanced the production of ROS by HepG2 cells [41],
whereas at 10 uM it decreased ROS levels in HUVEC cells [42].

We evaluated the effects of resveratrol, TMS, and compound 10 on intracellular ROS levels in
HepG?2 cells, using the fluorescent DCF-DA probe in the presence and the absence of H,O, [23].
We selected compound 10 based on its significant inhibitory effect on two enzymes, the DNMT
enzymes (results of a previous report [20]), and the cyclooxygenase (COX) enzyme (next
section). For comparison purposes, we also tested the parent resveratrol and TMS; we summarize

these results in Figure 6-2.

We screened the test compounds at three concentrations (2.5, 5.0, and 10.0 uM), based on the
observation that these concentrations did not significantly decrease the viability of the HepG2
cells after a 20 hour incubation period with the drugs (MTT assay; data not shown). When the
cells were exposed to an oxidative stress insult after the addition of HO, (1 mM), we observed

that all of the test drugs (resveratrol, TMS and 10) significantly decreased the concentration of
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intracellular ROS (Figure 6-2, A). In this regard, at 10 uM, resveratrol decreased ROS levels by
25% (compared to H,Os-treated cells), TMS exerted a 42% decrease, and compound 10
diminished ROS by 33%. In the absence of H,O,, we observed that only resveratrol (10 uM)
significantly reduced the concentration of ROS (by about 30%) (Figure 6-2, B).

Compound | COX-1ICsy(uM) | COX-2 ICso (uM) | Selectivity for COX-2'
3 >500 >500 --
4 >500 >500 -
5 >500 >500 -
6 >500 >500 -
7 >500 >500 -
8 421.2 >500 -
9 3.2 10.3 0.31
10 4.1 1.0 4.1
11 >500 >500 -
12 >500 >500 -
Resveratrol 0.535° 0.996° 0.54
TMS 1.228° 1.667° 0.74

Table 6-1: Calculated ICsy values (in pM) of resveratrol analogues against ovine COX-1
and human recombinant COX-2. We used an enzyme immunoassay kit (Catalog No.560131,
Cayman Chemicals Inc., Ann Arbor, MI, USA). The ICs, values were calculated from sigmoidal
concentration-inhibition curves of two determinations for each concentration. The concentrations
used ranged from 0.02 to 100 pM. Prism software was used to generate ICs values.' Selectivity

index = COX-1/COX-2. > Obtained from reference [43].

6.3.2 Anti-inflammatory activity

6.3.2.1 In vitro COX-1 and COX-2 inhibition
Initially, we were interested in determining whether the hybrid resveratrol-salicylate derivatives

could inhibit the enzymatic activity of the inflammation-associated COX-1 and COX-2 enzymes,
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so we tested the drugs using an in vitro screening assay [43]. We calculated the potency of the

test compounds as the corresponding ICs, values. We present the results in Table 6-1.

We observed that methoxylated analogues (3-7), as well as acetylated ones (11 and 12), were
practically inactive against both COX enzymes. This finding is consistent with a previous report
that described methoxylated resveratrol analogues as “poor” inhibitors of the COX-2 enzyme
[43]. According to the literature, both resveratrol and its methoxylated derivative, TMS, exert
significant inhibitory activity on COX-1 as well as COX-2 (non-selective COX inhibitors), with
selectivity ratios (COX-1/COX-2) = 0.5 and 0.7 respectively [43]. Compound 8 did not show
considerable activity (COX-1 ICsy =421, COX-2 ICsp = 500 uM), whereas compounds 9 and 10
exerted significant inhibition of both enzymes. Generally speaking, 9 and 10 were almost
equipotent (fairly similar ICsy values on COX-1), but compound 10 was more potent (10-fold)

than 9 on COX-2, and more selective toward this enzyme as well (Table 1).

Parameter Goal COX-1 COX-2
QMEAN4 >-2.00 -1.08 -1.61
GMQE >0.70 0.97 0.92
Poor rotamers <1.00 % 3.99 % 5.82%
Ramachandran <0.05 % 0.09 % 0.09 %
outliers
Ramachandran >98.00 % 95.01 % 94.73 %
favored
CpB deviations 0.00 % 0.00 % 0.19 %
>0.25A
Bad backbone 0.00 % 0.91 % 0.77 %
bonds
Bad backbone <0.1 % 0.27 % 0.29 %
angles

Table 6-2: Results of protein quality and geometry of COX-1 and COX-2 models.
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6.3.2.2 Molecular modeling (docking) studies
To support the observations of the in vitro screening assay performed on the COX enzymes, we
carried out molecular modeling (docking) simulations. The goal was to understand the COX-2
selectivity exerted by compound 10. Because the human COX isoforms are not available in the
Protein Database Bank, we generated homology models for the two COX enzymes, using known
three-dimensional structures. We observed that the sequence alignment of the human COX
enzymes showed an acceptable identity with the COX-1 (ID: 92.97 %) and COX-2 (ID: 86.75
%) template sequences. Table 6-2 displays the quality and the geometry results obtained with the
Swiss-Model and MolProbity servers for both models. Additionally, the statistics of the protein
geometry, as well as the QMEAN4 and GMQE scores, showed values that make it acceptable to

consider these models for molecular docking studies.

A. B
T-,,-riESlf_.-"'# Tyr35s
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COX-1 COX-2
Score (AGying) Cluster size Score (AGyin) Cluster size
10 -7.54 10/30 -8.68 830
Resveratrol -6.72 30/30 -7.89 30/30

Figure 6-3: Comparison of the binding modes calculated for compound 10 (green) and
resveratrol (orange) as predicted by AutoDock 4.2, in the active site of human (A) COX-
1 and (B) COX-2 models.
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Figure 6-3 shows the binding mode for the parent molecule (resveratrol), and the hybrid
derivative 10 within the homology model of human COX binding sites. The table below
Figure 6-3 summarizes the calculated binding free energies and cluster size values for each
binding mode. The docking scores calculated for resveratrol (-7.89) and compound 10 (-8.68) in
the active site of COX-2 are more favorable (more negative) than those values obtained with
COX-1 (-6.72 and -7.54 respectively). These values support the observation that compound 10 is

capable of exerting better binding interactions with the larger COX-2 active site.

The molecular features required to exert strong and selective inhibition of COX enzymes are
widely known in the literature. It is generally accepted that the presence of a small Val523 within
the COX-2 active site, compared to an isoleucine at the same position in the COX-1 active site,
enables COX-2 to have a “secondary” pocket, capable of hosting bigger ligands [44].
Additioanlly, the calculated volume of the COX-2 active site is about 20% larger than that of the
COX-1 enzyme [44].

Interestingly, we observed that the binding modes of these two compounds in the COX-2 active
site are different from those observed in COX-1. The smaller Val523 in COX-2 allowed the
stilbene to interact with the catalytically active Ser530, Tyr385, and GIn192. Nevertheless, in the
COX-1 active site, we observed that the bigger Ile523 residue blocked this alternate binding pose
and directed the 3,5-dihydroxyphenyl group of the stilbene toward the Argl20 and Tyr355
residues. Moreover, the carbonyl group present in compound 10 was located closer to the OH
oxygen of Ser530 in COX-2 (3.0 A), than in COX-1 (4.1 A, Figure 6-3) , supporting the
observed selectivity determined in vitro. These results are consistent with previous reports

describing the binding mode for NSAIDs with both COX enzymes [44].
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Figure 6-4: Screening of resveratrol-salicylate hybrid derivatives against NF-kB
inhibition in HCT-116 cells. Cells were transfected with an NF-«B plasmid for 48h, then
treated with compounds at a final concetration of 20 uM for 24h. Then, cells were challenged
with LPS for 4h, after which chemiluminescence was measured. Results are expressed as

mean + SEM of triplicate experiments. * P < 0.05 compared to control.

6.3.2.3 Screening of resveratrol-salicylate derivatives against NF-kB inhibition

NF-«kB is a master transcriptional factor involved in cellular responses to stimuli such as stress,
ROS, cytokines, UV, or bacterial antigens [45]. This transcription factor is persistently active in
numerous disorders such as arthritis, asthma, heart diseases, chronic inflammation, and cancers
[45]. Molecules capable of reducing NF-kB activation have a potential therapeutic promise, and
consequently this transcription factor is considered an important therapeutic target [45]. We
screened all resveratrol-salicylate derivatives against NF-xB in HCT-116 cells transfected with a
NF-kB-luciferase plasmid. We initially tested the viability of these cells after incubation with
resveratrol derivatives for 24 hours to determine the maximum non-toxic concentrations to be
used in the NF-xB reporter assay. We found that at a concentration of 20 uM, compounds
showed more than 70% cell viability (data not shown) and accordingly we decided to use this

concentration in the reporter assay. The results of this experiment are shown in Figure 6-4.
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Resveratrol, TMS, 6, and 10 reduced NF-«xB activity by 58, 82, 55, and 66% respectively. The
highest NF-kB inhibition exerted by TMS (82%) could be related to the observed potent

proliferation inhibition in these cells displayed by this molecule (data not shown).

HT-29 cells have been shown to constitutively express high levels of active NF-kB when tested
among a panel of human cancer cells [46, 47]. We followed the same recently published
procedure [48] when we used this model to investigate whether resveratrol analogue 10 can
interfere with this transcription factor. The results in Figure 6-5 showed that compound 10 has
the potential to downregulate the basal level of NF-kB in HT-29 cells. This effect was observed
at the ICsy value of 10 as well as at the double ICsy, an effect that may be attributed to the cell
death rather than the compound effect. Results from HCT-116 and HT-29 cells suggest that

compound 10 is able to modulate NF-kB function. However, the exact mechanism needs to be

investigated further.
A) NF-kB (p65)-DNA binding by ELISA B)
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Figure 6-5: Effects on constitutive NF-kB in HT-29 cells treated with either vehicle or
compound10 for 24 hours. A) After harvesting of nuclear proteins, DNA binding of NF-xB was
determined from the nuclear extract. The reduction in NF-xB activity relative to the vehicle (100%)
was determined. Results are expressed as mean = SEM of two determinations. *P < 0.05 compared to
control. B) Western blot analysis of nuclear protein extract after immunoblotting for NF-«B (p65)

protein.
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Figure 6-6: Effects of resveratrol, TMS, and compound 10 on cytotoxicity and
apoptosis in Jurkat cells. A) Cytotoxicity of compounds after 24 h incubation using
CellTox green cytotoxicity assay. Results are expressed as mean + SEM of triplicate
experiments. *P < 0.05 compared to untreated cells. Apoptosis was evaluated by staining
with Annexin-V/7-AAD after incubating Jurkat cells with B) resveratrol, C) TMS, and D)
compound 10 at different concentrations. Results are expressed as mean + SEM of

duplicate experiments. *P < 0.05 compared to untreated cells.

6.3.2.4 Study of apoptosis in Jurkat cells

At the beginning of our assays in Jurkat cells, we used a CellTox green cytotoxicity assay
(Promega, WI, USA) [49, 50] to measure the cells’ cytotoxicity after 24 hours of incubation.
This assay is based on staining the DNA of damaged (dead) cells with a fluorescent dye, which is

excluded from viable cells. Thus, the fluorescent intensity is directly proportional to the
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cytotoxicity of a given compound. Resveratrol analogues were used at final concentrations
ranging from 6.25 to 50 uM. Our results in (Figure 6-6, A) demonstrated that resveratrol did not
exhibit toxicity on Jurkat cells over the concentration range used here. It was reported that
resveratrol had an ICsy of 58 uM in Jurkat cells after 24 hours of incubation [51]. The fact that
we did not observe any cytotoxicity of resveratrol even at the maximum concentration used (50
uM) is likely attributable to the difference in the assay used, as the ICs reported for resveratrol
was achieved through an Alamar blue assay and here we used a CellTox assay. On the other
hand, we observed that TMS and 10 exhibited a significant cytotoxicity at 50 pM, while below

this concentration there were no statistically significant effects.

Resveratrol has been shown to induce apoptosis in multiple cell lines. Specifically, resveratrol
showed an induction in the intracellular calcium concentration as an early apoptotic event in
breast cancer cells [52]. In this study, we investigated apoptosis induced by resveratrol analogue
10, TMS, and resveratrol in Jurkat cells. In contrast to previous reports indicating resveratrol’s
ability to initiate early apoptosis [52, 53], we did not observe significant effects of resveratrol on
early apoptosis in Jurkat cells. Nevertheless, we found that signs of late apoptosis induced by
resveratrol were evident at only the highest tested concentration (50 uM) (Figure 6-6, B).
Surprisingly, the natural analogue of resveratrol (TMS), which was reported to exert strong
apoptotic effects at low concentrations [54, 55], did not show significant effects on apoptosis
using this model (Figure 6-6, C). The reason could be related to the mechanism by which this

stilbene exerts its apoptotic effects.

Interestingly, resveratrol analogue 10 displayed significant apoptotic effects starting at 25 uM
and later at 50 uM (Figure 6-6, D). These effects of 10 were predominantly illustrated by its
action on late apoptosis, where it was similar to resveratrol in not showing detectable effects on
early apoptosis. Moreover, these apoptotic actions of 10 correlated with its cytotoxicity in Jurkat
cells. Resveratrol-salicylate analogue 10’s ability to induce apoptosis in Jurkat cells at lower
concentrations than resveratrol is a positive sign; it suggests that 10 has a potential therapeutic
role in inflammatory-associated disorders, as apoptosis is essential for terminating inflammation

[56].
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6.3.2.5 In vivo anti-inflammatory activity (peritonitis model)

Based on the COX inhibitory profile (COX-1 ICso = 4.1 uM; COX-2 ICsp = 1.0 uM) exerted by
compound 10, its ability to scavenge free radicals (please see Figure 6-1 and Figure 6-2), and its
potential to downregulate NF-kB, we decided to evaluate its potential in vivo anti-inflammatory
profile using a mouse model.

150

Leukocytes viability (%)
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Figure 6-7: Leukocytes’ cell viability (by MTT assay) after 90 minutes of
incubation with different concentrations of the experimental compounds. The
concentration range (10-90 pg/mL) presented here is equivalent to 30-400 uM.

Results are presented as mean + SEM of triplicate experiments.

First, we assessed the cytotoxicity exerted by compound 10 on leukocytes isolated from mice,
using the standard MTT assay. This step is essential for determining a safe dose at which we
could evaluate the in vivo anti-inflammatory profile without affecting the leukocyte viability
[57]. In this regard, we observed that resveratrol, TMS, and compound 10 did not exert
significant cytotoxicity at any of the test drug concentrations (see Figure 6-7). The overall cell

viability was higher than 77 % within this concentration range (30-400 uM).
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Based on previous reports, a relatively safe dose for resveratrol and, therefore, its hybrid

salicylate-like derivatives, is 10-20 mg/kg body weight [58-60]. To determine the potential anti-
inflammatory effects of the test drugs, first we tested the compounds by i.p. administration; this
method is frequently reported in the literature based on the limited oral absorption of resveratrol

[38, 61].

We observed that administering 10 mg/kg of resveratrol (i.p.) to mice, following an acute model
of inflammation, produced an elevated leukocyte count as well as increased concentrations of
nitric oxide. These two observations would suggest that rather than exerting an anti-
inflammatory effect, resveratrol exacerbated the effects of the carrageenan-induced inflammatory
insult (data not shown). These results are not consistent with previous reports in which
resveratrol (10 mg/kg, i.p.) decreased the count of neutrophils in the same model (peritonitis
model in mice [61]). However, it should be pointed out that we used a different inducer of
inflammation (carrageenan) than that reported by Issuree et al. (the compound “C5a,” which is a

strong chemoattractant).

In a second experiment, we decided to change the route of administration from i.p. to p.o. (oral),
to determine if this change could counteract the apparent irritant effect exerted by resveratrol.
The results of the new experiment are shown in (Figure 6-8). Based on previous reports in which
the oral dose of resveratrol was as high as 200 mg/kg [62, 63], we assumed that lower doses (10-

20 mg/kg) were relatively safe for oral administration of the test compounds.

Initially, we measured both the number of leukocytes and the concentration of nitric oxide in
peritoneal exudates as relevant endpoints to determine the potential anti-inflammatory effects of
the drugs (Figure 6-8). We observed that both doses of test compounds (10 and 20 mg/kg)
exerted similar effects, with a modest increase in activity at 20 mg/kg compared to 10 mg/kg.
The resveratrol natural analogue TMS and the hybrid salicylate-resveratrol derivative 10 exerted
a dose-dependent decrease in the number of leukocytes in samples of peritoneal exudates
(Figure 6-8, A). Unlike the results obtained with the i.p. administration described above, the
reduction in white blood cells (50-80 % decrease) produced by oral administration of resveratrol
(and its derivatives) suggests that the route of administration makes a difference when evaluating

the effects of these drugs.
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In the same experiment, we also evaluated the concentration of nitric oxide (as sodium nitrite) in
peritoneal exudates from animals in different groups (Figure 6-8, B). At 10 mg/kg p.o.,
compared to the carrageenan-treated group, none of the tested compounds significantly
decreased the concentration of nitric oxide. This effect was similar when we administered the
test drugs at 20 mg/kg. Compound 10 showed an increased anti-inflammatory effect, but not
strong enough to produce a statistically significant difference compared to that observed in the

control group.

6.3.2.6 In vivo anti-inflammatory activity (paw edema model)

To provide additional evidence supporting a potential anti-inflammatory effect produced by the

test compounds resveratrol, TMS, and compound 10, we also carried out a carrageenan-induced
mice paw-edema assay. In this complementary experiment, we administered the same oral doses
(10 and 20 mg/kg) of the test compounds used in the peritonitis model described above. The

results of this experiment are shown in Figure 6-9.

As expected, animals in the carrageenan-treated group experienced the highest paw volume
(time-dependent). At six hours (last time point determined), animals in the control group showed,
on average, an increase of paw volume = 123 pL. However, the paw volume determined for
animals in all drug-treated groups suggested a dose-dependent, anti-inflammatory effect, which
was statistically significant for compound 10 at 10 mg/kg, and TMS and 10 at 20 mg/kg
(Figure 6-9, A and B). These results are consistent with those obtained in the peritonitis assay

described above.

Specifically, six hours after the initial carrageenan stimulus, we observed that resveratrol and
TMS (10 mg/kg) reduced mice paw volumes by 34% and 19% respectively, but this reduction
was not statistically significant. This was not the case for compound 10, which at a dose = 10
mg/kg significantly attenuated paw swelling (59% reduction) compared to the control group.
This anti-inflammatory effect was more evident at 20 mg/kg (p.o.), where we observed a 74%
reduction of mice paw volume exerted by 10 after six hours. Additionally, we observed that at 20
mg/kg, resveratrol significantly decreased (52%) the paw volume. The methylated resveratrol

analogue, TMS, exerted a 34% reduction in paw volume (not statistically significant).
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Figure 6-9: The reduction in paw volume after oral administration of resveratrol
analogues at doses of A) 10 mg/kg and B) 20 mg/kg using carrageenan-induced paw
edema in mice. Animals were orally treated with resveratrol analogues 30 minutes before
intradermal injection of carrageenan in the left paw while the right paw was injected with the
vehicle only (0.9 % saline). The change in paw volume was calculated at the indicated times
by subtracting the right paw (vehicle) from the left paw (carrageenan) for each mouse. Results
are expressed as mean + SEM (n = 4) for each group. *P < 0.05 compared to the untreated

(carrageenan only) group.
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Finally, we observed that none of the test compounds produced a statistically significant
response within the first four hours of the experiment, suggesting that the drugs are effective
only after a possible delayed absorption/biodistribution, or maybe after an in vivo time-
dependent metabolic activation. This observation is consistent with a previous report by Xu et al.
in which resveratrol significantly reduced the mouse paw volume three to six hours post-
carrageenan injection [62]. At this time we do not have evidence supporting a delayed absorption
profile or a metabolic activation of the test compounds; these premises require validation by

appropriate pharmacokinetic experiments that extend beyond the scope of the current study.

6.3.2.7 Measurement of myeloperoxidase activity

The expression and activity of the myeloperoxidase (MPO) enzyme is one of several markers of
neutrophil infiltration at inflammation sites [64]. Therefore, MPO constitutes a good indicator of
inflammation-induced chemotaxis. Additionally, MPO catalyses the oxidations of a broad range
of substrates which results in increased concentrations of numerous reactive radical species [56].
Consequently, inhibiting MPO activity in mice paw exudates would provide additional evidence

supporting the anti-inflammatory effects exerted by the test compounds.

We observed that resveratrol significantly decreased MPO activity (53% decrease; P < 0.05) only
at a 20 mg/kg dose. This was not the case for TMS, which despite the modest effect observed at
20 mg/kg, did not produce a significant change compared to the control group (Figure 6-10, B).
The phenol-containing compound 10 was an effective inhibitor of MPO activity at 10 and 20
mg/kg (around 60% decrease; P < 0.05), suggesting that the presence of free aromatic alcohols is

essential for MPO enzyme inhibition by stilbenes.

Previously, Dey et al. showed that resveratrol exerts a concentration-dependent biphasic
modulation of MPO activity. In this regard, Dey’s group determined that low doses (2 mg/kg) of
resveratrol decreased MPO activity in the ulcerated gastric tissues of mice, whereas high doses

(10 mg/kg) increased MPO activity [64].
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Figure 6-10: Effects of resveratrol analogues (10 and 20 mg/kg doses) against A) NO
levels and B) myeloperoxidase activity tested in plantar tissues of mice paws after
carrageenan-induced paw edema experiment. Results are expressed as mean £ SEM (n =

4) for each group. *P < 0.05 compared to the untreated (carrageenan only) group.
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Along with MPO activity, we also determined the concentration of nitric oxide (NO) in mice
paw exudates (Figure 6-10, A). Previous reports have shown that resveratrol can reduce the
expression of inducible nitric oxide synthase (/INOS) [59, 65]. Also, resveratrol decreased NO
levels in LPS-stimulated macrophage RAW.264.7 cells [66-68]. In our experiments, we did not
observe that any of the drugs significantly decreased the concentration of NO in the mice paw

exudates at two different doses (10 and 20 mg/kg).

Two recent reports described the benefits of low resveratrol concentration/dose against
inflammation, oxidative stress, and cancers. In the first report, a low concentration of resveratrol
(10 uM) was found to be more effective than a high concentration (60 uM) in alleviating the
toxic effects of H,O, in myoblast cells (C2C12) [69]. In the second report, a low dose of
resveratrol (0.07 mg/kg) reduced the tumor burden more significantly than did a 200-fold higher
dose (14 mg/kg) using Apc™™ mice as a colorectal cancer model [70]. The fact that compound 10
demonstrated better anti-inflammatory properties than resveratrol at low doses may give 10 an
advantage over resveratrol. However, at this point we believe that further studies are needed to

support this hypothesis.

6.4 Conclusions

The insertion of an additional carboxylic acid group into the chemical structure of resveratrol
yields a hybrid resveratrol-salicylate derivative 10, with enhanced anti-inflammatory properties
(compared to the parent polyphenol). This was demonstrated in vitro by inhibiting the COX-2
enzyme and downregulating NF-«B, as well as in vivo using two different inflammatory models
in mice (carrageenan-induced peritonitis and paw edema assays). Adding a carboxylate group
increased the selectivity of compound 10 toward COX-2 inhibition in vitro. This structural
modification did not alter 10’s ability to decrease the concentration of ROS in vitro, suggesting
that hybrid salicylate-resveratrol derivatives may offer a better therapeutic profile compared to
resveratrol. Additionally, compound 10 showed apoptotic effects in Jurkat cells at concentrations
lower than those of resveratrol. These results, along with those reported in previous

investigations by our group, provide evidence to support the multi-target profile (especially at
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low doses) of the new hybrid scaffold. Finally, this chapter complements the potential
chemotherapeutic profile of hybrid salicylate-resveratrol derivatives, by showing that these

compounds maintain (or even improve) resveratrol’s anti-inflammatory effects.
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7.1 Summary of results
1- Introduction

Cancer is a complex disease in which various signalling pathways are modulated. Instead of
targeting one protein overexpressed in cancer, the “multi-target” approach is expanding within
the scientific community [1]. In fact, this feature is probably the reason for the success of natural
agents (e.g. resveratrol and aspirin) as promising chemopreventive agents. Theoretically, the
multi-target strategy is supposed to provide enhancement (synergism) of therapeutic response,
producing fewer side effects and being less susceptible to drug resistance [1]. However, the

selection of targets is crucial due to the high degree of homology of certain protein families.

Resveratrol has been extensively studied in the last two decades as a potential chemopreventive
agent. However, its low stability, high metabolic rate and the discrepancies among the results of
in vitro and in vivo studies on it initiated the search for resveratrol derivatives [2]. One approach
for resveratrol derivatization is to hybridize the resveratrol structure with another active moiety
in order to enhance the desired therapeutic response. In this project, we designed hybrid
resveratrol derivatives based on hybridization of the resveratrol structure with aspirin (or

salicylate).
2- Literature review

As resveratrol has its own disadvantages, the quest was initially started for studying “natural”
analogues of resveratrol and comparing their efficacy with the parent. These naturally occurring
stilbenes include piceatannol [3], pterostilbene [4] and 3,4°,5-trans-trimethoxystilbene (TMS). In
regards to the first two analogues, there are literature reviews describing their properties [3, 5],
which is not the case for TMS. From that perspective, we compiled available reports which

investigated the anticancer properties of this stilbene.

We found that TMS exhibits significant inhibition of carcinogenesis through acting on apoptosis,
proliferation, angiogenesis and metastasis. Additionally, it represents debatable antioxidant
properties that require further investigations. Nevertheless, its pharmacokinetic properties appear

to be better than those of resveratrol. Importantly, this stilbene is far less studied in the literature
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compared to resveratrol. This natural resveratrol analogue is promising and needs to be

evaluated against the majority (if not all) of targets considered previously for resveratrol.
3- Chemical synthesis

For the synthesis of methoxylated resveratrol derivatives, we explored Wittig, Horner-
Wadsworth-Emmons (HWE), and Heck reactions to produce the desired trans isomers. It
appears that the Heck reaction can produce trans isomers in a better yield than the Wittig
reaction (e.g., the case of compound 7). Nevertheless, the Wittig reaction gives access to cis
isomers which could be evaluated in future studies (see future directions). Ph,S; seems to be an
efficient catalyst to convert an isomeric mixture to only a trans isomer. However, this statement
was only true for methoxylated analogues, but not their hydroxylated counterparts. Further
modifications to the deprotection and acetylation reactions may improve the overall yield of

these derivatives.
4- CYP1A1 inhibition

Compound 3 showed promising inhibitory activity against TCDD-induced CYP1A1 activation
by reducing EROD activity and decreasing CYP1A1l mRNA. Additionally, 3 exhibited direct
(after one hour of incubation) inhibition of the CYP1Al enzyme, which is supported by a
docking study inside the recent crystal structure of the CYPIAIl active site. Importantly,
compounds 8 and 9 showed an enhancement of TCDD-induced CYP1AIl activation after 24
hours of incubation in HepG2 cells, which is considered an unfavorable effect. Finally, in HT-29
cells, resveratrol at a concentration of 5 uM induced EROD activity at a higher level than that of
TCDD alone, an observation which seems to confirm the reported biphasic effect of this

polyphenol.
5- DNMTs inhibition

Resveratrol is reported to modulate the methylation pattern of certain genes’ “epigenetic
modulator”. We used a biochemical assay to assess the potential of current resveratrol-salicylate
analogues to inhibit DNMTs. Interestingly, compounds 10 and 9 inhibited DNMT3B and 3A
enzymes with an activity higher than that of resveratrol. Compound 10 demonstrated lower ICs

values against cancer cell proliferation of three human cancer cell lines (HepG2, HT-29 and SK-
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BR-3). Despite not showing apparent proliferation inhibition on the HUVEC cells, the low ICsg
value of 10 against MCF 10A highlights the need for additional studies to evaluate this

molecule’s safety to normal cells.
6-Anti-inflammatory and antioxidant properties

In this set of experiments, compound 10 demonstrated enhanced anti-inflammatory properties
compared to resveratrol and TMS. Additionally, 10 retained the antioxidant profile similar to that
exerted by the parent resveratrol. Importantly, 10 was active in vivo (particularly at low dose) in
reducing MPO activity in the inflamed mice tissue. Along with its safety profile in leukocytes,
10 represents a promising candidate for further experimental studies related to inflammation-

promoted cancers.
7.2 Conclusion

Adding the carboxylate functional group to the resveratrol scaffold (at position 3’-) produced
multi-target molecules capable of modulating certain proteins involved in carcinogenesis. These
derivatives varied in their structure-activity relationship according to the protein of interest.
Despite not showing CYPIA1 inhibitory activity, compound 10 showed NF-kB, COX-2, and
ROS inhibitory activities. Moreover, it displayed in vivo anti-inflammatory activities in two
carrageenan-induced inflammation models, activities that were higher than those for TMS and
resveratrol. Resveratrol-salicylate derivatives represent a novel class of resveratrol analogues
which require additional investigation into their role in cancer prevention. Other targets
modulated by resveratrol, aspirin, or both might be the focus of future projects in which

resveratrol-salicylate derivatives can be evaluated.
7.3 Future directions

There are numerous proteins which are modulated by either resveratrol or aspirin or both
(Figure 1-3 and Table 1-2). These proteins might be potential targets for the current resveratrol-
salicylate derivatives. In order to narrow down these targets, we are providing here a list of

potential future projects (some of which have already started):

1- Resveratrol’s pharmacokinetic properties are unfavorable [6]. In the current project, the most

promising derivative was compound 10 which showed that in rat plasma it was hydrolyzed to

197



produce 9 (a derivative that showed DNMT and COX enzymes inhibition). It will be necessary
to evaluate the pharmacokinetic characteristics of these hybrids and compare them to that of

resveratrol.

2- Testing the in vivo chemopreventive profile of the most promising compounds. Perhaps 10
and 3 could be potential candidates. This experiment could be carried out by utilizing APC10.1
cells (derived from APCM™ mouse adenoma) which have been suggested as a novel in vitro
model to study the chemopreventive potential of candidate molecules [7]. Alternatively, an in

vivo model of an APC™™ mouse model can be used.

3- Preliminary in silico screening of cis isomers of the current resveratrol-salicylate analogues
showed an enhanced CYP1A1 binding affinity (data not shown in this thesis). Cis-isomers can
be synthesized using a Wittig reaction and tested against this enzyme. Additionally,
methylthiostilbenes were recently designed and assessed as CYP1A1 and CYP1BI inhibitors [8].
The current resveratrol-salicylate derivatives can be modified to their methylthio-counterparts

and evaluated against CYP1A1 and CYP1BI1 enzymes.

4- The demethylation potential of 10 (and perhaps 9) can be further confirmed using cell-based
systems as recently reported [9]. Additionally, re-activation of silenced genes can be investigated

(perhaps in vivo), similar to the report recently published for resveratrol [10].

5- Mercaptostilbene analogues were recently synthesized and assessed as ‘“‘extraordinary”
antioxidant agents [11]. Future work could involve modifying the current resveratrol-salicylate
derivatives so that they can possess a thiol moiety. Additionally, an electron paramagnetic

resonance (EPR) instrument can be used to assess the antioxidant properties of these analogues.

6- Chronic inflammation (such as rheumatoid arthritis) might be a potential target for these
analogues. In fact, we have already started a collaboration with Dr. Burkhard Kloesch (Ludwig
Boltzmann Institute for Rheumatology and Balneology, Vienna, Austria) to evaluate the anti-

inflammatory properties of these analogues in chronic inflammation.

7- Cardioprotective and/or antiplatelet properties may be assessed, as these properties are among

the earlier observation of resveratrol therapeutic potential (French Paradox).

198



7.4

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

References

Medina-Franco JL, Giulianotti MA, Welmaker GS, Houghten RA. Shifting from the single
to the multitarget paradigm in drug discovery. Drug Discov Today 2013, 18(9/10):495-
501.

Tome-Carneiro J, Larrosa M, Gonzalez-Sarrias A, Tomas-Barberan FA, Garcia-Conesa MT,
Espin JC. Resveratrol and clinical trials: the crossroad from in vitro studies to human
evidence. Curr Pharm Des 2013, 19(34):6064-93.

Piotrowska H, Kucinska M, Murias M. Biological activity of piceatannol: leaving the
shadow of resveratrol. Mutat Res 2012, 750(1):60-82.

Mizuno CS, Ma G, Khan S, Patny A, Avery MA, Rimando AM. Design, synthesis,
biological evaluation and docking studies of pterostilbene analogs inside PPARa. Bioorg
Med Chem 2008, 16(7):3800-8.

Estrela JM, Ortega A, Mena S, Rodriguez ML, Asensi M. Pterostilbene: Biomedical
applications. Crit Rev Clin Lab Sci 2013, 50(3):65-78.

Neves AR, Lucio M, Lima JL, Reis S. Resveratrol in medicinal chemistry: a critical review
of its pharmacokinetics, drug-delivery, and membrane interactions. Curr Med Chem 2012,
19(11):1663-81.

Sale S, Fong IL, de Giovanni C, Landuzzi L, Brown K, Steward WP, et al. APC10.1 cells
as a model for assessing the efficacy of potential chemopreventive agents in the Apc(Min)
mouse model in vivo. Eur J Cancer 2009, 45(16):2731-5.

Mikstacka R, Rimando AM, Dutkiewicz Z, Stefanski T, Sobiak S. Design, synthesis and
evaluation of the inhibitory selectivity of novel trans-resveratrol analogues on human
recombinant CYP1A1, CYP1A2 and CYPI1BI1. Bioorg Med Chem 2012, 20(17):5117-26.
Ceccaldi A, Rajavelu A, Ragozin S, Senamaud-Beaufort C, Bashtrykov P, Testa N, et al.
Identification of novel inhibitors of DNA methylation by screening of a chemical library.

ACS Chem Biol 2013, 8(3):543-8.

[10] Qin W, Zhang K, Clarke K, Weiland T, Sauter ER. Methylation and miRNA effects of

resveratrol on mammary tumors vs. normal tissue. Nutr Cancer 2014, 66(2):270-7.

[11] Cao XY, Yang J, Dai F, Ding DJ, Kang YF, Wang F, et al. Extraordinary radical

scavengers: 4-mercaptostilbenes. Chemistry 2012, 18(19):5898-905.

199



Bibliography

200



A
Abbadessa G, Spaccamiglio A, Sartori ML, Nebbia C, Dacasto M, Di Carlo F, et al. The aspirin
metabolite, salicylate, inhibits 7,12-dimethylbenz[a]anthracene-DNA adduct formation in breast

cancer cells. Int J Oncol 2006, 28(5):1131-40.

Abdel-Mogib M, Basaif SA, Sobahi TR. Stilbenes and a new acetophenone derivative from
Scirpus holoschoenus. Molecules 2001, 6(8):663-7.

Aldawsari FS, Aguayo-Ortiz R, Kapilashrami K, Yoo J, Luo M, Medina-Franco JL, et al.
Resveratrol-salicylate derivatives as selective DNMT3 inhibitors and anticancer agents. J

Enzyme Inhib Med Chem 2015:1-9.

Aldawsari FS, Elshenawy OH, El Gendy MA, Aguayo-Ortiz R, Baksh S, El-Kadi AO, et al.
Design and synthesis of resveratrol-salicylate hybrid derivatives as CYP1Al inhibitors. J
Enzyme Inhib Med Chem 2014:1-12.

Aldawsari FS, Velazquez-Martinez CA. 3,4',5-trans-Trimethoxystilbene; a natural analogue of

resveratrol with enhanced anticancer potency. Invest New Drugs 2015, 33(3):775-86.

Alex D, Leong EC, Zhang Z-J, Yan GTH, Cheng S-H, Leong C-W, et al. Resveratrol derivative,
trans-3,5,4'-trimethoxystilbene, exerts antiangiogenic and vascular-disrupting effects in zebrafish
through the downregulation of VEGFR2 and cell-cycle modulation. J Cell Biochem 2010,
109(2):339-46.

Ali MA, Kondo K, Tsuda Y. Synthesis and Nematocidal Activity of Hydroxystilbenes. Chem
Pharm Bull (Tokyo) 1992, 40(5):1130-6.

Ali MA, Tsuda Y. New Method for Isomerization of (Z)-Stilbenes into the (E)-Isomers
Catalyzed by Diaryl Disulfide. Chem Pharm Bull 1992, 40(10):2842-4.

201



Alonso F, Riente P, Yus M. Synthesis of resveratrol, DMU-212 and analogues through a novel
Wittig-type olefination promoted by nickel nanoparticles. Tetrahedron Letters 2009,
50(25):3070-3.

Alonso F, Riente P, Yus M. Wittig-Type Olefination of Alcohols Promoted by Nickel
Nanoparticles: Synthesis of Polymethoxylated and Polyhydroxylated Stilbenes. European
Journal of Organic Chemistry 2009, 2009(34):6034-42.

Alpert D. Inhibition of Ikappa B Kinase Activity by Sodium Salicylate in Vitro Does Not
Reflect Its Inhibitory Mechanism in Intact Cells. J Biol Chem 2000, 275(15):10925-9.

Androutsopoulos VP, Tsatsakis AM, Spandidos DA. Cytochrome P450 CYP1A1: wider roles in

cancer progression and prevention. BMC Cancer 2009, 9:187.

Anighoro A, Bajorath J, Rastelli G. Polypharmacology: challenges and opportunities in drug
discovery. J Med Chem 2014, 57(19):7874-87.

Anjaneyulu ASR, Reddy AVR, Reddy DSK, Ward RS, Adhikesavalu D, Cameron TS. Pacharin
- a New Dibenzo(2,3-6,7)Oxepin Derivative from Bauhinia-Racemosa Lamk. Tetrahedron 1984,

40(21):4245-52.

Antus C, Radnai B, Dombovari P, Fonai F, Avar P, Matyus P, et al. Anti-inflammatory effects
of a triple-bond resveratrol analog: Structure and function relationship. Eur J Pharmacol 2015,

748(0):61-7.

Anwar-Mohamed A, Elshenawy OH, Soshilov AA, Denison MS, Le XC, Klotz LO, et al.
Methylated pentavalent arsenic metabolites are bifunctional inducers, as they induce cytochrome
P450 1A1 and NAD(P)H:quinone oxidoreductase through AhR- and Nrf2-dependent
mechanisms. Free Radical Biol Med 2014, 67:171-87.

202



Aparicio O, Geisberg JV, Sekinger E, Yang A, Moqtaderi Z, Struhl K. Chromatin
immunoprecipitation for determining the association of proteins with specific genomic sequences

in vivo. Sons JW, editor. Los Angeles: John Willey & Sons; 2005. (21)3.

Arnhold J, Flemmig J. Human myeloperoxidase in innate and acquired immunity. Arch

Biochem Biophys 2010, 500(1):92-106.

Asgatay S, Champion C, Marloie G, Drujon T, Senamaud-Beaufort C, Ceccaldi A, et al.
Synthesis and evaluation of analogues of N-phthaloyl-I-tryptophan (RG108) as inhibitors of
DNA methyltransferase 1. J] Med Chem 2013, 57(2):421-34.

Athar M, Back JH, Kopelovich L, Bickers DR, Kim AL. Multiple molecular targets of
resveratrol: Anti-carcinogenic mechanisms. Arch Biochem Biophys 2009, 486(2):95-102.

Athar M, Back JH, Tang X, Kim KH, Kopelovich L, Bickers DR, et al. Resveratrol: A review of
preclinical studies for human cancer prevention. Toxicol Appl Pharmacol 2007, 224(3):274-83.

Avivi D, Moshkowitz M, Detering E, Arber N. The role of low-dose aspirin in the prevention of
colorectal cancer. Expert Opin Ther Targets 2012, 16 Suppl 1:S51-62.

B

Badal S, Delgoda R. Role of the modulation of CYP1A1 expression and activity in
chemoprevention. J Appl Toxicol 2014, 34(7):743-53.

Bader Y, Madlener S, Strasser S, Maier S, Saiko P, Stark N, et al. Stilbene analogues affect cell
cycle progression and apoptosis independently of each other in an MCF-7 array of clones with

distinct genetic and chemoresistant backgrounds. Oncology reports 2008, 19(3):801-10.

Bai Y, Mao Q-Q, Qin J, Zheng X-Y, Wang Y-B, Yang K, et al. Resveratrol induces apoptosis
and cell cycle arrest of human T24 bladder cancer cells in vitro and inhibits tumor growth in

vivo. Cancer Sci 2010, 101(2):488-93.

203



Baker RG, Hayden MS, Ghosh S. NF-kappaB, inflammation, and metabolic disease. Cell Metab
2011, 13(1):11-22.

Basini G, Tringali C, Baioni L, Bussolati S, Spatafora C, Grasselli F. Biological effects on
granulosa cells of hydroxylated and methylated resveratrol analogues. Mol Nutr Food Res 2010,
54(S2):S236-S43.

Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in vivo evidence. Nat Rev Drug

Discov 2006, 5(6):493-506.

Beedanagari SR, Bebenek I, Bui P, Hankinson O. Resveratrol inhibits dioxin-induced
expression of human CYP1A1 and CYP1B1 by inhibiting recruitment of the aryl hydrocarbon
receptor complex and RNA polymerase II to the regulatory regions of the corresponding genes.

Toxicol Sci 2009, 110(1):61-7.

Beletskaya IP, Cheprakov AV. The Heck Reaction as a Sharpening Stone of Palladium
Catalysis. Chem Rev 2000, 100(8):3009-66.

Belleri M, Ribatti D, Nicoli S, Cotelli F, Forti L, Vannini V, et al. Antiangiogenic and Vascular-
Targeting Activity of the Microtubule-Destabilizing trans-Resveratrol Derivative 3,5,4'-
Trimethoxystilbene. Mol Pharmacol 2005, 67(5):1451-9.

Bello M, Martinez-Archundia M, Correa-Basurto J. Automated docking for novel drug
discovery. Expert Opin Drug Discov 2013, 8(7):821-34.

Belluti F, Fontana G, Dal Bo L, Carenini N, Giommarelli C, Zunino F. Design, synthesis and

anticancer activities of stilbene-coumarin hybrid compounds: Identification of novel

proapoptotic agents. Bioorg Med Chem 2010, 18(10):3543-50.

204



Belofsky G, Percivill D, Lewis K, Tegos GP, Ekart J. Phenolic metabolites of Dalea versicolor
that enhance antibiotic activity against model pathogenic bacteria. J Nat Prod 2004, 67(3):481-4.

Benkert P, Biasini M, Schwede T. Toward the estimation of the absolute quality of individual
protein structure models. Bioinformatics 2011, 27(3):343-50.

Ben-Neriah Y, Karin M. Inflammation meets cancer, with NF-kappaB as the matchmaker. Nat

Immunol 2011, 12(8):715-23.

Bernstein FC, Koetzle TF, Williams GJ, Meyer EF, Jr., Brice MD, Rodgers JR, et al. The
Protein Data Bank: a computer-based archival file for macromolecular structures. J Mol Biol

1977, 112(3):535-42.

Bertagnolli M. Cyclooxygenase-2 and Chronic Inflammation: Drivers of Colorectal
Tumorigenesis. In: Markowitz SD, Berger NA, editors. Energy Balance and Gastrointestinal
Cancer: Springer US; 2012. p. 157-82.

Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, et al. SWISS-MODEL.:
modelling protein tertiary and quaternary structure using evolutionary information. Nucleic

Acids Res 2014, 42(Web Server issue): W252-8.

Bieche I, Narjoz C, Asselah T, Vacher S, Marcellin P, Lidereau R, et al. Reverse transcriptase-
PCR quantification of mRNA levels from cytochrome (CYP)1, CYP2 and CYP3 families in 22
different human tissues. Pharmacogenet Genomics 2007, 17(9):731-42.

Bisht K, Wagner KH, Bulmer AC. Curcumin, resveratrol and flavonoids as anti-inflammatory,

cyto- and DNA-protective dietary compounds. Toxicology 2010, 278(1):88-100.
Blair GE, Cassady JM, Robbers JE, Tyler VE, Raffauf RF. Isolation of 3,4’,5-trimethoxy-trans-

stilbene, otobaene and hydroxyotobain from Virola cuspidata. Phytochemistry 1969, 8(2):497-
500.

205



Borriello A, Bencivenga D, Caldarelli I, Tramontano A, Borgia A, Pirozzi AV, et al. Resveratrol

and cancer treatment: is hormesis a yet unsolved matter? Curr Pharm Des 2013, 19(30):5384-93.

Borriello A, Cucciolla V, Della Ragione F, Galletti P. Dietary polyphenols: focus on resveratrol,
a promising agent in the prevention of cardiovascular diseases and control of glucose

homeostasis. Nutr Metab Cardiovasc Dis 2010, 20(8):618-25.

Bos CL, Kodach LL, van den Brink GR, Diks SH, van Santen MM, Richel DJ, et al. Effect of
aspirin on the Wnt/B-catenin pathway is mediated via protein phosphatase 2A. Oncogene 2006,
25(49):6447-56.

Bosutti A, Degens H. The impact of resveratrol and hydrogen peroxide on muscle cell plasticity

shows a dose-dependent interaction. Sci Rep 2015, 5:8093.

Bradley PP, Priebat DA, Christensen RD, Rothstein G. Measurement of Cutaneous
Inflammation: Estimation of Neutrophil Content with an Enzyme Marker. J Investig Dermatol

1982, 78(3):206-9.

Brown JW, Jarenwattananon NN, Otto T, Wang JL, Gloggler S, Bouchard LS. Heterogeneous
heck coupling in multivariate metal-organic frameworks for enhanced selectivity. Catal Commun
2015, 65:105-7.

Brueckner B, Garcia Boy R, Siedlecki P, Musch T, Kliem HC, Zielenkiewicz P, et al.
Epigenetic reactivation of tumor suppressor genes by a novel small-molecule inhibitor of human

DNA methyltransferases. Cancer Res 2005, 65(14):6305-11.

Byrne PA, Gilheany DG. The modern interpretation of the Wittig reaction mechanism. Chem
Soc Rev 2013, 42(16):6670-96.

C

206



Cacabelos R, Torrellas C. Epigenetic drug discovery for Alzheimer's disease. Expert Opin Drug
Discov 2014, 9(9):1059-86.

Cai H, Scott E, Kholghi A, Andreadi C, Rufini A, Karmokar A, et al. Cancer chemoprevention:
Evidence of a nonlinear dose response for the protective effects of resveratrol in humans and

mice. Sci Transl Med 2015, 7(298) ral17.

Calabrese EJ, Mattson MP, Calabrese V. Resveratrol commonly displays hormesis: Occurrence

and biomedical significance. Hum Exp Toxicol 2010, 29(12):980-1015.

Calabriso N, Scoditti E, Massaro M, Pellegrino M, Storelli C, Ingrosso I, et al. Multiple anti-
inflammatory and anti-atherosclerotic properties of red wine polyphenolic extracts: differential
role of hydroxycinnamic acids, flavonols and stilbenes on endothelial inflammatory gene

expression. Eur J Nutr 2015.

Cao XY, Yang J, Dai F, Ding DJ, Kang YF, Wang F, et al. Extraordinary radical scavengers: 4-
mercaptostilbenes. Chemistry 2012, 18(19):5898-905.

Capiralla H, Vingtdeux V, Venkatesh J, Dreses-Werringloer U, Zhao H, Davies P, et al.
Identification of potent small-molecule inhibitors of STAT3 with anti-inflammatory properties in

RAW 264.7 macrophages. FEBS Journal 2012, 279(20):3791-9.

Capobianco E, Mora A, La Sala D, Roberti A, Zaki N, Badidi E, et al. Separate and combined
effects of DNMT and HDAC inhibitors in treating human multi-drug resistant osteosarcoma

HosDXR150 cell line. PLoS One 2014, 9(4):€95596.

Cardile V, Chillemi R, Lombardo L, Sciuto S, Spatafora C, Tringali C. Antiproliferative activity
of methylated analognes of E- and Z-resveratrol. Zeitschrift Fur Naturforschung C-a Journal of

Biosciences 2007, 62(3-4):189-95.

207



Caruso F, Tanski J, Villegas-Estrada A, Rossi M. Structural basis for antioxidant activity of
trans-resveratrol: ab initio calculations and crystal and molecular structure. J Agric Food Chem

2004, 52(24):7279-85.

Ceccaldi A, Rajavelu A, Ragozin S, Senamaud-Beaufort C, Bashtrykov P, Testa N, et al.
Identification of novel inhibitors of DNA methylation by screening of a chemical library. ACS
Chem Biol 2013, 8(3):543-8.

Cerella C, Sobolewski C, Dicato M, Diederich M. Targeting COX-2 expression by natural
compounds: a promising alternative strategy to synthetic COX-2 inhibitors for cancer

chemoprevention and therapy. Biochem Pharmacol 2010, 80(12):1801-15.

Cha JS, Chun JH, Kim JM, Kwon OO, Kwon SY, Lee JC. Preparation of aldehydes from
carboxylic acids by reductive oxidation with lithium aluminum hydride and pyridinium

chlorochromate or pyridinium dichromate. B Kor Chem Soc 1999, 20(4):400-2.

Chaher N, Arraki K, Dillinseger E, Temsamani H, Bernillon S, Pedrot E, et al. Bioactive
stilbenes from Vitis vinifera grapevine shoots extracts. J Sci Food Agri 2014, 94(5):951-4.

Chaturvedi P, Tyagi SC. Epigenetic mechanisms underlying cardiac degeneration and

regeneration. Int J Cardiol 2014, 173(1):1-11.

Chen C, Pan D, Deng AM, Huang F, Sun B-L, Yang R-G. DNA methyltransferases 1 and 3B
are required for hepatitis C virus infection in cell culture. Virology 2013, 441(1):57-65.

Chen G, Shan W, Wu Y, Ren L, Dong J, Ji Z. Synthesis and anti-inflammatory activity of
resveratrol analogs. Chem Pharm Bull (Tokyo) 2005, 53(12):1587-90.

Chen VB, Arendall WB, 3rd, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, et al.
MolProbity: all-atom structure validation for macromolecular crystallography. Acta Crystallogr

D Biol Crystallogr 2010, 66(Pt 1):12-21.

208



Chen Y, Hu F, Gao Y, Jia S, Ji N, Hua E. Design, synthesis, and evaluation of methoxylated

resveratrol derivatives as potential antitumor agents. Res Chem Intermediat 2013:1-14.

Chun YJ, Kim MY, Guengerich FP. Resveratrol Is a Selective Human Cytochrome P450 1A1
Inhibitor. Biochem Biophy Res Commun 1999, 262(1):20-4.

Chung EY, Kim BH, Lee MK, Yun YP, Lee SH, Min KR, et al. Anti-inflammatory effect of the
oligomeric stilbene alpha-Viniferin and its mode of the action through inhibition of

cyclooxygenase-2 and inducible nitric oxide synthase. Planta Med 2003, 69(8):710-4.

Clement MV, Hirpara JL, Chawdhury SH, Pervaiz S. Chemopreventive agent resveratrol, a
natural product derived from grapes, triggers CD95 signaling-dependent apoptosis in human

tumor cells. Blood 1998, 92(3):996-1002.
Costa FF, Verbisck NV, Salim AC, lerardi DF, Pires LC, Sasahara RM, et al. Epigenetic
silencing of the adhesion molecule ADAM23 is highly frequent in breast tumors. Oncogene

2004, 23(7):1481-8.

Cottart CH, Nivet-Antoine V, Beaudeux JL. Review of recent data on the metabolism,

biological effects, and toxicity of resveratrol in humans. Mol Nutr Food Res 2014, 58(1):7-21.
Coulerie P, Eydoux C, Hnawia E, Stuhl L, Maciuk A, Lebouvier N, et al. Biflavonoids of
Dacrydium balansae with Potent Inhibitory Activity on Dengue 2 NS5 Polymerase. Planta

Medica 2012, 78(7):672-7.

Csuk R, Albert S, Siewert B, Schwarz S. Synthesis and biological evaluation of novel (E)
stilbene-based antitumor agents. Eur J] Med Chem 2012, 54:669-78.

D

209



Das J, Pany S, Majhi A. Chemical modifications of resveratrol for improved protein kinase C

alpha activity. Bioorg Med Chem 2011, 19(18):5321-33.

Das S, Das DK. Resveratrol: a therapeutic promise for cardiovascular diseases. Recent Pat

Cardiovasc Drug Discov 2007, 2(2):133-8.

de Medina P, Casper R, Savouret JF, Poirot M. Synthesis and biological properties of new
stilbene derivatives of resveratrol as new selective aryl hydrocarbon modulators. J] Med Chem

2005, 48(1):287-91.

Deck LM, Hunsaker LA, Gonzales AM, Orlando RA, Vander Jagt DL. Substituted trans-
stilbenes can inhibit or enhance the TPA-induced up-regulation of activator protein-1. BMC

Pharmacol 2008, 8:19.

Delmas D, Aires V, Limagne E, Dutartre P, Mazue F, Ghiringhelli F, et al. Transport, stability,
and biological activity of resveratrol. Ann N'Y Acad Sci 2011, 1215(1):48-59.

Delmas D, Aires V, Limagne E, Dutartre P, Mazue F, Ghiringhelli F, et al. Transport, stability,
and biological activity of resveratrol. Ann N'Y Acad Sci 2011, 1215(1):48-59.

Delmas D, Solary E, Latruffe N. Resveratrol, a phytochemical inducer of multiple cell death
pathways: apoptosis, autophagy and mitotic catastrophe. Curr Med Chem 2011, 18(8):1100-21.

Deng Y-H, Alex D, Huang H-Q, Wang N, Yu N, Wang Y-T, et al. Inhibition of TNF-a-
mediated endothelial cell-monocyte cell adhesion and adhesion molecules expression by the

resveratrol derivative, trans-3,5,4'-trimethoxystilbene. Phytother Res 2011, 25(3):451-7.

Denis H, Ndlovu MN, Fuks F. Regulation of mammalian DNA methyltransferases: a route to

new mechanisms. EMBO Rep 2011, 12(7):647-56.

210



Dey A, Guha P, Chattopadhyay S, Bandyopadhyay SK. Biphasic activity of resveratrol on
indomethacin-induced gastric ulcers. Biochem Biophys Res Commun 2009, 381(1):90-5.

Deziel R, Ajamian, Alain, inventor; Inhibitors of Histone Deacetylase and Prodrugs Thereof

2008.

Dhyani MV, Kameswaran M, Korde AG, Pandey U, Chattopadhyay S, Banerjee S.
Stereoselective synthesis of an iodinated resveratrol analog: preliminary bioevaluation studies of

the radioiodinated species. Appl Radiat Isot 2011, 69(7):996-1001.

Dias SJ, Li K, Rimando AM, Dhar S, Mizuno CS, Penman AD, et al. Trimethoxy-resveratrol
and piceatannol administered orally suppress and inhibit tumor formation and growth in prostate

cancer xenografts. Prostate 2013, 73(11):1135-46.

Dvorak Z, Vrzal R, Henklova P, Jancova P, Anzenbacherova E, Maurel P, et al. JNK inhibitor
SP600125 is a partial agonist of human aryl hydrocarbon receptor and induces CYP1A1 and
CYP1A2 genes in primary human hepatocytes. Biochemical Pharmacology 2008, 75(2):580-8.

E

Edmonds M, Abell A. The Wittig Reaction. Modern Carbonyl Olefination: Wiley-VCH Verlag
GmbH & Co. KGaA; 2004. p. 1-17.

Ehrhardt C, Arapitsas P, Stefanini M, Flick G, Mattivi F. Analysis of the phenolic composition
of fungus-resistant grape varieties cultivated in Italy and Germany using UHPLC-MS/MS. J
Mass Spectrom 2014, 49(9):860-9.

El Gendy MAM, El-Kadi AOS. Harman induces CYP1A1 enzyme through an aryl hydrocarbon
receptor mechanism. Toxicol Appl Pharmacol 2010, 249(1):55-64.

El Gendy MAM, El-Kadi AOS. Peganum harmala L. differentially modulates cytochrome P450
gene expression in human hepatoma HepG?2 cells. Drug Metab Lett 2009, 3(4):212-6.

211



El Gendy MAM, Soshilov AA, Denison MS, El-Kadi AOS. Harmaline and harmalol inhibit the
carcinogen-activating enzyme CYP1A1 via transcriptional and posttranslational mechanisms.

Food Chem Toxicol 2012, 50(2):353-62.

El Gendy MAM, Soshilov AA, Denison MS, El-Kadi AOS. Transcriptional and
posttranslational inhibition of dioxin-mediated induction of CYP1A1l by harmine and harmol.

Toxicol Lett 2012, 208(1):51-61.

Erdmann A, Halby L, Fahy J, Arimondo PB. Targeting DNA methylation with small molecules:
what’s next? J Med Chem 2015, 58(6):2569-83.

Estrela JM, Ortega A, Mena S, Rodriguez ML, Asensi M. Pterostilbene: Biomedical
applications. Crit Rev Clin Lab Sci 2013, 50(3):65-78.

F

Fahy J, Jeltsch A, Arimondo PB. DNA methyltransferase inhibitors in cancer: a chemical and
therapeutic patent overview and selected clinical studies. Expert Opin Ther Pat 2012,

22(12):1427-42.

Fan GJ, Liu XD, Qian YP, Shang YJ, Li XZ, Dai F, et al. 4,4'-Dihydroxy-trans-stilbene, a
resveratrol analogue, exhibited enhanced antioxidant activity and cytotoxicity. Bioorg Med

Chem 2009, 17(6):2360-5.
Fang MZ, Wang YM, Ai N, Hou Z, Sun Y, Lu H, et al. Tea polyphenol (-)-epigallocatechin-3-
gallate inhibits DNA methyltransferase and reactivates methylation-silenced genes in cancer cell

lines. Cancer Res 2003, 63(22):7563-70.

Farina A, Ferranti C, Marra C, Guiso M, Norcia G. Synthesis of hydroxystilbenes and their
derivatives via Heck reaction. Nat Prod Res 2007, 21(6):564-73.

212



Farris P, Krutmann J, Li YH, McDaniel D, Krol Y. Resveratrol: a unique antioxidant offering a

multi-mechanistic approach for treating aging skin. J Drugs Dermatol 2013, 12(12):1389-94.

Ferguson LR, Zhu ST, Harris PJ. Antioxidant and antigenotoxic effects of plant cell wall
hydroxycinnamic acids in cultured HT-29 cells. Mol Nutr Food Res 2005, 49(6):585-93.

Fitzgibbon C, Thmaid S, Al-Rawi J, Meehan-Andrews T, Bradley C. Chemo-sensitisation of
HeLa cells to etoposide by a benzoxazine in the absence of DNA-PK inhibition. Invest New

Drugs 2013, 31(6):1466-75.

Flaherty DP, Walsh SM, Kiyota T, Dong Y, lkezu T, Vennerstrom JL. Polyfluorinated bis-
styrylbenzene beta-amyloid plaque binding ligands. ] Med Chem 2007, 50(20):4986-92.

Flis S, Gnyszka A, Flis K. DNA methyltransferase inhibitors improve the effect of

chemotherapeutic agents in SW48 and HT-29 colorectal cancer cells. PLoS One 2014,
9(3):€92305.

Frampton GA, Lazcano EA, Li H, Mohamad A, DeMorrow S. Resveratrol enhances the
sensitivity of cholangiocarcinoma to chemotherapeutic agents. Lab Invest 2010, 90(9):1325-38.

Frombaum M, Le Clanche S, Bonnefont-Rousselot D, Borderie D. Antioxidant effects of
resveratrol and other stilbene derivatives on oxidative stress and NO bioavailability: Potential

benefits to cardiovascular diseases. Biochimie 2012, 94(2):269-76.
Fu'Y, Chang H, Peng X, Bai Q, Yi L, Zhou Y, et al. Resveratrol inhibits breast cancer stem-like
cells and induces autophagy via suppressing Wnt/beta-catenin signaling pathway. PLoS One

2014, 9(7):e102535.

Fukui M, Yamabe N, Kang KS, Zhu BT. Growth-stimulatory effect of resveratrol in human
cancer cells. Mol Carcinog 2010, 49(8):750-9.

213



Fulda S. Resveratrol and derivatives for the prevention and treatment of cancer. Drug Discov

Today 2010, 15(17-18):757-65.

G

Gabriele B, Benabdelkamel H, Plastina P, Fazio A, Sindona G, Di Donna L. trans-Resveratrol-
d4, a Molecular Tracer of the Wild-Type Phytoalexin; Synthesis and Spectroscopic Properties.
Synthesis 2008, 2008(18):2953-6.

Ganapathy S, Chen QH, Singh KP, Shankar S, Srivastava RK. Resveratrol Enhances Antitumor
Activity of TRAIL in Prostate Cancer Xenografts through Activation of FOXO Transcription
Factor. PLoS One 2010, 5(12).

Gao J, Wang L, Xu J, Zheng J, Man X, Wu H, et al. Aberrant DNA methyltransferase
expression in pancreatic ductal adenocarcinoma development and progression. J Exp Clin Cancer

Res 2013, 32:86.

Gehm BD, Levenson AS, Liu H, Lee E-J, Amundsen BM, Cushman M, et al. Estrogenic effects
of resveratrol in breast cancer cells expressing mutant and wild-type estrogen receptors: role of

AF-1 and AF-2. J Steroid Biochem Mol Biol 2004, 88(3):223-34.

Gentilli M, Mazoit JX, Bouaziz H, Fletcher D, Casper RF, Benhamou D, et al. Resveratrol
decreases hyperalgesia induced by carrageenan in the rat hind paw. Life Sci 2001, 68(11):1317-
21.

Gerhauser C. Cancer chemoprevention and nutriepigenetics: state of the art and future

challenges. Top Curr Chem 2013, 329:73-132.
Gester S, Wuest F, Pawelke B, Bergmann R, Pietzsch J. Synthesis and biodistribution of an 18F-

labelled resveratrol derivative for small animal positron emission tomography. Amino Acids

2005, 29(4):415-28.

214



Gill MT, Bajaj R, Chang CJ, Nichols DE, McLaughlin JL. 3,3',5'-Tri-O-methylpiceatannol and
4,3',5'-tri-O-methylpiceatannol: improvements over piceatannol in bioactivity. J Nat Prod 1987,

50(1):36-40.

Gnyszka A, Jastrzebski Z, Flis S. DNA Methyltransferase Inhibitors and Their Emerging Role
in Epigenetic Therapy of Cancer. Anticancer Res 2013, 33(8):2989-96.

Gosslau A, Pabbaraja S, Knapp S, Chen KY. Trans- and cis-stilbene polyphenols induced rapid
perinuclear mitochondrial clustering and p53-independent apoptosis in cancer cells but not

normal cells. Eur J Pharmacol 2008, 587(1-3):25-34.

Goswami SK, Das DK. Resveratrol and chemoprevention. Cancer Lett 2009, 284(1):1-6.

Grespan R, Paludo M, Lemos Hde P, Barbosa CP, Bersani-Amado CA, Dalalio MM, et al. Anti-
arthritic effect of eugenol on collagen-induced arthritis experimental model. Biol Pharm Bull

2012, 35(10):1818-20.

Gros C, Fahy J, Halby L, Dufau I, Erdmann A, Gregoire JM, et al. DNA methylation inhibitors
in cancer: recent and future approaches. Biochimie 2012, 94(11):2280-96.

Guarrera S, Sacerdote C, Fiorini L, Marsala R, Polidoro S, Gamberini S, et al. Expression of
DNA repair and metabolic genes in response to a flavonoid-rich diet. Br J Nutr 2007, 98(3):525-
33.

Guengerich FP, Shimada T. Activation of procarcinogens by human cytochrome P450 enzymes.
Mutat Res-Fundam Mol Mech Mutag 1998, 400(1-2):201-13.

Guha P, Dey A, Chatterjee A, Chattopadhyay S, Bandyopadhyay SK. Pro-ulcer effects of
resveratrol in mice with indomethacin-induced gastric ulcers are reversed by L-arginine. Br J

Pharmacol 2010, 159(3):726-34.

215



Guo L, Peng Y, Yao J, Sui L, Gu A, Wang J. Anticancer activity and molecular mechanism of
resveratrol-bovine serum albumin nanoparticles on subcutaneously implanted human primary

ovarian carcinoma cells in nude mice. Cancer Biother Radiopharm 2010, 25(4):471-7.

Gwak H, Haegeman G, Tsang BK, Song YS. Cancer-specific interruption of glucose
metabolism by resveratrol is mediated through inhibition of Akt/GLUT1 axis in ovarian cancer

cells. Mol Carcinog 2015, 54(12):1529-40.

H

Hajipour AR, Karami K, Tavakoli G. Heck coupling reaction using monomeric ortho-palladated
complex of 4-methoxybenzoylmethylenetriphenylphosphorane under microwave irradiation.

Appl Organomet Chem 2010, 24(11):798-804.

Hansen HC, Chiacchia FS, Patel R, Wong NC, Khlebnikov V, Jankowska R, et al. Stilbene
analogs as inducers of apolipoprotein-I transcription. Eur J Med Chem 2010, 45(5):2018-23.

Hao Y, Huang W, Liao M, Zhu Y, Liu H, Hao C, et al. The inhibition of resveratrol to human

skin squamous cell carcinoma A431 xenografts in nude mice. Fitoterapia 2013, 86(0):84-91.

Harikumar KB, Aggarwal BB. Resveratrol: A multitargeted agent for age-associated chronic

diseases. Cell Cycle 2008, 7(8):1020-35.

Harikumar KB, Kunnumakkara AB, Sethi G, Diagaradjane P, Anand P, Pandey MK, et al.
Resveratrol, a multitargeted agent, can enhance antitumor activity of gemcitabine in vitro and in

orthotopic mouse model of human pancreatic cancer. Int J Cancer 2010, 127(2):257-68.

Hasima N, Ozpolat B. Regulation of autophagy by polyphenolic compounds as a potential
therapeutic strategy for cancer. Cell Death Dis 2014, 5:e1509.

Hayden MS, Ghosh S. NF-kappaB, the first quarter-century: remarkable progress and
outstanding questions. Genes Dev 2012, 26(3):203-34.

216



Hemeon I, Gutierrez JA, Ho MC, Schramm VL. Characterizing DNA methyltransferases with
an ultrasensitive luciferase-linked continuous assay. Anal Chem 2011, 83(12):4996-5004.

Hsieh TC, Huang YC, Wu JM. Control of prostate cell growth, DNA damage and repair and

gene expression by resveratrol analogues, in vitro. Carcinogenesis 2011, 32(1):93-101.

Hsieh TC, Wong C, John Bennett D, Wu JM. Regulation of p53 and cell proliferation by
resveratrol and its derivatives in breast cancer cells: an in silico and biochemical approach
targeting integrin alphavbeta3. Int J Cancer 2011, 129(11):2732-43.

Hu F-W, Tsai L-L, Yu C-H, Chen P-N, Chou M-Y, Yu C-C. Impairment of tumor-initiating
stem-like property and reversal of epithelial-mesenchymal transdifferentiation in head and neck

cancer by resveratrol treatment. Mol Nutr Food Res 2012, 56(8):1247-58.

Huang YW, Kuo CT, Stoner K, Huang TH, Wang LS. An overview of epigenetics and
chemoprevention. FEBS Lett 2011, 585(13):2129-36.

I
Isakovic L, Saavedra OM, Llewellyn DB, Claridge S, Zhan L, Bernstein N, et al. Constrained (1-

)-S-adenosyl-l-homocysteine (SAH) analogues as DNA methyltransferase inhibitors. Bioorg
Med Chem Lett 2009, 19(10):2742-6.

Issuree PDA, Pushparaj PN, Pervaiz S, Melendez AJ. Resveratrol attenuates CS5a-induced
inflammatory responses in vitro and in vivo by inhibiting phospholipase D and sphingosine

kinase activities. The FASEB Journal 2009, 23(8):2412-24.

J
Jain S, Tran S, El Gendy MA, Kashfi K, Jurasz P, Velazquez-Martinez CA. Nitric oxide release
is not required to decrease the ulcerogenic profile of nonsteroidal anti-inflammatory drugs. J

Med Chem 2012, 55(2):688-96.

217



Jakobisiak M, Lasek W, Golab J. Natural mechanisms protecting against cancer. Immunol Lett

2003, 90(2-3):103-22.

Jang M, Cai L, Udeani GO, Slowing KV, Thomas CF, Beecher CWW, et al. Cancer
Chemopreventive Activity of Resveratrol, a Natural Product Derived from Grapes. Science 1997,

275(5297):218-20.

Jani TS, DeVecchio J, Mazumdar T, Agyeman A, Houghton JA. Inhibition of NF-kappaB
signaling by quinacrine is cytotoxic to human colon carcinoma cell lines and is synergistic in
combination with tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) or

oxaliplatin. J Biol Chem 2010, 285(25):19162-72.

Joe AK, Liu H, Suzui M, Vural ME, Xiao DH, Weinstein IB. Resveratrol induces growth
inhibition, S-phase arrest, apoptosis, and changes in biomarker expression in several human

cancer cell lines. Clin Cancer Res 2002, 8(3):893-903.

Juan ME, Alfaras I, Planas JM. Colorectal cancer chemoprevention by trans-resveratrol.

Pharmacol Res 2012, 65(6):584-91.

K

Kai L, Samuel SK, Levenson AS. Resveratrol enhances p53 acetylation and apoptosis in

prostate cancer by inhibiting MTA1/NuRD complex. Int J Cancer 2010, 126(7):1538-48.
Kai L, Wang J, Ivanovic M, Chung Y-T, Laskin WB, Schulze-Hoepfner F, et al. Targeting
prostate cancer angiogenesis through metastasis-associated protein 1 (MTA1). The Prostate

2011, 71(3):268-80.

Kalai T, Borza E, Antus C, Radnai B, Gulyas-Fekete G, Fehér A, et al. Synthesis and study of
new paramagnetic resveratrol analogues. Bioorg Med Chem 2011, 19(24):7311-7.

218



Kalgutkar AS, Marnett AB, Crews BC, Remmel RP, Marnett LJ. Ester and amide derivatives of
the nonsteroidal antiinflammatory drug, indomethacin, as selective cyclooxygenase-2 inhibitors.

J Med Chem 2000, 43(15):2860-70.

Kapetanovic IM, Muzzio M, Huang Z, Thompson TN, McCormick DL. Pharmacokinetics, oral
bioavailability, and metabolic profile of resveratrol and its dimethylether analog, pterostilbene, in

rats. Cancer Chemother Pharmacol 2011, 68(3):593-601.

Kar A, Mangu N, Kaiser HM, Tse MK. Gold-catalyzed direct oxidative coupling reactions of
non-activated arenes. J Organomet Chem 2009, 694(4):524-37.

Kasiotis KM, Pratsinis H, Kletsas D, Haroutounian SA. Resveratrol and related stilbenes: Their

anti-aging and anti-angiogenic properties. Food Chem Toxicol 2013, 61(0):112-20.

Kilgore JA, Du XL, Melito L, Wei SG, Wang CG, Chin HG, et al. Identification of DNMT1
selective antagonists using a novel scintillation proximity assay. J Biol Chem 2013,

288(27):19673-84.

Kim DH, Kim JH, Baek SH, Seo JH, Kho YH, Oh TK, et al. Enhancement of tyrosinase
inhibition of the extract of Veratrum patulum using cellulase. Biotechnol Bioeng 2004,

87(7):849-54.

Kim DW, Kim YM, Kang SD, Han YM, Pae HO. Effects of Resveratrol and trans-3,5,4'-
Trimethoxystilbene on Glutamate-Induced Cytotoxicity, Heme Oxygenase-1, and Sirtuin 1 in

HT22 Neuronal Cells. Biomol Ther (Seoul) 2012, 20(3):306-12.
Kim HJ, Kim JH, Chie EK, Young PD, Kim IA, Kim [H. DNMT (DNA methyltransferase)

inhibitors radiosensitize human cancer cells by suppressing DNA repair activity. Radiat Oncol

2012, 7:39.

219



Kim MH, Son YJ, Lee SY, Yang WS, Yi YS, Yoon DH, et al. JAK2-targeted anti-inflammatory
effect of a resveratrol derivative 2,4-dihydroxy-N-(4-hydroxyphenyl)benzamide. Biochem
Pharmacol 2013, 86(12):1747-61.

Kim S, Ko H, Park JE, Jung S, Lee SK, Chun Y-J. Design, Synthesis, and Discovery of Novel
trans-Stilbene Analogues as Potent and Selective Human Cytochrome P450 1B1 Inhibitors. J
Med Chem 2001, 45(1):160-4.

Klink JC, Tewari AK, Masko EM, Antonelli J, Febbo PG, Cohen P, et al. Resveratrol worsens
survival in SCID mice with prostate cancer xenografts in a cell-line specific manner, through

paradoxical effects on oncogenic pathways. The Prostate 2013, 73(7):754-62.

Knowles JP, Whiting A. The Heck-Mizoroki cross-coupling reaction: a mechanistic perspective.

Org Biomol Chem 2007, 5(1):31-44.

Kodela R, Nath N, Chattopadhyay M, Nesbitt DE, Velazquez-Martinez CA, Kashfi K.
Hydrogen sulfide-releasing naproxen suppresses colon cancer cell growth and inhibits NF-

kappaB signaling. Drug Des Devel Ther 2015, 9:4873-82.

Koeberle A, Werz O. Multi-target approach for natural products in inflammation. Drug Discov

Today 2014, 19(12):1871-82.

Kondratyuk TP, Park EJ, Marler LE, Ahn S, Yuan Y, Choi Y, et al. Resveratrol derivatives as
promising chemopreventive agents with improved potency and selectivity. Mol Nutr Food Res

2011, 55(8):1249-65.

Kruber P, Trump S, Behrens J, Lehmann I. T-2 toxin is a cytochrome P450 1A1 inducer and
leads to MAPK/p38- but not aryl hydrocarbon receptor-dependent interleukin-8 secretion in the
human intestinal epithelial cell line Caco-2. Toxicology 2011, 284(1-3):34-41.

Kucinska M, Piotrowska H, Luczak MW, Mikula-Pietrasik J, Ksiazek K, Wozniak M, et al.

Effects of hydroxylated resveratrol analogs on oxidative stress and cancer cells death in human

220



acute T cell leukemia cell line: prooxidative potential of hydroxylated resveratrol analogs. Chem

Biol Interact 2014, 209:96-110.

Kuck D, Caulfield T, Lyko F, Medina-Franco JL. Nanaomycin A selectively inhibits DNMT3B
and reactivates silenced tumor suppressor genes in human cancer cells. Mol Cancer Ther 2010,

9(11):3015-23.

Kuck D, Singh N, Lyko F, Medina-Franco JL. Novel and selective DNA methyltransferase
inhibitors: Docking-based virtual screening and experimental evaluation. Bioorg Med Chem

2010, 18(2):822-9.

Kiiciikbay H, Sireci N, Yilmaz U, Akkurt M, Yalgin SP, Nawaz Tahir M, et al. Synthesis,
characterization and microwave-assisted catalytic activity of novel benzimidazole salts bearing

piperidine and morpholine moieties in Heck cross-coupling reactions. Appl Organomet Chem

2011, 25(4):255-61.

Kumar A, Lin S-Y, Dhar S, Rimando AM, Levenson AS. Stilbenes Inhibit Androgen Receptor
Expression in 22Rv1 Castrate-resistant Prostate Cancer Cells. J] Medicinally Active Plants 2014,
3(1):1-8.

Kumar RJ, Jyostna D, Krupadanam GLD, Srimannarayana G. Phenanthrene and Stilbenes from
Pterolobium-Hexapetallum. Phytochemistry 1988, 27(11):3625-6.
Kundu JK, Surh Y-J. Cancer chemopreventive and therapeutic potential of resveratrol:

Mechanistic perspectives. Cancer Letters 2008, 269(2):243-61.

Kundu JK, Surh YJ. Inflammation: gearing the journey to cancer. Mutat Res 2008, 659(1-2):15-
30.

Kwak JH, Jung JK, Lee H. Nuclear factor-kappa B inhibitors; a patent review (2006-2010).
Expert Opin Ther Pat 2011, 21(12):1897-910.

221



L

Ladurner A, Schachner D, Schueller K, Pignitter M, Heiss EH, Somoza V, et al. Impact of trans-
resveratrol-sulfates and -glucuronides on endothelial nitric oxide synthase activity, nitric oxide

release and intracellular reactive oxygen species. Molecules 2014, 19(10):16724-36.

Lee KW, Bode AM, Dong Z. Molecular targets of phytochemicals for cancer prevention. Nat
Rev Cancer 2011, 11(3):211-8.

Lee M-H, Choi BY, Kundu JK, Shin YK, Na H-K, Surh Y-J. Resveratrol Suppresses Growth of
Human Ovarian Cancer Cells in Culture and in a Murine Xenograft Model: Eukaryotic

Elongation Factor 1A2 as a Potential Target. Cancer Res 2009, 69(18):7449-58.

Lee MS, Lee B, Park KE, Utsuki T, Shin T, Oh CW, et al. Dieckol enhances the expression of
antioxidant and detoxifying enzymes by the activation of Nrf2-MAPK signalling pathway in
HepG2 cells. Food Chem 2015, 174:538-46.

Lee S, Nam K, Hoe Y, Min H-Y, Kim E-Y, Ko H, et al. Synthesis and evaluation of cytotoxicity
of stilbene analogues. Arch Pharm Res 2003, 26(4):253-7.

Li K, Dias SJ, Rimando AM, Dhar S, Mizuno CS, Penman AD, et al. Pterostilbene Acts through
Metastasis-Associated Protein 1 to Inhibit Tumor Growth, Progression and Metastasis in Prostate

Cancer. PLoS ONE 2013, 8(3):e57542.

Li L, Xiu-Ju L, Ying-Zi L, Yi-Shuai Z, Qiong Y, Na T, et al. The role of the DDAH-ADMA
pathway in the protective effect of resveratrol analog BTM-0512 on gastric mucosal injury. Can

J Physiol Pharm 2010, 88(5):562-7.

Li SY, Wang XB, Kong LY. Design, synthesis and biological evaluation of imine resveratrol
derivatives as multi-targeted agents against Alzheimer's disease. Eur J] Med Chem 2014, 71:36-
45.

222



Likhtenshtein G. Stilbenes Preparation and Analysis. Stilbenes: Wiley-VCH Verlag GmbH &
Co. KGaA; 2009. p. 1-41.

Lin HS, Ho PC. A rapid HPLC method for the quantification of 3,5,4'-trimethoxy-trans-stilbene
(TMS) in rat plasma and its application in pharmacokinetic study. J Pharm Biomed Anal 2009,
49(2):387-92.

Lin H-s, Ho PC. Preclinical pharmacokinetic evaluation of resveratrol trimethyl ether in sprague-

dawley rats: the impacts of aqueous solubility, dose escalation, food and repeated dosing on oral

bioavailability. J Pharm Sci 2011, 100(10):4491-500.

Lin HS, Sviripa VM, Watt DS, Liu C, Xiang TX, Anderson BD, et al. Quantification of trans-
2,6-difluoro-4'-N,N-dimethylaminostilbene in rat plasma: application to a pharmacokinetic

study. J Pharm Biomed Anal 2013, 72:115-20.

Lion CJ, Matthews CS, Stevens MF, Westwell AD. Synthesis, antitumor evaluation, and
apoptosis-inducing activity of hydroxylated (E)-stilbenes. ] Med Chem 2005, 48(4):1292-5.

Lissa D, Senovilla L, Rello-Varona S, Vitale I, Michaud M, Pietrocola F, et al. Resveratrol and
aspirin eliminate tetraploid cells for anticancer chemoprevention. Proc Natl Acad Sci U.S.A.

2014, 111(8):3020-5.
Liu B, Luo XJ, Yang ZB, Zhang JJ, Li TB, Zhang X]J, et al. Inhibition of NOX/VPOI pathway
and inflammatory reaction by trimethoxystilbene in prevention of cardiovascular remodeling in

hypoxia-induced pulmonary hypertensive rats. J Cardiovasc Pharmacol 2014, 63(6):567-76.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative

PCR and the 2(T)(-Delta Delta C) method. Methods 2001, 25(4):402-8.

Lopes RM, Agostini-Costa TndS, Gimenes MA, Silveira Dm. Chemical Composition and
Biological Activities of Arachis Species. J Agric Food Chem 2011, 59(9):4321-30.

223



Lorenzen A, Kennedy SW. A Fluorescence-Based Protein Assay for Use with a Microplate

Reader. Anal Biochem 1993, 214(1):346-8.

Lugman S, Pezzuto JM. NFkappaB: a promising target for natural products in cancer

chemoprevention. Phytother Res 2010, 24(7):949-63.

M

Maaetoft-Udsen K, Shimoda LM, Frokiaer H, Turner H. Aryl hydrocarbon receptor ligand
effects in RBL2H3 cells. J Immunotoxicol 2012, 9(3):327-37.

Maayah ZH, El Gendy MA, El-Kadi AO, Korashy HM. Sunitinib, a tyrosine kinase inhibitor,
induces cytochrome P450 1Al gene in human breast cancer MCF7 cells through ligand-
independent aryl hydrocarbon receptor activation. Arch Toxicol 2013, 87(5):847-56.

MacDonald CJ, Cheng RYS, Roberts DD, Wink DA, Yeh GC. Modulation of carcinogen
metabolism by nitric oxide-aspirin 2 is associated with suppression of DNA damage and DNA

adduct formation. J Biol Chem 2009, 284(33):22099-107.

MacDonald CJ, Ciolino HP, Yeh GC. The drug salicylamide is an antagonist of the aryl
hydrocarbon receptor that inhibits signal transduction induced by 2,3,7,8-tetrachlorodibenzo-p-
dioxin. Cancer Res 2004, 64(1):429-34.

MacRae WD, Towers GHN. Non-alkaloidal constituents of Virola elongata bark.
Phytochemistry 1985, 24(3):561-6.

Macromdel, version 9.8, Schrédinger, LLC, New York, NY. 2010.

Madhyastha S, Sekhar S, Rao G. Resveratrol improves postnatal hippocampal neurogenesis and

brain derived neurotrophic factor in prenatally stressed rats. Int J Dev Neurosci 2013, 31(7):580-
5.

224



Majumdar APN, Banerjee S, Nautiyal J, Patel BB, Patel V, Du J, et al. Curcumin Synergizes
With Resveratrol to Inhibit Colon Cancer. Nutr Cancer 2009, 61(4):544-53.

Marti-Centelles R, Falomir E, Murga J, Carda M, Marco JA. Inhibitory effect of cytotoxic
stilbenes related to resveratrol on the expression of the VEGF, hTERT and c-Myc genes. Eur J
Med Chem 2015, 103:488-96.

Maryanoff BE, Reitz AB. The Wittig olefination reaction and modifications involving
phosphoryl-stabilized carbanions. Stereochemistry, mechanism, and selected synthetic aspects.

Chem Rev 1989, 89(4):863-927.

Mazue F, Colin D, Gobbo J, Wegner M, Rescifina A, Spatafora C, et al. Structural determinants
of resveratrol for cell proliferation inhibition potency: experimental and docking studies of new

analogs. Eur J] Med Chem 2010, 45(7):2972-80.

McNulty J, Das P. Aqueous Wittig reactions of semi-stabilized ylides. A straightforward
synthesis of 1,3-dienes and 1,3,5-trienes. Tetrahedron Lett 2009, 50(41):5737-40.

Medina-Franco JL, Giulianotti MA, Welmaker GS, Houghten RA. Shifting from the single to
the multitarget paradigm in drug discovery. Drug discov today 2013, 18(9-10):495-501.

Medina-Franco JL, Méndez-Lucio O, Yoo J, Duefias A. Discovery and development of DNA
methyltransferase inhibitors using in silico approaches. Drug Discovery Today 2015, 20(5):569-
77.

Medina-Franco JL, Mendez-Lucio O, Yoo J. Rationalization of activity cliffs of a sulfonamide
inhibitor of DNA methyltransferases with induced-fit docking. Int J Mol Sci 2014, 15(2):3253-
61.

225



Medina-Franco JL, Yoo J. Docking of a novel DNA methyltransferase inhibitor identified from
high-throughput screening: insights to unveil inhibitors in chemical databases. Mol Divers 2013,

17(2):337-44.

Mendez-Lucio O, Tran J, Medina-Franco JL, Meurice N, Muller M. Toward drug repurposing in
epigenetics: olsalazine as a hypomethylating compound active in a cellular context. Chem Med
Chem 2014, 9(3):560-5.

Mikeska T, Craig JM. DNA methylation biomarkers: cancer and beyond. Genes (Basel) 2014,
5(3):821-64.

Mikstacka R, Baer-Dubowska W, Wieczorek M, Sobiak S. Thiomethylstilbenes as inhibitors of
CYP1A1, CYP1A2 and CYPI1BI1 activities. Mol Nutr Food Res 2008, 52:S77-S83.

Mikstacka R, Przybylska D, Rimando AM, Baer-Dubowska W. Inhibition of human
recombinant cytochromes P450 CYP1A1 and CYP1BI1 by trans-resveratrol methyl ethers. Mol
Nutr Food Res 2007, 51(5):517-24.

Mikstacka R, Rimando AM, Dutkiewicz Z, Stefanski T, Sobiak S. Design, synthesis and
evaluation of the inhibitory selectivity of novel trans-resveratrol analogues on human

recombinant CYP1A1, CYP1A2 and CYPI1BI1. Bioorg Med Chem 2012, 20(17):5117-26.

Minutolo F, Sala G, Bagnacani A, Bertini S, Carboni I, Placanica G, et al. Synthesis of a
resveratrol analogue with high ceramide-mediated proapoptotic activity on human breast cancer

cells. J Med Chem 2005, 48(22):6783-6.
Mizuno CS, Ma G, Khan S, Patny A, Avery MA, Rimando AM. Design, synthesis, biological

evaluation and docking studies of pterostilbene analogs inside PPARa. Bioorg Med Chem 2008,
16(7):3800-8.

226



Mohammadi-Bardbori A, Bengtsson J, Rannug U, Rannug A, Wincent E. Quercetin, resveratrol,
and curcumin are indirect activators of the aryl hydrocarbon receptor (AHR). Chem Res Toxicol

2012, 25(9):1878-84.

Mohapatra P, Satapathy SR, Das D, Siddharth S, Choudhuri T, Kundu CN. Resveratrol
mediated cell death in cigarette smoke transformed breast epithelial cells is through induction of
p21Wafl/Cipl and inhibition of long patch base excision repair pathway. Toxicol Appl
Pharmacol 2014, 275(3):221-31.

Moran BW, Anderson FP, Devery A, Cloonan S, Butler WE, Varughese S, et al. Synthesis,
structural characterisation and biological evaluation of fluorinated analogues of resveratrol.

Bioorg Med Chem 2009, 17(13):4510-22.

Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, et al. AutoDock4 and
AutoDockTools4: Automated docking with selective receptor flexibility. J Comput Chem 2009,
30(16):2785-91.

Morris V, Toseef T, Nazumudeen F, Rivoira C, Spatafora C, Tringali C, et al. Anti-tumor
properties of cis-resveratrol methylated analogs in metastatic mouse melanoma cells. Mol Cell

Biochem 2015:1-9.

Morris VL, Toseef T, Nazumudeen FB, Rivoira C, Spatafora C, Tringali C, et al. Anti-tumor
properties of cis-resveratrol methylated analogs in metastatic mouse melanoma cells. Mol Cell
Biochem 2015, 402(1-2):83-91.

Murias M, Handler N, Erker T, Pleban K, Ecker G, Saiko P, et al. Resveratrol analogues as
selective cyclooxygenase-2 inhibitors: synthesis and structure-activity relationship. Bioorg Med

Chem 2004, 12(21):5571-8.

Murphy PJ, Brennan J. The Wittig Olefination Reaction with Carbonyl-Compounds Other Than
Aldehydes and Ketones. Chem Soc Rev 1988, 17(1):1-30.

227



N

Namasivayam N. Chemoprevention in experimental animals. Ann N'Y Acad Sci 2011, 1215:60-

71.

Nandekar PP, Sangamwar AT. Cytochrome P450 1A1-mediated anticancer drug discovery: in
silico findings. Expert Opin Drug Discov 2012, 7(9):771-89.

Neves AR, Lucio M, Lima JL, Reis S. Resveratrol in medicinal chemistry: a critical review of
its pharmacokinetics, drug-delivery, and membrane interactions. Curr Med Chem 2012,

19(11):1663-81.

Nonomura S KH, and Makimoto A. [Chemical ConstituConstituents of Polygonaceous Plants. I.
Studies on the Components of Ko-J O-Kon. (Polygonum Cuspidatum Sieb. et Zucc.)]. Yakugaku
zasshi 1963, 83:988-90.

0

O1 N, Jeong C-H, Nadas J, Cho Y-Y, Pugliese A, Bode AM, et al. Resveratrol, a Red Wine
Polyphenol, Suppresses Pancreatic Cancer by Inhibiting Leukotriene A4 Hydrolase. Cancer Res
2010, 70(23):9755-64.

Omar JM, Yang H, Li S, Marquardt RR, Jones PJ. Development of an improved reverse-phase
high-performance liquid chromatography method for the simultaneous analyses of trans-/cis-
resveratrol, quercetin, and emodin in commercial resveratrol supplements. J Agric Food Chem

2014, 62(25):5812-7.

Osmond GW, Augustine CK, Zipfel PA, Padussis J, Tyler DS. Enhancing Melanoma Treatment
with Resveratrol. J Surg Res 2012, 172(1):109-15.

Osmond GW, Masko EM, Tyler DS, Freedland SJ, Pizzo S. In vitro and in vivo evaluation of
resveratrol and 3,5-dihydroxy-4'-acetoxy-trans-stilbene in the treatment of human prostate

carcinoma and melanoma. J Surg Res 2013, 179(1):e141-¢8.

228



Ou X, Chen Y, Cheng X, Zhang X, He Q. Potentiation of resveratrol-induced apoptosis by
matrine in human hepatoma HepG2 cells. Oncol Rep 2014, 32(6):2803-9.

Oyama T, Kagawa N, Kunugita N, Kitagawa K, Ogawa M, Yamaguchi T, et al. Expression of
cytochrome P450 in tumor tissues and its association with cancer development. Front Biosci

2004, 9:1967-76.

P

Pallauf K, Giller K, Huebbe P, Rimbach G. Nutrition and healthy ageing: calorie restriction or
polyphenol-rich "MediterrAsian" diet? Oxid Med Cell Longev 2013, 2013:707421.

Pan MH, Gao JH, Lai CS, Wang YJ, Chen WM, Lo CY, et al. Antitumor activity of 3,5,4'-
trimethoxystilbene in COLO 205 cells and xenografts in SCID mice. Mol Carcinog 2008,
47(3):184-96.

Pangeni R, Sahni JK, Ali J, Sharma S, Baboota S. Resveratrol: review on therapeutic potential

and recent advances in drug delivery. Expert Opin Drug Deliv 2014, 11(8):1285-98.

Patel KR, Scott E, Brown VA, Gescher AJ, Steward WP, Brown K. Clinical trials of resveratrol.
Ann N'Y Acad Sci 2011, 1215(1):161-9.

Paul S, Mizuno CS, Lee HJ, Zheng X, Chajkowisk S, Rimoldi JM, et al. In vitro and in vivo
studies on stilbene analogs as potential treatment agents for colon cancer. Eur J Med Chem 2010,

45(9):3702-8.
Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF

chimera - A visualization system for exploratory research and analysis. J] Comput Chem 2004,

25(13):1605-12.

229



Pettit GR, Grealish MP, Jung MK, Hamel E, Pettit RK, Chapuis JC, et al. Antineoplastic
Agents. 465. Structural Modification of Resveratrol: Sodium Resverastatin Phosphatel. J Med
Chem 2002, 45(12):2534-42.

Piotrowska H, Kucinska M, Murias M. Biological activity of piceatannol: leaving the shadow of

resveratrol. Mutat Res 2012, 750(1):60-82.

Piver B, Fer M, Vitrac X, Merillon J-M, Dreano Y, Berthou F, et al. Involvement of cytochrome

P450 1A2 in the biotransformation of trans-resveratrol in human liver microsomes. Biochem

Pharmacol 2004, 68(4):773-82.

Potter GA, Patterson LH, Wanogho E, Perry PJ, Butler PC, [jaz T, et al. The cancer preventative

agent resveratrol is converted to the anticancer agent piceatannol by the cytochrome P450

enzyme CYPIBI. Br J Cancer 2002, 86(5):774-8.

Poulsen MM, Fjeldborg K, Ornstrup MJ, Kjaer TN, Nohr MK, Pedersen SB. Resveratrol and
inflammation: Challenges in translating pre-clinical findings to improved patient outcomes.

Biochim Biophys Acta 2015, 1852(6):1124-36.

Q

Qin W, Zhang K, Clarke K, Weiland T, Sauter ER. Methylation and miRNA effects of
resveratrol on mammary tumors vs. normal tissue. Nutr Cancer 2014, 66(2):270-7.

Qureshi AA, Guan XQ, Reis JC, Papasian CJ, Jabre S, Morrison DC, et al. Inhibition of nitric
oxide and inflammatory cytokines in LPS-stimulated murine macrophages by resveratrol, a

potent proteasome inhibitor. Lipids Health Dis 2012, 11(1):76.
R

Rao P, Knaus EE. Evolution of nonsteroidal anti-inflammatory drugs (NSAIDs):
cyclooxygenase (COX) inhibition and beyond. J Pharm Pharm Sci 2008, 11(2):81s-110s.

230



Regev-Shoshani G, Shoseyov O, Kerem Z. Influence of lipophilicity on the interactions of
hydroxy stilbenes with cytochrome P450 3A4. Biochem Biophys Res Commun 2004,
323(2):668-73.

Reis JS, Corréa MA, Chung MC, dos Santos JL. Synthesis, antioxidant and photoprotection
activities of hybrid derivatives useful to prevent skin cancer. Bioorg Med Chem 2014,

22(9):2733-8.

Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB. Oxidative stress, inflammation, and
cancer: how are they linked? Free Radic Biol Med 2010, 49(11):1603-16.

Richard N, Porath D, Radspieler A, Schwager J. Effects of resveratrol, piceatannol, tri-
acetoxystilbene, and genistein on the inflammatory response of human peripheral blood

leukocytes. Mol Nutr Food Res 2005, 49(5):431-42.

Rilova E, Erdmann A, Gros C, Masson V, Aussagues Y, Poughon-Cassabois V, et al. Design,
synthesis and biological evaluation of 4-amino-N-(4-aminophenyl)benzamide analogues of
quinoline-based SGI-1027 as inhibitors of DNA methylation. Chem Med Chem 2014, 9(3):590-
601.

Rivera H, Shibayama M, Tsutsumi V, Perez-Alvarez V, Muriel P. Resveratrol and trimethylated
resveratrol protect from acute liver damage induced by CCl4 in the rat. J Appl Toxicol 2008,
28(2):147-55.

Rodrigo R, Gil D, Miranda-Merchak A, Kalantzidis G. Antihypertensive role of polyphenols.
Adv Clin Chem 2012, 58:225-54.

Roman BI, De Coen LM, Therese FCMS, De Ryck T, Vanhoecke BW, Katritzky AR, et al.

Design, synthesis and structure-activity relationships of some novel, highly potent anti-invasive

(E)- and (Z)-stilbenes. Bioorg Med Chem 2013, 21(17):5054-63.

231



Ross SA. Diet and DNA methylation interactions in cancer prevention. Ann N 'Y Acad Sci 2003,
983:197-207.

Rossi M, Caruso F, Antonioletti R, Viglianti A, Traversi G, Leone S, et al. Scavenging of
hydroxyl radical by resveratrol and related natural stilbenes after hydrogen peroxide attack on
DNA. Chem Biol Interact 2013, 206(2):175-85.

Roy P, Kalra N, Prasad S, George J, Shukla Y. Chemopreventive Potential of Resveratrol in
Mouse Skin Tumors Through Regulation of Mitochondrial and PI3K/AKT Signaling Pathways.
Pharm Res 2009, 26(1):211-7.

Ruan BF, Huang XF, Ding H, Xu C, Ge HM, Zhu HL, et al. Synthesis and cytotoxic evaluation

of a series of resveratrol derivatives. Chem Biodivers 2006, 3(9):975-81.

Ruan B-F, Lu X, Tang J-F, Wei Y, Wang X-L, Zhang Y-B, et al. Synthesis, biological
evaluation, and molecular docking studies of resveratrol derivatives possessing chalcone moiety

as potential antitubulin agents. Bioorg Med Chem 2011, 19(8):2688-95.

S

Saavedra OM, Isakovic L, Llewellyn DB, Zhan L, Bernstein N, Claridge S, et al. SAR around
(1)-S-adenosyl-1-homocysteine, an inhibitor of human DNA methyltransferase (DNMT)
enzymes. Bioorg Med Chem Lett 2009, 19(10):2747-51.

Saiko P, Pemberger M, Horvath Z, Savinc I, Grusch M, Handler N, et al. Novel resveratrol
analogs induce apoptosis and cause cell cycle arrest in HT29 human colon cancer cells:
inhibition of ribonucleotide reductase activity. Oncol Rep 2008, 19(6):1621-6.

Sakaki T. Practical Application of Cytochrome P450. Biol Pharm Bull 2012, 35(6):844-9.
Sakamoto K, Maeda S, Hikiba Y, Nakagawa H, Hayakawa Y, Shibata W, et al. Constitutive NF-

kappaB activation in colorectal carcinoma plays a key role in angiogenesis, promoting tumor

growth. Clin Cancer Res 2009, 15(7):2248-58.

232



Sale S, Fong IL, de Giovanni C, Landuzzi L, Brown K, Steward WP, et al. APC10.1 cells as a
model for assessing the efficacy of potential chemopreventive agents in the Apc(Min) mouse

model in vivo. Eur J Cancer 2009, 45(16):2731-5.

Sales JM, Resurreccion AVA. Resveratrol in Peanuts. Crit Rev Food Sci Nutr 2013, 54(6):734-
70.

Samadi AK, Bilsland A, Georgakilas AG, Amedei A, Amin A, Bishayee A, et al. A multi-

targeted approach to suppress tumor-promoting inflammation. Semin Cancer Biol 2015.

Sanchez-Fidalgo S, Cardeno A, Villegas I, Talero E, de la Lastra CA. Dietary supplementation
of resveratrol attenuates chronic colonic inflammation in mice. Eur J Pharmacol 2010, 633(1-

3):78-84.

Sandhu R, Rivenbark AG, Coleman WB. Enhancement of chemotherapeutic efficacy in
hypermethylator breast cancer cells through targeted and pharmacologic inhibition of DNMT3b.
Breast Cancer Res Treat 2012, 131(2):385-99.

Sareen D, Darjatmoko SR, Albert DM, Polans AS. Mitochondria, Calcium, and Calpain are Key
Mediators of Resveratrol-Induced Apoptosis in Breast Cancer. Mol Pharmacol 2007, 72(6):1466-
75.

Sassi N, Mattarei A, Azzolini M, Bernardi P, Szabo I, Paradisi C, et al. Mitochondria-targeted

resveratrol derivatives act as cytotoxic pro-oxidants. Curr Pharm Des 2014, 20(2):172-9.

Scherzberg MC, Kiehl A, Zivkovic A, Stark H, Stein J, Furst R, et al. Structural modification of
resveratrol leads to increased anti-tumor activity, but causes profound changes in the mode of

action. Toxicol Appl Pharmacol 2015, 287(1):67-76.

Schror K. Pharmacology and cellular/molecular mechanisms of action of aspirin and non-aspirin

NSAIDs in colorectal cancer. Best Pract Res Clin Gastroenterol 2011, 25(4-5):473-84.

233



Schwarz D, Roots 1. In vitro assessment of inhibition by natural polyphenols of metabolic
activation of procarcinogens by human CYP1Al. Biochem Biophys Res Commun 2003,
303(3):902-7.

Schwenger P, Alpert D, Skolnik EY, Vilcek J. Cell-type-specific activation of c-Jun N-terminal
kinase by salicylates. J Cell Physiol 1999, 179(1):109-14.

Schwenger P, Bellosta P, Vietor I, Basilico C, Skolnik EY, Vilcek J. Sodium salicylate induces
apoptosis via p38 mitogen-activated protein kinase but inhibits tumor necrosis factor-induced c-

Jun N-terminal kinase/stress-activated protein kinase activation. Proc Natl Acad Sci U S A 1997,

94(7):2869-73.

Scott E, Steward WP, Gescher AJ, Brown K. Resveratrol in human cancer chemoprevention —

Choosing the ‘right” dose. Mol Nutr Food Res 2012, 56(1):7-13.

Sengottuvelan M, Senthilkumar R, Nalini N. Modulatory influence of dietary resveratrol during
different phases of 1,2-dimethylhydrazine induced mucosal lipid-peroxidation, antioxidant status
and aberrant crypt foci development in rat colon carcinogenesis. BBA-Gen Subjects 2006,

1760(8):1175-83.

Sergent T, Dupont I, Van der Heiden E, Scippo ML, Pussemier L, Larondelle Y, et al. CYP1AlI
and CYP3A4 modulation by dietary flavonoids in human intestinal Caco-2 cells. Toxicol Lett

2009, 191(2-3):216-22.

Shanmugam MK, Kannaiyan R, Sethi G. Targeting cell signaling and apoptotic pathways by
dietary agents: role in the prevention and treatment of cancer. Nutr Cancer 2011, 63(2):161-73.
Sheth S, Jajoo S, Kaur T, Mukherjea D, Sheehan K, Rybak LP, et al. Resveratrol Reduces
Prostate Cancer Growth and Metastasis by Inhibiting the Akt/MicroRNA-21 Pathway. PLoS One
2012, 7(12):e51655.

234



Shi L, Huang XF, Zhu ZW, Li HQ, Xue JY, Zhu HL, et al. Synthesis of alpha-aminoalkyl
phosphonate derivatives of resveratrol as potential antitumour agents. Aust J Chem 2008,

61(6):472-5.

Shimada T, Fujii-Kuriyama Y. Metabolic activation of polycyclic aromatic hydrocarbons to
carcinogens by cytochromes P450 1A1 and 1B1. Cancer Sci 2004, 95(1):1-6.

Shimada T, Inoue K, Suzuki Y, Kawai T, Azuma E, Nakajima T, et al. Arylhydrocarbon
receptor-dependent induction of liver and lung cytochromes P450 1A1, 1A2, and 1Bl by
polycyclic aromatic hydrocarbons and polychlorinated biphenyls in genetically engineered

C57BL/6J mice. Carcinogenesis 2002, 23(7):1199-207.

Shu L, Cheung KL, Khor TO, Chen C, Kong AN. Phytochemicals: cancer chemoprevention and

suppression of tumor onset and metastasis. Cancer Metastasis Rev 2010, 29(3):483-502.

Shukla S, Meeran SM, Katiyar SK. Epigenetic regulation by selected dietary phytochemicals in
cancer chemoprevention. Cancer Lett 2014, 355(1):9-17.

Signorelli P, Ghidoni R. Resveratrol as an anticancer nutrient: molecular basis, open questions

and promises. J Nutr Biochem 2005, 16(8):449-66.
Simoni D, Roberti M, Invidiata FP, Aiello E, Aiello S, Marchetti P, et al. Stilbene-based
anticancer agents: resveratrol analogues active toward HL60 leukemic cells with a non-specific

phase mechanism. Bioorg Med Chem Lett 2006, 16(12):3245-8.

Sin-Chan P, Huang A. DNMTs as potential therapeutic targets in high-risk pediatric embryonal
brain tumors. Expert Opin Ther Targets 2014, 18(10):1103-7.

Smith MB, March J. Aromatic Substitution, Nucleophilic and Organometallic. =~ March's
Advanced Organic Chemistry: John Wiley & Sons, Inc.; 2006. p. 853-933.

235



Smoliga J, Blanchard O. Enhancing the Delivery of Resveratrol in Humans: If Low

Bioavailability is the Problem, What is the Solution? Molecules 2014, 19(11):17154-72.

Solladi¢ G, Pasturel-Jacopé Y, Maignan J. A re-investigation of resveratrol synthesis by Perkins

reaction. Application to the synthesis of aryl cinnamic acids. Tetrahedron 2003, 59(18):3315-21.

Son Y, Chung H-T, Pac H-O. Differential effects of resveratrol and its natural analogs,
piceatannol and 3,5,4'-trans-trimethoxystilbene, on anti-inflammatory heme oxigenase-1

expression in RAW264.7 macrophages. Biofactors 2014, 40(1):138-45.

Song J, Rechkoblit O, Bestor TH, Patel DJ. Structure of DNMT1-DNA complex reveals a role
for autoinhibition in maintenance DNA methylation. Science 2011, 331(6020):1036-40.

Soobrattee MA, Bahorun T, Aruoma OI. Chemopreventive actions of polyphenolic compounds

in cancer. Biofactors 2006, 27(1-4):19-35.

Stankov K, Benc D, Draskovic D. Genetic and epigenetic factors in etiology of diabetes mellitus

type 1. Pediatrics 2013, 132(6):1112-22.

Stark LA, Din FV, Zwacka RM, Dunlop MG. Aspirin-induced activation of the NF-kappaB
signaling pathway: a novel mechanism for aspirin-mediated apoptosis in colon cancer cells.
FASEB J 2001, 15(7):1273-5.

Stierand K, Rarey M. Drawing the PDB: Protein-Ligand Complexes in Two Dimensions. Acs
Med Chem Lett 2010, 1(9):540-5.

Su D, Cheng Y, Liu M, Liu D, Cui H, Zhang B, et al. Comparision of piceid and resveratrol in

antioxidation and antiproliferation activities in vitro. PLoS One 2013, 8(1):e54505.

Subramaniam D, Thombre R, Dhar A, Anant S. DNA methyltransferases: a novel target for
prevention and therapy. Front Oncol 2014, 4:80.

236



Sun D, Hurdle JG, Lee R, Lee R, Cushman M, Pezzuto JM. Evaluation of flavonoid and
resveratrol chemical libraries reveals abyssinone II as a promising antibacterial lead. Chem Med

Chem 2012, 7(9):1541-5.

Sun HY, Xiao CF, Cai YC, Chen Y, Wei W, Liu XK, et al. Efficient synthesis of natural
polyphenolic stilbenes: resveratrol, piceatannol and oxyresveratrol. Chem Pharm Bull (Tokyo)

2010, 58(11):1492-6.

Sun Q, Xie Y, Wang G, Li J. Identification of genes in HepG2 cells that respond to DNA
methylation and histone deacetylation inhibitor treatment. Exp Ther Med 2014, 8(3):813-7.

Suzuki T, Tanaka R, Hamada S, Nakagawa H, Miyata N. Design, synthesis, inhibitory activity,
and binding mode study of novel DNA methyltransferase 1 inhibitors. Bioorg Med Chem Lett
2010, 20(3):1124-7.

Szkudelski T, Szkudelska K. Resveratrol and diabetes: from animal to human studies. Biochim

Biophys Acta 2015, 1852(6):1145-54.

T

Takaoka MJ. Of the Phenolic Substances of White Hellebore (Veratrum grandiflorum Loes .
fil.). Jour Fac Sci Hokkaido Univ 1940, 3:1-16.

Tang PC, Ng YF, Ho S, Gyda M, Chan SW. Resveratrol and cardiovascular health--promising
therapeutic or hopeless illusion? Pharmacol Res 2014, 90(0):88-115.

Tinhofer I, Bernhard D, Senfter M, Anether G, Loeffler M, Kroemer G, et al. Resveratrol, a

tumor-suppressive compound from grapes, induces apoptosis via a novel mitochondrial pathway

controlled by Bcl-2. FASEB J 2001, 15(7):1613-5.

237



Tolomeo M, Grimaudo S, Di Cristina A, Roberti M, Pizzirani D, Meli M, et al. Pterostilbene
and 3'-hydroxypterostilbene are effective apoptosis-inducing agents in MDR and BCR-ABL-
expressing leukemia cells. Int J Biochem Cell Biol 2005, 37(8):1709-26.

Tome-Carneiro J, Larrosa M, Gonzalez-Sarrias A, Tomas-Barberan FA, Garcia-Conesa MT,
Espin JC. Resveratrol and clinical trials: the crossroad from in vitro studies to human evidence.
Curr Pharm Des 2013, 19(34):6064-93.

Tsai J-H, Hsu L-S, Lin C-L, Hong H-M, Pan M-H, Way T-D, et al. 3,5,4'-Trimethoxystilbene, a
natural methoxylated analog of resveratrol, inhibits breast cancer cell invasiveness by
downregulation of PI3K/Akt and Wnt/B-catenin signaling cascades and reversal of epithelial—

mesenchymal transition. Toxicol Appl Pharmacol 2013, 272(3):746-56.

Tsuji J. The Basic Chemistry of Organopalladium Compounds. Palladium Reagents and
Catalysts: John Wiley & Sons, Ltd; 2005. p. 1-26.

Tyagi A, Gu M, Takahata T, Frederick B, Agarwal C, Siriwardana S, et al. Resveratrol
Selectively Induces DNA Damage, Independent of Smad4 Expression, in Its Efficacy against
Human Head and Neck Squamous Cell Carcinoma. Clin Cancer Res 2011, 17(16):5402-11.

\%
van Ginkel PR, Darjatmoko SR, Sareen D, Subramanian L, Bhattacharya S, Lindstrom MJ, et al.
Resveratrol inhibits uveal melanoma tumor growth via early mitochondrial dysfunction. Invest

Ophthalmol Vis Sci 2008, 49(4):1299-306.

Vane JR, Botting RM. The mechanism of action of aspirin. Thromb Res 2003, 110(5-6):255-8.
Varseev GN, Maier ME. Total synthesis of (+/-)-symbioimine. Angew Chem Int Ed Engl 2006,
45(29):4767-71.

\%4
Wadsworth WS. Synthetic Applications of Phosphoryl-Stabilized Anions. Organic Reactions:
John Wiley & Sons, Inc.; 2004.

238



Walle T. Bioavailability of resveratrol. Ann N'Y Acad Sci 2011, 1215(1):9-15.

Walsh AA, Szklarz GD, Scott EE. Human cytochrome P450 1Al structure and utility in
understanding drug and xenobiotic metabolism. J Biol Chem 2013, 288(18):12932-43.

Wang H, Khor TO, Shu L, Su ZY, Fuentes F, Lee JH, et al. Plants vs. cancer: a review on
natural phytochemicals in preventing and treating cancers and their druggability. Anticancer

Agents Med Chem 2012, 12(10):1281-305.

Wang J, Jiang YF. Natural compounds as anticancer agents: Experimental evidence. World J

Exp Med 2012, 2(3):45-57.

Wang JM, Wang W, Kollman PA, Case DA. Automatic atom type and bond type perception in
molecular mechanical calculations. J Mol Graph Model 2006, 25(2):247-60.

Wang TT, Hudson TS, Wang TC, Remsberg CM, Davies NM, Takahashi Y, et al. Differential
effects of resveratrol on androgen-responsive LNCaP human prostate cancer cells in vitro and in

vivo. Carcinogenesis 2008, 29(10):2001-10.

Wang TT, Schoene NW, Kim YS, Mizuno CS, Rimando AM. Differential effects of resveratrol
and its naturally occurring methylether analogs on cell cycle and apoptosis in human androgen-

responsive LNCaP cancer cells. Mol Nutr Food Res 2010, 54(3):335-44.

Weng C-J, Wu C-F, Huang H-W, Wu C-H, Ho C-T, Yen G-C. Evaluation of Anti-invasion
Effect of Resveratrol and Related Methoxy Analogues on Human Hepatocarcinoma Cells. J

Agric Food Chem 2010, 58(5):2886-94.

Weng CJ, Yang YT, Ho CT, Yen GC. Mechanisms of apoptotic effects induced by resveratrol,
dibenzoylmethane, and their analogues on human lung carcinoma cells. J Agric Food Chem

2009, 57(12):5235-43.

239



Williams EG, Mouchiroud L, Frochaux M, Pandey A, Andreux PA, Deplancke B, et al. An
Evolutionarily Conserved Role for the Aryl Hydrocarbon Receptor in the Regulation of
Movement. PLoS Genet 2014, 10(9):e1004673.

Windsor MA, Hermanson DJ, Kingsley PJ, Xu S, Crews BC, Ho W, et al. Substrate-Selective
Inhibition of Cyclooxygenase-2: Development and Evaluation of Achiral Profen Probes. Acs

Med Chem Lett 2012, 3(9):759-63.

Winter CA, Risley EA, Nuss GW. Carrageenin-Induced Edema in Hind Paw of the Rat as an
Assay for Antiinflammatory Drugs. Exp Biol Med 1962, 111(3):544-7.

Wrenshall LE, Clabaugh SE, Cool DR, Arumugam P, Grunwald WC, Smith DR, et al.
Identification of a cytotoxic form of dimeric interleukin-2 in murine tissues. PLoS One 2014,

9(7):¢102191.

X

Xie L, Bolling BW. Characterisation of stilbenes in California almonds (Prunus dulcis) by

UHPLC-MS. Food Chem 2014, 148:300-6.

Xu GL, Liu F, Ao GZ, He SY, Ju M, Zhao Y, et al. Anti-inflammatory effects and
gastrointestinal safety of NNU-hdpa, a novel dual COX/5-LOX inhibitor. Eur J Pharmacol 2009,
611(1-3):100-6.

Xu S, Hermanson DJ, Banerjee S, Ghebreselasie K, Clayton GM, Garavito RM, et al. Oxicams
bind in a novel mode to the cyclooxygenase active site via a two-water-mediated H-bonding

Network. J Biol Chem 2014, 289(10):6799-808.

Xu Z, Wu J, Zheng J, Ma H, Zhang H, Zhen X, et al. Design, synthesis and evaluation of a
series of non-steroidal anti-inflammatory drug conjugates as novel neuroinflammatory inhibitors.

Int Immunopharmacol 2015, 25(2):528-37.

240



Y
Yang J, Liu GY, Lu DL, Dai F, Qian YP, Jin XL, et al. Hybrid-increased radical-scavenging

activity of resveratrol derivatives by incorporating a chroman moiety of vitamin E. Chemistry

2010, 16(43):12808-13.

Yang Q, Wang B, Zang W, Wang X, Liu Z, Li W, et al. Resveratrol Inhibits the Growth of
Gastric Cancer by Inducing G1 Phase Arrest and Senescence in a Sirtl-Dependent Manner.

PLoS One 2013, 8(11):e70627.

Yang Y-T, Weng C-J, Ho C-T, Yen G-C. Resveratrol analog-3,5,4-trimethoxy-trans-stilbene
inhibits invasion of human lung adenocarcinoma cells by suppressing the MAPK pathway and

decreasing matrix metalloproteinase-2 expression. Mol Nutr Food Res 2009, 53(3):407-16.

Yiannakopoulou E. Targeting epigenetic mechanisms and microRNAs by aspirin and other non
steroidal anti-inflammatory agents - implications for cancer treatment and chemoprevention. Cell

Oncol 2014, 37(3):167-78.

Yin HT, Tian QZ, Guan L, Zhou Y, Huang XE, Zhang H. In vitro and in vivo evaluation of the
antitumor efficiency of resveratrol against lung cancer. Asian Pac J Cancer Prev 2013,

14(3):1703-6.

Yin MJ, Yamamoto Y, Gaynor RB. The anti-inflammatory agents aspirin and salicylate inhibit

the activity of I(kappa)B kinase-beta. Nature 1998, 396(6706):77-80.
Yoo J, Choi S, Medina-Franco JL. Molecular modeling studies of the novel inhibitors of DNA

methyltransferases SGI-1027 and CBCI12: implications for the mechanism of inhibition of
DNMTs. PLoS One 2013, 8(4):¢62152.

241



Yoo KM, Kim S, Moon BK, Kim SS, Kim KT, Kim SY, et al. Potent inhibitory effects of
resveratrol derivatives on progression of prostate cancer cells. Archiv der Pharmazie 2006,

339(5):238-41.

Youn J, Lee JS, Na HK, Kundu JK, Surh YJ. Resveratrol and piceatannol inhibit iNOS
expression and NF-kappaB activation in dextran sulfate sodium-induced mouse colitis. Nutr

Cancer 2009, 61(6):847-54.

Yu YH, Chen HA, Chen PS, Cheng YJ, Hsu WH, Chang YW, et al. MiR-520h-mediated
FOXC2 regulation is critical for inhibition of lung cancer progression by resveratrol. Oncogene

2013, 32(4):431-43.

Z

Zaki MA, Balachandran P, Khan S, Wang M, Mohammed R, Hetta MH, et al. Cytotoxicity and
modulation of cancer-related signaling by (Z)- and (E)-3,4,3',5'-tetramethoxystilbene isolated
from Eugenia rigida. J Nat Prod 2013, 76(4):679-84.

ZENG QMaD, inventor; Simple and effective preparation method for resveratrol, 2009.
Zhang L, Dai F, Cui L, Jing H, Fan P, Tan X, et al. Novel role for TRPC4 in regulation of
macroautophagy by a small molecule in vascular endothelial cells. Biochim Biophys Acta 2015,

1853(2):377-87.

Zhang M, Zhou X, Zhou K. Resveratrol inhibits human nasopharyngeal carcinoma cell growth

via blocking pAkt/p70S6K signaling pathways. Int J Mol Med 2013, 31(3):621-7.
Zhang T, Sun L, Liu R, Zhang D, Lan X, Huang C, et al. A novel naturally occurring salicylic

acid analogue acts as an anti-inflammatory agent by inhibiting nuclear factor-kappaB activity in

RAW264.7 macrophages. Mol Pharm 2012, 9(3):671-7.

242



Zhang W, Go ML. Methoxylation of resveratrol: Effects on induction of NAD(P)H Quinone-
oxidoreductase 1 (NQO1) activity and growth inhibitory properties. Bioorg Med Chem Lett
2011, 21(3):1032-5.

Zhang X, Chen LX, Ouyang L, Cheng Y, Liu B. Plant natural compounds: targeting pathways
of autophagy as anti-cancer therapeutic agents. Cell Prolif 2012, 45(5):466-76.

Zhang YN, Zhong XG, Zheng ZP, Hu XD, Zuo JP, Hu LH. Discovery and synthesis of new
immunosuppressive alkaloids from the stem of Fissistigma oldhamii (Hemsl.) Merr. Bioorg Med

Chem 2007, 15(2):988-96.

Zheng LF, Wei QY, Cai YJ, Fang JG, Zhou B, Yang L, et al. DNA damage induced by
resveratrol and its synthetic analogues in the presence of Cu (II) ions: mechanism and structure-

activity relationship. Free Radic Biol and Med 2006, 41(12):1807-16.

Zheng W, Ibafiez G, Wu H, Blum G, Zeng H, Dong A, et al. Sinefungin Derivatives as
Inhibitors and Structure Probes of Protein Lysine Methyltransferase SETD2. J Am Chem Soc
2012, 134(43):18004-14.

Zhong C, Liu XH, Chang J, Yu JM, Sun X. Inhibitory effect of resveratrol dimerized derivatives

on nitric oxide production in lipopolysaccharide-induced RAW 264.7 cells. Bioorg Med Chem
Lett 2013, 23(15):4413-8.

Zhou P, Cheng SW, Yang R, Wang B, Liu J. Combination chemoprevention: future direction of
colorectal cancer prevention. Eur J Cancer Prev 2012, 21(3):231-40.

Zhu W, Qin W, Zhang K, Rottinghaus GE, Chen Y-C, Kliethermes B, et al. Trans-resveratrol

alters mammary promoter hypermethylation in women at increased risk for breast cancer. Nutr

Cancer 2012, 64(3):393-400.

243



Zhu Y, Fu J, Shurlknight KL, Soroka DN, Hu Y, Chen X, et al. Novel Resveratrol-Based
Aspirin Prodrugs: Synthesis, Metabolism, and Anticancer Activity. J Med Chem 2015,
58(16):6494-506.

Zielinska-Przyjemska M, Ignatowicz E, Krajka-Kuzniak V, Baer-Dubowska W. Effect of tannic
acid, resveratrol and its derivatives, on oxidative damage and apoptosis in human neutrophils.

Food Chem Toxicol 2015, 84:37-46.
Zunino SJ, Storms DH, Newman JW, Pedersen TL, Keen CL, Ducore JM. Dietary resveratrol
does not delay engraftment, sensitize to vincristine or inhibit growth of high-risk acute

lymphoblastic leukemia cells in NOD/SCID mice. Int J Oncol 2012, 41(6):2207-12.

Zupancic S, Lavric Z, Kristl J. Stability and solubility of trans-resveratrol are strongly

influenced by pH and temperature. Eur J Pharm Biopharm 2015, 93:196-204.

244



